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Models are developed which describe the synergic effects of analyte

vaporization and diffusion rates on the spatial distribution of atoms

surrounding an individual solute particle.
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ABSTRACTwv~~~~

A theoretical model is developed to describe the synergic effects of

analyte vaporization and diffusion rates on the spatial distribution of

analyte atoms in the vapor cloud surroundidg an individual solute particle

in a laminar flame or plasma. A mathematical convolution of the vapori-

zation and diffusion processes is used to describe the analyte spatial

distribution. Unfortunately, the resulting convolution integral cannot

be solved in closed forts for the experimentally observed vaporization

function, and several simplifying approximations to the vaporization func—

tion are compared and shown to be useful. With this new model, the

analytical consequences of changes in both diffusion coefficient and

vaporization rate are examined, and the resulting changes in spatial dis—

t ribution I)f atoms about a typical analyte particle are compared.
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• An important endeavor in the improvement of all ri t I lmic  :;Iwctromt t I - i c

methods of ana]ysis is the study of spatial atom d i s t r lb u t i on 8  in tlw

analytical source. A quantitative knowledge of the physical rind chem icril

factors that determine a par ticula r f r ee at c~m distribution is import .int

in understanding the influence of many interferents and is an essential

part of the effort to achieve absolute flame or plasma atomic spectrometric

measurements (1).

• The distribution at atoms in an analytical flame or plasma strongly

affects  the optima l experimental configuration to be emp loyed in atomic

spectrometry . For example, in flame spectrometry , an optimal flame heigh t

exists where most of the analyte atoms have been released but where they

have not yet fully equilibrated through ionization or recombination

rea~ctions. In ’addition, the horizontal distribution of atoms across a

flame or plasma determines the proper optical aperture for measurement of

the atoms, be it by absorption, emission , or fluorescence. For instance,

a narrow atomic spatial distribution in an atomic absorption experiment

will cause greater non—linearity of working curves due to source radiation

entering the detector without having passed through the sample atoms. In

an atomic fluorescence experiment as well, a narrow atomic vapor cloud

would experience a smaller cross—section of the exciting radiation than a

broader cloud . Lastly, in atomic emission spectrometry , a high concentra-

tion of analyte atoms within a narrow region of the flame or plasmd center

would produce different self—absorption characteristics than those produced

by the same number of atoms distributed over the entire source.

Conveniently , the same processes affect the distribution of atoms in

both flames and plasmas , so that studies designed to explore these phenomena

in one source will yield results app ] icab]e to the other. In both kind s of

source , final spatial  var i ;it lons  In a tom concent r at i on  arc gnv crne d by tIIc
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initial distribution of aerosol droplets , by t h ~ ]ocation of the dried

(and pethaps fragmented) solute part: (d es wlildi result front desolvation of

the original aerosol , and by the ~pread1ti~ of a tomic  vapor produced U~ Ofl

vaporization of the solute particles. In t u r n , localized variations in

the number density of droplets, p .u-Licies , and a t o m s  are controlled by

two distinguishable forces : convective and d i f f u s i v e . Convective forces

arise from motion of the flame or pla~;ma gases about the droplets or par-

ticles while diffusive forces arise front concentration gradients and serve

to spatially spread the droplets, particles , and atoms apart from each

other. Clearly, prediction of the final atom concentration In an analyti-

cal source will require a complete understanding of the effect of both

these forces on the sample components during the atomization process.

In flame atomic spect rometry , It has been established that contami-

nants or matrix components In nebulized solutions can cause changes in

the lateral distribution of analyte atoms in the measurement region (2—4).

Clearly , this kind of interference can be quite troublesome in practical

flame spectrometry . For example , if a sample and standard solution create

different lateral atom distributions and the spectrometer ’s optical system

• is optimized for the distribution of the standard , the sample measurement

will produce either lower or higher sensitivity, depending on whether the

• sample atoms are more or less dispersed than those of the standard .

L”ov and co—workers (5—7) have a t t r ibu ted  these lateral distribution

anomalies to differenc es in the size and density of the aerosols generated

from the two solu tions, and a consequent change in the vertical spread of

the aerosols as they emerge from t h e  burner top. In contrast, West, Fassel,

and Kniselcy (8) aser I hed thu 1 a t  ci:al di t r ib l i t  I on var fal I ot is to an Inter—

ferent—praduceti Itait ~e I I I  t h e  fti;%~~ i 00111 V ; % 1 1 1  i a t  • f l  i t’)~ Ott Of I hi• nna  y t u

In practice , ci thor  mecitanl sin I n c  t h e  m t  • I er e l i c e nct nts v i ab l e  anti in



m’. :;t sit ua t ions  the two probably ac t in concer t to de term ine the observed

att ’~ (hist ri1)IItions. In order to understand how the lateral, spread of

aero~.-~I particles and the vaporization rate of those particles Interact to

pr o~ ucc an observed lateral distribution of atomic vapor, and indeed to

tinde ’ stand th e detailed microscopic processes leading to atom formation and

di~ t ri ,but ion , it is most meaningful to examine the spatial distribution of

atorL~r creatod by an individual aerosol particle in a laminar analytical

Acc ord ing ly ,  the objective of th i s  paper is to develop an accurate

modt 1. of th ic  spa t ia l  d i s t r ibu t ion  of atoms generated by volatilization of

an i d i v i du a l  solute particle In a laminar analytical flame . This model

por t rays  the combined e f f ec t s  of vaporization and dif fusion as a convolu-

t i on  ~)f the two processes and neglects the influence of vapor—phase reac—

tioj i ; on the re sul t ing  spatial atomic distributions. A rigorous numerical

solution to this convolution will be presented and evaluated. In addition,

approximate vaporization rate functions will be compared which allow analyti-

cal solutions to the diffusion—vaporization convolution, and which yield

moi C readil y utilizable mathematical expressions. In a paper to follow,

cxl)criincnL~ l. measurements will be used to verify the validity of the work

and r:odei presented herein.

THEORETICAL MODEL
WvvVV f JtJWVVVW~,

As a solution drople t  travels through an analytical flame , the heat

t ran~;[crred to it from the flame causes the solvent to evaporate (9). Once

de s o lv a t i o n  is comp l e t e , the surface temperature of the dried aerosol

• p ar t i c l e  wil l ,  rise and soon reach a level sufficient to cause noticeable

vol~~ti1lzat [oii of analyte atoms . Because these events arc kinetically

Co ol  roiled , d r o p lets  of a particular size and wh i ch follow a particular
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path through the flame will require a reproducible residence time in the

flame before analyte vaporization begins (10). Correspondingly , because

droplets and their vapor products travel vertically with the flame gases ,

any variation in the time required for desoXvation will merel y produce a

change in the flame height where vaporizati,on begins. Other than this

predictable vertical shift, changes in droplet residence time will have

little effect on the spatial distribution of atoms created by an individual

aerosol droplet and will be Ignored here. Accordingly, in the present

model , the time when volatilization of analyte atoms first begins will be

assigned the time coordinate reference t 0; any displacement of this

temporal reference can then be easily incorporated into further treatments.

As soon as an solution droplet is introduced into a laminar flame , the

raç idly rising flame gases act through viscous forces to accelerate it;

by the time the droplet is completely desolva ted , its velocity is experi-

mentally indistinguishable from that of the flame (10—12). In turn, because

a dried, vaporizing solute particle travels essentially at the flame gas

velocity , it can be assumed to be surrounded symmetrically by its vapori-

zation products. Consequently, a spher ical spa tial coord ina te system can

conveniently be adopted , whose origin (r = 0) lies at the center of mass
of the vapor cloud. Of course, because the cloud travels at or near the

flame velocity, this origin is not fixed, However, by defining such a

moving reference , the spherically symmetrical cloud can be described in

terms of a single spatial variable r.

With the aid of this spatial and temporal coordinate system, the
I,

distribution of atoms about a volatilizing particle can be described .

Analy te atoms released during the vaporization process can be carried away

from the particle by either diffusion or convection. Of course , in a

laminar ana lytical ftam~ such as most often em ployed in practical flame

4
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spectrometry , the predominant mass transfer phenomenon is diffusion. There-

fore, the transport of analyte atoms within the spherical vapor cloud is

governed principally by Fick’s laws (13), and the radially and temporally

dependent concentration of analyte atoms C(r,t), will be given by:

6C(r,t) — D R!c(’rp t) 
+ ~ 6C(r~t)]

- L 6r2 r 6r J (1)

In equation 1, t is time measured from the onset of analyte vaporization ,

D is the diff usion coefficien t , and r is the radial distance from ’ the center

of the spherical vapor cloud.

If vaporization were instantaneous, equation 1 could be solved in a

rather straightforward manner. To do so, let be the number of atoms

va~orized; then at any time after vaporization,

N 2t —r /4Dt• C(r,t) 8(nDt)3~
T e (2)

Unfortunately, vaporization occurs on the same time scale as does the diffu-

sive transport of atoms. Thus, each successive increment of analyte vapor

must diffuse into a region which has a concentration of analyte atoms already

established by the previously vaporized analyte. Because diffusive forces

are controlled by concentration gradients, the solution of Fick’s Laws for

this problem must account for the fact that analyte vaporization “ecurs

during the diffusive transport process. This accounting is possible through

the incorporation of a vaporization function •(t) into equations 1 and 2.

To incorporate a vaporization function into equation 1, a solution

must be found which sums the effects of each small increment of analytc

L 

vapor introduced. The solution, accounting for the synergEc effects of

diffusion and volatilization in creating a spatial distribution of atoms ,

- -~~~~~ - . . • • ,

~~~

-—
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is a convolution and , with a generalized an a ly t e  vaporiza iou rate , 0(t),

takes the form :

(t~ ~r
2/1mD (t-t’)

C(r,t) 
~~~~~~~ 

• ~(t’) ~ Tt_t rT~rr— C u ’  (~~)

In this equation, t ’ is a delay parameter accounting for the vapori.~~ t ion

from the beginning of vaporization (where t = 0) and summing the e f fe c t s

of each increment up to the last time to be considered (where t i
i
). To

apply equation 3 to the calculation of atomic concentratiotis ~ t different

times during vaporization requires that  the range of the i n teg r a l  ( t h e  t ime

range under consideration) include all signi f icant  anal yt’ e ~inpor i z a t  in n ;

thus, tf 
must be set equal to the observation time t. However , when post—

vaporization times are of interest , only the vaporization period need be

included in the range of the integration , so that tf must then be set equal

to the time corresponding to the completion of vaporizat ion.

Of course, for the above treatment to accurately describe the spatial

distribution of analyte atoms, an appropriate vaporization function 0(t)

must be chosen. Hieftje and Bastiaans (10) have shown experimcnta]l y,

through measurement of the rate of analyte appearance f rom i n d i v iu n i  solu-

tion droplets in laminar analytical flames, that of radius of a vaporizing

solute particle follows a relationship of form

1 2 2t
~~~~~

(ro _ r
d) for o �t ~~~.~! (4)

where r
0 
is the initial dry aerosol particle radius (jim), rd 

the radius  at

tIme t , and k is the vaporization rate (pm 2/ s ) .  Obviously ,  the mass lost

by the condensed—phase particle as its radius decreases must be gained by

- -, 
•the vapor phase. Because a certain fraction, ~~, of that mm~as~; en t e r i n g  the

U. 

—, - —,—~~
- -

—-—  - -~~——~~~~~~~~~
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vapor phase will be in the form of free analytc atoms, the relat i on fe

the flux of atoms (atoms/s) into the vapor phase , ‘l ’ ( t ) ,  can i)1 derived :

•(t) = 21Tp~k(r 2 
— kt)~~

2 for 0 .�. t .�. r 2 /k (“ )

= 0 for t > r 2 /k (6)

where P is the density of analyte atoms (atoms/ji m 3) in the conden sed p1ma~:e.

The shape of this vaporization function is graphically presented as curve

A of Figure 1.

By substituting the observed analyte vaporization rate , equat io n 5 ,

into the solution of Fick’s Law, (equation 3) an equation can be derived

which describes the atom concentration as a function of radial distance

in the vapor cloud and of time from the initiation of vaporization:

• r., ~ — 
p

• ~~~ j  — 
41 1 ( z D r t 2

Unfortunately , equation 6 cannot be solved in closed form but must he

evaluated numerically .

• . Because of the potential utility of an analytical solution to this

convolution integral (equation 3),  it is worthwhile  to approxiate  the

vaporization function c~ (t )  by simpler but similar functions . Two such

approximat ions will be considered here .- The f i r s t  and simplest app roxi m:m—

tion to the vaporization function is one representing a constant rate of

mass loss; i .e.,  it assumes that analyte atoms are liberated at a constant

rate over the entire vaporization period :

•(t) = k~ for 0 � t ~ 
• (7)
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The solution of equation 3 using this constant vaporizat ion model Is  as

follows :

icy 
_____c(r,t) = erfc 
(~~~~

_
)~i) for t � t,,

and 
. (8)

____ 
r rC(r,t) = Z

~rrDj 
erfc 

(2 ftJ~~~) 
- erfc 
(2CD(t_tv)~~~~~

for t > t~
A closer approximation to the experimentally observed analyte vapnri •

zation function is one in which the rate of vaporization decreases line:~ri y

with time during the entire time over which vaporization takes p]ace. Tie’

mathematical statement of this model is as follows:

1(t ) = qt + Q for 0 ~ t ~ t~ (9)

where a and ~ are the slope and intercept of the linear function. A graphical

comparison of the true vaporization function, equation 5, and these approxi—

mations , equations 7 and 9 , is given in Figure 1. The solution of the con-

volution integral , equation 3, with this linear approximation to the vapori -

zation rate , equation 9, is:

C(r ,t) =
~~~ rD [(t ~~~~~~~~~~~~~~~~~~~~~~~~~~ r(~~j )~~

’
e

_
~~

’/
~1)t]

for 0 � t � t t.

and (J o)

C(r,t) = ~~~~~~
_ 

([t + 
~~~

+ 

~~]E
°(2

~~~
-p
~~
)- errc(2[D(t y

-~-i~~
)J

-

• i
j~~~ i~~~~ 

[~
t..tt~ ~~~~ e~~~/ t t f) 

- t i~~~~ r2/~ Dt]
)

for t > t ~
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RESULTS AND DISCUSSI ON
~~VVWJWWWVV\~ AIVVVV~

The equations developed in the prccecding section, describing the

spatial distribution of atoms surrounding a volatilizing solute particle,

are suff iciently complica ted that an understanding of their physical rel-

evance cannot be gleaned by simple inspection. Moreover , a simple graph of

radial concentration of analyte at any particular time is difficult to

interpret. Discerning from such a plot the total number of atoms in a

particular vapor cloud is not simple; one must integrate the product of the

graph ’s value times a factor representing the volume of a standard (fixed

thickness) spherical shell at each radius. Another problem with this type

of graph Is that the model employed here requires that the concentration

of vapor phase analyte be infinite at the center of the vapor cloud during

analyte volatilization. This problem derives from the fact that the vapor

phase atoms are being injected into the system in an infinitely small volum~.

A better apprecia tion for the mathematical model can be gained by

plotting the number of atoms contained in a thin spherical shell of uniform

thickness as a function of the shell’s radial distance from the origin.

Let the thickness of the shell be ~r , and let the shell extend in radial

distance from the center of the vapor cloud between r — ~r/2 and r + t~r /2.

The volume of this spherical shell (tW) can be expressed as

LW = 4rTr 2L~r + 1T(t~r) 3/3 (11)

The relationship between concentration and the number of atoms in the thin

shell now become s

N (r ,t) = LW C(r ,t ) (12)

The parameter Ar will  be fixed for any given representation and must be



_ _ _ _  —-~~~~~
_ 

~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~~

chosen on the bS1BLB of the resolution desired. A plot of N(r c) versus

radial distance in the vapor cloud can now easily be used to determin e the

swmber of atoms in a sphere of a certain si~c. or indeed in the ent i re

vapor cloud. simply by observing the area under thc curve f ront the origin

to the radius desired. A plot of equat i on 12 reveals that N(r,t) nj roaclies

gero as the radius of the shell becomes sinafl.  Thi-s behavior does not imp l y

that concentr ations are not great near the origin~ rather , the volume of

the shell-s near the origin are simp ly so stn~U that veiy few total. atoms

reside in each, even at high atom concentr ations .

To gva],~iate the utility of th e m odel-s described in the previous ~eetion,

let us theoretically c~camine the -spatial. distribution of atoms predicted

from a typica l aerosol droplet used In a practical analytical- situution.

Lot this avarage drople t be 10 j im in diameter and be comprised of an aqueous

iolution containing 100 h g/mi of Cs as the chlc ’rtde and be vapori zed in an

air/C2H2 flame . When desolvation of this droplet is complete it  can be

assumed that the result ing aerosol partic le wi].]. be a sphere of Cad 2 of

radius r0 O.25.~ j im and den sity p 1.167 x l0~~ Ca atoms/pm
3 (14) and

which travels essentially at the flame ’s ve loci ty.  When thm1 •~ p ar t i cle

vaporizes, it is anpected to pr oduce a cloud of atomu whose spatial. chnrue—

terieties ch ange with time in accordance with equation s 6 and 12. However ,

two parameters, the vaporization constant and the diffusion coefficient,

need to ~e defined in order to evalunte those equations . f last isans and

Hiettj e  (22)  have shown cxperinientntly that  Ca vapori zes in an air/C 2112
flame according to equation ~ and thnt  the vap ori zat ion con st ant ~ is

1148 ~~2~—l $noiinum (13)  has meanur ed the diffuLUon co eff ic ient  of Ca

in an air/C 2112 fl-nmc and found I) — 3.0 x 10~ pm 2s~~. Figure 2 shows a

three=cIlmn(’uI,,ion(m l P~°~ 
Of (~

%(, ~ui’ t’d ~~t t’~ ~ ~
‘ PI’P~1~ t ~~~ per mihe l 1 ,

versus the  hui ’i 1 s i’ m )  I al i l l  at auei ~ I rent I he or ( g i n  u t  I In’ vapor cloud uuul

v ’rsiu’ tlun(’ for iithi t yp i c a l  ( Ir o)slet. In an a t  r/C ,1112 r1iim~’. -

- _ ____  — 

-~~~~~~~~~~~~~~~~ .- _~~~~~~~ Lr~~
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In calculating Figure 2, it is assumed that height in the f l a m e  is

proportional to t ime because the aerosol particle and its volatilization

products move at the flame ’s velocity. At a typical rise velocity for

an air/C2112 flame of 10 rn/s (12,16,17), one 
L
nlillisecond of elapsed t ime

represents an upward translation of one centimeter for the center of the

vapor cloud. Consequently, for the particle under consideration, vapori—

zation occurs during the first 55.8 h~
s, during which time the cloud and

particle move upward 0.558 mm. Figure 2 shows that during this vapori-

zation time, the number o liberated analyte atoms increases while the

diffusive forces spread the vapor cloud radially. After the completion of

vaporization, the number of atoms in the cloud remains constant but diffu-

sion continues to spread the vapor cloud.

The results portrayed in Figure 2 are not unexpected . However, of

greater interest is what happens to the analy te vapor cloud when a ma trix

component causes a change in the analyte volatilization rate. In the mathe—

matical models proposed here, vaporization is an important factor in deter-

mining the spatial distribution of analyte atoms. To underscore this fact,

Figure 3 depicts the differences in the time—varying atomic spatial distri-

bution which would result if only the vaporization rate of the particles

• should change. Figures 3a, b , c, and d represent radial atomic populations

for 10 pa, 50 jim, 70 jis, and 200 jis after the initiation of artalyte volati-

lization respectively. In each instance curve A represents the nui..ber of

atoms per shell (shell width , 1~r, is 100 pin for the same “typical” CaCI2

solution droplet used to calculate Figure 2. The curves labeled B and ~

represent similar calculations for the same solution droplet bu t with a

different vaporization rate being assumed. Specifically , curves B and C

represent a 20% change (slower and faster respectively) in the analyte vapori-

zation rate.
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In Figure 3a, one sees that the majo r initia] e f fect  of c h a n g h i i ~ th e

vaporization rate cons tant is that the total number of at .ouus present In  the

vapor phase is altered. This conclusion derives from the d i f f e ren t  areas

but similar shapes of the three curves in Figure 3a. For example , eomp .irin~

the areas of curves A and B in Figure 3a , one calculates for this particular

system that a particle with a 20% slower vaporization rate (curve h~) yield~
;

about 20% fewer freed analyte atoms after 10 ps. In comparison , Fi~;ure 3h

shows similar differences in the number of atoms for the three vapnrlz.it ion

rates near the end of the vaporization process. By this time , 50 jis after

the start of analyte volatilization , subtle differences in the shapes of the

vapor clouds begin to appear. The apparent trend is for the more slowly

vaporized analyte to form a more compact vapor cloud . This trend is more

dramatically shown in Figure 3c, where analyte volatilization is complete

even for the slowest case being considered. In Figure 3c, curves A , B, and

C have equal areas, indicating that there are equal numbers of atoms in the

vapor phase after volatilization is complete. On the other hand , curve B

is considerably shifted toward the origin, demonstrating that slowed vapori-

zation of analyte causes the resulting vapor cloud to be less diffuse.

Figure 3d illustrates that at a relatively long time after the completion

of vaporization, the effects caused by small changes (± 20%) in the analyte

vaporization rate are still present although of lesser magnitude than earlier

in the cloud ’s history .

In contrast to the changes wrought by an altered vaporization rate

(Figure 3), Figure 4 reveals the effects of changing analyte diffusion

coefficient on its d is t r ibu t ion  in the vapor cloud. The curves labeled It

in Figure 4 are again the predicted time—varying atomic spatial distri-

butions for the same “typical” CaC12 solution drople t  used in FIgures 2

and 3. In all cases , curve s labeled D and E represent a 20Z decrea~w and

—

~

——— i-. . _ 
~~- - - .. - - -~ - - - - -
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increase , respectively ,  in the d i f fus ion  coeff ~ c 1.en L fr om th e ~t , iiuiitd Ca( 1 2

solution droplet plotted in curves A. Figures ha , b , e , and d repr.~ wnt tI ~

distribution of the vapor—phase Ca after 10 ps, 50 jis, 70 ps , ~,iui  ‘( a )  p .

respectively , from the start of analyte vaporization . in eontr a~;t to Fi~~i ii ’

3, at every time being considered here , curves A , 1), mid E have t q t i . i i  ar i .~

indicating that the vapor clouds being represented contain an equal nuinb~’r

of atoms. As expected, at each selected t ime, the general shape of curves

A, D, and E arc similar. Curve D, with its more mobile atoms , con~istenti v

displays a more diffuse vapor cloud.

Thus, it appears that both vaporization rate and diffusion co~’f fieient

are important factors in determining the spatial  d i s t r i b u t i o n  of mid l y t e

atoms in a flame. • However , the effects of the two factors are distingui~;h—

able. One difference in the effects is apparent during the analytc vapor [--

zation per iod , i.e., before the time when vaporization is complete. Figures

3a and 3b show that when vaporization rates d i f f e r , the to ta l  number of atoms

present at any one time during vaporization will also differ. On th e ot h er

hand , Figures 4a and 4b show that if diffusion coefficients change , only the

spread of atoms and not their number will change at a particular tim e du ri ig

volatilization.

Figures 3d and 4d show that at long times after analyte volalil iza tiori

is complete, another difference exists between th e effects of chan~ iu g

vaporization rates and changing diffusion coefficients. The varia riuil in

spatial spread of atoms caused by alterations in analyte volatiliz.ition rdte

become relatively small , as seen in Figure 3d. In contrast , the dcpendcn~e

of atomic distribution on vapor—phase analyte mobilities can be seen in

Figure 4d to be still relatively large. At intermediate times the effects

of the two changes arc very similar , as can be seen by comparison of

Figures 3c and 4c.

• -. - . --
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Because the spatial distribution of atoms Is cont . rt lled by both ,  th i t ’

diffusion coefficient and the vaporization rate , the mechan t sin for  any

“lateral diffusion interference” might result from changes in e i t h e r  or

both. However, in conventional flame systen~s, it will be di f f i c u l t  to

ascribe the observed interference to either. source. Wh ile differences in

these effects seem dramatic in Figures 3 and 4, the unpredictability and

lack of control of typical nebulizers and burners makes it unlikely that

the effects of diffusion and vaporization will be distinguishabl’.~ from each

other. The differences noted during vaporization would require optical

resolution on the order of hundreths of millimeters in ,-i conventional

flame system. Other differences, noted in Figures 3 and 4 long after

particle volatilization is complete, would also be difficult to observe

in typical analytical flames. Such observations would have to be made

high in the flame , where the flame is unstable and where atmospheric entrain-

ment becomes significant.

Convenient incorporation of the foregoing theory into models for atom

formation and into studies on interference effects requires a closed—form

solution to the integral equations ; in turn, such closed-form solutions

require approximations to the vaporization function ~~t) to be employed .

Because equations 8 and 10 represent such approximate solutions , let us

evaluate how well they represent the true (equation 6, numerically inte-

grated) behavior under a variety of conditions and which would be best to

employ in further treatments. In the constant vaporization (CV) model,

the vaporization rate, k
~
, and vaporization period , tx,, can be varied to

produce the best fit to the true vaporization characteristics of the anal yti’,

represented by equation 5 and portrayed in curve A of FIgur e 1. The best.

f i t Is found by keeping t equal to the true f u n c t i o n ’s vaporiz:i L Ion per loti ,

r2
0/k. Requiring that both vaporization f u n c t i o ns  prOdLI (o the fl.IflIt 

~~ . -~ -- 



-

15

of atoms sets the value of the vaporization rate, k. In the ease of the

10 urn droplet of CaCl2 used in Figures 2 through 4, a best fit of the CV

model to the true, experimentally confirmed vaporization function is:

(13)

In the linear vaporization model (LV), three parameters are available

to adjust the approximate vaporization function: q, Q, and tf~ The values

of these parameters are determined by minimizing the integral of the square

of the difference between the true and approximate functions. This model

best fits the experimentally determined vaporization of the 10 u rn droplet

of Cad 2 when:

(14)

Figure 1 graphically compares the true, experimentally confirmed vaporization

function with these two approximatio~~, represented by equations 13 and 14.

Using the above approximations to the vaporization function, Figure 5

compares the constant vaporiza tion (cv) and the linear vaporization (LV)

models to the behavior predicted by the more rigorous theory of equation 6.

Figure 5a portrays the atomic spatial distributions predicted for 10 ~is after

the initiation of analyte volatilization. Both LV and CF approximations pre-

dict the correct shape for the atomic vapor cloud at this very early time,

even though the CV model fails tr predict the correct number of atoms in the

vapor cloud. Figure Sb shows that near the end of vaporization the constant

vaporization model more closely predicts the correct number of atoms in the

vapor cloud but the atoms are decidedly closer to the origin than the true

• function indicates; at this same time , i-he linear vaporization function fits

thin true bt~h,av I or very wel ~ Indeed. Fi g~ir e 5c shows that short i y i t i t  er t he
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completion of vaporization the linear vaporization model is indistinguishable

from the numerical integration of equation 6 while the constant vaporization

model predicts a considerably smaller vapor cloud . A relatively long t ime

after the completion of vaporization, portrayed in Figure Sb, both the

constant and linear vaporization models provide a reasonable approximation

to the true predicted behavior. 
- 
Thus it appears that the linear vaporization

model, represented by equation 10, can be used to reasonably approximate

atomic distribution in e large number of instances w h i l e  the constant vapori-

zation model only approximates the spatial atomic distributions at long t im es

after vaporization is complete.

CONCLUSIONSwwvwv~~

The spatial distribution of atoms created by the vaporization of a single

aerosol particle in a laminar flame can be mathematically modeled. Equation

3 is the general mathematical representation of this model. A rigorous solu-

tion of the model, using an exper imentally determined vaporization rate,

requires numerical integration of equation 6. The results of this integra—

tion have been used to prove that  the rate of volatilization does indeed

play a significant role in determining the spatial distribution of atoms in

an individual vapor cloud.

The theory of spatial distribution of analyte atoms vaporized from

individual aerosol droplets , as presen ted here , distinguishes betw’-en the

effects of analyte mobility and vaporization. For this reason, these theories

should be useful in determining the mechanism of the “lateral diffusion”

interferences in practical flame atomic absorption spectrometry .

Coupled with a prediction of the distribution of aerosol droplets

entering a practical flame , this theory should aid in p r e d i c t fn t ~ the spatial

distribution of at oms in even comp l ex f l a m e  systems (18) . Such accurate 
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descriptions of analyte distributions will be essential in the quest to

achieve absolute flame atomic absorption measurements.

In some applications of this theory , an equation which does not require

numerical integration may be desirable. Such analytical solutions are pro-

vided by equations 8 and 10 through the use of -approximat ions to the vapor i— —

zation rate. While these solutions are not as rigorous as equation 6 , the

error they cause under various conditions has been evaluated . The linear

vaporization model , equation 10, can -be used to reasonably approximate atomic

distributions both during and after analyte vaporization. While the constant

vaporiza tion model, equation 8, never predicts spatial distributions as

accurately as the linear model, the errors become small at long times after

vaporization. For some applications, the relative mathematical simplicity 
-

of equation 8 may be more important than the errors that its use will cause.

Of course, the calculation of spatial atomic distributions for any

particular system requires a knowledge of the analyte diffusion coefficient

and vaporization rate. Bastiaans and }Iieftje (12) and Clampitt and Hieftje

(19) have experimentally studied rates of analyte vaporization in flames.

The diffusion rates of atoms in flames have been measured by several

investigators (15,20).

The theory, as presented here, is limited in that it does not account

for perturbations in the atomic vapor cloud shape due to the overlap of

vapor clouds from neighboring aerosol particles. This theory also does not

accc’jnt for the effects of chemical reactions which may change the free

atomic populations in different portions of the vapor cloud .

In a subsequent publication (21), this theory will be tested with

experimentally measured spatial distributions of analyte vaporized from

individual solution droplets injected into an anal y t i ca l  flame . These mea—

suremcnt - s will  be used to deduce e f f e r t iv e  nn~I ly t c  d i f f u s i o n  coef f i c ien t s

and investigate the la teral dif f u sion i n t e r f e rence. 

-- - -
~~~
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GLOSSARY

C(r ,t) concentration of analyte atoms in the vapor phase

CV constant vaporization model

k vaporization rate constant for analyte atoms

k
~ 

vaporization rate for the Constant vaporization model

LV linear vaporization model

N number of vapor phase analyte atoms in a spherical shell of
thickness L~r

Nt total number of vapor phase analyte atoms in a single vapor cloud .

q slope of linear vaporization model

Q intercept of linear vaporization model

r distance- from the center of the atomic vapor cloud

r
d time dependent radius of the vaporizing analyte particle

r initial radius of the completely desolvated aerosol particle ¶

tmr thickness of a spherical shell within an atomic vapor cloud

t time, measured from the onset of analyte vaporization

integration limit for convolution

t,, time for completion of particle vaporization

t’ delay parameter used in the convolution integral

~V volume of a øpherical shell of atomic vapor

vaporization function (atoms/s) for analyte atoms

-
- - p density of analyte atoms (aLoms hmm3) in the condensed phase

fraction of the vapor phase analyte atoms which are neither bonded
to other atoms or ionized.
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FICURE CM’TI OHS
‘vvvvv wuvvvvvv~

Figure 1. Experimentally ver if ied and ap p r o x i m a t e  m odels for  v o l a t i l i z a t i o n

of CaCl2 In an air—acetylene flame . Curve A shows the rate of

volati l ization of Ca atoms f rom a sphere of CaC12 density

p 1.16 x 1010 Ca atoms/pm 3 , having an inIt ia . l  dry radius

r = 0.253 pm and vaporizing in an air—acetylene flame accord-
ing to equation 5. Vaporization constant is k = 1148 pm2 s~~.
Reference point of the time axis , ~ = 0, is the initiation of —

Ca volatilization. Curve CV is the flux of Ca atoms in to the

vapor phase predicted for the same physical system by the con—

stant vaporization model , equation 13. Curve LV is the approxi—

matlon to the experimentally confirmed volatilization of Ca

atoms , curve A , by the linear vaporization model, equation 14.

Figure 2. Radial and time dependent vapor—phase Ca atom populations. The

population of vapor—phase Ca atoms in spherical shells of uni—

form thickness, t~t = 100 pm is plotted with respect to the dis—

- 
tance from the center of the vapor cloud t-o the spherical shell 

-

and with respect to time. The time reference point, t = o, is
set at the onset of Ca atom vaporization. The hypothetical

aerosol dr oplet which produced this distribution of vapor—phase
Ca atoms was a 10 pm diameter droplet containing 100 pg/mi Ca

as CaC12. After desolvation, vaporization of Ca was calculated

according to equation 4 with k = 1148 pm2 s~~ and is shown
graphically in Figure 1. Ca vaporization is complete after

first 55.8 ps plotted. The synergic effects of vaporization

rate and Fick’s Law diffusion , D = 3.0 cm2T/s, in creating the

• - spatial distribution of atoms shown above is given in mathe—

mnatical form in equation 6.

Figure 3. Changes in analyte spatial distribution caused by changes in

particle volatilization rate. Curves labeled A represent the

Ca atoms in a 100 pm thickness spherical shells from the same
aerosol droplet assumed for Figures 1 and 2. Radial populations

are pred icted by the ~ornb inat ion of equations Ci and 12. Curves

labeled B and C are Ci atom 1rnpiiLitlons p roduced from identical

- — -  
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drople ts, but the droplet In ~ vaporizes 20Z more slowly, and
C vaporizes 202 more rapidly than the droplet in A. The effects

of vaporization rate changes vary with time . PL:ts a, b , C ,

and d of this f igure represent , respectively, 10 lis, SO ps,
70 ps, and 200 ps after the ini t iat ion of Ca volat i l izat ion.

Note differences in both horizontal and vertical scale in

par ts a, b , c, and d.

Figure 4. Changes in analyte spatial distribution caused by changes ii.

its diffusion coefficient. The curves labeled A represent the

Ca atoms in 100 pm thick spherical shells from the same

aerosol droplet used in Figures 1 and 2 and the curves labeled

A in Figure 3. The curves labeled D and E represent system

identical to that used for curve A with only the increase and

decrease , respectively , in the diffusion coefficient. The

relative magnitude of the change in the diffusion coefficient

is identical to the relative magnitude of the change in vapori-

zation rate used in Figure 3 (i .e.,  20%).  Parts a , b , c , and

- d represent the radial analyte population at 10 ps, 50 ps , 70
ps , and 200 ps a f t e r  the s tar t  of Ca vaporization. Note scale

changes in different figures.

Figure 5. Comparison of the predicted radial analyte population produced

by the use of approximate vaporization functions . The curves

labeled A represent calculations identical to those of Figure 2

and curves A of Figures 3 and 4. The curves labeled CV repre—

sent the constant vaporization approximation to this model

(ef. equations 8, 12, and 13). The curves labeled LV repre—
• 

- sent the linear vaporization approximation to this m odel used

for the curves A (cf. equations 10, 12, and 14). The differ-

ences in the vaporization rates of these three models are dis—

played graphically in Figure 1.

• - • _
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