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ABSTRACT

L N

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

ratc constants because of a change in the vaporization mechanism related

e e e

to size. Conscquently, the mathematical formulation of the model consists
of a series of thrce equations which are used to curve-fit different portions
of emission intensity-time profiles in an air-acetylene flame. Values for

1 the vaporization rate constants for three alkali chlorides found

for this fitting process are: Na (244 um?/s, 127 um/s), K (650 um?/s,

i 299 um/s), and Cs (385 um”/s, 847 pm/s). Fivst-order ionization rates are

! 58 s”! for Na, 268 s™! for K, and 1128 s ! for Cs.




In flame spectromctry, a wet aerosol of sample solution must

undergo desolvation and vaporization to form the frece atoms needed for analysis.
During desolvation, thc solvent associated with the sample evaporates, leaving

. behind the dry solute particle. The desolvation process has been studicd
previously [1]. Vaporization begins immediately after desolvation of the par-
ticle is completc: apparently both atomic and molecular specics are volati-
lized from the surface of the dry particle. Vaporization in flames has been
reported [2] to occur through cither a heat or mass-transfer controllcd process,
depending on the composition of the solute particle. In this communication

a model is proposcd which closely fits experimental data on atom formation
gathered in our laboratory using th~ isolated droplet sample introduction

| method [3). Simplified calculations based on this model provide approximate

but useful values for several rate constants important in the particle

vaporization and atom ionization processes.
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The conclusion reachcd in previous studies of vaporization [2] was

~

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

o o
ol St

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

|-

ameter is much larger than the mean free path of the free atoms {4] (large

v Sl v

particle model), the cquation tfor the radius, r, of the dry particle as

a finction of time, t, is similar to that for desolvation [1,2]:

;
|

r=(re? - ky, 1) t < ro®/ky, () 1

L




3
where r, is the initial varticle radius and kvl is the vaporization rate
constant for thc large particle model. For particles much smaller than
the mean free path of the released atoms [4] (small particle model), the
equation becomes:

- <
r=rp kvzt t ro/kvz 2)

where kV2 is the vaporization rate constant for the small particle model.

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

life of a single solute particlc cxcept when the initial! diameter of the
particle is much smaller than the mean free path of the liberatced atom. In the
present case, the mean frec path is of the order of 0.3-1.5 um, as discussed

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

The number 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 [2]:

. ———

el AneRe 39 (3)

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

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

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

--

cquaticns (1) and (3) for the large particle modcl yields
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ind for the small particle mode! cquations (2) and (3) give
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In the vaporization of many solutes, particularly those of the alkali

metals, atom Joss through ionization must also be considered. For these
elemcnts, a situation exists in which there is the formation of the atomic

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

species by ionization. Prcvious studies of alkali metals [5,6] have found the
ionization rate to be first order with respect to the metal. Of course, an
ohserved loss of alkali atoms through ionization would not follow strictly
first-order kineiics because of the simultaneous occurrence of ion-electron
recombination, an cvent which opposcs the ionization procegs. Howcver, at
short times (i.c., within two ionization time constants, 2ki-1) after the
completion of alkalt particle vaporization, the contribution of ion-electron
recombination to the ionizaition process appears to be small and constant,
becing causcd principally by intrinsic flame electrons. During this period,
the overall vaporization-ionization process for the large particle model can

. be represented by the foliowing differential equation:

df = hmpNe |3 2 _ 121 B
dF = gl [2‘ ky, (ro? = ky,t) l’] kiF (6)

where Fois the number of atowmic species at any time (t) and k.1 is the ionization

rate.  To salve this equation, it cuan be rewritten in the following form:
kit _ mpNc 3, 2 1 kit
e 1 —“~3—H°-- 2 le (ro - let) k e i dt + C (7)

1f the exponeptial torm in the integral is expanded in a serics and only the

Viret torm i oret cOned, the cppaox: ate selation of eyguation (T7) ise
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The number of free atoms (F) can be related to the radiant intensity (I)

they emit by :

I = F(ahvA) (4m)" Y (W sr-1) 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=Klre? - (ro? - ky,t)¥2Je it 0 <t < ro?/ky, (10a)
and

I=Kro? o”tit t > ro?/ky, (10b)

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

to-intensity conversion of eq. 9.

M \4nr /] ~ M an

g = AmoNe (xth) _ PpNeohvA
i 4T

In actual mecasuremcnts, the radiant intensity (I) is seldom measured;
instead, relative emission intensity values arc recorded. Consequently,
the experimental value for K which is obtained includcs a number of scaling
factors (including measurcment solid angle, optical transmission, detection
cfticicucy, electronic gain, ote.) and can hest be derived cmpirically,

The cmpivical vatoe will he devipnared K in the Tater treatment,

A simibor mathemat icol treatmeont of the smal) particle wodel is pos-
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dfF _ bwpNe
gt = 73m L3ky, (ro - ky, t)2]-kiF

kit _ bmpNe .
Fe™ 3M 3ky, (ro - ky,t)? ek1t dt + C

=hnoNa

F=lro® = (ro - ky,t)?le kit

I = KIro® - (ro - ky,t)?le7%it 0 <t <ro/ky,
and

I = Kroae-kit t > To/kvz

In the most gencral case, the vaporization and ionization processes
can be combined for both large and small particles in a serics of equations
which relate intensity to the initial particle radius and to a parameter
we have termed the critical radius, r.. The critical radius is that hypo-
theticnl particle size at which control of vaporization in the model appears
to change from the luarpe particle to the small particle mechanism. The
rcelationship of the eritical radius to the critical time, te and the

time of complete vaporization, Tgs €an be found from cquations (17) and (18).

el

(12)

(13)

(14)

(15)

(16)
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te = (ro? - rcz)/kv1 ro > re

a7

tg = (ro? - r2)/ky, + re/ky, ro 2. re (18)

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

tion process for the combined model are:

I =Kre® - (ro? - ky,t)¥1e7kit 0<tc<te (19)
I=Kr3-(r -k [t-t])?3ekit t <ts
0 c vz - c c tf (20)
= 3 kst
I=Kro®e ™ t >t 2n

Equation (19) is valid for the time period (0% t S tc) when the vapori-

zation process follows the large particle model (equation (10A)). During
the time period when the vaporization process follows the small particle
model (equation (20)) , the totul number of frece atoms (neglecting ioniza-
tion) is the sum of those from the Jarge-particle vaporization process
which occurred carlicr, i.e., K[ro3 - rc3], and those from the continuing
small particle vaporization described by equation (15). Note that it is

necessary to redefine the time scabe used in that portion of cquation (20)

which deals with the small particle vaporization hecause the small particle

— PRSP aochiaiin:

nslitiiliend




TS

vaporization model is not employed until after the completion of the large
particle model, i.c., t > t. Therefore, the time becomes t - tc in equation
when the free atoms are being formed; however, in the ionization term,
e—kit, time is still defined from the beginning of the initial particle
vaporization beciuse ionization decreases thé total frce atom population
at all times. Aflter the complction of vaporization, t > te, equation (21)

will be valid as long as the ionization process is first-order and the ion-

electron recombination process is negligible!

EXPERIMENTAL
AAANNAANA
To study the vaporization process, emission intensity-time profiles
were obtained using the dropl-t generator system originally described by
Hieftje and Malmscadt [3]. Tn this technique, droplets are individually
and reproducibly injected into an air-acetylene flame in such a manner that
one views an individual drvoplet and its products without interference or
influcnce {rom products of ncighboring droplets.
The air-acetylenc flame was supported on a modified Meker burner
[1] and was operated at an air flow of 15.0 L/min and an acetylene flow
of 2.25 L/min. The velocity of the flame was determined to be 11 m/s [7].
A quartz sheath, 1705 cm above the burner top, was used to stabilize the

fJame (8], The plume of emitting vapor products was focused without magni-

e B

(20)

fication onto the ontrance slit (260 pym) of a 0.35 m monochromator (Model EU 700,

Heath Co.o, Benton Havhor, MI), which was tipped on end so the entrance slit
intercoptod o cooplete hoviconial cross-section of the {lame imape.  The

e s aenal was detectold by oo k98 photomnltiplbicr tube (1lummamat sn Corp.,

. IR .-




‘ Midllcsex, NJ) operated at -800 V and the resulting current measured by a
picoammeter (4145, Keithley Instruments, Inc., Clevcland, OH). Data from
the picoammcter 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 monitor 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 Rescarch, Inc., Tucson, AZ) and a lead screw connected to the drop-

let generator mount.

Solutions of the chlorides were prepared from dried recagent grade
chemicals according to standard procedures [9].
Droplct diameters were measurcd by the Mg0 impression technique [10].

The initial dried particle radius, v, was calculated indirectly from the

T R AT TN A A e TR YT v g N e % PO ST "t re g R MR et |+ s

initial droplct diameter, solution concentration (64 ug/ml in all cases), and

-

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

3.958 g/ml).

paor eyt e oristy

. RESULTS AND DISCUSSION
N AN VAN,

Figere 1 shows the experimenta] emission intensity-time curve obtained

for a 64 ug/mL potassium solution. To qualitatively describe this curve it

i e

is convenient to divide it into three regions as shewn in the figure:

Region A) At the beginning of the vaporization process, the emission inten-

te . . : . . . . 2
sity increasces rapidly (vaporization rate is proportional to Ar<) as frece

o

atons and other species are volatiliced from the suvtace of the particie.

N4




fonization is alvo ocenrriny in this region and will serve to decrease the
emitling atom population.  Region B)Y  In the sccond region, the vaporization
process continues (the vaporirstion rate is now proportionial to Ar) to pro-
duce free atoms and other species while ionization continues to remove the
emitting atoms. The combination of the slowcr.productjon and the continual
removal of the free atoms causcs a slowing in the rate of growth of the
emission intensity. Region C) At the completion of the vaporization process
there is the continued removal of the frec atoms through the ionization pro-
cess. This results in a decrcase in the emission intcnsity;

In order to {1t ecquations 19-21 to an experimental curve, it is nec-

s ko, t, r, K and t.. These valucs

essary to ohtain vatues for K',kvl ; e e V2’ £

arc calceulated frem five daota points sclected from

the experimental curve (<f., for example, Fig., 1). The first data point

is located at the begimming of vaporization (t = 0, I = 0). The second point

is choscn on the rapidly rising portion of the curve, near the beginning of .

vaporvization. A third point is sclected near the maximum intensity. The

b i e

foucth and fifth points are chosen u short time beyond the maximum intensity

where vaporization is presumed (o be complete. Only the choice of data

point one 1s critical (t = 0, 1 = 0); the others are used only to calcu-

late approximate valucs of the Jesived parameters and establish approximate
time zones (lavge particle behavior, small particle behavior, time after com-
pletion of vaporization) vhich are necessary to define the regions for

these caleulations.  An outline of the method is described below.

G emmiad e o

After vaporisation i< complete (region €), In this region, where only
jopization is occurring, hoand Keon be caleulated from experimental data

points 4 and O aeing cauation (1)




11
'\1 = []/(tu - ts)] 1n(Is/I..) ts > ty > tf (22)
: >
K' = (Iu/roa)eklt" te > te (23)
Large particle time period (region A). In this region, k,, can be
calculated from experimental data point 2 using equation (19) and the values
calculated from cquations (22) and (23).
-1 2 .3 I kity,2/3 .
kyy = (o2 - (00 - U 1T 0 <ty st (24)

Small particle time period (region B). To calculate kvz’ a value for
r. is nccessary. The critical radius is conveniently set initially at :ero
(Jarge particle wodel) and iteratively increased to yield the best calculated
‘ fit to the experimental data points. A value of t. can now be calculated
from equition (17). With this valuc of t. and experimental data point 3,
it is possille to calculate first kv2 (equation (25)) and te (equation (18))
using equation (20):
1 /3 <

. — Iy 3 _ (Iaykitsy]
kyo = (t3 - t ) Ire = (rg® - (GHe )] gty St

(25)

Two things should be noted concerning the method of calculating the
unknown paramcters as described above: (1) the experimental data point(s)
used to calculate a specific parameter must fall within the time zorne where

that caleulation is valid;  (2) once a value has been ealculated for each
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of the curve-tfit parameters and the time zones established, any desired
number of data points (we normally use 15 for the entire curve) can be
assigned to the appropriate time zones and the corresponding curve-fit
parameter can be calculated and averaged for all data points that fall

f within that time zone.

Figure 2 demonstrates the improvement in curve-fit which the combined
model provides uver cither the large or small particle model for droplets
of a 64 pg/mlL potassium solution. The various curve-fit paramcters for each
of the three models based on I'ig, 2 are shown in Table 1. The difference

; in intensity between cach experimental datu point and the calculated value
is squarcd and summed for all of the cexperimental data points. This value
is reported as the % (residunl)~ in Table 1. The sum of the squares of the
r~siduals for the combined model indicates dramatically improved

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

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

- -

curve are shown for vaporizotion of a particle derived from solutions of

64 ug/mL sodium and 64 ug/ml, cesium, respectively. The combined-model para-

meters for these ewission intersity profiles are compiled in Table 2.  The

\; accuracy of vaporization rates cited in Tables } and 2 is limited by the use

: of approximate solutions to differential equations (6) imd (12). In a com-

‘ , parison of these results with an exact numeric solution of the differential i
‘ ‘ equations, we have found an error in calculated vaporization rates up to 10%.

However, the simplicity of the present treatment and its utility for calculating

-
[ N

ionization vates renders such a possible ervor acceptable in many cases. Nork

is currently underway to evaluate mmerically the vaporization rate constants

L G

T

for cach of the otkali wetais,  Importantly, the error associated with the s




prescrt approximition is determinate, and will be greatest for metals which
exhibit the most ionization (e.p., Cs).

Few of the parameters calculated form this model and reported in Tables
1 and 2 can be compared with literature values bccause, 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 arc
0.88 um, 0.86 um, and 0.64 um, respcctively. Using appropriate values of
the diffusion cocfficients for the clements as reported by SNELLEMAN [12],
valucs of the mcan free path for sodium, potassium and cesium are calculated
to be 0.77 wn, 0.55 pm, and 1.29 um, respectively [4). These differences
between critical diameters and mean free paths could be due to some un-
certuinty in the values of the diffusion cocfficients and/or the effect of
combining the large and small particle modecls in such a manner that the
change from one model to the other is abrupt in our treatment whereas in a

rcal system the chunge would be gradual.

CONCLUSION
AN NN
In this study a combined vaporization-ionization model for single
solute particles in flames is desceribed. This model provides a ncew method
for the Jdetermination of the rates of ionization and particle vaporization.
For the first time, approximate vaporization rate constants for threec alkalj
chlorides are reported.  Although the wmodel has only been applied to a

selected number of elements, it is belicved to be of general utility for

- - -~ - e — v Lo -




systems which exhibit first-order ionization. The model can, however, cause

large systematic crrors in calculated vaporization rates when the ioniza-

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

equiations are being cxamined in morc detail.
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Figure 1.

Froure 2.

bigzure 3,

PIouy LECENDS

Pive representative data points and calculated intensity-time
curve for volatilization of a particle obtained from a 27.5 um
droplet contayning 64 pg/ml potassium as KCI. D are the
experctmental datu points. The points are from the threc time
zones; A, large particle vaporization region; B, small particle
viaporization zone,  and €, time after vaporization is complete.
Point 1 0~ taken at the beginning of vaporization, t = 0, I = 0,
Point O as chosen before the eritical time, tc. Point 3 is
cho-en nesr the vaxirmam,  Points 4 and § are chosen after the

tuae . t,., whon vgpovication is complete.

Faveriw ntal data points and calculated intensity-time curves
for viporitation of particles obtained from a solution of

0 up 3 ot Inttial droplet diameter is 27.5 ym.
[z] are the eaperipental data points. L is the calculated
curie for the larpe particle model. S is the calculated

curve o the oo b particle modeld, C is the calculated

curve o the coabindd model,

Lape vimental Jdat . points and the conbined model curve-fit for
vaportzation of {artivles obtained from a 64 pg/mL sodium solu-
tove. e anataad droplet size i 27,5 pm, [:] arce the experi-

e ol b pot




Figuve 4.

Experimental data peints and the combined model curve-fit
for vaporization of particles obtained from a 64 ug/mL cesium
solution, Initial droplet diameter is 27.5 um. [:] are the

experimental data points.
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