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Executive Summary 
 
The U.S. Consumer Product Safety Commission (CPSC) contracted with Lawrence Berkeley 
National Laboratory (LBNL) for measurement of chemical emissions from drywall samples 
obtained as part of an investigation of problem drywall.  Phase I of the study2

(1)  characterize the effect of temperature and relative humidity on reactive sulfur 
compound emissions from problem drywall;  

 provided emission 
factors for reactive sulfur gases, volatile sulfur compounds, volatile organic compounds and 
aldehydes, as well as an evaluation of possible chemical exposures in homes containing problem 
drywall.  The objectives of the Phase II studies were to: 

(2)  measure the reactive sulfur gas emissions from drywall samples collected from 
homes reported to contain problem drywall; and  

(3)  evaluate the effect of coatings (e.g., paint, plaster) on reactive sulfur gas emissions.   

The attached LBNL report, Effect of Environmental Factors on Sulfur Gas Emissions from 
Problem Drywall, contains measures for the following reactive sulfur compounds—hydrogen 
sulfide, carbonyl sulfide, sulfur dioxide, methyl mercaptan, ethyl mercaptan, dimethyl sulfide, 
and carbon disulfide.  

Using four of the highest reactive sulfur gas-emitting drywall samples from the Phase I studies, 
the temperature and relative humidity (RH) studies show a strong positive correlation between 
the emission rates and both temperature and RH, although the temperature effect was found to be 
most significant.  Thus, for most of the reactive sulfur gases, as the temperature and RH increase, 
there is a corresponding increase in the emission rates of the reactive sulfur gases.  Although it 
varies per sample and reactive sulfur compound, in general, there was an approximate 3- to 4-
fold increase in total reactive sulfur gas emissions for each 10 degree Celsius increase in 
temperature, for the imported samples, and a 1- to 2-fold increase for the NA sample.     
 
However, the temperature and RH studies also demonstrated a striking decrease in the overall 
emission rates for these four high-emitting samples when comparing the emission rates from the 
Phase II studies to those of the Phase I studies.  These samples had aged both in isolated storage 
(foil-wrapped) and in conditioning cans with and without air flow and the result was a 3- to 14-
                                                 
1This document was prepared by CPSC staff and has not been reviewed or approved by, and may not necessarily 
reflect the views of, the Commission. 
2 http://www.cpsc.gov/library/foia/foia11/os/lblreport.pdf. 
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fold decrease in the emission rates measured in the Phase II experiments relative to the original 
measurements collected approximately 1 year earlier. 
 
In the coating experiments, there were no consistent measurable differences in the reactive sulfur 
gas emission rates between the front and back faces for both the coated (collected from 
complaint homes) and uncoated samples; nor was there any significant difference between the 
emission rates between control homes and complaint homes.  The results of the coating 
experiments were subject to the limitations of a small sample size and the fact that the drywall 
samples from the homes were from multiple manufacturers and sources. 
   
While the data provided by LBNL are limited and the sample size is small, these data provide 
important information about the role that temperature and RH play on reactive sulfur gas 
emissions.  The Phase II studies also demonstrated that the emission rates for the reactive sulfur 
compounds have markedly decreased in the time between the Phase I and Phase II studies. 
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Introduction 
 
The U.S. Consumer Product Safety Commission (CPSC) has received more than 3900 consumer 
complaints reporting health effects and corrosion of metal components in both newly built homes 
and homes renovated during the years 2001 through 2008.  A spectrum of health effects has been 
reported by residents including recurrent headaches, irritated and itchy eyes and skin, difficulty 
in breathing, persistent cough, runny noses, sinus infections and congestion, sore throats, 
frequent nosebleeds, and asthma attacks.  Frequently, consumers note that affected homes have 
an offensive or unpleasant odor.  Certain problem drywall has been implicated as the probable 
underlying cause of reported problems, but it should be noted that other home materials and 
furnishings and sources of indoor air emissions have not been ruled out as primary or 
contributing causes3

 
. 

In an effort to address increasing consumer concerns about problem drywall and health, CPSC 
staff has undertaken a multi-track test program to evaluate the possible relationship between 
drywall and the health symptoms reported by affected homeowners.  The specific elements of 
this test program include laboratory elemental characterization of drywall and raw materials, 
chamber testing of domestic and imported drywall emissions, and in-home air sampling.  
 
The attached report, Effect of Environmental Factors on Sulfur Gas Emissions from Problem 
Drywall, is an extension of the Phase I drywall chamber testing conducted at Lawrence Berkeley 
National Laboratory (LBNL)(October 20104) under contract to CPSC.  Two preliminary CPSC 
staff reports were prepared using Phase I draft chamber data provided by LBNL.  The October 
2009 CPSC staff report5 was a preliminary evaluation of drywall chamber emissions of total 
volatile organic compounds (VOCs) and total volatile sulfur compounds (VSCs).  The March 
2010 CPSC staff report6

  

 provided a preliminary analysis of the drywall chamber reactive sulfur 
gas emissions.  

The purpose of the Phase II studies was to: 
 

(1)  characterize the effect of temperature and relative humidity (RH) on reactive sulfur 
compound emissions from problem drywall;  

(2)  measure the reactive sulfur gas emissions from drywall samples collected from 
homes reported to contain problem drywall; and  

(3)  evaluate the effect of coatings (e.g., paint, plaster) on reactive sulfur gas emissions.   

                                                 
3The LBNL report uses the term “Chinese drywall” and “imported drywall” interchangeably, but CPSC staff 
cautions that it is not correct to assume that all Chinese or imported drywall is problem drywall; nor is it correct to 
assume that no domestic drywall is problem drywall.  In this CPSC staff summary, staff will also use the terms 
interchangeably for ease of reading, but the same caveats apply. 
4 http://www.cpsc.gov/library/foia/foia11/os/lblreport.pdf. 
5 http://www.cpsc.gov/info/drywall/TabB.pdf. 
6 http://www.cpsc.gov/info/drywall/chamber0310.pdf. 
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The focus of this CPSC staff report is the reactive volatile sulfur compounds detected in the 
LBNL chambers.  Data received from LBNL are reported as emission rates (units of chemical 
mass per unit area of emitting surface per unit time).    
 
Methodology 
 
All experiments performed in the Phase II studies used the same small chamber emissions testing 
facility described in the Phase I report. This Phase II analysis is focused on reactive sulfur gases; 
thus, as in the Phase I work, the in situ solid phase micro extraction (SPME) method was used to 
sample the gas phase in the chambers and gas chromatography with sulfur chemiluminescence 
detection (SCD) was used to quantify the sulfur containing compounds.  All experiments 
followed the same general process to measure emission factors as described in the Phase I report.   
 
Drywall samples for the temperature and relative humidity (RH) testing were selected from 
materials that were originally provided to LBNL by CPSC staff and used in the Phase 1 studies 
to measure the standard emission factors.  The four highest reactive sulfur emitting samples 
(Chinese, C) were selected along with one drywall sample that was manufactured in North 
America (NA).  These drywall samples were collected by CPSC staff from manufacturers, 
drywall suppliers, and storage warehouses.  These five drywall samples were not obtained from 
individual homes, and were unfinished (i.e., no paint, plaster, or other modification had been 
applied).  The Phase II NA drywall sample was manufactured in 2009 while the imported 
drywall samples were manufactured in 2005 and 2006 (Appendix B).  These five samples were 
either stored in sealed stainless steel containers ventilated with carbon-filtered air or triple 
wrapped in foil and sealed in Ziploc® bags between the Phase I and Phase II tests.  Similar to the 
Phase I studies, both the front and back faces were left exposed during the testing.  Samples were 
prepared to allow for simultaneous testing of each material at low, medium and high RH in the 
emission chambers for each temperature.  The chamber temperature was set at 25°C, 32°C, and 
41°C, while the RH was set at approximately 5%, 50%, and 90%.  The collection of air samples 
for measuring chemical emissions was initiated after the sample was loaded into the test chamber 
and kept there for a minimum of one hour to allow time for conditions to stabilize and the 
chemical concentrations to reach steady state. 
 
Additional drywall samples were collected by CPSC staff from homes reported by consumers to 
contain problem drywall and delivered to LBNL for use in the coating experiments. The drywall 
samples were packaged, shipped, and stored as described in the Phase I report.  These samples 
(from two control homes and five complaint homes) were textured and painted when the drywall 
was originally installed in the homes, thus no further treatment occurred prior to testing at 
LBNL.  Three of the drywall samples were large enough to section into four equally sized 
subsamples. Two subsamples were placed back-to-back with the coated faces exposed (labeled 
in the Results section as “front”).  The other two pieces were placed front-to-front with the 
unfinished faces exposed (labeled in the Results section as “back”).  This provided paired 
samples that were tested simultaneously under identical conditions.  Two uninstalled and 
untreated drywall samples, high reactive sulfur gas emitters in the Phase I studies, were treated 
similarly, to create two additional paired samples to serve as a comparison to the samples 
collected from homes.  The coating experiments were run at 32°C and 50% RH to reflect the 
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conditions measured in the Environmental Health & Engineering (EH&E) 51-Home Study7

 

.  
Emission factors were measured for the coated (front) and uncoated (back) faces for the paired 
samples and compared to estimate the influence of coatings on emission factors.  

Results 
 
Using four of the highest reactive sulfur gas emitting drywall samples from the Phase I studies, 
the temperature and relative humidity (RH) studies demonstrate that as the temperature and RH 
increase, there is a corresponding increase in the emission rate for most of the reactive sulfur 
compounds (Table 1).  In the LBNL report, a strong positive correlation is shown between the 
emission rates and both temperature and RH, although the temperature effect was found to be 
most significant.  Although it varies per sample and reactive sulfur compound, in general, there 
was an approximate 3- to 4-fold increase (range of 1- to 8-fold) in total reactive sulfur gas 
emissions for each 10 degree Celsius increase in temperature, for the imported samples, and a 1- 
to 2-fold increase for the NA sample.  At set temperatures, as the humidity was increased, a 
roughly 2- to 3-fold increase (range of 1- to 5-fold) was measured in reactive sulfur gas 
emissions.   
 
The temperature and RH studies also demonstrated a striking decrease in the emission rates for 
these four high emitting samples when comparing the emission rates from the Phase II studies to 
those of the Phase I studies (Table 2, Figure 1).  These samples had aged both in isolated storage 
(foil wrapped) and in conditioning cans with and without air flow and the result was a 3- to 14-
fold decrease in the emission rates measured in the Phase II experiments relative to the original 
measurements collected approximately one year earlier. 
 
LBNL performed multivariate regression analysis to construct curves of emission factors (EF) as 
a function of temperature with RH held constant at 50% and then EF as a function of the natural 
log of RH with temperature held constant at 25 °C.  For example, the temperature coefficient for 
hydrogen sulfide (H2S) emitted from drywall sample 8357 is 0.21 indicating that for a 10 degree 
Celsius rise in temperature (equivalent to 18 degree Fahrenheit rise in temperature), the emission 
rate of H2S will approximately double (i.e., 10 degree rise in temperature × 0.21= a factor of 2.1 
increase in the EF).  The lack of temperature dependence for the reactive sulfur gases from the 
domestic board (NA4) indicates that the emission factors were likely due to background levels in 
the test chambers. 
 
The emission rates for sulfur dioxide (SO2) were highest at 50% RH for most of the drywall 
samples, independent of temperature.  In each case the emission factor for SO2 increased 
between the low and medium RH, then either stayed relatively constant or dropped between the 
medium and high RH.  Although not correlated, the drop in SO2 when RH was increased from 
medium to high was accompanied by a relatively large increase in carbon disulfide (CS2).  The 
Phase II studies were run under nitrogen in order to limit available oxygen since LBNL made the 
determination that a source of SO2 was from chemical reactions occurring within the chamber 
and emitted gas collection system. 
 
                                                 
7 http://www.cpsc.gov/library/foia/foia10/os/51homeFinal.pdf 
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Drywall samples collected from homes reported by consumers to contain problem drywall were 
used to compare the effect that treatment (i.e., paint and plaster) may have on reactive sulfur gas 
emissions. These samples, from two control homes and five complaint homes, were textured and 
painted when the drywall was originally installed in the homes, thus no further treatment 
occurred prior to testing at LBNL.  The coating experiments were run at 32°C and 50% RH to 
reflect the indoor conditions measured in the participating homes in the EH&E 51-Home Study.  
The results do not show any consistent difference between the front face and back face nor is 
there a difference between the coated face and uncoated face (Table 3, Figure 2).  In addition, 
these coating experiments showed no significant effect of plaster and/or paint treatment on the 
reactive sulfur gas emission rates, nor did they demonstrate any difference in the total sulfur 
emission rates between the control and complaint homes.  
 
Discussion 
 
Using four of the highest reactive sulfur gas emitting drywall samples from the Phase I studies, 
the temperature and RH studies show a strong positive correlation between the emission rates 
and both temperature and RH.   
 
While the data provided by LBNL are limited and the sample size is small, these data provide 
important information about the role that temperature and RH play on reactive sulfur gas 
emissions.  The Phase II studies also demonstrated that the emission rates for the reactive sulfur 
compounds have markedly decreased during the time between the Phase I and Phase II studies. 
 
In the coating experiments, there were no consistent measurable differences in the reactive sulfur 
gas emission rates between the front and back faces for both the coated (collected from 
complaint homes) and uncoated samples.  Nor did they show any significant difference in the 
total sulfur emission rates between control homes and complaint homes.  The results of the 
coating experiments were subject to the limitations of a small sample size and the fact that the 
drywall samples from the homes were from multiple manufacturers and sources. 
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Appendix A 
 

 
 

 

 

 

Sample 

Relative 
Humidity 

(%) 
Hydrogen 

Sulfide 
Carbonyl 
Sulfide 

Sulfur 
Dioxide 

Methyl 
Mercaptan 

Ethyl 
Mercaptan 

Dimethyl 
Sulfide 

Carbon 
Disulfide 

C3 1.2 7.67 2.66 15.82 0.36 0.08 0.03 0.08 
  52.7 14.05 2.47 11.91 0.94 0.23 0.04 0.42 
  89 16.83 6.6 11.22 1.54 0.32 0.08 3.51 
C4 4.8 9.14 1.78 21.67 0.34 0.13 0.04 0.06 
  50.9 13.73 3.35 16.57 1.24 0.4 0.05 0.21 
  88.8 26.65 8.28 15.01 2.08 1.03 0.1 1.93 
C16 2.7 5.44 1.67 11.63 0.21 0.06 0.02 0.03 
  49 7.43 2.97 15.11 1.1 0.1 0.17 0.08 
  85.6 20.75 4.2 7.37 2.29 0.16 0.08 0.36 
C17 3.3 10.24 1.41 14.99 0.33 0.06 0.03 0.04 
  48 16.84 3.96 48.17 0.59 0.18 0.03 0.09 
  84.6 17.72 2.53 13.14 1.74 0.57 0.06 0.47 
NA4 5.3 0.7 1.46 2.22 0.2 0.05 0.02 0.01 
  46.8 4.98 2.53 8.55 0.33 0.08 0.03 0.01 
  86.5 5.91 2.15 8.24 0.88 0.15 0.06 0.06 

 
  

Sample 

Relative 
Humidity 

(%) 
Hydrogen 

Sulfide 
Carbonyl 
Sulfide 

Sulfur 
Dioxide 

Methyl 
Mercaptan 

Ethyl 
Mercaptan 

Dimethyl 
Sulfide 

Carbon 
Disulfide 

C3 0.03 5.29 1.49 3.29 0.32 0.04 0.02 0.05 
  50 8.32 1.52 13.36 0.62 0.11 0.03 0.16 
  89 8.04 3.86 6.07 0.8 0.19 0.04 1.07 
C4 4.6 2.33 0.84 2.33 0.17 0.09 0.01 0.02 
  47.6 3.67 1.49 19.29 0.38 0.18 0.02 0.07 
  88.5 24.87 2.59 28.29 4.42 0.73 0.08 0.44 
C16 5.1 3.79 1.26 3.38 0.22 0.07 0.02 0.02 
  48.9 5.52 2.02 16.72 0.43 0.07 0.03 0.05 
  87.1 10.09 5.67 8.68 1.24 0.24 0.07 0.22 
C17 3 0.62 1.1 1.31 0.18 0.05 0.03 0.02 
  50 8.26 1.41 7.24 0.62 0.12 0.04 0.04 
  92 17.52 3.97 4.18 2.84 0.34 0.16 0.36 
NA4 6.2 1.17 0.3 1.39 0.08 0.04 0.01 0.01 
  45.6 2.63 1.1 1.59 0.12 0.05 0.02 0.01 
  84.3 1.76 3.29 2.66 0.25 0.16 0.04 0.04 

A:  25°C 

B:  31°C 

Table 1.  Changes in emission rates of reactive sulfur gases (µg/m2/h) when the 
relative humidity is increased as the chamber temperature is maintained at (A) 25°C, 
(B) 31°C, and (C) 41°C.  
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Sample 

Relative 
Humidity 

(%) 
Hydrogen 

Sulfide 
Carbonyl 
Sulfide 

Sulfur 
Dioxide 

Methyl 
Mercaptan 

Ethyl 
Mercaptan 

Dimethyl 
Sulfide 

Carbon 
Disulfide 

C3 1.5 15.44 1.48 39.17 0.61 0.2 0.06 0.2 
  51 25.52 4.13 72.5 1.98 0.26 0.12 0.76 
  85 33.37 8.55 31.99 5.3 0.42 0.18 5.22 
C4 4.4 17.12 1.03 60.53 0.88 0.36 0.08 0.14 
  49.7 28.68 3.48 106.97 1.92 0.47 0.14 0.33 
  84 50.14 14.22 164.56 5.42 1.43 0.21 2.59 
C16 3.8 15.19 2 55.97 0.76 0.02 0.08 0.08 
  50.2 26.43 4.87 91.96 2 0.1 0.13 0.18 
  85 43.44 11.17 124.85 6.54 0.35 0.31 0.55 
C17 1 26.89 2.06 72.52 0.97 0.21 0.11 0.14 
  51 50.86 5.38 116.94 2.41 0.49 0.13 0.26 
  86.9 54.1 13.54 74.91 6 1.27 0.3 1.59 
NA4 1.5 2.02 1.55 1.09 0.06 0.06 0.02 0.01 
  52 4.77 2.55 6.82 0.5 0.12 0.03 0.01 
  87 11.71 4.58 2.81 1.94 0.14 0.08 0.1 

 
 
 
 
 
  

C:  41°C 
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Compound 
Phase 

I C3 
Phase 
II C3 

Phase 
I C4 

Phase 
II C4 

Phase I 
C16 

Phase 
II C16 

Phase I 
C17 

Phase 
II C17 

Phase 
I NA4 

Phase 
II NA4 

Hydrogen 
Sulfide 123.16 8.32 185.14 3.67 67.21 5.52 200.69 8.26 0 2.63 
Carbonyl Sulfide 

 
1.52 0.87 1.49 1.88 2.02 4.25 1.41 0 1.1 

Sulfur Dioxide 44.6 13.36 64.36 19.29 11.09 16.72 51.04 7.24 0 1.59 
Methyl 
Mercaptan 1.33 0.62 1.47 0.38 0.39 0.43 1.06 0.62 0 0.12 
Ethyl Mercaptan 

 
0.11 

 
0.18 

 
0.07 0.05 0.12 0 0.05 

Dimethyl Sulfide 0.44 0.03 0.36 0.02 0.02 0.03 0.03 0.04 0.18 0.02 
Carbon Disulfide 2.7 0.16 3.67 0.07 0.23 0.05 0.59 0.04 0.69 0.01 

Total: 172.23 24.12 255.87 25.1 80.82 24.84 257.71 17.73 0.87 5.52 
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Table 2:  Comparison of reactive sulfur gas emission rates (µg/m2/h) from the Phase I and Phase II 
studies at 25°C, 50% RH. 

Figure 1:  Comparison of reactive sulfur gas emissions rates (µg/m2/h) from the Phase I and Phase II 
studies at 25°C, 50% RH. 
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Sample 
Home Sample 

Source Face 
Hydrogen 

Sulfide 
Carbonyl 
Sulfide 

Sulfur 
Dioxide 

Methyl 
Mercaptan 

Ethyl 
Mercaptan 

Dimethyl 
Sulfide 

Carbon 
Disulfide 

Total 
Sulfur 

2543 Control Front 12.77 7.34 32.79 0.90 0.55 0.06 0.16 54.58 

1266 

Domestic 
complaint 

Rm1, National  Front 13.98 7.92 26.46 0.55 0.44 0.13 0.23 49.71 

1266 

Domestic 
complaint 

Rm2, National Front  9.05 6.40 22.09 1.04 0.22 0.10 0.34 39.24 
2544 Control Front  6.30 4.23 16.09 0.40 0.12 0.07 0.72 27.94 

1719 

Domestic 
complaint, US 

Gypsum  Front 7.81 4.68 11.90 0.36 0.10 0.05 0.89 25.79 

5462 

Domestic 
complaint, 

Georgia Pacific Front 11.57 3.43 17.19 0.41 0.22 0.05 0.37 33.23 

5462 

Domestic 
complaint, 

Georgia Pacific Back 28.69 3.66 20.44 0.50 0.09 0.04 0.51 53.94 

1396 

CDW home, 
Taihe Front 30.43 5.96 33.35 1.05 2.75 0.07 0.55 74.15 

1396 

CDW home, 
Taihe Back 22.58 6.62 25.63 0.86 1.14 0.09 0.47 57.37 

2542 

CDW home, 
Knauf Front 24.67 4.02 17.48 0.69 0.19 0.04 0.98 48.07 

2542 

CDW home, 
Knauf Back 27.63 3.76 28.70 0.80 0.14 0.05 1.28 62.37 

7339 

uninstalled, 
Taihe Front 25.98 3.51 23.13 0.59 1.01 0.05 0.65 54.92 

7339 

uninstalled, 
Taihe Back 28.21 3.83 23.90 0.42 0.84 0.79 0.70 58.69 

1379 

uninstalled, 
Knauf Front 19.30 4.65 25.34 0.46 0.20 0.07 0.21 50.22 

1379 

uninstalled, 
Knauf Back 15.85 3.40 19.93 0.29 0.29 0.23 0.21 40.19 

empty   
 

3.03 5.52 6.63 0.45 0.16 0.03 0.12 15.95 

Table 3:  Reactive sulfur gas emission rates (µg/m2/h) for drywall samples collected 
from Complaint and non-Complaint homes at 32°C, 50% RH.   



11 
 

 
 
 
 
 

 
 
  aSome drywall samples had emission rates for the front face (“f”) and the back face (“b) of the panel to 
determine whether paint or texture treatment on the front face had an effect on the sulfur gas emission 
rate.  
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Figure 2:  Paint coating treatment has no measurable effect on reactive sulfur gas 
emission rates from samples collected from Complaint homes.a 
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Appendix B 
 

Sample Identification Key 
This table lists the sample identifiers used in this report with the associated brief CPSC sample identification number 
and the manufacture date for each drywall sample. 

 
Sample CPSC 

id 
Country Manufacture 

Date 

C 1 1379 China 2006* 
C 2 7069 China 2006* 
C 3 7339 China 2006* 
C 4 8357 China 2006* 
C 5 9707 China 2006* 
C 6 1491 China 2009 
C 7 1493 China 2009 
C 8 2631 China 2009 
C 9 2632 China 2009 
C 10 2634 China 2009 
C 11 2635 China 2009 
C 12 2636 China 2009 
C 13 2637 China 2009 
C 14 7078 China 2006 
C 15 9667 China 2006 
C 16 9672 China 2006* 
C 17 9673 China 2005* 
NA 1 6226 North America 2009 
NA 2 7639 North America 2009 
NA 3 8036 North America 2009 
NA 4 8037 North America 2009 
NA 5 8213 North America 2009 
NA 6 8235 North America 2009 
NA 7 8236 North America 2009 
NA 8 9139 North America 2009 
NA 9 9175 North America 2009 
NA 10 9858 North America 2009 
NA 11 9961 North America 2009 
NA 12 9962 North America 2009 
NA 13 7932 North America 2009 

       *Samples emitting more reactive sulfur gases relative to other samples 
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  1 

INTRODUCTION 
Problem drywall installed in U.S. homes is suspected of being a source of odorous and 
potentially corrosive indoor pollutants. The U.S. Consumer Product Safety Commission’s 
(CPSC) investigation of Chinese drywall incorporates three parallel tracks: (1) evaluating 
the relationship between the drywall and reported health symptoms; (2) evaluating the 
relationship between the drywall and electrical and fire safety issues in affected homes; 
and (3) tracing the origin and the distribution of the drywall. To assess the potential 
impact on human health and to support testing for electrical and fire safety, the CPSC has 
initiated a series of laboratory tests that provide elemental characterization of drywall, 
characterization of chemical emissions, and in-home air sampling.   

The chemical emission testing was conducted at Lawrence Berkeley National Laboratory 
(LBNL). The LBNL study consisted of two phases. In Phase 1 of this study, LBNL tested 
thirty drywall samples provided by CPSC and reported standard emission factors for 
volatile organic compounds (VOCs), aldehydes, reactive sulfur gases1 (RSGs) and 
volatile sulfur compounds2 (VSCs). The standard emission factors were determined using 
small (10.75 liter) dynamic test chambers housed in a constant temperature 
environmental chamber. The tests were all run at 25 !C, 50% relative humidity (RH) and 
with an area-specific ventilation rate of ~1.5 cubic meters per square meter of emitting 
surface per hour [m3/m2

The measured emission factors for VOCs and aldehydes were generally low and did not 
differ significantly between the Chinese and North American drywall. Eight of the 
samples tested had elevated emissions of volatile sulfur-containing compounds with total 
RSG emission factors between 32 and 258 micrograms per square meter per hour 
["g/m

/h]. The thirty samples that were tested in Phase 1 included 
seventeen that were manufactured in China in 2005, 2006 and 2009, and thirteen that 
were manufactured in North America in 2009.  

2/h]. The dominant sulfur containing compounds in the RSG emission stream were 
hydrogen sulfide with emission factors between 17 – 201 "g/m2/h, and sulfur dioxide 
with emission factors between 8 – 64 "g/m2

Results from Phase 1 provided baseline emission factors for drywall samples 
manufactured in China and in North America but the results exclude variations in 
environmental conditions that may exist in homes or other built structures, including 
various combinations of temperature, RH, ventilation rate and the influence of coatings 
such as texture and paints. 

/h. The four highest emitting samples also 
had a unique signature of VSC emissions including > 40 higher molecular weight sulfur-
containing compounds although the emission rate for the VSCs was several orders of 
magnitude lower than that of the RSGs. All of the high emitting drywall samples were 
manufactured in China in 2005-2006.  

                                                 
1 Throughout this document, “reactive sulfur gas” (RSG) includes hydrogen sulfide (H2S), carbonyl sulfide 
(OCS), sulfur dioxide (SO2), methyl mercaptan (MM), ethyl mercaptan (EM), dimethyl sulfide (DMS) and 
carbon disulfide (CS2).  
2 Volatile sulfur compounds (VSCs) include all sulfur containing compounds including mercaptans, 
sulfides and polysulfides eluting after CS2 in the under the chromatographic conditions applied in this 
project. 
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The objective of Phase 2 was to quantify the effect of temperature and RH on the RSG 
emission factors for uncoated drywall, and to measure the effect of plaster and paint 
coatings on RSG emission factors from drywall.  Additional experiments were also 
performed to assess the influence of ventilation rate on measured emission factors for 
drywall. 

METHODS 
All experiments performed in Phase 2 utilized the same small chamber emissions testing 
facility described in the Phase 1 report. The analysis focused on RSGs. The in situ solid 
phase micro extraction (SPME) method was used to sample the gas phase in the 
chambers and gas chromatography with sulfur chemiluminescence detection (SCD) was 
used to quantify the sulfur containing compounds. The in situ SPME sampling method 
and the analytical method were also described in detail in the Phase 1 report. This section 
briefly summarizes the testing methods and details the experimental design for measuring 
the effect of temperature, RH and coatings on emission factors for sulfur containing 
compounds or more specifically the RSGs. For further details on the chamber facility and 
the development of the analytical methods see Maddalena et. al. (2010). 

 

Overview of Experimental Approach 
All experiments followed the same general process to measure emission factors as 
described in the Phase 1 report. Individual six-inch square pieces of drywall were cut 
from the section provided to LBNL by CPSC. Edges of the test pieces were sealed with 
foil tape and the drywall was pre-conditioned at the target RH and room temperature 
prior to testing. Drywall samples were isolated continuously in either the conditioning 
chambers, test chambers or foil wrapped in Ziploc bags to prevent cross contamination. 
Testing was conducted by installing the drywall sample into one of four test chambers 
mounted in a temperature controlled environmental chamber. The RH in each chamber 
was independently controlled and set to a predetermined level for testing. The samples 
were placed horizontally on a screen slightly below the mid-point of the chamber. Air 
samples were collected after at least six air changes to approximate steady-state 
concentrations. The measured steady-state concentrations were used along with material 
surface area, chamber volume, and chamber ventilation rate to estimate the emission 
factor for the given combination of drywall and environmental conditions.  

Material Handling and Preparation 
Drywall samples for the temperature and RH testing were selected from materials that 
were originally provided to LBNL by CPSC and used in the Phase 1 studies to measure 
the standard emission factors. The four highest emitting samples were selected along with 
one drywall sample that was manufactured in North America for the T/RH testing. These 
five materials were either stored in sealed stainless steal containers ventilated with 
carbon-filtered air or triple wrapped in foil and sealed in Ziploc bags between the Phase 1 
and Phase 2 tests. Three identical samples from each material were cut to six-inch 
squares and the edges sealed with foil tape. Both the front and back faces were left 
exposed during the testing. The three samples were prepared to allow for simultaneous 
testing of each material at low, medium and high RH in the emission chambers for each 
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temperature as detailed later in this document. The fourth chamber was reserved for 
calibration measurements. 

Additional drywall materials were collected by CPSC from homes reported by consumers 
to contain problem drywall and delivered to LBNL for use in the coating experiments. 
All materials were packaged, shipped and stored as described in the Phase 1 report. The 
additional samples were textured and painted when the drywall was originally installed in 
homes so the coatings on the front face of the drywall were fully cured prior to testing. 
For three of the drywall materials, the sections of drywall provided for testing were large 
enough to prepare four separate pieces cut into six-inch squares. Two pieces from each 
material were placed back-to-back with the coated faces exposed and the edges taped. 
The other two pieces were placed front-to-front with the unfinished faces exposed and the 
edges taped. This provided paired samples that were tested simultaneously under 
identical conditions. Two additional drywall samples were selected from the high 
emitters and used to create two additional paired samples with either the front (uncoated) 
or back faces exposed and edges taped.  

Material Conditioning 
All drywall samples were conditioned for a minimum of one week prior to testing. 
Stainless steel chambers described in the Phase 1 report were used to prepare drywall 
samples prior to testing. Carbon filtered house air was humidified to levels comparable to 
the test conditions and delivered at approximately 250 cubic centimeters (cc) per minute 
to each chamber using flow-control valves and taper-tube flow meters. The area specific 
flow rate is equivalent to 0.375 m3/m2

Material Testing 

/h for six-inch squares with two faces exposed.  

The LBNL emissions testing approach, using small emission chambers, follows ASTM 
Standard Guide D-5116-97 (ASTM International, 2002) and California Specification 
01350 (CDHS, 2004). The approach has been used for a wide range of building materials 
measuring both VOCs and carbonyls as described previously (Maddalena et.al., 2009), 
and for the sulfur containing compounds tested in Phase 1. The method is described in 
detail in the Phase 1 report. 
The test conditions for the temperature and RH tests were as follows. The chamber 
temperature, T (!C), was set to 25, 32 and 41!C and the RH was set to ~5, 50 and ~90% 
resulting in a 3#$ 3 experimental matrix for each of the five materials tested.  The inlet 
flow, F (in liters per minute of carbon-filtered, preconditioned air) to each chamber was 
generally run at 1 liter per minute (LPM) but for some experiments was varied between 
0.250 and 1 LPM. The inlet flow was supplied continuously to each test chamber and the 
exhaust flow from each chamber was vented to a fume hood. The desired RH was 
achieved by mixing streams of carbon/HEPA filtered air that was either dry or water-
saturated through a bubbler. The emitting surface area of the tested materials, including 
the front and back faces, A, was approximately 0.04 m2 (6-inch-square pieces of drywall), 
resulting in a loading factor, L, of 3.7 m2/m3 and an area-specific air flow rate of 1.5 
m3/m2

The collection of air samples for measuring chemical emissions was initiated after the 
sample was loaded into the test chamber and kept there for a minimum of one hour to 

/h for each sample at 1 LPM ventilation rate. The ventilation rate in the chambers 
was approximately 5.6 air changes per hour (ACH).  
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allow time for conditions to stabilize and the chemical concentrations to reach steady 
state. 

Air Sampling and Analysis  
The in situ SPME sampling method followed directly by a gas chromatography sulfur 
chemiluminescence analysis (SPME-GC/SCD) was used to quantify reactive sulfur gases. 
The method was described in detail in the Phase 1 report (Maddalena et al., 2010). Some 
minor changes were made to the method for Phase 2 as summarized here. 
Polydimethylsiloxane (PDMS) with Carboxen fiber has been found to achieve the best 
sensitivity for most reduced sulfur compounds (Pandey and Kim, 2009). Ras et al. (2008) 
found that analytes reached equilibrium conditions at 45 minutes (min) with SPME. In 
our initial experiments we used a 50-min sampling period but subsequently found that 30 
min was sufficient to get consistent and reliable results for the RSGs. After sampling 
directly from the chamber, the SPME fiber was retracted then immediately transferred to 
the hot (200 °C) injector, and the fiber was extended into the injector in splitless mode for 
3 min followed by a 50-milliliter per minute (mL/min) purge for 1 min, and then a 15-
mL/min purge for the rest of the run. The fiber remained in the inlet for at least 10 min 
before retracting the fiber and transferring the SPME to the front inlet at 300 °C with 
purge flow of 50 mL/min. Two SPME samplers were used alternately allowing the 
extracted SPME to condition for at least one hour between uses. The column flow in the 
GC during analysis was 2 mL/min and oven start temperature was -50 oC held for 2 min, 
then increased first to 250 oC at 10 o

Data Analysis 

C/min and held for 2 min. 

In the Phase 1 report, all emission factors were given in terms of sulfur equivalent mass 
per unit area of emitting surface per hour and an equation was provided for converting 
the units to the mass of chemical per unit area of emitting surface per hour. In this report, 
all emission factors are reported as µg/m2/h where the µg refers to the mass of the 
individual chemical being emitted. Emission factors were calculated from the measured 
steady-state concentration in the chamber. Under steady state conditions, the 
concentration in the chamber is constant so that a simple mass balance can be used to 
estimate emission rates. The steady state form of the mass balance equation for 
calculating area-specific emission factors, EF (µg/m2

 

/h), in a well-mixed system is:  

#

EF %
F $ C &CB' (

A
 (1) 

 

Where F (m3/h) is the ventilation flow rate; A (m2) is the exposed surface area of the test 
material; C (µg/m3) is the measured steady state concentration in the chamber; and CB 
(µg/m3

Sulfur Dioxide Artifacts in the SPME Sampling Approach 

) is the background or blank concentration in an empty chamber.  

In Phase 1 of this project, we observed sulfur dioxide in the calibration gas when using 
the SPME PDMS/Carboxen fiber (Maddalena et al., 2010). SO2 was not in the mix of 
calibration gas so there was an apparent conversion taking place either in the chamber, 
the sampling fiber or the GC inlet. Residence time in the chamber and GC inlet are 
relatively short and the concentrations low compared to in the SPME fiber so we 



 

  5 

suspected an oxidation reaction catalyzed by the Carboxen was taking place in the fiber. 
Several experiments were conducted to identify the source of SO2. A comparison of 
SPME chromatograms of the calibration gas measured when the chamber was ventilated 
with carbon filtered house air versus nitrogen as shown in Figure 1 indicates that the 
production of SO2 is accompanied by a loss of hydrogen sulfide (also shown in the 
figure) and methyl mercaptan (not shown) which indicates oxidation in the presence of 
air.  

When observing only the instrument response, we see that at 25 !C, 50% RH and 1 LPM 
ventilation rate, the loss of hydrogen sulfide and methyl mercaptan accounts for ~ 83% of 
the total gained response for sulfur dioxide and a second peak that was tentatively 
identified as isopropyl mercaptan. For measurements collected in air with the 
PDMS/Carboxen coated SPME fiber, we cannot distinguish between SO2 emitted directly 
from the material and SO2 generated as a breakdown product of H2S and/or methyl 
mercaptan. However, the methyl mercaptan is generally much lower in concentration 
relative to the H2S so formation of SO2 is likely to follow the oxidation of H2S following 
the reaction  

2 H2S + 3 O2 !"#"$2O + 2 SO2 (2) 

The implication of this observation is that some fraction of the emissions reported as SO2 
when experiments are performed in air may in fact be H2S that has been oxidized on the 
SPME fiber during sampling. 

Temperature/Relative Humidity Experimental Design 
The temperature/relative-humidity experiments were carried out using nitrogen to 
ventilate the chambers. Nitrogen was used to reduce the SPME fiber artifacts described 
above. Emission factors were measured for each material in a 3 $ 3 experimental matrix 
that included low, medium, and high temperature and low, medium, and high RH 
resulting in nine different measurements for each material. The temperature of the 
incubator housing the chambers was set to the first temperature level and the RH in 
chambers 1, 3 and 4 were adjusted to approximately 5%, 50% and 90%, respectively by 
adjusting the relative air flow through the wet and dry supply lines for each chamber. 
Chamber 2 was used for calibration measurements at the different RH and temperature 
settings to compensate for changes in the SPME sampling rate under the different 
conditions. The calibration levels were prepared by diluting a standard gas containing 10 
ppm each of hydrogen sulfide, carbonyl sulfide, methyl mercaptan, dimethyl sulfide and 
carbon disulfide in the calibration chamber. Calibration levels were obtained by adjusting 
the flow of the calibration gas and/or the ventilation rate in the chamber.   

To start the experiment, the first RSG calibration gas flow rate, ventilation rate and RH 
settings were established in the calibration chamber (empty) and the three prepared and 
conditioned drywall subsamples for the first drywall panel were installed in the three 
remaining chambers. Each drywall subsample was pre-conditioned at the target RH (low, 
medium or high) so equilibration of the RH in the chamber was achieved within an hour 
of installation. While the drywall subsamples were equilibrating in the test chambers, a 
SPME measurement was collected from the calibration chamber. After measuring the 
concentration in the calibration chamber, we adjusted RH to the next RH setting without 
changing the gas flow or ventilation flow. SPME measurements were then collected from 
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each test chamber while the calibration chamber stabilized. When testing of the drywall 
subsamples for the first drywall panel was completed, the subsamples were removed and 
the chambers were allowed to purge for one hour before loading the next set of three 
drywall subsamples from the second drywall panel. While the test chambers were 
purging, we collected the second calibration measurement and then changed the RH 
setting in the calibration chamber to the third setting, again without changing the 
calibration gas flow or ventilation rate.  

Alternating between calibration measurements and drywall measurements continued until 
each drywall sample was tested. Each time we completed a set measurements for a given 
calibration level and temperature for each of the three RH settings, the gas and/or 
ventilation flow rate was adjusted to provide the next calibration level and the process 
repeated. In this way we were able to construct calibration curves for the SPME fiber as a 
function of both temperature and RH simultaneously with the collection of the emission 
factor measurements for the drywall samples.   

Coating Experimental Design 
The coating experiments were run at 32 °

#

RD %
EFfront & EFback' (
EFfront ) EFback' (

$ 2

C, 50% RH and 1 LPM ventilation flow using 
carbon filtered house air to ventilate the chambers. Emission factors were measured for 
the coated (EFfront) and uncoated (EFback) faces for the paired samples harvested from 
problem homes (5462, 1396 and 2542) as described above, and the emission factors from 
the front and back were compared to estimate the influence of coatings. To assess 
possible differences between the front and back face, independent of coating, two 
additional materials (1379 and 7339) were included and prepared in a manner similar to 
the coated samples but with neither the front face nor the back face having coating. This 
provided a comparison to assess differences between front and back faces. The relative 
difference (RD) between the EFs measured for the front and back of each sample was 
calculated as 

 (3) 

The remaining drywall samples that were harvested from problem homes and provided 
by CPSC were tested under the same conditions as the coating experiments but with only 
the coated face exposed to determine field relevant emission factors for these samples. 

RESULTS AND DISCUSSION 
Emissions Variation with Temperature and RH 

A complete set of measured emission factors for five drywall samples tested during the 
temperature and RH experiments are summarized in Table 1 along with the relevant test 
conditions. The samples are identified by a four-digit CPSC material tracking number 
followed by an LBNL sample number. Both temperature and RH show strong positive 
correlations with the natural log of the emission factors as shown in Figure 2 for RH and 
Figure 3 for temperature. In both figures, the regression lines are exponential and the R2 
is reported for each chemical ranging from 0.71 to 1.00 for temperature effect and 
between 0.85 and 0.99 for the RH effect. 
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Previous work measuring the temperature and RH dependence of formaldehyde 
emissions from building materials found that a linear regression model using the natural 
log of the percent RH and the inverse temperature as independent variables provides a 
good fit with experimental data (Parthasarathy et.al., 2011). Both Parthasarathy et.al, 
(2011) and Meyers (1985) assume an exponential relationship between concentration or 
emission factors and the inverse of temperature following the Arrhenius relationship. The 
same relationship is used here to evaluate the effect of temperature and RH on emission 
factors. 

A multivariate linear regression model was constructed for each combination of drywall 
and RSG using data from the 9 $ 9 experimental matrix for each of the five drywall 
materials. The regression model statistics and model variable values are listed in Table 2. 
The model fit for all materials combined is illustrated in Figure 2 for each of the seven 
RSGs. The figure compares the natural log of the measured emission factors to the 
predicted values using the chemical specific multivariate regression values from Table 2.  

The regression models in Table 2 are specific to the individual drywall samples that were 
tested. To generalize the regression modeling, the data were normalized to the standard 
emission factor (SEF), defined as the emission factor measured at 25 !C and 50% RH, by 
using the multivariate regressions in Table 2 to predict the SEFs and then calculating the 
ratio of the predicted EFs to the SEFs. The regression variables and statistics for the 
generalized model are reported in Table 3.  This generalized model can be used, given an 
estimate or measurement of the chemical specific SEF for a drywall, to predict the EF 
that would result from a change in T and/or RH.  

To simplify the results even further, the multivariate regression in Table 3 was used to 
construct curves of EF as a function of temperature with RH held constant at 50% and 
then EF as a function of the natural log of RH with temperature held constant at 25 !C. 
The slope of these two lines for each drywall and chemical combination are reported in 
Table 4. The coefficients can be used to approximate the effect of temperature and RH on 
emissions. For example, the temperature coefficient for H2S emitted from drywall sample 
8357 is 0.21 indicating that for a 10 degree rise in temperature the emission rate of H2S 
will approximately double (i.e., 10 degree rise in temperature $ 0.21= a factor of 2.1 
increase in the EF).  Several of the coefficients in Table 3 indicate either a very small 
slope or a negative slope. These are mostly associated with the carbonyl sulfide that 
typically had very low emission factors for all drywall types, and for the domestic 
drywall sample that had low emission factors for most of the RSGs. The lack of 
temperature dependence for the RSGs from the domestic board indicates that the 
emission factors were contributed by background and/or carryover in the chambers. 

For most of the drywall materials, the emission factors for SO2 were highest at the 50% 
RH. This pattern was independent of temperature. In each case the emission factor for 
SO2 increased between the low and medium RH then either stayed relatively constant or 
dropped between the medium and high RH. Although not correlated, the drop in SO2 
when RH was increased from medium to high was accompanied by a relatively large 
increase in CS2. At all three temperature settings, the CS2 increased by a factor of 
between 1.25 and 5 when the RH was increased from low to medium.  CS2 increased by a 
factor of between 3 and 9 when the RH was increased from the medium setting to the 
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highest setting. It is unclear whether these two changes are related. The behavior of the 
SO2 at the highest RH may be due to transformation to H2SO4 by the reaction  

 2 SO2 + 2 H2O + O2 !"#"$2SO4 (4) 

even though the experiments were run under nitrogen so oxygen would be limited. The 
higher humidity may also slow or stop reaction shown in Equation 2, but there was not a 
correlated increase in H2S so that pathway is also unlikely.  

Table 5 includes results from additional experiments using drywall samples 7339 and 
9672 that were completed several weeks prior to the experiments reported in Table 1.  
The earlier experiment in Table 5 found higher emission rates compared to the later 
experiments, but the data are incomplete. The two materials were only tested at 25 !C 
before an instrument malfunction stopped the experiment. The results in Table 5 are 
included to provide additional information on the trend of emission factors as a function 
of temperature and RH but also on the possible trend in emission factors as a function of 
conditioning time.  For reference, the emission factors measured for materials 7339 and 
9672 during Phase 1 of the study are also included in Table 5 along with the date that the 
samples were tested. The results indicated a decrease in emission rates for all chemicals 
over time.  

Coatings effect on emissions 

All of the tests measuring standard emission factors for drywall in Phase 1 of this study 
and the temperature and RH experiments described above were conducted with uncoated 
and never-installed drywall samples. The edges were sealed as described in the methods 
section but both the front and back of the unfinished drywall samples were exposed 
during testing. We assumed that the front and back of a board would emit at the same rate 
and that the emission rates measured with uncoated drywall would be relevant to the 
conditions found in homes.  

To test this assumption, paired samples were prepared for both coated and uncoated 
drywall and tested to determine if there were differences between the faces or differences 
caused by the coating. A description of the drywall samples used in the coating 
experiment is provided in Table 6 and the measured emission factors for each sample is 
listed in Table 7. The EF values are compared by plotting the relative difference between 
EF measured for the front and the back faces of each paired sample. Three of the samples 
had the front face coated to test the effect of coating and two of the samples were 
uncoated on both faces to assess differences between the front and back. The relative 
difference in EF for each of the RSGs is plotted in Figure 5 where each curve is centered 
on a grid-line representing the point where the emission factors are equal.  

The results do not show any consistent difference between the front face and back face 
nor is there a difference between the coated face and uncoated face. Figure 6 is provided 
to show the average EF for the ten samples tested in the coating experiment. The apparent 
larger deviation for dimethyl sulfide in the uncoated samples is likely due to the very low 
level EF for this chemical.   
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Conclusions 
This is the second report of a two-phase project characterizing chemical emissions from 
problem drywall. The first report described the development of a small chamber method 
and in situ SPME sampling method for measuring emission factors for RSGs and 
reported standard emission factors for 30 drywall samples. This report extended that 
work by characterizing the effect of temperature and RH on the EFs and assessing the 
influence of coatings and differences between emissions from the front and back faces of 
drywall panels.  

While preparing for the Phase 2 experiments, we determined the source of SO2 in the 
calibration gas used in this study to be from oxidation on the PDMS/Carboxen SPME 
fiber. It was not possible to determine how much H2S and mercaptan was lost and what 
fraction of the SO2 in the original study was from oxidation but clearly there was loss of 
H2S and mercaptan when samples are collected in air as compared to nitrogen. To 
determine the temperature and RH effect, five drywall samples were tested in a 3$3 
experimental matrix based on temperature and RH. The results show a strong positive 
correlation between the EFs and both temperature and RH although the temperature 
effect was found to be most significant. The relationship was expressed as a multivariate 
linear regression for the natural log of EF as a function of inverse temperature and the 
natural log of RH. These regression models were further processed to allow the 
estimation of fractional change in the standard emission factor as a function of 
temperature and RH.  

Several of the drywall samples included in the temperature and RH experiments were 
included in the original experiments measuring standard emission factors. These samples 
had aged both in isolated storage (foil wrapped) and in conditioning cans with and 
without air flow and the result was a marked decrease in the EFs measured in the Phase 2 
experiments relative to the original measurements collected approximately one year 
earlier. 

The coating experiments showed no significant effect of plaster and paint on the EFs for 
the RSGs. Nor did it show any difference between the front face of uncoated drywall and 
the back face. The emission factors reported in this project are relevant to modeling 
chemical concentrations in either the living space or the wall cavities.  
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Figure 1: Sulfur chemilumescence response overlay of calibration gas sampled with SPME using 
PDMS/Carboxen fiber with chamber ventilated using air (blue curve) or nitrogen (red curve) showing a 
drop in H2S response concurrent with an increase in the SO2 response. There is a similar drop in methyl 
mercaptan when sampled under air and an increase of a second peak that is tentatively identified as 
isopropyl mercaptan.
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Figure 2: The emission factors for seven chemicals measured at 41 !C and three different RH levels showing 
the correlations between RH and emissions. 
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Figure 3: The emission factors for seven chemicals measured at 50% RH and three different temperature 
levels showing the correlation between temperature and emissions.  
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Figure 4: Comparison of the natural log of predicted and measured emission factors for RSGs using model 
parameters given in Table 2. The natural log of the measured EF is on the x­axis and the predicted values 
are plotted on the y­axis. The diagonal line is the 1:1 relationship. 
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Figure 5: The relative difference of the EF between the front and back of drywall panels where 1379 and 
7339 were uncoated on both sides while the other three drywall samples, which were collected from homes, 
were coated on the front face and uncoated on the back face. Each line is the relative difference (EFfront­
EFback)/average(EFfront,EFback) for the drywall panel and the solid grid­line represents perfect agreement. The 
dashed minor grid­lines are 1 unit apart. 
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Figure 6: Average EFs for each chemical including both sides of all five drywall samples tested (n=10) in 
the coating experiment. The bar indicates one standard deviation.  
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Table 1: Experimental conditions and emission factors from T/RH experiments 

 
Temperature 

(!C) 
RH  
(%) 

Emission Factors  
("g/m2/h) 

Sample 25 32 41 3.4 49 87 H2S  OCS SO2 MM EM DMS CS2 

7339-01 x   x   5.29 1.49 3.29 0.32 0.04 0.02 0.05 

7339-02 x    x  8.32 1.52 13.36 0.62 0.11 0.03 0.16 

7339-03 x     x 8.04 3.86 6.07 0.80 0.19 0.04 1.07 

7339-04  x  x   7.67 2.66 15.82 0.36 0.08 0.03 0.08 

7339-05  x   x  14.05 2.47 11.91 0.94 0.23 0.04 0.42 

7339-06  x    x 16.83 6.60 11.22 1.54 0.32 0.08 3.51 

7339-07   x x   15.44 1.48 39.17 0.61 0.20 0.06 0.20 

7339-08   x  x  25.52 4.13 72.50 1.98 0.26 0.12 0.76 

7339-09   x   x 33.37 8.55 31.99 5.30 0.42 0.18 5.22 

              

8037-10 x   x   1.17 0.30 1.39 0.08 0.04 0.01 0.01 

8037-11 x    x  2.63 1.10 1.59 0.12 0.05 0.02 0.01 

8037-12 x     x 1.76 3.29 2.66 0.25 0.16 0.04 0.04 

8037-13  x  x   0.70 1.46 2.22 0.20 0.05 0.02 0.01 

8037-14  x   x  4.98 2.53 8.55 0.33 0.08 0.03 0.01 

8037-15  x    x 5.91 2.15 8.24 0.88 0.15 0.06 0.06 

8037-16   x x   2.02 1.55 1.09 0.06 0.06 0.02 0.01 

8037-17   x  x  4.77 2.55 6.82 0.50 0.12 0.03 0.01 

8037-18   x   x 11.71 4.58 2.81 1.94 0.14 0.08 0.10 

              

8357-19 x   x   2.33 0.84 2.33 0.17 0.09 0.01 0.02 

8357-20 x    x  3.67 1.49 19.29 0.38 0.18 0.02 0.07 

8357-21 x     x 24.87 2.59 28.29 4.42 0.73 0.08 0.44 

8357-22  x  x   9.14 1.78 21.67 0.34 0.13 0.04 0.06 

8357-23  x   x  13.73 3.35 16.57 1.24 0.40 0.05 0.21 

8357-24  x    x 26.65 8.28 15.01 2.08 1.03 0.10 1.93 

8357-25   x x   17.12 1.03 60.53 0.88 0.36 0.08 0.14 

8357-26   x  x  28.68 3.48 106.97 1.92 0.47 0.14 0.33 

8357-27   x   x 50.14 14.22 164.56 5.42 1.43 0.21 2.59 
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Table 1: Experimental conditions and emission factors from T/RH experiments 

(continued) 

 
Temperature 

(!C) 
RH  
(%) 

Emission Factors  
("g/m2/h) 

Sample 25 32 41 3.4 49 87 H2S  OCS SO2 MM EM DMS CS2 

9672-28 x   x   3.79 1.26 3.38 0.22 0.07 0.02 0.02 

9672-29 x    x  5.52 2.02 16.72 0.43 0.07 0.03 0.05 

9672-30 x     x 10.09 5.67 8.68 1.24 0.24 0.07 0.22 

9672-31  x  x   5.44 1.67 11.63 0.21 0.06 0.02 0.03 

9672-32  x   x  7.43 2.97 15.11 1.10 0.10 0.17 0.08 

9672-33  x    x 20.75 4.20 7.37 2.29 0.16 0.08 0.36 

9672-34   x x   15.19 2.00 55.97 0.76 0.02 0.08 0.08 

9672-35   x  x  26.43 4.87 91.96 2.00 0.10 0.13 0.18 

9672-36   x   x 43.44 11.17 124.85 6.54 0.35 0.31 0.55 

              

9673-37 x   x   0.62 1.10 1.31 0.18 0.05 0.03 0.02 

9673-38 x    x  8.26 1.41 7.24 0.62 0.12 0.04 0.04 

9673-39 x     x 17.52 3.97 4.18 2.84 0.34 0.16 0.36 

9673-40  x  x   10.24 1.41 14.99 0.33 0.06 0.03 0.04 

9673-41  x   x  16.84 3.96 48.17 0.59 0.18 0.03 0.09 

9673-42  x    x 17.72 2.53 13.14 1.74 0.57 0.06 0.47 

9673-43   x x   26.89 2.06 72.52 0.97 0.21 0.11 0.14 

9673-44   x  x  50.86 5.38 116.94 2.41 0.49 0.13 0.26 

9673-45   x   x 54.10 13.54 74.91 6.00 1.27 0.30 1.59 
H2S=hydrogen sulfide; OCS=carbonyl sulfide; SO2=sulfur dioxide; MM=methyl mercaptan; EM=ethyl 
mercaptan; DMS=dimethyl sulfide; CS2=carbon disulfide 
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Table 2: Regression model variables and statistics for estimating emission factors

Sample 

a 

H2S OCS SO2 MM EM DMS CS2 

7
3
3
9
 1/T -7.1$10 -3.4$103 -1.1$103 -7.3$104 -6.2$103 -7.8$103 -8.6$103 3 

ln(RH) 0.20 0.29 0.07 0.43 0.35 0.31 0.87 
b 24.97 11.21 39.96 22.41 17.27 21.41 24.71 
r 0.98 2 0.61 0.81 0.90 0.91 0.95 0.82 

         

8
0
3
7
 X1 -5.9$10 -5.4$103 -2.1$103 -6.1$103 -2.2$103 -2.8$103 -3.6$103 

X2 

3 
0.45 0.37 0.34 0.56 0.30 0.33 0.51 

b 19.03 17.06 6.98 17.03 3.71 4.66 6.01 
r 0.82 2 0.73 0.45 0.69 0.74 0.72 0.57 

         

8
3
5
7
 X1 -9.2$10 -5.2$103 -1.3$103 -6.9$104 -5.9$103 -9.3$103 -9.8$103 

X2 

3 
0.37 0.47 0.32 0.60 0.47 0.33 0.79 

b 31.50 16.47 45.91 20.63 16.75 26.52 27.92 
r 0.77 2 0.74 0.76 0.76 0.79 0.86 0.78 

         

9
6
7
2
 X1 -8.7$10 -4.0$103 -1.4$103 -8.7$104 1.2$103 -8.7$103 -7.6$103 

X2 

3 
0.29 0.37 0.18 0.57 0.42 0.39 0.63 

b 29.94 13.13 49.15 26.51 -7.44 24.60 20.48 
r 0.88 2 0.81 0.80 0.90 0.61 0.85 0.84 

         

9
6
7
3
 X1 -1.3$10 -6.3$103 -1.9$103 -7.7$104 -8.0$103 -6.8$103 -1.1$103 

X2 

4 
0.47 0.35 0.21 0.55 0.53 0.27 0.67 

b 43.76 20.57 63.57 23.32 23.01 18.61 30.50 
r 0.81 2 0.79 0.88 0.79 0.88 0.56 0.79 

a the multivariate linear regression model takes the form ln(EF)=X1#$ 1/T + X2 $ ln(RH) + b where EF 

has units of "g/m2/h, T is absolute temperature (K) and RH is given in percent. 
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Table 3: Regression model variables and statistics for estimating the ratio of EF/SEF

Sample 

a 

H2S OCS SO2 MM EM DMS CS2 

7
3
3
9
 1/T -1.2$10 -4.0$104 -3.4$103 -1.3$104 -9.5$104 -1.4$103 -1.8$104 4 

ln(RH) 0.33 0.29 0.23 0.59 0.44 0.49 1.04 
b 41.36 13.39 115.11 41.02 31.32 46.92 57.56 
r 0.93 2 0.96 0.93 0.88 0.91 0.90 0.79 

         

8
0
3
7
 X1 -8.9$10 -7.7$103 -2.2$103 -9.4$103 -2.3$103 -3.2$103 -4.3$103 

X2 

3 
0.51 0.42 0.29 0.60 0.27 0.30 0.43 

b 28.93 25.35 7.43 30.43 7.84 10.55 13.81 
r 0.90 2 0.92 0.97 0.88 0.97 0.96 0.93 

         

8
3
5
7
 X1 -1.9$10 -7.2$104 -4.5$103 -1.1$104 -8.8$104 -2.0$103 -2.3$104 

X2 

4 
0.67 0.49 1.03 0.68 0.53 0.62 1.14 

b 63.77 23.40 149.11 36.63 28.46 65.94 72.48 
r 0.86 2 0.91 0.84 0.86 0.89 0.88 0.78 

         

9
6
7
2
 X1 -1.8$10 -5.0$104 -5.7$103 -1.7$104 9.0$104 -1.8$102 -1.4$104 

X2 

4 
0.52 0.37 0.77 0.82 0.25 0.65 0.76 

b 58.40 16.49 187.17 56.03 -2.97 57.34 43.62 
r 0.89 2 0.94 0.88 0.83 0.98 0.87 0.84 

         

9
6
7
3
 X1 -4.2$10 -9.9$104 -1.3$103 -1.4$105 -1.5$104 -1.1$104 -2.6$104 

X2 

4 
1.29 0.46 1.64 0.71 0.72 0.40 1.15 

b 137.28 32.53 417.08 44.29 48.07 37.43 84.81 
r 0.80 2 0.90 0.84 0.85 0.85 0.92 0.79 

a the multivariate linear regression model takes the form EF/SEF=X1#$ 1/T + X2 $ ln(RH) + b where 

EF/SEF is the ratio of the emission factor at T and RH to the standard emission factor at 25 !C and 50% 

RH  
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Table 4: Temperature and RH coefficients for increase in emission factors  

  Coefficient or slope of line relative to environmental factor 
Sample Factor H2S OCS SO2 MM EM DMS CS2 

7339 T 0.14 0.04 0.38 0.14 0.10 0.16 0.20 
 Ln(RH) 0.33 0.29 0.23 0.59 0.44 0.49 1.04 

8037 T 0.10 0.08 0.02 0.10 0.03 0.03 0.05 
 Ln(RH) 0.51 0.42 0.29 0.60 0.27 0.30 0.43 

8357 T 0.21 0.08 0.50 0.12 0.10 0.22 0.25 
 Ln(RH) 0.67 0.49 1.03 0.68 0.53 0.62 1.14 

9672 T 0.19 0.05 0.62 0.19 -0.01 0.19 0.15 
 Ln(RH) 0.52 0.37 0.77 0.82 0.25 0.65 0.76 

9673 T 0.46 0.11 1.38 0.15 0.16 0.12 0.29 
 Ln(RH) 1.29 0.46 1.64 0.71 0.72 0.40 1.15 
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Table 5: Results for drywall 7339 and 9672 from earlier experiments 

 

a 

Test date 

Relative 
Humidity 

(%) 
Emission Factors  

("g/m2/h) 
Drywall 3.4 49 87 H2S  OCS SO2 MM EM DMS CS2 

7339-P1 12/03/09 b  x  131.2  89.33 2.00  0.85 6.41 

7339-46 02/15/11 x   32.18 8.07 20.38 3.30 0.07 0.07 0.22 

7339-47 02/15/11  x  60.61 7.05 113.00 8.03 0.35 0.09 0.47 

7339-48 02/15/11   x 99.12 27.51 38.07 20.89 0.90 0.19 3.42 

9672-P1 02/02/10 b  x  71.60 3.51 22.22 0.59  0.03 0.27 

9672-49 02/16/11 x   12.63 2.52 15.23 1.74 0.07 0.11 0.14 

9672-50 02/16/11  x  33.28 5.17 56.21 4.30 0.15 0.11 0.17 

9672-51 02/16/11   x 85.91 14.37 121.33 14.44 0.27 0.20 0.51 

9672-52 02/16/11   x 94.90 12.23 123.77 16.99 0.45 0.24 0.53 
a All experiments in this table conducted at 25 !C 
b Data extracted from Table 3 of Phase 1 report and converted from "g-S/m2/h to "g/m2/h and shown here for 
comparison purposes



 

  22 

Table 6: Description of drywall samples from field and coating experimenta 

Sample Exposed face    Coating 

09-302-2543 Front Smooth textured finish with flat paint 

10-302-1266-01  Front 
Sample from ceiling with roll-on medium texture 
and flat paint 

10-302-1266-02 Front 
Sample from closet wall with medium knock down 
texture and flat paint 

09-302-2544 Front Heavy spray on knock down texture with flat paint 

10-302-1719 Front 
Heavy knock-down texture or skip trowel texture 
with flat or possibly egg-shell finish 

10-810-5462-02 Front Medium spray on texture with flat paint 

10-810-5462-02 Back Unfinished 

809-302-1396-15 Front Smooth coat plaster with flat paint 

809-302-1396-15 Back Unfinished 

09-302-2542-01 Front Medium spray on texture with flat paint 

09-302-2542-01 Back Unfinished 

810-7339 Front Unfinished 

810-7339 Back Unfinished 

1379-10 Front Unfinished 

1379-10 Back unfinished 

Empty chamber Blank Empty chamber 
  
a Samples were tested as received. See methods for description of preparation of samples for coating 
experiment. No coatings were applied at LBNL.  
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Table 7: Emission factors ("g/m2/h) measured at 32 !C and 50% RH 

CPSC Sample # H2S OCS SO2 MM EM DMS CS2 

09-302-2543 12.77 7.34 32.79 0.90 0.55 0.06 0.16 

10-302-1266-01  13.98 7.92 26.46 0.55 0.44 0.13 0.23 

10-302-1266-02 9.05 6.40 22.09 1.04 0.22 0.10 0.34 

09-302-2544 6.30 4.23 16.09 0.40 0.12 0.07 0.72 

10-302-1719 7.81 4.68 11.90 0.36 0.10 0.05 0.89 

10-810-5462-02 11.57 3.43 17.19 0.41 0.22 0.05 0.37 

10-810-5462-02 28.69 3.66 20.44 0.50 0.09 0.04 0.51 

809-302-1396-
15 30.43 5.96 33.35 1.05 2.75 0.07 0.55 

809-302-1396-
15 22.58 6.62 25.63 0.86 1.14 0.09 0.47 

09-302-2542-01 24.67 4.02 17.48 0.69 0.19 0.04 0.98 

09-302-2542-01 27.63 3.76 28.70 0.80 0.14 0.05 1.28 

810-7339 25.98 3.51 23.13 0.59 1.01 0.05 0.65 

810-7339 28.21 3.83 23.90 0.42 0.84 0.79 0.70 

1379-10 19.30 4.65 25.34 0.46 0.20 0.07 0.21 

1379-10 15.85 3.40 19.93 0.29 0.29 0.23 0.21 

Empty chamber 3.03 5.52 6.63 0.45 0.16 0.03 0.12 
  



 

  24 

REFERENCES 
 
ASTM International (2002) “Standard Test Method for Determining Formaldehyde 
Concentration in Air from Wood Products Using a Small Scale Chamber. Designation: D 
6007-02 
 
Baltussen, E., F. David, P. Sandra, and C. Cramers. 1999. On the performance and 
inertness of different materials used for the enrichment of sulfur compounds from air and 
gaseous samples. Journal of Chromatography A, 864: 345–350.   
 
CDHS (2004) California Department of Health Services “Standard Practice for the 
Testing of Volatile Organic Emissions from Various Sources Using Small-Scale 
Environmental Chambers. Environmental Health Laboratory Branch. July 15, 2004 
 
Maddalena R., M. Russell, M. Melody and M. G. Apte (2010) Small-Chamber 
Measurements of Chemical-Specific Emisson Factors for Drywall. Lawrence Berkeley 
National Laboratory. Report number LBNL-3986E 
 
Maddalena R., M. Russell, D.P. Sullivan and M.G. Apte (2009) Formaldehyde and Other 
Volatile Organic Chemical Emissions in Four FEMA Temporary Housing Units 
Environmental Science and Technology. 43:5626–5632. 
 
Myers, G.E. (1985) The Effects of Temperature and Humidity on Formaldehyde Emission 
from UF-Bonded Boards: A Liteature Critique. Forest Prod. J. 35: 20-31 
 
Pandey, S.K., and K.-H. Kim. 2009. A review of methods for determination of reduced 
sulfur compounds (RSCs) in air. Environmental Science & Technology, 43: 3020–3029. 

Parthasarathy, S., Maddalena, R.; Russell, M.; Apte, M.G. 2011 Effect of 
temperature and humidity on formaldehyde emissions in temporary housing units. 
JAWMA. 61: 689-695. 

Ras, M.R., F. Borrull, and R.M. Marcé. 2008a. Determination of volatile organic sulfur 
compounds in the air at sewage management areas by thermal desorption and gas 
chromatography–mass spectrometry. Talanta, 74: 562–569. 
 
Ras, M.R., R.M. Marcé, and F. Borrull. 2008b. Solid-phase microextraction—gas 
chromatography to determine volatile organic sulfur compounds in the air at sewage 
treatment plants. Talanta, 77:774–778. 


	CPSC cover report 9.12.11c.pdf
	LBNL Phase II Final report 9.06.11

