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Aim
• To give an overview of the conservation-

related chemical analysis possibilities at 
University of Tartu

• And highlight some achievements
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Analytical techniques
Non-destructive

• ATR-FT-IR spectroscopy
• Incl IR-microspectroscopy

• RAMAN spectroscopy
• Incl microspectroscopy

• IR reflectography
• X-ray radiography
• Portative and mobile:

• ED-XRF, RAMAN spectroscopy, 
XRD, FT-IR etc

• Imaging ja mapping:
• Optical microscopy, XRF-

imaging, IR-imaging, 
RAMAN-imaging etc

Destructive

• X-Ray techniques
• WD-XRF
• SEM-EDS
• XRD

• Mass spectrometry
• GC-MS
• LC-MS 
• APCI/ ESI/ MALDI-FT-

ICR-MS
• LA-ICP-MS

• NMR
3

OPTICAL 
MICROSCOPY
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Optical microscope

• Optical microscope is the most common type of 
microscope
̶ Up to 1000 x magnification

• Polarization microscope uses polarized light for 
obtaining additional information

5
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The ancient ship of Salme: unknown
material from the middle of the ship
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Micrsoscopy of Textile Fibres
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POLYESTER

COTTON WOOL

LINEN

Studies of paint layers
Two main ways are used at our lab: 
• Windows
̶ Mechanical scratching of the paint layers
̶ Significant damage to the object

• Micro-cross-sections
̶ Pieces of paint embedded into a polymer
̶ Insignificant damage to the object

8
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Windows

9

Windows made for the overpaints
of the Vigala Church altar 

Pulpit from 17. cen.

Making micro-cross-sections

10

MetaServ 250/ Vector 
Power Head – Polishing 

machine

Technotray CU-
Light-activared
polymerization

chamberTechnovit 2000 LC –
monocomponent

methacrylate resin

SiC polishing papers: P400 (35 µm), 
P1200 (15 µm),P 4000 (5 µm)
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Micro-cross sections

11

Analysis by optical microscopy:
• Layers can be differentiated, their thickness

can be determined
• Overpaintings
• Diffusion of binder or pigment from one layer

to another

Analysis with other techniques:
• Pigment and binder analysis in a layer

INFRARED (IR) 
SPECTROSCOPY

Useful for identification of a wide 
selection of materials
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Principle
• The intensity of IR radiation absorbed by the 

sample is measured.
• Often expressed as transmittance:

• IR (Infrared) spectral range:
– Mid-IR range: 4000 ... 400 cm-1

– Far-IR range: 400 ... 10 cm-1
13

I0 – Intensity of the initial
beam
I – Intensity of the
transmitted beam

Principle

• It is molecular spectroscopy
• It is vibrational spectroscopy
• The frequencies absorbed correspond to frequencies 

of vibrations in molecules

• Useful for
• Identification
• Characterization
• Quantitative analysis

14
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Vibrations
• Valence vibrations – bond length changes

• Deformation vibrations – bond angle changes

15

Symmetrical Asymmetrical

Scissoring
(in-plane)

Twisting
(out-of-plane)

Rocking
(in-plane)

Wagging
(out-of-plane)

Source: Wikipedia

16

Ester carbonyl
(C=O) valence

vibrations

-CH=CH-
cis C-H valence

vibrations

Aliphatic C-H 
valence vibrations

Aliphatic C-H 
deformation

vibrations

Ester C-O-C valence
vibrations

-CH=CH- cis C-H 
out-of-plane
deformation

vibrations

IR spectrum of linseed oil
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Chalk (CaCO3) IR spectrum

17

CO3
2- group: C-O 

valence vibration

CO3
2- group:

C-O out-of-
plane

deformation

ATR-FT-IR spectroscopy
• ATR - Attenuated Total Reflectance
• Gives good spectra from easy and from difficult 

samples

18

Diamond ATR-
microanalyzer
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ATR-FT-IR spectroscopy

θ

2: Sample

1: ATR crystal
Part of the
radiation
passes “through” 
the
sample

and is partly
absorbed ( )212

2
1

1

/sin2 nnn
d

−Θ
=
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• is fast and convenient
• requires minimal sample preparation

• the IR spectra can be measured directly 
from the sample surface

• Is in principle non-destructive
• Is usable with very  small samples
• gives information about (almost) all 

sample components

ATR-FT-IR spectroscopy
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Linen ATR-FT-IR spectrum

22

Linseed oil

Soy oil

Castor oil

Tung oil
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Dammar resin

Rosin 

Manila Copal

24

Linseed oil

Dammar resin

Fish glue
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IR spectroscopy at low 
wavenumbers (400-100 cm-1)

• Many inorganics do not absorb in 4000-400 cm-1

• At the same time they can be determined in
400-100 cm-1

26
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Pigment reference samples

27

Example: Coat of arms of Bengt 
Hinrich von Biestram

28
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Results:

• Red paint layer contains two red pigments: 
cinnabar (HgS) and red lead (Pb3O4). 

29

30
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IR Microspectroscopy
• Very local IR analysis
• Very small objects

• Possibility of mapping

31

Nicolet iN10 MX FT-IR microscope

32

• Transmission, reflection, ATR
• Visual imade, IR mapping
• Aperture down to 5x5 μm
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• IR mapping: Contract based on C≡N valence vibration 
at 2083 cm–1

33
Prussian blue: Fe4[Fe(CN)6]3

34

Pühavaimu 
church

Bernt Notke
altar 1483

Blue paint
sample from
tabernacle
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Blue paint

35

Protein

Chalk
Blue

pigment

Silicates

36
S. Vahur, A. Teearu, I. Leito. Spectrochimica Acta Part A, 2010, 75, 1061 – 1072.
S. Vahur, U. Knuutinen, I. Leito. Spectrochimica Acta Part A, 2009, 73, 764 – 771. 
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Adhesive on the flint insert from 
Pulli settlement

37

Towards quantitative IR analysis
• Paint samples
• Very large 

number of 
calibration 
mixtures

• PLS calibration

38



10/24/2014

20

Scanning Electron Microscope 
together with X-Ray 

Microanalysis (SEM/EDS) 

39

SEM-EDS: Principle
• Scanning electron microscope (SEM)

• The surface is scanned with an electron beam 
and the formed secondary electrons or 
backscattered electrons are detected giving 
the topgraphy (image) of the surface

• X-Ray Micro-analysis (EDS or EPMA)
• Characteristic X rays are used for determining 

the elemental composition

• Both imaging and analysis possibilities are 
together in the same instrument

40
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SEM-EDS 
equipment

41

SEM-EDS: practical

• There is almost no limit to sample size
• The limitation is in handling rather than in the 

capabilities of the instrument
• No dissolving
• cleanliness is important
• The sample is placed into vacuum (10-4 Torr or 

below)
• Sample should be conductive

• Surface resolution: down to 50 Å
• Magnification up to 100 000 times

42



10/24/2014

22

Iron-gall ink writing on paper
43

SEM gives an image of the surface

Samples covered 
with gold layer

44

Metal (Au, Pt) coating
is used in the case of
nonconductive
samples
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EDXRS e. EDS

• It is elemental analysis
– Almost all elements can be determined
– Does not differentiate between the same element in 

different compounds
• E.g. Lead in lead white [PbCO3·Pb(OH)2] and red 

lead (Pb3O4)
– Both qualitative and (semi)quantitative analysis

• Quantitative:
– The number of quanta emitted is proportional to the 

number of atoms of the element 45

A blue paint from the Tallinn 
town hall wall: SEM-EDS 

spekctrum

46

The blue pigment is smalt (SiO2·K2O·CoO)
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Overlapping of S/Pb/Hg
Tallinn Toomchurch: Bengt Hinrich

von Biestrami coat of arms (18. 
century), red paint EDS spectrum

47

48

SEM-EDS application to pigment analysis: 
http://www.morana-rtd.com/e-
preservationscience/2009/Vahur-30-05-2008.pdf
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X-Ray Fluorescence (XRF)

49

ED XRF Analysis

50

• Non-destructive
• Portable
• Obtained information is

similar to SEM-EDS 
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MASS SPECTROMETRY

Large an diverse group of 
techniques
We will look at GC-MS, LC-MS MALDI-
MS, APCI-MS (and ICP-MS)

General
• Mass spectrometry (MS) is based on analysis 

of ions formed from substances/materials

• Depending on realization, MS is suitable for:
– analysis and/or characterization
– Individual compounds or mixtures
– Solutions or solids without dissolving

• For separation of mixtures can be based on
• high mass accuracy/resolution
• hyphenated techniques : GC-MS and LC-MS 52
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Principle

53

Sample introduction

Ion source

Mass analyzer

Detector

Mass 
spectrum

Ions

Ions
Va

cu
um

Mass spectrum example:
Vanillin

54M/z

CHO

OH

MeO



10/24/2014

28

55
Chromatograph
separates the
analyte(s) from
other substances

MS (mass spectrometer) 
detects and identifies the
analyte(s) and performs
quantitation

LC-MS

GC-MS

Sampling in GC-MS and LC-
MS

• Chromatographs need solutions
• In addition

• GC needs volatility
• LC needs ionizability

• Most of the interested compounds are not 
volatile
• Pyrolysis, thermochemolysis 56
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Dimethylphthalate

Mai 
2007

57

Chromatogram 
and MS of an 
alkyd paint

Dimethylsebacate Methylpalmitate

Methyl ethers
of penta-
erythrite

MALDI-FT-ICR-MS

58
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• MALDI enables direct ionization of solid materials
̶ Sample is mixed with a matrix
̶ The matrix absorbs radiation and transfers the energy 

to sample molecules
• Very large molecules can be ionized
• Not all molecules ionize with equal ease
• Matrix properties are

important

59

MALDI - Matrix-assisted laser desorption/ionization 

DHB

FT-ICR - Fourier Transform Ion Cyclotron 
Resonance

• FT-ICR mass spectrometry (FT-ICR-MS ) provides 
very high mass resolution and accuracy
̶ R ≥ 100 000

• Mass spectrum is obtained from cyclotroning
frequency of ions in the ICR cell, which is in very high 
magnetic field and high vacuum.

60
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MALDI-FT-ICR-MS principle

61

Mass spectrum of Dammar resin

62
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Example: High resolution and high mass accuracy

63

Mass spectra of paper and ink

64

Paper Ink on 
paper
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ESI- and APCI-FT-ICR-MS

65

66

m/z range 200-500

APCI mass spectrum of 
Dammar resin
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LA-ICP-MS

Important

The best results are obtained when different 
techniques are used in combination

68
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