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Analytické metody
,bulk” (prumeérna slozeni) vs lokalni analyza
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Atomova absorpcni spektrometrie

Roztokova analyza
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Fig. 3.1 Atomic absorption with hollow cathode lamp (From SKOOG. Principles of Instrumental
Analysis, SE. © 1998 Brooks/Cole, a part of Cengage Learning, Inc. Reproduced by permission.
wWww.cengage. com/permissions)



Atomova emisni spektrometrie s

indukcné vazanym plazmatem (ICP-OES)
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Figure 2.4 Schematic diagram of an ICP torch. The sample is carned into the torch by

the carrier argon gas, and is ignited by radio-frequency heating from the
RF coils. The tangential argon flow lifts the flame from the burner,
preventing melting. The position of the detector in axial or radial mode
15 shown, (From Pollard er af., 2007; Fig. 3-3, by permission of Cambridge
University Press.)
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Roztokova analyza
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Fig. 3.4 Simultaneous multichannel (a) and sequential detectors (b) ((a) Adapted from SKOOG.
Principles of Instrumental Analysis, SE. © 1998 Brooks/Cole, a part of Cengage Learning, Inc.

Reproduced by permission. www.cengage.com/permissions (b) Image used with permission from
PerkinElmer, Inc.. Waltham, MA)



Opticka emisni spektrometrie s indukéné vazanym
plazmatem (ICP-OES)

Multiprvkova analyza

Stanoveni fosforu a dalSich prvkd (Fe, Cu, Pb, K, ...)
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Spektrografie
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Figure 2.2  Schemaitic drawing of an optical emission spectrograph. Light from the
sample is focused onto the input slit of the spectrograph and is then
dispersed via a prism (or diffraction grating) and recorded on a photo-
graphic plate. (Adapted from Britton and Richards, 1969; Fig. 108, by
permission of Thames and Hudson Lid.)
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Emisni spektrometie s doutnavym vybojem
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Hmotnostni spektrometrie s indukcné vazanym
plazmatem
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Fig.2 Lead isotope ratio distribution of the two iridescent Art
Nouveau glasses. Glass T1 consists of two layers of approximately
equal thickness (coloured green and blue, respectively). Error bars
represent total combined uncertainties (k = 1).

Sklo ,,Art nouveau”

2.105
2.100 -
H1G45
2.095 | AGG20 AGG5
2.090 |
- H1G11 AGG14 AGGY
£ 2.085 - T /- .
5 H1G9
80_ 2 080 - - H1G79
o~ ,J" :

i

2.075 4 .
H1G12 LT T
2.070 A | H1GTs

L
I l/'z.\ T
2.065 - 1 1672

H1G86 -
H1G85
2.060 T T T T T T T T

0.834 0.836 0.838 0.840 0.842 0.844 0.846 0.848 0.850 0.852

207pp2%py,
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Laser Induced Breakdown Spectroscopy
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Schematic diagram of the experimental set-up used for the LIBS experiments and for the photoacoustic measurements.
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LIBS

Molekulové pasy

Spojeni s Ramanovou spektrometrii
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Fig. 6. Evolution of LIBS spectrum with the number of pulses
during the removal of black paint on wood: (a) pulse 1, (b) pulse 2,
(c) pulse 4, (d) pulse 7 and (e) pulse 9. Irradiation wavelength:
308 nm.



LIBS signal (arb. units)
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Keramika

x10?
30

25

20 -

Fe

Intensity (u.a.)
o
1

10

O B .--.'. v 1 W W 1 1 1 1 I
2700 2720 2740 2760 2780 2800 2820 2840 2860
A(A)

—— Red surface spectrum
Neoliticka malovana keramika (Italie) —— Body spectrum
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emission intensity (arbitrary units)
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LIBS prokazal stopy stiibra na dievéné rukojeti bronzové dyky
(Nd:YAG laser, 1064 nm, 15 ns puls, 3-5 mJ per pulse).

LIBS rukojeti dyky z ostrova
Pseira (late-Minoan period,
cca 1600 BC).
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2 pulses on black crust

2 pulses on black crust K

2 pulses on laser cleaned area 2 pulses on laser cleaned arca

e a0 e m . s e s o o 30 o 0 %0 30 0 3%
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LIBS spectra in the spectral region from 245 to LIBS spectra in the spectral region from 310 to
310 nm obtained by two laser pulses each on 385 nm obtained by two laser pulses each on

the black crust and the laser-cleaned region. the black crust and the laser-cleaned region.
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Stand-off LIBS
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Fig.4.2.2: Typical experimental set-up for LIBS analysis.

@ Giakouvmaki et al., in: "Handbook on the Use of Lasers in Conservation and
Conservation Science”, 2008.




Emisni spektrometrie laserem
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Neutronova aktivacni analyza
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Fig. 32.1 Germanium-lithium detector (From SKOOG. Prnciples of Instrumental Analysis,
SE. © 1998 Brooks/Cole, a part of Cengage Learning, Inc. Reproduced by permission.
WWwW.Cengage.com/permissions)



Rentgenova
fluorescencni analyza
(XRF)
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Fig. 37.1 X-ray tube (“Fundamentals of Physics”™, Second Edition Extended, David Halliday and
Robert Resnick, copyright 1981, Reproduced with permission of John Wiley & Sons, Inc.)
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Fignre 26 Bragg diffraction by crystal planes. The path difference between beams | and 2 is
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neering: An Infroduction, Tthed., Jobn Wiley & Sons Inc., New York. & 2006 John Wiley & Soas Inc.)
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Portable X-Ray Fluorescence
(PXRF)

CPU analyzes spectral data to
Processor collects and digitizes X-ray get composition information.
events and sends spectral data to GPU

Composition data s
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Preamp boosts signals on thelr downloaded 1o a PC.

way to slgnal processor.
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Rentgenofluorescencni analyza

Prvkova analyza, zejm. tézké kovy




UV-VIS Spektrofotometrie
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Barva slouceniny je dana selektivni absorpci svételného zareni riznych
vinocta. Pokud latka absorbuje v celém rozsahu tj. 13000 - 25000 cm-! jevi
se jako ¢erna. Zbarveni je totoZné s barvou propusténého nebo odrazeného
svetla.

V pripadé, ze latka absorbuje priblizné monochromatické svétlo, je
zabarveni latky v komplementarni barvé

Spektralni barva |indigovd |modra |modro- |zelend |Zlutd | cCervena
zelena
Vinocet /103 cm™! |25 23 21 19 17.5 13

Komplementarni | citronova |Zlutd |cCervena |fialovd |modra | modro-
barva zelena




VIS 400 - 760 nm
CHROMOFOR -  nositel barevnosti®— funkCni skupiny, strukturni

prvky -g=g-€=6- -E=8 -N=N- [0 -L=t-
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» Chromophores are characteristic groups of atoms in molecules
that absorb certain wavelengths of uv or visible light

— n-* transition in nonconjugated double bonds ~ 160 nm, but for
molecules with many conjugated double bonds it is the visible region.

— n-n* transition in the carbonyl group ~ 280 nm
SO0 400

LUMO =7 " s p° T e S0

580

HOMO #— =« 7Y

560

- d-to-d transition in d-metal complexes in visible ranges

- charge transfer transition in d-metal complexes electrons migrate
from the ligands to the metal atom or vice versa.

E.g. deep purple color of MNO



Aplikace: stanoveni fosforu

12(NH,),Mo0, + H,PO, + 21 HNO, - (NH,),PM0,,0,,4 + 21 NH,NO, + 12 H,0

l + red. - molybdenova modr
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Kyjov

Hrob H 1034

pohreb je narusen v mistech,
kde se nachazely hlavy a
trupy pohrbenych jedincU

dolni koncetiny jsou v obou
pripadech sekundarnim
zasahem prakticky
neporuseneé




|:| Horni hrana

:I Dolni hrana

- Hrot kopi

\: Kost

Fosfat

ppm X 100
® 1,837-2304
@ 2,305-2,846
@ 2847-3235
@ 3236-4179




Rozklad distribuce na
gaussovskeé slozky
metodou maximalni
vérohodnosti

Density
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Kolorimetrie
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Detekcni trubicky na
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Kolorimetrie -
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Luminiscencni spektrometrie

Absorption, Nonradiative Relaxation and Luminescence
Making heat and 1x red out of 1x blue

Analogy frorm
EvERHay life

Energy level
diagrarm

Energy
Energy




Fluorescence
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Laser induced fluorescence

Basic Planar Laser-Induced Fluorescence (PLIF)
Experimental Arrangement

laser ' ‘

sheet optics

filter
imaging
optics %
ccD Y 5
camera

fluorescence

flow
facility

display

Excited electronic state [A)
=
o
;
= hv Ground electronic state (X)
£
g .
& n % T Prabe laser excitation A-X(1,0)
0
l Fuorescence emission 8<% 1{1,1)
h
BExclted State
Molacular ]
. Laser Colisional A
Absorption] Rekanaition Lorescenco
(photons out}
F

Abaorbing Stabe



Fluorescence intensity/ arbitrary units

(a) Zinc white (b) Cinnabar
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Pigmenty

LIF spectra of unvarnished tempera
systems taken at a resolution of 1
nm with a laser fluence of 1.2 mJ
cm-2:

(a) zinc white,

(b) cinnabar,

(c) Naples yellow, and
(d) lead chromate.

The exciting laser wavelength is 248
nm.

(e) UV fluorescence image of a
cross section of an unvarnished
laser-ablated region of a Naples
yellow tempera sample.
(Magnification is 500).



Detekce mikroorganismu
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Normalised LIF spectra of green algae

(continuous line) and cyanobacteria (dotted
line). Excitation 355 nm.
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Fluorescence spectra of green algae on a
marble substrate. Before a biocidal
treatment (continuous line) and after

(dotted line). Excitation wavelength 355
nm.
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Fluorescence image related to the alga colonisation on the northern portal of Lund Cathedral.
The intensity of the chlorophyll fluorescence in the band around 685 nm is indicated in grey
levels and makes evident the important biodeteriogen colonisation on the stone surface.
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Fluorescence spectra of Ho" o™ r
sandstone from the external walls of
Lund Cathedral:

1) 12th century stone;
2) 19th century stone;
3) 12th century stone with algae.

Excitation 337.1 nm. The same behaviour
was observed in the remote
measurements with the excitation at 355
nm.



Infracervena spektrometrie (FTIR)
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Infracervena spektrometrie (FTIR)

Sample i contact
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Fig. 1. The Delhi iron pillar before the construction of the iron grill cage around the stone platform.
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Skeletal remains from Dietrichstein tomb

Proof of presence of brushite on the bone samples from noble family Dietrichstein
tomb.




Sample 1. Fragment of long bone of prince
Ferdinand Josef

Sample 2. Fragment of skull of prince
Leopold Ignac

"l «— Sample 3. Fragment of vertebra of prince
Walter Xaver




Absorbance (a.u.)

0.6 1

0.5
0.45

0.4

0.3
0.25
0.2

0.15

Sample 1.
(Ferdinand Josef)

Absorbance (a.u.)

0.1
4000

2.4 7
2.2 A

1.8 1

1.6 1

Absorbance (a.u.)

o o
(=) [o2]
1 1

3500 3000 2500 2000 1500 1000 500
vinocet (cm-1)
Sample 3.
(Walter Xaver) 1138
3535
3308165

4000

3500 3000 2500 2000 1500 1000 500
vinocet (cm-1)

Sample 2.
(Leopold Ignac)

3539 32?51168

1138

Optical density

3500 3000 2500 2000 1500 1000 500
vinocet (cm-1)
Urinary sediment
,‘ Py Reference brushite
i ., H
- ey, :=
§ ., i

,a" v » £y &
- tap g e ..‘..\a.u..-. ““‘f' -'“."l"’.

3500 3000 2500 2000

Wavenumber, cm’

1500 1000



Cremation




Temperature (°C)

Color Effects

Ultrastructural orientation of collagen fibers is well preserved

Gray color indicates a leaching out of the organic portion

300 Black color of cortical bone
200400

600

800 White color of bone

25°C

]

100°C125°C
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Burnt Bone Colour Index

500°C|525°C

600°C|625°C 700°C|725°C
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2.5Y8n

25Y713 10¥YR7/6 10YR2/0 N2/0 10¥YR7i2 2.8Y51 N9/0 NB.5/0
Collagen Fibers
Bone Color  Cortical Crystal Lamellar in Haversian
(temp. °C) Position Morphology Size Range Pattern Canal
White Outer Spherical and 0.25+0.07umto  Not Indistinguishable
(800-1400) Hexagonal 0.41 £0.09 pm observable
Gray Mid-cortex Spherical ~0.060 £ 0.007 pm  Not Fraying
(~600) observable
Black Inner No crystals - Observable  No Fraying

(200-600)

N9.5/0



Transmittance

Zavislost tvaru IR pasd na teploté kremace
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Pribor, mladsi doba bronzova

dex

H67



Absorbance (a.u.)

Absorbance (a.u.)

1.4 1049

097 H57 1049

Absorbance (a.u.)

-0.2 T T T T T T T 0.2 T T T T T T T

4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500
vinocet (cm-1) vinocet (cm-1)

1.6 7 1051
1 A
0.9 A
H 67 1051 1.4 A H 44
0.8 A
— ] 1099
0.7 A = 1.2
©
0.6 A :
o 1 1
0.5 A s
2
0.4 - 3 0.8 1 571
Ko}
<
0.3 A \
0.6 A
i 63
0.2 3566 1462
R i 0.4 _Wj'j\j:ﬂu.*
0 T T T T T T T T T T T T T T
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

vinocet (cm-1) vinocet (cm-1)



Egyptska kniha mrtvych

3

— N
m

— g

=—1a

— g

— 1A
il

ik

b

[

R

/
/
«T/—}
\
'

i
|
i
|
(|
|
i
3
%
E
i
i
el

Prenosné FTIR zarizeni




Odraz zareni

lrcatent wave

Frmsmattos wares

Figure IS5, Case of natural environmenis: sum of specular reflection and diffuse reflection
tvolume reflection is ignored here).



Reflektografie

Aplikace infracervené reflektografie - zviditelnéni podkresby




Reflektografie

Aplikace infraCervené reflektografie - zviditelnéni tetovani na mumifikovanych rukou z
pohrebisté Semna South, Nubie (dnesni Suddan), stari cca 2000 let.
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Ramanova spektrometrie
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Analyza mumifikovanych tkani




FT-Raman spektra
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Ramanova
spektrometrie
pigmentu

Polychromovana socha sv. Anny v Santa
Maria la Real, Sasamon, Spanélsko (13.
stol.).
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7 Vv
O I t a r Z e _Pigment Chemical formula  Raman bands cm™

Vermilion HgS 255, 309, 347, 376
Azurite 2CuCOsCu(OH), 251, 404, 623, 770, 838, 1098
“" S A | 4 S Malachite CuCOsCu(OH), 153, 168, 179, 223, 272, 352, 435, 516, 538,
a n ntO | n y a n 722,755, 1062, 1100, 1372, 1496
Lead White PbCO; 409, 1054

Lapislazuli Nag[AlgSigO24]S, 258, 286, 545, 581, 802, 1097, 1358, 1642

B e r n a b é” Massicot PbO 286, 384, 419

Gypsum CaS042H,0 182, 216, 416, 495, 623, 673, 1009, 1140

Table 1. Chemical formula and Raman band observed (in cm’’', wavenumber) of
the identified pigments.
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L1111 i
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Fig. 5. The Raman spectra of the pictorial materials obtained from the “San Antolin y San Bernabé™
altarpiece. The axis are Raman intensity and wavenumber (cm’™).
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Mobilni
zarizeni pro
Ramanovu

spektrometrii

M : 95% propustné zrcadlo pro vizualizaci plochy
kamerou (Ca).
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Analyza ndsténnych maleb (kaple Ponthoz.)




Analyza povrchu
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Transmission Electron Microscopy

Laser Ablation Inductively Coupled Plasma Mass Spectrometry

Secondary lon Mass Spectrometry

Auger Electron Spectroscopy

X-ray Photoelectron Spectroscopy

Fiber Optic Reflectance Spectroscopy
Fourier Transform Infrared

Electron Microprobe Analyser
Particle-Induced X-ray Emission

X-ray Fluorescence

Total Reflection X-ray Fluorescence
Scanning Electron Microscopy

Energy Dispersive X-ray Spectroscopy
Wavelength Dispersive X-ray Spectroscopy
Synchrotron Radiation X-ray Fluorescence

Fig. 1 Typical spatial resolution of a variety analytical techniques. The probed and detected particles are also shown.



Opticka mikroskopie

V pruchozim svétle

V odrazeném svétle

——— Cenfral stop

Figure 1.29 Dark-feld ifluminaticn in a reflecied light microscope.
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Figure 1.30 Comparison between: (a) bright-field: and (b dark-field images of AISI 108D hig
carbon sbeel. Im addition 1o gmin boundaries and oxide panticles, annealing twins are revealed
the dark-field imape. (Reproduced with permission of ASM Inbemnational@. All Rights Peserve
waw.asminernational.org. GF. Yander Voon. Metallography Priaciples and Proctice, MoGraw-Hi
Mew York. & 1084 ASM Intemationab®. )
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Mikroskopie v polarizovaném svétle
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Copyright © 2002 Paarson Educalion, Inc., publishing as Addison Wesloy. All ights reserved image; and (k) polarized light image in which grains are revealed. (Reproduced from G.F. Vander Voort,
Metaliograpky Principles and Practice. McGraw-Hill, New York. & N. Gendron, General Electric Co.)



Elektronova mikrosonda

Incident electron beam

Cathodolumnescence
{wisilale light)
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Figure 2.12 Interaction of primary clectrons with a thin solid sample, showing the
various processes which can take place. (After Woldseth, 1973; Fig. 4-1.)
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Figure 2.6 The X-ray emision and Auger processes. An inner vacancy in the K shell
de-excites via one of two competing processss — (a) X-ray emission, in
which an L elkectron drops down and the excess energy is carried away by
an X-ray photon, or (b) the Auger process, in which an L glactron drops

down, but the excess energy 15 carried away by a third elactron — in this
case from the M shell



CCD camera

Fig. 3.1. General types of electron microscope. (a) Scanning electron microscope
(SEM); (b} transmission electron microscope (TEM).



(&) (k)

Fig. 3.2, Interaction of electrons with a solid showing effects of interaction volume.
(a} SEM sample; (b) sample thinned for TEM.

T, R C e

Fig. 3.25. BSE image of a copper—arsenic alloy. The alpha phase is composed of
regular grains, containing 3% As. Along the grain boundaries CuyAs intermetallics,
with an As concentration up to 28% (bright phase), are present next to copper
sulphide inclusions (dark phase). Magnification 400 [67]. Reproduced with per-
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10 mm

Fig. 1. Photograph of the coin of post-Roman Empire examined in this study.
Its diameter was approximately 15 mm.

{a) SEM

(g) Pb ih) Sn ii) Fe

Fig. 2. SEM picture (a) and EDS analyses (b—1) of the cross-section of the post-Roman bronze coin. The dashed rectangle in (a) corresponds to the area where
ED'S analyses were performed (cf Fig. 3).
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Fig. 6. X-ray fluorescence spectra collected from the surface of an ancient — mm

sword (“graveyard sword”) dating from the late Iron Age. Excitation energy
was set to 13.00 keV, X-ray beam size was 5x35 pm Semi-logari thmic
representation.

Fig. 5. Elemental distribution of Fe, As, Cu, and Zn detected by micro-XRF
within a cross-section of an ancient sword ("graveyard sword” ) dating from
the late Iron Age. In case of arsenic a dotted line is included as contour
reference.
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_,-‘P"\h Pure Cu (Cu™)

Cuprite (Cu*)

Tenorite (Cu*)

Anhydrous copper
(Cu™)

Brochantite (Co®*)
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Antlerite (Cu®*)
Chalcanthite (Cu™)
Cu,iy(Cu)

Cilgg (T
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Binding enerzy (e
Figure 1. Normalized Cu 2p regions of the diffarent
compounds. From top to bottom: copper, cuprite, tenorite,
anhydrous copper sulfate, brochantite, posnjakits, antlerita,
chalkcanthita, artificial weaatharing in solution at 20 °C, artificial
waathering in 0. atmosphera.

Figure 2. Structure of brochantite, realized with tha software
XMAKEMOL, using data from Ref. 8.



PIXE a PIGE
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Fig. 11.1. The non-vacuum PIXE set-up used at LARN.




PIXE step 1 PIXE step 2

‘He
s

RBS NRA

Fig. 5.1. Physical principles of IBA techniques. Particle-induced X-ray emission
(PIXE) 18 a two-step process: an inner-shell electron of the target atom is expelled by
the impinging ion, then follows an electronic rearrangement accompanied by X-ray
emission. Rutherford backscattering spectrometry (RBS) relies on a purely elastic
process based upon the electrostatic repulsion between positively charged projectile
and target nuclei. NRA occurs when the projectile and the target nuclei come close
enough to undergo a nuclear reaction with emission of characteristic photons or
charged particles.
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Secondary lon Mass Spectrometry
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Fig. 3 Ion images of sample B18 obtained with TOF-SIMS. The area of
analysis is indicated by the square in Fig. 1b



iah Optical

FTIR mikroskopie

USC 5047

Fig. 10.11. Egyptian bronze solid cast statuette of the God Osiris, inlaid with gold and

blue glass. The surface has been extensively altered to massive light blue and dark Base of Microscope
green corrosion, identified as an overall patina of atacamite, with patches of
chalconatronite. Frontal view. (For a colored version of this figure, see Plate 10.111.) Figure %25  Oiptical paths of FTIR microscope with IR radiation: (1) transmittance; and (b) reflectance.

M, mirror; C, Cassegrain bens. (Reproduced by permission of PerkinElmer Inc.)
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Fig. 10.17. FTIR Spectrum obtained, in situ, from the dark green surface of the
Egyptian bronze Osiris shown in Fig. 10.11. The patina was shown to be of atacamite,
but the result was only obtained with some difficulty and the chalconatronite patina

could not be identified by this technique without sampling.



Ramanova mikroskopie




Ramanova mikroskopie maleb

Portrét mladika (neznamy severoitalsky malir,

cca 1515)

Paint layers

Imprimatura

Gesso ground iaye

(151}
Raman m1ens: y
at 107 el
P rr——

50 pm

Raman intensity
at 1006 em-1

Ramanovské mapy vzorku S llb.
(a) opticky obraz, (b) anhydrit, (c) sddrovec (gypsum).



Ramanova
mikroskopie

mikrofosilie
v jurskych
rohovcich

1200 1400 1600
Raman Shift (cm™)

1200 1400 1600 1800
) . -1
30 40 50 60 70 30 40 50 60 70 Raman Shift (cm™)
2 2
20 30
35 35
40 40
45 45
50 i r| 50 1200 1400 1600 1800

PR 40 15 50 Raman Shift (cm™)

1400 1800 1800

. -1
36 38 40 42 44 48 36 38 4 42 44 6 Raman Shift (cm™)

Fig. 1. Optical images (column 1), Raman images (column 2), and spectral bands used for Raman imaging (column 3) of permineralized carbonaceous fossils
at or near the upper surfaces of polished chert thin sections: (A) Cell wall in the conductive tissue (lignified xylem) of an aquatic fern cf. Dennstaedtia from the
essentially unmetamorphosed ~45-Ma-old Clarno Formation of Oregon. (B) Tangential section of the tubular sheath of a Lyngbya-like oscillatoriacean
cyanobacterium in a conical stromatolite (Conophyton gaubitza) from the subgreenschist facies ~650-Ma-old Chichkan Formation of Kazakstan. (C) Transverse
cell wall of a broad cellular trichome (Gunflintia grandis), and (D) a narrow prokaryotic filament (G. minuta), in domical stromatolites of the greenschist facies
=~2,100-Ma-old Gunflint Formation of Ontario, Canada. Each Raman image was produced by combining several hundred pixel-assigned pointspectra (“'spexels”),
like those shown for each specimen in column 3, acquired over a small square part of the total area analyzed. The resolution of the Raman images is defined
by the pixel dimensions of their component spexels; for A-C, 2 um per pixel, and for D, 0.5 um per pixel.
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Fig. 9. Raman structural imaging (sample Am IVE110, Amiens, obj. x50) with the
comparison of phase mapping between qualitative treatment (from spectrum region of
interest) and semi-quantitative results from spectral decomposition.
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