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ABSTRACT

An emissions test method using an electronic balance is
introduced for measuring the TVOC emission rates of oil-
based wood stains, with a detailed procedure for preparing
test specimens. The emission characteristics of volatile
organic compounds (VOC) from an artificial wood stain and
an oil-based commercial wood stain were determined. Results
showed that VOC emissions from both stains included a
surface evaporation and an internal diffusion sub-process.
With regard to time, the entire emission period could be
divided into three periods: (1) an initial evaporation-
controlled period that was characterized by a high and fast
decaying emission rate, (2) a transition period (following the
initial period) in which the emissions transited from an evap-
oration-controlled to an internal diffusion-controlled process,
and (3) an internal diffusion-controlled period that was char-
acterized by a low and slowly decaying emission rate. For the
commercial wood stain tested, the length of the initial period
was approximately three hours, and about 46 % of the emitta-
ble VOC mass was emitted during this short period. The tran-
sition period was between 3 and 6.5 hours from the start of
testing and only accountedfor about 4% of VOC mass emitted.
The rest (about 50%) of the VOC mass was emitted in the diffu-
sion-controlled period over a long period of time. Comparison
between the commercial wood stain and an artificial wood
stain suggested that the pigments/solids in the wood stain had
significant effect on the time scales and amount of mass emit-
ted during each emission period. The presence of additional
VOCs in the commercial wood stain might have also affected
the emission profiles. These results are useful for developing
better models for predicting the emission rates. The electronic
balance method was also compared with those determined
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from the TVOC concentrations measured at the chamber
exhaust (referred to as “chamber method”). Results show that
the two methods agreed well with each other, confirming the
validity of the complete mixing assumption that is often used
in environmental chamber testing. These results are useful for
developing standard test protocols for testing “wet” building
materials such as wood stains, varnishes, and paints.

INTRODUCTION

Data on the emissions of volatile organic compounds
(VOCs) from building materials are needed to assess the
impact of building material off-gassing on the indoor air qual-
ity of buildings. This study deals with the emissions of “wet”
coating materials such as wood stains, vamishes, and paints.
These materials are wet when they are applied onto a substrate
and gradually dry fromthe surface down. Because of the phase
change associated with the drying process, the emission char-
acteristics of these materials are affected by both the substrate
and the application method. A standardized procedure for
preparing the substrate and applying the test specimen is
necessary to obtain repeatable results.

Using small environmental chambers, previous studies
have indicated that the emission process of “wet” materials
appears to consist of two periods: (1) an initial period with a
high and fast decaying emission rate, which is primarily
controlled by the evaporative mass transfer; (2) a second
period with a low and slowly decaying emission rate, which is
primarily controlled by the internal diffusion of VOC through
the substrate surface (see Chang and Guo 1992; Wilkes et al.
1996; Zhang et al. 1996a). Much progress has also been made
in developing mass transfer models for the evaporation-
controlled period. Guo and Tichenor (1992) developed an
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evaporative mass transfer model for TVOC emission from
interior architectural coatings. Spark et al. (1996) discussed
the application of gas-phase mass transfer models for indoor
pollutant sources. Guo et al. (1998) further developed a mass
transfer model for predicting the emission rales of individual
VOCs from petroleum-based indoor coalings. However,
progress in modeling the intemal diffusion-controlled emis-
sion period is limited, partly due to the lack of experimental
data. Chang et al. (1997) found that substrate significantly
affected the emission rates and patterns of VOCs from a latex
paint. The substrate effect makes it more difficult to model the
internal diffusion-controlled emission period for “wet” coat-
ing materials.

In this study, a test method using an t.lu.tronu. balance
was introduced, which enables a more direct measurement of
the total VOC emission rate than the environmental chamber
testing method. The ebjectives of the present study were to (1)
provide experimental data for a better understanding of the
emission characteristics of wood stains that are applied on a
realistic substrate and to (2) develop and evaluate a method for
preparing lest specimens. The results arc useful for developing
better mathematical models for predicting emission rates and
for developing standard emission testing methods and proce-
dures for “wet” coating materials such as wood stains, paints,
varnishes, etc.

EXPERIMENTAL

Consideration

Both acommercial wood stain and an artificial wood stain
(amixture of five pure VOC compounds containing the major
compounds in the commercial wood stain) were tested in this
study. Because the artificial wood stain contained no addi-

tives, all its mass applicd was expected 1o be emitted from the -

substrate. Thus, it was ‘possible to use the same substrate for
subsequent tests to eliminate the substrate effect. It also
provided reference data for .comparison with the emission
characteristics of the commercial wood stain so that the effect
of the pigments in the wood stain on the emission rate coald
be identified. A total of five tests were conclucted on the arti-
ficial wood stain, and three pieces of oak boards were used as
the substrates. Two of these substrates were each used twice.
For the commercial wood stain, atotal of nine repeat tesls
were conducted. A different piece of oak board was used as the
substrate for each test..The purpose of conducting the repeat
tests was to allow quantification of the experimental uncer-
tainty as well'as the emission characterlstlcs of lh wodd stain.

Testing Facility and Conditions"

Experiments were conducted in a full-scale Gmx4m
x 2.75 m high, 55 m? in volume) environmental chamber
(Zhang et al. 1996b). The chamber was operated under a full
exhaust mode (i.e., no recirculated alr) with the followmg
conditions:

Supply airflow rate: 2.5 ACH;equivalent to

8.23 L/s (81 ft3/min)
Retum/exhaust air temperature: 23 +0.5°C
Return/exhaust air relative humidity: 50% +2% RH

The supply air was well mixed with the air in the chamber
as verified previously (Zhang et al. 1996b). The temperature and
relative humidity measured at the return air duct were represen-
tative of the average conditions in the chamber and were used as
the reference for controlling the conditions in the chamber.

An electronic balance was used to monitor the weight loss
due to the VOC emissions from the test wood stains. The reso-
lution of the electronic balance was 1.0 mg. The weight of the
wood stain/substrate specimen was measured every 10
seconds during the first |5 minutes. The measurecment
frequency was reduced to every 30 seconds between the [Sth
and 60th minute, and every | minute after 60 minutes of the
test. Data were recorded by a microcomputer that was
connected to the electronic balance via a RS§232 communica-
tion cable. Figure 1 shows a schematic of the experimental
setup.

The electronic balance was located at a corner of the
chamber so that the supply air would not blow directly on the
test specimen. The local air velocity, measured by a hot wire
ancmometer at 10 mm above the specimen surface, was
approximately 0.03 + 0.01 m/s (about 6 ft/min). For the
commercial wood stain tests, in order to compare the results
between the electronic balance test method and the conven-
tional chamber test method, the TVOC concentrations were
also measured by using a gas monitor at several locations,
including the return/éxhaust air duct and the center and comer
of the. full-scale chamber (Figure 1) at six-minute intervals.
The gas monitor was callbralcd by using cyclohcx.me (Cgtlyp)

“‘as the reference gas. -

Testing Materials
Two material samples were used for this study: an oil-
based commercial woad stain and an artificial “wood stain.”

The commercial wood stain was purchiased from alocal store.

* It has four major compounds, identified in a previous study for

this product (Zhang et al. 1996a): nonanc, decane, undecanc,
arid dodecane. To estimate the total emittable VOC content in
the wood stain, a small amount of wood stain was applied onto
a glass plate and its weight loss was monitored over a period
of 454 hours (aboul 19 days) at 23 +1°C and approximately 1
atmosphetic pressuie. The results of three such tésts are listed

‘in Table 1, which indicdtes that the emittable VOC content was

approximately 73.25% £0:54% of the initial'wood stain mass,
assuming that all the weught loss was due to the VOC:emis-
sions. . :
The artificial wood stain was a mixture, of five pure
compounds including: n-octane, n-nonane, n-decane, n-unde-
cane, and n-dodecane. The properties of these conipounds and

- their fractions in the' mixture are listed in Tablc 2. Because the ;

artificial wood stain does not contain any additives, it was '
expected that the total emiitable mass of the artificial wood
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Figure 1 Schematic of the experimental setup. Gas ‘monitor sampling locations: A—corner, B—center, and C—return/

exhaust air duct.

TABLE 1
Percentage Ratlo (%) Between the Weight Loss" and Inltlal Welght of Wood Stams Applled on Glass Substrate
" Elapsed time Tt 1 L Test2 | i Test 3 Mein il
(hour) (Wo = 0.329.g) | (Wo = 0335 g (wO =0,114 g) ‘
0.33 48.632 49.851 ' 56.140" 51.541 4.029
0.85 67.477 64.576 69298 167184 2275
12017 72,644 73.134 73.684 732154 0.520
1138.33 e 72:644 73134 73.684 73.154 0.520
162.53 72644 3,134 73.684 73.154 0.520
i T T 73,433 73.684 73254 " ¢ 0.543
* 'Weight loss =(fnifial weight — wergl\tatthetm\eofmeasurcment . '
! . N 'I' L ST D JE T TABLEZ » 3

P Propertles of the Mlxture Qompoundé and their Molar Fractions'in the Amﬁclal Wood Stain

*

23°C (from VOCBASE 1996).
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| Gompoued o I %"‘Fm'mulrzi M.W. Vap((:;n:’rle{sslre Molar Fraction Welgh(t%F;raction
e CgHig 114, 12.07 0.1 8.03
T e 128 393 0.2 1803
n'Decane R 142 125 0.4 40,00
e I T 0:35 0.2 2197
it-Dodecarie Cj,Hg 170 0.12 0.1 11.97




stain would be 100% of the initial mass under the test condi-
tions (23°C and 50% RH). ; A

Testing Procedure

For each test, the oak wood substrate (250 mm x 240 mm
x 10 mmthick) was first conditioned in the full-scale chamber
until its temperature and moisture conditions were in equilib-
rium with the ambient air as indicated by a constant reading of
the electronic balance, indicating thatthere was nomore mois-
ture loss or gain (which took at least 72 hours). During this
period, it was found that the reading of the electronic balance
was very sensitive to the relative humidity fluctudtion in the
chamber. The contrel system of the chamber was, therefore,
improved to reduce humidity fluctuation to less than +2% RH
(note that the precision requirement for most standard envi-
ronmental chamber tests is +5% RH).

The commercial or artificial wood stain was then applied
onto the substrate outside the chamber. Appendix A describes
a detailed procedure for preparing test specimens, which was
developed after trying several different techniques. The spec-
imen was then placed on the electronic balance. The whole
process took approximately two to three minutes to complete.
The time when the test specimen was placed on the balance
was defined as “Time Zero.”

RESULTS AND DISCUSSIONS

Measured Weight Loss

Figures 2 and 3 show the me,a,s_urred weight decay for the

artificial wood stain and commercial wood stain, respectively. | .

The curves in Figures 2 and 3 indicate that the weight of both

‘artificial and commercial wood"stains decreased Very fast’

initially, but the rate of decrease slowed down:with time. The

measured weight became re]atlvely stable after a certain,

period of time.

For the artificial wood stain, Test A1b was a duplicate of )

Test Ala, using the:same piece of pak board as the substrate,

and Test A2b was a duplicate of Test A2a. Figure 2 shows that.

tests conducted ‘with the same piece of‘oak board (Tests Ala
and A1b, Tests A24 and A2b) gave very similar results. This

suggests that the procedure used for applying the wood stain .
was able to provide very consistent results on the normalized .

weight loss despite lhe small difference in the amount of mass
applied. It also suggests that the Variation in the' substrate
materials may. be mainly responsible for the variation in the
results shown in Figure 2 (between Tests Al, A2, and A3) and
Figure 3.

To facilitate further data analysis, the following double
exponential equation was used to descnbe the measured
weight data:

w(t) = a exp (—k; t) + b exp '(—k2 1) 1)
where
w(t) = weight of wood-stains refriaining on the
‘ specimen board, mg; " ‘
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Figure 2 Measured weight decay data for the artificial
wood stain. Plotted every 50 measured points;
see Table 3 for values of Wo.
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Figure 3 Measured weight decay data for the
commercial wood ' stain. Plotted every 50
measured points; seg Table 4 for values of Wo.
a, b k,k, = COnstants whose values, are determined by the

- method of least squares regression analysis. It
. will be seen later that ak| and ak, correspond to
m the initial emission rates.of the first and second
: exponent1a1 decay processes, respectlvely

Tables 3 and 4 list (he regressmn analysis results. The
coefficient of determination (R ) was higher than 0.98, indi-
cating that the measured. welghl decay dala can. be very well
represented by Equation 1.

Emlsswn Hatés and Emlssmn Penods

" Ass ummg that. the welght Jloss.is equal to the amount of
volatile organic compound (VOC) mass emitted from the
wood stams the: emnssxon rate can be: calculaled by

) = - d[w(t)]/dt =ak, exp (—kl 0+ by exp (< . (2)
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TABLE3 .
Regression Results on Measured (/) for Artificial Wood Stain Using the Double Exponential Model

Test ID Ala Alb A2a A2b A3 Mean RSD, 7%

Wo, g 3.931 3.744 4782 4392 4.062 4.182 9.810
a 2792 2.607 3.110 3337 3.009 2971 9516
b L35 | 1136 1.640 1.082 1.048 1.208 20.224
k, 0.805 0.845 0.738 0.675 0.791 0.771 8.549
k, 0024 0.026 0031 | 0032 0:039 0.030 18.920
R 1.000 1.000 1000 | 1000 0.999 1.000 0.009
(@ k)b ky) 82.456 74.709 44.624 64.910 58703 |1 65.080 22.449
kylky 33.513 32.556 23527 21.039 ' 20438 26215 24.191
f),h 5.65 526 538 6.49 542 5.64 8.79
tr, h 1t.54 10.88 11.89 13.65 11.54 11.90 8.76

M,IM;, % 73.94 72.69 69.13 79,67 77.94 74.67 5.63

MyIMy, % 78.01 77.09 75.72 84.72 83.37 79.98 5.02

(MM )M % 407 4.40 6.58 505 542 5.11 19.18

* Emitting surfecc area: A =0.060 m? for all tests, total emitinble mass: My = Wo.
Relative stnndard deviation: ratio between the standard deviation and the mean value.

TABLE 4
Results of the Regression Analysis on () for Commercial Wood Stain Using the Double Exponeritial Model’

Test ID c1 2 c3 c4 cs C6 c7 cs8 ‘C9 | Mean |RSD, %
Wo, g 4360 | 4711 | 3910 | 4846 | 4411 | 3667 | ‘4046 | 4340 | 4212 | 4278 | 8.69
1453 | 1379 | 1759 | 1400 | 1509 | 1355 | 1283 | 1178 | ‘1219 | “1382°| 1298
2797 | 3210 | 2068 | 3248 | 2853 | 2282 |.2676 | 2997 | 2882 | 2779 | 1412
k, 1026 | 1177 | 1661 | 1373 | 1314 | 1574+ | 1452 | 1213 | 1464 | 1362 | 14.80
k, 0009 | 0012 | 0010 | 0013 [ 0017 | 0011 | 0010 | 0008 | 0012 | 0011 | 2499
R 0998 | 0998 | 0998 | 0998 | 0999 | 0999 0999..| 0998 | 0999 | 0998 | .004
(@ k(b keg) 61214 |.43.675. | 134.938 | 47.081 | 40003 | 82312 | 71.594 | 61.931 |'51.558 | 66.034 | 44.25
kilk, 117.854 | 101.688 | 158.675 | 109.225 | 75.602 | 149.604 | 149.289 | 157523 | 121918 | 126.820 | 22.74
t. h 404 324 | 297 233 2.84 2.82 .| 296 342 272 | 3.09.| 13.59
th, 857 | 719 .| 576 | 62 640 | sz7| 615 724 | 589 658 | 14.17
MMy %. i e | 47:39 | 3143, 4628 | 3064 | 3652 | 3565 | 5317 | 2852 | 3058 | 4664 | 1543
MyIMy, % 5177 34707 [Pagor | 3392 | 4101 3789 | 3556 3090 | 33.60 { L5060 | 13.69 |
(MZ—MI)/Mp% o 398 ’ 488" |t 2457 | "4.48 6.13 3.06 327 324 ‘411 3.96 | 28.17
i Emillmgsurlaccmn A =0.060 m? for sl tests; wqﬂemlttahlpma_smM»r -0, 731254W0(Tahle 1. I
! Relative standard deviation: ratio between the s!nndnrd devmtmn and thel mean value. .
Equation 2 is identjcal to the _double exponential model E,(t) = E;(0) exp (K, 1), 4)
proposed by Coldmbo et al.'(1991) fdr describing the VOC
emission rates measured.in small, envnronmental test cham- Ey(0) = E5(0) exp (4, ), ®)
bers. .0 o« new R B TR VR VI where

Equation'-2' assutnes ‘that :-VOC .emissions from wood
stains may consist of lwo nrst order dccay processes ili hal is,

 B0SEG+Ew )
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E(0) = ak,repregenting theinitial emission rate of the first
exponential decay process with k; being the decay

constant;



E,(0) = b ky, representing the initial emission rate of the
second exponential decay process with k; being the

decay constant. - i

As shown in Tables 3 and 4, for both the artificial and
commercial wood stains, Equation 2 has the: followmg char-
acteristics: ‘ :

aky>> bk, and k; >> k. :

This means that E,(f) represents an emission process with
a high initial emission rate and a fast decay rate (i.e., large
decay constant), while E,(#) represents an emission process
with a low initial emission rate and a slow decay-rate (i.e:,
small decay constant). As wood stains are supposed to pene-
lrate the malerial to which they arc applicd for protection, it is
postulated that as soon as a’  wood stain is applied on a
substrate, some of the wood stain will penetralc into the
substrate, carrying withitsome of the VOCs. The VOCsinthe

wood stain on the surface will evaporate at a high initial' emis-
sion rate as it dries up. As the amount of VOCs on the surface

degreases and as the stain gradually dries up, the emission rate
decreases quiickly. ThlS corresponds to the first portion of the
VOCs emitted, whose emission rate is controlled by evapora-

tion and is represented by £(¢). The second portion of the
VOCs include those initially penetrated into the substrate and

those absorbed in the pigments (in (he case of the commercml
wood stain). The second porlion.of V@Cs need to diffusc to
the surface before they are evaporated into the-air, and, there-
fore, their emission rate is primarily controlled by intemal
diffusion through the substrate andfor pigments, resulting in a
low and slowly decaying emission rale as represented by l:-,(l)
We propose to define two time scales t and bat Whlch

» E(t) = E,(t) et : (6)
and ‘. ; f [
Byt / Byt = 1% @)

Using Equations 4 and 5 in Equations 6 and 7, respec-
tively, it can be derived that

1) = 1/(ky—ky) Ina k /(b ky) 8)
and
t, = 1(k;—ky) In (100 a k,)/(b ky). ©

The VOC mass emitted from time O to time #, and from
time O to #, can be calculated by Equations 10 and 11, respec-
tively. .

=a [l —exp (—k; £))] + b [1 —exp (=k; 1;)] (10)
M;=a [1-exp (—k )]+ b [1 —exp (~k; 1)] (11)

The values of ¢, 75, M|, and M, for each tests are listed in

Tables 3 and 4 for the artificial and c.ommcrual wood stains,

respectively. Figure 4 shows the mean values of ¢, and 1, for
a normalized emission rate, E(f)/E(0), vs. time curve, and
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Figure 5 gives the mean'values of M| and M, for a cutve shew-
mg the normalized emission rate vs~the amount emittedsince -
timie zero. Both- figures: ndicate that the t)'and #, (or M; and ~

M) may be used to divide the emission pracess inte three

distinct periods, “althaugh théir definitions are' somewhat

subjective: (1) an, mmal emission petiod from 0:to #; within

which the VOC enussmn process is controlled by eyaporation,
) a trangition period. erm t; to-t; within whlch the emission |

is comrqlled by | both the evaparation,and internal diffusion,
and (3) a penod beyond tz {i.e., t >t;)} within which the gmis-
sion process is coptrolied by intermal diffusion (i.c., the portion
of emissions: controlled: by. evaporation bgcomes insignifi- .
cant) . (PR T I Ve

The values of i 1, and 1, for the commercial woud staif were
smaller than these of the artificial wood stain (Tables3 and 4).
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One of the reasons may be the presence of pigments/solids in
the commercial wood stain, which would affect the VOC
emission in two ways: (1) they contain some VOCs and these
VOCs would have to diffuse to the surface before emitting into
the air, resulting a reduced amount of VOCs emitted during the
initial evaporation-controlled period and, hence, a smaller #;;
(2) the pigments would also be a barrier for the VOCs under
them to diffuse to the surface, resulting in a decrease in the
emission rate during the diffusion-controlled period.

Another reason may be the blend of other VOCs (in addi-
tion to the five VOCs in the artificial wood stain tested) in the
commercial wood stain. Blending of the additional VOCs
might have increased the volatility of the solvent mixture and
led to a shorter ¢,. Industries often use different “blending”
strategies to control the volatility of the solveiit mixture and,
hence, the drying rate of architectural coatings such as wood
stains and paints. The blending effect would mainly affect the
first emission period, which is an evaporation-controlled
process. However, it does not explain the larger percentage of
VOC mass that remained after the first emission period of the
commercial wood stain compared to the artificial wood stain,
which is most likely due to the presence of pigments/solids in
the commercial wood stain.

As aresult, t; and t, were shorter for the commercial wood
stain (¢, and t,.) than the artificial wood stain (t,, and Iy, a8
shown in Figure 4. In addition, Figure 4 indicates that t,,—
ta>t—t e suggesting that the transition period for the
commercial wood stain was shorter than for the artificial wood
stain. These results collectively suggest that the effect of
pigments and VOCblendingon the VOC emission rates needs
to be accounted for in future malI\emaucal modeling of the
emission process. !

As shown in Figure 5, the VOC 'inass emitted during the
evapor:tion-controlled period was 74.79% and 35.59% ofithe
total emittable VOC content for artifitial and commercial
wood stains, respectively. Thi§ means that a significant
amount of VOC mass-was:emitted in a relatively short period
of time due to evaporation (oriaverage, 5.64 and 3.09 hours for
the artificial and commercial wood stains, respectively, as
shown in Figure 4). The VOC mass emitted during.the transi-
tion period represents only a small.percent ofithe total emitta-

ble,mass'(4.99%;:1:16_3.0[.% for-the.atificial and commercial
wood 'stains,. respectively): The remaining VOCs emilfed

slowly during the intgrnal diffusiop-controlled period.

It should be hoted that 7, and ¢, are strongly dependent.on -
the evaporativeé mass‘transfer rate, which, in turn, strongly -
depends or the environmentat tonditions such as the airveloc-

ity over the surface accordiiig to fundamerital mass transfer
theory (€g., Kiays and 'Crawford-1980).:On the contrary, My
and M, may be les§ dépendeiit on efwironmental conditions
since they represent the dinount of VOCs ‘available for emis-

sion during the evaporation-controlled and the evaporation- .
controlled-plus-transition penods rcspectlvcly regardless of

the length of each,penud
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Repeatability of Emission Testing

* Experimental measurements of, VOC emission rates inev-
itably involve certain uncertainties that cause variations in
emission testing results. The nine repeat tests (Table 4) can be
used to evaluate the repeatability that can be practically
achieved under a well-controlled environmental testing condi-
tion. Such information is needed for setting quality assurance
criteria in a standard material emission testing method. It is
also needed for validating mathematical models for predicting
VOC emission rates.

The repeatability of the tests conducted can be assessed
by the relative standard deviations (i.e., standard deviations
divided by the mean values) of the characteristic parameters,
which are listed in Table 4. In the assessment of the impact of
material emissions on the indoor VOC concentrations, it is
often necessary tq know the emission rate as a function of
time. Figure 6 shows how therelative standard deviation of the
emission rate changes with time based on the results of the
nine repetitive tests. It shows that the relative standard devia-
tion of the emission rate was approximately 23% at time zero
(conventionally called the initial emission rate).’It dropped to
a minimuni value of aboul 12% at ¢ = 1 hour, incrcased to the
maximum value of about 30% at ¢t = 3 hours, and then
decreased (with 2 small fluciation) with time to 25% att= 24
hours. [n general, il may be concluded that 25% to 30% rela-
live standard deviation could be expected in the delérmination
of the emission ratc with the test procedure used in this study.
This amount of uncertainty represénts the case when the wood
stain is applicd onlo an oak subslrate as typically used to treat
the floor of houses. Using a board with less grain variation
(such as a maple woed board) as the substrate, less variation
in the measured emission rate may be expected.

>Using the proposed method for preparing test specimens,
the amount of mass applied varied from 3.74 g to 4.39 g with
a standard deviation of 9.8% for the artificial wood stain
(Table 3) and varied from 3.67 g t04.85 g with a standard devi-
ation of 8.69% for the commercial wood stain {Table 4). These
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results suggest that the''amount of mass applied may be
controlled within +10% of a target amount using the applica-
tion procedure proposed in this study. Based on the results of
the artificial wood stain tests (Ala and Alb, A2a and A2b in
Figure 2), it appears that the amounts of mass applied have
little effect on the normalized weight vs. time curve if the
amounts of mass applied can be controlled within 10% of each
other. However, it jsnot clear whether alarger than 10% differ-
ence in the amount of mass apphed will cause s1gmflcant vari-
ations in the test result_s Therefore,:as a quality assurance
criterion in a standard test procedure for “wet” coating mate-
rials, it is recommended that a criterion be set for the differ-
ence between the actual and targetamount-of wood stain
applied.

Emission Rates Calculated from the Concentratlons
of the ReturnlExhaust A|r .

Figure 7 shows the TVOC concentrations measured dtthe
exhaust air for the nine tésts conducted for the commercial
wood stain. The amount of TVOC mass exhausted from the
chamber can be calculated by the following equation:

n

M) = 050 3 [C,t) + C.liy DIty -1 (12)
i=0
where - ¢ '
M,(t,) = TVOC mass exhausted from time zero to time ¢,,, g;
Q = supply alrﬂow rate, m3/s.
o =TVOC con,oentrauop of the exhaust alr g/m ;
t = time, s; . n o .‘ W
iyn = indices representing sampling time points:

The ”c';misl's'io_n rates can thén be cal¢ulated by the \fo‘l'l'éw‘-
ing equation:

E(ti):(Ace/Az_),,. LQCt) . (13)

i
h

where

TVGQ'Qoqcemraﬁon of Exhaust Air: C,(t), mg/m®
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w
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thure 7 Measured TVOC concentrattons at the chamber

exhaust.
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Figure 8 shows the TVOC mass exhausted from thie air
calculatéd from Equation 12: The results show that the TVOC
mass exhausted during approximately the first one-and-a-half
hour was significantly less than that measured by the elec-
tronic balance. This was probably caused by the time deldy
required for the VOCs to build up in the chamber and reach the
chamber exhaust. Howeyer, the overall difference between the
TVOC mass exhausted from. the chamber and the weight loss
measured by the electronic b_alance is considered to be within
the experimental variation.

Figure 9 shows the emission rates calculated by Equation
13 (referred to as the chamber method) and the result
measured directly by the electronic balance. The two methiod's
agreed well-with each other in general, confirming the validity
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of the “perfect mixing” assumption that is widely used in envi-
ronmental chamber testing. The fluctuation of emission rates
measured by the chamber method may be attributed to the
experjmental uncertainty in measuring the concentration as
well as possible concentration fluctuations: at the chamber
exhaust of concentration as shown in Figure 9.

SUMNARY AND CONCLUSIONS

A method of testing VOC emissions using an electronic
balance has been introduced in this study. A detailed proce-
duré for preparing the test specimens of.wood-stains has also
been developed. -The method and procedure were used to
determine the emission characteristics of an. artificial and
commercial wood stain when they were applied to an oak
board. The following conclusions can be madc ‘from this
stuqy

1. VOC emissions from the wood sfains include both surface-
evaporation and internal-diffusion processes. The entire
emission time may be divided into three periods: (1) an
initial period in which the emission rate was controlled by
evaporation and characterized by a high and fast decaying
emission rate, (2) a second (transition) period in which the
emission transited from an evaporation-controlled to an
internal diffusion-controlled process, and (3) a third period
‘in which the emission rate was controlled by internal diffu-
sion and was characterized by a low and slowly decaying
emission rate. For the commercial wood stain tested, the
length of the initial period was approximately three hours,
and about 36% of the emittable VOC mass was emitted
during this short period. The transition period was between
3 and 6.5 hours from the start of testing and only accounted
for about 3% of VOC mass emitted. The remaining amount,
about 61% of VOC mass, was emitted in the diffusion-
controlled pericd.

2. Compared to the artificial wood stain (i.e., a VOC mixture
containing major compounds identified from the commer-
cial wood stain), the commercial wood stain had a shorter
initial emission period. The amount of mass emitted from
the commercial wood stain during this initial period was

" also significantly less than from the artificial wood stain

tested. The transition period for the commercial wood stain
was also shorter than the VOC mixture, leaving more
VOCs to be emitted during period controlled by internal

. diffusion. These differences in emission characteristics
between commercial and artificial wood stains might be

“attributed to the presence of the pigments/solids and the
blending of additional VOCs in the commercial wood stain.
The results suggest that further studies are needed to deter-
mine the effect of pigments/solids and VOC blending on the
VOC emission rates of “wet” coating materials.

3. * Eniission rates determined using the electronic balance test

“'method in thi$ stludy may be expected 1o have a relative

" stahdard deviation of about 25% 1o 30% based on (he results
of nine repetitive tests conducted.
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4. Using the concentrations measured at the full-scale cham-
ber exhaust to determine the emission rate obtained results
similar to those measured directly by the electronic balance
method. This confirms the validity of the “perfect mixing”
assumption that is w1de1y used in environmental chamber
testing.

‘The above results are useful for developmg a standard
VOC emission test method for “wet” coating materials: in
general. They are also useful for developing better mathemat-
ical models for predicting the VOC emission rates of “wet”
coating materials.
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APPENDIX A

DETAILED PROCEDURES FOR PREPARING
THE TEST SPECIMEN’
A1. Preparation of the Substrate

Al.l Randomly select a piece of oak board and plane the
surface to produce a 10-mm-thick board.

“ Note: The above procedure was adopted after experimenting with
several alternatives (such as application with laboratory tissues,
application directly with a wider brush, etc.) and was found to
provide reasonably good conwol on the amount of wood stain
applied while achieving good uniformity. The entire procedure
took about 2.0 +1.0 minutes.

10

Al2

Al3

Al4

AlS

Cutthe board into 250 x 240 pieces and sand them with
grade 100 sandpaper.

Condition the substrate in a space maintained under the
test conditions (i.e., 23°C and 50% RH) until their weight
becomes constant (which takes a minimum of 72 hours).

Cover the bottom face and the four edges of each oak
board with aluminum foil to minimize the adsorption of
VOCs or moisture onto these surfaces.

Weigh the substrate (i.e., oak board with the aluminum
foil) using an electronic balance.

A2, Application of Wood Stain

A21

A22

A23

A24

A25

Place the conditioned oak substrate in a laboratory
exhaust hood.

Gently stir the wood stain in its original container using
a glass tube to ensure that the pigments and solvent are
well mixed.

Pour approximately 10 mL wood stain into a 48-mm-
diameter, 16-mm-high petridishandsoak a 15-mm-wide
paint brush by dipping it fully into the wood stain in the
petri dish.

Use a suction tube to spread 4 mL of wood stain onto the
surface of the substrate, and immediately use the pre-
soaked brush to uniformly distribute the wood stain on
the substrate.

Place the prepared specimen on the electronic balance in
the chamber for testing.

4256



