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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 Energy Research and Development Administration, 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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ABSORPTION CORRECTIONS FOR SUBMICRON 
SULFUR COLLECTED IN FILTERS* 

Billy W. Loo and Ray C. G~tti 

Lawrence Berkeley Laboratory 
University of California 

Berkeley, California 94720 U.S.A. 

Benjamin Y. H. Liu and Chong-Soong Kim 

University of Minnesota 
Department of Mechanical Engineering 
Minneapolis, Minnesota 55455 U.S.A. 

Thomas G. Dzubay 

· Environmental Protection Agency 
Environmental Sciences Re~earch Laboratory 

Research Triangle Park, North Carolina 27711 U.S.A. 

As greater use is made of fossil fuels, which: are high in sulfur to mee't 

the nation's energy requirements, it will be necessary to more extensively 

monitor the sulfur concentration in atmospheric aerosols. Wet chemical 

procedures are presently used to measure sulfate extracted from glass fiber 

filter, which are used to collect particles from the atmosphere. X-ray 

fluorescence (XRF) is a powerful technique which can be automated to non

destructively analyze large numbers of samples. Since no sample .preparation 

or extraction is needed for the XRF method, a more rapid analysis at a . 

reduced cost is possible. 

* This report was supported in part from the United States Environmental 
Protection Agency under Interagency Agreement with the United States 
Energy Research and Development Administration. Any conclusions or 
opinions expressed in this report represent solely those of the authors 
and not necessarily those of The Regents of the University of CaJifornia, 
the Lawrence Berkeley Laboratory or the United States Energy Research 
and Development Administration. 



-2- LBL-4833 

For the XRF analysis of light elements sueh aG m1lfur, a potential dif

ficulty lies in the attenuation of the charae Gf~ristic x-ray by the f:Uter med

illrn in which the particles are collected. Such an attenuation effcl~t iu very 

large for glass fiber.or Whatman 41 filters, 1 , 2 but it can be small when 

membrane filters are used. Previous estimates of the attenuation effect 
3 4 

for cellulose esters filters range from 22% to less than 5%. In the pre-

sent work, a theoretical description of the mechanisms which cause attenua

tion of x-ray in air particulate samples is presented. Also presented are 

experimental measurements of the attenuation factor for XRF analysis of 

sulfur collected in cellulose esters membrane filters having 1.2 ~m pore 

diameters. In the experiment, particles of potassium sulfate and copper 

sulfate are generated and collected both in the cellulose esters filter and 

on the surface of a 0.1 ~m pore diameter nuclepore filter, which is used as 

a reference. For particles collected in the cellulose esters filter, the 

attenuation factors are deduced by comparing the measured S/K and S/Cu 

ratios to the ratios measured for particles collected on the surface of the 

Nuclepore filters. 

APPROACH 

It is well established that urban aerosols tend to have a bimodal mass 

distribution. The coarse particle mode has a mass median diameter of 8 pm 

or larger and consists mainly of mechanically generated particles. The fine 

particle mode has a mass median diameter of typically 0.3 ~m and consists of 
5 6 

primary and secondary combustion products. ' Previous measurements 
7 

cate that most of the sulfur occurs in the fine particle mode. 

To predict the attenuation effects for a set of particles having 

indi-

a wide 

range of diameters is a complex problem. The problem can be greatly simpli

fied if the two modes of the bimodal particie distribution.are collected on 

separate filters using a dichotomous sampler. 7
- 10 Then the problem cons:ists 

of determining the attenuation within individual particles in the course 

fraction and of determining the attenuation in the filter and in the layer 

of particles for the fine fraction. 3 

• 

• 
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Attenuation Within Individual Particles 

The attenuation factor for individual particles in the shape of spheres 
3 

can be approximated by 

A( sphere) (l) 

where Y = (ll 1 + ll2) Dp 

K = 4 x 10-6 (degrees)-2 for 0 < (8
1 

+ 82 ) < 90° and 0 < Y < 5 

Here ll 1 and ll2 are the mass attenuation coefficients for incident and fluores

cent x-rays within the particle; and.D and pare the diameter and density of 

the particlerespectively. The angles 8
1 

and 82 are the mean angles of inci

dent and fluorescent x-rays as shown in Fig. l. This equation can describe 

the attenuation in a monolayer of coarse particles (particles not shadowing 

each other). For particles having diameters above 4 llm and having a specific 

gravity of 2, up to 300 llg/cm2 of mass per unit area can be collected as a 
4 monolayer. The attenuation correction calculated from Eq. (1) can be signif-

cant for elements with atomic numbers below 18 in the coarse particle fraction. 

However, for sulfur in the fine particle fraction, the attenuation correction 

for individual particles is typically l%.
3 

Layer Correction 

If a uniform layer of mass is collected on the surface of a filter, the 

attenuation factor for the layer is given by 

A( layer) = 
l - ellL 

llL 
(2) 

where L is the thickness (for convenience, thicknesses in this paper are in 

units of mass per unit area), and ll = ll
1 

sec 81 + ll 2 sec82 . For sulfur in 

a layer of particles with L = 200 llg/cm2 the correction is typically about 
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5%. 3 Such a deposit is about the maximum loading of fine particles which 

a 1.2 pm pore diameter cellulose ester membrane, filter can accept without 

· .clogging. 

Filter Penetration Correction 

If the particles are not collected on the surface but penetrate into the 

volume of the filter,.then Eq. (2) cannot be used to describe the attenuation 

factor. An additional absorption effect due to the passage of the x-rays 

through the filter medium must be included. This effect depends on the depth 

distribution of the particles penetrating into the filter. In this paper, we 

shall determine the x-ray attenuation factor associated with absorption in 

cellulose ester membrane filters (1.2 11m pore size, from Nuclepore Corpora

tion, 7035 Commerce Circle, Pleasanton, California 94566) that are being used 

on a large scale in the St. Louis Regional.Air Monitoring System (RAMS) network. 

A schematic description of the filter penetration problem is shown in 

Fig. 1. A filter of thickness T is assumed to contain a particle concentra

tion profile C(x,D) which is a function of the depth x from the front surface 

of the filter and of particle diameter D. Here, the composite x-ray mass 

attenuation coefficient p for the filter medium is a calculable as well as 

measurable quantity characteristic of the detection geometry and x-ray ener

gies. The attenuation factor to the front side of the filter, as a function 

of particle size, is then 

A( D) = 

T 

! C( x, D )e -\lx dx 

T 

f C(x,D) dx 
0 

( 3) 

On the other hand, the attenuation factor for the back side of the filter is 

I 

A (D) = 

T 

[ C(T-x,D)e-\lX dx 

T 
f C( T-x,D) dx 
0 

(4) 
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For ambient aerosol samples, the above expressions must be integrated 

over the particle size distribution W(D) such that 

00 

! W('D) A(D) dD 
A = ( 5) 

00 

f W(D) dD 
0 

It is clear that A cannot be determined without precise knowledge of 

C(x,D) and W(D). However, attempts have been made to deduce A by measuring 

the front-to-back ratio A/A' and making assumptions on C(x,D). In the pre

sent work, A(D) is determined by direct experimental measurement as described 

in the next section. Then a test.of the frequently assumed.exponential shape 

for C(x,D) will be described. 

EXPERIMENT 

Ae.rosol Generation And Deposition 

For the purpose of determining the absorption corrections for sulfur 

x-rays in the filters, K2S04 and CuS04 ·5H20 particles were genera~ed in 

aerosol form and subsequently deposited on the filter. The aerosols were 

monodisperse with mass median diameters of 0.05, 0.10, 0.30 and 2.0 ~m respec

tively. The 2.0 ~m diameter aerosol was generated by a vibrating orifice 

generator 11 while the smaller particles were produced by an ultrasonic 

aerosol generator. 
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Figure 2 is a schematic of the ultrasonic aerosol generator used. The 

device consists of an ultrasonic nebulizer and an air flow system to trans

port, dilute and evaporate the nebulized droplets. In addition, a radioactive 

Krypton 85 source of 2 mCi activity is incorporated into the system to neutra

lize the electrostatic charge on the particles. The ultrasonic nebulizer 

employed was a standard commercial device (Monaghan, 4100 East Dry Creek Road, 

Littleton, Colorado 80122) used for air humidification purposes. The nebulizer 

produces moderately monodisperse droplets with a number median diameter of 

2.8 ~m and a geometric standard deviation of 1.42. By nebulizing an aqueous 

solution of K
2
so

4 
to CuS0

4
·5H

2
0 and evaporating the solution droplets, an 

aerosol of the dissolved substance is produced. The final p!irticle diwu-

eter is reduced from that of the solution droplet according to the solu-

tion concentration chosen. The 2.0 ~m particles similarly produced by the 

vibrating orifice generator, using a 10 ~m orifice, were very monodisperse 

with an equivalent geometric standard deviation of about 1.05. 

The aerosols generated by these methods were deposited onto 1.2 ~m pore 

size cellulose ester filters under the same conditions as applied in the 

dichotomous samplers in the St. Louis RAMS network. With a pressure drop of 

approximately 20 em Hg across the 8 cm2 filter area, the flow rate was set to 

be 50 tpm at the beginning of the sampling period. Due to filter loading, 

the flow at the end of tpe sampling period dropped by up to 20% depending on 

particle size ru1d sampling time. 

Similar 0.3 ~m particles were also collected on Nuclepore polycarbonate 

filters. Since the particles were larger than the physical pore size of 0.1 ~m, 

flow conditions were unimportant. These specimens of varying loading were 

prepared to serve as reference samples in which particles were known to be on 

the front surface. 

X-Ray Fluorescence Measurements 

The aerosol samples generated in the laboratory as described in the pre

vious section were analyzed under a helium atmosphere using an energy-disper

sive spectrometer with a pulsed x-ray source. 8
'

10 Accurate calibration was 

first performed for Cu. The samples deposited on the surface of polycarbonnte 

• 
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filters were then used to calibrate the system for S and K, taking the 

stochiometric ratios of S/Cu and S/K to be 0.505 and 0.410 respectively. 

In order to minimize the uncertainties in the layer correction required, 

the calibration was performed by selecting a surface sample with a loading 

comparable to that on the tes~ samples such that only differential layer 

corrections need to be applied~ The Cu concentrations were measured with 

a molybdenum secondary fluorcscer ( 17. :> KcV). Doth D awl K were meaum·eil 

w:ith a titanium secondary fluorescer (4.5 KeV). 

The measured S/K or S/Cu ratios of each test specimen relative to those 

of the surface reference samples immediately yielded values for A(D). In 

addition, the front to back ratios A( D)/A' (D) were determined b~y analyzing 

both sides of the filters. Other relevent quantities that were measured 

were the composite mass attenuation coefficient ll discussed earlier. The 

filter mass per unit area T was measured by a beta gauge whose accurae.v had 

been varified by independent gravimetric determlnationG using a microbalane~~. 

RESULTS 

The results of the measurements of attenuation by the filter are sum

marized in Table 1. Mean values are shown together with the standard devia

tions for four measurements on each sample. The observed S/K and S/Cu ratios 

were corrected for layer attenuation effects using Eq. (2). Since the photo

electric cross sections of S and K x-rays in K2S04 are comparable, only Gmall 

corrections to the raw ratios were required. The surface samples selected 

for system calibrations contained 12.94 llg/cm
2 

of sulfur in the K2SO,t sample 

and 3.88 lJ.g/cm
2 

of sulfur in the CuSo4 ·5H20 sample. Thus the differential 

layer corrections applied were also very small . 

Fugure 3 is a plot of the sulfur front-to-back ratios against filter 

thickness T of the sample filters. A general increase of A/A' with Tis 

expected. (Note: variations in the thickness T naturally occur between dif

ferent filters.) 

The composite mass attenuation coefficient ll for Ti excitation and S 

fluorescence x-rays was measured to be 416 ± 27 cm2/gm in the filter matrix 

used here. 
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Table 1. Results of direct measurements on sulfur 
x-ray attenuation by filter matrix. 

Particle 
Observed Correctedb) 

Dia., D s K S/K S/K 
( ~m) (!lg/cm2) ( ~gicm2 ) 

2.0 1.91 4.66 0.409 + 0.004 O.Lfll 

0.3 17.48 42.84 0.408 ± 0.004 0.408 

0.1 18.66 45.54 0.410 + 0. 00/f 0.410 

0.05 19.16 49.47 0.387 ± 0.002 0.387 

0.3 12.94 31.56 0.410 ± 0. 00/f 0.410 

Particle Observed Corrected b) 

Dia., D s Cu S/Cu S/Cu 
(!lm) (!lg/cm2 ) ( ~1g/cm2 ) 

0.41 7.98 15.93 0.501 ± 0.008 0.508 

0.41 2.76 5.38 0. 513 + 0.009 0. 505 

0.14 2.76 5.55 0.497 ± 0.011 0.489 

0.07 3.31 6.69 0.495 + 0.007 0.1+93 

0.41 3.88 7.69 0.505 + 0.010 0. 505 

LBL-!,1~33 

A( D )c) 

1.01 I· 0.01 

0.9'7 I O.Cll 

1.00 + o.cn 
0.95 + O.OL 

1 

/\(D)e) 

1.01 .1: o. o;) 
1.00 :1: 0.0:' 

0.97 .1· 0.0? 

0.9(\ :I· (). ();' 

1 

a) The filters used were 1.2 11m pore size cellulose esters (CE) and 
0.1 11m pore size Nuclepore (NP). 

b) Differential layer corrections were made for submicron part:icleE; und 
individual particle size corrections were made for the 2 iJTn particle:]. 

c) Attenuation due to filter media determined assuming /\(D) := 1 for the 
0.1 pm pore diameter Nuclepore filter. 

' 
I 
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DISCUSSION 

Attenuation By The Filter 

In agreement with the predictions by Giauque et al, 4 the attenuation 

by the filter on the x-rays from sulfur is a small effect. The measurements 

of the attenuation by the filte:r shown in Table l can be summarized as 

0. 95 ~ A( D ) ~ l 

for particle diameters in the range 

0. 05 ~ D ~ 2 Jlm. 

Such attenuation effects of only a few percent are considerably smaller than 

the 22 ± 6% effect previously predicted by Dzubay when an exponential par

ticle deposit profile in the filter was assumed. 3 

A Test Of The Exponential Deposit Profile Model 

If the filter matrix appears as a large number of equally likely 

impaction or diffusion deposition sites along the paths of particles, then 

for·particles of a given size the deposited concentration profile C(x) should 

assume the exponential form 

C( X) C(o)e-Bx ( 6) 

Equations (3) and (4) can then be integrated to give 

l -( B + Jl) T 
B - e A ::: 

B + Jl l -BT - e 
(7) 

I B e(B- Jl) T- l 
and A ::: 

B - Jl eBT - l 
(8) 
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according to the exponential model, the filter efficiency E is related to 

the deposit profile parameter B by 

E. - -BT 
1 - e {9) 

The efficiency of the cellulose ester filter considered in this paper 

has been measured to be 99.75 ± 0.10% for 0.05 11m particles. 10 Thus for a 
-3 2 I filter with mass per unit area T = 4.4 x 10 gm/cm , the values of A and A/A 

should be 0.77 and 3.4 respectively. An efficiency as high as 99.9% would 
I 

yield values of A and A/A equal to 0.79 and 3.6 respectively. Since the 
I 

measured values of A and A/A were 0.95 and 7.0, the simple exponential model 
I 

clearly overestimates the x-ray attenuation correction required. 

SEM Observations 

Extensive measUrements have been made by T. Hayes of the Lawrence Berkeley 

Laboratory using a scanning electron microscope (SEM) equipped with x-ray fluor

escence spectrometer. Samples were coated with gold for secondary electron 

images and with carbon for zone scanning with XRF signals. Typical observa

tions on 0.3 11m K2S04 particles are illustrated in Figs. 4-7. For example, 

Fig. 4 shows a layer of 0.3 11m K2S04 particles (about 150 11g/cm2
) on the sur

face of a Nuclepore polycarbonate filter. 

Figure 5 shows the back side of a cellulose ester filter. The fibers with 

their characteristic knobs are about 1 11m in size and are free of particles. 

Figure 6 is the front side of the same filter at the same magnification. The 

difference between Figs. 5 and 6 in regard to the number of small(< 111m) 

features is obvious. This is due to the accummulation (about 30 JJg/cm2
) of 

0.3 JJm K2S04 particles on the filter matrix. 

In order to determine the particle penetration profile, the same cellulose 

ester sample has been cooled to liquid nitrogen temperature and cracked to 

obtain a clean cross-sectional fracture. Figure 7 illustrates the five (5 11m 

.x 5 11m) zones over which XRF signals have been integrated. Zones 1 and 2 are 

on the top surface (Y-Z plane) of the filter. Zone 3 spans from the surface 

• 

• 
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to a depth of 2.5 ~m. Zones 4 and 5 span the depths from 2.5 to 7.5 ~m and 

7.5 to 12.5 ~m respectively. The rapid disappearance of the S and K signals 

at even a few microns below the surface varifies that particles are mostly 

captured on or above the top layer of fiber structure in the filter. 

Environmental Samples Acquired In The Field 

Fine particle samples from an urban (site 106) and a remote (site 124) 

stations of the RAMS in St. Louis have been examined for front-to-back ratios 

in the hope of determining the variability of sulfur particle size distribu

tion that occurs in practical situations. If this distribution is suffic

iently constant and narrow, then the application of attenuation factors based 

on monodispersed aerosol studies to ambient samples can be justified. Pre

liminary results from sixty specimens have shown no significant difference 

between the urban and remote samples: The front-to-back ratios generally 

group around values consistent with surface depositions except that for a few 

samples where the ratio fell drastically. Such departures were noted to occur 

in samples collected at the same times at the two stations which are 40 Km 
apart, suggesting a weather-related phenomenon. Visual examination of the 

anomalous samples revealed obvious signs of water stains which probably caused 

the sulfur to migrate into the volume of. the filter. Assuming that this is 

the result of sampling at high relative humidities, it should be possible to 

eliminate the problem by slightly heating the incoming air stream to a tempera

ture above the dew point . 

CONCLUSION 

With the knowledge that ambient sulfur particles are prefominately sub

micron, we have treated the problem of sulfur analysis by removitlg the large 

particle interference through the use of dichotomous samplers. After allow

ing for a layer correction, we have ascertained the effect of filter matrix 

attenuation. 
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Direct x-ray attenuation measurements on K
2
S0

4 
and CuS0

4
·5H

2
0 mono

disperse aerosols collected on 1.2 JJm cellulose ester filters show that 

filter penetration is small and is not a strong function of particle size. 

For ambient sulfur or sulfur carrying particles in the range of 0.05 pm to 

1.0 pm, the filter penetration correction to x-ray measurement can be simply 

represented by 3 ± 3%. 
All evidence examined indicates that a reasonable model for the particle 

deposition profile could be of the form of a surface component plus a com

ponent in the filter, which perhaps has an exponential depth dependence. 

C(x) = 
E 

-Bx 
e , x > 0 

(10) 

The relative magnitude of the two components is (~xpeeteu Lo be a. fune-

tion of particle size, face velocity, loading and the structure of the filter 

matrix. For the cases studied, the surface component is seen to largely 

dominate over the depth component even for fairly light loadings(- 20 JJg/cm2 ). 
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Figure 1. Schematic of particle deposition profile in a filter. 
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XBB 762-1085 

Figure 4. 0. 3 ]JIIl K2S04 particles on surface of Nuclepore 
polycarbonate filter. 
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XBB 762-1082 

Figure 5. Back side of cellulose filter 
(particle free filter matrix) 
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0.3 ~m K2S04 particles on front 
side of cellulose ester filter. 
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