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CHARACTERIZATION OF AEROSOLS IN CALIFORNIA BY X-RAY
*
INDUCED X-RAY FLUORESCENCE ANALYSIS
Robert D. Giauque, Lilly Y. Goda, and Noel E. Brown
Lawrence Berkeley Laboratory
University of California

Berkeley, California  9LT20

July 1973

ABSTRACT

X-ray induced x-ray fluorescence analysis was employed to determine
elemental concentrations in aerosols collected on impactor films and filter
medie during Phase I of the "Characterization of Aerosols in California" study.
Elemental diurnal patterns were established for aerosols collected over two
hour periods. Elemental distributions were correlated with particle size
-distributions. Occurreﬁces in the formation of aerosols were easily detected.
éensitivities routinely attainable within a twenty minute counting interval
corresponded to less than 10 ng/m3 of air for twelve of the twenty elements

measured.
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INTRODUCTION

Elemental analyses of aerosols, coupled with meteorological and particle
size distribution data provide information which correlates the contribution
of primary and secondary sources to the total airborne particulate matter.l’2
From such data, evaluations of the contributions of anthropogeﬁic sources may be
made. Possible control strategies may then be established to reduce air
pollution with consideraﬁle emphasis placed on the portions of the aerosols
.which can affecf visibility and the human respiratory systems. To
determine what technique should be employed for the elemental anaiyses the
following are some criteria that should be considered.

(1) The technique should permit the analyses of a broad range of elements,

ﬁith emphasis placed on certain elements.

(2) High sensitivities must be attainable (ng/m3 level).

(3) The procedure should be relatively rapid (minutes). This permits
preliminary evaluations from which future studies may be prudently
established.

(L) The analyses must be quantitative and the costs should be small.
(5) The technique should be non-destructive so that future measurements
may be made.

A technique that satisfies these criteria is x-ray induced x~ray fluorescence

analysis.

DISCUSSION

General Technique

Figure 1 illustrates the technique employed for x-ray fluorescence

analysis. Exciting radiation provided by an x-ray tube impinges upon the
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filter media or impactor film containing thé collected particulate matter. A
fraction of the photons, if of sufficient energy, produce vacancies in the
inner shells of atoms within the specimen, énd in turn characteristic x-rays
are emitted. These x—fays are detected by a semiconductor detector, sorted
by their enefgies, and the elemental concentrations are determined from the
intensities of the x—fays.

In addition to the photoelectric interactions, a portion of the exciting
radiation is scattered either coherently or incoherently. For analyses of
aerosols collected on typical filter media or impactor films, the intensity of
the scattered x-rays is often quite large compared with that of the characteristic
Xx-rays. In order to obtain high sensitivifies, monochromatic exciting radiation
is employed and is selected of an energy slightly greater than the K or L
absorption edge energies of the elements to be analyzed, but of sufficient energy
that the incoherently scattered radiation does not produce considerable over-
lapping background. Using this procedure, high efficiencies are obtained for
producing photoelectric interactions and high x-ray peak intensities with respect
to background are achieved. A molybdenum transmission x-ray tube3‘produced
the monochromatic exgiting radiation employed to obtain.the data reported in
this paper. High sensitivities for most of the elements in the periocdic table
may be obtained by employing an x-ray tubé with secondary fluorescers, or

different characteristic x-ray tubes.

Equipment and Characteristics

>

For the experiments discussed in this paper, a guard-ring detector
with pulsed-light feedback electronics and a 512 channel pulse-height analyzer

were employed. The total resolution of the system, FWHM, was 225 eV at 6.4 keV
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(FeKo x-ray energy). :Excitation was pro&ided by a_mblybdenum transmission
X=~ray tube:with'comﬁined anode plus window thickness of 0.010 ém. The x-ray
tube.was operafed ét w2 KV and 300 UA. The x-ray tubé, speciﬁen, detector
geqmetry'is shown in Fig.-l. The totaivarea.ofbthe épecimens used varied from
lvto 3 cm? depending ﬁpon thé external tube colliﬁation employéd. VCorrection
for system degd timé resﬁlting either through pile—ﬁpbréjection or analyzer
dead time was made using a gated cléck that measured the total system iive.

time.

Calibration Method.

Aérdsols'collectéd Qn_filter media or impactor.films can in general be
considered as thin épecimens. _Fér most analyses the conceﬁtrations of an
element is directly proportional to the intensity of ité characteristic X-rays.
Matrix enhancement effects are»esséntially negligiblé. Althoﬁgh matrix
ébsorption effects are.usually quite small for most analyses, corrections are
sémetimes necesééry when lower energy.x;rays are'employed for analyses. For
the data reported in-this‘pgper, no corréctions were necessary, hence,
gompensations_for matfix ébsorptibnvgffects'will not be5discussed._

Since the intensity of an x-ray line frbm an "infinitely" thin specimen
is directiy,pfopqrtibpal to the cohcenfration; mj(ug/cme)_Of thé elemenf, the

intensities and elemental concentrations may be expressed as:

I=1 GK, m, : - ' (1)
o = : : . .

J

'where‘Io‘is the. exciting radiation intensity, G a geometry factor, and Kj
(cme/ug).is a factor which relates.the ability to excite and detect an X-ray

from the element j. As previously reported,6 the value of Ié G can be
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determined from a single element thin-film standard'and the relative values of

1

Kj for characteristic x-rays ffom.bther elements are obtained by éalcﬁiating
the rélative proﬁabiliﬁy of fluorescencevexéitation and detection of x—rmy
lines as a function of Z. .The thin-film stahdard is pfeﬁa?ed'by evaporation of
the element onto a thin substrate. The standard is prepared thin enough that
absorption effgcts are negligible (around 100 ug/cmg). Calculated values of
Kj_for x-ray lines from eight'elements have been reported to agree wifhin
several percentvof_measured values from evaporatéd thin-film standards. In
effect, stgndardization for exciting radiation intensity and total system

geometry is made with the single element thin-film standard and factors

converting counts/sec to-ug/cm2 for the other elements are calculated.

Anslysis Program

X;réy spectra of the collected aerosol speéimens are recorded on
magnetic tape and the analytical computatiohs are ﬁade by a Contrél Data
6660 computer. Although our program has beén established for the analyses of
many types of spgcimens, much'lesé tﬁan SQ K of core épace would actually be
required for the analyses of only‘aerbsols. The analysis program is performed
in three steps. TFirst, the x-ray spectrum background.due to the scattered
excitingvradiation'is removed, secondly, the_interferences due to 0verlapping
x-ray lines are unfolded, and thirdly, the ébncentrations of.the eléments in
the original air sampled are calculated from the intensitieé 6f the appropriate
x-ray lines employed>fdr analysis.

vThe'shape of the scattered_exciting background is simply determined
by employing a blénk_filter of mass similér to that of the filters used for the

aerosol collections. The scattered x-ray background within various energy
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raﬁges to be émpléyéd'for énalysis'aré ratioed to the iﬁtensities'qf the
incohefenf plﬁs'coherent scaftered eiciting MoKa rédiation.. Thesé scaﬁtefed
radiatiéﬁ background factors are employed for épalySes. vThis procedﬁre:was
possigie.since'the typical aerqsol logdings contributed oﬁly a couple of
percent to the total mass of the filter plus collected.aerqsol.‘ Also the
loadings were of averagé effective atomic number similar to thgt of the
' célleéfion’mediaf | | |

fixed-sets of channels COrresponding to'preselected energy ranges are
employéd fér dﬁalyses.',Aifhough the spectrometer is stable over widely varying _.
conditions,.oﬁe éf the.more iﬁtense xfrayvlines is used to compensate if a
base—linevsﬂift ocecurs. To obtain high statistiéal accuracies between TO to
80 percent of the total peak aﬁéaé aré employed for analyses. The peak fractions
used are éétablished from elemeﬁtai thin-films. Correctioné.fof overlapping
X-ray lines'are also deterﬁined from the elemental thin;films by establishing
relationship.between individuﬁl x~-ray peak shapes énd.intensities. In effect,
a.series of éimultaheOus equations arevestablished which §0mpensate for over-
.lappingvx—fay,lines occurihg.over the preselected energy'ranges;

The concentrations of the ihdividual eleménts'present in thebaerosol

are then calculated from the individual x-ray line intensities using Eq. (2).

Eﬂiil = = x =2 x i T ‘ B o (2)
3 C A K o :
. m s N ‘ :
where
C and_Cs are thé characteristic x-ray count rates from element j and the

J

‘standard
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m is the standard mass (ug/cmz)‘ -
V is the volume of air sampled (m3) per em® of collection media

K, is defined by Eq. (1).

Sampling -

Samplihg of aerosols wes Cafried_cut during the summer of 1972 by the
Air and Industrial Hygiene Laboratory of ﬁhenCalifornia'Department of Public.
ﬁealth as a partvoflthe‘extensiVe aerosol characterization program sponsored.b&
‘thevCallfornia AirvRescurces Board. Séveral-types.of eerosol collection devices
which used filter hedia and impactor films were employed. We 1limit the results
reported in this paper to data obtained on some of aeroscls collected over twc
.hour intervals for a beriod Qf‘2h houis. Specifically, results obtained on
total aercsols (<;20 u) cr aerosols collected with a Lundgren four stage impactor
which provided perticle size distributions of the elements are reportéd. Analyses
- were performed onlparticulate'ﬁattef collected on stages 3, 4 and the after filter
of the Lundgren impactor. The respective 50% cut points for these stages were
1.5, 0.5, and < O.S M. Emphesis was placed o@ the analysés Qf particulate matter
collected oﬁ stage U end the'efter filter since.these ccntain particles'of the
size rahge which affecﬁ visibility and are efficiehtly trapped in the human
respiratory system.

Various collectiop media thet were suitacle‘for different types of
instrumental analyses were employed duripg this study. These media were also
.used to eveluate bounce-off problems associated With the use of Lundgren
impactors_.7 Either weshed 0.8 u,GA-l Gelman filters or silver memcrane filters
were employed:for the ‘total and after filters. Although dry or sticky Mylar or

Teflon were used for the four impactor stages, only the dry Mylar impactor

’
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films were analyzed by x-ray fluorescence. Typical two hour collections
corresponded to 0.75 m3/cm2 for the total and after filters, and to 2.50 m3/cm2

for the impactor stages.

RESULTS

For most specimens, the concentrations or limits of detection of twenty
elements were determined in twenty minutes or less. Table I lists the
sensitivities attained for two types of collection media employed. The minimum
detectable amount is defined as that quantity which gives a line intensity above
background equal to three times the square root of the background for counting
times not to exceed 1000 sec. The values listed in Table I include the background
due to the Ca, Fe, Cu, and Zn impurities in the Gelman filters and the Zn impurity
in the Mylar film.

Figure 2 shows the spectrum and results obtained on a aefosol collected
over a two hour interval on .0006 cm Mylar on the L4th stage of a Lundgren
impactér. The results reported are in ng/cmg. Since the volume of air sampled
was 2.50 m3/cm2 of impactor film, the concentrations of the elements in the
original air were two-fifths the values listed. Figures 3-9 illustrate a few

.of the diurnal patterns established during this study. When these‘data are
united with meteorlogical, particle size distribution, and other chemical data
they provide considerable insight into the formation of aerosols. We will
initially discuss possible interpretations from the x-ray data alone.

For the Fresno data, the diurnal patterns for K, Fé, Ti, and Mn are
very similar for the total filter. These four elements are most likely produced
by a mechanical process such as wind blown soil (larger particles) siﬁce their
concentrations were an order of magnitude lower for the after filter. The Ca

was also present almost entirely in the large particles and is probably from a
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‘mixture of soil and cement particles. Approximately 3/L4 of the Pb and Br is
present in the‘< 0.5 u range. (This is within the size range of particles which
are trapped with a high efficiency in the respiratory system, 0.05-1 u.) The
Pb and Br arises'fromvauto emissions and the Pb/Br ratio indicates the Pb aﬁd Br
are most likely from an aged aerosol. (The Pb/Br ratio from a fresh aerosol is
less than.B.O.).'Over half the Zﬁ was present_iﬁ the < 0.5 U range. The diurnsl
patterns established for 7Zn during. this study usually-did nét correlate well
With any of the other elements detérmined. Ziné is often thought to be associated
with tire dust. Durihg_these studies, séveral episodés bf high Zn concéntrations
as is illustrated in the Fresno -data at 2260 have occured. ‘The Zn in these cases
was predominately present in the small pafticle éize ranée, < 0.5 u and occured
during late evening or early morning hours. The Zn in these cases could be due
to combustion sources, possibly froﬁ incineration of tires ér tin cans. As
shown in Fig. b, only.i/lO of the total Fe was present in the small particles
(< 0.5 u). The diurnal pétterns for Fe and Pb were somewhat similar indicating
that possibly the Fe in the small pérticles had come_from.the same area as the
auto emissions. | |

“The Pomoﬁa data of 10/2h;10/25 illustrated.in figs. 5-T7 is interestihg
-in thét'three differenf'particle size cuts 1.5, 0.5, and < 0.5 U were analyzed.
" The diurhal pafterns for Pﬁ and Br were similar fbr the threé size cuts.
However, the ratio of Pb present was 1:5:10 for the 3rd, 4th stages, and after
filter'respectively, again illustrating the Pb and Br were present in the small
particles. For stage 3, the diurnal patterns for Fe, Ca, and Ti ére élso
similar to those of Pb and Br suggesting that possibly theée elements in the
0.5-1.5 u rangelériginated from the same area. Very large amounts of S were
detected on stage 4. The S values for stage 4 were typically 10 to 20 times

larger than those for stage 3. Novakov has shown this S is present as SOh=.
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The S was quite likely due to a secondary aerosol. Also, the Pb/Br ratio

which was over T/1 between 0100 and 0700 for the Wth stage indicatés that in this
particle size range the Pb is from an aged aerosol. The concentration of Zn
successively increased with decreasing particie size. Also, the diurnal patterns
fo? Zn for the three particle size ranges were different. The Fe concentration
was generally several times higher in the two larger particle size ranges than
for those particles < 0.5 u.

| The Los Angeles Harbor Freeway specimens collected on 9/19-9/20 were from
the heaviest smog episode during the entire study. Figure 10 contains a plot

of the data obtained from the particles collected on the total filter (silver
membrane). Also included .in this plot are the condensation nuclei count (CNC)
and the wind direction determined by the Whitby Group.8 The mobile laboratory
was stationed approximately one block from the freeway and the aerosols were
collected from the direction of the freeway when the wind direction was aﬁove
180°. The two high Pb peaks episodes correspond to the heavy morning and evening
traffic and to two of the broad CNC maxima. The wind direction shifted towards
the freeway between 0700 and 0900, hence the episode peaked at the somewhat

early hour of 0600. The high CNC between 1000 and 1600 is thought to be

possibly due to a secondary aerosol. This is consistent with the fact that aged
automotive emissions are detected during this period as is evident by the
increase in the Pb/Br ratio of the somewhat larger particles, 0.5-1.5 U, collected
on 4th stage of the Lundgren impactors. Also the diurnal patte;ns for Fe and

Ca for this stage were vefy similar. The Fe and Ca mey be due to the same
source, possibly of sedimentary origination. The bulk of the Fe and Zn were
present in the larger particles > 0.5 H. The diurnal patterns for these two
elements were very similar for the total filter, suggesting that the majority

of the Fe and Zn originate from the same area, and possibly from the same source.
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During these studiesbaérosols were chlected at.Sah ste on.five
separate dayg; On .three of‘these days the Sr lévels ih the aerosolébincfeﬁsed
dramatically (the iargest change'béing from < 0.012 to O.180 ug/ﬁB) between
the hours of 0000 and 0L0O. Most’of_the Sr was in particles < 0.5 u, indicating
it came‘from an anthropogenic source. The Sr coﬁld possibly be attributed to
the manufacture df fireworks or highway flares.‘

Although the.data discuésédEin'this re?ort are'only a fraction of the
results obtained, they serve to illustrate_some of the contributions x-ray'.
Efluoresceﬁce'analysis cén maké in the study of aerosols. This data has been
combined by Hidy §§_§£.8 with a wealth.of other chemical, physical, and

meteorlogical data obtained by other experimenters during this study.
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Table I. Theoretical Limits of Detection

Media : . Gelman filter .0006 cm Mylar

Mass (mg/cmg) o | 5.0 ' : 0.9
Air volume3 5 : ' 0.75 : : 2.50
sampled (m~/cm®)

Area analyzed_(cmg) ' o 3 1

Element and
spectral line

SKo _ ' - ' ' 160 ng/m3
C1Ka . - | _ 80
KKo | . 110 ng/m3 ' - 36
CaKa | | | | 50 ' 15
TiKa S 20 ' 5
VKo, 16 I
Crka S a3 . B | 3
MnKo . 9 3
FeKa S - 10 | S
NiKo, | » o : : 1
cuke o 6 - 1
ZnKo | . o : .ﬁ | ‘ | 2 -
GaKo, ' | A | 3 ' ) _- 1
AsKa . Sy E 1
SeKo, | ’ - v ' 1
Brka | s . o
RbKo. | 8 _ | | 2
Srka o 9 - 3
HgLo | , | (. : 2
Pbla 7 2

PbLB ' 18 ' 5
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FIGURE CAPTIONS

Fig. 1. Schematic of x-ray fluorescence analysis technique.

Fig. 2. Spectrum of aerosol collected over a two hour interval on dry .0006 cm
Mylar on the hth stage of a Lundgren impactor.

Fig. 3. Diurnal patterns for elements collected on total filters at Fresno on
8/31-9/1.

Fig. 4. Diurnal patterns for elements collected on after filters at Fresno on

.. 8/31~9/1.

-Fig. 5. Diurnal patterns for elements collected on 3rd impactor stage at
Pomona on 10/2L-10/25. (One specimen was missing, hence the void in the data.)

Fig. 6. Diurnal patterns for elements collected on 4th impactor stage at
Pomona on 10/2Lk-10/25.

Fig. 7. Diurnal pattérns for elements collected on after filtetr at Pomona on
10/2k4-10/25.

Fig. 8. Diurnal patterns for elements collected on l4th stage at Los Angeles
Harbor Freeway on 9/19—9/20.

Fig. 9. Diurnal patterns for elements collected on after filter at Los Angeles
Harbor Freeway on 9/19-9/20.

Fig. 10. Diurnal patterns for elements collected on total filter (silver
membrane) at Los Angeles Harbor Freeway on 9/19-9/20. Also included are

CNC and wind direction data.
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LEGAL NOTICE

This report was prepared as an account of work sponsored by the
United States Government. Neither the United States nor the United
States Atomic Energy Commission, nor any of their employees, nor
any of their contractors, subcontractors, or their employees, makes
any warranty, express or implied, or assumes any legal liability or
responsibility for the accuracy, completeness or usefulness of any
information, apparatus, product or process disclosed, or represents
that its use would not infringe privately owned rights.
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