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ABSTRACT

_ In this thesrs the techmque of ICP-MS is studred and evaluated for trace |
| elemental analysis. All expenments were camed out with the SCIEX Elan 250 |
ICP-MS. A systernatlc study of the effects of plasma operatmg parameters on.
analyte jion sxgnals was camed out. Analyte srgnals were found to be most
. affected by two key parameters nebuhzer flowrate and plasma power. Toa lesser“

degree ion srgnals were also dependent on the auxrlrary gas flowrate and

, "samphng depth. The data are prg;ented graphxcally as nebulxzer flowrate-power

parameter behavior plg}} ‘This. study provxdes gurdehnes for sensxble selection

of optrrnum plasma op rating condmons and clarxfxes con}usmg trends observed ,

at smgle parameter settmg

Background spectral features of water; 5% mtrxc ac1d 5% hydrochlorrc acrd

5% sulfuric acid and 5% phosphonc acrd are reported Mass spectra and tables are .

presented showmg in defail the background specres The knowledge of these Vo
' background specxes is 1mportant in order to avotd potentxal mterferences that
may ~occur in these matrices. o L

The baslc quantrtathe performance of the ICP MS was also mvestlgated

i The method has excellent detectxon hxmts (sub-ppb levels) and 4-5 orders of

L 'magrutude of lmear dynarmc concentratron range Calrbratxon plots have

neganve devratron xf concentratron exceeds 10 pprn, thrs devxatlon can be Lo

S corrected by usmgan mternal standard . .’ | .' f',,,\ R g'\: Do : f‘

Matnx effects in ICP-MS ‘were stuched for a range of plasma operatmg

vy v

E ‘.‘"""condmons Analyte sxgnals were found to be susceptrble to matrlx effects at

1

'Arelahvely low concentranons (< lQO ppm) of all typés of ‘rnatrix.elements Matnx )

.effects were strongly dependent on the nebulizer flowrate and were most senous
at hrgh nebuhzer ﬂowrates Mmumzahon of matnx effects in ICP-MS can be




Yo : [ " o . '. 0L
N : [ J . X '
‘\

brought about by dxluuon of the sample and by operatmg the plasma at a low N )

nebuleér ﬂowrate However both of these steps result m a loss of analyte S

\ Vv
.o v . . \
, g . ] . . . . . 3

sensmvxty e R o o

ol . f ot B
J

Several possxble mechanisms for matnx effects m ICP-MS are. dxscussed

Matnx effeots are thorlxght to be occumng in the plasma dxscharge ‘as well asin

."‘t

‘ the sampling mterface and mass séectrometer " Lol ‘
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‘ ' .+ . . INTRODUCTION
IR ‘ ‘-vr v IS

. o 1‘.‘ ‘
. .

A Ingugtxvely Cougled Plagma—Mass Spectrometry L '
The couphng of an inductively coupled plasma toa quadrupole mass
spectrometer has glven rise to a new techmque known as mductxvely coupled
. plasma-mass spectrometry (ICP-MS) Tradmonally, the ICP has been ased as
' an atomlzatlon/ xomzanon—exatatlon source for atomxc emxssxon atomlc
f‘absorptlon or atomxc ﬂourescence spectroscopy Jn atomtc ermssmn | ‘
| spectroscopy, the ICP has achxeved great success and extensrve analytxcal " \ A
_,I\methodology has been developed for elemental analysxs The ICP is well— o
"""known to exhxbtt many advantages for elemental analnys such as low ‘

‘. detectxon lumts wxde lrnear dynamrc range and comparatxvely httle or no

i e T N,
. . A

) matnx and mter-element mterferences [;l]

RN
t

In mductrvely coupled plasma-mass spectrometry, the ICP serves asan
| ion source in the productxon of smgly charged monoatomic spec1es whrch are
: »extracted intoa vacuum system The 1ons are then separated and detected by
a quadrupole mass spectrometer Mass spectrometrlc detectlon provxdes
‘. | addxtronal advantages to the method whlch lnclude sensmvxty and SpeclfIClty
g Thus, with the combmed advantages of both the mductxvely coupled plasma
M and the mass spectrometer ICP-MS has great potentxal to be an extremely ‘

‘.‘q, o "\ f

;-powerful method for elemental analysxs | | |

S The ongmal clarms to the advantages of the method were rmpressrve q';?r'!
[2—5] For trace elemental analysw, the detectzon hnuts achxevable are in the

‘ range of 10-100 pg/ ml whxch are 12 orders of magmtude better than opncal
tICP detection lumts The lmear dynarmc concentratxon range (106) obtamed is

;'r.'comparable to that observed in mductively coupled,plasma-atoqu emlssxon

SV



ﬁv

. the’ mass spectrum of each element 1s srmple and umque, ,quahtatlve

: determmatlon of elements m an unknogg\ sample’ can be readxly performed

Y

1A

' !

v
‘‘‘‘‘

In addntxon the method is apphcable to almost all elements m the perxodxc

both to generate and excxte atoms and xons, the prmcrpal functron Of the ICP '*:"‘: :

| m ICP-MS 1s to sunply convert analyte specxes efficlently to smgly charged

AL ' : . [
. . , . T Y
v . ' - . . . . St !

‘ oo s ‘

.

~spectroscopy (ICP-AES) Mass spectra are much snmpler than optlcal emxssron —

spectra thus spectral overlaps are less problematxc and easier to manage As

.

\
, *ﬂ DN N e L
- " . L

¢

table except helrum neon and ﬂuonne K o R PR
| t“_‘ Another feature of {CP MS i is 1ts capabrlxty for rapld determmation of
1sotope abundances [6-8]. ’I'hrs feature is sxgmfxcant because 1sotope ratxo |
deterrmnatxons by tradmonal methods such as thermal ronxzatlon mass
spectrometry are slow- and often tedlous Presently however the precrs:on
and accuracy obtained fon lsotope ratlo measurements by ,ICP-MS tend to be.

b
mfenon to those obtamed by thermal 1omzatlon mass spectrometry Wxth

future developments and 1mprovements ICP MS should emerge asa . .' \ o |
poWerful tool for 1sotope ratxo determmatxons. I}te ease thh whrch 1sot0pe
ranos can be measured should certamly encourage the use'of stable 1sot0pe |
tracers in blologlcal syStems, expand the utlhzatlon of 1sotope data in mmeral

exploratlon and also expand the utxhzano\'\ of stable 1sotope dllutxon for . ‘~.l e

¢
..... - N

. accurate quantztatxve determmatxons |

AR - A

C The general pnncxpfes mvolved in ICP-MS w111 be dlscussed m the

foIlowmg sectlons and a lrterature revrew of the techmque is presented at the

l,’v ‘l ‘. \H : ; t“‘,‘_
. . AN . i . . Y

end of the chapter T AL I PR T ,'{j’ e
. T "‘,. R “ \,'\ P .\‘: 4 LR C s : S C ‘:",
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In contrast to ICP-AES where the mductlvely coupled plasma 1s used

posmve 1ons A schematxc diagram of an ICP sou‘.ree 1s shown m Figure 1&'" |
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Only a bnef descnptxon of the general charactenstlcs of the ICP w1ll bg !

| mentloned here, several excellent overvrew amcles on the subject can bé -

K found in the literature [1 9-11] ’I'he plasma torch consxsts of three concentrxc

. quartz tubes and therr argon gas ﬂows are shown in Fxgure 1. The torch is

surrounded by a34 tum mductron coﬂ to wluch rf power is applled (27 MHz

Bl

1-2. 5 kW). “The plasma is 'lrt" thh a Tesl:?coxl The plasma is tear- dsop in

| shape and when vrewed from the top it has the appearance of a doughnut
j The temperature of the plasma in the axial channel is about 6,000 K at.the

, "normal observatxon zone,

!

\ )
A .

Sample solutron is usually converted mto ael‘osol droplets by a

-nebuhzer—spray chamber system and m]ected into the plaspa via the central

" aerosol droplets are desolvated vaponzed atormzed 1omzed and excxted
o . ‘most 1nstances these processes are efﬁcxently carried out because of the high |

‘i‘i‘temperatures of the plasma and the. relanvely long sample residence time .

Y

-,

»

‘aerosol tube Dunng passage through the axral channel of the. plasma the o

ln "

\ (typxcally 2-3 rns) The number densrty of anal))te species m the axlal channel

'A“,é./

ll/-

II> :

N 4|'.'

. nebuhzatron efﬁcxency e

of! the plasma may be estlmated from the followmg equanon n2):

solutlon uptake rate (ml/ mm)

O
\

m)ectlon efflcxency of aerosol mto ax1al channel
Avogrados number (mole‘l)

room temperature (K’)



“

solutxon concentratxonﬂ(g/ ml)

N -
g . - N
L

‘Fper = aerosol gas ﬂowrate (mil/ mm)
Ticp ; ICP temperature x) . . ’
'm = mass“of‘th_e. ‘analyte element (g/ mole) -

i L R o

’ oy
'

Under normal plasma operatmg condmons -a 1 ppm Cu solutlon ylelds nM ~
1010 cm‘3 The totaI number densxty of argon specxes in the, plasma is 1017 cmc3
~and the degree of 1oruzat10n* of the argon gas xs about 1 % The fractxon of

analyte element that 1s lomzed in the plasma may be calculated from the Saha

’ equatlon, assummg that the plasma is in local thermodynamic equxhbnum

v

[13] ‘ | : ) » o "l't"
"y ng '(2:;mk“'r>3/2 "221 T
—— =S, = SR exp (av /D). @
n, R S za K o SR

: 1
«'-_,\

“where. ‘nj, n,, ne = number densmes for the fons, atoms and electrons - .

R "respectxvely(cm‘3)

Sy L= xomzatxon constant |
m ‘ mass of thé'El'Ettrun e o ’

R Boltzman constant B S B P TR

= Planck constant ' TN L ';'; |
partmon funcnons of the xon and the atom ‘

i

= "= temperature T Ty \
v = 1omzatxon potentxal of the element (eV)

E Vo ,
. ,L..l e
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- Téblé 1. Elements w1th thelr correspondmg degree of 1omzanon in an
: argon ICP . ‘

Elemgp o 12 g 2 Deg;ee of Iomzatlon1 ,Qggzee of Ioniz‘atio'ri*z'
Cs -g.3894 100 100
‘Rb 4177 . " 00 - . 100, -
KL 4341 : 100 - S 1000
‘Na =~ '5139° - 100 R (I
+Ba', 5212 100 - S 91
Ra . 5279 . 100, - o R
L .5392 100 . S 100
La - 5577 100 90
St 5695 L 100 S L
In 578 99 S99 . L
© Al 5986 - . 99 .. 98
. Ga ' 599 99 L 98
Lo TLo- 6108 99t 100
G em3 . 0 1000 - 0 99
638, . S99 98
654 0 1000, 0 100
674 ... 99 w99
- 6766 . 99 0 g
. 682 . 99 = 99 .
o~ 684 99 T 99
S 688 LT 990 L e
70 . V99 S 98 . .
7099 . 99 98
728 . 98 o SR R
7289 . 9% T ;‘9;[
7344 . 0 97 e i o 96!
L7370 et %6
7416 0T 98 o 97
S7435. 0 vsF9T L L 0095
U746 e T 9
7576 et ek o T »93 o
C L7635 e 9B L91 L
Mg 7646,".; IRCRRISTERNE : IR N 98».. -
e 786 R ot 93 o
g8z e gy T L g A4
s 788 R T S U S YL < SERE RO
C 789 f 96 i 950
e Gt _«.,,-7899 e
hw 798

p
S B e AR [T Co ,
g [T Do A .
N P T t e . B » B !
H P ‘ . R . B P



8151 . . 88 85

- .°8298 62 58.
834 94" - 93
. 8461 ' 81 - 78
87 , 80 S 78
8993 85 - | . 85
90 62 . 62
" 9009 " . 67 - 66
9225 ' 49 - . D
9.322 : 75 | 75"
9.394. - " 75 | 75
9752 . . - 31 | 33
981 C 49 - 52
10360 .. 12 14
10437 . 32 . 38
10451 - . .+ 25 | 29
10486 . 7 29 .33
10748 .: 36 . | P
11.814 ' 3 . | 5
L1120 .03 - .S
oo lamo 5 .- 85
a: -, 1297 . .05 09
O 13618 | S 004 0.1
) Ky 13999 o2 ' 0.6
N . © 14534 | - 0.04 g 0.1
"Ar . 15.759 . 0.01 . 0.04
"F . 1742 ‘ 0.0002 N 0.0009
Ne ,21.569 .+ ..0.000005 - - ~ 0.000006
He = 24587 '~ ' 0000000001 -
A : C St o ","
*1 by Furuta; Tjo, (Ar) = 6680 K and ne = 1.47 x 10Mcm3 - &%

N

*2 by Houk, Tion (Ar) = 7500.K and ne = 1 x 105 cm'3



The degree of 1omzatron a, can be determmed from the (ollowmg

relatronslup

W A

o= n;/(na+n;) = Sn/ (ne+Sp) O

Calculation of a from the above relatxonshtps by various authors (12,14- 16]
reveals that most elements are effxcxently jonized in the ICP The degrees of
1on12atton calculated by Furuta (16] and Houk [15] are, shown tn Table 1. ln
general elements wtth lonization potentials < 8 eV are more than 90 %
, 10mzed in the plasma Therefore, the ICP is an excellent jon source as it can
: produce a high concentratxon of posmve 1ons of most of the elements in the
pertodrc table. o ‘ S .

o - ) C t ,
C lon‘Samgling of the ICP . - ‘

' The plasma' gas is ex.tracted into the mass speétrometer by means of a
plasma samplmg mterface whose. arrangement is shown in Figure 2. The
- plasma sampltng tnterface consxsts of two water cooled sampling canes. The
| ‘-frrst cone is called the sampler and the second. cone is called the skimmer.
' The dlfferentxally pgmped region between the two sampling’ cones is
' l:maintained'at a pre;S‘ure"of 1-2 lorr‘using a mechanical pump. Similar v
'mterfaces have been used prevrously by various workers to generate high
- mtensxty molecular beams 117, 18] and for atmosphenc pressure samplmg of

| :flames[19 20]." A L
Plasma gas from the core of the dtscharge is drawn through the ftrst
onﬁce and undergoes supersomc expansxon in the 1 torr regton A small

' ’fracnon of the expanded gas is further extracted mto the mass spectrometer

N "through the skumner whtle the bulk of the plasma gas is pumped away In .

.
e

-~
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the low preSSure (10 5 torr) mass spectrometer, the plasma gas expenences

. another supersomc expansxon The resultmg ion beam is then focussed by

electrostatxc ion lenses and analysed by the quadrupole mass spectrOmeter

follow

The samplmg of the plasma 1ons in ICP MS has beerni observed to

behavior consxstent wlth molecular beam samplmg (21, 22), “The

subject of moleCular beam- samplmg has been extensrvely studied and its

theory has been well developed [23-26] A qualxtatwe dlscussmn of the basic

prmdples mvolved in the samplmg of 1ons from an ICP through a double

cone mterface wrll now be glven

‘Ina supersomc expansmn ‘the plasma gas expands free of the nozzle

iy

‘ wall molecules in the expandmg )et undergo colllslons and adlabatlc coolmg

) occurs

| through a nozzle Fn (molecules/ s) is dtrectly proportxonal to the gas number‘

3

For an anlSCld and 1sentrop1c ﬂqw the quantity of gas passmg

density, the ﬂow velocxty at the nozzle and the cross sectlonal area of the

!

| onﬁm 26] TR o S

where

., aD ZNAP f(y) Ly

FN"=”‘ - @
| 4 (mRTo)1/2 .
f(y) -= 71/2[2/(%1)](7\\1)/2(}«1) S0l
Y= speafic heat ratio; cp/cv (= 5/3 for argon) “
D0 = clxameter of the sampler onfxce 1 ” :
~ Ny = Avogrado number
Py ICP source pressure / . I
'm = mean molecular wetght of the plasma gas

- “ ' X 5 Bt
" S ’

~R. = gasconstant T e T

T = gas temperature of the ICP o S

-~ - . b “ . “ >
R . . o . K oA N o



. The gas “density of the expanding beam in the 1 torr region decreases with

increasing distance from the sampler nozzle. The plasma gas flow through

the sktmmer, Fs, can be determmed from the equation:
'

)
Fs= FNf() (Ds/Xs2  (5). o

“where . Ds = dxameter of the sklmmer orifice

. X54 L= dlstance between the sampler and the skimmer

[

Contmued expansxon of the plasma gas through the skimmer in the low .

pressure mass spectrometer wxll eventually lead to free molecular flow. The .

. \
"

gas is saxd to experience free molecular ﬂow when molecular c(")lhsxons
become mfrequent and the gas. can no longer achxeve equrhbrxum At thxs
"pomt the thermodynarruc parameters of the gas become frozen. Intermedxate
-between contlnuum flow and’ free molecular ﬂow is the transrtxon flaw, S |
regime. Ih ICP—MS ion focussmg of the supersomc beam by the mput lenses k |
occurs in the transmon ﬂow regrme 221, . ‘
Durmg supersoxuc expansxon adiabatic coolmg of the plasma gas takes

place and the random thermal motion of atoms 1s converted to'a motron o
oriented m the drrection of the expandmg )et Consequently, the velocxty

| 'dismbunon of the supersonic jet is narrowed and the directed kmetlc energy
| “of the plasma beam is mcreased Several authors have measured the 1on |
kinetic e energy dxstnbuhon in the ICP-MS [4 21 27] Fulford and Douglas [21]
found that in the absence of a secondary dxscharge between the »plasma and

e the samphng onfice, the ktnenc energy spread of i -1ons in the plasma is small

Y.

B )
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(~2-3eV) and analyte ions’ have ion energxes dxrectly proporttbnal to thetr

R I
1

massesplﬁs a potenttal of about 2 V which was thought to derlve from
. ,resrdual plasma’ potennal or space charge effects in the 1on bearn The

_ decrease in’the temperature of the: expandmg gas c:an be estimated from the

: followmg equanon [28] . RN e
T2 = Ty /@D D/ DI/ 2 (D /DD (6)
R v j o | .' |
where® 2 = distance from the sampler nozzle

' T(z) = temperature at distance z o

| | 'High' background pressure in the differentiall‘y pumped region

| ; mterferes with the expandmg supersomc jet. Neghgxble mterferer?ce from
| background gases w111 be observed only if the background pressure is less than

| 1033 torr As a result, resxdual gas in the 1 torr chamber mteracts w1th the

| expandmg supersomc jet to form shock' patterns as shown in Fxgure |

3a The 'shock wa:/e' that is formed perpendtcular to the beam axis is referred

| to as the Mach dlsk and the remarmng shock wave envelopmg the beam is |

] the barrel shock wave Ohvares and Houk [22] have determmed the

| opumum dlstance between the sampler and the skmuner where a maxxmum
b‘..‘:-.‘ton intensxty is 6bta1ned They found that maximum xon mtensxty was | |
obtamed when the skrmmer 1s attached to the Mach dxsk that is when XS .
) ,IXM where XM corresponds to dlstance from the sampler nozzle at whxch the

': Mach dlsk was forrned XM can be determmed from the followmg equatxon

N A o) B il . 4 . A e T N T N St ta Tae ‘ .
i v fod B L be . . K . v, b RETR N
S ) - bl . o T P . Co .
» L . , . h . oo, T .. . b, Tan

12
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Figure 3b Skxmmer cone samplmg
a.fter Mach dxsk o

Figure 3c Skxmmer cone samplmg
: before Mach dxsk B
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where PB is the background pressure in; the drfferenhally pumped regxon If

i the sklmmer is posmoned after the Mach dxsk alow sxgnal mtensxty is T B

LAl

obtamed due to extensxve scattering of the expandmg beam by the background

gas Smularly, if the sklmmer is placed before the Mach disk, a shock wave

)

will be formed downstream of the skrmmer orifice thus scattermg 1ons ab the

-~
)'.‘ o

“

sklmmer cone. These two condmons are shown in Fxgures 3b and 3c -

A

The plasma gis is actually a mrxture of ‘gases with the ma)or

component belng the argon speaes The minor components are background

species such'as H, O O2,NO, QH and analyte elements. - Durmg supersomc ‘

expansron wrth suff‘ cxently hlgh frequency of collrs1ons the minor :
components in the. plasma w111 eventually attam the velocrty of the bulk |

argon gas. When thls occurs the kinetic energy ‘of analyte species in the

A .
5

plasma is given by; ) .' I | ‘
" Em = . (my/map) Ea, ()

where " "Ear = 5/\3 k’I‘owhlch is the translational energy of the argon gas.

1

x,’»

The result 1s that heavy molecules in the plasma could be accelerated to the .
. mean velocxty of the hghter argon gas " Thus, the plasma gas is similar to the | ’
| so called seeded beam Seeded molecular beams [29-32] have been w1dely used

to produce molecular beams of hlgh energxes for apphcatrons in the study of

sohd state, nuclear and plasma physxcs

.

. D.‘, andmgole Mass S%gtrometer - Lo Lo o R
~ Thei ion beam, after bemg extracted through the skxmmer 1s focussed
by electrostanc optxc lenses and dlrected mto the mass filter tobe analysed
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The mass ﬁlter consusts of four parallel conductmg cylmdr,xcal rods arranged L
' Fm a prease square A quadrupole field is estabhshed in the mass fxlter by'
apphcatlon of a dc voltage and a rf voltage as shown m Fxsure 4. Ions from | L .

K Ithe plasma beam enter the mass ﬁlter axlally and undergo oscxllatxons m the

Yy

‘quadrupole ﬁeld governed by Mathxeu type eqnatlons, S - ‘(" _ ," ;
d2x - (as 2q cosmt)llvwz,x"" o T
q et s0 o) .,
4 dtz \ 4 ot M ’ \
'\, L dy | (@+2qcoswt)ly R T BN B RN S
‘ o ___ + 11 SEENE 0o ¢ “(‘1.1‘) s
< ae A S
‘ | dZZ E a ' )
» " t | = O . (12)
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SEEICEETEN VI ¢ ,:dcvoltage\ Ll e T
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G = ?"rfpeakvolfage

' co"n-'=. , 2'cf flS the rffrequency TR e e T

Ees * f '-.;r(:,‘-" half of the closest separatlon between opposxté rods N
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S a) stable tra;ectory through the ennre length of the mass fxlter both equanons
' : 10 and 11 must have stable solutions whxch are given by only certain values ,
3. of a and q The stabthty dlagram in Fxgure 5 shows pairs of a, q values for

- whxch the ion tra)ectones are stable in thenx and y planes. For a ngen ‘ratio of
the dc and rf potentlals the workmg pomts of the quadrupole rods fallona -
istraxght lme through the ongm known as the scan line whxch has & slope of -

- L‘a/ q= 2U/ V For opnmum resolutlon of mass the scan lme is chosen to be

1

N

close to the apex of the stable tra)ectory reglon As a result, only jons of a o

certam mass-to—chargé ratxo correspondmg to the a, q values where the scan

v lme crosses. the stabxhty envelope will be transrrutted All other ions in the

beam will have unstable tra]ector’res and colhde Wlth the quadrupole pbles B

Mass scannmg rs normallyacamed out by Varymg the dc and of potennals

+

. W1th a constant raho between them and mamtarmng the rf frequency

18

constant More detarled dlscussxons of the prmcxples of the quadrupole mass“

frlter Can be foundm the references [33 34] i A '

. E. . ICP-MS therature Rev1gw o

The development of ICP-MS has been well documented and a number |

of good ovemew arncles have appeared [35-38] The first paper on ICP-MS
| N ongmated from the Ames Laboratory by Houk in collaboratlon with Fassel
A and Gray [2]. Wxth therr home—made ICP-MS mstrument the authors

:‘as low detectlon lmuts wxde lmear dynarmc concentratxon range of 3 to 4

orders of magmtude and 1ts capabrlrty for rapld 1sotop1c abundance L e

| determmauon Pnor to thxs work Gray had successfully coupled a dc 3
o capxllary arc source to a quadrupole mass filter [39 40] He also showed that’

o the techmque had manY advantages wtuch mcluded hlgh Se"sm"‘ty' °P eed Offr"‘ |

‘

“/ -".‘
|

- demonstrated the feasrbxhty of the method and 1ts assoaated advantages such o



‘ ms In thrs time, unwanted reactrons such as 1on rnolecule reactrons lon-

| suppressron of analyte srgnal m the presence of concomltant salts were o

T 19-.
analysxs and mherent 1sotope ratro mformatron However the dc caprf ary .

arc source used was found to suffer from severe mter-element and matrxx

“‘“k‘effects due to the lowltemperature of the dc arc and mefﬁcxent sample

1

mtroductxon

In the early work with ICP—MS plasma specxes were extracted through

small pmhole stze orrflces between 50—70 pm in dtameter An

1

'aerodynamrcally stagnant layer of gas was formed between the plasma gas and.
the sampler t1p Ion extractron mto the vacuum system therefbre occurred "

only after transport through thrs cooled boundary layer whlch could take 1- 2

-

.

electron recombmatlon and charge exchange could take place ' As a result the

lsampled gas was not representahve of the bulk plasma gas Extensrve

. format:on of molecular spectes such as. oxxdes and hydroxrdes and severe 2

i

. observed Another problem whrch arose because\ of the small drarneter

- '.iproduced between the plasma and the samphng cones [2 3, 12] Thls

(

ortfice and m severe cases, loss of the mstrument vacuum

1

samplmg orrfice was serious srgnal dnft due to sohd condensatron at the

. onﬁce surface 'l'lus luruts solunon concentratlon to lower than 10 p.g/ ml.

[

'i ‘Attempts were made to use larger onﬁce dxameters (> 70 um) so that the
v pIasma could be dxrectly sampled by punctunng the boundary layer |

: HOWEVGI', When a large samphng orxfice was used amarc dtscharge was |

phenomenon gave nse to hlgh background noxse, erosron of the samplmg

o

lh the. meanwhrle, Douglas and French [42 43] explored the use. of a ”-f .

mlcrowave mduced plasma (MIP) as an 1on source The MIP is also a. v1able
B ton source for the mass spectrometer and has most of the advantages B ,‘.."';';_j_;;,-a;., -

‘f'~assoc1ated with theICP but it 1s more suscephble to matnx effects



S }‘:ﬁ"‘“ o v 20,
o Nevertheless the most sxgmfxcant outcome from’ thexr work was ‘the .

successful use of a large samplmg onﬂce with'a dlameter > 0. 4 mm without

~ the formatxon of a dxscharge at the mterface They extended the same .

, approacﬁd to ICP-MS [42 43]). SubseqUently, 23ray et al (3 44~46] ‘were also
successful in building an mterface whrch employed a large samplmg onfic
with v1rtually no deletenous arc dlscharge formatxon All subsequent work
m ICP-MS- has been performed w1th a large samphng orxﬁce 1n whxch the
plasma gas is extracted dlrectly into the vacuum as a bulk fluld Thxs forxn of
'-1on samplmg is known as contmum samplmg | : | k 5

| In 1983 the ICP-MS was made avarlable commeraally by two
H,rnanufacturers SCIEX Ltd and V. G Isotopes Ltd These manufacturers were

. closely assooated w1th the researchers mentxoned before Gray et al w1th\V G.

ﬂ Isotopes Ltd and Douglas et al. thh SCIEX Ltd Our mstrument was the B
second mstrument from SCIEX dehvered in May, 1984 Currently, about 80 |

| mstruments have been dellvered world w1de w1th sales about evenly spllt |
between the: two manufacturers o ’ 3 . R ‘53
In the last two years there have been an mcreasmg number of papers
dealmg with the apphcanon of the techmque to trace element determmauons
m a. wxde vanety of samples A large number of the determinations have .

PR mvolved geologxcal samples Date and Hutchxson [47] determined 20 trace

) elements in s1x US Geologlcal Survey Geochermcal Exploranon standard |
| reference samples and found reasonable agreement between thexr results and e

prevmusly pubhshed results. Date et aL [48] also measure;i trace elements at
dxfferent concentratxon levels in hmestones and manganese nodules and
evaluated the effectlveness of correctlon procedures for polyatomlc jon

‘ mterferences Macleod et al [49] determmed vanous trace elements in mckel- -

base alloys and observed spectral mterferences from matnx metal oxlcle 1ons

'm‘ﬂ f . L [ oy e r : S
PP AR

’1 o



McLaren et al. assessed the : accuracy in the determmanon of trace elements in

it ‘
marine sediments and reported that good accuracy could be obtained if

- standard addition [50] or isotope dllunon (51) were employed ICP- M§ has

§ oY
4hd base metal occurrences {52].

LA

_alsp been used to measure lead 1sotope ratios for the purpose of typmg gold

‘ Boomer and Powell [53] determined the concentratrons of Al, Mn Fe

and Zn in acid precxpttanon samples, They dnscussed the use of plasma
o operatlng parameters;to minimize matnx effects and oxxde formatxon and
reported spectral interferences from ArO+ and CaO* on the determmanon of
Fe. McLaren and (;o-workers [54] deterrruned trace metals in seaWater by
standard addition and lsotope dxlutlon techmques The trace elements in :
Seawater were' separated and concentrated by adsorpnon on silica-
“ ., immobilized &hydroxyqulnolme ng ahd Janghorbani [55] employed ICP~

/' MS with stable isotope dxlutxdn method for isotopic analysxs of Fe in human
~ fecal matter.. Date and Gray [7] also apphed ICP—MS for 1sotope ratio ©
* measurement of stable tracer Zn 67 in blood'plasma and fecal extracts, and Pb R
" in galena samples. The potentxal use of the ICP- MS for the measurement and
- ) 1dennficatxon of polar organic co Nds was mvestxgated by Houk et al [5

Olivares and Houk have studied xOn samplmg»of the plasma dtsclﬁtrge

fn ICP-MS [22). They found that ion samplmg in ICP-MS is sumlar to neutral
beam and. ion samplmg from other types of plasmas and flames.” Ghvaremnd
Houk' also measured ion energy dtstnbutlon in ICP-MS using a retardmg
potentlal on the quadrupole mass filter [27). In thxs study, fon kmenc energie$’
were found% be dependent on plasma. operanng parameters and thrs feature
was attnbuted to the presence 6f-an mduced dxscharge between the p(lasma
and samplmg orifice. Sirmlarly, Fuiford and Douglas measured the i ‘wn

kmehc energxes in the Sciex Elan 250 fCP-MS system {21] The authors



" reported the absen

~——t
i

of an mduced drscharge in thetr S¥ystem and hénce ion

energies were found.‘ l;tave values cOnsxstent with those expected from A

molecular beam ‘samph ' from a htgh temperature plasma with a residual

petential of about 2 V. R -
Our group at the mversrty of Alberta has publtshed several papers on
ICP MS In the flrst pap Horhck and* co-workers (57) reported the effect of

plasma operatlng parameters on ion stgnals of a wide range of elements

,Vaughan and Horlick [58] presented results on oxide hydroxtde and doubly

charged specxes in ICP- MS Tan and Horlxck [59] reported background spectral

.\features assocxated with dlshlled/ delomzed water mtrxc ac1d hydrochlortc

acxd and sulfuric aod In reference [60], Gray discussed the formation of

onxdes doubly charged and molecular specres in ICP-MS. He also dlSCUSSed

v

their effects,on detection limits in ICP~MS S

Houk'and et. al [61] studied suprathermal ionizatién ih the plasma

using ICP MS and?%howed that calculated Tioq values were greater than thosel
expected from Texc - They' also presented mass spectra and tomzatlon

temperatures of a mtxed gas Ar-Nj plasma (62]. Ohvares and Houk [63]

mvestxgated the suppre551on of Co jon signal by the presence of fxve

- concormtants NaCl MgClz, NH,I, NH4Br and NH4C1 Brown and co—workers

\
[64] studied the effects of mineral acids, an easily 1omzed element and orgaplc

. amds on In 1on sxgnals They observed a suppressron of analyte srgnal with

mmeral amds and Na and an enhancement of analyte srgnal thh the orgamc

!

aods R : o A S

i

i 1 . ’ .
Another area of research in ICP-MS concerns the development of
dlfferent types of sample mtroductxon systems besrdes conventional

pneumatxc and ultrasomc nebuhzers Houk and ’I‘hompson (8] have.

developed a'method for mtroducmg small drscrete volumes of solunon mto

- ”

22
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the ICP for brologtcal samples For solrd samples Gray [65] presented |
prehmmary results on laser ablation into the ICP- MS. ‘Poor precision for the
techmque was obtamed w1th BGS mineral samples Arrowsmith [66] also
reported the dtrect determmatxon of NBS standard steel samples by laser
ablation. -With mternal standardlzanon he was able to obtain quanntatlve
results with prec;sxon and accuracy of about £ 5 %. Another mterestmg

method of mtroducmg solid, samples is by arg nebulrzatlon [67] This method

only. works with conducting solid samples. -

The aim of this work is to study this new technic{ue and characterize
the lCP.-mass spectrometer with regards to_the instrument operating |
 parameters so that proper‘operating conditions cari be selected for subsequent ‘
experiments. This includes the determination of background mass spectra
" and the study of the quantitative behavior of various elements

A major part of the research work concerns a study of the effects of the

presence of a hlgh concentration of mattix elements on analyte signals. Smce -

23

almost all real samples contain at least some form of matrix elements in high - .-

-~

| concentrations, these studies are significant for the future development of

analytical procedures for real sample ahalyses. S X

It
TN,




CHAPTERZ S

EFFECIS OF. PLA\SMA OPERATINC PARAMETERS ON ANALYTE ION SIGNALS IN
ICP-MS Vi T " o R

. ‘M:.r

. A ICP—MS 'lnstrumentation“
\
~ - All the work in this thesis was carrted out usmg the Sciex Elan Model

250 mductxvely coupled plasma-mass spectrometer A block dtagram of the
mstrument is showr\ in anure 6. The bastc components of the mstrument
~ are an ICP,a plasma samplmg mterface and' a mass spectrometer. The ICP
lsub-system consists of\an ICP torch and a sample mtroductton umt The
sample mtroductton umt is most commonly a pneumatxc nebulxzer and a
spray chamber In the mass spectrometer there are the mput jon optxcs a
| quadrupole nass filter which can analyze masses up to 300 amu and a ”
detector "The plasma samplxng interface is a double cone jon beam inlet -
system ‘which extracts a sma{l portion of the plasma gas into the mass
K

' "spectrometer . \ : /

A schematlc dtagram of‘ the Sciex Elan 250 ICP—MS is shown in Figure 7.

The ICP is a standard Plasma Tl\\erm 25 kW system The plasma torch is, -
however, oriented to op{a}te in lhonzontal posmon in. order to facxhtat]é lon
extractxon into the mass spectrom ter. The sample mtroductxon part cortsxsts
of a Memhard nebuhzer and a Scot type spray chamber The plasma torc\h

- box is housed oni top of the unpedarxce matchmg network box. This housmg

o 'may be moved manually back and th to provxde the appropnate samplmg

depth It was also adapted to move la ,rally and vertxcally O that the plasma
" can be ahgned with the samp“hng orifi : The plasma torch 1s run thh a, |
center tap- grounded Ioad coxl 1o prevent he £ormatxon of a dxscharge at the

used tmtxally was a Fassel type

BN

usamplmg mterface [43] The plasma torch

RN

A
1

—— .
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o extended torch i in whrch the length of the outer coolant tube i 15 20 mm longer
- v.than the regular torch The extended torch was replaced later by a MAK torch. o
I The relative dxmensxons for the torches are shown in Frgure 8 |
'Phe plasma dlscharge is sampled through a set of metalhc cones into -
the mass spectrometer “The ﬂrst cone called the .sampler cone, is mounted
-,‘on a copper block: and the second cone called the skxmmer cone, is mounted |
on a stainless steel block. In the present interface conﬁguratlon the tip of the /'“‘;
sktmmer is posmoned about 5 mm behmd that of the sampler Both the
. copper and stamless steel blocks are water cooled and desrgned to move as al ‘
' stngle pxece to avoxd ahgnmat problems When the mstrument is not in, l
"operatron, the mterface block is. posxtloned off—axxs SO that the. mass . R
o rspectrometer chamber i is sealed. 'I'hrs mterface block moves down mto
l posxtlon dunng operatxon and is actuated by a water operated prston The
reglon between the two metal blocks is evacuated by an Edwards roughmg B
| »pump and is maintamed ata pressure of 1-2 torr durmg operanon o
R The dlameters of the orifices of the sampler and the skunmer are about . .'
. 1 mm and both the onfices are machined to a knife 'edge The sampler

: matenal is usually Ni or Cu The sampler cone has to be cleaned darly and

’under routine everyday use, rt 1s replaced every 2-3 months The
‘ cone is made of erther stamless steel or Cu; and sxnce 1t is. not sut ected o '

du‘ectly to the high temperature of the argon plasma 1t needs only to be .

._‘k EURREERS
<

. R
A Yo
e

,"‘replacedaboutonceayear ,' S S ~::=’
e

fhe front end of the mass spectrornet consxsts of a Set of mput 1on

' lenses whose funcuon is to shape and dlrect 1ons mto the quadrupole mass
: filter ’I'he imtlal versron of the mput 1on optics 1s shOWn 1n Frgure 9. They

»—v“ PRSP

« consxst ot' a nng lens, two sets of hollow ac rods ind: a bessel box. 'I'he rmg

: lens has a. negatzve voltage and thus wxll repel "»elf X trons. . Posmve mns

A.t",

.,,
iy
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1ops expenence the osclllatmg ac ﬁeld and thus -are colhmated There 1s no T

second plate lens, (lens C) focuses the ions mto the entry ac rods that are S L

and then transmrtted When exxtmg the mass frlter the 1ons are deflected by

o ‘;' control cansole and a dot matrlx pnnter The dot matnx prmter was later

\
et e

o ) B T : Ve A
. \ N . . Lo ' . o ;
‘ . et . e ] . .
! PR I . CREEEA T e oo .
v . . R . [ R A 30
i f s ca l‘ i ) K . R
. \ . . . . R )
e + o N A\I‘ R

however, are accelerated into the ac rods When transversxng the ac rods

,,,,
Y

_mass ﬁltenng of 10!}5(6 the ac rod sets In the bessel box the fxrst plate Iens

(lens A) causes ions to dxverge around the photon stop (lens B) and the‘ e Q | - s

mounted m front of the quadrupole rods The functlon of the entry and exrt
ac rods is to reduce the frmge field effect at both ends of the quadrupole rods !
“In the mass fxlter, 1ons of the appropnate mass to-charge ratxos are selected

\ <tl

- e

the deflector and detected by the off-axxs channel electron multlplter (CEM)

' The mput 1on optrcs were recently modrﬁed by the manufacturer and N
the new confrguranon is shom in Frgure IO All the data in tlus chapter ‘.
except those 1n Section F were obtamed w1th the ongmal xon optxcsr Wxth the
change of the ion lenses the sensmvrty of the 1nstrument was 1mproved by |

about a factor of 10. However all the data acqurred mdtcate that the
dependence of the analyte signals on the plasma operatmg parameters are

o T oy,

srmllar for both sets of i ion optlcs " R

The computer used in the Scxex ICI’-MS system 1s an Intel 16 blt

,;

mxcroprocessor thha 10 Mbyte Wmchester hard dxsk drrve and one flexxble

\

dlsk dnve ’I’he computer 1s connected to an Env;sron colour graphxcs

“ \’ ’[_..,——“
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Ielements Some of the results presented here have been already publxshed :

| devoted toa study of the dependence of analyte sxgnals on the plasma

‘operatmg parameters

f : o : . . e . ) .o
. . o - ' ' , o iR R
' . ST ) \ B . vy
' 3 W ly o
1 R . —
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v : N

A summary of the mstrumental vanables is lrsted in Table 2. They are :

prmcrpally drvxded mto the mductlvely coupled plasma extraction mterface,

!

mput ton optics and mass spectrometer parameters ‘For thlS first study, no o

X attempts were made to change the extractlon tnterface geometry The mass

spectrometer quadrupole parameters were opttrmzed by the manufacture and “

‘ .' thexr values were left as recommended Voltages for the ion lenses were

'-easﬂy accessrble and they were opttmxzed to: transmrt maxrmum ton count at

.

. voltage on the photon stop of the bessel box’ is the most xmportant parameter

| *mass of the analyte However the data presented in thts chapter will be B

/

v oL

The first set, of expenments carned out on. the ICP MS was to

mvestrgate how the mductrvely coupled plasma parameters affect the i ion

| srgnals of cleferent elements Up to 1984 there were essentrally no hterature ‘

reports on thrs area as most reports only dealt with mstrument desxgn

developments and basrc analytlcal capablhty of the techmque Clearly, m
: order to use the ICP-MS mstrument mth any reasonable amount of |
.effrcxency, the performance of these operatmg pararneters has to be eValuated

o so that ophmum mstrumental operatrng condxtrons may be selected The ICP

parameters mvestrgated are the rf power mterxnedrate (auxrhary) gas o

ﬂowrate aerosol carner (nebuhzer) gas ﬂowrate and samphng depth The

'; - ‘elements studred mcluded the alkah metals and the fu'st row transrtron

PPy
B

32

| mass 63 for Cu Imtral studles indicate that lens B, ‘which corresponds to the

The vanatron of the ion srgnal wrth the voltage on lens Bis dependent on the .
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The alkali metals studxed were Lx Na, Rb and Cs and the ﬁrst row

’ transmon metals studred were Sc Tl V Cr Mn, Fe Co Nx and Cu. Overlap

from the mtense ion srgnal at mass 40 due. to “OAr‘h gave rlse to consxderable
background ion. counts at mass 39, thus potassrum was not studred T he -

" alkali metals hav\e low ionization potentrals and large drfferences in masses '
Th’e ‘fxrst row transmon eleg}gnts however have mte?medxate 1omzatron |
potentrals‘ and sxmxlar masses The xpmzatron potentxals and masses for these

two groups of elements are shown in Table 3 The ion srgnals were measured

at the most abundant 1sotope of each element and smce non~structured

background was less than 10'i ion counts/ S the ion srgnals were not corrected

for background The ion srgnals were determined in the low resolutxon mode ‘

)

‘where each mass was measpred for T s (that is 0 1s per data pomt and 10 data -

_ pomts per amu) and an aver\age of 6 repeat meaSurements was taken

The plasma operatmg parameters study. was 1mt1ally carried.out thh
an extended torch supphed by Sc1ex whxch was later replaced by a MAK torch o
Data i in Secnons C. 1 and C. 2 were obtamed thh an extended torch in |

Sectrons D and E wrth a cut-off torch xand in Secnon F with a MAK torch.. The S

l

| plasma gas flowrate and the aumhar}{ gas ﬂOWrate used with the extended

torch were 141/ mm and 1. 8 1/1 mm and for the MAK torch were: 11 17min and ,
14 l/nun respecnvely unless otherwrse stated The flow meter provxded wrth ) ]'
the mstrument for measunng\the aerosol flow rate was not precrse or - |
accurate enough thus all varratrons of thrs parameter were set. mrtrally wrth
?240-0423) were acqurred later and mstalled on. the aerosol and auxrhary gas

ﬂow hnes A cahbratron table for nebuhzer pressure vs aerosol carrxer gas B

6
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Ionization potentials, isotopic masses and natural abundances for

Table 3.
alkali and fxrst row transinon elements .
E_gmgg_;g‘ ‘ Iso mpe Magsgﬁ I&Qtope Abundancee(%) . First IP (eV)
Li B 7.5 539
, 7 925
" Na 23 100.0 : 514
* . Ry 85 722 418"
87 27,8 ~ -
Cs 133 100.0 3.89
" se 45 - 100.0 Y654
Ti 46 8.0 6.82
- 47 7.5
48 73.7
N 49 - 55
50 53
v 50 0.3 6.74
o 51 . 99.7 |
“. " /V
Cr. 50 43 6.76
: 52 83.8
53 95
54 2.4
Mn 55 100.0 7.43
Fe ~ " 54 5.8 7.87
) . 56 91.7 '
'57 22
58 0.3
Co 59 11000 7.86
Ni 58 678 763 A
, | - 60 26.4
S 6l 12
| " 62 3.7
64 0.9
Cu 63 69.1 | 772
65 - S

30.9

35

C
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Table 4. “,,CalibratiOn of Nebulizer Pressure Vs Aerosol Carrier Gas Flowrate

- Nebulizer Pressure ( psi) . Aerosol Flowrate (1/min )
4 o v ©0.22 _
6 - 0.34 T
8. o I X -
10 ‘ ' 0.51
~12 v 0.59

14 0.65

- 16 _' N 0.73
18 o . - 0.80
20 0o 0.86

22 ’ ’ 0.93
24 1.00

26 1.06

28 1.13
30 1.20 )
32 ' ‘ . 126 ’
34 : 132
36 . ' 1.39
38 r 1.46

Q4 '
I
7



flowrate measured by‘the‘ Matheson mass flow controller is presented in

Table 4.

' 2 oo

| C. nden f alt Ion Signal on“Aeo ol arrier (Nebulizer) Gas
an Pla er . | |

C.1 First Row Transition Metai

A‘m'ass spectrurn’ ofthe first rowtransition-’ elements is sh‘own in

. Figure 1l Durmg mmal work w1th the mstrument it was found that the
analyte ion slgnals were strongly dependent on: both the nebultzer pressure
and power. All the data m this section were measured at a plasma samplmg : :
depth of 27 mm, from the load corl and a solutxon concentratlon of l ppm

The dependence of the ion stgnal for Cr on nebuhzer pressure and rf power i is

o shown in Flgure 12 The plot format shown m tlus flgure was found to be

- most mformattve In thts format the analyte 1on sngnal is plotted agamst the e
. nebuhzer pressure for a parucular plasma power setting and then a farmly of o 2

: ’-“ such curVes 1s p tted on the same axxs for drfferent powers.' Such a plot will
be referred to-as a _‘ebullzer pressure-power parameter behavxor plot It can

' "be seen that ata particular plasma power ‘the ion count rate for Cr mcreases to

a maxlmum and then: decreases when the nebuhzer pressure 1s vaned from

“ 22 psi'to 36 psx. When the rf power is mcreased from 1 1 kW to 1; 5 kW, the

- nebuhzer pressure must be mcreased correspondmgly to achleve the .

\

“'umaxrmum xon coimt level In addmon the peak ion sxgnals are hxgher at

hrgher plasma power N > y :' RN , .

The vanatton of the ion ngnals of «fxrst row elements as a functxon of
: the nebuhzer pressure ata par“tlcular power setnng (l 3 kW) is: showxun :
Figure 13 ‘Itis obvxous that all the elements behaved very smularly and have ‘

. maxxmum jon counts at “the nebuhzer pressure of about 32 p51 “The i ion

FEY T ot
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normaltzed to 100 % abundancxes An averaged and normallzed set of

s absolutely neccessary to 1mprove preasxon m the data The Matheson

| flo,w controller that we have purchased can only control flowrate to +O 0

near to the maxlmurn ' j. f;.', .':‘,,,

1

- Aone truly optxrnal nebulizer flowrate for' th . |
. '--',.compromise settmg has to be chosen In thi case; 32 psx would be an ‘.' ' _

,;;}approprlate choxce S T, e

counts ‘were measured at the major 1sotopes of these elements and were ’t

'parameter plots for the first row transltlon elements is shown in Flgure 14.
'These data clearly show that the transmon elements have the same

‘charactenstlc nebultzer pressune—poWer behavmr

It can be seen from these plots that the srgnal is very sensitive to |

changes in the nebuhzer presSure For Mn ‘as-shown in Figure 13, a0. 001

change 1n the ion signal near to. the maxxrnum Thus, a mass ﬂow controller,

Yoo, .
,‘ . o

' ’I’he nebuhzer pressure—power parameter behavror plots for the alkah

metals are shown in Flgure 15 The concentrauon of these elements is 10 uM |
Itis obvxous from these data that the alkah metals exlublt dxfferent parameter

‘behavxor plots From these plots 1t xs observed that at one power settmg, .
mcreasmgly hrgher nebuhzer flowrates are reqmred to max1mlze the slgnal in’
B movmg from Ll to Cs and m the case of Cs, the 51gnal never actually peaks |

: out Thxs is. more clearly ﬂlustragd in Fzgure 16 which shows the normahzed : -
.ion count plots for Lx Na, Rb and Cs at 12 kW In addxtxon, the pluts are el
‘ 'broader as one moves ﬁ:oxn Lx to Cs Fmally, Ithe data reveal that there is no

_f ali elements and a_.

N " 1/min (lml/ rmn) change in' aerosol ﬂowrate (see Table 4) corresponds t6 0.5 Y /

b Y
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‘The expenments in: this secnon 'were camed out w1th a cut-off
extended torch whrch is sxmrlar toa standard optlcal emission ICP torch This
allowed a study of the effect of the samphng depth on the analyte ion sxgnal
Due to the configuratron of: the plasma shxeld box - housmg the torch the

o nearest samphng depth posstble was 17 mmi. Modrfxcatlons of thxs \- ‘

component whrch mcluded the mstallatlon tof a new load corl now enable PR

the plasma drscharge to be sampled down to 5 mm from the load corl The

ion count-nebuhzer ﬂowrate plots for the alkah rnetals at 1. lkW are shown in

Frgure 17 for samphng depths rangmg from 17 to 29mm from the load coxl It
: can be seen that these plots possess the general characterrstxcs of the parameter
behavior plots drscu;sed before in Sectxon C 2 except for the fact that’ ‘
max1mum signal now occurs at 26 psr rather than at 30 psr as a consequenceof
the shorter torch The hrghest srgnals were obtamed at a samphng depth of 17

nand these sxgnals decrease when the plasma rs moved away from the

(R . . L ) P,

| samphng onfice | o
| 'I'he dependence of the 1on srgnals on samphng depth for Vv, Mn, ,
and Cd 1s presented in Frgure 18 Agam the basxc behavror of the parametg
plots is idenncal to that observed before in Sectxon C VI wrth the peak srgnals

45

| occumng at a nebulrzer ﬂowrate of 28 psr rather than 32 p51, agam due to the -

shorter torch However, the changes m the xon srgnal wrth respect to the

samphng depth are dxfferent from those observed wrth the alkah metals The

best sxgnal obtamed at any samplmg depth 1s generally srrmlar 1f the nebuhzer ‘_‘

pressure ts vaned m order to mamtam the maxrmum 1on count as samphng

LA A
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' Znis very similar in mass to the fxrst row transmon elements but has a ‘-;8‘

higher 1omzatron potential whlch is close to that of Cd (see Table 3) Zn and

Cd have similar’ parameter behavror plots lrke those of the fxrst row:

trans:t;:n elements */ut the best ion stgnals for Zn and Cd occurred at the

- samplmg depths of 2lmm to 23 mm The peak ion count continued to shtft

to lugher nebuhzer flowrates at all the samphng depths. Also the peak ion .
signal for Cdata certaln depth is obtamed at a sltghtly higher nebuhzer

"flowrate than for Zn. o . C =

The data presented in Frgure 18 clarrfred some confusmg data reported '

E by other ICP MS users ‘who have observed jon signal behavior at hmtted |

‘parameter‘ settmgs For example let s look at the effect offsamplmg depth on )

.the ion srgnal for Zn, If one ‘started at 25 mtm wn{» )he srgnal maxrzmtzed by

' 'settmg ‘the nebuhzer pressure at 32 psr the observatxon would be that the jon
: ‘stgnal decreased as the torch is moved closer to the samplmg or1f1ce A

‘ ,However if one started ata samplmg depth of 17 mm and the oh sxgnal was ' | |

" maximized at 28 psr it would be observed that the ion srgnal zg'@eases as the A |

| samplmg depth was moved closer to the load coxl

L From Ihese data itis also possxble to see: that the best 1on sxgnal for the

alkali metals is found loWer in. the plasma espectally for the ltghter elements T

B whereas the 1on) srgnal for the first row elements does not vary much between

| 17 mm to 25 mm thh appropnate ad)ustment of the nebuhzer pressure “ S

| . Therefore such parameter study is useful fOr providmg a guxdelme for |

N selectxon of sanmhng depth for drfferent elements

!
N

- - The effectofauxrhary gasflowratefor the first row transmonelefnents |
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(Ti, Mn, C'u)' at samplin'g def;ths of 17 min to 23 mm is shown in Figure 19. 50
The rf power used was 1.2 kW and the ion signal was first maximized at the
sampling depth of 1Z<mm by settmg the nebuhzer ﬂowrate5at 27 psi. It can be
seen from this fxgure that as the torch was moved away from the samplmg

~ orifice the ion counts for these elements steadxly decrease. However, at each
samplmg depth except at 17 mm, the i ion signals slpwly mcrease as the
‘.auxxhary gas flowrate is mcreased Nouce for example the curves for 21 mm
and 23 mm, The ion'signal near the end of the 23 thm curves at the auxnhary
ﬂowrate of 1.8 1/min is about the same as that for the 21 mm curves at 0

1/min auxiliaty‘gas flowrate, This xmphes that mcteasmg the auxxhary gas |
flowrate from 0.1/ mm to 1.8 1/min has the same effect on the i tom sxgnaP as ...
‘shifting the plasma about 2 mm towards the sampling orifice. The same kind .
of behavior‘is\ seen in the‘ ICP-AES system where the auxiliary gas shifts the
plasma u}o‘ and down." A similar trend is observed for all otherMcurves except
those at 17 mm for Ti and Mn which show almost no change in ion 51gna1 as -
a function of auxxhary gas flowrate This indicates that the 51gnal is most

_ hkely optlmum at 17 mm for these two elements and moving the torch closer
than 17 mm will hot increase the ion signal as it likely WOuld for Cu.

Sumlar plots showing the variation of the ion signal for the alkah
metals (L1 Na, Rb, Cs) are shown uf'Flgure 20. These plots can be interpreted
inthe same manner as those of the transition elements From these data, it
can be deen that at- samplmg depths of 21mm to 23 mm, the ion signals do not
change very much as the auxiliary gas flowrate is mcreased At the samplmg
depths of 17 mm to 19 mm however, the effect is much greater-rth;s-mdacates
that higher signals cambe obtamed at cjoser sampling depths. ForLi,at17

nfm the ion sxgnal mcreases to a maximum at about 1.4 1/min and then

. -
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decreases) this mdxcates that movxng the plasma dlscharge nearer than 17mm

would result in a lower sxgnal L

Iy
iy

L_‘ aram r Behavior P mm lm'uina A or

In’ thxs section, the dependence of the lon signals on the nebuhzer
flowrate and plasma power a~samphng depths between Smm to 20 mm, for
the alkalis and the fxrst row transmon elements is illustrated. As was
mentioned before, the initial setup of the plasma bbx did not allow the
' plasma torch to be moved closer than 17 mm from the samplmg orifice to the
load coil. In order to. sample deeper into the plasma, the original center tap
grounded load. coil was removed and replaced by another load coil which
| extended further out from the plasma box, consequently, the plasma torch can
be positioned nearer to the interface. The new load coil was similar in des:gn
to the ongmal. A standard MAK torch was used in this expenmenb The
‘nebuhzer ﬂowrate-power parameter plots for the Li, Na, Rb and Cs are shown
ln thures 21a,b,cand d for samphng depths of 5,10, lS and 20 mm. It can be
seen from these data that ali these elements have similar behavior. The best
signals for these elements are observed at 5 mm. For Li and Na7 the peak ion
signals increase steadrly with the i mcrease in the plasma power at all the
sampling depths measured. For Rb ancl Cs at 5 mm, the peak signals have
~about’the 'same mtensrty when the plasma power 1s mcreased The ion
intensities for Li and Na drop off more rapxdly than Rb and Cs as the ‘
~,,samplxng depth is xncreased , ' .
' Figures 22a and 22b illustrate the nebulizer flowrate-power parameter
plots for Sc and Cu, which | were chosen to represent the ﬁrst row transmon
‘elements. Unlike the alkahs the best ion sxgnals occur at a samplmg depth of

) around 10 mm to 15 mm A possxble reason is because the transition ”
. . . 'l .
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'. elements have higher wmzatlon potentxals than the alkahs hence are
romzed hxgher m the plasma As observed w1th Rb and Cs at 5 mm, ‘the peak
. ..xon srgnal for the transitron elements does not mcrease sxgmficantly w1th an.

"increase in. the rf power However, at samphng depths of 10 mm to 20 mm, a

: correspondmg mcrease of the peak ion count is observed wrth an mcrease in' -

the plasma power These observatrons are very drfferent from the spanal
dependence of ion ermssro%m ICP-AES In emrssxon measurements for

.} most elements under most- operatrng condmons, the maxrmum sxgnal is
; obtained in the reglon between 15 to 20 mm above the load coxl At 25" mm

above the 16ad c011 very. small jon emrssxon is detected Ion emrssron is also

- 59\ ‘

not as cntxcally dependent on the aerosol flowrate and srgnal mtensrty cannot '

W

 be recovered by mcreasmg the aerosol ﬂowrate after i mcreasmg the 1 power

.. [68, 69] However these data seem to correlate very ‘well w1th similar data

observed m lCP-aton'uc ﬂuorescence spectrometry [70 71]

| Tlus study of the effect of plasma operatmg parameters on analyte o

\ .

| srgnals in ICP-MS provxdes some mterestmg mforma n regardrng the

| factors mvolved m generating the 1on sxgnals in ICP~ Although the two

groups of elements stud1ed possess the same baSm parameter behavxor plots,

they are. d‘ifferent from each other 1n many aspects and these dxfferences allow

one to. speculate on possrble mechamsms mvolved rn 1on srgnal productron .

m ICPoMS ;1 R :

At a parhcular power and samphng depth the 1on srgnal mcreases to a

maximum and then decreases as the nebulxzer ﬂowrate is steadrly mcreased
The increase m the 1on srgnal could be accounted for by, a) an mcrease in the

amount o': :solutron uptake, wluch rs about 20 % even though a perlstaltrc g



. . ( A . . N )
' ‘.pump was used and b) an. mcrease in the amount of 10ns entenng the

. ‘samphng onfice due toa change in the spatral zone of the plasma that'is

B sampled by the- samplmg cone. As the nebuhzer flowrate is mcreased further

r

the analyte stgnal decreases because the central axial channel is excesswely L

cooled. by the larger amount of nebuhzer gas and also the analyte re51dence
.tlme is shortened An mterplay of these opposmg factors results in a peakmg
of, the ion-signal w1th respect to the nebulizer flowrate When the plasma \
power is mcreased the peak ion 51gnal mcreases in mtenstty and shtfts to
t hrgher flowrate Thxs is because as the rf power 1ncreases the amount of *
energy avarlable for heanng also increases, therefore more of the analyte .
specres in undxssocxated and atomic states are converted 1nto the ionic form

In addmon the central channel can tolerate a hrgher nebulxzer flowrate at

‘,60'

.hrgher rf power before berng excessrvely cooled to the extent that xomzatlon is

-

reduced. o "-;‘ e T |

) Accordmg to the nomenclature system proposed by Korrtyohann et al.
"[72] the ax1al channel of the plasma dxscharge can be drvrded into zones as |
shown m Figure 23. The location of these Zones is strongly dependent on rf

: power and nebuhzer gas ﬂowrate The initial radtatlon zone' (IRZ)
corresponds to the bullet-s aped yellow ermssxon of sodrum or the red |

3}

| ermsston of yttnum ox1de in the dtscharge In ICP-MS a maxxmum 1on

count 1s measured when the t1p of the xmtlal radxatlon zone (IRZ) 1s sampled‘ .

In contrast the best emrssmn sxgnal for ICP-AES 1s obtamed at the nomal ‘
analytxcal zone (NAZ) When the nebuhzer ﬂowrate is mcreased the t1p of

~ the IRZ is pushed closer and closer to the. samplmg orifk[\ unttl 1on samplmg L

finally occurs in the IRZ reglon When thxs happens the srgnal decreases

E It rs evrdent from the data that torch geometry 1s xmportant and affects o

the mn sxgnal behavxor Parameter behavror plots of the sante elements are |

.
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,shghtly dszerent for d fferent torches Results obtamed with the extended

62

' torch show that ele ents with: sxmxlar masses (ﬁrst row elements) have very

‘ srmrlar parameter ehavror same shape profxle peak at same nebulxz

| the hghter elements Li and Na peak at lower nebulxzer pressure than the

‘:/essure and samesamplmg depth behavxor Elements havmg diffefen|

asses (alkalr metals) have somewhat dxfferent parameter behavror wh reby

heavner elements Rb ahd Cs. Wrth the MAK torch. however the parameter

behavior plots are the same for. all elements This is clearly shown by.the

normahzed 1on count plots for Li, Na Rb, Cs and Sc i in Flgure 24. The 1 -

n@‘

_samplmg depth behavxor is also drfferent when dxfferegt type of torches are R

| used Wxth the extended torch ion sxgnal mtensrty 1s strll reasonably hlgh at

a samplmg depth of 30 mm whereas for a regular Fassel torch (cut-off

. extehded torch), the best i 1on szgn\% is, obtamed at around 17 mm. In contrast '
. the best jon srgnal is found at samplmg depths less than 15 mm for the MAIC o
torch. Therefore one has the 1mpressron that the MAK toﬁ produces a .

shorter, rnore confmed plas%a dxscharge and thus ions are generated lower in

the plasma dlscharge Futhex:more, there 1! evidence [73] that elements thh

hghter masses undergo lateral drffusron ,m the axxal channel at a faster rate
o

_than heavxer elements Thxs certarnly would explam why ion sxgnals for L1

“and Na drop off much sooner than 1on srgnals for Rb Cs and the transmon

elements when the torch is moved away from the samplmg orlfxce
Another mterestmg feature is that at a samplmgdepth of 5 mm, an.

mcrease in the ] power does not result m a parallel mcrease m the peak ion L

v.mtensrty for the transmon elements and the heav1er alkah elements such as .

. (-

: 'Rb and Cs In fact the peak 1on count remams qurte constant thh power
vanauon when nebuhzer ﬂowrate 1s ad]usted For some elements such as Pd,f : “ o

and P b th‘s levelhng °f ion, sxgnal thh power was observed to occur at a L
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larger samphng depth (38, 57] At samplmg depth smaller' than this, the o
'increase of power, decreased the peak ion signal. For light elements such as Li
and Na no levelling of peak xon count with power was observed even at 5
;‘mm This levelling of ion count behavxor cannot be directly correlated to the
. xomzatlon potential, but it seems. to depend on the mass of the element,
However the exact nature of how these factors interact to give rise to such
parameter behavxor is not known at this stage 'Parameter studies 1hcludmg
those of the mass spectrometer would be tremendously helpful in further

“

| understanding the processes mvolved
'H '.Co'nclgsion v o ‘ _ i
It is evident from the data presented that the ion signals in ICP- MS
depend in a complex manner on ICP operatlng parameters Nebulizer
flowrate-power-sampling depth. plots such as those in Fxgure 21 and 22 are-
very useful in grouping elements with sxmxlar trends and could help to
clanfy xmsleadmg data obtamed with hmxted parameter settings. They also
serve as a gmde for selectmg compromise plasma parameter settings for ® ' 4
carrying out other ICP-MS experiments such as those in Chapters 3 and 4.
~ From these parameter behavior plots insights into the 1mportant processes
_involved in ion samphng.nf the plasma discharge are obtamed Finally; the
experunental approaches used in this study are also useful thh regards to
mvestxgatxon of the ‘effect of high concentratlons of concomitant salts dn jon -

sxgnals in ICP MS and the results are presented in Chapter 5

»



. CHAPTER 3
BACKGROUND SPECTRAL FEATURES IN ICP-MS

A.  Introduction .

‘ In this chapter the baclrground spectral features observed in inductively
coupled plasma-mass spectrometry are presented. A knowledge of
background spectral features is important in order to recogrﬁZe potential
spectral interferences that can occur with particular analyte masses. To Aate

only limited background spectra and spectra tables have been published in ;he

literature for ICP-MS [3, 4, 45, 60] The background spectral features of - -
distilled/deionized water and 5 % solutions (volume/ volume) of some '
cornmon acids were systematically etﬁdied 'and the background spedes _
observed were tabulated for easy reference. The acids studied were nitric acid,
hydroc}rloric acid, sulfuric eeid and phosphoric acid. Water and these dilute
acid solutions are ueually the most common.an'd. srmplest matrices
encountered when sample ‘solutione are prepared for analysis, and, as ehch,

provide baseline data on baekgrogfli\d spectral features. Most of the results in

this chapter have already been reported in reference [59}. 0

¢

B. Expgnmen'tel N

* The distilled/ dexomzed water used Was obtamed by feedmg "house" |

. dxstllled water through a Mlllxpore Mﬂh-Q water punﬁcatxon system. The - A

5 % soluhons (v/v) were' made up from concentrated mtnc, hydrochlonc and -

- sulfuric acxds from Pfaltz and Bauer that were doubly dlshlled from Vycor .

*Mtory reagent hydrochlonc acrd and phosphonc acxd Were obtamed from o
Baker and Adamson o o | :

ﬁsq,_; |



The plasma operanng condrnons were: rf power L 2 kW nebulxzer gasv °
flowrate, 1.06 1/min; plasma gas ﬂowrate 12 1/min; and auxxhary gas ﬂowrate, '
1.4 I/min: The sampling depth was '15-mm from the load coxl These are
normal operatrng conditions for the determinatxon of ﬁrst row transmon -
elements. The background spectra were acquxred wrth the mass spectrometer
run in the high resolution mode (peak width ~ 0.6 amu at 10 % off the, |
baselme) the measuremient time was 1.0 s/ potnt wrth a scan mcrement of
0.05 amu (20 pomts/ peak). . The background spectra were measured for the

" mass ranges 1to 43 amu and 42 to 8:1_arnu ‘In general there were no

sxgniﬁcant background features observed above mass 84.

[N

C.  Distilled/ Deionized Water and 5 % Nitric Acid
The background spectra of distilled /de_i_onized water for the mass
regions of 1 to 43 amu and 42 to 84 amu are shown in Figures 25 and"26 .
respectxvely The basic background spectrum is shox.vn in the top frame of
each figure and each succeedmg frame down is scale expanded at the ion
gount axis by a factor of 10 from the frame immediately above An exceptxon 3
is Figure 26 where the bottom frame is scale expanded by a factor of 20 from .
the corresponding middle frame. Anal_ogous plots are presented for-’all other .
’acidsinthischapter S L | | |
.The’ background spectra for 5 % mtrrc acxd are shown i in Flgures 27 and
28. On comparlson to Frgures 25 and 26 it can be seen that the background
spectra of mtrxc acxd are essentlally the same as those of dxstrlled waterr v ;-'
y Notrce that a gap appears at mass 40in these spectra Thxs 1s because the
| mstrument is programmed to hop over Ar* dunng scanmng in order to..
~. protect the CEM detector from" exc&sswe currents The background specxes for

'.dxstrlled water and mtr‘ad are denved basrcallyirom ﬁve elements, H, O
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C N and Ar Assxgr)ment of molecular specxes to each mass is: mostly "

' deductrve in. nature, however, certatln assxgnments can be venfled For | _
example, for the peak at mass 46 the specxes N02+ was assrgned The ion *
mtensxty of thxs peak mcreased about ten times w1th 5 % mtnc ac1d whxch ~
1nd1catés that it is a mtrogen based specres The peak at mass 52 was atmbuted .
to ArCt+ and its ion mtensxty u‘\creased dramatxcally gwhen a few percent of . :
methanol wis added toidxstxlled water A A ‘
‘ ' Table'5 shows in greater detail the contrxbutlons from all other 1sotop1c o
.combmanons of the background specxes The ma]or spea;}. are hxghhghted in o
boldface The elements located at each ‘mass are lxsted in. the left hand o B

"ﬁ column and the maior 1sotope is h:ghhghted m boldface It can be seen that
the background spectra m ICP-MS are generally sxmple‘ but when'all xsotoprc o
cornbmatxons are consxdered it may be specxfically complex Unstructured
;background however is vety small usually less than 10 1ons/s Some of the ,

. A' more obvxﬁ)us and serious spectral overlap problems anse from. the ,

. background peaks, HNN MN’“‘OH"‘ and 4°Ar4°Al;+ mth 23 Sr" 31Pi‘ and ‘

. 8"Se"‘ In addxtron, ArO"' not only mterferes w1th 56Fe*‘ but to a lesser degree‘

thh*v Cr, Mn Nx and Co as well when all. its 1sotop1c combmatlons and

o hydride forms are qonsrdered (see Table 5). Although background peaks ‘59

derived ﬁ‘om nunor 1sotop1c combmatlons may be: very small they can be

I‘sigmﬁcant especxally when analyte measurements are bemg perfoni\ed at sub-';f" L
”‘ppb levels. For example at mass 51 a d1stmct peak of about 30-40 1ons/ s, o
_Iff Wthh xs thought to be due to avcombmahon of 35Ar15N'*‘ and 36Ar14N‘l

L’J‘
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A more subtle problem can anse ooncermng the apphcatxon of |

Cy .

- correchon procedures for 1sobanc spectra overlaps For example at mass 58 a

;nxhor‘rsotope of Fe corncrdes mth the ma)or 1sotope of N1 When Nx is to be

)\\n o .'.‘ e s '
R de@rmmed in the presence of Fe a correctxon procedure can ‘be 1mplemented b
Ly S o o

| the software‘vxded by Screx The correctxon procedure consrsts of . /. .

o measurmg the srgnal at mass 56 and assummg it to come completely from
. 56Fe"‘ K subtractmg 0. 0036 times t*xe measured fon| cOunt fr8m the 1on count at

' mass 58, thus correctmg for the ‘ ‘ntrxbutron of 53Fe+ to the total count at that

" mass. However the on srgnal a mass 56 consists of a ma]or contrlbutxon

| from f‘“Ar’“O"‘ and dependmg oy the actual relatlve and absolute
'concentrahons of Ni and Fe Ppresent, an erroneous correctlon c‘ould result -

' As mentloned before Ritric acxd has background spectra which.are very

sumlar to those of dlsfilled water, however the ion mtenSrty of most

| background specres thh the exqeptron ot' mitrogen contammg specxes a{e

L decreased as much as by a, factor of two Thxs could be due to the suppressxon :

i ‘«‘of these background specxes in the presence of 5. % nitric acrd (15,000 ppm of 5 -

,«N) N1trogen contammg specres, except for NOzt at &ass 46, have about the |

same mtensrty as m dxstllled watet spectrum N02+ 1s dlfferent in that it is - i

‘

AN

about’ 10 txmes more mtense xn -5“% mtnc aad_ background spectrum as

'f :’.compared to wa ';r background spectrum

rt

- Two unexpected peaks at masses 35 and 37 m the rano of about 3 l are

:'f-“"observed m mtrrc acrd and are most hkely from 35Cl+ and 37(21+ tAnother set

- _of peaks,'occurrmg at masses 51 and 53 are also observed (see bottom frame m
: Fxgure 28) whrch are most hkely 35Cl(D"‘ and 37ClO‘*' specres Th doubly
j',;drshlled mtnc a‘ dis apparentlyzcontammated.thh chlonde The 35CIO+ e

: ass' 51 represen : sen ussp al mterference for 51V+ whxch 1s f $

“the. ma)or'fV 1sotope, the only other tsotope, 5‘°_V+'_"'1snonly 0. 24 % m T



H ‘ o ’
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abundance Therefore, thxs partrcular batch of mmc acxd cannot be used in "~ a
: ' conjunctlon with' trace vanadxum determxnatxons Of course, hydrochlorrc
' acid and other matnces contammg large amount of chlondes will, also have |
the same background interference problems | |
Trace amounts of sodium, potassmm and chrormum are also found in
" the mtnc acid The peak at mass 52 is attnbuted to 52Cr+ as well as,ta
B 4°Ar12C+ In Figures 26 and 28, the CO,* and COzH* peaks have about the
1same mtensxty, therefore the peak at mass 52 is too mtense to be due tb |
. 4"AruC+ alone. Thus, from the ICP-MS pomt of view, care must be taken to |
| . momtpr stock ac1ds for contammants whrch could sometu.nes cause serioug \ ,‘
' errors, in analysxs Some contam}nants such as the chlonde case mentloned
above would nogeven warrant passmg notice if the nitric acdd was used m |

: CP-AES applicanons, but when used for ICP-MS, senous spectral mterference N

with the most agundant isotope of v’

’I'he background spectra for 5% hydrochlonc ac1d in the same basxc

. j‘format are shown in- Figures 29 and 30 Surular to what was observed thh

: 5 % Ritri "’ad the 1on intensrty of most background specres common to:

:;, distilled water and hydrochlorxc aad are suppressed by about a factor of two in

jjgcombmations_of'_p lese specxee arehsted’m Table 6
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The most intense peak is due to 35C1+ which in 5 % HCI has an

intensity of about 106 counts/s. This translates to about 20 1ons/ s/ ppm of Cl+.
There is some interference at mass 35 from the minbr isotopic combmanons
of oxygen species, but it is still possible to determine chloride at the ppm level
using this positi\;e chloride ion. The second most intense peak is due to
3C1O0* which is about '30 times less sensitive,

As stated before, the molecular chlorin’e species cause serious spectral
interferences in\ the determination of the first row‘transition elements. It can
be seen from Table 6 that the CIN* and CIO* spedies affect several first row
fransition elements. The most serious interference is that of 35CI160+ on31V+,
The only other isotope of vanadium, 30V+, is only 0.24% abundant and has
interference problems frorﬁ 35?1151\1* and the minor isotopes of titahium and
chromium. This means that in ICP-MS, trace vanadium cennot really be
determined in a solution matrix. containing chloride or other chlorine
compounds. Note also that problems could arise ‘with low concentration

_determinations of Mn and Cr. Manganese, which-is mqp&isétepic, has
interference from 37C1180+, and all chromium isotopes have interferences
“from various isotopic combinations of CIN*+ and C1O*.

In the mass range of 67 to 77 amu, CIO* and Cly* and ArCl* species also
interfere with the determinations of Ga, Ge, Se and As, The interferenge of
40Ar35C1* on 7SAs+* is a major problem since the 40A35CI+ peak is quite intense
-and arsenic is mono-isotopic. Similar to vanadium, As de_terminations by
ICP-MS cannot be carried out in solution matrices containing chlorine
species. In effect, these spectrail interference problems dictate the type of
sample dissolution and solution work-up condmons, reagents and

procedures-that can be used if analysis by ICP-MS i 1s anucxpated And

-
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Table 6. Background species for 5 % hydroulhloric acid with corresponding
element masses -
. ' - R
ELEMENTS - 5 % HYDROCHLORIC ACID
C1(75.77) - 35Q1 : o
Ar(0.34), $(0.02) ~ 3BaH B
Cl1(24.23) , 371 A
Ar(006) . YQH /
|
Ti(546) 33N .
Ti(5.25), Cr(435), V(024) 35CIN ,
V(99.76) - YN, 3sateo
Cr(83.76) I7CIISN,  35Q1170, 35Q160H
Cr(951) \ 37160, BQ70H, ¥Al%o
' Fe(582), Cr(238) 37C1160H, ¥Q170
* Mn(100) 3701880, 37QV70H
Fe(91.66) 37Q1180H
’
Zn(4.11) ‘ - 35Cj160160
Zn(1857) 3503160170
Ga.(60.16) : 350160180' 35ql70170' 371160160
Ge(2051), Zri(0.62) . 35C1170180, ICI160170, ¢ 3cpsQ
Ga(3980) - 3qitosp, ¥qléotéo, ¥al’0l70, %Ara
Ge(7.4) . ¥Qaolsg, 35CP’Q
Gerz) 371180180, . 36A137C1, BBALSCI
Ge(36.56), 5e(087) - ‘ Yol .
As(100) 38A137C1, 40AL35C1
Se(7.58)

JAIIIIIETBYG

40AD7CI
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hydrochloric acid is obviously not an acid of choice for the determinafion of 9
As or certain first romr transition elements, especially V. | | |

The background spectra shown in Figures 29 and 30 were obtamed
. using the doubly distilled hydrochloric acid purchased from Pfaitz and Bauer.
As can be seen from the spectra (bottom frame in Fxgure 29), the acid shows Ql |
contammanons from Cu, Ga and-Ge. The presence of Get causes the ratlo of '
C12+ at masses 70, 72 and 74 to be different from the expected values The: |

estimated concentration of these contaminants is about 0.5 to 1 ppb in the S ‘5
hydrochloric acid solutnon 'A certain amount of bromme could also be " SN
’ present, as indicated by the peak at mass 79. .
. Background spectra of 5 % hydrochlonc acxd prepared from off the shelf

laboratory reagent grade hydrochlonc acid (Baker & Adamson) are show‘m |
- Figures 31 and 32. " As can be seen fyom the bottom frame in Frgure 32, the
laboratory reagent grade acid also has contammanons from Cuand a very
small amount of Br but Ga and Ge are absent. Thus the spectrum nges a
better pictute of the hydrochlonc acid backgro?md pattern in this mass region
than in the correspondmg spectrum in Figure 30. A dertain amount of sulfate
contammation is-also found in t}us batch of actd as mdxcated by the peaks at
masses 48 and 50, which are most likely 25160+ and 34516O+ and the increase
in the peak intensities at 32,34 and 46, which are most likely due to 326+,

34S+and 325N+

E.” 5% Sulfu ;jg Ag'g o . ‘ S
The background spectra for 5 % sulfuric acid soluuon are shown in ’
ngures 33 and 34. The spectrum format is the same as that used for prevxous
' spectra except that four frames of decade scale e?(panded spectra are shown. , |
The intensity of distilled water background peaks (oxygen, hydroxyls and
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Figure 3. gzckground spectra for 5 % sulfunc amd for the mass. range 42 to
“o‘_- am ." "n—“t.’, . . i .' ] : . v ”
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argon specxes) is suppreSSed by more than a factor of frve in the presence of 5

- % sulfurtc ac1d The concentration of Sulfur m the 5 % sulfunc a;fd\ ls about » |

“ 30 000 ppm The new background peaks for sulfunc acxd compnse S+ SO
| \SN* SZ* 302*, and ArS+ Most of these specres also form correspondmg

: monohydrogenated specres The ma)or sulfur spec1es m S % sulfurlc acxd are

-

presented xn T able 7: The hydrogenated molecular specres ‘are not 1ncluded in’

the table m order to obtam a rnore readable table The Sz** and 502* have

‘ srmxlar masses and rsotoplc ratros for the vartous 1sotoprc combmatrons
therefore 1t is drffrcult to defrmtely assrgn the correct specres to each mass

However as; evident m mtnc acxd andt hydrochlorrc ac1d both specxes are B

most lxkely forrned The peaks in the spectra are 1abeled as SOf but both

» spectes are pbssrble as has been Irsted in Table 7 The peaks occumng at
: masses 81 and 82 wluch were attnbuted to Ar2H+ and Arsz‘* have hrgher

mtensmes than these observed m water and other acids. Peaks are also found

at masses 83 and 84£ These peaks are most 11ker due to the formatxon ‘

.and SO3H+ specres },\“ .

N . B

The most mtense peak in' 5 % sulfunc acrd 1s 325* whxch comcxdes wrth

‘the mtensetpe?k of 02*‘ The other less mtense peak rs SO + at mass 48, whrch

| has an mtensrty of 800 000 ions/ s The sensmvrty of tlus peak 1s about 27

ions/ ppm /of sulfur TherefOre, sulfur may be deterrmned from ;ts pdsmve ‘

“gde 1ons at concentratron levels of 1 ppm or more However, smee it

L
X

‘ "‘sulfur ox

» a

could ‘ccur for the determmahon of some fu'st row transitxon elements and

| other elements hke Zn Ga and Ge, especxally when the hydrogenated specxes
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. Table 7, Background species for 5 % sulfuric acid withicorresponding element .-

' { ﬁ:\ Y. | “.“ " . \
2 osesm . oms |
' ,‘33 so7) v . s 3y - ~
3% S@.21) . Mg, Bgy - Ry

T

5 aosm o
3%, Ar034),. s

t

37 Cl(24.23) S

S

46 Ti799), Ca00) 32514N .

7 T3 ;T 32616, 33514y

8 . T, 98) "Cal0: 19) o ' 315N, Mgl B2sl60

49‘ TiG4e) ¢ 37‘; - Hgld, 325170, 335160 - ..
0 Ti525), Crid33), Vo2e)  sidn, Rs18p, Bsl70, Hsléo | -

51 . yooze) o, s . 36gISN, 3180 Mgl

R oI, Mgleo, Hsl6p -

B CH95D) . - . . ¥slo L. ‘
%4 Fe(582), Cr(zss) I s O Q LT

‘ Lo wt A
N

6  Zn(4889), Ni(1.16), 32516015Q 325325 SN

& . Cu(309) . l \ Rgleollo, Bstéol6p, . WV -
& . Zn@s) X . 32160180, 325170170 335160170 325343 33533,

e Hg16160 G
'-67“““2h(4.n) - " 278, 335160180 335170170 335345 R

! 349160170 Yo e
e 2n<1857) L 34186180, Bsi7ole, 345160180 325365" "
I 3‘5170170,365160160 L UgMg 36Ax32s |
69 ca(so.m . 335180180, 5170180, 63160170, 535, 36Ar33$ T
o 70 " Get2051), Zn(0.62) .‘ = Hs180lB0, “365160180 365170170 345363 364534, 38A1325
Ga(39.84). N 365170180, N G 3Bp3%g
| 72 Ge(274) : 365180180 w 365365 36A1355
SR R ' ‘38A134s 4°A1328
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Tgble 7. c‘onti'nued o

MA&S E__MENIE

© 73 Ge(7.76)
74 Ge(3656), Se(0.87)
75 - As(100) . -

76 - Ge(7.77), 5e(9.02)

A
oo

—_—

. ! !
P

80 Se(49.82), Kr(227)
81 Br{49.46)

8 K(1156), Se(9.19)

83‘ Kr(l\ISS)\

-y * K(569), Sr(0:56)

N

3251601%160

60160 325165160160H B

6016160, B3I6O60160H
/451601601601

| / 365160160160

[
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B are also taken into consxderatron The mterference “of SOZ+/ Sz*‘ spec1es on. S

| zmc can be a ma]or problem since the 3251601‘50+ / 325323+ peak is quxte mtense :

It affects zmc at its most abundant 1sotope,&t mass 64 and all other mmor |

isotopes' of zinc are also affected by their, 1sotopxc combinations. Other ma]or -

mterferences mclude 32816O+ on 48Tx+ 36316O+ on 52Cr+ and 40ArQ4S+ on 74Ge*

‘F.‘" Q%Phg‘ghopcAcxd . ’ C—XL

Background spectra for 5 % phosphorlc acxd are shown in Fxgures 35 -

and 36. The background spectra for phosphonc acxd are dtfferent from

prevxous spectra in that they were acquxred usmg the low resolutton mode |

(peak width is 1. 0. amu at 1()% above basehne) and the mass ranges are 1to 42 | “

~ amuwand 42 to 82 amu Stnce phosphorous is mono-xsotopxc, the background "
spectra of phosphonc acrd are con51derably sxmpler The background specxes
observedfor 5%. phosphonc ac1d are presented in Table 8. Comparmg the
t‘our common acids that were studxed phosphorxc acid is next to nitric acid in ,

avxng sunple background spectrum The presence of the peak at mass 45

. whlch is due to 31214N+ mterferes w1th the determmanon of scandxum whxch' 7
is mono-lsotopxc and 31P160H+ at mass 48 interferes w1th the. deterrrunanon .
of ‘8Cr+ Peaks 63, 64 and 65 are most hkely due to POf\speaes and will
interfere w1th the determmauons of Cu and Zn at sub-ppb levels However o
thelr peak mtensmes are drfferent from the expected ratxos, therefore, it is .

posstble that trace amounts of copper and zmc are present in th1s batch of

phosphonc ac1d
G Q. gngluslon ‘

B

& A summary of the ma)or background specxes for distrlled water/ mtI'lC:,_
acxd, hydrochlonc acxd sulfunc acid and phosphonc aad is presented in Table
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Table 8.

MAS3

K}

‘BE B RS

N 38838628

91

Background specxes for 5 % phosphonc acid with correéponding

e]ement masses
- ELEMENTS -

I, P(IOO)
- S$(95.02)

Sc(100)

Ti(7.99),  Ca(0.003)
Ti(232)

Ti(73.98), Ca'(o.19)
Ti(5.46)

T)(SlS) Cr(4.35), V(0. 24)

Cu(69.1)
Zn(48.89), NiC1. 16)
Cu(30 9)
Zn(27.81)
. Zn(a.11)
Zn(18.57)
Ga(60.16)
Ge(2051), Zn(o 62)
: Ga(39.84)

1

+ ol
, .
, ‘
. )
)
. .

[

1

31p

31 PN . ’ —

31 Pl?O 31p16OH
31 p18o 31 p17OH

31P130H

ot »

- 31p16pleo , .
. 31plepiig - !
.31P1(~0180 : ’ '

36 A 31p

égAr”P

40aS31p



9 It is obvtous that great care has to be taken in choosing appropriate
solutmn matrxces m the determmatxon of elements with masses less than .
mass 80. In many cases, sample preparatxon procedures for ICP-MS will
requlre completely new approaches from that used in ICP-AES, that is, "zero
base design" of the entire sample preparation procedure may be necessary.

Itis fourtd that on closer scrutiny, the spectral baekground is quite
‘complex, eSpecxally for Sulfurxc acid and hydrochlorlc acid, when all the
isotopic species are taken into account The minor isotopic species of the
background cannot be 1gnored because these specxes will interfere with
elemental analysxs at sub-ppb levels |

Nitric acxd has the\least complex background spectrum of the acxds

O T

studied and fortunately, most background specres are only found below mass
'5'82 Finally, although phoSphonc actd is riot commonly used in solution

preparatlon it should perhaps be consxdered as the next acid of choice after -
| nitric acxd since it has‘a’ background spectrum that is consxderably less

complex than that of hydrochlonc acid'and sulfuric-acid.

92

—
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Table 9. Summary of major background species for water/5 % nitric,
5 % sulfuric acid, 5 % hydrochloric acid'and 5 % phosphoric acid

MASS ELEMENTS  HQ(3% HNOy) = 3% M50, 5% HCL  3%HPO

1 H(99.9893) IH
2 Hoos) 2H
3.
4 He(100)
5 .
6 Li(7.5)
7 U ‘ :
’ o
9 Be(100)
10 BQ99) ,
N B0 )
12 Q) 12¢
B au e
M N(996) N
15 N@©37) BN
16, O9926) 160
17 0009 " 160K .
18 OX020) 160H, o :
19 F(100) " 160H, .
2  Ne(s052) - BOM, R
‘ 21 Ne(026) 180H,
o 2 Nedsn
" B Natwoo .
v 24 Mgns)
' 5 Mg(10.15)
~ 2% Mgh1os) h
Z | AlGoo S ,
B Sivez) | MNMN,12C160
'® siun “!\"“NH,"%‘“OH , ‘
0 s MN%o . o ' .
. "3 Pum . MNIOH R o
R -Swea. . Moso . ¥ . Lo
B SsE7m) - MOWOH B Wsw '
. M Sem . . oMo .- Mg Mgy ..
: . B Q. leolon . 7 Mgy ey >
36 ATO030,S000) , ¥Ar - Mg P Bayoo
‘ ¥ am) - BaH e L e
38 AROE) o Bar o TQM :
LB Kosoey 7V BTN P .
* Yo ~
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MASS. ELEMENTS
€  Ar(994), Cats.97, K(OD1)
@ Ko . _—
Cas4)

a
o 20
4 )’
o s
% TICZ.9), Ca0.003)
g Mea)
8 * TI7I8), Ca(0.19)
TI(5.46)
Ti(5.25), Cr(4.35), V(024)
V(99.76)
Cr(gs.2%)
Cr951)
Fe(5.82), ‘Cr(2.38)
. Mn(100)
Fe(91.66)
Fe(219) .
Ni67.77), Fe(033)
Co(100)
Ni2s.16)
Ni(1.25)
Ni(3.66)
Cu(63.)
Zn(e8.39), Ni(1.16) .
Cu(09)
2n(27.81)
Zn@m
Zn0asry o
Ga(en6)
Ge(2051), Zn(0.62)
71 Gawsy
2 Celz4)
73 Ge(726)
. 76 GeB634), Se(087)
7 Astio0) _
% " Ge(7.77), Se®02) .
T oSSy
- B Se(2352), Kr(035)
® Bsesd
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RTIT
coA;.chleo ‘
36,;,36“ :
%méam? ‘

3Ar 605,

© 3Ar40ArH

387r40ar
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=
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.7 . CHAPTER4
. QUANTITATIVE PEKFORMANCE IN ICP-MS
A Introducttog - ,' - L : R
In this’ chapter the general quantltatxve perfo@ance of 'ICI’-MSrls
1nvest1gated It is well- known that the ICP is'an excellent source for
quanntanve elemental analysxs by atomtc errussron spectroscopy As stated in

A

: chapter L it has a wide lmear dynamlc range, low! detectton ltrmts and is

[A

relatrvely free from matrtx mterferences In addmon samples m dtfferent |
physxcal forms can be dtrectly analysed 'In ICP-MS all these advantages Lo
should also be realxzed and because of the addmonal sensmvrty assocxated
‘with mass—detectxon the detectton ltmtts should be lower. } B
S Appllcanons of ICP-MS for the determmahon of mmon and trace v

elements ina broad rahge of satnples have been camed out by various ‘
: authors [47-53] In thls chapter only a prehmmary study of the general
quanntatrve charactensttcs of the ICP—MS is camed*out mcludmg analytlcal

4

calrbratton curves and detectton llrmts of a w1de range of elements it smgle ‘

‘»- L

and multx-element soluttons T T AT _’> T
'B. . Expenmental S f‘. o o Sl

| Al the solunons used for estabhshmg analyncal curves were freshly
prepared in dxsnlled/ detomzed water etther from then' respecttve salts or by

appropnate dxlutton of the ‘1000 ppm commermal solutxon standards In most

cases ’the caltbratxon soluuons contam more than one element, Stnce the data$

for the cahbrat:on curves were acqmred from many dxfferent expertments

“A

performed over a long penod of ume, the expemmental condtttons were not

the same m each case fI'he plasma Operatmg parameters normally used were,

. " + e . . . ' - : s
: AN 1 . . LAENN . . . - . (RS . : ' - . v

“
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flowrate, 1 4-2 0 l/ min. For all the expenments the nebuhzer ﬂowrate was i

adjusted to obtam the maxunum ion count for the analyte of interest unless
\. '

' othermse stated and it vaned between 1.00° to 1 15 17’rrun dependmg on the
‘ exact settmgs of other plasma operatmg condrtxons (see chapter 2) The | f

plasma samplmg depth was about 15-i7 mm from the load coil..

The mass spectrometer 1on opncs were optrmrzed to, grve a maxrmum

ron count for Cu (voltages for lens A, B C and rmg 1ens were —4 0 V +$-4 V

it

rf power 1 213 kW plasma gas flowrate 10-11 l/ min and. auxrhary gas .

-6 0 V and 15 0 V‘ respectrvely) Data were acqurred wrth the mass Heeoo AP

spectrometer run in the low resolutxon mode and peak hoppmg rnode For o

as . / T
: .‘4

each mass, seven to ten data’ pomts were deterrruned per peak A L ‘ ; Lt

4

measurement trme of 0. 5 or 1 0's per data pomt was used All srgnals were an "

h,
P ' DA

N

average of srx repetmve measurements at each mass,

LAY ‘ '

In determmmg the detectxon lrmxts, the *baekground noise was E

measured usm§ a drsttlled/ dexomzed water blank The measurement txrne

[N

was 5 s per peak (0 5s. per data pomt and 10 data pornts per peak) and the Lo

standard devratron for the background was calculated from io repetrtrve ,
measurements at the mass of xnterest A One ppm analyte solunon was used
K obtaxn the 1on srgnal at the mass of mterest An average of 6 |
measurements was obtamed. R “ o

e
"‘\

In order“to assess the nature of the norse m the system and’how it .

N
\

mrght affect? the quanhtatrve measurements, the vanatxon of srgnal-to-norse
: / ~ .

rauo w1th sxgnal measurement trme was mvestrgated for Cu The Cu 1on

sxgnal measured was the average peak areaion, 51gnal Ten data pomts were. .

-sequenually measured around mass 63 (from 62.5 amu to 63. 4amu at 0 1 amu

"‘i,nc:ements) and the ron srgnals for these ten data pomts were summed and

'divxded by 10 to grve an average peak area ton sxgnal for Cu. All standard



- analyte fhcker noise. . R D
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¢

. devratrons and sxgnal-to-noxse ratxos were eshmated from 10 rephcate scans of -

. ’\’\ i

each mass. The measurement t1me per peak Was varxed from 0 1 s to 80 s. Th
e data for sxgnal—to noise ratio and standard devxatxon versus measurement
txme are- shown in Frgure 37. It can be,seen that srgnal-to-ratxo is mdependent e

of the measurement tune and the log IOg plot for the standard devxatton of

: Cu sxgnal has unity slope. These data are consxstent w1th those’ obtamed by

Belcharnber and Horlick [74] for ICP—AES for whxch the lxmmng noise was.

.'\\

The dependence of standard devrahon and. sxgnal to-norse ratro on ion

srgnal over a wrde dynarmc concentrahon rangé are shown fon V in thure 38

‘At low analyte iore, srgnal the standard devxanon is mdependent of the ;on

¥ srgnal and the srgnal-to—norse ratxo mcreases in direct. proportton to the ion

srgnal ThlS mdxéates that the hmmng noise in thrs reglon 1s background shot

noise At hrgh 10n sxgnal levels (above 10 000 ions/'s), the slope of the

) | standard devratlon plot approaches umty and the: srgnal-to-noxse ratio of

"",'vanadtum become mdependent of the sxgnal level. 'I'hxs mdlcates that the

| predormnatmg noisé of the system is analyte fhcker nonse when 1on sxgnal 1& N

¥

hrgh Again these resu],ts are in agreement thh those obtaxned by Salm and

- " v
‘ .. . . 1 ,l . . ‘ .\ A ' . I ~ L ‘. ; g?
‘HorIick[?S] SRR S T
IE;& o S T R L o
. . [y ' . [ “a P N ' N , el - .
'C. Detectton letts L R A
o [ " . ?.,r N ] . ' o

% Detecnon lumts are dependent on background noxse and the sensmvxty

;' ‘Abf the mstrument for a certam element The background norse 1s determined

‘ from a dxstxlled/ dexomzed water blank Nonstructured background ion sxgnal

'

¢

is normally less than 10 1ons/ s and 1s farrly umform across- the enttre mass

f., range Thei 1on srgnal of al ppm solutxon is typtcally about 105 -106 counts/ 5.

Detectxon hrmt is defined as the concenh'atron of the elen\nt whlch glves

‘o
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rtse 072 an ion sxgnal equlvalent to 3 tlmes the standard devxatlon (30) of the

e K . .
\ . - r
C e . :

. . X ' R

background sxgnal o o

s e oo e ._ Y

Detectxon hrmts for the first row transmon elements and the alkah
‘ metals are shown in Table 10 It can be seen from these data that the detectmm

limits. for all these elements are excel&pnt .and in the range of tens of parts per

'

tnllxon (pg/ ml) except for the elements Fe and K At mass 56 an mtense K [7 W

background peak due to 4°Ar160+ is present (see Chapter 3). Smce the noise

level associated w1th thxs mtense peak 1s correspondlngly larger the detecnon -

—,
4oe

hmtt of Fe is degraded Sumlarly, the detectxon hmxt of an element with 1ts .

mass ad)acent to a large background peak 1s poorer because of the overlap o

.,

from the wing of. the background peak Thls occurred with K at, mass 39 /o
wl'uch is ad)acent to the huge 40A1'+ peak Overlap from the 40Ar+ peak can be
mxmm1zed by mcreasmg the resolutxon of the 1nstruma1t but thls will also, -

decrease the sensmvu:»y for potassmm For both Fe and K' usmg an

3 altemanve mmor xsotope does not 1mprove thexr detectlon hrmts due to the -

relatxvely low abundance of the second most abundant 1sotopes Also, all the

Lo

rmnor 1sotopes of Fe and K have xnterferences from background peaks

23

Therefore, detecnon lumts of less than 0 1 ppb are only achievable promded

vy, N
[T

that the mass4 of mterest has no spectral mterferences o '
When acqumng the detectxon lmut data for the :first row elements the .
plasma operatmg parameters wete optlmized to obtam rnaxxmum 1on counts "
for” all the ﬁrst row eleménts For the alkal; metals however, comp‘romlse )
plasma operahng condmons were selected (see Table 10) The detecnon hmxts :,:‘.
for a broad rangé of elements detennmed under a smgle set of comprormse i
plasma dperatmg condxtlonsere hsted m Table 11 Under these operatmg
condmons the 1on sxgnals for the lxght mass elements Li ancl Na are low,
hence thelr detectxon lmuts are poorer The detecnon limxts for all other

Tl el .’*-'*—,’. e
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Table 10. f)eféétion‘ limits for the ‘f'i,'rst'xow elements and the alkali metals .
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" First row transition elements "l ", 'Detection Limits (ng/ml)
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Table 11.

\

’

Elements

Li
Na
Rb

‘CS“.\O

- Pb

a

Cu

Ce
Ir

Th-

S vs0(024% N
-V 51(99.76%)*
' Cd 106 (1.22%)*

{

Cd 113 (1226%)*

Cd 114 (28:86%)* ', .

[I—

013

102 "

: Detecnén limits at compronuse plasma operatmg condmons
I(power 1.2 kW and nebuhzer ﬂowrate 111/ mm)

A ! . - ' o
Lo s , v
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Detection Limits (ng/ml) P
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* Values in parenthesis are the natural isotopic abundances
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1

‘ elements are excellent The detectxon lxmrts for vanadxum and cadmtum o

measured at therr rmnor 1sotopes are’ shown in Table 11, As expected the

"

detecnon hmrts vary accordmg to the 1sotoprc abundances of V and Cd

D. alytical Cahbra urves = DAL e

- D. f%neang( ang Dyr_\amlc Range . : ] y

Typtcal concentratxon calxbratxon curves are shown in Fxgure 39 for ) ﬂ-

| vanadrum In thrs fxgure the calxbratlon plots for the ma)or Vanadxum - ’ N
1sotope at. mass 51 (99 7 %) and its minor 1sotope at’ mass 50 (03 %) are

,xllustrated It can be seen that the log-log plots are lmear thh umty slopes for

4 to. 5 orders of magnitude The maxlmum 1on srgnal that can be measure

the detector is lmuted to 3. 2 X 106 1ons/ S. Thrs is. because the llfetune of he

CEM is consrderably shortened by excessrve 1on bombardment Therefore A'? - R

crrcurtry is butlt 1nto the mstrument whereby the lens voltages are altered to -

=~

‘ lower th@ron count reaclung the CEM 1f the average ion, srgnal exceeds 3 2 X
" 106 1ons/ s thus preventmg excesswe wear of the CEM at-any one time. -
Consequently, the upper concentratton range of the calibratxon curve for V. Sl“
. is hnuted by thrs feature The use of the nunor 1sotope of vanadmrn at ‘mass
50 egttends lmeanty at the upper concentranon range by an order of SRR
magnrtude a negatwé devxatxon from hnear;ty beyond 10 ppm is observed
At concentrattons less than 5 ppb the 1on sxgnal for V 50 1s very small and nqt
drstmgmshable from the background norse These data show that the major |
isotope of an element should be used when determuung trace con:;;entratxon

levels whereas a mmor 1sotope can be chosen to. extendmeasurements to r
'y A e 2 .' . . g‘?-‘ r O

hxgher concentratron levelst R g T e e
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5 . : 105
In this experiment, the selection of an_internal standard is based on the

- data obtamed in Chapter 2. The internal standard should be as similar as
p0551ble to the analyte in terms of plasma operatmg parameter behavxor and -
also should have a similar mass. In Figure 40 the analytical calibration curves
for Zn 67 with and without‘an internal standard are presented. Sin‘ce the.first
" TOW ltransitilon elements have very similar p'arameter behavior to'zinc, copait
was s‘elélcted to 'be,the internal standard. With the'applicatior{ of an internal -
standard the linear dynamic-range of zinc is ‘extended by at Jeast an order of
' magnitide at the high concentration end. The same feature can be observed
“for Cd 111 in Figure -'%1 whereﬁthe intern_al ‘st‘andard h!sevd was Rh., When the
Manalyte concentration exceeds.10 ppm, the ion siénal of the irlternal standard
is sup,press.ed to the same degree as the ion siénal of analyte. Therefore,
normalizing the ion sigr\al of the analyte to that of the internal standard
extends the linear range of the calibration plots beyond 10 ppm
«There are several possxble explanations for the neganve deviation
observed at high- concentranons Firstly, when a solution containing, a
relatively high salt concentration is aspirated, gradual clogging of the onfxce
‘ oécurs which reduces the amount of ions entering the mass-spectrometer.
But since the analyte concentranon 15 usually less than 100 ppm salt
‘deposmon at the orifice is relatlvely smdll and will not account for the loss of E
ion signal in the above cases ' The other possible explamauon is matnx
- suppression of the analyté sxgnal; ‘Negative’ devtatlon always seems to-occur .
"atan analyte concentranon of 10 ppm for every element. If the concentratlon
) .'s\cale is. converted from ppm to molar concentratlon, negatxve ﬁewatlons ’
| occur between 102 to 103 uM dependmg or/ the atomic mass of the element.
| Flgure 42 shows' the cahbrauon plots for Cu and Lx The cahbratxon plots
: dev1ate from lmeanty at about 16 x 102 uM for Cu and about 1.4 x 103 pM for
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’ Fxgure 40. Calibration plots for Zn67 with and without mternal standard 'Fhe
internal standard was 0.4 ppm Co
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Lx In Fxgure 41, the devianon occurs at about 0. 9 x 102 ttM for Cd. | o
Incxdentally, desplte the fact that the ion sxgnal for Lx 6 is more than 10 times
lower than Li7, the devxat10n occurs at the same concentratron this mdlcates .
“that loss of i ion sxgnal is not due to saturatxon at the detector by a large ion
AR sxgnal Smce ‘the solunon used to acqulre the data in Fngre 42 contamed
three elements, the total salt concentranon at 10 ppm is actually' 30 ppm. Ata
concentratlon of 30 ppm and above; matnx suppressxon effects can be quxte
senous especxally if hrgh nebuhzer ﬂowrates are used (see Chapter 5). . | ‘
Therefore the deviation from lmeanty at hlgh concentratlon 1s most lxkely
due to the suppressxon of. analyte ion srgnal by the presence of hxgh
concentratton of other concomxtant salts HOWever mterestmgly enough
| negatwe devxatlon occurs regardless of whether the cahbratxon solutxons T,
‘ contam only a smgle element or more than one element For example for L
" the smgle element solution of vanadium m Fxgure' 39 a negatxve devxatlon 1s |
~also observed at the concentranon of 10 ppm for v 50 This can be o
o ‘ .

rationalized as the suppressxon of the, vanadlum ion srgnal by a hxgh

,\4
‘

concentratron of 1tself The. mechamsm giving rise to thxs observatron xs not
clear at this time but could be related to. processes occurring in the mass )
spectrometer In addmon, it is evident that the analyte concentratnon at -

which devxatlon occurs may be also dependent on the mass of the analyte

element whxch could be related to the mass effect phenomenon observed in.

ChapterS

In thxs sectldn the quantrtatxve analytlcal behavior of elements formmg
oxgdes and doubly charged 1ons is. studied Furthermore, the feasxbxhty of .

: ’4 . ap;."”r ) J “\‘ ’,AT .
: T o 4
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usmg oxxde and doubly charged rons themselves for quantrtatrye calxbratron . 110
i is tested The elements chosen were lanthanum and uranrumﬂ The tf power: "
used was l 2 kW and the nebultzer flowrate was optimrzed for maximum ion

counts at 1 15 l/ min. 'I'he callbratron plots obtamed for La and U are ooth
‘ non-lrnear over the concentratlon range studted In Figure 43, the caltbratton
plots f0r La* and LaO* are shown Under the expertmental condmons , ‘
selected, lanthanum %xrde and lanthanum. jons are formed almost in equa‘l"" s
proportlon and they have almost identical cahbratton plots. These curves are.
only linear over an order of magmtude from 0. 05 ppm t*l ppm The |
"‘calrbratxon plot for scandtum is shown m Frgure 4. It"can be seen, that the o
) plot is lmear for only about an order of magmtude and at below 0. 1 ppm the |
. "plot is not hnear Scandrum is another element that formed oxlde These
'results were both unexpected and puzzhng, therefore another experxment "_
K usrng a single element solunon contaxmng only certum and 0.5 pprn cesrum
as the mtemal standand was then carrted out B L : '_ L o
£~ For establishing: the cahbratton plots of cenum, the plasma power used |
_was’l. 2 kW and the nebulizer ﬂowrates at which the maxrmum ion counts |
= K oecurred for Ce, CeO* and Ce2+ spec1es were 1. 02 l/rrun 1 12 l/mm and 1 00 o
~1/min respectrvely A nebnhzer ﬂowrate of 1. 00 l/mm was used for the :
- rneasurernents " The analytrcal curves obtamed for Ce+ CeO* and Ce2* are
: presented in Flgures 45,46 and 47. The cahbratron plots for the smgly |
: charged oxxde, and doubly charged Ce are non-hnear below 0. 5 ppm 'I'he Cs |
mternal standard used did not remove the non—hneanty at lév? _ o "“ |
| concentratrons although it extends the lmear range of the doubly charged 1on
”at thelugh concentranon end (see Figure 47) L SR
| On closer scrutxny‘ of the data obtamed for lanthanum and cermm one o

' can see that the nebuhzer flowi'ate is tmportant m affectrng the lmear

PR - . R ’-,.‘s- St . . . . . .
i, . ’ . . . ) R - ' . - .
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dynaxruc range of thetr analyncal curves. A lower nebuhzer ﬂowrate as in the | .
case of Ce seems to produce better analytrcal curves thh more than (two o Y
‘ orders of magmtude of hﬁear dynarmc range. Tlus appeared to ,be related to
.the temperature of the plasma, at lower nebuhzer flowrates the plasma is
hotter, hence oxxde concentratxon is lower [58] . .
The actual cause for the non-lmear calxbratxon plots )s not xmmedxately
3 obvxous, but it is clear that the’ formatxon of ox1des has somehow changed the

concentratxons of all other ionic specxes of the analyte from the expected

l

values The oxxde ratxos of La and Ce, and the doubly charged ratio of Ce at

J

dxfferent analyte concentratrons are lxsted n Table 12. lt can be seen that the
ratios m most mstances remain: almost constant w1th vartatton in analyte |

‘ concentratlon except at hxgh conCentratlons of La Tlus mdxcates that the loss
of ion stgnals at low analyte concentrations could not be due to the shxft in

the equxltbna concernmg the smgly charged doubly charged and oxlde 1ons R
Wlth the lirruted data avallable it is. not possxble to decxpher the true ;j' " - s |
\ mechamsm mvolved In addmon, the mechanism for the formatxon of " S
oxldes in ICP-MS has not been unecliutvot’:ally estabhshed However 1t is: . )

’

known that oxxdes can be formed m the mmal radtatton‘ zone of the plasrna " o

-

\

dlscharge especxally in a detuned plasma operatmg at. hxgh nebulxzer S .
: flowrates Or alternatrvely, ox1des could be formed by recombmauon v B

_ processes in the coohng supersomc plasma )et m the 1 torr reg}on In any
v event both processes, in varymg degrees, should contrxbute to the oxtde '
concentratxon observed The formatxon of onde_ wall also depend on the
avatlability o( oxygen specxes, usually denved: from.water Therefore, 1t can be ‘- | , “
seen that the problem not only mvolves ethbna govermng charged and 5
tneutral analyte specxes but 'those of the matraces as well It i 1s mterestmg to , o
note that m flame atormc absorptxon spectroscopy, physxcal occlusxon of | | , :



Table 12 Lanthanum and cenum ox1de ranos and cenum doubly charged -
' ratio at dxfferent analyte concentrations ‘ ‘ |
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“analyte species in oxide particles has been reported [76], a possibility which

4

cannot be completely discounted here partiéularly,in the 1 torr region:

f s

§ .

The defection limits of ICP-MS for most elements are-excellent and are

)

in the range of 0.01 ppb to 0.1 ppb However, for some elements, the detection
limits are degraded by the presence of background spectral mterferences ’
- Nevertheless, when taken into consxderatxon that these detection lxmxts are
attamable for essentxally every element in the periodic table ICP-MS is
supyerior to optxcal ICP systems for ultra trace elemental ana1y51s ”
The llnear dynamic concentration range of the mstrument is 4t 5
.orders of magnitude typxcally from 0.1 ppb to 10 ppm An mternal standard .
can be used to extend the linear dynamic range beyond 10 ppm by another one. .
order of magnitude Non-linearity at the upper concentration range is mosr “ .
likely due to matrix suppression or "self suppression” of analyte ion sngnal ‘
whereas the lower concentrafio%ange is hrnxted by background noise.
-Elements forming oxides may have non-linear calxbratxon curz,es&b
Therefore, care should be taken when determmmg low co'ncentratlons of
elements which form oxides. Data show that lower nebulizer flowrates |
should be prefera‘biy used to increasecthe lin'ear‘ range of the calibration plot. o
Analyte ion signal intensity is drastically lowered when the nebuhzer ‘
flowrate i 1s lowered Thex:efore, a compromise has to be obtamed where there
is an adequate ion signal and minimum oxide formation. Fma}iy more __
' definitive studies of the analyucal characteristic of elements which form

- ‘oxxde have’ to be camed out to conﬁrm thxs observanon as well ag to provide

more conclusxve data



. CHAPTER 5
. MATRIX EFFECTS IN ICP-MS (Péi*r )
A, Introduction

"Recently, the subject of matrix interferences on analyte ion signals is
t"'receivmg more attention from ICP MS users. Preliminary matrix | |
mterference studies re/}a& that the techmque is more susceptible to matrix
" interferences when compared‘ to ICP AES (4, 42, 44]. In ICP-AES, xnamx effects
may ori’ginate at various stages of the sjrstem,- begining from sample
introciuction to the measure‘ment of analyte radiation.' The different kinds of
matrix e@ects in ICP—AES have been summarized by the authors in references
{11, 77] and are llsted in Fxgure 48. |

In ICP AES, sample introduction by nebulization can affect the analyte
signal mtensxfy in two dlfferint ways: Firstly{ the increase in the total salt
concent.rat,ion‘ alters the viscosity of the sample solution which will-
ultimate’ly affect the amount of analyte reaching the plasma. The other

mechamsm involves the phenomenon of aerosol ionic redxstribution (AIR) ’

i

ye nebulized droplets contalnmg cation pairs show an enrichment in the
minor component when the ma)or component is pr::exmhigh “
concentration. In the plasma dlscharge matnx mterferences of the analyte
signal can arise from a number of processes such as volanhzanon effects
shifts in ionization ethbria ambipolar diffusion and enhanced collisional
excitation. When a solution contams a high concentration of a matrix-—--
* element, the volatilization rate of a desolvated particle is different from that
contammg the analyte alone Volatlhzation effects ave manifested in the
shifts of the spanal behavior of,analyte*emxsston and absorption. The.

~ presence of a high concentration of.an easily ionized element .(EiEi may

-
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uncrease the electron density whxch can cause a shxft in the ionization o

equxhbrxum\towards the neutral atom specres ‘This wxll cause an
' ' Q AT
enhancemen\ of neutral atom line emrssxon and a suppressxon of jondine

“

ermssxon Under normal plasma operatmg condmons 1onlzatxon

A :
mterference is'not a major problem However,.xf exceedmgly hrgh nebulizer -

flowrates, are used as reported by Komblum [78] 1omzatlon mterference can
be quite srgruﬂcant An increase in the electron densxty will also cause an
enhancement of analyte srgnal as a result of the mcrease in colllstonal
excitation of both the atoms and ions. Thxs was observed by Blades and
Horlick [77] in the lkywer reglon of the plasma -thannel. In the upper reglon of
the plasma observe depressrons in analyte signal were explamed interms of
: ,\amblpolar diffusxon

oy .

. Due to the mtrmsrc differences in the two methods of elemental
'analysm, some of these mechamsms may not be observable in ICP-MS;
similarly, there will be other types of matrix interferences whlch are umque |
oonly to' ICP-MS. As mentloned in Chapter 1, there are two types of |

commermal ICP—MS mstrurnents currently avaxlable and a few laboratory
constructed ones. Some usef\\s have reported the pregence of severe matrix
mterferences whereas others l\ave seen only small matrix mterferences
comparable to those expenenced 4n ICP-AES A summary of the matrlx -
. mterferences in ICP-MS repqrte ‘ by. vanous authors is ngen in the followxng

dxscussxon

In the early ICP-MS instrt

ents which’ uttlxzed a pmhole sxze |
‘ samplxng orifice (< 50 pm in diame 1), ‘matrix suppressxon of analyte srgnal

was severe because i lons were sampl from the cooler boundary layer that |
formed in“?front of the'sampling orifice. Cloggmg of the samphng orifice was:

. also a seripus- problem when soluhon oncentranons were greater than 0. 01

I



- a2z

“~

o %. Most mstr‘ume,nts now, however have samplmg orifices w1th dxameters R
greater than 05 mm wh1ch is large enough for the' plasma to be sampled

drrectly wrthout the formatrorr of a cboled boundary layer The followmg

i

' papers present matrxx mterferences assocxated with large sarnplmg orlftces

havmg the contmuum mode of jon, samplmg ST
In thetr earlxer papers, @ray and Date. [4 44] reported a10- 20 %

- decrease in stgnals for 10 ppm Br and Co with sodxum concentrations up. to o
| 1000 ppm. Douglas et al [4ﬁ] d1d not find any interference from phosphate or o
alumimum concentrattons of up 1000 ug/ ml on-2 ug/ml calcium solutrons T
Brown et al. [64] found that varlous rnmeral acrds suppressed 0.5 ppm In ion
sxgnal by up to 50 % and orgame acrds caused an. enhancement of the In ion L
sxgnal The authors also reported the suppressmn of Lx In. and Pb ion 51gnals :
by varying concentratlons of sodxum L1 'In and Pb stgnals were suppressed by c
‘about 30 %, 9% and 15 % respecttvely in the presence of 1000 ppm Na A

, Date et al [48] mvestxgated the effect of 500 ug/ml of Ca, Fe and Mn on ; o
a range of trace elemenis The matrix effects found were small less than ES 10 f |

Macleod et al [49] determmed trace elements in “—base alloys and

, reported that, wlth the exceptlon of overlaps from metal oxides, no matrlx
effect is observed for soluuons containing 0 01% and 0.1 % dxssolved sohds
However when dlssolved sohd content is 1 %, low results are obtamed In a'
recent paper, McLaren et al [50] obtamed low results for the determmatron ofg “
. trace elements V Mn Co, and Nx in marme sedlments They attrtbuted the
suppressxon of ion srgnals to the presence of a hlgh concentratxon of
| concoxrutant elements They also mentioned that the matrix effect observed
was affected by the 1on optxcs of’ the xnstrument To date, only. Ohvares and
Houk [63] have made a more’ systegtatxc study of matrix mterferences in ICP-
: MS They. found that matrut effect was ‘most senous for the most easily
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1omzed mamx eIements the order was Na > Mg > I> Br > Cl lon 51gnal o

, suppressmn was mamly explamed by a shift in xomzatxon equxhbrxum of the f

analyte. They concluded that the 1on 51gnals in ICP MS are more susceptxble

‘ to ionization suppressxon than in' ICP AES ‘ v | '

l It is ev1dent from the above results that matrxx mterferences in ICP MS

are confusmg and vaguely understood It is indeed 1mp0rtant tl'tat a study on-

~ this sub)ect be pursued more mtently in order for the numerous advantages
of _the techruque to be realxzed. In thxslchapter, matrlx 1nterferences-£rom
higlt concentration's‘\‘ of concomitant elérnents on analyte ion Signals are: ‘
4[studled at dlfferent plasma operatlng conditions. Matrix' effects assoclated \ |

w1th varymg concehtratxons of concomxtant elernexits and analyte elements

" are also reported.

_B. Bxpenmgntal I

The data acquxsmon and plasma operatmg condmons are llsted below

Resolutlon Low
""Measurement tlme/data pomt 0.1, L [

Data points/peak: -7-10 ' S

* 4 . e S o LI v
v e . .ot A .
! S )

Repeats of measurement: 6 -

' ' N 1
v )

Plasma flomate 12 l/mm - " . L - RN
‘Aux111ary ﬂowrate 141/m1n o "::.,"' B
Samp‘le:uptake‘: ~O.9l/‘mm B |

R

" The plasma power, nebuhzer ﬂowraté and samplmg depth are vaned

throughout the expenments and data were acquu-ed in a smular manner to-+

those presented mChapterz. - o “-‘ - i e .

v



| o In thxs study, the analyte elements 1nvest1gated were 0 1 ppm Sc, Cr Co
‘. Cu Zn and Ga thh Na. as the matnx element Matrxx mterferences were
« studied using 2 dlfferent concentratlons of Na, 100 ppm and 1000 ppm ‘The

‘ plasma operatlng parameters vaned in thrs stuay were plasma power, . \}:}
" nebulizer ﬂowrate and samplmg depth Plasma power and nebuhzer flowrate
 were varied from 0. 9 kW to 1.5 kW and 0 8 1/ min to 14 1/ min respectxvely -

| The samphng depth was .varied from 15 mm to 27 mm R

The effect of 100 ppm Na on the Sc ion srgnal at’ dxfferent plasma ‘55

powers and nebuhzer flowrates is shown in Fxgure 49 Each frame in the |
figure shows the vanatxon of the Sc ion sxgnal wrth nebuhzer ﬂowrate at a - "
certain powet The rf powers are 0 9 kW, 1.1 kW 1 3 kW and 1. 5 kW All the
data were acqmred ata samplmg depth of 15 mm from the load coxl It cah be i
seen that the effect of 100 ppm Nais to shxft the plot profile to higher "
nebuhzer flowrates ‘As aresult, the«ion srgnal for Sc is suppressed at low -
flowrates and enhanced at hxgh ﬂowrates Thxs shrft xs less ev1dent at the rf

power of 0‘9 KW. Sumlar plots showmg the effect of 1000 ppm Na et

Scare presented in Fxgure 50 The data for 100 ppm Na and mo&&pm N a : "

Were acquxred on dlfferent days, hence the sensmvxty for the i 1on srgnal 1s Co ’
“shghtly dxfferent In the presence of 1000. ppm Na the ion srgnal fof Sci 1s ~ : S
suppressed to a. greater extent than that at 100 ppm Na guppressxon of Sc 1on ’,7.{,

sxgnal occurs at all nebuhzer flowrates and plasma powers However, at low k-

" nebuhzer ﬂowrates, the suppress;on effect 1s less severe tha,n at hrgher

A /
§ :

_“nebuhzerﬂomates LT o ~a.
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3 The effect of samplmg depth on mat’rxx effect at a plasma power of 1 3 1.
kW 15 shown in. thures 51 and 52 for Na conCentratzons of 100 ppm and 1000
- pm respectxvely In Fxgure 51 it can be seen that the sh1ft in the parameter .
“ ‘tbehavxor plot occurs only at the samphng depth of 15 mm_At the samplmg i
'depths of 19 mm, 23 mm and 27 mm, however a suppress:on of the 1on . ’ '
Csi 51gna1 at aIl nebuhzer ﬂowrates is observed -As observed before,l at low : .' | ‘
-*-'nebuhzer ﬂowrates the ion stgnal is: suppressed to a 1esser degree Ih Frgure = |
' 52 an overall suppressron of Sc 1on sxgnal by 1000 ppm of Na i Is ¢ seen and N H , !
- matrix suppressmn may be as: lugh as 80 %. . . _ o

| Other analyte spec1es are. affected in the same manner as Sc in the‘ :
presence of a hxgh concentratron of Na. The parameter behav1or plofs
) .showmg the effect of 1000 ppm Na on the ion sxgnals of 0. 1 ppm Cr Zn Ga \
and ScO are 111ustrated in thure 53 at: an’f power of 1 3 kW and'a samplmg
‘depth of 15 mm It xs obvrous that all the analyte 1on sxgnals are suppressed
| by the Na matnx An mterestmg feature xs that the ion sxgnal for the
o molecular spec1es ScO is sumlarly suppressed as the other analytes HoWeVer .
¥ mconsrstent matnx effect behawor was obtamed for Cu 1on srgnals ‘An. "" " |
jenhancement of the Cui 1on 51gnal was observed m the presence of both 100 I‘ “
ppm and 1000 ppm Na The effect of 1000 ppm Na on the Cu ion sxgnal at f o
,' four plasma power settmgs 1s shown m Fxgure 54 The enhancement was |
a found to. be mdst ‘evident at small samphng depths, therefore, data taken at
o the samt)hng depth of 15 mm were chosen to 1llustrate the enham:ement S
. effect In addmon, it can be seen from F‘gure 54 that enhancement of the mn
srgnal is most pronounced @t low powers (s 1 1 kW) ’I'hxs mcrease m fon B

v:.'-‘\“‘_SIgnal was found to be due to the formatlon of themolecular specres ArNa* | ,

ia
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CoA . o | 132
peak at mass 63 was Ipresenf'but. there was no"'correspondi'ng peak at mass 65.
This indicates that the ion signal at mass 63 is not derived from Cu but rather
from 40Ar23Na. When the Na concentration is vaned from 0 ppm to 1000
ppm the ion mtensxty at mass 63 also varies accordxngly, this is shown in
Fxgure 55. ‘These data were acqmred thh the new ion lenses, thiis the ion
sxgnal sensmvrry is about an order of magmtude greater than that for the date

‘ m'Fxgure 54. From the data 1t can be seen that the ion signal of ArN’a
increases in direct propomon to the Na coneenrranon Incidently, another
isotopic combination of ArNa is 3Ar23Na at mass 59, which overlaps with

_cobalt. As the iéotopie abtrndance of 36Ar is only 0.34 %, no enhancement of
the Co ion eignal was obsetved even with 1000 ppm Na. However, its
contribution could be siéniﬁéant when determining trace levels of Co in
samples contalmng high concentranons of sodium. Therefore care should be

taken when determmmg Cu and Co in samples with high concentratrons of

sodlurn. .

D. "Effect of High Concentration of a Range of Marrix Elements on

" Analyte Ion Signals
The effect of 1000 ppm Cd on 0.1 ppm of Sc, Cr, Co, Cu{ Zn and Ga at 1.3

hY

kW is shown in Figure 56. The data were acquired at a sampling depth of 18
mm. It can be seen that ion sxgnals are severely suppressed as was the case for
the Na mamx Severe matrix suppressxon of analyte sxgnals Md SO far is
not found i m ICP-AES and these observatxons are most hkely unique to ICP-A T
MS. ’ '
In the followmg section, mterference effects from equl-molar
‘ concentrations of six matrix elements are illustrated. The concentration of . . <

" the matrix elements i 7.5 x 10-3 M which is eqmvalent to 1000 ppm of Cs, 863..

(OTI



133

e,
)

18000 T .
_1e0004 ArNa S

- : .

14000 §
12000 4
10000 -
8000 +
6000 1
4000 {

w~v 30 -

2000 1

08 085 09 095 1 1.05 1.1 115 1.2
' Nebulizer Flowrate

Figure 55." Dependence of ArNa ion signal on nebulizer flowrate and
Na matrix concentration T » N o

N
o



Sc

Qo

CATEIETED

50 08 0% OW 104 I It 1T 1M

134 10 o om oW ok

eiRIRIYy

104 110 I8 V22 1N 13 1©

o Paseed Cr'l 14000
’ l m. o 12000
O 20000 10000
. | 23000 =00
—N o0 wooo |-
S o
00
/ 19000
. ) =00 2000
S 0 - .o :
. 080 056 082 W 104 110 1B 2 1IN '\ 1@ 080 0S8 0¥ 008 104 110 V18 12 1M M1 ©
.
™ 2p
, 1800
1800
10 .
120 LT -]
— o \
[ -]
n I\‘
@ 1000 poom G4
0 o
. . " 'm 00 om ., AL RRE T BT S '|_~‘ T 080 .08 OX7 680 184 L1G LW VT2 A3 AD 1o
. N £) ! D p [
Nebulizer Flowrate -~ -
K3 * . R . / “
J. “ " '
- 3
- » ! R
[\Y A ' . » ¥ 4

Flgure 56. Ef

eFt

W

coxl

RY

y o

0f 1000 ppm Cd on Sc; Cr Co, Cu, Zn and Ga asa funcnon
*. of mebuhZer ﬂowrate Samphng depth was 18 mm from the loaq

134




R

. of the extracted jon beam occurs dunng the supersomc expansmn process, hut

'» hbecause complete freezmg of all chermcal processes is not achxeved ion-

"’ oceur. Therefore rnatnx mterferences in ICP-MS are hkely cau’sed by a

, . ' S s 135
ppm of In; 845 ppm of Cd, 775 ppm of Rh 895~"pprn‘ of Sn and 916 ppm of Sb.
The analytes are’l.0 ppm Se, Cr, Mn, Co, Cu and Zn. The rf poWer used was .
13 KW and the sampling depth was- 15 mm. Data for Cs In and Cd matnces
were acquired on a dlfferent day from those for Rh, Sn and Sb Although the
plasma operanng condmons were essentlally the same for both sets’ of data o

the sen51tiv1ty was different because dlfferent ion lens settings were used in
" the two expenments S " o L S e \‘

The data obtamed for Cs, In'and Cd matrlces are shown in Flgures 57,

58 and 59. Itis clear from the data presented that a hxgh concentration of all
4 [

- these matrix, elements causes a suppressxon of analyte sxgnal Smce the

ﬁ
solutrons have the Same molar concentratxon 1t appears that the greatest .

- matrix effect is assocxated with the Cs matrix Wthh is'an easxly ionized

| element Although still serxous a'smaller suppressxon effect is seen for Cd.

Not1ce too, that at the samplmg depth used, the suppression effect is ; \‘.
relatxvely small at nebulizer flowrates lower than 1.05 1/ mm At hxgher I‘\

nebuhzer fI’owrates where the analyte sxgnals are high matrix suppressxon is

. most severe. When a low nebulizer: flowrate is, used the plasma- operatmg/
B condmon is sxmxlar to that used for analytlcal deterrrunatxon in the ICP AES, ‘.

o where matnx effect is relatxvely srnall However, \the egctent of srgnal

| suppresston seen. at all nebulizer flowrates is much hxgher than that observed' a0
. in ICP AES so 1t is lxkely that mech,amsms u;uque to, ICP-MS are m,volved in -

causmg the matnx effect‘s observed For example, m the 1 torr regxon coolmg

" electron recombxnatxon, charge transfer and other molecular reactxons could

s -

»



I . , ’ "
\ .
320000 1 280000 4 '\CO"'
280000 1 ' 240000 '
240000 § 200000 1
200000 § 160000
160000 120000 {
120000 1 " 80000 | .
80000 1 1000ppm Cs
40000 40000 1 .
04 P o T s — y »
! 0.7 0.8 0.9 1 iR 1.2 0.7 0.8 09 1 1., 1
l 240000 1 C r 129000 1 Cu
,‘:‘O 2b°°°°. 100000 1
. [} 1000001, 80000 1
S 120000 - 60000 1 '
/ 80000 1 40000 .
40000 200007 .
S - ) e 0 —peme 0
' 0.7 0.8 07 o8 09. 1 1 1
. 350000y M * 300007 . 7.
© 300000 . 25000 1 . n
- 2500001 2000047
2900“01‘ a " ¢ "ooo 4
= .
150000 1. 10000 . ’
PEERLULEL B o
"80000 1 L scoot . —
N ‘0 o . 0 fo==f=md .
AR * S Y N X 1 11 12 07 08 09 1 11
S - . NebulizerFlowrate
. ) . . . . T .
i 4 Yo .lf.
3 | '
.

136

Fxgure 57 Effect of 1000 ppm Cs on 1 ppm Sc, Cr, Mn, Co, Cu and Zn asa .-

.

funchon of ,nebuhzer flowrate
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B count occurred Set in this manner, the voltage on the photon stop normally e

2" aay. ] ‘f‘\"

)

-~ . ' . . A
", i ‘ Ca o . ‘ ",
combmatron of processes occurrxng in the plasma dlscharge itself and in other

’\

parts of the mass speqtrometer h l ‘,~

Suppressron 'of analyte signals by equl-«molar arnount.s of Rh, Sn and Sbr»

matnces are shown in Frgures 60, 61 and 62, Srgnal suppressron occurs for all

" analytes in the three. matrxces sxmtlar to the data )ust shown for Cs, In and

cd: It should be noted that the amons of the three matrices were dlfferent It
was reported by Brown [64] that 'rmneral acrds w1th dlfferent amons _ '

suppressed analyte signal to drfferent degrees Therefore in order to make L K

the anions of the matrix elements are the same In addmon, the total salt
concentratlon of the solunon and the amount of acxd added for stabxhzatxon -'

t t.:'

should also be equrvalent : - Qo o

E ‘I Effe t of P oton Sto Volta e (Lens B) on the Matrix Effec |

v When carrymg out the matrix effect‘ expenments the lens voltage on
the photon stop (lens B) was usually ad]usted at the begmnmg ofan h
expenment to brovxde a maximum jon count for Cu Voltage ad)ustment
‘was performed at the nebulizer flowrate m whxch the maximum Cu ion

* r """""

is qmte reproducxblé frorn day to day and has the value of 55 i 0. 5 V. The +

0 5V 1snot the range assocxated with the prec151on of the voltage settmg but . .

» rather the possrble varﬁnon in the voltage of the photon stop from day to

L

The xon srgnals of Co and cd thh a H wuhout the presence of 1000

ppm Na were measured asa functxon of the voltage of the photon stop at 3

drfferent nebuhzer ﬂowrates,, the resultmg data are plotted m Fxgure 63 Note e
that for tlus dlagram, the desxgnatlon symbols for the analyte sxgnals w:th and' s

v

1,

SRR - A

)

‘ vahd comparisons-among. drfferent matrlces, it 1s 1mportant to make sure that
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wtthout matrlx are reverse to that in other figures in this chapter First, it canlﬁ 3
. be seen that the maxtmum ion count for Co occurs ata Iower voltage than

- that for Cd At the nebuhzer ﬂowrate of 1.1 l/ min, the maxrmum jon count

for Co occurs at about 5 oV whereas 1t occurs at about 7 0 V for Cd Thrs is

because the ion kmettc energy of Co and Cd 1s drfferent For both elements

the peak stgnal occurs at hrgher lens voltage settmgs as the nebulizer flowrate

is decreased At a parttcular nebuhzer flowrate setting, the amount of matrix

suppresston does not change srgmﬁcantly wrth changes in the photon stop

voltage The results show that even though the photon stop voltage may ‘be

set at a slxghtly dtfferent value for each expenment the matnx effect observed

s not srgmficantly affected by the photon stop voltage

All the data in this sectzon were acqutred at a plasma power of 1. 3 kW

and at 15 mm frorr} the load coil. ‘The overall effect of dtfferent Na
concentrattons on 0 1 ppm Li, Al, Sc, Co, Ba2*, Ba, Pb and Th between the .
nebuhzer flowrates of 0.7 1/ min to 1 21/min xs shown in Fxgures 64a and 64b
The concentratlons of the Na matnx are 0. l ppm, 1 ppm 10 ppm 100 ppm
| SOOppm and 1000 ppm from the top to the bottom Asexpected no matrlx
effect is observed for Na concentratxons of 0. 1 ppm and Ippm ‘An mcreasmg];
matnx effect however, 1s seen for Na concentratlons htgher than 10 ppm “
‘ | In order to have a clearer plcture of the degree of the matnx effect the
percent matnx effect for the analyte elements Al Co, Rh Ba and Pb is plotted 3
agamst Na concentrahon m Fxgure 65 for nebulxzer ﬂowrates of 0. 9 1/min, 1.0
l/ mtn and 1 1 l/rnm At a nebuhzer flowrate of 0 9 l/ mm Na concentrattons.v-"v;-t' S
up to 10 ppm do not affect the analyte ion srgnal For Na concentratxons o L
greater than 10 ppm, however, the analyte 1on sxgnalsere mcreasmgly
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| suppreSSéd‘ The suppression effect is about 20 %~at 100 ppm Na and it is "
about 40 % at. 1000 ppm Na. All the analyte elements seem to be affected to
about the same extent by dxfferent concentratlons of the matnx element.
Suppressxon of analyte ion sxgnal is much greater at 1.1 1/min, which is the
nebulizer ﬂowrate at which maximum jon signals occurred for most
elements. At tlus ﬂowrate ‘sllgmficant matrix suppression of the 'analytes ts
observed even at 10 ppm Na and as much as 70 % suppression of the analyte
srgnal is féund with 1000 ppm Na. | )

Anomalous results were obtained for the nebuhzer flowrate of 1.0
1/ min. The matrix effects exerted by 500 ppm and 1000 ppm Na were less than
that observed for 09 l/ min: Indeed, with 500 ppm Na there i is no sxgmficant
matnx effect at all Looking at Figure 64, one notices that the profxles of the
parameter plots.in the presence of 500 ppm and 1000 ppm Na are shghtly
| slufted to lower nebuhzer flowrates. Consequently, the suppressxon effects
between the nebulizer flowrates of 0.95 1/ min to 1.0 1/min are decreased. In
other words the absolute amount of ion count lost due to the presence of the
Na matrix 1s about the same at all nebuhzer flowrates lower than 1.0 1/min, A
but the ion. srgnal detected mcreases sés with the nebuhzer flowrate up to about
'1.11/min. As a result, the percent matrix effect‘c_alculated for 1.0 1/min is |
lower than 0.9 1/min for 500 ppm and 1000 ﬁpm.Na? o L
- Similar data acquired with Cs as the ma'_trbt element are shown in
: Figures66a and 66b. From these 'data, it ‘can be seen that there is no* significant
matrix effect associated w1th the presence of 0.1 ppm, 1.0 ppm and 10 ppm of
Cs for all the-three nebuhzer ﬂowrates For matrix concentrahons greater
than 10 ppm, however, distinct changes in the analyte ion srgnals are seen.
An mterestmg feature in this figure is that at 100 ppm Cs, there seems to be a

shift in the parameter plot profiles of Li, Al Sc, Co and Ba?* similar to that -
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‘ observ‘ed for' l\la in Figure 49. On comparison with Flgures 64a 'and 64b, the :
amount of suppressron exerted by equal concentratxons of the matrrx element .

seems to be greater for Cs as compared to Na Notrce too that the matrrx

: 'effect is greater for lighter analyte elements such-as Li, Al Sc and Co than for. "~

l.«

Pb and Th . |
© The percent matnx effect assoaated w1th the analyte elements Al Co,
Ba and Th in the presence of various concent;anons of Cs are plotted in
- 'Flgure 67, at nebuhzer flowrates of 0.9 l/rnm, 1 0 1/min and 1 11/min. Iti xs -
"obwous from these data that no matrix effect is exercxsed on the analyte
. 151gnals for matnx concentratxons of less’ than 10, ppm Cs In general at Cs
concentratxons hrgher than 10 ppm, the matnx effect mcreases with | an
- increase m the matnx concentratxon As the nebuhzer flowrate mcreases
s from 0. 9 l/ min to 11 1/ rmn, the matrix suppressron also mcreases—steadxly in
; ‘seventy Unhke the Na matnx the Cs matrxx seems to affect mdxwdual .. _
‘T'fanalyte element dtfferently dependmg on thetr masses. At each nebuhzer‘ -
rowrate suppressron of the ron srgnal is most severe for hght elements such
- as Al and Co as compared to Ba and Pb Indeed for 0 9 l/ mm o matrlx effect .A -
l .1s observed for Ba and Pb Thrs rnass dependence of the matnx effect wrll be If, B

. studxed in’ greater detaxl in Chapter 6

] . " The aun of tlus expenment was to study how the absolute salt

. ;concentratxon of a sample solutron affects the matnx effect observed 'I'he >
matnx elements studred were K and Zn The analyte’s Were L1 Al Se“’Co, Rh; |
}Pt and Pb and their concentratxons were 2 2 x 10'5 M whxch correspond to 1 '
PPm Sc The concentratron of the matn\ element was 22x 10'2 M



: Therefore the solution contamed 1 1000 molar ratio of the analyte to the =
'matnx element T}us solutxon was then dxluted by 10 nmes and 100 tlmes to
‘obtam two other solunons For each matrix element then, there are three sets
of solutxons, set l consxstmg of a2.2 x 10‘5 M analyte solunon and‘a2.2 x 105 “ :
M:22x 10‘2 M of analyte and matrix element solutton set2 conslstxng of a "
2.2x 10‘6M analyte s“utlon and a 22x lO“’M 22x 103 M of analyte and

| matnx element and set C nsxstmg of a22x 10‘7 M analyte ‘solution and a

,22x10‘7M 22x10‘4Mof ‘

alyte and ‘matrix element solution. The three

solutrons contaxmng a mattix ‘ ement have d.tfferent total molar :

. "concentratlons but have the same constant molar ratio of analyte to matrtx

. element "The composmon of the so utlon in set 1 contarmng exther K or Zn :

- as the matrix element is hsted in Tabl 13 | - o
o The results obtained for the K and Zn matrxces are presented in Fxgures-:v -
y ;68 The ﬁrst column in the ﬁgure shows the matrix effects for 2.2 x l()"-Z M K
and Znon thelon slgnals of 2.2 x 10'5ML1 Al Sc Co, Rh, Pt and Pb. The 3
concentratlons of K and Zn are 860 ppm and 1430 ppm respectlvely An e
overall suppressron of 1on sxgnal is observed for all analytes at all nebuhzer o
flowrates with K exertmg more suppressxon effect than Zn. In the second

column, the matnx effect of 2. 2x 10‘3 M K anfDZn on the analyte ion sxgnal 1s -
Ny 1llustrated The suppressxon A)f the ion sxgnal 1s not as severe for the dtluted f -

o solutlon ln fact at’ low nebuhzer ﬂowrates, there is an enhancement of xon

| szgnals Further dxluhon of this solutxon by ten tlmes results in an overall

'enhancement of analyte ion srgnals at all nebuhzer ﬂowrates as shown by the

M,.

E tlurd column of Figure 68. The enhancement effect provrded by the K matnx
seems to be greater than that of the Zn matnx but the mn sxgﬂals for some of
‘the analyte elements are small therefore, they could be more suscepttble to

- ‘.(‘

background mterferences
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T‘able‘l;i." Concentration of the analytés and mafrjx elements used i‘n' ‘
' Section'G o ' : C

‘Analyté'sf 22X 10“'5_1'\_4‘_‘ : “Matrix elements , ‘2..2'x 102 M

L ompem . K . . 80ppm
Al 0.59 ppm . - Zn '1430pp'rri"_'
‘sc  loppm- . o T
.Co . 13ppm
Rn. . 23ppm
Ba . . 30ppm- - ,
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ﬁgﬁi& Effect of matnx element concentratxon (Zn and K) on' analyte
‘elements. Concentration. listed for: each column is. that for the

, B e j"'i_analyte element and the mo rano of matnx to analyte i 1s
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. Tlus set of data is mdeed very mterestlng It 1nd1cates that the matrix )
“ | 1nterference effect in. ICP-MS is dependent on the total concentratron of the.

- sample solunon It appears that upon dxlunon, the nature of the matrxx effert '.
. ..changes frorn one of ma;or, suppressmn to one of minor suppressxon and/ or
; enhancement even though the molar ratlo of analyte to rnatnx element
: ‘trernamsatllOOO oo o

Summag gj ang]hglgn 'y

From the results presented m this chapter x‘t is clear that the presence of
‘ hxgh concentrahons of a conconutant salt in ICP—MS isa serrous problem It .
" was seen that matnx mterterences are dependenlt on the plasma OPeratmg
“ condmons For the range of samphng depths studled (lSmm to 27 mm) |
rr“natrrx effects seem to be srnallest at 15 mm. Matnx suppressxon is also very
;dependent on the nebuLzer ﬂowrate At low ﬂowrateg (<10Y/ mm) matrix.
suppressxon 1s rrummal, then mcreases rapldly with mcreasmg nebulxzer | |
2 ﬂowrates Therefore, in order to clanfy matnx mterferences in ICP-MS 1t is \
. unportant to study them wrth respect to vanatmns in the plasma operatmg |
T._'condmons, especrally thh respect to the nebuhzer ﬂowrate | |
i It was found that matnx suppressron 1s dependent on the absolute '
‘matnx salt concentrauon and not thé molar concentratlon ratlo of the analyte )
to matnx element Tlus feature was clearly xllustrated by the experxments in’ |
: ‘_;“"Sechons F and G When the concentrauon of the matnx elément 1s hrgh G
1 0‘3 M), suppressxon of analyte mn sxgnal is prevalent As the absolute ’ S i
'-',__'"concentranon of the matnx element 1s decreased to less than 10‘3 M no |

"'5“'matnx effect_ xs observed even though—the molar ratro of the analyte to matnx )




Another type of matnx mterference results from the formatlon of the =
molecular spec1es ArX where X is any element present in hxgh concentranon
. .m the plasma The amount of ArX formed 1s dependent on the concentratton
of the matnx element and the plasma operanng condxtions | Lo
“ l‘ ' Another 1mportant aspect in the study of matnx effects in ICP M3 xs :
the memory effect assoaated thh asptraung solutlons contammg hlgh total
i ysalt concentratlons Memory effects in most mstances appear to be due to the :
‘deposmon of salt in the samphng orxﬁces For the expenments perforrned it
was’ found that memory effects weére not a senous problem for concentrattons
: less than 100 ppm but a. 10 to 20 % unrecovemble loss of analyte ion signal
Imay result 1f the total salt concentratxon exceeds 500 ppm ‘This loss of analyte
| ion sxgnal is normally reCOVered when salt deposmon is burnt off or when
, the samphng ortﬁce is removed and cleaned 'I‘o estimate the memory effect

in ICI"MS may prove to be a complex task since it is dependent on several

| factors such as. the phy51cal propernes of the elements tnvolved and the

‘ j"plasma operatmg condxtxons RO - R .



CHAPTER 6
MATRIX EFFECTS N ICP—MS (PART 2)

\

A Introductxon
It is evxdent from Chapter 5 that ICP—MS is very suscepuble to

‘,'mterferences from comparatxvely low concentranons of matrix elements |
‘. rMatrix concentratlons Yof 1000 ppm senously suppress analyte jion sxgnals by ,‘

up to 80 %. Mechamsms ngmg rise to matrxx 1nterferences in ICP-MS are .

‘e
l

. ‘hkely complex Matnx 1nterferences may not only ongmate from processes
occumng in the ICP system but also from processes oécumng in the 1on
»samplmg mterface and mass spectrometer A feature of matrxx mterference
in ICP-MS is its dependenée on the mass of analyte elements In thxs chapter; -
'the dependence of matnx effect on thggag_oﬁ_thematnx element and |
. analyte element in ICP-MS is mvesbgated in more detall The mamx effects
“ of 12 matnx elements on 8 analyte elements are studied. The matnx o
elements mvestxgated are B Na K, Cr Zn, Rb, Cd, In, Cs, Au, Tl and U. The ” |
. analyte elements.studxed a're Lx, Al,‘Sc, Co(,Rh, Ba, Pb and Th, |

f‘.B.v'_~:"E>’<perxmental ‘ L
‘. i‘The plasma operatmg condmons for the experunents were as follows, 5
prower 13kW S } | ’
"‘E."‘Plasma gas ﬂowrate 11 Ol/mm o S . . _ ' *
Auxxhary gas ﬂowrate 14l/mm | Lo
ij;;;;Nebuhzer gasﬂowrate to7 121/mm E
~ ';"“.}'ﬂ The mst‘rumental data aquxsmon condmons used were EE
f:.i'nesoluucfi mode 1_6%_ S T T




: S /.‘ R (-
Datapomts/peak 9 RN 'f:; _ o o '
" _-Integratton txme/data pomt Ols BT I

Repeits of measurement 5 | "‘;'

' The lens settings on the mass spectrometer were opttmtzed to obtain

maxtmum Cu 1on counts As mentxoned before a mass ﬂow controller was -
mstalled on the aerosol carrier gas flow to provtde prectse corttrol of this ‘,' =
'Hﬂowrate Solunons were deltvered to a Memhard nebulxzer by a pertstalttc

‘, pump m order to mamtam a constant uptake rate m the event that the

solutton wscosmes changed as a result of altermg the matnx concentrations |

ﬂ All soluttons were, made up in 2 % nitric acxd usmg dlstllled/ detomzed
water Solutxons contammg equt-molar concentrano& of the matrtx A
:elements, B Na, K, Cr, Zn, Rb Cd, In Cs, Au, Tl and Uwere prepared The
_matrix concentratmn used was 4.2 X 10‘3 M whtch is equtvalent to' 1000 ppm

U All solutlons except for Tl and'U were prepared from thetr correspondmg

~ chloride salts The T solutton was prepared from &talhum ox1de and the U -~
“solutton was prepared from uranium sulfate.’ The chemicals used were |
carefully selected to mmuruze contammatton to the ana te elements The |
analyte concentrauon in @se soluttons was 1 ppm Of\l..l, Al Sc, Co Rh Ba N

| “Pb and Th Stnce the concentratlo : he solutlons was suf&tcxently dtlute,

g 'the uptake rate and the efﬁmency of/ 'h -concen,tnc nebuhzer, hence, the L
‘amount of analyte that was transférred to the plasma, should not be
’ substantxally altered in these dtfferent matnces The concentrattons in pme o 5

and sorne propertles of the matnx elements and analytes are ltsted in Table

Rl

Y

B | The data for tlus study were acqutred m the followmg manner Ftrst o v
- the 1on sxgnals of the analytes w1thout matnx wu'e measured at nebuhzer ‘ |

'flowrates begmmg from 0 7 I/ mm‘to 1 2 l/ rmn at 0 05 l/mm mtervals, then,i | t
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Table 14. Mass, ionization potential ‘and degree of ionization of mamx
elements and analyte elements ;

Matix  Conc | Mass  IP(eV) _Qezgreegflomzanon(%)l
_&M L_Q3__l .

%

‘1 by Furuta from referex{ce [16] calculated usmg Tion = 6680 K, ne =1 475 X

10“cm*-3 SR e
) by Houk from reference [15] calculated usmg qun = 7500 K, ne lx 1015

‘3 j‘anization Lpdte'ntléls frqm reference [79]
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B 4 ppm 1081 . 8298 62.03 a
Zn . ' 275ppm '6538 | 9394 '’ 7450 _
Cd . 472 ppm  112.41 8.993 > 8543 ,
""Aur .  827ppm: 19%. g; 9225 . 48.87 ‘
Na 97 ppm | 5.139 99.91 g
K . 164 ppm 3910 | 4341 . 9997 ’
Cr 21 ppm 5199 6766 - 98.89
Rb 359 ppin 8547 4177 . 99.98 S ,
In 482ppm  114.82. 578 9942 RN
'Cs ... .S559ppth 13291 - 38% 9998 7 . 7.
Tl 858 ppm " 204.38 ) 6.108 99.38 ' *a
U 1000 ppin- 283" ¢3% 100 2 '
. S N\ R L
Agalytg Conc Mass ‘IP (V) Degree of Ionization.(%)"}
| Elements : : - - 1
—— ; . .: o o . . | \
L Jppm , 694 . 5392 ‘\, 9985 1 - - 7.
Al © - 1ppm 2698 598 = 9892 .
S¢ °  1ppm. 4496 T654 . '99.71
. Co.' lppm " 5893 . - 78 - 9483
RR® ~ .Ippm ' 10291 -, 746. - 9587 -
,Ba . . 1ppm 137.33 7 5212 - 999 . N
Pb Jppm 2072 7416 . 9793 .+ )
Th A ppm '232.03 . - 75% 100 "2 " &
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the ion signals /of the analytes tyith a matrix element present were similarly
measured at nebulizer flowrates beglning from 0.7 1/min to 1.2 1/ mln. The
above procedure was repeated for each matrix element. F.ach set of data
measured for nebulizer flowrates of 0.7 1/min to 1.2 1/min was acquired in
about 15 to 20 mins. The matrix effect at:[e?/\c'h nébulizer flowrate was then

calculated as follows An average anélgte jon stgnaLfor the solution -

t ~

contammg no matrix element was first obtamed This averag\lon sngnal was
obtamed by averagmg the analyte sxgnals for the solution w1thout a natrix )
_element meaSured just before and after the solution containing a_matnix
_element. Thxs was done in order to compensate for any drift in the 1011
sxgnals The difference between the average ion signal (with no matmf) and
the i ion sxgnal (with amatrix element) was then dtvxded by the average ion

signal (W1th no matrix) to. give the matrix effect whxch 1s expressed asl a

+ percentage in most plots o . | o

0y ' ? , . |

C. Precision and'Reprgducibiligg of Data ‘ : / {'
fac

In an evalua"tion of the errors in the data, two importap rs have -

_to be consxdered/ They are the precision of the ion sngnal oﬁtamed tom 5 - , :;v

repeat measurements at a parncular nebuhzer flowrate and the |

reproducxbxhty of the ion signal obtained about one half hour later at the

. same nebuhzer ﬂoWrate In general, the relative standard devlanon for 5

.‘ repeats is about 1- 5 % except at the low (<038 1/min) or htgh (>1 1 I/mm)

‘nebuhzer’ ﬂowrates At these two extremes, the relanve standard dev1atlon

can be as hxgh as 10 % because the ions counts are low. o
.-The reproduabxhty of two data points obtained abouf one half hour 3‘ :

t vapart at the same nebulizer ﬂpwrate is dependent on the drift of the- e

mstrument and the preasxon m resettmg to the same nebuhzer flowrate thh
: : . . RO RA
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Figure 69. Reproducxblhty of two nebuhzer ﬂowrate parameter plots for Sc
and Ba taken one-half hour apart Lo
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" the mass flow controller Under normal workmg condttions the drift of the |
ion srgnal over one hour was about % 10 %. The mass ﬂow controller can be’
reset to 0 01 1/min. Examples of the reproducxbtlty of 2 sets of’ data are:

,shown in Fxgure 69 for Sc and Ba. At low nebulizer flowrates (< 0.951/ min),

~ reproducrbxltty is reasonably good and is greater than 95 %. At these nebuhzer
flowrates, the change in theuon signal wrth a change in the nebuhzer ﬂowrate

is gradual hence the i ion signal is not affected 51gmﬁcantly by any tmprec1sxon
involved in resetting the mass f flow controller But at higher flowrates, |
‘reprodumbtlxty tends to be poor because of the steeper slope of the parameter
plot. .Imprecision in resetttng the mass flow controller to the same nebulizer
flowrate can advetsely affect the reproducibllity in this region. As the N Cw
nebulizer '"flowrate cannot\l)e reset to better than + (l.Ol 1/min, an error of ‘a‘s
much as 15 % can occur between two runs at nebuliZer ﬂowrates of 1.0 1/min

to 1.2 1/min where the change of ion counts with flowrate is rapid.

s

iy

D. Matnx Effegts at a Ngbullzer Flowrate of 0.9 l[mm
As seen from the data presented in Chapter 5, matnx effects vary

srgmﬁcantly with nebuhzer flowrate. In addmon, matrix effects were also
found to be dependent on ﬁ@ass of the matrix element The matrix’ effects
exerted by 4.2 x 10-3 M of B, Na, lzn Rb, Cd, Cs, Au, Tl, Uon thei ion signal of 1

: ppm Sc are shown in Fxgure 70 fpra nebulxzer ﬂowrate of 0 9 l/ mm In this ~ -

‘ ~'figure, the percentage matnx effect is plotted agaxnst the mass of the matnx

o velement It can be seen that'

ppression'of the Sc fon signal increases With'an

.' increase of the mass of the {matrix elements and a zig-zag line i 1s obtamed If
' .,the matnx elemenis are sep ated into 2 groups, the first group w1th htgh R
o mmzahon poten'ls (B, Zn, d; and Au) and the second group wrth low |

'1omzatton potentxals (Na, Rb s, Tl and U), two smooth dlstmct lmes are
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obtamed Thrs shows that matnx elements w1th hlgh ionization potenttals

-(B Zn, Cd, Au) catise less suppressxon of the Sc ion s1gnal than the more
easxly 1omzed matrlx elements. (Na, Rb Cs TI, U) However for both groups }
B of matrix’ elements the suppressxon of the Sc i 1on sxgnal incfeases with the |
: mass of the matnx element. The dependence of a matnx effect on the miass of
the matrix element has never been observed in ICP-AES and this mass effect .
. most hkely ongmates from processes occumng at the extractton mterface and ,
in the mass spectrometer o . | |
In Fxgure 71, the matnx effects for all the analyte elements, Ll, Al, Sc, u .
Co, Rh, Ba, Pb and Th, are plotted agamst the mass of the matnx elemenff in -
the same format as for Fxgure 70 Each frax‘ne in Figure 71 1llus)t§es4‘h
matrix effect for each analyte element at a nebuhZer flowrate of 0.9 l/ min, - If
one examines Fxgure 71 begmnmg with the plot for Li m the ﬁrst column P
) through Al Sc Co, to Rh in the second column it can be seen that the overall
matnx effect decreases with an mcrease in the mass of. the analyte element
For analyte elements in the second column (Rh Ba Pb and Th), . ‘
enhancement of ion sxgnals 1s observed for matpx elements thh a hrgh
1omzanon potentlal It can also be" seen that there is httle if any suppressxon 2

of the ion sxgnals of Pb and Th in the Ieasﬂy 1omzed matnces except for '

Y e o b

»
»

wranium. . - f . oy

PN

" The dependence of mamx effect On the masses of the analyte and
rnauxx element is clearly seen 1f the data in F‘gure 71 are replotted as shown
m Fxgure 72. In the top frame qf Flgure 72 the matnx ’effects expenenced by
Al Co/ﬁh.’/l; and Th m the hxgh iomzatxon potenhal matncés aré shown In

thel er frame of Flgure 72 the matnx effects expenenced by the SMe group

of i alytes m the easxly 1omzed matnces are shown 'I'he matnx ‘ lements are
e :
ntdlcated on the mass axes at theg'dﬂ)propnate masses In both 'matnces, 1t xs
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clearly seen that hght analyte elements such as Al and Co are suppressed |
| more severely than the heavier analyte elements such as Rh Ba and Th
Also, suppressxon of the analyte srgnals is most severe in matnces containing

- heavy matrix elements such as Au or U as compared to hght matrrx eIements B
‘ -lxkeZn orNa o - SRR I A S !

‘ ‘In Figure 73, the vanatxor: of matrrx effects thh the mass of the analyte -
; element for both classes of matrix elements is clearly 1llustrated In the top

‘.dragram, the dependence of matnk effect on the mass of the analyte m the

| presence of the hxgh 1omzanon potenual matrix element is shown In the

*“lower dtagram the dependence of the matnx effeét in the lower 1omzatlon ,‘

potentxal matnx elements is shown Clearly, the hxgh ionization potenttal

matrix elements exert less suppressxon of all analyte ion srgnals as compared

to the lower 1omzatxon potentxal matrix elements In addmon, analyte

| v'elements w1th a mass greater than 150 experrenced relatlvely small matrix e

interference effects in both types of matnces except the u matnx Ce

| An mterestmg set of data is shown in Frgure 74. Data are presented f

| 'that compare the mass dependency of the matnx effect for Ba+ and Ba2+ o
‘analyte 51gnals These data mdxcate that for analyté‘ itis the mass to charge

raho that 1s important in determimng the“degree of the matnx effect The
"matnx effect trends observed for Ba2+ (m/ z'= 69) as$ shown in the top of Flgure

: 74 dre clearly more smular to a hghter element such as Co'(m/ z 59) as .’ ;J;\_

: ]shown in Flgure 71
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ang;.Co Each col presents the ;hatnx effects characterrstrc of each nebuhzer .
, flowrate £n

ﬂomatesof08 085 09 095 10and1051/m1n Theplotformatforeach ‘ |

framem the figure is the same as that for Frgure 70 ’l'he rows xllustrate the

| matnx effect behavrors for the analyte elements of Lx Al Co Rh, Ba Pb and -

W Th, The plots for Sc were ormtted because they are very srrmlar to those of '

dmon to the 2 groups of mamx*elements dlscussed «
\

" prevrouily, the matrrgc elements K Cr and In are also mcluded in thxs set of " . |

; 3
- As the nebultzer ﬂowrate is mcreased, matnx effects (suppressrons and

o drfference m the matnx effect exertecl by the 2 groups of matrrces mcreases

t

-the K and Cr matnces wrll be dxscussed later in the chapter

data The In data fits -well into the easrly 1omzed elem!nts group but K and Cr v

' 'matnces in most 1nstances behave drfferently The anomalous behavxor of

L

p "‘ From thxs rather complex dragram several interésting features can be ‘,
. ”‘s‘
1dent1f1ed In general mamx effects are smaller at lower. nebuhzer flowrafes '

\
¥

B enhancements) become more severe Dependence ofithe matnx effect on the |

L

| 'mass of the matrtx element is not- observed at all nebulrzer flowrates The
mass dependence 1s only clearly seen at 0. 85 0.9 1/min and 0.95 1/ mrn for both
f‘; groups of matrrces At the nebulrzer flowrates of 1.0 l/ min and 1. OS l/mln, no

‘..““smooth trend m the plots is observed However,&t can. be seen that the o ' L

" ,I.from 0. 8 1/ xrun to 0 95 l/ mm, as 1s mdtcated by the greater separatton of the 2
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_ The data from Fxgure 75 are replotted for each nebullzer flowrate in’ )
Fxgures 76 and 77. In boﬁl these ﬁgures matrix effects fgr the htgh 1omzahon
potennal matnx elements are sho m\the\ftrs column and, those for the
low tomzatxon potennal matnx elements are shown m the second column

In Figure 76 the mamx effect is plotted agamst the mass of the matnx ‘,

t

- emt whereas in Flgure 77 the ma&x effect is plotted agamst the mass of

» P h N s * Y
the analyte element ‘From these data, 1t can be seen that although matrtx

effects ata nebulizer flowrate of O 8 l/ rmn are relatlvely small the separatxon

o

X of the matnx elements into 2 groups 1s Stlll evxdent however the

S

-

[

dependence of matrxx effect on the mass of analyte element is not observed

- ‘ L .L,

for tlus ﬂowrate ‘For the high 1omzatron potentxal matrlces at nebullzer N
flowrates 0.85, 0. 9 and 1.0'1/min, tl%e depen%ence of the matnx effect on the pe «@“

mass of matnx element and analyte element is clearly observed Unexgected

Ed

behavxor is. observed at O 951 / niin, where a mtmmal matnx effect is obtamed
For low 1omzatron potentlal matnces, the dependenee on mass is observed at
all flowrates except at0.8 1/ min and 1 0 1/ mm Although no stnooth trend is_,

observed for the dependence on the mass of the matnx elements at 1.0 1/min B "

for the low 1omzatlon potentréﬁl m‘atnces the dependence of the matrxx

on the mass of the analyte elements is stxll clearly seen (see Fxgure 77).

Changes m the parameter behavxor plots w1th the mtroductxon of a

,‘—/-

y matnx elernent are shown for Co (hght element) and Pb (heavy element) xn

shown m Fxgure 79 It ,can'be seen from these;ploﬂ‘ts that at low flowrates (<
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0951/ mm) the ,spre of the parameter behavxor plots 19'relat1vely ﬂat |

However, at hxgher nebuhzer flowrates, there are some changes in t‘t;’e profx)le
‘of the plots, especially for matnces contammg heavy matrxx elements. From =
Flgure 78, it can be seen that in B and Zn ma’trrces the, parameter plots are not
changed sxgmfxcantly for Co and Pb. Butin trte Cd and Au matrices, the
maxima of the plots are shxfted to hxgher flo{vrates This causes an © %
* enhancement of ion counts above a neBuhzer flowrate of about 1.053#min, h
. For the low xomzatton potentlal matrix elements i in thure 79, matrix effects
are more severe and the change in the plot profile is not so obvious, although
there seems to be also some shxfun the maxima of these | plots at hxgh
. nebulizer flowrates. . ' "I
From Figure 79, it can be seen thatt’he jitter in the analyte signal- ' ~
nebulizer flowrate parameter plots for Co 'with the K matnx and Pb with the
Cs matrix gives rise to erratic matrix effect behavior. For the nebulizer
flowrate of 1.0 I/min"in Figure 75 the ma.l;s dependency plot swings from
suppression to enhancement and back again to suppression. For nebulizer
flowrates that maximize the analyte signal (1.0 1/min), slight shifts in the
p‘arameter’plots can generate misleading matri'x effect measurements when
riata are taken at only one nebulizer flowrate. This gees to show the difficulty .
that researchers have had in obtaining fmeaning?ﬁl, reliable and transferable
matrix effect data in ICP-MS. ' ‘ v
These data shew that at high nebu{izer ﬂowrates the piot profiles can
be shifted. These shifts could be the result of changes occurring in.t’i\e plasma
discharge because of the presence of a matri)t element, and also the result of
changes occurring at the exiraction interface. Since the maximum of the ion
s'ignal-nebulizer flowrate plot is critically dependent on the spa‘t'ial
distribution of the jons in the plasma as well as any physical ehanges at the ' >'

[l
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extractton interface such as salt deposmon in the samplmg orifice, the data in |
this region is often noisy and variable. Furthermore, since the slope of the
~jon signal- nebuhzer flowrate plot at hxgh flowrates is steep, it is more |
| susceptxble to small drfferences in the nebuhzer flowrate set. by the mass flow '

, controller These factors therefore give rise to the poor reproducxbxllty in the

' matrix effects observed at hxgh nebuhzer flowrates
T 1

ATy P

G. Mai Eff‘ in ICP-AES' .\
’ N Smular matnx effect expenments were camed out on an ARL 34000 -
ICP—AES in order to mmpar; matrix effect behayior in Igl’ IMS to ICP—AES g,
‘Analyte elements studxed were Lx, Mg, Cr, Mn, Sr, Ba and. Pb and matrix

| ‘elements were 4. 2 X 10'3%/[ B, Zn Cd, Ay, Na, K, Rb Cs and U. Matrix effects

. were measured at nebuhzer ﬂowrates of 09 l/mm and 1. 4 1/min. The p!asma .
operatmg condxtions were. plasma power, 1, 25 kW plasma gas pressure 40 - |
psi; auxrhary gas pressure, 20 ps1 and the observatxon helght was 15-17 mm
‘above the load coxl The mtegranon t1me for each analyte spectral line was 20

Fa i'

s and 6 i‘epeutwe measurements were taken. A o 0 N
3 y
- The daba obtamed at 0. 9 l/nun and 1 4 l/nun are shown in Table 15. It ‘o,

‘32 clearly seen that matrlx effects m atoﬁ\xc errussxon spectroscopy aresmall f
and in general less than 10 % for al} types of matnces The large apparent {' .' |
enhancement of thg ermss;on sxgnals fOr Mg in U”matnx and for Pb in Zn
‘ matrix are most probably the result of spectral overlap A small mcrease m , | - ..
the enhancement of analyte exmssxon 1s observed at 1 4 l/rmn 1n the low / |
xonizatxpn potential matnces il'hese results clearly shov;r‘that at the matnx ,
concentratton levels used m this expenment matrix effects m ICP-AES are o

mmimal and completely dxffergnt to that observed m ICP-MS

‘
.'\‘Lr.. K . . , . e Co . o
- 'y v N -r.' Soote o ! 4 A
L L e T S PR
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Table 15. Matrix effects in ICP-AES *

Nebﬁ)lizér Flowrate 0.9 1/min

B ‘matrix

Zn matrix
Cd matrix

‘Au matrix

. Na matrix

K matrix

Rb matrix

Cs matrix
‘U mqtrix

A —
5

" Analytes Li -
. B matrix 498 °
, . Zn'matrix - 2.03
- Cd matrix* - -4.95
. Aumatrix = 2.0
. Na matrix 1585
Kmatrix 193
" Rbmatrix  15.08
Cs matrix ' 20.83. .
U'matrix : =~ 6.8,

- *Values are in percentage

11 - -007 039
-053. 0.1 048
093 -0.14 0.62
206, 248 ' 25
. N
035 01 0.34,
-111 o.h%) 071
184 08 -1.84
187 . -017 133
49 410 45 -

Nebulizer Flowrate 1.4 1/ min

09 '

. -0.68
076
314

033

-118.. °

. 198
16
66

007 —036 021
07 061, -061
0.7 177 - 28
098 192 . 314
154° « 114 . | 371
21 155 . 363
19 . 1557 | 363.-
084 049 . 295
7.0 37 51
I

N

St

A5 .

\h‘
079 064
073 -057
099 086
233 235
057 046
-1.06 ;-0.9
239 9283
211 - 18
675 7.0
‘026, . 017
068 - 053
076 172
164 - 231
268 . 278
263 - 484 .
263 7 484
311 ‘396

.. 180

0.65
10.23
- 1.38
3.55

0.33
-0.77
1.82
1.09

" 4.4

<

147
11358
014
15 ",

4

1. 852 -
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794
932 .
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Desplte the CQmplexxtxes observed for mamx effecfs m ICP MS some R

\ '

' clear trends emerge from the data in Chapter 5 and ¢ hapter 6. Fxrst a general o

type of matrix effeot certamly GXIStS | It is a senous effect and generally results

in suppressxon of analyte sxgnals m the presence of thh concentratlons of

‘ matnx elements ‘The d,egree of the matnx effect is, strongly dependent on the .-f"

"

nebulizer flowrate anc{/ tends to be less severe at low nebuhzer ﬂowrates than

©at hlgh nebuhz&) flo ates The xmmmxzatlon of the matnx effeC“t by

) runmng at lower nebuhzer ﬂowrate normally means that one is runnmg at

LN

| ondmohs whxch are sub-opnmal w1th respect to sxgnal sensmvxty by as . :

much as a‘n order of magmtude Whlle suppressxon effects seem most

——

N .

| -'-general it Is posmble to observe\ enhancements partxcularly at hrgh nebuhzer

‘ flowrates where the data. also may exhtbit c0n51derable varxabxhty In fac

data jitter and as a resglt nusleadmg trends can be a senous problem in

MS matnx effect studles t'or measurements camed out at one set of

] condmons Overall if data are evdbated for a range of nebulizer flowrates,

-samplmg depth

. matnx effects are not sxgmﬁcantly altered by changes in plasma power and

4 . . . -
e . AN . N
" ' ' o

"

It appears that matnx effects are also dependent on the absolute

vconcentratlon of the matnx eTements and not on the relanve concentratxon of

’ the matnx element to the analyte Effects are observed at matnx element

PR ! f".-
v ' .

s concentratlons aslowas 100 ppm (. 01 %) and are generally quxte severe by

i-.fthe 1000 ppm ©1 %) level, R

s e

R

uute mass trends are observed for the matnx effect Heavy matrix

. elements cause more severe matnx effects and hght a.nalytes are more '

Af serxously affected The w0rst case senano is to try to determme L1 ina U

I S

e LT

matnx, - Sl e Lo PENEI . .



There 1s some mdlcanon that two classes of matnx elements ex:st "
L 1» A ,“

’ More severe rnatnx effects oceur in the presence of matnx elements that have N
LR TR ]

? low 1oruzatron potentlals and a hrgh degree (~ 100 %) of lomzatlon in the ICP.

‘For matnx elements that have relanvely hlgh 1omzat10n potentlals and that

l

_ . have a degree of 1omzatlon substantlally l@} than 100 % m the ICP matrrx

| v:effects are smaller ' " SR T

»

Whrle many others have observed these same. trends it must be noted

P

that exceptxon can. be found for almost all these trends in the data of others
and even in our own data In partxcular, we have not yet studxed the effect of .
)the geometry of the mterface sub-system and the geometry and voltage |
- settlngs of the mput ion optics on matnx effects Sorne workers have .
| ‘;'observed that changes in the value of the parameters associated with these
sub«systems can have a substantl/al effect on matrix effects. This is an’
important | area of work fOr it is hkely w1thxn these sub-systems that causes for
| these matrxx effects wrll be found. . | /f
L Discussion. an n lu 1ons ! | | .
In delmeatmg the possrble causes and sources of these rnatrrx effects in |
ICP-MS one should start mth some comparxsons to ICP—AES In general e
: these observed matnx effects are sxgguficantly rnore serxous than analogous <\l
| 'effects in ICPJAES Certamly, suppressxons and enhanCements are observed .
“ m ICP-AES but normally they arein the 10 to 20 % ,range and are. not R ‘
sxgmficant unul the mamx concentra/hon is in| the range of 1 % (10 000 ppm)
‘ The data m sectxon G show that matrlx effects in ICP-AES are small |
_, partxcularly at 0 9 1/ rmn, where most changes are less than 3 %. The matrxx .

E effects are larger at the lugher nebuhzer ﬂowrate, a trend that 1s common in j )

. ,'l"' ‘,vl e, o . ‘.’.»\.v
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CICP- AES but Stlll no’ where near the level or dxrectxon of the effect%seen for

PO v
‘. " 1

| \“"ICP-MS

ﬁ' However tlus companson is not completely vahd The data in sectron /
G reﬂect the changes in emission in the analyte‘-channel on the dxrect reader
and as such mdtcate chang" in the excrted atorruc or jonic populatlons A

Vs
more valid comparison to optrcal results reqmres that compansons be made o

té’ changes in ‘the ground state jion populanon in the ICP induced by a matrix
: element In other words companson must be made to matrrx effect studxes

~on atomic and 1oruc ﬂuorescence or on atomrc and 1omc absorptron results in

- the ICP Very few such measurements have been made Gillson and Horlxck

- [71] summanzed the ICP-AFS and ICP-AAS studies that have been reported

~ and also presented a reasonably complete set of data on the effect of Na on Ca .
‘, ionic and atomrc fluorescence srgnals Ata plasma power of 1.25 kW and 13
‘mm- abOVe the load cotl a 100 fold molar excess of Na. suppressed the Ca i ionic
‘fluorescence s1gnal by about 30 % and at 19 mm above the load- corl by about 5 '
%, for a varlety of other observatron heights and powers, sressxon of the~
‘jonic ﬂuorescence srgnal was observed . " I .
These data correlate somewhat better with the’ ICP-MS data. Thus,

’ some of the suppressrons observed in the ICP-MS may mdeed be oceurring in

s the ICP. Perhaps the fact that the low 1omzatxon potentral elements exert a

more serious matrxx effect.m the ICP-MS is due, in part to the fact that they “

i suppress ground state tqn populatron in the ICP wlule the hrgh ionization |,

potentxal matnx elements do nOt More ICP-AFS mterference data are

j ’_ Ireqmred m order to venfy tlus ldea, but 1t remams a dxsnnct possxbxhty N
"ﬂHowever, grven the mass dependencxes of the ICP-MS matnx effects, causes ‘
o 'and explanatxons must clearly be sought in the mass spectrometer, mcludmg

L Vthe mterface, ion lenses, and quadrupole sub-system



o Some of the mass effects could o&gmateiat the samphng mterface The. .
sampler and skxmmer cones are sxrmlar to systems used in molecular beam
. samplmg processes Mass separanon effectsgave been noted durmg
molecular beant" samplmg when a. gas mi du-e is expanded through a ‘“
. supersomc nozzle similar to that of the CP-MS interface. The mass |
separatron effects are such that heavrer specxes are concentrated onto the axis
,Of the molecular beam and inversel lighter ones diffuse away from the |
_center axis [80] Two main phenc/y mena mvolved are pressure dnffusxon and
o Mach number focussmg A steep pressure gradxent develops around the jet
. : 'expaxﬁmg through a nozzle and lighter molecules diffuse in an off—axrs
dxrectmn faster than heavr;a/:mes As a result, the. fractlon of heavxer
molecules to the hghtep ones mcreases along the central axis. Sherman (81]
has anafyzed this proc/ess in, detall Mach number focusing’ has to do thh
relatxve velocxtles e molecular beam. In a so called seeded beam, one
: contaming a mmoré':avy specxes ln a hght beam the axial velocxty of the
Atrace heavy speaes is accelerated by the ma]orxty of the hghter specxes This
g 'tends to focus /the heavy speaes towards the central ax15 [80] )
T CItis cult to quantttatlvely transfer these phenomena dlrectly to the -
B " 'ICP-MS si anon Our beam i is pnmanly Ar. Thus, the Mach focusmg effect
- ‘should oncentrate heavy elements towards the axts as wrll the pressure

R L7

ol dtffu on effeét One of the stronger matnx effect trends observed was the '

ressxon of a hght analyte s 51gnal by the present:e of a heavy*matnx |
S ement (1 e. U matrtx on Ll analyte) One can speculate that the above
- 'focussmg effects are forcmg more U speaes to the centrai-ms of the beam

| -‘,fﬁ-formed after the samplmg cone at the expense of the lxghter Ll speaes 'I’hus, |

s fwhen thxs beam is sampled by the skxmmer, less Ll sxgnal is on axxs because of
‘ ( )
ithe presence of U and hence the Lx sxgnal 1s suppressed thle lt ﬁts the

1.,r.,r o '.1'.‘ .- \ o



- trend, it must be emphasxzed that thts is a highly quahtanve speculatlon

- S ‘ : ' . 1BS

. partlcularly consxdenng.the fact that the theortes deahng with- the above

' phenomena were developed for neutral beamis. Phenomena assocxated with- ,

: charged beams are hkely to be qmte dxffren I‘ 'I’hus, the above effects mrght

7
play a role in matrix effects but they may in fact

e S mte mmor

for example the mamx effect data presented karler for Ba* and Baz* in

- Fxgure 74 mdxcates that 1t is cIearly mass/ charge ratio that i is 1mportant Thrs |

- means that perhaps 1t is the fon tra)ectory through the inputjon optxcs

\‘\

.

and/ or the quadrupole mass spectrometer that is bemg disturbed by the
p\sence of the matrix elergent Thus Ba2+ and Co* should experxenCe | /./ "
sumlar matnx effects and that is what is observed B , oL A
What one mxght call a, "cxrcumstantxal mterpretatxon" of the data m ‘
Flgure 68 (‘chapter 5) also’ pomts in this dxrectlon Recall the data presented in |

th13 f‘rgure showed that the degree of the matrix effect was hrghly dependent

-

on the absolute concentranon of the matnx element rather than the relatrve

‘ concentratlon of:the mamx element to analyte A hlgh matrtx element

concentratlon (~ 1000 ppm) suppressmn of ana,lyte 51gna1 was observed Whlle

at the 10 ppm level of matnx element only small effects were observed even
though the molar ratio of analyte to matnx was 1: 1000 in both cases Perhaps

at low concentratlon the 1on beam tra)ectones through the system are Ar+ -

“,',‘dommated what could be called "normal-“ and as them@emmon of the R
‘l','_matnx 1on mcreases the beam tra]ectones become dormm(ted and are a£fected

" | by the matnx ion rather thar\by argon 1ons Thus, m\al}:tx\; _guced space

gcould be a ma)or cause of matnx effects It does seem that ma

. charge effects 4n the Beam through the 1on opucs and the mas;ipecu'ometer

effects are

nal A hen condmons are such as to maxumze Ar+ sxgnals relatxve to




matrix and/ or analyte sxgnals, that 1s, dxlute samples being-run at lower
nebulizer flowrates . NN S B |
Two areas now certamly need to, be mvestlgated in detail. One is the

- effect of. the sampler-skxmmer geometry on mamx effects, in partxcular the

~effect of sampler-skxmmer separatxon dxstance and the relatrve srze of sampler ‘
“ and sklmmer orlﬁces on matnx effects ThlS should clanfy the role of "o
pressure diffusion and Mach-number focusmg in matnx effects Secondly, ‘
systemat1c study of the effect "of the mput jon lens voltages and geometry on’
matrix effects is reqmred Some lxmlted feports have mdxcated that matnx -
‘effects can be m1mm1zed by ad)ustment and alteratlon of lens parameters [82
: 83]. In our own expenence we have made some attempts at studymg the
"effect of input ion opnc lens voltage settmg; on matnx effects but have not yet ‘
found convmcmg evrdence that matrix effects can be sxgmfxcantly 1mproved

)
M

More work however is warranted in thls area. SRR R \‘ | .



CHAPTER 7

CONCLUSION

It is well known by now that the ICP-MS is indeed a veéry promising
technique for trace elemen‘tal anali'sis'. ‘ftIts superior basic quantitative
characteristics are confirmed by data“ i)resented' in Chapter 4. Its s‘ensiti\lity and
detection limits for most'elementssurpalss any other spectroscopic technique
except perhaps ICraphlte Furnacg Atomic Absorption Sp‘ectroscopy.‘ It has an
additional advantage of helng a rapxd, multi-elemental technique for most of the
elehments in the peﬁodic‘table.‘ l{mlle;rer, as with any new analytical technique, 5
much research is required in order to fully understand the method, especially at

‘a fun‘darnental level, so that its full potential can be realized. |

| ‘ | It vx;a~s found that plasma operanng parameters, especially nebulizer

owrate and plasma power, are key variables in af‘ectmg the analyte fon signal
in ICP-MS. These two parameters mteract in a pafallel manner to provide
c‘harac"teristic nebulizer ﬂowrate-power par-ameter behavior plots. The ion

‘ sngnals are also dependent on auxiliary ﬂowrate sampling depth and torch

: 'geornetry From thls study, one can see that the analyte ion signals in the ICP-

MS depend in a complex manner on many parameters. Although the effect of

| the Lopera“ting parameters of the mass, spectrometer on the analyte signal was not -
studied in thxs thesrs uﬂls well known now: that the analyte srgnal depends
sxgmﬁcantly on the mput ion lens voltages The study on the operating

| parameters in ICP-MS is 1mportant ‘with respect to selectmg optimum operatmg

' ‘parameters for the mstrument It also helps to clanfy confusing single parameter

When.ICP-MS was first mtroduced the method was said to be free from
spéetral overlaps because of. the inherent sxmphaty of mass spectra B

: Q
187
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Furthermore, matrix interference from concomitant salts was reported to be

negligible. However thesé;viewé were proved to be overly optimistic. This was
shown by. the data presented in Chapters 4 't‘o.6. It was shown that'matrix effects
can be 4 serious problem in ICP-MS. Matrix effects car\'be divided into two main
‘categ'ories. Irr the first category, a matri).( effect is caused by spectral overlap from
the formation of polyatomi¢ specieé in the ICP-MS. These polyatomic species
include baekground molecular spedes of acid matrices such as ClO*, SO* and
PO+ from hyrirochloric, sulfuric and phosphoric acids. These rr\ajbr species plus
their isotopie combinétions can give rise 'to' serious spectral overlap ;;roblen\s.
Another type of mamx mduced spectral overlap problem arises from the
formatron of Ar)(+ specxes whe;r a high concentration of any element X, is
present. For example, ArNa‘+ is formed when a high concentration of Na is
present and this particular species causes an overlap with $3Cu, The
identification and documentation of thesé polyatomic ‘species in various'
matrices are, therefore, very important in order to avoid possible spectral
mte;ference problems.

The second category of matrix effects is the matrix induced change in
anal);te signal. This class of matrik 'effeet is more complex,‘ however, some clear
trends were found. This matrix effect 6ccurred with all types of matrix elements
and depended Sigﬁificanrly ornkthe absolute ma\tri&gconcentration and nebulizer
flowrate. Dilution of a-sample solution containing a1:1000 ratio of analyte to-
| matrix elerr\ent changed an overall suppresé'yn effect on the analyte signal to no
| matrix effect even though the analyte to matrix element ratio remained the
| same. Senous matnx effects were found at higher nebuhzer ﬂowrates and
, relahvely small matrix effects were found at low nebuhzer ﬂowrates. Based on

these two oi:servatidné, it could be seen that the relative concentration of the

matrix ion to argon ion jn the ion beam is important, and the matrix effect.



189 .
observed could be a result of a change in the space charge of the ion beam. A |
certam mass dependency in the matrix effect was also found. Lxght analyte
elements are most effected by a heavy matrix element. For example
determmmg Liin the presence of excess U results in a severe matrix effect. This
mass effect can be qualitatively explained by mass separatxon effects i in the
expanding supersonic beam. However, there is evidence that it is the mass-to-
charge ratio that is important in giving rise to the mass trend in the matrix
effects.l- | .‘

Some of thematrix effects observed may be attributed to processes
oceurring in the plasma and were found to correlate well with ICP-AFS and ICP-
AAS data. However, qnost of the matrix effect phenomena observed are unique
only to ICP-MS. The ex\f)lanations put forward for the causes of the x‘n’atrix‘ effects

.‘ Observed in this thesis in mos/Vinstarices, are still highly speculative, much more

research is required before they can be proven conclusively. It is now certain that

attentxon has to be dxrected to the mass spectrometer (especially the mput ion
_ optlcs)and the samplmg mterface in order to obtain answers to the observed
matrix effects.

. This study on ICP-MS also brought out certain implications for the -
quantltatwe determmatlon of trace elements in real samples. First,
mmumzatlon of the matrix effects can be only brought about by dilution of the
sample and/ %b lowermg the nebuhzer flowrate. Both these steps result in a

3 | ~ loss of analyte signal. Since the techmque has excellent detection limits, it is
possible to dtlute the sample or lower the nebulizer ﬂowrate and still make -
~accurate and sensmve determmanons However, these steps will limit the
capabxhty when sub-ppb concentranon levels in the sample are sought. In such
cases, the standard addition method or the use of an internal standard may prOVe .

useful. However, an internal standard may not be effective because of the mass
) & N . i
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dependency of the matrix effect. One can use multiple internal standards to

correct‘ for the mass dependency but this can become tedious A problem can also
arise when determining an analyte which has an overlap from a background
species. In the presence of a hxgh concentration of a matrix element, the
background species is also suppressed or enhanced by the matrix element.
Therefore to measure the analyte in the presence of an overlapping background
specxes and a matrix element, one requlres a blank subtraction from an ultra-
pure solution of the matrix element. This could pose a problem especxally for
‘determinations at the ‘sub-ppyb level because of the unavailability of uitra-pure

)

standards.



N e o e

10.
11.
12.

13.

4.
5.
o160
18.
9.

- R S. Houk Anal. Chem 58, 97A (1986)

’ "191
. REFERENCES ' .

. V. A.Fassel and R N Kmseley, Anal. Chem. 46, 1110A (1974)
" R.S. Houk, V. A. Fassel, G. D. Flesch, H J. Svec, A. L: Gray andC

Taylor Anal. Chem 52, 2283 (1980)

. A.R. Date and A. L. Gray, Analyst 106, 1255 (1981) T

A.L.Gray and A. R. Date, Analyst 108, 1033 (1983).
D. J. Douglas, Canadian Research 16, 55 (1983).

" R. S. Houk and J. J. Thompson, Amer. Mineralogist 67, 238 (1982).

A. R.Date and A. L. Gray, Int. J. Mass ‘Spectrom. and Ion.Phys. 48,357

' (1983).

R.S. Houk and] j Thompson Biomed. Mass Spectrom 10, 107 (1983)
V. A. Fassel and R. N. Kniseley, Anal. Chem 46, 1155A (1974)

V. A. Fassel, Anal. Chem. 51, 1290A (1979)

J. PRobm Prog. Analyt. Atom. Speetrosc 79 (1982)
R. S. Houk, V. A. Fassel and H. J. Svec, Dyn. Mass Spectrom. 6, 234

| (1981). -

P.W.J. M. Boumans Theory of Spectrochemxcal Excxtatlon Hllger &
Watts, London asee). . ' o |
B.-L—Gau-ghlm and M w. Blades Spectrochxm ‘Acta 40B 1539 (1985)\ " :
N. Furuta, Spectrochxm Acta 418 1115 (1986).

P. Kebarle and A. M. Hoggrl Chem. Phys 42, 668~(1965)
R. Campargue, Rev. Sci. Instr. 35 111 (1964)

A N: Hayhurst, F. R. G. Mitchell and N. Rwrd Int. J. Mass
_Spectrom and Ion Phys 177 (1971) B =



| 20: | "R, V. Serauskas G R Br0wn andR. Pertel, Int ] Mass o ?» }92 -

| Spectrom and Ion Phys 16 69 (1975) :

| '21.  J.E. Fulford and D J. Douglas, Appl Spectrosc 40 971 (1986) |

. 2. ] A Ollvares aqd R. S. Houk Anal. Chem 57, 2674 (1985)

, 23." A Kantrothz AndI Grey, Rev.. Scx Instr 35, 1(1964) ' _ o
24 H. C W Bei)ermck R.J. F. Van Gerwen E. R?Kerstel T F’M'

g Martens E/] M Van leembergen M R Th Smxts and G. H

- Kadshoek, Chem. Phys. 96, 153 (1985). - l%:-\: ;’T- f-]:_

\ 25 ]. B Anderson and] B. Fenn Phys Fluxds 780 (1965) o ‘
E 2. P. P Wegener Molecular Beams anctLow DenStty Gasdynamncs Vol 4,
' “Chapterl Marcel Dekker New York (1974? . ., T

27 ! "A. Olivares and R.S. Houk Appl Spectrosc 39, 1'07({(1985) M

28, . w. L Fxte, Research Note No. 1 (1971/) S ST

29. . J.'B. Anderson, R P Andres and] B. Ferm, Adv Chem Phys 10, 300"“ R
" ‘.."(1966) o R ,w‘ SRR -

130 R Kxnglehofer and P Lohse Phys Flmdsz,379 (1964)
4:“}‘1; : ] Femandez Ie la Mora,] Chem Phys §_, 3453 (1985)

32 . L Valy1, Atom and Ioh Sources, Iohn they & Sons, London (1977) |

el i Lawson and] ], Todd Chem. Bnt 373 (1971) B ',',5

) X _/_,

34 . '.P‘ Dawson, Quadrupole Mass Spectrometry and Its Appllcations,
Lo EISevxer Asterdarn (1976) SRR E . e
s ‘_A L Gray, Spectrochxm Acta 405 1525 (1985) RN
‘»' 36 - ‘DI Doviglas aiid R . Houl, Prog: Analyt. Atom 5Pe°“°s‘: & 1 "985’

8 , D ) Douglas, ICP Inform Newslet _6(3)» 191 (1984) A |
38 G Horlxck S H Tan, M A Vaughan and Y Shao, Radxatxon o
L Ch&ustry, Chapter 10 edlted by Montaser and Golxghtly, VCH
Pu‘blishers Inc 1986 FE S T

.

\ .
o

. k '.:'-,

k4 '. . v



39

| }‘40‘-;*1
\ y. 41

.."‘ 43

:
, 44.
D N

Lo 47.
,‘ 48

| 45{.1
’ 59.\
s
B

55
_"56.-"

. _'4;2.

o Chem 5_, 2907 (1985)

A L Gray Analyst__QQ-,289(l975) RN o T
A. L Gray, Anal. Chem 47, 600 (1975) “ ‘, Co
‘D.J. Douglas and J: B French Anal. Chem 53, 37 (1981) "
D: ] Douglas E S K Quan and R. G 'Smlth Spectrochxm Acta 38_8, 39
(1983) | L

D J. Douglas and] B French Spectrochxm Acta 41B, 197 (1986)

A R Date and A L Gray, AnalystJ 159 (1983)

| A R Date and AL Gray, Spectrochxm Acta 3,&3, 29 (1983)

A. L. G’ray andA RnDate Int J Mass Spectrom and Ion Phys 46,7 |
(1983) e B o |
AR Dat; and: D Hutchlson Spectrochrm Acta 41B, 175 (1986).
A R. Date, Y. Y. Cheung and M:E. Stuart Spectrochlm Acta

(m press) . "

C w. Mdeod AR Date and Y. ¥ Cheung, Spectrochxm Acta 41B,
169 (1986). o L

I W Maclaren D. Beauchemm and S. S Berman Anal Chem
(xn press) ‘ L | .

I W. McLaren, A P Mykytxuk S N Wﬂhe and S. s. Berman Anal
R G Smith, E. ] Brooker D. I Douglas E. S. K Quan andG Rosenblatt
IGeochem Explor 21 385 (1984) ) | |

D. w. BoomergndM } Powell Can ] Spectrosc L 104 (1986)

I W McLaren, A P Mykynuk S N lehe and S, S Berman Anal
Chem. 57,2907 (1985). | |

B T G ng and M ]anghorbam, Anal Chem _5_8, 1334 (1986)

R. S Houk V A Fassel and H I Svec, Organ Mass Spectrom 17

240(1982) P

L
-
R AR



57.

61.

63,

by -

A ., DR . o . .
. : . \ . . . : T

194

G HOrhck S. H Tan, M A Vaughan and C A. Rose, Spectrochlm .
 Acta40B, 1555(1985) SRR ‘ /
: 58. M. A. Vaughan and G. Horhck Appl Spectrosc _Q,434 (1986)
59, S.H. Tan and G. Horlick, Appl Spectrosc 40, 445 (1986).
60. AL Gray, Spectroch1m Acta 41B 151 (1986) e | _‘ } '
- R.5. Houk, H. J. Svec and V A Fassel Appl Spectrosc 15,380 (1981)
. 62.  R.S. Houk Al Montaser and V A Fassel Appl Spectrosc. 3_,425
Coassd). o R |
7 A levares and R S. Houk, Anal ‘Chem. 5_,20 (1986) - -
| 64 R M Brown S. E. Long andC I Plckford paper presenetecl at XXIV CSI, :
| ' Garmlsch Partenerchen, 1985.
65. " AL Gray, AnalystllO 551 (1985).
66. i’ Arrowsmlth Anal Chem. (m press)
167'4. 's 1 Ixang and R. S. Houk Anal ‘Chem. 58, 1739 (1986)
.‘68. UM W. Blades and G. Horhck Spectrochu’n Acta 36B, 861 (1981)
‘69.‘ N. Furuta andG Horlxck Spectrochxm ActaB_Z_Q, 53 (1982)
"70.‘ -G lelson andG Horhck Spectrochxm Acta (in press) \, |
71 : G lelson andG Horhck Spectrochxm Acta 4lB 619 (1986) : .‘
72, - ,‘S R Koxrtyohann,] S. ]ones and D. A Yates Anal Chem 52, 1965
"v”l"&:‘t (1980) : | ‘ " : .
73 G GlllSO!’i prxvate commux{lcatxon 'h.’- e . - , g ,,
74 "‘R M Belchamber and G Horhck Spectrochm’t tActa 37B 71 (1982) |
75 ED. Salm andG Horhck Anal Chem Q_, 1578 (1980) -
76." C.T.]Allemade, Anal. Chern. 38, 1252 (1966); PR
ﬁ WM w. Blades andG Horhck s;sectrocmm Acta 1@,881 (1981)
78. "‘;"c; R Kornblum and L. De Galan. Spectmchxm Adta 328, 455 (1977)
R. Avm and F. S Klem, Spectrodum Acta, _L 331 (1973) . “



8_6. oy
g2
2 ‘Spectrochemxstry, Lyon France Paper'] No. C4

Spectrochemxstry, Lyon France Paper No. C55.

LN J.‘.

S Yamazakl M Takx andY Fu)ltam ]ap J. Appl Phys 18 2191 (1979)‘. R

F.S. Sherman Phys Flmds, §,773 (1965)

.:F E. Llchte 1987 Wmter Conference on Plasrna and Laser ~

" D. Douglas, 1987 Wmter Conference ‘on Plasma and Laser

I\

195’



