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Abstract 

The number of registered chemicals is reaching 65 million according to the 

chemical abstract service (CAS). The United States Environmental Protection 

Agency (EPA) and Center for Disease Control and Prevention (CDC) has 

examined around 0.1 – 0.2 % of them for their toxicity. The synthesis of new 

chemicals requires fast screening method to determine their impact on the 

environment before they are used in commerce. The Office of Pollution 

Prevention and Toxics of EPA developed a number of models, which estimate 

the physical properties and potential environmental hazards. This education 

module presents a graphical tool that estimates of the chemicals fate and 

toxicity.  
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1. Introduction 

When we think about chemical use, we realize that we can divide the chemical 

usage into two categories: “things” and “stuff”. We say this tongue in cheek but 

“stuff” is basically the chemicals and “things” are goods such as textiles, car 

parts, coating etc. This module will focus on “stuff”. 

As of 2012, there are more than 2,200 high production volume chemicals 

(1million pounds/year) in US commerce according to the U.S. Environmental 

Protection Agency (EPA) (http://www.epa.gov/hpv/). Among the 64,443,421 

chemicals registered in Chemical Abstracts Service (as of March 20, 2013, 

http://www.cas.org/content/counter), information on chemicals toxicity, 

bioavailability, ecosystem and human health toxicity is available only for 0.2 % of 

these chemicals through the Registry of Toxic Effects of Chemical Substances 

(RTECS), which includes more than 160,000 chemicals 

(http://www.cdc.gov/niosh/rtecs/RTECSfeatures.html). At the same time, 

chemicals usage has increased and this has led to new products and created 

business opportunities. Understanding the hazards associated with the emerging 

chemicals requires long term detailed research, which makes the comparison 

between chemicals of same functionality complicated for the manufactures to 

identify the best chemical for a given product. The availability of a fast tool to 

compare the characteristics and potential impacts of two chemicals would be 

a helpful tool for the product designers. A simple, but effective technique could 

be used to compare relative safety and sustainability of different chemicals. We 

http://www.epa.gov/hpv/
http://www.cas.org/content/counter
http://www.cdc.gov/niosh/rtecs/RTECSfeatures.html


present a graphical representation of numerous factors on a target plot or radial 

diagram that will allow one to select the most environmentally responsible 

chemical from several options. Such diagrams are widely used for a quick 

comparison of multiple factors. For example, “wind roses” are used to represent 

the dominant wind directions for a given time period (Figure 1). 

 

 

 

Figure 1. Wind Roses for August (left) and December (right) 1961 (Atlanta, GA, 

USA) Retrieved from: 

http://www.wcc.nrcs.usda.gov/ftpref/downloads/climate/windrose/georgia/

atlanta/ 

Construction of a target plot requires three steps: (1) creation of a plot that 

includes the chemical properties of interest (e.g., toxicity, solubility, fate in the 

environment, etc.), (2) determination of these properties, and (3) plotting the 

results. These steps are easy for the common chemicals for which the chemical 

properties are known. For others, chemical properties can be determined from 

Pollution Prevention Framework (P2 Framework), which the U.S. Environmental 

Protection Agency (EPA) Office of Pollution Prevention and Toxics (OPPT) has 

developed. The P2 framework is a set of screening-level methodologies that use 

the structure of chemicals to evaluate their fate in the atmosphere or biosphere. 

It is based on multiple numerical models which assess a particular characteristic 

of a chemical and the probable influence the chemical might exert on 

environment or human health (http://www.epa.gov/opptintr/sf/pubs/p2frame-

june05a2.pdf).  

The tools were developed in response to the passage of the Toxic Substances 

and Control Act of 1970 (TSCA). TSCA was passed to prevent the release of 

chemicals into commerce that may cause harm to human health or the 

environment. TSCA gives EPA 90 days to decide whether a chemical is safe; 

consequently, EPA developed these tools to make a preliminary assessment. If 

the assessment shows that a given chemical may be harmful, then EPA will 

require further testing which may include animal testing. In such cases, a 

chemical manufacturer would most likely not test the chemical and not 

produce it. 

There are two main categories when it comes to chemical users: formulators 

and chemical manufacturers. Formulators use chemicals to produce products 

http://www.epa.gov/opptintr/sf/pubs/p2frame-june05a2.pdf
http://www.epa.gov/opptintr/sf/pubs/p2frame-june05a2.pdf


like Personal Care Products. Manufacturers actually create new chemicals. 

OPPT developed the P2 frame work to allow formulators and manufactures to 

select and make more environmentally responsible chemicals, respectively. 

The P2 framework contains thirteen programs/software tools that are 

incorporated in a single interactive EPI Suite. These software tools could be used 

separately or as a suite for a comprehensive evaluation of a chemical. Each 

software tool estimates one chemical property. The software tool, AOPWIN, 

estimates atmospheric oxidation rates of a chemical and provides half-lives for 

organic compounds based upon average atmospheric concentrations of 

hydroxyl radicals and ozone. The software tool, BCFBAF, estimates the bio-

concentration factor for fish using the log of the octanol-water partition 

coefficient and biotransformation rate of a chemical in fish. The 

bioconcentration factor (BCF) compares the compound concentration in fish as 

compared to the water concentration for uptake by gills and skin of the fish. The 

BCF has been determined experimentally for 13200 organic compounds (13) 

and these data demonstrate that the tool can predict the BCF. This tool 

however does not estimate the potential of the chemical to migrate or 

accumulate through the food chain, which is referred to as bioaccumulation or 

biomagnification. The software tool, BioHCwin, calculates the biodegradation 

rate in the environment and reports the half-live of the chemical. The software 

tool, BIOWIN, determines the biodegradability of a compound in a wastewater 

treatment plant for both aerobic and anaerobic conditions. It is evaluated for 

the mixed populations of microorganisms. The software tool, ECOSAR, estimates 

the aquatic toxicity of a chemical. It calculates both the lethal dose 50% and 

lethal concentration 50% (LD50, LC50)for fish (96 hours of exposure), daphnia (48 

hours of exposure), mysid (96 hours of exposure), green algae (72 or 96 hours of 

exposure), and earthworm (LC50, 14-days exposure). It also calculates the 

chronic value effects on mentioned organisms (the geometric mean of no 

observed effect and the lowest observed effect concentrations, observed for 21 

day of exposure). Toxicity to fish, aquatic invertebrates, and algae are used to 

predict toxicity to a general aquatic community. The software tool, HENRYWIN, 

estimates Henry’s law constant of organic compounds at 25C. The Henry’s 

constant can be used to determine the equilibrium concentrations in the air 

given the water concentration. The Henry’s constant is important for 

determining the fate of the compound. For example, if a chemical will be 

transported in air, water or remain in both phases. The software tool, HYDROWIN 

calculates the aqueous hydrolysis rates (acid- or base-catalyzed), and can be 

used to calculate hydrolysis half-lives at a selected pH. The software tool, 

KOAWIN, estimates the octanol-air partition coefficient (the ratio of a chemical's 

concentration in octanol to the concentration in air at equilibrium). It is used to 

predict the partitioning (ratio of the chemical’s concentration) in environmental 

media such as fish, soil, vegetation, hydrosol and aerosols, water or air. The 

software tool, KOCWIN, estimates soil sorption coefficient (Koc) – "the ratio of the 

amount of chemical sorbet per unit weight of organic carbon in the soil or 

sediment to the concentration of the chemical in solution at equilibrium" 

(12).The software tool, KOWWIN, estimates octanol-water partition coefficient 

which is related to the solubility in fat (lipophilic substance) and the 

hydrophobicity of a substance. Accordingly, KOWWIN will allow one to estimate 

the biomagnification of the chemical. Biomagnification is the increase of a 



chemicals concentration in the biota which accumulates with increasing 

trophic levels and it accumulates with increasing fat solubility. The software tool, 

MPBPVP, estimates these physical properties of a chemical: melting point, 

boiling point, and vapor pressure. The software tool WSKOWWIN estimates water 

solubility of a chemical using ocatanol-water partition coefficient, which is 

calculated from KOWWIN. WATERNT is another software tool for water solubility 

estimation, but it is based quantitative structure activity relationships (it breaks 

down organic compounds into fragments and then adds up the contribution of 

each fragment on the organic compounds solubility). Obviously, taken 

together, these chemical properties would be very important to determine the 

fate and impact of chemicals in the environment.   

 

Accordingly, the P2 Framework provides chemical impacts in 4 main categories: 

Physical/Chemical Properties; Hazards to Humans and the Environment; 

Chemical Fate in the Environment; and Exposure and/or Risk (Table 1). These 

areas are represented as scales on target plots. The P2 Framework could be 

used in both cases whether precise physical property data is available or not.   

 

Table 1. Categories and outcomes of software tools within P2 Framework 

(http://www.epa.gov/opptintr/sf/pubs/p2frame-june05a2.pdf) 

Physical/Chemical 

Properties 
Hazard to Humans 

and the Environment 
Chemical Fate in the 

Environment 
Exposure and/or Risk 

 Melting point 

 Boiling point 

 Vapor pressure 

 Water solubility 

 Henry's law 

constant 

 Soil organic 

carbon 

adsorption 

 Carcinogenicity 

potential 

 Aquatic toxicity 

 Non-cancer 

human health 

effects 

 Atmospheric 

oxidation potential 

 Hydrolysis 

 Biodegradation 

 Bioconcentration and 

bioaccumulation 

 Percent removal in 

wastewater 

treatment 

 Percent in each 

media (air, soil, 

sediment and water) 

 Persistence 

 Consumer dermal 

exposure 

 Consumer 

inhalation 

exposure 

 Chemical 

concentrations 

resulting from 

discharges to 

surface water 

 Workplace 

releases and 

exposures 

 

For the comparison, we used EPI Suite v4.11, which contains a number of 

Quantitative Structure–Activity Relationship (QSAR) software tools mentioned 

above (http://www.epa.gov/oppt/exposure/pubs/episuite.htm). Once 

downloaded, it could be used offline for educational and personal purposes. 

The interface allows selecting a number of options to use the suite as shown in 

Figure 2. It is possible to look for the chemical characteristics through the 

Chemical Abstracts Number (CAS) number, the simplified molecular-input line-

entry system (SMILES) number (integrated chemical structure drawing tool) or 

chemical structure, and common chemical name. We can also use separate 

software tools and evaluate the chemical in every software tool separately, but, 

http://www.epa.gov/opptintr/sf/pubs/p2frame-june05a2.pdf
http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm
http://www.epa.gov/oppt/exposure/pubs/episuite.htm


it is faster to complete the full analysis. It is particularly useful since results from 

some software tools are used for others.  

 

 

Figure 2. EPI Suite v4.11 main interface 

(http://www.epa.gov/oppt/exposure/pubs/episuite.htm) 

 

In this learning module we represent two basic approaches to the chemical 

selection and their graphical representation via target plots. One case is 

somewhat simplified for well-known chemicals and the other two for chemicals 

that do not have experimental determined chemical and toxicological 

properties.  

 

Case Study 1. Which chemical should have been used to kill Alexander the 

Great?  

Ancient poison professionals had no need to use target plots to which poison to 

kill a king. It was quite obvious. However, which familiar modern poisonous 

chemical would they choose to kill Alexander the Great without harm to other 

people and the environment? We selected strychnine (to keep it historical) and 

a common substance that is available today, nicotine (Figure 3). They both 

were used as pesticides (1, 2) and both are poisonous enough to kill a human 

(10), (http://www.inchem.org/documents/pims/chemical/pim507.htm). The fatal 

dose of nicotine for an adult 70 kg human is 50-60 mg (single one time 

consumption) (http://www.cdc.gov/niosh/idlh/54115.html). Strychnine’s lethal 

http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm
http://www.epa.gov/oppt/exposure/pubs/episuite.htm
http://www.inchem.org/documents/pims/chemical/pim507.htm
http://www.cdc.gov/niosh/idlh/54115.html


dosages vary in the range of 60 to 200 mg for an adult human 

(http://www.cdc.gov/niosh/idlh/57249.html). 

 

Nicotine Strychnine 

  
Figure 3. Structures of Nicotine and Strychnine (retrieved from Wikipedia 

http://en.wikipedia.org/wiki/Nicotine and http://en.wikipedia.org/wiki/Strychnine) 

We used available online service “Scorecard” in order to get available data on 

selected chemicals for further comparison 

(http://scorecard.goodguide.com/chemical-profiles/). It contains the information 

about 11,200 most widely used chemicals in the industries. The characteristics of 

chemicals in the database contain relative information on “Hazard Rankings” of 

the chemical comparing to the other in 5 ranking systems (3-7). The rank of the 

chemicals is represented as percentile range (Figure 4, 5).  

 

 
 

Figure 4. Hazard Ranking of Nicotine via “Scorecard” 

http://www.cdc.gov/niosh/idlh/57249.html
http://en.wikipedia.org/wiki/Nicotine
http://en.wikipedia.org/wiki/Strychnine
http://scorecard.goodguide.com/chemical-profiles/


 
 

Figure 5. Hazard Ranking of Strychnine via “Scorecard” 

 

The hazard characteristics of presented chemicals are different owing to 

variations of influence scales and categories. The “Integrated Environmental 

Ranking” scale shows the same percentile rank (50-75 %) for selected chemicals 

(Figure 4, 5). There is also an absence of data for the ingestion and inhalation 

toxicity for nicotine. For the target plot construction we assumed that the 

ingestion and inhalation toxicity of nicotine is in the same level as strychnine’s 

(Figure 6). 

We used the Scorecard results, presented in percentile ranges, to built the 

partitioning scales with the lowest impact equal 0 (0 percent) and the highest 

impact 1 (100 %). With the plot ready we used mean values for each category 

and chemical to plot them out (Figure 6).  

The target plot (Figure 6) indicates that nicotine is not as safe for poisoners 

(“workers”) health as strychnine. Accidental exposures to nicotine therefore 

might fail the mission. At the same time Strychnine is more harmful for the 

environment (water, land, air and global influence).  



 

Figure 6. Target Plot Comparing Hazards of Nicotine and Strychnine Based on 

“Scorecard” Rankings 

 

The same analysis performed via means of EPI Suite v4.11  gives more detailed 

results (Figure 7). The data received from EPI Suite software tools could be used 

for target plots construction. For this purpose, we recommend using Microsoft 

Office Excel or alternative table editor (e.g. Open Office). Comparing the results 

will require the researcher/student to select the appropriate categories that 

determine the environmental performance of the chemicals. As shown above, 

the results should categorized and given unified scale.  

The target plot (Figure 7) shows that the chemicals have similar characteristics in 

most categories. Nicotine has a higher vapor pressure (easily evaporates in the 

air); it is more soil reactive and has lower environmental (water) migration 

potential than strychnine. It means that nicotine is likely to remain in soil or 

sludge, but if exposed to air will evaporate or remain in the air in aerosol 

particles. Strychnine, on the other hand, is somewhat more water soluble and 

has higher atmospheric oxidation potential (remains longer in the atmosphere). 

The target plot indicates that strychnine is more environmentally dangerous than 

nicotine.  
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Figure 7. Target Plots for nicotine and strychnine  

Note: Categories are presented in Appendix 1.  

 

Suggested Assignment for Students 

Some plastic bottles are known to contain potentially harmful chemicals (9). 

Compare Bisphenol A (CAS number 80-05-7) and Styrene (CAS number 100-42-5) 

using online service “Scorecard”. Present results on the target plots and discuss 

their characteristics. Compare results with experimental research results 

available online.  

Case Study 2. Selecting between two fungicides in hand cream. Which one is 

more environmentally responsible?  

Fungi can cause serious damages in agriculture, which result in yield quality and 

quantity loss, unless effective fungicide is used. Fungi can also ruin personal care 

products like hand creams. TSCA was passed to prevent harmful chemical from 

entering the market. We will determine which fungicide is more environmentally 

responsible using a target plot. 

For this case, we will evaluate which fungicide should we add to our hand 

cream to prevent it from being spoiled by fungal growth. For this case, we are a 

formulator and our choices will drive the market to produce the better fungicide 

because formulators will buy only the best one. We consider two commercially 

available fungicides: UBC (Urea Based Compound) and CBC (Carbamate 

Based Compound). Because we care not only about effectiveness of the 

fungicide; but, also about its ultimate environmental and health consequences, 
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we will estimate the main environmental qualities. The chemical structure is 

given in Figure 8.  

 
 

Urea Based Compound Carbamate Based Compound 

 

Figure 8. Chemical Structures of UBC and CBC fungicides  

 

As mentioned above we use a software tool SMILES (Simplified Molecular Input 

Line Entry System) to draw the structures and “upload” chemicals this way to the 

program (Figure 9). The 2D drawing is reflected in the SMILES, which present the 

structure in a form of a line notation, which the EPI Suite v4.11 utilizes for 

calculations.  

 

 

Figure 9. 2D editor screen of EPI Suite v4.11 used for drawing and getting SMILES 

code 

http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm
http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm


We developed a target plot that plots 16 chemical properties which can be 

used to assess the chemicals environment performance. We have chosen the 

scales that are shown in Figure 10 according to highest to lowest observed 

values. We have also arrange the target plot such that chemical had better 

performance in one category if it was closer to the inner part of the target plot 

or “bulls eye”. In some cases, such as solubility, a scale starts with the highest 

solubility near the “bulls eye”. This is because a chemical with high solubility 

would disperse more readily and would not bioaccumulate as much as one that 

has a low solubility. This subjective determination is open to other strategies 

based on the users need but will use the one we developed and is shown Figure 

10. We have arranged Figure 10 into 4 main categories: physico-chemical 

properties, environmental fate, and occupational influence and disposal 

properties of chemicals. As can be seen, every chemical properties has its own 

scale, and we have stated the lowest impact points are plotted near the “bulls 

eye” and the high-impact levels are placed on the outer edges of the plot.  

We used the software package of EPI Suite v4.11 to estimate the values for 

every category and plotted them as shown in Figure 11.  

 

 

Figure 10. Target plot for fungicides comparison  

 

http://www.epa.gov/opptintr/exposure/pubs/episuitedl.htm


 
Urea Based Compound 

 

Carbamate Based Compound 

Figure 11. Target Plots for UBC and CBC Fungicides 

Note: Categories are presented in Figure 10. The excel file is added. 

 

The UBC fungicide presents a higher environmental risk due to its higher 

carcinogenic and bioconcentration potential, low biodegradability and high 

sorption to sewage sludge (Figure 12). The CBC fungicide shows high levels of 

aquatic toxicity, lower cancer risk, and higher degradability in the environment. 

Consequently, a typical waste water treatment plant that contains this 

fungicide may need advance treatment.  

 

 
 

Figure 12. Water recycling treatment process at typical wastewater treatment 

plant (http://www.saws.org/your_water/recycling/Centers/treatment.cfm) 

 

http://www.saws.org/your_water/recycling/Centers/treatment.cfm


Case Studied 3. How to get rid of mosquitoes with less environmental impacts?  

Fifty years ago, Rachel Carson’s “Silent Spring” set off the alarm about the 

dangers of DDT usage. DDT caused the thinning of egg shell of predictor birds 

and this resulted in total reproductive failure. After the Stockholm Convention, 

the US banned the use of DDT (dichlorodiphenyltrichloroethane) for agricultural 

purposes in the USA. However, the production of DDT remains at 3,000-4,000 tons 

annually, and is used to control malaria vectors (indoor residual spraying) [8]. On 

the other hand, one of the widely used mosquito repellents is the DEET (N,N-

Diethyl-meta-toluamide)(11).The chemical structures are given in Figure 12. If 

you search the available data bases, we cannot find a complete list of the 

chemical properties. In this case, we may use EPI Suite, which has been 

developed by EPA’s OPPT and Syracuse Research Corporation.  

 

DDT DEET 

  

Figure 12. Structures of DDT and DEET (retrieved from Wikipedia 

http://en.wikipedia.org/wiki/DDT and http://en.wikipedia.org/wiki/DEET) 

 

For the comparative evaluation of DDT and DEET we used default values of 

water depth, wind velocity and water velocity. After the selection of the 

chemical the full report is generated in a separate window (“Results Window” 

button), where one can review all results or flagged results of every software 

tool. Results could be saved in text formats and printed. Short results are also 

available on the lower part of the main screen as flagged tabs.  

We used a 5 point scale to construct a target plot (1 – the lowest impact in the 

center of a target plot and 5 – the highest). This way we were able to plot the 

results in a single scale target plot (Figure 13). 

  

http://en.wikipedia.org/wiki/DDT
http://en.wikipedia.org/wiki/DEET


 

 

Figure 13. Target Plots for DDT and DEET  

Note: Categories are presented in Appendix 1. 
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Suggested Assignment for Students 

Malathion (CAS number 121-75-5) and Bromomethane (CAS number 74-83-9) 

are well known insecticides. Compare them using P2 Framework (EPI Suite v4.11). 

Present results on the target plots and discuss their characteristics. Which 

insecticide is more dangerous for human health? What parts of environment will 

be affected via their release?  

Suggested References for Students to Review 

http://www.epa.gov/opptintr/sf/pubs/p2frame-june05a2.pdf 

http://www.epa.gov/oppt/exposure/pubs/episuite.htm 
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Appendix 1.  

 

Table 1. Selected Categories for Chemicals Comparison 

# Category 
Minimum,  

= 1 Pt 

Maximum, 

= 5 Pt 

1 Bioconcentration potential, Log KOW <2 >8 

2 Bioconcentration factor, Log BCF  <3 >3,7 

3 Water solubility, ppm <0.1 >10,000 

4 Vapor pressure, mm Hg <10-8 >10-4 

 Aquatic toxicity, ppm   

5 - Fish, LC50, 96h >10 ≤1 

6 - Daphnid, LC50, 48h >10 ≤1 

7 - Green Algae, EC50, 96h >10 ≤1 

8 - Fish, ChV >10 ≤0.1 

9 - Daphnid, ChV >10 ≤0.1 

10 - Green Algae, ChV >10 ≤0.1 

11 Volatility, atm-m3/mole <10-7 >10-3 

12 Biodegradation primary, half-life Hours 
Recalcitrant 

(years) 

13 Biodegradation ultimate, half-life Hours Recalcitrant(years) 

14 Atmospheric oxidation, half-life <2 hours >1 month 

15 Environmental migration potential, Log Koc >4.5 <1.2 

 
Predicted Fate in a Wastewater Treatment 

Facility, % 
  

16 - Total removal >80 0-20 

17 - Total biodegradation >80 0-20 

18 - Total sludge sdsorption >80 0-20 

19 Environmental reaction, total, % >80 0-20 

20 Environmental advection, total, % 0-20 >80 

21 Air reaction, % >80 0-20 

22 Water reaction, % >80 0-20 

23 Soil reaction, % >80 0-20 

24 Sediment reaction, % >80 0-20 

25 Air advection, % 0-20 >80 

26 Water advection, % 0-20 >80 

27 Soil advection, % 0-20 >80 

28 Sediment advection, % 0-20 >80 

 

 


