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ABSTRACT

Inductively coupled plasma mass spectrometry (ICP-M reviewed as an alternative nuclear analytteghnique
for the determination of radioisotopes. The latiestelopment and utilization of collision and reaaticells in ICP-
MS is presented. These cells are used to promeatetive and non-reactive collisions with resultargnkfits in
interference reduction, isobar separation, and thalization/focusing of ions in ICP-MS. Novel iondecale
chemistry schemes, using a variety of reaction rgagents selected on the basis of thermodynamickaretic
principles and data, are now designed and empilycalaluated with relative ease, and a significhatly of ICP-
MS applications now exists in the literature. Resfor separations of isobaric overlaps via cati@actions with
NO, NO, G, CGO, CH,, and CHF in an inductively coupled plasma collision/reacticell mass spectrometer
(ICP-CRC-MS) are reviewed.
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1.Inductively Coupled Plasma Mass Spectrometry (ICP-N)

The inductively coupled plasma (ICP) ion source ispecial type of plasma that derives its sustgipower by

induction from a high-frequency magnetic field [Bgon gas initially flows through a 25-mm quartbé, and
after emerging at the tip, it is surrounded byraduiction coil. An AC current flows through this tat a frequency
of approximately 27 or 40 MHz at a power level ppeoximately 1.6 kW. The argon gas stream (the stipgas)

that enters the coil is initially seeded with fedectrons from a Tesla coil. These seed electrarskly interact with

the magnetic field of the coil and gain sufficiemiergy to ionize the argon atoms through collisiexaitation. The
cations and electrons that are generated fromriti@li Tesla spark are accelerated by the magriegid into a

circular flow that is perpendicular to the stredrattemerges from the tip of the torch. Reversimgdinection of the
current in the induction coil reverses the direttod the magnetic field that is applied to the met of atoms, ions
and electrons. The fast-moving cations and elestrahich are known as an eddy current, collide witre argon
atoms to produce further ionization and intensentia energy Flame-shaped plasma is formed neatothef the

torch. The temperatures in the plasma range frod® 60 10000 K. The high temperatures produced éyptasma
generally require a second stream of gas, usugllynato provide a vortex flow of argon to cool tineer quartz
walls of the torch. This flow also serves to cered stabilize the plasma.

Liquid samples are usually introduced into the plasn a stream of argon in the form of an aerobtdioed by the
pneumatic nebulization of the solution. The argtmean punctures the plasma, which forms a centrahiel
where the atomization and ionization occur. At freacies of 27 or 40 MHz, a phenomenon known asskire
effect occurs; this effect gives the ICP plasmaraitial shape. This plasma shaping lengthens thideet time
(approximately 2 msec) of the sample in the highgerature interior zone of the plasma and incretisedetection
limits of many elements [2]. A long, well-definedliltemerges from the high temperature plasma ortiphef the
torch. This tail is the spectroscopic source, wtdohtains all of the analyte atoms and ions thaeheeen excited
by the heat of the plasma. A portion of the ioniged from the tail flame of the ICP is introducatbithe vacuum
system of the mass spectrometer. The plasmaaailefiflows around the tip of a water-cooled coneclvis called
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the sampler. The gas from the ICP is extractedutjita small aperture (0.4-0.8 mm) that is drillet ithe cone and
into the first (expansion) stage that operatesmtasure of approximately 1 torr. The centralicgibf the conical
skimmer is located behind the sampler at an apatpposition for transmitting as much of the sasdpbeam as
possible into a second vacuum chamber. The pregstine second chamber is sufficiently low (appnoately 5 x

10* torr) and the mean free path is sufficiently Idagthe ion lenses to collect, focus and transtmtibns to the
mass analyzer. The ions delivered from the ICPaoare accordingly focused by the electrostatisdenAfter the
ions enter the mass spectrometer, they are segdnatbeir mass-to-charge ratio.

A quadrupole mass filter is the most commonly ufiiéel in mass spectrometers. This filter consist$our rods
(approximately 1 cm in diameter and 15-20 cm lathg) are arranged in perpendicular pairs. AltengpAC and
DC voltages are applied to opposite pairs of ths ravhich allow the ions with a single mass-to-geanatio (m/z)
to pass through the rods to the detector at afipeaint in time. The settings are altered forteapecific m/z, and
they are switched at a very rapid rate. Consequeh quadrupole mass filter can separate up ®0 24nu (atomic
mass units) per second [3].

Quadrupole mass filters used in ICP-MS have regwiatof almost one atomic mass unit [2]. This rag8oh is
sufficient for most routine applications. Howewilrere are some situations in which this resolutsomot sufficient
for separating overlapping polyatomic or isobaniterferences from the elemental isotope of intefdsais, the use
of high resolution (HR) or sector field (SF) magsectrometers has become more common in ICP-MSgthe
instruments allow the user to eliminate or reduw effect of interferences due to mass overlaghis type of
instrument, both a magnetic sector and an elestidtor are used to separate and focus the ionsn@eetic sector
is dispersive with respect to both ion energy am$smand focuses all of the ions with diverging esaglf motion
that emerge from the entrance slit of the specttemé&he electric sector is dispersive only to @rergy and
focuses the ions onto the exit slit. This type ofarangement is called a double-focusing highluti®m mass
spectrometer [3].

Recently, ICP-MS has become a favored techniquéhforfast and accurate determination of trace dimdtiace
elements in many matrices due to its low samples@mption, high sensitivity, excellent precisiong gotential for
multi-element analysis [4]. However, isobaric arudyptomic interferences can significantly affect thccuracy of
ICP-MS analyses, especially for radioisotopes. $gxion of these interferences has been the subijetiany
studies, which have been reviewed elsewhere [5. rElduction of polyatomic interferences can be mqdished
using direct (instrumental) and indirect (sampleparation and treatment) techniques. However, séetd ICP-
MS (ICP-SFMS) cannot resolve all interference peoid, especially when a resolution higher than 10800
required to separate the analyte from the intemfageThis is the case for numerous interferenaesh as’Rb/’Sr,
07r/*sr, and**'Ba/*'Cs.

As an alternative to ICP-SFMS, quadruple ICP-MShwét collision/reaction cell (ICP-CRC-QMS) has been
proposed as a method to reduce background nois@vgrdve sensitivity for isotopic and trace anaby/$e]. The
collision-reaction cell has previously been usedliminate one or more interfering species (isabaripolyatomic)
that limit the analysis of selected isotopes [7. dccomplish this goal, a reacting gas injected the cell must
ideally react with the interfering species withduitther reaction with the analyte of interest [Bhis reacting gas
can be selected on the basis of thermodynamic amlik data. Based on studies of ion kinetics, dyica, and
thermochemistry, gas-phase reaction chemistry canuded to overcome polyatomic interferences without
significant reduction in sensitivity [9].

2.Interferences

The interferences that occur in inductively couppdsma mass spectrometry can be divided into toces,
polyatomic ions and isobaric overlap. These interiees can significantly affect the determinatibradioisotopes
at trace and ultra-trace level.

2.1 Polyatomic ions

Polyatomic ions result from the short-lived combioa of two or more atomic species, e.g., Ar@rgon, hydrogen
and oxygen are the dominate species present ipléisena, and these species may combine with eaehn ottwith
elements from the analyte matrix. The major elememiesent in the solvents or acids used during kamp
preparation (e.g., N, S, and Cl) also participatéhese reactions. The extent of polyatomic iomfaion, and thus
the effective interference problems, depend on niaators, including extraction geometry, operatpagameters
for the plasma and nebulizer systems and most itaptly, on the sample matrix [10]. Most of the pafymic ions
can be resolved from the analyte by setting thesrapectrometer at high resolution. Figure 1 shévespectrum at
m/z= 56 when 100 ppb of iron standard solution isrased. A gross peak was observed in low resolutimie
(m/Am = 300), but thé°Fe isotope was resolved in high resolution modé\m# 5000).
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Figure 1. Mass spectra am/z = 56 measured for a 100 ppb iron standard solutioat low and high resolutions.

2.2 lIsobaric overlap

An isobaric overlap exists where two elements hso®pes of essentially the same mass that carneadolved by
the conventional quadrupole or sector field masdyaers [2]. Most of the elements in the periodiblé have at
least one (e.g., Co), two (e.g., Sm), or even theag, Sn) isotopes that are free from isobarerlayp. No isobaric
peak interference is observed for those isotopéswben/z = 36. For some elements, the most abundamd,
therefore most sensitive isotope, may be subjedsdbaric overlap, e.g*?Ti (73.7% abundant) anfCa. The
severity of this type of interference is dependergome extent on the sample matrix and relatiepgmtions of the
elements concerned. For example, Ba, La, and Gesé an isotope at m/z = 138, drtBa is the most abundant
isotope. If a sample needed to be analyzed foatudtce levels of barium, then this isotope wouldHeepreferred
one because it provides the most sensitive measumtem

3.The collision/reaction cell

A collision/reaction cell consists of RF multipdlen guides enclosed in a cell that can be pressdineith a gas
[11]. The reported length of the rods ranges frdircm to 15 cm. Currently, four cell-based quadrappnstruments
are commercially available. The Perkin ElImer SCIEXAN DRC utilizes a quadrupole ion guide. The Migrass
Platform and Thermo Elemental PQ ExCell utilizéseaapole ion guide. The Agilent 7500c, 7700, angi08&tilize

octopole ion guides. Octopole ion guides providedymn transmission efficiency [8]. Quadrupoles argque

because they permit operation within a narrow badtiwas well as operation in other modes that aghif

selective with respect to the mass-to-charge f&fioAnother important aspect of RF multipole ionidges is the
shape and depth of the confining potential welle Tquadrupole has the steepest confining potentél, the

potential rises quickly from the center of the a@evio the rods, whereas hexapoles, octopoles, myherhorder
multipoles have progressively flatter potential wainima. These higher order multipoles thus previdgher ion
transmittance as well as reduced scattering Idddd4s The wider potential well in an octopole allewhe ions to
occupy a larger volume, and the ions travel fardgethey pass through the cell. A higher orderiprll ion guide
thus provides a greater gas thickness (at compmapmbbsures) when compared to a lower order migtifgecause
the extent of reaction depends exponentially onnilmaber of collisions, this increased thickness dragnormous
effect on the extent of reaction and thus on tlfieiefcy of the cell. Scattering losses are reducekigher order
multipoles [8]. Figure 2 shows a schematic of tek-lbased quadrupole instruments.
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Figure 2. Schematic diagram of the single quadrupelmass spectrometer (Agilent 7500c).

Agilent Technologies has developed a new Triple dpugole mass spectrometer (ICP-QQQ) [12]. As shawn
Figure 3, it has two quadrupoles, one before arelafter the Collision/Reaction Cell. The first qugable selects
ions to enter the cell, providing reliable reactioonditions to changing sample composition (MS/M8dg). It
solves the problem of current cell technologiesigiseaction gas, allowing analysts to use reactiode for more
elements/isotopes applications, more effectiveigufe 2 and 3 illustrate the principle of two difet models for
ICP-MS. The comparison of the two modes is disaligseletail elsewhere [13-16]. In both cases, stethghlasma
conditions are employed.

Bypass Valve

ICP ion source

Fig. 3. Schematic diagram of the triple quadrupolanass spectrometer (Agilent ICP-QQQ 8800).

4. Collisional processes

lons entering the collision cell possess ion enéngy radial direction [17]. As ions enter the cafid collide with
the inert gas atoms, energy transfer takes plawk ttze analyte ions lose energy. When the ions éoszgy, the
voltages applied to the reaction cell force thesitm move along the potential field, and the iores subsequently
confined within the potential region [18]. A smdilbmeter cell (e.g., quadruple) can be used toipaljs confine
the ions into a tightly focused ion beam. This effis known as collisional focusing and is requiredsystems
having inherently low sensitivity or in which theaction cell and the mass analyzer are of the gamgsical
diameter. Collisional processes include energysfearand collisional fragmentation.

4.1 Energy transfer
In an elastic (no internal excitation), non-reagtieollision of an ion of mass jrand kinetic energy Ewith a
stagnant (E= 0) neutral species of mass, itihe energies after collision are given by Equetid and 2 [18].

- 2 + 2
£, = E{ml_mzz "
(m +m,)
Ez= E1 -E (2)
As m, — 0, E1 — E; and no energy transfer occurs; the reactant ipartie the interaction with the same energy

with which it entered. If m= my, the collision partners exit with equal energy &nel incident ion loses half of its
initial energy. Multiple collisions of the ion rdsin sequential losses of kinetic energy and iargg damping, i.e.,
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a reduction in the width and magnitude of the kinehergy distribution. Thus, the ion loses enexggording to the
reduced mass of the collision partners, i.e., @elaneutral/ion mass ratio increases the rate @fggrdamping of the
ion. Complete damping to the thermal conditiorpatsible, refers to an essentially ‘random wallé@red by the
ion through the cell [17]. A large ion energy at #imtrance to the cell (source potential plus esipanenergy minus
cell offset potential) requires more collisions avergy damping. For a given cell pressure, a higiigal energy

also results in a reduction in efficiency becaudseion progresses farther into the cell beforeetiergy is damped,
and the number of collisions is consequently reduEgrthermore, higher energy lowers the probahilftreaction

during a collision, compromises the specificitytbé thermal chemistry, and increases the potefdiaputtering

cell materials.

4.2 Collisional fragmentation

The transfer of energy to internal degrees of foeedluring a collision defines an inelastic collisifi9]. The

energy that is transferred can be distributed arstoting various internal degrees of freedom; foolggiomic ion,

these include rotational, vibrational and electcaregrees of freedom. Subsequent collisions casfern(relax) this
energy to translation (kinetic energy, heat). Ifeergy that exceeds the bond strength accumulatassingle
vibrational degree of freedom, the chemical bond mgture, and the polyatomic ion fragments. Fraga@on

may be successful in a single collision, in whielse a relatively high collision energy is requitedccount for the
distribution of the energy into the various degretfreedom [20]. Fragmentation can also occurugtomultiple

collisions, in which the internal energy is accuatetl by sequential energy pumping to the dissaciaiinit.

5. Kinetic energy discrimination using inert gas

Kinetic energy discrimination (KED) refers to theeuof a potential barrier between the cell and namsdyzer,
typically by operating the cell at a dc offset paiel somewhat lower than that of the analyzingdjupole. Beam
ions from the ICP retain a significant portion beir original kinetic energy and trajectory, wheréans formed
inside the cell are typically formed at lower kiceénergy and/or off-axis trajectory [20]. The lawenergy ions
formed in the cell are unable to overcome the g@kmbarrier and are thus prevented from passirg the
analyzing quadrupole and on to the ion detectothis approach, the low mass cut-off of the quadiis raised
while the high mass stability edge is lowered. Ehesnditions create a narrow window of massesatestable in
the quadrupole field [21]. For example, the monatoion (**Pb) and polyatomic iorftPb'H,) enter the cell with
the same energy and collide with the inert gas (B&)shown in Figure 4. The molecular i6fRb'H,) has a larger
cross section than the analyte at the same nfa%2b) and experiences more frequent collisions wity H
consequently?®®Pb'H, undergoes a significant reduction in kinetic enerejative to the analyteé'{Pb). Energy
filtering can be used to ensure only the analytersrthe quadrupole analyzer.

Ton Energy

] Quadruple potential =-12'V

Kinetic energy discrimination =

. . O‘ @ — 15— (-12)=-3V

Collision cell

Cell potential =-15V

Figure 4. Energy discrimination betweerf'®Pb and?°®Pb'H, in the collision cell when He is used as the
collision gas.

6. lon—molecule reaction chemistry

Although many different types of gas-phase, ion-aoole reactions exist, only a relative few havestfar been
shown to play important roles in interferent reduretin ICP-MS [22,23]. Of course, thermodynamic ddaetic
considerations must be considered when develogaction chemistry strategies.. More fundamentatetspof ion
thermochemistry can be found in Lias et al. [24lid&es by Tanner and colleagues may be reviewed tammplete
discussion of reaction thermodynamics and kinetimssiderations in ICP-MS [25]. In brief, reactiomaust be
thermodynamically allowed under the employed resctionditions, i.e., they must be experimentallgtbgrmic,
and the reaction rates must be analytically use@admpilations of thermodynamic data and reacticesrare
available [25] and can/should be consulted as degfar experiments, but empirical testing and veatfon under
actual instrumental conditions is nonetheless advis
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To resolve two or more isobars, either the morenis¢ isobar must be neutralized, or the interfesobar or the
analyte isobar must be shifted away from the othéerms of mass/charge. These conversions arargdisied
using a variety of reaction types, including ataansfers, adduct formation, charge exchange, andersation
reactions. Examples are provided in equations 4-6.

Isobar shift™*'Cs" + ¥Ba" + N,O — *'Cs" + 1¥'Ba0O' + N, (4)

Charge exchangé’Ca’ + °Ar* + 'H, — “°Ca’ + *°Ar + *H," (5)

Analyte shift:*'Sr* + ¥Rb" + CHF+ — ®'SrF + Rb" + CHy (6)

Each of the above reactions resolves two isobaraeder, these types of reactions can create athenféring ions.
If other analyte isotopes are present at these/oesge values, new interferences are potentiatated. This
consequence must be considered when designingarattiemistry strategies and applications that sisgle
guadruple mass spectrometers.

The most useful reagent gases for ICP-MS can Issifiled as charge-exchange reagent gases (e,g\NHd, Xe,
CH,, and N), oxidation gas reagents (e.g.;, ™0, NO, and CG), relatively few adduction gases (e.g, &hd
CO), and other reagent gases (e.g.4,CHHs, CGH,, CHsF, SR, and CHOH). Gas ions with a low mass have the
advantage of being converted to low m/z produats, they are easily swept or ejected from the reaatell. In
general, heavier gases are both more reactivetadineir higher cross-sections and better damphagacteristics,
and less specific [11]. The more appropriate reagases mostly react at high rates, are highlycte& and
provide significant resolution efficiency from therfering isobars. Therefore, the primary prodoas are created
rapidly and (preferably) completely. The secondanducts are easily removed or minimally re-reattich results

in minimal spectral complexities [11].

7.Applications of ICP-CRC-MS for the determination of Radioisotopes

Collision/reaction cell techniques are being appti@ a continually increasing variety of sampleety[y26-93]. The
applications cited here cover the 2000-2011 pe¢smine early 2012 work is also referenced). Thisvesprof
applications constitutes an illustrative review aisd not an exhaustive compilation. This fact is hags
demonstrated by the increasing frequency with whi€fP-CRC-MS elemental analyses are appearing in
publications other than those of traditional eletaeand atomic spectroscopy. Some of ion-molecedetions and
collisional fragmentations are discussed brieflpthe
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Figure 5. Separation of*°’Ar */*°Ca’ with H, using ICP-CRC-MS.

1.1 “K*/*°Ar */*°Ca’ and **Ca'/**K * separation with N,O

The NO ionization potential is 12.886 eV, which makesrge-exchange reactions endothermic for most atomic
cations [59]. The affinity of Blfor an oxygen atom is relatively low (1.735 eVhieh makes oxidation reactions
exothermic for many cations. In some cases, nitnathas been reported to compete with oxidationn Spi
conservation may play a deciding role in exothermiilation reactions because the ground states,Of ahd N
(the neutral product) are both singlets; thus,agtant cation and a product oxide ion must haveséimee spin [18].
“Art and*°Ca’ interfere with the detection ¢fK* (T, = 1.28x18 a). The K/Ar* ratio has been shown to be
improved by nine orders of magnitude in reactioit® @mmonia or K however, Chis not suppressed as shown in
Figures 5 and 6 [60]. Kis unreactive with pD, but Af" and C4 are both reported to react with®[61]. Reaction
profiles measured with ICP-DRC-MS show thatA¢™ can be improved by more than three orders of ntage]
while K*/Ca’ is enhanced by a factor of ~50 [62]. These impmuset factors may be of interest for in situ analysi
of interstellar grains. Recent super-nova matevillbe more enriched i’k than terrestrial material, so such an
enhancement of K over Ca and Ar may be sufficienahalysis. The data also suggest thaa (T, = 1.03x18 a),
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an important radionuclide used in dating and neuftex monitoring [63], can be separated fr8tK when it is
measured a8CaO' at m/z = 57. Oxidation of Caloes not occur for every collision; however, abmlf of the ions
are converted to the oxide, which should providegaificant improvement in CalkO" as compared to C&™.
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Figure 6. Calibration curve for “°Ca using H,as the reactive gas in ICP-CRC-MS.

1.2 *Ni*/*°Co* separation with N,O

*Ni (Ty, = 7.6x10 a) and®Fe (T, = 1.5x18 a) are cosmogenic isotopes used in meteorite expatating. Cb
reacts with MO via oxidation and clustering faster than® lind Fé&, respectively [62]. Both cations exhibit
exothermic oxidation reactions witkH, = —1.11 and —-0.37 eV, respectively [62]. Bandurale[59] observed the
formation of NiJ and noticeable loss of Ni

1.3 ®Fe/*Ni* separation with N,O

Fe" oxidation is faster than that of Nand could theoretically be used for detectiorf%€0". Thus, there is no
advantage in the detection of 'Fas FeO. One possible detection method is to uselChich is reported to be
reactive towards Feproducing F€l, and less reactive towards'Nind CJ [64].

1.4 "°Se/™Br* separation with O,

Selenium is one of the fission products which wel fin irradiated fuels’°Se is a long life fission product {7 =
2.8x10 a), so it is of prime interest to determine prelisthe quantity of'°Se produced during nuclear fuel
irradiation. Indeed, this radio-isotope is onetw# potential long term radio-contaminating elemebéxause of its
capacity of migration in the various compartmenfstree ground [65,66]. The ionization potential of, &G
sufficiently high (12.07 eV) that exothermic oxiet channels are not possible for most cations. Okatom
affinity of O is 5.169 eV and provides the potehfaa good selectivity of oxidation reactions [67Br interferes
with the detection of°Se. Bf reacts slightly faster than Ar[68]. S€ is reported to form SeQvhen reacted with
O, in ICP-DRC-MS [59], and the reaction has been watald to be exothermic at -24 kJ/mol (0.25 eV) [69]
Reactive loss of Seis not significant and is compensated for by sa@hal focusing. Brennetot, et al. [70]
Optimized the operating conditions of a quadrup@E-MS with hexapole collision/reaction cell usiagnixtures
of gases (@ OJ/He, O/Ne, OJ/Ar and QJ/N,) for the analysis of selenium-79 in spent nuclésl using
experimental designs.

1.5 °sr/%°zr separation with O,

Analysis of*Sr is hampered by isobaric interferences ff8fn- and Ar-based ionic species. The resolutiof’sf
from *°Sr requires a mass resolution of 98150, which j®be the capability of ICP-SFMS. Previously pubdigh
studies indicate that the reactive gasesFCHCHCI, Sk, NH;, D,O, CS, CO,, N,O, and Q could be used to
remove isobaric and polyatomic interferences frans&opes [71-76]. The heats of reaction gfv@th Sr, Zr, and
Y ions were calculated to be 47.8 kcal/mol, -88calknol, and -60.4 kcal/mol, respectively [11]; sheresults
indicate that the reaction with Sr is endothermmd aot energetically favorable, whereas reactioith & and Y
are exothermic and favorable. Tanner et al. [25)ted out that kinetic data must also be considéveshsure that
an exothermic reaction occurs in the reaction @®kcause of the small contact time between gasaoulele and
ions). Data available from Koyanagi et al. [72] wld that the reactions of,@vith Zr and Y were efficient with
yields of 82% and 67%, respectively, whereas noti@abetween Srand O was observed [73]. Figure 7 shows the
reaction profiles for Sy Zr" and Y ions with Q that were measured using CRC-ICP-QMS. The coratioms of
Sr, Zr and Y used for this investigation were 1 pabflow rates below 1 mL/min, th&€Y* and®’Zr* signals decay
relatively quickly, whereas thH&Sr" signal increases up to a maximum flow rate of 1 mib. *°Sr detection was
successful at 0.92 ppt with a 1-mL mi®, flow rate.
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Figure 7. Effect of O, gas flow rate on the net signals dfSr, % and °°zr. The Sr, Zr and Y concentrations
were all 1 ppb.

1.6 *Mo/**Nb/**zr separation with NO

Mo (Ty, = 3.5x10 a) may be useful in exposure dating and need= tdeected at ultra-low levels in nuclear
waste [78];**Mo can potentially be resolved frofiNb and®*zr (T, = 1.5x16 a). Oxidation of M by NO is
endothermic at 1.61 eV and proceeds slowly viaastep process, whereas oxidation of ldhd Zf is exothermic
(AH, = -2.46 and -2.48 eV, respectively) [23,78].

1.7 29*/*%Ke* separation with O,

The use of ICP-MS for determination Bfl in environmental samples is complicated by ireeghce from??Xe*
originating from Xe present as an impurity in Aagina gas and ByIH," derived from'?'l in samples. Collision
cell and reaction cell techniques have been useediace such interference [79,80] . Fujiwara efédl] used ICP-
MS with the dynamic reaction cell (DRC) and axiild technology (AFT) to imprové®d determination. The
response characteristics of DRC-ICP-MS to testtinia with various® and*?’l concentrations were investigated
after instrument optimization. They eliminat&dXe" interference by using {as the reaction gas, and effectively
reduced'?IH," interference by applying a negative AFT voltagel aemoving traces of Hand HO from the
reaction gas. Consequently, the background cotiiot (mass 129/mass 127) decreased to th&l&0el. However,
the relationship between the signal at mass 129 '&hdtoncentration was nonlinear, and they attributiee
nonlinearity to sensitivity degradation due to atbamt | in the matrix. They used a Rh internal standand f
correcting the sensitivity degradation and obtaimedinear relationship between mass 129/mass 1@3'%h
concentration. The detection limit f&% in a 1 mg mC* *?1 matrix was 15.2 pg ml, which is equivalent to an
1297127 ratio of 1.5 x 10°. They used the developed method for the deterinmaif **% in soil samples obtained
from the land surrounding the nuclear fuel repreesplant in Tokai, Japan. The measuted*'l ratios (2.6 x
107 to 4.7 x 10") agreed with the ratios determined by tandetraelecator mass spectrometry.

1.8 ®*'La*/*'Ba* and **¥La*/**Ba’ separation with O,

The separation of¥Ba" from *38.a" may be of interest for in situ studies 61Ba anomalies in early earth and
meteorite sample$ia (Ty, = 1.05x16" a) is used it*%.a—*Ce and"*3.a—**Ba geochronometers. Detection of
139 a* is disrupted by highly abundatitBa’. **"La’ (T, = 6.0x10 a) is disrupted by*’Ba’. Ba" oxidation by Q is
endothermic by 1.15 eV and it is reported as nactiee [82], and Laoxidizes at 0.75 eV [83]. ICP-DRC-MS
reaction profiles show high reactivity of 1,but oxidation of up to 12% of Bas also observed at high, @ow
[59]. The question oF¥®Ce" separation from{**La* arises when the chronometer is discussed iexidized by @

at a rate similar to L'athus different chemistries have to be considered.

1.9 ¥'Cs'/*¥Ba” and 1**Cs'/**Ba’ separation with N,O
Three recent studies have illustrated that the @dgs@baric interference can be suppressedgnd He mixtures,
N,O, and CHCI [62]. However, H and He efficiencies were found to require optirtira after separation and
preconcentration for Ba concentrations above Olb[@p].

The available thermodynamic data fosON[84] indicate that only Ba should be reactivehwttiis gas. The heat of
the reaction of MO with C< to formCsCO is endothermic at 106.3 kJ/mol, so the reactionoislikely to occur.
However, the heat of the reaction of Baith N,O to form BaO is exothermic and thermodynamically favorable at
-236.8 kJ/mol [22]. Because thermodynamic data pnbyvide indications of the feasibility of the réiaas, kinetic
data must also be considered to investigate rewaefiiciencies. A standard solution of 10 ppb Cd 40 ppb Ba
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was aspirated through an octopole reaction celtf@BFS [71]. The effects of YD on the resulting ion intensities of
Cs and Ba are shown in Figure 8. TH&s signal increased for,® flow rates up to 1.5 mL/min. No reaction
products were observed for Cs withQNin the cell. In contrast, the Ba signal, obseraéanass 137, decreased
rapidly and became negligible at a 1.5-mL/migONflow rate, and a maximum intensity was observechass 154,
indicating the formation of**Ba™®0. Additionally, a maximum intensity was reachedratss 155 for a higher gas
flow rate (2 mL/min), which accounts for the asyrwious formation oF*Ba'®0'H as compared to BaO.

The reactions of Sb and Sn (100-ppb natural saisjisvith NO gas have also been investigated, and the formatio
of SbO and SnO species was observed with an ogiteation rate of about 0.1% for both elements Et@ flow
rate of 1.5 mL/min. Very low yields of SbO and Sn@re expected because of the very low ionizatitesraf Sb
and Sn at an RF power of 800 W (ionization energfedb and Sn are 8.641 eV and 7.344 eV, respégtiia?].

—=—Cs
3500 +
——Ba0 | 1400
23000 L —<—BaOH
@' ——Ba T 1200
2500 + _
g + 1000%
€ 2000 1 4
£ + 300 &
= 1500 + g
% + 600 E
2 1000 + L0 5
% -]
2 500 |+ —+ 200
v 0 } } —t ! f f i 0
05 1 15 2 25 3 35 4 45
N20 flow rate (mL min™)

Figure 8. Effect of the NO gas flow rate on the signal intensities df°Cs’, **Ba, ***Ba'®0, and ***Ba'®0'H at
concentrations of 10 ppb Cs and 10 ppb Ba.

The fission product®Cs (Ty, = 2.3x16 a) is an important isotope present in nuclear evast fall-out and is also
used as oceanic tracer. This isotope is also stemjésr the**Cs-*Ba chronometer [86] and for improving the
137Cs (Ty, = 30 a) chronometer [87].

1.10"°Sm"/*Nd* separation with CO,

Oxidation of both N8 and Sm with CO, is exothermic &H, = -2.35 and -0.54 eV, respectively) [70]. Relaljve
fast oxidation of Ndwas observed by Bandura et al. [59], and thé&/Sdi ratio was enhanced by a factor of more
than 1 at flow of CQ = 1.4 mL/min [59]. The relatively low reactivityf &m" limits its loss to a modest two fold
[63].

1.11"%Gd*/**°Sm’/**Nd* separation with NO

10Gd" (T1, = 1.8x106 a) oxidation with NO is exothermic by 1.29 eV amb been shown to proceed<at? of the
capture rate [22], while its stable isob&$m" and™*Nd" oxidize slowly. The product ioh°GdO" can be detected
at m/z = 166 at relatively low flows of NO (befasignificant oxidation of Sihand Nd occurs), although presence
of major isotope®®Er may hinder detection becausé Ernot oxidized with NO [59,22]. However, if massiection
is performed before the ion-molecule reactof, $prectral overlap will be absent.

1.12%%Eu*/*%Sm’*%Gd* separation with O,

Gueguen et al. [88] developed an analytical methodsing a Multiple Collector-Inductively CouplethBma Mass
Spectrometer (MC-ICP-MS, Isoprobe) equipped wittolision/reaction cell in order to circumvent tfegmation
of isobaric interferences of Sm and Gd isotopesEonisotopes. They show that direct Eu isotopicosati
measurements are possible in the presence o€l as reactant gas in the cell due to the ofgpleshaviour of Eu
and Sm/Gd towards this gas. Sfréhd GdO oxide ions are fully formed whereas Eu is mairmgsent as Eu The
separation efficiency of the Isoprobe's collisi@action-cell was studied on both natural Eu andifieet ***Eu
enriched solutions. Accuracy of the measurement feamid to be within the reference value uncertainty
Reproducibility of**'Eu/>*Eu isotopic ratio measurement were found to be tdivan 0.3%o, in the case of natural
solution, and lower than 4%. with thHé&Eu enriched solution, respectively. The study agbtio measure the’Eu
with high precision and accuracy.
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1.13"%Lu*/M " HE %Y b separation with NO

The Lu-Hf dating method requires quantitation of and Hf isotopes, including the overlappif§.u and*"®Hf
[89]. Because both isotopes are relatively abundadtthe extent of separation does not need tarige,lchemical
resolution in a reaction cell may potentially befus for in situ laser ablation analysis. OxidatiohHf" by NO is
exothermic by 0.99 eV, whereas oxidation reactiohsLu® and YB are endothermic by 0.75 and 2.5 eV,
respectively. Reaction profiles confirm that thedation of Hf is relatively fast [83], and Luand YB signals
increase due to collisional focusing in the preigsgrquadrupole [59].

1.14"*'Re/*®*’Os separation with NO

18Re (Ty» = 4.35x16° a) is used in th&'Re-¥"0s geochronometer. Oxidation reactions of both &l O3 with
N,O are exothermic/{H, = -3.25 eV and -2.6 eV, respectively) [62]. Theetved failure of Reto oxidize despite
the significant exothermicity is attributed to tgin-forbidden transition between ground state®e&fand ReO
[62]. Reaction profiles measured with ICP-DRC-M®wtthat more than five orders of magnitude improgatfor
Re'/Os" oxidation is achieved. The terminal product of ©@gidation appears to be OgDso one could propose
simultaneous detection of Re and Os based on,OsO

1.15°%Pb'H, removal from #%Pb using Kr

2%y is found in the environment at activities raggirom a few millibecquerels to several becquergénending
on the studied medium. These activities, convettethasses, represent only a few femtograms ofisbispe and
are significantly lower than the typical detectionits of most ICP-MSs using direct aspiration nkstation. Thus,
pre-concentration of the sample is likely necessaipcrease the number of atoms detected [24].

Although there is no stable isotope with a masg81df, two of the short-lived radioactive daughter$'&b ¢'%Bi
and*°Po) have similar masses, so these isotopes maptjahe interfere with the measurement of radiodleat
m/z = 210. Investigations of the background at 21/@ with spiked solutions have shown that the eatration of
stable Pb affects tHe%Pb signal. The background count was about 70 +pk3when the stable Pb concentration
was 100 ppb. Epov et al. [90] observed 9-100 cpsnat 210 for a solution composed of only 2% HNO
Dissociation of some weak polyatomic ions formednfrthe NORM matrix due to the addition of unreagtiv
krypton gas into the collision cell was studiedlliSmn cells aid the removal of polyatomic intendaces through a
combination of collisional interactions and enedjgcrimination [25]. Efficiency in collision modes igreatly
improved by a shield torch system, which produces iwith very low and uniform ion energies. Polyatoions,
which are larger than monatomic analyte ions, ugal@nore collisions with the Kr cell gas and loserenenergy.
Kr was chosen in this experiment because the raifiasKr atom is larger than that of a He atom.sBueizing the
collision cell with Kr gas results in its collisionith interfering polyatomic ions and the analytms. Because
collisions with the polyatomic ions occur more fueqtly than those with the analyte ions due torthiee, there is a
selective decrease in polyatomic ion energy (Fi@)reThe application of an energy difference patdriietween
the octopole (-15 V) and quadrupole (-12 V) stdpes Ibwer energy polyatomic ions from entering th@adyupole
while allowing the passage of the analyte ions unaleestigation. Kr was used as the collision ggk at a flow
rate of 0.4 mL/min throughout the experiments tmimize interferences, as demonstrated by the imgmant in
the isotope ratio of lead*fPbf°Pb) as the Kr flow rate was changed from 0 to Ol8min (Figure 9). The
detection limit was calculated from the calibraticurve using standard solutions?#b (5, 10, and 50 ppt). The
detection limit for’*°Pb was 0.214 ppt (0.604 Bg/mL) [23].

2.20
2.19

2.19

2,18

208py, 206p],

918 | True28PLA%PL = 2174274

0 01 02 03 04 05 06 07 08 09
K1 flow rate (mL/min)

Figure 9. Improvement in the isotope ratio®™®Pb/°Pb as the Kr gas flow rate increases.

1.16%%U/%%u separation with CO,

One of the major hindrances to analyzing Pu isataping ICP-MS is the occurrence of ti&—**Pu isobaric and
UH" ion as®*®u interferences. Santos et al. [91] examined tigation of TH, U*, Np* and P(i with N,O, GH,0,
H,0, O,, CO,, NO and CHO. All of the actinide (An) ions formed correspamgliAnO" species with the exception
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of Pu’, which did not react with C}. Vais et al. [92] evaluated the reaction gfadd NH with U and Pu in the
bandpass reaction cell or dynamic reaction cell @DRf the ELAN DRC Il mass spectrometer. Both U d&hd
demonstrated similar reactivity with,Opiving rise to the corresponding oxides. Howevemarkable selectivity in
their reaction with NH was observed. While U was rapidly converted intdHJ" and UNH,", Pu remained
unreactive in the DRC pressurized with NHhis difference in reactivity enabled the deteration of Pu isotopes
in urine and water samples containing excess Uouwttla preceding separation procedure. Gourgiotial.€93]
separated Pu from U by adding £&5 a reactive gas to the collision-reaction ckthe ICP-MS. Vais et al. [92]
demonstrated that the different reactivities of &ud U toward C@ gas permit the accurate and precise
measurement of Pu and U isotopes in thefrahd UQ* forms with two different C@gas flow rates: 0.4 mL mih

for Pu and 1.5 mL mift for UO,".

CONCLUSION

In just a few short years, collision/reaction t¢etthniques have been developed to the point whesedffer unique
interference reduction potential for ICP-MS anaysLomplex spectral interferences can be minimaedvoided

completely using low-cost instrumentation and rgadivailable gaseous reagents. The required ionecnté

chemistry knowledge is largely available throughrgeof fundamental studies reported in the litesgtand there is
significant potential for new advances and improgata in the application of these techniques foioiadtopes
determination at ultra-trace level.

With better performance than conventional reactieti ICP-MS, ICP-MS-CRC-MS configuration will offer
unrivaled flexibility for solving difficult applicaons, and new opportunities for advanced researdtis
configuration will be providing precise control ofaction processes in the collision/reaction cEflis ensures
reaction mode results are consistent and reliaden when the sample composition is complex orabtei For
example, if mass selection is performed by the S before the ion-molecule reactor, the prodoat'?P°Gd°0*
can be detected at/z166 with absence df%Er. Another example is detection 8€a°0 and*'Ca®0 with absence
of *°Fe and’’Fe.
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