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ABSTRACT

Airborne Ce, Th and Cd in the occupational settings were studied at the monazite
mineral benefication and zinc ore concentrate processing using nuclear and related analytical
techniques. Air samples were collected using grab and size selective samplers
simultaneously. The size selective sampler consisted of 8- stage Anderson cascade impactor
with back-up filter. Size characterisation showed that the Mass Median Aerodynamic
Diameter (MMAD) of the airborne dust at the monazite mineral beneficiation ranged from 3
to 10 um. The Activity Median Aerodynamic Diameter (AMAD) for Th and Ce were also in
the same range. Over 85% of the airborne dust associated with zinc concentrate ore handling
was above 9 jam however: the MMAD at the down stream processing was about 3 urn.
Composite air samples were subjected to leaching in simulated lung serum to find the
solubility class . The urine samples of occupational workers engaged in mineral beneficiation
showed Th levels ranging from 39 to 552 ng I"1 with a geometric mean of 186 ng I"1. The
results were obtained using Neutron Activation Analysis (NAA). The observed levels of Th
in the urine samples were lower than the predicted levels, due to resistance of the mineral to
biochemical leaching. In a limited number of urine samples Ce ranged from 312 to 1587 ng I"1

with a geometric mean of 700 ngl"1. These values, also determined by NAA, are unique in
occupational settings. The Ce to Th ratio in the samples works out to 3.7 as against their ratio
of 2.9 in the monazite mineral. The biological levels of Th and Ce observed in occupational
settings need refinement on account of the possible environmental contribution due to uptake
of these elements in the natural high radiation background areas. Detailed work on
characterisation of dust, simulated leaching and analysis of biological samples is in progress
in connection with the CRP.
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1 INTRODUCTION

Occupational exposure to thorium bearing mineral and compounds involve radiation
exposure, both external and internal. While the internal dose due to inhalation form 30 to
70% of the total exposure due to Th and its daughter products, the relative contribution of
each depends on the nature of operations [1]. Thorium being long-lived and relatively
insoluble its Committed Effective Dose (CED) has to be properly assessed to ensure adequate
radiological protection as per the recommendations of the International Commission on
Radiological Protection (ICRP)[2]. Assessment of Th in work atmosphere and its relation to
the concentrations in body fluids and excreta of occupational workers need to be known
accurately in order to verify adequacy of protection measures and estimate the internal dose
for radiation protection purpose. Large uncertainty exists in the data bank of Th in body fluids
and excreta of occupational workers. While lack of a reliable analytical method to determine
Th at low levels (a few tens of nanogram) was the major problem in earlier years, variabilities
in the occupational exposures and physico chemical forms of the material handled added
significantly to the uncertainty in the bioassay results [1,3]. The values of Th in urine samples
of occupationally exposed individuals varied from 50 to 10000 ng reported by various
workers [ 3,4,5,6 ]. Considerable uncertainty also exists in the metabolic model for Th and
some of the reported values do not entirely support its present metabolic model [ 3, 6 ].
Dearth of reliable background data on non-occupational exposures to Th within a large spread
of natural background radiation also add to the uncertainty in the interpretation of the results
obtained from occupational settings. The biokinesis of Th especially its dissolution and
clearance from the lung are important in its dosimetry. These aspects are not properly
understood in relation to its minerals and compounds.

Health effects due to medical and therapeutic applications of Th compounds have
been well documented at higher levels of administration [5,7,8]. Such data are not relevant in
occupational settings as the exposures are in low levels. While assay of Th at a few
microgram levels can be made fairly accurately by common radiometric techniques using
suitable matrix it is difficult and uncertain to measure it at lower levels that exist in biological
samples without resorting to sensitive technique such as Neutron Activation Analysis (NAA).
Since Th is assuming greater significance in future nuclear energy production programmes
work related to its protection assume significance.

Processing of Th from monazite involves separation from Rare-Earth Elements
(REE), the most abundant REE being cerium. Much less data exist in respect of Ce in work
place. Mausner [9] reported limited study on airborne levels of REE in a Th refinery, using
EDXRF. Laboratory studies reported by Palmer[10] showed toxic effects of REE. A few
studies reported pathological condition known as 'cerium pneumoconiosis1 in occupationally
exposed individuals [ 11,12,13,14 ]. One such study employed tissue analysis using NAA.
Though some authors stressed the need to fix TLV for Ce, limited information obtained from
occupational settings did not permit such postulations. There is need to undertake detailed
studies on characterisation, uptake and biological transfer of Ce in a systematic manner using
reliable and sensitive analytical techniques. Since Ce and Th are in a definite ratio in
monazite and -2-many other rare-earth minerals Th could be used as a nuclear analogue to Ce
in a limited way. Moreover, NAA offers a unique advantage to estimate Ce and Th
simultaneously at levels hitherto unachieved by other analytical techniques.

-73-



Work related to cadmium has been documented with respect to the monitoring
protocol and biological indices. Biological action levels with respect to concentration in
urine/blood have also been suggested[15]. Characterisation of the airborne Cd in line with the
approaches adopted for Th and Ce as discussed above may yield valuable new data relevant
to occupational and environmental settings.

2 METHOD

The methods which are presently in use and those which are proposed to be used for
sample collection, processing, analysis and data evaluation are discussed in this section.

2.1 Sampling and analysis

2.1.1 Airborne participate matter: Air sampling was undertaken at the mineral
beneficiation, monazite processing and zinc smelter plants situated at southern peninsular
India.

Grab and size selective sampling devices are employed for atmospheric monitoring of
work places. The grab samplers consist of suction pumps of varying capacities ranging from
2.5 to 5 1 min"1 for personal samplers and 9 to 60 1 min'1 for static samplers. High efficiency
(>99%) particulate filters such as GFA, APM 2000 and Millipore are used as the collection
media. Choice of the filter paper is based on its suitability for subsequent processing and
analysis. Size selective samplers work on the principle of impaction. Half-inch HASL
cyclone at 9 1 min"1 for gross and respirable sampling and 8-stage Anderson cascade impactor
at 28 1 min"1 are normally used for this. The former provides information on pulmonary
deposition and the latter provides fairly accurate data on the Mass Median Aerodynamic
Diameter (MMAD) of the airborne particulates and provides quantitative assay of different
size fractions present in the total suspended dust. Some of samplers used are shown in
Figure 1.

Detailed sampling protocol using the Anderson cascade impactor is provided in
Annex I.

The filter papers are dried at 105°C to constant weight and kept in a desiccator before
use. The samplers are operated at the work areas for durations extending up to 1 week
depending on the dust concentration and type of samples to be obtained. At the end of
sampling, the filters are dried at 105°C to constant weight. The difference in weight is noted
and the airborne suspended particulate matter is assessed in the volume of air sampled. From
the Anderson samples the aerodynamic particle sizing is carried out from the amount of dust
collected on different impaction stages corresponding to the different effective cut-off
diameters (ECD). Thereafter, the results are plotted on a log-probability graph with ECD in
the ordinate and cumulative % greater than the stated size range by weight in the abscissa.
The MMAD is read at 50% probability. The GSD is also determined (see, Annex I). The
typical samples obtained at different stages in the Anderson sampler are shown in Figure 2.

The Activity Median Aerodynamic Diameter (AMAD) is determined by nuclear
counting. The filter papers are subjected to alpha counting using a ZnS (Ag) scintillator
coupled to a photomultiplier and radiation counting system. The counter has low background
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(0.1 count min"1) and 30 % efficiency form 226Ra alphas. The counts obtained are divided by 6
in order to relate it to 232Th and are plotted on a log-probability graph. The AMAD and
associated GSD are determined.

Leaching studies: The air filter samples obtained are subjected to leaching (for Th and Ce)
using lung serum simulant as follows :

The grab samples obtained from a particular process area are pooled together. For this
purpose 50 samples collected at different dates covering 3 to 6 months of operation are
composited. Two sets of such samples are prepared. These are gamma spectrometrically
analysed in a multichannel analyser to determine the 232Th content. One set is used to
determine Ce by ICP-AES. Samples in the other set are closely packed, one upon the other,
inside a perforated perspex can of 4 cm diameter and 6 cm length. The can is kept immersed
in simulated lung serum, 1 1 of which is taken in a 2 1 glass beaker. The beaker is kept in an
incubator at 37°C. The set-up used for the leaching studies is shown in Figure 3.
(Composition of the simulated lung serum is provided in Annex II.) Aliquots of the leachant
is drawn in 100 ml lots at intervals of 1,2,6,10,30,90 and 180 days. Each time the solution is
made-up to its original volume by a fresh lot of lung serum simulant. The drawn solutions
(100 ml) are filtered through Millipore filter of 0.45 urn pore size. To the filtrate is added 100
mg of Ca as CaCl2 (1 ml solution), and the solution acidified to a pH 3. Oxalic acid is added
to precipitate cal. oxalate. (Cal. Oxalate quantitatively carries with it both Th and Ce). The
Cal oxalate precipitate is filtered and the filter paper encapsulated in a double-lined polythene
cover. This in turn is placed inside a perforated PVC bottle and irradiated in a research reactor
under a neutron flux of 1012 n cm'V1. After appropriate cooling the irradiated samples are
analysed gamma spectrometrically to estimate Th and Ce. (Detailed methodology for
estimation by NAA is provided in Annex III).

Gross air samples collected from different process areas are also composited and
subjected to gamma spectrometry and NAA to estimate Th and Ce as per method outlined .

2.1.2 Urine samples: Overnight (16-hr) urine samples are collected by the occupational
workers at their residence in a 1.2 1 capacity PVC container. The samples brought to the
laboratory are acidified with cone. HNO3 (30 ml for 500 ml) and boiled to destroy the organic
matter, after adding 100 mg Ca carrier. The sample is cooled and neutralised by slow addition
of ammonia to precipitate cal. phosphate at alkaline pH (10-11). The precipitate is allowed to
settle and after decanting out the supernatant the organic matter is completely destroyed by
HNO3-HCIO4. The white precipitate is dissolved in HC1 at pH 3. 10 ml saturated oxalic acid
is added to precipitate cal. oxalate which is filtered through Millipore/Whatman filters,
washed, dried and sealed in polythene covers. Appropriate blank and standard are prepared in
similar matrix which accompany every set of samples irradiated and analysed by NAA. 150
urine samples have been collected and processed for the CRP.

2.1.3 Blood samples: 10 to 15 ml blood is sampled from occupational workers after they
underwent bath and changing to street clothes. Disposable needles are used and the blood
samples are directly collected into PVC centrifuge sample tubes. The serum is separated from
sediment. Both fractions are separately dried, homogenised and sealed in polythene covers
and subjected to NAA along with appropriate blank and standard. 40 blood samples have
been collected and processed for the CRP.
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2.2 Quality assurance:

The criteria is applied to pre-analytical (sampling) and analytical stages. While
adequate number of samples are ensured for meaningful interpretation of results, care is
exercised to keep the samples free from contamination by extraneous sources during
collection and processing . Every set of sample is accompanied by a blank at every stage of
its processing. Use of demineralised double-distilled water and analytical grade reagents
make it possible to achieve low background levels approaching the sensitivity of the
technique employed (5 ng for Th and 10 ng for Ce). Matrix specific standards matching the
expected concentration levels are prepared and accompany every set of sample undergoing
irradiation, cooling and nuclear counting. The secondary standards are prepared by
appropriate dilution of the primary standards which is subjected to periodic calibration by at
least two different techniques. For nuclear counting use of low background counters and
overnight counting reduce the error to acceptable levels.

3 RESULTS

3.1 Review of earlier work relating to the CRP

The airborne particulates associated with the beach mineral mining and mineral
separation plants were studied and reported [16]. These studies employed 8-stage Anderson
cascade impactor for physical characterisation of the gross dust in terms of the MMAD. The
studies reported that approx. 75% of the airborne dust had MMAD greater than 11 (J.m at the
mineral separation plants and that fraction was considered non-respirable. The remaining
fraction, < 11 u.m (approx. 25% of the total dust), had an MMAD of 4.5 \im with a GSD of
1.8. Limited studies reported on leachability assigned solubility class Y for the mineral dust.
The studies indicated scope for future work in characterisation of dust, detailed leachability
experiments employing sensitive techniques at low-levels and correlation of occupational
exposure with levels observed in biological samples. In a related study on biological
monitoring conducted on a limited group of occupational workers a correlation was reported
for Th between the air samples from the chemical processing plant and urine samples of the
occupational workers, however no such correlation was apparent at the mineral separation
plant [4].

3.2 Work carried out under the CRP

The work is presented under three broad divisions as follows:

Physical characterisation of airborne particulates (Th, Ce and Cd)

Chemical solubilisation studies (Th & Ce)
Determination of Th and Ce in urine samples of mineral beneficiation workers by
NAA.

3.2.1 Physical characterisation of the airborne particulates:

Figure 2 is a pictorial presentation of a typical dust sample collected at different
impactor stages of the Anderson sampler. Tables I and II present the distribution of the total
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airborne dust as a function of the particle size at the mineral beneficiation process. Table I,
detailing the conditions prevailing at the processing areas involving coarse handling
techniques such as drying, screening, high tension separation and tabling shows MMAD of
10 |im with GSD of 3. In a major deviation from the earlier reported work all the dust
collected was used to arrive at the MMAD which resulted in the new value. Data in Table II
representing general areas show distinctly lower MMAD in the range of 3 to 5 |im and
represents conditions at which particles of higher MMAD have depleted from the atmosphere
due to fast settling. Incidentally, this figure agrees well with the value of 4 obtained in the
earlier study.

In the operations involving Th, it is necessary to derive the Activity Median
Aerodynamic Diameter (AMAD) in order to arrive at the Derived Air Concentration (DAC),
Pulmonary Deposition (PD), etc. Determination of AMAD involves a simple nuclear
technique of gross activity counting and can be employed for matrices having low specific
activity especially in occupational settings involving mining, mineral beneficiation and metal
purification such as in thorium and uranium industries. Analysis of the airborne dust for
particle size for the mineral beneficiation process gives values ranging from 3 to 11 um as
AMAD for 232Th with GSD in the range of 3 to 5 (Table III). Since Ce to Th bear a constant
ratio of 2.9 in monazite by weight the MMAD of Ce has been indirectly estimated to be the
same as that of 232Th as observed above . The study has not shown any substantial difference
in values between AMAD and MMAD indicating that the activity is volume distributed.

Table IV and Table V provide data on similar studies conducted at a zinc smelter unit
purifying Cd by electrolytic process. Table IV provides distribution of airborne dust at the
initial ore processing such as powdering and roasting . Nearly 85% of the dust is in the stage
corresponding to ECD of 9 |J.m. Estimation of MMAD taking this fraction results in a high
value of about 100 |j.m. However, when this fraction is eliminated the remaining fraction of
the airborne dust gives an MMAD of 12 |j.m with a GSD of 3.0. The situation changes at the
downstream end (electrolysis) where the airborne dust is distributed in substantially lower
sizes and the MMAD works out to about 3 (Table V). A significant fraction (approx. 10%) of
the total dust collected from this process ends up at the back-up filter which collects particles
of less than 0.4 jim.

The smallest weight of the sample collected was 0.02 mg. The error in weighing this
amount is 50 % (sensitivity 0.01 mg). For nuclear counting the method has 20% error at 1 o
confidence level. However, gravimetric or gross counting methods cannot be effectively
employed in outdoor sampling where low dust-loading imposes severe limitation in its assay.
Nuclear methods such as NAA which offer higher sensitivity have to be employed in such
situations.

3.2.2 Solubilisation studies (Th & Ce):

Four sets of samples from the chemical processing plant presently undergo leaching
studies employing simulated lung-serum including a reagent blank. A total of 30 samples
have so far been collected over a period of 3 months. All the samples have been processed up
to the stage of NAA. (Results of these samples will be presented later.)
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3.2.3 Determination of Th and Ce in urine samples of mineral beneficiation workers
using NAA:

Table VI provide the results of urine sample analyses for Th with respect to 34
occupational workers. Twelve of these samples have also been analysed for Ce. The
concentration of Th vary from 39 to 552 ng I'1 showing a geometric mean of 186 ng I"1. The
observed concentrations vary by a factor of 15. Variations of a higher order in urine have
been reported earlier[3]. The observed urinary concentrations have to be viewed in the light
of the ICRP Reference Man data[17] which provides a derived concentration of 70 ng I"1 as
the background. Many of the subjects under investigation reside at the natural high
background radiation areas. Exposure to higher levels of airborne Th at these areas has been
reported[18]. Higher levels of Th in urine have also been observed in a limited study
conducted earlier[19]. Therefore, it is necessary to establish site specific background of the
population for co-relating the findings with occupational exposure and the individual results
merit case by case analysis.

The data on Ce levels in the Table are unique as similar results are not reported in
occupational settings. The concentrations of Ce vary from 312 to 1587 ng I"1 of urine with a
geometric mean of 700 ng I"1. Variation observed is in a narrow range, by a factor of 5.
Significant concentration due to uptake from natural high background sources is expected,
similar to that for Th and hence the values have to be qualified further. The ratio of the mean
concentrations of Ce and Th show a value of 3.3 for arithmetic mean and 3.7 for geometric
mean. These ratios are to be viewed in the light of the ratio of Ce to Th in monazite which is
2.9. Detailed studies are in progress to fully understand this in terms of biokinesis.

4 PLANS FOR FUTURE WORK

Future plans envisaged to be completed next year are listed below:

Detailed elemental (Th, Ce & Cd) characterisation of the airborne particulates.

Leaching studies employing lung-serum simulant and digestive fluid for (Th, Ce
&Cd).
Co-relation of the airborne elemental levels (Th, Ce & Cd) with blood and urine
excreta of occupational workers.
Co-relation between Th in urine, blood and exhaled breath.
Establishing site specific background levels.
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Table I

PARTICLE SIZE ANALYSIS OF AIRBORNE DUST FOR

MINERAL BENEFICIATION (PROCESS AREAS).

Sample code : MKIASA

Stage Effective % weight at stages
No. cut-off - --

diaQun) 1 2 3 4

0 9.0 58.6 55.0 56.6 51.5

1 5.8 14.2 19.0 14.3 14.9

2 4.7 6.4 6.8 4.9 8.4

3 3.3 10.1 6.8 6.1 9.2

4 2.1 9.3 7.0 8.9 7.5

5 1.1 0.4 4.7 8.2 5.0

6 0.7 0.7 0.5 0.8 0.1

7 0.4 <0.1 0.2 0.1 1.7

8 <0.4 0.3 <0.1 0.1 1.7

MMAD(nm) 11.0 9.8 9.1 12.5

GSD (ag) 2.8 2.6 2.3 4.5

No. of samples - 6

No. of stages - 54
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Table II

PARTICLE SIZE ANALYSIS OF AIRBORNE DUST FOR

MINERAL BENEFICIATION (PROCESS AREAS).

Sample code : MK2ASA

Stage Effective % weight at stages
No. cut-off -

dia ()j,m) 1 2

0 9.0 24.7 11.3

1 5.8 19.6 7.3

2 4.7 15.9 10.7

3 3.3 12.4 13.9

4 2.1 3.1 20.4

5 1.1 7.5 14.7

6 0.7 4.2 6.2

7 0.4 6.2 3.0

8 <0.4 6.4 12.5

MMAD ( îrn) 5.2 2.6

GSD (ag) 4.0 3.2

No. of samples - 2

No. of stages - 19
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Table III

PARTICLE SIZE ANALYSIS OF Th (Ce) FOR MINERAL

BENEFICIATION BY NUCLEAR COUNTING

Sample code : MK ASA

Stage
No.

0

1

2

3

4

5

6

7

8

AMAD (nm)

GSD (og)

No. of samples

No. of stages

Effective
cut-off

dia (pm)

9.0

5.8

4.7

3.3

2.1

1.1

0.7

0.4

<0.4

- 8

- 72

Process

1

45.3

18.7

9.1

9.1

7.0

3.4

2.9

2.6

1.9

11.0

4.6

% activity

areas

2

31.4

17.4

13.3

15.2

10.9

6.5

2.5

1.6

1.2

6.6

3.2

at stages

General

1

12.3

17.8

23.5

15.3

9.2

4.1

8.4

7.4

2.0

4.8

3.7

areas

2

14.8

10.8

12.9

3.1

14.8

17.1

13.1

10.1

3.3

2.7

4.2
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Table IV

PARTICLE SIZE ANALYSIS OF AIRBORNE DUST FOR

ZINC SMELTING - (INITIAL PROCESS AREAS).

Sample code : BZIASA

Stage Effective % weight at stages
No. cut-off •

dia(|o.m) 1 2 . 3

0 9.0 91.6 78.4 82.1

1 5.8 5.0 9.5 8.9

2 4.7 1.5 3.2 2.4

3 3.3 1.1 2.5 2.1

4 2.1 0.5 1.9 1.7

5 1.1 0.3 1.1 0.5

6 0.7 0.06 1.5 0.6

7 0.4 0.04 0.5 0.6

8 <0.4 <0.01 1.4 1.1

No. of samples - 3

No. of stages - 27
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Table V

PARTICLE SIZE ANALYSIS OF AIRBORNE DUST FOR

ZINC SMELTING (ELECTROLYSIS PROCESS).

Sample code : BZ2ASA

Stage Effective % weight at stages
No. cut-off

dia (jim) 1 2

0 9.0 32.5 10.1

1 5.8 2.4 3.9

2 4.7 8.7 16.4

3 3.3 16.7 10.2

4 2.1 9.5 13.3

5 1.1 7.1 15.6

6 0.7 2.4 9.4

7 0.4 7.2 9.4

8 <0.4 13.5 11.7

MMAD (jam) 3.6 2.2

GSD (eg) 5.0 3.6

No. of samples - 2

No. of stages - 18
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Table VI

CONCENTRATION OF Th AND Ce in URINE SAMPLES OF
OCCUPATIONAL WORKERS

(MINERAL BENEFICIATION)

Employee Code Concentration in urine (ngl"1)

Th Ce

M l 85
M 2 291
M3 134
M 4 255
M 5 44
M 6 50
M7 181
M8 141
M9 104
M10 354
M i l 130
M 12 234
M13 88
M14 101
M15 552
M16 39
M17 500
M 18 544
M 19 234
M 20 278
M21 165
M22 177
M 23 373 1280
M 24 224 757
M25 132 535
M26 450 1459
M27 96 516
M 28 96 422
M29 407 1587
M 30 94 441
M31 530 779
M32 370 731
M33 244 312
M34 318 678
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FIG: 1. AIR SAMPLERS
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FIG: 2. SAMPLES COLLECTED ON DIFFERENT STAGES

IN ANDERSON SAMPLER
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FIG. 3. EXPERIMENTAL SETUP FOR LEACHING STUDIES
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Annex I

Aerodynamic particle sizing

The human respiratory tract is an aerodynamic classifying system for airborne
particulates. The respiratory tract regions defined in the new ICRP model is provided in
Figure A 1. Any sampling device used should reproduce to a reasonable degree the dust
collecting characteristics of the human respiratory system. The sampling device should
classify the particles according to the aerodynamic dimension which is a true measure of lung
penetrability. The fraction of inhaled dust retained in the respiratory system and the site of
deposition vary with size, shape, density and solubility of the particle. Methods that employ
light scattering or filtration and microscopic sizing of particles do not reckon with density and
some other properties that affect the movement of particles in air.

The collection of a particle by an obstacle is a function of the inertial impaction
parameter:

C p U D 2

K =

18p,Dc

where U is the relative velocity , p is the particle density, D is the particle diameter, \i is the
gas viscosity, Dc is the diameter of the round jet and C is the Cunningham slip correction
factor.

Data from inertial impactor are normally presented as 50% effective cut-off diameters.
For Anderson impactors (having round jets and flat collection surfaces, the 50% effective cut-
off would give a value of 0.14 for the inertial impaction parameter (K). The Cunningham slip
factor corrects for the fact that as particle diameters approach the mean free path length of the
gas molecules they tend to slip between the gas molecules and are more easily able to cross
the bulk flow streamlines. The collection efficiency will be slightly greater than that of
inertial impaction for particle diameter of 1 to 2 micrometer.

Anderson Ambient Particle Size Samplers

This is a multistage, multiorifice cascade impactor to measure size distribution and
total concentration of particulate matter. The sampler is calibrated with unit density (1 g cm"3)
spherical particles regardless of their physical size, shape or density. The aerodynamic
dimensions obtained can be used to determine the probable point of respiratory deposition
and the particle behaviour in the atmosphere. The data obtained can also be used to examine
compliance with the TLV values and help in the design of proper air sampling and air
cleaning devices.
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Description

The Anderson 1 cfm Ambient Air Sampler is comprised of 8 stages. Each impactor
stage contains multiple drilled orifices. When air is drawn through the sampler, the jets of air
at each stage direct the particles towards the collection surfaces of the respective stage. The
size of jet becomes smaller for succeeding stages. Impaction of the particle at any stage
depends on its aerodynamic dimension.

Particles that are not collected on the first stage follows the air stream around the edge
of the plate to the next stage, when it is either impacted or passed on to the succeeding stage.
The orifices are progressively smaller from top to bottom stages, ranging from 0.1004" dia
(0.221 cm) to 0.01 "dia (0.025 cm) on stage 7. Each stage has a removable stainless steel
(3.25 "dia.) collection plate. The exhaust section of each stage is approx. 0.75 " larger than the
collection plate allowing unimpacted particles to go around the plate and to the next stage.

For sampling atmosphere containing particles larger than 10 um pre separator can be
used to prevent particle bouncing and reentrainment errors.

Operation of the equipment f Sampling')

Orifice stages, pre separator and collection plates must be clean. A mild detergent
with warm water is usually sufficient for cleaning. The stages are numbered 0, 1,2, 3, 4, 5, 6,
7 and 8. Stage 0 is an orifice stage only. Stage 8 contains the collection plate for stage 7
followed by a back-up filter. Each stage has an 0-ring for sealing. The collection substrates
consists of glass fibre or cellulose devices. These are to be pre-conditioned and pre -weighed
before loading.

Fig.A2 shows how impaction occurs at orifice collector interfaces. Particle size range
collected at each stage depends on the orifice velocity of the specific stage, distance between
orifices and collection surface and the collection characteristics of the preceding stage. The
constant flow rate and successively decreasing orifice diameters resulting in increasing
velocities result in impaction of progressively smaller particles in succeeding stages. At 1 cfm
flow the fractionation ranges from 10.0 to 0.4 micrometers. The particles that are too small to
be impacted are collected in the backup filter. The sampling time may vary from few minutes
to several hours. Re-entrainment may occur at loadings above 10 mg at any stage and hence
the stages should be inspected occasionally.

After sampling, the set up is disassembled and the collection media are conditioned
prior to weighing in a desiccator (airborne- particulates have hygroscopic properties).
Weighing should have an accuracy of ±0.02mg with a precision of O.Olmg.

Data analysis

Normally stainless steel or glass is not used as the collection surface due to high tare
weight to sample weight ratio. (However these can be used if the analysis requires washing of
the collected material.) The following steps are involved in the assay of particle size after
completion of sampling.
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a) Determine the weight of sample collected at each stage including the back-up filter. Add
all the weights and find the total weight of the sample.

b) Divide the weight collected at each stage with the total weight of the sample to get the
percentage of the total at each stage. (The particle density should be considered as l.Og cm°
so that particle sizes can be reported as equivalent aerodynamic diameters.)

c) Obtain the Effective Cut-off Diameters (ECD) as follows:

Stage No. ECD (\xm)

0

1

2

3

4

5

6

7

8 (back-up filter)

9.0

5.8

4.7

3.3

2.1

1.1

0.7

0.4

<0.4

d) The results should be plotted in log-probability graph with ECD in the ordinate and the
cumulative % greater than the stated size range by weight in the abscissa.
Find the median size at 50% probability.

e) The geometric standard deviation is given by

50% diameter 15.87% diameter

&
84.13% diameter 50% diameter

Generally the particle size information should be presented in graphical form with the mass
median diameter and the geometric standard deviation.
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Annex II

Composition of Lung Serum Simulant Solution''

Chemical Species composition (m mol per litre)

Sodium 145

Potassium traces

Calcium 0.2

Magnesium traces

Ammonium 10

Protein traces

Chloride 126

Bicarbonate 27

Phosphate 1.2

Citrate 0.2

Organic acid 6

Sulphate 0.5

* Source: Kanapilli,G.N; Goh, C.H.T and Chimneti, R.A. Measurement of In-Vitro
Dissolution of Aerosol Particles for Comparison to In-Vivo Dissolution in the
Lower Respiratory Tract after Inhalation. Health Physics.24 (1973) 495-507.
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Annex III

DETAILED PROCEDURE FOR ESTIMATION OF Th AND Ce BY NAA

The precipitate along with the filter paper is sealed in a polythene cover. 232Th
standard and Ce standard are prepared in similar matrix and sealed in polythene covers. A set
of 4-5 samples along with Th and Ce standards are sealed together in another polythene
cover. This packet is double sealed and placed in a perforated PVC container. The container
is immersed in the moderator(water) of a 'swimming pool' type of research reactor in a
neutron flux of 1012 n cm'V1. The irradiated sample is allowed to cool for 5 days for the decay
of short-lived activation products. Thorium is determined by counting the 311.8 KeV gamma
of 233Pa . Cerium is determined by counting the 145.4 KeV gamma of 141Ce. The nuclear
reaction leading to the formation of 233Pa and 141Ce are as follows:

232
90Th + > -> 233

90Th '-> 233
91Pa L> ™92u

5gCe + 0 n —> sgCe —> 59Pr

The gamma spectrometric assay is carried out using a 54 cm3 HPGe detector coupled to 1024
channel analyser. The amount of Th and Ce present in the sample is determined by
comparison of the activities in the sample and the standard as follows:

As Ws

where

Astd

As

Astd

Ws

Wstd

Wstd

= Activity in sample

= Activity in standard

= Weight of Sample

= Weight of standard.

Appropriate decay correction for the sample and standard, are applied.

Note 1

Neutron Activation Analysis (theoretical aspect):

A sample is irradiated in a flux of neutrons in a nuclear reactor. The isotopes of the
various elements absorb neutrons. Many of these reactions give rise to radioactive products,
the activity of which is measured.
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The activity , A, is given by

A = N(j)cyG (l-e"x t ))

where N = number of atoms of the element in the sample.

(j) = neutron flux (n cm'V1)
cr = neutron capture cross section of the target nuclide.
9 = fractional isotopic abundance of the target nuclide.
X = decay constant of the product nuclide
t = duration of irradiation.

Note 2

Nuclear data for neutron activation of Ce and Th

Ce Th

Mass no.

Atomic No.

Isotopic abundance (%)

Activation cross
suction(b)

Daughter nuclide

Half-life (d)

Gamma energy (KeV)

Gamma abundance(%)

40

58

88.48

0.57

141
5SCe

33

145.4

48

232

90

100

7.4

233 p a

27.4

311.8

44
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