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FOREWORD 

The A D V A N C E S I N C H E M I S T R Y S E R I E S was founded in 1949 by 
the American Chemical Society as an outlet for symposia and 
collections of data in special areas of topical interest that could 
not be accommodated in the Society's journals. It provides a 
medium for symposia that would otherwise be fragmented 
because their papers would be distributed among several 
journals or not published at all. Papers are reviewed critically 
according to ACS editorial standards and receive the careful 
attention and processing characteristic of ACS publications. 
Volumes in the A D V A N C E S I N C H E M I S T R Y S E R I E S maintain the 
integrity of the symposia on which they are based; however, 
verbatim reproductions of previously published papers are 
not accepted. Papers may include reports of research as well 
as reviews, because symposia may embrace both types of 
presentation. 
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ABOUT T H E EDITOR 

V I C T O R T U R O S K I is a graduate of Wilkes 
College, Wilkes-Barre, Pennsylvania, and has 
pursued a career in analytical chemistry at 
both Carter Wallace and the American Can 
Company. Turoski presently heads the corpo
rate Analytical Laboratory at the James River 
Technical Center in Neenah, Wisconsin, and is 
currently involved in both fundamental and 
applied research in papers and various coat
ings. He has also published several articles in 
the field of environmental chemistry, primar
ily in the area of gas chromatographic-mass 

spectrometric identifications and quantitation of resin acids and priority 
pollutants in complex matrices. Turoski is a frequent symposium 
chairman in the Environmental Division of the American Chemical 
Society at national meetings and performs article peer review for 
Environmental Science and Technology. 
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EDITOR 'S PREFACE 

F O R M A L D E H Y D E IS A P R O D U C T O F H U M A N M E T A B O L I S M and is present 
in every cell of our bodies. It is also ubiquitous in the environment as it is 
found in a great variety of consumer products such as cosmetics and 
permanent press fabrics. Furthermore, it is present in particle board, 
plywood, and urea-formaldehyde foam insulation. Formaldehyde occurs 
at many different concentrations; apples, grapes, and pears contain 
formaldehyde at 26, 80, and 275 ppb, respectively. Cigarette smoke 
contains formaldehyde at the 40-ppm level. 

This book deals with the analysis of formaldehyde at trace levels and 
with its toxicity. It also deals with data obtained for determining 
formaldehyde levels in housing and data obtained with animal studies. 
Essentially, it is a reference of the current knowledge about this small 
organic chemical, C H 2 0 . 

Early in 1984 the ACS decided to hold a symposium and thereby 
provide a public forum to discuss advanced techniques for the analysis of 
formaldehyde. At that time, as part of my work at James River, I was 
involved in some advanced trace-level formaldehyde quantitation and 
was asked by the ACS to chair the symposium. What occurred next was 
most interesting and is best stated by a direct quote from Chemical {? 
Engineering News, April 30, 1984: 

When Victor Turoski first decided to organize a symposium on 
formaldehyde, he saw it as a half-day affair dealing only with analytical 
methods for measuring the compound. As word spread, chemists and 
nonchemists involved in the formaldehyde issue began clamoring to be 
included on the program. Before long, Turoski's modest idea had 
snowballed into a massive 4-day colloquium encompassing analytical 
methods, toxicology, and hazard assessment. In the end, the symposium 
dominated the Environmental Chemistry Division's program. 

Turoski, who heads the analytical department at James River Corp., 
thinks the response he got is due to the scientific community's concern 
about this controversial chemical. 

The symposium proved to be quite successful. Papers were pre
sented by many scientists in the private sector as well as government 
scientists from the Food and Drug Administration, the Occupational 
Safety and Health Administration, the U.S. Department of Agriculture, 

ix 
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Oak Ridge National Laboratory, and the National Cancer Institute. 
Unfortunately, representatives from the U.S. Consumer Product Safety 
Commission were unable to attend, present their data, and publicly 
defend their position. 

All of the toxicology papers presented showed that when formalde
hyde is used at "normal levels" by embalmers and gross anatomists, and 
in manufacturing processes, it is not a human carcinogen. During the Risk 
Assessment Panel portion of the open forum, a consensus on the relative 
safety of formaldehyde was also reached. 

This book, dealing with the analytical complexities of formaldehyde 
and its suspected toxicity, is timely and will be useful to both the 
scientific and regulatory communities, as well as the public at large. 

VICTOR TUROSKI 
James River Corporation 
Neenah, WI 54956 

May 1985 
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PREFACE 
By Bernard L. Oser 

A F T E R I H A D S U B M I T T E D A T I T L E A N D A N A B S T R A C T of a paper for 
presentation at the American Chemical Society's Formaldehyde Sympo
sium in St. Louis in April 1984,1 became embroiled in a bout with cardiac 
surgery that left me hors de combat for many months. The paper was 
neither completed nor delivered. I regard it an honor, therefore, to have 
been invited to write a preface to this book of reports by the distin
guished contributors to the symposium whom I regret having missed 
hearing in person. 

Recent concern in the regulatory, industrial, and scientific arenas and 
in the news media over the potential risk of exposure to formaldehyde 
has given rise to numerous scientific conferences, symposia, and 
publications of which this book is one of the most comprehensive and 
authoritative. It was precipitated by chronic studies in which rodents, 
exposed to high levels of formaldehyde in air, developed squamous cell 
carcinomas in the nasal epithelium. Several of the papers presented at the 
symposium from which this book developed point out that no clear 
evidence links formaldehyde to nasal or any other focal or systemic type 
of cancer in humans. This finding may be attributable to the sensory and 
irritant properties of formaldehyde that serve to protect humans against 
excessive exposure, inasmuch as the effect is prodromal and self-limiting 
in humans. The odor of formaldehyde is detectable at levels less than 1 
ppm, which is the threshold limit value currently adopted for workers 
exposed for 5 8-h days/week. 

The formaldehyde issue is typical of many cases of alleged hazards 
of chemicals for which the multiplicity of options and judgments in the 
procedural steps leading to risk assessment in animals complicates the 
problem of arriving at an objective, scientific, and rational basis for the 
estimation of acceptable risk. 

Retrospective epidemiology alone offers little prospect of evaluating 
the safety of low-level exposure to formaldehyde because of wide 
variations in duration, frequency, and dosage and the lack of adequate 
control data. A summary of experience in eight chemical plants was 
reported by the Epidemiological Panel of the Formaldehyde Workshop 
sponsored by the National Center for Toxicological Research in October 

xi 
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1983. It revealed that out of a total of 2059 male workers, 85% of the 
mortality was observed from all causes. However, nearly all deaths 
expected from all cancers [observed-to-expected ratio (O/E) = 512/527] 
or from lung cancer (O/E = 216/227) actually occurred. Of the not more 
than five that might have been predicted as due to nasal cancer, none 
were observed. 

In animal experiments, inhalation of high levels is continuous, 
whereas human exposure, even among embalmers, pathologists, or 
workers in various industries and occupations, is generally intermittent 
and occurs at levels only a few orders of magnitude greater than that of 
ambient air. 

Furthermore, in the interpretation of animal studies in terms of 
human safety, interspecies variations in respiratory metabolism must be 
taken into account. Significant differences are known to exist in minute 
volume and mucociliary function between rats and mice as well as 
between these species and large mammals, including humans. These 
differences in sensitivity among animal species raise the question of 
suitability of rodents as experimental surrogates for humans. Factors such 
as minute volume (respiratory rate * tidal volume), mucous flow rate, 
mucociliary activity, and covalent binding to glycoproteins and D N A 
have been shown to vary significantly among species. These findings 
emphasize the need for caution in extrapolating effects in rodents to 
humans. 

In the interpretation of inhalation toxicity data in rats or mice it is 
essential to recognize that they are obligate nose breathers. When the 
toxicant in question is an extremely reactive chemical, the first target area 
is the anterior nasopharyngeal region. The pungency and irritant 
properties of formaldehyde at high levels in air tend to lower respiratory 
frequency and minute volume to a greater degree in the mouse than in 
the rat. At the 15-ppm exposure level the delivered dose has been 
estimated to be twice as great in rats as in mice. Mucous flow rate and 
ciliary activity are also diminished and thus serve to reduce further the 
defense against the focal toxicity of formaldehyde. These effects are a 
function of concentration and, at lower doses, are not cumulative. 

Moreover, the fact that the inspired formaldehyde reacts imme
diately with the components of the nasal mucous layer and epithelium 
requires that account be taken of the dose delivered at the site of contact 
(which in practice is unmeasurable) rather than the administered 
(airborne) dose in the attempt to quantify the results in laboratory rodents 
in terms of occupational exposure in humans. 

Research on mechanisms of H C H O toxicity in rats has revealed 
important findings among which is increased cell proliferation, consi
dered to be a precursor to chemical carcinogenesis, peaking at the 

xii 
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intermediate dose of 6 ppm. Other findings include the formation of 
DNA-protein cross-links in the nasal mucosa at concentrations greater 
than 2 ppm with no increase in blood formaldehyde and the nonlinear 
relationship of the administered dose to that delivered at the target area 
which is lower. 

Toxicology is not an exact science. It has been developing as a 
regulatory discipline only with the past half of a century. Bioassays can, 
and do, vary in results because of differences in design, apart from choice 
of species and strains, namely in respect to number, size, and initial age of 
dosage groups; prenatal, postnatal, and test diets; route, frequency, 
duration, and range of dosages; choice of physical, behavioral, biochemi
cal, hematological, functional, and pathological observations; teratologic 
findings; and metabolic pharmacokinetic, reproductive, and, when 
indicated, carcinogenicity studies. Some of these procedural conditions 
and observations are routine but nevertheless vary in extent or frequency. 
Some are optional. Some are continued through two or more generations. 
Some vary in methodology and in interpretation, particularly when 
findings are judgmental and reported in descriptive, but nonquantifiable 
terms. It is not surprising, therefore, that interlaboratory studies are 
seldom, if ever, exactly replicated. 

It has been said that effective enforcement of safety regulations 
requires that risk assessment based on animal tests be expressed in 
numerical terms, such as exposure levels in dosage or time limits 
equivalent to a lifetime cancer incidence of one in a million. In the case of 
food additives, the traditional procedure has been to apply appropriate 
safety factors to "no observed adverse effect levels" in properly executed 
tests to arrive at safe doses (acceptable daily intakes [ADI]) for the 
human adult. This procedure has been used as the basis for regulations, 
including action levels, to avoid the Delaney clause proscribing the 
addition of cancer-inducing substances to foods. Whether these action 
levels can be sustained in the face of a recent challenge in the Court of 
Appeals remains to be seen. 

The present practice recommended by EPA and OSHA is to 
extrapolate the dose-response data, including the response to the 
maximum tolerated dose, by using statistical equations based on assumed, 
but nonetheless hypothetical, mechanisms of carcinogenesis. The belief 
that this approach is more objective and can compensate for the 
fundamental uncertainties of the bioassay is a will-o'-the-wisp. Depending 
on the slope and assumed curvature of the dose response below the 
adverse effect level, calculated risk assessments via statistical models can 
vary by many orders of magnitude. 

An eminent proponent of the use of mathematical models in risk 
assessment has pointed out that the "fundamental assumption is that the 
animals are surrogates for humans... before methods of quantitative risk 

xiii 
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assessment are even considered.. .The qualitative nature of the biological 
data.. .must be taken into account." 

The design and execution of animal experiments are assumed to be 
valid and reproducible. Prolonged efforts have been directed over many 
years to establish guidelines for toxicological procedures and to set 
uniform standards to promote meaningful extrapolation of test results to 
the condition of human exposure. Experience has shown, however, that in 
many cases studies can vary sufficiently to become of critical importance 
when, in the interest of prudence, a regulatory agency considers a single 
adverse and possibly questionable study to outweigh many negative 
studies. 

This prefatory outline of the steps involved in the toxicology and risk 
assessment of formaldehyde should conclude with some reference to the 
ultimate objective, namely the determination of the acceptability of the 
risk by those exposed to it and, of course, by the regulatory agencies. 

Little concern should be felt for the inhalation of concentrations of 
formaldehyde less than the level of sensory detection (approximately 0.25 
ppm). Formaldehyde is present at low concentrations in ambient air and 
in the smoke of frying foods and burning fuels where exposure is minimal 
and temporary. In laboratories, hospitals, and other occupational 
environments, levels may reach as high as 2-5 ppm; they are rarely 
higher. Although exposure is irritating at these levels, it is generally 
intermittent and the effects are transitory. 

Acceptance of risks must take into account whether they are known 
or unknown, voluntary or involuntary, great or small, and occupational or 
nonoccupational and whether they have compensatory benefits or 
advantages. For example, the risks of drinking, smoking, transportation, 
or athletics are determined subjectively, whereas environmental and 
occupational risks may be beyond the control of the individual. 

Risks may not be feared or consciously perceived. Technological 
benefits may not be understood or appreciated. Hence it falls upon 
society, through government, to determine a proper balance and whether 
benefit can be considered for regulatory purposes. A lesser risk may per 
se be a benefit. However, some agencies, claiming that they lack 
authority to weigh benefits except when concerned with health, maintain 
a firm, inflexible posture against risks no matter how theoretical or trivial 
they may be. Regulators must face realities and recognize that the beliefs 
that a substance must be carcinogenic unless it is "proved" otherwise, that 
zero tolerances can be validated, and that no benefit is worth any risk are 
fallacious, obsolete, and conceptually unattainable.

BERNARD L. OSER
2 Bay Club Drive 
Bayside, NY 11360 

June 3, 1985 
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1 
Industrial Hygiene Sampling and 
Analytical Methods for Formaldehyde 
Past and Present 

E U G E N E R. K E N N E D Y , A L E X A N D E R W. TEASS, and 
YVONNE T. G A G N O N 
National Institute for Occupational Safety and Health, Cincinnati, O H 45226 

National Institute for Occupational Safety and Health (NIOSH) 
method Ρ&CAM 125 (chromotropic acid), one of the first industrial 
hygiene sampling and analytical methods for formaldehyde, was 
adapted from Intersociety Method 116 and is still widely used to
day, although it is susceptible to many interferences. Several other 
adaptations of this method have been used in the development of 
passive monitors. Other methods for formaldehyde, including those 
using pararosaniline and 2,4-dinitrophenylhydrazine, have been 
developed and adapted to industrial hygiene sampling and do offer 
advantages over the chromotropic acid method. During field and 
laboratory evaluations of NIOSH method Ρ&CAM 318 (oxidative 
charcoal), this method was found to have sample instability prob
lems. Samples collected with NIOSH method Ρ&CAM 354 [2-(ben-
zylamino)ethanol] were found to be stable, but sensitivity was lim
ited. Recent work on this method has allowed a sampling rate of 
0.08 L/min for 8 h. On the basis of this work, measurement of for
maldehyde at low levels (0.1 μg/L) should be possible with the 
2-(benzylamino)ethanol method. 

- F O R M A L D E H Y D E IS O N E O F T H E M O R E W I D E L Y P R O D U C E D and used chemical 
intermediates in the U.S. chemical industry. Production in 1983 was ap
proximately 5.45 billion lb and has averaged around 5 billion lb over the 
past 3 years (i). Because of this large-volume production and usage of 
formaldehyde and its possible exposure-related health effects (2), there has 
been much concern over the sensitivity, accuracy, and applicability of sam
pling and analytical methodology for this compound. In this chapter a 
brief summary of some of the more widely used industrial hygiene sam
pling and analytical methods for formaldehyde is presented. 

0065-2393/85/0210/0003$06.00/0 
© 1985 American Chemical Society 
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4 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

Chromotropic Acid Methods 
One of the first industrial hygiene sampling and analytical methods for 
formaldehyde was adapted directly from air pollution monitoring. The 
impinger-chromotropic acid method [National Institute for Occupational 
Safety and Health (NIOSH) method P&CAM 125 (3)] for formaldehyde 
was taken from Intersociety method 116 (4). The method in its original 
form recommended the use of distilled water in an impinger for collection 
of formaldehyde. To an aliquot of this sample, chromotropic acid and con
centrated sulfuric acid were added sequentially. The color of the reaction 
product of the chromotropic acid and the formaldehyde was purple. The 
absorbance of this purple chromophore was measured and related to the 
concentration of formaldehyde by the relationship of Beer's law. Further 
refinements of the method, such as use of a 1 % sodium bisulfite solution as 
a collecting medium to increase collection efficiency from 80 % to > 95 % 
and heating during the color development to ensure complete reaction, 
have been incorporated in the latest version of the method as published by 
NIOSH (5). With the original version of the method, a problem with long-
term sample stability was encountered (6). Further work in our laboratory 
(7) indicated that when samples were stored in Nalgene cross-linked poly
ethylene (CPE) bottles with screw caps instead of glass scintillation vials, 
samples were stable for at least 2 weeks. The type of vial used for storage of 
samples was critical. If the vial cap did not seal well, then leakage of form
aldehyde from the headspace was possible. With metal-lined caps, reaction 
of the bisulfite with metal cap liners and invalidation of the sample due to 
precipitate formation was possible (8). The measurement limit of the 
method was 1.5 /ig/sample. A sample volume of 60 L collected at 1 or 0.25 
L/min, in accordance with the sampling time desired, was recommended 
to keep samples in the linear range of the calibration curve without the 
need for dilution when measuring air concentrations around the Occupa
tional Safety and Health Administration (OSHA) permissible exposure 
limit [3.7 mg/m3 (9)]. This sample volume permitted a limit of quantitation 
of 0.025 mg/m3. Although susceptible to many interferences, such as phe
nol, ethanol, higher molecular weight alcohols, and olefins, the method is 
still widely used today. These interferences create a negative bias in the 
method because they inhibit the color formation reaction. 

A different sampling technique was combined with the chemistry of 
the chromotropic acid procedure in NIOSH method P&CAM 235 (10), 
which used an alumina sorbent tube instead of an impinger for collection of 
formaldehyde. The formaldehyde was desorbed from the tube with 1 % 
aqueous methanol solution and determined by the chromotropic acid pro
cedure described earlier. The reported measurement limit for this method 
was 1.0 jig/sample. The capacity of the sampler was limited to 6 L , col
lected at 0.2 L/min, to prevent sample breakthrough. On the basis of this 
volume, the limit of quantitation was 0.17 mg/m3. The samples collected 
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1. KENNEDY ET A L . Industrial Hygiene Sampling 5 

on alumina required immediate desorption at the field site to prevent loss 
of formaldehyde. 

Several adaptations of the chromotropic acid procedure have been 
used in the development of diffusive monitors. The major advantage of 
these devices over more conventional sampling and analysis methods was 
that they did not require sampling pumps and impingers or sorbent tubes. 
The formaldehyde diffused into the monitor and was collected by adsorp
tion onto a reactive sorbent or by absorption into a liquid medium sepa
rated from the air by a gas-permeable membrane. The sample was either 
desorbed with distilled water, or an aliquot of the absorbing liquid was 
taken and the formaldehyde was determined by modifications of the chro
motropic acid procedure. Various modifications in the sample workup and 
measurement procedure, such as use of a more concentrated chromotropic 
acid solution and changes in aliquot volume, were incorporated to reduce 
the effect of interferences in these sampling devices (11-12). Also, because 
the diffusion coefficient for formaldehyde was larger than those of poten
tial interferences, the ratios of sampling rates of formaldehyde to interfer
ences were > 1, and the sampling devices exhibited a sampling selectivity 
for formaldehyde. The reported measurement limits for these types of de
vices were 0.25-0.8 /ig/sample. The sampling rates for these devices were 
0.0017-0.0569 L/min to give limits of quantitation of 0.3-0.03 mg/m3 for 
8-h sampling periods. Tests in our laboratory showed that the collection 
efficiency of one of these commercial badges was sensitive to relative hu
midity (13). Our findings indicated that the collection efficiency tended to 
decrease with decreasing relative humidity. 

Pararosaniline Methods 
The procedure for formaldehyde using pararosaniline was an adaptation of 
a method for sulfur dioxide (14). In this adapted method (15) formalde
hyde is collected in sodium sulfite solution in an impinger and then reacted 
with sodium tetrachloromercurate and pararosaniline to yield a purple 
chromophore that is determined spectrophotometrically at 560 nm. Acetal-
dehyde and propionaldehyde were positive interferences at the 5-ppm lev
els, but not at low levels. A major drawback of this method was the use of 
the toxic tetrachloromercurate salt. In a subsequent modification of this 
method, the use of the salt was not required, but the modified method was 
sensitive to temperature and subject to interferences from hydrogen cya
nide, sulfite ion, hydroxylamine, and sulfur dioxide (16). The reported 
measurement limits for the original method (15) and the modification (16) 
were 2.0 and 1.8 jug/sample, respectively. With sample volumes of 28 and 
60 L, collected at 1 L/min, the limits of quantitation for the methods were 
0.07 and 0.03 mg/m3, respectively. This analytical procedure was used to 
analyze samples collected on molecular sieve sorbent tubes (17). The major 
drawback to this collection procedure was that the capacity of the sorbent 
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6 FORMALDEHYDE: ANALYTICAL CHEMISTRY AND TOXICOLOGY 

varied inversely with the amount of water collected by the tube. In high-
humidity environments, sampling time before breakthrough of formalde
hyde was quite limited, with a maximum volume of 30 L collected over a 
15-min period at 2 L/min recommended. This sample volume allowed a 
limit of quantitation of 0.03 mg/m3. The pararosaniline method also was 
adapted for a commercial continuous air-monitoring device (18). Subse
quently, this monitor was modified to improve sensitivity (19) and remove 
the need for the tetrachloromercurate salt (20). 

2,4-Dinitrophenylhydrazine Methods 
With the 2,4-dinitrophenylhydrazine (2,4-DNPH) procedure, formalde
hyde reacted with 2,4-DNPH in either aqueous (21) or acetonitrile solution 
(22) to form the 2,4-dinitrophenylhydrazone, which was then determined 
by high-pressure liquid chromatography with UV detection. Other analyt
ical techniques, such as spectrophotometry at 440 nm (23) and gas chroma
tography (24) have been used, but the liquid chromatographic analysis 
provided the sensitivity and selectivity required for formaldehyde. This 
method also was used for the simultaneous determination of certain other 
aldehydes and ketones. We experienced problems with low capture effi
ciency with an aqueous solution of 2,4-DNPH for low formaldehyde con
centrations. This problem of low capture efficiency was overcome with the 
use of an acetonitrile solution of 2,4-DNPH (22); however, with the use of 
the acetonitrile solution, the inherent problems of solvent evaporation dur
ing sample collection and safe transport of samples back to the laboratory 
for analysis were encountered. The reported measurement limits for these 
methods with the aqueous and acetonitrile 2,4-DNPH solutions were 0.05 
and 0.25 jug/sample, respectively. With a sample volume of 30 L collected 
at 0.5 and 1.5 L/min, the limits of quantitation were 0.002 and 0.008 
mg/m3, respectively. 

The 2,4-DNPH sampling approach was also used in several sorbent 
tube methods for formaldehyde in which the 2,4-DNPH was coated on 
XAD-2 or silica gel (25-26). However, the stability of the 2,4-dini
trophenylhydrazone derivative on the 2,4-DNPH coated sorbents was 
questionable. In our laboratory, sample loss from the silica gel tubes has 
been observed after 7 days. Also, the tubes had a shelf life limited to 30 
days. Experiments in our laboratory with the 2,4-DNPH coated silica gel 
tube for analysis of ketones indicated that the sampling tube did not trap 
methyl ethyl ketone. Although other ketones were not investigated, we 
concluded that other ketones would behave similarly. Reported measure
ment limits for formaldehyde with the XAD-2 and silica gel sorbents were 
0.64 and 2.5 jug/sample, respectively. With sample volumes of 5 and 20 L 
collected at 0.2 L/min, the limit of quantitation was 0.13 mg/m3 for each 
method. 
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1. KENNEDY ET A L . Industrial Hygiene Sampling 7 

3-Methyl-2-benzothiazolone Hydrazone Method 
Another method for the measurement of formaldehyde adapted from air 
pollution monitoring was the 3-methyl-2-benzothiazolone hydrazone 
(MBTH) method (27). An air sample was collected in an impinger contain
ing 0.05 % aqueous MBTH solution. During analytical workup of the solu
tion, addition of ferric chloride and acid caused the formaldehyde-MBTH 
reaction product to form a blue cationic dye. Formaldehyde concentration 
was then determined by the absorbance of this blue dye at either 635 or 670 
nm by spectrophotometry. This blue color was not stable for periods longer 
than 4 h. Because other aldehydes reacted in a similar manner and, there
fore, presented a positive interference in the method, this method was used 
for the determination of formaldehyde only when formaldehyde was the 
sole aldehyde present in the environment to be sampled. The method was 
used routinely for the measurement of total aldehydes. The reported mea
surement limit for formaldehyde was 5 /xg/sample. With a sample volume 
of up to 250 L collected at 0.5 L/min, the limit of quantitation was 0.02 
mg/m3. A modification of this method in which sulfamic acid was added in 
the oxidation step to reduce sample turbidity has reduced the measurement 
limit to 2.0 ptg/sample (28). With the same sampling conditions just de
scribed, the limit of quantitation for this modification was 0.008 mg/m3. 

Girard T Method 
Under the joint NIOSH-OSHA Standards Completion Program a method 
for formaldehyde was developed and included in the NIOSH Manual of 
Analytical Methods as method S327 (29). Formaldehyde was collected with 
a bubbler filled with Girard T reagent (trimethylammoniohydrazide chlo
ride) and determined by polarography of the resulting hydrazone. The ma
jor advantage of the method was that the sample required no preliminary 
workup and could be transferred directly to the polarographic cell for anal
ysis. Because they form hydrazones, other volatile aldehydes, such as acro
lein, crotonaldehyde, and benzaldehyde, were likely interferences in the 
analysis. The reported measurement limit for this method was 6 figlsam
ple. With a sampling rate of 0.1-0.2 L/min and a recommended sample 
volume of 18 L , the limit of quantitation was 0.3 mg/m3. 

Hydrazine Method 
A method for formaldehyde developed recently by OSHA specifies sam
pling air with a bubbler containing aqueous methanol (30). The collected 
formaldehyde is reacted with hydrazine and determined by polarography. 
Because of the differences in half-wave potentials for the formaldehyde de
rivative and other low molecular weight aldehydes (e.g., acetaldehyde, 
propionaldehyde, and acrolein), the method is selective for formaldehyde. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

1

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



8 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

The method has sufficient sensitivity for ceiling (15 min) measurements. 
The reported measurement limit is 1.8 pig/sample. When the maximum 
recommended sample volume of 160 L is collected at 0.7-1.15 L/min, the 
limit of quantitation is 0.01 mg/m3. The major drawback of the method is 
that the collection media pose the problem of transportation of an organic 
solution back to the laboratory for analysis. 

Oxidative Charcoal Tube Method 
The NIOSH oxidative charcoal tube method [NIOSH P&CAM 318 (31)] 
used an oxidant-coated sorbent to react with the collected formaldehyde 
and partially oxidize it. The formaldehyde was recovered from the sorbent 
as formate by using aqueous hydrogen peroxide and determined by ion 
chromatography. Early commercial sample tubes had blank levels that 
were high and caused the analytical measurement limit to be high also. For 
later commercial lots of the tubes, the blank was greatly reduced and the 
reported measurement limit was 3 /xg/sample. With a sampling rate of 0.2 
L/min and a recommended sample size of 100 L, the limit of quantitation 
was 0.03 mg/m3. Recent NIOSH field and laboratory evaluations of this 
method with commercial tubes revealed that the samples were not stable 
for more than 5 days (32). In the original work reported by NIOSH, sam
ples were good for up to 30 days (33). Scientists believe that the original 
batch of sorbent with which the method was developed was never dupli
cated for the preparation of the commercial tubes. This method is no 
longer used by NIOSH. 

2-(Benzylamino)ethanol-Coated Sorbent Tube Method 
With the development of the 2-(benzylamino)ethanol (BAE)-coated sor
bent tube method [NIOSH P&CAM 354 (34)], a different derivatization 
approach was taken for formaldehyde sampling. Formaldehyde was 
known to react with secondary aminoethanols to form cyclic derivatives 
called oxazolidines. This reaction was fast enough to be developed into a 
sampling method for formaldehyde. The major disadvantage of the 
method is the lack of sensitivity of the method, a result of the low sampling 
rate and volume and high blank values found in the unexposed tubes. The 
method is selective for formaldehyde because of the resolution of the capil
lary gas chromatographic analysis of the sample. Samples were stable for at 
least 4 weeks when stored at 25 ± 5 °C. Suspected interferences in the 
method are acid gases or mists, which will react with the BAE to convert it 
to the ammonium salts and thus prevent its reaction with formaldehyde. 
With tubes prepared in our laboratory, the measurement limit was approx
imately 5 jitg/sample. With a sampling rate of 0.05 L/min and a recom
mended sample volume of 12 L, the limit of quantitation was 0.42 mg/m3. 
Work by commercial vendors on the sampling tube has reduced the blank 
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1. KENNEDY ET A L . Industrial Hygiene Sampling 9 

level to below 2 jug/sample with good precision. This reduction, in effect, 
has lowered the measurement limit to 2 jug/sample. 

To attempt to improve the sensitivity of the method, capacity and 
sampling studies were conducted with the commercially available tubes. 
When an atmosphere of 9.4 mg/m3 of formaldehyde was sampled at 0.08 
L/min for up to 15 h, no breakthrough was observed. On the basis of this 
finding, the sampling volume can be increased from 12 to 38 L (0.08 L/min 
X 480 min) with the commercial tubes. 

To study low sample loadings, an atmosphere of 0.36 mg/m3 of form
aldehyde, as determined by the chromotropic acid method (3), was gener
ated. This atmosphere was sampled with three sets of six BAE-coated sor
bent tubes for time intervals of 70, 286, and 482 min at flow rates around 
0.08 L/min. The concentrations determined by these sets of samples with 
their 95% confidence limits were 0.33 ± 0.03, 0.31 ± 0.008, and 0.33 ± 
0.012 mg/m3, respectively. Levels of formaldehyde collected by the tubes 
were 1.6-10.8 /ig/sample. The results of the 70-min set suggest that the 
limit of quantitation for a 38-L air sample is 0.05 mg/m3. 

Summary 
In Table I several of the more commonly used sampling and analytical 
methods for formaldehyde are summarized. As can be seen in this table, 
the sampling devices most frequently used are the bubbler and impinger. 
These devices are selected because many of the industrial hygiene sampling 
and analysis methods have been adapted from methods of air pollution 
monitoring that were in use before sorbent tube sampling was common. 
Also, the impinger, instead of the bubbler, is specified in several of these 
methods. In the literature no rationale was ever given for this preference. 
The use of less than optimal flow rates and mismatched impinger stem-
body assemblies may affect collection efficiency of the sampler adversely. 
For the collection of area samples, the impinger is adequate when the cau
tions stated earlier are observed, but when personal samples are required, 
this collection technique is much less appealing because of its cumbersome 
nature and potential for spillage. This device can also present major ship
ping problems when samples must be transported to the laboratory for 
analysis. If long-term samples are taken, then the volume of the absorbing 
solution should be measured both before and after sampling to correct for 
solution evaporation. If the volume loss is significant (e.g., > 10%), then 
sampling efficiency may be reduced, and pollution of the environment 
with the solvent being used may occur. The method of choice for personal 
sampling is a solid sorbent-based device or a sealed liquid-containing de
vice. This approach reduces the bulk of the sampling device and usually 
solves sample-handling and shipping problems. 

Close study of Table I reveals that the most sensitive methods use an 
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1. KENNEDY ET A L . Industrial Hygiene Sampling 11 

impinger or bubbler sampling device. The increased sensitivity is due 
mostly to the larger sample volume allowed by the impinger or bubbler as 
compared to the sorbent tube. The analytical measurement limit of a 
method (e.g., micrograms per sample detectable) is not as important in 
determination of the limit of quantitation of the method as the allowable 
sample volume. In those methods having a blank, the analytical measure
ment limit of the method is restricted by the blank levels found. A recent 
article reported that the measurement limit of the BAE-coated sorbent tube 
method for 3-benzyloxazolidine had been lowered to 6 ng/sample (35). Un
fortunately in this instance, the blank level found on the tube still remained 
at 1 jjLgi'sample and thus precluded measurement below this level. 

The methods discussed in this chapter are probably a majority of the 
total number of methods that have been used for formaldehyde sampling. 
No one optimum method for the determination of formaldehyde exists. 
Several factors, such as potential interferences, type of sample (personal vs. 
area) and sampling device, length of sampling time (8-h time-weighted av
erage vs. 15-min short-term exposure), atmospheric parameters, sample 
storage, and analytical capability of the laboratory, must be considered 
when planning to sample for formaldehyde for an industrial hygiene sur
vey. In the selection of a method for formaldehyde, some trade-offs of ad
vantages and disadvantages will be necessary. We hope the information 
presented in this chapter will assist industrial hygienists in their selections 
of methods for formaldehyde. 
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2 
Ion Chromatography with Pulsed 
Amperometric Detection 
Simultaneous Determination of Formic Acid, 
Formaldehyde, Acetaldehyde, Propionaldehyde, 
and Butyraldehyde 

ROY D. R O C K L I N 
Dionex Corporation, Sunnyvale, CA 94088-3603 

Formaldehyde, acetaldehyde, propionaldehyde, butyraldehyde, 
and formic acid can be determined in a single analysis by ion chro
matography. The aldehydes and formic acid are separated on a 
fully functionalized cation-exchange resin in the potassium form. 
They are detected electrochemically by oxidation using pulsed am
perometric detection at a platinum electrode. Detection limits 
range from 1 to 3 ppm. Methanol and ethanol interfere with the 
analysis. 

M A N Y M E T H O D S O F D E T E R M I N I N G F O R M A L D E H Y D E I N AIR involve its S o r p 

tion on a solid sorbent followed by desorption by a liquid (I). The formal
dehyde in the liquid is then assayed. For this method to be reliable, the 
formaldehyde concentration on the sorbent must be directly proportional 
to its concentration in the air. The desorption step must be quantitative, 
and finally, the assay of the solution must be accurate. The methods used 
today to determine formaldehyde in air suffer from two problems. First, 
during the time between the sampling and the final assay, formaldehyde 
will slowly be oxidizing to formic acid. Second, all known assay procedures 
are subject in some degree to interferences. For formaldehyde, these are 
usually other aldehydes, alcohols, and phenol (i). 

The major advantage of a chromatographic assay is the improved se
lectivity attained when a physical separation is present between the analyte 
species and the potential interferences. For this reason, two ion chromato
graphic methods were developed and have been reported previously. In 
each, the formaldehyde is reacted during the desorption process to produce 
a stable product. 

The first method is NIOSH P&CAM 318 (1,2). Formaldehyde is ad-

0065-2393/85/0210/0013$06.00/0 
© 1985 American Chemical Society 
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14 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

sorbed onto activated charcoal and desorbed with a solution containing hy
drogen peroxide. The hydrogen peroxide is added to quantitatively convert 
the formaldehyde to formic acid to solve the oxidation problem. The for
mic acid is then assayed by ion chromatography. Although this method has 
worked well, difficulties were reported once. During NIOSH evaluations 
(3), samples were found to be stable for only a few days, and the quality of 
the sorbent affected sample stability. 

In the second method, formaldehyde is adsorbed onto molecular sieves 
and desorbed with a solution containing bisulfite ion (4). Formaldehyde 
and bisulfite react to form hydroxymethanesulfonate (HOCH2SO^", often 
called formaldehyde bisulfite), which is assayed by ion chromatography at 
standard anion conditions. Because the addition product coelutes with sul
fite ion, the remaining bisulfite in the solution is oxidized to sulfate by hy
drogen peroxide. One disadvantage of this method is that any formalde
hyde that oxidizes before the desorption step will be lost. 

For this reason, a chromatographic method in which both formalde
hyde and formic acid can be determined in a single injection has been de
veloped and is reported here. This method requires the formaldehyde and 
formic acid to be in aqueous solution. For example, they could have been 
desorbed from a solid sorbent. The species are then determined by ion chro
matography by using pulsed amperometric detection. Other aldehydes 
such as acetaldehyde, propionaldehyde, and butyraldehyde can also be de
termined. Methanol and other alcohols can interfere with the analysis. 

Experimental 
All chromatography was performed on a Dionex system 201 l i ion chromatograph, 
which consists of a pump, a chromatography module, and a pulsed amperometric 
detector. A platinum working electrode, a glassy carbon counterelectrode, and a 
silver-silver chloride (1 M NaCl) reference electrode were used in the amperomet
ric flow-through detector cell. The applied potentials (volts) and pulse durations 
(milliseconds) were the following: J£l(*l), 0.2(60); E2(*2) , 1.3(60); and JE3(*3), 
-0.3(240). The sample loop volume was 50 yiL. The column was a Dionex 
HPICE-AS1 with the cation-exchange resin converted to the potassium form. The 
eluant was 0.10 N H 2 S 0 4 and 0.05 M K 2 S 0 4 at a flow rate of 1.0 mL/min. Al l 
chemicals were reagent grade except the sodium formaldehyde bisulfite, which 
was technical grade and was obtained from Eastman. Formaldehyde was 37% in 
water. 

Results and Discussion 
Pulsed Amperometric Detection. In 1981, Hughes et al. introduced 

pulsed amperometric detection. By using a strongly acidic solution, alco
hols, glycols, and formic acid could be detected (5). The same conditions 
used to detect alcohols and formic acid can also be used to detect alde
hydes, and are described next. 

The most commonly used form of electrochemical detection is single 
potential amperometry, sometimes called D C amperometry. In this 
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2. ROCKLIN Ion Chromatography with Pulsed Amperometric Detection 15 

method, a single potential is applied to the working electrode of a flow-
through cell, and the resulting current is continuously monitored. Pulsed 
amperometric detection is a new form of electrochemical detection used to 
detect those species that cause the electrode to become poisoned when they 
are oxidized. Pulsed amperometric detection uses a repeating sequence of 
three potentials. The analyte molecules are oxidized at the first potential 
(El), and the current is measured. The potential is then stepped to a more 
positive value (£2) , and an oxide layer is formed on the electrode surface. 
The third potential (£3) is a negative potential at which the oxide layer is 
reduced to produce the bare metal. This sequence is repeated several times 
per second, and one point on the chromatogram is acquired during each 
cycle. The advantage of pulsed amperometric detection is the electrode 
cleaning provided by the alternating positive and negative pulsing. When 
only a single potential is used, peak heights from a series of injections will 
quickly decrease as the electrode becomes coated by the products of the 
oxidation reaction. 

Information regarding the choice of the three applied potentials is ob
tained from electrochemical experiments such as cyclic voltammetry and 
rotated-disk voltammetry. Steady state cyclic voltammetry for formalde
hyde in acid on a platinum electrode is shown in Figure 1. The curve is very 
similar to that of formic acid, shown in Figure 2 and in Reference 5. 
Hughes et al. have developed a theory for the mechanism of alcohol and 
formic acid oxidation that probably applies to aldehydes. They conclude 
that analyte molecules are adsorbed onto the platinum electrode surf ace at 
negative potentials and oxidized (probably to carbon dioxide and water for 
formic acid, formaldehyde, and methanol) on the positive going scan. 
When platinum oxide is formed on the electrode surface at approximately 
0.7 V , the analyte oxidation reaction stops. Rotated-disk voltammetry with 
formic acid and alcohols shows that the decrease in current is caused by 
platinum oxide blocking the electrode, and is not just the decreasing cur
rent normally seen with diffusion control in potential-scan voltammetry. 
This situation probably occurs with aldehydes. At potentials beyond 1.0 V , 
oxidation continues. After the reversal of the potential-scan direction, the 
current will actually reverse from cathodic to anodic, reaching a peak at 
approximately 0.2-0.3 V. This result is caused by the resumption of the 
analyte oxidation reaction as platinum oxide is reduced (Ep = 0.44) to pro
duce a bare and, therefore, more active surface. 

The cyclic voltammetry of propionaldehyde (Figure 3) is quite differ
ent. Little deviation from the background current occurs except when the 
potential is positive of 0.5 V , where oxidation (probably to propionic acid) 
takes place. Because propionaldehyde can be oxidized when the electrode is 
coated with platinum oxide, the reaction mechanism is probably different 
from that of the single carbon molecules. The lack of current between 0 
and 0.5 V implies that propionaldehyde cannot be detected if £ 1 is set be-
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16 FORMALDEHYDE: ANALYTICAL CHEMISTRY AND TOXICOLOGY 

0 0.5 1.0 
E vs. Ag/AgCI 

Figure 1. Steady state cyclic voltammetry of 20 mM formaldehyde in 0.1 N 
H2S04 and 0.05 M K2SO4 at a platinum working electrode. Sweep rate is 200 
mV/s. Analyte is indicated by the solid line; background current is indicated 

by the dashed line. 

tween 0 and 0.5 V. However, this situation is not the case. The difference 
between the pulsed amperometric detection and the cyclic voltammetry 
could be caused by the large difference in time scale for the two experi
ments. The cyclic voltammetry of acetaldehyde and butyraldehyde are 
similar to that of propionaldehyde. 

Information from cyclic voltammetry is now used to choose the three 
applied potentials. The potentials and pulse durations used are illustrated 
in Figure 4. Of the three potentials, £ 1 is the most important because the 
current is measured at this potential. £ 1 is chosen to be not only on a large 
oxidation peak for the analyte, but also at a potential where little, if any, 
faradaic background current occurs. On a platinum electrode in an acidic 
solution, this region is between the hydrogen adsorption and reduction re
actions that are negative of 0 V and the platinum oxide formation that be
gins at approximately 0.5 V. Then, £ 2 is set to 1.3 V, a value chosen to be 
within 0.1 V of the positive potential limit, and £ 3 is set to - 0.3 V, within 
0.1 V of the negative limit. The optimum value for £ 1 is determined by 
making a series of injections while varying £ 1 . A plot is then made of peak 
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2. ROCKLIN Ion Chromatography with Pulsed Amperometric Detection 17 

0.5 
E vs. Ag/AgCI 

Figure 2. Steady state cyclic voltammetry of 20 mMformic acid. Conditions 
are the same as in Figure 1. 

0.5 
E vs. Ag/AgCI 

Figure 3. Steady state cyclic voltammetry of 40 mM propionaldehyde. Con
ditions are the same as in Figure 1. 

heights versus £ 1 . This plot for formaldehyde, acetaldehyde, propionalde
hyde, and formic acid is shown in Figure 5. The background current is also 
shown with a minimum at 0.1 V. For formaldehyde and formic acid, one 
would expect from the cyclic voltammetry that maximum peak heights 
would result if £ 1 was set near 0.35 V, which is the peak current for the 
first oxidation reaction. Actual optimum potentials are lower: 0.2 V for 
formaldehyde and 0.1 V for formic acid. A possible explanation is that ad
sorbed molecules are known to decrease the rate of the oxide formation 
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18 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

1.5 
E2 E2 

1.0 <D 

0.5 

Q. 
E 
CO CO Sa

m
pl

 

E Elf j 

0 

E3 E3 
-0.5 

I i i i i I i i 
120 240 0 

t (ms) 
120 240 

Figure 4. Applied potentials and pulse durations for aldehyde and formic 
acid determination. Following a 40-ms delay to allow charging current to 

decay, the current is sampled for 16.7 ms during El. 

Peak 
Height 
(̂ A) 

E1 (volts) 

Figure 5. Peak height vs. EI for 100 ppm of formic acid (%), 100 ppm of 
formaldehyde (•), 300 ppm of acetaldehyde (M), and 300 ppm of pro

pionaldehyde (A). The solid line is background current. 
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2. ROCKLIN Ion Chromatography with Pulsed Amperometric Detection 19 

reaction (6). At potentials negative of 0.5 V , some platinum oxide forms, 
even though the reaction rate increases considerably as the potential is 
made more positive. Because only the sum of analyte oxidation current and 
background current can be measured, the decrease in peak height as £ 1 is 
increased toward 0.5 V could be caused by adsorbed analyte lowering the 
background current. 

For both acetaldehyde and propionaldehyde, the current increases as 
£ 1 is made more positive. Because of the lack of any oxidation current 
shown on the cyclic voltammetry of propionaldehyde, it is surprising that 
current can be detected at all with £ 1 set negative of 0.4 V. Although 
greater currents can be obtained by further increases of £ 1 , the large in
crease in background current caused by the formation of platinum oxide 
increases the noise more than the signal. 

Separation. Pulsed amperometric detection at a platinum electrode 
in an acidic solution is only semispecific; that is, only small oxidizable or
ganic molecules are detected. These include aldehydes, alcohols, glycols, 
phenols, and formic acid. (Other aliphatic acids such as acetic acid are not 
detected.) The selectivity for quantitative analysis must be provided by the 
chromatography. Separating species with similar properties such as alde
hydes and alcohols by liquid chromatography can be a difficult task. Be
cause these molecules are nonionic, initial attempts at separation were per
formed on a neutral macroporous resin designed to maximize differences in 
adsorptive interactions. (The column used was the Dionex MPIC-NS1.) 
Because of the hydrophilic nature of the analytes, they were largely unre-
tained. Better retention was achieved on a high-capacity, fully functional-
lized, strong-acid cation-exchange resin in the potassium form (Dipnex 
HPICE-AS1, potassium form). With this resin, the retention mechanism is 
a combination of adsorption and the weak interactions between the oxy
gen-containing functional groups and the potassium on the resin. The sepa
ration between formaldehyde and formic acid was poorer on sodium- or 
hydrogen-form resins. 

A chromatogram of a standard solution of formaldehyde, acetalde
hyde, formic acid, propionaldehyde, and butyraldehyde in water is shown 
in Figure 6. Complete baseline separation occurs between formaldehyde 
and formic acid; however, alcohols (not shown) interfere. Methanol elutes 
between formaldehyde and acetaldehyde, and ethanol coelutes with for
mic acid. If the methanol concentration is more than twice that of the for
maldehyde, the formaldehyde peak will be obscured. Phenol is very 
strongly retained on the styrene-divinylbenzene resin and does not inter
fere. 

One characteristic of this chromatographic method is the presence of a 
small dip between the formaldehyde and acetaldehyde peaks (Figure 7). 
This dip only appears on the higher sensitivity current scales, and it effec
tively limits the minimum detection limit by obscuring the formaldehyde 
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20 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

3 J J A 

o 

10 20 

Minutes 

Figure 6. Chromatography of formaldehyde (Cj) through butyraldehyde 
(C4) and formic acid. Concentrations are 30 ppm for formaldehyde and 100 

ppm for others. See experimental section for conditions. 
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Figure 7. Chromatography of low concentrations of formaldehyde (3 ppm) 
and formic acid and other aldehydes (10 ppm). See experimental section for 

conditions. 
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2. HOCKLIN Ion Chromatography with Pulsed Amperometric Detection 21 

and acetaldehyde peaks when low concentrations are determined. In spite 
of this situation, detection limits are approximately 1 ppm for formalde
hyde, and approximately 2-3 ppm for formic acid and the other aldehydes. 

Formaldehyde can be selectively trapped without trapping alcohols in 
a solution of bisulfite in which it will form hydroxymethanesulfonic acid. 
This product can be separated into its original components in strong base. 
Although a thorough study of the optimum conditions for this reaction was 
not performed, several solutions were prepared as a test. A twice molar 
excess of bisulfite was added to standard solutions of formaldehyde to form 
the addition product. Also, standard solutions of sodium hydroxymethane-
sulfonate (obtained as the solid) were prepared. After adjusting the pH to 
13.5 to release the formaldehyde, the solution was injected into the ion 
chromatograph. The percent recovery of formaldehyde from hydroxyme-
thanesulfonate solid was 85 % at 10 ppm and 86 % at 100 ppm. The percent 
recovery of formaldehyde from bisulfite added to formaldehyde was 92% 
at 10 ppm and 91 % at 100 ppm. (These values are the average of two sam
ples, ± 2 % . ) Thus, the percent recovery is consistent, although it is less 
than 100 % . The solution was stable with time; no change in the formalde
hyde peak height occurred after 30 min at pH 13.5. Raising the solution pH 
did not result in a more quantitative recovery, although less formaldehyde 
was recovered at pH 12. One method of increasing the accuracy of formal
dehyde determination is to match the matrix of the standards to the sample 
by preparing the standards in bisulfite solution and adjusting to the same 
high pH as the sample. If this procedure cannot be done, the standard addi
tion method of analysis should be used. 

Conclusion 
Ion chromatography with pulsed amperometric detection is a sensitive and 
selective technique for the simultaneous determination of formic acid, for
maldehyde, and other aldehydes. The usefulness of this technique will in
crease as new chromatographic methods that further increase the separa
tion between alcohols and aldehydes are developed. 
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3 
Analysis of Formaldehyde in an 
Industrial Laboratory 

S. A. SCHMIDT, M . F. A N T L O G A , and M . M A R K E L O V 
The Standard Oil Company (Ohio), Research Center, Cleveland, O H 44128 

This chapter describes two analytical methods that we use to deter
mine formaldehyde (HCHO). The first is a polarographic method 
that measures the reduction of HCHO at a dropping mercury elec
trode (DME) in a 0.1 N LiOH-0.01 N LiCl electrolyte. Use of hy
drazine derivatization to confirm the presence of HCHO is shown. 
The second method, based on the reaction of HCHO with pararo
saniline, has been automated by use of a Zymate robot and 
Brinkman colorimeter with a fiber-optic probe. The polarographic 
method is used when small batches of samples are submitted or if 
the concentration range is unknown. The automated colorimetric 
method is used when large numbers of samples are submitted. 
Comparison of the results obtained on a variety of industrial sam
ples with these techniques is made. Initial results obtained with 
headspace gas chromatography and a photoionization detector are 
discussed. 

I^EQUESTS FOR F O R M A L D E H Y D E A N A L Y S E S come from many varied groups 
in our company. Researchers want to know formaldehyde concentration in 
reactor effluents and automobile exhaust condensates from test engines; en
gineers request its analysis in various chemical plant streams and raw mate
rials; and environmentalists and toxicologists request its determination in 
the workplace atmosphere. 

To handle these varied requests, we have found it useful to have a 
variety of analytical methods available. The choice of the analytical proce
dure depends upon many factors: sample matrix, expected concentration 
range, number of samples, availability of analysts and equipment, etc. 
Analysis of any new or unusual samples by at least two independent meth
ods is also desirable. 

This chapter will discuss two of the procedures we use routinely: a 
differential pulse polarographic technique based on work by Vesely and 
Brdicka quoted by Kolthoff and Lingane (J) and an automated colorimet
ric method based on the reaction with pararosaniline as modified by 

0065-2393/85/0210/0023$06.00/0 
© 1985 American Chemical Society 
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24 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

Miksch et al. (2). We will also describe method development currently un
derway in our laboratory using headspace gas chromatography with a pho-
toionization detector. 

Experimental 
Polarographic Method. INSTRUMENTATION. PAR 174A polarographic ana

lyzer with PAR 303 D M E operated in the differential pulse mode is used at a scan 
rate of 5 mV/s, a modulation amplitude of 25 mV/p-p, a drop rate of 1/s, and a 
scan range of - 1.5 to - 2.25 V. 

PROCEDURE: DIRECT MEASUREMENT OF FORMALDEHYDE. An aliquot of the sam
ple is added to a polarographic cell. Electrolyte is added so that the final concentra
tion of the electrolyte in the cell is 0.1 N LiOH-0.01 N L i C l . The solution is purged 
with 99.99% Ar for 4-8 min. The reduction of formaldehyde at a dropping mer
cury electrode is measured with differential pulse polarography. The voltammo-
gram is recorded from - 1.5 to - 2.25 V versus a Ag-AgCl electrode. 

PROCEDURE: INDIRECT MEASUREMENT OF FORMALDEHYDE AS THE HYDRAZINE D E 
RIVATIVE. The hydrazine derivative is prepared in the polarographic cell by add
ing 1 mL of 2 % hydrazine sulfate in distilled water and 4 mL of acetate buffer (0.1 
M NaOAc-0.1 M HO Ac) to 5 mL of the sample. The voltammogram is recorded 
from -0 .5 to - 1 . 5 V versus a Ag-AgCl electrode. 

Pararosaniline Colorimetric Method. M A N U A L PROCEDURE. One milliliter 
of acidified pararosaniline solution (0.16 g of pararosaniline/100 mL of 0.24 N 
HC1) and 1 mL of freshly prepared sodium sulfite solution (0.1 g of Na2SO3/100 mL 
of distilled water) are added to 10 mL of the sample. The resulting solution is mixed 
and allowed to stand for 1 h, and the absorbance at 570 nm is read from a Beckman 
Acta III spectrophotometer with a 1-cm cell. A blank determination is made with 
the same water used for sample dilutions. 

AUTOMATED PROCEDURE. The manual method is automated by use of a Zy-
mate robot (Zymark) with the equipment listed in the box. The layout is shown in 
Figure 1. The analyst places the samples (which are in 23-mL headspace vials) in 
the sample rack. The robot transfers an aliquot of the sample from the sample vials 
to a 16 X 100-mm culture tube in the dilution rack with a syringe hand with a 
disposable pipette tip (Figure 2A). Ten milliliters of distilled water is added from 
an automatic dispenser station (Figure 2B). The sample can be diluted again at this 
point, if necessary, by repeating this procedure. Once the sample concentration is 
within the calibrated range of the test, the test tube is moved to the dispensing 
station (Figure 2C) and 1 mL of pararosaniline and 1 mL of sodium sulfite solution 
are added. The test tube is placed in a vortex mixer (Figure 2D) for 30 s and re
turned to the dilution rack where it is allowed to stand for 1 h. The robot places the 
color probe from the Brinkman probe colorimeter in the sample test tube (Figure 
3), and the percent transmittance (% T) is read by sending an analog signal directly 
to the power- and event-control module, which has a built-in analog-to-digital (A/ 
D ) converter. The digitized signal is then sent to the robot controller which has an 
Intel 8088 microprocessor board that can handle simple calculations. The % T is 
converted to concentration by using a calibration curve that has been previously 
entered. If the absorbance reading does not fall in the calibrated range, the robot 
will rerun the sample at a different dilution. The color probe is rinsed between 
samples. 

HEADSPACE G A S CHROMATOGRAPHIC PROCEDURE. A 10-mL aliquot of sample 
is placed in a standard 23-mL headspace vial containing approximately 6.5 g of 
sodium sulfate. The vial is sealed with a Teflon-lined septum and placed into a 
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3. SCHMIDT ET A L . Analysis in an Industrial Laboratory 25 

Robot Pararosaniline Method 
Equipment 

A. Zymark Robot 
1. Controller 
2. Robot Hands 

a. Syringe hand with 1-mL syringe mounted 
b. General-purpose hand with fingers to handle 16-20-mm test tubes 
e. Blank hand to mount color probe 

3. Master Laboratory Station 
a. 10-mL syringe in Dispenser 1 
b. 1-mL syringe in Dispenser 2 
e. 1-mL syringe in Dispenser 3 

4. Power- and Event-Control Station 
5. Vortex Station 
6. Printer 

B. Brinkman PC-1000 Colorimeter with Fiber-Optic Probe 

Figure 1. Configuration of the Zymate robot work station. 

temperature bath at 50 °C for 1 h. A 0.5-mL aliquot of the headspace over the 
sample is introduced into a Photovac gas chromatograph (GC) equipped with a 
4-ft. X -§--in. i .d. Teflon column packed with Carbopak B - H T and a special pho
tovac photoionization detector. Sample introduction is either manual via a gas-
tight syringe or automatic via a Per kin-Elmer F42 headspace analyzer. 

Discussion 
Polarographic Method. In aqueous solution, most of the formalde

hyde is present in the form of the monohydrate, methylene glycol, and a 
series of low molecular weight polymeric hydrates or poly(oxymethylene) 
glycols. Only a small fraction, less than 0.1 %, is present as the free alde
hyde. Because only the aldehyde form of formaldehyde is reduced to meth-
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26 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

Figures 2A and 2B. Automation of the color development steps of the 
pararosaniline method for formaldehyde by use of the Zymate robot: A, sam

ple transfer; and B, sample dilution. 
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3. SCHMIDT ET A L . Analysis in an Industrial Laboratory 27 

Figures 2C and 2D. Automation of the color development steps of the 
pararosaniline method for formaldehyde by use of the Zymate robot: C, ad

dition of reagent; and D, sample mixing. 
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28 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

Figure 3. Automatic measurement of the color by using the Zymate robot 
and Brinkman probe colorimeter. 

anol at a dropping mercury electrode, and methylene glycol is not reduc
ible, the limiting current measured is governed by the rate of dehydration 
of the methylene glycol (Scheme I). 

Hydroxide ions catalyze the dehydration of the methylene glycol to 
the aldehyde and thus make the analysis very sensitive to pH. The limiting 
current increases as the pH increases (Figure 4). However, if the concentra
tion of hydroxide is increased too much, the reaction of hydroxide with the 
methylene glycol to form the anion begins to become important, and a de
crease in the limiting current is seen. At pH < 7, the formation of the non-
electroactive species, methylene glycol, is favored. At room temperature, a 
maximum in the limiting current is observed at pH 13. The pH also affects 
the peak potential (Figure 5). As the pH increases, the peak potential be
comes more negative. 
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Scheme I. 
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PH 

Figure 4. Dependence of peak height (current) of the formaldehyde peak 
on pH. 

The limiting current is also dependent on anything else that affects the 
equilibrium of the dehydration reaction such as the choice of solvent, 
buffer, and analysis temperature. For instance, variations as large as 6% in 
the response for formaldehyde for every degree change in temperature 
have been reported. We have found the 0.1 M LiOH-0.01 M LiCl buffer 
suggested by Kolthoff and Lingane (I) to give satisfactory results. How
ever, because of the enhanced sensitivity of pulse polarography over the 
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-1.40 t 1 1 1 I l I I 

7.0 8.0 9.0 10.0 11.0 12.0 13.0 14.0 

PH 

Figure 5. Dependence of the limiting potential of the formaldehyde peak 
on pH. 

classical direct current techniques and improved instrumentation, we work 
at lower concentrations and do not need to add a maximum suppressor for 
quantitation. 

If we have only a few samples or expect matrix effects or variations in 
the ambient temperature, we use a standard addition technique to quanti-
tate. We observe a response of approximately 0.02 fiAlfig or 0.056 fiA/fimol 
of formaldehyde. More frequently, especially if we have several samples, 
we use an external calibration procedure and prepare the calibration curve 
the same day. Figure 6 shows a typical calibration curve obtained for 0.07-
1.1 ppm of formaldehyde in the cell. The correlation coefficient is 0.995. 
The voltammogram shown in Figure 7 was obtained for 0.073 ppm of for
maldehyde in the cell, which is our quantification limit. Table I shows typ
ical results obtained with the polarographic method. Relative standard de
viations (RSD) of 3-5% are usually obtained. However, the RSD increases 
as the concentration decreases. 

Scientists were concerned that formaldehyde was being introduced as 
an impurity in the polymerization inhibitor added in the industrial process 
for making H C N . We were requested to determine it in the liquid H C N 
product. Because working with liquid H C N is extremely hazardous, we at
tempted to avoid this problem by extracting the formaldehyde into an 
aqueous phase and then removing the H C N . We decided that we would try 
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0.24 r 

o.oo1 1 — — 1 1 1 1 1 1 ' ' • • 
0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 

Cone. Formaldehyde, ppm 

Figure 6. Typical calibration curve for formaldehyde via polarographic 
analysis at DME vs. Ag-AgCl in 0.1 N LiOH-0.01 N LiCl. 

mixing an equal volume of water with the H C N in a 16 X 150-mm test tube 
to hold the formaldehyde and applying a gentle stream of nitrogen to the 
surface to remove the H C N . We assumed that the adduct of formaldehyde 
and H C N would decompose under these conditions. To test the feasibility 
of this approach, we spiked three samples of H C N with formaldehyde, 
added an equal volume of water, and removed the H C N by evaporation 
with a stream of nitrogen. The resulting aqueous solution of formaldehyde 
was analyzed with the polarographic method outlined earlier. The results 
are shown in Table II. Adequate recoveries were observed at low formalde
hyde levels. The fact that recoveries are lower at higher concentrations is 
an unusual phenomenon for most analytical procedures and is usually at
tributed to limited solubilities of the components in question or to increased 
rates of side reactions at higher concentrations. However, in the case of 
formaldehyde and formaldehyde cyanohydrin, solubility in either the wa
ter or the H C N is not a problem. The low recoveries at higher form aide-
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-1.6 -1.7 -1.8 -1.9 -2.0 -2.1 -2.2 

Potential, DME vs Ag/AgCI 

Figure 7. Voltammogram at the lower detection limit, 0.073 ppm of formal
dehyde in the cell. Differential pulse polarographic conditions: scan rate, 
5 mV/s; modulation amplitude, 25 mV/p-p; drop time, 1/s; display direc

tion, positive; 0.1 N LiOH-0.01 N LiCl; DME vs. Ag-AgCl. 

Table I. Results of the Analysis for Formaldehyde in Various 
Aqueous Samples as Determined with the Polarographic 

Method 

Cone. HCHOa Standard Rel 
Sample (ppm) Deviation Std. Dev. (%) 

A 990 46 4.7 
B 1190 30 2.5 
C 1100 28 2.5 
D 27 2 7.5 
E 57 2 3.5 
F 31 3 10 

aAverage of three determinations. 

hyde concentrations are probably attributable to increased effects of side 
reactions with impurities present in H C N . 

Although any compound that can be reduced in the 0.1 M LiCl-0.01 
M L i O H (pH 12.7) buffer at a dropping mercury electrode between - 1.5 
and - 1.80 V versus a Ag-AgCl electrode will interfere, the method is still 
very selective for our types of samples. Saturated aldehydes and a- and (3-
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Table II. Recovery of Formaldehyde Spike from Liquid 
H C N as Determined by Polarographic Analysis 

Formaldehyde Formaldehyde 
Added (ppm) Recovered (ppm) % Recovery 

74 71 96 
148 126 85 
740 540 73 

-1.5 -1.6 -1.7 -1.8 -1.9 -2.0 

Potential, DME vs Ag/AgCI 

Figure 8. Voltammogram obtained for 3.7 ppm of formaldehyde in the pres
ence of 1.0 ppm of acetaldehyde anal. 0 ppm of acrolein. Polarographic con
ditions: mode, differential pulse; scan rate, 5 mV/s; modulation amplitude, 
25 mV/p-p; drop rate, 1/s; display direction, positive; 0.1 N LiOH-0.01 N 

LiCl; DME vs. Ag-AgCl. 

unsaturated aldehydes are reduced at more negative potentials than form
aldehyde and do not interfere if their concentration is comparable to the 
concentration of formaldehyde. Figure 8 is the voltammogram obtained 
for 3.7 ppm of formaldehyde in the presence of 1.0 ppm of acetaldehyde 
and acrolein. Aromatic aldehydes are reduced at more negative potentials 
than formaldehyde and do not normally interfere. 
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Confirmation of the presence of formaldehyde can be made by form
ing the hydrazone and rerunning the sample in an acetate buffer at pH 4. 
Figure 9 shows the voltammogram obtained for the hydrazone of a 3.7 
ppm solution of formaldehyde. The derivatization shifts the peak at 0.7 V 
for less negative value. The peak potential of the other aldehydes will also 
be shifted. Figure 10 shows the voltammogram for 3.7 ppm of formalde
hyde in the presence of 1 ppm of acrolein and acetaldehyde. 

Pararosaniline Colorimetric Method. This method is based on the 
reaction of formaldehyde with pararosaniline in the presence of sulfite. Al
though the mechanism of the reaction is not completely understood, 
Miksch suggested the formation of a Schiff base intermediate between 
acidified pararosaniline and formaldehyde (2). This colorless Schiff base 
then combines with sulfur dioxide under acidic conditions to form the al-
kylsulfonic acid chromophore. The dehydration of the pararosaniline-
formaldehyde adduct to the earbinolamine adduct is acid catalyzed 
(Scheme II). 

We use a Zymate robot to automate this procedure. The analyst places 
the samples in the sample rack and starts the robot. Everything else, in
cluding reporting results and deciding if the sample needs to be rerun be
cause the concentration fell outside the expected range, is done by the robot 
automatically. 

-0.6 -0.8 -1.0 -1.2 -1.4 

Potential, DME vs Ag/AgCI 

Figure 9. Voltammogram of the hydrazone of 3.7 ppm of formaldehyde. Po
larographic conditions: scan rate, 10 mV/s; modulation amplitude, 25 mV/ 
p-p; drop rate, 1/s; display direction, positive; 0.1 M NaOAc-0.01 MHO Ac 

(4 mL) at pH 4.16; 2% hydrazine sulfate (1 mL). 
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I 1 i i i i 1 
-0.6 -0.8 -1.0 -1.2 -1.4 -1.6 

Potential, DME vs Ag/AgCI 

Figure 10. Voltammogram obtained for the hydrazine derivatives of formal
dehyde (3.7 ppm) in the presence of acrolein (0.1 ppm) and acetaldehyde 
(1.0 ppm). Polarographic conditions: scan rate, 10 mV/s; modulation ampli
tude, 25 mV/p-p; drop rate, 1/s; display direction, positive; 0.1 MNaOAc-
0.1 M HOAc (4 mL); 2% sodium hydrazine (1 mL); pH 4.16; DME vs. 

Ag-AgCl. 

For robotic applications, we felt that using a Brinkman probe color
imeter equipped with a fiber-optic color probe would be more convenient 
than using a conventional spectrophotometer such as our Beckman Acta III 
equipped with a flow-through cell. Smaller sample aliquots could be used, 
and the Brinkman probe colorimeter is significantly less expensive and 
takes up less room in the robot's work area. 

The colorimeter has six built-in interference filters in the following 
wavelengths: 450, 470, 520, 570, 620, and 670 nm. We did this work at 570 
nm. It was designed as an end-point sensor for photometric titrations and 
quality control work. It uses a fiber-optic light probe to measure the trans-
mittance of light in a solution. The robotic blank hand was modified to 
accommodate the color probe which the robotic arm could then dip in a 
sample solution or water rinse solution. The analog signal from the color
imeter is sent to the microprocessor of the robot via the power- and event-
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N H 3 

CI 

N = C H 2 

CI 
(Colorless) 

N C H 2 S 0 3 H 

+ Cl" 

H 3 N N H 3 

(Pink) 

Scheme II. 
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control module. A calibration curve was prepared from 0.1 to 1.6 ppm of 
formaldehyde (Figure 11, curve A). 

Because the analog signal is in % T, the resulting curve for % T versus 
formaldehyde concentration is exponential. This curve can be converted to 
the more common absorbance versus concentration form from the relation
ship A = log(l/T) where A is absorbance and T is absolute temperature 
(Figure 11, curve B). Our curve gives a correlation coefficient of 0.999. We 
have linearity from 0.1 to 1.6 ppm of formaldehyde. The data used to gen
erate our curve have a percent relative standard deviation for five calibra
tion curve determinations ranging from 0.9 to 3.1. 

We measured the repeatability of the method by determining the 
formaldehyde levels in known solutions. In 10 determinations 0.53 + 0.02 
ppm and 1.31 ± 0.03 ppm were measured for 0.5- and 1.3-ppm solutions, 
respectively. These are recoveries of 106% and 100%, respectively. 

We compared the results obtained by the robot to those obtained man
ually with a Beckman Acta III UV-vis spectrophotometer. The results for 
17 samples are shown in Figure 12. These data have a correlation coeffi
cient of 0.979. 

0.0 0.1 0.2 0.3 0.4 0.5 0.6 0.7 0.8 0.9 1.0 1.1 1.2 1.3 1.4 1.5 

Concentration 

Figure 11. Calibration curve obtained for formaldehyde via the automated 
pararosaniline procedure: A , percent transmittance vs. formaldehyde con

centration; and B, absorbance vs. formaldehyde concentration. 
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1100-
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ppm Formaldehyde Measured, Robot 

Figure 12. Correlation of the results obtained for formaldehyde by the man
ual pararosaniline method vs. the automated pararosaniline method. 

The mixing step following the sample dilution is not needed if the dis
posable tip is placed under the surface of the water during the addition of 
the concentrated sample, and the diluted sample is drawn into the tip at 
least three times. This rinsing action creates sufficient swirling to mix the 
sample thoroughly. The fiber-optic probe could be rinsed sufficiently to 
prevent cross-contamination by dipping it in the rinse water in a test tube 
and then placing it under a stream of nitrogen. The rinse water in the test 
tube needs to be replaced after approximately 25 samples. The sample con
tainers should be capped during storage in the sample rack. Capping was 
easily accomplished by using 23-mL headspace vials with crimped septum 
caps. A hole was drilled in each septum large enough to allow the disposa
ble pipette tip to pass through it. This procedure effectively forms a 
washer. A piece of plastic wrap is placed over the mouth of the vial, the 
washer is placed on top of the plastic wrap, and the metal cap is crimped 
onto the vial. The crimping action pulls the plastic wrap tightly across the 
vial, and the washer provides support. When the syringe hand with the 
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disposable tip is brought down into the sample vial it is able to puncture the 
plastic wrap to allow the sample to be withdrawn. 

Comparison of the Data Obtained by the Automated Pararosaniline 
Colorimetric and Polarographic Methods. Figure 13 shows a comparison 
of the results obtained on a series of samples by the polarographic method 
and by the automated colorimetric method. The results obtained for the 
determination of formaldehyde in glycolic acid were interesting because 
the color of the resulting pararosaniline solution was not the expected pink. 
We assumed that interference with the colorimetric method occurred. 
However, the results obtained on this sample by the colorimetric method 
agreed very well with those obtained by the polarographic method. 

Headspace Gas Chromatographic Method. We decided to test the 
applicability of a Photovac G C for the determination of formaldehyde di
rectly in air. Gas chromatographic techniques are not applicable to the di-

3900 -

Formaldehyde Results, ppm 
Colorimetric 

Figure 13. Correlation of formaldehyde determined by the polarographic 
method vs. the automated pararosaniline technique. 
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rect determination of trace levels of formaldehyde because of the inherent 
insensitivity of the thermal conductivity detector and poor response of the 
flame ionization detector to formaldehyde. The Photovac has a photoioni-
zation detector that our previous experience has shown is very sensitive to 
hydrocarbons in the atmosphere. 

A gaseous standard of formaldehyde was prepared by placing a known 
concentration of formalin in a headspace vial that was then sealed and 
equilibrated at 50 °C. The headspace vapors over the formaldehyde solu
tion were injected into the Photovac by connecting the inlet of the Pho
tovac to the outlet of the injector on our Perkin-Elmer-42 headspace G C . 
When the headspace over the formalin solutions was injected, we obtained 
a peak at 11.7 min that was proportional to the formalin concentration. 
This peak was tentatively identified as formaldehyde and gave us a detec
tion limit of 0.5 ppm of formaldehyde in water. 

This method, although developed for direct injection of gaseous sam
ples, could also be used to analyze aqueous samples by using conventional 
headspace gas chromatographic techniques. We decided to apply it to sam
ples that had already been analyzed by the polarographic and pararosani
line methods. The results obtained by the headspace method were lower 
than those obtained by the other two methods by a factor of 40. We 
thought that this difference might be due to a matrix effect, and that the 
partitioning of the formaldehyde from the sample matrix might be differ
ent than from the aqueous standard used to calibrate the procedure. Any 
matrix effects should be eliminated by the use of a standard addition tech
nique. However, results obtained by standard addition still did not agree 
with the other results. Addition of pararosaniline to the headspace vial re
moved the peak tentatively identified as formaldehyde. However, addition 
of hydrogen peroxide, which reacts with formaldehyde to produce formic 
acid, did not eliminate the peak. An increase in the peak that matches the 
retention time of formic acid was observed. Similarly, sodium bisulfite, 
which forms a complex with formaldehyde, did not affect the peak identi
fied as formaldehyde. We also tested a solution of formaldehyde prepared 
by dissolving paraformaldehyde in water at elevated temperature. A sharp 
formaldehyde odor was noted, but injection of the headspace over this so
lution did not produce the peak at the expected retention time. 

These observations have led us to conclude that the peak is not formal
dehyde, but is a species that can react with pararosaniline. It is present in 
formalin solutions but not in paraformaldehyde. When sodium sulfate was 
added to the solution, the response of this peak was increased by a factor of 
6. This result indicates that the compound is very polar. Using retention 
time data, we have eliminated acetaldehyde, methanol, and formic acid as 
possibilities. Unfortunately, the configuration of the Photovac detector is 
not amenable to interfacing to our mass spectrometer, and no further iden
tification attempts were made. However, these results raise questions con-
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cerning the validity of the pararosaniline calibration curve obtained with 
formalin solutions. 

Conclusions 
We would choose to use the polarographic method when the number of 
samples is small, or when little is known about the expected concentration 
range or sample matrix, because the analysis is rapid (less than 10 min per 
sample) and analysis conditions are easy to change. If we have a large num
ber of samples or if we know what concentration range to expect, we gener
ally use our automated pararosaniline method. Using the robot, we can 
analyze a batch of samples in minutes. 

These bulk methods are very useful for the analysis of routine samples 
for which the matrix is well understood. However, in unknown samples 
with complex matrices, interferences that might not be recognized may be 
encountered, and incorrect results could be obtained. Analysis by more 
than one analytical technique is suggested for any new sample types. 
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4 
Method Development for the 
Determination of Trace Levels of 
Formaldehyde in Polluted Waters 

JOHANNES T. GRAVEN, MAURIZIO F. GIABBAI, and 
FREDERICK G . POHLAND 
Environmental Engineering Program, School of Civil Engineering, Georgia 
Institute of Technology, Atlanta, GA 30332 

An analytical methodology was developed for the determination of 
trace amounts of formaldehyde in complex aqueous solutions. By 
exploiting the reaction specificity of 2,4-dinitrophenylhydrazine for 
carbonyl functional groups, formaldehyde was converted to a hy
drophobic derivative, 2,4-dinitrophenylhydrazone, to enhance its 
isolation. Moreover, the use of glass capillary columns proved effec
tive in separating the C1-C2 aldehyde homolog derivatives. With 
this method, formaldehyde concentrations in leachate samples gen
erated from simulated landfills containing municipal solid wastes 
and urea-formaldehyde foam as an intermediate cover material 
were monitored. The detection limit for formaldehyde in these 
samples was estimated to be 100 μg/L, and the average recovery for 
the derivative was 55 %. The formaldehyde detected in the leachate 
samples (3-40 mg/L) was determined not to adversely affect the mi-
crobially mediated processes of stabilization within the landfills, 
and as stabilization progressed, formaldehyde was converted and 
reduced in concentration. 

I N T H E O V E R A L L P L A N N I N G , DESIGN, A N D OPERATION of sanitary landfills, 
requirements for daily, intermediate, and final cover often impose a costly 
and problematic element. Although soil is the most frequently used mate
rial for intermediate and final cover, the use of alternative cover materials 
may be more advantageous and economical in many applications. Urea-
formaldehyde foam has gained recent popularity as an alternative cover 
material because of its ease and homogeneity of application, its ability to 
increase otherwise unavailable landfill capacity and extend service life, 
and its frequent economic advantage over alternative cover methods. Al
though efforts to determine the general applicability of urea-formaldehyde 
foam to landfilling operations appear promising (1,2), they have not ade-

0065-2393/85/0210/0043$06.00/0 
© 1985 American Chemical Society 
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quately addressed the relatively long-term issues of the impacts of the foam 
and its leachable constituents (e.g., formaldehyde) on the landfill environ
ment and vice versa. 

Because of some evidence of carcinogenicity of formaldehyde in exper
imental animals, as well as numerous health-related complaints concern
ing the release of formaldehyde from consumer products (3, 4), public and 
regulatory concern over releases of formaldehyde to the environment have 
increased (5). Although most of the concerns are related to indoor atmo
spheric releases, an increased focus on potential releases to the aqueous 
environment, including the leaching of formaldehyde from landfills, has 
resulted. Furthermore, because of its toxicity to lower animals and micro
organisms (6), formaldehyde leached from landfills may have an adverse 
impact on the microbial processes within the landfill. Hence, the leaching 
of formaldehyde during and after landfilling operations has been an unre
solved issue that, in the case of the associated acceptability of foam applica
tions, was in need of resolution within a process-assessment as well as envi
ronmental-health and regulatory perspective. 

In response to the need for reliable measurement of formaldehyde in 
complex aqueous solutions such as landfill leachate, several candidate ana
lytical methods were evaluated. These included a chromotropic acid 
method (7); a direct aqueous injection, packed column, gas chromato
graphic (GC) method; and a direct aqueous injection, glass capillary 
column, gas chromatographic-mass spectroscopic (GC-MS) method. All of 
these methods were found to have limitations that ultimately restricted 
their use, particularly for the determination of trace quantities of formal
dehyde in leachate samples originating from the landfill disposal of solid 
wastes. However, further investigation revealed that derivatization tech
niques prior to G C or high-pressure liquid chromatography (HPLC) analy
sis could be used successfully for the determination of trace amounts of al
dehydes and other carbonyl compounds. Mansfield et al. (8) used the 
formation of 2,4-dinitrophenylhydrazone (2,4-DNPH) from the reaction of 
formaldehyde with 2,4-dinitrophenylhydrazine (2,4-DNP) to detect form
aldehyde in tobacco smoke. Fung and Grosjean (9), as well as Selim (10), 
have similarly used this derivatization to separate and quantify nanogram 
amounts of carbonyl compounds. 

Because none of the investigators applied the 2,4-DNP derivatization 
technique to complex aqueous solutions, this study included an emphasis 
on the feasibility of applying this approach for the specific determination 
and quantification of formaldehyde to polluted waters such as sanitary 
landfill leachates. Therefore, the analytical method thus established was 
used for monitoring formaldehyde in leachate samples from simulated 
landfill cells and to assess the relative suitability and applicability of urea-
formaldehyde foam as an alternative cover material. 
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Experimental 
Analytical Reagent Preparation. Concentrated formaldehyde solutions were 
purchased from Fisher Scientific, and the reagent solution was prepared by adding 
0.25 g of 2,4-DNP (Eastman Kodak) to 100 mL of 6 N hydrochloric acid solution 
(10). The "organic-free" water used in reagent preparation and throughout these 
experiments was prepared by passing tap water through a series of treatment steps 
composed of a Millipore 360 activated carbon cartridge (Continental Water Sys
tems); a Millipore 300 deionizer cartridge; a glass column (60 X 3 cm i.d.) packed 
with 50 g of 16 X 30 mesh activated carbon (Calgon Filtrasorb F-400); and two 
modified UV disinfection modules (Model H-40, Ultraviolet Technology) supple
mented with hydrogen peroxide. The formaldehyde-2,4-DNPH reference was pre
pared by standard procedures (JI) and purified by recrystallization from ethanol. 

Derivatization and Extraction Procedure for Leachate Samples. To 100 mL 
of leachate, 5 mL of 2,4-DNP reagent solution was added; 1 mL of reagent was 
used for the formaldehyde-spiked reference samples prepared in organic-free wa
ter. The mixtures were stirred for 5 min, then 50 mL of methylene chloride (Bur-
dick and Jackson) was added to the mixture, and stirring was continued for 1.5 h. 
The two-phase mixture was then separated in a separatory funnel. Two additional 
extractions with 50-mL aliquots of methylene chloride were performed, and the 
organic solvent was finally concentrated to approximately 4 mL in a Kuderna-
Danish apparatus at 70 °C and then concentrated to 1.0 mL by evaporation with 
nitrogen. 

Instrumentation. A Hewlett-Packard 5830A GC equipped with a split-
splitless capillary injection system and a flame ionization detector (FID) was used 
for derivative quantification. The separation was performed on a glass capillary 
column (30 m X 0.25 mm i.d.) which was deactivated according to the procedure 
proposed by Grob (12) and coated by the static method (13) with SE-54 silicone 
gum phase (ca. 0.2 jum film thickness). The G C operating conditions were the fol
lowing: injector temperature, 250 °C; transfer line temperature, 285 °C; splitless 
injection; and volume injected, 1 fxh. 

Confirmation of derivative formation was accomplished with a Finnigan 4023 
mass spectrometer (MS) interfaced with a Hewlett-Packard 5830A G C , as de
scribed in Reference 14. The MS operating conditions were the following: ioniza
tion mode, electron impact; electron multiplier, 1500 V ; electron energy, 70 eV; 
emission current, 0.5 mA; mass range, 40-450 amu; and scan rate, 1.0 s/decade. 
The G C conditions were identical to those employed in the G C analysis. The MS 
was calibrated with perfluorotributylamine, and a solution of decafluorotri-
phenylphosphine (1 JLIL) was subsequently injected onto the chromatograph to ver
ify the calibration thus obtained. 

Simulated Landfill Cell Construction and Operation. To provide an oppor
tunity to assess the potential impact of formaldehyde that could be leached from 
urea-formaldehyde foam during its use as a cover material during landfilling oper
ations, two simulated landfill cells with the necessary appurtenances to permit 
leachate and gas collection for a single-pass cell, as well as leachate recycle for a 
recycle cell, were constructed as shown in Figure 1. The single-pass cell was in
tended to simulate the impact of rainfall-induced leaching events during conven
tional landfill operations; the recycle cell was intended to simulate conditions un
der which leachate is formed, contained, collected, and recycled. Thus, the landfill 
was used as an in situ leachate treatment system as well as to accelerate microbially 
mediated stabilization processes. In both cells, a 5-cm intermediate layer of urea-
formaldehyde foam was placed between two layers of shredded residential-type 
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Figure 1. Schematic of simulated landfill cells: left, recycle cell; right, sin
gle-pass cell. Key: 1, thermocouple-temperature recorder; 2, to gas meter; 3, 
water addition port; 4, flow distribution plate; 5, leachate drain pipe-sam
pling port; 6, leachate reservoir; 7, leachate reservoir gas line; 8, leachate 
recycle line; 9, pH-ORP measuring loop; 10, leachate recycle pump; and 11, 

urea-formaldehyde foam layer. 

solid waste. A total of 60 kg (39 kg dry weight) of solid waste and approximately 
2.89 g of foam/dry kg of solid waste were placed in each cell. In an actual landfill, 
the amount of foam could typically range from 1-3 g of foam/dry kg of solid waste, 
depending on the operational and management techniques employed (i.e., cell 
depth and thickness of foam). 

After the cells were sealed from the atmosphere, moisture was added to ini
tially bring them to field capacity and to subsequently simulate rainfall events. 
Accumulated leachate was collected and recycled in the recycle cell and collected 
and removed to storage from the single-pass cell. Leachate and gas samples were 
collected at periodic intervals and analyzed to determine the progress of landfill 
stabilization processes within the cells. Leachate analyses included p H , oxidation-
reduction potential (ORP), conductivity, alkalinity, volatile organic acids, chemi
cal oxygen demand (COD), 5-day biochemical oxygen demand (BOD 5), total or
ganic carbon (TOC), sulfides, and selected metals. In addition, the volume and 
characteristics of gases generated ( C H 4 , C0 2 ) and temperatures were monitored on 
a daily basis for both cells. 

To determine if the formaldehyde detected in landfill leachate was attribut
able only to the foam or also to other constituents in the solid waste, two additional 
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bench-scale simulated landfill cells were constructed. In one cell, a 2.5-cm layer of 
foam was placed between two layers of shredded solid waste; only shredded solid 
waste was placed in the other cell. A total of 5.5 kg (3.9 kg dry weight) of solid 
waste was placed and compacted in each cell. Subsequent to sealing of the cells to 
the atmosphere and initial moisture addition to bring the cells to field capacity, 
moisture addition was provided to ensure that sufficient volumes of leachate would 
be generated for formaldehyde determinations at periodic intervals. To document 
that the environmental conditions within each of these cells remained relatively 
similar and representative of actual leaching conditions, additional analyses indic
ative of landfill stabilization processes were performed on selected samples. 

Results and Discussion 
Analytical Methodology. The formaldehyde-2,4-DNPH prepared 

and purified by recrystallization from ethanol was used for the develop
ment of the G C - M S method. A preliminary verification of the formation, 
extraction, and chromatographic analysis of trace amounts of the formal-
dehyde-2,4-DNPH was performed with 100-mL organic-free water solu
tions and leachate samples spiked with formaldehyde to approximately 500 
/ig/L. The concentrated organic extracts from these samples were analyzed 
by G C and G C - M S . 

Typical reconstructed ion chromatograms (RIC) of the extracts are il
lustrated in Figures 2 and 3, and the mass spectrum of the derivative is 
presented in Figure 4. 

Although potential temperature or catalytic degradation of this deriv
ative during instrumental analysis, particularly by G C (15), has led investi
gators to develop and propose HPLC methods (8-10), the literature is es
sentially devoid of reports advancing the use of capillary columns for G C 
analysis of this derivative. Therefore, the need for high-resolution and on
line MS confirmation of trace amounts of this derivative in the complex 
samples of this study led to the development of suitable capillary columns 
for GC-MS analysis. As shown by Figures 2 and 3, nonpolar glass capillary 
columns deactivated by the persilylation method (12) provided the re
quired inertness, temperature stability, and resolution for G C analyses of 
the formaldehyde-2,4-DNPH derivative. From G C - F I D analysis, a lower 
detection limit of 5 ng was estimated, and good linearity was observed over 
a concentration range of 5-200 ng/juL. Furthermore, the use of a fused-
silica, direct-transfer line between the G C column and ionization source of 
the MS proved to be satisfactory for preserving chemical integrity and thus 
allowed structural identification of the derivative. 

Little information is available concerning the electron-impact mass 
spectra of the carbonyl 2,4-DNPHs of aldehydes possessing a straight-chain 
alkyl group of three or fewer carbon atoms. Actually, these derivatives 
were reported to have no intense fragment peaks that are readily associated 
with a particular structural feature (16). However, the presence of an in
tense molecular ion (i.e., m/e = 210) and minor fragments corresponding 
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Figure 2. RIC of organic-free water extract of formaldehyde-2,4-DNPH. 
The GC and MS operating conditions are described under "Instrumenta
tion," and the temperature program was 40 °C (2.0 min) at 15 °C/min to 

290 °C (5 min). 

to the elimination of NO (i.e., rule = 180) and N 0 2 (i.e., mle = 164), 
which are typical of 2,4-DNPH (16), was considered supportive evidence 
for the identification of the formaldehyde-2,4-DNPH derivative (see Fig
ure 4). No structural explanation was determined for the intense peaks in 
the lower mass range (i.e., mle = 122, 79, 63, and 51). 

In conjunction with the analyses of formaldehyde-spiked samples, 
blank determinations with organic-free water as well as with the distilled 
water added to the simulated landfill cells were conducted. No trace of the 
formaldehyde-2,4-DNPH derivative was detected in any of these samples. 
Moreover, solutions spiked with C i - C 2 aliphatic aldehydes confirmed that 
adequate separation of these derivatives could be achieved as shown by the 
RIC in Figure 5 and the acetaldehyde-2,4-DNPH derivative mass spec
trum in Figure 6. As with the formaldehyde derivative, this mass spectrum 
presented an intense molecular ion (i.e., mle = 224) and the same intense 
peaks in the lower mass range (i.e., mle = 122, 79, 63, and 51). The major 
chromatographic peak that is present in the total ion trace, particularly in 
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Figure 3. RIC of leachate extract containing formaldehyde-2,4-DNPH. The 
GC and MS operating conditions are described under "Instrumentation/' 
and the temperature program was 40 °C (2.0 min), 15 °C/min (6 min), and 

8 °C/min to 290 °C (5 min). 

Figure 5, is the excess 2,4-DNP reagent that is partially coextracted from 
the water solution. 

The derivatization was carried out in essentially the same manner as 
that described by Selim (10) in which a two-phased reaction system was 
used to improve reaction yields at trace levels of carbonyl compounds. 
Even though Selim had demonstrated that total conversion of propionalde-
hyde occurred within 30 min, the reaction time in these studies was ex
tended to 1.5 h to ensure that all the formaldehyde present in solution 
could be converted to the 2,4-DNPH derivative. The reproducibility of the 
derivatization was verified for both organic-free water solutions spiked 
with known amounts for formaldehyde as well as leachate samples that 
already contained formaldehyde. These results are presented in Table I. 
Initial method reproducibility tests for leachate samples revealed a large 
variation in results. This variation was primarily attributed to the presence 
of high concentrations of short-chain fatty acids (ca. 10 g/L) and to other 
organics leached from the solid waste and causing formation of thick emul-
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Figure 4. Mass spectrum of formaldehyde-2,4-DNPH. 

250 

sions during separatory funnel extraction. Attempts to overcome this prob
lem included the addition of saturated calcium chloride solutions and the 
use of a vapor-vapor solvent extraction apparatus (17). Both alternatives 
failed to improve the results because the electrolyte solution did not 
"break" the emulsions, and steam distillation extraction gave very poor re
coveries of the derivative. This emulsion formation attributed to the pres
ence of short-chain fatty acids was only of concern for leachate samples 
collected during the early stages of landfill stabilization (i.e., acid fermen
tation phase) when these acids were generated in high concentrations as a 
result of the conversion of readily biodegradable organics present in the 
landfill (18). 

To resolve this problem, smaller aliquots of leachate (i.e., 25 and 50 
mL) were used and diluted with distilled water prior to analysis, to mini
mize emulsion interferences. Leachate samples collected during the subse
quent phase of landfill stabilization (i.e., methane fermentation phase) 
contained considerably lower concentrations of short-chain fatty acids, 
and emulsion formation was minimal. The results presented in Table I 
were obtained with leachate samples collected during the early stages of 
landfill stabilization when high volatile acid concentrations-prevailed. 
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Figure 5. RIC and mass fragmentogram of organic-free water extract of 
formaldehyde~2,4-DNPH ana acetaldehyde-2,4-DNPH (same conditions 

as Figure 2). 

A recovery study was also conducted to determine the effectiveness of 
the solvent extraction and concentration procedure once the formalde-
hyde-2,4-DNPH was formed. Both organic-free water solutions and leach
ate samples were spiked with known amounts of the derivative (490 and 
450 ptg/L, respectively) and solvent extracted with methylene chloride. The 
leachate samples, which already contained formaldehyde, were first sub
jected to derivatization with 2,4-DNP followed by the addition of a known 
amount of derivative prior to solvent extraction. These results are pre
sented in Table II. 

The level for recovery attained for the formaldehyde-2,4-DNPH de
rivative from leachate samples was considered to be satisfactory because 
recoveries of micro amounts of organic priority pollutants in environmen
tal samples of similar matrix complexity (i.e., raw sewage and sludge) were 
reported to range between 30 and 100% (17). Therefore, the detection 
limit of the analytical method for formaldehyde in leachate samples was 
estimated to be 100 ug/h or better. The unavailability of formaldehyde so
lution of sufficiently accurate concentration prevented the evaluation of 
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Figure 6. Mass spectrum of acetaldehyde-2,4-DNPH. 

Table I. Reproducibility of Results for the Derivatization of Formaldehyde-
2,4-DNPH in Organic-Free Water Solutions and Leachate Samples 

Sample 

Amount of 
Formaldehyde-

2,4-DNPH 
(ng) 

Mean 
(ng) 

Standard 
Deviation 

Coefficient of 
Variation 

(%) 

Organic-free water0 

W - l 86.3 
W-2 99.4 
W-3 94.7 

93.5 6.0 6.4 

Leaehatefo 

L - l 125.4 
L-2 128.4 132.5 7.5 5.7 
L - 3 142.7 

a Samples consisted of organic-free water spiked with formaldehyde and were subse
quently divided into three aliquots. 

b Samples consisted of a leachate sample diluted 50 % with distilled water and were subse
quently divided into three aliquots. 
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Table II. Recovery Studies for Formaldehyde-2,4-DNPH in Organic-Free Water 
Solutions and Leachate Samples 

Amount Amount 
Initial Amount Spiked Recovered Recovery 

Sample (ng) (ng) (ng)a (%) 

Organie-free water 0.0 49.0 42.6 ± 4.4 86.9 
Leachate 131.1 ± 6 .F 45.0 156.0 ± 4.4 55.3 

a Mean ± standard deviation. 

derivatization efficiencies in leachate samples. Hence, in this study a 100 % 
derivatization efficiency was assumed because a two-phase system that fa
vored the formation of the reaction product by continuous removal of the 
2,4-DNPH from the aqueous phase and a longer reaction time than had 
been reported as being necessary for the complete conversion of pro-
pionaldehyde to its 2,4-DNPH (10) were used. 

Presence and Fate of Formaldehyde Within the Simulated Landfill 
Cells. After the development of the DNPH derivatization method, a 
monitoring program for formaldehyde in leachate samples from the simu
lated landfill cells was initiated and implemented during the duration of 
the study. This program permitted some definitive conclusions regarding 
the presence and fate of formaldehyde over the period of investigation. Un
der the conditions of the experiments simulating conventional landfill man
agement both with and without recycle, the total mass of formaldehyde 
removed from each of the simulated landfill cells containing 2.8 g of foam/ 
dry kg of solid waste was determined to be 16.5 and 18.4 mg/g of foam, 
respectively. Some of the formaldehyde (3 mg/dry kg of solid waste) de
tected in the leachate from the simulated landfill cells originated from the 
solid waste itself. This result was not considered to be particularly unusual 
or unexpected because of the widespread use of products containing form
aldehyde-based resins (e.g., pressed wood products, insulation, paper, fab
ric, and carpet) (4, 6,19), many of which may eventually be disposed of in 
sanitary landfills. Because formaldehyde is extremely soluble in water, it 
could be readily extracted from these materials as field capacity was 
reached and leachate was generated within the landfill. With similar re
movals of formaldehyde from solid waste within actual landfills, approxi
mately 25 % of the total mass of formaldehyde leached from conventional 
landfill cells covered with an equivalent amount of foam could originate 
from the solid waste. 

Formaldehyde and other possible constituents leached from the foam 
in the simulated landfill cells did not preclude anaerobic microbial produc
tion of methane during landfill stabilization. This result also was antici
pated because the maximum concentrations of formaldehyde of 28.6 and 
41.8 mg/L measured during this study in the leachates of the single-pass 
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and recycle cells, respectively, were much less than those that have been 
reported as being inhibitory to anaerobic degradation processes (20). 

The formaldehyde concentrations in the leachate from the recycle 
simulated landfill decreased from a high of 41.8 mg/L to less than 3 mg/L. 
This decrease was primarily attributed to microbially mediated conversion 
of the formaldehyde within the landfill cell because the leachate was con
tained within the cell during this period and no "wash-out" of formalde
hyde was permitted. In addition, volatilization during recycle was not con
sidered to be significant because of the high solubility of formaldehyde in 
water (40 g/100 mL of water at 20 °C) (7). Furthermore, the decrease in 
formaldehyde concentrations of the leachate coincided with the period of 
accelerated methanogenic stabilization of the landfill where the formalde
hyde was present as one of many available substrates (21). 

On the basis of these findings, urea-formaldehyde foam used as an 
alternative to daily landfill cover did not adversely impact landfill stabili
zation, and associated concerns over adverse health and environmental im
pacts from the possible release of formaldehyde containing leachate to the 
environment were concomitantly reduced. Because of the vastness of the 
hydrogeological setting, such in situ treatment protocol could not only be 
used to reduce the potential for migration, but also to render formaldehyde 
concentrations to levels well below those reported for many food products 
(22). 

Conclusions 
On the basis of the evaluations conducted during this study, it was con
cluded that derivatization of formaldehyde in aqueous solution to formal-
dehyde-2,4-DNPH, followed by extraction and concentration of the or
ganic extract and subsequent analysis by glass capillary column, G C - F I D , 
and G C - M S , is a viable method for the determination and quantification 
of formaldehyde in leachates and other similarly contaminated and pol
luted waters. In addition, urea-formaldehyde foam may be used as an al
ternative to daily landfill cover without posing adverse environmental im
pacts attributable to the release of formaldehyde from the foam during 
accelerated landfill stabilization processes. 
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Quantitative Analysis of Formaldehyde 
Condensates in the Vapor State 
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Quantitative analysis of vapor phase formaldehyde condensates 
with water and methanol was performed by reaction with N,O-bis-
(trimethylsilyl)trifluoroacetamide to form trimethylsilyl derivatives 
of the condensates, which were then analyzed by capillary gas chro
matography with flame ionization detection. Methylal, methylene 
glycol, and a series of poly(oxymethylene) glycol monomethyl 
ethers accounted for the total formaldehyde content in vapors at 
equilibrium with a formalin solution. Structures of the formalde
hyde species were confirmed by capillary gas chromatography— 
chemical ionization mass spectrometry with ammonia as the reac-
tant gas. 

F * O R M A L D E H Y D E is A H I G H L Y REACTIVE C O M P O U N D that equilibrates be
tween many molecular forms in aqueous solutions. The addition of metha
nol to formaldehyde solutions as a stabilizer further increases the number 
of molecular species in which formaldehyde may exist (1-3), although mo
lecular or monomeric formaldehyde is present only at very low concentra
tions (2). Many of the formaldehyde condensates with water and methanol 
have significant vapor pressure that results in their evolution into the gas 
phase, yet the molecular state of formaldehyde as it exists in the gas phase 
has not been verified. 

Formation of formaldehyde condensates, that is, poly(oxymethylene) 
glycols and the glycol monomethyl ethers in formalin solution, are repre
sented by the following equilibria: 

0065-2393/85/0210/0057$06.00/0 
© 1985 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

5

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



58 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

C H 2 0 + H 2 0 ^ CH 2 (OH) 2 

CH 2 (OH) 2 + C H 2 0 - HO(CH 2 0) 2 H 

H O ( C H 2 0 ) n H + C H 2 0 ^ H O ( C H 2 0 ) „ + 1 H 

Scheme I 

H O ( C H 2 0 ) n H + C H 3 O H ^ H O ( C H 2 0 ) n O C H 3 

C H 2 0 + 2 C H 3 O H - C H 3 O C H 2 O C H 3 

Scheme II 

Both oligomeric series, the poly(oxymethylene) glycols (Scheme I) and the 
poly(oxymethylene) glycol monomethyl ethers (Scheme II), are thermally 
unstable and decompose readily upon separation by gas chromatography 
(3). Trimethylsilylation of the hydroxyl groups of the oligomers in solution 
by AT,0-bis(trimethylsilyl)trifluoroacetamide (BSTFA) allows separation, 
identification, and quantitation of the respective trimethylsilyl (TMS) 
ethers through combined analysis by capillary gas chromatogr aphy-chem-
ical ionization mass spectrometry (GC-CIMS) and gas chromatography 
(GC) with flame ionization detection (FID) (2). 

Indications of the presence of methylene glycol and low molecular 
weight oligomeric forms of formaldehyde in the gas phase appear in the 
literature. Hall and Piret (4) determined an expression for the equilibrium 
constant, Kp, over the temperature range of 40 to 160 °C for a ternary gas 
phase system of water, formaldehyde, and methylene glycol: log(Kp) = 
(3200/T) + 9.8, where T is temperature. On the basis of vapor pressure 
data, Hall and Piret predicted that at 10 °C above its boiling point, meth
ylene glycol would be 95% dissociated into water and formaldehyde. 
Hence, formaldehyde may exist in the hydrated form even at 106 °C. Their 
calculations assumed that poly(oxymethylene) glycols were not present in 
significant concentrations, although no experimental evidence supported 
this assumption. 

By indirect methods, Iliceto (5) investigated the formation of the di-
meric species, oxydimethylene glycol, from formaldehyde and methylene 
glycol and calculated the enthalpy of formation to be - 11.6 kcal/mol in 
the gas phase. 

This equilibrium has been supported by the work of Bryant and 
Thompson (6). Using techniques similar to those of Iliceto, they predicted 
an exothermic reaction for the formation of both methylene glycol and oxy
dimethylene glycol in the gas phase and also calculated the Gibbs free ener
gies and the equilibrium constants for the reaction. The thermodynamic 
data are consistent with those reported by Iliceto and by Hall and Piret. 
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Sawicki and Sawicki (7) assert that the 2-4% water present in para
formaldehyde causes repolymerization of formaldehyde generated in a gas 
stream that has passed over a paraformaldehyde permeation tube. Giesling 
et al. (8) also found that the decomposition of paraformaldehyde involves 
emission of water along with formic acid and methyl formate, and Walker 
(9), citing similar results, adds that the presence of these products in the gas 
phase of formaldehyde promotes rapid polymerization at temperatures be
low 100 °C. Schnizer et al. (10) reported that the yield of monomeric form
aldehyde from acid-catalyzed depolymerization of trioxane was limited to 
89 % because of deposition of solid paraformaldehyde on the surfaces of the 
generating apparatus. This deposition was said to be catalyzed by the pres
ence of water. In all these investigations, solid paraformaldehyde, the 
polymeric form of formaldehyde, was observed in the gas phase emissions 
from a formaldehyde source. Short- and intermediate-length oligomers of 
formaldehyde must be involved in the gas phase equilibrium formation of 
the long-chain polymers from the monomer. A method was developed for 
the detection and quantitative analysis of these gas phase formaldehyde 
condensates. 

Experimental 
Analysis was performed on a Varian model 3700 capillary gas chromatograph 
equipped with an FID. Separation was accomplished with a 30-m DB-5 (methyl 
phenyl silicone) fused silica capillary column. Helium carrier gas flow rate was 1.5 
mL/min, and a Grob type split-splitless injector was operated at a 10:1 split ratio. 
The injector was heated to 250 °C, and the detector was heated to 300 °C. After a 
6-min isothermal period at 30 °C, column temperature was programmed to rise 
6 °C/min to a limit of 230 °C. Detector output was recorded by a Hewlett Packard 
model HP3380 integrator. Previously reported retention times (2) for oligomers on 
the same chromatographic system were used for identification of the silylated 
oligomers. 

Headspace derivatization was performed by injecting 5 : 1 : : BSTFA: D M F 
through a serum stopper into an evacuated reaction vial (70 mL). Headspace above 
a reagent grade formalin solution (Fisher Scientific) at 24 °C in a 2-L flask 
equipped with a hypodermic needle (Figure 1) was then bled into the reaction vial, 
and the pressure was equalized with atmospheric pressure. Quantitative analysis 
was performed on both the liquid and gas phases in the reaction vial by G C - F I D . A 
derivatized gas phase aiiquot (100 JUL) was taken for analysis directly from the re
action vial with a gas-tight syringe. The liquid phase from a separate derivatization 
reaction was transferred by pipette to a vial equipped with a screw-top septum cap 
and a Teflon-lined septum from which an aliquot (1 fxL) was taken for analysis. 

Structures were confirmed by analysis of a liquid phase aliquot with capillary 
GC-CIMS with ammonia as the reactant gas (2). The GC-CIMS system consisted 
of a Hewlett Packard model HP5710A gas chromatograph with a 30-m DB-5 fused 
silica capillary column interfaced with a V G micromass model 7070F mass spec
trometer and V G 2035 F-B data system. Ionizing voltage was 70 eV (tungsten fila
ment, 200-/xA trap current), and the scan cycle time over the mass range 20 to 300 
was 3.0 s. Source temperature was 200 °C, the injector was 250 °C, and the tem
perature program was the same as described earlier. 

Quantitative analysis of the total formaldehyde equivalents in the formalin 
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Figure 1. Schematic representation of headspace generator used in gas-
phase derivatization technique. 

headspace was performed by bubbling vapor (70 mL) from the headspace genera
tor through an impinger containing distilled water (20 mL) (12). An aliquot was 
transferred to a volumetric flask (25 mL) and diluted with distilled water to obtain 
a concentration in the linear range of the calibration curve. Standard solutions 
were generated by dilution of 37% formalin solution (1 mL) containing 10 to 15% 
methanol (Fisher Scientific) in a volumetric flask (500 mL) with distilled water. 
Aliquots (1 mL) of this stock solution were then diluted to generate solutions of 3.2, 
1.6, and 0.4 jug/mL formaldehyde equivalents. Aliquots (4 mL) of the sample, stan
dards, and a blank of distilled water were then concurrently derivatized by addi
tion of 0.1% chromotropic acid (1 mL) and concentrated sulfuric acid (6 mL). 
Absorbance of the solutions was measured at 580 nm by a Coleman 124 UV-vis 
spectrophotometer. 

Results and Discussion 
Gas phase trimethylsilylation of vapors in equilibrium with a formalin so
lution yields derivatives having sufficient vapor pressure to appear in the 
headspace as well as in the excess liquid BSTFA contained in the reaction 
vial. Quantitative measure, therefore, requires analysis of both gas and liq
uid phases in the reaction vial. 

Distribution of the reaction vial contents between the liquid and gas 
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phases after headspace derivatization was approximated by injection of se
rial amounts of the 5:1:: BSTFA: D M F solution into evacuated reaction 
vials followed by introduction of room air. The volume of the reaction solu
tion that totally vaporized (20 uh) was assumed to equal the volume of 
derivatization mixture in the gas phase of the reaction vial after derivatiza
tion. Hence, the volume of the liquid phase in the reaction vial after deriva
tization and equilibration could be estimated, and the total amount of de-
rivatized formaldehyde oligomers in the headspace could be determined. 

Because oligomers of formaldehyde in the equilibrium mixture may 
not be isolated and purified, the FID response factors for TMS derivatives 
of the formaldehyde condensates were estimated by BSTFA derivatization 
of chemically similar compounds (2). These derivatives indicate FID re
sponse to TMS derivatives of poly(oxymethylene) glycols and the glycol 
monomethyl ethers is a function of the TMS groups present (2, 3,22). The 
response factor of the FID was determined to be 8.16 X 1012/mol TMS. 

Quantitative analysis of methylal, a thermally stable compound 
present in formalin solution, and headspace was readily accomplished by 
determination of the molar response factor of reagent grade methylal 
(Fisher Scientific) dissolved in methanol. Detector response for methylal 
was determined to be 1.77 X 1013/mol. 

Gas chromatograms from the derivatization of formalin headspace by 
BSTFA are shown in Figure 2. Amounts of the formaldehyde condensation 
products as TMS ethers and methylal calculated with FID molar response 
factors are shown in Table I. Formaldehyde equivalents are calculated and 
compared with the total formaldehyde concentration in the headspace de
termined by the chromotropic acid method (22). Within the accuracy of 
measurement, all the formaldehyde equivalents in the vapor phase in equi
librium with formalin solution were in the form of methylal, methylene 
glycol, and the oligomers of poly(oxymethylene) glycol monomethyl ethers 
containing one, two, and three formaldehyde units. 

Mass spectra for the TMS derivatives of the formaldehyde condensates 
and methylal from the formalin headspace derivatization liquid phase ap
pear in Figure 3 and are identical to the fragmentation patterns of the TMS 
derivatives obtained for formaldehyde condensates in formalin solution 
(2). 

Conclusions 
Total formaldehyde content of the formalin headspace measured by a gas 
phase trimethylsilylation procedure closely approximated total formalde
hyde content of the formalin solution headspace determined by chromo
tropic acid analysis. The vapor phase species in equilibrium with a forma
lin solution were shown to be methylal, methylene glycol, and three 
oligomeric poly(oxymethylene) glycol monomethyl ethers. 
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Figure 2. Chromatograms of the liquid phase and the vapor phase in the 
reaction vial after gas-phase derivatization of formalin headspace with 
BSTFA indicating the presence of methylene glycol TMS derivatives (Gj), 
methylal (M), and the first three oligomers of polyoxymethylene glycol 

monomethyl ether TMS derivatives (E1-3). 
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Figure 3. Chemical ionization mass spectra with ammonia as the reacting 
gas obtained from the liquid phase of the gas-phase derivatization of forma

lin headspace by BSTFA. 
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6 
Evolution of Testing Methodology for 
Atmospheric Formaldehyde in the 
Home Environment 

E D W A R D N . L I G H T 
Public Health Sanitation Division, West Virginia Department of Health, 
Charleston, W V 25312 

Unique requirements of residential formaldehyde sampling pro
grams include a low limit of detection, an averaging time compara
ble to suspected dose-response relationships, a consideration of en
vironmental factors that determine indoor air quality, and the need 
for simple, low-cost screening techniques. NIOSH P&CAM 125 and 
passive dosimeters have been the most commonly used home-sam
pling methods. Accuracy of these tests is subject to a variety of limi
tations. Meteorological and occupant-related factors cause signifi
cant fluctuations in home formaldehyde levels. Standard test 
conditions involving temperature, ventilation, and transient 
sources have been developed. Models for the adjustment or inter
pretation of home test results are also in use. Health assessments of 
measured residential formaldehyde levels have included a 0.1-ppm 
guideline, a generalized statement of risk, and site-specific medical 
diagnoses. 

T H E E V A L U A T I O N O F I N D O O R A I R Q U A L I T Y is a rapidly evolving science still 
in its infancy. Although some aspects are common to the monitoring of air 
in the workplace and the management of outdoor air quality, the study of 
indoor air pollution is unique in many respects. As one of the potentially 
most significant indoor air pollutants, formaldehyde has been the subject 
of considerable investigation. However, even the most comprehensive 
home-testing programs appear to provide, at best, only a rough estimate of 
true occupant exposure and health risks. This chapter will trace the devel
opment of residential formaldehyde testing procedures with an evaluation 
of common sampling methods, the consideration given to environmentally 
induced fluctuations, and the assessment of health risks. 

0065-2393/85/0210/0067$06.00/0 
© 1985 American Chemical Society 
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Background 
Sources. Formaldehyde is a common component of many materials 

found in the home, but generally only urea-formaldehyde foam insulation 
and pressed-wood products containing urea-formaldehyde resin are poten
tially significant sources of indoor air pollution (I). Homes containing for
maldehyde sources generally have air concentrations in the range of 0.01-
1.0 ppm (2). The highest levels tend to be in manufactured housing that 
combines a high loading of pressed-wood products with low infiltration of 
outside air (3). The amount of formaldehyde off gassing from new building 
materials varies in accordance with the type of formulation and the quality 
of production. Off gassing generally decreases with age (4). An exception to 
this relationship may occur when the resin is affected by an ongoing source 
of moisture in the home that may accelerate the hydrolysis of urea-formal
dehyde resin. 

Health Effects. Acute symptoms of exposure to low concentrations 
of formaldehyde include irritation of the eyes, throat, and nose; headaches; 
nausea; congestion; asthma; and skin rashes (5, 6). These symptoms are 
generally building related and tend to clear up outside of the home (7, 8). 
In one controlled exposure study, 19 % of healthy adult volunteers had irri
tation symptoms at 0.25 ppm (9). Formaldehyde symptoms may occur at 
levels as low as 0.05 ppm in very sensitive individuals (9, 10). These indi
viduals may include infants, children, the elderly, those with preexisting 
allergies or respiratory diseases, and persons who become sensitized (II, 
12). Studies used to develop this information on the acute health effects of 
formaldehyde were based on either short-term controlled exposure tests (5 
min to 5 h) or short-term measurements of residences in conjunction with 
epidemiological studies (samples ranging from instantaneous to 90-min av
eraging time). Homes tested in conjunction with epidemiological studies 
were generally tested under conditions that approached peak exposure lev
els (windows closed, etc.) (12, 13). 

Because formaldehyde is a suspect carcinogen, long-term average ex
posure to formaldehyde has also been of interest. Cancer risk is hypothe
sized to be negligible at low levels of formaldehyde exposure, and to in
crease in proportion to long-term average exposure (9). 

Public Concern. Investigation of airborne formaldehyde in the 
home environment has been reported as far back as 1961 (6, 7). In 1969, 
the U.S. Department of Agriculture issued a report on the possible health 
hazards associated with formaldehyde release from paneling (14). In the 
early 1970s, investigations of problems caused by formaldehyde exposure 
in European residences were published (15, 16). 

A sharp increase in the number of residential formaldehyde com
plaints in the United States was apparent during the mid-1970s (7). Con
tributing factors included increased use of high-formaldehyde-emitting 
products (paneling, particle board, urea-formaldehyde foam insulation, 
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6. LIGHT Atmospheric Formaldehyde in the Home Environment 69 

etc.); energy conservation practices that decreased the infiltration of out
side air into homes; and increased awareness of environmental factors that 
may affect health. 

Since 1980, a declining trend in the average level of formaldehyde 
measured in homes is apparent. This decrease may be due to the ban on 
urea-formaldehyde foam insulation and the introduction of lower emitting 
pressed-wood products (17). However, health problems associated with 
residential formaldehyde exposure continue to be reported. 

Testing Programs 
General Discussion. A variety of home-testing programs have been 

initiated in recent years in response to concern with formaldehyde. These 
programs generally fall into one of four categories: 

1. Screening. Low-cost methods are used to estimate the for
maldehyde level. This testing is generally done by either the 
home owner with a mail-order test kit or the local health de
partment. 

2. Health hazard assessment. Several air samples are taken to 
determine formaldehyde exposure with more detailed test
ing methodology. This testing may be accompanied by a 
medical examination. Such tests are generally conducted by 
a commercial laboratory or consulting firm. 

3. Product compliance. This testing is conducted by the manu
facturer to ensure compliance with product safety standards. 
Accurate test methods are required. 

4. Research. Advanced monitoring techniques have been used 
by various institutions to study the behavior of formaldehyde 
in the indoor environment. 

Each type of sampling program has a unique set of requirements in 
regard to cost, technical expertise, accuracy, detail, and ultimate use for 
the sampling data. These requirements have prompted the development of 
a number of diverse approaches to residential formaldehyde testing. 

State Health Departments. Formaldehyde screening programs of
fered by public health agencies have been responsible for a large number of 
home tests. In 1982, the Center for Disease Control surveyed state health 
departments to determine activity in this area (18). At that time, 39 states 
provided some coverage of indoor air pollution, and 29 offered formalde
hyde sampling under some circumstances (3). One of the earliest sampling 
programs began in Minnesota in 1979 (19). Of these programs, 68% of
fered unrestricted sampling (18), and others required a request from the 
family physician (12, 19, 20). Sampling is generally, but not always, pro
vided at no cost (20, 21). 

Sampling methods used by these programs include NIOSH P&CAM 
125 (72%), gas detector tubes (17%), dosimeters (7%), and direct-reading 
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meters (4 %) (18, 22). The cost and technical expertise required to conduct 
pump-impinger sampling have discouraged some agencies from initiating 
formaldehyde programs and caused others to discontinue or limit their 
sampling efforts. In 1982, the Canadian urea-formaldehyde foam insula
tion program switched from a pump-impinger method to passive dosime
ters for most home testing because of their simplicity and low cost (23). 

One-half of the state formaldehyde testing programs collected no 
other environmental data at the site, whereas the remainder generally re
corded such parameters as relative humidity, temperature, and source 
specifications. Sixty-four percent had the capability to sample for other in
door air pollutants (18). Some programs specify that when building-related 
symptoms are occurring and formaldehyde is apparently not the cause, the 
investigator is to look for evidence of combustion gases, pesticides, etc. in 
the home (24). 

Approximately one-half of the programs measured exposure levels 
only, whereas the remainder provided some type of evaluation of health 
status (18). Some health departments advise occupants to consult their 
family physician if symptoms are suspected of being formaldehyde related 
(9, 22, 25). The following criteria were used by the programs in evaluating 
test results: 38 % recommended the lowest feasible level; 34 % had no speci
fied criteria; 24% specified criteria ranging from 0.05 and 0.50 ppm; and 
3 % used the OSHA standard (3 ppm). One-half of the programs went on to 
provide formaldehyde-control information to occupants (18). In individual 
assessments of home formaldehyde levels, some programs have urged sensi
tive individuals to move out if formaldehyde is above a certain level (25), 
whereas others have presented a generalized risk statement (i.e., formalde
hyde <0.10 ppm: symptoms unlikely; 0.11-0.39: symptoms may occur in 
sensitive individuals; >0.40: symptoms common) (26). 

Regulatory Programs. Formaldehyde sampling under governmental 
regulatory programs has primarily involved manufactured housing. In 
1980, Wisconsin required new mobile homes to meet a standard of 0.40 
ppm (1-h sample) prior to sale (27, 28). In 1982, Minnesota adopted a 0.50-
ppm formaldehyde standard for new housing (invalidated in 1984) (19). 
Both standards specify that sampling is to be done with NIOSH P&CAM 
125 under standardized test conditions. The Department of Housing and 
Urban Development recently promulgated federal regulations governing 
formaldehyde in manufactured housing; these regulations supersede state 
standards. Product standards are set with a goal of achieving 0.40 ppm. 
This level was designated to reduce, not prevent, health problems (29). 

Sampling Methods 
Ideally, residential formaldehyde sampling methods should meet the fol
lowing minimum criteria: 
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1. The detection limit should not exceed 0.05 ppm. 
2. Accuracy should be at least ± 25 % in an intermediate range. 
3. Sample averaging time should be of the proper duration to 

determine health risks. 
4. When shipping samples from remote locations is necessary, 

the samples must be stable under the most extreme condi
tions. 

5. Air samples of formaldehyde at known concentrations 
should be available for quality control purposes. 

6. Other pollutants present in the residential environment 
should not cause a significant interference. 

7. When used in a screening program, the method should be 
low cost and demand no special expertise. 

Many home formaldehyde test methods currently in use fail to meet 
one or more of these criteria. The following section provides a brief critique 
of the more common testing methods. 

P&CAM 125. The most popular sampling method has been NIOSH 
P&CAM 125. When this industrial hygiene procedure was first applied to 
the residential environment, air samples were generally collected in two 
impingers with distilled water at room temperature (7). Around 1980, ac
curacy problems in the low range became apparent with this method. 
Modifications during this period included placing the impingers in an ice 
bath (21) and changing to a 1 % sodium bisulfite collection medium (30, 
31). Another recommendation at this time was to eliminate the second im-
pinger because it was only needed as a backup for high-range occupational 
sampling (32). 

Detection limits for NIOSH P&CAM 125 ranging from 0.03 ppm (33) 
to 0.10 ppm (21) have been reported. Accuracy is generally stated to be 
± 5 % (21, 34), although considerably more error can occur. Loss of for
maldehyde has resulted for samples collected and shipped in distilled water 
at room temperature (35, 36). The sodium bisulfite modification has been 
found to increase collection efficiency to 98 % and sample stability to at 
least 4 weeks (37). One problem observed with the use of sodium bisulfite 
has been the occurrence of high blanks (21, 38). This result has been traced 
to an interference from certain bottle caps and can be avoided by using 
Nalgene sample bottles (34, 37). One suspected interference with the 
P&CAM 125 method is trioxane, another compound released into the home 
by urea-formaldehyde resin. One investigator reported that trioxane ap
peared to increase the actual formaldehyde level by 30% (39). The typical 
quality control procedure associated with P&CAM 125 uses only aqueous-
phase standard formaldehyde solutions for calibration. Such an approach 
is insensitive to sampling or shipping error and interferences. Another criti
cism of this method has been corrosion of pumps by sodium bisulfite (21), 
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although such corrosion can be prevented. A general drawback is the rela
tively high cost and expertise required (40). Despite these limitations, 
NIOSH P&CAM 125 is currently the most widely accepted formaldehyde 
air-sampling method and should be considered reasonably accurate when 
following procedures appropriate for the testing situation. 

Alternative Active Sampling Techniques. Several alternative im-
pinger and solid sorbent techniques have been introduced with advantages 
over NIOSH P&CAM 125. These include Chromosorb 102 coated with 
iV-benzylethanolamine (41), pararosaniline (42), Purpald reagent (30, 43), 
acetylacetone (44), 3-methyl-2-benzothiazolone hydrazone (2), and 13 X 
molecular sieve (2). The primary application of these methods in home 
testing has been in conjunction with research projects. Cost, expertise re
quired, and lack of general acceptance have discouraged their use in other 
home-testing programs. 

Several direct-reading instruments and detector tubes have also been 
used for residential formaldehyde sampling. These include the C E A toxic 
gas monitor, the Lyon formaldemeter, Draeger gas detector tubes, and 
vacuum tubes. A modified C E A model 555 combines good accuracy and 
reliability with a 0.01-ppm detection limit. It has not seen widespread use 
because of cost and expertise required (45). The relatively low-cost Lyon 
formaldemeter has only a 0.30-ppm detection limit and is subject to inter
ferences (28). Gas detector tubes provide a low-cost screening tool for some 
indoor air pollutants, but having a detection limit of 0.50 ppm and poten
tial moisture interference, they are not generally suitable for measuring 
formaldehyde in the home (3). At least one commercial laboratory has 
marketed vacuum tubes in which a client collects a sample of air in his or 
her home and then mails it to a commercial laboratory for gas chromato
graphic analysis (46). One general limitation of these four techniques is 
that when they are used to obtain a few instantaneous formaldehyde mea
surements, the level may not be a good representation of occupant expo
sure. 

Passive Dosimeters. Dosimeters provide a low-cost, easy-to-use tool 
for home sampling. Dosimeters currently used to measure formaldehyde in 
the home can be divided into long-term [3-M formaldehyde monitor, Du 
Pont Pro-Tek, air quality research (AQR) PF-1] and short-term (Enviro-
tech) dosimeters. The short-term dosimeter collects formaldehyde on the 
basis of a principle of hydrogen bonding to a cellulose surface in an acidic 
solution with analysis by the Purpald method (47). Long-term dosimeters 
are based on collection by diffusion followed by chromotropic acid analy
sis. All four dosimeters have been found to have accuracies within ± 2 5 % 
in the intermediate range. However, they can be distinguished by differing 
sensitivities, in addition to varied responses to humidity and face velocity. 

Long-term dosimeters have a relatively low sensitivity and thus re
quire long sampling times when used in the residential environment (detec-
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tion limits: 3-M, 0.03 ppm/24 h (48); Du Pont, 0.08 ppm/24 h (33); and 
AQR, 0.01 ppm/7 days (49). Short-term dosimeters have a higher sensitiv
ity (Enviroteeh detection limit: 0.03 ppm/1 h). The 3-M dosimeter was 
found to give low readings in low humidity because of moisture loss (50). 
Conversely, the AQR dosimeter may not be accurate in very high humidity 
(49, 51). Humidity is reported not to significantly affect short-term dosime
ters (32). Face velocity may affect long-term dosimeters in that a minimum 
air flow is needed in the room to achieve a dependable collection efficiency 
(52). The normal range of air velocities found in the indoor environment is 
reported to not significantly affect short-term dosimeters (32). 

Environmental Factors 
Although the variability inherent in the sampling methods discussed can be 
significant, this variability is generally overshadowed by the impact of en
vironmental factors. Changes in temperature, ventilation, humidity, tran
sient formaldehyde sources, and formaldehyde sinks cause wide diurnal 
and seasonal variations in home formaldehyde levels. Unless these fluctua
tions are taken into account, a formaldehyde test made with even the most 
accurate sampling method may not provide a meaningful measure of occu
pant exposure. 

Meteorological Factors. Changes in temperature and humidity play 
important roles in determining both the emission rate of formaldehyde 
sources and the migration of formaldehyde into and out of the home. Tem
perature fluctuations inside the home normally range from 20 to 40 °C, 
whereas outside temperatures range from -35 to 45 °C. In controlled 
chamber experiments, a rise in temperature generally increases the rate of 
formaldehyde off gassing until an equilibrium is reached (53). Short-term 
fluctuations in home formaldehyde levels have often been observed to par
allel changes in the indoor temperature (54). Relative humidity generally 
varies from 20% to 90% indoors and from 20% to 100% outdoors. Raising 
humidity has also been observed to increase formaldehyde offgassing. This 
increase is generally not as significant as that caused by temperature. The 
time period required to achieve an equilibrium level following an increase 
in humidity is longer than for temperature (53). 

Infiltration of outside air into the home tends to dilute airborne for
maldehyde. Infiltration is regulated by the type of structure, meteorologi
cal factors, and occupant activity. The effect of infiltration on formalde
hyde levels is generally less than would be predicted with a simple dilution 
model. This result occurs because dilution also increases the rate of offgas
sing in a tendency to maintain equilibrium. This phenomenon was illus
trated when a tripling of the air-exchange rate was found to reduce the 
formaldehyde level by only 20% (39, 55). An important factor regulating 
the infiltration of outside air into a home is the difference between indoor 
and outdoor temperature (AT). Air exchange tends to be lowest when AT is 
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zero, and increases with higher temperature differentials ( 39 , 54). High 
wind speeds can override AT in determining air exchange (56). 

Several models have been developed to explain the role of meteorolog
ical factors in determining residential formaldehyde levels. One use for 
such models has been the interpretation of one-time formaldehyde tests. 
Models have also been used to adjust a measured formaldehyde level to that 
expected to occur under standardized conditions. These models are based 
on widely varying assumptions as to which meteorological factors play the 
dominant role. Those currently receiving attention include the following: 

I N D O O R T E M P E R A T U R E A N D H U M I D I T Y P R E D O M I N A T E ("T,RH 
M O D E L " ) . This model quantifies the relationship between increasing tem
perature or humidity and increasing formaldehyde. It was originally pre
sented as the "Berge equation" on the basis of the response of boards under 
controlled chamber conditions and was recently updated following analy
sis of additional data (53) . This model predicts, for example, that where a 
formaldehyde concentration of 0 . 6 0 ppm was observed at 3 0 °C, the level 
at 2 5 °C would be 0 . 3 7 ppm ± 5 0 % . Effects of humidity change are simi
larly quantified but are less reliable than temperature (53). One investiga
tor reported that some recently produced lower emitting pressed-wood 
products may have a much flatter response to temperature change than 
predicted by these earlier efforts (32). Several home testing programs have 
assumed that the T , R H model controls the level of formaldehyde when 
other conditions (i.e., ventilation) are held constant (27). 

I N D O O R - O U T D O O R T E M P E R A T U R E D I F F E R E N C E P R E D O M I N A T E S ("AT 
M O D E L " ) . This model predicts that the amount of outside air infiltration 
as influenced by the difference in indoor and outdoor temperature is often 
the critical factor regulating the level of formaldehyde (54). A modification 
divides AT by indoor relative humidity. This modified model predicts, for 
example, that when values of AT/RH are less than 0 . 1 0 , the formaldehyde 
in the home is at a peak level ( 5 7 ) . 

I N D O O R - O U T D O O R V A P O R PRESSURE D I F F E R E N C E P R E D O M I N A T E S ("AVP 
M O D E L " ) . This model places primary emphasis on the movement of at
mospheric formaldehyde associated with water vapor to explain seasonal 
changes in formaldehyde levels. Vapor pressure (VP) is determined from 
temperature and relative humidity. A difference between indoor and out
door VP (AVP) will force a migration of water vapor from an area of high 
VP to an area of low VP. Formaldehyde is highly soluble and will tend to 
migrate with moisture. According to this model, water vapor migrating 
into a home through the wall and floor cavities will transport formalde
hyde into the living space. Conversely, water vapor migrating out of the 
home will tend to remove formaldehyde. Factors that might affect the rate 
of this exchange include the use of vapor barriers and the opening of doors 
and windows (32). 

The three models make different predictions regarding seasonal 
changes in residential formaldehyde levels. Insufficient data have been col-

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

6

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



6. LIGHT Atmospheric Formaldehyde in the Home Environment 75 

lected to validate any models. More research in this area would not only 
provide for more meaningful interpretation of formaldehyde test results, 
but might also help develop more effective strategies for the control of for
maldehyde. 

Occupant-Related Factors. Occupant-related factors can also affect 
residential formaldehyde exposure. These include transient sources, for
maldehyde sinks, and ventilation. 

Sources of residential formaldehyde not related to building materials 
are generally transitory. These include cigarette smoke, natural gas com
bustion, deodorants, cosmetics, and the heating of certain cooking oils (32, 
58, 59). Other transitory sources can also act to scavenge formaldehyde 
from the air (i.e., ammonia-containing products react with formaldehyde 
to form hexamethylenetetramine) (60). When more potent formaldehyde 
sources associated with building materials are present, the impact of transi
tory sources is generally low (59). 

Porous surfaces in the home play an important role in determining the 
formaldehyde equilibrium. Materials that originally contained little or no 
formaldehyde will sorb the pollutant from the air under some conditions. 
Acting as a sink, they may later release this formaldehyde when environ
mental conditions change (61). In this manner, changes in home furnish
ings that serve as sinks can affect formaldehyde levels. 

Homes constructed or retrofitted to minimize energy use have low air-
exchange rates. For example, manufactured housing has been found to av
erage 0.30 air changes/h, and values as low as 0.10 air changes/h have been 
reported (39). Opening windows and doors increases the infiltration of out
side air into the home (24, 54). Conversely, the longer the time doors and 
windows in a home remain closed, the higher the formaldehyde level (62). 
The operation of a forced air heating-cooling system in the continuous fan 
mode will increase the air-exchange rate (63). Adding make-up air from 
the outside to a forced air system will increase the air-exchange rate even 
further. Use of exhaust fans or a fireplace also increases the infiltration of 
outside air into a home (24). 

The combined impact of all these environmental factors is major diur
nal and seasonal variations in residential formaldehyde levels. High and 
low formaldehyde levels over a 24-h period have been found to differ up to 
a factor of 6 (47, 54, 55). Peak levels were often, but not always, observed 
in the late afternoon (55, 59, 64). Over a period of 1 year, formaldehyde 
levels have been reported to vary by factors of 4 (56) and 10 (55). Lowest 
levels have generally been found in the winter (59). Peaks have occurred in 
March, July, and October (55). 

Sampling Protocol 
Ideally, residential formaldehyde sampling protocol should reflect periods 
of occupant exposure that are critical to the determination of health effects 
in addition to taking into account both diurnal and seasonal variation. 
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Measures of occupant exposure that are critical to the determination of 
health risks have not been clearly defined. Short-term peaks have generally 
been used in the study of acute symptoms, whereas the long-term average is 
thought to determine carcinogenic risk. In this regard, when the primary 
goal of a formaldehyde test is to assess or prevent the occurrence of acute 
symptoms, a short-term test (30 min to 3 h) near peak conditions is most 
consistent with the limited research in this area. In other situations, a long-
term test (at least 24 h) under average conditions would be appropriate for 
the estimation of carcinogenic risk. 

In practice, sampling strategy has often been based purely on conven
ience and the limitations of the selected test method. The NIOSH P&CAM 
125 method has been used for residential testing with sampling times rang
ing from 30 min to 90 min (7, 21, 23). Long-term dosimeters generally col
lect samples over a 1-7 day period (51, 65). Short-term dosimeters can be 
used over a 1-4 h period (47). Direct-reading instruments and detector 
tubes measure a single instantaneous formaldehyde level, although multi
ple samples have been used to estimate longer averaging times. 

Testing protocol should also ensure that sampling sites are representa
tive of occupant exposure. In general, one to three rooms per home have 
been tested; the testing of two rooms per home is the most common (5, 19, 
21, 27). In manufactured housing very close agreement generally exists be
tween formaldehyde readings taken in different rooms (5, 39) because of 
the uniform distribution of sources and lack of outside air infiltration. This 
result suggests that one sampling site per mobile home could be considered 
representative of overall exposure. Sampling devices are generally situated 
in the breathing zone of each room (3-5 ft) (19), although one dosimeter 
must be hung 20 in. from the ceiling (66). The sample site is also specified 
to be either away from walls (67) or in the middle of the room (27). Proto
cols can also require the sample to be located away from heat registers, air 
conditioners, fans, and materials containing formaldehyde (67). Tests lo
cated near an outside door used during the sampling period may not be 
representative of closed-home conditions (39). 

Some protocols require an outdoor measurement to be taken in con
junction with indoor sampling (2). Outdoor formaldehyde levels seldom 
exceed 0.02 ppm except in areas of very high traffic density (23, 24, 26). 
Because this level is generally a small fraction of the indoor formaldehyde 
level and is also within the range of error for most testing methods, outside 
air is often not sampled in home-testing programs. 

Some of the more detailed testing protocols suggest additional sam
pling in wall cavities, floor cavities, and cabinets (5, 24). These measure
ments help to delineate the critical sources of formaldehyde within a home 
and to prescribe corrective measures. Such diagnostic sampling has limited 
value in manufactured housing for which formaldehyde sources are gener
ally well defined. 
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Standard Test Conditions 
Early residential formaldehyde sampling efforts generally had no standard 
protocol for taking into account environmental factors. Such tests simply 
obtained a short-term sample under the prevailing conditions. Two strate
gies to promote the collection of more representative samples have evolved 
since that time. The first uses long-term sampling to obtain a time-
weighted average under prevailing meteorological conditions and occu
pant activities. This sample should generally represent long-term average 
exposure unless extreme meteorological or occupant-related conditions oc
cur during the test. Short-term formaldehyde peaks that may be responsi
ble for acute health effects will not be determined by this approach. The 
second strategy is to control environmental factors in order to simulate a 
peak formaldehyde level that the occupants will experience on a repetitive 
basis. This control is generally accomplished by conducting the test under a 
narrow range of environmental parameters. The test results are sometimes 
also corrected to the formaldehyde level that would be expected to occur at 
a standard temperature (24). 

The variables generally selected for control during residential formal
dehyde testing are ventilation, temperature, and transient sources. The 
home is often conditioned in some manner prior to testing. Such condition
ing may begin with a period of maximum ventilation (all doors and win
dows open). Reasons for this conditioning include control of formaldehyde 
from transient sources and reduction of excessive accumulations of formal
dehyde in homes that were previously closed up for a long period of time. 
After ventilation, the home is closed up (all doors and windows shut) for a 
standard period of time before and during the sample collection. Two-hour 
close-up time is specified in some procedures. This time is an approxima
tion of the time required for the formaldehyde level to reach equilibrium 
after a change in temperature (58). This time also represents a typical pe
riod that homes are maintained in a completely closed condition during the 
daytime. Some procedures close up the home for 24 h prior to testing. This 
close-up period may create a higher formaldehyde condition than the occu
pants will normally experience for any substantial period of time. 

Indoor temperature is often restricted during testing. At lower tem
peratures formaldehyde offgassing can be negligible, whereas at higher 
temperatures an excessive amount of formaldehyde may be released. Nei
ther of these extremes would be experienced by occupants under most cir
cumstances. Transient sources such as cigarette smoking are sometimes 
prohibited, both during the preparation of the home and the sampling. 
The contribution of such sources is generally only brief or minor. Testing in 
the absence of transient sources reflects exposure from the more stable and 
significant sources of formaldehyde. Testing for regulatory and litigation 
purposes must often be restricted to the contributions of building-related 
materials. 
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In 1980, Wisconsin was one of the first states to systematically develop 
standardized conditions for formaldehyde testing. The original purpose of 
the protocol was to ensure a reasonable probability of compliance under 
most environmental conditions with the state's 0.40-ppm formaldehyde 
standard for manufactured housing (28). The Wisconsin protocol required 
that homes be aired out for 2 h, closed up for 2 h, and maintained at 21-29 
°C; that gas appliances be turned off and smoking be prohibited; and that 
the observed formaldehyde level be adjusted to 25.6 °C with the Berge 
equation (27). 

The Minnesota regulatory program basically adopted this same proce
dure (25). Testing conditions that have been required in other testing pro
grams include the following: 

1. Ventilation. Test when winds are less than 25 km/h (24). 
Maintain air conditioner in recirculation mode (24). Avoid 
use of fireplaces (66) and exhaust fans (24). Employ close-up 
times prior to testing of 18 h (24) and 3 h (57). Air out homes 
less than 60 days old for 24-72 h (68). 

2. Temperature. Maintain home at 24-27 °G (46, 65). Main
tain home at 20 °C during conditioning period and 14 °C 
during test (24). 

3. Transient Sources. Avoid use of aerosols (24), paints, or sol
vents (66). Do not generate cooking smoke or operate vehicle 
in attached garage (24). 

4. Time. Sample in mid (24) or late afternoon, if possible (67). 

Exposure Assessment 
Three basic approaches have been used for relating the measured level of 
formaldehyde in a home to occupant safety. The first approach involves 
comparison with specific standards or guidelines. Such levels are generally 
set with the assumption that exposure below that level is safe or relatively 
safe. The second approach involves an estimate of health risks at the mea
sured formaldehyde level (i.e., probability of cancer, 1 in 10,000; irritation 
effects, 1 in 3). The third approach involves a site-specific assessment of the 
occupants' health status. This assessment generally includes a determina
tion of the relationship between observed symptoms and formaldehyde ex
posure. Substantial uncertainty is involved in all three types of exposure 
assessments. 

Most residential formaldehyde standards designed to protect the gen
eral population from health problems have been set at the level of 0.10 
ppm. Standards or guidelines in this category include Canada (69), West 
Germany, the Netherlands (6), the American Society of Heating, Refriger
ating, and Air Conditioning Engineers (ASHRAE) (45), and NASA (space
crafts) (64). As discussed earlier, this level may not protect certain sensitive 
individuals. 
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A Comprehensive Home Testing Program 
The West Virginia Department of Health initiated a residential screening 
program for formaldehyde in 1982. In response to requests from the gen
eral public, investigations of a relatively large number of homes and build
ings are conducted. The program is constrained by a limited budget and by 
field personnel with little background in air testing. 

Air samples are collected with the Enviroteeh dosimeter, and a 2-h 
averaging time is used. Quality control includes the analysis of air samples 
spiked in a room with a stabilized, known formaldehyde concentration. 

Prior to sampling, homes are aired out for at least 10 min and then 
closed up for at least 2 h. If the home was previously unoccupied, it is 
warmed up the day before the test and aired out for at least 2 h. Tempera
ture must be in the range of 21-29 °C, and the observed formaldehyde level 
must be adjusted to 25 °C with the equation developed by Myers (53). Cig
arette smoking, the unvented combustion of natural gas, and the use of 
ammonia cleaners are prohibited. 

A questionnaire is administered to obtain the following data: periods 
of time during which apparent building-related symptoms have occurred; 
type of home, date moved in, and information on remodeling; and other 
sources of indoor air pollution. 

Exposure histories and symptom histories are compared to determine 
any potential correlations. Sampling of other indoor air pollutants such as 
combustion products or pesticides is conducted if they are a likely contribu
tor to any of the observed health problems. 

Measured formaldehyde levels are categorized into four ranges for re
porting purposes: background <0.05 ppm; low, 0.05-0.19 ppm; moder
ate, 0.20-0.40 ppm; and high, >0.40 ppm. These classifications are based 
on the apparent incidence of formaldehyde-related symptoms in the gen
eral population. 

If the symptom history appears to track an occupant's exposure to for
maldehyde, and other indoor air pollutants appear not to be significant, 
the Health Department classifies the symptoms as suspect formaldehyde 
related. Verification requires examination by a physician followed by ob
servation of the patient after sources of formaldehyde are controlled. 

The selection of remedial measures is left to the occupant, and the 
Health Department provides the following guidelines: 

1. No action is needed at levels below 0.20 ppm if no symptoms 
are occurring. 

2. Basic measures are needed only when minor symptoms are 
occurring (i.e., keep windows cracked, seal particle board). 

3. Additional controls may help reduce the potential risks of 
long-term exposure. 

4. Advanced measures are needed when symptoms are major or 
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formaldehyde level is high (i.e., ammonia fumigation of the 
rooms and wall cavities). 

5. Moving out of the home may be needed in cases of extreme 
sensitization (on the basis of the advice of a physician). 

                     Literature Cited 
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Predicting Release of Formaldehyde 
from Cellulosic Textiles 

B. A. KOTTES ANDREWS and ROBERT M . REINHARDT 
Southern Regional Research Center, Agricultural Research Service, 
U.S. Department of Agriculture, New Orleans, L A 70179 

Because of their low cost, availability, and effectiveness, the reac
tion products of formaldehyde and cyclic amides are generally used 
to impart durable press properties to textiles. Therefore, test meth
ods for estimation of formaldehyde release from fabrics have re
ceived widespread attention. Sources of measurable formaldehyde 
release are residual formaldehyde from finishing, free formalde
hyde from the established cellulose-ether equilibria, and formalde
hyde produced by hydrolysis of the cellulose cross-links and non— 
cross-linking substituents during end use or testing. Test methods 
for release vary in their assessment of free and hydrolysis-induced 
formaldehyde on the basis of the relative severity of the incubation 
or extraction step. Determinations of formaldehyde are very pre
cise, but interferences with accuracy of the analyses can occur in 
several of the methods. Selectivity, versatility, and scope of the var
ious tests are detailed. 

CJELLULOSE-CONTAINING TEXTILES require chemical treatment to impart 
smooth-drying and durable-press properties, and also certain functional 
properties such as dimensional stability. These chemical treatments com
prise cross-linking adjacent microstructural units of cellulose to improve 
the resiliency of the cotton fiber, and thus the textile. The most common 
class of cross-linking agents used in these treatments is the methylolamide 
class, both because of economic considerations and because these com
pounds have consistently surpassed other types of cellulose cross-linkers in 
efficiency of reaction {1,2). The methylolamide class of compounds is im
portant to the textile industry also for use as pigment binders, a use not 
requiring cross-linking. 

Methylolamides are the products of reaction between formaldehyde 
and an amide. Because this reaction and the reaction between the meth
ylolamide and cellulose are reversible and subject to hydrolysis during end-

This chapter not subject to U.S. copyright. 
Published 1985 American Chemical Society 
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use conditions, chemically finished cellulosic-containing textiles can serve 
as sources of releasable formaldehyde. 

A survey of the advances in testing for formaldehyde release over the 
years parallels the progress of our understanding of the chemistry of cellu
lose cross-linking and of the resultant development of more stable cross-
linking agents and finishes. For example, the earliest tests to measure for
maldehyde release, reported in the late 1950s and early 1960s (3, 4), were 
actually attempts to assign numbers to subjective evaluation of formalde
hyde odor—sniff tests. The first generations of fabrics finished for wash-
wear properties were finished with agents such as urea-formaldehyde and 
melamme-formaldehyde, agents that we now know have poor durability 
to hydrolysis and an equilibrium position that favors production of free for
maldehyde (5). These finishes had formaldehyde release values greater 
than 4000 /xg/g of fabric (6). 

During this time, also, the development of polyester fiber allowed the 
introduction of sharp creases that were durable through laundering and 
cleaning. For cellulosic textiles to be competitive, a method was devised to 
impregnate the textile with a solution of cross-linking agent and catalyst, 
dry the wetted textile, fabricate the garment from uncured fabric, press in 
desired creases, and then complete the cross-linking reaction via a curing 
step at the garment stage of manufacturing. Such treatments, called post-
cure processes, combined with use of relatively unstable agents, produced 
fabrics with high tendency to release formaldehyde to workers at the cut-
and-sew plants. These postcure fabrics consistently release much higher 
levels of formaldehyde to workers than their counterparts (precure fabrics) 
that have undergone the curing step before garment manufacturing (7). 

Following the lead of the Southern Regional Research Center (SRRC) 
(4) and Bacon (3) in development of an objective test for formaldehyde re
lease, the American Association of Textile Chemists and Colorists 
(AATCC) Research Committee, RA68-Odor Determination, presented 
two tests for formaldehyde release: the sealed jar method (AATCC test 
method 112-1965) and the WestPoint Pepperel steam tube method 
(AATCC test method 113-1965) (8). Both test methods used a colorimetric 
determination of evolved formaldehyde with pararosaniline. A second gen
eration of cross-linking agents based on the cyclic ureas such as methylola-
ted ethyleneurea, methylolated propyleneurea, and methylolated triazone 
was developed (9, JO). During this period, the test methods were upgraded 
by replacement of the Schiff s base reagent with chromotropic acid or Nash 
reagent. Sulfite titration of formaldehyde was the reference method (II). 

In the early 1970s, cross-linking agents such as dimethyloldihydrox-
yethyleneurea (DMDHEU) and methylolated carbamates (12,13) were de
veloped and produced more stable finishes on cellulosic textiles. Because of 
the greater stability of these finishes, attention in testing focused on the 
influence that the incubation conditions in the accelerated storage portion 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

7

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 
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of the A A T C C sealed jar test (by then the test of commerce in the textile 
industry) had on promoting finish hydrolysis. Scientists recognized that the 
A A T C C test gave an approximation of the potential of the fabric to release 
formaldehyde, not merely the free formaldehyde present in a finish. In 
1975 a modification of the A A T C C test method was proposed. It embodied 
a 4-h sealed jar incubation at 65 °C in place of 20 h at 49 °C. This modifi
cation was adopted as an alternative test procedure in 1978 (14). Concur
rently, other countries saw the need to regulate and test for formaldehyde 
in textiles (15). 

As pressures from workers (16) and consumer groups (17) increased, 
new finishes and improved techniques were adopted to bring the levels of 
formaldehyde release from approximately 4000 uglg, first to 2000 />ig/g, 
second to 1000 jug/g, third to 500 /xg/g, and finally to the present levels, 
often less than 300 £tg/g. As the levels measured became lower, more atten
tion was given to the source of formaldehyde measured in these tests. From 
information derived from the nature of the reaction between a methylol
amide and cellulose, 

R N C H 2 O H + CellOH -+ RNCH 2 OCell + H 2 0 (1) 

it has been established that the source of formaldehyde in finished fabrics is 
not only the free or unbound formaldehyde, but all the reaction products: 

H C H O , HOCH 2 NC (=0 )NCH 2 OH, C e l l - O C H 2 O H , 

Cell-OCH 2 NC (=0 )NCH 2 OH, NC(=0)NCH 2OCH 2NC(=0)N, 

Cell-OCH 2 NC(=0)NCH 20-Cell, NC(=0)NCH 2NC(=0)N, 

and Cell -OCH 2 0 -Cell 

For differentiation and measurement of formaldehyde from different 
sources, test methods with less severe incubation or accelerated storage 
conditions were developed. A listing of test methods in widespread use and 
a comparison of the test conditions are in Table I. The earlier methods use 
extraction techniques and titrimetric analyses; later methods, in particular 
those under current development, use instrumental techniques. 

Vapor Extraction Techniques 
A A T C C Test Method 112-1982 (Sealed Jar) (18). The most severe of 

the tests for measurement of formaldehyde release and the most severe of 
the vapor extraction techniques is the A A T C C test method 112, sealed jar 
test. The test consists of an incubation stage and a colorimetric analysis of 
the formaldehyde released in the incubation stage. In the incubation stage, 
the fabric is suspended above water and is in contact only with water in the 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

7

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



Ta
bl

e 
I. 

Te
st

s 
fo

r 
Fo

rm
al

de
hy

de
 in

 T
ex

til
es

: C
on

di
tio

ns
 an

d 
So

ur
ce

s 
of

 F
or

m
al

de
hy

de
 

T
es

t 
C

on
di

tio
ns

 

M
et

ho
d 

Li
q: 

Fa
br

ic
 

T
im

e 
T

em
p.

 
(°

C)
 

Fo
rm

al
de

hy
de

 S
ou

rc
e 

So
di

um
 s

ul
fi

te
:C

H
2
(N

aS
0 3

)O
H

 
Io

di
ne

 m
et

ho
d 

50
 

7 
m

in
 

0-
10

 
fr

ee
 

A
ci

d-
ba

se
 m

et
ho

d 
11

0 
0-

7 
m

in
 

0-
10

 
fr

ee
 

K
C

N
:H

O
C

H
2
C

N 
25

 
10

 m
in

 
50

, 
0-

10
 

>N
C

H
2
O

H
 

+ 
fr

ee
 

M
IT

I 
te

st
 m

et
ho

d,
 J

IS
-L

10
41

-1
96

0 
fr

om
 h

yd
ro

ly
sis

 
N

as
h 

re
ag

en
t 

+ 
fil

tr
at

e 
50

 
lh

 
25

 
(fi

ni
sh

 +
 u

nr
ea

ct
ed

) 
+ 

fr
ee

 
Ja

pa
ne

se
 la

w
 1

12
-1

97
3 

te
st

 
fr

om
 h

yd
ro

ly
sis

 
N

as
h 

re
ag

en
t 

+ 
fil

tr
at

e 
10

0 
lh

 
40

 
(fi

ni
sh

 +
 u

nr
ea

ct
ed

) 
-1- 

fr
ee

 
Sh

irl
ey

 I
ns

tit
ut

e 
te

st
 

fr
om

 h
yd

ro
ly

sis
 

D
ig

es
tio

n 
of

 f
ilt

ra
te

 i
n 

(fi
ni

sh
 +

 u
nr

ea
ct

ed
) 

+ 
fr

ee
 

22
 N

 H
2
S0

4 
+ 

ch
ro

m
. 

ac
id

, 
+ 

di
ge

st
io

n 
of

 u
nr

ea
ct

ed
 

20
 m

in
 a

t 
bo

il 
10

 
20

 m
in

 
25

 
an

d 
se

lf-
co

nd
en

se
d 

A
A

TC
C 

se
al

ed
 ja

r, 
11

2-
19

82
 

4h
 

65
 

fr
om

 h
yd

ro
ly

sis
 

N
as

h 
re

ag
en

t-
ch

ro
m

. 
ac

id
 

or
 

(fi
ni

sh
ed

 
+ 

un
re

ac
te

d)
 +

 
+ 

H
C

H
O 

ab
so

rb
ed

 in
 w

at
er

 
—

 
20

 h
 

49
 

fr
ee

 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

7

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 
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vapor phase under conditions of 100 % relative humidity (rh). A 1-g sample 
of fabric is held over 50 mL of distilled or deionized water in a sealed mason 
jar. The jar is maintained in an oven at either 49 °C for 20 h or 65 °C for 
4 h. After the jar cools to room temperature, the fabric is removed, an ali
quot of the water in the bottom of the jar is taken, and color development 
of the dissolved formaldehyde is done with Nash reagent or chromotropic 
acid. 

An advantage of the Nash reagent over others formerly used with this 
test or suggested currently as replacements is its specificity for formalde
hyde (29). Unlike formaldehyde adducts of some other colorimetric re
agents, the structure of the Nash-formaldehyde adduct precludes substitu
tion of other aldehydes in the reaction. The methylene group from 
formaldehyde becomes part of the lutidene ring. 

Reactions of formaldehyde with Nash reagent, chromotropic acid, 
pararosaniline, and 3-methyl-2-benzothiazolinone hydrazone hydrochlo
ride (MBTH) are shown in Reactions 2-5, respectively. 

The Nash reagent is the agent most commonly used to develop color in 
the AATCC-112 test. The^range covered by the calibration data is 15 to 60 
/xg/mL of formaldehyde in solution, or 750 to 3000 /xg/g, based on a 1-g 
sample of fabric. Several techniques broaden the range of analysis and 
avoid extrapolation from the regression line for lower sample concentra
tions. These techniques include increasing the amount of sample solution, 
increasing the ratio of Nash reagent to sample, spiking the unknown solu
tion with a known amount of formaldehyde, and preparing a separate cali
bration curve to cover the lower concentrations of formaldehyde to be ana
lyzed (29). Figure 1 shows the correlation between formaldehyde release 
values calculated from the same absorbances by using equations derived 
from a low (0-6) and AATCC-112 prescribed (0-60) calibration curve (29). 
Higher values are obtained with the low calibration curve. 

Table II lists several spectrophotometric methods for analysis of for
maldehyde, the minimal detectable concentrations, absorbance maxima, 
and known interferences (20). Although the listed minimum detectable 

0 
(-) 
0 

N A S H R E A G E N T 
H 

(+) 

Reaction 2. 
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Reaction 4. 

concentration for M B T H indicates it would be the reagent of choice in 
cases in which formaldehyde is the only aldehyde present, analyses of un
treated cotton fabric by the Nash reagent give values closest to zero, the 
expected formaldehyde level (Table III) (21). 

A A T C C Test Method 113-1978 (Steam Method) (18). This method 
differs from test method 112 in that the fabric sample is exposed to low-
pressure steam for a very short time (only long enough to collect 10 mL of 
distillate) in an apparatus designed to promote formaldehyde release. The 
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2 0 O " m - n h ' 
3-METHYL-2-BENZ0THIAZ0LIN0NE 

HYDRAZONE 
(MBTH) 

>K I 1 I l i — 
0 50 100 150 200 250 

0-6 CALIBRATION 
HCHO RELEASE (/ig/g) 

Figure 1. Correlation between formaldehyde release values calculated with 
regression equations from a 0-60 fig/mL calibration and from a 0-6 ng/mL 

calibration: y = .924x - 14.565, and r2 = 0.99954 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

7

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



90 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

Table II. Reagents for Spectrophotometric Analysis for Formaldehyde 

Minimum 
Detectable Absorbance 

Concentration Maximum 
Reagent (ng/mL) (nm) Interferences 

Chromotropic acid 0.25 580 nitrogen dioxide, alkenes, 
acrolein, acetaldehyde, 
phenol, H C H O precursors 

Pararosaniline 0.1 570 sulfur dioxide, cyanide 
0.1 560 almost specific 

M B T H 0.05 628 higher aldehydes 
Nash reagent 1.4 412 specific 

Table III. Analyses of Untreated Cotton Fabric for 
Formaldehyde 

Observed HCHO (iig/g), 
Duplicate Determinations 

Method A B 

AATCC-112-1982 
Nash (0-60) -11 - 1 2 

(0-6) - 2 - 3 
M B T H (0-7.5) 9 9 

Na 2 S0 3 

10 ° c 7° 
25 °C 14 14 

a One drop of 0.01 N I2 is equivalent to 7 ng/g H C H O . 

effluent steam containing the evolved formaldehyde is condensed, and the 
amount of formaldehyde in the distillate is determined colorimetrically by 
reaction with phenylhydrazine. By comparison of the color produced with 
prepared standard dye solutions, a formaldehyde odor potential rating 
number is obtained for an indication of the degree to which formaldehyde 
is likely to be evolved in normal storage. The numbers may be assigned 
qualitative descriptors from "none" to "extremely strong odor potential." 
This method is most useful in production in which an immediate estimate is 
needed. 

Sun Chemical Company Determination of Formaldehyde Offgassed 
During Finishing (22). The Sun Chemical Company method for deter
mination of the offgassed formaldehyde during finishing is only one of sev
eral methods that use the principle of scrubbing the formaldehyde vapor 
from the oven air with water after it passes over the fabric during process
ing. Other methods are described in the following sections. Water from 
five scrubbers is combined and analyzed by the A A T C C test method 112 
with Nash reagent as the colorimetric reagent. 
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Northern Piedmont Section Determination of Releasable Formalde
hyde in Fabrics (23). This method is designed to simulate formaldehyde 
off gassing in a cutting room or retail store. A metered yolume of air under 
pressure is pumped at an exchange rate of one volume of air per hour into a 
jar containing a weighed fabric sample. A chromotropic acid solution is 
used to scrub and analyze the exhaust solution. Formaldehyde content is 
determined hourly over an 8-h period to give an 8-h average. 

WestPoint Pepperell Dynamic Chamber Method for Formaldehyde 
Release (24). The WestPoint Pepperell dynamic chamber method ex
pands upon the Northern Piedmont principle and a study of formaldehyde 
offgassing from textile fabrics in a dynamic chamber briefly reported by 
Wayland et al. (25). In the WestPoint method, fabric samples are sus
pended vertically from the top of 35.6-L closed glass aquariums. Air main
tained at a controlled temperature and relative humidity is used to provide 
1.0 and 1.7 air exchanges per hour. Exhaust air is scrubbed with midget 
impingers via sodium bisulfite solutions. The amount of formaldehyde in 
the scrubbing solution is determined by the chromotropic acid method. 
Concurrent analyses of the fabric samples can be carried out for formalde
hyde release by the AATCC-112 method and for free formaldehyde or N-
methylol groups present via extraction methods that will be discussed later. 
From periodic analyses, rate constants can be calculated. 

Badische Analin Soda Fabrik (BASF) Determination of the Separated 
Formaldehyde in the Exhaust During Finishing (26). The BASF method 
analyzes for the offgassed formaldehyde via scrubbing with either water or 
bisulfite solution and for free formaldehyde or JV-methylol groups present 
on the fabric via extraction methods that will be discussed later. In the 
analysis of the offgasses, a dry hot air current, prewarmed to the desired 
curing temperature in a heat exchanger, is passed through a tube contain
ing the sample at the desired curing temperature. The fabric sample, hung 
on a thread, is allowed to drop into an extraction flask after the appropriate 
offgassing analysis time. The offgassed formaldehyde is determined either 
by iodometric titration of a bisulfite scrubbing solution or colorimetric 
analysis of a water scrubbing solution. 

SRRC Vapor Transport Method (27, 28). Equipment used in the 
A A T C C test method 112-1982 (sealed jar) is suitable for measuring formal
dehyde transport to and from fabrics. Variables that may be controlled are 
time, temperature, and relative humidity. From determinations of the 
amounts transported to and from fabrics over a period of time, kinetics of 
the phenomena can be obtained. Comparisons can be made among finishes 
and among physicochemical conditions affecting the transport. 

Other Vapor Extraction Methods. Variations and modifications of 
the methods just discussed have been employed by several research groups 
attempting to extrapolate results from small, laboratory-scale experiments 
to estimate or compare release of formaldehyde from various consumer 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

7

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



9 2 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

products in an end-use situation. Methods reported by Lovelace Biomedi
cal and Environmental Research Institute (29) in a study for the Consumer 
Product Safety Commission are representative of such adaptations. Results 
were reported both from static methods using a large desiccator for the in
cubation container and dynamic methods using a Laskin-type exposure 
chamber with controlled temperature, humidity, and one air exchange per 
hour. Loading is an important factor in all of these tests. 

Liquid Extraction Techniques 
Cold Sodium Sulfite Method (30, 31). The purpose of this method is 

to determine only the free or unbound formaldehyde from a textile finished 
with a formaldehyde-containing reactant by keeping the incubation tem
perature too low to hydrolyze either reactant or finish. The incubation step 
and reaction with sodium sulfite are simultaneous; the textile is extracted 
with aqueous sodium sulfite for 7 min at 0-10 °C to form the bisulfite addi
tion product. The formaldehyde produced can be determined by titrating 
the NaOH formed (acid-base variation) or by neutralizing and determin
ing unreacted sulfite iodometrically (iodine variation). The sensitivity of 
the method can be improved somewhat by adjustment of the concentration 
of the reagents. The improvements are limited in the acid-base method 
because changing the concentration also changes the pH necessary for reac
tion. The sodium sulfite methods are not specific for formaldehyde. 

Glycolonitrile Formation Method (32). K C N is used in a cold extrac
tion method to assay the free or unbound formaldehyde in a textile and 
unreacted iV-methylol groups. The reaction of K C N with both formalde
hyde and iV-methylol groups is used; etherified iV-methylol groups do not 
react. Unreacted K C N is titrated with nickel sulfate, and the stoichiome
tric amount of free formaldehyde plus free iV-methylol groups can be deter
mined. Subtraction of free formaldehyde determined separately by the 
cold sodium sulfite method generates the content of free iV-methylol 
groups. 

Shirley Institute Method for Free Formaldehyde (33). The method 
developed at the Shirley Institute employs a room temperature aqueous ex
traction procedure with a 10:1 liquor-to-fabric ratio to remove any un
reacted finishing agents, water-soluble finish fragments, and unbound for
maldehyde from the finished textile. This relatively mild extraction 
procedure is followed by digestion and color development of the extract 
filtrate in chromotropic acid and 22 N sulfuric acid for 20 min at a boil. 
The stated purpose of such a scheme is to give the most appropriate assess
ment of risks from potentially dermatitic residual formaldehyde derivatives 
on the textile. It has been hypothesized that levels of formaldehyde greater 
than 700 ppm (fig/g) produced by this method may give rise to skin irrita
tion during garment manufacture. Again, chromotropic acid is not specific 
for formaldehyde. Furthermore, residual compounds such as glyoxal can 
be broken down in the digestion step to analyze as formaldehyde. 
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Japanese Ministry of International Trade and Industry Test Method 
JIS-L 1041-1960 (34). Like the Shirley Institute test, water-soluble finish 
fragments and reaetants, as well as free or loosely bound formaldehyde and 
the easily hydrolyzable methylol groups, are extracted in the 1-h, room 
temperature, aqueous extraction with a 100:1 liquor-to-fabric ratio. Un
like the Shirley Institute method, the extract is not digested in sulfuric acid-
chromotropic acid. Therefore, no further breakdown of extract occurs be
yond the mild extraction. Formaldehyde generated in the incubation is 
analyzed colorimetrically either by Nash reagent or by phloroglucinol. 
This Ministry of International Trade and Industry (MITI) method was the 
forerunner of the present Japanese law-112 method used to control textiles 
that release formaldehyde. The MITI test was used in conjunction with 
voluntary industry standards in force before law 112-1973 was enacted. 

Japanese Test Method Law 112-1973 (35). The Japanese test 
method law 112-1973 is the quantitative method used to determine the for
maldehyde level in textiles for compliance with Japanese Industrial Stan
dard law 112-1973. Japan is the only country to regulate the amount of 
releasable formaldehyde in fabric. For infants' and children's clothes the 
allowable amount is 0 figlg; for underwear, sleepwear, gloves, and ho
sieries the allowable amount is 75 uglg. Intermediate garments and outer
wear are not regulated by law, but voluntary standards are less than 
1000 uglg for outer garments and 300 /xg/g for intermediate garments as per 
a MITI notice (36). 

Japanese test method law 112-1973 uses an aqueous extraction at 
40 °C for 1 h with a 100:1 liquor-to-fabric ratio. Formaldehyde in the 
extract is analyzed colorimetrically by Nash reagent. The aqueous extrac
tion conditions were chosen rather than vapor phase conditions to simulate 
dissolution in sweat in cases of testing contact dermatitis. The 40 °C tem
perature was considered close to human body temperature. Modifications 
to control the pH of the extraction solution have been made for use in other 
countries (37). 

Room Temperature Sodium Sulfite Method (38). The sodium sulfite 
extraction and titration outlined in the previous section on the cold sodium 
sulfite method has been carried out at room temperature. As would be ex
pected, the levels of formaldehyde assayed are higher than those from an 
ice cold method with differences depending on the time of incubation with 
sodium sulfite. This variation has been used primarily as a research tool. 

Instrumental Extraction Techniques 
Headspace Gas Chromatography (39, 40). As early as 1978, re

search workers at SRRC (39) realized the potential for headspace gas chro
matography in analyses for releasable formaldehyde in textiles. At that 
time, headspace chromatography, considered an unconventional tech
nique, had been developed by SRRC to analyze successfully volatiles asso
ciated with flavor in raw or processed food products. Qualitative identifi-
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cation of both trimethylamine and formaldehyde with a headspace 
injection system built in-house and a flame ionization detector was made 
with routes to quantitative determination offered. 

As instrumentation improved, quantification became more achieva
ble. Textile Research Institute (40) used a headspace gas chromatograph 
(Perkin-Elmer) with the response of a flame ionization detector increased 
by a reduction technique that converted separated formaldehyde to metha
nol. The temperature of the headspace vials was 65 °C. Sorption isotherms 
were established, and kinetics of formaldehyde release into the headspace 
vial under the conditions of analysis were determined. Formaldehyde mea
sured in the headspace air was considerably less than that generated in ei
ther the AATCC-112 test or the Japanese law-112 test. The level was higher 
than that evolved in the cold sodium sulfite test for free formaldehyde. 

C E A Analyzer Method (29). Although this method has not been 
used specifically for quantitative measurement of formaldehyde release in 
textiles, it has been called the closest "real-time measurement method for 
formaldehyde" available. The method involves drawing a metered amount 
of air from the atmosphere to be monitored through a solution containing 
pararosaniline. Monitoring can be either continuous or intermittent and 
thereby permit either dynamic or static chamber analysis. 

Other Instrumental Methods. Although other instrumental methods 
have been suggested for use in analyses for free or released formaldehyde, 
the methods do not include accelerated storage or end-use incubation steps, 
but only offer alternatives to the titrimetric or spectrophotometric analy
ses. Examples of these replacement techniques are alternating current po-
larography (41) and derivatization by 2,4-dinitrophenylhydrazine for sub
sequent high-performance liquid chromatography analysis (42), and the 
more unconventional determination with an enzyme-coated piezoelectric 
crystal detector (43). 

Comparison of Methods for Evolving Formaldehyde from Textiles 
As the differences in severity among the tests for formaldehyde release are 
considered, it is logical to ask what formaldehyde is measured by these 
tests. A comparison of the amount of formaldehyde released by several test 
methods from a DMDHEU-treated fabric reveals that widely different lev
els of formaldehyde are generated by the different test methods (21). The 
test methods and the amount of H C H O released are as follows: cold sodium 
sulfite method, 63 fig/g; MITI method, 238 ng/g; Shirley Institute method, 
271 ptg/g; Japanese law 112-1973, 442 ag/g; and A A T C C 112-1982, 
908 uglg. 

Most researchers in the field agree that the cold sodium sulfite test 
measures free or unbound formaldehyde, but that the other tests include 
contributions from the finish hydrolyzed during the various test conditions 
(Table I). Although the AATCC-112 test does not involve a water extrac-
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tion, the fabric is exposed to 100% rh at elevated temperatures in a con
fined atmosphere. The moisture on the fabric during the long incubation is 
sufficient to permit extensive hydrolysis of cross-links. Concentrated solu
tions of acid catalysts may be formed and trapped in unwashed fabrics in 
the AATCC-112 test in contrast to the very dilute catalyst concentrations 
from extraction with 50 to 100 mL of water per gram of fabric. 

If hydrolysis of cross-links is involved in the incubation step of the test 
methods, formaldehyde release should vary with catalyst acidity. Table IV 
illustrates this point (44). The cold sodium sulfite test analyzes the free for
maldehyde present at any point in time. The amount of formaldehyde built 
up as a result of storing fabric at relatively high temperatures and humidi
ties is determined by the AATCC-112 test, and to a lesser extent (diluted by 
a 50:1 or greater liquor-to-fabric ratio) is determined by the Japanese law-
112-1973 test. 

The AATCC-112 test is much more sensitive to the effects of undercur-
ing; therefore, it is a better indicator of these effects than is the Japanese 
test. This sensitivity is seen by the increase in formaldehyde release values 
in the AATCC-112 test with decreasing catalyst-to-agent ratios as shown in 
Table V (44). Scorch test results, a measure of free amide groups present in 
a finished fabric (45), support this conclusion. 

Because the cellulose cross-link itself is probably the source of formal
dehyde release in a cross-linked and washed fabric, formaldehyde release 
among finishes should vary according to their stability to hydrolysis and 
according to the relative humidity in the atmosphere. At 100% rh and 
49 °C, the incubation step of the AATCC-112 test promotes hydrolysis of 
the cellulose cross-link (Compound A) to form Structures I and II. In Fig
ure 2 are formaldehyde release profiles for four finished fabrics after laun
dering (46). Formaldehyde release is plotted versus incubation time in a 
sealed jar from 4 to 30 h under 100% and 65% rh at 49 °C. Because the 
rate and extent of release is greater at 100 % rh than at 65 % rh for all but 

Table IV. Effect of Catalyst Type on Formaldehyde Release Tests 

H C H O (pg/g) Released in Tests 

Catalyst AATCC Japanese Cold Na2SQ3 

Lewis acid type 
Zn(N0 3 ) 2 -6H 2 0 (0.5%) 897 413 180 
M g C l 2 - 6 H 2 0 (2.7%) 1854 921 150 
Al 2 (OH) 5 Cl (2.0%) 884 530 142 

Bronsted acid type 
MgCl 2 -6H 2 0-citric acid (0.7%) 2904 638 30 
A1 2(S0 4) 3-18H 20 (0.5%) 2223 790 123 
N a H S 0 4 H 2 0 (0.75%) 4514 995 191 
Mg(H 2 P0 4 ) 2 -2H 2 0 (2.2%) 2766 863 131 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

7

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



96 FORMALDEHYDE: ANALYTICAL CHEMISTRY A N D TOXICOLOGY 

Table V. Treatments with DMDHEU and Zn(N0 3) 2-6H 20 

% Strength Free HCHO (ng/g) 
Retained 

Scorch Test AATCC Japanese 
% 1 

DMDHEU 5.5 %« 2.8%a 5.5%a 2.8%a 5.5%° 2.87c 

9 100 24 897 1787 413 460 
7 95 16 723 1404 409 425 
5 100 40 564 742 350 280 
3 100 41 463 531 218 247 

a Concentration o£ Zn(N0 3 ) 2 • 6H 2 0 catalyst, expressed as a percentage of D M D H E U . 

O 

N+CH2iOCell 
' i 2i 
ii i 

Compound A. 

9 9 A A 9 
i.' ra-CH2OH II. ' WH +CH2 

Structures I and II. 

the most stable finishes, error can arise from predicting conditions based on 
100% rh incubations. 

As shown earlier (Table IV), the cold sodium sulfite test does not assess 
the potential to release formaldehyde. Available formaldehyde at any 
point in time can be measured. The usefulness of this method, however, is 
limited by the interferences in the stoichiometry, such as presence of resid
ual catalyst in the acid-base variation, and presence of glyoxal or other 
aldehydes. Examples of interferences are given in Table VI (31). A O °C 
incubation can be achieved while bypassing the sodium sulfite stoichiome
try. A 0 °C incubation in deionized water is followed by Nash color devel
opment of the extracted formaldehyde (Table VII) (31). 

Conclusion 

For prediction of "worst case" storage and for assessment of cross-linking 
efficiency, the AATCC-112 (sealed jar) test is probably the best method 
available. For prediction of end-use performance, the incubation condi
tions should be modified, or a less severe method should be used. Several 
analytical alternatives are available for handling textiles with low formal-
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4000-

I 1 2 |i 20 i o 
TIME (h) 

Figures 2A and 2B. Formaldehyde release profiles: formaldehyde release vs. 
time at 49 °C and 65 % or 100% rh from laundered cotton print cloth fin
ished for durable press with A, dimethylolurea; and B, N,N-methoxymeth-

yldihydroxyetnyleneurea. 
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800-

£ 7 0 0 h 

tof 
«o600h 
Cj500h 
QC 

o400h >» r ui 
o 300-

TIME (h) 

Figures 2C and 2D. Formaldehyde release profiles: formaldehyde release 
vs. time at 49 °C and 65% or 100% rh from laundered cotton print cloth 
finished for durable press with C, dimethyloldihydroxyethyleneurea; andD, 

isopropyl dimethylolcarbamate. 
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Table VI. Examples of Interferences in Cold Sodium Sulfite Analyses 
by Nonformaldehyde Rcactants 

Apparent HCHO (fig/g)a 

Fabric Finish Unwashed Neutral Wash 

1,3-Dimethyl-4,5-dihy droxyethyleneurea 233 25 
4,5-Dihydroxyethyleneurea 109 28 
Acrylamide — 17 
Glyoxal — 75 

a Apparent level of H C H O determined due to interferences. 

Table VII. Formaldehyde Released During Cold Extractions 
of Finished Fabric 

HCHO Qig/g) 

Cold MB TH Development 
Na2C03, after Cold Extraction, 

Finish pH 9.5 pH 7.0 

Dimethyloldihydroxyethyleneurea 17 15 
Dimethylolethyleneurea 18 12 
Isopropyl dimethylolcarbamate 22 24 

dehyde-release characteristics (<300 jug/g). These include replacement of 
Nash with M B T H reagent (precise handling is required), Nash analysis 
modification by increasing the amount of formaldehyde to be analyzed 
through aliquot manipulation, or use of a separate calibration curve to 
cover the range of 75-450 figlg of formaldehyde. The instrumental meth
ods for generating formaldehyde from textiles must, at this time, be consid
ered research tools. 
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8 
Formaldehyde Release from Pressed 
Wood Products 

BEAT MEYER and K A R L HERMANNS 
Chemistry Department BG-10, University of Washington, Seattle, W A 98195 

During the past decade the residual formaldehyde content of urea
-formaldehyde (UF) bonded products has been reduced by a factor 
of more than 10. This reduction has been achieved by lowering the 
molar ratio of formaldehyde to urea in the adhesive resin from 1.85 
to 1.25 or lower by addition of scavengers after treatment with am
monia or urea, or by other modifications of the resin and panel 
manufacturing process, and by improved quality control. Thus, 
formaldehyde emission rates of particle board and plywood pan
eling have decreased from 10-30 to 0.3 mg/m2 day or even less. This 
chapter explains the chemical equilibrium that regulates formalde
hyde release and the relationship between free formaldehyde con
tent, age, temperature, humidity, loading, air exchange rate, for
maldehyde indoor air concentration, and other parameters. A 
comparison of commercial adhesives and panels manufactured in 
1983 shows that current generation UF-bonded wood products are 
capable of meeting 0.1-ppm indoor air standards at currently com
mon load factors as long as temperature, humidity, and ventilation 
rates remain within a reasonable range. 

M EDIUM-DENSITY F i B E R B O A R D (MDF), particle board, and hardwood ply
wood paneling are probably the most prominent potential formaldehyde 
emitters among the currently used consumer products (I, 2). All are bonded 
with urea-formaldehyde resins (UFR). UFR or related hydroxymethylamino 
reagents such as dimethyloldihydroxyethyleneurea (DMDHEU) are also used 
on cotton and polyester-cotton fabrics that are used for making upholstery, 
drapery, and clothing (3). Other potential formaldehyde emitters are fi
berglass insulation, latex-backed fabrics (2), and urea-formaldehyde foam in
sulation (UFFI). However, UFFI has been withdrawn from the North Ameri
can market because of quality control problems (I). Formaldehyde may also 
be released from melamine-formaldehyde bonded plywood. In contrast, for
maldehyde emission from phenol-formaldehyde bonded particle board or ex-

0065-2393/85/0210/0101$06.00/0 
© 1985 American Chemical Society 
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terior grade plywood is usually very low. This chapter deals only with urea-
formaldehyde (UF) bonded wood products (4). 

During the last two decades particle board and M D F containing 6-10 
wt% UFR and plywood paneling containing 2.5 wt% UFR have increas
ingly replaced whole wood and are now present in almost every residence 
and office building. In fact, about 330,000 metric tons are currently used 
each year to manufacture pressed wood products (3) in the United States. 
These products are used as construction materials for flooring, wall pan
eling, cabinet work, and furniture. These products have become so popular 
that most buildings now contain between 0.2 and 1.2 m 2 of product surface 
per 1 m 3 of indoor air volume. Under high-load conditions, even traces of 
residual, unreacted formaldehyde in these products may cause measurable 
offgassing. This offgassing can lead to noticeable formaldehyde concentra
tions in indoor air if the air exchange rate is comparatively low, or if air is 
recirculated to conserve energy that is necessary for heating and air condi
tioning. 

Formaldehyde Complaints 
The fact that UF-bonded wood products may release unreacted formalde
hyde has been well known since the invention of particle board by Fahrni 
(5) in 1943, but the formaldehyde exposure risk was initially very moderate 
because these products were not used in large quantities and thus the odor 
dissipated rapidly. Consumer complaints about formaldehyde odor ap
peared only relatively recently, and only after particle board and M D F 
reached a level of popularity far beyond the most optimistic predictions of 
their inventors. The first industry conference (6) dealing with formalde
hyde emission problems was published in Leipzig, Germany, in 1966. At 
that time some resin contained between 1 and 6 wt% free formaldehyde. 
This value has been gradually reduced by a factor of up to one million. The 
first widely publicized complaint was probably that of public school teach
ers (7) in Karlsruhe, Germany, in 1973, who refused to work in a classroom 
building because of irritating odor. The problem was traced to a combina
tion of factors: First, ventilation had been turned off for several weeks dur
ing vacation during the hottest summer of the century, and second, the 
building contained large amounts of new particle board. This episode con
tained all of the three factors that are involved in most formaldehyde com
plaints*, improper ventilation, large product loads, and an unusually high-
emitting product. An almost identical situation in a kindergarten in 
Wiesbaden in August 1984 led to formaldehyde air levels of 0.7 ppm and 
caused the introduction of regulations that set a ceiling value of 0.1 ppm for 
formaldehyde in indoor air in the Federal Republic of Germany (8). 

Problems with formaldehyde odor have also been reported in Scan
dinavia and throughout eastern Europe wherever particle board gained 
popularity and was used in increasing quantities. In North America, with 
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its much larger forest resources, the introduction of particle board started 
approximately 10 years later than in Europe (4). Here, problems of formal
dehyde release often involve the combination of particle board flooring 
with hardwood paneling. This situation is common in school buildings and 
in mobile homes. Mobile homes have surface loading factors of UFR-
bonded products exceeding 1 m 2/m 3. Also, these buildings have minimal 
ventilation, are minimally insulated, and are often situated on exposed sites 
where sunshine and wind can cause UF-bonded panels in the building en
velope to reach temperatures above 40 °C or below - 10 °C. High humid
ity can further compound formaldehyde release problems (9). Thus, indoor 
formaldehyde concentrations have been high in many mobile homes and 
have occasionally reached occupational safety standard limits. Similarly 
high levels have been reported when incompletely cured panels were used 
for shelving in libraries, bookstores, or shoestores. Fortunately, advances in 
UFR formulations and quality control have made any such elevated for
maldehyde air levels unnecessary and, we hope, an experience of the past 
(10). In fact, today, most complaints we receive are due to individual, de
fective panels. 

Formaldehyde Release Mechanism 
At room temperature formaldehyde can exist as a dilute gas or as a solid 
polymer. In the presence of moisture formaldehyde reversibly hydrolyzes 
to form methylene glycol: 

C H 2 0 + H 2 0 ^ CH 2 (OH) 2 (1) 

The equilibrium is so strongly shifted in favor of the glycol that water is 
used as an absorber for quantitative analysis. Thus, in the indoor environ
ment, formaldehyde can accumulate wherever moisture condensation oc
curs, for example, on air conditioning ducts, on cold walls, and on kitchen 
vents. It is also very effectively absorbed by moisture in the upper respira
tory tract of human beings (I). The most important problem concerns the 
interaction of formaldehyde on wood surfaces because wood contains sub
stantial amounts of moisture. The wood moisture content varies from 6 
wt% at 30% rhto27 wt% at 96% rh. This high-moisture adaption capac
ity makes wood such a comfortable indoor surface material because the 
transfer is slow. However, this capacity causes a time lag in the transfer of 
formaldehyde that may conceal the presence of strong formaldehyde-emit
ting sources. Formaldehyde air concentrations for a new, unoccupied mo
bile home built in 1981 are shown in Figure 1. This figure shows that for
maldehyde indoor air concentrations undergo strong diurnal and seasonal 
variations with peak concentration differences that can reach a factor of 5 
or more (9). In an inhabited home the formaldehyde levels are further com
plicated by occupant activities. 
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Formaldehyde release in pressed wood products is due to latent for
maldehyde. UF-bonded wood products are made by hot pressing wood 
chips that have been resinated with 5-10 wt% UFR. The chips are formed 
into mats and pressed at 150-190 °C for a period of approximately 10 s/mm 
of thickness of the finished product. During the press action, hot steam 
from moist wood particles transfers heat, formaldehyde, and other vola-
tiles from the surface of the mat to the core of the board where unreacted 
resin components accumulate. Thus, the formaldehyde concentration in 
the core is approximately twice that of the surface (12). In the past, when 
UF resins with 1 wt% unreacted formaldehyde were used, the content of 
residual formaldehyde was usually between 0.5 to 1.0 x 10~3 wt%. In the 
past few years resins having low formaldehyde to urea ratios (F: U) have 
made it possible to reduce this value by a factor of 10 (10). Thus, a modern 
16-mm particle board now contains less than 1 g of latent formaldehyde 
per square meter. Release of formaldehyde from the board into indoor air 
is diffusion controlled and thus gradually decreases over time. The release 
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rate is strongly affected by the presence of urea because of the equilibrium 
reaction yielding monomethylolurea (13): 

N H 2 C H N H 2 + CH 2 (OH) 2 ^ N H 2 C O N H C H 2 O H + H 2 0 (2) 

The equilibrium constant for this reaction is 

[NH 2 CONHCH 2 OH][H 2 0] _ fc _ - 2 x 1 0 _ , m d / L ( 3 ) 

[NH 2CONH 2][CH 2(OH) 2] 

Thus, moisture hydrolyzes formaldehyde resins, whereas urea acts as a 
scavenger. UF resins are manufactured by step-wise reactions. First, urea 
is reacted with a fourfold excess of formaldehyde to yield a mixture of low-
rank chain species with terminal methylol groups. This first reaction prod
uct is commercially available as UF concentrate with up to 85 wt % solid 
content. In the formulation of the resin, more urea is added. In fact, mod
ern resins contain excess urea, as explained later. 

Formaldehyde Measurement, Product Characterization, and 
Exposure Levels 
The measurement of formaldehyde air concentrations is normally con
ducted with the standard NIOSH method (i). But this method was de
signed for measuring occupational threshold limit levels and is not vali
dated for levels below 0.2 ppm. It requires cumbersome air pumps that 
must be frequently calibrated and glass impingers containing aqueous solu
tions, and depends on laboratory measurements with time-consuming solu
tion chemistry. Currently, the most convenient field tools are passive sam
plers that require a 5-day measuring period for collecting formaldehyde on 
impregnated filters, on solid sorbents, or in solution. These devices can be 
used to detect 0.01 ppm formaldehyde over 1-week exposure, but a more 
rapid method for measuring indoor air levels or personal exposure is 
needed. However, the usefulness of air concentration measurement for 
identifying defective products in occupied buildings is intrinsically limited 
because the temperature and humidity of indoor air constantly changes. 

Thus, any meaningful prediction of indoor formaldehyde air exposure 
level depends on knowledge of the formaldehyde emission characteristics of 
the emitting material. For a reliable prediction of product performance, 
the total latent formaldehyde content and the formaldehyde release rate 
under well-defined, standardized conditions must be known. The best 
method for determining the latent formaldehyde content of pressed wood 
products is still the European perforator standard method (14), even 
though this test requires careful conditioning and moisture control and is 
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no longer sensitive enough to differentiate among the best of the current 
commercial products. 

Several different methods are currently used to measure formaldehyde 
release rates. The oldest standard method is the Japanese industrial stan
dard JIS-A5908-1974, which uses a 10-L desiccator (15). In Europe, the 
most popular test is probably the Wilhelm Klausnitz Institute (WKI) test 
(16). It is similar to the U.S. textile test (3) American Association of Textile 
Chemists and Colorists (AATCC) method 112-1978 and suffers from the 
same problems as all accelerated tests in that it overemphasizes formalde
hyde release from those chemical functions that are temperature and mois
ture sensitive (17). In North America a less sensitive 2-h version of the 24-h 
JIS test has been adopted (18) for use in production and quality control. 
The most reliable test involves testing products in air chambers containing 
real-life load factors, but this test is also the most expensive and time con
suming. Currently, some six different large chamber designs are in use 
(18). The proposed European air chamber standard CEN-N76E (19) uses 1 
m 2 board in a volume of 1 m 3 air with 50% rh at 25 °C at two different 
ventilation rates. Tests in such chambers reveal that formaldehyde release 
depends on several different interactive parameters. Among these the most 
prominent are age, temperature, humidity, load factor, and ventilation. 

The Effect of Age. If formaldehyde release is due to free formalde
hyde in the product, the release rate is proportionate to total formaldehyde 
in the product, and thus the offgassing decreases exponentially with age. 
The following experimental formula has been developed (20): 

CN = CQ exp 
24N 
-—(0.01 - C0)y (4) 

where CN is the observed concentration in parts per million; CQ is the origi
nal concentration; N designates the air exchange rate [as air change per 
hour (ach)]; P equals the European perforator value for total latent formal
dehyde; and y is the product age expressed in years. The value of CQ de
pends on the material and adhesive. Figure 2 shows the calculated change 
in formaldehyde emission rates for two different types of board: one with 
an initial emission rate of 1 ppm and one for 0.5 ppm. For each board type, 
the calculated effect of ventilation on aging is shown. The parameters in 
Equation 4 and Figure 2 were chosen to fit observations from Swedish field 
studies (20). However, in very new products, the emission rate decreases 
even more rapidly. It is not uncommon for it to decrease by a factor of two 
within the first 6 weeks (JO). 

The Effect of Structure and Porosity of Building Materials. The for
maldehyde emission rate is strongly influenced by the nature of the mate
rial. Particle board is more porous than M D F or plywood, and thus, for a 
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Figure 2. Formaldehyde release from a high-emitting and a low-emitting 
particle board as a function of age, at different ventilation rates. 

given adhesive, the residual formaldehyde effuses at a different rate (21-
24). This dynamic factor, K, determines formaldehyde emission as follows: 

where L is the load factor (square meters per cubic meter). The transport 
coefficient, K (meters per hour), is measured by observing formaldehyde 
air concentrations in an air chamber as a function of the ratio of load factor 
to ventilation rate. Typical experimental values of K are 0.4 ± 0.3 for ply
wood and paneling, 0.5 ± 0.2 for M D F , and 0.8 ± 0.2 for particle board 
(21-24). If the exposed surfaces are treated, the values decrease. Common 
barrier materials are gypsum board and carpets. Transport coefficients are 
0.5 ± 0 . 1 m/h for nylon carpets with urethane or sponge rubber backing, 
and 0.62 m/h for 12-mm gypsum wallboard (25). 

The Effect of Temperature and Humidity. Extensive research in Eu
rope and North America has confirmed Japanese work demonstrating that 
the temperature effect can be predicted for most pressed wood products to 
± 10% with the help of the following formula (21-23): 

where T0 (original temperature) is 25 °C and standard humidity is 50% rh; 

CN = C0[KLI(N + KL)] (5) 

CN = C 0 [ l + A/i]exp[-9799(l/T - IIT0)] (6) 
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A is the humidity coefficient, and h is the humidity differential. The tem
perature effect is shown in Figure 3. The increase with temperature is very 
large: The emission doubles at 32 °C (88 °F) and triples at 35 °C (95 °F) . 
Thus, formaldehyde emission will noticeably increase when building mate
rials are exposed to sun, or when they are used in very warm climates. This 
effect is significant in poorly insulated mobile homes in the southern belt 
(9) of the United States where, during summer months, daily temperatures 
exceed 40 °C. 

The humidity coefficient, A, is approximately 0.0175, but calculated 
humidity values are of very limited value because the moisture exchange 
between air and wood is so slow that equilibrium is rarely achieved in any 
occupied buildings. Under equilibrium conditions wood moisture (26) is 
approximately 9 wt% at 20 °C and 50% rh. At 90% rh this value increases 
to 20 wt%, and at 10% rh it decreases to 2.5 wt%. Thus, a change of air 
humidity by 10% in a living room with particle board flooring and ply
wood paneling at 20 °C can lead to the transfer of 5 L of water between 
wood surface and indoor air. Thus, wood must be conditioned for 5 or 
more days before formaldehyde emission can be measured reliably (18). A 
10% change in humidity causes about an 18% change in formaldehyde 
emission. 

The Effect of Load Factor and Ventilation Rate. An increase of the 

Figure 3. Temperature dependence of formaldehyde emission from pressed 
wood products (21-24). 
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product surface, expressed as a ratio of product surface to indoor air vol
ume, normally designated as the load factor, L , increases indoor formalde
hyde concentrations. On the other hand, increasing the ventilation rate de
creases the formaldehyde concentration. However, the two factors are 
interconnected, and both factors are time dependent because in normal 
dwellings the air exchange rate is high enough to prevent full equilibrium 
formaldehyde concentrations from building up. Thus, formaldehyde mea
surements are extremely sensitive to air mixing and ventilation rates. If sev
eral formaldehyde-emitting materials are present in a room, the emission 
from all materials must be considered. If comparable adhesives are used in 
manufacturing the products (23), then 

C]v = (C0\K\Li + C02^-2^2 + C0sKsL^)l 

(N + LXKX + L2K2 + L 3 K 3 ) (7) 

unless the room also contains formaldehyde sinks. Low-emitting wood 
products are highly effective scavengers for high-emitting products because 
they usually contain unreacted urea functions that can act according to the 
chemical equilibrium described in Equations 2 and 3. Calculated effects of 
load factor and ventilation are shown in Figures 4 and 5 for three different 
adhesive types. Figure 4 represents the load situation in a standard single-
wide U.S. mobile home containing approximately 200 m 2 of 5-mm thick 
hardwood plywood (PW) paneling and approximately 100 m 3 of 16-mm 
thick particle board (PB) flooring with load factors of 0.95 and 0.45, re
spectively, to yield a combined load factor of 1.4 m 2/m 3. The top curve is 
calculated for typical products used during the period of 1970 to 1981; C o P B 

= 1.5 ppm and C o P W = 0.80 ppm. Curve B assumes C o P B = 0.51 ppm and 
C o P W = 0.36 ppm to correspond to products marketed from 1981 to 1982. 
Curve C represents the best commercial products available in spring 1983 
with values of 0.20 and 0.12 ppm for C o P B and C o P W ? respectively. In con
ventional housing, loading rates depend on building style and climate re
gion, but loads are always lower than in mobile homes. Typical western-
style ramblers usually have plywood loads of 0.2 to 0.6 m 2/m 3 and particle 
board flooring that yields L = 0.1 to 0.5 m 2/m 3. The corresponding air 
levels are shown in Figure 5 for the adhesives in Figure 4. These calculated 
air levels assume good air mixing throughout the building, as is the case in 
structures that are fully air conditioned and have forced air heating. This 
high-mixing situation prevails in severe climates such as in central North 
America. 

In coastal areas with moderate temperatures where heating and cool
ing is intermittent, air mixing may be significantly lower. This decreased 
air mixing can lead to high local formaldehyde concentration gradients 
within buildings and high local concentrations inside areas where cabinets 
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I I I I I I 
0 0.5 1.0 1.5 ACH 2 

Figure 4. Formaldehyde air levels as a function of air exchange rates for 
three different UFR adhesives for standard mobile homes. 

and shelves or other sources are located. Examples of such situations are 
bookshelves in libraries and bookstores or kitchen cabinet areas in freshly 
remodeled houses. In European buildings with hot-water heating, local 
formaldehyde concentrations also may vary greatly because rooms are in
dividually ventilated and often very intermittently. Thus, bedrooms, living 
rooms, and kitchens with cabinets may show high local formaldehyde 
levels. 

Control and Reduction of Indoor Formaldehyde Levels 
As stated earlier, three factors determine indoor formaldehyde levels: ven
tilation rates, product loading, and product emission rates. Figures 4 and 5 
show that ventilation is only an effective control strategy in buildings with 
extremely low air exchange rates, such as 0.2 ach or less. Such levels re
sulted from sudden tightening of homes during the energy crisis of the 
1970s. The figures show that a reduction of infiltration from 1.5 ach (area 
A) to less than 0.3 ach (area B) caused an increase of indoor formaldehyde 
concentrations by a factor of 2 or more, depending on the product load. 
The immediate strategy for reducing formaldehyde levels was to restore air 
exchange rates to approximately 0.5 ach (area C). However, Figures 4 and 
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I i i i i » = 
0 0 5 i.O 15 ACH 2 

Figure 5. Formaldehyde air levels as a function of air exchange rates for 
three different UFR adhesives for traditional U.S. homes. 

5 show that above 0.5 ach a further increase of ventilation is inefficient and 
costly. Thus, the best method of formaldehyde control is prevention of its 
emission. Formaldehyde emission can be controlled by four manufacturing 
methods: substitution of UFR with other resins, after-treatment of finished 
products, addition of scavengers to products, and adhesive modification. 

Adhesive chemistry is a mature field, and markets are highly competi
tive. If there were any suitable substitute materials for UFR they would be 
well known arid would have been promptly implemented. The most fre
quently tested competitors are probably phenolics, isocyanates, and ligno-
sulfonates (4, 27). UF resins are used because they are cheaper, less toxic, 
more compatible with wood, and, except for quality control problems with 
formaldehyde, they remain unexcelled in their environmental compatibil
ity. UFR can be used as a plant nutrient, and discarded particle board can 
be comminuted to yield an excellent soil conditioner. Properly cured UFR 
is nontoxic, and it has been used in surgical wound dressing (4). If a new 
adhesive would become available today, it still would take several years to 
develop any expertise comparable to the well-established UFR application 
art. 

After-treatment of boards to bind residual unreacted formaldehyde is 
a well-established technology. The process consists of spraying warm, fin-
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ished board with a urea or similar scavenger solution, fumigating boards 
with ammonia vapor (28, 29), or sprinkling boards with ammonium car
bonate (30). This type of treatment is capable of reducing formaldehyde 
emission of particle board and M D F to as little as 5-10% . In some cases, 
the ammonia fumigation method has been successfully used for treating 
entire homes, but this after-treatment is not nearly as reliable and far more 
expensive than factory treatment of paneling and boards. 

Clearly, the most desirable approach is to eliminate formaldehyde 
emission at its source. During the past decade the forest products industry 
and adhesive industry have developed several methods to incorporate scav
engers into the product; thus, wood chips are now successfully pretreated 
with urea (31-33), usually by addition to the wax solution that is applied to 
impart better water resistance. Other scavengers include ammonia salts 
(34), lignosulfonate (35), and various types of natural proteins (36). Modi
fication of press time and temperature are effective tools (37), but they re
quire energy expenses. 

The most attractive solution consists of improving UFR formulations 
so that any additional manufacturing steps can be avoided. Formaldehyde 
emission is directly related to F : U (20, 31, 38). Conventional resins with 
F: U of less than 1 are feasible, but below a value of approximately 1.5 the 
internal bond strength of the product is greatly reduced, water swelling 
increases, and gelation time increases (33). Furthermore, the storage life of 
such adhesives is short. However, adhesives with F : U between 1.45 and 
1.05 are now marketed by many adhesive manufacturers with good suc
cess. They are made by a third or fourth addition of urea (39), by high-
pressure and temperature condensation (40), by addition of polyfunctional 
alcohols (40, 41), by cocondensation with small quantities (as little as 0.1 
wt%) of melamine or phenol (41-43), or by combining precondensates 
having different molecular weights (44). 

Progress in adhesive formulation has been greatly aided by progress in 
chemical analysis, such as thin-layer chromatography and, especially, de
velopment of C-13 NMR analysis that allows rapid identification of resin 
components in liquid resin and, recently, even in solid cured resin (45). 
Furthermore, adhesive chemistry has profited by cross-fertilization with 
the textile resin industry where similar problems had to be tackled at the 
same time (3). 

Progress in commercialization of low-formaldehyde-emitting adhe
sives has been rapid. Every European adhesive manufacturer currently 
sells a low-emitting resin, and North American adhesive formulations are 
now rapidly improving. We compared seven commercial adhesives that 
were sold in spring 1983 and found the formaldehyde emission values listed 
in Table I. These M D F boards were made in a commercial pilot plant (10). 
The table shows that emissions from currently produced products differ by 
a factor of approximately 10. Similarly large contrasts have been observed 
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Table I. Formaldehyde Release from MDF Made with Seven Commercial Adhesives 

2-h Desiccator Value (mg/L) 

Adhesive 3 days 6 weeks 5 months 10 months F:U 

A 8.4 4.4 1.85 
Β 4.8 2.3 2.0 1.9a 1.65 
C 5.6 3.0 2.3 2.0° 1.65 
D 2.6 1.6 0.86 0.70 1.65 
Ε 2.5 1.4 0.85 0.71 1.26 
F 1.4 0.72 0.62 0.59 1.20 
G 0.54 0.36 0.38 0.40° 1.05 

a Freshly cut specimen. 

by two other groups of investigators (23). However, in spring 1984 already 
more than 53 % of total U.S. plant capacity produced particle board yield
ing formaldehyde air levels of less than 0.2 ppm at 50% rh, 25 °C, and 0.5 
ach, and hardwood plywood paneling with less than 0.3 ppm within 5 days 
after manufacture (47). In fact, FTM-2 air chamber values of some com
mercial UF-bonded U.S. particle board is now as low as 0.12 ppm. 

The introduction of new resin formulation and scavenger systems is 
still accelerating. Recently, three companies independently introduced 
methods that claim to maintain full internal bond strength while reducing 
formaldehyde emission (48-50) to below 0.1 ppm. One process (50) in full-
scale commercial use in Denmark since 1983 applies traditional urea scav
engers and wax solutions before the wood ships are dried, prior to resina-
tion. This procedure reduces not only formaldehyde emission, but also glue 
consumption, and thus apparently reduces costs below those of higher for
maldehyde-emitting systems (50). As these types of new developments are 
implemented, the formaldehyde emission from commercial products will 
clearly decrease beyond the progress shown in Figure 6. The t/-axis shows 
U.S. desiccator values for samples measured in our laboratory. The x-axis 
lists the corresponding calculated air levels. 

As indicated earlier, the translation of laboratory test measurements 
into field indoor air predictions is a dynamic field, and it is still difficult to 
make accurate predictions unless the material properties are well known. 
However, extensive, independent work (46, 51-53) indicates that current 
state-of-the-art commercial materials, such as the resin system G in Table 
I, are capable of yielding indoor air levels of 0.1 ppm under appropriate 
product use conditions within less than 1 month after manufacture except 
when products are used in hot climates (9) or under other conditions in 
which building components cannot be kept at a temperature below 30 °C 
or a humidity below 75 % rh. Thus, indoor formaldehyde levels apparently 
can be kept within the values of the ASHRAE 62-1981 guideline (54), the 
proposed German legislation (8), and similar indoor air guidelines and 
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AIR CHAMBER 

Figure 6. Desiccator values for seven MDFs made with seven adhesives, Ta
ble I, and air chamber values FTM-2 for average-emitting (ACB) and low-
emitting (LCB) commercial particle board manufactured with resin technol

ogies of 1980 to 1983. 

standards (J). This situation makes it possible to eliminate the complaints 
of high formaldehyde levels of the 1970s, and, in fact, it seems that if the 
current trend continues, formaldehyde levels can be kept at the ambient 
level. 
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9 
Current Status of Measurement 
Techniques and Concentrations of 
Formaldehyde in Residences 

RICHARD B. G A M M A G E and A L A N R. H A W T H O R N E 
Health and Safety Research Division, Oak Ridge National Laboratory, 
Oak Ridge, T N 37831 

For measuring concentrations of formaldehyde in residences, scien
tists are making increasing use of passive integrating monitors that 
can provide time-weighted average concentrations down to slightly 
more than 0.01 ppm if the periods of exposure are extended to a few 
days. The more traditional modified NIOSH method with a 1-2-h 
sampling time lacks the sensitivity to make accurate measurements 
at the frequently encountered concentrations of 0.1 ppm or lower. 
More rigorous intercomparisons of various monitoring systems are 
required. Marked dependence of formaldehyde concentration on 
age is observed for different classes of dwellings. As building and 
furnishing materials that contain urea-formaldehyde resins age, 
they emit formaldehyde less strongly. Limited studies have revealed 
diurnal and seasonal within-house fluctuations of two- and tenfold, 
respectively. Occasional excursions to 0.1 ppm seem to occur in the 
majority of houses. 

H U M A N H E A L T H P R O B L E M S R E L A T E D T O F O R M A L D E H Y D E E X P O S U R E in resi
dences became an increasingly active issue throughout the 1970s. The sec
tors of the public expressing the most concern were residents of mobile 
homes and houses insulated with urea-formaldehyde foam insulation 
(UFFI). For all types of dwellings, the formaldehyde exposure appears to 
be the highest in mobile homes with a recently reported mean concentra
tion of 0.38 ppm (J). The mean indoor concentration of formaldehyde for 
several hundred U.S. homes with UFFI, including complaint and noncom-
plaint homes, has been reported to be 0.12 ppm. Inside UFFI homes in 
Canada, the mean concentration of formaldehyde was reported recently to 
be only slightly above 0.05 ppm (2). In about 10% of these homes, how
ever, the formaldehyde concentrations were 0.1 ppm or greater. For com
parison, the mean concentrations of formaldehyde inside older conven-

0065-2393/85/0210/0117$06.00/0 
© 1985 American Chemical Society 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

9

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



118 F O R M A L D E H Y D E : A N A L Y T I C A L CHEMISTRY A N D T O X I C O L O G Y 

tional homes are usually less than 0.05 ppm, and only a few exceed 0.1 ppm 
(J, 2, 3). The formaldehyde ceiling concentration for personal comfort es
tablished by the American Society of Heating, Refrigeration, and Air Con
ditioning Engineers (ASHRAE) is 0.1 ppm (4). 

The primary sources of the airborne formaldehyde are urea-formal
dehyde (UF) resins used in pressed-wood products such as particle board, 
fiberboard, plywood, insulation, and other building material such as deco
rative paneling. Degradation of the UF polymeric structure by moisture-
induced reactions leads to a chronic release of formaldehyde (5). Usually 
lesser amounts of formaldehyde can also be emitted by combustion sources 
and tobacco smokers. 

To place some perspective on the scale of formaldehyde production, 
approximately 6 billion lb was produced in 1984 (6). Resins made with 
urea or phenol account for half of the total formaldehyde consumption in 
the United States, and most of these resins go into housing materials. It 
should, therefore, be of little surprise that formaldehyde is ubiquitous to 
modern living environments. 

This review is intended to be read with two important questions in 
mind: How well are the available monitoring devices able to cope with 
current and future demands? What is satisfactory, lacking, or amiss in our 
current state of knowledge about the levels and behavior of formaldehyde 
in residences? 

Commonly Used Monitors 
Most of the methods that have been used for measuring formaldehyde lev
els in air have recently been reviewed by Β aim at (7) for the Formaldehyde 
Institute. Only those monitoring techniques that have seen or are seeing 
extensive use in residential monitoring will be considered here. 

Modified NIOSH Method (8). The monitoring technique used with 
the greatest frequency has been the midget impinger sampler containing 
1 % sodium bisulfite solution instead of the previously advocated pure wa
ter. Subsequent colorimetric analysis is limited to the chromotropic acid 
method. Sampling is usually conducted for 1 or 2 h at an air flow rate of 
approximately 1 L/min. Lower limits of detection of 0.04 and 0.1 ppm 
have been published for the method (9, JO). More recently a minimum de
tectable concentration of 0.1 ppm in field work has been quoted by Dally 
(11) for a 1-h sampling time. The sensitivity could, of course, be improved 
by increasing the time of air sampling. In most instances this option is unat
tractive because a technician usually attends the sampler during operation, 
and expenses escalate with longer sampling times. Losses of formaldehyde 
via evaporation can introduce additional difficulties. 

The NIOSH method was developed with the monitoring of the work
place atmosphere in mind, as the name of the parent organization implies. 
The OSHA standard for the workplace is 3 ppm of formaldehyde averaged 
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over 8 h. In residences, however, one is usually concerned with measuring 
much smaller concentrations of formaldehyde. Nevertheless, during the 
latter 1970s, the modified NIOSH method, probably because it was the 
best available at the time, became the standard method for measuring 
formaldehyde in residences. 

Very recently an error analysis has been reported (2) for results ob
tained in large-scale residential studies in Canada. The aim of an absolute, 
total error limit (sampling plus analysis) of 15% at the 90% confidence 
level was not achieved. The observed uncertainty at a concentration of 
0.1 ppm was 38% . The magnitude of this uncertainty increased dramati
cally for concentrations below 0.1 ppm and was caused largely by an in
crease in the coefficient of variation associated with the sample analysis. 
Because of the large uncertainties in results at the formaldehyde concentra
tions commonly encountered in residences (<0.1 ppm), a more sensitive 
technique than the NIOSH chromotropic acid method was required (2). 

The modified NIOSH method may be adequate for testing compliance 
with the 0.4 ppm of formaldehyde indoor ambient air quality standard for 
mobile homes sold in Wisconsin (12). Its appropriateness for making accu
rate measurements at levels of 0.1 ppm or less is in serious question in our 
judgment because of the Canadian findings (2). Most measurements using 
this technique have indeed been reported for such low formaldehyde con
centrations. Quite often one sees formaldehyde concentrations of 0.1 ppm 
quoted to two and even three decimal places; such a practice implies an 
accuracy that cannot possibly exist. 

Passive Samplers. Passive sampling devices are rapidly becoming 
more popular. The main reasons are cost effectiveness, small size, and abil
ity to provide time-weighted average concentrations of formaldehyde over 
sampling periods of 1 or more days. These devices have the addecl advan
tage that several companies offer the badge-type monitors with mail deliv
ery and return for analysis. This feature, together with a relatively low 
cost, allows individual homeowners to measure formaldehyde levels in 
their own residences. Large-scale field studies are also turning to more ex
tensive use of these passive monitors (2,13,14). A corresponding decline is 
occurring in the use of the modified NIOSH method. 

The mail service, passive badge, or tube-type devices are exemplified 
by 3M's series 3750 and Air Quality Research's (AQR) PF-1 formaldehyde 
monitors. Each type contains a sorbent of sodium bisulfite in solid form, 
and each samples formaldehyde vapor at a rate that is diffusionally con
trolled. The lower limits of detection are of the order of 1 ppm · h, and 
exposure times between 1 and 7 days are recommended by the suppliers. 
Anders (14) has reported on the results of more than 10,000 3M badge-type 
analyses done for homeowners throughout the United States. Several tens 
of thousands of the AQR devices are currently being used in the Canadian 
National Testing Survey (2). It has been reported privately to us that in 
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these large-scale studies in the field with the AQR monitors, the uncer
tainty at a formaldehyde concentration of 0.1 ppm is ± 2 0 % at the 80% 
confidence level (15). In other field studies conducted with a similar pas
sive sampler developed at Lawrence Berkeley Laboratory, a considerably 
better overall accuracy was reported equal to ± 14 % at the 95 % confi
dence interval (16). These two disparate field experiences indicate that 
more extensive field validation is necessary. After such evaluation, it could 
be said with more certainty whether or not a particular type of passive sam
pling device is superior to the modified NIOSH monitoring technique. 

In fact, our principal criticism of the use of these and other passive 
devices is that they were introduced into residential service before critical 
assessment of the methodologies and round-robin and intercomparison 
testing had been carried out by investigators other than the developers or 
vendors themselves. The introduction of these devices into widespread use 
without complete validation under field conditions has probably resulted 
in measurements with less than the claimed precision and accuracy. In the 
last half of 1983, we conducted some limited intercomparison testing of 
different devices both inside residences (17) and in the laboratory (18). The 
evaluations were not extensive and serve primarily to indicate the need for 
more rigorous evaluations. 

For the field intercomparison (17), five homes were selected in east 
Tennessee to provide a wide range in house age, type of construction, and 
level of formaldehyde (19). Results are given in Table I. Monitoring was 
generally for 24 h (nonstandard times of exposure are shown in parenthe
ses) and was carried out in the manner shown in Figure 1. Measurements 
with each of the four monitoring devices were carried out in quadrupli
cate. The L B L reference method (20) used a refrigerated train of impingers 
containing pure water with subsequent colorimetric analysis with pararos-
aniline (20). The Oak Ridge National Laboratory (ORNL) passive monitor 
(21) also used pure water and the pararosaniline method of analysis. Sev
eral important ancillary parameters that could affect the levels of formal
dehyde, or the performance of the passive monitors (such as face velocity or 
relative humidity), were also measured (Table II). If, for example, the air 
drift velocity is too low, the effective sampling rate for formaldehyde is 
decreased. The dimensions of the sampler determine the limiting air veloc
ity below which the sampling rate is reduced. The sampling rate can also 
be affected adversely by operation at relative humidities that are either too 
high (16) or too low (18). 

Specific problems in the field tests (Table I) were encountered with 
each type of passive formaldehyde monitor. Unexposed controls gave high 
blank readings, and field exposures were low by as much as 50 %. The reus
able ORNL monitors, which had received several prior field exposures and 
whose semipermeable membranes had discolored, failed to record a mea
surable level of formaldehyde in house Number 3. A remeasurement, how-

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

9

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



Ta
bl

e 
I.

 F
ie

ld
 T

es
tin

g 
of

 P
as

siv
e 

Fo
rm

al
de

hy
de

 M
on

ito
rs

 In
sid

e 
Fi

ve
 E

as
t T

en
ne

ss
ee

 H
ou

se
s 

H
ou

se
 N

um
be

r 

M
on

ito
r 

2 
3 

4 
5 

7 

LB
L 

re
fe

re
nc

e 
0.

03
 ±

 0
.0

1 
0.

31
 ±

 0
.0

3 
0.

06
 ±

 0
.0

1 
0.

18
 ±

 0
.0

2 
0.

38
 ±

 0
.0

1 
Pa

ss
iv

e 
co

m
m

er
ci

al
 (

A
) 

0.
12

 ±
 0

.0
3 

0.
30

 ±
 0

.0
1 

(6
0 

h)
 

0.
09

 ±
 0

.0
5 

0.
19

 ±
 0

.0
3 

0.
42

 ±
 0

.0
6 

Pa
ss

iv
e 

co
m

m
er

ci
al

 (
A

) 
0.

30
 ±

 0
.0

1 
(6

0 
h)

 
(0

.1
4 

± 
0.

00
) 

(1
20

 h
)a 

Pa
ss

iv
e 

co
m

m
er

ci
al

 (B
) 

0.
05

 ±
 0

.0
2 

0.
16

 ±
 0

.0
1 

(6
0 

h)
 

0.
03

 ±
 0

.0
1 

0.
13

 ±
 0

.0
1 

0.
17

 ±
 0

.0
2 

O
R

N
L 

pa
ss

iv
e 

<
0.

03
 

<0
.0

3 
0.

03
 ±

 0
.0

1 
0.

22
 ±

 0
.0

2 
0.

27
 ±

 0
.0

3 
O

R
N

L 
pa

ss
iv

e 
(0

.3
6 

± 
0.

02
)b 

N
O

TE
: 

A
ll

 m
ea

su
re

m
en

ts
 a

re
 e

xp
re

ss
ed

 a
s 

p
ar

ts
 p

er
 m

il
li

on
. 

0 A
dd

it
io

na
l 

m
ea

su
re

m
en

t 
fo

r 
ex

te
nd

ed
 t

im
e.

 
b
R

ep
ea

t 
m

ea
su

re
m

en
t 

w
it

h 
n

ew
 m

on
it

or
s.

 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
00

9

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



122 F O R M A L D E H Y D E : A N A L Y T I C A L CHEMISTRY A N D T O X I C O L O G Y 

Figure 1. Field intercomparison of passive formaldehyde monitors in house 
No. 5; the air drift velocity is being measured by observing the drift of smoke 

powder along a meter stick. 

Table II. Age of Homes and Other Environmental Parameters During Testing of 
Formaldehyde Monitors 

Air Exchange Air Drift Indoor Indoor 
Rate Velocity Relative Temperature 

House No. (cm is) Humidity (%) (°Q 
2 (10 years old) 0.6 1-20 55-60 26 
3 (3 years old, 

UFFI prefit) 0.7 5-15 70-80 24 
4 (15 years old, 

UFFI retrofit) 0.2-0.5 5-15 65-75 23 
5 (1 year old) 0.5 1-10 60-65 24 
7 (2 years old, 

energy supersaver) 0.9 5-10 60-65 23 
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ever, with new, unused ORNL monitors gave a more acceptable result for 
the formaldehyde concentration. This adverse experience points to a need 
for a quality control program to establish the criteria for reusability of pas
sive monitors of the ORNL type. 

Because large numbers of passive formaldehyde monitoring devices 
are being used today, an intercomparison project to achieve adequate stan
dards of reliability and quality assurance is needed. We suggest a project 
organized something along the lines of the highly successful series of inter
national intercomparisons of integrating radiation dosimeters for environ
mental monitoring (22). 

The laboratory intercomparisons that we conducted (18) toward the 
end of 1982 revealed more problems, especially for the commercially avail
able passive monitors that were tested. The formaldehyde generation facil
ity (21) was designed to provide low-concentration atmospheres of formal
dehyde vapor down to 0.005 ppm. Dilute formalin solution was injected 
into a heated stream of air through a mechanically driven syringe. The hu
midity of the stream of formaldehyde-containing air was controlled before 
it entered the exposure chamber. The exposure chamber was Teflon lined 
and 0.2 m 3 in volume and continued multiple sampling ports. 

One of the intercomparison tests, in which both active and passive 
sampling devices were employed, was conducted at a nominal formal
dehyde concentration of 0.300 ppm for 24 h. The results are shown in Ta
ble III. The commercial passive monitors read abnormally low. The prob
lems may have been related to a shelf storage time that was longer than 
3 months, or to a low relative humidity (20%) inside the exposure cham
ber. The intercomparison project, whose desirability was alluded to ear
lier, should contain a laboratory exposure component. The protocol for 
such testing would define ranges of formaldehyde concentration, length of 

Table III. Laboratory Testing of Active and Passive Formaldehyde Monitors 
Exposed for 24 h at a Nominal Concentration of 0.300 ppm 

Method 

Measured 
Concentration 

(ppm) Comment 

C E A 555 (23) 

Pumped molecular sieve (24) 

Refrigerated sampler (20) 
Passive membrane (ORNL) (21) 
Passive commercial (A) 
Passive commercial (B) 
Mean response 

(excluding commercial monitors) 

0.315 ± 0.010 

0.290 ± 0.010 

0.335 ± 0.010 
0.340 ± 0.050 
0.180 ± 0.010 

no response 

0.320 ± 0.025 

avg. of five readings 
during working hours 

avg. of eight 15-min samples 
during working hours 

avg. of three 24-h samples 
avg. of three 24-h samples 
avg. of three 24-h samples 
avg. of three 24-h samples 
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exposure, temperature, humidity, velocity of air movement, and storage 
time before and after exposure. Evaluation protocols for diffusive samplers 
were discussed recently by Brown et al. (25). Performance in both labora
tory and field trials was considered, but only from the viewpoint of occupa
tional environments. 

Concentrations of Formaldehyde 
Housing Groups. A panel evaluated exposures at a recent EPA-

sponsored workshop on formaldehyde (26). The panel members judged 
that the range and mean concentrations of formaldehyde for various types 
of housing are known fairly well, especially when large sample sizes are 
involved. Table IV summarizes data from studies of formaldehyde concen
trations for residences in different parts of the United States, Canada, and 
the United Kingdom. 

The older conventional home is the class of dwelling in which the low
est mean concentrations (approximately 0.03 ppm) of formaldehyde are 
encountered. The age of the conventional house is very important because 
the formaldehyde concentration is elevated significantly in newer homes 
(34). This dependency of the mean concentration of formaldehyde on the 
age of the home is depicted in Figure 2; of the 40 houses that were moni
tored, about the same number of houses (approximately six houses) were in 
each of the age groups that compose the abscissa. The age-formaldehyde 
concentration relationship for conventional homes has not received the 
same scrutiny that it has for mobile homes (32) and UFFI (3). Nevertheless, 
it seems to be a parameter that is just as important for modern conventional 
houses as it is for mobile homes. 

The factor of house age can cause problems when the influence of an 
additional formaldehyde emitting agent, such as UFFI, is being sought. 
For example, when formaldehyde concentrations in sets of UFFI and non-
UFFI houses are being compared, the ages of the houses in each set should 
have the same balance to be able to distinguish any effects on formaldehyde 
concentrations due to the UFFI alone. In general, however, this age bal
ance has not been considered. When examining the field studies listed in 
Table IV or elsewhere, we suggest that more credence in the mean concen
trations of formaldehyde in UFFI and non-UFFI homes should be placed 
on the larger scale studies in which the effect of the house age factor will 
tend to be balanced by the large numbers of houses involved. Large num
bers of houses monitored will also have the advantage of tending to reduce 
the impact of diurnal and seasonal fluctuations in formaldehyde concen
trations. The mean concentration of formaldehyde in a relatively small 
study group of non-UFFI houses has, for example, received criticism (30); 
the inclusion of a brand new, unfoamed house with a high formaldehyde 
concentration of 0.34 ppm caused the data to be skewed significantly. 

Houses that have been insulated with UFFI have, when considered as 
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Table IV. Reported Levels of Formaldehyde in the Indoor Air of Classes of 
Private Residences 

Formaldehyde (ppm) 

Type of Residence 
No. of 

Residences Range Mean Ref. 

U.S. homes without UFFI 41 0.01-0.1 0.03 1 
U.S. homes with UFFI (complaint 

and noncomplaint) 636 0.01-3.4 0.12 1 
U.S. mobile homes 431 0.01-3.5 0.38 1 
Canadian houses without UFFI 383 (3% >0.1 ppm) 0.036 2 
Canadian houses with UFFI -1850 (10% > 0.1 ppm) 0.054 2 
U.S. houses without UFFI and 

(10% > 0.1 ppm) 

without particle board 17 — 0.025 27 
U.S. houses with UFFI but 

without particle board subfloors -600 — 0.050 27 
U.S. mobile homes several hundred 0.12 27 
U.K. buildings without UFFI 50 < 0.02-> 0.3 0.047 28 U.K. buildings without UFFI 

(3% > 0.1 ppm) 
U.K. buildings with UFFI 128 -0.01->1 0.093 28 U.K. buildings with UFFI 

(7% >0.1 ppm) 
U.S. houses without UFFI 42 0.03-0.17 0.06 29 
U.S. houses without UFFI 31 — 0.07 30 
U.S. houses with UFFI — — 0.06 30 
Mobile homes (Minnesota 

complaint) -100 0-3.0 0.4 31, 32 
Mobile homes (Wisconsin 

complaint) — 0.02-4.2 0.9 31 
Mobile homes (Wisconsin) 65 < 0.10-3.68 0.47 11 
Mobile homes (Washington 

complaint) — 0-1.77 0.1-0.44 31 
U.S. mobile homes 

Never occupied 260 0.86 33 
Older, occupied 0.25 33 

East Tennessee homes 40 < 0.02-0.4 0.06 34 
Age 0-5 years 18 — 0.08 34 
Age 5-15 years 11 _ 0.04 34 
Age > 15 years 11 — 0.03 34 

Conventional California, 
Colorado, and S. Dakota homes 64 0.02-0.11 0.05 35 

Specialized U.S. housing 52 0.03-0.3 0.1 35 

a class, only a modest elevation of formaldehyde concentrations compared 
to non-UFFI houses. This statement, however, needs to be counterbal
anced by the circumstance that a considerably higher percentage of UFFI 
houses, as opposed to non-UFFI houses, have formaldehyde concentrations 
at or exceeding 0.1 ppm. 

As a class, mobile homes are the dwellings with the apparently highest 
concentrations of formaldehyde; the mean concentrations are close to 
0.4 ppm in most of the studies listed in Table IV, and concentrations for 
individual mobile homes have been recorded as high as 4 ppm. 

Individual Houses: Temporal Considerations. Individuals are usu-
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0.14 i 

MEAN 
FORMALDEHYDE 
CONCENTRATION 

(ppm) 

EN LIVING ROOM 
AGE OF HOUSE (yr) 

Figure 2. Mean concentrations of formaldehyde in 40 homes in east Tennes
see measured biweekly with passive formaldehyde monitors during the 
warmer seasons of the year; a more complete set of data is provided in Ref. 

34. (Reproduced with permission from Ref. 38. Copyright 1984 CRC.) 

ally more concerned with the current levels of formaldehyde inside their 
homes than with average concentrations of formaldehyde for any group of 
housing. The first question to answer is what is the most appropriate 
type(s) of formaldehyde measurement to make? This decision depends on 
whether one's aim is trying to determine an individual's short-term or 
longer term exposure profile. 

The passive formaldehyde monitor provides a time-weighted average 
concentration. The monitor is exposed for a period of time that is usually 
between 1 day and 1 week. Such measurements of integrated exposure 
must be made during the different seasons of the year to provide an ade
quate profile of the homeowner's potential exposure. A rather extreme ex
ample of seasonal fluctuations of formaldehyde levels inside a prefit UFFI 
home (36) is shown in Figure 3. This home was one of 40 houses that were 
studied, most of which showed more moderate seasonal fluctuations in 
formaldehyde levels (34). Most of the individual measurements were made 
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Figure 3. Seasonal fluctuations of formaldehyde concentrations inside the 
small, south-facing study of a 3-year-old UFFI-prefit house. Key: • , study; 
O , living room; and A, kitchen. (Reproduced with permission from Ref. 38. 

Copyright 1984 CRC.) 

over 24-h periods with passive formaldehyde monitors (21 ). The suggested 
reasons for the marked fluctuations in concentration of formaldehyde va
por are given in Reference 36. The marked increase in formaldehyde con
centration in October was, for example, speculatively attributed to the on
set of the heating season; heated and low-humidity air issuing from floor 
vents located by the interior walls was possibly causing evaporation of 
formaldehyde-bearing pools of moisture within the walls. Temperature 
and humidity both can have strong influences on the emission rates of 
formaldehyde (I, 37). 

Another important finding of the east Tennessee 40-home study (34) 
was that in a majority of the homes, the formaldehyde concentration ex
ceeded 0.1 ppm on 1 or more days of the year. Unfortunately, very few 
measurements of seasonal variability in formaldehyde levels have been 
made in other studies (38). 

A profile of fluctuations in formaldehyde concentration may be needed 
within a time frame shorter than 24 h. Short-term peak exposures might, for 
example, be a triggering event for asthma (39). The passive integrating 
formaldehyde monitor is unsuitable for such a task. The modified NIOSH 
method (8) is generally too insensitive for making accurate measurements of 
diurnal fluctuations in formaldehyde levels. Consequently, little informa
tion is available about diurnal or other short-term fluctuations. 

One example of a study of short-term variations made by the Oak 
Ridge group (36) is shown in Figure 4; diurnal fluctuations observed re-
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0.18 ι—• 

0.14 
Ε 
Q . 
Qu 

5 0.10 
CE 

UJ 
α ο ο 

0.06 

0.02 

e / # 2 4 ° C \ 

19 °C 
18 °C 

12 °C 

12 16 20 24 4 
TIME OF DAY (h) 

12 16 20 

Figure 4. Diurnal fluctuations in formaldehyde concentrations inside a 
3-year-old UFFI-prefit house and a 10-year-old non-UFFI house; the out
door temperatures are indicated. Key: w, UFFI-prefit house; and • , non-
UFFI house. (Reproduced with permission from Ref. 38. Copyright 1984 

CRC.) 

suited in a near doubling of formaldehyde concentrations. The sampling 
technique uses molecular sieve sorbent (24) and a 15-min collection time 
and has a detection limit of 0.025 ppm. An empirical equation has been 
developed to predict breakthrough as a function of sampling rate, relative 
humidity, and sorbent mass. The formaldehyde collections in this instance 
were labor intensive and required round-the-clock involvement of a techni
cian. An automated sampling system of the type developed by Dietz (40) 
would be much better for short-term repetitive sampling. 

Available methods are not altogether suitable for measuring, in a cost-
effective manner, changes in formaldehyde levels over the short term (hour 
by hour). This situation, together with the sparsity of reported field stud
ies, led the exposure panel of the "Consensus Workshop on Formaldehyde" 
(26) to conclude that data were inadequate to characterize the frequency 
or magnitude of short-term peak (acute) exposures of various groups within 
the population. 
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10 
Formaldehyde Emission from 
Combustion Sources and Solid 
Formaldehyde-Resin-Containing 
Products 
Potential Impact on Indoor Formaldehyde 
Concentrations 

T. G . M A T T H E W S , T. J. R E E D , B. J. TROMBERG, C. R. D A F F R O N , 
and A L A N R. H A W T H O R N E 
Health and Safety Research Division, Oak Ridge National Laboratory, 
Oak Ridge, T N 37831 

The formaldehyde (CH2O) emission rates of combustion sources 
and solid CH2O-resin-containing products commonly found in do
mestic environments are surveyed. The potential impact of these 
sources on indoor CH2O concentrations is estimated with simple, 
steady state, indoor pollutant concentration models. Source emis
sion rates, product loadings for solid emission sources, duty cycles 
for combustion sources, and potential permeation barriers are con
sidered in the model. The strongest contributors to indoor CH2O 
are pressed-wood products and foam insulation containing urea
-formaldehyde resins. Combustion sources and phenol-formalde
hyde resin bonded products are generally weak emitters. 

O N O C C U P A T I O N A L INDOOR E N V I R O N M E N T S can contain a variety of C H 2 0 
emitters including both combustion sources and solid CH20-resin-contain-
ing products (Figure 1). Common combustion sources include gas burners 
and ovens, kerosene heaters, and cigarettes. Consumer and construction 
products incorporating C H 2 0 resins include urea-formaldehyde foam in
sulation (UFFI), pressed-wood products, fibrous glass insulation, ceiling 
panels, and textiles. The potential impact of each source on indoor C H 2 0 
concentrations depends on the C H 2 0 emission characteristics of the prod
uct, product use parameters, and the ventilation characteristics of the in
door environment. For combustion appliances, wide variation in the 
C H 2 0 emission rates can be expected on the basis of product design, tun-

0065-2393/85/0210/0131$06.00/0 
© 1985 American Chemical Society 
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ing, and duty cycle (I). The efficiency of the combustion process and thus 
the C H 2 0 generation rate may also be a function of a warm-up cycle or 
oxygen concentration in the indoor atmosphere (2). The C H 2 0 emission 
from CH20-resin-containing products is generally a function of the type 
and amount of resin it contains, environmental parameters such as temper
ature, relative humidity (rh), room C H 2 0 concentration, and age of the 
material (3). Product use parameters include the loading of the material 
(i.e., surface area [square meters] per air volume [cubic meters])1 and the 
presence of intervening permeation barriers, such as resilient flooring or 
plastic vapor barriers, between the C H 2 0 emitter and the indoor atmo
sphere. In indoor environments that depend on natural ventilation for pol
lutant removal, the air infiltration rate for the dwelling, distribution of 
emission sources, and intercompartment mixing efficiencies are all impor
tant parameters. Formaldehyde concentrations outside the home are gen
erally very low (i.e., < 0.01 ppm) and thus have a minimal contribution to 
indoor concentrations (4). 

Formaldehyde Emission Rates from Common Combustion and 
Formaldehyde-Resin-Containing Products 
Most C H 2 0 emission sources can be conveniently divided into three catego
ries: combustion sources, CH20-resin-containing products with direct ex
posure in the indoor atmosphere, and CH20-resin-containing products sep
arated from the indoor atmosphere by an intervening permeation barrier. 
Combustion sources that are commonly used throughout the United States 
include gas stoves, kerosene heaters, and cigarettes. Formaldehyde emis
sions from all three sources have been measured in room-size environmen
tal chambers under approximate consumer use conditions. These experi
mental results (and references) are summarized in Table I. Average duty 
cycles for each combustion source that are considered to be crude estimates 
of highly variable consumer use patterns are also reported. The average 
duty cycles for a single gas burner and gas oven were calculated for a typi
cal U.S. family of four with average income and accounted for contempo
rary pilotless burner designs (5). The average gas-energy consumption for 
cooking, 19,000 Btu/day, was divided into two roughly equal portions: 
9000 Btu/day for gas burners and 10,000 Btu/day for gas ovens (5). For a 
gas burner, an average energy consumption rate of 9000 Btu/h yielded an 
approximate duty cycle of 1.0 h/day. For a gas oven, an average energy 
consumption rate of 15,000 Btu/h yielded a duty cycle of 0.7 h/day. The 
average duty cycle for kerosene heaters (i.e., 8 h/day) during the heating 
season has been estimated by the U.S. Consumer Product Safety Commis
sion (6). The average cigarette consumption rate was estimated from U.S. 
Department of Agriculture statistics (7). In 1978, 53 million U.S. smokers 

2 A units and conversions listing is given in Appendix 1. 
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Table I. Formaldehyde Emission Rates of Combustion Sources 

Formaldehyde Emission Rate (mg/h) 

Product Duty Cycle0 Measured Average over 24 h 

Gas burner 1.0 h/day 16 ± 10 (18) 0.67 ± 0.41 
4.3 ± 2.6 (19) 0.18 ± 0.11 

Gas oven 0.7 h/day 23 ± 3.4 (18) 0.67 ± 0.10 
Kerosene heater 

Convective 8 h/day 1.0 ± 0.66& 0.33 ± 0.22 
Radiant 8 h/day 4.0 ± 2.0& 1.3 ± 0.66 

Cigarettes 10 cig/day 0.97 + 0.06 (21) 0.40 ± 0.03 Cigarettes 
1.44 (22) 0.60 

estimation of duty cycle is described in text. 
fcData for new heaters (i.e., < 1 yr old) (20). 

consumed 615 billion cigarettes. By assuming a single smoker per family of 
four, this result corresponds to a cigarette consumption rate of 32 cigarettes 
per smoker per day. By assuming these cigarettes are smoked in a minimum 
of three different locations in compartments inside the home or outdoors, 
the average cigarette consumption rate is approximately 10 cigarettes per 
indoor compartment per day. In practice, the actual use of any of these 
sources will vary considerably. 

For each combustion source, the average C H 2 0 emission rate over a 
24-h period has been calculated (Table I). These data are used in subse
quent modeling to predict the potential steady state impact of each source 
on indoor C H 2 0 concentrations. The average emission rates for all three 
categories of combustion sources are fairly similar and constitute a range of 
approximately 0.3-1.3 mg/h. 

Wide varieties of CH20-resin-containing products with direct expo
sure in the indoor environment are found (Table II). The significant emit
ters are typically pressed-wood products incorporating urea-formaldehyde 
resins. Textiles, carpeting, ceiling tiles, and resilient flooring are generally 
weak emitters. UFFI is a potentially strong C H 2 0 emitter that is separated 
from the indoor environment by gypsum board in common exterior wall 
construction. However, in this report UFFI is treated analogously to emit
ters with direct exposure because the C H 2 0 emission rate data were taken 
from simulated wall panels with an interior surface of painted gypsum 
wallboard (8). The remaining CH20-resin-containing products with indi
rect exposure in the indoor environment are listed in Table III. With the 
exception of particle board underlayment, all are weak C H 2 0 emitters. 
Softwood plywood subflooring is typically among the weakest pressed-
wood emitters because it is fabricated with phenol-formaldehyde resins 
(9). In contrast, urea-formaldehyde resins are used in most particle board 
(except waferboard and oriented strand board), hardwood plywood pan
eling, and medium-density fiberboard products (9). 
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Table II. Formaldehyde Emission Rates from CH^O-Resin-
Containing Products with Direct Exposure in Indoor Environments 

Formaldehyde Emission Rate 
(mg/m2h) 

Product Average Range 

Nonapparel textiles a 

Drapery <0.01 < 0.01-0.02 
Upholstery <0.01 <0.01 

Apparel textiles (unwashed)0 0.01 < 0.01-0.02 
Carpeting0 <0.01 <0.01 
Ceiling tiles (12) 0.01 ± 0.01 < 0.01-0.02 
Resilient flooring (23) <0.01 <0.01 
Furniture (uncovered boards) 

Industrial particle board (24) 0.31 ± 0.14 0.15-0.62 
Medium-density fiberboard (24) 1.5 ± 0.51 0.57-2.3 

Decorative hardwood plywood 
paneling (24) 

Print overlay 0.28 ± 0.20 0.05-0.63 
Paper overlay 0.11 ± 0.07 0.03-0.27 
Domestic veneer overlay 0.12 ± 0.04 0.07-0.24 

UFFI* 0.23 ± 0.19 0.05-0.80 

α Average data are calculated from the midpoint in the range for 
all product subgroups in each product category (JO). 

& UFFI is normally encased behind gypsum wallboard. It is 
treated as an emitter with direct indoor exposure because CH2OER' 
data were taken from simulated exterior wall panels (8). 

Table III. Formaldehyde Emission Rates from CE^O-Resin-
Containing Products with Indirect Exposure in Indoor 

Environments Through Permeation Barriers 

Formaldehyde Emission Rate 
(mg/m2h) 

Product Average Range 

Carpet cushion (23) 0.01 ± 0.01 <0.01--0.02 
Fibrous glass insulation (12) 0.02 ± 0.01 <0.01--0.02 
Softwood plywood subflooring 

(U) 0.02 ± 0.01 0.01- -0.03 
Particle board underlayment (24) 0.30 ± 0.22 0.11- -0.78 

The product conditioning and CH2O emission rate measurement tech
niques used to characterize the C H 2 0 emission sources listed in Tables II 
and III are varied. The C H 2 0 emission rate data for textiles and carpeting 
have been reported by Pickrell et al. (10) for purposes of product ranking. 
Product conditioning and testing were performed at 20 °C and 100 % rh in 
sealed desiccators. The quantitative relationship between the C H 2 0 emis
sion rate measurements under these test conditions and environmental 
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chamber tests under simulated real-world conditions (e.g., 23 °C, 50% rh) 
was not determined. However, the C H 2 0 emission rates of the textile and 
carpet products are sufficiently low that such intermethod correlations are 
presumably unimportant. 

The data for pressed-wood products, fibrous glass insulation, carpet 
cushion, ceiling tiles, and resilient tile flooring were obtained with the Oak 
Ridge National Laboratory (ORNL) developed formaldehyde surface 
emission monitor (FSEM) and environmental chamber test methods. Prod
uct conditioning was at ~ 23 °C and 50% rh. The FSEM is a passive, non
destructive flux monitor that uses 13 X molecular sieve to collect emitted 
C H 2 0 and maintain low C H 2 0 concentrations (typical of indoor environ
ments) near the surface of the emitter. A strong, approximately one-to-one 
correlation between C H 2 0 emission rate data taken with the FSEM and 
small-scale environmental chamber tests (at 23 °C, 50% rh, and 0.1 ppm 
CH 2 0) has been measured for a variety of pressed-wood products and 
UFFI encased in simulated wall panels (II). A similar, but more qualita
tive, intermethod correlation has been observed for measurements of fi
brous glass insulation and ceiling tiles (12). 

In this review, a simple steady state model for indoor pollutant con
centration is used to estimate the potential impact of a variety of C H 2 0 
emission sources on the C H 2 0 concentration in a single compartment. The 
indoor air quality model is based on the pollutant mass balance equation of 
Wadden and Scheff (13). Separate emission models are also developed for 
combustion sources, CH20-resin-containing products with direct exposure 
in the indoor compartment, and solid emission sources separated from the 
indoor compartment by intervening permeation barriers. The emitter 
models are incorporated into the pollutant concentration model to account 
for any C H 2 0 concentration dependence of the emitters. All modeling is 
restricted to standard temperature and relative humidity conditions (i.e., 
23 °C, 50% rh). The steady state modeling will not consider the impact of 
short-term changes in emission sources, environmental or ventilation pa
rameters, and the resulting time-dependent C H 2 0 concentration behavior. 
Assumptions for each step in the model development are identified. 

Steady State Formaldehyde Concentration Model for a Single 
Compartment 
At steady state, the C H 2 0 concentration in a single compartment may be 
expressed as 

[ C H 2 0 ] s s = [ C H 2 0 ] 0 + C H 2 O E R / ( C A C H V ) (1) 

where [CH 20] Ss is the steady state C H 2 0 concentration inside the compart
ment (mg/m3), [ C H 2 0 ] 0 is the steady state C H 2 0 concentration outside the 
compartment (mg/m3), C H 2 O E R is the C H 2 0 emission rate of C H 2 0 
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sources inside the compartment under existing environmental conditions 
(mg/h), C is the fraction of air coming into the compartment that com
pletely mixes within the compartment volume (where the remaining frac
tion of air, 1 - C, does not mix with the compartment volume), A C H is 
the volumetric flow rate of air in and out of the compartment in units of 
compartment volume per hour (h _ 1), and V is the volume of the compart
ment (m3). 

Several simplifying assumptions are required to reduce the temporally 
dependent, mass balance equation of Wadden and Scheff (13) to the steady 
state model for C H 2 0 given in Equation 1. (A derivation of Equation 1 and 
a discussion of the probable impact of these assumptions are given in Ap
pendix 2.) These assumptions are the following: a steady state condition 
exists, all parameters in Equation 1 are constant, uniform mixing exists and 
results in no C H 2 0 concentration gradients in the atmosphere inside the 
compartment, no mechanical or natural air filtration systems exist, and no 
permanent losses of C H 2 0 due to sinks occur. By noting that C · A C H is the 
effective air infiltration rate [AIF(h - 1)] for the compartment, 

[ C H 2 0 ] s s = [ C H 2 0 ] 0 + CH 2 OER/(AIF-V) (2) 

For area-dependent sources, 

[ C H 2 0 ] s s - [ C H 2 0 ] 0 + C H 2 O E R ' · area/(AIF · V) (3) 

where C H 2 O E R ' is the C H 2 0 emission rate of the solid, CH 20-resin-
containing products (mg/m%) under existing environmental conditions, 
and area is the area of the solid emission sources (m2). 

Source Emission Models for Combustion and Solid Emission Sources 
The C H 2 O E R of combustion sources at steady state is assumed to be a con
stant, determined from the mean emission levels measured in laboratory 
chamber studies averaged over a 24-h period with estimated duty cycles. 
The model does not account for potential short-term escalations in indoor 
C H 2 0 concentrations due to intermittent use of combustion sources. In ad
dition, the model does not account for the effects of any environmental, 
tuning, or warm-up parameters on the C H 2 O E R of combustion sources. 

For solid emission sources with direct exposure, an inverse linear de
pendence of C H 2 O E R ' on C H 2 G concentration is assumed. This assump
tion is consistent with the application of Fick's law to the bulk-vapor inter
phase at the surface of a solid emission source (14). 

C H 2 O E R ' = m([CH 2 0] B - [CH 20] v) (4) 

where m is the mass transport coefficient for the C H 2 0 emitter (m/h), 
[ C H 2 0 ] B is the C H 2 0 concentration in the bulk phase (mg/m3), and 
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[ C H 2 0 ] v is the C H 2 0 concentration in the adjoining vapor phase (mg/m3). 
By assuming that [CH 2 0] B and m are insensitive to changes in [CH 2 0] v , 

CH 2 OEIT = - m [ C H 2 0 ] v + b (5) 

where & is a constant, the C H 2 O E R ' (mg/m2h) at zero C H 2 0 concentration 
in the vapor phase. A general inverse linear dependence of the C H 2 O E R ' 
on the C H 2 0 vapor concentration has been experimentally observed for a 
variety of pressed-wood products, UFFI, and fibrous glass insulation. A 
limiting condition is also applied to Equation 5 that is consistent with the 
assumption for Equation 1 that there are no permanent losses of C H 2 0 due 
to sinks. At steady state, the C H 2 O E R ' of all sources must be >0. How
ever, the product age dependence of the C H 2 O E R ' is not considered. 

For solid C H 2 0 emission sources covered by permeation barriers, two 
linear equations are used to describe the C H 2 O E R of the source-perme
ation barrier combination. Fick's law is used to describe C H 2 0 transport 
across the permeation barrier. 

C H 2 O E R ' = K( [CH 2 0] B B - [ G H 2 0 ] s s ) (6) 

where Κ is the mass transport coefficient for the permeation barrier (m/h), 
[ C H 2 0 ] B B is the C H 2 0 concentration below the barrier (mg/m3), and 
[CH 2 0]ss is the C H 2 0 concentration above the permeation barrier (mg/ 
m3). It is assumed that no G H 2 0 concentration gradients exist below or 
above the permeation barrier. This treatment may tend to underestimate 
the effectiveness of the permeation barriers in comparison to real-world 
conditions. The reduced air movement over the surface of the primary 
emission source (e. g., particle board underlayment) caused by the presence 
of the permeation barrier may enhance C H 2 0 concentration gradients near 
the surface of the emitter and thus reduce the C H 2 O E R ' . A simple inverse 
linear dependence of the C H 2 O E R ' on the C H 2 0 concentration below the 
barrier is also assumed. 

C H 2 O E R ' = - m [ C H 2 0 ] B B + b (7) 

Analogous to Equation 5, the C H 2 O E R ' at steady state is assumed to be 
>0. By combining Equations 6 and 7, the resultant emission model for a 
combination of G H 2 0 source and permeation barrier is 

C H 2 O E R ' = ( £ · & - m-K-[CH 2Oss])/(m + K) (8) 

Recent laboratory studies of C H 2 0 emissions from particle board underlay
ment covered with carpet and tile flooring barriers generally support this 
model (3). 
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Steady State Formaldehyde Concentration Modeh Incorporating 
Source Emission Models 
The potential impact of C H 2 0 emission sources on indoor C H 2 0 concen
trations (A[CH 20]) is estimated from the difference between the steady 
state C H 2 0 concentration with various sources contained inside the com
partment ([CH20]Ss) and the concentration outside the compartment 
([CH 20] 0). 

A[CH 2 0] = [CH 2 0] s s - [ C H 2 0 ] 0 (9) 

[ C H 2 0 ] 0 is assumed to be a constant reflecting the C H 2 0 concentration 
outdoors or in neighboring compartments. [CH 20]Ss is estimated from pol
lutant concentration models (i.e. , Equations 2 and 3) incorporating emitter 
models (i.e., Equations 5 and 8) for various C H 2 0 emission sources. 

For combustion sources [CH 2 0] s s is calculated directly with the single 
compartment C H 2 0 concentration model (Equation 2); the C H 2 O E R of 
combustion sources is assumed to be constant, independent of the C H 2 0 
vapor concentration. For solid emission sources with direct exposure inside 
the compartment, [CH 20]Ss is calculated from a combination of the indoor 
C H 2 0 concentration (Equation 3) and emitter (Equation 5) models. 

[CH 2 O s s ] = (A-fe + [CH 20] 0)/(1 + mA) (10) 

where A is the area/ (AIF · V). For solid sources separated from the indoor 
compartment by an intervening permeation barrier, [CH 20]Ss is calculated 
from a combination of the C H 2 0 concentration model (Equation 3) and 
the emitter and permeation barrier model (Equation 8). 

= A-fc + [ H - (WK)] - [CH 2 Q] 0 

L J S S 1 + (mIK) + mA K ' 

In the case of a very inefficient permeation barrier (i.e., Κ » 1) Equation 
11 reverts back to Equation 10. With a highly effective permeation barrier 
(i.e., Κ — 0), Equation 11 reduces to 

[ C H 2 0 ] s s « [ C H 2 0 ] 0 (12) 

to indicate that the C H 2 0 emitter has little impact on the indoor C H 2 0 
concentration. 

For a single compartment with multiple C H 2 0 point sources (u) and 
area sources (t>), [CH 20]Ss is determined with the following expression: 
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[ C H 2 0 ] s s = [ C H 2 0 ] 0 + Σ ( C H s O E M A I F - V ) ) 
i = 1 

+ Σ (CH 2OER/ · area)/(AIF · V) (13) 
i = 1 

For solid emission sources, appropriate emitter models are substituted for 
C H 2 O E R . 

Potential Impact of Formaldehyde Emission Sources on Steady State 
Indoor Formaldehyde Concentrations 
By substituting the average C H 2 O E R ' data for combustion and solid emis
sion sources into appropriate steady state C H 2 0 concentration models, the 
potential impact of individual sources on indoor C H 2 0 concentrations 
(i.e., A[CH 2 0] , Equation 9) can be estimated. However, further assump
tions concerning the general design of the indoor compartment are re
quired. The length, width, and height of the compartment are assumed to 
be 4, 4, and 2.5 m, respectively. The compartment volume is thus 40 m 3 . 
The AIF is assumed to be 0.5 h " 1 . This AIF is consistent with the results 
taken in the 40-home study in the Oak Ridge-Knoxville (Tenn.) area in 
1982-83 (15). The C H 2 0 concentration outside of the compartment 
([CH20]o) is assumed to be 0.03 mg/m3. This concentration reflects a com
promise between anticipated near-zero outdoor levels and the potential for 
residual C H 2 0 levels in adjacent indoor compartments. 

For combustion sources, the C H 2 O E R ' data (Table I) are substituted 
into Equation 2. The A[CH 2 0] values calculated from Equation 9 are 
listed in Table IV. The results indicate that, for each combustion source, a 
small impact on the steady state C H 2 0 concentration is anticipated. This 
hypothesis may be contingent, however, on several factors: consumer use 
patterns for cigarettes; duty cycle and local ventilation for gas stoves; and 
the duty cycle, design, and tuning of kerosene heaters. Certain kerosene 

Table IV. Potential Contribution of Combustion Sources to 
Indoor CH 2 0 Concentrations 

Product 
A[CH20] 

(ppm) Ref. 

Gas stove 
Burner 0.03 18 
Burner 0.01 19 
Oven 0.03 18 

Kerosene heater 
Convective 0.01 20 
Radiant 0.05 20 

Cigarettes 0.02 21, 22 
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heaters have been found to be strong C H 2 0 emitters under various tuning 
conditions (2). 

For solid emission sources with direct exposure in the indoor atmo
sphere, C H 2 O E R ' data (Table II) are substituted into either Equation 3 or 
Equation 10. Equation 3 is typically used for weak-emitting products for 
which the C H 2 0 concentration dependence of the C H 2 O E R ' has not been 
measured. The C H 2 0 emission rate is assumed to be constant, independent 
of C H 2 0 concentration, and thus maximizes the impact of the emitter on 
the modeled C H 2 0 concentration. Equation 10 is used for pressed-wood 
products and UFFI for which C H 2 0 concentration dependent emission 
models (i.e., Equation 5) can be estimated. The slope and intercept values 
(i.e., m and b of Equation 5) of the emitter model must be empirically 
determined. Estimates of these constants are listed in Table V. The pressed-
wood product constants were determined from measurements of boards 
sampled primarily from U.S. industry in 1983. The measurements were 
taken when the boards were typically less than 1 year old. The UFFI con
stants were determined from measurements of 1.3-year-old simulated wall 
panels (8) foamed in 1980 (16). However, the specific age of the C H 2 0 
emitters or the age dependence of the C H 2 O E R values from the C H 2 0 
sources are not considered in the modeling. Calculations used to determine 
the average slope and intercept values for each product category are de
tailed in Appendix 3. 

To use Equations 3 and 10, additional assumptions concerning the 
area (square meters) of the solid C H 2 0 emission sources are required. Un
fortunately, available annual survey data for product sales were difficult to 
relate to cumulative average quantities of individual furnishings actually 
contained in "typical" detached U.S. housing. As a result, the selected area 
for each product was determined whenever possible according to common 
product use characteristics in an individual compartment. For example, 

Table V . Summary of Slope and Intercept Constants for Linear 
CH2O Emission Models for Pressed-Wood Products and UFFI 

Intercept 
Product Slope (m/h)a (mg/m2h) 

Particle board underlayment -0.60 ± 0.23 0.38 ± 0.03 
Industrial particle board -0.47 ± 0.18 0.37 ± 0.03 
Hardwood plywood paneling 

Print overlay -0.40 ± 0.09 0.33 ± 0.01 
Paper overlay -0.22 ± 0.10 0.14 ± 0.01 
Domestic veneer overlay -0.27 ± 0.13 0.15 ± 0.02 

Medium-density fiberboard -0.94 ± 0.06 1.6 ± 0.1 
UFFI -0.46 ± 0.47 0.34 ± 0.34 

NOTE : Calculations for the determination of the slope and inter
cept values are described in Appendix 2. 

Substitute positive slope values into Equations 5, 7, 8, 10, or 11 
because the negative sign is incorporated into the equations. 
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the area of carpeting and resilient flooring and the area of ceiling tiles were 
chosen to cover the entire floor and ceiling, respectively. For other home 
furnishings such as textiles and furniture, two different areas were chosen 
that vary by a factor of 5 to attempt to account for widely variable product 
usage. For furniture constructed with pressed-wood products, it is particu
larly difficult to estimate the effective emitting area because much of the 
surface is sealed with a variety of decorative permeation barriers. 

For decorative paneling, definitive survey data for about the last dec
ade are available for the approximately 25 % of new home constructions 
that contain paneling (17). However, remodeling and repair applications 
generally account for > 20 times the sales of paneling for new home con
struction (i 7). Unfortunately, the average paneling use for remodeling and 
repair applications in homes that contain paneling is unavailable. As a 
result, it is difficult to estimate the cumulative quantity of decorative pan
eling that is present in an average home. In addition, the C H 2 0 emissions 
from existent paneling will depend on the decay rate for CH2O emissions 
from each board, which could be highly variable from home to home. As a 
consequence, one wall of decorative paneling was chosen as the minimum 
quantity that would normally be present in a room for decorative purposes. 

For UFFI, a surface area of 1.5 walls was selected as a compromise 
between corner and side rooms in a home that would contain two and one 
insulated exterior walls, respectively. A reduction in surface area of 1 m 2 

was also made for a window. 
The specific areas assumed for each category of solid emission sources 

with direct indoor exposure and the A[CH 2 0] values calculated with 
Equation 9 are listed in Table VI. The results indicate that the impact of 
carpeting, resilient flooring, textiles, and ceiling tiles is anticipated to be 
minimal. The impact of furniture is expected to be highly variable, de
pending upon the category and quantity of pressed-wood products and the 
presence of permeation barriers. Medium-density fiberboard is a particu
larly strong C H 2 0 emitter in uncovered form. The impact of one wall of 
decorative hardwood plywood paneling on indoor C H 2 0 concentrations 
may be significant, especially if printed paneling is used. The impact of 
UFFI, on the basis of the simulated wall panel data (8), appears to be 
significant. 

To evaluate the impact of individual emission sources covered by per
meation barriers, Equation 11 and, subsequently, Equation 9 are used. For 
Equation 11, assumptions concerning the area of each C H 2 0 emission 
source, the C H 2 0 concentration dependence of each source (i.e., Table V), 
and the C H 2 0 transport coefficient, K, for individual permeation barriers 
are required. Data for each parameter are only available for particle board 
underlayment and specific decorative flooring materials. A comparison of 
the modeling results for the underlayment with no barrier, a carpet and 
carpet cushion barrier, and a resilient flooring barrier is shown in Table 
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Table VI. Potential Contribution of Solid Emission Sources with 
Direct Exposure in Indoor Environments to Indoor CH2O 

Concentrations 

Product Area (m2) Δ/ΌΗ2Ο7 (ppm) 

Textiles 
Nonapparel 5 <0.01 

25 0.01 
Apparel 5 <0.01 

25 0.01 
Carpeting (10) 16 <0.01 
Ceiling tiles (12) 16 <0.01 
Resilient flooring (23) 16 < 0.01 
Furniture (uncovered board) (24) 

Industrial particle board 1.0 0.01 
5.0 0.06 

Medium-density fiberboard 1.0 0.06 
5.0 0.25 

Decorative paneling (24) 
Print overlay 10 0.11 
Paper overlay 10 0.05 
Domestic veneer overlay 10 0.05 

UFFI (8) 14 0.14 

Table VII. Potential Contribution of Solid Emission Sources Separated from the Indoor 
Atmosphere by Permeation Barriers to Indoor CH2O Concentrations 

Product Barrier K(m/h) Area (m2) A[CH20] (ppm) 

Particle board none 00 16 0.16 
Underlayment carpet and cushion 0.43 (23) 16 0.08 

tile < 0.003 (23) 16 <0.01 
Softwood plywood particle board 

< 0.003 (23) 

subflooring underlayment 0.002 16 <0.01 
Carpet cushion carpet — 16 <0.0P 
Fibrous glass ceil

ing insulation gypsum board 0.57 (8) 16 <0.0P 
Fibrous glass wall 

insulation gypsum board6 <0.57 (8) 14 < 0 . 0 1 ° 

a A[CH20] was calculated with the worst-case assumption that Κ - oo for the barrier. 
*The effective Κ values for noncontinuous barriers such as kraft paper or foil behind gyp

sum board are unavailable. 

VII. Permeation barriers such as resilient tile flooring are anticipated to 
cause marked reductions in the impact of particle board underlayment on 
indoor CH2O concentrations. 

Other products that are covered by permeation barriers, such as 
softwood plywood subflooring, carpet cushion, and fibrous glass insula
tion, are generally weak emitters; the impact on indoor CH2O concentra
tions is anticipated to be small, independent of the presence of permeation 
barriers. Worst-case calculations without permeation barriers with Equa-
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tion 3 indicate a Δ[(ϋΗ 2 0] of <0.01 ppm for all products (except particle 
board underlayment) that are listed in Table VII. The low permeability of 
particle board underlayment provides additional evidence for a minimal 
impact of softwood plywood subflooring on indoor C H 2 0 concentrations. 
Additional calculations have also been made for fibrous glass attic insula
tion with a two-compartment model with an attic temperature of 38 °C. A 
maximum A[CH 2 0] of approximately 0.02 ppm was estimated (12). 

Potential Impact of Multiple Formaldehyde Emitters on Indoor 
Formaldehyde Concentrations 
To simulate the interaction of multiple C H 2 0 emission sources in an indoor 
compartment and their combined effect on steady state indoor C H 2 0 con
centration, Equation 13 and Equation 9 are used. To simplify the multiple 
emitter treatment, only solid emission sources with significant emission po
tential are incorporated in the model. The sources, assumed source areas, 
and calculated A[CH 2 OJ values as a function of AIF are summarized in 
Table VIII. A wide range of C H 2 0 concentrations (i.e., 0.01-0.38 ppm) is 
achieved as a function of air infiltration rates and emission sources that 
might be anticipated in domestic environments. The C H 2 0 concentration 
range is consistent with that observed in 1-5-year-old homes investigated in 
the ORNL 40-home study (Table IX). The closest correlation between the 
modeled and measured C H 2 0 concentrations would be anticipated for re
cently built homes in which the pressed-wood products and UFFI would be 
most similar to those evaluated in laboratory studies. Older homes (i.e., 
>5 year) in the 40-home study had consistently lower C H 2 0 concentra
tions (Table IX). This result is presumably evidence for the aging of C H 2 0 -
resin-containing emission sources. Additional factors such as tighter home 
construction in newer homes may also be involved. 

Table VIII. Potential Impact of Multiple CH2O Emission Sources on Indoor CH2O 
Concentrations (A[CH20], ppm) as a Function of Air Infiltration Rate and Sequential 

Reductions in Emission Sources 

AIF All 
Emitters0 

UFFI 
Removed 

Tile Flooring 
Installed 

Replacement 
Low-Emission 

Paneling13 

MDF 
Removed 

0.25 0.38 0.32 0.28 0.20 0.13 
0.50 0.28 0.21 0.17 0.12 0.07 
1.0 0.18 0.13 0.10 0.07 0.04 
2.5 0.09 0.06 0.04 0.03 0.02 
5.0 0.05 0.03 0.02 0.01 0.01 

C UFFI : 1.5 walls, 14 m 2 ; carpet-covered particle board underlayment: 16 m 2 ; decorative 
hardwood plywood paneling: one wall, 10 m 2 print overlay- cupboards, industrial particle 
board: 2 m^; and furniture, medium-density fiberboard: 1 m . 

^Replacement paneling with domestic veneer overlay. 
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Table IX. Frequency of Room-Average CH2O Concentrations Determined from 
Measurements Taken During Multiple Visits to Homes in the ORNL 40-Home Study (25) 

Homes with UFFI Homes Without UFFI 
Average Formaldehyde -

Concentration (ppm) < 5 yrs old > 5 yrs old < 5 yrs old > 5 yrs old 

< 0.025 85 86 67 133 
0.025-0.075 71 45 64 143 
0.075-0.125 91 18 63 55 
0.125-0.175 57 11 34 8 
0.175-0.225 32 1 9 4 
0.225-0.275 8 1 22 0 
0.275-0.325 3 0 9 0 
0.325-0.375 1 3 13 0 

> 0.375 0 0 12 0 
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Appendix 1. Units and Conversions 
Formaldehyde concentration at 23 °C: 1 ppm = 1.24 mg/m3 = 1240 

jig/m 3 = 7.74 Χ 10"8 lb/ft3 

Emission rate: 1 mg/m2h = 0.28 Mg/m2s = 2.05 X 10~7 lb/ft2h 
Transport rate: 1 m/h = 0.017 m/s = 5.08 X 10~3 ft/s 
Air exchange rate: 1 compartment volume/h = 0.017 compartment vol-

ume/s 
Energy: 1 Btu = 1.06 kj 
Loading: 1 m 2/m 3 = 0.30 ft2/ft3 

Appendix 2. Application and Impact of Simplifying Assumptions 
Used to Derive Steady State CH20 Concentrations Models 
The steady state C H 2 0 concentration model for a single compartment that 
is used in this report (i.e., Equation 1) is developed from the pollutant mass 
balance model of Wadden and Scheff (13). 
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Vd[CH f l O], = C ^ [ C H 2 0 ] 0 ( 1 ^ F q ) + C q i [ C H 2 0 ] i { i F l ) 

+ Cg 2 [CH 2 0] 0 - C(q0 + q i + q2)[CB20]i 

+ C H 2 O E R - C H 2 O R (Al) 

where 
C = mixing efficiency factor 
[CH 20]i = C H 2 0 concentration inside the compartment 
[CH 2 0] 0 = C H 2 0 concentration outside the compartment 
t = time 
qQ - volumetric flow rate for make-up air 
qi = volumetric flow rate for recirculation 
q2 = volumetric flow rate for infiltration 
F0 = filter efficiency for make-up air 
Fi = filter efficiency for recirculation air 
V = room volume 
C H 2 O E R = indoor source emission rate 
C H 2 O R = indoor sink removal rate 

The mixing efficiency factor, C, is the fraction of incoming air to the com
partment that completely mixes with the compartment volume. Uniform 
mixing of air and the absence of C H 2 0 concentration gradients are as
sumed throughout the compartment. 

By solving Equation A l for [CH 20]i as a function of i , by holding all 
variables other than [CH20]f and t constant, and by using the boundary 
condition [CH20]i = [CH 2 0] s at t = 0, 

rnTr 0 1 C[<7,(1 - F0) + q 2 ][CH 2 Q] 0 + C H 2 O E R - C H 2 O R 
LCrl2UJi = — - —-

C(q0 + qxFY + q2) 
X [1 - e-(C/V)to0 + (/iFi + qf2)t] 
+ [CH 2 0]^-( c / y )(^ + ^ F i + ̂  (A2) 

By assuming t is equal to infinity, the steady state C H 2 0 concentration 
(i .e . , [CH 2 OL)is 

r r w m C[g 0 (l + F0) + <?2][CH2Q]0 + C H 2 O E R - C H 2 O R 
LCrl 2U-U = 777 , ϋ—ί \ (A J) 

C(q0 + qiFx + q2) 
Further simplifying assumptions include the absence of mechanical or 

natural air filtration systems: 

F 0 = Fx = 0 (A4) 
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the absence of permanent loss mechanisms due to sinks: 

C H 2 O R = 0 (A5) 

and a single expression for the compartment air exchange rate (ACH): 

V· A C H = q0 + q2 (A6) 

The final expression is 

[CH20]m = [CH 2 0] 0 + C H 2 O E R / ( C A C H - V ) (A7) 

The influence of these simplifying assumptions on the results of the 
modeling can be qualitatively evaluated in terms of their potential positive 
or negative impact on the modeled C H 2 0 concentrations. In addition, ge
neric comparisons can be drawn between the predictions of the simplified 
model that incorporates the assumptions (i.e., Equation A7) and more fun
damental mass balance equations (i.e., Equation Al) . The assumption of a 
steady state condition, holding all parameters constant at time equal to in
finity, restricts the application of the simplified model to compartments 
with temporally invariant environmental and ventilation conditions. No 
consistent positive or negative bias is anticipated between the results for 
steady state and time-dependent models (i.e., Equations A l and A3), pro
vided the time-dependent model parameters average the same magnitude 
as those for the steady state model. The assumptions of uniform mixing and 
no C H 2 0 concentration gradients in the air throughout the indoor com
partment are applied to both the temporally dependent model (i.e., Equa
tion Al) and simplified steady state models (i.e., Equation A7). These as
sumptions are expected to cause a positive bias of uncertain magnitude on 
the modeled C H 2 0 concentrations. Elevated C H 2 0 concentrations near 
the surface of solid C H 2 0 emission sources due to nonuniform mixing 
throughout the compartment are expected to suppress the C H 2 0 emission 
rates in comparison to uniformly mixed conditions. The assumption of no 
mechanical and natural ventilation systems and C H 2 0 sinks should also 
cause a positive bias on the C H 2 0 concentration modeling. All three model 
terms represent finite C H 2 0 loss mechanisms of uncertain and probably 
variable magnitude in homes. Water-bearing sorbent materials (i.e., sinks) 
such as gypsum board are assumed to buffer the attainment of steady state 
C H 2 0 concentrations but are not a permanent C H 2 0 loss mechanism. Re
cent studies of the C H 2 0 sorption and desorption characteristics of gypsum 
board generically confirm this assumption (3). A strong time-dependent 
buffer to sudden changes in C H 2 0 vapor concentration and a weak (i.e., 
< 10%) permanent C H 2 0 loss mechanism were observed. 

American Chemical Society 
Library 

1155 IBth St., N.W. 
Washington, DC 20036 
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Appendix 3: Determination of Slope and Intercept Values for 
Pressed-Wood Product and UFFI Linear CH20 Models 
A simple inverse linear dependence of the C H 2 0 emission rate of pressed-
wood products and UFFI on C H 2 0 concentration is assumed (Equation 5). 
For each product this linear model is described by two constants: the slope 
and intercept value. 

The slope values for pressed-wood products and UFFI (Table V) were 
determined from linear least squares analyses of C H 2 0 emission rate data 
(i.e., dependent variable) as a function of C H 2 0 concentration (i.e., inde
pendent variable). For pressed-wood products, the C H 2 0 emission rate 
data at a variety of C H 2 0 concentrations were determined from environ
mental chamber experiments in which the C H 2 0 concentration was indi
rectly controlled through variation in product loading and air exchange 
rate (23). The results for each category of pressed-wood products listed in 
Table V represent the average slope for typically three or more boards sam
pled from U.S. industry in 1982-83. With UFFI, C H 2 0 emission rate data 
were measured from insulation encased in simulated exterior wall panels. 
The air exchange rate through a chamber on the gypsum board side of the 
wall panels was varied to determine the C H 2 0 emission rate at different 
C H 2 0 concentrations. The results listed in Table V represent the average 
slope for measurements of nine wall panels (8). 

The intercept values (i.e., of the dependent variable) for pressed-
wood products were calculated with the slopes determined from the linear 
regression analysis of the environmental chamber data mentioned earlier 
and the results of a pressed-wood survey involving more than 100 boards 
sampled from U.S. industry in 1983 (24). The survey was conducted with 
the ORNL-developed FSEM. A strong, approximately one-to-one correla
tion between C H 2 0 emission rate data taken with the FSEM and with the 
environmental chamber at 23 °C, 50% rh, and 0.1 ppm C H 2 0 has been 
observed for a variety of pressed-wood products (II, 23).2 By substituting 
the average FSEM data from Table II for the assumed C H 2 0 emission rate 
at 0.1 ppm C H 2 0 (i.e., C H 2 O E R ' 0 1 2 4 mg/m3) and the average slope (m) de
termined from environmental chamber experiments (i.e., Table V) into a 
rearranged form of Equation 5, the intercept (b) for the dependent vari
able can be calculated. 

&(mg/m%) = CH 2OER ' 0.i24mg/m3 + rn (m/h) · 0.124 (mg/m3) (Al) 

For UFFI, independent survey data of a large number of simulated wall 
panels were unavailable. The intercept for the dependent variable was cal-

2 The intermethod correlation between the FSEM and environmental chamber is strongly 
dependent on equal conditioning of the pressed-wood specimens used in both experiments at 
23 °C, 50% rh, and <0.15 ppm C H 2 0 for > 7 days prior to measurement (11). Such precau
tions were followed in both the FSEM and environmental chamber experiments. 
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culated as the average of the intercepts determined from measurements of 
the nine wall panels.  
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11 
Field Evaluations of Sampling and 
Analytical Methods for Formaldehyde 

E U G E N E R. KENNEDY, DAVID L . SMITH, and CHARLES L . GERACI , JR. 
National Institute for Occupational Safety and Health, Cincinnati, O H 45226 

A field evaluation to compare NIOSH method Ρ&CAM 354 
[2-(benzylamino)ethanol-coated sorbent] with NIOSH Ρ&CAM 
318 (oxidative sorbent), Ρ&CAM 125 (impinger and chromotropic 
acid), and a 2,4-dinitrophenylhydrazine-coated silica gel sorbent 
tube method was conducted in three different environments: a 
formaldehyde production facility, a hospital dialysis unit, and a fi
berglass insulation production facility. Results from these studies 
indicated that one of the methods, Ρ&CAM 318, had sample stabil
ity problems and was not suitable for monitoring that required 
sample storage for any length of time. No apparent difference was 
found between the other methods in all of the studies, but the limi
tations of Ρ&CAM 354 at levels less than 0.25 mg/m3 (0.2 ppm) 
were documented. This limitation was due mainly to the presence 
of a background level of formaldehyde on the sampling tube. 

I N T H E D E V E L O P M E N T O F S A M P L I N G A N D A N A L Y T I C A L M E T H O D S for work
place contaminants, one of the most difficult and often overlooked tasks is 
field evaluation of the method. Previous work in our laboratories has 
shown that field testing of sampling and analytical methods has defined 
certain problem areas in various sampling and analytical methods. In a 
study performed by Hill (I) the instability of certain pesticides under field 
conditions was noted. Other field studies on polynuclear aromatic hydro
carbons have been used to determine which stage of a two-stage sampler 
contains the various compounds of interest. This type of information is not 
readily available from laboratory-generated samples unless extensive study 
of the field environment has been done. Variations in concentration due to 
drafts, currents in the workplace, and other variables and conditions under 
which the contaminant is formed and exists cannot be duplicated easily in 
the laboratory and may cause variation between laboratory and field eval
uation studies. Also, the cost of duplicating field conditions in the labora
tory may be prohibitive. 

A major problem in performing a field evaluation is that the "true" 

This chapter not subject to U.S. copyright. 
Published 1985 American Chemical Society 
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concentration of the contaminant in the workplace cannot be determined. 
However, if a number of sampling and analytical methods are used for the 
measurement, an estimation of the actual concentration can be made. 
With the number of sampling and analytical methods for formaldehyde, 
this compound provided a good candidate for field evaluation. 

Experimental 
Sampling Sites. Three different sites were used in these field evaluations. 

These were a formaldehyde production facility, a hospital dialysis unit, and a fi
berglass insulation production facility. Each of these locations had very different 
workplace environments. The source of formaldehyde in each location was quite 
different. In the production facility, formalin (ca. 50%) and paraformaldehyde 
were the sources; in the dialysis unit, 5 % and 37 % formalin solutions were the only 
source; in the fiberglass production facility, potential sources of formaldehyde in
cluded free formaldehyde, formaldehyde adsorbed on particulate or fibers, and 
particulate and form aldehyde-generating particulate from the resin system chemi
cally degrading in the sampling system. 

Method Description. Four methods were used in these studies. They were 
a published procedure by Beasley et al. (2) [2,4-dinitrophenylhydrazine (DNP) 
method], NIOSH P & C A M 354 (3, 4), NIOSH P & C A M 318 (5, 6), and NIOSH 
P & C A M 125 (7-9). The DNP method uses silica gel sorbent coated with a solution 
of hydrochloric acid, iV,iV-dimethylformamide, and 2,4-dinitrophenylhydrazine 
and packed into sampling tubes. The 2,4-dinitrophenylhydrazone of formaldehyde 
is formed on the coated sorbent, desorbed with acetonitrile, and determined by 
high-performance liquid chromatography. 

NIOSH P & C A M 318 is based on the oxidation of formaldehyde to formate by 
a proprietary charcoal sorbent. The formate ion is desorbed with hydrogen perox
ide solution and quantitated by ion chromatography. NIOSH P & C A M 354 uses a 
reagent-coated sorbent for collection of formaldehyde. This reagent [2-(benzyl-
amino)ethanol] reacts with formaldehyde to form 3-benzyloxazolidine, a five-
membered cyclic derivative. This compound is desorbed from the sorbent with iso-
octane and determined by capillary gas chromatography. NIOSH P & C A M 125 
was adapted by NIOSH from the Intersociety Committee. It uses an impinger filled 
with 1 % sodium bisulfite for collection of formaldehyde. This solution is reacted 
with chromotropic acid and sulfuric acid and turns purple in the presence of form
aldehyde. The amount of formaldehyde in the resulting solution is determined 
spectrophotometrically at 580 nm. 

Cellulose ester membrane prefilters were used on half of the samplers in the 
field evaluation in the fiberglass production facility. After sampling, the prefilters 
were placed in Nalgene cross-linked polyethylene (CPE) sample bottles with 10 mL 
of 1 % sodium bisulfite solution. These samples were analyzed for formaldehyde by 
method P & C A M 125 described earlier. 

Al l samples and filters were blank corrected. Blank values are noted in Tables 
I-III. 

Apparatus. Samples were collected with M D A model 808 Accuhaler sam
pling pumps with 50-cm3/min orifices installed for the field evaluations in the 
formaldehyde production, facility and hospital dialysis unit. In the fiberglass pro
duction facility a large vacuum pump (Gast M D L 0522) with critical orifices (0.05 
L/min, made from sections of capillary tubing and Millipore critical orifices, 1.0 L/ 
min) was used for sample collection. A device shown in Figure 1 was used to hold 
the samples during all of the field evaluations. This device was constructed from 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
01

1

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



11. K E N N E D Y E T A L , Field Evaluations 153 

Figure 1. Device used to hold samples during all field evaluations. 

0.5-in. (12.8-mm) plexiglas sheet stock, a 7-in. (17.8-cm) plastic laboratory funnel, 
and 0.25-in. (6.4-mm) polypropylene male connectors to hold the sampling tubes. 
Pumps or a vacuum source was connected to the tubes, and the air being sampled 
was drawn in through the funnel opening. This device provided a homogeneous 
atmosphere for the sampling. Laboratory tests with this device indicated relative 
standard deviations for sets of 12 samples of less than 10 % could be obtained. 

Sampling Protocol. Samples were collected 12 at a time with the device 
shown in Figure 1. Each run consisted of two sets of 12 samples collected over 
4-6 h. Four samples of each of three methods (P&CAM 318, P & C A M 354, and 
2,4-DNP) were used in each set for the first two evaluations. The position of sam
ples in each device was randomized with at least one tube of each method in each 
quadrant of the sampler to eliminate any bias that might be due to the collection 
device. Al l samples were collected at 0.05 L/min to eliminate differences in flow 
between the methods as a variable in the study for the first two evaluations. 

The protocol for the evaluation in the fiberglass production facility was 
slightly modified to study the effect that particulate material might have on form
aldehyde monitoring. For this study only two methods were used: P & C A M 125 and 
P & C A M 354. At this time these were the only two methods recommended by 
NIOSH for use on their industrial hygiene surveys because sample instability prob
lems had been experienced with P & C A M 318. Samplers were configured both with 
and without prefilters to study the effect of potential formaldehyde-containing 
particulates on the sampling results. Again the sample holder device shown in Fig
ure 1 was used. Cellulose ester membrane prefilters were used on half of the sam
plers in this field evaluation in the fiberglass production facility. After sampling, 
the prefilters were placed in Nalgene CPE sample bottles with 10 mL of 1 % so-
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dium bisulfite solution. These samples were analyzed for formaldehyde by method 
P & C A M 125 described earlier. In this instance samplers were run at their recom
mended flow rates for 4 h (P&CAM 125, 1.0 L/min; P & C A M 354, 0.05 L/min). 
Although this sampling rate and time exceeded the recommended sample volume 
of P & C A M 125, it allowed the collection of a greater amount of particulate mate
rial and a better chance to see contribution to overall formaldehyde levels from 
formaldehyde adsorbed on or hydrolyzed from this material. Prefilters were ana
lyzed by the method described earlier, and their contribution to the overall sample 
was reported separately. Analysis of variance was used to study differences be
tween the method configurations. Samples were collected over 2 days in two 4-h 
sets each day. 

Several assumptions were made in the basic design of these studies. These in
cluded the following: differences in position in the sample holder are not statisti
cally significant; a 10 % coefficient of variation for each method is assumed; levels 
will be above the limit of detection; and no run-method interaction occurs. Pre
vious evidence from NIOSH studies indicated no statistically significant differences 
between positions when this type of sample collection device was used. Two runs 
(48 total samples) were required to detect with 80 % confidence a 10 % true differ
ence between any two methods with the significance level fixed at 0.05. Analysis of 
variance and Duncan's test were used to determine if means of the methods were 
statistically different (10). 

Included as an additional experiment, a sample stability study was performed 
on the P & C A M 125 samples. Because the analytical method requires that only 
4 mL of sample be used in the actual analysis, it was possible to preserve the sam
pling solutions for later analysis. This analysis was done as a check on sample stabil
ity and also as an indicator of formaldehyde generation from particulate. Samples 
were analyzed immediately upon receipt in the laboratory as well as 10 and 30 days 
following receipt. 

Results and Discussion 
Before the field evaluation of the methods was attempted, a laboratory test 
of the sample holder was undertaken. Six samples of both P & C A M 354 and 
P & C A M 318 were taken in a formaldehyde atmosphere generated by va
porization of formaldehyde in a heated injection block and diluted with 
clean air. Results from the six P & C A M 354 samples and three of the 
P & C A M 318 samples and their associated relative standard deviations 
(RSD) were 1.70 mg/m3 (11%) and 1.68 mg/m3 (11%), respectively. This 
experiment confirmed our assumption of an RSD of 10 % for the methods 
under study. The second set of three samples from P & C A M 318 was re
tained for quality control samples for submission with the field samples to 
be collected. This second set of samples was submitted for analysis approxi
mately 6 weeks after collection. The result from this set of samples was 0.55 
mg/m3 (RSD = 29 % ). These results were the first indication that a sample 
instability problem existed with method P & C A M 318. 

Site 1. The first field evaluation took place in a formaldehyde pro
duction facility. The methods used were the DNP method, P & C A M 354, 
and P & C A M 318. These methods were chosen because they were all sor
bent tube methods and could be used at 0.05 L/min with no apparent prob
lems. The results of the samples taken over 2 days are shown in Table I. 
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Table I. Formaldehyde Production Facility Field Data 

Sample DNP P&CAM 354 P&CAM 318 

Day 1 
Sample holder #1 
Sample holder #2 

Day 2 

4 .58 ± 1.55 
4 . 1 7 ± 0.44 

4 .07 ± 1.79 
4 .26 ± 0 .66 

2.74 ± 5.6 
2 .07 ± 4.44' 

Sample holder #1 
Sample holder #2 

1.34 ± 0 .56 
1.33 ± 0.04 

0 .97 ± 0 .05 
1.18 ± 0 .07 

0.62 ± 0 .62° 
0.79 ± 0 .35 

NOTE : Concentrations are the average of four samples except where noted and are ex
pressed in parts per million with their 9 5 % confidence limits. Averages of the blank values are 
as follows: 2 , 4 - D N P , 3.1 μg/sample; P & C A M 318, 6.0 Mg/sample; and P & C A M 354, 2.7 ^g/ 
sample. 

flValues are the average of three samples. 

Samples were collected for 6 h each day. With some of the samples the 
pumps stopped working before the end of the 6-h sampling period. Al
though the sampling pumps were fully charged before use, the conditions 
of high humidity and temperature (25-30 °C and 80-90% rh) may have 
adversely affected pump battery life. These low-volume samples contrib
ute to the variability observed in the samples because the low-volume sam
ples are included in the data table. In the statistical analysis, these low-
volume samples were treated as outliers, and the DNP method and 
P&CAM 354 were found to give statistically equivalent results. With 
P&CAM 318, the nonoutlier results were low and significantly different 
from the other two methods. Also the RSD with this method was larger 
than the results obtained during the preliminary laboratory work with the 
sampler holder. These findings led to further study of sampling and storage 
parameters of P&CAM 318. The results of that study indicated sample in
stability when samples were stored for periods longer than 1 week (II). 

Site 2 . The second field evaluation took place in a hospital dialysis 
unit. Formalin solutions (5% and 37%) were used to sterilize the perito
neal dialysis machines by pumping the solution into the machines and let
ting them sit for 2 h. The time required for the filling of two machines with 
formalin was approximately 1 h. Samples were collected over this 1-h pe
riod. Environmental conditions during this time were approximately 25 °C 
and 50% rh. Methods used were the DNP method, P&CAM 318, and 
P&CAM 354. At this time the instability problem of P&CAM 318 was de
fined, and the analysis request for these samples was cancelled. Results for 
the DNP method and P&CAM 354 are shown in Table II. A total of two 
sets of four replicates of each method were collected. In this study formal
dehyde levels were quite low. These low levels were also confirmed by a 
C E A 555 continuous formaldehyde monitor. This monitor gave a time-
weighted average concentration during the sampling period of 0.15 ppm. 
The levels measured by the DNP method and P&CAM 354 were only 
slightly larger than the blank amounts, which were 3.1 and 3.4 ^g/sample, 
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Table II. Hospital Dialysis Unit Field Data 

Sample P&CAM 354 DNP 

Sample holder 1 0.14 ± 0.03 0.28 ± 0.06° 
Sample holder 2 0.11 ± 0.20 0.30 ± 0.1 

NOTE : Concentrations are the average of four samples except where noted and are ex
pressed in parts per million with their 95 % confidence limits. Averages of the blank values are 
as follows: 2,4-DNP, 3.1 μg/sample; and P & C A M 354, 3.4 ^g/sample. 

a Values are the average of three samples. 

respectively. This fact contributes to the high variability of each set of sam
ples. Although a statistically significant difference between the two meth
ods was observed, these differences are probably unimportant because the 
actual amounts of formaldehyde measured are at the bottom of the analyti
cal range for each method. 

Site 3. The third field evaluation took place in a fiberglass insulation 
production facility. At this sampling site, fiberglass was blown, resin 
coated, and shaped, all within a single structure. The potential existed for 
free formaldehyde from the resin system as it was sprayed onto the fi
berglass, for particulate-bound formaldehyde from its adsorption onto air
borne materials, and for form aldehyde-generating particulate from the 
resin system chemically degrading in the sampling systems. 

Formaldehyde can be trapped in dust as either an adsorbed species or 
in a chemically bound state (12). During sample workup, the formalde
hyde can be released either by desorption or hydrolysis. To attempt to 
study this problem, a field evaluation was undertaken in a fiberglass insula
tion production facility. Samples were collected by using methods P&CAM 
354 and P&CAM 125 with and without prefilters on each method, to give a 
total of four sampler combinations. The samplers were arranged in the 
sample holders in the four configurations in triplicate. 

Samples were collected in two 4-h sample sets per day over 2 days. 
Environmental conditions were 25 - 30 °C and 80 - 90% rh. Results 
from the sample analysis are shown in Table III. Good agreement was 
found between impingers with and without prefilters, and the amount of 
formaldehyde found on the prefilters was minimal. The P&CAM 125 data 
demonstrate a rather consistent formaldehyde concentration ranging from 
0.1 to 0.2 ppm. One significant observation was that glass fibers were 
found to have passed through the unfiltered P&CAM 125 samples and were 
collected on the prefilters before the critical orifices. Without the critical 
orifice prefilters, significant clogging and reduction of flow might have oc
curred. This problem was not observed with the prefiltered P&CAM 125 
samples. 

A red color and absorption maximum shift to 520 nm was noted with 
the desorbed impinger prefilter samples. Possible explanations include the 
extraction of organics from the filter media or the presence of the phenol in 
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Table III. Fiberglass Production Facility P & C A M 125 Data 

157 

Sample 
Impinger 

with Prefilter Impinger Alone 

Day 1 
Sample holder 1 
Sample holder 2 

Day 2 

0.19 ± 0.02 
0.10 ± 0.01 

0.20 ± 0.02 
0.11 ± 0.0 

Sample holder 1 
Sample holder 2 

0.13 ± 0.02 
0.14 ± 0.01 

0.12 ± 0.03 
0.13 ± 0.01 

NOTE : Concentrations are the average of three samples and are expressed in parts per 
million with their 95% confidence limits. Averages of the blank values are as follows: prefil
ter, 0.8 /xg/sample; and P & C A M 125, 0.7 μg/sample. 

the resin system. Certain organic compounds and phenol, in particular, are 
negative interferences in P&CAM 125 (7). If phenol were present, then the 
true amount of particulate-bound formaldehyde determined from the pre
filters would be different from the reported values. 

The results for the P&CAM 354 tubes, both with and without prefil
ters, were below the limit of detection for the method. The results for the 
prefilters for the tubes were also below the limit of detection. 

To study the stability of samples collected with P&CAM 125, impinger 
samples were transferred to Nalgene CPE bottles and analyzed immedi
ately on receipt in the laboratory, 10 days after receipt, and 30 days after 
receipt. A second purpose for this study was to see if any formaldehyde-
generating particulate had been captured by the impingers. If any of this 
particulate were present, then formaldehyde concentrations should have 
increased with time. As can be seen from the data in Table IV, the levels 
appeared to remain constant for at least 10 days. Statistical analysis of the 
results verified this observation. After storage for 30 days, significant dif
ferences were observed between day 1 and day 30 analyses. The stability of 
P&CAM 125 samples for 10 days is in conflict with the reported instability 
problems found with this method when evaluated under the joint OSHA-
NIOSH Standards Completion Program (13). 

Conclusions 
The results from the first field evaluation in a formaldehyde production 
facility indicate that good correlation is found between the DNP method 
and P&CAM 354. Problems of sample instability were discovered with 
P&CAM 318 and have been defined in other work (II). The discovery of 
this problem with P&CAM 318 demonstrates once again the need for field 
evaluation of sampling and analysis methodology. In the second field eval
uation in the hospital dialysis unit, the sensitivity and precision of the 
methods were found to be questionable at low levels. The last field evalua
tion once again confirmed the lack of sensitivity of P&CAM 354 at low 
formaldehyde levels. 
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Table IV. P & C A M 125 Storage Stability Study 

Recovery (μ§1 sample)0 

Sample 1 day 10 days 30 days 

301 49.7 49.9 (100.5) 48.6 (97.8) 
302 48.6 48.1 (99.0) 46.4 (95.4) 
303 42.0 41.0 (97.5) 35.5 (84.5) 
304 30.3 30.6 (100.9) 29.7 (98.0) 
305 21.2 20.6 (97.1) 16.2 (76.4) 
306 29.8 30.2 (101.3) 24.2 (81.6) 
307 41.5 40.6 (97.7) 39.2 (94.5) 
308 29.9 29.1 (97.4) 24.4 (81.6) 
309 31.6 30.2 (95.6) 26.1 (82.6) 
310 29.7 29.1 (98.0) 30.2 (101.7) 
311 27.3 25.9 (94.8) 24.0 (87.9) 
312 29.4 28.7 (97.6) 27.9 (94.9) 

aPereent recoveries enclosed in parentheses are relative to quantity of formaldehyde 
found on day 1. 

This last study also demonstrated the ability of P&CAM 125 to mea
sure formaldehyde in the 0.1- to 0.2-ppm range with a high degree of preci
sion. Situations in which airborne particulate might be present, especially 
particulate that might potentially decay and release formaldehyde, war
rant the use of a prefilter when P&CAM 125 impinger samples are col
lected. A second reason for using prefilters is that particulate can pass 
through the impinger and be trapped in the sample pump or vacuum 
source. The sample stability study done on P&CAM 125 samples collected 
during this evaluation indicated good sample stability for up to 10 days 
after sample collection when stored in Nalgene CPE bottles. 
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Formaldehyde Measurements in 
Canadian Homes Using Passive 
Dosimeters 

CLIFF J. SHIRTLIFFE1, MADELEINE Z. ROUSSEAU1, 
JUDITH C. YOUNG1, JOHN F. SLIWINSKI2, and P. GREIG SIM1 

1Division of Building Research, National Research Council of Canada, Ottawa, 
Ontario, Canada K1A 0R6 

2 IEC Beak Consultants Ltd., 6870 Goreway Drive, Mississauga, Ontario, 
Canada L4V 1P1 

Formaldehyde dosimeters have been tested in urea-formaldehyde 
foam insulated Canadian homes in which formaldehyde levels 
range from 0.02 to 0.2 ppm. Performance of commercial and exper
imental passive dosimeters was evaluated over 2- to 4- and 7-day 
exposures. Effects of transport, storage, humidity, and air velocity 
on blanks and overall performance were investigated. Modifica
tions have improved reproducibility and blanks. Changes have in
volved design, handling, removal of contamination, and produc
tion control. The changes have resulted in the precision of 
dosimeters becoming almost equal to that of impingers. Devices 
under development are discussed. Design requirements include 
precision, accuracy, cost, use by untrained personnel, and blanks. 
Design requirements identified in the work for low-level dosim
eters are discussed. Studies and the types of devices used in each are 
tabulated. 

D U R i N G 1980-84 S E V E R A L H U N D R E D T H O U S A N D formaldehyde (HCHO) 
measurements were made in Canadian homes. Most of the measurements 
were in homes that contain urea-formaldehyde foam insulation (UFFI). 
During 1980 and early 1981, following a ban on UFFI sales in Canada, 
most measurements were made by technicians with the NIOSH P&CAM 
125 chromotropie acid method and water-filled impingers (bubblers) to 
collect the formaldehyde over 1-2 h (J). In late 1980 a change was made to 
3- and 4-h collection periods, sodium bisulfite solutions in the impingers, 
and improved analytical procedures (2). In September 1981 the Federal 
Government of Canada initiated a 10-week survey and study of 1978 UFFI 

0065-2393/85/0210/0161$08.75/0 
© 1985 American Chemical Society 
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162 F O R M A L D E H Y D E : A N A L Y T I C A L CHEMISTRY A N D T O X I C O L O G Y 

homes and 383 non-UFFI homes spread across Canada (3) (the "2300-
home" survey). The collection and analysis were done by five commercial 
firms. The program started with the modified NIOSH chromotropie acid 
procedure and 3-h impinger collection, with 1 % sodium bisulfite solution, 
after a 24-h preconditioning of the house. The latter part of the program 
included measurements with two 1-day and one 7-day type of passive 
formaldehyde dosimeters that sampled by permeance or diffusion. The 
results showed that the dosimeters were not subject to the wide variations 
found in the impinger measurements, and that they tended to give mean 
values approximately 25% higher. The differences in duplicate impinger 
readings, even with quality control, varied from 38 % at the 0.1-ppm level, 
to 54% at the 0.05-ppm level, to 100% at the 0.015-ppm level (3). 

Smaller studies followed in which the sodium bisulfite solution in im
pingers was replaced by molecular sieve to produce dry impingers. Studies 
were also made in which results from several types of long-term formalde
hyde dosimeters were compared to repeated short-term measurements. 
Development of new formaldehyde dosimeters and improvement of exist
ing dosimeters were initiated. The results of the measurements with passive 
dosimeters were promising even for the levels of 20-200 ppb by volume 
(0.02-0.20 ppm by volume) normally encountered in homes. The precision 
of dosimeter measurements was similar to that of active sampling tech
niques used in previous large studies (Figure 1). The tendency with the do
simeter was to indicate somewhat more formaldehyde than was present; 

36 
33-
30-
27 
24-

i 21 
18-

c <υ ο 15-
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4.78 

2.39 
0.99 0.78 MQ-

0.02 0.04 0.06 0.08 0.10 0.12 0.14 0.16 0.18 over 0.181 
[HCHO] ppm 

Figure 1. Distribution of HCHO levels in houses (national testing survey). 
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12. SHIRTLIFFE E T A L . Measurements in Canadian Homes 163 

that is, additional formaldehyde was absorbed in shipment rather than 
that already sampled lost, and field blank readings were higher than those 
of laboratory blanks (3). The potential long-term exposure to gaseous for
maldehyde could be measured in homes with the dosimeter over the basic 
7-day family living cycle. 

Short-term measurements were given lower priority because observa
tions of diurnal and annual variations in UFFI homes indicated that for
maldehyde concentrations in some homes responded rapidly to changes in 
the UFFI cavity environment and therefore to meteorological conditions. 
Peak-to-peak variation by factors of 2-4 and occasionally 10 had been mea
sured (Table I). Peaks occurred in the evening (4) and during the autumn, 
and minimums occurred in late winter (Figure 2) when the formaldehyde 
concentration in the walls dropped by a factor of as much as 4 and occa
sionally 10. Diurnal and seasonal variations were generally larger in UFFI 
than in non-UFFI homes. Similar variations occurred in the wall cavities. 

The Federal Government of Canada initiated an assistance program 
for homeowners in December 1981. The program involves several dosime
ter measurements of formaldehyde in up to 80,000 UFFI homes during the 
period 1982-86. The deployment, collection, and analysis of dosimeters are 
to be done primarily by commercial laboratories and the Federal Govern
ment of Canada is to handle all collection of data. Houses entering the pro
gram are given a pretest in which dosimeters are sent to and returned from 
the homes by mail. Houses in the program have formaldehyde concentra
tions measured by a pair of 7-day dosimeters one to four additional times 
during the program, depending on their routing through the program and 
the results of previous tests. Thus, a relatively inexpensive but precise and 
accurate device to permit comparisons between results is needed. 

As of February 1984, some 150,000 to 200,000 formaldehyde dosime
ters had been used in the program and in related research. The majority of 
these were specially ordered, commercially manufactured units. Units that 
originally had a marginal performance have evolved into reasonably reli
able devices. The evolution is continuing, along with development of im
proved new devices. Some devices are evolving into higher precision refer
ence units and others into low-cost, somewhat less precise or accurate 
devices for use in larger studies. 

Table I. Diurnal Variations in Formaldehyde Levels (ppm) 

House Number 10:00 A.M. 2:00 P.M. 

24 0.04 0.36 
24 0.08 0.16 
19 0.16 0.092 
49 0.13 0.29 

NOTE: All results are from Study 9 of Table I V . 
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? 09J 

.014 , , 

° May 1 July I Sept. 1 Nov. I Jan. I March 1 May 1 
June Aug. Oct. Dec. Feb. April June 

Month of Testing 1982-83 

Figure 2. Average formaldehyde measurements in UFFI homes (seasonal 
variation Canadian UFFI-ICC program). 

pollutants to much the same extent as the primary device. This technique 
has not been widely used. Field and laboratory blanks are of most use when 

The UFFI program has provided a rare opportunity to examine details 
of many types of equipment and methods for measuring low-level air pollu
tants. The data collected from the homes in the UFFI program may be 
useful in defining the average and extremes in exposure of occupants to 
formaldehyde under different weather conditions and at different times of 
the year. The evolution phase has involved an extensive review of the fun
damentals of what might be called indoor air dosimetry. 

Many of the findings about the design, manufacture, use, and analysis 
of dosimeters and about the performance of other measurement devices are 
directly applicable to other studies or surveys of low-level pollutants. 

An overview of the experience gained in Canada during the studies up 
to early 1984 will be presented in five sections. 

Dosimeters for Measuring Air Pollutants 
Definition of a Dosimeter. Dosimeters are devices for collecting one or 
more substances in air; subsequent analysis is usually required to indicate 
quantities collected, which in turn allow calculation of exposures. There 
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12. SHIRTLIFFE ET A L . Measurements in Canadian Homes 165 

are two basic types: passive dosimeters for gaseous pollutants (less often 
dust or spores) and active dosimeters for particulate matter, aerosols, and 
gaseous pollutants. Passive dosimeters are also called personal samplers, 
and active dosimeters are often called sampling tubes or, when filled with 
liquid, impingers or bubblers. 

Description of a Dosimeter System. Dosimeters collect the molecules 
or particles of a pollutant from a known volume of air over a given period 
of time. The components of a dosimeter system can be some or all of the 
following: the collection medium, or media, including desiccant layers or a 
liquid-coated matrix; the primary container with nipples to allow collected 
air to flow through openings or the pollutant gas to diffuse into the collec
tion medium; caps or an outer-sealed container to prevent the device from 
sampling before the sampling period begins; screens, porous plugs, or 
membranes to hold the collection medium in place or to prevent spillage; 
screens, porous plugs, or membranes to filter out dust entering the device; 
screens, porous plugs, or membranes to guide or control the air flow or 
sampling at the input to the device; for an active dosimeter, a pump and 
flowmeter or flow controller; for a passive dosimeter, one or more columns 
of air of known dimensions to control the rate of diffusion and therefore the 
rate of sampling of the pollutant gas or gases from the surrounding air; 
components to suspend or support the device during deployment; seals for 
openings in the containers and packages for shipment; and labels for identi
fying the device and recording its exposure. 

Fundamental Need for Field Blanks. Dosimeters become activated 
when they are produced, so they collect pollutant material from the sur
rounding environment by diffusion or mass transfer during production; 
from the surfaces of the components after production; from and through 
the components during storage and shipment; by diffusion and mass trans
fer, caused by pressure and temperature cycles, through leaks in the caps or 
outer container or other joints during storage and shipment; and during the 
eventual analysis. 

In such cases, the measurement made with the exposed primary mea
suring device must always be compared with an identical secondary device 
that has the same occasions for collection as the primary measuring device, 
except during the sampling period. The secondary device must also have an 
identical aging period. The secondary device is called a field blank and 
differs from a laboratory blank. A laboratory blank is a testing device that 
has never left the laboratory; it has had a similar aging period but has not 
had identical occasions to collect the gas as the primary device or the field 
blank. Alternatively a field blank may have a period of exposure to the 
same atmospheres as the primary device but for a shorter duration. The 
collection medium of the field blank is exposed to water vapor and other 
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the variations of the blanks are small compared to the changes from sam
pling and aging. 

Some dosimeters are activated only after deployment and can only 
sample from that time until the device is analyzed. If the medium is ana
lyzed immediately, blanks may not be required or may be of lesser im
portance. 

The equation for conversion of the mass of gas collected in a dosimeter 
and the field blank to the equivalent parts per million by volume is given in 
Appendix 1. 

Collection Medium in a Dosimeter. The collection medium (or me
dia) is the heart of the dosimeter. The forms of medium vary from simple to 
complex: a liquid that absorbs and stores the gas, gases, or dust by forming 
a simple solution; a solid medium such as a filter bed for dust; a desiccant 
for water vapor or adsorbent bed such as a molecular sieve for gases and 
vapors; a solid bed of dry chemicals or a film of viscous liquid chemicals, 
including water films, which chemically rather than physically trap the 
pollutant (reactions may form adducts or derivatives); and liquid solutions 
that contain chemicals. 

For some dry collection media the presence of water vapor may be 
essential or may affect the collection rate or the recovery rate. 

The collection medium may not be 100 % effective; all the pollutant 
may not be collected from the volume of air sampled, or the collection me
dium may re-release pollutant to the air. Passive devices may not respond 
linearly to changes in concentration of the gas because of the establishment 
of a pollutant vapor pressure over the collection medium. Failure to 
achieve 100 % collection may be partially compensated for in the calibra
tion process; this compensation may be reliable provided it is under 10%. 
Chemical reactions may convert the gases to other chemicals that are not 
recovered in the analysis. Biological activity in the medium may consume 
the gases or break down dust collected. No simple way to compensate for 
such losses is known, so they must be minimized by the selection of a reli
able medium. 

Molecules of formaldehyde may be stored in their original form, dis
solved in a liquid, stored as adducts as with sodium bisulfite solutions, 
reacted directly with chemicals to form derivatives as with triethanolamine 
or 2,4-dinitrophenylhydrazine, or reacted directly with chemicals to pro
duce a eolorimetric reaction in the solution or film as with chromotropic-
sulfuric acid solution. The derivatization or reactions to produce an imme
diate eolorimetric reaction are least subject to loss during storage. 

Factors Affecting the Accuracy of Dosimeters for Gas Measure
ment. The collection medium is not the only component that can affect 
the accuracy of the dosimeter. Dosimeters are such simple devices that 
their operation is often taken for granted; major sources of both random 
and fixed errors are often overlooked, especially errors involving the com-
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12. SHIRTLIFFE E T A L . Measurements in Canadian Homes 167 

plete dosimeter package including shipping materials. Calibration tech
niques and approximations adequate for minimizing errors that arise in the 
measurement of occupational levels of gases may be inadequate for 
measurement of levels inside homes. When collecting a gas that has unpre
dictable and relatively complex behavior, such as formaldehyde, at levels 
approaching outdoor levels, large and highly significant errors can occur. 
Small changes in design, manufacture, deployment, and analysis can intro
duce unexpected random or fixed errors. 

The accuracy of dosimeters can be affected by factors that influence 
the collection, storage, and release of gases from the collection medium. 
Some of the same factors and some additional ones will affect the sampling 
rate of the dosimeter, in particular the diffusion rate to the collection me
dium. The presence of dust, aerosols carrying the gases, and polymerized 
gas molecules can increase the sampling rate. Some factors that can affect 
the accuracy of dosimeters for gas measurement are listed in Table II along 
with the effect caused and a very approximate estimated error rating, 
which is given only as a prioritization parameter for error studies. In evalu
ating the performance of a dosimeter or in searching for causes of inaccura
cies in results, the factors in Table II should not be overlooked. These fac
tors cannot be precise because they depend on the design and deployment 
of the dosimeter, the gas being measured, and the environment of the 
sampling. 

Formaldehyde is a very reactive gas, and this reactivity makes it diffi
cult to establish reliable sampling rates. Many environmental factors affect 
the results. Some of the factors are discussed in later sections. 

The errors involved in the eolorimetric analysis of the eluant from ex
posed dosimeters are similar to the errors for normal eolorimetric analysis 
of formaldehyde collected in water-filled impingers. The primary differ
ences are the small quantities of water used to elute the gas from the collec
tion medium and the need to remove particulate matter from the solution. 
The elution process must be checked for its effectiveness at recovering the 
correct amount of formaldehyde. Discussion of the analytical procedures 
has been for the most part excluded from the following discussion on do
simeter development, although considerable work has been done on the 
chromotropie, pararosaniline, and 2,4-dinitrophenylhydrazine methods to 
improve their performance and to adapt the methods for use in homes. 

Adaptation of Commercially Available Dosimeters for Use in Homes 
Three commercial formaldehyde dosimeters were evaluated as they be
came available and were modified in cooperation with the manufacturers 
to improve their performance for measurements in homes. Each of these 
dosimeters is discussed in detail in this section. A comparison of the various 
devices is given in Table III. 

Pro-Tek C - 6 0 Du Pont Dosimeter. B A C K G R O U N D . The Pro-Tek 
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Table II. Some Factors That Affect Accuracy of Dosimeters 

Type of Estimated 
Medium Error 

Factor Affected0 Effect Ratingb 

High absolute humidity dry capacity reduction 1 
Low absolute humidity wet evaporation 3 
Large humidity variations dry loss from media 3 
Large temperature changes dry loss from media 2 

both sampling rate changes 4 
Barometric pressure variations 

( ± 1 0 % ) both diffusion rate changes 4 ( ± 1 0 % ) 
dry vapor pressure on medium 

changes 3 
Diffusion of other gases to 

surface both small changes in sampling 
rate 4 

Adsorption of gas on diffusion 
tube both nonconstant sampling 3 

High face velocity (turbulence) both increased sampling rate 3 
both decreased sampling rate 1 

Low face velocity both decreased sampling rate 1-2 
Swelling of permeance 

membrane (dimethyl 
silicone) both decreased sampling rate 1-3 

Dust collection at mouth of 
device (on screen) both increased sampling rate at device (on screen) 

low concentrations 1-2 
Sampling of aerosols both increased sampling rate by 

adsorbed gas ? 
Sampling of gas polymers both changed sampling rate ? 
Development of vapor 

pressure over medium (back 
desorption) dry collection not true 

integration 1-2 
both loss of collected gas 2-3 
both reduced sampling rate 2-3 
both calibration impossible 2-3 
wet similar to dry, but effect 

generally less 1-2 

°"Both" indicates both wet and dry media. 
b The estimated error ratings are defined as follows: 1, 50-100 % ; 2, 25-50 % ; 3,10-25 % ; 

4, 0-10% ; and ?, impossible to assess from data so far. 

C-60 formaldehyde dosimeter [Du Pont (6)], composed of a single blister 
unit, was selected for initial studies as it was the only personal monitor 
specifically developed for measurement of formaldehyde that was com
mercially available in 1981. A review of the data indicated that the Du 
Pont formaldehyde dosimeter had considerable potential for low-level 
measurements and 7-day exposures. It was designed for occupational levels 
and had a capacity of 2-50 ppm · h. Du Pont had done extensive laboratory 
and some field evaluation of the device. Most of the data were for exposures 
of 8 h and concentrations of approximately 0.5-10 ppm. The mean blank 
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absorbance and variation were quality controlled so that accuracies of 
± 25% could be achieved within that range at a 95% confidence level. 

V E R S I O N I: I N I T I A L D E S I G N : A S I N G L E BLISTER U N I T . The device con

sists of a diffusion strip that contains 34 holes approximately 0.6 mm in 
diameter and 6 mm long (the face velocity effect is eliminated by using 
these multiple small-diameter holes and low sampling rate per hole 
[length-to-diameter ratio is 10]); a diffusion membrane between the diffu
sion strip and the adsorbent medium to prevent leakage and to act as a 
separator for dust; a wet adsorbent medium, 2.4 mL of a 1 % sodium bisul
fite solution held in the diffusion blister; a plastic shell that covers and pro
tects the plastic blister against breakage and UV light and supports the blis
ter while it is being exposed; an aluminum pouch and two plastic closures 
that act as sealing materials for the device after exposure (no cap for the 
diffusion strip was used); some labels (stickers) for user identification, lot 
identification, and recording data; and instructions for analysis by color-
imetry and Du Pont-modified NIOSH P & C A M 125 chromotropie acid 
method. 

Field Studies. In 1981, the Federal Government of Canada con
ducted the 2300-home survey (Study 2, Table IV, and Ref. 3). Three-hour 
impinger tests were run on the first day of a 7-day measurement. Pro-Tek 
C-60 monitors were used in approximately 900 homes as a first trial for 
indoor air quality use. The dosimeters were deployed by technicians, ex
posed for 7 days, then mailed by homeowners to a laboratory in Toronto. 
Although the devices did meet manufacturer's specifications, neither the 
blank values nor the confidence level was adequate for studies in homes. 
Various problems had to be resolved to improve the performance of the 
Pro-Tek C-60 dosimeter for the monitoring of low levels of formaldehyde. 
These problems were as follows: 

Problem 1: High field blank readings with large random error varying 
from lot to lot. 

Cause: Contamination of the monitor inside the pouch. 
Large self-adhesive labels had been placed on the outside of the plastic 

shell of unexposed badges; these labels were inside the pouches during the 
journey back to the analytical laboratory (2-20 weeks) and caused contam
ination of the sampling blister unit. Adhesive used for the sticker and ink 
used on the label, especially from felt marker pens used inadvertently, 
emitted various gases and contaminated the solution in the blister 
(Table V). 

Problem 2: High and variable laboratory blank readings. 
Cause: Inadequate control over the cleanliness of the production line. 

A contributing factor to the contamination of the pouch was an inade
quate control over the cleanliness of the production line and of the storage 
of components before assembly. Further laboratory experiments showed 
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that released gases increased the contamination of the chemical medium in 
the diffusion blister (Table V). 

Problem 3: Leakage of chemical adsorber solution from the blister. 
Cause: Failure of the diffusion membrane over the diffusion strip, 

evaporation of the blister solution, or inadequate control in 
filling the blister with the chemical solution. 

Spillage of the chemical solution was observed in the foil pouch upon 
receipt in the laboratory. Some blisters were empty with only a slight solid 
deposit left. Diffusion membranes were broken, and the solution spilled 
out and sometimes evaporated; this result was assumed to be induced by 
squeezing of the device during transportation. The device was relatively 
fragile. Padded envelopes had been selected because their use permitted 
faster and far less expensive shipping than the use of small boxes. In many 
cases, the volume of the chemical collection medium that remained in the 
blister was small; adjustments had to be made during the analysis of the 
dosimeter, and thus a source of error was introduced. 

Problem 4: Improper usage by homeowner or technician. 
Cause: Complicated deployment procedures. 

The dosimeter was complicated for use by homeowners and even 
trained technicians. Pouches were received that were improperly sealed, 
labels were either not completed at all or not properly completed. Open
ing, sealing, and labeling operations were necessary prior to exposure. The 
design of the plastic closures used to seal the foil pouch made it difficult to 
seal and even more difficult to reopen after exposure and reseal once the 

Table V. Formaldehyde Contamination Inside Pro-Tek Version I Pouch: Test Results 

Equivalent ppb for 
Conditions 7-day Exposure 

Components Tested for HCHO Emission 
Heating Cooling Diffusion Sealed 

D.B.U. Shell Pouch Collector Label 55 °C (h) 5 °C (h) Blister Blister 

69 27 27 7 
• • • 69 17 25 9 

69 27 19 9 
• • 69 27 16 7 

64 23 17 4 
• • 64 23 32 9 

64 23 121 9 
• • • • 64 23 129 6 

64 23 39 7 
• • • • • 64 23 37 5 

NOTE : The components tested for H C H O emission are defined as follows: D . B . U . , double 
blister unit with diffusion strip; shell, white plastic shell to hold blister unit; pouch, tedlar-
coated aluminum foil pouch to hold badge; collector, dilute sodium bisulfite solution; and 
label, large: 1 in. χ 2 in., hand written, and small: lk in. X 3/4 in., machine numbered. 
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12. SHIRTLIFFE E T A L . Measurements in Canadian Homes 175 

dosimeter was placed inside. The overall difficulty in using the device gen
erated various field-related problems. 

D E S I G N M O D I F I C A T I O N S FOR V E R S I O N II. Arrangements were made 
for the following changes to be made in a single lot of Pro-Tek C-60 dosim
eters: (1) A sealed blister was added to the blister unit above the diffusion 
blister. The chemical adsorbent solution in the sealed blister was isolated 
from any inside-the-pouch contamination. Its analysis could be used to 
evaluate the effects on the chemical solution of aging and cycling of tem
perature during transportation. The aim of this change was reduction of 
the high mean blank value. (2) The instructions for its use were modified so 
that only one small factory-printed identification sticker was put into the 
aluminum pouch. This procedure eliminated unknown inks and labels 
from the pouch. The production line was cleaned prior to production of the 
modified devices. The aim of this change was reduction of contamination. 

V E R S I O N II: T H E D O U B L E B L I S T E R U N I T . Field Studies. In early 
1982 a field study in 83 homes was carried out in New Brunswick (3). It 
compared the Pro-Tek C-60 double blister with the Air Quality Research 
(AQR) PF-1 version I (to be described later) and an active sampling tech
nique based on a molecular sieve collection medium. 

Also, several hundred devices were used for surveys in schools insu
lated with UFFI (Table IV). The problems and observations recorded dur
ing these studies are as follows: 

Problem: Field blank values much higher than laboratory blank values. 
Cause: Solution aging and pouch contamination. 

Analysis of blisters from unopened pouches showed that the sealed 
blister had a much lower background formaldehyde level than the diffu
sion blister and could not act as a representative field blank (Table VI, Ver
sion II). This result indicated that a major contamination source in the 
pouch had not yet been eliminated. The white plastic shell that held the 
device in place and provided a clip with which to suspend it was one possi
ble source of contamination: formaldehyde sticking to the surface of the 
pouch could be released in high levels that could be absorbed by the chemi
cal solution during extended transportation periods. 

The effects of the storage conditions and handling of the diffusion blis
ter were unknown. Laboratory simulation of temperature cycling during 
transportation and storage was necessary to determine the magnitude of 
the effect. 

The following conclusions were reached as a result of the simulation: 
The absorbance of the sodium bisulfite solution in the sealed blisters of 25 
dosimeters aged at 50 °C increased according to the following equation, 
where t denotes the time of exposure (in hours), and r is the correlation 
coefficient: 
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absorbance = 0.0078 + 0.000177 t r = 0.93 
equivalent parts per billion for 7-day exposure = 3.2 + 0.074 t 

The absorbance of the sodium bisulfite solution in the diffusion blister that 
sampled the air in the coated foil pouch increased according to the follow
ing equation: 

absorbance = 0.030 + 0.00365 t r = 0.83 
equivalent parts per billion for 7-day exposure = 12 + 1.5 t 

The difference in the second term gives an approximate measure of the 
contribution of the pouch at 50 °C and equals 0.0019* or 0.79* ppb. The 
difference in the first term gives an approximate measure of the collection 
by diffusion from the pouch prior to the aging test and equals 0.022 absor
bance units or 9 ppb. 

Deviation of 24 of the 25 data points from the equation was less than 
0.012 absorbance units (5 ppb). The data indicate a positive correlation 
with both solution aging and pouch contamination. 

Table VI. Blank Analyses for Various Versions of Pro-Tek C-60 Dosimeters 

Dosimeter 

Quantity of 
Blisters 

Analyzed 

Geometric 
Mean 
(ppb) 

Standard 
Deviation 

(ppb) 

Range of 
Readings 

(ppb) 

Nine production lots 425 

Diffusion blister 
Lot 16° 73 
Lot 19 20 
Lot 14-2 21 
Lot 15-8 14 

Sealed blister 
Lot 16° 75 
Lot 19 20 
Lot 14-2 21 
Lot 15-2 14 

Diffusion blister 88 
Diffusion blister 176 
Sealed blister 42 
Sealed blister 58 
Sealed blister 48 

Version I 

10-43 

Version II 

29 
9 

14 
17 

6 
6 
5 

Version III (Lot 12) 

12 
16 

7 

2-9 

24 
2 
3 
3 

2 
1 
2 
2 

6-67 

14-55 
7-16 

10-23 
13-33 

3-13 
3-8 
3-11 
6-12 

7-39 
7-57 
4-14 
3- 41 
4- 16 

NOTE : Measured absorbances have been converted to equivalent parts per billion for 
7-day exposure. 

°New Brunswick survey. 
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Various small experiments were also carried out to isolate possible 
contamination sources in the pouch. Table V gives results for formalde
hyde collected from different combinations of the dosimeter components 
when exposed for 64 or 69 h at 50 °C, expressed in equivalent parts per 
billion for a 7-day exposure. The labels inside the pouch are the major 
source of formaldehyde, and the plastic shell and even the inside liner of 
the foil pouch are significant sources of uncontrolled contamination. 

D E S I G N M O D I F I C A T I O N S FOR V E R S I O N III. A new batch of devices was 
produced with modifications arrived at in discussions with the Du Pont 
production department. These were as follows: (1) Another blister unit 
having both sealed and diffusion blisters was added to the pouch. One of 
the diffusion blister units was to remain in the pouch from the production 
stage to the laboratory analysis and was meant to monitor the formalde
hyde level in the pouch. The formaldehyde concentration was to be sub
tracted from that present in the diffusion blister that was exposed to the 
room air. The other two sealed blisters were to provide information on stor
age conditions and could be used for evaluating the reproducibility of the 
analysis combined with constancy of production. The pouch containing the 
extra blister unit was to be resealed and suspended in close proximity to the 
exposed blister unit. (2) The white plastic shells were eliminated to reduce 
contamination. Blister units would be less protected against physical abuse 
and UV light but would have better protection during shipping. 

V E R S I O N III: T W I N D O U B L E BLISTER U N I T S W I T H O U T P L A S T I C S H E L L . 

Field Studies. Field comparisons with other commercial dosimeters were 
conducted in schools and homes to evaluate reproducibility of results with 
the dosimeters and to determine the adequacy of the field blanks. The fol
lowing observations were made: 

Problem: Field blank readings not sufficiently low and reproducible. 
Cause: Diffusion blister sampling during storage and transportation. 

The sources of contamination were reduced to a minimum but there 
was no mechanism to reduce the diffusion blister sampling during storage 
and transportation in case of accidental puncture of the pouch or contami
nation during the long period of storage before deployment or after sam
pling. These could all increase the amount of formaldehyde absorbed by 
the blanks (Table VI, Version III). 

D E S I G N M O D I F I C A T I O N S FOR V E R S I O N IV. A large batch of dosimeters 
was purchased with the following changes: numbers were embossed on 
each blister unit to avoid use of labels inside the pouch; a cap was placed on 
the diffusion strip during production, and it was to be removed before ex
posure and replaced afterwards; individual blister units were sealed into 
polyethylene bags during production; and white plastic shells were sealed 
in separate aluminum pouches. Shells were only to be used when excessive 
exposure to light occurred during the measurement after exposure. 
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After exposure, the two blister units were to be placed in one of the 
polyethylene bags and sealed inside the pouch with the same closures as for 
the pouch. 

V E R S I O N IV: V E R S I O N III W I T H D I F F U S I O N STRIP C A P S A N D S E A L E D 
B A G S . Field Studies. Evaluation of Version IV has not been completed. 
One general observation is possible. 

The ease of use of the device has decreased with every added compli
cation in the design; simplicity has been sacrificed for an overall improve
ment in performance. The cost has also increased. The device has become 
the high-reliability reference dosimeter in field surveys conducted by 
trained personnel. 

AQRIPF-1 Monitor. B A C K G R O U N D . A second commercial dosime
ter was selected in 1982 for use in the UFFI Homeowner Assistance Pro
gram. The device was originally designed for monitoring of indoor air 
quality levels over 7-day periods. It also underwent evolutionary changes. 
To reduce the number of changes that might be required, a visit was made 
to the plant and extensive discussions were held on production techniques 
and quality control. The changes that were subsequently required relate to 
the selection of formaldehyde-free components, details of production, and 
improvement of analytical procedures, rather than to changes in form. 

V E R S I O N I: I N I T I A L D E S I G N . The AQR PF-1 monitor (Air Quality Re
search International [AQRI]) consists of a glass vial that provides the diffu
sion column, sized to reduce face velocity effects for indoor conditions; a 
dry chemical collection medium consisting of a glass fiber filter pad coated 
with sodium bisulfite and situated at the bottom of the vial; a plastic snug-
fit cap that is placed on the closed end of the vial during sampling; on the 
outside of the bottle, a label that identifies the production lot number; at
tached to the vial, a ribbon that suspends the inverted device during sam
pling; and directions for the analysis that is to be initiated in the vial. The 
collection medium eluent is centrifuged and analyzed by colorimetry by 
using an AQR-modified NIOSH P&CAM 125 chromotropic acid method. 

Field Studies. A certain number of devices were analyzed as labora
tory blanks as part of the Quality Assurance-Quality Control (QA-QC) 
program for the UFFI Homeowner Assistance Program. The problems 
found and observations made in early 1982 are as follows: 

Problem: High contamination of the device after use of a few lots. 
Cause: Change in components. 

After producing several lots that had good performance, the manufac
turer changed to a more precise type of vial and new cords to suspend the 
device. These vials had a slightly smaller diameter, and, therefore, the 
original caps were not as tight. In addition, the new cords emitted formal
dehyde at levels of several parts per million and escaped checks made on 
the original cord. The formaldehyde entered the vials during shipment and 
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12. SHIRTLIFFE ET A L . Measurements in Canadian Homes 179 

storage and produced a serious contamination that was not detected during 
the manufacturer's Q A - Q C procedures. 

D E S I G N M O D I F I C A T I O N S FOR V E R S I O N II. Caps and precision vials 
were carefully sized. Low formaldehyde emission ribbons were obtained 
and checked for formaldehyde emission. The manufacturers improved 
their Q A - Q C program. The blank values became acceptably low and more 
reproducible within lots. 

Field Studies. In 1982-83, the Lavoie study and the AQRI study 
(Table IV) were conducted. The first aimed at comparing Pro-Tek C-60 
Version II with AQR Version I for various exposure times ranging from 3 to 
10 days. The second study included UFFI houses and particle board build
ings in which formaldehyde levels varied from 0.04 to 0.8 ppm. In this 
study, two AQR Version II dosimeters of different lots and one Du Pont 
Version I were exposed for a 7-day period. The problems observed were as 
follows: 

Problem: Sampling rate not constant. 
Cause: Not determined. 

The sampling rate decreased after approximately 5 days at formalde
hyde levels of approximately 0.1 ppm. At higher concentrations, between 
0.15 and 0.4 ppm, the recovery rate of the device compared to the Pro-Tek 
C-60 Version I was approximately 50%. The sampling rate was different 
between different production lots. 

The cause of the problem could not be positively identified, so a re
view of available laboratory data on the device was initiated. 

In the meantime, the manufacturer recommended that the duration 
of exposure be reduced to 4 or 5 days; this modification was considered 
unacceptable to the Canadian UFFI Homeowner Assistance Program. 

D E S I G N M O D I F I C A T I O N FOR V E R S I O N III. The manufacturer increased 
the capacity of the device for formaldehyde collection by increasing the 
amount of bisulfite on the coated glass filter pad. Also the manufacturer 
modified the analytical procedure to increase its sensitivity and the recov
ery capability of the dosimeter. 

Problem: Calibration factor uncertainty. 
Cause: Not determined. 

The measurements with the AQRI device were still lower than those 
of the Du Pont device. Further investigation of possible causes was per
formed, and the calibration data was reviewed. 

D E S I G N M O D I F I C A T I O N FOR V E R S I O N IV. The manufacturer increased 
the calibration factor by 9 % after a review of the data and calculation pro
cedure. Where measurements have been made in the same houses before 
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and after the change in calibration factors, an adjustment must be made to 
one of the readings. 

V E R S I O N V : T H E F U T U R E . Some questions are not completely re
solved, and these may require additional modifications to the device. First, 
the effects of environmental factors such as air moisture content on the re
covery and the stability of the sodium formaldehyde bisulfite adduct are 
not well understood, especially in regard to their effect on absorption un
der conditions of varying concentration. Also, accuracy in measuring the 
formaldehyde level when other gases are present needs to be documented. 
Controlled calibration chamber exposures do not simulate exposure to 
other gases, dust, and cycling of environmental factors. Only carefully 
monitored field studies or more complex simulations can improve the 
knowledge of real-life performance of the monitors. Finally, an indicator is 
needed to show clearly if the cap has been removed. 

Use of 3M Formaldehyde Monitor 3750 in Canada and Subsequent 
Modifications. B A C K G R O U N D . The 3M formaldehyde monitor 3750 was 
originally designed as a personal monitor for occupational areas where rel
atively high formaldehyde levels are present. Initial devices were supplied 
with data of extensive laboratory evaluations and some field evaluations. 

The objective of the study in Canada was to determine if the device 
could provide adequate field performance over 168 h in order to be part of 
the Canadian UFFI Homeowner Assistance Program. 

V E R S I O N I: I N I T I A L D E S I G N . The 3M formaldehyde monitor 3750 

consists of a plastic enclosure measuring 12 x 33 mm (length/diameter = 
2.8); dry chemical absorption media consisting of a sodium bisulfite im
pregnated cellulose disc at the bottom of a vial; a microporous plastic 
screen at the mouth of the vial to control turbulence effects and to prevent 
dust entry, held in place with a snap-on ring; a clip for attaching to a cord 
or ribbon; a snap-on cap that replaces the snap-on ring after exposure and 
during initial analysis; and instructions for analysis by a 3M-modified 
P&CAM 125 chromotropic acid method with the elution in the badge but 
analysis completed outside the monitor. 

Field Studies. A small-scale field study done in 1982 consisted of de
ploying the Pro-Tek C-60, AQR PF-1, 3M, and experimental dosimeters 
side by side in a room where the formaldehyde level was known to be ap
proximately 0.2 ppm. The 3M monitors were exposed for various times 
from 6 to 72 h. This procedure was to determine the period of constant 
sampling rate. At that time, the recommended exposure duration for the 
3M monitor was 1-2 days. The test was repeated in the same room while a 
small fan circulated the air. 

Problem: Actual sampling rate lower than that measured in laboratory. 
Cause: Probably face velocity effect. 

A face velocity effect could partly explain the low sampling rate. The 
sampling rate increased while the fan was working (Figure 3). 
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12. SHIRTLIFFE E T A L . Measurements in Canadian Homes 181 

Figure 3. Effect of air velocity on collection rate. Key: A , static air (no fan); 
B, fan running (air circulating); , Pro-Tek C-60; —-, AQR PF-1; 

and —· — ·, 3 M . 
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Data supplied by the manufacturer state that the 3 M monitor sampled 
within 2 5 % accuracy with air velocities greater than 0 . 1 m/s. Between 
0 . 0 5 and 0 . 1 m/s, the sampling rate decreases by 2 5 % . Between 0 . 0 4 and 
0 . 0 5 m/s, the rate decreases by an additional 2 5 % of its original value. The 
face velocity measured in the room rather crudely was the order of 0 . 1 m/s 
and could explain the low result. 

Problem: Deactivation after about one day of exposure. 
Cause: Probably insufficient collection medium for the sampling rate. 

The 3 M device failed to collect formaldehyde after 1-day exposure and 
appeared to lose formaldehyde if exposed for a longer period. 

Problem: Complicated procedure for sealing after exposure of the do
simeter. 

Cause: Poor design. 
The snap ring and protective screen must be removed after exposure, 

and a complex snap cap must be installed. Dexterity is required to place the 
snap cap on the dosimeter, and many users were unable to accomplish the 
installation without training. 

The identification label at the back of the device is too small. 

D E S I G N M O D I F I C A T I O N S FOR V E R S I O N II. The manufacturer tackled 
the problem of increasing the sampling period and reducing the sampling 
rate by adding a perforated plastic disc between the chemical medium and 
the screen to provide face velocity and dust protection. 

Field Study. A small number of the 3 M devices were deployed for 
1 6 8 h at the same time as a small number of the C - 6 0 Version III (Table 
IV, Study 6 ) . The results were promising but were obscured by contamina
tion of the absorbent discs at the plant; this contamination gave higher and 
more variable blank readings. 

F U T U R E . The manufacturer was requested to provide further labora
tory evaluation and Q A - Q C data for the new device before further field 
testing could be undertaken. 

A change in the application would require a complete redesign of the 
device; this redesign was not contemplated by the manufacturer. Use of the 
3 M was discontinued except for short-term exposures and research projects. 

Evaluation of Existing Experimental Devices 
Active Oak Ridge National Laboratories Dosimeter (Sampling Tube). 
The experimental active sampling tube system designed by Oak Ridge Na
tional Laboratories (ORNL) was first used as designed (7 ) . It was then 
modified, and extensive work was undertaken to check its performance and 
to obtain low and reproducible laboratory blank readings. The original de
sign specified standard polyethylene dryer tubes filled with molecular sieve 
1 3 X and held in place with metal screens. Either 3 0 or 6 0 L of air was 
drawn through the devices over a 15 - or 30-min period with a sonic orifice 
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and a timer-controlled pump. Either a specially modified pararosaniline or 
the chromotropic acid methods were used for analysis (2). These samplers 
displayed various advantages over the liquid impinger method, including 
increased sample retention after sampling, ease of use and transportation, 
and improved reproducibility. The modified system was especially suitable 
for large studies and for obtaining reliable values in relatively stable condi
tions against which to compare the results from the passive dosimeters. 
Problems were encountered with obtaining consistently low blanks when 
several commercial laboratories were asked to apply a standard procedure. 
Rather than instituting the special training required, we eliminated the de
vice from the larger studies. The study did indicate that the same technol
ogy might be applicable to passive devices and provided valuable informa
tion for their development. 

Passive Oak Ridge National Laboratories Dosimeters (Permeance 
Membrane). Two experimental passive devices were tested during one 
1981 field survey of approximately 80 homes (Table IV, Study 3). Both 
were based on the ORNL water-filled passive dosimeter design (8). Dimen
sions were approximately 35 mm in diameter by 15 mm high. A 25-/xm 
membrane of dimethyl silicone was placed over the mouth of the polyethy
lene devices; the adsorbent was water in one case and molecular sieve 13X 
in the other. The devices were exposed for 24 h, analyzed by the pararos
aniline method, and the results were compared with those of the Du Pont 
dosimeter and liquid impinger values. Performance of both was erratic; 
good agreement was found for a minority of the devices. Concern arose 
over the use of the thin membrane and its sensitivity to relative humidity. 
The permeance of the membrane appeared to change by a significant per
centage when the average humidity to which the membrane was exposed 
changed from 25 % to 75 %. 

Development of New Formaldehyde Dosimeters. The availability 
and adaptability of formaldehyde dosimeters for use in homes was re
viewed in 1981. The only dosimeter commercially available to monitor 
H C H O was the Du Pont Pro-Tek C-60 Version I, designed for monitoring 
at occupational levels of H C H O . The development and eventual produc
tion of a dosimeter in Canada appeared to be the only course that would 
result in a device uniquely suited to the long-term needs of the Canadian 
UFFI Homeowner Assistance Program. Achievement of the strict quality 
control in manufacturing and shipment that was required seemed improb
able unless the device could be made under close scrutiny. 

The objective of the program was to develop a dosimeter that was in
expensive and accurate and gave a reproducible measurement of formalde
hyde. Furthermore, any device that was developed would have to be suited 
to the measurement of gases other than formaldehyde that were emitted by 
UFFI or UFFI-contaminated materials. The gases were not identified at 
that point, as only preliminary work on UFFI offgases had been per-
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formed. The simplest scenario was that the same dosimeter be used for all 
gases. Various techniques for producing and analyzing dosimeters were 
considered. Investigations of effectiveness of different absorbents, con
structions, materials, sampling durations, analytical methods, etc. were 
initiated. 

Two laboratories were enlisted to undertake the development of the 
dosimeter. One was charged with designing a dosimeter that used gas chro-
matograph analysis and the other was charged with designing a dosimeter 
that used colorimetric analysis. Each used its specific area of expertise and 
experience. The solution was approached from two directions, and at the 
same time the evolution and use of the commercially available dosimeters 
described earlier was continuing. Experience gained in that activity was 
applied to the development of the new devices. 

Development of National Aeronautics Establishment-National Re
search Council of Canada Dosimeter. The developmental work on one 
dosimeter (9) was undertaken at the National Research Council of Canada 
(NRCC) by the National Aeronautics Establishment (ΝΑΕ) under the di
rection of L . Elias, who has experience in the measurement of trace quanti
ties of gases in both the lab and the field using active dry sampling tubes 
with gas chromatographic analysis. An attempt was made to adapt these 
techniques to the measurement of UFFI off gases. The first phase was to 
adapt the device for formaldehyde, then to adapt it to other aldehydes, and 
eventually to other off gases. The development of the unit for formaldehyde 
is nearing completion and has been used in comparative studies. The design 
phase of the N A E - N R C C device included the following studies and selec
tion of components: 

A D S O R B E N T S E L E C T I O N . Adsorbents that were examined include Alu
mina, Carbosieve B, Tenax G C , Poropak Τ, N, and R, Chromosorb 104 
and 105, OV-17 on platinum mesh, charcoal, molecular sieve 13X, and 
silica gel. Trapping efficiencies and recovery were investigated. Because of 
long experience and good initial laboratory results, silica gel was selected. 
Silica gel proved to have poor long-term formaldehyde storage, so a change 
was made to molecular sieve 13X. 

A N A L Y T I C A L T E C H N I Q U E S . Thermal desorption into a gas chromato-
graph was originally selected as the most efficient method to sample a vari
ety of gases. Analyses for formaldehyde were made with both flame and 
photoionization detectors, although photoionization detectors were found 
to offer little advantage for formaldehyde measurements with the types of 
gas chromatographs available. 

Difficulties with precision of formaldehyde determinations, the 
greater sensitivity required, and the lack of any reference method that 
could deal with the small quantities collected made it necessary to change 
to a larger amount of collection medium in a larger device so comparisons 
could be made to colorimetric analysis. The better reproducibility and ac-

Pu
bl

is
he

d 
on

 A
ug

us
t 2

1,
 1

98
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

5-
02

10
.c

h0
12



12. SHIRTLIFFE ET A L . Measurements in Canadian Homes 185 

curacy of the colorimetric analysis for formaldehyde and increasing experi
ence in commercial laboratories with colorimetric analysis dictated a 
change to such a technique. The chromotropic acid method of colorimetric 
formaldehyde analysis with water elution, followed by filtration before 
color development, was selected. 

D I M E N S I O N S O F D O S I M E T E R S . A S gas chromatography was the 

method initially selected, the first versions were slightly modified gas chro
matographic adsorption tubes. A supported 2-3-cm length of granular ad
sorbent was placed in a very narrow (6.3 mm o.d.) piece of 7.5-cm long 
Pyrex tubing. 

Although this design looked promising for high concentrations of for
maldehyde typical of occupational exposure, not enough formaldehyde 
was collected for proper analysis of the lower levels found in UFFI dwell
ings. The design of the device was changed to increase the sampling rate. A 
glass specimen bottle approximately 2.3 cm o.d. x 5.6 cm long, having a 
screw cap and approximately 1-cm long neck, was employed. 

The desire for greater reliability of formaldehyde measurements re
sulted in the choice of an even larger glass bottle approximately 2.3 cm o.d. 
x 8.5 cm long. A very simple screw top design was chosen for low cost. A 
bed 0.2 cm deep of molecular sieve was measured into the bottom of the 
tube, and a diffusion length of approximately 8 cm was left. The ratio of 
diameter to length was then approximately 1.9. 

The N A E - N R C C dosimeter was first tested and calibrated in the labo
ratory, then was compared initially to various versions of the Du Pont and 
AQR dosimeters in a number of small studies (Table IV, Study 14). A num
ber of problems were found with the performance of the initial version. 

Problem: Collection capacity at humidities above 70% was low. 
Cause: Tendency of the molecular sieve to collect water vapor. 

The trapping and retention of formaldehyde on molecular sieve de
creased with time at higher humidities. At levels of relative humidity below 
50 % the sampling rate did not change significantly with exposure dura
tions of up to 120 h. However, at relative humidity levels of 70% and 
higher, decreases in sampling rate of approximately 6%, 12%, and 35% 
were found after exposure durations of approximately 1, 2, and 5 days, 
respectively. All experiments were performed at room temperature 
(22 °C). 

Modification 1. The bed depth was increased to 0.5 cm but still did 
not provide adequate capacity at high relative humidities. Preconditioning 
the molecular sieve by exposure to a humid formaldehyde-free atmosphere 
did not ameliorate the situation. Cycling humidity levels could cause some 
of the trapped formaldehyde to be released. 

Modification 2. The sampling duration was reduced from 7 to 3 or 4 
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days to reduce humidity-induced effects. This modification improved the 
accuracy. 

Problem: Cap loosening. 
Cause : Poor design. 

The screw-on caps presented problems in transportation and home
owner handling. Some caps loosened during transportation and resulted in 
leakage of air and occasional spilling of molecular sieve. 

Modification 3. Further experimentation with different types of 
snap-on and more positively locking caps is continuing. 

Problem: Different deployment from other dosimeters. 
Cause: Different design parameters. 

The N A E - N R C C devices were originally designed to be placed up
right on top of furniture. Such placement could permit spillage of sieve and 
contamination from formaldehyde sources (i.e., shelving and ashtrays), 
which decreased the choice of placement. 

Modification 4. For comparison with other devices, a narrow rib
bon was attached to allow the devices to be hung from the ceiling. 

F U T U R E W O R K . More investigations are underway to evaluate the do
simeter's performance. Field and laboratory trials are planned to test the 
modified units. Use for other aldehydes and other gases is being evaluated. 

Development of the Concord-NRCC Dosimeter. Before the UFFI 
Homeowner Assistance Program was launched, Concord Scientific Corpo
ration had performed work for the Ontario Government on dosimeter 
monitoring of SO2 at levels found in homes. For Health and Welfare Can
ada they had also conducted studies on S0 2 and N O * dosimetry at indoor 
levels. 

In 1982, as the UFFI Homeowner Assistance Program got underway, 
Concord Scientific Corporation was asked to assist in the development of a 
formaldehyde dosimeter under a contract with the National Research 
Council of Canada. Various requirements were established including accu
rate, reproducible formaldehyde measurements at low levels in UFFI 
houses; selection of formaldehyde-free materials and machine-tooled, 
tightly fitting components; and applicability of the device to monitor other 
UFFI offgases. Two 7-day monitors have been developed—one for room 
air and the other for wall cavities. The design of the Concord-NRCC do
simeter included a number of comparative studies and a selection of com
ponents. 

A D S O R B E N T S E L E C T I O N . The adsorbent selected was molecular sieve 
13X. The selection was based on data showing long-term stability of the 
adsorbed formaldehyde after sampling. The use of the sieve allowed a 
number of analytical methods to be used when the tube was adapted to 
measurement of other gases. 
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12. SHIRTLIFFE E T A L . Measurements in Canadian Homes 187 

Desiccant beds added above the sieve beds in the modified active Oak 
Ridge sampling tube (AORST) to increase the capability of the device to 
sample at high humidities gave results that were not reproducible. The des
iccant removed formaldehyde from the air along with the water vapor. 

A N A L Y T I C A L T E C H N I Q U E S . The modified pararosaniline method of 
analysis was selected for formaldehyde measurement (2) because of higher 
sensitivity obtained in initial studies in which comparisons were made with 
chromotropic acid analysis. The pararosaniline method was modified be
yond Miksch's modification and optimized for the configuration of the do
simeter (e.g., volume of water used in the solution, etc). 

D I M E N S I O N S O F T H E D O S I M E T E R . Various prototypes were con
structed with sampling tubes and bed diameters of 8 and 15 mm and 
lengths of 100 to 300 mm. The ratio of diameter to length was determined 
for each. In addition, water uptake tests were performed and were fol
lowed by actual field measurements of formaldehyde where results were 
compared with those from other devices. 

Sampling rates were determined for the prototype devices, and a dif
fusion length of 8 cm was chosen as optimum for the device. 

S E L E C T I O N O F M A T E R I A L S . For reasons of cost, ease of manufacture, 
reproducibility of dimensions, and tightness of fit, the components of the 
devices were specially machined. Polyethylene was selected because it ful
filled the preceding requirements. Stringent tests and controls have been 
established to ensure absolute cleanliness of the components before 
assembly. 

Field Studies. Table IV lists field studies in which early and more 
advanced prototypes have been used. Field studies were undertaken only 
after extensive laboratory evaluation. The field studies yielded the follow
ing observations: 

Problem: Variable laboratory blanks. 
Cause: Not yet determined. 

Although initial studies yielded a procedure that was adequate for 
prolonged laboratory studies, the results of a major field study indicate that 
the blank values are variable and tend to increase with time. 

Further investigation is planned on blanks, including improvements 
in sieve cleaning procedures (e.g., higher temperature baking, drawing a 
vacuum while baking, and cycling of temperature). The effects of varying 
humidity and temperature cycles on the collection and retention of formal
dehyde will also be examined in laboratory calibration chambers. 

Current Status of Low-Level Formaldehyde Dosimeters 
Comparisons of various dosimeters have been made under field conditions 
because of the difficulty in simulating the conditions adequately in calibra
tion chambers. Although considerable data have been generated from these 
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comparisons, much of this data no longer represents the state of the art 
with low-level formaldehyde dosimeters. Sufficient data has been obtained 
on the later versions to justify conclusions on certain performance factors: 
reproducibility of pairs of devices in the field; stability of the devices before 
and after exposure, including an aging factor; ability to integrate formal
dehyde concentration over a 7-day exposure period, which includes an ele
ment of accuracy; and loss of formaldehyde during elution and analysis. 

Du Pont Pro-Tek Version I in 40 houses with two to four dosimeters in 
a set per house and levels of 2-215 ppb gave one difference of 49 ppb and 
the rest below 22 ppb. Of 40 comparisons, 30 were within 10 ppb. For 39 
houses, the standard deviation was 6.7 ppb (11). 

Pro-Tek Version I was used in 12 non-UFFI houses over 19 weeks and 
compared to 19 1-h modified NIOSH P&CAM 125 impinger measurements 
analyzed in 4-cm path length cuvettes (12). The differences between aver
age values in the houses measured by the impinger and dosimeter methods 
ranged from - 5 to +9 ppb at the 17-58-ppb level. The averages for the 12 
houses over the 19 weeks were 36 ppb for impinger and 35 ppb for dosime
ter. Standard deviations of the impinger results were on the average 2 ppb 
higher than those of the dosimeter (13 vs. 11 ppb), but differences between 
impinger and dosimeter readings for individual houses were - 10 to + 14 
ppb, when compared for the 19-week period. 

Integration of formaldehyde concentrations by multiple low-flow-
rate sodium bisulfite impingers with 6-, 8-, or 12-h exposures, compared 
to Pro-Tek C-60 Version I, showed the dosimeter higher by approximately 
30 ppb at the 120-ppb level (11). 

Reproducibility of measurements with the Pro-Tek C-60 Version III is 
illustrated by data from 200 pairs exposed in 200 homes in which the levels 
ranged from 10 to 200 ppb. Eighty-five percent of the pairs agreed to 
within 10 ppb, and 95 % agreed to within 20 ppb. Another set of measure
ments made in four houses with levels of 40-60 ppb, using four to eight 
dosimeters at the same location, gave standard deviations of the readings of 
10, 8, 5, and 8 ppb (II). 

Comparisons of C-60 Version III and AQRI PF-1 Version II in six 
houses with four to eight C-60 dosimeters and PF-ls gave differences of 0, 
- 12, 11, - 4, - 6, and - 6 ppb, for an average of - 3 ppb at the 35-60-

ppb level. Comparisons of large numbers of C-60 Version III to PF-1 Ver
sion II in schools in 1982, at levels of 9-125 ppb, gave differences of - 17 
ppb to + 48 ppb, a mean difference of 10 ppb, and a standard deviation of 
14 ppb (II). Similar comparisons in one house of four C-60 Version II with 
four PF-1 Version II gave a mean difference of - 18 ppb and a standard 
deviation of 8.6 ppb at the 110-ppb level. At the 272-ppb level in a mobile 
home, the mean difference was 53 ppb, and the standard deviation was 
15 ppb. 

The standard deviation in the difference between pairs of PF-1 Ver-
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12. SHIRTLIFFE E T A L . Measurements in Canadian Homes 189 

sion II used in 1982 in 59 homes was 10 ppb over the 20-190-ppb range 
(11). 

The shelf life of the devices can be illustrated by simultaneous expo
sure and analysis of dosimeters of different ages, exposed at levels of 75 and 
137 ppb. The results from two pairs of each of eight lots of PF-1 Version II, 
aged 3-13 months, show that lots older than 12 months are unusable and 
lots aged 10-11 months are inconsistent. The reproducibility of a lot aged 
3 months was 5 ppb for four pairs of dosimeters. 

Recovery of formaldehyde in later versions of both the Pro-Tek C-60 
and the PF-1 at the 20-200-ppb levels is between 90% and 96% for expo
sures of 7 days, compared to spiking of the dosimeters with refluxed para
formaldehyde solution. Recovery is adequate in both devices, though the 
elution must be done carefully and according to manufacturers' instruc
tions in the PF-1 device to achieve these results. 

Results from the 200-home study using 310 Pro-Tek C-60 Version III 
and 155 PF-1 Version II gave the following equation: 

(PF-1) = 0.002 + 1.3 (C-60) (ppm) 

The square of the correlation coefficient was 0.61. 
The standard deviation for 66 pairs of 3M Version I (1982) was 6.7 

ppb at the 24-181-ppb level (II). Differences between 17 sets of 3M Ver
sion II and PF-1 Version II (1983) showed the 3M to be 9.7 ppb higher on 
average and the standard deviation to be 13.5 ppb at the 20-70-ppb level 
(11). 

These errors may be compared to those of the 3-h impinger method 
using the modified chromotropic acid method, where uncertainties were 
± 66 ppb at the 200-ppb level, ± 27 ppb at the 50-ppb level, and ± 18 ppb 
at the 20-ppb level and showed a strong bias toward the negative error (3). 
The dosimeters are generally more precise. 

Conclusions 
Dosimeters can integrate 7-day concentrations of formaldehyde in air at 
least as well as, and often better than, low-flow-rate or multiple sample 
impinger methods. Formaldehyde dosimeters have evolved to the state 
where different models will provide adequate accuracy and operational 
characteristics for either field surveys or scientific studies in homes in the 
30-200-ppb range. The bulk of the houses studied in Canada fall between 
these limits. Dosimeters constitute a system that includes all components 
used in transport and handling. Use of dosimeters at low levels requires 
constant attention to every detail of manufacture, transport, deployment, 
retrieval, and analysis. Use of field blanks is imperative to obtain reliable 
results for low-level formaldehyde measurements. 
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An indicator for displaying the life of dosimeters is highly desirable, or 
gaseous lab spikes can be used for checks. 

Storage of formaldehyde on the collection medium is not adequately 
understood, so there is a need to continue to investigate and improve the 
design of most commercial devices. 

Evaluation of dosimeters is expensive and should only be undertaken 
when it can be ensured that batch-to-batch variations are small. 

A 95 % confidence level is adequate for surveys, but not for studies on 
individual homes, especially in measuring changes in levels within houses. 

Seasonal and diurnal variations in formaldehyde levels in homes make 
measurements of formaldehyde concentration and comparisons difficult. 
Even when compared to the mean equilibrium formaldehyde concentra
tion of the source, short-term meteorological variations can mask changes 
and introduce large uncertainties. 

Houses containing UFFI have diurnal and hourly variations that are 
different and potentially more extreme than many non-UFFI houses. The 
use of long-term passive dosimeters is necessary to integrate these varia
tions. There is little chance to reduce these variations to an adequate level 
by a simple protocol for house preparation. 

In the Canadian climate, levels of formaldehyde in all houses (those 
containing UFFI and those without) approach similar values in January 
and February. As the absolute humidity values inside and outside the 
houses decrease dramatically, the equilibrium formaldehyde concentra
tions of the sources decrease and the sources have little capacity to emit 
formaldehyde. 

The studies have yielded a certain initial understanding of the varia
tion of formaldehyde in houses, which may be a useful starting point for 
further studies. UFFI houses may be categorized into two classes: respond-
ers and nonresponders. Responders are houses in which the formaldehyde 
concentrations in the UFFI-filled cavities and the living space air change 
dramatically and proportionately from summer to winter. Nonresponders 
are houses in which the formaldehyde concentrations in the cavities and in 
the living space vary little with time. The mixing of results of measure
ments from responders with those from nonresponders may well mask dif
ferences between UFFI houses and non-UFFI houses. 

Appendix I. Calculation of Concentration from Measurement: 
Gases 
The reading from analysis of the dosimeter is in mass of collected or sam
pled gas minus the mass of gas collected in the field blank. The dosimeter 
does not measure concentrations directly. The following steps and approxi
mations are involved in reducing a measurement to a concentration: 

1. The volume of air sampled per unit time must be known. 
The precision of the measurement of volume sampled can be 
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12. SHIRTLIFFE E T A L . Measurements in Canadian Homes 191 

difficult to establish. If the device is passive and relies on dif
fusion to collect the gas, the equivalent volume of air sam
pled per unit time can be calculated theoretically from the 
geometry, but it must be checked by calibration under sev
eral conditions. If the device is an active system, the flow 
rate must be controlled constant so it is known, but it must 
be corrected to standard temperature and pressure. 

2. The density of the measured gas at the same reference tem
perature and barometric pressure as the air from which it is 
sampled must be used. This requirement is somewhat diffi
cult when the temperature and pressure have changed dra
matically during the sampling period. 

3. The duration of the exposure in hours must be known. This 
information requires clear records and is complicated by 
bookkeeping errors, such as converting IV2 h to 150 min 
rather than to 90 min. 

These considerations accepted, the equation for the time-weighted average 
exposure [TWA (ppb by volume)] is the following: 

T W A = weight recovered/(sampling rate x density x exposure time) 

_ 1000 μg 

L/h · μg/μL· · h 

1 0 0 0 H 

m'μglh'L·/μL' 

= /ig x conversion factor χ time" 1 

Thus, the conversion factor is 1000[/xg/ppm · h]" 1 . Caution is neces
sary because the reciprocal of this conversion factor is sometimes used by 
manufacturers or investigators. 
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13 
Generation of Standard Gaseous 
Formaldehyde in Test Atmospheres 

M A T H. HO 
Department of Chemistry, University of Alabama at Birmingham, 
Birmingham, A L 35294 

Generation of standard formaldehyde in test atmospheres is essen
tial in studies of toxicological effects, development and testing of 
analytical methods, as well as evaluation and calibration of air 
monitors, analytical instruments, and personal sampling devices. 
As the need for measurement of formaldehyde at lower concentra
tions increases, the preparation of known concentrations of this 
compound in standard gaseous mixtures becomes more critical. Be
cause formaldehyde is highly reactive and has a tendency to polym
erize, a suitable generation system is required. In this chapter, sev
eral dynamic methods for generating formaldehyde standards are 
reported. The principle, instrumentation, and performance char
acteristics of each system are described. Several factors that affect 
the accuracy and precision are also discussed. 

P R E P A R A T I O N O F A C C U R A T E , REPRODUCIBLE, A N D C O N T R O L L A B L E standard 
concentrations of gaseous or vapor pollutants at part-per-million (ppm) or 
part-per-billion (ppb) levels is essential in environmental and occupational 
health sciences. Studies of the toxicological effects on humans, animals, 
and vegetables; development and testing of analytical methods; and evalu
ation and calibration of air monitors, analytical instruments, and personal 
sampling devices all require standard concentrations. Effective application 
of any analytical method or instrument is heavily dependent on the calibra
tion to verify its accuracy and precision. In recent years, the development 
of several highly sensitive instruments has further complicated the calibra
tion problem. The improvement in the detection limit of many analytical 
methods and the demand to measure lower concentrations of toxic gases 
have also increased the need to prepare accurate standards at low levels for 
calibration. 

The procedures for the preparation of gaseous mixtures may give less 
accurate results than those for liquid mixtures. However, many methods 
have been developed for the generation of gas standards with very good 

0065-2393/85/0210/0193$06.25/0 
© 1985 American Chemical Society 
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accuracy (1-4). In general, these methods can be divided into two catego
ries: static methods and dynamic methods. In static methods, a known 
amount of pure gas or vapor is added into a known volume of diluent (usu
ally nitrogen or purified air) in closed devices such as Teflon bags, stainless 
steel cylinders, or glass vessels in which they are mixed and contained until 
use. Static methods are simple and inexpensive; however, they suffer from 
a number of disadvantages such as losses due to absorption and condensa
tion on the walls of the container. Only limited volumes can be prepared, 
leaks can occur, and pressure changes can exert an effect. In addition, the 
errors associated with the introduction of small volumes of a component to 
be measured into a dilution gas give poor accuracy. Consequently, static 
methods cannot be used to prepare standards of very low concentrations. 
In dynamic methods, pure gas or vapor of a known generation rate is con
tinuously introduced into a known flow rate of diluent in a flowing system. 
Although more elaborate and relatively more expensive equipment is in
volved, dynamic systems offer several advantages compared to the static 
methods. Because standards are generated continuously, losses due to ab
sorption onto the walls of the system are negligible after equilibrium. 
Large volumes of gas standards can be generated and concentrations can be 
varied to provide a wide dynamic range. Flexibility in concentration 
range, volume, and flow rate of the generated standards is especially im
portant for calibration and evaluation of analytical instruments or sam
pling devices. 

Formaldehyde is one of the widely used chemicals both in industrial 
and nonindustrial environments (5, 6). The health effects on humans and 
recent evidences of carcinogenicity associated with formaldehyde exposure 
in animals have created great concern for controlling and monitoring of 
this chemical (7,8). Several methods have been developed for the determi
nation of formaldehyde in air (9-14). In general, these methods can be di
vided into two categories: those involving direct monitoring and those in
volving the collection of formaldehyde in suitable media followed by 
analysis with appropriate techniques. The validation and calibration of all 
of these methods require the generation of accurately known concentra
tions of formaldehyde vapor in the standard test atmospheres that simulate 
the conditions (i.e., concentration range, humidity, and interferences) sim
ilar to those found in the field. As the need for measurement of formalde
hyde at lower concentrations and with greater sensitivity increases, genera
tion of known concentrations of this pollutant in standard gas mixtures 
becomes more critical. 

The preparation of standard concentrations of nonreactive gases and 
vapors is relatively straightforward; however, for formaldehyde it is con
siderably more difficult. Formaldehyde is a highly reactive compound that 
is stabilized either in aqueous solution or as its solid polymers (paraformal
dehyde and trioxane). In the gas phase, this compound is very unstable and 
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13. H O Generation of Standard Gaseous Formaldehyde 195 

tends to polymerize. Gaseous formaldehyde standards for calibration must 
fulfill a number of practical requirements. They must be stable, accurate, 
reproducible, available in sufficient amounts, and preferably simple to 
prepare. In addition, gaseous formaldehyde standards should be prepared 
by using measurements of fundamental quantities such as mass, tempera
ture, or pressure, and all sources of errors should be known and precisely 
defined. 

Because formaldehyde vapor is unstable, can combine with many sub
stances, and has a tendency to polymerize, a suitable dynamic method is 
required for the preparation of this compound at the part-per-million and 
part-per-billion levels in air. One way of preparing formaldehyde vapor is 
to bubble nitrogen or purified air through an impinger containing forma
lin solution, that is, a solution of approximately 37% formaldehyde in wa
ter and 10-15% methanol to prevent polymerization. Another way is to 
inject dilute formalin solution into a heated airstream (15-17). The major 
drawback of these methods is that large amounts of water, methanol, and 
other substances will be generated in the gas mixture. Standard formalde
hyde free of methanol and water in the test atmosphere can be generated 
by thermal depolymerization of paraformaldehyde, a long chain polymer, 
or trioxane, a trimer. In this chapter, several dynamic systems using per
meation and diffusion methods for generating known concentrations of 
formaldehyde in simulated standard atmospheres will be described. 

Permeation Methods 
Principle of Permeation Methods. Permeation methods for the gen

eration of standard gases were first described by O'Keefe and Ortman (18). 
These methods are based on the mixing of a small but known volume of 
gases or vapors passing through a membrane of a permeation device with a 
known volume of a diluent gas. Since the development of these methods, 
the u$e/of permeation devices as primary standards in dynamically gener
ated gaseous mixtures has been studied in great depth, and many applica
tions have been reported (1-4, 19). 

Permeation tubes are made of T F E Teflon (polytetrafluoroethylene) 
or other plastic materials. Solid, liquid, or liquified gas of the material to 
be used in preparing the calibration gas is introduced into the tube, and 
both ends of the tube are sealed with a Teflon plug or glass beads. Follow
ing an initial induction period, the vapor continuously permeates through 
the walls of the tube at a constant rate if the tube is held at a constant 
temperature. The permeation of the component gas is produced by a com
bination of diffusion through the mieroporous structure of the membrane 
and the solubility in the membrane. If the permeation tube is immersed in 
a flowing stream of purging gas with known flow rate, the permeated com
ponent is then mixed with the purging gas that passes across the tube to 
provide a standard mixture. 
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At equilibrium, the permeation rate of a gas through a membrane can 
be expressed by the following equation (18, 20-22): 

r = DS(PX - P2) (Aid) (1) 

where r is the permeation rate, D is the diffusion coefficient, S is the solu
bility constant, Pi and P 2 are the partial pressures of the permeant gas on 
the two sides of the membrane, A is the membrane area, and d is the mem
brane thickness. The permeation coefficient, B, of a membrane for a par
ticular gas can be expressed by the Arrhenius equation: 

Β = DS = B0 exp (- EPIRT) (2) 

where Ep is the permeation activation energy, R is the gas constant, and Τ 
is the absolute temperature of the membrane. Substituting Equation 2 into 
Equation 1 yields the following: 

r = B0(Pl - P 2 ) (Aid) exp (- EPIRT) (3) 

This equation shows that the permeation rate is proportional to the 
area, inversely proportional to the thickness, and dependent on the mate
rial of the membrane. Thus, a desired range of permeation rates of a partic
ular gas can be obtained by choosing the appropriate membrane material, 
area, and thickness. For high permeation rates, a large area and thin mem
brane can be used. In general, tubings are widely employed in the prepara
tion of standard gases because they have good surface area to internal vol
ume ratios, are naturally rugged, and require a minimum of sealing 
surface. In this case, the membrane area can be varied by changing the 
length of the tube. In addition, Equation 3 shows that the permeation rate 
varies logarithmically with the inverse operating temperature (1/ T). Many 
authors have reported that the permeation rate varies 10% for every 1 °C 
change in the operating temperature (3, 4, 20). Thus, control of the tem
perature of the permeation tube to within ± 0.1 °C is necessary to maintain 
1 % accuracy in the permeation rate. The permeation rate of a given gas 
through a given membrane can be increased by increasing the operating 
temperature. If a constant temperature is maintained, the permeation rate 
will remain essentially constant for several months or years until nearly all 
of the material has permeated through the wall of the tube. 

Generation of Standard Formaldehyde Using Permeation Methods. 
P E R M E A T I O N T U B E S . Standard concentrations of gaseous formaldehyde in 
the test atmosphere can be generated by thermal depolymerization of para
formaldehyde or α-polyoxymethylene in a permeation device. Several per
meation systems using these polymers have been described (23-27). In gen
eral, these systems consist of three components: a permeation source, flows 
of purging and diluent gas, and a sampling manifold. 
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13. H O Generation of Standard Gaseous Formaldehyde 197 

Permeation tubes can be prepared by sealing paraformaldehyde or 
α-polyoxymethylene in a T F E Teflon tube with glass beads or Teflon plugs 
(23-25). Figure 1A shows the cross-sectional diagrams of such a device. 
T F E Teflon is the construction material of choice because it is chemically 
inert. However, other plastic materials can also be used. The tubes are 
sealed tightly to prevent formaldehyde vapor from leaking and thereby dis
rupting the normally steady permeation rate. The permeation tube is 
placed inside a chamber, and the temperature of the system is controlled to 
± 0 . 1 °C with a thermostated oven or a thermostated oil bath. Figure IB 
shows some typical chambers used in our laboratory for the permeation 
method. A gastight chamber is made of Pyrex glass and sealed with a 
Teflon stopper with the help of a rubber " O " ring. A glass midget impinger 
or an air sampling impinger can be used as a chamber. The permeation 
tube can also be inserted in the central tube of a glass condenser maintained 
at constant temperature by a thermostated circulating water supply. Fig
ure 1C shows the dynamic generation system using a permeation tube. The 
purging and dilution gas are thermally conditioned by passing through a 
copper or stainless steel coil, a few meters long, immersed in the constant 
temperature oven or oil bath. The flow rate of gas is monitored by a flow 
meter and is held constant with a differential flow controller. Under con
trolled temperature, paraformaldehyde or α-polyoxymethylene depolym-
erizes to release formaldehyde vapor which then permeates through the 
wall of the permeation tube. A flow of purging gas is passed over the tube 
and mixed with the permeated formaldehyde to provide a standard gas 
mixture with known concentration. The mixture can be further diluted by 
mixing with a stream of dilution gas. The flow rate of the diluent should 
also be controlled precisely. Permeation tubes for formaldehyde are now 
commercially available from many vendors. 

A gravimetric method has found most widespread use for the calibra
tion of the permeation tubes. The permeation rate is determined by mea
suring the weight loss of the tube over a given period of time while the tube 
is held at a constant temperature in a flowing stream. After an initial in
duction period required for obtaining a constant rate, the tube is weighed 
and then immediately placed into the chamber. The tube is reweighed af
ter a certain time interval. Because the loss of mass of the tube is equal to 
the mass of the permeating formaldehyde, the permeation rate is calcu
lated as follows: 

r = Wit (4) 

where r is the permeation rate (ng/min), W is the weight loss (ng), and t is 
the time between weighings (min). For weighing, the tube is removed from 
the chamber, sealed in a closed vessel, cooled to room temperature, and 
then weighed to the nearest 0.1 or 0.01 mg. The weighing should be carried 
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Figure 1. Schematic diagrams of A, permeation tubes; B, permeation cham
bers; and C, apparatus for formaldehyde generation using the permeation 

method. 
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13. H O Generation of Standard Gaseous Formaldehyde 199 

out with extra care because fingerprints or additional dirt on the outside of 
the tube can seriously affect the accuracy of the results. 

Van de Wiel et al. (28) showed that the major source of error in dy
namic generation using permeation sources is in the gravimetric determi
nation of the permeation rate. The accurate generation of a known concen
tration of formaldehyde in the standard mixture is highly dependent on the 
accurate measurement of the permeation rate. Because of a relatively high 
dependence of the permeation rate on temperature, the temperature 
should be maintained constant to ± 0 . 1 °C during the calibration. Usually, 
we assume that paraformaldehyde or α-polyoxymethylene is composed of 
1 0 0 % formaldehyde. If the polymer is composed of less than 1 0 0 % , this 
factor should be included in the calculation of the permeation rate pro
vided that impurities permeate at the same rate. For example, Meadows 
and Rusch (29) reported that paraformaldehyde used in their study was 
composed of 9 6 . 3 % formaldehyde by the sulfite-HCl assay, and the factor 
0 . 9 6 3 was applied to the weight loss to prolonged time ratio to obtain the 
permeation rate. For best results, the tube must be used at the calibration 
temperature. 

Permeation tubes are relatively durable, and no special attention is 
required to ensure the calibrated rate is maintained throughout their life
time. Usually, the permeation rate will remain essentially constant until 
nearly all of the material has permeated through the wall of the tube if the 
tube is stored under the normal conditions of temperature, pressure, and 
humidity. High temperature, high humidity, and contamination of the 
permeation membrane during handling or storage should be avoided. Op
erating the permeation tube under high humidity is not a good practice. If 
high humidity in the standard mixture is desired, water vapor should be 
added downstream from the tube with the dilution stream. 

P E R M E A T I O N C E L L S . Another permeation system for the dynamic 
generation of formaldehyde using paraformaldehyde was described by 
Muller and Schurath (26). A schematic representation of the system is 
shown in Figure 2 . A gastight permeation cell was made of Pyrex glass or 
stainless steel. Paraformaldehyde (approximately 1 0 g) was loosely packed 
into the cell with quartz wool. A Teflon permeation tube ( 3 . 2 mm o.d., 
2 mm i.d.) with an active length up to 2 6 6 cm was placed inside the cell and 
sealed tightly into its top with Swagelok fittings. One end of the perme
ation tube was connected to the purging gas flow and the other was con
nected to the dilution chamber. The temperature of the cell was controlled 
to ± 0 . 1 ° C with a thermostated oven or oil bath. Formaldehyde vapor, 
which was generated from the depolymerization of paraformaldehyde in
side the cell, permeated through the wall of the Teflon tube and then was 
mixed with a controlled flow of purging gas inside the tube to generate 
standard mixtures. 

The stability of the permeation rates was investigated, and the results 
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2480 mm. 

Figure 2. Schematic diagram of permeation system for formaldehyde gener
ation: 1, permeation chamber; 2, permeation tube; 3, paraformaldehyde 
and quartz wool; 4, air space between permeation cell and thermostated 
brass container; and 5, stonewool packing. (Reproduced from Ref. 26. Copy

right 1983 American Chemical Society.) 

are shown in Figure 3 (26). The formaldehyde concentrations in the efflu
ent gas were measured at intervals over a period of 9 days by using the UV 
absorption spectroscopic method under the conditions shown in the legend 
of Figure 3. The formaldehyde concentrations, and therefore the perme
ation rate, decreased during the first 100 h of operation and then became 
more stable. After an initial period of approximately 5 days, the stability of 
formaldehyde concentration was better than ± 2 % . This value includes 
the possible errors in the measuring method of formaldehyde and the fluc
tuations of the flow rate. The long-term stability was also checked by stor
ing the permeation cell at room temperature for 118 days, and the formal
dehyde was measured under the same conditions as described in Figure 3. 
The results yield 97 % of the average permeation rate previously observed 
(26). The concentration of formaldehyde in the standard mixture was in
versely proportional to the total flow rate of dilution gas, and this relation
ship was confirmed over a large range of flow rate. Muller and Schurath 
(26) also reported that the plot of the logarithms of the permeation rate 
versus 1/T gave an excellent straight line. A linear regression through the 
data points yielded the following equation: 

In r = (59.186 ± 0.920) - [(10107 ± 152)/T] (5) 

Pu
bl

is
he

d 
on

 A
ug

us
t 2

1,
 1

98
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

5-
02

10
.c

h0
13



13. H O Generation of Standard Gaseous Formaldehyde 201 

8.0-1 
ε 

0 20 40 60 80 100 120 140 160 180 200220 
Time (h) 

Figure 3. Stability of permeation rates. Conditions: permeation cell is 
filled with 10 g of paraformaldehyde and thermostated at 121.8 °C; per
meation tube: 3.2 mm o.d., 2 mm i.d., 266 cm long; and flow rate of di
luent air: 5 L/h. (Reproduced from Ref. 26. Copyright 1983 American 

Chemical Society.) 

where r is the permeation rate of formaldehyde (molecule/cm/s) and Γ is 
the absolute temperature (K). At moderate temperatures, formaldehyde 
vapor may decompose into C O and H 2 , particularly on metal surfaces. A 
Pyrex glass permeation cell, which contained a 90-cm Teflon permeation 
tube and generated 170 ppm of formaldehyde at 90 °C, produced 10 ppb of 
C O and 20 ppb of H 2 in the standard gas mixture, whereas a stainless steel 
cell under the same conditions produced 30 ppb of C O and 50 ppb of H 2 . 
Although the thermal decompositions of formaldehyde in both cases are 
quite low and were not studied extensively, glass as construction material 
for the cell and operation at low temperature are preferable if possible. 

A new design of the permeation cell using a silicone membrane and 
α-polyoxymethylene was described by Godin et al. (27). This design allows 
the cell to operate at relatively low temperatures and therefore minimizes 
the thermal decomposition of formaldehyde and the formation of degrada
tion products of the polymer other than formaldehyde. Figure 4A shows 
the diagram of the cell. The cell is made of glass and consists of two cham
bers separated by a dimethylsilieone membrane of 2-mm thickness. Two 
Teflon or nylon nets were used to support the membrane and to avoid its 
deformation. Polyoxymethylene was placed inside chamber A. Tempera
ture of the cell was controlled to ± 0 . 1 °C with a thermostated oven or oil 
bath. Under the controlled conditions and after an initial induction period, 
formaldehyde vapor, which was generated by the thermal depolymeriza-
tion of polyoxymethylene, permeated across the membrane into chamber Β 
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at a constant rate. An accurately known flow of purging gas, which was 
preheated to the same temperature as the permeation cell, was passed 
through chamber Β and mixed with formaldehyde to produce a standard 
gas mixture. The mixture could be further diluted to produce lower con
centrations as shown in Figure 4B. Depending on the desired concentration 
range, several chambers with different diameters, for example, 15, 25, and 
50 mm, could be used to construct the permeation cell. For a permeation 
cell having a 12-mm diameter membrane and operating at 110 °C, a per
meation rate of 1.1 mg/h and a relative standard deviation of 3.4% were 
observed (27). 

Permeation cells can be calibrated gravimetrically as described for 
permeation tubes. Permeation cells are, however, heavier than the perme
ation tubes, and the weight loss of the cells should be large enough to give 
accurate results. The permeation rates can also be determined by measur-

Gaseous Formaldehyde Mixture 
I Purging Gas in 

Nylon Net 

Silicon Membrane 

^Polyoxymethylene 

B. 

Flow Meters 

Flow Controllers 

N2 or Purified Air 

Standard Gaseous 
Formaldehyde Mixture 

- 1 (5) « -

Figure 4. Schematic diagram of A, permeation cell; and B, apparatus for gen
eration of formaldehyde using permeation cell: 1, temperature-controlled 
oven; 2, insulator; 3, silicone membrane; 4, polyoxymethylene; and 5, fan. 
(Reproduced with permission from Ref. 27. Copynght 1978 Marcel Dekker.) 

Pu
bl

is
he

d 
on

 A
ug

us
t 2

1,
 1

98
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

5-
02

10
.c

h0
13



13. H O Generation of Standard Gaseous Formaldehyde 203 

ing the amount of formaldehyde generated in the effluent stream using a 
UV-absorption speetroseopie method at 285 nm (26) or by collecting the 
effluent formaldehyde in a suitable medium and subsequently analyzing 
the solution using the chromotropic acid method (13). An absolute pressure 
method has also been developed for the calibration of permeation devices 
(30). For accurate results, several factors and conditions such as those de
scribed for the calibration of the permeation tubes must be considered in 
the calibration of the permeation cells. 

By measuring the weight loss of the permeation cell and determining 
the amount of formaldehyde in the standard mixture, Godin et al. (27) 
found that for the same period of time the weight loss of polyoxymethylene 
is higher than the amount of formaldehyde generated, particularly at high 
temperatures. This result may be caused by several factors such as the for
mation of degradation products other than formaldehyde, the thermal de
composition of formaldehyde, and the impurities of the polymer. The dif
ferences between the weight loss of polyoxymethylene and the amount of 
formaldehyde liberated are 5% and 50% at 100 °C and 130 °C, respec
tively. Although no extensive study has been reported, operation of these 
permeation cells at a temperature lower than 100 °C seems necessary. If 
high permeation rates are desired, one should use a large membrane area 
rather than operate at high temperature. One other conclusion that can be 
drawn from the work of Godin et al. (27) is that the calibration of the 
permeation cell by the gravimetric method is unreliable at high tempera
ture. 

Diffusion Methods 
Principle of Diffusion Methods. The use of diffusion cells in the 

preparation of gaseous standards was first introduced by Fortuin (31) and 
McKelvey and Hoelscher (32). The theoretical background of the method 
was described by Altshuller and coworkers (33, 34). Various designs of the 
diffusion systems and their applications for a wide range of volatile organic 
liquids were reported by many investigators (3,4). Next to the permeation 
devices, the diffusion methods are currently the most widely used methods 
in the generation of standard gaseous mixtures. 

In the diffusion methods, the vapors of a component to be prepared 
are evaporated from a liquid reservoir and then diffused through a capil
lary tube into the stream of purging gas to produce a known concentration. 
If the temperature and tube geometry remain constant, the vapors will dif
fuse through the tube at a constant rate. By assuming that the concentra
tion of the generated vapor in the upper part of the diffusion tube (mixing 
chamber) is nearly zero and that the lower part (reservoir) is saturated, the 
diffusion rate is given by the following equation: 

r = (DMPAIRTL) In [P/(P- ΡΌ)] (6) 
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where r is the diffusion rate (g/s), D is the diffusion coefficient (cm2/s) at 
pressure Ρ and temperature Τ, M is the molecular weight of the vapor (g/ 
mol), Ρ is the pressure of the diffusion cell at the open end of the capillary 
tube (atm), A is the cross sectional area of the diffusion path (cm2), R is the 
gas constant (cm3 atm/mol Κ), Γ is the absolute temperature of the diffu
sion cell (K), L is the length of the diffusion path (cm), and Pv is the partial 
pressure of the diffusion vapor (atm) at temperature T. 

The diffusion rate of a particular vapor depends on the operating tem
perature, on the pressure, and on the geometric dimensions of the diffusion 
path. Generally, the diffusion rate will change approximately 5% with a 
change in temperature of 1 °C. To obtain a standard mixture with an accu
racy of 1%, the temperature should be controlled to ± 0 . 2 ° C . Another 
parameter to adjust the diffusion rate is the dimensions of the tube. High 
diffusion rates can be obtained by increasing the diameter or decreasing the 
length of the diffusion path as shown in Equation 6. 

Generation of Standard Formaldehyde Using Diffusion Methods. 
D I F F U S I O N C E L L W I T H P A R A F O R M A L D E H Y D E . Figure 5 shows the diagrams 
of some typical designs of the diffusion cells that have been reported in the 
literature (19, 32, 33). Among these, diffusion tubes are the most widely 
used devices in the generation of standard gas mixtures. Diffusion tubes are 
constructed from Pyrex glass and consist of a reservoir and a long-neck cap
illary tube. The dimensions of the tube, that is, diameter and length, are 
different for each desired concentration range. The reservoir is partially 
filled with paraformaldehyde (usually 4-6 g), and the cell is kept at con
stant temperature. Formaldehyde vapor in the reservoir, which was gener
ated by the depolymerization of paraformaldehyde, diffuses through the 
tube into the mixing chamber where it is mixed with the purging gas stream 
passing over the open end of the tube to provide a standard mixture (29, 
35). Figure 6A shows two designs of the gastight chambers, which were 
developed in our laboratory, that have been used to house the diffusion 

Figure 5. Typical designs of diffusion devices. (Reproduced from Ref. 32 
and 33. Copyright 1957 American Chemical Society.) 
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Figure 6. Apparatus for the generation of formaldehyde using diffusion de
vices: A, diffusion chambers; ana B, generation system. 

tubes. The chambers are made of glass, and the diffusion tube can be easily 
removed for calibration with the help of a nylon wire attached to the neck 
of the tube. Figure 6B shows the diagram of a typical generation system 
used in the diffusion method. It is similar to the permeation system. Be
cause of a relatively high dependence of the diffusion rate on temperature, 
the temperature is controlled to ± 0 . 1 °G with a thermostated oven or oil 
bath. The flow rates of purging and diluent streams are held constant with 
flow controllers and monitored with flow meters. During the filling proce
dure, the polymer is introduced into the reservoir without leaving any par
ticles clinging to the inner bore of the diffusion path. During handling and 
storage, care should be also taken to ensure that the polymer does not get 
into the diffusion path. 

Because the diffusion coefficients are available from the literature, the 
diffusion rate can be calculated from Equation 6. In practice, however, the 
diffusion rate is determined gravimetrieally. Although theory is very useful 
in predicting the diffusion rates and in getting tube dimensions near the 
size of interest, the weight-loss method is more accurate and reliable for 
calibration. Because the diffusion bore geometry may vary slightly 
throughout its path length and the measurement of the diffusion path 
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length and area may introduce errors, the diffusion rate obtained from 
Equation 6 is not accurate. 

The techniques and procedures for the calibration of diffusion tubes 
are similar to those described earlier for permeation devices. The tube is 
held at constant temperature, and a small flow of purging gas is passed 
across the tube to remove any of the diffused material. Following thermal 
equilibrium, the tube is removed from the chamber, sealed with aluminum 
foil, cooled to room temperature, and then weighed to the nearest 0.1 mg. 
Immediately after weighing, the diffusion tube is put back into the thermo
stated chamber. After a certain period of time the tube is removed, and the 
entire procedure is repeated again. To minimize the errors due to the 
weighings, the weight loss of the diffusion tube between the time intervals 
should be at least 50 mg. The diffusion rate is determined from the weight 
loss with Equation 4. The cooling period is not counted as diffusion time; 
only the elapsed time inside the chamber is used for this calculation. 

Once the diffusion tube has been calibrated, the concentration of for
maldehyde can be varied by changing the operating temperature, dimen
sion (bore or length) of the diffusion path, or flow rate of the diluent gas. 
Changing the temperature or dimension of the tube should be avoided be
cause it may introduce errors if the tube is not recalibrated. For a given 
tube, the simplest way is to vary the flow rate of diluent gas. The flow rate 
of purging gas across the open end of the diffusion tube should be kept be
low 1 L/min because a high flow rate creates turbulences and, thus, re
duces the effective diffusion path length. High flow rates may also alter the 
temperature of the chamber. Low concentrations of formaldehyde can be 
obtained by diluting the mixture further downstream from the tube with 
another stream of diluent gas. 

D I F F U S I O N C E L L W I T H T R I O X A N E . Trioxane can be depolymerized to 

produce formaldehyde. Schnizer et al. (36) reported the use of trioxane 
vapor in the generation of percent concentrations of formaldehyde in air. 
Nitrogen or purified air was bubbled through molten trioxane, and the va
por of this material was swept over a catalyst where it was depolymerized 
to formaldehyde. With this system, conversion yields higher than 98% 
were not attainable because of the repolymerization of formaldehyde at 
high concentrations. Recently, this technique was modified by Geisling 
and Miksch (37) for generating part-per-million and part-per-billion levels 
of formaldehyde. Instead of bubbling nitrogen, a diffusion tube was used 
to generate trioxane vapor. 

Figure 7 shows the apparatus for the generation of formaldehyde us
ing the diffusion cell and catalyzed depolymerization of trioxane. The dif
fusion cell, which consists of a diffusion path (7.9 cm long and 4.9 mm i.d.) 
and a reservoir, is made of Pyrex glass. Molten trioxane was introduced into 
the reservoir and then allowed to solidify at room temperature before the 
cell was placed inside the thermostated chamber. The temperature of the 

Pu
bl

is
he

d 
on

 A
ug

us
t 2

1,
 1

98
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

5-
02

10
.c

h0
13



13. HO Generation of Standard Gaseous Formaldehyde 207 

MIXING CHAMBERS 

TUBE OVEN--. 
I ] 

:ATALYS-^ 

DIFFUSION 
TUBE 
OVEN 

WATER 
MANOMETER 

METER — w 
I 

ΓΗ FLOW--^ 
"T^CONTROLLERS 

SAMPLING APPARATUS 

CRITICAL ORIFICES 
W 

HOUSE VACUUM 

τί. PUMP 

MOLECULAR SIEVE (13X) 

ROOM 
" AIR 

Figure 7. Schematic diagram of formaldehyde generation system using tri
oxane and diffusion tube. (Reproduced from Ref. 37. Copyright 1982 Ameri

can Chemical Society.) 

diffusion system was controlled to ± 0 . 0 5 °C with an oven. Trioxane vapor 
from the reservoir diffused through the diffusion tube into the chamber 
and then was mixed with a flowing stream of nitrogen or purified air that 
was preheated to the same temperature as the diffusion cell. The desired 
concentration of trioxane vapor was obtained by controlling the tempera
ture of the diffusion cell, the dimensions of the diffusion path, and the flow 
rate of diluent gas. The second part of the system is the converting chamber 
which contains a catalyst. A quartz tubing (7.5 cm long and 1 cm i.d.) was 
packed with approximately 18 g of 40-mesh carborundum, which had been 
coated to saturation with 85% phosphoric acid and held at 160 °C in a 
furnace. The trioxane vapor was passed through the catalyst bed and con
verted to formaldehyde with essentially 100% efficiency. Because formal
dehyde tends to repolymerize at high concentrations, the mixture stream 
emerging from the catalyst was immediately diluted with diluent gas. Be
fore and after use, the catalyst bed should be heated and purged with N 2 to 
clean and prevent the accumulation of formaldehyde. 

The diffusion rate of trioxane was determined gravimetrically as de
scribed earlier. For the diffusion cell designed by Geisling and Miksch (37), 
as described earlier, the maintenance of the cell at 35.2 ± 0.05 °C pro
duced a constant diffusion rate of 740 ± 10 jug/h. The conversion efficiency 
of trioxane to formaldehyde in the catalyst chamber was investigated. The 
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gas mixture downstream from the catalyst was collected by bubbling the 
air through two distilled water bubblers that were connected in series and 
maintained at 2 °C. The bubbler solutions were analyzed for formalde
hyde and formaldehyde plus trioxane by using the pararosaniline method 
( 14) and the chromotropic acid method (13), respectively. No detectable 
trioxane was found in the solutions. A gas sample collected from the efflu
ent of the catalyst was analyzed by mass spectrometry, and no trioxane or 
other anomalous compounds in amounts exceeding 2% of the total formal
dehyde were detected. 

Formaldehyde concentrations in the range from 0.05 to 2 ppm can be 
generated dynamically with the system just described. Higher or lower 
concentrations can also be prepared by modifying the geometry of the dif
fusion path or adjusting the temperature and flow rate of the system. Mul-
ler and Schurath (26) tested this technique and found that some of the for
maldehyde generated may decompose to produce C O and H 2 under 
conditions suitable for the depolymerization of trioxane catalyzed by car
borundum at 160 °C. The thermal decomposition of 90 ppm of formalde
hyde in the standard mixture produces more than 180 ppb of C O and 40 
ppb of H2. 

D I F F U S I O N C E L L C O M B I N E D W I T H PYROLYSIS . Another interesting dy

namic system for the generation of formaldehyde as well as other reactive 
aldehydes over wide concentration ranges (from parts per million to parts 
per billion) was developed by Tsang and Walker (38). This system is based 
on the use of the diffusion cell to generate a mixture of large "parent" mole
cules in an inert diluent followed by passage of this mixture through a hot 
tube in which it undergoes pyrolytic decomposition to produce formalde
hyde. In his previous study, Tsang (39) showed that a suitable parent com
pound can be pyrolyzed in a gold tube reactor held at high temperature to 
produce the reactive gas of interest. This interesting concept was applied to 
the generation of formaldehyde, acetaldehyde, and acrolein vapors using 
3-methyl-3-buten-l-ol, 4-penten-2-ol, and 5-methyl-l,5-hexadien-3-ol, re
spectively. The reactions of the pyrolytic decomposition are the following: 

C H 2 = C ( C H 3 ) C H 2 C H 2 O H H C H O + i - C 4 H 8 (7) 

C H 2 = C H C H 2 C H O H C H 3 C H 3 C H O + C 3 H 6 (8) 

C H 2 = C H C H O H C H 2 C ( C H 3 ) = C H 2 C H 2 = C H C H O 
+ i - C 4 H 8 (9) 

The success of this method is critically dependent upon the choice of the 
parent compound. 

The apparatus for the generation of formaldehyde using this tech
nique consisted of two thermostated compartments as shown in Figure 8. 
The temperature of the first compartment, which contained diffusion and 
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buffer cells, was controlled to ± 0 . 1 °C. The diffusion cell was used to gen
erate known concentrations of 3-methyl-3-buten-l-ol vapor. The length of 
the diffusion path was kept at 6.3 cm, and its diameter was varied up to 
0.63 cm depending on the desired range of concentrations. The reservoir of 
the cell was filled with approximately 15 mL of 3-methyl-3-buten-l-ol. A 
flow of helium or other nonreactive gases such as nitrogen or argon, which 
was preheated in the chamber, was passed over the diffusion cell and mixed 
with 3-methyl-3-buten-l-ol vapor to provide a "parent" gas mixture. The 
diffusion rate of the cell can be calibrated gravimetrically as described ear
lier, and the concentration of the parent component in the gas mixture can 
be calculated. The buffer cell wa$ used to minimize the pressure surges that 
may arise from the switching of valves or the connection of fittings. After 
passing over the buffer cell, the stream of the generated gas mixture en
tered the second compartment containing the 1/8-in. o.d. gold tubing in 
which the pyrolysis occurred. The temperature of this compartment can 
vary from 0 to 700 °C and could be held to within ± 12 °C of the desired 
temperature. The entire system was operated at approximately 0.5 atm 
above ambient pressure. The flow rate and pressure of the system were 
controlled by needle valves and regulators. Gas chromatography with a 
flame ionization detector was used to analyze and identify the products in 
the generated gaseous standards. Formaldehyde was hydrogenated to 
methane before passage into the detector. 

The optimum conditions, operational characteristics, and perfor
mance of the system were reported in detail by Tsang and Walker (38). At 
low flow rates of carrier gas ( ~ 30 mL/min), complete decomposition in the 
gold tube (>97% conversion) was obtained at a temperature of 600 °C. 
For the higher flow rates (up to 200 mL/min), however, a minimum tem
perature of 650 °C was required. The relationship between formaldehyde 
output and the temperature of the diffusion cell (1/8 in. i.d. X 0.63 cm 
long diffusion path) fits the following equation: 

log [HCHO] (jig/min) = [(-2704 ± 3D)IT] + (9.09 ± 0.09) (10) 

The standard deviation over the entire range was 4 %, and the long-term 
stability of the formaldehyde output was ± 2 %. The proper behavior of the 
apparatus was also confirmed over a large range of flow rates and cell pres
sures. The long-term stability of the system was investigated over several 
hundred hours. The results showed that the concentration output was quite 
stable, and the reproducibility of the generated gas was very good not only 
for formaldehyde but also for acetaldehyde and acrolein. 

Calculation of Formaldehyde Concentration in the Standard 
Gaseous Mixture 
Concentration of formaldehyde in the standard mixture can be calculated 
from the permeation or diffusion rates and the total flow rate of diluent 
gas. The equation for this calculation is given as follows: 
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13. HO Generation of Standard Gaseous Formaldehyde 211 

C= [fl(f + F)] Χ 106 (11) 

where C is the concentration of formaldehyde (ppm, v/v), / is the perme
ation or diffusion rate of formaldehyde across the membrane (mL/min), 
and F is the total flow rate of the air passing through the permeation tube 
chamber and the diluent gas (mL/min). 

Because F is normally very much larger than / , this equation can be 
reduced to 

C = (f/F) Χ 106 (12) 

Usually, the permeation or diffusion rate, / , is determined gravimetrieally 
as described earlier and is given in nanograms per minute at a specified 
temperature and pressure rather than in milliliters per minute. Conse
quently, / can be expressed as follows: 

/ = (22.4/M) (77273) (760/P) r Χ 10"6 (13) 

where M is the molecular weight of formaldehyde (g), Γ is the absolute 
temperature (K) at which permeation is occurring, Ρ is the pressure (mm 
Hg) at which permeation is measured, and r is the permeation or diffusion 
rate (ng/min) at Τ and P. 

The temperature and pressure at which the flow rate of diluent gas, F, 
is measured must be in agreement with the temperature and pressure used 
in the determination of the permeation or diffusion rate. If the flow rate is 
measured at a temperature and pressure that are significantly different 
from the temperature Τ and pressure Ρ used in Equation 13, it should be 
corrected to the conditions at which / was determined: 

F = (TiTA)(PAIP) FA (14) 

where FA is the total flow rate of diluent gas (mL/min) measured at TA and 
PA. Substituting Equations 13 and 14 into Equation 12 yields 

C = (22.4/M) (Γ Λ /273) (760/PA) (rlFA) (15) 

Usually, the flow rate is measured at ambient temperature (25 °C) and 
atmospheric pressure (760 mm Hg). In this case Equation 15 can be re
duced to 

C = (24.45/M) (rlFA) (16) 

Equations 15 and 16 show that the concentration of formaldehyde is 
cut in half if the flow rate of diluent gas is doubled. This result is extremely 
useful for dynamically generating formaldehyde standards over a wide 
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range of concentrations with the same permeation or diffusion device ther
mostated at the same temperature. 

Concentrations of trioxane in the Geisling and Miksch system (37) and 
of 3-methyl-3-buten-l-ol in the Tsang and Walker method (38) can be cal
culated from Equations 15 or 16. In these cases r is the diffusion rate and M 
is the molecular weight of the respective compound. 

General Requirements for the Use of Permeation or Diffusion 
Devices for Formaldehyde Generation 
To obtain an accurate concentration of formaldehyde in the standard mix
ture, two major requirements must be fulfilled. First, the permeation or 
diffusion rate must be known to within 1 %, and second, the flow rates of 
the purging and diluent gas must be measured to within 1 % accuracy. The 
precision of the concentrations of the resulting gaseous mixtures is directly 
related to the precision of the permeation or diffusion rate and diluent flow 
rate; both of these parameters must be maintained constant throughout the 
preparation of the standard. 

Because the permeation rate and diffusion rate vary 10% and 5%, 
respectively, for every 1 °C change in the operating temperature, as dis
cussed earlier, it is necessary to control the temperature to better than ± 0 . 1 
°C. This requirement is for long-term stability. For most applications, a 
thermostated water or oil bath can be used. Several controlled-tempera-
ture ovens for analytical applications are capable of controlling to within 
± 0 . 0 2 °C, thus the ± 0 . 1 °C requirement could easily be obtained. High-
quality, fixed-set-point, mercury-in-glass thermostats are suitable for this 
purpose. The initial induction period, usually from a few days to several 
weeks for permeation tubes, is required only at the time of the filling of the 
tube. For daily use, a time period of several hours is needed for a tube to 
come to thermal equilibrium so that a constant permeation or diffusion 
rate is produced. The time required to reach thermal equilibrium depends 
on the temperature difference between operating and room temperature 
and is an inverse exponential function of the volume of the permeation or 
diffusion chamber. Usually, low-volume chambers are desired for rapid 
start-up and for changing concentration. 

The flow rates of the purging and diluent gas should be calibrated by 
using the soap-bubbling method. Flow meters are usually not adequate as 
the primary flow-measuring devices. However, they can be used as a flow 
indicator and for returning to a previously calibrated set point. The stabil
ity of the flow rate can be maintained with a differential flow controller. 
Usually, the purging gas is preheated to the same temperature as in the 
permeation or diffusion chamber, and its flow rate is low to preserve the 
thermal stability of the chamber. In view of the critical temperature-con
trol requirement, it is preferable to vary the concentration by changing the 
flow rate of diluent gas. 
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13. HO Generation of Standard Gaseous Formaldehyde 213 

Materials used for construction of the mixing chamber sampling mani
fold and tubing lines must be inert and have no interaction with formalde
hyde. Teflon and glass are the most suitable materials for this purpose. Dry 
nitrogen or purified air can be used as purging or diluent gas. To provide 
purified air, dust particles and oil droplets are removed from the com
pressed air with particle filters (pore size <0.2 m) and conventional oil 
traps. The air is then purified with molecular sieves or silica gel to remove 
water and activated charcoal to remove organic materials. 
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14 
Toxicology of Formaldehyde 

JOHN W. G O O D E 
Gulf Life Sciences Center, Gulf Oil Corporation, Pittsburgh, PA 15230 

Concern about the toxicity of formaldehyde has increased since the 
report by the Chemical Industry Institute of Toxicology (Third CIIT 
Conference on Toxicology, November 1980, Raleigh, North Caro
lina) that carcinomas were found in animals after exposures to form
aldehyde. The present toxicology of formaldehyde is reviewed along 
with a description of the current toxicological testing methodologies. 
The most significant properties of the compound are its potential to 
cause irritation and nasal tumors. Considerations for interpreting the 
results are discussed. 

ο UR PROGRESS SEEMS TO B E T H R O U G H CHEMISTRY , as an advertisement 
implies, and this progress has meant an increase in exposure of our popula
tion to chemicals. Each year it becomes more evident that we must know if 
these chemical entities present a hazard to human health or our environ
ment; in fact, we have laws that require this information. Because some of 
the effects of these substances can take years to develop and immediate re
moval of the product from the marketplace would still leave a generation of 
developing cases, the use of animals as indicators of the toxicities of these 
substances is prudent. We assume that results of these animal studies can be 
extrapolated to humans. There are many arguments about extrapolation of 
extremely high doses and findings of animal tests to humans and whether or 
not it is moral to use animals for this purpose. None of the arguments have 
been resolved to everyone's satisfaction, but they do stimulate continuing 
investigations for better methodologies. 

Increased interest in the hazards to ourselves and our environment has 
caused toxicology to gain rapid recognition during the last two decades. 
The Society of Toxicology, formed in 1961, is rather young when compared 
to other scientific societies. This fact may give some indication of the pub
lic's awareness of its environmental problems. My purpose in writing this 
chapter is derived from this awareness; formaldehyde is one of the more im
portant chemicals in the production of thousands of industrial and com
mercial products and one with which a large portion of our population has 
contact. 

A better title for this chapter might be "Toxicology Methodologies and 

0065-2393/85/0210/0217$06.00/0 
© 1985 by American Chemical Society 
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Formaldehyde" because it is my intent to outline, in general, the methods 
used in testing along with results reported for formaldehyde by using ap
proximate methodologies. This chapter is not intended to be an exhaustive 
review of all studies conducted on formaldehyde but rather to give typical 
data from a number of common toxicology testing areas. 

The purposes of toxicity studies are the following: to identify if a sub
stance causes harm; to identify the route and dose that cause harm; to 
identify what organ(s) or processes may be harmed; to determine the extent 
and course of the injury; and to identify "safe levels" of the substance. 

Acute Mortality Testing 
Investigation of a substance is usually begun by conducting the short-term 
or acute mortality study. Death is the end point in these studies. Most of 
these studies consist of a single exposure to the substance of a few animals 
via various routes followed by a 14-day holding and observation period. 
The holding period allows us to determine latent responses to the substance 
and whether or not reversibility of the response is likely to occur. Body 
weight gains and losses, as well as gross pathology, are determined in all 
cases. Histopathology is performed if findings are indicated during the 
gross pathology. 

Compounds that are undergoing acute study can be compared by use 
of some guidelines. At our laboratories, Table I is used for categorizing tox
icity of a substance. This table is derived from the various classification 
schemes used by such agencies as the Department of Transportation and 
the Consumer Product Safety Commission. 

The acute tests will determine if the substance can cause lethality 
within physiological dose limits and if a median lethal dose (LD 5 0) can be 
determined for comparison with other substances. The median lethal dose, 
regardless of the route of exposure, is a statistically derived single dose of a 
substance that can be expected to cause death in 50 % of the animals. It is 
customary to dose at least 10 animals (5 male, 5 female) for each level 
tested. "Limit studies" are conducted first at our laboratory. A group of an
imals is given the "limit dose" as specified in Table L If no mortality is ob
served, further dosing is considered unnecessary. This approach reduces 
the number of animals used in testing. 

The acute study may also determine the route of exposure to the sub
stance that presents the greatest hazard and the possible existence of a 
dose-response relationship to help set dose levels for longer term toxicity 
studies. From gross observation of the animals during the in-life phase of 
the test and the observation of organs during the gross pathology, some ini
tial indication of mode of action of the substance may be determined. 

According to Table I, when formaldehyde (formalin) is tested orally, 
it is slightly toxic to rats as indicated by its reported L D 5 0 value of approxi
mately 800 mg/kg of body weight (Table II). 
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For substances for which a common route of exposure might be 
through dermal contact, the determination of a dermal L D 5 0 is desirable. 
The rabbit is commonly used in this type of study and is chosen because of 
its size, skin permeability, and established data base. In this test, enough 
hair is clipped from the back of the animal to allow application of the sub
stance to 10 % of the body surface. This area is then covered with a porous 
dressing to hold the substance in contact with the body surface for 24 h. The 
substance is removed following this period, and observations are recorded 
on the animals for 14 days. A dermal L D 5 0 value of 270 mg/kg for for
maldehyde is reported in Table II. According to Table I, we would classify 
formaldehyde as moderately toxic via the dermal route. 

If the substance might be inhaled as a gas, vapor, dust, or aerosol, then 
an acute inhalation study should be conducted, and the LC50 or lethal air
borne concentration for 50% of the animals is determined for the sub
stance. Again, the rat is the animal of choice, and each dose group is ex
posed in a few-hundred-liter chamber for a period of hours. Four hours is 
the most common duration used. 

In addition to the parameters measured in other short-term tests, we 
must be concerned with chamber airflows and hourly concentrations of the 
chamber atmosphere. In this test, particle size of the airborne substance is 
important because we are interested only in those particles that may be 
inhaled; for humans, particles smaller than 10-15 μπι are considered to be 
inhaled. When administered via inhalation, formaldehyde is moderately 
toxic as indicated by its reported 4-h L C 5 0 of 482 ppm in the rat (Tables I 
and II). A 30-min L C 5 0 of 820 ppm in the rat has also been reported for 
formaldehyde. 

Table II. Acute Toxicity Potential of Formaldehyde 

Effect Species Dose Response 

Oral rat 550-800 mg/kg L D 5 0 (1-2) 
Dermal rabbit 270 mg/kg L D 5 0 (3) 
Inhalation rat 820 ppm x 30 min L G 5 0 (4) 

rat 482 ppm χ 4 h L C 5 0 (5) 
mouse 414 ppm x 4 h L C 5 0 (5) 

Eye irritation rabbit 0.5 mL 8-10 severe (6) Eye irritation 
rabbit 40-70 ppm χ 10 days no adverse findings (7) 
guinea pig 40-70 ppm χ 10 days no adverse findings (7) 

Skin irritation rabbit 0.1-20% mild—moderate (8) 
guinea pig 0.1-20% mild—moderate (9) 

Sensitization guinea pig 1 % (open application) negative (10) 
3% (open application) positive (10) 
1% (intradermal) positive (9) 
airborne none reported (11) 
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Acute Irritation Testing 
The tests discussed so far all use death as their end point. Other short-term 
effects of substances that we are concerned with on a daily basis do occur. 
One of these effects is irritation, either of the eyes or skin. The use of six 
adult rabbits is common to both tests. For the dermal irritation test, the 
hair is removed from the back of the animal so that 0.5 mL of a liquid or 5 
mg of a solid can be placed on the site and covered with a gauze patch. The 
substance is usually kept in contact with the skin for 4 h after which the 
residual is removed. 

The observation period is at least 72 h during which the skin is scored 
at 30 min, 1 h, and each 24-h period thereafter. The scoring system allows a 
0-4 reading for erythema (redness) and a 0-4 reading for edema (swelling) 
at each observation interval. Formaldehyde results would classify it as a 
moderate skin irritant. 

Eye irritation testing is somewhat similar. Here, approximately 0.1 
mL of a substance is placed in the conjunctival sac of one eye (the other eye 
serves as a control) and is left in contact for up to 24 h. The eyes are scored at 
similar intervals as those for the skin. The cornea is scored for density or 
opacity (0-4); the iris is scored for reaction to light, swelling, and conges
tion (0-2); and the conjunctivae are scored for redness (0-3) and swelling 
(0-4). The total for all scores may be 110, and this total falls into a classifi
cation from our table. Formalin is a severe eye irritant under this scheme. 

Application of 0.5 mL of formalin to rabbit eyes caused edema of the 
cornea, conjunctiva, and iris, and was given a Grade 8 on a scale of 10. Ex
posure of rabbits and guinea pigs to airborne formaldehyde at 40-70 ppm 
for 10 days caused lacrimation but no corneal injury. 

In addition to irritation tests, skin sensitization studies identify possi
ble hazards of repeated exposure to a substance. Following initial exposures 
to the test substance, usually lasting 2 weeks, the animals are rested for a 
week and then a challenge dose is given to determine if a hypersensitive 
state has been induced. The guinea pig is the animal of choice, and skin re
actions following the challenge dose are compared with those of the initial 
exposures. The results for formaldehyde are presented in Table II and dem
onstrate that it is a sensitizer but not via the airborne route. 

Irritation and odor thresholds for formaldehyde are important and 
should be discussed. The odor of formaldehyde and its irritant property 
serve as built-in safety factors. The threshold for odor recognition of form
aldehyde for individuals has been reported to be between 0.1 and 1 ppm 
(12). This threshold is a safety advantage for the compound because people 
can detect and leave an area contaminated by the substance. The sense of 
smell becomes fatigued quickly, but formaldehyde also causes irritant ef
fects to the eyes, nose, and throat at concentrations between 1 and 5 ppm. 
These effects were shown in a study using the decrease in respiratory rate of 
mice as an index of irritation (13). The data showed that an effect occurs at 
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0.5 ppm for formaldehyde in the air. The study also demonstrated that tol
erance to the irritant effects of formaldehyde did not occur. 

Another nonroutine short-term test has demonstrated a dose-response 
relationship for inhibition of the mucociliary defense apparatus in the frog. 
No impairment of function at 1.37 ppm or below occurred, and impairment 
of this apparatus may account for the relationship found for the induction 
of nasal squamous cell carcinomas in rats and formaldehyde gas (14). 

The new OSHA Hazard Communication Guidelines would classify 
formaldehyde as hazardous from the results of these acute tests with the ex
ception of the oral and possibly skin irritation tests. The acute responses to 
this substance should not be overshadowed by its long-term effects. 

In many cases, acute toxicity data will be sufficient to satisfy safety 
needs. But when exposure of a large population for an extended period is 
likely, repeated-dose tests will have to be conducted to ensure safety. 

Subchronic Testing 
After initial toxicity information is obtained from the acute testing, inter
mediate or subchronic tests may be indicated. Subchronic tests are gener
ally 30-90 days in duration, and more animals are used to determine the 
repeated-dose effects of the substance. These tests do not usually allow as
sessment of carcinogenicity or those effects that have a long development 
period; but definitive pathology and clinical effects are obtained with these 
studies, and "no effect" levels, as well as levels for lifetime studies, can be 
selected following completion. 

The subchronic or intermediate repeated-dose effects of formalde
hyde are presented in Table III. No surprises are found here. Low doses up 
to 4 ppm caused no adverse effects after 90 days of exposure. The responses 
of the higher doses are most likely due to the irritant properties of formalde
hyde that probably decrease appetite. The beginning of the nasal problem 
is evident in these results also. 

Reproduction and Teratology Testing 
The teratogenicity study is designed to determine the potential of the test 
substance to induce abnormalities in the developing fetus. The substance is 
dosed during the period of major organogenesis of the animal, that is, ges
tation days 6-15 for the rat. The test for reproduction determines the ef
fects of the substance on fertility, gestation, and offspring development. 

A reproduction study usually covers more than one generation of the 
animal and involves those that have been exposed to the test substance from 
conception to the time of bearing offspring, plus a study of the offspring. 
These studies last approximately 33 weeks in rats. 

Table IV lists results of some of the teratogenic and reproductive ef
fects of formaldehyde. These results indicate that formaldehyde does not 
appear to pose any reproductive or teratological hazard. 
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Table III. Subchronic Toxicity Potential of Formaldehyde 

Species, Route, and Exposure Dose (ppm) Observations 

Rat—Nose Only Inhalation 
6 h/day, 5 days/wk for 4 wk 3 
6 h/day, 5 days/wk for 4 wk 16-100 
Rat—Inhalation 
22 h/day for 90 days 1.6 
22 h/day for 45 days 4.5 
22 h/day for 60 days 8 

22 h/day for 90 days 3.8 
6 h/day, 5 days/wk for 13 wk 4 
6 h/day, 5 days/wk for 13 wk 12 
6 h/day, 5 days/wk for 2 wk 39 
Mouse—Inhalation 
6 h/day, 5 days/wk for 13 wk 12.7 
1 h/day, 3 days/wk for 35 wk 82 
1 h/day, 3 days/wk for 11 wk 161 

no adverse findings (15) 
antibody inhibition (15) 

no adverse findings (16) 
decrease weight gain (16) 
decrease liver weight (16) 
eye irritation 
lung inflammation (17) 
no adverse effect (18) 
nasal erosion (18) 
nasal ulceration (18) 

decreased body weight (18) 
squamous cell metaplasia (19) 
death (19) 

Table IV. Teratology and Reproduction Potential of Formaldehyde 

Species Dose Observations 

Dog 375 ppm/day no abnormalities in two 
generations (20) 

Rat 4.1 ppm/4 h/day x 19 days no fetal abnormalities (21) 
Rat (male) 0.1 ppm in water no adverse findings on 

0.4 ppm χ 180 days reproduction function (22) 
Mice 148 mg/kg/day no fetal abnormality (1 death/ 

35 dams) (23) 
185 mg/kg/day no fetal abnormality (23 deaths/ 

34 dams) (23) 
Rat 1600 ppm H M T a no reproductive effects (20) 

A H M T is hexamethylenetetramine. 

Mutagenic Testing 
In the last decade, a new group of predictive oncogenic and mutagenic tests 
has grown in popularity for screening substances to determine whether or 
not further animal testing is necessary. These in vitro tests decrease the 
number of animals used in testing, and they are therefore more economical 
for screening purposes. Another advantage of these tests is that large popu
lations of cells are exposed to the substance, and the tests take only a few 
weeks to complete compared to a few years for the animal tests. Disadvan
tages include the dissimilarities in translocation barriers and the absence of 
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metabolic and other defense mechanisms found in the whole animal. The 
poor quantitative agreement between these tests and the animal tests 
makes it unlikely that they will be accepted as definitive indicators of car
cinogenicity potential of a substance in the immediate future. However, 
their use as an indicator in combination with an animal study will increase 
as more of the tests are validated. 

Table V lists results obtained when formaldehyde is tested with these 
methods. These results demonstrate an unconvincing but possible muta
genic potential for formaldehyde and the need for further animal testing. It 
appears from these results and those reported in Table IV that the lethality 
of formaldehyde may be a more important risk than its mutagenicity 
potential. 

Chronic Testing 
The purpose of chronic animal testing is to determine the long-term or life
time effects of a substance. It is useful to draw out those effects that have a 
prolonged latency period occurring from reduced exposure levels. These 
studies give the most explicit information on hematological, biochemical, 
behavioral, and pathological potential of a substance. Because of their 
costs, these studies are generally conducted on compounds that have the 
potential for large population or environmental exposures. A minimum of 
100 rodents per dose level is suggested, and more than one species is desir
able. The number of parameters is more extensive than in other animal 
studies. Table VI outlines the results and major findings of long-term stud
ies with formaldehyde. 

Interpretation of these results should include the following considera
tions: species variation in the response occurs; the tumor produced is rare; 
the response is reproducible; the rat is an obligatory nose breather with a 
complex nasal structure; and a threshold of 1 ppm is suggested. 

A mechanism of action is not suggested from the results. The mecha
nism may be associated with the irritant potential of the compound or may 

Table V. Mutagenic Potential of Formaldehyde 

Assay Response 

Ames negative (24) 
Ames (modified) positive (25) 
Chinese hamster ovary negative (26) 
Sister chromatid exchange positive (27) 
Transformation negative (28) 
Transformation (modified) positive (28) 
Drosophila, oral positive (29) 
Drosophila, vapor negative (29) 
Dominant lethal study negative (30) 
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Table VI . Chronic Toxicity Potential of Formaldehyde 

Species, Route, and Exposure Dose (ppm) Observations 

Rat—Inhalation 
6 h/day, 5 days/wk for 2 yr 
6 h/day, 5 days/wk for 2 yr 
588 days—lifetime 
588 days—lifetime 
22 h/day, 7 days/wk for 26 wk 
22 h/day, 7 days/wk for 26 wk 
Rat—Oral (H 2 0) 2 yr 

Mouse—Oral (H 2 0) 
Mouse—Inhalation 
6 h/day, 5 days/wk for 27 mo 
6 h/day, 5 days/wk for 27 mo 
1 h/day, 3 days/wk for 35 wk + 

29 wk at 125 ppm 

2 squamous metaplasia (31) 
6-15 squamous cell carcinoma (31) 

14 squamous cell carcinoma (32) 
14 + HC1 squamous cell carcinoma (32) 

1 no adverse findings (33) 
3 squamous metaplasia (33) 

1-5 HMT° no adverse findings (34) 

1-5 HMT° no adverse findings (34) 

2-6 
14 

41.5 + 125 

Hamster—Inhalation 
5 h/day, 5 days/wk for 18 mo 10 
5 h/day, 5 days/wk for 18 mo 50 

22 h/day, 7 days/wk for 26 wk 1-3 

Monkey—Inhalation 
22 h/day, 7 days/wk for 26 wk 1 
22 h/day, 7 days/wk for 26 wk 3 

no adverse findings (31) 
squamous cell carcinoma (31) 
squamous cell metaplasia 

(no tumors) (19) 

hyperplasia (35) 
squamous metaplasia (no tumors) 

(35) 
no adverse findings (33) 

no adverse findings (33) 
metaplasia in nasal turbinates (33) 

flHMT is hexamethylenetetramine. 

be a genetic effect as demonstrated by the possible mutagenic potential of 
the compound. Other studies are necessary to determine formaldehyde's 
mechanism of action. 

Conclusion 
Limited resources are available for the assessment of substances. The labor
atory capacity does not exist to conduct all the tests mentioned on every 
chemical. The desire for absolute protection from risks must be balanced 
with the desire to reduce regulations and costs. The costs in Table VII are 
based upon the particular protocols used in our laboratory but serve to indi
cate test cost magnitude as well as cost comparisons between the various 
tests. 

All substances may be hazardous at a certain dose level under certain 
exposure conditions. Identifying these toxic effects with animal studies is 
currently the best way for assessing the risk to the human population. Cur
rently, we regulate substances without requiring evidence of harm to hu
mans. This course appears to be the most prudent as we find ourselves mov-
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Table VII. Cost Estimates for Toxicity Tests 

Amount 
Test (dollars) 

Acute (short-term) 
Oral L D 5 0 1500 
Dermal LD50 3500 
Eye irritation 750 
Dermal irritation 750 
Dermal sensitization 3500 
Inhalation (LC50) 7000 

Genetic 
Gene mutation 1000 
Chromosome aberration (in vitro) 2500 
DNA damage-repair 4000 
Cell transformation 4000 

Subchronic (mid-term) 
90-day Inhalation 100,000 
90-day Dermal 75,000 

Chronic (long-term) 
Carcinogenic (dermal) 350,000 
Carcinogenic (inhalation) 800,000 

Reproduction 
Teratology 35,000 
Reproduction 120,000 

ing away from the "Delaney Clause mentality," where products were 
removed immediately from the market upon finding that they could cause 
cancer in any animal at any dose level, into a risk analysis of benefits. 

During the last two decades we have seen the evaluation of risk and 
benefits move more and more to the social level. This change is partly be
cause we have no Delaney rule for chemical substances; no formula for risk 
assessment satisfies the scientific community and the community at large. 

The failure to establish a socially acceptable risk evaluation process 
hampers our technological process. It leaves committees rendering an ar
ray of decisions between the economic consequences of zero-level exposure 
to known carcinogens or an increase in hazard from higher levels of expo
sure. The prudent course is to continue to regulate chemicals on the basis of 
data obtained with the techniques outlined in this chapter and to improve 
not only these techniques but also the risk evaluation process. 
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15 
History and Status of Formaldehyde in 
the Cosmetics Industry 

H E R M A N E. JASS 
29 Platz Drive, Skillman, NJ 08558 

Although formaldehyde has been found to be a mucosal and dermal 
irritant and contact sensitizer, regulatory and industry experts have 
concluded that the use of formaldehyde as a preservative is safe to 
the majority of consumers. A review of evidence indicates that for
maldehyde is not carcinogenic when applied to the skin at normal 
concentrations, but evidence is insufficient to conclude that HCHO 
in sprayed cosmetics is safe. By regulation, formaldehyde, when 
used as a nail hardener, must be adequately labeled and limited to 
concentrations of 5 %. Although formaldehyde is still the sixth most 
popular cosmetic preservative, used primarily in shampoos and 
bubble baths, its use appears to be declining. Equipment sanitation 
applications of HCHO are also decreasing. 

Uses of Formaldehyde 
Formaldehyde has been used historically in the cosmetics industry in three 
principal areas: preservation of cosmetic products and raw materials 
against microbial contamination, certain cosmetic treatments such as 
hardening of fingernails, and plant and equipment sanitation. 

By far the major use of formaldehyde is as an antimicrobial preserva
tive. Certain categories of cosmetic and toiletry products that contain high 
concentrations of surfactants, such as shampoos and bubble baths, have 
traditionally required formaldehyde to preserve them against contamina
tion by Gram-negative microorganisms, particularly members of the 
Pseudomonas family (2). According to the U.S. Food and Drug Adminis
tration (FDA) computerized information file (2), formaldehyde was the 
sixth most frequently used cosmetic preservative in 1982. As shown in Ta
ble I, formaldehyde was listed as being used in 734 cosmetic products. This 
information is obtained from cosmetic formulation data submitted to FDA 
by companies participating in the FDA voluntary registration program (3). 
Because this regulatory program is voluntary, some formulations are not 
registered. Therefore, the frequency of use reported here is somewhat un
derstated. 

0065-2393/85/0210/0229$06.00/0 
© 1985 American Chemical Society 
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Table I. Frequency of Preservative Use in Cosmetic 
Formulas, 1982 

Frequency of 
Preservative Use0 

Methylparaben 7148 
Propylparaben 6274 
Imidazolidinylurea 1820 
Quaternium-15 1079 
Butylparaben 739 
Formaldehyde solution 734 
BHA 618 
2-Bromo-2-nitropropane-l ,3-diol 546 
BHT 475 
Sorbic acid 361 

a The number of cosmetic products in which each preservative is 
used. 

which each preservative is 

Table II. Product Formulation Data for Cosmetics Containing Formaldehydi e 

Total No. of No. Containing 
Product Category Products Formaldehyde Percent 

Shampoos (noncoloring) 909 316 34.8 
Bubble baths 475 109 22.9 
Hair conditioners 478 95 19.9 
Wave sets and hair rinses 

(noncoloring) 338 69 20.4 
Other bath preparations 132 24 18.2 
Other hair preparations 

(noncoloring) 177 13 7.3 
Bath oils, tablets, and salts 237 10 4.2 
Other products in categories 

listing H C H O 4999 78 1.56 

According to the data obtained through the voluntary registration reg
ulation (4), approximately 35% of marketed cosmetic shampoos, 23% of 
bubble bath formulations, and 20% each of hair rinses and hair condition
ers contain H C H O as an antimicrobial preservative (Table II). The usual 
H C H O concentration in these products is approximately 0.10% or less, 
and probably does not exceed 0.20 % in most commercial formulations (5). 
Concentrates that are to be diluted prior to application may have a higher 
concentration, usually up to approximately 1.0%. As shown in Table II, 
H C H O is used somewhat in other cosmetics, also. The concentrations 
shown in all of these tabulations of FDA data are usually expressed as 40 % 
formalin solutions, the form used in the cosmetic industry. The frequency 
of use in these other products is low, and, in some cases, may merely repre
sent obsolete information. 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
01

5

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



15. j ASS Formaldehyde in the Cosmetics Industry 231 

Another cosmetic use of formaldehyde is as a nail hardener. Finger
nails treated with H C H O solutions become harder and more resistant to 
breakage. For this application, the H C H O concentration is significantly 
higher, up to approximately 5 %. However, because of safety consider
ations, FDA has placed restrictions on the use and labeling of such products 
(6). As a result, such products represent only a very small segment of the 
cosmetic market. 

Some drug products that are related to cosmetic applications use for
maldehyde. For example, abnormally excessive perspiration, known as hy
per hydros is, may be controlled with topical applications of H C H O (7). 
However, this use is limited by law to a prescription-only basis. 

Formaldehyde has also been used as a tooth desensitizer dentifrice for 
persons whose teeth are abnormally sensitive to touch and temperature 
variations. This type of product was reviewed by an FDA advisory panel 
(8), which determined that insufficient evidence was available to deter
mine the effectiveness of this agent in over-the-counter drug use. If addi
tional data that would be considered by FDA sufficient to establish the 
drug's effectiveness are not submitted by the dentifrice's sponsors by the 
time a final monograph for this category of drug is published by the 
agency, it will become illegal. Meanwhile, it cannot be determined if any 
products of this type, in which H C H O is present at 1.4%, are still being 
marketed. 

Formaldehyde has had a long history of use by the cosmetic industry 
for plant and equipment sanitation. Sanitizing agents are not used on a 
routine basis but as a procedure to reduce or remove contamination by re
sistant microorganisms that can pose a serious preservation problem in fin
ished cosmetics. Emergence of strains of microorganisms resistant to nor
mal concentrations of germicidal agents has been a frequent occurrence in 
cosmetic plants. This resistance is due in part to the use of many natural 
and earth-derived ingredients, such as natural pigments and gums, that are 
difficult to render free of microorganisms. Also, many raw materials con
tain high concentrations of ingredients, such as ethoxylated surfactants, 
which form complexes with many preservatives including the parabens, 
the most commonly used agents. This complexing of preservatives reduces 
their effectiveness. Many cosmetic ingredients, like many food ingredients, 
actually provide a good nutritional medium for microorganisms. These 
factors, coupled with the continual use of processing equipment, have a 
tendency to produce dominant populations of mutant bacterial strains that 
are very difficult to eradicate once they are established in manufacturing 
facilities. Formaldehyde, in aqueous solution at concentrations of 0.1-
0.5 %, has proved to be extremely efficacious for ridding the plant and pro
cessing equipment of these resistant bacteria. 

However, in recent years, a number of factors have combined to make 
outcropping of troublesome resistant bacterial strains much less frequent. 
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These factors include the introduction of better plant sanitation features 
such as sanitary piping, regular hot water or steam cleaning, and generally 
improved housekeeping. In addition, raw materials can now be purified by 
suppliers with methods that drastically reduce their natural microorganism 
content; such methods have had a major impact in the fight against bacte
rial contamination. As a result, the need for heroic measures to combat 
plant infections has lessened recently. Furthermore, because of occupa
tional safety considerations, formaldehyde, once the primary agent for this 
use, has been largely supplanted by other agents such as hypochlorite or 
hydrogen peroxide solutions. However, H C H O is still employed when par
ticularly difficult situations arise. One such situation involves water-deion-
izer beds. Cosmetic manufacturing requires huge amounts of deionized 
water, and although maintenance of deionizer bacterial standards has im
proved greatly over the years, an occasional contamination problem may 
still occur. Because of its nonionic character, H C H O is particularly suited 
for this type of use. However, current use concentrations of H C H O in sani
tation tend to be lower than in the past and range from 0.05 % to 0.10 % . In 
all uses of formaldehyde by the cosmetic industry, the material typically 
used is formalin, an aqueous 40 % solution of formaldehyde. 

Safety of Formaldehyde 
The main manifestations of toxicity by formaldehyde topical application to 
humans or animals have been irritation and sensitization. Thus, dermatitis 
due to occupational exposure to formaldehyde solutions is a well-recog
nized problem (9,10). Eye irritation can occur due to formaldehyde vapor 
(10) or aqueous solutions of formaldehyde (11). However, minimal irrita
tion, at most, was observed when cosmetic products containing 0.074% 
and 0.0925% formaldehyde were instilled into rabbit eyes (12). Most cos
metic applications of H C H O are in shampoos and similar compositions in 
which high surfactant content may produce much higher levels of eye irri
tation than would be expected from formaldehyde at preservative concen
trations. 

Similarly, the skin irritation levels resulting from normal use concen
trations of H C H O or even exaggerated levels were found to be moderately 
irritating, at most, in animal tests (10, 13). The North American Contact 
Dermatitis Group (14) reported a 5 % incidence of skin sensitization among 
2374 patients exposed to 2% formaldehyde in aqueous solution. 

Data submitted by cosmetic firms in cosmetic product experience re
ports to FDA under the voluntary cosmetics regulatory program for the 
period 1979-82 are shown in Table III (25). Shampoos, the leading product 
category employing formaldehyde as a preservative, had a reported inci
dence of 2.26 consumer experiences per million units sold. Bubble bath 
products, the next most frequent use of H C H O , had an incidence of 1.14 
per million units sold. By contrast, product categories using formaldehyde 
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Table III. Selected Values of Cosmetic Experience Reports Submitted to the F D A Under the 
Voluntary Cosmetics Regulatory Program, 1979-82 

Estimated Units Number of 
Distributed in Total Number Experiences 

Product Category Millions of Experiences per Million 

Bath soaps 4157.64 1187 0.29 
Shampoos 1070.29 2415 2.26 
Colognes and 

toilet waters 850.11 377 0.44 
Other personal 

cleanliness products 646.27 2170 3.36 
Lipstick 625.35 587 0.94 
Face, body, and 

hand care preparations 590.51 751 1.27 
Hair sprays 501.01 339 0.68 
Hair dyes and colors 273.20 3477 12.73 
Make-up foundations 145.81 662 4.54 
Face powders 116.51 162 1.39 
Bubble baths 135.75 155 1.14 

infrequently had incidences as follows (per million units sold): hair dyes, 
12.73; make-up foundations, 4.54; lipsticks, 0.94; and face powders, 1.39. 
These data suggest that the inclusion of formaldehyde in cosmetics does 
not, per se, create a public health problem. 

In an extensive review of the literature and of safety information sub
mitted by individual companies, the Expert Panel of the Cosmetic Ingredi
ent Review7 (CIR) (4) concluded that formaldehyde " . . . is an irritant at 
low concentration, especially to the eyes and the respiratory tract in all 
people. It induces hypersensitivity, but not as often as might be expected 
considering the frequency and extent of exposure. Perhaps the single, most 
important attribute common to these toxic effects of formaldehyde is that 
they are all concentration-time dependent." The panel then concluded 
that formaldehyde in cosmetic products is safe to the great majority of con
sumers. However, because of skin sensitivity of some individuals to this 
agent, CIR recommended that formaldehyde be formulated in cosmetics at 
its minimal effective concentration, not to exceed 0.2% as free formalde
hyde. 

The attitude of FDA is reflected in a statement by Heinz Eiermann, 
director of the Division of Cosmetics Technology of FDA (5): "When used 
as a preservative, the concentration of H C H O is usually too low and the 
exposure too short to induce sensitization. However, it is then quite capable 
of eliciting a skin reaction in some HCHO-sensitive consumers." After cit
ing the data of the International Contact Dermatitis Group, which ranked 

1 The Expert Panel of the Cosmetic Ingredient Review is an independent group of scien
tific experts funded by an industry association, the Cosmetic, Toiletry, and Fragrance Associa
tion, to review and determine the safety of cosmetic ingredients. 
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formaldehyde among the 10 most prominent contact sensitizers, Eiermann 
then stated: "However, we must remember that while a relatively large 
number of consumers may react to H C H O when patch tested, few of them 
are expected to present the same reaction under actual use conditions, and 
millions can use a HCHO-preserved cosmetic without showing any sign of 
harm." 

However, nail hardeners, which employ a much higher concentration 
of formaldehye, present a greater concern to safety evaluators. The policy 
of FDA (6) is that the agency does not object to the use of formaldehyde as 
an active ingredient in nail hardeners provided that the product contains 
no more than 5% H C H O , provides the user with nail shields to restrict 
application to nail tip, furnishes adequate directions for safe use, and car
ries a label that warns of danger of misuse and potential for allergic reac
tions. The CIR Expert Panel reviewed submitted comments relating to the 
use of formaldehyde at a concentration of 4.5% in nail hardeners but con
cluded that the submitted evidence was inadequate to ensure that formal
dehyde could be safely used above 0.2%. 

Since the results of the Chemical Industry Institute of Toxicology 
(CUT) inhalation study in rats and mice were made public, the signifi
cance of the findings to the use of cosmetics containing formaldehyde has 
been analyzed. However, although expressing concern, both FDA and CIR 
concluded that the current evidence does not indicate a risk of carcinoge
nicity for cosmetic use of H C H O . The conclusions include the fact that all 
tumors in the C U T study occurred in the nasal cavity and not systemically 
and that cancers in the C U T study occurred in only one of the two species 
exposed and none at the 2-ppm level. Also, the level of exposure to H C H O 
vapor from cosmetic use would be significantly less than the lowest dose to 
which the rodents in the C U T study were exposed. However, conclusions 
reached at the Consensus Workshop on Formaldehyde in October 1983 
(17) include the fact that epidemiological studies involving embalmers, 
medical personnel, and industrial workers exposed to H C H O have shown 
an excess of brain cancer and leukemia relative to the general population. 
They further stated that no dose-response information is currently avail
able for quantitative risk assessment of these findings. 

Taking all of these facts into consideration, the CIR panel stated, after 
a review of the evidence, that it could not be concluded that formaldehyde 
is safe in cosmetic products intended to be aerosolized, that is, sprayed. 
However, this reservation was based not on positive evidence of hazard, 
but on a lack of submitted data in support of aerosolized cosmetics contain
ing formaldehyde. This lack, in turn, is due to the rarity in the marketplace 
of spray cosmetics that contain formaldehyde. 

The use of formaldehyde for plant and equipment sanitation has also 
declined dramatically. As a result of the findings of C U T , the National In
stitute of Occupational Safety and Health has recommended that formal-
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dehyde in work environments be handled as a potential human carcinogen. 
This recommendation has been an important factor in leading companies 
to seek alternative sanitizing agents and systems in plants. 

Other Factors Influencing Cosmetic Use of Formaldehyde 
Federal regulations require the listing of ingredients on cosmetic package 
labels ( 16). Cosmetic marketers, concerned about the publicity over the 
C U T study results, as well as the controversy over the possible hazards of 
formaldehyde from the use of urea-formaldehyde foam insulation, have 
become uneasy over the listing of formaldehyde as a cosmetic ingredient. 
The two major claims for cosmetics in marketing and advertising are that 
cosmetics enhance beauty and that they are safe to use. The presence on a 
product label of an ingredient such as formaldehyde, which has become 
associated in consumers' minds with potential hazards and other unpleas
ant aspects, is contradictory to these claims of benefit and innocuity. That 
the implied hazard is cancer is even more worrisome. This situation has led 
to an attempt by many marketers to replace formaldehyde with other pre
servatives and thus avoid listing this troublesome ingredient. However, 
when the product is one with a high concentration of surfactant, such as a 
shampoo, the discovery of a suitably effective alternative system is not an 
easy matter. Ironically, formulators have often turned to preservatives that 
are formaldehyde donors. That is, their preservative effectiveness is due to 
the formation of formaldehyde in situ at low levels by hydrolytic action. 
Such HCHO-donor preservatives include quaternium-15 [ds-l-(3-chlo-
roallyl)-3,5,7-triaza-l-azoniaadamantane chloride], 2-bromo-2-nitropro-
pane-l,3-diol, and D M D M hydantoin (dimethylol dimethyl hydantoin). 
Use of these preservatives in some cases provides the benefits of H C H O 
without the need to list formaldehyde as an ingredient on the label. 

Newer preservatives with even greater effectiveness against Gram-
negative organisms have recently been introduced and may further de
crease the use of H C H O . However, adoption of new preservatives has tra
ditionally been a slow, gradual process because of the desire of industrial 
microbiologists and safety specialists to acquire a history of safe use before 
incorporating a biologically active material into a valuable product. Such 
history includes the record of gradually increasing use of the product over 
an extended period of time with no apparent health problems by competi
tive companies plus an acceptable judgment by CIR. 

Overall, the factors of contact sensitization potential and unfavorable 
publicity have led to a gradual decrease in the use of formaldehyde. For 
example, the number of shampoo and bubble bath products registered 
with FDA in the last 3 years has grown from 1384 to 1455, whereas the 
frequency of use of formaldehyde has decreased from 425 to 403 in these 
two types of products. This decline in usage is expected to continue. 
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16 
Formaldehyde: The Food and Drug 
Administration’s Perspective 
ROBERT J. SCHEUPLEIN 
Office of Toxicological Sciences, Bureau of Foods, Food and Drug 
Administration, Washington, D C 20204 

Formaldehyde is used in mostly minor quantities of foods, drugs, 
and cosmetics. It has recently been found to be carcinogenic in rats 
when inhaled continuously at high doses (>2 ppm) for a lifetime. 
Formaldehyde has not been found to be carcinogenic in rodents 
when orally ingested at high doses (~5%) for a lifetime. A great 
deal of biological and chemical findings corroborate the view that 
the results from ingestion studies are more relevant to food use. 
Aside from the similarity in the route of administration, support for 
this view includes the short biological half-life of formaldehyde, the 
anomalous effects of locally high concentrations, and the highly 
curvilinear shape of the inhalation dose-response curve. On the ba
sis of the data now available, the Food and Drug Administration 
does not believe that the very low levels that are used in food or 
cosmetics present a significant safety concern. 

F O R M A L D E H Y D E is O N E O F T H E MOST WIDELY USED of all synthetic chemi-
cals. In 1979 the U.S. production reported in terms of formalin (37% 
aqueous solution) was 2900 million kg, or over 12 kg for every person in the 
country. The Food and Drug Administration's (FDA) interest in formalde
hyde's safety is derived from formaldehyde's use in foods, drugs, and cos
metics. Compared to its major uses in plastics, resin manufacture, and pro
duction of chemical intermediates, formaldehyde's direct use in foods, 
drugs, and cosmetics is very small. 

Following the announcement in January 1980 that the inhalation of 
formaldehyde apparently induced tumors in the nasal passages of rats, 
FDA took a good look at its inventory of approved uses of formaldehyde. 
On the basis of the exposure levels and the routes of administration, FDA 
concluded that no regulatory action against the use of formaldehyde in the 
products it regulates was necessary at that time to protect the public health 
(I). Since then the Chemical Industry Institute of Toxicology (CUT) study 
has been completed, published (2), and confirmed in a similar study con
ducted by Albert et al. (3). Formaldehyde is now generally recognized to 

This chapter not subject to U.S. copyright. 
Published 1985 American Chemical Society 
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be carcinogenic in rats, or more accurately to rat nasal turbinates when 
inhaled at high-dose levels for 5 days per week for the lifetime of the ani
mals. FDA's regulatory position on the safety of food, drug, and cosmetic 
uses of formaldehyde remains the same. In this chapter I will try to explain 
the toxicological basis of that position, but first I will give an overview of 
formaldehyde's major FDA-regulated uses. 

Drags 

In human drug products, formaldehyde (HCHO) is used as a densensitizing 
agent in dentifrices at concentrations of 1.4 % and as a preservative at con
centrations of 0.1 % or lower (4). It is also used in the manufacture of vari
ous vaccines to inactivate bacteria or viruses or to detoxify bacterial toxins. 
Depending on the intended use of the vaccines, the H C H O content may 
vary from less than 2 ppm to more than 100 ppm. 

Cosmetics (5) 

Perhaps formaldehyde's widest use, in terms of amount, is mainly as a pre
servative in shampoos and other hair products. H C H O is an excellent pre
servative against Gram-negative microorganisms, particularly Pseudo-
monas aeruginosa, a potentially pathogenic microorganism. According to 
voluntarily registered product formulation data, approximately 35% of 
the marketed cosmetic shampoos, 23% of bubble bath formulations, and 
20% of hair rinses and hair conditioners contain H C H O as an antimicro
bial preservative. The typical concentration of H C H O in preservative use is 
approximately 0.1%. Formaldehyde is a popular preservative, and at
tempts to replace it on a wide scale have not yet been successful. 

A few years ago a manufacturer replaced H C H O in his shampoo with 
paraben preservatives. Almost a half million bottles of shampoos were re
called because of contamination with Pseudomonas. The other effective 
preservatives against Gram-negative microorganisms are organic mercuri
als. However, the use of mercury compounds in cosmetics is limited by reg
ulation to use as preservatives in eye-area cosmetics because they are ab
sorbed through the skin on topical application and tend to accumulate in 
the body and are capable of causing neurotoxic effects. 

The agency's concern about the safety of H C H O and H C H O donors is 
threefold, namely, irritation, sensitization, and systemic effects. The carci
nogenicity issue is subsumed in systemic effects. Skin irritation is of concern 
when H C H O is present in a product at relatively high concentrations, as, 
for example, in nail hardeners. FDA has not officially objected to its use in 
nail hardeners provided the product contains no more than 5 % H C H O , 
provides the user with nail shields that restrict application to the nail tip, 
furnishes adequate direction for safe use, and warns the user about the con
sequences of misuse and the potential for causing allergic reactions in al
ready sensitized users. FDA does not endorse the use of formaldehyde for 
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this purpose, but insufficient evidence is available to indicate that any sig
nificant risk is present when used with care. FDA's concern about the possi
ble harmfulness of H C H O as a skin sensitizer is directed more toward the 
elicitation of allergic reactions and less toward induction of allergenicity. 
When used as a preservative its concentration is usually too low and the 
exposure too short to induce sensitization; however, it may elicit a skin re
action in some HCHO-sensitive consumers. Sensitivity to H C H O is not un
common in the United States; it is ranked among the 10 most prominent 
skin contact sensitizers. Nonetheless, millions of people can use a H C H O -
preserved cosmetic without ever showing any sign of sensitization. 

Foods 
Formaldehyde is used in the food industry in several important ways but 
always under conditions that result in very small amounts of formaldehyde 
in food. It has never been a popular food additive in the United States prob
ably because of its association with embalming and its strong odor. It has 
been cleared for use as a preservative in defoaming agents containing si
methicone, in an amount not to exceed 1.0% of the simethicone content or 
100 ppb in ready-to-eat food (6). It is also used as a component in adhesives 
intended for use in packaging food. In such use the adhesive is either sepa
rated from the food by a functional barrier except for possibly at seams and 
edges which can contribute only trace amounts at most (J). 

Formaldehyde is used in the animal feed industry in ruminant feeds to 
improve the handling characteristics of animal fat in combination with 
certain oilseed meals. As formalin (37 % solution), it is added to the mixture 
at a level of 4% . This mixture on drying contains less than 1 % formalde
hyde, and the feed is limited to contain less than 25 % of the mixture. Thus, 
animals may ingest as much as 0.25% formaldehyde in their diet (8). The 
animals appear to thrive on it, and no evidence indicates that tissue levels 
of formaldehyde are any higher in these animals than in animals that do 
not ingest added formaldehyde. The metabolic capacity of ruminant ani
mals seems quite sufficient to catabolize even rather high levels of formal
dehyde. 

Paraformaldehyde, which liberates formaldehyde when dissolved in 
water, is approved for controlling fungal growth in maple tree tapholes (9). 
It is used such that the maple syrup produced from the sap of treated maple 
trees does not contain more than 2 ppm of formaldehyde. A typical portion 
of syrup might then contain 50 μ g of formaldehyde. 

Hexamethylenetetramine (HMT), a complex of formaldehyde and 
ammonia that decomposes slowly to its constituents under acidic condi
tions, has been used for many years as a food additive in the Scandinavian 
countries. It is used in fish products such as herring and caviar that are 
generally prepared by hand. H M T has the advantage of exerting a good 
antimicrobial effect without influencing the taste and odor. Its effect is due 
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to the gradual liberation of formaldehyde. It is permitted as a food additive 
in Norway at levels of 0.1-0.05%, corresponding to a daily ingestion of 
approximately 2.5 mg/day (10). 

Discussion 
How do these ingested use levels of formaldehyde compare to established 
clinical or toxicological effect levels? The major adverse effects of formal
dehyde and the corresponding doses are given in Table I. The first four 
entries show generally that human adverse effects of increasing severity oc
cur as the dose increases to a vapor concentration greater than 30 ppb. In 
1976 the National Institute of Occupational Safety and Health (NIOSH) 
recommended lowering industrial exposures to 1.0 ppm on the basis of for
maldehyde's irritation potential. The last five entries are results from ani
mal studies. By dividing the human oral lethal doses by human body 
weight, the animal and human oral L D 5 0 values are reasonably compara
ble. The most sensitive animal adverse effects are teratogenic effects in 

Table I. Summary of Toxicity Data on Formaldehyde 

Clinical Symptoms 
and Toxicological 

Concentration End Points 
30 ppb (vapor) no observed acute effects 
~1 .2 ppm (vapor) threshold of human 

response (irritation to 
nose, eyes) 

4-5 ppm (vapor) becoming intolerable, 
difficulty in breathing 
(humans) 

50 ppm (vapor) pulmonary edema, 
pneumonitis (humans) 

~ 30 ppm (aqueous) threshold of sensitization ~ 30 ppm (aqueous) 
in sensitized human 
subject 

1-100 g formalin, ingestion some human fatalities 
0.8 g/kg oral L D 5 0 in rats 
15 mg/kg, ingestion no effect level, 

fetotoxicity in dogs 
0.15 mg/kg estimated ADI in 0.15 mg/kg 

humans (17) 
500 mg/kg no-effect level, long term 

feeding in rodents 
14 ppm (vapor) carcinogenic in rat nasal 

mucosa by inhalation 

NOTE : Table is compiled from data in Refs. 2 , 3 , 11, 13, 16, and 
17. 
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dogs, and the fetoxic no-effect level is used as the basis for setting the Ac
ceptable Daily Intake (ADI) for food use. The application of a 100-fold 
safety margin to this teratogenic no-effect level in dogs yields an ADI of 
0.15 mg/kg or approximately 9 mg/day (11). Repeated subcutaneous injec
tions on a weekly basis over IV2 to 2 years in rats produce local sarcomas at 
the site of injections (Table II) (12). Finally, the recent positive inhalation 
studies in rats indicate a highly nonlinear carcinogenic response that is de
tectable in 100 rats at 5.6 ppm and increases approximately cubically with 
increasing dose (2, 3, 13). 

Table III shows several oral studies that have been conducted on for
maldehyde or H M T (14). H M T breaks down gradually to formaldehyde 
and N H 3 under acidic conditions or in the presence of proteins, and is con
sidered equivalent to formaldehyde for toxicological purposes. These long-
term studies point to a dietary level of 5% H M T as causing no effect in 
rodents. On a weight percent basis a very similar no-effect level would be 
true for formaldehyde monomer (15). 

Collectively these studies indicate that formaldehyde may be poten
tially carcinogenic to humans when inhaled at high levels. Generally when 
faced with both positive and negative data obtained from equally well-con
ducted bioassays, FDA usually will elect to err on the side of prudence and 
regulate on the basis of the positive study or studies. Our food laws require 
that a substance be shown to be safe for its intended use (to a reasonable 
certainty), and when studies disagree and are of equal quality and signifi
cance, a reasonable question of safety can be said to remain. But in the case 
of formaldehyde as a food ingredient, ingestion studies, inhalation studies, 
and injection studies are not of comparable biological significance or 
relevance. 

Although production of local sarcomata occurs in rats at the site of 
repeated injections, and neoplastic lesions develop in the nasal passages and 
trachea of rats exposed to high vapor concentrations of formaldehyde, the 
probability of carcinogenic potential in food-additive use appears to be ex
cluded on the basis of adequate ingestion studies. 

A great deal of biological and chemical findings corroborate the view 
that the ingestion studies are probably correct and more relevant to food 
use. First, aside from the similarity in route of administration between the 
animal ingestion studies and formaldehyde's use as a food additive, formal
dehyde is highly reactive. It is very rapidly converted to formic acid upon 
ingestion and has a biological half-life of approximately 1 min in a variety 
of species (11). Thus, one might expect that if high local concentrations are 
persistently applied to tissue, then conversion kinetics to formate may be 
overwhelmed. This situation would result in the retention of formaldehyde 
and the consequences of high concentrations of a highly reactive, irritating, 
and toxic substance. The results of subcutaneous injection studies using for
maldehyde, in addition to the usual difficulties with their interpretation 
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Table III. Formaldehyde Carcinogenicity Oral Studies with 
Laboratory Animals 

Species Compound 
Length 

of Study Ref. 

Rat 0.4 g H M T 333 days 23 
Mouse 0.5-5.0% H M T 110-30 weeks 14 
Rat 1.0-5.0% H M T 156 weeks 24 
Rat 1.0% H M T 3 generations 24 
Rat 5.0% H M T 2 years 14 

NOTE : Tumor incidence was negative in all studies. 

and significance, would be particularly difficult to extrapolate to lower 
doses. In the nasal passages of the rat a similar effect may be enhanced by a 
concomitant inhibition of mucociliary function as has been reported to oc
cur at concentrations greater than 2 ppm (16). 

Higher concentrations also are accompanied in the rat inhalation 
studies by greater cell proliferation in response to increased cytotoxicity. 
This result may offer increased opportunity for the formation of DNA-pro-
tein cross-links which appear to occur linearly at concentrations greater 
than 6 ppm in some studies (16). Furthermore, higher local concentrations 
may also inhibit DNA repair and could potentiate the effects of DNA dam
age caused by formaldehyde or other agents. Also no convincing evidence 
for systemic tumors (i.e., those that occur in parts of the body remote from 
the site of application) has been reported in animals exposed subcutane-
ously or by inhalation. 

Finally, formaldehyde at low concentrations is a normal biological in
termediate that appears to be present in all biological tissues. Cells have 
developed specific enzymatic pathways for its removal. In the form of "ac
tive formaldehyde" (i.e., N5,N10-methylenetetrahydrofolate) it is used in 
mammals in the biosynthesis of purines, thymine, methionine, and serine. 
Table IV shows the amount of formaldehyde that might be absorbed sys-
temically each day by the average American adult. As can be seen from this 
table, the use of food additives containing the low levels of formaldehyde 
that I have described make very little contribution to the formaldehyde 
that we breathe, drink, or find naturally in ordinary food. 

Conclusions 
For the reasons just discussed and on the basis of the data now available, 
FDA believes that the low levels of formaldehyde used in food or cosmetics 
do not present a significant safety issue. 

Perhaps the most important issue raised is a scientific one. Namely, 
significant distinctions in the various uses of a substance can have a crucial 
bearing upon the possible carcinogenic risk. The very purpose of the toxico-
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Table IV. Reported Human Exposures to Formaldehyde 

Source Amount Present Daily Exposure Ref. 

Water 
Rain water 0.15 mg/kg 0.2 mg 25 

Food 
0.15 mg/kg 0.2 mg 

Tomatoes 0.6 mg/100 g varies 18 
Apples 2.0 mg/100 g varies 18 
Cabbage 0.5 mg/100 g varies 18 
Spinach 0.5 mg/100 g varies 18 
Green onion 2.0 mg/100 g varies 18 
Carrots 0.8 mg/100 g varies 18 

Tobacco smoke 
1 cigarette 0.005 mg 1.0 mg 26 

Air 0 

Outside, New Jersey (1977) 5 ppb 0.03 mg 27 
Outside, Los Angeles (1980) 15 ppb 0.1 mg 28 
Indoor, conventional 50 ppb 0.3 mg 29 
Indoor, particle board 1000 ppb 6.0 mg 29 

"These levels are higher than anticipated lifetime average doses because they have not 
been corrected for the intermittency of exposure. 

logical art is to identify, refine, and predict the consequences of significant 
biological and chemical distinctions between such uses. As our chemical 
detection methods improve and more carcinogens at smaller levels are 
found in more places in the marketplace, in the workplace, and in our envi
ronment, the need for more discriminating science will increase. It is im
portant for everyone that regulatory agencies are supported by adequate 
funding for their research and by scientifically sophisticated policy direc
tion that encourages the best possible science as a basis for regulatory 
decisions. 
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17 
Exposure to Formaldehyde 

PETER W. PREUSS, RICHARD L . DAILEY, and E V A S. L E H M A N 
U.S. Consumer Product Safety Commission, Washington, D C 20207 

The potential for human exposure to formaldehyde from consumer 
products, occupational settings, and the ambient environment is 
discussed. Human subpopulations for each of these categories are 
identified, as are their estimated size and level and duration of ex
posure. Particular emphasis is placed on the potential for indoor ex
posure by the release of formaldehyde from consumer products such 
as pressed-wood products, urea-formaldehyde foam insulation, 
textiles, and biological specimens. 

F O R M A L D E H Y D E IS T H E S M A L L E S T M E M B E R O F T H E A L D E H Y D E G R O U P ; it has 
only a single carbon and oxygen atom and two hydrogen atoms (I). Its 
molecular weight is 30.03. It is a highly reactive gas with a characteristic 
odor. Exposure to formaldehyde can result from commercial processes and 
products as well as from noncommercial, indirect activities such as com
bustion of fossil fuels (2). As a result, exposure to formaldehyde can occur 
by inhalation, dermal contact, or ingestion. 

A number of estimates have been made to assess the amount of formal
dehyde released to the environment by direct or indirect processes (2). In 
addition, however, formaldehyde is released from many sources that are 
not amenable to assessment of the total amount of formaldehyde released. 
These sources include derivative chemicals containing residual levels of for
maldehyde and products containing unreacted formaldehyde bonds. Re
leases from these sources may occur during production, during processing, 
during use by consumers, and during or after disposal (2). As a part of its 
efforts to understand the possible risks attendant to exposure to formalde
hyde, the U.S. Consumer Product Safety Commission has funded a variety 
of laboratory and field studies and has collected, evaluated, and collated 
data from numerous other sources. This chapter summarizes these data, 
discusses levels and durations of exposure, and estimates the size of the pop
ulation so exposed. It is hoped that in combination with other information 
about the health effects of formaldehyde, this chapter will serve as a basis 
for an assessment of the risks associated with exposure to formaldehyde. 
The chapter concentrates attention on consumer exposure, although ambi
ent and occupational exposures are briefly discussed. 

This chapter not subject to U.S. copyright. 
Published 1985 American Chemical Society 

American Chemical Society 
Library 

1155 16th St., N.W. 
Washington* DC 20036 
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Ambient Exposure 
The entire population of the United States has probably been exposed at 
some time to low levels of formaldehyde in the ambient air. The highest 
concentrations of atmospheric formaldehyde have been recorded in urban 
areas (2). The Los Angeles Basin has been extensively monitored, and for
maldehyde concentrations have been reported in a number of studies (3-
7). This geographic area tends to have higher levels than the rest of the 
country. Typical levels are approximately 10-30 ppb, although peaks as 
high as 48 ppb have been reported (8). Other highly industrialized areas, 
such as Bayonne, Camden, Elizabeth, and Newark, New Jersey, have typi
cal levels of approximately 5 ppb (3). Levels of formaldehyde at Eniwetok 
Atoll in the South Pacific are approximately 0.4 ppb (9). Some typical data 
are presented in Table I. 

Occupational Exposures 
A number of surveys of occupational exposures of formaldehyde have been 
performed. These have shown that many workers are employed in manu
facturing, processing, or sales activities that result in exposure to formalde
hyde (2). Although it is not clear how comprehensive, characteristic, or 
representative any of these surveys have been, the results indicate that a 
majority of the workers are likely exposed to levels between 500 and 1000 
ppb (Table II). 

Exposure to formaldehyde can occur in many different occupational 
environments (2) including those listed in Table II. 

Table I. Ambient Formaldehyde Levels 

Exposure Level (ppb) 

Type of Exposure 
Number of 

Observations0 Mean Max. 

Rural areas (background)^ 
Eniwetok Atoll, South Pacific 7 0.4 0.8 

Urban areas0 

Los Angeles Basin (typical) 27 8.0 12.0 
Los Angeles Basin (severe inversion) 65 24.0 48.0 
Bayonne, N.J. NR 6.1 20.0 
Camden, N.J. NR 3.8 14.0 
Elizabeth, N.J. NR 5.5 18.0 
Newark, N.J. NR 6.6 20.0 

a NR indicates not reported. 
^Estimated number exposed: 60,000,000. 
cEstimated number exposed: 167,000,000. 
Source: Adapted from Ref. 2. 
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17. PREUSS ET A L . Exposure to Formaldehyde 249 

Table II. Occupational Exposure to Formaldehyde 

Exposure 
Estimated Number of Level (ppb) 
Number Obser-

Exposure Source Exposed vations Mean Max. 

Direct mfr. of formaldehyde 1400 135 410 2200 
Resin mfr. (UF, PF) 6000 8 240 490 
Plywood mfr. (UF, PF) 27,000 91 350 1200 
Particle board mfr. 4000 6 920 1400 
Wood furniture mfr. 60,000 6 100 140 
Mobile home mfr. 32,000 — — — 
UF foam mfr. 50 4 740 1280 
UFFI installation 1000 17 420 1300 
Metal molds-castings mfr. 60,000 11 390 690 
Plastic products mfr. 17,000 8 350 500 
Paper and paperboard mfr. 1000 64 470 990 
Textile and apparel mfr. 800,000 30 250 310 
Building paper and building board mfr. 4000 — — — 
Paints and coatings mfr. 2300 — — — 
Abrasive products mfr. 7000 — — — 
Asbestos products mfr. — — — 
Nonresin C H O derivatives mfr. 250 — — — 
Nitrogenous fertilizers mfr. 3000 1 500 500 
Use of CH 20-containing sanitation 

products — 2 380 470 
Use in agricultural pesticide 

applications — 12 320 650 
Biology-medical laboratories — — — — 
Embalming and funeral service 

industry 2,600,000 6 740 1390 
Metalworking machine operations 55,000 9 500 1200 

NOTE: — indicates data not available. 
Source: Adapted from Ref. 2. 

Consumer Exposures 
Formaldehyde and formaldehyde derivatives are present in a wide variety 
of consumer products (10). Most of these products release little, if any, for
maldehyde into the air of residences (II). The concentration of formalde
hyde in dwellings depends on the sources of formaldehyde that are present, 
the age of the source materials, the extent of natural and forced ventilation, 
the temperature and humidity, as well as the presence of materials that are 
not primary sources of formaldehyde but can absorb formaldehyde from 
the ambient air and then release it (sinks) (12). Work now underway indi
cates that the level of formaldehyde in a home is the result of the interac
tion of many factors, some of which may enhance and some of which may 
suppress the release of formaldehyde into the air (12). These factors in-
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elude, in addition to those just discussed, seasonal and diurnal variations, 
weather, occupants' activities, and air exchange. 

Laboratory studies and home-monitoring studies have shown that the 
major sources of formaldehyde in the indoor air are pressed-wood products 
and UFFI, although in specific instances other sources such as unvented 
heaters or other fossil fuel combustion may be important (11). Statistics 
show, compared to several years ago, a tendency to use larger amounts of 
pressed-wood products in new home construction, particularly as floor un-
derlayments ( 13). As a result, higher levels of formaldehyde are present in 
new homes (11). Similarly, elevated levels are present in manufactured 
housing (mobile homes), again as a result of the extensive use of pressed-
wood products (14). Measurements of homes that have had UFFI installed 
show elevated levels of formaldehyde as well (14). 

Ambient Indoor Levels. An analysis of formaldehyde levels in older 
homes without UFFI showed mean levels of 30 ppb (14,15). A study of 400 
randomly selected homes in Canada showed a mean level of 34 ppb (16). 
Similarly, a study in Great Britain showed average indoor levels in homes 
without UFFI to be 47 ppb (17). 

A recent study by Oak Ridge National Laboratory that monitored for
maldehyde levels in 40 homes for 1 year showed that average formaldehyde 
levels in homes more than 5 years old, without UFFI, ranged from 20 to 50 
ppb (18). 

UFFI. Surveys done in the United States, Canada, and the United 
Kingdom all demonstrated that the installation of UFFI increases the levels 
of formaldehyde within a home (17-19). This increased level is inversely 
related to the age of the foam and shows a rapid decay with time, as shown 
in Figure 1 (14, 16). 

Analysis of data in this country from many hundreds of homes showed 
that levels in homes with UFFI were approximately 200-300 ppb shortly 
after installation (although levels of 1000 ppb were not uncommon) and 
decreased to approximately 100 ppb after 1 year (15). These results com
pare very well with those of a study in the United Kingdom that showed an 
average level of 93 ppb in homes with UFFI, as well as levels greater than 
1000 ppb in some cases. The United Kingdom study verified the data from 
the United States and Canada and concluded that the levels of formalde
hyde in homes with UFFI were highest immediately after installation, and 
then decreased with age (17). The study done by Canadian government 
also demonstrated a significant difference between homes with UFFI and 
homes without UFFI (16). The difference between the two sets of homes 
was not as great, however, as that in the United States and the United 
Kingdom. Although the reasons for this difference are not entirely clear, it 
seems likely to be because the Canadian sample contained no homes in 
which the insulation was less than 2 years old, and the source strength had 
therefore decayed considerably. 
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Figure 1. Average formaldehyde levels in UFFI houses in North America 
( ) and Britain ( ). 

In addition to these monitoring studies in homes, the emissions from 
UFFI have been studied in a variety of laboratory efforts ( 11). In one such 
study, simulated wall cavities were foamed by UFFI installers and manu
facturers under carefully controlled, "best available technology" condi
tions (20). Formaldehyde emissions were monitored at room temperature 
as well as at higher temperatures, and the contributions to indoor levels 
were estimated. Even under these "idealized" conditions, all of the UFFI-
foamed simulated wall cavities emitted formaldehyde. The relative contri
bution to indoor air from samples of UFFI less than 2 years old was esti
mated to be between 100 and 200 ppb. The emission rate was shown to 
increase 6- to 13-fold for a 5 to 15 °C increase in the ambient temperature 
(21). 

The decay of formaldehyde emissions has also been estimated (22). In 
general, the emission of formaldehyde appears to reach a peak shortly after 
installation and then drops to approximately 100 ppb after 1 year and grad
ually approaches background levels in subsequent years. 

Manufactured Housing. The levels of formaldehyde have also been 
measured in manufactured housing, although not as extensively as in 
homes with UFFI. In studies done for the Department of Housing and Ur
ban Development, measurements were made in newly constructed dwell
ings that were then monitored for some time after construction. In addi
tion, several other monitoring studies measuring the levels of formaldehyde 
in manufactured homes of various ages have been done. Some measure-
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ments were made of levels as high as 2000-3000 ppb; the average level was 
400 ppb (22-24). As with homes with UFFI, a decay curve has been gener
ated from the data and indicates an exponential decrease in the emission of 
formaldehyde into the indoor air and a half-life of approximately 4-5 years 
(Figure 2). 

New Homes. Data on formaldehyde levels in new homes are less ex
tensive than are the data for manufactured housing. In the study per
formed by the Oak Ridge National Laboratory, the levels of formaldehyde 
in 40 homes in Tennessee were monitored regularly over 12 months. The 
levels measured varied widely and seemed to depend on the age of the 
home, the presence-absence of UFFI, the ambient temperature, and the 
season of the year. In general, this study found that the newest homes had 
the highest levels of formaldehyde, and that levels increased with increas
ing outdoor temperature both on a daily and seasonal basis. New homes 
and homes with UFFI installed were distinguished by their formaldehyde 
levels from older homes without UFFI installed (18). 

Conclusions Regarding UFFI and Pressed-Wood Products. In a re
cent consensus conference held to review the scientific information avail
able, the Panel on Exposure concluded the following (II): 

1. In mobile homes, new homes, and homes insulated with 
UFFI, mean formaldehyde levels are significantly higher 
than in other homes. 

2. Mobile homes had the highest mean levels of formaldehyde. 
3. Mean levels from existing large-scale studies can be used to 

0.8-1 

0.7-1 

0 500 1000 1500 2000 2500 3000 3500 4000 

Age of Mobile Home, days 

Figure 2. Mobile home age vs. average formaldehyde content: ·, actual data 
points; , power curve fit; ana , exponential curve fit. 
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17. PREUSS E T A L . Exposure to Formaldehyde 253 

estimate long-term average exposure in various broad cate
gories of housing types including mobile homes with UFFI. 

4. Mean levels decline with the aging of the source, such as 
UFFI and pressed-wood products. 

A summary of the data in the preceding discussion on formaldehyde in 
indoor air is presented in Tables III and IV. 

Other Products Emitting Formaldehyde into the Indoor Air. In a 
study done at the Inhalation Toxicology Research Institute (ITRI), a broad 
spectrum of consumer products was investigated to determine the relative 
ranking of these products with regard to rates of formaldehyde release 
(25). The results of this study indicated that pressed-wood products had the 
highest release rates of formaldehyde, and that wearing apparel, fibrous-
glass insulation, and ceiling tiles were potentially of concern as well. As a 
consequence of this study, each of these products was investigated in 
greater depth to determine the emission characteristics and the potential 
for human exposure (Table V). 

F I B R O U S - G L A S S I N S U L A T I O N A N D C E I L I N G T I L E S . Several readily 
available types of each product were tested to determine the emissions of 

Table III. Indoor Exposure to Formaldehyde 

Source of Exposure 

Sampling 
and 

Analytical 
Methods0 

Number of 
Observations 

Mean 
Concentration 
Levels (ppb) 

Canadian UFFI Study 
Homes with health complaints C A 
Control (non-UFFI) homes CA 
UFFI homes (no complaints) C A 
UFFI homes (no complaints) C A 

United Kingdom UFFI Study 
Control (non-UFFI) buildings M B T H - C A 
UFFI buildings M B T H - C A 

Buildings before-after UFFI 
Conventional (double-wall 

masonry) before M B T H - C A 
Conventional (double-wall 

masonry) after M B T H - C A 
Nonconventional (prefab 

concrete) before M B T H - C A 
Nonconventional (prefab 

concrete) after M B T H - C A 

100 
378 
654 

1146 

50 
1143 

7 

7 

2 

2 

139 
34 
40 
54 

47 
93 

20-9.0 

130-280* 

46, 34c 

380, 700 d 

°CA is chromotropie acid and MBTH is 3-methyl-2-benzothiazolone hydrazone. 
bAverages over first 90 days postinstallation. 
cAverages of two houses prior to installation. 
d Averages of the two houses measured prior to installation over first 90 days postinstal

lation. 
Source: Adapted from Refs. 16 and 17. 
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Table IV. Indoor Exposure to Formadehyde 

Age 
of 

House Season X s m η 

Al l ages all seasons 62 77 5903 40 
0-5 Years all seasons 84 91 3210 18 
5-15 Years all seasons 42 42 1211 11 
Older than 15 years all seasons 32 42 1482 11 
0-5 Years spring 87 93 1210 — 

summer 111 102 1069 — 
fall 47 55 931 — 

5-15 Years spring 43 40 626 — 
summer 49 48 326 — 
fall 34 35 259 — 

Older than 15 years spring 36 51 757 — 
summer 29 37 341 — 
fall 26 23 384 — 

All ages spring 62 76 2593 — All ages 
summer 83 91 1736 — 
fall 40 47 1574 — 

NOTE: Χ is the mean concentration (ppb), s is the standard devia
tion, m is the number of measurements, and η is the number of 
homes. (Outdoor means are less than 25 ppb.) 

Source: Adapted from Ref. 18. 

formaldehyde and to estimate the potential of each type of product to raise 
the indoor levels of formaldehyde (26). Tests of these products in environ
mental chambers at different temperatures, humidities, and background 
formaldehyde concentrations showed that emissions from fibrous glass and 
ceiling tiles were negligible and that formaldehyde emission rates are very 
sensitive to background formaldehyde concentrations and seem to cease 
completely when background is greater than 100 ppb. 

As a result, when these results were modeled, the researchers con
cluded that both products would have very little impact on indoor formal
dehyde levels. 

P R E S S E D - W O O D PRODUCTS . Much of the field monitoring data ob
tained thus far, as well as the study performed by ITRI discussed earlier, 
indicated that pressed-wood products emitted formaldehyde at a suffi
ciently high rate so that they were likely to be the predominant source of 
formaldehyde in new homes without UFFI and in manufactured housing. 
Consequently, an effort is now underway at the Oak Ridge National Labo
ratory to determine the emission rates of these products; effects of tempera
ture, humidity, and background formaldehyde concentration on the emis
sion rate; effects of sinks (such as gypsum board) and barriers (such as rugs) 
on formaldehyde emissions; models that will describe the data; and decay 
of formaldehyde emissions from these products over time (14). 
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17. PREUSS E T A L . Exposure to Formaldehyde 255 

Table V . Release of Formaldehyde from Consumer Products 

Amount Released 

Type of Product (^g/g/day)0 (μg/m2/day)b 

Pressed-wood products 
Particle board 

A 4.1-5.3 13,000-17,000 
Β 6.7-8.1 23,000-26,000 
C 4.9-7.1 20,000-28,000 

Plywood 
A (interior) 7.5-9.2 13,000-15,000 
Β (exterior) 0.03-0.03 54-66 
C (exterior) ND (0.01) ND 

Paneling 
A 19-21 32,000-36,000 
Β 4.6-4.7 7,100-7,500 
C 6.9-7.3 6,400-6,900 
D 3.9-4.3 5,200-5,600 
Ε 0.84-0.86 1,480-1,540 

New clothes not previously washed 
Men's shirts (polyester-cotton) 2.5-2.9 380-550 
Ladies' dresses 3.4-4.9 380-750 
Girls' dresses (polyester-cotton) 0.9-1.1 120-140 
Children's clothes (polyester-cotton) 0.2-0.3 15-55 

Insulation products 
0.75-in. fibrous glass 1.3-1.7 390-540 
Rigid round air duct 0.66-0.72 390-430 
Rigid round fibrous glass duct 0.06-0.06 150-150 
Fibrous glass 1.0-2.3 260-620 
3.5-in. fibrous glass 0.3-0.7 52-130 
Blackface insulation sheathing 0.03-0.04 340-420 

Paper plates and cups 
A 0.12-0.36 400-1,000 
Β 0.03-0.14 75-450 
C 0.10-0.15 330-335 

Fabrics 
Drapery fabric 

A (100% cotton) 2.8-3.0 330-350 
Β (100% cotton) 0.8-0.9 90-120 
C (blend; 77% rayon, 23% cotton) 0.3-0.3 50-50 
D (blend: 77% rayon, 23% cotton) ND (0.01)d ND 

Upholstery fabric 
A (100% nylon) 0.03-0.05 9-11 
Β (100% nylon) 0.02-0.02 6-7 
C (100% olefin) 0-0.02 0-5 
D (100% olefin) ND(0.014) ND 
Ε (100% cotton) ND(0.014) ND 
F (100% cotton) ND(0.015) ND 

Latex-backed fabric 
A 0.5-0.6 90-100 
Β ND(0.015) ND 

Continued on next page. 
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Table V (continued) 

Amount Released 

Type of Product (μg/g/day)a (μg/m2/day f 

Fabrics, continued 
Blend fabric 

A 0.3-0.4 20-30 
Β 0.2-0.3 20-30 

Carpets 
A (foam-backed) 0.05-0.06 60-65 
Β (foam-backed) 0.006-0.01 8-13 
C (foam-backed) 0-0.002 0-2 
D 0.0005-0.0009 0-4 
Ε 0.0007-0.0009 0-1 
F 0-0.0009 0-1 
G ND(0.043) ND 

NOTE: N D denotes below limit of detection. Parentheses contain limit of detection. 
"Range of two or more measured values expressed as micrograms of formaldehyde per 

gram of product per day. 
foRange of two or more measured values expressed as micrograms of formaldehyde per 

square meter of product per day. 
Source: Adapted from Ref. 25. 

T E X T I L E S . The testing at ITRI showed that textiles can be a signifi
cant source of formaldehyde. Consequently, several studies have been car
ried out to investigate this source. In one study, cloth was treated with the 
resin most often used by the textile industries, and formaldehyde release 
was determined ( 2 7 ) . Both free and hydrolyzable formaldehyde were 
shown to be present, measurable, and theoretically available for exposure 
even after 2 5 washings of the cloth, although the amount available de
creased with washing. A second study, using radiolabeled 14C-formalde-
hyde in the resin, was performed to determine the bioavailability of the 
formaldehyde released from the cloth (28). This study showed that in the 
species tested (rabbits), radiolabel was transferred from the cloth to the 
animal. Most of the label (less than 3 % ) was in the skin under the cloth, 
and smaller amounts (less than 0 . 5 % ) were in other organs and tissues. The 
radioactivity in the blood and excreted urine increased with time and 
reached a peak value in approximately 2 4 h. Complementary results were 
obtained by another investigator in another species (cynomolgus monkeys) 
( 2 9 ) . Finally, a study was undertaken with isolated rabbit skin in a diffu
sion cell to determine whether, and to what degree, formaldehyde can 
transfer across skin (30). This study showed that as much as 1 0 % of the 
applied label penetrated the skin in 8 h. However, the chemical species on 
the receptor side did not give a positive result in a test for formaldehyde and 
was not identified. 
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Table VI. Formaldehyde in School Biology Labs 

Source of Exposure 

Number 
of 

Obser
vations 

Concentration Levels 
(ppb) 

Min. Mean Max. Comments 

Specimens fixed with formalin 6 120 730 1360 
but without any type of af- 6 30 220 360 
ter-treatment to reduce 
emissions 

Specimens fixed with formalin 13 — 130 270 
but with some type of after- 13 20 60 130 
treatment to reduce emis-

breathing zone 
classroom background 

breathing zone 
classroom background 

Note: The sampling and analytical method used in all cases was C O (pararosaniline). 
Source: Adapted from Ref. 33. 

Exposure in School Laboratories 
Students and teachers are exposed to formaldehyde in classes in which spec
imens fixed in formalin are used. Some studies have previously monitored 
the formaldehyde levels in pathology and anatomy laboratories (31, 32). A 
study conducted by the Consumer Product Safety Commission monitored 
the levels of formaldehyde in a number of high school and college class
rooms (33). The levels were measured in the breathing zone of the students, 
the general classroom air, and the outdoor air. In the 27 schools monitored, 
general laboratory levels of formaldehyde were less than 500 ppb in all 
schools; in 16 schools, the levels were less than 100 ppb. Peak levels in the 
breathing zone were between 1000 and 1400 ppb (Table VI). Significantly 
lower levels of formaldehyde were found in biology classes using specimens 
washed in water, or for which another preservative was substituted after 
formalin fixation. 

Acknowledgment 
The authors are employed by the Consumer Product Safety Commission. 
Because this chapter was written in their official capacity, it is in the public 
domain. The opinions expressed by the authors do not necessarily represent 
the view of the commission. 

Literature Cited 
1. “CRC Handbook of Physics and Chemistry,” 62d ed; CRC: Boca Raton, Fla; 

1981-82. 
2. Environmental Protection Agency “Exposure Assessment for Formaldehyde” 

by Versar, Inc., 1982. 
3. Cleveland, W. S.; Graedel, T. P.; Kleiner, B. Atmos. Environ. 1976, 1, 357-

60. 

Pu
bl

is
he

d 
on

 A
ug

us
t 2

1,
 1

98
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

5-
02

10
.c

h0
17



258 F O R M A L D E H Y D E : A N A L Y T I C A L CHEMISTRY A N D T O X I C O L O G Y 

4. Grosjean, D . Environ. Sci. Technol. 1982, 16, 254-62. 
5. Environmental Protection Agency “Atmospheric Measurements of Formalde

hyde and Hydrogen Peroxide—Second Quarterly Report” by Kok, G . L.; 
Government Printing Office, Washington, 1980; EPA Grant No. R-
80662910. 

6. Hollowell, C. B.; Berk, J. V.; L in , C. I.; Turiel, I., presented at the Second 
Int. CIB Symp. Energy Conserv. Build. Environ., Copenhagen, May 1979. 

7. “Directory of Chemical Producers—United States”; Stanford Research Insti
tute: Menlo Park, Calif., 1980. 

8. Kok, G . L . “Progress Report to the U.S. Environmental Protection Agency”; 
Government Printing Office: Washington, 1979. 

9. Zafiriou, D . C . ; Alford, J.; Herrera, M.; Peltzer, E. T.; Gagosian, R. B.; Lui , 
S. C . Geophys. Res. Lett. 1980, 7, 341-44. 

10. Ulsamer, A. G., Beall, J. R., Kang, H. K. , Frazier, J. A. In “Hazard Assess
ments of Chemicals: Current Developments”; Academic: New York, 1984; 
Vol . 3, pp. 337-400. 

11. Consensus Workshop on Formaldehyde; Little Rock, October 1983; Environ. 
Health Perspect. 1984, 58, 323-81. 

12. Gammage, R. B.; Hingerty, Β. E.; Matthews, T. G.; Hawthorne, A. R.; Wo-
mack, D . R. “Temporal Fluctuations of Formaldehyde Levels Inside Resi
dences”; Oak Ridge National Laboratory Report Conf. 830338-4, 1983. 

13. Predicasts, Inc. “Industry Study: Building Board Markets,” May 1981. 
14. Matthews, T. B.; Hawthorne, A. R.; Daffron, C. R.; Reed, T. J.; Corey, 

M . D . , presented at the Proc. 17th Intl. Wash. St. Univ. Particle Board 
Composite Materials Symp., 1983. 

15. Consumer Product Safety Commission “Revised Carcinogenic Risk Assessment 
of Urea-Formaldehyde Foam Insulation: Estimates or Cancer Risk Due to 
Inhalation for Formaldehyde Released by U F F I ” by Cohn, M . S.; Govern
ment Printing Office, Washington, 1981. 

16. “Report of the Hazardous Product Board of Review on Urea-Formaldehyde 
Foam Insulation”; Ottawa, 1982. 

17. Everet, L . H., presented at the Consensus Workshop on Formaldehyde, Little 
Rock, Ark., October 1983. 

18. Gupta, K. S., memorandum to Preuss, P. W . , Consumer Product Safety Com
mission, June 12, 1983. 

19. Consumer Product Safety Commission, Fed. Reg. 1982, 42, 14366-419. 
20. Osborn, S. W . ; Lee, L . Α.; Heller, H. L.; Hillman, Ε. E . ; Colburn, G.; Lan

dau, P.; Thorne, E. G.; Krevitz, K. “Urea-Formaldehyde Foam Insulation 
Study: Final Report,” Report No. F-C5316-01 for Union Carbide Corp., 
January 1981. 

21. Consumer Product Safety Commission “Urea-Formaldehyde Foam Insula
tion: Static Measurements of Gaseous Formaldehyde at Ambient and Ele
vated Temperature Conditions” by Pressler, C. L.; Government Printing 
Office, Washington, October 1981. 

22. Singh, J.; Walcott, R.; St. Pierre, C. “Evaluation of the Relationship Between 
Formaldehyde Emissions from Particle Board Mobile Home Decking and 
Hardwood Plywood Wall Paneling in Experimental Mobile Homes” by 
Clayton Environmental Consultants; Report No. HUD-0002718; Govern
ment Printing Office: Washington, 1982; NTIS No. PB83-237404. 

23. Committee on Aldehydes “Formaldehyde and Other Aldehydes”; National 
Academy: Washington, D . C . , 1981. 

24. Department of Housing and Urban Development “Evaluation of Formalde
hyde Problems in Residential Mobile Homes” by Technology and Eco
nomics, Inc.; Government Printing Office: Washington, 1981. 

25. Pickrell, J. Α.; Griffis, L . C . ; Hobbs, C. H. “Release of Formaldehyde from 
Various Consumer Products: Final Report to the Consumer Product Safety 
Commission”; Inhalation Toxicology Research Institute: Albuquerque, Feb
ruary 1982. 

Pu
bl

is
he

d 
on

 A
ug

us
t 2

1,
 1

98
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

5-
02

10
.c

h0
17



17. PREUSS ET A L . Exposure to Formaldehyde 259 

26. Consumer Product Safety Commission “Briefing Package to the Commission; 
Testing of Consumer Products for Formaldehyde Emissions, Second Phase: 
Fibrous Glass and Ceiling Tiles,” Government Printing Office: Washington, 
1983. 

27. Harper, R. J.; Andrews, Β. A. K. ; Harris, J. Α.; Reinhardt, R. M.; Vail , S. L . 
“Final Report on Work Performed at Southern Regional Research Center, 

New Orleans, on Interagency Agreement Between the U.S. Department of 
Agriculture and the U.S. Consumer Product Safety Commission,” 1982, 
ARS 12-44-07001-1288; CPSC-IAG-80-1397. 

28. Robbins, J. D . ; Norreal, W. P. Tox. Appl. Pharmacol., in press. 
29. Jeffcoat, A. R.; Chasalow, F. ; Feldman, D . B.; Matt, H. In “Formaldehyde 

Toxicity”; Gibson, J. E . , Ed . ; Hemisphere: Washington, D . C . , 1983, pp. 
38-50. 

30. Harris, R.; Hoheisel, C . , memorandum to Cohn, M., Consumer Product 
Safety Commission, September 14, 1983. 

31. Rader, J., M . D . Dissertation, Institute of Pharmacology and Toxicology of the 
University of Wurzburg, Federal Republic of Germany, 1974. 

32. Schwartz, G . Educ. Res. Commun. Outreach 1980, 1, 4-6. 
33. Consumer Product Safety Commission “Exposure to Formaldehyde from Pre

served Biological Specimens,” Briefing Package to the Commission, January 
7, 1982. 

R E C E I V E D for review October 15, 1984. A C C E P T E D March 11, 1985. 

Pu
bl

is
he

d 
on

 A
ug

us
t 2

1,
 1

98
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

5-
02

10
.c

h0
17



18 
Review of Epidemiologic Evidence 
Regarding Cancer and Exposure to 
Formaldehyde 

AARON BLAIR, 1 JUDY W A L R A T H , 1 and HANS M A L K E R 2 

1Environmental Epidemiology Branch, National Cancer Institute, Bethesda, 
M D 20205 

2National Board of Occupational Safety and Health, Solna, Sweden 

Completed epidemiologic studies are reviewed to evaluate the risks 
of cancer among persons exposed to formaldehyde. Cohort, propor
tionate mortality, and case-control study designs were used. The 
most striking findings to date are the consistent excesses for leuke
mia and brain cancer among professional groups (anatomists, em-
balmers, and pathologists). The lack of detailed exposure histories 
in these studies, however, precludes a clear determination of occu
pational factors that may be associated with these excess risks. 

TTHE W I D E U S E O F F O R M A L D E H Y D E in industrial and commercial products 
coupled with its carcinogenicity in laboratory animals (J) has raised con
cern over its effects on human health. Exposures may occur among workers 
and the general public. From the National Occupational Hazards Survey 
(2), the National Institute of Occupational Safety and Health estimates 
that in the United States 1.6 million workers may be exposed to formalde
hyde during the manufacture of formaldehyde resins, textiles, particle 
board, plywood, insulating materials, dinnerware, and paper, and in 
health-related professions. Outgassing from certain consumer products 
may result in the exposure of many persons in the general population to 
formaldehyde. 

In response to the concern over potential health effects from formalde
hyde exposure, several epidemiologic studies have been initiated over the 
past 4 years, although not all the studies are complete. The purpose of this 
chapter is to review the current epidemiologic literature regarding evi
dence for carcinogenicity in humans. 

0065-2393/85/0210/0261$06.00/0 
© 1985 American Chemical Society 
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Study Designs 

The study of populations exposed to formaldehyde could be used very effec
tively for instructional purposes in epidemiology because study methods 
employed include proportionate mortality ratio (PMR), case-control, and 
cohort (standardized mortality ratio [SMR] and standardized incidence ra
tio [SIR]) study designs. This combination of methods should provide a 
thorough evaluation of the issue of formaldehyde and cancer. SMR, SIR, 
and PMR studies allow an effective investigation of all causes of death ex
cept for rare causes such as cancer of the nasal cavity and sinuses. Case-
control studies, however, effectively fill this gap. The locations of com
pleted and ongoing studies listed in Tables I and II testify to the world-wide 
interest in the formaldehyde issue. 

Many of the early hypothesis-generating studies suffer from the lack of 
information on exposure. In several of the recent or soon to be completed 
studies, however, considerable effort has been expended to obtain detailed 
estimates on level and duration of exposure. These studies should allow 
a clearer assessment of the cancer risk associated with formaldehyde 
exposure. 

Results to Date 

Studies discussed in this paper include those that were available to the Epi
demiology Panel of "Consensus Workshop on Formaldehyde" held in Octo
ber 1983 and more recently completed projects. The completed SMR, SIR, 
and PMR studies fall into two major groups: (1) professional occupations 
including embalmers, pathologists, and anatomists and (2) workers in the 
chemical, textile, and other industries. This dichotomy is important be
cause the disease patterns between the two groupings differ considerably. 

Although many causes of death have been evaluated including the ma
jor cancer sites, only causes that are of intrinsic interest, or that were ele
vated in one or more of the studies, will be discussed here. 

Nasal Cancer. The occurrence of nasal cancer in laboratory animals 
exposed to formaldehyde makes the nasal cavity a site of particular interest. 
No nasal cancers have occurred in any of the SMR and PMR studies com
pleted (Table III). However, the expected number in any individual study 
is quite small. 

Several case-control studies have also evaluated the relation between 
formaldehyde and nasal cancer (Table IV). Evidence for exposure to form
aldehyde in these studies was based on occupation-industry titles or self-
reports of exposure. No persuasive evidence for an association is evident. 
Only the Swedish study shows an association (22). In this study, Hardell 
(22) reported a crude relative risk of approximately 4 based on two cases 
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Table I. SMR, SIR, and PMR Studies of Formaldehyde 

Population Location and No. of No. of Calendar 
Investigator (Ref.) Subjects Deaths Year Estimate of Exposure 

PMR studies 
N.Y. embalmers 
Walrath, U.S. (3) 1132 1132 1925-80 duration of licensure 

Calif, embalmers 
Walrath, U.S. (4) 1109 1109 1925-80 duration of licensure 

Chemical workers 
Marsh, U.S. (5) 392 592 1950-76 duration and type of 

exposure 

Garment workers 
Stayner, U.S. (6) 257 257 1959-82 latency and duration 

SMR and SIR studies 
British pathologists 
Harrington, U.K. (7) 2079 156 1955-73 none 

British pathologists 
Harrington, U .K. (8) 2720 126 1974-80 none 

Embalmers 
Levine, Canada (9) 1477 337 1928-77 duration of licensure 

U.S. Anatomists 
Stroup, U.S. (10) 2239 799 1889-1979 subspecialty and 

duration of 
professional activity 

Potentially exposed 
workers 

Malker, Sweden (11) 67,378 7044° 1961-79 occupation at census 

Pathologists 
Matanoski, U.S. (12) 2775 562 1915-74 none 

Chemical workers 
Tabershaw, U.S. (13) 2084 151 1945-77 exposure level (some 

vs. none) 

Chemical workers 
Acheson, U.K. (14) 7680 1626 1941-81 level and duration 

Industrial workers 
Partanen, Finland 

(15) unknown unknown 1945-80 level and duration 

aNumber of cancer cases. 

and four controls employed in particle board manufacturing, an industry 
in which formaldehyde exposure may occur. Contact with wood dust, a 
known nasal carcinogen, could be related to this excess. 

In Sweden, the Cancer and Environment Registry was used to evalu
ate the risk of cancer among persons in selected occupations with potential 
for exposure to formaldehyde (physicians, biologists, seamstresses, textile 
workers, apparel workers, pulp and paper workers, and metal molders) 
(11). Among workers in these occupations, 14 nasal cancers occurred; and 
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Table II. Case-Control Studies of Formaldehyde 

Investigator, Source of Source of Time 
Location (Ref.) Cases (No.) Cancer Sites Controls (No.) Frame 

Tola, Finland Finnish cancer cancer of the other cancers (51) 1970-73 
(16) registry (51) nasal cavity 

and sinuses 
among persons 
> 35 years of 
age 

Brinton, U.S. hospitals in Va. and nasal cavity and hospital records 1971-82 
(17) N . C . (160) sinuses and death 

certificates 
(290) 

Roush, U.S. Conn, tumor nasal cavity and state mortality 1935-72 
(18) registry (216) sinuses files (662) 

EPA, U.S. (19) Northwest Wash. cancers of the population based 1980-84 EPA, U.S. (19) 
state tumor pharynx, and 
registry (345) sinus and 

nasal cavity 

Hernberg, tumor registries of living nasal colorectal cancer 1978-80 
Finland (20) Denmark, cancer cases cases (167?)û Finland (20) 

Finland, Sweden 
(167) 

Fayerweather, deaths among all cancers employees active 1957-82 
U.S. (21) Du Pont during last 

employees (481) year of 
employment 

Hardell, Swedish tumor nasopharyngeal controls from 1970-79 
Sweden (22) registry (71) and nasal (54) herbicide 

studies 

Olson, Danish tumor nasal other cancers 1970-82 
Denmark registry (839) 
(23) 

a The number of cases is not clear. 

7.6 were expected. The excess, however, depends mainly on one group (fe
male seamstresses with an SIR of 5.3). The level of exposure to formalde
hyde among seamstresses, however, may be low. 

In summary, there is little evidence from case-control, PMR, and co
hort studies that persons exposed to formaldehyde have a high risk of nasal 
cancer^ 

Buccal Cavity and Pharynx. Rats are obligate nose breathers, and 
all cancers in exposed animals occurred at the site of first contact, that is, 

Positive findings from the case-control study in Denmark (23) have been reported since 
the American Chemical Society "Symposium on Formaldehyde" in St. Louis. Relative risks for 
nasal cancer were 2.5 among persons exposed to wood dusts, 2.8 among those exposed to 
formaldehyde, and 4.1 among those exposed to both. 
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Table III. Mortality from Nasal Cancer 

Observed Expected 
Study (Ref.) Number Number 

Walrath 
N.Y. embalmers—PMR (3) 0 0.5 
Calif, embalmers—PMR (4) 0 0.6 

Levine 
Ontario morticians—SMR (9) 0 0.2 

Stroup 
U.S. anatomists—SMR (10) 0 0.4 

Acheson 
British chemical workers—SMR (14) 0 1.3 

Stayner 
U.S. garment workers—PMR (6) 0 <0.2 

Malker 
Potentially exposed Swedish workers—SIR (11) 14 7.6 

Table IV. Case-Control Studies of Nasal Cancer 

Relative Number of 
Study (Ref.) Risk Cases Exposed Comment 

Hernberg—Sweden, no not reported — 
Denmark, Finland (20) association 

Tola—Finland (16) association 2 possible formaldehyde 
with textiles exposure 

Hardell—Sweden (22) - 4 2 cases (4.5%) all worked in particle Hardell—Sweden (22) 
4 controls (0.8%) board factories 

Brinton—U.S. (17) 1.2 4 cases RR for textiles =1.7 

Fayerweather—U.S. (21) — — no nasal cancer deaths 

the nasal area. Humans, however, breathe through the mouth and the 
nose. For this reason, cancers of the mouth and pharynx have been hypoth
esized as sites also likely to be affected by formaldehyde exposure. No con
sistent excess for cancers of the buccal cavity and pharynx has occurred 
(Table V). Among N.Y. embalmers and funeral directors (3), however, a 
twofold excess was found among persons licensed only as embalmers (the 
group likely to have heavier exposures to formaldehyde). In the Cancer and 
Environment Registry from Sweden (11) no overall excess occurred for can
cer of the buccal cavity and pharynx (63 observed vs. 68 expected). How
ever, 23 cancers of the mouth and other buccal parts (ICD 144) were re
ported for persons who may have had exposure to formaldehyde; 10.9 cases 
were expected. A much smaller excess occurred for tongue, floor of the 
mouth, and mesopharynx (16 observed vs. 14.1 expected), and no excess 
occurred for other cancers of the pharynx (10 observed vs. 13.1 expected). 
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Table V . Mortality from Cancers of the Buccal Cavity and Pharynx 

Study (Ref.) 

All Subjects 

Observed Expected 

Walrath 
N.Y. embalmers—PMR (3) 
Calif, embalmers—PMR (4) 

Stroup 
U.S. anatomists—SMR (10) 

Levine 
Ontario morticians—SMR (9) 

Acheson 
British chemical workers—SMR (14) 

Liebling 
Mass. chemical workers—PMR (24) 

Stayner0 

U.S. garment workers—PMR (6) 
Fayerweather 

U.S. chemical workers—case-control (21) 
Malker 

Potentially exposed Swedish workers—SIR (11) 

8 7.1 
8 6.1 

1 6.8 

1 2.1 

5 6.1 

2 .2 

3 1.3 

no association 

63 68.0 
aDuration and induction was >20 years. 

This result suggests that in future studies special attention should be paid to 
subsites within the buccal and pharyngeal cavities. Among garment work
ers (6), three cancers of the mouth occurred, and 0.4 were expected. All 
three cancers, however, were cancers of the parotid gland, which would 
not seem to be a likely site. The location of cancers within the buccal cavity 
and pharynx among embalmers did not resemble the pattern seen in Swe
den and did not appear to be unusual (25). Although only seven cases oc
curred, the Du Pont case-control study revealed no association between 
these cancers and formaldehyde exposure, nor did any of the other studies 
of industrial workers (21). 

Lung Cancer. Only one of the studies in Table VI showed an excess 
of lung cancer among formaldehyde-exposed groups. Indeed, several stud
ies including those of pathologists and anatomists showed striking deficits. 
Deficits among professional groups are undoubtedly largely because of 
their lower frequency of tobacco use. The risk of lung cancer, however, 
was not associated with cumulative exposure to formaldehyde in Du Pont 
workers (21) for whom information on smoking habits was available. In 
the study of chemical workers in Great Britain (14), the SMR for lung can
cer was 95 among all subjects, and 119 among those with a 25-year latency. 
In one plant (the largest) in this study the risk of lung cancer rose with 
increasing levels of formaldehyde exposure, but not with cumulative expo
sure. In another study from Great Britain (26) using a job-exposure matrix 
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Table VI. Mortality from Lung Cancer 

Induction 
All Time 

Subjects Restriction 
Induction 

Study (Ref.) Obs. Exp. Obs. Exp. Time 

Walrath 
N.Y. embalmers—PMR (3) 72 66.8 35 34.7 >35 yr 
Calif, embalmers—PMR (4) 41 42.8 28 30.8 >15 yr 

Levine 
Ontario morticians—SMR (9) 19 20.2 19 18.9 >20 yr 

Harrington 
British pathologists no. 1—SMR (7) 10 27.4 no data — 
British pathologists no. 2—SMR (8) 9 22.0 no data — 

Stroup 
U.S. anatomists—SMR (10) 12 43.0 6 29.3 — 

Matanoski 
U.S. pathologists—SMR (12) 17 38.6 no data — 

Marsh 
Chemical workers—PMR (5) 6 7.1 3 3.7 >20 yr 

Tabershaw 
Chemical workers—SMR (13) 3 5.2 no data — 

Acheson 
British chemical workers—SMR (14) 205 215.0 86 72.1 >25 yr 

Stayner 
U.S. garment workers—case-control 

(6) no association — — 
Malker 

Potentially exposed Swedish workers 
(11) 214 183.4 no data — 

to estimate formaldehyde exposure, a significant overall excess of lung can
cer was noted. The risk of lung cancer was not elevated, however, among 
occupations judged to have the highest exposure to formaldehyde. Finally, 
in a follow-up of persons from the Kaiser-Permanente Medical Center in 
San Francisco who had formalin applied topically on warts, four lung can
cers occurred, and 0.7 were expected (27). Two of the cancers were adeno
carcinomas, one was of the large cell undifferentiated type, and one was 
undefined. Although all four persons with lung cancer were smokers, in 
most pathologic series less than 20 % of lung cancers are of the adenocarci
noma or large-cell type (28). The occurrence of adenocarcinomas may, 
therefore, be an important lead. 

Brain Cancer. Mortality from brain cancer was consistently ele
vated among professional groups (embalmers, pathologists, and anato
mists), but not among industrial workers (Table VII). When time since 
first exposure is considered, the brain cancer excess among professionals is 
even more striking. Among anatomists who worked for at least 20 years 
after receiving their first exposure, the SMR was 350. The diagnosis of 
brain cancer, however, can be difficult, and access to better health care 
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Table VII. Mortality from Brain Cancer 

Induction 
All Time 

Subjects Restriction 
Induction 

Study (Ref.) Obs. Exp. Obs. Exp. Time 

Walrath 
N.Y. embalmers—PMR (3) 9 5.8 3 1.8 >35 yr 
Calif, embalmers—PMR (4) 9 4.7 7 2.7 >15 yr 

Levine 
>15 yr 

Ontario morticians—SMR (9) 3 1.2 no data — 
Harrington 

British pathologists—SMR (7) 4 2.6 no data — 
Stroup 

U.S. anatomists—SMR (10) 10 3.7 6 1.7 >20 yr 
Matanoski 

>20 yr 

U.S. pathologists—SMR (12) 6 3.8 no data — 
Acheson 

British chemical workers—SMR (14) 5 12.5 no data 
Tabershaw 

U.S. chemical workers—SMR (13) 1 0.7 no data — 
Stayner 

Garment workers—PMR (6) 1 2.1 no data 
Malker 

Potentially exposed Swedish workers 
(11) 89 101.8 no data — 

may result in a more complete ascertainment of brain cancer cases particu
larly among the socially privileged. Greenwald et al. (29) provided an ex
cellent illustration of this situation in an evaluation of the diagnosis of brain 
cancer among employees of a large corporation with an excellent corporate 
health care program. Because professional groups, particularly those in 
health professions, are likely to receive better health care than the general 
population, diagnostic bias is a special concern. In the study of anatomists 
(JO), several procedures were used to evaluate this potential bias. First, the 
SMR among anatomists actually increased when psychiatrists (a group 
with a socioeconomic status comparable to that of anatomists) were used as 
the reference (SMR = 597). In another approach, mortality rates from 
Omstead County, Minn., were used to generate expected numbers. Resi
dents of Omstead County have access to excellent medical care because of 
the presence of the Mayo Clinic, and the ascertainment of brain cancer in 
this population should be relatively complete. The brain cancer excess 
among anatomists remained when expected rates were derived from this 
population. Finally, the SMR decreased, but was not eliminated, when ex
pected deaths from benign tumors of the nervous system (conditions likely 
to be misdiagnosed) were included in the estimate of expected brain can
cers. Among anatomists, therefore, diagnostic bias does not appear to ac
count entirely for the excess of brain cancer observed. 
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Leukemia. Five of the studies listed in Table VIII show a slight ex
cess of leukemia; mortality ratios range from 1.4 to 1.8. Although the excess 
of leukemia tends to occur among the professional groups, a deficit oc
curred among one group of pathologists, and an excess occurred among 
garment workers. The mortality ratios are slightly larger among subcate
gories for which time since first exposure is considered. Among anatomists 
(JO) and New York and California embalmers (3, 4), the leukemia excess 
was greatest for the myeloid leukemias. For leukemia, as for brain cancer, 
diagnostic practices may result in more complete ascertainment among the 
socially privileged. The excess among anatomists, however, remained 
when compared to mortality rates observed among psychiatrists. This 
result suggested that diagnostic bias is unlikely to account entirely for the 
differences observed. 

Prostate Cancer. Although few reports showed statistically signifi
cant elevations of cancer of the prostate, slight excesses were reported in 
four studies (Table IX): embalmers (3), anatomists (JO), and U.S. chemical 
workers (J3, 2J). The magnitude of the excesses is not very impressive, but 

Table VIII. Mortality from Leukemia 

All 
Subjects 

Study (Ref.) Obs. Exp. 

Induction 
Time 

Restriction 

Obs. Exp. 
Induction 

Time 

Walrath 
N.Y. embalmers—PMR (3) 
Calif, embalmers—PMR (4) 

Levine 
Ontario morticians—SMR (9) 

Harrington 
British pathologists no. 1—SMR (7) 
British pathologists no. 2—SMR (8) 

Stroup 
U.S. anatomists—SMR (10) 

Matanoski 
U.S. pathologists—SMR (AABP 

members only) (12) 
Acheson 

British chemical workers—SMR (14) 
Stayner 

U.S. garment workers—PMR (6) 

Malker 
Potentially exposed Swedish workers 

12 8.5 6 3.9 >35 yr 
12 6.9 10 4.3 >15 yr 

4 2.5 no data — 

1 1.5 no data 
1 1.1 no data — 

10 6.7 7 4.1 >20 yr 

2 3.7 no data — 

9 11.4 no data — 

4 2.4 2 1.0 duration 
and 
latency 
>10yr 

94 82.5 no data 
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Table IX. Mortality from Prostate Cancer 

Induction 
All Time 

Subjects Restriction 
Induction 

Study (Ref.) Obs. Exp. Obs. Exp. Time 

Walrath 
N.Y. embalmers—PMR (3) 15 16.4 10 10.8 >35 yr 
Calif, embalmers—PMR (4) 23 13.1 16 9.5 >15 yr 

Levine 
Ontario morticians—SMR (9) 3 3.4 no data >20 yr 

Stroup 
U.S. anatomists—SMR (10) 20 18.7 no data — 

Tabershaw 
U.S. chemical workers—SMR (13) 2 0.6 no data — 

Fayerweather 
U.S. chemical workers—case- rising odds ratio with 

control (21) cumulative exposure — 
Malker 

Potentially exposed Swedish workers 
(11) 228 231.4 no data — 

the occurrence of excesses among both professional and industrial popula
tions differs from the pattern seen for most other cancers. 

Other Cancer Sites. Several other cancer sites have elevated risks in 
one or more of the studies, but show no overall consistency. Cancer of the 
bladder showed an odds ratio that rose with cumulative exposure (on the 
basis of six exposed cases) among U.S. chemical workers (21), and a slight 
excess occurred among California embalmers (4) and in the Swedish Can
cer and Environment Registry study (11). Opportunities for dermal expo
sure to formaldehyde could occur in various occupations. Because of the 
potential for skin contact, mortality from skin cancer is of interest. Excesses 
of skin cancer occurred, however, only among N.Y. embalmers (3) and 
U.S. garment workers (6), and the excess among U.S. garment workers was 
based on only two deaths. Cancer of the kidney was slightly elevated 
among N.Y. embalmers (3) and U.S. pathologists (12), but neither excess 
was statistically significant. 

Discussion 
Reports from several epidemiologic studies of varying designs are now 
available to evaluate the risk of cancer among persons exposed to formalde
hyde. Most of the studies to date, however, did not obtain exposure esti
mates and thus do not allow risk analyses by exposure level. The Du Pont 
case-control (21) and British chemical worker (14) studies are exceptions. 
Information on potential confounding factors such as tobacco use is lacking 
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in all SMR, SIR, and PMR studies, although several of the case-control 
studies (16, 17, 20-22) obtained such information. In addition, results 
from several of the studies are available only from abstracts or in prelimi
nary form, and further analysis may prove more illuminating. Despite such 
limitations, these studies provide useful data from which to obtain a crude 
indication of carcinogenic risks that humans may incur from formaldehyde 
exposure. 

One illuminating feature of this review is the absence of deaths from 
nasal cancer from the PMR and SMR studies. Although this cancer is rare in 
humans, the available evidence from these studies suggests that formalde
hyde exposure is unlikely to result in a large increase of nasal cancer. The 
case-control studies generally reinforce this conclusion, although the recent 
report of an association between formaldehyde and nasal cancer in Den
mark (23) requires further scrutiny. The results from the ongoing EPA 
case-control study in which formaldehyde exposure will be assessed in de
tail will be a welcome addition. 

The mortality pattern for cancers of the buccal cavity and pharynx 
differs from that among other sites in that the excess occurs among indus
trial, rather than professional, workers. Because humans are not obligate 
nose breathers, as are rats, the mouth may be a likely location of effect. The 
findings of an excess for cancer of the mouth in the Swedish Cancer and 
Environment Registry study provides some support for this contention. To
bacco use is a major risk factor for cancer of the buccal cavity and pharynx; 
therefore, a lower mortality rate of professional groups than of the general 
population is not surprising. Cancers of the mouth should receive special 
attention in future studies. 

Lower smoking rates among professionals than among the general 
population severely restricts the usefulness of comparing lung cancer mor
tality when information on tobacco use is unavailable. Although neither 
professional nor industrial workers overall showed excesses for cancer of 
the lung, an association with formaldehyde levels in the largest plant in the 
British study of chemical workers suggests that further evaluation includ
ing information on tobacco use is needed. Special attention should also be 
paid to histologic type in future studies. 

The excess of deaths from brain cancer among professionals and the 
deficit among industrial workers cannot be explained at the present time. 
Diagnostic bias is a concern, but mortality ratios among anatomists remain 
high when mortality among psychiatrists or the population from Omstead 
County, Minn., is used for comparison. Both are populations for which 
ascertainment is thought to be relatively complete. The etiology of brain 
cancer is largely unknown, but the epidemiologic literature does suggest 
associations with occupations in which exposure to chemicals is likely (30). 
The size and consistency of the excess among professionals suggest that a 
spurious association is unlikely. Embalmers, pathologists, and anatomists, 
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however, are exposed to glycols, glycerols, phenol, dyes and stains, and 
other substances in addition to formaldehyde. Contact with biologic tissues 
may also provide the opportunity for exposure to viruses that may be in
volved in the etiology of these tumors. Identification of the factors that may 
be associated with the excess risk is not possible from current studies. The 
excess of leukemia among professionals, although less consistent than that 
for brain cancer, is also intriguing. Leukemia is known to be caused by 
exposure to benzene (31), and involvement of other chemical exposures is 
suspected (32). 

The deficits for leukemia and brain cancer among industrial workers 
suggest that the excesses among professionals may be due to factors other 
than formaldehyde. However, information on level and duration of expo
sure to formaldehyde and other substances is needed to resolve the contra
diction. Finally, neither cancer would seem to be a site likely to respond to 
formaldehyde exposure because formaldehyde appears to be metabolized 
rapidly in tissues (33). Our understanding, however, of the individual steps 
between exposure and development of cancer is elementary, even for well-
known carcinogens. 

In summary, current epidemiologic studies provide little evidence 
that the risk of nasal cancer is increased by exposure to formaldehyde. The 
most interesting findings are the excesses of leukemia and cancers of the 
brain (where consistent excesses occur among all professional groups stud
ied) and mouth (a location where direct contact is likely). These sites de
serve special attention in studies that are underway or in the planning 
stage. 
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Formaldehyde in Dialysis Patients 
A Review 

JAMES R. B E A L L 
Health Effects Research Division, U.S. Department of Energy, Washington, 
D C 20545 

Exposure to formaldehyde is associated with a variety of effects in 
chromosomal damage. Most notably formaldehyde stimulates anti
genic changes in erythrocytes that cause the development of anti
bodies. With new and reused filters, residual formaldehyde left af
ter sterilization is leached from the filter during dialysis and enters 
the patient. As formaldehyde contacts the erythrocytes, it appar
ently forms an active hapten that stimulates the production of 
antiformaldehyde and anti-N-like antibodies. Anti-N-like antibod
ies may develop in more than 30 % of the patients who are exposed 
to formaldehyde during dialysis. Antibodies related to formalde
hyde exposure have been associated with hemolysis, anemia, and 
changes in the hematocrit. In a few patients who had received renal 
transplants, erythrocyte agglutination, caused by the antigen-anti
body reactions, probably blocked microcirculation in the kidney 
and caused its rejection by the host. Perhaps by understanding the 
ways that patients are exposed to and affected by formaldehyde 
during dialysis, systems for dialysis and patient protection may be 
improved. This information may also help elucidate formalde
hyde’s potential to elicit reactions in healthy people when the expo
sure occurs by other routes. 

TTHE PROPENSITY O F F O R M A L D E H Y D E (HCHO) to cause irritation, sensitiza
tion, cancer, and mutations following dermal or respiratory contact has 
received much attention (1-5). By contrast, the potential of H C H O to 
cause organ changes or effects by other routes of exposure has received little 
attention (6). Since 1972, information has been developed about the effects 
of H C H O in patients who receive dialysis therapy (7). This therapy may 
result in exposure to H C H O by intraperitoneal and intravenous injection. 
Although personnel who administer dialysis therapy, as well as the patients 
themselves, may touch or breath H C H O (8, 9), this chapter focuses on the 

This chapter not subject to U.S. copyright. 
Published 1985 American Chemical Society 
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effects in patients following the injection of it during dialysis. Perhaps by 
reviewing studies of these patients, new insights may be gained into H C H O 
toxicity and ways to improve dialysis therapy. 

W. Kolff developed the first artificial kidney for human use in 1943; it 
was successfully used in 1945 (JO). During the 1950s and 1960s, dialysis as a 
therapeutic procedure was conducted on a limited scale. In 1961, develop
ment of the Teflon shunt for repeated circulatory access (hollow fiber arti
ficial kidney) permitted therapeutic dialysis of patients with renal failure 
to become more common. By 1970, dialysis was generally available for 
commercial use (11). Since 1970, although hemodialysis therapy has been 
simplified and extensively applied, the hollow fiber dialyzer has remained 
commonly employed. In December 1982, 65,765 patients received regular 
dialysis therapy in the United States at an annual cost of more than $1.6 
billion or approximately $25,000 per year per patient (12,13). By assuming 
that the incidence of new patients in the United States is similar to that of 
Australia, some 7000 people each year may start on dialysis therapy for the 
first time (14). 

In the United States, patients either self-administer therapy at home 
or receive it in one of the 1218 service or health centers (13, 15). In both 
situations, the therapy is expensive. Because it is expensive, health centers 
and patients search for ways to reduce the costs of dialysis (11,12,16). One 
common way to save money is by reusing dialyzers. Although reuse of dial
ysis filters started before 1964 (12), it is becoming more common because of 
economic pressure (17). For example, in 1978 and 1979, approximately 
15% of the patients reused dialyzers; in the fall of 1981, 27.5% reused 
them; and current estimates are that 50 % of patients now reuse filters (18). 
Because a new dialysis filter may cost up to $30 and recycling a filter costs 
$4-10 (18), reuse has the potential to save significant sums. The more times 
a filter can be reused, the more money is saved (19). Some filters have been 
successfully reused for 3 years (12). To further illustrate this point, one 
health center with 45 regular hemodialysis patients saved approximately 
$85,000 annually or $2000 per patient per year (14). Others report similar 
savings (16). Most patients receive treatments three times per week. There
fore, if the number of new filters purchased was reduced by 50 % (14,16), 
and if each patient saved $25 per treatment, potential savings for the 
United States alone might exceed $250 million per year. If the cost of new 
filters decreases, savings from reuse may also decrease. 

Sterilization 
Whether a dialysis filter is new or reused it must be sterile. Without proper 
maintenance of sterility, infectors (bacteria and virons) might be intro
duced directly into the patient. Methods for sterilizing dialyzers that have 
been tried include the use of cold storage; 7-radiation (20); proteolytic en
zymes (II); and solutions of benzalkonium chloride (21), ethylene oxide 
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(22), hydrogen peroxide (II), hypochlorite, and formalin or formaldehyde 
(23, 24). Of these, H C H O was recommended as the sterilant with several 
advantages in 1965 (21). It remains widely used today (25). The current 
trend is to use sterilizing solutions having concentrations of 2.0-4.0% 
H C H O . However, concentrations of up to 12% formaldehyde (30% for
malin) have been used (21, 26, 27). 

New and used dialyzers contain materials that operate as "chemical 
sinks." These may collect formaldehyde during sterilization and storage 
and release it during use (25). The commonly used hollow fiber dialyzer 
illustrates this point. During its fabrication the cellulosic fibers interact 
chemically with the polyurethane potting material and partially inhibit the 
hardening or curing of the polyurethane. The situation causes a thin film or 
cuff of polymethane gel to form around each fiber (25). During storage, 
H C H O diffuses into the gel film (25); during use, it leaches out and enters 
the patient. Although polymethane gel appears to be the primary chemical 
sink, dialyzers contain others, such as gaskets, potting material, tubing, 
and fibers (24, 25). H C H O may enter a patient from nondialyzer sources in 
the dialysis system as well. For example, in one hospital a water filter con
taining cotton fibers bonded with melamine-HCHO resin was inserted be
tween the water tap and the dialyzer. In this instance, H C H O from the 
resin in the water filter leached through the dialyzer into the patients (28). 

Exposure Concentrations 
Easy, accurate, and reliable methods for measuring low concentrations of 
H C H O in blood or in dialyzer compartments have not been generally 
available (23, 29). Consequently, exposure concentrations that have been 
reported in the literature were either obtained in laboratory experiments 
and then used to predict exposure during dialysis or represented less accu
rate measurements at bedside of residual H C H O in dialyzers prior to use. 
Primarily because of its convenience, the clinitest has been commonly used 
at bedside to measure residual H C H O in dialyzers to which patients would 
be exposed (30). Its use did little to protect patients from exposure to form
aldehyde because the lowest concentration that it can accurately measure 
may exceed 50 ppm (29, 31). 

By using methods other than the clinitest, detection of H C H O at the 
concentration of 5.0 μg/mL· (5 ppm) is done in some health clinics (16). 
These methods are not generally available to patients who dialyze at home. 
Methods for routinely and accurately measuring H C H O concentrations of 
1.0 ppm at bedside have recently been developed and should gain wider use 
soon (32). 

Many factors affect the amount and concentration of H C H O to which 
a patient is exposed during dialysis. These include the type of filter used 
and the number and frequency of dialysis treatments. These three factors 
depend in part on the patient's needs and availability of service resources. 
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However, additional factors include the concentration of formalin that is 
used to sterilize and store the equipment, the extent to which H C H O is 
rinsed from the equipment prior to use, and the length of time that flow 
through the dialyzer is stopped between rinsing and use, or during use itself 
(15, 23-25). Although these additional factors may be controlled, proper 
rinsing of equipment requires consideration of more than just removing the 
excess H C H O or sterilant. 

If the sterilant is removed over too long a period of time or if inade
quate concentrations of sterilant are used, potentially harmful infectors 
may grow in the filter or equipment (15, 27). If the rinse is inadequate and 
too little H C H O is removed, the residual amount may be sufficient to cause 
toxicity. 

To rinse all H C H O from the sinks within a dialyzer is extremely diffi
cult. Lewis et al. (24) flushed a dialyzer with saline for 3 h and found that 
even after the procedure H C H O was leached from it. Shaldon et al. (33) 
found that 100 L of H 2 0 failed to rinse all 14C-formaldehyde from a dia
lyzer that had been sterilized with it by a standard method that they used to 
prepare dialyzers for patients. In addition to the difficulties in rinsing 
H C H O from the dialyzer, the time that patients will devote to rinsing it is 
limited. Lewis et al. (15) suggest that a patient should not be expected to 
spend more than 1 h rinsing a dialyzer before each use. 

If flow through the dialyzer stops, the concentration of H C H O that is 
available to the patient increases. This result occurs because H C H O from 
the sink equilibrates in time with that in the blood and dialysate compart
ments. The extent of the increase depends partially on how long the flow is 
stopped. When flow is restarted, a bolus of H C H O enters the patient in the 
first few hundred milliliters. In this situation, exposure concentrations 
reach easily 40 ppm (24). Koch et al. (34) studied the H C H O concentration 
in the effluent of Kiil dialyzers at the start of 220 dialyses during home use. 
They found the concentration ranged from 0.3 to 108 mg/dL (mean = 6.7 
mg/dL). This finding means that some patients were infused with more 
than 100 ppm of H C H O . Lewis et al. (24) estimated that even after a com
plete rinsing process, 13 mg of H C H O was leached from a hollow fiber 
dialyzer during a routine cycle of use. 

Newer rinsing procedures and sensitive convenient methods to mea
sure H C H O have helped reduce most exposure concentrations to the range 
of 2.0-5.0 ppm (25). Perhaps more sensitive detection methods and better 
construction of dialyzers can reduce this exposure to H C H O even more in 
the future. 

Effects of Exposure 
For many patients, exposure to low concentrations of H C H O during dialy
sis has not caused any observable effects. Indeed, hemodialysis was once 
used to maintain blood pH levels by removing excess formic acid from a 58-
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year-old man who drank 8 oz of formalin in a suicide attempt (35); it prob
ably saved his life. For other patients, exposure to H C H O has been associ
ated with a variety of toxic effects. These include a burning sensation at the 
site of injection (24), possible cytogenetic damage (36, 37), inhibition of 
ATP production by erythrocytes (RBC) (28), development of anti-N-like 
(ANL) and antiformaldehyde (anti-F) antibodies (38, 39), hemolysis of 
RBC, decrease in the life of RBC (T V2), and changes in the hematocrit (40). 
In a few patients, the exposure to H C H O was associated with eosinophilia, 
hypersensitivity, possible anaphylactoid reactions (41, 42) or formalin re
actions (12) and, at high concentrations even death (43). 

Physicians with experience in dialysis report that hepatomegaly and/ 
or persistently high concentrations of liver-related enzymes develop in the 
sera of some patients (32, 44, 45). These changes in seemingly healthy dial
ysis patients may be due to several factors including, in part, a direct or 
indirect effect of formaldehyde on the liver (6). 

Chromosomal damage in dialysis patients has been related by Goh 
and Cestero (36, 37) to exposure to H C H O . These workers examined 1187 
metaphase specimens of cells that they took directly from the bone marrow 
of 40 dialysis patients. Preparations obtained from relatives of the patients 
served as controls. They found a "marked" increase in chromosomal abnor
malities including aneuploides, breaks, and structural changes in dialysis 
patients. Measurements made during a mock sterilization of a dialyzer in 
the laboratory indicated that patients had received 126.75 ± 50.84 mg of 
H C H O during each treatment (36, 37). Because their studies did not in
clude groups of similar dialysis patients without exposure to H C H O , more 
research is needed to understand the possible relationship between H C H O 
and chromosomal damage in dialysis patients. 

The effects of H C H O on RBC probably occur through at least two 
processes: (1) changes in their metabolism and (2) changes in their immu
nogenic potential. Orringer and Mattern (28) associated the installation of 
a water filter between a tap water outlet and several dialyzers with an out
break of hemolytic anemia among hemodialysis patients. Because the wa
ter filter's construction included melamine-formaldehyde resin, they in
vestigated the effects of H C H O on RBC metabolism. They exposed RBC to 
H C H O for 5 min and then incubated them in vitro for 2 h with inosine as 
the only substrate. Pretreatment of RBC with H C H O inhibited glycolysis 
by reducing nadide (NAD) to N A D H and thereby caused a 90% reduction 
in cellular adenosine triphosphate (ATP) concentrations during the 2-h in
cubation. Exposure to as little as 0.1 mM H C H O was able to reduce glyco
lysis and ATP content in RBC. When pyruvate was also present, a H C H O -
related decline in ATP did not occur. The maximum effective amount of 
H C H O was 1.0 mM. According to Orringer and Mattern, this amount was 
only one-tenth of the concentration of H C H O that was in 1 L of fluid that 
they obtained from a dialyzer filter. These workers also showed that, using 
the same systems, melamine did not affect RBC metabolism. 
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Belzer et al. (46) described a medical case involving a man in whom RBC 
"cold" agglutinins caused localized infarcts and rejection of a transplanted 
kidney. The patient had received dialysis therapy for a year before the re
nal transplant was attempted. The antibodies that caused the infarcts re
acted with N-positive RBC. The next year Howell and Perkins (7) de
scribed for the first time the development of ANL antibodies in patients 
who received chronic hemodialysis. They contrasted the incidence of 12 in 
416 patients who had ANL antibodies with an extremely rare occurrence of 
anti-N antibodies per se in healthy people. Several researchers have subse
quently confirmed the frequent presence of ANL antibodies in dialysis pa
tients (29, 38, 39, 47-49). 

Workers also subsequently substantiated the work of Belzer et al. (46). 
For example, Gorst et al. (50) related formaldehyde-induced ANL anti
bodies to renal graft failure. 

Howell and Perkins (7) listed several potential causes for ANL anti
body production and included exposure to H C H O as one possibility. Al
though they did not specifically establish H C H O as the cause, they elimi
nated pregnancy and prior transfusions as possible stimuli for A N L 
formation. Crosson et al. (49) eliminated other chemicals, bovine implant 
materials, prior serum transfusions, and bacterial and viral infections as 
stimuli for ANL antibody production. Ultimately several workers showed 
that H C H O alone stimulated the production of ANL antibodies (Table I) 
(33, 48, 49). 

Table I. Anti-N-Like Antibodies in Dialysis Patients Exposed 
to Formaldehyde 

No. with Anti-N-
No. Studied Like Antibodies Percent Reference 

416 12 3 7 
40 6 15 48 

430 38 9 49 
288 37 13 33 
111 18 16 51 
117 42 36 34 
239 14 6 75 

22 6a 27 39 
71b 3C 16 38 
82 15 18 15 

196 60 31 29 
a Twenty patients (91%) showed a separate antiformaldehyde 

antibody. 
b Nineteen patients were exposed during resterilization with 

HCHO. 
c Seventeen patients (89%) showed a separate antiformaldehyde 

antibody. 
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Howell and Perkins (7) speculated correctly that the incidence of 12 in 
416 underestimated the proportion of patients who would develop ANL 
antibodies. Subsequent studies report a 12-24 % incidence of ANL antibod
ies in patients who were dialyzed at health centers (48, 51, 52). Moreover, 
the incidence of patients dialyzed at home is generally greater than that of 
patients in dialysis centers and may reach nearly 50 % (15, 53). Lynen et al. 
(54) showed that the incidence of patients with formaldehyde-dependent 
antibodies increased with time on dialysis therapy, and that all patients 
who had been treated for 5 years or longer had the antibodies. Table II 
shows the incidence of anti-N antibodies in people with normal renal func
tion. In one study, only 8 of 45,000 people had auto-anti-N antibodies (55). 
Other researchers project that approximately 0.3% of a normal population 
would possess auto-anti-N antibodies (33). 

ANL antibodies are producible by patients having M M , MN, or NN 
antigenic RBC (7, 48). The order of the potential for agglutination with 
ANL is NN > MN > M M (54). Because ANL antibodies react with Ν anti
gen and because MM-type RBC also react with ANL, H C H O seems to be 
capable of altering M antigens to become N-like. Also, it seems as if either 
Ν or N-like antigens may stimulate ANL production. 

Little is known about the characteristics of ANL antibodies. Kaehny 
et al. (51) suggested that inactivation of ANL antibodies by 2-mercaptoeth-
anol suggests that they may be of the immunoglobulin M (IgM) class. More 
recently, Lynen et al. (54) found that the antibodies that agglutinate native 
NN cells are exclusively of the IgM fraction of immunoglobulins, whereas 
antibodies directed against formaldehyde-altered NN red cells are mainly 
immunoglobulin G (IgG) in addition to IgM. Depending upon the titer, 
the ANL antibodies will agglutinate RBC at temperatures ranging from 4 
to 37 °C (49, 56, 57). Some have found that the optimal reaction tempera
ture range for the agglutination of ANL with RBC is between 12 and 18 °C 
(57). However, recent studies demonstrate a considerable amount of 
warmer antibodies (IgG) that could react at body temperature in dialysis 

Table II. Incidence of Auto-Anti-N Antibodies in People 
Who Did Not Receive Dialysis Therapy 

Cases No. with 
Examined Anti-N Percent Reference 

45,000 8 0.0178 55 
50 0 0 33 
71 0 0 38 
74 0 0 29 

1366° 19 1.39 74 
aPeople with abnormal antibodies. 
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patients (54). Although ANL antibodies are probably not species specific, 
they may be specific for RBC (47). 

In one study, only 6 of the 22 patients who were exposed to H C H O 
developed anti-N-like activity, but 20 of the 22 specifically agglutinated 
HCHO-treated RBC. Thus, the agglutination of HCHO-treated RBC did 
not depend only on the formation of ANL (39). This result raised the possi
bility that another factor was involved in a progression of immunogenic 
changes in RBC. Sandler et al. (38) named this new agglutinating factor 
antiformaldehyde antibody (anti-F). To these workers anti-F seemed to be 
a high-titer IgG immunoglobulin that reacted with formaldehyde-treated 
RBC independently of whether they were of the M M , MN, or NN pheno-
type (38). In 1981, Sharon et al. found that the removal of ANL antibodies 
by absorption onto RBC antigens with ONN did not affect the activity of 
anti-F (47). 

The mechanism by which H C H O causes ANL antibodies to form in
volves a multi-step process and the MN antigen system on the RBC mem
brane (7, 54, 58). Lynen et al. (54) described a three-stage time-related 
process for the development of formaldehyde-dependent antibodies. The 
stages were defined according to the agglutination of different cell types by 
the patient's sera. In Stage I, the patients own RBC agglutinated only after 
pretreatment with H C H O , and the reaction had no relation to the MN sys
tem. In Stage II, NN RBC also agglutinated if they had been pretreated 
with H C H O . In Stage III, agglutination of native NN RBC also occurred 
(54). Undoubtedly, H C H O reacts with the Ν antigens on the RBC surface 
and probably also reacts at other sites on the RBC (38). In 1981, Sharon 
speculated that formaldehyde might exert an effect by neutralizing a nega
tive charge on the RBC membrane. Because H C H O induces ANL antibod
ies in MM-type patients, it apparently has the ability to convert the anti
genicity of M M on the RBC membrane (29). RBC M and Ν antigens behave 
as simple codominant alleles at a single locus (59). An important difference 
between the two antigens is the existence of a terminal sialic acid on the M 
antigen, but not on the Ν one. Recent studies show that in healthy people, 
H C H O reacts with the terminal sialic acid moiety on the RBC M antigen 
and thereby converts it to an N-like antigen (60). Perhaps the sialic acid is 
the source of negative charge on the RBC membrane that becomes neutral
ized, as Sharon (47) speculated. 

The fact that H C H O - N RBC are agglutinated by anti-N antibodies in 
dialysis patients but not in healthy people indicates that differences in the 
Ν and N-like antigens are found (61). The HCHO-modified Ν and/or M 
antigens apparently stimulate the production of or develop in association 
with anti-F, an IgG antibody (47). The production of anti-F apparently 
precedes production of ANL antibodies by approximately 6 months (47). 
This finding means that during the process of immunization, a shift in pro
duction from IgM- to IgG-type antibodies occurs (5i); Lynen et al. (54) 
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suggest that this shift may occur by their Stage II. Anti-F appear to cross-
react with the N-antigen on the RBC membranes (39, 47). The cross-reac
tion develops slowly, but leads to a type of "spreading sensitivity." Larger 
titers of anti-F seem to yield a greater extent of cross-reactions. Anti-N anti
bodies may also cross-react with the M antigen sites on the RBC (62). The 
extent to which this cross-reaction between M antigen and ANL antibodies 
occurs is not known. 

The in vitro incubation of sera with H C H O not only stimulates the 
production of specific antibodies but also reduces the activity of other anti
bodies. Specifically, a 1-h incubation of sera with a 1.0% solution of 
H C H O at a dilution of 1:1 (sera to HCHO) reduced the titers of anti-A and 
anti-B isoagglutinins (47). In this study, 110 of 200 sera samples showed a 
HCHO-induced decrease in selected antibodies (47). The effect was gener
ally more pronounced in sera with inherently low antibody titers, although 
the response depended in part on the specific antibody that was aggluti
nated. This effect of H C H O may already be important in some patients 
because antibodies may play a role in inhibiting infections and promoting 
healing. Even without exposure to H C H O , these health-promoting events 
may be less than desirable in patients with renal failure. 

In 1975, Cestero et al. (42) reported that anaphylactoid-type reactions 
occurred in two otherwise stable dialysis patients. These reactions included 
nasal congestion, rhinorrhea, conjunctival injection, circumoral paresthe
sias, pallar, dyspnea, laryngeal constriction, and marked hypotension that 
was unresponsive to volume replacement. Both patients had marked eosin-
ophilia, and both had been dialyzed chronically with hollow fiber filters 
that were originally sterilized at the factory and, later, between uses with 
formaldehyde. The reactions did not occur when the same patients were 
dialyzed on two different coil filters that eliminated exposure to formalde
hyde (42). These researchers related the eosinophilia and reactions to 
repeated exposure to formaldehyde. In 1979, Hoy and Cestero (41) again 
reported that anaphylactoid-type reactions that were related to formalde
hyde occurred in two patients. These were the same two patients who were 
in the earlier report by Cestero et al. (42, 45). Nevertheless, in one patient, 
the anaphylactoid reactions did not develop until the man had received 
dialysis therapy for 3 years. Then the reactions became progressively more 
marked with time, as did his eosinophilia. This patient has subsequently 
developed severe reactions on dialyzers that were not sterilized with form
aldehyde (45). 

Hakim et al. (63) reported that two patients suffered cardiovascular 
collapse within 2 min after the start of dialysis. They related the occurrence 
of chest pain, dyspnea, and hypotension in certain dialysis patients to new 
cuprophane-membrane dialyzers and complement activation (63). Hakim 
et al. (64) found that the reuse of filters decreased the capacity of the cu-
prophane membrane to activate complement, but did not alter the capac-
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ity of cellulose acetate membranes to activate complement. Thus, comple
ment activation in their studies did not increase, as does the formation of 
ANL antibodies, with repeated reuse of dialysis filters. 

Charytan et al. (65) reported that allergic-type reactions occurred in 
5% of dialysis patients without eosinophilia, but in 22% of the patients 
with it. Hoy and Cestero (41) found that 20 of 37 patients who used hollow 
fiber filters and formaldehyde resterilization had eosinophilia. In contrast, 
none of the nine patients who used coil filters and were therefore unexposed 
to formaldehyde had eosinophilia. These workers later documented a 38 % 
incidence of eosinophilia in a group of dialysis patients who were exposed 
to formaldehyde. This incidence was significantly greater than that in ei
ther a group of azotemic patients or in a group of control patients who were 
not exposed to H C H O (41). The incidence of eosinophilia in HCHO-ex-
posed patients increased with time. Several potential causes were found for 
eosinophilia in chronic dialysis patients including exposure to ethylene ox
ide, plasticizers, polyvinyl chloride), and various drugs (22, 41). But, for 
some patients, exposure to formaldehyde seems to be the cause (41). 

Discussion 
Some of the effects in dialysis patients that occur after their exposure to 
formaldehyde seem similar to those that occur after exposure to it by other 
routes. For example, separate reports in 1982 by Spear (66) and by Suskov 
and Sazonova (67) associate the exposure of humans to formaldehyde by 
inhalation with increased incidences of cytogenetic abnormalities. Formal
dehyde is also mutagenic to human cells that are cultured in vitro (68). 
These data are consistent with the findings by Goh and Cestero (36, 37) of 
an unusually high incidence of chromosomal abnormalities in patients who 
were exposed during dialysis to formaldehyde. Together these data support 
the proposition that formaldehyde may be mutagenic in humans under cer
tain circumstances. 

Several reports discuss the development of dermal and respiratory sen
sitization reactions upon exposure to formaldehyde or related products (3, 
69). A recent report (69) suggests that dermal sensitization reactions to 
formaldehyde are Type I allergic reactions. Based on such reports, one 
might predict that sensitization reactions would develop in people whose 
blood is exposed to formaldehyde. The studies of dialysis patients substanti
ate the development of such immunologically based changes. The aggluti
nation of ANL antibodies with RBC evidences a Type II allergic reaction, 
and the anaphylactic changes suggest Type I allergic reactions (69). It 
would be interesting to know whether or not immune responses involving 
ANL antibodies, anti-F antibodies, or eosinophilia might also develop after 
chronic exposure to formaldehyde by inhalation. 

The chronic exposure of rats and mice to 5.6 and 2.0 ppm of formalde
hyde by inhalation is associated with nasal carcinoma, metaplasia, or ade-
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nomas (70, 71). Although detailed mechanisms of the development of nasal 
cancer have not been described, formaldehyde initiates and promotes cer
tain carcinogenesis processes in vitro (72, 73). Many dialysis patients have 
been chronically exposed to formaldehyde in concentrations exceeding 5.6 
ppm. These data raise the possibility that exposure to formaldehyde places 
dialysis patients at an increased risk of developing cancer. Additional re
search is needed to help define the nature and extent of that risk as well as 
the risks associated with its mutagenic potential. 

Exposure to formaldehyde by inhalation has been associated with sys
temic changes in laboratory animals and humans; these include changes in 
the reproductive and central nervous systems and various organs (2, 3, 4, 
6). Some untoward changes that seem to occur without apparent cause in 
dialysis patients could be related to their exposure to formaldehyde. One 
example of such changes is the unexplained hepatomegaly and/or elevated 
concentrations of liver enzymes in the sera of dialysis patients. Additional 
research could help elucidate formaldehyde's role, if any, in such change. 

Perhaps the development and widespread use of accurate and sensitive 
methods of measuring residual formaldehyde in dialyzers will help answer 
some of these questions and provide safer therapy for dialysis patients. 
Other questions may be answered only by additional research. 
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20 
Formaldehyde and Cancer 
An Epidemiologic Perspective 

M A U R E E N T. O’BERG 
Ε. I. Du Pont De Nemours & Company, Wilmington, D E 19898 

A review of epidemiologic findings has thus far failed to demon
strate a causal relationship between formaldehyde and cancer. Ex
cesses of brain cancer and leukemia have occurred, mainly among 
anatomists and pathologists; however, diagnostic and social class 
bias may explain these excesses. Industrial groups have shown defi
cits of these cancer types. The lack of a causal relationship must be 
viewed cautiously, as most of the studies have low power to detect 
increased risks 20 or more years after first exposure. 

I J P I D E M I O L O G Y IS T H E S T U D Y O F T H E O C C U R R E N C E O F D I S E A S E ; epidemiolo
gists look statistically at patterns of what specific diseases occur, in what 
groups of people, where, and when, to identify risk factors. 

This review is directed at the issue of how epidemiologic research has 
contributed to an understanding of whether formaldehyde is a human car
cinogen. The task is made simpler in that several people have looked care
fully at this subject within the last few years; thus, a literature base has 
been established, and much careful thought and discussion can be refer
enced. 

One major convocation on the topic was held in October 1983. At that 
time, a panel of epidemiologists convened in Little Rock, Arkansas, as one 
part of the larger "Consensus Workshop on Formaldehyde." This panel 
was charged with the responsibility to review the current epidemiologic 
research and then specifically address the question, "What evidence exists 
concerning the relationship between formaldehyde exposure and illness?" 
Furthermore, because public attention has focused on the issue of cancer, 
the panel spent almost all of its time considering this disease. The available 
literature further restricted this review primarily to mortality studies of 
adult working males. 

The panel consisted of eight individuals from various organizations in 
government, academia, and private consulting, with a potpourri of per
spectives. Some panel members were very familiar with the scientific liter
ature on formaldehyde; others were not. Also, it soon became apparent 

0065-2393/85/0210/0289$06.00/0 
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that some important studies were in progress, with late-breaking prelimi
nary findings. These studies, previously not publicly released, were pre
sented from the floor at the workshop. 

After an update of the current research, the panel made an attempt to 
pool results from the various studies and reach consensus on their overall 
meaning. The highlights of their conclusions about cancer are as follows: 

The data are sparse and conflicting and do not yet provide persuasive evi
dence of a causal relation between exposure to formaldehyde and cancer 
in people. As far as nasal cancer is concerned, the evidence is against a 
substantial (e.g., tenfold) immediate increase in risk, but sufficient infor
mation is not yet available to exclude such an effect if risk starts to in
crease 20 or more years after first exposure. An increase in risk of brain 
cancer and leukemia is noted among each of three professional groups 
who preserve human tissues with solutions containing formaldehyde and 
other chemicals. 

In view of the small numbers of person-years of follow-up in subjects 
followed for 20 years or more and various methodological limitations of 
the studies, it is not possible from the available epidemiological data to 
exclude the possibility that formaldehyde is a human carcinogen (la). 

Nasal cancer was of special interest to this panel because the nose was 
the target organ in the animal studies. No cases of nasal cancer were seen in 
the dozen or so epidemiologic studies the panel reviewed. A total of approx
imately three cases would have been expected across these studies. Al
though the absence of nasal cancer is encouraging, the findings must be 
viewed cautiously because very few of the studies have traced persons for 
more than 20 years. 

The panel was aware of some case reports of nasal cancer in persons 
with potential exposure to formaldehyde. However, these case reports were 
dismissed as not informative on the issue of cause and effect. 

For brain cancer and leukemia, significant excesses were seen in sev
eral professional groups having potential formaldehyde exposures (lb-7). 
Industrial groups did not experience these excesses. In fact, chemical work
ers had a marked deficit of brain cancer. A major study of industrial work
ers from Great Britain revealed 5 brain cancer deaths, with more than 12 
expected (8). The Du Pont case control study also showed decreased risks 
on the basis of smaller numbers (9). 

The excess of brain cancer and leukemia in professionals represents a 
new finding, seen mainly in three large studies, two of which were then 
unpublished. 

The first is a mortality study of anatomists, conducted by Stroup at the 
Centers for Disease Control (CDC) (5). Stroup presented the preliminary 
unpublished results of her study at the workshop. This study included 2239 
male anatomists enrolled in the American Anatomists Society for at least 1 
year between 1889 and 1969. These men were all physicians or had PhDs 
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and thus represented a high social class. They were traced during the years 
1925-79 to determine whether they were dead or alive. As of the end of 
1979, approximately 35% had died. These 738 deaths compare with 
1130.3 expected on the basis of U.S. general population rates for the years 
1925-75. The ratio of observed to expected deaths reveals approximately a 
30% deficit. A deficit of this order is commonly seen when workers are 
compared to the general population and is referred to as the "healthy 
worker effect." 

Among the deaths, 10 were due to brain cancer, and 3.7 were ex
pected. This result is a statistically significant finding of nearly a threefold 
increase. Leukemia deaths numbered 10, and 6.7 were expected. This 50% 
excess is not statistically significant. 

The two other major studies were proportionate mortality studies of 
embalmers done by Walrath at the National Cancer Institute (NCI) (6-7). 
Walrath's results from the New York study had been published, but the 
California data were, again, presented publicly for the first time at this 
meeting. 

In each study, the names of deceased white male embalmers were ob
tained from the State Bureau of Licenses, Division of Embalmers, for the 
years 1925-80. In New York, 1132 deaths had occurred; in California, 
1007 deaths had occurred. 

The number of deaths from brain cancer and leukemia are shown in 
Table I for each group. Also shown are the numbers expected on the basis 
of the proportions seen in the U.S. population for the years 1925-75. 

Nine deaths from brain cancer occurred in each group; 5.8 were ex
pected in the New York study and 4.7 were expected in the California 
study. These numbers represent a 60-90% increase, as shown in the ratio 
of observed to expected deaths. 

Each study had 12 deaths from leukemia; 8.5 were expected in New 
York, and 6.9 were expected in California. These numbers, while not sta
tistically significant, do represent a consistent 50% excess. 

In reviewing these results, one must recognize that proportionate 
analyses have limitations. In particular, in these studies one cannot deter-

Table I. Deaths from Brain Cancer and Leukemia of White Male Embalmers in 
New York and California, 1925-80 

Cause of 
Death 

New York California Cause of 
Death Observed Expected0 Ratiob Observed Expected0 Ratiob 

Brain cancer 
Leukemia 

9 5.8 
12 8.5 

1.6 
1.4 

9 4.7 
12 6.9 

1.9 
1.7 

°Expected deaths are based on the proportions seen in the U.S. population for the years 
1925-75. 

foRatio of observed to expected deaths. 
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mine whether a specific excess is indicative of a real increase in risk, or is 
instead the result of deficits in other causes of death. Walrath acknowl
edges these limitations, but the lack of a readily available and suitable da
tabase forced her to use proportionate analyses. 

Tables II and III summarize the findings from the three studies just 
reviewed, plus a few other smaller studies of embalmers and pathologists. 
The results of the studies shown in Tables II and III were pooled in a crude 
fashion by adding the columns of observed and expected numbers. On the 
basis of the total observed versus expected comparison, the panel made the 
statement that excesses of brain cancer and leukemia were seen in profes
sional groups. 

A few important concepts may explain why such excesses occurred in 
these studies of professionals. 

The first issue is diagnostic bias. Evidence of diagnostic bias can be 
seen in a 1981 publication by Greenwald who suggested that a "diagnostic 
sensitivity bias" exists for brain cancer (10). He stated that an apparent 
initial excess of diagnosed brain tumors may have resulted from a diagnos
tic sensitivity bias arising from the more complete medical evaluation of 
Kodak employees, as compared with the general population. In a follow-

Table II. Summary of Deaths from Brain Cancer in 
Professional Groups 

Professional Group Researcher (Ref.) Observed Expected 

Anatomists 
Embalmers, N.Y. 
Embalmers, Calif. 
Embalmers, 

Ontario 
Pathologists 
Pathologists 

Stroup (5) 
Walrath (6) 
Walrath (7) 

Levine (3) 
Harrington (2) 
Matanoski (4) 

10 3.7 
9 5.8 
9 4.7 

3 2.6 
4 1.2 
5 4.7 

Table III. Summary of Deaths from Leukemia in 
Professional Groups 

Professional Group Researcher (Ref.) Observed Expected 

Anatomists Stroup (5) 10 6.7 
Embalmers, N.Y. Walrath (6) 12 8.5 
Embalmers, Calif. Walrath (7) 12 6.9 
Embalmers, 

Walrath (7) 

Ontario Levine (3) 4 2.5 
Pathologists Harrington (I, 2) 2 2.6 
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up article in 1982, he reinforced his original idea and stated the following 
(11): 

The possibility of a diagnostic sensitivity bias remains an important con
sideration, particularly where the study population has liberal access to 
high-quality diagnostic testing, employee insurance coverage, occupa
tional medical referrals, and the impact of neurologic and neurosurgical 
specialists in a university school setting. 

A social class bias may also influence brain cancer and leukemia. Sup
port can be found in published data from the Registrar General's reports 
from Great Britain (12). Shown in Table IV are the rates for men below 
and above 64 years of age by social class for all cancers and for brain cancer 
and leukemia. Social Class I comprises professional occupations; Social 
Class V consists of unskilled occupations. A decreasing social class gradient 
exists between Social Class I and Social Class V. One can see trends in ratios 
for both standardized mortality ratio (SMR) and proportionate mortality 
ratio (PMR) analyses. For brain cancer and leukemia, higher social classes 
show increased risks; lower social classes show decreased risks. This result is 
in marked contrast with cancer overall, where higher social classes have 
decreased risks. 

Looking back to the studies in question, one notes that they primarily 
included anatomists and pathologists. These people are highly educated, 
well-paid professionals. They work in a medically related specialty; many 
even work in medical facilities. Their awareness of medical diagnostics and 
their access to high-quality medical care is certainly well above average. As 
a group, they have shown excesses of brain cancer and leukemia. This 
result is not surprising because of their greater access to medical care due to 
their income, their education, and their regular interface with the medical 
environment. 

A third source of bias may result from the increased diagnosis of brain 
cancer over the past decade. This increase is partially due to improved di
agnostic capabilities. C A T scans and other new technologic advances now 
make it easier to identify brain tumors that in the past may have been mis
diagnosed as strokes or neurologic disorders. 

Table IV. Mortality Among Males in Great Britain and Wales, 1970-72 

Cause of 
Death 

Ages 16-64, 
SMRs by Social Class0 

Ages 65-74, 
PMRs by Social Class0 

Cause of 
Death I II III Ν III M IV V I II III Ν HIM IV V 

All cancers 
Brain cancer 
Leukemia 

75 
108 
113 

80 91 113 116 
101 111 105 100 
100 107 101 104 

131 
92 
95 

96 
225 
138 

98 99 102 100 
137 109 99 85 
124 108 98 90 

101 
56 
77 

aI is the highest social class; V is the lowest. 
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Because the computerized statistical packages psed by epidemiologists 
had rates current only through 1975, they have underestimated the num
bers expected for the late 1970s. Deaths, however, continued to accrue 
through 1979 or 1980 in the major studies reported. For this reason, the risk 
of brain cancer in the studies reviewed may not really be as high as re
ported. Leukemia rates have also increased during the past decade, though 
not as dramatically, so the same bias may apply to leukemia risks. 

Without more information on the studies reported, it is not possible to 
determine to what extent the sources of bias just described contribute to the 
excesses of brain cancer and leukemia seen in professionals, but they clearly 
could account for much of it. 

And finally, even if one ignores the potential biases and accepts the 
findings of increased brain cancer and leukemia in professionals, it must be 
noted that these persons were exposed to many substances other than for
maldehyde. 

The issue of lung cancer has also been a topic of much discussion. Only 
one of the several studies discussed by the panel showed any increase in 
lung cancer. In the British study conducted by Acheson, the excess was seen 
in one (the largest) of five plants analyzed. 

Furthermore, the number of lung cancer deaths was high compared 
with national rates, but not compared with local rates. Local rates are 
likely to be more representative of the plant population with regard to ciga
rette smoking patterns, which clearly influence lung cancer. The profes
sional groups discussed earlier showed a significant deficit of lung cancer. 
This decrease is probably due to less cigarette smoking in these highly edu
cated, medically oriented groups. 

This summary has highlighted several specific areas of focus that 
emerged at the consensus workshop regarding cancer. The present lack of a 
causal relationship between formaldehyde and cancer was stated with 
guarded optimism because not enough is known about formaldehyde-
exposed populations that have been followed for more than 20 years. 

The consensus workshop in Little Rock has provided a thorough re
view of epidemiologic research on formaldehyde. A few months prior to 
the consensus workshop, another group of experts convened in July 1983 in 
Oxford, England, to review the relevant available epidemiologic studies on 
formaldehyde, as well as several other agents. Sir Richard Doll chaired this 
"Symposium on Interpretation of Epidemiological Evidence." The conclu
sions of this symposium, although not quite as current as those of the Little 
Rock consensus workshop, were similar. The symposium participants 
stated that the evidence was inadequate to permit firm conclusions, but 
that it suggested that formaldehyde is unlikely to have produced a quanti
tatively large increased risk of cancer under the conditions of exposure that 
have operated in the past. 

Looking ahead, new results continue to be reported as additional stud-
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ies are completed. One project on the horizon is a large study of approxi
mately 30,000 workers exposed to formaldehyde at 10 plant locations in the 
United States. This interindustry mortality study is being conducted coop
eratively by the National Cancer Institute and the Formaldehyde Institute. 
Because this is a large, statistically powerful study of formaldehyde work
ers, we can anticipate that it will provide important input to the question 
of whether formaldehyde causes cancer in humans. 
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Estimating Human Cancer Risk from 
Formaldehyde: Critical Issues 

THOMAS B. STARR, JAMES E. GIBSON, CRAIG S. BARROW, 
CRAIG J. BOREIKO, HENRY d’A. H E C K , RICHARD J. L E V I N E , 
K E V I N T. M O R G A N , and JAMES A. SWENBERG 
Chemical Industry Institute of Toxicology, Research Triangle Park, NC 27709 

Evidence that the chronic inhalation of formaldehyde (HCHO) gas 
induces nasal cancer in rats has provoked widespread concern that 
this ubiquitous chemical may pose a significant human health haz
ard. However, critical issues of mechanism must be considered to 
accurately assess the human cancer risk from HCHO exposure. Im
portant factors include the effects of the sensory irritation response 
and the mucociliary clearance mechanism on delivery of HCHO to 
target tissues, the disposition of delivered HCHO in target cells via 
metabolism and macromolecular binding, and the cellular prolifer
ative response to cytotoxicity. These issues are directly relevant to 
both the low-dose and interspecies extrapolation problems. Incor
poration of available mechanistic data into dose-response models 
can provide a rational alternative to “worst case” estimates of risk. 

T H E E S T I M A T E D 1983 u.s. P R O D U C T I O N O F F O R M A L D E H Y D E as a 37% solu
tion was 5.7 billion lb (J). Formaldehyde's major end uses include adhe-
sives (60%) and plastics (15%), and the main derivatives are urea-formal
dehyde resins, phenol-formaldehyde resins, polyacetal, and butanediol. 
Formaldehyde-derived resins are used primarily in manufacturing particle 
board, plywood, insulation, appliances, and automobiles. Off gassing of 
formaldehyde from some of these products has raised concerns about possi
ble health effects of formaldehyde in humans. 

In 1980 the Chemical Industry Institute of Toxicology (CUT) issued 
preliminary results from a chronic toxicity and carcinogenicity study of in
haled formaldehyde in rats and mice. These preliminary results, which 
pertained to 18 months of formaldehyde inhalation exposure, demon
strated that formaldehyde was carcinogenic for rats (2). A complete report 
of this study was published in 1983 (3) and confirmed the preliminary 
result that inhalation exposure to formaldehyde concentrations of 5.6 or 
14.3 ppm, 6 h/day, 5 days/week for 24 months caused squamous cell carci-

0065-2393/85/0210/0299$09.50/0 
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nomas in the nasal cavities of approximately 50 % of the rats in the high-
exposure group and 1% of the rats exposed to 5.6 ppm. Mice also proved 
susceptible to formaldehyde's carcinogenicity, however, only at the highest 
exposure concentration and with an incidence of 1 %. 

This chapter reviews the design, conduct, and findings of the chronic 
inhalation bioassay as well as additional mechanistic research that is imme
diately applicable to assessing the risk of formaldehyde exposure to hu
mans. Throughout, attention has been focused on the critical issues that 
must be resolved if the estimation of human cancer risk from formaldehyde 
exposure is to be placed on a sound, scientifically defensible footing. 

Review of the CUT Chronic Formaldehyde (HCHO) Inhalation 
Bioassay 
C U T commissioned the Battelle Memorial Institute to undertake a 24-
month toxicity and carcinogenicity study of inhaled formaldehyde in male 
and female B6C3F1 mice and Fischer-344 rats. One hundred twenty ani
mals of each sex and species were started on inhalation exposure to formal
dehyde at target concentrations of either 0, 2, 6, or 15 ppm, 6 h/day, 
5 days/week. The mean formaldehyde concentrations in the test chambers 
over the 24-month exposure period were as follows: 2.0 ± 0.6, 5.6 ± 1.2, 
and 14.3 ± 2.8 ppm. Interim necropsies of randomly selected animals 
were completed at 6, 12, 18, and 24 months after beginning exposure. 
Some female mice and male and female rats were followed for an addi
tional 3 or 6 months after the completion of the planned 24-month 
exposures. 

Throughout the study clinical signs of toxic effects, body weight, and 
mortality were noted at regular intervals. Before necropsy, blood samples 
were collected for hematology and clinical chemical analyses, and urine 
specimens were collected for urinalysis. At necropsy animals were exam
ined for gross pathological changes, and tissues were collected, preselected 
organs were weighed, and all collected tissues were examined for histo-
pathological change (controls and high dose, target organs at all doses). 

The major toxicological finding from this study of inhaled formalde
hyde was the induction of squamous cell carcinomas in the nasal cavities of 
2 male mice in the 15-ppm group, 2 rats in the 6-ppm group, and 103 rats 
in the 15-ppm group (Table I). Two nasal carcinomas, one carcinosar
coma, one undifferentiated carcinoma, and one undifferentiated sarcoma 
were also observed in rats in the 15-ppm exposure group (Table I). An ex
posure-related induction of squamous metaplasia also occurred in the re
spiratory epithelium of the anterior nasal passages of rats in all formalde
hyde-exposed groups. In mice, however, irritant-induced effects were es
sentially limited to the group exposed to 15 ppm, and no effect was ob
served at lower concentrations. In those animals allowed to recover after 24 
months of formaldehyde exposure, an apparent regression of metaplasia 
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occurred in all affected sites of the nasal cavity in animals from the low-
and intermediate-exposure groups. 

Survival of rats during the course of the study was adversely affected 
in the 15-ppm exposure group for both sexes, whereas mouse survival was 
not statistically affected at any concentration. Careful examination of the 
eyes and simple measures of neurofunction did not reveal any formalde
hyde-induced changes. Although not statistically significant, mice and rats 
of both sexes from the highest exposure group showed a diminution in body 
weights relative to controls. A similar trend was noticed in rats of both sexes 
exposed to 6 ppm of formaldehyde. 

In rats formaldehyde caused a yellow discoloration of the coat in a 
concentration-dependent manner. Dyspnea was observed in rats exposed 
to the highest concentration. However, no exposure-related effects of form
aldehyde were detected in any parameter of clinical chemistry, hematol
ogy, or urinalysis. Additionally, only sporadic changes were noted in abso
lute or relative organ weights, and no clear association of these changes 
with formaldehyde exposure was observed. 

A number of polypoid adenomas were also observed in the nasal cavi
ties of treated and control rats (Table I and Ref. 3). Although the incidence 
of these benign lesions in treated animals was not significantly elevated 
over that of controls (adjusted pairwise analysis), an adjusted trend test 
indicated that formaldehyde exposure increased the incidence of this le
sion. The incidence of adenomas did not, however, increase as a function of 
formaldehyde dose. Adenomas were found in 3.4, 2.6, and 2.2% of the 
animals exposed to 2.0, 5.6, and 14.3 ppm of formaldehyde, respectively. 
This result compares to an incidence of 0.4 % (one case) in control animals. 

In an independent review of these findings (4), a consensus was 
reached among the participating pathologists that the polypoid adenomas 
were indeed benign. Moreover, these reviewers concluded that "there was 
no morphological evidence that these lesions progressed to squamous cell 
carcinomas." Thus, squamous cell carcinomas and polypoid adenomas 
were thought to be readily separable lesions that should not be combined 
solely for statistical purposes. 

Although Takano et al. (5) have also found that papillomas of the 
Fischer-344 rat nasal cavity induced by 1,4-dinitrosopiperazine did not 
progress to adenocarcinomas, little additional information specific to tu
mors of the rodent nasal cavity is available in regard to relationships be
tween benign lesions and possible malignant counterparts. Observations in 
other rodent tissues must therefore be considered in assessing the signifi
cance of these benign lesions. 

The relationship between benign papillomas and squamous cell carci
nomas has been extensively studied in mouse-skin model systems of the 
multistage carcinogenic process. In these systems, the application of com
plete carcinogens or initiating agents and tumor promoters will produce 
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squamous cell carcinomas. The formation of carcinomas is usually pre
ceded by the appearance of numerous benign papillomas. Some evidence 
suggests that papillomas are preneoplastic lesions that can progress to squa
mous cell carcinomas (6-8). Other experiments suggest that papillomas are 
terminal lesions with little, if any, capacity to progress to malignancy (9). 

Whatever the actual mechanistic relationship between these two skin 
lesions, one-to-one correspondence does not exist between benign and ma
lignant skin tumors (6-9). Experimental carcinogenesis protocols produce 
far more papillomas than carcinomas. Estimates of the quantitative rela
tionship between papillomas and carcinomas vary widely as a function of 
the carcinogen studied and the treatment protocol employed. Typically, 
one carcinoma will arise for every 20-100 papillomas induced (6-9). 
Larger carcinoma-to-papilloma ratios have been suggested under certain 
experimental conditions (7, 8). Quantitative studies of "preneoplastic" en
zyme-altered foci and hyperplastic nodules in rat liver similarly suggest 
that these lesions far outnumber subsequent malignancies (10). 

Two interpretations of the polypoid adenomas in the C U T study are 
thus possible. First, the polypoid adenomas may represent neoplastic le
sions with a finite potential to progress to malignancy. In support of this 
view is the observation that several nonsquamous carcinomas were ob
served in rats exposed to 14.3 ppm of formaldehyde (3). However, conver
sion of polypoid adenomas to carcinomas would probably occur with low 
frequency. Alternatively, the polypoid adenoma lesions may be terminal in 
nature, that is, they may be by-products of formaldehyde's strong irritant 
or weak genotoxic properties and not directly involved in a multistage car
cinogenic process. 

Whichever interpretation is correct, polypoid adenomas should not be 
equated on a one-to-one basis with malignant tumors of any type for pur
poses of quantitative risk assessment. Nor is such an assumption needed be
cause unequivocal evidence of carcinogenicity that is well suited for risk 
assessment is provided by the incidence of squamous cell carcinomas in rats 
exposed to 5.6 and 14.3 ppm of formaldehyde. The increase in polypoid 
adenomas in formaldehyde-treated rats should, however, be recognized as 
evidence that 2 ppm of formaldehyde interacts with rat nasal tissue. 

Effects of Responses to Sensory Irritation on Inhaled HCHO Dose 
The membranes of the respiratory tract contain a wide variety of sensory 
nerve endings that are capable of responding to chemical and/or physical 
stimuli. One group of nerve endings in the nasal mucosa is associated with 
the maxillary and ophthalmic divisions of the trigeminal nerve. Stimula
tion of these by airborne chemical irritants such as formaldehyde results in 
a painful burning sensation, a desire to withdraw from the contaminated 
atmosphere, and a decrease in respiratory rate (JI). This response has been 
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termed the "common chemical sense" to separate it from more specialized 
chemical senses such as olfaction and gustation (12). 

The term "sensory irritation" is synonymous with the common chemi
cal sense. It has been used to describe one effect of chemicals that, when 
inhaled via the nose, stimulate the trigeminal nerve endings, evoke a burn
ing sensation of the nasal passages, and inhibit respiration (II). All sub
stances that excite the common chemical sense are potentially noxious and 
lung damaging. The reflex responses to sensory irritation comprise an im
portant respiratory tract defense mechanism that serves to minimize inha
lation of a noxious agent and to warn of its presence through the perception 
of pain (11,13, 14). 

Measurement of the decrease in respiratory rate during inhalation ex
posure to a chemical can be used as a quantitative measure of the sensory 
irritation property of chemicals (II). Such measurement is well docu
mented for formaldehyde in laboratory animals (15-17), and the results 
indicate that mice are far more sensitive than rats. For example, the 
H C H O concentration required to elicit a 50 % decrease in respiratory rate 
(RD50) is 3.13 ppm in Swiss-Webster mice (15), 4.9 ppm in B6C3F1 mice 
(17), and 31.7 ppm in Fischer-344 rats (17). It has also been shown in both 
rats and mice that tidal volume does not compensate entirely for the de
creased respiratory rate (17). As a result, the minute volumes (the product 
of respiratory rate and tidal volume) of these species decrease during expo
sure to sufficiently high concentrations of formaldehyde. 

Significant differences between rats and mice in the function of this 

defense mechanism have been observed when animals are pretreated to 0, 

2, 6, or 15 ppm of H C H O (Table II). For example, although a concentra-

Table II. RD 5 0 and Effect of HCHO on Minute Volume ( V E ) of Naive and HCHO-

Pretreated B6C3F1 Mice and F-344 Rats 
B6C3F1 Mice F-344 Rats 

Pretreatment 
HCHO % Decrease % Decrease 

Concentration0 RD50
b in V E at RD50

b in V E at 
(ppm) (ppm) RD50 (ppm) RD50 

Naive 4.9 46.8 31.7 45.1 
(3.9-6.4) (23.1-54.0) 

2 5.9 51.2 29.5 50.1 
(4.4-8.5) (20.8-55.8) 

6 2.2 44.4 28.6 42.4 
(1.5-2.9) (18.8-61.2) 

15 3.6 54.1 22.7 37.5 
(2.4-5.5) (15.9-38.2) 

NOTE : Values within parentheses are 95 % confidence intervals for RD50. 
flPretreatment lasted for 6 h/day for 4 days. 
^Concentration of H C H O at which respiratory rate decreased by 50 %. 
Source: Adapted from Ref. 17. 
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tion-dependent depression of respiration in both species occurred, the am
plitude of the response was always greater in mice. Consequently, the 
concentration-response curves for mice were shifted, relative to those for 
rats, to lower concentration ranges; R D 5 0 values ranged from 2 to 6 ppm in 
the mice as compared to 23 to 32 ppm in rats. Minute volumes also de
creased by approximately 50 %. However, rats exposed to 15 ppm did have 
some degree of tidal volume compensation as evidenced by only a 37.5% 
decrease in minute volume following pretreatment to 15 ppm of H C H O 
(Table II). These results suggest that the B6C3F1 mouse respiratory tract is 
better protected against inhaled H C H O than is the respiratory tract of the 
Fischer-344 rat. 

This hypothesis of differential protective capability in these two spe
cies could be tested because H C H O toxicity has been shown to be limited to 
the nasal cavity (2). The localization of toxicity is due in large part to the 
high water solubility of H C H O and the fact that rodents are obligatory 
nose breathers. By assuming that all inhaled H C H O is deposited in the na
sal cavity, a theoretical delivered dose was derived by dividing the amount 
of H C H O inhaled per unit time by the surface area of the nasal cavity area: 

H C H O concentration (ug/L) x minute volume (L/min) 
delivered dose = — Kf^B }

c — r - L 

nasal cavity surface area (cmz) 

Nasal cavity surface area has been reported to be 13.44 cm 2 for 288-g 
rats and 2.89 cm 2 for 30-g mice (18). If the delivered dose is expressed as μg/ 
min/cm2 (Table III) for a 10-min exposure to 15 ppm of H C H O , the dose 
for rats would be twofold larger than that expected for mice (19). Although 
the disparity between the species in this calculated dose was consistent with 
a similar disparity in nasal tumor incidence following chronic exposure (3), 
additional studies were required to establish whether or not this difference 
in delivered dose was maintained for longer periods of exposure. 

The persistence of this effect was evaluated in rats and mice pretreated 
to 6 or 15 ppm of H C H O , 6 h/day for 4 days. On the fifth day, minute 
volume was measured during a 6-h exposure to 6 or 15 ppm (20). During 

Table III. Dose of H C H O to Nasal Mucosa During 15 ppm 
of H C H O Exposure 

Description of Dose Rat Mouse 

H C H O cone. (̂ g/L) 18.4 18.4 
Minute volume (L/min) 0.114 0.012 
Nasal cavity surface area (cm2) 13.44 2.89 
Dose ^g/min/em2) 0.156 0.076 

NOTE : Rats and mice were pretreated to 15 ppm of H C H O , 6 h/ 
day, for 4 days. 

Source: Reproduced with permission from Ref. 19. Copyright 
1983 Hemisphere Publishing Corp. 
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exposure to 15 ppm of formaldehyde, the time-weighted average dose for 
mice continued to be approximately one-half of that for rats (Figure 1A). 
At 6 ppm both species were predicted to receive similar delivered doses. 

The species difference predicted at 15 ppm was further assessed by 
comparative autoradiography, histopathology, and cell turnover studies 
(20). Whole body autoradiographic (WBAR) studies of formaldehyde dep
osition patterns in rats and mice exposed to [14C]formaldehyde revealed 
that radioactivity was heavily deposited in the anterior nasal cavity, and 
much less was deposited in olfactory regions. This anterior-posterior gradi
ent is consistent with the high water solubility and chemical reactivity of 
formaldehyde. In addition, WBAR confirmed qualitatively the difference 
in delivered dose in rats as compared with mice exposed to 15 ppm of form
aldehyde (20). Histopathologic examination of the nasal cavities of rats and 
mice after 1 or 5 days of exposure to 15 ppm of H C H O demonstrated that 
rats had more severe lesions than mice. Cell turnover studies of nasal respi
ratory epithelium also revealed much higher cell proliferation in rats com
pared with that observed in mice (20). 

Therefore, potential differences in pulmonary ventilation and nasal 
cavity volume to surface area relationships must be considered when com
paring the responses of different species to the same concentration of air
borne irritants. Furthermore, potential differences in pulmonary ventila
tion should be considered when comparing the responses of a single species 
to different concentrations of an airborne irritant. For example, rats ex
posed to 15 ppm of formaldehyde for 6 h inhale only twice the amount of 
formaldehyde per unit time as do rats similarly exposed to 6 ppm (Figure 
1A). This nonlinear relationship between inspired formaldehyde and its 
ambient air concentration is due to the larger depression of minute volume 
induced in rats by exposure to 15 ppm of formaldehyde relative to that in
duced by exposure to 6 ppm (Figure IB). Thus, the precipitously steep rise 
in squamous cell carcinoma incidence from 1 % among rats chronically ex
posed to 5.6 ppm of formaldehyde to nearly 50% among rats similarly ex
posed to 14.3 ppm becomes steeper yet, that is, more severely nonlinear, 
when the amount of formaldehyde inhaled per unit time, rather than the 
ambient air concentration, is used as the measure of exposure. The respira
tory tract reflexes described in this section may therefore play an important 
role in protecting the respiratory tract from the toxic effects of inhaled 
H C H O . 

The Mucociliary Apparatus and HCHO-Induced Nasal Toxicity 
Many factors may influence the distribution of lesions induced by irritant 
materials in the nasal passages (21). These include species-specific anatomy 
and physiology, nasal aerodynamics, mucociliary flow rate and direction, 
as well as exposure level and tissue-specific susceptibility. The amount of 
formaldehyde that reaches the nasal epithelium is dependent upon the air-
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I 1 1 1 ι ι ι 
0 1 2 3 4 5 6 

EXPOSURE TIME (HRS) 

Figure 1. A : Time-response curves for minute volume from rats and mice 
exposed to 6 ppm (A, rats; Δ, mice) or 15 ppm (•, rats; • , mice) of formal
dehyde for 6 h. B: Time-weighted averages of the theoretical formaldehyde 
dose available for deposition on the nasal passages of rats and mice during a 
6-h exposure to 6 or 15 ppm. (Reproduced with permission from Ref. 32. 

Copyright 1983 IRL Press.) 

borne concentration and the rate at which air passes through the nose. Fur
thermore, airflow patterns within the nose determine, at least to some ex
tent, the amount of gas reaching specific areas, whereas the nature and 
movement of the surface secretions are likely to affect absorption of formal
dehyde and its subsequent fate. 

Chronic exposure to high concentrations of formaldehyde induced 
squamous cell carcinomas in the nasal passages of rats, and exposure was 
also weakly associated with an increased incidence of polypoid adenomas 
(3). Detailed mapping of the exact locations of these neoplasms was not 
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reported. The histologic sections from the chronic formaldehyde inhalation 
study were therefore reexamined to determine the locations and apparent 
site of origin of observed tumors. The majority of the squamous cell carci
nomas occurred in two main locations. The first region was lateral to the 
nasoturbinate, extending from the ventral margin of this turbinate to the 
lateral wall just dorsal to the maxilloturbinate, at a level measured along 
the long axis of the nose which is just posterior to the incisor tooth. The 
second was composed of the ventral and middle nasal septum in a region 
approximately at the level of the incisive papilla. In contrast, polypoid ade
nomas occurred just posterior to the vestibule, on the naso- and maxillotur-
binates and the adjacent lateral wall (22). All these regions of the nose are 
lined by respiratory epithelium, which is protected by the nasal mucocil
iary apparatus (23). Because of the potential importance of the mucociliary 
apparatus in modulating the delivery of formaldehyde to postulated target 
cells in the nasal passages, studies of the effects of formaldehyde on the 
mucociliary apparatus have been undertaken. The current state of knowl
edge regarding this system and the results of some initial studies are sum
marized in this section. 

The nasal mucociliary apparatus of the rat provides a continuous layer 
of watery mucus covering the respiratory epithelium (24, 25) in which 
formaldehyde would be expected to dissolve readily, and thus would be 
removed from the inspired airstream. Researchers have demonstrated in 
dogs that almost 100 % of inspired formaldehyde is removed in the upper 
airways (26), but the retention efficiency of the rat nose for formaldehyde 
has yet to be established. The approximate thickness of the mucus (25) and 
its flow patterns (25, 27) and flow rate (25) have been determined in the rat 
nose. The layer of nasal mucus flows continuously over the surface of the 
nasal mucosa, and it is cleared eventually toward the nasopharynx (25, 27) 
to be finally swallowed with any entrapped or dissolved materials. Recent 
studies have demonstrated that the nasal and tracheal mucociliary clear
ance mechanisms in the guinea pig can respond to formaldehyde exposure 
with an increased rate of clearance (28). If mucus clearance does result in 
removal of formaldehyde from the nose, then increased clearance rates in 
response to exposure would be expected to increase the efficiency of this 
potentially protective mechanism. 

However, formaldehyde is also known to have inhibitory effects upon 
mucociliary function. The mucociliary apparatus consists of several main 
components that have been reviewed in detail by Proctor (23). Each com
ponent may be influenced adversely by exposure to formaldehyde. Cilia, 
which are microscopic, hairKke processes of the epithelial cells, drive the 
mucus over the surface by their coordinated beating. Formaldehyde has 
been found to be ciliastatic in several species (cf 24), and it causes slowing 
of mucus flow in the anterior nasal passages of humans during inhalation 
exposure (29). Studies with a frog palate preparation indicated that form-
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aldehyde induced slowing of mucus flow before it inhibited ciliary activity, 
probably as a result of reactions with components of the mucus blanket 
(30). A similar mechanism may be responsible for the slowing of mucus 
flow in humans. 

At high concentrations formaldehyde has been found to induce both 
mucostasis and ciliastasis in rats following in vivo inhalation exposure (24). 
Studies with rats using a rapid postmortem assessment of nasal mucociliary 
function following inhalation exposures to formaldehyde revealed a clear 
concentration-response relationship for the inhibition of nasal mucociliary 
function, although 0.5 ppm was a no-effect concentration (31). This con
centration-response relationship paralleled closely the concentration-
response relationship for formaldehyde-induced lesions observed in the 
chronic inhalation study. It was thus postulated that localized disruption of 
mucociliary function could account, at least in part, for th^ subsequent ap
pearance of epithelial lesions in the affected locations (32). 

The distribution of areas of inhibition of mucociliary function and 
acute cytotoxicity in the nasal epithelium (24) involved the regions in 
which squamous cell carcinomas occurred. However, acute changes also 
consistently appeared on the medial aspect of the maxilloturbinate at 15 
and 6 ppm (24, 31). The maxilloturbinate was rarely a site of squamous cell 
carcinoma development. This finding indicated possible regional differ
ences in susceptibility of the rat nasal epithelium to carcinogenic effects of 
formaldehyde. 

In the chronic inhalation study the polypoid adenomas occurred in the 
anterior nasal passages, a region that is lined by sparsely ciliated respira
tory epithelium and has generally a very slow mucus flow rate (25). Mucus 
in this region is derived from mucus streams that have flowed from more 
dorsal or more posterior regions of the nose. Mucus flow results in translo
cation of materials deposited on the surface and may thus influence the 
final site at which the nasal epithelium is exposed to inspired materials. 
Formaldehyde absorbed more posteriorly might be carried forward, to
ward the point at which the polypoid adenomas occurred. Researchers 
have proposed that mucus flow patterns in the lower respiratory tract 
could account for the distribution of air-pollutant-induced cancer in the 
trachea and bronchi of humans (33), and similar reasoning may be applica
ble to the distribution of formaldehyde-induced lesions in the rat nasal 
cavity. 

Mucus flow may play an important role in determining the distribu
tion and frequency of neoplasia in the nasal passages of rats exposed to 
formaldehyde by influencing delivery of this material to the nasal epithe
lium in specific regions of the nose. Anatomic or physiologic characteristics 
of the rat nose may render this species either hypersensitive or hyposensitive 
with respect to formaldehyde-induced nasal cancer. Thus, comparisons be
tween rats and humans of nasal air flow, mucus flow, and other physio-
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logic characteristics and their effects on delivered dose may provide infor
mation that is valuable to the risk assessment process. 

The Disposition of Inhaled Formaldehyde in Target and Nontarget 
Tissues 
The disposition of inhaled H C H O in target and nontarget tissues is a very 
important aspect of the toxicology of H C H O . Knowledge of toxic mecha
nisms is an essential component of scientifically defensible assessments of 
risk. This section summarizes the results of investigations aimed at eluci
dating the mechanisms of H C H O toxicity in target tissues at the molecular 
level. It also addresses the question of whether or not formaldehyde can be 
expected to cause toxicity at distant sites. 

Quantitation of the Dose of Formaldehyde Delivered to Target Mac-
romolecules in the Rat Nasal Mucosa. Formaldehyde is known to react 
with DNA in cultured mammalian cells in vitro to form DNA-protein 
cross-links (34, 35), and this reaction may be a critical factor in the trans
formational (36), mutagenic (37), and carcinogenic (3) actions of H C H O . 
Therefore, it was of interest to determine whether inhaled H C H O could 
react with DNA in vivo and, if this reaction occurred, to quantify 
the amount of H C H O that reacted with DNA as a function of airborne 
concentration. 

Evidence that inhaled H C H O reacts with respiratory mucosal DNA 
was reported recently by Casanova-Schmitz and Heck (38). In these exper
iments, exposure of Fischer-344 rats to H C H O at concentrations equal to or 
greater than 6 ppm resulted in a statistically significant decrease in the 
amount of DNA that could be extracted from proteins in homogenates of 
the respiratory mucosa. The solubilized tissue homogenates were extracted 
with a strongly denaturing aqueous-immiscible organic solvent mixture. 
When the tissue was extracted in this manner, the DNA was separated into 
two fractions (38). The aqueous (AQ) phase from this extraction contained 
DNA that by all spectrophotometric and chromatographic criteria ap
peared to be pure, double-stranded DNA. The interfacial (IF) layer also 
contained DNA, but this DNA appeared to be cross-linked to proteins be
cause the DNA could not be released without digestion of the interface us
ing proteinase K. Importantly, the quantity of IF DNA was dependent on 
the airborne H C H O concentration to which the rats had been exposed and 
increased as the concentrations of H C H O increased. Therefore, the conclu
sion was reached that H C H O does react with respiratory mucosal DNA 
following in vivo inhalation exposures, and that this reaction might well 
play a critical role in the development of nasal cancer during chronic 
H C H O inhalation studies. 

The inability to extract DNA from proteins does not, however, consti
tute proof of the formation of DNA-protein cross-links. Additional evi
dence was required to ensure the validity of this conclusion. To obtain such 
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evidence and to determine, if possible, the amount of H C H O that became 
covalently bound, experiments were undertaken to investigate the mecha
nisms of labeling of respiratory mucosal DNA following inhalation expo
sure of rats to [ 1 4 C]HCHO and [ 3 H]HCHO. The results of these experi
ments have been described in detail by Casanova-Schmitz et al. (39). A 
brief summary of the main findings will now be discussed. 

The labeling of macromolecules (DNA, UNA, and protein) in the re
spiratory mucosa, olfactory mucosa, and bone marow was studied in rats 
that had been preexposed for 6 h to unlabeled H C H O on the day preceding 
exposure to the labeled compound. Preexposure was undertaken to stimu
late cell turnover in the respiratory mucosa, a physiological response to 
toxic injury that appears to play an important role in the induction of nasal 
cancer by H C H O (40). The preexposure to unlabeled H C H O and the expo
sure to [ 1 4 C]HCHO and [ 3 H]HCHO were both carried out at the same air
borne concentrations. 

The specific activities of IF and AQ DNA obtained from the respira
tory mucosa following in vivo exposure to 0.3, 2, 6, 10, or 15 ppm of 
[ 1 4 C]HCHO or [ 3 H]HCHO are shown in Figure 2. The specific activity of 
DNA was maximal at 6 ppm and decreased at higher concentrations. In 
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Figure 2. Concentrations of [14C]HCHO equivalents in DNA, RNA, and 
protein of the respiratory mucosa of rats exposed for 6 h to 0.3, 2, 6,10, or 15 
ppm of [i4C]HCHO and pHJHCHO, 1 day after a single pre-exposure (6h) 
to the same concentration of unlabeled HCHO. Bar graphs for aqueous and 
interfacial DNA are overlaid. Values shown are mean ± standard deviation, 
η = 3. (Reproduced with permission from Ref. 39. Copyright 1984 Aca

demic Press.) 
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addition, the 1 4 C specific activity of the AQ DNA was found to be signifi
cantly greater than that of the IF DNA at 6 ppm, but no significant differ
ence between the specific activities of IF and AQ DNA was found at other 
concentrations. 

On the basis of several arguments by Casanova-Sehmitz et al. (39), 
the major route of labeling of DNA in the respiratory mucosa was con
cluded to be metabolic incorporation. The maximum in the specific activ
ity of the DNA at 6 ppm therefore implies that the incorporation of 
[ 1 4 C]HCHO into respiratory mucosal DNA was maximal at this concentra
tion. This result is consistent with the observation that the incorporation of 
[3H]thymidine into respiratory mucosal DNA after exposure to H C H O at 
6 ppm was higher than after exposure to 15 ppm (41). The smaller amount 
of incorporation of 1 4 C into DNA that occurred at 10 and 15 ppm relative to 
that at 6 ppm is presumably due to the cytotoxic effects of H C H O at these 
high concentrations. 

The finding that the 1 4 C specific activity of respiratory mucosal AQ 
DNA was significantly higher than that of IF DNA at 6 ppm is an extremely 
important one. This result implies that the AQ DNA had incorporated a 
significantly larger amount of 1 4 C than had the IF DNA at 6 ppm. In addi
tion, this result implies that the two DNA fractions must have differed 
structurally, for otherwise they could not have been separated by solvent 
extraction into portions with differing specific activities. However, no dif
ference between the specific activities of AQ and IF DNA was found at 
either 0.3 or 2 ppm. This finding demonstrated that the structural differ
ence is not an inherent property of respiratory mucosal DNA but must have 
been induced in the DNA by exposure to H C H O at 6 ppm. A plausible 
explanation for this structural difference is that H C H O exposure at 6 ppm 
resulted in the formation of DNA-protein cross-links in the IF DNA 
fraction. 

The specific activity of IF DNA being lower than that of AQ DNA at 
6 ppm may at first seem contradictory because the IF DNA is presumed to 
contain covalently bound H C H O . However, this result is consistent with 
DNA-protein cross-linking because the major route of DNA labeling was 
metabolic incorporation. The formation of cross-links could possibly de
crease the rate of incorporation of [ 1 4 C]HCHO metabolites into DNA by 
preventing the dissociation of proteins from DNA that is necessary for de 
novo DNA synthesis to occur. An inhibition of DNA synthesis by H C H O 
has been shown to occur in yeast under conditions in which DNA-protein 
cross-links were induced (42). 

The most direct evidence for the formation of covalently bound 
H C H O in DNA and proteins in the respiratory mucosa was provided by 
determining the 3 H-to- 1 4 C ratios of respiratory mucosal macromolecules 
following exposure of rats to [ 1 4 C]HCHO and [ 3H]HCHO (Figure 3). The 
3 H-to- 1 4 C ratios of the IF DNA and of the proteins increased with increas-
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Figure 3. Normalized 3H-to-14C ratios (observed ratio divided by 3H-to-14C 
ratio of inhaled [14C]HCHO and [3H]HCHO) ofAQ DNA (O), IF DNA (Φ), 
RNA (A ), and protein (U)from the respiratory mucosa of rats exposed for 6 
h to 0.3, 2, 6, 10, or 15 ppm of [14C]HCHO and [3H]HCHO, 1 day after a 
single pre-exposure (6 h) to the same concentration of unlabeled HCHO. 
Values shown are mean ± standard deviation, η = 3. (Reproduced with 

permission from Ref. 39. Copyright 1984 Academic Press.) 

ing H C H O concentrations, but increases in the 3 H-to- 1 4 C ratios of the AQ 
DNA and RNA were not observed. As discussed in detail by Casanova-
Schmitz et al. (39), increased 3 H-to- 1 4 C ratios of macromolecules with in
creasing H C H O concentrations are evidence of covalent binding of 
H C H O . The results presented in Figure 3 indicate that only the IF DNA 
and proteins contained measurable quantities of covalently bound H C H O . 

The difference between the 3 H-to- 1 4 C ratios of IF and AQ DNA was 
statistically significant at H C H O concentrations equal to or greater than 2 
ppm. These differences indicate that, at these concentrations, the mecha
nisms of labeling of IF and AQ DNA were significantly different: AQ DNA 
was labeled primarily or exclusively by metabolic incorporation, whereas 
IF DNA was labeled by both metabolic incorporation and covalent bind
ing. Strong support for the conclusion that the difference between the 3 H -
to- 1 4C ratios of the two DNA fractions was due to DNA-protein cross-link
ing is provided by the scattergram shown in Figure 4, which relates the 
difference between the 3 H-to- 1 4 C ratios of IF and AQ DNA to the percent 
interfacial DNA obtained in each experiment. These two variables were 
highly correlated. Although a significant difference between the 3 H-to- 1 4 C 
ratios of IF and AQ DNA was detected at concentrations equal to or greater 
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Figure 4. Plot of the difference between the normalized 3H-to-14C ratio of IF 
DNA and that ofAQ DNA from the respiratory mucosa versus the percent IF 
DNA at selected concentrations of inhaled HCHO. Concentrations are 0.3 
(M), 2 (Φ), 6 (A), 10 (•), and 15 (ζ}) ppm. (Reproduced with permission 

from Ref. 39. Copyright 1984 Academic Press.) 

than 2 ppm, the percentage of interfacial DNA was significantly increased 
relative to controls only at concentrations equal to or greater than 6 ppm 
(38). This result indicates that the isotope ratio method is a more sensitive 
technique for the detection of DNA-protein cross-links than is the measure
ment of DNA extractability. 

The 3 H-to- 1 4 C ratio of a macromolecule following exposure to a toxi
cant labeled with both isotopes is quantitatively related to the fraction of 
the total 1 4 C that is due to covalent binding, (39): 

= (3H/*4C)Q - ( 3H/* 4C)m 

J h ( 3H/ 1 4C), - ( 3 H/ 1 4 C) m 

where ( 3 H/ 1 4 C) 0 is the observed 3 H-to- 1 4 C ratio of macromolecule, (3H/ 
1 4 C ) m is the 3 H-to- 1 4 C ratio characteristic of metabolic incorporation of 3 H 
and 1 4 C (derived from [ 3 H]HCHO and [ 1 4C]HCHO) into the macromole
cule, and ( 3H/ 1 4C) f e is the 3 H-to- 1 4 C ratio characteristic of covalent binding 
of [ 3H]HCHO and [ 1 4 C]HCHO to the macromolecule under the reaction 
conditions. The values of these isotope ratios can be determined by meth
ods described by Casanova-Schmitz et al. (39). Hence, the fraction of co
valently bound [ 1 4 C]HCHO can be calculated. Knowledge of the total 1 4 C 
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concentration in the macromolecule permits the concentration of cova
lently bound H C H O to be determined. The results of calculations of the 
concentrations of covalently bound H C H O in respiratory mucosal DNA 
and proteins at 0.3, 2, 6, 10, and 15 ppm of inhaled H C H O are summa
rized in Figures 5A and 5B, respectively. 

Figure 5A shows that the concentration-response profile for covalent 
binding of [ 1 4 C]HCHO to DNA is sigmoidal and increases gradually be
tween 0.3 and 2 ppm, steeply between 2 and 6 ppm, and less steeply at the 
higher concentrations. The dashed line between 6 ppm and 0 shows the 
result that would be expected if covalent binding to DNA was a linear func
tion of concentration in this concentration range. The observed concentra
tion of covalently bound H C H O at 2 ppm was significantly lower than the 
value predicted by extrapolation from the concentration measured at 6 
ppm. In contrast to the results obtained with respiratory mucosal DNA, 
covalent binding of [ 1 4 C]HCHO to respiratory mucosal proteins depended 
in an apparently linear manner on the H C H O concentration throughout 
the concentration range (Figure 5B). 

The explanation for nonlinearity in the binding of H C H O to respira
tory mucosal DNA is presently unknown. However, at least two mecha
nisms could explain such nonlinear behavior. First, physiological and bio
chemical defense mechanisms, such as mucociliary clearance, metabolism, 
and repair, could be inactivated or could become less efficient with increas
ing H C H O concentrations and result in a disproportionate increase in the 
concentration of DNA-protein cross-links. Second, the marked increase in 
cell turnover caused by H C H O exposure at 6 ppm relative to that at 2 ppm 
(41) could increase the availability of sites in the DNA for reaction with 
H C H O . Formaldehyde binds to single-stranded regions of DNA, but not to 
regions that are double-stranded (43, 44). 

The concentration dependence of the relative disposition of H C H O in 
respiratory mucosal tissues is also important, as demonstrated by the data 
in Figure 6 which show the percentage of the total 1 4 C in respiratory muco
sal DNA and proteins that was due to covalent binding. This percentage 
increased with concentration. If the disposition of H C H O in the respira
tory mucosa was described by steady state linear kinetics, then the percent
age of the total 1 4 C due to covalent binding would be constant, that is, 
independent of the airborne concentration. 

Can Formaldehyde Cause Toxicity at Distant Sites? The possibility 
that inhaled H C H O might exert toxic effects in tissues remote from the site 
of deposition has occasionally been raised in epidemiologic studies, but no 
evidence for such effects has been obtained in animal studies. For H C H O 
to exert such effects, it would have to be carried to those sites by the circula
tory system. Therefore, analyses of H C H O concentrations in the blood of 
rats and humans exposed to H C H O should indicate whether direct toxic 
effects due to H C H O inhalation are possible. The results of analyses of 
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Figure 5. Concentration of covalently bound [14C]HCHO in the DNA (A) 
and proteins (B)from the respiratory mucosa of rats exposed for 6 h to 0.3, 2, 
6, 10, or 15 ppm of [14C]HCHO and [3H]HCHO, 1 day after a single pre
exposure (6 h) to the same concentration of unlabeled HCHO. Values shown 
are mean ± standard error, η = 3. (Reproduced with permission from Ref. 

39. Copyright 1984 Academic Press.) 
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Figure 6. Percentage of the total 14C in the DNA (Φ) and proteins (A) from 
the respiratory mucosa that was due to the formation of adducts and cross
links. Rats were exposed for 6 h to 0.3, 2, 6,10, or 15 ppm of [14C]HCHO and 
pH]HCHO, 1 day after a single pre-exposure (6h)to the same concentration 
of unlabeled HCHO. Values shown are mean ± standard error, η = 3. (Re
produced with permission from Ref. 39. Copyright 1984 Academic Press.) 

H C H O in the blood of rats and humans exposed to H C H O by inhalation 
have recently been presented (45). 

To investigate whether H C H O exposure results in an increase in the 
blood concentration of H C H O , the blood of eight rats exposed to 14.4 ± 
2.4 ppm of H C H O for 2 h was analyzed. The rats were killed within sec
onds of exposure by decapitation, and the blood was collected and ana
lyzed immediately. A similar group of eight rats unexposed to H C H O was 
used as controls. The analyses were performed by gas chromatography-
mass spectrometry by using a stable isotope dilution technique that was 
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developed by Heck et al. (46). The blood of the exposed group contained 
2.25 ± 0.07 ppm of H C H O , and that of the control group contained 
2.24 ± 0.07 ppm. Thus, no effects of H C H O exposure on the blood con
centration of H C H O could be detected (one-tailed f-test, 14 degrees of free
dom, ρ > 0.45) (45). 

The results of blood analyses of H C H O indicating no increase in the 
concentration of H C H O even at a very high airborne concentration are 
consistent with measurements of the 3 H-to- 1 4 C ratios of bone marrow mac-
romolecules isolated from rats exposed to [ 1 4 C]HCHO and [ 3 H]HCHO. 
These ratios are shown in Figure 7. In contrast to the macromolecules in 
the respiratory mucosa (Figure 3), the 3 H-to- 1 4 C ratios of macromolecules 
in the bone marrow were independent of the airborne concentration of 
H C H O . Therefore, no evidence of covalent binding to bone marrow mac
romolecules was obtained. 

The blood of six human volunteers (four males, two females) exposed 
to 1.9 ppm of H C H O for 40 min was also analyzed. Venous blood samples 
were drawn shortly before and as quickly as possible after the exposure to 
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Figure 7. Normalized 3H-to-14C ratios (observed ratio divided by 3H-to-14C 
ratio of inhaled [14C]HCHO and [3H]HCHO of AQ DNA (O), RNA (A), 
and protein (• )from the bone marrow of rats exposed for 6 h to 0.3, 2, 6,10, 
or 15 ppm of [14C]HCHO and [3H]HCHO, 1 day after a single pre-exposure 
(6h)to the same concentration of unlabeled HCHO. Values shown are mean 
± standard deviation, η - 4. (Reproduced with permission from Ref. 39. 

Copyright 1984 Academic Press.) 
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H C H O . The results of these analyses are summarized in Table IV. Analysis 
of variance (Table V) did not indicate a statistically significant effect of 
exposure on the concentration of H C H O in human blood. However, signif
icant differences were found among the subjects with respect to their blood 
concentrations of H C H O , and a significant interaction of subject with ex
posure occurred, that is, significant differences (either an increase or a de
crease) were found between the H C H O concentrations of the blood taken 
before and after exposure from some of the subjects. These experiments, as 
well as the experiments in rats, provide no evidence that H C H O exposure 
causes an increase in the blood concentration of H C H O . Thus, direct 
HCHO-induced toxicity at distant sites is very unlikely in the case of 
H C H O inhalation. 

Table IV. Concentrations of Formaldehyde in Human Blood 

Subject Sex 
Before Exposure 
frg/g of Blood) 

After Exposure0 

(Pg/g of Blood) 

1 F 3.09 ± 0.41 2.18 ± 0.09 
2 F 2.56 ± 0.10 3.31 ± 0.34 
3 M 2.66 ± 0.17 3.74 ± 0.13 
4 M 2.61 ± 0.34 1.93 ± 0.05 
5 M 2,05 ± 0.16 2.76 ± 0.21 
6 M 2.73 ± 0.14 2.72 ± 0.31 
Average 2.61 ± 0.14 2.77 ± 0.28 

NOTE : Ail concentrations are mean values ± standard error; 
n = 3 for individual subjects; η = 6 for averages. 

°1.90 ± 0.06 ppm, 40 min. 
Source: Reproduced with permission from Ref. 45. Copyright 

1985. 

Table V . Analysis of Variance Table for Concentrations of Formaldehyde 
in Human Blood 

Source of Significance 
Variation df SS MS F value Level 

Total 35 12.7062 
Treatment 1 0.2288 0.2288 1.3993 not sig. 

(p = 0.2484) 
Subject 5 3.4835 0.6967 4.2614 sig. 

(p = 0.0065) 
Subject-treatment 

interaction 5 5.0703 1.0141 6.2026 sig. 
(p = 0.0010) 

Residual 24 3.9237 0.1635 
NOTE : df, SS, and MS denote degrees of freedom, sum of squares, and mean square, re

spectively. 
Source: Reproduced with permission from Ref. 45. Copyright 1985. 
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Summary. The experiments just discussed have elucidated the kinds 
of reactions that H C H O can undergo in the nasal mucosa of rats during 
inhalation exposures. Strong evidence has been obtained that DNA-protein 
cross-links are formed in the respiratory mucosa at concentrations equal to 
or greater than 2 ppm. These experiments indicate that the formation of 
cross-links is a nonlinear function of concentration, and disproportionately 
less covalent binding is induced by exposure to low H C H O concentrations 
than is induced by exposure to high H C H O concentrations. In addition, 
these experiments establish that inhalation exposure to H C H O does not 
result in an increase in the H C H O concentration of the blood, and it does 
not result in detectable covalent binding in bone marrow macromolecules. 
These results strongly suggest that the toxicity induced by inhalation of 
H C H O gas is confined to tissues at the initial site of contact. 

The Cell Proliferation Response to HCHO-Induced Tissue Injury 
Morphologic changes were evident in the respiratory mucosa of Fischer-
344 rat nasal passages after a single 6-h exposure to 15 ppm of formalde
hyde gas. These changes consisted of acute degeneration and swelling and 
the formation of dense bodies and vacuoles within epithelial cells (20, 40, 
41). Following three to five 6-h exposures to 15 ppm of formaldehyde, ul
ceration of the respiratory epithelium was evident in a high proportion of 
the animals. By 9 days of exposure, restorative hyperplasia and metaplasia 
were seen. Rats exposed to 6 ppm exhibited milder degenerative changes 
but prominent hyperplasia of the respiratory epithelium. No morphologic 
changes were evident by light microscopy in rats exposed to 0.5 or 2 ppm of 
formaldehyde. 

In view of these cytotoxic and restorative responses to different con
centrations and durations of formaldehyde exposure, a series of investiga
tions was undertaken to identify the effects of formaldehyde exposure on 
cell replication in the respiratory epithelium of the nasal passages. Initial 
studies demonstrated that marked increases in cell proliferation were 
present in the second level of the nasal passages, the same region that had 
the acute pathology and that developed most of the squamous cell carcino
mas in the 2-year bioassay. Prominent dose-response and species relation
ships from this study are shown in Table VI. Rats exposed to 6 or 15 ppm of 
formaldehyde for three 6-h exposures had a 10-20-fold increase in 3H-thy-
midine labeling. No increase over controls was detected in rats exposed to 
0.5 or 2 ppm, nor in mice exposed to 0.5, 2, or 6 ppm of formaldehyde. 
Mice exposed to 15 ppm of formaldehyde had a 10-fold increase in de novo 
DNA synthesis. 

Subsequent studies showed that administration of 3H-thymidine at 18 
rather than 2 h after the last exposure wàs a more sensitive method for eval
uating the effects of formaldehyde on cell proliferation (20, 41). Table VII 
shows that rats exposed to 15 ppm of formaldehyde for one 6-h period al-
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Table VI. Effect of Formaldehyde Exposure on Cell 
Proliferation in Level 2 of the Nasal Passages 

Exposure0 

% of Labeled Respiratory 
Epithelial Cellsh 

Exposure0 Rat Mouse 

Control 0.22 ± 0.03 0.12 ± 0.02 
0.5 ppm 0.38 ± 0.05 0.09 ± 0.04 
2 ppm 0.33 ± 0.06 0.08 ± 0.04 
6 ppm 5.40 ± 0.82 0.15 ± 0.06 
15 ppm 2.83 ± 0.81 0.97 ± 0.04 

a All animals were exposed for 6 h/day for 3 days, and ^-thymi
dine was administered 2 h after the third exposure. 

fcMean ± standard error. 
Source: Reproduced with permission from Ref. 41 . Copyright 

1983 Marcel Dekker. 

Table VII. Effect of Single or Repeated Formaldehyde 
Exposure (15 ppm, 6 h/day) on Cell Proliferation in Level 2 

Respiratory Epithelium 

Exposure 

% Labeled Cells0 

Exposure Fischer-344 Rats B6C3F1 Mice 

Control 0.43 ± 0.05 0.27 ± 0.04 
1 day 5.51 ± 0.35 2.14 ± 0.56 
5 days 10.05 ± 0.27 3.42 ± 0.84 

NOTE : All animals were pulsed with 3H-thymidine (2 μθΐ /g) 18 h 
after the last exposure. 

°Mean ± standard error. 
Source: Reproduced with permission from Ref. 4 L Copyright 

1983 Marcel Dekker. 

ready have more than a 10-fold increase in cell proliferation relative to con
trols. By 5 days of exposure, this increase exceeded 20-fold. Similar in
creases were demonstrable in mice. 

It was of interest to determine how much of this response was due to 
duration of exposure and how much was due to formaldehyde concentra
tion because markedly different results were evident in the histopathology 
of rats exposed for 6 months to 15 ppm of formaldehyde, 6 h/day, 5 days/ 
week (450 ppm · h/week) (2, 3, 47) compared to that of rats exposed to 3 
ppm, 22 h/day, 7 days/week (462 ppm · h/week) (48). Animals on the latter 
exposure regimen exhibited much less toxicity. To evaluate this discrep
ancy, rats and mice were exposed to 12 ppm of formaldehyde for 3 h/day, 6 
ppm for 6 h/day, or 3 ppm for 12 h/day (41). Exposures were conducted for 
3 or 10 days, and 3H-thymidine was administered 18 h after the last expo
sure. Sections from the most anterior and the second level of respiratory 
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mucosa were prepared for autoradiography, and the labeling index was 
determined. Table VIII shows that the most anterior level of respiratory 
epithelium had a similar fivefold increase in cell proliferation in all three 
concentration-time (C χ T) groups. This result is in marked contrast to 
the adjacent, more posterior section (Table IX) where a distinct relation
ship between concentration and cell turnover was evident. Table IX also 
shows that the marked increase in proliferation is a somewhat transient 
event because its magnitude decreases with time. The C Χ Τ data are con
sistent with recent data on the effects of H C H O on the mucociliary clear
ance apparatus. The lack of a concentration effect in the anterior section 
reflects the fact that this region has minimal mucociliary clearance (25, 
31). In contrast, the adjacent, more posterior section has a continuous flow 
of mucus over its surface. As the concentration of formaldehyde increases, 
larger areas of the mucus blanket become immobilized and thereby this 
protective mechanism is removed (31). 

The efficacy of mucociliary clearance is likely to be greatest at low 
concentrations of formaldehyde. In ongoing experiments that followed a 
protocol similar to that shown in Table VI except that the pulse of ^-thy
midine was administered 18 h after the last exposure, slight increases in cell 

Table VIII. Effect of Formaldehyde Concentration Versus 
Cumulative Exposure on Cell Turnover in Rats (Level 1) 

% Labeled Cells After 
Exposure 3 days of Exposure0 

Control 3.00 ± 1.56 
3 ppm χ 12 h 16.99 ± 1.50 
6 ppm χ 6 h 15.46 ± 10.01 
12 ppm χ 3 h 16.49 ± 2.02 

cMean ± standard error. 
Source: Reproduced with permission from Ref. 41. Copyright 

1983 Marcel Dekker. 

Table IX. Effect of Formaldehyde Concentration Versus 
Cumulative Exposure on Cell Turnover in Rats (Level 2) 

Exposure 

% Labeled Cells0 

Exposure 3 days + 18 h 10 days + 18 h 

Control 0.54 ± 0.03 0.26 ± 0.02 
3 ppm χ 12 h 1.73 ± 0.63 0.49 ± 0.19 
6 ppm χ 6 h 3.07 ± 1.09 0.53 ± 0.20 
12 ppm χ 3 h 9.00 ± 0.88 1.73 ± 0.65 

GMean ± standard error. 
Source: Reproduced with permission from Ref. 41. Copyright 

1983 Marcel Dekker. 
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proliferation were evident in rats exposed to 0.5 and 2 ppm of formalde
hyde for one 6-h exposure, but not after three or nine such exposures. In 
contrast, much higher labeling indices were observed in rats exposed to 6 
ppm after 1 and 3 days. The data show a distinct nonlinear dependence of 
the labeling indices on formaldehyde concentration. A 3-fold increase in 
formaldehyde concentration from 2 to 6 ppm resulted in an 8-fold increase 
in cell proliferation after 1 day of exposure and nearly a 25-fold increase 
after 3 days of exposure. These data are consistent with nonlinear data on 
covalent binding of H C H O to respiratory mucosal DNA (39) and carcino
genesis (32). 

Cell proliferation is a critical factor in chemical carcinogenesis. Nu
merous studies with a broad range of chemicals have demonstrated that 
cell replication is required for the initiation and promotion of chemical car
cinogenesis. When promutagenic DNA adducts are present during de novo 
DNA synthesis, the likelihood of inserting a wrong nucleotide greatly in
creases, and such events, if unrepaired before replication, result in perma
nent mutations. Cell proliferation is also responsible for expanding the clo
nal population of initiated cells to a cancerous mass. Furthermore, in the 
case of formaldehyde-induced neoplasia, cell replication is thought to be 
important in the initial binding of the chemical to DNA because formalde
hyde is known to only bind to single-stranded DNA. The number of single-
stranded sites is much greater in replicating DNA than in nonreplicating 
DNA. Thus, the likelihood of formaldehyde binding to DNA, formalde-
hyde-DNA adducts mispairing, and initiated cell populations expanding to 
neoplasia is all related to cell proliferation. 

Mechanistic Data: Its Proper Role in Risk Estimation for HCHO 
Nearly 4 years have elapsed since the first report that the chronic inhalation 
of gaseous formaldehyde induced nasal cancer in Fischer-344 rats (2). Dur
ing that time extensive research on the mechanisms of formaldehyde toxic
ity has yielded a great deal of additional information that is directly rele
vant to concerns regarding potential adverse effects of formaldehyde 
exposure on human health. Some of this research, as described in the pre
ceding sections, has focused on the biological defenses that protect organ
isms from toxicity at low-level formaldehyde exposures. It has also eluci
dated the mechanisms by which high-level formaldehyde exposures impair 
these defenses and thereby enhance nonlinearly the probability of irrevers
ible toxic effects. 

Nevertheless, the low-dose risk estimates that result from the typical 
approach to quantitative risk assessment, namely, a linearized multistage 
model analysis of bioassay tumor incidence versus administered dose, do 
not use this additional mechanistic information. Indeed, such risk esti
mates would be no different had none of the research just mentioned been 
undertaken. This apparent unresponsiveness of current risk assessment 
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practice to pertinent scientific data is both disturbing and counterproduc
tive. As to be discussed in this section, the risk assessment process can be 
readily and significantly improved in this regard by using the available 
mechanistic data to construct a measure of exposure that is more realistic 
and meaningful than administered dose. 

The demonstration that formaldehyde is a rodent carcinogen and the 
ensuing ban of urea-formaldehyde foam insulation in the United States 
(49) stimulated a vigorous scientific debate regarding how to best use avail
able formaldehyde toxicity data in assessing human cancer risk from form
aldehyde exposure. One key issue concerns the form of the relationship be
tween two distinct measures of exposure denoted by the terms "adminis
tered dose" and "delivered dose." Administered dose is the external mea
sure of exposure that is directly controlled in laboratory studies of toxicity. 
For inhalation studies, it refers to the concentration of a test chemical in 
the inhalation chamber air. In contrast, delivered dose is an internal mea
sure of exposure referring to the quantity or concentration of the biologi
cally active form of a test chemical that is present in specific target tissues. 
Delivered dose is presumed to be the direct causative variable in mechanis
tic descriptions of the carcinogenic process at the cellular and molecular 
levels. 

The relationship between administered and delivered doses reflects 
the entire spectrum of biological responses to exposure, ranging from physi
ologic responses of the whole organism to intracellular biochemical re
sponses in target tissues. Thus, administered dose actually provides no 
more than an indirect, surrogate measure of delivered dose, and the rela
tionship between these two measures of exposure need not be a simple lin
ear one. This consideration is especially important because low-dose risk 
extrapolations based upon the assumption of linearity are known to yield 
risk estimates that are either excessively conservative (too high) or anticon-
servative (too low) when the true administered-delivered dose relationship 
is nonlinear (50). 

Although the delivered-dose concept should thus play a critical role in 
the production of accurate assessments of human risk from chemical expo
sure, it has yet to be elucidated fully for any chemical agent. Such knowl
edge requires detailed studies of the distribution and biochemical disposi
tion of chemical agents in whole animals, including humans. In the case of 
formaldehyde, the extensive mechanistically oriented studies described in 
preceding sections have identified four biological responses that appear to 
be important determinants of the formaldehyde dose delivered to target 
tissues in the rodent nasal cavity. 

The first of these is the minute volume depression in response to sen
sory irritation that was described earlier. In Fischer-344 rats and B6C3F1 
mice it is an important factor only at formaldehyde concentrations greater 
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than 6 ppm. Still, the fact that it is induced at these concentrations has 
three important consequences. First, the amount of formaldehyde entering 
the rat or mouse nasal cavity is not linearly proportional to H C H O concen
trations in inspired air greater than 6 ppm. Second, the precipitously steep 
rise in squamous cell carcinoma incidence from approximately 1 % among 
rats chronically exposed to 5.6 ppm of formaldehyde to nearly 50 % among 
rats similarly exposed to 14.3 ppm (Table I) is actually steeper, that is, 
more severely nonlinear, when the amount of H C H O inhaled per unit 
time, rather than the ambient air H C H O concentration, is used as the mea
sure of exposure. Third, the marked disparity in tumor response between 
rats and mice identically exposed to 14.3 ppm of H C H O (Table I) can be 
reconciled by measuring exposure in terms of the rate, adjusted for an in
terspecies difference in nasal cavity surface area, at which H C H O is actu
ally deposited in the nasal cavity. 

Two other factors that need to be considered are the inhibition of mu
cociliary clearance and the stimulation of cell proliferation that are both 
induced by exposure to high but not low H C H O concentrations. Both tend 
to disproportionately increase the dose delivered to target tissues at high 
H C H O concentrations, thus counterbalancing and most likely overriding 
any reduction in delivered dose associated with minute volume depression. 
The inhibition of mucociliary clearance contributes to this effect by elimi
nating one pathway for removal of formaldehyde from the nasal cavity be
fore it ever penetrates to underlying epithelial cells. Increased cell prolifer
ation enhances the likelihood of irreversible genotoxic events once H C H O 
reaches target cells by increasing the number of single-stranded DNA sites 
at which H C H O may covalently bind, and also by decreasing the amount 
of time available for the repair of such lesions before they become fixed 
during cell replication. 

Finally, studies of the disposition of H C H O in nasal cavity tissues have 
provided the first direct quantitative measurements of the amount of 
H C H O that is delivered to target cell DNA. These studies are of critical 
importance for several reasons. First, they provide quantitative data that 
demonstrate that the delivered dose-administered dose relationship is dis
tinctly nonlinear, as would be expected from consideration of the observed 
spectrum of effects of inhaled H C H O on minute volume, mucociliary 
clearance, and cell proliferation. Second, the studies also provide evidence 
that metabolic incorporation, a process by which delivered formaldehyde 
is detoxified, is less efficient at high airborne H C H O concentrations than it 
is at low concentrations. Thus, another removal pathway that provides 
protection from H C H O toxicity at low airborne concentrations appears to 
be inhibited at H C H O concentrations greater than 2 ppm. Third, the data 
for covalent binding of H C H O to target tissue DNA are in a form that 
makes it possible to reanalyze the nasal tumor results from the chronic bio-

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
02

1

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



326 F O R M A L D E H Y D E : A N A L Y T I C A L C H E M I S T R Y A N D T O X I C O L O G Y 

assay with this delivered H C H O dose, rather than airborne H C H O concen
tration, as the measure of exposure. Such a reanalysis was recently com
pleted (51), and a brief summary of that study will now be given. 

Tumor incidence rates nearly identical to those used by Cohn (52) 
were employed because his analysis of the chronic bioassay results figured 
prominently in the U.S. Consumer Product Safety Commission's decision 
to ban the sale of urea-formaldehyde foam insulation in the United States 
(49). Concentrations of H C H O covalently bound to respiratory mucosal 
DNA corresponding to the airborne H C H O concentrations employed in the 
chronic bioassay were derived from those reported by Casanova-Schmitz 
et al. (39). Four commonly used quantal response models, namely, the 
multistage, Weibull, logit, and probit, were used for low-dose extrapola
tion. Model parameters were estimated by using standard maximum likeli
hood (ML) techniques. Both M L estimates of risk and their upper 95 % con
fidence bounds were calculated for three airborne H C H O concentrations, 
namely, 0.1, 0.5, and 1.0 ppm. For these concentrations, the delivered 
dose-administered dose relationship was assumed to be linear and to be 
given by the straight line passing from the origin through the concentration 
of covalently bound H C H O that was observed at 2 ppm (39). As noted by 
Starr and Buck (51), this assumption likely overestimates the amount of 
covalent binding that actually occurs at these airborne concentrations. 

The maximum likelihood estimates of risk and their upper 95 % confi
dence bounds are presented in Tables X and XI, respectively. The estimates 
obtained with delivered dose are unilaterally lower than the corresponding 
estimates obtained with administered dose. The reduction factors for M L 
estimates ranged from 35 (Weibull, 0.1 ppm) to more than 9 orders of mag
nitude (probit, 0.5 ppm). The multistage M L estimates based on delivered 
dose were uniformly lower by a factor of 53. Reduction factors for upper 
95% confidence bounds ranged from 2.5 (multistage, 0.1 ppm) to more 
than 10 orders of magnitude (probit, 0.5 ppm). 

Table X. Maximum Likelihood Estimates of Risk Based on Administered Dose (A) 
and Delivered Dose (D) at Selected Ambient Air Formaldehyde Concentrations 

Maximum Likelihood Risk Estimates 
Concentration Dose _ _ 

(ppm) Measure Probit Logit Weibull Multistage 

0.1 A < 1.00 (-26) 3.92 (-11) 2.20 (-10) 2.51 (-7) 
0.1 D < 1.00 (-26) 7.40 (-13) 6.20 (-12) 4.70 (-9) 
0.5 A 5.16 (-17) 9.85 (-8) 2.75 (-7) 3.14 (-5) 
0.5 D < 1.00 (-26) 9.76 (-10) 4.27 (-9) 5.88 (-7) 
1.0 A 2.65 (-11) 2.87 (-6) 5.94 (-6) 2.51 (-4) 
1.0 D 4.00 (-20) 2.15 (-8) 7.13 (-8) 4.70 (-6) 

NOTE : Values in parentheses are powers of 10. 
Source: Reproduced with permission from Ref. 51 . Copyright 1984 Academic Press. 
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Table XI. Upper 95% Confidence Bounds on Risk Based on Administered Dose 
(A) and Delivered Dose (D) at Selected Ambient Air Formaldehyde Concentrations 

Upper 95 % Confidence Bounds on Risk 
Concentration Dose 

(ppm) Measure Probit Logit Weibull Multistage 

0.1 A < 1.00 (-26) 2.84 (-10) 1.57 (-9) 1.56 (-4) 
0.1 D < 1.00 (-26) 6.19 (-12) 5.12 (-11) 6.19 (-5) 
0.5 A 7.69 (-16) 5.13 (-7) 1.41 (-6) 8.09 (-4) 
0.5 D < 1.00 (-26) 6.31 (-9) 2.73 (-8) 3.10 (-4) 
1.0 A 2.58 (-10) 1.24 (-5) 2.54 (-5) 1.80 (-3) 
1.0 D 7.09 (-19) 1.22 (-7) 3.98 (-7) 6.24 (-4) 

NOTE : Values in parentheses are powers of 10. 
Source: Reproduced with permission from Ref. 5 1 . Copyright 1984 Academic Press. 

These results demonstrate that incorporation of the delivered dose 
concept into low-dose extrapolation procedures leads to a unilateral reduc
tion in estimates of cancer risk associated with exposure to low airborne 
H C H O concentrations. Additional research is required to further refine 
and elaborate the delivered-dose concept for exposure to H C H O by inhala
tion, especially for humans. Nevertheless, because use of the delivered-dose 
concept allows much of the information already obtained from mechanis
tic studies of formaldehyde toxicity to enter the risk assessment process in a 
meaningful and relevant manner, these risk estimates reflect what is 
known of the underlying biological reality more faithfully than previous 
estimates based solely on findings from the chronic bioassay. Attention is 
now turned to what is known in regard to the effects of human occupa
tional exposures to formaldehyde. 

Human Experience: A Review of Epidemiologic Studies of HCHO 
Exposure 
The mortality experience of the following occupational groups with known 
exposure to formaldehyde has been evaluated: pathologists (53-57), anato
mists (58), morticians (59-61), and chemical workers (62-67). With the 
exception of an elevated proportion of deaths due to skin cancer among 
New York undertakers, increased cancer mortality has not been observed at 
locations in possible contact with formaldehyde gas. Individual studies, 
generally of professional groups, not chemical workers, have noted two- to 
fourfold increases in mortality from cancer at distant sites including brain, 
kidney, colon, prostate, lymphatic, and hematopoietic tissues. 

Tables XII and XIII summarize cohort data from studies reviewed by 
the Epidemiology Panel of the "Consensus Workshop on Formaldehyde" 
held in Little Rock, Arkansas, during October 1983 under the auspices of 
the National Center for Toxicological Research. These studies represent all 
cohorts exposed to formaldehyde for which mortality information is cur-
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rently available. Data concerning the experience of the American Society 
for Experimental Pathology have been omitted because a considerable por
tion of the membership of that society belongs to the American Association 
of Pathologists and Bacteriologists, whose experience has been included in 
Table XII. Similarly, studies by Liebling et al. (65) and by Tabershaw As
sociates (66) provide further detail about cohorts already described by 
Marsh (62) and Wong (63) but do not affect overall conclusions. 

The cancer mortality of men at eight chemical plants in which formal
dehyde was manufactured or used is presented in Table XII. Causes of 
death listed include cancers at sites that may come into contact with form
aldehyde gas and those at distant locations where significant excesses have 
been observed previously in a formaldehyde-exposed cohort. For each 
cause, observed and expected deaths are presented by individual plant and 
as a summary total. Although there are obvious limitations to inferences 
drawn from totals of observed and expected deaths across plants, the proce
dure is useful for generating hypotheses. Local area mortality rates were 
employed to determine the number of deaths expected from lung cancer at 
plants A l - 6 , but national rates were used for Β and C. 

Significant increases in mortality were not observed at individual 
plants, nor when the plants were combined. Although Table XII lacks 
complete data, apparently no important mortality excesses have been dis
covered. At plant C, after a latency of 20 years, deaths from prostate can
cer were significantly greater than expected (4 observed, 0.9 expected, ρ < 
0.05); nevertheless, the increase in mortality did not correlate with length 
of employment (63). 

The experience of male pathologists, anatomists, and morticians com
pared to the general population is summarized in Table XIII. Except for an 
elevated proportion of deaths due to skin cancer among New York morti
cians, which was observed in no other study, excess cancer mortality was 
not detected at sites in contact with formaldehyde gas. Several studies have 
recorded significant increases in deaths from cancers at distant sites, in
cluding colon (G2), brain (D2, F), prostate (G2), and lymphopoietic tissues 
(Dl); moreover, summary totals show significant excesses of colon and 
brain cancers. Observed brain cancer deaths exceeded expected deaths in 
all seven cohorts for whom information was available (C and D2-H in Ta
bles XII and XIII). Six of these were professional groups likely to have very 
low exposure to formaldehyde on the basis of a time-weighted average. 
Nonsignificant increases in leukemia were also found in the studies of anat
omists and morticians. 

Two case-control studies of formaldehyde exposure have been con
ducted. These detected no increased risk for lung cancer. Among physi
cians the relative risk of lung cancer for those with possible exposure was 
1.0 (56, 57), and among chemical workers the relative risk of formaldehyde 
exposure for men with lung cancer was also 1.0 (67). 
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Because formaldehyde is highly reactive and rapidly detoxified, inha
lation (or dermal) exposure is unlikely to affect an internal organ. The ra
dioactive decay curves of intravenously administered, radiolabeled formal
dehyde and formate in the blood of rats are virtually identical (68). As 
noted earlier, this result suggests that formaldehyde is oxidized almost im
mediately to formate, then the formate participates in the normal one-car
bon metabolic pool. Formaldehyde concentrations in the blood of humans 
and Fischer-344 rats did not differ significantly following inhalation expo
sure of humans to 1.9 ppm for 40 min and rats to 14.4 ppm for 2 h (45). By 
implication, blood levels primarily reflect formaldehyde that is endoge-
nously produced. When rats were exposed for 6 h to atmospheres contain
ing up to 15 ppm of formaldehyde, covalent binding of formaldehyde to 
bone marrow macromolecules was not detectable. On the other hand, evi
dence was obtained for covalent binding in respiratory mucosal tissue from 
the nasal cavity, the principal site of formaldehyde contact and the tissue 
from which cancers developed in rodents (39). 

Except for one instance in which the proportion of skin cancer deaths 
was elevated, the data to date provide no evidence for the carcinogenicity 
of formaldehyde in humans at sites of contact. Deaths from lung cancer 
were clearly not in excess among formaldehyde-exposed groups. Further 
information is needed, however, that takes into account latency, exposure 
intensity, and exposure duration. Future reports should be examined care
fully for excess morbidity or mortality from skin cancer. On the basis of 
currently available data, it appears unlikely that formaldehyde plays a role 
in the etiology of cancers at distant sites. Explanations other than exposure 
to formaldehyde should therefore be sought for observed excesses of cancers 
of the brain, colon, and leukemia. 
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Evaluation of Potential 
Carcinogenic Hazard 

C. J E L L E F F CARR and ALBERT C. KOLBYE, JR. 
The Nutrition Foundation, Inc., Washington, D C 20006 

To evaluate potential hazards to public health posed by environmen
tal chemicals, the specific configuration of biological characteristics 
of each chemical should be considered in the context of dose-response 
data and knowledge concerning mechanism of biological action. Ab
sorption, metabolism, and excretion-storage data provide insight 
into toxicity and detoxification. Short-term tests in vitro and in vivo 
can help to clarify (within the limits of present knowledge) whether 
the compound in question is an initiating carcinogen (self-promoting 
at more substantial doses; i.e., a “complete” carcinogen) or is more 
likely to be a “promoter” or enhancer of carcinogenesis mediated by 
discernible toxicity to organs, systems, or tissues. The pattern of expo
sure and dosage is an important determinant of outcome as is the 
degree to which biological resistance can withstand or repair the bio
logical damage that is a critical prerequisite to cancer. 

- E X P E R I M E N T S USING L I F E T I M E A N D SUBCHRONIC EXPOSURES in laboratory 
animals to evaluate the toxicological characteristics of test substances have 
assumed an increasing scientific and societal importance. The data from 
these experiments are used in a variety of ways to make qualitative and 
quantitative judgments concerning potential hazards to human health 
when humans are exposed to these test substances. 

The accuracy and relevance of test data derived from animals become 
of paramount importance when public health considerations and judg
mental interpretations for safety are involved. Substantial biological dif
ferences and variations of response to carcinogenic agents exist among the 
species, genetic strains, sexes, and subsequent generations of laboratory an
imals. Their responses are governed also by environmental factors such as 
stress, diet, and multiple chemical exposure. 

Recently, the published results of these carcinogenicity bioassays have 
been widely criticized on the basis of the methodology employed, including 
improper use of the maximum tolerated dose (MTD), excessive dosage by 
oil gavage of water-insoluble substances, and inattention to key nutrients 
in chronic animal studies lasting at least 2 years. 

0065-2393/85/210/0335$06.00/0 
© 1985 American Chemical Society 
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Many of these issues have been reviewed by the Ad Hoc Panel on 
Chemical Carcinogenesis Testing and Evaluations to the National Toxicol
ogy Program Board of Scientific Counselors, and substantial recommenda
tions for future changes have been made (J). However, for the immediate 
past and the present we are confronted with numerous difficult decisions 
that will, in large measure, determine current regulatory actions. 

A growing concern exists in regard to the salient factors of pharmaco
kinetic mechanisms, target-cell concentrations, metabolism, and excretion 
of test substances in carcinogenicity assays. These factors are now recog
nized to influence significantly the outcome of these tests, including such 
biological processes as the formation of chemically reactive metabolites, in
hibition of enzyme mechanisms, and covalent binding to cell components 
that may or may not account for genetic or what are said to be "nongenetic" 
effects. 

Numerous literature references have been made to the significance of 
determining when the doses in the chronic toxicity tests exceed the animal's 
metabolic capacity. These subsequent, untoward, confounding effects 
have been noted in the Nutrition Foundation's review of the effects of using 
vegetable oils as vehicles (2). Such high doses exceed the metabolic "break 
point," and as a consequence high tissue concentrations of the test material 
are produced. This result can cause nonspecific toxic challenges that repre
sent a series of phenomena substantially related to the process involved 
with tumor promotion by classical promoters. This effect may be charac
terized as toxic hyperplasia. Toxic hyperplasia can increase tissue suscepti
bility to the initiating influence of carcinogenic compounds by increasing 
the susceptibility of cells to electrophilic attack (3). 

As has been shown, cellular injury of a nonspecific nature can impair 
the functioning of protective cellular enzymes, and the result is a further in
crease in the local concentration of the active chemical moiety. Proteins are 
denatured, membranes are destabilized, and normal cellular processes 
cease to function, such as the active and passive transport of cellular com
ponents. The net result is the potential for attack on the DNA and RNA by 
genotoxic agents. Unfortunately, the role of nonspecific toxicity per se in 
relation to carcinogenicity has been poorly appreciated in the entire field of 
cancer studies (3). 

Scientists have little doubt that numbers of toxic substances can be 
shown to be carcinogenic when massive doses are administered. The signif
icant issue is the relevance of these findings to the much smaller amounts of 
human exposure that can be detected by exquisitely sensitive analytical 
techniques. 

Unfortunately, carcinogenicity studies are not terminated when the 
M T D dosage proves to be too high on the basis of preliminary short-term 
tests. Therefore, the final test data remain equivocal and are the subject of 
criticism from a toxicological standpoint. 
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The pharmacokinetics and metabolism of chemical substances may be 
distinctly different depending on low or high doses (4). The issues of adequate 
dosage schedules have been reviewed with recommendations by numerous 
advisory groups (J, 5). For example, the American Industrial Health Coun
cil's position was stated as follows (5): 

Bioassays using the maximum tolerated dose administered via 
unexpected routes of exposure have not been selective in 
distinguishing chemicals for regulation as carcinogens, and fur
thermore, such studies provide very little guidance for risk assess
ment. 

The Potential Carcinogenic Hazard of Formaldehyde 
On the basis of these general considerations, one may ask a series of questions 
regarding the extensive and elaborate studies conducted to estimate the 
human cancer risk from formaldehyde. Certainly the enormous amount of 
industrial, scientific, analytical chemical, and regulatory expertise that has 
been and continues to be devoted to this overwhelming task is worthy of our 
best efforts to find satisfactory answers to these penetrating questions. Our 
questions should concern the epidemiological, physiological, and tox-
icological data on formaldehyde as they pertain to the analysis and evalua
tion of carcinogenic risk. The answers will permit risk assessment procedures 
and risk management decisions to be made on the basis of all relevant 
biological information. 

How persuasive are the data from the animal bioassays for carcinogenic
ity? Reference has been made to some of the criticisms of these test methods. A 
recent review concludes that the risk at low-level exposure would not be 
linearly related to the risk found at the higher levels observed to be car
cinogenic in animals (6). 

Animal studies demonstrated that formaldehyde is carcinogenic in the 
nasal cavities of rodents in cytotoxic doses inhaled and causes increased cell
ular proliferation. But lower levels are not carcinogenic. Major anatomical 
differences exist between the nasal cavities of humans and those of most 
animals; for example, rats and mice are obligatory nose breathers (7). Is it 
proper to equate inhalation studies in these rodents to humans? 

Cellular Toxic Effects of Formaldehyde 
Formaldehyde in high concentrations is a protoplasmic poison and is pri
marily an irritant as a result of its protoplasmic coagulating action. This 
cellular effect accounts for many of its uses, but from the standpoint of car
cinogenicity, it introduces the question of a kind of nonspecific chemical 
burn. There would be some protection against this effect by inhalation 
because sensory irritation in the respiratory tract has a lower threshold 
than cellular alterations, and this condition would tend to avoid cytotoxic-
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ity unless animals are required to breath the vapors in high doses. From the 
standpoint of carcinogenicity assessment, the question remains of the sig
nificance of the cellular degeneration, necrosis, and inflammation produced 
by formaldehyde in adequate doses. These are levels that have been ob
served to cause increased cell proliferation (8) and acute degeneration, ne
crosis, and inflammation (9, 10), believed to be critical events in formalde
hyde carcinogenesis. These characteristics of a substance have regulatory 
implications and must be included in the decision process because biochem
ical toxicity patterns vary with the specific chemical as has been pointed 
out. 

In the body, formaldehyde is metabolized and contributes to the for
mate pool. It can enter into the metabolism of one-carbon compounds and 
give rise to methyl groups (II). In vitro preparations of liver enzymes con
vert the aldehyde to formic acid, and the variations of these metabolic 
changes largely involving aldehyde dehydrogenase have been studied in 
detail. Dealkylation of numerous drugs such as codeine, ephedrine, and 
phenacetin yield formaldehyde by the action of the microsomal enzyme 
systems of the liver. 

In addition, formaldehyde is a normal metabolite and enters into the 
chain of biochemical events in humans and other animals to give rise to es
sential cellular substances (12). For these reasons formaldehyde is not con
sidered a toxic cellular component in low concentrations. 

The Scientific Committee of the Food Safety Council devoted 4 years 
to the preparation of a report entitled, "Proposed System for Food Safety 
Assessment" (13). This unique report has been acknowledged as a most de
finitive one in the field of toxicity assessment of food ingredients. The com
mittee's system included the important decision that if a metabolite or a test 
substance proved to be a normal body constituent, it would be considered 
safe, and only the quantity consumed or formed in the body would be an is
sue to be resolved. It appears that formaldehyde meets this decision criterion. 

Insofar as cellular toxic effects are concerned, we are confronted with 
the question of how shall we differentiate occasional low-level exposure to 
formaldehyde versus prolonged occupational exposure? 

Carcinogenic Mechanisms 
Several comprehensive reviews have addressed the question of the genotox-
icity of formaldehyde (9, 10, 14-16). Mutations based on short-term in 
vitro tests have been reported, but not all tests were positive. Although con
flicting results have been obtained, it is not clear whether these changes 
would follow noncytotoxic doses. Can formaldehyde be considered muta
genic or capable of inducing chromosomal aberrations for humans if these 
effects have not been demonstrated in intact mammalian systems following 
inhalation? In other words, is it really a truly genotoxic agent? Therefore, 
as pointed out by Carlborg (17), is linear risk extrapolation justified? Such a 
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low-dose linear risk assessment can be made for truly genotoxic agents that 
operate to damage DNA at subtoxic doses for which no other detectable bi
ological endpoints are observable. 

Epidemiologic Evidence 
Because the primary route of exposure to formaldehyde for humans is 
through inhalation, one might expect the upper respiratory tract to be the 
chief target tissue. By using 14C-labeled formaldehyde in rats, the upper 
respiratory tract has been shown to be the major absorption site (18). In
deed, toxic levels induce squamous cell carcinomas in the nasal cavities of 
rats and mice. 

For these reasons, in exposed populations one might expect to find an 
increased incidence of tumors of the nasal and nasopharyngeal epithelium 
if formaldehyde were carcinogenic to humans. This issue has been reviewed 
by Squire and Cameron (6), and they concluded that nasopharyngeal can
cer is an uncommon disease in the Western world. Case-control and cohort 
studies have been reported by numerous investigators, and two review bod
ies have studied the evidence. The conclusion reached was that although 
formaldehyde gas can be considered carcinogenic for rats, inadequate evi
dence existed to evaluate its carcinogenicity to humans (9, JO). The Federal 
Panel on Formaldehyde (19) concluded that presumption of formaldehyde 
being carcinogenic in humans exists, but lack of information on exposure 
and confounding factors of multiple exposures hampered the interpreta
tion of the data. 

Conclusion 
Certain carcinogenesis studies should be repeated to take into considera
tion the methodology issues now recognized to significantly influence test 
results. With more reasonable and verifiable scientific data, public health 
decisions concerning estimations of risk to humans from ingestive or inhala
tion exposures could be made on a much sounder scientific basis. 

Humans are ingesting, and have always ingested, large amounts of 
many natural substances that might influence cancer risk. Everyone agrees 
that the public ought to be protected from new and additional significant 
environmental risks, but such decisions should be realistic and based on 
sound, agreed-upon scientific data. We cannot afford to make rash deci
sions or decisions by panic that erode public confidence in the regulatory 
process and impose tremendous economic turmoil if the actual benefit to 
public health is disproportionally small. 
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23 
Formaldehyde Risk Analysis 

JOHN J. C L A R Y 
Celanese Corporation, New York, NY 10036 

Formaldehyde is a ubiquitous chemical with widespread use. Po
tential exposure to formaldehyde is possible under many circum
stances. Short-term health effects, like respiratory irritation and 
dermal sensitization, are well documented in humans. Potential 
long-term effect information comes from animal studies. Formal
dehyde is weakly genotoxic in short-term in vitro tests. The major 
concern relates to the finding of nasal cancer in rodents exposed for 
a lifetime to formaldehyde. No evidence suggests any systemic 
health effect or effects at sites remote from the site of contact. Me
tabolism is rapid in both animals and humans as formaldehyde is 
converted to formic acid and then to CO2. The use of mathematical 
models is difficult with the short-term data, although it can be used 
to extrapolate the data from high dose to low dose in the Chemical 
Industry Institute of Toxicology long-term animal studies. The 
most conservative approach in this area is given by a linear model. 
Nonlinear models, however, give a better fit to the data as they in
corporate all the modifying factors. Human data is a good source of 
information on potential short- and long-term health effects. Al
though formaldehyde is an irritant and a sensitizer, epidemiological 
studies to date have shown formaldehyde is not a potent carcinogen 
in humans. However, further work is needed to determine if any 
carcinogenic potential exists. 

F O R M A L D E H Y D E , one of the most commonly misunderstood gases, has 
been produced commercially for approximately 100 years. Originally, it 
was used as an embalming fluid. But today it is used in a variety of different 
applications, such as manufacturing resins for plywood, particle board, 
and insulation; in plastics, cosmetics, and vaccines; and in permanent press 
textiles and paper products (I). 

Formaldehyde is a colorless gas with a very pungent odor. This smell is 
important because the irritant has served as an automatic mechanism to 
keep human exposures low. Formaldehyde is a normal metabolite in hu
mans and, in small quantities, is metabolized rapidly. It is broken down in 
the body by oxidation to formic acid, followed by further oxidation to car
bon dioxide and water. 

0065-2393/85/0210/0341$06.00/0 
© 1985 American Chemical Society 
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Although formaldehyde is manufactured in modern, technological 
production facilities, it is also a natural by-product of smoke and exhaust 
from common, everyday sources such as cigarettes, power plants, and au
tomobiles. To date, a number of estimates have been made concerning for
maldehyde produced from some of these various sources. For example, 
direct emission of 6 million lb per year of total aldehydes from manufactur
ing plants has been reported. However, automobile exhaust contributes 
even more. An estimated 260 million lb per year (in the U.S.) results from 
the direct combustion of automobile fuels, and another 1 billion lb is pro
duced from atmospheric oxidation of exhaust hydrocarbons. Power plants 
are another source. Industrial plants that are fired by coal, oil, and gas 
produce 50 million lb annually, and burning waste material in town and 
village dumps accounts for roughly another 13 million lb per year. 

Although the amounts contributed by these various sources of formal
dehyde (including industrial emissions) seem high to the average person, 
the ambient level of formaldehyde is actually relatively low and in most 
cases averages well below 0.10 ppm. In one study in Los Angeles, ambient 
formaldehyde levels ranged from 0.05 to 0.12 ppm over a course of 26 days. 
The average daily concentration was 0.06 ppm (2). 

Numerous air quality standards have been established and are in the 
process of being revised in the United States and in Europe (3). A summary 
of these outdoor ambient and indoor standards is given in Table I and 
shows that the air standards are quite low, particularly in some European 
countries. Enforcing these standards presents several problems: one is ana-

Table I. Recommended and Promulgated Limits for Exposure to Formaldehyde 

Country or 
Exposure State Limit (ppm) Status 

Outdoor, 
ambient air United States 0.1 (ceiling) recommended0 

New York State 0.0013 (annual avg.) recommended h 

Federal Republic 
of Germany 0.025 (ceiling) promulgated 

USSR 0.008 (ceiling) promulgated 
Indoor air Denmark 0.12 (ceiling) recommended 

The Netherlands 0.1 (ceiling) promulgated 
Sweden 0.1-0.4 (ceiling) recommended 
Federal Republic 

0.1-0.4 (ceiling) 

of Germany 0.1 recommended 
Wisconsin 0.4 promulgated 
Minnesota 0.5 promulgated 
California 0.2 proposed 

aAmerican Industrial Hygiene Association. 
foNew York Air Guide-1 (12/4/81). 
Source: Reproduced from Ref. 3. 
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lytical; another is the broader problem of energy conservation and the 
number of air exchanges in the home. 

The purpose of this chapter is to review all available key health effects 
data on formaldehyde and to put this information in some sort of perspec
tive as it relates to human risk. Defining human risk is the bottom line of 
any worthwhile testing program. In the case of formaldehyde, the Chemi
cal Industry Institute of Toxicology (CUT) has done work that ties key ob
servations together and makes them more useful in defining risk. 

Exposure 
Blade, in 1982, reviewed five sampling and analytical methods for formal
dehyde evaluated by the National Institute of Occupational Safety and 
Health (NIOSH) (4). These included the Draeger detector tube, a C E A 
instrument model 555 direct-reading ambient air monitor, a midget im-
pinger system containing 1 % aqueous sodium bisulfite (followed by colori-
metric analysis by the chromotropic acid), a charcoal-filled tube, and fi
nally, a coated chromosorb 102R tube. In the last two cases, determination 
was made by desorbed formaldehyde, followed by gas chromatography 
(GG). The first three methods were primarily for area sampling, whereas 
the last two could be used both for areas and personal sampling. Advan
tages and disadvantages were discussed. The coated chromosorb 102R 
tubes were favored by NIOSH because the method was specific for formal
dehyde and the sample stability was less of a problem with this method. 
The exposure panel of the National Center for Toxicological Research 
(NCTR) "Consensus Workshop on Formaldehyde" also reviewed analyti
cal methods. 

Acute Human Effects 
Humans first sense the presence of formaldehyde by its odor or detection 
threshold. This response is followed by sensory irritation of the eyes, nose, 
and throat as the airborne concentration increases. Identification of the 
level of odor that is first detected is extremely difficult because it depends 
largely on the test environment. Sensory irritation in humans has been re
ported at levels as low as 0.25 ppm of formaldehyde in controlled-environ-
ment chamber studies, whereas under more normal (standard) conditions, 
levels of 1 ppm are linked to sensory irritation in humans. Table II lists 
some of the sensory irritation responses reported in the literature. 

The first study to report eye, nose, and throat irritation in conjunction 
with airborne measurements of formaldehyde was conducted in 1955 by 
Ettinger and Jeremias (5). Formaldehyde levels ranged from 1 to 11 ppm. 
The population studied worked with fabric treated with formaldehyde 
resin. 

Table II shows additional similar data. This information was taken 
from the NIOSH criteria document (J) and is arranged chronologically. 
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Table II. Airborne Formaldehyde and Sensory Irritation in Humans 

Concentration Duration of 
(ppm of HCHO) Exposure Responses 

1-11 8 h/day eye, nose, and throat irritation (5) 
13.8 30 min nose and eye irritation subsiding after 10 min 

in chamber ( 6) 
0.13-0.45 ? temporary eye and upper respiratory tract ir

ritation ( 7) 
16-30 8 h/day eye and throat irritation and skin reaction (8) 
0.9-1.6 8 h/day itching eyes, dry and sore throats, disturbed 

sleep, and unusual thirst upon awakening 
in the morning ( 9) 

0.3-2.7 8 h/day annoying odor, constant prickling irritation 
of the mucous membranes, disturbed sleep, 
thirst, and heavy tearing (JO) 

0.09-5.26 
(with parafor l h eye and upper respiratory irritation (lessened 
maldehyde) during the day) (JJ) 

0.9-3.3 l h mild eye irritation and objectionable odor 
(12) 

0.9-2.7 l h tearing of eyes and irritation of nasal passages 
and throat (irritant effects were greatest at 
very beginning of workday and after lunch) 
(13) 

2.1-8.9, 0.5-3.3 daily increased occurrence of upper respiratory irri
tation (14, 15) 

3 ? irritation of the conjuctiva, nasopharynx, and 
skin (17) 

The most current information tends to be more realistic as analytic meth
odology as well as study designs have improved since the early studies (5-
17). 

The fact that formaldehyde causes contact dermatitis following high-
level skin exposure, primarily from occupational exposures, is well docu
mented. However, low-level exposure, from formaldehyde's use in cosmet
ics and other consumer products, usually does not present a problem as 
only a few very sensitive individuals respond to this type of exposure (18). 

Dermal sensitization from formaldehyde skin contact has been re
ported in many industries. The rates of dermal or contact sensitization have 
been reported to be between 4-6% of the work population (J9). Respira
tory sensitization has only been documented in one case (20). 

Some individuals may be hypersensitive to formaldehyde, that is, they 
will respond to formaldehyde by showing dermal irritation or irritation of 
the eyes, nose, and throat at lower levels than a normal individual. The 
percentage of hypersensitive individuals in the population is unknown. 
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Genotoxicity 
Mutagen tests can be divided into two categories: in vitro and in vivo. Of 
the in vitro tests, formaldehyde has shown genetic activity in E. colt, Sac-
charomyces, mouse lymphoma, Chinese hamster ovaries, sister chromatid 
exchange, unscheduled DNA repair, Neurospora, Aspergillus, Salmonella, 
and unscheduled DNA synthesis. In addition, formaldehyde has shown ge
netic activity in the Ames test, which is reported to be the best evaluated of 
any of these tests as it relates to carcinogenicity (21). However, formalde
hyde has not shown genetic activity in chromosomal aberration. 

Of the in vivo tests, the Drosophila test was positive. In two dominant 
lethal tests the results were mixed: one was negative and the other was posi
tive. A positive finding for sister chromatid exchange at airborne levels 
greater than 25 ppm was reported, but two mouse spot tests were negative 
(21). In general, the in vivo mutagen results are unclear. From a metabolic 
point of view, high levels of formaldehyde are unlikely to reach the target 
site, so the negative results are expected. 

Teratogenicity-Reproduction 
Formaldehyde has been evaluated in several test systems for potential tera
togenic response. The results of two inhalation studies in rats (22, 23) indi
cate no teratogenic response at a low-level exposure, but fetal or maternal 
toxicity is suggested. Both studies are somewhat lacking in detail and thus 
make complete assessment difficult. Several studies using the oral route 
have also been done. Hurdi and Ohder (24) studied the effect of formalde
hyde on reproduction in beagle dogs. They used either hexamethylenete-
tramine (HMT), a material that breaks down to formaldehyde in the body, 
or formaldehyde itself, at levels of 125 or 375 ppm between day 4 and day 
56 of gestation. They concluded that no increase in malformations oc
curred. However, the animals were allowed to deliver, and no specific at
tempt was made to look for malformation in the offspring prior to delivery. 

The most recent study, by Marks et al. (25), used albino mice incu
bated with 1 % aqueous formaldehyde levels of 0, 74, 148, and 185 mg/kg/ 
day on days 6 through 15 of gestation. Formaldehyde treatment did not 
result in any malformations, as seen in Table III, although fewer total lit
ters and pups were produced at the high dose because of mortality to the 
dams due to formaldehyde. No animal tests to date show any teratogenic 
response following exposure to formaldehyde. 

Cancer 
The carcinogenic potential of formaldehyde has been investigated and re
ported in several recent studies. The most complete is one by C U T (26). In 
this study, 240 rats and mice, divided evenly between male and female, 
were exposed by inhaling 15, 6, or 2 ppm of formaldehyde for 6 h/day, 5 
days/week, for 2 years. When some animals were sacrificed at 6-, 12-, and 
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Table III. Effect of Formaldehyde on the Incidence of Malformed Mouse 
Fetuses 

Dose (mg/kg/day) 

Description 0 (Control) 74 148 185 

No. of fetuses examined 
externally 832 311 336 83 

No. of fetuses with external 
malformations 3 3 0 1 

No. of litters containing fetuses 
with external malformations 3 3 0 1 

No. of fetuses examined 
viscerally 315 113 119 33 

No. of fetuses with visceral 
malformations 0 0 1 0 

No. of litters containing fetuses 
with visceral malformations 0 0 1 0 

No. of fetuses examined 
skeletally 832 311 336 83 

No. of fetuses with skeletal 
malformations 0 1 1 0 

No. of litters containing fetuses 
with skeletal malformations 0 1 1 0 

Total no. of malformed fetuses 3 4 2 1 
Total no. of litters with 

malformed fetuses 3 4 2 1 
Average percent of malformed 

fetuses 0.4 1.3 1.2 1.0 

Source: Reproduced with permission from Ref. 41. Copyright 1983 Hemisphere Publish
ing Corp. 

18-month periods, examination showed histological changes in the nasal 
epithelium at high formaldehyde exposure levels, primarily described as 
metaplasia (replacement of one cell type by another). Hyperplasia (build
ing up of cells) was noted by the 12th month in rats exposed to 15 ppm. By 
the 13th or 14th month, the first squamous cell carcinoma in a rat's nasal 
cavity was seen. When the study was terminated after 2 years, two squa
mous cell carcinomas were found in the mice exposed to 15 ppm of formal
dehyde, and two were found in the rat exposed to 6 ppm. Only the inci
dence of nasal squamous cell carcinoma in rats exposed to 15 ppm was 
statistically significant. The observations at 6 ppm in the rat and 15 ppm in 
the mouse have to be considered of biological significance. The finding of 
nasal cancers in rats at the high exposure level, at which a 45% incident 
rate was noted, was of great interest. First, 15 ppm of formaldehyde leads 
to significant tissue destruction. Additional C U T research indicates that 
exposure to 15 ppm of formaldehyde yields rapid cell turnover in the nasal 
cavity of rats and mice, mainly because of the destructive nature of such a 
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high level of formaldehyde. The rapid cell turnover results in overcoming 
of the DNA repair mechanisms. This type of activity (promotion) could be 
considered a primary mechanism of the formaldehyde action, and is not 
seen at low concentrations. 

A second inhalation study was done by New York University (NYU) 
and used rats at exposures of 14 ppm. The results were similar to C U T 
results with respect to cancer production (27). Other studies in mice and 
hamsters have shown no increases in the incidence of cancer (28). 

Mechanism 
These studies indicate that the carcinogenic response to formaldehyde var
ies from species to species. Where cancer is observed it is seen only at the 
site of first contact, and can be related to delivered dose. Interestingly, no 
evidence suggests any systemic effect from formaldehyde exposure. This 
finding is not unexpected because, as discussed earlier, formaldehyde is a 
normal metabolite both in animals and humans (29). In small quantities it 
is rapidly metabolized via oxidation to formic acid and then to CO2 and 
water. Several enzymes are capable of breaking down formaldehyde to 
C 0 2 and water. Formaldehyde is also incorporated in thymine, purines, 
and amino acids. With respect to the rodents that developed cancer in the 
laboratory tests, cancer was produced only at the site of contact in these 
rodents, and this result may be related to both the promotion activity as 
well as the reactivity of formaldehyde as an electrophile. This reactivity 
leads to the formation of adducts with nucleic acids and proteins, especially 
at high concentrations. 

The data from the C U T study have been used in different mathemati
cal models to predict carcinogenic response at low exposure levels in rats. 
These predictions apply only to the rat; the mouse data cannot be used be
cause only two animals showed a response at 15 ppm. If humans were simi
lar to rats, extrapolation would perhaps have some value; if humans were 
similar to mice, extrapolation would be practically meaningless. Moreover, 
humans are not obligatory nose breathers like rodents. 

Table IV shows that when most of the standard mathematical extrap
olation models are used (probit, logit, multihit, Weibull, and multistage), 
a concentration of 1 ppm of formaldehyde is necessary to produce one tu
mor in 100,000 rats. The linear model gave a response quite different from 
the other models and is not supported by mechanistic information. Taking 
this extrapolation a step further and looking at the formaldehyde level nec
essary to produce one tumor in 100,000,000 rats (equivalent in humans to 
2.3 tumors in the whole U.S. population if humans are similar to rats), one 
finds that the predicted formaldehyde level necessary to produce a response 
is well above the normal ambient air level found in the United States (Table 
IV). 

Many factors must be considered in discussing the mechanism for for-
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Table IV. Formaldehyde Risk Estimation for Tumors in 
Rats 

Formaldehyde (ppm) 

Model 1:100,000 Risk 1:100,000,000 Risk 

Probit 2.3 1.3 
Logit 1.1 0.22 
Multihit 1.7 0.58 
Weibull 0.98 0.17 
Multistage 0.98 0.17 
Linear 5.5 Χ 10" 3 5.5 Χ 10" 6 

Source: Reproduced with permission from Ref. 41. Copyright 
1983 Hemisphere Publishing Corp. 

m aldehyde action. Is concentration more important than total dose? Is the 
rat a good model for humans? Is formaldehyde acting as a tumor promoter 
or as a complete carcinogen? Because of the genotoxic nature of formalde
hyde, one must assume that it has some potential to be an initiator. How
ever, it behaves more like a nongenotoxic agent because serious tissue dam
age is needed before any cancer is seen. Recent evidence generated by C U T 
in the area of mucociliary function, DNA adduct formation, and cell pro
liferation supports the concept of nonlinear response at low doses. This re
sponse can be related to the delivered dose. 

In the C U T study a great difference was found in the response be
tween the rat and the mouse. This finding can be partially explained by the 
difference in each species' respiratory rates, the effect of irritants, and the 
comparable dose in micrograms per square centimeter of nasal area (30). 
For example, rats have a 10-20 % reduction in minute volume, whereas the 
mouse reduction is 70 % at 15 ppm. Because of this disparity and the differ
ence in surface areas, etc., the average exposure at 15 ppm to a mouse is 
approximately one-half that of the rat. Or, in other words, the mouse's 
response would be equivalent to approximately one-half of a dose, or 6 
ppm in the rat. One look at the test responses between the two species indi
cates this situation is indeed what occurred. However, the important thing 
to focus on here is actual dose at the target organ. This concept is becoming 
increasingly important as more is understood about this area. At very low 
levels of formaldehyde, the nasal mucociliary apparatus performs a vital 
protective function that changes the response, or at least gives a practical 
threshold, for formaldehyde exposure in the rat. The mucous layer is pri
marily water, but it does contain glycoproteins, proteins, and salts, as well 
as other materials. Formaldehyde can readily react with the proteins in this 
mixture. 

C U T has demonstrated the effect of low levels of formaldehyde expo
sure on mucociliary function (32). The first thing seen as the exposure in-
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creases is the reduction of the mucus flow rate; this reduction is eventually 
followed by a thickening of the mucus and a cessation of the ciliary motion 
that moves the mucus along. This response is correlated, to some degree, 
with the earlier reported decrease in mucus flow rates occurring in humans 
exposed to concentrations as high as 1.6 ppm. At concentrations greater 
than 5 ppm in rats an initial stimulation of the mucus flow occurs, but 
eventually a thickening and then a cessation takes place, even in the ciliary 
function. In animals exposed to concentrations less than 0.5 ppm, no effect 
on mucociliary function was seen. At levels around 2 ppm, only small areas 
of cilia are affected, and at 6 ppm, focal effects on the whole mucociliary 
apparatus can be seen. At 15 ppm, complete cessation occurs. This protec
tive mechanism is very effective at low concentrations and actually results 
in no formaldehyde reaching the target cell because of the reaction with the 
protein of the material, the mucus, and the sweeping action of the cilia to 
clear the potential target cells. However, once this mechanism is saturated, 
formaldehyde can reach the target cells. This result, then, is a demonstra
tion of the delivered dose. 

This protective mechanism is extremely important. The effectiveness 
of this mechanism is further demonstrated by the work of Heck from C U T 
(30-31) in which he measured DNA covalent binding. The amount of DNA 
and protein reacting with formaldehyde was significantly increased at 6, 
15, and 30 ppm of formaldehyde. However, the amount of formaldehyde 
covalently bound to DNA at low levels, 0.3 and 2 ppm, was 10 times lower 
than the cross-linking at 6 ppm. This dose-response data shows a sharp de
parture from linearity at 6 ppm and below. This break or decrease in re
sponse correlates extremely well in the mucociliary clearance mechanisms. 
Essentially, what appears to be happening is that the mucus and ciliary 
action is protecting to some degree the animal up to approximately 6 ppm. 
At higher levels, this protective mechanism tends to be completely 
swamped, but at lower levels it prevents formaldehyde from getting to the 
target tissue. This result gets into the very important concept of the deliv
ered dose versus the administered dose. The delivered dose is the amount 
that actually reaches the target cell. The administered dose is the amount 
of material that is in the air. 

Swenberg has shown some surprising results with cell proliferation fol
lowing formaldehyde exposure. Effects have been seen as low as 0.5 ppm. 
This increase in cell proliferation is very transient and returns to normal 
even though exposures continue. However, at concentrations greater than 
6 ppm a continued evolution of cell proliferation occurs. One might specu
late that the first exposure results in cell proliferation and, therefore, a pos
sibility for DNA binding (initiation?). Continued cell proliferation such as 
that seen at 6 ppm and greater is needed to get promotion and the carcino
genic response. These changes between 2 and 6 ppm in regard to cell prolif
eration are quite dramatic. Although this increase is only threefold in terms 
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of the administered dose in 1 day, the first day when a transient response at 
both 2 and 6 ppm occurs, an eightfold difference in the proliferative rate is 
seen. By 3 days the difference in proliferative rate in animals exposed at 2 
or 6 ppm of formaldehyde is 35-fold. 

Chronic Inhalation 
A study of rats, hamsters, and monkeys done by the Formaldehyde Insti
tute (32) had the following objectives: to determine if any adverse effect 
from low-level, near-continuous exposure to formaldehyde occurs; to de
termine the existence and degree of any dose response from exposure to for
maldehyde; to obtain input data suitable for extrapolation models; and to 
determine if any demonstrable species' response differences to formalde
hyde exposure occur between the tested species. The animals were exposed 
by inhalation at four levels (0, 0.2, 1, and 3 ppm) for 22 h/day, 7 days/ 
week, for 6 months. At each exposure level, 20 hamsters (10 male, 10 fe
male), 40 rats (20 male, 20 female), and 6 male monkeys were used. 

The only treatment-related effect on body weight was in the rat at 3 
ppm. In this rat some visible indication of irritation was also present, 
whereas at the lower levels no compound-related effects were seen. In the 
monkey, nasal discharge and a hoarseness were observed at 3 ppm, but not 
at 1 ppm. In the hamster, no visible signs of a treatment-related response 
were seen at any level. 

Histopathological examination indicated the nasal cavity was the only 
tissue showing a treatment-related effect. The effect seen was squamous 
cell metaplasia in rats and monkeys at 3 ppm. No effects were seen at 1 ppm 
or lower exposures in these two species; this result suggested a threshold. 

The rat appears to be the most sensitive species of the three studied at 3 
ppm, as indicated by its body weight changes as well as by histological 
changes in the nasal cavity classified as metaplasia. The monkey showed an 
intermediate response at 3 ppm of metaplasia in the nasal cavity and nasal 
discharge. The hamster showed no adverse effect at any level investigated. 
Because these studies were designed as continuous low-level exposures for 6 
months, no judgment can be made about carcinogenic potential, although 
some interesting observations can be made about low-level continuous 
exposure. 

Nearly continuous exposure to all levels of formaldehyde does not ap
pear to offer any severe adverse health effects such as irreversible organ 
damage. Formaldehyde-induced metaplasia, following high-level expo
sure, has been shown to be reversible by Schreiber et al. (33) and C U T 
(35). The systemic effects indicated in the test rats are, at this stage, ill-
defined and could also be reversible on cessation of exposure. One of the 
key response differences between the species appears to be metaplasia, and 
this phenomenon merits some additional discussion. Table V shows differ
ences in species' response to formaldehyde and compares concentration 
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Table V . Effect of Airborne Concentration of Formaldehyde on Metaplasia in the Nasal 
Cavity 

Species 
Concentration 

(ppm) Time 

Concentration 
X Time 
(ppm-h) Effect? 

Rats 1 22 h/day, 7 days/week for 6 months 4001 N M 
2 6 h/day, 5 days/week for 10 months 4600 M 
3 22 h/day, 7 days/week for 6 months 12,012 M 
6 6 h/day, 5 days/week for 10 months 14,010 M 

15 6 h/day, 5 days/week for 1 week 450 M 
Mice 2 6 h/day, 5 days/week for 18 months 4680 N M 

6 6 h/day, 5 days/week for 18 months 14,040 M 
15 6 h/day, 5 days/week for 18 months 35,100 M 

°NM indicates no metaplasia; M indicates metaplasia. 
Source: Reproduced with permission from Ref. 41. Copyright 1983 Hemisphere Publish

ing Corp. 

versus total dose in the Formaldehyde Institute study and the C U T study. 
The total dose per week is calculated by multiplying the concentration with 
the total time of exposure per week (ppm-h). The rat data in Table V in
clude exposure concentrations from 1 to 15 ppm. If one looks at the concen
tration effect, metaplasia is seen at 2 ppm and above. But if one looks at the 
total dose (concentration X time), no correlation with metaplasia is seen. 
This result suggests that concentration is much more important than total 
dose in producing metaplasia and any other chronic response. As shown in 
Table V , concentrations in the mouse study ranged from 2 to 15 ppm. 
Metaplasia was not seen in the mouse except at levels greater than 6 ppm. 

In addition to the data in Table V, C U T recently conducted a study 
(36) in which total exposure was compared to concentration or length of 
exposure. Animals were exposed at 3 ppm for 12 h, 6 ppm for 6 h, or 12 
ppm for 3 h. Table VI shows the cell turnover rate in rats exposed under 
these various regimens. Level A responses appear to be very similar, but 
level Β responses show a very significant difference, varying with concen
trations—not the total exposure. Although this response may mean more to 
a pathologist, I think the 3-ppm animals look considerably different from 
the 12-ppm animals and, if anything, look more similar to the controls. 

This type of data strongly indicates that concentration is much more 
important than accumulated dose. An accurate measurement of the con
centration in the air becomes even more important for material of this na
ture. 

Other important points to consider are the following: First, unlike 
rats, humans are not obligatory nose breathers, that is, they tend to breathe 
through their noses at high concentrations. Second, and equally critical, is 
the irritating nature of formaldehyde exposure. Tearing of the eyes, in
creased mucus flow, etc. are warnings of overexposure. Humans tend to 
avoid situations that are irritating. 
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Table VI. Effect of Formaldehyde Concentration Versus Cumulative Exposure 
on Cell Turnover in Rats 

% Labeled Cells 

Level A Level Β 

Exposure 3 days 3 days 10 days 

Control 
3 ppm X 12 h 
6 ppm X 6 h 

12 ppm X 3 h 

3.0 ± 1.6 
17.0 ± 1.5 
15.5 ± 10.0 
16.5 ± 2.1 

0.54 ± 0.03 
1.73 ± 0.63 
3.07 ± 1.09 
9.00 ± 0.88 

0.26 ± 0.02 
0.49 ± 0.19 
0.53 ± 0.20 
1.73 ± 0.65 

Note: All percents are mean values ± standard error. Level A refers to sections from the 
anterior portion of the nasal passages that have minimal mucociliary function. Level Β sec
tions were taken from the central portion of the respiratory epithelium. 

Source: Reproduced with permission from Ref. 41. Copyright 1983 Hemisphere Publish
ing Corp. 

Extra caution should be taken when using mathematical models to 
predict a response in humans because these models are, in a sense, an ex
trapolation of animal data from an area of known exposure to a lower area 
for which no actual data is available (34). Then this extrapolation is taken 
one step further and is applied to humans. 

Human data play a key part in risk analysis of both the short- and 
long-term effects. Irritation has been the base of the American Conference 
of Governmental Industrial Hygienists (ACGIH) for establishing formalde
hyde threshold limit values (TLV) in the past (35). By establishing levels 
that minimize the acute response, chronic effects have been prevented in 
humans. This lack of chronic effects has been established in studies of for
maldehyde-exposed workers (35). 

Epidemiology 
A number of studies on formaldehyde in the workplace have examined can
cer rates (36-39). As might be suspected in many of these smaller studies, 
decreases in certain types of cancer and increases in others were found. Bas
ically, most of these studies demonstrate no clear-cut formaldehyde-related 
effects and no pattern of response, that is, no increase in any particular 
type of cancer in any of the studies. Two studies perhaps stand out above 
the rest. One was done by Du Pont (40) and examined eight plants having 
493 cancer cases of individuals exposed to formaldehyde. This group was 
matched with an equal number or employees not exposed to formaldehyde. 
The report concluded that formaldehyde exposure did not result in any sig
nificantly greater risk of cancer in any organs. Although the data are lim
ited, the study was well conducted and many comparisons were made. 

A more powerful study was done in the United Kingdom by Acheson 
and focuses on 17,000 workers exposed to formaldehyde since the early 
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1940s. The preliminary results of this study were recently reported at a con
ference at Oxford in July 1983. They show one plant at which a slight excess 
of respiratory cancer was found when compared to the national rate. How
ever, when compared to the local rate, no excess was found, and more im
portantly, as of this date, smoking histories have not been examined in the 
study. In both the Du Pont and Acheson studies, as well as the other studies 
conducted, no nasal cancers were seen, and no cancerous effects that could 
be related to formaldehyde exposure were demonstrated. 

Currently, an additional study is underway that merits some com
ment. This study is being conducted by the National Cancer Institute in 
cooperation with the Formaldehyde Institute and covers more than 30,000 
workers. When complete, this study should be the most comprehensive 
evaluation of formaldehyde exposure possible. No information is available 
currently on the status of this study and none is expected until later in 1985. 
But some encouragement can be taken from the smaller studies that show 
formaldehyde is not a potent carcinogen in humans. 

When one looks at all the epidemiologic evidence and the concerns 
generated by some excess of brain cancer and leukemia in professional peo
ple, that is, pathologists, etc., one should go back and look at mechanisms. 
The work by Heck suggests that formaldehyde does not cause a measurable 
increase in formaldehyde in the blood following exposure, both in humans 
and in rats. His work has also demonstrated that formaldehyde, when 
given in radioactive form, is found in the bone marrow strictly from incor
poration of the formaldehyde metabolite. No covalent binding indicates 
14C-formaldehyde itself does not reach the bone marrow. Both these facts 
suggest that formaldehyde does not get to distant sites, but reacts at the site 
of contact. This information strongly supports the idea that the brain can
cer and leukemia are probably due to something that might be associated 
with the work done by certain professional classes, but it cannot be associ
ated directly with formaldehyde. One would also have to strongly consider 
the diagnostic bias in the professional group as compared to industrial 
workers. Workers in an industrial setting probably had higher exposure 
than the professional group to formaldehyde. Dose response is still a key 
part of evaluation of any potential response. For these reasons it is difficult 
to believe that the excess brain cancer and leukemia response seen in this 
professional group is due to formaldehyde exposure. 
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Formaldehyde: Refining the Risk 
Assessment 

JOHN A. T O D H U N T E R 
Todhunter Associates, 918 16th Street, N . W . , Washington, D C 20006 

Formaldehyde presents better than normal case material for risk as
sessment. The design of the bioassay conducted at the Chemical In
dustry Institute of Toxicology and the number of supporting studies 
available allow the risk assessor to dissect this case well. Analysis of 
the various factors involved in this risk assessment suggests the fol
lowing: (1) Although a scientifically sound basis for routinely mak
ing interspecies conversions of unit dosages on the basis of the two— 
thirds power of body weight does not exist, in the specific case of 
formaldehyde this basis appears to be the most biologically sound. 
Specific differences between rats and humans suggest, however, 
that on such a basis the effective exposure to rats and humans may 
be quite similar at a given ambient level of formaldehyde gas. (2) 
The dose response for formaldehyde-related risk is markedly non
-linear and therefore does not appear to be a biologically sound basis 
for the use of linear or linear-constrained low-dose extrapolation 
models for formaldehyde-related risk. (3) Formaldehyde is most 
likely to be a local-acting carcinogen. (4) Biological considerations 
suggest that a practical threshold exists for increased risk due to 
formaldehyde exposures. (5) Apparently a linear correction for ex
posure duration, in units of fractional lifetime exposure, can be 
used to compare exposures of different lengths, but it is likely to 
significantly overstate the level of risk associated with exposures of 
circa 100-fold less than lifetime or shorter. (6) The mean estimates 
of low-dose risk from the multistage, Weibull, and logit models in
dicate that the nonthreshold estimated risks associated with human 
exposures are in the 10-6 range or lower as lifetime risks. 

I N L A T E 1980, preliminary results of a Chemical Industry Institute of Tox
icology (CUT) inhalation bioassay revealed that formaldehyde was carcin
ogenic in the rat by this route (i). This observation was subsequently re
peated at New York University (NYU) in a different strain of rat (2). A 
number of previous studies had not provided any clear evidence of carcino
genic activity by other routes (3-7), although Watanabe et al. (3) did ob-

0065-2393/85/0210/0357$06.00/0 
© 1985 American Chemical Society 
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serve local sarcomas at the site of multiple injections of formalin, and Muel
ler et al. (6) reported lesions with the suggestion of carcinoma in situ on the 
oral mucosa of rabbits exposed to formalin via an oral "soak tank." Meth
odological uncertainties precluded the use of either of these two studies as 
evidence for a carcinogenic potential of formaldehyde. Epidemiological 
studies (8-11), although limited in size, have not provided any evidence of 
a carcinogenic effect of observable magnitude in humans exposed to levels 
of formaldehyde in excess of 1 ppm as a result of occupational exposure. 

Formaldehyde provides excellent material for a case study in risk as
sessment. The C U T bioassay employed a three-dose design that allows for 
more meaningful analysis of the shape of the dose-response curve than is 
possible with the usual bioassay design that employs the maximum toler
ated dose (MTD) and only one other, intermediate, level of exposure (12). 
The C U T design also included a number of interim sacrifices that allow for 
the use of low-dose extrapolation models that are time as well as dose de
pendent (time-dependent models, however, are not used in the present as
sessment). In addition to these improvements in the bioassay design, the 
amount of biochemical and physiological data on formaldehyde is large. 
This abundance of data allows the assessor to dissect the toxic effects of 
formaldehyde and to interpret the dose-response curve in more detail than 
is usually possible (12). 

Because risk assessment is usually seen as a "black box" process, the 
National Research Council (NRC) has recommended that risk assessments 
be explicitly laid out for peer review and that the "inference options" im
plicit in a risk assessment be clearly identified and the choices made be ex
plained (13). The present case study is an attempt to put those recommen
dations into practice. 

In any risk assessment, a variety of factors must be considered if the 
resulting estimates of risk are to be meaningful. For the present assessment 
the following factors were seen as relevant: confidence in the bioassay, site 
of action of formaldehyde, cellular formaldehyde metabolism, pharmaco
dynamic considerations, DNA repair and detoxification processes, effects 
of cytoxicity on tumor response, consideration of threshold processes, rat-
to-human scaling, rat and human sensitivity, choice of extrapolation 
model, duration of exposure, and time-to-tumor effects. Several of these 
factors are interrelated, and the discussion that follows is not laid out 
strictly by these factors. 

Synopsis of the CUT Bioassay 
The choice of study for the extrapolation of low-dose risk is the first critical 
point in a risk assessment. The C U T bioassay used ambient air exposures to 
2.1, 5.6, and 14.3 ppm of formaldehyde in addition to a control group. 
Both rats (Fisher-344) and mice (B6C3F1) were exposed. Interim sacrifices 
at 6, 12, and 18 months were scheduled with a final sacrifice at 24 months. 
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The design of the bioassay was such that the rats were exposed intermit
tently (6 h/day for 5 days/week). This design results in an aggregate of 3120 
exposure hours out of the normal (ca. 25,000 h) rat lifetime and requires an 
adjustment if the risks derived are to be expressed as for complete lifetime 
exposure. This adjustment is done here on the basis of cumulative dose even 
though C U T data indicate that cumulative dose may overestimate risk 
from formaldehyde when compared to dosing rate as the basis for adjust
ment (14). 

The NYU study is not used here as a basis for risk assessment because it 
used too few exposure levels to allow for meaningful analysis of the shape of 
the dose-response curve. Combination of the NYU and C U T incidence 
data is precluded because the NYU study used a different strain of rat 
(Sprague-Dawley) that may show a different level of response than the 
Fisher-344 rat at equal exposures. 

The C U T study has been thoroughly reviewed (14, 15) and is estab
lished as a valid bioassay for the inhalation carcinogenicity of formalde
hyde gas. 

Incidences of tumors in the C U T rats are given in Table I. The table 
includes some animals sacrificed at 18 months and some that died or were 
terminated between 18 and 24 months and therefore represents a slightly 
reduced population at risk at 24 months. In Table I, also, carcinomas of 
different types and sarcomas are pooled to maximize treatment-related ef
fects. The incidence data in Table I form the basis for the low-dose extrapo
lations that are presented later. Polyploid adenomas were observed in all 
groups, including controls, and were neither clearly treatment related nor 
clearly precancerous. Even when adenomas or other benign lesions do 
progress to malignancy, the efficiency of the process is very low and vari
able (15); therefore, benign neoplasms cannot properly be pooled with ma
lignancies for purposes of risk estimation. 

Mice in the C U T study did not develop nasal tumors at any exposure 
level in significant excess of controls. Nasal tumors in rodents appear to be 
quite rare as a spontaneous lesion, and so the low incidence seen in the mice 
given the highest dose is biologically significant, even though it is not statis
tically significant. 

Table I. Incidences of Tumors in the Fischer-344 Rat in the 
CUT Bioassay (Both Sexes, All Malignancies) 

Exposure (ppm) Response Incidence 

0 0/232 0 
2.1 0/236 0 
5.6 2/235 0.0085 

14.3 106/232 0.457 

NOTE: Data are given as animals with tumors per number of ani
mals with nasal cavities examined. 
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Quantitative Risk Assessment 
Risk-Exposure Curves. The relationship between exposure and a 

toxic effect such as carcinogenic response is determined by a risk-exposure 
curve (or a dose-response curve). The difference between a dose-response 
curve and a risk-exposure curve is that the dose-response curve represents a 
fit to the observed-response data as a function of dose (or exposure), 
whereas the risk-exposure curve is the extrapolation of the dose-response 
curve to domains of exposure lower than those within which observable 
response occurs. For most toxic end points, the dose-response curve does 
not appear to show a response greater than zero until some "threshold" 
dose, greater than a zero dose, is reached. For a carcinogenic end point a 
population threshold dose is generally difficult to define, although for 
many types of carcinogens a threshold is theoretically expected (16, 17). 
Accordingly, the usual practice is to construct a risk-exposure curve for a 
carcinogenic effect by use of any of several available extrapolation models 
(16). No sound basis is apparent in experimental data for generally prefer
ring one model over another (12,16). The construction and interpretation 
of a set of risk-exposure curves require a variety of explicit and implicit 
assumptions. Those that are explicit in the present case are dealt with in 
this section. Those that are implicit are dealt with in the following section. 

Figure 1 shows the risk-exposure curves generated by application of 
the multistage, Weibull, and logit models to the C U T tumor incidence 
data of Table I. Observed tumor responses are shown on the figure. The 
C U T data show a very nonlinear dose-response curve, and a number of 
linear model forms did not provide a good fit to the data. For reasons dis
cussed in the following section, this nonlinear response appears to be a re
flection of the way in which formaldehyde gas is delivered to and interacts 
with target tissues in an exposed organism. This observation indicates that 
appropriate models for extrapolation must be drawn from among those 
that are not constrained to linearity. 

Of the models that fitted the data well, the multistage (Curve A) gave 
the most "conservative" risk-exposure function (i.e., the highest extrapo
lated risk at any given exposure). The multistage model's 95% confidence 
limits (the "linearized" multistage model) gave a particularly inappro
priate function (Curve AU). The other models fitted the actual C U T data 
better and generated functions that were consistent with each other 
(Curves Β and C). The 95% upper confidence limits also fitted well and 
were consistent with each other (Curves BU and CU). Curves B, C, BU and 
C U gave lower estimates of risk at any given dose than Curves A and A U . 

No one model of those shown is "best" (12), and, therefore, the esti
mates presented in this analysis are based on a mean of the estimates pro
vided by all three models in their respective maximum likelihood forms 
(Curves A, Β and C). By definition, the probability that the "true" risk lies 
at the 95 % upper confidence limit is low relative to the probability that it 
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L O G E(ppM) 

Figure 1. Risk-exposure curves derived from the CUT rat bioassay results by 
application of four extrapolation models. The curves shown were generated 
by use of the multistage (A), Weibull (B) and logit (C) models. Curves AU, 
BU and CU are the respective 95 % upper confidence limits on the models 
used. The models were applied by use of the GLOBAL 79 and RISK 81 pro
grams, and the results shown are those obtained by EPA's Office of Toxic 

Substances Epidemiology Branch for the CUT data. 

lies at or near the maximum likelihood value. Similarly, the "true" risk ly
ing at the 95 % lower confidence limit is equally probable to it lying at the 
upper confidence limit. Accordingly, the use of risk estimates derived from 
the upper confidence bounds creates a distorted impression of what is most 
probable with respect to risk and is avoided here. A composite curve, fitted 
to the mean of estimates from each of the four models at various exposures, 
is shown in Figure 2. This composite curve is used for subsequent deriva
tion of risk estimates. The curve shown has been adjusted to reflect risk 
from a full lifetime exposure in a rat (as discussed in the following para
graph) . The curve has not been drawn on an exposure scaled for the differ
ences between rats and humans with regard to effective formaldehyde dose 
and is thus directly applicable to only rats as shown. 

Adjustment for Lifetime Exposure. As discussed earlier, the C U T as
say design involved an intermittent exposure for an aggregate less than full 
lifetime exposure. This design requires that the risk estimates derived from 
the C U T data be adjusted to reflect the risk that would be posed by a full 
lifetime of exposure (24 h/day for life). This adjustment can be done on the 
basis of cumulative exposure (14) expressed as total exposure hours as a 
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L O G Ε (PPM) 

Figure 2. Risk-exposure relationship for formaldehyde in rats based on the 
CUT bioassay data derived from the mean of estimates from four models and 
adjusted for a lifetime cumulative dose. Curve M is the mean of the estimates 
from the multistage, Weibull, logit, and gamma-multihit models. Curve MU 

is the mean upper confidence limit at the 95 % level. 

fraction of possible lifetime exposure hours. This quantity is the fractional 
lifetime exposure, / . Swenberg et al. (18) have pointed out that the dosing 
rate may be more dominant for exposures to formaldehyde than the cumu
lative dose. The use of the fractional lifetime exposure to adjust for expo
sures of differing durations assumes a linear relationship between length of 
exposure and risk and also assumes a simple additivity of numerous short 
exposures. This problem of dose fractionation is a vexing one in carcinogen 
assessment (17), and for many human cancers and carcinogens the rela
tionship between exposure duration and incidence or risk is nonlinear (19). 
This result suggests that the use of a fractional lifetime adjustment will tend 
to overestimate the risk from exposures of significantly less than lifetime 
duration. 

Rat-to-Human Scaling. The incremental risk posed to humans by 
ambient air levels of formaldehyde gas can in theory be estimated from the 
risk-exposure function. If the assumption of no threshold dose for this risk 
is made, then a putative risk at low dose is extrapolated on the basis of some 
low-dose extrapolation model. In this case, the composite curve of Figure 2 
is suggested to best characterize the risk-exposure function. As pointed out 
earlier, the curve of Figure 2 is based on response data in rats. Use of this 
curve to estimate human risks requires that the exposure scale used reflect 
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equivalent human exposure at given ambient levels of formaldehyde gas. 
(Other assumptions are required as well, and these are discussed elsewhere 
in this chapter.) The major assumption involved in constructing a human-
equivalent exposure scale is that human and rat tumorogenesis will respond 
equally at the same absorbed unit doses of formaldehyde. This assumption 
can not, of course, be tested. Data reviewed by Meselson (14) suggest that 
this assumption frequently overstates the degree of human response. As any 
degree of overstatement in this case cannot be quantified, I will assume 
equivalency of response and note that the resultant risk estimates are likely 
to be high. 

Once this operating assumption is made, an equivalent-dose scale may 
be approached on the basis of the mechanics and rates of formaldehyde 
delivery and detoxification in the target tissues. In the rat (and likely in the 
mouse) the target tissues for tumor response to inhalation exposure are the 
surfaces of the nasal turbinates. For reasons discussed later in this chapter, 
the nasal cavity is likely to be a principal target in humans as well, and the 
oral cavity is likely to be a secondary and lesser affected target (because of 
occasional mouth breathing in humans). A number of studies (20-22) indi
cate no detectable delivery of unmetabolized formaldehyde to the lungs or 
upper airway in rats. Thus, the load of formaldehyde in each inspired 
breath is efficiently scrubbed from the air in the nasal cavity and possibly 
the nasopharynx. The same studies suggest that absorbed formaldehyde is 
rapidly metabolized at the dose rates tested at the site of absorbance. Thus, 
an equivalent-dose scale would have to be based on the mole amount per 
unit time absorbed per unit of absorbing surface. An "effective"-dose scale 
could be derived then on the basis of adjustment for rates of metabolic con
version of formaldehyde at the absorbing site. Because minute volume and 
several other parameters of respiration vary as the two-thirds power of 
body weight (23), I can estimate that the amount of absorbing surface for 
formaldehyde will also vary as the two-thirds power of body weight. This 
estimation allows for the direct calculation of the equivalent dose of form
aldehyde in humans relative to rats (using an ambient level of 1 μ g of form
aldehyde/L of air): 

Rats: (1 μg of C H 2 G / L ) (0.073 L/min) = 0.073 μg of CH 2 0/min 

(0.073 ptg/min)/(0.2 kg) 2 / 3 = 0.21 jug/min · kg 2 / 3 

Humans: (1 ^g of C H 2 0 / L ) (7.5 L/min) = 7.5 ^g of CH 2 0/min 

(7.5Mg/min)/(70kg)2/3 = 0.44 Mg/min · kg 2 / 3 

This analysis suggests that at any given ambient level of formaldehyde, the 
equivalent dose to target tissue in humans is twice that in rats. This conclu
sion, however, does not take into account differences in the thickness of the 
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mucous blanket over the target tissues in humans and rats and the rate of 
mucosal flow. The studies cited earlier (20-22) suggest that a major portion 
of the delivered formaldehyde is trapped in the mucous blanket and swept 
out of the nasal cavity unless the dose is high enough to produce stasis of the 
mucociliary flow and/or thinning of the blanket. Both the rate of mucoci
liary flow and the rate of mucous production are higher in humans than in 
rats (23), and both of these effects combined tend to cancel out the twofold 
difference suggested solely on surface deposition rate. Thus, in this assess
ment rat and human exposures are considered roughly equivalent at given 
ambient levels of formaldehyde gas in air. 

Exposure Estimates for Human Subpopulations. The data in the En
vironmental Protection Agency (EPA) Integrated Exposure Assessment for 
formaldehyde (available from EPA) are used for exposure in this chapter. 
These data have been used by both EPA and the Consumer Product Safety 
Commission (CPSC) in their assessments of possible formaldehyde-related 
risk, although CPSC used the high values of the range of exposure for any 
given subpopulation as opposed to EPA's use of the range mean (24). The 
cumulative exposure hours used to calculate / for each subpopulation are 
those given in the EPA exposure assessment. The value of / is derived by 
dividing the cumulative exposure hours by the 613,000 h in a 70-year life
time. The exposure numbers in the EPA document are themselves at times 
difficult to compare because of variations in analytical methodology. 

Quantitative Estimates of Putative Human Risk. The exposures of 
various subpopulations are presented in Table II and in Figure 3. Table III 
gives values of / for various combinations of hours-per-day exposure and 
years over which this exposure occurs. A sample calculation is shown as 
follows for the first entry in Table III: 

(7.08 χ ΙΟ" 5 ) χ (1.35)428 χ 0.0339 = 8.67 χ 10"β 

Figure 3 shows the distribution of lifetime risks by the size of the sub-
populations identified in Table II. For comparative purposes the lifetime 
risks from some other quantifiable factors are included in Figure 3 (25, 26). 

The average lifetime risk of cancer in the United States is 0.25 for all 
sites combined except nonmelanoma skin cancer (27). The risk estimates in 
Table II and Figure 3 represent, therefore, an incremental risk of 0.0098 % 
for the subpopulation at the highest putative risk and a mean increment of 
2.2 x 10~6% for all subpopulations. The lifetime risk of nasal cavity can
cer in the United States is circa 4.5 x 10^4 (28). Thus, the subpopulation 
at the highest putative risk in Table II represents a risk increment of 5 % at 
this site, and the mean increment for all subpopulations is circa 1.2 x 
10 " 3 %. Nearly all estimated risks are less than 1 χ 10 " 6 . This value repre
sents a risk increment of 4 x 10~4% in risk at all sites and 0.2% in nasal 
cavity risk. 
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Table II. Estimated Risks to Various Subpopulations 

Mean Ambient Mean 
Exposure Estimated 

Group (Size) (ppm) f Risk0 

Formaldehyde producers (42) 1.35 0.0339 8.67 χ 10" 6 

Resin producers (4100) 0.9 0.0339 1.42 χ 10" 6 

Plywood-particle board producers (25,500) 1.75 0.0339 2.5 χ Ι Ο " 5 

Urea-formaldehyde foam producers (55) 0.85 0.0339 1.1 χ 10" 6 

Foam installers (8500) 0.02 0.0339 9.9 χ 10" 1 4 

Textile producers (3180) 0.48 0.0339 9.7 χ 10~8 

Paper-paper products producers (26,100) 0.06 0.0339 1.3 x 10- 1 1 

Fertilizer producers, applicators (700) 0.9 0.0254 1.1 χ 10" 6 

Embalmers, funeral workers (70,000) 0.52 0.017 6.8 χ 10" 8 

Pathologists (12,000) ca. 1 0.0254 1.7 χ 10" 6 

Biology instructors 
College (13,000) ca. 1 0.017 1.1 χ 10" 6 

High school (22,000) ca. 1 0.0042 2.8 χ Ι Ο " 7 

Rubber-plastic workers (17,000) 0.03 0.0339 7.1 x 10" 1 3 

Biology students (1,200,000) ca. 1 0.0034 2.2 χ Ι Ο " 7 

Foundry workers (7700) 0.43 0.0254 4.7 χ Ι Ο " 8 

Mobile home residents (2,200,000) 0.4 0.053 7.3 χ 10" 8 

Urea-formaldehyde home residents 
(1,500,000) 0.72b 0.0053 9.0 χ 10~8 (1,500,000) 

0.03 0.106 2.2 χ 10" 1 2 

0.03 1.00 2.1 χ 10- 1 1 

U.S. population by ambient air 
χ 10~1 5 (220,000,000) 0.005c 1.00 9.8 χ 10~1 5 

°Values are estimated from the mean function of Figure 2. 
bThree scenarios are given. The first is 6 months of exposure in an average "complaint" 

home, a small subset of all insulated homes. The second and third scenarios reflect average 
levels of formaldehyde in homes for a 10-year and lifetime exposure, respectively. 

c The range is from less than 0.0004 ppm to 0.03 ppm of which 97% is derived from 
various combustion processes. 

Confidence in the Modeling 
An obvious question in extrapolating outside of the limits of experimental 
observation is the degree to which such an extrapolation is expected to be 
predictively valid. In high- to low-dose extrapolation in the same species, 
the question is whether responses seen within the dose range tested will 
predict response at lower, untestable, doses. In extrapolating from animal 
data to possible risk in humans, the question of whether the animal data 
will be predictive of tumor response in humans is considered. The C U T 
data appear to be at least qualitatively predictive of possible responses in 
humans exposed to high ambient levels of formaldehyde gas. This view is 
put forward because no data appear to support the view that at a suffi
ciently high dose humans would be insensitive to a tumorogenic effect of 
formaldehyde in the nasal cavity. The next part of the question becomes, 
then, how quantitative and how biologically valid for both rats and hu
mans are predictions about low-dose responses to formaldehyde based on 
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Figure 3. Population distribution of lifetime risk from various formaldehyde 
exposure scenarios over various identified populations from Table II. The 
lifetime risL· given in Table II are plotted against the size of the various 
groups identified in Table II on a log-log plot. For purposes of reference 
some lifetime risks from other sources that have been quantified are shown 
on the figure. These are an airline pilot from extra exposure to cosmic radia
tion over a 30-year career, 1.2 x 10 ~3; consumption of the saccharin in a 
12-oz diet soda daily for 60 years, 3.4 x 10 ~4; and consumption of the afla-

toxin in 1 pt. of milk daily for 70 years, 1.4 χ 10~4 (27, 28). 

Table III. Values of / for Various Exposure Durations 

Hours Duration 
per Week (years) f 

40 10 0.0339 
30 10 0.0254 
20 10 0.017 

5 10 0.0042 
125 5 0.053 
168 70 1.00 

mathematical extrapolation from responses observed at a high dose (high 
dose here is used in the sense of a dose at or near to an MTD). In this portion 
of this chapter some factors that bear on this question are addressed. 

Linearity of Response at Low Doses. A common policy assumption 
in risk assessment is that the shape of the dose-response function for a car
cinogenic response is linear at low doses and does not exhibit a threshold 

366 F O R M A L D E H Y D E : A N A L Y T I C A L C H E M I S T R Y A N D T O X I C O L O G Y 
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dose. I will deal here with the question of linearity at low doses because the 
observed data in the C U T bioassay are markedly nonlinear. The theoreti
cal basis for low-dose linearity has been discussed by Crump et al. (29) and 
depends on the additivity of response to a pre-existing background carcino
genic process. As discussed in Ref. 16, this additivity is really an expression 
of the limit value of the nonlinear terms in any model as the dose ap
proaches zero (or as exposure-related risk becomes small relative to back
ground risk). Because chemical carcinogens are generally site specific [or 
act on well-defined sites characteristic of each carcinogen (17)], consider
ation of additivity to background at the target site as opposed to additivity 
to background at all sites combined is appropriate (as in the original Crump 
et al. treatment). Furthermore even if a carcinogen produces tumors in a 
tissue above a background of spontaneous tumors, the carcinogen-induced 
tumors may be of a different histological type than the spontaneous tu
mors. In such a case, one must question whether the process leading to the 
carcinogen-induced tumors is indeed additive to the process that produces 
the background tumors. 

In the rat, spontaneous nasal carcinoma is very rare, having an upper 
bound on incidence of perhaps 5 x 10" 4 (30). This value suggests that, in 
rats, the carcinogenic dose response to formaldehyde does not readily lin
earize. This situation is apparent from the C U T data (1). As such, models 
that are always linear at small dose levels do not appear to be appropriate 
to the modeling of formaldehyde-related risk as a function of exposure. 

Human nasal cancers are also rare. Annual rates for nasal carcinoma 
in the United States are circa 6 x 10 ~ 6 , as are those for nasopharyngeal 
cancers (28). Nasopharyngeal cancers may have a strong genetic compo
nent (31). The relative rarity of human nasal cancers suggests that no large 
background is present to which any form aldehyde-related effects would be 
additive. The annual incidence rates cited suggest a lifetime risk of circa 
4 x 10" 4 for human nasal cavity cancer. This value is comparable to the 
boundary estimate in rats given earlier. This human lifetime risk can also 
be compared to the estimates of possible exposure-related risk given in Ta
ble II. 

This line of argument presumes that the nasal cavity surfaces are key 
target tissues for formaldehyde-induced tumorogenesis after inhalation ex
posure in humans. This presumption raises the question of site comparison 
between species in carcinogenic response. Although some hold that no site 
concordance occurs, any detailed review to support this view is as yet un
published. Tomatis, on the other hand, has reviewed a number of agents 
adequately studied in at least two species and finds, at least qualitatively, 
an 80% site concordance in response (32). In addition, for formaldehyde 
the toxicological data base provides ample justification for treating the na
sal surfaces, the nasopharynx, and possibly the oral cavity as primary tar
get sites for any tumorogenic effect of inhaled formaldehyde gas in hu-
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mans. Review of the animal studies on formaldehyde tumorogenicity 
reveals a pattern of response in which any neoplastic lesion seen forms only 
at the site of contact with formaldehyde or formalin and does not occur at 
distal sites (2, 2, 3, 6). 

A rationale for this view is found in uptake and metabolism studies of 
formaldehyde in humans and animals. These studies demonstrate that 
formaldehyde is rapidly metabolized at the site of uptake, and unmet abo-
lized formaldehyde is not distributed in the body or circulation (20, 21). 
Studies by Heck (22) on the distribution of 14C-labeled formaldehyde show 
that the concentration of 1 4 C is 1 or 2 orders of magnitude greater in the 
nasal mucosa after inhalation than in other tissues, and that the 1 4 C in 
other tissues appears to represent metabolites rather than formaldehyde. 

Effects of Cytotoxicity on the Linearity of the Dose-Response 
Curve. Dose-dependent cytotoxicity can affect the expression of tumor 
response by a variety of mechanisms. This point is articulately discussed in 
relation to formaldehyde and the cytotoxic effects it has on nasal tissues by 
Griesemer et al. (33). Cytotoxicity can both stimulate response to initiation 
and can allow for the increased expression of previously initiated cells. In 
the case of increased expression of previously initiated cells, a marked cyto
toxic threshold is also a threshold for increased tumor risk. Because nasal 
cancer is rare, a large population of preinitiated cells in nasal tissues is not 
apparent. Thus, in the C U T study, formaldehyde may be acting as both 
initiator and promoter. Initiating effects of formaldehyde would be en
hanced because of more frequent cell turnover as a consequence of restor
ative hyperplasia in response to marked cytotoxicity (due to more frequent 
passage of the genome through the carcinogen-sensitive replicative phase). 
A stasis of mucociliary flow as part of a cytotoxic response would also de
crease the natural barrier to formaldehyde penetration into the cells of the 
nasal mucosa. The restorative hyperplasia resulting from cytotoxicity 
would also act to enhance the expression of any cells that were initiated and 
would thus lead to a nonlinear increase in tumor yield as dose is increased. 
Such an effect has recently been confirmed in studies on urethane carcino
genesis (34). 

Indeed, if a linear dose response is assumed in the absence of any cyto
toxic enhancement of response, and a linear relationship between the de
gree of cytotoxic enhancement of response and dose is further assumed, the 
dose-response curve can be shown to contain both linear and nonlinear 
terms: 

basal response function: R = bD 

cytotoxic enhancement function: Ε = aD + 1 

enhanced response function: R(E) = bD + abD2 
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where R is the response, D is the dose, b is the slope of the dose-response 
curve in the absence of any stimuli, Ε is the enhancement factor, and a is 
the slope of the dose-enhancement function. Thus, in the presence of cyto
toxic stimuli, an otherwise linear tumor response will become nonlinear. 
The contribution of the nonlinear term will depend on the magnitude of 
the slopes of both functions. This relationship suggests that a linear down
ward extrapolation of risk from a dose domain in which cytotoxicity is ob
served will generally overestimate risk at lower doses. This situation argues 
against the use of the "linearized" multistage model for extrapolation of 
formaldehyde-related risk on the basis of the C U T data. This analysis also 
provides a rationale of why the dose-response curve seen in the C U T study 
is the third or fourth power of dose. 

The Effect of Endogenous Levels of Formaldehyde. Formaldehyde 
is a normal cellular metabolite, and levels in mammalian cells range from 
1.5 to 15 ppm (22). The bulk of this amount is conjugated to glutathione or 
tetrahydrofolate, but such conjugated material is in dynamic equilibrium 
with free formaldehyde and formaldehyde bound to macromolecular spe
cies. As such, the amount of free formaldehyde can influence the rate of 
equilibration among the various bound forms, but the total intracellular 
pool is available for reaction. In support of this view is the fact that the 
glutathione and tetrahydrofolate adducts are quite reactive. Recent work 
by Heck (35) indicates that exposure of up to 15 ppm of formaldehyde in air 
has little effect on intracellular levels and thus suggests that the rate of en
dogenous production and metabolism must be much greater than the rate 
of intracellular penetration of formaldehyde at these exposure levels [a 
great deal of the formaldehyde is trapped in the mucosal blanket of the 
nasal epithelia (35)]. These considerations suggest that the relationship be
tween the ambient level of formaldehyde and the delivery of exogenous 
formaldehyde to intracellular targets is not likely to be a simple linear rela
tionship. Furthermore, at some low level of ambient exposure, the rate of 
delivery of formaldehyde into the exposed cells must, in relationship to the 
mean rate of endogenous production, become insignificant and smaller 
than any diurnal variation in this endogenous production rate. This situa
tion, of course, implies that a practical threshold must exist for any in
creased risk associated with such low-level exposures. The currently avail
able data do not provide enough information to indicate at how low of a 
dose this practical threshold lies, but further experimentation could fill in 
this gap in understanding of the cellular kinetics of formaldehyde. 

The Effect of a Fixation Requirement in Initiation. The initiating 
event in neoplastic transformation must become "fixed" into the affected 
cells (15, 33, 36-38). The process known as initiation is believed to involve, 
at least in part, an alteration in some critical part of the genome (15, 27, 
29). McCormick and coworkers have demonstrated that cellular repair 
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processes can eliminate mutagenic insults in cells and thus prevent expres
sion of mutation if the cells are restrained from entry into the S phase (the 
DNA synthesis phase) of the cell cycle until repair is completed (39, 40). 
Kakunaga has shown that fixation is required in the transformation of hu
man fibroblasts and that several rounds of cell division are required for this 
fixation to occur (38). Thus, a cytotoxic response will increase the effi
ciency of initiation by increasing the rate of cell division during restorative 
cell proliferation and, thereby, the rate at which initiating events are fixed. 
These changes will alter the transforming efficiency of an administered 
dose in a nonlinear way. This effect, then, is a specialized mechanism 
whereby cytotoxicity enhances carcinogenicity (33). 

With particular respect to formaldehyde, Fornace (41) has demon
strated that the repair of formaldehyde-induced DNA damage in cell culture 
is very efficient. Inhibition of repair polymerases is required to detect dam
age. Ross et al. (42, 43) have also reported efficient repair of formaldehyde-
induced DNA-protein cross-links. If, as these studies suggest, formaldehyde-
induced genetic damage is repaired efficiently, then the effect of increasing 
the cell turnover rate in response to cytotoxic injury may be significant with 
respect to the shape of the dose response. Also, the efficiency of mutagenic 
response as a function of dose becomes nonlinear if the rate of damage is 
allowed to exceed the repair capacity of the cell (44). This result suggests 
that a similar effect occurs for carcinogenicity. Swenberg has reported that 
formaldehyde exposures of 6 and 15 ppm in vivo produce increases in cell 
turnover in rats (18). Exposure to 0.5 or 2 ppm does not produce this effect. 
In mice, 15 ppm produces an increase in cell turnover, but 6, 2, and 
0.5 ppm do not. These results suggest that the doses that produce increased 
cell turnover exactly parallel the doses at which tumor response is observed 
in each species. These considerations further support the use of a nonlinear 
risk extrapolation model for formaldehyde. 

Effect of Dose on Latency. The relationship between mean tumor 
latency and dose is well known (23, 45-47). Generally, an inverse cube 
relationship is found between dose and mean latent period (i.e., the time 
for 50% of the observed tumor response to occur). The risk estimates pre
sented here were not adjusted for such effects because an accurate estimate 
of the 50 % response time for formaldehyde tumors in the C U T bioassay 
was not readily available, and the value of the power coefficient in a 
Druckery relationship for formaldehyde is not known. Also, analysis of 
Guess and Hoel's treatment of this effect (47) suggests that at least a five
fold increase in mean latent period is needed to make a significant impact 
on the portion of the tumor distribution falling within the life span of the 
target species. Use of a typical value of 3 for the Druckery coefficient and 
rough estimates of the mean latent period in the C U T study suggests that 
such dose effects on latency would only become significant for formalde
hyde exposures less than approximately 0.2 ppm. Sielkin has developed risk 
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estimates for formaldehyde that attempt to account for these time-to-
tumor effects (48). These estimates are in general agreement with those 
given here. 

Discussion 
Formaldehyde and attempts to assess the degree of risk that it may pose to 
exposed humans have engendered a great deal of study and discussion. This 
research is all quite beneficial to the advancement of a scientific under
standing of the basis of risk assessment. The present analysis has attempted 
to lay out in a straightforward way some of the factors that must be consid
ered in constructing a meaningful assessment of risk. These are the sorts of 
considerations that the National Research Council has termed "inference 
options" and has recommended for explicit discussion in the presentation of 
a risk assessment (13). Formaldehyde does present the opportunity to dis
sect the risk assessment in a way that is seldom possible. This situation is 
due to the extensive nature of the toxicological and biochemical data base 
and the design of the C U T bioassay and supporting studies. 

With respect to formaldehyde, the present analysis suggests the 
following: 

1. The relationship of risk to exposure is the fourth power of 
dose, and linear extrapolation models are inappropriate in 
this case. 

2. Because of some of the factors discussed earlier, the risk esti
mates presented here will tend to overestimate the "true" 
risk. 

3. Identifiable risks to humans are quite low and represent 
some 2.2 x 10 ~ 6 % of lifetime risk of all sites in nonsmokers 
and some 1.2 x 10~3% of lifetime risk of nasal cancer. 

4. The possibility of a practical or real threshold for formalde
hyde-related risk cannot be dismissed. Because of formalde
hyde's significant production rate endogenously, a practical 
threshold for such risk is expected, but the present data are 
insufficient to assess at what exposure level such a practical 
threshold lies. 

In the preceding presentation a number of factors that bear on the 
risk assessment were considered. The importance of careful analysis of 
such factors cannot be overstressed. The report of Starr (49) on the ef
fects of decreased mucus flow in modulating the tissue-delivered dose of 
formaldehyde is a case in point. On this basis alone, the estimates pro
duced by the linearized multistage model are predicted to be from 3 to 4 
orders of magnitude too high in the low-exposure domain. The risk esti
mates given here are in rough agreement with what would be expected 
if the linearized multistage estimates were corrected for delivered dose 
as per Gibson. 
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RISK ASSESSMENT PANEL 

THE P A N E L W A S COMPOSED OF Philippe Shubik, Leon Golberg, and John 
Higginson; and Jelleff Carr served as moderator. Carr noted that the rather 
morbid theme that occurred in some presentations such as cemeteries re
corded as toxic waste sites, as well as the mortality rates of embalmers, 
morticians, and gross anatomists, did not allow for much levity. 

Shubik stated that objectivity and science are the primary approaches 
to risk assessment. To follow up on what has been done, to benefit from 
lessons learned, and to have a continuum of good scientific experiments are 
the proper goals. One of the things Shubik stressed is that unfortunately we 
sometimes find ourselves forced by regulations and regulators into ap
proaches that really are not entirely scientific. Such approaches are used by 
people to circumvent rules and regulations that have not been carefully 
formulated. He hoped that these approaches would be replaced by objec
tive science. 

Golberg cited an example of studies made 30 years ago that used iron 
dextran to treat iron deficiency anemia. He recalled that in 1954 research
ers had conducted the usual toxicity tests, and the product was found to be 
nontoxic in the dosage used. But an enterprising Scottsman had given iron 
dextran to rats by intramuscular injection every day for their entire lives. 
Iron dextran was so low in toxicity that very large doses were possible. For 
example, ferrous sulfate has an LD50 of approximately 20 mg/kg. This ma
terial could be given to a mouse in a dose of 2000 mg/kg without toxic ef
fects. The inevitable thing happened: sarcomas developed at the site of in
jection. What is interesting in retrospect is that manufacturers were forced 
to take this product off the market. But the Food and Drug Administration 
reinstated the product after reviewing the details of the pathogenesis that 
were presented later. Ferrous sulfate was also reinstated in Britain and in 
many other countries. Now the product has been on the market for 30 
years; at least 10 million people, and possibly 20 million people, have been 
treated with it during this time. The entire populations of islands such as 
Mauritius and African countries such as Kenya have used it on an enormous 
scale because of its value as a single injection. These are places where you 
could not rely on seeing patients more than once in their lifetimes. You 
treat their anemia once, and they go away and remained treated. A single 
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authentic case of cancer or subcutaneous sarcoma has not been reported in 
all this time. 

Nevertheless, the International Agency for Research on Cancer 
(IARC) lists iron dextran as a human carcinogen. But here, I think, is an 
example where initially we were told to just wait, and a terrible epidemic 
of sarcomas will occur. Thirty years has passed, which I think is a fairly 
reasonable latent period, and nothing of the sort has yet happened. This 
situation really illustrates that the study of mechanism has not, in the past, 
been used by government as a means for rational decision making, and I 
am hoping that this will not happen again. I think that the efforts being 
made at the Chemical Industry Institute of Toxicology (CIIT) not only 
have value in that direction, but they are breaking new ground in develop
ing approaches that are applicable to a wide variety of animal carcinogens 
in the search for an understanding of their risk to humans. This route is the 
one we have to take. We have to keep applying the best science that we 
know. Unfortunately, some people will always look at the end result, count 
up the number of tumors, and then try to reach a conclusion on that basis, 
ignoring everything that preceded the tumor formation. Golberg hoped 
that we will see less and less of this type of analysis in the future. 

Carr asked the group to comment on the relative hazard of low-dose 
exposure to formaldehyde over long periods of time. Higginson pointed out 
that the basic question was that if someone has been exposed for a long time 
to formaldehyde, does it constitute a risk? He believed for practical pur
poses that it does not constitute a risk at the levels that have been used for 
nose or lung exposures for reasons that have been presented in depth. The 
discussions suggested strongly that formaldehyde should not, under normal 
inhaled conditions, produce remote tumors. The question is that if you 
were exposed under unusual circumstances, could formaldehyde be a car
cinogen? His belief was that it probably could, but it would require ex
treme circumstances. The close range or window between the carcinogenic 
and the noncarcinogenic dose appears somewhat different for formalde
hyde than for many other compounds. This situation may be an unusual 
generic phenomenon, and a "usual" dose may be reasonably safe whereas 
very high doses may present a special situation. 

Carr pointed out that one of the papers suggested that if formaldehyde 
itself does not prove to be an initiator, could it set the stage so that some 
other agent might then prove to be carcinogenic? Higginson stated that one 
could not prove such a situation. In rats you have to regard formaldehyde 
as a good carcinogen for the nasal mucosa. Mechanisms have been sug
gested, but reference to formaldehyde as an initiator alone is premature. 
Golberg observed that rats will tolerate an incredible amount of tissue in
jury and still appear healthy. They will withstand a state of bronchitis that 
no human being could tolerate for any length of time. This finding explains 
the rat's ability to withstand ulceration of the nasal epithelium at exposures 
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of 15 ppm. In fact, some experiments have been done at 35 ppm. Further
more, studies using exposures of 100 or more parts per million for months at 
a time have been reported. Golberg did not think a human being could 
stand 15 ppm for any length of time. Once a pathological process or infla-
mation, let alone ulceration, starts to occur in people, they will seek relief 
one way or another and simply remove themselves from the area causing 
irritation. He emphasized that trying to equate humans to rats has a built-
in fallacy. Shubik quickly pointed out that some human beings enjoy taking 
snuff in large quantities over long time periods. He told of a personal expe
rience when he was handed some snuff. He recalled that it nearly blew the 
top of his head off. He added that cocaine is another substance that pro
duces all kinds of problems with the nasal mucosa; people spend a lot of 
money to destroy their nasal mucosa with this substance. Perhaps for rats 
formaldehyde is their cocaine. 

At this point James Gibson of CIIT expressed his thanks for the kind 
remarks on CIIT's work and also for the encouragement to keep going. 
However, he pointed out that CIIT is an institute with limited resources 
and not the chemical industry institute of formaldehyde. He suggested that 
the critical need for definitive experiments to put the formaldehyde issue at 
rest is still present. A repeat is being considered of the experiments that 
Henry Heck did in elucidating the amount of DNA protein binding that 
occurred in the nasal mucosa at various concentrations of formaldehyde in 
the air. However, this time subhuman primates would be used instead of 
rats. This experiment would be expensive and tedious and would possibly 
give precisely the same information that we already have. But Gibson 
asked what the panelists thought of such a study in terms of providing more 
persuasive evidence that formaldehyde risk at low concentrations is really 
the same as we would predict now from the rat data. 

Shubik recalled that some primates had developed squamous metapla
sia when exposed to formaldehyde via inhalation, and he asked Gibson for 
more information. Gibson explained that the Formaldehyde Institute did a 
6-month exposure study of rhesus monkeys using concentrations up to 
3 ppm, 22 h/day, 7 days/week. The monkeys developed just minimal squa
mous metaplasia during that period. He added that he was contemplating 
an experiment in which the top dose would be 3 ppm, and an exposure for 
some number of days to nonradioactive formaldehyde would be used, fol
lowed by an exposure to tritiated 14C-labeled formaldehyde. He would de
termine the amount of binding, protein, RNA, and DNA in the tissues from 
a substantial region of the upper respiratory tract. He would probably also 
try to determine the dosimetry to the lungs or to distant sites and the possi
bility of changes in bone marrow. He would work his way down from 
3 ppm, attempting to determine the shape of the dose-binding curve. The 
outcome presumably would be the establishment of a concentration of for
maldehyde in air that leads to no detectable binding to genetic material. 
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He noted that such an experiment would be based on the assumption that 
cancer is the issue. However, irritation is a different issue. 

Shubik agreed that such data would be desirable, but he did not think 
it should have top priority. He wanted to see more studies on comparative 
models that gave positive and negative data for carcinogenicity; relating 
binding to squamous metaplasia was not enough. He did not think the pro
posed experiments would answer the questions of the many people trying to 
relate dose to carcinogenesis. He commented that data on the mouse, the 
hamster, and the rat were available at different dosage levels. However, he 
preferred a situation in which one could say that a certain dose does or does 
not relate to the occurrence of carcinogenesis in one way or another. 

Higginson also expressed reservations about DNA adducts. Basically, 
one gets a large number of cells to form adducts. But probably only one or 
two of those cells undergoes neoplasia, so most of what one sees is binding 
to DNA that is not hitting the key site. Therefore, one must assume a rough 
correlation between binding and the fundamental cellular error, which 
never has been proven. Gibson pointed out that the key here is that this 
binding is a measured dosimetry approach. Higginson agreed, but stated 
that we really do not know enough about binding and dosimetry at the 
bottom of the dose curve, and is such study worth doing? He suggested that 
researchers may want to use humans rather than primates. A little bit of 
mucosa is not that difficult to take, and it can be taken after relatively mod
est exposures. 

Gibson concluded by stating that everyone recognizes that current 
studies are being driven by the regulatory concern. However, rightly or 
wrongly, will these studies dealing with mechanisms assist policymakers in 
understanding the risk, or lack of it, of exposure to formaldehyde? 

Suggestions were made to go to very low doses, to use the hamster as 
an example of a species that is resistant to formaldehyde, and to use subhu
man primates because they are believed to be more similar to human 
beings. 

At this point John Todhunter asked a question about the value of ex
trapolations of dose-effect curves to arrive at a reasonable conclusion re
garding a safe dose. He stated that during the last year or so he had noted a 
tendency among certain moguls of policy to move away from using the ap
proach of the no observable effect level and margin of safety. In other 
words, some policymakers are beginning to feel that if a large enough pop
ulation is studied, a responder may be found. This thinking leads to setting 
all sorts of standards by using a linear extrapolation or some other mathe
matical formula. He asked for comments from the panel. 

Golberg pointed out that after the 6 h the animal is exposed, some 
degree of recovery occurs for the next 18 h. Over the weekend a consider
able recovery takes place. This situation is the kind with which we are deal
ing. However, when the risk assessment is made, it is worked out on a life-
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time constant exposure basis, and this dosage level is different. Statisticians 
have not been able to evolve a model to take this kind of situation into ac
count. The panel members agreed that the use of mathematical models had 
not contributed a great deal to understanding levels of toxicity or safe dose 
levels in general. Someone suggested that in some cases it becomes a matter 
of symbolism and does not add greater understanding to the results of a 
toxicity study. 

Someone asked what would be the acceptable level of formaldehyde 
that would be in agreement with all the studies that have been made. 
Golberg replied that for the indoor environment he would place the level 
somewhere in the neighborhood of 0.5 ppm. Minnesota has set a high level 
of 0.39 ppm, which is not all that different. Many people are suggesting 
0.01 ppm, and Golberg thought that was just ridiculous. Higginson agreed 
and observed that the political situation strongly influences regulatory de
cisions. The major contribution of the symposium was the compilation of 
data to avoid unnecessarily rigid control levels. 

When Hans Graven of Georgia Tech asked the panel if anyone was 
concerned about low levels of formaldehyde in the water supply at concen
trations of 5-10 ppm, the members replied that they did not think this level 
posed a health problem. How such levels might ever be reached was ques
tioned because of ordinary chemical reactivity in the soil and water. EPA 
had originally decided that formaldehyde contamination in water was not 
a hazard because of the activity of bacteria and organic substances in the 
environment. 

George Tiers of 3M observed that the symposium participants had 
agreed fairly well that safe levels of formaldehyde are present in the air. He 
felt this agreement had public policy implications. He pointed out the divi-
siveness of political positions that were favorable or unfavorable to accept
ing any level of formaldehyde and indicated that such a situation will not 
lead to any kind of rapprochement. The major contribution of the sympo
sium, he concluded, must be the opinions of the distinguished experts in 
this field. A way must be found to present these opinions and information 
to everyone concerned and especially to those responsible for current politi
cal opinions. Sufficient data and studies will never be available to prove 
safety, so some point must be reached at which public officials can be con
vinced they can responsibly regulate for the welfare of everyone. 

Carr pointed out that this goal was exactly the major thrust of the 
entire symposium, and he asked the panel for their comments. 

Higginson observed that regulatory agencies under attack had a ten
dency to avoid calling upon outside consultants in recent years. He sug
gested that such agencies must be completely divorced from political pres
sures and must be objective if they are to operate meaningfully. 

Shubik pointed out that the subject was not just a political one and 
that industrial representatives need to resort to the media programs they 
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support. In fact, he said, these programs seem to be the cause of so many 
problems in society today, and he called upon the scientific and industrial 
communities to try to present a coordinated program with accurate and 
fair reporting. 

Carr concluded the discussion at this point and thanked the partici
pants and the panel members for their contributions, time, interest, and 
enthusiasm in developing a factual symposium. 

Condensation of the ACS transcript from the Risk Assessment Panel of the 
Formaldehyde Symposium by C. Jelleff Carr. 

R E C E I V E D February 1, 1985 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ch
02

5

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



AUTHOR INDEX 

Andrews, B. A. Kottes, 83 
Antloga, M. E, 23 
Barrow, Craig S., 299 
Beall, James R., 275 
Blair, Aaron, 261 
Boreiko, Craig J., 299 
Carr, C. Jelleff, 335 
Clary, John J., 341 
Daffron, C. R., 131 
Dailey, Richard L., 247 
Gagnon, Yvonne T., 3 
Gammage, Richard B., 117 
Geraci, Charles L., Jr., 152 
Giabbai, Maurizio E, 43 
Gibson, James E., 299 
Goode, John W., 217 
Graven, Johannes T, 43 
Hawthorne, Alan R., 117, 131 
Heck, Henry d'A., 299 
Hermanns, Karl, 101 
Ho, Mat H., 193 
Jass, Herman E., 229 
Kennedy, Eugene R., 3,152 
Kolbye, Albert C , Jr., 335 
Lehman, Eva S., 247 
Levine, Richard J., 299 

Light, Edward N., 67 
Malker, Hans, 261 
Markelov, M., 341 
Matthews, T. G., 131 
Meyer, Beat, 101 
Morgan, Kevin T, 299 
O'Berg, Maureen T, 289 
Pohland, Frederick G., 43 
Preuss, Peter W., 247 
Reed, T. J., 131 
Reinhardt, Robert M., 83 
Rocklin, Roy D., 13 
Rousseau, Madeleine Z., 161 
Scheuplein, Robert J., 237 
Schmidt, S. Α., 23 
Shirtliffe, Cliff J., 161 
Sim, P. Greig, 161 
Sliwinski, John E, 161 
Smith, David L., 152 
Starr, Thomas B., 299 
Swenberg, James Α., 299 
Teass, Alexander W., 3 
Todhunter, John Α., 357 
Tromberg, B. J., 131 
Walrath, Judy, 261 
Young, Judith C , 161 

SUBJECT INDEX 

A 

Absorbing surface for formaldehyde, rats 
and humans, 363 

Acetaldehyde, peak height vs. potential, 18/ 
Acetaldehyde-2,4-DNPH, 52/ 
Active formaldehyde monitors, laboratory 

testing, 123-24 
Active ORNL dosimeter, evaluation, 182-83 
Active sampling techniques for 

formaldehyde, 72 
Acute human effects of formaldehyde, 

343-44 
Acute irritation testing of formaldehyde, 

221-22 
Acute mortality testing of formaldehyde, 

218-20 

Acute toxicity potential of formaldehyde, 
220f 

Acute toxicology classification scheme for 
formaldehyde, 219f 

Adhesive chemistry, use of UFR, 111 
Adhesives, low-formaldehyde emitting, 

commercialization, 112-13 
Administered dose 

definition, 324 
of formaldehyde, 349 

After-treatment of boards to bind residual 
unreacted formaldehyde, 111-12 

Age 
of homes, effect on formaldehyde 

concentrations, 124 
of pressed-wood products, effect on 

formaldehyde release, 106-7 

381 

Pu
bl

is
he

d 
on

 A
ug

us
t 2

1,
 1

98
5 

on
 h

ttp
://

pu
bs

.a
cs

.o
rg

 | 
do

i: 
10

.1
02

1/
ba

-1
98

5-
02

10
.ix

00
1



AUTHOR INDEX 

Andrews, B. A. Kottes, 83 
Antloga, M. E, 23 
Barrow, Craig S., 299 
Beall, James R., 275 
Blair, Aaron, 261 
Boreiko, Craig J., 299 
Carr, C. Jelleff, 335 
Clary, John J., 341 
Daffron, C. R., 131 
Dailey, Richard L., 247 
Gagnon, Yvonne T., 3 
Gammage, Richard B., 117 
Geraci, Charles L., Jr., 152 
Giabbai, Maurizio E, 43 
Gibson, James E., 299 
Goode, John W., 217 
Graven, Johannes T, 43 
Hawthorne, Alan R., 117, 131 
Heck, Henry d'A., 299 
Hermanns, Karl, 101 
Ho, Mat H., 193 
Jass, Herman E., 229 
Kennedy, Eugene R., 3,152 
Kolbye, Albert C , Jr., 335 
Lehman, Eva S., 247 
Levine, Richard J., 299 

Light, Edward N., 67 
Malker, Hans, 261 
Markelov, M., 341 
Matthews, T. G., 131 
Meyer, Beat, 101 
Morgan, Kevin T, 299 
O'Berg, Maureen T, 289 
Pohland, Frederick G., 43 
Preuss, Peter W., 247 
Reed, T. J., 131 
Reinhardt, Robert M., 83 
Rocklin, Roy D., 13 
Rousseau, Madeleine Z., 161 
Scheuplein, Robert J., 237 
Schmidt, S. Α., 23 
Shirtliffe, Cliff J., 161 
Sim, P. Greig, 161 
Sliwinski, John E, 161 
Smith, David L., 152 
Starr, Thomas B., 299 
Swenberg, James Α., 299 
Teass, Alexander W., 3 
Todhunter, John Α., 357 
Tromberg, B. J., 131 
Walrath, Judy, 261 
Young, Judith C , 161 

SUBJECT INDEX 

A 

Absorbing surface for formaldehyde, rats 
and humans, 363 

Acetaldehyde, peak height vs. potential, 18/ 
Acetaldehyde-2,4-DNPH, 52/ 
Active formaldehyde monitors, laboratory 

testing, 123-24 
Active ORNL dosimeter, evaluation, 182-83 
Active sampling techniques for 

formaldehyde, 72 
Acute human effects of formaldehyde, 

343-44 
Acute irritation testing of formaldehyde, 

221-22 
Acute mortality testing of formaldehyde, 

218-20 

Acute toxicity potential of formaldehyde, 
220f 

Acute toxicology classification scheme for 
formaldehyde, 219f 

Adhesive chemistry, use of UFR, 111 
Adhesives, low-formaldehyde emitting, 

commercialization, 112-13 
Administered dose 

definition, 324 
of formaldehyde, 349 

After-treatment of boards to bind residual 
unreacted formaldehyde, 111-12 

Age 
of homes, effect on formaldehyde 

concentrations, 124 
of pressed-wood products, effect on 

formaldehyde release, 106-7 

381 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ix
00

2

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



382 FORMALDEHYDE: ANALYTICAL CHEMISTRY AND TOXICOLOGY 

Agglutination of formaldehyde-treated 
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Cancer—Continued 
human risk of, from formaldehyde, 

299-331 
lifetime risk in the United States, 364-66 
professional groups and chemical 

workers, 327-31 
Cancer and Environment Registry, use in 

formaldehyde risk assessment, 264-65 
Carbon-14 specific activity of respiratory 

mucosal D N A , 312 
Carbonyl 2,4-DNPH derivatives, electron-

impact mass spectra, 47-48 
Carcinogenesis, chemical, cell proliferation 

as a factor, 323 
Carcinogenic hazard of formaldehyde, 

335-39 
Carcinogenic mechanisms of 

formaldehyde, 338-39 
Carcinogenic potential of formaldehyde, 
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335-36 
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exposure, 261-72 
Catalyst type, effect on formaldehyde 

release tests, 95f 
Cation-exchange resin in the potassium 

form, separation of aldehydes and 
formic acid, 19 

Ceiling tiles and fibrous-glass insulation, 
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Covalently bound formaldehyde 
determination for a macromolecule, 

314-15 
in respiratory mucosal D N A and 

proteins, 315-17 
in target-tissue D N A , 325-26 

Cross-links 
hydrolysis, effect on formaldehyde 

release tests, 95 
to improve resiliency of cellulosic 

textiles, 83-84 
Cytotoxic enhancement function for 

formaldehyde exposure, 368 
Cytotoxicity, effects, linearity of the 

dose-response curve, 368-69 

D 

Decorative paneling, estimation of 
effective emitting area, 142 

Dehydration 
methylene glycol, 28, 29/ 
pararosaniline-formaldehyde adduct, 34, 

46 
Delaney clause, 226 
Delivered dose of formaldehyde 

effect of mucociliary function, 348-49 
factors affecting, 324-25 
to nasal cavities of rats and mice, 305-6, 

310-17 
relationship to administered dose, 325 

Derivatization of formaldehyde-2,4-DNPH 
in organic-free water solutions and 
leachate samples, 50, 52f 

Dermal irritation testing of formaldehyde, 
221 

Dermal sensitization from formaldehyde 
skin contact, 232, 344 

Dermal toxicity testing of formaldehyde, 
220 

Device sampling use in formaldehyde field 
evaluations, 153/ 

Diagnostic bias, effect on formaldehyde 
studies, 292-93 

Dialysis 
equipment rinsing, 278 
exposure concentrations of 

formaldehyde, 277-78 
use in the United States, 276 

Dialysis patients exposed to formaldehyde 
allergic-type reactions, 284 
anaphylactoid-type reactions, 282-83 
antiformaldehyde antibody, 282-83 
anti-N-like antibodies, 280-84 
cardiovascular collapse, 283 
chromosomal damage, 279, 284 
eosinophilia, 284 
hepatomegaly, 279, 285 
responses, 275-85 

Dialyzers, chemical sinks for 
formaldehyde, 277 

Diffusion cell for the generation of 
standard formaldehyde 

with paraformaldehyde, 204-6 
with pyrolysis, 208-10 
with trioxane, 206-8 

Diffusion devices for formaldehyde 
generation, general requirements, 
212-13 

Diffusion methods for the generation of 
standard gases, 203-10 

Diffusion monitors, sampling and analysis 
of formaldehyde, 5 

Diffusion rate 
definition, 211 
of a gas, 203-4 
of trioxane, 207 

Diffusion tubes 
calibration, 206 
preparation, 204 

Dimethyloldihydroxyethyleneurea, use 
with cellulosic textiles, 84, 96 

2,4-Dinitrophenylhydrazine (2,4-DNPH) 
methods for formaldehyde 
determination, 6, 152 

Diurnal and seasonal variations in 
formaldehyde levels, UFFI and non-
UFFI homes, 127-28,163-64 

D N A , reaction with formaldehyde, 310-17, 
349 

DNA-protein cross-links 
effect of formaldehyde, 370 
formation, 310-17 
in rats exposed to formaldehyde, 243 

Dose of formaldehyde, effect on latency of 
tumors, 370-71 

Dose-response curve 
description, 360 
linearity, effects of cytotoxicity, 368-69 

Dosimeters 
collection medium, 166 
commercially available, adaptation for 

use in homes, 167-82 
comparison to impingers, 162 
comparison of various types, 169f, 187-89 
definition, 164-65 
description of system, 165 
evaluation, 182-87 
for gas measurement, factors affecting 

accuracy, 166-67, 168f 
for measuring air pollutants, 164-67 
passive, formaldehyde measurements in 

Canadian homes, 161-91 
precision of measurements, 162 
recovery of formaldehyde, 189 
shelf life, 189 

Double-blister unit version of Pro-Tek C-60 
dosimeter, 175-77 

Drugs, use of formaldehyde, 238 
Dynamic factor, determination of 

formaldehyde release, 107 
Dynamic methods for the generation of 

gaseous formaldehyde, 194 
Dyspnea, rats exposed to formaldehyde, 

302 

Ε 

Electron-impact mass spectra, carbonyl 2,4-
D N P H derivatives, 47-48 

Embalmers, cancer and exposure to 
formaldehyde, 261-72, 291-92 
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Emission, formaldehyde, from combustion 
sources and solid formaldehyde-resin-
containing products, 131-49 

Emission sources covered by permeation 
barriers, impact on indoor 
formaldehyde concentrations, 
142-44 

Emulsion formation, short-chain fatty acids 
as causes, 49-50 

Endogeneous levels of formaldehyde, 
effect, 369 

Enhanced-response function, for 
formaldehyde exposure, 368 

Environmental factors 
control during formaldehyde sampling, 

77 
effect on formaldehyde levels in the 

home, 73-75 
Environmental Protection Agency, use of 

data for risk assessment, 364 
Eosinophilia in dialysis patients exposed to 

formaldehyde, 284 
Epidemiologic evidence for formaldehyde 

carcinogenicity, 261-72, 289-95, 339 
Epidemiologic studies of formaldehyde, 

327-31, 352-53 
Epidemiological Panel of the Consensus 

Workshop on Formaldehyde, 290, 
327-31 

Epidemiology, definition, 289 
Equipment and plant sanitation, use of 

formaldehyde, 231-35 
Equivalent dose of formaldehyde in 

humans relative to rats, 363 
Erthrocytes, effects of formaldehyde, 

279-83 
Estimating human cancer risk from 

formaldehyde, 299-331 
European air chamber standard 

CEN-N76E, formaldehyde release 
rate, 106 

European perforator standard method for 
formaldehyde determination, 105 

Exposure to formaldehyde 
assessment, 78 
from consumer products, 247-57 
during dialysis, 275-85 
epidemiologic evidence regarding 

cancer, 261-72 
estimation for human subpopulations, 

364- 66 
measurement and product 

characterization, 105-10 
routes and sources, 247 
in School laboratories, 257 

Exposure-risk curves, use in risk 
assessment, 360-61 

Extraction techniques, formaldehyde 
release from textiles, 85-96 

Extrapolation 
from animal data to risk in humans, 

365- 71 
of dose-effect curves in formaldehyde 

exposure studies, 378 
mathematical models for formaldehyde 

risk estimation, 347-48 
Eye irritation testing of formaldehyde, 221 

F 

Face velocity, effect of dosimeters, 73 
Fatty acids, short chain, as causes of 

emulsion formation, 49-50 
Federal Panel on Formaldehyde, views on 

formaldehyde carcinogenicity, 339 
Fiberglass insulation 

and ceiling tiles, formaldehyde emissions, 
253-54 

production facility, formaldehyde 
sampling and analysis, 156-57 

Fick's law, formaldehyde transport across a 
permeation barrier, 138 

Field blanks, fundamental need, 165-66 
Finished fabrics, formaldehyde release 

profiles, 95-98 
Fixation requirement in initiation of 

neoplastic transformation, effect, 
369-70 

Flow rate of diluent gas, definition, 211 
Food and Drug Administration (FDA) 

perspective on formaldehyde, 237-44 
views on formaldehyde use in cosmetics, 

233-34 
Food Safety Council, views on toxicity of 

food ingredients, 338 
Foods, use of formaldehyde, 239-40 
Formaldehyde 

acceptable level, 379 
air quality standards of various countries, 

342 
airborne sources, 118 
analysis in an industrial laboratory, 23-41 
analytical and sampling methods, field 

evaluations, 151-58 
atmospheric, in homes, evolution of 

testing methodology, 67-80 
and cancer, an epidemiologic 

perspective, 289-95 
carcinogenic hazard, 335-39 
characteristics, 194-95, 247, 341 
complaints, 102-3 
in complex aqueous solutions, methods 

of measurement, 44 
comprehensive home testing program, 

79-80 
concentration 

in residences, 124-28 
in a single compartment, 136-37 
in an unoccupied home, 104/ 

condensates in the vapor state, 
quantitative analysis, 57-64 

condensation products with water and 
methanol, 61, 62t 

in the cosmetics industry, history and 
status, 229-35 

determination in air, methods, 194 
in dialysis patients, 275-85 
donor preservatives, 235 
dosimeters, development, 183-84 
emission from combustion sources and 

solid formaldehyde-resin-containing 
products, 131-49 

emission rate of solid emission sources, 
definition, 137-38 
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Formaldehyde—C ontinued 
estimating human cancer risk, 299-331 
exposure 

assessment, 78 
and cancer, epidemiologic evidence, 

261-72 
from consumer products, 247-57 
discussion by the Risk Assessment 

^ Panel, 375-80 
FDA's perspective, 237-44 
generation 

apparatus, 198/ 
based on diffusion and pyrolysis, 209/ 
system using trioxane and diffusion 

tube, 207/ 
health effects, 68 
indoor levels, control and reduction, 

110-14 
industrial hygiene sampling and 

analytical methods, 3-11 
levels in Canadian homes, distribution, 

162/ 
levels in homes, effect of environmental 

factors, 73-75 
main derivatives, 299 
major end uses, 299 
measurement, product characterization, 

and exposure levels, 105-10 
monitor 3750, background, field studies, 

and modifications, 180-82 
peak height 

dependence on p H , 28-29 
vs. potential, 18/ 

peak potential, dependence on p H , 28, 
30/ 

polymerization, 59 
preparation, 195 
problems with determinations in air, 13 
production, 3 
production facility, formaldehyde 

sampling and analysis, 144-45 
public concern, 68-69 
reaction with D N A , 310-17 
refining the risk assessment, 357-71 
relation of output to diffusion cell 

temperature, 210 
release 

early measurement tests, 84 
mechanism, 103-5 
from pressed-wood products, 101-14 
from textiles 

comparison of methods, 94-96 
instrumental extraction techniques, 

93-94 
liquid extraction techniques, 92-93 
prediction, 83-99 
tests, 86f 
vapor extraction techniques, 85-92 

in residences, measurement and 
concentrations, 117-28 

risk analysis, 341-53 
sampling methods, 70-76 
source(s), 68, 85, 101, 118, 342 
source and permeation barrier 

combination, emission model, 138 
standard test conditions, 77-78 

Formaldehyde—Continued 
steady state cyclic voltammetry, 15, 16/ 
surface emission monitor, ORNL, 136 
testing programs, 69-70 
toxicology, 217-26 
trace levels in polluted waters, method 

development for determination, 
43-54 

transport across a permeation barrier, 
Fick's law, 138 

trapping in a bisulfite solution, 21 
U.S. production, 237-44, 299 
uses 

in the cosmetics industry, 229-32 
general, 341 

Formaldehyde-2,4-DNPH 
G C - F I D analysis of derivative, 47 
mass spectrum, 50/ 
in organic-free water solutions and 

leachate samples, 50-53 
Formaldehyde Institute, study of rats, 

hamsters, and monkeys, 350 
Formaldehyde measurements in Canadian 

homes using passive dosimeters, 
161-91 

Formaldehyde-resin-containing products 
and combustion sources, 
formaldehyde emission, 131-49 

Formate, formed from formaldehyde 
oxidation, 331 

Formic acid 
and aldehydes 

applied potentials and pulse durations, 
16, 18/ 

separation, 19-21 
peak height vs. potential, 18/ 
steady state cyclic voltammetry, 15, 17/ 

G 

Garment workers, cancer and exposure to 
formaldehyde, 261-72 

Gas (es), calculation of concentration from 
measurements, 190-91 

Gas chromatograms from the derivatization 
of formalin headspace, 63/ 

Gas chromatograph and flame ionization 
detector (GC-FID), analysis of 
formaldehyde-2,4-DNPH, 47 

Gas measurement, dosimeters, factors 
affecting accuracy, 166-67, 168f 

Gas-phase derivatization of formalin 
headspace 

chemical ionization mass spectra, 61, 64/ 
chromatogram, 61, 63/ 

Gaseous formaldehyde standards, 
generation in test atmospheres, 193-213 

Gaseous mixture, standard, calculation of 
formaldehyde concentration, 210-12 

Genotoxicity of formaldehyde, 338-39, 345 
Girard Τ method, sampling and analysis of 

formaldehyde, 7 
Glyconitrile formation method, 

formaldehyde release from textiles, 92 
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Gram-negative microorganisms, 
contamination of cosmetics, 229, 235, 
238 

Gravimetric calibration 
permeation cells, 202 
permeation tubes, 199 

H 

Half-life, biological, of formaldehyde, 241 
Hamsters, effects of chronic inhalation of 

formaldehyde, 350 
Headspace gas chromatography for 

formaldehyde determination, 24-25, 
39-41, 93-94 

Headspace generator used in gas-phase 
derivatization technique, schematic, 
60/ 

Health effects, formaldehyde, 68 
Hepatomegaly in dialysis patients exposed 

to formaldehyde, 279, 285 
Hexamethylenetetramine 

use as a food additive, 239-41 
use in formaldehyde studies, 345 

Histopathologic examination, nasal cavities 
of rats and mice exposed to 
formaldehyde, 306 

History and status of formaldehyde in the 
cosmetics industry, 229-35 

Home formaldehyde levels, 124-28, 250-52 
Home testing program, comprehensive, for 

formaldehyde, 79-80 
Hospital dialysis unit, formaldehyde 

sampling and analysis, 155-56 
Human (s) 

acute effects of formaldehyde exposure, 
343-44 

blood concentration of formaldehyde, 
318-20 

epidemiologic studies of formaldehyde 
exposure, 327-31 

exposure to formaldehyde, 243, 244# 
nasal cancer rates, 367 
putative risk to formaldehyde, 364-66 

Human-equivalent exposure scale for 
formaldehyde, construction, 362-64 

Humidity 
effect on dosimeters, 73 
effect on formaldehyde release from 

pressed-wood products, 107-8 
effect on home formaldehyde levels, 

73-75 
Hydrazine derivatives of formaldehyde, 

voltammogram, 34, 35/ 
Hydrazine method, sampling and analysis 

of formaldehyde, 7-8 
Hydrazone derivative of formaldehyde, 

voltammogram, 34/ 
3 H-to- 1 4 C ratios of mucosal macromolecules 

after exposure to labeled 
formaldehyde, 312-14 

Hydrogen cyanide, liquid, recovery of 
formaldehyde spike, 30-33 

Hydrolysis of cross-links, effect on 
formaldehyde release tests, 95 

Hyperplasia 
effect of formaldehyde, 368 
rats and mice exposed to formaldehyde, 

346 
toxic, in tissues, 336 

I 

Immunoglobins and anti-N-like antibodies, 
281-82 

Impingers 
comparison to dosimeters, 162 
use in formaldehyde sampling, 9-11 

Incubation of sera with formaldehyde, 
effects, 283 

Indoor compartment model showing 
formaldehyde sources, 132/ 

Indoor formaldehyde levels 
ambient, 250 
control and reduction, 110-14 
effect of consumer products, 253-57 
impact of combustion sources and 

formaldehyde-resin-containing 
products, 131-49 

Industrial hygiene sampling and analytical 
methods, formaldehyde, 3-11 

Industrial laboratory, analysis of 
formaldehyde, 23-41 

Industrial workers, cancer and exposure to 
formaldehyde, 261-72, 290-95 

Infiltration of outside air, effect on home 
formaldehyde levels, 73-74 

Inhalation toxicity testing of formaldehyde, 
220 

Inhalation Toxicology Research Institute, 
study of formaldehyde release from 
consumer products, 253 

Inhaled formaldehyde 
CIIT bioassay, 300-303 
effects, 350-52 
in rats and mice, 241, 299-331 
sensory irritation, effects of responses, 

303-6 
in target and nontarget tissues, 

disposition, 310-20 
Inhibitory effects of formaldehyde on 

mucociliary function, 308-9 
Initiation of neoplastic transformation, 

fixation requirement, 369-70 
Instrumental extraction techniques, 

formaldehyde release from textiles, 
93-94 

Interfacial D N A , reaction with 
formaldehyde, 310-17 

International Contact Dermatitis Group, 
ranking of formaldehyde as a 
sensitizer, 233-34 

Ion chromatography 
determination of formaldehyde, 13-14 
determination of formic acid and 

aldehydes, 13-21 
Iron dextran, treatment of iron deficiency 

anemia, 375-76 

 P
ub

lic
at

io
n 

D
at

e:
 A

ug
us

t 2
1,

 1
98

5 
| d

oi
: 1

0.
10

21
/b

a-
19

85
-0

21
0.

ix
00

2

In Formaldehyde; Turoski, V.; 
Advances in Chemistry; American Chemical Society: Washington, DC, 1985. 



388 FORMALDEHYDE: ANALYTICAL CHEMISTRY AND TOXICOLOGY 

Irritation 
sensory, in humans from airborne 

formaldehyde, 343-44 
testing of formaldehyde, 221-22 

j 

Japanese industrial standard 
JIS-A5908-1974, formaldehyde release 
rate, 106 

Japanese Ministry of International Trade 
and Industry test method, 
formaldehyde release from textiles, 93 

Japanese test method law 112-1973, 
formaldehyde release from textiles, 93 

L 

Labeling of D N A in the respiratory mucosa 
of rats, 311-13 

Labels of cosmetics, listing of 
formaldehyde, 235 

Laboratory animals, carcinogenicity studies 
of formaldehyde, 241-43 

Laboratory testing, active and passive 
formaldehyde monitors, 123-24 

Landfill cells 
construction and operation, 45-47 
presence and fate of formaldehyde, 53-54 
schematic, 46/ 

Latency of tumors, effect of formaldehyde 
dose, 370-71 

Leachate extract containing 
formaldehyde-2,4-DNPH, RIC, 49/ 

Leachate samples 
derivatization and extraction procedure, 45 
treatment to minimize emulsion 

interferences, 50 
Leaching of formaldehyde, during and 

after landfilling operations, 44 
Lesions induced by irritant materials, 

factors influencing distribution, 306-7 
Lethal airborne concentration of 

formaldehyde, 220 
Lethal dose, median 

definition, 218 
of formaldehyde, 218 

Leukemia from formaldehyde exposure, 290 
Lifetime exposure to formaldehyde, 

adjustment, 361 
Lifetime risk of cancer in the United States, 

364-66 
Limit studies of formaldehyde, 218 
Linear formaldehyde emission models for 

pressed-wood products and UFFI, 
141f, 148-49 

Linearity of the dose-response curve for 
formaldehyde, 366-69 

Liquid extraction techniques, 
formaldehyde release from textiles, 
92-93 

Load factor, effect on formaldehyde 
release from pressed-wood products, 
107-10 

Logit model for formaldehyde risk 
estimation, 326-27, 347-48, 360-61 

Long-term dosimeters for formaldehyde 
sampling, 72-73, 76-77 

Low capture efficiency, 2,4-DNPH 
methods, 6 

Low-dose exposure to formaldehyde 
linearity of responses, 366-68 
over long periods, relative hazard, 376 

Low-level formaldehyde dosimeters, 
current status, 187-89 

Lung cancer from formaldehyde exposure, 
266-67, 294 

M 

Macromolecules in the rat nasal mucosa, 
delivered dose of formaldehyde, 
310-17 

Manual vs. automated pararosaniline 
method, correlation of results, 37, 38/ 

Manufactured housing, formaldehyde 
levels, 251-52 

Mass fragmentogram, organic-free water 
extract of acetaldehyde-2,4-DNPH, 
51/ 

Mass spectrum 
acetaldehyde-2,4-DNPH, 52/ 
from the derivatization of formalin 

headspace, 61, 64/ 
formaldehyde-2,4-DNPH, 50/ 

Mathematical models for formaldehyde 
risk estimation, 347-48, 379 

Maximum likelihood risk estimates for 
formaldehyde, 326-27 

Maximum tolerated dose, in formaldehyde 
studies, 336-37 

Measurement, product characterization, 
and exposure levels, formaldehyde, 
105-10 

Measurement techniques and 
concentrations, formaldehyde in 
residences, 117-28 

Mechanism for formaldehyde action, 
347-50 

Mechanistic data, risk estimation for 
formaldehyde, 323-27 

Median lethal dose 
definition, 218 
of formaldehyde, 218 

Medium-density fiberboard 
desiccator values, 113, 114/ 
formaldehyde release, 112-13 

Metabolic incorporation, effect on 
delivered dose of formaldehyde, 
325 

Metabolism of formaldehyde in humans 
and animals, 338, 347, 363, 368 

Metaplasia, in animals exposed to 
formaldehyde, 346, 350-51 

Meteorological factors, effect on home 
formaldehyde levels, 73-75 

3-Methyl-2-benzothiazolinone hydrazone 
hydrochloride, reaction with 
formaldehyde, 87, 89 
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Models 
effect of meteorological factors on home 

formaldehyde levels, 74-75 
formaldehyde concentration 

incorporating source emission models, 
139-40 

simplifying assumptions, 145-47 
in a single compartment, 136-37 

formaldehyde risk, 365-71 
source emission, for combustion and 

solid emission sources, 137-38 
Modified NIOSH method for 

formaldehyde determination, 118-19 
Monitors commonly used for 

formaldehyde determination, 118-24 
Monkeys, use in formaldehyde exposure 

studies, 350, 377-78 
Monomethylolurea, formation, 105 
Morphologic changes in respiratory mucosa 

of rats exposed to formaldehyde, 320 
Mortality testing, acute, of formaldehyde, 

218-20 
Morticians, cancer mortality, 327-31 
Mouse fetuses, effect of formaldehyde, 

346f 
Mucociliary apparatus and formaldehyde-

induced nasal toxicity, 306-10 
Mucociliary clearance, effect on delivered 

dose of formaldehyde, 325 
Mucociliary defense apparatus in the frog, 

inhibition, 222 
Mucociliary flow 

effect on delivered dose of 
formaldehyde, 364 

effect of formaldehyde, 368 
effect on rats exposed to formaldehyde, 

309-10 
Mucociliary function 

effect of low-level formaldehyde 
exposure, 348-49 

inhibition in rats, 243 
Mucostasis and ciliastasis in rats following 

inhalation of formaldehyde, 309 
Multihit model for formaldehyde risk 

estimation, 347-48 
Multiple formaldehyde emitters, potential 

impact on indoor formaldehyde 
concentrations, 144-45 

Multistage model for formaldehyde risk 
estimation, 326-27, 347-48, 360-61 

Mutagenic testing of formaldehyde, 223-24 

Ν 

Nail hardeners, use of formaldehyde, 231, 
234,238 

Nasal cancer 
from formaldehyde exposure, 262-65, 

290 
rates in rats and humans, 367 

Nasal cavities, of rats and mice, delivered 
dose of formaldehyde, 305-6, 310-17 

Nasal squamous cell carcinoma, rats and 
mice exposed to formaldehyde, 
299-303, 346 

Nasal toxicity, formaldehyde induced, 
306-10 

Nash reagent for color development of 
dissolved formaldehyde, 87 

National Aeronautics Establishment-NRCC 
dosimeter, development, 184-86 

National Cancer Institute, proportionate 
mortality studies of embalmers, 291-92 

National Center for Toxicological Research, 
review of formaldehyde determination 
methods, 343 

National Institute of Occupational Safety 
and Health (NIOSH) 

modified method for formaldehyde 
determination, 118-19 

P & C A M 125 method 
for formaldehyde determination, 

71-72, 76,152 
storage stability study, 157, I58t 

P & C A M 318 method for formaldehyde 
determination, 152 

P & C A M 354 method for formaldehyde 
determination, 152 

recommendation on industrial 
formaldehyde use, 240 

review of formaldehyde determination 
methods, 343 

National Research Council, 
recommendations for risk assessments, 
358 

National Research Council of Canada 
(NRCC), dosimeter development, 
184-87 

National Toxicology Board of Scientific 
Counselors, review of carcinogenicity 
bioassays, 336 

Neoplasia in the nasal passages of rats 
exposed to formaldehyde, 241, 301f, 
309-10 

Neoplastic transformation, initiation, 
fixation requirement, 369-70 

New homes, formaldehyde levels, 252 
Northern Peidmont determination of 

releasable formaldehyde in fabrics, 91 

Ο 

Oak Ridge National Laboratory (ORNL) 
passive monitor for formaldehyde 
measurement, 120 

Occupant-related factors, effect on home 
formaldehyde levels, 75 

Occupational exposures to formaldehyde, 
248-49 

Occupational Safety and Health 
Administration 

hazard communication guidelines, 222 
standard for formaldehyde levels in the 

workplace, 118 
Odor recognition of formaldehyde, 

threshold, 221 
Offgassed formaldehyde, 90, 102 
Oral studies of formaldehyde 

carcinogenicity with laboratory 
animals, 241, 243f 
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Organic-free water extract of 
acetaldehyde-2,4-DNPH 

mass fragmentogram, 51/ 
RIG, 51/ 

Organic-free water extract of 
formaldehyde-2,4-DNPH 

mass fragmentogram, 51/ 
RIG, 48/, 51/ 

Oxidation, formaldehyde, formate 
formation, 331 

Oxidative charcoal tube method, sampling 
and analysis of formaldehyde, 8 

Oxydimethylene glycol, formation from 
formaldehyde and methylene glycol, 
58 

Ρ 

Panel on Exposure, conclusions regarding 
UFFI and pressed-wood products, 252 

Papillomas, rats exposed to formaldehyde, 
302-3 

Paraformaldehyde 
for controlling fungal growth in maple 

tree tapholes, 239 
diffusion cell, generation of standard 

formaldehyde, 204-6 
presence in the gas-phase emission of a 

formaldehyde source, 59 
Pararosaniline 

colorimetric method, formaldehyde 
determination, 5-6, 24-28, 34-39 

reaction with formaldehyde, 87-88 
Pararosaniline-formaldehyde adduct, 

dehydration, 34, 46 
Particle board 

air chamber values, 113,114/ 
formaldehyde release, 106-7 

Passive formaldehyde dosimeters 
measurements in Canadian homes, 

161-91 
O R N L , evaluation, 183 
short and long term, 72-73, 76 

Passive formaldehyde samplers, 105, 119-24 
Pathologists, cancer and exposure to 

formaldehyde, 261-72, 327-31 
Peak height vs. potential 

acetaldehyde, 18/ 
formaldehyde, 18/ 
formic acid, 18/ 
propionaldehyde, 18/ 

Permeation barriers 
effect on formaldehyde emission rates, 

138 
effect on indoor formaldehyde levels, 

142-44 
Permeation cells, generation of standard 

formaldehyde, 199-203 
Permeation coefficient of a membrane, 

definition, 196 
Permeation devices for formaldehyde 

generation, general requirements, 
212-13 

Permeation methods for the generation of 
standard gases, 193-203 

Permeation rate(s) 
of a gas through a membrane, 196 
of a gas through a permeation tube, 197 
stability in standard formaldehyde 

generation, 199-201 
Permeation system for formaldehyde 

generation, schematic, 200/ 
Permeation tubes, generation of standard 

formaldehyde, 196-99 
p H , dependence of formaldehyde peak 

height and potential, polarographic 
analysis, 28-30 

Pharynx and buccal cavity cancers from 
formaldehyde exposure, 264-66 

Plant and equipment sanitation, uses of 
formaldehyde, 231-32, 234-35 

Polarographic method 
vs. automated pararosaniline method, 39 
for formaldehyde determination, 24-25, 

28-34 
Political positions on acceptable levels of 

formaldehyde, 379 
Polymerization, formaldehyde, 59 
Polyoxymethylene, and a silicon 

membrane, permeation cell, 201-2 
Polyoxymethylene glycol, formation and 

properties, 57-58 
Polyoxymethylene glycol monomethyl 

ethers 
in equilibrium with a formalin solution, 

61-64 
formation and properties, 57-58 

Polypoid adenomas, rats exposed to 
formaldehyde, 301-3 

Porosity and structure of building materials, 
effect on formaldehyde release from 
pressed-wood products, 106-7 

Potential carcinogenic hazard of 
formaldehyde, 337 

Preservatives 
formaldehyde in cosmetics, 229-30 
formaldehyde donor, 235 

Pressed-wood products 
conclusions of the Panel on Exposure, 

252 
estimation of effective emitting area, 

142 
formaldehyde release, 101-14, 254 
linear formaldehyde model, 148-49 

Primates, use in formaldehyde exposure 
studies, 377-78 

Probe colorimeter, pararosaniline 
colorimetric method, 24, 35 

Probit model for formaldehyde risk 
estimation, 326-27, 347-48 

Product characterization, measurement, 
and exposure levels, formaldehyde, 
105-10 

Products emitting formaldehyde into the 
indoor air, 253-57 

Professional workers, cancer and exposure 
to formaldehyde, 261-72, 290-95, 
327-31 

Propionaldehyde 
peak height vs. potential, 18/ 
steady state cyclic voltammetry, 15, 17/ 
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Proportionate mortality studies 
of embalmers, 291-92 
of formaldehyde exposure, 261-72 

Protein, reaction with formaldehyde, 349 
Protein-DNA cross-links, formation, 310-17 
Pro-Tek C-60 Du Pont dosimeter, 

background, field studies, and 
modifications, 167 

Pseudomonas, contamination of cosmetics, 
229, 235, 238 

Public concern of formaldehyde, 68-69 
Pulse durations and applied potentials, 

aldehydes and formic acid, 16, 18/ 
Pulsed amperometric detection, 

determination of formic acid and 
aldehydes, 13-21 

Putative human risk from formaldehyde 
exposure, 364-66 

Pyrolysis, combined with diffusion cell, 
generation of standard formaldehyde, 
208-10 

Q 

Quantitative analysis, formaldehyde 
condensates in the vapor state, 57-64 

Quantitative risk assessment of 
formaldehyde, 360-66 

R 

Rat-to-human scaling in formaldehyde 
studies, 362-64 

Rate of formaldehyde emission from 
combustion sources and 
formaldehyde-resin-containing 
products, 133-36 

Rats" 
carcinogenic potential of formaldehyde, 

345-47 
effects of chronic inhalation of 

formaldehyde, 350 
exposed to formaldehyde, cell turnover 

rate, 351-52 
and mice, comparison of responses to 

formaldehyde exposure, 348 
nasal carcinoma rate, 367 
study of inhaled formaldehyde by CIIT, 

299-331 
toleration of large formaldehyde doses, 

376-77 
Reconstructed ion chromatogram (RIC) 

leachate extract containing 
formaldehyde-2,4-DNPH, 49/ 

organic-free water extract of 
acetaldehyde-2,4-DNPH, 51/ 

organic-free water extract of 
formaldehyde-2,4-DNPH, 48/, 51/ 

Recovery of formaldehyde, dosimeters, 189 
Reflex responses to sensory irritation, 304 
Regulatory programs, formaldehyde 

sampling, 70 
Release of formaldehyde 

from cellulosic textiles, 83-99 

Release of formaldehyde—Continued 
from consumer products, 253-57 
from finished fabrics, 95-98 
mechanism, 103-5 
values calculated from different 

calibrations, 87, 89/ 
Reproduction-teratogenicity effects of 

formaldehyde, 223-24, 345-46 
Residences, formaldehyde measurement 

techniques and concentrations, 117-28 
Residential screening program for 

formaldehyde, West Virginia 
Department of Health, 79-80 

Respiratory epithelium of rats and mice 
exposed to formaldehyde, cell 
replication, 320-23 

Respiratory mucosa of rats exposed to 
formaldehyde, morphologic changes, 
320 

Respiratory mucosal D N A , reaction with 
formaldehyde, 310-17 

Respiratory rate of laboratory animals, 
effect of formaldehyde inhalation, 
304-5 

Rinsing of dialysis equipment, 278 
Risk assessment of formaldehyde, 341-53, 

357-71 
Risk Assessment Panel, discussion of 

formaldehyde exposure, 375-80 
Risk of cancer, lifetime, in the United 

States, 364-66 
Risk estimation for formaldehyde, role of 

mechanistic data, 323-27 
Risk-exposure curves, use in risk 

assessment, 360-61 
Room-temperature sodium sulfite method, 

formaldehyde release from textiles, 93 

S 

Safety of formaldehyde in the cosmetics 
industry, 232-35 

Sampling methods for formaldehyde 
field evaluations, 151-58 
minimum criteria, 70-71 
NIOSH methods, 70-76 

Sarcomata production in rats injected with 
formaldehyde, 241 

Scavengers, use in eliminating 
formaldehyde emission, 112-13 

School biology labs, formaldehyde levels, 
257* 

Sealed jar test, formaldehyde release from 
textiles, 85-88 

Seasonal variations in formaldehyde levels, 
UFFI and non-UFFI homes, 126-27, 
163-64 

Sensory irritation 
description, 304 
in humans from airborne formaldehyde, 

343-44 
on inhaled formaldehyde dose, effects of 

responses, 303-6 
Separation, aldehydes and formic acid, 

19-21 
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Shelf life, dosimeters, 189 
Shirley Institute method, formaldehyde 

release from textiles, 92 
Short-chain fatty acids as causes of 

emulsion formation, 49-50 
Short-term dosimeters for formaldehyde 

sampling, 72-73, 76 
Silicone membrane and polyoxymethylene 

permeation cell, 201-2 
Simulated landfill cells 

construction and operation, 45-47 
presence and fate of formaldehyde, 

53-54 
Single-blister unit version of Pro-Tek C-60 

dosimeter, 170,174-75 
Single-potential amperometry, 14-15 
Sinks, effect on home formaldehyde levels, 

75 
Skin irritation testing of formaldehyde, 221 
Skin sensitization due to formaldehyde 

exposure, 239 
Soap-bubbling method, calibration of flow 

rates of purging and diluent gas, 212 
Social class bias, effect on formaldehyde 

studies, 293 
Sodium sulfite method, formaldehyde 

release from textiles, 92, 99f 
Solid emission sources, potential 

contribution to indoor formaldehyde 
concentrations, 143f 

Source emission models 
for combustion and solid emission 

sources, 137-38 
incorporated into formaldehyde 

concentration models, 139-40 
Sources of formaldehyde, 68, 85, 101, 113, 

342 
Southern Regional Research Center vapor 

transport method for formaldehyde 
determination, 91 

Spectrophotometric analysis for 
formaldehyde, reagents, 90f 

Squamous cell carcinoma, rats and mice 
exposed to formaldehyde, 299-303, 
346 

Standard formaldehyde 
generation using diffusion methods, 

204-10 
generation using permeation methods, 

196-203 
Standard gaseous mixture, calculation of 

formaldehyde concentration, 210-12 
Standard test conditions for formaldehyde, 

77-78 
Standardized incidence ratio, studies of 

formaldehyde exposure, 261-72 
Standardized mortality ratio, studies of 

formaldehyde exposure, 261-72 
State health departments, formaldehyde 

sampling, 69-70 
Static and dynamic methods for the 

generation of gaseous formaldehyde, 
194 

Steady state formaldehyde concentration, 
potential impact or formaldehyde 
emission sources, 140-44 

Steady state formaldehyde concentration 
models 

incorporating source emission models, 
139-40 

simplifying assumptions, 145-47 
for a single compartment, 136-37 

Steam test, formaldehyde release from 
textiles, 88, 90 

Sterilization of dialysis filters, 276-77 
Storage stability study, NIOSH P & C A M 

125, 157,158f 
Structure and porosity of building 

materials, effect on formaldehyde 
release from pressed-wood products, 
106-7 

Subchronic testing of formaldehyde, 223, 
224f 

Swedish workers, cancer and exposure to 
formaldehyde, 261-72 

Symposium on Interpretation of 
Epidemiological Evidence, conclusions 
about formaldehyde and cancer, 294 

Τ 

Temperature 
effect on formaldehyde release from 

pressed-wood products, 107-8 
effect on home formaldehyde levels, 73 

Tennessee homes, testing for 
formaldehyde, 120-22 

Teratogenicity and reproduction effects of 
formaldehyde, 223-24, 240-41, 345-46 

Test conditions, standard, for 
formaldehyde, 77-78 

Testing programs for formaldehyde, 69-70, 
78 

Tetrachloromercurate salt, pararosaniline 
methods, 5-6 

Textiles, formaldehyde emissions, 83-99, 
256 

Threshold, odor recognition of 
formaldehyde, 221 

Tissues 
formaldehyde-induced injury, cell 

proliferation response, 320-23 
target and nontarget, disposition of 

inhaled formaldehyde, 310-20 
Tooth desensitizer dentifrice, use of 

formaldehyde, 231 
Toxic effects of formaldehyde exposure 

cellular, 337-38 
during dialysis, 279-84 

Toxic hyperplasia, in tissues, 336 
Toxicity of formaldehyde 

acute, 220i 
classification scheme, 219f 
cost estimates of tests, 226f 
data, 240-41 
at distant sites in animals, 315-19 
purposes of studies, 218 
review, 217-26 

Trace levels of formaldehyde in polluted 
waters, method development for 
determination, 43-54 
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Transient sources, effect on home 
formaldehyde levels, 75 

Transport coefficient, determination of 
formaldehyde release, 107 

Trigeminal nerve, role in response to 
formaldehyde inhalation, 303-4 

Trimethylsilylation 
hydroxyl groups of formaldehyde 

condensates, 58 
vapors in equilibrium with a formalin 

solution, 60 
Trioxane diffusion cell, generation of 

standard formaldehyde, 206-8 
Twin double-blister unit versions of Pro-

Tek C-60 dosimeter, 177-78 

U 

Urea-formaldehyde-bonded wood 
products 

formaldehyde release, 101-14 
formation, 104-5 

Urea-formaldehyde foam, use as a landfill 
cover material, 43 

Urea-formaldehyde foam insulation 
(UFFI) 

CPSC decision to ban in the United 
States, 326 

effect on formaldehyde levels in homes, 
124-28,163-64, 250-51 

estimation of effective emitting area, 142 
linear formaldehyde model, 148-49 
and pressed-wood products, conclusions 

of the Panel on Exposure, 252 
Urea-formaldehyde resins (UFR) 

use in adhesives industry, 109-13 
use in pressed-wood products, 118 

Uses of formaldehyde in the cosmetics 
industry, 229-32 

V 

Vapor extraction techniques, formaldehyde 
release from textiles, 85-92 

Vapor pressure, effect on home 
formaldehyde levels, 74-75 

Vegetable oils, use as vehicles in 
formaldehyde studies, 336 

Ventilation 
effect on formaldehyde release from 

pressed-wood products, 107-8 
effect on home formaldehyde levels, 75 

Voltammogram (s) 
formaldehyde, 30, 32/ 
formaldehyde in the presence of 

acetaldehyde and acrolein, 33/ 
hydrazine derivatives of formaldehyde, 

34,35/ 
hydrazone derivative of formaldehyde, 

34/ 

W 

Water, formaldehyde levels, 379 
Weibull model for formaldehyde risk 

estimation, 326-27, 347-48, 360-61 
Weight decrease, rats and mice exposed to 

formaldehyde, 302 
WestPoint Pepperell dynamic chamber 

method for formaldehyde release, 91 
West Virginia Department of Health, 

residential screening program for 
formaldehyde, 79-80 

Whole body autoradiographic studies of 
formaldehyde deposition patterns in 
rats and mice, 306 

Wilhelm Klausnitz Institute test, 
formaldehyde release rate, 106 

Wisconsin, standardized conditions for 
formaldehyde testing, 78 

Wood, moisture content, 103 

Y 

Yellow discoloration, rats exposed to 
formaldehyde, 302 

Ζ 

Zymate robot, use in formaldehyde 
determinations, 24-28, 34-35 
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