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Acetylene-Air Flame

Ching-Bin Ke ( ff##7 ), Shiue-Ing Lu ( = 248 ) and King-Chuen Lin* ( #k&2)
Depart ment of Chemistry, National Tai wanUni ver sity, Tai pei, andInsti tuteof AtomicandMolecular Sci ences,
AcademiaSnica, P.O. Box23-166, Tai pei, Tai wan, RO.C.

By usinglaser-enhancedionization (L El) technique, wehavestudied at omizationef fi ciencies of the al-
kali halidesinan acety lene/air flame. Asan ague ous so lu tion of the metal salt wasnebulizedinto the burner
head, aflamewith ahightem per atureof about 2500 K may causedisso ci ation of theionicbondtoreleasethe
freemetal at oms. Theratio of thenum ber den sity of freemetal at omspresentintheflametothetotal number
density of thesamemetal el ement nebulized deter minestheat omizationef fi ciency. Inthiswork, bi nary salt
solutionsincluding LiX, NaX, and KX (X=Cl, Br, and |) were used; each was pre pared at 5 ppm (pg/mL)
metal concentration. Theat omizationef fi ciency of themetal el ementwasmeasured, astheaccompaniedhalo-
genspecieswasvar ied. Wefoundthat theratiosof at omizationef fi cienciesof theal kali el ementindif ferent
halidecom poundswereal most equal toone. Atomizationef fi ciency deter mi nationisdomi nated by themetal
atom, but weakly influ enced by thebindinghal o gen species. Theob ser vation may beinter p retedsatisfacto
rily by using the Sugden-Bulewicz model. Based onthismodel, themetal at omizationef fi ciency for dif fer ent
halide com pounds de pends on the num ber den si tiesof the halo gen at omsand the related dissoci ationcont
stants. For the bi nary salt withasmall con centration and alargedisso ci ation con stant, theat omizationef fi-
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ciency deter mi nationtendstobedomi nated by themetal atom alone.

INTRODUCTION

Laser-enhanced ionization (LEI) spectroscopy has
been devel oped asapow er ful tool to detect tracemetal in
flanewithvery highsensitivity andselectivity.® By tak ing
ad vantageof themer itsof preconcentrationand matrix sepa-
ration of theflowinjection (FI), LEI com bined with the FI
system be comescapableof detecting thetracemetal in sea-
water.****Inaddi tion, thecapabil ity of L El techniquemay be
ex tended to such tasks asto moni tor ionlifetime,™ to deter-
mineiondif fusionandmobil ity coef fi cients, '*° to re solve
thespectral structuresof at oms, mol eculesandradi cals,® to
deter minetheionizationyieldof at oms, ¢ and to measurethe
num ber den sity of freeat omsreleased andinturntheat om-
izationefficiency.'’

Theat omizationef fi ciency of anel ementinflamesis
defined asaratioof thenumber density of itsfreeat omspres
ent in theflameto the to tal num ber den sity of the sameel e-
ment ac tu ally nebulized. It plays one of the cru cial roles
whichgov ernthelimit of detection. A largeat omizationef fi-
ciency tendstoleadto alow limit of detection. How ever, the

atomization ef fi ciency can be changed when someor ganic
sol vent or matrix isaddedto causeex cesselectrondensity re
leased intheflame, which may sup presstheef fi ciency of the
elementionization.

Thusfar, at omizationef fi ciency hasmainly beendeter
mined by thetech niques such asatomic ab sorp tion spectros
copy *¥?*and atomic emission spectroscopy. ® Inad di tionto
theseopti cal spectroscopic methods, theL El techniquehas
beenrecently demonstratedtobeasuccessful al ter native.?®
Inthiswork, itisfurther ap pliedtodeter minetheat omization
ef fi cienciesof theal kali el ementsindif fer ent halidecom
pounds. Wefo cusontheinfluenceof theionicbondener gies
ontheat omizationef fi ciency of thesamemetal el ement. The
total freeatomnumber den sity releasedinaflamemay bees
ti mated from the mea sure ment of time-integrated LEI sig-
nal ®Theresul tant metal at omizationef fi cienciesarefound
tobeal mostindepend ent of theac com panied halo gen spe
cies. Tointer pret the ob ser vations, we adopt the Sugden-
Bulewiczmodel toyieldtheoreti cal esti mates,* which agee
withour obtained measurements. Thisstudy providesinsight
intothekey factorswhichgov erntheat omizationef fi ciency.
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EXPERIMENTAL

Flame System

The apparatus is depicted in Fig. 1. A commercial
burner as sem bly (Perkin-Elmer) with 2100 mm x 0.5 mm
slot burner head wascou pled with aninter locked gascontrol
system. Thefuel C,H, and air with flow rates of 0.5 L/min
and 13 L/min, respectively, were premixed prior toreaching
theburner head. Thecor responding flametem per aturewas
de ter mined to be about 2500 K.22% The up take rateinto the
burner head was held at 4.5 mL/min for all the aque ous so lu-
tionsof thehalide com pounds.

Reagents

Thebi nary saltsincluding LiX, NaX, and KX (X=Cl,
Br, and 1) were used as pur chased with out fur ther puri fi ca
tion. Theague ous so lu tion for each salt was pre pared at 5
ppm (rg/mL) of themetal concentration.

Laser Source

Thelight sourceused for the LEI detectionof Li and Na
wasalOHz,5-8nsNd:Y AGlaser-pumped dyelaser (Quanta
Ray, PDL-2), emit ting at 656.5 nm and 660.5 nmwithaDCM
dye. Theradi ation wasthen fre quency-doubled through a
KDPcrystal whichwashousedinawavelength ex tender with
adeviceof anauto-tracking control ler (QuantaRay, WEX).
TheLi atom was ex cited at the wave length 323.3 nmin the

Nd:YAG 532 nm |
Dye Laser fr-------- o
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‘
| KDP

Oscilloscope

Current
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Fig. 1. Schematicdi agramfor thelaser-enhancedion
izationapparatus.
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2°Sy, — FPstran si tion, whilethe Naatom was ex cited at
330.2 nmin the 32S,,, — 4?P,,tran si tion. For the LEI detec-
tion of K, thedyelaser op er ated with the LDS750 dye was
tuned to 766 nm for the K 3%Sy/, — 4°Py, absorption. The
unfocused ex ci tation beamwascollimated withapinholeof 5
mm? crosssectionand thendi rectedlongi tudi nally through
the flame at 12+ 0.1 mm above the burner head. Thelaser en
ergy, prior toreaching theflame, wasmoni tored contin u
ously by a surfaceabsorbingdisk cal orimeter (Scientech
36-0001).

LEI Detection

A water-cooledcyl inder probealongtheflameaxiswas
bi ased at -1000 V and sus pended 2 cm abovethe burn head *°
The burner served asthe other el ec trode, from which the LEI
cur rent signal wascol lected and am pli fied withacur rent-to-
voltage con verter (Keithley, Model 428), and then fed into a
transient digi tizer (LeCory 9450A). The LEI waveformwas
av er aged over 200 pulses and transferred to a PC through a
GPIB inter faceboard. Themeasured L El waveformdueto
theLi 2°Sy, — 3*Pstransi tionisgivenasanexampleinFig. 2.

Determination of the AtomizationEfficiency
Theatomizationeffi ciencyfisdefined as

p=— @

where n, isthefree atom num ber den sity of an el ement pres
entintheflame, and nisthetotal num ber density of thesame
el ementactually nebulized. Thelatter canbeex plicitly ex
pressed as®

Chz
(Ny /Ngg ) T

where Cistheconcentrationof theanalytesolution;& the up-
take (nebulization) rate (mL/min); £ thesampleintroduction
ef fi ciency;f the flow rate (mL/s) of un burnt gases at room
temper ature(298K) and at mo sphericpressure; nyg the num-
ber of molesof speciesat roomtem per ature; and ny the num-
ber of molesof com bustion prod uctsat temper ature T. The
value of ny/n,es Wasprevi ously deter minedtobe 1.0 for our
casewithanacety lene/air ratio of 1:25and aflametem per &
ture of 2500 K.?***Therefore, substi tutingtheex peri mental
condi tionsand themeasureds= val uesinto eg. 2 may giverise
totheesti mateof n,for dif fer ent al kali salts. Theresultsfor
theLi, Na, and K saltsarelistedin Table 1.
Thefreeatomnumber density, na, for athree-level sys
temwasprevi ously derivedinrelationto thetime-resolved

n = 2.98x10™ @)
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Table 1. The Bond Energies, Eyx, and Dissoci ation Congants, Ky, of Various Alkai Halides the

Number Densities of the Hal ogen Atoms, [X], and the Ratios of [X] to Kyy®

ne (cm¥)°
LiCl 157 = 10™
Lil 1.57 = 10%
NaCl 4.74 = 101
NaBr 4.74 % 104
Nal 4.74 = 10"
KcCl 5.83 x 10%°
KBr 5.83 x 10"
Kl 5.83 : 10%°

Ewmx (eV)°

4.856
3.643
4.249
3.838
3.122
4.423
3.968
3.426

Kux (cm®)? X (cm®)P [X]/Kwx
5.23 x 10® 1.57 % 10" 0.03
7.49 = 10" 1.57 = 10%2 2.0x 10"
857 = 10* 4.74 = 101 5.6 = 10°*
543 x 10% 4.74 = 10" 8.7 % 10°
2.53 % 10%8¢® 4.74 = 10" 1.9= 107
2.88x 10* 5.83 x 10%° 2.0x 10
1.62 x 10 5.83 % 10" 36x10°
2.12 = 10 5.83 = 101 2.8 10°
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2The agueoussolution of each salt was prepared at 5 ppm of the meta concentration.

® The number densities of the halogen atoms iscond dered to be equivaent to the total number
density, n,, as cd culated by eq. 2.

°Bond energies of dkai halides.

4 The val ues were calcul ated in terms of the JANAF thermochemical tables from Ref. 31.

®Nal isin theliquid state.
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Fig. 2. Thetime-resolved LEI sig nals of Li in the
225, — 3°Pyexci tation ob tained from (a) LiCl

and (b) LiBr.

LEI signal, asex pressed by,

k
M= ety J;‘v (t)dt ©)

where Gisthe gain of the cur rent am pli fier; ethe elec tron
charge; i the cross sec tion be tween the laser beam and the
flame; ¢ the probing length; ¥thecol lection ef fi ciency; V(1)
theampli fied volt agepul seof thetime-resolved LEI signal;t
theintegrationtimeinterval; andkisassoci ated with thetran
sitionratecoef fi cientsbetweentwolev elsinthesystem. Ac
cordingtoegs. 1-3,theat omizationef fi cienciesfortheLiand
Na el ementsweresuc cessfully deter mined previouslyin
terms of the LEI technique.? In this work, the factor of
k/Ge/yturnsout tobeidenti cal betweenthebi nary salts, MX
and MX', withthesameal kali el ement. Accordingly, theratio
of at omization ef fi cien ciesfor thesetwo saltscanbesimpli
fied as

Buo _ b Vi O Moo @
BMX' EVMX.(t)dt N, mx

RESULTS AND DISCUSSION

Giventhetime-resolved LEI signals, Vux(t) and Vix-(t),
andthetotal number densi tiesof theal kali el ement, M, in dif-
fer ent bi nary saltsof MX andMX’, substi tutionintoeg. 4 may
yieldtheratio of metal at omizationef fi cien ciesfor these
salts. Theresultsfor lithium, sodium, and potassium halides
arelistedinTable2. Theat omizationef fi cienciesof theal kali
met alsinthebi nary saltsseemtobeinsignif i cantly af fected
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Table 2. The Ratiosof the Atomizati on Efficiencies for Various

Alkali Halides
Li Na K
Bual B 1.01+0.04 1.01+0.03 0.98+0.03
BmalPuer _ 0.97 +0.04 1.03+0.05
Emer/Bwmi _ 1.00+ 0.04 0.97 +0.03

by theaccompaniedanions, a thoughtheionicbonddissoci a
tionener giesdif fer betweenthesebi nary salts. Tointer pret
our obser vations, atheoreti cal esti mateisgivenforcompar i-
son.

Accordingtothe Sugden-Bulewicz model, themetal at-
omization ef fi ciency for thehalide com poundsinflamecan
beex pressedas™?’

(M]

P(M) = [M]+[M *] +[MO] +[MX]+.....

©)
where [M], [M], [MQ], and [ MX] denotethe num ber den si-
ties of metal atoms, metal ions, metal oxides, and metal
halides, respectively. Thismodel consid ersthetotal number
density of themetal el ement nebulized asthe sum of thenum-
ber densi tiesof themetal el ement presentinvar i ousforms.
Assuming that the number den sity of monohalide, [MX],
domi nates over the other polyhalidesin the flame, eg. 5 be-
comes

1 _[M]+[M+]+[MO]+[MX]+...

E(M) [(M]
= 1+ﬁ+19]-+m,,_ (6)
[l Kvo Ky

where k; istheionization con stant of M; Kuo and Kux arethe

dissociation constants of MO and MX, respectively. The

value, 1+ K + [©] +.=K
(el Kyo

metal el ement. Thusthe3(M) val uesfor dif fer ent halidesde-

pend mainly on the term of [X]/Kux.

Eq. 2isadopted to esti mate the num ber den sity of the
halogenatom,[ X], yielding then,valueasitsup per limit. The
dissoci ationconstantsof metal halides,Kux, may beeval u-
ated by using the JANAF thermochemical tables®! Theval-
ues of [X]/Kuxareaccordingly cal culatedandlistedinTable
1. Giventhecaseof 5ppm LiCl solutionasanex ample, the
dissoci ationconstantis5s.23: 10 cm and the num ber den-
sity of Cl isesti mated to be 1.5: 10" cm™ astheup per limit.
Thus [X]/Kux yields a value of 0.03. This value is much
smaller thanK" (K" > 1) and may benegli gi bleintheesti mate

" remainsinvari ant for the same
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of (M) (eg. 6) within5%ex peri mental error. Similarly, the
[X]/Kux values for other metal halides can be estimated.
Their results(Table 1) ap pear to be smaller than 0.03. Since
theup per limit of [ X] is used, the [X]/Kuxval uesareactually
smaller thantheresultsin Table 1. Therefore, thecal culated
atomizationeffi cienciesof themetal el ementinbi nary salts
areindependent of theac companied halogen species. This
fact ex plainswhy our measure mentsof [ux/Pux ratiosare
closeto 1. Unlessthemetal halidesolutionisunder aconcen
trated condi tionwhichgivesrisetoalargenumber density of
X, theat omizationef fi ciency deter mi nationmay dependon
themetal el ementalone.

Thedissoci ationconstant of metal halideisassoci ated
withthedissoci ationenergy. Based onthestatisti cal model,
thedissoci ationconstant of MX can be ex pressed as?2*2

Kux = Kix exp(-5040E,, /T) (7)

where K 5, isatem per ature-dependent pre-exponential fac-
tor; Euxthedissoci ationenergy of MX in units of eV; and T
theflametem per atureinK. If thedissoci ationenergyisfixed,
thenthedissoci ationconstantincreaseswithtem per ature.

Theacety lene/air flamewith tem per ature ashigh as2500 K

may en hancethedissoci ationof MX and thus lead to a small

value of [X]/Kyx.Asaresult, deter mi nation of themetal at
omizationef fi cienciesinflamesmay not besignif i cantly af-
fected by vari ation of thecom plex species, if thecor respond
ingdissoci ationener giesdonot dif fer mark edly fromeach
other.

CONCLUSION

TheLEl techniqguehasbeen ap pliedtodeter minetheat
omization ef fi cien ciesof themetal el ementsinflames. We
havestudiedthedependenceof at omizationef fi cienciesof
theal kali el ementsontheaccompaniedhalogenspeciesinan
acetylene/air flame. Theatomizationef fi cienciesap pear to
beinsignifi cantly af fected by thebindinghalo genat oms.
These observations may be interpreted in terms of the
Sugden- Bulewiczmodel. Based onthismodel, deter mi nation
of themetal at omizationeffi cienciesfor dif fer enthalidecom:
poundsde pendsonthenum ber den sity of halo genat omsand
therelated dissoci ation constants. Under thecondi tionsof a
small metal salt concentrationandalargedissoci ation con
stant, theatomizationef fi ciency deter mi nationmay besolely
gov erned by themetal el ement.
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