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     Latex paints constitute over 70% of interior architectural coatings in the United 

States.  This dissertation is focused on one component of latex paint, 

2,2,4-trimethyl-1,3-pentadediol monoisobutyrate (TMPD-MIB).  Four substrates 

(gypsum board, plywood, concrete-A and aluminum) and two simplified latex paints 

(high and low pigment volume concentrations- HPVC and LPVC) containing 

TMPD-MIB, but no glycols, were employed.  Commercial Nippon paints (flat, 

semi-gloss, and gloss) containing TMPD-MIB and propylene glycol were also tested for 

concrete-B and gypsum board specimens.   

 Short- and long-term emissions of TMPD-MIB following paint applications were 

studied.  Emissions were observed for periods as long as 16 months, but were relatively 

low after 150 hours.  For similar times after paint application, the mass recoveries for 

TMPD-MIB in air for porous materials, such as gypsum board and concrete, were 
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significantly lower than aluminum specimens.  Recovery of TMPD-MIB in air for 

HPVC paint was generally greater than that for LPVC paint, likely due to enhanced 

diffusion through the more porous HPVC paint film.  For gypsum board, the relative 

distribution of TMPD-MIB mass between air and substrate components was also 

determined. 

     The contribution of TMPD-MIB emissions from the wet film was generally small 

relative to the integrated long-term emissions from the dry film.  TMPD-MIB was 

recovered in the dried paint film and gypsum board with 96 ± 6% mass closure.  

Gypsum board appears to serve as a long-term reservoir of TMPD-MIB, which diffuses 

into the body of the gypsum board and adsorbs to calcium sulfate. 

     A mass balance model was developed to predict room-scale TMPD-MIB 

concentration based on small-scale chamber results.  Reasonable increases in room or 

building air exchange rate can reduce TMPD-MIB concentrations to below airway 

irritation and odor threshold concentrations.   

     The scope of research described in this dissertation goes beyond previous studies to 

quantify chemical-specific emissions from paint.  Findings related to the long-term 

distribution of TMPD-MIB mass on gypsum board are particularly novel and significant.  

The results presented herein should facilitate future research related to emissions from 

paint. 
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1. INTRODUCTION 

     This chapter includes a discussion of the motivation for this dissertation (section 

1.1), followed by a list of specific research objectives (section 1.2), and discussion of the 

scope of research (section 1.3).  The reader is also provided with a brief description of 

the organization of the dissertation in section 1.4. 

1.1. Motivation 

     Architectural coatings applied indoors can lead to elevated volatile organic 

compound (VOC) concentrations in buildings over short periods of time (i.e., hours to 

days).  Related emissions may persist for months to years (Clausen et al., 1991; 

Hodgson et al., 2000; USEPA, 2002).  The extent of this source is large and affects 

almost every building in the United States.  Approximately 519 million gallons of 

interior architectural coatings were produced in the United States in 2005 (United States 

Department of Commerce, 2006).  Of this, 89% (460 million gallons) was classified as 

water-type, as opposed to solvent-type coatings.  Water-type paints, often referred to as 

latex paint and the focus of this study, comprised 84% (385 million gallons) of the 

interior water-type coatings.  Therefore, it is important to understand temporal emission 

fingerprints for latex paints and related human exposure to those emissions. 

     There is a growing base of data that indicate that chemical emissions from paints 

can lead to adverse health outcomes and possible degradation of the outdoor atmospheric 

environment.  Recent studies have suggested a link between in-home nursery renovation 

activities and adverse effects on the developing immune system of newborns (Lehmann 

et al., 2002a).  While architectural coatings have not been directly linked to this effect, 



 

2

they are major sources of volatile and semi-volatile organic compounds ((S) VOC) that 

are associated with nursery renovations.  Welch et al. (1988) and Veulemans et al. (1993) 

suggested that exposure of shipyard painters to two paint components, 2-methoxyethanol 

and 2-ethoxyethanol, are associated with decreased sperm count and increased prevalence 

of oligozoospermia and azoospermia.  Volatile organic compounds emitted from paint 

products may also contribute to the formation of photochemical smog in urban 

atmospheres (Klimont et al., 2002).   

     This study focuses on one important component of latex paints, 

2,2,4-trimethyl-1,3-pentanediol monoisobutyrate, often referred to as TexanolR ester 

alcohol, and hereafter denoted TMPD-MIB.  Due to its low vapor pressure (0.01 mm Hg 

at 20 oC), it has a relatively slow rate of evaporation and can be detected in indoor air a 

year after paint applications (Clausen et al., 1991; Chang et al., 1997).  However, 

published measurements of TMPD-MIB emissions following latex paint applications are 

sparse.  By examination of not only long-term recovery in air, but also on the 

components of different substrates, this study will expand the existing knowledge base 

related to the fate of paint components, and will ultimately allow for more robust 

analyses of human exposures to TMPD-MIB during and following latex paint 

applications. 

1.2. Research Objectives 

     The four primary objectives of this dissertation are listed below. 

1. Determine the effects of substrate (painted material) on TMPD-MIB emissions 

from latex paint.  Experiments were completed by using multiple small specimens of 
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aluminum, gypsum board, plywood, and concrete to assess the effects of substrate 

characteristics on TMPD-MIB emissions. 

2. Determine the effects of paint composition on TMPD-MIB emissions from latex 

paint.  Different latex paints, which contain different mass contents of TMPD-MIB, the 

same latex paint with different mass contents of propylene glycol, and paints with 

different pigment volume concentrations, were employed to evaluate the effects of paint 

composition on TMPD-MIB emissions. 

3. Determine the effects of paint thickness on TMPD-MIB emissions from latex 

paint.  Two different wet film thicknesses were adopted.  For “regular” applications 

the wet film thickness was approximately 120 µm.  Additional experiments were 

completed with a “thick” film that corresponded to approximately twice the regular film 

thickness, i.e., by initial application of twice as much mass of paint.  

4. Evaluate human inhalation exposure to TMPD-MIB during and following the 

application of latex paint in buildings.  The evaluation was based on model 

predictions of indoor TMPD-MIB concentrations during and after paint applications.  

Large chamber experiments were also completed to study concentrations of TMPD-MIB 

for several painting events. 

1.3. Scope of Research 

     This research was completed in five phases.  The first phase involved an 

extensive literature search and review of the current knowledge base related to latex paint, 

major constituents of latex paint, important physico-chemical properties of TMPD-MIB, 

emissions of volatile organic compounds from architectural coatings, factors that affect 
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emissions of VOCs from paint products, empirical observations of TMPD-MIB 

emissions from latex paint, and model predictions for estimating VOC emissions from 

paint.  

     Laboratory experiments (Phase 2) were conducted to determine TMPD-MIB 

emissions from four different materials coated with latex paint.  Twenty-five small 

substrate specimens were used to assess substrate effects on TMPD-MIB emissions.  

Substrates included five aluminum specimens, four plywood specimens, ten gypsum 

board specimens, and six concrete specimens.  Two different simplified latex paints 

(high and low pigment volume concentrations) containing differing mass contents of 

TMPD-MIB were applied to each substrate to assess the effects of paint composition.  

More complex commercial paints that included ethylene glycol, propylene glycol and 

various other additives were also used for an additional nine concrete and six gypsum 

board specimens.  Concrete specimens were painted with each of three different Nippon 

paints (flat, semi-gloss, and gloss) containing differing mass contents of TMPD-MIB, and 

gypsum board specimens were painted with each of two different Nippon paints (flat and 

gloss).  All experiments were conducted in small electro-polished source chambers, i.e., 

as opposed to large walk-in chambers or actual rooms, to characterize short and 

long-term emissions of TMPD-MIB. 

     Mass closure assessments (Phase 3) were conducted by examination of not only 

long-term recovery in air, but also recoveries on the components of gypsum board. 

     Three experiments involving water (Phase 4) applied to aluminum foil were 

completed in small electro-polished source chambers.  The intent of these experiments 
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was to characterize mass transfer coefficients for the experimental chambers. 

     Five large chamber experiments were conducted to evaluate human inhalation 

exposure (Phase 5) to TMPD-MIB during the application of latex paint to gypsum board.  

Experiments were completed to study background and breathing zone concentrations of 

TMPD-MIB.  

1.4. Organization of Dissertation 

     Chapter 2 includes an overview of existing literature related to emissions from 

latex paint.  The importance of indoor air quality (IAQ), VOCs in buildings, VOC 

emissions from architectural coatings, TMPD-MIB in latex paint, empirical observations 

of TMPD-MIB emissions from latex paint, factors that affect VOC emissions from 

architectural coatings, and previous model predictions for estimating VOC emissions 

from architectural coatings are presented.  Small chamber experimental methodologies, 

sampling and analytical techniques, and data analysis are described in Chapter 3.  

Experimental results and discussions associated with small chamber experiments are 

presented in Chapter 4.  The limitations and uncertainties for this study are presented in 

Chapter 5.  Experimental methodologies and results associated with large chamber 

experiments are presented in Chapter 6.  Evaluations of human inhalation exposure to 

TMPD-MIB during and following the application of latex paint in a large room, and 

associated model development and comparisons, are also described in Chapter 7.  

Conclusions and recommendations based on this research are given in Chapter 8.  Paint 

properties provided by the suppliers are presented in Appendix A.  Relevant content of 

websites referenced in this study are provided in Appendix B.  Measurements of paint 
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density for simplified latex paints are provided in Appendix C.  The thickness of paint 

film for each paint application completed in this study is provided in Appendix D.  The 

measurements of gypsum board properties are presented in Appendix E.  A summary of 

concrete extraction results is provided in Appendix F.  The experimental raw data for all 

specimens is provided in Appendix G.  References are listed at the end of this 

dissertation. 
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2. BACKGROUND 

2.1. The Importance of Indoor Air Quality 

     If for no other reason, the quality of indoor air is important because of the large 

fraction of time that most humans spend indoors.  For example, Americans now spend 

almost 90% of their time indoors (Robinson et al, 1995).  Furthermore, for purposes of 

energy conservation there is an increasing trend toward construction of buildings with 

low air exchange rates.  New houses with air exchange rates as low as 0.2 to 0.3 h-1 have 

been common for a decade or more (Platts-Mills et al., 1996).  In such homes, 

contaminants may accumulate to much higher concentrations than in “leakier” homes, 

thus degrading indoor air quality.    

     Exposure to indoor air pollution may lead to a variety of adverse health effects 

(Bascom et al., 1995; Redlich et al., 1997).  Whether the exposed individual will 

become ill depends on the contaminant concentration, the individual’s sensitivity to the 

contaminant, the current state of his/her health, and the duration and frequency of 

exposure (Seltzer, 1997).  Indoor air pollutants may cause transient morbidity, disability, 

disease, and even death in extreme cases (Berglund et al., 1992).  

     Quantitative effects of indoor air quality on human health and productivity have 

been proposed by several researchers.  Kreiss (1990) indicated that, based on random 

sampling, 24 % of U.S. office workers perceived air quality problems in their work 

environments and 20% believed poor air quality hampered their work performance.  

Wallace (1997) estimated that the annual cost of headaches caused by air quality 

problems amongst employees of the US Environmental Protection Agency alone may be 
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as high as $ 2 million.    

     Potential annual savings from improved indoor environments in the United States 

were estimated by Fisk and Rosenfeld (1997): $ 6 billion to $ 19 billion from reduced 

respiratory disease, $ 1 billion to $ 4 billion from reduced allergies and asthma, and $ 1 

billion to $ 4 billion from reduced sick building symptoms. 

2.2. Volatile Organic Compounds in Buildings 

2.2.1. Volatile Organic Compounds 

     Organic compounds are usually classified into various categories which include 

volatile organic compounds (VOCs), semi-volatile organic compounds (SVOCs) and 

non-volatile organic compounds (NVOCs).  Several definitions of VOCs have been 

proposed by different organizations (Yu and Crump, 2000): 

1. The United Nations Economic Commission for Europe (UNECE): all organic 

compounds of anthropogenic nature other than methane that are capable of producing 

photochemical oxidants by reactions with nitrogen oxides in the presence of sunlight. 

2. Europe, Council Directive (1999/13/EC): any organic compound having at 293.15 K a   

vapor pressure of 0.01 kPa or more, or having a corresponding volatility under the 

particular conditions of use. 

3. World Health Organization (WHO 1989): VOCs are one fraction of the range of 

organic pollutants that occurs in indoor air.  A total of four fractions were defined by 

boiling point ranges as presented in Table 2.1.      

2.2.2. Sources of VOCs in Buildings 

     Volatile organic compounds are emitted from a wide range of indoor sources such 
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as building materials, construction products, consumer and commercial products, 

combustion appliances, potable water, and so on.  Building materials and construction 

products, e.g., paints and adhesives, are treated similarly since their emissions are usually 

continuous and cannot be removed easily from indoor environments.  More information 

related to VOCs emitted by architectural coatings will be provided in section 2.3.2.     

  

Table 2.1 WHO classifications of indoor organic pollutants 

Description Abbreviation Boiling point range ( OC) 

Very volatile (gaseous) VVOC < 0 to 50-100 

Volatile VOC 50-100 to 240-280 

Semivolatile SVOC 240-280 to 380-400 

Associated with particulate 
organic matter 

POM > 380 

 

Maroni et al. (1995) summarized sources of common VOCs found indoors as listed in 

Table 2.2.  Brooks et al. (1991) indicated that more than 350 VOCs have been recorded 

at concentrations above 1 ppb among more than 900 chemical and biological substances 

that have been identified in indoor air.        

     Hines et al. (1993) indicated that most consumer products contain VOCs that are 

released to indoor air during their use.  “Wet” household products generally have higher 

emission rates than building materials.  Brown et al. (1994) summarized TVOC 

emission factors for several “wet” household products as listed in Table 2.3.   

     The incomplete combustion of natural gas causes emissions of aliphatic 

hydrocarbons such as methane, ethane, propane, and hexane (Hines et al., 1993).  
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Kerosene heaters can also contribute to indoor VOC concentrations (Tichenor et al., 

1990).   

 

Table 2.2 Sources of common VOCs found indoors 

Sources Examples of typical contaminants 

Consumer and commercial products 

Aliphatic hydrocarbons (n-decane, branched alkanes), aromatic 
hydrocarbons (toluene, xylenes), halogenated hydrocarbons 
(methylene chloride), alcohols, ketones (acetone, methyl ethyl 
ketone), aldehydes (formaldehyde), esters (alkyl ethoxylate), 
ethers (glycol ethers), terpenes (limonene, alpha-pinene) 

Paints and associated supplies 

Aliphatic hydrocarbons (n-hexane, n-heptane), aromatic 
hydrocarbons (toluene), halogenated hydrocarbons (methylene 
chloride, propylene dichloride), alcohols, ketones (methyl ethyl 
ketone), esters (ethyl acetate), ethers (methyl ether, ethyl ether, 
butyl ether)  

Adhesives 
Aliphatic hydrocarbons (hexane, heptane), aromatic 
hydrocarbons, halogenated hydrocarbons, alcohols, amines, 
ketones (acetone, methyl ethyl ketone), esters (vinyl acetate), 
ethers 

Furnishings and clothing 
Aromatic hydrocarbons (styrene, brominated aromatics), 
halogenated hydrocarbons (vinyl chloride), aldehydes 
(formaldehyde), ethers, esters 

Building materials 

Aliphatic hydrocarbons (n-decane, n-dodecane), aromatic 
hydrocarbons (toluene, styrene, ethylbenzene), halogenated 
hydrocarbons (vinyl-chloride), aldehydes (formaldehyde), 
ketones (acetone, butanone), ethers, esters (urethane, 
ethylacetate)  

Combustion appliances Aliphatic hydrocarbons (propane, butane, isobutane), aldehydes 
(acetaldehyde, acrolein) 

Potable water Halogenated hydrocarbons (1,1,1-trichloroethane, chloroform, 
trichloroethane) 

(Maroni et al., 1995) 
 
 

Several disinfection by-products such as chloroform and bromodichloromethane are also 

known to be released from potable water to indoor air (Hines et al., 1993).   
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Table 2.3 Emission factors for consumer products 

Household Products 
TVOC Emission 

Factors 
(mg/m2/h) 

Reference 

Solvent-based waxes/detergents  
Waxed spread on surfaces 
Toilet deodorizers  
Room deodorizers  
Liquid cleaner/ disinfection Carpet 
spray cleaner  Water-based 
waxes/detergents  Furniture spray 
cleaner  
Floor cleaners 
Floor wax paste 
Dry cleaned clothing 
Floor wax 
Liquid Floor detergent             

Up to 260,000 
1,000~94,000 
1,300~3,700 
160~2,000 

1,100 
1,100 

120~1,200 
300 

<10~150 
60 
27 
20 
17 

Knoppel& Schauenberg (1987) 
Person et al. (1990)  
Person et al. (1990) 
Person et al. (1990) 

Colombo et al. (1990) 
Colombo et al. (1990) 

Knoppel& Schauenberg (1987) 
Colombo et al. (1990) 

Person et al. (1990)  
Colombo et al. (1990) 

Sparks et al. (1990)  
Sparks et al. (1990)  

Colombo et al. (1990) 
(Brown et al., 1994) 
 

2.2.3. Concentrations of VOCs in Buildings 

     Brown et al. (1994) provided a comprehensive review of 50 studies that involved 

the measurement of indoor air concentrations of VOCs for non-industrial areas of 

dwellings, offices, schools and hospitals as shown in Table 2.4.  Total volatile organic  

compound concentrations in dwellings were greater than those in public buildings, 

typically by a factor of two or more.  

 Brown et al. (1994) also reviewed previous studies and derived VOC concentration 

profiles for established and new buildings as listed in Tables 2.5 and 2.6.   

 Mean concentrations of individual components in established buildings were 

generally below 50 µg /m3, with most below 5 µg /m3.  Concentrations in new buildings 

were considerably greater than in established buildings, often by an order of magnitude 

or more. 
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Table 2.4 TVOC concentrations derived for different building types 
 

Derived TVOC concentration (μg/ m3) 
 

Building 
type 

No. of 
buildings 

No. of 
meas. 

WAGM 90% le 98% le AMC 
      

1,081 2,478 1,130 4,630 10,700 3,160 
33 33 4,500 18,400 42,700 18,100 

Dwelling 
 Established 
 New 
 Complaint 14 28 520 2,130 4,930 2,800 

      
60 384 180 740 1,710 1,080 
1 100 4,150 17,000 39,300 - 

Office 
 Established 
 New 
 Complaint 51 331 490 2,000 4,650 4,040 

      
21 27 70 290 660 530 

School 
 Established 
 Complaint 9 56 480 1,970 4,550 1,780 

      
2 8 410 1,680 3,890 1,300 

Hospital 
 Established 
 Complaint 6 51 2,080 8,500 19,700 98,000 
Established: greater than 3 months old; New: less than 3 months old; Complaint: if it was 
reported that occupant complaints had occurred. 
WAGM = overall weighted geometric mean; 90%le = 90th percentile concentration; 
98%le = 98th percentile concentration; AMC = average maximum concentration. 
Source: Brown et al. (1994) and references provided therein. 
      

 Most of the compounds found in new buildings have been shown to be emitted from 

construction materials and other materials found inside of buildings (Girman et al., 1984, 

1987; Tichenor and Mason, 1988; Bayer and Black, 1989; Wolkoff et al., 1990).   

     Among building materials and construction products, architectural coatings can be 

a major source of VOCs in homes and other types of buildings (Hodgson, 2000; Jones, 

1999).  More information related to TVOC emission rates from building materials and 

construction products is provided in section 2.3.2.   

     Girman et al. (1994) studied 56 U.S. office buildings, and presented the frequency 

at which VOCs were detected and the range of concentrations (Table 2.7).  The two 

isomers of TMPD-MIB were amongst the most frequently detected VOCs in office 
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building air, with a range of concentrations of 0.5 – 28 µg/m3.  

 

Table 2.5 Concentrations of predominant VOCs in the indoor air of established buildings 

Building Derived concentration (μg/ m3) 
Compound No. Typea No. of 

meas. WAGM 90%le 98%le AMC 
n-decane 852 D 1085 5 20 47 470 
ethylbenzene 1225 D 1867 5 22 51 60 
diethyl ketone 1 S 12 6 26 59 - 
o-xylene 891 D 1518 6 25 57 50 
1,2,4-trimethylbenzene 619 D 619 6 23 52 190 
nonanal 15 D 15 7 27 62 80 
tetrachloroethylene 1276 D 1919 7 28 66 65 
m-methylethylbenzene 3 O 168 8 33 77 30 
p-dichlorobenzene 1256 D 1881 8 32 75 160 
n-nonane 586 D 592 5 19 43 220 
ethyl acetate 248 D 302 8 31 73 110 
ethyl acetate 1 S 12 10 42 97 - 
benzene 1388 D 2171 8 34 80 70 
1,2,3-trimethylbenzene 3 O 152 9 36 83 70 
phenol 1 S 5 9 36 84 - 
chloroform 1 O 20 10 40 93 110 
1,2-dichloroethylene 35 D 35 11 47 110 140 
n-hexane 8 O 26 12 47 110 66 
n-hexane 602 D 656 5 19 45 110 
acetic acid 1 S 5 12 50 110 - 
camphene 44 MD 44 14 55 130 270 
dichloromethane 41 D 101 17 70 160 170 
m-& p-xylene 945 D 1587 18 73 170 120 
limonene 584 D 584 21 85 200 450 
methylethylketone 262 D 316 4(21)b 16 38 29 
1,1,1-trichloroethane 937 D 1580 24 96 220 100 
butyric acid 1 S 5 25 100 240 - 
acetone 32 D 86 32 130 300 99 
methanol 1 S 11 29 118 270 - 
toluene 712 D 792 37 150 350 320 
ethanol 39 D 39 120 490 1100 - 
a D = dwelling; O = office; S = school; H = hospital (includes nursing homes); MD = mobile dwelling. 
b Due to analytical inadequacies the WAGM may underestimate actual MEK concentrations; the USEPA 
database (Shah and Singh, 1988) provided a median concentration of 21 μg/ m3. 
Source: Brown et al. (1994).   
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Table 2.6 Predominant VOCs in new buildings and the ratio of their WAGM 
concentrations to those in established buildings 

New Building Derived concentration (μg/ m3) 

Compound 

Concentration 
Ratio 

WAGM(new) 
WAGM(estab) 

No. Typea No. of 
meas. WAGM 90%le 98%le AMC 

dichloromethane 3 1 O 12 7 29 66 32 
10 1 H 18 8 32 76 - 1,2,4-trimethyl- 

benzene 3 1 O 18 40 160 380 - 
1,1,1-trichloro- 
ethane 

3 5 O 57 59 240 560 91 

n-nonane 6 1 O 12 32 130 300 150 
m & p-xylene 16 7 D 7 280 1,200 2,700 - 
m & p-xylene 4 4 O 53 25 100 240 68 
m & p-xylene 2 1 S 4 9 36 85 - 

2 1 O 18 15 61 140 - m-methylethyl- 
benzene 7 1 H 18 7 28 66 - 
n-butanol 8 1 S 40 7 29 66 - 
n & i-propyl 
benzene 

5 1 O 18 5 20 47 - 

n & i-propyl 
benzene 

30 1 H 18 3 11 28 - 

tridecane 12 1 O 9 23 94 210 110 
α-pinene 66 7 D 7 260 1,100 2,500 - 
α-pinene 4 1 O 18 8 32 76 - 
α-pinene 7 1 S 4 13 52 120 34 
α-pinene 30 1 H 18 3 12 28 - 
n-dodecane 15 4 O 70 30 120 280 98 
n-dodecane 40 1 H 18 17 69 150 - 
n-dodecane 60 5 O 74 62 250 590 170 
n-dodecane 40 1 H 18 37 150 350 - 
n-decane 80 7 D 7 390 1,600 3,700 - 
n-decane 25 4 O 62 75 310 710 56 
n-decane 12 1 H 18 37 150 350 - 
tetradecane b 1 O 9 56 230 530 250 
2-propanol b 46 D 46 900 3,700 8,500 - 
2-propanol 340 1 O 12 27 110 260 140 
2-propanol b 1 S 4 26 110 250 73 
TVOC 4 33 D 33 4,500 18,000 43,000 18,000 
TVOC 23 1 O 100 4,200 17,000 39,000 - 

a D = dwelling; O = office; S = school; H = hospital. 
b WAGM (established) not available 
Source: Brown et al. (1994) and references provided herein. 
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Table 2.7 Frequency* of VOCs at quantifiable concentrations in office buildings 

VOCs 
Range of 

Quantifiable 
Concentration 

(μg/m3) 
VOCs 

Range of 
Quantifiable 

Concentration 
(μg/m3) 

81-100 % Frequency Continued 81-100 % 
Acetone 7.1-220 Naphthalene 0.3-9.7 
Toluene 1.6-360 1-Butanol 0.8-15 
m- & p-Xylenes 0.8-96 61-80 % 
n-Undecane 0.6-58 1,4-Dichlorobenzene 0.3-85 
n-Dodecane 0.5-72 41-60 % 
Nonanal 1.2-7.9 3-Methyl pentane 1.0-16 
n-Decane 0.3-50 Trichloroethane 0.2-18 
o-Xylene 0.3-38 21-40 % 
d-Limonene 0.3-140 Methylene chloride 0.5-360 
Benzene 0.6-17 Tricholrofluoromethane 2.2-160 
1,1,1-Tricholroethane 0.6-450 t-Butyl methyl ether 2.0-30 
Hexanal 0.8-12 1-20 % 
Ethylbenzene 0.3-30 Trichloro-trifluoroethane 1.4-23 
1,2,4-Trimethylbenzene 0.3-25 Chloroform 0.3-9.6 
Tetrachloroethene 0.3-50 Carbon tetrachloride 1.2-3.9 
Phenol 0.3-9.5 4-Phenylcyclohexane 0.3-0.6 
Ethyl acetate 0.22-65 Carbon disulfide 1.0-18 
2-Butanone 0.7-18 Chlorobenzene 0.3-0.7 
Styrene 0.2-6.7 1,2,4-Trichlorobenzene 0.9-1.2 
TXIB 0.2-2.8 1,2-Dichlorobenzene 1.1-13 
4-Ethyltoluene 0.3-11 Not Detected 
2-Butoxyethanol 0.7-78 1,2-Dichloropropane -- 
2-Ethyl-1-hexanal 0.3-48 Hexzchlorobutadiene -- 
Nonane 0.3-46 Cis-1,2-Dichloroethene -- 
Octane 0.2-280 1,1,2-Trichloroethane -- 
Butyl acetate 0.3-51 1,2-Dichloroethane -- 
n-Hexane 0.6-21 Benzyl chloride -- 
Pentanal 0.5-3.3 1,3-Dichlorobenzene -- 
1,3,5- 
Trimethylbenzene 

0.3-8.6 Dimethyl disulfide -- 

α-pinene 0.3-8.4 1,2-Dibromoethane -- 
Texanol® 1 & 3 0.5-28 Butylated 

hydroxytoluene 
-- 

4-Methyl-2-pentanone 0.2-28   
* Frequency is the ratio of indoor samples with quantifiable concentrations to total number of 
indoor samples for the given analyte. VOCs are listed in descending order of frequency with 
each group. 
(Girman et al.,1994) 
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2.3. Architectural Coatings 

2.3.1. Interior Architectural Paint Use in the United States 

     Indoor sources of volatile organic compounds (VOCs) are a determinant of indoor 

air quality, and architectural coatings can be a major source of VOCs in homes and other 

types of buildings (Hodgson, 2000; Jones, 1999).  Approximately 519 million gallons of 

interior architectural coatings were produced in the United States in 2005 (United States 

Department of Commerce, 2006).  Of this, 89% (460 million gallons) was classified as 

water-type, as opposed to solvent-type, coatings.  Water-type paints, often referred to as 

latex paint and the focus of this study, comprised 84% (385 million gallons) of the 

interior water-type coatings.  Since Americans spend almost 90% of their time indoors, 

it is important to understand emissions from latex paint and related human exposure to 

those emissions.  

2.3.2. VOC Emissions from Architectural Coatings 

     Architectural coatings can be a major source of VOCs in buildings.  Fang et al. 

(1999) and De Bortoli et al. (1999) investigated and compared emissions from fresh 

architectural coatings, such as paints and varnish, several other building materials, e.g., 

carpets, PVC products, and sealant.  Their results (Table 2.8) showed that newly-applied 

paint products have higher total VOC emission rates than other building materials.  

     Brown et al. (1994) and Tichenor and Mason (1988) summarized TVOC emission 

rates from several building materials and construction products, as listed in Table 2.9. 

Their results indicated that solvent-based adhesives have higher TVOC emission rates 

than most other building materials, with the exception of solvent-based waxes/detergents, 
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e.g., as listed in Table 2.3. 

      

Table 2.8 Area specific emission rates for several building materials 

 (Fang et al., 1999 and De Bortoli et al., 1999)      
 

 

De Bortoli et al. (1999) Fang et al. (1999) 

Emission 
Rate after 48hr 

(mean) 
μg.m-2.h-1 

 

Carpet PVC 
cushion 

Paint Emission 
Rate 

(at 28 oC, 70%RH) 
μg.m-2.h-1 

 

Carpet PVC Sealant Floor 
varnish 

Wall 
paint 

n-undecane 
n-dodecane 
2-phenoxyethanol 

7.78 
12.49 
2.19 

- 
- 
- 

- 
- 
- 

2-ethyl-1-hexanol 
Nonanal 
4-phenylcyclohexen 
Decanal            

6.469 
12.86 
0.118 
5.434 

- 
- 
- 
- 

- 
- 
- 
- 

- 
- 
- 
- 

- 
- 
- 
- 

2-(2-butoxyethoxy)ethanol 
C7 alkylbenzene 
C9 alkylbenzene 
TXIB 

- 
- 
- 
- 

347.7 
62.8 
76.0 
26.8 

- 
- 
- 
- 

4-ethyl-toluene 
2-ethyl-1-hexanol 
2-(2-butoxyethoxy)ethanol 
Undecane 
1,2,4-trimethylbenzene 
4-methyl-2-pentanol 
Toluene 
Phenol 

- 
- 
- 
- 
- 
- 
- 
- 

2.201 
16.61 
17.47 
1.311 
2.805 
4.777 
3.857 
37.90 

- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 

- 
- 
- 
- 
- 
- 
- 
- 

Acetone 
Hexan 
3,7-dimethyl-1-octanol 

- 
- 
- 

 8.508 
2.211 
184.8 

  

1-methyl-2-pyrrolidion 
Butylacetate 
2-(2-butoxyethoxy)ethanol 
2-(2-ethoxyethoxy)ethanol 
2-butoxy-ethanol 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

- 
- 
- 
- 
- 

2081 
684.0 
50.26 
935.2 
127.5 

- 
- 
- 
- 
- 

2-(2-ethoxyethoxy)ethanol 
Texanol 

- 
- 

- 
- 

1281 
4876 

1,2-Propandiol 
2-(2-butoxyethoxy)ethanol 
Texanol 
Undecane 

- 
- 
- 
- 

- 
- 
- 
- 

- 
- 
- 
- 

- 
- 
- 
- 

2169 
190.1 
215.7 
0.362 
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Table 2.9 TVOCa emission rates for building materials and construction products 

 Products 

TVOCa 
Emission 

Rates 
(mg/m2/h) 

Reference 

Building 
Materials 

New vinyl flooring 
 
Rubber floor covering 
 
Textile floor covering 
Plastic floor covering 
Painted gypsum board/Particle board 
Gypsum board 
Particleboard, fireboard 
 
Polystyrene foam 
 
 
Polyurethane foam 
Wallpapers (incl. Vinyl) 
GRP sheeting 
Plywoods 
mineral wool 

0.12~2.3 
190~430 

1.4 
0.41 

0.08~1.6 
0.22~0.59 
0.24~0.26 

0.03 
0.12~0.14 
0.19~0.32 

0.04 
1.4 

0.03-1 
0.12 

0.03~0.3 
0.02 

0.3~2.4 
0.01 

Mølhave (1982) 
van der Wal et al.(1990) 
Mølhave (1982) 
Wolkoff et al. (1990) 
Mølhave (1982) 
Mølhave (1982) 
Wolkoff et al. (1990) 
Mølhave (1982) 
Mølhave (1982) 
Tichenor (1988) 
Mølhave (1982) 
Mølhave (1982) 
van der Wal et al.(1990) 
Mølhave (1982) 
Mølhave (1982) 
Mølhave (1982) 
van der Wal et al.(1990) 
Mølhave (1982) 

Construction 
Products 

Solvent-based adhesives 
Water-based adhesives 
Wall/flooring glue (EVA) 
Sealants (incl. Silicones) 
Wood stain 
Polyurethane lacquer 
Floor vanishes (3 types) 
PVA glue (water-based) 

5,100~17,000 
<10~2,100 

270 
0.3~720 

170 
6 

0.83~4.7 
2.1 

Person et al. (1990) 
Person et al. (1990) 
Mølhave (1982) 
Mølhave (1982) 
Sparks et al.(1990) 
Sparks et al.(1990) 
Mølhave (1982) 
Mølhave (1982) 

aSeveral definitions of TVOC have been used: (1) summation of flame ionization detector response, (2) summation of 
concentrations of specifically monitored or prevalent compounds using mass spectrometric detection (MSD), and (3) 
summation of concentrations of all compounds with measurement by MSD. Thus, relationships between data using 
different definitions are not clear. 
Source: Brown et al. (1994) and Tichenor & Mason (1988) 
 

2.4. Texanol® Ester Alcohol (TMPD-MIB) 

2.4.1. Properties of Texanol® Ester Alcohol 

     TMPD-MIB is a mixture of two isomers 

(2,2,4-trimethyl-1,3-pentanediol-x-isobutyrate, where x = 1 or x = 3).  The structure of 
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each isomer is shown in Figure 2.1.   

 

  

 

 

 

       

 

      Primary isomer- 65%                     Secondary isomer- 35% 

Figure 2.1 Structure formulas for TMPD-MIB isomers 

 

Three important physico-chemical properties of TMPD-MIB are its relatively low vapor 

pressure (1.33 Pa = 0.01 mm Hg at 20 oC) (Eastman Chemical Company, website visited 

on 07/03/06), low aqueous solubility (858 mg/L at 18-22 oC) (Eastman Chemical 

Company, website visited on 07/03/06), and high octanol-water partition coefficient 

(Log10Kow = 3.47) (International Labour Organization, website visited on 07/03/06).  

The former indicates a relatively slow rate of evaporation.  The latter indicates a strong 

tendency for accumulation into or onto organic material, e.g., organic resins in latex paint, 

and removal from the aqueous phase.  The odor threshold for TMPD-MIB has been 

reported to be 600 µg/m3 (≈ 66 ppb at 25 oC) (Ziemer et al., 2000), and the airway 

irritation threshold has been noted to be 1,000 µg/m3 (≈ 112 ppb at 25 oC) (Knudsen et al., 

1999, and references provided therein).   

     TMPD-MIB is added to latex paint as a coalescing aid.  It helps to soften 

polymeric binder particles, a property that facilitates complete fusion and prevents the 
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paint from cracking when it dries.  It absorbs into and covers the paint resins, making 

latex paint easier to brush.  TMPD-MIB has excellent hydrolytic stability, allowing it to 

be used with a wide variety of latex emulsions including high-pH acrylic.  It enhances 

scrub resistance, color development, and packaging stability (Eastman chemical, 

07/03/06). 

     The major VOCs emitted from latex paint are propylene glycol, ethylene glycol, 

2-(2-butoxyethoxy) ethanol (BEE), and TMPD-MIB (Hodgson, 1999; Chang et al., 1997; 

Roache et al., 1996; Guo et al., 1996; Fortmann et al., 1993; Clausen, 1993).  Physical 

properties of the major volatile components of latex paint are listed in Table 2.10. 

2.4.2. Empirical Observations of TMPD-MIB Emissions from Latex Paint 

     Empirical observations of TMPD-MIB emissions from latex paint are summarized 

in Table 2.11.  The elapsed time represents the time after painting a specimen that the 

emission measurement was made.  The emission rate is given per unit area of painted 

substrate.  Recovery represents the percentage of TMPD-MIB initially applied to the 

substrate that was accounted for in air samples.  With the exception of Clausen et al. 

(1991) and Roache et al. (1996), experimental times for past observations of TMPD-MIB 

emissions from latex paint were relatively short.  A limited number of substrates have 

been employed in past studies involving TMPD-MIB.  In several cases, data sets were 

incomplete, i.e., either recoveries in air or emission factors were not reported or available.  

Guo et al. (1996) observed that the TMPD-MIB fraction emitted was the highest among 

all VOCs when latex paint was applied to gypsum board. 
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Table 2.10 Physical properties of major volatile components in latex paint 
 

Component of 
paint 

 
Molecular 

weight 
(g/mole) 

Tb 
(oC) 

Vapor 
pressure 

   (Pa) 
(at 20 oC) 

Density 
(g/cm3) 

 
Solubility 
in water 
(g/m3) 

 
log10(Kow) 

Water2 18 100 2,336 1 NA 0 

Ethylene 
glycol1,4 62 198 6.67 1.11 miscible -1.93 

TMPD-MIB3,6 216 280 1.33 1 858 3.47 

Propylene 
glycol1,5 76 188 26.67 1.04 miscible -1.41 

2-(2-butoxyetho
xy) ethanol1 162 231 0.64 0.95 miscible 0.15 

1. Verschueren, K. (1996) Handbook of Environmental Data on Organic Chemicals, Van 
Nostrand Reinhold, an International Thomson Publishing Company. 
2. Perry, H. R., Green, W. D., Maloney, O. J. (1984) Perry’s Chemical Engineers’ Handbook, 
USA, McGraw-Hill, Inc. 
3. Website: Eastman Chemical Company, visited on 07/03/06  
http://www.eastman.com/Product_Information/ProductHome.asp?Product=71000148 
4. Website: Agency for Toxic Substances and Disease Registry, visited on 07/03/06 
http://www.atsdr.cdc.gov/mhmi/mmg96.html 
5. Website: International Programme on Chemical Safety (IPCS), visited on 07/03/06 
http://www.inchem.org/documents/icsc/icsc/eics0321.htm 
6. Website: International Labour Organization, visited on 07/03/06 
http://www.itcilo.it/english/actrav/telearn/osh/ic/25265774.htm      
 

2.5.Factors that Affect TMPD-MIB and Other VOC Emissions from Paint 

     Factors that affect emissions of VOCs from paint products include: temperature, 

relative humidity, wet film thickness, nature of the material substrate to which the paint is 

applied, velocity of air above the paint film, and paint composition.  Both the emission 

rate from the source and the ventilation rate of the room strongly influence the  
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Table 2.11 Summary of published literature related to TMPD-MIB emissions 

Substrate Elapsed 
Time 

 

Emission 
Factors 

(µg/m2/h) 

Recovery
(%) 

Note Reference 

Tin-plate steel 

 

N/A 

360 days 

324 days 

N/A 

0.057 (mg/m3) 

0.001(mg/m3) 

N/A 

234-L chamber 

experiments; 

AER = 0.25 ± 0.013 h-1 

Clausen 

et al. 

(1991) 

Tin-plate steel 

 
2 weeks 3.4-392.3 N/A 

Varied thickness of 

paint film 

(22, 28, 56 µm) ; 

AER = 0.25 ± 0.013 h-1 

Clausen 

(1993) 

 

stainless steel 

glass/plexiglass 
48 hours 4,876 N/A 

16 lab study: 

C.V.=21-25%; 

Small chambers & 

FLEC experiments 

De Bortoli 

et al. 

(1999) 

glass 

3 hours 

27 hours 

76 hours 

29,423 

3,267 

1,395 

N/A N/A 
Yu and Crump 

(1999) 

gypsum board 1,500 hours 17 N/A 
53-L chamber 

experiments 

Roache et al. 

(1996) 

gypsum board 1,500 hours 4.1-4.6 N/A FLEC experiments 
Roache et al. 

(1996) 

gypsum board 3 weeks 26.64-215.7 N/A 

Varied combinations of 

R.H. (30, 50,70%) & 

T(18, 23, 25 oC) 

Fang et al. 

(1999) 

gypsum board 2 weeks N/A 60 

Recovery was 90 % 

when the substrate was 

stainless steel 

Guo et al. 

(1996) 

gypsum board 2 weeks N/A 29 N/A 
Chang et al. 

(1997) 

gypsum board 

 

plywood 

 

48 hours 

96 hours 

48 hours 

96 hours 

1,430-3,860 

142-300 

340-930 

260-890 

N/A 

10-L chamber 

experiments ; 

SG for GB; Flat for PW 

Hodgson 

(1999) 

 

N/A: data not available or reported; AER: air exchange rate; SG: semi-gloss latex paint; Flat: flat latex paint; GB: 
gypsum board; PW: plywood 
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concentration of a compound in a room.     

2.5.1. Temperature and Relative Humidity 

     Wolkoff (1998) concluded that temperature and relative humidity (RH) both affect 

emission rates of some VOCs from paint, but that the magnitude of these effects depends 

strongly on the type of substrate and paint composition.  A waterborne acrylic wall paint 

on gypsum board was studied.  The TMPD-MIB time/concentration profile was elevated 

with increasing temperature; a modest or negligible effect was observed at 35 oC (relative 

to 23 oC) while large effects were observed at 60 oC.  The concentration/ time profile of 

TMPD-MIB did not differ after one day for 50% RH relative to 0% RH.   

     Fang et al. (1999) conducted experiments to characterize the emission profiles for 

latex paint applied to gypsum board under different combinations of temperature, ranging 

from 18 to 28 oC, and relative humidity ranging from 30 to 70%.  They observed little 

influence of temperature on TMPD-MIB emission rates when relative humidity was at 

30% or 50%.  However, the TMPD-MIB emission rate was doubled for each 5 oC 

temperature rise at 70 % RH (i.e., 50.72 µg/ m2-h at 18 oC; 100.6 µg/ m2-h at 23 oC; and 

215.7 µg/ m2-h at 28 oC).  Fang et al. (1999) also indicated that the effect of humidity 

was significant and that TMPD-MIB emission rate increased with increasing relative 

humidity.  However, Roache et al. (1996) observed that RH levels in a 53-L dynamic 

(flow-through) chamber affected emissions of ethylene glycol, but had little impact on 

TMPD-MIB emissions.   

     Krebs et al. (1995) observed that at 20% RH the peak concentration of ethylene 

glycol was higher during the first 10 hours than at a similar time for 50% or 80 % RH.  
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However, the emissions of ethylene glycol and propylene glycol over two weeks were 

lower at 20% RH than at 50% or 80% RH.  Fang et al. (1999) speculated that increasing 

moisture in the air leads to extraction of the more hydrophilic VOCs (glycols) out of the 

material or paint, therefore increasing emissions of these compounds.  An alternate 

explanation might be that at higher RH the evaporation of water from paint should be 

slower, prolonging the time that glycols remain dissolved in the aqueous phase, where 

they may be more easily transferred to air.  

2.5.2. Film Thickness 

     Clausen (1993) showed that paint film thickness affects emissions of 

2-(2-butoxyethoxy) ethanol (BEE) and TMPD-MIB from latex paint.  For latex paint 

applications, an increased film thickness resulted in a decreased 1ST-order emission rate 

decay constant for TMPD-MIB. 

     For BEE, the 1ST-order emission rate decay constant (k1) was 0.018/hr when the 

dry-film paint thickness was 22 µm, while k1 was 0.0089/hr when the dry-film paint 

thickness increased to 56 µm.  For TMPD-MIB, the emission rate constant was 0.015 

/hr when the dry-film paint thickness was 22 µm, while k1 was 0.0048 /hr when the 

dry-film paint thickness increased to 56 µm.  Lee et al. (2003) also confirmed that the 

film thickness of varnish influenced markedly the concentrations and emissions of VOCs. 

     The most common methods of paint film preparation are brush, roller and bar 

applicator. Previous studies have indicated that the roller method yields less consistent 

film thickness than a bar applicator (Yu and Crump, 2000).  However, the roller method 

has been selected for many studies since it represents a common method for applying 
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latex paint in buildings (Krebs et al., 1995).  

2.5.3. Substrate (Material Painted) 

     The substrate to which paint is applied can interact with paint components and the 

bulk paint, and thus affect VOC emissions from the paint.  In the United States, walls 

and ceilings made of gypsum board are commonly painted with latex paint (Guo et al., 

1996; USEPA, 2002).  However, earlier studies related to emissions from paints 

employed non-porous substrates such as stainless steel, glass, and aluminum (Clausen et 

al., 1991; Clausen, 1993; Fortmann et al., 1993; Chang et al., 1997; Yu and Crump, 1999; 

De Bortoli et al., 1999), which do not represent the typical substrate to which paint is 

applied.  Proper choice of substrate material is crucial for exposure and risk assessment 

studies that depend on realistic emission rates (EPA, 2002).   

     Chang et al. (1997) indicated significant differences in peak chamber 

concentrations and recoveries in air (percent of applied chemical observed in air samples) 

of ethylene glycol, propylene glycol, BEE, and TMPD-MIB emitted between the same 

latex paint applied on stainless steel and gypsum board.  During a two-week 

experimental period, the amount of VOCs emitted from painted stainless steel was many 

times greater than the amount emitted from painted gypsum board.   

     Sparks (1999a) indicated that over 98% of the emittable VOCs applied on stainless 

steel were emitted during the first 14 days after painting, whereas less than 25 % of the 

total emittable VOCs were emitted from gypsum board over the same period of time.  

The major differences between the concentration profiles of the two substrates were an 

earlier peak concentration of the VOCs and a slow decay in emissions from the gypsum 
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board.  Gypsum board is porous and can absorb liquid, a property that affects the 

behavior of applied latex paint and subsequent VOC emission patterns (Chang et al., 

1997).  Further, it is logical that some fraction of the VOC partitions into pore air and 

adsorbs to the large surface area offered by pore walls.  Krebs et al. (1995) also 

observed that the peak concentration and concentration of TMPD-MIB and ethylene 

glycol were lower when paint was applied to gypsum board, as opposed to stainless steel 

plates.   

     Chang et al. (1997) indicated that substrate effects are also dependent on chemical 

properties of the VOCs.  When latex paint was applied to gypsum board instead of a 

stainless steel plate, the peak concentrations of propylene glycol, ethylene glycol, BEE, 

and TMPD-MIB decreased by 81%, 90%, 56%, and 23%, respectively.  

     Experimental results clearly demonstrate the importance of virgin (unpainted) 

gypsum board as a sorptive sink for polar VOCs (Won et al., 2001).  However, 

Fortmann et al. (1998) noted that substrate effects for alkyd paints (i.e., a high initial 

non-polar VOC content) may be insignificant. 

2.5.4. Air Flow over Paint 

     Wolkoff et al. (1993) indicated that emissions from a waterborne paint on a steel 

plate were significantly dependent on the air velocity at the surface.  However, when the 

paint was applied to a gypsum board, the emission rate was not appreciably affected by 

the air velocity.  Wolkoff (1998) concluded that the mechanism of emissions from 

gypsum board changed much faster to become diffusion dominated due to faster 

formation of a dry film surface. 
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2.6. Model Predictions for Estimating VOC Emissions from Architectural Coatings  

     The release of VOCs from indoor coatings is generally regarded as involving two 

stages: the wet-film stage, and the dry-film stage during which the residual VOC is 

evaporated at a relatively slow rate.  Over the first 50-100 hours, the emissions are 

relatively rapid and evaporation dominates (i.e., gas-phase-limited mass transfer).  

Thereafter, the emission rates are much lower and are believed to be controlled by 

diffusion processes within the substrate and dried paint film (i.e., solid-phase-limited 

mass transfer) (Clausen, 1993; Tichenor et al., 1993; Chang et al., 1997; Fang et al., 

1999).  Experiments and modeling have shown that it might take as long as 3.5 years for 

all VOCs to be released from paint applied to gypsum board (Chang et al., 1997; EPA, 

2002).  

     Model predictions and experimental measurements can be combined to obtain 

practical information regarding human exposure to indoor pollutants (Veen et al., 1999).  

However, published models for estimating VOC emissions from paint are generally 

empirical, e.g., first- or second- order exponential decay equations (Clausen, 1993; 

Clausen et al., 1993; Tichenor, 1995).  These models are limited to the experimental 

conditions (paint composition, etc.) for which they were developed and fail to account for 

mass transfer phenomena, e.g., approach to equilibrium between room air and paint film 

(Sparks et al., 1999a/b; Guo, 2002).   

     It is commonly assumed that the emission rates of VOCs from finite thin film 

sources decrease in accordance with a first-order decay equation (Clausen, 1993):   
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)exp( 110 tkkMR −=                                                    (2.1) 

where R is the VOC emission rate (mg/m2/h) at time t, M0 is the initial VOC mass in the 

source (mg/m2) , k1 is a first-order rate constant (h-1), and t is time (h). 

     Chang and Guo (1992) analyzed emissions data for wood stains by using a 

double-exponential model:  

 
tktk pp eReRRRtR 21

201021)( −− +=+=                                      (2.2) 

 

where R(t) is the emission factor of a VOC (mg/m2/h), R1(t) is a phase 1 emission factor 

(mg/m2/h), R2(t) is a phase 2 emission factor (mg/m2/h), R10 is a phase 1 initial emission 

factor (mg/m2/h), k1p is a phase 1 emission rate decay constant (h-1), R20 is a phase 2 

initial emission factor (mg/m2/h), and k2p is a phase 2 emission rate decay constant (h-1).  

The phase 1 emission factor, R1, corresponds to the period shortly after a wood stain is 

applied, i.e., while it is still relatively wet.  The phase 2 emission factor, R2, corresponds 

to the period when a wood stain is relatively dry.  

     Integrating a well-mixed chamber mass balance equation with the source term 

defined by Equation 2.2 and assuming an initial concentration in chamber air of zero 

gives the following equation: 
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The double exponential model was used to analyze chamber data using a non-linear 
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regression curve fit routine implemented on a microcomputer (Chang et al., 1997).  It 

was found that Equation 2.3 provides an adequate representation of VOC emissions from 

gypsum board following latex paint applications.  Data associated with VOC emissions 

from paint applied to stainless steel were also described by the double exponential model 

by assuming that the phase 2 emissions were negligible (R20 =0).  Although the model 

indicated that phase 2 VOC emissions should persist a long time, it failed to predict that 

ethylene glycol emissions can persist for more than 11 months.  This difference may be 

due simply to the semi-empirical nature of the model, which oversimplifies the emission 

process.  A mass transfer model which takes into account the characteristics of physical 

and chemical processes is needed to fully represent the long-term behavior of VOC 

emissions from latex paint.  Tables 2.12 and 2.13 list the values of parameters estimated 

by a non-linear regression fit for the double-exponential model. 

 

Table 2.12 Summary of parameters obtained for the double exponential model for VOC 
emissions from painted gypsum board 
Compound R10 

(mg/m2/h) 
k1p 

(h-1) 
R10/k1p 

(mg/m2) 
R20 

(mg/m2/h) 
k2p 

(h-1) 
R20/k2p 

(mg/m2) 
TMPD-MIB 
E. glycol 

29.7 
18.5 

0.795 
0.696 

37.4 
26.6 

15.9 
1.96 

0.0317 
0.00694 

502 
282 

(Chang et al., 1997) 
 

Table 2.13 Summary of parameters obtained for the double exponential model for VOC 
emissions from painted stainless steel (R20=0) 

Compound R10 
(mg/m2/h) 

k1p 
(h-1) 

R10/k1p 
(mg/m2) 

TMPD-MIB 
E. glycol 

30.0 
100 

0.0169 
0.0235 

1775 
4255 

(Chang et al., 1997) 
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Clausen et al. (1993) and Tichenor (1995) employed second-order decay models to 

describe emissions from latex paint: 

 

tRk
RotR

021
)(

+
=                                                       (2.4) 

where R(t) is the emission rate at time t (mg/h), R0 is the initial emission rate (the 

emission rate at time = 0) (mg/h), and k2 is a second-order decay constant (h-1).  

Non-linear curve fitting techniques were used to determine the parameters R0 and k2.  

The resulting model provided a good fit to laboratory chamber data.  However, it did not 

account for the finite amount of pollutant to be emitted.  Moreover, more than 50 days 

of data were required to develop reliable model parameters (Tichenor, 1995).  

     Guo et al. (1996) presented a model that combines the common empirical 

first-order decay model and a diffusion model with an adjustment factor.  The resulting 

model equation is: 

 

[ ]
2/1

2/1
0

2
1

110
)2exp()exp(1

)exp()(
t

tfMftk
tkkMtR DDD

V
−−−

+−=                 (2.5)  

 

where, Mvo is the initial mass per unit area available for evaporation (mg/m2), k1 is a 

first-order decay constant (h-1), fD is a diffusion constant (h-1/2), and MD0 is the initial 

mass per unit area available for diffusion (mg/m2).  Note that: 
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where, MT0 is the total emittable mass per unit area applied (mg/m2).  The model 

parameters for Equation 2.5 are presented in Table 2.14.  While this model can provide a 

reasonable fit to experimental data, over 200 days of data are required to develop reliable 

model parameters (Sparks et al., 1999a).  Neither Equation 2.4 nor Equation 2.5 

provides insight into the mass transfer mechanisms governing VOC emissions from paint 

films. 

 

Table 2.14 Model parameters for latex paint emission model 

Compound Mvo (mg/m2) k1(h-1) MD0(mg/m2) fD(h-1/2) 
Ethylene glycol 19 1.05 3304 0.0023 
Propylene glycol 22 0.081 299 0.0037 
Butoxyethoxyethanol 48 0.16 643 0.002 
TMPD-MIB 404 0.064 1465 0.0017 
(Guo et al., 1996)  
 

Sparks et al. (1999) presented a mass-transfer-based model for speciated VOC emissions 

from paint.  The model is based on the assumption that short-term emissions are 

governed by gas-phase-limited mass transfer and that long-term emissions are governed 

by source-phase (diffusion limited) mass transfer.  The combined model has three parts: 

the VB model (Tichenor et al., 1993) for gas-phase limited emissions; a diffusion model 

Equation (Hanna and Drivas, 1993); and an adjusting term, (1-Mv/MV0)2, for the 

transition region.  The full model is: 
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where R(t) is the emission rate at time t (mg/m2/h), km is a gas-phase mass transfer 

coefficient (m/h), Cvo is the vapor pressure expressed in concentration of a VOC (mg/m3), 

Mv is the emittable mass for evaporation at time t (mg/m2), Mv0 is the initial emittable 

mass for evaporation (mg/m2), C is the chamber concentration at time t (mg/m3), fD1 is an 

empirical factor (h-1/2), and MD is the emittable mass for diffusion at time t (mg/m2).  

The resulting model parameters, when the specific paint is applied according to coverage 

suggested by the manufacturer of the paint, are given in Table 2.15 for a relative humidity 

of 50%, and Table 2.16 for a relative humidity of 80%.        

      

Table 2.15 Model parameters for 50 % relative humidity 

Compound Cvo (mg/m3) Mvo (mg/m2) fD1(h-1/2) 

Ethylene glycol 19.3 51 0.0038 
Propylene glycol 2.4 23 0.0039 

Butoxyethoxyethanol 6.1 75 0.0014 
TMPD-MIB 20 496 0.0012 

(Sparks et al., 1999a)  
  

Table 2.16 Model parameters for 80 % relative humidity 

Compound Cvo (mg/m3) Mvo (mg/m2) fD1(h-1/2) 

Ethylene glycol 7.14 208 0.0084 
Propylene glycol 9.44 1.95 0.0071 

Butoxyethoxyethanol 7.9 78 0.0006 
TMPD-MIB 20 542 0.002 

(Sparks et al., 1999a)  
 

     The major disadvantage of Equation 2.7 is a lack of independent methods for 

estimating Cvo and Mvo.  An advantage of the model is that model parameters can be 



 

33

estimated from only eight days of laboratory chamber data.  The model provided good 

agreement with measured ethylene glycol emissions for paint applied to gypsum board 

for over 337 days.   

2.7. Summary 

     A trend toward more energy-efficient buildings and lower air exchange rates has 

increased the potential for pollutant accumulation in buildings, including chemicals 

emitted from architectural coatings.  The potential for elevated exposure to these 

products is magnified due to the fact that Americans spend approximately 18 hours 

indoors for every hour spent outdoors.  

     Over 70% of interior architectural coatings are latex paints.  TMPD-MIB is one 

major component of nearly all latex paints used in the United States.  Studies to quantify 

TMPD-MIB emissions have been conducted by several research groups (Guo et al., 1996; 

Roache et al., 1996; Chang et al., 1997; De Bortoli et al., 1999; Fang et al., 1999; Yu and 

Crump, 1999).  However, experimental times for past observations of TMPD-MIB 

emissions from latex paint are generally short.  Furthermore, many studies have 

involved non-porous substrates such as stainless steel, glass, and aluminum, while walls 

and ceilings made of gypsum board are the substrates most commonly painted with latex 

paint in the U.S. (Guo et al., 1996; USEPA, 2002).   

     Overall, published measurements of TMPD-MIB emissions following latex paint 

applications are sparse.  Past researchers have not investigated the recovery of applied 

paint constituents, e.g., TMPD-MIB, on the components of different substrates.   

     Model predictions and experimental data can be combined to obtain practical 
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information regarding human exposure to indoor pollutants.  However, models for 

estimating VOC emissions from architectural coatings are generally empirical and limited 

to the experimental conditions for which they were developed.  Additional experiments 

are needed to develop a robust database for improved model development, and to better 

understand the mechanisms that affect long-term emissions of speciated VOCs from 

architectural coatings.  This dissertation represents a substantial increase in, and 

improvement of, the current data and knowledge bases associated with TMPD-MIB 

emissions from latex paint.   
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3. EXPERIMENTAL METHODOLOGY: SMALL CHAMBER EXPERIMENTS 

3.1. Overview  

     Laboratory experiments were conducted in small stainless-steel chambers to 

explore emissions of TMPD-MIB from interior latex paints.  The research was aimed at 

better understanding the fate and emissions of TMPD-MIB following its application to 

four different materials.   

     Test materials for small chambers included: aluminum, plywood, gypsum board, 

and concrete.  The addition of plywood and concrete significantly enhance the base of 

previously tested materials.  Concrete is important given the rapid increases in paint 

usage in China, and fact that a majority of paint use in China involves concrete.  

Twenty-five small substrate specimens were used to assess the substrate effects on 

TMPD-MIB emissions.  These included five aluminum specimens, four plywood 

specimens, ten gypsum board specimens, and six concrete specimens.   

     Two different simplified latex paints (high and low pigment volume concentrations) 

containing differing mass contents of TMPD-MIB were applied on small specimens of 

each substrate to assess the effects of paint composition.  More complex commercial 

paints that included ethylene glycol, propylene glycol and various other additives were 

also used for an additional nine concrete and six gypsum board specimens.  Concrete 

specimens were painted with each of three different Nippon paints (flat, semi-gloss, and 

gloss) containing differing mass contents of TMPD-MIB.  Gypsum board specimens 

were painted with each of two different Nippon paints (flat and gloss).   

     After painting, substrates were placed in small (3.3 L) electro-polished source 
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chambers (flow-through chambers) for characterization of TMPD-MIB emissions during 

the paint drying (wet paint) stage for 48 hours.  Thereafter, specimens were placed on 

trays in a typical office where they were allowed to continue to emit TMPD-MIB during 

the dry paint stage.  Specimens were rotated back into small chambers on an intermittent 

basis to quantify emissions for time periods varying from a few months to 1.6 years. 

     Prior to being taken out of service, gypsum board specimens were separated into 

components (dry film, underlying paper, and pulverized gypsum board).  Each 

component was extracted with methanol to determine residual (not recovered in air) 

TMPD-MIB on substrate components.   

     Three experiments involving water applied to aluminum foil were completed in 

small electro-polished source chambers to characterize typical mass transfer coefficients 

for the small experimental chambers.  Moreover, triplicate experiments involving 

painted gypsum board were completed at an elevated air exchange rate to explore 

whether the air exchange rate had an effect on experimentally-determined emission rates.  

Finally, triplicate experiments with a simplified paint amended to include 4% by weight 

propylene glycol were conducted to explore whether propylene glycol, or lack thereof in 

simplified paint, had an effect on experimentally-determined emission rates.   

     Small chamber experimental methods are described in more detail in Section 3.2.  

3.2. Small Chamber Experimental Methods 

     This section includes additional details related to small chamber experimental 

methods.  A summary of the experimental program, including specific substrates, 

number of substrates, and paints is provided in Table 3.1.  A total of 40 paint/substrate 
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combinations (individual specimens) were tested. 

 

Table 3.1 Summary of experimental program 

       Paints 
 
Substrates 

HPVC LPVC Nippon Flat 
Latex Paint 

Nippon 
Semi-gloss 
Latex Paint 

Nippon 
Gloss 

Latex Paint 
Aluminum 2 3    
Plywood 2 2    
Gypsum Board 5 5 3  3 
Concrete-A 3 3    
Concrete-B   3 3 3 
* Numbers indicate the number of substrates that were painted with each paint 
 

3.2.1. Substrate Specimens 

     Four substrates were tested for two different simplified latex paints: aluminum (x 

5), gypsum board (x 10), plywood (x 4), and concrete-A (x 6).  Aluminum, gypsum 

board, and plywood were 8 cm x 8 cm in projected horizontal area and 1.5 cm in 

thickness.  Concrete-A specimens were 9.5 cm x 9.5 cm in projected horizontal area and 

0.7 cm in thickness, and were formed in accordance with typical practices for building 

interior wall uses in China; the concrete was actually obtained from a construction site in 

Shanghai, China. 

     Two substrates were tested for three different Nippon paints:  concrete-B (x 9) 

and gypsum board (x 6).  Concrete-B was a standard test material used by Nippon Paint 

for testing paints for use in Japan and China.  Concrete-B specimens were painted with 

each of three different Nippon paints (flat, semi-gloss, and gloss) containing differing 

mass contents of TMPD-MIB and differing pigment volume concentrations.  Gypsum 

board specimens were painted with each of two different Nippon paints (flat and gloss).  
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Digital images of concrete-A and concrete-B are provided in Figure 3.1.   Concrete-A 

was separated from the original attached wood include embedded wire, and appeared 

more porous than concrete-B.  Concrete-B appeared to be relatively non-porous and 

with a consistency not unlike vinyl composition floor tile. 

     The exposed edges of all specimens were sealed with sodium silicate at least three 

days prior to each experiment.  

 

 
        Concrete-A      Concrete-B       Concrete-A       Concrete-B 
                (Front side)                       (Back side)                             

Figure 3.1 Digital images of concrete-A and concrete-B 

 
3.2.2. Paints and Paint Applications 

 Two different simplified latex paints (high and low pigment volume concentrations) 

and three different Nippon paints (flat, semi-gloss, and gloss) containing differing mass 

contents of TMPD-MIB were tested.  To focus on TMPD-MIB, the small amounts of 

glycols or glycol ethers typically present in latex paint were omitted from the simplified 

latex paint.  A primer coat was not applied, since primers typically contain TMPD-MIB.  
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Properties provided by the suppliers are presented in Appendix A.  The TMPD-MIB 

contents of the paints provided by the manufacturers and determined by the author are 

presented in Table 3.2.   

      

Table 3.2 TMPD-MIB mass content of test paints 

TMPD-MIB Content 
(% by mass) Brand name of paint Paint Type 

Manufacturer Chi-Chi Lin 

Low Pigment Volume 1.8 1.54 (1.45c) 
Simplified Latex Paint a 

High Pigment Volume 0.6 0.67 (0.50d) 

Gloss 2.09 1.60 

Semi-Gloss 0.95 0.97 

 

Nippon Paint b 

 Flat 0.33 0.25 

(a). provided by the Eastman Chemical Company 
(b). provided by Nippon Paint, Inc. 
(c). TMPD-MIB content for low pigment volume concentration paint applied on 
concrete-A 
(d). TMPD-MIB content for high pigment volume concentration paint applied on 
concrete-A 
 

     To confirm the TMPD-MIB percentages in paint, a mass of 0.01 to 0.02 gram of 

paint was added to 25-mL flasks filled with methanol.  Paint was transferred by 

disposable plastic syringes.  The flasks were initially and intermittently mixed over an 

approximate 12 to 24 hour period to extract TMPD-MIB from the paint.  A volume of 5 

to 10 µL of methanol solution was then transferred by syringe onto a Tenax-TA tube, 

which was purged with helium at 25 mL/min for 20 minutes to remove methanol.  The 

Tenax-TA tube was analyzed as per sample analysis methods described in section 3.2.4.  

This process was completed in triplicate for both simplified latex paints and Nippon 
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paints to determine the TMPD-MIB content of each paint.     

     Since test paints were shipped to the The University of Texas (UT) and the 

measurements of TMPD-MIB content were completed at UT months later, the difference 

between the TMPD-MIB content provided by manufacturers and the author seem 

reasonable.  All calculations in this study were based on the TMPD-MIB content 

measured by the author. 

     Besides the TMPD-MIB content, the low pigment volume concentration paint had 

the following mass content: titanium dioxide (< 40%), water (> 30%), styrene-acrylic 

polymer (> 20%), and modifiers/additives (< 10%).  The high pigment volume 

concentration paint had the following mass content: titanium dioxide (> 30%), water (> 

40%), vinyl-acrylic polymer (< 20%), and modifiers/additives (< 10%).  These content 

values were provided by The Eastman Chemical Company, which provided the simplified 

paints for this study. 

     Paints were applied to each specimen using a small roller as shown in Figure 3.2.  

The mass of applied paint was determined by gravimetric analysis of the substrate 

immediately prior to and after paint application.  The substrate was placed in an 

experimental source chamber (see section 3.2.3) immediately after the second weighing, 

generally within one minute of paint application.  The volume of paint applied was 

calculated as the mass applied divided by the pre-determined bulk density of the paint 

(1.33 g/cm3 for high pigment volume concentration and 1.25 g/cm3 for low pigment 

volume concentration paint).  To determine the bulk density of each paint, a volume of 

2.5 cm3 of paint was measured to determine its mass (subtracting the mass of the glass 
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vial to which the paint was added).  The bulk density of the paint was calculated as the 

average mass of the paint divided by the volume tested.  This procedure was repeated 10 

times for each paint.  The mean and standard deviations of high and low pigment 

volume paints were 1.33 g/cm3 ± 0.04 g/cm3 and 1.25 g/cm3 ± 0.09 g/cm3, respectively.   

 

 

Figure 3.2 Digital image of paint roller used for small chamber experiments 

 

The area-averaged wet film thickness was calculated as the initial volume of paint 

applied divided by the area over which it was applied.  For “regular” applications the 

wet film thickness was approximately 120 µm ( X = 120μm;σ= 41μm; n = 25).  

Additional experiments were completed with a “thick” film that corresponded to 

approximately twice the regular film thickness ( X = 236μm;σ= 81μm; n = 15), i.e, by 

initial application of twice as much mass of paint.  

3.2.3. Small Source Chambers 

     Immediately after weighing a painted specimen, the specimen was placed in one of 

three electro-polished stainless steel source chambers to characterize TMPD-MIB 
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emissions during the wet-film stage for 48 hours.  Digital images of one source chamber 

are provided in Figure 3.3.   

 

 

            Open source chamber             Sealed source chamber 

Figure 3.3 Digital images of a small electro-polished stainless steel source chamber 

 

After the first 48 hours in a source chamber, specimens were placed on trays in a typical 

office where they were allowed to continue to emit TMPD-MIB during the dry paint 

stage.  Specimens were rotated back into small chambers for approximately three to four 

hours on an intermittent basis to quantify emissions for time periods varying from a few 

months to 18 months. 

     Small source chambers had dimensions of 20.4 cm (diameter) x 10.2 cm (depth), 

for a volume of 3,330 cm3 (3.33 L).  Each chamber was equipped with a sample port 

that was activated using a toggle valve on the exterior ceiling of the chamber to which the 

adsorbent tube was attached at one end.  When a specimen was in the chamber the air 

exchange rate through the chamber was 1.5/hr (air flow rate = 5 L/hr).   
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     After a specimen was removed from a chamber the chamber was cleaned using a 

two-step process.  First, all interior surfaces were wiped with methanol.  A heat gun 

was then used to raise the temperature of all interior surfaces to assure that no residual 

paint component remained adsorbed to chamber surfaces.  

3.2.4. Air Sampling and Analysis 

     Large volume gas chromatograph glass injection liners (ATAS Optic DTD liners- 

D100012) were packed with 70 mg of TenaxTM-TA and used as adsorbent tubes.  The 

sample port of each chamber was attached to an adsorbent tube, and the other end of the 

tube was connected to Tygon® tubing, which was connected to a personal sampling pump, 

as shown in Figure 3.4.  Sample air was drawn through TenaxTM tubes at 85 mL/min for 

5 to 25 minutes (425 to 2125-mL sample) using personal air sampling pumps (SKC, inc., 

Pocket Pump® – 210 Series).  Note that during sample collection all of the exhaust air 

flow was diverted through the sorbent tube. 

     Immediately after sample collection an adsorbent tube was inserted into the 

injection port of a large volume injector on a gas chromatograph and was thermally 

desorbed direct to column (zero path length) using a programmable large-volume injector 

(ATAS Optic 2) with analysis by GC/FID (Agilent 6890) equipped with an HP-1 

capillary column (60 m x 0.32 mm; 1 μm film thickness).  All analyses were 

completed with a 1:1 split ratio.  The injector temperature was ramped at 10 oC/s from 

60 oC to 280 oC.  The oven temperature program was as follows: initial temperature of 

100 oC for 1 minute, ramp at 30 oC/min to 200 oC, ramp at 5 oC/min to 280 oC, hold for 1 

minute at 280 oC.  A detector temperature of 300 oC was used for all analyses.   
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Figure 3.4 Digital image of sampling set-up showing adsorption tube 

 

Five samples were collected during the first 48 hours (at 1, 3, 6, 24, and 48 hours).  

Thereafter, samples were collected at day 3, 6, 10, 20, 40, 60, 100, 140, 180, etc. until 

one year or more.  The mass of TMPD-MIB on each sample was quantified using a 

minimum six-point external calibration curve with minimum correlation coefficients (R2) 

of greater than 0.995 over the course of experiments.  The TMPD-MIB mass on each 

sample was divided by the volume of air collected to determine a time-averaged 

TMPD-MIB concentration with units of mg/m3. 

3.2.5. Substrate Extractions and Analysis 

     Gypsum board specimens were ultimately “sacrificed” and analyzed to determine 

residual TMPD-MIB (TMPD-MIB mass not recovered in air samples) and to complete a 

Tenax-TA 
  tube 

Sample 
 port 

Sample 
 pump 
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mass closure analysis.  The dry paint layer was carefully removed using a razor blade.  

The underlying paper and paper on the reverse side of the gypsum board were removed 

using a razor blade and attempts were made to minimize any attached gypsum.  The 

remaining gypsum board was then pulverized prior to analysis.  The pulverized gypsum 

board was weighed.  A mass of 2 grams of gypsum board was then removed for 

extraction and analysis.  This process was completed in triplicate for each specimen.  

The paper and dried paint film were also extracted.   

     Extraction involved the placement of the aforementioned components in 50-mL 

flasks filled with methanol.  The flasks were initially and intermittently mixed over an 

approximate 12 to 24 hour period to remove TMPD-MIB from individual components.  

A volume of 5 to 10 µL of methanol solution was transferred by syringe onto Tenax-TA 

tubes, which was purged with helium at 25 mL/min for 20 minutes to remove methanol.  

The Tenax-TA tube was analyzed as per air sample analysis methods described above.   

     Late in the research program, a mass closure analysis similar to that described 

above was attempted for concrete-A specimens.  Poor and highly variant mass closures 

were achieved.  Time constraints precluded a resolution of mass closure problems with 

concrete-A, e.g., attempts at different extraction procedures, solvents, etc.  As such, 

mass closure results for concrete-A are not included in the body of this dissertation.  

However, to facilitate future research related to painted concrete, a summary of 

concrete-A extraction results is provided in Appendix F. 

3.2.6. Experiments for Estimating Mass Transfer Coefficients  

     Three experiments involving water applied to aluminum foil were completed in the 
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small electro-polished source chambers.  The experimental set up is shown in Figure 

3.5.  

 

 

Figure 3.5 System for determination of mass transfer coefficients 

 

The air exchange rate through the chamber for these experiments was 1.5/hr (air flow rate 

= 5 L/hr).  A gypsum board specimen (8 cm x 8 cm x 1.5 cm) was used to simulate 

similar fluid mechanic conditions as those used in small chamber experiments involving 

painted specimens.  The upper surface of the gypsum board specimen was indented 

using a razor blade to a depth of 0.5 cm and projected horizontal area of 6 cm x 6 cm.  

Aluminum foil was pressed into the indentation.  The substrate was then weighed, the 

indentation filled with water, and weighed again to determine the mass and volume of 

water added.  Immediately after the second weighing, the substrate was placed in an 

experimental source chamber to characterize mass transfer coefficients for the 

Dry silicate 

Sample 
pump 

APT system 

Water vapor 
Water 

RH1 T1 RH2 T2
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experimental chambers.       

     Sensors for air temperature and relative humidity (RH) were placed in the chamber 

inlet and exhaust streams.  The Automated Performance Testing (APT) System (The 

Energy Conservatory Inc.) was used to monitor temperature and RH.  Experiments 

lasted approximately two to three hours to allow for relatively steady RH values in 

chamber exhaust.  The experimental data were used to complete a mass balance on 

water and to back-calculate mass transfer coefficients for water in the experimental 

system, as described in section 3.2.11.    

3.2.7. Experiments to Evaluate the Effects of Air Exchange Rate on TMPD-MIB  

     Emissions  

     Triplicate experiments with an air exchange rate of 3/hr were completed to explore 

whether the air exchange rate had an effect on experimentally-determined emission rates.  

The low pigment volume concentration paint was applied to each of three gypsum board 

specimens using a small roller.  Immediately after weighing a painted specimen, it was 

placed in one of three electro-polished stainless steel source chambers to characterize 

TMPD-MIB emissions during the wet-film stage for 48 hours.  All procedures were 

otherwise identical to experiments completed at an air exchange rate of 1.5/hr.   

3.2.8. Experiments to Evaluate the Effects of Propylene Glycol on TMPD-MIB  

     Emissions 

     Propylene glycol at 4 % by weight was added into low pigment volume 

concentration paint.  Triplicate experiments with the mixed paint were conducted to 

explore whether propylene glycol, or lack thereof, had an effect on 
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experimentally-determined emission rates of TMPD-MIB.  The paint was applied to 

each of three gypsum board specimens using a small roller (Figure 3.2).  Immediately 

after weighing a painted specimen, the specimen was placed in one of three 

electro-polished stainless steel source chambers to characterize TMPD-MIB emissions 

during the wet-film stage for 48 hours.  Five samples were collected during the first 48 

hours (at 1, 3, 6, 24, and 48 hours).  Thereafter, samples were collected on days 3 and 6.  

All procedures were otherwise identical to the experiments described in section 3.2.4.   

3.2.9. Analysis of Paint Morphology 

     Specimens were examined visually with a hand-held magnifier to assess changes in 

the paint film, e.g., cracking.  Each specimen was assessed for changes in film 

appearance with a frequency of approximately once per month. 

3.2.10. Quality Assurance 

     Prior to completion of any experiments, sample breakthrough tests were completed 

in triplicate with two adsorbent tubes in series to make sure there was no sample 

breakthrough.  Sample breakthrough was not observed.   

     Triplicate analyses of sequential desorption of TMPD-MIB mass on adsorbent 

tubes were also completed to assure complete and repeatable desorption of TMPD-MIB 

from each sample.  These tests confirmed that all TMPD-MIB mass was removed from 

an adsorbent tube during a single thermal desorption.   

     Before each batch of experiments, background samples of laboratory air were 

collected to assure that the concentration of TMPD-MIB in room air was negligible 

relative to that in chamber air.  This was always the case.   
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     Intermittent empty chamber samples were collected to assure negligible 

TMPD-MIB residual in chambers after cleaning.  TMPD-MIB concentrations in empty 

chamber air were always negligible relative to concentrations in chambers containing 

painted specimens.  A minimum six-point external calibration curve was employed for 

quantifying high TMPD-MIB concentrations (i.e., above 250 ng) as shown in Figure 3.6.   

Another six-point external calibration curve was employed for quantifying low 

TMPD-MIB concentrations (i.e., 3 to 250 ng) as shown in Figure 3.7. 

     Before each sampling event a mid-point calibration check was completed to assess 

drift in the calibration curve.  A criterion of ± 15% mid-point drift was used.  Outside 

of this range a new calibration curve was developed.   

     To test for TMPD-MIB mass in unpainted gypsum board (or false positive response 

of such mass), three unpainted gypsum board specimens were sacrificed and placed 

through the extraction process described in section 3.2.5.  These experiments indicated 

that TMPD-MIB mass was not present in gypsum board samples.     

     To test for cross-contamination of sample specimens, triplicates of unpainted 

gypsum board specimens were placed on trays near painted specimens in the same office.  

After one week, these unpainted gypsum board specimens were sacrificed to observe 

whether they had become contaminated with TMPD-MIB.  Cross-contamination was 

not observed.      

3.2.11. Data Analysis 

     A diagram of the small source chamber is provided in Figure 3.8.   
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 Figure 3.6 Calibration curve for high TMPD-MIB concentrations     
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Figure 3.7 Calibration curve for low TMPD-MIB concentrations 
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Figure 3.8 TMPD-MIB mass balance on a small source chamber 

 

A mass balance on TMPD-MIB in chamber air yields Equation 3.1:     

  

)()()(
0 tEtQCQC

dt
tdCV +−=                                            (3.1) 

 

where: 

V = volume of the chamber (m3), 
C(t) = concentration of TMPD-MID in chamber air at time t (mg/m3), 
Co = concentration of TMPD-MID entering chamber (mg/m3), 
Q = air flow rate through chamber (m3/hr), 
E(t) = emission rate of TMPD-MIB at time t (mg/hr), 
t = time after painted specimen is placed in chamber (hr). 

Assuming Co = 0 and solving for E(t) yields Equation 3.2. 

 

dt
tdCVtQCtE )()()( +=                                                 (3.2) 
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The concentration gradient is generally small relative to mass flow out of the chamber, 

QC(t) after the first 48 -100 hours.  Thereafter, a pseudo steady-state assumption can be 

and was made for any short sampling period to yield Equation 3.3. 

 

)()( tQCtE =                                                          (3.3) 

 

All variables are as described previously (see Equation 3.1). 

     The emission factor is expressed here in mg per hour of TMPD-MIB emitted 

normalized by the initial TMPD-MIB applied, i.e., as opposed to normalization by the 

painted area, which is a more common means for representing emission factors.  This 

was done to account for differences in the TMPD-MIB content of the paint mixtures, 

differences which are “lost” if normalization is made on the basis of painted area.  Thus: 

 

initial
M m

tEtE )()( =                                                        (3.4) 

 

where: 
EM(t) = Emission factor of TMPD-MIB in mg per hour of TMPD-MIB emitted 
normalized by the initial TMPD-MIB mass applied (mg/g-TMPD-MIB/hr), 
minitial = initial mass of TMPD-MIB applied to material (g). 
 
The recovery of TMPD-MIB in air was determined by integration of the TMPD-MIB 

time-mass flow profile and normalizing by the TMPD-MIB mass initially applied to the 

material specimen.  The relevant recovery equation is shown as Equation 3.5. 
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initial

t

t
a m

dttQCtVC
tR ∫=+
= 0

)()(
)(                                             (3.5) 

 

where: 
Ra(t) = recovery of TMPD-MIB in air at time t after painting (-) 
minitial = initial mass of TMPD-MIB applied to material (mg). 
 
All other variables are as described above. 

     A series of temperature and RH values were recorded in the chamber inlet and 

outlet to characterize typical mass transfer coefficients for the experimental chambers 

(see section 3.2.6).  A mathematical expression for RH is given by Equation 3.6: 

 

OHsat

OH

P
P

RH
2

2

,

100=                                                      (3.6) 

 

where: 
PH2O = partial pressure of water in chamber air (Pa) 
Psat, H2O = saturation water vapor pressure of water at chamber temperature (Pa). 
 
By using the measured temperature, the saturation vapor pressure of water was found in 

the table of thermodynamic properties of water at saturation (Kuehn et al., 1998).  The 

partial pressure of water vapor was then calculated by solving Equation 3.6 for PH2O.  By 

implementing the ideal gas law, the water vapor concentration was determined in 

accordance with Equation 3.7:  

 

RT
PMCw =                                                           (3.7) 
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where: 
P = partial pressure of water vapor in chamber air (Pa = N/m2) 
M = molecular weight of water = 18 (g/mole) 
Cw = water vapor concentration in chamber air (g/m3) 
Rg = gas constant = 8.314 (N-m/mole-K) 
T = air temperature (K) 
 
Equation 3.1 was also applied to water vapor in chamber air.  If the water vapor 

concentration in chamber air reaches steady state, the emission rate of water is given by: 

 

)( 0www CCQE −=                                                     (3.8) 

where: 

Ew = emission rate of water vapor from the indentation in the substrate (mg/hr), 
Q = air flow rate through chamber (m3/hr), 
Cw = concentration of water vapor in chamber air (mg/m3), 
Cwo = concentration of water vapor entering chamber (mg/m3). 
 
Another expression for E is given by Equation 3.9: 

 

ACCkE wsatgw )( −=                                                   (3.9) 

where: 

kg = gas-phase mass transfer coefficient for water (m/hr), 
Csat = saturation concentration of water vapor at temperature of chamber (mg/m3), 
A = available surface area for mass transfer (m2). 
 
Ew was obtained from Equation 3.8, and Csat and Cw were calculated from Equation 3.7, 

allowing for a back-calculation of the mass transfer coefficient, kg.  A was the projected 

horizontal area as described in section 3.2.1.  

     Hypothesis testing was used to compare the TMPD-MIB recoveries in the air for 

the experiments conducted with 1.5/hr and 3/hr air exchange rates, and to determine if the 

air exchange rate had an effect on experimentally-determined emission rates.  Assuming 
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the mean values of the TMPD-MIB recoveries were µ1 andµ2 for experiments conducted 

with 1.5/hr and 3/hr air exchange rate, a null hypothesis (H0) was made based on the 

assumption as shown in Equation 3.10 that there was no difference in the mean (µ) of 

each population.   

 

0: 0210 ==− µµµH                                                  (3.10) 

 

An alternative hypothesis (HA) was also made as shown in Table 3.3 based on the 

assumption that there was a difference in the mean (μ) of each population.  Special 

consideration was given to the null hypothesis.  This is due to the fact that the null 

hypothesis relates to the statement being tested, whereas the alternative hypothesis relates 

to the statement to be accepted if the null is rejected.  

      

Table 3.3 Alternative hypothesis testing 

Alternative Rejection Region P-value 

021: µµµ >−AH  vtt ,0 α≥  )();( 0 vdftTP ≥  

021: µµµ <−AH  vtt ,0 α−≤  )();( 0 vdftTP ≤  

021: µµµ ≠−AH  vtt ,2/0 α≥  )();(2 0 vdftTP ≥  

 

The parameters required for completion of the hypothesis test include:  
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The degree of significance (α) was set to 0.05.  By using α = 0.05 and ν as calculated 

from equation 3.12, t α , ν was obtained from a standard t-distribution table.   

     For this analysis the null hypothesis could not be rejected, which means that the air 

exchange rate may not have an effect on experimentally-determined emission rates.  

     Hypothesis testing was also used to compare the TMPD-MIB recoveries in air for 

the experiments conducted with and without propylene glycol inside the paint, to 

determine whether the propylene glycol had an effect on experimentally-determined 

emission rates.  In this case, the null hypothesis could not be rejected, which means that 

the propylene glycol may not have an effect on experimentally-determined emission 

rates. 

3.2.12. Summary of Small Chamber Experiments 

 A summary of all experiments completed for this study is provided in Table 3.4.  

This study was the most intensive to date with respect to number of test specimens, 
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variations in types of substrates, periods of analysis, and analysis of chemical recoveries.   

Table 3.4 Summary of all experiments completed for this study 

No. Code Type of 
paint 

Type of 
substrate 

Thickness Time period 
(month) 

1 LPVC-GB1 Simplified LPVC Gypsum board Regular 3 
2 LPVC-GB2 Simplified LPVC Gypsum board Regular 15.7 
3 LPVC-GB3 Simplified LPVC Gypsum board Regular 8 
4 LPVC-GB4(T) Simplified LPVC Gypsum board Thick 3 
5 LPVC-GB5(T) Simplified LPVC Gypsum board Thick 15.6 
6 LPVC-PW1 Simplified LPVC Plywood Regular 15.9 
7 LPVC-PW2(T) Simplified LPVC Plywood Thick 15.7 
8 LPVC-MET1 Simplified LPVC Aluminum Regular 15.7 
9 LPVC-MET2(T) Simplified LPVC Aluminum Thick 1.4 
10 LPVC-MET3 Simplified LPVC Aluminum Regular 0.5 
11 LPVC-CON1 Simplified LPVC Concrete-A Regular 11.8 
12 LPVC-CON2 Simplified LPVC Concrete-A Regular 14.2 
13 LPVC-CON3(T) Simplified LPVC Concrete-A Thick 14.2 
14 HPVC-GB1 Simplified HPVC Gypsum board Regular 8 
15 HPVC-GB2 Simplified HPVC Gypsum board Regular 8 
16 HPVC-GB3 Simplified HPVC Gypsum board Regular 15 
17 HPVC-GB4(T) Simplified HPVC Gypsum board Thick 3.5 
18 HPVC-GB5(T) Simplified HPVC Gypsum board Thick 5.5 
19 HPVC-PW1 Simplified HPVC Plywood Regular 15.4 
20 HPVC-PW2(T) Simplified HPVC Plywood Thick 11 
21 HPVC-MET1 Simplified HPVC Aluminum Regular 1.1 
22 HPVC-MET2(T) Simplified HPVC Aluminum Thick 1.1 
23 HPVC-CON1 Simplified HPVC Concrete-A Regular 7.7 
24 HPVC-CON2 Simplified HPVC Concrete-A Regular 19.4 
25 HPVC-CON3(T) Simplified HPVC Concrete-A Thick 17 
26 GB-Gloss-1 Nippon gloss Gypsum board Regular 10 
27 GB-Gloss-2 Nippon gloss Gypsum board Regular 10 
28 GB-Gloss-3(thick) Nippon gloss Gypsum board Thick 10 
29 GB-Flat-1 Nippon flat Gypsum board Regular 8.8 
30 GB-Flat-2 Nippon flat Gypsum board Regular 8.8 
31 GB-Flat-3(thick) Nippon flat Gypsum board Thick 8.8 
32 CON-Gloss-1 Nippon gloss Concrete-B Regular 11.2 
33 CON-Gloss-2 Nippon gloss Concrete-B Regular 11.2 
34 CON-Gloss-3(thick) Nippon gloss Concrete-B Thick 11.2 
35 CON-SG-1 Nippon semi-gloss Concrete-B Regular 12.7 
36 CON-SG-2 Nippon semi-gloss Concrete-B Regular 12.7 
37 CON-SG-3(thick) Nippon semi-gloss Concrete-B Thick 12.7 
38 CON-Flat-1 Nippon flat Concrete-B Regular 13.5 
39 CON-Flat-2 Nippon flat Concrete-B Regular 12.5 
40 CON-Flat-3(thick) Nippon flat Concrete-B Thick 12.5 
Time period = Total time from paint application that specimen was analyzed 
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4. RESULTS: SMALL-SCALE CHAMBER EXPERIMENTS 

     This chapter includes a presentation and discussion of experimental results for the 

simplified latex paints (section 4.1) and Nippon latex paints (section 4.2), and 

characterization of mass transfer coefficients for small test chambers (section 4.3).  The 

individual effects of air exchange rate and presence of propylene glycol on TMPD-MIB 

emissions are provided in sections 4.4 and 4.5, respectively.  Quality assurance results 

associated with the experimental program are provided in section 4.6.  A summary of 

results is provided in section 4.7.        

4.1. Simplified Latex Paints  

     Four substrates (aluminum, gypsum board, plywood, and concrete-A) were tested 

for two different simplified latex paints (high and low pigment volume concentrations) 

containing differing mass contents of TMPD-MIB.  Both of the simplified paints would 

be considered to be “flat” latex paints by industry standards.  However, the low pigment 

volume concentration (LPVC) paint was closer to this semi-gloss category.  To focus on 

TMPD-MIB, the small amounts of glycols or glycol ethers typically present in latex paint 

were omitted from each of the simplified paints.  The reader should refer to section 

3.2.2 for more detail regarding the simplified paints 

 This section includes concentration profiles (section 4.1.1), emission factor profiles 

(section 4.1.2), and recoveries in air profiles (section 4.1.3) for simplified latex paint.  

Recoveries on individual components of gypsum board are provided in section 4.1.4. 

4.1.1. Concentration Profiles  

 TMPD-MIB concentration profiles for aluminum, gypsum board, plywood, and 
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concrete-A are presented in Figures 4.1 through 4.4 (LPVC = low pigment volume 

concentration latex paint; HPVC = high pigment volume concentration latex paint; thick 

= thick film application).  The horizontal axis is presented on a log-scale to aid in 

distinguishing between curves during the wet-film stage (first 50 to 100 hours).   

 In each of these figures, different curves represent both high and low pigment 

volume concentration latex paint applications, as well as several thick film (thick) 

applications.  The shapes of the concentration profiles were reasonably similar for each 

material (substrate).   
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Figure 4.1 TMPD-MIB concentration profiles for aluminum specimens 
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Figure 4.2 TMPD-MIB concentration profiles for gypsum board specimens 
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Figure 4.3 TMPD-MIB concentration profiles for plywood specimens 
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 Figure 4.4 TMPD-MIB concentration profiles for concrete-A specimens 

 

     Concentrations were relatively high shortly after the paint applications and were 

almost an order of magnitude lower after approximately 100 hours.   

     During the first 100 hours, the TMPD-MIB concentrations in chamber air were 

greater for aluminum than for plywood, gypsum board and concrete-A when 

approximately the same amount of TMPD-MIB was applied on each substrate.  Gypsum 

board, plywood, and concrete-A effectively retarded emissions of TMPD-MIB, 

presumably due to their porous and polar nature.  It is expected that some of the wet 

paint “wicks” into these porous substrates and is thus shielded from the paint-air interface.  

Furthermore, some of the TMPD-MIB can partition into the gas-phase on the pore side of 

the film, with subsequent diffusion into these porous substrates.  Finally, these porous 



 

62

substrates may be effective at adsorbing TMPD-MIB by either liquid-solid or gas-solid 

sorptive interactions.   

     The pigment volume concentration appears to affect TMPD-MIB emissions from 

latex paint.  For gypsum board and plywood, the TMPD-MIB concentration in chamber 

air was greater for HPVC paint than for LPVC paint, despite a 2.2 × greater TMPD-MIB 

mass content for LPVC paint.  It may be that the lower quality of HPVC paint (less 

acrylic resin to bind TMPD-MIB and more “cracking” upon set-up) allowed for greater 

emissions to chamber air.  In contrast, the less porous LPVC paint film effectively 

increases the resistance to emissions, and increases the TMPD-MIB mass available for 

partitioning into substrate pores and diffusion into gypsum board and plywood, a 

pathway not available with the aluminum.  This phenomenon is further magnified by the 

fact that paint films tend to harden from the outside (surface exposed to air) first.  Lower 

TMPD-MIB emissions for LPVC is also likely to be substantially affected by the higher 

acrylic resin content of LPVC versus HPVC paint.  TMPD-MIB is intended to adsorb to 

and adsorb within these resins, which effectively sequesters its potential for 

volatilization. 

     Other researchers have noted differences in VOC concentration-time profiles in 

chamber air following paint applications to different substrates.  Significant differences 

in the concentration-time profile for either total volatile organic compounds (TVOCs) or 

individual components of TVOC, including TMPD-MIB, between gypsum board and 

stainless steel have been observed (Chang et al. 1997, Guo et al. 1996).  In general, the 

peak concentration is smaller when paint is applied to gypsum board, consistent with the 
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results presented in this study for TMPD-MIB.   Silva et al. (2003) were the first to 

report on emissions of TMPD-MIB and other compounds following the application of a 

latex paint to concrete.  In direct comparison with application of the same paint to 

polyester sheets, the emission rates were significantly lower initially for concrete.  

However, experiments were only 72 hours in length.   

4.1.2. Emission Factors  

     Emission factors for TMPD-MIB applied to aluminum, gypsum board, plywood, 

and concrete-A are presented in Figures 4.5 through 4.8.  Emission factors are 

re-grouped across materials for LPVC and HPVC paints in Figures 4.9 and 4.10, 

respectively.   

     Note that emission factors are expressed here in mg per hour of TMPD-MIB 

emitted normalized by the initial TMPD-MIB mass applied in grams, i.e., as opposed to 

normalization by the painted area, which is a more common means for representing 

emission factors.  This was done to account for differences in the TMPD-MIB content  

of the paint mixture, differences which are lost if normalization is made on the basis of 

painted area.   

     Emissions generally decreased by 70% to 90% from within one hour of paint 

application to 100 hours after paint application.  Previously published measurements of 

TMPD-MIB emissions following latex paint applications are sparse.  Hodgson (1999) 

reported that area-specific emission factors for flat latex paint applied to gypsum board 

decreased significantly from hour 49 (1.4 to 2.9 mg/m2-hr) to hour 96 (0.3 to 1.4 

mg/m2-hr).  Fractional reductions were consistent with those observed in this study over            
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 Figure 4.5 TMPD-MIB emission factors for aluminum specimens 
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 Figure 4.6 TMPD-MIB emission factors for gypsum board specimens 
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 Figure 4.7 TMPD-MIB emission factors for plywood specimens 
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 Figure 4.8 TMPD-MIB emission factors for concrete-A specimens 
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 Figure 4.9 TMPD-MIB emission factors for low pigment volume concentration paint   
 (GB = gypsum board; PW = plywood; MET = Aluminum; CON = concrete) 
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 Figure 4.10 TMPD-MIB emission factors for high pigment volume concentration paint 
  (GB = gypsum board; PW = plywood; MET = Aluminum; CON = concrete) 
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a similar time period after paint applications to gypsum board.   

     Emission factors decreased significantly during the first 48 hours.  During this 

period the TMPD-MIB emission factor for HPVC paint and regular film thickness 

decreased from 21 to 2.3 mg/g-TMPD-MIB/hr for aluminum, from 4.2 to 0.3 

mg/g-TMPD-MIB/hr for gypsum board, from 3.6 to 1.7 mg/g-TMPD-MIB/hr for 

plywood, and from 0.6 to 0.1 mg/g-TMPD-MIB/hr for concrete-A.  The average 

emission factor for LPVC paint and regular film thickness decreased from 4.9 to 0.8 

mg/g-TMPD-MIB/hr for aluminum, from 1.2 to 0.3 mg/g-TMPD-MIB/hr for gypsum 

board, from 1.8 to 0.5 mg/g-TMPD-MIB/hr for plywood, and from 1.4 to 0.3 

mg/g-TMPD-MIB/hr for concrete-A.   

     These results underscore the fact that TMPD-MIB emissions from latex paint are a 

dynamic process that is influenced by the continuously changing nature of the paint film, 

i.e., from initial wet paint composition to ultimate dry paint film.  In the wet film, 

TMPD-MIB can exist in three major components: dissolved in the aqueous phase, as a 

separate pure phase, and adsorbed to, or absorbed by, resin particles.  It may also 

volatilize to room air, or partition into the gas phase with subsequent diffusion into pores 

of the substrate to which the paint is applied.   

     A dry paint film exists following near-complete evaporation of water, and is 

comprised of resin-pigment, residual organic solvents, and TMPD-MIB.  The processes 

by which TMPD-MIB emissions occur from the dry film are not well understood.  In 

this study, low but measurable and relatively constant emissions were observed from 

gypsum board, plywood and concrete-A for up to 15 months; measurements were 
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discontinued after 15 months.  Others have reported emissions to persist long after paint 

drying (Chang et al. 1997, Clausen et al. 1991, Hodgson et al. 2000, USEPA 2002).  

Thus, molecular diffusion through the dried paint film, and possibly through the substrate 

itself, appears to play a major role in prolonged emissions from paint after it reaches the 

dry film stage. 

     Gypsum board, plywood and concrete-A retarded the emissions of TMPD-MIB, 

indicating the significance of substrate effects on emissions.  Emission factors were 

observed to be greater during the first 100 hours for aluminum than for gypsum board, 

plywood and concrete-A when the same amount of TMPD-MIB was applied to these 

substrates; note the differences in vertical scale on each plot.  For HPVC paint 

applications, emission factors for gypsum board were slightly higher than for plywood 

immediately after paint applications.  However, emission factors decreased slower for 

plywood than for gypsum board during the first 48 hours, i.e., from 4.2 to 0.3 

mg/g-TMPD-MIB/hr for gypsum board, and from 3.6 to 1.7 mg/g-TMPD-MIB/hr for 

plywood.  Immediately after paint applications, TMPD-MIB emission factors for HPVC 

paint on concrete-A were lower than for gypsum board and plywood by a factor of six to 

seven.  For LPVC paint applications, emission factors were higher for plywood than 

gypsum board and concrete-A, and were similar for gypsum board and concrete-A.   

     For each material, emission factors decreased relative to those for aluminum during 

the first 48 hours, generally by a factor of three to ten, except for HPVC paint applied to 

concrete-A.  For painted aluminum, gypsum board and plywood, the emission factors 

were greater for HPVC than for LPVC paint.  However, since emission factors are 
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simply emission rates normalized by the initial TMPD-MIB mass applied, and LPVC 

paint had 2.2 × greater mass content of TMPD-MIB than HPVC paint, differences in 

absolute emissions were much less than differences in emission factors.   

     Interestingly, the opposite was true for the wet-film stage of concrete-A, i.e., the 

relative differences in emissions between LPVC and HPVC paints were much greater 

than for emission factors, with emissions from LPVC paint far exceeding those from 

HPVC paint.  These results underscore the complex nature of paint film/component 

interactions with the underlying substrate, as well as dynamic changes in the physical and 

chemical nature of different paint films (i.e., HPVC vs. LPVC) as they dry.  For 

example, HPVC paints have greater pigment volume concentration and tend to be more 

porous and prone to cracking.  This may explain the higher TMPD-MIB emission 

factors for HPVC paint applied to aluminum, gypsum board and plywood, but does not 

explain differences in LPVC and HPVC paint results for concrete-A. 

     Emission factors for thick paint applications to aluminum, gypsum board, and 

plywood were lower than for regular applications for both paints.  During the wet-film 

stage the TMPD-MIB emission factor (mg/g-TMPD-MIB/hr) was lower for thick film 

applications.  However, during the wet-film stage the reduction in emission factors was 

approximately proportional to the inverse of the applied TMPD-MIB mass content of the 

paint, i.e., the actual emissions were not greatly affected by the film thickness.   

 This behavior makes sense from a mechanistic viewpoint.  For molecules to 

evaporate to air they must contact the paint-air interface.  The further the molecules are 

from the interface, the harder it is for the molecules to evaporate.  For thick film 
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applications the number of TMPD-MIB molecules near the interface should be 

approximately equal to the case of typical film thickness.  Hence, absolute emissions 

should be similar.  However, a smaller fraction of molecules in the thick film are near 

the interface.  Thus, the mass-normalized emission factor should be lower for thick film 

applications. 

 During the dry-film stage, emission factors were much lower and residual 

TMPD-MIB was emitted at a relatively slow rate.  Dry-film emissions are likely 

dominated by internal diffusion processes, and the diffusion path length is longer for 

thick film applications. 

4.1.3. Recoveries in Air  

     The recovery of a compound following application of paint to a substrate is 

typically defined as the emitted mass divided by the mass of the compound initially 

applied to the substrate, i.e., residual mass on a painted material has not been considered 

in the analysis of recovery.  Recovery of TMPD-MIB in air two weeks after latex paint 

was applied to stainless steel was observed to be on the order of 90% (Chang et al. 1997, 

Guo et al. 1996).  Only a few TMPD-MIB recoveries have been reported for latex paint 

applications to gypsum board.  Over two-week periods, the range of TMPD-MIB 

recoveries from gypsum board was relatively large (27 to 60%), with differences being 

difficult to ascertain based on available data (Guo et al. 1996, Roache et al. 1996). 

     In this study, only one aluminum specimen, coated with LPVC paint, was analyzed 

for more than two months (≈ 15 months).  It exhibited an approximate 80% recovery of 

TMPD-MIB in air.  Recoveries of TMPD-MIB in air for aluminum, gypsum board, 
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plywood, and concrete-A are plotted in Figures 4.11 through 4.14.  For similar times 

after paint applications, the mass recoveries for TMPD-MIB in air for gypsum board, 

plywood, and concrete-A were significantly lower than for aluminum specimens, again 

illustrating the importance of interactions between paint and substrate on TMPD-MIB 

emissions.   

     For gypsum board (Figure 4.12) the TMPD-MIB recovery in air was significantly 

greater for HPVC paint than for LPVC paint, likely due to a more permeable paint film 

due to the presence of more solid “fillers” in HPVC paint.  In each case, the slope of the 

recovery curves decreased markedly after approximately eight months.  For months 8 to 

15 the recovery in air for LPVC-2 increased from 50% to only 52%.  A similar trend 

was observed for LPVC-5 (thick film).  This result is unique amongst the published 

literature, and suggests that TMPD-MIB may be stored in gypsum board for periods 

much longer than tested in this and previous studies.  As noted in Chapter 2, few 

researchers have extended studies of component emissions from paint beyond a few 

months, and none have tracked recoveries in air beyond that time.  Additional research 

is warranted to study the long-term fate of TMPD-MIB in gypsum board, including 

whether irreversible sorption occurs with the gypsum board matrix.  

 The results presented herein suggest that the time required for complete release of 

TMPD-MIB from gypsum board may be many years if higher quality (LPVC) latex paint 

is employed.  It is even conceivable that through a life cycle analysis of painted 

substrate, some fraction of total TMPD-MIB produced is never emitted to air before some  
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Figure 4.11 Temporal recoveries of TMPD-MIB in air for painted aluminum 
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 Figure 4.12 Temporal recoveries of TMPD-MIB in air for painted gypsum board  
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 Figure 4.13 Temporal recoveries of TMPD-MIB in air for painted plywood  
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 Figure 4.14 Temporal recoveries of TMPD-MIB in air for painted concrete-A  
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substrates are removed and sent to a landfill where TMPD-MIB could be easily 

biodegraded.  However, this latter point is speculative and would require more research 

for purposes of verification.  Additional discussion of the storage of TMPD-MIB in 

gypsum board is presented in section 4.1.4.       

     For plywood (Figure 4.13), the TMPD-MIB recovery in air for regular paint 

thickness was greater for HPVC paint than for LPVC paint.  For thick film applications, 

the TMPD-MIB recovery in air was also greater for HPVC paint than for LPVC paint 

within the first 700 hours after paint applications.  Thereafter, the slope of the recovery 

curve for HPVC paint decreased markedly and the recovery for HPVC paint was 

approximately one-half of the recovery for LPVC paint at 8,000 hours (i.e., 20 % for 

HPVC and 39% for LPVC).  This phenomenon may have been caused by the greater 

amount (1.44 times) of HPVC paint, relative to LPVC paint applied to plywood, thus 

resulting in a thicker film and lower recovery for HPVC paint.    

     Experimental results showed that TMPD-MIB recoveries for thick paint films 

decreased relative to regular films, by 14 % to 51 % for aluminum, 52 % to 63 % for 

gypsum board, and 26 % to 63 % for plywood.  However, since the thick paint film 

contained approximately twice as much paint mass than the regular film, the absolute 

mass emissions for TMPD-MIB were more similar between regular and thick film 

applications.  The ratio of TMPD-MIB emissions for thick paint film normalized by 

regular films were 1.04 to 2.32 for aluminum, 0.53 to 1.65 for gypsum board, 0.98 to 

1.23 for plywood, and 1.17 to 1.81 for concrete-A. 

     Results for concrete-A (Figure 4.14) again differed greatly in comparison to 
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gypsum board.  For example, recoveries of TMPD-MIB in air were greater for LPVC 

paint on concrete-A than for HPVC paint on concrete-A, i.e., the opposite trend of 

gypsum board.  Specimens with thicker paint films did not exhibit large differences in 

recoveries relative to specimens with regular thickness films.  However, while the 

slopes of the recovery curves did not decrease as much for paint applications to 

concrete-A, recoveries in air were factors of 5 to 10 lower than for gypsum board at 

similar times after paint application.   

     The recovery curve for HPVC paint on concrete-A exhibited a unique trend after 

approximately 2,000 hours.  The slope of the recovery curve became inverted, i.e., 

increasing slope until approximately 9,500 hours.  Observations of paint morphology 

were conducted for concrete-A by using a hand-held magnifier.  It was observed that 

cracking occurred more easily for HPVC paint, particularly on concrete.  It is not clear 

why cracking was not observed for HPVC paint applications to gypsum board, and 

whether the effects of cracking on HPC paint applied to concrete were responsible for 

enhanced diffusion and enhanced recovery in air samples..   

Interestingly, the contribution of TMPD-MIB emissions from the wet film (first 

100 hours after application) was generally small relative to the integrated long-term 

emissions from the dry film, particularly for paint applications to gypsum board.  This 

finding is consistent with previous observations that a majority of emissions occur from 

the dry paint film (USEPA 2002).  It also underscores the fact that building occupants 

will continue to be exposed to low concentrations of TMPD-MIB long after interior 

painting events.  In fact, results from the USEPA’s Building Assessment Survey and 
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Evaluation (BASE) study indicate that TMPD-MIB is effectively a ubiquitous compound 

in the air within U.S. office buildings. 

4.1.4. Multi-Component Recoveries  

 There are no previously published mass closure assessments that account for 

TMPD-MID on material components as well as emissions to air.  Recoveries of 

TMPD-MIB mass in air and on substrate components are presented for gypsum board in 

Figure 4.15.  

 The mass percent recovered in each component is included within the individual 

bar sections, and the sum of mass recoveries is listed at the top of each bar.  The time 

after paint application (S =) at which the specimen was sacrificed is also listed above 

each bar.  Mass closures were generally good for TMPD-MIB on gypsum board, with a 

mean mass closure of 96% and standard deviation of 6% for the ten specimens.   

 For similar times to sacrifice, the percentage of TMPD-MIB recovered in air was 

significantly greater for HPVC paint than for LPVC paint.  Mass recovery in the dry 

paint film was greater for LPVC paint than for HPVC paint, particularly for thick film 

applications.  This result is likely due to the increased amount of organic resins that are 

used in LPVC paint, and that can effectively adsorb or absorb TMPD-MIB mass.  In all 

but one case, LPVC-4 (thick), the mass recovery of TMPD-MIB within the gypsum 

board significantly exceeded the mass recovered from the dry paint film.  This finding 

indicates that migration and long-term storage of TMPD-MIB inside gypsum board can 

significantly affect its emissions to building air.      



 

77

24.54

39.97

51.69

11.14

24.14

76.73

63.75

87.39

18.06
22.46

25.19

10.28

3.73

57.12
27.5

3.17

2.35

1.2

8.24

9.3

43.87
38.43

36.59

21.86

33.33

17.36

20.27

14.43

51.65

66.98

3.69

2.65

4.98
3.95

2.06

3.08

2.96

1.84

12.21

5.07

0

20

40

60

80

100

120

LPVC-1 LPVC-3 LPVC-2 LPVC-4
(thick)

LPVC-5
(thick)

HPVC-1 HPVC-2 HPVC-3 HPVC-4
(thick)

HPVC-5
(thick)

%
 M

as
s 

in
 C

om
po

ne
nt

Paper
Gypsum
Paint
Air

(S=2133hr)
   97.3%

(S=5818hr)
    91.3%

(S=2142hr)
   94.1%

(S=5700hr)
   100.3%

(S=5700hr)
  89.3%

(S=2521hr)
  90.2%

(S=3931hr)
   103.8%(S=11306hr)

     96.99%

(S=11044hr)
   104.86%

(S=11235hr)
   87.03%

 
  Figure 4.15 Multi-component recoveries of TMPD-MIB following latex paint applications to gypsum board 

            (Nippon semi-gloss latex paint; Gloss = Nippon gloss latex paint; thick = thick film application).  
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     An interesting progression was observed for LPVC-1, LPVC-3, and LPVC-2, 

ordered in terms of increasing time to sacrifice.  For these three gypsum board 

specimens the percent mass recovered in air increased in an expected manner, i.e., greater 

recovery in air with increasing time after paint application.  However, it appears from 

the progressive differences in mass content for the other components that much of the 

mass release to air originated from the dried paint film, the mass content of 

TMPD-MIB in the actual volume of the gypsum board decreased only slightly from 

month 3 to month 15.  For the thick film progression of LPVC-4 to LPVC-5, there 

appears to be an actual increase in TMPD-MIB mass storage in the gypsum board from 

month 3 to 15, with TMPD-MIB mass in the paint film having migrated in both 

directions (to air and into gypsum board) over time.  Similar trends were difficult to 

assess for HPVC paint applications to gypsum board due to limitations in time 

differences between sacrifices.  The two specimens sacrificed at 5,700 hours (HPVC-1 

and HPVC-2) exhibited different mass closure values (100% and 89%), but did have 

similar degrees of TMPD-MIB storage in the body of the gypsum board (17% and 20%).  

When comparing HPVC-1 and HPVC-3, i.e., approximately 8 months longer to sacrifice, 

recovery in air increased slightly for HPVC-3 with somewhat lower recoveries in the 

paint film and gypsum board. 

 From the results presented in section 4.1, the release of TMPD-MIB from latex 

paint is clearly a complex process that occurs in two stages: a wet-film stage in which 

evaporative processes dominate (e.g., during the first 50-100 hours in this study), and a 

dry-film stage during which residual TMPD-MIB diffuses to the interfaces and is emitted 
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at a relatively slow rate (e.g., after 50-100 hours in this study).  It is also reasonable to 

conceptualize a transitional period during which both evaporation and diffusion processes 

are both important. 

 It is also clear that TMPD-MIB migrates not only to the interface of paint and 

chamber/ room air where it is emitted from the paint/ substrate system, but it also 

partitions at the paint pore-air interface, allowing it to migrate into the substrate.  

Consider the thick film progression of LPVC-4 to LPVC-5 in Figure 4.15.  Here, it 

appears that from month three to approximately month 15 roughly equal amounts of 

TMPD-MIB mass migrated to chamber air and into the substrate.  The concentration 

driving force for diffusive migration into the gypsum board is likely maintained by a 

strong sorptive interaction between TMPD-MIB and the calcium sulfate which makes of 

the bulk of gypsum board mass.  

 Due to time constraints, the models described in Chapter 2 were not evaluated with 

the experimental data presented in this study. However, based on the experimental data 

and mechanistic behavior observed, the author believes that amongst the models 

described previously (see section 2.6), those presented by Guo et al. (1996) and Sparks et 

al. (1999) are best suited for future analyses based on the fact that they attempt to capture 

both short-term evaporation and long-term diffusion in a mechanistic fashion.  In 

contrast, first-order decay models (e.g., Clausen, 1993) fail to capture the complex 

mechanistic behavior involved in these emissions process for paints.  

4.2. Nippon Latex Paints 

 Two substrates (gypsum board and concrete-B) were tested for three different 
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Nippon latex paints (flat, semi-gloss, and gloss) containing differing mass contents of 

TMPD-MIB.  Details regarding Nippon latex paints are provided in section 3.2.2.      

This section includes concentration profiles (section 4.2.1), emission factor profiles 

(section 4.2.2), and recoveries in air (section 4.2.3) for Nippon latex paints.   

4.2.1. Concentration Profiles  

 TMPD-MIB concentration profiles for gypsum board and concrete-B are presented 

in Figures 4.16 and 4.17, respectively.  The shapes of the concentration profiles for 

concrete-B were similar to those for gypsum board.  Concentrations were relatively high 

immediately after paint applications and were almost an order of magnitude lower after 

approximately 100 hours.  The horizontal axis is presented on a log-scale to aid in 

distinguishing between curves during the wet-film stage (first 50 to 100 hours). 

The initial concentrations of TMPD-MIB in chamber air were greater for concrete-B than 

for gypsum board when the same amount of TMPD-MIB was applied on these substrates.  

This may be caused by the dense nature of concrete-B, i.e., relative to concrete-A or 

gypsum board, which retarded the wet paint from diffusing into the substrate.  It was 

more difficult to paint concrete-B specimens due to the smooth nature of the surface (i.e., 

consistency of vinyl composition floor tile) of concrete-B specimens; the paint did not 

adhere easily to the specimens.  It is likely that upon application, the wet paint wicks 

into gypsum board more easily than it does into concrete-B and is thus shielded from the 

paint-air interface.  Furthermore, some of the TMPD-MIB can partition into the 

gas-phase on the pore side of the film, thus diffusing into porous gypsum board.   
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  Figure 4.16 TMPD-MIB concentrations profiles for gypsum board specimens 
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 Figure 4.17 TMPD-MIB concentrations profiles for concrete-B specimens 
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     For both gypsum board and concrete-B, the TMPD-MIB concentration in chamber 

air was greater for gloss latex paint than for either semi-gloss or flat latex paint.  The 

TMPD-MIB concentration in chamber air for semi-gloss paint was greater than the 

concentration for flat paint.  This seems like an intuitive result given the order of 

TMPD-MIB mass content: gloss paint > semi-gloss paint > flat paint.  However, these 

results are in contrast to previous observations for simplified latex paints on gypsum 

board (i.e., greater TMPD-MIB concentration in chamber air for HPVC paint (flat paint) 

than for LPVC paint (closer to semi-gloss paint)).  Note that the film thickness for flat 

paint application was thicker than for gloss paint (i.e., 101.1μm for gloss paint and 130.6

μm for flat paint).  In addition, the TMPD-MIB mass content for gloss paint is 

approximately six to seven times than that for flat paint (see Table 3.2). 

4.2.2. Emission Factors  

 Emission factors for gypsum board and concrete-B are shown in Figures 4.18 and 

4.19, respectively.  Emissions decreased by 90% or more from within one hour of paint 

application to approximately 100 hours after paint application, results consistent with 

those for the simplified latex paints described previously.  Emission factors decreased 

significantly during the first 48 hours.  During this period the TMPD-MIB emission 

factor for gloss paint and a regular film thickness decreased from 3.6 to 0.4 

mg/g-TMPD-MIB/hr for gypsum board, and from 3.2 to 0.1 mg/g-TMPD-MIB/hr for 

concrete-B.  The average emission factor for flat paint and a regular film thickness 

decreased from 0.8 to 0.1 mg/g-TMPD-MIB/hr for gypsum board, and from 5.8 to 0.3 

mg/g-TMPD-MIB/hr for concrete-B.  The average emission factor for semi-gloss paint 
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with a regular film thickness decreased from 3.5 to 0.4 mg/g-TMPD-MIB/hr for 

concrete-B.  Although TMPD-MIB emissions decreased significantly within the first 

50~100 hours after paint application, low but measurable and relatively constant 

emissions were observed from gypsum board and concrete-B for up to 13 months, after 

which time measurements were discontinued.     

     Emission factors were observed to be greater during the first 100 hours by a factor 

of two to seven for concrete-B than for gypsum board when the same amount of Nippon 

flat latex paint was applied to these substrates.  However, when the same amount of 

Nippon gloss latex paint was applied to these substrates, the emission factors were 

slightly greater for gypsum board than for concrete-B.  A reason for this difference 

could not be resolved. 

     Emission factors were greater for gloss paint than for flat paint for gypsum board.  

These results are in contrast to those observed for simplified latex paint, i.e., emission 

factors were higher for HPVC paint than LPVC paint for gypsum board.  However, for 

concrete-B, emission factors were greater for flat latex paint than semi-gloss latex paint 

and gloss latex paint.  This is in contrast to results observed for simplified latex paint on 

concrete-A, i.e., emission factors were higher for simplified LPVC latex paint than 

simplified HPVC paint.   

     Collectively, the results described herein underscore the complex nature of paint 

film/component interactions with the underlying substrate, as well as dynamic changes in 

the physical and chemical nature of different paint films (Nippon latex paint versus 

Simplified latex paint) as they dry.  Emission factors for thick paint applications to 
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 Figure 4.18 TMPD-MIB emission factors for gypsum board specimens 
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 Figure 4.19 TMPD-MIB emission factors for concrete-B specimens 
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gypsum board and concrete-B were lower than for regular applications for Nippon latex 

paints, except Nippon flat latex paint on concrete-B.  However, during the wet-film 

stage the reduction in emission factors was approximately proportional to the inverse of 

the applied TMPD-MIB mass content of the paint, i.e., the actual emissions were not 

greatly affected by the film thickness. 

4.2.3. Recoveries in Air  

 Recoveries of TMPD-MIB in air for gypsum board and concrete-B are plotted in 

Figures 4.20 and 4.21, respectively.  With the exception of gloss paint, for similar times 

after paint application, recoveries of TMPD-MIB from concrete-B were greater than from 

gypsum board.   
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 Figure 4.20 Temporal recoveries of TMPD-MIB in air for painted gypsum board 
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 Figure 4.21 Temporal recoveries of TMPD-MIB in air for painted concrete-B 

 

 The recovery curve for Nippon flat latex paint on concrete-B exhibited an atypical 

trend after approximately 800 hours.  The slope of the recovery curve became inverted, 

i.e., increasing slope, to approximately 3,500 hours, though the slope of the recovery 

curve decreased somewhat between 3,500 to 9,000 hours.  This phenomenon was 

similar to the recovery curve observed for HPVC paint on concrete-A .  The slope of the 

recovery curve for concrete-B became inverted, i.e., increasing slope, to approximately 

9,500 hours.  Additional research is needed before a mechanistic understanding of this 

phenomenon can be achieved. 

     For both gypsum board and concrete-B specimens, the TMPD-MIB recoveries in 

air were greater for Nippon flat paint than for Nippon gloss paint, possibly due to a more 
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permeable film for Nippon flat paint.  For concrete-B specimens, the TMPD-MIB 

recoveries in air for Nippon semi-gloss paint were greater than Nippon gloss paint and 

were less than Nippon flat paint after 2,000 hours.  In each case, the slope of the 

recovery curves for Nippon gloss paint decreased markedly after approximately four 

months.  For months 4 to 10 the recovery in air for the Nippon gloss paint applied on 

concrete-B increased from 6% to only 7.5%.  A similar trend was observed for Nippon 

gloss paint applied on gypsum board (The recovery in air increased from 14% to only 

15.5% over months).  These results suggest that small amounts of TMPD-MIB may 

continue to emit from Nippon gloss paint for much longer than 10 months.    

     TMPD-MIB recoveries for thick film applications decreased relative to regular 

films, by 11% to 21% for Nippon flat paint, and 14% to 19% for Nippon gloss paint.  

Also, experimental results showed that TMPD-MIB recoveries decreased by 25% to 33% 

for Nippon gloss paint with thicker paint films relative to those with regular paint films 

on concrete-B.  However, thicker film applications of Nippon flat latex paint and 

Nippon semi-gloss latex paint on concrete-B specimens did not exhibit significant 

differences in recoveries relative to regular film applications.   

     For both simplified and Nippon paints of similar type (flat ≈ HPVC; semi-gloss ≈ 

LPVC), the TMPD-MIB recoveries in air were generally greater for flat latex paint than 

semi-gloss latex paint.  Thus flat latex paint should ultimately stop emitting measurable 

amounts of TMPD-MIB sooner than semi-gloss latex paint.  Since the majority of 

TMPD-MIB emissions occurred during the dry-film stage, it is logical to conclude that 

long-term exposure to TMPD-MIB, e.g., after an occupant moves into a building, will be 
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lower in buildings painted with flat latex paint.   

4.3. Characterization of Mass Transfer Coefficients for Small Chambers 

 Mass transfer coefficients were determined based on water vapor balances on each 

experimental chamber (see section 3.2.11).  A summary of key parameters for 

characterizing typical mass transfer coefficients for the small experimental chambers are 

listed in Table 4.1.  Air temperature and relative humidity profiles for inlet and exhaust 

streams for three experiments are shown in Figures 4.22 through 4.24.  The output RH 

always converged to a relatively steady value, i.e., 72 to 73% RH after two hours.   

 The average mass transfer coefficient for the small experimental chamber was 

determined to be 0.02 cm/s.  This value is within the range, but at the lower end of 

values of 0.02 - 0.2 cm/s reported by Morrison et al. (2003). 

4.4. Effects of Air Exchange Rate on TMPD-MIB Emissions  

 Temporal recoveries of TMPD-MIB in air for the first 48 hours after paint 

applications for two different air exchange rates (1.5/hr and 3/hr) and LPVC paint 

applications on gypsum board are shown in Figures 4.25.   

     Triplicate experiments were completed for each air exchange rate.  A summary of 

hypothesis testing to determine whether the air exchange rate had an effect on 

experimentally-determined emission rates is described in section 3.2.11.  Key 

parameters are listed in Table 4.2.  Temporal recoveries of TMPD-MIB in air for two 

different air exchange rates did not show a significant difference.  The null hypothesis 

could not be rejected, which means that the air exchange rate may not have an effect on 

experimentally-determined emission rates.   
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Table 4.1 Summary of key parameters for characterizing typical mass transfer coefficients for small experimental chambers 

RH 
Experiments Input Input Output Output

Number
Input RH

(%)
Output RH

(%)
Input T

(℃)
Output T

(℃)
Psat,H2O

(MPa)
PH2O

(MPa)
Psat,H2O

(MPa)
PH2O

(MPa)
1 57.5 72.6 24.6 24.6 0.00308 0.00177 0.00308 0.00223
2 59.0 72.0 24.2 24.2 0.00299 0.00176 0.00299 0.00215
3 59.1 71.6 24.5 24.5 0.00308 0.00182 0.00308 0.00220  

RH 
Experiments Input Output Output Emission rate

Mass Transfer
Coefficient

Mass Transfer
Coefficient

Number
Co 

(g/m3)
Csat

(g/m3)
C

 (g/m3)
E=Q(C-Co)
   (mg/hr)

kg

(m/hr)
kg

(cm/s)
1 12.9 22.4 16.2 17.2 0.78 0.022
2 12.8 21.7 15.7 14.5 0.66 0.018
3 13.2 22.4 16.0 14.3 0.62 0.017

Average 0.019  
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 Figure 4.22 Air temperature and relative humidity profiles for experiment 1  
 
  

 Figure 4.23 Air temperature and relative humidity profiles for experiment 2 
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 Figure 4.24 Air temperature and relative humidity profiles for experiment 3 
 

 
4.5. Effects of Propylene Glycol on TMPD-MIB Emissions 

 Temporal recoveries of TMPD-MIB in air with two different LPVC paints, with 

and without propylene glycol added, applied on gypsum board are shown in Figure 4.26.  

Triplicate experiments were completed with each latex paint.  Temporal recoveries of 

TMPD-MIB in air for two of the LPVC paints without propylene glycol were slightly 

lower than LPVC paints containing propylene glycol.      

 A summary of key parameters (see section 3.2.11) for hypothesis testing to 

determine whether the propylene glycol had an effect on experimentally-determined 

emission rates is provided in Table 4.3.   

Output RH 
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Input T 

RH(%) 

T(℃) 
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 Figure 4.25 Temporal recoveries of TMPD-MIB in air at two air exchange rates 
      

     The null hypothesis could not be rejected, which means that propylene glycol may 

not have an effect on experimentally-determined emission rates.  This is important since 

the small amounts of glycols typically present in latex paint were omitted from the 

simplified latex paints used in this study.  Thus, experimental results for simplified latex 

paints may be reasonably applicable to commercial latex paints. 

4.6. Quality Assurance Measures  

4.6.1. Experimental Blank and Background Tests 

     One blank and two background samples were analyzed before every batch of 

experimental samples.  A clean tube was used as a blank.  One background sample was 

collected outside the chambers while the other was collected in the exhaust stream of the 

experimental chamber.  The concentration of TMPD-MIB in each blank and background 
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sample was always below the detection limit 

4.6.2. Repeated Desorptions 

     Sequential desorptions of TMPD-MIB mass on adsorbent tubes were completed to 

assure complete and repeatable desorption of TMPD-MIB from each sample.  The 

concentration of TMPD-MIB for the second time analysis of the same tube was always 

below the detection limit.  

 

Table 4.2 Summary of key parameters for determining the air exchange rate effect on 
experimentally-determined emission rates and exposures 

Time(hr) GB1 GB2 GB3 AVE(1-3)=X Sx
1 0.1064 0.2421 0.0977 0.1487 0.0661
3 0.4454 0.4582 0.2404 0.3813 0.0998
6 0.8585 1.5706 0.3803 0.9365 0.4891
24 2.3545 2.3726 1.3583 2.0284 0.4739
48 3.4291 0.0000 1.9747 1.8012 1.4053

Time(hr) GB4 GB5 GB6 AVE(4-6)=Y Sy
1 0.0712 0.0984 0.0937 0.0878 0.0119
3 0.2739 0.2905 0.2574 0.2739 0.0135
6 0.7201 0.5414 0.4386 0.5667 0.1163

24 2.3198 1.9171 1.4202 1.8857 0.3679
48 3.2439 2.5259 1.9898 2.5865 0.5138  

Time(hr) α ν to tα,ν Hypothesis Testing t1/2α,ν
1 0.05 2.1291 1.5714 2.8468 Ho: μ1-μ2=μo 4.1583
3 0.05 2.0729 1.8468 2.5579 Ho: μ1-μ2=μo 4.2212
6 0.05 2.2255 1.2739 2.7922 Ho: μ1-μ2=μo 4.0503

24 0.05 3.7683 0.4121 1.9173 Ho: μ1-μ2=μo 2.3207
48 0.05 2.5253 -0.9090 2.6222 Ho: μ1-μ2=μo 3.7141  
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 Figure 4.26 Temporal recoveries of TMPD-MIB in air for painted gypsum board  

 

4.6.3. Breakthrough Experiments 

     Prior to completion of any experiments, sample breakthrough tests were completed 

with two tubes in series to assure there was no mass breakthrough in sorbent tubes at the 

sampling conditions (concentration, sampling period, and volume) used during chamber 

experiments.  Mass breakthrough was never observed. 

4.6.4. Method Detection Limit  

     The method detection limit was defined by Equation 4.1 as recommended by  

the USEPA:  

 

MDL = t (n-1, 1-α=0.99) x SDr                                          (4.1) 
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Table 4.3 Summary of key parameters for determining the propylene glycol effect on 
experimentally-determined emission rates and exposures 

Time(hr) GB1 GB2 GB3 AVE(1-3)=X Sx
3 0.3309 0.3007 0.3712 0.3343 0.0289
6 0.7345 0.6049 0.7708 0.7034 0.0712
8 0.9122 0.7504 0.9671 0.8765 0.0920
24 2.1295 1.8577 2.3687 2.1186 0.2087
48 3.2116 2.8619 3.4328 3.1688 0.2350

142 5.1675 4.9742 5.4574 5.1997 0.1986

Time(hr) GB4 GB5 GB6 AVE(4-6)=Y Sy
3 0.2739 0.2905 0.0937 0.2194 0.0891
6 0.7201 0.5414 0.4386 0.5667 0.1163
8 0.8790 0.6598 0.5195 0.6861 0.1479
24 2.4596 1.9171 1.4202 1.9323 0.4244
48 3.2439 2.5259 1.9898 2.5865 0.5138

142 5.4439 4.1490 3.4713 4.3547 0.8184  

Time(hr) α ν to tα,ν Hypothesis Testing t1/2α,ν
3 0.05 2.4153 2.1246 2.6845 Ho: μ1-μ2=μo 3.8374
6 0.05 3.3146 1.7360 2.2835 Ho: μ1-μ2=μo 2.6483
8 0.05 3.3458 1.8935 2.2766 Ho: μ1-μ2=μo 2.6356
24 0.05 2.9139 0.6824 2.4018 Ho: μ1-μ2=μo 3.2786
48 0.05 2.8019 1.7849 2.4653 Ho: μ1-μ2=μo 3.4041
142 0.05 2.2347 1.7379 2.7869 Ho: μ1-μ2=μo 4.0399  

 

Where, MDL is the method detection limit (ng) and SDr is the standard deviation of 

replicate analyses (ng) performed at concentrations that were near the estimated detection 

limit.  The term t (n-1, 1-α=0.99) is the t-distribution value for a one-sided 99% confidence 

level and a standard deviation estimate with n-1 degrees of freedom.  The value of t (n-1, 

1-α=0.99) was 3.14 at n = 7 and α = 0.01.  Results are provided in Table 4.4.   
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Table 4.4 Method detection limit for TMPD-MIB 

No 1 2 3 4 5 6 7 SDr MDL 

mass 
(ng) 

22.27 23.47 22.34 22.87 22.98 21.48 24.71 1.03 3.22 

 

The method detection limit for GC/FID analyses of TMPD-MIB was 3.22 ng for a 

one-sided 99% confidence level.  For typical sample flow rates and sampling times, this 

mass-based MDL leads to an approximate concentration MDL of 0.001 mg/m3, a value at 

least a factor of 2 below all samples collected in this study. 

4.7. Summary of Results  

 A total of 40 paint/ substrate combinations (individual specimens) were tested (see 

Table 4.1 in section 4.1).  These tests were conducted to explore substrate effects, paint 

composition effects, and thickness effects on TMPD-MIB emissions following paint 

applications to various materials.    

     The shapes of the concentration profiles were similar for aluminum, gypsum board, 

plywood, and concrete-A.  Concentrations were relatively high shortly after paint 

applications and were almost an order of magnitude lower after 100 hours or so. 

     In general, the peak concentration was smaller when paint was applied to gypsum 

board than to aluminum, i.e., peak concentration of 17 mg/m3 for aluminum specimens 

and 9 mg/m3 for gypsum board specimens with a regular paint film thickness.  The peak 

concentrations were 10 mg/m3 for plywood specimens and 5 mg/m3 for concrete-A 

specimens with a regular paint film thickness.  Krebs et al. (1995) also observed that the 

peak concentration of TMPD-MIB was lower when paint was applied to gypsum board, 
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as opposed to stainless steel plates.  Chang et al. (1997) reported a 23% decrease in the 

peak concentration of TMPD-MIB when a latex paint was applied to gypsum board, i.e., 

as compared to stainless steel.  There is clearly a strong substrate effect associated with 

TMPD-MIB emissions from paint, and the results presented in this dissertation expand 

that conclusion to several materials which had not been previously reported on in the 

published literature.     

 Emissions of TMPD-MIB decreased by 90% or more from within one hour of paint 

application to 100 hours after paint application for each type of painted substrate.  

Emission factors decreased significantly during the first 48 hours.  During this period 

the TMPD-MIB emission factor associated with HPVC paint and a regular film thickness 

decreased by 89 % for aluminum, 93 % for gypsum board, 53 % for plywood, and 83 % 

for concrete-A.  The average emission factor for LPVC paint with a regular film 

thickness decreased by 84 % for aluminum, 75 % for gypsum board, 72 % for plywood, 

and 79 % for concrete-A.   

     Although TMPD-MIB emissions decreased significantly within the first 50~100 

hours after paint application, low but measurable and relatively constant emissions were 

observed from gypsum board, plywood, and concrete-A for up to 15 months.  These 

results are consistent with others who have reported emissions to persist long after paint 

drying (Chang et al. 1997, Clausen et al. 1991, Hodgson et al. 2000, USEPA 2002).  

 For similar times after paint application, the mass recoveries for TMPD-MIB in air 

for gypsum board, plywood, and concrete-A were significantly lower than for aluminum 

specimens.  Gypsum board, plywood, and concrete-A effectively retarded the emissions 
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of TMPD-MIB, again indicating the significance of substrate effects on TMPD-MIB 

emissions.   

  Over two-week periods, the range of TMPD-MIB recoveries from gypsum board 

have been reported to be relatively large (27 to 60%), with differences being difficult to 

ascertain based on available data (Guo et al., 1996; Roache et al., 1996).  In this study, 

the range of TMPD-MIB recoveries for the first two weeks following application to 

gypsum board was only 7 to 14 % (i.e., 7 % for LPVC paint and 14 % for HPVC paint).  

Differences between this study and those previously reported were not ascertained.  

However, the mass closure analysis completed for this study confirms that un-recovered 

(in air) TMPD-MIB was indeed present in the gypsum board.  Such an analysis was not 

completed in previous studies.  Recovery of TMPD-MIB in air two weeks after latex 

paint was applied to stainless steel have been reported to be on the order of 90%.  In this 

study, aluminum specimens coated with simplified HPVC paint exhibited 60 % recovery 

in air of TMPD-MIB in the two weeks after paint application.  One aluminum specimen, 

coated with LPVC paint, was analyzed for fifteen months.  It exhibited an approximate 

80% recovery of TMPD-MIB in air over this period.  

 Emission factors for thick paint applications to aluminum, gypsum board, and 

plywood were lower than for regular applications for both simplified latex paints.  This 

observation was consistent with results presented by Clausen (1993).  Experimental 

results showed that TMPD-MIB recoveries decreased by 14 % to 51 % for aluminum, 52 

% and 63 % for gypsum board, and 26 % to 63 % for plywood with thicker paint films 

relative to those with regular paint films.  However, the total amount of TMPD-MIB 
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present in thick paint films was greater than with regular films, so that actual emissions 

were similar in each case.   

 For aluminum, gypsum board, and plywood, the TMPD-MIB recovery in air was 

significantly greater for HPVC paint than for LPVC paint, possibly due to a more 

permeable film for HPVC paint and the presence of increased organic resin to which 

TMPD-MIB sorbs in LPVC paint.  However, results for concrete-A differed greatly in 

comparison to other specimens.  Recoveries of TMPD-MIB in air were greater for 

LPVC paint than for HPVC paint.  Reasons for the difference in trend for concrete-A 

were not resolved in this study and remain an issue for future research. 

 Interestingly, the contribution of TMPD-MIB emissions from the wet film (first 

100 hours after application) was generally small relative to the integrated long-term 

emissions from the dry film, particularly for paint applications to porous materials such 

as gypsum board, plywood, and concrete-A.  This finding is consistent with previous 

observations that a majority of emissions occur from the dry paint film (USEPA 2002).  

 There are no previously published mass closure assessments that account for 

TMPD-MID on material components as well as emissions to air.  In this study, mass 

closures were generally good for TMPD-MIB on gypsum board, with a mean mass 

closure of 96% and standard deviation of 6% for the ten specimens.   

For similar times to sacrifice, the percentage of TMPD-MIB recovered in air was 

significantly greater for HPVC paint than for LPVC paint.  Mass recovery in the dry 

paint film was greater for LPVC paint than for HPVC paint, particularly for thick film 

applications.  In all but one case, LPVC-4 (thick), the mass recovery of TMPD-MIB 
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within the gypsum board significantly exceeded the mass recovered from the dry paint 

film.  This finding indicates that migration and long-term storage of TMPD-MIB inside 

gypsum board can be significant, and is important in terms of prolonged persistence of 

low-levels of TMPD-MIB emissions. 

 For LPVC paint applications, it appears from the progressive differences in 

TMPD-MIB mass content on gypsum board components that much of the mass release to 

air originates from the dried paint film; the mass content of TMPD-MIB in the actual 

volume of the gypsum board decreased only slightly from month 3 to month 15.     

 For Nippon latex paint applications, the TMPD-MIB concentrations in chamber air 

were greater for concrete-B than for gypsum board when the same amount of 

TMPD-MIB was applied on these substrates.  Concrete-B appeared much less porous 

than concrete-A (consistency of vinyl composition floor tile), thus retarding the wet paint 

from wicking into the substrate.   

 The concentration profiles for Nippon latex paint exhibited opposite results (i.e., 

greater TMPD-MIB concentration in chamber air for Nippon gloss paint than for Nippon 

flat paint) when compared with previous observations for the simplified latex paints on 

gypsum board (i.e., greater TMPD-MIB concentration in chamber air for HPVC paint 

than for LPVC paint).   

 Emission factors for TMPD-MIB associated with Nippon paints decreased 

significantly during the first 48 hours.  During this period the TMPD-MIB emission 

factor decreased by 89 % for gypsum board and 97 % for concrete-B with Nippon gloss 

latex paint and a regular film thickness.  The TMPD-MIB emission factor decreased by 
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88 % for gypsum board and 95 % for concrete-B with Nippon flat latex paint and a 

regular film thickness.  The TMPD-MIB emission factor decreased by 89 % for 

concrete-B with Nippon semi-gloss latex paint and a regular film thickness.   

 Emission factors for TMPD-MIB were greater for Nippon flat paint than Nippon 

semi-gloss paint and Nippon gloss paint following applications to concrete-B specimens.  

Emission factors were greater for Nippon gloss paint than Nippon flat paint when applied 

to gypsum board.  Emission factors were greater for HPVC paint than LPVC paint when 

applied to aluminum, gypsum board, and plywood.  However, emission factors were 

greater for LPVC paint than HPVC paint when applied on concrete-A.  These results 

underscore the complex nature of paint film/component interactions with the underlying 

substrate, as well as dynamic changes in the physical and chemical nature of the different 

paint films as they dry.   

 For similar times after Nippon gloss paint application, the mass recoveries for 

TMPD-MIB in air for gypsum board were greater than for concrete-B specimens.  

However, for similar times after Nippon flat paint applications, the mass recoveries for 

TMPD-MIB in air for gypsum board were lower than for concrete-B specimens after 

2,000 hours.  For both gypsum board and concrete-B specimens, the TMPD-MIB 

recoveries in air were greater for Nippon flat paint than for Nippon gloss paint, possibly 

due to a more permeable film for the flat paint. 

 Experimental results for application of Nippon paints on gypsum board and for 

Nippon gloss paint on concrete-B showed that specimens with thicker paint films had 

lower recoveries relative to specimens with regular paint films, while experimental 
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results for Nippon flat and Nippon semi-gloss paint on concrete-B with thicker paint 

films did not exhibit significant differences in recoveries relative to regular paint films. 

 For both simplified and Nippon paints of similar type (flat /semi-gloss/gloss), the 

TMPD-MIB recoveries in air were generally greater for flat latex paint (HPVC) than 

semi-gloss (LPVC) or gloss latex paint.  Thus, TMPD-MIB emissions from flat latex 

paint may initially be higher, but less persistent, than for semi-gloss and gloss paints.  

As a result, the long-term exposure to TMPD-MIB may be lower for occupants who live 

or work in buildings that were painted with flat latex paint. 

 Hypothesis testing was used to evaluate the effects of air exchange rate and 

propylene glycol on TMPD-MIB emissions.  For both factors, the null hypothesis could 

not be rejected, which means neither the change of air exchange rate nor the existence of 

propylene glycol had a statistically significant effect on experimentally-determined 

emission rates for TMPD-MIB. 
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5. LIMITATIONS AND UNCERTAINTIES 

 This chapter includes a presentation and discussion of limitations (section 5.1) and 

uncertainties (section 5.2) for this study.  A table of parameters and uncertainties for this 

study is provided in Table 5.1.   

5.1. Limitations 

 This study is the most comprehensive to date as related to VOC emissions from 

paint.  However, there are several important limitations to this study and it is important 

for the reader to recognize these prior to applying the results presented herein.  The 

limitations for this study are as follows: 

1.  A primer coat was not applied prior to painting specimens with a topcoat.  Primers 

 typically contain TMPD-MIB and it was desired to focus solely on the effects of  

 topcoat emissions.  As such, while the results presented herein may yield realistic 

 emission rates and trends, they should be used initially for comparison of 

 differences in TMPD-MIB emissions between different topcoat paints and 

 substrates.  A conservative approach for estimating emissions when a primer is 

 used would be to simply add the primer and topcoat emissions.  Since primers are 

 effectively flat latex paint, corresponding emission factors could be used for 

 estimating TMPD-MIB emissions from the primer. 

2.  The relative humidity (RH) for this study was between 45% to and 75%, and most 

 typically between 60% and 70%.  Experiments were not completed to 

 systematically asses the effects of RH on TMPD-MIB emissions.  Published 

 measurements for the effects of relative humidity are varied.  Fan et al. (1999) 
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 observed that the effect of humidity was significant and that TMPD-MIB 

 emission rate increased with increasing relative humidity.  However, Roache et al. 

 (1996) observed that RH had little impact on TMPD-MIB emissions. 

3.  The room temperature for this study was always between 23 oC to and 30 oC, and 

 typically between 23 oC and 25 oC.  The effects of variations in air temperature 

 were not determined in this study.  Wolkoff (1998) observed a modest or 

 negligible effect was observed at 35 oC relative to 23 oC on TMPD-MIB 

 time/concentration profiles when waterborne acrylic wall paint on gypsum board 

 was studied.   

4.  It was not possible to employ identical replicates, thus precluding an actual 

 experimental analysis of uncertainties.  Attempts were made to apply a similar 

 amount of paint on each of triplicate experiments.  However, the amount of paint 

 applied on each specimen was not possible to be identical and sometimes the 

 difference of the amount applied between specimens was as high as 30% to 

 40%.  

5.  A systematic assessment of the effects of all major paint components on TMPD-

 MIB emissions was not completed.  For example, no experiments were conducted 

 under identical conditions but with different mass percentages of pigment volume 

 concentration (PVC) or ethylene glycol content, and so on.   

6.  Experiments were conducted in small chambers, i.e., emissions were not  

 determined in actual rooms.  The mass transfer coefficient (kg) was at the low end 

 of reported values.  Emissions may have been higher under actual room 
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 conditions.   

7. Time constraints precluded use of the experimental data to develop a 

 mechanistic model for TMPD-MIB emissions from latex paint. 

5.2. Uncertainties 

 The major uncertainties in this study are listed in Table 5.1.  Uncertainties in 

concentration are described in section 5.2.1.  Uncertainties in emissions are presented in 

section 5.2.2.  The uncertainty analysis used here (Equation 5.1 to 5.6) is based on the 

concepts derived in Equation A-8 through A-12 in ASHRAE Guideline 2-2005 

(ASHRAE, 2005). 

 

Table 5.1 Uncertainties for this study 

No Parameter Definition Uncertainties 
1 UQp Uncertainty for the sampling pump 

flow rate 
0.308 (mL) 

2 Umg Uncertainty for the TMPD-MIB 
mass measured by GC/FID 

3.2 (ng) for low concentration 
19 (ng) for high concentration

3 UC Uncertainty for the TMPD-MIB 
concentration 

≈ 0.002 to 0.045  
(mg/m3) 

4 
dt
dCV

U  Uncertainty for the change of 
TMPD-MIB mass flow rate 

≈ -0.0001 to 0.0001 
(mg/hr) 

5 UMt Uncertainty for the initial 
TMPD-MIB mass applied 

0.001 (g) 

6 UE Uncertainty for the TMPD-MIB 
emission rate 

≈ 0.0001 to 0.0002 
 (mg/hr) 

7 UEF Uncertainty for the TMPD-MIB 
emission factor 

≈ 0.0001 to 0.006 
(mg/g-TMPD-MIB/hr) 

 

5.2.1. Uncertainties in Concentrations 

 TMPD-MIB concentration was calculated based on TMPD-MIB mass detected by 

GC/FID, divided by the sampled air volume.  Sampling volume was calculated as the 
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product of pump flow rate and sampling time.  Note that the assumption was made that 

there was no uncertainty on time measurement; hence, the uncertainty for the sampling 

volume is actually the uncertainty for the pump flow rate.  Therefore, the uncertainty for 

the TMPD-MIB concentration, UC, was calculated by Equation 5.1 based on the 

uncertainties of the GC/FID and the sampling pump flow rate. 
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where: 
UC = uncertainty for the TMPD-MIB concentration (mg/m3),  
Umg = uncertainty for the TMPD-MIB mass measured by GC/FID (ng), 
UQp = uncertainty for the sampling pump flow rate (mL/min), 
mg = mass as measured by GC/FID (ng), 
Qp = sampling pump flow rate (mL/min), 
C = TMPD-MIB concentration (mg/m3). 
 

  The standard deviation for the pump flow rate was taken as the uncertainty in the flow 

rate.  The uncertainty for the pump flow rate is listed in Table 5.2. 

 

Table 5.2 Uncertainty for pump flow rate 

No. 1 2 3 4 5 6 Average S.D. 
Flow rate 
(mL/min) 85.27 85.80 85.09 85.01 85.00 85.05 85.20 0.308 

  

The uncertainty for the TMPD-MIB mass measured by the GC/FID, Umg, was calculated 

by Equation 5.2 based on the TMPD-MIB GC calibration curves.  
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( )21 RSDU mmg
−=                                                    (5.2) 

 

where: 
SDm = standard deviation for the mass points shown on GC calibration curve (ng), 
R2 = variation of the GC calibration curve (as shown in Figures 3.6 and 3.7). 
 

 The uncertainty for the TMPD-MIB mass measured by GC/FID, Um, was 19 (ng) 

when using the calibration curve for high TMPD-MIB concentrations was used and was 

3.2 (ng) when using the calibration curve for low TMPD-MIB concentrations was 

adopted. 

5.2.2. Uncertainties in Emissions  

        The uncertainty for TMPD-MIB emission factors, UEF, was calculated by 

Equation 5.3, based on the uncertainties of emission rate and the total initial TMPD-MIB 

mass applied.   
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where: 
UEF = uncertainty for the TMPD-MIB emission factor (mg/g-TMPD-MIB/hr), 
UE = uncertainty for the TMPD-MIB emission rate (mg/hr), 
UMt = uncertainty for the initial TMPD-MIB mass applied (g), 
EF = emission factor of TMPD-MIB (mg/g-TMPD-MIB/hr), 
E = emission rate of TMPD-MIB (mg/hr), 
Mt = initial mass of TMPD-MIB applied to material (g). 
 

 The uncertainty for the TMPD-MIB emission rate, UE, was calculated by Equation 
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5.4 based on the uncertainties of TMPD-MIB mass flow rate and the change of 

TMPD-MIB mass flow rate.   
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dCVQCE UUEU                                              (5.4) 

 

where: 
UQC = uncertainty for the TMPD-MIB mass flow rate (mg/hr), 

dt
dCV

U  = uncertainty for the change of TMPD-MIB mass flow rate (mg/hr), 

V = the volume of the chamber (mL). 
 

Note that the second term in the square root of Equation 5.4 was negligible by 48 hours 

after paint application.  

 The uncertainty for the TMPD-MIB mass flow rate, UQC, was calculated by 

Equation 5.5, based on uncertainties in the TMPD-MIB sampling flow rate and the 

TMPD-MIB concentration.   
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 The uncertainty for the change of TMPD-MIB mass flow rate,
dt
dCV

U , was 

calculated by Equation 5.6 based on the uncertainties of chamber volume (assumed to be 

equals to zero uncertainty) , the change of concentration, and time (assumed to be equals 

to zero uncertainty).   
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where: 
1+nCU  = uncertainty for of the concentration at time point n+1 (mg/m3), 

nCU  = uncertainty for of the concentration at time point n (mg/m3), 

1+nC = concentration at time point n+1 (mg/m3), 

nC = concentration at time point n (mg/m3). 
 

 The uncertainties in concentrations and emissions for an HPVC paint application to 

gypsum board (i.e., HPVC-GB2) were are shown in Table 5.3 as an example of 

calculation.  The results are kind of typical of values for all specimens.  In general, the 

fractional uncertainty in concentration or emission factor was less than 10%.  The 

highest fractional uncertainty found in this study (i.e., 35%) was adopted for the model 

described in next Chapter 7.  This value was observed at around 9,000 hours after paint 

application for LPVC-GB2.  Therefore, it had negligible effect on the integrated 

long-term emissions. 
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Table 5.3 Uncertainties in concentrations and emissions for HPVC-GB2 

Time (hr)
Concentration

(mg/m3)

Concentration 
uncertainty

(mg/m3)

Concentration 
fractional 

uncertainty 
(%)

 EF
(mg/g/hr) VdC/dt Emission rate

(mg/hr)

Emission rate 
uncertainty^2 

 (mg/hr)^2

Emission 
factor

uncertainty 
(mg/g/hr)

Emission 
factor 

fractional 
Uncertainty

(%)
0 0 0

1.45 6.8730 0.0457 0.67 4.1803 -0.0006 33248.64 8.44257E-08 0.0042 0.10
3.28 6.5616 0.0451 0.69 3.7643 -0.0023 29939.41 7.23916E-08 0.0038 0.10
6.33 4.4149 0.0416 0.94 2.6483 -0.0007 21063.19 5.19382E-08 0.0026 0.10

23.07 1.1061 0.0386 3.49 0.6686 -0.0001 5317.65 4.51592E-08 0.0007 0.10
25.45 1.0172 0.0386 3.79 0.6199 -0.0001 4930.57 3.92556E-08 0.0006 0.10
47.05 0.5367 0.0257 4.78 0.3216 -0.0001 2558.20 3.3485E-08 0.0003 0.10

48 0.5132 0.0257 5.00 0.3157 0.0000 2510.83 1.7292E-08 0.0003 0.10
124 0.1909 0.0192 10.06 0.1181 939.23 0.0001 0.10
177 0.1700 0.0192 11.29 0.1052 836.40 0.0119 11.30
250 0.1795 0.0192 10.70 0.1110 883.14 0.0119 10.70
485 0.3611 0.0192 5.33 0.2234 1776.55 0.0119 5.34
988 0.0652 0.0096 14.72 0.0403 320.79 0.0059 14.73
1512 0.2419 0.0096 3.98 0.1496 1190.15 0.0060 4.00
2480 0.2088 0.0096 4.61 0.1292 1027.30 0.0060 4.62
4987 0.091 0.0096 10.55 0.0563 447.72 0.0059 10.56
5700 0.0109 0.0016 14.90 0.0067 53.63 0.0010 14.90
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6. LARGE CHAMBER EXPERIMENTS: PAINTER EXPOSURES 

 Five large chamber experiments were conducted to evaluate human inhalation 

exposure to TMPD-MIB during and following the application of latex paint to 

gypsum board.  Large chamber experiments were completed in an 11.2 m3 

environmental test chamber mocked-up to simulate a room environment to be painted, 

i.e., gypsum board on walls. 

 This chapter includes a presentation and discussion of results for experiments 

completed in a large chamber.  Large chamber experimental methods are described 

in Section 6.1.  Procedures for determining the air exchange rate of the large 

chamber are described in section 6.2.  TMPD-MIB concentration profiles in chamber 

air and the breathing zone of a painter during painting events are described in section 

6.3.   

6.1. Large Chamber Experimental Methods 

     This section includes details related to large chamber experiments. 

6.1.1. Substrate Specimens 

     Six sections of gypsum wallboard were painted for each painting event.  Five 

sections had dimensions of 243.8 cm (length) x 121.9 cm (height) x 1.5 cm 

(thickness).  The sixth section had dimensions of 243.8 cm (length) x 35.7 cm 

(height) x 1.5 cm (thickness).  The gypsum wallboard sections were purchased from 

a local Home Depot store in Austin, Texas.   

6.1.2. Paints and Paint Applications 

     Two different commercial latex paints (regular paint and low VOC paint) 

containing differing mass contents of TMPD-MIB were tested.  The TMPD-MIB 

content of each paint is provided in Table 6.1, and was determined by the author in 
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accordance with methods described in section 3.2.2.  

 

Table 6.1 TMPD-MIB mass content of test paints used in large chamber experiments 

Brand name of paint Paint Type TMPD-MIB Content 
(% by weight) 

Regular Paint 0.79 BEHRTM Latex Paint 
(Purchased at Home 

Depot) Low VOC Paint 0.11 

      

 Paints were poured into a paint tray before being applied to gypsum wallboard 

using a large roller as shown in Figure 6.1.  The mass of applied paint was 

determined by gravimetric analysis of the paint can, paint tray, and paint roller 

immediately prior to and after paint application.  The gypsum wallboard sections 

were placed against the walls of the large source chamber (see section 6.1.3).  For 

each experiment, a total of 15.8 m2 of gypsum wallboard was painted in 30 minutes.     

 

 

Figure 6.1 Digital image of large paint roller in paint tray 

    

6.1.3. Large Source Chamber 

     The large source chamber was constructed of stainless steel panels and had 
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dimensions of 2.49 m (Length) x 1.88 m (Width) x 2.39 m (Height), for a total interior 

volume of 11.2 m3.  When the gypsum wallboard specimens were in the chamber the 

air exchange rate through the chamber was 1 hr-1 (air flow rate = 11.2 m3/hr).  The 

air exchange rate of the large chamber was determined using carbon dioxide as an 

inert tracer gas.  An oscillating fan was used in the middle of the chamber to make 

sure the air was well-mixed prior to and after carbon dioxide in a Tedlar bag was 

introduced into the chamber.  The concentrations of carbon dioxide were measured 

every 30 seconds and lasted for a half hour using a Q-trakTM (Model 8550) IAQ 

monitor.  Digital images of the exterior of the large source chamber are provided in 

Figure 6.2.       

 

 

  Figure 6.2 Digital images of the exterior of the large source chamber 

 

     The six gypsum wallboard sections were placed against three walls of the 

chamber, and the front wall contained the chamber entrance door and was left 
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accessible during experiments.   

     After each experiment the gypsum wallboard sections were removed from the 

chamber and the interior of the chamber was wiped with water at least twice.  

Thereafter, an oscillating fan was used for one day to enhance the ventilation rate of 

the chamber and to assure that no residual TMPD-MIB remained adsorbed to chamber 

surfaces.       

6.1.4. Air Sampling and Analysis 

     Large volume gas chromatograph glass injection liners as described in section 

3.2.4 were used as adsorbent tubes.  Sample air was drawn through these TenaxTM 

tubes at 30 mL/min for 15, 30, or 60 minutes (450 to 1800-mL sample) in core 

chamber air (middle of chamber) as well as the breathing zone of the painter using 

personal air sampling pumps (SKC, inc., Pocket Pump® – 210 Series).  Air samples 

were collected on TenaxTM-TA and analyzed via GC/FID using the same approach as 

described in section 3.2.4.  The personal breathing zone air (as shown in Figure 6.3) 

was sampled and analyzed to explore whether the painter was exposed to higher 

contaminant concentrations than predicted by chamber background air.  By dividing 

the TMPD-MIB concentration in the breathing zone of a painter by the TMPD-MIB 

concentration in the core air of the chamber, a magnification factor (Ψ) was obtained. 

6.1.5. Quality Assurance 

     Empty chamber samples were collected before each painting event to assure a 

negligible TMPD-MIB residual concentration in chamber air.  Also, two adsorbent 

tubes in series were used during each sampling event to assure that there was no 

sample breakthrough.  Two large chamber experiments were also completed without 

the application of paint to gypsum board, but with inclusion of a tray of paint in the 
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chamber.  This was done to assess whether the standing paint in the tray contributed 

significantly to TMPD-MIB concentrations in chamber air.      

     The same six-point external calibration curves described in section 3.2.10 were 

employed for quantifying TMPD-MIB concentrations for large chamber experiments.        

 

 

  Figure 6.3 Digital image of sampling set-up for large chamber experiments 

 

6.2. Air Exchange Rates  

     The air exchange rate of the large chamber was determined using carbon 

dioxide as an inert tracer gas (see Equation 6.1).  A mass balance for carbon dioxide 

on the experimental chamber for well mixed conditions leads to:  
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where, Cco2(t = 0) = initial concentration of carbon dioxide in chamber (ppm),   

C co2(t) = concentration of carbon dioxide in chamber at time t (ppm),  Co,co2 = 

concentration of carbon dioxide outside the chamber (ppm),  λ= air exchange rate 

(1/min), and t = time (min).  As shown in Equation 6.1, a plot as shown in Figure 6.4 

of -
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 vs. time should yield a linear relationship with an 

intercept of zero and slope equal to λ.  For this study, the air exchange rate (λ) 

was approximately 1 hr-1 for each experiment.  
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  Figure 6.4 Determination of air exchange rate for large chamber experiments 

 

6.3. Concentration Profiles: Chamber Air and Breathing Zone 

 TMPD-MIB concentrations in the core air of the chamber and in the breathing 
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zone of the painter are plotted in Figure 6.5.  Painting events 1 through 3 are regular 

painting events for which samples were collected for 15 minutes, 30 minutes, and 60 

minutes.  Painting events 4 and 5 involved low VOC paint applications.  As 

expected, TMPD-MIB concentrations were lower for low VOC paints than for regular 

latex paints by a factor of four to five.  The reader should refer to section 6.1.2. for 

more detail regarding regular and low VOC paints. 
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 Figure 6.5 TMPD-MIB concentration profiles for chamber air and breathing zone 

 

     Interestingly, experimental results indicated that TMPD-MIB concentrations in 

the core air of the chamber were always greater than the concentrations in the 

breathing zone of the painter, i.e., the painter was exposed to lower TMPD-MIB 

concentrations than the concentration predicted by chamber background air.  This 

result might be due to heterogeneities in chamber TMPD-MIB concentrations 
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associated with emissions from the paint tray, as well as differences in air flow 

characteristics in the core chamber air versus breathing zone of the painter.  It is 

important to note that the paint tray for each experiment was located in the middle of 

the chamber and on the chamber floor.  This location was closer to the sampling 

location for the core air of the chamber relative to the sampling location for the 

breathing zone of the painter.  That the concentration in chamber air and the 

breathing zone were not substantially higher is consistent with results presented by 

Girman et al. (1987) for exposure to methylene chloride during paint stripping in a 20 

m3 laboratory.  When the ventilation rate was low (0.6 hr-1), the personal exposure of 

2,400 ppm-hr was very similar to the room air sample of 2,350 ppm-hr.  At exchange 

rates of 3.2 hr-1 the personal exposure was about 20% higher than that determined 

from the room air samples. 

 To explore the importance of location of the paint tray, painting events 6 and 7 

were conducted with regular latex paint in the paint tray located in the middle of the 

large chamber, but without paint applied to gypsum board.  Painting event 8 was 

conducted for regular latex paint in the paint tray without paint application, but with 

regular stirring, i.e., 15 seconds of stirring every two minutes, to keep the surface of 

paint in the tray from hardening and to simulate the effect of intermittent mixing by a 

roller.  Thirty minutes of core air and breathing zone sampling was completed.  The 

TMPD-MIB concentrations for mixing were two times greater than for experiments 

without mixing.  These results suggest that emissions from the paint tray can not 

account for absolute differences between TMPD-MIB concentrations in chamber core 

air and the breathing zone of a painter.  The specific reason(s) for the difference 

remains an area for future research, but may be due to the heterogeneous 
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concentration field influenced by the thermal plume established by the painter.   
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7. Model Development and Applications 

     A mass balance model was developed as described below.  The model 

application involved small-scale chamber experimental results and published 

literature for model parameter estimation, and accounted for emissions from both the 

wet and dry paint films.  Emissions from the paint film were coupled to a room 

environment within which well-mixed TMPD-MIB concentrations were assumed as 

described by Equation 7.1:   

 

∑
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where, C = concentration of TMPD-MIB in well-mixed room air (µg/m3), λ = air 

exchange rate for a well-mixed room or zone in a building (1/min), Co = concentration 

of TMPD-MIB entering the room or zone(equal to zero for chamber experiments) 

(µg/m3), Ei(t) = emission rate of TMPD-MIB from section i of painted wall (section 

painted within a numerical time step of 1 minute) (µg/m2-min), Ai = area of painted 

wall in section i (m2), V = volume of room or zone being painted (m3), and t = time 

(min).  Equation 7.1 was solved numerically as shown by Equation 7.2: 
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where, m = number of specimens painted by time step n.   

     Non-linear curve fits were used to model emission factors based on 
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experimental data (see below).  However, because of the small time steps (Δt = 5 

minutes in Equation 7.2) employed in this analysis, it was assumed that the emission 

factor applicable during a time step could be reasonably taken as the average of 

successive emission factors, i.e., five minutes  apart.   

 The emission rate (Ei) in Equation 7.2 was derived from the average of 

time-variant emission factors for either HPVC or LPVC paints from small source 

chamber experimental results for gypsum board.  Model simulations were focused 

on the first week after painting.  As such, experimental data for the first week of 

small chamber testing were used to estimate Ei.  To obtain the necessary emission 

rate, the TMPD-MIB mass content of paint and mass of paint applied per unit area 

were employed.   

     The procedures for deriving Ei are described here.  First, the average emission 

factors for HPVC-1, HPVC-2, and HPVC-3 (average emission factor at time t 

determined based on average of three values at time t after paint application) were 

adopted to determine an emission factor curve for HPVC paint (≈ flat latex paint).  

An emission factor curve was also created for LPVC paint (≈ semi-gloss latex paint) 

by using the average emission factors of LPVC-1, LPVC-2, and LPVC-3.  Both 

averaged Ei curves are shown in Figure 7.1.  One week after paint application the 

emission factors were relatively small but exhibited large relative fluctuations and 

higher relative uncertainties than at earlier times.  These uncertainties were not an 

issue in this analysis, since only data collected in the first week were employed.   

 Two trendlines based on exponential and power trendline fits in MicrosoftTM 

EXCEL, were used to fit the data points during two distinct time periods for flat and 

semi-gloss latex paints as shown in Figures 7.2 and 7.3.  For LPVC paint during the 
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first 48 hours after paint application, an exponential equation shown in Equation 7.3 

was determined for the time-variant emission factors.   

 
xey 318.00717.1 −×=                                                  (7.3) 

 

For LPVC paint during the time period of 48 hours to 168 hours after paint 

application, another exponential equation.4 was obtained for the time-variant 

emission factors:   

 
xey 0083.03847.0 −×=                                                 (7.4) 
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Figure 7.1 The average of TMPD-MIB emission factors for gypsum board specimens 
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Figure 7.2 The trendline equations for the first period of time  
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Figure 7.3 The trendline equations for the second period of time 
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 For HPVC paint during the first 26 hours after paint application, an exponential 

equation shown in Equation 7.5 was determined for the time-variant emission factors.   

 
xey 0849.09818.4 −×=                                                 (7.5) 

 

 For HPVC paint during the time period of 26 hours to 168 hours after paint 

application, a power equation shown in Equation 7.6 was obtained for the time-variant 

emission factors.   

 
)8156.0(4646.7 −= Xy                                                  (7.6) 

 

 For model simulations, additional model parameters were as follows: λ= 1~5 

(1/hr), 24 sections painted, each with Ai = 2.5 (m2 ), V = 75 (m3), and Δt = 5 (min) 

=1/12 (hr).  The parameter Ai represents the area that was painted for a prescribed 

time period, e.g., a numerical time step of 5 minutes.  Equation 7.2 was then solved 

for the room concentration of TMPD-MIB as a function of time by numerically 

stepping through time given knowledge or measurement of the other variables in 

Equation 7.2.  

     Predicted TMPD-MIB concentration profiles for HPVC paint and LPVC paint 

on gypsum board are plotted in Figures 7.4 and 7.5, respectively.  It was assumed 

that the painting event was conducted in a small house or an apartment with a total 

interior volume of 75 m3 and a total painted area of 60 m2.  The painted area was 

divided into 24 sections, each with an area of 2.5 m2.  Each section of gypsum board 

was painted for 5 minutes.   
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 The TMPD-MIB concentrations in chamber air were predicted to be greater for 

HPVC paint than for LPVC paint at the same air exchange rate.  For HPVC paint on 

gypsum board, an air exchange rate of 5/hr was determined to be the minimum 

requirement to avoid a TMPD-MIB concentration that exceeds the airway irritation 

concentration (i.e., 1,000 μg/m3).  For LPVC paint on gypsum board, an air 

exchange rate of 3/hr was determined to be the minimum requirement to avoid airway 

irritation.  These air exchange rates can be reasonably achieved by opening all 

windows and doors of a house during a painting event, or by using a blower or fan in 

a window.  Note that the highest fractional uncertainty found in this study (i.e., 35%) 

was employed on the peak concentrations in Figures 7.4 and 7.5 as a reminder to 

readers of the uncertainty in predictions. 
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Figure 7.4 Predicted TMPD-MIB concentration profiles for HPVC paint on gypsum 
board 
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Figure 7.5 Predicted TMPD-MIB concentration profiles for LPVC paint on gypsum 
board 
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8. CONCLUSIONS AND RECOMMENDATIONS  

8.1. Summary 

     Laboratory experiments were conducted in both small and large stainless-steel 

chambers to explore emissions of TMPD-MIB from several interior latex paints.  A 

total of 40 paint/substrate combinations (individual specimens) were tested in small 

chambers.  Four materials (aluminum, plywood, gypsum board, and concrete-A) 

were used for small chamber experiments.  Two different simplified latex paints 

(high and low pigment volume concentrations) containing differing mass contents of 

TMPD-MIB were applied on small specimens of each substrate.  More complex 

commercial paints (flat, semi-gloss, and gloss) that included ethylene glycol, 

propylene glycol and various other additives were also used for additional gypsum 

board and concrete-B specimens.   

     After painting, substrates were placed in small (3.3 L) electro-polished source 

chambers (flow-through chambers) for characterization of TMPD-MIB emissions for 

48 hours.  Thereafter, specimens were placed on trays in a typical office where they 

were allowed to continue to emit TMPD-MIB during the dry paint stage.  Specimens 

were rotated back into small chambers on an intermittent basis to quantify 

TMPD-MIB emissions for time periods varying from a few months to 1.6 years.  

Prior to being taken out of service, gypsum board specimens were separated into 

components (dry film, underlying paper, and pulverized gypsum board).  Each 

component was extracted with methanol to determine residual (not recovered in air) 

TMPD-MIB on substrate components.  This study was the most intensive to date 

with respect to number of test specimens, variations in types of substrates, periods of 

analysis, and analysis of chemical recoveries in air and substrates.  
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     Three experiments involving water applied to aluminum foil were completed in 

small chambers to characterize mass transfer coefficients for the small experimental 

chambers.  Triplicate experiments involving painted gypsum board were also 

completed at an elevated air exchange rate to explore whether the air exchange rate 

had an effect on experimentally-determined emission rates.  Finally, triplicate 

experiments with a simplified paint amended to include 4 % by weight propylene 

glycol were conducted to explore whether propylene glycol, or lack thereof in 

simplified paint, had an effect on experimentally-determined emission rates.     

     Five large chamber experiments were conducted to evaluate human inhalation 

exposure to TMPD-MIB during the application of latex paint to gypsum board.  

Large chamber experiments were completed in an 11.2 m3 environmental test 

chamber mocked-up to simulate a room environment to be painted, i.e., gypsum board 

on walls. 

     A mass balance model which utilizes small chamber emission profiles was 

developed.  The effects of room or building ventilation conditions on painter 

exposures to TMPD-MIB were explored, as well as different latex paint compositions.   

8.2. Conclusions 

     Conclusions associated with small chamber experiments are listed in this 

section: 

1.  There is clearly a  strong substrate effect associated with TMPD-MIB 

 emissions from paint.  Porous materials tend to reduce peak emissions and 

 prolong the overall emissions process.  

2. Emissions of TMPD-MIB decrease substantially, i.e., by over 90%, within the 

 first 100 hours after painting.  The contribution of TMPD-MIB emissions from 
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 the wet film (first 100 hours after application) is generally small relative to 

 the integrated long-term emissions from the dry film, particularly for paint 

 applications to porous materials such as gypsum board, plywood, and 

 concrete-A.  Low but measurable and relatively constant TMPD-MIB 

 emissions are observed from gypsum board, plywood, and concrete-A for up 

 to 16 months after applying a paint, and may continue to persist thereafter.  

3.  Film thickness has little effect on absolute emissions during the wet film stage, 

 but thick films can lead to greater long-term integrated emissions.  Emission 

 factors (mg TMPD-MIB emitted/g applied-hr) for thick paint applications to 

 aluminum, gypsum board, and plywood were lower than for regular 

 applications for both simplified latex paints.   

4. In general, TMPD-MIB emission factors and recovery in air are greater from 

 high pigment volume concentration (HPVC) paint than from low pigment 

 volume concentration (LPVC) paint.  HPVC paint tends to have a greater 

 amount of “filler” and is more porous when the film forms.  Furthermore, 

 LPVC paint contains more organic resins to which TMPD-MIB can sorb.  The 

 one substrate exception to this trend was concrete-A, for which the trend of 

 higher emissions from LPVC paint was not resolved.  Emission factors were 

 also greater for Nippon flat paint than Nippon semi-gloss and gloss paints 

 (decreasing pigment volume concentration) following applications to 

 concrete-B specimens.  Emission factors were greater for Nippon gloss paint 

 than Nippon flat paint when applied to gypsum board.   

5. TMPD-MIB is effectively stored in gypsum board over prolonged periods and 

 does not appear to undergo chemical transformations, e.g., hydrolysis, during 
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 storage.  Mass closures are generally good for TMPD-MIB on gypsum board, 

 with a mean mass closure of 96% and standard deviation of 6 % for the ten 

 specimens. 

6. The migration and long-term storage of TMPD-MIB inside gypsum board is 

 important in terms of prolonged persistence of low-levels of TMPD-MIB  

 emissions.  Much of the mass release to air originates from the dried paint film.  

 In this study, the mass content of TMPD-MIB in the actual volume of the 

 gypsum board decreased only slightly from month 3 to month 15. 

7. In general, mass storage of TMPD-MIB within gypsum board significantly 

 exceeds the mass stored in the dry paint film.  Mass recovery in the dry paint 

 film is greater for LPVC paint than for HPVC paint, particularly for thick 

 film applications.   

8. TMPD-MIB emissions from flat latex paint may initially be higher, but less 

 persistent than for semi-gloss paint.  As a result, long-term exposure of 

 building occupants to TMPD-MIB may be lower for those who live or work in 

 buildings that are painted with flat latex paint. 

Findings from large chamber experiments led to the following conclusions: 

9. TMPD-MIB concentrations are lower for low VOC paints than for regular 

 latex paint in this study, by a factor of four to five. 

10. In small rooms, e.g., bathrooms, TMPD-MIB concentrations in the breathing 

 zone of painters may not be significantly differ than concentrations in core 

 room air. 

11. For flat latex paint on gypsum board, an air exchange rate of 5 /hr is an 

 approximate minimum requirement to avoid TMPD-MIB concentrations that 
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 can lead to airway irritation (i.e., 1000 μg/m3).  For semi-gloss latex paint on 

 gypsum board, an air exchange rate of 3 /hr is an approximate minimum 

 requirement to avoid the airway irritation. 

8.3 Recommendations for Future Research  

     Although the research described herein has improved the existing knowledge 

base associated with latex paint applications to several substrate materials, there are 

many questions that remain unanswered.  Recommendations for future research are 

listed below: 

1. This study involved analyses of TMPD-MIB emissions for up to 16 months 

 after paint applications.  Additional research in needed to determine the time 

 period over which TMPD-MIB continues to be emitted from latex-painted 

 materials, and the length of time that TMPD-MIB is effectively stored in 

 gypsum board and other materials.  This issue could be further explored by 

 collecting specimens of painted materials in actual buildings for which the 

 approximate nature of the latex paint can be established, along with knowledge 

 of time periods of past painting events.  These specimens could be tested to 

 determine whether TMPD-MIB emissions continue to occur, e.g., after 5 or 10 

 years, and the amount of TMPD-MIB stored in the substrate.  

2.   Extractions to determine TMPD-MIB storage in concrete, both at The 

 University of Texas and Eastman Chemical Company, lead to poor mass 

 closures, i.e., TMPD-MIB mass in concrete was much lower than expected 

 based on mass applied to the concrete and collected in air samples.  Additional 

 research is needed to determine whether it is possible to improve mass closures 
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 for TMPD-MIB on concrete, or whether the TMPD-MIB is irreversibly bound 

 to concrete or actually chemically transformed within the concrete. 

3.  The pigment volume concentration of latex paint appears to have a significant 

 influence on TMPD-MIB emissions, a phenomenon that has not been reported 

 in the published literature.  Additional research to explore this issue is 

 warranted.  For example, it should be possible to develop a series of paints that 

 differ primarily in pigment volume concentration, and to complete series of 

 experiments to determine an empirical relationship between TMPD-MIB 

 emission factors or recoveries in air as a function of pigment volume 

 concentration. 

4.  A mechanistic model of volatile component emissions from latex paint does not 

 currently exist.  Such a model, that would include the complex and dynamic 

 changes of the paint film over time, would provide a valuable tool for 

 estimating TMPD-MIB emissions for different paint formulations.  The data 

 generated for this dissertation have significantly expanded the existing 

 knowledge and data bases for TMPD-MIB emissions from latex paint, and may 

 be valuable for development of future mechanistic models. 

5.  Results of large chamber experiments suggest that in small rooms painters may 

 not be exposed to elevated concentrations of TMPD-MIB, i.e., relative to core 

 room air.  However, such results may change in larger rooms or rooms with 

 increased ventilation.  Additional research is warranted to determine painter 

 exposures to TMPD-MIB in environments different than those reported in this 

 dissertation. 
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6.  This dissertation focused entirely on TMPD-MIB emissions from latex paint.  

 There have been no reported studies as extensive as this one to understand 

 emissions of other volatile components of latex paint, e.g., ethylene glycol and 

 propylene glycol.  Such studies would be valuable and may benefit from the 

 methods developed for this dissertation. 
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APPENDIX A. PAINT PROPERTIES PROVIDED BY THE SUPPLIERS 
 Appendix A.1. Simplified Latex Paints from Eastman Chemical Company 
 
Simplified Semi gloss paint formula for University Texas (remake of X26296-88B) 
    
Components Quantity   

PM# 27781 27781 (both had same PM #) 
 A B  

 
Without 
Texanol 

With 
Texanol  

 1 qt 1 qt  
Grind    
Water 115 115  
Pigment Disperser MD 20 6 6  
Kronos 2090 268 268  

Total (in grams) 389 389  
   

Letdown    
Acronal 296D 619 619  
Water 59 59  
Kathon LX 1.5% 1.5 1.5  
Texanol (1.8% based on total 
weight)  19.6  

Total (in grams) 679.5 699.1  
   

Total (in grams) 1068.5 1088.1  
    
    
    
Note: PM27780 was high pigment volume concentration PVA formulas (with and w/o Texanol) 
from X26296-88A by Gary Robe 
    
    
Components Quantity   

PM# 27780 27780 (both had same PM #) 

 
Without  
Texanol 

With  
Texanol  

 A B  
 1 qt 1 qt  
Grind    
Water 180 180  
Pigment Disperser Tamol SG-1 6 6  
Tronox CR-813 450 450  

Total (in grams) 636 636  
   

Letdown    
Water 296 296  
Flexbond 325 180 180  
Kathon LX 1.5% 1.5 1.5  
Texanol (0.6% Based on total wt)  7  

Total (in grams) 477.5 484.5  
   

Total (in grams) 1113.5 1120.5  
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 Appendix A.2. Nippon Paints from China 
         
Raw Material Flat  Semi-gloss Gloss Supplier Function 

  % Weight % Weight % Weight     
Water 19.46  3892.00 20.81 4162.00 21.52 4304.00     
Natrosol 250 0.34  68.00  0.38 76.00  0.39 78.00  Hercules Thickener 
AMP-95 0.06  12.00  0.06 12.00  0.06 12.00  Dow Chemical Neutralizing Agent 
Tamol 731a 2.23  446.00 2.37 474.00 2.41 482.00 R & H Dispersant 
CF 245  0.37  74.00  0.40 80.00  0.40 80.00  Unknown Defoamer 
R 902 14.84  2968.00 15.82 3164.00 16.05 3210.00 Dupont Pigment 

KTY-1 3.71  742.00 3.95 790.00 0.00 0.00  Local producer Kaolin Clay 
CC700 22.25  4450.00 11.86 2372.00 10.43 2086.00 Local producer Calcium Carbonate 
    0.00    0.00    0.00      
AA091 0.60  120.00 0.60 120.00 0.60 120.00 Nippon Paint In-can Preserving Agent 
Texanol 0.33  66.00  0.95 190.00 2.09 418.00 Eastman Coalescing Aid 

PG 0.33  66.00  0.95 190.00 2.09 418.00 Local producer 
Freeze and Thaw 

Stabilizer 
Acryloid 261 14.84  2968.00 23.73 4746.00 32.10 6420.00 R & H Binder 
CF 245  0.37  74.00  0.40 80.00  0.40 80.00  Unknown Defoamer 
Water 20.27  4054.00 17.72 3544.00 11.46 2292.00     
  100.00 20000.00 100.00 20000.00 100.00 20000.00     
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Appendix B. RELEVANT CONTENT OF WEBSITES REFERENCED 
                          IN THIS STUDY 
 Appendix B.1. Descriptions of Texanol Ester Alcohol 
 
Texanol Ester Alcohol 
(2,2,4-Trimethyl-1,3-pentanediol 
Monoisobutyrate) 

    

    
Applications/Uses 

 Architectural and industrial 
maintenance coatings  

 Chemical intermediate for 
synthesis of ester derivatives 
for plasticizers, etc.  

 Electrodeposition primers and 
coatings  

 Floor polishes  
 High-bake enamels and other 

solventborne coatings  
 Lithographic and letterpress 

oil-based inks  
 Nail care  
 Recovery solvent in drilling 

muds and ore flotation 
processes  

 Solvent for nail polish  
 Solvents for cosmetics and 

personal care  
 Wood preservatives 

 

Key Attributes 
 Ease of use  
 Efficient coalescent  
 Excellent hydrolytic stability  
 Low flammability rating  
 Low freezing point  
 Low water solubility  
 Non-HAP  
 Non-SARA  
 Not classified as a VOC per 

Australian Paint Approval 
Scheme, D181  

 Not classified as a VOC per 
China State Environmental 
Protection Agency  

 Not classified as a VOC per 
European Union Directive 
2004/42/EC  

 Not classified as a VOC per 
European Union Solvent 
Emissions Directive 

  

  

Product Description 
Texanol ester alcohol is the premier coalescent for latex paints. It performs well in all types of
latex paints, in a variety of weather conditions, and over substrates with different levels of 
porosity. Texanol provides the highest level of film integrity at low levels of coalescent,
enhancing the performance properties of the paint including low temperature coalescence,
touch-up, scrub resistance, washability, color development, thermal flexibility, and resistance
to mudcracking. Texanol also enhances thickening efficiency when used with associative
thickeners.  
 
Texanol also works well in a variety of other applications. It is an ideal choice as a retarder
solvent for use in coil coatings and high-bake enamels. Texanol offers a good balance of 
performance properties for ink applications requiring good open. The unique balance of
properties in Texanol also makes it useful for a variety of chemical specialty applications such 
as ore flotation / frothing, oil-drilling muds, wood preservative carriers, and floor polishes.  
 
Texanol can also be used as a solvent in nail polish. The INCI (cosmetic ingredient) name for
Texanol Ester Alcohol is Trimethyl Hydroxypentyl Isobutyrate. 

Due to its non-VOC status, low toxicity, and biodegradability, Texanol ester alcohol has been 
awarded Green Label Type II certificate in China by the China Environmental United
Certification Co. Ltd. (CEC), a wholly-owned subsidiary of the State Environmental Protection 
Administration of China (SEPA). 

Texanol is one of the Eastman Coatings Film Technologies portfolio of products and one of the
many Eastman solvent replacements for ExxonMobil’s discontinued Exxate solvents.  
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Appendix B.2. Safety Concerns of Texanol Ester Alcohol 

International Chemical Safety Cards 
TEXANOL  ICSC: 0629 

TEXANOL 
2,2,4-Trimethyl-1,3-pentanediol monoisobutyrate 
Propionic acid, 2-methyl-, monoester with 2,2,4-trimethyl-1,3-pentanediol 
Isobutyric acid ester with 2,2,4-trimethyl-1,3-pentanediol 
C12H24O3 
Molecular mass: 216.4 
CAS # 25265-77-4  
RTECS # UF6000000 
ICSC # 0629 

TYPES OF 
HAZARD/ 
EXPOSURE 

ACUTE HAZARDS/
SYMPTOMS  PREVENTION  FIRST AID/ 

FIRE FIGHTING  

FIRE  Combustible.  NO open flames.  Powder, AFFF, foam, 
carbon dioxide.  

EXPLOSION     
  
EXPOSURE     
INHALATION    

SKIN  Redness.  Protective gloves.  Rinse and then wash skin 
with water and soap.  

EYES  

Redness.  Safety spectacles.  First rinse with plenty of 
water for several minutes 
(remove contact lenses if 
easily possible), then take 
to a doctor.  

INGESTION   Do not eat, drink, or smoke 
during work.  

 

SPILLAGE DISPOSAL  STORAGE  PACKAGING & 
LABELLING  

Collect leaking and spilled 
liquid in sealable containers as 
far as possible. Absorb 
remaining liquid in sand or inert 
absorbent and remove to safe 
place.  

  
 

SEE IMPORTANT INFORMATION ON BACK  

ICSC: 0629  Prepared in the context of cooperation between the International Programme on 
Chemical Safety & the Commission of the European Communities © IPCS CEC 1993   
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International Chemical Safety Cards 
TEXANOL  

ICSC: 0629  

 
I 
 
M 
 
P 
 
O 
 
R 
 
T 
 
A 
 
N 
 
T 
 
 
 
D 
 
A 
 
T 
 
A 

PHYSICAL STATE; APPEARANCE:
LIQUID.  
 
PHYSICAL DANGERS: 
 
 
CHEMICAL DANGERS: 
 
 
OCCUPATIONAL EXPOSURE 
LIMITS (OELs): 
TLV not established.  
 

ROUTES OF EXPOSURE: 
The substance can be absorbed into the 
body by inhalation of its aerosol and by 
ingestion.  
 
INHALATION RISK: 
Evaporation at 20°C is negligible; a 
nuisance-causing concentration of 
airborne particles can, however, be 
reached quickly on spraying.  
 
EFFECTS OF SHORT-TERM 
EXPOSURE: 
The substance irritates the eyes and the 
skin.  
 
EFFECTS OF LONG-TERM OR 
REPEATED EXPOSURE:  

PHYSICAL 
PROPERTIES 

Boiling point: 244°C 
Melting point: -50°C 
Relative density (water = 1): 
0.95 
Solubility in water, g/100 ml at 
18-22°C: 0.09 
Vapour pressure, kPa at 25°C: 
0.0008 
Relative vapour density (air = 
1): 7.5 

Relative density of the vapour/air-mixture at 
20°C (air = 1): 1.00 
Flash point: 120°C o.c.  
Auto-ignition temperature: 393°C 
Explosive limits, vol% in air: 0.6-4.2 
Octanol/water partition coefficient as log Pow: 
3.47 

 
ENVIRONMENTAL

DATA 
The substance is harmful to aquatic organisms.  

 
 
 
 
 
 
 
 
 



 

139

Appendix B.3. Descriptions of Propylene Glycol 

PROPYLENE GLYCOL  ICSC: 0321 

 
Date of peer-review: October 1997  

 
1,2-Propanediol  
Methyl ethylene glycol  
1,2-Dihydroxypropane   

CAS #  57-55-6  C3H8O2 / CH3CHOHCH2OH  
RTECS #  TY2000000  Molecular mass: 76.09  
UN #   
EC #   

 
 
TYPES OF HAZARD 

/ EXPOSURE  
ACUTE HAZARDS / 

SYMPTOMS  PREVENTION  FIRST AID / FIRE 
FIGHTING  

FIRE  
Combustible.  NO open flames.  Powder, 

alcohol-resistant 
foam, water spray, 
carbon dioxide.  

EXPLOSION  
Above 99°C 
explosive vapour/air 
mixtures may be 
formed.  

Above 99°C use a 
closed system, 
ventilation.  

In case of fire: keep 
drums, etc., cool by 
spraying with water.  

EXPOSURE   STRICT HYGIENE!   

Inhalation   Ventilation.  Fresh air, rest.  

Skin  

 Protective gloves.  Remove 
contaminated 
clothes. Rinse skin 
with plenty of water or 
shower.  

Eyes  

Redness. Pain.  Safety spectacles.  First rinse with plenty 
of water for several 
minutes (remove 
contact lenses if 
easily possible), then 
take to a doctor.  

Ingestion   Do not eat, drink, or 
smoke during work.  

Rinse mouth.  

SPILLAGE DISPOSAL  PACKAGING & LABELLING  

Collect leaking and spilled liquid in sealable 
containers as far as possible. Wash away 
spilled liquid with plenty of water.  

EU Classification  
UN Classification  

EMERGENCY RESPONSE  STORAGE  
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NFPA Code: H0; F1; R0;  See Chemical Dangers. Dry. Well closed. 
Ventilation along the floor.  

 

IPCS  
International 
Programme 
on  
Chemical 
Safety    

Prepared in the context of 
cooperation between the 
International Programme on 
Chemical Safety and the 
Commission of the European 
Communities © IPCS, CEC 
2001  
 
SEE IMPORTANT 
INFORMATION ON BACK   

 

PROPYLENE GLYCOL  ICSC: 0321  

IMPORTANT DATA  

PHYSICAL STATE; APPEARANCE:  
COLOURLESS, ODOURLESS, 
HYGROSCOPIC, VISCOUS LIQUID 
 
PHYSICAL DANGERS:  
The vapour is heavier than air. 
 
CHEMICAL DANGERS:  
Reacts with strong oxidants, causing fire 
hazard. 
 
OCCUPATIONAL EXPOSURE LIMITS:  
TLV not established.  

ROUTES OF EXPOSURE:  
The substance can be absorbed into the body 
by inhalation of its vapour and by ingestion. 
 
INHALATION RISK:  
A harmful contamination of the air will not or 
will only very slowly be reached on 
evaporation of this substance at 20°C. 
 
EFFECTS OF SHORT-TERM EXPOSURE:  
The substance irritates the eyes.  
 
EFFECTS OF LONG-TERM OR REPEATED 
EXPOSURE:  
Repeated or prolonged contact may cause 
skin sensitization.  

PHYSICAL PROPERTIES  

Boiling point: 188.2°C 
Melting point: -59°C 
Relative density (water = 1): 1.04 
Solubility in water: miscible  
Vapour pressure, Pa at 20°C: 10.6 
Relative vapour density (air = 1): 2.6 

Flash point: 99°C c.c.; 107°C o.c.  
Auto-ignition temperature: 371°C 
Explosive limits, vol% in air: 2.6-12.6 
Octanol/water partition coefficient as log Pow: 
-0.92 
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Appendix C. THE MEASUREMENTS OF PAINT DENSITY FOR 
SIMPLIFIED LATEX PAINTS 

  
Volume of paint used for test - 2.5cc (from small plastic disposable syringe)

Sample S-Gloss Paint Sample Flat Paint
Mass (g) Mass(g)

1 3.0297 1 3.2284
2 2.9522 2 3.2718
3 3.0310 3 3.2402
4 2.9837 4 3.2300
5 3.0464 5 3.2055
6 3.0165 6 3.2115
7 3.0525 7 3.1989
8 3.2400 8 3.2496
9 3.0221 9 3.2307

10 3.0474 10 3.1687

Min Max
3.0422 2.9522 3.2400 0.076
3.2235 3.1687 3.2718 0.029

S-Gloss Paint density :

 d  =  3.0422g/2.4256cc        = 1.2542 g/cc

Flat Paint Density

d  =  3.2235g/2.4256cc        = 1.3289 g/cc

Flat Paint Mass

Mean Range Standard 
Deviation

S-Gloss Paint Mass
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Appendix D. THICKNESS OF PAINT FILM FOR EACH PAINT 
APPLICATION 

Regular Mass(g) Volume (cm3) Area(cm2)
Thickness 

(μm)
GB1A 1.05 0.84 64.00 131
GB2A 1.07 0.86 64.00 134
GB3A 1.37 1.10 64.00 172
PW1A 1.62 1.30 64.00 203
MET1A 0.94 0.75 64.00 117
MET3A 1.28 1.03 64.00 160
Con1A 1.13 0.90 90.25 100
Con2A 1.04 0.83 90.25 92
GB1B 1.20 0.90 64.00 141
GB2B 1.19 0.89 64.00 139

GB3B 1.05 0.79 64.00 123

PW1B 2.00 1.51 64.00 235

MET1B 0.32 0.24 64.00 38

Con1B 1.01 0.76 90.25 84

Con2B 1.07 0.80 90.25 89
Nippon Concrete 
SG1 1.11 0.88 90.25 98
Nippon Concrete 
SG2 1.18 0.94 90.25 104
Nippon Concrete 
Flat1 1.26 0.93 90.25 104
Nippon Concrete 
Flat2 1.10 0.82 90.25 91
Nippon Concrete 
Gloss1 1.21 0.97 90.25 107
Nippon Concrete 
Gloss2 0.98 0.78 90.25 86
GB Nippon 
Gloss1 0.81 0.65 64.00 101
GB Nippon
Gloss2 0.81 0.65 64.00 101
GB Nippon 
Flat1 0.93 0.74 64.00 115
GB Nippon 
Flat2 1.18 0.94 64.00 146

STDEV 41
AVE(μm) 120  
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(Continue Appendix D) 

Thick Mass Volume (cm3) Area(cm2)
Thickness 

(μm)
GB4A 2.44 1.95 64.00 305
GB5A 2.18 1.75 64.00 273
PW2A 2.33 1.87 64.00 292
MET2A 2.21 1.76 64.00 276
Con3A 2.68 2.14 90.25 238
GB4B 2.66 2.00 64.00 313
GB5B 2.36 1.77 64.00 277
PW2B 3.36 2.53 64.00 395
MET2B 0.61 0.46 64.00 72
Con3B 2.35 1.76 90.25 196
Nippon Concrete
 SG3 1.72 1.37 90.25 152
Nippon Concrete 
Flat3 1.85 1.37 90.25 152
Nippon Concrete 
Gloss3 1.94 1.55 90.25 172
GB Nippon 
Gloss3 1.51 1.21 64.00 189
GB Nippon
 Flat3 2.02 1.49 64.00 233

STDEV 81

AVE(μm) 235  
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Appendix E. GYPSUM BOARD PROPERTIES  
 

Sample Mass (g) Volume of Dry 
Sample (mL)

Bulk Density 
(g/cm3)

Sample Mass 
After 

Saturation

Volume of 
Water in 
Sample

Saturated 
Volume 

(mL)

Material 
Density 
(g/cm3)

Porosity

ms VT ρb VW VS ρm p 
1 4.013 5.717 0.7020 6.2474 2.2344 3.482 1.1525 0.3909
2 4.033 5.682 0.7098 6.1724 2.1394 3.543 1.1384 0.3765
3 4.0269 5.695 0.7071 6.1152 2.0883 3.607 1.1165 0.3667
4 4.0903 5.840 0.7004 6.2534 2.1631 3.677 1.1124 0.3704
5 3.9982 5.673 0.7048 6.1265 2.1283 3.545 1.1279 0.3752
6 4.0105 5.644 0.7105 6.1115 2.1010 3.543 1.1319 0.3722
7 4.1023 5.705 0.7190 6.1181 2.0158 3.690 1.1119 0.3533
8 4.0378 5.806 0.6954 6.1572 2.1194 3.687 1.0951 0.3650
9 3.8908 5.560 0.6997 5.9790 2.0882 3.472 1.1206 0.3756
10 4.059 5.756 0.7051 6.2285 2.1695 3.587 1.1316 0.3769

Sample Thickness (cm)
1 1.552

Min Max 2 1.557
1.124 1.095 1.152 0.016 0.014 3 1.552
0.705 0.695 0.719 0.007 0.009 4 1.565
0.372 0.353 0.391 0.010 0.026 5 1.558
1.554 1.510 1.565 0.016 0.010 6 1.563

7 1.560
8 1.564
9 1.510
10 1.560

Material Density, ρm

Bulk Density, ρb

Porosity, p

Standard 
Deviation C.O.V.

Thickness

Mean Range 

S

s
m V

m=ρ

T

s
b V

m=ρ

T

W
V

Vp =
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Appendix F. A SUMMARY OF CONCRETE EXTRACTION RESULTS  
 

     Recoveries of TMPD-MIB mass in air and on substrate components are 

presented for concrete-A in Figure F.1.   

     The mass percent recovered in each component is included within the 

individual bar sections, and the sum of mass recoveries is listed at the top of each bar.  

The time after paint application (S =) at which the specimen was sacrificed is also 

listed above each bar.   
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Figure F.1 Multi-component recoveries of TMPD-MIB following latex paint 
applications to concrete-A 
 

     Poor and highly variant mass closures were achieved.  Extractions to 

determine TMPD-MIB storage in concrete, at Eastman Chemical Company, also led 

to poor mass closures, i.e., TMPD-MIB mass in concrete was much lower than 
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expected based on mass applied to the concrete and collected in air samples.  

Additional research is needed to determine whether it is possible to improve mass 

closures for TMPD-MIB on concrete, or whether the TMPD-MIB is irreversibly 

bound to concrete or actually chemically transformed within the concrete. 
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Appendix G. EXPERIMENTAL RAW DATA FOR ALL SPECIMENS  
 

     Experimental data for all specimens completed for this dissertation are provided below (see Table 4.1.):  
 

1. LPVC-GB1 2. LPVC-GB2 3. LPVC-GB3

Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0.000 0 0.000 0 0.000

1.08 4.337 2.342 0.071 1.78 3.720 3.311 0.098 2.13 3.782 4.028 0.094
2.58 4.556 6.670 0.274 3.62 3.302 6.461 0.290 4.05 3.546 7.035 0.257
6.07 3.855 14.677 0.720 6.2 3.243 8.443 0.541 6.38 3.136 7.785 0.439
25.5 1.562 52.626 2.320 27.12 1.182 46.279 1.917 26.03 1.157 42.184 1.420
28.5 1.503 4.598 2.460 28.62 1.239 1.815 1.971 27.77 1.172 2.027 1.467
48.28 1.106 25.803 3.244 48.73 0.618 18.667 2.526 49.22 0.921 22.450 1.990
49.92 1.079 1.792 3.298 50.23 0.700 0.988 2.555 50.77 0.900 1.411 2.023
141 0.471 70.582 5.444 142 0.469 53.617 4.149 142 0.465 62.251 3.471
173 0.303 12.382 5.820 173 0.339 12.513 4.521 174 0.285 12.003 3.751
243 0.231 18.683 6.388 243 0.438 27.188 5.329 244 0.366 22.785 4.281
483 0.420 78.092 8.762 483 0.500 112.536 8.674 484 0.447 97.568 6.551
966 0.255 162.964 13.716 966 0.227 175.489 13.891 967 0.288 177.576 10.684

1441 0.352 144.027 18.094 1442 0.276 119.657 17.447 1443 0.390 161.445 14.440
2133 0.261 212.063 24.540 2378 0.335 285.527 25.934 2378 0.379 359.648 22.810

4898 0.186 655.578 45.421 4894 0.143 657.053 38.100
6579 0.013 166.671 50.376 5818 0.030 80.203 39.966
8955 0.005 20.365 50.981
11306 0.016 23.705 51.686  
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4. LPVC-GB4(T) 5. LPVC-GB5(T) 6. LPVC-PW1

Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0.000 0 0.000

1.03 5.5786 2.8730 0.0376 1.23 4.573 2.812 0.041 1.42 9.233 6.555 0.129
3.07 5.9508 11.7600 0.1915 3.28 4.242 9.035 0.173 3.5 8.379 18.316 0.489
6.05 4.0620 14.9191 0.3867 6.23 2.866 10.484 0.327 6.42 7.812 23.638 0.954
26.38 1.2254 53.7464 1.0900 26.7 1.072 40.301 0.917 25.97 3.277 108.392 3.086
27.88 0.9942 1.6647 1.1118 28.12 1.029 1.492 0.939 28.33 3.581 8.092 3.245
48.38 0.4985 15.3002 1.3120 49.62 0.670 18.262 1.206 49.83 2.561 66.021 4.543

99 0.3416 21.2629 1.5902 100 0.401 26.971 1.601 100 1.123 92.393 6.360
146 0.4447 18.4781 1.8320 148 0.503 21.686 1.919 147 1.071 51.550 7.374
218 0.6039 37.7503 2.3260 219 0.622 39.942 2.503 219 1.136 79.443 8.936
486 0.4820 145.5104 4.2301 486 0.437 141.343 4.573 486 0.706 245.918 13.773
967 0.2487 175.7282 6.5295 967 0.259 167.324 7.022 968 0.589 312.079 19.910

1545 0.3204 164.4683 8.6817 1541 0.275 153.347 9.267 1546 0.643 355.953 26.911
2142 0.3081 187.6056 11.1366 2383 0.252 222.098 12.519 2385 0.450 458.436 35.926

3847 0.225 349.704 17.639 3847 0.202 476.133 45.290
5667 0.061 260.260 21.449 5718 0.046 231.162 49.836
8647 0.024 126.587 23.302 8647 0.032 113.880 52.076
11044 0.023 57.199 24.140 11428 0.034 91.566 53.877
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7. LPVC-PW2(T) 8. LPVC-MET1 9. LPVC-MET2(T)
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0
1 11.981 5.991 0.082 1.12 15.152 8.485 0.290 1.22 13.672 8.340 0.121
3 10.087 22.068 0.384 3.12 15.719 30.871 1.344 3.52 27.549 47.404 0.808

5.95 7.865 26.479 0.747 6.07 10.454 38.606 2.663 6.2 17.136 59.879 1.675
21.97 2.989 86.942 1.938 22.12 4.341 118.732 6.718 22.28 4.738 175.870 4.223
26.2 3.546 13.821 2.127 26.37 4.416 18.609 7.354 26.55 4.940 20.662 4.522

48.78 2.515 68.435 3.064 47.97 3.290 83.227 10.196 48.63 3.130 89.094 5.813
121 1.036 128.231 4.821 121 1.341 169.110 15.972 121 1.194 156.464 8.079
243 0.653 102.984 6.231 243 0.802 130.716 20.436 243 1.301 152.204 10.284
483 0.494 137.554 8.115 484 0.581 166.576 26.126 484 0.496 216.610 13.422

1022 0.716 325.870 12.578 1024 0.589 315.911 36.916 1025 0.551 283.355 17.527
1505 0.670 334.671 17.162 1506 0.391 236.252 44.985
2726 0.423 667.277 26.301 2729 0.285 413.313 59.101
4507 0.247 596.546 34.472 4505 0.174 407.947 73.034
6217 0.033 239.571 37.753 5354 0.023 83.584 75.889
8500 0.020 60.351 38.580 8497 0.013 55.113 77.771
11311 0.026 64.801 39.467 11311 0.017 41.358 79.184  
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10. LPVC-MET3 11. LPVC-CON1 12. LPVC-CON2
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0
2 17.476 17.476 0.436 1 3.493 1.746 0.054 1 4.516 2.258 0.077

4.67 16.938 45.943 1.581 2.5 4.427 5.940 0.239 3 4.694 9.210 0.390
7.75 15.038 49.243 2.809 5 3.085 9.389 0.531 5 3.726 8.419 0.676
24 4.422 158.108 6.751 7 2.895 5.980 0.718 7 3.542 7.268 0.923

27.28 4.775 15.083 7.127 24 1.315 35.788 1.831 24.7 1.643 45.889 2.482
55 1.838 91.658 9.413 48 1.024 28.076 2.705 48 1.097 31.917 3.567

100 1.530 75.776 11.302 98.5 0.396 35.864 3.821 97.5 0.472 38.828 4.886
335 1.232 324.570 19.395 147 0.173 13.790 4.251 146 0.270 18.005 5.498

195.3 0.237 9.891 4.558 195.5 0.368 15.793 6.035
289.5 0.064 14.155 4.999 290 0.153 24.588 6.870
387.5 0.066 6.362 5.197 387.5 0.084 11.559 7.263
555 0.058 10.353 5.519 555 0.077 13.491 7.722
1062 0.059 29.648 6.442 1062 0.105 45.958 9.284
1758 0.042 35.253 7.539 1758 0.053 54.815 11.146
2164 0.042 17.013 8.069 2164.5 0.041 19.164 11.798
3007 0.043 35.918 9.186 3007 0.041 34.559 12.972
3916 0.032 34.133 10.249 3916 0.040 36.584 14.215
5117 0.036 40.643 11.514 5117 0.035 44.699 15.734
5907 0.037 28.881 12.413 5907 0.039 28.989 16.719
6749 0.014 21.467 13.081 6749 0.014 22.142 17.472
7685 0.017 14.509 13.532 7685 0.019 15.186 17.988

8544.5 0.009 11.297 13.884 8545 0.052 30.463 19.023  
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13. LPVC-CON3(T) 14. HPVC-GB1 15. HPVC-GB2
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0

1.25 5.940 3.713 0.049 1.3 8.544 5.554 0.341 1.45 6.873 4.983 0.308
3 5.595 10.093 0.181 3.1 8.548 15.383 1.284 3.28 6.562 12.293 1.069

5.25 4.054 10.854 0.324 6.1 7.327 23.812 2.745 6.33 4.415 16.739 2.104
7.5 4.322 9.423 0.447 22.9 1.449 73.718 7.266 23.07 1.106 46.211 4.963
25 1.773 53.327 1.147 25.25 0.894 2.753 7.435 25.45 1.017 2.527 5.119

48.5 1.163 34.499 1.600 30.87 0.742 4.599 7.717 47.05 0.537 16.782 6.157
97.7 0.649 44.589 2.185 46.88 0.516 10.075 8.335 48 0.513 0.499 6.188
146.3 0.337 23.967 2.499 48.38 0.473 0.742 8.381 124 0.191 26.756 7.843
196 0.569 22.525 2.795 124 0.212 25.900 9.969 177 0.170 9.564 8.435

290.5 0.261 39.214 3.310 177 0.196 10.799 10.632 250 0.180 12.757 9.224
388 0.202 22.565 3.606 249 0.180 13.518 11.461 485 0.361 63.519 13.153
556 0.209 34.499 4.059 485 0.316 58.554 15.053 988 0.065 107.211 19.785
1063 0.374 147.573 5.995 988 0.050 92.154 20.705 1512 0.242 80.460 24.762
1759 0.133 176.199 8.307 1512 0.367 109.228 27.405 2480 0.209 218.139 38.256
2165 0.119 51.021 8.977 2478 0.244 294.823 45.488 4987 0.091 375.799 61.503
3007 0.111 96.671 10.246 4989 0.124 461.898 73.820 5700 0.011 36.327 63.750
3916 0.099 95.644 11.501 5700 0.009 47.388 76.727
5117 0.091 114.353 13.001
5907 0.087 70.180 13.922
6750 0.024 46.731 14.536
7686 0.029 25.026 14.864
8546 0.095 53.546 15.567
10228 0.006 84.872 16.680  
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16. HPVC-GB3 17. HPVC-GB4(T) 18. HPVC-GB5(T)
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0

1.58 4.921 3.888 0.273 1 8.199 4.100 0.113 1.08 7.229 3.903 0.122
3.43 4.069 8.316 0.857 2.07 7.763 8.540 0.349 3.42 6.864 16.488 0.635
6.52 2.988 10.903 1.623 3 7.019 6.874 0.538 6.08 6.411 17.656 1.185
23.35 0.983 33.421 3.970 5.9 6.884 20.160 1.094 24.13 2.909 84.118 3.804
25.68 0.786 2.061 4.114 23.78 2.893 87.403 3.504 50.35 0.828 48.992 5.330
47.18 0.504 13.858 5.087 50.67 0.806 49.724 4.876 53.08 0.673 2.048 5.393
48.18 0.437 0.470 5.120 52.73 0.609 1.457 4.916 148 0.255 44.036 6.765
124 0.206 24.395 6.834 147 0.280 41.882 6.071 195 0.243 11.711 7.129
177 0.203 10.841 7.595 195 0.255 12.827 6.425 245 0.215 11.450 7.486
249 0.195 14.321 8.601 245 0.226 12.010 6.756 511 0.056 35.977 8.606
485 0.357 65.117 13.173 510 0.057 37.498 7.790 1017 0.201 64.920 10.628
989 0.041 100.180 20.208 1016 0.244 76.102 9.889 1466 0.185 86.545 13.323
1512 0.301 89.198 26.472 1465 0.243 109.174 12.899 2522 0.110 155.390 18.162
2478 0.233 257.487 44.554 2521 0.112 187.070 18.058 3937 0.086 138.033 22.460
4987 0.138 464.416 77.167
5700 0.029 59.250 81.327
6532 0.028 23.462 82.975
8884 0.005 39.094 85.720
11235 0.015 23.802 87.392
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 19.HPVC-PW1             20. HPVC-PW2(T) 21. HPVC-MET1
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0

1.22 9.148 5.580 0.204 0.67 8.938 2.994 0.065 1.15 7.510 4.318 0.979
2.32 10.135 10.606 0.593 1.67 10.067 9.502 0.273 2.15 9.295 8.402 2.883
3.73 9.824 14.071 1.109 2.83 10.110 11.703 0.529 3.23 9.293 10.037 5.158
6.5 9.475 26.729 2.088 5 9.013 20.748 0.982 5.32 7.916 17.983 9.234

24.65 6.418 144.223 7.374 7.17 9.451 20.033 1.420 7.48 6.849 15.946 12.848
52 4.649 151.341 12.920 22.67 7.364 130.315 4.266 23.07 2.631 73.892 29.595

53.43 4.721 6.700 13.165 31.42 6.089 58.855 5.552 31.73 2.276 21.246 34.410
148 0.571 250.207 22.335 47.67 4.907 89.345 7.504 48.35 1.002 27.241 40.584
196 0.425 23.884 23.210 50 4.821 11.334 7.752 50.4 0.771 1.817 40.996
246 0.096 13.000 23.686 144 0.827 265.480 13.551 145 0.245 48.067 51.890
512 0.066 21.493 24.474 149 0.696 3.807 13.634 146 0.202 0.224 51.941
1018 0.332 100.618 28.161 266 0.282 57.207 14.884 266 0.157 21.534 56.821
1470 0.285 139.284 33.266 505 0.144 50.943 15.997 505 0.100 30.688 63.777
2520 0.182 244.965 42.243 820 0.092 37.249 16.811 823 0.089 30.051 70.587
3937 0.091 192.995 49.315 1905 0.023 62.388 18.174
5406 0.018 79.840 52.241 5140 0.018 66.429 19.625
8332 0.014 47.558 53.984 7915 0.014 44.893 20.606
11115 0.018 44.896 55.629  
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22. HPVC-MET2(T)          23. HPVC-CON1          24. HPVC-CON2
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0

1.22 8.600 5.246 0.632 1 0.587 0.294 0.030 1 0.309 0.155 0.015
2.3 9.551 9.802 1.813 3 0.589 1.176 0.149 2 0.708 0.508 0.063

3.38 10.099 10.611 3.092 5 0.388 0.977 0.247 3 0.689 0.699 0.130
5.3 10.295 19.578 5.451 6.5 0.342 0.547 0.303 5 0.597 1.286 0.253

7.47 8.920 20.849 7.963 7 0.311 0.163 0.319 6.5 0.550 0.860 0.335
23.13 4.709 106.717 20.823 10 0.235 0.819 0.402 7 0.525 0.269 0.360
48.47 2.265 88.363 31.471 14 0.117 0.705 0.473 9.5 0.375 1.126 0.468
50.63 2.366 5.002 32.073 24 0.100 1.088 0.583 14 0.309 1.540 0.614
144 0.367 127.598 47.449 48 0.121 2.650 0.851 24 0.155 2.323 0.836
149 0.222 1.472 47.626 82 0.040 2.730 1.127 48 0.144 3.594 1.179
266 0.215 25.523 50.702 122 0.021 1.214 1.250 82 0.061 3.485 1.511
505 0.101 37.714 55.246 171 0.028 1.182 1.369 123.3 0.054 2.378 1.738
820 0.098 31.343 59.023 243 0.024 1.868 1.558 173 0.053 2.652 1.991

462 0.008 3.521 1.914 243 0.048 3.513 2.326
965 0.007 3.790 2.297 462 0.014 6.795 2.974
1494 0.007 3.677 2.669 965 0.012 6.606 3.604
2411 0.013 8.798 3.558 1494 0.009 5.628 4.141
5115 0.018 41.437 7.746 2410 0.012 9.674 5.064
5548 0.015 7.190 8.473 5115 0.018 40.246 8.903

5620 0.023 10.246 9.880
6554 0.031 25.296 12.293
7397 0.029 25.522 14.727
8763 0.043 49.353 19.434

9508.8 0.024 24.915 21.811
10348.5 0.009 13.555 23.104
11261 0.008 7.582 23.827
12294 0.004 5.946 24.394
13997 0.001 3.653 24.742  
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25. HPVC-CON3(T) 26. GB-Gloss-1 27. GB-Gloss-2
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0
1 1.015 0.508 0.022 1 9.103 4.552 0.137 1 10.327 5.164 0.156
3 1.128 2.144 0.115 2 13.916 11.510 0.485 2 11.254 10.791 0.481
5 1.248 2.376 0.218 4 12.527 26.443 1.283 4.2 10.707 24.157 1.210

6.5 1.209 1.843 0.299 6 12.093 24.620 2.026 6.0 10.935 19.478 1.798
8 1.449 1.993 0.385 8 11.791 23.883 2.747 8.4 8.446 23.257 2.500
9 1.583 1.516 0.451 9.8 9.175 18.869 3.316 10.7 7.696 18.563 3.060
14 1.124 6.766 0.745 24 3.334 88.816 5.997 24.3 2.821 71.252 5.210
25 0.612 9.546 1.160 29.8 3.080 18.603 6.558 30.5 2.412 16.355 5.703
48 0.293 10.409 1.612 48 1.675 43.273 7.864 48 1.344 32.869 6.695
82 0.120 7.028 1.918 79 0.347 31.334 8.810 79.5 0.498 29.006 7.570
122 0.104 4.478 2.112 97 0.245 5.327 8.971 97.2 0.338 7.397 7.794
173 0.096 5.095 2.334 197 0.230 23.787 9.689 197 0.298 31.771 8.752
243 0.081 6.213 2.604 245 0.205 10.452 10.004 245.6 0.223 12.666 9.135
462 0.033 12.524 3.148 337.5 0.102 14.202 10.433 338 0.139 16.707 9.639
965 0.022 13.809 3.748 529 0.053 14.826 10.880 529 0.072 20.103 10.245
1494 0.009 8.318 4.110 725 0.067 11.720 11.234 725 0.080 14.856 10.693
2411 0.020 13.404 4.692 1085 0.072 24.969 11.988 1086 0.102 32.753 11.682
5115 0.022 56.758 7.159 1421 0.036 18.072 12.533 1421 0.048 25.104 12.439
5620 0.024 11.574 7.662 2093 0.033 23.151 13.232 2093 0.045 31.367 13.386
6554 0.045 31.976 9.051 2934 0.009 17.581 13.762 2935 0.011 23.524 14.096
7397 0.028 30.505 10.377 3746 0.011 7.827 13.999 3723 0.009 7.802 14.331
8763 0.051 53.318 12.694 5660 0.010 20.197 14.608 5661 0.017 24.907 15.083
9510 0.038 33.005 14.128 7294 0.014 19.719 15.203 7294 0.014 25.253 15.845
10349 0.007 18.600 14.937
11261 0.007 6.348 15.213
12295 0.039 24.218 16.265  
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28. GB-Gloss-3(thick) 29. GB-Flat-1 30. GB-Flat-2
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0

1.3 13.439 8.400 0.136 1.0 2.302 1.151 0.192 1 2.832 1.416 0.186
2.7 14.612 20.337 0.465 2.5 2.710 3.759 0.818 3 2.926 5.758 0.941
4.4 14.590 24.822 0.867 4.2 2.934 4.798 1.617 4.6 2.936 4.689 1.556
6.3 14.942 28.056 1.321 6.5 2.349 6.076 2.629 7 2.963 7.078 2.484
7.5 17.160 19.261 1.632 8.1 2.568 3.934 3.284 9 3.059 6.022 3.274
8.7 14.971 19.279 1.944 10 2.505 4.819 4.086 11.5 2.299 6.698 4.153
10 15.580 21.386 2.290 12.5 1.758 5.329 4.974 24.5 1.052 21.779 7.009
11 15.467 13.971 2.516 24.3 0.747 14.779 7.435 30.5 0.837 5.664 7.752
24 6.092 134.743 4.697 30 0.790 4.382 8.165 48.9 0.454 11.869 9.309
31 5.242 42.504 5.385 48.5 0.308 10.163 9.857 75.4 0.149 7.980 10.356
49 1.727 61.335 6.377 75 0.082 5.177 10.719 151 0.062 7.948 11.398
80 0.881 40.303 7.029 150 0.036 4.428 11.457 222.5 0.048 3.933 11.914
98 0.558 13.023 7.240 222 0.046 2.951 11.948 463 0.030 9.486 13.158
197 0.504 52.745 8.093 462.5 0.033 9.546 13.538 845 0.010 7.656 14.162
246 0.436 23.029 8.466 845 0.009 8.061 14.880 1138 0.012 3.185 14.580
338 0.309 34.267 9.021 1138 0.011 2.882 15.360 2259 0.005 9.668 15.848
529 0.106 39.624 9.662 2258 0.009 11.284 17.239 2980.5 0.007 4.380 16.423
725 0.120 22.213 10.021 2980 0.007 5.863 18.216 4751 0.011 16.262 18.556
1086 0.089 37.707 10.631 4751 0.010 14.516 20.633 6316 0.015 20.827 21.287
1422 0.060 24.931 11.035 6316 0.019 22.756 24.423
2094 0.051 37.327 11.639
2935 0.010 25.487 12.051
3746 0.015 10.089 12.215
5762 0.026 41.287 12.883
7294 0.018 33.410 13.423  
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31. GB-Flat-3(thick)           32.CON-Gloss-1         33.CON-Gloss-2
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0

1.3 4.342 2.822 0.216 1 15.395 7.698 0.155 1 14.772 7.386 0.185
3.1 3.979 7.489 0.790 2 16.768 16.082 0.480 2.25 11.573 16.466 0.597
5.1 4.822 8.802 1.464 3.6 15.709 25.981 1.004 3.6 11.840 15.804 0.993
7.2 4.699 9.998 2.230 5.7 11.263 28.320 1.576 6 8.151 23.990 1.593
9.4 4.910 10.571 3.040 8 8.522 22.752 2.035 8 6.286 14.437 1.954
12 4.324 12.005 3.960 9.2 6.817 9.203 2.221 24.6 1.105 61.341 3.489

24.8 1.604 37.941 6.867 24.6 1.693 65.526 3.543 32.1 1.027 7.996 3.690
30.9 1.748 10.224 7.650 32 1.212 10.750 3.760 49.3 0.550 13.562 4.029
49.4 0.738 22.996 9.412 49 0.798 17.087 4.105 75.3 0.236 10.220 4.285
75.8 0.363 14.534 10.525 75.3 0.236 13.599 4.380 99.3 0.216 5.426 4.421
151 0.081 16.688 11.804 99.3 0.174 4.920 4.479 173 0.128 12.669 4.738
223 0.088 6.060 12.268 173 0.099 10.082 4.683 242 0.087 7.422 4.923

463.3 0.048 16.303 13.517 242 0.060 5.510 4.794 412 0.051 11.706 5.216
845 0.010 11.105 14.368 412 0.056 9.909 4.994 605 0.050 9.759 5.461
1139 0.010 2.898 14.590 605 0.050 10.248 5.201 1035 0.027 16.606 5.876
2259 0.007 9.109 15.288 1035 0.024 15.883 5.521 1540 0.012 9.793 6.121
2981 0.006 4.767 15.653 1540 0.013 9.248 5.708 2211 0.025 12.588 6.436
4825 0.014 18.513 17.071 2211 0.017 9.946 5.909 2720 0.019 11.195 6.717
6316 0.020 25.149 18.998 2720 0.020 9.333 6.097 3602 0.011 13.213 7.047

3601.5 0.011 13.584 6.371 5834 0.003 16.135 7.451
5834 0.007 20.000 6.775 8090 0.018 23.432 8.038
8090 0.006 14.029 7.058  

 
 
 
 
 
 



 

158

34.CON-Gloss-3(thick) 35.CON-SG-1 36.CON-SG-2
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0

1.25 14.911 9.319 0.117 1 6.647 3.324 0.161 1 8.068 4.034 0.183
2.5 14.429 18.338 0.348 2.6 8.258 11.924 0.737 3 7.884 15.952 0.907
3.9 13.644 19.651 0.596 5 5.949 17.048 1.561 6 7.164 22.573 1.932
6 10.913 25.785 0.921 7 5.054 11.003 2.093 10.5 5.688 28.918 3.245
8 8.248 19.162 1.162 11.3 2.993 17.300 2.930 24.8 2.058 55.382 5.760

9.3 8.247 10.722 1.297 24.5 1.308 28.388 4.302 49 0.917 35.994 7.394
24.9 1.868 78.895 2.291 48.8 0.804 25.663 5.542 76 0.395 17.710 8.198
32.5 1.416 12.477 2.448 76.8 0.194 13.965 6.218 100 0.327 8.667 8.591
49.5 0.727 18.211 2.678 99.5 0.191 4.364 6.429 126 0.396 9.397 9.018
76 0.293 13.506 2.848 126 0.216 5.388 6.689 202 0.277 25.553 10.178

99.8 0.243 6.375 2.928 201 0.105 12.040 7.271 268 0.285 18.532 11.020
173 0.143 14.112 3.106 268 0.171 9.262 7.719 365 0.186 22.828 12.056
243 0.097 8.382 3.212 365 0.087 12.507 8.323 531 0.086 22.521 13.079
412 0.074 14.464 3.394 530 0.087 14.370 9.018 869 0.070 26.232 14.270
605 0.071 14.027 3.571 869 0.053 23.874 10.172 1107 0.050 14.190 14.914
1035 0.035 22.824 3.858 1107 0.031 10.074 10.659 1511 0.052 20.412 15.841
1540 0.015 12.574 4.016 1511 0.057 17.817 11.521 2448 0.044 44.530 17.863
2212 0.019 11.331 4.159 2447 0.042 46.089 13.749 3339 0.017 27.044 19.090
2721 0.030 12.343 4.315 3339 0.018 26.541 15.032 3940 0.019 10.906 19.586
3603 0.017 20.536 4.573 3457 0.016 1.975 15.127 4849 0.012 14.228 20.232
5836 0.027 48.727 5.187 3940 0.019 8.445 15.535 6312.5 0.030 31.064 21.642
8090 0.007 37.555 5.660 4849 0.012 14.437 16.233 9193 0.020 71.796 24.902

6312 0.025 27.471 17.561
9193 0.014 55.885 20.263  
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37.CON-SG-3(thick) 38. CON-Flat-1 39. CON-Flat-2
Time Conc. Area Recovery Time Conc. Area Recovery Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%) (h) (mg/m3) (mg-h/m3) (%)
0 0 0 0 0 0
1 8.781 4.391 0.137 1 4.959 2.479 0.304 1 4.462 2.231 0.313
3 10.301 19.082 0.731 2.5 5.558 7.888 1.269 2.9 3.144 7.226 1.325
6 8.162 27.695 1.594 5.5 2.740 12.447 2.794 5.6 1.735 6.586 2.247

10.5 5.743 31.286 2.569 8.6 1.792 7.024 3.654 9 0.943 4.553 2.885
25 1.956 55.811 4.307 24.2 0.586 18.548 5.925 24.5 0.307 9.692 4.243
49 1.202 37.888 5.487 49.5 0.241 10.467 7.207 49.5 0.176 6.047 5.090
76 0.499 22.957 6.203 76 0.107 4.612 7.771 77 0.098 3.768 5.617
100 0.389 10.658 6.535 147 0.050 5.580 8.455 148 0.044 5.041 6.324
126 0.370 9.874 6.842 243.3 0.023 3.542 8.888 243.6 0.023 3.243 6.778
199 0.327 25.441 7.635 411 0.039 5.171 9.522 411 0.034 4.768 7.446
269 0.455 27.377 8.488 651 0.043 9.835 10.726 651 0.034 8.043 8.572
365 0.254 34.026 9.548 895 0.025 8.359 11.750 895 0.031 7.899 9.679
531 0.115 30.612 10.501 1280 0.051 14.578 13.535 1280 0.053 16.142 11.940
869 0.114 38.721 11.707 2093 0.032 33.629 17.653 2093 0.034 35.360 16.893
1107 0.064 21.131 12.366 2884.5 0.032 25.457 20.770 2885 0.030 25.579 20.476
1512 0.087 30.479 13.315 3509 0.011 13.608 22.436 3509 0.011 12.746 22.262
2448 0.058 67.579 15.420 4589.5 0.014 13.607 24.102 4590 0.012 12.332 23.989
3340 0.016 32.715 16.440 6102 0.012 19.565 26.498 6102 0.013 19.087 26.663
3941 0.028 13.082 16.847 7498 0.011 16.459 28.513 7498 0.012 17.484 29.112
4850 0.016 19.708 17.461 9726 0.020 35.020 32.802 9006 0.014 19.227 31.805

6312.5 0.030 33.467 18.504
9194 0.013 61.457 20.418  
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 40. CON-Flat-3(thick)
Time Conc. Area Recovery
(h) (mg/m3) (mg-h/m3) (%)
0 0

1.3 6.439 4.185 0.349
3 6.013 10.584 1.231
6 4.788 16.202 2.581

9.5 3.316 14.182 3.763
24.8 1.111 33.869 6.586
50 0.413 19.206 8.186
77 0.155 7.672 8.826
148 0.103 9.155 9.589
244 0.035 6.604 10.139
412 0.049 7.003 10.723
651 0.040 10.644 11.610
896 0.047 10.651 12.497
1280 0.076 23.450 14.452
2093 0.053 52.140 18.797
2885 0.052 41.415 22.249
3510 0.011 19.623 23.884
4591 0.020 16.463 25.256
6103 0.016 26.601 27.473
7471 0.016 21.643 29.277
9006 0.012 21.549 31.073  
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