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1. Introduction

Conservation scientists in the field of glass, cera-
mics, paper, metals and alloys, work on preserving an
item without disturbing the structure of the raw mate-
rial.1–8 The preparation of low cost and environmentally
benign technological procedures for the conservation of
ancient pottery still is a problem. Ceramics are composi-
te in nature and are prepared from different starting mate-
rials, with certain technologies. The final product con-
sists of many different phases including crystalline and
glassy ones, along with unreacted starting materials. The
composition of the ceramic body and of the applied gla-
ze, where present, is critically dependent on the proces-
sing technologies, firing sequence and the kiln tempera-
tures.9–11 The conservation process can be greatly inf-
luenced by specific chemical reactions appearing due to
the different chemical compositions in the object of con-
servation and protective coatings.9,12,13 Thus, to avoid the
possible interactions careful characterization of ceramic
sample should be done.14–17

Moreover, the physical-chemical characterization of
pottery used in ancient times could provide historical and
technological information as regards their manufacture
and to solve specific historical problems.18–20 The know-
ledge of chemical and mineralogical compositions is man-
datory in characterization studies of pottery: the former

mainly depends on the raw materials used to produce the
wares but also on processing and depositional changes,
the latter on both the initial composition and the proces-
sing, as minerals are the “fingerprints” of the stable and
also the metastable solid phases formed during firing.21,22

It is well known that the characterization of glazed
pottery is very specific and complicated since the glaze is
usually composed of many different pigments.23, 24 Conse-
quently these ceramic samples have a rather complex che-
mistry.25–27 In the present study, attention has been focu-
sed on the characterization of lead oxide based pigments
and glazes using X-ray diffraction analysis and FTIR
spectroscopy. The lead oxides along with different additi-
ves were widely used as pigments and glazes mostly for
the decoration of pottery since antiquity.28–31 Moreover,
these pigments are highly variable in texture, lustre and
hardness. The identification of pigments in their mixtures
or on unknown ceramic samples is very important not on-
ly for the characterization of materials, but also for non-
destructive conservation and successful restoration, dating
and authentication.22,32,33

2. Experimental
Analytical grade reagents (Kremer Pigmente) were

used for the preparation of lead oxides based glazes. The
samples analyzed are described in Table 1. 
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The individual pigments, their mixtures and the gla-
zes obtained by high temperature firing of starting mate-
rials at 1000 °C were used for analytical characterization.
In some cases the glazed pottery samples were investiga-
ted as well.

The prepared samples were characterized by non-
destructive analytical techniques. The X-ray powder
(XRD) analysis was performed with a Siemens D-500 dif-
fractometer equipped with a conventional X-ray tube (Cu-
Kα1 radiation (λ = 1.54060 Å), power conditions (40 k-
V/30 mA)). The germanium monochromated X-rays have
been collected using linear PSD (opening angle: 2θ = 6°).
The XRD patterns were measured in the range of 20 to
70° 2θ with the step size of 0.02° and 30 s counting per
step at room temperature (25 °C). For infrared (FTIR) stu-
dies, a Perkin-Elmer FT-IR Spectrum BX II apparatus was
used. The samples were mixed (1.5%) with dried KBr and
pressed into pellets.

3. Results and Discussion

3.1. X-ray Diffraction Analysis
The X-ray diffraction pattern of the mixture of lead

oxide and quartz (sample 1) is shown in Figure 1. As seen
in the XRD pattern of sample 1, the both oxides (Pb3O4
and SiO2) could be easily identified, and no other peaks
attributable to unknown phases were detected.

The next step was to use the XRD technique for the
qualitative determination of secondary phases in the simi-
lar glazes having more complicated chemical composi-
tions. As seen from Table 1, most of the glazes contain
CaCO3 in their compositions. Additionally, the mixtures 2,
3, 4 and 5 contain different pigments such as lead-tin yel-
low, smalt, Verona green and manganese black. For com-
parison, the XRD patterns of individual pigments were al-
so recorded. The XRD patterns of CaCO3, lead-tin yellow,
smalt, Verona green and manganese black are shown in
Figures 2–5.

Table 1. List and chemical compositions of the glazes analysed.

Sample Composition* (molar ratio)
No

1 Pb3O4 : SiO2 = 3.625 : 0.875
2 Pb3O4 : SiO2 : CaCO3 : lead-tin yellow = 3.625 : 0.875 : 0.25 : 0.25
3 Pb3O4 : SiO2 : CaCO3 : smalt = 3.625 : 0.875 : 0.25 : 0.25
4 Pb3O4 : SiO2 : CaCO3 : Verona green = 3.625 : 0.875 : 0.25 : 0.25
5 Pb3O4 : SiO2 : CaCO3 : manganese black = 3.625 : 0.875 : 0.25 : 0.25
6 Pb3O4 : SiO2 : CaCO3 : Naples yellow = 3.625 : 0.875 : 0.25 : 0.25
7 Pb3O4 : SiO2 : CaCO3 : malachite = 3.625 : 0.875 : 0.25 : 0.25
8 Lead white : SiO2 : CaCO3 : Naples yellow = 3.625 : 0.875 : 0.25 : 0.25
9 Lead white : SiO2 : Naples yellow = 3.625 : 0.875 : 0.25

* Lead-tin yellow – SnO × SiO2 × PbO; smalt – K2O × SiO2 × Co3O4; 
Verona green – K(Mg,Fe)(Fe,Al)Si4O10(OH)2; manganese black – MnO2;
Naples yellow – Sb2O5 × 2PbO; malachite – Cu(OH)2 × CuCO3; lead white – PbCO3 × Pb(OH)2.

Figure 1. XRD pattern of the mixture of Pb3O4 (■) : SiO2
(•) = 3.625 : 0.875.

Figure 2. XRD pattern of CaCO3.



diffraction lines may be overlapped in the XRD pattern of
glaze 2. Apparently, the amorphous phases, smalt and Ve-
rona green, are not detectable by XRD analysis (Figures 6b
and c, respectively). On the other hand the small amount of
manganese black in the composition of lead oxide based
glazes could be identified by XRD analysis (see Figure
6d). The X-ray diffraction patterns of two second represen-
tative samples (glazes 6 and 7) are shown in Figure 7. 

Evidently, the XRD pattern displayed in Figure 7a
and shows the presence of Naples yellow and in Figure 7b
– malachite. The XRD pattern of Naples yellow is shown
in Figure 8.

The X-ray diffraction peaks around 2θ ≈ 30 and
49.5° represent the most intensive diffraction lines of
Sb2O5 × 2PbO (PDF 74-1354). These peaks are present in
Figure 7a as well. Figure 9 shows the XRD pattern of ma-
lachite. 

According to JCPDS© reference data, Figure 9 re-
presents typical X-ray diffraction spectrum of Cu(OH)2 ×
CuCO3 (PDF 76-660). The most intensive lines of XRD
pattern of malachite observed at 2θ between 24 and 30°
are also present in Figure 7b. Finally, the X-ray diffraction
patterns of two last investigated samples (glazes 8 and 9)
are shown in Fig 10.
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As seen, the main peak of CaCO3 at around 2θ =
29.5° clearly persists in all XRD patterns presented in Fi-
gure 6. However, the lead-tin yellow pigment is hardly to
detect in Figure 6a. It is evident from Figures 2 and 3 that
the positions of main peaks of CaCO3 and lead-tin yellow
are located almost at the same 2θ value. Therefore, these

Figure 2 shows only diffraction lines attributable to
CaCO3 phase (PDF 72-1937). In the XRD spectrum of
lead-tin yellow pigments (see Figure 3) the diffraction li-
nes from quartz and SnO × PbO pigment (PDF 17-607)
could be easily identified. On the other hand, the XRD
patterns of smalt and Verona green (Figure 4a and b, res-
pectively) are amorphous. The low crystallinity may be
detected and for manganese black pigment (Figure 5), ho-
wever, this is in a good agreement with reference data
(PDF 24-735). Figure 6 shows the XRD patterns of glazes
2–5 from Table 1.

Figure 3. XRD pattern of lead-tin yellow.

Figure 5. XRD pattern of manganese black.

Figure 4. XRD patterns of smalt (a) and Verona green (b).



188 Acta Chim. Slov. 2007, 54, 185–193

Senvaitiene et al.:   XRD and FTIR Characterisation of Lead Oxide-Based Pigments and Glazes

Figure 6. XRD patterns of different samples: sample 2 (a), sample
3 (b), sample 4 (c) and sample 5 (d). The secondary phases are mar-
ked: CaCO3 (x) and MnO2 (�).

Figure 7. XRD patterns of sample 6 (a) and sample 7 (b). The se-
condary phases are marked: Sb2O5 × 2PbO (*) and Cu(OH)2 × 
CuCO3 (#).

Figure 8. XRD pattern of Naples yellow.
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Figure 9. XRD pattern of malachite.

Figure 10. XRD patterns of sample 8 (a) and sample 9 (b). The
main and secondary phases are marked: PbCO3 × Pb(OH)2 (+), Si-
O2 (•), Sb2O5 × 2PbO (*), and CaCO3 (x).

Figure 11. XRD patterns of fired at 1000 °C different glazes: sam-
ple 2 (a), sample 3 (b), sample 4 (c), and sample 6 (d). 
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As seen, the XRD patterns of both samples are al-
most identical. The main part of XRD patterns confirms
the amorphous character of the investigated samples. 
However, few diffraction lines are also visible. The most
intensive peaks presented in the XRD patterns at around
2θ = 26 – 28° indicate the presence of big amount of pot-
tery itself (Figure 13). 

From these data it is possible to state that the XRD
analysis results could be useful to distinguish glazed and
non-glazed pottery samples.

3.2. FTIR Spectroscopic Analysis

It is well known, that definite substances can be
identified by their FTIR spectra, interpreted like finger-
prints.34–36 To facilitate the interpretation of the XRD re-
sults the glazes and glazed pottery samples were also
analyzed by FTIR spectroscopy. Figure 14 shows FTIR
spectra for the glaze samples 1 and 2. 

The absorptions from the main quartz phase (Si–O)
could be also easily identified in the FTIR spectrum of
mixture of lead oxide and silica (Figure 14a; 1163, 1083,
798, 778, 695, 514 cm–1).14 The several intense bands in
the range 800–550 cm–1 (725, 646, 584 cm–1) are charac-
teristic of the metal-oxygen vibrations (possibly Pb–O) in
the ceramic samples.37, 38 Figure 14b shows FTIR spec-
trum of the glaze sample 2 which additionally contains
calcite and lead-tin yellow. The similar bands attributable
to the typical Si–O in quartz (1163, 1083, 798, 778, 695,
514 cm–1) vibrations are very well resolved in the FTIR
spectrum of glaze 2. However, additionally the characteri-
stic carbonate (calcite phase) vibrations at 1795, 1430,
876, 713 cm–1,35, 39 and M–O vibrations at 725, 685, 642,
580, 531 cm–1 could be also determined. We can only pre-

The reflections from the main crystalline phase (Pb-
CO3 × Pb(OH)2) is dominating in the both XRD patterns,
however, the secondary phases (silica and Naples yellow)
may be also easily detected. The presence of the diffrac-
tion line at around 2θ = 29.5° in the XRD spectrum of
sample 8 (see Figure 10a) confirms once again that even
small amounts of CaCO3 in the mixtures of lead oxide ba-
sed pigments could be determined by XRD analysis. 

The glazes listed in Table 1 were calcined at 1000
°C, and again analyzed using X-ray diffraction technique.
However, all fired samples were found to be amorphous to
X-ray. The XRD patterns of the representative glazes are
shown in Figure 11.

Therefore, the characterization of calcined lead oxi-
de based glazes by XRD technique seems to be complica-
ted indicating that other methods of analysis should be ap-
plied. The glazed pottery samples were also checked. Fi-
gure 12 shows the XRD patterns of the pottery specimens
glazed with samples 5 and 7. 

Figure 12. XRD patterns of glazed pottery with sample 5 (a) and
sample 7 (b). 

Figure 13. XRD pattern of pottery calcined at 1000 °C.



191Acta Chim. Slov. 2007, 54,  185–193

Senvaitiene et al.:   XRD and FTIR Characterisation of Lead Oxide-Based Pigments and Glazes

dict that observed additional peaks in Figure 14b at 685
and 531 cm–1 could be attributed to the Sn–O vibrations.  

All FTIR spectra for the samples 2–9, however, we-
re very similar regardless of the chemical composition.
The FTIR spectra of three representative glaze samples
are presented in Figure 15.

As seen, characteristics Si–O, C–O and M–O stretc-
hings could be easily identified in all FTIR spectra. Mo-
reover, broad bands between 3700–3000 cm–1 can be as-
signed to the adsorbed water (or water of crystallization)
and O–H vibrations.35,39 Thus, from the FTIR measure-
ments only few components of lead oxide based glazes
could be determined. For the identification of specific fea-
tures of secondary phases such as lead-tin yellow, smalt,
Verona green, manganese black, Naples yellow, malachi-
te, or lead white the Raman or far infrared spectroscopies
could be more effectively employed.40–42

Interestingly, the FTIR spectroscopy could be suc-
cessfully applied for the identification of just obtained and
fired at elevated temperatures glaze specimens. The FTIR
spectra of glaze 8 before and after calcination at 1000 °C
presented in Figure 16a and b, respectively, illustrate this
observation. FTIR spectrum of glaze 8 presented in Figu-
re 16a shows almost identical characteristics vibrations as
those supplied in Figure 15. However after firing of the
sample at 1000 °C some specific changes in the FTIR
spectrum of glaze 8 (see Figure 16b) are evident. The cha-

racteristic carbonate vibrations at 1794, 1430, 876, 712
cm–1 and O–H vibrations at 3700–3000 cm–1 are absent in
the FTIR spectrum of the sample obtained after calcina-
tions. These results indicate that full decarbonation and
dehydratation of glaze occurs during high-temperature fi-
ring. 

The FTIR spectra for glazed pottery samples were
also checked. Figure 17 shows the FTIR spectra of the fi-
red glaze 5 and pottery specimen glazed with the same
glaze. 

Again, FTIR spectra for glaze and glazed pottery
specimens were almost identical.  The carbonate peaks
are not visible anymore in the FTIR spectra of calcined
products. However, the broad band between 3700–3000
cm–1 assigned to the O–H vibrations is seen in the FTIR
spectrum of glazed pottery. This could be associated

Figure 14. FTIR spectra of sample 1 (a) and sample 2 (b).

Figure 15. FTIR spectra of sample 3 (a), sample 4 (b) and sample
7 (c).
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with specific surface properties of pottery which stimu-
late adsorption of moisture from atmosphere at ambient
conditions. 

4. Conclusions

Lead oxide based pigments and glazes having dif-
ferent chemical composition were characterized by
XRD analysis and FTIR spectroscopy. XRD analyses
clearly showed that most of investigated specimens are
polycrystalline materials composed by different phases
which could be successfully determined by XRD analy-
sis. However, the characterization of fired lead oxide
based glazes by XRD technique seems to be complica-
ted due to amorphous character of obtained samples.
Moreover, we have demonstrated that FTIR spectros-
copy is significant analytical tool for the characteriza-
tion of ancient pigments, glazes and glazed pottery. The
characteristics Si–O, C–O and M–O stretchings could
be easily identified in the FTIR spectra of lead oxide ba-
sed glazes. Moreover, the FTIR spectroscopy could be
successfully applied for the identification of fired glazes
and glazed pottery specimens. In conclusion, the results
summarized in this paper are very important for the de-
velopment of new methods for the conservation of gla-
zed pottery. 
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Povzetek
V prispevku je opisana uporaba rentgenske pra{kovne difrakcije in FT infrarde~e spektroskopije pri dolo~anju kemijske
in fazne sestave pigmentov, glazur in keramike. Preiskovali smo pigmente in glazure pripravljene na osnovi svin~evih
spojin Pb3O4 ali PbCO3 ⋅ Pb(OH)2). Vzorci so vsebovali {e silicijev dioksid in kalcit kot glavni komponenti in kot dodat-
ke pigmente svinec-kositer rumeno,  kobaltovo steklo, veronsko zeleno, manganov dioksid, neapeljsko rumeno in mala-
hit. Metodi sta uporabni za kvalitativno dolo~itev sestave,  nekateri vzorci pa bi za identifikacijo vseh prisotnih faz zah-
tevali uporabo dodatnih analiznih metod.


