
AO--AO9A4 344 INDI -ANA UNIV AT BLOOMINGTON DEPT OF CMEMISTRY F/B 7/4 0
AN APPROXIMATE MODEL FOR THE LIBERATION AND IONIZATION OF ATOMS-ETC(U)
JAN 81 B D BLEASOELL, E P WITTIG, 6 N HIEFTJE N000T-76-C-0838

UNCLASSIFIED R-31 NL

LL



__ UNCLASSIFIED

kL:PQ ~ ~ ~ N- -:CM R:hINPG EAD) INS71ZLCTIONS
DE"O1E COMPL.A'ING FORM

I, ,," ,Gv," ACCE6,ON NO. 3. RECIIENT'S CATALOG NUMBER

THIRTY-ONE . 1-9 /__

An A i e po ima6-Kdel for the Liberation and ' Intteri m ch i
Ionization of Atoms from Individual Solute - .

Particles in Flame Spectrometry,.. 6. PERFORMINGORO. REPORT NUMBER, 59
7. U...,. CONTRACT OR GRANT NU -R(e' I . ... .... ......... . N-14-76-C -0838 '

D../Bleasdell, E. P.Witti-' G. M.Hef 17603

S. PCRFuRMiNG ORGANIZATION NAME A ADDRE5SS AREA &WORKUNT. NUOMMRSRA E.A & WORK UNIT NUMBERS

Indiana University NR 51-622
Bloomington, Indiana 47405 _"

11. CONTrtOLLING OFFICE NAME AND ADORLGSRE

Office of Naval Research ' ... 8 _
Washington, D.C. .13. NUMBEROF PAGES

~~~~N Q4.OI(RI.1, sA~ICY T4 .L & A615RO i Dronfeet from Contraillino Office) IS. SECURITY CLASS. (oit0 j

ISO. DECLASSIFICATION/DOWNGRADING
SCHEDULE

. ST_IBUTI_ _ _ STA'TEME__T (of this R po,_)

Approved for public release; distribution unlimited

17. DISTRIBUTION STATEMENT (of the abstract entered In Block 20, It different from Report)

IS. SUPPLEMENTARY NOCTES

Prepared for publication in SPECTROCHIMICA ACTA, PART B

/" [, "' L E CT E
V! I S1. KEY WORDS (Contl.ue on revc'ree aide If necosesry mid Identify by block number) LEG"

atom formation FEB 21981
flame spectrometry

U I- atomic absorption
\ion zation mechanism A

20. RACT (Continue on reverse side If nece ary and Identify by block number)

A model is described which incorporates the generation and ionizaftion of
atoms during the vaporization of individual solute particles in flames. Par-
ticles .initially larger than a critical radius have two vaporization rate
constants because of a change in the vaporization mechanism related to $ge.ii,..Consequently, the mathematical formulation of the model consists of a saris
of three equations which are used to curve-fit different, portions of emission

fintensity-time profiles in an air-acetylene fame Values for the vaporizati

DI) ,, 1473 10113 IF IN NOV 1 IS QU ,,.LCTr/
N 7 UNCT LA IFIED ____

V' 1107- 014- 6601 1
.'CUR I I Y (i.. A.SlF I j N f THISPI... 81

.. . . . .. . . . iirn I I . .. [ [ I .. .. ... ... . . .. . ... . .. . .. . . . .



'Ai

20. (continued)

Na (244 lim 2/S. 127 W /s), K (650 UM2/s, 299 UJm/s), and Cs (385 Um2/s
847 mm/s). First-order ionization rates are S8 s-1 for Na, 268 s-" Si or K
and 1128 s-1 for Cs.
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ABSTRACT

A model is described which incorporates the generation and ionization

of atoms during the vaporization of individual solute particles in flames.

Particles initially larger than a critical radius have two vaporization

rate constants because of a change in the vaporization mechanism related

to size. Consequently, the mathematical formulation of the model consists

of a series of three equations which are used to curve-fit different portions

of emission intcnsity-time profiles in an air-acetylene flame. Values for

the vaporization rate constants for three alkali chlorides found

for this fitting process are: Na (244 pm 2 /s, 127 pm/s), K (650 pm2/s,

:199i pm/s), and Cs (385 pw2/s, 847 p/s). First-order ionization rates are

58 s - for Na, 268 s- I for K, and 1128 s-1 for Cs.
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In flame spectrometry, a wet aerosol of sample solution must

undergo desolvation and vaporization to form the free atoms needed for analysis.

During desolvation, the solvent associated with the sample evaporates, leaving

behind the dry solute particle. The desolvation process has been studied

previously [1]. Vaporization begins immediately after desolvation of the par-

ticle is complete- apparently both atomic and molecular species are volati-

lized from the surface of the dry particle. Vaporization in flames has been

report(cd [2] to occur through either a heat or mass-transfer controlled process,

depending on the composition of the solute particle. In this communication

a model is proposed which closely fits experimental data on atom formation

gathered in our laboratory using tho isolated droplet sample introduction

method 13). Simplified calculations based on this model proide approximate

but useful values for several rate constants important in the particle

vaporization and atom ionization processes.

f 'T IWORY

'Thc conclusion reachcd in previous studies of vaporization [2] was

that there are two equations whichdescribe the time-dependent radius of a

solute particle vaporizing in an analytical flame. ien the particle di-

ameter is much larger than the mean free path of the free atoms 141 tlarge

particle model), the equation for the radius, r, of the dry particle as

a function of t'ime. t, is simila i to that for desolvation [1,2]:

r =  (ro' - 0 1/2 t ro 2 /kv. (1)

.-- - - - ... .. .... ... * . .. . . . . . . .... . ..



where r0 is the initial particb radius and k is the vaporization rate

constant for the large particle model. For particles much smaller than

the mean free path of the released atoms [4] (small particle model), the

equation becomes:

r - re - k V2t t < ro/kV2 (2)

Swhere kv2 is the vaporization rate constant for the small particle model.

Both equations are expected to be valid at particular periods during the

life of a single solute particle except when the initial diameter of the

particle is much smaller than the mean free path of the liberated atom. In the

present case, the mean free path is of the order of 0.3-1.5 pm, as discussed

later. In this latter case, only the small particle model would be valid.

Tlie nuber of atoms, F, which are vaporized will be proportional to the

mass vaporized (m) which, in turn, is proportional to the cube of the particle

'radius 121:

Nm 4iNAC (r0
3 _r 3  

(3)

where N is Avogadro's number, M is the atomic weight of the analyte, c is the

fraction of mass entering the vapor phase as free atoms (atomization efficiency),

and p is the density of the analyte atoms in tho condensed phase. Combining

equations (1) and (3) for the large particle model yields

=-SM-4-o [r03 - (r? - kvi t) 3/ 2 ] 0 f t 5 r0
2 /k v (4)

'Inid for the sin.l parl i cle model equ:tions (2) and (3) give

i- .l [; " (, [ k 0t)tj] 5 t < ro/kv2  (S)

- - ......... ... . . .. ._ ..
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In the vapoeization of wa:ny solutes, particularly those of the alkali

metals, atom loss through ioniZation must also he considered. For these

elem.nts, a situation exists in which tLre is the formation of the atomic

species through vaporization of the particle and the simultaneous loss of the

species by ionization. Previous studies of alkali metals [5,6] have found the

ionlization rate to he first order with respect to tile metal. Of course, an

ohscrved loss of alkali atoms through ionization would not follow strictly

first-order kinvi ic:, because of the simultaneous occurrence of ion-electron

reconibijation, an event which ,ppos;cs the ionization process. However, at

short times (i.e., within two ionization time constants, 2k. 1 ) after the

completion of allkali particle vaporization, the contribution of ion-electron

recombination to the ioniz'tioi, process appears to be small and constant,

being causi.d principatlly by in'trinsic flame electrons. During this period,

the overall vaporiza.tion-ionization process for the large particle model can

be represcnted by the followint' differential equation:

dF = IiqNE, [ kv (r° 2 - k
-01 kiF (6)

-d 2 k ,r' V

whrc F is t u nu. ibc -,if atoai,: species at an), time (t) and k i is the ionization

rat. To so~lve this equation, it c.n be rewritten in the following form:

k t ,Iv,,Nic 3 )| k it

Fekit 21-#3 2 kv, (r 2 - kv 1t)l ekdt + C (7)

It fie l il( ~t i:1 t iti iiI t h. int'.ra Ls expanded in a series and only the

l'i~ t t~ta i' rf 'lt', , lt: :1, ((v. iit' : ,PIiitioi oft t'qna:timi (7) is'



F 122 4INEF Ol-kit
41oE[ro3 -(r 0

2 - kv1t)3 ]ek(8): - -3M -I (8)

The number of free atoms (F) can bc related to the radiant intensity (1)

they emit by

I = F(cxhvA)(47r) - (W sr- ') (9)

where a is the fraction of atoms which are excited (Boltzmann ratio), and

hv the energy and A the emission rate (Einstein coefficient) for the observed

transition. Therefore, eq. 8 can be expressed as

I = K[r 0
3 - (r 0

2 - kvit)A]e-kit 0 <. t <. ro2/kV, (lOa)

and

I Kro e-kit  t > ro2 /kvl (lOb)

where K conbines thc pre-parenthetical constants in eq. 8 and the free-atom-

to-intensity conversion of eq. 9.

K-4irpNc (cthvA\ pNEcryhvA (1K --= 4V =  S (11)
-3M 4r/ 3M

In actual measurements, the radiant intensity (I) is seldom measured;

insted, relati\-e emission intenisity values are recorded. Consequently,

the experiniental value for K which is obtained includes a number of scaling

factors (including measurement solid angle, optical transmission, detection

ttf'iciclIcy, eictronic ga ii, etc.) :1od can host be derived empirically.

The It a Iot, vd -i Ii i ilcd K' iii 1hw ilate r ti'ltm(' n .t

A s miI~i tI, mathema ic:,l t i,':1,, fit of the sln:| p1t't icle uodel is pos-

4. .I--
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dF 47r()NE 13k ( - kv2 t)
2 JF

V2 (]-ki F  (12)

iFe 3 2kit_4MN
3Mkt V2 (ro - kv2t)

2 ekit dt + C (13)

If

F [re -(ro - kv2t)3]
e - kit (14)

I = K[ro 3 - (ro - kv2t)]e
- k it 0 < t < ro/kv 2  (15)

and

I3 =  K o e
kit

I Kr e t > ro/kv2 (16)

In the most gencral case, the vaporization and ionization processes

can be combined For both large and small particles in a series of equations

which relate intensity to the initial particle radius and to a parameter

we have termed the critical radius, rc . The critical radius is that hypo-

thetic.;I particle size at which control of vaporization in the model appears

to change from thc lrie particle to the smaill particle mechanism. The

clationshi|p of th, criticAl radius Vo the critical time, t , and the

time of Complet c v;j)o rizal ioll, t (';in be fond from uqplations (17) and (18).
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tc= (r0
2 - rc2 )/kv I  r0 _ rc  (17)

tf = (r0
2 - rc2)/kv1 + rc/kv2 , r0  . rc  (18)

The three equations required to describe the entire vaporization-ioniza-

tion process for tile combined model are:

1= K[ro 3 - (rc2 - kvlt)O]ekit 0 < t <tc (19)

I = K[r o - (r - kV2 [t - t c])3]e-kit t C t t f (20)

I Kro3 e - k i t t > tf (21)

Equation (19) is valid for the time period (0 -< t < t ) when the vapori-

zation process follows the large particle nodel (equation (10A)). During

the time period when the vaporization process follows the small particle

model (equation (20)) , the total number of free atoms (neglecting ioniza-

tion) is the sum of those from the large-particle vaporization process

which occurred earlier, i.e., K[ro 3 
- rc 3, and those from the continuing

small particle vapori.ation described by equaition (15). Note that it is

II'c *.;:;:Iry to rde 'iilic the t im ,caI.' ii ,d ill lihit porticin or C(qLition (20)

Idli 'h do:a:; wilh the. snall pirrielc vapor'i:-.ao bun l)causc the small] particle

j' 4 j
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vaporization model is not employed until aftcr'the completion of the large
particle model., i.e., t > t c . Therefore, the time becomes t - tc in equation (20)

when the free atoms are being formed; however, in the ionization term,

-kit, lpril
e-k it , time is still defined from the beginning of the initial particle

vaporization because ionization decreases the total free atom population

at all times. After the completion of vaporization, t > tf, equation (21)

will be valid as iong as the jonization process is first-order and the ion-

electron recombination process is negligible:

EXPERIMENTIAL
VVL¢ AAA/VVb.

To study the vaporization process, emission intensity-time profiles

were oblaiOd usiiig the dropilt generator system originally described by

llieftje and Malmstadt [31. Tn this technique, droplets are individually

and reproducibly injected into an air-acetylene flame in such a manner that

one views an individual droplet and its products without interference or

influcnce from products of neighboring droplets.

'he air-acetylene flame was supported on a modified Meker burner

[1] and was operated at an air flo-,w of 15.0 L/niin and an acetylene flow

of 2.25 L/min. The velocity of the flame was determined to be 1] m/s [7].

A quartz sheath, 17.5 cm ahove the burner top, was used to stabilize the

flame (8]. The plunie of emiitting vapor products was focused without magni-

fication onto th 'nItrance slit (2(0 pim) of a 0.35 m monochromator (Model EL-I 700,

Heath (O., BIII, 1iloiboy, MIT), wh*ih was tipped on end so the entrance slit
*

i lt 4; I P11(11 ; tI .'t hi i.'Ii Aon of the flame intagv'. The

Co1.
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MidVisex, NJ) operated at -800 V and the resulting current measured by a

picoammeter (414S, Keithley Instrumcnts, Inc., Cleveland, 011). Data from

the picoammeter were collected by a PDP 12/40 computer (Digital Equipment

Corp., Maynard, MA). To eliminate the effects of flame temperature variations,

the optical system was fixed in position to moniitor the emission signal at

a constant height in the flame (19 cm above the burner top). To obtain the

temporal behavior of the emission intensity, the droplet generator was

scanned vertically under computer control by means of a stepper motor (SM-2A,

Denco Research, Inc., Tucson, AZ) and a lead screw connected to the drop-

let glierat or moutnt.

Solution' of the chlorides were prepared from dried reagent grade

chemicals according to standard procedures [9].

Droplet diameters were measured by the MgO impression technique [10].

The initial dried partLcle radius, Io, was calculated indirectly from the

initial droplet diameter, solution concentration (64 pg/ml, in all cases), and

the crystalline solute density (NaCl, 2.165 g/mL; KC1, 1.984 g/mL; CsCl,

3.988 g/nl,).

RESULTS AND DISCUSSION

SFigi,'e 1 shows the experimental,] emission intensity-time curve obtained

for a 6,1 pig/mL potassium solution. To qualitatively describe this curve it

is co~ivenient to divide it into throe regions as :ic;n in the figure:

Rcgio,,; A) At the bcginning of the \,aporization process, the emission inten-

sily inci'w,;'ses rp.iidly (vopori:at iont rate is proportional to Ar2 ) .Is free

al OIn and othcr sl iec 's aie vol i i i :.ed from the ,:urtlace of the parti cie.
/
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Ioinizat ion is :JI,, ,Icenrin ii thi:; region and will serve to decrease the

em it ing all ow hll I.at ionk. eg in I) In the sceond region, the vaporization

PI'OC('SS (lt ilieI. (01'0 VOJ Oiri: I ion rate is now proportional to Ar) to pro-

duce free atoms iind other species While ionization continues to remove the

emitting atoms. [he combination of the slower production and the continual

removal of the free atoms causes a slowing in the rate of growth of the

elliss ion intensitY. Region C) At the completion of the vaporization process

there is the cointinuied removal of the free atoms through the ionization pro-

Cess. 'i' s reskil t.S in1 a dcCl-0a,;C ill the emission intensity.

In ore t, fi eqUarion:; 19--*2l to an experimental curve, it is nec-

es-ay i to ot :ai n \; I i.: for K', k I, ki, tc, r , k v2 and t These values

;n' c.1 Clicula ted fl('cil fivf ' e(:tl paillt: sclected from

the experI.ntal cuvle (ct., 'or exataple, Fig. 1). The firs.t data point

is localed at tile he cining of vapori:'at ion (t = 0, I = 0). The second point

i'. chos(Il ol the rapidly risill,, portion of the curve, near the beginning of

vapori:'at ion. A third i point is selected near the maximum intensity. The

foit'th and fifti pointms :11e cho:en : short time beyond the maximum intensity

wh10 vapol'i."at Ioi is pliesklned Lo be couplete. Only the choice of data

point olle Is c itical (t 0 O, 1 = 0); the others are used only to calcu-

late all)lOxiintr VII uCs of tie Jcsiired parameteis and establish approximate

timc ::ones (Ila .e )artle CIc hivtoy'. small particle behavior, time after com-

letion of vapori,.:al i on) whi Th Are necessary to define the regions for

the: c calcuiilit on: . Al oul ine of the method is described below.

Afti' \:ci pvp i":0 i,,i on complete ( , ijon C). In this region, where oilly

i,,! i Z:l 1ol i> ol'll'l in , K ;Kint K'en he calculatcd froIn experimental data

po iLt!, .1 and .,r Ii. l ' l'tl I il d1)'i

7. . • .... ..J-i
. . .. . .. . ,. .. . . . . ,i 11 , I li I i ll I I II IIII I I lll lll ll l I I I I
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!'i= [1/(t- t5)] In(Is/14 ) ts > t4 > tf (22)

K' = (I/ro3)ekit  t4 > tf (23)

Lar__e Larticle timc period (region A). In this region, kv1 can be

calculated from experimental data point 2 using equation (19) and the values

calculated from equations (22) and (23).

kvi = t-1 [re2 - { -2 }o kt2)2/3 1 0 < t2 5 tc (24)

Small particlc time period (region B). To calculate kV2 a value for

rc is necessary. Thc critical radius is conveniently set initially at zero

(large particle model) and iterative'ly increased to yield the best calculated

fit to the experimiental data points. A value of tc can now be calculated

from equ;:tion (17). With this valuc of tc and experimental data point 3,

it is po;sible to calculate fir.-t kV2 (equation (25)) and tf (equation (18))

using equzi ion (20):

,I _)kit3 )
/ 1

( ) c (ro3 _- ,j 1 t < t 3 f t (25): v2 (t t ) -

Two things should be noted concerning the method of calculating the

unknown parameters as described above: (1) the experimental data point(s)

used to cAlculate :I specific piramctcr must fall within the time zone where

tht c a Ic :t: tio ik v:ilid; (2) onC, a valI ut has heen calculated for each

---
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of tile curve-fit parameters and the time zones established, any desired

number of data points (we normal]y u;e 15 for the entire curve) can be

assigned to the :jropriate time zones and the corresponding curve-fit

parameter can be calcula:ted and averaged for all data points that fall

within that time zone.

Figure 2 demonstrates the improvement in curve-fit which the combined

model provides over either the large or small particle model for droplets

of a 64 pg/ml, potassium solution. The various curve-fit parameters for each

of the three models based on Fig. 2 are shown in Table 1. The difference

in intensity bct,'cein each experimental data point and the calculated value

is squared and sunned for all of the experimental data points. This value

is reported as the F (residu:al) 2 in Table 1. The sum of the squares of the

t-rsiduals for the comnbined model indicates dramatically improved

agreement with observations over both the large and small particle models.

In Figs. 3 and 4, experimental data points and the combined-model

curve are shown for vapori ,t ln of a particle derived from solutions of

64 Hig/mL sodium and 64 ag/il, cesium, respectively. The combined-model para-

meters for these ci';sion inteilsity profiles are compiled in Table 2. The

accuricy of Vapori .it on ratc,; cited in Tables I and 2 is limited by the use

of approximate solut io is to di feral i ial equal ions (6) and (12). In a com-

parison of the.,se reslts with an exact numeric solution of the differential

equations, we have found an err-or in calculated vaporization rates tip to 10%.

1lowevver, the simplicity of the pre:c'rnt treatment and its utility for calculating

ionization in! rc:S renlers .-'tuch :ipusi lc error acceptable in many cases. Work

is Curi rcnt l) mnd'.1wa; 14 e',rlu:te vilicrically the vaporization rate constants

for cach of 11w :0t., i et a Iml oi.antly, the error associated with the

i .1... ... ., ... ... ...... . ......



present approximation is determinate, and will be greatest for metals which

exhibit the most ionization (ce.g., Cs).

Few of the parameters calculated form this model and reported in Tables

1 and 2 can be compared with literature values because, for the most part,

such values do not exist. The values of the ionization rate constants

reported here are in rough agreement with those reported in other flames

[11]. The values of the particle diameters corresponding to the critical

radii yielding the best curve fits for sodium, potassium and cesium are

0.88 pm, 0.86 tm, and 0.64 pim, respectively. Using appropriate values of

the diffusion coefficients for the elements as reported by SNELLEAN [12],

values of the mean free path for sodium, potassium and cesium are calculated

to bc, 0.77 pin, 0.55 un, and 1.29 pim, respectively [4]. These differences

between critical diameters and mean free paths could be due to some un-

certLailty in the values of the diffusion coefficients and/or the effect of

combining the large and small particle models in such a manner that the

change from ore model to the other is abrupt i n our treatment whereas in a

real s),stecii the change would be gradual.

CONCLUSION
If VVVAVV\^.

In this study a combined vaporization-ionization model for single

solutn p-rticle. in flamcs is duscribed. This model provides a new method

for th, determination of the rates of ionization and particle vaporization.

For the first time, approximate vaporization rate constants for three alkali

chlo:i des are rcportcd. Although the model has only beemn applied to a

sv ccI Ld ,tnivdi' of , lcments, it is believed to be o1 general utilit)' for

1 -L .. ...- _S . . .
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systens whi ch exhibit t'irst-order ionization. The model can, however, cause

large systematic crror'; ini calculated vaporization rates when the ioniza-

tion rates arc large. Work with exaict numeric solutions of the differential

equations are beiig cxamincd in more detail.

I
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FiguIIre I 1%,C i ', rjnV:e,nt atI e data points and calculated intcnsity-time

curvc t,, vil.it i i -it ion of a part icle obtained from a 27.5 Jm

drolpirt ,ontain in,. 6-I pg/ml. potassium as KCI. r] are the

. t , i Iut points. The points are fromi the thlec time

A, .ur 'eart icle vaporization region; B, small particle

k.1pori:t ion Zill,'; ind C, time after vaporization is complete.

P,,in1t I I-. t.&L-ii it ile beginning of vaporization, t = 0, 1 0.

IPOillt 1 i Cl1Io:,CI' 101l1C the cl'itial time, t C. Point 3 is

d'o on nii;- telie xiirim. Point.s 4 and 5 are chosen after the

t L I ., t, 1n 1, \ . I -I t ._ iOtio iS C011pletC.

H. .tre 2. F ', nt; dt. , ap.)It s and calciilated intcnhity-time curves

o i v i i i m t i , part ice obt;ained from a solution of

. I I , i . I, . Iiitjil ; rplct diameter is 27.5 lint.

El ,iat ' '.r. I , 'it:l dtt. points. 1. is the calculated

cu.,t e - te, Iar.,, y I rticl 1 mole . S is the calculated

ii i~ ta j I rtml,, modl. C is the calculated

I Ii, I 3 I.:p uI.ri,.'nla d,1 J , po int:, a wO the comb ined model curve-fit for

S.yii I I .t1 i'l I)l t I t i, I es obt:ained from a 64 lig/mL sodium solu-

I 1 ,,,, . i I, ,1 ,1d , 1 et i, , i. 7.5 prm. are the experi-



Figure 4. lxperimental data po61ts and the combined model curve-fit

for vaporization of Particles obtained from a 64 jig/mL cesium

sol]ution. Initial droplet diameter is 27.5 jnm. EQ are the

experimental data points.
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