Spektralni analytické metody
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Kvantova teorie

M. Planck: Kvantova teorie E=h.v
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Emisni a absorcni spektra
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Fraunhoferovy c¢ary ve slunecnim spektru jsou dasledkem absorpce svétla
atomy ruznych prvkil ve slunecni atmosfere.
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line spectra are the same since the gas is the same.



Lambert — Beeruv zakon

Zakon plati pro monochromatické svétlo
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Absorbance: A = - logT = log(P,/P) = ebc
Transmitance: T = P /P = P/P,
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solution

b = tlouStka kyvety, c = koncentrace roztoku, e = absorpCni koeficient



Grafické vyjadreni Lambert-Beerova zakona
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Atomova spektrometrie
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Atomova absorpcni spektrometrie

Roztokova analyza

destruktivni
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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)




Spektrografie

Semikvantitativni

Semidestruktivni

Jiskra
El. oblouk

Emisni spektra se zachycuji na
fotografickou desku

Collimating lens

Figure 2.2

wavelength in nm

10 nm

Photographic plate

Schematic 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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Emission Spectra of the Elements




OES/MS s doutnhavym vybojem (GD-OES)
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Atomova emisni spektrometrie s
indukcné vazanym plazmatem (ICP-OES)

Axial detector
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Figure 2.4  Schematic diagram of an ICP torch. The sample is carred 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
1s shown. ( From Pollard et al., 2007; Fig. 3-3, by permission of Cambridge
University Press.)

Sample introduction

Fig. 34.2 Inductively coupled plasma polychromator (From SKOOG. Principles of Instrumental
Analysis, SE. © 1998 Brooks/Cole, a part of Cengage Learning, Inc. Reproduced by permission.
WWW.CENZage. com/permissions)



Rowland Circle Detector
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(a) Simuitaneous Multichannel Detector

Echelle Grating

High-Dispersion
Monochromator

Detector I

Preselection
Monochromator

(b) Sequential Detector

Fig. 34.4 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)



Multichannel Spectrometers

Spectrographs
Charge-Coupled Devices — 2 CCD’s — one for vis and one for UV.

Parabolic
collimator Visible

Schmidt prism
cross-disperser

A

Visible
transducer

FIGURE 10-11 An echelle spectrometer with segmented array of CCDs. (From T. W. Barnard et al.,
Anal. Chem., 1993, 65, 1231. Figure 1, p. 1232. Copyright 1993 American Chemical Society.)



Hmotnostni spektrometrie s indukcné vazanym
plazmatem
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Fig. 31.5 (Quadrupole mass spectrometer with inset of xz and yz planes (From SKOOG. Principles
of Instrumental Analysis, SE. © 1998 Brooks/Cole, a part of Cengage Learning, Inc. Reproduced
by permission. www.cengage.com/permissions)
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Figure 812 Time-of-Aight mass analyzer. The secondary ion beam is reflected by a mifror o correct
the Aight time of ions with identical mz—". (Reproduced with permission from J.C. Vickerman, Surfzce
Anralyxis: The Principal Techaigues, John Wiley & 5Soms Lid, Chichester. © 1997 1.C. Vickerman. )



LA-ICP-MS

Pevné latky vzorkovany laserovou ablaci
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Fig.9 Concentration profile for an iron bloom sample from Mont
. . . . . . Chemin (Switzerland), compared to the concentration profiles in
Fig.1 Optical microscopy view of a cross-section of an iron : . : ..

. : : the Develier-Courtételle samples, showing low values for Ni in the
bloom fragment embedded in a synthetic resin Mont-Chemin sample
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2 The detection limits are based on a 98% confidence level (3 standard deviations).
b |dentifying a single part pertrilion of an element in a solution is analogous to locating a single white raisin in a house (2,700 sq ft) full of regular raisins.
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Figure |. Elements determined by ICP-MS and approximate detection capability.
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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).
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Fig. 3 Lead isotope ratios of Ephesos glass samples after external mass bias correction via the NIST SRM 610 glass reference material. Error bars
represent total combined uncertainties (k = 1). For sample description see Table 1.
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Fig.4.14. Comparison of lead isotope abundance ratios of Arabah copper ores with ores from
around the Eastern Mediterranean and the Arabian Shield. Evidence of ancient mining and smelting
is known from Anatolia, the Aegean and from Cyprus (Stos-Gale 1993; Pemicka 1995) but is
missing n detail from the Arabian Shield. The graph shows that the main copper mineralizations
in the Arabah are among the oldest geological ages. Notice that the “Faynan/Timna field” con-
tains only the data from the DLS and the Amir/Avrona Formation! Similarly old copper ores also
occur in Saudi Arabia (Stacey etal. 1980; Bokhan and Kramers 1982; Brill and Bames 1988)
and on the Sinar Penimsula (Hauptmann et al. 1999; Segal et al. 2000)



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 signal (arb. units)

Monitoring odstranovani starych natéeru

CN (v=0)

-~ CO((v=1)
» CO (v =0)

pure wax
wax at stop

plywood

wavelength (nm)

Odstranovani vosku z platen
nebo dreva (preklizka) je
casove narocné. Proces lze
snadno automatizovat pouzitim
laseru a detekce LIBS.

LIBS spektra vosku vykazuji
zretelné pasy CO a CN. Po
dosazeni spodni vrstvy se
objevuje pik 423 nm a Cisténi je
ukonceno.



Emission Intensity (arb. units)
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LIBS spektrum olovnaté olejové barvy (lolovnatd
béloba / Inény olej). Na vnitfnim obrazku
spektrum olovnaté béloby. VInova délka laseru
1064 nm.
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LIBS spektrum smési pigmentu: olovnata
béloba, kadmiova ¢erven a ultramarinova
modf. VInova délka laseru 266 nm.
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LIBS spektra (a) kadmiov

(Cd0.9Zn0.1S°'BaS04) a (b) chromova zlut (PbCrO4).

VInova délka laseru 1064 nm.

(CdSe03S07) a (b) rumélka (HgS). VInova

délka laseru 1064 nm.
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LIBS spektra malby (horni spektrum), stfibrné folie (stfedni spektrum) a podkladové vrstvy (dolni
spektrum). Malba obsahuje pigment obsahuijici Fe (hnédy, pravdépodobné FeO), podklad je siran

vapenaty.



S I Ed OVé n I, original
restauratorskych
zasahu

——0Ca(ll) 308.85 -

Pb(l) 405.78

Ca(l) 422.67

—Pb(l) 367.15
Pb(1)368.35 ¢\ 903 57

Pb(l) 357.27
__Pbyl) 363.98
Ca(l) 558.20-560.28

Y
Ca(l) 526.17-527.03

[=]
s 2
2 g 3
(2]
L]
I & @
] -
restored = - r
¥ <= 2
= P —
LIBS spektra originalni malby a = E =
restaurovanych ¢asti olejomalby. §

300 350 400 450 500 550

wavelength (nm)



Kovy a slitiny
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LIBS analyza slitiny Au.
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Autenticita vyrobku z koralu
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Fig. 5. Emission spectra of a fresh white coral sample in a low pressure plasma of 1.3 kPa in the wavelength region between (a) 220 and 290 nm, (b) 370 and 440 nm,
(c) 550 and 620 nm and (d) 620 and 680 nm.
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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.



Stand-off LIBS
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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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Fig. 3.1. General types of electron microscope. (a) Scanning electron microscope
(SEM); (b) transmission electron microscope (TEM).



(a) (b)

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

LU0 T ONF

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 CujAs 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-
migsion from TMS Publications.
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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
EDS analyses were performed (cf. Fig. 3).
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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. Structura of brochantite, realized with tha software
XMAKEMOL, using data from Ref. 8.
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Fig. 11.1. The non-vacuum PIXE set-up used at LARN.




PIXE step 1 PIXE step 2
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s
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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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Fig. 35.6 FT-IR spectrometer with interferometer (Reprinted from “Applied Spectroscopy”. Jerry
Workman. Jr., page 9. Copyright 1998, with permission of Elsevier)
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The typical IR absorption range for covalent bonds is 600 - 4000 cm-L. The graph
shows the regions of the spectrum where the following types of bonds normally
absorb. For example a sharp band around 2200-2400 cm-* would indicate the
possible presence of a C-N or a C-C triple bond.
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Although the entire IR spectrum can be used as a fingerprint for the purposes of
comparing molecules, the 600 - 1400 cm-? range is called the fingerprint region.
This is normally a complex area showing many bands, frequently overlapping each
other. This complexity limits its use to that of a fingerprint and should be ignored by
beginners when analyzing the spectrum. As a student, you should focus your
analysis on the rest of the spectrum, that is the region to the left of 1400 cm-L.
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Fig. 1. The Delhi iron pillar before the construction of the iron grill cage around the stone platform.

*fs Transmittance

950

94,01

930

920

91.0

900

830

880

870!

HyO0—

Delhi Iron Pillar Rust

Cantrol —

¥ -FeQ0H ——

o -Fe00H ——

rod-
1 -FeOOH

Fez-x04 ——

I 6-FeOOH ——

3st

! 1 1 !
3000 2500 2000 1500
Wavenumbers (cri')

Fig. 5. FTIR. spectrum from the DIP rust.

1000

500




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

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.)

ia) Optical

Ib) ] Optical

Base of Microscope

Figure 9.25 Optical paths of FTIR microscope with IR radiation: (a) transmittance: and (b) reflectance.
M, mirror; C, Cassegrain lens. (Reproduced by permission of PerkinFElmer 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.
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Nocni vidéni a
termokamery

Heat source surroundings
(e.g. Sun, halogen lanp...)

'-’}:A’","

a-‘l‘:;;'jl! Aﬂﬁy S'I'Wobj

:” (1- ). Wiy (1 - £).T. W, @
8% (1 - ©)-Wam

Vo 4 Infrared camera

Target object Atmosphere




Reflektografie
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Figure 13, Case of natural environmenis: sum of specidar reflection and diffuse reflection
feolume reflection is ignered here).

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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Raman vs. FTIR
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Ramanova
spektrometrie
pigmentd

Polychromovana socha sv. Anny v Santa
Maria la Real, Sasamon, Spanélsko (13.
stol.).
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Ramanova spektra auripigmentu (As,S;), realgaru (As,S,), mozaikového zlata (SnS,) a rumélky (Hg S).



7 v
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 I ! S Malachite CuCOy+Cu(OH), 153, 168, 179, 223, 272, 352, 435, 516, 538,
an ntO IN y an 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.

Massicot Venice red

Lead white WM
\/L 100 1000 1600 Vernlilion

500 1000
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250
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Gypsum
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Lapislazuli
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200 600 1000

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 (em™).
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Ramanova mikroskopie




Ramanova mikroskopie maleb
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Ramanova
mikroskopie
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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 point spectra ("’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.



Raman + FTIR mikroskopie
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Rentgenova difrakcni
analyza (XRD)
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Figure 2.6 Bragg diffraction by crystal planes. The path difference between beams | and 2 is
50+ QT=2 ) sind. (Reproduced with permission from W.J. Callister Jr, Materigly Science and Enpi-
neering: An Introdaction. Tth ed_, John Wiley & Sons Inc., New York. & 2006 John Wiley & Soas Inc.)
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Figure 6.2 Schematic diagram of a XRD diffractometer



Egyptian Osiris: blue corrosion
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Fig. 10.14. X-ray diffractogram obtained, in situ, for the light blue area of the patina
of the Osiris shown in Fig. 10.12, on the back. The principal constituent of this patina
is chalconatronite.
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(a) Zinc white (b) Cinnabar

400 600 400 600

(c) Naples yellow (d) Lead chromate
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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).
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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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a a picture of the area investigated;

b the thematic map obtained

from the ratio between the
integrated area in the range 396

to 408 nm and the integrated area

in the range 409 to 450 nmn (the
yellow-red areas in the image indicate
areas subject to protective
treatment); c fluorescence spectra
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