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proach based on micro-mapping
analytical techniques for the detection of
impurities in historical Zn-based white pigments†

V. Capogrosso,*a F. Gabrieli,c S. Bellei,ab L. Cartechini,c A. Cesaratto,ad N. Trcera,e

F. Rosi,c G. Valentini,a D. Comellia and A. Nevinb

In this work we propose an integrated approach, based on synchrotron analysis with micrometric spatial

resolution and sub-ppm sensitivity and m-Raman mapping, for investigating impurities and

heterogeneous inclusions in historical samples of Zn-based white pigments. Analysis was performed at

the LUCIA beamline at the SOLEIL synchrotron radiation facility for the simultaneous detection of the

elemental distribution in suitably prepared pigment samples using micro-X-ray fluorescence (m-XRF)

mapping and for the investigation of oxidation states and coordination of metals using micro-X-ray near

edge absorption (m-XANES) spectroscopy. The identification of specific molecular signatures and the

detection of their spatial distribution throughout samples by m-Raman measurements supported and

complemented X-ray analysis, allowing the identification of Cr- and Fe-based inclusions in historical

samples. In ZnO pigments, common impurities are due to the production process and include Fe and,

depending on samples, Cd, Cl and Pb. In one of the Zn-containing pigments, identified as Lithopone,

m-XRF mapping revealed the presence of Co, both as highly concentrated micrometric inclusions and as

impurities throughout the pigment.
Introduction

At the beginning of the 20th century new classes of pigments
based on semiconductors, including the white ZnO, ZnS, TiO2

and a range of CdS and CdSe yellows and reds, substituted
pigments used by artists in earlier periods. In the specic case
of the new Zn-based white pigments, despite their improved
properties in terms of hiding and handling power with respect
to the traditional ones (i.e. lead white), early synthetic pigments
proved to be chemically unstable. Semiconductor synthesis,
following the so called wet process, was complex and impurities
were inevitably introduced during manufacture, giving rise to
chemically complex semiconductors far removed from
pigments available today. Indeed, the complexity of historical
zinc-based whites has recently received signicant attention in
work by Osmond1 in investigations of the formation of Zn
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tion (ESI) available. See DOI:

28–838
carboxylates in paint. The aim of our work is to apply a method
based on complementary analytical spectroscopic mapping
techniques on the micrometer scale to study historical samples
of Zn-based white pigments from different sources (paint tubes,
pastels and from an historic pigment powder). The aim of the
approach is to document inclusions and impurities in samples,
which can be ascribed to production methods.

There are various reports of the analysis of Zn-based whites
using both imaging and spectroscopic techniques. For example,
in situ luminescence imaging spectroscopy of a painting by Van
Gogh described a peculiar luminescence emission attributed to
copper impurities in a Zn-based white pigment.2 In another
work, spectroscopic investigations on both pure ZnO and paint
models have demonstrated that physical and chemical inter-
actions affect the UV and visible emissions, leading to consid-
erably different optical emissions to those in the pure pigment.3

The investigation of both the vibrational and luminescence
properties highlights further interactions between semi-
conductor Zn-based pigments when mixed with the lipidic
binder in paint samples and has revealed the formation of
chemisorbed carboxylates from the interaction of the lipidic
binder and the ZnO surface.

The use of synchrotron-based techniques to investigate
original components and degradation products in artist mate-
rials has increased signicantly during the last ten years. In
particular, micro-X-ray uorescence (m-XRF) and micro-X-ray
near edge absorption (m-XANES) techniques are very powerful
This journal is © The Royal Society of Chemistry 2015
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analytical methods in probing the spatial distribution and
valence of a given chemical element on the microscopic scale.4–6

The chemical characterization of paints on the nanoscale, using
high resolution nanoprobe XRFmapping, has shown impurities
from Pb and Fe ions and has provided insights into both the
fabrication and the chemical reactivity of ZnO pigments.7

Photo-luminescent heterogeneities in paint samples containing
ZnO have been also investigated at the DISCO beamline at the
SOLEIL synchrotron radiation facility through the use of raster-
scanning micro-spectroscopy and full-eld micro-imaging.8 By
combining synchrotron and macroscopic photoluminescence
spectroscopy and imaging, it was shown that three historical
powder samples of Zn white pigments were homogeneous on
the macroscale yet highly heterogeneous on the micro- and
nano-scales.9

Our work focuses on the analysis of microscopic heteroge-
neities in historical samples of Zn-based white pigments from
the late 19th and early 20th centuries. Aer preliminary
elemental and molecular characterization of materials using
XRF and micro-Raman spectroscopies, we investigated the
presence of trace metal ions in prepared samples by m-XRF
mapping using synchrotron radiation. The high-energy
synchrotron X-ray beam provides sensitivities three orders of
magnitude higher than that of scanning electron microscopy
coupled to energy dispersive X-ray spectroscopy (SEM-EDX),
leading to sub-ppm sensitivity. In addition, the oxidation and
coordination states of some metallic inclusions (including Fe
and Cr) have been analysed with m-XANES spectroscopy. Inter-
pretation of complex data from synchrotron measurements is
complemented by the molecular characterization of samples on
the m-scale level with micro-Raman (m-Raman) spectroscopy.
Historical background on zinc oxide
and lithopone synthesis

ZnO was formerly used only as a white pigment and was named
zinc white. The use of this white pigment spread rapidly and
replaced white lead because it had the advantages of being less
toxic,10 of not darkening in the presence of sulphureous gases
and of having better hiding power. Today the term zinc white
denotes ZnO produced by the combustion of metallic Zn
according to the French process (also called indirect process).11,12

According to this process, Zn is used as starting material and
volatilized in a special form of retort; the vapour issuing from
the retort is oxidized in the presence of air and collected in long
settling chambers. The crystallographic and physical properties
of the ZnO can be controlled by adjusting the combustion
Table 1 Summary of the results obtained from preliminary laboratory m

Samples Bulk-XRF Rama

WN1 Zn (Fe, Ba, Ca, Cr, Sn) ZnO
LF1 Zn (Fe, Pb, Ba, Ca) ZnO
LF2 Zn (Fe, Pb, S, Cr) ZnO,
LF3 Zn, Ba (Sr, S, Pb, Fe, Ca) Litho

This journal is © The Royal Society of Chemistry 2015
conditions (ame turbulence and the concentration of oxygen).
The typical composition is overall ZnO (99.69–99.99%) with
small concentrations of Pb, Cd and Fe.7,10,12 The cost of
production of ZnO from the metal is considerably higher than
that of ZnO produced directly from the ore (American process
described below), but it ensures the absence of impurities, such
as Cd, which is considerably more volatile than zinc, and
produces a brown oxide which leads to the discoloration of the
nished product if it is not removed in the process of the
manufacture of the metal.

In the United States the largest proportion of ZnO produced
is derived from the ore. In the American process (also called the
direct process) the zinc is reduced by the partial combustion of
coal and reoxidized at the entrance to the furnace. The direct
process is noted for its simplicity, low cost and excellent
thermal efficiency, but it produces a less pure form of ZnO
(purity > 98.5%) with possible impurities of Pb, Cd, Fe, S, Cu,
and Mn.7,10,11

A third industrial production process is known as the wet
process. ZnO is produced industrially from puried solutions of
ZnSO4 or ZnCl2 by precipitating ZnCO3, which is then washed,
ltered and nally calcined. This method produces a grade of
ZnO with a specic surface area.11 The product obtained from
this method is known as “precipitated zinc white”.

Another white Zn-based pigment is based on ZnS, and was
rst developed and patented in 1850 in France.13 This white
pigment, with the largest sales volume, is lithopone, which is a
generic name for a white pigment produced through co-
precipitation and calcination of ZnS and BaSO4. Despite the
cheapness of its manufacturing processes, and its good prop-
erties as a pigment (for example, its hiding power is better than
that of zinc oxide, and it shows little interaction with other
artistic pigments), it has the objectionable property of degrad-
ing upon exposure to UV light, darkening and turning grey aer
exposure to daylight. For this reason, lithopone never earned a
good reputation as an artists' pigment. Nevertheless, as Capua
argues,14 lithopone was likely used as a cheap extender for other
white pigments such as ZnO. Starting from 1928, small quan-
tities of Co (from 0.02 to 0.5 parts per thousand) were added
prior to calcination of the crude lithopone, and this was found
to prevent the discoloration of the pigment under sunlight.15,16
Experimental details
Material and sample preparation

The four Zn-based samples presented in this work are a selec-
tion from a wider collection of historical white pigment samples
easurements

n Grain and agglomerate size

100–500 nm; 0.7–1 mm
+ lipidic component 200–500 nm; 0.5–1 mm
ZnCO3 0.2–1 mm
pone + lipidic component 0.5–1 mm

J. Anal. At. Spectrom., 2015, 30, 828–838 | 829
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and are representative of the different artist materials available
at the turn of the 20th C.: pastels, paints and the pigments from
which they were made.

One sample is from a paint tube of Chinese white Winsor &
Newton from the Courtauld Institute of Art in London (WN1). In
1834 Winsor & Newton developed a new method of heating the
ZnO to increase its opacity.17 This new type of Zn white was
called Chinese white.

The remaining three samples have been drawn from the well
known French manufacturer, Lefranc-Bourgeois, which, at the
beginning of the 20th century, was the largest producer of ZnO
in Europe.

The rst Lefranc sample is a small white pastel fragment
from a collection of Lefranc-Bourgeois Raffaelli pastels (LF1).
The second sample (LF2) was supplied as a powder by the Colart
Lefranc factory, and is a Lefranc watercolour pigment, from a
bottle labelled Blanc de Neige, Vieille-Montagne Mars, Le Mans
(1893). The last sample comes from a Lefranc paint tube
belonging to the collection of Grubicy-Benvenuti of the Livorno
Foundation (Livorno, Italy) (LF3).

Preliminary XRF and m-Raman analysis were performed on
samples without any specic preparation in order to identify the
pigment and binder composition.

Scanning electron microscopy was carried out on samples
coated with a thin layer of gold to gain information on grain
morphology. For m-X-ray synchrotron and m-Raman mapping
measurements, small quantities of samples (10 mg on average)
were pressed as pellets of 0.5 cm diameter on a boron nitride
substrate. During sample preparation we aimed to avoid
contamination through proper handling, but we cannot exclude
previous contamination prior to sampling of the four pigments.
Fig. 1 m-XRF cumulated spectra, obtained as the sum in all points of a
mapped area 100 � 100 mm2 in size (black line), for the four samples.
The result of the fitting of the cumulative spectrum with PyMca soft-
ware is shown by the red line. In the insets, magnifications of energy
regions are shown in order to highlight trace elements.
Experimental apparatus

X-ray uorescence spectroscopy. Laboratory measurements
on samples were carried out using a portable XRF spectrometer
(Elio, XGLab srl). The instrument is a fast system with a large
area silicon dri detector (SDD) (25 mm2), and it is particularly
efficient due to the X-ray transmission generator that can reach
up to 50 kV and to a high solid detection angle geometry. The
excitation source works with a Rh anode and the beam is
collimated to a spot diameter on the sample surface of about 1.3
mm. XRF measurements have been carried out by xing the
tube voltage at 40 kV and 15 kV exploring a eld of analysis from
1 to 30 keV.

Scanning electron microscopy. The scanning electron
microscope (SEM) employed was a Philips XL30 instrument
equipped with a LaB6 source and an EDAX/DX4 detector. The
acceleration potential voltage was maintained at 15 kV, the
magnication was held at 20 000�. For the sake of concision,
secondary electron (SE) images of samples are reported in the
ESI.†

Raman spectroscopy. m-Raman measurements were per-
formed using a laboratory JASCO NRS-3100 spectrophotometer
equipped with a diode laser at 785 nm, a grating of 800 lines per
mm, an optical microscope and a charge coupled device (CCD)
cooled to �50 �C with a Peltier cooling system. The areas of
830 | J. Anal. At. Spectrom., 2015, 30, 828–838 This journal is © The Royal Society of Chemistry 2015
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Table 2 Summary of the results obtained from m-XRF and m-Raman
techniques

Samples m-XRF (impurities) m-XRF (inclusions) m-Raman

WN1 K Ba, Cr, Ca, Si, Cl, Fe BaCrO4

LF1 Pb, Cd, Fe, Al, K, S,
Cl, Ca, Si

Fe, Cr, Mn, Ti, Ba FeO(OH)

LF2 Cl, Fe, Pb, S, Cd, Ca, Si Cr, Fe
LF3 Ba, S, Al, Si, Co Co, Ca, Fe

Fig. 2 WN1 sample: m-XRF maps showing the spatial distribution of Zn, B

This journal is © The Royal Society of Chemistry 2015
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interest were focused with the objective 100� and the spectra
were recorded in the range 180–1800 cm�1 with a spectral
resolution of about 2 cm�1 and a beam spot size of 3 mm.

For preliminary measurements on samples the exposure
time varied from 10 to 20 s and the number of accumulations
from 10 to 15; for mapping of pellets exposure times varied from
5–10 s with 10 accumulations. The laser power was changed
from 1 mW to a maximum of 18 mW on the sample.

Synchrotron-based X-ray spectroscopy. Simultaneous detec-
tion of the atomic distribution and the oxidation state of some
a, Si, Cr, Ca and Cl over an area of 100 � 100 mm2 with a step of 3 mm.

J. Anal. At. Spectrom., 2015, 30, 828–838 | 831
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Fig. 3 WN1 sample: (a) m-XANES spectrum at Cr K-edge recorded
from the inclusion highlighted in the Cr map shown in Fig. 2; (b) m-
Raman map, resulting from the integration of the chromate band at
862 cm�1 over an area of 77 � 77 mm2, and m-Raman spectrum
registered at the core of the inclusion (a), at the border (b) and outside
the inclusion (c).
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View Article Online
specic heterogeneities was carried out using the set-up at the
LUCIA beamline at SOLEIL.18 The LUCIA beamline is a tender
(0.8–8 keV) X-ray microprobe able to detect chemical speciation
and to carry out elemental mapping by m-XANES and m-XRF
spectroscopy respectively. The instrument uses a photon source
based on an undulator of the APPLE-II type and a double crystal
monochromator for selecting X-ray energy. Analysis was per-
formed in a low vacuum chamber in which samples were placed
on a micro-positioning (x, y, z) sample stage. Fluorescence
spectra were collected using a 4-element SDD detector. Repre-
sentative m-XRF maps of 1000 � 1000 mm2 with steps of 50 mm
were collected in order to identify potential heterogeneities.
Aerwards, focused areas containing heterogeneities were
chosen and m-XRF maps of 100 � 100 mm2 with a step size of 3
mm were collected using a beam spot of 3 � 3 mm2, and with an
excitation energy between 7.4 and 8 keV for the analysis of
different elements. At this energy only X-ray uorescence L-lines
of Zn at 1.0 keV are excited and used for detection. m-XANES
spectra were acquired by simultaneously measuring the uo-
rescence yield (FY) and the total electron yield (TEY), but results
are reported only for FY. XANES spectra were collected from
inclusions for the Fe K-edge and Cr K-edge.

XRF data were processed using the PyMca soware, which
has also been used to obtain uorescence maps.19 Single
element imaging was performed setting Regions Of Interest
(ROI) around the characteristic element peaks. In case of over-
lapping peaks due to the superposition of different lines, it was
necessary to t all spectra separately in order to differentiate
contributions and for the reconstruction of an image from the
tted areas using a batch tting tool. False colour images were
generated to represent the presence of different elements in
samples, and the scale of each image was chosen to best high-
light the heterogeneities detected. Absorption data, aer back-
ground subtraction, were normalized using Athena.20

For the estimation of the size of localized inclusions, the full
width at half maximum of a line scan in the m-XRF or m-Raman
maps was used.

Results
Preliminary laboratory measurements

Results of the preliminary laboratory analysis of samples are
summarised in Table 1. All samples contain Zn, as detected with
XRF.

In preliminary XRF spectra from WN1, traces of Fe, Ba, Ca,
Cr and Sn were detected. Raman spectra identied the pigment
as ZnO due to bands at 438 (vs), 383 (w) and 331 (w) cm�1.16 The
sample is characterized by submicron grains in the range of
100–500 nm with a nodular shape typical of fast burning
synthesis, which suggests a thermal production process.13 Few
larger conglomerates of about 0.7–1 mm with subhedral hexag-
onal shape are also visible in SEM images.

XRF measurements on LF1 highlight minor quantities of Fe
and traces of Pb, Ba and Ca. Raman spectra conrmed the
presence of ZnO,21 and bands between 1440 and 1060 cm�1

indicate the presence of a lipidic component, ascribed to the
binder.22 Indeed, the presence of a lipid binder hinders the
832 | J. Anal. At. Spectrom., 2015, 30, 828–838
observation of the grain morphology in SEM due to the incor-
poration of the pigments in an amorphousmatrix. However, few
polyhedral shaped conglomerates with dimensions of 0.5–1 mm
are visible. Furthermore, needle-like shapes of about 200–500
nm are present around the large conglomerates.

LF2 has traces of Fe, Pb, S and Cr. From m-Raman analysis
the sample has been identied as a mixture of ZnO and ZnCO3.
The pigment grains have variable dimensions, in the range of
0.2–1 mm, and morphology varying from large polycrystalline
angular conglomerates to smaller prismatic or acicular crystal-
lites. This morphology can be explained by a non-controlled
slow crystallization process, such as the wet process. This
production method is in agreement with the presence of
carbonates, as described in the historical background section.11

In contrast to the three ZnO samples (WN1, LF1 and LF2), XRF
on LF3 highlighted the presence of Ba in addition to Zn, with
weaker signals of Sr and S along with traces of Pb, Fe and Ca. m-
This journal is © The Royal Society of Chemistry 2015
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Raman spectra of the powdered sample showed peaks of BaSO4

and a weak band at 348 cm�1, assigned to ZnS.21 The spectrum is
consistent with the reference spectra of lithopone. The observation
of additional bands at 1440 cm�1 and 1297 cm�1 suggests the
presence of a lipidic component.22 Few polyhedral shaped
conglomerates with dimensions of 0.5–1 mm are visible in SEM
images due to the presence of the lipidic binder.

From bulk XRF measurements, a common trace element
present in all four samples is Fe, which could be ascribed to the
use of the raw material sphalerite (Zn, Fe)S in synthesis. This
cubic resinous sulphide mineral is the most common of the zinc
minerals, and it is nearly always associated with Al, resulting from
acidic weathering of rock and sulphide minerals, and may also
include Pb, resulting from mine drainage activity.23
m-XRF and m-Raman mapping

As it will be shown hereaer for the considered samples, the m-XRF
and m-Raman combined approach allows us to distinguish
amongst elements homogeneously distributed throughout the
pigmentmatrix and elements spatially localized in a conned area.
In the text, the former and the latter will be referred to with the
notation of impurities and inclusions, respectively. Moreover, with
the combination of the two m-mapping techniques we can further
Fig. 4 LF1 sample: (a) m-XRF maps showing the spatial distribution of Zn
bottom right, m-XANES spectra recorded from the Cr inclusion (black) a

This journal is © The Royal Society of Chemistry 2015
obtain insights into the size of localized inclusions. This infor-
mation can provide understanding of the origin of trace metals in
samples.
WN1

In Fig. 1a the cumulative spectrum from m-XRF mapping using
synchrotron radiation, tted using PyMca, is reported. m-XRF
measurements highlight the presence of Ba and Cr, combined
with traces of Ca, Fe and Si. Weak emissions are assigned to K,
S, and Cl. m-XRF maps of compositional distribution provided
evidence of the spatial correlation of different elements,
allowing the differentiation between homogeneously distrib-
uted impurities and localized inclusions, as summarized in Table
2 for all samples.

m-XRF maps (Fig. 2) revealed the spatial correlation between
Si and Ca in an asymmetric agglomerate inclusion estimated as
21 � 12 mm2 in size. No molecular identication has been
achieved for these inclusions; the spatial correlation may be an
indication of possible calcium containing silicates, but other
compounds cannot be excluded.

An excellent spatial correlation between Ba, Cr and Cl
distributions is seen in an agglomerate 20 mm in diameter. In
order to clarify the oxidation state of the Cr in the inclusion,
, Mn and Cr over an area of 100 � 100 mm2 with a step of 3 mm. On the
nd a reference sample of metallic Cr (blue).

J. Anal. At. Spectrom., 2015, 30, 828–838 | 833
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m-XANESmeasurements have been performed on the same area.
The measured Cr K-edge m-XANES spectrum (Fig. 3a) shows a
well-dened pre-edge peak at 5.993 keV, typical of Cr(VI)
compounds with a tetrahedral coordination geometry. This
peak corresponds to a bound state 1s to 3d dipole-forbidden
transition, and it is related to the non-centrosymmetric nature
of the tetrahedral structure that favours a strong hybridization
of the Cr 3d and O 2p orbitals.24 The spectrum is comparable
with that of BaCrO4 reported by Monico.6

The presence of BaCrO4 in sample WN1 is conrmed by m-
Raman spectra acquired from yellow crystals (of about 45 � 45
mm2) visible on the pellet investigated at the synchrotron. An
example image of a BaCrO4 crystal from m-Raman mapping is
reported in Fig. 3b. The map is 77 � 77 mm2 and was obtained
by acquiring each spectrumwith a step of 7 mm. The false-colour
image was obtained by integration of the band relative to the
symmetric stretching mode of the CrO4

2� group at 862 cm�1.21

In Fig. 3b, the Raman spectrum recorded at the center of the
inclusion (a) clearly shows bands distinctive to BaCrO4,
including the symmetric stretching modes at 862 and 900 cm�1

as well as the bending at 403 cm�1. As expected these diagnostic
bands diminish in intensity when moving towards the bound-
aries of the inclusion (spectra b and c in Fig. 3b) where the
boron nitride signal from the substrate is mainly present at
1368 cm�1.

BaCrO4 can be synthesized by co-precipitating barium
hydroxide with potassium chromate (Ba(OH)2 + K2CrO4 /

BaCrO4 + 2KOH) or, alternatively, by the interaction of barium
chloride (BaCl2) with sodium chromate (Na2CrO4).25,26 This
synthesis method would explain the presence of Cl in the same
inclusion. BaCrO4 is usually associated with lemon yellow, and
in WN1 this is possibly an unintentional contamination intro-
duced during the mixing of the pigments in the paint.
Fig. 5 LF1 sample: (a) m-XANES spectrum at the Fe K-edge acquired
from an area with a concentrated Fe inclusion seen in the m-XRF map
shown in the inset on a logarithmic scale; (b) m-Raman map acquired
on the same Fe inclusion, resulting from the integration of the band at
389 cm�1 over an area of 36 � 30 mm2, and micro-Raman spectrum
registered at the core (a) and at the border of the inclusion (b) and on a
ZnO reference sample.
LF1

m-XRF measurements on LF1 are shown in Fig. 1b. LF1 is
characterised by the presence of Fe, and to a lesser extent Cr and
Mn, with traces of Al, Si, S, Pb, Ba, Cl, Cd, K and Ti.

Pb and Cd, distributed homogeneously throughout the ZnO
matrix, are ascribed to residues of the production process. The
presence of Cd may exclude the French process in the synthesis
of the sample. Ti, which appears as localized inclusions, was
probably due to TiO2 added to the ZnO matrix as a whitening
agent.

Zn, Mn and Cr m-XRF maps obtained on an area of 100� 100
mm2 are reported in Fig. 4, with Mn and Cr appearing as
inclusions which are not spatially correlated with one another.

Regarding the presence of Mn inclusions (30 � 3 mm2 in
size), it has been reported that Mn oxides (in particular pyro-
lusite) and dehydrated Mn salts were added in small propor-
tions to paint tube formulations in order to improve the
siccative properties of lipid binders.27 A similar explanation may
account for the presence of Al; in fact aluminum stearate was a
common additive to paints as an emulsier.1

To better understand the presence of the Cr inclusion (30 �
10 mm2 in size), m-XANES measurements at the Cr K-edge were
834 | J. Anal. At. Spectrom., 2015, 30, 828–838
collected. The spectrum reported in Fig. 4d is comparable with
that of ametallic Cr reference. The presence of metallic Cr could
be explained by y ash (mineral residue resulting from the
combustion of coal in electric generating plants and in reducing
environments) during the production process, so, in this
sample the wet process is excluded and we hypothesise that this
sample was produced by the American process.

Signicant concentrations of Fe were mapped on different
areas of the sample, with the element found both as a localized
heterogeneity and homogeneously distributed throughout the
sample matrix. In the latter case, its presence can be explained
as a residue of the production process, whereas in the former it
is likely due to sample contamination. As an example, in an area
with a concentrated Fe inclusion (9 � 12 mm2 in size), the
m-XANES spectrum at the Fe K-edge has been measured
(Fig. 5a). The spectrum is comparable with an iron oxide
reference.28 m-Raman measurements identied this Fe-based
This journal is © The Royal Society of Chemistry 2015
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compound as goethite (a-FeO(OH)) by the presence of three
bands at 300 (m), 389 (s) and 550 (m) cm�1, related to the
vibrational modes of the Fe–O and Fe–OH bonds.29

m-Raman mapping has been carried out on the same area
analysed by m-XANES, scanning a surface of 36 � 30 mm2 with a 3
mm step size. The chemical image shown in Fig. 5b has been
obtained by integration of the most intense band at 389 cm�1,
and suggests the dimensions of the a-FeO(OH) inclusion to be
approximately 10 � 10 mm2, in good agreement with m-XRF data.

LF2

In Fig. 1c the m-XRF spectrum of LF2 is dominated by the
presence of Fe and Cr with traces of S and Pb. The micrometric
maps also highlight the presence of Si, Ca, Cd and Cl.

This sample is primarily of interest because it is represen-
tative of the wet process, as reported above. The identication of
traces of Cl and its homogeneous distribution throughout the
sample matrix, as shown in the m-XRF Cl map (Fig. 6), suggest
the use of a ZnCl2 solution as a precursor in the wet process.

Homogeneously distributed impurities of Fe, Pb, and Cd are
typical residues of this production process.10 Fe was detected
both homogeneously distributed throughout the sample matrix
and as localized heterogeneities. Cr is found as an inclusion (20
mm in diameter), and it is reasonable that it has been
Fig. 6 LF2 sample: m-XRF maps showing the spatial distribution of Zn, F

This journal is © The Royal Society of Chemistry 2015
unintentionally added to the pigment. In contrast to WN1, no
Ba was detected in LF2, and hence themetal could be associated
with a different Cr-based pigment.

Ca and Si are homogeneously distributed in the sample and
were probably added as extenders during the production
process.

LF3

The cumulative m-XRF spectrum is reported in Fig. 1d, and it is
dominated by the presence of Ba and S.

The investigation of the sample with a micrometric resolu-
tion allowed the mapping of the presence of particles contain-
ing Al, Si, Ca, Fe and traces of Co. The small amount of Si
homogeneously distributed in the matrix is likely due to the
presence of an extender. Similarly to the other lipid-based
sample (LF1), the presence of Al in LF3 is likely due to the
presence of an aluminum stearate in the paint tube
formulation.

m-XRF maps reported in Fig. 7 show a strong correlation
between the distributions of Ba, S and Zn. This conrms the
results from m-Raman measurements that identied the
pigment as lithopone.

Finally, the Comap (shown in Fig. 7 with a logarithmic scale)
highlights the presence of both highly concentrated cobalt
e, Cl and Cr over an area of 100 � 100 mm2 with a step of 3 mm.

J. Anal. At. Spectrom., 2015, 30, 828–838 | 835
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Fig. 7 LF3 sample: m-XRF maps showing the spatial distribution of Zn, Ba, S and Co (in logarithmic scale only for Co) over an area of 100 � 100
mm2 with a step of 3 mm.
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micrometric inclusions together with the homogeneous distri-
bution of trace Co correlated with Zn and Ba, suggesting that
the paint tube was produced aer 1928, as explained in the
introduction.15,16 This information suggests that the paint tube
was not part of the collection of Vittore Grubicy de Dragon
(1851–1920) but rather of Benvenuto Benvenuti (1881–1959).
Discussion

In the previous section the results obtained from the analysis of
historical Zn-based white samples of different origin were
reported.

The results demonstrate how bulk analysis with limited
sensitivity can yield diagnostic information for the identica-
tion of ZnS or ZnO, as well as data regarding the presence of
trace elements, but careful sample preparation and study using
micro-analytical techniques is necessary for a better under-
standing of inclusions and impurities. While morphological
information obtained by SEM is useful for the assessment of
pigments in powder, the presence of binder (as in the case of
paint tube) hinders the observation of grain dimensions or
836 | J. Anal. At. Spectrom., 2015, 30, 828–838
morphology, thus motivating the use of complementary
molecular analysis.

In the case of the identication of BaCrO4 and goethite in
WN1 and LF1, respectively, bulk analysis would have led to
misleading conclusions, because of the impossibility to distin-
guish the two contaminants from impurities of the production
process. Another example of the necessity to combine bulk and
micrometric analysis is highlighted in the detection of metallic
Cr, which is present as an inclusion in LF1 and is indirect
evidence of the thermal production process.

The real novelty presented in this work is the possibility,
offered by a micrometric resolution, to distinguish between
impurities and inclusions. This distinction is fundamental for
ascribing a particular element to a residue of themanufacturing
process, as in the case of an impurity, or to a contamination, as
in the case of a localized inclusion. In the case of sample LF2,
Raman and SEM measurements suggested the wet production
process, a hypothesis supported by the presence of homoge-
neously distributed impurities of Fe, Pb and Cd.

It is, however, more tricky to establish if contamination in
samples was accidental or not. This is shown in sample WN1
which contains crystals of BaCrO4 which cannot be related to
This journal is © The Royal Society of Chemistry 2015
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the production of ZnO. On the other hand, the identication of
traces of Co in LF3 as an intentional impurity rather than iso-
lated inclusions allows the dating of the lithopone sample to a
specic historical period. Establishing production processes is
complex, and only in some cases can morphology (as evidenced
by SEM) and impurities give convincing proof of a particular
production process. Indeed in the four samples studied, while
the wet process is clear for LF2 from the particle size, the
presence of carbonates and Cl, other production processes are
more elusive. In LF1, traces of Cd and metallic Cr suggest the
American process, while in the case of WN1 it is only possible
from elemental data to exclude the wet process. More in depth
investigations of a statistical number of samples of known
production type would be required to correlate impurities with a
specic production method or geographical origin.
Conclusions

Our work proposes a multi-analytical methodological approach
for the chemical characterization of modern Zn-based pigments
with a micrometric resolution. This is achieved by combining
m-XRF, m-XANES and m-Raman techniques, and could become a
tool for investigating not only a particular class of semi-
conductor pigments, as in this work, but different modern
pigments.

The identication and distinction between homogeneously
distributed impurities and localized inclusions in samples
allowed for discrimination between elements that are residues
of the pigment production processes and the elements that
were introduced aer the synthesis process, mainly as a result
of contamination.

The mapping of impurities and inclusions within pigment
particles, with the support of SEM measurements, provides
information which, in some cases, allows for discrimination
between different manufacturing routes. Data obtained in this
work will inform the denition of elemental markers for future
in situ analysis of paint samples, with implications for the
analysis of Zn-based whites from early 20th century paintings.
Future research should focus on the study of modications in
the optical properties of the pigments due to transition metal
impurities and the characterization of Co-based salts in litho-
pone pigments.
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