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Abstract:
A method is developed for the determination of lead in air particulates using furnace atomic absorption.
By using porous graphite as a filter medium the atomic absorption determinations can be carried out
with no intermediate treatment. Using particles generated by the condensation of lead chloride vapors
and which ranged from 0.1 to 1.5 μm in diameter a statistical comparison was made between porous
graphite filters and membrane filters and the values obtained were found to be statistically similar at
95% confidence. Both the porous graphite filters and the membrane filters failed to retain any traces of
organic lead from even large excesses. Porous graphite filters, however, were much more convenient to
use and they were found to be more precise.

The application of the method to cadmium and manganese in air particulates is briefly demonstrated.

Since mercury is present in air not only in the particulate form but also as elemental vapors the cups are
modified to enable their use for flameless determinations of mercury. By plating the inner surface of a
cup or tube with a thin layer of gold, mercury is quantitatively filtered from the air. Furthermore, when
using solutions, mercury was found to be retained during the drying process. Since the atomization
temperature for mercury is less than 900°C there is no measurable loss of gold from the cup walls.

A method is developed whereby one can generate particulate standards and control the diameter of the
resulting particles. This is done by using ultrasonic nebulization to generate a monodisperse aerosol
mist. This mist then passes through a desolvation chamber. The diameter of resultant particulates can
be controlled by varying the concentration of solids in the solution fed to the nebulizer. These
particulates can then be used to evaluate various filter media.

A model is developed to demonstrate the various processes that occur describing the filtration of
aerosols by porous graphite. These processes include direct interception, inertial deposition,
gravitational deposition, and diffusion deposition. The tortuosity of the porous graphite used improves
the efficiency of the various mechanisms described. 
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ABSTRACT.

A method is developed for the determination of lead in air particulates 
using furnace, atomic absorption. By using porous graphite as a filter medium 
the atomic absorption determinations can be carried out with no intermediate 
treatment. Using particles generated by the condensation of lead chloride 
vapors and which ranged from 0.1 to 1.5 fj.m in diameter a statistical compar
ison was made between porous graphite filters and membrane filters and the 
values obtained were found to be statistically similar at 95% confidence. Both 
the porous graphite filters and the membrane filters failed to retain any traces 
of organic lead from even large excesses. Porous graphite filters, however, 
were much more convenient to use and they were found to be more precise.
The application of the method to cadmium and manganese in air particulates 
is briefly demonstrated.

Since mercury is present in air not only in the particulate form but also 
as elemental vapors the cups are modified to enable their use for flameless 
determinations of mercury. By plating the inner surface of a cup or tube 
with a thin layer of gold, mercury is quantitatively filtered from the air. 
Furthermore, when using solutions, mercury was found to be retained during 
the drying process. Since'the atomization temperature for mercury is less 
than 900°C there is no measurable loss of gold from the cup walls.

A method is developed whereby one can generate particulate standards 
and control the diameter of the resulting particles. This is  done by using 
ultrasonic nebulization to generate a monodisperse aerosol mist. This mist 
then passes through a desolvation chamber. The diameter of resultant par
ticulates can be controlled by varying the concentration of solids in the solu
tion fed to the nebulizer. These particulates can then be used to evaluate 
various filter media.

A model is developed to demonstrate the various processes that occur 
describing the filtration of aerosols by porous graphite. These processes 
include direct interception, inertial deposition, gravitational deposition, and 
diffusion deposition. The tortuosity of the porous graphite used improves the 
efficiency of the various mechanisms described.



GENERAL INTRODUCTION

Until the introduction of atomic absorption by Walsh in 1955 (I), the 

analysis of trace metals in air particulates was a time consuming process. 

Sampling periods were relatively long term and sampling methods were often 

relatively complicated. Sampling methods commonly in use were sedimenta

tion, impingement methods such as cascade impactors, electrostatic precipi

tation, thermal precipitation, centrifugal methods such as cyclone separators, 

and filtration techniques (2, 3). Filter materials commonly in use were gran

ular filters, inorganic fiber filters, paper filters, and, more recently, 

cellulose ester membrane filters (4).

More recently, atomic absorption spectrometry, by virtue of its selec-
I

tivity, sensitivity, relatively simple operating techniques, and reduced sample 

preparation, has been applied by several investigators to the analysis of trace 

metals in air particulates (5-11). This method on the other hand, does suffer 

from a few disadvantages such as large consumption rate of sample solutions, 

inability to perform ultratrace analysis, and chemical interferences in obtain

ing accurate analytical results (12).

Recently atomic absorption techniques have been developed in which the 

flame is replaced by a graphite tube (13-19) or a filament or strip of graphite 

or tantalum (20,21). Not only have these deviced simplified the use of atomic 

absorption, but they have also greatly extended its sensitivity.



STATEMENT OF THE PROBLEM

It was my goal in this work to develop methods for the collection and pre

paration of samples of particulates in air which were compatible with flameless 

atomization devices in general and, in particular, with the Woodriff atomic 

absorption furnace. The porous graphite developed for use as diffusion cell 

electrodes (22) was investigated as a possible filter medium for air particu

lates. Cups made of this material may prove to be ideal for use in nonflame 

systems, particularly those constructed of graphite.

Secondly, it was desired to standardize the filtration characteristics of 

porous, graphite. Initially this can be accomplished by comparison with 0.45 

jum millipore filters which are presently universally accepted as the standard 

filter for air particulate samples. Since a relative comparison involves the 

acceptance of several assumptions which are not necessarily justifiable, it 

was also my goal to develop a particulate air standard in which both the parti

cle size and the concentration could be controlled or at least calculated. I 

further expected to use this absolute standard to evaluate various filter 

media.

Finally, using the results of the evaluation for porous graphite, I 

expected to develop a model for porous graphite as a filter medium.



THE DETERMINATION OF LEAD IN ATMOSPHERIC PARTICULATES 
BY FURNACE ATOMIC ABSORPTION

Introduction

Lead is the most widely used of the non ferrous metals. Atmospheric 

lead comes from manufacturing, use of pesticides, incineration of refuse and 

combustion of coal and leaded gasoline. Of these, gasoline combustion is the 

major source (23). Lead alkyls have been added to most gasoline as anti

knock compounds since 1923. The organic scavengers ethylene dichloride and 

ethylene dibromide are also added to prevent lead oxide from depositing in the 

combustion chamber. This results in a discharge to the atmosphere of the 

mixed chloride and bromide salts of lead (24). Currently ambient concentra

tions of atmospheric lead are rising at approximately 5%/year.

The toxicological effects of inhaled lead have been documented (25,26) 

and will not be discussed presently. On the other hand, a discussion of the 

relation of particle size to respiratory retention is pertinent to this study. In 

developing a filtration method it is helpful to know the mechanisms and effi

ciencies of deposition of particles in the respiratory system, and of the 

retention in and clearance from the system. Ideally if atmospheric particulate 

concentrations are to be related to health hazards, the filtration system should 

have collection characteristics similar to or the same as the human lung. An
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excellent discussion is found in the referenced U0 S. Department of Health, 

Education and Welfare publication. The size of a particle has a bearing on 

whether it is deposited.and where. Larger particles tend to deposit in the 

mucous linings of the nasopharyngeal passages. The maximum efficiency of 

deposition in the alveolar region is at a particle size between I and 2 /im. 

There ,is minimum efficiency for a size of around 0.4 jLtm but the efficiency 

increases again as particle size decreases.

According to the results of the National Air Surveillance cascade imp ac

tor network (27) 75 to 85% of the lead particulates for 6 cities were less than 

2 jum mass median diameter for the year 1970 and 60 to 70% were less than 

I jLtm. The annual mass median diameter ranged from 0.42 to 0.69 jum for 

lead. Leacl associated aerosols, however, have been found to have a,fairly 

large particle size distribution. The standard deviation from this mass median 

diameter was reported to be 45.9% (81).. By comparison, this value is much 

greater for lead associated aerosols than for those of other elements. This 

is in agreement with the findings of earlier workers who investigated the size 

distribution of particulate automobile exhausts (24).

Although there has been a great deal of consideration given to the possi

bility of converting to the use of lead free automotive fuels, industry-wide 

change to unleaded gasoline of the current octane rating would require exten

sive replacements and additions of refinery equipment (28). Therefore,
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change would not be immediate and sudden but, at best, a slow phasing out of 

leaded fuels is the most that can be expected. In the meantime, monitoring 

the concentrations of lead in the atmosphere is still a necessary task. For 

this reason, development of accurate and sensitive methods of determining 

lead in the atmosphere which are also expedient yet inexpensive are desirable 

goals. Atomic absorption, particularly coupled with modern flameless devices, 

is  ideally suited for this purpose. Various authors have sought to make use of 

the advantages of atomic absorption for the determination of metals in air 

(29,30,31). More recently, flameless atomization devices have been applied 

due to the increased sensitivity that ,results from their use (32-34).

The graphite tube atomic absorption furnace as designed by Woodriff 

et al. has demonstrated its sensitivity and precision for a number of elements 

(15-19). The very great sensitivity resulting from the application of this 

instrument suggests its usefulness for the determination of elements in par

ticulates in air samples.

There are, at present, no sampling methods which are readily applied 

to nonflame AA determinations. Most filtration methods that might be em

ployed would require either an ashing step or a dissolution of the filtrate 

(2,3). For most other techniques this does not introduce substantial errors* 

Furnace techniques, on the other hand, are so sensitive that small volumes 

of air can be used and small amounts of the element of interest are determined.
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Under these circumstances, errors of greater relative magnitude are intro

duced with pretreatment. Since no pretreatment step is necessary using the
:

following method, these errors are eliminated.

Experimental

Apparatus and Materials

The spectroscopic apparatus and the atomic absorption furnace used have 

been described previously (19, 35) and for the sake of brevity the description 

will not be repeated here.

Two types of cups are used for different purposes. The cups used for 

direct air filtration are of the same dimensions as those commonly used in 

emission spectroscopy for carrier distillation (ASTM No. S3). These cups, 

however, are made of a type of graphite with a closely controlled porosity.

The dimensions are roughly 16 mm long by 6 mm o. d. with the center drilled 

out 4.75 mm to a depth of 7 mm. A grade of graphite designated Spectro XA-3 

was fabricated at Poco Graphite Inc., P. O. Box 2121, Decatur, Texas 76234. 

Its density is 0.94 to 0.96 g/cc with impurities of less than 2 ppm.

This graphite contains a network of large pores (induced or functional porosity) in

a graphite matrix which contains smaller pores (the incidental porosity). The 

mean diameter of the former is 1.4/Li while that of the latter is 0.4 /2,. The volume %
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porosity is 55.3% and the larger pores are interconnected to the extent of 96%. 

This graphite was further characterized (22) and developed to be used as elec

trodes in diffusion fuel cells (22,36). The nature of this material makes it ideal 

for filtration of particles of the types and sizes usually found in air samples 

(2). The cups used for solutions are similar but are 4 mm shorter and are 

made of a higher density graphite. It is necessary for this graphite to be 

impervious to relatively concentrated (5 M) nitric acid solutions. When the 

cup was wetted by these solutions the reagent blank was found to be quite 

high. This was probably due to the fact that the wet outsides of the cup in con

tact with the titanium cup holder picked up trace contaminants on its surface. 

This was overcome by making cups of Poco grade FX 91 which was found to 

be impervious to nitric acid.

The original adapter which was designed to hold the graphite crucible 

for filtering is shown in Figure I (37). A few prototypes were machined of 

acrylic plastic but these were difficult to clean and exhibited pronounced 

memory effects. These problems were completely eliminated by machining 

the adapters out of 3/4-inch diameter Teflon (Du Pont) bar stock. The Teflon 

holder could be soaked in a number of acids without fear of decomposition and 

exhibited no memory effects. Another advantage that was found using Teflon was 

that the threads were self sealing so the O-ring could probably be eliminated.

The cupholder used for air filtration, pictured in Figure 2, also machined from
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Teflon bar stock, is an improvement from the one shown in Figure I since it 

has no threaded side arm which was found to be an occasional source of leaks 

and the linear design is easier to insert into a line. The filtration units are 

checked for possible leaks by immersing them under water and applying pres

sure to them. No air seepage was detected either at the Teflon threaded con

nections or at the surgical tubing connector.

Millipore filters used for comparison were type HAWP plain white 

cellulose ester filters 13 mm in diameter with a pore diameter of 0.45 ju. 

Swinnex 13 adapters were used to hold the millipore filters during the filtra

tion. Glassware used was soaked overnight in hot 2-3 M nitric acid prepared 

from reagent grade nitric acid and then in hot 2-3 M nitric acid which was pre

pared from concentrated nitric acid redistilled once in Pyrex. The latter step 

was repeated until the values obtained from blank determinations no longer 

deviated significantly from those determined previously.

The apparatus depicted in Figure 3 was constructed to generate standard . 

particulate atmospheres. It consists of a surplus Multiple Unit tube furnace 

with a Pyrex or vycor tube through the center. Air from the house line is 

bled in at 50 ml/min through a miniature valve of the type used in small 

aquaria and the flow rate is monitored on a Gilmont flow meter. Lead chlor

ide or bromide is placed in a ceramic boat which is run into the hottest zone 

of the vycor tube. At the exhaust end is a 2-way valve. One is usually
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connected to the filter apparatus and the other, is led through a tube up into the 

exhaust duct to prevent contamination of the work area.

Organic lead standards were generated in the apparatus shown in Figure 

4 which consists simply of a sidearm test tube with a one-holed rubber stopper 

at the top and a capillary tube down the center. Ten microliters of an appro

priate concentration of tetramethyllead (TML) in toluene is pipetted into the 

bottom of the tube. The sampling apparatus is attached at the sidearm. A 

capillary is  used in order to increase the linear velocity of the sweep gas (air) 

as it impinges on the TML solution at the bottom. In order to insure that all 

of the sample has been swept from the tube a volume of sweep gas is allowed 

to pass through the tube equal to several times the internal volume after the 

TML solution can no longer be detected visibly.

Reagents

Concentrated nitric acid used was distilled once in Pyrex. Organic lead 

used for standardization was 80% tetramethyllead in toluene obtained from Alfa 

Inorganics, Water used was low conductivity water distilled twice in Pyrex. 

TML solutions were diluted with reagent grade toluene from Baker Chemical Co.

Procedure

In order to determine the optimum furnace temperature for determining 

lead, approximately a nanogram of lead is added to the impervious cups as 

lead nitrate solution. The cups are then placed under an infra-red heat lamp

12
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and the solutions are evaporated to dryness. The cups are then placed in a 

desiccator to prevent possible contamination. Each cup is then threaded onto 

a 1/8" graphite rod and inserted into the furnace. Absorbance values are then, 

measured in triplicate at various furnace temperatures. Prior to use the cups 

must be cleaned of possible contaminants. This is best done by merely insert

ing the unused cups into the furnace and removing them when the absorbance 

reads zero (about i  minute).

Standard curves are then run in the same manner except that the furnace 

temperature is held constant and the amount of lead added to the cups is 

varied. In all cases background absorbance of all types of samples was checked 

at the honresonance 220.35 nm lead line and none was found to be present. 

Standard curves were run for each type of graphite cup at the 217.0 nm lead 

line. Standards were also run at the less sensitive 368.3 nm lead line. This 

line is  not commonly used for absorbance measurements; however, the lower
-I

energy state of this line is only 7819 cm above the ground state and it could 

be shown that at 1850°C this energy level is sufficiently thermally populated 

to result in a metastable state from which absorbance can take place.

According to Boltzmann:
N1= ^ l n o 6-ABAt 

So
where: Ni = number of atoms in the higher energy state;

No = number of atoms in the lower energy (ground) state;
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AE = energy difference in ergs.

k = Boltzmann's constant (1.381 x 10 erg/°C)

T = temperature (0K)

g. and g = statistical weights (or degeneracies) of the 
ith and ground states respectively. This is 
given by 2J + I

Boltzmann's equation can also be expressed relatively:

Ni gi -AE/kT■ r r - ------- eNo gO
-I

In the case of the lead lines that originate 7819 cm above ground,

-16a,. , .  Ar,- -I  1.99 x 10 ergsAE in ergs = AE in cm x ------- „■ ■ ■ zi— ° ~I cm x

-16

3 "I “"16AE in ergs = 7.819 x 10 cm x 1.99 x 10 ergs/cm  

AE = 1.55 x 10 *2 erg
3

Since the spectral term for the lead ground state is and for the

state 7819 cm above ground is. P1, g. = 3 and g = I.I I o

From all this the ratio Ni/No can be calculated:

Ni/No = Se 1.55 x 10-12

1.38 x 10~16 x 2.125 x IO3

-5.1

=.0183
This means that there may be a population at the metastable state sufficient 

to give a measurable absorbance signal.
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As a result of this calculation, temperature curves were run for two lines 

which originate from this energy level—the 261.4 nm line and the 368.3 nm 

line. The results are shown in Figure 5. Although these curves show that 

much higher temperatures would be preferred, a standard curve was run at 

the 368.3 nm line at 1850°C for convenience. The 368.3 nm line was chosen 

since its sensitivity fell in the proper range.

The filtering procedure for porous graphite cups is relatively simple. 

After a set of cups has been cleaned by insertion into the furnace and has 

cooled down, one of them is placed in a Teflon holder. A 60 ml syringe is 

attached to one end of the holder with a piece of surgical tubing in such a 

way that upon drawing out the plunger, air is forced to flow through the cup ■ 

from the inside to the outside. This results in the deposition of the particu

lates on the inner surface of the cup. The volume of air sampled can be

adjusted so as to result in a sufficient amount of deposited lead to give a

3significant absorbance. Commonly 100 cm are sufficient. The lead in the 

filtrate can then be determined without further pretreatment by inserting 

the cup into the furnace and reading the resulting absorbance.

If one is in the field, the graphite crucible can be stored in a titanium 

holder in a desiccator until one is able to perform the determinations. Titan

ium is used since it can be soaked in dilute nitric acid for cleaning purposes. 

We have found that cups containing sample can be kept for a day before
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insertion into the furnace but no attempt was made to store them for longer 

periods.

For membrane filters, on the other hand, after the air sample is drawn 

through the filter, the filters must undergo digestion to decompose the filter 

material, thus eliminating background absorbance.' Wet digestion is preferred 

over dry ashing since the filters vaporize rather vigorously during the dry 

ashing procedure with a possible loss of sample. After the filtration step the 

membrane filter is removed from the holder and placed into the bottom of a 

graduated centrifuge cone. Three hundred jul of concentrated distilled nitric 

acid are then added. The centrifuge cone is then placed in a boiling water

bath and the filter is digested until the solution ceases to fume and appears
• .

nearly colorless. The solution is then diluted to I ml and 100 jul aliquots are 

placed in the impervious cups and dried and the absorbance is determined as 

described earlier.

Results and Discussion
-c

Figure 6 shows the variation of absorbance with temperature for 2 x 1 0  

g Pb at the 283.3 nm line. Approximately the same curve is obtained with 

different furnaces and different optical arrangements. From this curve it can 

be seen that the best operating temperature for lead is 1800°C. If standard 

curves are run as close to this temperature as possible, then the temperature
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Figure 6. Temperature Curve for the Lead 217.0 nm Line
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for running samples can vary as much as + 25°C without losing accuracy.

Original work on this problem was done on the instrument described by 

Woodriff and Shrader (19). This instrument has the advantage that the absor

bance due to background or scattering can be monitored continuously. On the 

other hand, the Glan-Taylor polarizers used in this system absorb in the 217

nm region so the 283.3 nm line had to be used. This resulted in a sensitivity 
-12

of 5 x 10 gram per sample for the standard curve shown in Figure 7.

Since no interferences were found to be present in air samples, the 

single channel system with phase-lock amplification described by Woodriff, 

et a l . , was used for subsequent analyses (35).

The standard curves for lead for this system shown in Figure 8 are at ' 

the usual 217.0 nm analytical lines. Since the shapes of the two types of cups 

differ as well as the densities and heat capacities of the two different graph

ites used, it is  necessary to run standard curves for each. The sensitivities

—12for the two are similar (2.5 x 10 grams). Both curves were run under the

same conditions, i . e . , photomultiplier 850 V, hollow cathode 6 ma, entrance

slit 150 exit slit 120 jum reciprocal linear dispersion 1.1 nm/mm.

Plots of the variation of the concentration of lead with time can be seen

3in Figures 9 and 10. Figure 9 represents 250 cm samples taken on the 

Montana State University campus on June 8 , 1971, which was during the week 

of final examinations; therefore traffic was not expected to be very heavy.
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Figure 9. Plot of V ariation of Lead Concentration on the Montana State University Campus on June 8, 1971
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Figure 10. Plot of Variation of Lead Concentration at N. 7th and Main, 

Bozeman, on June 11, 1971 for a 250 cm3 Air Sample. 
Sample points indicated by 0.
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The winds were out of the west at about 5 miles per hour and the temperature 

was about 750F„ It can be seen from the figure that the levels were rather low 

in the morning, averaging 0.1 microgram per cubic meter, but were generally 

higher in the afternoon with sharp increases at 3:05, 4:30, 5:00 and 5:30.

These levels are generally consistent with the traffic flows that were observed. 

Figure 10 was taken at North Seventh Avenue and Main Street in Bozeman. 

Traffic from the interstate highway as well as traffic going to Yellowstone 

National Park must pass this point. The samples were taken on June 11, 1971, 

and it was sunny, calm and dry all day. These data were evaluated with the 

earlier experimental system.

Using the porous graphite cups and the latter optical system, several 

3100 cm air samples were taken throughout the day on the Montana State Uni

versity campus approximately one week before and one week after the beginning 

of the school term. Since it takes only a few minutes to collect a sample it is 

possible to determine short term variations in atmospheric concentrations.

In Figure 11 are comparative plots of the time variations in concentration on 

these two days. Weather conditions were similar oh both days. The overall 

effect of student.population on the local concentrations of lead in the air can 

be seen. Not only is the average concentration greater on September 27, but 

the fluctuations are also greater.
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Sample Volume = 100 cm 

Sample Points Indicated by O

PC GAINES HALL

Se p t .  IO

Sept .  27

Figure 11. Comparative Plot of Variation of Lead Concentration in Front of 
P. C. Gaines Hall on September 10 and September 27, 1972
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Figure 12 shows the results of samples taken along Interstate 90 north 

of Bozeman, Montana, one day before and week after the official opening of 

that section of highway. Care was taken to select a location as far removed 

from local traffic centers as possible. Even though vacation traffic was 

already at an end, there is a noticeable difference in the atmospheric concen

trations on the two days. On the average, the lead concentrations on the latter 

date were twice as high; however, it should be pointed out that the anomaly at 

4:40 is due to the traffic from the construction workers.

In order to determine the validity of these results, it was felt that the 

porous graphite cups used should be characterized with respect to precision 

and accuracy. For this the previously described apparatus shown in Figure 3 . 

was used. It was later found that compressed air from the house line could be 

used in place of the nitrogen tank with no additional blank absorbance. A rheo

stat was also connected in series with the tube furnace to enable finer adjust

ment of the furnace temperature. A cardboard and glass shield was constructed 

around the furnace and tube to serve as a convection shield since drafts would 

change the system temperature a few degrees rather suddenly. A regulated 

power supply was also found necessary since locally there are substantial 

voltage fluctuations. With these modifications the temperature at the center 

of the tube within the furnace could be held constant to within+ ̂ -0C for several
Ohours. With lead bromide in the ceramic boat, a temperature of 381 C, and
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6=55 7:15 mean
Figure 12. Histogram of Lead Concentrations on Interstate 90 before and after Official Highway Opening
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a sampling time of I minute at a flow rate of 50 ml per minute, 18 samples

-10were taken. The average amount of lead collected was 9.7 x 10 grams and 

the relative standard deviation was 10.0%.

Using nitrogen instead of air, several samples of the particulate con

taining carrier gas after being filtered through the porous graphite were 

injected directly into the furnace. This could be done by fitting a shortened 

side arm with a rubber septum and injecting both unfiltered and filtered gas 

into the furnace through the septum. Filtration of the particulates by the 

porous graphite was found to be quantitative. Figure 13 are photomicrographs 

of the particles which are generated. These particles were collected by 

placing microscope slides in the bottom of the Pyrex tube and lowering the 

flow rate to 5-10 ml/min to allow the condensation particles to settle. They 

range in particle size from 0.1 jum to 1.5 /nm. This is very similar to the 

situation typically found in air samples (27).

A question can be raised at this point as to whether a significant number 

of particles of air are being sampled if one only takes a 100 cc air sample.

In other words, is there an inherent disadvantage to be found in a method of 

greater sensitivity due to the fact that there is a particle size distribu

tion. If too few particles were collected, this particle size distribution would 

lead to an inherent error in an individual sample.
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(a) 8 cm from boat 

l—i 5 JUL

(b) 23 cm from boat
Figure 13. Photomicrographs of Generated Particulates
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The number of particles sampled can easily be determined. Say we take

3 3a 100 cm air sample with a resulting concentration of I jUg/m . This is a sam-
-10pie weight of 10 grams. Since 0.5 is the mass median diameter, the mean 

number of particles determined is given by

grams/sample 
4/3 TTT3 p

where

this gives us

-5r = radius of particle = 2.5 x 10 cm 
p = density of particle = 6.26 g/cm 3

IQ-10 grams/sample
4.08 x ICrl3 grams/particle

or 270 particles/sample. ■ The statistical standard deviation for 270 particles 

. V^TO
270 or .06. The standard.deviation reported for particle size is .459. The

total minimum standard deviation that one can then expect for an air sample of 

this size is  S = V(.06)2 + (.459)2 = .463 or 46.3%. This error is from sam

pling. The error from the analytical method was shown to be only 10%.

Since activated carbon has been successfully used by others to adsorb

organic lead quantitatively (38), the adsorptive properties of our porous gra-
• -7

phite cups for organic leads was investigated. When 10 grams of lead as 

TML in toluene was pipetted into the organic lead evaporator . (Figure 4) 

monitoring the less sensitive 368.3 nm line, there was no absorbance above 

blank values detected for several determinations for either the graphite cups 

or the millipore filters. In order to determine if there is some saturation



point below which organic leads are quantitatively adsorbed, the same proce-

-9dure was repeated using 10 grams of lead as TML and monitoring the more 

sensitive 217.0 nm line. Again, no organic lead was found to be retained by 

the porous graphite cups.

In order to determine the accuracy for filtration of particulates by 

porous graphite, a comparison with membrane filters was attempted since an 

absolute air particulate standard would be a difficult task. Several filters from 

4 different lots of 13 mm millipore filters were found to have an average of 

about 9 nanograms per filter, with relative standard deviations for the different 

lots ranging from 18% to 67%. The results are shown in Table I. This is un

suitable for comparison at the 217.0 nm line so the pair of standard curves at

-9the 368.3 nm line (Figure 14) having a lower sensitivity, i . e . , I x 10 grams, 

was used. This enabled a comparison between the two filtration methods since 

the millipore filter blank was insignificant at this line.

Using the particulate generator of Figure 3, samples were taken of the 

effluent particulate containing gases alternating between porous, graphite filters 

and millipore filters so that any drifts in the rate of evolution of lead would 

be seen in both filters. It turned out, however, that no such drifts or trends 

were observed. The results of this comparison are listed in Table II. Since 

the millipore filters are digested and only an aliquot used for analysis, par

ticulate from the generator is collected for a longer period of time. In order,



TABLE I

Lead Content of Millipore Filters 

Average Amount

Lot. No.
No. of 

Samples
in Nanograms 

per Filter
Standard
Deviation

Relative Standard 
Deviation

58408 13 12 7.8 4.1% 53%

76020 12 ' 8 9.0 2.8% 31%

8823 10 9.3 1.6% 18%

95434 13 9 . 9.4 6.2% 67%
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Q  impervious cups 

^  porous cups

GRAMS X IO
Figure 14. Insensitive Lead Standard Curve at the 368.3 nm Line
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TABLE n

Comparison of Methods for Particulate Filtration

Method Porous Graphite Millipore Filter

No. of samples 9
g

g/min x 10 3.16 2.84'

Standard deviation .25 .51

Relative standard 
deviation 8% . 18%

Population mean at 
95% confidence jti = 3.16 + .15 fj, = 2.84 + .39
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then, to facilitate comparison, the number of grams collected per minute is 

calculated. The values obtained were found to be similar at 95% confidence 

using the student t analysis. The value obtained for t was 2.00 as opposed to . 

a rejection criteria of 2.08 for that confidence level. An F value of 4.1 shows 

that the precision of porous graphite filtration is greater than that for filtration 

using millipore filters. In both cases one value was rejected at 95% confidence 

as a result of a rejection quotient calculation.

At this point it appeared necessary to see how well this system could be 

applied to the determination of other elements in air. An excellent candidate 

for this was cadmium. According to McCaull (39), cadmium release into the 

environment constitutes a more insidious threat to human health than lead 

or mercury. Accumulating scientific evidence points to coincident cadmium 

pollution as contributing to fatal arterial hypertensive disease. The death rate 

from these causes was considerably greater in cities with high concentrations 

of cadmium in the air (40). There has been increasing recognition of chronic 

poisoning to industrial workers who breathe in small amounts of cadmium com

pounds over an extended period (41-44).

Widespread environmental cadmium contamination is certainly connected 

to increased technological use and to the.need for recycling iron. An NAPCA 

report (26) indicates that 4.6 million pounds of cadmium were put into the air from 

human activities in 1968 (45). This study shows that 2.1 million pounds or



45% of the total was released during the processing and refining of the cadmium

bearing ores of zinc, lead, and copper and the processing of cadmium. A 

large amount of cadmium is also released into the atmosphere.from the incin

eration, disposal, or recovery of cadmium containing products. The largest 

amount in this category is from the cadmium electroplating used as a corro

sion resistant coating for iron and steel products. An estimated 2 million 

pounds of cadmium were released into the atmosphere during the recovery of 

the 38.5 million tons of scrap steel purchased by the steel industry in 1968.

These two sources alone account for 90% of the cadmium released to the atmos

phere.

Although cadmium compounds which are present in the atmosphere at very 

low concentrations appear to be very harmful to health, their determination is ren

dered facile by an exceptionally great sensitivity in atomic absorption as exhibited 

by the standard curve in Figure 15. The sensitivity for cadmium based upon an absor

bance of 0.004 using this curve is 7.5x10 ^grams. This is 3 to 4 orders of magnitude

better than for most other elements using the Woodriff furnace for atomic absorption.
3■ Since cadmium is found in brazing rods 100 cm samples were taken in

3
two locations within a local welding shop and compared to a 500 cm sample 

from main street. Within the welding shop cadmium concentrations found
3

were 0.75 and 0.60 ng/M . The cadmium level on main street was not detec-

3ted at the level of 0.015 ng/M .

37
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GRAMS X IO

Figure 15. Cadmium Standard Curve
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Manganese was also briefly investigated for two reasons. The first of 

these is that since manganese compounds are much less volatile than most of 

the elements heretofore investigated, it represented a suitable test of the upper 

temperature limits of the furnace. Secondly, since manganese is present at 

low concentrations (1- 10%) in steel, significant amounts of this element should 

also be present in welding shops.

The'standard curve for manganese is shown in Figure 16. The sensitivity

-10for manganese at an absorbance of 0.004 is I x 10 . grams. Again samples

were taken at a local welding shop and on main street. The manganese con-

3centration at the former location averaged 28 jLig/n and at the latter location 

2.9 fjig/m3.
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Figure 16. Standard Curve for Manganese



•THE GOLD PLATING OF GRAPHITE FOR THE DETERMINATION OF 
■ MERCURY IN SOLUTIONS AND IN AIR SAMPLES WITH 

FLAMELESS DEVICES

Introduction

Until recently the most popular methods for the determination of mercury 

in various analytical samples including air samples has been based on the use 

of the reagent dithizone with a spectrophotometric determination (46). This 

reagent is nonspecific and there is always the possibility of interference from
/

other metals. Furthermore, these techniques are time consuming since, in 

the case of air samples, large amounts of air are filtered and the determination 

is preceded by a wet digestion step. For these reasons, atomic absorption 

methods, which are more sensitive.and convenient, have increasingly become 

the methods of choice.

Atomic absorption determinations of mercury generally fall into one of 

these broad classifications: (I) cold vapor methods in which measurement is 

made after reduction of Hg++ to Hg vapor; (2) direct air analysis by ultraviolet 

photometry; (3) flame techniques; and (4) nonflame methods (other than cold 

vapor). All of these methods, however, have some drawbacks.

In order to make use of the cold vapor technique it is still necessary to
-H-

filter the air sample and digest the filtrate. The Hg in the digested sample 

is  reduced to free mercury and the concentration of mercury in the vapors is 

measured in a cold absorption cell. Using this method one can determine
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mercury in particulates but mercury vapor and organic mercury is not likely 

to be retained by the filter material. There is also a possibility of loss of 

mercury during the digestion step.

Direct determination of mercury in air by ultraviolet photometry has 

been shown to be quite useful for many applications (47). In this method air is 

pumped into a long U. V. absorption cell and the absorbance due to mercury is 

measured. The sensitivity of this method has been increased by collecting Hg 

vapor from a large volume of air by passing the air over gold foil and subse

quently heating the gold to drive off the collected mercury into a smaller vol

ume of gas. This mercury containing gas is then pumped into the absorption 

cell. The major drawbacks to this technique are that in the first case the 

sensitivity is  too poor and in the second case relatively large volumes of air 

must be sampled (about 1000 liters).

To utilize flame techniques the air must be filtered and a digestion step 

must be carried out. The disadvantages of these are similar to those for 

cold vapor techniques. Furthermore, the flame gases dilute the sample with 

a resulting decrease in sensitivity. Excellent reviews containing the analytical 

methodology of mercury have recently been published (48-50).

Flameless techniques have proven to be so very sensitive for many 

applications that they would appear to be ideal for mercury determinations. 

Recently, several authors have demonstrated the applicability of porous
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graphite filtration and of flameless atomic absorption to the determination of 

trace metals in air particulates (12,37, 51). Many of these methods, on the 

other hand, have not been applied to the determination of mercury in the air 

because of the high volatility of mercury and many of its compounds.

When determining elements in solutions one generally pipettes a small 

volume into the graphite cups or tubes of the flameless device and dries the 

solution in the graphite prior to atomization (17, 52, 53). Mercury determina

tions by these methods also are a greater problem due to the high volatility of 

mercury and many of its compounds. Very often analysts experience great 

difficulty in obtaining working curves for mercury when using flameless 

atomization devices. Standard deviations are often quite large which leaves one 

with a great deal of uncertainty in the results obtained.

Gold foils, gold coated fibers, and gold filters have been used for various 

mercury determinations for a long time(54,55). We have recently discovered 

that by plating the inner surface of graphite tubes and cups with a thin layer 

of gold the aforementioned problems can be eliminated.

When a mercury containing solution is evaporated in the gold plated cups 

or tubes, the mercury present amalgamates with the gold layer. When an 

air sample is drawn through the porous cups mercury vapors present amal

gamate with the gold while particulate mercury is filtered by the porous gra

phite. Subsequent determination is by flameless atomic absorption.
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Experimental

A carbon tube atomizer similar to the Varian model 63 was used to 

determine the absorbance of mercury in graphite tubes (52). The mercury 

in the graphite cups was determined using the furnace of Woodriff et al. (15- 

19). The maximum temperature reached by the carbon tube atomizer was

O O8,50 C and the Woodriff furnace was maintained at 900 C.

Cups and tubes used for evaporation of solutions are made of grades of 

graphite ranging in properties from very porous (National AGKSP and Poco 

XA-3) to very impervious (Poco FXI and FX9I). The cups made of FXI and 

XA-3 are 16 mm long and 6 mm 0„D. with the center drilled out 4.75 mm to 

a depth of 7 mm. The cups made of FX9I are 12 mm long and 6 mm O. D. with 

the center drilled out 5 mm to a depth of 8 mm. The latter cups are shorter 

and thinner walled with a thinner base. The carbon tubes are made of AGKSP 

and are 15 mm long, 4g mm LD. and 6 mm O. D. The FXI cups were used to 

determine mercury in air samples.
-4 -3

These cups are plated with 10 to 10 g of gold using the simple 

apparatus shown in Figure 17. This consists merely of a 12 volt automotive 

battery, a dropping resistor, a modified alligator clip to hold-the cup, and a 

platinum wire as a counter electrode. The dropping resistor is used to de

crease the evolution of hydrogen gas. This results in a more uniform deposi

tion of gold on the inner surface of the cup. To plate gold onto the cups, 200
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/solution

Porous 
graphite cup

740 ft

Auto
battery

Figure 17. Cup Plating Apparatus
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microliters of a 0.5 g/1 gold solution are pipetted into the cup and electro

deposition is allowed to proceed for ten minutes. If a thicker plate is desired 

the solution is replenished as necessary. . •
— §  - I—

10 grams of mercury as aqueous Hg solution are pipetted into both 

the plated and unplated form of each cup. These cups are then dried under a 

heat lamp at 125°C for 10 minutes. In the case of the carbon tubes, 2 x 1 0   ̂

grams were pipetted into them while in the carbon rod apparatus and they were 

dried in the usual manner. \

In order to determine the amount of mercury in air samples, the plated 

porous cups are placed in holders of acrylic or Teflon which force the air to 

pass through the walls of the cup. An airtight graduated 50 cc disposable 

plastic syringe is used as a pump. These sampling techniques have been 

described earlier.

In order to determine the amount of mercury vapor that passes through ■ 

the gold plated porous filters, the cold vapor apparatus shown in Figure 18 was 

used. Light from the mercury hollow cathode is chopped at 400 Hz by a PAR 

model BZ-I light chopper. The chopped light is  passed through a quartz 

windowed absorption cell 115 mm long and 20 mm in diameter and is focused 

on the entrance slit of a Spex Industries 3/4 meter Czerny-Turner mono

chromator set at the mercury 253.65 nm line. The output is amplified by a 

PAR model HR-8 phase lock amplifer and recorded with a Honeywell 6 inch
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CHOPPER
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Figure 18. Cold Vapor Mercury Apparatus
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recorder.

Ten Cm̂  of mercury vapor from the Erlenmeyer flask containing a few 

grains of mercury at room temperature is drawn through the filtering apparatus 

and the vapors in the syringe are injected into the cold vapor apparatus. Any 

mercury vapor which passes through the filter can be measured by its absor

bance in this cell. As a reference, an equal volume is drawn through the appa

ratus with no filter cup in place.

To determine the amount of mercury collected on the cup the atomic 

absorption furnace of Woodriff et al. was used (18,.19). Light from the hollow 

cathode is chopped at 500 Hz by an Ithaco model 382A chopper. The chopped 

light passes through the furnace which is maintained at 900°C and the 253.65 nm 

Hg line is monitored with one channel of the spectrophotometer described 

recently by Woodriff and Shrader (56). The output is amplified by an Ithaco 

model 353 phase-lock amplifier and recorded on a linear instruments model 

252 dual pen recorder. The second channel is set on a nearby non-resonance 

mercury line to monitor background absorbance due to scattering. Working 

curves are determined by two methods. In the first, varying volumes of a 

10 7 g/ml HgCl solution are added to the cups and dried at about 125°C under 

a heat lamp. Using gold plated cups no mercury loss by evaporation was 

found under these drying conditions. In the second method, the 2 liter Erlen- 

meyer flask containing a few grams of mercury is placed in a refrigerator and
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is allowed to equilibrate at a temperature of 2.7°C. The amount of mercury 
3present per cm of air samples from this flask can be calculated from the

gas laws and the known vapor pressure of mercury which at 2.7 C is 2.5 x 10

mm. This amounts to 2.85 x 10  ̂ g/cnV*. The standard curve is made using
3

volumes varying from 2 to 16 cm .

Results and Discussion

Table III shows the results of the additions of solution. Each value re

ported is an average of 6 determinations„ When unplated cups or tubes are 

used there is a mercury loss ranging from 63.3% to 94.7%. When using 

flameless atomizers the solvent must be removed prior to the atomization 

step. When we are dealing with aqueous solutions the temperatures necessary
I

to remove the solvent are such that this is difficult to accomplish without the 

loss of mercury since the vapor pressure of mercury is on the order of 0.1 

to I mm at those temperatures. Trace amounts would be lost very quickly.

In general, the more impervious the graphite used, the greater was the 

loss. This is  due to the fact that solutions can soak into the porous cups to 

a greater extent and upon drying some mercury remains with the cup. The 

unplated cups show relative standard deviations as high as 36% whereas the 

relative standard deviations of all types of plated cups are generally less than 

3%. This indicates that regardless of the type of graphite or the type of
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Comparison of Plated and Unplated Graphite Devices for Flameless 
Atomic Absorption Determinations of Mercury

TABLE IB

Graphite Type FX9I FXI XA-3 AGKSP

Form cups cups . cups tubes

Atomization
Device furnace furnace furnace carbon tube 

atomizer

Mean Absorbance 
Plated Graphite 0.683 0.563 0.478 0.341

Relative Std. Dev. 
Plated Graphite 2.9% 3.4% 1.3%' 3.8%

Mean Absorbance 
Unplated Graphite 0.036 0.050 0.049 0.125

Relative Std0 Dev0 
Unplated Graphite 36% 19% 25% 9%

Relative Loss 
from Unplated 
Cups

94.7% 91.1% 89.8% 63.3%
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atomization device used one can eliminate the loss of mercury by gold plating 

the interior of the graphite device.

Table IV shows the relative retention of mercury vapor by both the un- . 

plated and the plated porous graphite cups. Each determination was made in 

triplicate. These data show that unplated cups retain only about 10% of the 

mercury vapor in the volume sampled whereas with the plated cups 99% is  

retained. This indicates that the cups can be used to quantitatively determine 

mercury vapor in air samples.

Figure 19 shows the results of standardization both by addition of solution 

and filtration. As one can see, the standard curve from calculated mercury 

values are 16-20% low. This is not unusual when one considers that the 

deposition geometry in the cup is different in each case. When solutions are 

added, most of the mercury ends at the bottom of the cup where it is deposited 

upon evaporation to dryness. On the other hand, when standardized vapors are 

filtered, the mercury is dispersed over the entire inner surface of the cup. 

When real air samples are being analyzed, it is  preferable to use as one's 

working curve that from the filtration of a calculated amount of mercury vapor 

rather than that from the addition of solution. The sensitivity of this curve 

based on an absorbance of 0.004 is 3 x 10 ^  grams per sample. For a 500 cc
3

air sample this is 0.6 (jg/m which is far below the USPHS safety limits of 
2

100 (jg/m .
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Relative Retention of Plated and Unplated Porous Graphite Cups

TABLE IV

Unplated Cups
Cup # Absorbance % Retained

No cup 0.915

I 0.824 9.9 .

2 0.821 10.0

mean 10.0

Cup #
Plated Cups

Absorbance % Retained

No cup 0.900

6 0.012 98.8

7 0.010 98.9

8 0.008 99.1

mean 98.9
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Figure 19. Comparison of Standards Run by Solution Doping of PlatedCupsA 

and Filtration of Calculated Amount from Saturated Air at 2.7OC0
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An amount calculated to be 2.3 x 10 grams was drawn through each of 

5 cups. The relative standard deviation which resulted is 11.2%.

The cups were also inserted in the furnace while monitoring the 242.8 nm

’ Ogold line. No absorbance was observed. This would be expected since at 900 C
-7

the vapor pressure of gold is only on the order of 10 mm.

Table V shows the results of several determinations of various air 

samples. 500 cc samples were taken outdoors and in a large unpainted audi

torium to extablish background mercury levels. Since mercury compounds are 

added to paints as fungicides (48) several samples were taken in rooms which 

were in the process of being painted. Both rooms exhibited higher concentra

tions of mercury in the air. Since samples were all near the sensitivity 

limits, standard deviations are somewhat higher than if larger samples were 

taken.

Since it has previously been reported that there are traces of mercury 

in various samples of tapwater (57), samples were taken from taps from var

ious areas around the Bozeman area and compared with stream waters from 

Colorado. (See Figure 20). Results are shown in Table VI. Since concentra

tions were expected to be very low, the samples as well as a set of standards 

were run by solvent extraction. One hundred ml of water at a pH of 2-3 were 

extracted into 5 mis of a solution of dithizone in CCl  ̂which resulted in approx

imately a twenty fold concentration. The resulting standard curve is shown in
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Analysis of Various Air Samples

3Sample Location Mercury Found (ug/m ) Relative Std. Deviation 

Outdoors <0.6

Unpainted <0.6
Auditorium

TABLE V

Room A Being.
Painted (well 2.0 30%
ventilated)

Room B Being
Painted (poorly 8.0 36%
ventilated)

Safety Limits* 100

Established by American Conference of Governmental Industrial 
Hygienists
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Figure 20. Bozeman Area Sample Locations
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Mercury Content of Water Samples

TABLE VI ■

Sample Location Concentration(ng/ml)

A 041-3* <.04

A 207-2* . <.04

A 309-73-1* <.04

A 309-73-2* <.04

A 322-1* <.04

A 322-2* <.04

Fisheries Bioassay Lab <.04 (.03)

120 E. Tamarack .07

, 305 N. Montana .10

1116 Cherry Drive <.04

507 N. 18th <.04

322 S. 12th .17

Federal Limits 5

Colorado Stream Water Supplied by Dr. H. L. Teller
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Figure 21 together with the curve resulting from standard addition of 0.5, I 

and 2 ng/ml to the sample from 322 S. . 12th Avenue. This sample in particular 

was used to plot the standard addition curve since it contains slightly more mer

cury than the other samples. The slope of the standard additions curve is about 

the same as the standard curve. Table VII shows the results of the addition 

of 0.5, I and 2 nm/ml to three of the water samples.. Although recoveries 

deviate as much as 26% from the amount added, on the average the deviation is 

14%. This is not unreasonable considering the low concentrations which we 

are dealing with.
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Figure 21. Standard Curve for Mercury together with Standard Additions 
Curve Using Dithizone-CCl4 Extraction and Gold Plated Cups



TABLE VII

Recovery of Added Mercury

Original Amount Amount Relative
Sample Location Cone, (ng/ml) Added (ng/ml) Found (ng/ml) Deviation(%)

Fisheries 0.03 0.5 0.63 26
Bioassay 0.03 I . 0.83 17
Laboratory 0.03 2 1.53 23.5

322 S. 12th 0.17 0.5 0.45 10
0.17 I 1.03 3
0.17 2 1.88 6

120 E. Tamarack 0.07 0.5 0.63 26
0.07 I 1.09 9
0.07 2 2.14 7

Average of deviations = 14%



THE APPLICATION OF ULTRASONIC NEBULIZATION TO THE 
GENERATION OF AEROSOL STANDARDS FOR THE 

EVALUATION OF FILTER MEDIA

Introduction

Most of the earlier studies of aerosol filtration characteristics were 

based on studies performed with monodispersed aerosols of dioctylphthalate 

or other high boiling liquids (58-61). The most commonly used apparatus for 

generating these particles was the Sinclair-LaMer generator (62). This device 

consists of 3 chambers. Filtered air passes through the first chamber which 

contains an electrode at 10, 000 volts A. C. and one at ground potential. The 

partially ionized air then passes through a second chamber containing vapors 

from the high boiling liquid which is heated at the bottom of the chamber. Ionic 

species from the first chamber serve as condensation nuclei for the vapors.

The third chamber is a reheater which causes revaporization of the droplets 

with recondensation at the outlet. This results in greater monodispersity. The 

droplet sizes can be controlled by altering the temperatures, airflow rates, and 

electrode voltages.

Since one can predict that collisions of these droplets with the filter 

media are more inelastic than collisions of solid particles, this type of gener

ator was judged unsuitable for use in evaluating porous graphite as a filter 

medium. A device which could generate relatively monodisperse solid parti

culates was sought. The solution was found in the desolvation of droplets of
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solutions of low boiling liquids such as water -or methanol.

For this it is desirable to generate relatively monodisperse mists of the 

low boiling liquid. Among the methods, considered for this purpose were aspir

ation from ah integral aspirator burner of the Beckman type, pneumatic nebu- 

lization, and ultrasonic nebulization. The drop size distribution of the Beck

man type burner was investigated by Dean and Carnes (63). Their investigations 

show that, for our purposes, the droplets are too large and polydisperse; there

fore this technique was rejected. Hoare et al. (64) compared the efficiencies 

and dispersities of the pneumatic and ultrasonic nebulizers. The ultrasonic 

nebulizer was found to be more efficient and slightly more monodisperse. For 

our studies the ultrasonic nebulizer developed by L. E. Owen was used (65-67).,

Basic Principles

When ultrasonic energy encounters the surface of a liquid, capillary waves 

are produced. According to Kelvin (68) the wavelength of these waves is:

(A)

where

% _ .8t[£. 1/3
X “ (pf2 )

X = wavelength
\

a = surface tension 

p = liquid density.

f = ultrasonic frequency
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If sufficient ultrasonic energy is applied, the .capillary waves are rup

tured at the liquid's surf act to produce droplets. The size of the droplets has 

been determined by Lang (69) to be

where

D = 0.34 X ,

D = median droplet diameter 

X = capillary wavelength.

The volume (V) occupied by this droplet then is

xr 4 D 3 
V = 3_ 7r(T ) '

Knowing the concentration of a solid dissolved in the nebulized solution the 

amount of solid in the droplet is given by

Weight = CV where C = concentration 

or . Weight = C x Tt <—  )3 .

If this solution droplet undergoes desolvation, if we assume that only one

particle results from the desolvation of each droplet and further assume this

particle is spherical, the volume (v) of this salt is given by

CVv = ----  where p = density of dissolved solid
P

but

substituting

v = ~  TT ( ~ • )3 where d = diameter of de solvated particle

4 d 3
T lr eT l

C 4 D 3
P  T  (T>

it follows that
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< > 1/s

This means that if we can generate a monodisperse aerosol we can control
V

the diameter of the resulting particle by varying either the droplet diameter, 

the concentration of the solution, or the density of the solid used..
f

Using this type of device we should also be able to control the amount of

metal in a given volume of air.

If R = the rate of solution uptake

e = the nebulizer efficiency

C = the concentration of salt in the solution 
in grams/ml

F = the rate of flow of carrier gas

L = the fraction lost to the condenser and 
chambers

The concentration of particulate metal per cc of carrier gas is then given by 

(D) Cone, in gas = ^  C (I -  L) .

Experimental

Materials and Reagents

The nebulizer used is shown in Figure 22. Solution is pumped to the 

nebulizer chamber with a peristaltic pump through a polyethylene capillary 

tube. The tube is adjusted so that the solution drips onto the face of the piez- 

olectric disk which is emitting ultrasonic vibrations at 1.4 MHz. The aerosol
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thus produced is swept into a narrow Pyrex tube which is heated to about 150°C 

in a Multiple Unit tube furnace. The particulate containing vapors 

then pass through a condenser consisting of an Erlenmeyer flask packed in ice. 

Since the diffusion coefficient of particles of the size of interest is much less  

that that of solvent vapors, little capture of particles would be expected to 

occur with the condensing solvent. The desolvated particulate containing 

gases then pass through a glass T which serves as a sampling port and then 

through a Gilmont flow meter to exhaust. The complete apparatus is shown in 

Figure 23»

A Woodriff type atomic absorption furnace was fitted with a shortened 

vycor side arm and a rubber septum permitting direct injection of particulate 

containing gases into the furnace. In order to minimize oxidation of the inter

nal graphite parts, nitrogen was used as the carrier gas in the apparatus 

described previously.

Since methanol has a low surface tension and is efficiently nebulized, 

methanolic solutions of silver nitrate, and lead nitrate of varying concentra

tions were used to generate the particulates. The frequency of the R. F. 

source supplied with the nebulizer assembly was only variable from 1.3696 to 

1.4965 MHz. This is not enough to significantly change the size of the nebulized 

droplets. This being the case, the size of the resulting desolvated particulates 

is  varied by varying the concentration and/or the densities of the dissolved
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salts. Silver nitrate and lead nitrate having about the same densities give 

particles of about the same size for solutions with equal concentrations. Using 

varying concentrations of the two salts and different analytical lines having 

different sensitivities, it is possible to investigate filter materials using a 

range of particle sizes from 0.016 jum to 0.15 jum mean diameter.

' The retention of several types of filter materials was investigated by 

measuring the amount which passed through the filter. A sample sufficient to 

cause an absorbance of approximately one is drawn into a syringe and injected 

into the furnace with no filter in place. Graphite cups of the type ASTM no.

8-3 discribed earlier are placed into a Teflon holder (described previously) 

and an equal volume is drawn through the graphite filtering cups into the 

syringe. Cups used were of both Poco XA-3 and National Carbon Co. AGKSP. 

Thirteen mm diameter millipore milters with mean pore diameters of 0.45 pm 

(HAWP) and 0.22 pm (GSWP) are placed in swinnex adaptors and again this 

same volume is drawn through the filters into the syringe. The filtered gas 

in the syringe is then injected into the furnace and the relative efficiency of the 

filter can be established by comparison with the absorbance obtained with no

cups in place.
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Results '

The nebulizer was run at a frequency of 1.432 MHz; the surface tension 

of methanol at 25°C is 22.12 dynes/cm, and the density of the solutions (at 

low concentrations) at 25°C is about 0.79 g/m l. If we make the assumption 

that the surface tension and the density of the methanolic solutions at low 

concentrations does not deviate significantly from pure methanol, we can cal

culate from equations A and B

D = 2.46 /Ltm .

From this droplet size we can calculate the particle diameter. Regrouping 

equation C,

or for AgNO and Pb(NO ) solutions

(P ) l / 3

1/3

x C1/3

d = 1.5 C

For ease of estimation this equation is plotted in Figure 24. One should expect 

some deviation from this curve at the more concentrated end.

Figures 25, 26 and 27 are several photomicrographs which show the 

droplets and particles generated. Figure 25 is a 25OX photomicrograph of the

nebulizer. This was obtained by smearing mineral 

oil on a microscope slide and allowing the mist from the nebulizer to impinge 

upon it. After catching the droplets of the mist it was immediately covered

droplets produced bythe

/
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Figure 24. Variation of Particle Diameter with Concentration of Nebulized 
Solution
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H 5 JU

Figure 25. 250 X Photomicrograph of Mist from Ultrasonic Nebulizer
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M  5 JUL

Figure 26. 450 X Photomicrograph of Desolvated Particles
Calculated to Be 0.42 /um Diameter
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M  5  JUL

Figure 27. 450 X Photomicrograph of Desolvated Particles
Calculated to Be 0.16 fjxn Diameter
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with an oil coated coverglass to prevent evaporation of the droplets. This 

procedure was met with some difficulty since the oil tended to bead on the 

slide the moment it was contacted by the mist. Many smaller droplets can 

also be seen. These are due to the further breaking down of the droplets 

when they impinged upon the dry glass slide. In general, however, one can 

infer from this picture that the droplet diameter produced is approximately 

2j  urn.

Figure 26 is a 45OX photomicrograph of the desolvated particles resulting
2

from the desolvation of the nebulized 2.22 x 10 g/ml Pb(NO3)3 solution.

From Figure 22 this should result in a particle of about 0.42 ^m mean diameter. 

The picture shows these particles to be somewhat less than I jum in diameter. 

The microscopist gave an estimate of approximately 0.7 jum. This deviates 

from the calculated value but this would be expected at such a high concentra

tion. The important point about this picture is that it shows the particles to 

be uniform and spherical.

Figure 27 is also taken at 45OX. This is a picture of the particles which 

result from the desolvation of the nebulized 1.34 x 10  ̂ g/m l AgNO3 solution. 

The microscopist estimated these particles to be between 0.1 and 0.2 jum.

This is in good agreement with the calculated mean diameter of 0.16 jLtm. The 

threadlike particles are interesting to note because it was pointed out by 

Rodebush (70) that sub micron particles tend to collect in filaments.
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Table VIII shows the relative retention of graphite cup filters of XA-3 

and AGKSP and millipore filters of mean pore diameter of 0.45 gm and 0.22 . 

jLim. It can be seen from the table that particulate retention is essentially 

quantitative for the particle size range studied for all the filter materials 

investigated. Since the smallest particle size is far below that normally 

found in air particulates (27), it is not necessary to investigate any smaller 

sizes. Since the absorbance with, no filter in place for the 0.016 pm particles 

is  only about 0.16, relative retentions are more uncertain because the absor

bances of the particulate containing gas in the syringe after filtration average 

0 .01.

In the case of the XA-3 graphite cups this is in contradiction to the 

claims of Skogerboe (71). This contradiction can be explained by the fact that 

in his work the flow rate through the filters is 2 liters per minute or greater, 

whereas in our studies the flow rate was maintained at 50-100 ml/minute 

which is the same as that for normal sampling. In order to further evaluate 

the different types of filter, materials the apparatus shown in Figure 28 was 

constructed. Using this apparatus, filters can be characterized with respect 

to their resistance to flow. Figure 29 shows the resulting curves relating 

face velocity to pressure differential across the filter for several materials. 

Since only flow rate is measured the face velocity is given by
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TABLE VIII

% Retention for Various Filter Media with Varying Particle Size

FILTER MATERIAL
'0.45 jxm. '0.22 jum

Particle Size XA-3 AGKSP membrane filter membrane filter

0.016 93.3 92.0 91.7 90.5

0.037 99.2 97.7 99.2 99.2

0.076 99.4 99.4 99.7 99.6

0.09 99.2 98.6 99.0 99.0

0.15 99.3 99.3 99.2 99.3
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v = f/a

where v = face velocity

f = flow rate 

a = filtration area .

The filtration area for porous cups is given by

a = 77 Dd

D = the diameter to the center of the 
filtering wall of the cup

d = depth .

In our case

D = 5.375 mm 

d = 7 mm

2 2 a = 118.2 mm or 1.182 cm

so for each ml/min of flow
-2v = 1.41 x 10 cm/sec

One might predict that the lower the slope the more effective the material 

as a filter medium. This is not absolutely true, however, since XA-3 appears 

to be a more effective filter medium. This can be explained by the fact that 

XA-3 has a high tortuosity compared to AGKSP. Ultra Carbon Co. grade U-2 

was suggested by Skogerboe to be a more effective filter medium (71) but it 

was found that such a high pressure differential was required to maintain a
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reasonable flow that the usual syringes could not effectively be used as pumps.
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Discussion

A Model for the Filtration of Aerosols by Porous Graphite 

Since the mean pore diameter of this graphite is so much larger than the- 

particle sizes studied, if one thinks of filtration only as a sieving process, one 

would predict a much greater penetration of these particles than is observed.

In reality, the filtration process is more complex than that. According to 

Chen (72) a filter that acts only as a sieve would give excessively high pressure 

drop and would have extremely high clogging rates. Several processes are 

occurring simultaneously, each of which makes its contribution.

Several authors have developed models for the filtration of aerosols by 

fibrous filters (70,73, 75). Pich (74) developed a model for membrane filters. 

In all of these models as well as in porous graphite, the mechanism for filtra

tion is a combination of direct interception and/or sieving, inertial deposition, 

gravitational deposition, and diffusion deposition. We will now take a look at

to what extent each of these mechanisms operates under the experimental
>

conditions just described for porous graphite.

The membrane filter model of Pich is depicted as consisting of a band 

of parallel capillaries of the same size and length. From this model the velo

city of gas flow in the pores is given by

U = q/<r
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where U = median flow velocity in the pores

q = linear filtration velocity 

c = porosity

This should also hold true for graphite filters since porosity is defined in the 

same way.

The linear filtration velocity at 50 ml/min is 0.7 cm /sec. The porosity 

of XA-3 graphite is 0.57. Therefore the velocity of flow in the pores is calcu

lated to be 1.23 cm /sec. Under these conditions the time ( t ) it would take for

an element of volume to pass through a pore is

_ tT 
U

where t = filter thickness in cm

T = tortuosity which is defined as the 
ratio of the true path to the thickness

U = flow velocity in the pore

In XA-3 graphite the tortuosity is 3.75 (22). Our cups have a wall thickness

of 0.625 mm; therefore t is calculated to be 0.19 sec.

The sieve effect has a very simple description. All particles greater .

than the pore diameter are captured by the filter which acts as a sieve. If d

is the particle diameter and is the pore diameter then the efficiency of this

mechanism is 100% for d/D > I.
P

The interceptional mechanism is described by the same parameter but



83

with d/Dp < I. If the particle is not considered as a mass point it is captured 

when it approaches the wall of a capillary to a distance equal to its radius.

Dorman states axiomatic ally that sedimentation normally adds little to 

filtration efficiency in fibrous filters (76). The contribution of gravitational 

settling to the efficiency for the filtration of aerosols by porous graphite is 

seen to be dependent on particle size. Since the mean pore diameter of the 

porous graphite is 1.4 jum only particles smaller than that will enter the pores. 

In Figure 30 is plotted the log of the sedimentation velocity as a function of 

particle diameter (77). The sedimentation velocity is corrected for slip.

This correction is especially important when the particle sizes approach the 

mean free path of the gas which for air or nitrogen at room temperatures is 

roughly 0.1 jLim. If we plot the settled distance in the time t against particle 

diameter we get the curve shown in Figure 31. According to this curve it 

appears that particles of 0.6 jum diameter or greater are 100% filtered whereas 

as one gets below 0.5 /im particle size the distance settled and therefore filtra

tion efficiency decreases rapidly. Below 0.1 or 0.2 ^m diameter particles 

the efficiency becomes insignificant compared to other effects such as diffusion.

Figure 32 depicts the deposition on the surface of a filter by inertial im

paction. When a gas stream impinges upon a barrier of finite dimensions, the 

streamline of the gas will bend around the barrier. A massive particle 

approaching the barrier will not follow the air flow-line but, because of its
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inertia,' will trace out a more direct path as indicated by the dotted line, and 

the deviation will be greater the more massive the particle and the higher the 

velocity of approach. The extent to which a particle may be carried by its own 

inertia across stream lines may be measured by its so called stopping distance.. 

The stopping distance is the distance within which a particle comes to rest 

when projected into still air with velocity u . This distance is given byO
d = Tl/ s o

where r = relaxation time or the time a particle needs to adapt itself or 

"relax" to an applied force. For example, a particle at rest acquires 1/e 

of the velocity of a suddenly applied air stream in t seconds. For particles

which follow Stoke's law of resistance '

-  m 
T“ GTtrTl

where m = mass of particle

r = its  radius 

T] = gas viscosity

The basic quantity which describes the intensity of inertial deposition is 

the Stokes number (Stk) (sometimes called the inertia parameter). This is 

given, by

Stk=
I j

where T = relaxation time
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Uq = gas velocity

a characteristic length for the system

For a particle of I /Li

-6
T =  3.07 x 10 sec (77)

Uq = face velocity = 0.7 cm /sec

To determine L we can use an equation derived by Pich from geometrical

considerations (74). Since a cross section through the tortuous porous graph-
2

ite filter would give us the same number of pores per cm as in a parallel 

capillary model the same relationship should hold.

. ^  , ■

in which

E = porosity = 0.57 

from this d = 1.77 /Lt

which is the interpore distance. If we consider this to be the characteristic 

length for the system the resulting Stokes number for our filtration system is

• Stk = 1.34 x IO'2

If we think of our particles as point mass particles thereby eliminating 

the interception effect, a critical value of Stk exists, in theory, below which

0^ = pore diameter = 1.4 /um
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no particles strike the obstacle. If we approximate the impaction area as a 

circular disk of'diameter 1.77 jitm, this value of Stk (critical) is 0.196 (78); 

therefore impaction would not take place. In reality, however, since a parti

cle has volume, impaction would take place when the particle comes within .'

0.5 /,im for a I fj.m particle, but the collision efficiency for a laminar flow 

situation is very low when the calculated Stokes number is less than Stk(critical).

There is another inertial effect present in porous graphite that does not 

exist for millipore filters. This force can be thought of as resulting from the 

tortuosity factor. The tortuous path an element of volume would follow as it 

passes through the filter can be thought of as containing bends of various 

radii of curvature (Figure 33). These bends would result in a centrifugal 

force on the particle toward the outer wall of the bend. Figure 34 depicts the 

minimum radius of curvature that can be found in the filter, i . e . , 0.7 pm.

The maximum radius of curvature we will call -g the filter thickness or 312.5

pm .

The magnitude of this effect can be evaluated using.Stokes law.

2g r 2 (d) 
D ~ 9 Tl

where U = terminal velocity
i

r = radius of particle

d = density of particle 
Tj = viscosity of medium
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Figure 33. Tortuous Path through Porous Graphite
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Figure 34. Lower Limit of Radius of Curvature
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In a centrifugal field of force we can replace g by w X (79, 80) where 

a) = angular velocity and X = distance from axis of rotation to get

TT 2u)2Xr2d
U = ™ l 7 i - - - -

where U = velocity of settling under a "centrifugal
force

and a) is given by 2 tt times the number of 
rotations per sec

However, since the number of rotations per second = velocity in pore/27rX, 

id = velocity/X. The density of lead nitrate is  4.5 g/cc and the viscosity of 

nitrogen at 25 C is 177 jU poise.

For a I /im diameter particle and a radius of curvature of 0.7 /Ltm

4 ■ -I(ju = 1.76 x 10 sec

and U = 3.06 x IÔ  jum/sec

For a particle of 0.1 jLtm diameter this calculation leads to
2U = 3.06 x 10 gm /sec

Now let us examine the other extreme, i. e„, a radius of curvature of 312.5 ĵ m.
-I

cu = 39.4 sec

For a I jitm particle

U = 69 jLtm/sec

but for a 0.1 jLtm particle

XJ = .69 jLtm/sec
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From all the above calculations one can say that if a particle undergoes 

several short radius bends there would be a significant contribution to the fil

tration efficiency from this mechanism. All of the abovementioned mechanisms 

have a lowered effect on particles of diminishing size. The phenomenon of 

diffusion has the exact opposite effect. Figure 35 shows the variation of 

diffusion coefficient (corrected for slip) with particle size. If we compare the

diffusion coefficient

» -  P
to the ratio of (pore diameter) to residence time

2 .

for a I micron particle
P

-7 2 ,
D = 2.74 x 10 cm /sec

and ,

D2/ t= 1.03 x 10 7 cm2/sec

You can see that

D > D2A  
P

and for a 0.1 jLim particle
__g O

D = 6.75 x 10 cm /sec

so

D > >  D2/ t 
P

so
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Figure 35. Diffusion Coefficient vs. Particle Size
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This leads to the conclusion that the diffusion process is a very effective 

mechanism for the removal of particulates from an air stream.

Pich (74) gives an equation for the efficiency of diffusion deposition (E^) 

for the membrane filter capillary model. This equation is also applicable to 

graphite filters.

where 

given by

where

In this case

For a I pm particle

ED = 2‘57 < V /3

is a dimensionless diffusion parameter

Nn =
D D2 U 

P
D = diffusion coefficien of particle

L = path length = filter thickness x tortuosity 
for this model

= pore diameter

U = mean velocity in the pores

L = tT = .0625 cm x 3.75 = 0.234 cm

-4D = 1.4 nm = 1.4 x 10 cm 
P ^

U = 1.23 cm/sec 

D = 2.74 x 10 7 cm2/sec
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so

=  10.6

and

E = 12.4%

For a 0.1 jj,m  particle
*  ' ~6 2D = 6.75 x 10 cm /sec

Nd  = 2.62 x IO2

E > 100%D

This demonstrates that for smaller particles (<0.1 fjxn), when other mechan

isms fail to operate the diffusion mechanism becomes predominant in effect

ing filtration.



SUMMARY

This work was undertaken to develop methods for the determination of 

traces of metals in air which can take advantage of the extreme sensitivity of 

the Woodriff furnace for atomic absorption. It was demonstrated that porous 

graphite can effectively be used as a filter medium for lead particulates in air 

(37). Since 0.45 jum millipore filters are considered the standard air particulate 

filter, a statistical comparison was made between these filters and porous 

graphite cups using particulates generated by condensation of vapors (81). The 

results from two types of filters were found to be statistically similar at 95% 

confidence.

, Since mercury is found in air not only in particulate form but as elemen

tal vapors, the porous graphite cups were modified for mercury determination 

by plating the inner surface with a thin layer of gold (82). It was demonstrated 

that retention of mercury by the gold plated porous graphite cups was quanti

tative. It was further demonstrated that gold plated impervious graphite cups 

could be used for aqueous samples (83).

Ultrasonic nebulization was developed as a method for generating parti

culate air standards. Using this technique with subsequent desolvation, par

ticulates could be generated with the added advantage that the particle size 

can be controlled by varying the concentration of a salt in the nebulized solu

tion. This device was then used to evaluate the retention of various filter
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media over a range of particle diameters from 0.016 to 0.15 ji/m. Retention 

of porous graphite was found to be quantitative for this range of particle sizes.

A model was developed to explain the mechanism by which aerosols are 

filtered by porous graphite. Very large particles (>1.4 jum) are filtered by 

a sieving process. Particles >0.5 jum are filtered primarily by inertial 

effects. The efficiency of this filtration mechanism is increased due to the 

tortuosity of the porous graphite filters. Diffusion is the primary process 

which accounts for the filtration of the smaller particles (<0.5 ^m). The 

efficiency of this mechanism increases with decreasing particle size.
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