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Overview
This compilation represents the work of numerous authors at the ASTM 
International Symposium on Surface and Dermal Sampling, October 14-15, 
San Antonio, Texas, USA. This two-day symposium was sponsored by ASTM 
International Committee D22 on Air Quality and its Subcommittee D22.04 
on Workplace Air Quality. The symposium was organized in cooperation with 
the American Industrial Hygiene Association (AIHA), the Beryllium Health 
and Safety Committee (BHSC), the U.S. Department of Energy (DOE), the 
U.S. Department of Housing and Urban Development (HUD), L’Institut de 
recherché Robert-Sauvé en santé et en sécurité du travail (IRSST), and the 
National Institute for Occupational Safety and Health (NIOSH) of the U.S. 
Centers for Disease Control and Prevention (CDC). Over thirty papers were 
presented at the symposium, and the papers that were submitted and ac-
cepted for publication appear in this volume.

The role of surface and dermal sampling to assess contamination levels, 
or to detect harmful agents, is growing. However, standard techniques for 
sampling of surfaces, including skin, are relatively few, and their develop-
ment is hampered by limited data. The lack of harmonization in these tech-
niques creates diffi culties in comparing data from different studies. Agree-
ment is needed on protocols for surface and dermal sampling and, to improve 
data defensibility, methods for sampling of surfaces, including skin, are in 
need of standardization. The symposium explored recent work that could aid 
in beginning the standards development process, and addressed challenges 
that need to be overcome for further standards development. 

The symposium solicited presentations on the following topics (and 
related issues): 

• Surface and dermal sampling protocols.
• Samplers and sample collection media.
• Target analytes — chemical, biological and radiation hazards, and 

dermal sensitizers.
• Application of surface and dermal monitoring techniques to real-world 

problems.
• Safety, health and risk assessment.
• Quality assurance and method performance.
• Policy issues relating to surface and dermal monitoring.

The targeted audience included a wide range of technical professionals 
such as industrial hygienists, chemists, biologists, health physicists, safety 
engineers, epidemiologists, medical personnel, and others having interest in 
surface or dermal sampling issues, or both.
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The papers contained in this publication represent the commitment 
of ASTM International Committee D22 to providing timely and comprehen-
sive information on advances in monitoring of toxic substances, exposure 
assessment, and standards development. Sections of the two-day symposium 
focused on the following themes: 1. Standardization Issues; 2. Dermal; 
3. Lead; 4. Beryllium; 5. Asbestos; 6. Pharmaceuticals; and 7. General topics. 
Papers discussing sampling techniques, analytical measurement technolo-
gies, reference materials, standardization, occupational hygiene, decontami-
nation methods, and quality assurance can be found in this compilation.

Standardization Issues
This section includes papers which summarize the currently available 

consensus standards for surface and dermal sampling and the need for ad-
ditional standards, particularly in the area of dermal sampling. It also in-
cludes papers describing research activities intended to support standards 
development. Three of the papers that were given dealing with these issues 
are published in this section.

Dermal
This section includes papers dealing with aspects of addressing contami-

nants on skin, including sampling, removal, and adherence of contaminated 
materials to the skin. Two of the papers given in this topical area, both re-
lated to lead contamination, are published in this section.

Lead
This section includes papers dealing with sampling, sample preparation, 

analytical profi ciency testing, and lead dust loadings on surfaces other than 
skin. Three of the papers that were given dealing with these issues are pub-
lished in this section.

Beryllium
This section includes papers dealing with beryllium surface contamina-

tion in various industries and measurement of beryllium on surface wipe 
samples. Three of the papers given in this topical area are published in this 
section.

Asbestos
This section includes papers addressing the evaluation of samples col-

lected from surfaces contaminated with asbestos. Two of the papers that 
were given dealing with these issues are published in this section.

Pharmaceuticals
This section includes papers dealing with occupational exposure to phar-

maceutical substances, as well as spills and leakage of antibiotics on sur-
faces. Three of the papers given in this topical area are published in this 
section.
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General Topics
This section includes papers addressing general topics such as inves-

tigations of outdoor environmental surface particulate; microbiological 
contamination on surfaces; assessments of properties contaminated with 
methamphetamine; and use of health-based screening levels to evaluate con-
tamination on indoor surfaces. Four of the presented papers are published 
in this section.

We hope that readers of this publication will fi nd it to be an informative 
and useful reference on surface and dermal sampling issues.

Michael J. Brisson
Savannah River Nuclear Solutions

Aiken, SC, USA

Kevin Ashley
CDC/NIOSH

Cincinnati, OH, USA

Symposium Co- Chairs and Editors
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Kevin Ashley,1 Michael J. Brisson,2 and Kenneth T. White3

Review of Standards for Surface and Dermal
Sampling†

ABSTRACT: This article summarizes the body of available standards for

sampling of chemical and biological agents on workplace surfaces, including

skin. These standards consist of voluntary consensus standards such as

those promulgated by ASTM International, the International Organization for

Standardization (ISO), and the European Committee for Standardization

(CEN), as well as methods produced by U.S. Federal agencies such as the

National Institute for Occupational Safety and Health (NIOSH) and the Occu-

pational Safety and Health Administration (OSHA). Gaps in availabilities of

standards are discussed along with activities underway to address needs in

the field of occupational and environmental hygiene. In many cases, the

available standards have been developed largely in response to regulatory

requirements. For example, ASTM International standards, which describe

requirements for wiping surfaces and methodologies for determining metals

and metalloids such as lead and beryllium, were produced primarily in

response to regulatory requirements for sampling settled dust for these ele-

ments in the United States. Methods for collection of asbestos samples, vac-

uum sampling, dry wipe sampling, and bulk sampling have also been

promulgated. Standardized methods for non-metal contaminants and biologi-

cal agents are more limited in availability. In particular, there is a lack of
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standardized methodologies for dermal sampling and limited standard guid-

ance on selection of appropriate surface sampling methods and data evalua-

tion. Activities are currently ongoing within ASTM International and ISO to

address some of the gaps, but additional activity is needed to address

remaining requirements for consensus standards.

KEYWORDS: dermal exposure, sampling, skin, standard, surface,

workplace

Introduction

Consistency in methods for sampling and analysis of chemical and biological
agents from surfaces in occupational settings through standardization of
methodologies is generally desired. However, incongruities in sampling and
measurement practices often occur among those collecting and analyzing sur-
face and dermal samples [1,2]. If sampling and analysis methods are not
standardized, analytical results from different investigators, locations, and/or
points in time might not be comparable. Variations in surface and dermal
sampling practices are of special concern, since the greatest contribution to
measurement uncertainty in the overall sampling and analysis process is ordi-
narily associated with sample collection. Efforts to control measurement
uncertainty through method standardization have been realized for various
hazardous agents in occupational settings. As a consequence, a number of
standardized methods for surface sampling of hazardous substances in work-
places have been promulgated.

Several standardized protocols for surface and dermal sampling have been
produced by governmental agencies in the United States, for example, by the
Occupational Safety and Health Administration (OSHA) and the National Insti-
tute for Occupational Safety and Health (NIOSH). Voluntary consensus stand-
ards bodies such as ASTM International have also published a number of
standardized protocols for the collection of surface samples. International vol-
untary consensus standards are considered by many to be the most technically
sound protocols for use in their particular fields of application [3]. In part
because consensus standards allow for stakeholder input and are recognized as
having high credibility, the National Technology Transfer and Advancement Act
(NTTAA; Public Law 104-113) was enacted in the United States in the mid-
1990s. This law directs U.S. Federal agencies to: (a) rely on consensus standards
in their guidelines, regulations, and activities and (b) participate in the develop-
ment of relevant consensus standards. In accordance with the NTTAA, an ear-
nest goal of experts from U.S. governmental agencies is to work with the private
sector to provide a suite of consensus standards describing surface and dermal
sampling methods for chemical and biological agents. As a starting point, many
of the consensus standards under development are based initially on existing
agency methods, guides, and procedures. Ultimately, it is intended that the use
of consensus standards will enhance data comparability for surface and/or der-
mal samples obtained from different investigators, locations, and times.
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Rationale for Surface Sampling (Non-Dermal)

Surface sampling results are one of the many sources of information regarding
the health and safety conditions in workplaces or other locales. Information
obtained from surface sampling should not be used to the exclusion of other in-
formation concerning potential chemical, radiation, and biological hazards;
rather, surface sampling data should be used to augment data from other sour-
ces of contamination or exposure. For instance, additional sources of exposure
information may include, as applicable: occupational air sampling; bioassay
and biomonitoring results; clinical observations; quality and process control
data; records of facility operations; visual inspections; and material balance
studies. In an effort to address issues of this kind, an ASTM International con-
sensus standard guide for surface sampling of metals has recently been pub-
lished, which describes strategies for collecting surface samples for subsequent
determination of metals and metalloids [4]. Many of the considerations outlined
in this standard are applicable to other potentially hazardous agents besides
metals, e.g., radiation hazards and biological agents.

Reasons for conduct of surface sampling are based on a number of general
considerations. Drivers for sampling, that is, the purposes for carrying out a
sampling campaign, normally fall into one of the following three areas: (a) eval-
uation of the potential health risk from the contaminant(s) or chemical agent,
radiation hazard or biological species of concern; (b) hazard management, or
evaluation of the source(s) of the contaminant or chemical species, radiation
hazard or biological agent, extent of exposure area, and effectiveness of con-
trols; and (c) hazard compliance, or evaluation for compliance with regulations
or policies. Goals for the sampling campaign, which define how the generated
data will be used, and a sampling strategy, should be clearly thought out and
documented before any samples are collected. Of significant importance are the
data quality objectives that define the minimum performance requirements for
the collection and analysis of the samples. A related concern is the potential var-
iability in surface contamination, which impacts the representativeness of col-
lected samples. Sufficient numbers of samples and sampling areas of adequate
size are required for defensible data to be obtained.

Besides workers’ potential exposures, take-home contamination is also of
particular concern [5]. Sampling and analysis of workers’ clothing, vehicles,
and home environments must be carried out to assess take-home contamination
and to prevent exposures to family members.

The following are examples of purposes for surface sampling, as based on
general considerations introduced above [4].

1. Hazard identification and evaluation—Estimation of the expected and/or
or maximum concentrations of analyte(s) of interest in the workplace
or other locale. The information obtained is used to evaluate risk, to rec-
ommend worker protection requirements, and to assess the probability
of adverse health effects, including dermal responses such as contact
dermatitis.

2. Exposure assessment—Collection of exposure data for when the exis-
tence of a health hazard is known or postulated. Assessment may
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be focused on groups or populations of workers and/or family
members, rather than on an individual worker. It requires, within
limitations, the use of instrumentation and methods that offer the
lowest available analytical reporting limits for the contaminant(s) of
concern.

3. Facility characterization—Determination of the surface contamination
levels of one or more analyte(s) of interest within a facility at an initial
or baseline point, during or after process operations, or as part of facil-
ity decommissioning.

4. Housekeeping—Determination of the effectiveness of housekeeping
actions. For example, wipe samples are often collected from cleaned
surfaces to assess whether the cleaning procedure was effective in
removing the contaminant(s) of interest.

5. Selection of engineering controls—Determination, for analyte(s) of inter-
est that are not totally contained, of the collection or capture efficiencies
of control devices necessary to bring specific contaminant concentra-
tions below applicable limits at specific sampling locations; and for eval-
uation of the effectiveness of spill cleanup procedures.

6. Evaluation of engineering controls—Measurement of the quantities
of analyte(s) of interest passing or escaping from a control device due
to leaks, wear, damage, inadequate maintenance, overloading, or
accidents.

7. Evaluation of exposure pathways—Measurements used as part of an
evaluation of the potential contribution of (an) agent(s) of interest on
surfaces to total worker, or workers’ families’, exposures. Assessment of
the potential for take-home contamination might entail sampling of
workers’ clothing, shoes, and other items.

8. Selection of personal protective equipment—Determination of require-
ments for personal protective equipment in order for (a) worker(s) to
inhabit a contaminated or potentially contaminated area for a specific
period of time.

9. Compliance with regulations and standards—Measurements required to
satisfy regulatory or legal requirements, to determine if exposures and/
or contaminant surface concentrations in the workplace are below regu-
latory or established occupational exposure limits.

10. Source identification—Determination of the contribution from each of
many potential sources to the presence of analyte(s) of interest, based
on the unique characteristics of each of the agents of concern.

11. Education and training—Sampling, often accompanied with screening
analysis, used to educate workers and managers in the importance of
sound control practices such as engineering controls, personal protec-
tive equipment, and good housekeeping.

12. Investigation of complaints—Resolution of concerns expressed by work-
ers, management, or other stakeholders.

Thus, in view of the above considerations, it is crucial to define the pur-
pose(s) for collection of surface samples prior to conducting sampling. Defensi-
bility of the data obtained is of primary concern. The use of standardized
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protocols is more likely to enable potential data inter-comparisons and foster
acceptance of the reported results.

Sampling for Assessment of Dermal Exposure

Considerations for the assessment of occupational dermal exposures have been
proposed based on numerous scientific studies [6,7]. In view of this, the Euro-
pean Standards Committee (CEN) promulgated a standard technical report that
outlines criteria for assessment of occupational dermal exposure [8]. A concep-
tual model of dermal exposure was outlined based on the extensive body of rele-
vant scientific literature [6]. This model forms the basis of a protocol for
choosing candidate measurement methods that can be used to assess dermal ex-
posure contaminants and pathways. Dermal exposure assessment is often car-
ried out through direct sampling from skin via wipe sampling, tape stripping,
rinsing techniques, or in situ measurement methods, for example, Ref. [7]. Indi-
rect dermal exposure assessment methods include, for example, patch sampling
and sampling of clothing or gloves [6–8].

In general, four objectives for assessing dermal exposure can be
highlighted [6]:

1. Research on adverse health effects of chemical exposures, including: (a)
epidemiological investigations and risk assessment; (b) investigation of
possible associations between skin exposure and adverse health effects;
(c) development of exposure-response relationships for risk assessment;
and (d) estimation of disease burden due to skin exposures.

2. Evaluation of exposure processes and pathways to assist in the develop-
ment, implementation, and evaluation of exposure control measures or
interventions.

3. Compliance, compensation claims, or litigation, if applicable.
4. Education and training, including intervention protocols that might

include the use of screening techniques to aid in workers’ understanding
of their (and, potentially, their family members’) exposure pathways.

Many of the considerations for carrying out dermal sampling mirror those
outlined earlier for collection of non-dermal surface samples. Over 650 chemi-
cals with “skin” notation have been identified [9], but the importance of dermal
exposure is often underestimated or ignored.

Standardized Surface and Dermal Sampling Techniques

Representative substrates and sample media of interest that are applicable to
surface and dermal sampling include, but are not necessarily limited to, the
following:

� Hard/smooth/nonporous surfaces
� Soft/rough/porous substrates
� Fragile substrates
� Oily or coated surfaces
� Grossly contaminated surfaces
� Skin (exposed and/or protected)
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� Clothing and personal protective equipment
� Patches, swabs, and tape
� Bulk materials, e.g., soils, deposited dust, and spilled materials
As an example, sampling techniques for metals have been promulgated that

address sample collection from many of the above surface substrates. For maxi-
mum collection efficiency of metals (and excluding collection of bulk samples),
“wet” sampling techniques using wipes are generally preferred [10,11]. How-
ever, there are situations where wet sampling of certain components and equip-
ment are not desirable, and dry sampling techniques are required. For example,
due to technical considerations, surfaces of certain materials and components
must be protected against damage from the action of wetting agents and/or
sample collection; hence, sampling methods that are less aggressive are some-
times required. For nonmetals, depending on the chemical or biological agent
of concern, analogous considerations may be applicable.

In the case of surface sampling for metals, a hierarchy of sample collection
methods is generally recommended [4]. At the outset, when it is determined
that surface samples must be obtained, wet wipe sample collection methods are
usually considered first. Such techniques are routinely applicable to smooth,
hard, nonporous surfaces, and also to dermal sampling. Other sampling meth-
ods for various surfaces (including skin and clothing) consist of vacuuming
methods, dry wiping protocols, tape stripping, rinsing techniques, and the use
of swabs for collection of biological agents.

Table 1 summarizes standardized procedures for surface and dermal sam-
pling that have been produced by OSHA [12] and NIOSH [13]; applications to
sampling and analysis of metals and organics are exemplified. Dermal sampling
by use of patch samples or rinsates has been described briefly in several OSHA
and NIOSH methods (Table 1). Such techniques are presently planned for

TABLE 1—OSHA [12] and NIOSH [13] procedures for sample collection from surfaces in
occupational settings.

Methods
Sampling

Media=Device
Target Substrate(s)

Sampled Comments

OSHA ID-125G and
ID-206

“Wet” or “dry”
filter or wipe

Smooth surfaces,
dermal samples

Alcohol wipes widely
used; mainly applicable

to metals

NIOSH 9100, 9101,
9102, 9105 and 9110

“Wet” wipes Smooth surfaces,
dermal samples

Metallic analytes: Pb,
Cr(VI), Be, elements

OSHA Technical
Manual (various)

Patch samples,
hand rinsates

Dermal samples Various protocols; also
clothing, gloves, etc.;
multiple analytes

NIOSH 3600, 3601,
9200, 9201, 9202 and
9205

Patch samples,
hand rinsates

Dermal samples Applicable to pesticides,
metalworking fluids,

etc.; may apply to other
agents
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further development as voluntary consensus standards within the ASTM Inter-
national subcommittee on workplace exposure monitoring.

A number of ASTM International voluntary consensus standards pertaining
to surface sample collection in workplace and building environments have been
promulgated, and they are summarized in Table 2. ASTM standards have been
published describing wet wipe sample collection of metals [14,15]. An ASTM
surface tape stripping method has also been promulgated, and this technique is
applicable to multiple analytes [16]. A tape stripping method for sampling of

TABLE 2—ASTM International standards for sample collection from surfaces in workplaces
and buildings.

Standard
Sampling

Media=Device
Target Substrate(s)

Sampled Comments

ASTM E1728 [14] “Wet” wipe Smooth surfaces Applicable to Pb
sampling; regulatory

applications

ASTM D6966 [15] “Wet” wipe Smooth surfaces Various wetting agents
can be used; applicable

to metals

ASTM E1216 [16] Adhesive tape Smooth surfaces Poor collection
efficiency for ultrafines;
may damage fragile
substrates; multiple

analytes

ASTM D5438 [17] Modified upright
vacuum cleaner

Floors Sampling from carpets;
multiple analytes

ASTM D7144 [18] Sampling cassette
with collection

nozzle

Rough, porous, uneven
surfaces; fragile

surfaces

“Micro-vacuum” dust
sampling for metals;
may be applicable to

other agents

ASTM D7296 [19] “Dry” wipe Fragile surfaces Applicable to beryllium
only; special cases

ASTM E1792 [20] Pb wipe specification Smooth surfaces Applicable to Pb
sampling; may use for
other metals; regulatory

applications

ASTM D5756 [21] “Micro-vacuum”
sampler

General surfaces Applicable to collection
of asbestos fibers

ASTM D6480 [22] Cloth: clean room
wipe

Smooth surfaces For collection of
asbestos fibers

ASTM D6661 [23] Solvent-wetted wipe Smooth surfaces Applicable to sampling
of organic compounds

ASTM E2458 [24] Swab sampler General surfaces Suspected biological
agents in powders

ASTM D6333 [25] Polyurethane foam
roller

Floors Applicable to pesticide
residues
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fungal spores is presently under development within ASTM International.
When the surface to be sampled is rough or porous, and wet wipe sampling or
tape stripping is deemed to be impractical, the use of vacuum collection meth-
ods is often considered in lieu of wiping or stripping techniques [17,18]. In rare
cases where the surface to be sampled is energized, fragile, or reactive, and be-
ryllium is the only analyte of interest, dry wipe sampling is an option for sample
collection of this metal [19]. The use of wipes meeting the specifications of
ASTM E1792 [20], while developed for wipe sampling materials for lead on
surfaces, may be appropriate for sample collection of other metals. A related
ASTM specification for wipe sampling materials for beryllium is presently under
development. In addition, ASTM procedures for surface sampling of asbestos
by vacuum sampling [21] or wiping, [22] wipe sampling of organic compounds
[23], swab collection of biological agents [24], and collection of pesticide resi-
dues from floors [25] have been published (Table 2). Consensus surface sam-
pling methods for lead [26], beryllium [27] and asbestos [28] have been
developed largely in response to regulations in the United States. Besides the
aforementioned ASTM standard surface sampling guide for metals [4], an anal-
ogous standard sampling guide for asbestos has also been developed [29].

Other ASTM standards relating to surface sampling and assessment of sur-
face contamination have been developed to address applications in clean rooms
and aerospace (Table 3) [30–33]. While these are specialized uses, there may be
situations where the standards could be employed in contamination assessment
in occupational and other environments.

The International Organization for Standardization (ISO) has promulgated
a trio of international standards that address the measurement of surface con-
tamination by radioactive materials [34–36]. These standards entail the mea-
surement of radiation sources on surfaces of equipment and facilities, but they
do not apply to the evaluation of radioactive contamination on skin and cloth-
ing. Methods for direct and indirect measurement of radionuclides collected
from surfaces are described in these ISO standards.

TABLE 3—ASTM International standard procedures for surface sampling in aerospace and
clean room applications.

Standard
Sampling

Media=Device
Target Substrates

Sampled Comments

ASTM F303
[30]

Rinse method Aerospace
components

Collection of particulate
matter for assessment

of cleanliness

ASTM F51 [31] Particle sizing
instrument

Clean room garments Evaluation of
contamination from
fibers and particles

ASTM E2088
[32]

“Witness” surface Clean room surfaces Measurement of
particle deposition

ASTM F24 [33] Optical particle
counter

Electronic components Assessment of surface
contamination

10 JAI � STP 1533 ON SURFACE AND DERMAL SAMPLING

 



Generic techniques for dermal sampling have been described in a European
standard, EN TS 15729 [37]. This standard technical specification is a compan-
ion document to the aforementioned dermal sampling strategies technical
report [8] that was developed by the same group. Currently, a draft ISO guid-
ance document is under development that is based on these European stand-
ards and should soon be finalized.

Performance Data

In several cases, performance data have been published regarding collection
efficiencies of some of the various surface sampling methods cited above. For
instance, wet wipe sampling has been evaluated for the collection of lead oxide
dust from smooth, hard surfaces, with sample collection efficiencies exceeding
75% routinely attained [38,39]. A minimum collection efficiency of 75 % has
been specified for lead-containing settled dust that is sampled from smooth
surfaces [20], and this criterion is generally applicable to other analytes. How-
ever, sampling from rough, porous or fragile surfaces cannot guarantee high
collection recoveries, hence it is desired to harmonize the sampling procedures
to the extent possible so as to enable reliable data comparisons.

In related work, a comparison of wet versus dry sampling was carried out
on hard, smooth surfaces spiked with beryllium [40]. It was found that wet wipe
sampling ordinarily results in a much higher collection efficiency (64 %–106 %)
than does sample collection using dry wipes (14 %–43 %). In earlier studies, a
comparison of wipe sampling methods for beryllium was carried out wherein
dry, wet, and alcohol wipe methods were evaluated for their application in
removing beryllium-containing dust from painted surfaces [41]. This investiga-
tion found alcohol to be most effective for removing beryllium dust from oily
surfaces, while (not surprisingly) dry wipes were least effective for this purpose.
These studies have served to provide necessary back-up data in support of
standardized wipe sampling protocols for metals, e.g., ASTM D6966 [15].

The ASTM International high-volume vacuum collection method (ASTM
D5438 [17]) for worn carpeted surfaces has been evaluated using reference ma-
terial spikes, and good dust collection efficiencies (�80 % and greater) have
been reported for various types of carpets [42]. Previous investigations of this
high-volume vacuum collection system on new carpets also reported effective
collection (>75 %) of leaded dust from such substrates [43]. The more recently
developed ASTM International low-air volume “micro-vacuum” collection
method (ASTM D7144 [18]) was evaluated [44], and collection efficiencies from
a variety of representative substrates were reported based on gravimetric analy-
sis. Although recoveries were generally non-quantitative (<75 %), it was empha-
sized that standardization of the micro-vacuum sampling technique should
ensure data comparability through harmonization of the sampling device and
collection procedure. However, losses due to capture of significant amounts of
material within the collection nozzles of the micro-vacuum samplers were
reported [44]. This observation will hopefully lead to the design and develop-
ment of improved samplers, where the collection inlet is incorporated into the
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body of the sampler [45]. While removal of material from within the collection
nozzles may be possible, in practice this is difficult to achieve.

In other research, assessment of dermal wipe sampling using different sam-
ple collection media has been carried out using lead as an analyte [46]. Most
leaded dust (�60 %) is recovered after sample collection with one wipe,
although successive wiping increases overall dust removal (to �90 %) from
workers’ hands. Unfortunately to date, dermal sampling procedures have not
been well standardized, and this has led to difficulties in evaluating and compar-
ing data from a variety of different studies [47]. Data obtained by means of der-
mal sample collection techniques are often confounded by factors such as
reactivity of the agent(s) of concern, analyte transport through skin, spatial vari-
ability of contaminant levels, and variance in the nature of skin surfaces [6,7].
Nevertheless, dermal sampling methods for chemical (e.g., pesticides, metal-
working fluids) and biological agents (e.g., bacteria, viruses) need to be harmon-
ized to the extent possible, and this remains an important area for further
research and development.

Bulk Sample Collection

While methods for obtaining bulk samples are outside the scope of this article,
they are briefly mentioned here since these techniques often complement sur-
face and/or dermal sampling. An excellent source of information on bulk sam-
pling methods for soils, solid waste, water, field equipment, etc., is the U.S.
Environmental Protection Agency, which has published a comprehensive docu-
ment [48] that covers issues such as: (a) Sampling strategies and design; (b)
Sampling techniques, media, and equipment; (c) Standardized sampling proce-
dures developed through voluntary consensus (notably ASTM International
standards); and (d) Data quality considerations pertaining to sample collection,
sample handling, and transport. A great many relevant ASTM International
standards on collecting bulk samples have also appeared in compendium publi-
cations on environmental sampling [49,50]. Additional study is needed regard-
ing when it is more appropriate to use bulk sampling in lieu of surface
sampling. Performance data and guidelines are limited in this area.

Summary

The purpose of this article was to highlight the available standardized collection
methods that are applicable to surface and dermal sampling. Within the arena
of surface and dermal sample collection, our goal is to encourage the develop-
ment of voluntary consensus standards in the areas of interest for which such
standards are presently unavailable. Methods for surface sampling from
smooth, hard surfaces are now reasonably well standardized, as evidenced by
the availability of relevant international voluntary consensus standards. Addi-
tionally, vacuum sampling methods for collecting dust from rough, porous (and
other) surfaces have also been standardized in the form of ASTM International
procedures. General bulk sampling methods (not specific to dermal exposure
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hazards) are also well standardized, and the use of voluntary consensus stand-
ards is encouraged. However, dermal sampling methods for chemical and bio-
logical agents require better harmonization and evaluation. Efforts are
currently underway to fill these gaps.
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ABSTRACT: This paper describes the development of U.S. Army Public

Health Command (Provisional) Technical Guide 312, Health Risk Assess-

ment Methods and Screening Levels for Evaluating Office Worker Exposures

to Contaminants on Indoor Surfaces Using Surface Wipe Data. Surface sam-

pling of indoor surfaces may be performed to determine whether a building is

safe for re-entry following an event (for example, fire, pesticide application) or

change in building use (for example, laboratory to administrative office). Sur-

face wipe sampling results may be used to assess either the degree of con-

tamination before cleanup or to determine whether post-abatement (also

post-remediation, post-clearance) actions were effective. The U.S. Army

Public Health Command (Provisional) Environmental Health Risk Assess-

ment Program has conducted risk assessments based on surface wipe sam-

pling data and, over time, has evolved the methodology into a technical

guide. The technical guide addresses the need to develop an approach to

characterize potential health risk to exposed populations using surface wipe

sampling results and to provide surface wipe screening levels to facilitate ini-

tial assessments. The methodology provides a means to estimate office

worker exposures from inhalation of resuspended particles, dermal contact,

and incidental ingestion exposure routes. Potential chemical health risks

from aggregated intakes are evaluated using conventional U.S. Environmen-

tal Protection Agency risk assessment methods.
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Nomenclature

ABS¼ absorption fraction
ADIderm¼ average daily intake though skin
ADIing¼ average daily intake from ingestion
ADIinh¼ average daily intake from inhalation

As¼ source area (meters squared (m))2

AT¼ averaging time (days)
BW¼ body weight (kilograms (kg))
Cs¼ contaminant surface loading (milligrams per centimeter squared

(mg=cm2))
Cwipe¼ target surface wipe level
DL¼ detection limit
ED¼ exposure duration (year)
EF¼ exposure frequency (days=year)
ET¼ exposure time (hours=day)

EVderm¼ event frequency for estimating the dermal dose (events=day)
EVing¼ event frequency for estimating intake (events=day)

Fd¼ fraction exposed skin surface that actually contacts the surface
(unitless)

Ff¼ fraction exposed skin area that contacts the mouth (unitless)
FTsm¼ fraction of substance transferred from the skin to mouth (unitless)
fresp¼ fraction respirable (unitless)
FTss¼ fraction transferred from surface to the skin (unitless)

i¼ subscript used to distinguish different parts of the exposed body
(hand, forearm)

IRinh¼ inhalation rate (m3=h)
R¼ resuspension rate

SA¼ exposed skin surface area per event (cm2=event)
SWSL¼ surface wipe screening levels

V¼ room volume (meters cubed (m3))
kdep¼ deposition loss rate (1=hour (h))
ka¼ air exchange rate (air changes per h)

Purpose

This paper describes the rationale and logic used by the U.S. Army Public
Health Command (Provisional) (USAPHC (Prov)) formerly known as the
U.S. Army Center for Health Promotion and Preventive Medicine
(USACHPPM), to develop Technical Guide (TG) 312 [1]. The TG is designed
to assist health risk assessors in interpreting indoor surface wipe samples in
the context of human health risk. TG 312 provides a method for evaluating
potential health risks to office workers from exposure to chemical substan-
ces on indoor work surfaces. The method may be used in two ways: (1) to
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establish health-based surface wipe screening levels (SWSLs) as criteria to
be compared with environmental wipe sample results or (2) to estimate cu-
mulative health risks from exposure to chemical levels detected in wipe sam-
ples. Although TG 312 focuses on office worker exposures, the general
method used to develop an exposure assessment may be adapted for other
surface contaminant exposure scenarios by adjusting exposure factors used
in the equations.

Need for Surface Limits

Surface sampling of indoor surfaces may be performed to determine whether a
building is safe for re-entry following an event (for example, fire, pesticide appli-
cation) or used for a different purpose (for example, industrial to office). Sur-
face wipe sampling results may be used to assess either the degree of
contamination before cleanup or to determine whether post-abatement (also
post-remediation, post-clearance) actions were effective. Only a limited number
of surface wipe standards or guidelines have been published [2]. Thus, there is a
need to develop an approach to characterize potential health risks to exposed
populations using surface wipe sampling results and to provide SWSLs to facili-
tate initial assessments.

Published Surface Wipe Standards or Recommended Limits

In contrast to airborne exposure limits, only a few standards or guidelines for
surface levels of contaminants are published. This section summarizes some
surface wipe levels that have been used to assess the hazards associated with
surface contamination.

The U.S. Environmental Protection Agency (USEPA) provides cleanup lev-
els for polychlorinated biphenyls (PCBs) in different media, which include non-
porous surfaces [3]. The recommended PCB cleanup level for nonporous
surfaces and high-occupancy use is �10 lg=100 cm2 and applies to total PCB
concentrations, not individual Aroclors [3].

The U.S. Department of Energy (USDOE) provides surface levels for beryl-
lium to protect against chronic beryllium disease [4]. Two surface wipe levels
are available. One applies to USDOE beryllium operations (3 lg=100 cm2) and
the other applies to beryllium-contaminated items before they are released to
the general public (0.2 lg=100 cm2) [5]. These limits were developed by USDOE
based on reviews of historical work practice limits established by USDOE
operational facilities using beryllium.

In response to the attacks on the World Trade Center (WTC), a task force
was formed to select contaminants of concern and develop health-based
benchmarks for exposure to indoor air and settled dust [6,7]. Health professio-
nals used these benchmarks to determine if cleanup of residences were needed
and, if so, to verify that the cleanup methods were effective. These benchmarks
were developed based on both direct contact with indoor surfaces and inciden-
tal ingestion from hand-to-mouth transfer [6]. Inhalation of resuspended
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particles was not included as air quality was monitored by taking actual air
samples.

To address health concerns related to PCBs and 2,3,7,8 tetrachlorordi-
benzo-p-dioxin (TCDD) residues after a fire incident, Michaud et al., estimated
risk-based re-entry surface wipe criteria for these substances [8]. Michaud
et al., used a mass balance approach to propose re-entry surface level criteria
applicable to full-time maintenance workers. These criteria were estimated
using a lifetime risk level of 10�5, applicable toxicological data, and professio-
nal judgement.

Evolution of TG 312

The methodology used in TG 312 evolved over time as USAPHC (Prov)
health risk assessors evaluated surface wipe data from a variety of opera-
tions. The assessors prepared an interim report that provided surface
screening levels for industrial scenarios [9]. This interim approach was
updated by May and her colleagues who developed health-based screening
levels using principles used by USEPA Regions III and IX for developing
media-specific screening levels for cleanup activities. May developed screen-
ing levels for industrial and construction worker scenarios using three
explosives as test substances [10]. The workers were presumed to potentially
be exposed to surface contaminants from direct dermal contact, incidental
ingestion from hand-to-mouth transfer, and from inhalation of resuspended
particles. The methodology described by May, which was pending publica-
tion on September 11, 2001, was used to derive risk-based screening levels
for PCBs, dioxins, and furans to assess potential health risks from exposure
to surface contaminants at the Pentagon after the attack [11]. Gaborek
et al., (2001) modified exposure parameters to reflect those of an office
worker rather than an industrial or construction worker as in May et al.,
(2002) [10].

Technical Guide 312 uses a tiered approach that allows Army environ-
mental professionals to assess potential health risks from exposure to sur-
face contaminants. Surface wipe data can first be compared to SWSL values
published in TG 312 if they are available. As a Tier 1 approach, the screen-
ing values are intended to have additional levels of conservatism for general
applications. If surface wipe data exceed an SWSL, a more extensive assess-
ment using the method described in TG 312 could be used for site-specific
evaluations.

The methods used to measure surface contamination have been developed
for nonporous surfaces and that limits interpretation of results to nonporous
surfaces. Wood and concrete are common examples of porous surfaces while
glass and vinyl are examples of nonporous surfaces.

Problem Definition

A fundamental problem with interpreting surface wipe sampling data in a
health risk context is the difficulty in using surface wipe sampling data to

20 JAI � STP 1533 ON SURFACE AND DERMAL SAMPLING

 



estimate chemical intake. To illustrate the problem, we can compare surface
sampling scenarios to two simple exposure assessments for drinking water and
fish consumption.

When chemical contamination of a drinking water source is a concern, a
water sample can be submitted to the laboratory and the concentration of the
chemical of concern is provided in milligrams of chemical per liter of water.
With a known chemical concentration, we can estimate or measure the average
liters of water consumed each day. Multiplying concentration by water con-
sumption yields a straightforward estimate of daily intake of the chemical of
concern.

Similarly, a scenario concerned with the health risk to a population associ-
ated with eating fish contaminated with a chemical can be estimated based on
fish consumption. First, fish tissue samples need to be analyzed to estimate the
concentration of chemical per kilogram of tissue. Next, we estimate the popula-
tion’s average fish tissue consumption per day. As with the drinking water exam-
ple, multiplying fish consumption by the chemical concentration in fish tissue
yields the estimate of chemical intake. These simple examples illustrate the gen-
eral concept of estimating chemical intake for environmental health risk
assessments.

In contrast, consider a surface wipe sampling scenario. Assume that we
have the perfect sampling method and we know that the surface concentration
of a chemical is exactly 50 lg=100 cm2. The problem is that we have no direct
calculation that helps estimate how the surface sampling data in this scenario
yields a chemical intake. A major goal of TG 312 was to provide a methodology
to estimate chemical intake under exposure conditions represented by surface
contamination in a typical office scenario.

Due to different activity patterns and behavior, the specific exposure
scenario is a vitally important consideration for estimating health risk. Vis-
ualize the previous surface wipe sampling dataset of 50 lg=100 cm2 in a
daycare setting with infants crawling and playing on the surface. Now con-
trast that daycare scenario with a locked machine room that one worker
enters one time per year for a maintenance inspection. While we may not
know the actual health risks, it is obvious that the same level of contami-
nation can pose a different level of risk based on the use or activity
scenarios.

Methodology

Basic USEPA Health Risk Approach

Typical USEPA risk assessments are based on the USEPA generic equation for
calculating chemical intakes [12] (see Eq (1)). The generic equation is then
adapted for the three routes of exposure designed to estimate potential intake
from inhalation (resuspended particles), ingestion (associated with hand-to-
mouth transmission), and dermal (contamination migration to the skin) routes
of exposure
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I ¼ C� CR� EFD

BW
� 1

AT
(1)

where:

I¼ intake (milligram=kilogram (mg=kg) body weight-day),
C¼ chemical concentration,
CR¼ contact rate (inhalation rate, ingestion rate, absorption rate),
EFD¼ exposure frequency and duration,
BW¼body weight,
AT¼ averaging time.

Specific Enhancements of TG 312

Exposure Assessment

Exposure assessments can be completed using a variety of approaches [13].
Generally a health risk assessor combines information based on the activity pat-
terns and behavior of the population of interest (exposure scenario), chemical
concentrations in a medium, and the chemical’s inherent hazard to estimate
human health risk. Identifying the exposure scenario is a crucial first step to de-
velop estimates of exposure and intake. The chemical intake estimate is com-
pared to appropriate toxicity values to estimate health risk. The exposure
scenario provides the assessor a picture of how the exposure is taking place and
helps identify and organize the data needs and appropriate calculation meth-
ods. For TG 312, the exposure assumptions are provided only for an adult office
worker population whose job functions involve the performance of typical office
work tasks while the worker is seated at a desk. Literature searches and profes-
sional judgment were used to estimate behavioral and physical factors that
impact worker exposure from surface contamination. When a worker performs
an activity on a contaminated surface, some of the surface contaminants may
be transferred to the skin. This transfer to skin can lead to both a dermal-
absorbed dose and ingestion intake related to hand-to-mouth transfer. The in-
halation exposure route in this method is limited to chemical intake as a result
of activity that causes settled material to become resuspended in the air. Actual
air sampling is recommended immediately following a primary release or when
a continuous emission of airborne contamination is suspected.

Figures 1–3 illustrate the basic approach. Chemical intake is estimated for
each of the three exposure routes, the estimated values are summed for a total
intake, and then USEPA equations are used to calculate the potential health
risks.

Dermal Route Example: Selection of Equation Parameter Values

The route-specific equations shown in Figs. 1–3 have been used to estimate ex-
posure to indoor contaminants [10]. The TG 312 refines these equations by
making them specific to comparison with surface wipes and more recently
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published data. However, the main difficulty was not in developing the mathe-
matical models, but in selecting the appropriate parameter values. This selec-
tion is difficult due to a general lack of data, as well as standard testing protocol
for generation of exposure data. These obstacles result from a limited under-
standing of the critical elements that affect a specific exposure and difficulty in
designing test methods that reflect realistic exposures. This section focuses on
the dermal exposure pathway to illustrate how recommended key parameter
values were selected.

FIG. 1—Inhalation exposure route.

FIG. 2—Incidental ingestion exposure route.
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To select appropriate values, it was necessary to identify relevant studies.
For TG 312, this was facilitated by focusing on office worker exposures.
Although there are less exposure data for office workers when compared to resi-
dential exposures, especially children, there is sufficient information to identify
data gaps, limitations, and “test” the methods and concepts of TG 312. After
relevant studies were identified, the next step was to determine whether the
studies were comparable and, if not, understand any contradictions.

Figure 3 shows that for dermal exposure, the average daily intake is esti-
mated by determining the potential dose per contact (SA�Fd�FTSS�Cs),
averaged to an annual exposure based on the estimated number of contacts per
year and normalized for the adult body weight. The potential dose is the dermal
load on the skin available for absorption. This is a simplified way of expressing
dermal exposure and probably overestimates actual intake because it does not
consider losses from the skin, such as rubbing off the skin, but conservatively
assumes that once on the skin all of the contaminant is available for absorption.
Although TG 312 focuses on long-term exposure due to the lack of acute dermal
toxicity data, the potential dose could be used to estimate short-term exposures
if acute toxicity data is available. The paragraphs below discuss the parameters
SA, Fd, and FTSS in greater detail.

Surface Area (SA)—Surface area estimates the amount of exposed skin area
in contact with contaminated surfaces. This takes into consideration common
office attires and “surface contact traits” to account for the fact that not all of
the exposed SA would come in contact with a contaminated surface. For exam-
ple, an office worker may rest an arm on the tabletop but would not normally
roll the bare arm around the tabletop. In addition, although some compounds

FIG. 3—Dermal exposure route.
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may penetrate clothing, only uncovered body parts were considered because TG
312 focuses on exposure to residues and not bulk chemicals (for example,
spills). A case study prepared for the Office of Pesticide Non-Dietary Subcom-
mittee, referred to proprietary data citing a 100-fold difference between transfer
factors measured for single-layer clothing and for uncovered body parts [14].
This supports the decision to omit covered body parts because the amount of
chemical that penetrates clothing, especially at residual levels, is not expected
to significantly increase the overall exposure.

For estimating long-term exposures, it was determined that the forearms
and hands are the most frequent body parts to come in contact with contami-
nated surfaces. To account for “surface contact traits,” two-thirds of the fore-
arm and only the palmar sides of the hands were considered to be most
frequently in contact with contaminated surfaces. The two-thirds factor is an ar-
bitrary adjustment factor that considers the underside of the forearm and the
“spread-out” effect of the arm when it is laid on a flat surface. It was further
assumed that both forearms and hands are simultaneously in contact with the
surface. For acute exposures, it may be necessary to reconsider the total
exposed SA to account for larger SAs such as when an office worker wears a
skirt and part of the leg is exposed to the chair surface. The uncertainty that the
undersides of upper legs have not been included in the SA estimate for long-
term exposures is offset by other conservative assumptions such as the simulta-
neous contact of all exposed areas and the assumption that the total loading on
the skin surface is available for uptake through the skin.

Forearm SAs were obtained from the USEPAs Exposure Factors Handbook
(EFH). Since SA and body weight are codependent variables, 50th percentile
values were selected to correlate with the mean adult body weight of 70 kg com-
monly used in risk assessments. Literature values of adult palmar surface areas
have been reported in several studies [15,16]. These values are preferred over
whole hand SAs reported in the EFH, which would require assigning an adjust-
ment factor to obtain palmar surface areas. There is not much variation in
measured hand surface areas other than the limitation that they are only for
male subjects. However, this is not an issue for TG 312. To provide conservative
screening values, male SAs were used because they are, in general, higher than
female skin SAs.

Fraction of Skin Surface Area That Actually Contacts the Surface (Fd)—This
parameter modifies the exposed skin SA to reflect the area that actually touches
the surface. Even though TG 312 was simplified by focusing only on nonporous,
flat surfaces, trying to define a single value for deriving screening values was dif-
ficult because experimental studies indicate that Fd is affected by different fac-
tors. These factors include particle size, contaminant surface loading, number
of repeated contacts, pressure applied, and surface type [16–18]. Table 1 sum-
marizes values of Fd reported for hands in contact with smooth surfaces. The
table does not include adjustments for potential false negatives associated with
the video imaging system employed by Brouwer to measure exposed area. The
authors reported it to be reasonable to expect the percent of exposed area after
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12 repeated contacts to range between 40% and 54% after correcting for false
negatives.

At the time of the development of TG 312, no office activity-specific data
were found; therefore, results from repeated contact studies were used to esti-
mate Fd for typical office activities. After reviewing reported data and using
professional judgment, a value of 0.30 was used to account for the palmar side
of the hand that actually comes in contact with the surface. This value was
rounded down from 34% (0.34) for six repeated contacts reported by Zainudin
and Semple. Some factors were considered when rounding down this value.
First, most surface contacts in the office do not involve carefully applied hand
presses to the surface. While occasional hand presses may occur, since the TG
312 focuses on long-term exposures, it was more appropriate to consider the
most likely daily contacts and not occasional contacts resulting in high expo-
sures. Second, TG 312 focuses on contacts with smooth, nonporous surfaces.
Since Zainudin’s results include subjects grasping hand tools, those values
probably overestimate Fd for casual contacts with surfaces in an office envi-
ronment. Finally, unless the contaminated surface is loaded with a large
amount of particles, the maximum Fd is probably much less than 50% for cas-
ual contacts.

Experimental values that could be used to estimate Fd are limited to hand
data. Therefore, they would not be applicable to forearms because the hand has
creases and joints, but the forearm is comparatively smoother. Since the fore-
arm is smooth, it was assumed that 100% of the forearm in contact with the sur-
face actually contacts the surface. The differing Fd terms for each body part
exposed explain why the equation shown in Fig. 3 includes a summation of
SA�Fd. Whether the default Fd values used in TG 312 could be “borrowed” to
assess exposures to porous surfaces is not known since there are no similar data
reported for porous surfaces.

TABLE 1—Summary of experimental data on actual hand area exposed (smooth surfaces).

Study

Surface
Loading
(lg=cm2)

Measured
Area (cm2)

Percent of
Exposed
Area (%)

Number of
Repetitive
Contacts

Pressure
Applied

Brouwer et al.,
(1999)

6 7.0 4 1 0.005 kg=cm2

177 26.6 16 1

177 61.9 39 12

Rodes et al., None Not reported 37.2 (mean, n¼4) 1 5.4 kg

(2001) 61.1 35 (n¼1) 1

Zainudin
(2005)a

1830b Not reported 10 1 Not reported

34 6

aData based on contact with smooth surface and tool (pliers or screwdriver).
bEstimated from data presented in Zainudin (550 mg solid and smooth area of
20 cm�15 cm).
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TABLE 2—Summary of factors that affect FTss values.

Factor Comments=Supporting Studies

Method of
measuring amount
transferred to the skin
and experimental
design

� Currently, there is no one protocol for measuring the
transfer of surface residue to the skin. This makes
comparison between studies difficult.

� Use of a pre-cleaned versus a “dirty” test surface may
have an effect on the amount transferred to the skin.

Type of solvent used to
recover amount
transferred to the skin

� For hand-wash techniques, use of solvents improves sur-
face contaminant recovered from the hands. However, an
ideal solvent for one contaminant may not be the ideal
choice for another.

� Fenske and Lu (1994) showed time between contact and
hand wash did not affect chlorpyrifos recovery when
ethanol was used but did affect chlorpyrifos recovery
when isopropanol=water was used [19].

Skin moisture level and
type

� Dampness of the skin affects the amount transferred.
Damp skin picks up more residue=particles from the
surface than dry skin.

� Studies suggest the type of natural solvents is not a
significant factor in contaminant transfer from the
surface to the skin.

� Transferability is also affected by contact surface
moisture. Transferability is greater for wet surfaces [20].

Intensity of surface
contact (e.g., rubbing,
pressure applied)

� Smudging, amount of pressure applied to the surface
during contact, and the number of successive contacts
may increase transfer. Contact with a clean surface may
result in removal of contaminants already transferred to
the hands [17].

Contaminant surface
loading

� Increasing surface loading results in decreasing transfer
efficiencies, which indicates a specific skin surface area is
not a limitless receptor.

Contaminant
type=formulation

� Transfer efficiency will be affected by the type of residue
(e.g., bound to dust, dried on surface) on the surface. For
pesticides, the formulation (e.g., wettable powder,
flowable) may also affect transfer efficiency [19].

� Some compounds transfer better to the skin. Percent
pyrethrin transferred was about two times higher than
chlorpyrifos or piperonyl butoxide [21]. Ramwell
postulated transferability is affected more by a surface
contaminant’s octanol–water partition coefficient and less
by its solubility [20].

� Smaller particles are more likely to stick to the skin
because of strong adhesive forces [16].

� One study involving microorganisms showed positively
charged bacteria transferred more readily to other
surfaces than gram-negative bacteria or viruses [22]. This
study suggests transfer efficiency may be affected by the
charge of the surface contaminant.
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Fraction Transferred From the Surface to the Skin (FTss)—The FTss estimates
the amount of contaminant transferred to the skin upon contact with the sur-
face. Depending on the objective of a study, FTss is sometimes referred to as
“removal efficiency.” For example, studies designed to compare different sur-
face sampling methods by measuring the amount of residue “removed” by the
hands often use the term “removal efficiency” to describe the amount of residue
on the hands. Results from these studies could be used to estimate values of
FTss. Using values from studies with different objectives and often different
measurement techniques make comparison of results difficult at times. How-
ever, even if a direct comparison of the results cannot be made, these studies
are all critical to understanding the factors that affect FTss.

A detailed discussion of relevant studies used to identify factors that affect
the amount of substance transferred to the skin is provided in TG 312 and will
not be repeated here. However, Table 2 summarizes major factors identified
from these key studies. These factors were obtained from two general types of
studies. One type involves direct measurement of contaminant mass on the
hands after contact with the surface. Most of these studies are limited to meas-
urements of residues after pesticide application. The second type of data con-
cern is measurement of particles such as dust or ground-up TinopalVR 3. Results
from these studies are typically reported as surface loading (mg particle=surface
area) and require some assumption to relate the dust loading to the amount of
contaminant transferred to the skin surface. The simplest approach is to
assume the contaminant is evenly distributed so the fraction of contaminant
transferred is the same as the fraction of particles transferred to the skin.

Reported amounts of substance transferred from surface to skin range
widely, varying from less than 1% to over 100%. High transfer efficiencies were
reported for experimental conditions involving vigorous rubbing or use of sol-
vents, which removed more contaminants from the surface than from normal

TABLE 2—Continued

Factor Comments=Supporting Studies

Surface contact time � No significant change in transfer efficiency was observed
between contact durations ranging from 3 to 30 s [17].
The effect of a wider time range on the transfer efficiency
is unclear. McArthur and Lees (1995) noted significant
differences in mass transferred from a smooth surface for
contact times ranging from 5 to 20 min. However,
McArthur used oil as a test substance and a porous
medium to collect oil from the surface. It is unknown
whether McArthur’s observations could be applied to
transfer of particles to the skin [23].

3Tinopal is a registered trademark of Ciba-Geigy Corporation, 444 Saw Mill River Road,
Ardsely, NY 10502.
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surface contacts. Therefore, most of the reported experimental data could not
be used to estimate an FTss value for deriving SWSLs. For TG 312, a determinis-
tic value of 6.3% was used to estimate the amount of contaminant transferred
to the skin from surface contacts during normal office activities such as working
at a desk. This value is based on results reported by Brouwer (1999) for six
repeated contacts at a low surface loading of 6 lm=cm2. Repeated contact stud-
ies were preferred over single contact studies because experimental data have
shown that the amount transferred from the surface to hands increases with
consecutive contacts [16,17]. However, studies that exaggerate repeated con-
tacts, such as repeated single fingertip presses used by Rodes et al., (2001), were
not considered. Repeated fingertip contacts are easy to control experimental
factors so that changes in transfer rate can be observed, but would overestimate
actual exposure from normal contact with surfaces.

Developing SWSLs

The SWSLs were derived using the basic USEPA equation for estimating intake
(Eq (1)) and back-calculating to a surface concentration. Intakes from all three
exposure pathways are aggregated to obtain a single surface concentration for
each substance. The TG 312 uses the following steps to derive a substance-
specific SWSL:

� Step A Calculate Cs based on carcinogenic effects;
� Step B Calculate Cs based on noncancer effects;
� Step C Compare values calculated from Steps A and B and select lower

value;
� Step D Calculate target surface wipe level (Cwipe) using value selected in

Step C;
� Step E Compare Cwipe to the analytical detection limit (DL) of the sub-

stance. If Cwipe is lower than the DL, set DL as screening level.
Step A, if applicable, is calculated by rearranging the three equations in Figs.

1–3 and multiplying each route-specific intake by the respective cancer slope fac-
tor. Surface concentrations based on systemic effects are calculated the same
way, except each route-specific intake is divided by the respective reference dose

TABLE 3—Comparison of TG 312 screening values to other published values.

Substance Source Safe Level (lg=100 cm2)

Beryllium USDOE 3 and 0.2

TG 312 4.7

PCB Toxic Substances Control Act (TSCA) USEPA 10

TG 312 1.60 and 9.04

Michaud et al., [8] 7.5

2,3,7,8 TCDD USEPAWTC 0.00002

TG 312 0.0000354

Michaud et al., [8] 0.00125
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or reference concentration. Depending on risk management objectives, different
target levels for carcinogenic and noncancer effects could be considered. For TG
312, a target level of 1E-06 is used to calculate surface concentrations for carcino-
genic effects. This target level corresponds to an excess lifetime cancer risk of 1 in
1 million people when compared to background exposures. The potential for non-
cancer effects is evaluated by comparing the daily intake to a threshold effects
value, and a level of 1 is typically used as the target level. Therefore, for TG 312, a
target level of 1 is used for noncancer effects.

A review of existing literature and consultation with a USAPHC (Prov) ana-
lytical chemist with extensive experience in surface sampling suggest that sur-
face sampling methods are still not well characterized. Therefore, in Step D,
adjustment factors of 0.50 for organics and 0.75 for metals were added to
account for sampling and analytical variabilities. For example, for metals, the
surface concentration calculated from Step C is multiplied by 0.75, resulting in
a lower value. A higher sampling efficiency was used for metals because there is
less variability in wipe sampling procedure and analytical methods. Since
SWSLs are intended to be screening levels for general application, it is justifi-
able to include an additional level of conservatism. These adjustment factors
could be removed or modified depending on information available to the evalua-
tor or risk management decisions. When compared with other published
screening levels (Table 3), the SWSLs do not appear to be overly conservative or
unreasonable. The value for 2,3,7,8-TCDD is higher than the value used for the
WTC evaluation. This is reasonable because the values for WTC are intended
for residential exposures while the factors considered for derivation of the
SWSLs in TG 312 are intended for office environments. More detailed discus-
sions of the different sampling efficiencies reported in the literature as well as a
summary of difference sampling methods used by various agencies are provided
in TG 312.

Final SWSLs are adopted only after comparison with the substance’s ana-
lytical DL (Step E). The SWSLs based on the substance’s DL are highlighted so
that the user knows that the SWSL is not a health-based value and further eval-
uation may be necessary. For example, either the analytical DL could be low-
ered or the individual parameter values used to estimate exposure and intake
could be modified based on site-specific information.

Table 3 provides a comparison of the SWSL values calculated using the TG
312 method compared to some published surface wipe criteria. The table helps
to support the methodology because the calculated TG 312 SWSLs are compa-
rable to these published values.

Limitations

Potential sources of uncertainty can be associated with the parameters selected
for the risk assessment model and the inherent uncertainty with the model
itself. Some sources of uncertainty may be reduced by further data collection or
refinement of model parameters. Collecting more environmental samples can
better characterize the environmental conditions, and further literature
searches may provide better estimates for model parameters.
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Calculated SWSLs are sensitive to assumptions and default input variables.
Assumptions, uncertainty, and limitations are unavoidable because of gaps in
our knowledge concerning exposure conditions and toxic responses. The
screening level values in this TG have the inherent scientific uncertainty associ-
ated with the health-based reference dose and the unit risk values used in the
calculations and as described in the USEPA integrated risk information system
[24]. The exposure assessment used in this TG to develop the screening values
also has uncertainties related to characterizing the three routes of exposures
used to develop the exposure assessment.

Health professionals applying this screening level methodology need to con-
sider the potential for multiple chemicals within acceptable risk ranges having
an additive impact on total risk. Screening level values are developed for single
chemicals and are evaluated against their chemical-specific screening level
value. It is possible that all individual chemicals present may be below their spe-
cific screening level values, yet the sum of the risk may exceed an acceptable
value. Multiple chemical exposure scenarios may warrant more detailed risk
assessments if there is a question.

Conclusion

Surface wipe samples collected from potentially contaminated indoor surfaces
are the tool used by environmental and occupational health practitioners to
help evaluate health hazards from chemical exposures. However, the utility of
surface wipe samples have been limited by the lack of generally accepted stand-
ards or health criteria regarding surface contamination limits. As a result, sur-
face wipe results are often used as a means to detect or not to detect a chemical
of concern on an indoor surface rather than to actually inform a quantitative
health risk assessment.

The USAPHC (Prov) environmental health risk assessors wrote TG 312 to
document an exposure assessment methodology that provides a means to calcu-
late a chemical intake from surface wipe sample results. Once the surface wipe
results are expressed as a chemical intake, standard USEPA risk assessment
equations are applied to calculate an estimated health risk. Additionally, TG 312
presents a methodology that allows Army practitioners to select an acceptable
level of risk and uses these same equations to calculate conservative SWSLs.
These SWSLs can be used by army environmental and occupational health
practitioners to identify and prioritize chemicals of concern and conduct site-
specific evaluations as required. While the specific exposure scenario developed
in TG 312 is for general office work, experienced health risk assessors may tailor
the exposure parameters to match a different exposure scenario and apply the
same basic equations.
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ABSTRACT: Understanding the relationship among allergies, asthma, and

indoor air allergen triggers increasingly require use of standardized and evi-

dence based exposure assessment methods. Exposure assessment for com-

mon indoor allergens, however, is often limited by use of surface in place of

air sampling for a variety of reasons. Chief among them is that many indoor

allergens settle to the ground quickly after being released. Another reason for

the wide-spread use of surface over air sampling for indoor air allergens is

that air sampling is typically performed over a limited time frame and plausibly

cannot capture a composite of exposure that a surface sample can. Protocols

have been developed to collect surface borne allergen in several US wide-

national studies, and while these samplers may provide an adequate means

to correlate composite dust mass or allergens to some specific health out-

comes, there is still a lack of evidence to support their adoption on the basis

of several criteria which stem from theoretical and evidence based considera-

tions. To become more valuable tools to risk assessment, epidemiological

studies, and environmental intervention, surface sampling methods should

be constructed using basic principles of particle behavior on surfaces as well

as in the air. Criteria need to be developed from these principles and studies

that address these criteria should be used or developed to enable the crea-

tion of performance-based standards. This paper is a review of the literature,

which highlights surface sampling methods that have taken this theory- or

evidence-based approach. After the review, a discussion is then developed
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on the current state-of-the-art surface sampling for indoor allergens. Recom-

mendations are suggested for both future theoretical or empirical work nec-

essary for devising performance standards for sampling and collecting

surface borne-allergens.

KEYWORDS: surface, sampling, allergen, dust, resuspension, dust mite,

mold, bacteria

Introduction

More than fifteen years ago, a committee of the Institute of Medicine was
formed to address the subject of Indoor Allergens. There were several findings
of the committee including recommendations to conduct further research to:
standardize methods of collecting and analyzing indoor allergen samples to
facilitate comparative and collaborative studies, quantitate the relationship of
allergens in reservoir (surface) dust to airborne or aerosolized allergens, develop
exposure metrics analogous to time-weighted averages or permissible exposure
limits for allergens, and establish effective mechanisms for medical professio-
nals to acquire assessments of potential exposure to indoor allergens in residen-
tial environments [1]. Since this seminal publication, an abundant amount of
research has been conducted to address these research gaps and some progress
has been made to establish consensus methods for sampling indoor allergens
[2]. The literature is now replete with studies of allergen sampling devices for
air and reservoir sampling, and there are a few excellent literature reviews on
personal exposure assessment and sampling related to healthy homes [2,3].
Still, the development of standards for use in assessing the most common
household exposures to airborne or surface borne allergens has proved to be
elusive. One primary reason for this, as grasped by many researchers who have
explored similar domains, such as developing sampling procedures for lead or
bacilli spores in dust or air, is understanding the complexities of exposure path-
ways from the source, to an amplifying reservoir, and to then on to the human
target organ.

Why develop a standard on surface sampling for allergens if human expo-
sure pathways from sources to target organs, primarily the respiratory tract,
have not been thoroughly established? Should standards on allergen surface
sampling be developed, especially if their use in calculating exposure and ulti-
mately risk of allergic sensitization, episodic symptoms of wheezing or other
bronchial conditions, development of asthma, or exacerbation of asthma symp-
toms may not be fully known? This uncertainty notwithstanding, allergy and
allergen exposure in the home are likely to have a causal relationship to asthma.
Moreover, reservoir dust samples are still used as a surrogate, composite repre-
sentation of chronic aeroallergen exposure [3]. The epidemiological relationship
established between dust mite allergen-exposure and sensitization to this aller-
gen in early life was first established using reservoir sampling [4].

The purpose of this paper is then to provide both a theoretical and evidence
based approach toward the ultimate development of a surface sampling stand-
ard for indoor aeroallergens in the near term. Clinicians and their patients need
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effective, efficient, and evidence based samplers for routine assessment of aller-
gen dust in patients’ homes. Health departments and other government agen-
cies may conduct allergen assessments or interventions and need standard
means for determining allergen loading or exposures in homes. United States
Department of Housing and Urban Development (HUD) developed a vacuum
sampling protocol on allergens for its grantees over six years ago [5]. Although
the approach provides the concept of convenience and reproducibility, using a
vacuum cleaner equipped with an inline filter, its total efficiency for recovery of
allergen does not appear to have been scrutinized in the peer review literature
[3]. Major studies such as the “The National Children’s Study” will examine the
effects of environmental influences on the health and development of 100 000
children across the United States, following them from before birth until age 21
[6]. This study, which is expected to launch in the next two years, would benefit
from an informed discussion and then standard development for surface borne
allergens perhaps using the HUD method with modifications based on more
recent findings and discussion [5]. The approach in this paper will include a
review of models and empirical studies on allergen exposure assessment and
particle dynamics and surface characteristics using a diverse literature on wipe
and vacuum sampling inclusive of lead, bacilli spores, endotoxin, and common
indoor allergens. Criteria will be identified from theoretical or evidence based
considerations for development of allergen-surface sampling standards. Studies
that have addressed or failed to meet these criteria during allergen exposure
assessment or method development will be identified and the merits of their
findings discussed. While a tremendous amount of resources and effort has
advanced our molecular and clinical understanding of allergy and asthma, inad-
equate attention is given to the primary means to assess exposure to indoor
allergens through surface sampling and exposure assessment studies. Although
the etiology of dust mite and endotoxin induced asthma could be due to a num-
ber of reasons, misclassification of exposure could be one of them [7]. The goal
of this paper is to inform and encourage the clinical and environmental health-
communities to develop allergen-surface sampling standards using a theory and
evidence based approach.

Methods

The approach that will be taken here is to (1) describe a rationale for surface
sampling of allergens using theories, model based approaches, and best prac-
tices; (2) use this rationale to develop criteria for surface sampling; and (3)
explore the literature to find evidence base studies that address these criteria.
The intent is not to conduct an exhaustive search of all allergen-sampling meth-
ods because there are already some excellent reviews that examine airborne as
well as surface sampling methods for allergens [2,3]. The intent is also not to
evaluate methods for allergen analysis or complete sampling strategies. Excel-
lent resources are available on these subjects [3]. The intent of this paper is to
review the literature with a focus both on research gaps and promising develop-
ments for establishing performance based standards for the sampling and
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collection of surface allergens. Recommendations are provided for advancing
the field toward the goal of developing standard, performance-based, allergen
surface sampling methods.

Assessment of Indoor Allergens

Arshad, in his recent review of the literature on allergen exposure and the etiol-
ogy of allergy and asthma, concluded “What we have learned during the past
decade is that allergen exposure may cause asthma, be protective, or have no
effect, depending on the type of allergen, age of exposure, route of exposure,
exposure-dose, and genetic susceptibility” [8]. Does exposure to allergens cause
asthma? Answering that question may rely on arriving at improved assessment
of aeroallergens whether sampling for airborne or surface allergens. The assess-
ment of aeroallergens is primarily a problem defined by the aerodynamic diam-
eter (AED) of the particle in question. Indoor allergens are carried on
household-dust particles and their behavior, at the simplest level, is a matter
predominated by the settling velocity of particles. A number of investigations
and review articles have developed and summarized our knowledge on the com-
position of household dust as well as the aerodynamic size of the allergenic par-
ticles contained in house dust [2,3,9]. Cat and dog allergens are carried on
relatively small aerodynamic particles, 1–10 lm [10–13], dust mite and cock-
roach allergen are primarily associated with larger particles > 10 lm [10,14,15],
fungi can be associated with fungal fragments < 2 lm or spores > 40 lm [16],
rodent allergens are on particles > 5 lm [2], and endotoxin, which is common
in house dust, is found in both inhalable (< 10 lm) and respirable fractions of
air (< 5 lm) [17]. Relatively large particles, such as those containing dust mite
or cockroach allergen, settle out of the air quickly, making air sampling difficult
but still possible and quantifiable [2,18]. Investigators have considered surface
samples of house dust as a composite of potential airborne allergen exposure
that in some proportion reach the airways, though in amounts difficult to quan-
tify [2,3]. Some investigators have taken the position that there is little rationale,
other than convenience, for collecting surface allergen samples, since allergen
collected on a surface is possibly just a surrogate for an airborne exposure to
allergen [19]. It is difficult to ignore, however, the past success of surface sam-
pling as a means of exposure assessment for allergen sensitization or sympto-
matic wheezing [3,7].

There are logical reasons to employ both air and surface sampling for
indoor allergens. A long term, low-level exposure to aeroallergens may conceiv-
ably take place through chronic exposure to mite allergens in bedding, while a
short-term exposure may take place when the bedding is changed and the sur-
face is disturbed, releasing higher levels of allergen. There is evidence for direct
inhalation of large particle (radiolabelled pollen, 20 lm diameter) allergen from
surfaces, which underscores epidemiological investigations associating dust
mite allergen, collected with vacuum dust samples, and sensitization, a process
that may average exposures of large particle inhalation over time [20]. Short du-
ration sampling, using air sampling and collection devices, can collect allergen
during tasks or activities where dust particles have been resuspended. Air
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sampling is also suited for locations where the source of particles are generated
over longer periods of time and the particles are of small enough diameter to
remain aloft during sampling, such as rodent laboratory facilities, homes with
the presence of pets that shed allergen directly into the air, and endotoxin in
stables [2,3,17].

Unlike an air sample, which has a straight-forward relationship with an ex-
posure to aerollergens, surface samples, with the exception of direct respiratory
contact through bedding, may represent a more complex exposure pathway.
Particles that have been generated and released at their source (i.e., dust mite,
fungi, endotoxin in a damp and soiled carpet) reside in a reservoir, thus the
term “reservoir” dust. Particles that are disturbed or resuspended from this res-
ervoir may settle out of the air thus the term “settled” dust. Unless an investiga-
tor is using settling plates or an “A” book sampler, which works like a settled
dust collector [21] to sample airborne allergen, than a more precise term on
allergen sampling should probably be used to lessen confusion among research-
ers and practitioners. A more straight-forward term used in this paper is simply
“surface dust” or “surface allergen.” Either term can represent particulate or
allergen which is either or both in the reservoir or settled out of the air. In the
absence of a direct mechanism for inhalation a surface sample can represent
some composite of a previous airborne exposure. This is not a linear relation-
ship as direct correlations between surface and airborne allergen have been
inconsistent [2,22].

Models and Studies that Inform Surface Sampling

Indoor Air Dynamics—Simple and complex models have been developed to
explain the relationship between surface, airborne particles and allergens. Most
of these models are based on an assumption of conservation of mass that is a
quantitative accounting of input and outputs with processes that generate or
remove particles inside a hypothetical box or simple room. This one compart-
ment model will mathematically describe a net rate of accumulation of an
indoor mass of a particle attribute [23]. This net rate of accumulation is a result
of particulate from indoor emissions and particulate supplied from outdoors
minus removal from indoor removal processes. The particulate that enters from
outdoors follows ventilation pathways that experience losses from mechanical
filters and penetration through the room envelope. The indoors will experience
particulate loss from deposition and ventilation of particles out of the room. Lai
[24], in a review of experimental studies on indoor particle deposition,
described 15 chamber or room size experiments on particle removal from depo-
sition. Particle deposition typically follows a pattern with aerodynamic diame-
ters between 0.1 and 1 lm experiencing only slight deposition loss with
particles smaller than 0.1 lm depositing at greater frequency due to diffusion as
their AED gets smaller. Particles with AEDs greater than 1 lm deposit at greater
frequency due to inertial forces as their aerodynamic diameter gets larger. Wal-
lace found deposition of fine and ultrafine particles in an experimental, occu-
pied town house could be reduced by ducted fans and filters [25]. The
deposition effects become difficult to model as the complexity of deposition
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modifiers, such as electrostatic, surface roughness, turbulent air, and other
effects, are known to effect deposition as a function of particle size.

Resuspension—The mirror opposite to particle deposition is resuspension.
Carpet and to a lesser extent hard resilient flooring have been considered sinks
for house dust. The detachment and re-entry of these particles from these sinks
or floors by air currents or a combination of mechanical force or vibration and air
currents is called resuspension. Swanson et al. [18] provided a one-compartment
model, well known to the clinical community that relates a steady state concentra-
tion of allergen to a combined indoor source substance-generation and resuspen-
sion rate, which assumes that flooring or other surfaces can both serve as sources
as well as sinks for allergen. Thatcher and Layton [26] described a mathematical
relationship between the airborne concentration of fine particulate in homes and
the process of resuspension. This one-compartment model treats the floor as an in-
dependent source of particles activated by resuspension

Resuspension [26]

R ¼ CinðAdvd þ kvVÞ � CokvV
LflAfl

(1)

where:
R ¼ Resuspension (h�1)
Cin ¼ Particle concentration indoors (mg m�3)
Ad ¼ Interior total deposition surface area (m2)
vd ¼ Deposition velocity (m h�1)
kv ¼ Air exchange rate (h�1)
V ¼ Volume (m3)
Co ¼ Particle concentration outdoors (mg m�3)
Lfl ¼Mass loading of particulate on floor (mg m�2)
Afl ¼floor surface area (m2)

There are very few studies that have systematically investigated the propen-
sity for particulate matter to be disturbed from hard and textile surfaces. Ferro
et al. [27] used a combination of modeling and monitoring of the air to estimate
resuspension-source strength from hard and carpeted surfaces using a variety
of activities to disturb the dust. They found the majority of airborne particles
from these disturbances with AED > 5 lm, however, substantial quantities of
dust were generated that were particulate matter less than 2.5 or 5 lm (PM2.5

and PM5). Qian and Ferro followed this work with experiments that considered
a two-compartment model, one compartment for airborne pollutant transit, as
described previously, and other compartment for resuspending particles enter-
ing the air from surfaces and redepositing back to the surface [28]. Using fluo-
rescent, polystyrene plastic-particles as a tracer, a number of activities to
disturb the particles were followed by vacuum cleaning. Resuspension was pre-
dominately associated with particles greater than 1 lm. Resuspension rate
depends on surface loading of pollutants and depth of particles in surfaces.
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Qian raised the question of whether only resuspendable particles should be
included in estimates of surface loading [28].

The resuspending flux (lg m�2 hr�1) between the surface dust and deeper
dust is complex to model and requires knowledge of the mechanisms that retain
and release allergen containing dust from surfaces. Hinds described the pri-
mary mechanisms of particle adhesion on ideal surfaces due to van der Waals
forces, electrostatic forces, and forces arising from surface tensions of adsorbed
liquids on surfaces [29, pp. 141–144]. These forces are affected by particle char-
acteristics, such as composition, shape, surface roughness, and size (diameter)
of the particle. The surface will affect adhesion due to its composition, rough-
ness, and contamination of the surface. The microenvironment will in turn
affect adhesion through relative humidity, temperature, duration of contact,
and initial contact velocity [29, pp. 141–144]. Adhesive forces are proportional
to the diameter of the particle, d, while removal forces needed to detach and
resuspend the particles are proportional to d3, such as gravitational, vibrational,
and centrifugal forces, and removal forces from air currents are proportional to
d2. As particle size decreases it becomes more difficult to remove particles from
surfaces. However, small particles can agglomerate into a thick layer of par-
ticles that can easily be dislodged in large pieces [29, pp. 141–144]. When drag
forces from air currents and gravitational forces together are greater than adhe-
sive forces, particle can be resuspended in the air. Particles that exceed a critical
air velocity can detach and become airborne and this can happen at relatively
low velocities for particles that may be moving or sliding [30]. This mechanism
illustrates how a vacuum cleaner or a vacuum-powered air sampler, moved
across a floor, could resuspend allergen containing particles.

Surface Dynamics—Up to this point, we have described adhesion, detach-
ment, and resuspension of particles without examining the surface structures in
a house that will affect the retention and release of allergen and dust. As
described by Hinds and later Zhang [30], the characteristics of surfaces includ-
ing texture and surface roughness will affect the adhesion of particles. Flooring,
especially carpet, provide a variety of surface texture that will affect retention
and release of particles. Carpet texture or roughness can be evaluated using 3D
scanning laser microscopes and deposition of standard particles can correlate
with differences in relative area. Altin et al. [31] deposited KCl particles on six
carpets which differed in observable properties of pile height and weave and
found correlations (R¼ 0.9) with relative areas at extremely fine scales (10�4

mm2) and very coarse scales (102 mm).
Carpeting, perhaps the most complex of flooring, since it is observed to be a

sink indoors for particles and a reservoir for mites, fungi, and bacteria is diffi-
cult to characterize because its retention abilities can change over time with
wear [32]. Carpet surface area and fluorocarbon treatment of fibers, however,
also have a major affect on the retention and release of dust mite allergens [33].

Wang et al. [34] embedded well characterized leaded dust in a reproducible
manner on test carpets and evaluated how a number of parameters, which
affect particle adhesion and removal, will also affect the collection of a dust
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sample from vacuum sampling. The type of carpet, loop versus shag, relative
humidity and resultant electrostatic charge, dust loading, and capture velocity
of a vacuum sampler will all affect the collection efficiency of leaded dust.

Roberts [35] assessed surface and deep dust in ten old carpets by vacuum-
ing and using a validated vacuum sampler, HVS4 (ASTM 5438-00, 2000), to
sample carpets at various time periods. He assessed deep dust with a vacuum
cleaner dirt detector and surface dust with the HVS4. He found that deep dust
remains in the carpet after surface dust is removed. He also concluded that re-
moval of surface dust continues to draw deep dust to the surface and often
increases the concentration of pollutants by removal of large particles from the
surface. This bias for large particle collection during vacuuming [36] could
increase concentration of allergen in a carpet after only surface cleaning is per-
formed. If deep dust remaining in a carpet is a major source of surface dust as
Roberts suggests should deep dust be assessed as a means to relate chronic ex-
posure to allergen exposure over time? This runs counter to Qian’s conclusion,
described previously, who considers only surface dust as an airborne risk fol-
lowing activities in the household [28].

The distribution of allergen and dust is exponentially greater from the base
to the top of the pile. Causer and Shorter [37] sectioned 24 carpets, primarily
wool as found in New Zealand and determined through immunoassay, that dust
mite allergen is an order of magnitude greater at the base of the carpet and
declines inversely as one reaches the top of the carpet. Although Sercombe [38]
found in a separate study of five used carpets, that the cross-sectional distribu-
tion of allergen throughout carpets was highly variable, allergen was at least 1
order of magnitude greater at the base of the carpet than at the surface of the
carpet.

Metrics for Measuring Surface Allergen—The importance of dust loading in
an assessment of allergen exposure is a subject of controversy. Allergen loading
is the product of allergen concentration (lg/g) and dust mass per area (g/m2).
Some investigators take the position that dust mass correlates well with allergen
content and take the position there is no need to determine mass of dust per
area sampled. Most major national studies use concentration only in expressing
exposure. Arbes [39], in a study to determine the feasibility of study participants
taking their own dust samples, determined that participants usually biased the
collection toward collecting a smaller mass of dust than technicians using
standard methods. Lewis [36] took the position that some vacuum samplers
may have a large particle bias and do not sample-small allergen containing par-
ticles as efficiently as large particles. “A consequence of using a typical hand-
held vacuum sampler, followed by data reporting of allergen mass per mass of
bulk dust collected, may be an underestimation of exposure due to a relative
underestimation of the numerator (allergen recovery) with respect to the de-
nominator (dust recovery).” Unless someone was to sample fine-homogenous
dust, say from a mattress, where the allergen collected and the dust collected
are close in particle diameter (as opposed to a carpet), dust loading, which
measures area in the denominator, should be assessed [36]. Other studies,
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however, indicate that allergen concentration is still more correlated to airborne
concentrations than allergen loading [21,22]. The improved and standardized
methods of surface and air sampling for allergens may further illuminate the
best metric for reservoir allergen and clinically relevant exposure [22].

Lioy [40] in a review of using dust as an exposure metric (149 references)
states that “the major challenge for exposure analysis is ensuring that the sam-
pler retrieves material that is indicative of the types and levels that a person
comes into contact with on the rug.” This also includes material that can be dis-
lodged and resuspended. Lioy further states that “The efforts to establish per-
formance evaluations and determine what a dust sample represents must
become part of the process for development and selection of samples for use in
research, regulating, and forensic investigations” [40].

Criteria for Developing Performance Based Standard for Sampling and
Collection of Surface Allergens—Lioy stated for detailed exposure assessments a
very well characterized vacuum sampler should account for particle-size fractio-
nated mass distributions [40]. As described in previous sections of this paper,
dust and allergen containing dust will distribute in specific ways within a carpet
and be retained on surfaces due to a number of adhesive mechanisms. Whether
a vacuum sampler or a wipe sampler is used to collect allergen from surfaces,
specific performance criteria should be set that is informed by criteria critical to
ensure accurate, precise, and reproducible measurements.

Performance based test methods define general approaches for sampling,
sample preparation, and making measurements on a specified material. They
set maximum allowable uncertainties for each component of uncertainty of
each measured constituent over its validated concentration range. The key crite-
ria of compliance with a performance-based standard test method is the quality
of data generated rather than adherence to procedure” [41]. Performance crite-
ria for air sampling has also been described [42]. Criteria for surface sampling
should include some primary criteria for air sampling [43]. Criteria should be
based on both mechanistic considerations, accuracy, precision, bias, reproduci-
bility, ease of use, and cost. The later two categories are important since use of
a heavy and expensive surface sampler will reduce the ability and willingness of
study participants or health departments from conducting extensive sampling.

Theory or Mechanism Based—An allergen surface sampler should have a ra-
tionale for its use as described by Lioy [40]. An allergen-surface sample should
represent a risk based on a portion of it that comes into contact with a person.
This criterion should then be based on whether a chronic or acute exposure to
allergens is assessed. Hawkins [44], in describing sample-averaging times for
occupational exposure assessment, said when brief exposure causes health
effect, shorter sample times are meaningful. When a substance accumulates in
the body with little or no removal or transformation, a long term time weighted
average exposure over months or years may be appropriate [44]. Although this
guideline was intended for occupational exposures, it clearly parallels the issue
of acute and chronic health effects from allergens. For example, episodic
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wheezing could be due to a brief, resuspended allergen exposure from the sur-
face of a carpet. The same type of acute episode, however, could come about
from an exposure to allergen from the deep dust within a mattress or carpet.
The transfer of allergen through a textile, especially after incomplete cleaning,
could result in this type of exposure. A chronic health effect, such as sensitiza-
tion to an allergen could conceivably happen over a period of time and a surface
sample from throughout a surface, such as a carpet or mattress, might best be
represented here. This is the deep dust as described by Roberts et al. [35] that
could be brought to the surface over time. Contact with the surface might be a
direct form of exposure to the head region of the upper airways. This could con-
ceivably occur from sleeping in bedding where there are large exposures to dust
mite allergen [20]. This very simple risk based to surface sampling of allergen is
illustrated in Fig. 1. Surface sampling may also be used to assess environmental
interventions and in this case a sampler that can evaluate superficial from deep
cleaning of surfaces would be valuable. This risk based approach, however, is
still only a hypothesis. The complexity of the relationship between the three
compartments in Fig. 1, as described well by Tovey et al., is linear in some cir-
cumstances [21]. The non-linearity between compartments is also supported by
evidence [22] and Tovey et al. concludes that the difference between his findings
of linearity in these compartments and other studies that indicate non-linearity
may be explained due to statistical power in sampling high concentration dust
mite allergen, such as can be found in Sydney, Australia, longer sampling times
for all types of allergen, and degree of disturbance of the reservoir. The “angular
lines” drawn between the compartments in Fig. 1 are meant to illustrate the
uncertain association between the compartments.

FIG. 1—Simple hypothesis for allergen surface sampling based on exposure pathways

and risk (angular connecting lines between compartments indicate partial linear

relationship).
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Accuracy—Accuracy can be defined “as the degree of correctness with which
a measurement system yields the true value of an observable” [42, pp. 201–231].
Specifically, this is the percent difference between the measured and true val-
ues. Accuracy for a surface sampler will be defined here as some degree of cor-
rectness expressed by the total efficiency. A total efficiency will be defined as the
product of the collection and sampling efficiency. Either the sampler or collec-
tor could be altered to achieve a high total efficiency.

Sampling efficiency—the ratio of a mass of particles (or particle number)
removed by a sampler to mass (or particle number) of particles deposited or em-
bedded in surface.

Collection efficiency—the ratio of the mass of particles (or particle number)
collected in a filter, cyclone, or other collection media to the mass removed
from the sampler.

The total, collection, or sampling efficiency is typically expressed as a percent.
� Efficiency of a hypothetical allergen surface sampler

FC=E ¼ ðFC=RÞðR=EÞ (2)

Total efficiency¼FC/E,
Collection efficiency¼ (FC/R),
Sampling efficiency¼ (R/E),
FC¼mass retained in filter or cyclone other media,
E¼mass deposited or embedded in surface, and
R¼mass removed from surface

Sampler Performance Criteria—The sampler should have sufficient capture
velocity, if a vacuum sampler, or sufficient adhesive qualities, if a wipe sampler,
to remove a given amount of mass or particles from a surface. Examples of the
wipe sampler for allergen might be the electrostatic cloth sampler or the press
tape sampler [22]. A range of artificial, reproducible, surface materials with rep-
resentative textures of household material should be developed in order to
standardize sampling efficiency between sampling devices [40,45].

Collection Performance Criteria—Filters or cyclones or other media should
have the ability to retain sample removed by a collector. Filters and cyclones
and other media are tested and validated for particle collection efficiency and
manufacturer’s information should be evaluated [42,46, pp. 281–314].

Total Efficiency Performance Criteria—The total efficiency should be eval-
uated by particle mass at each diameter, i.e., particle-size mass. The Baltimore
Repair and Maintenance sampler had a total collection efficiency of 87% for tal-
cum dust, in the size range of 0.5–44 lm [47]. This may be considered a starting
point for discussion of total collection efficiency for allergen particles.

Precision—The standard deviation of repeated measurements of the same
observable with the same measurement method [42, pp. 201–231]. Also, a
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relative standard deviation (coefficient of variation) could be computed for an
estimate of precision.

Precision Performance Criteria—To optimize precision, the sampler should
have protocols or device aids to estimate pressure (such as gauges to estimate
static or velocity pressure entering sampler) for use on an array of surfaces.
Some measure of surface roughness should be recorded for each surface
sampled. A qualitative measure could be used in the absence of a practical
means to ensure quantitative information on surface roughness or retention
characteristics of surfaces that are sampled.

Bias—Ratio of measured value to the true value is reflected primarily in the
sampler efficiency but also in collection efficiency [42, pp. 201–231]. A bias can
occur where the sampler or collector under or over performs on a specific
particle-size mass fraction. For example, if the sampler nozzle is not correctly
configured, it might undersample a specific mass of a particle size distribution,
such as mite fecal particles, 10–40 lm in diameter. The bias may also be an
objective to achieve, if desired. For example, it may be desired to bias particles
toward collection of those at the surface or particles of a specific size, say in the
respirable range, similar to size-selective sampling in air sampling criteria [42,
pp. 217–229].

Bias Performance Criteria—An air sampler can experience bias from gravita-
tional and inertial forces. The bias from a vacuum sampler is assumed to be
largely from inertial mechanisms [29, pp. 213–214]. The bias or particle enter-
ing a sampling probe or sampler nozzle increases with increasing particle size
and higher inlet velocities. To minimize bias, a sampler inlet can be designed
for a specific volumetric flowrate, and aerodynamic diameter, with a minimal
probe opening (diameter in millimeters). This makes use of Davies criteria [29,
pp. 213–214]. Particle bias by size-mass fraction could also occur due to trans-
port losses of particles from the surface to the final collection of allergen.
Reducing transport paths, reducing bends in these paths, and keeping these
transport paths as short as possible are desired criteria [29, pp. 216–217].

Reproducibility—The extent to which a method yields the same response to
the same quantity of pollutant [46].

Reproducibility for allergen surface sampling might be the manner in
which sampling is generally unaffected or has minimal impact from electro-
static charge of the surface. For example, Wang [34] pointed to relative humid-
ity that caused differential results with a vacuum sampler for lead dust.
Ensuring that a sampler would not collect an electrostatic charge during sam-
pling could be important for ensuring a reproducible outcome. Also, ensuring
that filters are not unduly influenced by overloading and produce only negligible
resistance to flow during routine use is expected to increase reproducibility. The
need to change the filter during the sampling process could introduce error and
reduce sampling reproducibility.
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Ease of Use—The ability to use allergen surface samplers by study partici-
pants, homeowners, and modestly trained-technicians is an important criteria
[39]. Some research studies may require a higher level of accuracy or even pre-
cision than what is needed for a clinical screening or semi-quantitative use of
allergen surface samplers. The variation in the estimate of exposure may be best
served by taking more measurements with less inherent accuracy and precision
than fewer measurements with more accuracy and precision.

Cost—The cost of some surface samplers may exceed $2000, such as an
HVS3 or HVS4. The cost of a thimble with filter is inexpensive and the
DUSTREAM sampler and filter costs only $12. Ensuring a reasonable cost is an
important criterion. However, it may not be possible for an inexpensive sampler
to match the collection ability of more expensive samplers.

Literature Search on Published Documents that Demonstrate Surface Sampler
Criteria—A literature search of surface sampling methods, inclusive of lead, ba-
cillus, endotoxin, and allergens was performed to evaluate laboratory or field
based studies that evaluated these criteria based on an evidence based approach
used in public health. Databases such as PUBMED were used and key words
such as allergen, sampler, vacuum sampling, dust sampling were put in search
engines. Documents available from government websites, such as HUD’s docu-
ments were obtained from the HUD Office of Healthy Home’s website in Wash-
ington, D. C., http://www.hud.gov/offices/lead/. The evidence base approach
relies on a statement of the issue, determination of what is known in the scien-
tific literature, and a quantification of the issue [48]. Wherever possible, peer
reviewed papers were sought that tested surface samplers and used quantifiable
approaches to evaluate the criteria previously described. Similar to an evidence
based approach to public health, an action plan will be recommended to take
the performance criteria to the scientific community for comment and
feedback.

Table 1 below lists papers that were found that met certain criteria as
described for development of a performance standard for allergen surface sam-
pling. A few papers are listed that provide useful comparative information on
sampling for lead and other metals. Many papers were found that described
sampling device correlations with other methods or with blood serum IgE
[21,22,49]. These papers are not listed in Table 1 since they fail to show defined
accuracy and precision. A few national studies are presented in Table 1, which
although failing the criteria, are of significant importance because of their
national or international reach.

Recommendations for Development of Performance Based Standard—Devel-
opment of an ASTM method that takes into account the sampling criteria, if
not all, but most described in the previous section, would help establish a
mechanism driven, accurate, and precise allergen surface sampling method
that could be used in national or international studies. Many of the national
and international studies on allergy and asthma could be improved by
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establishing criteria, which does not significantly alter the inexpensive and
easy to use sampling devices. Future research and development should be
directed toward making sampling nozzles that minimize electrostatic charge,
use of appropriate inlet size and volumetric flow to reduce particle bias,
and total collection efficiency that should meet 80% or higher recovery of
allergen-particles in the respirable range, similar to what Farfel established,
on smooth surfaces with the cyclone studies in 1994 [47] or what Wang [34]
determined from level loop carpets. Use of standard surfaces and standard
dusts are needed to further develop samplers. Samplers also need the ability to
adjust to these different surfaces and gauges that can be situated to ascertain
applied pressure, such as static pressure at the nozzle, would be ideal. Finally,
serious consideration should be given to conducting more studies where sim-
ple but potentially useful press tape and electrostatic samplers can be used for
assessing surface allergen available for rapid release in the residential environ-
ment [22].

Conclusion

One of the findings from this review is that criteria for allergen-surface sam-
pling, based on theoretical considerations and evidence based studies, have not
been widely adopted in studies relating exposure to allergies or asthma. Recom-
mendations have been made by a number of authors [2], since the IOM publica-
tion [1], to standardize surface sampling of allergens but only a small amount
of progress to date has been made toward this goal. Consensus around a few
samplers, notably the Eureka vacuum canister equipped with inline filters, ei-
ther Whatman or proprietary such as the DUSTREAM, have been developed but
insufficient work has been done to characterize these by the criteria advanced
in this paper. One barrier toward establishment of standardization may be due
to a lack of agreement on the underlying scientific basis for allergen surface
sampling. A theoretical and evidence based foundation for development of per-
formance base standards has been offered in this paper. Criteria for perform-
ance sampling have been suggested. Sampling collection devices widely used
today for allergen surface sampling may be acceptable and may meet or exceed
the criteria as discussed in this paper. It may prove valuable to evaluate all aller-
gen surface samplers around accepted criteria of accuracy and precision, and
doing so may help to elucidate the relationship between allergens and clinical
disease.
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ABSTRACT: A qualitative chemical screening method for lead in wipe sam-

ples was evaluated for its utility in detecting the presence of lead in collected

dust; preliminary evaluation of the performance of the method is reported

here. In evaluating the method on pure lead compounds, the observed inten-

sity of the characteristic color change due to the presence of lead was gener-

ally consistent with the relative solubilities of the tested compounds. Some

pure (non-lead) metal compounds (e.g., those of Ag, Ba, Bi, Ca, Cd, Hg, and

Sr) were found to give false positive results. Several representative lead-

containing reference materials were also tested, and the qualitative test

results differed for different materials. For materials collected on wipes, the

method was found to be effective for detecting lead in several sample matri-

ces commonly found in occupational settings. The technique was also

applied on-site on dermal samples collected at field locations.
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Introduction

Qualitative field screening methods are sometimes used in environmental
health and occupational hygiene applications for the on-site detection of toxic
substances of concern, e.g., heavy metals such as lead [1–3]. Such methods may
be used to assess whether toxic agents of concern are present or absent, even
with respect to regulatory action levels [4]. Field screening tests can provide a
timely means for assessing potential human exposures to toxic materials, but
their validity is called into question if their performance has not been evaluated
or verified [5,6].

A qualitative colorimetric (screening) method for disclosing the presence
of lead in dust wipe samples has been developed [7,8]. The method entails
the use of a wetted handwipe to collect dust on surfaces such as skin, floors,
and myriad other substrates that are potentially contaminated with lead. The
wipe is subsequently treated with a weakly acidic leaching solution in order
to extract soluble lead that may be present in the collected dust matrix. The
presence of lead is then disclosed by use of an aqueous solution of rhodizonic
acid, which forms a characteristic pink- to red-colored complex under acidic
conditions [9,10].

The goal of this study was to evaluate the handwipe disclosing tech-
nique for lead by subjecting the method to a series of validation tests. In
previous work, we have evaluated qualitative colorimetric screening methods
for lead in air filter samples [11] and in paint coatings [12]. Because the
performance characteristics of qualitative spot tests are matrix-dependent
[13,14], it is recommended to evaluate these techniques for each analytical
matrix of interest. In the present study, we have evaluated the response of
the handwipe screening method for lead using chemically pure standards of
known lead compounds. Also, the method was tested on representative ma-
trix chemical standards, i.e., certified reference materials (CRMs), and on-
site on dermal samples collected in field locations where lead was a sus-
pected contaminant.

Experimental

Reagents

All chemicals used in this work were reagent grade. Rhodizonic acid (disodium
salt), CaðNO3Þ2, KCl, K2CrO4, KNO3, NaCl, Pb3O4, PbS, TlCl, and TlNO3 were
obtained from Sigma-Aldrich (Milwaukee, WI). Al2O3, BaCO3, CdðNO3Þ2, and
NaNO3 were from J. T. Baker (Philipsburg, NJ). PbO and PbBr2 came from
Johnson Matthey (Royston, Herts., United Kingdom). Pb metal (granular) and
PbO2 were from Merck (Rahway, NJ). AgNO3, AlðNO3Þ3, Fe2O3, HgðNO3Þ2,
K2SO4, PbCrO4, and PbSO4 were purchased from Fisher Scientific (Fair Lawn,
NJ). AgCl, PbCl2, PbðNO3Þ2, Pb3O4, and SrðNO3Þ2 were obtained from Mallinck-
rodt (St. Louis, MO). CdðCH3COOÞ2, PbðCH3COOÞ2, and Te powder came from
Matheson, Coleman, and Bell (Norwood, OH). BaðNO3Þ2, BaCl2, BiðNO3Þ3,
CaðCH3COOÞ2, MgðNO3Þ2, NiCl2, NiðCH3COOÞ2, and ZnðCH3COOÞ2 were from
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Chem Service (Media, PA). Metal standard solutions ð�1000 lg=mLÞ were
obtained from Inorganic Ventures (Lakewood, NJ).

Deionized water ð18MXÞ was produced using a Barnstead Nanopure system
(Thermolyne, Dubuque, IA). White vinegar (5 % aqueous acetic acid) was pur-
chased from a local grocery store (Bigg’s, Harrison, OH).

Materials

Dust wipes meeting standard performance specifications [15] were obtained
from Palintest (Lot No. 080245; Gateshead, Tyne, and Wear, United Kingdom).
Wax paper was found in a local convenience store (Ameristop, Barnesburg,
OH). Disposable nitrile laboratory gloves were ordered from Fisher Scientific.
Plastic pump spray bottles (vol. �150mL) yielding fine-mist aerosols were pur-
chased from U.S. Plastics (Lima, OH).

Representative lead-containing CRMs consisted of National Institute of
Standards and Technology (NIST) Standard Reference MaterialsV

R

(SRMs)
(NIST, Gaithersburg, MD). The SRMs used were as follows: (a) 1579a, lead-
based paint; (b) 1633b, coal fly ash; (c) 1648, urban particulate matter; (d) 2580,
powdered paint I; (e) 2581, powdered paint II; (f) 2582, powdered paint III; (g)
2583, trace elements in indoor dust I; (h) 2584, trace elements in indoor dust II;
(i) 2709, San Joaquin soil; (j) 2710, Montana soil I; (k) 2711, Montana soil II;
and (l) 8704, Buffalo River sediment.

Sample Handling

All laboratory and field procedures and manipulations were carried out while
wearing clean nitrile gloves (Kimberly-Clark, Roswell, GA). In order to prevent
cross-contamination, gloves were changed frequently, and at least each time a
new sample was tested.

For preparation of the colorimetric indicator solution, 0.135 g of sodium
rhodizonate was dissolved in 105 mL of very cold ð�2�CÞ deionized water within
a spray bottle, and was kept on ice to prevent deterioration of the rhodizonate
solution. A fresh indicator solution was prepared daily. Vinegar extraction solu-
tion was contained in a separate spray bottle, but was not refrigerated.

In order to prevent biasing the results, tests were carried out blind by the in-
vestigator performing the colorimetric wipe procedure for lead. That is, samples
were prepared for testing by a different person from the one who actually car-
ried out the tests on the samples.

Single-element standard solutions of Ag, Al, Ba, Bi, Ca, Cd, Fe, Na, Pb, Sn,
Te, and Tl (Inorganic Ventures; metal concentrations �1000 lg=mL) were
diluted 10-fold in order to prepare solutions containing lead and/or potential
interferants at desired concentrations. Also, two multielement standard solu-
tions (Inorganic Ventures) were similarly diluted. The compositions of the mul-
tielement standard solutions were as follows: (Solution A) Sb at 500 lg=mL, Te
and W at 250 lg=mL, Sn and Ti at 125 lg=mL, and Mo and Zr at 50 lg=mL;
(Solution B) K at 3750 lg=mL, Cu at 2500 lg=mL, Zn at 750lg=mL, As at
500 lg=mL, Se at 375 lg=mL, Al, Cu, Fe, Pb, Mg, P, and Ti at 250 lg=mL, La, Ag,
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and V at 100 lg=mL, and Ba, Be, Cd, Cr, Co, Li, Mn, Ni, Sr, and Y at 50 lg=mL.
Aliquots of the diluted solutions ð500 lLÞ were spiked onto clean watch glasses
or Petri dishes and were allowed to dry overnight.

NIST SRMs were weighed to 60.0001 g on an analytical balance (Mettler
model AE163, Greifensee, Switzerland). For each SRM, a weighed amount of
sample ð�50mgÞ was deposited lightly and uniformly on a sheet of wax paper
within a 10� 10 cm area (demarcated by a plastic template). A newly opened
wipe was then unfolded and used to quantitatively collect the SRM onto the
wipe surface [16]. The wipe was then laid face-up on the wax paper surface,
with the collected material exposed. In order to leach lead in the collected sam-
ple, a few sprays (3–5) of vinegar were applied to the exposed wipe. After a few
seconds, the wipe was then sprayed with 2–4 sprays of the rhodizonic acid indi-
cator solution. Observation of the characteristic color change (from yellow/or-
ange to pink/red) on the wipe surface was recorded as a positive result, while
absence of this observation was recorded as a negative. Watch glasses and Petri
dishes that were spiked with standard solutions and then dried were similarly
tested.

Field Samples

Dermal wipe samples were collected and tested qualitatively for the presence of
lead at field sites using commercial colorimetric kits (“Full Disclosure,” SKC,
Inc., Eighty Four, PA) in accordance with NIOSH method 9105 [8]. Dermal
wipe sampling and qualitative lead testing was carried out at a metal cutting/
brazing operation in northwestern Ohio (United States) and at an outdoor firing
range in southwestern Ohio (United States). After colorimetric testing, the wipe
samples were placed into 50 mL plastic centrifuge tubes (Becton-Dickinson,
Franklin Lakes, NJ), and securely capped. The samples were then transported
to the laboratory following standard chain-of-custody procedures [17]. In the
laboratory, lead in these wipe samples was extracted by means of strong acid
hot plate digestion (Lindberg, Thermo-Fisher Scientific, Pittsburgh, PA) follow-
ing the procedure described in ASTM 1644 [18]. Subsequently, lead in wipe
sample extracts was determined using inductively coupled plasma-atomic emis-
sion spectrometry (Spectro EOP, SpectroAnalytical, Fitchburg, MA) in accord-
ance with ASTM E1613 [19].

Results and Discussion

Results from use of the lead handwipe disclosure method on �50mg of various
lead compounds are shown in Table 1. The observed intensity of the characteris-
tic red color bloom varied for different lead compounds, and this was generally
related to the solubility of each compound in aqueous solution [20]. Because
lead chromate is insoluble in weak acid solution, a false negative result was
observed for this matrix. For compounds giving intense positive responses, it
was possible to detect the characteristic pink or red color due to the lead-
rhodizonate complex for very small amounts of material (as low as �1mg).

60 JAI � STP 1533 ON SURFACE AND DERMAL SAMPLING

 



With such materials, the effective identification limit for lead is apparently
established by what can be discerned by the human eye [21].

Qualitative results from a number of non-lead compounds are shown in
Table 2. As can be seen, it was observed that several other metals (besides Pb)
gave positive responses with sodium rhodizonate. Many of these potential posi-
tive interferences, e.g., from Cd2þ and Hgþ, have been identified previously; in
fact, sodium rhodizonate has been used for decades as a qualitative test for Agþ,
Ba2þ, Ca2þ, Sr2þ, and Tlþ [22]. However, the sensitivity of the reaction with
some of these other metals is less than with Pb2þ [10]. Nevertheless, observation
of false positives underscores one of the limitations of using qualitative screen-
ing methods.

It was desired to investigate the use of the handwipe colorimetric lead
screening test on lesser masses of metals than can be investigated by weighing
bulk pure materials. Therefore, it was necessary to prepare test surfaces of
desired metal masses from standard solutions having target metal concentrations
(as described in the experimental section). Spiked masses on watch glasses or Pe-
tri dishes ranged from �5 lg to �500 lg, depending on the metal(s) and applica-
ble concentration ratio(s). Results from these trials are illustrated in Table 3. It is
seen that Ba, Cd, and Ag give false positive results for Pb, while Fe causes a nega-
tive interference, as evidenced by a false negative. Other Pb/metal mixtures are
unaffected by potentially interfering coexisting metals.

TABLE 2—Qualitative colorimetric screening results from using the handwipe method on
�50 mg of various non-lead compounds.

Compounds Test Responsea

AlðNO3Þ3, Al2O3, Fe2O3, HgCl, KCl, K2CrO4, K2SO4, KNO3, MgðNO3Þ2 �
AgCl, BiðNO3Þ3, CdðCH3COOÞ2, HgðNO3Þ2, NaCl þ
AgNO3, BaCO3, BaCl2, CaðCH3COOÞ2, CaðNO3Þ2, CdCl2, CdðNO3Þ2,
HgCl2, ZnðCH3COOÞ2

þþ

SrðNO3Þ2, BaðNO3Þ2 þþþ
a(�: negative; þ: weak positive; þþ: definite positive; þþþ brilliant positive).

TABLE 1—Qualitative colorimetric screening results from using the handwipe method on
�50 mg of various lead compounds.

Compound(s) Test Responsea

PbCrO4 �
PbS, PbO2 þ
Pb metal, Pb3O4 þþ
PbðCH3COOÞ2, PbðNO3Þ2, PbO, PbCl2, PbBr2, PbSO4 þþþ
a(�: negative; þ: weak positive; þþ: definite positive; þþþ brilliant positive).
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To examine data from CRMs, results from using the handwipe colorimetric
lead screening test on various NIST SRMs are given in Table 4. With the excep-
tion of SRM 2709, results are negative for SRMs having lead concentrations
below �400 lg=g. The (albeit weak) false positive result from SRM 2709 is likely
due to a colorimetric reaction of rhodizonate with barium, which is present in
this material at a level of nearly 1000 lg=g. At and above �450 lg Pb/g (�20 lg
Pb/wipe), all test results (save one, i.e., that for SRM 2711) are positive,
although the intensity of the positive response varies appreciably with the ma-
trix. For materials giving positive responses, the intensity of the characteristic

TABLE 3—Qualitative colorimetric screening results from using the handwipe method on
smooth surfaces (watch glasses or Petri dishes) prepared from dried test solutions.

Test Metal or Mixturea Test Responseb

Mixture A; Al; Ca; Fe; K; Na; Sn; Te; Zn; Pb/Fe �
Ba; Cd; Pb/Al; Pb/Ba; Pb/Ca; Pb/Na; Pb/Sn; Pb/Te þ
Mixture B; Ag; Pb; Pb/Ag; Pb/Cd þþ
a(1) Test surfaces of mixtures A (no Pb) and B (�25 lg Pb) were prepared from the corre-
sponding multielement solutions A and B described in the experimental section. (2) Metal
masses �50lg for single element spikes. (3) For binary (Pb/M) mixtures, M mass �500lg
and Pb mass �50lg.
b(�: negative; þ: weak positive; þþ: definite positive).

TABLE 4—Qualitative colorimetric screening results from using the lead handwipe disclo-
sure method on �50 mg of various representative NIST SRMs.

SRM Number and Matrixa
SRM Pb Content

ðlg=gÞ
Wipe Pb Content

ðlgÞ Test Responseb

1579a (paint) 11 900 595 þþþ
2584 (dust) 9761 488 þþ
2710 (soil) 5532 277 þ
2580 (paint) 4340 217 þþþ
2711 (soil) 1162 58.1 �
1648 (particulate matter) 655 32.8 þ
2581 (paint) 449 22.5 þ
2582 (paint) 208.8 10.4 �
8704 (sediment) 150 7.5 �
2583 (dust) 85.9 4.3 �
1633b (fly ash) 68.2 3.4 �
2709 (soil) 18.9 0.95 þ
a1579a: Lead-based paint; 1633b: Coal fly ash; 1648: Urban particulate matter; 2580: Pow-
dered paint I; 2581: Powdered paint II; 2582: Powdered paint III; 2583: Trace elements in
indoor dust I; 2584: Trace elements in indoor dust II; 2709: San Joaquin soil; 2710: Mon-
tana soil I; 2711: Montana soil II; 8704: Buffalo River sediment.
b(�: negative; þ: weak positive; þþ: definite positive; þþþ brilliant positive).
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color bloom was generally greater for paint samples versus soils and sediments.
This is probably due to solubility differences of the lead compounds extant in
the various media.

Results from field studies of the colorimetric screening test, as applied to
dermal wipe samples (n ¼ 130, with similar numbers of samples from each
site), are summarized in Table 5. Comparable results were observed from each
of the two field sites, both in terms of ranges of lead concentrations obtained
and colorimetric responses; thus, the data from the two sites were grouped to-
gether. It can be seen from Table 5 that negatives or weak positives are preva-
lent below about 10 lg Pb/sample, while definitive positive results predominate
above 50 lg Pb/wipe. A significant overlap of positive and negative results is
obtained for masses between 10 and 50 lg Pb/sample, which is consistent with
what is to be expected from performance curves for qualitative test methods
[13]. These data suggest that the handwipe disclosing method for lead may be
useful for screening of dermal samples for this element at levels below 10 lg (for
absence of Pb) and above 50 lg (for presence of Pb) per wipe. However, more
study is needed in order to obtain sufficient data to accurately model the per-
formance curve of the test method [14], and thereby obtain reliable estimates of
the method’s performance parameters.

Conclusions

The results of this work have highlighted some of the attributes and limitations
of this qualitative screening method. Certain test matrices are obviously prob-
lematic, and false positive/false negative rates need to be investigated for each
matrix of interest. For some sample matrices, the method is very sensitive; for
instance, less than 20 lg Pb was detected in wipe samples collected at a firing
range. However, some of the limitations of the handwipe method are obvious;
thus, previous knowledge of the test matrix is highly recommended if the proce-
dure is used for screening purposes.

TABLE 5—Summary of qualitative colorimetric screening results (n¼130) obtained using
the handwipe disclosing method on dermal samples tested at field sites, versus Pb mass
ranges obtained from quantitative laboratory analysis.

Number of Test Responsesa

Range (lg Pb/Sample) (�) ðþÞ ðþþÞ Percent (�) Percent ðþþÞ
<5 39 6 1 85 2

5–10 19 6 1 73 4

10–20 13 5 5 57 22

20–50 6 5 3 43 21

>50 1 1 19 5 90

a(�: negative; þ: weak positive; þþ: definite positive; note that only negatives and definite
positives are used to compute percents of “meaningful” responses).
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A few potential applications of the handwipe disclosing method for lead can
be predicted from this preliminary work. The method was effective for the
detection of lead in many lead compounds employed in industry, such as oxides
of lead and lead salts. Hence, the use of the handwipe method to detect appreci-
able levels of lead on workers’ hands and on surfaces in affected workplaces is
especially appealing. The procedure also appears to be effective for detecting
lead at significant concentrations in indoor dust, and might be used for risk
assessment and clearance purposes. However, the performance of the method
on some matrices, e.g., soils, is less effective. Nevertheless, the colorimetric
handwipe disclosing procedure was designed mainly as a lead screening tool for
occupational settings where lead is a contaminant in dust produced during
work activities. Examples of workplace environments where the use of this
screening tool may be applicable include battery manufacturing/recycling, lead-
based paint abatement/renovation, and firing ranges. Indeed, the vast majority
of lead compounds used in industry are soluble or sparingly soluble [23], and
the colorimetric handwipe procedure is effective for detecting lead in these
materials.

As this was a preliminary evaluation, it remains of interest to carry out a
full validation of the handwipe screening method for lead. This should be car-
ried out in a manner that is consistent with new standard guidelines for quality
assurance of qualitative analysis [24,25]. To this end, it is recommended to
carry out round-robin studies so that interlaboratory data can be compared and
contrasted on representative performance evaluation materials. Also, extensive
field studies are necessary in order to fully evaluate the method performance in
specific matrices and workplace environments.
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[4] Pulido, A., Ruisánchez, I., Boqué, R., and Rius, F. X., “Estimating the Uncertainty
of Binary Test Results to Assess Their Compliance with Regulatory Limits,” Anal.
Chim. Acta, Vol. 455, 2002, pp. 267–275.
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ABSTRACT: Researchers at the U.S. National Institute for Occupational

Safety and Health (NIOSH) developed a handwipe removal method for lead

(Pb) after field studies showed that workers in lead-acid battery plants had

significant risks for dermal-oral lead exposures, despite their attempts to

remove the lead by washing with soap and water. Hand washing with soap

and water remains the standard recommendation for workers (as well as the

public) to clean skin known or believed to be contaminated with toxic metals,

such as lead. Despite longstanding recommendations for workers to “wash

hands with soap and water,” no efficacy studies show this to be a completely

effective removal method for lead. Removal of toxic metals such as lead from

skin constitutes a decontamination procedure; it is not, in fact, a hand-

washing step. NIOSH scientists conceived and developed a highly effective

(nearly 100 %) method for removal of lead from skin. A systems approach

was devised incorporating four components deemed necessary for effective

metal removal: Surfaction, pH control, chelation, and mechanical effects. The

handwipe removal method evolved from a previous NIOSH invention,

the handwipe disclosing method for the presence of lead, in the interests

of providing complementary techniques for dermal lead detection and
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decontamination. The method is a patented, award-winning, commercialized

technology that has significant potential to prevent occupational and public

exposures to lead.

KEYWORDS: isostearamidopropyl morpholine lactate (ISML), cleanser,

citric acid, decontamination, dermal, lead, wipe, workplace

Introduction

Occupational and environmental exposure to metals (e.g., lead [1]) and other
elements inherently toxic to biological systems (e.g., cadmium, arsenic, beryl-
lium) implies (depending on the degree of exposure) a potential for adverse
effects on workplace and public health. Exposure to such metals, especially
lead, is a significant problem that affects a large and diverse segment of the pop-
ulation, and workers and their families are especially at risk [2–4]. Exposure to
lead (Pb) may occur in a wide variety of locations, including the workplace,
homes or schools, or the outdoor environment [1,2,4]. Skin contact is a signifi-
cant route for transfer, and exposure to metals such as lead. While hand-to-
mouth transfer is understood to be the most significant route of exposure; (a)
several researchers have shown that lead ions may be absorbed through the
skin [5–7]; (b) skin can act as a reservoir for metals [8,9]; (c) skin surface deposi-
tion can be an important source of secondary contamination [3,8,10]; and (d)
impairment or loss of skin barrier function can occur [6,11]. Additionally, skin
contact with some metals and their compounds (nickel, chromium, and beryl-
lium among others) can cause sensitization and systemic allergic responses
which can result in serious occupational disease and even loss of workers from
the working population [12]. Unfortunately, many toxic metals are not easily
washed off of the skin; finely divided metal particles not only lodge within the
complex interstices of the stratum corneum but also bind to sulfhydryl, car-
boxyl, and other groups present in skin proteins [11]. Industrial hygiene work-
place investigations conducted by NIOSH and other investigators have shown
that lead and other metals remain on the hands of workers even after they
report, or were known to have washed their hands before eating [13–16]. In
industrial settings where lead poses exposure risks, significant metal contami-
nation may remain even after washing [13,14,16,17].

Lead provides a particularly useful illustration of the exposure risks,
detection and decontamination challenges posed by skin exposures. Lead ex-
posure can occur to workers (and the public) during and after removal of
lead-based paints and/or the renovation of structures containing lead-based
paints [2], to workers in waste-to-energy plants, manufacture of lead-acid bat-
teries, and other related industries (e.g., radiator repair work, welding, and
construction work). Adults or children living within or visiting homes or
schools containing deteriorated lead-based paints can be at risk for exposures
[4,10]. Lead residues on the skin, especially on the hands, of industrial work-
ers can be a significant health risk since such residues can be invisible and
may be ingested during normal activities (e.g., eating, drinking, and smoking)
[7–9,17,18]. Contaminated clothing (as well as automobiles) presents take-home
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toxics issues for workers and their families; lead is an especially important metal
in this route of exposure [19].

Although screening methods for detecting the presence of lead in workpla-
ces are available [20–22], validated methods, techniques, and products for
highly effective ð>99%Þ skin and surface decontamination are needed. In
response to this gap, efforts have been directed to acknowledge the need and
importance of detecting and removing lead from skin and other surfaces
[6,7,23]. Lead desorption and removal from contaminated soil using surfactants
has been investigated and described [24,25]. The physical properties of liquids
and soil permit physical mixing of contaminated liquids or soils with decon-
taminating agents (such as surfactants) on a microscopic level that cannot be
achieved with non-dispersible (such as, solid) matter. As a result, it may be
more difficult to contact and remove metal contamination from a solid surface,
especially where the surface has interstices where contaminants can lodge and
bind (such as skin). Moreover, agents suitable for lead decontamination of
liquids or soils may cause damage to solid surfaces and, in particular, may irri-
tate or harm sensitive surfaces such as human skin [6,26,27].

Products that claim to remove lead and toxic metals from human skin often
contain active ingredients such as the chelating agent ethylenediaminetetraace-
ticacid (EDTA) or anionic surfactants (fatty acid soaps) [28]. EDTA, while a
good chelating agent, is a suspected persistent environmental pollutant and a
skin irritant. EDTA may cause reddening or inflammation on prolonged skin
contact [29]. Anionic surfactants such as sodium laurel sulfate (SLS) are used
in many surfactant or soap mixtures but SLS may also cause skin irritation,
including dryness and scaling [26,30]. Moreover, anionic surfactants due to
their alkaline pH may not be fully effective in mobilizing and removing lead
contamination [8,24,25,31]. Therefore, considering the disadvantages of EDTA
and anionic surfactants for removing metals from human skin and surfaces,
safe, reliable and effective compositions are needed for removing metals, nota-
bly lead. Of particular need are compositions and methods that do not substan-
tially damage the treated surface, or unduly irritate, or sensitize biological
surfaces, notably skin [32].

In this work we describe the development and evaluation of treated wipes
for decontamination of lead and other metals from surfaces such as skin.
Optimal wipe materials were found to be those that included a three-
dimensionally highly textured absorbent support such a creped surface (a tex-
tured surface comprising a succession of ridges and groves; see Fig. 1) with
isostearamidopropyl morpholine lactate (ISML) and citric acid in the absorb-
ent, creped wipe. The amounts of ISML and citrate in the wipe medium were
optimized in order to obtain the best metal-removing capability from dermal
surfaces. The metal-removal performance of these wipes from the hands of
the researchers as well as volunteers was compared to that of several other
commercially available products and formulations, and also to hand washing
with soap and water. We report herein the results of these investigations,
which demonstrate the superior decontamination effectiveness of a textured
(creped) wipe substrate containing the cationic surfactant ISML and chelat-
ing and pH adjusting agent, citric acid.
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Experimental

Materials

Initial formulations of the decontamination wipes were made in NIOSH labora-
tories in Cincinnati, OH and Denver, CO. Several rolls of DuPontTM SontaraV

R

were creped by MicrexV
R

(Walpole MA) and provided to NIOSH as the absorbent
substrate for the initial experimental trials. ISML (MackaleneTM 426 and
IncromateV

R

ISML) were obtained from McIntyre Group Ltd. (University Park,
IL USA) and CRODA Inc. (Edison, NJ, USA), respectively. Citric acid solutions
were made in-house (NIOSH, Cincinnati, OH, USA). A pre-commercial version
of the invention (MEDTOXVR Wipe Lot # 0807) of LeadTechTM Wipes was pro-
vided for evaluation by MEDTOXVR Diagnostics (Burlington, NC, USA). The final
formulation of wipes contained between 0.3 and 2 g (g) of ISML and between
0.01 and 0.1 g citric acid per gram of absorbent support (exact formulations are
proprietary). Sampling wipes (PalintestTM and Ghost WipesTM) meeting inter-
national voluntary consensus performance standards were obtained from Pal-
intestV

R

(Gateshead, Tyne and Wear, U.K.) and Environmental Express (Mt.
Pleasant, SC, USA), respectively [33]. D-LeadTM cleansers, both with and with-
out scrubbers, were obtained from Esca Tech (Milwaukee, WI, USA). Clean-All
Heavy Metals SoapTM cleanser came from Sasha International (Miami Beach,
FL, USA). Kresto SelectTM cleanser with scrubber, and Kresto KwikTM wipes,
were purchased from Stockhausen (Greensboro, NC, USA). GoJo MultigreenTM

cleanser with scrubbers was obtained from GoJo Corp. (Akron, OH, USA).
Waxed kitchen paper, paper towels, and food grade corn starch (Safeway

FIG. 1—Creped wipe materials (a) Photo of creped wipe showing succession of ridges

and groves and sample collection within a textured wipe. Photo courtesy of Micrex Cor-

poration. Used with permission B) Photo of various creped textures that can be

imparted into wiping materials. Photo courtesy of Micrex Corporation. Used with

permission.
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brands, Pleasanton, CA, USA), as well as Pampers Baby WipesTM and IvoryTM

Liquid Soap (Procter & Gamble Co., Cincinnati, OH, USA), were purchased at a
neighborhood grocery store. Disposable nitrile laboratory gloves came from
Fisher Scientific (Fair Lawn, NJ, USA). Acetic acid (reagent grade) came from
Sigma Aldrich. Industrial hand soap used was Smart & FinalTM Liquid Soap
(Los Angeles, CA, USA).

Red lead monoxide powder (PbO; > 99:9 %, particle size
<10 micrometer½lm�) was obtained from Sigma-Aldrich (Milwaukee, WI, USA)
and was mixed uniformly into corn starch (used as a mixing diluent) by rotary
tumbling to yield a concentration of 90.9 mg (mg) Pb/gram. Aliquots of this mix-
ture were weighed into samples of 33 mg each (to 61 mg) on an analytical bal-
ance (Mettler model AE163, Greifensee, Switzerland). Lead-containing dust
(consisting primarily of PbO collected from a lead-acid battery manufacturing
plant in Texas, USA [14]) was also weighed into samples of approximately
3000 lg each. Polyethylene centrifuge tubes (ElkayTM, 50 mL) were obtained
from Life Sciences Products (Denver, CO, USA).

Procedures

The evaluation of lead dust decontamination from human hands (the research-
ers as well as volunteers) was approved through NIOSH human subjects review
board [34]. Skin was contaminated by spiking both palmer surfaces with
weighed quantities of leaded dust (either lead monoxide powder and corn
starch, or straight PbO from a lead-acid battery plant). Skin sampling was per-
formed in accordance with NIOSH Method 9105 [35]. To establish if significant
lead might have been present as background contamination, an initial 30-s
hand wipe sample was collected on every subject (researcher or volunteer)
before each of the experimental trials. Both Ghost WipesTM and PalintestTM

brand wipes were used for skin sampling. To collect skin samples for the pres-
ence of lead, the investigator (wearing clean nitrile gloves) opened a wipe packet
and offered the folded wipe to the subject. The volunteer was asked to com-
pletely unfold the wipe and then carefully wipe to sample the palmer surfaces of
both hands for 30 s to collect an initial background sample for the presence of
lead. After 30 s, the subject was requested to stop wiping and fold the wipe with
the soiled surface facing inward. The volunteer was asked to place the folded
wipe into a 50-mL plastic centrifuge tube that was used for sample containment
and laboratory transport. After sample collection, the centrifuge tube was
tightly capped and labeled with a discrete sample identification number using
an indelible marker.

To apply the leaded dust to the skin of each volunteer, the investigator
(wearing clean nitrile gloves) carefully unfolded the sample weighing paper
and poured each pre-weighed leaded dust sample into the volunteers’
cupped hands while they were held over a clean sheet of wax paper. The
wax paper was placed below the subjects’ hands to capture any leaded dust
that fell off the hands during the application, enabling a mass balance to
be established. Subject individuals were asked to carefully rub the leaded
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dust into the skin of their hands for 30 s, being careful to keep as much
lead dust on their hands as possible.

After the leaded dust was applied to the skin, the investigator changed
gloves, removed a decontamination wipe from its container and handed it to
each volunteer. Each subject was asked to cleanse his/her hands for a period of
30 s. Following the 30-s decontamination step, the volunteer was asked to rinse
their hands for 30 s under a laboratory sink with flowing, tepid water to remove
the surfactant. After rinsing, the investigator gave the volunteer two flat paper
towels and instructed the volunteer to carefully pat dry their hands, taking care
not to rub their hands with the paper towel.

Two serial handwipe samples were then collected to evaluate the volunteers’
(or researchers’) hands for the presence of lead on skin. The investigator (wear-
ing a fresh pair of nitrile gloves) again opened packets of Ghost WipesTM or Pal-
intestTM wipes and offered the folded wipes to the volunteers. The volunteers
were asked to unfold the wipe and wipe the palmer surfaces of both hands for
30 s and then to fold the wipe together with the “soiled” or sample side facing
in. The volunteers placed the wipes into 50-mL centrifuge tubes, which were
then capped and labeled. Skin sampling was repeated twice and the samples
combined in a single tube for analysis. A surface wipe sample was collected
from the wax paper that was placed on the laboratory bench below the volun-
teers’ hands during application of leaded dust to the hands. This sample was
used to account for any lead-containing dust that might have not been rubbed
into the volunteers’ hands or somehow spilled through their fingers during the
application process.

Similar protocols as described above were employed to evaluate hand wash-
ing with soap and water as well as various liquid soaps, solutions, wipes and
cleanser formulations.

Wipe samples were analyzed at Bureau Veritas North America, (Novi,
MI, USA), a facility accredited by the American Industrial Hygiene Associa-
tion Laboratory Accreditation Programs, LLC. Analyses were carried out
using NIOSH method 9102 with modifications: lead in collected wipe sam-
ples was determined by means of nitric/perchloric acid hot block digestion
and inductively coupled plasma-atomic emission spectrometry (ICP-AES).
Each wipe sample was removed from the centrifuge tubes and placed in a
clean beaker to which 2.5 mL of 12:1M perchloric acid was added and
allowed to stand for 30 min. The beakers were placed in a hot block and
heated at 95�C for 15 min. Samples were removed from the hot block, left
to stand, and allowed to cool to room temperature, and 2.5 mL of 15:6M ni-
tric acid was then added. The samples were placed back in the hot block
and again heated at 95�C for 15 min. The samples were then removed, left
to stand, and allowed to cool to room temperature and diluted to a final vol-
ume of 25 mL with deionized water. Quality assurance/quality control sam-
ples (blank samples, spikes and spike duplicates) were digested and analyzed
in the same manner. All samples were analyzed using a Perkin Elmer
Optima 3200 XL ICP-AES instrument (Boston, MA, USA). The ICP-AES lim-
its of detection and quantitation for lead (0.3 and 0:86 lg per sample,
respectively) were estimated in accordance with ASTM E1613 [36].
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Results and Discussion

In initial experiments, the researchers compared the efficacy of a combination
of liquid surfactant and acids alone, with no wipe (i.e., ISML and acetic or citric
acids) against ISML and citric acid added to a lightly textured “creped” wipe,
against common industrial soap and water to remove leaded dust from the
researcher’s skin. Fig. 2 shows the amount of lead (in lg) remaining on
the palmer surfaces of the skin after an initial 3000 lg Pb loading (using the
PbO–corn starch mixture) following the four different methods of cleansing: (1)
Common industrial soap and water alone (S&W); (2) liquid only mixtures of cit-
ric acid and ISML (C-I liquid); (3) liquid mixtures of acetic acid and ISML (A-I liq-
uid); and, (4) an aqueous mixture of citric acid and ISML (C-I on wipe) applied
onto a commercially available lightly textured (PampersV

R

brand) baby wipe. In
these trials, five replicates were run for each of the above four experiments.

As is illustrated in Fig. 2, use of common industrial soap and water alone
was not effective in completely removing deposited lead from human skin, as
nearly 300 lg of lead remained after hand washing. The alkaline (pH 8–9) na-
ture of common industrial soap and water, absence of a low pH surfactant and
chelating agent, and lack of mechanical removal effects are understood to be
the main reasons for less complete removal of lead from skin. In contrast, a cit-
ric acid and ISML formulation on a lightly textured “creped” wet wipe was the
most effective in this trial, as evidence by the least amount of remaining lead
recovered ð< 75 lgÞ after skin decontamination. Mixtures of citric or acetic
acids and ISML applied without a wipe (C-I liquid and A-I liquid) were also

FIG. 2—Amount of lead (in lg) remaining on human hands after cleansing with a liq-

uid mixture of citric acid and ISML (“C-I liquid”), a liquid mixture of acetic acid and

ISML (“A-I liquid”), a mixture of citric acid and ISML on a wipe (“C-I on wipe”), and

plain soap and water (“S&W”); n=5 for each cleanser method.
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effective at removing lead (Fig. 1). The finding that the wipe formulation with
citric acid and ISML is somewhat more effective than ISML/citric acid liquid
only indicates that the mechanical action of even a lightly textured wiping mate-
rial contributed to the lead-removal process.

In another initial set of experiments also conducted on the researchers’
hands, several variations on the use of a highly textured “creped” wipe contain-
ing aqueous solutions of citric acid and ISML were tested for efficacy at remov-
ing lead from skin. Different cleansing protocols utilizing MicrexV

R

(highly
textured, creped) Dupont Sontara wiping material were employed after applica-
tion of 3000 lg Pb in leaded dust on hands, as described previously. These six
protocols and hand washing with common soap and water (which is the most
commonly used cleansing protocol) are outlined in Table 1. Each protocol was
done in replicates of five.

As shown in Fig. 3, Protocols A and B (using two different concentrations of
citric acid and ISML) were essentially equally effective at removing lead from
skin, with �15 lg Pb of an initial 3000 lg Pb load measured on the hands after
cleansing in this manner. With Protocol C, (same as A&B but without a water
rinse) about 100 lg Pb remained on the hands, indicating that a final water
rinse is recommended for removal of solubilized lead. Protocol D (use of a sec-
ond citrate/ISML creped wipe) illustrates that use of a second citric acid and
ISML treated wipe removes almost all lead, with only 2:5 lg Pb remaining on
skin. Use of a second wipe but without a final water rinse (Protocol T) indicates
that lead removal is effective (�35 lg Pb remains after the cleansing protocol).
Protocol T could be used in remote locations where water for rinsing is not
available.

In contrast to each of the protocols involving one or more citrate/ISML
wipes, the use of a wetted, creped wipe with no surfactant or citric acid (i.e.,
Protocol E) was less effective for lead removal from skin, with nearly 200 lg Pb
remaining (see Fig. 3) indicating that the mechanical action of the creped wipe
has an effect in dislodging lead from skin. Use of common industrial hand soap

TABLE 1—Cleansing protocols tested in evaluating efficacies of treated, textured wipes.

Protocol Description

A Wipe containing 10 mL of 0.5 % citric acid and 12.5 % ISML
solution and a final water rinse

B Wipe containing 10 mL of 0.25 % citric acid and 18.75 %
ISML solution with a final water rinse

C Protocol B but without a final water rinse

D Protocol B but with use of a second wipe prior to rinsing
with water

E Use of a wipe wetted with water only, followed by a water
rinse

T Protocol B followed by a second citric acid/ISML wipe, but
with no water rinse

S&W Soap and water hand washing
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and water as cleaning agents (S&W) resulted in over 250 lg Pb remaining on
the hands thereby demonstrating the relative ineffectiveness of this widely used
method for lead removal from dermal surfaces.

The efficacy of lead removal using textured creped wipes containing citric
acid and ISML was compared side-by-side with other commercial products in
described in Fig. 4. In this set of experiments, Dupont SontaraTM creped by
MicrexV

R ð20 cm� 20 cmÞ were fortified with 10 mL of aqueous solution con-
taining 0.5 % citric acid and 12.5 % ISML. Fourteen volunteer’s hands were
spiked with 3000 lg leaded dust prior to cleansing. Commercial products tested
included those listed in Table 2. These comparison products were selected as
among the most widely used on the commercial market for lead and other heavy
metal decontamination. The scrubbers in some of these products may consist of
ground walnut shells, plastic beads, or crystalline silica (comparable to the con-
sistency of beach sand).

The citric acid/ISML wipe (Cleanser A) provided statistically significant
superior lead cleansing from human hands when compared to Cleansers F, U,
N, H, and G (cleansers listed in Table 2). The citric acid/ISML wipe also
removed more lead from skin than did Cleanser I (16 lg Pb versus 27 lg Pb
remaining on hands: Fig. 3), but this difference was not statistically significant.
It is noted that scrubbers contained in some of the commercial products may
irritate the skin with repeated use [32].

As a follow-on to the previous investigations, a blind comparison between
citric acid/ISML wipes and representative liquid cleansers was also conducted
using another fourteen volunteer participants. In this investigation, the

FIG. 3—Amount of lead (in lg) remaining on human hands after cleansing protocols

involving one or more citrate/ISML wipes, as described in Protocols A, B, C, D and T; or

a wipe wetted only with water (Protocol E); or hand washing with soap and water

(S&W). 95 % confidence limits are shown (n=5). (See text and Table 1 for description).
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participants were not informed of the identities of the test products. Each sub-
ject was provided with a randomly selected cleanser, and each product was used
twice by each participant. As in previous trials, volunteers’ hands were spiked
with 3000 lg Pb leaded dust prior to cleansing. The liquid cleansers that were
compared to the citric acid/ISML wipe (Cleanser A) included: 1. D-LeadVR liquid
soap without scrubbers (Cleanser B); 2. Clean-All Heavy MetalTM liquid soap
(Cleanser C); and 3. IvoryV

R

liquid soap (Cleanser D). In carrying out these tests,
2 mL of each of the liquid soaps were applied to the palms.

FIG. 4—Amount of lead remaining on hands following 3000 lg Pb initial loading and

after cleaning with a citric acid/ISML wipe (Cleanser A) and various commercially

available industrial hand cleansers (Cleansers F, U, N, H, I and G), as described in text

and Table 2; n ¼ 5 for each cleanser method.

TABLE 2—Cleansing products tested in comparison study with treated, textured wipes con-
taining citric acid and ISML.

Cleanser Product Description

A Wipe containing 10 mL of 0.5 % citric acid and 12.5 % ISML solution

F Clean-All Heavy Metal Soap

G Kresto Kwik Wipes

H Kresto Select with scrubber

I GoJo Multigreen with scrubbers

N D-Lead with scrubbers

U D-Lead without scrubbers
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The results from these comparisons are shown in Fig. 5. It is demonstrated
that the citric acid/ISML wipe system removed more lead from the hands than
each of the other products; these results are statistically significant. One of the
products advertised to be effective for removal of lead as well as other toxic met-
als (Clean-All Heavy Metal SoapTM) in fact did not decontaminate hands any
better than (the non-industrial) IvoryV

R

liquid soap.
In a final evaluation, the efficacy of lead removal using straight, lead-acid

battery plant dust (as 99 % PbO), of a licensed, converted (commercially manu-
factured and packaged), Beta version of the invention was evaluated using nine
volunteers. Results from these experiments are summarized in Table 3. The
spiking, sampling, and decontamination investigative protocol was similar to
the previous investigations but PalintestTM, rather than Ghost WipesTM were
used for skin sampling. Differences in sampling efficiency using Ghost WipesTM

and PalintestTM brand wipes has been investigated and no significant sample
collection efficiency differences were found [37]. Not unexpectedly, all back-
ground handwipe samples revealed some lead, likely from handling lead-
containing brass keys, or touching other brass/lead containing environmental
surfaces. Dermal lead concentrations ranged from trace levels (detectable but
not quantifiable) to 2:6 lg Pb/handwipe. An average of 670 lg of lead was
recovered in surface wipe samples from the wax paper suggesting the applica-
tion technique varied considerably in the successful loading of lead dust onto
the skin. The average calculated amount of Pb applied to the skin was
� 2; 300 lg. Calculated percent removal for pre-commercial lot 0807 ranged
from 99.7 to 99.9 %, indicating that the MEDTOXTM Wipe (which uses a slightly

FIG. 5—Amount of a 3000 lg Pb initial load remaining on the hands of 14 blinded

study participants after using a citric acid/ISML wipe (“Cleanser A”), D-Lead liquid

soap without scrubbers (“Cleanser B”), Clean-All liquid soap (“Cleanser C”), or Ivory

liquid soap (“Cleanser D”).
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different but highly textured wipe material from that supplied to NIOSH by
MicrexV

R

) was as effective as the original citric acid/ISML creped wipes eval-
uated previously (creped DuPontTM SontaraV

R

wipe material supplied by
MicrexV

R

). Similar experiments using HygenallV
R

brand licensed and commercial-
ized wipes have also demonstrated 99.2 % lead removal efficiency with five trials
using 6; 000 lg palmer skin loadings and of straight PbO (99 %) from a lead-
acid battery plant.

Conclusion

A novel and highly effective method for removing toxic metals (notably lead)
from skin has been conceived, developed, evaluated, patented and licensed from
the government to the private sector. The technology consists of a three-
dimensionally textured absorbent wipe treated with proportions of a cationic
surfactant (ISML) and a weak organic acid (citric acid). Published research has
shown that the method does not damage the skin [6]. The technology design cri-
teria involved developing a system of metal removal incorporating contributing
effects of surfaction, chelation, pH adjustment and mechanical removal. This
technology was developed to complement a previous NIOSH invention involv-
ing colorimetric chemistry that detects lead collected from skin and workplace
surfaces. Used serially, the two technologies are envisioned to “close the loop”
on detection and decontamination of skin contaminated with lead. Decontami-
nation of workers’ skin should improve with the use of this technology and the
commercial versions of these wipes, which have been shown to be more effec-
tive than hand washing using soap and water.
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Development of Two Sample Preparation
Methods for Determination of Lead in
Composite Dust Wipe Samples

ABSTRACT: Sample preparation methods for four-wipe composite dust

wipe samples, used by nine different laboratories accredited under the U.S.

Environmental Protection Agency (EPA) National Lead Laboratory Accredita-

tion Program (NLLAP), were evaluated to select two methods most likely to

provide the best overall performance among multiple laboratories, based on

accuracy, precision and practicality of the methods. The best performing

methods involved (1) hot nitric acid/hydrogen peroxide digestion and (2) nitric

acid ultrasonication. In a second round of testing, two sets of composite dust

wipe samples with known amounts of lead were submitted blind to each of

the nine laboratories to be prepared for analysis using these two sample

preparation methods. Results showed that both methods are capable of

meeting all EPA NLLAP requirements for accuracy (recovery) and precision.

The ultrasonication method had superior performance at lower cost.

KEYWORDS: composite wipes, lead analysis, lead-based paint

Introduction

Wipe samples of settled dust are used to assess the dust-lead hazard level on
horizontal surfaces such as floors, window troughs, and interior windowsills in
residences. Typically, each wipe sample of settled dust is collected from a single
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square foot of the floor being tested, or from the entire surface of an interior
windowsill or window trough. Composite wipe samples result when up to four
individual wipe samples collected from a single surface (e.g., a bedroom floor)
are combined into a single sample. Regulations [1,2] and federal guidelines [3]
allow use of composite samples for conduct of lead-based paint risk assess-
ments, lead hazard screens, and post-abatement and post-interim controls
clearance. Regulation also requires that all samples collected during conduct of
these lead-based paint activities shall be analyzed by laboratories recognized by
the U.S. Environmental Protection Agency (EPA) through the National Lead
Laboratory Accreditation Program (NLLAP). Presently, there are no published
methods for the preparation of composite wipe samples for subsequent analysis
of lead content. This work was performed to establish acceptable methods for
processing composite wipe samples and in anticipation of inclusion of compos-
ite samples in the Environmental Lead Proficiency Analytical Testing (ELPAT)
Program [4] toward accreditation under the NLLAP.

Materials and Methods

General Approach

A five-step approach using two rounds of analyses was used to identify two
acceptable methods for preparing composite wipe samples for lead
determinations.

Step 1—Identify Existing Sample Preparation Methods —Nine laboratories,
each quoting a different wipe sample preparation method, were chosen from
the approximately 140 laboratories recognized by EPA through NLLAP as capa-
ble of analysis for lead in settled dust wipe samples. A summary of the sample
preparation methods used by the laboratories for processing a four-wipe com-
posite sample is provided in Table 1.

Step 2—Evaluate Existing Sample Preparation Methods (Round 1 Testing)—
Each of the nine participating laboratories was instructed to use their own
method (Table 1) to process a set of reference four-wipe composite wipe sam-
ples in a first round of testing.

Step 3—Select 2 Candidate Sample Preparation Methods—The results from
round 1 testing were reviewed and analyzed to determine the two best perform-
ing candidate methods using three criteria: Accuracy, precision, and practicality
of use.

Step 4—Evaluate Candidate Sample Preparation Methods (Round 2
Testing)—The same nine laboratories participating in round 1 testing were
asked to participate in round 2 testing using the two candidate methods: The
hotplate method (originating from Laboratory E from round 1) and the sonica-
tion method (originating from Laboratory B from round 1). Laboratory F with-
drew citing that continued participation would interfere with their normal
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laboratory operations. The remaining eight participating laboratories were pro-
vided with the two written test methods and were sent two sets of reference
four-wipe composite wipe samples (one for processing by each method).

Step 5—Develop Guidance on the Suitability of the Candidate Sample
Preparation Methods—The results from round 2 testing were reviewed and ana-
lyzed to provide guidance on sample preparation procedures for laboratory
processing of four-wipe composite dust wipe samples for lead analysis.

Round 1 Testing Samples

Each set of samples contained five reference samples, each in triplicate, and one
blank as shown in Table 2. Each reference sample contained four wipes. In each
sample, the sample reference material is present on one wipe and three addi-
tional blank wipes were added to the sample containers to achieve the four-wipe
composite. The lead content of all samples was unknown to the laboratories
(single blinded).

Round 1 Testing Analysis—Accuracy and Precision

Accuracy and precision were determined by performing a one-way analysis of
variance for each laboratory using percent recovery as the dependent variable
and the five certified lead levels as treatments. Mean percent recoveries were
used to measure accuracy and the pooled estimate for the standard deviation
was used to measure precision.

Round 1 Testing Analysis—Practicality of Use

Practicality of use among methods showing acceptable recovery from round 1
testing was evaluated using the operational parameters shown below. The
instrumental analysis methods used by all the laboratories, shown in Table 1,
were considered equivalent and were not included in this evaluation.

TABLE 2—Sample set summary for round 1 testing (all samples contained four individual
wipes).

Sample Type
Lead Loading
½lg=sample�

Number of Samples
in Test Set

ELPATa 23, w3 59 3

ELPAT 19, w4 127.1 3

ELPAT 23, w2 271.5 3

ELPAT 23, w4 562 3

NIST SRMb 2582 (0.2400 g) 50 3

Blank 0 1

aAIHA ELPAT Program. Sample round number and identifiers are shown.
bNIST SRM.
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(1) Relative complexity. This parameter refers to the overall degree of com-
plexity of the method. Methods with a large number of steps or multiple
transfers of sample material would receive a higher complexity rating
than those with less steps and easy manipulations.

(2) Specialized equipment use. This parameter refers to the overall need for
specialized equipment that may not be commonly present in laborato-
ries, especially smaller ones. Use of specialized equipment that is expen-
sive (such as a perchloric acid hood) would rank higher than low-cost
equipment (such as a sonication bath).

(3) Use of uncommon or more hazardous reagents. This parameter refers to
the use of less common reagents. Use of uncommon or comparatively
more hazardous reagents (such as perchloric acid) would rank higher
than more common reagents (such as nitric acid).

(4) Relative duration. This parameter refers to the time required to process
a sample or batch of samples. Longer duration methods would rank
higher than shorter duration methods.

(5) Relative labor use. This parameter refers to the expected labor required
to process a sample or batch of samples. Increased use of labor or use of
more highly skilled labor would rank higher than less or lower skill level
labor efforts.

Round 2 Testing Samples

Nine reference samples [eight ELPAT samples at various levels and one
National Institute of Standards and Technology (NIST) Standard Reference Ma-
terial (SRM)] were used in round 2 testing. However, only five ELPAT samples
per level were available. These were equitably distributed between the two
methods as alternating duplicates and triplicates as shown in Table 3. Each

TABLE 3—Sample set summary for round 2 testing (all samples contained four individual
wipes).

Sample Type
Lead Loading
½lg=sample�

Number of Samples
in Test Set for

Sonication Method

Number of Samples
in Test Set for

Hotplate Method

ELPATa 17, w4 29 3 2

ELPAT 23, w3 59 2 3

ELPAT 19, w1 80.2 3 2

ELPAT 19, w4 127.1 2 3

ELPAT 23, w2 271.5 3 2

ELPAT 19, w3 287.1 2 3

ELPAT 23, w4 562 3 2

ELPAT 19, w2 1498.5 2 3

NIST SRMb 2582 (0.2400 g) 50 2 2

Blank 0 1 1

aAIHA ELPAT Program.
bNIST SRM.
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reference sample contained four wipes. In each sample, the sample reference
material was present on one wipe and three additional blank wipes were added
to the sample containers to achieve the four-wipe composite. The lead content
of all samples was unknown to the laboratories (single blinded).

Participating laboratories also received approximately 25 (14 plus spares)
four-wipe composite wipe sample blanks with instructions to include seven of
these blanks with the processing of each sample set after inoculating each of
them with 30 lg of lead. These “spiked” composite wipe sample blanks were
included for use in determining a method detection limit (MDL).

Round 2 Testing Analysis—MDLs

The NLLAP Laboratory Quality System Requirements (LQSR) [5] state that rec-
ognized laboratories shall determine the MDL at least annually and estimate
the method quantification limit (MQL) to be at least two times but no greater
than 10 times the MDL. By agreement, EPA and the NLLAP laboratory accredit-
ing bodies have established that: The MQL for wipe samples of settled dust shall
be equal to or less than one-half (50 %) of the Lowest Lead Level of Concern;
and, the Lowest Lead Level of Concern for single wipe samples is 40 lg=ft2,
which is equal to the clearance levels established by EPA regulations at 40 CFR
745 [1]. Therefore, assuming a typical one square foot sampling area for a single
wipe sample, the NLLAP LQSR required MQL for a single wipe sample is 20 lg
and the required MDL is 10 lg.

The NLLAP does not directly address composite wipe samples. However,
the EPA regulations at 40 CFR 745 [1], have established a clearance standard
for floors, utilizing composite wipe sampling, as 40 lg=ft2 divided by one-half
the number of sub-samples in the composite sample, i.e., 20 lg=ft2 for a four-
wipe composite. Assuming a typical one square foot sampling area for each
wipe, 20 lg=ft2 equates to 80 lg of lead on the four-wipe composite. Therefore,
the NLLAP LQSR implied MQL and MDL for a four-wipe composite sample are
40 and 20 lg, respectively [5].

MDLs were calculated using the lead results reported from seven spiked
composite four-wipe sample blanks and the procedure described in 40 CFR Part
136 [6].

Round 2 Testing Analysis—Accuracy

The NLLAP LQSR requires that Laboratory Control Standards (LCS) be proc-
essed at a minimum rate of 5 % and that the recovery from these samples be
within 620 % of the actual value. Laboratories frequently set the lead level of
the LCS at or near the regulatory action level, which for a four-wipe composite
collected from 4 ft2 of a floor is 80 lg/sample (one-half of 40� 4). In addition,
the NLLAP LQSR directs that 620 % accuracy be demonstrated on a daily basis
at the “Reporting Limit,” which these authors interpret as equal to the allowable
maximum MQL for a four-wipe composite, i.e., 40 lg/sample. Most of the sam-
ples in the sample sets distributed to participant laboratories (Tables 2 and 3)
were assembled using samples from past rounds of the American Industrial
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Hygiene Association (AIHA) ELPAT Program which is specifically named in the
NLLAP LQSR as a source of LCSs. Therefore, the results from round 2 testing
should be predictive of likely method recoveries from accredited laboratories
using the two methods. The mean recoveries on the reference samples proc-
essed by each laboratory for each method were examined using the NLLAP
LQSR criterion of 620 % as acceptable performance.

In addition, a statistical evaluation of accuracy at the 40 and 80 lg levels
was performed by generating percent recovery curves as a function of lead level
for each laboratory using each method. These curves were estimated as shown
in Table 10 below using the following power equation:

Percent recovery ¼ a	ðTrue lead levelÞb

Curve fitting was accomplished by linear regression after taking logarithms of
both sides of the equation.

Since analytical measurement variability was larger at lower analyte levels
than at higher levels, precision estimates on the percent recovery were calcu-
lated using two roughly equal sized groups of reference samples: Those above
and those below 160 lg. Precision was relatively constant within each of these
groups for both candidate methods used in round 2 testing. The precision esti-
mates were calculated by pooling variances of percent recovery within each
group.

Results

Round 1 Testing

Sixteen lead results were obtained from each of the nine participating laborato-
ries on its preferred method (15 reference sample results, and one blank sample
result). The results of the one-way analysis of variance analyses, sorted by the
mean percent recoveries, are shown in Table 4. The first column of Table 4
shows a code identifying the nine participating laboratories as A through J (the
letter I is not used). The second column shows the mean percent recovery from
each laboratory for the 15 samples analyzed. The third column shows the
pooled estimate of the standard deviation of percent recovery of a single mea-
surement for each laboratory across all lead levels. The fourth column shows
the p-value for statistically testing the validity of pooling the recoveries from all
five lead levels in the reference sample sets to create variance estimates for a sin-
gle measurement. Pooling of the recoveries from all five lead levels to calculate
an estimated standard deviation is only valid if the true variability across all of
the lead levels is the same. Using a 95 % confidence interval, p-values less than
0.05, as shown for Laboratories D and H, suggest differences in variability as a
function of lead level.

Practicality of use results among the laboratories having mean percent re-
covery for round 1 testing of between 95 and 105 % are shown in Table 5 (Labo-
ratory C was excluded because of a high standard deviation). The first column
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shows the evaluated parameter. The next four columns show the relative rank-
ing for the parameter among the four laboratories (A, B, E, and F). A three-level
ranking (low, moderate, or high) was used for this evaluation, which was per-
formed by a pair of senior level chemists with experience in laboratory opera-
tions for metals analysis. Comments relevant to the ranking made by the
chemist are provided in the last column. The method used by Laboratory B has
the lowest overall ranking (rated best) followed by Laboratory E with Laborato-
ries F and A having one or more “high” (or poor) rankings. Therefore, the meth-
ods used by Laboratories B and E were selected for round 2 testing.

Round 2 Testing

Thirty lead results were obtained from seven of the eight participating laborato-
ries on each of the two candidate methods (22 reference sample results, one
blank sample result and seven spiked blank sample results). Laboratory A failed
to use the hotplate method and instead processed both sets of ð22þ blank ¼Þ23
samples using only the sonication method generating 46 lead results from the
two reference sample sets and seven lead results on spiked composite wipe sam-
ple blanks. Laboratory A lead results from the 23 samples originally targeted for
the hotplate method were excluded from data analysis. In addition, two other
lead results from Laboratory G were also excluded as statistical outliers. The
first outlier was a 252:4lg lead result reported using the sonication method on a
1498:5lg ELPAT sample. Using the sonication method for the replicate ELPAT
sample present in that same sample set reported a 1570 lg lead result. The sec-
ond outlier was a zero lead result reported using the hotplate method on a 29 lg
ELPAT sample. Using the hotplate method for the replicate ELPAT sample pres-
ent in that same sample set reported a 20:59 lg lead result.

TABLE 4—Summary of analysis of variance results for round 1.

Laboratory
Code

Mean Percent
Recovery

Pooled Estimate of
Standard Deviation

(Using 10 Degrees of Freedom) p-value

D 76.6 4.17a 0.02

G 80.8 5.42 0.20

J 90.5 7.63 0.29

H 94.2 6.37a 0.01

B 95.2 6.55 0.39

F 95.4 8.88 0.19

C 99.8 19.54 0.54

E 101.4 8.92 0.33

A 104.1 3.84 0.31

aThe p-values suggest that pooling of variability estimates is not valid for these
laboratories.
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MDLs for the participating laboratories are shown in Table 6. The first col-
umn shows a code identifying the participating laboratory. The second and
third columns show calculated MDL for the hotplate and sonication methods,
respectively. Four out of seven laboratories were able to achieve the NLLAP
LQSR implied MDL criterion of 20 lg using the hotplate method while all of the
laboratories were able to achieve this requirement using the sonication method.

Table 7 presents pooled estimates of the precision (percent recovery) for the
two ranges of lead levels. The first column shows a code identifying the partici-
pating laboratory. The second and third columns show pooled estimates of the
standard deviation of the percent recoveries for levels below and above 160 lg,
respectively. The percentages in Table 7 can be interpreted as the precision (one
standard deviation) of a single measurement as a percent of the true lead level.
For example, the precision of a measurement at 40 lg of lead using the

TABLE 6—MDLs from round 2 testing.

Laboratory Sonication MDL½lg=sample� Hotplate MDL½lg=sample�
A 1.61 naa

B 4.12 17.99

C 10.60 35.00

D 4.80 6.70

E 6.72 24.00

G 7.37 34.92

H 2.31 4.88

J 2.49 16.39

aNot available. Laboratory A did not report any results for the hotplate method.

TABLE 7—Pooled estimates of the standard deviation of percent recovery.

Laboratory

Lead Levels Belowa 160 lg Lead Levels Aboveb 160 lg

Sonication(%) Hotplate(%) Sonication(%) Hotplate(%)

A 7 N/A 3 N/A

B 9 22 3 20

C 10 12 5 7

D 7 17 6 3

E 19 10 13 2

G 13 41 3 10

H 6 16 3 7

J 8 34 6 4

aCalculated using seven degrees of freedom: 12 reference samples minus five different
lead levels except for Laboratory G using hotplate where one statistical outlier was
removed resulting in six degrees of freedom.
bCalculated using six degrees of freedom: 10 reference samples minus four different lead
levels except for Laboratory G using sonication where one statistical outlier was removed
resulting in five degrees of freedom.
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sonication method in laboratory D is 67 % or62:8 lg at one standard deviation.
Thus, on average, 95 % of measurements will fall within 614 % or 65:6 lg of
40 lg (two standard deviations).

Tables 8 and 9 summarize the number of samples having recoveries in vari-
ous ranges for the sonication and hotplate methods, respectively, for samples
with lead levels above or below 160 lg. For the sonication method, 142 of the
176 total results or 81 % of the recoveries met the NLLAP LQSR criterion for re-
covery (80–120 %). For the hot-plate method, 114 of the 154 total results or 74
% of the recoveries met the NLLAP LQSR criterion.

Table 10 provides curve fit parameters for the percent recovery curves as a
function of lead level for each laboratory using each method. The first column
shows a code identifying the participating laboratory. The next four columns
show the parameters for the sonication and hotplate method, respectively. For
the sonication method, all but one of the b exponents in the power curve are
positive, indicating typically increasing recovery with increasing lead level. All

TABLE 8—Recoveries for the sonication method for low and high lead level ranges.

Laboratory

Lead Levels Below 160lg Lead Levels Above 160 lg

< 80% 80–120 % > 120 % < 80% 80–120 % > 120%

A 1 11 0 0 10 0

B 1 10 1 0 10 0

C 7 5 0 0 10 0

D 2 10 0 0 10 0

E 2 5 5 1 8 1

G 6 6 0 1 9 0

H 1 11 0 0 10 0

J 5 7 0 0 10 0

Total 25 65 6 2 77 1

TABLE 9—Recoveries for the hot-plate method for low and high lead level ranges.

Laboratory

Lead Levels Below 160 lg Lead Levels Above 160lg

< 80% 80–120 % > 120% < 80% 80–120 % > 120%

A N/A N/A N/A N/A N/A N/A

B 0 7 5 2 8 0

C 0 2 10 3 7 0

D 0 10 2 0 10 0

E 0 11 1 0 10 0

G 5 3 4 1 9 0

H 0 10 2 0 10 0

J 3 7 2 0 10 0

Total 8 50 26 6 64 0
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but two of the power coefficients for the hotplate method are negative so that re-
covery is typically decreasing with increasing lead level. Figures 1 and 2 show
the fitted curves up to lead levels of 200 lg/sample by laboratory for the sonica-
tion and hotplate methods, respectively. The figures demonstrate graphically
the inter-laboratory differences in recovery. Above 200 lg all plots stay within
the 620 % recovery criterion, with the exception of laboratory C for the hot-
plate method, which reaches the 620 % range at a level of approximately
450 lg.

Table 11 provides an estimate of the percentage of samples achieving a re-
covery between the LQSR limits of 80 to 120 % at two lead levels for each

FIG. 1—Fitted curves of recovery for the sonication method.

TABLE 10—Curve fits parameters for percent recovery for round 2.

Laboratory

Sonication Method Hotplate Method

a b a b

A 81 0.02a N/A N/A

B 114 �0.04 212 �0.13

C 52 0.10 372 �0.19

D 70 0.06 121 �0.03a

E 95 0.02a 101 �0.01a

G 45 0.12 72 0.05

H 77 0.04 125 �0.03a

J 57 0.09 82 0.03a

aCoefficient not statistically significant.

96 JAI � STP 1533 ON SURFACE AND DERMAL SAMPLING

 



method: The NLLAP-LQSR-implied MQL of 40 lg, and, assuming a typical one
square foot sampling area for each of four wipes, the federal Action Level would
be 80 lg. The percentages of samples whose recoveries would fall between the
80 and 120 % limits at 40 and 80 lg lead, respectively, for each laboratory and
method, as shown in Table 11, depend on both the overall accuracy as estimated
by the power curve (Table 10) and the precision (Table 7). The percentages in
Table 11 were calculated assuming that, for each laboratory and method, the re-
covery has a normal distribution with mean given by the power curve (at 40 and
80 lg, respectively) and standard deviation given in Table 7 for samples with less
than 160 lg lead. The first column of Table 11 shows a code identifying the

TABLE 11—Estimated percentage of samples with recoveries between 80–120 % by method
and laboratory for two lead levels (40 and 80lg).

Laboratory

Sonication Method Hotplate Method

40 lg(%) 80lg(%) 40 lg(%) 80lg(%)

A 86 90 N/A N/A

B 97 95 31 48

C 32 52 0 0

D 82 93 69 72

E 69 69 95 95

G 26 43 35 36

H 91 96 67 71

J 53 77 43 43

FIG. 2—Fitted curves of recovery for the hotplate method.
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participating laboratory. The next four columns show the calculated percentage
of samples that would achieve the acceptable recovery limits at the two lead lev-
els for the sonication and hotplate method, respectively. All percentages 90 % or
greater are in bold.

Discussion

Selection of Candidate Methods from Round 1 Testing

Using the recovery data in Table 4, the methods used by Laboratories D, G, J,
and H were removed from further consideration as candidate methods for
round 2 testing. The method used by Laboratory C was also removed from fur-
ther consideration because its estimated standard deviation is more than twice
as high as the next closest method (Laboratory E). Of the remaining methods
from Laboratories B, F, E, and A, the method from Laboratory E has the best
mean recovery and the methods from Laboratories B and E were rated most
practical (Table 5). Therefore, the methods from Laboratory B and E were
selected as candidates for round 2 testing.

Performance of the Candidate Methods from Round 2 Testing

MDLs—Although both methods appeared to be capable of achieving the
NLLAP LQSR implied MDL as shown in Table 6, the overall MDL performance
of the sonication method was superior to the hotplate method in that all eight
laboratories achieved MDLs below 20 lg for this method while only four of
seven did so for the hotplate method.

Precision—The data in Table 7 indicates that both methods have roughly
equivalent precision for higher lead levels, but precision of the sonication
method for the lower lead levels is superior to that of the hot-plate method. At
the lower lead levels, six of eight laboratories have precision of 10 % or less (one
standard deviation) for the sonication method, while only one of seven does for
the hotplate method.

Accuracy—The data in Tables 8 and 9 indicate that across all the participat-
ing laboratories, both methods were capable of meeting the NLLAP LQSR crite-
rion of 620 % for most ð> 70%Þ of the samples. However, these data also
suggest performance differences between laboratories with both methods.

Using data from Table 11 for the sonication method, four laboratories (A,
B, D, and H) have 90 % or more of recoveries between 80 and 120 % at the
Action Level of 80 lg; two laboratories (B and H) do this well at the Reporting
Limit of 40 lg. For the hot-plate method, only laboratory E has 90 % or more of
recoveries between 80 and 120 % at either level.

It is interesting to note, using the curve fits (Table 10) shown graphically in
Fig. 1, that the laboratory with prior experience using the sonication method,
Laboratory B, has a very different response curve from the others showing
decreasing recovery with increasing lead level. The reason for this is unknown.
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A systematic positive laboratory lead contamination problem could account for
this effect. However, no such indication was observed given that all zero lead
level reference samples in round 2 generated results below the calculated MDLs
for each respective laboratory. The laboratory with prior experience using the
hotplate method, Laboratory E, shows an expected outcome from having expe-
rience with a method; a relatively constant recovery close to 100 % across the
entire lead level range.

Conclusions

The study demonstrated that both methods are capable of meeting NLLAP
LQSR requirements for MDLs, MQLs, and recovery for four-wipe composites.
However, the sonication method proved superior in all areas, having lower indi-
vidual laboratory MDLs and superior accuracy and precision as compared to
the hot-plate method. It should, of course, be remembered that this was the first
application of either method to four-wipe composites [except possibly for labo-
ratory B (sonication) and laboratory E (hot plate)]. Performance on both meth-
ods would improve with practice and it is possible that the observed superiority
of the sonication method would be reduced or eliminated over time. Neverthe-
less, the participating laboratories commented that the sonication method is
the more favorable method when attributes like cost of reagents, technician
time, and labware expense are considered. They reported that compared to the
hotplate procedure, the sonication procedure:

� Requires a smaller amount of acid;
� Requires less technician time for conduct of the procedure (e.g., one

laboratory reported that it required two full person days to hotplate-
digest the sample set); and,

� Requires no glass labware (i.e., no dishwashing required of the 400 mL
beakers and large volumetric flasks used with hotplate digestion) com-
pared with the hotplate method.

Both methods have been submitted as draft standards to ASTM International
Subcommittee E06.23 on Lead Hazards Associated with Buildings.
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each subjected to a single high-dust generating activity involving lead-based

paint. After dust generation, a geometric wipe sampling grid was used, with a

target of 8 interior and 8 perimeter samples in each room, to assess dust-lead

on the floors. The containment was then cleaned using the “High Efficiency Par-

ticulate Air (HEPA) vacuum/3-bucket wet-mop/HEPA vacuum” procedure found

in the U.S. Dept. of Housing and Urban Development Guidelines. Post-cleaning

(clearance) floor wipe samples were then taken at side-by-side locations to the

pre-cleaning samples. It was found that: [1] floor dust-lead along the perimeters

of rooms was three times more difficult to clean than dust-lead from the interiors

of the rooms; [2] post-cleaning dust-lead loadings tended to be higher along the

perimeters of the rooms than in the interiors of the rooms such that clearance

failure was much more likely for individual floor samples collected along the

perimeters; and [3] four-wipe composite sampling within each room (two ran-

domly selected from the perimeter and two randomly selected from the interior)

provided a very reliable method for detecting clearance failure (99% or greater)

versus a randomly selected single wipe sample per room (50% or less).
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Introduction

The most common pathway of childhood exposure to lead is through the inges-
tion of leaded dust. In response, a key component of the U.S. Dept. of Housing
and Urban Development (HUD) Lead Safe Housing Rule (24 CFR Part 35) [1] is
the required use of clearance testing as a check on the effectiveness of cleaning
following a dust-generating activity. Clearance testing is aimed at ensuring that
fine particles of lead in dust have been cleaned up before living spaces are re-
occupied.

The conduct of clearance as defined by EPA protocols found at 40 CFR
Part 745.227 [2] includes only minimal amounts of testing on floors. It
includes the collection of “one floor sample from each of four rooms inside the
containment area” and if containment exists, “one floor sample outside the
containment area.” No guidance is provided on where these floor samples
should be collected. Because of the difficulties inherent in making changes to
current regulations that already define the minimum number of samples to be
collected for clearance, this study focused on constructive improvements
within the regulatory framework, such as guidance on the sampling strategy.
However, the impact of increasing the number of samples, not prohibited by
the EPA protocols, was also examined. Improved guidance in order to better
detect true clearance failures and protect occupants was a desired outcome of
this work.

The greatest need for improved sampling guidance is when post-activity
cleaning is inadequate and leaves dust-lead unequally distributed (i.e., some-
times above and sometimes below the federal action level for lead in dust) on
the area to be cleared. Under a normal lead hazard reduction scenario, the envi-
ronment goes from having dust-lead levels well above the action levels (i.e., just
after conduct of the work and before the cleaning has begun) to levels well
below the action levels after cleaning is performed to remove the dust. It is evi-
dent that, if the true dust-lead levels after cleaning are either all well below or
all well above the action level throughout the work area, then it is not critical
where in the work area dust samples are collected. It is in situations where the
true residual dust-lead levels vary both above and below the action level in the
same room that guidance on sampling is most likely to improve the ability to
detect true clearance failures, and therefore protect against childhood lead
poisoning.

Materials and Methods

The general study procedure was to prepare (clean) suitable rooms within a
defined work area of a unit, disturb paint from a single point source in selected
rooms within the work area, map the resulting dust lead levels (so-called post-
activity samples), conduct standardized cleaning to remove the generated lead
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hazards, and re-map the dust lead levels remaining after cleaning (so-called post-
cleaning samples). Details on the field activity steps 1 through 8 are discussed
below.

Activity 1-Select Housing Units

Suitable housing candidates for this study were located through the Mahon-
ing County (Ohio) Healthy Homes and Lead Hazard Control Program for the
Youngstown, OH units and through the Redevelopment Authority of the City
of Erie for the Erie, PA units. Candidates for initial in-field examination were
identified using a set of criteria designed to fit the technical and logistical
needs of the study. In Youngstown, OH, four dwelling units (assigned unit
numbers 2 through 5) were selected for this study out of 12 candidates. All of
these dwellings were privately owned and scheduled to receive lead hazard
reduction funding through the HUD lead hazard control grant program.
In Erie, PA, four dwelling units (assigned unit numbers 6 though 9)
were selected out of seven candidates. These dwellings were owned by the
City of Erie.

All the selected units were structurally sound pre-1978 dwellings, unoccu-
pied at the time of the study but with basic utilities available (water, electricity,
and heat). Only hard floors (uncarpeted) were selected from each unit. Resi-
dents’ belongings, if present, were removed. All floors were dust strewn and
showed much wear. Some of rooms in the study had until recently been covered
with wall-to-wall carpeting.

For this study, each dwelling unit was to have a minimum of three “active”
rooms and up to two “passive” rooms if these additional rooms were adjacent to
an active room and adjoined by an open door or passageway, making them part
of the work area. Active rooms are rooms containing lead-based paint where a
single point source of leaded paint was reduced to dust using mechanical grind-
ing. Passive rooms are rooms where no leaded dust was generated. Passive
rooms were included within the work area to evaluate the potential lead hazard
impact caused by performing lead-disturbing activity in an adjacent room. All
tested rooms in a given unit were located on a single floor.

Portable x-ray fluorescence (XRF) analysis was used both to screen unit
candidates for inclusion and for selection of potential painted surfaces to be dis-
turbed for leaded dust generation. In seven out of eight of the housing units
used in the study, paint chips were also collected as a means for obtaining better
values for the lead-based paint sources targeted for dust generation.

Activity 2-Phase A Sampling

This phase of sampling included the collection of pre-existing condition dust
wipe samples in the rooms selected for inclusion in the work area. These were
collected as a hedge against unusual findings that might be clarified by knowing
what the dust lead levels were immediately preceding the field activities. All
dust wipes used for sample collection in this study were individually packaged
dust wipes conforming to ASTM E1792 [3].
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Activity 3-Room Preparation and Cleaning

Barriers were erected as needed to isolate the set of rooms being used for the
study from the rest of the unit and from the outside. This was done both as a
means of limiting the potential spread of generated leaded dust to rooms out-
side the work area and to help reduce the impact from external air currents on
movement of leaded dust during the conduct of the study. In most cases these
barriers consisted of sheets of 2 mil (0.508 mm) poly fixed over open doorways
and windows as needed to complete the isolation.

All horizontal surfaces in the selected rooms were pre-cleaned using a High
Efficiency Particulate Air (HEPA) vacuum followed by a wet mop cleaning. A
second HEPA vacuuming was done in the housing units in Erie but not in
Youngstown due to in-field time constraints. This ensured removal of any pre-
existing debris and dust that might contribute in any significant manner to the
final lead loading resulting from dust generation.

Activity 4-Sample Location Selection and Marking

In each of the eight dwellings, 120 dust wipe floor samples were targeted for col-
lection: sixty before the cleaning treatment and sixty after the cleaning treat-
ment. The before and after samples were physically paired on the floor to allow
for paired comparisons of the Before- and After-Cleaning treatments.

Samples were designated as either “wall” or “interior” samples. A wall sample
was against a wall (or other vertical structure such as an installed cabinet or other
vertical barrier, such as a door). An interior sample was one located away from
the walls in the interior of the room or in a wall opening without a door. Samples
were symmetrically arranged within each room to produce a lead-loading map of
the floor, but the number of samples collected per room varied depending on the
number and size of the rooms. A four-room unit typically had a target of sixteen
samples for each active room (eight wall and eight interior samples) and twelve
samples for the single passive room. The active room typically had two wall sam-
ples per wall and eight interior samples, arranged in rows of four samples each.
In many cases; however, these sample allocations were not exactly attained,
because of unusual room shapes, or multiple doors or other openings.

Sampling locations on the floors of each selected room were marked with the
aid of an aluminum U-shaped and square-shaped templates with an internal area
of 1 ft2 (0.0929 m2). For each location, a sample location number was marked on
the floor in roughly the center of the template before sample collection. In addi-
tion, the four inside corners of the template were marked on the floor. Marking
pens that resisted removal using normal cleaning processes were used. A pair of
side-by-side locations was marked for each sampling location. One side of the
pair was randomly selected for collecting the before-cleaning treatment samples
and other for collecting the after-cleaning treatment samples.

Activity 5-Dust generation-Lead Loading Model

Dust was generated from a single source point in each of the active rooms by
converting a defined small surface area of existing lead based paint into dust.
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An important component of the study was to generate post-cleaning dust-lead
levels that varied both above and below the action level (40 lg/ft2 for floors) so
that guidance on sampling that is most likely to improve the ability to detect
true clearance failures could be determined. As a result, a procedure was devel-
oped using a pilot study to obtain after-cleaning lead levels that were neither
too high nor too low to draw useful conclusions. The amount of leaded dust gen-
erated by disturbing a leaded paint surface is dependent on the activity that is
used to disturb (break up) the paint. Limits in study resources did not allow for
a detailed investigation of the ability of various work methods to generate
leaded dust. Rather, for this study, mechanical grinding using a portable elec-
tric grinder was used to generate leaded dust. Although this method would be
considered a forbidden dry paint removal method in a renovation or removal
project conducted under the HUD Guidelines [4], it was the only method that
could be universally applied to any painted surface in any selected housing unit
to consistently and rapidly generate large amounts of leaded dust.

The pilot study, conducted in one house in Youngstown (assigned unit
number 1 as opposed to 2 through 9 for the full study), used two levels of paint
disturbance: one deemed high and one deemed low. Five rooms were tested at
both high and low levels of paint disturbance and the total mass of lead (mg) in
dust deposited on the floor was calculated using the XRF-determined lead load-
ing on the painted surface to be disturbed and the area of paint disturbed. The
variable PB, equal to mg lead in dust deposited per square foot of floor area,
was calculated by dividing the total mass of lead deposited by the area of each
room. The variable MEAN, equal to the average lead loading in lg/ft2 for (post-
cleaning) “clearance” samples taken in each room, was also calculated, and the
regression equation

LnðMEANÞ ¼ 3:269þ ð0:991ÞðLnðPBÞÞ

was estimated using the 10 data points from the pilot (5 rooms, 2 levels of dis-
turbance per room). In order to target post-cleaning floor lead levels close to
the EPA standard (action level) of 40 lg/ft2 for floors, the regression equation
was solved for PB with MEAN¼ 40. The result was that an estimated 1.53 mg
of lead must be disturbed per square foot of floor area in the room in order to
achieve a target level of 40 lg/ft2 on the floor post cleaning. In the full study,
comprised of the 4 units in Youngstown and 4 units in Erie, paint samples
were taken in the targeted units and analyzed in the laboratory (as opposed to
relying on XRF data) to improve the accuracy of predicted post-cleaning lev-
els. The lab data was then used to calculate the area of paint to disturb in
each room of each unit. For example, UNIT 2, ROOM 1 had a lead level of 2.9
mg/cm2 by laboratory analysis, and a floor area of 220 ft2. Thus, the target
total paint area to be disturbed was estimated at (1.53)(220/2.9)¼ 116 cm2¼ 18
in2 [2].

Table 1 summarizes the dust generation calculations for the full study. The
actual areas disturbed were measured in the field and differ somewhat from the
model calculations, for two reasons. First, the area disturbed cannot be pre-
cisely controlled in the field. Second, the model was adjusted slightly for the
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second city in the full study (Erie, PA), based on the results for the first city
(Youngstown, OH).

Activity 6-Phase B Sampling

The first of a pair of side-by-side dust wipe samples in each selected room was
collected following dust generation using standard dust wipe collection proce-
dures based on ASTM E1728 [5]. The sampling order was planned such that
care was taken to avoid stepping on or disturbing the other locations to be
sampled.

Activity 7-Cleaning Treatment

Cleaning was conducted using the widely-accepted HEPA vacuum/3-bucket-
wet-clean/HEPA vacuum method as recommended in the HUD Guidelines [4].

TABLE 1—Summary of Lead Dust Generation by Room.

Unit ID
Room
ID

Estimated Lead
in Paint Disturbed

(mg/cm2)

Approximate
Painted Area
Disturbed

(cm2)

Approximate
Area of Room

(ft2)

Calculated Lead
Loading If Dust

Spread Uniformly
(lg/ft2)

2 1 2.9 135 220 1814

2 2 1.8 135 140 1728

2 5 3.4 32 123 902

3 1 9.3 19 126 1430

3 2 11.2 29 139 2353

3 4 5.8 68 265 1489

4 2 1.5 157 147 1574

4 3 1.5 270 245 1666

4 4 13.2 19 166 1534

5 1 2.8 115 219 1464

5 2 1.4 139 123 1525

5 3 0.9 172 93 1573

6 1 6.2 69 159 2684

6 2 2.8 44 187 662

6 4 5.0 45 185 1229

7 1 0.7 181 100 1189

7 3 7.4 30 184 1213

7 5 5.4 43 193 1218

8 1 5.4 37 168 1211

8 3 6.6 31 148 1380

8 4 3.3 56 172 1088

9 1 5.8 21 134 925

9 3 3.4 60 174 1189

9 4 3.1 44 112 1195
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Activity 8-Phase C Sampling

The second of the pair of side-by-side samples in each selected room was col-
lected following dust generation and cleaning treatment using the same sam-
pling procedure as Phase B sampling. Additional cleaning efforts were
performed after this sampling to ensure that the units were safe for release back
to the agencies providing the dwellings.

Data Processing, Laboratory Analysis and Quality Control

All dust wipe samples were assigned unique identification numbers (IDs) using
pre-printed labels, and were traceable from field generation to laboratory proc-
essing using standard chain-of-custody procedures. Samples were shipped to a
laboratory accredited under the National Lead Laboratory Accreditation Pro-
gram (NLLAP) and analyzed for lead analysis by ultrasonic-assisted acid diges-
tion based on ASTM E1979 [6], followed by Inductively Coupled Plasma Atomic
Emission Spectrometry based on ASTM E1613 [7]. Data were reported both
electronically and in hardcopy formats. A final analysis data set was created by
merging electronic data received from the laboratory with data from field data
collection forms that were manually keyed into the database.

In addition to standard quality control (QC) performed by the laboratory as part
of their normal operations needed to maintain accreditation [8,9], two more types of
QC samples were collected for this study: field blanks and QC reference wipes.

� The field blank wipe sample was a new lead-specific dust wipe exposed
to the air in the study area before placing it in the labeled hard-shell
container. The number of field blank wipes targeted for collection is
summarized below:
� Phase A. Two field blanks per unit: one before and one after collec-

tion of other samples.
� Phase B. Four field blanks per unit: one before and one after collec-

tion of other samples. Two taken during collection of other samples.
� Phase C. Four field blanks per unit: one before and one after collection

of other samples. Two were collected during collection of other samples.
� The QC reference wipe samples, obtained from Research Triangle Institute,

were used as double blind samples to validate laboratory performance.
These samples were developed for use by the Environmental Lead Profi-
ciency Analytical Testing Program (ELPAT) for the NLLAP [9]. The ELPAT
samples used in this study ranged from 17 to 1499 lg lead per sample.
These “old ELPAT” samples were placed in labeled hard-shell containers
outside the study area in a lead-dust-free environment and inserted blindly
into groups of samples sent to the laboratory for analysis. The number of
QC reference samples included in each group is summarized below:
� Phase A. Two QC reference samples per unit.
� Phase B. Four QC reference samples per unit.
� Phase C. Four QC reference samples per unit.

Six of the 79 field blanks collected for the study showed detectable levels of
lead above the laboratory reporting limit of 5 lg (one field blank targeted for
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collection was inadvertently not collected). Those levels ranged from 5.4 to 13.5
lg of lead. The majority of these (5 out of 6) occurred during the before-
cleaning sampling (Phase B) when lead dust loadings were the highest. These
results do not raise concerns about the handling of samples during collection,
since they are only slightly above the reporting limit and are much lower than
the pre-cleaning study samples.

Eight of the 80 QC reference samples showed recoveries outside the
desired recovery range of 80% to 120%. All showed recovery within 70% to
133%. These results likewise do not raise concerns about the laboratory analyti-
cal process.

Results

Analysis results of pre- and post-cleaning floor samples make up a data set
that covers 476 table rows (without headers) and includes X-Y coordinates des-
ignating the locations of each sample in each room of the 8 units in the study.
Because of its large size, it is not included here. However, various summaries
of this data are provided under the discussion section. To obtain a better
understanding of the results, scale floor plan diagrams of all 33 study rooms
were created showing the locations and results of pre- and post-cleaning floor
samples (lg/ft2). Examples of these diagrams are shown in Figs. 1 through 3.
The post-cleaning or clearance results, shown below sample location IDs
(those with “B” or “C” suffix codes), are in normal text font for samples with
loadings below 40 lg/ft2 (i.e., samples that pass clearance) and are in bold
italics for samples with loadings of 40 lg/ft2 or greater (i.e., samples that
would fail clearance).

Discussion

Comparison of Interior Samples and Wall Samples

An examination of all 33 floor plan diagrams (three of these are shown in Figs. 1
through 3) show that, except in rooms where all or almost all post-cleaning sam-
ples fail clearance, samples taken against the wall are more likely to fail clear-
ance than samples taken from the interior of the room or in openings without
doors. Table 2 shows the sample counts and number of clearance failures by
room and unit for INTERIOR and WALL samples. A sample is classified as
INTERIOR if it is taken in the interior of the room or in an opening to the room
with no door. A sample is classified as WALL if it is taken against a vertical sur-
face in the room, such as wall, cabinet, mirror, etc., or in an entry to the room
with a door. The rooms are classified as ACTIVE if the grinding process used to
generate lead dust was actually carried out in the room. These rooms have a
“SOURCE” location shown on the diagram as shown in Figs. 1 and 3. Other
rooms, without a SOURCE, such as the room shown in Fig. 2, are termed
PASSIVE. Such rooms were adjacent to active rooms where no barriers were
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placed between them and the adjacent active rooms so that lead dust could
migrate from the active into the passive rooms.

Overall, as shown in Table 2, 58% of WALL samples fail clearance, while
only 36% of INTERIOR samples fail. There are two possible explanations for
the higher post-cleaning loadings on the WALL samples. The first relates to the
method of lead dust generation used, i.e., grinding of leaded paint with a me-
chanical grinder. This tends to produce a plume of dust that spreads across the
room from the source. When the plume encounters a vertical surface such as
wall, door, cabinet, etc., it descends to the floor at that point and may possibly
produce a high lead loading close to the vertical surface. The second possible ex-
planation is that the cleaning process (vacuum=wet mop=vacuum) may be more
efficient in the interior of the room than against a vertical surface such as a
wall, where access is constrained and dust may accumulate against the vertical
surface during the cleaning itself.

FIG. 1—Unit 6, Room 2, Living Room, —–Leaded Dust Before, —Leaded Dust After.
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The first of these explanations should result in higher WALL lead loadings
pre-cleaning than INTERIOR loadings, at least in ACTIVE rooms. This is indeed
the case. The geometric mean lead loading for INTERIOR samples in ACTIVE
rooms pre-cleaning was 293 lg/ft2, versus 463 lg/ft2 for WALL samples in
ACTIVE rooms. The difference was statistically significant (p¼ 0.0005). In
PASSIVE rooms, the geometric means were 141 lg/ft2 for INTERIOR samples
and 122 lg/ft2 for WALL samples. This difference was not statistically significant.

To test the second explanation (lower cleaning efficiency near vertical surfa-
ces), it is necessary to control for the higher pre-cleaning loadings near vertical
surfaces. Since pre-cleaning and post-cleaning samples were taken in side-by-
side pairs, regressions equations were fit for post-cleaning loading as a function
of pre-cleaning loading. This gives a measure of the efficiency of cleaning, con-
trolling for the pre-cleaning loading. The fitted equations are as follows
(ACTIVE rooms)

FIG. 2—Unit 8, Room 2, Front Room, —Leaded Dust Before, —Leaded Dust After.
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INTERIOR SAMPLES�ACTIVE ROOMSðN¼ 210Þ :

Post�Cleaning Loading ðlg=ft2Þ¼ 2%ðPre�Cleaning LoadingÞþ 43

WALL SAMPLES�ACTIVE ROOMS ðN¼ 183Þ :

Post�Cleaning Loading ðlg=ft2Þ¼ 6%ðPre�Cleaning LoadingÞþ 92

Thus, the cleaning process is greater than 3 times more efficient in the interior
of the room as compared to against the wall or other vertical surface. Note that,
from these equations, it appears to be difficult to clean to a clearance standard
of 40 lg/ft2 on average. However, this is an artifact of the study design, since the
leaded dust generation process was calibrated to result in levels close to the
clearance standard. The dust generation process in the study was considerably
more aggressive than one would expect to encounter in a normal renovation,
repair or abatement project.

In PASSIVE rooms, the cleaning effect was not observed, with the following
fitted equations

INTERIOR SAMPLES�PASSIVE ROOMSðN¼50Þ :

Post�Cleaning Loading ðlg=ft2Þ¼ 6%ðPre�Cleaning LoadingÞþ 26

FIG. 3—Unit 9, Room 4, Bedroom, —Leaded Dust Before, —Leaded Dust After.

COX ETAL., doi:10.1520/JAI103469 111

 



TABLE 2—Number of Samples and Clearance Failures by Room, Unit and Placement (Inte-
rior/Wall).

Interior Wall

Unit Room No. Samples No. Fail No. Samples No. Fail Room Type

2 1 8 1 8 8 Active

2 2 8 4 8 8 Active

2 3 3 0 4 1 Passive

2 4 2 2 3 0 Passive

2 5 8 0 8 4 Active

2 ALL 29 7 31 21

3 1 8 8 7 7 Active

3 2 8 8 8 8 Active

3 3 4 1 0 0 Passive

3 4 9 9 11 11 Active

3 ALL 29 26 26 26

4 1 8 6 2 2 Passive

4 2 9 2 7 3 Active

4 3 8 1 8 2 Active

4 4 10 0 8 1 Active

4 ALL 35 9 25 8

5 1 15 10 9 4 Active

5 2 13 9 7 7 Active

5 3 9 1 7 2 Active

5 ALL 37 20 23 13

6 1 10 4 6 5 Active

6 2 10 0 6 4 Active

6 3 6 0 6 2 Passive

6 4 8 1 8 3 Active

6 ALL 34 5 26 14

7 1 7 4 7 7 Active

7 2 6 4 2 2 Passive

7 3 8 4 8 8 Active

7 4 5 5 2 2 Passive

7 5 9 9 8 8 Active

7 ALL 35 26 27 27

8 1 9 0 7 2 Active

8 2 8 0 8 2 Passive

8 3 8 0 7 3 Active

8 4 5 0 7 0 Active

8 ALL 30 0 29 7

9 1 6 0 7 3 Active

9 2 8 0 6 2 Passive

9 3 9 0 8 4 Active

9 4 8 0 8 1 Active

9 ALL 31 0 29 10

ALL ALL 260 93 (36%) 216 126 (58%)
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WALL SAMPLES�PASSIVE ROOMSðN¼33Þ :
Post�Cleaning Loading ðlg=ft2Þ¼ 5%ðPre�Cleaning LoadingÞþ 34

The difference between ACTIVE and PASSIVE fits was not statistically signifi-
cant for the PASSIVE rooms. This may indicate that the cleaning effect is only
significant when high dust-lead loadings are generated by the project work.

Detection Capabilities of the EPA Clearance Protocol

The EPA clearance protocol (40 CFR Part 745.227) [2] provides for the collec-
tion of one floor sample from each of 4 rooms inside the containment area, but
does not provide guidance on where the samples should be taken. Clearly, as for
any sampling method, the EPA protocol will have a higher chance of detecting
clearance failures the higher the percentage of the floor area that is actually
above the clearance standard.

Table 3 shows the probability that the EPA protocol will result in clearance
failure for each of the units in the study when clearance failure is defined by the
EPA protocol as finding any of the 4 samples with a lead loading of 40 lg/ft2 or
higher. Version 1 assumes a sample at a random location in the INTERIOR of
each room (or 4 rooms randomly selected if the unit has 5 rooms); Version 2
assumes a random WALL sample instead of an INTERIOR sample. Version 3
assumes that the WALL or INTERIOR selection is made randomly in each
room. The table also shows the estimated percentage of the floor area of each
unit that is actually at or above the 40 lg/ft2 clearance standard. In calculating
this percentage, we assumed that 70% of the floor area of each room is INTE-
RIOR (more than 1 ft from any vertical surface) while 30% is WALL (within 1 ft
of a vertical surface). This 70-30 split is the median for the rooms in the study.

In each sampled room, and for each sample type (INTERIOR versus
WALL), the probability of clearance failure is generally estimated as the propor-
tion of failing samples shown Table 2 for that room and sample type. However,
if the proportion of failing samples is either 0 or 1 (no samples fail or all fail),
the probability is modified because a true failure probability of exactly 0 or

TABLE 3—Probability of Detecting Clearance Failure by EPA Protocol (3 Versions).

Unit % Area
40 lg/ft2 EPA Version 1 EPA Version 3 EPA Version 2

8 7% 0.32 0.46 0.72

9 10% 0.31 0.48 0.83

6 26% 0.56 0.84 0.98

4 28% 0.84 0.87 0.89

2 37% 0.83 0.92 0.99

5 55% 0.91 0.93 0.96

7 82% >0.995 >0.995 >0.995

3 93% >0.995 >0.995 >0.995

COX ETAL., doi:10.1520/JAI103469 113

 



100% is not likely. When 0 failures are observed in N samples, the failure proba-
bility is estimated as 1�(0.5)(1/N). For example, if there are 0 failures in 8 sam-
ples, the failure probability is estimated as 1�(0.5)(1/8)¼ 0.083. This value is the
true failure probability for which observing 0 failures in N samples has a proba-
bility of 50%. When N failures are observed in N samples (100%), the failure
probability is likewise estimated as (0.5)(1/N). For example, if 6 failures are
observed in 6 samples, the failure probability is estimated as (0.5)(1/6)¼ 0.891.

In Units 3 and 7, where over 80% of the floor area has a lead loading of
40 lg/ft2 or greater, all 3 versions of the EPA Protocol have essentially 100%
detection capability. In the other units, where the floor area with a lead loading
of 40 lg/ft2 or greater ranges from 7% to 55%, Version 2 of the EPA Protocol
(WALL samples only) has the best detection capability, followed by Version 3
(random selection of WALL versus INTERIOR in each room) and then Version
1 (INTERIOR samples). In the units with lowest percentage of floor area with a
lead loading of 40 lg/ft2 or greater (Units 6, 8, and 9), the difference in capability
of detecting clearance failure between the 3 versions of the EPA Protocol is sub-
stantial. For example, in Unit 6, the WALL sampling version has 98% probabil-
ity of detecting clearance failure, while the INTERIOR version has only a 56%
chance of detection (not much better than 50-50). Thus, it is clear than the exact
method by which the EPA protocol is implemented can have a significant impact
on the likelihood of detecting clearance failures, particularly when the percentage
of floor area in the unit with a lead loading of 40 lg/ft [2] or greater is less than
50%.

Modifications to the EPA Clearance Protocol

Two potential modifications to the EPA Clearance Protocol are (a) increase the
number of samples or (b) take composite samples.

(a) Increased Sampling—One possible modification to the EPA Protocol
would be to take 2 samples per room, rather than 1. This would increase the
analysis cost for clearance sampling, but not the far larger part of the cost,
which is the labor of the Risk Assessor for travel, on-site time, and reporting.
Thus, the overall impact on the cost of clearance would be modest. Table 4
shows the detection probabilities for the same 3 versions of the EPA Protocol
previously discussed for Table 3.

The two-sample-per-room EPA Protocol increases the detection capability
for all units and versions, of course. For Version 2 (WALL samples) the detec-
tion capability is over 90% for all units, even when the % of floor area with a
lead loading of 40 lg/ft2 or greater is low. However, detection capability is still
weak for Units 8 and 9 using Version 1 (two INTERIOR samples randomly
selected) and Version 3 (where a WALL or INTERIOR is randomly selected
twice to get the 2 samples).

(b) Composite Sampling—An alternative approach to improving the detec-
tion capability of the EPA Protocol is to take composite samples. To evaluate
the potential use of collecting composite samples, results from the individual
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wipe samples collected in this evaluation were mathematically summed. Con-
sider taking 4 wipe samples in each room to form a composite of the 4 wipe
samples which is extracted and analyzed by the laboratory as a single sample.
While laboratory analysis of 4-wipe composites may be slightly more costly
than single-wipe samples, the overall cost impact of compositing is minimal.
The lead loading for a composite sample is the arithmetic average lead loading
for the 4 samples making up the composite. Therefore, the effect of compositing
strategies can be evaluated mathematically using the individual lead loadings
found in each room of the study. A logical method of compositing would be to
composite 2 randomly-selected INTERIOR with 2 randomly-selected WALL
samples in each room.

The EPA regulations at 40 CFR 745 [2] have established a clearance stand-
ard for floors utilizing composite wipe sampling as 40 lg/ft2 divided by half the
number of sub-samples in the composite sample, i.e., 20 lg/ft2 for a 4-wipe com-
posite. In other words, a 4-sample composite must meet a standard numerically
twice as stringent as a single sample. The probability that a 4-sample composite
taken in a room of the study (2 INTERIOR and 2 WALL samples chosen ran-
domly from the study samples) will exceed the 20 lg/ft2 standard can be eval-
uated mathematically for each room. The probability of a clearance failure in a
given room, P(F), is given by the ratio

P(F)¼ [Number of 4-sample composites 
20-lg/ft2/[Total number of
4-sample composites].

Consider, for example, Unit 9, Room 4 (shown in Fig. 3). The lead loadings
for the individual post-cleaning samples are shown in color (green for samples
<40 lg/ft2 and red for samples 
40 lg/ft2). The individual values are such that,
if sample 52C is chosen as one of the 4 samples to be composited, then the com-
posite value will always exceed 20. Conversely, if sample 52C is not chosen, then
the largest possible composite sample value, using 2 WALL and 2 INTERIOR
samples, is (28.6þ 19.6þ 16.5þ 13.8)/4¼ 19.6< 20 lg/ft2. This value is obtained
when samples 53C, 54C, 48C, and 46C are chosen. Thus, in the case of Unit 9,
Room 4, the probability that a composite sample 
20-lg/ft2 is obtained is
exactly the probability that 52C is chosen as one of the two WALL samples in
the 4-composite sample. Since there are 8 WALL samples total, this probability

TABLE 4—Probability of Detecting Clearance Failure by EPA Protocol (3 Versions) With
Two Samples per Room.

Unit % Area
40 lg/ft2 EPA Version 1 EPA Version 3 EPA Version 2

8 7% 0.54 0.71 0.92

9 10% 0.52 0.73 0.97

6 26% 0.81 0.97 >0.995

4 28% 0.97 0.98 >0.995

2 37% 0.97 0.99 >0.995

5 55% 0.99 >0.995 >0.995

7 82% >0.995 >0.995 >0.995

3 93% >0.995 >0.995 >0.995
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is 1� (7*6)/(8*7)¼ 0.25. A similar calculation process was performed for all the
rooms in the study, and the resulting probabilities combined to obtain, for each
unit, the probability that the 4-composite sample in at least one room of the 4
sampled would have a value of 20 lg/ft2 or greater. This probability was at least
99% in every unit. Thus, using a composite of 4 samples in each room in the unit
(2 WALL and 2 INTERIOR selected randomly), the probability of detecting clear-
ance failure was 99% or greater in every unit.

It is possible for a 4-wipe composite sample to result in a “false positive,”
i.e., a composite value 
20 lg/ft2 when all 4 samples comprising the composite
are actually below the 40 lg/ft2 standard for individual samples. In this study,
Unit 8, Room 4, was the only room where all individual floor samples were
below 40 lg/ft2. In this case, the maximum possible value for a 4-sample com-
posite was (19.5þ 16.6þ 16.5þ 14.1)/4¼ 66.7/4¼ 16.7< 20 lg/ft2. Thus, no com-
posite samples fail, and there are no false positives. In all other study rooms,
whenever a composite fails (even if no individual sample in that particular com-
posite is 
40 lg/ft2) there is in fact some floor area 
40 lg/ft2 in the room. The
study therefore provides some limited evidence that, in practice, the distribu-
tion of post-cleaning floor dust lead levels may tend to limit false positives for
the 4-sample composite protocol.

Conclusions

The main conclusions are:
(1) Floor dust-lead along the perimeters of rooms was three times more dif-

ficult to clean than dust-lead from the interiors.
(2) The exact method by which the EPA protocol is implemented can have a

significant impact on the likelihood of detecting clearance failures, par-
ticularly when the percentage of floor area in the unit with a lead load-
ing of 40 lg/ft2 or greater is less than 50%.

(3) Clearance failure is much more likely for floor samples taken near the
walls or other vertical surfaces in a room, so that clearance sampling
protocols should emphasize perimeter sampling over interior sampling.

(4) Composite sampling provides a very reliable method of detecting clear-
ance failure without significantly increasing the cost of clearance sam-
pling. Using a composite of 4 samples in each room in the unit (2 WALL
and 2 INTERIOR selected randomly), the probability of detecting clear-
ance failure was 99% or greater in every unit. The conduct of clearance
as defined by EPA does not exclude the use of compositing wipe samples
for lead determinations. However, at the time that this article was writ-
ten, analysis of composite dust wipes for lead is not a part of the NLLAP.
Therefore, there may be some difficulty in obtaining lead analysis for
composite wipe samples under this accreditation program.
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ABSTRACT: A proficiency testing procedure for evaluating the accuracy of

lead measurements taken by certified lead-based paint inspectors using port-

able X-ray fluorescence (XRF) instruments was developed and pilot tested.

XRF instruments are widely used for inspection of housing units to determine

the presence or absence of lead-based paint. Previous research showed var-

iability between different XRF instruments when used to conduct lead-based

paint inspections. Due to concerns over potential errors in inspection reports

resulting from biased XRF measurements, a proficiency testing procedure

was pilot tested to provide entities, such a state or federal regulators, a

means of evaluating the instrumentation being used for lead-based paint

inspections.

KEYWORDS: XRF, proficiency, lead-based paint

Introduction

Detection of lead-based paint (LBP) in housing, defined in regulations as a LBP
inspection, is often performed using a field-portable X-ray fluorescence (XRF)
instrument. These instruments are factory calibrated, and are often used during
LBP inspections with few or no quality control procedures to verify the ability
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of the XRF to provide accurate results. Data from previous research 1, referred
to here as the baseline study, show that field-portable XRF instruments have
considerable variability and sometime show bias when used to measure leaded-
paint test films placed over commonly evaluated building material substrates.
This implies that some XRF instruments may not make determinations with
sufficient accuracy to correctly identify the presence or absence of LBP in coat-
ings, and that some XRF instruments perform differently than others of the
same make/model. LBP inspections are applied to a variety of needs that include
investigations seeking to identify the causes of lead poisoning of children (often
referred to as elevated blood lead (EBL), investigations). In most states, LBP
inspections are regulated by state lead hazard control program offices (however
titled). Given the importance of LBP inspections, some governmental agencies
regulating their conduct have expressed an interest in a practical method of
evaluating the performance of XRF instruments being used by lead inspectors.
This process, called “proficiency testing,” is a common feature of laboratory ac-
creditation programs [2] such as the National Lead Laboratory Accreditation
Program (NLLAP) [3]. However, proficiency testing is difficult to apply to in-
field testing operations. A procedure for evaluating the performance of XRF
instruments was developed for the U.S. Department of Housing and Urban De-
velopment (HUD) Office of Healthy Homes and Lead Hazard Control
(OHHLHC) and pilot tested by a state lead program office to determine the
practically for widespread use. A portable set of test samples, developed to
mimic real-world building substrates having lead-containing coatings, was
obtained by the state on loan from the OHHLHC. These materials were pro-
vided to a state lead hazard control program office along with specific written
instructions (a program guidance document) for the conduct of proficiency test-
ing and collection and processing of data.

Materials and Methods

Test Samples

The test samples, referred to as the National Lead Assessment and Abatement
Council (NLAAC) (now the Lead and Environmental Hazards Association) test
films, were obtained by loan from OHHLHC under a custodian transfer agree-
ment from the permanent custodian, QuanTech, Inc., to an agreed upon custo-
dian at the participating state lead program office. These test samples, owned
by HUD, were developed under a grant to NLAAC in 1995 for evaluation of field-
portable XRF instruments. The lead concentrations in these paint film samples
are closely held to prohibit potential bias and outside influence when conduct-
ing evaluations of XRF instruments. The transfer agreement defines the han-
dling and control of the testing materials so that the blind nature of the lead
values of the paint films is maintained for future use. Test samples were
returned to HUD custody after the completion of testing. The test samples are
comprised of three sets of materials: Paint films containing known amounts of
lead, substrate test blocks, and test stands.
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Paint Films—“Stock solutions” of leaded paint were used to create paint
films with different lead concentrations by mixing a white lead paint (contain-
ing approximately 53 % lead by weight) with commercially available household
semi-gloss alkyd paint. The white lead paint was made from a mixture of boiled
linseed oil, raw linseed oil, white lead, and a small amount of mineral spirits.
The paint films were prepared by spreading the stock solutions on Mylar sheet-
ing using a drawdown blade. Mylar was selected because of its lack of porosity,
uniform thickness, and negligible impact to XRF measurements when used as a
support substrate. This drawdown technique was used to provide films having
uniform thickness, width, and length dimensions. After drying, uniformity of
thickness was verified across the film sheets using a digital thickness gauge
(Ultra-Digit Mark IV available from Fred V. Fowler Co., Inc., Newton, MA).
Using a paint roller, varying numbers of layers of a non-lead containing, gray-
tinted commercially available household semi-gloss alkyd paint was randomly
added to the various film sheets containing the different lead levels. Coupons
cut from the finished film sheets were labeled on an underside corner with a
unique identification number and heat sealed between polyethylene sheeting
for protection against potential inadvertent handling-related damage. Lead lev-
els in the test films were determined by laboratory analysis of multiple samples
collected from the films sheets immediately adjacent to each coupon. The esti-
mated uncertainty in the lead level of a given test film is about 5 % or less [4].
All the NLAAC test films look identical in both color and shape when presented
to a participant for testing. A total of 16 different test films are included in a set.
Six total sets have been produced. Only one set was used in this work.

Substrate Test Blocks —Test blocks are made from construction materials
commonly encountered in housing upon which paint film(s) may be overlaid to
simulate painted surfaces. The test blocks are labeled “wood,” “metal,”
“concrete,” “plaster,” “wallboard,” “brick,” and “cinder block,” as appropriate.

Test Stands —These are used to hold the test films in place on top of the
substrate test blocks. The test stands are constructed from 5 U.S. gal plastic
food container buckets. The buckets are filled with expanded polystyrene foam
blocks to eliminate potential background interference. The distance from the
bottom of a substrate test block to the bottom of the bucket is at least 10 in.

Data Collection and Reporting

Included with the loan of the test samples is proficiency testing program guid-
ance document. This guidance document contains instructions on recruiting,
test scheduling, handling of test samples materials, testing by XRF operators,
data collection, and submission of data to the permanent test sample custodian
for analysis and reporting. The “third party” data analysis step performed by
QuanTech is required because the identity of the test samples is blind to the par-
ticipating state lead program.

Data collection consisted of having the state lead program office schedule
XRF operators (state-licensed LBP Inspectors and Risk Assessors) to come to a
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specified location and conduct lead-content measurements on a total of 17 test
samples consisting of test films (16 NLAAC films plus NIST SRM 2573 at
1:0 mg=cm2) (National Institute of Standards and Technology) prearranged on
substrate test blocks placed in the test stands. The pairing of paint films and
substrate blocks for each test sample is defined in the program guidance docu-
ment. The pairings match those used in the baseline study [1] to allow for statis-
tical comparisons to this study. The XRF operators conducted testing for lead
in paint according to their company protocols and reported lead content in
units of milligrams of lead per square centimeter ðmg=cm2Þ for each test sam-
ple. The participating state lead program representative consolidated and then
transferred the collected data to QuanTech for analysis and reporting. Individ-
ual performance results were reported to each XRF instrument operator and
collectively to the participating state. All of these reports were formatted and
delivered in a manner to protect the operator performance, paint film identity,
and paint film lead content.

Data Analysis Using the Baseline Study

Data from the baseline study [1] was used as a benchmark for gauging the
performance of the individual XRF instruments evaluated by the participating
state lead program. As shown in Table 1, four principal types of XRFs were rep-
resented among the 94 inspectors involved in the baseline study: RMD, NITON,
Scitech, and PGT. Other instruments were represented by at most one or two
inspectors each.

Some of the inspectors shared instruments such that of the 94 inspectors,
only 71 distinct instruments were used as indicated in the last column of Table
1. A substantial database of measurements on each of 16 NLAAC films was gen-
erated in the baseline study for the four instruments most commonly used.
Thus, for these four types of instruments, it is possible to determine whether an

TABLE 1—XRF instruments tested during the baseline study.

Manufacturer/
Model

Total Number of
Separate Tests on NLAAC

Test Films

Total Number of
Unique XRF Instruments

Making Separate
Tests on NLAAC Test Films

RMDa 45 31

NITONb 23 19

Scitec/MAP4c 10 12

PGT/XK-3d 9 6

Other 7 3

a RMD (Radiation Monitoring Devices, Inc., 44 Hunt Street, Watertown, MA 02172).
b NITON (NITON, LLC, 900 Middlesex Turnpike, Building #8, Billerica, MA 0182).
c Scitec model MAP4 (EDAX Portable Products Division, 415 North Quay, Kennewick,
WA 99336).
d PGT model XK-3 (Princeton Gamma-Tech, Inc., 1026 Route 518, Rocky Hill, NJ 08553).
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individual instrument of the same type generates measurements consistent with
those of that type seen in the baseline study. A regression analysis methodology
was used to carry out this determination. In this pilot test, only NITON and
RMD XRF instruments were tested. Therefore, data analysis was limited to
these two instruments.

The baseline study database contains measurements from 19 distinct (dif-
ferent serial numbers) NITON and 31 distinct RMD instruments. In a number
of cases, the same instrument was used by more than one operator with up to a
maximum of five different operators using one particular RMD instrument. For
analysis purposes, all data from the same instrument were combined, resulting
in different sample sizes for the various instruments. Data on NLAAC films with
true lead levels in excess of 5 mg=cm2 were excluded from analyses of the
NITON instruments because such instruments do not read above 5 mg=cm2.

Test results on the two lowest lead level NLAAC films (having less than
0:07mg=cm2 of lead) for all of the NITON and RMD instruments in the baseline
study were not statistically different from zero. Therefore, a zero-intercept regres-
sion line fitting of the data points was used to relate response plots (XRF instru-
ment response to the accepted (true) lead levels in the tested NLAAC test films).
Analysis as to the acceptability of the pilot test instrument to achieve the

FIG. 1—Linear regression fits for NITON pilot instruments as compared to NITON

instruments used in the baseline study. Dashed lines represent two standard deviations

from the mean for the NITON instruments evaluated in the baseline study. Solid lines

represent the performance of the three NITON instruments evaluated in this study.
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performance shown in the baseline study was performed visually from plots of
the tested XRF against plots of that XRF type using data from the baseline study.

Linear regression fits of data from the baseline tested NITON instruments
had R2 values greater than 0.9. For the RMD instruments, R2 were greater than
0.8. The slope of the zero-intercept linear regression for the NITON in the base-
line study data ranged from 0.85 to 1.49 with a mean of 1.05 and a standard
deviation of 0.15. For the RMD, the range was 0.49 to 1.15 with a mean of 0.72
and a standard deviation of 0.14. For purposes of comparison to the pilot tested
instruments, a range of regression slopes was plotted equal to the mean plus
and minus two standard deviations. This creates two line plots bracketing
approximately 95 % of the baseline study population. This range of slopes for
use as the benchmark is 0.75 to 1.35 for the NITON, and 0.45–0.99 for the RMD.

Results

In this pilot, data were collected on five XRF instruments: Three manufactured
by NITON, and two by RMD. Fourteen measurements were available for each of
the three NITON instruments in the pilot. One RMD had 16 measurements and
the other, which was run twice through the sample set, had 32 measurements.

FIG. 2—Linear regression fits for RMD pilot instruments as compared to RMD instru-

ments used in the baseline study. Dashed lines represent two standard deviations from

the mean for the RMD instruments evaluated in the baseline study. Solid lines represent

the performance of the two RMD instruments evaluated in this study.
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Figure 1 shows the estimated regression lines for the three NITON instruments
compared to the range for the baseline study instruments. Figure 2 shows the
equivalent data for the two RMD instruments.

Conclusions

Figures 1 and 2 show that all XRF instruments tested in this pilot performed
within two standard deviations from the mean for like brands evaluated in the
baseline study. Therefore, the XRF instruments in the pilot have performed no
differently than those previously evaluated [1]. This implies that these instru-
ments should be capable of detecting the presence or absence of LBP as well as
those evaluated previously. Further, the proficiency testing program pilot tested
here was found to be suitable for use by organizations for assessing the per-
formance of XRF instrumentation used for LBP detection. The data presented
here can serve as a tool for setting acceptance limits for XRF instrument
performance.
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ABSTRACT: A fluorescence method for determination of beryllium and be-

ryllium oxide particles has been approved as a standard test method by

ASTM International and the National Institute for Occupational Safety and

Health. The procedure involves dissolution of samples in ammonium bifluor-

ide solution and adding a small aliquot of extract to a basic hydroxybenzoqui-

noline sulfonate fluorescent dye and measuring its fluorescence. This

method is specific to beryllium and is not affected by the presence of other

metals. However, the results from such a method may be compromised by or-

ganic fluorescent impurities which have optical characteristics similar to the

beryllium-bonded hydroxybenzoquinoline sulfonate. This study demonstrates

that such impurities can be effectively removed by activated charcoal without

compromising the sensitivity of the method or any other test attributes.

Introduction

Analysis of beryllium by fluorescence is a well established method [1–4] and has
been promulgated as a standard test procedure for determining beryllium in
particles collected on wipe samples, air filters and soil samples. These methods
are available as American Society of Testing Materials International (ASTM)
methods D7202 [5] and D7458 [6], and National Institute for Occupational
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Safety and Health (NIOSH) 7404 and 9102 [7]. Alternative methods used to
determine beryllium are graphite furnace atomic absorption spectrometry
(GFAAS), inductively coupled plasma atomic emission spectrometry (ICP-AES)
and inductively couple plasma mass spectrometry (ICP-MS) [8,9]. Compared to
the other methods, the fluorescence method is not sensitive to interference by
other metals present [10] and has beryllium detection limits comparable to the
most sensitive method using ICP-MS. However, no work has been reported on
the interference effects of organic fluorescence impurities in samples where be-
ryllium determination is carried out by fluorescence.

When the impurities have an emission and excitation spectrum overlapping
with the HBQS-Be spectrum, these will manifest as a positive bias in results as
increased beryllium concentration. In this study we investigated a method to
remove the fluorescent impurity by deliberately contaminating the sample with
succinimidyl ester (Marina Blue) [11], which strongly overlaps both with the ex-
citation and the emission spectrum of HBQS in the presence of beryllium. In
this work, the initial effort was placed on developing the method, where Marina
Blue contamination was successfully removed. The new method was then eval-
uated on two types of samples. The first evaluation was on soil and sediment
standard reference materials (SRMs) that were suspected of having organic flu-
orescent impurities. The second evaluation was on individually packaged wipes
which are used for beryllium surface sampling.

Methods

Materials

Three types of soils and sediments were evaluated, which were SRMs from the
National Institute of Standards and Technology (NIST, Gaithersburg, MD).
These were SRM 2702 (Waterway sediment), SRM 1944 (Marine sediment) and
SRM 2710 (Montana soil). Four types of wipes were compared: Palintest Dust
Wipes (available from Palintest USA, Erlanger, KY), Ghost wipes (from Envi-
ronmental Express, Mount Pleasant, SC), Lead Wipe (Lynx Products, Thoro-
fare, NJ); Whatman 541 and 0.8 lm pore size MCE (mixed cellulose ester) filters
(available from Fisher Scientific, Pittsburgh, PA). The first three were pre-
wetted and individually wrapped, while Whatman 541 and MCE filters came in
a dry pack in bundles of 100 wipes. Whatman 541 filters are used as wipes for
surface sampling and MCE filters are used in cassettes for air sampling. Marina
Blue (succinimidyl ester was obtained from Invitrogen (Carlsbad, CA). Two
varieties of activated charcoals, Darco G60 and acid washed with hydrochloric
acid were obtained from Sigma-Aldrich (Milwaukee, WI). For filtering solutions,
the syringe filters used were 0.2 lm hydrophilic polypropylene (GHP) filters
(obtained from VWR International).

For determination of beryllium by fluorescence the air or wipe samples
(e.g., using 37 mm MCE air filters or Whatman 541 wipes) were first subjected
to a dissolution process by placing them in 5ml of 1% ammonium bifluoride
(ABF) and heating to 80 to 90�C for at least 30 mins. Fluorescence measure-
ment solutions were then prepared in cuvettes by adding 0.1ml of the
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dissolution solution to 1.9ml of a detection solution (20x dilution) containing
1.1mM HBQS, 1mM ethylenediamine tetraacetic acid and 100mM L-Lysine
monochloride with the solution pH adjusted to 12.85. In this study, the fluores-
cence data for beryllium quantification was performed using a Turner BioSys-
tems Modulus fluorometer (Sunnyvale, CA) with a bandpass filter for
excitation and emission. The filter transmission characteristics for excitation
were 3656 10 nm and for emission 4806 5 nm, respectively. The fluorometer
was calibrated using beryllium standard solutions supplied by Berylliant Inc,
Tucson, AZ. The standards had beryllium concentrations of 0, 10, 40, 200 and
800 lg/L. When these standards are mixed with HBQS (20X dilution), the be-
ryllium concentrations were 0, 0.5, 2, 10 and 40 ppb in the measurement solu-
tion. These standards resulted in a linear calibration of the fluorometer with a
0.99999 correlation coefficient or better.

For experiments required to investigate spectral characteristics, a Shi-
madzu RF-5301 PC Spectrofluorophotometer (Columbia, MD) was employed.
For soils and sediments the procedure was as described in ASTM D7458,
where the dissolution of 0.5g of sample was conducted in 50ml of 3wt% ABF
solution for 40 hs at 90�C. These extracts were then analyzed using 20X dilu-
tion process as described above. In this study we considered several types of
wipes which have been traditionally used for beryllium sampling. Since some
of these are large in size we had to use 20ml of 1% ABF dissolution solution.
For detection, 0.4ml of this solution was mixed with 1.6ml of the HBQS dye
solution (5X dilution process [2]). This allowed us to compensate the sensitiv-
ity loss that was encountered by using larger amount of the dissolution solu-
tion (20ml versus 5ml).

Initial experiments were conducted to develop the method, where samples
spiked with Marina Blue were evaluated. The protocols for the amount of char-
coal required, the sequence of experimental steps and processing conditions
were established. The fluorescent dye, HBQS, was prepared in house [12].

Results and Discussion

The unique aspect of the fluorescence method to detect beryllium is the use of
the fluorescence dye (HBQS) which specifically binds to beryllium. The phenolic
group binds strongly to beryllium where the six member ring has the ideal dis-
tance between O–O or N–O for chelating Be [10]. The chemical structure of
HBQS is shown in Fig. 1.

Figure 2 shows the excitation spectra for the measurement solution with no
beryllium and with specific amounts of beryllium. This spectrum shows relative
intensity requirements at each wavelength for a equivalent amount of signal at
475nm. Figure 3 shows the fluorescence spectra for all of these samples at an
excitation wavelength of 365nm. The maximum fluorescence emission is seen
at 475nm for the dye bound to beryllium. A tightly bound hydrogen bonded pro-
ton leads to a weak triplet emission at 580 nm for the dye solution. When the
proton is displaced by a metal such as beryllium, fluorescence emission is
observed at 475 nm [10].
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FIG. 1—Structure of hydroxybenzoquinoline sulfonate (HBQS) fluorophore.

FIG. 2—Excitation scan, Intensity of radiation required to obtain equivalent fluores-

cence intensity of hydroxybenzoquinoline sulfonate (HBQS) dye at 475nm with differ-

ent concentrations of beryllium acetate standard.
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Samples Spiked with a Known Fluorophore

To model the effect of a fluorescence impurity, it was desirable to select a fluo-
rescence dye which had similar emission and excitation characteristics at 365
and 475nm as the HBQS dye. One such material is Marina Blue (succinimidyl
ester). The dye has a molecular weight of 367.26 g/mol and an excitation/emis-
sion wavelength of 365/460 nm. Its chemical structure is shown in Fig. 4.

Figure 5 shows the effect of adding Marina Blue to beryllium-containing
samples with HBQS dye. The figure shows the emission spectra for a 0.5 ppb be-
ryllium standard with and without Marina Blue and the spectra of Marina Blue
in the detection solution without any added beryllium. The addition of Marina
Blue causes an increase in the emission signal at 475nm and interferes posi-
tively with the signal due to HBQS chelating with beryllium, resulting in an
inflated value for the beryllium concentration. The raw fluorescence intensity
value at 475nm for the 0.5 ppb beryllium standard went from 70.4 to 130.7 with
the addition of Marina Blue.

Impurities in solutions can be removed chemically through the use of; for
example, oxidants/reductants, bleaches, selective precipitation or solvation [13].
However, for any of these methods a detailed understanding of the chemistry of
the unknown is required and, if these are not removed before the addition of
HBQS dye, then there is a possibility of interaction between the dye and these

FIG. 3—Emission spectra (fluorescence intensity) of hydroxybenzoquinoline sulfonate

(HBQS) dye with different concentrations of beryllium acetate standard. Excitation

wavelength was 365nm.
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strong reactants. Since contaminated samples would contain an unknown im-
purity in small quantities, absorptive methods were examined as a preferred
way to selectively remove the impurity, where these absorbents can also be
removed effectively after the treatment. The absorbant chosen was activated
carbon (or activated charcoal). The carbon is activated through treatment with
oxygen to open up a large surface area between porous carbon structures [14],
which gives it countless bonding sites to remove organic impurities. Activated
charcoal is good at trapping organic impurities as well as some halides (e.g.,
chlorides); however, it has little affinity for metals and metal ions [15].

Marina Blue was chosen for this study as the spiked fluorescence impurity
and different grades of activated charcoal as absorbents were tested. The Ma-
rina Blue was first dissolved in water and then added to 1wt% ABF until the

FIG. 5—Emission scan showing the increase in fluorescence with addition of marina

blue.

FIG. 4—Chemical structure of marina blue.
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fluorescence reading at 475nm was close to that of beryllium bound to HBQS in
our reference standards (�1.34 ppb). The two different grades of activated car-
bon used were Darco G60, a steam activated carbon and a hydrochloric acid
washed activated carbon.

Since activated carbon removes organic materials, it is important to add
this to the dissolution solution and then remove the activated charcoal before
the dye solution is added. In this way beryllium chelated to the HBQS dye is not
removed. In some of the initial experiments the dye solution was added to the
dissolution solution with activated carbon and the results were erratic. The pre-
ferred procedure, which is shown schematically in Fig. 6, prevents the removal
of HBQS by the charcoal and maintains test sensitivity. The shaded boxes repre-
sent new steps added to the existing procedures (NIOSH analytical methods
7704 and 9110 and ASTM methods D7202 and D7458).

Typically the dissolution process for wipes and air filters uses 1wt% ABF so-
lution processed for 30 mins at 80 to 90�C. After the dissolution process, the so-
lution was filtered through 0.2 lm hydrophilic polypropylene (GHP) filters. The
concentration range of activated carbon tested was between 0.5 to 10mg/ml in
ABF solution, with the most favorable concentration found to be 1mg/ml. To
test that the addition of activated carbon was not depleting or adding any beryl-
lium (in case beryllium was present as an impurity in the activated carbon), the
lowest concentration beryllium standard (0.5ppb) and one of the highest beryl-
lium standards (40 ppb) were taken. These were then tested with and without
the addition of activated carbon in 5ml of dissolution solution and subjected to
30 mins at 80�C. The results are shown in the first part of Table 1. These results
indicate that following the procedure in Fig. 6 there was no change in the beryl-
lium content of the standards.

The bottom section of Table 1 lists experimental results for samples spiked
with Marina Blue and then treated with activated carbon. Without the addition
of activated carbon, the samples erroneously gave a high value for beryllium,
whereas the activated carbon treatment completely eliminated the effect of Ma-
rina Blue, giving values for Be consistent with the standard value of 0.5 ppb.

The emission spectra for the data spiked with Marina Blue are shown in
Fig. 7 and also confirm that the enhanced fluorescence signal due to Marine

FIG. 6—Schematic of preferred procedure to remove organic impurities.
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Blue is completely removed after treating with activated carbon. To confirm
that the decrease in fluorescence signal is due to removal of Marina Blue and
not thermal decomposition at the processing temperature in the dissolution so-
lution, new samples were run where the fluorescence signal was read before
and after the heat treatment. These experiments produced the same fluores-
cence value of 1.34, indicating that no quenching or thermal degradation of the
Marina Blue dye was occurring.

1 wt% ABF solutions containing activated charcoal were tested for aging to
investigate whether their efficacy changed if this mixture was stored and used
over a period of time. Darco G-60 was dispersed at a concentration of 1mg/ml in
the above solution and tested. This solution was stored at room temperature
and periodically evaluated by taking an aliquot and adding Marina Blue spiked
0.5ppb Be standard solutions and analyzing them. After 105 days of storage, the
stock solutions showed no degradation in their activity.

Addition of Activated Carbon During Soil Analysis for Beryllium

Recently the fluorescence method was shown to be very effective in determining
beryllium content in soils [1,16] and has been approved as ASTM method
D7458 [6]. However, some soils can have a high content of organic matter
which can exhibit fluorescence and possibly interfere with the signal from
HBQS. Further, for soil analysis the fluorescent method uses 3wt% ABF heated
to 90�C for 40 hs as the dissolution medium [1]. Thus, it was important to

TABLE 1—Addition of activated charcoal and Marina Blue to Be standards in the dissolu-
tion solution containing HBQS. Results are average of two readings.

Part 1: Effect of Activated Carbon Only

Sample (Be Standard Treated with
Activated Charcoal at 1mg/ml in 1wt% ABF)

Actual [Be]
Reading ppba

Expected [Be]
Reading ppb

0.5ppb Be 0.50 0.50

0.5 ppb Be treated with Darco G-60 activated charcoal 0.52 0.50

0.5 ppb Be treated with activated charcoal washed
with HCl

0.48 0.50

40.0 ppb Be treated with Darco G-60 activated charcoal 39.89 40.0

40.0 ppb Be treated with activated charcoal
washed with HCl

40.12 40.0

Part 2: Effect of Activated Carbon on Samples Spiked with Marina Blue

Marina Blue 1.34 0.00

0.5 ppb BeþMarina Blue 1.76 0.50

0.5 ppb BeþMarina BlueþDARCO G-60 0.53 0.50

0.5 ppb BeþMarina BlueþCarbon washed with HCl 0.49 0.50

a Based on standard beryllium calibration curve. Excitation/Emission 365/475nm.
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establish if this dissolution protocol will be effective in removing organic con-
taminants from soils using activated carbon.

Under these dissolution conditions the addition of activated charcoal to Ma-
rina Blue spiked samples was tested and found to be as effective as in 1%ABF
solutions for 30 mins at 90�C. To test this, three NIST SRM soils were examined
by the ASTM D7458 method where activated charcoal was added in the dissolu-
tion process. The SRMmaterials examined are listed in Table 2 and were chosen
for their high organic carbon content (ascertained from the NIST certificate of
analysis) which may comprise fluorescent impurities.

The soils were treated in 3 wt% ABF at 90�C for 40 hs with and without the
addition of activated carbon and the results are listed in Table 2.

All the soil samples were largely unaffected by the addition of the activated
carbon and yielded beryllium values consistent with the reference values, indi-
cating they did not contain any appreciable interfering impurities and that the
addition of activated charcoal did not affect the beryllium analysis.

Activated Carbon Process to Eliminate Background Fluorescence in Surface
Sampling Wipes

Commonly used wipe materials were obtained and analyzed for beryllium back-
ground using fluorescence. Wipes were analyzed from different batches. The
wipes were Ghost, Lead, Palintest wipes and Whatman 541 filters. The data are

FIG. 7—Emission spectra beryllium standard spiked with marina blue and then treated

with DARCO G-60 activated carbon.
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reported on two different lots of Palintest wipes as there was a visible difference
between the two lots, Lot#110346 was yellowish in color and appeared as more
stiff and dense paper towel, while Lot 26 011 was had no yellowish color and
was softer and appeared to be a more porous structure. The analysis was done
by treating the wipes in 20ml of 1% ABF solution; the dissolution period was 60
mins at 85�C. The background fluorescence results on the wipes are shown in
Table 3. This table also shows the size of each of the wipes, along with their
moisture content. Other than the Whatman filters which are sold dry, the other
wipe materials are individually packed in a wetted state.

The results demonstrate that Lead Dust wipes and Palintest wipes show ele-
vated numbers for beryllium, particularly Lot#110346 for Palintest wipes. In
order to see if this was being caused by organic fluorescent impurities in the
wipes, these were analyzed by adding activated charcoal. In order to determine
the amount of activated charcoal necessary, initial experiments were done with
various levels of charcoal as shown in Table 4. These numbers were compared
with a blank test, which included no wipes.

The results show an interesting trend: when 30mg of activated charcoal
was used in 20ml of the dissolution solution, the beryllium numbers in the
wipes decreased (compare these with no activated charcoal in Table 3), which
showed that the elevated beryllium beryllium numbers in Table 3 were at least
partly related to the fluorescent impurities. In addition at charcoal loading of
100mg, the blanks started showing a beryllium number which increased at
200mg. In all the other results, the beryllium numbers decreased at 100mg but
increased at 200mg loading. Since activated charcoal is made by controlled
combustion of vegetable matter, it is likely that they have a traceamount of be-
ryllium contamination which is detected with increasing amount of activated

TABLE 2—Standard reference soils (SRM) and soil samples with activated carbon added.

Sample
[Be] BeFindera

Method (ppb)
[Be] Reference
Values (ppb)

SRM 2702 Marine Sediment without
activated carbon

2.5 3

SRM 2702 Marine Sediment with Darco G-60
activated carbon

2.5

SRM 1944 Waterway Sediment without
activated carbon

1.8 1.6

SRM 1944 Waterway Sediment with activated
carbon (HCl washed)

1.6

SRM 2702 Marine Sediment without activated carbon 2.8 3

SRM 2702 Marine Sediment with activated
carbon (HCl washed)

2.7

SRM 2710 Montana Soil without activated carbon 2.5 2.5

SRM 2710 Montana Soil with activated
carbon (HCl washed)

2.3

a Peak transmission for Excitation/Emission for the filters used were 365/475nm, respectively.
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charcoal. This suspicion was confirmed by ICP-AES experiments on activated
carbons, and the results are discussed below in Table 5. In addition, 30mg of
charcoal was not sufficient to remove all the fluorescent impurities across the
board.

A proprietary process was developed at Berylliant to wash the activated char-
coal before using it in the dissolution solution to remove the fluorescent impur-
ities. This washing process was developed to eliminate the problem of re-
contamination of wipes. In order to test the efficacy of the washing process, sam-
ples of washed and as received (untreated) Darco 60 charcoal were analyzed for
beryllium and iron. This analysis was done by treating these charcoals with 1%
and 3% ABF solution for 1 h and 40 hs respectively at 90�C. The liquid phase was
then analyzed by inductively coupled plasma-atomic emission spectroscopy (ICP-
AES) to investigate if beryllium and iron could be extracted. The results are
shown in Table 5. The limit of beryllium detection was < 0.0009lg/ml of solution.

TABLE 4—Effect of addition of activated charcoal in various amounts during dissolution.

Beryllium, lg After Treating with Darco 60 Activated Carbon (n¼ 4)

30 mg Std. Dev. 100 mg Std. Dev. 200 mg Std. Dev.

Blank (no wipe) �0.0028 0.0005 0.0040 0 0.0138 0.0005

Lead Dust Wipe 0.002 0 0.003 0 0.0128 0.0005

0 mg �0.006 0.013 0.007 0.059

Std. Dev. 0.001 0.001 0.000 0.001

Palintest Wipe,
Lot# 26011

0 0 0.0038 0.0005 0.0125 0.006

Palintest Wipe,
Lot#110346

0.030 0.0022 0.007 0 0.0130 0

TABLE 3—Beryllium analysis on various wipes by fluorescence and their characteristics.

Beryllium, lg (n¼4) Water Content, g (n¼4)
Size,

Average
Std.

Deviation Average
Std.

Deviation
cm� cm
(sq cm)

Blank (no wipe) �0.006 0.001

Ghost Wipe –0.002 0.001 3.54 0.01 15� 14 (208)

Lead Dust Wipe 0.013 0.001 1.84 0.05 20�13(250)

Palintest Wipe, Lot#
26011

0.007 0.000 1.80 0.04 18� 13 (226)

Palintest Wipe,
Lot#110346

0.059 0.001 1.98 0.01 18� 13 (226)

Whatman Filtera 541 –0.004 0.001 0 4.7dia (17)

a This analysis reports the values on four Whatman filters that were analyzed together.

AGRAWAL ETAL., doi:10.1520/JAI103411 137

 



TABLE 5—Measurement of extracted beryllium and iron using ammonium bifluoride aque-
ous solution (1 and 3% by wt/volume) from untreated and washed Darco 60.

Analysis Extracted

Sample % ABF

Extraction
Time (hr)
at 90�C

Carbon
(g)

ABF
solution
vol (ml) Be lg/ml Fe lg/ml Be lg/g Fe lg/g

Washed #1 3 40 0.192 10 < 0.0009 0.888 <0.045 46.3

Washed #2 3 40 0.19 10 < 0.0009 1.068 <0.045 56.2

51.2a

Untreated #5 3 40 0.203 10 0.0016 11.665 0.079 574.6

Untreated #6 3 40 0.207 10 0.0016 11.785 0.077 569.3

0.078a 572.0a

Washed #3 1 1 0.203 10

Washed #4 1 1 0.195 10 < 0.0009 0.463 <0.045 23.7

Untreated #8 1 1 0.209 10 0.0012 11.25 0.057 538.4

Untreated #9 1 1 0.195 10 0.001 10.16 0.051 520.9

0.054a 529.6a

aAverage of the above two values.

TABLE 6—Effect of addition of washed activated charcoal Darco 60 at 200mg/20ml of dis-
solution solution.

Beryllium, lg (n¼4)

Results not Corrected
for Water in Wipes

Results not Corrected
for Water in Wipes

Results Corrected
for Water in Wipes

No
Added

Beryllium
Std.
Dev.

0.2 lg of
Added

Beryllium
Std.
Dev.

0.2 lg of
Added

Beryllium
Std.
Dev.

Blank (no wipe) �0.0033 0.001 0.207a 0.0014 … …

Ghost Wipe �0.001 0 Not done

Lead Dust Wipe �0.0035 0.0006 0.175a 0.0014 0.191a 0.0015

Palintest Wipe,
Lot# 26011

�0.0035 0.0006 0.192a 0.0007 0.209a 0.0008

Palintest Wipe,
Lot#110346

�0.0025 0.001 0.17 0 0.187 0

Whatman 541 �0.004 0 Not done

aData on these samples are taken from two experiments (n¼2).
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The results show that the washing process was effective in removing beryllium
and iron, where the iron concentration was reduced by a factor of ten.

Table 6 shows the results for the various wipes when, during dissolution
process, 200mg of washed activated charcoal was added. The results are shown
in three sets of columns, all using 200mg of washed charcoal in 20ml of dissolu-
tion solution. The first set of columns presents the data on wipes treated with
washed charcoal, the second set of columns shows results when 0.2 lg of beryl-
lium was added in the dissolution solution for each wipe, and the last set of col-
umns is the same result as in the previous columns but corrected for the water
content in the wipes.

The data in Table 6 show that using 200mg of washed activated charcoal in
20ml of dissolution solution was effective in removing the background fluores-
cence from all of these wipes, and did not interfere with the determination of
beryllium present in the samples.

Conclusions

Recently standardized test methods have been developed to measure beryllium
content by fluorescence. This investigation shows that in case where the samples
are contaminated with organic fluorescent impurities that interfere with this
measurement, one can effectively remove these impurities by using a simple pro-
cedure employing activated carbon black. Activated carbon was added to the dis-
solution solution that is used to dissolve beryllium particles from the media prior
to fluorescence analysis. After the dissolution process, the activated carbon was
removed and the beryllium specific fluorescent dye was added. Two types of acti-
vated carbon were tested and both were found to be highly effective in removing
the organic impurity without compromising the beryllium measurement. This
method was effective for all protocols used for wipes, filters and soils.

Washed activated carbon was not used during the dissolution process when
the soils and Marina blue were analyzed; however, the levels of activated carbon
required to remove fluorescence was low in those samples (1mg/ml of dissolution
solution). Apparent beryllium contamination by activated carbon was only
observed when higher level of activated carbon had to be used to douse all of the
fluorescent impurities in the wipes, particularly Lot#110346 of Palintest wipes.
The source contamination of trace beryllium in activated carbon was removable
by washing. Since it is difficult to predict the contamination level of interfering
fluorescent organic impurities, it is recommended that 10mg/ml of washed active
carbon be used for all analyses where such impurities are suspected.
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ABSTRACT: Analysis for beryllium by fluorescence is now an established

method which is used in many government run laboratories and commercial facili-

ties. This study investigates the use of this technique using commercially available

wet wipes. The fluorescence method is widely documented [1,2] and has been

approved as a standard test method by the ASTM International and the National

Institute for Occupational Safety and Health. The procedure involves dissolution

of samples in an aqueous ammonium bifluoride solution and then adding a small

aliquot to a basic hydroxybenzoquinoline sulfonate fluorescent dye, (Berylliant
TM

,

Inc., Detection Solution Part #CH-2) and measuring the fluorescence. This

method is specific to beryllium. This work will explore the use of three different

commercial wipes spiked with beryllium as beryllium acetate or as beryllium oxide

and subsequent analysis by optical fluorescence. The effect of possible interfering

metals such as Fe, Ti, and Pu in the wipe medium is also examined.

Introduction

Sampling for beryllium is expected to increase both in the Department of
Energy and Commercial Industry, as the health risk associated with berryllium
exposure is more widely understood. In order to deal with this expected increase
in samples, more efficient and less labor intensive methods were investigated.
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Current beryllium analysis by hydrofluoric acid (HF) or sulfuric acid (H2SO4)
digestion [3] and the removal of spectral interferences by ion exchange [4]
before measurement by sequential Inductively Coupled Plasma-Atomic Emis-
sion Spectrometer (ICP-ES) is very labor intensive, resulting in long turnaround
times. One method that meets the requirements of low cost and fast turnaround
is optical fluorescence [5], which has been recently established as a standard
test procedure for determining beryllium in particles collected on wipe samples,
air filters, and soil samples. These methods are available as ASTM D7202 [6]
and ASTM D7458–08 [7] and NIOSH 7404 and 7102 [8]. Alternative methods
used to analyze beryllium are graphite furnace atomic absorption spectrometry
(GFAAS), inductively coupled plasma atomic emission spectrometry, and induc-
tively couple plasma mass spectrometry (ICP-MS) [9,10]. Compared to the other
methods, the fluorescence method is not sensitive to interference by other met-
als present [4,11] and has beryllium detection limits comparable to the most
sensitive method using ICP-MS. Duffay and Archuleta [12] reported work on
the collection efficiency of some of the wet and dry commercial wipes for analy-
sis of beryllium. However, no work has been reported on the use of commercial
individually packaged wet wipes as a host media for beryllium and their analy-
sis by optical fluorescence; further, there is no established consensus standard
specification for wet wipes that can be used for beryllium surface sampling.
Commercially available wipes are not required to adhere to a standard that
ensures their suitability for beryllium measurement. Hence, there is no require-
ment for any commercial provider that the wipes used for beryllium sampling
will not vary in material, preservative, or even background beryllium concentra-
tion, and this is a concern for any analytical method used for beryllium mea-
surement. Issues related to commercial wet wipes are variability in their
composition, size, amount of wetting agent, and addition of additives such as
surfactants and anti microbial agents and variations between lots. Specifically,
when optical fluorescence is used as the analytical method, there is a possibility
that in addition to any background from beryllium (if present), other constitu-
ents from the wipe may react or dissolve to give products which have an emis-
sion and excitation spectrum overlapping with the fluorescent spectrum of the
dye associated with beryllium; this will manifest as a positive bias resulting in
an increased beryllium concentration. In this study, three commercial wipes
were investigated: Palintest

TM

, Ghostwipe
TM

, and Methyl Cellulose Ester (MCE)
filters. The effect of these wipes on beryllium analysis was investigated by com-
bining the commercial wipe with a beryllium oxide spiked MCE filter or by
directly spiking the wipe with beryllium acetate and analyzing by optical fluo-
rescence. Also added to the wipe during the ABF dissolution process where
known quantities of metals such as Fe, Ti, and Pu to investigated whether these
interactions will cause a systematic error.

Methods

Three types of wipe media were used in this study and their details are listed in
Table 1. The Ghostwipes

TM

and the Palintest
TM

wipes were spiked with beryllium
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acetate and the MCE filters with high fired BeO oxide (Standard reference Mate-
rial 1877 from National Institute of Standards and Technology). To test the
effect of interfering metals on the analysis, Fe (chloride), Ti (dioxide), and Pu
were added to the mixture in concentrations of 10 mg, 2 mg, and 5� 106 disinte-
gations per minute (dpm). Two different Lot numbers of the Ghostwipes were
tested to check for any variations between batches.

For determination of beryllium by fluorescence, the wipe samples were sub-
jected to a dissolution process by placing them in 20 mL of 1% ammonium
bifluoride (ABF) and heating to 90�C for 60 min. Because of the large size of the
wipes, 20 mL of ABF was chosen to get complete emersion of the wipe so that
beryllium could be effectively extracted in the dissolution solution. The liquid
after extraction was then analyzed using 5� dilution process [1] where 0.4 mL
of the dissolution solution was added to 1.6 mL of a detection solution contain-
ing 1:1mM HBQS (hydroxybenzoquinoline sulfonate), 1mM ethylenediamine
tetraacetic acid, and 100mM L-Lysine monochloride with the solution pH
adjusted to 12.85 (Berylliant, Inc., Tuscon, AZ). The fluorescence measurements
for beryllium quantification was performed using a Turner BioSystems Modu-
lus fluorometer (Sunnyvale, CA) with a bandpass filter for excitation and emis-
sion. The filter transmission characteristics for excitation were 365610nm and
480� 5nm, for excitation and emission. The fluorometer was calibrated using
solutions of 0.1 ppb to 16 ppb of beryllium.

Results and Discussion

The unique aspect of the fluorescence method to detect beryllium is the use of
the fluorescence dye (HBQS), which specifically binds to beryllium. The pheno-
lic group binds strongly to beryllium where the six member ring has the ideal
distance between O–O or N–O for chelating Be [11]. A tightly bound hydrogen
bonded proton leads to a weak triplet emission at 580 nm for the dye solution.
When the proton is displaced by a metal such as beryllium, peak fluorescence
emission is observed between 475 to 480 nm [10].

Because of the large size of the commercial wipes, higher volumes of 1 wt%
ABF were required (20 mL as opposed to 5 mL) to completely submerge the
wipe during the dissolution process. This results in a higher dilution and
requires a reevaluation of the detection limits of the method. To test the viability
of the commercial wipes for use with the fluorescence method, their back-
ground fluorescence signal was first established. This was done for the Palin-
test

TM

and Ghostwipes
TM

spiked with beryllium acetate and MCE filters spiked
with beryllium oxide. These data are shown in Table 2. The blank Palintest

TM

wipe has a significant background fluorescence signal higher than 0:02 lg
whereas the Ghostwipe

TM

and MCE filter have background fluorescence signals
within the method detection limits. The additive factor of this background sig-
nal is seen when the Palintest

TM

wipe is spiked with 0:04 lg of beryllium, as be-
ryllium acetate. The recoveries for Palintest

TM

are all well above 100%. The
Ghostwipes

TM

and MCE filters, on the other hand, have recovery values on aver-
age in range 93–103%. Because of the high background fluorescence of the
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Palintest
TM

wipes, they were deemed unsuitable for use with optical fluores-
cence. Previous lots of Palintest wipes did not demonstrate this problem [2].

To establish the reproducibility of the low background fluorescence of the
wet Ghostwipes

TM

, two different Lots were tested as shown in Table 3, which
shows no significant variation between the two Lots.

The reporting limit for MCE filters spiked with 0:08 lg of Be (as BeO) was
determined by optical fluorescence, as shown in Table 4. The limit of detection
(LOD) was calculated using standard statistical “t” test at 99% confidence lim-
its. The lower limit of quantification (LOQ) was obtained by multiplying LOD
by 5 and then averaging the three values. The LOQ for beryllium on MCE Filter
was, on average, 0:003 lg.

The method reporting limit for Ghostwipes
TM

is shown in Table 5 based on
three wipe samples spiked with 0:10 lg of beryllium, as beryllium acetate.

TABLE 3—Ghostwipe
TM

lot comparison for background fluorescence.

Sample Ave, ppb Std Dev, ppb Ave, lg Std Dev, lg

Lot number Aug. 4 0.02000 0.00000 0.00800 0.00000

Lot number Oct. 29 0.02037 0.00111 0.00815 0.00044

Average 0.02022 0.00067 0.00809 0.00027

Aug. 4 data based on six samples, and three aliquots were measured.

Oct. 29 data was based on nine samples, and three aliquots were measured.

TABLE 2—Background and Be spiked fluorescence data for commercial wipes.

Palintest
TM

Wipe
(% recovery)

Ghostwipe
TM

(% recovery)

High-Purity
TM

MCE Filter
(% recovery)

Blank: 0 lg Bea 0:06 l g < 0:005lg < 0:005lg

0:03 lg < 0:005lg < 0:005lg

0:04 lg < 0:005lg

< 0:005lg

Spiked with Be acetate,
0:04lg Be

0:061lg (153 %) 0:04 lg (100 %)

0:057lg (139 %) 0:041lg (103 %)

0:064lg (160 %) 0:04 lg (100 %)

0:049lg (120 %) 0:037lg (93 %)

0:063lg (154 %) 0:038lg (93 %)

Spiked with Be Oxide,
0:004lg Be

0:0038 lg (93 %)

0:0038 lg (93 %)

0:0038 lg (93 %)

0:004lg (100 %)

0:004lg (100 %)

aFilters were spiked with a concentration of beryllium that is less than the established
method reporting limit. The quantification limit for MCE wipes was found to be 0:005 lg.
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Based on the three sets of experiments, the average LOQ for the Ghostwi-
pes

TM

was 0:013 lg. In many beryllium contaminated environments, the beryl-
lium present is in the oxide form. To determine the recoveries of BeO in the
presence of Ghostwipes

TM

, BeO spiked MCE filters were inserted in the dissolu-
tion tube along with blank Ghostwipe

TM

and 20 mL of ABF was added for dis-
solution at 90�C for one h. Although NIOSH methods 7704 and 9110
recommend a 30 min heating step, other studies [13] have shown that heating
for one hour can give a better beryllium recovery (up to 20% improvement for
BeO containing samples). The resulting solution was then analyzed as previ-
ously described. The recovery data for beryllium under such conditions are
shown in Table 6.

At the low BeO concentration of 0:01 lg, the background from both the
Ghostwipe

TM

and MCE filter are adding to the fluorescence signal, resulting in
recovery values higher than 100%. As the value of the BeO increases above the
established method reporting limit of 0:02 lg, the effect of the background sig-
nal is diminished and the recovery values are in the low to high 90% range.

Since many of the wipe samples will be taken in areas where other metals are
present and even in some cases in the presence of radioactive materials, interfer-
ence can be an issue. The metals, Fe and Ti, can cause yellow colored solutions,
which can interfere with Be analysis results by producing a negative bias either via
excessive absorption of the excitation beam or absorption of the emission signal by
the solution. These metals were chosen as additional spike materials for the Ghost-
wipes

TM

in combination with the BeO spiked MCE filters. Also chosen was a low
dosage of Pu. The recovery data for the interference testing are shown in Table 7.

The Ti and Pu additives show no interference effects and give recovery val-
ues in line with those shown on Table 6 where the additive materials were not
present. The 10 mg Fe additive appears to affect the recovery in some instances.
This stresses the importance of measuring spiked samples routinely with sam-
ples (in a similar way, ICP-ES requires interference correction for high iron lev-
els). Even in the example shown, the average recovery was 98.7% with a
standard deviation of 16.9%.

TABLE 6—Recovery of Ghostwipes
TM

combined with High-Purity
TM

MCE BeO standards.

Concentration Expected Value, lg Result, ppb Result, lg % Recovery

BeO 0.01a 0.01 0.14 0.014 140.0

BeO 0.01a 0.01 0.11 0.011 110.0

BeO 0.2 0.2 2.01 0.201 100.5

BeO 0.2 0.2 1.92 0.192 96.0

BeO 0.5 0.5 4.88 0.488 97.6

BeO 0.5 0.5 4.51 0.451 90.2

BeO 1.0 1 9.19 0.919 91.9

BeO 1.0 1 8.97 0.897 89.7

aConcentration below established method reporting limit.
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Conclusions

Based on the information provided in this article, it is concluded that
some commercially available wet wipes would be suitable for beryllium
wipe measurement by fluorescence. Because there is no current standard
that commercially available wet wipes must adhere to for beryllium mea-
surement, wipes used would require lot testing to provide documentation
of suitability.
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TABLE 7—Interference testing, Fe/Ti/Pu in Ghostwipes
TM

.

Interference
Conc.

Interference
Conc.
Be, ppb

Be Result,
ppb Recovery

Mean
(Standard Deviation)

Fe 10 mg 0.2 0.2 100 —

10 mg 0.2 0.16 75 —

10 mg 2 1.74 87 —

10 mg 2 1.76 88 —

10 mg 0.2 0.21 105 —

10 mg 0.2 0.2 100 —

10 mg 0.2 0.27 135 —

10 mg 0.2 0.23 115 —

10 mg 2 1.84 92 —

10 mg 2 1.8 90 99 (17)

Ti 2 mg 0.2 0.21 105 —

2mg 0.2 0.22 110 —

2mg 2 1.72 86 —

2mg 2 1.69 85 97 (13)

Pu �5� 106 dpmb 0.2 0.21 105 —

�5� 106 dpmb 0.2 0.2 100 —

�5� 106 dpmb 2 1.85 93 99 (6)

HP-CRMDa n/a 0.1 0.104 104 —

HP-CRME n/a 0.2 0.201 101 —

Blank n/a 0 0.04 n/a —

Blank n/a 0.01 0.04 n/a —

Blank n/a 0.01 0.02 n/a —

aCRMD and CRME are spiked filters prepared by High-Purity with beryllium acetate in
known concentrations indicated.
bApproximately 5� 106 disintegrations per minute of alpha activity, contributed to
plutonium.
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The Feasibility of Studying the Health
Implications of Surface Beryllium
Contamination: A Review of Eight Industries

ABSTRACT: It has been suggested that beryllium can enter through either

intact skin or breaks in the skin to initiate sensitization. Therefore, it is essen-

tial that all possible pathways of exposure be considered when assessing a

work site for potential exposure to beryllium. A meta-analysis was done on the

data from eight different industries that use beryllium or beryllium alloys, which

were surveyed by Occupational Safety and Health Administration contractors,

with reports being issued. During those visits, measurements were made to

characterize worker exposure to skin and surface contamination levels of be-

ryllium. Surface contamination evaluation followed the well-established proto-

col for lead surface contamination measurements using NIOSH Method 9100

and hand contamination using NIOSH Method 9102. It was found that both

the arithmetic and geometric means of the surface samples were significantly

higher in work areas as compared to administrative areas. Skin samples were

also higher for individuals in production areas than for those in non-production

areas. If skin contamination is a route of sensitization, these results would

mean that past studies of beryllium exposure and subsequent disease might

have been confounded by the lack of skin exposure data.

KEYWORDS: beryllium, skin contamination, industrial processes

Introduction

The measurement of one’s exposure to total airborne beryllium dust alone
might not be the best predictor of chronic beryllium disease (CBD) [1]. The par-
ticle size, surface area, number of particles, solubility, and chemical form of
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beryllium involved might all be relevant to the development of disease. It has
also been suggested that beryllium can enter through either intact skin or
breaks in the skin to initiate sensitization [2]. Recent studies have shown that
particles less than 1 lm in diameter can penetrate intact skin that has been
flexed [3]. Past epidemiology studies have not addressed this issue. Therefore,
the case should be made that future studies should consider all possible path-
ways of exposure when assessing a work site for potential exposure to beryl-
lium. One question that can be addressed now, which is pertinent to this issue,
is whether, in a previous sample of industries using beryllium, the surface con-
tamination level is sufficient to result in measurable skin exposure.

Background

Eight sites using beryllium or beryllium alloys were visited by Occupational
Safety and Health Administration (OSHA) contractors who provided informa-
tion on beryllium exposure and its control [4]. As part of the evaluation, both
skin and surface sampling were done in each of the facilities. In summary, there
were three machining plants, a metals recovery plant, a dental laboratory, two
smelters, and a ceramics facility. A brief description of each operation follows.

Plant 1: Aluminum Beryllium Metal Machining Plant

The company was located in a 5000 ft2 manufacturing facility and specialized in
machining high tolerance aluminum, beryllium, aluminum-beryllium alloy, and
other metals. The company operated three eight-hour shifts per day, five to six
days per week. The facility had 11 full-time employees. Eighty percent of the
machining was performed on aluminum, 19.9% on aluminum beryllium, and
0.1% on beryllium metal.

Plant 2: Beryllium Recovery Plant

This recycling facility is recognized for its metals recovery capability in the
automotive, electronic, jewelry, and metal coating and fabrication industries.
Copper beryllium’s unique properties make it a material of choice for certain
specialized electronics applications. Due to their high strength, high conductiv-
ity, and resistance to elevated temperatures, electronic component manufac-
turers make extensive use of copper beryllium alloys in connectors for
automotive, computer, telecommunications, and information transmission
equipment. Copper beryllium alloys are often present in the input products
and specialized electronics systems that are introduced into metal recovery
operations at this facility.

The company was located on a 160-year-old site that originally operated as
a sawmill and textile mill in 1841. The site, approximately 48 acres with a total
size including all buildings of approximately 110 000 ft2, has operated as a pre-
cious metals recycling facility since 1973. The company specializes in the busi-
ness of buying and processing materials that contain precious metals (gold,
silver, platinum, palladium, ruthenium, rhodium, and iridium) and selling the
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metals recovered from these materials. Secondary materials containing pre-
cious metals are received from a variety of industries and are assayed and pre-
pared for shipment to an appropriate off-site smelter. The facility process
capabilities are characterized as follows: material receipt and handling, me-
chanical preparation, granulation/shredding, thermal reduction, ball milling,
screening, blending, melting, drying/grinding, and electrowinning.

The company operated primarily with one eight-hour shift per day, five
days per week, 50 weeks per year. The company employs approximately 110 per-
sonnel, of which 75 are employed at the location visited, with an estimated 18
full-time workers reportedly having a potential for beryllium exposure. The fa-
cility processes approximately 15 000 000 pounds of electronics scrap per year
and was reportedly at 50% of capacity at the time of the visit.

Plant 3: Beryllium Ceramics Plant

The company was originally founded in 1956 as a beryllium oxide manufac-
turer. The company was a pioneer in the research and development of high pu-
rity oxide ceramics. In the early 1960s it developed the technology to press,
extrude, and fire BeO in both standard and custom shapes to suit a wide variety
of applications. In the late 1960s and early 1970s, precision ceramic grinding
machinery was installed, along with the technology and equipment needed for
drilling, metallizing, lapping, polishing, and dicing operations. During the pe-
riod of peak production, the company operated with a schedule involing three
eight-hour shifts and employed over 500 workers.

Plant 4: Beryllium and Aluminum Beryllium Metal Alloy Machining and
Fabrication Plant

The company was located in a 100 000 ft2 manufacturing facility and specialized
in high tolerance beryllium metal and aluminum beryllium machining. The
company operated two eight-hour shifts per day, five to six days per week. The
facility had 214 employees, of whom 110 worked in the production area of the
machine shop, with 71 on the day shift and 39 on the evening shift. Approxi-
mately half of the production area workers machined beryllium at least part of
the time. However, the office workers also, on occasion, visited the beryllium
work area. Because all employees had access to the production area, all employ-
ees were considered as beryllium exposed.

The company had over a dozen lathes and two dozen computer controlled
mills, all of which could be used to process beryllium-aluminum alloy, beryllium,
or aluminum. Some of the milling machines were enclosed, but all had ventila-
tion supplied. Lapping, grinding, deburring, plating, heat treating, and manual
milling were also performed as needed, along with a submerged electrical wire
discharge cutting process called electric discharge machining. The pieces worked
on ranged in size from a centimeter to several meters in length. The components
produced were largely for defense and aerospace applications. Multiple pieces
might be produced hourly, but some pieces require months or even years for
completion, depending on their complexity and size. There is no standard
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production flow, with work going from one machine to another. Some pieces
could be produced using a single machine, whereas others might require several
processing steps on multiple machines. In addition to the machining, there was
an optics department that specialized in making high tolerance mirrors, primar-
ily with nickel, but on a beryllium substrate, although beryllium parts were also
lapped there. There was a gas bearings department that also used beryllium.

Plant 5: Dental Laboratory

The laboratory was located in a 300 ft2 suite in the basement of a 35-year-old
building in a health sciences school. The lab operated one eight-hour shift per
day, five days per week. The facility had one employee on the day shift.

There were three rooms joined together in this laboratory. The primary
work location was the grinding lab. A bench with a spinning wheel was located
there for the technician to operate. Most of the technician’s time was spent in
this room. Next to this room was the casting room where the metal was melted
and the casting was done. This room could be accessed only through the com-
mon lab area, in which no beryllium work was done. Several other technicians
worked in this common room from time to time. There was no physical separa-
tion between the rooms, and they shared the same ventilation system.

Plant 6: Copper Beryllium Alloy Stamping Plant

The company was located in an approximately 20 000 ft2 manufacturing facility
and specialized in the precision stamping, forming, and plating of copper beryl-
lium parts. The company operated one nine-hour shift per day, four and a half
days per week. The facility had 22 employees. Copper beryllium was not used
during every shift for any of the machines, and might be used for only part of
any given shift.

Materials were generally received as plates or strips of beryllium copper.
The alloys used were numbers 25, 10, 17410, and 7717. Material was stored on-
site until required. The operators retrieved the raw material from storage and
loaded the machines with the appropriate dimensions and material specifica-
tions. “Stamping” is a term used to refer to various press forming operations
including coining, embossing, blanking, and pressing. The operations most
commonly done were blanking, piercing, forming, and drawing. These opera-
tions were done with dedicated tooling, also known as hard tooling. Hard tool-
ing is used to make high volume parts of one configuration. In the production
process, a die is selected depending on the pattern required, and the material
can be placed into either the stamping machine or the forming machine, or
sometimes into both machines. The stamping machine is used to cut out pat-
terns, much as a cookie cutter would. The forming machine is used to put bends
and depressions into stamped parts. Workers sat at the machines, manually
controlling the process and handling parts as they were produced. Manufac-
tured parts coming from the machines were then placed into containers. These
parts could be heat-treated, cleaned, dried, and plated. The assembly of parts
could be done if required, and quality control was performed. Finished parts
were then packaged and shipped to the customer.
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Plant 7: Copper Beryllium Casting Plant

The company’s core expertise was melting and casting beryllium copper and
other beryllium containing alloys; over 1� 106 pounds were melted and casted
annually. Inert gas cover and degassing technology were utilized for melting
and casting operations. Automatic furnace controls and ingot mould conveyers
produced standard five-pound and two-pound ingot configurations. All beryl-
lium alloys were manufactured utilizing either pure metallic beryllium or certi-
fied beryllium copper master alloy. No recovered, recycled, or purchased scrap
was utilized in the standard production processes.

The company produced BeCu, BeNi, and BeAl casting and master alloy in-
got; BeCu semi-continuous as-cast 21 in. diameter input billets; BeCu forged
and turned precision input billets; BeCu forged rod and plate products; and
BeCu large diameter hollows and custom forged products. The fractional con-
tent of beryllium in the products varied from 0.35% to 10.5% in the master
alloy.

Administrative work was done on the day shift. Casting was done during
the night shift, with only one casting done on an average night. Three people
worked the night shift. Copper ingots and copper beryllium master alloy ingots
were loaded into the pot before melting began. The ingots were mostly unloaded
by hand into the pot from crates hoisted into place above the melting pot by the
forklift. All three workers were involved in removing the approximately 12 in.
long ingots from the crates and filling up the furnace.

Once the furnace was loaded, heat was applied and the melt began. Dross
floats to the surface during the melt and needs to be skimmed off. Also, the melt
needs to be sparged in order to ensure complete mixing (sparging involves the
introduction of gas into the furnace to stir the melt). The majority of the shift,
however, was spent waiting for the melting to be completed.

When the melt was complete, the pour began. The furnace was tilted, in-
place, to pour the molten metal into moulds. The type of mould selected
depended on the customers’ specifications and could change from pour to pour.
A number of moulds were available, as noted above in the list of products. The
cast materials were allowed to cool and were then placed into containers for
shipment, by either hand or forklift. Larger moulds could be trimmed using a
band saw before being shipped. The band saw could have a lubricant stream
that was used during cutting.

Plant 8: Non-ferrous Forging and Machining Plant

The company was a manufacturer and distributor of forged copper, including
beryllium copper, chrome copper, and aluminum bronze in plates, blocks, bars,
or rings, and other copper alloy forgings for plastic mould tooling, resistance
welding applications, metal melting liners, end caps, and bearing components.
Metal conversion services were also provided to customers who supplied their
own metal materials. Services included the recommendation of alloys, proper-
ties, and designs for tooling applications; concurrent design; fabrication; heat
treating to meet various temper and grain size requirements; near net shape
processing; rough or finish machining; testing; and technical certifications.
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The company had over 50 000 ft2 of manufacturing space, and the operating
schedule involved a single ten-hour shift, four days per week, with a total of 40
workers employed. There were 25 employees in the production shop, with 5 hav-
ing direct involvement with CuBe alloys.

Methods

Surface Samples

Surface contamination evaluation followed the well-established protocol for
lead surface contamination measurements, as did skin sampling. The exact sur-
face locations were randomly selected to reflect all types of areas with which a
worker might come in contact. These survey data were meant to answer the
question of what the range of concentrations might be, rather than what specific
processes and operations contributed to each sample. Surface sampling was
done by marking off a 100 cm2 area, using a plastic template with a square hole
10 cm on each side that was placed on the surface, with the corners marked
with a moistened towelette. The template was then removed and the perimeter
lined out with the same moistened towelette. The inside of the square was then
wiped according to NIOSH Method 9100 [5], and the towelette was placed in a
screw-top glass vial for analysis. The template was cleaned before reuse. Work-
ers’ gloves were also wiped, but at a separate time from the hand wiping so as
not to disrupt the ordinary wear of the glove immediately before skin sampling.

Hand Wipe Samples

Hand wipe samples taken according to NIOSH Method 9102 [5] were obtained
by asking study participants to wipe their hands before the end of their shift or
during the shift, at least two hours after their last hand washing. They were
instructed to lift a fresh wet wipe from an open container and to thoroughly
wipe both hands (including the front and the back, up to the wrists, and each
finger), removing as much visible dirt as possible. The wipe was then placed in a
labeled screw-top glass vial. The hand wiping exercise was supervised and timed
for 30 s by the investigators in order to ensure consistency from subject to sub-
ject. A pen tracing on graph paper with a millimeter scale as far as the wrist,
where the wiping stopped, was taken of the subject’s right hand in order to esti-
mate the total surface area of the participants’ hands. The number of 1 mm
blocks on the graph paper within the tracing was counted and multiplied by
four to give the total surface area of both hands. The concentration of beryllium
on the workers’ hands is reported in micrograms of beryllium per 100 cm2 of
estimated hand surface area.

Laboratory Analysis

OSHA’s Salt Lake City Laboratory performed the laboratory analysis. Gravimet-
ric results were reported to the nearest microgram. The beryllium mass was
determined for surface wipes and hand wipes using NIOSH Method 7102 [5],
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graphite furnace atomic absorption spectrophotometry. Field blanks made up
10% of the samples analyzed, and another 5% were media blanks.

Results

It appears from Fig. 1 that hand contamination follows a general trend with sur-
face contamination in each plant, although not with quite the same proportion in
each plant. With an approximately 300 cm2 area on each worker’s hand, there
could be as much as 100 lg of beryllium, on average, on each of the hands of the
workers in Plant 4. This figure would seem to indicate that surface contamination
might generally be an indicator of the risk of dermal exposure but only a rough
approximation of dermal exposure, and that direct measures of dermal exposure
might be necessary for epidemiologic studies. Table 1 demonstrates that the sur-
face contamination is usually higher in production areas than in non-production
areas, which should not be surprising. The difference between many of the plants
is by orders of magnitude. The geometric mean was found by taking the average
of the log of the concentration values, averaging the log values, and then taking
the antilog of that mean. The geometric mean tends to lessen the effect of a small
number of extreme values. In Table 2 the large difference between the geometric
and arithmetic means for the surface samples indicates that a broad range of
contaminated surfaces were seen in each of the plants.

Discussion

In plant 1 there were five major machining centers, which together contained
four computer numerically controlled milling machines and one lathe, all of
which were enclosed, automated machining equipment. All equipment was
operated by machinists, three of whom were evaluated during this site visit.
Additionally, after machining, the workers performed deburring on certain
products as a manual process for which specialized controls were used. Of all
the plants in this study, only in plant 1 was there a glove policy in place

FIG. 1—Average beryllium concentration on surfaces in production areas and on work-

ers’ hands.
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TABLE 1—Individual plant results for beryllium contamination.

Arithmetic Mean,
lg/100 cm2

Standard Deviation,
lg/100 cm2

Number of
Samples

Plant 1

Surface production area 29.5 75.1 16

Surface non-production areas 1.5 2.0 9

Under gloves production areaa 0.5 0.4 7

Plant 2

Surface production area 32.7 128.0 29

Surface non-production areas 0.1 0.1 6

Hands production area 0.2 0.3 25

Hands non-production areas <0.1 <0.1 3

Plant 3

Surface production area 49.6 84.8 22

Surface non-production areas 0.5 0.6 7

Hands production area 11.9 20.5 12

Hands non-production areas 2.3 2.4 2

Plant 4

Surface production area 147.2 564.8 88

Surface non-production areas 2.4 3.4 18

Hands production area 33.5 44.3 6

Plant 5

Surface production area 2.0 4.1 18

Hands production area 7.8 - 1

Plant 6

Surface production area 5.4 14.3 34

Surface non-production areas <0.1 - 3

Hands production area 0.3 0.5 11

Plant 7

Surface production area 212.0 185.3 13

Surface non-production areas 110.2 244.5 12

Hands production area 1.0 1.5 6

Plant 8

Surface production area 288.7 1022.1 21

Surface non-production areas 0.4 0.5 4

Hands production area 3.0 4.7 19

a These samples were taken from hands after gloves were removed, in an area where
workers wore gloves.
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requiring the strict use of gloves. As can be seen from the data, this might be
part of the reason that exposures and the potential for exposures might have
been lower here than for most other plants. Enclosures around the equipment
almost certainly contributed to the lower levels of surface contaminations as
well. However, this is still somewhat speculative, because the objective of the
reports cited was to simply document what existed, not what caused it to exist.

In plant 2 there were four operations at the site having a potential for beryl-
lium exposure: mill/blending, thermal reduction, melting, and shredding mill. It
is important to note that workers in the aforementioned processes and opera-
tions have potential exposures to lead and cadmium. The facility has character-
ized exposures to lead and cadmium and has implemented controls, personal
protective equipment, and work practice control requirements in accordance
with applicable regulatory standards. The lower levels of beryllium surface

TABLE 2—Comparison of arithmetic and geometric mean surface level beryllium
contamination.

Arithmetic Mean,
lg/100 cm2

Geometric Mean,
lg/100 cm2

Plant 1

Surface production area 29.5 3.9

Surface non-production areas 1.5 0.6

Plant 2

Surface production area 32.7 2.3

Surface non-production areas 0.1 (<0.1)

Plant 3

Surface production area 49.6 21.8

Surface non-production areas 0.5 0.3

Plant 4

Surface production area 147.2 3.3

Surface non-production areas 2.4 0.2

Plant 5

Surface production area 2.0 0.9

Plant 6

Surface production area 5.4 0.7

Surface non-production areas <0.1 <0.1

Plant 7

Surface production area 212.0 94.4

Surface non-production areas 110.2 22.3

Plant 8

Surface production area 288.7 17.0

Surface non-production areas 0.4 0.2
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contamination and dermal exposure might be due to the already heightened
awareness of the potential for toxic exposures to other materials.

At the time of the survey, plant 3 was operating at an estimated 10% of
capacity but had over 35 000 ft2 of manufacturing space. It operated with a sin-
gle eight-hour shift and had 14 workers employed. The low production levels,
more than any exceptional controls, were probably responsible for the less than
maximal surface contamination relative to the other plants.

Plant 4 had a history of diagnosed beryllium disease in its workers. There
was no distinct separation between production and office areas, allowing
employees to come and go between the areas, possibly spreading contamina-
tion. Although some control measures had been taken, other places where con-
trols should have been in place showed a lack of adequate control. This might
be why the plant had one of the highest levels of contamination.

Plant 5 had only one employee working on a low number of very small
objects containing beryllium. Controls were virtually absent. The low produc-
tion was the probable reason that this plant had lower contamination levels.

The alloy stamping plant (plant 6) had the lowest contamination levels and
was the least energetic of those observed (it had the lowest air contamination
level of any of the production areas, as well). Controls directed at reducing be-
ryllium exposure were absent. However, copper beryllium was not used on ev-
ery shift for any of the machines and was usually used for only a part of any
given shift. The lower surface and dermal contamination is probably due to
those latter effects rather than to the engineering design of the process.

Plants 7 and 8 were operated as metal refineries without reference to the
toxicity of beryllium. Controls were minimal. It is presumed that the higher sur-
face contamination was reflective of this.

Epidemiological studies to date have neglected or dismissed the possible
effects of skin exposure, either drawing conclusions without measuring [6] or
not including the analysis [7] of the skin exposure when measured (3.8 versus
1.1 lg/100 cm2 production versus nonproduction areas) in plants with known
disease. The current American Conference of Governmental Industrial Hygien-
ists threshold limit value for beryllium addressed only air exposure because
there are no studies with data on skin exposure to reference. What needs to be
addressed is the potential confounding effect of skin exposure, which could lead
to sensitization and, with subsequent lung burden (from air exposure), then
lead to lung disease.

In order to consider the possibility of establishing an epidemiologic inves-
tigation of the relationship between skin exposure and sensitization, it is nec-
essary to have certain conditions. It is proposed that these conditions are as
follows:

1. A source of exposure, which results in.
2. A quantifiable level of exposure across.
3. A range of exposures.
4. The range of exposures must include a putative level thought to cause an

effect—in this case, sensitization.
It is obvious in this cross-section of plants performing varying kinds of

work on beryllium and its alloys that there is a measurable source of exposure
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to the skin on the hands throughout the production areas of the plant, and often
in non-production areas, thereby meeting criterion 1 above. Figure 1, which
shows a similar trend between hand contamination levels and surface contami-
nation levels, indicates that surface contamination is the likely source. The lev-
els found by OSHA were reported with a limit of quantification of 0.1 lg. This is
in agreement with recent work [8] that shows a limit of detection for surface
samples of 0.05 lg. The sample of plants for the OSHA reports therefore also
meets criterion 2 above.

There is a distinct difference, for the most part, for both surface and hand
concentrations between the production and non-production areas, with the pro-
duction areas showing significantly higher contamination. This, then, achieves
the first three proposed criteria for considering an epidemiologic study of skin ex-
posure. The fourth criterion is the most problematic, in that no one has yet pro-
posed a level that is either proven safe or hypothesized to cause sensitization.
Unfortunately, most of the plants in this report did not screen for disease, and so
disease rates are not available. One recent study [9], however, notes that there is
a significant difference between sensitization rates in areas of a beryllium alloy
plant between production and office areas, and the levels of airborne beryllium
were generally lower than any published estimate of the exposure capable of
causing sensitization or disease (geometric mean¼ 0.003 lg/m3 and
maximum¼ 0.02 lg/m3). The same paper conducted a surface sampling analysis
and found that surface contamination levels (also significantly different) were
0.95 and 0.05 lg/100 cm2 for production and office areas, respectively. If it is
assumed that the production area contamination level of 0.95 lg/100 cm2 is the
cause of the sensitization, then all of the plants in the OSHA survey have suffi-
cient levels of contamination to cause sensitization. The fourth criterion is there-
fore met.

The plants in the OSHA reports were informed that the measurements
would be given to OSHA, but with their names removed. One might assume
that these plants, in choosing to cooperate, probably represent the best of the
controlled plants. Becaus plants that did not wish to cooperate were not
sampled, it is impossible to say for sure what relative level of surface cleanliness
and control the plants studied actually represent. However, as the levels of sur-
face contamination and dermal exposure that did occur in the plants studied
are sufficient to warrant inclusion in an epidemiological study, and given that
the assumption that these plants are the best controlled is not unreasonable, an
epidemiological study of the relationship between dermal exposure and beryl-
lium sensitization seems to be clearly warranted.

Conclusion

A biologically plausible hypothesis has previously been proposed relating skin
exposure to beryllium sensitization [3]. Examining the data collected for OSHA
in order to evaluate the current levels of exposure in various industries using be-
ryllium, it is clear that dermal exposures are sufficient (>0.95 lg/100 cm2) to
warrant a study to prove or disprove the skin hypothesis, and that sampling and
analytical methods are available with sufficient sensitivity to support that study.

MCCAWLEY, doi:10.1520/JAI103487 161

 



Because sensitization seems to be an important step in the development of CBD
and because the skin is a plausible means of exposure [10], unless the skin hy-
pothesis can be dismissed, an airborne exposure limit might be difficult to sup-
port on its own.
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Evaluation of Asbestos in Dust on Surfaces by
Micro-Vacuum and Wipe Sampling

ABSTRACT: Micro-vacuum and wipe sampling methods are routinely used

to measure surface dust contamination in both occupational and environmen-

tal settings. Both methods are subject to variability in their efficiency of dust

collection resulting primarily from textural surface characteristics and dust

loading. As part of a study to determine contamination levels of asbestos and

other World Trade Center related contaminants in the wall cavity of a high-

rise office building, paired samples were collected from 15 locations. The sur-

face type of 14 locations was concrete-masonry block; the remaining surface

type was a polyvinyl chloride coating. Micro-vacuum wipe pairs were

obtained from the same wall component at contiguous locations. A template

was used to ensure that equal 100-cm2 areas were consistently sampled.

Micro-vacuum and wipe samples were collected and analyzed for asbestos

using ASTM Methods D5756 and D6480, respectively. The average surface

concentration reported by the micro-vacuum samples was numerically higher

than the wipe samples, but the difference was not statistically significant

(P¼ 0.195). Both methods yielded an equal number of samples below the an-

alytical sensitivity; the false-negative rates were the same for each method.

Micro-vacuum and wipe sample concentrations were not correlated

(R2¼ 0.207). The length and width of asbestos structures collected by wipe

samples was significantly larger than by micro-vacuum samples

(P¼<0.001). Micro-vacuum sampling for asbestos in dust on rough surfaces

yields numerically higher concentrations of asbestos. Despite variations in

the relative efficiency of particle collection by these methods, the data pairs
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demonstrate that micro-vacuum and wipe samples produced statistically

equivalent results, with micro-vacuum samples being more efficient on the

rough surface tested.

KEYWORDS: asbestos, settled dust, surface sampling, wipe, micro-vacuum

Introduction

Interest in assessing asbestos in surface dust can be traced back at least to 1935
where, to evaluate occupational hygiene conditions in six asbestos plants, dust
that had settled on rafters was collected and analyzed for asbestos by polarized
light microscopy [1]. The earliest use of a micro-vacuum sampling device to col-
lect asbestos from surfaces appears to be that reported in 1970 to assess dust
generated from machining of amosite- and chrysotile-containing materials [2].
Millette and Hays (1994) reviewed the history of settled dust sampling methods
[3]. Several studies have noted advantages and disadvantages of surface sam-
pling methods for asbestos in settled dust [4–6].

Although a direct relationship to exposure risk and asbestos surface con-
tamination is equivocal, asbestos surface dust sampling is used as a tool for con-
tamination and exposure assessments [7]. The measurement of asbestos in
settled dust is important because asbestos may become suspended in air and
contribute to airborne exposure [8]. The primary purpose of surface sampling is
to determine the loading of asbestos in dust on surfaces, which represents both
the current and historical asbestos accumulation.

Three methods for measuring asbestos in settled dust have become ASTM
standards through the efforts of Subcommittee D22.07 on Sampling and Analy-
sis of Asbestos. These methods are: D5755-03, Test Method for Micro-Vacuum
Sampling and Indirect Analysis of Dust by Transmission Electron Microscopy for
Asbestos Structure Number Surface Loading; D5756-02 (2008), Test Method for
Micro-Vacuum Sampling and Indirect Analysis of Dust by Transmission Electron
Microscopy for Asbestos Mass Loading; and D6480-05, Test Method for Wipe Sam-
pling of Surfaces, Indirect Preparation, and Analysis for Asbestos Structure Num-
ber Loading by Transmission Electron Microscopy.

These methods collect surface dust by vacuuming [D5755 and D5756] or
wiping [D6480] a known surface area and use an indirect technique of sample
preparation to disperse the particles. In these methods, the asbestos structures
are identified, sized, and counted by transmission electron microscopy (TEM).
Test Methods D5755 and D6480 provide results in terms of the number of asbes-
tos structures per square centimeter of surface sampled ðstr=cm2Þ. Test Method
D5756 provides results either in terms of the mass of asbestos per unit area of
surface, or as the weight percent of asbestos in the dust. Micro-vacuum samples
tend to more accurately reflect potential re-entrainable asbestos, while wipe
samples tend to more accurately reflect all accumulated asbestos. That is,
micro-vacuum sampling is more likely to remove loosely bound particles as
opposed to wipe sampling that would remove particles that are more tightly
bound to the surface.
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This paper reports a field comparison of two measuring methods for quanti-
fying the asbestos structure number surface loading on the vertical surface of a
wall cavity of a high-rise building. The two methods are: Micro-vacuum and
wipe sampling.

Background

The purpose of the project was to assess the potential World Trade Center
(WTC) related chemical contamination in the building façade wall cavity of an
18-story office building in Lower Manhattan. The building façade has a brick
veneer wall design that incorporates approximately a 1-in. air cavity and a
concrete-masonry backup wall (Fig. 1).

The building owner alleged that the particulate plume generated by the
Sept. 11, 2001 collapse of the WTC penetrated the brick veneer and deposited
“WTC-particulate” in the wall cavity. The purpose of the environmental testing
was to determine the presence of certain chemical “markers” or “indicators”
within the façade cavity that have been identified in WTC-particulate” These
chemical substances (such as asbestos, inorganic metals, polyaromatic hydro-
carbons, polychlorinated biphenyls, polychlorinated dibenzodioxins and furans,
man-made vitreous fibers, and particulate) are not unique to WTC-particulate.
In fact, they are ubiquitous in buildings because they are contained in many
building components and/or generated by other daily activities outside of the

FIG. 1—Brick veneer, 1-in. air cavity, and concrete-masonry backup wall.
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building [9,10]. For example, the analysis of seven bulk samples of wall compo-
nents (including joint caulking, brick, and mortar) obtained from the subject
18-story office building contained 2 to 25 % chrysotile and trace to 15 % tremo-
lite asbestos.

Selection of Sampling Locations

The sampling locations were selected using two techniques: Stratified random
sampling and best engineering judgment (BEJ). Random sampling ensures that
bias is not introduced regarding what location is selected for sampling and
allows for a statistical statement regarding the data collected. Whereas, BEJ
sampling is based on intuition and informed judgment; hence, BEJ is biased in
selection of sampling locations based on site-specific information. For example,
the contamination may more likely be present in the wall cavity at locations
where the brick veneer displays physical deterioration such as missing or dam-
aged caulking or masonry joint mortar. A paper by Seiler et al. (1987) compares
the two sampling techniques for assessment surface chemical contamination in
office buildings [11].

Stratified Random Sampling

An imaginary grid of nine equal areas was constructed over the 18-story brick
façade (approximately 86-ft wide by 220-ft high). The building façade was then
divided vertically and horizontally into thirds yielding three strata (top, middle,
and bottom) of approximately equal size. Each of the nine areas was sub-
divided into eight areas (or strata) of approximately equal size. Random sam-
pling was used to identify which stratum in each of the eight areas to sample.
Each stratum had an equal and independent chance of being selected as the
sampling location. The locations of the nine random sampling locations are
shown in Fig. 2.

Two locations in each of the three strata were selected using BEJ sampling,
yielding a total of six locations. The locations were selected at areas of the brick
veneer that showed physical deterioration such as missing or damaged caulking
or masonry joint mortar, or any physical condition that would facilitate entry of
wind-driven particulate into the wall cavity. These areas represented the areas
with the highest potential for contamination in the wall cavity from wind-driven
particulate.

Sampling and Analytical Methodology

Preparation of Sample Locations

An experienced mason removed the brick veneer to yield an area of approxi-
mately 18-in. by 18-in. to facilitate inspection and sampling of the concrete-
masonry backup wall (Fig. 3). The mason used techniques to remove the brick
masonry that minimized the generation of dust that could potentially be depos-
ited in the wall cavity.
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Sample Collection and Analysis

An aluminum sample grid consisting of 16 equal 100�cm2 areas was used as a
sampling template. The template was used to ensure that equal and contiguous
areas were sampled each time (Fig. 3).

FIG. 2—Random sampling locations on exterior façade of 18-story office building (86-ft

wide by 220-ft high) BEJ sampling.
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Wipe Samples—The samples were collected and analyzed in accordance
with ASTM Method D 6480–05, Test Method for Wipe Sampling of Surfaces,
Indirect Preparation, and Analysis for Asbestos Structure Number Loading by
Transmission Electron Microscopy. Wipe samples were collected with Ghost
WipesV

R

pre-moistened with deionized water. A surface area of 100 cm2 was
wiped using the wiping procedure described in Section 9.2.2 of Method
D6480-05.

Micro-Vacuum Samples—The samples were collected and analyzed in ac-
cordance with ASTM Method D 5755–03, Test Method for Micro-Vacuum Sam-
pling and Indirect Analysis of Dust by Transmission Electron Microscopy for
Asbestos Structure Number Surface Loading. The samples were collected using a
three-piece air monitoring cassette containing a 37-mm diameter 0:8�lm pore
size mixed-cellulose ester membrane filter and cellulose support pad. The inlet
to the cassette was fitted with approximately a 25-mm-long piece of connecting
tube with an edge cut at about a 45� angle. The cassette assembly was attached
to a calibrated constant-flow sampling pump operating at 26 0:1 l=min. The
samples were collected from a known surface area of 100 cm2. The area was
sampled in two orthogonal passes for 2 min as determined by a stopwatch.

FIG. 3—Sampling template with equal 100�cm2 sample areas positioned in 18-in. by

18-in. opening in brick veneer.
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Quality Control Samples—The samples were collected to assess the sampling
and analytical processes and to ensure that these processes were being con-
ducted properly. Quality control samples included field blanks and duplicate
samples. Sample chain-of-custody procedures were in accordance with ASTM
Method D4850–95.

Statistical Analysis

The data were analyzed to determine the mean, 95 % confidence interval,
median, minimum, and maximum concentration values. The data were
assumed to follow a lognormal distribution [12] and were transformed by tak-
ing the natural logarithm of each sample concentration before calculating the
difference in asbestos concentration between the wipe and micro-vacuum sam-
ples. The log transformed data were compared using the parametric t-test.
Although the distributional assumptions of normality and equal variance asso-
ciated with the t-test analysis were reasonable, the data were also analyzed
using the nonparametric alternative to the t-test: The Mann–Whitney Rank Sum
Test. The power of each test was performed with a0 ¼ 0:05.

Half the detection limit (i.e., L/2) was used as an estimate of the concentra-
tion of asbestos in samples reported as no structures detected (i.e., below the
analytical sensitivity (AS)). This approach assumes that on average all values
between the detection limit and zero could be present, and that the average
value of non-detects could be as high as half the detection limit.

Results and Discussion

Comparison of Micro-Vacuum to Wipe Samples—Concentrations

The descriptive statistics for the micro-vacuum and wipe dust sample analyses
are summarized in Table 1. The average asbestos concentration measured by
micro-vacuum sampling ð74; 185 str=cm2Þ was approximately nine times higher
than that measured by wipe sampling ð8; 000 str=cm2Þ. The coefficient of varia-
tion is 3.0 and 1.2, respectively, which suggests a wider dispersion of the asbes-
tos concentrations measured by micro-vacuum sampling than by wipe
sampling. The respective median values (5500 str=cm2 and 5600 str=cm2) are
much more representative of the central tendency of the data and suggest that
the concentrations are similar.

TABLE 1—Descriptive statistics for asbestos concentrations in surface dust,
structures=cm2.

Type Sample N Mean 95 % CI Median Minimum Maximum

Wipe 15 8000 5735 5500 500 35000

Micro-vacuum 15 74185 128100 5600 700 840000
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To determine whether the magnitude of the difference between the average
asbestos concentrations measured by the two sampling methods was signifi-
cantly different, the paired-data sets were log transformed and analyzed. The
log transformed data sets passed the normality ðp ¼ 0:658Þ and equal variance
test ðp ¼ 0:928Þ. The t-test showed that the difference in the mean concentra-
tions was not significantly different ðp ¼ 0:195Þ. Although the distributional
assumptions of normality and equal variance were reasonable, the paired-data
set was also analyzed using the Mann–Whitney Rank Sum Test. The Rank Sum
Test does not require assumptions regarding the shape of the underlying distri-
bution because it analyzes the relative ranks of the data rather than the actual
measurements. The result of the Rank Sum Test is consistent with the paramet-
ric t-test, showing that the difference in median asbestos concentration is not
significantly different ðp ¼ 0:432Þ.

The lognormal distribution is the most commonly used probability density
model for environmental data [12]. Hence, the results of the side-by-side sam-
pling showing the relationship between the wipe method and micro-vacuum
method are presented using a logarithmic scale (Fig. 4). The coefficient of deter-
mination ðR2Þ for the fit of this data to the regression line is 0.207, which does
not represent an acceptable correlation. That is, a perfect correspondence
between the data would have a slope of 1, an intercept of zero, and a R2 of 1.

The results given by the surface dust measuring methods did not correlate
well with each other (Fig. 4). One reason is likely the absence of homogeneity of
the asbestos-containing dust distribution on the concrete-masonry wall surface
in the sampled areas. Another reason is the difference in collection methods.
Micro-vacuum sampling collects particles by suction, while wipe sampling col-
lects particles by mechanical lifting. Some surfaces can trap particles in ways
that affect the relative efficiency of particle collection by these two methods.

FIG. 4—Natural logarithmic scatter plot for side-by-side micro-vacuum wipe pairs.
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That is, one would expect to wipe a smaller percentage of particles from a rough
surface because particles are more likely to be deposited in surface pores and
crevices [13].

The adhesion force between an asbestos particle and surface determines
whether the particle is removed during sampling by either method. Hecht
(1990) reports that adhesive forces are a function of particle size [14]. For the
most part, adhesive strength between particles and a surface are due to Van der
Waals, electrostatic, and capillarity forces, yet predominance of one or more at
the same time depends on environmental conditions (such as humidity) during
the sampling and physical-chemistry properties of the materials in contact
[15,16]. Adhesive strength ðFadÞ is acknowledged as a sum of various forces and
is illustrated by Eq (1)

Fad ¼ Fvdw þ Fe þ Fc (1)

where:
Fvdw ¼ Van der Waal force,
Fe ¼ electrostatic force, and
Fc ¼ capillarity force.

Comparison of Micro-vacuum to Wipe Samples—%Samples > or < AS

Table 2 presents the percentage of the micro-vacuum-to-wipe paired samples
with asbestos concentrations greater than or less than the limit of AS. The per-
cent of like pairs ð0%þ 47% ¼ 47%Þ approximates the correspondence
between methods. The contrast between the percentage of non-detect micro-
vacuum samples that correspond to detectable wipe samples (27 %) and the
number of non-detect wipe samples that correspond to detectable micro-
vacuum samples (27 %) demonstrates the comparability of the two methods. In
this paper, “detect” and “detectable” means counting of 1 asbestos structure in
the analysis (i.e., the AS), whereas, “non-detect” means counting of no asbestos
structures in the analysis.

Both methods are subject to producing false negatives, i.e., asbestos was
measured in one sampling method and not in the other sampling method at a
contiguous area. In this study, the false-negative rates (27 %) were the same for
both methods. The false-negative rates may in part be due to the absence of ho-
mogeneity of the asbestos-containing dust distribution in the wall cavity.

TABLE 2—Frequency of micro-vacuum-wipe sample combination pairs with detectable and
non-detectable concentrations of asbestos.

Micro-vacuum Wipe % of Occurrences

Non-detect Non-detect 0

Detect Detect 47

Non-detect Detect 27

Detect Non-detect 27
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Comparison of Micro-Vacuum to Wipe Samples—Structure Size

Table 3 summarizes the size (length and width) of the asbestos structures col-
lected by the micro-vacuum and wipe samples. The average length of asbestos
structures collected by wipe samples ð4:574 lmÞ was approximately two times
larger than that collected by the micro-vacuum samples ð2:374 lmÞ. Similarly,
the average width of asbestos structures collected by wipe samples ð0:151 lmÞ
was approximately 2.4 times larger than that collected by the micro-vacuum
samples. The aspect ratio (length-to-width) of the average structure sizes
reported by the wipe ð�31:1Þ and micro-vacuum ð�40:1Þ samples shows that the
asbestos structures were relatively long and thin. It is not known whether the
size relationship would apply to particles of different shapes and surface tex-
tures. The size relationship was also maintained for the median length and
width of the asbestos structures (Table 3).

To determine whether the magnitude of the difference between the median
length and width of the asbestos structures measured by the wipe and micro-
vacuum sampling methods was significantly different, the paired-data sets were
analyzed using the nonparametric Rank Sum Test. The comparison test showed
that the median structure length and width for the two sampling methods were
significantly different (p ¼<0:001 length and p ¼<0:001 width). That is, the sizes
of asbestos structures collected by wipe samples were significantly larger than
those collected by micro-vacuum samples.

Conclusions

Two ASTM standard methods for measuring asbestos in settled dust were eval-
uated by a side-by-side field comparison: Micro-vacuum and wipe sampling. An
important factor in this comparison was the likely non-uniform distribution of
the asbestos-containing dust in the wall cavity. Despite variations in relative effi-
ciency of particle collection by these methods, the data pairs demonstrate that
micro-vacuum and wipe sampling techniques produced statistically equivalent
results on the masonry concrete surface tested. The results of the two surface
dust measuring methods did not correlate well with each other most likely due
to the non-uniform distribution of the asbestos-containing dust in the wall cav-
ity. The asbestos structures collected by surface wipe samples were significantly
larger (length and width) than those collected by micro-vacuum sampling. Both

TABLE 3—Descriptive statistics for asbestos structure sizes, lm.

N Mean 95 % CI Median Minimum Maximum

Length

Wipe 15 4.57 1.42 2.60 0.80 26.40

Micro-vacuum 15 2.37 0.40 1.60 0.60 15.20

Width

Wipe 15 0.151 0.07 0.07 0.04 1.44

Micro-vacuum 15 0.063 0.02 0.04 0.04 1.03
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sampling methods are subject to production of false negatives; the false-
negative rate in this study was the same. Other studies suggest that the wipe
sampling technique may be more efficient in collecting asbestos structures from
dust on smooth surfaces than micro-vacuum sampling. The sampling technique
selected should take into consideration the textural characteristic of the domi-
nant surface under evaluation.
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Use of the ASTM Inter-Laboratory Studies
(ILS) Program in Developing Precision Data
for ASTM D5755 – Asbestos in Dust by
Microvacuum Sampling

ABSTRACT: ASTM Standard D5755 “Standard Test Method for Microvac-

uum Sampling and Indirect Analysis of Dust by Transmission Electron Mi-

croscopy (TEM) for Asbestos Structure Number Concentration” uses a

microvacuuming sampling procedure and transmission electron microscopy

analysis to (a) identify asbestos in surface dust and (b) provide an estimate

of the surface loading of asbestos in the sampled dust reported as the num-

ber of asbestos structures per unit area of sampled surface. In a precision

study of the method, ten laboratories analyzed chrysotile asbestos-

containing World Trade Center dust that had been resuspended in a test

room and collected off of non-asbestos floor tiles following the microvacuum

cassette (microvac) collection procedures described in ASTM D5755. Each

laboratory analyzed the same sample twice. The Inter-Laboratory Studies

(ILS) Group of ASTM International performed the statistical examination of

the data set and found a repeatability limit (r) of 61.80 and a reproducibility

limit (R) of 239.30. The study data was also used to calculate coefficients of

variation of 0.15 intra-laboratory and 0.6 inter-laboratory.
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for Asbestos Structure Number Concentration” [1] is a procedure to (a) iden-
tify asbestos in surface dust using TEM and (b) provide an estimate of the
surface loading of asbestos in the sampled dust reported as the number of
asbestos structures per unit area of sampled surface. This procedure uses a
microvacuuming sampling technique employing an air filter cassette to
which a piece of plastic tubing has been attached to the inlet orifice as a
sampling nozzle. Particulates are vacuumed from a known area of a surface
within a minimum of 2 min of sampling time. The sample is prepared by
washing the particulate from the cassette and filtering a portion of the
resulting suspension through a membrane filter. Asbestos identification by
transmission electron microscopy (TEM) is based on morphology, selected
area electron diffraction (SAED), and energy dispersive x-ray analysis
(EDXA). Some information about structure size is also determined. The
method has been used as an indicator of the amount of asbestos present in
surface dust in buildings. Following the World Trade Center disaster of Sept
11, 2001, the method was used to assess the impact of the WTC dust in New
York City residences. As part of their WTC Dust Clean-Up project, the
USEPA set a risk-based benchmark for surface asbestos levels using ASTM
D5755 of 5000 asbestos structures per square centimeter (str/cm2) in acces-
sible areas and 50 000 str/cm2 in inaccessible areas. ASTM D5755 can be
used to compare the relative asbestos fiber loadings in the surface dusts
found in two areas using the ASTM D7390-07, “Standard Guide for Evaluat-
ing Asbestos in Dust on Surfaces by Comparison Between Two
Environments.”

Precision Study

The precision statement was determined through statistical examination of
20 results, from ten laboratories, on a single type of material. World Trade
Center dust was used as the test material. An asbestos abatement type enclo-
sure was constructed with two layers of 4-mil polyethylene plastic sheets on a
wooden frame and three layers of 4-mil polyethylene plastic on the floor. The
test chamber was approximately 8 feet long� 8 feet wide� 7 feet high. Six-
teen [16] non-asbestos floor tiles were placed in a 4-tile-by-4-tile square. On
each tile a pre-weighed 10 cm square piece of weighing paper was held in
place with a metal template. Approximately 1 g of the WTC dust was resus-
pended in the test chamber using compressed air by blowing into a small
container holding the dust. A leaf blower and four stationary fans directed
upward were used to mix the dust in the air for 5 min. There was no
exhaust from the chamber during the resuspension or mixing. A high effi-
ciency particulate air filtration device was used to clean the air in the
chamber before and after the activity. After waiting overnight, each weigh-
ing paper was carefully collected and a dust sample was collected next to it
off the non-asbestos floor tiles following the microvacuum cassette (micro-
vac) collection procedures described in ASTM D5755. The samples were
collected from template areas of 100 cm2 using a flow rate of 2 l per min.
The sampling time was two minutes for each sample. The sampling
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cassettes contained a 25 mm diameter mixed cellulose ester membrane fil-
ter with a pore size of 0.45 lm. The sampling time was two minutes for
each sample.

The weighing paper samples were weighed using a 5-place A&D HR-202i
analytical balance. All samples except one were found to be within 20 % of
the mean particulate weight. The outlier and the microvacuum sample col-
lected next to it were discarded. Three microvacuum samples were chosen at
random from the 15 remaining samples. These were analyzed according to
the D5755 method. The coefficient of variation (cv¼ std dev / mean) for the
results of the 3 analyses was 0.17. Of the remaining 12 microvacuum cas-
settes, 10 samples were selected at random and sent to the 10 independent
laboratories that were participating in the study. Each laboratory was asked
to analyze the same sample twice using the D5755 method. The Inter-
Laboratory Studies (ILS) Group of ASTM International performed the statisti-
cal examination of the data set. The ILS Group determined repeatability lim-
its and reproducibility limits which are specified in ASTM Practice E 177.
Some details of the statistical calculations provided by the ILS Group are
shown in the Appendix of this article.

Results

The results of the precision study, in terms of repeatability limits and reproduci-
bility limits, are presented in Table 1. At the time of the study, there was no
accepted reference material suitable for determining the bias of the test method;
therefore no statement on bias was made.

Discussion

The interpretation of the ILS results are as follows:
Repeatability limit (r) - Two test results obtained within one laboratory

shall be judged not equivalent if they differ by more than the “r” value for that
material; “r” is the interval representing the critical difference between two
test results for the same material, obtained by the same operator using the
same equipment on the same day in the same laboratory. In this study
r¼ 2.8� repeatability standard deviation (Sr).

TABLE 1—Asbestos structures per square centimeter (� 1000).

Average Repeatability Reproducibility Repeatability Reproducibility
Standard
Deviation

Standard
Deviation

Limit Limit

Material �X sr sR r R

A 147.80 22.07 85.46 61.80 239.30
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Reproducibility limit (R) - Two test results shall be judged not equiva-
lent if they differ by more than the “R” value for that material; “R” is the
interval representing the critical difference between two test results for the
same material, obtained by different operators using different equipment in
different laboratories. In this study r¼ 2.8� reproducibility standard devia-
tion (SR).

According to the ILS results report, any judgment in accordance
with the above statements would have an approximate 95 % probabil-
ity of being correct. Some statistical details are provided in the
Appendix.

The ILS reported a repeatability standard deviation (intra-laboratory) value
of 22.07� 103 str/sq cm and the reproducibility (inter-laboratory) value of
85.46� 103 str/cm2 correspond to coefficients of variation (cv¼ std dev / mean)
of 0.15 intra-laboratory and 0.6 inter-laboratory. The intra-laboratory CV agrees
with the value of 0.2 reported by one laboratory for D5755 when they used it for
analyzing over 2000 surface dust samples collected in conjunction with World
Trade Center disaster [2]. It is also consistent with Crankshaw of the RTI group
who concluded that the inter-sample variability for repeated analyses was typi-
cally less than615 % after testing of laboratory prepared samples of asbestos
fibers in different dust matrices [3]. The inter-laboratory CV value of 0.6 for the
D5755 method is similar to what has been found for other asbestos counting
methods. For instance, it is within the inter-laboratory CV range of 0.27–0.85
reported for the NIOSH 7400 phase contrast microscopy air fiber count method
(A rules) [4].

A number of inter-laboratory precision studies of the TEM-microvac
surface dust method (earlier versions of ASTM D5755) have been con-
ducted since 1988. These earlier inter-laboratory precision studies all used
either draft versions of the D5755 method or used samples prepared with-
out the microvac surface collection portion of the method. Table 2 summa-
rizes the data from several published and unpublished studies. Early round
robin testing found CVs more in the 1.6–1.8 range and later testing results
showed lower CV values (0.9–0.7). A review of these data is helpful in
understanding how the inter-laboratory precision improves over time, pre-
sumably as laboratories become more familiar with the method and the
method becomes more standardized.
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APPENDIX

TABLE 3—The consistency statistic h is an indicator of how one laboratory’s cell average,
for a particular material, compares with the average of the other laboratories.The consistency
statistic, k, is an indicator of how one laboratory’s within-laboratory variability, under
repeatability conditions, on a particular material, compares with all of the laboratories com-
bined. Values of k larger than 1 indicate greater within-laboratory variability than the aver-
age for all laboratories. Since such variation among laboratories is expected, critical values
of k have been calculated to aid in the decision of whether the cell standard deviation of one
laboratory is sufficiently different from the rest of the laboratories as to require investigation.
Critical Values of h and k at the 0.5 % Significance Levela

Critical values of k Number of replicates, n

Critical value
of h p 2 3 4 5 6 7 8 9 10

1.15 3 1.72 1.67 1.61 1.56 1.52 1.49 1.47 1.44 1.42

1.49 4 1.95 1.82 1.73 1.66 1.60 1.56 1.53 1.50 1.47

1.74 5 2.11 1.92 1.79 1.71 1.65 1.60 1.56 1.53 1.50

1.92 6 2.22 1.98 1.84 1.75 1.68 1.63 1.59 1.55 1.52

2.05 7 2.30 2.03 1.87 1.77 1.70 1.65 1.60 1.57 1.54

2.15 8 2.36 2.06 1.90 1.79 1.72 1.66 1.62 1.58 1.55

2.23 9 2.41 2.09 1.92 1.81 1.73 1.67 1.62 1.59 1.56

2.29 10 2.45 2.11 1.93 1.82 1.74 1.68 1.63 1.59 1.56

2.34 11 2.49 2.13 1.94 1.83 1.75 1.69 1.64 1.60 1.57

2.38 12 2.51 2.14 1.96 1.84 1.76 1.69 1.64 1.60 1.57

2.41 13 2.54 2.15 1.96 1.84 1.76 1.70 1.65 1.61 1.58

2.44 14 2.56 2.16 1.97 1.85 1.77 1.70 1.65 1.61 1.58

2.47 15 2.57 2.17 1.98 1.86 1.77 1.71 1.66 1.62 1.58

2.49 16 2.59 2.18 1.98 1.86 1.77 1.71 1.66 1.62 1.58

2.51 17 2.60 2.19 1.99 1.86 1.78 1.71 1.66 1.62 1.59

2.53 18 2.61 2.20 1.99 1.87 1.78 1.72 1.66 1.62 1.59

2.54 19 2.62 2.20 2.00 1.87 1.78 1.72 1.67 1.62 1.59

2.56 20 2.63 2.21 2.00 1.87 1.79 1.72 1.67 1.63 1.59

2.57 21 2.64 2.21 2.00 1.88 1.79 1.72 1.67 1.63 1.59

2.58 22 2.65 2.21 2.01 1.88 1.79 1.72 1.67 1.63 1.59

2.59 23 2.66 2.22 2.01 1.88 1.79 1.72 1.67 1.63 1.59

2.60 24 2.66 2.22 2.01 1.88 1.79 1.73 1.67 1.63 1.60

2.61 25 2.67 2.23 2.01 1.88 1.79 1.73 1.67 1.63 1.60

2.62 26 2.67 2.23 2.02 1.89 1.80 1.73 1.68 1.63 1.60

2.62 27 2.68 2.23 2.02 1.89 1.80 1.73 1.68 1.63 1.60

2.63 28 2.68 2.23 2.02 1.89 1.80 1.73 1.68 1.63 1.60

2.64 29 2.69 2.24 2.02 1.89 1.80 1.73 1.68 1.64 1.60

2.64 30 2.69 2.24 2.02 1.89 1.80 1.73 1.68 1.64 1.60

aThe above critical values for the h and k consistency statistics were calculated from Stu-
dent’s t and the F-ratio using the following relationships: h¼ (p �1) t

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
pðt2þ p� 2Þp

t with
p �2 degrees of freedom, and k¼ ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi

p=½1þ ðp� 1Þp
=F� F with n �1 and (p �1)(n �1) degrees

of freedom. where p¼number of laboratories.
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ABSTRACT: Acceptable surface limits (ASLs) are developed in order to es-

tablish a quantitative measure for the potential risk from exposure by dermal

contact. In the pharmaceuticals industry, ASLs are used for protection

against active pharmaceutical ingredients that are known to cause pharma-

cological or toxicological effects. An ASL can be used, together with appropri-

ate analytical methods and industrial hygiene monitoring, to assess

workplaces for potential dermal exposure and to protect the health and safety

of individuals who might come in direct contact with contaminated surfaces in

the workplace. ASLs are also used to evaluate the adequacy of housekeep-

ing measures and the effectiveness of engineering containment approaches,

or to determine whether a chemical is present on surfaces where it is not

intended to be (e.g., in lunch rooms or offices, or on the outside surfaces of

packaging materials). However, they should not be confused with cleaning

limits for the surfaces of manufacturing devices that might come into contact

with the drug product, which are set to minimize cross contamination

between drug products and to protect end-users (e.g., patients taking drug

products) as opposed to workers. A number of parameters must be evaluated

in order to accurately develop appropriate and scientifically supportable lim-

its. These include the dose or concentration that will cause the potential

effect, the degree of chemical transfer from contaminated surfaces to the
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skin, and the rate or amount of percutaneous absorption. In practice, this in-

formation is usually limited or unavailable. Additionally, there has been very

little regulatory guidance on the setting of ASLs. Consequently, in order to

calculate an ASL, various assumptions must be made by health and safety

professionals regarding how dermal exposures might occur. As quantitative

data become available, the ASL can be adjusted accordingly. An overview of

the setting of health-based and performance-based ASLs for pharmaceutical

substances from animal and human toxicological data is provided.

KEYWORDS: surface limit, occupational, pharmaceuticals

Introduction

In the workplace, systemic exposure to chemical substances occurs primarily
via the inhalation route. However, another important route of occupational ex-
posure is through dermal contact. During manufacturing operations, surfaces
can become contaminated for several reasons, including inadequate contain-
ment and/or cleanup processes following spills, ineffective enclosures and engi-
neering controls, poor employee training on industrial hygiene practices,
inadequate and/or improper housekeeping practices, and specific physicochem-
ical processes of the chemical(s) being handled. During the manufacture of
active pharmaceutical ingredients (APIs), there are additional challenges related
to a known or predicted pharmacological response following a systemic expo-
sure, which, regardless of its nature, would be considered deleterious to a
healthy worker population. Moreover, certain APIs that are developed for trans-
dermal administration have inherent dermal absorptive properties or are mixed
with permeation-enhancing chemicals in topical formulations in order to facili-
tate systemic exposure. Consideration must also be given to potency, which is
becoming increasingly high as new drugs are being investigated/marketed that
are pharmacologically active at low therapeutic doses. As a result, even the
smallest exposures to these novel APIs via any route can potentially present a se-
rious health risk.

As mentioned previously, APIs are intended to be pharmacologically active,
but there are also other characteristics that distinguish APIs from commodity
chemicals. APIs, although biologically reactive, tend to be chemically stable
(note: the same might not be true of their synthetic intermediates). In addition,
most APIs are solids and as such are readily deposited on surfaces, whereas
commodity chemicals might be solid, liquid, or gas. APIs tend to have more ro-
bust toxicokinetic/toxicodynamic profiles than commodity chemicals. These
data are collected as part of the drug research and development process and
include critical information such as the systemic bioavailability and bioaccu-
mulation potential. Frequently, there is a wealth of human data available for an
API, whereas for other chemicals the human data are often limited to accidental
(over)exposures with resultant toxicities. Overall, the data set that is routinely
assembled for an API is better suited for performing human health risk
assessments.
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Factors Influencing Dermal Absorption

The process of chemical migration from the surface of the skin to the systemic
circulation is a complex one [1,2]. There are many factors that contribute to the
dermal absorption potential of a chemical, including the following:

� ability to penetrate the skin, determined by such factors as physical ad-
herence to skin, the condition and thickness of the contacted skin, the
number of sweat glands and hair follicles at the site of contact (even
though these make very small contributions to the exposure), the ambi-
ent temperature in the work area, occlusion of the exposed area by
clothing or other personal protective equipment (which might prolong
the contact between the chemical and the skin), and inherent physico-
chemical properties such as the molecular size (smaller molecules are
more likely to penetrate the skin) and lipophilicity (a log Pow between
þ1 and þ2 is the most favorable for dermal absorption);

� amount of chemical that contacts the skin, referring to the chemical con-
centration on the surface;

� amount of skin that contacts the chemical, referring to the surface area
of the skin that contacts the chemical;

� frequency and duration of the contact event;
� concomitant exposure to multiple chemicals—e.g., in drug formulations

(which might include permeation-enhancers); and
� interindividual variability.
Each of these parameters must be considered when assessing the potential

for skin absorption.

Setting Dermal Exposure Limits for APIs in the Workplace

Occupational dermal exposure limits, hereinafter referred to as acceptable sur-
face limits (ASLs), are risk assessment tools used for worker safety. Similar to
occupational exposure limits, which set acceptable airborne concentrations for
inhalation exposure to chemicals, the ASL is considered as a surface concentra-
tion that is “reasonably” safe to individuals following contact with unprotected
skin. It is used by health and safety professionals to help determine whether it is
safe for workers to re-enter a previously contaminated work area without perso-
nal protective equipment, as well as for risk communication purposes. It must
be emphasized that an ASL is not equivalent to an equipment cleaning limit:
ASLs are set for worker safety, whereas equipment cleaning limits (used to min-
imize product cross-contamination between batches of two different drug prod-
ucts sharing the same equipment) are intended to protect patients as opposed
to workers.

An ASL cannot be properly used without the development of validated ana-
lytical methods for monitoring specific surfaces, as different surfaces might not
be equally suitable for recovery of the material. A validated method requires
putting a known amount on the surface, using a collection technique (some-
times called a wipe or surface sampling method) for taking the sample, and
quantitatively measuring the recovered amount from that surface.
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With an ASL and a validated surface sampling and analytical method, an
industrial hygienist or other trained occupational health professional can con-
duct a workplace exposure assessment. This involves developing a plan to deter-
mine sites at which dermal contact is most likely to occur, based on the nature
of the task and work patterns, and selecting appropriate areas and surfaces to
be sampled.

Methodology

The pivotal step when performing a proper risk assessment for setting an ASL is
to know, or be able to predict, the systemic bioavailability of a chemical via the
dermal route. Limited regulatory guidance on dermal exposures is readily found
in the public domain; the Environmental Protection Agency has published
guidelines for estimating dermal exposures to pesticides and contaminated soil/
water [2–5], and the European Union has issued a guidance document for pre-
dicting dermal exposure (with proposed revisions submitted by the UK Health
& Safety Executive) that focuses on agrochemical scenarios [6,7]. Exposures in
workplace settings are not expressly covered by these documents. Moreover, in-
formation on dermal absorption found in the public domain is usually
compound-specific and cannot be used to extrapolate to other chemicals.
Although there are new methods published for the theoretical or practical deter-
mination of individual parameters contributing to absorption (such as the flux
rate and permeation coefficient), there still remains a shortage of overall guid-
ance on understanding the entirety of the dermal absorption process. This
presents a tremendous challenge in performing risk assessments.

Another difficulty in establishing quantitative dermal exposure limits for an
occupational setting is that wherever exposure via the dermal route is possible,
exposure via ingestion (e.g, following incidental hand-to-mouth contact) and/or
inhalation is also possible. Consequently, if workers experience an adverse
effect, the relative contribution of dermal exposure is unknown. For simplicity,
it is assumed in this paper that dermal exposure is the only route of exposure.

Despite the lack of guidance, it is necessary for industry to develop
approaches to ASL setting in order to properly protect workers. Within the
pharmaceuticals industry, a common practice is to develop ASLs by performing
a health-based risk assessment using readily available data and calculate an
“occupational acceptable daily exposure” (ADEocc) as follows:

ADEoccðlg=dayÞ¼ ðNOAELÞðBWÞ
ðUF1;23ÞðaÞ (1)

where:
NOAEL¼no-observed-adverse-effect level for the critical endpoint of con-

cern (if a NOAEL is not identified, a lowest-observed-adverse-effect level
[LOAEL] may be selected instead),

BW¼body weight (50 kg for an adult worker),
UF1,2,3¼ composite uncertainty factors for considerations such as inter-

individual variability, inter-species variability, pharmacokinetic variability,
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extrapolation from a LOAEL to a NOAEL, severity of adverse effects, sensitive
subpopulations, and robustness of the data set, and

a¼ adjustment factor for bioavailability via the route of administration by
which the critical effect was observed.

For APIs, ADEocc may also be derived using a low therapeutic dose,
expressed in mg/day or lg/day. Because a pharmacological effect in healthy
workers is considered to be adverse, this dose is considered to be a LOAEL.

The ASL is then derived from the ADEocc as follows:

ASLðlg=cm2Þ ¼ ADEocc
ðlg=dayÞ
ðSAÞðadÞ

(2)

where:
SA¼ surface area of the skin that comes into contact with the API each day, and
ad¼ adjustment factor for bioavailability via the dermal route of exposure.
For this approach, it is assumed that the average surface area of each

palm is 100 cm2, the total area of contact is equivalent on average to two
palms (200 cm2), and, in the absence of data to suggest otherwise, dermal
transfer (adherence and absorption) is complete (100%). These assumptions
reflect the highly conservative and protective nature of this approach, which
is needed given that the process of dermal absorption remains poorly charac-
terized. The area that is typically sampled by the industrial hygienist when
monitoring potential surface contamination is 100 cm2. However, when the
surface does not lend itself to using a 10 cm� 10 cm template (e.g., sampling a
door handle or product vial), the surface area sampled is estimated. ASLs
are expressed as mass units per square centimeter in order to account for
this variability in sampled surfaces. The sampling results are compared to the
ASL for the purpose of allowing workers to use less, or remove, dermal
protection.

An alternative approach to the above-described health-based approach in
the setting of ASLs for pharmaceuticals is to “align” the ASL with an occupa-
tional health categorization (“banding”) system used for both hazard character-
ization and exposure control. Each category is determined by toxicological and
potency criteria for the intrinsic hazard of an API; the category to which an API
is assigned increases relative to the degree of hazard. Categories can also be
associated with a range of (inhalation) occupational exposure limit values,
within which a value is likely to be calculated for the API and similarly may be
linked to ASLs; higher categories correspond to lower exposure limits. As an
example, a 4-band categorization system is described as follows:

� category 1 is assigned to APIs of low toxicity and/or potency.
� category 2 is assigned to APIs of low-to-moderate toxicity and/or potency.
� category 3 is assigned to APIs of high toxicity and/or potency.
� category 4 is assigned to APIs of very high toxicity and/or potency.
Although “potency” is a relative term (“potent” APIs are those that exert

their effect at “low” dosages), a general rule used in the industry is that an API
is considered to be potent if it has a pharmacologically effective or therapeutic
dosage of �10 mg/day. Exposure controls and handling practices are
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established based on the categorization of an API and the task(s) being per-
formed. (For a more detailed, general discussion of the principles of a banding
and handling practice system described above, the reader is referred to Ader et
al. [8], Farris et al. [9], and/or Naumann et al. [10].)

According to this approach, which may be described as “performance-
based” rather than health-based, ASLs may then be assigned as follows:

� For category 1 and category 2 APIs, surfaces should be sufficiently clean
such that there is no visible dustiness (corresponding to an ASL of 1 to
5 lg/cm2 [11]).

� For category 3 APIs, the ASL is an order of magnitude lower than that
for category 1 or 2 APIs (0.1 to 0.5 lg/cm2).

� For category 4 APIs, the ASL is an order of magnitude lower than that
for band 3 APIs (0.01 to 0.05 lg/cm2).

In addition, up to tenfold adjustments to the ASL for category 2 through
category 4 APIs may be made based on special considerations for the API in
question and/or the application of professional judgment by a properly trained
occupational toxicologist. Category 2 ASLs may be adjusted downward only,
whereas category 3 or 4 ASLs may be adjusted upward or downward. Some fac-
tors that contribute to the adjustment of ASLs are outlined in Table 1.

As an example, if an API is considered to fall into category 3 with an ASL of
0.1 to 0.5 lg/cm2 but there are ancillary skin absorption data that generally sup-
port the likelihood for significant systemic absorption, then the ASL might be
reduced to 0.05 lg/cm2.

It should be noted that the purpose of the performance-based ASL (PB-ASL)
system is to assign ASLs for compounds with limited data or with only a band.
It is not intended to be used as a tool for determining the band based on an
existing ASL. For instance, if an API is categorized in band 4, it would be
assigned a PB-ASL of between 0.01 and 0.05 lg/cm2, depending on the other

TABLE 1—Some parameters that might be considered when adjusting a performance-based
ASL.

Criterion May increase PB-ASL if… May decrease PB-ASL if…

Ancillary skin absorption
dataa

Suggest that absorption is
poor

Suggest that absorption is
good

Molecular weight (MW) >1000 Daltonb <500 Daltonc

Octanol:water partition
coefficient (log Pow)

Less than þ1 or greater
than þ2b

Between þ1 and þ2c

Nature of observed toxic or
adverse effects

Mild/moderate in severity
and/or reversible

Severe and/or irreversible

Banding characteristics Closer to Band 2 than 4 Closer to Band 4 than 2

a May include animal data, human cadaver data, experience with related compounds,
predictive modeling, workplace case reports, etc.
b Dermal absorption is less favorable.
c Dermal absorption is more favorable.
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variables listed in the table. It should also be noted that other factors such as
chemical-to-skin contact, the frequency/duration of the contact event, and inter-
individual variability are not considered in either the health-based or the
performance-based approach because conservative assumptions are made dur-
ing the derivation (e.g., skin permeability is complete in the absence of quantita-
tive data) and/or appropriate data are unavailable for making scientifically
defensible adjustments (e.g., to account for interindividual variability). Mathe-
matical models are available for the prediction of dermal absorption; however,
they are highly complex and difficult to incorporate as part of the ASL-setting
process [2,3,12–14].

Both the health-based and the performance-based ASL approaches have
strengths and limitations. The health-based approach is based on a more com-
prehensive evaluation of the data; however, it frequently carries a high degree
of uncertainty, necessitating the use of very conservative safety factors. The
performance-based approach bypasses the above-mentioned conservatism by
using “fixed” values based on a hazard category; however, the ASLs are assigned
as ranges of values, and professional toxicological judgment is required in order
to choose an appropriate limit. To the knowledge of the authors, at present
there is no known “complete” approach to setting ASLs within the pharmaceuti-
cal industry or within other industries.

Summary

The potential for systemic toxicity following dermal exposure is an important
consideration when assessing the hazards of a workplace setting. Active phar-
maceutical ingredients have characteristics that, compared to other chemicals,
can make it easier for the occupational health professional to perform a risk
assessment for dermal exposure. However, the complexity of the dermal absorp-
tion process, along with limited regulatory guidance, presents challenges. At the
present time, the setting of acceptable surface levels for active pharmaceutical
ingredients relies on approaches that are highly conservative and/or only par-
tially health-based. As our overall knowledge increases and reliable/validated
tools for predicting or quantifying skin absorption are developed, it is antici-
pated that these approaches will be modified so as to increase their accuracy,
appropriateness, and scientific supportability.
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ABSTRACT: A screening method for determination of spill and leakage of 12

different antibiotic substances has been developed. The method is based on

wipe sampling where the sampling procedure has been simplified for screen-

ing purposes. After sample processing, the antibiotic substances are deter-

mined by liquid chromatography coupled to tandem mass spectrometry

(HPLC-MS/MS). Twelve antibiotic substances can be determined in the

screening method: Cefadroxil, Cefalexin, Ciprofloxacin, Demeclocyklin HCl,

Diaveridin, Doxycyklin, Enrofloxacin, Flukonazol, Metronidazol, Norfloxacin,

Ofloxacin, and Trimetoprim. These substances are active components in anti-

biotic drugs frequently used in Sweden. For screening investigations using col-

lection of wipe samples, good or acceptable performance was obtained for ten

substances on three or more surface materials. Although not fully acceptable,

useful performance for screening purposes was also obtained on the other

surface materials and for the other substances, except Demeclocyklin HCl, on

all surface materials. By employing a classification procedure, where the sam-

ples are divided into groups according to increasing contamination of the sam-

ple surfaces, screening samples and the contamination level can simply be

compared. This classification procedure will also help to circumvent any defi-

ciency in recovery performance for some substances and surface materials.
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Introduction

Undesired spill and leakage can occur during handling of drugs in hospitals,
and the medical staff may be occupationally exposed to these drugs. During the
past 15 years, several studies have been published with focus on monitoring
spills and leakage as well as occupational exposure to antineoplastic drugs. Dr.
Tom Connor at the National Institute for Occupational Safety and Health
(NIOSH) in the US has compiled a web-based comprehensive database of such
literature [1]. Since the handling of antineoplastic drugs may cause exposure,
work with these drugs is consequently strictly regulated in most countries [2–5].
Although each country has their own provisions, they all have a common core
of regulations, i.e., all handling should be carried out in safety boxes, isolators
or using closed systems, protective clothes shall be worn, special cleaning rou-
tines shall be implemented, waste shall be handled as hazardous waste, the
compounding systems shall be leak-tested on a regular basis, the staff shall
receive adequate education for their work, etc.

Antibiotics belong to another heterogenic group of drugs that is frequently
used. In Sweden, more than 140 times more antibiotics are administered to hos-
pital patients, compared to antineoplastic drugs [6]. Moreover, there are only
limited regulations for safe handling of antibiotics in medical care, compared to
antineoplastic drugs. It is therefore realistic to assume that the spill and leakage
of antibiotics is the same or larger than with antineoplastic drugs. There are,
however, almost no studies on spill and leakage of antibiotics in medical care.

To carry out relevant studies, there is a need for adequate screening meth-
ods to monitor spill and leakage of antibiotics at low levels. There are no meth-
ods available for such screening studies. Reversed phase liquid chromatography
coupled with mass spectrometry (HPLC-MS) has, however, frequently been
used for determination of many antibiotic substances in sewers and waste
waters [7,8]. Similar methods have also been developed for screening spill and
leakage of antineoplastic drugs. These latter screening methods are frequently
based on wipe sampling followed by gas chromatography-mass spectrometry
(GC-MS) [9], liquid chromatography-tandem mass spectrometry (HPLC-MS/
MS) [10–12], or voltammetry [13,14] (see Ref 1 for more references).

The aim of this study has been to develop and validate a screening method
for antibiotic substances, taking its basics from a previously developed method
for determination of cyclophosphamide (CP) and ifosfamide (iF), based on wipe
sampling followed by an HPLC-MS/MS analysis [11,15,16] of the samples. The
method will be validated for screening a large number of substances used as
active components in frequently used antibiotics in wipe samples collected from
various frequently occurring surface materials.

Material and Methods

Material and Chemicals

All chemicals were of analytical grade or higher quality and the water was puri-
fied in a Milli-Q water purifier (Millipore Corp., Billerica, MA, US). Table 1
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shows the antibiotic substances that were considered for the method, with triv-
ial names according to FASS [17]. A total of 26 different substances were inves-
tigated. Twelve of the investigated substances were found to be possible to
analyze simultaneously. These substances are presented in Fig 1, with trivial
and chemical names and structural formulas according to FASS [17]. As inter-
nal standards, the following isotope-labeled substances were used:
Enrofloxacin-D5 (Sigma-Aldrich, Seelze, Germany), 5.5 lg/mL in methanol, and
Flukonazol-D4 (CDN Isotopes, Pointe-Claire, Canada), 4.8 lg/mL in methanol.

A wipe sampling tissue (Apoliva, Apoteket AB, Stockholm, Sweden), previ-
ously used and tested for antineoplastic materials [15,16], was employed for col-
lecting wipe samples. The Apoliva tissue is a commercial wet tissue single

TABLE 1—The antibiotic substances (in alphabetic order) considered for the method.

Antibiotic substance I¼ Included; R¼ rejected Comment

Amoxicillin R CA

Benzylpenicillin R CA

Cefadroxil I

Cefalexin I

Cefotaxim R TLS

Ceftadizim R CA

Cefuroxim R CA

Ciprofloxacin I

Demeclocykline HCl I

Diaveridin I

Doxycyklin I

Enrofloxacin I

Flukonazol, I

Gentamicin R CA

Imipenem R TLS

Klindamycin R CA

Meropenem R TLS

Metronidazol I

Norfloxacin I

Ofloxacin I

Penicillins, e.g., Kloaxcillin R CA

Piperacillin/Tazobaktam R CA

Pivmecillinam R CA

Tobramycin R CA

Trimetoprim I

Vancomycine R CA

Note: The trivial names and spelling are given according to FASS [17]. CA, could not be
analysed (poor chromatography or unsatisfactory MS resolution); TLS, too low
sensitivity.
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packed in envelopes. It is a non-woven cellulose fiber tissue (17 cm� 22 cm)
wetted with 3.2 g of a 15% ethanol in water solution with sorbic acid as preserv-
ative. The samples were stored in 15 mL screw-capped plastic test tubes (Sar-
stedt, Nümbrecht, Germany). Powder-free disposal gloves were used when
taking samples.

In the sampling efficiency tests, some frequently occurring surface materi-
als were tested. The following four materials were included in the test: a square
of standard window glass (3 mm� 600 mm� 600 mm), a square (600 mm� 600
mm) from a PVC homogene plastic floor carpet roll (Armstrong, Holmsund,
Sweden), a square (1.25 mm� 600 mm� 600 mm) of a stainless steel sheet used

FIG. 1—Substances included in the screening method. Structural formulas, trivial and

chemical names are given according to FASS [17].
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for sinks (18/8 steel SS2332), a square (600 mm� 600 mm) from a standard lam-
inate bench top with a melamine surface.

Instrumentation

A Perkin Elmer (Norwalk, CT, USA) chromatographic system (HPLC) consisting
of two micro-pumps and an auto-sampler (Perkin Elmer series 200) was used
for the analysis. The HPLC was equipped with an YMC Hydrosphere C18 col-
umn, 5 lm, 150 mm� 4.6 mm id (YMC Inc., Wilmington, NC, US). Acetonitrile
in water, with 0.1% of formic acid, was used as eluent, starting at 15% acetoni-
trile for 2 min followed by a gradient up to 70% acetonitrile after 12 min. The
HPLC system was then reset to 15% acetonitrile and equilibrated for 8 min
between each run. The eluent flow rate was 0.3 mL/min. The HPLC system was
coupled to a tandem mass spectrometer (MS/MS) with a triple quadrupole (API
2000 PE Biosystem, Foster City, CA, USA) equipped with an electrospray ion
source (TurboIonSpray). The ion spray voltage (IS) was set to 5.5 kV (positive
mode) and the drying gas (TEM) was at 350�C. Other fixed parameters were Cur
(curtain gas) 20, CAD (collision gas) 5, GS1 (ion source gas 1) 20, and GS2 (ion
source gas 2) 50. Table 2 shows the component specific MS/MS settings for the
12 antibiotic substances.

Wipe Sampling Procedure

Wipe samples were collected on defined areas on the selected surfaces using a
wet tissue and disposal gloves. The gloves were changed between each sample
to avoid cross-contamination between samples. A homemade plastic frame,
encompassing 10 cm� 10 cm (¼ 100 cm2), was used to sample a reproducible

TABLE 2—MS/MS settings.

Q1 m/z Q3 m/z DP FP EP CEP CXP CE

Cefadroxil 364 208 6 370 5 24 4 17

Cefalexin 348 158 1 360 5.5 20 2 21

Ciprofloxacin 332 288 101 330 4.5 22 8 19

Demeclocyklin HCl 465 448 21 370 8.5 18 4 27

Diaveridin 261 245 16 370 8 26 10 25

Doxycyklin 445 428 31 370 10 20 4 33

Enrofloxacin 360 316 16 370 5.5 28 10 27

Flukonazol 307 220 26 320 9 22 6 27

Metronidazol 172 154 26 370 6 26 4 23

Norfloxacin 320 276 21 370 7 18 4 27

Ofloxacin 362 318 26 370 8.5 22 4 25

Trimetoprim 291 230 36 370 8.5 20 4 33

Note: The trivial names and spelling are given according to FASS [17]. Q1 is the precursor
ion and Q3 the product ion masses. DP, declustering potential; FP, focusing potential;
EP, entrance potential; CEP, collision cell entrance potential; CXP, collision cell exit
potential; CE, collision energy.
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area on flat surfaces [15,16]. In case of collecting a wipe sample from a non-flat
surface, the size of the area had to be carefully measured after sampling.

The tissue was taken out from the package and cut in half. One half was
used for collecting the wipe sample, and the other half to clean the plastic frame
after sampling to avoid cross-contamination between samples. A special wipe
pattern was employed to collect the sample [15,16]. The tissue part with the col-
lected sample was folded and placed into a screw-capped test tube and stored in
freezer prior to analysis.

Sample Preparation Procedure

After the samples were thawed, the wipe tissue was pushed to the bottom of the
tube using disposable stick. Then, 5 mL ethanol and 100 lL of each internal
standard solution were added to the tubes, and the samples were shaken for 60
min (IKA-Vibrax WXR, Labassco, Stockholm). A 1.5-mL aliquot of the sample
solutions was withdrawn and transferred to micro-vials and evaporated almost
to dryness in a Speed Vac Concentrator (Savant Instruments Inc., Farmingdale,
US) to avoid decreased recovery, possibly due to analyte decomposition or vola-
tilization. The samples were then re-dissolved in 100 lL 5% methanol in water
and transferred to HPLC vials after 30 min.

The samples were then analyzed using HPLC-MS/MS. Quantitative determi-
nation of the 12 selected antibiotic substances in the samples was obtained
using external standards and could be achieved in one run of each sample. The
internal standard was used to verify the sample preparation procedure. Quanti-
fication was achieved based on the relative response ratio of the MS/MS daugh-
ter ion signal between the external standard and each analyte.

Validation of the Screening Method

A large number of antibiotic substances were considered for the screening
method. A survey was used to document frequently used antibiotics [18]. FASS
[17] was used to identify the active substances in these drugs. The investigated
substances are listed in Table 1. The aim was to find an analytical method where
a large number of antibiotic substances could be adequately determined in the
same analysis. Previous studies of spill and leakage of cytostatics [1] have
shown that a surface detection limit (SDL) at least in the level of 0.05 ng/cm2

would be desired for a screening method.
For a method intended for supervisory screening, other performance crite-

ria, such as simplicity, robustness, and high sampling efficiency, also have high
priority. This means that the same analytical performance, as for regular analyt-
ical methods, cannot be expected to be obtained. The primary criteria to vali-
date the method as useful were to determine as many substances as possible in
the same analysis and at a SDL at 0.05 ng/cm2 or lower. The described screening
method has been validated in this context.

The analytical method was validated using spiked samples. Unused wet tis-
sues (cut in half) were placed in screw-capped test tubes. A 100 lL aliquot of a
standard solution mixture with different antibiotic substances corresponding to
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40–300 ng/sample was pipetted into each test tube using a micropipette (Finn-
pipette, Labsystems, Helsinki, Finland). The test samples were then treated
according to the sample pre-treatment procedure prior to analysis. The substan-
ces that could be analyzed simultaneously with adequate chromatography, MS-
resolution, and with the desired detection limit were selected for further valida-
tion of the screening method.

The sampling efficiency from the surface materials was also investigated.
A mixed standard solution with all selected substances was prepared in meth-
anol. This solution was spiked onto each surface material in triplicate. Each
spiking, 100 lL, was pipetted using a micropipette (Finnpipette, Labsystems,
Helsinki, Finland) to 100 cm2 areas marked up on each surface material. The
spikings were left until the surfaces were visibly dried. Wipe samples were
then collected from each spiked area using a wipe tissue and a plastic frame
[15,16] to wipe a reproducible surface area size. The test wipe samples were
then treated according to the sample pre-treatment procedure prior to analy-
sis. The spiking experiment was repeated at a later occasion, giving two sets
of triplicate spiking at surface concentrations in the range of 0.4 – 3 ng/cm2

for the different substances.

Results and Discussions

HPLC-MS/MS Analysis

The previously developed HPLC-MS/MS method for determination of CP [11]
was investigated for the analysis of various antibiotic substances. A similar
method has also been presented for determination of antibiotics in sewage
waters [7]. Reversed phase HPLC coupled with mass spectrometry has fre-
quently been used for determination of many antibiotic substances [7,8]. It was
therefore considered to be efficient to employ reversed phase HPLC for the sepa-
ration of antibiotic substances.

In the separation of complex mixtures of substances, the use of MS/MS for
determination of the substances increases the selectivity as well as the specific-
ity for the individual substances. Many interferences from the sample matrix
can be eliminated and improve the method performance. In the optimization
of the MS/MS determination, focus was put on the possibility of determining
as many substances as possible in one analysis with adequate sensitivity. The
initial MS/MS scan parameters were used to analyze the first nine substances
Cefadroxil (m/z 364 and 208), Diaveridin (m/z 261 and 245), Trimetoprim (m/z
291 and 230), Cefalexin (m/z 348 and 158), Ofloxacin (m/z 362 and 318), Nor-
floxacin (m/z 320 and 276), Metronidazol (m/z 172 and 154), Ciprofloxacin (m/
z 332 and 288), and Enrofloxacin (m/z 360 and 316). At 7 min and 45 s, the
scan parameters were changed to analyze the remaining three substances
Demeclocyklin HCl (m/z 465 and 448), Doxycyklin (m/z 445 and 428), and Flu-
konazol (m/z 307 and 220). This change of scan parameters increased the sen-
sitivity of all substances.

A mixed external standard solution was used for quantification. Two
isotope-labeled substances, Enrofloxacin-D5 and Flukonazol-D4, were initially
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used as internal standards to verify the quantification of the detected substances
in the samples as initial tests showed no decomposition of these compounds.
However, later experiments showed that some decomposition of the
Enrofloxacin-D5 could occur and lead to falsely high recoveries and an
increased variability when using that internal standard for quantification. No
significant decomposition was found for Flukonazol-D4. Flukonazol-D4 was
therefore used in all calculations although both internal standards were added.

Selection of Antibiotic Substances

Based on the antibiotic substances identified in a survey [18], carried out at
Swedish hospitals, 27 antibiotic substances were considered for the screening
method. To evaluate the possibility for simultaneous HPLC-MS/MS determina-
tion of the selected antibiotic substances, test tubes were spiked with a standard
solution of the substances.

Based on this evaluation, a number of the investigated substances had to be
excluded. The major reasons for exclusion of substances were either poor chro-
matography, with inadequate separation, or poor peak shapes, resulting in too
low sensitivity. Unsatisfactory mass spectrometric resolution was another rea-
son for exclusion. The excluded substances were mainly different penicillins
(e.g., Amoxicillin, Benzylpenicillin, and Cloaxcillin), as well as Ceftadizim,
Cefuroxim, and Vancomycin. In three instances (Cefotaxim, Imipenem, and
Meropenem), although possible to analyze, the analysis did not give a low
enough quantification level for the desired performance of the screening
method.

Twelve substances (see Table 3) were found to meet the basic criteria, i.e.,
be possible to analyze in the same run at an analytical detection limit (ADL)

TABLE 3—Analytical recovery of the selected substances.

Substance Spike (ng) Recovery (%) RSD (%)

Cefadroxil 179 95 9

Cefalexin 292 96 5

Ciprofloxacin 43 99 43

Demeclocyklin HCl 131 42 27

Diaveridin 89 80 13

Doxycyklin 133 62 29

Enrofloxacin 50 75 26

Flukonazol 39 93 2

Metronidazol 102 102 6

Norfloxacin 57 105 34

Ofloxacin 58 94 25

Trimetoprim 120 70 17

Note: %, mean recovery of four test samples; RSD, relative standard deviation. The trivial
names are given according to FASS [17].
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adequate for screening with wipe samples from 100 cm2 surfaces. All substan-
ces, except Demeclocyklin HCl and Doxycyklin, showed recoveries above 70%.
The relative standard deviation (RSD) was below 30% for all substances except
Ciprofloxacin and Norfloxacin. The recovery tests were carried out at levels
within two orders of magnitude above the ADL. This performance was consid-
ered adequate for a screening method.

Figure 2 shows a chromatogram with all 12 substances included in the
screening method. All substances could be separated within a 12 min chromato-
graphic run. In the chromatogram, based on the total ion current, only ten
peaks appear. Metronidazol, Norfloxacin, and Ofloxacin were found to have the
same retention time. These substances have, however, different precursor and
daughter ions (see Table 2) and could efficiently be resolved via MS/MS frag-
mentation and be quantified individually although having the same retention
time.

Detection Limits

The ADL, defined as three times the background noise, for the selected substan-
ces and the surface detection limits (SDL), based on a 100 cm2 wipe sample, are
listed in Table 4. The ADL for the substances in the screening method ranged
from 0.3 to 3 ng/sample. The lowest ADL was obtained for Norfloxacin and the
highest for Metronidazol. The SDL, expressed as ng/cm2, will, however, vary
depending on the area size of the wiped surface, i.e., the larger size of wiped

FIG. 2—Chromatogram of all twelve substances. The chromatogram shows the

total ion current (TIC) of all masses. The substances are A-Cefadroxil; B-Diaveridin;

C-Trimetoprim; D-Cefalexin; E-Ofloxacin, Norfloxacin and Metronidazol; F-

Ciprofloxacin; G-Enrofloxacin; H-Demeklocyklin HCl; I-Doxycyklin; J-Flukonazol.

The solid line between peak G and H marks a change in scan parameters (see the

text for details).
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surface area the lower SDL can be obtained. With a surface area size of 100
cm2, the obtained SDLs were fully satisfactory for the desired performance of
the screening method.

Validation of the Screening Method

This method is intended for supervisory screening and other performance crite-
ria, such as simplicity, robustness, and high sampling efficiency, also have high
priority besides the analytical performance. In judging the method utility focus
has been put on the number of substances that can be analyzed simultaneously
at an SDL corresponding to a surface level of 0.05 ng/cm2 or lower. The
described method has been validated in this context.

The recoveries and reproducibility of wipe sampling antibiotic substances
from various commonly occurring surface materials were investigated. Surfaces
of glass, stainless steel, plastic floor carpet, and laminate bench top were spiked
with known amounts of antibiotic substances in the range of 0.4 – 3 ng/cm2. In
this experiment, all spikings were made in triplicate and left to dry before the
wipe samples were collected. The spiking experiment was also repeated on a
later occasion, and, thus resulting in two set of triple replicates for each surface
material.

The result of the recovery and reproducibility study is presented in Table 5.
The mean relative recovery was calculated from all six spikings made at two dif-
ferent occasions on each surface material. Considering that this is intended as a
screening method, good performance was obtained for Cefadroxil, Cefalexin,
Flukonazol, and Metronidazol on all four surface materials and for Diaveridin
and Trimetoprim on three surface materials (glass, stainless steel, and bench
top laminate). Acceptable performance was obtained for Enrofloxacin,

TABLE 4—Analytical detection limits (ADL) and surface detection limit (SDL), based on a
100 cm2 wipe sample, for the antibiotic substances determined in the screening method.

Substance ADL (ng/sample) SDL(ng/cm2)

Cefadroxil 0.50 0.005

Cefalexin 3.00 0.03

Ciprofloxacin 0.50 0.005

Demeclocykline HCl 2.00 0.02

Diaveridin 1.00 0.01

Doxycyklin 2.00 0.02

Enrofloxacin 0.30 0.003

Flukonazol 0.70 0.007

Metronidazol 3.00 0.03

Norfloxacin 0.30 0.003

Ofloxacin 0.40 0.004

Trimetoprim 2.00 0.02

Note: The trivial names are given according to FASS [17].
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Norfloxacin on all surface materials, for Ciprofloxacin, Ofloxacin on three sur-
face materials (glass, stainless steel, and bench top laminate), and for Diaveri-
din and Trimetoprim on one surface material (plastic floor carpet). Although
not fully acceptable, useful performance for a screening method was obtained
for Ciprofloxacin and Ofloxacin on one surface material (plastic floor carpet).
For Doxycyklin, a useful screening performance was obtained only for two sur-
face materials (bench top laminate and glass) but not for the other surface
materials. Finally, it can be questioned if the performance for Demeclocyklin
HCl can be regarded as useful for any surface material.

For all substances, the lowest recoveries were obtained from the plastic
floor carpet. Many plastic materials show sorption properties [19,20]. These
properties will increase the adhesion of organic compounds to the material and
may explain the lower recoveries for wipe sampling on plastic floor carpet. This
effect may also have a negative impact on the cleaning efficiency of floors cov-
ered with plastic carpets.

For practical use of a screening method, in order to get a reasonable over-
view and be able to compare the level of contamination, it can be appropriate to
classify the samples into different categories. Each sample can be given a score
from the results according to the following parameters: (i) the number of found
substances (one point for each substance) and (ii) the level of the substances. A
suitable scoring for each substance is a level of not detected to 0.1 ng/cm2¼ 1
point; 0.1–0.5 ng/cm2¼ 2 points; 0.5–1.0 ng/cm2¼ 3 points; 1–2 ng/cm2¼ 4; 2–5

TABLE 5—Recovery of antibiotic substances from different surface materials.

Surface material

Bench Glass Plastic floor carpet Stainless steel

Substance Spike ng/cm2 Rec RSD Rec RSD Rec RSD Rec RSD

Cefadroxil 1.8 71 12 90 17 77 13 87 16

Cefalexin 2.9 94 17 118 12 77 5 122 10

Ciprofloxacin 0.4 50 42 59 32 19 66 37 35

Demeclocyklin HCl 1.3 6 86 5 65 3 62 5 100

Diaveridin 0.9 87 12 144 19 34 12 149 9

Doxycyklin 1.3 14 34 10 101 6 35 6 36

Enrofloxacin 0.5 30 38 53 20 17 35 37 24

Flukonazol 0.4 84 3 98 6 81 9 99 5

Metronidazol 1.0 101 23 103 16 78 12 110 9

Norfloxacin 0.6 48 61 52 26 34 24 32 36

Ofloxacin 0.6 39 30 56 26 19 21 42 19

Trimetoprim 1.2 67 9 106 21 31 6 113 12

Note: Mean recovery (%) of six samples for each surface material with relative standard
deviation (%). Rec, recovery; RSD, relative standard deviation. The trivial names are
given according to FASS [17].
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ng/cm2¼ 5; 5–10 ng/cm2¼ 6;> 10 ng/cm2¼ 7. A high score, thus, means a large
contamination. The range of points from the lowest to the highest scored sam-
ple can then be divided into four ranges of equal numerical size, representing
the four categories: Low, Medium, High, and Very high level of contamination.

Based on the individual score, each sample can then be classified into one
of the contamination categories. If several samples are collected at the same
site, the scores can be combined for classification of the contamination level at
the site. This classification model, where the results are grouped into concentra-
tion ranges, will also contribute to decrease the effects of any deficiencies in the
recovery performance for some of the substances and surface material. For
example, if the true level of a substance is 0.4 ng/cm2 and the recovery is 60%,
the analysis will show 0.24 ng/cm2. Both these values will fall into the same
group and get the same score. However, if the true level of the substance is 0.15
ng/cm2 the analysis will show 0.09 ng/cm2. Here, the analytical result will fall
into the lower group, and the sample would be scored too low. Only samples,
whose true values are close to the lower border of a group, would risk to be
scored too low due to deficiency in analytical performance.

Conclusions

The developed HPLC-MS/MS method has been proven to be suitable for analy-
sis of the 12 selected antibiotic substances in solutions from extracted wipe
samples, collected from frequently occurring surface materials. All substances
can be separated and quantified simultaneously in one analysis. The obtained
ADLs were satisfactory for all 12 selected substances and, based on a 100 cm2

wipe sample, SDLs well below the desired level were obtained for all substances.
For screening investigations using collections of wipe samples, a good or ac-
ceptable performance was obtained for ten substances on most surface materi-
als. Although not fully acceptable, useful performance for a screening method
was obtained for almost all substances on all surface materials. For comparison
of the screening results, a classification procedure can be employed, where each
sample gets a score depending on the number of substances found the concen-
tration level in the sample. The samples can then be divided into four groups
representing increasing contamination. Such classification simplifies compari-
sons and will also circumvent any deficiency of recovery performance for some
substances and surface materials.
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Screening of Spill and Leakage of Antibiotics
in Hospital Wards

ABSTRACT: This paper presents a two-phase study of spill and leakage of

antibiotics in hospitals. The first phase was a screening of spill and leakage

at 21 hospital wards in 16 hospitals. Phase two was an extended investiga-

tion, where different measures to reduce spill and leakage were implemented

and a follow-up screening was made to evaluate the effect of the measures.

At the screening, 206 samples were collected. The result was used to classify

the wards into four classes: Low, Mean, High, and Very high. Spatial distribu-

tion patterns and the effect of compounding systems were also investigated.

The screening showed that spill and leakage occur at all wards. Eleven of the

21 wards had High or Very high contamination level. This result also showed

that the substances were distributed according to three possible patterns.

The compounding systems also had an impact on the spill and leakage. All

four wards that used a closed system were found among the six wards with

the lowest spill and leakage, while all three wards that used open venting sys-

tems were found among the six wards with the highest spill and leakage. The

result also showed that it is possible to handle antibiotics with only insignifi-

cant spill and leakage, i.e., by using closed systems. Three wards, classified

as Very high, were included in the second phase. Measures to decrease spill

and leakage and reduce the distribution the substances were implemented.

After two month, a follow-up screening was carried out. The result showed

lower contamination levels at all three wards and the implemented measures

had some effect. Simple and easy-to-do measures can contribute to reduce

the spill and leakage that occur. There is still, however, a need to discuss
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how to handle antibiotics in a safe way to reduce possible spill and leakage

and to prevent the distribution of this spill and leakage.

KEYWORDS: antibiotics, compounding, hospital wards, leakage, occupa-

tional exposure, screening, spill, surface contamination, wipe sampling

Introduction

During the past fifteen years, there are many studies published that describe
monitoring methods and/or investigations of spill and leakage and/or occupa-
tional exposure to antineoplastic drugs. A comprehensive web based database
with reference to literature on this topic has been compiled by Dr. Tom Connor
at National Institute for Occupational Health in the United States [1]. Although
most countries have strict regulations for handling antineoplastic drugs [2–5],
many studies [1] show that spill and leakage frequently occur during handling
these drugs in hospital wards and in pharmacies. Moreover, the studies show
that the staff gets undesired exposure to these drugs.

Antibiotics can be regarded as another heterogenic group of drugs that is
frequently used in hospitals. Over 140 times more antibiotics compared with an-
tineoplastic drugs are administered to hospital patients in Sweden [6] and there
are only limited regulations for safe handling of antibiotics in medical care,
compared with the situation for antineoplastic drugs. It is therefore not unreal-
istic to assume that the spill and leakage of antibiotics are the same or larger
than with antineoplastic drugs.

There are some reviews on analytical methods for antibiotic substances for
pharmacokinetic studies and for antibiotic residues in foodstuffs [7,8]. There
are also several studies on the distribution of drugs in the environment through
sewer effluents [9–12]. Tuerk et al. [13] have compared different analytical
methods for determination of antibiotic substances in environmental and bio-
logical samples. There are, however, almost no studies on spill and leakage of
antibiotics in medical care.

There have been two main purposes of this study. The first aim has been to
investigate the spill and leakage of antibiotics in Swedish hospitals using a pre-
viously developed and validated screening method [14]. The method is based on
wipe sampling and liquid chromatography tandem mass spectrometry (HPLC-
MS/MS) for determination of sampled antibiotics. Twelve different antibiotics
have been analysed in over 200 samples collected in 21 wards at 16 different
hospitals.

The second aim has been to identify measures to reduce the spill and leak-
age of antibiotic drugs. In a deeper study at three wards, a number of possible
preventive measures were identified and suggested to the wards. After some
time for implementation, a follow-up screening was carried out and compared
with the results from the first screening in order to evaluate the effect of the sug-
gested measures. At the same time an investigation of the cleaning efficiency
was also carried out by monitoring the level of antibiotic substances directly
before and after cleaning.
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Material and Methods

Material and Chemicals

All chemicals were of analytical grade or higher quality, and the water was puri-
fied in a Milli-Q water purifier (Millipore Corp., Billerica, MA, US). Twelve anti-
biotic substances were included in the screening. They are listed below with
trivial name and the chemical names in brackets, all according to FASS [15].
The substances were: Cefadroxil [(6R,7R)-7-[(R)-2-Amino-2-(p-hydroxifenyl)a-
cetamido]-3-metyl-8-oxo-5-tia-1-azabicyklo[4.2.0]okt-2-en-2-karboxylsyra], Cefa-
lexin [(6R)-7R-7-[(R)-2-Amino-2-fenylacetamido]-3-metyl-8-oxo-5-tia-1-azabicyklo
[4.2.0]okt-2-en-2-karboxylsyra], Ciprofloxacin [1-Cyklopropyl-6-fluoro-1,4-
dihydro-4-oxo-7-(1-piperazinyl)-3-kinolinkarboxylsyra], Demeclocyklin HCl [7-
Chloro-4.(dimethylamino)-1,4,4a,5,5a,6.11,12a-octahydro-3,6,10.12.12a-pentahy-
droxy-1,11-dioxo-2-], Diaveridin [2,4-diamino-5-(3,4-dimethoxybenzyl)pyrimi-
dine 5-((3,4-dimethoxyphenyl)methyl)-4-pyrimidinediamine], Doxycyklin [(4S,
4aR,5S,5aR,6R,12aS)-4-Dimetylamino-1,4,4a,5,5a,6,11,12a-oktahydro-3,5, 10,12,
12a-pentahydroxi-6-metyl-1,11-dioxo-2-naftacenkarboxamid], Enrofloxacin [1-
Cyklopropyl-7-(4-etyl-1-piperazinyl)-6-fluoro-1,4-dihydro-4-oxo-3-kinolinkarbox-
ylsyra], Fluconazol [2,4-Difluoro-a,a-bis(1H-1,2,4-triazol-1-ylmetyl)bensylalko-
hol], Metronidazol [1-(2-Hydroxietyl)-2-metyl-5-nitroimidazol], Norfloxacin [1-
Etyl-6-fluoro-1,4-dihydro-4-oxo-7-(1-piperazinyl)-3-kinolinkarboxylsyra], Ofloxa-
cin [9-Fluoro-2,3-dihydro-3-metyl-10-(4-metyl-1-piperazinyl)-7-oxo-7H-pyrido
[1,2,3-de]-1,4-benzoxazin-6-karboxylsyra], Trimetoprim [2,4-Diamino-5-(3,4,5-
trimetoxibensyl)pyrimidin]. As internal standards, the following isotope labelled
antibiotics were used: Enrofloxacin-D5, Fluconazol-D4, Norfloxacin-D5. The con-
centration varied between the compounds but was in the range of 1.5–5.5 lg/ml.

Powder free disposal vinyl gloves (Evercare, Selfatrade AB, Spånga,
Sweden) were used when collecting the samples. Wet tissues (Apoliva, Apoteket
AB, Stockholm, Sweden) were used for collection of wipe samples. A homemade
plastic frame (outer size 14� 14 cm and encompassing 10� 10 cm¼ 100 cm2)
was used to get a reproducible size of the wipe samples from flat surfaces. Screw
capped plastic tubes (Sarstedt, 15 ml, Nümbrecht, Germany) were used to store
the wipe samples.

Instrumentation

For the analysis, a PerkinElmer (Norwalk, CT), chromatographic system con-
sisting of two micro-pumps (PerkinElmer series 200) and an auto-sampler (Per-
kinElmer series 200) was used. The high-performance liquid chromatography
(HPLC) was equipped with a YMC Hydrosphere C18 column (YMC Separation
Technology Inc., Wilmington, NC, US) 150� 4.6 mm id, 5 lm. Acetonitrile in
water with 0.1 % of formic acid were used as HPLC-eluent, starting at 15 % of
acetonitrile for 2 min followed by a gradient to 70 % after 9 min. The HPLC was
coupled to a triple quadrupole mass spectrometer (API 2000 PE Biosystem,
Foster City, CA) equipped with an electrospray ion source (TurboIonSpray).
The ion spray voltage was set to 5.5 kV (positive mode), and the drying gas was
at 350�C.
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Sampling Procedure

The sampling for the screening was then made according to a previously
reported procedure [16,17]. Wipe samples were collected from suitable surfa-
ces using the plastic frame for flat surfaces. The area of non-flat sampled
surfaces was carefully measured after the wipe sample was taken. Powder free
disposal gloves were used and changed between each sample. For each sample
a wet tissue was used. The tissue was cut in two halves using a pair of scissors.
One half of the tissue was used to collect the sample, and the other half was
used to clean the plastic frame after sampling. The previously validated wipe
procedure was employed when taking the samples. After wiping the surface,
the wet tissue was folded once more and then rolled and placed into a screw
capped plastic test tube. The samples were then stored in freezer (�20�C) until
analysis.

Analytical Procedure

The samples were analysed according to a method described elsewhere [14]. In
short, the samples were thawed, and the tissue in each tube was compressed to
the bottom. Then, 5 ml of ethanol and 100 ll of each internal standard solution
were added, and the samples were shaken for 60 min. Then, 1.5 ml of the solu-
tion was transferred to micro-vials and evaporated to almost to dryness in a
Speed Vac Concentrator (Savant Instruments Inc., Farmingdale). The samples
were re-dissolved in 100 ll of 5 % methanol in water transferred to HPLC vials
after 30 min and analysed by HPLC-MS/MS.

Selection of Sites for Screening

For selection of suitable sites for this screening, an inquiry (see Appendix A)
was sent out to 64 wards at 42 hospitals in the northern half of Sweden to inves-
tigate, which antibiotic drugs that regularly were used and also to identify sites
that were prepared to participate in the screening. Of the 64 wards, 36 answered
the inquiry of which 24 were prepared to participate and 12 declined. Of these
24 sites, three were not included in the screening in the end due to difficult
travel logistics. The screening was, thus, carried out at 21 hospital wards (inten-
sive care, haematology, surgery, or general wards) in 16 different hospitals in
Sweden. The hospitals ranged from University hospitals to minor regional hos-
pitals. All hospitals were public.

Screening Procedure

Each ward was visited during the screening. At the visit, before any samples
were collected, the facilities, compounding systems, compounding procedures,
administration routines as well as cleaning and waste handling routines etc.,
were recorded and documented. During this evaluation focus were particularly
put on the compounding system used, the place for compounding, the cleaning
procedure, the cleaning frequency, the presence of written instructions for com-
pounding, the average number of daily compounded doses, the number of

212 JAI � STP 1533 ON SURFACE AND DERMAL SAMPLING

 



individuals that made drug compounding as well as their experience (no of
years with compounding) and the drugs that actually were used at the time of
the screening. This documentation was also verified with a nurse at each ward
that normally carried out compounding and administration of antibiotic drugs
(usually the nurse that was responsible for the drug room).

At each ward, approximately 10 samples were collected. The samples were
taken from benches used both for compounding and not for compounding,
drug shelves, waste containers, sinks, and the floor in the drug room, and from
the toilet seat and the floor in patient toilets and from other relevant locations
at the wards (e.g., nurse office, coffee room, etc.,). All sampling was carried out
from June to November 2008. Appendix B summarizes the sampling locations
at each ward.

From the results, the mean and median values, range and number of sam-
ples above the detection limit and the number of sampling locations with identi-
fied substance, were calculated for each substance. In the mean value
calculation, all results below the analytical detection limit (ADL) were assigned
(ND-not detected) to

ND ¼ ADL
ffiffiffi
2

p

According to Hornung and Reed [18], this method to handle ND-values gives
more adequate results than ND¼ADL/2 when data has a log-normal distribu-
tion. This is normally the case with data series that has a lower limit but virtu-
ally no upper limit, like in this case.

Classification Procedure

To get a reasonable overview and be able to compare the level of spill and leak-
age, the wards were classified into four categories. Each ward was given a score
according to the results of the following parameters: (i) number of substances
found (one point for each substance), (ii) the number of samples with substan-
ces (one point for each substance in a sample), and (iii) the level of the substan-
ces (for each substance 0.01�0.1 ng/cm2¼ 1 point; 0.1� 0.5 ng/cm2¼ 2 points;
0.5� 1.0 ng/cm2¼ 3 points; 1–2 ng/cm2¼ 4; 2–5 ng/cm2¼ 5; 5–10 ng/cm2¼ 6;
>10 ng/cm2¼ 7). A high score, thus, meant a large spill and leakage. The range
of points from the lowest to the highest score was divided into four ranges of
equal numerical size, representing the four categories: Low, Medium, High, and
Very high level. Based on the individual score, each ward was then classified into
one of the categories.

Evaluation of Spatial Distribution Patterns

Based on the results for different sampling locations at each ward the spa-
tial distribution patterns were evaluated. The results from primary surfaces,
where antibiotics were handled, i.e., work benches for compounding drugs,
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drug shelves, etc., and the results from secondary surfaces, where antibiotics
not were handled, i.e., floors, benches not used for compounding, etc., were
considered. Based on the differences between the results from primary and
secondary surfaces various spatial distribution patterns were identified.

Effect of Compounding System on the Level of Spill and Leakage

Numerous studies on handling of cytostatics have shown that the compounding
system have a significant impact on the level of drug spill and leakage [1]. In
order to investigate the effect of the compounding system during preparation of
antibiotic drugs, the compounding systems used at the wards were classified
into three categories: (i) open systems with a venting-needle without filter or
with the traditional “milking technique,” (ii) some type of spike with filter for
venting (e.g., Mini-spike, Braun Medical AB, Danderyd, Sweden or Venting-
needle, Baxter Medical AB, Kista, Sweden), and (iii) closed compounding sys-
tem (e.g., PhaSeal, Carmel Pharma AB, Gothenburg, Sweden or Tevadaptor,
Teva Sweden AB, Helsingborg, Sweden). For each ward, the classification level
of the ward was compared to the compounding system category used at the
ward.

Selection of Sites for the Investigation of Preventive Measures

In the second part of this study, three wards, classified as having Very high con-
tamination level, were selected. The compounding and administration proce-
dures were recorded step by step in order to identify possible causes to the spill
and leakage. Based on this documentation, a number of preventive measures to
minimize spill and leakage, as well as measures to prevent the spatial distribu-
tion of emerged spill and leakage were suggested. Examples of suggested meas-
ures are presented in Appendix C. The preventive measures were individually
suggested to each ward based on their particular situation and presented to the
staff in a written document. At each ward, the staff then decided by themselves,
which of the suggested measures that should be implemented. About two month
after the selected measures were introduced at the ward, a follow-up screening
was carried out. At the follow-up screening, wipe samples were collected on the
same surfaces as in the first screening.

Assessment of the Cleaning Procedure

The cleaning procedure may have a significant impact on the level of spill and
leakage of cytostatics [1,19,20]. During the second part of this project, a possi-
bility to investigate the effect of the generally used cleaning procedure was pos-
sible. At the follow-up screening, samples were also collected immediately
before and after general cleaning of the work benches and floor in the drug
rooms and on the floor in the patient toilets.

The general cleaning procedure was similar at all three wards. The floor
was wiped with a mop dampened in a water-detergent solution. The mop cloth
was changed between each room, and the used mop clothes were washed in a
laundry, dried, and reused, until worn out.
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Results and Discussion

Initial Survey

Table 1 shows the antibiotic substances that were identified to be active com-
pounds in the drugs that were specified by the wards in the survey to be regularly
used. Twenty-five compounds were identified to be used in at least one drug at one
of the wards. Two of the compounds determined in this screening (Cefalexin and
Diaveridin) were not listed in the survey as regularly used. A limited number of
compounds were present in frequently used drugs. Ciprofloxacin was present in
drugs used at all sites, and Cefuroxim, Fluconazol, Meropenem, Metronidazol, and
Trimetoprim were present in drugs used at more than 70 % of the screened sites.
Eight of the compounds were present in drugs that were used in less than 15 % of
the sites. Three compounds (Cefuroxim, Meropenem, and Tazocin) were present
in frequently used drugs but were not analysed in the screening. However, the four
compounds (Ciprofloxacin, Fluconazol, Metronidazol, and Trimetoprim) that
were present in the most frequently used drugs were all included in the screening.

Screening

Twelve different antibiotic substances were analysed in 206 samples collected at
21 wards at 16 different hospitals. The results from the screening are summar-
ized in Table 2.

Ciprofloxacin was the substance that occurred most frequently in the sam-
ples and was identified in samples from all wards. It was a substance that was
specified in the survey to be present in drugs that were administered both as
infusion and as tablets. Ciprofloxacin occurred in at least one sample at >10 ng/
sample at all wards. Other substances that were present in amounts >10 ng/
sample at many wards were Metronidazol (19 wards), Fluconazol (17 wards),
and Trimetoprim (15 wards). All three of these substances occur in antibiotics
administered both as infusion and tablets.

Metronidazol had the highest mean value of 2.4 ng/cm2, the highest median
value (0.061 ng/cm2), as well as the second highest individual value (205 ng/cm2).
Trimetoprim showed the highest individual value, which was 340 ng/cm2, and
the second highest mean value (1.92 ng/cm2). The second highest median value
was 0.022 ng/cm2 and was obtained for Doxycyklin. Diaveridin was the substance
that showed both the lowest mean and median values, which were 0.002 and
<0.001 ng/cm2, respectively.

It is also worth to note that the substances that were specified in the survey
to only be present in drugs administered as tablets (Cefadroxil, Cefalexcin,
Enrofloxacin, Norfloxacinoch, and Ofloxacin) also could be identified in several
samples. At least one of these substances was present at a level >10 ng/sample
at eleven wards. The levels of these substances, however, were generally lower
compared with substances present in drugs that were administered by infusion
too. This means that handling tablets, e.g., splitting tablets, filling tablet dis-
pensers (a box with compartments for several doses, usually for one week), also
caused distribution of drug particles. It is, thus, also necessary to consider han-
dling tablets to efficiently reduce spill and leakage of antibiotics.
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Both Cefalexcin and Diaveridin were discovered in several samples,
although no ward had specified that drugs, containing these substances were
used. One reason to the occurrence of these substances could be that the staff
was unaware of that such drugs were used or that such drugs had been used
before or after the time of the survey.

Classification of the Wards

To be able to get an overview of all data and to compare the wards, a classification
system was designed. Three basic parameters were considered in the classifica-
tion: (i) the number of substances found, (ii) the number of contaminated loca-
tions, and (iii) the level of the spill. The classification levels are relative to the range
from the lowest to the highest score for each parameter. The reason for a relative
scale was that there was no information on which level of spill is to be expected.
With a relative scale, additional data can be added in the future to adjust the scale.

Table 3 shows the classification of the wards that participated in the screen-
ing. Of the 21 wards, four were classified as Low, six as Medium, eight as High
and, finally, three as Very high. This means that eleven of the 21 wards (52 %)
were classified as High or Very high.

At the wards with the highest classification level, at least one substance was
found in all samples. A total of nine different substances were found of which
three substances occurred at levels >5 ng/cm2. This indicates a significant spill
and leakage at these wards with a significant distribution to secondary surfaces.

At the wards with the lowest classification, substances were found in, at the
most, 1–4 samples. Not more than two to four substances were found, all at lev-
els below 0.5 ng/cm2 and most substances< 0.1 ng/cm2. This result shows that it
is possible to handle antibiotics with only insignificant spill and leakage. The
screening, however, showed that only 14 % of the wards (three of 21) manage to
handle antibiotics in that way.

Spatial Distribution Patterns

Based on the data from all sampling location at all wards, considering the distri-
bution from primary surfaces towards secondary surfaces, three different distri-
bution patterns could be perceived.

Pattern 1: Small spill and leakage occurred on primary surfaces at the com-
pounding place like work benches and waste containers. There was no or only in-
significant distribution to secondary surfaces such as benches, where no drugs
were handled or to the floor in the drug room or to other rooms. This pattern
indicates that the way of working is well-adapted for the purpose. Only limited
spill and leakage occur. The routines for cleaning are also suitable and prevent
that emerging spill and leakage will be distributed to secondary surfaces.

Pattern 2: Larger spill and leakage can be shown on primary surfaces at the
compounding place such as work benches and waste containers but also a sig-
nificant distribution to secondary surfaces occur, e.g., to adjacent benches,
where no drugs are handled, or to the floor. Drugs can usually also be found in
patient toilets and wash rooms. This pattern indicates that spill and leakage
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frequently occur. Moreover, the routines for cleaning are not fully sufficient to
prevent that spill and leakage are distributed to secondary surfaces.

Pattern 3: Large spill and leakage occur and are distributed on to both pri-
mary and secondary surfaces. Frequently, there are larger levels of contamina-
tion on the secondary surfaces such as the floor, the sink in wash rooms and
patient toilets. The occurrence of this distribution pattern indicates that the
way of working regularly results in spill and leakage. Furthermore, the result
shows that the routines for cleaning are not sufficient to prevent that the spill
and leakage is significantly distributed to secondary surfaces.

All the wards that had been classified as Low showed distribution pattern 1.
The wards that had been classified as Very high, all showed distribution pattern
3, as well as most of the wards that had been classified as High. A majority of
the wards that had been classified as Medium showed distribution pattern 2.

Effect of the Compounding System

Many antibiotics aimed for infusion are sold as dry substance in glass vials
sealed with an aluminum cap and a rubber stopper. For illustration, a short

TABLE 3—Classification of the contamination level at the wards that participated in the
screening.

Hospital Ward Class

1 Intensive care þ
1 Surgery þþ
2 Hematology þ
2 Infection þ
3 Surgery 0

4 Intensive care 0

5 Hematology 0

6 Hematology/oncology þ
7 Infection �
7 Hematology þ
8 General care þ
9 Infection 0

9 Hematology þ
10 Infection 0

11 Infection �
12 Surgery �
13 General care �
14 Hematology þþ
14 Infection 0

15 General care þþ
16 General care þ
Note: Class levels are: Low (�), Medium (0), High (þ), and Very high (þþ). The classifica-
tion criteria are described in the text.
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description of how an infusion bag can be prepared and at which operations
spill and leakage can be expected to emerge is given below.

When compounding antibiotics for infusion, a disposal syringe is filled
with a suitable aliquot of saline solution from a storage bottle. The syringe is
fitted with an injection needle and the liquid is injected into the vial through
the rubber stopper. To eliminate the increased pressure that builds up during
the injection the traditional milking technique or some kind of venting system
are used, e.g., an extra open injection needle, a filter spike (e.g., Braun Mini-
spike or Baxter Venting-needle) or a closed system (e.g., PhaSeal or Tevadap-
tor). During this operation, dry substance or liquid may be expelled to the air
as aerosol depending on how efficient the venting system can collect the
formed aerosol. The dry substance is then dissolved in the vial, and the desired
volume of the dissolved drug is drawn back into the syringe. Then, the syringe
is disconnected from the drug vial. Liquid spill or aerosol emission can occur
at this operation. The syringe is then connected to an inlet port of the infusion
system, and the drug is injected into the infusion liquid. In some occasions, the
syringe is disconnected from the inlet port after injection and in other occa-
sions, the syringe is left connected to the inlet port. In the first case, spill or aer-
osol emission can occur when the syringe is disconnected. Other operations
when spill or aerosol emission can occur are when the tubing in the infusion
system is filled, when drug infusion bag is connected to or disconnected from
the infusion system.

Of the wards participating in the screening, four wards stated that they
used some kind of closed system (e.g., PhaSeal or Tevadaptor) for compounding
antibiotics for infusion. Three wards stated that they regularly used only an
extra open injection needle for venting the vials or milking technique. The other
14 wards used some kind of injection needle with filter or spike (e.g., Braun
Mini-spike or Baxter Venting-needle) for venting the vials.

A comparison of the classification results and the compounding system
used at the wards showed a clear correlation. Figure 1 shows the result of this
comparison. All four wards that used closed systems were among the six wards
that had the lowest spill and leakage, i.e., classification Low or Medium. Corre-
spondingly, all three wards that used milking technique or an open injection
needle for venting were among the six wards with the highest contamination
level in the screening, i.e., classification High or Very high.

Description of Preventive Measures

Three wards, with classification Very high, were selected for the extended inves-
tigation to study the effect of preventive measures. All three wards were visited
twice during the extended study. At the first visit, the compounding work was
studied operation for operation and the whole compounding procedure was
documented. At a second visit a follow-up screening was carried out.

After examination of the compounding procedures a range of measures to
prevent spill and leakage as well as the distribution of any emerging spill were
documented. Below are examples of preventive measures that were suggested
(see also Appendix C).
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Measures to Minimize Spill and Leakage During Compounding—Consider
using a closed system for compounding antibiotics. Studies of cytostatics [1]
have shown that using closed compounding systems can contribute to signifi-
cantly reduce the spill and leakage.

When filling tubings in infusion systems, collect any emerging liquid from
the tubing nozzle over a bench cover with plastic bottom or a collection con-
tainer. Do not hold the tubing nozzle so any spill land on the floor or bench
top.

When using infusion bags pre-filled with antibiotics, fill the tubings of the
infusion system first with saline solution to evacuate air instead of using the
drug solution and administer saline solution after infusion is completed to evac-
uate any remaining drug solution before disconnecting the infusion system
from the patient. With this procedure, any emerging spill during these opera-
tions will contain only saline solution and minimize the risk for drug spill.

When handling tablets, e.g., splitting tablets and filling drug dispensers, use
disposal gloves and carry out these operations on a bench cover with plastic bot-
tom to collect any emerging drug dust. Discard the cover and gloves after the
operations are finished.

Prepare infusion systems as much as possible in the drug room. This mini-
mize the risk for spill and leakage in the ward rooms.

Measures to Minimize Distribution of Emerging Spill and Leakage—Use dis-
posal gloves when doing compounding and change gloves between each com-
pounding. This prevents skin exposure but also to prevent that any spill on the
gloves are distributed from one compounded infusion bag to the next.

FIG. 1—Correlation of classification of wards and the type of compounding system

used for antibiotics. The classification levels (Low, Medium, High, and Very high) are

described in the text.
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Carry out compounding on a bench cover with plastic bottom that is dis-
carded after each compounding. Any emerging spill will then be collected on
the cover and this minimizes the risk that the spill becomes distributed to other
surfaces.

Change disposal gloves when leaving the drug room with the prepared
drug. This minimize the risk to distribute drugs from contaminated gloves.

Any visible spill on benches, floor or other surfaces should immediately be
wiped and the surface should then be cleaned with water and detergent before
any disinfection with 70 % alcohol. Alternatively, use a cleaning alcohol solu-
tion, e.g., 45 % alcohol in water with a tenside (e.g., M-Ytdes 45þ, Kemetyl,
Stockholm). Drug spill that is allowed to dry will be more difficult to clean [1].

Always clean benches and other surfaces with water and detergent before
any disinfection with 70 % alcohol solution. Alternatively, use a cleaning alcohol
solution (e.g., M-Ytdes 45þ). Drug contaminations are generally more soluble
in water than alcohol and will be easier to wash away with water [1]. If a clean-
ing alcohol solution is used on a daily basis for general cleaning, a thin film of
tenside will be formed. It is therefore recommended to clean the surfaces with
water on regular bases to remove this film, e.g., once a week.

Another parameter to reduce the distribution of spill and leakage is an effi-
cient and well-adapted general cleaning procedure. Studies have shown that
there are significant difficulties to wash away drug spill and leakage [1,19,20]. If
spill is taken care of immediately, it is much easier to wash away. If the spill has
been allowed to dry, it is much more difficult to clean [1].

Patients under treatment usually excrete significant amounts of drugs and
drug contaminated surfaces are often found in patient areas. Particularly,
patient toilets have been shown to be highly contaminated [19].

When cleaning the floor in areas where drug spill can be expected, it is rec-
ommended to mop the floor two times with a change of mop cloth in between to
improve the result and contribute to decrease the distribution of emerged spill.

Currently, cleaning within medical care in Sweden is much focused on
aseptic procedures to prevent growth and distribution of bacteria and other
germs [21]. Good information on how to wash away drug spill is, however, often
lacking. It is essential that the cleaning staff gets correct information and educa-
tion to carry out an adequate cleaning.

Benefits of Preventive Measures

To evaluate the effect of the suggested measures, three wards were invited to
participate in a limited study. At each ward, the staff got a list of suggested
measures and decided among themselves, which of the suggested measures
they should implement. About two month after the implementation of the
selected measures, a follow-up screening was carried out. At this screening wipe
samples were collected at the same locations as in the first screening. The
results from this follow-up screening are reported in Tables 4–6.

Hospital 1, Surgery ward, was classified as High, which was a reduction
from Very high in the first screening. There was at least one antibiotic substance
in all samples (see Table 4). Ten different substances were found compared
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TABLE 4—Result from the follow-up screening at Hospital 1, Surgery ward. Substance triv-
ial names according to FASS [15].

Level, ng/cm2

Substance Place 0
;0
1
–
0
;1

0
;1

�
0
;5

0
;5

�
1
;0

1
;0

�
2
;0

2
;0

�
5
;0

5
;0

�
1
0
;0

>
0
;0

Cefadroxil Drug room, floor, below compounding bench,
after cleaning

X

Ciprofloxacin Drug room, sink at compounding bench, in
stainless steel

X

Drug room, floor, below compounding bench,
after cleaning

X

Patient toilet, floor, below toilet, after
cleaning

X

Demeclocyklin
HCl

Drug room, compounding bench in stainless
steel

X

Drug room, work bench, below drug shelves X

Drug room, floor, below compounding bench,
before cleaning

X

Wash room, sink for urine measurements,
dirty side

X

Drug room, work bench, below drug shelves X

Drug room, floor, below compounding bench,
before cleaning

X

Drug room, drug shelf (trimetoprim) X

Flukonazol Drug room, work bench, below drug shelves X

Drug room, floor, below compounding bench,
before cleaning

X

Drug room, floor, below compounding bench,
after cleaning

X

Metronidazol Drug room, work bench, below drug shelves X

Drug room, floor, below compounding bench,
before cleaning

X

Wash room, floor, below waste box X

Wash room, floor, below clean side of sink X

Drug room, floor, below compounding bench,
after cleaning

X

Patient toilet, floor, below toilet, after
cleaning

X

Norfloxacin Drug room, compounding bench in stainless
steel

X

Ofloxacin Drug room, compounding bench in stainless
steel

X

Trimetoprim Drug room, compounding bench in stainless steel X
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with seven at the first screening, which resulted in the classification level High.
The levels of the substances were considerably lower than in the first screening.
In the majority of the samples, the levels were <0.1 ng/cm2. Only Metronidazol
was found at levels >0.5 ng/cm2 in two samples.

An improvement was also obtained at Hospital 14, Hematology ward. In
nine of ten samples, there was at least one substance, which can be seen in
Table 5. Only four substances were found compared with six in the first screen-
ing. None of the substances were present in levels >0.5 ng/cm2 in any of the
samples. This resulted in a change of classification level from Very high to Me-
dium in the follow-up screening.

Twelve of the samples at Hospital 15, General ward, showed presence of an-
tibiotic substances at the follow-up screening (see Table 6). Nine different sub-
stances were found compared with six in the first screening. A majority of the
samples showed levels <0.1 ng/cm2. The levels were consequently considerably
lower than at the first screening. The ward was, however, classified as High,
compared with Very high at the first screening. The major reason for this was
the large number of substances present.

The results from the follow-up screening (see Tables 4–6) show for all three
wards that there were lower amounts of antibiotic substances in the samples
compared with the first screening. It were mainly on the surfaces that had high
levels in the first screening that showed lower levels in the follow-up screening
and this was valid for both primary and secondary surfaces. This means that
the spill and leakage that occur had decreased. At the follow-up screening, the
wards had implemented several of the suggested measures for two month. At all
three wards, disposal gloves were used and changed after each compounding.
The compounding was carried out on a bench cover, with plastic bottom, that
was changed after each compounding. The bench top surfaces were cleaned
and disinfected with cleaning alcohol solution (M-Ytdes45þ) instead of 70%
alcohol. None of the wards had changed to a closed compounding system. Two
of the wards had changed from open venting system to a filter spike for venting.

TABLE 4—Continued

Level, ng/cm2

Substance Place 0
;0
1
–
0
;1

0
;1

�
0
;5

0
;5

�
1
;0

1
;0

�
2
;0

2
;0

�
5
;0

5
;0

�
1
0
;0

>
0
;0

Drug room, work bench, below drug shelves X

Drug room, floor, below compounding bench,
before cleaning

X

Drug room, drug shelf (trimetoprim) X

Drug room, floor, below compounding bench,
after cleaning

X

Patient toilet, floor, below toilet, after
cleaning

X
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The suggested and implemented measures have given some effect in reduc-
ing the spill and leakage as well as the distribution of emerging spill and leak-
age. Rather simple measures can contribute to decrease the spill and leakage
that occur during compounding and other handling of antibiotic drugs. The first
screening showed that it is possible to make compounding with almost no spill
and leakage, i.e., by employing closed systems. One important outcome of this
study has been an emerging awareness of the problem with spill and leakage
and an ongoing discussion at the wards on how to improve the compounding
procedures to reduce the drug spill and leakage.

During the visits at the wards during the follow-up screening, the staff
showed an awareness that spill and leakage could occur and cause problems.
This awareness contributed to a more concerned attitude, which influenced the
individuals’ method of working in a positive direction.

Cleaning Efficiency

An investigation of the cleaning efficiency was also carried out during the
follow-up screening. Wipe samples were collected from various surfaces imme-
diately before and after normal cleaning in drug rooms and patient toilets. All
three wards had, according to the suggested measures, implemented cleaning of
the benches with cleaning alcohol solution (M-Ytdes45þ) and compounding on
bench covers with plastic bottom. They also used a filter-spike for venting drug
vials during compounding. None of the wards had, however, implemented a
closed system for compounding. In all cases, the floors in the drug rooms and
patient toilets were cleaned once every weekday with a humidified mop, where
the mop cloth was changed for each room. The used mop cloths were washed in
a laundry and reused until worn out. The recommended double mopping had
not been implemented at any ward. Nor had an increased cleaning frequency
been implemented. According to the current handbook for hospital care [21], all
medical staffs are expected to clean visible spill and leakage in between regular
cleaning occasions. The result from this investigation is presented in Table 7.

At Hospital 1, Surgery ward, a comparison of the contamination on the
floor in the drug room before and after cleaning was carried out. Five different
substances were found in the samples. The result shows that the same amounts
of the substances were found after as found before the cleaning.

The comparison at Hospital 14, Hematology ward, comprised floors in the
drug room and a patient toilet as well as two benches in the drug room used for
compounding. On the floor in the drug room, four substances were found and
two or three substances on other surfaces. The result shows that there are sub-
stances remaining on the surfaces after cleaning. On the benches about 50–70%
of the original concentration of the substances was left after cleaning. On the
floor in the patient toilet, it was the same level of substances before and after
cleaning and about 50% of the original concentration of the substances was left
on the floor in the drug room after cleaning.

At Hospital 15, General ward, wipe samples were collected at two places on
the floor in the drug room and on the floor in one patient toilet. Wipe samples
were also collected before and after cleaning on benched for compounding both
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on a surface that was clean with water, on a surface cleaned with cleaning alco-
hol solution (M-Ytdes45þ). After the floor cleaning, some substances were
absent, e.g., Ciprofloxacin, while others were found, e.g., Cefalexin. The levels of
the substances decreased slightly for some substances, e.g., Diaveridin and Met-
ronidazol. At the same time, the level also increased after the floor cleaning for
other substances, e.g., Trimetoprim. The cleaning of the benches gave a more
uncertain result. Only two substances were found before cleaning, while after
water cleaning, five substances were found, and after cleaning with a cleaning
alcohol solution (M-Ytdes45þ), five substances were found.

At this investigation, wipe samples were collected at two adjacent surfaces
before and after cleaning. If there had been small very local spill it could have
been present on only one of the surfaces. This may explain why, occasionally, a
substance could be found in one sample but not the other.

This investigation shows that the cleaning methods used need to be improved
to efficiently remove spill and leakage of antibiotics. Cleaning bench surfaces
with water or cleaning alcohol solution (45%) with a tenside gave similar result
but did not manage to completely remove spill and leakage. Wiping the surfaces
two times and changing the wipe tissue in between might improve the result.

The floor cleaning gave poor result why it is particularly important to
improve the floor cleaning methods. Doubled mopping of the floor with change
of mop cloth may improve the cleaning result. Doubled mopping was, however,
not used at these occasions, since none of the wards had implemented that as
normal cleaning procedure. Today a humidified mop is used. To improve the
solubility of the drugs, it might be necessary to use more water when cleaning
floors where drug contamination can occur.

These simple measures may improve the cleaning result. The cleaning
methods at Swedish hospitals are similar, and it could be advisable to carry out
a coordinated study to develop suitable cleaning methods to efficiently remove
spill and leakage of antibiotics.

Occupational Hygiene Aspects

The result from this study shows that spill and leakage of antibiotics normally
occur in not insignificant amounts. The screening, however, also showed that it
is possible to handle antibiotics in medical care with only very small spill and
leakage, particularly when closed systems were employed (e.g., PhaSeal or
Tevadaptor).

The Swedish Work Health Authority Ordinance on Handling Cytostatics
and other drugs with persistent toxic effects [5] also cover several antibiotic
drugs, e.g., Penicillins, Cephalosporins, and some b-lactams. This ordinance
comprise regulations on how these drugs should be handled during compound-
ing and administration. It also covers waste handling and requirements for
proper training and technical facilities.

Cefadroxil and Cefalexin are cephalosporins that were analyzed in this
study. The result also shows that spill and leakage of these substances occur.

According to the Ordinance [5], these drugs should be handled in such way
that the staff do not become occupational exposed. Moreover, the technical
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systems used for compounding and administration should be tested for leakage
in every day work on a regular basis. Also, waste handling shall be organized in
such way that spill and leakage is minimized so no exposure occur. The staff
shall also get adequate education to be able to handle the drugs in a safe way.

Consequently, it is, from occupational hygiene viewpoint, important to
more systematically control spill and leakage of antibiotics in every day work. If
such controls show that spill and leakage occur and that the staff becomes
exposed, implementation of closed handling systems ought to be considered,
especially for those drug types listed in the Ordinance [5].

Conclusions

The method used in this study is efficient and rapidly gives an extended picture
of the spill and leakage that occur. With simultaneous determination of twelve
different antibiotic substances that are active component in frequently used
antibiotics today, the method gives a good view over the distribution of spill and
leakage in most situations where antibiotics are handled.

The screening showed that spill and leakage of antibiotics occur. At least
one substance in at least one sample was found at all wards that participated in
the screening. The substances that were found in highest levels, all were active
substances in drugs frequently administered both as tablets and as infusion.
However, substances that were active substance in drugs only administered as
tablets were also found. This means that also handling tablets must be consid-
ered when assessing spill and leakage of antibiotics as well as the staff exposure
risks.

The wards that participated in the screening were classified into four groups
depending on the contamination level. In this classification the following pa-
rameters were considered (i) the number of substances found; (ii) the number
of samples with substances; and (iii) the level of contamination. Three of the 21
wards were classified as Very high, eight as High, six as Medium, and four as
Low.

Different compounding systems affect the proportions of the spill and leak-
age. Employing a closed system will efficiently reduce the spill and leakage,
while the use of a venting system without any filter gives large spill and leakage.
The three wards that regularly used closed systems were all among the five
wards with the lowest contamination level. In the same time, all three wards
that used open venting systems, all were among the five wards with the highest
contamination level.

Simple measures, such as using disposal gloves and bench covers and
change these between each compounding and cleaning benches and other
surfaces with cleaning alcohol (45%) with tenside instead of 70% alcohol, all
contribute to reduce the spill and leakage that occur as well as the distribution
of the emerging spill and leakage. At all wards that participated in the follow-up
screening, the contamination levels with antibiotics had decreased after imple-
mentation of preventive measures. The first screening, however, showed that it
is possible to obtain almost insignificant contamination levels. It is,
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consequently, important to discuss how to find adequate and safe procedures
for handling antibiotics to minimize the spill and leakage, e.g., by employing
closed systems.

Measurements before and after cleaning showed that only minor part of the
contamination were removed with the regular cleaning procedures used today.
It is therefore important to improve the cleaning methods. The cleaning meth-
ods at Swedish hospitals are similar. It can, thus, be appropriate to carry out a
coordinated investigation to improve the cleaning methods to remove drug con-
tamination on various surfaces.

Several of the substances, found in the screening, are covered by the Swedish
Work Health Authority Ordinance [5]. According to the Ordinance handling of
these drugs should be in such way that the staff does not become exposed to these
drugs. Moreover, the handling systems used shall be controlled for spill and leak-
age in every day work. From occupational hygiene point of view, a more system-
atic control of spill and leakage is recommended. If such controls show that spill
and leakage occur, implementation of closed system ought to be considered.
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APPENDIX A: INTRODUCTORY SURVEY FOR THE PROJECT

(Translated from Swedish)
Investigation of spill, leakage and staff exposure during handling of anitbiotics

in hospital care
Running no X

1. We will participate in the project (circle appropriate)Yes, will
participate No, will not participate

2. Unit (Hospital and ward)
__________________________________________________________________

3. Contact person (name, telephone, e-mail)
__________________________________________________________________

4. No of beds at the unit
__________________________________________________________________

5. No of staff that handles antibiotics
__________________________________________________________________

6. No of staff that nurse antibiotic treated patients
__________________________________________________________________

7. Total no of staff at the unit
__________________________________________________________________
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8. How are antibiotics handled? (Circle correct (Yes or No) for each
alternative)
(a) We compound all antibiotics for infusion at the ward Yes No
(b) We get all antibiotics from central compounding

(e.g., pharmacy) Yes No
(c) We both compound ourselves and get from central

compounding Yes No
(d) We compound antibiotics for bolus injections Yes No
(e) We get prepared syringes for bolus injection from

central compounding Yes No
(f) We split tablets Yes No

9. List the five most frequently handled antibiotics and estimate the vol-
umes (e.g., no of doses/week). Please also state the administration
routes for each drug
__________________________________________________________________

Please fill in this form and return it in the added prepaid envelope.
Thank you for your participation

APPENDIX B: DESCRIPTION OFALL SAMPLING LOCATIONS AND ALLWIPED
SURFACES AT EACH WARD

Biological Safety Cabinet (BSC); Frame—a home made plastic frame encom-
passing 100 cm2 (for details see section “Material and methods”)

Hospital no/Ward Sample location Wiped surface

1/Intensive care Drug room, inner bench, left side frame 10� 10 cm

Drug room, inner bench, middle frame 10� 10 cm

Drug room, outer bench, left side frame 10� 10 cm

Drug room, outer bench, right side frame 10� 10 cm

Drug room, floor below outer bench frame 10� 10 cm

Drug room, drug shelf above outer
bench

frame 10� 10 cm

Cleaning room, sink at “dirty” side
of bowl

frame 10� 10 cm

Cleaning room, floor below drug
waste container

frame 10� 10 cm

Cleaning room, drug waste
container

Lid and handle 30� 40 cm

Surveillance room, floor by door to
drug room

frame 10� 10 cm

1/Surgery Drug room, sink for preparation,
side of bowl

frame 10� 10 cm

Drug room, sink for preparation,
bottom of bowl

Whole bottom 20� 40 cm
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Hospital no/Ward Sample location Wiped surface

Drug room, work bench below drug
shelf

frame 10� 10 cm

Drug room, floor below sink for
preparation

frame 10� 10 cm

Cleaning room, sink for measuring
urine volume at dirty side of bowl

frame 10� 10 cm

Cleaning room, drug waste
container

Lid and handle 30� 40 cm

Cleaning room, floor below drug
waste container

frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, hand basin Whole bowl 40�30 cm

Patient WC, floor below toilet frame 10� 10 cm

2/Hematology Drug room, BSC inside middle frame 10� 10 cm

Drug room, shelf for drugs frame 10� 10 cm

Drug room, drug waste container Lid and handle 30� 40 cm

Drug room, floor below BSC frame 10� 10 cm

Patient ward, drug waste container Lid and handle 30� 40 cm

Cleaning room, sink at “dirty” side
of bowl

frame 10� 10 cm

Cleaning room, drug waste
container

Lid and handle 30� 40 cm

Cleaning room, floor below drug
waste container

frame 10� 10 cm

Patient WC, floor below toilet frame 10� 10 cm

Patient WC, toilet Seat ring 10�60 cm

2/Infection Drug room, laminar flow bench 1,
middle

frame 10� 10 cm

Drug room, laminar flow bench 2,
middle

frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, needle waste box Lid10� 10 cm

Drug room, drug waste container Lid and lid handle 30� 40 cm

Drug room, floor below laminar flow
benches

frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

Cleaning room, sink front of needle
waste box

frame 10� 10 cm

Cleaning room, floor below sink
with needle waste box

frame 10� 10 cm
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Hospital no/Ward Sample location Wiped surface

3/Intensive care Drug room, preparation bench frame 10� 10 cm

Drug room, sink side of bowl frame 10� 10 cm

Drug room, floor below preparation
bench

frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, drug waste container Top brim including folded
bag 110� 4 cm

Cleaning room, sink opposite to
drug waste container, side of bowl

frame 10� 10 cm

Cleaning room, drug waste
containers

Top brim of two containers
including folded bag
140�5 cmþ 140�3 cm

Cleaning room, floor below drug
waste containers

frame 10� 10 cm

Cleaning room, shelf beside drug
waste containers

frame 10� 10 cm

Coffee room/office, floor frame 10� 10 cm

4/Surgery Drug room, preparation bench, to
right

frame 10� 10 cm

Drug room, preparation bench to left frame 10� 10 cm

Drug room, floor below preparation
benches

frame 10� 10 cm

Drug room, sink side of bowl frame 10� 10 cm

Drug room, drug waste containers Top brim of two containers
total 240� 2 cm

Drug room, floor below drug waste
containers

frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

Nurse office, floor below door to
drug room

frame 10� 10 cm

5/Hematology Drug room, BSC inside middle frame 10� 10 cm

Drug room, bench beside BSC frame 10� 10 cm

Drug room, floor below BSC Frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Room outside of drug room where
waste is handled, top brim of Pack-
tosafe waste sealing system

frame 10� 10 cm

Room outside of drug room where
waste is handled, floor below
Pactosafe

frame 10� 10 cm
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Hospital no/Ward Sample location Wiped surface

Air lock to room for cytostatics, blue
basket

frame 10� 10 cm

Room for cytostatics, BSC inside
middle

frame 10� 10 cm

Room for cytostatics, top brim of
Pactosafe

frame 10� 10 cm

Room for cytostatics, floor below
BSC

frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet Frame 10� 10 cm

Nurse office, floor below hand basin frame 10� 10 cm

6/Hematology-
Oncology

Drug room, preparation bench left
side

frame 10� 10 cm

Drug room, preparation bench right
side

frame 10� 10 cm

Drug room, floor below preparation
bench

frame 10� 10 cm

Drug room, drug waste container Lid and lid handle 30�40
cm

Drug room, drug waste container Top of front side 30� 20 cm

Drug room, drug shelf frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

Nurse office, floor middle frame 10� 10 cm

7/Infection Drug room, BSC inside middle frame 10� 10 cm

Drug room, bench beside BSC frame 10� 10 cm

Drug room, floor below BSC frame 10� 10 cm

Drug room, floor below bench
beside BSC

frame 10� 10 cm

Drug room, top drug waste con-
tainer under BSC

Front side 30� 30–25 cm
(conical)

Drug room, bottom drug waste con-
tainer under BSC

Lid and lid handle 30� 40
cm

Drug room, drug shelf frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

7/Hematology Drug room, right preparation bench frame 10� 10 cm

Drug room, left preparation bench frame 10� 10 cm

Drug room, floor below preparation
benches

frame 10� 10 cm
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Hospital no/Ward Sample location Wiped surface

Drug room, drug waste container Lid and lid handle 30� 40
cm

Drug room, drug shelf frame 10� 10 cm

Patient day room, floor frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

8/General ward Drug room, preparation bench mid-
room

frame 10� 10 cm

Drug room, preparation bench right frame 10� 10 cm

Drug room, sink side of bowl frame 10� 10 cm

Drug room, floor below preparation
benches

frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, drug waste container Lid and lid handle 30� 40
cm

Drug room, floor below drug waste
container

frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame10� 10 cm

Nurse office, floor below door to
drug room

frame 10� 10 cm

9/Infection Drug room, preparation bench mid-
room

frame 10� 10 cm

Drug room, preparation bench right frame 10� 10 cm

Drug room, preparation bench left frame 10� 10 cm

Drug room, floor below preparation
bench mid-room

frame 10� 10 cm

Drug room, floor below drug waste
container

frame 10� 10 cm

Drug room, drug waste container Top brim and front side
1� 140 cmþ 30� 60 cm

Drug room, drug shelf frame 10� 10 cm

Air lock patient ward, drug waste
container

Front of plastic bag 20�30
cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

9/Hematology Drug room, preparation bench
middle

frame 10� 10 cm

Drug room, floor below preparation
bench

frame 10� 10 cm

NYGREN AND LINDAHL, doi:10.1520/JAI103453 239

 



Hospital no/Ward Sample location Wiped surface

Drug room, floor below drug waste
container

frame 10� 10 cm

Drug room, drug waste container Lid and lid handle 30� 40
cm

Drug room, drug shelf frame 10� 10 cm

Drug room, small bench frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

10/Infection Drug room, bench opposite to prep-
aration bench

frame 10� 10 cm

Drug room, preparation bench frame 10� 10 cm

Drug room, sink side of bowl frame 10� 10 cm

Drug room, floor below preparation
bench

frame 10� 10 cm

Drug room, drug waste container Top brim and front side
including folded plastic
bag 1�160þ30�20 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, floor below work bench
opposite to preparation bench

frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

11/Infection Drug room, preparation bench to
left

frame 10� 10 cm

Drug room, preparation bench to
right

frame 10� 10 cm

Drug room, sink side of bowl frame 10� 10 cm

Drug room, floor middle frame 10� 10 cm

Drug room, waste sack holder Lid on both sides
2� 20� 30 camþ edge
1� 20� 30 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, shelf to left of drug shelf frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

12/Surgery Drug room, preparation bench by
window middle

frame 10� 10 cm

Drug room, preparation bench op-
posite to window middle

frame 10� 10 cm

Drug room, preparation bench in
the middle

frame 10� 10 cm
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Hospital no/Ward Sample location Wiped surface

Drug room, floor in the middle frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, drug waste container Lid 31�24 cm

Cleaning room, drug waste
container

Lid and top brim 30� 40
cm

Cleaning room, floor below drug
waste container

frame 10� 10 cm

Room for cytostatics, shelf with
cytostatics

frame 10� 10 cm

Room for cytostatics, drug waste
container

Top brim
1� (30þ 30þ 40þ 40) cm

13/General ward Drug room, preparation bench to
left

frame 10� 10 cm

Drug room, preparation bench to
right

frame 10� 10 cm

Drug room, floor below preparation
benches

frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, trolley frame 10� 10 cm

Cleaning room, drug waste
container

Lid and top brim 40� 40
cm

Cleaning room, floor below drug
waste container

frame 10� 10 cm

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

14/Hematology Drug room, preparation bench to
left

frame 10� 10 cm

Drug room, preparation bench to
right

frame 10� 10 cm

Drug room, floor below preparation
benches

frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Waste room, drug waste container Lid and lid handle 40� 40
cm

Waste room, cytostatics waste
container

Lid and lid handle 40� 40
cm

Room for cytostatics, preparation
bench

frame 10� 10 cm

Room for cytostatics, floor below
preparation bench

frame 10� 10 cm

Room for cytostatics, floor below
door

frame 10� 10 cm
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Hospital no/Ward Sample location Wiped surface

Patient WC, toilet Seat ring 7� 60 cm

Patient WC, floor below toilet frame 10� 10 cm

14/Infection Drug room, preparation bench on
left side

frame 10� 10 cm

Drug room, preparation bench on
right side

frame 10� 10 cm

Drug room, floor below preparation
benches

frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, drug waste container Top brim
1� (26þ 26þ 36þ 36) cm

Drug room, waste container in
plastics

Lid and lid handle 40� 40
cm

Cleaning room, drug waste
container

Top brim
1� (40þ 40þ 40þ 40) cm

Cleaning room, floor below drug
waste container

frame 10� 10 cm

Cleaning room, bench beside drug
waste container

frame 10� 10 cm

15/General ward Drug room, preparation bench
middle

frame 10� 10 cm

Drug room, bench beside prepara-
tion bench

frame 10� 10 cm

Drug room, sink beside bowl frame 10� 10 cm

Drug room, floor below preparation
bench

frame 10� 10 cm

Drug room, drug shelf frame 10� 10 cm

Drug room, floor below sink frame 10� 10 cm

Drug room, drug waste containers Top brim of two containers
1� (23þ 23þ 19þ 19)þ
1� (39þ 39þ 27þ 27) cm

Cleaning room, drug waste container Lid and lid handle 40�40 cm

Cleaning room, floor below drug
waste containers

frame 10� 10 cm

16/General ward Drug room, waste sack holder Lid 31�24 cm

Drug room, BSC inside middle frame 10� 10 cm

Drug room, bench opposite to BSC frame 10� 10 cm

Drug room, bench beside the door frame 10� 10 cm

Drug room, floor below BSC frame 10� 10 cm

Drug room, floor below bench by
the door

frame 10� 10 cm
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Hospital no/Ward Sample location Wiped surface

Drug room, drug shelf frame 10� 10 cm

Drug room, drug waste container s Top brim of two containers
2� 1� (39þ39þ26þ26)
cm

Cleaning room, drug waste
container

Top brim 1� (40�40) cm

Cleaning room, floor below drug
waste container

frame 10� 10 cm

Room for cytostatics, BSC inside
middle

frame 10� 10 cm

Room for cytostatics, floor below
BSC

frame 10� 10 cm

Room for cytostatics, drug waste
container

Lid and lid handle 40� 40
cm

APPENDIX C: EXAMPLES OF PREVENTIVE MEASURES TO MINIMIZE THE
OCCURRENCE OF SPILL AND LEAKAGE

� Consider to change to a closer compounding system. Several studies on
spill and leakage during compounding cytostatics have shown that a
closed system for compounding minimizes the drug spill and leakage.
Also spikes with filter reduce spill and leakage compared with open sys-
tems [1].

� Hold the orifice of the tubing over a collection vessel or a bench cover
sheet with plastic bottom when filling tubings in infusions systems and
not over the floor, bench surface or a sink. Possible drug leakage
through the orifice will be then collected on disposal material that can
be discarded in a proper waste container, without any emerging spill
onto surfaces.

� Prepare as much as possible in the drug room to minimize the risk for
spill and leakage in the nursing rooms.

� Use a mixing device for sealed drug vials.
� When possible during administering of antibiotics in pre-compounded

infusion bags, start by fill the tubing’s of infusion systems with saline
solution instead of drug solution before connection to patient infusion
port and then end the administration with saline solution to empty all
tubing’s from the drug solution.

EXAMPLES OFMEASURES TO PREVENT SPATIAL DISTRIBUTION OF
EMERGED SPILL AND LEAKAGE

� Use disposal gloves during compounding and change gloves after each
compounding to avoid distributing possible spill from one infusion bag
to next.
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� Carry out the compounding on a bench cover sheet with plastic bottom,
e.g., an examination sheet and change/discard the sheet between each
compounding. Any spill on the sheet will then not be distributed to next
compounding or to bench surfaces.

� Handling tablets can also contribute to distribution of antibiotic sub-
stances. To minimize the distribution of tablet dust use disposal gloves
and handle the tablets on a bench cover sheet with plastic bottom. Dis-
card the gloves and sheet when the task is finished.

� Discard disposal gloves before leaving the drug room to avoid distribu-
tion of drugs through contaminated gloves.

� In case of visible spill, always wipe up the spill everywhere it occur
using disposal wipe material. Clean afterwards with water or cleaning
alcohol (45% with detergent) before any disinfection with 70% alcohol.

� Most drugs dissolve better in water than 70% disinfection alcohol.
Cleaning will, thus, be more efficient if all surfaces are cleaned with
water or cleaning alcohol before any disinfection with 70% alcohol.

� If cleaning alcohol (45% with detergent) is regularly used for cleaning a
thin film of detergent will be formed and cleaning with pure water will
be required on a regular basis.

� Improved cleaning can be accomplished by wet mopping twice and
change mop in between in places where spill and leakage can occur,
e.g., drug room, patient toilettes. A more frequent cleaning can also be
required. It is also important to wipe up visible spill and leakage
between cleaning occasions and clean with cleaning alcohol or water.

References

[1] National Institute for Occupational Safety and Health, 2010, “Occupational Expo-
sure to Antineoplastic Agents,” http://www.cdc.gov/niosh/topics/antineoplastic/
default.html (Last accessed October 20, 2010).

[2] CSHP Guidelines for the handling and disposal of hazardous pharmaceuticals
(including anti-cancer drugs), Canadian Society of Hospital Pharmacists, Ottawa,
1993.

[3] American Society of Health-System Pharmacists, “ASHP Guidelines on Handling
Hazardous Drugs,” Am. J. Health Syst. Pharm., Vol. 63, 2006, pp. 1172–1193.

[4] HSE. Information Sheet MISC 615, 2003, “Safe Handling of Cytotoxic Drugs,”
Health and Safety Executive, http://www.hse.gov.uk/pubns/misc615.pdf (Last
accessed October 20, 2010).

[5] Work Health Authority, Ordinance AFS 2005:5, “Cytostatics and Other Drugs With
Persistent Toxic Effects,” Swedish Work Health Authority, Stockholm, Sweden,
2005.
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Possible Carbon Black Fugitive Emissions or Other Environmental Particu-

late, or Both” was developed for the investigation of outdoor sooty surface

problems and distinguishing manufactured carbon black, in the N100 to N900

series, from other environmental particulates. It is a microscopy technique

that is well suited for the study of darkening agent complaints. Samples are

collected from surfaces with cotton balls, wipes, and tape-lifts. The particulate

is then analyzed by light microscopy and electron microscopy. The practice is

used as a means to differentiate between darkening caused by fungal growth

(biofilms), soots, or other dark particles. Polarized light microscopy provides

information about the relative amounts of the different types of particles pres-

ent and some information about the type of biofilm, if present. Transmission

electron microscopy provides confirmation of aciniform soot, if present, and

some information about the possible source of the soot. An investigation of

dark surface particulate in a city where both a carbon black manufacturing fa-
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Introduction

To protect the public health and welfare, the United States Environmental Pro-
tection Agency has established national ambient air quality standards (NAAQS)
under the Clean Air Act. In addition to the primary NAAQS which protect the
public health, secondary NAAQS are established to protect the public from
adverse effects such as materials damage and surface soiling by particulate mat-
ter (PM). Soiling caused by the deposition of PM can reduce the aesthetic appeal
of buildings and culturally important articles such as statues and works of art.
Particle-related soiling can result in increased cleaning frequency and repaint-
ing, and may reduce the useful life of the soiled materials [1]. In the USEPA
NAAQS documents [2] “soiling” is described as the deposition of particles on
surfaces by impingement and the accumulation of particles on the surface of an
exposed material that results in degradation of its appearance.

Unfortunately, very little data are available in the published scientific liter-
ature concerning the composition, characteristics and quantities of particles
that are involved in episodes of soiling of outdoor surfaces. The most common
visual effect of soiling is a darkening of the surface. Common outdoor surface
darkening agents include fungal material (biofilms), soot, plant fragments,
rubber particles, and soil minerals. In some cases rust can also be a significant
cause of darkening.

Two ASTM Standards, ASTM D3274 [3] and ASTM D4610 [4], that deal
with discoloration of painted surfaces and the ASTM D6602 “Standard Practice
for Sampling and Testing of Possible Carbon Black Fugitive Emissions or Other
Environmental Particulate, or Both” [5] can be used for the investigation of par-
ticulate soiling or darkening on outdoor surfaces. The particulate is collected
from the surface with cotton balls, wipes, and/or tape lifts. It is then analyzed by
light microscopy and electron microscopy. Polarized light microscopy (PLM)
provides information about the relative amounts of the different types of par-
ticles present and transmission electron microscopy (TEM) provides confirma-
tion characterization of aciniform carbon, if present. Scanning electron
microscopy (SEM) equipped with x-ray elemental analysis can help identify
black, opaque particles such as coal and coke.

A study involving a large number of outdoor surface samples collected over
12 years provides a useful illustration of the use of the microscopy methods in
ASTM D6602 in investigations of soiled or darkened surfaces.

Method

ASTM D6602 was developed for the investigation of outdoor sooty surface prob-
lems and distinguishing manufactured carbon black from soot and other envi-
ronmental particulates. No other published standard for characterizing a
variety of darkening agents in environmental samples is available. According to
ASTM D6602, the use of a transmission electron microscope (TEM) is manda-
tory (Ref. [5], Sec. 7.1) in identifying the presence of carbon black in a sample.
However, the mandatory section, by itself, does not provide a sufficient analysis
to determine plausible causes of darkening from particles on a surface. To
declare that the darkening on the surface at a particular location is caused by
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carbon black, it is not sufficient to identify a few carbon black aggregates in the
sample by TEM. If a surface is covered with a high amount of fungal growth
(biofilm), dark soil minerals or soot that contains a trace of carbon black, the
use of only the mandatory section would result in only a report of a positive for
carbon black even though the actual cause of the darkening was obviously bio-
film, dark soil minerals or soot when the overall sample was considered. To gain
a full appreciation about the contributions of various sources to soiling or dark-
ening requires the use of the non-mandatory light microscopy part of the proce-
dure (Ref. [5], Sec. 8.3). Utilizing a polarized light microscope (PLM), the
analyst is instructed to estimate and record the percentage of each type of com-
ponent found (Ref. [5], Sec. 8.3.3.3).

The full D6602 analysis used to investigate the significant causes of darken-
ing in a particular property involves three tasks:

1. Classification of the particles into categories by PLM.
2. A semi-quantitative determination of the relative amounts of the various

components by PLM.
3. Distinguishing between manufactured carbon black and aciniform car-

bon particles by TEM.
The identification of environmental particles and classification into catego-

ries by PLM has been described previously [6–8]. The microscopist relies on his/
her training, experience and reference to various published articles and books
about particle characteristics [9–18]. Some representative PLM images of par-
ticles in the common darkening agent classes of soot, fungal growth (biofilms),
soil minerals, plant fragments, and rubber particles are shown in Figs. 1–6.

The semi-quantitative visual estimate of percentages of particles in a sample
is a well known technique that has been used for many years by geologists
[20–23], paleontologists [24], and asbestos analysts [25,26]. Analysts learn to
perform calibrated visual estimates by studying comparison charts where a

FIG. 1—PLM image of soot (char form).
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known percentage of the particles in the chart has been filled in with dots or
other dark figures. Figure 7 shows a representative comparison chart used for
calibrating analysts in semi-quantitative visual estimation. Samples of known
composition made from known volumes of various components are also used to
“calibrate” an analyst. A relative standard error of 30 % was found in an inter-
laboratory study of semi-quantitative visual estimates of surface darkening
agents [27]. Although a 30 % error rate may seem high, it is quite good for semi-
quantitative techniques. The finding of a 30 % error rate for surface dust

FIG. 2—PLM image of soot (aciniform).

FIG. 3—PLM image of fungal spores and hyphae.
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darkening agents was consistent with the error rates for inter-laboratory tests of
visual estimates used in asbestos analysis. The error rates for three standard
methods of asbestos analysis where semi-quantitative visual estimates were
used were reported to be 32.2, 25.7, and 26.9 % [28].

Distinguishing between carbon black and other aciniform carbon particles
cannot be done at the light microscope level. It requires a TEM and consulting
the mandatory section of ASTM D6602. The microscopist relies on his/her train-
ing, experience and reference to various published articles and books about

FIG. 4—PLM image of soil minerals.

FIG. 5—PLM image of plant fragments.
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FIG. 6—PLM image of rubber particles.

FIG. 7—Representative comparison chart used to calibrate analysts in semi-

quantitative visual estimates.
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soot particle characteristics [29–36]. Known reference samples of carbon black
[37] are available as well as a NIST standard reference sample of diesel soot
[38]. Some representative TEM images, x-ray spectra and primary particle size
distributions for aciniform carbon particles are shown in Figs. 8–16.

Some Results from a Study of Outdoor Surface Particulate

This study involved the analysis of 587 outdoor surface samples collected in a
city in Oklahoma and surrounding areas over the period from 1998 to 2010. The

FIG. 8—TEM image of aciniform soot from a vegetative fire.

FIG. 9—X-ray spectrum of aciniform soot from a vegetative fire.
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FIG. 10—Primary particle size distribution of aciniform soot from a vegetative fire.

FIG. 11—TEM image of aciniform soot from diesel exhaust (NIST SRM 2975).
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samples were analyzed following the ASTM D6602 Standard including the non-
mandatory PLM and mandatory TEM sections. The study was conducted in
conjunction with several lawsuits involving allegations that emissions from a
carbon black plant caused surface darkening (soiling) at residential and com-
mercial properties in the city area. All of the samples were complaint samples,
surface samples from properties where there was a claim of darkening or sur-
face particle soiling. This presentation is not intended to be a full case study of
the surface darkening on properties in the city area. Such a study might include

FIG. 12—X-ray spectrum of aciniform soot from diesel exhaust (NIST SRM 2975).

FIG. 13—Primary particle size distribution of aciniform soot from diesel exhaust (NIST

SRM 2975).

MILLETTE ETAL., doi:10.1520/JAI103523 257

 



air dispersion modeling and other factors. This presentation indicates the value
of using the ASTM D6602 Standard used to analyze surface samples.

The city has a population of approximately 25,000. Industrial particulate
material (PM) emission sources in the area include a petroleum refinery less

FIG. 14—TEM image of aciniform soot from N326 carbon black (ASTM SRB 8A).

FIG. 15—X-ray spectrum of aciniform soot from N326 carbon black (ASTM SRB 8A).
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than 1 mile from downtown, a carbon black plant about 1.5 miles from the city,
a coal-fired electric power generating station about 17 miles from the city and a
plant that produces industrial grade calcined petroleum coke that is located
about 40 miles from the city. Non-industrial sources of PM include roadway
and railway traffic, trash burning on individual properties, and agricultural
activities including ranching, soil tilling, crop cutting, and some periodic grass
burning. Pollen granules, fungal spores, and decaying vegetation also contribute
to the natural PM in the area.

The samples were collected using cotton balls, polyester wipes, and cello-
phane tape-lifts. The cotton balls were packaged in the laboratory in resealable
plastic bags. The polyester wipes used in this study were 4 in. square clean-
room wipes packaged at the laboratory in individual reclosable plastic bags.
The 4 in. clean-room wipes come soaked in alcohol which prevents biological
growth. They are dried prior to sample collection. The tape-lifts were prepared
in the laboratory using clear cellophane tape attached to clean, glass micro-
scope slides. The tape-lifts were also packaged in resealable plastic bags. The
sampling team used particle-free disposable gloves when collecting the samples.
The samples were collected from areas on the properties where the surface par-
ticulate appeared to be dark.

Table 1 shows examples of the results for several samples using the ASTM
D6602 non-mandatory PLM. The values are percentage estimates by volume.
The sample identification numbers have been coded. Table 2 shows a compari-
son of two samples that were split and sent to a second laboratory for the same
analysis. The two laboratories were independent except for the fact that they
both had extensive training in particle analysis by microscopy from the same
McCrone Research Institute in Chicago, IL. Although there are differences in
the trace components, the major component findings are similar.

Table 3 shows the average estimated percentage values on a year-by-year
basis for the particle classes found in the surface samples during the study. Soil

FIG. 16—Primary particle size distribution of aciniform soot from N326 carbon black

(ASTM SRB 8A).
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TABLE 1—Examples of results of PLM particle analyses. ND¼not detected, trace¼ less
than 1 % by volume.

Particulate
components

Sample
17ACHC

Sample
20AEHA

Sample
19AAIH

Sample
17AGACD

Sample
17BCBG

Pollen grains ND Trace–2 % 1–5 % 10–15 % ND

Fungal, mold, biofilm 5–10 % 5–10 % 50–75 % 3–5 % 100 %

Soil minerals 15–30 % 30–50 % 15–25 % 60–70 % ND

Soot 10–15 % 5–10 % ND 2–3 % ND

Flyash ND Trace ND ND ND

Glass fibers ND ND ND Trace ND

Plant fragments 20–30 % ND 10–20 % 1–2 % ND

Paint ND 10–20 % 1–5 % 2–3 % ND

Construction debris ND 10–15 % ND ND ND

Insect parts ND ND Trace Trace ND

Starch ND Trace ND Trace ND

Rust/metal flakes 15–20 % 1–3 % ND 1–2 % ND

Rubber 5–10 % 3–5 % ND 2–3 % ND

Petroleum coke/coal 5–10 % ND ND Trace ND

Catalyst ND Trace-2 % ND Trace ND

Carbon black �8 % �3 % ND Trace ND

TABLE 2—Comparison of PLM particle classifications of 2 samples by two laboratories.
ND¼not detected.

Lab A Lab B Lab A Lab B

Particulate
components

Sample
22ACGA

Split of
22ACGA

Sample
22ACGB

Split of
22ACGB

Skin cells ND Trace ND ND

Pollen ND Trace Trace 1–2 %

Fungal, mold, biofilm 70–80 % 60–80 % Trace Trace

Soil minerals 15–25 % 10–20 % 90–95 % 90–95 %

Soot (including char) Trace ND Trace Trace

Flyash ND Trace Trace Trace

Glass fibers ND ND Trace ND

Plant fragments ND Trace 1–5 % Trace

Paint 5–10 % 5–10 % Trace ND

Construction debris ND ND ND ND

Insect parts ND ND ND Trace

Starch ND Trace ND ND

Rust/metal flakes ND Trace Trace Trace

Rubber ND ND Trace Trace

Coal/coke ND ND ND ND

Catalyst Trace Trace Trace–1 % Trace
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minerals, soot, fungal (biofilms), and plant fragments were found to be signifi-
cant contributors to the surface particulate. There was considerable variation
from location to location for the particle types. Table 4 shows mean, standard
deviation, minimum, maximum, and median values for the components of fun-
gal material, soil minerals, soot particulate, and plant fragments. There is a dis-
tinct trend in the soot data where earlier years show higher average amount of

TABLE 3—Average surface particulate composition by year.

Particulate components 1998 1999 2000 2001 2002 2003 2004

Pollen 0 % 0 % 3 % 1 % NA 1 % 1 % 9 %

Fungal, mold, biofilm 2 % 5 % 3 % 8 % NA 7 % 3 % 13 %

Soil minerals 23 % 18 % 40 % 33 % NA 35 % 46 % 28 %

Soot (including char) 58 % 50 % 36 % 37 % NA 32 % 24 % 7 %

Flyash 0 % 0 % 0 % 0 % NA 0 % 0 % 0 %

Glass fibers 0 % 0 % 0 % 0 % NA 0 % 0 % 2 %

Plant fragments 3 % 4 % 6 % 4 % NA 10 % 8 % 7 %

Paint 0 % 11 % 1 % 3 % NA 2 % 2 % 6 %

Construction debris 15 % 7 % 11 % 13 % NA 9 % 0 % 1 %

Insect parts 0 % 0 % 0 % 1 % NA 0 % 0 % 0 %

Starch 1 % 0 % 0 % 1 % NA 0 % 2 % 0 %

Rust/metal flakes 1 % 0 % 0 % 0 % NA 1 % 1 % 4 %

Rubber 0 % 0 % 1 % 1 % NA 0 % 2 % 5 %

Coal/coke 0 % 0 % 0 % 0 % NA 1 % 2 % 5 %

Catalyst 1 % 1 % 0 % 0 % NA 1 % 1 % 1 %

Carbon black 14 % 8 % 8 % 2 % NA 8 % 2 % 1 %

Total No. samples 2 13 17 6 0 11 73 39

Particulate components 2006 2007 2008 2009 2010

Pollen 2 % 2 % 2 % 0 % 8 %

Fungal, mold, biofilm 14 % 12 % 12 % 74 % 23 %

Soil minerals 31 % 33 % 43 % 22 % 44 %

Soot (including char) 3 % 3 % 2 % 0 % 2 %

Flyash 0 % 0 % 0 % 0 % 0 %

Glass fibers 2 % 1 % 0 % 0 % 0 %

Plant fragments 16 % 14 % 11 % 2 % 11 %

Paint 8 % 8 % 13 % 1 % 3 %

Construction debris 14 % 9 % 2 % 0 % 1 %

Insect parts 1 % 0 % 1 % 0 % 0 %

Starch 1 % 2 % 1 % 0 % 1 %

Rust/metal flakes 2 % 6 % 3 % 0 % 1 %

Rubber 1 % 2 % 2 % 1 % 1 %

Coal/coke 0 % 0 % 0 % 1 % 1 %

Catalyst 0 % 1 % 1 % 0 % 1 %

Carbon black 1 % 1 % 0 % 0 % 0 %

Total No. samples 34 28 165 5 204
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carbon soot in the surface samples. This is also true for the particles consistent
with carbon black. There were individual samples in the early years that showed
significant amounts of carbon black at some properties near the carbon black
plant (within 1/2 mile). However, as shown in Fig. 17, there was a significant
decrease in the level of surface soot that occurred in about 2005.

The usefulness of applying the combination of the mandatory TEM section
and the non-mandatory PLM section of D6602 was illustrated by the analysis of
a set of 48 samples collected over a two day period in March of 2005 by one sam-
pling company. Fifteen of the samples were collected at sites several miles from
the carbon black plant. The samples were originally sent to a laboratory to be
analyzed only by the mandatory TEM section of D6602. The laboratory reported
that all the samples were positive for carbon black. MVA Scientific Consultants
performed a more complete analysis of splits of the 48 samples using both the
TEM and PLM procedures in ASTM D6602 and found that the samples con-
tained extremely high levels of carbon black material (in some cases 100 % of
the particulate was carbon black). These high levels are very unusual for envi-
ronmental samples away from a carbon black plant where other normal envi-
ronmental types of particles are usually mixed in. The high levels were not
replicated in additional sample collections done in 2006, 2007, and 2008 at the
same locations by different collectors. The samples collected in 2006, 2007, and
2008 had carbon black levels that ranged from below detection to 8 %. Since no
other multiple sample set collected from 1998–2010 showed such consistently
high levels of carbon black, it is most likely that the sample set was either conta-
minated or intentionally adulterated.

Two individual samples of the 2005 set of 48 illustrate the unusual nature of
the sample set. One sample collected on 03/04/2005 at a site approximately 2
and 1/4 miles south of the carbon black plant plant contained 99 % carbon
black. Another sample collected on the same day (03/04/2005) at a site approxi-
mately 2 and 1/4 miles north of the carbon black plant contained 80–90 %

FIG. 17—Histogram showing the average percentage of soot over the years in surface

samples. Uncertainty bars are shown at one standard deviation.
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carbon black. It is totally inconsistent with the weather patterns of the day and
the physics of dispersion of particulate that both of these samples nearly 5 miles
apart in opposite directions could be composed almost entirely of carbon black
from the carbon black plant facility.

Further inconsistencies were found in additional samples taken by a second
sampling company, on the same day as the 2005 set of 48, but closer to the car-
bon black facility. Of the 4 samples collected by the second collector only one
contained a trace amount of aciniform soot consistent with carbon black. It is
not reasonable that a site close to the carbon black plant would have only a trace
amount of carbon black while sites further away in the same direction on the
same day would have nearly 100 % carbon black.

In addition to the surface particle components listed in Table 3, some dark
particles were found that would not normally be present in environmental sur-
face samples from other cities. Spent fluid catalytic cracking catalyst particles
that could only have come from a petroleum refinery were found in 51 % of the
samples. Depending upon when in the process the catalyst particles are emitted,
they may be whitish, gray, or black. These particular particles were uniquely
source identified by their appearance in PLM and their lanthanum content as
determined by SEM x-ray analysis. Lanthanum is used to stabilize the zeolite
cage structure for petroleum catalytic cracking. Black petroleum coke particles
were found in 44 % of the samples. Petroleum coke can be differentiated from
coal particles that might be released from passing trains by SEM x-ray analysis
[39]. Petroleum coke contains only sulfur in addition to carbon and oxygen
while bituminous coal particles contain a variety of elements calcium, silicon,
and magnesium. Petroleum coke is a product of the refinery and stored on the
refinery property in large piles until it is loaded with open shovel vehicles into
trucks and train cars.

Discussion

There were a number of instances where the darkening on a surface was caused
by fungal growth or obvious biofilms. In some of these cases, a trace amount of
particulate that was consistent with aciniform soot or carbon black was also
found (by TEM). It was clear that although the sample was positive for acini-
form soot or carbon black, the real cause of the darkening was the fungal
growth. It is concluded from a review of all the data that most current surface
darkening situations are caused by non-industrial sources.

It is important to consider the semi-quantitative nature of the D6602 analy-
sis. The particulate that make up a surface sample range from living biological
organisms to inorganic matter in sizes that range from millimeters (some plant
fragments) to nanometers (some soot particles). Because of the very diverse na-
ture of the particulate that must be taken into consideration when evaluating a
surface-darkening event, truly quantitative analysis is not possible at this time.
While there were some situations where over 90 % of the particles in a sample
were clearly of one classification and therefore the obvious darkening agent, it
is in consideration of the multiple analysis results that information about the
overall surface particulate situation is attained.
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The USEPA uses a variety of methods to estimate the primary particulate
emissions data for the traditionally inventoried anthropogenic source catego-
ries: (1) “Fuel combustion,” which includes emissions from coal-, gas-, and oil-
fired power plants and industrial, commercial, and institutional sources, as well
as residential heaters and boilers; (2) “Other industrial processes,” which
includes chemical production, petroleum refining, metals production, and proc-
esses other than fuel combustion; (3) “On-road vehicles,” which includes cars,
trucks, buses, and motorcycles; and (4) “Non-road vehicles and engines,” such
as farm and construction equipment, lawnmowers, chainsaws, boats, ships,
snowmobiles, aircraft, and others. For some years the USEPA also estimates the
effects of natural sources, such as agriculture and forestry, wildfires and man-
aged burning, and fugitive dust from paved and unpaved roads. Biogenic emis-
sions and emissions from natural sources, such as plants and trees, are
estimated using the Biogenic Emissions Inventory System Model, Version 3.12,
with data from the Biogenic Emissions Landcover Database and annual meteor-
ological data [40]. The data presented here for the microscopic analysis of sur-
face particulate provide some direct information about the components of the
surface material. The semi-quantitative data determined using the ASTM D6602
Standard is useful in understanding the overall picture of particulate deposition
and biofilm growth that results in the accumulation of particles on surfaces.

Conclusions

The results of a multiyear study of atmospheric particulate material deposited on
residential homes, city buildings and monuments indicates the value of the
ASTM standard D 6602, “Standard Practice for Sampling and Testing of Possible
Carbon Black Fugitive Emissions or Other Environmental Particulate, or Both.”
The use of the mandatory TEM section was able to identify the manufactured
carbon black particulate and to distinguish it from other aciniform and non-
aciniform carbon particles. The use of the non-mandatory sections involving light
microscopy and SEM x-ray analysis yielded a very good semi-quantitative under-
standing of the composition and relative amounts of various other types of
atmospheric particulate material. The use of the non-mandatory PLM and SEM
analysis also allowed the identification of tracer particles that are unique markers
for a particular source. In this case, the catalyst particles found in the environ-
mental samples were a tracer for emissions from the refinery.

Long term decreases in the quantity of aciniform and non-aciniform soot
were found in the samples collected from 1998 through 2010. A particularly dra-
matic decrease in all types of soot particulate was noted in mid 2005 and contin-
ued thereafter. This decrease in soot coincided with upgrades in particulate
control technologies at the two major industrial sites in the city, a refinery, and
a carbon black plant. Other surface agents such as fungal growth were identified
and found to be a significant cause of surface darkening.

The use of a well studied and documented ASTM Standard Practice allowed
multiple analytical laboratories to obtain similar results on split samples. Semi-
quantitative analyses had a repeatability of approximately 15 % and reproduci-
bility among different analysts of approximately 30 %.
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ABSTRACT: A need exists to develop realistic surfaces, with differing

degrees of surface roughness, to standardize methods for sampling and

cleaning of environmental contaminants. This study reports on development

and characterization of a novel means to create reproducible wood surfaces

that are approximately 7� 10 cm2 and have differing degree of surface

roughness. Three unique specimens were prepared by creating 3-

dimensional digital-scans of actual wood surfaces found in three St. Louis

homes. These surfaces had distinct depressions that likely arose from tool

marks. A reverse image die of each specimen was made from high density

plastic. Replicates of the three specimens were created by placing a die and

wood veneer section into a rolling-press leaving the original topographies

gathered from the homes. These specimens were used in a separate study

to evaluate cleaning leaded dust using wipe or vacuuming treatments. The

separate cleaning studies found no difference in cleaning due to the effects

of the different surfaces. An in-depth examination of the three specimens was

held to determine if differences in surface roughness of the specimens
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explained removal of lead from its surface. A method using optical, 3-D laser

profilometry was used to determine if there were statistical differences

between the surface roughness of the three specimens and within the speci-

mens themselves. Area-scale analyses were made to calculate relative areas

as a function of scale as a way of characterizing the roughness. Statistical dif-

ferences were found for surface roughness between each of three surface

specimens at a scale where small particles, deposited in the cleaning studies

may adhere to the wood. However, within the specimens, surface roughness,

at the scale where fine particles may lodge, were not consistent inside or out-

side tool marks. Therefore, differences in surface roughness were found

within and between surfaces but they may not be large enough or different

enough for detection using simple cleaning methods. Specimens with larger

differences in surface roughness may be needed to simulate differences in

cleaning effectiveness. This work should be continued to understand the

scales for the different interactions of particle deposition, adhesion, and re-

moval toward development of standard reference surfaces with well-

characterized textures.

KEYWORDS: surface, roughness, sampling, cleaning, wood, profilometry,

laser

Introduction

Surface sampling research and the development of standards which rely on
methods to quantitify measures of inorganic, organic, and viable contami-
nants on surfaces, could benefit from a range of standard-complex surfaces
for deposition of standard reference contaminants [1,2]. The ASTM D7659-
10, Standard Guides for Surface Sampling of Metals and Metalloids for Worker
Protection, states that “consideration should be given to the expected means
by which the material being sampled was deposited on the surface or surface
being sampled [3]. The point is that both deposition mechanisms and surface
roughness will affect the adhesion and removal of environmental contami-
nants during sampling and by inference, cleaning, since good cleaning must
overcome the same forces of particle adhesion as sampling to get acceptable
removal of contaminates. The ASTM 7144-05a, Standard Practice for Collec-
tion of Surface Dust by Micro-vacuum, Sampling for Subsequent Metal Deter-
mination, is intended for use on rough, textured surfaces [4]. This method,
unlike wipe sampling methods, can remove particles from crevices of rough
materials because it uses an air sampling pump and appropriate sampling
nozzle for metal dust removal. The effectiveness of this method is good but
the method was not evaluated on standardized, rough surfaces [5]. As new
surface sampling methods are developed or existing surface sampling or
cleaning methods are revised, a need exists to develop and characterize repli-
cate surface-materials that are textured and represent real materials, such as
wood flooring, for evaluating the effectiveness of a sampling or cleaning
device.
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Although custom surface materials have previously been produced in repli-
cate for studying allergen retention on carpets, such surfaces have rarely been
made and are not commonly available for study of particle deposition, sam-
pling, and removal from real surfaces [6]. Nine separate ASTM standards on
lead or metal sampling plus the United States Department of Housing and
Urban Development (HUD) guidelines for removal of lead from residential set-
tings were reviewed for this paper and none of these use replicate-surfaces to
simulate how roughness affects deposition and removal efficiency of particles in
the field [3,4,7–14].

A need arose to develop replicate wood specimens with differing degrees of
surface roughness in order to simulate cleaning of lead dust from wood with dif-
ferent cleaning techniques, including wet wipes and electrostatic cloths [15,16].
Because window sills, window troughs, and floors are locations in a home that
need to be cleaned and sampled prior to clearance during lead abatement [14]
we looked for different yet highly textured, in situ specimens, in St Louis homes
undergoing lead abatement, that could be duplicated and reproduced for a labo-
ratory study of cleaning. The surfaces we found were from three different
homes that had distinct impressions or depressions in them which likely arose
from tool marks like hammers, nails, and grooves from saw cuts or other tools.
The gross surface textures were thought to be difficult to wipe or clean and the
three specimens seemed different enough from each other to warrant their use.
However, no significant differences were found among the replicate-wood
surfaces for cleaning of lead [15,16]. The finding of a lack of a significant main
effect of surfaces to affect cleaning went contrary to previous work where wall-
paper textures were found to be significantly different in their ability to hold
lead dust than wood or linoleum surfaces [17]. We decided to investigate the
surface roughness of the wood specimens to determine if in fact there were
major differences in spite of the inability of these surfaces to show much differ-
ence in lead dust-cleaning experiments. One hypothesis we tested is that the
fine scale topography of the wood inside depressions left by tools is different
from the topography outside.

Some wipe sampling or cleaning methods may be adequate to remove fine
particulate; for example, particles less than 75 lm, from holes or depressions in
wood surfaces. Do the holes and depressions sometimes found in wood surfaces
in homes lead to higher surface roughness that retains the fine dust or is the
fine dust retained just as well outside the holes and depressions as within them?
Conventional contact profilometry can establish the 2-dimensional contours of
a surface, and can tell us if surfaces differ in the peaks and valleys of surfaces
that we can often see. The laser profilometer can tell us whether differences
exist in surface roughness at the size of the particles that may be interacting
with the surface, at the micron level. By using optical methods, such as the laser
profilometer, we can establish not only if the surfaces are indeed different from
each other in their surface roughness but also if this difference is at the scale
where particle adhesion may take place. To develop replicate-specimens for
conducting wipe or cleaning studies or developing standards it is important to
know what could be responsible for retaining the particles; such as differences
in surface roughness across specimens or differences in surface roughness
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within specimens due do the many ruts, holes, and grooves that can emerge on
aged wood that has experienced tool work. For developing standards on clean-
ing or sampling surfaces where lead abatement is conducted, surfaces that
might simulate the challenges of cleaning and wiping due to their apparent
rough topography are needed.

The specific objectives of this paper are to report on the manufacture of the
wood specimens and their surface roughness. It is thought that characterization
of the surface roughness of coupon size materials such as the wood specimens
in this study is an important first step for establishing standard reference mate-
rials for cleaning and sampling studies. The scope of the surface roughness
characterization was limited to using area-scale analysis, a kind of scale-
sensitive fractal analysis, to analyze measured topographies. Area-scale analysis
shows how the area of a surface varies with the scale of observation and pro-
vides a characterization of the surface topography over the range of scales avail-
able in the measurement. Scale-sensitive fractal analysis [18] has been found
useful for discriminating surfaces where other methods have failed [19]. In
addition it has been found to correlate well with deposition of particles on
carpets [20].

Methods

Wood Specimen Production

The materials used are listed below:
� 3D Rapid Prototyping Machine.
� Technovate Roller Mill.
� Ultra HighMolecular Weight Polyethylene Plastic—2.54 cm thick, cut to

7.6 x 10.2 cm molds (3).
� White Pine—3.2mm thick, cut to 7.6� 10.2 cm pieces (300).
� Molding Clay.
� Plaster.
� Polyurethane MinwaxVR Superfast-Finish Compound.
Sections of flooring or window sills were collected. Clay (Sargent Art 22-

4084, Hazelton, PA) impressions were collected from three wood locations in
homes undergoing lead abatement: a nail-indented window sill, a heavily
grooved hardwood floor, and a contoured window sill. Figure 1 illustrates a
final, painted reproduction of the nail-indented windowsill as it sits on top of
the original surface. Clay was pressed into each of these surfaces, filling a
7.6� 10.2 cm2 area.

Next, plaster negatives, approximately 7.6� 10.2 cm2 area, (Plaster of Paris,
53005, DAP, Baltimore, MD) were created from the clay impressions, and these
negatives mimicked positive images of the original surface (Fig. 2). The plaster
was scanned digitally using a 3D Scanner and Rapid Prototyping machine (LCI
Signs and Ironworks, Pine, CO) and images were created of the original surfa-
ces. The images were inverted, and the inverted images were cut from 2.54 cm
thick, high density plastic to make dies, using the Rapid Prototyping Machine
(Fig. 3).
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White pine was cut into 7.6� 10.2 cm pieces, 3.2 mm thick. The pieces were
aligned with high-density dies and run through a Technovate Roller Mill
(T9013, Amatrol, Inc., Jeffersonville, IN), to create an accurate duplicate of the
original hard surface (Fig. 4). White pine has a hardness of 569.56 NM (440
lbf)with Janka hardness test, (ASTM D1037) which corresponds to 18.68 MPa
(1.7� 104 PSI), and we used approximately 6 times that, applying 117.21 MPa
(17k psi) [21]. One-hundred replicates were created for each surface type, for a
total of 300 specimens. The entire wood surface was compressed somewhat by
the roller, with the tool marks being more severely compressed. Specimens that
were cracked, split, or warped were destroyed. The wood specimens were coated
with a single layer of polyurethane (Minwax Fast-drying polyurethane, Upper
Saddle River, NJ) or with three layers of white-latex paint and allowed to dry
completely. Once dry, the specimens were ready to be coated with dust and
tested. The uncoated specimens are depicted in Fig. 5. Specimens are: (1) nail-
indented window sill, (2) Deep-grooved floor, and (3) Slightly contoured win-
dow sill. A blue circle was added to the figure in order to illustrate the tool
mark. The height measurements from the tool mark were separated from the
rest of the measurement by a process called thresholding, which is described
later in the text.

FIG. 1—Original nail-indented surface (dark wood) with its final painted (white) speci-

men, Number 1, on top.

FIG. 2—Plaster cast of heavily grooved hardwood floor (7.6� 10.2 cm2 area).
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FIG. 3—High-density plastic dies of the three specimens (top to bottom: Spec 2, heavily

grooved floor; Spec 1, nail-indented window sill, Spec 3, contoured window sill).

FIG. 4—Duplicates of the wood specimens are made using a die in the Technovate Roll-

ing Mill (photo shows specimen going into the press).
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Surface Topography Measurements

A UBM laser-profilometer (Ulrich Breitmeir Messtechnik, Ettlingen, Germany;
distributed in the US by Solarius Development Co., Sunnyvale CA), and Keyence
Laser Triangulation Sensor (Model LC2210, Keyence Corporation, Osaka, Ja-
pan), were used to measure the topographies of the surfaces of the wood speci-
mens (Fig. 6). In this device the piece with the surface to be measured is
secured to a stage that moves horizontally in x and y under a sensor that meas-
ures heights in z. The height sensor has a spot size of about 70 lm; however it is
able to resolve height differences with spatial (x, y) dimensions less than 25 lm.
Currently there is no US or ISO standard for determining the spatial height re-
solution of sensors of this kind of surface topographical measurement instru-
ment. The sampling interval between measured heights was 10 lm in x and y
and the measurement region was 10� 10 mm. The measurements consist of
1001 height-profiles incremented in y, each profile containing 1001 heights
(z¼ z(x)), forming a total measurement of over 1 000000 heights on a regular
horizontal grid in x and y (i.e., z¼ z(x, y), meaning that the height z is a function
of the position in x and y).

Three measurements were taken of each of the specimens away from the
tool marks. This approach was used, separating the measurement inside and
outside the tool mark, in order to see if the action of the tool has the same to-
pography of the wood at a fine scale, below the relatively large scale of the

FIG. 5—Test Specimens: (A) Specimen 1 – Nail-indentations from window sill, (B)

Specimen 2- Deep grooves from hardwood floor, (C) Specimen 3 – Contoured Surface

from window sill.
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indentation caused by the tool. This facilitates testing the hypothesis that the
tool has modified the roughness of the wood at a fine scale. Three other meas-
urements were made of regions including depressed areas that were defined by
tool marks. Each measurement contains about 1� 106 measured elevations.
The measurements taken away from the tool marks were divided into four adja-
cent measurements each with about a quarter of a million measured elevations.
This was done in order to have separate measurements for better statistical
comparison testing between the three wood specimens. The regions inside the
tool marks were separated from those outside by thresholding, a process that
uses a height threshold to separate the lower altitude measurements in the tool
mark from the higher ones on the wood surface. The thresholding process
essentially cuts the measurement into two parts horizontally. This way the
depressed area made by the tool mark is in one part and the rest of the measure-
ment is in the other part (Fig. 7).

Topographic Characterization

The topographic measurements were leveled and area-scale analyses [19] were
made using Sfrax (www. Surfract.com). Area-scale analysis is a kind of scale
sensitive fractal analysis. It is based on the principle that the area of a rough
surface depends on the scale of observation or calculation. The calculation of
the area is made with a virtual tiling algorithm [22]. The algorithm uses

FIG. 6—UBM scanning laser profiler consisting of a granite metrology frame with a

Keyence Laser Triangulation Sensor (model LC2210) mounted on it to measure the

heights; the surfaces to be measured are placed below the height sensor on stages that

move in x and y to scan the surface under the height sensor.
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repeated tiling exercises (Fig. 8). The tiles have a certain, constant area in three
dimensions, but with a shape that can vary within limits. The corners of the tri-
angles are located on lines interpolated between the measured heights. The area
of the triangle represents the scale of observation or calculation. The area of the
triangle is varied systematically from exercise to exercise so that the range from
the scale of the measured region to the sampling interval is covered.

At each areal scale (s) a relative area (RelA(s)) is calculated. The relative
area at each scale is the ratio of the calculated area (CalA(s)) to the nominal
area (NomA(s))

RelAðsÞ ¼ CalAðsÞ=NomAðsÞ

The calculated area at each scale is the number of triangles used in the tiling
(N(s)) times their area, which is the scale (s)

CalAðsÞ ¼ N	s

The nominal area is the large scale, x-y, or projected area, of the region included
in the tiling exercise at that scale. The algorithm has been described in detail
[18] and its use is found in the technical literature [19]. The result of the area-

FIG. 7—Surface measurement (specimen 1) with tool mark removed by thresholding,

i.e., separating the lower elevations inside the depression caused by the tool mark

through selecting a threshold in height.
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scale analysis is an area-scale plot, which is a log-log plot of the relative area
versus the scale.

Scale-based calculations of the area of rough surfaces are useful descrip-
tions of the geometry of rough surfaces for correlating with behavior and with
processing [23]. The area of a rough surface is not unique; rather it changes
with the scale of observation. When a rough surface is examined more closely,
topographic details become evident which were not obvious at larger scales.
These topographic details tend to increase the apparent area of the surface. As
the area increases the inclinations on the surface increase as do the opportuni-
ties to create bond with the surface. It is reasonable to propose a hypothesis
that surfaces that have larger relative areas, at the scale where particles are
retained, will have a greater capacity to retain these particles [20]. The scales of
interaction with a rough surface, like retention, can be determined experimen-
tally [23].

To test for differences in the surface measurements a modified F-test,
including the mean and standard deviation, is used at each scale to compare the
relative areas of the different wood at that scale [24]. The results of these analy-
ses are mean square ratios, corresponding to the scales of the relative areas
used in the test. The mean square ratios are plotted as a function of the

FIG. 8—Virtual tiling exercise for determining relative areas as function of scale on sec-

tions 5000�5000 lm. The equations for calculating relative area are in the text. The

max peak to valley distance for this measurement is 331lm. The number of triangular

tiles, the scale, or area of the triangular tiles and the relative areas are: (A) 8 tiles,

scale¼ 30j075j200 lm2, RelA¼ 1.00016; (B) 50 tiles, scale¼490j050 lm2, RelA¼ 1.00130;

(C) 72 tiles, scale¼336j200 lm2, RelA¼ 1.00384; (D) 2242 tiles, scale¼ 11j250 lm2,

RelA¼1.03470.
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corresponding scales. The minimum, mean square ratio for a certain level of
confidence in the ability to discriminate can be shown on the plot.

Results

The results of the surface characterization of the three wood specimens are
described in several figures. Figure 9 shows a representation of a measurement
of the wood surfaces on the scanning laser profiler, which would subsequently
be divided into four regions for statistical analysis. Figure 7, as previously
described, shows a representation of a measurement taken from Specimen 1.
The nail-indented window sill included a tool mark (see Fig. 5, blue circle) that
was removed by thresholding. The removal separates the topographies that may
have been modified by the tool from those that were not influenced by the tool.
This facilitates testing the hypothesis that the action of compressing the wood
with the tool has modified the topography at a fine scale. Similar procedures
were followed for tool marks on specimens 2 and 3.

Figure 10 shows area-scale plots of the 12 measurements from two of the
wood surfaces (specimens 1 and 3). Notice in Fig. 10 that at the largest scales
the relative areas are close to one, indicating that at those scales the surfaces

FIG. 9—Elevation map of specimen 3, rendering a measurement made over a field of

10� 10 mm with 1j002j001 measured elevations, or heights, on a regular 1001� 1001

horizontal grid.
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are essentially smooth. Below scales of about 10 000 lm2, the relative areas have
deviated clearly from one and at these finer scales the surfaces are essentially
rough. This is the smooth-rough crossover scale, i.e., the scale above which the
surface appears to be smooth and below which, i.e., at finer scales, it appears to
be rough. At the finest scales the relative areas vary from about 1.18 to 1.35. It is
not known what relative areas should be typical for wood. This may be the first
analysis of wood topographies of this type. Milled metal surfaces can have rela-
tive areas between 1.005 and 1.02 [23]. In general specimen 3 (contoured sur-
face) has larger relative areas than specimen 1 (nail-indented surface).

In the plots of relative area and of the mean square ratio (MSR) plots versus
scale, the x-axis represents the areal scale (Figs. 10–16). This areal scale on the
x-axis is the same areal scale as the area of the triangle used in the tiling exer-
cises to determine the calculated area of the measured surface topography [18]
[19]. In the algorithm for the tiling exercises the triangles are inclined to the
nominal horizontal, or x-y, plane during the tiling exercises; therefore the areal
scales, as used here, have components in horizontal (x, y) and vertical (z) direc-
tions [25].

Differences in surface roughness across specimens

The mean square ratio is a parameter that results from the modified F-test used
to test for the discrimination confidence [21]. The confidence level is determined
from the df [21] and is indicated on the plots. The mean square ratios from the
F-test for testing for discrimination of specimens 1 and 2 and 1 and 3, by relative
areas as a function of scale, are shown respectively as Figs. 11 and 12. A high

FIG. 10—Area-scale plots of 12 measurements for comparing specimens 1 and 3 (speci-

men 1 is represented by x, specimen 3 is represented by squares).
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degree of ability to discriminate with 95% confidence is indicated for surfaces 1
and 2 below 5000 lm2 and between 100000 to about 2 000000 lm2. This is indi-
cated because over this scale range the MSR exceeds the threshold based on the
df in the test [21]. For Fig. 12, discrimination of surfaces 1 and 3 are found from

FIG. 11—Mean square ratios (MSR, which is unitless) versus scale from an F-test of

relative areas comparing specimens 1 versus 2; horizontal line is the minimum MSR

for 95% confidence that the surfaces are different over the represented scales.

FIG. 12—Mean square ratios (MSR) versus scale from an F-test of relative areas, com-

paring specimens 1 versus 3; horizontal line is the critical MSR for 95% confidence.
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about 200 lm2 to about 400000 lm2. These scales correspond to those in the
area-scale plot where the 12 measures of relative areas (Fig. 10) on each surface
are well grouped.

The discrimination scales between surfaces 2 and 3 are shown in Fig. 13.
These two surfaces can be discriminated at scales below about 200 000 lm2,
with no apparent lower limit.

Differences in surface roughness within specimens

The lack of ability to discriminate the relative areas from inside the tool marks
to those from the measurements of specimen 2 is shown in Fig. 14. These two
surfaces cannot be discriminated at any scales. They appear to be similar. The
large mean square ratios at scales above the smooth rough crossover should be
dismissed as statistical anomalies and are unimportant because the differences
in the relative areas are small.

The ability to discriminate the relative areas from inside the tool marks to
those from outside the tool marks on the measurements of specimen 3 is shown

FIG. 13—Mean square ratios (MSR, which is unitless) versus scale from an F-test of

relative areas, comparing specimens 2 versus 3; horizontal line is the critical minimum

MSR for 95% confidence that the surfaces are different over the represented scales.
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in Fig. 15. These two surfaces can be discriminated at scales below about
100 000lm2, with no apparent lower limit.

Discussion

This work appears to show significant differences in the roughness of the three
natural plywood surfaces that have been prepared similarly by the procedures
previously described in the method section. The differences are evident from
modified F-tests of the relative areas as a function of scale. The relative-areas
are calculated using area-scale analysis on topographic measurements from the
scanning laser profiler [22]. However, within specimens, the tool mark regions
are not consistently different from the surrounding regions outside the tool
marks. The inability to discriminate regions inside and outside the tool marks
tends to dismiss the hypothesis that the tool has modified the fine scale topogra-
phy of the wood surface inside the tool mark. At least the topography has not
been modified in a way that can be detected by the kind of measurement used in
this work when characterized with area-scale analyses. Therefore, if particle ad-
hesion can be linked to the relative areas at the fine scales studied here, as
detected by the measurement and analysis methods used here, then there

FIG. 14—Mean square ratios (MSR, which is unitless) versus scale from an F-test com-

paring inside the tool marks to outside the tool marks on specimen 2; horizontal line is

the critical minimum MSR for 95% confidence that the surfaces are different over the

represented scales.
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should not be a difference in the particle adhesion inside the depressions left by
the tools compared with the particle adhesion outside the tool marks. If there is
any tendency for the tool marks to enhance the retention of particles, then it
could be at other scales than those analyzed here.

For example, in specimen 2 there are a series of parallel grooves that might
possibly hinder effective cleaning or sampling with a wipe and therefore there
could be more particles remaining in the groove than outside the groove. How-
ever, the retention of particles due to the topography at finer scales, on the order
of 75 lm, will not differ within the groove to outside the groove, provided that
the topographic measurement and analysis methods used here are indicative of
particle adhesion.

On surface 3 the relative areas at areal scales below about 60000 lm2 can
consistently be used to discriminate the regions inside the tool mark from outside
the tool marks (Fig. 14). This areal scale corresponds to a linear scale of 346lm.
Supposing that the surface inside the tool marks is smoother than outside, this
result suggests that particles with diameters less that 346lm might have a lesser
tendency to be retained in the surface roughness inside the tool mark than out-
side. If this is true then on surface 3 the relative difficulty of removing particles
from within the tool mark versus outside might be compensated somewhat by

FIG. 15—Mean square ratios (MSR, which is unitless) versus scale from an F-test com-

paring inside the tool marks to outside the tool marks on specimen 3; horizontal line is

the critical minimum MSR for 95% confidence that the surfaces are different over the

represented scales.
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the relative ease of removing particles from the relatively smoother surface inside
the tool mark.

There is much that can still be discovered about the topography of wood
surfaces, their modifications by tools, and about the tendency of topography to
influence cleaning. The observation that within specimen 2 no difference can be
found inside the tool marks versus outside the tool marks while on specimen 3 a
difference can be found, is sufficient to conclude that there is no systematic dif-
ference in the roughness caused by the tool. There is no general statement that
can be made in regard to the tools changing the texture of the wood inside the
tool marks, at least detectable by the means used here. Nonetheless, significant
differences are found in the surfaces themselves, regardless of the tool marks.
The nature of the differences between the surfaces also depends if you are com-
paring specimen 1 and 2 (Fig. 12) or surfaces 2 and 3 (Fig. 12). The topographies
and how they are influenced by the tools differs between specimens 1, 2, and 3.

The largest scales where the wood surfaces show differences are about 30000
lm2. The finest scales where the wood surfaces show differences are less than 200
lm2. A standard reference material, Lead in Soil (3,000 ppm Pb), obtained from
the National Institute of Standards and Testing, was deposited on these surfaces
in the cleaning studies [15,16] (and the particles were less than 75 lm in diame-
ter, corresponding to an areal scale (area of a circle) of about 4400 lm2 [26].

FIG. 16—Mean square ratios versus (MSR, which is unitless) scale from an F-test com-

paring coated (latex paint) versus uncoated (polyurethane) finishes; horizontal line is

the critical minimum MSR for 95% confidence that the surfaces are different over the

represented scales.
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The particle size provides an indication of a possible scale of interaction for parti-
cle retention and removal. This possible scale of interactions, based on the parti-
cle size, is within the scales of discrimination noted above.

Some preliminary surface roughness measurements were taken of the
painted surfaces and they were significantly different than the polyurethane
coated specimens reported in this paper. A comparison of the relative areas
shows that the coating has a profound influence on lowering the roughness of
the wood as indicated by relative areas at scales below about 200 000 lm2 (Fig.
16). The scale of the particle is well within the scales where the coated and
uncoated surfaces are clearly different.

This study demonstrated that surface roughness between and within wood
specimens that have tool marks can exist but may be at such a fine scale that it
is not detected by using cleaning methods. To determine the type of surface
roughness that is needed to induce a major influence on removal of leaded dust
or other contaminants that deposit on wood surfaces in houses, it would be
helpful to develop more profoundly different surface topographies that could be
used to evaluate the effectiveness of cleaning as a function of surface. It is also
necessary to learn more about the interactions, at various scales, between parti-
cle deposition, adhesion, and removal for both cleaning and surface sampling.

Residential and even commercial surfaces rarely feature perfectly smooth,
non-porous substances, so studies that make use of a number of surface types
can further our knowledge of sampling efficiency [5]. Standards on surface sam-
pling or cleaning such as those described in the introduction, could benefit
from further development of the specimens in this study or other coupon size,
reproducible specimens. If a collection of standard reference-surfaces were
available to researchers and those developing standards, analogous to standard
reference substances, then understanding sampling efficiency for differing
wipes and other methods would be enhanced.

Conclusions

The method presented here created replicate-stamped wood surfaces that
appeared to be representative of the originals. In the future, we would recom-
mend the use of a hydraulic plate press rather than a roller press to reduce
warping of samples and a larger sample size to increase the range of surface tex-
tures, but this represented a highly successful method for creating reproducible,
realistic surfaces for use in cleaning or sampling investigations or standard
development.

Specimens did show statistical differences in surface roughness at relatively
fine scales of surface roughness. These are scales similar to particle sizes. There
is more work that could be done to develop more uniform, standard reference
surfaces, with well characterized textures, that can be used to evaluate adhesion
and removal of lead, allergens, fungi, endotoxin, bacilli, and chemical contami-
nants from residential and commercial environments. The surfaces created
here are a first step toward development of standard reference material surfaces
that could be used to evaluate the performance of sampling or cleaning techni-
ques as standards are devised or revised.
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ABSTRACT: In the aftermath of flooding, rapid response assessment and

cleanup is critical to recovery. In this study, the level of contamination of bacte-

ria on surfaces in flooded houses was estimated and compared to the level

found on surfaces in non-flooded houses with a rapid field test based on hydro-

lase enzyme activity present in bacteria and by measuring endotoxin. Sam-

pling was performed by swabbing a 9 cm2 area using sterile cotton swabs

wetted with a bacteriostatic buffer. A correlation between endotoxin levels and

levels of hydrolase activity was seen (R2¼ 0.6469, P< 0.0001). The median

value and the variance ofthe result distribution were higher in flooded buildings

as compared to non-flooded buildings. In the non-flooded buildings, surfaces

were divided into visually clean and visually dirty. As expected the level of bac-

teria was higher on the visually dirty surfaces, and overall the hydrolase activity

correlated well with the visual inspection. Using the results from the visually

clean surfaces in the reference buildings as the criteria for clean, four methods

of cleaning were tested for their ability to reach these criteria.

KEYWORDS: bacteria, hydrolase activity, flooding, endotoxin, post remedia-

tion verification, cleaning

Introduction

Evaluating tools for assessment of bacterial contamination after flooding events
or sewage overflow should address whether the measured parameter is relevant,
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reproducible, and rapid. Traditionally, assessment has been performed using
cultivation of coliform and fecal indicator bacteria like Escherichia coli. Assess-
ments have rightfully focused on the risk of infection as the main health con-
cern. However, health effects of bacterial contamination are not solely a
question of risk of infections from pathogenic bacteria. A high number of bacte-
ria in general can cause other health effects such as hypersensitivity pneumoni-
tis, allergy, and inflammation due to the influence of bacterial cell wall agents.
One such example is endotoxin, which is part of the outer cell membrane of all
Gram-negative bacteria. It can be released in water suspensions after lysis of
the bacteria. During agitation of water and dust, it can become aerosolized and
increased levels of endotoxin have been measured in many studies and related
to health effects [1–4]. Thus measurements of total bacteria level as well as in-
fectious bacteria are relevant for risk assessments.

Another issue with evaluating contamination and remediation cleaning
efforts based on cultivation of E. coli is that this approach suffers from the fact
that E. coli and many pathogenic bacteria typically have a very short survival
time in the environment. Therefore, noninfectious bacterial reservoirs can
remain undetected on furnishings, carpet, and other surfaces in the flooded
buildings. Testing for endotoxin has an advantage over cultivation in that endo-
toxin is relatively stable and will remain detectable for a longer period even
when many of the bacteria are dead or unculturable [5].

To quantify endotoxin, it needs to be extracted from the bacterial mem-
brane. This is a relatively complex process, and the outcome is very dependent
on the protocol used conferring an inherent variability to endotoxin assays
[6,7]. Many protocols exist and with significant differences in yield of endotoxin
extracted. Some important variables in the protocols are agitation rate and
time, use of ultrasound, and addition of the surface active compound Tween.
The lack of standardization makes it difficult to compare endotoxin levels
between studies when different protocols are used. Furthermore, at present, en-
dotoxin analysis is a time consuming, costly laboratory-based process, and
there is no field detection kit for endotoxin.

In an attempt to improve the assessment of bacteria in environmental sam-
ples, this study compares a field detection method for fluorometric detection of
hydrolase activity to endotoxin levels. Measuring enzymatic activity is simple and
occurs without any extraction procedures. The fluorophore that is released upon
hydrolyzation of a fluorogenic enzyme substrate is released extracellularly and
can be measured directly. While cultivation of bacteria typically takes several
days, hydrolase measurements can be performed on location in less than 1 h.

The present study has been conducted to evaluate if bacterial hydrolase ac-
tivity could be used to measure of the level of bacterial contamination to evalu-
ate whether the levels of bacterial hydrolase activity were significantly different
between visually clean and visually dirty surfaces in reference buildings and
between visually dirty surface in reference buildings and contaminated surfaces
in flooded buildings. Finally, the study sought to evaluate whether different
cleaning efforts in a flooded building could bring the level of bacteria from con-
taminated to clean where clean would refer to the level as found on visually
clean surfaces in reference buildings.
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Materials and Methods

Selecting Monitoring Sites

Buildings that had been flooded due to heavy rain and with suspected sewage
contamination were termed flooded buildings. Sampling was performed when
drying had been completed or was in the late phase.

Buildings with no prior history of flooding were visually inspected for mois-
ture problems or other signs of water damage. If no problems were discovered,
the building was used as a non-flooded or reference building.

Sampling

Sterile cotton swabs on wooden handles were moistened with a buffer contain-
ing a bacteriostat. Moistened swabs have a greater sampling efficiency [9], and
the bacteriostat prevents growth on the cotton swab without affecting the hy-
drolase activity of the bacteria present. For each sample, an area of 9 cm2 was
swabbed. The swabs were then used to analyze for hydrolase activity and
endotoxin.

Enzyme Activity

Bacterial hydrolase activity was measured typically less than 24 h after sam-
pling using the standard operating procedure specified by the manufacturer’s
specifications (Mycometer A/S, Copenhagen, Denmark). The swabs were trans-
ferred to a tube containing 2 ml of the fluorogenic 4-methylumbelliferone hy-
drolase enzyme substrate and allowed to react for approximately 30 min. The
exact reaction time is dependent on the ambient temperature and was deter-
mined according to a table listed in the manufacturer’s manual. The fluores-
cence generated during the reaction time was measured by withdrawing 100 ll
of the reactant and adding it to 2 ml of alkaline buffer in a disposable polysty-
rene cuvette (Sarstedt AG, Nümbrecht, Germany). The fluorescence was meas-
ured on a Picofluor fluorometer (Turner Designs, Sunnyvale, CA) using an
excitation wavelength of 365 nm and measuring emission at 445 nm. Calibra-
tion of the instrument was performed prior to analysis using two standards of
known fluorescence. The calibration was acceptable if the instrument reading
of the fluorescence standard deviated less than 1% from the fluorescence value
of the standard. Enzyme substrate blanks were measured and subtracted from
sample values. Hydrolase activity is measured in arbitrary fluorescence units
(AFU). Analytical grade chemicals and pyrogenic free water was used for pre-
paring the buffers.

Endotoxin

Samples for endotoxin analysis were frozen at � 50�C until all samples had been
collected. Endotoxin was extracted from the swabs by agitating for 15 min in
pyrogenic free water. The extracts were diluted 103 to 106 times in pyrogenic
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free water before analysis. Five sterile swabs were extracted by the same proce-
dure and the mean value used as the blank value.

The amount of endotoxin in the liquid extracts was determined using the
Limulus Aemobocyte Lysate method with specific lysate and the chromo-
genic, kinetic version (Associates of Cape Cod, MA). The 405 nm absorbance
of the samples was measured during a 30 min reaction time on a SK 601
Wellreader (Seikagaku Corporation, Tokyo, Japan). The incubation tempera-
ture was 37�C. Four different endotoxin concentrations were prepared
according to the manufacturer’s specifications and used as internal stand-
ards. All glassware was baked at 270�C for 3 h before use. The results are
given in nanograms endotoxin.

Results and Discussion

Bacterial Hydrolase Activity and Heterotrophic Plate Count (HPC)

A small amount of yeast extract (125 mg/l) was added to tap water to simulate
an organic pollution. The indigenous bacteria in the tap water were allowed to
proliferate reaching a maximum after approximately 30 h. A dilution series
was prepared, and samples were withdrawn for HPC and hydrolase activity.
Figure 1 shows that the activity of hydrolase activity correlates to the level of
bacteria determined by HPC in water samples with different levels of indige-
nous bacteria (R2¼ 0.988).

Bacterial Hydrolase Activity and Endotoxin

Parallel samples were collected in both flooded and non-flooded reference build-
ings and used to analyze for hydrolase activity and endotoxin. Figure 2 shows a

FIG. 1—Correlation between bacterial hydrolase and HPC counts (R2¼ 0.988).
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correlation between the two bacteria indicators (R2¼ 0.6469, P< 0.0001). The
two parameters correlate despite that endotoxin is only present in gram nega-
tive bacteria while the hydrolase activity is present in both gram negative and
gram positive bacteria (unpublished result).

The endotoxin levels measured in this study varied from below the detection
limit to a maximum level around 2800 ng/cm2. Surprisingly studies describing
the level of endotoxin on surfaces in buildings were not found in the literature
search. The quite extensive research on endotoxin in the environment focuses
mainly on air measurements and to some extent dust samples. The levels found
in the present study are quite high, e.g., compared to the guidelines proposed
for “no-effect level” for environmental endotoxin [8]. This guideline describes
health effects of increasing seriousness with endotoxin concentrations ranging
from 10 to 200 ng/m3. With a maximum concentration of 2.8� 107 m2 found in
the present study and assuming an average ceiling height of 2.5 m, 1 m2 of the
floor surface feeds approximately 2.5 m3 of air above. This means that less than
one thousands of a percentage of the endotoxin on the surface would have to
become airborne to exceed the high level (200 ng/m3).

Flooded Versus Reference Buildings and Categories

Swab samples were taken from surfaces in buildings with flooding or sewage
spills. For comparison, samples were also taken from reference buildings with
no flooding or sewage spills. Samples from the reference buildings were divided
into samples from visually clean surfaces and from surfaces with varying levels
of visual dirt. The results from the visually clean surfaces were used as criteria
for clean after remediation. The results from the visually dirty surfaces in the
reference building were used to describe dirty but not contaminated surfaces.
For a surface to be classified as contaminated in the flooded buildings, the level

FIG. 2—Correlation between the level of bacterial hydrolase activity and endotoxin in

samples from surfaces of flooded and reference buildings (R2¼ 0.6469, P< 0.0001).
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of hydrolase activity should be above the level found on the dirty surfaces in the
non-flooded buildings.

Table 1 shows a marked difference in the hydrolase activity from the differ-
ent categories of surfaces. A logarithmic normal distribution was seen with
samples from both flooded and non-flooded buildings. The visual clean surfaces
in the reference buildings had a median value of 5 AFU, which is also the detec-
tion limit of the method, and all values were below 20 AFU. The median value,
mean value and the variance were higher on visually dirty surfaces in non
flooded buildings and much higher in flooded buildings.

Measuring Cleaning Efficacy

Measurements were made in a living room of a house that had been flooded
after heavy rain. The floor had been removed, and the room was dried out.
Four areas (1 m2 each) of the concrete foundation were cleaned using four
different cleaning methods. All areas were vacuumed with a vacuum cleaner
with HEPA filter. Three of the parcels were then cleaned thoroughly with one

TABLE 1—The minimum, maximum, mean, standard deviation, standard error of the mean
95% confidence intervals, and median values of hydrolase activity measured on swab sam-
ples from surfaces of reference buildings and flooded buildings. The values given is a mea-
sure of the hydrolase activity expressed in arbitrary fluorescence units (AFU) according to
the manufacturer’s protocol.

Number
of

Samples

Median
Value,
AFU

Mean
Value,
AFU

STD,
AFU

SEM,
AFU

95%
CI,
AFU

Minimum and
Maximum
Values, AFU

Reference buildings
Visual clean surfaces

88 5 5 4 0.4 (4.2;5.8) 0: 20

Reference buildings
Visual dirty surfaces

110 15 50 79 7.5 (35;65) 0: 392

Flooded buildings 169 226 734 1866 144 (446;1022) 3: 15082

TABLE 2—Level of bacteria measured as hydrolase activity on surfaces in a flooded house
before and after cleaning. Four different cleaning treatments were used. Cleaning using
steam and three types of chemistry were tested. Sampling was in duplicate.

Treatment n
Before cleaning,
AFU Mean (STD) n

After cleaning,
AFU Mean (STD)

Steam cleaning 2 434(26) 2 7(0.0)

Rodalon (quaternary ammonium) 2 408(88) 2 2.0(1.4)

Biowash (quaternary ammonium) 2 419(76) 2 10.5(2.1)

Peroxy tabs (peroxide) 2 875(222) 2 44.5(4.9)
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of three cleaning chemicals. Rodalon, (a quaternary ammonium chloride),
Biowash (a quaternary ammonium chloride), and peroxide tabs (potassium
persulfate, oxidizing agent). The fourth parcel was cleaned with a steam
method. Steam, at 6 bars with temperature from 130 to 150�C, was blown
onto the surface. This procedure was repeated a second time with the steam
passing through a microfiber cloth that is in contact with the surfaces and
absorbs released dirt/bacteria. Finally, all four areas were vacuumed again
before testing for enzyme activity. The results are shown in Table 2. All treat-
ments significantly reduced the bacterial level. Three of four treatments were
able to reduce the level of bacteria to a level not distinguishable from visually
clean surfaces in the reference buildings.
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ABSTRACT: Residual methamphetamine contamination in Clandestine lab-

oratories represents a hazard to emergency response personnel, remedia-

tion workers and the general public. To address this threat, two rapid,

sensitive surface sampling techniques to assess the location and level of

methamphetamine contamination were developed. Both methods employ

established industrial hygiene surface sampling materials (wipes and swabs)

but differ in their sensitivity and detection technology. One method, based on

colorimetric disclosure, detects and confirms a collected sample or visible

residues. The second method uses a lateral flow immunochemical assay
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(LFIA) for semi-quantitative detection of trace contamination. The National

Institute for Occupational Safety and Health (NIOSH) partnered with public

health agencies to develop applications of the methods for assessment of

methamphetamine contamination of suspected properties. These applica-

tions focused on safe strategies for site assessment, hazard characterization,

and remediation effectiveness. To conduct the field studies, NIOSH research-

ers and their partners visited more than a dozen suspected laboratories

including mobile labs, abandoned properties, occupied residences, and motel

rooms. NIOSH found greater than 95% agreement between positive identifi-

cation of the presence of methamphetamine by LFIA and laboratory-based,

liquid chromatography mass spectroscopy (LC–MS) methods. Test results

were used to develop site assessments and make personal protective equip-

ment recommendations. Results were also used to conduct process-based

decontamination of properties and to make health-based decisions on reme-

diation, re-occupancy of residences, as well as determine the degree of con-

tamination of personal property in an inactive clandestine laboratory. By

partnering with stakeholders, NIOSH was able to achieve two primary goals:

(1) to develop a level of awareness in health department sanitarians, law

enforcement personnel and other first responders that methamphetamine

surface contamination was a potentially significant route of exposure; (2) to

validate our methods in the field and to develop protocols for proper use and

interpretation of the results.

KEYWORDS: clandestine lab, methamphetamine, surface wipe, real-time,

direct reading

Introduction

According to the United States Drug Enforcement Agency (US DEA) discovery
of clandestine methamphetamine laboratories peaked at 17 000 in 2003–2004.
State and federal laws restricting availability of methamphetamine precursors,
particularly pseudoephedrine or ephedrine, have led to initial decreases in Clan-
destine laboratory discoveries or seizures [1]. However, thousands are still
found each year (http://www.justice.gov/dea/concern/map_lab_seizures.html).
Small-scale methamphetamine laboratories supply approximately 20% of the
US methamphetamine supply [2,3], and this number is expected to increase [4].
Residual contamination of clandestine methamphetamine laboratories repre-
sents a hazard to emergency response personnel, remediation workers and the
general public [5–7].

In a series of studies, researchers from National Jewish Health and the
National Institute for Occupational Safety and Health (NIOSH) along with law
enforcement and public health agencies examined suspect clandestine laborato-
ries for the presence of hazardous chemicals and methamphetamine contami-
nation. These studies looked at exposures after police seizures and during
controlled methamphetamine synthesis or “cooks” [8,9] during a control “cook”
and the following 24 h [9], and during simulated methamphetamine smoking
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[10]. Findings from these studies found that during active methamphetamine
manufacture or smoking, airborne exposures to toxic chemicals and metham-
phetamine were often elevated but airborne concentrations decreased signifi-
cantly after 24 h. Surface contamination by methamphetamine does remain a
significant risk for dermal exposures and transfer from surfaces to unprotected
individuals can occur long after manufacturing ceases and is possible at loca-
tions far from the actual manufacturing process [8,11].

Reducing risks for methamphetamine exposures involves awareness of sur-
face contamination; especially the risks for contact transfer of methamphet-
amine to hands and other skin surfaces as the primary route. Permanent
cleanup (or remediation) of former clandestine laboratory sites to eliminate
hazards posed by residual methamphetamine presents many issues regarding
the costs and responsibility for cleanup. State and Federal governments that es-
tablish standards for acceptable post-remediation contamination levels often
assign responsibility for enforcement of standards to environmental and public
health agencies. Because of the high cost of complete remediation, owners often
abandon properties rather than undertake the financial burdens of remediation.
NIOSH has developed numerous methods for surface sampling and analysis to
detect methamphetamine on surfaces.

Three traditional industrial hygiene methods were developed and validated
for the NIOSH manual of analytical methods (NMAM), specifically NMAM
9106, 9109, and 9111. The methods all use mass spectroscopy and isotopic dilu-
tion but differ in sample preparation and analysis. NMAM 9106 and 9109 are
gas chromatography/mass spectroscopy (GC/MS) methods, and 9111 is liquid
chromatography/mass spectroscopy (LC/MS) method. NIOSH has also devel-
oped a surface plasmon resonance method for real time quantitative analysis of
methamphetamine on surfaces [12]. While laboratory methods are sensitive
and accurate they do have shortcomings. Surface samples need to be collected,
transported to the laboratory and analyzed, a time consuming process requiring
specialized equipment and trained personnel. In light of this, NIOSH was con-
tacted by law enforcement and public health agencies to develop rapid tests that
could be used in the field with minimal training. This manuscript describes the
development and validation of rapid, sensitive surface sampling technologies to
assess the location and level of methamphetamine contamination in clandestine
labs. Two technologies were developed in tandem. The first method is for initial
confirmation of the presence of methamphetamine in bulk samples and surface
residues (colorimetric method) and the second, a sensitive, semi-quantitative
detection method is used to determine the extent of contamination and assess
remediation effectiveness (immunochemical method).

The goal of this study was to validate both the colorimetric and immuno-
chemical surface sampling and detection techniques for methamphetamine by
subjecting the methods to laboratory and field validation tests. Accuracy and
sensitivity was determined in the laboratory and in field testing. Aside from
using the technologies to assure compliance to state and local surface limits,
NIOSH partnered with the Hamilton County Health District (OH) to use the
tests to: (1) perform risk assessments and assess the potential of cross contami-
nation to workers involved in the demolition of a former laboratory; (2)
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evaluated application of the tests to assess decontamination; (3) assess cross
contamination from surfaces in rental property that was a former methamphet-
amine laboratory; and (4) assess the potential for contamination to personal
items brought into a contaminated residence.

Experimental

Reagents

All chemicals used in this work were reagent grade or greater purity. Metham-
phetamine- HCl, acetaldehyde, sodium nitroprusside, sodium carbonate, meth-
anol, phosphate buffered saline, and Triton-X100 were obtained from
Sigma–Aldrich (Milwaukee, WI).

Antibodies to methamphetamine and methamphetamine conjugates were
purchased from Arista Biologicals Inc. (Allentown, PA). Lateral flow immunoas-
says (LFIA) were assembled under contract by Arista Biologicals to NIOSH
specification.

Deionized water (18 MX) was produced using a Barnstead nanopure system
(Thermolyne, Dubuque, IA).

Materials

Cotton-tipped wooden swabs (Fisher # 23-400-100), 2� 2 gauze wipes (North
Safety Products, #041975D) 3� 3 gauze wipes (North Safety Products
# 041980D), 5 and 10 ml disposable syringes, disposable weigh boats, 50 ml
plastic centrifuge tubes, and disposable nitrile laboratory gloves were purchased
from Fisher Scientific (Pittsburg, PA). Plastic pump spray bottles (vol. �150 ml)
were purchased from U.S. Plastics (Lima, OH). Ceramic tiles (U.S. Ceramic Tile
4-1/4� 4-1/4 in.) were purchased at a local building supply store (Home Depot,
Cincinnati, OH).

Sample Handling

All laboratory and field sample collection was carried out while wearing clean
nitrile gloves; to prevent cross contamination gloves were changed each time
a new test was performed. Appropriate personal protection equipment was
worn at all times during laboratory and field procedures. Methamphetamine
was stored and standard solutions were prepared in a USDEA licensed labo-
ratory and all research activities were in compliance with USDEA guidelines
and rules.

The colorimetric indicator solution was Simon’s reagent [13] prepared in a
two part solution. Each solution was stored in separate 150 ml plastic spray
bottles.

Solution A: 3 g of sodium nitroprusside was dissolved in 150 ml of distilled
water and 6 ml of acetaldehyde was added to the solution with thorough
mixing.

Solution B: 2% sodium carbonate in distilled water.
Phosphate buffered saline (PBS) containing 0.1% Triton X-100 was used as

the immunochemical assay buffer. Dry pre-packaged PBS was dissolved in 1 l of
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deionized water and 1.0 ml Triton X-100 was added. Buffer was stored at ambi-
ent temperature for up to 14 days.

Methamphetamine stock solutions (1 mg/ml or 100 lg/ml) were prepared
in methanol and diluted in PBS-Triton X-100 (0.1%) to the appropriate
concentration such that 1 ml applied to the test surface gave the desired
concentration.

Procedures

Colorimetric Methamphetamine Test: Laboratory Evaluation and Validation—
The colorimetric method allows for rapid sampling, detection and confirmation
of methamphetamine in visible residues and suspect surfaces. A surface sus-
pected of being contaminated with methamphetamine is wiped with a cotton
pad wetted with PBS-Triton X-100. The presence of methamphetamine is then
disclosed on the wipe by applying two sprays of chemical reaction solution (So-
lution A), followed by four sprays of disclosing solution (Solution B). The results
of the test are immediate: a color change to blue indicates the presence of
methamphetamine.

For the determination of the linear response of the colorimetric method,
serial twofold dilutions (1000–0 lg) of methamphetamine in 100 ll were added
to separate wells of 96 well microtiter plates. Solution A (50 ll) and Solution B
(100 ll) was added and the plate was transferred to a Molecular Devices Spec-
traMax plate reader, mixed by shaking and absorbance determined at 550 nm.
The procedure was repeated with methamphetamine samples of different
purity.

For the determination of sensitivity of the colorimetric method, metham-
phetamine in sampling buffer was applied to 4� 4 in glazed ceramic tiles and
allowed to dry undisturbed overnight. Applied methamphetamine ranged from
500 to 0 lg per tile. Tiles were randomized and the test operator was blinded to
the level of methamphetamine on each tile. The test operator placed a 10� 10
cm template on the area to be sampled, folded the 2� 2 in cotton gauze wipe
twice to form a sharp edge and wiped the surface to be sampled with firm pres-
sure, using 3–4 vertical S-strokes, followed by 3–4 horizontal S-strokes, and
finally wiped the area with 3–4 vertical S-strokes. The sample wipe was placed
in a plastic weigh boat, with the portion of the wipe in contact with the sampled
surface facing upward. Two sprays of Solution A and four sprays of Solution B
were applied to the wipe and observed for formation of a blue color bloom in-
dicative of the positive presence of methamphetamine. Tests were repeated
three times with three different operators. Method sensitivity was calculated by
plotting test results as a four parameter curve and determining the limit of iden-
tification based on the correct identification of the presence of methamphet-
amine 95% of the time.

Immunochemical Detection of Methamphetamine-Laboratory Validation—An
immuno-chromatographic LFIA for the specific detection of methamphet-
amine was developed. The handheld test gives binary results indicated by the
presence of a single line for a positive test of methamphetamine; a negative
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test resulted in the formation of two lines. Because different localities and
states have different limits for surface residues, test procedures were devel-
oped for 50, 100, and 500 ng. To conduct a test the test operator placed a
10� 10 cm template on the area to be sampled. The surface to be tested is
wiped with a swab or gauze pad moistened with PBS-Triton X-100 as
described for the colorimetric method. For swab samples (50 ng), after wip-
ing the surface the swab was placed in a vial containing an extraction solu-
tion (PBS-Triton-X-100). After gently shaking the vial, three drops of the
solution are dropped on the sample well of the LFIA and the test placed on
a level surface to develop. LFIA tests for 100 and 500 ng use cotton gauze
wipes and a simple extraction procedure where the sample wipe is placed in
a syringe and extraction buffer added. The extracted sample is expressed
from the syringe by the plunger and the extract tested as described above.

Determination of Immunochemical Method Accuracy—LFIA accuracy tests
were conducted with 10 untrained volunteers. Ceramic tiles were spiked with
known concentrations of methamphetamine in methanol and allowed to dry
overnight. Following a short training session, volunteers performed wipe tests
on individual tiles with either cotton swabs (LFIA 50 ng/ 100 cm2), or 2� 2-
inch cotton wipes (LFIA 100ng/ 100 cm2), or 3� 3-inch cotton wipes (LFIA
500 ng/ 100 cm2) as described above (n¼ 480 tests). Test operators changed
gloves between each wipe test to avoid cross contamination. Bayesian analy-
sis was performed on results obtained by volunteers with the following terms
and calculations:

TP¼ true-positive diagnostic test result.
TN¼ true-negative diagnostic test result.
FN¼ false-negative diagnostic test result.
FP¼ false-positive diagnostic test result.
Diagnostic Sensitivity¼ [TP/(TPþFN)]� 100. Defined as the percentage of

positive methamphetamine tests on surfaces with known contamination (spiked
laboratory surface).

Diagnostic Specificity¼ [TN/(FPþTN)]� 100. Defined as the percentage of
negative methamphetamine tests on surfaces with no known contamination
(clean laboratory surface).

Receiver operating characteristics (ROC) curves were used to compare
the analytical sensitivity and specificity of each assay by demonstrating the
ability of each test to discriminate between alternative outcome states.
Curves were prepared and analyzed using GRAPHROC for Windows (version
2.0; downloaded from http://members.tripod.com/refstat/grdownload.htm).
On the y axis, sensitivity, or the true-positive fraction, was plotted. On the x
axis, the false-positive fraction (or 1- specificity) was plotted. The closer the
ROC plot is to the upper left corner, the higher the overall accuracy of the
test.

Comparison of LFIA Surface Detection Method to NMAM 9111, LC-MS With
Isotopic Dilution—Ceramic tiles were spiked with known concentrations of
methamphetamine in methanol and allowed to dry overnight. For the LFIA
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tests, volunteers performed wipe tests on the tiles with either cotton swabs
(LFIA 50), 2� 2 cotton wipes (LFIA 100) or 3� 3 cotton wipes (LFIA 500) as
described above. For detection of methamphetamine on spiked surfaces by
liquid chromatography mass spectroscopy (LC-MS) (NMAM 9111), ceramic
tiles were spiked with known concentrations of methamphetamine in metha-
nol and allowed to dry overnight. In a separate, methamphetamine-free labo-
ratory, 3� 3 wipes were wet with 1 ml reagent grade methanol and
individually placed into plastic centrifuge tubes and sealed. Upon entering
the detection area, the gauze was taken out of the tubes prior to wiping the
designated surface. After sampling, the wipes were put back into the centri-
fuge tubes and NMAM method 9111 was used for quantitative analysis (ALS
Laboratory Group formerly DataChem Laboratories, Salt Lake City, UT).

Field Evaluation and Validation of Tests—The surface wipe methods were
field tested in clandestine methamphetamine laboratories in Ohio and Ken-
tucky. Upon invitation from law enforcement and public health agencies
NIOSH researchers performed entry into suspect clandestine laboratories. Wipe
samples for methamphetamine were collected by wiping a 100 cm2 area with ei-
ther sterile cotton swabs for immunochemical analysis, or sterile 3 in. by 3 in.
(3”� 3”) gauze wipes for either colorimetric detection or chemical analysis.
Cross contamination of sampling sites was minimized by using separate pairs
of gloves between sample locations. On-site methamphetamine detection was
performed as described above. For samples that were analyzed by LC/MS, prior
to entering the methamphetamine cook area, the 3� 3 wipes were wetted with 1
ml of reagent grade methanol and individually placed into plastic centrifuge
tubes. After entering the cook area, the gauze was taken out of the tubes prior to
wiping the designated surface. After sampling, the wipes were put back into the
centrifuge tubes and quantitative laboratory testing by NMAM 9111 was per-
formed (ALS Laboratory Group, formerly DataChem Laboratory Salt Lake City,
UT.)

Process-Based Assessment of Decontamination of a Former Methamphetamine
Laboratory in a Hotel Room—NIOSH and Hamilton County (OH) Public Health,
Environmental Health Division researchers performed initial wipe sampling of
a hotel room methamphetamine laboratory immediately after it was seized by
law enforcement. Colorimetric, immunochemical and LC/MS (NMAM 9111)
samples were taken for an initial assessment of contamination and results
were used to advise a commercial cleaning company how to proceed. After ini-
tial cleaning efforts, the sample locations were re-tested and the cleaning crew
was advised on areas in need of further decontamination. The process of clean-
ing/re-testing was repeated until all contamination was below method limits.

Assessment of Methamphetamine Transfer From a Contaminated Former
Methamphetamine Laboratory to Personal Property Brought into the Residence—
The Hamilton County (OH) Public Health, Environmental Health Division
was notified regarding health complaints from tenants of a rental property
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that was a suspected former methamphetamine laboratory. Law enforcement
confirmed that the property had been under surveillance but, no arrests were
made. Interviews by personnel from the Environmental Health Division with
the property owner confirmed that he had removed materials consistent with
a methamphetamine laboratory (pseudoephedrine packaging, solvent contain-
ers, etc.,) while cleaning the house between tenants. Based on these findings
NIOSH was contacted to assist in sampling the residence and personal prop-
erty. Over 200 wipe samples were taken for analysis by colorimetric, immuno-
chemical and LC/MS methods. Samples were divided between the structure
of the residence and materials brought into the residence by the new tenants.
Locations of objects were mapped in relation to permanent structures of the
house as well as location in relation to HVAC outlets to determine sources of
contamination. Finally, the direct read methods were used by the Environ-
mental Health Division to oversee a process-based decontamination of the
property.

Results and Discussion

Colorimetric Methamphetamine Test: Laboratory Evaluation and Validation

The colorimetric method uses Simon’s reagent, a solution of sodium nitroprus-
side and acetaldehyde that reacts with secondary amines to produce a deep blue
color under basic conditions. The reagent has been used to identify metham-
phetamine in urine samples [14] and in bulk samples [13] and commercial tests
are available to detect methamphetamine on surfaces. However, until this study

FIG. 1—Determination of linearity of blue color formation by the reaction of Simon’s

reagent with methamphetamine. Standard curve of blue color formed (absorbance at

550 nm) by the reaction of methamphetamine (0–100 lg) with Simon’s reagent. The

procedure was repeated with methamphetamine samples of different purity.
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there had not been a formal validation of the method to determine test accuracy
and detection limits on surfaces.

Blue color formed by the reaction of Simon’s reagent with methamphet-
amine was found to be linear from 0 to 500 lg. The intensity of color was
directly proportional to the concentration of methamphetamine present. Inten-
sity of color is directly related to the purity of methamphetamine from different
sources (Fig. 1).

Based on tests with multiple users and various concentrations of metham-
phetamine, the colorimetric wipe method limit of identification (LOI) was deter-
mined to be 17.36 2.2 lg/100 cm2 for 95% of users when methamphetamine
was presentþ /-25% stated cut-off (Fig. 2).

Immunochemical Detection of Methamphetamine-Laboratory Validation

The immunochemical sampling and detection methods were found to be accu-
rate and sensitive when used by volunteers with limited training (Tables 1–2).
Diagnostic sensitivity was 92% when methamphetamine is presentþ /�25%
stated cut-off [(259/259� 21)� 100].

Diagnostic specificity was found to be 100% [(18/0� 18)� 100]. Method ac-
curacy was greater than 95% to identify presence/absence of methamphetamine

FIG. 2—Estimation of the colorimetric methamphetamine surface sampling method.

Method sensitivity was calculated by plotting test results from three volunteers as a four

parameter logistic curve [y¼ y0þ (a/(1þ ((x/xo)^b)))]. Method limit of identification

(LOI) was determined to be 17.362.2 lg/100 cm2 for 95% of users when methamphet-

amine present þ /-25% stated cut-off.
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(460/480 correct). Method sensitivity was greater than 95% when methamphet-
amine was presentþ /�25% of the stated cut-off. ROC curve analysis found the
methods to be very accurate (Fig. 3). Accuracy is measured by calculating the
area under the ROC curve (AUC). The LFIA 50, 100, and 500 were all found to
have AUCs greater than 0.98. An AUC of 1 represents an ideal test; values near
0.5 represent an indiscriminant test.

Comparison of LFIA Surface Detection Method to NMAM 9111, LC-MS With
Isotopic Dilution

In laboratory tests LFIA surface sampling methods were found to have equiva-
lent or greater sensitivity to detect methamphetamine on spiked ceramic tiles
compared to NMAM 9111 (Table 3).

TABLE 1—Determination of the method accuracy of LFIA surface wipe methods for meth-
amphetamine: Method accuracy tests were conducted with 10 untrained volunteers (3 tri-
als=concentration). For the LFIA tests, volunteers performed wipe tests on spiked tiles with
either cotton swabs (LFIA 50), 2� 2 cotton wipes (LFIA 100) or 3� 3 cotton wipes (LFIA
500) as described in the text (n¼540 tests).

LFIA 50 [1 ml, 50 ng cutoff (C.O.)]

Test # Methamphetamine ng=100 cm2 % C.O. Positives( %) Negatives (%)

1 0 0 0 100

2 50 CO 90 10

3 50 CO 90 10

4 50 CO 100 0

5 40 80 90 10

6 60 120 100 0

LFIA 100 [2 ml, 100 ng cutoff (C.O.)]

Test # Methamphetamine ng=100 cm2 % C.O. Positives( %) Negatives (%)

1 0 0 0 100

2 100 CO 100 0

3 100 CO 100 0

4 100 CO 100 0

5 80 80 100 0

6 120 120 100 0

LFIA 500 [10 ml, 500 ng cutoff (C.O.)]

Test # Methamphetamine ng=100 cm2 % C.O. Positives( %) Negatives (%)

1 0 0 0 100

2 500 CO 100 0

3 500 CO 100 0

4 500 CO 100 10

5 400 80 90 10

6 600 120 100 0
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Process-Based Assessment of Decontamination of a Former Methamphetamine
Laboratory in a Hotel Room

Methamphetamine surface contamination was confirmed by the colorimetric
method, LFIA (50 and 500 ng/100 cm2) methods and LC/MS (NMAM 9111) dur-
ing the initial visit. A map of the room indicating locations and levels of contam-
ination was prepared but, not provided to the contractor hired by hotel
management to clean the room. Recommendations were made as to what mate-
rials needed to be discarded (carpet, lamp shades, room air conditioner filters,

TABLE 2—Determination of the method sensitivity of LFIA surface wipe methods for meth-
amphetamine: Method sensitivity tests were conducted with 10 untrained volunteers (3 tri-
als=concentration). For the LFIA tests, volunteers performed wipe tests on spiked tiles with
either cotton swabs (LFIA 50), 2� 2 cotton wipes (LFIA 100) or 3� 3 cotton wipes (LFIA
500) as described in the text (n¼540 tests).

LFIA 50 [1 ml, 50 ng cutoff (C.O.)]

Methamphetamine
ng=100 cm2 % C.O.

Positives
(%)

Negatives
(%)

Equivocal
(%)

0 0 0 100 0

25 �50 60 40 0

38 �25 80 20 0

50 C.O. 100 0 0

63 þ 25 100 0 0

75 þ 50 100 0 0

LFIA 100 [2 ml, 100 ng cutoff (C.O.)]

Methamphetamine
ng=100 cm2 % C.O. Positives( %)

Negatives
(%)

Equivocal
(%)

0 0 0 100 0

50 �50 90 10 0

75 �25 90 10 0

100 C.O. 100 0 0

125 þ 25 100 0 0

150 þ 50 100 0 0

LFIA 500 [10 ml, 500 ng cutoff (C.O.)]

Methamphetamine
ng=100 cm2 % C.O. Positives( %)

Negatives
(%)

Equivocal
(%)

0 0 0 100 0

250 �50 90 10 0

380 �25 90 10 0

500 C.O. 100 0 0

630 þ 25 100 0 0

750 þ 50 100 0 0
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FIG. 3—ROC curves based on LFIA surface wipe tests. Sensitivity, or the true-positive

fraction, was plotted on the Y axis. The false-positive fraction (or 1- specificity) was

plotted on the X axis. Accuracy was measured by calculating the area under the ROC

curve (AUC). An area of 1 represents an ideal test; values near 0.5 represent an indis-

criminant test. A¼ 50 ng LFIA, B¼ 100 ng LFIA and C¼ 500 ng LFIA.
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and grills), laundered (drapes and bed linen) or cleaned in place (tables, desks,
etc.,). Samples from the same locations as the initial visit were taken during the
remediation and a second contamination map prepared. The cleaning techni-
cians were advised to change their cleaning techniques, remove or replace cer-
tain fixtures and provided with training and a supply of the LFIA tests to
perform themselves. The final inspection after further remediation efforts found
all but one of the contaminated locations were below the limits of detection (Ta-
ble 4) of the LFIA 50. Based on these results, Hamilton County (OH) Public
Health released the room for occupancy.

Assessment of Methamphetamine Transfer From a Contaminated Former
Methamphetamine Laboratory to Personal Property Brought into the Residence

Initial assessment of the residence with LFIA qualitative tests revealed extensive
but, relatively low levels of surface contamination throughout the residence
(positive LFIA 50 and LFIA 500). Horizontal architectural surfaces (window
sills, tops of moldings, cabinets, shelves, etc.,) were found to have higher levels
than vertical surfaces. Based on demonstrated surface contamination and inter-
views with law enforcement and the owner of the property, the location was
declared a confirmed former methamphetamine laboratory and was determined
by Hamilton County (OH) Public Health to be unsafe. Residents were relocated,
leaving behind nearly all of their personal property. Quantitative surface wipe
samples were collected and analyzed by Draft NMAM 9111. The presumed loca-
tion of methamphetamine manufacturing was determined to have occurred in
the basement (highest contamination¼ 18 lg/100 cm2) and methamphetamine

TABLE 3—Comparison of LFIA (50, 100, and 500) surface detection method to Draft
Method 9111, LC–MS with Isotopic Dilution.

Methamphetamine LFIA 50 Draft 9111

0 Negative (9=9) ND

38 ng=100 cm2 Positive 9=9 Below reporting limit (<100 ng=100 cm2)

50 ng=100 cm2 Positive 9=9 Below reporting limit (<100 ng=100 cm2)

63 ng=100 cm2 Positive 9=9 Below reporting limit (<100 ng=100 cm2)

Methamphetamine LFIA 100 Draft 9111

0 Negative (9=9) ND

75 ng=100 cm2 Positive 9=9 Below reporting limit (<100 ng=100 cm2)

100 ng=100cm2 Positive 9=9 946 7 ng=100 cm2

125 ng=100 cm2 Positive 9=9 1186 4 ng=100 cm2

Methamphetamine LFIA 500 Draft 9111

0 Negative (9=9) ND

380 ng=100 cm2 Positive 9=9 4006 11 ng=100 cm2

500 ng=100 cm2 Positive 9=9 4906 12 ng=100 cm2

630 ng=100 cm2 Positive 9=9 5816 31 ng=100 cm2
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was found on surfaces throughout the first (highest contamination¼ 6.7 lg/100
cm2) and second floors (highest contamination¼ 3.2 lg/100 cm2). The furnace
and HVAC ducts were contaminated and could have been an initial source of
distributing methamphetamine.

To assess the levels of transfer of methamphetamine from contamination
inherent to the building onto personal property, representative items were
tested with 50 and 500 ng LFIA. Items that had direct physical contact with con-
taminated building surfaces, such as an item placed on a shelf, were frequently
contaminated. Other items were found to have contamination from probable
transfer by persons handling an object after coming in contact with a contami-
nated surface. For example, opening a window with contamination on the sill,
may lead to the person transferring a portion of that contamination to the next
object they handled. In all, nearly 240 tests were used to test personal property
in the home. Items that were below the detection limit of the 50 ng LFIA were
released immediately to the former tenants. Items that tested positive at 50 ng
but, were below the detection limit of the 500 ng LFIA were cleaned by wiping
with a sanitizing wipe containing quaternary ammonia, retested at 50 ng and if
below the limit of detection, returned to the former tenant. Items that tested
positive at the 500 ng LFIA and would cost more than one hundred dollars to
replace were decontaminated if possible. Usually, a single application of a foam-
ing cleaner containing quaternary ammonia followed by removal with a blotting
motion using clean paper towels resulted in subsequent negative tests using the
50 ng LFIA. Hamilton County (OH) Public Health ultimately worked with the
property owner to develop a process-based decontamination plan to return the

TABLE 4—Assessment of performance of LFIA 50, and LFIA 500 in comparison to LCMS
(Draft 9111) to determine decontamination of a clandestine laboratory located in motel
room.

Pre-Remediation During-Remediation After Remediation

Location
LFIA
50

LFIA
500

LCMS
(lg=100 cm2)

LFIA
50

LFIA
500

LCMS
(lg=100 cm2)

LFIA
50

LFIA
500

LCMS
(lg=100 cm2)

Dresser A POS POS 11.00 POS NEG 0.34 NEG NEG ND*

Dresser B POS POS 14.00 POS NEG 0.07 NEG NEG ND

TV Stand POS POS 12.00 POS POS 0.40 NEG NEG ND

TV POS POS 4.80 NEG NEG ND* NEG NEG ND

AC vent POS POS 24.00 POS POS 1.20 NEG NEG ND

AC return POS POS 26.00 POS POS 3.20 NEG NEG ND

Wall POS POS 4.20 POS POS 0.89 POS NEG ND

Table POS POS 1500.00 POS POS 4.80 NEG NEG ND

Window POS POS 2.10 NEG NEG ND* NEG NEG ND

Night stand POS POS 5.50 POS NEG 0.07 NEG NEG ND

Drapes POS NEG 0.78 POS NEG 0.13 NEG NEG ND

*ND¼Not Detected
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property to a habitable status. Through a process of cleaning, testing, cleaning
and re-testing, the property eventually was declared cleared for habitation.

Thousands of illicit drug laboratories are found each year. While active
methamphetamine laboratories represent a significant source of toxic or poten-
tially lethal chemical exposures [8] a majority of clandestine labs are identified
long after they cease activity. Residual contamination of these clandestine labo-
ratories represents a hazard to thousands of emergency response personnel,
remediation workers and the general public. Researchers from the NIOSH
developed rapid, sensitive surface sampling technologies to assess the location
and level of methamphetamine contamination in clandestine labs. Two meth-
ods were developed, a colorimetric test and an immunochemical test. These
technologies were developed in tandem to do initial confirmation of the pres-
ence of methamphetamine on surfaces using the colorimetric method and then
use the immunochemical method as a sensitive semi-quantitative detection
method to determine the extent of contamination and assess remediation effec-
tiveness. This method is also suitable to detect contamination on personnel and
equipment. The tests are simple, rapid, accurate and relatively inexpensive.
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