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Formaldehyde (HCHO) is a toxic air contaminant released
indoors from pressed-wood materials and numerous
consumer products. Formaldehyde emission data are
needed for modeling of indoor personal exposures, health
risks, and risk reduction measures. This study determined
HCHO emission rates from 55 diverse materials and consumer
products under two realistic chamber test conditions,
using both time-integrated and continuous real-time
measurements. Among dry products, relatively high emissions
were found from bare pressed-wood materials made

with urea-formaldehyde (UF) resins, and from new (unwashed)
permanent press fabrics. UF materials with paper, vinyl,
laminate, and other coatings showed HCHO emissions lower
by about a factor of 10 than those from bare UF materials.
Among wet products, an acid-cured floor finish showed
the highest HCHO emissions, greatly exceeding those of any
dry product even 24 h after application. Fingernail polish
and hardener showed relatively high emission rates, and
latex paint and wallpaper relatively low emission rates, but
these products emit similar amounts of HCHO because

of widely different surface areas of application. Acid-cured
finishes, and personal activity patterns and exposures
during application of wet products, are key areas for further
study.

Introduction

Formaldehyde (HCHO) is a suspected human carcinogen
that is known to be released from pressed-wood products
used in home construction, including products made with
urea-formaldehyde (UF) resins (e.g., particleboard, hardwood
plywood, medium-density fiberboard (MDF), and panelling)
and those made with phenol-formaldehyde (PF) resins (e.g.,
softwood plywood, oriented strandboard) (1, 2). As a result,
concern exists about personal exposures to HCHO indoors.
For example, on the basis of a 1 in 100 000 cancer risk over
a 70-year lifetime, the state of California has set an allowable
daily HCHO exposure of 40 ug (3). With a typical adult daily
respired volume of 20 m?, this exposure equates to a HCHO
concentration of 2 ug/m? (1.6 ppbv).

Because of concern over HCHO emissions, procedures
for chamber testing of pressed-wood products are now well
established (4, 5), voluntary emission standards for par-
ticleboard and MDF now rely on such tests (6, 7), and chamber
testing of particleboard and hardwood panelling used in
mobile homes is required by the U.S. Department of Housing
and Urban Development. However, HCHO may also be
emitted from many other consumer products, such as
permanent press fabrics, cosmetics, fiberglass insulation,
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paints, and coatings (1, 2, 8—10), and these products have
not been tested as extensively as have pressed-wood products.
For example, over a decade ago Pickrell et al. (8) assessed
HCHO emission from a greater variety of products than in
any other study but only at 100% relative humidity (RH) and
a constant (and not necessarily realistic) product loading. A
subsequent study (9) employed a wider range of test
conditions but for only afew products. As aresult, few current,
realistic data exist with which to conduct modeling of indoor
HCHO concentrations, personal exposures, health risks, and
risk reduction measures for the variety of consumer products
found in homes.

This paper presents results from a study that fills that gap
by determining the emission rates of formaldehyde from a
wide variety of materials and consumer products found in
California homes (11). This study also determined the
emission rates of acetaldehyde, propionaldehyde, methyl
ethyl ketone (MEK), and methyl isobutyl ketone (MIBK)
because, like HCHO, they are designated as Toxic Air
Contaminants by the California Air Resources Board and as
Hazardous Air Pollutants in the 1990 Clean Air Act Amend-
ments. However, no emission of MEK or MIBK was detected
from any product tested, and the emission rates of acetal-
dehyde and propionaldehyde were generally much lower
than those of HCHO from the same products (11). Conse-
quently, this paper focuses on the results for HCHO.

Experimental Methods

The aim of this study was to test in a consistent way a broad
variety of HCHO-emitting products found in California
homes. The products tested included both “dry” products
(i.e., those that emit HCHO at a steady rate) and “wet”
products (i.e., those that produce a peak in emission after
application followed by decreasing emissions as the product
cures or dries). Examples of the former are pressed-wood
products, decorative laminates, and permanent press fabrics;
of the latter, paint, wallpaper, fingernail hardener, and floor
finish. Because of the nature of national markets, the products
tested were undoubtedly similar to those available throughout
the U.S. However, the diversity and realism of the selected
products was the focus of this study. Thus, while the products
tested represent diverse product categories, they should not
be taken as a statistical sampling of those categories.
Product Selection. Sample selection was based on four
criteria: (1) market share or quantity of production of the
material, (2) extent of use inahome, (3) likely or demonstrated
product emission rate, and (4) the potential intensity of user
exposure that might result from any emissions (11). The last
criterion relates to the manner of use of the product:
proximity of the user during application of a product could
enhance any resulting exposure. The products selected were
not intended to be a statistically representative sampling of
all materials and products sold in California but rather a
diverse set of samples characteristic of what a California
resident would purchase, use, or be exposed to in the home.
Product Acquisition. The required samples were pur-
chased in California, cut to sizes appropriate for testing, sealed
in plastic film, and shipped to Battelle’s (Columbus, OH)
laboratories. Information recorded for each sample included
a description of the product, identification of the vendor
and manufacturer, product characteristics, sample size,
indication of single or duplicate sample, and the dates of
purchase, shipping, receipt, and testing. For two wood
products, sufficient quantities were obtained to allow testing
of the products in a large chamber for comparison to the
small chamber results. Wood and laminate sample pieces
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were sandwiched between extra sheets of the identical
product before wrapping in film for shipping.

Samples were obtained at intervals between May 1995
and February 1996, primarily in the Los Angeles basin, the
Sacramento area, and the San Francisco Bay area. These
areas were chosen as densely populated areas of the state in
which consumer products and building materials were
moving actively through the marketplace. Most samples were
purchased directly from common retail outlets, in common
sizes, and in the usual packaging. For some materials, such
as industrial particleboard and other wood products, it was
necessary to contact wholesalers to obtain samples. For some
product types more than one sample was obtained, from
differentvendors in different parts of the state. A few products
were obtained directly from manufacturers, including in-
dustrial particleboard with and without paper and vinyl
laminates; particleboard mobile home decking, with and
without a waterproofing coating needed in kitchen and bath
areas; cabinet doors of MDF, with and without a manufac-
turer-applied acid-cured finish; and a two-coat acid-cured
finish for wood floors.

Product Documentation and Storage. After receipt in
the laboratory, all samples were stored in a continuously
ventilated vacant office, maintained at 70(+3) °F and 50
(£5)% relative humidity (RH). Samples that ordinarily would
be enclosed until use were kept in their original packaging
until just before placement in the test chamber. All other
products were unwrapped, separated from extra protective
sample sheets, and allowed to equilibrate in the storage room
for 2—7 days before testing. The edges of all wood product
samples were sealed with sodium silicate solution and
allowed to dry for 24 h before chamber testing.

Testing Procedures. All products were tested under two
sets of conditions, designated typical and elevated, and
chosen to represent a reasonable range of indoor conditions.
“Typical” conditions were 70 °F, 50% RH, and 1.0 air changes
per hour; “elevated” conditions were 80 °F, 50% RH, and 0.3
air changes per hour. Each product was tested simultaneously
under these two sets of conditions, using twin steel and glass
chambers of 1.43 m?® volume. All tests were of 24 h duration.
Wet products were applied to substrate materials outside
the test chambers, and the substrates were then immediately
placed into the chambers. Substrate materials were gypsum
wallboard for paints and wallpaper; oak flooring for floor
finish; artificial fingernails for fingernail polish; and aluminum
foil over a wooden support for fingernail hardener. Tem-
perature and RH data from both chambers, and the output
of the real-time HCHO monitor, were recorded continuously
during each test.

For eight dry and two wet products, chamber tests were
run twice on separate samples, to assess the degree of
repeatability of the entire test procedure. The duplicate tests
were conducted on successive days, so that sample storage
was as nearly identical as possible for the duplicate samples.
The comparability of the present results to those obtained
in large chambers was also assessed by testing samples of
5/8 in. particleboard underlayment and 3/4 in. stock
hardwood plywood in the 1.43 m® chambers and simulta-
neously in a 17.3 m® chamber. The large chamber test used
the same product loading as in the 1.43 m® chambers and
the same air exchange rate as in the typical conditions.
However, the large chamber temperature could not be
maintained at 70 °F, as for the typical conditions. Instead,
both the typical and large chamber results were adjusted to
conditions of 77 °F and 50% RH using the correction factors
in the ASTM large chamber procedure (5).

Chemical Measurement Methods. Both a continuous
monitor (12) and EPA Method TO-5, based on derivatization
with 2,4-dinitrophenylhydrazine (DNPH) (13), were used for
determination of HCHO. The continuous HCHO monitor is
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highly specific for HCHO and has a detection limit of 0.1
ppbv, alag time of 90 s, and a response time to step changes
ofabout60s. At 1 ppmv of HCHO, the departure from linearity
was 3%; HCHO results above 1 ppmv were corrected for
nonlinearity.

The continuous HCHO monitor sampled alternately from
the two chambers in all tests by means of an automatic valve.
For dry products the monitor sampled for alternate 30-min
periods from each chamber. For wet products the cycling
time was shortened to 5 min on each chamber. In all tests,
the HCHO monitor sampled the chamber background air
before introduction of samples. In testing of dry samples,
the continuous HCHO data were used to document stabi-
lization of chamber HCHO levels and as a check on the DNPH
method. For wet products, the continuous HCHO data were
the primary measurement and were used to model the time
behavior of emissions. The HCHO monitor was calibrated
using 1 x 107—4 x 10 ~* M solutions of HCHO, prepared by
serial dilution froma 37% (13.3 M) formalin primary standard
(12). A standard of 1.33 x 107> M was run on every day of
testing and is equivalent to about 100 ppbv gaseous HCHO.
The sample air and scrubber solution flows that determine
the exact equivalence were measured independently on every
test day.

The DNPH results were the primary means of quantitation
for HCHO in testing of dry products. Sampling was conducted
by drawing air at 1.65 L/min through midget glass impingers
containing 20 mL of the reagent solution. All background
sampling and some product emission sampling was of 60-
min duration. The sampling period was shortened to 30 min
for those products which produced relatively high HCHO
levels in the chambers, as indicated by the real-time monitor.
Calibration of the HPLC determination of HCHO used
standard solutions containing 2 or 20 ug/mL of the DNPH
derivative of HCHO. The detection limit of the DNPH method
was 0.16 ppbv (0.20 ug/m?) for HCHO. In all tests the
convention was adopted that an increase above chamber
background of at least 1 ppbv of HCHO was required to
initiate calculation of emission rates.

Calculation Procedures—Steady-State Sources. For prod-
ucts that produced steady-state concentrations in the test
chambers, the following equation was used (5)

~ CN
E="T 1)

where E = emission rate of target compound, in ug/m?/h,
C = concentration of the target compound under steady-
state conditions, in ug/m3, corrected for background con-
centration at the start of the test, N = air exchange rate, in
h™%, and L = product loading rate in the chamber, in m2/mé2.

The steady-state concentration (C) was determined by
DNPH sampling near the end of the test. In the few cases
where problems with DNPH sampling or analysis invalidated
the DNPH result, the HCHO concentration determined by
the real-time monitor was used.

Calculation Procedures—Wet Sources. A four-parameter
empirical model was used (14—16), having the form

C=a(l—-e™—c1—e% 2)

where C is the concentration of HCHO (in ug/m?®) at time t
(in hours). The coefficients a and c also have units of ug/m?,
whereas the exponential coefficients b and d have units of
h~1. From the values of the coefficients, the emission rates
can be calculated. For example, the initial emission rate per
m? of product surface may be calculated as

R, = (ab [ cd) 3



TABLE 1. Formaldehyde Emission Rates from Bare and Coated UF Wood Products (ug/m?h)?

product group and identity

formaldehyde emission

no. product loading® (m?/m?) typical elevated
Bare Urea-Formaldehyde (UF) Wood Products

1 1/4" UF particleboard 0.46 1580 1170
2 5/8" particleboard underlayment 0.46 508 393
3 bare MDF cabinet doors c 364 535
4 3/4" medium-density fiberboard (MDF) 0.26 258 254
5 5/8" industrial particleboard (I.P.) 0.46 237 311
6 5/8" MDF dup 19 0.26 210 318
dup 2 0.26 335 385
7 1/4" prefinished hardwood plywood wall panelling 0.46 181 140
8 5/8" mobile home decking 0.46 174 241
9 1/2" hardwood veneer plywood 0.46 170 154
10 3/4" industrial particleboard dup 1 0.46 170 181
dup 2 0.46 120 130
11 5/8" industrial particleboard dup 1 0.46 158 164
dup 2 0.46 130 172
12 3/4" industrial particleboard 0.46 147 153
13 5/8" particleboard underlayment 0.46 119 134
14 3/4" industrial particleboard 0.46 117 177
15 5/8" industrial particleboard 0.46 104 110
16 1/2" stock hardwood plywood 0.46 103 147
17 1/4" stock hardwood plywood 0.46 101 71
18 3/4" stock hardwood plywood dup 1 0.46 7 66
dup 2 0.46 65 69

19 3/4" stock hardwood plywood 0.46 8.6 6.8

Coated UF Wood Products

20 MDF cabinet doors w. white acid-cured finish c 460 1300
21 5/8" I.P. w. textured nonrecoatable paper laminate 0.46 55 120
22 5/8" I.P. w. recoated paper, waterborne topcoat 0.46 48 83
23 5/8" mobile home decking w. waterproof coating 0.46 35 52
24 3/4" |.P. w. melamine laminate (imported) dup 1 0.46 29 44
dup 2 0.46 16 86
25 5/8" I.P. w. paper laminate 0.46 26 29
26 3/4" I.P. w. melamine laminate (imported) 0.46 21 18
27 5/8" I.P. w. rigid vinyl laminate 0.46 16 31

28 5/8" I.P. vinyl coated 0.46 8.6 2.9
29 interior door w. particleboard core 0.46 7.0 15

30 5/8" I.P. vinyl coated dup 1 0.46 6.7 1.7

dup 2 0.46 <2.7 1.3

31 3/4" 1.P. w. melamine laminate (domestic) dup 1 0.46 5.7 2.2

dup 2 0.46 3.4 3.2

32 5/8" I.P. w. electron-beam-cured acrylic coating 0.46 <2.7 5.7

33 3/4" |.P. w. melamine laminate (domestic) 0.46 <2.7 4.6

a All test results are steady-state emission rates after 20—24 h in the test chamber. ? Product loading: Exposed surface area of product divided
by 1.43 cubic meter chamber volume. ¢ In testing of products 3 and 20, loading rates were 0.58 m?m? in typical conditions, and 0.52 m?/m? in
elevated conditions, due to sizes of cabinet doors received. ¢ dup 1,2: Results indicate emission rates determined in duplicate chamber tests.

where R, has units of xg/m?/h. In applying this model, the
recommendations of Colombo et al. (14) were followed. The
initial value of a was set equal to the observed maximum
concentration in the data set. The initial value of ¢ was set
equal to the difference between that maximum value and
the final asymptotic level of the decay curve. The initial value
of d was setequal to the air exchange rate (N) in the chamber,
and the initial value of b was set to 3, based on experience
in trial runs. Convergence of the model generally occurred
within five iterations. The total emission of HCHO during a
test was determined by integration of the concentration—
time curve, multiplication of that result by the air flow rate
through the chamber, and addition of the “residual” HCHO
present in the chamber at the end of the test (15). Close
fitting of the initial concentration increase, the timing and
magnitude of the peak, and the decay of HCHO concentra-
tions were achieved in all tests (11). The determination of R,
was sensitive to the timing of the initial increase in HCHO,
but the determination of total integrated HCHO emissions
was relatively insensitive to the fitting of the initial peak. In
most wet product tests, HCHO concentrations achieved or
approached a steady state by the end of the 24-h test. For

such cases eq 1 was used to calculate the final HCHO emission
rate at the end of the test.

Data Quality

Test Protocols. All testing was subject to the requirements
of a Quality Assurance Project Plan (QAPP), which included
Data Quality Objectives (DQOs). Testing was based on written
test protocols, and the data quality was assessed relative to
the DQOs (11).

Chamber Characterization. Automated gas chromato-
graphic measurements of SFs over several hours indicated
leak rates of 1.38% per hour for the typical chamber, and
0.65% per hour for the elevated chamber, in good agreement
with data from past studies. To check the stability of gaseous
HCHO at test conditions, levels of 50—300 ppbv were prepared
in the chambers by vaporizing small quantities of 0.01 M
HCHO solution. HCHO concentrations then were determined
over several hours using the real-time monitor. The loss rates
of HCHO to the chamber surfaces were found to be 5—6%
per hour.

Of the 131 DNPH determinations of chamber background
HCHO, 118 were below 10 ppbv, and all but five were below
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TABLE 2. Formaldehyde Emission Rates from Various Dry Products (ug/m?h)?

product group and identity

no.
Permanent Press Fabrics

34 permanent press draperies

35 permanent press shirts (unwashed)
permanent press shirts (washed once)

36 permanent press shirts

37 permanent press sheets
Decorative Laminates

38 20 mil cabinet liner decorative laminate

39 50 mil rigid general purpose laminate

40 50 mil general purpose laminate dup 1¢

dup 2

Fiberglass Products

41 fiberglass R-19 roll insulation

42 fiberglass ceiling tiles

43 fiberglass ceiling tiles
Bare Phenol-Formaldehyde (PF) Wood Products

44 1/4" perforated PF hardboard

45 3/4" softwood plywood

46 3/4" oriented strandboard

47 3/4" softwood plywood
Paper Products

48 paper grocery bags

49 paper towels

formaldehyde emission

product loading® (m2/m3) typical elevated
3.25 215 173
7.05 107 7
7.05 42 33
7.05 45 55
3.24 42 53
1.83 51 59
1.83 14 15
1.83 4.0 6.0
1.83 4.2 6.1
0.87 32 31
1.04 23 18
1.02 16 11
0.46 9.2 9.5
0.46 8.0 6.9
0.46 6.8 16
0.46 4.1 13
2.73 <0.5 0.7
2.08 <0.6 <0.2

a All test results are steady-state emission rates after 20—24 h in the test chamber. ? Product loading: Exposed surface area of product divided
by 1.43 cubic meter chamber volume. ¢dup 1,2: Results indicate emission rates determined in duplicate chamber tests.

14 ppbv. Of the 140 chamber background measurements
with the real-time monitor, 128 were below 10 ppbv, and all
but five were below 14 ppbv. Chamber background HCHO
levels above 10 ppbv were tolerated only when emissions
from the product to be tested were expected to greatly exceed
the background level.

Calibration Standard Checks. The 2 ug/mL DNPHHCHO
standard was compared to a new HCHO standard from
Radian Corporation, with agreement within 2%. The peak
areas from 48 analyses of that standard had a relative standard
deviation (RSD) of 5.9% over the five months of testing. The
1.33 x 107> M HCHO standard was also analyzed by the
DNPH method, showing agreement within 1.6%. Based on
the 1.33 x 107> M HCHO standard run on every test day (73
total analyses), the full scale of the real-time HCHO monitor
on the most frequently used sensitivity range averaged 140.6
ppbv (£12.8 ppbv), for a percent RSD of 9.1%.

DNPH Duplicates. In all tests, two simultaneous DNPH
samples were taken from each chamber for determination
of product emissions. A linear regression of these duplicate
pairs (134 data points, ranging from 2.2 to over 1800 ppbv
HCHO) has the form DUP 2 = 1.013 (DUP 1) — 0.64 ppbv,
with an r? value of 0.999.

DNPH/Real-Time Comparison. Averaging of the real-
time HCHO data over the periods of collection of DNPH
samples allows a direct comparison between the HCHO
results from the two methods. For 385 data points, including
both chamber background and product test samples, ranging
from 0.3 to over 1800 ppbv, the linear regression has the
form real time HCHO = 0.992 (DNPH HCHO) + 0.14 ppbv,
with r? = 0.973.

External Analysis. Aliquots of DNPH samples, blanks,
and standards were submitted to a commercial laboratory
for analysis. Excluding a single outlier in which the com-
mercial lab (CL) found no HCHO, the linear regression of
HCHO data has the form CL = 0.959 (Battelle) + 0.09 ug/5
mL sample, for 51 data points, with r2 = 0.999.

Uncertainty Analysis. An estimate was made of the overall
uncertainty in the measurement of HCHO emission rates,
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using precision and accuracy data compiled for comparison
to DQOs set forth in the QAPP (11). Combining uncertainties
in chamber test conditions and chemical measurements, an
overall uncertainty of 12.3% results for the determination of
the HCHO emission rate of a dry product in this study. The
uncertainties in determining the emissions from wet products
are more difficult to quantify but are estimated at 25%, 15—
20%, and 10%, for the initial rate, final rate, and total emitted
HCHO, respectively (11).

Results and Discussion

Emissions from Dry Products. Tables 1 and 2 show the
measured emission rates of HCHO from dry products,
grouped into product categories, and within categories listed
in approximate decreasing order of HCHO emission rate.
Table 1 shows results for bare and coated UF wood products,
Table 2 for several other product categories. Shown in Tables
1 and 2 are the product identification, the product loading
in the chambers (m?/m?2), the emission rates in both typical
and elevated conditions (ug/m?/h), and an indication of
duplicate results for eight products. Calculated upper limits
to the emission rates are shown for products with no
detectable emissions. For product 35, permanent press shirts,
results are also shown both before and after washing (Table
2).

The HCHO emission data for dry products are summarized
in Figure 1, which shows a box plot of the HCHO emission
rates under typical conditions by product category. The upper
and lower ends of the box show the 75th and 25th percentile,
respectively, of the emission data for the indicated category.
The line within the box indicates the median, and the vertical
bars indicate the 90th and 10th percentiles of the data. For
those categories with enough data points, individual data
points outside the 10—90th percentile range are also shown.
Figure 1 shows that uncoated UF wood products exhibited
awide range of HCHO emission rates and the highest overall
emission rates of any dry product category. Coated UF
products showed a HCHO emission range about 1 order of
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FIGURE 1. Box plot of HCHO emission data from dry products. BUF
= bare UF products; CUF = coated UF products; PP = permanent
press fabrics; DL = decorative laminates; FG = fiberglass products;
BPF = bare PF products; P = paper goods.

magnitude lower than the uncoated UF products. This result
is consistent with other observations that HCHO emission
fromvinyl-, paper-, or decorative-laminate-coated UF wood
products is much lower than from bare UF products (e.g.,
17, 18). The lone exception among the coated UF products
was the commercially applied acid-cured finish on cabinet
doors, which emitted HCHO at a rate comparable to the
highest of the bare UF products. New permanent press fabrics
emitted at rates intermediate between the bare and coated
UF products. Decorative laminates, fiberglass products, and
bare PF wood products all showed emission rates roughly 1
order of magnitude lower than the bare UF products and
comparable to those of the coated UF products. Paper goods
exhibited negligible HCHO emissions, nearly 2 orders of
magnitude lower than those of any other product category.

The estimated overall measurement uncertainty of 12.3%
implies that values in Tables 1 and 2 that differ by less than
about 40% from one another (i.e., less than about 3 times the
uncertainty estimate) may not be significantly different. By
this criterion, many of the products within each category are
quite similar to one another in emission rate, while the
highest- and lowest-emitting products within a category may
exhibit very different rates. However, the differences between
products in different categories are often much larger than
the 40% uncertainty criterion.

A comparison with previous data shows that the results
in Tables 1 and 2 are generally in the lower end of the range
of previously reported HCHO emission rates for similar
products. This finding probably results from changes in
manufacturing and processing that have reduced or elimi-
nated HCHO emissions in many products. For example,
processing changes and voluntary production standards have
reduced HCHO emissions from MDF and particleboard
products. The voluntary standard for MDF production (7)
corresponds to an emission rate of about 700 ug/m?/h, at N
=0.5h"tand L = 0.26 m?/m3. All of the bare MDF products

tested in this study showed rates below that value (Table 1).
The voluntary standard for particleboard production (6)
corresponds to emission rates of about 440 ug/m?/h for most
types and 290 ug/m?/h for flooring products, both at N = 0.5
h~tand L = 0.43 m2/m3. Nearly all particleboard samples in
this study showed emissions below those values. One notable
exceptionwasthe 1/4 in. UF particleboard (product 1), which
was the highest-emitting dry product. However, that product
was manufactured without the extremes of heat and pressure
used in the manufacture of industrial grade particleboard
and as such was never intended to meet the particleboard
voluntary standard. Although these results indicate that
particleboard and MDF sold in California largely meet the
applicable voluntary standards, it must be stressed that the
appearance or common name of a product is no indication
of its emission rate. The 1/4 in. UF particleboard (product
1) was sold as a “hardboard”, a name which is sometimes
associated with a highly cured, low-emitting product. The
presence of a stamp on the wood product that indicates
compliance with the applicable voluntary standards (6, 7) is
the best indication of relatively low HCHO emissions.

Emissions from Wet Products. Table 3 presents the HCHO
emission results from wet products. Shown in Table 3 for
each product are the substrate loading in the chamber, the
product loading on the substrate surface, the maximum
HCHO concentration measured in the test (Cmax), the initial
emission rate of the product after application, the final steady-
state emission rate, and the total mass of HCHO released
during the test. For each product, results are listed for both
the typical and elevated conditions. Duplicate test results
are also shown in Table 3 for two products. No correction
has been made for the small differences in product loadings
(mg/cm?) in the two chambers or in duplicate tests, i.e., the
emission results in Table 3 are for the test conditions as
listed.

The commercially applied floor finish exhibited by far
the highest HCHO emissions, in terms of both initial and
final rate and integrated HCHO emission. Emissions from
the base coat were substantially greater than emissions from
the top coat, for similar product loadings. For both coats it
was necessary to use an unrealistically small surface loading
(0.0047 m?/m?3), to keep chamber HCHO levels within
measurable limits. Nevertheless, the floor finish products
caused the highest Cnax values of any wet product and
released between about 6 and 9 milligrams of HCHO into
the test chambers. The nail hardener exhibited the second
highest R, values, with a similar application surface area, but
released only about one tenth as much HCHO as the floor
finish products. Nail polish produced a still lower R, value
and much lower total HCHO emissions. Although paints and
wallpaper exhibited relatively low emission rates, the total
amount of HCHO released was substantial because of the
realistically high surface area of these products. For all
products in Table 3, the final HCHO emission rates were less
than 1.7% of the initial rates.

It must be noted that the floor finish products in Table
3 are not used by the general public but are to be applied
only by qualified contractors. Thus residential HCHO ex-
posure is likely to be reduced by the time lag between
commercial application and exposure of the resident.
However, even the final steady-state emission rates from the
floor finish (Table 3) were several times higher than those
from the highest-emitting dry products (Table 1).

The few previous HCHO emission data for wet products
are consistent with the results shown in Table 3. Very high
HCHO emissions were reported from a Swedish floor finish
(19), which may be similar to the product tested here. In
another study (20), acid-cured floor and cabinet finishes were
shown to emit large amounts of HCHO, though emission
rates were not calculated. HCHO emission rates of 195—550
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TABLE 3. Formaldehyde Emission Results from Wet Products

test substrate product
product condition? loading? (m%m?3) loading® (mg/cm?)
Paints
lower quality T 1.04 9.75
latex paint E 1.04 7.88
(duplicate) T 1.04 9.80

E 1.04 9.07
higher quality T 1.04 9.6
latex paint E 1.04 10.5
Wallpaper
paper-based T 1.04 NAe
wallpaper E 1.04 NA
Cosmetics
fingernail T 0.0049 15.6
hardener E 0.0049 15.7

(duplicate) T 0.0049 16.4

E 0.0049 17.9
nail polish T 0.0084 10.3

E 0.0084 11.4
Commercially Applied Floor Finish
base coat T 0.0047 20 mils9

E 0.0047 20 mils9
top coat T 0.0047 25 mils9

E 0.0047 25 mils9

Cinax initial HCHO final HCHO integrated HCHO
(ug/m3)  emission R, (ug/m?/h) emission (zg/m?h)  emission? (ug)

75 518 8.1 649
105 441 75 521
80 663 9.9 746
108 854 10.1 597
79 326 9.8 901
163 494 5.3 611
165 691 27 1,690
192 f f f
180 178 000 124 837
255 293 000 610 721
195 253 000 471 873
295 354 000 260 716

14.5 20700 53.7

245 62 600 52.8
950 1 050 000 10 800 7780
1,950 1 247 000 17 100 9100
900 421 000 4660 5950
1,800 799 000 13 600 7500

aT = typical conditions, E = elevated conditions. ? Surface area of substrate divided by 1.43 m3 chamber volume. ¢ Mass of product applied
per cm? of substrate surface. @ Duration of continuous HCHO measurement in all tests was 22 h, except: lower quality latex paint = 18 h; paper-
based wallpaper = 15.5 h; nail polish = 10.5 h. ¢ NA = not applicable. Emissions in this test could not be properly modeled due to loss of control
of chamber humidity. 9 Product applied to thickness recommended by manufacturer, mass loading not obtained (1 mil = 0.001 in.). Estimated

product loadings are about 60 mg/cm?.

1g/m?/h reported for three paper-based wallpaper samples
(21) are similar to the R, value determined in this study.

Direct Product Comparisons. For a few products, the
samples obtained allow direct comparisons of emission rates.
The resultsin Table 1 show that for UF particleboard (product
5), paper coatings on that same particleboard reduced HCHO
emissions by 60—90% (products 21, 22, and 25), and a vinyl
coating on that particleboard reduced HCHO emission by
90—93% (product 27). A similar effect was seen for mobile
home decking (product 8), for which the waterproof coating
reduced HCHO emissions by about 80% (product 23). The
data for MDF cabinet doors in Table 1 show that HCHO
emissions were increased by the presence of the acid-cured
finish (product 20), even though the bare MDF doors (product
3) were already astrong HCHO emitter. The increase in HCHO
emission was modest (about 27%) at typical conditions but
much larger (about a factor of 2.4) at elevated conditions. It
must be noted that the acid-cured finish was recently applied
by the manufacturer who provided the test samples; the
impact of a well-aged finish on HCHO emissions might be
different. Table 2 also shows that a single washing reduced
HCHO emissions from new permanent press shirts by about
60% (product 35).

Duplicate Chamber Tests. Figure 2 summarizes the
duplicate test results for eight dry products. The data are
scattered along the 1:1 line, covering a range from 1 to nearly
400 ug/m?/h. A linear regression to the data has the form
DUP 2 = 1.14 (DUP 1) — 6.7 ug/m2/h, with r2 = 0.880. The
degree of duplication is also indicated by the percent RSD
values of the duplicate data pairs in Figure 2, which range
from 3.1 to 46.3%, averaging 23.1%, with a median of 24.0%.
The duplicate tests included a variety of products of widely
differing emission rates and aimed for realism rather than
lengthy equilibration in sample storage and conditioning. In
light of these factors, the degree of duplication shown in
Figure 2 is good. Given the estimated uncertainty in HCHO
determination noted above, it seems likely that sample-to-
sample variation in emission rates is an important cause of
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variability in the duplicate test results. The importance of
sample-to-sample variability has also been observed in
previous studies (22—24), even when only a single product
was tested and when lengthy sample conditioning was
performed to minimize such variability (22, 23).

To facilitate comparison, the duplicate results for two
wet products in Table 3 were normalized to equal product
loadings. With that normalization, the R, results show RSD
values for duplicate pairs of 3.6—36%, with the poorest
duplication for the paintin the elevated chamber. Duplication
of Cmax values, final HCHO emission rates, and total HCHO
emissions was generally better than for R, values. RSD values
for Cmax duplicates ranged from 0.6 to 7.8% for the two
products. For the latex paint, the final emission rates were
1.2—1.7% of the initial emission rates, and the typical and
elevated duplicates showed percent RSD values of 14% and
11%, respectively. Duplication of the final rates was only
within a factor of 2—4 for the nail hardener; however, the
final rates represent only 0.2% or less of the initial rates, and
the poor duplication in final rates may simply be due to near
depletion of HCHO emission from the small sample surface
areas. Good duplication was found for the integrated HCHO
emission results for both products, i.e., percent RSD values
of 0.3—10.2%.

Large/Small Chamber Comparisons. For the 5/8 in.
particleboard underlayment, the small chamber results (182
ug/m?/h) were within 15% of the large chamber results (213
ug/m?/h). The 3/4 in. hardwood plywood exhibited a
surprisingly low emission rate, but the rate determined in
the small chamber (13.0 ug/m?/h) was within 25% of that in
the large chamber (10.4 ©g/m?/h). These results are consistent
with the agreement found in duplicate tests and indicate
that the emission rates obtained in the twin 1.43 m® chambers
are representative of those that would be obtained in large
chambers under the same conditions.

Comparison of Emission Rates under Typical and
Elevated Conditions. Figure 3 shows a comparison of the
HCHO emission rates in elevated conditions versus those
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FIGURE 3. Comparison of HCHO emission rates from dry products in typical and elevated conditions: (—) 1.1 line; (- - -) linear regression,
excluding the two data points flagged as products 1 and 20 (see text).

determined simultaneously in typical conditions for the dry
products (Tables 1 and 2). Most of the data in Figure 3 are
scattered along the 1:1 line, and the linear regression has the
form elevated rate = 1.04 (typical rate) + 7.6 ug/m?/h, with
r?=0.94. This regression excludes the two highest data points
in Figure 3: results for the MDF cabinet doors with acid-
cured finish (product 20) are excluded as an outlier, and
results for 1/4 in. UF particleboard (product 1) are excluded
because they greatly exceed the other data and would unduly
influence the regression.

Two main opposing factors control the relative emission
rates of HCHO in the elevated and typical conditions. The

higher temperature in the elevated conditions favors higher
emission rates. However, the lower air exchange rate in the
elevated conditions results in higher HCHO concentrations,
which can restrict the rate of diffusion of HCHO from the
product. The results in Figure 3 show that these two factors
are roughly in balance for most of the products tested. This
finding is consistent with the few previous quantitative
evaluations of the effects of test conditions on HCHO
emission rates (9, 25, 26). Coated UF wood products and PF
wood products showed greater variability than other product
categories in terms of relative emission rates in elevated and
typical conditions. In the case of the coated UF products, the
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nature of the coating itself may affect the sensitivity of the
emission rate to changes in test conditions. For example, the
MDF cabinet doors with acid-cured finish (product 20)
showed an elevated/typical ratio of over 2.8, considerably
higher than the corresponding ratio of less than a factor of
1.5, found for the bare MDF cabinet doors (product 3). Thus
HCHO emission from the acid-cured finish was more
sensitive to changes in test conditions than was emission
from the MDF itself.

Table 3 shows that in general the wet products exhibited
higher R, values in the elevated conditions. However, the
total mass of HCHO emitted was often higher in the typical
conditions than in the elevated conditions. This may indicate
that more rapid curing or drying of the applied products
restricted later emissions of HCHO. This behavior was not
universal, however, as both the base and top coats of the
commercially applied floor finish showed higher R, values
and higher total HCHO emissions in elevated conditions than
in typical conditions.

Recommendations. This study highlights the pronounced
effect that surface coatings can have in reducing HCHO
emissions from bare wood products and argues for increased
emphasis on the characteristics of surface coatings in
determining HCHO emission rates. This study also shows
high emissions from acid-cured cabinet and floor finishes.
The role of such finishes as indoor sources of HCHO merits
further study. Determination of long-term emission rates is
also needed for some products, such as acid-cured finishes.
Finally, further study is needed of human exposures resulting
from products such as clothing, cosmetics, paints, and
wallpaper. Exposure from such productsis likely to be greatly
affected by the human activity patterns and microenviron-
mental characteristics during use or application of the
products.
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