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@ 1. Introduction
— 1.1 Concentration Ranges
B

concentration ranges in elemental analysis

1 ppt 1 ppb 1 ppm 1% 1% 100 %
ppt (w/w) ppp (w/w) ppm (w/w) %0 (W/IwW) % (w/w)
102 g/g 10°g/g 106 g/g 103gl/g 102 glg
pa/g ng/g Ha/g mg/g 0.01 g/g

ng/kg ng/kg mg/kg g/kg 10 g/kg



m 1. Introduction
1.1 Concentration Ranges

mass ratio
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concentration ranges in trace analysis
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@ 1. Introduction
1.2 Accuracy and Precision
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accuracy:

> can be defined as the
consistency between an analytic
result and the value held as the
true value

» has to be verified before each
analysis by means of standards

» describing quantities:

accuracy x = i|>?— >2|

J_r|i - >2|
relative accuracy y = ——=—-100 wrong
X results

main and
side '
component .
analysis

accurate precise

and but
precise inaccurate

precision (uncertainty):

» describes in a positive (negative)
manner the influence of random
errors on an analytic result

» describing quantities:

inaccurate

imprecise

> (x, - %) |
N Gaussian
n-1 distributed
errorsl!
Z(Xi - Y)Z
V=5 =
trace and
ultra trace
analysis
accurate
and but
imprecise



@ 1. Introduction
. 1.3 Decision Limit, Detection Limit, Quantification Limit

What is the lowest concentration of an analyte that | can detect ?

» the lower the concentration of an analyte, the more difficult becomes its
gualitative detection and its quantification

» stochastic errors become more and more pronounced

» the decision limit and the detection limit are lower limits characterizing the
performance of a method to discriminate a true value from a blank value

— tf,oz'SB
n

i LS

» at Decision Limit, risk of
false positive (o) small,
typically 5% but risk of false
negative 50% |

Haufigkeit

> at Detection Ilimit, risk of
false positive (a) and risk of
false negative (B) both small,
typically 5%

Gehaltsgréile x



@ 1. Introduction
1.3 Decision Limit, Detection Limit, Quantification Limit
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What is the lowest concentration of an analyte that | can quantify ?

» this depends on how precise you want the quantification to be
» you need to specify the relative precision for the result

» very often k is chosen to be 3 (33.3% relative precision)

m  measured calibration samples
calibration line

AX L 1 0.8 — Upper 95% Confidence Limit
Q =— _ -Lower 95% Confidence Limit
Xo K 0.7 -4 — Upper 95% Prediction Limit
i Lower 95% Prediction Limit
S 1 1 X — X 0.6:1
AX=ty/9 np cal " (Xs cal) _
by .[m n (X Xeal) 0.5 —
i,cal cal = i 0 1
i g 0.4 — .
® 0.3 -
y Scal |1 1 (XQL— Xcal) o
XQL =K-1y/2,n-2 ot —
Z(X| cal — Xcal)
i
» the quantification limit xq Iis calculated
recursively, e.g. with the decision limit Xyg as 0.0

starting point



@ 2. Methods for Quantitative Elemental Analysis
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2.1 Chemical Methods

2.1.1 volumetric methods

2.1.2 gravimetric methods
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2.1 Chemical Methods
2.1.1 Volumetric Methods - Principle

MAX-PLANCE-GESELLSCHAFT

principle of volumetric methods

A+B->C+D

evaluation of the result

>

>

>

fast, complete and stoichiometric well
defined reaction

the extend of the reaction can be
monitored (e.g. pH, electric potential)

the point of equivalence can be
detected precisely (e.g. sudden color
change, steep pH or potential change)

p=Vq-k-N-22 inog
m

e

p = percentage of the analyte in the sample

Vg =volume in ml dropped in from the burette
k = stoichiometric factor (mg analyte/ml)

N = correction factor for the theoretical value k

e = weighted sample (in mq)

2 2 2
R ERGED
P m, Vi N

inserting typical values

0.1% < 2P < 1%
p

advantage: high precision!!!



@ 2.1 Chemical Methods
2.1.1 Volumetric Methods — Acid Base Titration
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acid — base reaction: H,A +nBOH % A" + nB* + nH,O (z,=n, zz=1)

titration curve: T= 8

= =—n +
2,°C, -V, 100" +K, Cg-Vq

25-Cg-Vg K vs+v.( K
10~°"

w —1oij K, =[H*][OH"]

strong acid — strong base i
g acl g weak eicjd — 5t£@g base differenéd(ﬁ — strong base

1% H 5 =
B i S, 4 e gt P 1,0 N NaOH
12+ o 7+ 5 oy = D
A N ‘cHsco0 - 0,1 N NaOH
[ o= A 1T 0 N
0 vl i [ 77 777,
8 BEE. F S 3455 s Phenoiphthalein
Ps bbb 8 o
- | VT il
6 : : ! /% /rgm ynjaf/fg/ ] -
- (I I 8 A O+ \\
NN R T o
D e S —
72k ——-# —.__..l“‘? 2+ Cruran-
a——— I:
a IIIIIII 1 1 L ﬂ'_l
T G 70 17 20 8 | | T T | |
lge —= T— I:I i 2 3 < 5 6

» choice of the indicator depends on K, oH = pK_ . +1
- a,Ind —

> very weak acids (bases) can be titrated in non-aqueous solvents as liquid
ammonia or 100% acetic acid

» application of acid base titration: determination of nitrogen (NH;, NO57, NO,"...),
sulfur (e.g. as H,SO;3, H,S0O,), phosphorous, boron (as boric acid), carbon (e.g. in
carbonates, CO,)



@ 2.3 Chemical Methods

. 2.1.1 Volumetric Methods - Complexometry
MAX-PLANCE-GESELLSCHAFT
complex formation:  nL + M™* % ML ™*
most used ligand - EDTA

i 1 (a4
/ \ h Hyn Y™ + MM [MY]MD + (4-n)H* (z,=1, z5=1)
0 0]
[ ~C—c ‘ [ (m-4)
NaD—C — L J:;/,N‘Z\ l, —C —ONa [M™]= [MY ]
M\ ’ H'Z Kf g [EDTA]totaI ° aY4_
P C“‘***C —C—
Na0 FI R 0\/‘3‘*2 g ?, -ONa complex formation only with Y#
0 ¢ 0 = buffer required
0 J
M-EDTA chelate SOS' Na +
indication:  HIZ + M™* § MI(M-3) + H* O,N
e.g. Eriochrom Black T “
OH

applicable for the determination of: N=N

Mg?*, Ca?*, Sr2*, Ba2* at pH 8-11
Mn?2*, Fe?*, Co?*, Ni¢*, Cu?*, Zn?*, Cd?*, Al®*, Pb?*, VO?* at pH 4-7

Bi%*, Co3*, Cr3*, Fe3*, Ga®*, In3*, Sc3*, Tid*, V3, Th#*, Hg#*, Sn?* at pH 1-4
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2.1.1 Volumetric Methods — Redox Titration

2.1 Chemical Methods
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redox reaction:

ngOxg + Np,Red, T ngRedg + N,OX, (Zp=Ng, Zg=N,)

examples: MnO, + 5Fe?* + 8H* & Mn?* + 5Fe3* + 4H,0
Ce* + Fe?* & Ce®* + Fed* L
titration curve
Z, 'CA 'VA 1.6 -
T =
Zg 'CB Vg
14 4 E.P. MO, K/i
RT T
O<r<l U=U,=UY+ -In . 54
ngF 1-7 el ;
= EP.Ce"
»‘E 1.0 +
nUg+nUY
T = 1 Ueq — A~ B B~ A
n, +Ng ok
RT 06
r>1 U=U,=U2+——:In(r-1) |
n,F ———
0.00 025 0.50 0.75 1.00 1.25 1.50 1.75 2.00
Titrated fraction, F
indication: self indication (violet MNO,- — colorless Mn?*)

redox indicator (Ingey € Ing, + nNEY)
potentiometric endpoint detection



@ 2.1 Chemical Methods
FHI 2.1.2 Gravimetric Methods
precipitation reaction: v, M*(aq)+v_A"(aq) <> M, A, (s)

» precipitation of the ion to be determined by a suitable precipitating agent

» filtering and washing of the precipitate
» transformation into a compound of well defined stoichiometry (drying/calcination)
— weighing
examples
Ba’* + SO,> = BaSO, (K =[Ba?*]:[SO,>]=1-10mol?/I?) as BaSO,

Fe3* + 30H « Fe(OH);, (K, =[Fe**]-[OH]3=1-103mol4/I*) as Fe,O,

Z+ V+ N = vV, +v v_ N
[M ]= VetVs KL[_j [A ]= NEY KL(_j
|4 1%

+

> for analytical purposes: g =1- [E\I/\I/IH]]O\\// > 0.997
o Vo

» advantage

2 2
(o) (o)
| | Om _ f2me | 4 [Zm | 0.01%<Im <0.1%
= one of the most precise analytical methods m m m, m
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FHI
.

2.2.1 Atomic Emission
Spectroscopy (AES)

2.2.2 Atomic Absorption
Spectroscopy (AAS)

2.2.3 Inductively Coupled Plasma
Mass Spectrometry (ICP-MS)

2.2.4 X-Ray Fluorescence Spectroscopy
(XRF)

2.2.5 Scanning Electron Microscopy-
Energy - Dispersive X-Ray
Fluorescence Spectroscopy
(SEM-EDX)




@ 2.3 Spectroscopic Methods
— 2.2.1 Atomic Emission Spectroscopy

> history: one of the oldest methods for elemental analysis
(flame emission - Bunsen, Kirchhoff 1860)

» principle: recording of line spectra emitted by excited atoms or ions during
radiative de-excitation (valence electrons)

optical transitions and emission spectrum of H
(visible lines = Balmer series)

50 700 850 600 550 500 450 400 intensity of an emission line
anometers
f

n=eo 13.8 eV

ned ul 1273 e¥ | =® hcgmAN -exXp _Em

n=>3 5 Pascnen 1907 ¥ 47Z' . ﬂ, . Z kT

g J
n=g Balmer 10,18 eV . . . .
seres » intensity of a spectral line ~N, i.e. ~C

» population of excited states requires high
h-c . HYDROGEN temperatures (typical 2000 K-7000 K)

> relative method, calibration required

Ionization

m|:
Eminmion

| J ¥¥¥Y  Cround state O eV

ErE



@ 2.3 Spectroscopic Methods
— 2.2.1 Atomic Emission Spectroscopy

T
analytical performance

instrumentation _
> multielement method

Concave Mirror Exit/Slit (with arc 60-70 elements)
PlaﬂarJ Detector » presiscion: £ 1% RSD for spark, flame
K ..... — D'ﬁmm’“" Grating ] and plasma; arc 5-10% RSD
--h"""'"@ Cg“%“-’ct;"' > decision limits: 0.1-1 ppm with arc, 1-
e A ( P 10ppm with spark, 1ppb-10ppm with
R ssssrrrE R R EEEE RN EEE I TEEEEIEATEEEEEEECEEEEE E |||||||||||| O --------- g flame, 10ppt_5ppb for ICP
‘Contative Mirror Entrance Slit Light
Source application:
radiation sources (classification) » flame AES —low cost system for

alkali and earth alkaline metals
inductively coupled =

liquid » ICP AES - suited for any sample
plasma (ICP) - that can be brought into solution
samples _ _

flame _ > arc AES —with photographic plate

. — for qualitative overview analysis
spar

P » spark AES —unsurpassable for
arc >_solid metal analysis (steel, alloys)
glow discharge samples » laser ablation — for direct analysis of
solids (transient signals)

laser —



@ 2.3 Spectroscopic Methods
FHI 2.2.2 Atomic Absorption Spectroscopy
MAX-PLANCEK-GESELLSCHAFT
» principle: measurement of the absorption of light by free atoms in their electronic
ground state

ground and excited states of Al and

optical transitions used for AAS
linear relation between absorbance and

EEKC .
incm™ , concentration
II-II-I--I-II-II-I03S

4
Aabs=log(h]=0.434-A-gm- A1 Ny
I g, 87c Ady

32435 32 3d
5.“‘2 3 2 . .
%?ﬁ% P AAS instrumentation
aad 2 4s lens lens detector

Iy
el el e Y PR __i:;z;: -
gl s sl = S monochromator
5| @ s| 3 hollow atomized
i I i cathode lamp  sample

readout [T amplifier

312

112
112 3P

o



@ 2.3 Spectroscopic Methods

FHI 2.2.2 Atomic Absorption Spectroscopy
MAX-PLANCEK-GESELLSCHAFT
radiation source
» atomic absorption lines are very working principle of hollow cathode lamps
small (AA<0.005nm) = narrow
excitation lines required power 4 |—anode [ ~————— window
2 [ JECET EETTEERETI e B
> hollow cathode lamp filled with Ar SUPPY [cathode light output
(~5 Torr) = discharge in cathode cup HEoEE >
» cup-shaped cathode made from the © j ' _ P
element to be determined = emission - m

of sharp de-excitation lines

source of free atoms
flame

graphite furnace

» pneumatic nebulization of the
liquid sample into the flame
or hydrid generation
(e.g. for As, Bi, Ge)

» electrically heated graphite tube
(Thax=3000°C, under Ar)

» Tvs.tprogram = drying,

. hing, atomization, cleanin
> air/C,H, for nonrefractory ashing, ! 9

elements (e.g. Ca, Cr, Fe)

» transient signals

» N,O/C,H, for refractory » liquid and solid samples
elements (e.g. Al, Si, Ta)



@ 2.3 Spectroscopic Methods

FHI 2.2.2 Atomic Absorption Spectroscopy
MAX-PLANCEK-GESELLSCHAFT
Interferences in atomic absorption spectroscopy

> flame and furnace AAS are sensitive to matrix interferences = i.e. matrix constituents
(anything but the analyte) influence the analyte signal

» there are two types of interferences = chemical and spectral interferences
chemical interferences spectral interferences

> limited temperature of the flame does > two spectral lines overlap within the

not ensure full dissociation and band pass of the dispersive element

atomization of thermally stable (e.g. A\y ~ 0.1nm, Cd 228.802nm and

compounds (e.g. Ca phosphates) = As 228.812nm) = select another line
hotter N,O flame (La buffer)
» nonspecific absorptions from solid or

liquid particles in the atomizer (e.qg.
light scatterring by liquid or solid
NaCl particles)

» large amounts of easily ionized
elements (alkali metals) modifies the
equilibrium between atoms and ions

= adding excess of Cs

_ _ _ » emission of molecular bands by

» loss of volatile analyte species during molecules and radicals present in the
the ashing process in GF-AAS (e.g. atomizer

ZnCl,) = adding of matrix modifiers (metal halides from 200 - 400nm)

NH,NO; + NaCl — NH,CI + NaNO, > background correction necessary



@ 2.3 Spectroscopic Methods
FHI 2.2.2 Atomic Absorption Spectroscopy
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deuterium background correction

» deuterium lamp emits a continuous spectrum in the range 200-380nm

» alternating measurement of deuterium and hollow cathode lamp absorption

setup sketch working principle

Sektorspiegel &,_ Deuteriumlampe | Flamme A |

,I |D: | |
o ‘ =]
\ o B
b
—

Monochrom.-
spalt

-
2-0.7nm

Hohlkathodenlampe

lo
5 Ik = Io
Beispiel:
. Linien-
insgiﬂd.ll":hwpmn Atomabsorption = | 287535 rm 0.003nm absorpt
von InCl D - .
6\\1' [/ Mk < fo2
\\\al L
- Untergrund-
absorpt.

’ h™ < I’ i

¢ ol T
T

Absorption
P
-~

%73 %74 27,5 %75
Wellenlange, nm

3



@ 2.3 Spectroscopic Methods

FHI 2.2.2 Atomic Absorption Spectroscopy
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Zeeman background correction

» Zeeman effect: splitting of atomic energy levels in a magnetic field

» applied in AAS for correction of strong varying backgrounds

setup sketch

normal Zeeman effect (S=0)

(e.g. Cd atoms)

1
monochromator -1
and detector -2

A=6438R

polarizer

working principle

magnet off magnet on

|
1
| /_V' P / | 0
1 \\
background § :.f \ I F p
/ o component Amy A 0+
—absorption profile \ \ - ;

& component n component |

\ — B V —
emission ling — emission line —

| - =TT=

t J




@ 2.3 Spectroscopic Methods
— 2.2.2 Atomic Absorption Spectroscopy
B

analytical performance

» AAS is most popular among the instrumental
methods for elemental analysis

flame-AAS:

@ relatively good limits decision limits (ng/ml)

© working range mg/l (liner range)

© easy to use, stable, comparably cheap

& few and well known spectral interferences

¢ single element method (up to 6 in parallel)

¢ high sample consumption o |dh| = Nachweisgrenzen (ngimt) AR IR
o1 | ote us?——:L?:r;'n'rin":ﬁ:;z:nabsorption B

graphite furnace — AAS: 5 [2&| L=~ Graphivohr-Atomabsorption AHMHMEE
0.0005| 0.004 001 | 01 30 -

& superior decision limits (pg/ml) o om oo o G e e TS a|a|R|2|P]8"|"

(trace and ultra-trace analysis) O aREEEEAREARREREREE

7 | 2 | 200 | 1000|2000 | 20 60 | 4 | 10| 2 |04]| 0] N[ | N

& very low sample consumption PRORRAREEEOORREEEE
4 | 10 | 2000 | 2000 | 2000 | 1000 | 600 | 100 | 400 | 100 10 | 150 | 20 | 10 | 40

& analysis of solids and liquids S —————————
SN ™% e ]S |2 % | |es]0s

& analyte matrix separation possible S el B Rl I el vl el
'F_:\ Pa ;.Iu Np Pu Am | Cm | Bk (4] Es Fm | Md | No Lr

¢ demanding operation o B e



@ 2.3 Spectroscopic Methods
. 2.2.3 Inductively Coupled Plasma Mass Spectrometry

» amass spectrometer separates a stream of gaseous ions into ions with different mass
to charge ratio m/z (mass range in inorganic mass spectrometry from 1 — 300 u)

» in combination with an ion source (ICP, spark, glow discharge, laser ablation) as
analytical method for elemental analysis

» most popular combination = Inductively Coupled Plasma + quadrupol Mass
Spectrometer = ICP - MS

setup scheme sample introduction
Vahe Sample cone
/ Toreh » pneumatic nebulizer
Plasma

i : / (liquid samples)

LIyl JJ -"!L = Sampk . .
Lanuntnn Nnr - » electro thermal vaporization

Lenses y\ (graphite furnace)
== | s |

RF coil liqguid and solid samples

Slkkmmer cone
Turbo 2 Turho 1 > laser ablation
b m

solid samples

 —— N s |

Rotary2 Rotaryl
Vacuum puamps



@ 2.3 Spectroscopic Methods
. 2.2.3 Inductively Coupled Plasma Mass Spectrometry

ICP as ion source

» plasma generation by inductively heating of a gas (e.g. argon) using a high frequency
field

ICP assembly
Interface  OQuter ' /@sma_  Auxiliary
tube gas 938
Plasma Middle
l tube II "
Nebulizergas:l
Sample injector
' RF power

» ICP works under atmospheric
pressure, MS under high vacuum =
differentially pumped interface required

» typical RF frequencies 27 or 40 MHz

» power consumption 1 —5 kW




@ 2.3 Spectroscopic Methods
. 2.2.3 Inductively Coupled Plasma Mass Spectrometry

» sample droplets + carrier gas (inner tube connected to
nebulizer) punch a channel through the toroidal plasma

» sample transformations in the plasma:
desolvation —» vaporization —» atomization — ionization

> ionization behavior depends on the temperature = Saha
equation describes degree of ionization in a plasma

Saha equation

Niy1-Ne _ 2 gi+lexp[— (5i+1_3i)}

ni A3 gl kBT 1.0 - Ar->Ar
| Na->Na+
thermal de Broglie wavelength I Mf
N o6t
&
h? 5 04l
= s
2amakgT > 0.2}
o

> example: Ar°(1S,) —» Ar* (°P;,)  1,=15.76 eV, 1 bar 00|

Na® (3S,,) - Na* (1S,) 1,=5.14 eV 0 5000 10000 15000 20000 25000
temmperature/K




@ 2.3 Spectroscopic Methods
2.2.3 Inductively Coupled Plasma Mass Spectrometry

» determination of elements Z < 80 u by ICP - MS suffers from spectral interferences
caused by the plasma gas, solvent, sample matrix etc.

FHI

types of spectral interferences spectral background (11, Ridesl)

15+

N 40 +

interference analyte

160+ Ar
103_E 1601H+
] 1601H2+ ‘mAr;'
» doubly charged ions o o'
. E \\) 40Ar160+
107 <

intensity in cps

10—E

696a+ T e e e e R e e e e e e
0 5 10 15 20 25 30 35 40 45 50 55 60 65 70 75 80 85 90

massinu

» spectral interferences cause a high background = higher decision limit for disturbed
analytes (e.g. x4(Fe)=10 pg/l, x4(Ag)=0.03 ug/l)
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@ 2.3 Spectroscopic Methods
A\ 2.2.3ETV—ICP - MS
B e

» analyte — matrix separation by coupling of an ElectroThermal Vaporization to the
ICP-MS —» ETV-ICP-MS

setup picture

scheme of the ETV unit

operation principle

(a) Graphite sealing probe

Internal Internal
gas gas
External gas

13=Geninde
14=Hsheninstelung
15=samie

» quenching of the sample vapor by mixing it with
cold carrier gas

_ ' Vm . p (b) ImgeaTaIEmmal Slmgemal
d, =40 K-T-InS S——peq(T) y  [ax

» sample transport as condensed particles if the
condensation nuclei exceed the critical diameter
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2.3 Spectroscopic Methods
2.2.3ETV —-ICP - MS

» onetouchstone in ICP-MS analytics is the determination of

light elements in saline solutions, e.g. seawater)

» example: Zn determination in sea water

relevant spectral interferences

ion | 64u 66 U 67 u 68 U concentration
in seawater
Zn®** | 48.6%n.a. | 27.9% n.a. | 4.1%n.a. 18.8% n.a. ~1 ng/mi
CI- BCIBOO* | BCIBOL'O* ca. 16 mg/I
36816016o+
34cQleN16N+
528(33489 33334s+ 328368+
2G160160*+ |  33533g+ szstiolsor | #strolor
SO | % sizgr | s2si0170r 335160180+ 345160180+ ca. 2 mg/|
33817017O+ 34534S+
328160180+
348160170+ 338170180+
33816017o+
328180180+
24 40 +
Mg?* Mg Ar 26Mg°Ar? ca. 1 mg/ml
26\Mg3BAr
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2.3 Spectroscopic Methods
2.2.3ETV —-ICP - MS

MAX-PLANCE-GESELLSCHAFT

» analyte — matrix separation by ETV

» sample matrix can be vaporized prior the
analyte or in reversed fashion

» application of modifiers (ETV as
thermochemical reactor, cp. atomic
absorption spectroscopy)

» resulting temperature — time program

application to the Zn in

intensity in counts/s

13000

seawater problem

—64amu, 48,6% n.H.
— 66amu, 27.9% n.H.
11000 —67amu, 4.1%n.H.
— 68amu, 18.8% n.H.

12000 -

10000 -
9000 -

8000 -
components

w A O o =N
o O O O 9
o O 9O o o9
o o o o o

Zn signal, correct isotopic ratio
Zn vaporizes before the matrix

step | T/°C | ramptime/s | hold time/s function
1 150 10 60 drying
2 150 0 30 baseline
3 800 1 59 Zn vaporization
(prob. as ZnCl,
BP=732°C)
4 2500 5 5 cleaning




@ 2.3 Spectroscopic Methods
2.2.3ETV-ICP -MS

FHI

» if matrix matched calibration samples are not available = standard addition
» principle of the standard addition method: - measurement of the analysis sample
- stepwise addition of analyte (X,=X,...4X,)

- evaluation of x, by extrapolation of the
calibration function to the intercept point

Zn in seawater by ETV-ICP-MS with the x-axis (y=f(x,)=0 = x,)
standard addition

nnnnn

uuuuu
30000 08
25000 Y max )
g ,' 'c¢’ y
3] . R
c 20000 S
oy ,"/'
B b e A RO OO - s
7 2 i o
c L - =
0 - P
-t 10A/60
£ ,yf .7
ool oo |
p /’ e
-4 -3 -2 -1 0 1 2 3 4
X, in ng/ml
. L 1
result: 1 ng/ml < C,, <3 ng/ml b X -1

certified value: 1.24 ng/ml| T X,



@ 2.3 Spectroscopic Methods
2.2.3 Inductively Coupled Plasma Mass Spectrometry

analytical performance of ICP-MS

FHI

» multi-element method (more than 20 analytes in parallel)

» good performance in precision (a few percent),
accuracy, number of determinable elements, decision limit
(depending on the instrument 0.01-100 ng/l) and sample
throughput

» linear dynamic range = 3-5 orders of magnitude

» difficult for elements with m/z < 80 u (spectral interferences)

» mostly applied for liquid sample, ETV and laser vaporization enable direct analysis of
solid samples

» supplies information about the isotopic ratio of an element
- isotop dilution analysis for ultra-trace analysis (sub ppt range)
- age determination of biological and geological samples

> relatively young analysis method (1980) = high innovative potential



@ 2.3 Spectroscopic Methods
—r 2.2.4 X-Ray Fluorescence Spectroscopy

» instrumental analytical technique for the elemental analysis of solids and liquids

» wide concentration ranges (ppm - %), minimal sample preparation, boron-uranium

> principle: detection of element specific X —rays (characteristic X-rays) emitted from a
sample under X-ray excitation (X-ray fluorescence)

interaction of X-rays with matter

Photoelektron

E,=20 keV

E,.=11.02 keV

X-ray fluorescence

EXF=EK"’EL3

emission of a core level electron (here from energetic relaxation by X-ray
copper) by absorption of a X-ray photon fluorescence



@ 2.3 Spectroscopic Methods
—r 2.2.4 X-Ray Fluorescence Spectroscopy

» transitions are governed by quantum
mechanical selection rules

(An>1, Al=4-1, Aj=0,41) atomic energy levels and allowed transitions
. . { n
» K —lines originate from vacancies in M ég 3
the K —shell, L —lines from | ::[Nm §5’§}f]a
vacancies in the L — shell ... b T %o
» denotation of lines: !
i) IUPAC notation — Fe KL, v 35512
.. . . Mn an 1 3
i) Siegbahn notation — Fe al v i

il . M-Serie

» line intensities depend on:
1) the energetic difference of the levels
(the higher the energetic difference the ' i }2
lower the transition probability) I Rl Brtsa | &gl e
il) the degeneracy of the levels
iii) the fluorescence yield

L-Serie

» K —lines best suited for analysis of K L ' w2 oo o1
%% BBy By

elements Z < 45 (Rh) (mostly K-L;,) K- Serie

» L —lines for analysis of elements Z > 45
(mostly L3-Msg ,)
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instrumentation — X-ray source
» generation of X-rays by collision of high High voltage power supply

energetic electrons with a pure metal
target (Rh, Mo, Cr, Ag, W)

L+

-]
30kv !

» continuous X-rays by decelerating
collisions with the target atoms
(Bremsstrahlung)

» characteristic X-rays by refilling of core
level vacancies in the target atoms
created by the impinging electrons

& cathode

> the short wavelength limit of the source e
depends on the accelerating voltage, the
long wavelength tail depends on the Be- 07 Rh
window thickness - _— | |s0  anode
> only ~1% of the electric power is _ o . 45kV
converted to X-rays, rest is heat = e
= 40

effective water or air cooling required -
30 A
» quantitative work = stable filament v \ J
heating and accelerating voltage ol o , Al
1 2 3 4

required 0
Wavelength / A
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instrumentation — wavelength dispersive instruments (WDXRF)

» irradiated sample emits
polychromatic X-rays

4 S
a 0 i)
()
., Y .
Y

Cc

A\

crystal as dispersive element

» wavelength selection according to
Bragg’s law

n-A=2-d-siné

» wavelength scan by varying 6 =
rotation of the crystal with respect to
the incoming beam

geometric arrangement

Detector l
O X—Ray Tube

Specimen

detector

flow proportional

counter for low

energetic X-rays
(<6.2 keV)

signal to counting IHE:CUOTIIGS[

scintillation o

counter for high
energetic X-rays
(>6.2keV) e g—

VAVAVAVAVAY
x-ray
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EE 00 T
Instrumentation — energy dispersive instruments (EDXRF)

» energy dispersion and X-ray photon
counting in one step

» detector = semiconductor crystal example
(Si(Li), hyperpure Ge) at liquid nitrogen > an Fe K-L3,2 X-ray photon (E=6.400keV)
temperature (-196°C) hits a Si detector

» energy to create 1 electron — hole pair =
3.85eV = creation of 1662 ehp’s

» the preamplifier converts this current in
voltage pulse of e.g. 32mV

= > a connected ADC translates the
amplified pulse height into a digital
» incoming X-ray photons create number, e.g. 320 = channel 320 in a
electron hole pairs = current = voltage memory is increased by 1
pulse » common memories employ 1024 or 2048
> the number of electron — hole pairs is channels (0-20 keV and 0 — 40 keV
proportional to the energy respectively) = resolution ~20 eV

» best suited for energies > 2 keV
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» application of XRF: qualitative and quantitative analysis of elements with Z>9 (F)
= multi-element method

> relatively simple sample preparation
(bulk solids, pressed powder pellets, fused discs, liquids)

» information depth in the um range = homogeneous and smoothed surface required

» qualitative analysis by recording the entire fluorescence spectrum = software
assisted element identification by assigning the element specific K,L,M — lines

gualitative analysis by XRF

keps : 100000 - Mo Scattered radiation

30 | Nb Zr Y Sr U Rb Th Compton
Ko Kae Ke Ke Le Kea Le w000 { Al

201Kp Lp Kp LB K 1000 1

Counts per channel

100 -

1 T T T T T v T - T 1
28.0 30.0 320 34,0 36.0 38.0 40.0 0 2 4 6 8 10 12 14 16 18 20

20/ degrees By /doV,

WD-XRF ED-XRF
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» quantitative analysis requires relation between line intensity and element concentration

» 2 step process: i) determination of the net peak intensity (background subtraction)
i) conversion of the net peak intensity to concentration

guantitative analysis
complicated by

X-ray attenuation X-ray enhancement
. _
1.0 | Are
0 \o—UTe
. o O §ig Ocr
“E- Specimen
5
2
ﬁ b 0 0.5 1.0 1.5 -2.0 2.9
Wavelength A (A)
0.0 — | > excitation of the Fe - K lines by
0.0 Weight fraction 1.0 o .
the two Ni — K lines
| =1, -exp(—u-p-X) a) no matrix effect > observed Fe — K line intensity
X 0 b) attenuation M B = sum of primary and secondary
C) enhancement fluorescence
Hsample = E Wi i fundamental parameters > Cr —K line intensity = sum of
: approach (implemented in primary, secondary and tertiary
software) fluorescence
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ra

SEM-EDX at the Fritz-Haber-Institute
(Inorganic Chemistry Department)

—

-
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@ 2.3 Spectroscopic Methods
A\ 2.2.5 SEM-EDX
B

T
> 2D elemental analysis by SEM instrumentation
combination of Scanning Electron
Microscopy and X-Ray
Fluorescence Analysis A

i

electron sample interaction

Il

incident electrons aiiififlie:
(1 - 50 keV)

characteristic

backscattered X-rays
electrons i
bremsstrahlung Forber T
secondary
electrons

visible light

Auger heat
electrons . .
: » topographic sample image by
gpoc Tron synchronizing the TV — scanner
o brad with the scanning coils
current ; .
diffracted » X-ray detection by a solid — state
SRS detector (Si  single crystal)
transmitted

electrons as in XRF (not shown above)
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TS
information depths, spatial resolution > in most cases, the SEM image
Electron beam IS created USing Secondary

_—10A Auger electrons electrons
50-500A Secondary electrons

» secondary electrons are of low
Backscattered ..
electrons energy (<50eV), surface sensitive

/ . and supply an topographic
I Fy image of the sample surface
| LT T > spatial resolution < 0.1 @
\ £ possible
. 4 characteristic X-rays
St secondary electron image

secondary electron
-~ €escapes

 / -~ secondary electron

reabsorbed synthetic graphite (25keV, x3000)
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X —ray generation

l|:3 rom oam ow s gpsrz  m o om Il:a
— o — P12
L, e@u@= 25 ﬁ L, Phﬁtm‘
e JJI"J" |
@
/ |
K 1s =@ K

» X-ray generation process similar to XRF

» X-ray spatial resolution much lower than by
secondary electrons

» information depth from characteristic X-rays in
UM range

information depths, spatial resolution

Electron beam

,,-—1{}5; Auger electrons

50-500A Secondary electrons

Backscattered
electrons

Continuum X-rays

7‘}/-S{r.m::t:-ndary.lf fluorescence

bH continuum and
4 characteristic X-rays
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TS
example

@ 2.3 Spectroscopic Methods
A\ 2.2.5 SEM-EDX
B

analytical performance (pinhole for molecular beam setup)

» qualitative elemental analysis from
Z > 11 by identification of the
characteristic KLM peaks (software
assisted)

> detection limit ~1%

» minimal sample preparation and sample
damage

» quantitative analysis can be performed
from element concentrations of
1 — 100% with a relative precision of 1-5%

» similar to XAF, relating net peak intensity
with element concentration requires
either sophisticated mathematical models
(e.g. ZAF correction) or suitable
calibration samples
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» any quantitative analysis relies on arelationship between the measurement value y
and the analyte concentration x =y = f(x)

» if y =f(x) is known, x can be calculated by x = f1(y)

> the mathematical form of f(x) and f-1(y) depends on the analytical method

analytical methods

relative methods

absolute methods

direct RM indirect RM
y =b-x y =f(x)
b=F = b =y/x, y = a+bx
photometry XPS ICP-MS, AES, AAS
b 1, FxS(E)o(E)A(E,)cosf-n, n,

~ F,S(E)o(E )A(E, Jcosf-n, n,

£,
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> if the accuracy of the method is assured (e.g. by certified reference materials), the
analytical result can be specified as follows

X=Xz AX
X =mean of n  parallel determinations
AX = prediction interval of X
» verbal: with a probability of P is the concentration x of the analyte A in the

concentration range X £ AX

> results from measurements with absolute, definite and direct reference methods can
be evaluated using n, parallel determinations (entire sample preparation process) and
the uncertainties of all values in b using the rules of error propagation = x = b1y

» specification of results from measurements with an indirect reference method
(experimental calibration) requires to evaluate both the uncertainty of the analysis and
of the calibration
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example 1: gravimetric determination of Fe,O in an iron ore

> results of n,=5 parallel determinations 38,71% 38,99% 38,62% 38,74% 38,73%

V5

_ 1 . .
mean: X=-—) X =38.76% standard deviation: s=4|- =0.1381%
np i np —
degreesof freedom: f=n -1=4 confidence level : P =95%
t-table
¥ P=0,50 0,75 0,90 0,95 0,98 0,99
1 1,00 2,41 6,31 12,7 31,82 63,7
2 0,816 1,60 2,92 4,30 6,97 9,92
3 0,765 1,42 2,35 3,18 4,54 | 5,84
4 0,741 1,34 2,13 3,75 4,60
5 0,727 1,30 2,01 2,57 3,37 4,03
6 0,718 1,27 2,45 3,14 3.1
_ . _ s-1(0.954 0.1381%-2.78
result: XxzAX=X= ( )= 38.76% % —38.76%+0.17%
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example 2: Zn determination by AAS

» calibration: m samples (x;, y,) = f =m-2

> X, taken as error free

> least squares fit

y =a+bX

Z(Xi - i)(yi - ?)

"= Z(Xi_i)2
X ZYi_bZXi
, Z(Yi ~ 9i)2

m—2

X;//ppm

2

4

6

8 10

y; (E=log(ly/1))

0.266

0.598

0.856

1.222 | 1.467

AS\/k :t(P’ f) Sg -

extinction

Zn by AAS: calibration curve & confidence interval

y=-0,026+0,151*x+eps

0,0

25 5,0 7,5 10,0 12,5
[Zn] in ppm

15,0
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example 2: Zn determination by AAS

» analysis: n, measurement samples (e.g. n,=3 parallel determinations)

n, 1 2 3

‘ y=0.979
v, (E=log(ly/1) | 1.064 | 0.930 | 0.942

~

y-a 0.979-(-0.026)

» calculationof X= F 0151 = 6.656 ppm
_ s, |11 (x=X)
i AX=t(P, f)- 2. |[— -
> calculation of AX=t(P, f) 5 Im + n + Z(Xi ~ Y)z

AX =3.18-

_ 2 2
0.0314 ppm \/1 W1 +(6-656 6)° ppm = 0.488 ppm

0.151 5 3 40 ppm?

n X + AX = 6.656 + 0.488 ppm
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» awide variety of methods are available to determine quantitatively the elemental
composition of inorganic samples

( methods for W

| | elemental analysis |
chemical Instrumental
methods methods
advantages advantages
cheap, direct, easy to cover concentrations from 100%
understand, precise to sub ppt, solid and liquid
: samples, multi-element
disadvantages
character

cumbersome, restricted to main

disadvantages
components, danger of

systematic errors, liquid expensive, “black box”
samples only character, operation requires
expertise

» the choice of the right method depends on numerous parameters ( liquid or solid
sample, available amount of sample, which and how many elements, expected
concentrations, accuracy and precision, decision limit...)
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