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ABSTRACT 

Total dust sampling is a method commonly used by 

industrial hygienists to evaluate the exposure of 

workers to many different particles. The current 

procedure for sampling total dust by gravimetric 

analysis is to aspirate a known quantity of air through 

a single polyvinyl chloride filter held in a plastic 

cassette. The filter requires weighing before and after 

sampling. Recently, matched weight PVC filters, which 

require no pre-weighing, have become available for use 

in air sampling, but the utility of employing two 

superimposed filters in a cassette has not been fully 

studied. 

Variations in filter weights were examined in 

several batches of Gelman, MSA, and Millipore brand PVC 

filters to determine if two filters, randomly selected 

from a batch, were close enough in weight to be used as 

matched weight filters. This was not found to be the 

case. 

In addition, filter cassettes containing "paired" 

PVC filters were employed, in the same way matched 

weight filters would be used, during side by side 

sampling studies with filter cassettes housing single 

PVC filters to determine whether the presence of two 
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filters in a cassette presented problems during 

sampling. The effects of dust type, particle 

breakthrough, moisture concentration, and increased 

pressure drop from the addition of a second filter were 

studied. The presence of static electricity between 

filter pairs was noted during the study. Under loading 

conditions at or below those recommended by the 

manufacturer, "paired" filters seemed to perform as well 

as single filters in all aspects studied. It is assumed 

that actual PVC matched weight filters would perform 

equally well. 

The substitution of in-line controls for field 

blanks during the filter studies failed to produce 

satisfactory results. 
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INTRODUCTION 

The industrial hygiene profession in the United 

States has, for many years, employed the technique of 

total dust sampling for evaluation of health hazards 

associated with particle deposition throughout the 

respiratory system. Principal concerns have been 

systemic toxic agents that enter the blood through 

mucous membranes, or agents which gain toxic entry 

through the gastrointestinal tract after swallowing. 

Agents that can have an effect at the site of 

deposition, such as acids, bases, and sensory irritants 

are also of concern (Buchan, Soderholm, and Tillery, 

1986). 

The current procedure for sampling total dust by 

gravimetric analysis is to aspirate known quantities of 

air through membrane filters held in plastic cassettes. 

Traditionally, gravimetric analysis of particulate 

samples has required pre-weighing the filter before 

sampling, then, re-weighing the filter after sampling. 

The Millipore Company manufactures a matched weight 

filter system designed to eliminate the need to pre-

weigh the filter before field use. These filters are 

composed of cellulose ester, a hygroscopic material. 
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More recently, the Omega Specialty Instrument Company 

also began manufacturing a matched weight filter system 

using a non-hygroscopic material, polyvinyl chloride 

(PVC), for their filters. 

The utility of sampling with matched weight 

cellulose ester or polyvinyl chloride filters has not 

been fully explored. Potential problems such as 

moisture contamination, particle breakthrough, static 

electricity, and a significantly increased pressure drop 

across dual filters could be associated with particulate 

sampling employing two superimposed filters in a 

cassette. 

History of Filters 

Filtration is an ancient practice whose 

purification and separation capabilities have found 

utility in numerous applications throughout 

civilization's span (Gelman and Meltzer, 1979). For 

example, Egyptians used fabrics to strain grape juice. 

In the early 1800's, researchers used the pericardia of 

cows, the bladders of pigs and fish, the skin of frogs, 

and the skins of onions for dialysis experiments, 

osmotic studies, and ultrafiltration applications 

(Presswood, 1981). 

A large number of media have been employed for 
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filtration. They include beds of carbon, sand, gravel 

or coal; screens of metal fibers or filaments; mats of 

glass cellulosics or polymers; point-sintered ceramics, 

metals, or plastics; and membranes whose pore structures 

critically depend on the procedure of their manufacture 

(Gelman and Meltzer, 1979). 

Each type of filter has its own properties and 

applications. Membrane filtration is a rather recent 

process, having become widespread only since World War 

II. Membrane filters were introduced initially for 

filtration of water for water pollution analysis, but 

very quickly became adapted for air filtration as well. 

In recent years, membrane filters made of cellulose 

ester, cellulose triacetate, regenerated cellulose, 

polyvinyl chloride, nylon, polypropylene, teflon and 

silver have become available. 

Matched weight cellulose ester filters are a new 

product, having been on the market for about ten years. 

Matched weight PVC filters became available commercially 

in June 1987, when Millipore's patent on the concept of 

matched weight filters ran out. 

The potential market for filters of all kinds is 

expected to increase dramatically in the coming years. 

The membrane market, alone, is expected to triple in the 
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next five years as membrane filters are being developed 

specifically to meet given air analysis requirements 

(Firth, 1981). 

Membrane Filtration. Filtration, one of the most 

important laboratory and industrial processes, can be 

defined as the separation of solid particles from a 

fluid by passing the mixture through a porous, fibrous, 

or granular substance. Membrane filtration is a type of 

filtration in which the filter is a thin, highly porous 

sheet about 150 jam thick. The pore diameters of 

membrane filters are held to almost constant size during 

the manufacturing process. Membrane filters have a very 

complex, open structure. Most of the particle 

separation occurs on the surface of the filter with 

little or no penetration of particles into the interior. 

This is in contrast to a depth filter, made of either 

glass, asbestos or paper. The majority of the particle 

separation achieved with depth filters occurs not at the 

surface but within the labyrinth of channels as the 

particles adhere to the filter fibers (Brock, 1983). 

In a typical membrane filter about 80-85% of the 

membrane is open, providing for a relatively high fluid 

flow rate through the filter. The pores that travel 

through the filter are not uniform or cylindrical as 
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some of the manufacturer's literature implies. 

Examination of filters with an electron microscope 

reveals that the structure is very random, resembling a 

sponge. This random pore structure aids in air 

filtration. 

The filter retains particles by one or more of the 

following mechanisms: a) sieving, b) impaction, or c) 

diffusion. Generally all three mechanisms are employed, 

and an electrostatic effect is operative in some cases 

(Stern, 1976). Any particle larger than the pore 

opening in the filter will be blocked and held 

mechanically on the surface of the filter by sieving 

action. Particles smaller than the pores penetrate the 

surface but may be retained within the tortuous path the 

particles must travel, providing a high degree of 

retention of particles smaller than the stated pore 

size. For example, a Gelman Acropor AN-800 membrane 

filter with a pore size of 0.8 jum will retain 99.9995% 

of airborne particles 0.3 /im in diameter and larger 

(Gelman Science Laboratory Catalog, 1979/1980). 

Impaction and diffusion are the primary collection 

mechanisms for particles smaller than the pore size of 

the filter. Collection by impaction occurs as the 

moving stream of particles flows around an obstruction 
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or is forced to change direction abruptly. This type of 

collection occurs within the structure of the filter and 

is most applicable to high density particles in high 

velocity flow. Collection by diffusion, a result of 

Brownian movement of the suspended particles, is 

predominant in low stream velocities. 

PVC filtration membranes are most commonly 

manufactured by casting in a process which Resting 

(1971) calls phase inversion. The process begins with 

the polymer dispersed in a suitable solvent, a colloidal 

system called a sol. A pore forming substance is added 

to the mixture. This pore former has a high boiling 

point and is a nonsolvent for the polymer. The solution 

is then spread in a thin film on a glass surface and the 

solvent is allowed to begin evaporating under carefully 

controlled conditions. During the initial loss of 

solvent, the concentration of the pore former increases 

until it begins to have an effect on the solubility of 

the polymer. The initially homogeneous sol then 

converts to a gel. At the appropriate time, the film 

that has formed is transferred to a quenching solution 

that removes the remaining pore former and solvent. The 

gel, now a membrane, is stabilized. Both the casting 

solution and the conditions of formation can be varied 
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within wide limits to control gel structure and 

therefore pore size. The process for specific brands of 

PVC filters varies from company to company and is 

proprietary. A specific process for manufacturing PVC 

membrane filters is described by 6. Bourat and A. Fabre 

in U.S. Patent number 3,751,536. This particular phase 

inversion method employs cyclohexanone for the sol and 

poly-p-dialkylaminostyrene (PPDMAS) as the pore-forming 

agent. The resulting filters have a porosity between 40 

and 85% and the pores have a diameter less than 0.1^um 

(Keller, 1976). 

During large scale production of membrane filters, 

the film is cast on a slowly moving stainless steel 

belt. As an example, the Sartorius Company states that 

they manufacture membrane filters in large rolls that 

are 40 meters long and 1.20 meters in width (Brock, 

1983). 

Previous Filter Studies 

An extensive literature review revealed that prior 

studies on matched weight filter performance are either 

nonexistent or not available. There are numerous 

articles available, however, on nearly every aspect of 

single filter effectiveness. Particle breakthrough, 

sampling efficiency, moisture contamination, 
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electrostatic effects, and increased pressure drop 

across the filter due to clogging have all been 

extensively explored for single filter monitoring. 

These elements describing single filter performance are 

discussed in the following sections with specific 

references to applications for matched weight filters. 

Particle Breakthrough and Sampling Efficiency. 

Filter investigations reported by Spurny et al (1968, 

1969) as well as others (Davies, 1973; Liu and Lee, 

1976; Lodge and Swanson, 1964) have shown that filter 

efficiencies depend on a number of experimental factors. 

The extent of filter penetration and the most 

penetrating particle size depend on filter 

characteristics, air velocity and the degree of filter 

loading or clogging. The size distribution of the 

aerosol sampled also is a contributing factor. 

Penetration may even vary between batches of the same 

type filter. All these factors make it difficult to 

predict particle breakthrough for a given sampling 

situation. 

Filters are rated for their efficiency, though. 

Dioctyl phthalate (DOP) droplets of an identical size 

are generated to permit the evaluation of a filter's 

efficiency for particulates of a given size. An aerosol 
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of 0.3 Aim diameter DOP droplets is the standard used by 

the filter industry to test for airborne particle 

retention because this size particle is the most 

penetrating for many filter types (American Public 

Health Association, 1977). 

Membrane filters exhibit absolute retention, by 

direct interception, of particles larger than their 

rated pore size. They also are very efficient for 

collecting small particles below 0.03 jam. Collection 

for this type of filter is least effective in the 0.05-

0.10 Aim range, but is still rated above 97% (Spurny et 

al., 1969). This filter efficiency data only provides 

an estimate of the minimum collection efficiency. The 

actual collection efficiency will usually be higher 

(American Public Health Association, 1977). 

Penetration of the filter usually decreases during 

sampling because "clogging" reduces the filter's pore 

size and thereby increases the filter's collection 

efficiency. Increased relative humidity will also lead 

to a reduction in particle permeation, due to a rise in 

the adhesion force of the filter caused by the higher 

humidity (Stenhouse et al., (1976). 

Particles can arrive at the downstream side of the 

filter without actually penetrating through the filter 
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itself. Small filter paper holders, the kind commonly 

used in air sampling, are not completely leakproof. One 

study addressing the design and leak-testing of sample 

filter holders (Gussman et al., 1962) demonstrated that 

internal leakage can result from sampled air that by

passes the filter edge seal. This leakage causes 

particle penetration through the sampling system, 

resulting in erroneously low concentration values for 

contaminants. 

Pressure Drop Across the Filter. With airflow 

maintained at a constant rate, the pressure differential 

across a membrane filter can be an indicator of filter 

clogging. Clogging occurs because of particle buildup 

in the pore area. This can be due either to an outright 

blocking of a pore by a large particle, or to a gradual 

accumulation of small particles at the pore edges which 

effectively reduce the pore size. As clogging occurs, a 

greater pressure differential is required to maintain a 

constant flow. The pressure drop across clean membrane 

filters is very small due to their thinness and 

porosity. The pressure drop caused by clogging depends 

on the extent of clogging. In the first stages of 

clogging a gradual decrease in pore size leads to a 

slight increase in pressure drop, followed by a dramatic 
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increase in pressure drop as the filling of the pores 

suddenly occurs. In the final stages, air is being 

filtered through the accumulations of particles 

themselves rather than the filter alone, causing any 

additional drop in pressure to occur at a slower rate 

(Brock, 1983). Skogerboe et al., (1977) described the 

pressure drop across the filter as rising exponentially 

during sampling and the resultant clogging. 

Pore density, the number of pores per unit area of 

membrane surface, is very high for commercially 

available membrane filters and is usually around 108 to 

109 per cm2. The pore density greatly influences the 

clogging rate and subsequent pressure drop. Filters 

with a low pore density will clog much quicker than 

those having a higher pore density. 

Other factors that influence the degree of clogging 

are pore length and degree of anisotropy of the filter. 

Membrane filters have a very short pore length when 

compared to depth filters. Depth filters exhibit a much 

slower clogging rate than membrane filters because their 

thickness, 450 Aim (Gelman Filtration Catalog, 1988), is 

about three time greater than membrane filters. 

Some degree of anisotropy, the marked differences in 

structure from one side of the filter to the other, 
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is unavoidable in any filter type. This anisotropy 

arises as a result of the manufacturing process (casting 

onto a solid surface makes the exposed surface of the 

filter different from the filter surface in contact with 

the casting support). Membrane filters have one side 

which is relatively shiny. This is the side of the 

filter that was exposed to air during the casting 

process, and is the side that should be placed up in the 

filter holder to achieve the best flow characteristics 

when collecting particulate. Conventional membrane 

filters, not considered to be very anisotropic, showed 

marked differences in clogging rate and consequential 

pressure drop between the upper and lower surfaces 

(Kesting et al., 1981). 

Moisture contamination. The effect of moisture 

adsorption on air sampling filters used for gravimetric 

analysis of collected contaminants has been studied 

extensively. The mechanism of this adsorption process 

is not yet entirely understood, but it is assumed that 

water can be taken up either by direct adsorption from 

the gas phase or by collection of droplets or moistened 

particles. 

Demuynek (1974) determined that because of their 

hygroscopic nature, 11 centimeter diameter Whatman 41 
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cellulose filters adsorbed a large quantity of water 

(0.4-5.9 mg) during sampling. The excess water was not 

entirely lost after returning the filter to presampling 

conditions. The amount of water irreversibly adsorbed 

depended on the atmospheric humidity present during the 

sampling period, according to Demuynek. 

A later study by Hawley and Charell (1981) refuted 

the claim that air sampling filters gained weight 

irreversibly. They attributed the water weight gain in 

the study by Demuynek, and in a later study by Lowry 

(1978) to moisture absorption by the filter that 

occurred when the filter was weighed in the laboratory. 

In an experiment performed by Cahn (1963), 

Millipore cellulose ester type HA white plain 47-mm 

filters gained about 0.04 mg for each one percent 

increase in relative humidity, in the range from 50-75 ' 

percent relative humidity. The filter's most rapid 

weight gain occurred in the first 60 seconds after 

removal from a desiccator and exposure to increased 

humidity. This seemed to indicate that the desiccation 

of filters prior to weighing has no effect on the final 

filter weight or the amount of moisture ultimately 

adsorbed. 

Cahn also discovered that the relative humidity of 
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air inside the electrobalance chamber affected the 

amount of water adsorbed by the filter, and therefore 

the filter's ultimate weight. He concluded that "any 

attempt to weigh the filter before it exchanges 

significant amounts of moisture with air in the balance 

chamber is probably doomed to failure", but when the 

filter is kept at a constant humidity, filter weight can 

be defined to within a few micrograms. 

A series of later studies by Hawley and Charell 

(1980, 1981) confirmed Cahn's original suppositions: 

that final weight gain even by non-hygroscopic filters 

can be significant, and that the weight gain occurs 

rapidly, affecting the ability to make quick weighing 

decisions. They also looked at the value of desiccating 

filters before weighings. 

The Occupational Safety and Health Administration 

states in its Industrial Hygiene Field Operations Manual 

that standard procedure should be to "desiccate all 

filters before pre-sample and post-sample weighings. In 

The United States Steel Corporation's "Environmental 

Health Monitoring Manual (1973)", it is suggested that 

filters be desiccated for up to 24 hours prior to 

weighing, as well as placing desiccant in the balance 

chamber. Hawley and Charell (1980) disputed this 
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procedure because of the speed at which a filter 

adsorbed water. Their finding confirmed that a filter 

absorbs at least 80% of the total water in the first 30 

seconds after removal from the desiccator at all 

temperatures and relative humidities, and that "it is 

experimentally worthless to attempt to take a reading 

from a balance which is in the process of following a 

weight change". For example, a 37 mm polycarbonate 

filter typically used for industrial hygiene purposes 

showed a weight gain of as much as 63 /ig after removal 

from a desiccator, when the temperature was 32 °C and the 

relative humidity was 78%. This is about 0.6% for one 

of the most non-hygroscopic filters available. Tiiey 

concluded that desiccation of filters prior to weighing 

only slows the weighing process because the weight can 

not be recorded until the adsorption is complete. 

Hawley and Charell suggested instead that filters 

be stored in dust-free containers in which the 

atmosphere has the same moisture concentration as the 

weighing site, thereby eliminating the need for 

desiccation. 

The authors also found that relative humidity alone 

is not a good measure of the amount of water available 

for adsorption by a filter. At the same relative 
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humidity, air can contain varying amounts of water 

depending on the temperature. A better indication of 

water adsorption potential is the environment's absolute 

moisture concentration. This value is the product of 

the vapor pressure of water at a particular temperature 

multiplied by the observed relative humidity at that 

temperature divided by the atmospheric pressure. Air 

with a low relative humidity at a high temperature may 

actually have more water than air with a very high 

relative humidity at a low temperature. 

For example, air at 80% relative humidity and 13°C 

contains 1.17% water by weight, while air at 25% 

relative humidity and 32°C contains 1.23% water. It is 

for this reason that Charell and Hawley suggest an 

absolute humidity criterion for judging if the 

conditions of water in the air should be the absolute 

concentration of water rather than the relative 

humidity. 

Charell and Hawley investigated several other 

parameters concerning moisture contamination of air 

sampling filters. They found that the amount of water 

adsorbed by filters was approximately linear with 

respect to the concentration of water available in the 

environment, and the peak in weight gain values occurred 
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at 60 seconds due to saturation of possible adsorption 

sites on the filter surface. An equilibrium with the 

surrounding air was then established within 180 seconds. 

In order to minimize the affect of water adsorption, 

they decided that the filter should be exposed to the 

same concentration of moisture in the air during pre-

and post- sample weighings, and that the time the filter 

ultimately spends inside the balance should be maximized 

to allow equilibration. 

Water adsorption by the same filter material from 

different manufacturers was also tested. Individual 

brands differed in the amounts of water adsorbed prior 

to weighing. An unspecified type of PVC filter showed 

an increase in water weight 6.6 times greater than 

another unspecified brand (approximately 200 Aig versus 

30 jug on a 15 mg filter) after absolute water 

concentration in the air was raised 1% (Charell and 

Hawley, 1981). According to Gelman filter literature, 

Gelman VM Metricel (PVC) filters have a maximum moisture 

pickup of less than 0.5% (75yug for a 15 mg filter). 

Cellulose filters adsorb water to a much greater 

degree than polymeric membrane filters. Cellulose ester 

filter weight gains varied from approximately 1200 to 

1500 jug per 1% increase in absolute moisture content. 
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This increase was 40 to 50 times the water adsorbed by 

one unnamed brand of PVC filters and 6 to 7 times the 

water adsorbed by the other undisclosed brand of PVC 

filters (Hawley and Charell, 1981). 

One aspect of moisture contamination not 

investigated by Hawley and Charell was the ability of 

collected samples on a filter to adsorb moisture. It is 

conceivable that the sample material may have an even 

greater affinity for water than the filter, depending on 

a great number of variables associated with sample 

collection. 

Duvall and Bourke (1974) performed a study relating 

collected particle size and chemical nature to amount of 

moisture adsorbed by the particulate. The sample with 

the smallest average particle size adsorbed the largest 

weight percent of moisture. In their research, three 

different sampling conditions were investigated. A 

clean atmosphere whose collected sample was comprised of 

small (0.1-1 yum) dust and soot particles lost almost 70% 

of it's original weight when placed in a dry weighing 

chamber. Samples taken inside an industrial plant were 

composed of 70-80% oil mist. They appeared to be 

hydrophobic, losing only 20-30% of their original weight 

after desiccation. Samples taken outside an industrial 
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plant were generally larger in particle size (0.1-30 Aim) 

and, therefore intermediate in their water adsorption 

capabilities, 35-45% of their total weight was lost 

during desorption. 

Tierney and Connor (1967) studied the effect of 

moisture on both a filter and its collected 

particulates. They discovered that for glass fiber 

filters, the effect of relative humidity on the tare 

weight was insignificant, but the effect on collected 

particulates was significant when the humidity exceeded 

55%. Further, when the particulate samples were weighed 

at relative humidities below 55%, weight variations did 

not exceed 1%. 

Electrostatic Effects. Electrostatic forces can 

result from charge differences between the filter and 

the particle, thereby influencing particle collection, 

especially for particles less than 10 jam in diameter 

(Lundgren and Whitby, 1965). Most filters possess a 

significant negative electrostatic charge, especially 

when dry. According to Binek and Przyborowski (1965), 

normal manipulations with cellulose nitrate membrane 

filters can generate an electrostatic charge up to 2 * 

10~9 coulomb/cm2 , and with friction, such as is caused 

by stroking the filter with a fine brush, a charge of 5 
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* 10~9 coulomb/cm2 can be attained. The charge produced 

on the membrane filter by this type of mechanical 

process is always negative. Air flow itself may also 

induce a substantial negative electrical charge in the 

filter. This charge is said to prevent the passage of 

some particles smaller in size than the pore (Matteson, 

1987). The charge may also influence the filtration 

process by altering particle trajectories and strongly 

binding positively charged particles. 

The factors controlling particle deposition on a 

filter suspended in a uniform electric field, and the 

influence of such a field on the deposition of both 

charged and uncharged particles, have been described by 

Zebel (1965). Unfortunately the data needed to predict 

the effect of electrostatic charge on the collection 

efficiency of sampling filters are seldom available. 

The electrostatic charge present on the filter is, 

in the majority of cases, not stable. It decreases with 

time mainly due to the conductivity of the filter, 

passage of ionized gases, ionizing radiation, deposition 

of charged particles, and humidity (Pich, 1987). 

Electrostatic fields are also present on the 

polystyrene cassette filter holders commonly used to 

measure the concentration of particles in air. The 
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cassettes develop electrostatic fields because 

polystyrene is a polymer that acts as a good insulator. 

In laboratory experiments, the air concentration of a 

negatively charged aerosol measured with a negatively 

charged polystyrene cassette was lower than the 

concentration determined by a neutral cassette (Turner 

and Cohen, 1984). To minimize this effect, the cassette 

should be neutralized using a small source of ionizing 

radiation such as the commonly used Po-210 antistatic 

source. 

Increasingly, the effect of a charge differential 

between filter and sample is being used to collect 

greater sample concentrations for more accurate 

analyses. Gelman currently manufactures a 25 mm air 

monitoring cassette for asbestos collection that 

incorporates an electrically conductive cowl with a 

preloaded GN-4 Metricel (mixed esters of cellulose) 

membrane. The cowl, constructed of either carbon-

filled polypropylene or styrene acrylonitrile, 

electrically attracts positively charged asbestos fibers 

giving larger fiber counts (Gelman Laboratory Filtration 

Catalog, 1988). 

It is generally considered that electrostatic 

attraction is of little practical significance in 
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particle removal (Heidam, 1981). However, the static 

charge that is picked up by membrane (particularly PVC) 

filters can greatly affect their weighings. A filter 

can be neutralized in the same way that the cassette is, 

by passage over an ionizing unit. This is usually done 

just prior to being deposited upon the balance pan. 

Millipore Matched Weight Filters 

The Millipore Company manufactures matched weight 

filter pairs made of mixed esters of cellulose. They 

have a pore size of 0.8 ;um, and are 37 mm in diameter. 

Each membrane pair has two filters matched in weight to 

within 0.1 mg. When arranged one on top of the other in 

a filter holder, the top filter collects the 

contaminants while the bottom filter acts as a control 

or "tare". The two membrane filters must be supported 

by a cellulose pad in the filter holder. Each filter is 

weighed individually after sampling is completed. The 

weight difference between the filters corresponds to the 

sample weight (Millipore Technical Service Brief, 1978). 

Millipore maintains that for a sample weight over 1 mg, 

the maximum error contributed by the difference in 

membrane weight will be less than 10%. 

Millipore reports the following advantages offered 

by their matched weight filters: 1) they eliminate the 
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need to condition filters in a desicator to eliminate 

absorbed moisture, 2) they remove the requirements for 

humidity control in the weighing process, 3) they 

eliminate the need for preweighing the membrane for tare 

weight, and 4) they reduce the variability introduced by 

weighing at different times, by different operators, 

under different conditions (Millipore Technical Brief, 

1985). 

The problem that arises when using cellulose ester 

matched weight filters is that although Millipore claims 

to have filters matched in weight to within 100 jug, 

these weights are taken in a desiccated balance prior to 

packaging and use in the field. As reported earlier by 

Cahn (1963) and Charell and Hawley (1980, 1981), after 

their initial weighing, cellulose ester filters may 

absorb very large amounts of water, and desiccation of 

filters prior to weighing has no effect on the final 

filter weight or the amount of moisture ultimately 

absorbed by any filter. How much water each cellulose 

ester filter in a matched weight set will absorb depends 

on the type of contaminant collected, the percent 

humidity in the air at the time of sampling and at the 

time of final weighing, and the matrix of the individual 

filter itself. The type of contaminant to be collected, 
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and the conditions of humidity during sampling and 

weighing are often impossible to control. However, the 

filter material is a factor that can be considered when 

looking for ways to manufacture filter pairs that will 

not be as greatly affected by moisture contamination as 

cellulose ester filters are. Filters composed of a non-

hygroscopic material would be a better choice for filter 

pairs touted as being matched in weight. 

The Millipore Company began phasing out PVC filter 

production about ten years ago because of the difficulty 

encountered in disposal of by-products produced during 

their manufacture. For this reason, matched weight 

filters were made from cellulose ester instead of PVC 

(personal communication with Eli Smyrloglou, formerly 

employed by Millipore). 

Omega Matched Weight PVC Filters 

The Omega Specialty Instrument Company introduced 

matched weight filters made from pure polyvinyl chloride 

when Millipore's patent ran out in 1987. The filters 

are sorted by weight in a binning process and are 

matched to within +25 ;ug of an established filter 

weight. The maximum filter weight difference possible 

between two filters taken from a batch is 50 jag. This 

is a significant improvement over Millipore's cellulose 
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ester matched weight filters. They can have a total 

maximum error of 200 jug. 

Omega claims their matched weight filter pairs 

offer the same advantages that Millipore's do, but they 

have the additional benefits of being non-hygroscopic, 

closer in weight and less expensive. The cost for 50 

Omega filter pairs is about 150 dollars (1988 price 

quote). Fifty Millipore filter pairs costs about 210 

dollars (1988 price quote). Omega also reports that 

their formulation of PVC membrane filters are completely 

void of all viscosity modifiers and other additives, 

leaving only pure PVC filters. This type of filter has 

an increased weight stability which removes virtually 

all the error caused by relative humidity (Drolet and 

Perrault, 1987). 
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RESEARCH OBJECTIVES 

Even though matched weight filters have been 

available for over a decade, published literature 

regarding their performance is nonexistent. Because the 

use of this type of filter system is increasing, it 

would be beneficial to explore the validity of using 

them in actual field situations. Potential problems 

that could arise from using two superimposed filters in 

a cassette include: moisture contamination, particle 

breakthrough, static electricity effect, and a 

significantly increased pressure drop across the 

filters. 

Due to the nature of an industrial hygienist's job, 

a large portion of time is spent surveying environmental 

conditions in the field without prior knowledge of 

actual contaminant types or levels present. It would be 

convenient to have matched weight filters available for 

preliminary particulate sampling to use in cases where 

time is a problem or gravimetric equipment may be 

unavailable. In these situations, matched weight 

filters would be an ideal choice (providing their 

utility is established). 
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If matched weight filters were not readily 

available, two unmatched filters taken randomly from a 

batch could feasibly be used as matched weight if they 

were close enough in weight. 

The actual filter weight variation in a typical 

batch of PVC or cellulose ester filters has not been 

documented. Filter manufacturers usually give an 

average weight for each filter type in their catalogs. 

If, in a batch of PVC or cellulose ester filters, filter 

weights demonstrated minimal variation, two randomly 

selected filters from a batch could conceivably be used 

as matched weight filters are used. The top filter 

would collect the contaminant, and the bottom one would 

act as the control weight. This procedure would 

eliminate the preweighing step during the collection of 

particles for preliminary evaluation of an environment, 

in the same way that matched weight filters do. 

To address these issues, the specific objectives of 

this project were divided into two phases. The first 

phase focused on determination of weight variations 

within filter batches. Due to the non-hygroscopic 

nature of PVC filters and their current application in 

gravimetric sampling, emphasis was placed on this filter 
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type. The parameters studied include: 

(la). The weight variation within a batch of 

polyvinyl chloride filters (interbatch). 

(2a). The weight variation between batches of PVC 

filters of the same brand (intrabatch). 

(3a). The weight variation between batches of 

filters from identical lots versus the 

weight variation between filter batches from 

different lots of a given PVC filter brand. 

(4a). The weight variation between batches of 

similar composition, but different brands, 

of PVC filters (Millipore, MSA, Gelman). 

(5a). The interbatch and intrabatch weight 

variations in one brand of cellulose ester 

and one brand of glass fiber filters. 

(6a). Based on observed variations in filter 

weights, estimation of the dust loading 

required to minimize the effect of 

"unmatched" filter weight differences on 

the accuracy of gravimetric analysis. 

The second phase of the research focused on 

exploring the utility of sampling with two superimposed 

filters in a cassette. Two filters randomly chosen from 
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a typical batch were pre-weighed, then used as matched 

weight filters are used (but referred to as paired 

filters) to determine whether the presence of two 

filters in a cassette presents potential problems during 

sampling. The specific objectives for this phase of my 

research were: 

(lb). Draw clean air through single and paired 

filters under various conditions of 

humidity to determine the effect of humidity 

on filter weights. 

(2b). Compare the utility of standard versus 

paired PVC filter methods by simultaneously 

monitoring dust laden air employing both 

methods. 

(3b). Examine different techniques to establish 

one best filter blank (control) methodology. 

Controls or filter blank methods tested 

include: a bottom paired filter, an 

in-line filter placed after the filter 

cassette and prior to the sampling pump, and 

a filter, exposed to identical ambient 

conditions but completely detached from any 

pump (the current methodology used for 

"blank" weights). 
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(4b). Investigate the effect of collecting 

different dust types (metal fume and 

mineral ore), on single, paired and control 

filter weights. 

(5b). Examine the effect of static electricity on 

the filter pairs, since PVC filters can 

accumulate and retain a charge possibly 

hindering their separation process. 

(6b). Study the feasibility of removing the top 

paired filter without contaminating the 

bottom filter, under various conditions, 

including open versus closed faced 

monitoring and lightly loaded (0.25 - 0.5 

mg) versus heavily loaded (2.5 - 5.0 mg) 

filter tops. 

(7b). Visually check to see if filter cassette 

holders become contaminated with dust 

during sampling, possibly affecting the 

post-sampling filter weights. 

(8b). Pre- and post-weigh examination of support 

pads to check for dust contamination or 

breakthrough. 
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(9b). Determine whether a second filter in a 

cassette causes a significant pressure drop, 

thereby reducing maximum sampling airflow 

rates. 
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METHODS 

Filter Weighings 

Weighing Room Environment. The weighing equipment 

used in the study was located in the industrial hygiene 

laboratory at the School of Health Related Professions, 

where a manual thermostat control was available to 

adjust temperature. Weighings were done while the air 

conditioner was turned off to reduce air currents in the 

room and to avoid conditions of rapid temperature 

change. Temperatures ranged from 76 to 83 degrees 

Fahrenheit and the relative humidity in the lab varied 

from 11 to 49%, depending on weather conditions over the 

6 month research period. However, humidity usually 

remained between 25 and 32% during actual filter 

weighings. Barometric pressure in the lab ranged within 

several millimeters of 700 mm Hg during the study, so 

700 mm was employed to formulate percent moisture 

concentration. Using Charell and Hawley's (1980) 

formula for absolute moisture concentration, percent 

water deviated between 0.41 and 1.28% during weighings, 

and between 0.41 and 1.66% overall. Temperature and 

humidity readings were taken with a Bendix psychrometer, 

Model 566, before and after gravimetric work in the lab. 
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Weighings were usually done at night, after the air 

conditioner had been off for several hours, which gave 

more uniform and stable conditions. 

Weighing Area Preparation. The weighing area was 

cleaned with paper towels and distilled water each day 

before weighings. Forceps were cleaned once a week 

using a mild soap, and then rinsed in distilled water. 

Balance chamber and pans were cleaned approximately once 

a month with a dilute ammonium hydroxide solution, but 

were checked frequently for particle contamination after 

heavily loaded filters were weighed. Filters, weights 

and pans were handled only with nonserrated tip forceps. 

Instrumentation. A Cahn 21 electrobalance was used 

for all weighings. This balance is a closed loop 

electromechanical system in which a mass is weighed by a 

directly proportional current flowing through a torque 

motor. The manual states that the balance has a 

sensitivity of 0.0001 mg and is accurate to + 0.005% of 

the true sample mass as a percent of electrical range. 

Precision, expressed as a standard deviation of ten 

consecutive weighings, is 0.005% also as a percent of 

electrical range according to the Cahn instruction 

manual #099-005728-21. A response setting of "1" was 

used as recommended by the manual. 
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Zeroing. The Cahn 21 electrobalance was left on 

continuously because it required a minimum of 24 hours 

warm-up for stable operation. The balance was zeroed 

and calibrated, using class "M" weights, as described in 

Cahn's instruction manual #099-005728-21 at the start of 

all weighings. The balance was rezeroed and 

recalibrated after every 10 weighings unless the balance 

failed to return to 0 + 3 jug between weighings, in which 

case rezeroing and recalibration occurred after five 

readings. The first filter weighed in each batch was 

the batch blank. This filter was reweighed at the end 

of the batch. If it's weight varied more than 10 ;ug 

from it's initial weighing, the next five filters after 

the blank were reweighed. These new readings were then 

compared to the original weights. If two or more of the 

readings also varied by more than 10 jug from their 

initial weights the entire batch was reweighed (this 

only happened once and was most likely due to static 

electricity contamination present within the balance. 

In this instance, an additional deionizing unit was 

placed inside the balance and weighing was terminated 

until the following day). If any rezero reading 

exceeded 5 jag, the balance was rezeroed and all filters 

were reweighed back to the last rezero. 
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Filter Conditioning. Filter weighing procedures 

are summarized in Figure 1. Filters were placed between 

sheets of aluminum foil for at least 24 hours in the 

weighing room, prior to weighing, to permit them to come 

to equilibrium with the moisture concentration at the 

weighing site. Residual particle contamination was 

eliminated by individually tapping each filter. Using 

forceps, the filter was tapped on a clean surface 

several times and then passed over a polonium 210 

deionizing unit. Each PVC and glass fiber filter was 

allowed to equilibrate for 80 seconds inside the 

electrobalance chamber. Cellulose ester filter and 

support pad weights were read exactly 120 seconds after 

being placed on the scale, because of large fluctuations 

in weight due to their hygroscopicity. After weighing, 

all filters were replaced in their original containers. 

The containers were numbered and labeled with time and 

date of the start of equilibration, and left in a 

protected area of the laboratory. 

Filters. Initially, three different brands of 

identical type 37 mm diameter polyvinyl chloride filters 

were weighed to obtain representative weight variations 

in filter batches. Each filter brand had a stated pore 

size of 5.0 Aim. Packaging varied considerably between 
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brands, as did the number of filters per batch. Six 

batches of 50 MSA filters, four batches of 100 Gelman 

filters, and five batches of 100 Millipore filters (each 

batch divided into four separately packaged groups of 25 

filters) were weighed. The purchase date of these 

filters was unknown, but prior to weighing, the packages 

were unopened unless noted in Tables 1 and 4. 

Additionally, three batches of 100 Millipore Metricel 

Membrane Filters (made from mixed esters of cellulose) 

were weighed. The Metricel filters had a stated pore 

size of 0.8 ;um and were 37 mm in diameter. Four batches 

of 100 Whatman 934-AH Glass Fiber Filters were also 

weighed. After weighing, the filters were returned in 

sequence to their original package and the whole package 

was then sealed in a zip-lock bag. 

Humidity Study 

The effect of humidity on filter weight was 

examined using a number of filter comparison parameters 

(Figure 2). For the initial study, MSA brand 37 mm PVC 

filters were used. The MSA filters were taken from 

those filters previously weighed during the weight 

variation study. The filters were supported by 

Millipore AP10MF cellulose ester support pads and held 

in standard three-piece type Millipore cassette filter 
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holders. The inlet diameter on the cassettes is four 

mm. Each sampling train consisted of a model S, MSA 

portable pump plugged into a 120 vac, 60 Hz, MSA 10 unit 

battery charger, thick walled plastic tubing, plastic 

adapters, and a Millipore closed faced polystyrene 

filter holder containing the single or paired MSA 

filters. An open faced Millipore cassette containing a 

Whatman 934-AH glass fiber filter and Millipore support 

pad was placed in line, in front of each cassette, to 

scrub the air of particulate matter. 

A cluster approach was used to obtain simultaneous 

samples. Five parallel sampling trains were employed 

during each run (except for the zero percent humidity 

run where three simultaneous samples were used because 

of an equipment shortage). All runs were performed in a 

secluded area of the lab. Flowrates were measured at 

the beginning and end of each sampling period with a 

Brooks rotameter that was calibrated using a soap bubble 

flow meter. Temperature and relative humidity were 

recorded before and after each run. The velocity of air 

currents near the cassette array was considered minimal 

because of the location of the sampling. 

Varying the Flowrate. The first parameter explored 

during the humidity study was the effect of drawing 
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varying amounts of cleaned air through single and paired 

filters under conditions of nearly constant temperature 

and humidity. Three single and two paired filter runs 

were executed. Flowrates varied from 1.83 to 3.65 L/m 

for the single filter runs and 1.87 to 3.62 L/m for the 

paired filter runs. Any change in the flow through a 

given cassette during a run was recorded in the lab 

notebook, and the before and after flowrate measurements 

were averaged for that cassette as recommended by the 

OSHA Industrial Hygiene Field Operations Manual. 

Temperature and relative humidity ranges were 79 to 82 °F 

and 20 to 26 percent, respectively. Moisture 

concentration during these runs ranged from 0.80 to 0.98 

percent. 

Influence of Humidity. The next parameter explored 

was the effect of drawing a virtually constant amount of 

air through single and paired filters under various 

conditions of temperature, relative humidity and 

moisture concentration. Procedures are summarized in 

Figure 3. Eight single and eight paired filter runs 

were performed during this segment of the study. 

Flowrates were set at 2.18 L/m for approximately 120 

minutes to give a total of 262 liters of air. Because 

of less than perfect pump performance, flow rates varied 
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and total air drawn through the filters ranged from 253 

to 272 liters for the single filters and from 230 to 269 

liters for the paired filters. Temperatures varied from 

78 to 83 °F while the relative humidity ranged from 20 to 

43 percent during both the single and paired runs. 

Maximum moisture concentration was 1.66 percent and the 

minimum was 0.78 percent. 

Zero Percent Humidity. Conditions of zero percent 

humidity were simulated by first drawing laboratory air 

through a drying column and a glass fiber filter before 

allowing it to pass through the single and paired 

filters. An in-line five gallon bell jar was employed 

as a plenum to mix the cleaned and dried air before it 

reached the filters. Individually calibrated rotometers 

were also used in front of each cassette to monitor air 

flow during a run. Two clusters of three simultaneous 

samples were completed for both types of filter set-ups. 

Metal Support Pads. In order to rule out humidity 

effects on the single and paired filters caused by the 

cellulose ester support pads, a run was performed using 

metal support pads. Conditions in all other aspects 

were identical to a specific regular run. For this 

study only cassettes with single filters were utilized. 

Approximately 258 liters of air was drawn through each 
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filter. The temperature, humidity, and moisture 

concentration ranges in the lab during the runs were 79 

to 80°F, 40 to 45%, and 1.45 to 1.53%, respectively. 

Alternate Filter Brand. In addition, a typical 

simultaneous sample was executed using similar filter 

types from a different manufacturer to determine whether 

one brand was affected by humidity to a greater extent 

than another. For this study, Millipore PVC filters 

were substituted for the MSA filters. One cluster of 

five samples using single filters, and one five cluster 

sample employing paired filters were used for each brand 

of filter. The moisture concentration remained between 

1.34 and 1.39%, the temperature between 78 and 81°F, and 

the relative humidity between 35 and 39% during the 

single filter runs, and between 1.36 and 1.46%, 79 and 

81CF and 35 to 41% respectively, during the paired 

filter runs. 

Field Studies 

Sampling Equipment. The main purpose of the field 

study was to compare the utility of sampling with two 

superimposed filters in a cassette versus sampling with 

the usually employed one filter per cassette. 

Replicate side by side samples were collected using 

paired and single filter systems under a variety of 
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conditions (Figure 4). Air was drawn through three 

single and three paired filters at a time. Randomly 

chosen Millipore PVC filters, taken from those 

previously weighed during the weight variation study, 

were used for all sampling. All filters and support 

pads were pre- and post-weighed. After preweighing, all 

filter cassettes were plugged with end caps and sealed 

with tape around the filter cassette seams. Each 

cassette was then labeled. During the first sampling 

run, the filters were supported by Whatman glass fiber 

filters because they are not as affected by humidity as 

cellulose ester support pads are. Because the glass 

fiber filters are thinner than normal cellulose ester 

support pads, a good seal around the edge of the filter 

holder was not achieved. Therefore, all subsequent runs 

employed Millipore AP10MF cellulose support pads. 

In-line behind each cassette containing test filters, 

connected by two inches of plastic tubing and metal 

adapters, was a cassette containing an additional 

Millipore PVC filter and cellulose ester support pad. 

This filter was employed as a control to check for 

possible particulate breakthrough. Each of the six 

separate, but simultaneously employed, sampling trains 

also consisted of about one foot of plastic tubing, 
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adapters, and a model S, MSA portable pump. All six 

pumps were plugged into the MSA 10 unit battery charger. 

The flowrate was initially set at 2.18 L/m on each pump 

and the pumps were run for about 122 minutes. A Brooks 

rotometer was used to determine the flowrate for each 

pump before and after every run. Temperature and 

relative humidity were recorded prior to and at the end 

of each run. 

Sampling Strategies. Four different sampling 

strategies were employed for the simultaneous samples. 

Two runs were performed each sampling day. One run 

employed open faced cassettes for the test filters, 

while the second run used closed faced cassettes. This 

scenario was repeated three times under conditions of 

both moderate (0.25 - 0.50 mg) and heavy (2.5 - 5.0 mg) 

particulate concentrations for a total of 12 runs per 

particulate type. Two dissimilar particulate types were 

collected for a grand total of 24, 122 minute runs. 

Controls. Several different control strategies were 

utilized during each sampling run (Figure 5). Besides 

the control filter within each sampling train, the 

bottom paired filter was considered a control filter as 

were all the support pads. In addition, two control 

filters per run were held in closed faced 
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cassettes with their end caps removed. These control 

filters were exposed to the same conditions as the test 

filters, but were completely detached from any pump. 

Also, a filter held in a completely sealed cassette (end 

caps in place) was used as a control during each 

simultaneous sampling run. 

Field Study Locations. Because of the difficulty 

in generating particulate atmospheres, samples were 

collected in workplace environments. Two distinctly 

different types of particulate were collected: a 

hygroscopic mineral ore from a local copper mine and a 

metal fume from an electrical shop with an enclosed 

welding booth. 

At the mine, for conditions of a moderately dusty 

environment, the simultaneous samples were positioned on 

a platform eight feet from a rapidly moving belt located 

on the tripper deck of the tertiary crusher. For a very 

dusty environment, the samples were located atop a 

platform on the fourth floor of the secondary crusher, 

six feet from a belt transporting ore. Near the 

tertiary crusher, temperatures ranged between 76 and 95 

degrees Fahrenheit, relative humidity varied from 16 to 

45%, and moisture concentration was 0.85 to 1.63%. 

Temperature, humidity and moisture concentration ranged 
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from 77 to 93 degrees F, 34 to 48%, and 1.45 to 1.98 

percent water, respectively in the secondary crusher 

area. 

Due to space limitations at the electrical shop, 

welding fume was collected from a single location inside 

the welding booth during all sampling runs. The 

sampling equipment had to be positioned behind a metal 

sheet, located three feet from the welder, to prevent 

the equipment from igniting because of a spark. Fume 

was emitted during the repair of electrical 

transformers. To obtain a range of loading conditions, 

fume was collected during arc welding for moderate 

particulate levels and during arc cutting for heavy 

particulate levels. During sampling periods, 

temperature inside the welding booth varied from 68 to 

75°F, relative humidity varied from 26 to 70 percent, 

and moisture concentration ranged from 0.69 to 2.01% 

water. 

Particle Composition. The approximate composition 

of the mineral ore during the month of sampling, 

determined by X-ray fluorescence, was 59.1% silica, 8.3% 

calcium, 6.6% aluminum oxide, 3.8% iron and 2.4% sulfur 

(personal communication with Robert B. Cummings, Asarco 

Geologist). 
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The metal fume was also comprised of several 

components. The fume contained chromium, lead, 

manganese, iron and zinc, as well as paint specific 

components (usually a chromium primer) found on the 

outside of the transformer being repaired. 

Post Sampling Procedures 

Field Procedures. After sampling was completed, 

each cassette was recapped and retaped (if needed). 

Samples were then placed right side up in a box and 

taken directly to the lab. 

Laboratory Procedures. Prior to final weighing, 

the end caps from each cassette were removed and the 

cassettes were placed in a clean, loosely topped box for 

24 hours to allow the moisture within the filter to 

equilibrate with the level of moisture present in the 

laboratory. Weighing procedures were identical as 

before, but filter performance was scrutinized during 

each final weighing step. Degree of static cling 

between paired filter pairs was noted, as was the 

feasibility of removing the top paired filter without 

contaminating the bottom filter. Besides being weighed, 

all control filters and support pads were checked 

visually for contamination. Any breakthrough was noted 

in the lab book. Filter cassette holders were 
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also visually checked for contamination. 

Statistical Evaluation 

Statistical analyses were performed on the filter 

weight variation data using the SPSS/PC+ system, also 

known as Systat. Maximum, minimum and average filter 

weights, as well as standard deviation, were calculated 

for each batch. Independent t-tests were performed on 

selected pairs of filter batches, and the Wald-Wolfowitz 

Runs Test was performed on all PVC filter batches to 

test for randomness of data. Unbiased estimates of the 

probability of randomly drawing two filters from a batch 

whose weights do not differ by more than a specified 

tolerance were calculated using a Texas Instrument model 

31 under the guidance of Mike Trosset, an associate 

professor of statistics at the University of Arizona. 
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RESULTS 

Like the objectives, the results of this project 

are divided into two phases. The studies dealing with 

filter weight variations are presented first, in phase 

one, while the data collected during the field study is 

presented under phase two of this section. 

Phase One 

Interbatch Variation of Polyvinyl Chloride Filters. 

Weight variations found within batches of MSA, Gelman, 

and Millipore brand PVC filters are given in Table 1. 

The maximum, minimum, and average weight within each 

batch of filters are noted. The standard deviation is 

also given for each batch. Large weight variations were 

found in all filter batches, but Millipore exhibited 

much larger variations than either MSA or Gelman did. 

Trends in filter weights were investigated for each 

batch to see if the manufacturing process dictates to 

some extent the variation in filter weights for a batch 

or lot. Figures 6, 7, and 8 show graphs of filter 

weights plotted against their respective number down 

from the top filter in a package. Batches with the 

standard deviation nearest to the average standard 

deviation for each brand were chosen as representative 

for the graphs. 
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Additionally, the Wald-Wolfowitz Runs Test was performed 

on the data for each filter batch. This test is used to 

detect runs in the filter weights above and below a 

designated cutpoint. In this case the cutpoint used was 

the mean weight of each batch. Both the total number of 

runs and their lengths provide clues to the data's 

randomness or lack thereof. Too few runs, too many 

runs, and runs of excessive length all rarely occur in a 

truly random sequence. A probability above 0.95 

indicates a significant pattern of runs above and below 

the cutpoint. Results for this test are found in Table 

2. All Millipore PVC filter batches exhibited 

significant patterns of runs, even though they also 

displayed the highest standard deviation within batches. 

Figures 6, 7, and 8 seem to confirm the findings of the 

Wald-Wolfowitz Runs Test. 

Interbatch Variations in Identical Brands of PVC 

Filters. The weight variations found between batches of 

PVC filters of the same brand are located in Table 1. 

Again, minimum, maximum, mean weight and the standard 

deviation values are given for each batch. Millipore 

had the largest overall variation, 14.293 milligrams, 

and Gelman had the smallest overall weight variation, 

6.455 milligrams. 
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Variations in Batches From Identical Versus Non-

identical Lots. MSA batches 1 and 4, and 2 and 3 had 

identical lot numbers, as did Gelman batches 1 and 4. 

Independent t-tests, performed on each pair of filter 

batches to determine whether their filter weights were 

more similar than randomly selected batches of filters, 

failed to produce significant results. As a control, 

identical tests were performed on pairs of filter 

batches selected from non-identical lots. The t-test 

probabilities were comparable to the ones found in the 

identical lots. The results are located in Table 3. 

Variations Between Different Brands of PVC Filters. 

The weight variation present between batches of similar 

composition, but different brands of PVC filters, are 

again noted in Table l, but otherwise were not compared. 

Variations Present in Cellulose Ester and Glass 

Fiber Filters. The interbatch and intrabatch weight 

variations found in Millipore brand cellulose ester 

filters and Whatman glass fiber filters are presented in 

Table 4. The maximum, minimum, and average weight, as 

well as the standard deviation within each batch of 

filters, is given in the table. All the cellulose ester 

filter batches had identical lot numbers, as did batches 

2, 3, and 4 of the glass fiber filters. No other 



57 

studies were done on these types of filters. The 

information was only for comparison of weight variations 

in different types of filters. 

Amount of Dust Loading Required to Minimize the 

Effect of "Unmatched" Filter Weight Differences. The 

estimation of dust loading, required to minimize the 

effect weight differences in paired filters have on the 

accuracy of gravimetric analysis performed on air 

samples, turned out to be a statistically difficult 

problem. For a population of N filters, the probability 

of randomly drawing two that do not vary by more than 

some specified tolerance (t) is estimated by: 

P([Yi-Yj]<t), where Yi and Yj are the weights of two 

randomly selected filters and t is the specified level 

of tolerance. In fact, for a finite population, 

P([Yi-Yj]<t) = Number of pairs satisfying the equation. 
Total number of pairs possible 

To estimate this probability, a simple random sample of 

seven filters was drawn from each batch. Then, all 

possible pairs within each sample (21 pairs) were formed 

and their differences calculated. The observed 

frequency of pairs satisfying the equation is an 

unbiased estimate of the true probability of the 

equation for each batch. The results of the estimators, 
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with several different tolerance choices (t), are given 

in Table 5. 

Randomly drawn Gelman filter pairs proved to be 

closer in weight than either Millipore or MSA filter 

pairs, with only one pair whose tolerance exceeded two 

milligrams. On the other end of the spectrum, only one 

pair of randomly selected Millipore filters had a 

tolerance below four milligrams. MSA filter pairs fell 

somewhere between the other two brands. 

The actual percent error that will be incurred from 

the difference in filter pair weights is a function of 

the ratio: 

The actual difference in filter pair weights x 100 
The amount of dust loading on the top filter 

With increased difference in filter pair weights, a 

higher dust loading is required to maintain a given 

percent error. For example, assuming a maximum 

specified tolerance (filter pair weight difference) of 

four milligrams, 80 mg of particulate must be collected 

on the filters for the analytical technique to 

contribute only five percent error to the sampling 

procedure. If the allowable tolerance is lowered to two 

milligrams, only 40 mg of particulate must be collected 

to obtain that same five percent analytical error. 
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Table 6 gives additional values for a variety of error 

levels and tolerances. 

Phase Two 

The Effect of Secondary Factors on Filter Weight 

Changes. Several different aspects of filtration were 

explored during phase two of the study. The weight 

change experienced by MSA PVC filters after clean air 

was drawn through them is documented for a variety of 

different sampling procedures. 

Use of a metal support pad, instead of one 

constructed from cellulose ester, made no significant 

difference in percent filter weight change (Table 7). A 

0.01 percent filter weight change on a 15 mg filter is 

equal to only 3 micrograms. 

Employing a different brand of PVC filter 

(Millipore) also had no noteworthy effect on percent 

filter weight change, when all other sampling conditions 

were identical. The results for both single and paired 

strategies are presented in Table 8. 

In addition, the effect of flowrate on single and 

both paired filter weights, as presented in Figures 9 

and 10 respectively, reveals no trends of particular 

importance. 
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The Effect of Varied Conditions of Moisture 

Concentration on the Change in Filter Weights. 

Increasing the percentage of moisture concentration in 

the sampled air failed to consistently produce higher 

filter weights, after cleaned air was drawn through 

single and paired filters. In some cases, the filters 

lost weight after air was drawn through them. The 

filter weight after sampling changed by more than 0.015 

mg or approximately 0.12 % from the original weight in 

only one instance. A filter weight difference less than 

0.015 mg was not considered significant, instead it was 

attributed to laboratory conditions during final 

weighings different from those during initial filter 

weighings, and precision errors in the balance. Actual 

precision obtainable by the balance, expressed as a 

standard deviation of ten consecutive weighings was 

found to be 0.064 % for a 20 mg control weight. This 

value was over ten times greater than the precision 

value given in the Cahn manual. 

Figure 11 shows the average percent weight changes 

in single MSA PVC filters when the moisture 

concentration varied from 0.78 to 1.66 percent. Figure 

12 gives the same information for paired MSA PVC 

filters. 
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The Utility of the Standard Versus the Paired PVC 

Sampling Method. The parameters of breakthrough, dust 

type, static electricity and cassette contamination were 

all scrutinized during the field study. Problems, 

almost always discovered during the final filter 

weighings, were noted in the data sheets, and 

subsequently in tables 9 through 12. 

Table 9 contains all of the data, in condensed 

form, from sampling mineral dust using single and paired 

filters held in open-faced cassettes. Breakthrough was 

not a problem on either the bottom paired filter, the 

support pad or the in-line control. In general, the 

paired filters were separated easily. When static cling 

was a problem (at dust loading levels above eight mg), 

it was experienced equally between single filters and 

their support pads, as well as between the top and 

bottom paired filters. 

It was difficult to remove filters from the 

cassettes without losing contaminant when large amounts 

of dust were collected. This was due to the fact that 

the entire filters were evenly covered with contaminant, 

and the mineral dust collected was dry and powdery. 

The data collected from sampling mineral dust, 
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employing single and paired filters in closed-faced 

cassettes, is shown in Table 10. Again, breakthrough to 

the bottom paired filter was negligible. In all cases, 

the breakthrough was limited to the edges of the 

filters. Contamination present on the inside of the 

filter holders was a persistent problem for dust loading 

levels above three mg. This may have been due to the 

fact that when large amounts of dust are collected using 

closed-faced cassettes, the contaminant tends to collect 

primarily onto a pile directly beneath the intake hole, 

causing severe clogging of the filter at that point. 

The airflow characteristics probably change and dust 

laden air is forced around the sides of the filters, 

thereby contaminating the insides of the cassette 

holders, the support pads, and in-line controls behind 

them as well. 

Static cling did not seem to play a significant 

role here, but removal of the top paired filter from the 

bottom paired filter, without inadvertently dropping 

particulate, sometimes proved difficult at dust loading 

levels above 10 mg. This was expected. 

Breakthrough of metal fume to the bottom paired 

filter and corresponding support pads was common and 

sometimes very significant (as high as one tenth of the 
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amount collected on the top paired filter), when large 

amounts of fume were collected using open-faced 

cassettes (Table 11). However, in-line controls 

remained uncontaminated for the most part. Much of the 

breakthrough contaminant was probably iron oxide, which 

can represent 20 to 50 percent of the fume. Iron oxides 

often contain particulates less than 0.05 um in diameter 

(Pantucek, 1971), well below the pore size rating on 

this type of filter. Morrow (1964) noted that many 

filters show appreciable penetration for certain sizes 

(10 to 40 percent) particularly for those particles 

below 0.5 microns. 

Penetration of the top filter by large metal 

fragments was also a problem encountered on filters with 

large dust loads. Several times, separation of paired 

filters was hindered by this. Static cling, on the 

other hand, was of little consequence when the polonium 

210 source was employed. 

Contamination of the inside of the filter holder 

was consistent above dust loading levels of 1.5 mg. The 

metal fume seemed to imbed itself into both the insides 

and outsides of the plastic cassette holders. Replacing 

the cassette top without contamination the filters 

proved impossible. 
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Better results were achieved when closed-faced 

cassettes were employed to collect metal fume (Table 

12). Significant breakthrough to the bottom filter was 

rare, and to the support pad, less frequent than when 

open-faced cassettes were used. No contamination was 

noticed on the insides of the cassette holders, but 

penetration of a metal fragment to the bottom filter was 

seen in a couple of instances at low particulate loading 

levels. 

While many instances of breakthrough to the support 

pads were noted during sampling for metal fume, the 

actual amounts of contaminants passing through the 

filters were very small. The metal fume contaminant was 

probably just more apparent because of the bright 

yellowish tint it carried. The contaminant was usually 

spread more evenly over the entire support pad than the 

mineral dust breakthrough was. 

All filter controls that were completely detached 

from any pump showed no filter weight change greater 

than 0.015 milligrams, whether their end caps were 

removed at some point during sampling or not. 

The Effect of a Second Filter on Maximum Airflow 

Possible Through a Sampling Train. During the humidity 

study, the most consistent air sampling pumps available 
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were used. All flowrates were noted before and after 

drawing cleaned air through each sampling set-up to 

determine total volume of air sampled. All pumps began 

drawing 2.18 liters of air per minute, but after 

approximately two hours of sampling time the flowrates, 

as measured by a rotameter, had changed. The changes in 

flowrates experienced by sampling trains with both 

single and paired in-line filters are given in Table 13. 
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DISCUSSION 

Phase One 

The intrabatch weight variations found in all three 

PVC filter brands were much larger than expected (Table 

1). Most filter catalogs list only an average filter 

weight (usually 15 mg) for all 37 mm PVC filters in 

general, but in all the batches surveyed, the average 

batch weight ranged as high as 16.548 mg (Gelman 2) and 

as low as 12.482 mg (Millipore 4). 

The largest standard deviation observed was 3.241 

mg (Millipore 2), very high for a 15 mg base weight 

filter. In fact all standard deviation values 

calculated for Millipore PVC filters were above 1.7. 

The standard deviation values for Gelman and MSA brand 

filters were comparable, and generally fell below 1. 

One notable exception, MSA 2, had a standard deviation 

of 1.802. That particular batch contained six filters 

in a row with weights above 19 mg. Those filter weights 

were inconsistent with other values obtained within that 

batch and among all other MSA filter weights measured in 

the study. Because the "outliers" were grouped 

together, it is probable that the manufacturing process 

itself caused those six filter weights to differ from 

the others, and thereby almost double, for that batch, 
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the standard deviation value found in other MSA filter 

batches. 

Overall interbatch variations were larger, as 

expected, than intrabatch variations for all brands of 

PVC filters. Millipore again had the highest variation, 

while Gelman had the lowest. Mean weights between 

batches from the same manufacturer varied as much as 

3.706 mg for Millipore PVC filter batches and as little 

as 1.371 mg for MSA filter batches. 

Independent t-tests performed on batch means from 

identical lots had probabilities no higher than those 

done on batch means from non-identical lots. This is 

not surprising, considering both the large intrabatch 

and interbatch weight variations found. 

Millipore cellulose ester filters also exhibited 

large intrabatch and interbatch weight variations (Table 

4). The standard deviations were all greater than 2, 

but the base weight for this type of filter is over 35 

mg. 

Weighing cellulose ester filters proved very 

difficult, because of their hygroscopic nature. The 

light contained in the Cahn electrobalance chamber began 

withdrawing moisture from the cellulose ester filters 

immediately after the chamber door was closed, causing 
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each filter's weight to drop dramatically (as much as 60 

jug in 120 seconds). Equilibration of the filters within 

the lab, prior to weighing, failed to solve the problem 

because the humidity difference was between the 

electrobalance chamber and the laboratory. Due to 

equipment limitations, this difference could not be 

easily resolved for the purposes of this study. Since 

the filters all lost weight at a fairly constant rate 

(50 - 60 ;ug in 120 seconds), each filter was weighed 

after a specific time had passed. 120 seconds was 

chosen as that specific time because filter weight loss 

slowed substantially after about 100 seconds, and by the 

time 120 seconds had passed, filter weight losses had 

reduced even more. This measure was considered adequate 

since only relative weights were needed for this part of 

the study. The weight fluctuations seen are consistent 

with the findings reported earlier by Cahn (1963), and 

Hawley and Charell (1980, 1981). 

Whatman glass fiber filters exhibited the lowest 

overall standard deviation within batches of any type or 

brand weighed (Table 4). Interbatch variations were 

quite large, though. This type of filter is not 

suitable for air sampling, however, due to the much 

higher base weight (over 69 mg), the increased cost, and 
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the fact that they are depth filters rather than 

membrane filters. 

As stated in the results section, it was very 

difficult to estimate a specific minimum dust load 

required to minimize the effect of "unmatched", or 

paired filter weight differences that would apply to all 

filter batches studied. Initially, for the purpose of 

the estimates, 4 mg was arbitrarily chosen as a maximum 

allowable filter weight difference. Clearly when 

filters were randomly drawn from a batch, only Gelman 

brand PVC filters exhibited filter pair differences that 

fell well below 4 mg, at a significance level greater 

than 95 percent (Table 5). MSA demonstrated filter pair 

differences below 4 mg (also at a significance level of 

greater than 95 percent) only two-thirds of the time, 

and randomly drawn Millipore filter pair weight 

differences did not remain below 4 mg to any significant 

extent. For that reason, the arbitrarily chosen 

tolerance of 4 mg actually did not apply well to this 

data. Individually selected tolerance levels were 

subsequently employed instead. 

A tolerance level of 3 milligrams would be adequate 

for Gelman filters. Using that tolerance, Table 6 lists 

the required amounts of particulate that must be 
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collected to incur an error from the analytical 

technique lower than a specified percentage amount. The 

minimum amount of particulate required ranges from 12 mg 

for a 25 percent error, all the way up to 60 mg for only 

a 5 percent error to be incurred from the analytical 

technique. 

A tolerance level of 4 milligrams would probably be 

adequate for MSA filters. The only batch that fell 

below the 95 percent significance level at 4 milligrams 

was batch 2, which contained the cluster of six 

"outliers". Assuming a tolerance of 4 mg, 16 mg of 

particulate would have to be collected for a 25 percent 

error. To reduce the error incurred from the analytical 

technique to 5 percent, 80 mg of particulate would have 

to be collected on the paired filters. 

A tolerance level for Millipore was not calculated 

because of the very large standard deviations found in 

all filter batches of that brand. 

Sixty or 80 milligrams is an unmanageable amount of 

particulate to be collected on a 37 mm filter. It is 

possible, however, to collect 12 to 16 mg of contaminant 

on a 37 mm filter in a very dusty environment. However, 

with that much load on a filter, other factors besides 

the analytical technique will affect the accuracy of the 
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sampling technique as a whole. Clogging, breakthrough 

and contamination of the cassette, all likely when large 

amounts of contaminant are collected on PVC filters 

(Brock, 1983), were in fact seen during conditions of 

heavy dust loading on field study filters. In fact, as 

little as eight milligrams of contaminant on a 37 mm 

filter presented problems during manipulation of the 

dust-laden filters. 

Actually, Millipore recommends a maximum of only 2 

mg of contaminant (and in some cases only 1 mg) be 

collected on their filters for peak filter performance 

(Millipore Technical Brief, 1985). This is 

substantially lower than even the 12 mg of contaminant 

collection required for Gelman PVC filters assuming a 

maximum 3 mg paired filter weight difference and the 

subsequent 25 percent analytical error incurred from 

that specified tolerance. 

An industrial hygienist is likely to suspect, 

during a preliminary survey, that a very dusty area will 

yield large amounts of dust on filters even before 

samples are taken and contaminant levels are calculated. 

In addition, the analytical error is not the only source 

of error contracted during particulate air sampling. 

Occupational and environmental variabilities can cause 
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diverse sampling outcomes as well, often over 25 percent 

(NIOSH Technical Publications 76-131 and 77-173). 

An experienced industrial hygienist can probably 

estimate dust levels with at least the same accuracy as 

a paired filter technique that must collect over 12 mg 

of particulate during a short sampling period (less than 

2 hours). 

Phase Two 

None of the secondary factors included in the 

humidity study, ie. support pad type, filter brand or 

flowrate made any significant difference, on filter 

weight changes, in the laboratory based studies (Tables 

7, 8, Figures 9, 10). For this reason all of these 

factors were treated as though they had a negligible 

effect on the main field study. 

Even the variances in moisture concentration 

appeared to have little or no effect on filter weights 

in the lab (Figures 11, 12). This was probably due to 

the fact that all filters were equilibrated in the lab 

for 24 hours prior to weighing, and were then reweighed 

after sampling, under nearly identical conditions, only 

hours later. Because most water weight in filters is 

either lost or gained in the first 30 second after their 

introduction to a new environment (Hawley and Charell, 
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1980, 1981), any substantial moisture weight that might 

have been gained during sampling was most likely lost 

during the 80 seconds required by the analytical 

technique, to reweigh each filter. The large and rapid 

weight losses experienced within the electrobalance 

chamber by cellulose ester filters was not duplicated 

during weighing of either glass fiber or PVC filters. 

Any changes documented in filter weights were probably 

due to either static buildup within the balance chamber 

or on the filter, normal precision limits of the Cahn 

electrobalance, or large changes in moisture 

concentration inside the electrobalance chamber itself. 

This is probably also applicable for the field 

study filters as well, since those filters were handled 

the same way. For this reason, the effect of moisture 

concentration on changes in the field study filter 

weights was also considered negligible. 

The Field Study 

Judgments regarding the utility of employing two 

filters in a cassette was made by looking at the whole 

sampling process, from loading the filters into 

cassettes to weighing them after particulate collection. 

The paired filters were weighed, initially, for the 

purpose of the study. This step would have been 
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unnecessary if actual matched weight filters had been 

used. 

Loading of the filters was no more difficult for 

two filters than it was for one. However, static 

electricity can be a problem when first removing 

individual filters from their packages. The difficulty 

associated with extracting only one filter from a 

package depends primarily on the manufacturer's 

packaging design. Some companies place thin sheets of 

paper between each filter to reduce the electrical 

attraction between filters. Other manufacturers do not. 

The sheets seemed to make filter separation somewhat 

easier. The packaging technique employed for Millipore 

or Omega matched weight filters are not known. 

No apparent technical problems, solely 

contributable to the act of sampling with paired 

filters, surfaced during the actual field tests. Two 

filters in a cassette made virtually no difference in 

sampling technique or strategy. Single and paired 

filter containing cassettes handled exactly the same. 

Pressure drops across the single and paired filters were 

comparable, and due primarily to nonideal pump 

performance and loading on the filters. 
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The true utility of using two filters in a 

cassette was realized only during the final weighing 

stage. It was at this point that the parameters of 

breakthrough, static cling, dust type, and cassette 

strategy could actually be evaluated with regards to 

their effects on single versus paired filters. 

Some initial, general sampling problems encountered 

included very large dust loading ranges. 0.014 to 

21.652 milligrams of contaminant was collected on 

filters in open-faced cassettes and 0.068 to 18.932 

milligrams of contaminant was accumulated on filters in 

closed-faced cassettes. The wide variation in 

environmental particulate levels is attributed to the 

inconsistency of the processes and sources sampled. 

Difficulties also were encountered when attempting 

to obtain accurate support pad weights. Cellulose ester 

support pad weights dropped even more rapidly, inside 

the electrobalance chamber, than did the cellulose ester 

filters. Glass fiber filters were therefore 

substituted. This dramatically altered the flow 

characteristics in cassettes. The reduced thickness and 

greater pliability of the glass fiber filters prevented 

a good seal between the cassette top and bottom, causing 

much more contaminant to deposit not so much on the 



bottom filter, but rather on the support pad beneath. 

Subsequently cellulose ester support pads were 

again employed, but contamination was determined by 

visual means only. As little as 0.015 milligrams of 

contaminant is discernable. 
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CONCLUSIONS 

Because of the extremely large intrabatch weight 

variations found in all three brands of polyvinyl 

chloride filters, it is not recommended that randomly 

selected filter pairs be used as matched weight filters, 

even during walk through or preliminary industrial 

hygiene surveys. Conditions that would allow enough 

particulate to be collected in order to reduce the 

analytical error to even 25%, would be so dust laden that 

a visual assessment would most likely be as accurate. 

For example, 12 mg of nuisance dust collected by drawing 

500 ml of air over an eight hour period through a filter 

would give an measured exposure level of 24 mg/m3, almost 

two and a half times the TLV, and almost five times the 

action level of 5 mg/m3 for nuisance dust. An 

experienced industrial hygienist should be able to 

recognize dust levels of those magnitudes without needing 

to sample during the preliminary survey. 

Few major problems surfaced during the use of two 

superimposed filters in a cassette. Only open-faced 

cassettes, used to monitor metal fume, showed significant 

breakthrough to the back filters and only at dust loading 

levels above the maximum recommended by the manufacturer. 

This breakthrough was attributed to the small aerosols 
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generated during arc cutting and arc welding. Cassettes 

used to collect mineral dust had little or no 

breakthrough to the bottom paired filter. In fact, under 

dust loading conditions at or below those recommended by 

the manufacturer, paired filters seemed to perform as 

well as single filters. It is assumed that PVC matched 

weight filters would perform equally as well. 

Assuming a maximum matched weight filter difference 

of 50 fig (as in Omega's matched weight PVC filters), an 

additional 50 jig of contaminant could pass through to the 

bottom filter and still have the error associated with 

the analytical technique remain below 5% for sample sizes 

at or above two milligrams. 

Static cling did not cause unusual problems with 

regard to the ease of manipulating the paired filters 

when a polonium 210 source was employed. 

Substituting in-line controls for usually employed 

field blanks did not work well. They proved difficult to 

work with because they continually came disconnected from 

the rest of the sampling train. They also slightly 

reduced the total flow through the system. If the 

connector hooking the cassette to the tubing was not 

secured, dust laden air seeped around the connector and 

onto the in-line filter, giving a misrepresentative field 
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blank value. No problems were experienced when present 

control methodology was employed. 

The value of the analytical result to an industrial 

hygiene program and relevance to an individual worker are 

ultimately dependent on the accuracy of the result (Eller 

and Crable, 1979). If matched weight FVC filters perform 

like the paired PVC filters did, they would seem to be an 

acceptable alternative to air sampling for particulates 

with single filters. They also have the additional 

advantage of saving time by eliminating the preweighing 

requirement. 
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Table 1. Variation In Polyvinyl Chloride Filter Weights.+ 

Filter Batch Number Minimum Maximum Mean Standard 
Brand in Batch Weight Weight Weight Deviation 

Millipore 1 101 9.231 17.913 13.236 2.506 

2 100 10.039 22.950 13.253 3.241 

3 100 10.229 19.814 15.840 2.655 

4 104 8.657 20.200 12.482 2.604 

5 99 12.280 20.140 16.188 1.702 

Gelman 1 100 12.529 16.575 13.886 0.866 

2 79* 14.993 18.984 16.548 0.994 

3 100 14.479 18.406 15.961 1.043 

4 100 12.765 16.547 14.054 0.886 

MSA 1 50 12.421 15.506 13.537 0.830 

2 50 12.338 20.260 14.224 1.802 

3 50 11.819 15.278 13.486 0.822 

4 50 12.769 16.271 14.044 0.925 

5 51 11.297 15.278 13.773 0.814 

6 46* 13.201 16.916 14.851 0.916 

+ All weights are expressed in milligrams. 

* Indicates the package was opened at some time prior to 
weighing. 
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Table 2. Results From The Wald-Wolfowitz Runs Test*. 

Filter Batch Number Number Two-tail 
Brand in Batch of Runs Probability 

Millipore 1 101 19 .999 

2 100 7 .999 

3 100 23 .999 

4 104 9 .999 

5 99 28 .999 

MSA 1 50 25 .147 

2 50 29 .924 

3 50 24 .425 

4 50 23 .511 

5 51 18 .970 

6 46 19 .861 

Gelman 1 100 39 .922 

2 79 35 .617 

3 100 43 .561 

4 100 44 .621 

* This test is used to detect runs in filter weights 
above and below a designated cutpoint, in this case the 
batch mean. The greater the probability, the less likely 
filter weights from a batch occurred in a random 
sequence. 
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Table 3. Independent T-test Probabilities Between Mean 
Values in Filter Batches From Identical and 
Non-identical Lots. 

Identical Lots 

Filter Lot Ind. t-test 
Brand Numbers Probability 

MSA 1, 4 .006 

MSA 2, 3 .010 

Gelman 1, 4 .177 

Non-identical Lots 

Filter Lot Ind. t-test 
Brand Numbers Probability 

MSA If 2 .016 

MSA 4, 5 .132 

Gelman If 2 .000 

Millipore If 2 .019 
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Table 4. Variation In Whatman Glass Fiber and Millipore 
Cellulose Ester Filter Weights+ 

Filter Batch Number Minimum Maximum Mean Standard 
Brand in Batch Weight Weight Weight Deviation 

Whatman 1 88* 87.630 91.010 89.259 0.632 
Glass 
Fiber 2 100 69.240 71.390 70.368 0.544 

3 99 68.150 71.830 70.306 0.918 

4 100 67.610 70.510 69.081 0.703 

Millipore 1 100 36.875 47.348 43.319 2.280 
Cellulose 
Ester 2 102 36.643 47.560 41.589 2.613 

3 100 37.067 48.348 43.972 2.832 

+ All weights are expressed in milligrams. 

* Indicates the package was opened for an unknown amount 
of time prior to weighing. 
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Table 5. Unbiased Estimates of the Probability of 
Randomly Drawing Two Filters from a Batch Whose 
Weights Do Not Differ by More Than Some 
Specified Tolerance, t. 

Filter Batch Number Probabilities 
Brand in Batch t>2 mg t>3 mg t>4 mg 

Millipore 1 101 

2 100 

3 100 

4 104 

5 99 

Gelman 1 100 

2 79 

3 100 

4 100 

MSA 1 50 

2 50 

3 50 

4 50 

5 50 

6 46 

0.286 0.619 0.667 

0.238 0.619 0.619 

0.286 0.429 0.857 

0.333 0.667 0.667 

0.714 0.762 0.952 

0.952 1.000 1.000 

1.000 1.000 1.000 

0.810 1.000 1.000 

1.000 1.000 1.000 

1.000 1.000 1.000 

0.429 0.571 0.714 

1.000 1.000 1.000 

0.857 0.952 1.000 

0.952 0.952 1.000 

0.905 0.905 1.000 
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Table 6. The Amount of Particulate That Must be 
Collected, Given A Maximum Allowable Error and a Maximum 
Acceptable Tolerance. 

Maximum Percent Maximum Required Amount 
Error Incured Tolerance (mg) of Particulate (mg) 

5% 0 .1  2 .0  
1 .0  20 .0  
2 .0  40 .0  
3 .0  60 .0  
4 .0  80 .0  

10% 0 .1  1 .0  
1 .0  10 .0  
2 .0  20 .0  
3 .0  30 .0  
4 .0  40 .0  

15% 0 .1  0 .7  
1 .0  6 .7  
2 .0  13 .3  
3 .0  20 .0  
4 .0  26 .7  

20% 0 .1  0 .5  
1 .0  5 .0  
2 .0  10 .0  
3 .0  15 .0  
4 .0  20 .0  

25% 0 .1  0 .4  
1 .0  4 .0  
2 .0  8 .0  
3 .0  12 .0  
4 .0  16 .0  
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Table 7. Comparison of Weight Changes in Single MSA 
Polyvinyl Chloride Filters Using Two Different Types of 
Support Pads. 

Sample Metal Support Pads Cellulose Support Pads 
Number % Filter Weight Change % Filter Weight Change 
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Cleaned air was drawn through the filters at a rate of 
2.18 liters per minute for 120 minutes. The temperature 
ranged from 79 to 80°F, the relative humidity from 40 to 
45 percent and the moisture content from 1.45 to 1.53 
percent water. 
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Table 8. Comparison of Filter Weight Changes After 
Drawing Cleaned Air Through MSA and Millipore PVC 
Filters. 

Single Filters 

Sample MSA PVC Filter Millipore PVC Filter 
Number % Weight Change % Weight Change 

1 -0.01 -0.02 

2 -0.01 +0.00 

3 -0.03 +0.00 

4 -0.02 -0.01 

5 -0.01 -0.02 

Paired Filters 

Sample MSA PVC Filter Millipore PVC Filter 
Number % Weight Change % Weight Change 

Top Bottom Top Bottom 
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The flowrate through the filters was 2.18 liters per 
minute for 120 minutes. Temperature, relative humidity, 
and moisture concentration varied from 78 to 81 F, 35 to 
39%, and 1.34 to 1.39% water respectively for the single 
filter study and from 79 to 81°F, 35 to 41%, and 1.36 to 
1.46% water respectively for the paired filter study. 
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Table 9. Changes in single and paired filter weights 
after collection of mineral dust using open-faced 
cassettes. All weights are expressed in milligrams. 
Support pad and control weight changes are indicated by 
either a (+) in cases where there was visible contaminant 
on them and/or an increase of more than 0.015 mg was 
found, a (-) in cases where an increase of 0.015 mg or 
less was noted, and a (++) for cases where the post 
sampling weight rose by more than 0.050 mg. 

Mineral Dust / Open-faced Cassettes 

Single Paired Filter Support Pads Inline Controls 
Filter Top/Bottom Single/Paired Single/Paired 

0.014 0 .251  0 .000 — — + + 
0.403 0 .264 0 .000 - - - -

0.541 0 .349 0 .015  +* +* +* +* 
0.552 0 .452 0 .018  +* -* -* 

0.568 0 .667 0 .015  -* - *  - *  -* 

0.571 0 .707 -0 .002  - - ++ + 
0.649 0 .728 0 .005  - - — — 

0.708 1 .092  -0 .007  - - — — 

1.306 1 .137 0 .000 - - - -

1.448 1 .687C 0 .037 - + - ++ 
2.226 2 .368 0 .011  - - - -

2.449 2 .514 0 .013  - - - — 

2.675 2 .693 0 .004 - - — — 

3.227 2 .764 0 .005  - - — — 

5.104 3 .451  0 .008 - - — — 

7.953C 4 .830 0 .002 - - — — 

8.311s  5 .459  0 .024 + + + — 

8.551s  8 .220s  0 .040  — + — 

* Indicates that glass fiber filers were employed as 
support pads, instead of traditional cellulose ester 
support pads during these runs. 

c Contamination present on the inside of the filter 
holder. 

s Difficulty experienced when trying to remove 
filter from cassette, due to static charge present 
between paired filters or between single filter and 
its support pad. 
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Table 10. Changes in single and paired filter weights 
after collection of mineral dust using closed-faced 
cassettes. All weights are expressed in milligrams. 
Support pad and control weight changes are indicated by 
either a (+) in cases where there was visible contaminant 
on them and/or an increase of more than 0.015 mg was 
found, a (-) in cases where an increase of 0.015 mg or 
less was noted, and a (++) for cases where the post 
sampling weight rose by more than 0.050 mg. 

Mineral Dust / Closed Faced Cassettes 

Single Paired Filter Support Pads Inline Controls 
Filter Top/Bottom Single/Paired Single/Paired 

# 0 .338  0 .019  - +* - -* 

0 .360  0 .415  0 .010  +* +* -* -* 

0 . 394  0 .576  0 .00 2  + - - + 
0 .433  0 .626  0 .01 2  +* + +* -

0 .590  0 .680  0 .006  -* -* +* -* 

0 .658  0 .715  0 .004  - - - + 
0 .7 3 4  0 .951  0 .009  - - + + 
0 .866  0 .987  -0 .001  - - + -

1 .023  1 .175  0 .002  - - + -

3 .713c  4 .561c  0 .015  + - ++ ++ 
6 .4 39c  6 .539c  0 .002  + - ++ ++ 
7 .343C 8 .3 9 1 c  0 .0 81  - + - ++ 
8 .612C 13 .214c  -0 .004  - - - ++ 
9 .967c  13 .447C 0 .039  + + + + 

16 .258c  13 .476c  -0 .0 02  - - - — 

17 .526c  14 .754CS  0 .0 21  - + - — 

18 .769c  15 .886c  0 .024  - - - -

18 .9 3 2 c  17 .097CS  -0 .006  - - - -

# Pump failed shortly after sampling started. 

* Indicates that glass fiber filters were employed 
as support pads, instead of traditional cellulose 
ester support pads during these runs. 

c Contamination present on the inside of the filter 
holder. 

s Difficulty experienced when trying to remove 
filter from cassette, due to static charge present 
between paired filters or between single filter and 
its support pad. 



91 

Table 11. Changes in single and paired filter weights 
after collection of metal fume using open-faced 
cassettes. All weights are expressed in milligrams. 
Support pad and control weight changes are indicated by 
either a (+) in cases where there was visible contaminant 
on them and/or an increase of more than 0.015 mg was 
found, a (-) in cases where an increase of 0.015 mg or 
less was noted, and a (++) for cases where the post 
sampling weight rose by more than 0.050 mg. 

Metal Fume / Open-Faced Cassettes 

Single Paired Filter Support Pads Inline Controls 
Filter Top/Bottom Single/Paired Single/Paired 

0 .0 86c  0 .049  -0 .010  - - — -

0 .095  0 .078c  0 .004  - - - -

0 . 124  0 .081  0 .007  - - - -

0 .258c  0 .176c  0 .008  - - - -

0 .299C 0 .257  0 .014  - - + -

0 .315  0 .2 7 0  0 .001  - - - -

0 .511  1 . 448c  0 .015  - + - + 
1 .594c  2 .030c  0 .026  + + + -

1 .620c  2 . 172c  0 .015  + + — — 

2 .3 67C 3 .316c  0 .028  + + — + 
2 .5 03C 3 .539c  0 .023  + ++ — -

2 .7 89c  3 .619c  0 .055  + ++ - ++ 
6 .474c  4 . 329c  0 .016  + + - + 
8.001c 4 .495cp  0 .835  + + — — 

9 .077c  5 .844c t  0 .088  - + — — 

11 .5 4 7 c  12 .122c  0 .0 38  ++A 
- - — 

11 .702C 1 7 .2 7 8 cp  0 .824  + ++ + + 
13 .6 4 7 c  21 .652cp  0 .533  ++ ++ ++ + 

A Contamination most likely due to poorly placed 
filter in the cassette holder. 

c Contamination present on the inside of the filter 
holder. 

p Large metal fragment penetrated top filter, and 
lodged into the bottom filter making separation of 
filters impossible. 

t Top filter impossible to remove without spillover 
of some contaminant unto the bottom filter. 
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Table 12. Changes in single and paired filter weights 
after collection of metal fume using closed-faced 
cassettes. All weights are expressed in milligrams. 
Support pad and control weight changes are indicated by 
either a (+) in cases where there was visible contaminant 
on them and/or an increase of more than 0.015 mg was 
found, a (-) in cases where an increase of 0.015 mg or 
less was noted, and a (++) for cases where the post 
sampling weight rose by more than 0.050 mg. 

Metal Fume / Closed-Faced Cassettes 

Single 
Filter 

Paired Filter SUDDort Pads Inline Controls Single 
Filter Top/Bottom Single/Paired Single/Paired 

0.068 0.114 0.006 — - + — 

0.095 0.122 0.001 - - + -

0.116 0.137 -0.010 - - ++ -

0.132 0.181 0.005 - - - -

0.223 0.226 0.013 - + - -

0.334 0.252 0.005 - - - -

0.363 0.321 -0.004 - + - ++ 
0.784 0.532 0.003 + + ++ ++ 
0.958 0.572p 0.034 - + — + 
0.971 1.155 -0.009 + — + — 

1.096 1.451 0.010 + + + ++ 
1.192 1.632p 0.021 - + — + 
1.208 1.825 0.005 - — — — 

1.508 1.841 0.011 + + — — 

2.498 2.809 -0.001 - + - — 

6.101 4.082 0.008 + ++ - ++ 
6.144 5.484 0.013 - - — + 
6.496 5.795 -0.002 - - — -

p Large metal fragment penetrated top filter, and 
lodged into the bottom filter making separation of 
filters impossible. 
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Table 13. Average Changes in Pump Flowrates After 
Drawing Cleaned Air, For Two Hours, Through Sampling 
Trains Containing Single or Paired Filters. 

Pump Number of % Ave. Flowrate Change (L/Min) 
ID Runs Used Single / Paired 

1 11 - 11.9 / - 15.1 

2 10 0.0 / 6.0 

3 8 - 6.9 / - 11.0 

B 9 36.7 / 36.7 

C 7 - 2.8 / - 18.3 

The original flowrate was 2.18 liters per minute. 
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Figure 1. Outline of Filter Weighing Procedures. 
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Figure 2. Flowchart for Filter Comparison Parameters. 
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Figure 3. Outline for Humidity Study Procedure. 
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Figure 4. Flowchart for PVC Filter Field Study. 
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Figure 5. Polyvinyl Chloride Filter Control Strategies. 
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Figure 6. Weight Variation in a Representative Batch 
of Gelman PVC Filters. 
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Figure 7. Weight Variation in a Representative Batch 
of MSA PVC Filters. 
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equivalent to it's number down from the top filter in 
that package. 
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Minimum filter weight = 12.769 mg 
Maximum filter weight = 16.271 mg 
Average filter weight = 14.044 mg 
Standard deviation for the batch = 0.975 mg 
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Figure 8. Weight Variation in a Representative Batch 
of Millipore PVC Filters. 
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Figure 9. Weight Changes in Single MSA PVC Filters After 
Drawing Different Amounts of Cleaned Air Through Them. 
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The flowrate ranged from 1.83 to 3.65 liters per 
minute for about 140 minutes. Temperature, relative 
humidity, and moisture concentration varied from 79 to 
82 F, 20 to 26 percent, and 0.80 to 0.98 percent, 
respectively. 
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Figure 10. Weight Changes in Paired MSA PVC Filters After 
Drawing Different Amounts of Cleaned Air Through Them. 
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The flowrate ranged from 1.87 to 3.62 liters per minute 
for about 130 minutes. Temperature, relative humidity, 
and moisture concentration varied from 79 to 82 F, 20 to 
26 percent, and 0.80 to 0.98 percent, respectively. 
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Figure 11. Weight Changes in Single MSA PVC Filters 
After Drawing Cleaned Air With Varying Humidity Through 
Them. 
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The flowrate was about 2.18 liters per minute for 120 
minutes. Temperature, relative humidity, and moisture 
concentration varied from 78 to 83 F, 20 to 43 percent 
and 0.78 to 1.66 percent, respectively. 
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The flowrate was about 2.18 liters per minute for 120 
minutes. Temperature, relative humidity, and moisture 
concentration varied from 78 to 83 F, 20 to 43 percent 
and 0.78 to 1.66 percent, respectively. 
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Figure 13. Average Rate of Weight Loss Experienced by 
Cellulose Ester Filters During the First Five Minutes, 
After Their Introduction Into the Cahn Electrobalance 
Chamber. 
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Temperature, relative humidity, and moisture 
concentration varied from 78 to 83 F, 20 to 43 percent 
and 0.78 to 1.66 percent, respectively. 
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