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A demountable concentone nebulizer (INON) s evaluated for inductively coupled plasma mass spectrometry
1ICPMS) This nebulizer operates at conditions similar 10 a commercial preumatic nebulizer used i [CF
spectrometnes, but 15 easily mbnoited and 5 considerably less expensive. Key acrosol diagnestics dats, and
analytical figures of ment are presented tor the DUN vsed i [ICPMS The DON produces o betrer gquality
primary agrosol when using mner capillanies of smaller diameters. At a solution upiake rate of about

500 uL min~ ' and o nebulizer gas Aow rate of 10 L min ™", the Sauter mean diameter (052 ol the promacy
serosol of the DOM s 7 pmoand 14 pm for solution capillaries having an L& of 95 pm (DONCL) and 199 pm
{DCN-2), respecuvely Hased on the cumulanve mass percemt darg, nearly T0% of the total mass of the droplers
produced by [3CN. | under the abave conditions, |3 composed of deoplets having siges less than 10 pm. The
{333 of the tertraty aerosol of DEN-1, under the same operating conditions, is reduced to 5 and 3 pm when

the mebulizer 15 coupled o o Scoti-type nod a cyelonic spray chamber, respeetively. The tertary asrasol of the
DM studied does nar show sobstantally different 15 values. particularly when the cyclome spray chamber
i= used, Under opuimum condmions. detection Umits, sensitivities, and precision for the DON compare
iavorably with o commercinlly available crossflow pebulizer. The accuracy and precision of the DON m ICPMS
measurements o ¢ demonstrated usng two standard reference materials SRM 1643 (Trace Elements in

Water), and SREM 370 | Trace Elements in Spinach)

Introduction

Ihe most common {orm of sample in nductively coupled
plasma {ICP) spectromenty i the lhigwd form. ' Many devices
have been developed and are m use for aerosol generation
and wansport. ench howesver, with s own benefits and
imitations. " The rypical poeurmine nebulizer spray chamber
drrangement s simpie and inexpensive, however, i suffers Trom
the drawbacks of large sample copsumpton (-2 ml pin '),
low analyte wansport efficency (1-20%), and memory effects.
Several microflow nebulizer spray chamber arrangements have
been investigated W reduce sample consumpton and enhance
analyte transport efficiency ’ The major devices melude the
nigh efficiency nebulizer (HENR' '™ the microconcentric
netudizer (MON ) dnd the Micromist ' Two mijir micro-
nebulizers are used 1o miroduce 100%. of the sample into the
plasma, without @ speay chamber, and with minimal memory
effects: the divect injection pebulizer | DINL™ " and the direct
injection high effickency nebulizer (DIHEN) '™ These
devices are well smied for applications involving expensive,
temic, or Iimited volwme wimples. In peneral, both the DIN and
the DIHEN offer similar or betler sensitivity, precision, and
detection limats than the conventianal nebolizer spray chamber
combination One drawback of the mcronebulizers 15 the
susceplibility to geeare) nebulizer clogemg compared o the
conventional devices. as well ax lugher cost,

In this study, a demountable concentric nebulizer (1HN) 15
descnbed that cin be casily constructed from {used silica ubing
and surgical pipeties ata very low cost The DN s generally
similar to earbier devices™ = that the solunon capitlary 15

{ O leirve froms Ceivirog de Ouimica Aonalines. U niversidud Centeal de
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easily adjusted loe oplrmzdiion, o rr{:l.ﬁg‘ul i the event of
nebulizer cloggine. Unformmately. linele® or o™ information
has been published on the analytesl performance and acrosol
charactensties of the cited devices In this repoert, we pressnt
kty aerosol dingnosuet data and aralvtical feares of ment for
the DOCN as wsed i 1CP-M5. Further. the analviscal utbiy of
the DN s investipated using wo  standard relerence
nurterials SEM 1643c (Trace Elements in Water). aod SEM
1570 [(Trace Elements in Spanach)

Experimental
The demountable concentric nebulizer

Table | presents the entical dpnensions of twe DUNs tested o
this work. along ‘with the same data for two commencial
nebubizers: 4 HEN dand a conventional nebulizer (Meinbard
Glass Products. a deasion of Apalvucal Reference Mulenals
Intermational Corp . Golden, U001 The 11 major components
of the XN are shown in a schematic (Fig 1} Both the innet
and outer capdlanes, and the brass components, e commer-
cially avimlable and ensily replaceable. Component 1 s 15 cm
long solution edpillary which dogs not taper and: (4 made ol a
polvimide coated. non-deactivated, fused-sihes abing | Allrech,
Deerfizld. |L), having miernal diameters of 95 (DON-1) or
190 4m (IMCN-2) Component 2 i an B-cm long |00 pL surgical
pipette (Corming. Acton. MA) thar serves s the gas nosede
The gas pozde is sheathed with component 3, 8 "% inch
polyethylene tbmg (Swagelok. Solon, CH), to seourely i the
DO assembly 1o standerd spray chamber Component 416
birass e [Swagelok ), having three Y, mch brass nuts markes s
component 5 [or conmection 1o the nebulizer gas mlet | psng
component &, a !

» mech oylon tubing and component 7.oa 1
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Table 1 Crtsal dimeasioss [or the demountuhle concentne nebulzers”

Contentional aebulizer”

ebulizer ype D1 DhTH-2 HEMTHEM- 170 AA} (TR-H: AN
Selution camiblary Ldfpm 95 190 Tk 110 120320
Capillury wall thicknesyum A £i) 15-30 1540

Cas orifice v fizm 285 390 F50-200 350450
Capillary annulus ares/mm” 04071 00283 IR VE Rk U050 [0
Gus annulus sreafmm® 0032 0l {46 (T-001 007300

ALl drmensrons wers messured wsing u rinocular sticrostope (Model FST ZOOM. Unitron [oc. Bobemin, NY) " Values provided COUMESY
of Menhard Glass Produocts, s divismon ol Anaiviical Reference Materials Inreruational Corp

1907 helyeteleng et V9PEER Lusr
Tufir= R Mrma a1 Zirges e feruke alipdes L8P K g
7 % [ET FH] %) il
\ /’
PR ;’ *
E P BTy |
T b ik ¥k R vt B ———}
& m”‘%mw : T :
% .
P14
l i
i I
i
o
I
Egical L Mvion forrube. D Nyden bz S Raden Trake. dete Usek w000PREERoRs Polvimids vomed, o
pipeie h for g i H T ferruke {11 beactiv ted fiscd ailica
in (h (R3] Vishugsg i, = Wb L) pirp )

e

Fig. 1 Sehemutw diagram of ibe demomianle coucentric sebullser (BN

meh oylon ferrule, both from Swagelok). the polyethylene
tebing (component 3, and the solution delivery mlet {usimg a
"o inch PEEK Luer adapter from Alltech Associates loc.
rarked as component 8, which fits snuggly into the brass not,
and a taomch oylon ferrule from Swagelok shown as com-
pouent 9, whick serves 1o hold componeént 8 in place). For
solotion  delivery, the inner capillary 15 sheathed wath
component L0, 5 cmoof a 508 um id PEEK twibing (L peburch
Scientfic). through component 11, & L/I6 inch PEEK not
|LIpchurch Scientific) to form 2 gas ught seal 1o the PEEK Luer
sdapter (component 8) wsing 1416 inch front and back ferrles
csomponents [2and 13) from Upchurch Scientitic.

The inpector gas Now rate ranges from 0 4 1o | 4 Lmm ' and
ix controlled by an external muss fow-controller { Mode| 8200,
Matheson Gas Products. Mootgomervville, PA). Solution 1=
shvered (o the nebulizer in & continuous flow mode with
4 four channel penstaltic pump (Moedel Rabbi, Hamin
tmstrument Coo, Inc.. Wobtrn, MA) at the rate of (.085 (o
I ml min " MNarrow-bore tygon ubings (0015 and $4.030 in
1.4, Astona-Pacific Inc., Clackamas, OR ) are uttlized 1o reduce
rertstalie related noise.

Avrosel dingnostic by phase Doppler particle analysis

Acrosol dingnosues were conducted with the rwo DUNY The
droplet size and velocity distnbutions of the aerosols were
smultaneonsly determined using a iwo-dimensional phase
Doppler particle analyzer (2D-PDPA. Aeromelrics TSI Ine |, S
Paul, ME)” The PDPA sysiem is described clsewhere ' The
DON was positioned horizontally, as it & used i 1CPMS, Tor
sumpling the aerosol, The receiver optics were held at o forward

scattening angle of 30 with respect o the tansmitier hy
placing both the recemver and the tansmitter on 15° mclined
planes to allow horzemtal aerosol samplng The Fow
phiotomultiplier tubes were operated at —501 V. The width
of the probe volume was ~ 120 pm, using & 250 mm focal
length transmutting lens and a beam separation of 4] mmi, By
companng the spatial phase difference messured ocross three
detectors. the scattenng from pon-sphenical droplets or muli-
ple deopléts i the samplmg volume were rejected, Phase shuft
differences { berween different pairs of detectors) exceeding '
were discarded. Inpeneral. less than 3% of the sampled droplets
were discarded

Ihe primary aerosol was sampled | 5 mm from the nebulize
up along the centerline of the aerosil. The tertiary aerosol was
sampled |0 mm frem the end of the spray chamber. and at the
centerling of the chamber exit, In each case, the droplet size and
veloeity disinbutions were derermined by sampling appros-
mutely 10000 droplets. Velocities were measured axially along
the centerhne of the spray and radially with the velocty
component perpendicular e the centerhne The droplet sies
distribition was expressed in lerms of Ssuter mean diameler
(% 2. which 15 defined as the volume-1o-surface aren ratio of
the aerosol  An average of three measurements (3000
draplets) was used to obtain D5« and mean velocity values
The precusion of the 05 « and mean velocity values ranged from
0% ro 2% RSD foe 3 consecutive measurements on the same
DON Higher YRSD values (up o [6-15%) m Dys were
observed due 1o vasabon in aerosol probiog position from one
day 1o another, particularly when the DCN was disassembled
and reassembled
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& TCPMS systemn

Table 2 Operating cooditons for the Ar ICP-MS instrument”

PE-Sciex Etun 6K

1440

Adh

Free-runnig

Tturn copper conl,
Plasmal ocki=

I

RF power/W

Mominul [requency™M He
RF geneminor type
[nduwction eoil errcuenry

Sampling depth (above load conlvmm

Sampler (onhce diemeter'mm) Nickel, (1.1}
Skimmer (onfce diaseteriinm | Mickel, (0.9}
Ourer gas Aow ratefl min ' 5
[nfermediate mas Aow el min =" i3

Safution Aow maode Caomtmuous

Spray chumber Scott-type (10 ml ),

Cyzlonic-tvpe {200 mLj

Dianie acopuisinion paramerer

Scan mode Peak happing
PoinrehMuss |
Resolutiowiumu 07

Sweeps per reuding 1

Readings per replicates 5

Replicates 1]

Drwell tame per massims 20
Intepration time's I

Unbess orherwiee jndicated

The ICPMS instrument

An Elan KK TCPMS system (PerkinElmer/Sciex Corporation.
HNorwalk, CT) was nsed o nvestigate analyucal charactenstcs
o the nebulizer under the conditions listed in Table 2 The
ICPMS figures of ment were obtained for DON-1 having a
solution capillary id of %5 pm, using rwo spray chambers: a
Scot-type | PerkinFlmer/Saey Corporation) and a cyelonic-
wype (LECO Corporation. St Josephs, MI). This solution
capitlary has dimenstons similar to these used for the HEN" and
the DIHEN, " Al analytical data were obtained under standard
{aborittory conditions (¢ g not in a clein-room environment).
I'he maximom jon intensity of "“Rh™ was used lor daly
opumizatien. The svitem was set 1o peak-hoppiog mode with a
dwell time of 200ms and (ol mtegration tme of | 5 mass™" The
ens voltage was suto-optimused daily for each o'z

Heagents snd simple preparation

instilled dewomzed water (DDW, 18.3 MO cm) was used o
gallection of  (he aerosol diagnosues data For 1CP-MS

measerements, 4 W ag mL ! multi-element standand solution
wits prepared by diluting 1000 pg mL ' stock selution (Spes
Certiprep Inc. ‘Metuchen, M) with 2% high-punty HNG,
[Optima  grade.  Fisher  Scientific.  Posburgh. PAY
DOW. Techmgue valulanen was accomplished wing Trace
Flements in Water (SEM  1643c) and Trace Elements in
Spnach (SEM 1570) obtained from the National Tostinare of
sStindards and Technology (NIST). Gaithersburg, MDD The
spinach sample (0.3 p) was dissolved o TmL ol HNG, (705 vfv)
using a closed vessel microwave digestion system (Model MBS
Ak, CEM Corporation, Mathews, NC) The digestion
program imvelved a 10 man. five-stape hearing cvcle ar 40, 85,
135, 154, and 180 psi. with 4 5 min ramp tme in belween each
stape Alter cooling. the digested sample was transfereed 1o a
250 ml fask and diluted with detonised witer. A four-paint
standard addition corve was used 1o quantify the elements

Results and discussion

The extent of the desolvaton-vaporzation-alomization pro-
cesses i the plasma depends greatly on the size and velocity of
the sample deoplets ntrodoced  Forthermore, suppression of
vaponzion and ronEation 15 hikely to occur near large droplers
gnd significant Auctustion of analvie emission and jomzanon
can oceur near desolvatng and vaporzing droplets. ™™ For
ICP spectrometry, the ideal aerosol should consist of small
monodispersed droplets with uniform velogty % Deviations
from the cited critena cavnse precision, sensitivity and detection
lirits 1o suffer In this connection, we examined the charac-
t=mstics of the primacy and termary aerosol produced by DENs
having different solution capallary dinmeters,

Dreopler size and velodity distriburions — primary aerosol

Representztive pomary droplec siee distnbutions are presented
m bigs 2and 3 tor the IMONs The nebalizers are operated at a
nebitlizer pas fow rate and solution uptake rate of 1 0L min ™'
anc MO pl mn e respectively. A decréase in the id of the
saluton eapillary redolis m reduced droplet diameter {Fiz JA),
simular o the trend earlier estublished for the HEN compared
to the conventional concentric nebulizer ™™ For example.
with a 190 pm vd capillary, 9 5 14 pm double the: value
17 pm) obtmimed wirh o solugion apdbuy bd of 93 um
Mormahzed volume distoibutions (Fie 2B} alse reveal that
larger droplets are prodoced with the % pm od. soluton

(A} B}
piLH |
DEMLL LA =75 um
[y, =1 =n
(1] ol
E g
__E R &2 a0
E g
% 0 =100
4 TEST, 1k = L 'E
3 Dyz =18 =
=60 E i
=
=
M an
] 3] M i an A i ] i & 17| A =

Dhmeser (pmj

Fig. 2 Prmury dropier Fe distobunon o (A normalized coum percent and (i) nomalzed volume pe-ar for DON-T-and DON-2 with
anlirtion cagnllgies having dummeiers of 95 and 190 wm, respecrively. Each discribotod represents wpprosimsaiely 10,000 droplets The water iierozol

rreduced sr o solution fow cate of 510 gl man
nebuliér pas Bow nde wis 10 L min ™'
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Fig.3 Plots of {A) cumulutive comnr snd (B) volume PETCEND a5 i
functivn of peimary droplet diameter for TON-| and DON-Y with
solurion capillaries having diameters of 95 and 196 um, respectively
Fach distribution representy approximately (0000 droplets. The water
2fosnl produced al 4 solation flow rute of 510 ul mam ' was probed al
{4 mm fram the 1ip of the nebulizer alang the conterling of the aernsal
cune. The nebualizer gas Mow rase wus |90 L min ™!

capillary, The larges: droplet produced by DON.1 and DON-2
¢ approximaiely 20 pm and 50 pm respectively (Fig, IH)
Based on the comolative count percent datn [Fig YA}

(A}
100
Hebuliser pra Bow = 14 Limin
&0 Dy:* 15 mm
it

Hebuliner gas Gow = 06 Lime
D= 10 um

Mormalized Count Percent
2

20
10
Mebuliper g flow = 1.0 Limin
=y
&0 Dy =7 jm
20

0 10 20 30 40 b1

approxomately 3% of the droplets are below 10 gm for the
primaty derosol of the DOCN having o 1% um id solution
capillary. Over 95% of the droplets produced by the (30N
having 4 95 pym id, capillary are below 10 pm In peneral,
droplets below $-10 pm in dinmeter are more ecasily
desobvated-vaponzed atomized 0 the ICP and contribure
favorably to the signal intensity ™ Howsver, it is cumulative
volume {or mass) percent (Fig. 3B). which correlazes well with
the analytical signal. Nearly ¥ of the 1oal mass of (he
droplets produced by the DCN having o solution capillary 1 d
of 95 pim is composed of droplets having sizés less than 10 i
This value for the DCN baving the 190 i d capillaey is 100
In sumimary, among the two DOMNs ested. DON. | produces
the smuiller drophers M7

Figs 4 w 6 show prmary droplet size and velocity
distributions for [XCN-1 (95 pm 1.d capillary) as a funcuon
ol nebulizer gas flow rate, anging from 04 0 10 L min ' A
grearer number of large droplets are prodoced at low nebulizer
gas fow rates (Fig 4A and Fig 5A) For example. a1
04 Lmin . Dy, is 15 pm, approximately two imes greater
than droplets produced at 1.0 L min ' (7 pmy, The normalized
sz distributions (volume percent shown in Fig. 481 reveal that
the larger droplets {above 10 um) produced at lower gas fow
rate constitute a significant part of the sample asrosol As
Mustrared i Fig. 3B, anly 200 of the acrosol mass is composid
aof droplers less than 10 pm, at a oebulizer gas fow tute of
04 L min~" For a nebulizer gas Aow rate of |0 L min "
approximalely T4 of the acrosol mass produced by the
nebulizer is below 10 pm

Fig. & shows axial and radial droplet velocity distribnnions
for the primary aerosol. With incressing nebulizer gas flow
rate, both the axial and radial velocities become hroader. with
the axial mean velocity increasing significanily. For example.
the mean axial veloeity (and the radial rool mean square
velocity) at B4 and 10 L min ' is 12 ms™ ' (1 & m < '} and
43 m 7 (31 m sy respectively. The lower mean droplel

(B)

=

=

z

2

MNormalized Volume Percent

g

Qi |

0 10 20 30 40 54

Diameter (um)

Fig.4 Diropler size distribution o (A nommataed conn: peroenr wswd i (B ncvenstlzed volume peroent s a function of Gebulizer mis Aow rate (o
DN ésolution cupillary i, = %5 urn). Each disrbtos represenns dppronimaiely G000 droplers. Thie water acrosol produced acu wabntion Ton

sate of S0 pl mun

1 ; 1 = n
way probed o1 |% mm from the g of the nebulizer along the censering of the werosol aome
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Fig. 5 Plots of (A} cumulative count and (B) volume percear us s
Tunstion of prmary droplet diameter at severa! nehalizer gas low rates
for e DEN-T (solution cupillary 1.d. = 95 pm). Each disiribution
sepresents approvmately 10,000 droplets. The wirer wetosol produced
st w selntion Aow rare of 510l min ! was prabed 15 mm from the tp
iof the pebubizer along the cenizrline of the aeradol cove

velocites obened a1 04 L mmn ™' provade longer residence wme
i the plasma for better desolvation, vaportztion, and atomiza-
tion of the large droplets, particularty because the number of
droplers having the most probable velomty i large. Note that

distnbution indicating that the serosol cone 5 ol symme-
trically distnbuted for the DON tested. This asymmetry. as
shown later under apalvtical figures of merit, results in reduced
sensitvity and higher detection himies when s small-sized spray
chamber, such as the cyclonic spray chamber, 15 used  The
interpction of the aerosol cone with one side of the cyelonic
spray chamber surface apparently reduces analyte trnnspon
efficency. leading 10 infenor snalytical Agures of ment. We
speculate that the asvmmetry of the serosol cone is dog 1o the
greater imperfections of the surgical pipette tp compared 1o the
gas nozzies used 1o the commercial nebulizers, amd 1o the lack
of an adequate tangennal gas Bow 0 center the solution
cnpillary in the gas nozzle; The latter 15 aitnbuted to the large
void volume of several components such ay the brass e
fcomponent 41, the surgical pipette (component 2), and the
fused silica mubing (compoment 1) not being tapered.

Drroplet siee and velocity distribution—tertiary aerosol

Representative teriary droplet size distributions are presented
in Fig 7 for DON-1 (solution capillary, 95 pmoed jand DON.2
(sodution cnpillary, 1960 pmod ) using Scot-type and cyclonic
sprity. chambers. Both spray chambers reduce the droples-size
cistribution 1o fess than 10 pm. For example, Dy for the
primary derosol of DOEN-2 15 14 pm. This s reduoced (o 7 um
and 4 um. vang a Scor-type and cyclonic spray chamber.
respectively, In elfect, the spray chambers are acung as.a filter
with a fived cut oft droplet diameter. > This reduction in size
is i agreement with previous studies usiog o HEN and & Scor-
type spray chamber ' The cyclomie spray chamber is moce
elffective 1 eliminating large droplets. thereby exhibiung a
narrowier droplet size distnibution. compared (o the Scott-type
This fnding 15 not i agreement with previous work, perhaps
due to the asymmetry of the serosol cone of the DCN. Far
insiance. despite the large difference between the poman

the racial velocity profile does mor exhibit a symmetric aerosoel of DUN-2 (- = 14 pmiand DON-| (D = T pmb
(A)
300 L]
Mebulizer gas flow = 1.4 Léimia
Axiel mesn velocity = 124 m/
150 400 4
1] o
o0 L] 1
Azial mean velocity = 27.9 més velocity =24 mi |
% E50 A0
-
a ]
3} Boa -
|
Mebslizer gas flow = 1.0 L/min Ratial RMS |
Axial moen velocity = 434 mis weloatty ~ 3.1 mf |
150 400 l
L] ] |
o 4 BO 120 A0 5 ] 5 10
Axial Velocity (m/s) Radial Velocity (m/s)
Fig. 6 Varatoo of (A1 asul andt B) radml dropler velocry dsstecbmroons s funckonof nebaler gas Bow rate for theTICN-1 (eolution e pillary

i = ¥5 pmi Each distribution repeeicnis approxmately 1 D00 droplers. The water semdo] produced a5 solution Now rate of S0 gL min

W

prabed 4t 1S mm from the tip of the nebulezer alonyg the centerime ol the acrosol cone
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Fep- 7 Promary and tertwry dropler sze distribunion o €A ) normalized cowne percent and o (B norwalized volume pereens foe DN and DO X2
o i mebalizer gus How rite of 10O L min™ | Each disttibution represents approximutely 10,000 droplers: The primury werosal produced ot i solision

Ao rate ool S10 al man
w10 mim from the centerline of the spray chumber

the terndry acrosol 6 oextremely fine. having £ s values of
A pmoand ¥ pm. respecuvely. when the cyclonic spray chambser
< e

Oiperating conditions for the DO using 1CP-MS

Among the DONs iested. DON-1 solonon capilbary, 95 pmid)
provides a finer primary nerosol. and thus it was delected
for ICPMS studies The cifects of nebulizer gas Aow rate,
RF power. and <olution uptake rate on signal intensity are
shown in Flg & for several elements across the miss
range. These results are obudined using 8 Scott-tvpe spray
chamber  The maximum  sensiuvity  for the  elements
tested 15 found ar o oebalizer gas fow rate of 1.0 L man !
(Fig 8A), similar 1o conventional oebulizers ™" High RI
powers are required for opumal sensitiviny  (Fig 8B, with
ihe optimum bemg ar 146 W. The signal mtensitics of
this test elements increase only by o factor ranging from 1.5 1o
2 g8 the soluton uptake rate is.changed from 100 pL min ' 1o
650 gl mn with oo significant amprovemen!  beyond
ihis level (Fig 8CY Similar nebulizer gas flow cale and RE
power are [ound for the same nebulizer wsing o cyelonic
spray chamber, however, the optimum soluton uptake mee 15
50 pl mun

wirs probed at 13 mm (rom the tpof the aehulizer along the centecling af the aerasel cooe The tertury aerosol was prohed

Orxides and doubly charged species

The kevel of oxides and doubly charped spécies i [CP-MS
are ol concern because ||"ll.'!| contnbute [0 senogs Sﬂﬁ'liﬂi
intetterences. " " Far conventional nebulizers, both the
MO'YM" and M° /M ranos are strong functions of 1he
nebulizer gas Mlow rate and the solvent load Oxide mtios can
be reduced by lowenng the nebulizer pas flow mte, wang
mixed-gas plasmas or applving aerosol  desobvation
Fig. YA shows the intensities of Ce™. Ced” and Ced7iCe”
as a function of cebulizer 2as Aow rate. The CAD ™ /0e™ b
significantly increases (over [O00G) ar nebulizer gas dow rates
greater than 1O L min ' due to the significant reduction and
incresse in Ce and Ce()” signal intensities, respectively. This
ritio also increases with-solutlon uptake rate [Fig, 10A pdue to
increased golvent load of the plasma. At sptimom condions
fmaximum Ce’ mtensity), the DN produces o CeOiCe”
rutwy of ¥, simdar 1o that obtamed with a conventional
pneumatic nebubzer (1150 %7 The lowest CeO ' 1Ce” ratin is
abtiaimed al & nebulizer gas Mow rate of 0.6 L min ' (1 350
Under this condinon. the Ce muensiy s redoced by a factor of
S0, compared to the opimum conditon for Ce” messure
ments Thus o nebulizes pas fow rte of 10 L min | was wsed
10 conduct mMeasurenenis

I'he effect of the nebulirer gas Aow rate and solution uptake
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rate on doubly chagged wons 15 presented in Figs. 98 and 108,
respectively, Tor several hanom species Mote that the Ba® /
Ha ' rauo is reduced significantly at nebulizer gas fow rares
above 10 L min™" (Fig 98) but s almost independent of
solunion uptake rmate (Figo 10B). producing ratios less than
T, under optimum condinons. again similar 1o data obained
with conventional poeumanc pebulizers ** Similar rends are
observed with the same oebulizer wsing a cyclonic spray
charmhse

Dietection limits, sensitiviry, and precision for O™

Senstivity, relaiive detection limts (based on 37 of the blank
signald, and short-term precision {5 min) are présented
Table 3, foc seversl clements. for DCN-| operated 1o the
connnuons How  sebulizaton mode under the optimum
conditiens. In general, the OCN-Scot type spray chamber
arrangement provides supenor detection lmis. sensitivity, and
precsion than the DEM-cyelonic spray chamber, despate thic
finer aerosol obtmined by the cyclonic dprav chamber. This
apparent discrepancy may be atnbuted to the asymmetry of
the aerosol come For most elements, a factor of 2 w
Samprovement in detection limis 5 achieved with the Scoft-
type spray chamber. however grester improvements are
observed Tor Tm. Th, and U (a factor of 10 o0 30D} At a
solution upiake rate of 630 gL min ', the DON-Scow Lvpe
spray chamber provides simulor or better detection  Limns
compared to the crosiflow nebulizer for most elements. tesied,
by up toa factor of 3 Table 3). Because of the smaller size of
the solunen capillary, the detegtion imits measured with the
DON s the microffow mode (85 gL min~ ") are generally better
than those for the crossflow nebulizer by a factor of 2 w0 20
(Table dy A similar fimcding was noted for the HEN m
compurison 1o the conventional nebulizer * The senstivity ol
the BMON-as better for the lower mass elements, but worse with
the tugher mass glements In general. detection limits and
sensitivity obtamed with the DEN are not detenorated
sigmificontly. compared to the crossflow nebulizer. as the
solution uprake mate s reduced For example, Tor the DON, o
factor of 2 tis 4 deterusation ¢ observed (o maost elements as
solution uptake mie 15 reduced from 65010 85 uL min . cxcepe
lor Cu ta factor of 84 doe to poor precision of the blank For



Table 3 Relative detection limits, sensitovity, and precimon for the DPONC L wad crossfiow nebuloer

Detection fimit” {ppt) Sensiiary /M ppm ™ Precison” (VRSO
Nebuliver DCN Crossflow [DON Crossflow DOM Crassfow
Spray chamber Cyclonic  Scoti-type Scont-type Cvclomic  Scott<type Scottavpe Cyclome  Scoi-ivpe  Scor-type
Salumion uprake purelpl min " 950 1) 1 (M) 950 G50 | (00 250 650 10oa
Element s .
Mp LS B 11 24 5 1] LR xn |2 11
v 51 i & [ [ % 1% 18 1.1 I3
Mn 51 K £ 5 45 59 i xn 09 (M3
o A9 i I 2 13 2 36 1.8 o Iz
Cu 43 14 5 9 12 Ifa 1 15 i 0.7
51 ER | ihh (LR Al [ 5l (B 11 (B¢}
Rh 103 | 0.2 by 54 53 47 1.8 1. 1.1
Tn (B 2 g (b 65 42 fl LB (! 11
Cs 133 | 0.3 0. B7 45 B 16 09 11
T (E | i U] a5 kY |18y 17 1.1 oy
b 08 5 k] ! 27 i 2 18 11 I
Th 23} n I & L1 n R 13 a7 05
E bt I 0l 3 37 41 s 18 13 0.8

Based on 3e of the blank solunon, measursd ar the mass of the woalne * Meusored over 7 mu, & = 11 Valees for crossilow nebulizer
tekent from ref. FH.

Table 4 Relative derection limms, seasmivity, sod precisson for the DCN-1 and crossfow pebubizess coupled 10 0 Seon-rype spray chamber

Drerection L™ {pprg Sepsirving/MHz pprm ' Precison” (%RSD)

*ehulwer DN Crossflow DON Crossflow [HN Crossflow
Salution wprake rarelul mim ™' 55 65 §5 000 ES 650 a5 Iy 45 50 55 L
Element Muss
nip 14 53 11 L5t et 5 1 1.5 64 E 12 1.7 Il
R 31 15 a4 L B I 13 ail 1m 15 (N | & 14
Wn E5 1 4 17 5 5 9 1.2 32 14 [ 1.6 1.6
oo m 3 | A 2 2 12 - 26 15 181 1.3 ).2
1 % A 5 10 q 1 I 15 1l 17 na T n3a
b k& 2 LHR] 25 na 9 63 12 3 13 i1 1.3 1.
4h ILERS 04 02 9 0.6 Ia 33 11 47 13 1} (] 11
ia 115 0.8 0.g [} 6y 1% 37 14 ) I 1.1 1.0 1.1

W 131 LK) R 5 1.6 gl L) 15 i} 12 4w Iu 1.1
im |64 0.3 o 'l oy al 2% 23 [0 K5 (| (I na
™ M i} } 20 3 B ) LR Al I3 I Jid 1.4
Th 132 13 1 5 .h 14 34 22 o 12 0.7 1L nE
o 138 UE 1 5 03 I 41 1 9E Ih j.2 ne LR

Fhased on Ja of the blank colation. meisured a1 the mass of the snubvie. " Meusured over 7 puuy, N = 1L Values [or crossflow. pebutizer
‘uken from rel, 8

the crossflow neboloer, detection limns deteriorate by a factor Analysis of SRM 1643¢ and SEM 1570
of 310 3 as the solution uptake rate is reduced 10 85 pLmn =", The DCN-1 was applied 1o the analysis of two SRMs

Analyte precison values are generally similar with both  SRA 1643 (Traee Flements in Warer) and SRM 1570

m:lhulizm, on the order of |-V (Trace Elements in Spinach) Five test elements (Cu, Cr. Ph,
Ihe m?bl-lllh'f l't'l‘fﬂd“ﬂh?m}' wag also tested by crrefully Rb and 20} were selected. The resolts of analyas are hsted in
demounting and reassembling the device and then by re Table® Cicnerally. the measured valies are n Agrecment

evaluaning figures of ment nsing [CPMS. In three separate sets  (confidence level of 957 with the certified values. except foc Zo
ol studies, detection lmits generally do not change by more in water. The high level of Zn may be atnmbuated to
than a (actor of 2 contammaton.

Tuble 5 Truce elernenis i water aodd sprmach ‘sundurd reference marenal ™

Witer { SEM 633 Sk (SR 15703
Elemeni |sintinpe Foundiug ml " Certifiedng ml, ! Fromizo. g A Certifiedfie £ i
Cu fil 3L MG 223 4 06 128 b 120 & 6
In el B2+ 3 LER S i+ 3 Sl £ b
B R Y ¢ 03 114 ¢ 0% 120 % 03 115 ¢ 04
b 2 R+ |3 1583 4+ 29 12+ 06 133 Wl
&r A3 3 ¢ 1o - 1904 19 56 4 03 46 110

= The nebubirer s flow rate. of power. and solution Mow teie were 120 L min™ ', 1200 W, and 650 kL min ™', respectively. " Values regormed at
@534 conhdense interoul
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Conclusions

A low cost eassily demountable, concentnic nebulizer s
<explored for plasma  spectrometry Droplet swee analysis
shows that a better quality aerosel 15 obsined by decreading
the internal diameter of the solution capillary. Droplet velocity
measurements reveal increased asymmetty in the asrosol cone
compared to commercial nebulizers. This asvmmetry results in
acrosol |oss, and thus ICPMS seositivity, due (o impaction with
the walls of small spray chambers, such as the cyclonic spray
chamber, az well as lower cut-off droplet dinmeter leading o
lower transport efficiency of the cydonic spray chamber
Consequently, the DCN-cyclonic spray chamber arrangement
provides detection limits, sensitivity, and precision that are
less fuvorable than the DOUN-Scotr type spray chamber The
IHON-Scott type spray chamber armangement provides similar
ar better deteciion limits compared to the crossflow nebuliser
Under optimum operating conditions, Ce0 " 1Ce* and Ba -
Ba' ratios are similar to rthose measured for commercial
pueumatic nebulizers. Analysis of 1wo standard peference
raterials show that the DON results are in general agrecment
with the certified values. The simplicity of the DEN deseribed
m this work facilitates changes in eritical nebulizer dimesigions
for lundamental studies. In terms of practical use, the device is
aseful in that the salution capiliary may be replaced in caee of
cloggmg. However, the simplicity of the DON elearly results in
snme drawbacks such as formation of an asymmetncal geroso]
cong compared to commercinl nebulisers

Acknowledgements

Ihis research was  sponsored by Gramis from the US
Department of Enerpy (DE-FGO2-9IER (4320}, and the
Natonal Sceoce Foundation (CHE-9%05726 and CHE-
4512441). The authors thank Billy W. Acon. lohn
A McLlean, Michael G, Minnich and Craig § Westphal of
Cieorge Washington University for their contriborions during
the coorse of this study and in the preparation of this
Imanuscripd

References

I A Mootuser, fmdwsively Coupled Pliassrs Maxs Srae tromiorii
Wilew-VCH, Mew York, 1998

2 A Montuser and 1, W Galighily, Irauctively Coupled Ll in
Amalvtical  deomic. Spectrametry.  dnd eda Wiley-VOH
New York; 1992

1 A Mantuser, M_G. Minoich, . A McLean, H L, 1 A Carada
and C, W. McLead, in' fndue tiweds  Cowpled  Plaserg. Mo
Specerametry, ed A Maontuser, Wilev-VCH. New York, 1995

1 A Moatsser, M. G, Minnich, H. L, A G T. Crustavason uyd
R.F. Browner, in dnductiwly Coupled Plaseg Ao Sheciramiete)
oo, A Montuser, Wiley-VCH, New York, 199%

¥ 5-H Nam, )-8 Lim and A. Moataser, § dnal 4 S e
1994, 91357

6 H Liw, A Moumser, 5. P, Dolug und B 5. Schwartr. J Amal A0
Specteam., 199,11, 307

T H Liwand A Monoier, dmed Chenr, 1994, 86, 3253

4 M L. R H Clifford, 5. P. Dolan and A Montisser Sl
Acta, Pare B, 1996, 51, 27,

U1 W. Obemik_ ). A, Kinzer and B Hurklerosd, tnal ¢ T L

T =1
SHICEANT] 1 Anal At Spectrom,, 2004, 19, 666.874

15

ih
a7
£

gL

£

41
43

if

4

5 A Pergunns, E. M. Heithmar and T- A Hinoers, ol €
1995, &7, 4500

F. ¥uohaecke, M. Van Holderbeke. L Moens aod ‘B Dums
4 Anal AL Speciewe, 1996, 11, 543,

S Auggmen . B. Meding, T Szponir and B, Lobinski & Anal 4
Spwictran, 1996 11, 713

1 5. Becker, FL-J. Dvierze, ). A Melean and A Muoutiser. el
Chew, 1998 7L 3077

D R. Wiedenin, F. G. Smithand RS, Houk. Amed e . 1940
61, 219

M. 1L Powell, . 'W. Boomer and D, B Wisderin, sl € henr
1995, 67, 2474

Gi. Foorob, M. Tomlinson, J. Wing und 1. Carvss, 4 Anaed A
Spectrom, 1995, 10, §53.

5 C K Shum and R. 5. Houk, Ana/ Cheny, 1991, 65 2972
LA Mclean. H Zhanp and A, Montaser, el €host . 1098 T
L] el

I A Mclean, M. G, Minmich, H, Lin. L A Licone wod
A Moutuser, £ Anal At Spectran, 1998, 13, B79

B W, Acon. I A Mclewn and A Motaser, Al Chem, 2000,
T2, 1845,

A Montaser. I A MecLeanand J. M. Kaciir, 1997 US Parent Mo
6,166,379, December 36, 2000

B W Acon, J, A Mclean iind A, Mootaser. J gid 45
Specteom., 2001, 16, E52.

J-L. Todoli and 1.-M. Memmet. S dnol A Spectrom . 3001, 16
514

5 F OBrnes 1 A Mclean, B W Acon, B. T, Eshelmian,
W._ F. Bauer and A. Montaser, Appl Spectrasc,, 202, 58, | (10
K. Kahen. A Sirubmger, ). B Chirines und A Maoutzer,
Specirachim. Acsa, Pary 8, 2003, 38, 197,

5 E OFfnen. B.W. Acon, 5. F Boulvau I § Becker, H ) Dierzs
and A Montuser, J. Amal At Specteam,, 2003, IR, 230

H 5 Tan, US Patery # 5884846, Murch 23, 1999,

M. E Keterer and DL D Hodson, 1 el Ar Sparetram - 20000,
12,1574

5. F. Hobbs and 1 W Olesik, dmed Chem, 1992, 64 772

M. P. Dricwsitkoski, L. B. Daniels aiod . W, Olesik, Anal e
15, 6l 1101

LW, Olesik and L. Bares: Spevrrochim, deda, Parr B 1995 0
285,

R H. Cliffard, P. Sohal, H. Lin amnd AL Montaser, Specirofnn
Acve, Pare 8, 1992, 471107

A Canals, V. Hernaodis and R. F Browner. Spegtrpchinn Ari
15940, 458, 591

I-I Todoli, M. Mugor, M. Valieate, V. Hernundis and A il
Appl Specirove . 199, 48, 573,

D E Nixon, Specrochim. Acta, 1993, 488, 447

A Camlg, V. Heemandis and R F Browner, & Aasl a0
Speviram,, 199 5, 61

LoL. Todoli, A Canals and ¥. Hermandic Spevtrachin  Avr
1453, 48R, 373

G Horiek and A Mowaser, 1 dnctuctieely Coupled Plavnse May
Spectrametry ed. A, Montaser, Wiles-VOH, New York |54

A Crustavsson, Spectrochim Aeea, Parr B 1984, 30 741

F ol M) Mirsen, P Coevert and J. Balke, Anal Chors s,
56, R9g

G Harlick amd Y. Shao, Appl Specrrose. 1991, 45, 143

H. Viohoe, I Goossens, 1, Moess sod R Dams, J Aoial A
Sprerrown, 1994 9 |77

B. Troukuhare und M. Kubota, Specteochin. Aese Eore A DL
45, 551,

LW Lam and § W Mclaren, J, Amal At Spectrans. |90 &
4149,

DR Wiedersn. B 5. Houk B K. Winpeand A P DVSilva o
Chm 1990, 62, 1145

A Montuser, HoTan, [ Tsbil § -HL N g M. Car, Amal ¢l
1991, 63, Ja6d

1. Tao and A Mivagaki, £ Amal A0 Speceram,. 1995, 10 |

M. A Vaughan aod G, Hotlick, A Spevreove, 1956, 400 234





