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ELEMENTAL SULFUR ANALYSIS USING X-RAY TECHNIQUES

AND f3-GAUGE MEASUREMENTS*

F. S. Goulding, J. M. Jak1evic and B. W. Loo

Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720 U.S.A.

SUMMARY

LBL-6496

The activities funded under the present EPA/ERDA interagency agree

menthave been concentrated mainly in two areas. An elemental sulfur moni

tor for the mea~urement of fine particulates has been designed, construc

ted, and is currently being tested at LBL. A prototype of the device will

be delivered in the near future. A second program has involved the de

velopment of the f3-attenuation technique for the large-scale measurement

of the masses of particulate deposits. The emphasis has been primarily

concerned with the fabrication of improved hardware to perform the meas

urement conveniently and accurately.

Other activities included consultation with EPA on questions concern

ing air sampling techniques and X-ray fluorescence analysis of aerosol

samples. An additional long-term interest has been the development of

X-ray techniques which are capable of determining the chemical form of

the sulfur atoms in an environmental sample. Since these latter activi

ties are in a more speculative period of development, the present progress

report emphasizes the activities in the area of elemental sulfur monitoring

and f3-gauge development. Subsequent reports will address themselves to

the other areas of interest.

* Work supported in part by the U.S. Energy Research and Development
Administration under Interagency Agreement with the Environmental
Protection Agency.
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Part A
SULFUR MONITOR

LBL-6496

The growing importance of sulfur as a component in air pollution

has placed emphasis on the development of methods to detect and accurately

measure the concentration of sulfur related compounds in atmospheric

aerosols. In the case of aerosol particulates, it has been demonstrated

that the X-ray fluorescence analysis of samples acquired on thin membrane

filters is a reliable and accurate method for the measurement of elemental

1 2sulfur.' Studies have found that sulfur is prese~t in fine particle

3
urban aerosol predominantly in the sulfate form. The measurement of fine

particle elemental sulfur by X-ray fluorescence should then be a valid in-

dicator of sulfate concentrations for air pollution research and:monitoring

purposes.

We have developed a combined air sampler/X-ray fluorescence analY4er

designed to automatically perform continuous measurement of particulate

sulfur concentrations.

DESCRIPTION OF INSTRUMENT

Figure 1 shows a schematic drawing the of LBL Particulate Sulfur

Monitor. It consists of a dichotomous virtual impactor, continuous

tape membrane filter supply X-ray fluorescence analyzer, and assorted

pumps and flow controllers. The instrument operates under the command

of a microprocessor oriented controller which sequences the filter tape

past the sampling head and X~ray fluorescence spectrometer. Under normal

operating conditions the samples are collected for a predetermined inter-

val (T ), typically from 1 to 24 hours. The sulfur content is subsequently
s
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measured at the spectrometer for a given analysis period eTA) of 1000

to 10,000 seconds depending on the sensitivity and accuracy required.

(Obviously TA<T
s

) Calibration information is then applied to the acquired

data which is printed or otherwise communicated to a data monitoring system.

Virtual Impactor

The virtual impactor is adapted from an earlier version which has

been extensively field tested and validated over the past three years. 4

The cross sectional view in Fig. 2 shows a total input flow of 16.7 l/min

which is split into two streams of 75% and 25% respectively. All of the

coarse particles above 2.4~m aerodynamic diameter together with 25% of

the fine particles are contained in the smaller volume air stream and are

subsequently removed by the filter in the bottom of the sampler. The 12.5

l/min flow contains only these particles less than 2.4 ~m. It is these

particles which are subsequently collected on the thin membrane filter

for analysis.

Since the coarse particles are not analyzed in the present mode of

operation, the collecting filter is designed to operate free of clogging

for long periods. This is done by designing the collector stage as a

large particle impactor which preferentially deposits the mass in the

center of the filter and allows a large area of flow around the periphery

of the filter. No significant change in impedance is expected until the

total area of the filter becomes heavily loaded with particulates. It is

assumed that periodic maintenance of the inlet device will include cleaning

of this filter. The virtual impactor has been designed to be easily acces

sible and conveniently dismantled and reassembled.

The flow circuit for the dichotomous sampler is illustrated in Fig. 3.

There are shown two versions of the sampler utilizing two methods of flow
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backing.

control. In Fig. 3a, a variable orifice is inserted in series with the

collecting filter. A feedback loop maintains the combined impedance of

the filter and orifice constant as the filter impedance is increased due

to particle loading. The displacement of the variable orifice actuator can

be used to indicate the degree of loading which the filter has experienced

and appropriate measures taken when it becomes excessive. This design was

used in the first prototype model.

In Fig. 3b, a constant differential flow controller is used on the out~

put of the pump. The controller is a self~contained mechanical feedback de-

vice which maintains the pressure drop across the reference impedance con-

stant by regulating the flow through the circuit. This device will be in-

corporated in future samples because of its simplicity and low cost.

In order to determine the degree of particle loading which the filter

has experiences a separate pressure switch is used to monitor the pressure

drop across the membrane filter itself.

The pump employed in the present flow conditions can produce a

pressure drop of 370 Torr the membrane filter at 1~5 cfm (42.5' 11m).

Continuous Filter Tape

The membrane filters are mounted on a continuous strip of 35 mm film

2
The active area of the filter is 1.6 em (1.43 em diameter) and

they are separated by 7.62 em on the strip. The film is available with

either thin polycarbonate or teflon membranes from a commercial supplier. 5

The pore size used in the present applicator is 2 ~m. The film advance

hardware uses standard 35 ~m photographic film take-up reels. The film

is optically located using additional 1 mm diameter holes which are punched

in the strip at the same time as the membrane filters are being mounted.
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The use of thin (~l mg/cm2) membrane filters is particularly important

for accurate sulfur measurements. Earlier work has demonstrated that the

most serious source of error in the X-ray fluorescence analysis of fine

particle sulfur is due to the penetration of the particles into the mem

brane and the resulting attenuation of the sulfur X-rays as they leave

the sample. For a 1 mg/cm2 filter, the attenuation due to a uniform dis

tribution of particles in this thickness of filter would be 18%. This

would represent the extreme case of complete particle penetration which has

previously been observed only in high ambient relative humidity with cellu

lose membrane filters. Since the teflon and polycarbonate membranes are

hydrophobic, such occurrences are avoided.

A potentially serious drawback to the use of teflon filters is their

susceptibility to increased impedance at moderate particle loading. For

example, a 1.2 ~m pore size Millipore filter can tolerate fine particle

mass loadings of 200 ~g/cm2 before the impedance doubles. By contrast,

the teflon show similar effect at less than 100 ~g/cm2 while polycarbonate

membranes are intermediate between the two. Assuming an ambient fine par

ticle concentration of 100 ~g/m3 of air, a 100 ~g/cm2 filter loading wi~l

occur in 127 minutes or 2 hours of sampling with the present design. The

resultant doubling of filter impedance will cause the flow controller to

exceed its maximum operating range. For this reason, the microprocessor

controller is programmed to monitor the rate of loading of the filter and

reduce the sampling interval if necessary.

X-ray Spectrometer

The X-ray analyzer consists of a single channel Bragg reflection

(wavelength dispersive) spectrometer. It operates on the principle that
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X-rays incident on a perfect crystalline array of atoms will be reflected

from the surface if the Bragg relationship is satisfied.

A :;:: 2d sin8

where A is the wavelength of the incident X-ray* (A :;:: 5.37~ for the

S K X-ray), d is the crystalline spacing of the atomic array.a

(2d :;:: 6.532A for the Ge (lln atomic plane) and 8 is the angle at which

the reflection occurs. (8 :;:: 55.4° for the present case as defined in

Fig. 4.) Of course other wavelengths which are incident on the crystal

can be reflected at other angles near to the main line of interest. In

order to make the spectrometer selective for a given X-ray wavelength

(or energy) the range of incident angles must be restricted. The Soller

slits in Fig. 4 limit the angular divergence to 8 x 10-3 radians in the

plane of the reflection. From Eq. 1 we can derive a quantitative relation-

ship between angular divergence and energy resolution.

b,A b,E
T :;:: E (2)

The excellent energy resolution of such spectrometer is achieved at

the cost of reduced intensity since the acceptance angle of the spectro-

meter is proportional to b,8. In the present design, an energy resolution

of 13eV at 2.307 keV was selected as a reasonable compromise between maxi-

mum intensity and sufficient resolution to avoid interference from the

Pb M X-rays at 2.342 keV.a

Excitation of the fluorescence is provided by a Ag anode X-ray tube

operating at 15 kV and 6 mAo The output from the tube has intense char-

acteristic Ag L X-rays at 3 KeV which is slightly above the S K edge at

~~

The wavelength and energy of X-rays are inversely related through the
De Broglie relationship A(A) :;:: 12.4/E(keV).
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2.47 keV and is nearly optimum for efficient excitation. The 90 watts of

anode power are easily dissipated in an air-cooled heat exchanger.

As indicated in Fig. 4, the X-ray tube output is incident at the lower

surface of the filter whereas the particulate deposit is on the upper sur-

face facing the spectrometer. The particular geometry was designed to mini-

mize the air path which the S K radiation must travel before reaching thea

detector. This distance is maintained at 2 rom corresponding to a 93% trans-

mission in air. The Ag L excitation is transmitted 75% by a 2 em path

length. This slight reduction in excitation intensity is more than com-

pensated by the convenience of analyzing the sample in ambient air as

opposed to He or vacuum surroundings.

CONTROL AND AUTOMATION

Figure 5 illustrates the features of the calculator/controlle~which

is used in automatic sulfur analysis. The instrument is first calibrated

in terms of counts/second per ~g/cm2 using a thin sulfur standard. This

number is corrected for the flow rate in the small particle branch of the

I .. d h t h I b d' / 3 f .samp er 1n or er tat e resu ts can e expresse 1n ~g m 0 a1r. It is

then entered from the keyboard. A blank filter is run for a predetermined

time and the results stored as counts/second (N
B
).

The sampler is then ready for operation. The desired starting time,

sampling interval, and analysis interval T
A

are then entered via front panel

switches. At the preselected starting time, a filter will be positioned and

clamped and the flow will be maintained for the appropriate interval. At

the end of that interval, the film is advanced and a new membrane filter

is clamped in the sampling location as the previous filter advances to

the analysis station. The sampling and analysis then proceed simultaneously.
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At the end of the analysis period the results are calculated according

to Eq. 3 and the results printed.

c = s (3)

where Nc is the result of the present measurement, NB is the background

counting rate, and S is the sensitivity factor. In the case of filter

overloads which result in a shortened TA, the results are automatically

corrected for this reduced time.

RESULTS

The individual component including flow system, film transport, and

X-ray spectrometer have been tested and found to meet design specifications.

The first prototype is completed and awaits final debugging and field testing.

A second prototype is being designed and built in order to overcome certain

design problems which become obvious during the testing stage of the first

prototype. The newer design will incorporate an improved and consequently

more reliable mechanical transport system and a more efficient calculator/

controller design. The second prototype is due to be delivered to the

EPA in the fall of 1977.

Table I is a summary of performance data obtained using the first

prototype. In general, the sampler/analyzer has realized the design goals

for sensitive and accurate sulfur measurements. Improvements in sensitivity

could be achieved by using thinner Be windows for the spectrometer and

proportional counter. In addition, an increase of 20% in counting rate

has been achieved by using a Ti anode instead of the Ag. However, the Ti

tube is not as reliable as the Ag due to the gas absorbing properties of

the Ti material. In view of the observed performance it is felt that

no additional refinements in the spectrometer parameters are necessary

at this time.
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Part B
BETA-GAUGE MASS MEASUREMENTS

LBL-6496

As a consequence of an involvement in the analysis of large numbers

of samples in the St. Louis RAPS study we have developed a beta-gauge for

the automatic measurement of air particulate deposits. The beta-gauge

method is based on the attenuation which a continuous beta-spectrum under-

goes when traversing a thin layer of matter. The total number of trans-

mit ted particles is given as

I (4)

where 1
0

is the incident flux, ~ is the mass absorption coefficient in

cm2/gm, and x is the thickness of the layer traversed expressed in gm/cm2•

Although there are empirical expressions which relate the coefficient ~

to the energy of the beta spectrum, no complete theory for this particular

behavior has been developed. In practice the mass adsorption coefficient

is determined experimentally for a given set of conditions.

A typical measurement program consists -of calibrating the instrument

using a series of uniform standards which span the mass range of interest

and which replicate the sample form. For the St. Louis RAPS study the

aerosol samples were deposited on cellulose membrane filter with a nominal

thickness of 4 mg/m2. The parameters 1
0

and ~ are then determined from a

fit to the curve of I VB. x, where I is the number of counts measured in the

B-spectrum in a given time interval. For a stable, well-designed system

and accurately measured standards, the experimental data can be fit to a

2
pure experimental fraction to a root mean square accuracy of 3 ~g/cm

for a 100 second measurement.
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Subsequent measurements of unknown samples consist in counting for

a specified time interval and calculating the unknown mass from Eq. 4

assuming 1
0

and ~ as determined fro~ the fit. The convenience of the

measurement causes it to be a candidate for use on large scale programs

where automation is necessary.

The subtleties of the B-gauge method as implemented in the St. Louis

6 7RAPS study have been discussed in previous EPA reports.' The emphasis

of the present program has been to develop hardware which successfully

accomplishes this task. Second phase of this program will be described

following a brief general description of the basic instrument.

EXPERIMENTAL PROCEDURE

Figure 6 is a schematic of a simplified B-gauge consisting of source,

detector, and sample. The source to detector distance is maintained

constant by the rigid mounting yoke. The sample (or standard) is placed

between the source and the detector and the counting rate measure.

The overall stability of the source to detector geometry and the

associated counting electronics must be adequate to detect a 5 ~g/cm2

or less change in a nominal 4 mg/cm2 mass. This also implies a statistical

accuracy in the counting measurement of 1 part in 103 which requires a

total number of counts exceeding 106• For a spectrometer capable of 105 cps,

this implies a measurement time of 10 or greater. In the analysis of the

St. Louis samples analysis times of 30 seconds for the unknown sample

and 100 seconds for standards were routinely employed.

Additional constraints placed upon amplifier gain and geometric sta

bility were in the range of 1 part in 104 over a period of several hours.
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They were achieved only through careful design of the hardware and con-

stant control over the ambient operating conditions.

Fortunately one of the less critical parameters is the reproducibility

of placement of the samples in the measurement region. This allows the

use of automatic sample handling devices which greatly facilitates a large

scale study. In the current analysis program, a computer based control and

data acquisition system is used for the large scale mass measurement.

S-gauge mass determinations are performed on membrane filters before and

after the collection of air particulates and are written on magnetic tape

output. A computer program performs the necessary calibration fits and con

2verts the scaler counts to mg/cm. The result of mass determination before

and after exposure are then compared and the mass of the particulate de-

posit determined.

S~GAUGE WITH LIQUID NITROGEN COOLED DETECTOR

The first version of the S-gauge employed a 25 mm diameter, 6 mm

thick Si(Li) detector which was maintained at liquid nitrogen temperature

(-196°C) in a vacuum cryostat. The low temperature operation was presumed

necessary in order to reduce the electronic noise to an acceptable level.

This device operates at approximately 7 keV energy resolution with a

52 ~sec shaping time at counting rates of the order of 10 counts per second.

147The S-source was a Pm 300 ~C source purchased commercially. The speci-

fications called for a 1 cm diameter deposit uniform to ±10% over that area.

The source was covered with a thin layer of polyamide varnish in order to

insure physical integrity while handling. The source is mounted in a

separate vacuum chamber with a 0.025 ~m Al window.
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Since the construction of this system almost three years ago, it

has operated continually in the St. Louis RAPS program. More than 45,000

individual mass measurements have been made to date with 25,000 yet to
. 2

go. These data are accurate to ±10 ~g/cm and have been validated in

intercomparison studies.

THERMODUCTICALLY COOLED B-GAUGE SYSTEM

The principle drawback of the liquid nitrogen cooled detector is the

required replenishment of the nitrogen supply in the cryostat and the bulk

of the associated dewar. Operating experience gained with this early sys-

tem showed that an increase in energy resolution could be tolerated with-

out a significant effect on the B-gauge measurement.

The second B-gauge consisted of a similar Si(Li) detector cooled to

approximately -70°C by means of a thermoelectric cooling device. In place

of the LN cryostat, this device requires only a small vacuum chamber to

prevent the detector from collecting condensable vapors and a power supply

to drive the thermoelectric cooler. However in order to maintain the 1 part

in 104 stability ~t was found necessary to stabilize the temperature of the

detector by means of a feedback loop which controls the power level of the

cooler. This, together with the pumping equipment required to maintain the

vacuum chamber, we increased the complexity of this device beyond the origi-

nal sample concept.

A prototype of this system together with an automatic sample charger

was built and evaluated at this laboratory. In November 1976 it was shipped

to the EPA laboratories at Research Triangle Park for their evaluation.

l
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It has operated successfully there although it has not been used as

extensively as the liquid nitrogen cooled device which we have at LBL.

ROOM TEMPERATURE B-GAUGE

The"next step in reducing the complexity of the system is to eliminate

the detector cooling altogether. We are currently testing such a spectro

meter which employs a 400 ~m depletion depth surface barrier detector with

21 mm diameter active area. The resolution of the system is approximately

20 keV. Tests of electronic stability are currently being performed. In

addition, a series of experiments are proposed which will take advantage

of the flexible detector geometry available without the cooling apparatus.

By optimizing source, sample, and detector configuration, it is hoped that

certain artifacts observed in the earlier B-gauge measurements could be

reduced.

This device will likewise be incorporated in an automatic B-gauge.

A smaller calculator/computer (Hewlett Packard 9815) will be used to con

trol the sample sequencing and storage of the data. In addition, the cal

culator will be capable of performinQ on-line least squares fits to the

calibration data together with the calculation of individual sample

masses.
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Table 1. Measure Detectabilities for Sulfur Analysisa

LBL-6496

Sample Interval Analysis Interval Detectable Limitb

T (hrs) TA(sec) llgm/m3
s

1 1000 0.32

1 2000 0.23

2 1000 0.16

2 4000 0.10

12 1000 0.026

12 10000 0.008

aAssumes 100 watts at anode power.

bExpressed as 30 where 0 is the standard deviation in the background
obtained with a blank filter.
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