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. ABSTRACT

Altematwe sample ﬁiampulatmn and sample mtroductmn methods fof mductlvelyl_.-
| coupled plasrna-atomlc emISSl(Jn Spectrometry (ICP-AES) aﬁd 1n:£uct1vely coupled :

_ "'plasma-mass spectromeuy (ICP—MS) have been mvestzgated The broad Oh_lectwes N |

_ 1  of the study were to broaden the scope ane 1mprove tlw analytlcal perfomlance of
thQ tcchmques The methods which were: invesﬁgated were |
) Laser ablation. This technique was used only in combmatiqn with ICP-MS. -
'fhe fechnique Was._not applicd to ICP-AES becsiuéc the lasér aﬁlétipn system

- Is dedicated to the ICP-MS ins‘tmm_ent; The laser abiatimi system was appliet_i' B

| Lo tﬁe dire.ct aﬁalysis of solid refractory materiais, .'wit_h.out dis‘sc:alixtioh of the
__samble. The maiz.f advantages of avoiding the dissofution stép._.'a'rc' that the
.sa_mple. preparation..f_.i&;ap.id., .ther'e is no _d‘iiﬁtfén or con'ta.mina.tidn' o‘f. the
 sample, a_nd no loss of volatile anafyte elements. The problems which were -
'c:zi‘;(junt_ered' wit*hqthe we of laser ablation were firstly, pﬂo.qr ‘precision. of
_ﬁieasurement- relative to so-l'utioﬁ analysis due to sample particles of widely
varying' size .e'n'tering tﬁe plasma, and sccdndly; memory _ef{-‘écts wheh :

changixig from one sample type to another.

2) Flow'injection This sample "'manipu lation method was used in Ctmbina.tion
- with pneumatxc nebulization for ICP-AES and ICP-MS. 'I‘he techmque was

applied to a pumber of dlffCI““ﬂt analytical problems, wuh the objectives of



8 spt_zediqg up analysis thﬁes,- inc:e_aséﬁgkghe 'matrix.tﬁ_}}era_ncé of the iﬁSifuments,_ |
o énﬂ aﬁiomating a vanety | of __s'amp.ie"'ércp'afziﬁoﬁ. prucesses) X
. . : B \2
3) Hydndc generatinn.. .Thls fechmque was apphed to :he determmatlon of
arsemc and selenxum by CP~ALS and ICP-MS usmg a novel type of gas

iiquncl separator. 'he advantages of the technfque wete the separatlun of the .

| analyte elements from 1merf‘ermg m‘ltrlx spec:es, and mcreasad analytc.'
B sensuivity due to the excellent transport efﬁclency cf hydnde generatum

relatlve to salutmn nebuhzatmn.

" ..:Nuﬁwr{;)us_:advaméges hao;re. bech' bhtained from the 'applicafi;Jn of these sample
R ..__i:;;?é_az'hipulati.;iﬁ? and sample introduction techniques. Methods have besn developed
! for.'th'e analysis of materials which are not suited to conveutidﬁai I_;&)Iut_icn

"hebu_l.izaﬁdrjl, 'and the t'echni.qﬁ;.:'s'hav.e. been used to _ixﬁprqvé the effi_ci_en@ _pf' |

analysis, to achieve lower detection limjts, and to eliminate interferences.

»
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| Chapter 1. Hm_tt‘&ﬁucﬁOEn' and Theory

1.4 Introduction”

© The inductively coupled plasma (ICP) is well éstablished ds an excitation source
for.optical emission 5peotfom'otry' and as 2 source of jons for mass Spectiometry. _ o
' Induct:y;'.ly\ coup]ed pfastna~opt1cal emiss:on Spectrometry (ICP»-AES) has been in

use {’01: mmost thn'ty years and is w:dely accepted as a. techmquo for elemental -

ne_w_er techniique, but in the ten years that ICP-MS-_instruments have been

a'vailabh the :teClmitjue has"rapidly' beconte estabiished as a complementary

-techmque iy] ICP-AES. Both techniques are capable of rapxd mult:elernent analysm

| _wnth good accuracy and precxsxon The two techmques dovetail wn:h each other,_

B | | since the detectton systems are q-urte different and therefore ma_rly of the probiems
experienced with one tochniqué ate not experienced with the other. Ho\nteﬁer, the

introduction of the sample into the plaSma is a probleﬁi' which is common to both

techniques.

ICPs can not tolerate the introduetlon of large quantttles of forelgn ‘material; Wthh

has a tendency to extmgumh the pIasma or at least cause it to become unstabie and

_analyms Ind’uctlvely coupled plasma-mass sye,ctrornetry (ICP-nMS) is a much o



P
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. !::I‘

thus degmde precision af measurement. To ensure eff‘ c:ﬁent exmtatmn or :ohlsatmn :

 (an exception being direcf Emple-'immduwon) a suiall amount of sample materlal

u

is carrneci fna siream of argon gas (whxch the piasma can tolerate) and mjected

’ method for routine applicatlons is pneumatlc n&buhsauon, in whlch a ﬂow of

- l:quid sample is bmken up mm small dreplets by._s a hxgh-veloclty stream of argon.

'l'he dmpersed sarnple is then camed in the argon stream, via a spray chamber

whlch removes all but the smal!est droplets to rthe plasma.

i.r

The:main advantages of pneumatlc nebulisan@n are smlpllcrty, ease of use and

good analytncal performance These advantages have made pneumatlc nebulisataou'

T.f

f

[‘(

must be dissolved prior to analysis, which is time consuming and in some" cases.

. vlrtually lmposmble. Thcrc is also the problem of contammatmn of the sample or -

logs of volatlle analybes in the dxssolutmn process as well as degradauon of

inherent in the nebulisation process. Firstly, sample transport efficiency is only of

the order of one to two per cent, which degrades absolute detection limits.

Secondly, nebulisation efficiency is dependent on the' viscﬁsi'ty of the solution,

_t“a_qmrement that the sample be in soluﬁqn form. This 1mplles that solld samp.e_s'

" the sat:nple must be in a form wh:ch is easnly dlssocmted 1.e a vapour ur a finely o

| dlSpergpd solid or hq_md. In almost all methods of sampie_: mtroductmn_ _nm_g.. ICPs .

mtcr the centre of the plasrna The most comzu,{)nly used sample mtroductmn n

: _detection lm_ms due to dllutxon of the sample.- There are also disadvantages |

[



e

=

cles such as e!emeﬁtal rh*ercury and osmium tetraexlde 6 ¢

[ o

. é’J

lthbugh pneumanc nebuhsanon remams the sampie mtmductien me:hod of

¥

N . . gy
: thermospmy and direct m]ec:mn nebuhsers which- provnde better samp[e transnart

: efficncncy th‘an pneumam nebui-lsers, although each 'has -problcm-s.assncmted thh
it. The introductmn of sahds mthnutpmr dxssolut:on has. oﬁvrous advantagm, and

several methods of Sl}lld sample mtroductlon havc been investigated, mc{udmg-

o

Ean spark and Taser ab_}_“atl_on, slurry nebu-h_satmn;l-,. dn-ect_ sample _;nt_roductmn, and

_elec_tmthmn'_al vaporization. Electrothermill vaporization has also been used for

_soluﬁon introduction.

'A certain amount ot samp!e mampu!atlon is generally necessary prmr @

mtroductlon of the sample into the plasma. Samples in solutlon must ba dlluted |

o

internal standard may be added to correct for matrix effecss. n addition to these
steps it is sometimes necessary to preconcentrate the elements of interest to

- improve detection limits, or to separate these elements from Interferences in the

sample matrix. In many cases the manipulation is done in the laboratory prior to

[
A

analysis, but significant reductions in analysis time can be achieved by dding. the

/{rdly. 4he spray chamber, is a source of“tnemory cffeets, partxcular!y of voiatlle .

][choice for most apphcaﬂons, a w1de varlety of &ltematxve methods have been_
explored for apphcations where dxssolution or pneumatlc nebuiisatlon present L

pmb]ems. Altematwe scrlutlon nebuhsauon methcds r!* \xde ultrasomc,_ "

1o appropriate »acid and dissolved solid cqncentrations, and ip most cases an



A

_sampfe mampufatlon on—lme Flow mjectmn s a techmque which lends nself to . |

- an-hn{( sample mampnlatxon and: which can be used in Jconjunctton wnth many o

other techmques Techmques which can be umd to p;'ecnncentrate or separate _
{F

o analyle elcments include vanons chromatngraphxc methods hydrzde g?erleratmn anﬁ‘“f '

I
Luunthermal vaponzanon. . o

| "."Pneumatnc nebuhsatwn is ilke]y to remain the method of chonce for most routine

: ‘{g_/f

_-__appﬁcatmns of JCP-AES and ICP- MS. However, when aample dlssoluuan or
pn_eumatxc nebulisation present p‘roblems fora pa‘rtrcular application, it is necagsary
tn ini'é'stigat'e alternative methods. This work describes the investigation of -

_-vanety of altetnam'e sample mtroducuon techmques and their applicathn o

specnfic prob}r:ms in ICP»AES and ICP-MS The. use of on—hne sample-

ma_mpulatlon prlor t_o mtmductlon of _the sample into the plasma is also described. _

The sample introduction and sample manipulation techniques investigated in this
" “work were selected on the basié-_that each techniqué should be 'pbtentiai_lly

- applicable to speﬁiﬁd analytical prdbi‘e_ms at Mintek. The selected techniques were:

1) Laser ablation, which enables direct analysis of solid materials. The
laser ablation unit is dedicated to the ICP-MS i_nstmmgﬁt- and was

therefore not applicable to ICP-AES.

2) Flow injection, which lends itself to on-line sample manipulation and - -

was applied to both ICP-MS and ICP-AES.



'3} Hydrxde generauon whxcb cagfers greatiy mcreased analytlcal
\\

sens;tmty for the hydnde.—fonnmg elements ‘a8 . well us, in sorne cases. o

v -_ellmmatloﬂ of mterferances Thls techmque was apphed to both ICP-

iMS and ICP-AES .

' assemblad from readﬁy avaniabhe mexpenswe matenals or by ddaptation of

| exastmg eqmpment
¢

12 éi__m_ of th“mmﬁg“ﬁ““
: ) N
: ‘The iﬁ?es.tigﬁtién of ;itemat'ive'sample iﬁtrodﬁction techniques and' on-liﬁé ;v.aﬁ:lpré
: mampulation for ICP-MS and ICP-AES was undemken with two main objectxves
| _'Ihe fi rst was 1o, extend the: applxcat;xhty of the techmques to sample types which
dre not Smted to conventional sam;)le mtroductlon. The second wis o Improve the

qualxty of analysea by 1mprovmg the speed and efficieucy of analys:s, 1ower1ng

detectxon hrmts, and chmmatmg mterferences

]

Y



"1.3.31. Principles of atomic emission .

'I_e\_rels_.__ I

13 Imhictivély'cauple'& plasma-atomic emission sp.ectmmi‘atry"‘-"

s

_:When suffxcxent energy.is suﬁélled £o an atom, an electmn of the atom absorbs i

dxscrete quantum of energy and is raxsed to a hlgher energy leve.l Thi‘; process is

| termed emltatmn. The exctted atom is unstable and the. excited electron rapsdly -
' - retum_s '-to__ tl}e _-grqund state, '_-I'hts pmcess' .may_ mvolve morc-than'one energy.'level

step, and atﬂ .éach.'step' thé afom. emité enérgjr- in the form ofa photon* Thfs' process

s called atomic emnssmn‘ Each emltted photon has an-enetgy equas to (and -

\\'\

therefore a wavelength proportional to) the dlffercnce between the atomlc energy'--

“The dispersion of elemental atomic emission by imeans of a specirometer results

in a "fingerprint" of spectral emission lines _which:_ is useful for element

identiﬁca tion. The intensity of the lines is propbrticna! to the nu'mbf-r of emit'tihg

atnms and can therefore be ysed to determme elefnental conccntraiaans.

rl’

ook
The em_issi'on spectrur__n_bf eacﬁ e_lemé.nt consists of a iarge nu_mber. of line;s_,._.due.
to the iarge mnﬁher of pessible electronic tr'ans:it.-iun.s. The number of Iiﬁés in
e.lemental spectra tends to increase with the complexlty of eiectron conﬁguratmn,
and hence with atomic number. Smce the total emzssion spectrum of a sample is

a cumposxte of all t_he elements present, complex sample mauices have



' the mamx spectmm makes ICP AES analysns practzcaHy 1mp0551bla

) " c‘c mpﬁnﬂmgly camplex Spectra, whlch gwes rise to the pmbiem of mtereiemental o

hne commdence Thns problem is made more severe by the fact that spectral lines

z

 ate not truly monochromatlc, and ‘are in tact broadened to an -apptoxunately _

Gaussmn shape about the emlssxon wavelength Tha mam reason for this

broademng is the Doppler e{‘fect due ta the em:ttmg specaes movmg randomly at

hrgh Spaed 111 the enmssmn source, towards or away fmm the entrance sIrt The '
R problem of hne overlap can-be overoome by ensurmg that the degree of dzspersmn .

. ofthe spectrum is suff' cient to resolve: the uverlappmg Imes, and where this is not_' i

attamab!e, by careful selectian of analyte jﬁes which are t‘ree of mterfereuce in

_-'a particular sampls mm:nx. Ttus approach has made ICP-AES wxdely apphcablc- :

. /‘-.

_ desp:te mterference pmblems) hnt there are app!:catmns where the complexjr‘ of

2 .
R

" Atomic emission” is som_e_tlf;ing of a misnomer when an JCP is the excitation

source, since the majority of emitting species are fons rathér then atoms. Since

' emiss.ion ocours in the optical region of the épec'trum; which is boufided By the %

and gamma-ray rcgmn and the’fmmmwave region: at the hngh and Tow energy ends,

there is an argument for using the term opncai emission” rather than- "atomit. |

. em13510n_". However, mdu'ctively coupled plasma-atomic emission spectrometr}r is

Y

the term recommended by IUPAC and is unlikely fo be changed.

AR
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| A132 Ovigins

1

o -The use of ‘ihe mductwely cuupied piasma as an exr'ltatlop source for, emnssmn

o spectrometry was fnst descrlbed by Greenfield et aF and Wendt and Jc'~‘asse.16 m"

Tk

__ 19&4 and 1965 It was soon cstabhshed that the capablhtles of the ICP were "
o supermr to- any C}Ihul' excltanon source for the analysls cf solunons ThIS was '
| | 'parﬂally &ltributable to the hrgh temperzfture aud gﬁod stabzhty of the plasma but ,
' rihe main advantage whlch the ICP has over other alschzrges is the annuiar channe[l_ '

- through whu:h the sample is 1n_|ected. This channeix,nsares effi cient vaporisatmn, "

atormz.atmn, 1omsat10u aad excxtatlm of the sample, thereby rcduf'mg the sever:ty

7 of matrlx cffccts

'The first I.CP.-AES' inéirumedt#- éibh;isted of ‘home—buili.;"éxc.ita'tion sources and .
.smglﬁ»channe! monochromamrs, but it was only when mult:«channel spectrometers. :
- were employed that the muitx~clementa‘ | pablhty of the teg.hmque could be rully N
n explmted Tlia;s ledtoa greater acceptance of the techmque and by the mxd 19705
R purpose-bu;lt \iCP-AES systams became avmlable. Today ICP-AES isa standard .

- technIQue in a wide variety of apphcatlons il thez* “fire many thnusands of

Ny 4

s
. ‘./

instruments “1 ‘operation world-wide, - -~ . _ja,;
) . o

[




. 133 TheICP-AES instroment

3

An ICP-AES inStmnient cdnsists of foiﬁ" 'm:ain' coiﬂponenis-' the sz’uhple:

e

mtmduct;on Yystem, the mductwely caupied plasma, optlcs and spe: trometers, and_ R
~ the data pronassmg system A dlagram of 8 typzcal ICP-AES system is shnwn o

_Fzg- 1 1, In an x.nstrument utxhsmg convent:ona‘l sample mtmductlun, a 'Izqu:d

I

. samp]e is pumped through a nebuhser in wh:ch the sample strean is c‘hspersed o
| small dmpiets by a stream of" argon The sample aerosol passes through 4 spray |

A chamber which removes all but- the smallest dr_opleta. The: remaining aerosol is

W

mjected into the plasma where the pmcesses of atomization, Lomsatxon, exc:tatmn |

. and emission occur. The emltted light is dxspersed by mesns of a dlffraCtlon

gratmg and datected at element-s;:eczfic wavelengths 'I‘he measurcd intens:ty is
A .

then related to the concentration of the analyte elements,

1,3.3.1 Sample jatroduction

Conventional ICP-AES analysis Is performed on solutions which are injected into

- the plasma in the form of an aerosols carried in a stream of gas. ’I’h‘e sample

mtmduction system which g ;,enerates the aemsol consists of a penstalt:c pump, a

_ nebulmer and a spray chamber. The penstaitlc pump draws the sample solution up' -

and pumps it to the nebuliser. In some systems the pump is also nsed to drain the

wasté solution which collects in the spray chamber. - . §



i)

@

72

Eig. L 1..0varvieu uf a tYPical ICP“AES 1natrumant 
(Thompaon and Walsh 1983)
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5. L : . T . -
M - ed . . . L .

The most. commonly used nebuhser types on ICP—AES systems are the Memhard _

.._.-conccntnc and Babmgton V-groove types. Both are. baseé on the princnple of a .

o>

' %ngh VEIOCity stream of the camer gas (generally argcm) passmg lhmugh a narrow

'onfice, whxch _' used to brealc up the SOll.lthl‘l stream mto Small dmplets.

However, the 1mplementatmn is dlt’ferent in each type.

o

'-The Memhard ne.bullser conisists nf two concentric tuhes. an inner caplllary tube -
through whlch the sample is pump&d and afi outer carrxer gas tubé whlch narmws '
at the tipi xhay'sampte :s..drawn through the o‘l':.‘:‘ice by the Ventun effect qf the

. camer ngs, and i dmpersed mto droplets It is thefefore not essemml to use 4 .

RN = .4’} .

peristaltlc pump to supply solution i a Memhard system, bur. it is recommended

smce thls countel% capalldry blockages by solid matter,

kd

- The Babingt-m-"irebuiiser consists -of 3 v-sha*p'ed gmbve with two orifices at the

- apex, the so]utlon orifice pDSltlt}ned above the narrower camier gas orxtxce. The

solutlon is pumped through the upper onflce and runy down the groove until it

maches the gas onflce, where it {5 dispersed. The peristaltxc pump is essemial in

_ the Babmgton system as there m no lnherent solutvm uptake. The Babmgton
nebuliser is particularly suited to sxtuatmns where thers may, be particuhtu matter

inthe sample solutmns. as. ;he dlameter of the. samplu onfu.e is relatively iarge in

u

__.compar:son to thl_\ narrow capillary tube of the _Memha:d nebuitser: tis th___erefnre :

-

less prone to blockage. Diagrams of Meinhard_ aud Bablﬁg_ton nebulisers are shown

in Fig. 1.2,

11



Fig. i.z.INebulisers'for sample introduction intB the ICP

(Moore 19E9>'f

o o ... Capillary tube
. .. (internal diameter

T Soium:m f
(= 2 ml/mm} A

d Venf'un
T A ei fect:
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;o o - Iﬁternal'diamefer
- 0.8mm
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Pump ~e ===

L
7

Argon ___ __{
A Vmin)

Fig. 1.2b, Babington V-Groove nebuliser



Nebulisers geﬁeraliy' do not génerate aerosols of even droplet size, If Iﬁrgé.' droplets

(> 10 pm in d_;;;ﬁet'_er) are allowed to .enfer_ the plasma tiwy catse instab’ility_ .d‘f

. analyte signals due to fluctuations in the plasma temper-ature{ The serosol is o N

| _the:refare'not sprayed .dir&ctfj}r i'nto'the piasrﬁa, but into a spray charnbéf This is

- oa glass chamber conszstmg of a bat‘fle system wluch causes the larger droplets 10

: _coilect on the s;des of the chamber and allows only the smaller dropiets to bc.' o

transparted to the plasma The larger drop}ets coilect in the bmtom ot‘ the spray _
A\

o

| 'chamber and are pumped 1o waste,

13.3.2 The inductively .conpleﬂ’plasmaf | o S
N 'The ICP system cnnsnsts of the plasma radio frequency (RF) generamr, the torch |

o stand and the gas snpply system,

During the devélopment of the ICP as an emission source, many different tbrc’h '
mzes, mctdent pow-sr levels and frequenmes v(ere mvestlgated However, these '

parameters have fo a large extent ‘been standardised in modern mstruments and.

similar sets of conditions are used on buth ICP-AES and ICP-MS- svstems These o

are: an 18 mm diameter Fassel-type tort.h and a plasma Operatmg at an incident

pnwer of h»tween land 2 Kwand a frequem:y of 27 or 40 MHz. This trf_quency o

was chesen to compiy with .regulatmns controlling interference to-radio traffic.

- 13
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. To ach:e.ve é. stable plasma, an RF source wuh ] stable frequency and power

output is reqmred. The frequency of the RF generator is kept constant hy a quartz

~ vesults in a 1055 of pOWﬂr T}us is countered by automatic tunmg Qf the plasma-

based on a Eeedback system, Whlch reduces power fiuctuatxons to below 0.1 %- .

'mstrumems are supplled thh sol:d state generators

- The pla;’hiﬁ torch bdns’iét's 'of t;vo'cohoéntri:é tubes with 'indéPEndcnt g’a§ inl.ésts.,"énd
an .im_mfniost tubc threughwhlch the saniplé'ié injectgd (F:g I .3).. Tﬁe Ouiér tubes -
:lzr.c;. made of quarté ‘to withstand " the I;igh tempeféture's. near the plasma. The

| injecicr_ tubc is usually al.So_. quartz, but 'tﬁbes made qf ofh_ér r_i:._ateria!s (for "”F_ﬂmpl; _

alumina) may be used t-_:i-h_andle cprrdsi?_e samples.

'Argon is generally used as the plasma gas although nther inert gases can also be

: used in special circumstances. There atre three streatns of gﬂs through the piasma

torch, The innermost stream cames the sample throughi the injector tube :md mto
thfc_ Plasma, the middle stream -prowdes the argon to sustain th_:: p!asma,-'and -the
outermost or coolant gas prevents the plasma from impinging on and meling the

forch tu_be. Each of these gas flows is\.indépendently control'led‘ by rotameters.

' 'I'he'tqrc_h is positioned inside a water-cooled induction coil, typic:ill_y with three

turns. Energy is transferred to the plasma in a manner analogous _;6 the operation

13

3 crystal Hnwevcr thxs 1mphes that any. clnnge. m the :mpedanoe of the p!asma' o

_ Older RF generators are: based on hlgh power. trlode valves but most new o

)



_of a transformer When an altcmatmg current flows in the cm! the ﬂuctuatmg

._ magnetlc ﬁeld couples wnh the gas, acceleratmg the Sns and elect_rom in the gas. 3
| Thesa charged partlcies colhde with other partlcles transfemng cnergy and._ = .
_- causmg further mmsatmn In llus way the pIasma is sustamed However, the lnert =
' gas does not ccmtam ermugh charged partlcles at room- temperamre to m:tlate the o

plasma It is thcret‘ore necessary to seed the gas wnth eleq;rons of sufﬁcxe.nt energy' . |

to ionise the gas Thls is done“by generatmg a spark from a ’I‘esla cqil m the gas

’ stream The 1omsed gas is theu able to coupla with the magne.nc t‘ield From tha RF

B ccal and*the plasma is generated ‘iinca the rate of coltisions i in the plasma is high,

_energy transfer to partlcies is very efficzent, and the plasma reaches temperatures o

- of between 6000 and 8006 K. - .

' The-high vel'ocity injaction of the carr’ier gas stream aieng the axig of the tarch__ o
. results in the characterlsuc 'doughnut’ shape of the plasma (Fsg I 4). ThlS ensures

Gfﬁlemt and rapld energy transfer to tha sampla dropiets and in rapid succession__'

the sa'mplc is -desolvated, volatrlisecl and drsaocxated. The_: magm_-i:_y of sample atoms

are ionised, both atorns. and ions are excited and emission occurs. All of these

processes occur in the few milliseconds in which each sample atom is resident in’

1 )

the plasma.

S

16
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1333 Opﬁes :md spech'ogggggefs_ B

- “me optlcal system serves to dlrect I:ght from the plasma fo one or more '

) spectromehers. It usually ccnsxsts of a series of m:rroxs and lenses, although a

recent mnovatnon uses optlcal ﬁbrea as hght gmdes T{ae syectrometer consists of

a dlspexsum system and a means Df 51gnal detectlon.. The dlSthSlOﬂ systcm
spatially resoives the polychromanc Iight emltted froﬁl ‘the piasma. into ns _
| componem wavelengths. _The dlspersmn dewce that xs most commonly used isthe
. dlf&actmn gratmg nght from the plasma 13 dxracted thmugh 4 narrow {20[.1311) _
entrance sht and dlSpersed by the gratmg The d1spersed hght passes thrnugh an
~ exit slit to the detector, There are two basic types of s‘pe_ct_rometer, sequentia} and

" simultaneous .(Fig. 1.5). A s’equential sPéctfomcter (ot schnning monochromau)

has a smgle detector andda moveable dlffractxon gratmg which lS rotated to dlrect .
light of a selected wavelength to the - detector.. The emzss:on of each analyte

e{-e;_nent_ is measured in sequence. Monochmmators are highly versa_t:.le, since lines

~ can be selected over the entire spectral range of the grating. A simultaneous
: 'speetrometer {or polychromator) has a fixed grating and several detectors

positioned at preselected wavelengths, This enables much faster multielement

analysis than a mondchromator system, since detection of all elements is

- simultaneous. However, simultaneous systems do not have the.-ﬂexibility- of -

sequential systems, and if a preselected line is subject to an overlap interference -

in g particular sample, there is no possibility of selecting another line. For this -

18
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' reason, many ICP-AJ:S mstruments are now fi tied with boths s:multaneous and

; sequ.’ntxal spectrameters to pmvnde both speed and flexibility. -

= .

"I‘he detector most eommonly used in ICP-AES systems ;\s the photnmult:pher- L

y tube g devrce Whlch when exposed to hght, geuerates an electnc current which B -

£ 4

s pruportmnal :n the mtens:ty of the mczdent l:ght. The c:urrent 1s mtegrated and

. _ampllfied give a mlllivolt uutput sxgna!
1334 Data processiog - o

Data ‘processing is ha_ndled- by a dedicated personal _compute'r."me- iﬁterface_

émisis'ts’. of an analog-to-digital coriﬁrter for data'acquisition as well as digital
outpnt for comrul of the instrument functn(ms and nutosampler use. Sot’tw'\re

suppiled by the mstrument manufacturers is able to handle almost all as.pects of

' ':_'ma proces_smg, mcludmg regrebs_no_n analysas,' report generation and_'s_tatnstical

- evaluation of results.

._20
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* 1.3.4 Characteristics of ICP-AES analysis

| 1S4 Appliesbitty

{

| . techmque apprcachcs this ldaaE

| An ideal techmque for elemental imalyms would be umvetsaily ﬁpﬁﬁcable, ie it _'
o weuld have the czrnahihty to determme ail the elemem‘s m any type of matenal |

' The usefulness ot‘ a techmque c.m hp cvﬂluated in terms of how nearly the:

I terms of elementsl versanllty, ICP AES is very good since the temperature of .

o e.lements. Howevet,' in terms of apphcablhty to materials, -ICP—AE.S \mth_ .

i :

: conventlonal sample mtroductlon is restncter:l to the analjrsm of aqueous solutions

o whu:h isa dmwback of the techmque _

1;3.4.2 Spectra and interferences

-Although ICP-AES is, rcIativély free of interferencés .whan' comp’ared‘to ma.ny

~ other spectroscopic. techniques\.\ there are mterference probiems whtch can

- 3
as spectral interferences, matrix effetts and memory effects

\\

l\T -

3

s

the ICF is Sufflclently high to achwve efficnent exmtation uf some seventy

 adversely élffect ICP-AES analysxs\'l‘hese mterferences can he bruadly uIassxfied :



Spectral interferences

Spectral interfercnces'f ot line overlap interferences have beenldiscussﬂd in Sectidn '

131, There are three types of spectral mterferenoe* dlrect overlap', ‘wnng overlap

| and baclcground shift, Exampies of gach type are showu in F:g 16. In most

_mstances spectral mterferenws can be overcome by careful selecuon of '

mterferenca—free analyto lines. Howevcr, in cases whero thls approach is not _

possible (for example, where the mstrument isa fized-channel polychiomator

dsystem), there are other ways of overcoming these problems. In the case of direct” -

 overlap, a cotrection factor based on the measured concentratios of the interferent

can be applied. This- sethod can also be applied to wing overlaps, although it is -

less accurate beoauéc_ sma!_l. changes in sPoctrométer pz_!oﬁlé can result in large'
changes in the severity. of the inferfercnce. Variations in the background:
continumn which are opeouol ‘in origixi are;;_iaused by’ recombination ra'diatio_n,
which io emisoion resulting from thewpture of fiee electrops by Iio'no in the:
plasnia. Background shift ca.n be corrected by meo}s.uti:;g the background emission
leve] oo one or bot§ sides of .the analyte peak and sobtracting the background

- signal from the analyte signal.

Matrix effects

Matrix effects are variations in signal intensity which cam be ascribed to the

physiCal or chemical cohiposition_ of the sample. ICP-AES is refatively free of

22
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. 'matnx efﬁec{s when compared to lower temperature emlssion SOUrCes. The reason

f‘or this is the tolal sa,mple decomposmon in the pIasmfa which el:mma!te'; the '

f,

___chemlcai eﬁ"ects due to radlcais and moIPcular spemes- that gzuur in other sources .

However, ICP A_..S is still sub_]ect fo sokne matrix ai’fects The most szgmficant_-

sources of matnx intcrt‘err.nces are nebuhéatmn effecms and iomsatlon effects. .

£

Nebulisatlon eft‘ects are a resuit af variatiotis’ in the nebullsanon efflczency of

samples d“t" to changes lmmple composxtmn. An exd mple of this is the observed
. decrease. in- analyte signals - with mcreasmg ..c’::d concentratlon. Iomsatlon
interference is the suppressmn of analyte s1gnals due to the presem-e of easily = “

Iomsable elements (e.g. Na, K, Ca) _m the pla_sma. The problem of matnx effects

N :'can generaily 69 solved by the use of intemzil-'standar;iisaﬁan and/or the matrix-

- matching of étandards'to samples.

‘Memory eﬂ'écts

The reéidual_-énalyte.. sig’ﬁai wﬁich-_is observed after aspiration of the aﬁalyte

solution has ceased is called the memory effect, The main source of memory -

-effects is the spray _chamb_er,' which has 2 large dead. volume where residual

aerosnl remains after aspiration. Care must be taken to ensure that adequate wash-

out time is allowed betwee-n "samples.'so that ihere' is no t:arry-over of analytc frum _

one sample to the next. When there are large varmtiOns in analyte com,entratmns '
_ 5 \} .
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the. wash~out time is genera!iy longer than the rneasurement tlIIIB “This lneff' crency

s one of the drawbacks of conventmnal nebulisatmn..

" 1.3.43 Detection fimits .

S

| D_et_écﬁt_m‘ li.m_its ar_é an impbrtﬁ.nt. ;':charactgri_s_t'ié ;f a_nf éﬂal}'_ticﬁ}_ tét:hr;ique_;. -
' .Conventiilma}ly't_hes'e ﬁré_ .quot.ed as the solution conc’eﬁtration _eqﬁ-ivé.leﬁt .u.j thrge_l-.-
| tiines the 'standard deviation .-u:f3cr) of ihe. blank sigﬁai. {}etactfon 'iimits 'ara. thus a
o functmu of the sens:tmty and pxeclsmn of the techmque as well as th& Ievel of

: the background mgnal

Pub]ished ICP AES detectmn lmnts must. be used w1th cautmn, since these ave

generally been establlshed fbr ldeai solutions under 1deal nperatmg condxtlons. ) N

De.tectmn lnmts may be very much hlgher for real samples ar:d \»;\ll also depencl

“on the mstrument used. However, he pubhshed values can be used as general
gmdeimes. Datectlon hmns for ICP-AES vary wldely t‘mm one element to another' '-
the most sensztwe maguesmm emission line has a quoted- detection l.rmt of -
Q 10;.th white the most sensitive line for ummun}' has a detectmn -l:umt o_f"

170pg.l'-1_7_. However, detection Hmits for most elements lie in the range of Tto

| 50 ngd, Practical limits'of determination ate usually set at ten times the quoted

 detection limit, . ¥ - ¢ Py

Pimswmnee

.



13.4.4 Agcuméy and p I}:cision

" The excellent stability of the ICP as an &, Ission source enables good precision to

‘be achieved. Reported precision values based on repeated measurements of a

sample are generally around 1% for measutements which -are well abcvé the

- detection limit. The main contributors to measuremient imprecision are fluctuations

in the | generaiﬁr power _shpp‘ly ‘and the ngbulisef éys@ém‘_ On simuftaneous. -

' instruments, interna! standardisation can be used to imprpve precision to below

_"__n._z'%;, provided thet the internal standatd is éarefuily_t-hose_n;

/I

;AE:curacy is dependant to an extent on precision, but more important ar& :

- systematic errors. The main sources nf systemam. errors in ICP-AES are matnx

\

effects and spectral mter{-‘erencas, both of whmh can be avmded hy matrix

matchmg and careful lme selecuon
1.3.43 Dyha'mii: range

The width of the linear dynamic range is an important feature of any analytical
~ technique. If the range is narrow, as -is_' the “vase with atomic absorption
spectrometty, repeated dilutions may be necessary to bring the analyte elements

within the calibration range. These dilutions are time-consuming and iniroduce

imprecision, ICP-AES has a wide linear dynamic range, and is potentiafl_y capable -

of linear calibration graphs ranging from below 0.010 pgmt* to 1000 pgml™, In
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ICP»MS is b&én described a5 2 hybrid techniilue. This is an apt description, as it

'1.4.1 Ovigins

\.*jﬁractice-however, t:alibration ranges are Nimited by siguif“ c:mt c’nrv'a"ture in smne

cases, as weri 48 unacc:eptably high relatwe errors in the iow concentratmn range

© . when wide cahbratlon ranges are nsed In most prat,tlca[ apphcatiuns calxbratlon

- _ranges cover two 10 three orde:s of magmtude

1.4 Iudqétiveiy_cﬁuplgd_ plasma-mass specmmw,sm _

q
\
1¢

1414 .Pr.ecuzrs;}ré of ICP-MS

resulted from the. couplmg of two other multlelement analytical techmques, with

the f:»’t)jectwe mf ehmmatmg the worst features of each whlle retammg, the best

 features, These techmques ,Mére lCP-AES and Spark sourue-mass spectmmetry

As has been described in Section 1.3.4, ICP-AES is an excellent téchnique for the

elemental analysis of solutions he'cause of it’s sensitivity, precision. amf -relative .
freedom from matnx effects These advantages are to a large extent attnbutable_'

to the hlgh temperature, gond atomizatmn and lomsatmn efﬁmency, and excellent

'stahxhty of the mductrvely coupled plasma when compared with other emmsmn

sources. However, llm;tatmns of ICP-AES became apparent when the technique



was spplied to the andlysis of miaterial$ conta_i'ning-_'. elements with complex
o7 emission spectra, such as the platinum group metals and the rare garths. Si-n_ce'.
there are a large number of possible electronic energy level iransitions for these

clomens, i therefore celatively 'idw'Pfob ability of any one particular transition

oceurting; their spectra are characterised by & very large number € emission lines,
but the miost ntense Hnes ate relatively weak. As a resuit of this theé_e’, elements -

tend to have bi'gher .limits of'd'étection than thos.e of the first transition metal series

. '.and above (although there are exceptmns), and analyses are prone to. .Ime overlap :

mtexferences. These pmblems are partlcnlarly SevEre when determmmg traaas in

a complt.x matix,

The most widel'y used elemental mass ﬁspectrometric téchniq'ﬁe pﬁor ta the
development of iCP-MS was SS MS in Wthh 3 samp!e is placed in an evacuated _

chambcr anda hlgh energy radxo frequency spark is used to voianhse, ammlse and

~ ionise the sample. These ions are analyzed according to mass/charge ratio by the
- mass spectrometer. Mass spectromeiry has two main advantages over emission

spectrometry: it is considerably more sensitive, and mass spectra are simpler than

en.dssion spectra. This is because each. element, instead of producing a-large -

' number of emissiou lines, produces only as many peaks as there are isatupcs for

that element (pmvided that dlSSGCIiltl(Jn of the voiatmsed rnaterlal is total and.all

jons are smgly charged). However, the. hmrtat}on of SS- MS is 1mpused by the

- method of sample jonisation, Because of the low pressure in the spark _chamher,_

- transfer of energy to the sample is extremely non-uniform. As a result the sample

t\ . ##



'1'.4..1';2 P.l,aé.ma's #s:ion s.oufces A S RV

is not fully atomised, and the ions produced include molecular fons of varying

__masSés-- as well as multiply charged ions..’I‘he.' mass s‘pe‘ctra produced by tI-Iis g
techmque are therefore complex and require skllled mterpretatmn and h,lgh- "

' resolution spcctmmeters 10 avmd ovcrlap mterferences Thls, ooupled w1th A

rela'twely_slow_ sample throughput (due to the necesm_ty .for_ evacuating the samplc _

- cham'bﬁf'ha"fdfé'each analysis) has Iimité_dtihé h‘s’efuln_éss bf'_ihé tcchniique; '

It was evident that if the inditctively coupled plasma couid be used as a sourcé'o_f N

jons for mass spectromctry, this would confer several advantages. It was dlready

appafen't _frcm'a -the high intensities of fonic plasma emission’ lines hy cdmpa’ﬁscn
© to atomic ]m- , that the mmsat:on effxcnency nf the plasma was high for most
o _' '_e]emenh; It was real:sed that the plasma was able to transfer enel‘gy to the sample

‘much more efflcxently and umform Iy ; than thc low pressure spark smce the plasma B

was at atmt}Spheric pressu_re, and therefore there was a'much hlgher frequency of |

collisions between sample particles and plasma gas ions, which would reduce the

~ degree of mo‘iecular ion for-mation.- In addition to this, the- plasma would also allow

a consxderably hlgher sample throughput than SS—MS On the other hand, mass
Spectrometnc analysns rather than SmlSSIOH spectrometric malysm uf the plasma
O'le have the advantages of Superior detect;on limits smd snnpler spectra with

fewer nwerlap ~~ferences. The challenge lay in developing’a means of extract] ng



£

' i{':-ri_s from the _hi_'g_h temperature {6000 - 8000 K),-atnio's;aheric '-press:uré' p?asma imo |

. the low pressure mass spectrometer.

e . S .

| _. A solutwn to thts problem was suggested by work whlch had been perfonned by |

Sugden‘“ and I"J.newstub‘2 on the. mass spectrometnc samplmg of chemlca! ﬂames, '

_aithough these studles were of proccsses occurnng m the ﬂames themselves rathcr

B than of matena{ mtroduced mw the. flame, The sampling system consnsted 0’:‘ a

cone wnth a small (ns'?tl Lun diameter) Unt“ ce between the f]ame and the . first '

_vacuu_m cha_mbe_r of the!_ mass spectrometer, aver wh:qh a pressure dlffenemiaL was

= maintained- hy a diffﬁéien 'pﬁmp. -Althbugh. it was fealised ;faat a chemicai flame

with a rnaxunum temperature of 300(} K wis, nut hot enough for. effectwe o

' wmsatmn oi’ most matenals it wag antscipated that this samphng syvtem cnuld be
. applled foa p!asma which wm_tld be hotter and less chem xcally rcac_:twe, and would

- therefore form fewér ‘malecular species.

mc_feas'fbility of usitg a pla:s'ma as an ion source for mass :spec'trometry 'was

demmistrated by Gray at the University of Surrey in 1974%, In this smc‘y a small

d.c. arc plasma (DCP) was used whlch was easier to sample than an ICP because

the sampling cone could be positioned impinging on the lower tempe_njature (3500

K) tailflame of the plasma. The feasibility study showed that excellent sensitivity
was possible, with counts of between 10° and 10° obtained for some éler‘nents,at :

""cnncentrations" of 'lt.xg‘ml‘-" and'th'lt backgmund counts betwéen pe.aks 'were_

cssentially Zero. However the systern was found to be pmne to qscvere
: : !
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. interelement effects and-_insen;itiﬁé for elgméﬁts with high jonisation ._'enérgi&s-.-
(ebove 8 -eV)-, due 1o the '-'iow temi.)crature' of thé ar‘e# of the pias.ma wh{ch was._
i -Sampled“‘ It was therefore nc;;essary to lnvestigate the. use of oﬂ-zer types of e
| plasmas | | | | | | |
A st_l_ldy_ was pérfdmie;l'on a'.micrc_;wai./e; _p!asy‘nﬁ (IV.I.IP)' syété_m by Dougtas and o
= '_ .Ffe_:':dc':h" at tﬁe I._Jniversi_t?'.of TOrq&td,-'a_ﬁd this wés-founﬁ to have the samc ﬁbﬁr
_feasp:tiqse fm' éleméxﬁs wit_h hxgh .ibnisétioﬁ- enefgies _a's.'t.he DCP éystérh, .dnce a’gaiﬁ _

- dueto tﬁe ins‘ufﬁcier:tly high gas temperature in'tlie pla.ér‘na. Concurrént?-With this

worl, pmgrammes were comm&nced by Houk, Fassel et al at the Ames S

Laboratory at Iuwa State Umversltp and by Date and Gray at Surrey, to develop o

/ .
" systems for sampimg fons fn:\l‘lﬂi}i mductzvely coupled piasmas. Cu-operatlan

'l.".'. ..:
batween these. groups resulted in thh\\ successful nperatmn of systems at the Ames '

1,.%1‘»301’51tor:y“s and at Surrey"’ within a \s\kllort penod of each other.

TR
: hv";..

- 1.413 it_m samplinfg from the ICP
| Sampling the ﬁigher tefnperature ICP. required a latger diameter (=0.4 mm)
samﬁling orifice than that used_.on' ‘e MIP'and DCP systems. This was necessary
to prevent the formaﬁon bf a boundary layér of c;o'ler gas where iholeéular -
Specnes would form, and 1mpmved thermai contact was requrred 1o prevent mel lilkg"".:.. :
_ of the oriﬁce rim. When this had been achieved it was found that the mﬂux of.

gas was sufficient to stall the dlffusmn' pump. This problem was solved by

adopting the system. developed for the microwave plasma at Toronto®, of a

31



reiahvely hxgh pressure (=1 mbar} f'rst smge chamber pumped dowu by a rqtary

o -pump fmm-,whlch tons were extracted mbo the mass spectrometer

o

5 1._4.'1}.4.Bevenopmem_of commercial ICP-MS insménﬂs.

 One a satisfactory extfacﬁon.sgstem had been established rapid*advanéeiﬁent’ of

R+ T

: -the techmque was made by the Ames; *nd Surrey groups, as well as ‘the Toronto .

- gmup whu:h had switched it’s attentmn from the mlcrowave plasma to the ICP :
* The first successful extraatlon of fons fmm the I_CP- was demonstrated i 1r_; _1982‘-’,

and a Yeér' Iate’r' the 'fir'st conimerciai 'ICP?MS-- instmnients were Iatinched. -In the

UK th;a Plasmaquad based on the Surrey system, Was manufmmm d by VG E

Ist}topes Ltd and m Canada the E'.lan based q %the work of the Toronto group, -
-was manufactured by Sclex, Inc. These mstwments rapxdly- estabhshed the

| credennals n'r‘ the t&chmque, and ather instrument manufacturem have. sxncc emeted_ '

' the market The descnpt:d‘fl ot‘ an ICP-MS mStrument glven in the followmg

- seg .a'nn is based on the m‘;gmal VU and Sciex mstruments Dther manuﬁcturers _

- have adopted different appmaches to various aspects of instrument desxg.n..
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142 The ICPMS justrument® [ . 0

"

In a typ:cal ICP-MS system usmg convennonal sdﬁutmn nebuhsatlon, the sample _

. i nebul:sed and the resu!tmg aemsnl is mjected into the plasma. o thé pasme/{ the-—-i_

sample is atomxsed a;nd o a Iargc extcnt mnised The plasma is- sampled via the

o done anterﬁlce over Wthh a pressnre gradient is malmalned 'I‘he fon beam IS o

dlrected by a series df electrastaﬁc lenses into the quadrupole mass analyzer. 'I'he _

‘mass .analyzcr dlscrirnma-tes _accordmg.to mass_{charge rat:o-z_md sweeps acmss the -

. maSs_range-_to p'rod_uce._ the mass sp_e_ctrum’. T_he ma_s"s‘ speétral data is trapSferréd

*to a computer for further processing.

7

E The'I‘CP—MS syétem can themfodia’be divided iﬁto a number of subsystems. These

- subsystems aret the sample mimductlon system, the mductwelu coupied plabma, o

the plasma samplmg mterihce, the jon lenscs, the quadmpole mAass ﬁlter, the ion

detectmn systern and the data processing system, In addition to these there are the‘-

 vacuum a_ﬁd cooling systems, Each of these systéms wiil be deseribed in detail. A

's_c_h'en'natic overview of a typical instrument is shown in Fig. 1.7, |

g

1.4,2.'_2 Sample inttoductiqn' _ |

The convenﬂonal sample introduction rystem for an ICP- ME? mstrument is very
' sumlar o that of an ICP-AES system, which was described in SECIIDII 1 3 3L The

- only dxfterence is that in ICP-MS the spray cb',u.tber is’ chilled to =5"C by a

#7
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‘spectrometer.

* cooling water jacket. This is done fo minimise evaporation of water during

.

: 'neihu'lisatinn, and so decre'ase the'-ivateﬁr.-.l'oading’- 'of the ;'plas'nia. 'I‘hfé reducéé""iha |

level of undesirable oxide and hydnx:de peaks in the mass Spectrurn

B Vs

1422 The n’nﬂuc&i#ely_ coupled plasma

W

The plaqmp wstem of an ICP MS instrument is much the same as that nf an {CP- :

i

_AE,S, whnch was desr;ribed in Secnon 1 3 3 2. 'I'he only dxfferences are the torch

orlentatron, whnéh is honzontal rather than vertlcal o facnhtate ion sampling, and

the use -nf 2 mass flow controller to'give more.accurate control the n‘e_bulxser gas

" flow rate.

1:."-1_@.2.31 The' plasina saz‘i-_;plﬁng interface

s
i1
3

As has been described in section 1.5.1, most of the work involved in the

development of ICP-MS a5 & -technique was aimed at the development of the

plasma sampling interface, It & this interface that is the most important featuré of -
E\ R o . .. h oo b 5 ) o

the techrfiq_ut}. since it enables the sampling of jons from -the very high<

' temppratui'e,' "-étmospheric- pressur¢’ plasma into the high vacuum of the ‘mass

A



R
,

. . . \\ ‘??;5‘.:;_.
“The mterfaca consists af two metal cones, each w;th a smail aperturc at the apex,

Tha flrst cone (termed the s'zmphe ccma) is fastened to the wall of the f' rst vacuum
| - chamber (or expansmn chamb:.r) which is kept ata pressure of approxzmately 5
" mbar by a rotary pump. The wall :)f the. ch'lmbar is water-cooled 10 remove hea.t
.from the cone, which lmpmges on the plasma. 'I'he cone ape;ture, whlch s
o approxunately 1 mm in dlameter, is alxgned vnth the axis ot‘ the, torch. The second |
._._'.m' sklmmer cone has &n aperture of approxunately 0.75 mm. It i 1s pos;tmned R 4 ,]
“coaxially w:_th_ the _samp'le _co_m‘, between the rc_Iatwely Iqw vacuum _ﬁrst_ char_nhe'r
and the high vacuim se_caﬁd _Chaﬁlber ('Fig..f.B)';. L -

O
i .

“ The metal used to manufacture the ¢ones must mect several requirements, It myist.
.

be a good conductor of heat, so that excesswe localised heatmg does nat accurat - \
.,:'. .

the aperture, it must be resistant to chemxcal attack by the reactive specles /in the
piasma, and it must be physu:ally robust, to enable easy c,lt.amng A nui;lbér of |
' metﬂls Have been successfully used for cone manufacture, mcludmg alumlmum,
copper, nickel atid platmum Of these, nickel ia most mmmnnly used. as 1t g:ve.s
gmd results at low cost, The useful hfatlme of a set of cones is very dependent '
-::'::". on the acid matrix o‘ sample solutions. When armlvsmg samples in a 1% mtnc N
acid matrix. a set of cones may last several mo: 1ths, but when analysmg samples
with more corrosive matrices (for example _10% ¢ Iphuric acid), the cones may
only. last a few days. Tt is therefore impqrtant to keep sample acid concentrations

as Jow as possible. The level of dissolved solids in Samples is'also_a_:a impm‘tant '

factor, since high levels of solids ¢an cause blockage of the cone apertures with
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| fesun'ing loss of instrumental performance. The ':é.vero‘f dissolved solids s:hould"as g

_‘a rule be kept: beiow 0. 2%, and the cones should be- cieaned on 4 daily hasns 0.

pr..vent blocf:ages

| 'I'he central portion of tha plasma gas is extracted through the onf' ce of the sample__ o _'
ccme due tqthe d:f‘fcrence in pressure across the mtert‘aca As the g8 expands into
the f’rst chamher it is rapld}y cooled which nffectxveiy prevents técombinanon’

' reactmns between the gas partibles 'The kmenﬂ energy of the gas particles 1s _

_ 'converted mto dnect:onal ﬂow alcng the axls, and the gas jet reaches supersomc“
. 'spced This resutts in the formatmn of an axial shock wave termed the Mach dlsc,

' approxzmately 10 mm behmd the ‘aperture Beyond thts pmm the flow of the jet |

s no Icmger umform, and the pas combmes thh the backgmund gas in the |

chamber It is consequently no longer a represematwe sample of the phsma. The ,

skxmmcr aperture is thereforc posumned between the - sample aperture and the

Mach dasc, usualiy approxtmately 7 mmy ﬁ‘om the sarnple apertune. Although the

temperalure at the axis of the gas jetis as-lpw as 200 K, the surmundmg gas is

_. nof cooled m the same extent. and in fact remains very hot. It is thereforc'

neeessary 10 s.;pply caohng to the skzmmes cone as well as the sample cone

A.nother feature of the skimmer cone interface is -a.sllde valve, thCh 1s_c¥osed'

. when the plasma. is not operational to maintain the vacuurn of the inner chamber,
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e
_ .The gﬁs. wfnch hé.; beén‘ éxtrﬁcted :ﬁrcugh the skimmer"conc'oti’i’it.:e is at chj l;w.v. _' '

_ preaswe (apprcxlmataly 10“' mbar) 'I‘h*re ate few collismrfs hetween particles at
N this pressure, and the movement of the part:cies becomes random The: collectnon ;
of the charged speclcs present in the gas into 8 beam and the duecﬁcn of the heamf 4

. into thc mass anaiyzer is achxevetl hy the ionr lens system
1424 The'ion lens system

- The iﬁn-leﬁé 'systeﬁ: cﬁnéis&; of# serié's of circular --electrostatic le_nées;_ each bt‘. -
'. which Bas_ a ﬁmble- voltagé. The -_Srﬁ_cuuu; f:ump_ systerms are q.iffetent:dri the VG
. _and_ Sciex '“instruu&ents, and therefore the ion I:ens syétéms _différ_ to s*u;t _ihe .
pumping systehls. Or_l'thg:VG fns_truméﬁt where two vapour puinl;s_gr_e_ _.u'sed., 'theré .
' are two stages to the jon lens system separated by a_diffexférifial pump_ing"apcrtp;e. :
On tie origi.x_:al. Sciex instrument, 4 single lﬁ;ge helium _cryoge_ﬁic pump was used | E
.and therefore fbcrc was no.ﬁced fora differe_ntial ﬁgpgrtu@.,_'l‘he configqration of
the two géyst_ems i's. shown in Fig. 1.9. Thé _Sciek system has sin'?:e beetﬁ 'tnodifiéd_
and 1s now similar to thai of the VG Sys-tel;n\". | - i |
" Under normal aperating circumstances the-lenévg_; ﬁre' tifﬁ:é:‘d to extract positive ons,
The ._nc.gative $pecies are repelled and the ne_utr;!- specles, beiﬁg unﬁt‘fepted by the
lenses, diffuse to the pump, The system can hdwever.be specifically tuned for

extraction of negative jons.

39



_ Fig. 1.9, Ion lens systems

 (Date and Gray 1989
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In both the VG and Sciex systems a pbuton stop is. Jposmoned on- the axxs c}f the
mn beam. Thf. purpose of this stop is to prevent stray photons emittesil by the a
. plasma from reachmg the detector?1 since the detectur is sens;trve fo photons as
'_ lens: sybtem 1s used to defocns the u:m beam around the photon stop and refocus

it on the other side. ’I‘he focused beam is then dlrected into the quadrupale mass

o anaiyzer.
142.5 The guadrupole mnass analyzer

A typtcal quadmpolé mass analyzer used on an ICPwMS msttuﬂent consnsts éf a

square array of moiybdenum rods, 12-18 mm ip ~*»meter and approxlmatc{y 200 _
| mm lnng-. to which an RF ﬁeld is apphed. The - .;ru-pole acts as ma_ss_fllter,
| only-.allowing' ions with a narr&w‘ 'rafige of nvﬂss to éhai‘ge ratios __to.pass thrﬂ_ug’l; '

* at any one time.

To .'ach.ieve.z. good resolllfion; it .is necessary for thé'ions t fnove fairly slowly
tﬁrou‘;,h_ the ciua_dri:tpoleT S0 -_th#f léufﬁcient' RF cyc]es afe_experie_nced-by the?ioﬁs. :
“The jons must th&r'efore_héve. fairly }ow_bheré‘?es_(iri the low eV range). These
ehergiés ar.e,-' depeﬁdent on the de. ‘-poténtial dfOp between the plasma and the -
qizac__irupcle rods. Since tﬁé__ppténtiai of the plasm:a is depénden£ oq.the operatingf‘-
cnﬁditions’ in use, an adjustable d.c. potential is alll;p_lied to tl.i.é rods, éiso supﬁliéd

by the RF generator. This potential is termed the pole bias, and is :idjusted 0

41

well as mns and the stray ph.utons would contnbute to backgrnund noise. The jon - :



~obtain tfu% optimum f_n.ean-.-io'n. energy. 'Ihe fringiﬁg_,fiél.d atj'thc_a- end of the mn:_I__s .'i_s_ o

.s_uffi'cieqtly st_rbng 0o é-;%ciu&'e_ low en_ér'gy'-ioné, and to mini_miseﬁthis prob!em-- a pre- |
" rad:sj.{;fcér{r* is pqsitif?ﬁed_ ai_ the t_antran.ce- te the"qﬁadrﬁéole._ Thzs consnst nfa-Sét of |
rods Shorter than thé ﬁuédrupole rc')ds (25 'mﬁx‘) bui of :the.'s'.ame diaxhétér.- The RF_ ;

- ficld is applied o thesc 1ods, but the d.c. potentmi is not. A mmlar set of rods is

_:posxtzoned at the exit end {0 improve the extracnon o‘f ions (Fzg. .10)

" The greates't drawback of the quadrupole'rnass f’lter is its I:imited resf)}ution' The '
rcso!utlon 15 less than one atomic mass umt (a. . u) and 15 suff’ clent to separate |
"’__adjacent elemental peak& It can also be improved to the extent that an eiemental k

- peak can be separated from a dcubly charged ion peak ata half-nntegral charge o |

mass tatio, although tl'us results ina loss of sensmvxty However, the resolutlon

is mad‘equate for the separation of polyator_nlc_ ion a_nd elemental fon peak ovcrlaps,

where the mass diferences are typically between 0.02 and 0.03 a.m.u. These
| péiyatomic ion overlaps are the major source of i'nterfereﬁce'- problems in {CP-MS,

Magnetic sector mass analyzers are able to resolve polyatomic iGh GVérlaps on

elemental peaks, but their implementation in ICP-MS poses several problems.
: b i ’ : .

‘Magnetic sector analyzers ate-considerably more expenstve than quadrupoles, and
increase’ the price of what are already eXpensive instruments. They also require'

Iuwer operatmg pressures and. smalier fon energy dxstrlbutlons than quadrupnles :

' However the 1mplumentatxon of h;gh re.snlunon magnetic sector mass analyzers

in IC‘P MS instruments appears to be the only solut:on to the problem of peak

' nverlap mterferences At\he time of wrltmg, a commercnal high resclution ICP~

I3 . .
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M has just been lauriched by VG Elementhl:-“‘ This i‘ggtm'é'm' has a double
- fo¢usmg magnenc sector mass ana!yzer thh a variable resolution of up to 10 000 '

' whmh enables the resolut:on o‘r’moiecular mtcrference& |

1.42.6 The detector =~ b

) . J)"’_"\, L . . . _
-One of the most attractive reatures\f ICP-MS as an analytical techmque is the )

L
il

' abthty o achxeve very low deteétlon limits, and this capability 1s due to two +

| B factcrs very low background, and a detector which is able to count mdmdum‘“ o
idns, Samples are usuaily analyzed at solution analyte conccnn-atmns bﬁiow

1p,g.fnl“. At these lgvels : the number of analyte jons 'le'a'vin_g the mass analyzer is

very small and thé beam cyrrent is less than 0.1 pA,{EWhich equ"ates to less t}ian G

10° jons per second. However, the mstrument background is only a few ions pet
secand The detector whtch is. most smted to 51gnal anasurement aver thls range

of ion currents is the electron multiplier detector.”

. The electron multlpher detector eons#ts of a ;urved tube 70 mm Iong and \Mith-’-
al rn{n internal diameter . The tube is ﬂared at the mput end 1o form a funnel

and has a resistive cnatmg of approximately 1_0?‘ Q. The funnel is positioned at the

'exit_end of the quadmpﬁle, slightly'off the ax'is to reduce 'th_e possibility of stray

photon noise, A hfgh voltage (typical.l-y -3000 V) is applied to the tube, to attract

| jons leaving the quadrupole. When a positive ion Stril;e_s the funnyl, one or.mbre

electrons are ejected from the surface, and are accelerated down the tube. Further
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'collisions' with the walls ocenr and _nioqe electrons are ejec'ted until the cascade

-reaches saturation at a charge of approximately 15 pC, ot 5 x 10° electrens. 'Thi's

' charge passes out of the end of the tube to a collector electrode apd thrnugh a 50-'
| Q res:stor, o nge a vo!tage mgnai of between 50 and 100 mV and 10 ns durat:on. |
at the base mnncctwn ot‘ the tube_ In this way a smgle jon entering the detector
o resz_xlts_ in -__a qeasumble eutput-_ §1gpal-, and it is 'this featu_re that _mekes_ the C

' technique so sensitive,

. The short duration of the pulse. counting signal’aﬂ'dws'.high' count rates and rapid
- scanning of the mass range. The electron multiplier detector is able to c_bunt ion-

~ pulses at rates of up to 10° counts per second (Hz), which gives_ an effective linear

dynamic range ef about five to six oi'ders' of magritade. However, at an ion cou’nt

of above 10° Hz, which corresponds toa solunon analyte cencentratmn of above

1 ;Lg ml”; counting faugue occurs and the response 1s no Ionger Imear It therefore

neoessary to perform Iarge dllutlom on concentrated samples in order 10 reduce
::"the _analyte- concentratlons _to bclow. 1 pgml™, _’l_'h-ls_ is time-qqnsummg and

' intmducés .i.mprccisio.n, and therefore it is desif:able to have aa extended capability.
 This can be achieved by altering the ion lens sestings to' reduce transmission, or- |

by operating the detector in a Jow-gain analog mode.

In the enalog mode of operation. a lower voltage (approximately -1500 V) is -

applied o the detectar tube, At this iroltage, the charge at ihe output end of the

. detector does not reach saturation and therefore varies considerably from pulse 1

45
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polse. The signal is not obtained from the base of the detector, but rather from the
 collector electrode which is connected to 2 linear amplifier. The outp_ut of the
: ampliﬁer is an analog 'signai.which represents an average over time of the variable’

: output pulses The response time of the ampizﬁor is set to gwe g reprcsentahve'

| average szgna{ and yet st:ll &llow rapld scanning over tha mass range

| ~ The analog mode of operation extsnds thé'caba'biiity of the {nstrument to éhalyte o

- 1.4,27 __D:;ta' processing

= ) [
- &
LA

_ponoentrations of up.' to.- 1% rnJv However, at ihese_ﬁigh c'cm_centrationé the degl.éo
-.o'f sample depoSition 'on' the -i.nto'rface. cone's becomes 2 pfoblem. due 'to tho "
. blockmg of the onfioes and resultant ioss of signal. Effectlvely the total dissolved
_ '.sollds content of aample solutions must be kept beiow 0. 2% m!v Despite this, the -
._'use of both analog ;_md pulse countmg modes of data acqmsltnon gives a _lm__t;q.; -
d‘jrnamio range of oight orders of ms.lgn'itode,. ahd therefor.e. 'cnabl'es the
) | determmation of both ttaces .md majors in sarnples The analog data acquxsltxon _

feature is not standard on ICP—MS mstruments, but 1s avj}iilabie on the] 4tnore "

advanced modeis. A dmgram of a dual mode’ detector is shown in Fig. 1.I J

In the’ normal mode of operatmn, da.ta is acquired by scanru kg rcpﬁatedly across
the required mass range and accumu]atlng the counts. Because the scan ratx{\xs 50

high (the full mass range can be scanned in as little as ”{} ms), it {s necessary 2%

.sto_re the acquired data as mpidly as possible. Different approaches tn'thls pr:_.)biern
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have been taken on the Sciex and VG instruments. On the Sciex instrument the
- acquired data is t'ra_néﬂ_-:rr_ed to the computer at the end of each scan cycle and the-

" counts are accumulated in memory, while on the VG instrument the data for each .

- scan is accumulated by a mﬁiﬁﬁhannel- ana_'lyzer and transferred to the computer

i
i

gt the end of the 'acqm‘_siiid}ﬁn.
| ko

The s_o_ft@f;ar’é for the nian‘ipﬁlat_ion _o'f._aé_quired éata is sophiéticated, as.. is the casé_ '
with mo§; modetn ins'trijment.é. Oétions are a\_railabie for qualitative an’aiy’sis_of .
scans, sémi—qmnﬁtﬁtive and quanti:tative.- mult.ieler_ne.nt atialysis, is'ﬁ.)'ti.:_)".p_é 'ratio
| rﬁég;surement-, and 'isbtopg-dilution Iand_- standard addition anaiysis. in garldit'io'n' to
- tHese, there are é]so cptional'. progrems for time.-fés_qlved analysis, laser abla_tion,':
- flow injection and electrothermal _atomiiatibn. Tke software is also used to co_ntmi |
many _ﬁf the instrur:;ent fu_nétious s_ﬁé’h as i:nla_sipa start.—t;p and data acquis_itidhs.._ _

‘The software is designed to run on _IBM-cmﬁpat_ibIe personal ca:ﬁputcrs.
1.4.2.8 Vacuum ﬁ_nd' cob!ihg’systems

The va'c;.'u.ur.n systems of both the .\.”G and Sciex instruments ré_ly ;01_1 a ro.tary. 1 ,_p; N
which is ;able to operate at high pressures, to achieve an intermediate presstiré of
approxi_ﬁ';ately 5 mbar in the expansion chamber. H;Swever, the two instrurnen.fs.f
have different high vacuum systems. The VG instrument is divided into two |
chaﬁibers behind. the expansion chamber, with 2 diffcren't_iai apeftﬁre. be_twéen

‘them. The two chambers, referred to as the intermediate and analyzer chambers,
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each have their own diffusion pump. The intermediate chamber is maintained at

a pressure of aﬁﬁroximat_e_ly- 10” mbar, and the analyzer chamber at 10% to 10

 mbar. A sinigie rotary .pump is uSed' o pmvidc -b'ackingr for the 'diffusinn pumps,
_"as well as to perfonn mmal evacuatmn of the chambers aﬂer vacuum shutdc)wn o

_- -In the orlgmal Seiex system a smglc large hehum cryopump was used to ach;eve _

the necessary vacuum for quadrupole Operatmn, and there wis no need for a

E dxfferential aperture between chamberb 'I'hrs systemn has now been modxﬁed

- Coollng water is used for a number of purposes in the ICP—MS mstmment. The

ICP Joad cml is water cooled and the plates to whlch the sample and skunmer.

. cones are attached aré_ water cooled to remove heat from the cones. Coolmg w_ater :

is also needed fer the pumps. Water at room temperature. is used for these

. | purposes, but a Cf"l]i‘“l’ umt is requlred for the spray chamber coolmg water, wl-m.h

is mamtained at appmmmately 5°Cto reduce solvent Toading of the plasma
4 .

1.4.3 Charsététistics of ICP-MS analysis
1.4.3.1 P-iasma.co:npnsitlon_ and system response |
A typical argo_'n_plasma. into which a 0,01 mmol.it ahalyte solution in 1% pitric

acid is injected has an elemental camp?nsition (including both atoms and fons) of

approximately 10* at_olms.cm“’ argon, 10" atoms.cm™ hydrogen and oxygen from.

© the water, 10" atoms.cm™ nitrogen from the matrix acid, and 10 atoms.em™
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" analyte. The analyte concentration is exprested in mmol}* rather than the more
y y ation is express m

usual mg.l*, This is done to remove the degiendence of the atom concentration on

1

- the atomic mass of the ana_IYte- element. A molar concentration.dvf"-(]'ﬂfl mmol I
- corresponds to 1 mg.I" of Rh, which is more or less central jn the periodic table

| with ﬁn 'a_tc.:mic inass 0'1:'__’1\03.

S : 5.

)
i

"ﬂ.

Since only ions are sampled from the plasma, the instrument response for a

particular element is dependent on the degree to which the atoms of that element

are jonised. The ratio of ions to atoms for a particular element in & plasma can be

' determined from the Saha equation: -

' 3 »
e (2wl g (i)
M al\ R Q
where_:'-

M" = ion concentration of the eI_e:ﬂent
M =’_étnin concentratian of the element
.n., = elpetron density” B

.r'na = mass of electron

k = Boltzmann’s constant

T= temperature

h = Planck’s constant
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Q* = partition function of the jon -
Q = partition function of the atom

IP = ionisation potential of the element

used- to"calculate' ] 'ra{iﬁehable appmximation of the de.gre?a of ionisatibn of an

element in the piasma. A penodlc table showmg calculated dagrees of ionisatiom

*for the elcmcnts is shown in Fzg 1 122' 'I'hese ﬁgures are based ona piasma

temperatum T 7500 K and an electron density D, = 1 X 10‘5 cm™,

From this- table it van be séen that more than 90 % ionisation occurs for most of

-fonisation energies, i.e. the non-metallic elements, and then_:fofe_ the degree of

' ionis_aiit;n is rel-étively low for.atgon (zpproximately 0.04 %). HOW&VE._[‘, the high

argon alom concentration ensures that Ar” is the -major' positively charged species

present in the plasma, with an 10n populatmn in the tvpxcal working phsma

descnbed abovc of 10" to 10* jons.cm™. H* and O* are present at appro:ﬂmately
104 mps.-cm" and.mtrogen from the matrix acid at about 1(313 jons.cm™. T_hese -
_' “'S';"iécie's are all present at considerably. higher coticentrations than the analyte ions -

which have a popuiation of about 10" jons.cm®, The predominance of background |

will be discussed in thé, following section.

‘51

“The Saha é'quat_inn applié_s {0 gystems a;' theruiﬁ_i_equiiibri-um. A_lthough the plasmé' o

is not at equilibriur, it is not far_ftom'it,.and_' therefore the Saha equation _can-.bé.

the elements. lonisation efficiencies are lowest for the elements with high first

_ ions causes spectral interfere nce problems due to background peak overlaps, which
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 Diespite the fiigh ioriisaiion effit:iency'of most eléments in th'e piasmﬂ,' the vatious -
- pmcesses mvclved in gettmg the analyte to the detactor are very mefﬁc:ent These
8 processes mclnde a:ebuhsatmn, transport to the piasma, samleg cf the plasma

" ionbeam foca.:smg and mass analy51s, and each process Lresu!ts ina aubstantnal lnss

4

y of potermal s:gnai At a typlcal sample uptake rate of %.2 mme“ the 1 mg ''Rh
'._'analyte solution d:sm.ssed abnve is. sampled at a rate -of approxunately IG“‘-
a?oms.s The analyts ion current reachmg the detector is approxlmatcly 10° § mns.s N '

0 , ! and therefore only 1’ zn 103 atoms sampled-ever reaches the detector. However,

_the cxcepnonally hlgh sensxtw;ty of the detector and luw background fon: count

rates enable dﬁtectmn below the ng. ml Ievel fm‘ most elemems

T
.

- Thé respthe for" fhe' metallic'elemetits tf.nds to incfeﬁsé w.iih the maés nuniber,: |

although the vanatlon is not much more than an order of magnitude over the full L
- mass range. Relanveiy hngh detectmn hmlts Whlch are obtamed for certain of the.
metallic elements are due to backgronnd ion iuterf_ergnces i’ather than variat_iq'ns '
in response. The i‘csPdnsés- of é_eleét_ed ele,men.ts._ acfﬂs’s thé spcc’frufﬁ, cormét;ed for
'degrée df"ici-nisa_tion and iso'topic abundance can be used to plot a curve fmm
which 'réspnnseé of other _.;:'Iemer_lts can be prédit:téd.’ This pmyides 4 means of :
_semiquani_itat_ive a’ﬁallys.is withoét standa.rdisatinn,_,.‘;by relating the 'respons-e of
- unknown elements to. that of a sing_l.e. element of known._iéconcennﬁtiqn ﬁa‘ _the;-.

ESPONSE curve.
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" 1.43.2 Spectra and interferences

| _ ma:trrx“The sources of peak overlap interferences in ICP-MS are background

‘monoatomic singly charged fons, polyatomic singly charged i.u'ns,.doubl.y charged,

‘ the operating conditions™.

_"'__One of the most sngnifxcant Features of ICP-MS partlcula&ly when mmpared to
- g ICPeABS is the smphcnty of the spectra obtained. 'Ihe major peaks Eor eq\cﬂ

L elemeut gre from smgly charged 1ons thh each 1sotupe bemg represented bjf

_smgle peak. The uumber of natura}ly occurrmg 1sotopes of each elernent raﬁﬁes
E ) '-fmm one to ten, with an average m’:’ 3.6 lsotapes pet‘ element Thm is in ‘sharp

'eontrast to the: thousands of Imes observed for each element in ICP AES Thss '

]

=

| elmphcxty :s a great advantage, smce the nkehhood of pcak overlap mterferences

is \Irery mLch smalier in ICP-MS 1han in !CP-AES Howevel‘ the small number of

ana!yte peaks _fcr each element can be a dlsa.dvantage, since __Ixt. can result in

o

unavoidahie"-interference problems. For_examp}e, ifa monmsotopzc elernent has a

peak: overlap mterference of some sort on its only lSOtOpe, itis difficult o analyze

that element by ICP-MS By contrast, in ZCP-AES it is usuaiiy possible to select

at _least one cf the many analyte llnes whx_ch is Ere_e of mtenference fora partl'cular _

i

A

3

ions, and isobaric overlaps. These interferences can be reduced by optimisation of ¥

F:g 1.13 shows the back‘ground spectrum obtamed from ] "% (viv), nnric acnd
solutlon A log plot has beﬁn used to show all the peaks on the same eca’ie It can

be seen that most of the major background peaks are below mass 45,.with isolated
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peaks being evident up to mass 80 These mass regmns have béen expanded to
show the background peaks more clearly The hxgh backgrounﬂ nmse leve] over” |
: the rest of the spectrum is due to lhe tise of the analog modc of detectmn for the :
~sean. This coupled wnth parttal detuning of the ion fenses, was necessary to enable |

. s_cannmg over the intense _background pea-ks-»-w;thqut causing’ damage_ to the -

- detector, -

i

In addition to the various peak overlap interferences there are also non-spectral

interferences. These include matrix ahd memory effects, and cone deposits,

Background monoatomic #:fngly charged/fiohs-

Thes fons originate fram plasma argon, water and acid from the analyte solution,

. and air, which is present as an impurity in e argon and may also be entrained

in the plasma. Background contributions from the intérface cones and other |
| rhetajiic components in the system are so small that they can be ignored, The.

major monoatomic background i@né are therefore due to Ar, O, H, N and C. Since -

nitrogen is present in any case, nitric acid js commonly used as the matrix acid to
avoid the introduction of additional background species. The concentrations of the

o background s_pccies; in the plasma are considerably higher than typical analyte

concentrations, and therefore these species cause significant interfarences. The

[

signals from certain of the background ions are sufficiently large to damage the

detector, and as a result it is necessary to skip over these p2aks when scanning the
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: mass spectrum, Siﬁcéfhe background eI_gém_ent_s ihémseives are generally nﬁt.df :
_ analyéicnl interest, aﬁd sihd& with fﬁé exception of argon they. do. niét'coiﬁcide With
- the peaks of othér elemems these backgmund ions to not cause sermus probiems.

Argon, however chrectly mterferes W‘lth the major 1sotopes of Ca and K. The result
| is that the background cousts, and therefore the hmlts of detectmn for. these- _

.e!ements are partlcularly hlgh

: Polyafarﬁié singly .ch'arged icns
ﬁ_issociﬁticri of molecutar speciéé is essentially coniplete !:in the plaéxﬁa. Hd@g_vet-, '
a.certain émounf of pd[ya_tonﬁc_ ion format_ion.c}cdt..t_g_s_ ':in the sampi!ng _ﬁébcess, -
whén the gas is rapidly c‘oo.led but is still at a sufficiently high pressure for
' ._c'oliis.ions bet{veen particles to accur at a signifiéant rate. These polyatomic i'qns.

consist of combinafidns of badk’grﬁuhd species, ay w'e;ll a# E#c.:l{g.round/mazl.tﬁx ém’d '

: _ backgroundfanalyte combmatmns The peaks resultmg from polyatomlc speeies are

very much smaiier than the monoatomlc peaks. However, the concentratmns of o

' ‘background specu:s are high relative to analyte specnes, and as a resnlt polyatumzc

jons cause sxguﬁcant interferences. An example of an element wimh is

partlcularly affected by palynomlc ion overlaps is silicon, WhICIT has “N«. __"‘N"‘N

and “N'0 _overlappmg on its three isotopes at masses 28, 29 and 30 respecn_vely.

Certain analyte elements form oxlde and hydromde specles. The signals J&om these

r’!-

species are small relanve 0 the ‘monoatomic fon sngual although m’the cuse nf
:{ ]
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' elements whxch form refraetfyi-y mi:des such as the rare earths the ‘oxide sngnale-_ _ .
may be as laxge as 1 % of the mnuoatomic sxg‘nai Oxzde and hydroxlde peaks can
- the;-efore_ cause sngmi_"zcam mterfereqces 16 and _1-'? mass emts above _th_e_ mterfermg .- -
: __elemen't. An ex'arepie'of ‘this type bf .infeIfefence s the ovei'_iep'_nf ‘”Eﬁ“;() en
| 16"'I‘m Tﬁuliuni_ is m.oneis'e'tepic and therefore _ca"n. not be easily determined in the

- :pre__sence of significant quantities of europium.

Doubly Chd?gedfians .

'Any clement wnh 4 slecond Jomsatlon ezzergy (EF”) whzc.h is lower than the fi: St
iomsat:on energy of argon (27 5 eV) may form cleubly charged ions. Barium (E; "’.
= 10.0 e‘V) and Ce (Ef = 10.8 eV) have the lowest second mmea_tmn energies a:_;d
heve doubly charged -ien siguals .'of 2—4_-. Y uf jthe 's'i:n,.gly_ charged sigﬁals.:
: Apﬁmkim-ately thirty elementsf..' form doubljr charged ions '.whit_:h; since the B
quadrupole disc'rimiuates e'n. lhe besis of elassfchafge 'ratio, appeer et half the' mass
numbcr of the element. Howexer, these 51gnals are generally small and
mterfevences can usualfy be avoided by careful selection of anaiyte zsotopes. In
_fact doubly charged ;cms can be used as a means of avmdmg other mterference
problems by usmg the doubly charged speues of an element as the anahte, as
..demonstnted by .Iams*" Elements with isotopes \wth odd mass =~umbers are - .

pamcuiarly smted to this. type of analyms. since the doublv—charged analyte neak _
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' appeats ata half-mtegrai mass siumber and the quadrupoie resoiut*on canbe tuned -

B T

to half a. mass nmt, thus: mmowng any possible mterference.

Isobaric overlaps

7 o _. Isubanc averlap mtcrference is the a:ilrect overiap ot csf d;fferent spemes with the
N same nommal mass number Isobarm mterfcrences result fmm both backgrcund

e (gas) and analyﬁe :cms._ Ly

3 .
1

'T'Béfe ére' maﬁ){ isqbaric i;aierfémnce? acsss ihe'mas's spe.ctrum,"" ““’W on *Ta; and
180Ny on 99m being two examples. -I;Ia:'yever, \_s}ith the gxcebti_on of indium, m
e(;ery"case ot‘-iéobaric- interferem’:’c 't'here.‘i‘s'alldvays at lléas't one ist)tbpe which is
_free -of mterfereuce. Therefore 1soh'm»>“ fﬁterference dces not generally cause_u

serious problems pmvided that care is taken in the selection of analyte 1sompes.
No&-&pecn'al interferences

.Ther'e are thfée‘ ﬁain tﬁpes- of non-spectral iﬂterferci;ée# in iCP-'vIS Two of t_hese
a_fe_ ;qﬁiinon o both ICP-MS and ICP-AES, -narﬁcl.jr frxa{rii 'sﬁppress"ion-.and
memﬁry effects, .whic_h have been déscribed in Section 1.3.4.2. The ‘third t_ype fs o
ﬁnique Y ICP-MS,_ namely cone de'posits_. N

'
LT
P
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" 'The tempémturc of -the intert'acé, cones at the' orifice is obi}iousl-y- very much lower o

than that of the plasma gas, and matenal tmm the plasma condenses oR the rim

=1

nf the onﬁces. Thls leads io gmduai loss o1 mgnal and’ may result in memory' o

- effects due to the re»-volatﬂwatwn- of "condensed matenal. This p‘mble‘m can be
avoxded by hmmng the level of dlssolved sohds in samplea and cIeani*zg the cones
| ona dazly basxss - C '_

. ;; :
1 4.3.3 Detec ion !amlts n

.
Deté.'.ctidn"liiﬁits for I'CP-MS can Qéry co‘nsid.'e'rably' deﬁending on-the width of the |
| mass range examined and the integré%icﬁ period used _folr. eacﬁ peik;_ as .well'as-the
sample matrix, Instrun;en_tai detection _iimits' for each clefném are generally based
on singlé ion monitoring, bu_t practical _de’tection limits are in fact differcnt'for_ :
each #nalytiéé! method. The ins-tr_um#ntai detcction _iimits for the elements which |
.are not affected by background ion in_zerferences or high firsi ionisation energies '
are generally between 0.1 .'an'ﬁ 10 ng.mt, 'fhese :limits. afe oné o two orders of

magnitude lower than those obtained by ICP-AES for most elements.

1-.‘4.3.4 Precisiqn and acecuracy
_ _ )

Although quadrupole scan rates are very fast, ICP-MS measurement is still

essentially sequential aﬁd therefore the precision uf a particular measurement is

dependent on the scan spé_ed. Reported precisions for most applications are two



1.5 Instruments used"_for experﬁhental work

to three per cent, whxch is s!lghtly worse than the typxcal precxsmn of ICP-AES._ '

measurements, hut is stif qu:te acceptabiwt/f? most purposes Good accuracy ,;s :
_'matchmg and careful analyte isotope selectlon

34.35 ﬁyz_samic ramge |

As wes described in Secﬁon- 1426, ICP-MS hes an'excep:ionauy "wide linear

‘\

dynamw nﬂilge, and lmear cahbmtmn curves spanmng fwe to six ordurs of |
.magmtude are attamable With the use of extended dvnamlc range detea.tnon, it is
p0531bfe to mcrease the range to e:ght orders of magmtude Hnwever, as is the )
 case with ICP»J»&ES excesswely long signal wash-ont times llrmt :he ranges that

are qsed in practxce

L2 -
.r -

' Elemenmi Winsford, (,heshire U.K.) with the dual dutectxou systent. 'I'ne IC.‘P~

- AES inst'rume'nt w'a_s a Spectroflame {Spectro Analytical Instruments GmbH,

Kleve, Germany) simultanecus/sequential instrument with a vacuum polychromator

for the sensitive detection of wavelengths' below 200am,

.attamable by ICE—MS provzded that care is taken to nulhf)’ Intcrferences by mamx -

' _The iCP-MS mstmment used in thls wark was a VG PIdsmaquad I+ (VG o |

P
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- 1.6 Summary

__ camp!et_:;ggm ¢ach other well, -

 Both I'CP,AES'and-ICP-'MS. are well-ssablished techniques for elemental analysis.

Both techmqucs are. capable of mpzd mult:eIemental .analysis wnth good accuracy

- and premsien and- low detectlon ilmxts. Smce the prmclples ot‘ mass and emission - -
. Spectrometry ﬁre cnt:rely dlf{’erent, the spectra pi’aduced by !he two techmques are

'_ subject to d;fferent types of spectral m‘erferences As a resu!t the techmques

iy .
‘?:‘

" For most analytical applications the tﬁrd’ techniques employ: the sé_\mé'mét’ﬁo’d of

'.s’arh'pie intfud_ut;tibri,- namely p;ie'nmat'ic" nebulisation of a ""liqui'd' sampté "'and_'_'

'trernspdrt t‘rE the reéuiti-ng Eierosol-'viéi' a =sPray chamber- o the ;hala;emn'-. Pneumatic

- nebul:sanon is the most commonly used sample mtroducnou method because of -

lts mmphclty and ease of:' use, However, there. are several probiems assocxated wnth -
this method mc]uding poor tranSport e!ﬁcxency vrscastty and : 1emory effects anﬁ'

the reqmrement that samples be in solution form. The objectwe of thxs work 1&1l &

' bmaden the: apphcablllty of ICP AES and ICP-MS and tor 1mpmve the qﬁallt\#'of

e g R R e = e s e m et

" '___dnalysxs by the ernployment of altem'ltwe sample mampulauan and sampla

introduction techmques.




1.

B

3.

i
el

" Gray, AlL., The origins, realisation and

. References R 5

'I'hompson, M and Walsh J N A Handbook of Inducswelv Cougled- o .

Plasma Sgectrometgg, Glasgow Blackle and Son, 1983 pp 1- 14

Meore, G.L, Introductmn 10 muuctwelv coug}ed glasma»-atamlc emlésion

mctrometrg, Amqterdam Elsevxer, 1989 pp 65-160

» Muntaser A, and Gol:ghtty,DW 'Ihe mggitlc Qggof mductivelv cougled- .

p_lasmas relatwe tn other labora»torv n}asmas in analvt:cai spectmme;;g In '

Montaser, A, and Gohghtly, D, W Eds tnducnvelg coupied Elasmas n
L analg_tical a_tomm sggctrg!s_ucopx, New-quk: VCH Pubhs_hers. Inc., 1987.pp |

- 1413,

Edelscm, M. C. H1g1_1 reso lut:on giasma sggctromet_gx In: Montascr, A, and'

N Gahghtly, D.W Eds. !nducttvelv coq@sd J:Iasmas in analgtica_l atomlc

p_eutroscogg, New York: VCH Publxshhrs, Inc 1987 pp 239-266.

_ Greenfield 8., Jones, ILl and Berry, CT., alys ,89 713 (1964)
' Wendt R. H and Fassel, V.A,, Anai, C‘hem . 37 920 (1965).

| 'Boumans P.W.JM., Line coincldenp.e tables f‘or mductwely mugle

p_lasma agmmc €mission sp_et,tmmetrv, ;.nd Elﬂ Oxford Peraamnn Press |
Ltd, 1984,

In: Date, A.R. and Gray, A.L., Eds, Applications of inductively coupled

glasma&nass spectrometry, 1st Bd. Glasgow: Blackie & Son; 1989, pp 1-

42,

64




10,

11.

12.
13,

14

15,

16.

18,

15,

21,

yon

L aere

Gmy, AL, Sp_ectrochim Acta, 4013, 1525 (1985)

'Dougias, DJ. and Houk R S., Prog, Analzt. Atcm Sgectrosc 8 1 (1985)

.. Sugden, TM The. dircct mass sgectmmetw of mm m ﬂsmes In Reed ) _

RI Ed., Mass Sggctrometrg New. York Academlc Press, 1965. pp 34?-

B '358._ |
) 'Jams, K. E Gray, A. L and Houk R. S., Handbook ofInductwe lx Cougled -

: lasma»-Mass Spgctmmetry_, G]asgow, Blackie & Scn, 1992

_Knewstubb P F. and Sugden T M., Proc. R Sog, 255 520 { 1960)

Gray, AL, Proc, §oc. Agai. Chen_l_. 11, 182 (1-.9‘?4).

. Gray, AL tsotogg' ratid detennimtinn on solut.ions \I.ifith. a Qlasma'i(m
| sonrce. I‘n‘r Todd, L.F.J., Ed, Dmmlc Mass Spectromegg, London Heyden
1978 Vol 5, pp 106-113
- Douglas, D.J and French, J.B Anal Chem 53, 37 (1981) |
- .Houk RS, Fassel, V.A., Flesch, G.D,, Svec, HJ Gray,AL ar;d Taylar,_

CE., Anal, cg ,52, 2283 (1980)

Daie AR and Gray, AL Analyst, 106, 1255 (1981), 'I _ | ;

.“[

Greene, ET, Beachey, J.E. and Frcnch J B., Nat, Bur, Standards, Sgccxa

 pubp. 561, 431 (1979).

Date, A.R., and Gray, A.L., Apalyst, 108, 159 (1983).

' -Moore, G.L., Introduetion to inductively coupled plasma atomie emission

spectrometry, Amsterdam : Elsevier 1.989 pp 65-116.

Elasmaguad sxstem manual, ver. b, VG Elemental 1988
Houk, R.S., Anal. Chem. . 38, 97A (1986)

65.




e

24,

26,

. Gray, A.L. and Wllhams,IG 1L Anal Atom. Sgg gg;, z 599 (1987)

Jarv;s, KE., J Anal. Atom S ecirom., 4, 503 (1989). }; B

' 25 ' _.Tsukahara, Rq and Kmubota M., Smctmt:hlm Acta, 45B 581 (1990)

Hutton, R., Walsh A, Mlltan,D and Cantie, J o ChemSA, 17 213 (1991)

U .

66

S



2.1 Introduction and theory

_. '5]

Determiunatwn 0E‘ ’E‘mce Empumms im: Tamtalum Bxide and

S o -Nmbmm Oxnde

241 Introduction

| Thete :‘jl everJﬂ‘creasiﬂg demand in iﬁdustry for a wide Varieiy of high-purity'
. )

matem S, Wthh are usec%—m specmlised appllcations where tmce contammants can

havg! serious adverse effects on their pertbrmance. To cemfy the punty of these N

materlals 1t is ne.t.essary to perf@rm quannmtwe deterrmnations of a nnmber of

possrble contammant eiemems at the g, g level and bclow Consequently,

_ consxderable a.nmmt of resear(.h has been arld is bemg aimed at the development

ot‘ apalytical mstrumentatmn and procedures which are capable of achieving these

low limits.of determination,

&1

‘Chamer 2, Appnncamn of Lasar Amman ICP»aMS to the o



o

* of determination which are required.

| _Mmtek xs involved mn the development 0{" metﬁcds for l‘he productlou af hlgh- :
' 'ptmiy (99 99% pure) tanlalum@oxlde (Taqﬁs) and mob}um nxnde (szos) 'I'hese -

= matenals are not useﬁxl in. thexnsefves, but can be used m produce tantalum ar,d S

- '_mdustry. It 1s neoessary tcs determme the concentmnons i these products of

//

"\ "

H magne.‘smm, alummium, snhcon calcmm, titamum, manganesg

S - ’-"? I,fl. "
and tungsten in both matenals, as well as tamalum in Nb-,Os and mobwm 1n

Tazo,. Since the rcqmrement nf 99. 99% punty allows a maxtmum of 100 ng g‘ 1
'_total zmpuntm, a Iower hn:lt of detefmmancn of 1ug gt B desnrable for each
analyte eiement Bemdes the cernﬁcatlon of final pmducts analyses 0’:‘- :

intermediate maters&ls are rcquzred for the m(mitonng of plant proccsses, and |

therefore 2 short analysxs time is reqmrcd B

 The ..c;eteri;iination pftra‘ce impuriﬁies zn Taﬁf)s and NBSO_S lS dii;‘ﬁc_::ult' for sevemi:'
reésdns. The. pre;'-;ence- of the ma:fix 'ca.t.xs'es complicationg fﬁr mosi S-pecmisco;:ic
techniqﬁes; and g trace-ﬁla:fix separation 1s usuaily riécéssary beforé' analysis,
' Howeve;, these refractory materials are drfficult to dissclve quanmatlvcly, anda

;slow dlSSDlu!.li’m step coupled wnh a iengthy trace-matnx separatmn is

unsatggtactory when analyszsresults are rcquired_ for plant monitoring, Di[ut’inn of

the sample in the dissolution process is also a problem because of the low limits

i
R
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o, s;lver, tin

y g _mobuﬂn metals, carb:dcs and ceramlcs whtch have a vancty of appizcatlons in

o certaln elements which are assaclated thh the raw matenals. 'I'hese elements ars S



S

“The. exlstmg method for determmmg unpurmes in Tazos and NbgOs at Mmtelc is
a d.c arc atonnc emission spectmgraphnc procedure using camer dxstlllatron In o

- thls procedare the sohd sample is mlxed with a camer compound 'I'he sample is

‘}

electrod;} and a counter electrcde. 'I'he camer oompnund promotes Selectzvc‘

&)

: v-q]a‘ulzsatlon- of the_volatrie.,_mpqnty _el_ements while | supprgss:pg the. vq}a_tzl:sanon. |
Cof the refractory 'mgt'r'iﬁc.; Thé_san_‘iple is 'atdth_iéed m the are, the emltted llght is

) disperséd and the Speétmm;is recorded on photo.g'.raphi_c pIafe_s.. The émis_sioﬁ lme |

' -ﬂdéx_l._sit_ies_-qf the analyte eleme_ixté- are then ':cmpare;.:l witﬁ :thosé of éaiibrﬁtfon _'
Stand&rds-td ob&iﬁ concentration 'vé!ues. Carr‘ier distillation is ess:ential-mto feduéé B

the mmplexlty of the mamxspectrum and thus jimit the number of Ime overlap

mterferenccﬂ Hdwevcr, the came.r also supprcsses the rcfractory ana:yte eiements

R tantalum in sz()s, mobtum in Ta,0,, and tungsten in both materials Stace the

" emission lmes of these elements are relatwely Weak even w:thout suppression,-

| -‘these elements cin not be analyzed satlsfactonly by thls method

Inductively coupled plasma-mass spectrometry (ICP-MS) using laser ablation as

a means of solid sample introduction is in pringiple well suited to the analysi$ of

- Ta,O;5 and Nb;O_;,', since dissolution of the sample is not necessary, and the

techaique js relatively free of matrix interferences so trace-matrix sepamation can
be avoided. This work describes the development of sample preparation techniques
and analytical methods for the determination of trace impurities in Ta,O; and

Nb,O; by laser ablation ICP-MS.

69
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2,12 Aims of the buvestigation

' The pnmary al.m 0f l:hls mvestlganun xs to estabhsh ﬁﬁantx:atwe methods for the
'determmation of trace 1mpur1txcs in Tazos and Nb,t), by laser ablatlon ICP-MS B
. However, ]aser abiation 1CP~MS is a relatwely new techmque and little has bcen. |
' ._ publzshed in thls i eld Consequently, the secondary axms of thls mvcstlgatmn are..: B
to gam a better understnndmg of the pmceSsmﬂ “: ;uc,ﬁ take place during Iaser

f"ablatmn, and___- to - establish instrumental ;parameters and methods of sample o

- prepagafian which are applicable to other sam;ile 'types.

2.1.3 Oceurrends, properties and uses of tantalum and niobium
1

- 21.3,1 Occurrence

, Tantalum .-and_.niobhlm (a]so réferféd to as colii_mbiuﬁi) almust- ihvariably oceur

| ..toge'ther in mature, The most important _mineial is (FeMn)(‘I‘é,Nb)zQs,. which is

| _ﬁi_llle_d tantalité. or cc.‘flurr.lbi'te dgpending on which element p_ll'edmnina.tég;:;i'amalum_
_#n_d nfobiur__n ..products__.arc obtained from this mineral, but most of the world’s
prbductiﬁnlis oB_tained as a by-product of tin refining. The tin ore éasa:-it_erftqHE _
contains _s‘igni.‘r‘ic'ént.aﬁiom;_ts I6f tantalum and- nic&iun;; which report in the slaé

during the tin smelting process, and which can be beneficiated fram this sl’agz. _

Brazil is the world's largest producer of tantalum and niobium pmdﬁcts. South

- Africa has produced minor amounts of mineral concenirates from mines in. the

70
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Cape Pretiihéa but the majof pfodi:cer in South Africa is the Iscor tin smelter at
| Vanderbulpark ’Whlch proccsses concentrates fmm the Uis mme in Namibm and

| produces tantalum- and mobnum-heanng slags as a by-praduct The work in Whlch

Mmtek is cngaged is the productum of 'I“a 05 and Nb205 frnm these slags

TN

©21.3.2 Properties.

' Ta_ﬂ_ta-__]_hm and nidl_’:i'u'm have similar pmpérties; ‘They are both ductile, refréz{:mry "

 metals with Algh meuing points (ran'taium'f 2996°C, niobium 2468°C), high

. elecmca! and thcrmal conduqtmt;es and exitemely hxgh corrosion resxstance_ -

niobjum bemg shghﬁy m‘ore_. _reactwe- than_ tantalum? - The oxidés are even more

resiﬂiant to chemic':ai attack and'i-n fact. the c’orrosion resistani:e of the metals is

- due to the presence of a natural]y ‘i“ :ﬂ*“rrmg stable. oxlde lﬂyer whxch protects the .

' methl t‘rom attack. Thls resistance to corroszon isa very useful property in certam
applications; but it 'makes' dissni-ution of the mat'e:-iais prior to analysis very '

_ dlfﬁcult Hydrofluonc acid, whlch prevenls the formation of the oxnde. 11yt:r. '

rapidly dxssolves the metals and the nxrdes can also be quantltatlve.iv &;ssolvad

in hy_&r‘oﬂaonc acid ( with the add:tmn- of nitric acid to e¢nsure dzssql-utwn_ of the.

“other elements present ), However, dissolution of the oxides is more difficult thas

B Y

the metals, re_quiring several hours of digestion at h'igh temperature and pressure,
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impniwd ‘wear resxsiance?iz- -
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e

'Mmt o -the world s producnon of tantalum is used in capacltors Tantaium is

'91

part:culariy suxted to thls apphcauon due to the stable dxe[ectrxc surface oxide fi Im, :

| and is Superlor to any other type of matenal used in capacntors. The punty of the' .
.rnetal is critlcal ’in thlS apphcanon, the hxgher purity- cnablmg highsr worklng_ |
_' voitages. Tantalum metal i is alse used.m haghutemperature superalloys and tantalum'-

| sheet zs used exbenswely in lmmgs for chemlcal eqmpment due to its. excellem '

o _'com:smn res;stancc. _Tanmlum carbide is used in combination wuh tungsten and

tltamum carbxdes in the manufacture of steal-cuttmg tools, where it imparts

The main use of niobium is as ferroniobium, Whickh is used in carbon aod- high-

' Strf_ingth,low-alloy steels to increase the strength of the steels. Niobium is aiso used

in non-ferrbus metaliurgical.applicationsi zirooniﬁm-niobium alloy is used as

i, K

| claddmg for nuclear fuei rods, and another mob:um alioy is used fbr rouket o

nozzies i in spacecraft and mzssﬂes because of its strength and corrosnou resistance

at temperaturcs up fo. 1200"(3 Like tantalum nipblum is used in chemml

equi;ment for its corrosion resistance, and a cc’)m-hinat_ion of niobium carbide and

hafnium carbide is used as a ower-cost substitute for tantalum carbide in cutting

~ tools. Niobium metal and several niobium alloys are superconductors at low
temperatures, and for these applications very high purity niobium is required. |

- Other uses of high-purity tantalum: and miobium are in electro-optical and

electroceramic devices and ceramic chips®.

72 o b




" ,Jl.ra :;'&naiyticnl technifgues used for tmce ana!ysis in tantnlum and niobium :

| -'memls and cnmpounds o

Besndes the d.c. arc em:ssxon spectragraph:c proc'sdur&s described prevmusly,

R -w1de vanety of mstmmenta} techmques have beexn apphed to traLé analysns in

1‘.

- .tantalum and moblum metals and compounds generally mvolvmg dlssoluuon
’ _follcwed by separatlon of the analyte e]ements from the matnx. Impum;es in.
_tantalum _metal have been d&termmed-by ra_dto:.hgr_mcgl neut_mn actlvag_gon _aﬂalys-xs - ﬁ.
involving impurity seﬁaratioﬁs bef;rc_aud_ a_ftef irrgd'iationﬁ-' hnd by .sef:aration

'tbi'lowed'by'thin-fiim x-1ay quorescencé 3pec§romet£§*7 ‘:_&nci.\secohdary ion mass -

(T

_ spectrometry hagve’én used . tca determme Al and B in tantalum dlslhcxdt‘. thix

\

fil lms Traca lmpuntles in mobmm meial have been determmed by emmsmn
: specn'ometry by spectroc:hem;ca] techmques by neutron actnvatxon anaiysq{“
' _.'and by ICP AES"‘ all of ﬂlE»e techmques requmng pre- separatmn of the

_ impurltie_s from the niobium matnx. S_,olutlon.-iCPvMS has been used to d_etermmc

A Spectrophotometnc methnd has been used t0 detcrmme tantalum in nmbmm

. oxide™ and radmtracsr techmques have. been used to study the solvent extractmn

5

~ of impurities frum mobmm in hydroﬂumc amd su!uttq /

PRI

: . ‘.\ H- ' h . . . .f;’l

o




A7 2AE Laser ablntﬁnn (Ready“ ami Laserlab Manual")

R
[P

2.1.5.1 Theory of laéer_é’

.

™,

Laser is ap acronym for Lnght Amphf‘ catmn by Snmulated Em:ssu:on of Radlatlon.

_ A laser is a dev:ce Which pmduces an mtense, coherent beam of monochromatlc -

" np;-lcally trampare_nt mediym pns:tmne_d b__etwwn- two highly reflectmg m_lrrors"

~ (referred to as the resonator), and an excitation (or “pumping") source.

The opticaP medium is either-a'cfystal or a tube of gas or liguid coma-i‘ﬁing atoms,

ions or molecules whlch are easily ra:sed from the ground state to an. emted state.

Excitation enargy 1s infroduced by a fiash tube or an electrxcal dlSCI}IB’gE and the

active species is cxc:ted.- On returning to the ground state, the ar;z-We Specles emits

a photon of energy:

By - "{;LE - E-E,

-, where h = Planck’s constant, v = photon frequency, ¢ = spk_i-:d of light, A = photmi

| wavelength, and E, and E; are the energies of the excited and ground states of the _

active species. The emitted photon is able to initiate further emissions from excited
species by the process of stimulated emission. The resulting photons are coherent

with the initiating photon and have the same waveiength; However, the emitted

74
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photort may also be absotbed by a_' gr’oimd_state species. Therefore, for a net gam o

of phofons to occur, more than half of the active species must be in the excited

- state. This condition, referred tg as population inversion, is achieved by the

excitation source,

The resonator consnsts af a palr of hlghly reflecting n:nrrors, one on each sn:‘le of

the optxcal medmm, separated by a chstance :

_ where A= emntted photcn wavelength and N is an mtegral number. This causes

the emltted photons to form a standing wave whlch stimulatcs t‘urther emissions,

Any llght of the wrong wavelength is rapidly lost from the system and the light

: contamed in the resonance chamber is essennaliy monochmmanc

There are various means of obtaining an emission beam from the resonance

chamber. In the sxmpiest system, one of the chambcr mirrers is only p'lmal!y- "

reflective, so that part of the light is transmrtted The transmxssmn may he m the

form of a series of pulses 100 to 500 us in du_ra_npn. or a continuous ‘beam,
depending on fhe type of ._exL:itation used. This mode of operation is refér:ed m_és_
fixed quality f_esnﬁance cavity or "fixed Q" mode. In Systems where the active
species has an excited state w_ith a relati\;ely long lifticae, it xs possi.ble to obstruct -

the resonance cavity in such a way that a large proportion of the active species is

- excited and photon emission is suppressed. When the obstruction is fentuveq, the

total excited species energy Is released in # single pulse of much higher intensity
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~ and shorter d_tifatibn.tﬁa_lp the fixed Q pulse. This is refgrred to as "_Q-s_witchi:‘_d*!' :
7 ‘mode b’ecauise' the qu“ﬁ}ity 'nf the tesonance cavity is switched. .Q-'switching'is
| B achzeved by a vancty nf means. mcludmg blaachable dyas, rotatmg :‘Bﬂectors and L

| ""eiectro-uptlcai devxces,

" _'Ihere are many dlfferent types of !aser, thh power oumuts rangmg ﬁ‘om Ie..'s than o
' 1 mW’ up ta 1 GW and frethencies rangmg fmm the near uktm-vm}et i the mfra—_
red. Gas type }asers include atomic (He'\Ie) {onic (Ars Ke) molecular (CO;) and B

o -_exmmer (I{rF) dewces, Solzd—state lasers include crystallﬂna and semicunduc.mr -

u : B

dewces Crystallme devnces arc pumped by xenoa flash Iamps and mc]ude tbc: -

| | rubj? laser,” ln whnch Cr3" 1s->the active specles and AIZ(J3 the op‘mal med*’um, a0 :

thc Nd YAG laser, wh;ch cogs:sts of a crysta} of yrtrium aium:mum garnet doped |

. with the actwe s;:ecles Nd”'(ﬁg 2 I) The most commonly used qcmlcnnductor .
in iasers lS galhum arsemda, although other matermls have aiso been used. The

" anly llquld typé iasers are the organic dye lasers, whlch have the uqeful'-

.\

: jcharacter_l_stnc.of being tuneable to a speq_lﬁit: wavelength. D_ye lasers requ:re 2.

separate laser system (tﬁuailv ah asgan laser) to pumb the -dye faser. Each typa af ~

dye gives a nartow wavelen'*th rang,e, but the use uf a variety of dyeq é,wps full

| '\cuverage of the range from 400 to 1000 nm.

-
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2.4.5.2 Lasers In spectroséopy

- -Lasers hav‘- pmved io be extremeiy versatlle too[s with a very wrde range. of
appllcmmns in dxﬂ"erent spheres, frmn the Strateglc DefGnse llut;atwe to )
mzcramrgem and from -'cuttmg and Wel'dmg of metals to ccmpaet_ dlsc players and'- |

supermarket check-outs. Lasers have also fwmd many uses in ehe;mstry,

‘n

partleularly if the ﬁeld of sPectmscOpy o .. ' Iq :

It is. es.'tdent that a source of mtensc coherent m(mochromatlc hght whlch in

certam ﬁnstances IS tuneable foa requlred wavelengti‘i, is potentrally A very useful

spectroiscoplc tool, Lasers have been used to lmprove exxstmg spectroscopic

) techmqﬂ,les, and new techmques have been developed based on the umque

capabl-lihes of lasérs.

Exampigs of techniques which utilise the spectral characteristics of lasers are
- Raman spectroseopy™, laser-induced atomic fluorescence spectroscopy', laser
enhanced fonisation spectrometry™, resonance ionisation spectroscopy® and

" resonance ionisation Imass spectrumetry.“. Huwever, apart from their use asa light

source, lasers are alsu used as a means of samplmg solid Katerfals. Certain types

uf lasers produce pulses which are sufficnently pmverfui when: focused on a smail

arca of a solid materml to atomize & portion of‘ the materlal. Thls characterxsnc'
has been utilised in a varlety of ways. The microplasma whxch is mdueed by the

laser pulse is sufﬁcn..miy energeuc to .excite the atomised spesics, ami hae

therefore been used as an analytical emission source, The useﬁ:l‘ness of the laser
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induced mlcmplasma as an emissiop source is limited due to matrix effects, poor
prec:smn and poor - sensxtlvlty. This was largely due to the poor excntatlon

chamcterzsttcs of the mlcmplasma"“‘ Huwever, as a source of atoms, laser'

'-ablatlon (snmeumes referred to ~as laser sampimg) has been lmked to several

spectrometnc techniques. These mclude atomic absorptlon"’" mlcrewave mduccd '

2930

plasma em:ssmunr"28 d:rect current plasma emission :uductwely coupled pIasma'

erms.slm:f‘"32 !aser induced. finorescence™, resonance 1omsauon spectroscopy“,

'resonance mmsatiou mass spac.tmmetry:”'36 dnd mductweiy coupled plasma—mass

= speetrm_n_etry.

’I'he first applicatidn of laser ﬁblaﬁon as a 'mea’ns of solid sa’mple intrbduction Ifnr
ICP~M.: was reported by Gray in 1985%, In this work a ruby laser was used to
obtam 1mass spectra of geotugxcal reference matenals. The ruby laser has a
maximum pulse repetltxorr rate of 1 Hz, and it was suggested that the use of a.'

laser wlth a hlgher pula.e r‘tte would nge a more umt‘orm signal. IIL 198‘? _

—_,4

Arrowsmith. reported the'apphcation of a Nd:YAG laser to ICP-‘MS-, usmg pu!se

rates of up to 20 Hz, for the analysis of standard steels®, This work showed

co'nsiderable promise, and commercial laser ablation units are now availablr.'a's '

accessories for ICP-MS, There is a growing number of mports of laser ablatmn

- ICP- MS applications. Most of the work reported to date has been on the analysxs

of materials for which there are reference standards, Le. geological maten_als-""‘",

: '_ steels and slags“, because of the problems associated with the_pféparatio'n of solid

calibration _standards. However, previously analyzed samples have been used as

calibration standards for the détermination of traces in plastics™ and the
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determmatmu of rhenium in metal concentrat&s“* I‘he capablhty of' ICP-MS to '
) perform Semt-quantltatwe analysm w:thout callbratmn smndards has also been used
in combnnanon with [aser ahlatxon""“‘ Another area wluch has been mvestig,ated ;
_ .13 the modlficatmn of th.. Iaser ta achleve better Spatxai rcsoiutlon“‘s“"‘ Laser

- | ablation ICP—MS has been revxcwe_d by Denoyer et ai.®

2153 The laser ablation system for ICP-MS =7 -

. The laser abl‘atiun'sysmm'can he divided into a numher of sub-sys-tems.- Thése |
'systems are: the !aser itself, the oq:tmal syste.m, the sample stage and the carrier

gas system (Fzg 2. 2] ) L _- .._:'I\'_x :

_ Thc laser is of the pulsed neodymium yttnum almnmmm gamet (Nd: YAu) typc
CRtis pumped by a xenon fiash tube and pmduoes nutput at the fundamental
.wavelength of 1064 nm, which is charactenst:c of _Nd:YAG systems. ‘The puise |

- raté_i #nd- inpﬁt energy can be set manually, to'a maximum of 20 Hz_énd 500 mi. |

The laser can be operated in fixed Q or Q-switched mode.

The laset mitéut beafﬁ- ts horizont#i,_ aﬁd a mirfor is set at 45° to thg-beafn to d.i.rect' |
it down into !;he samplé cell. The .beam passes through & lens which is used to
t‘ocus the beam onto the surface of the sample The lens also forms part of -3
hmocular micrascope throu_g,h wh:ch the sample may be viewed 'md the laser beam

chused. The evepieces of the microscope are adjustabie to enable focus of the
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faser beam at a point below the surface of the sample.. This slows the of Toss of -

focus due to erosion of the sample surface by repeated laser shots,

The sampie cell .cons.isﬁs of a 'cjuar't'z cylirider, open at thé'lr)Wer end with a
: s{oplng upper surface and a carner gas outiet tube in the s:de ~The reason fc-r rhe
slopmg upper surfacc is 1o prevent :he reﬂecuon of part af the iaser beam back :

lmo the Optlcal system. The cell is 'nounted on & teﬂon base thmugh whu,h the

camer gas enters, which is in turn mnunted ona stage. drlven by a pmr of stepper

. motors. Thls stage a!iows the remotc posxtlonmg of the. sample in between laser

' puises by means of a jO}’SttCk or via'the computer. -

Plastxc tubmg is used to connect the sample cell outlet directly to the mjectnr tube

i of the ICP torch, bypassmg Lhe nebuliser and spray chamber. Sampie matenai

' wklch is ablated by a laser puise is carned in the stream of argon into the plasma.

A sale‘nmd‘ valve_ connecled to 2 mlcmswuch on the door of the laser ablatlon
chamber directs the argon flow to waste while the door is open. This is to remove

arif air wh icl_a. may enter the cell when samples ate changed, since the Iﬁl'asma may

be extingnished by large amounts of air fn the carrier gas,

2.1.54 Ch'ar_acte_rlstics of laser ablation ICP-MS
The use of laser ablation as a sample introduction technique for ICP-MS has the

obvious advantage of eliminating dissolution and dilution of the sample. In

addition to this, there is the advantage of separating the volatilisation step from the
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o i‘cnlisation step™, This j'rr:surlts in -rnuch greater freedom fmm matﬁx-et‘fe?:ts' ‘which
5 -
. area serinus problern for ﬁechmques such as glow drscharge and spark source_'
B '- ‘mass specﬁuﬂietry, where vnlatillsatlon and 1omsatxon occur in the same pmcess )

'Anothcr advantage of laser ablation is 1ts versatrllty The Iaser i able to ablate' -'

_' almost any type of sohd matenal both conductmg and non—conductmg However, -

: some maienals such as glasses whrch dre transparent at the wavelength of the hser .

- | _heam will only couple with the Iaser in’ Q-:.wrtched mode. Thrs is because in fixed‘i :

! mode the Iaser tends to fnteract darectly with the. sample materral whﬂe in Q-»l

' swrtched mode the iaser mtemcts with the camer gas above the surface of the

E sample, crratmg | plasma which vaporlscs the sample mate:ml 2 :

if

: The béﬁkground peaks'_in the laser ablaticrn ICP%MS s}ﬁectr_um are relatively simall g -

~ compared to those of solution ICP-MS. This is due to the absence of solvent
loading of the plasma, However, there are still background peaks from the plasma

 gns, the samiple matrix and impurities in the plasma ges.
The greatest disadvantages of laser ablation ICP-MS for quantitative a_ﬁitlysis are

the difficulties experienced with matching calibration standards to samples and the

_ relatively poor precision of meéasurement. -
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| 22 Experimental
221 Intraduction

* The determination of trace imputities in tyntalum and niobium oxides was the first

a{pgiytical._ methnd._.dévelo;iéd usmg la;ser ibiaﬁion_ié?-ﬁd_s at _Miﬁ_tek._ :‘i.Fe_ry. hittle -

| i'nformﬁtibn aﬁtﬁut the teahh'ique was 'avai'iab'le in fhe '.l.'itérat'ufc.. 'Ct;ns.é.qizen'tlﬁ, it

whs necessary to mveshgate varmus asnects of the techmqua in order to develop -

- acceptablc analytncai methods. These investigations mcluded the trial of sample .
. :prepatauon methods,-_._opumx_satmn of instrumental opcratm-g conquns, studies of =

| time-resqlved ﬁnaljté signals, and studieé of the composition of éhlated material

by scarin_ing electron microscopy.
2.2.2 Apparatus

The laser ablation uiit used was a VG Lasetlab (VG Elemental, Winsford,_"
Cher hire, UK), which was supplied with the insttument. Samples were ground in
-2 McCrone micronising mil} {MeCrone Reseaych Associates, London, UK), and

particle size measuremcnts were performed using -g Ma}ve;‘_p gﬁrii{:ia‘g sizer
(Malvern Instrumvnts Malvern, Wor;estershlre, UK r’elim“ | }resseiﬁl using
SR I '

a 30 ten ting press (Research and Industnal Instmment Ccrmpan} Lundon, UK).

f

Electron microsct)pe studies were perfo'rmed on & JEO_L 840&- §canning electron

' microscope (JEGL. Tokyo, Japan) coupled with a Tracor Northern TN 5500

v
: R

%
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" energy dispersive spectrometer (Noran Instruments Inc., Middleton, Wisconsin, N

;o
;

| USA).

| 2.2.3 Chemicals

. Standards wei'e pmparcd by spikmg Grade 1 ’I‘azos and szos with hlghwpurlty _. ) |

compounds of the reqmred ana!yte elements The compounds used wete a5

. follows:

Ta0;
-
Mo
ALO,
's"io,-
| 'C‘aCO'a_.
TiO,
Mno,
Fe,0; |
‘Ag wire

| Sn0O,

WO,

All of the above materials were obtained frdm_Johnson Matthey, Orchard Rd,
Royston, Herts UK, with the e’xé_eption-of CaCO; which was obtained from Cerac.

Tnec, Milwauskee, Wis, USA.
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“ stock mixtures are shown in Table 2.1, _ .

‘_Thé_-bind'ers which were used were.;

CF 11 celtulose powder (Whatman Intemational Lid, Méidstonc‘, -E('ént UK)

Boric 2cid (Johnson Matthey, Orchard Rd, Roystun, Herts UK)

Muwml (Aldrlch Chermcai bompanL; Inc,;' Mllwaukee, Wis, USA)

lnternal standard solutmns we)a;. prepared from htgh—puﬁty maxenals 'I‘he mater:als
usedWere, B . ._ - o o |
Rhemum metal (Johnson Matthey)
indwm metal (Cerac)

Scandmm oxlde (Sc303) (ICN Pharmaceutlcals Inc., Plainview, .Y USA)

Other reagenis used were :

Ac#tone, AR. grade |

thrib"acid, 65% ARgrade __

ey

ﬁ.z.4 Prépération of calibration standards

Tt:r ‘Lr inate matrix effects, it was necessary to match the mamx of the calibration
A _

star:dards to that of the sample materials. There are no certified reference matertals_

with similar matrices tg the samples, and therefore synthetic cal ibration standards |

were prepared Johnson Matthey Grade 1 Ta 0.i and quos were used as starting

materials, and these were Splked with high-purity cornpounds nf the requlred

analyte elements to produce 5 per cent swek mixtures, The s:omposmqns of the
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“To a'.'void prﬁb}'ems ;e:ép.-e.r'ience(i._with.t.hé "Biénding of silver compéun’ds into solid
. standards, the silver i rate was freshly prepared by dissolving snlJer wire in titric
acid and drymg The abmm stuck mixtiires were thomughly biended by repeated

- wet grmdmg w1th acatone A zirconium pestle and mortar were used to grmd the
 standads sm_ce zlmomum' was not one of the requ_lted analyte ele_rr;cnts and -

_ therefore did ot ﬁosé a contamination problem. Bach stock ?nixttire was diluted
- 'With'the a'ppfup'rla_te. m"atl.'ix maigrial to pmduée a suite cﬁ" standafds'raﬁging fromd -

1_' to 300 ug g, and eac_h standard 'waé_é' thoroughly blended.—
~ 2.2.5 Sample preparation

' "The method of sample pfepamtion was deveioped for TazOs','and the same method
~ was used for Nb,Oy, since the materials are physically similar. The requirements
- of the sample preparation procedure were & small sample “particle size, and a

 means of immobilising the sample for ablation.”
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Tablq 31 Cnmpo’sitinns_'of stock mixtures for éalil;fat_io_n s-ta_nﬂﬂrds Co

om0, L o NBO

Te,0; 798mg  NbO,  W3mg

_Mg_é_-.lcg gz'}mg Mg . 82.-9":-:;g_
A0, ssmg LMD ssmg
__si_o-z __H:m';".u_ m‘g."_ ) ,s_id; o '_10’;.0.1;15*'.'
oco, o © ooo, ;o
MO, 791 mg o MnD 791 mg
" Fe,0y ?15 mg. - o ) Fe,0, 73 mg:.q
NbO,  TLSmg | ANO,  T87mg
- AgNO, . mg o e §10, _63.5 .mg.

| sﬁo;. ‘ .63..‘;3. mg o TaO;  6l0mg

WO, 630mg WO, ' 630ing
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2253 Sample Grinding

| 'A reqmrement of any solxd samplmg techmque is that the }ampleg must - be’ o

Varlous methods of grmdma were attempted and ¢ : J."“‘taf:ti*vem%s"s of -thé rn-'ethods o

hnmog,eneous. Thls is partlculariy important in laser ablanon, _where very tiny 5

| amounts of matena} are sampled A typxcal ablatlon crater isa pproxxmately ZDOy.m _

m tliametcr and SOum deep In the case ‘of powders such as Tazos and szos, it |

s necessary to reduce the partlcie s:ze as much as, poss;ble

o F

'was detennmed by partncie size analysns of tha gmund samples. Ta-.os before

grmdmg was fnund' io be 90 per. cent below Ssum. Wet grmdmg wn‘.h acetone in

- a mrcomum mortar reduced the 90 per cent fxactmn below 27um Grmding, thh '

: 'zxrcama bea.ds ina McCrone micromsmg m:il pmducec’l the smailest partlcle sma

| (90 per cent below 3pm) 011 analyms of the sample it was however found to. have '

been contammated hy 1mpur__1t;_e.s in the zirconia beads. All ather common]y uSed

grinding materials were rejected because of contamination by one or more of the

. analyte elements. and eventually” plexiglass beads were Selecte'd for use in the

| micmniSinw.ﬁ mill. These 'gave a p:ﬁ'ticle size of 90 per -ccﬁt below ISum' and .
mtmduced no signifi cant contammatmn. This method of grmding was used in all I
- subsequent work Gmphs shomng the pamcle Slze dlstrlbutmn ina Tu-.Dg sample o

pefore and after grmdmg with p]exlglass bcads are shown in Fig. 2.3.
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Fig. 2.3. Particle aize analysis of a Tap, ‘sampla . -

before and after grinding = ..

¥

T 1 §11t¢

BT Y
Particle sizefum

"o~ Before grinding —— After grinding |




2.2.52 Sample Ymmobilisation

R Samples cannot be ablated m a powder stay 1s the acoustlc shock o.f the laser

_ pulse scat:ers the materxal It is therefore necessary to 1mmobllxse thc sample, ’
.elther-by usu:g a bmder, or pressmg a pellet, or both.‘ An attempt was made to'_
press pellets. of Tazos pewder ina 10 mm dlameter die usmg a 30 fon ting press '

_ ﬁ'_ "'I'hese pelie:s wete. fmmd to be falrly robust but tended to crack when ablated and‘q

therefore it _wa__s necessary io use a bmder._ _

. Borlc ac:d i commonlsf used as a bmder, and .attempts were made to pness pellets
from Ta,Oquonc acld mlxtunes These mixtures produced robust pellets Whlch_. |
| could w1thstand the shock of ablation pulses However, 1t was dlscovered ‘that
B was GDntrlbutmg to the background of the TAl 1sompe and rnmng the

. detectmn hmlt for aluminrum whlch was one of the reqmred anaiyte elemems

_ Smce alumlmum i monoisotoplc, thers was no aiternatzve isotope to be used, and L
' therefnre boric aud could not be used as a bmder The use, of cellulose powder L
. _was ﬂttempted but on ablation of a blank cellulose pellet. it was found to contain

_ _unacceptab-ly high levels of certain of the analyte e}ements,.rn partlcul_ar iron.

The next binder 'v'vh.x"f.;h was -inveSiigat'ed was I;fmwid[, .a partict.llar' .gr.ade r.af".
: puiyvxnylalcohol An aqueous solutmn of Mowml was' used, following the
| procedure descr:bed by Darke et al.*® This procedurc involves mlxmg the samﬁle
‘mth the bmde; solution, drying at 50°C and pressing into a pellet, However, when

this method was duplicated, it was found that if the sample and binder mixture

N




wz;gﬁmply dried in a 15 mm diameter plastic Polytop lid, it s'e_'t_ into a smooth

feSincus- disc which was suitabie for Iaﬁiation without being compacted undea'

pressure The dlsc pn.ssmg step, whlch is tlme-mnsuming and can resuit in

. "2

N 'camtamma*mn of the sample by the d:e, was therefore omitted The pmcedure used .

for lmmohlhsmg samplea pnor 10 ablatmn wiis a8 follows al ml aliquc-t of 2 5

% (mfv) Mowiol so]utmn was thoroughly mixed with 50{} mg ground sample and -
' the mnxtur‘e ‘was transferrﬁd toa 15 mmy diameter polytop lid. The -l:d was placed .
- "m an OVen and dned at 50°C for 3 hours after which- it was ready for ablation.

These sﬁmples had a large enough surface area to allow up to 30 Iaser abiatmns _

. _w:thout overlapping of the abiatron cratess.

2",_.2.-5,3 Introduction of internal standards |

-
)
X

‘.\'J .

Inmai Iaser ablatmn studles perfg)r'ned on Ta,O_s samples indicated that the amount
: of material ablated vaned consﬁerably from one laser ablation pulse to the next,

resu_itm_g in pm_)r precrs:on of 'analyte signals. It was therefore decided to use

It

internal standardisation as a means of overcoraing this problem.

"The procedure Of"ﬁint'ernal ._ standa-rdisa-ticm involves the normnlising of -ana!yte B
elgnals to the sxgnal obtained tor an element of known c.oncentmtlon, whxch is

usuaily kept constant in- both standards and samples throughout the mmys;s |

| Intemal standards are exterislvely used in solution ICP-MS work, mainly to correct

for matrix effects.
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An internal standard for & particular analyte-element should ideally meet several

LN

a}mrements 'lz should be present in the sample or standard at a constant

concentratron, the nsotope used should be tree of interference, the mtemal standard

- signal should be mughly similar in size to that obtamed f‘or the analyte and the- |
mass and fonisation potential of the internal standard _shou-ld be similar to that of
the analyte element. In sdlution ICP-MS internal siand:ard Solutior’zs- afe simiply -

added to the standard and sample solunons However in faser ablatmn work jtis

 less easy to mtmduce mternal standards Where possiblc,, itis most oonvement to

use a low abundance isotope o{" an e!ement whlch is prescnt in the standard and

'_s_ample matrices as the internal standard._

S

'Tantalum has two naturally é‘ccurring isotopes, the major isotope *“'Ta which is

99,988 % abundant, and the minor 1sotope 1Ta which is 0,012 % abundant. The

major isotope can not be used zs an mtemal standard for the determxmt[on of -

. impurities in Ta,0;, as the count rates obtained from this isotope would be too'

high relative to the analyte counts. In fact, it is necessary to skip over the '*'Ta
: iéntnpe when analysing Ta;t)s samples to prevent the excessively high ion current
from - Jamaging the detector. However, the minor isotope ™ Ta is of sufficiently

low abundance to give a similar count rate to that'of the analyte isotopes (*Ta

has a concentration of 98 pg.g” in _p'u're Ta,04). Since the samples are of high

purity, the concentration of tantalum does not vary significantly from one snmrile
to another. *®Ta is subject to an isobaric interference from "W, and tengsten is
~ one of the analyte elements, However, the "W isotope is only 0.126 % abundant,

- A concentration of 800 pg.g”! tungsten in a 'Z{'atzc'}s sample, which is considerably

03 .



.higher than normal would.only raise the 'Ta counfs.by.,-l %. The oW
mterl"erence is therefore not sngmf:cant. At.cordmgly, llEmTa was used as the mternal. e

standard 1sot0pe for all Tazos analyses.

_Niubium has only'on'e naturally occurriug isotope, which éan not he uSe& as a'n--

= g mtemal standard because of the pmhlem of de,tector overlaad as descrlbed above S

Wt

szt), standard and Samples st therei'ore be. splked with an’ mternal standard R

before analysis, The most convement way of t:lomg this was to splke the aqmous

. bmder solution with a chmce uf mtemal smndards Scandium, mdxum and rhenium .

are com-monly u_sed as mtemal st_andards in solution ICP-MS analysns, as 'they are
raz_'éisr preSent m mo.st' Sample tyﬁes and gi{'e good covémge of the mass s'pe.ct:r_um.' |
_ 'I_t'f_s usual to sélect the internal 'étapda-rd which is nearest in _.ma_ss to the an’alyfé
| eleme'ri_ts; _S_incé the anslyte elements in Nb,O; ﬁre spreﬁd ovef virtually'tﬁé chtire
' _rnas# rangé, from n;hg_nesiurﬁ (atomic ma‘sé: 24.3) o f_ungSten' (atomic ﬁiass
183.8), all three internal standards were used. To test the feasis'il'ity of adding
: mtem’il standards wlth the blnder, a 5% Mowncl solutmn contmmng 10 pg.mit -
scandtum, mdmm and rhenium was prepared TI‘IIS hmder solutum was used to -
preparc a set of Ta,Og standards '1nd san‘lpies whlch were analyzed, Results were
calculated using “Sc. *In and ‘“Re as. internai standards and compared thh |
résults obtamed usmg: 0T as internal - standard There was good abree.\rnent'
between,ﬁ_:e two sets _gf results, and the relatwe_standard_devlatmns were simliar,
an indicat-ioq___'ihat " -:Arniking of th binﬁcr solutilo'n with interntid standards is an -

acceptable method of intrnclucnng mternal standard elements to standards and *
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Cog

samples Acoordm Iy, T"‘Sc, “Sln and ‘55Re WEre used as interna{ standard lSOtO es
£ P

for the analys:s of szos sampies

2.2.6 Laser ablation ICP-MS analysls

. '_-,.Prehmmary survey scaﬁs werc performed o see what sort of signal .could. bf:, o
7 "aobtamed from the ablatzon of Tazos samples Scfected reglcns of a typlcaf scan are -
) _shown in Fig. 2 4 These stud:es mdicated that, as expected the sensitivity of the_. -
"_'mstrument was more than % aqnate for the determination of the ana]yte elements'.
e c:v;sr. the requlred cal-:bratu\:ﬁ range. Therefore it was not necessary 1o Dptlmlse '

" sens;tmty However the preclslon of laser ahlatlon results was considerably worse .

_ _than that typ:cally obtamed for solutmn ICP«MS work Consequently a study was

" made of time resolved laser ab!atmn.szg_nals of the analyte_ elements with the

2

purpose of improving the repmduci_biiity: of the Sig’nal. o

2261 Time resolved signal studies

* Using laser ablation and the single ion monitoring software aption (which allows
continuous signal measurement at a particular mass number), plots of eount rates

'vs time were obtained for several analyte isotopes. These plots were compared

with similar pluts' obtiined by solution nebulisation. A comparison of laser

" ablation and solution nebulisation signals is shawn in Fig, 2.5. It can be seen that

the height nﬁ-the'spikes in the signal (or “noise") relative to the signal itself 1\& _

considerably higher for the laser ablation signal than the solution nebulisation
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_ sxgnal T herefore the mgm: m~nou.e ratio is worse for laser ablatmn sxgnals Tlm
' - N

was suspected te be due t ablated partlcles of mrymg size pﬂssmb mm the

o _plasma, which would result ina less stable plasma and therefore a nois:er 31gna1

o fest this theery, a 03};:11 Mllhpore ﬁlter paper was ;:meeu in the carrier gas

'_lme between the ablatxon zell and the plasma ;orch z sample was ablated

S

e repeatedl::, and the -collected materml was exammed under the scanning electron o

Cmicoseope. g

| Z.Z'&Z_Smnning elecimnlh:il-iez_‘e'seepe ie_tudieﬁt_.__ o

The eIectmn mmregraphs of ab!ated n]'.atenal are shoﬁn in Fzg 2, 6 These lmages o

| exhxbit severa{ mterestn&g features FI tly, part of the matenal is in the ferm of

4 rietwork of f’ne ﬁlaments = G.Ip.m in dlameter, which can be seen in Frg 2.6a

- at 10 000 x magmficatmn These filamems were conf‘ rmed to be ablated materml '
and not filter paper by qllﬂlltﬂtl‘o'e eneggv -Jispersive spectrometry A mlcrogmph "

~ofa blanlc filter paper at the same magmficatlon is shown in Fig. ?..Gb, The en;,m_ |

of the filaments is not known, but may be condensatior; of vaporised material,

Secondly, a portion of the material is in the form of spheres = lpm in dinmeter

(Fig. 2.6.::) which are presumably condensed molten droplets. A third portion of
the material is made up of irregular chunks = 20 uni in s1ze. These ate visible in

Fig. 2.6c, which is at 500 x magnification. Once again, these chunks and the =

spherical particles were confirxﬁed to be sample materiat (and not contamination)

by energy dispersive spectrometry, These particles appear to be sampls material
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which has not been vaporised or melted, but broken off by the shock of ;hg laser

pulse.

e

The scanning electron n&ii:rdscc:pe studies confi frm that parti'éie's. of "‘t\'ridély varying

size are t'ra'nsported* i‘o thé pfasmé; and provide an explanauan of the nmsy nature

of the laser ablatton mgmﬁ An atternpt was made to- filter off the larger particles '
using a coars_e f_li_ter paper, and thus impmvg the preclsmn of the signal. However,
- the_pﬁéer rapidly bécaﬁia_ clogggti and. the signal “'was -lost; It was therct‘ofé_

_necésséry to use. the systéxﬁ' without fiItrétibﬁ and to SB.IE‘..'t.!{ iiiéttumenta! c;ndition.s __ B
| ewluch would gnve the be.st poss1ble precision des,»ite the instabilnty of the laser

B sngnal

2.2.63 Instrumental operating conditions )

1t was found that the trans1ent stgnal obtained from 2 smgle 1ase:[ pulse gave more .

reproducible results than the steady state signal from rcpeated pulscs. et of -

‘\

mstru_mental operatin_g conditions were denved based on single pu lse__ acquisitions,
To obtain thc'maxim um signal from a single laser pulse, the Iaser was set virtually
at maximum power, and was focused at the maximum depth below the surfice of

 the sample. The Q-switched mode of laser ¢, ration \_Qas used, whicli gives a pulse |

of shorter durati{in But greater intensity _'t'haln' the fixed-Q (nr free-run_ning)' mode,
and was found -tb Live more repmduéihle ablation ctatérs. A summary of the

opemtmg conditions is shown in Tab!e 2.2
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2,2.6.4 Selection of analyte lsotopes

The isotope selected for the 'ana'iysis of a Ipar'tiéuia'r' elemén_t should .;E(ieﬁ-lly bea

o major isqupe-'.(i,é'i of fairly high abundance), _to'er_:'.éure reas'é"_:nablyz_higtﬁ'cdﬁnt rates,

”an’d’ should be fi‘ce of intErfefence. 1ntetfereﬁde~ftee igo-tdpes could be found for-

most nf the analyte elemcnts However, there were. pmblems in selectln, amlyte _
motopes for certain of the elements due to background 1011 Jk;nerferences
Background ion lnterﬁerem.es are Iess severe in Iase" ablatmn ICP-MS analyals

than they are in conventmnal solutmn nebuhsation Thls is dae fo the absence of

water and matnx acid corxtrxbunons to the backgmunm Howeve.r, there are Stlll

” szgmflcant background peaks resuitmg t‘rom the sqmple marix, the bmder, traces

- of air and other ;mpurmes in the plasma argon, and the plasma argon 1ts::lf
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Toble 2.2 Instruméhial operating con{litions

. Laser ';yp'c -_

_."\“‘--l;‘.___‘:,;:r\ - .
i’_l--

3 Waﬁ#l&ngth/ﬁm .

| ‘Pulsé energy/mJ

* Laser pulse

: Modé

Outer gas flow/dm’ min™

~ Intermediate gas flow/dm® min*

Cal'riéi' gas flow/dm® minff
 R.f. power/kW

- Acquisition mode

| "i!j;)etector'-
Pé&fk J.u.mp. bweil Time/us - B
.Dat; poiﬁtsfpe_ak' -
| Mass l.?_.a.nge Sw:é'e:ps

Acquisition Time/s

1084

250

- N&YAG .

Q

W

' Q-switched

1

0:5 -

1.0

i

14
 Peak jump

~ Puise counting

10240 "

N s

Lad
n
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" Siticon and calcium

s

Es

N 8i1’i§0n and ﬁaicium:}lir.e. ﬁarticular!y di fficult to a’hélyze by--I%P4MS-a9 cvery one . | .
of theif naturally occumng lsntopes is subject to severe intarference pmhlems. The

| 'zsompes of sﬁ:con are, 2“81 (abundance 92 18 %) '“’St (abundance 4, '79 %) and
' "°Sl (abundance 3.12 %) ’BSI has an mterference from the moleaular background -
ion "'Nz, 2981 has mterferences from "‘N“N and “N,H, and ““51 has an mterference -

fmm““N-“‘O. The main calciumr 1sotope "“Ca (abundance = 96,92 %) has & dxrect .'
: N

i : i

zsobanc nverlap of “"Ar whzch is the main argon 1soﬂ‘)pe "“Ca t.he second most

ahundant ca!cmm cutOpe (abundance 2. 13) has mterferences from AriHe and'

‘3C“03. There ar}e four other naturall_v occurrmg calcmm 1sotopcs, but these all.
“have very low abundances. (0. 003 to 0.64 %) Two of these (““’Ca and ‘“‘Ca) have
| interferences frum_ more abundant lsmopes __of_ tltumurn, wihzch ls-_also presex_:t in the
. .sts:mda;rds and .samples._' -.The ;_J.ther.tﬁm '(42(3&_- 'ana_'u(:a) have inte:ferences from -

background sons. ‘The coz_xééntfations of these background fons ate smalt by

comparison o other background ions, but they are large relattve to the low

‘abundances of the calcium isotepes Although the interferences on the silicon and
) _ calcium isotdpes ate less severe in the dry plasma, it was not possible to determine

| ) these'elerhcnt’s at the required levels by l'a_sar‘___ ablation"ICP-MS__;
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Iron and aluminium -

-'? _ and sxlicun.

1

Like calcium and s;lzcon, iron and alumlmum are also, subject to backg,round ion L

mterferences However th..se mtarferef.t:es ate qus severe than those on calcmm

'1\-,
Ao
py

Alummium hes cnly one natumlly occurrmg 1s.0t{)pe,rl 3“'A.l. The cause nf the

_mterference ori thns 1satope is not deﬁmte, but is probably l:"’C‘“N and lC“N- N

1

overiap However. the mterference on '7Al is relati‘ W .--,nmor_a_nd t-he isotope cau'

' be nsed for analysxs.

Imn has faur naturaliy occurring xsctopes all of whnch are sub_;ect 10 mterferences.

) The majqr tsotopa-’ﬁFe (abundance = 91.52 '%) has . srference from ““Ar“o |
-_'-The s.emnﬁ:most' '5bundant -isatope,.s“Fe. (abundance = .:,90 %) has an intérfer‘ence' |
from back round ""AI"N as well as an xsnharlc overlap of #Cr. 57Fe (abundam.e
o= 2 25 %) h‘z\f 1nterferences from ”Ar‘“O H and ‘"’Ar”O The other iron isotope |

' ‘BFe is cmly 0.3&3 % abundant and has mterfetences from background 41’4'\1"50 and

W

\\ 562 v

*Ni lsobanc uvem\lp The de isutnpe has the largcst backbr'pund mturferenue hut -

1
A |

this mterference is the leasts:gmf‘ cant re]anve to the an*i!yh\ s&gnal due to the .

oy

' hlgh abuudance of 5“Fe. The “Fe isotape was therefore seiect\@d as. the an.xivte- '

k!

. isotope fnr_ iron.
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O_Ihé_r analyte elemenss .

* The other analyte elements were free of significant interferences. For each of the

o

' x:;":'j'-_:element_s},-. the most abunidant isotope was selected in order to obtain t'he-highest T

§ sensitivity, The sélécted analyte"i"sdtopes ate shown i Tuble 2.3, o

“Table 23 -selej_c'@ :sotopcs for"'z'}k;:élyt; eicments “
-"_:: Element " _'I.sc.:.ntollue._“ o Abﬁndancé/_% _'
Al 27 : 10090
: 'rx o 48 - 7345
.Fell'., .._.3',_.56 o | 9159. :
| | Nf;_ | \ §3 10000 |
Ta 181 99.9§

w18 3064

It

Fl
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1

- 2.3 Evaluation of the _M&tﬁods '

¥

' 23.1 Determinafon of impurities In fantalum oxide

- )

2311 Calibration

The measured area counts st for a part:t. ular analyte clement, normahsed to the. o
_ measurcd counts fnr the mtemal standard hotope (“‘“’I‘a), were plattcd ngamst the.' |
| . _cancentratmn of the element for eachi smndard to obtam the cahbratmn curve The - _'
. normallsauon factor far each sample was deﬁncd as the mtemal standard counts
._ | .{"or the curr.ent sample clmded by the mtemal standard counts for the flISt sample |
| 'measured As has prewously been dlscussed the preClsmn of laser, ablatlon 1CP-

' -.'MS analysis is relatwely poor in companson to solution ICP~MS As a result it ls-

nnt advisable to use two- or three-pomt calibratmn curves for laser ablanon
ana]ysns,.altﬁough such curves are commonly used in _solution analysns. Toallow

for the spread of data, a suite of five standards was used, and each was andlyzed

~ in duplicate. This gave sufficient data to enable identiﬁcatioh_ and elimination of =

_ m:’casinnal spuribus data points. The use of this calibratidn pmcédure resulied in-

mod lmear callbrdtlnn curves hemg ohmmed for ail of the analyte elemems
Typ:cal examples of calibration curves are shuwn in F:g 2.7. Plos of In;,(are.i _
cnunts,s ') Vs lug(cuncentratmn) are used to show the full concentratlan 'r_ange of

the standards, which spans three orders of magnitude, .
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'_:ﬁhgig; 2‘7E'¢ypica1-calibration curves'for'impuritxes_;n Ta,0, .
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R

Iron in tantalum oxide
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5,2

)
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Concentration (Hg.gmy

]

Magnesium in tantalum oxide

5.8

5.6

52

5
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23.1.2 Lower limits of determination

. _The-:ﬁn;lité_: :of'dctecti'on' for laser aﬁlation ICP-MS has)e beén Qai‘i_oﬁs_ly quoted as |

" being frbm 10 ng.gl 3.'%':up.tn. 2;,;@-! ® dcﬁcndihg on the Sample ty;;e and 'th_t:: |

_. ; elements éxamined ‘In | saluiio'n'- ICP~MS | detédtion “limits can be: Based on

| measurements of a very hlgh punty blank solutior. In laser ablation ICP MS it is
necessary to base deteutmn Hmits on the measurement of the blank matmal Wthh- '-
has the hxghest purity available and whnch matches the sample type. Other blank '
3 m#asurem_ents can be used, such as th_e “plasma blank“ _w_;th no laser shots belng.
.' fi’re;i-,.o:f ablation of a high-pﬁrity, non mé'tri:'c-ﬁatch.ed material. HoWeve,r, tﬁé‘:_sc
.meésumments do not givé a true reflection of detection Iimité because the presence

| af ablated mater_ial'altefg the ibni_sﬁ{on characteristies uf the plasma, and these will
change Q'i:h- .va_ria'tiotis in the 'S_amplej matr'ix;': The‘re_ﬁiré, _wheﬁ refei'riug to
"q_u_ahtitatiw.re._methods of analysis; it is more app_fopriaté to usé_'_'the ;enh ower
_ }iniiis-of 'détérmination“ 'for a part.icul'ar. sample matrix type. These l-imits are )
_ g emcd by the purlty of the bIank material and the premsnon of mea%uremunt _

) rather than the sensnmty of the techmque Very much lower llm'ts of L'ete(.,tmn
| ;'can be obtained for qualnatwe anaiys;s based on the ideutlfn.atmn of spectral

peaks. I-Iow'-.mn:r,i these limits ase dltﬁcult to quanuty.

When ;i'sample' of the Grade 1 Ta,O; blank material was analyzed, the .counts
obtained were considerably. higher than the plasma blank for all of the
 interference-free analyte isotopes. Examination of the spectral peaks confirmed that

there were traces of most of the analyte elements in the blank material. The blank
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' s:‘implé was analyzed reﬁéatédiy Iagainst the baiibrétion.sianda’rds and !d\wcr limits _

' '0{" determmatmn were calculated based on three tlmes' the standard dewatlon ( 3cr)

| of these resuits. The results are shown m Table 24 These lxrmts are genera}Iy |

o clase 1o the de51red level of 1 ugg The hlgher lmut obtamed for iron fs due 0

'_ the _""Ar_“’o backgr_ound overlap on the iron _analyte isotope S‘Fe.
o L S

)
S

Tahle 24 30 Enwer limm (.)F"dét_enﬁiﬁ};ithibn ..?d'r iﬁd.pt.lr'i"iies m
N Elament | Isotope LSW:er.lim_it'of._. )
R ~ determination meg

Mg B 1
W m
T ) | o 48 R 042

_. __'F'e o '5'_5   | '10

_..Nb - N | 066

: Ag o | | 23

_Sﬁ o mo :- - 022

W 184 078

11



N 'spectmgraphy the results are shown in Tao!e 25 - 7

2.3:1.3 Preckfi.. and accuracy Vo
S - R _ r - :.'-‘:_.\.\

¥

E'AS has becn "mentidﬁéri'previnusly, thei'e are i\‘o certified reference materials |
- -_}Lvmlable thh-whxch to tes; the accuracy -of the method. Htawver, real samples

. wers available To deterrnme the ar*curacy and preczsmn of the method whan

apphed to rea! samples, 4 typ:cal sam,ple from the punf‘rcatxen plant whlch had

been repeatedly analyzed by d e arc emissmu spectmgr&phy was anaiyzed ten
tlmes by the laser ablatmn ICP-MS method Eelﬂtive-' standard devxatmns fS,} were

Lalculatcd and the results were cnmpared to those obtained by emlssmn_ |

&

o

r
‘\-._.

!

Jh\ :

S to those obtamed ]:ny d.c. arc emlssmn, and are. adequate for the purposes of tlm”
_w_ork. The agreement between the two sets "uf r‘esult.s 1s*-rcasonabl-y.guod for most
| elements although the laser ablatmn ICP-MS results are somewhat lower for Fe

and Al. Ca and Si were not dctermmed by. Laser abiatlon ICP-MS due o the -

backgmund ao:i mterferences dlscussed prevmusly

. J{_\.‘ o



- Table 2:5. Comparison of laser alation ICP-MS with emission
- spectrographic results for a purification plant Ta,0, sample.
. Element Erission spectrography  Laser ablation ICBMS =

'__”:Cnné.!ﬂg\é'_‘ Sr o Conc./ug g _ Sr L

#

Cw o oMg e 02t 47007

o :

20 025 10 045

7/
/o
=

__C_‘a._ S T f_-n.zx.' - 'N.D.
Ti 4 gz o 7 | 007
"13111 DY B o 2_'.- -  3 b_.zs =
| p, ” | '16'0. o8 - 100 012
Nb | i <10 | .' o o 7 .0..16'
Az - é o _'.0.1)9_ 6 | ass
s @ o I T =T

W ND

0dn

ND T Not determined. T

S, : Relative standard deviation

13
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2.3.2“Defer’mimti0h of impurities in niobium oxide

4,

23.2.1 Calibration.

 Calibration s'tandsirds ‘were é:iﬁiyza.ti as fo’r 'I'azf.')s However,- for Nb,;o, --three_ o
'_ mtcmal standa‘:ds were used and therefore a dxffcrent normalxsatvm algonthm was
a ”used. For aﬂalyte masses Iess than the lowest mtemal standard mass (“Sc) only

*8c was used as the mternal standard For masses greater than the hxghest mternal

standard mass (‘&‘Re) only ”Re was used. Fur HAsses between two - mtemal.

stand_ard masses (e.g. -”Mn_, which is between **Sc and '**In), a hnear_ mtcrpalatlon

‘was made between the two normalisation factors.

2.3,2.2 Lowar Hmits of determination

The Grade 1 Nb,O; blank was an_alyzed as was dine for Ta,Oy, and lower limits

of determination were determined in the same way. The results are shown in Table

2.6, The high detection limit for Ta was due to a persistent. memory effect
resulting from the px?ior analysis of Ta,0; This Ta memory effect was only

observed when laser shots were fired, and therefore the origin appears to be

resictual Ta,0; particles which are dis lodged from the walls of the ablation cell and

'tubing by the acoustic shock of the laser pulse. The memory was _reduc'_ed but not
eliminated by replacing the 'tubing'an“d thorough cleaning of all crmiponents. This
probiem is likely to be expcrienced". frequently when changing from one sample

type to another. It may be solved by the manufacture of a number of exchangeable
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. overlap, . - o

R

ablation cells which would each be used_'__fd'r'only one sample type. Detection’

limits. for the other 'anaiyte'_ eiements were similar to those obtained for the Ta,0;

" method. 'Onbe_ again, the detection limit for Fe was relatively hiQ?_?ff;lye o CAMO

e

_Tass'e 26 Lower lzmus of daiériniﬁétibﬁ.(?cl#); for fpurites i 'Nb:,_g; T
: Eie;‘nem : o '_ ls__otoée Luwc_r.. limit of dgtgnniﬁati%-n
: c SR | mgg‘i_..'_. -
AL - .27 - - 0'_32'
L o s
o Mn s '_ o .0.6'3' .. '

P 56 o

TAg T eer - i

sn. 120 0.47
B PR 181 29

w o s 0.37




=

2323 Precision and nct:urak:y\:i:;.'_' |

A typical pla_rit_-sampfe \:‘vgs. analyzed _'répc,atedly "t'o determine relative standard .

deviations (S), as was done for Ta;0;, The results are shoWn:iun Table 2.7, Ssare - o

. comparison, -

similar to thosé of tlie_Taz'C)s method, No spectrographic results were avai'lgble:'fur_

Element  Concentration/ug.g”

" .-Mg.. 1
oA B

Fé’- g _ _ <11

Az 07

s 3

o

w4

s 1000

Tt;‘blé 2.7 Analysis resuits for a -purification' plant 'Nl?i‘:’s sample

T

0.4

006

0.19

006

0.16

0.14

. 018

Y
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2.4‘_Dl_s=:uséiim aindd homilgsidias's-

- \wlemcds have been developed for the dctermmation of trace. lmpunnes in TaZOS

and Nb,0, by’ lasel ablation ICP~MS No dlSSOlthlOD of the refractory samp!e

| matenals is necussary, and the sax;“pie praparanon procedure is rapn. .w.i mmple
24.1 Interferences
. Of the elements for "which analysis is required, four are a;ffécSed" by overap .

~ interference problems, namely silicon, calcium, iron’ and aluminium. The

. interfcrences on caleium and silicon are so Slﬁfl’fi that they can not be determined

at the reqmred concentration levels. Tron can be determmed thuugh with a'

relatlvely hlgh lower llmlt of determination. The de*ermmatlon of alumlmum is not

.' élgﬂ;‘ﬁcaﬂtly affccted by the presencc of the J_nt_erfermg peak. 'I‘he gther analyte'

elements, namely magnesium, titanium, manganese, silver;-tin, tungsten, niobium -

in Ta,0s and tantalum in Nb,O; are all essentially free of intesference,

2.4.2 Me nbry effects

A sévgr-e tantalum memory effect wa_s-énd;ﬁntered when Nbﬁs samples were
analyzed after many Ta,O; analyses had been performed. This memory effect
persisted despite mi%asures such as réplacing the sample transfer'mbing rnd
thoroughly cleaning the cell. Memory effects are 'Iikely to be a problem when'e\..'er'“

changing from one sample type to another, and are 'like_ly to affect the
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- sample type

\\

determinatlon of mobmm m Ta,0;. noQ\hat the system is also contammated w1th

\“‘--:-;.‘.,\

o _ niab‘l}xm Itis antmipated that this prnblem will be allewated by the manufar..ture

of exchangeab!e ahlatmn cells, each of whlch would be dedicated to a smé,le

| 243 Precision Q_ﬁd _accuréty :

The preclsmn of measurement t’or the methods whrch have been developed is

' 0
cons:derably worse than that obtamed for solunon mcthods due to the relauvely

_poor signal tg nmsa.-ratto 9% laser ablation analyte mgnal_s. This appears from

electron microScope studies to be due to large particles o* the sample material

entering the plasma. Methods of alleviating this problem, for example electrostatic

e precipimtion of 'ia._r_'ge ablated part_icles; are 1o be. inves_iigated .il_l the future,

However, the pf%nision of measurement for the laser ablation methods is similar

“to that obtained by the existing spectrographic methods.

2.4.4 Lower liraits of determination

The lower limits of dctermmat;on are below the reqmred level of ];t-f y! for most -
of the analyte elements The elements whlch have elevated ilrmts of cletermmatmn

due to ‘interferences, i.e. silicon, calcium, sluminiurn and iron, can all ‘ne

determined by '_spectrdgraiphic,\methods. Coriversely, the elements which can n'ot.'

~ be determined satisfactorily by the spectrographic methods i.e. tantalum, niobium

and tungsten can all be determined by laser ablation ICP-MS, However, memory

~118

s T T T A e




- _'2.4;5 Ccmciusioin_s_:-

- remin a problep. -

-:Apart Emm the develc)pment of necessary anafytxcal methods th:s research ha aiso
- serVed to increase expemse in the use of iaser ablatm‘n IC‘P-MS Seveml mle; of -
-ﬂlumb have bf'en estabhshed wnth regard to sample prcparatmn and mstmmeutal
operatmg condxtmns whtch w:l‘ be appllcable to other- methods in future. A good )
understandmg has been bbtamt:d of the capabxhnes and limitations = of the

- tcchmqg_e_. | | | |

e - o

: _The use of Iaséf ab'l'at-ion aa sample iﬁ_tmductim‘i _ﬁ:.ethoc,i_ for ICP-MS _ena.bles' |
- ra'p.id' analysis 6t‘-. sal_.i&-'._niateria[s wi:thoﬁt diséoiutic’m-. Thé. technique can be uéed |

for quantitative analysis _ge'spite redatively poor precision:.

2.5 Publication details

' "I'he work in thns chapter has formed the bas;s of a parer presented at the I,UPAC
Thu‘d Intemadonal Sympnslum on Analytical Chernlstry in the Explomtlon, '
- Mining aud Proc'z.ssmg of Materlals, held in Sandton on 2-7 Auguqt 1'5“}2“t The

wnrk has a]<;0 bean pubilsh:d in the Jourmzl of Anaiytlual Atomxc Spectmmetry
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CHAPTER THREE SAMPLE MANEPE}MTIUN AND -
SAMPLE ENTR@BUC’.E‘E@N mz MEANS 011? me
EN.]IECTEON ANALYSES (EFJIA)

3-1 ii_;t_mduction an& Theory® | -

i

311 iﬁ&udqcﬁan

Both ICP-AES and ICP-MS are rapid and efficient multielemental techniques, and

 the time required for actual measurement of the elemental composition of a sample

is gcne’ral'lsi.- under one minute. If one includes the time required for the analyte

 signal to reach steadv-state prmr o measurement, and the time requxrcd for the
: mgnai :.{? refurn to the baselme after measuremeut. the total analysxs fime per

: sample is stxll under fivc minutes, The use ofa sample changer enables’ automa_tmn

of the -xﬁeasurement process, which further increases the efficiency of the

techmques Hnwever. the preparatmn of the sample prior to measurement is still

to a large extent a manual wacess whlch requxre:a a much greater porhon of thc _

analyst’s tlme than the measurement process The reason for this is that the' batch
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operations that make up the sample preparation process do not Igﬁd_thémseivas_ te

 automation.

‘Many of _tlie'b#tch -opera’tioﬁé fnvolvet_l in conventional samplé préparﬁfim:,_ "
' iﬂcl'uding‘ldilutioz_l_, _preoon(:entratinn, separatim:_i and addition of _r'eagents can be
'fe.pla.t:e_d by 'ffow_. bpefét_ious._.Flow operatioi_ﬁ;.oéﬁéiét of séquér'it'ial"u.xovemems of .
. liquids i tubes. The iechnique 61—' ﬂow._' injection ahalys’is is based on the

‘reproducible injection of a weil-defined volume of sample into a carrier stream,

which carries the sample to a detector, FIA can therefore be used in combination

with any ﬂuid.ana-lysis tédMiQue, inclu_ding_ ICP-AES and ICP-MS. There are

i,
=

\_\

several potential advantages to the finking of FIA with ICP-AES and ICP-MS, The ™

* most important advantage is the automation of sample preparation steps, which can

 be easily implemented in an FIA system. A second advantage is the reduction of

-sample volumes, which can be used to shorten wash times between samples and

to ehable the analysis of solutions with higher dissolved solid content than is

possible in conventioral steady-state analysis. |

[
i

3.1.2 Origins of Flow Injection Analysis

There are many precedents’ to the techmque of FIA, and the origins of the
'techuiquc_'can be traced ag far back as 1937, when the concept of sample injection
into a flowing stream was introduced in gas chromatography®. As a result, some

controversy exists concerning the historical orlgin of FLA. However, establishment
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<P
. A

__o"' FIA as dxstinct from other flow methods c:f analys:s was Iargely due to the
_-work of two gmups, one led hy Rﬁiiéka in Denmark and the nther by Stewart m
the USA. Rﬁiléka mtroduced the tenn ‘flnw m;ectmn analysis’ in 1975’ and

' descrl"ﬁe’t“i the dxstmgmshmg feamres of the techmque.

- 3.1.3 Frinciples of Flow Injection Amalysis

R Y

'FIA is character:sed by the reprodumbie, dlI'BCt msertmn of a sample into a

'-conunnous, qunsegmented flow whlch transports the sample to a detec,tor

]’I
momtormg the flnw. Physncal or chemlcal pmcesses may occur during the

transport pmceq§. The degree of dlsparswn oFthe sampge_qan be varied according

to the requiren?ents' of the apalysis. Continuous measurement by the detector

-+ results in a transient signal. Since measurement is not made at sigady state, careful -

control of the timing of operations is important.

o
A
da 4

A flow injection system in its simplest form consists of 3 pump which drives a |

stream of carrier solution through a narrow tube, an iijection port by which a

'.h_i'gl.ily reproducible volume of saﬁaple is intr(.)d'uced. into thé earrier lstres.lm,' an
.u'pti'onaf reactor o pteparé the szinﬁple for detection, and a detectof. Ih: éarly FIA -
systems the sample was literally injected into the carrier strzam by means of a
.syring'e.'However. .in}ect.io'n valves have rgplaced_syringes in most applications.-_”

Fig. 3115 a diagram of a simple flow injection system utilising an '_eignbport'

injection valve. The sample and carrier streams are fed into the flow injection
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K . [

| ___szf;lve byl a'pefisté.l.tiif; pump. 'I‘he;alve caii b.e.- sx;viﬁ:héd between two posit'ions.,. '

“load” and mject’ In the . =1oads posltmn, the sumplc passes through the sample | _
: loop and runs to waste, while thc carrier solutmn passeb thmugh to the detector, .
In the mgect’ posmon, the two streams ate smtched so that the camer stream

- pushes the. contents uf the sample Ioop to the detector, -

The signal .re_su-lti;g from con:;_inuoué deter;tioz;-of an a'n'alyté_s.pec'ies' in an FIA.
.' 'sys_tém i.sl:'a. _péak wh-iéh is _a_pérqxfmatéig Gausgian'_in .sh_ap'e. Fzg 3.2 éhqws a.
B 'c.cﬁm'p.;" Jison bétheﬁ. FIA and siétc.ady;sta.te signafs dﬂtéi:ted by" .ICP~MS‘. ."I‘Ihe Siié
‘-' and shape of an FIA peak is degnendent on th:: concentratmn of the analyte s;:wcws, -
" the vnlum‘., nf mjected sample and the degre.e of dxspersxon u(:‘ the sumple in the
carrier stream The oSt importimt requxrnment of an FIA system isa hlgh degree’
- of repmduc:bllny of the samphta volume and of dispersmn nf the sample, whnch

_ enables accurate correlation oﬂ peak magmtude to analyte concentmtion The

varmus methods of quanm’ying dn FIA peak are shown in Fig, 3., 5‘ These methods

it! . ’ 3 .-':

are; o § . : ' ' s

1) Measurement of peal%': he'i-ght._The peak height is pmportionsfl' to the

- concentration of the analyte species. Peak _height measurement is the -

most commonly used method in simple FIA systems since peak height
Is the easiest parameter to measure. However, in measurement systems

- where signal noise is 2 significant feature, a smorithing algnrithm' is

2 necessary:to ensure accurate measurement of the peak height,
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2) Measurenieut of peak area. The peak area is also proportlonai o o

analyte conccntra,mn and thxs measmament ss used in symems where’- >

of the apexlof 'ihe peak and therefore seiectlon gf the mﬁegratlon )

perznd is cntncai to tha precision and sensmvity of:‘ mez;-. ‘ament.
ol ) R ‘1.-

3) “Mieasurement of peai;: width, The peak width at & particular respanse

'

e o level is bro'po:tiouéi-- to the log of 'f_.ﬁe_-'ﬂ-aﬁalfte _concentration.

©+ Measurement of peak width can therefore be useful in -appIica_tidn_s :

“ where the analyte concentrations cin vary by several orders of

B : . . N y L3 . f;. : - L3 M " .
- magoitude. Due to the ; logarithmic relationship, concentrations

-calculated from peak width measurements tend to be .relatively

" imprecise when compared to those calculatéd from peak height or peak -
area measurements. Peak width measurement is therefore ‘more

appropriate for semi-guantitative measurement over wide concentration

ranges..

——
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SIgnal lntegratlon over tn:ne is apprcfpnate. A d:awback of peak area o

measuremem ;s that the s:gaaﬁc noise-ratio ﬂecrcases On exther side



R

| 3.0.4 Compatibilicy of Flow Injection Analysis with ICP-ANS and ICP-MS

 Signal {;‘z::efze&:@-
» - Aa has i;eﬁn .mentionad prevmusly, FIA is cﬁmpatnble wlth any techmque where

the sample is in the form of a fluld and is mereﬁare applxcable to both ICP -AES :.
aud ICP~MS However, anothcr reqmrement of FIA is contmuous detectlon nf the "
| analytes:gnal o D . _ B

In the case of ICP-AES sequcntsai measurement of the analyte elemeats \by a
_monochmmatar-hase& mstrument is feambl;: pmvnded that the mgnal rerr.ams a
steady-estata. How’ever in the case of FIA, due to the transient niture uf thc §1gnal, |
mmultaneous datectlon of aﬂ analyte elements. is essentlal fer efﬁcxeut B

_ multlelemental analysis FIA is only really apphcahle to polychmmatcr~based

SImultaneous detection ICP-AES mstrumen:s

In the case of quadrupale ICP-MS, detectlon is stnctly speakmg sequen:mi since
~ the quadrupole scans acmss the: relevant mass range durmg analyms How:wer, the
- time taken per scan is so short relative o the FIA péak width that the segnal

detectxon is to all intents and purposes srmultaneous

Quadrupole-based ICP-MS - instuments and polychromator-based ICP-AES

instruments are therefore suited to the application of FIA.
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o _Dat& Processing - =

‘ :\_\\

A factor which limits the effectiveness of FIA in combination with both ICP-MS o

EE I

© and ICP?&ES'isthé dat'é processing "softWare 'cdmp‘u‘nent of -thé'.inStmmcnts.- Thé |

large quanﬁty of raw data produced by multlelemental measuremcnt reqmres a

’ dedxcated personal computer w;th SOpﬁisncated softwd&e fnr processmg of the data

Unfortunately, the software supphed by the 1nstrumem manufacturers is geared
o _"t&wards sngna: -mtegratmn- over a penod of time at steady-sta'te, e, area
" measurement.. 'I‘he VG Plasmaquad ICP-MS software has 2 mu}tlelemental t:me-

e resoIVed measurement ﬁeature, which aliuws helght mcasurement of FIA peaks buit

this feature is meg;g:panble w;th -;the quantxtatlve analysis suftware opuon. The

: Spectro’ﬂarﬁe'ICP-AES-has' no"iti'm'e-resolved mcasureme'nt optiori. As a'result of |

thls, peak’ area measurement is. the only feasnble method of peak quantltatlon en;

hoth the ICP-MS 'lnd ICP-AES systems Sampie volumes must therefore be

suffi cxentiy large to ensure that there is sufﬁcient integration tlme to achlcve '

_adeﬁluate sensmvnty and premsmr_x of measurement.

3.1.5 Applications of Flow injeetion Analysis in ICP-MS and ICP-AES

There have been numei-ous reports i-n the literature of applicationé of FIA to ICP-

AES \‘Iore recently several apphcatmns to ICP-MS have been published The

wide variety of suuatluns m which FIA has beeu used is an indication of the o

versauhty af the technigue,
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. chromatogmphy’“

o

) technique lms also been used fcer matnx matchmg standards and s:mlples12 and

matnx saﬁamtion A automaucn of sample handlmg”""’, solvem\ extractmn

In the fxelr.l of ICP-»MS FIA. has becn employed to reduce m&trix e:ffectsﬁ*“23 and
) to remove mterfermg matnx componentsz" FIA has alsn been apph&d to analysns
e c-f orgamcsnlvents“"” hydnde generatmn‘ﬁ"' dlrect mjecuml nebullsatlon , direct

| sample mse.mon ) E{ld to elememal speclatlon us:ng reversed-phase lxqmd '

e A

ik

4 {_.\"
[:__“ \) :

3.1.6 Alm of the Investigation " .

A

5 o . - . o e,

~ “The first objective of ﬂlisinvestigatinn was to interface a flow injection syStem

thh both ICP-AES and ICP-MS systems, and to establish Smtahie operatmg

: usefu!ness o_f- _th_e ﬂow 1njectmn system by__applymg FIA to spemfic analytlcql'z"

i

problems. o

135

A

- _In combination w’ith I_C?P-’-AES,: FIA has been used to Qfecpncmttate elements of .

' 'inte’:res’t by me&ns;t)'f ‘t:hetéiting-reSinss'g alumina"’ and ion-’exéhange tesins’, The -

s hyd_nda g&neratlon"“"-, s_lurry nebuhsa_tmnz“ and the analysns of organic solvents®. |

_ CDI‘IdltIOl‘lS ‘for- the two technwyes The second objectxve was to evaluate the



B SR

" s.ﬁﬁppafaém . 3

Cchangers. . T e

' The FIA system was desngned and bullt by Taylur and Wl‘hams of the Pmcess
| Ana!yncal Group, winch has coustmctcd severai FIA systems for use in a vanety-

.nf applicatmm-. m pmcess envnronments. The system was desngned te be
compatlbla wath bnth VG Plasmaquad II+ ICP MS and Spectroﬂame ICP-AES.,;

| mstruments whlch was relatwely sunple since the sample mtroductiun systems of .

the ;nstl_'umenls-are similar and both systems employ Gilson automatic sample

o : i
) ,\-:. . :

“The FLA system cdnsnsts of a‘Gilson four-chanuei penstaltlc pump, Techmcw
cofour—coded pump tubmg of various 51zes a Dmnex erght—port pneumatic ﬂow- :
m]cctlc_m valve, and an electronic control circujt. The valve is -driven 'by

‘compressed gas, The valve can be switched auioma't'ically' in ;_:ombination witha

Gilson automatic sample changer, ot it can be switched manuelly, Automatic

‘switching is achieved by means of 2 microswiich fixed 10 the sample changer arm,

'which- is triggcred each time the'-* atm moves from one Isample to _the' next, The

mzcmswntc.h in turn tnggers a solenoid valve thar. smtuhes the gas flow to the
i

pneumanc flow-injection: valve and sets the va!ve to the ‘load’ posnmn. Axn

adjustable timer switch _allows 'suffrcxent time for ihe sample to fill.-'thg sample |

loop and then switches the valve to the *inject” position. If manual switching is -

_req_l‘lired, the solenoid valve is replaced by a manual 'switcﬁing valve, The uptake

delay petiod is a user-selected parameter in the data acquisition software,and this

3%
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peried is used to synchronize the detectmn of the flow- mjectmn 51gnal wlth the

aeqmsmen of data by the mstmmen! |
3.3 Applications of FIA-ICP-MS
'3.3.1 Reduction of Ani;lysis Time

When"en-iest_rumem_:'is fequired :t(__i_ per'_fem;_._a gr;at deai._'ef mae;; analysis, |
) _anythin.gi that eﬁabies a .greafer smﬁpie thre'ughput is vary adeaﬁtageaﬁs. This &

o pamcular!y true qf ICP—-MS where the‘fmgh cost of the mstnnnentation prevents _'

| the purchase of several mstruments. Reducmg the tlme requlred for routine

B3

ana;ysns al_so- fre_es the mstrument_for research__ a_pphca_txons.' e
'Shorter analysis‘\iimes are maiinly achieved by reducing the saniple loading of the
mstrument and thereby redu,mg the wash ge between sampl%h In steady stite
analysis, several mnl‘ilntres of sample are nspxrated into theinstiument per analyms |
~and c0n51derably more time is requlrﬂd for the sample to reach steady state in the
plasma and t wash out of the system than is requlred far the acquisltmn nf '

analytical data. By contrast, in FIA,; sample volurnes a;_r} typlcafl'y of the order of
a few hundred microlitres, and the wash time is much shorter. However, as was
mentioned in Section 3.1.4, integration across the FIA peak results in a Joss of

- sensitivity relative to measurement at steady-state. It is therefore necessary to

select 8 compromise sample loop size that gives a short wash time while
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. normal senbitmty\whlie shortenmg the analysis tlme per sample by ~‘~}0¢“

a9

. maf‘ntainmg adequate sepsitxv:ty. A number of dlffarent Ioop 5|zes were testenl, and-

it was found that wnth a :&50 el sample Inop it was posmble to achieve 7{]% of

A A
,: T

S o

'-H

A factur whxcﬁ degrades sensmvnty and !engthens 1u.was,}-l txmes in FIA dnalyms n' B i
'dlspersmn of the sampie plug in the tubm;, by the carrier stream F:g ? 4 shows

the behavxour of a sample plug from the mornam nf m;ectmn Imtlally the plug is -

cylmdrtcal and 1f it were poss'ble to measure the ‘§ample 4 ?he pomt of 1n_]ect10n -

the ctgnal wouId rise sharply to steady state and retum to tha baselme as raprdly :

_Irltﬁwever,-duﬁ- to the fact that the flowrate of a liquid ip a tube is hlghest at the .

centre of the tube and tends towards zero-at the walls, the plug is dispersed by the

ba'n'ier stream as it flows through the tube, Therefore, the longqs‘gf-file tube between |

"_the"injéction valve and the nebuliset, the broader and ff_ﬁt_ter' the -tirﬂe-reéolved'
' s_ignél. To achieve the pwo objectives of ‘good sehsitivity and short wash time, the

- analyte signal should be'as close to steady-state as possible during the integration

;;eri(':d and should rétb:_n to the baéeliné rapidly. Therefore, dispersion must be
Eept tﬁ_a minimum; In an attempt to minimise dispersion, the inje_ction' vals’e\;ﬁvas
poSitidned as close as .po'ssible to the nebuliser. It:"was ﬁgund that by placing the
valve inside the ﬁirch box with only a few centimetres (.).f tubing connecting the

valve and the nebuliser, it is possible to obtain further improvement in sensitivity

and reduction in wash times.
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_5\'3.3._2._1‘\‘_'Init_roduction -

3.3.2 High Dlssoﬁved Solids Analysis Applicmﬂon to the De‘..emlmtxon of

Trace Impurities in Tantalum Oxicie S o

%

~solids in 2 sample solution is 0.2%. Higher levels result in blockages of the cone

cause rapxd deterloratzon of the cones The result of thlS is that the analysns of
“'sulxd inaterials: mevxtably involves Iarge dilutum factot s and thereforc ralsed

a deteutlon hmlts This is -spartxcularly serlous for samples that requlre dissolutlon by

In steady-state ICP-MS analyss, thie ééne_rélly accepted u'ﬁper: limit for dissolved

_interf&ca' A‘cid crncen’trafions are usually restricted to 2%, since higher leVels B

L

alkalme fusmn These samples ate t}'plcally dlluh&d 1{} 066 tlmes before analysvs, '

80 that a dete.ctmn limlt of 1 p.g 1t in sniutmn equatcs to 10 pg.g* in the original
material. In flow injection analysxs,' ahe-vol-ume of -sample asplrated per analysis
'is typxcally an order of magmtude lower. than the volume per steady state analysxs, N

- and therefore the sample matru( and acid concentranon can be an order of

rmgmtude hlgher without mchasmg the rate of cone hiockagc [ w(&*lr 'In this

way Iawer deteutmn hmlts can be acmwed.

The use of laserablatio as a sarnple mtroductum metHod for tantalum omde was
T

o

described in Chapter 2.A sol:d samplmg tec,hnique wis used hecause quantztanve :

dissolution of tantalum oxide is .ﬁxtremely_ diff:cuit._However-, due to the problems

experienced with the laser ablation -method, (ie. memory effects and poor
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4 precision) dissolution of the samples was investigated as an alterpative. Dissolution
of tantalumoxide can be achieved by fusion with a large’excess of potassjum

e _ o o
 pyrosulphate in a platinum crucible and dissolving the melt in @ dilte hydrofiuoric
- aoidfhydrochioﬁc-ocid mixture»‘ _Usin'g steods:-smte analysts, a large dilotion or'ould :
be necessary because of the hlgh ﬂux-to-sample ratio and the presence of
_ hydrofluoric acxd. However, dllutlon must be kept to a mininug because, of the_ =
Sy

'requlrod lower imits of detorminanon FIA was therefore uti'lsed as a ‘Tnieans of

fma]ysmg more conccntr-lted tantalum omde samples.

TR

L A '\; RS S
3.3.2.2 Experimental s k ol
C o emast . 1 g : ) ? - / - i .. " “ P

A

Using flow injection v?ith 350 i sainple Qolumoo;‘if v\aq foono'thalt'/it is possible
-to.analyzo soln‘tioos with 1.1% dissolved snlid content, _whioh_ n over ﬁoe times
the uppor '::li_mit for steady-state aoai_y's_is, without any blockage of the interface
_ cones .ng. 35 shows. the FIA manifold tﬁat w;s-e used. Tﬁvo Saniplw_a loopq were
used, each 350 il in volume, ffhe-fadvan'tage of this 19 that injection of. the one -
.I'(_}op and loading_of; the other loap . ith the next sam‘"plé oooor s_imultaneousljr. |

~ which reduces the time required per injection.

A 0. 1060g portion of tar};alum oxlde sample was fused with 1 UOL pomssmm
pymsuiphate (PAL Chemlcah‘ AR. Grade) ina platinum/gold oruubla The melt
was leached in 50 ml of an aqueous mnxture__conmmmg 7ml hydrochloric acid

,_{Merok, Suprapur, 30% viv) and 3ml hydrofluotic acid (Merck, Suprapur, 40%
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v/v). Indium and rhenium were added 8s internal standards and the solution was :

) made up to 100ml,

G

.:The sampies were measured agamst matnx-mabched standards thh a cal:bratmn "
: range of 0.5 to 50 ug I“ corresponding toa range nf I 25 ppm to 125 ppm m the' )
: samples The mstrumental cond:tlons that were used are shown in Table 3 I The

7

_peak—jumpmg made of data acqmsxtmn was used because the analyte 1sotopes

- were spread OVEr a wide mass range. 'l'he acqms:t:on tnne was selected to gi\re

- 'maxlmum sensltmty and preclsmn for the selected loop size.

o
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' TABLE 31 Operatmg ct'mdmons for the determmatlon of trace

' 1mpurlnes in tantalum oxide by FlA-ICP«-MS

me_si;e | 35_0 ul
__Cértiétes_oi';;tion_ 0.7 mifmin

" -'flowra.te E

- RFpowcr | i;_z_s_kw |

Anal_ysi.s mode _Peak jump B
E'}e._tectﬂor _ - Pulse couﬁt.

: Mass#rgng*e- sweeps'.  _25- |
Injection dela? 155

Acﬁliisition fme o . 20s

33.23 Resﬁlts and Diseuésion

- The results of repeated analysis of a tantalum oxide sample are shown in f(abte
2, The Loncentmuons are in pg.g’ in the. sohd sample. The ilmxts of detection

are based on three times the relative standard deviation of a reagent blank, mking

the dilution factor into account. Detection limits were not .establish.éd for

ﬁonventional nebulisation were not determined due fo the hydroftuoric acid content

of the samples; however, the small dilution factor which is achievable with FIA
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 ensures superior detecncm Ilrmts in the sohd sample‘ The relatlve standard_

.f}

_. devnatlons are all in the negum of 5% ’I’hzs level of precnsmn is consnderably better
o :‘than that achlevcd for other techmques that have been used at Mmtek to aualyze.
' .tantalum oxide sampl&s, mcludmg aser 1 '1bHatmn ICP-MS and (‘}c arc-emissmn _ o

'spectrography. The accuracy of the mcthod could not be venfied due m the lack
of referenca matenals After a lengthy analysns procedure mvolvmg abc-ut 5{} o
. m;ectwns, the cones showed no sngn of excessive bulld-up or wear Therefore :t_'_ '

can be cbncluded that FIA 1s a useful tool for the analyszs uf snlutxons with a hlgh:

y 'dxssolved-sol:ds content b j ICP-MS
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. TABLE 3.2 Results obtained for impurities in antalum oide by FIA-ICP-MS

P

© Blement = Isotope  Conceniration (ugg®) RSD (%) = Limitof

Jeteaibq_

_-"('_Lig-g'“) |

Mg 24 o100 . ST 10 '_

Nb - 93 '__1_600.' "33 _. B % SR
Ag - w7 3 22 28

S'n'_"':_ 120 21 : o 2,6 . es

w184 7 e 14

3.3.3 Ou-Line Sample Manipulation

© 3.33.1 Introduction

" As has already been described, flow injection can be used simply as 3 means of
* sample introduction for ICPQMS'. As such, flow injection is able to increase sampls

- throughput and increase the maximum allowable matrix levels in' samples:

146
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‘ automat:it of sample preparation by on-line methads.

‘However, possibly the greatest capability of the technitjue is in the area of

- Sampie preparatnon fnr ICP~MS analysxs consmts of a: munber of- dxfferent -

' operatmns. Sohd samp!cs miist be dxssolved, soluhuns must ?ae diluted to su:table '

[}

' Ievels of matnx or an&lyte elements mr.emal standards arc usually addecl fo correct
- for mstrument dn{‘t and matrix effects, and in some caseﬁ it is necessary tc}"':_:.\_.'

separate analyte elements from mterfermg elements or to preconcentrate amlyte

elemenis prmr 0 analysm. of these varfous aspects, sample 'd:ssolutmn is the most

difficult to automate by iﬁ'mr'pomti'on into an on-line system.. However, there is
o 'poientiai for the automation of ail ather aspects of sample pgjepa.mtion' by using
" flow injection. Automation of sample preparation has two main advantages: it :

reduces manpower costs and impfove_s‘ the reliability of results by minimizing the

possibility of analyst error.

3.3.3.2 On-Line Dilution and Internal Standard Addition

The simplest tasks to aitomate are dilution and internal standard addition.

Automation can be achieved using the system shown in Fig. 3.6, The system uses
a mixiﬂg tée-ﬁrhich merges the sample thl* g stream contaiﬁiﬁg diluent and
internal stahdafd. Mixing tees (Upchurch _Scit_énti_f_ic, I.nc‘) are designed fo create
turbulent flow in a very small dead volurné} at the point of merging, so that

efficient 12ixing of the two streams is achi!iaved.. A limitation of this on-line
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: dlhlllUD system is that the daluhon tactor canniot be altered w;thout changmg the o

pump tubmg

An élte_matiire' sysiem is showt: in F ig. 3.7, In‘ﬂiis manifdld the sample and diluent _

Streams. are merged The merged stream is then spht and a part of the stream is

_.-pumped to the mjecnon valve while the excess runs to waste.. The dlluted stream "
o | lS merged w1th the internal standard stream’ before loadmg the sample laop Thls

syste,m is able to ac’neve larger dllutxon factors (up to appmx;mately 250 fold) '

without exccedmg the ﬂowrate. speclﬁcatlons of the .mlxmg tees. Another‘ o

advant&ge of this system is that it is- pcsmble to seIect one of two d:fferent dilution

factms w1thout ch(;ngmg the pump tubmg Usmg this system, many samples Whlch

_- are recewed 1n aiutxon form can be analyzed as received with 10 sample E

' prepamtxon at ail

i

Platinum-group metal Analysis

' The on»-lme difution system was tested on a set ot platmumv-;,roup metal (PGM)

samples that had been analvzed in the cnnventmnal w‘ws " tpples mcluded a’

solution prepared from a number of mt.kel 5ulph1de cmiect ans on the certlfi::d
reference material SARM.7 (Pl_aunum Ore), which is used as a_qualny—cnntml

sample for routine steady-state analysis. The results obtained for SARM 7 are

shown in Table 3.3. The agreement with the accepted values was good for all
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B it atdm

: elcmcnts excepl pﬂﬂadlum The hlgh value for palladmm was due o high blank_

resultmg from an unrelated pnor analysm, usmg conventlonal steady—state

: measurement was goad, and good agreem_ent w;th the resyzlts o_f the conventional

analysis was obtained for ghe other samples, - |
. R B S

: Rarg_-eaifzh'élemehz a_nalysis, -

- _The system has also been used fot rare-earth aaalyms Thc results nbtamed for the

' anaiys:s of an m-house quahty-contro} sampie containmg the rare earths are show“
in Tabie 34. The results are in good agreement wﬂ:h tie accepted vaiues, and

_ good prec;smn was achleved

o,

149

- measurement, of solutaons contammg hxrh Ieveis of palladu_m The premsnon of.:' .

i)

o



TABLE 3.3
- ?Elenie'nf o

 Pd.

Ru

‘R

Ir

An

' I_sofope :

195

105

eg
103

193

197

and internal standard addition

Concentration (ug.g")

377
1.81

0.4

024

0.089

033

88 - 153

117

‘Results of analysis of SARM 7 by FIA-ICP-MS using .‘sn;liﬁe dilution

RSD (%) - Accepted value
(g™

8 amM
S

.\.}

55 043

42 0.24

e

0.074.

46 0.31

150



QO

K

AW

" TABLE 3.4°

Element_

Sm

Pr

Results of analysis of rire-arth clements by FIA-ICP-MS using on-

3 139 -
140

s
-
w

157

056

134

0,19

010

014

30

~ line dilution and internal standard additicn -

0.8

ii6

3.4

18

£,

) 'Is'o_tc)pg'  Concentration (ng.g") RSD (%) - Actepted value

(nggh)

0.54

014

(ST

S ST
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34 Appliéa_tionng of FE:AJQCP.AES |

W

. | - _//’
© 341 Introduction

_ The appllcaflon of Fi A to ICP-MS had shDWn that sigmf:cant 1mprovements in

analysns txme could be. achxeved due to the reduced volume of introduced sample. e

In ICP-MS analytc concentrahons may vary fram 0.1 p.gﬂ to 1000-;.th1 ina smgle

Ibatch, which ne:cessuates very long sample waah-ot.* rlmcs, whlle in ICP-AES the

- rangc of concentrations is narrower and wash times are shorter Consequently, the =

| 'appllcatlon ot‘ flow mjecnon {0 ICP-AES ‘was not found to reduce. the-analyms
tlme per sample sig,mf:cantly However, 1t was felt that in the area of on—hne -
sample mampniatitm the use of the flaw mjcctlon system would be advantageous
 Three sample types which are routinely analyzed using conventiona stézidy-s;ate
meaSﬁremeht were selected fér the"inve'stigation' of on«*liné sample manipulatibr;'
fermnchmme slags, acxd—soluble copper/nickels, and base metai solutions .
éontamm;, Inw Ievels of precious metals. These methods were -;elected because
' they are all submitted for anaiysn on a'regular basis, and each-.has scope for on-
lme sample mampulatmn prlor to dnalysis In all the followmg ﬂppll:.atlcms
standard mstrumental operatmg conditmns were used, and MeaSUTEInEnts were:
 made using ihe approprmte polyc:hrom_ato_r lmes for the analyte elements’, -

Eal
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_ 3,4.2_-&11:’31}%53 of Ferro-Chrombum Slags Using On-Line Internal Standard

~ Addition

Ferro-chromiug slags as well gs other moterials cnn'taining similar Jevels of iron,

< chromium and minor constituents are submitted for analysis on'a-\regul;ar basis.
3 : v,

The'establis:héd s'amplé 'preparétion prabedufe for 'the'sc maiérials is as folibwsz_ |
0 200g samlale is t‘used with 1 Sg sodivm perox:da and O, Tg sodmm carbonate m
a znrcomum crucxble The melt is Ieached in 80 ml 1 1 nitric acxd 10ml of 102
g/l qcandium solution is added as an {nternal standard; and thie solution is made |
up to a vo;up;e_ of 200:1;1. On_!_y two or_ three _rmlhht;e of the sample solutz_on-ns .
used in the analysis: and the rest is discﬁijded_. This re_pre'senté a _co;:s:iderahie F
‘wastage of sr_:ﬁn_diﬁm,_ which is g expensive_matefiai; ‘Phie largs volume of the =
sample sol_uﬁon' is due to thfe'e factors ¢ the mass of slol.id' sample needed to ens ure
-répreséntative _s_aﬁlpling, .'the large flﬁx:samplé.._. ratio reciufred- for qﬁﬂa;;\ititative :
. d_Is.s.qution,. and the restriction on dissolved solid content which s imposed by the
nebuliser system.j fherefo:e‘, the vohir_ne of s_a'mplé cannot be re_dixi:e_d. However,
_bh-liné addition_ of scandium.sﬁlution \Qoﬁld consume very much less scandiuﬁ; '

AN ) .
per;analysis.

On-line intcrnai 9t'1ndard addiﬁ'un was implemr;nted by using the manifold as :
shnwn in F:g 3.6 (Sectmn 3, 3) To test the system, sample:, of the certlhed
reference matenals SARM 8 fmd SARM 9 (Chmmmm Ores) were prepared and

analyzed repel +dly, Scandium i nnrrnally used as the mtemai standard for these
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' sampies;-HBWever; to avoid the neeessity of prepariﬁg- 'standards without seandium,

a molybdenum selut:en was used as the mtempl st'mdarcl fnr the trial ef the on-

hne sy3tem. The resuits are shown in Table 3. 5 The precnsxon of measurernent

wa; comparable to that of steady sia:e measurement Hewever, the values ohtamed

B fer the reference matenals were two to six percent h;gher than the accepted values. -

B Tlus appears to mdieate that molybdenum is not 4 suitable mternal standard for

this sample type. | ‘
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e

i @éﬁA’RM 9 a5 references. However; for this trial héw'calibrétion standards and_ '

samples were prepared wlthnut the addltnon of scandmm so that the scandium

| solullon couid be aﬂded on~lmc The ,values obtamed for the rel’erence rmtena}s o
are shown in Table 3 5. The agreement wnth the certxfled values is good To

'ascertam thé precwmr: of measurement usmg on-lme scandxum addxtmn, a sample

prepared __f_rom SARM _9 was measured twelve times. The re_la{;we standard- :

* deviation was 0.2% for both Fe and Cr. Therefore, good precision and ao.curac.s; -

can be achieved with the use of on-line internal standard _addiﬂoh.

L
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. TABLE 3 3 Anafyszs of SARM 8 and SARM 9 usmg steadyvstate measuremcnt

wlth on-lme lntemal standard addxtlon

' -'_Value (%) . Value (%)
SARMS. Fe(asFe,0) 2020 198
. Cr(asCr0) = 4897 - 486
t : o o

. SARMY ! Fe(asFeD) - 2775 213

Cr(asCr0) 4645 463

343 Anq_l_ysi_s of Acid S_oltible C;)pper—Nickels using On-Line Dilution

o
-

Flotatior 'pfﬂciencfes '.;'__P a sulphide flotation plant are ménitored by measurement

i AC . : : . i ’ "
cof t'he_;-"acid-sol_uhly . ';;nper and nickel content of the floated concentrate and the
residues, The samples are prepared by leaching with broriinated hydrochloric acid,

>
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which drives off the sulphur.and_ dissolves the acid-soluble metal compouént of the

_sample. .Thé copper und ‘nickel c'ontént of the Ieachate are "then measunéd éirice o

bath concentrate.s and tallmgs are submitted for analysus, the wncentrattnns of the

:analyte elemants vary w1dely, anditis ganeraliy necessary to makc serial dtlutlons :

“to brtng the analyte ciements into. the caltbratlon range “This xs txme-consunnng :

for the anaiyst and a]so wastes instrument ttme because the anaiyst has to leave

' the mstrument (e 3 make the dilunons 1t wou]d therefore be useﬁil to be able to L

dilute -&amples. usmg- an -_on-lt_ne _system_.

_' Thc dtluuon mamfold whtch was used was the same as that’ shown in th 3 7

(Secnon 3 3) The degree of dtiutmn of the sample can be altered by varylng the

: 51zes of the sample and dxiuent pump tubes (for example, a yellow/orange sample
tube combmed with a. h:urple/orange diluent tube gtves an effecttv& ISx dxlutton
L t‘actor) The. accumcy of the dtlutton systern was tested by analysmg the ln-houSe
_capperlmclrel reference m-tteriais 1/91 2J91 and 3/91 hy flow mjectmn, with artd

_ wrthaut dllutxon, and- comparmg the resulis w1th thnse of steady state anal ysxs The

results are shown in Table 3. ?. As can be seen, the agreemt:r;t between the sess of
results is good However, the system has the dtsadv'tntage that the ﬂnw rates of
the pump tubu" mu..t be cahbraled reguiarly to eltmlnate grrors whlch may. result

i-‘rom changmg ﬂow rates due 1o tube wear, Tn overcome thxa prnblem xt is

s -necessary,to mumtc_tr the f’luw rates CtmtlnlIOU_Sl}K, and monitoring metl_]_uds arg.to _

be iﬁvestigated in-the futuizé.

1
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* TABLE 3.7
i

: ﬂ;efefenée

SR

" 3/_91'

" Acid soluble copper-nickel analysis using on-line dilution N

- .Element' '

Cy :

N L

: _Ni

Al

. Accepted val. - Flow Inj.
w o m

0105 %006 0103 © U 6103

0i84 =008 0171 . . 0172

2375002 o+ - 220
25 =006 239

0.0145 = 0.007 00150 - - 0.0146

0037220028 0038 G030

* Samples were too concentrated to be measured undiluted .

. OpLineDil -



© 3.4.4.1 Introduction

3 4}’4 Anaaysze of P!atinum-(}roup Metals in Base Metal Solutions Using On-

IF . Line ion Chromatagmphic Separation i

o The determiriation of low levels of the pIatixiﬁm-group metals (PGMS) in solutions
_cdn-tﬁining fiigh levels of base metls presents sevetni_ interference problems in.

ICP-AES. The PGM. ana'lyte .signgls are 'altere.'_']; cither due to backgrnuud' shift or

to direct:s'pectra! overlap. It is therefore necessary to‘separate the PGMs frdm: the

‘base metals prior to analysis.

VL
i

- There ix an existing off e separa'tion nrzethod‘42 ~which invoives passi-ng the

saran. soiutlon, made up in O.1M HCI through an ion exchange cclumn

' 'contmmt.g 2 cation exchange resnn (Dowex SOW-XS) ‘The base metah whlch are -

sresent as cations load onto the columa whiIe the anionic chloroacorn plexes of the

'PGMs are eluted. The method is applicable to the determination of the non-volatite

PGMS_, i.e. platinum, patladium, iridium, rhodium and rutheniuni. The. separation
is not suitable for gold and silver because gold recoveries are ;_ic_mr in the presence
of high levels of base metals® and silver précipitatés from the 0.1M HCI
separati'on solmion.. The separation pmc'ess is foilowed by repﬁaLﬁd washing of the
column to ensure quantitative elutmn of the PGMs, and then the Lolie:.ted eluent

1s borled to reduce the volume prior to analysxs The procedure is time-consum ing,

~and this lnves_t-lgation was undertaken to establish a more efficient oun-line separation.

160
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-_ For an an- lme ion exchangé separatlon to be feaSIbIe, the separa:mn cnlumwimust Jf
: be small so that i!te ﬂow ;at.e through the column can he fast wnthnut excessive :
?"bapi‘c-pressmc The cn{umn capacity will therefore also be small and sample .
.' "t‘volumes ml.mt bc small to prevent sa‘turaﬂon of the column, Fiaw m_;ectzon is 1deal B wo
- _ for this purpose since smali rcpmduczb!e siugs of sample cdn be mjected th:ough o
i the column A Dlonex Ion Pac. ASC-l mlumn was used 'i‘he cqumn was packedf!' |

'wuh approxlmately OSg 200-400 mesh resm and posnmned between the flow "

: mjectlon valve and the nebuhser - o Sy

3443 Propedure

Reagents and materials

 Apilet pla_ﬁt' léach solution containing 50.7g/1 Cu, 89.6/1 Ni and 1.7g/I Fe was

obtained from the Hydrometallurgy Division at Mintek 5nd used as 4 Starting

materi&l. This soluticm was qpiked with P-GMS o test the cfficicngy of the b*lse

_ metal sepamticn and PGM recovery. Mea.surcments were made against pure PGM

- standards



| '1ruectmn. '

. Measurement time T By

]

)
o

“The sampfe preparatmn pmcedure t‘or the off-ltne ﬁeparahon WA foliawed up to

H /,r .

 the separatlon step o en*mra that the PGMs werﬁ m‘ the o;:’um.xm ox .d.;tlon sta,te

A

i

- i,
' for separatlon, it was necessary to mkc an ahq‘unt of t‘;e sample so}ut:rm o

| ___"dryuess nepaatcdly wzth cnncantmted HCI The resuiue was then rednssolv&d m

HCI and made np to ten times the qngmal ahquot volume ir: D.IM HCI pnor‘

1

Tlme-resolvcd measurements were made to deterrnme the optimum samp;c upfake '

and mtegratmn tlmes F:g 3.8 shoWs a tlme-reselved sxgnal o8 platmum when

mjected_ through the column‘. On the bams of his an uptake time of 25s and an

integration time of 12s were selected.
Separm‘iorg efficiency

The efficiency of thﬁ base metal removal from the sample streain was tested by

'njectmg the concentrated leach so]utmn I\'.i‘ough the column and measurir.g. the

5 rf'ff!.\

“base metal sngmls reaz.hmg the mstrument F:g 3 9 shows the measured signais
for Fe, Cu and Ni. It can be soen that only neghglble amounts of the base metals

. : iy oL : . '. .
are not retained on the colump 1o determine the number of injections possible -

162



Intensity

. . .EQO'

8507

"\‘;\.

LI 3 S .
~ . s : :
bt o ’ - )

- 550

\
_4.50: I / T

400

D50 e
E‘E‘H'—-——j@—ﬁi—— 3t = P
i, IR xr«ﬁ:.’*ﬁi:*_agi . _

-~ Flg. 3.4, Time*reaolved signal fer plaiinum__

143 .



__':1_'00_" -

INTENS1TY

120-

110

i

o

Fig. 3.9. Base metals passing through column

Jes



wT s .

- before the column'badomes saturated, and also to investigate the at’fec’t of the'bas.e .

metals cm ihc PuM “background mtenmtles, repeated mjectmns of the leach 3 ;

solutmn Were made whlle momtormg the apparent PGM sngnal mtenbrtles. The

- on the tenth‘ injectmn; and ‘in fut:tre-: .work the ooluinn was regenémted at'ter a
- maxlmu'n of. eight injectmns of ba[;e metal solutlon. Upon column saturatum the |

" | backgmund si,g.nals were 10wered f(;r afl the PGM Tines except indlum, The
" hne at 212.680nm on the mdwm palychmmdtor Ilne at 212. 6$1nm..
_ .Imen;al M:S't'ﬁndat."d |
' _S_ﬁ]nctiﬁn. of an i_flterﬁﬁi standgrd was diﬂ"icult,: .s.inc;e it was_'r.i.eqessary tha}: .the

. interna} Standard should not Be retained on the column but should pass thm_ugh

“with the analyte elements, A number of possible internal standard elements were

tested, including scandium, indium, niobium and rhenjum . Of these, only rhenium

was t‘mi'nd to pass quantit'a.tively through the eolumn, and rhenium was theretore
_se!e:,ted as the mterndl Stﬂﬂﬂdfd Since there was 0o poh,c.hmmamr lme for

thenium on the mstrummt the rhenium line t 221 4'7'?nm was lm.ated on the_

's

mnnochrom.ltor and uzwd as ahe mternal qt'mdard !me.

165

'reqults are shown m Fzg. 210, can be seen ‘hat the column reached 'iaturatlon -

elev'ltmh of the mdlum s;gnal was due to the dxrect spectral overlap of the nmkaé\\\
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. Analyie recovery - |
' To test whether the PGMs are recovered quantltatively from asolutlon t:nntammg L
. '_ hlgh k*vels of base nietais, the leach salutxon was spxked thh a PGM solutlon
B '-'Ihzs.s:lmp!e was preparccl and aua!yzed a!ong wuh.an unspnked sample and a. | ) N
-sampie contalnmgoniy the PGMS Per cent recovenes wera caiculated for the each b
_ caf the PGMs. The results are shown m Tab!e 38 Recoverles were close to 100% o
- fnr platinum, -.-.pa{-_ladlum,_ rl_todium and rutheniur, The ..mdmm- recovery ' wa__s |
 shightly high, probably due o the relatively low signal intessity for iridium.
i
* TABLE 3.8 Spike recaveries from leach solution
 SAMPLE B pd ‘Tr  Rh.  Ru
Leachsoli (mgf) = 29 44 08 26 37
Spike addn (mgfl) ~ . 445 223 198 222 . 274
‘Spike recovery (mgh) - 49.6 257 233 ° 246 307
Per centrecovery 105 953 113 993 98.1
167 _{'i/ |



3.5 Discussion and conclusions

'ri;e ﬂnw injection system has been applied to IC'P"-AES-.and."lCP-M._S, and has
“heen .mb.cl_i'f'ied to perform a varlety of on-line sﬁ:ﬁpl’e rﬁanipulatit;ﬁ _funcfions; An - |

| en‘-line' dilut.'idn.'svs.t'em has beéh festéd- énd t'oun& to give good ras'qlfs ' ai’though
the need for reguiar cahbmnon of the pump tubmg poses a problem for routme ';

| usc. Oll'*ill'le mtemal standard addmnn has also been successfully 1mp!emented for'

HRY
\\\
o

flow lﬂ]EC_tlﬂn-al'ld steadgj;astate analyms_. o N

The main advautagas-conférred by theFIA system when uSed in combination with
- _ ICP-MS are- mcreased sample through-put and mcreased matnx tolerance In |

. combmatlon with ICP-AES, the sarnple through-put was not grefnly 1mproved. due _

to the: fact that sample wash-out times tend fo be shorter Increased matrix

"tolerancc is potsntza!ly useful for ICP-AES but no specxfic need for this feature_'

was identified during the cuurse of this work. The 1mplementat10n of on-line

_ mternal standard addition enables a mgmﬁc_ant _red_ucnon in the use of expenswe S

intemal standard for iCP-AES; On-line column separation of the PGMs f-rom base

metals has been tested with good results, and this system_can now be used for -

PGM analyms

Fla is' a versatile technique as is apphrent from the wide variety of the -

appllcanms descrlbed in this work The sxmpllclty of the system is a useful

" feature, since it can easily be rewnflgured 8s mew appl:cat:ons anse The

168



-ele.ctromc control umt in the current systern 1s rather prlmlnvc, and a more

sophlstlcated microprocessor cantrol unit wauld mcreag the uset‘ulness of the e
S .

' system A m:cmprpcessor umt is to be buﬂ}} in the future..

3.6 Publication details " |

'I'he a'gﬁliéa{ié'n of FIA 10 Ic%;ms ha.s formed the basis ofra paper pré"'seht'éa s -
the Thlrd Inlematmnal Conﬁarence on P!asma Sourge’ .» Spectmmetry hcid at =
'. | Durham, U K, 0{\\1 13-18 Sep‘tember 1992“' The paper was pubhshed in a book of : '_
confemnéc proceidings” The appilcatlon of FIA to ICP-AES was publlshed as a

Mmtek Techmcal Men*orandum“ o

i
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CHAHVEER 4. APPLECATEGN OF HYDRIDE GENEM’E‘E@N

TO THE DETERMINATION OF ARSENEC ANB

SELENIW m S@KL SAMPLES o

" 4. Introduction and ’I"hfaﬂiryi'2 o

441 Inﬁudﬁcﬁoh

o

o Hydfide 'generaﬁon "fs a term given to the fdrniatibn of volatiie covalent hydriﬂes

ofa number of metals and metallmds found on the right hand sxde of the perlodlc '
tab!e The pmduchon of spectes of analyte elements whtch are gases at room

temperature is advantageous in. auy at_omtc -spectmmetr:c tgchmque _whlch

S conventinnaiiy relies on solution nebulisation for sample inttoduction' The main -
, advantage of gaseous sample introduction i is that the sample 1ntmductmn ef’ficnency -

L is_{, .e}lent unhke that ut‘ nebulasepbased systems Thr: llmltat;ons ofconventmnal

' nehulzsatmn wete dtscussed in Chapter 1 This wnrk: descnbes the aualysm of

© arsénic and Selemum, both of which ate amenable to hydnde formatxon, by means -

| of hydride generatxon The techmque wis applxed to the analysis of solls by both ’

ILP—AES and ICP-MS S

17



ir

. -4.1.2 Hydride gen'el;ation- chemistry -

_ The hydrid’eﬁfoﬁningjglcrﬁeﬁts which are of importance to atomic speétrometify s_ire: |
germanium, arsenic;’ sslenium, tis, antimony, tellurium, lead and bismith.-The
" hydrides of these elements are volatile at room temperatsre. The boiling p’oirits of

o - Lo

the various hydrides are shown in Taﬁfe 43.

, .
kS

| jme 4;_1 Bé_.ﬂir_@ points of hy_ﬁridég o

Element : Hyd.ride ﬁame o _Fom.iula. : BPl("C)
' G; | .'G.ell'mana | - ..GeI-l,,_ - - -88._.5. ”
_IIA.s' . __Arsiﬁe | o AsH, s
| Se_ L Ese a3

Sn . Stannane | SnH, | -51.8 .
Sb ] Stibir&e. - SbHy - . ..-1_8_.4 ;
Te. S HTe 23

Pb Plmbame - . PbH, - -13

Bi Bismuthine BiI—Is. _ 2

o

)

The formation of hydrides requires the generation ofhydrogen radicals, which then

| reduce the cations of the hydride-forming elernent to form the._hydride. An excess

174 .
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. _h(}mhydnde“acld o . . . | ._.u |

! LR BN :
L . . . . \‘ . e

of hydrogep rad;cals is reqmred, sincs diatamlc llydmgen is a by-pmducm{ the

k5 dnde-fmmmg reactmn and there is a competmg reactmn m which. hydrogen

mi\llcals combme with each other A numbcr of dnffcrent rcagém schemes have

M

~been used fnr hydﬁde gener.xtlon, mcludmg metal-ar'ld combmatxons and aodlum

i

:_.;‘1' :

© Mewlacid reduction -+ - . 9

' The reactmn of a metal wnth an aCld waw used in early work. The us}xfsal_

_combmatzon was zmc and hydroci’lonc acld aIthough other mat&.{b and ECIdS\ ve

Hoe
i

- been used; In metal-acid systems the mé*d is added as .a- powdcr, 2 s{\urry oras |

grains to an m:i:ilﬁsl analyte solutmn, multmg in the cvolutlon of tha analyte'

hydndes as weil as excess hydrogen. The gmpra!ns zquatxon_ _for the zinc-acid

| system is as follows: -

TR

Zo' + M. o> Zo¥ +2H

- Hexcess) + E™ -> EH, + Hi{excess)

where E is the analyte element and m is not necessanly equal to n. The comp}ete

T f
eqviitions for the generatxon ot‘ arsine and the competmg hydrogemformmg

ieaction are as follows:
§ :

i

195



A S :

As3“ +. SZn + OH* > ASHB + 3an* * 3H2 |
Zn - a M > o an" + Hz .

' ﬁ.-_f' :

A dnsadvantage of metal-amd reactions is that the system is heterogeneous, and the
- ;'-rate ef hydnde formauon is dependent on the metal surface area avallable for ac;d

-"‘:‘attack. Therefore, reactmn tlmes can\lge slow.,

Sodiumn borohydride reduction

An altemative method for hydride generatlon is the sodium borehydnde-acld

o 'reactfcu Hydmchlorlc acld is most oommanly used, but ather acids’can also be '

-.used The genemhsed equatmn is as follows

S

BH,; + 3ﬁ50 + H*. - H3B03 + SH

: H(e_xcess) + E™ > EH,!- + Hz(excess)

\I
.r" .

WY

- where E is the ana-lyte element and m is pot necessarily equal to n. The cemplete-

equatmns for the generatmn of arsme and the oompetmg hvdrogén-forming

reaction are. as fﬁllows

176




Y

4AS* + é_s’tq; + 9HO0 + 3H* = mH, + 31-{,303 61'—1z

CBH; + 3H0 + H = H31303 + 4H2

o

' Imtlaliy, _sodlum borohydrade was used in a manger analogous 1 the meta1~acxd
'- method ie. the borohydnde was added u: sahd form However, the addltion of
) boruhydrxde in solunon form was found to gwe greatly mcreased efﬁcnency ot‘ T

_ hy_c_lnde generatlon, and thls method is_- now In general use.

Sample pre-treatment | _

The éfficiency_\of_ hydride generation is dependent on the oxidation state of the |

B '_analyté element prior 'to reduction. Tneffi ci‘ent generatiOn of the an'a'lyte hydrides o

results in lOWer seusztmty, and can also be a source of i maccuracy if samples and -
) _

_ cahbrat.on standards cantam dlfferent oxldatxon states of the. amlyte elements. It
s thercfore usually necessary to adjust the. oxidation state of the analyte elements
._ before the hydnde generatlon step. A:semc and Selenwm each have two common
oxldatxon states. Arsemc -OCCUTS as As(III) and As(V), and selenmm occurs as

- Se(IV) and Se(VI) For both elements the lower Odeat{OI} state is the optimum for-

hydride g_e.nerat_lon, ‘and therefore. pre-reductlon_ is mdlcatcd.-Po*'*.ssmm iodide is -
an established pre-reductant I_for’ As(V),‘but it has the dishd.vantagé that it reduces

Se(VI) to the elemental state, which prevents formation of the hydride. It is

therefore not suited to simultaneous d_etenninati{pn of arsenic and selenium. An -




' altematxve is pqtassmm bromxde, Wh]Ch is a mllder reductant Addltlon of
- potassmm bramlde o an ana!yte solutlon, followed hy gentle .ating at 60°C

£or 20 mlnutes aciueves reductlon of both As(V) 10 As(III) and Se(VI) to Se(IV)

.;,3
‘:-_:t Lo

413 Hydride -.ge'ngr_:;tﬁbli strategles -

The. hydrxdes may be generated by means of 3 batch process or a contmuous

process In a batch pmccss the reducbant is added to the sample in a rcactmn .
‘vessel and the hyd_r_:des are ailowed to form_‘ The cvo_ived hydrides are then purged_ |

_fmm the. v_.es.se[-. In  a continuous .érxi.céss, the sampl_é; reduct_ant and camer gas
flow cont_inuously; 50 _ih_at. the 'éy'ste'm. reaches 5 s'tead).r-gf;t.fe c'ond!itio'n.._ in each
"procesé 'th;a' hydri'des aré to a. large Extcnt separated fmm-tlie Teagent sblutién- o
" There are two mam stratcgies for the treatment of the genera‘c-.d hydrldes i.e.

_ -coilectmn and dxrect transfer

Ina qtollectmn system the: hydrides are collected in a trap, ezther by bubblmg the
'_camer gas through a smtable reagent solutmn, or by. passmg the carrier through
a U-tube 1mmersed in llqwd nitrogen, thus condensmg the hydndes ifa so}unon .
trap method is used, the soiutlon must be removed after gollection and mtroduced '.
“to the detector by a Soh_:tion _ techn‘iqua._ However, in a cold trap system, the "

hydrides can be transported dE;eCtly to the detector by sirnply: removing the U-tube )

from the liqu{d n';'..dgén. The hydrides are then liberated as the tube warms up.

Collection systemns reql_iire considerably more time per aﬁalysis' than direct tr}msfer

178
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“butata cost of mcreased tlme per analyms.

_ Systems, but they have the advantage of preconcentratmg ‘the anaiysaes, whzch_ .

N

results i in low detectmn hmlts -

Dlrect-transfer systems rely on. dlrect transport of the hydndes to the detector,'
w:thaut any collection step Contintious-flow systems have the advantage of speed _

of analysns, but have hlgher lzmzts of detectlon tﬁan collection systems as there is
o nomxeconcentratmn of the analytes. Batch systems can ac:hleve a degree of |

| preconcentratmn, smce the hydrides are aflowed to build up in the reacnon vessel,

4.1.4 A&#antﬁg‘es and d#éadvantages of liydride' generation

The main advantage of hydride generation is the highly efficient introduction of
'the-analyté éii:mént's to the detectér, whicli enables low detection limits. The

possibilify-of preconceatration allows even greater powers of detection. A further

advantage is that the analyfes are separated from pbténtia__l__ interferents in the

solution matrix. ' _ o e

) There are two major diSadvantages to hydri'de:_ generati_dn.'Fi-rstly,‘ the acid and -

reductant cuncentr’a’tiori, as weii-as the oxidation state of the ahaiyre are ci-itical,

and optlmum condntmns vary from element to element, wlm,h makes simultaineous

mu‘tlelementai analysis difficuit. Secondly, species present in the matrix solution -

may interfere with the rate of hydride generation, and therefore it is sometines

179

¥

i
I [ R R




L

, atomic absofptinn 'aﬂalysis.

__necessary o separate the anaiyte eiemsnts from the matnx pnor to generatloa ot‘

“the hydndes
' 4.1.5 Applications of hydride generation in atomlc spectromvdvy <

Hy&ride'ge'ne}atiaﬁ-was' ﬁfs;' zipplied to atomic assorpﬁ&n specfti:omet:y by Holak

in- 1969, to determme arseniic nsmg the zmc-hydrochlonc acxcl rntsthov;‘l3 'I'hﬁ-—_..

__'techmque has been vcry widely used in thc field of atomlc zﬂisorptlon o

_ ' spectromeh;g, and since Jthe: deveiopment of atomic ﬂuarescence and plasma source -

et

_ atormc emission spectromctry, hydnde\cguneratxan has found apphcanuns to these_

techniques as weil, The_se applications have been revxewed by .Nakahara . Although

ICP-MS is a relative newmme_f to the fisld of atomic spectromeiry, theré" hgﬁc

“ - been several reports of applications of iydride generation to thiis technique. ICP-

'AFS and ICP-MS have two main advantages over 4tomic absorption specirometry

f_"or: hydride generation: they have simultaneous multielefnental analysis capability,

- : . . LA
and the high temperature of the plasma source eliminates 1n]§ﬁ{}lemcnt.'

interferences which occur between analyte species during the atomisation step in

Appiicatibn.s_‘l to ICF-AES

L
ar

The application of hydride -generatiqn. to ICP-AES was first ﬁpﬁfted by ‘

~Thompson e al’ i 1978. This paper déscrib'ed_ ! siﬁxple gas~liquid sapar_atpr;
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variations of WHich have. 'si"nce been \ifid'ﬁly used. 'This't'ype 61’ gas—liquid sepafatdlr o |

is used in many oummercxally avallable hydnde generaticm systems A second o _

‘ paper by Thompsen et al reported the suppressmn effect of metal {ons on the'
o hydnde generaizon process and desenbed a separatxon method to remove ‘the
- mterfermg spec.le:ss5 The large number of subseguent publlcatlons concernmg the

e appllcatlou of hydnde generatmn to ICP-AES has been rev:ewed by Nakahara

Y

: "I'he detemnnation of arsemc and selemum in geologncal ‘materials has been B

reported by several workers. Pahlavanpour et al. measured selenium in soals and
_sedxme’hts, usmg acld dlgestlon and lanthanum hydrcxlde precxpuanon of
.!nterfermg meta!s Lwersage et aI determmed afs. ic m sediments usmg amd .
: attack"' 'I'he sunuitaneous determmatlon of amemc and selenmm has been reported.
m a vanety of gEt}logmal sample types, mcludmg soils, 2 sed:ments" E and |
" 1’001(5 lﬂ.l'lﬁ \\ . '
:_A-:vane:ty of digesti'oh methods were ﬁsed, including _'%"}af:ipus acid attack methods

- ‘and 3.11_:_;11iﬁe fusion.
*" Applications to ICP-MS

The use of hydride_generhfiaaﬁ as a sample ieereductiﬂin technique for ICP-MS was '_

first rel:"aort.edzin 1986 by Powell et-ﬁ!., Wht;_ﬁs’eda commercial!}e available hydride
_ genemtien eystel;a-; Ax a}ternative sfstem has been described by -IIeitkemﬁer and
Caruso, in which the reaction mixture is nebulised without phase separatiou‘ which

allows srmultaneous determination of hoth hydnde formmg and noh-hydnde

e ,' BT




fcfrmmg élemems“ Ano:her ystem, described by Vuayalakshun et aL employs__

| '.separatcr“ vaukopf et al,

_IL? -MS*, Hydnde general/ has been combmed with ICP-MS 10 determme B

a modified nebuliser to con r a conventmnal spray chamber mto a gas-hquxd

d a(flow m_;ectlon-hydrlde. generatlom system {"er

o arsemc,__‘f’” selcm___um',??"‘ -ant_;;_rmny,‘."_’” gcrman-mm,’_2 bnsmut_-h,:” amd lead.!

" 4.2 Afin of the investigation

: The Geoiugt»al Sclences Department at the Umversny of Cape Town is currently"

undertaicmg 8 study of the d1 trtbutson of bxolng:cally 1mportant elemem:s in saiis _ a

g-

of the Westem Cape regmn of South Afrxca. The main. objacnve of the study 1s"”

- tu abtain a better understandmg of the dlStl‘leilOIl ui‘ thcse e}emcnts and

;bnolngxcally mportdnt elements in soil sampInS, to estabhsh the clegr ee. ‘10 whlch :

mteractlons between the sml mck and ground wa;er Further ObjcCthCS atre the

estab!:shment of uatural background values for ideutlfxcatlon of poiiution, Jqmnd the -

production of a data base for use in other fields of study™.

=]
3 ‘;-:‘_
\

The study requu‘ed determmanon O‘E both total and leachable concentratmns tﬁ\th.e !

these elements are accessible to ground water and hsnce to plants and aquaIs.

- 'The selected leaching method was'_hgitgtion- of the sample with a 1M smmenium

| I S P g

niirate solation. This method lias been published and distri_bute_d a5 the prelimicary

norm DIN V 19730 f» Germany™. It is liksly to be established by ]egisla‘tiu"n in
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Germany and has been proposed fm" iniematwnal recogmhen Maxlmum -

penmssab!e Ievels of certain elements have heen pubhshed” P

'I\VO of fhe elements for whlch ICP- MS analysm was requlred were arsenic and

selemlm:\}

'Analysm of fortv elements was mqwred Many of the elements were determmed -

_ by Xaray ﬂuoreqcence specm}metry, but for certam elements Iower detectaon hm 1ts" -

interi"ércnécs by background ions which degfade_ detection limits. The single ®As :

isotope has an interference from “Ar*Cl, and each of the various Se isotopes has
' i’nterferencesﬁhti.sing ' from atmos;:heric' and plasma gases and from the sample
matnx The '”Se isotope is relatwely free of backgrouud gas mterfererlces, the only _

| -pcssrbllxty being *Ar°Ar'H, but if chionde is prresent in the bample matnx there.

A

is an mterference from wALPTCY,

_'F“ré/ problem ot chlorlda interfarence can be reduced bv ehmlnanon of chlonde '
' from the sample preparatmn proc:r..durc but varylng ]eve:s of chloride .rl the

_'samples themselves remains a problem. '"he mtmductmn oi" ’Y small amount at‘

| _were requlred and Mlntek was requested to determme these elements by ICP-MS o R

Direct defermination of arsenic and selenium by ICP-MS is subject 1o severe

w

nitrogen mtc: the plasma has been’ shown by Branch et al to reduce AJ:CI -

formation?, and thls f.echmque has been success’futly used at Mmtek However, .
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nilragen addltnon whs f‘ound to reduce analyte sensumty whnch made the L

| techmque uusmtable for analyms at the mqulreﬁ levels.

| The_ 'ai_:h__ of ‘this ihvesti_geition- &\;as to d‘etenn_iﬁe' érseh.i.c'_and' s_elenli;_l‘g{figin soil

saini:leé by ICPﬁMs; using’ﬁy’drida_generation t§ 'élimin'ate chloric_:}}é{;ﬁcrferences

while niaintainiag sﬁfféient-an&iyzé'sensf:i‘}'ity' A secondary objective was to
o -apply the hydrzde gencratxon system ICP-AES S0 that the analytlcal performance o

> .ar.ld results of the. two téchnlques could bg compared
4.3 Appﬁlcatmn fﬁ IQP—MS; '. ; " \
. 4.3.1. Ap:p;a;:tiss |
| A _continuous hy&ride generation System was used, since this type o.f system is -
faasily._i@plemented s._md' en.ables rapid analysis.. 'In.in'itial studigs, a r_e.action and

separation chamber of the type described by Thompson e alt was nsed. A

diagram of the Sysiem is shown in Fig. 4.1, However, visible sodium emission

ffmn ‘the plasma indicated that the gas-liquid seﬁaratidn with this ;ysteni was
inefficient, and that solution droplets were being entrained in the gas stream and
tranép;_‘;fied to the plasma, The implication of this was thatﬁéhlbr’idé- interferénces
wouid nd_nt be _totalfy rgmqvgd. and that éuppressiori_ of anafyte--sign#ls ‘could 6ci:ur
dpé to tﬁé .ﬁresen;:e of the sodium. To overcome this pioblem, a novel reaction and

separatior] system was design'ed. A diagram of the system is shown in Fig. 4.2,
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Fig . 4'1-_ The Thompscn—type h'yd:_r:ide' gen_era_tion' sys_terr'ﬁ i
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Fig. 4.2. The hydride generation system used in this work

o Samp}eé - | @ o

156

- Mixing tee

&

_ Argon

T

carrier

[l 8] TV ( .

[h

- Water trap

-




| The sj’*stem consists "ef thiee ct)mponents Thé first is a four -ehanhe!';ieris’t:ﬂtic
pump (Gllson Mlmpuls 3) which delivers the sampie and reageut streams foa
mrxmg tee (Upchurch u 466) where the streams are eff” iciently mlxed The seumd

s a geactlon chamber-whleh was constructed from a 50m1 p!astlc synnge- The

L _chamber is posnmned atan a'lgle 10 allow the rcaction o take piace whxle the

- mixture of sample and reagent runs dcm the s:de of the chamb..r before bemg_
.pumped to waste by the perlstaltxc pump A stneam of argon cames the evolved
: hydndes io the third componem whlch is a water trap through whu.h the argen- -

 stream - is bubb_led. The .water trap removes: e.ntramed. drqplets-f_mm th_e argon

: streaiﬁ- thus eliminatiﬂg sodiam chloride. The trap als‘o_ r'émbves hfdrogcn chio‘ride .

vapour from the argon stream while ailowmg the covalent hydndes © pass through
10 the plasma. The effectweness of the trap was tested b)r companng the ICP-MS :

| AICH backgmund mgnals obtamed from a sarnple ':namx of 4M hydrochIortc acid
‘ thh that of 4M hitric acld No dlfference in- the backgmund sngnals was observed, f |
whnch indicated that the chionde mterference wse effectwely removed There was

. a]so no vns:ble sodium emissfon from the pi'asrna_ when _t_he trap was used. ‘The use _

- of a water trap there_fere ensures very efficient sc_pai;atian of the aneiyte hvdrxdes " _

from-the interfering species.
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432 Reagents

_Sodmm tetrahydroborate solutmn A Ing l * solutlon was.preéared by dzssolvmg
. 1.00g sodium hydroxtde (Assoclated Chemlcal Enterprlses, AR. Grade) in 100
' _..ml denoms&d water, addmg 2.50g sodium tetrahydroborate (Merck A.R Grade)_' :

_ and dlsso]vmg. The solutum was f’ Iterc.d through What,man No 542 paper and the
fiitrate was diluted o 250 mk. '!’his was freshiy prepared on the dgfy of use,
. Potassmm bromlde sc{utxon Il{«’ (Saarchem, AR. Grade) |

: Amrnomum mtrate solutron I;M (Merck AR. Grade)

Hydrochlonc acul 30% (Merck. Suprapur Grade)

| Sodlum peroxide granular (Chemwarld AR. Grade)

Arsenic stock solution 5 g.l‘ :‘rmared by. dlssolvmg 0. 660g arscnic tnoxxde

_ (Aszos, Merck A.R Gradc) in 3 ml 20% sodium. hydroxxde solutnon, ac:dlfymg

with nitric acid and dllutmg to 100 ml

Selemum std‘,k solutlon 1 g.l1 Prepared by dlssolvmg 0. lﬂi}g selen.nm metal "

(Poiy Metals, .99.999% pure) i1 10 ml aqua regia and diluting to 100 ml.

i

_4.3..3'Ssnmp_le preparation : S - R

Two methods of sample prépai‘ation were used For the déterﬁiiﬁation of total _

concentmtmns thers;“ﬁpies were dxssolvcd by alkalme fusnon and the arsenic and

_ selenium were separated using the ‘method descnbed by Robertz" For the
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- determination of leachable elements the samples were ‘prepared by the standard

leaching method™.

- Total dissolution

A 0200 g .po_t.'tio'n of sample. was fused with 2,00 g sodium peroxide in'a
| zirconium ci'uci_ble and :Ieached jn 50 mi deidnised.water; The Iéacha_te‘ was filtered
through Whatman No. 542-fi!tef p_aéér to scparaté the analyte elemenis from the
: mso!uble transitnon metai hydroxzdes ' which cuuld otherwnse interfere with the
hydride generatmn processs The filtrate was acidified wnth 4{) mi hyﬂmchlonc'
acu‘l Two mi of 1M pntassmm bromlde solut:on was added and the solutmn was
_ .heater.:ki 0% 8 Steam bath for 20 mins. The purpose of this s_tep was to reduce-any |
As(V] to As(IIy 'an'c_l_s_pmj to Se(IV).
Leach;inblé elemeiits~

g,
A 20, DG g portion of the sample was weighed: into 4 100 m} pnlyethylene bnuie
A 50 1;01 ahqunt nt‘ 1 M ammonlum nitnte soiuticm was added and the sample was
agxtau*d for two ht!hrs--and then centr:fuged at 2500 f.p.m. for 15 minutes. The
| supernatant was f'ltered thmugh Whatman No 542 filter paper. It was not |
'necess.ary to ‘separate the analyte eiemenrs from the transition metals as the

_cnnce;;tmtmns of the transition- metals were too low to pose an interference .
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| problem " A 25 ml aliquot was' transferred to a'pc.)l}.'ethylena bottle and acidified _
-~ with 20 mi hydrechlonc ucid. One rnl of lM potassmrn bromlde solu{ion was o
added and the salutmn was heated cn a stcam batl' for 20 mmute5 as was done '

for the fusicn samples The sample was cooled and diluted to SO ml
Cﬁlz‘brdf_ian standards

-~ A suite of s‘tandar_dss was prepared by dilu’ting'the_s'tock_ solutions to the required
coricentrations, reducing with potassium bromide a5 was done for the samples, and

. diluting in 4M HCI.

LE
LN

. 43.4 System cptﬁmlsaﬁoh

The operating conditions are shown in T;ible 4.2, Standard instrumental operating
. conditions Wéré ué'ed with the e_xcep_tio_rg_;of the carrier gas flow rate which was - -
optimised to givé maximum s_ensitivit; ﬁ;'plot of Sighzil strengt'h' vs carrier gas
flow rate is shown fn Fig. 4.3. On the basis of this plot t_he,' carricr_flow mté" was
| set ﬁt 1.0 .i.mi'n". The ion lenses were tuned using a 10 .-ug.l;‘ antimory solution,
sfnce aniimony is 'a.lso a hydridé-form ing .e.l'ement, and ﬁniiké arsenic or sel_eniuin

is free of background interferences, The ISb isotope was used for tuning.

The delwery rates of sample and reductant were Optlmlsed by varying the pump

tube sizes. A limitation is placed on the reductant flow rate by the generatmn of
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- Flg. 4.3. $ignal strength vs {arrier gas flowrate for ICP-MS
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sagnal to bac!cgwund ratms were measured at dxfferent sample flaw rates A pIot

uf the results is shown in F;g 44. On the bas:s ot‘ these measuremants frfs‘émple.

' .- ﬂow rate of 4, 39 ml mint was selectcd», WhiCh gave 800‘5 scns:tmty for bc'th As

and Se However, it was discovered that at analyte conceutranons above 100ug.I' 4

* within 40 seconds of adpiration.

- 192

- exvess hydrbg,ﬁfﬁ, which causes the plasma""_to'b'ec\;rhé unstable and everitually -

__extiﬁguiéhes it. The reducta.nt"ﬂowmte was therefore sgtfat-l 18 ml.rnin“ and "

= the anaiyte mgnals took sevetal mmutes to reach iteady state presumably due o
msufﬁclent r_educta_ni being presenit. The samplc_ flow rate was therefore red_uced .

to 2-.'38 rix___l.min*, at which rate the gmﬂ_}yté sign_ﬁls. were found to reach swady_-sta;é S

-



Table 4.2. Operating conditions '

' Forward power =

_ Reflected power |

Carrier gas-flow rate
Auxiliary gas flow rate

Coolant gas flow raté

| ..éample ﬁm&' ra.te. ) |
Redug.;t.a.n_t. flé\\f mte
__Da{a ac.qr;iil_s'litit_;m molde B
_ _Detectﬁr_ m.ode_z_'

~ Mass .range N

No. of 'channe.ls_'. :

No, of scan sweeps

~ Dwell time
Sample uptake time

Data acquisition time

| L§§kﬂv

. 0'}'0 l.m_.in’I Y

160 Lmin®

238 ml.mir_i" |

. 118 mlmin®

N '
- Scanning -

Pulse counting -

17392 10,7859 u

Co1024°

i@

00 7
| '320,us P

405
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Sample flowrate / ral miry-

e —

it

. rig. 4.4, _sigfaél?t'of-backi;round-r_at_i-os' vs sampld flowrate ” .
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4.3.5 Results and discussion

B . i}
J

--Sig:g_ai-xo-backgrounlfmtia [SBR), sensitivity and detection limits .

To determine the most suitablé 'isétope for 'sgté-nium analysis, SBRs were measured B
_ for all the selénium fsntopes. (.V.Vit.“l the -excéﬁtiou o'f. ®Se, Whi‘éh is’ the m.ost'
: abundant but has an exceptmnally swe.re mterference from "“Arz) [t was exper..ted
that "Se (abundancé 1.5 %) would have the hlghest SBR due to the removal of -
the ““Ar”Cl mter{’erence However, in pmctme- it was found that the mare abu:xdant -
“"Se 1sotope (abunciance. = 23. 61 %) gave the best: SBR despite an mterference -

_fmm 3“Ar‘"’Ar The mt‘erlor SBR of "Se was atmbuted to an mterference from |

HAPALH, made more severe by the _mtroductnon of hydrqgcn into the plasma, =

Consequently, the ®Se isdtdpé.. was selected as _'tl'ze isotope for analysis.

The hydride generauon system.was found to grwc a forty fold 1mprovement in
sensxt;vity over conventlonal nebuhsatmn for arsemc (46 000 vs 110{} counts.s” -
! (ag.l ‘) 5. However, the sensitivity of the system did not produce carrespondmg]y
low det\“ctmn ln’mts, due to rengent blanks wl'uch were hlgh despite the use of the
hlghest purity ava_llable reagenis. The backgreund equwalcnt concantramms'
. (BECg} of arsenic and selenium in the acid and reductant. mixture were

approximately 1 ugl?, and'_ the BECs. of the fusion anﬁ 'leachate_blanks. were

between 1.5 and 2 ug.l”. Thert_;--‘f_\\?eve contributions to the blank from all of tha
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o 'reagetits'- used as 'we'}l"f'%sf-:he zirconium- 'é-rudfbiés used for the ”ﬁ:si'oné The

' 'llmltation Imposcd un detectmn hmlts by reagent bianks has baen expenenced by

other workers B Therg isa great nesd for hzgher—pun‘y reagents fm‘ sampie .
: _.pmparatxon and for J;he. hyd-xde genetatlon pmcess, smce the exceptmnal sensxtwny '_ S
| o{" the tec.hmque s nuillfied to an. extent by the rcagent blank ievels Lm:uts of -
detectron (35) wer.e measured for 2 4M hydmahlonc amd blank solution, a blank:'" '_
| preparcd follcrwmg the fusmn gamcedure and a blank pr“-' .:md foliowmg the '
ammomum mtrate !each pmcedure These values were- multlplxed by the relevant |

' dllutmn factors to gwe dete(.tmn limits i the orlgmai sample (for the fusmn

’ pmcedure) and in the_leachau: salut:_rm,- Th_e r_esuits are hsted in Tabl_c 4.3, It can o

: be seen that the -débectidn limits wéré gene.raily- i the tange of 0.2 to 1.0 ,ugi‘ in

the SOlutlonS analyzed The detection Himit of 1.0 ygl for arsenic in the Jeach
. Iy :

: Isolutlons was well below the twmmended maximum arsenic cnncentratmn of 20

gl quoted__m- the lcachmg method”. No recommended-._maxlmnm concentraglon_ .

is gfven_ for selenium. g{_\fsenic and selenium were present at _me;asurahlé levels in -
the sol sa'mpies which were prepared by total dissolution, but in the leachates the :

le.vels were generally below the detectmn lmms An excapnon was a sampl:: _

. partlculariy hlgh m arsenic (570 pgg D whlch gave a level of 22 ug. ll in the
ieachate, sllghtlv abnve. the ret.ommended max:mum fevel, The leachable arsenic

o component was therefom only 0 01% of the total arsemc content of the sample.
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. Table 43. Limits of detection

. HCiblank  Fusion | ' 'NH.;N(); Léacl_.l. .
Juglt - _

Fuqi_on'hl_ahk' “In sﬁmpié_  Leach o In
gl ugg .bilauk_ - leachate
L g gl

TAs 016 02 - 61t . 050 10

™e pis- 081 040 10 - 20

[

Calibration. curves and precision of measurement

Good cali'br_ati.o.ﬁ curves were 6Ef§ined for af_senic _ancl“s.s.:l.ahiﬁm'. The r_:;u:ve_s were
.lineg._\t between 2 and 200 ug.1*, although ._:Wht.b!'l 'thé most Sénsitivé_in_ﬁé_tface 'conés N
were used loss of f’iheariiy_waé observed ﬁb‘ove 100 ,ugd".due o é;ccé.ssi_vely ‘h‘igh._ o
“count rates, ljf;tuning the ibn;lenﬁes would enéﬁlc # greate; dynamilc réinge but

 excessive waéh-o.ut.; t__iiﬁs becomes a limiting f:.alctor '.fnr measurement ﬁ_t ii_igher |
cgnccntra'.t'i.nn levels. The precision 0?‘ measurement at the 10 pel" level was 27%

for arsenic and 3.7% for selenfum.
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" Reference materials

o Three certified feference niaterial’s 'With suitable values fb'r arsenic and/or seleriium -
were prepared by the fusnon procedure and analyzcd usmg the selected operatmg o

condinons The selected reference matenals were a soil (Umted States Geeloglcai-_ :

- and a eoal f[y ash (Umted States’ Nanonai Bureau of Standards 1633a) The coal B o

) : ﬂy ash was. sexected because it hasa. hlgher oerttfied value for selenmm (10. 3 ML
N than auny of the ava:lable geolegxcal reference materials The resuits of the .

analvees are eﬂe\m in Tab!e 4, 4 It cen be seen that good agreement with the -~

cemfied va"mes was obtamed

-

“Table 44, Analysis of ceference. materials by ICP-MS. Concentrations

are in ug.g'

Refereneg : o Arsenlc o | _Iseleﬁi't_’xlm
| Certiﬁed R .'Fo_u'nd : Certifieci Feend
oxRs 12517 '9.6-.;‘4; 03 142 £ 0,05 "1.2'_;'{.1-.1'_- '-
. S S . s
'Mﬁss'-:i. | 106%12 10901 04" <04 n
| Ne_'s_.i_egsa s :'_15' i 512 .1'0.3; 0.6 1062 03

*TEhtative valus"
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4.4 Application to ICP-AES

441 Introduction

The: h’yﬁridé. generz‘ition‘ sj:stqm-' which was used for the ICP-MS work was
o transfeire'd'without fnodificatinn to the 'K':Z'P-'»AESI instmﬁxent, wi'th the 'exciéptioti '

of the puinp tubmg mzes which were opt:mxsed for ICP -AES. The sane reagents '
and 8 nple preparatlon procedures were used for both appl:catmns

4.4.2 lnstnnr:gntaﬁ parameters

_ _To snmpiify the changeover atween hydnde generatmn and normal nebullsatxon,
standard instrumental operatmg{:ondltxons were used,® W!th the' exceptmn of the '
.camcr gas flow rate which was adjustcd to obtam maxlmum sensxtlvxty. The
forward power was 51,2 kW, The analyte Ilnes used were arsenic - 197 ZUmn and
selemum 196.03pm. These lines were preset on the vacuum polychromator

4.4.3 System optimisation

It had been found in the ICP-MS study that sensitivity was proportional to the
sample and reagent flowrates, with the limiting factor being the ability of the
plasma to tolerate the volume of excess hydrogen. When the hydride generation

system was tested on the JCP-AES instrumen?, it was found that the plasma was
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less sensi'tiv’é to t:hangés zin the carrier gas 'coinpositiori than the ICP-MS' plasma,-

', possnbly due to thd abs“nce of the cone maerface Asa resuit, it was possxble to Y

-use. higher react&nt f{owrates than were possnble in IL‘P-MS.LA reductant ﬂowrate_. : |

nf 2. 96ml mm and a sample fiowrate of 3. 64ml min” was fcmnd to give the best

.f)..'

.f;'

. scnsumty whlle stlll mamtammg a reasonably stabfe plasrna The cattier gas o

ﬂowrate was ad_;usted to gwe optlmum sensntw:ty at the selected reage:at and "

of this graph the carrier gas flowrate wassct at 0 75 lmm i

_ 444Resultsand d‘scmsion ey

s

- Signal-to-background ratio (SBR) and detection limits

- As cxpggted, the hydri_de generation gystem corferred greatly increased sensifivity _

- selitive to conventional nebulisation. The SBRs and detection Hmits obtained by
~ conventional nebulisation and hj?:dri-de generation are coripared in Table 4.5. The
SBRs and detection fimits abtained using the hydride genération system are

. approximately sixty times beiter than those of solution nebulisation, and compare

favoﬁrabl_y with thgse quoted by Thompson ¢t al*

y .200_.

Y .
Iﬁ . o

o sample flowrates A graph of mgna] vs flowrate is shown in Fxg 4 5. On the basss L
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Table 4.8

- 8BR

" Detection

O limitGag)
 Quoted
 detection

iiniitscug/_l)?- -

- Compatison uf SBRs and detectnon lumts for h}rdnde

- generatmn— and conventmnai nebulisation-]CP-AES

_ Hydride gcnemtion. S Nebulisation: .
" Arsenic  Selénium - Amenic  -Selenium
st 87 14 13
035 033 215 163
08 08

. . » / . L] ) N .
qutbrt{;!ﬂn curves and precision of measurement

~ The lmeanty of the cahbratmn curves was established up to IOOO‘ug I, The

llmltlng factor at hzﬂher concentratlons was the excessive time reqmred for the

analytc signal to teturti to the basehne The precision of measurement at aualyte--

Iconc'entratmns of 4Qug.I™ was 1.0% for arsenic and 2.9% for selenmm.
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" Reference materials -

Cot

5

'Tﬁe s’ame.t'hree ce:rtiﬁ'ed' re{’erénce materials ihaf were analyze& 'in-'the'ICP-MS

studles ware prepared by the fusmn procedure and easured repeatedly by hydnde .

- generatmn-iCP-AES The resuIts of the analyses are shcwn in Table 4.6. As wus

- the case with ICP~MS gcod agreement with the ccrtif"ed values was obtained

Table 46  Analjsis of reference materials by ICP-AES. Concentrations

st
- ReférenCe '_ ) | Atsenic ‘:Sélﬁe.nium._ ‘,
| '.(.Z.,_‘er:tiﬁ.éd'.___ B Found P— Fé_un'a._..
N .Gxﬁ-s it2x17 11’.@_:50.-3' .- 1125005 1@5':&.1
MESS-1 _lb.ﬁt'.iz 109501 o 0.7 0.
.Nés 1'6_33;1-2 __'1\4'5 s 15 153 e2 :.19.3@.:5 10-;1“_; 01
" TeRtalive value . |
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4.5 Conclusions =~ I BT
[

A oﬁntmuous hydnde generéﬂﬁn systam has beén assembied and has been
. employed as’ a samplc mtroductlon system for bo:h ICP»MS and ICP»A.ES The 3
| system has been sucx.essfuily applxcd to the determmutlon of tutal and leachable |
arsenic _and sei_cmum in smls._ lee system en_ables accurgte and premse_

"meésuréﬁxent Df'-th'e énalyfe elemeﬁi" at.'the;ug l"'-levei: which w&s 'confir.med by
~ the ood agreement w;th cert:fied valg\es that was obtamed for the. reference:_' __

'materials The use of a water trap elammates argon chlonde snterferences which

o _pfase a problem for iCP-MS and ramoves sod’ am whnch‘suppmsses ana!yte SIgnals

in both ICP-MS and ICP—AES The water trap was also found to have 2 damping.
effect on pressure fluctuati_ons i the carrier gas strcam, thus stabilising the analyte

P I

signals. .
- The lnc:;ease in sensitnvuty achfeved by the use of hydnde generaucn was greater
fur ICP AES than ICP MS (sixty times compared to forty times that of pneumatlc i
- nebuhsatmn) The teason for thls was the i‘ngher hyarogcn tolerance of *he [Cp-
| AES plasina, which enabled hxgher sample and reagent flow_rates than were
possible with the ICP-MS s_j_tsten_n. Despite the: fact that ICP-MS is conSidemhiy'
more ﬁ‘&ﬁlSitiV& .than -ICP-AES... thé " calenlated ﬁetectiorl, limits for the two |
téchhi_qués ”wet_'e femarkably similar, This js an indication t_iiafthe lfnﬁitihg factor
“with respett to detectiont limits 1s the 'b:ackgrbt.md signal arising frd'rﬁ fhe .r'e'_agen't

" blank,
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4.6 _P_uhiica_tion Details

L

A paper'basé'd on the ICP-MS work has been submitted to the Journal of
- : _ . . R i

Analytical Atomic Spectrometry and is currently under review,

%

i
g
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'CHAPTER 5. CONCLUSIONS

* This study of sample mampulatnon and sample mtroductm,n techmques for IL-P MS'

and ICP AES was undertaken ﬁnth two broad objectwh'.s The first was 10 extend

. the apphcabxhty of the mstrumemal tcchmques o situatlons whure conventmnal i
' sample Introductlon presems problem& The second\object;ve was to use itie o
: sampla mampulatmu and sample mtroductlon methods to 1mprove ‘the analyt:cal
B perfonnanw of the mstmmental techniques, i.e to lmprove. the Spced and |
efﬁc:ency of analyszs, to lower the detectlon lumta and to ehmmate inte:*fcrences |
R The success of this ‘work can b‘e measmed m-tenns-of the degree -to‘whlch these "

objectives have been I\mei;- in the 'applit:ation of each S_alﬁplc manipulation and

sample introduction_ method.
| A
- 81 Laser abiation

: \\____
Laser ablation was u.,edf 1 extend the apphcabxhty of ICP-MS to the analyms of

materials which are dlfﬂcult to dissolve, since dlrcct analysxs of the sohd matenais. '

was pnsszble Good sahsﬂmty was achiaw)ed as there was. no dl]utmn kif the '

_ \\
sample. Despite the prq_)blems of poor precision and memory e_ffects which were

éhcounttareq, useful anaiyt_ical methods were developed. These methods were nsed

in routine analysis for some time, but have been superseded by a dissolution

method involving flow injection, which was.desén'bed in Chap.t'er' 3, The flow

injection method is capable of considerably better preeision and is less prone to
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- inemo'r_y effects
'.S.ZFlowinjécﬁon | | - - E S

__."I‘he flow mjecnon system has been successfuliy implemented ina number.of_ :
.. applncatmus in ICP~MS and ICP-AES The system has been used 0 analyze. o
tantalum oxlde solutmns with'a h{gh solid coutent by ICP-MS, whlch enabled the
achievement of the rcqulred detect-on limils 'This would-not have been possxble :
_ for convenuonal steady~state anaiysns because greater dllutlon of the sample would
'have beeu necessary The system has a]so been used to zncrease the speed and. .
| efﬁclency of ICP-MS and ICP-A_ES analysxs- by reducmg- _the time requ_lred per.
N arialys-is, and'.lﬁy incorporating on-line ditution and iﬁtém;l standard aﬂdiﬁén.
~ The syst_eni has been used :t0' eIi.minate inteff;erences m .ICIP-AES. by the
: _incorporatibn of an on-line ioﬁ-exchar’i_ge. ‘éo_!.umr:.' The_ column was used to anal§z§
_'trace i'évaé-' of the pla_tinum "group metals -'-.-in the pi'esence of high' lei}els of
mterfenng basc metals, by retainmg the base metal on the colurnn whi He aHowmg

' the platmum group Thetals 10 pass thmugh to the plasma.

Evidence of the versatility of the flow injection system is given by the wide
variety of _s_ituations' to which it has been applied. it has thgi’efor pfoved to be a

highly useful sample manipulation and Samplé introduction method.



.83 Hydride ggnerﬁﬁon
‘Hydride gencration'hs{s been applied to the analysis of arsenic and selenium by

'IéP-MS and ICP-AES, using a novel type of 'g-;iS-'liqui'd separaor which achieves

© more efficient s_cparat_idn. The system was applied o the analysis of soils, imwhich

it was used 10 cliﬁi'inaté .argtm dhloride in'terfcfences' in ICP:MS'-and' ta iﬂcrease. |
Senslthty of measurement in both techmques The increase in sensmvzty was

forty-fold m ICP-MS and SIxty-fold in ICP-AES. The pr.ccxsmn ol measurement.
was_gpod, and goo_d_ agreement_wnth csrtlﬁed values was obtained f_or a variety of

: reference materials. _
The hydride generation syqtém is a useful accessélj; for ICP—.MS and ICP-AES.
. analysis, and is capable of pmducmg good results. It is likely to find. appllcatlons"‘
to other analyucal problems mvolvmg the hydnde-formmg elements

5.4 Closing comments o _ o R

The samplé ‘manipulation and sample intmductidn m&thods investigated'in this -

work are only a few of the many posmble. methods which could be employed Due

to the various problems associated with pneumatic nebullsatlon, there is great '

pateuuai for research in this field. Many workers have been mv_ol_ved_and are
currently involved in t_hc”study of_ alternative sample manipulation and sample

 introduction msthods for ICP-MS and ICP-AES. This work has shown that there
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