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1. Figure 2 shows the volatile organic compound (VOC) emission factor for “On-
Road Gasoline Exhaust” in a pre-catalytic converter world (1965) and a modern 
day world (2012). By what percentage have we reduced VOC emission factors 
for “On-Road Gasoline Exhaust?” Compare “On-Road Gasoline Exhaust” with 
“Off-Road Gasoline Exhaust.” Why do you think these have such different VOC 
emission factors? (“On-Road Gasoline Exhaust” comes mainly from cars 
whereas “Off-Road Gasoline Exhaust” comes from tractors, lawn mowers, and 
other similar activities.) 
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2. In Figure 3 Panels A and B, the model better represents the data when volatile 
chemical products (VCPs) are included, but the open circles (representing 
aldehydes) don’t improve in their agreement. What does this tell you about the 
model and inclusion of VCPs? What are some sources of VOCs that the model 
does not include? 
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3. Science advances and discoveries are often made by collaborations between 
teams of people. How did previous work done by other scientific groups allow 
for the work presented here? 
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4. How do the authors use a model in this study? How does the model help allow 
the authors to draw conclusions? 
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5. The authors discuss VOCs and intermediate VOCs (IVOCs) where VOCs 
evaporate on time scales of milliseconds to hours and IVOCs evaporate on the 
time scale of hours to months. What causes the differences between the 
evaporation times between VOCs and IVOCs? Propose how you might expect 
VOCs and IVOCs to look chemically different. 
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6. Perfumes contain a large number of volatile organic compounds. Where do 
most of the atoms in perfume come from? 
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7. What are the main findings of this work? How could the main findings 
influence regulatory policy? 
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Writing an abstract 
 
Students write a new abstract for the article at a grade-appropriate reading level. 
 

RST.9-10.2 
RST.11-12.2 
Nature of Science 

Locating this study in the larger field 
 
Students use the annotated list of references to explain how this research builds on the 
published work of at least one other independent group of scientists. Students will 
evaluate whether data from this research supports or contradicts previous conclusions, 
and reflect on the statement that scientific knowledge is a “community effort.” 
 

RST.9-10.8 
RST.11-12.8 
Nature of Science 

Science in the news 
 
Students explore news stories in the Related Resources tab and evaluate the stories for 
tone, accuracy, missing information, etc. They may then write their own news stories 
on the article.  
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VOC emission factor graphs 
 
Students will use data in Figure 1 to calculate VOC emission factors. Plot these data 
using linear axes and with logarithmic axes as shown to see the difference. Which axes 
scale is more appropriate? 
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EPA’s air quality measurements 
 
Students will use the Air Quality Now and Air Quality Index from EPA.  
What are the main pollutants that are monitored in the Air Quality Index? Are VOCs 
monitored directly in the Air Quality Index? Which of these pollutants are strongly 
influenced by the presence of VOCs?  
Look at your local air quality using EPA’s Air Quality Now. What are the main pollutants 
in your area that influence air quality? Write a letter to a local elected official to help 
educate them on the importance of VCPs for better air quality. 
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Results and conclusions 
 
Students diagram each of the experiments presented in the study (divided up by figure, 
if appropriate). They then consider the results depicted in each figure, and how these 
results support the conclusions of the study.  

SEP8 
SP7 

 
The next steps 
 
Students design a follow-on experiment to this study that either addresses flaws or 
unanswered questions in the research at hand or builds on it to explore a new 
question. 
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Article summary (recommended for educator-use only) 

Volatile organic compounds (VOCs) emitted to the atmosphere play an important role in air chemistry and consequently 

in air quality. VOCs are often air toxins themselves and cause increases in ozone and particulate matter concentration, 

which is a leading cause of human health issues. In this study, researchers utilized measurements of the properties of 

organic molecules, government data on energy use and product composition, outdoor and indoor air monitoring, and 

atmospheric box modeling to determine the relative contributions to VOCs from fossil fuel use for transportation and 

from volatile chemical products (VCPs). VCPs are organic compounds that evaporate from everyday household and 

industrial products (pesticides, perfume, glue, etc.). Researchers found that to model chemical composition of VOCs in 

both indoor and outdoor spaces, they needed to include contributions from VCPs in the model calculations. From this 

work, the researchers were able to determine that although VCPs account for only a small percentage (4%) of product 

uses, they account for about 50% of VOC emissions. Thus, the authors concluded, VCPs and not automobile emissions 

are becoming the largest source in urban air environments. 

Importance of this research 

The study was performed to determine where volatile organic compounds (VOCs) in urban air came from. The work was 

informed by previous studies on indoor and outdoor air monitoring that showed higher than expected levels of certain 

VOCs, including ethanol, and epidemiological studies on the importance of air pollution for human health. Further work 

needs to be done to take into account the chemical composition of volatile chemical products and how they influence 

particulate matter formation. 

Experimental methods 

• Atmospheric Box Modeling: Calculations that account for emission of chemicals into the air, reactions that those 

chemicals undergo, and transport of these molecules into new locations. 

• Air Sampling with Mass Spectrometry (carried out by previous studies, but vital to this paper): Real-time 

monitoring of the chemical components in the air by ionizing the gas phase molecules with electrons and 

separating out the ions via their mass to charge ratio. 

Conclusions 

• Volatile chemical products (VCPs) are the major source of volatile organic compounds (VOCs) in urban indoor 

and outdoor air. Regulations for improving air quality will need to include contributions from VCPs. Historically, 

regulations have focused on automobiles as the main target for regulations. 

• The composition of VOCs in indoor air looks vastly different than the composition of VOCs in outdoor air. VCPs 

emitted indoors are the cause of this difference. As humans in industrialized nations spend the vast majority of 

their time in indoor environments, indoor air quality is vitally important to human health. 

 

 

 

 



 
 

Learning Performance: Students will evaluate a model of chemical emissions contributing to urban air pollution, through 

exploring methods for determining the source and effects of aerosolized organic compounds.  

The following tables provide an overview of the learning standards covered by this article, including the A Framework for 

K-12 Science Education (Framework), Common Core State Standards English Language Arts-Literacy (CCSS ELA), Common 

Core State Standards Statistics and Probability (CCSS HSS), AP Science Practices, and Vision and Change for 

Undergraduate Education. Where applicable, activities and information will be marked with specific standards to which 

they are linked. 

A Framework for K-12 Science Education  

Science and Engineering Practices Disciplinary Core Ideas Crosscutting Concepts 

Developing and Using Models (SEP2) 
Develop and use a model based on evidence 
to illustrate the relationships between 
systems and their components in the natural 
and designed worlds.  
 

Analyzing and Interpreting Data 
(SEP4) 
The student can perform data analysis and 
evaluation of evidence, applying concepts of 
statistics and probability (including 
determining function fits to data, slope, 
intercept, and correlation coefficient for 
linear fits) to questions and problems using 
digital tools where feasible. 

Obtaining, Evaluating, and 
Communicating Information (SEP8) 
Communicate scientific and technical 
information (e.g. about the process 
of development and the design and 
performance of a proposed process 
or system) in multiple formats 
(including orally, graphically, 
textually, and mathematically). 
Using Mathematics and 
Computational Thinking (SEP5) Use 
mathematical, computational, and/or 
algorithmic representations of 
phenomena or design solutions to 
describe and/or support claims 
and/or explanations. 

ESS3.A Natural Resources 
All forms of energy production and other 
resource extraction have associated 
economic, social, environmental, and 
geopolitical costs and risks as well as benefits. 
New technologies and social regulations can 
change the balance of these factors.  
 

PS1.B: Chemical Reactions 
The fact that atoms are conserved, together 
with the knowledge of the chemical 
properties of the elements involved, can be 
used to describe and predict chemical 
reactions.  
 

ETS1.A Defining and Delimiting 
Engineering Problems 
The first thing that engineers do is define the 
problem and specify the criteria and 
constraints for potential solutions. 

Cause and Effect 
Events have causes, sometimes simple, 
sometimes multifaceted. A major activity of 
science is investigating and explaining causal 
relationships and the mechanisms by which 
they are mediated. Such mechanisms can 
then be tested across given contexts and used 
to explain events in new contexts. 
 

Systems and System Models 
Models (e.g. physical, mathematical, 
computed) can be used to simulate systems 
and interactions --including energy, matter, 
and information flows --within and between 
systems at different scales.  
 

Stability and Change 
Change and rates of change can be quantified 
and modeled over very short or very long 
periods of time. Some system changes are 
irreversible. 

 

 

 



 
 

Common Core State Standards English Language Arts-Literacy 

Key Ideas and Details Craft and Structure Integration of Knowledge and Ideas 

RST.9-10.1 
Cite specific textual evidence to support 
analysis of science and technical texts, 
attending to the precise details of 
explanations or descriptions. 

 
RST.9-10.2 
Determine the central ideas or conclusions of 
a text; trace the text’s explanation or 
depiction of a complex process, phenomenon, 
or concept; provide an accurate summary of 
the text. 

 
RST.11-12.1 
Cite specific textual evidence to support 
analysis of science and technical texts, 
attending to important distinctions the author 
makes and to any gaps or inconsistencies in 
the account. 

 
RST.11-12.2 
Determine the central ideas or conclusions of 
a text; summarize complex concepts, 
processes, or information presented in a text 
by paraphrasing them in simpler but still 
accurate terms. 
 

RST.9-10.4 
Determine the meaning of symbols, key terms, 
and other domain-specific words and phrases 
as they are used in a specific scientific or 
technical context relevant to grades 9-10 texts 
and topics. 

 
RST.9-10.5 
Analyze the structure of the relationships 
among concepts in a text, including 
relationships among key terms (e.g., force, 
friction, reaction force, energy). 

 
RST.9-10.6 
Analyze the author’s purpose in providing an 
explanation, describing a procedure, or 
discussing an experiment in a text, defining 
the question the author seeks to address. 
 
RST.11-12.4 
Determine the meaning of symbols, key terms, 
and other domain-specific words and phrases 
as they are used in a specific scientific or 
technical context relevant to grades 11-12 
texts and topics. 
 

RST.11-12.5 
Analyze how the text structures information or 
ideas into categories or hierarchies, 
demonstrating understanding of the 
information or ideas. 
 

RST.11-12.6 
Analyze the author’s purpose in providing an 
explanation, describing a procedure, or 
discussing an experiment in a text, identifying 
important issues that remain unresolved. 

RST.9-10.8 
Assess the extent to which the reasoning and 
evidence in a text support the author’s claim 
or a recommendation for solving a scientific 
or technical problem. 
 

RST.9-10.9 
Compare and contrast findings presented in 
a text to those from other sources (including 
their own experiments), noting when the 
findings support or contradict previous 
explanations or accounts. 

 
RST.11-12.8 
Evaluate the hypotheses, data, analyses, and 
conclusions in a science or technical text, 
verifying the data when possible and 
corroborating or challenging conclusions 
with other sources of information. 

 
RST.11-12.9 
Synthesize information from a range of 
sources (e.g., texts, experiments, 
simulations) into a coherent understanding 
of a process, phenomenon, or concept, 
resolving conflicting information when 
possible. 

 

 

 

 

 

 

 



 
 

AP Science Standards 

AP Science Practices AP Biology Content Standards 

Science Practice 1 (SP1) 
The student can use representations and models to communicate 
scientific phenomena and solve scientific problems.  
 

Science Practice 7 (SP7) 
The student is able to connect and relate knowledge across various 
scales, concepts, and representations in and across domains. 

Essential Knowledge 2.B.3 (EK.2.B.3) 
Intermolecular forces play a key role in determining the properties of 
substances, including biological structures and interactions.  
 

Essential Knowledge 4.C.1 (EK.4.C.1) 
The mechanism of a multistep reaction consists of a series of 
elementary reactions that add up to the overall reaction. 

 

Connections to the Nature of Science 

Vision and Change for Undergraduate Biology Education 
Core Competencies and Disciplinary Practices 

A Framework for K-12 Science Education 
Understandings About the Nature of Science 

Ability to apply the process of science 
Understand the process of science and how scientists construct new 
knowledge by formulating hypotheses and then testing them against 
experimental and observational data. 
 

Ability to understand the relationship between science 
and society 
Identify the social and historical dimensions of biology practice: 
evaluating the relevance of social contexts to biological problems, 
evaluating ethical implications of biological research. 
 

Scientific Investigations Use a Variety of Methods 
Science investigations use diverse methods and do not always use the 
same set of procedures to obtain data.  
 

Scientific Models, Laws, Mechanisms, and Theories 
Explain Natural Phenomena 
Models, mechanisms, and explanations collectively serve as tools in 
the development of a scientific theory. 

 


