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Abstract

In recent years, the advancement of sustainable chemistry concepts and approaches along with 

their demonstrated application has become a central part of the design, synthesis, and manufacture 

of a chemical. Sustainable chemistry not only utilizes the principles of green chemistry, but also 

expands to incorporate economic, societal, and environmental aspects. This is further elucidated 

by the incorporation of life cycle assessment/thinking to include the raw material production, 

manufacture, processing, and use and disposal stages, allowing for a comprehensive evaluation of 

the environmental and human health impacts attributed to a chemical. This contribution outlines an 

approach for the development of a preliminary framework for the sustainable synthesis of a 

chemical that is identified as an alternative for an existing chemical of concern. The framework is 

introduced concurrently with a case study for organophosphates that are selected as potential 

replacements for brominated flame retardants (BFRs). This framework is designed to apply 

existing knowledge of green chemistry to the synthesis of alternatives, along with its integration 

into Life Cycle Assessment culminating in the development of a more overall sustainable chemical 

entity when compared to its predecessor.
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A framework for using a chemical’s molecular descriptor information to link with existing 

literature and knowledge to arrive at a more sustainable synthesis route for that chemical.
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INTRODUCTION

From the early days of environmental philosophy as introduced by Rachel Carson’s Silent 

Spring in 1962,1 to the publication titled ‘Our Common Future’ by the Brundtland 

commission in 1987,2 sustainable development has been an ongoing process wherein the 

events and definitions are in a constant state of progression. The evolutionary course 

encompasses noble consideration as to how we can guarantee that our offspring have a 

proper future and shouldering the responsibility for our deeds, but the approach is riddled 

with varied pathways culminating in rather complex scenarios. This explains why there are 

numerous and an often-misused interpretation of what constitutes sustainability and 

sustainable development.

Green Chemistry and its 12 Principles,3 developed in the 1990’s, have provided chemists 

with a design philosophy, which ensures that human health and environmental objectives can 

be attained. A common working definition of green chemistry is “preventing pollution and 

impact on the molecular level”.4 Building on this, and the ensuing, 12 green engineering 

principles5 and armed with the knowledge that sustainability transcends traditional 

disciplinary boundaries, there is a greater need to extend past solely the environmental 

considerations, but also include those of economics, and societal. Cumulatively this is an 

essential outline and definition for sustainable chemistry,6 and together with these Principles 

can provide an outcome that can result in momentous improvement on the raw material 

usage and energy consumption that eventually defines economic success. However, an 

integrated approach that incorporates these principles in a cohesive manner throughout the 

life cycle of a process or product is the key.7
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As new chemicals are introduced, and existing chemicals continue to be sold on the 

commercial market, new and faster approaches are needed to evaluate their inherent 

chemical and physical properties, exposure and toxicity potentials, as well as their impact on 

the environment and human health either through direct measurement or via the 

development of correlation models. In addition to the evaluation of these chemicals as final 

products, there must also be an understanding of all the materials, energy, water, and 

released emissions associated with their manufacture. Only by comprehending and having 

this advanced data and knowledge of the chemical and the entirety of the life cycle, can one 

make a fully informed decision while evaluating the chemical of concern and any potential 

available alternatives.

Sustainable design is the intent to totally eliminate or minimize the adverse environmental 

and human health impacts through thoughtful designs; these concepts can be broadly applied 

across all fields of design including chemical products. The sustainable chemistry 

framework, when appropriately applied, can address the crucial sustainability challenges that 

civilization faces today. This entails the advancement of strategies and a set of 

considerations that ascertain design criteria concerning the properties of the ensuing 

chemical(s), thus culminating in the development of inherently less harmful substances 

when compared to those currently deployed.

To capture the 25 years of advancement in the areas of green chemistry, green engineering, 

and sustainability in chemistry, this contribution outlines an approach for the development of 

a preliminary framework for the sustainable synthesis of a chemical. This tactic can be used 

for a direct comparison of an alternative as a replacement for an existing chemical of 

concern (CoC). The framework is introduced concurrently with a case study for 

organophosphates that are selected as potential replacements for brominated flame retardants 

(BFRs). The framework is designed to incorporate existing knowledge of green chemistry 

and engineering to the synthesis of alternatives with its integration and concomitant 

application into Life Cycle Assessment, thus leading to the development of a more inclusive 

sustainable chemical when compared to its predecessor.

METHODOLOGY

In the past decade, there is an ever-increasing demand by the public and stake holders to 

design new chemicals/products that possess minimal toxicity, and preferably be derived from 

renewable and sustainable sources. Meeting this mandate requires a novel scientific and 

systematic approach that distances from the traditional chemistry platform. This is not a 

trivial change as the use, efficacy, and potency must be maximized to meet consumer 

requirements, meanwhile human health and environmental toxicity is concurrently 

minimized. But, this is a change that is currently occurring. In changing our mindset on how 

chemicals are designed, produced, and used, an eventual proactive cultural change will 

ensue, resulting in prevention of many potential environmental challenges, as opposed to the 

often-reactionary practice that arises as a result of man-made chemicals (e.g. the addition of 

lead to gasoline and the use of chlorofluorocarbons in refrigerants).
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On June 22, 2016, President Obama signed and enacted into law The Frank R. Lautenberg 

Chemical Safety for the 21st Century Act (LCSA) which amended the Toxic Substances 

Control Act (TSCA) of 1976 to meet the needs of the 21st Century.8 With more than 96% of 

all manufactured goods being directly impacted by chemistry, this new bill is aimed to 

improve public health protection and increase the public’s confidence in chemicals that are 

in the everyday consumer domain. This modernization is also deliberate to encourage 

increased innovation in chemical design and manufacturing, opportunities for favorable 

marketing (e.g. product ingredients that are more sustainable and less environmentally 

consequential) and the prospect of new products with improved sustainability profiles. This, 

in turn, will increase the need for data availability that comprise the chemical’s inherent 

physical, chemical, exposure, and toxicity properties. Additionally, it should encourage the 

best (i.e. greener or more sustainable) synthesis routes and manufacturing process 

information.

As this demand for safer and less toxic chemicals continues to rise, dictated largely by the 

public and chemical manufacturers, the need for well-thought-out, comprehensive, informed 

decision criteria, and frameworks has led to the science of Alternative Assessment (AA). 

This is a process, framework or guidance that aids in identifying and comparing alternative 

chemicals that are safer, or less toxic or more sustainable when compared to the CoC under 

evaluation. The practice of AA is to provide informed substitution when suggesting an 

alternative, in addition to understanding the potential consequences (i.e. tradeoffs) associated 

when selecting an alternative. This assessment technique differs from safety, risk, or 

sustainability assessments. But, is a technique based on life-cycle thinking and accordingly 

does include concepts found in the previously identified and related assessment techniques.

A number of organizations have engendered their own assessment frameworks or guidance: 

Toxics Use Reduction Institute’s (TURI) “Five Chemicals Study: Alternatives Assessment 
Process Guidance”,9 University of California, Los Angeles (UCLA) Sustainability 

Technology & Policy Program’s “Multi-criteria Decision Analysis Tool”,10 European 

Chemicals Agency’s (ECHA) “Guidance on the Preparation of an Application for 
Authorization”,11 German Federal Environmental Agency’s “Guide on Sustainable 
Chemicals: A Decision Tool for Substance Manufacturers, Formulators and End Users of 
Chemicals”,12 United Nations Environment Programme’s (UNEP) “General Guidance on 
Considerations Related to Alternatives and Substitutes for Listed Persistent Organic 
Pollutants and Candidate Chemicals”,13 Lowell Center for Sustainable Production’s 

“Alternatives Assessment Framework of the Lowell Center for Sustainable Production”,14 

Interstate Chemicals Clearinghouse’s (IC2) “Interstate Chemicals Clearinghouse 
Alternatives Assessment Guide”,15 California’s Department of Toxic Substance Control 

“Safer Consumer Products Regulation”,16 Business-NGO Working Group’s (BizNGO) 

“Chemical Alternatives Assessment Protocol: How to Select Safer Alternatives to Chemicals 
of Concern to Human Health or to the Environment”17 and the US Environmental Protection 

Agency (EPA) Design for the Environment’s (DfE) “Alternatives Assessment Criteria for 
Hazard Evaluation”,18 in response to the regulation of chemical substances and 

stakeholder’s interests in having consistent approaches to evaluate alternatives. As expected, 

each of these frameworks or guidance documents differs in terms of the attributes addressed 

and the methodologies applied. Additionally, there are a multitude of approaches for using 
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alternative assessment frameworks described in the literature.19–23 While, most of these 

frameworks considered elements such as assessing human health, ecological hazards, 

physicochemical properties, life cycle assessment, chemical/product performance, and social 

considerations, their application and scope for many of these examples diverged.

In 2015, the National Academy of Sciences (NAS) identified several elements, such as 

importance of accounting for the entire life cycle of a chemical and its alternatives, exposure 

to a chemical (source and quantity), social impact, the use of novel toxicological data 

streams, and applicability of in silico computational models and methods to estimate 

physicochemical information that are often missing from a number of existing frameworks. 

Consequently, the NAS produced the “Framework to Guide Assessment of Chemical 
Alternatives”24, a 13-step alternative assessment framework, which aids in a decision-

making process when assessing alternatives to a chemical of concern.

This decision framework contextualizes the aspects for arriving at potentially safer substitute 

chemicals with respect to human health and ecological risks. By incorporating aspects from 

previous guidance, needs25,26 and aforementioned framework efforts, this framework seeks 

to provide a greater level of standardization with the goal of providing a more harmonized 

approached to alternative assessment. As mentioned previously, there is a great need to 

include life-cycle thinking, which addresses the potential human health and environmental 

impacts of a chemical at each of its life cycle stages (resource acquisition, production, use, 

disposal and/or recycle). Also, included are the steps for quantifying product for 

performance and economic evaluations.

Table 1 identifies the individual stages (mandatory or optional) within the NAS framework, 

defines the general information needed or generated at each stage with the predecessor 

framework/guidance applicability to that stage and the type of hierarchical data needed to 

conduct each stage’s evaluation. The stages which are identified as optional activities are 

indicated with an asterisk. It is interesting to note that Stage 8, life cycle thinking, was not 

formally addressed in any of the previously produced guidance or framework documents 

surveyed for this contribution; but is a new aspect to the NAS framework document and a 

main driver for this research contribution.

The NAS’s alternative assessment framework offers the needed stepwise progression 

through the thought- and decision-making processes while considering and ultimately 

selecting a potential chemical alternative. Within each individual stage, there is a significant 

amount and variety of quantitative and qualitative data required. Furthermore, with 

progression from beginning to end, the essential data proceeds from being of high 

availability and high certainty to data that is not readily available and with greater levels of 

uncertainty. In order to have full utility of this decision support process and tool, data 

sources and quality must be properly identified and consistently deployed.

In general, a multitude of both qualitative and quantitative data sources that begin to meet 

the demands of the NAS framework exist. However, with the wide range of data type and 

breadth of chemicals there is still a need for further data. The expert synthesis methodology 

and framework being introduced in this contribution, is not only designed to provide data on 
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the synthesis data requirements, but also to integrate existing data which can contribute to 

meeting the NAS’s framework data prerequisites. The authors have identified and selected 

EPA data as initial sources; followed by incorporating missing data from other Federal 

Agencies and domestic and international sources. As the framework develops additional 

sources will be integrated. Since this methodology and framework is in the developmental 

phase, this technique is preferred because of the ease of methodology/database/tool 

integration and establishment of a cohesive approach to generate data needed for evaluating 

potential chemical alternatives.

In terms of information needs in Table 1, it is apparent that hierarchical sources of data can 

be obtained about chemico- and physico- properties and toxicity from prediction software 

such as EPA’s Toxicity Estimation Software Tool (TEST),27,28 or from their chemical 

databases such as EPA’s Chemical Safety and Sustainability iCSS Dashboard.29 This 

interactive webtool is designed for visualization and is a source of chemical screening data 

EPA’s Toxicity Forecaster (ToxCast)30 project and the Toxicity Testing in the 21st century 

(Tox21) collaboration. The iCSS ToxCast Dashboard integrates data from various sources 

including: ToxCast and Tox21 - High-throughput chemical screening data, ExpoCast - 

Chemical exposure data and prediction models, DSSTox - High quality chemical structures 

and annotations, PhysChemDB - Physical Chemical Properties Database, and CPCat - 

Chemicals listed by associated categories of chemical and product use. Exposure data and 

methods can be applied in a Life Cycle and Human Exposure Model (LC-HEM)31,32 to 

identify sources and quantities of exposure across the entire life cycle of the identified 

chemical alternative, as well as the precursor chemicals that go into creating the desired 

chemical. Fate and transport data can be sourced from the EPA’s Chemical Transformation 

Simulator (CTS),33,34 a web-based screening tool for predicting transformation pathways 

and physicochemical properties of organic chemicals, allowing for identification and 

quantification of the species resulting from degradation in a particular environment. 

Ecotoxicity data can be attained from the ECOTOXicology knowledgebase35 (ECOTOX) 

which is a comprehensive, publicly available information source that provides single 

chemical environmental toxicity data on aquatic life, terrestrial plants and wildlife.

For the requirement of data to manufacture a potential alternative, information pertaining to 

their synthesis can be obtained from the Sustainable Chemistry Synthesis and Expert 

Framework that is being introduced in this contribution. Thereby providing information 

delineating the synthesis of the identified chemical alternatives and facilitating their 

generation in a more sustainable manner. This synthesis information can then be fed into 

EPA’s Rapid Life Cycle Inventory methodology,36 which generates high-level inventory 

information for the immediate production of the identified alternative chemical. The 

generated inventory will afford process inputs and outputs and utility essential to produce a 

functional unit of the identified alternative. The integration of these inventories into EPA’s 

Life Cycle Assessment software, based on GreenDelta’s openLCA open-source foundation,
37 will provide an opportunity to tie the inventory of reactant streams all the way back to 

environmental flows and inventories, and to the product streams through the use and recycle/

reuse/disposal phase. The cumulative inventories can then be evaluated using EPA’s Tool for 

Reduction and Assessment of Chemicals and Other Environmental Impacts (TRACI),38,39 

an environmental impact assessment tool that provides characterization factors for Life 
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Cycle Impact Assessment (LCIA), industrial ecology, and sustainability metrics. These 

characterization factors quantify the potential impacts that inputs and releases have on 

specific impact categories in common equivalence units. Chemical process and 

manufacturing specific economic information can be gained from EPA’s Gauging Reaction 

Effectiveness for the ENvironmental Sustainability of Chemistries with a Multi-Objective 

Process Evaluator (GREENSCOPE) tool6,40–45 with additional sustainability evaluation in 

the areas of energy, environment and efficiency.

It should be pointed out that data required for stages 1, 2, 3, 9–2, 11, 12 and 13 (Table 1) are 

outside the scope of this methodology; these stages are directed by decisions made by the 

stakeholder groups performing the assessment. In contrast, the present methodology and 

eventual tool is geared towards facilitating the availability, incorporation and use of data, 

thus allowing the assessment to be completed more expeditiously and with a greater level of 

consistency.

FRAMEWORK

To achieve augmented sustainability with respect to the life cycle of a chemical and/or a 

process, researchers must minimize or potentially eliminate environmental hazards across its 

life cycle; also, risk must be assessed and quantified to ensure the activities taken are more 

sustainable. By mapping out a chemical’s life cycle many areas of opportunity for 

improvement to the current state are identified, as well as segmented avenues for new 

research. These efforts can validate that enhancement at the synthesis stage can have direct 

and indirect benefits and consequences. Therefore, reducing the risk associated with the 

manufacture, processing and use of a chemical, as described above, can bring about greener 

and more sustainable chemicals and advance the science about making chemicals greener as 

evidenced by the past 25 years of green chemistry research.45–50

Many eco-friendly outcomes are envisioned by incorporating biomimicry pathways that 

minimize impact on climate change via diminution of greenhouse gases, curtailing adverse 

effects on the local eco-system and by limiting resource consumption, while giving 

predilection to non-toxic, renewable materials, and with lower water and energy utilization 

during the course of entire life cycle, from cradle to grave. Maintaining the quality and 

stability of price infrastructure while stressing the recycling of materials via carbon-neutral 

activities will encompass essential components of the sustainable design.51–55 Even with 

these goals in mind, a researcher must acknowledge the complexity of the system and the 

fact tradeoffs will exist, and choices will likely be necessary.

The Sustainable Chemistry Synthesis Expert Framework and Database applies a 

retrosynthetic approach coupled with proven peer-reviewed literature examples of green and 

sustainable chemistry synthesis materials. The objective of the framework and database is to 

provide evocative possible sustainable synthetic routes for a chemical by deconstructing the 

molecule to apply synthetic knowledge. The framework is comprised of three modules that 

allows for translation of molecular information into literature examples which will facilitate 

the transfer of scientific knowledge and experience for those new researchers and entities to 
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green chemistry or surveying for novel methods that improve the eco-friendliness of 

chemical synthesis. An overview schematic of this framework is provided in Figure 1.

The first module consists of identifying pertinent molecular information present in the 

potential chemical alternative under evaluation. To execute this, the framework is built on 

utilizing features in the current version (V4) of the TEST software. This retrosynthetic 

approach will be accomplished by generating characteristics and molecular descriptors (e.g., 

using chemotype-based classifiers or molecular fragment counts) generated by TEST.27,28

The TEST software program allows users to rapidly and easily estimate toxicity endpoints 

using a variety of QSAR methodologies; QSARs are mathematical models used to predict 

measures of toxicity based on physical characteristics of the structure of chemicals (known 

as molecular descriptors). Acute toxicities (LD50, the dose needed resulting in half of the 

population of a species (e.g. Daphnia) to expire) is one example of toxicity measure, which 

may be predicted from QSARs. Simple QSAR models calculate the toxicity of chemicals 

using a simple linear function of molecular descriptors. TEST does not require molecular 

descriptors from external software packages as the required descriptors are calculated within 

TEST and allows for the toxicity estimation without requiring external programs. To begin 

an evaluation, users can draw (in an included chem sketch window), enter a structure text 

file, or import from an included database of structures. Once entered, the chemical’s toxicity 

is estimated.

TEST provides an excellent foundation as it is designed to receive the chemical structure, 

Chemical Abstract Service (CAS) number or chemical name and able to predict a set of 

chemical and physical properties, toxicity endpoints and generate molecular descriptors. 

These molecular descriptors are the features that distinguish chemical reactivity and provide 

an organic chemist the necessary information on how to develop synthesis strategies for the 

preparation of that chemical. Table 2 provides an example output of molecular descriptors 

for a selected set of molecules with unique functional groups. These structural features and 

descriptors can also be used to cross-reference with other EPA databases (e.g., DSSTox),56 

ACToR,57 iCSSDashboard29. Upon generation of the respective molecular descriptors, this 

“digitization” of the molecular information is passed along to the Module 2, the translator 

portion of the framework.

Module 2, the translator module, is designed to receive information from both, the TEST 

side (Module 1), as well as from Module 3, the green chemistry and reference knowledge 

database. In the translator module, the molecular descriptor information provides 

identification of the functional groups residing on the molecule of interest and when coupled 

with nomenclature strategies allows for indexing of the chemical structure with the 

respective reference database(s) existing on the library side (Module 3) of the framework.

Functional groups are specific groups of atoms or bonds, within a molecule, that are 

responsible for the characteristics of a chemical. A chemical compound’s functional group 

or groups can produce information such as the reactivity, solubility, stability and possible 

interaction with other functional groups. However, the fact that some chemicals can have 

two or more different type of functional groups renders these compounds more complex. By 
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breaking down a molecule into its component functional groups, not only is functionality 

identified and the respective organic chemical class(es) identified, but also the potential to 

produce plausible green and more sustainable synthesis routes. This can be achieved by 

focusing on the most appropriate reaction strategy, resulting in the framework needing a 

functional group hierarchy system.

Appropriating from the established rules of general organic chemistry, a systematic 

hierarchy of functional groups can be developed. At the highest level, chemical compounds 

are identified as organic or inorganic compounds. Since this framework is designed only for 

organic chemicals, the next level is according to which atoms (carbon, nitrogen, oxygen, 

sulfur, and phosphorus) are present in the molecule. For example, if a molecule is an alkane, 

the atom of highest atomic number is carbon and the hierarchy defines this chemical in the 

carbon class (See Figure 2). If the molecule is an alcohol, the oxygen atom now dictates the 

functional group class and the molecule resides in the oxygen class. Figure 3 provides a 

listing of the proposed hierarchy using a phosphorus containing molecule as an example.

This framework is designed to impart knowledge and experience from the green organic 

chemistry domain and it is well understood that organic compounds can be quite complex 

with many exceptions to the rule when performing organic synthesis. Additionally, while 

this hierarchy is general in its current form and only designed for simple molecules, it is a 

beginning point and will become more detailed and complex through further development. 

For a complete listing of functional groups (Table S1), their corresponding molecular 

descriptors (Tables S2–S9) and their position in the hierarchy to be included in this 

framework, readers are directed to the Supporting Information section.

The literature references for a particular class of organic chemical and its respective green 

chemistry expert information is housed in Module 3. Module 2 categorizes the chemical of 

interest into its relevant organic class by name (i.e. keywords), via functional group, while 

the reference and expert database houses (Module 3) bins organic class by name with the 

corresponding synthesis and associated green attributes. By placing each Module in terms of 

organic class by name, the translator allows the match to occur, thus providing the vital 

synthesis information with the molecule to be synthesized.

These keywords, structural features and molecular descriptors can also be used to conduct 

internet searches using publicly available web-based search engines, such as Google Scholar 

and Web of Science or via subscription services like the American Chemical Society’s Sci-

Finder for building the synthetic information reference database. Additional information 

such as green and sustainability evaluation (e.g. atom economy scores, quantification of 

waste generated or savings, metrics, etc)58–61 can be gained as journal articles begin/

continue to make this information highly preferred or even mandatory for their submissions. 

The ACS Journal of Sustainable Chemistry and Engineering is one of the first to request 

their submissions to include such information.62

Gonzalez et al. Page 9

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



CASE STUDY

By way of introducing this detailed methodology and framework, we strive to apply it to a 

case study that demonstrates its applicability and prospects for areas of growth and further 

integration. For this case study, organophosphates, which have been touted as potential 

replacements for brominated flame retardants (BFRs),63,64 were chosen as a test example to 

evaluate potentially greener/more sustainable strategies for their synthesis.

Flame retardants are a class of chemical compounds that reduce the flammability of 

combustible materials or delay their combustion. There are several types of flame retardants 

that are in use and these compounds typically possess bromine, chlorine, phosphorus, 

nitrogen, antimony, and metal salts.65 Currently, brominated flame retardants (BFRs) are 

very widely used in the manufacture of textiles, electrical, electronic equipment, and 

building construction materials; they are the most abundantly used flame retardants 

comprising approximately 75 different commercial varieties.66 Among them, 

polybrominated diphenyl ethers and biphenyls, hexabromocyclododecanes, and 

tetrabromobisphenol-A are widely used. Some BFRs and polychlorinated biphenyls have 

proven to be persistent, bio-accumulative, and toxic to the environment and humans. 

Consequently, pentabromo- and octabromodiphenyl ethers are banned by the European 

Union67 and the use of decabromodiphenyl ether has been banned in electronic and 

electrical applications within the EU since July 2008. UNEP has added penta- and 

octabromodiphenyl ethers to the list of persistent organic pollutants monitored through the 

Stockholm convention.

In view of the fact that widely used brominated flame retardants have been or are being 

slowly phased out, phosphorus-based flame retardants (PFRs), which are already in use for 

several years, are considered as possible alternatives to BFRs. A number of PFRs such as 

tributyl phosphate, triphenyl phosphate, and triphenyl phosphine oxide, which act in the 

vapor phase, have been identified as potential substitutes for BFRs used in textile 

applications.68 If these PFRs are possible substitutes for BFRs, it is imperative to ensure 

these substitutes are not more persistent, bioaccumulative, or toxic to the environment and 

human health when compared to their predecessor.

To capture on the previous studies63, 64 which identified PFRs as potential alternatives to 

BFRs, this framework evaluates the synthesis routes for each respective chemical 

recognized. Upon identification of those routes that can offer increased sustainability with 

respect to the existing chemical, this information can be used to further evaluate the 

chemical and chemicals involved in its synthesis beyond the synthesis stage. Adding a 

systems approach (i.e. LCA) allows for the entire impact of the alternative to be quantified 

and offers a holistic view. For example, while it is recognized triphenyl phosphate exhibits 

toxicity to aquatic organisms and is possibly carcinogenic, BFRs have been demonstrated to 

release toxic byproducts during a fire. The release of toxic gases from PFRs is reduced when 

compared to BFRs with no additional halogenated gases, such as HCl and HBr, produced 

during their combustion.69
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There are three different groups of PFRs.69 The first group is made up of inorganic 

phosphates (PO4−3), which includes frequently used red phosphorus (P4) and ammonium 

polyphosphate ((NH4)3PO4). The second group involve phosphrous-based organic flame 

retardants for which there are three different classes: organo phosphate esters (OP(OR)(OR’)

(OR”)), phosphonates (C−PO(OH)₂ or C−PO(OR)₂) and phosphinates (OP(OR)R2). The 

third group is comprised of halogenated PFRs. Since these PFRs contain both the halogen 

and phosphorous atoms, they combine the properties of both functional groups. The three 

different groups of PFRs have been deployed by essentially two pathways: either the flame 

retardant (i.e. PFR) is reacted with the polymer or alternatively the PFR is an additive. In the 

first instance, the reactive flame retardant is covalently bound to the polymer, and the loss of 

fire retardant is limited during the lifetime of the product. The concentration of additive 

flame retardant during its life time, may decrease, thus diminishing the fire protection it 

affords relative to an increasing life-time and an increase in probability of exposure to the 

user or surrounding environment. Additive PFRs include phosphonium derivatives, 

phosphonates, and phosphate esters compounds.

Flame retardants can perform either in the gas-phase or in solid phase; halogenated flame 

retardants act only in the gas phase, whereas non-halogenated flame retardants perform 

exclusively in the solid phase with few exceptions. When phosphorus containing flame 

retardants are heated directly in the flame, the compound will decompose and generate 

polyphosphoric acid. This forms a glassy char layer which inhibits the pyrolysis process (of 

the substrate), thus inhibiting the formation of flammable gases and resulting in reduced 

quantities of combustible gas needed to burn the substrate.

When a halogen and phosphorus both are present in the PFR, they act independently and 

additively of one another, thus acting in the partial gas-phase in flame extinguishing process. 

Halogen containing PFRs exploit a partial gas-phase radical mechanism which is similar to 

their traditional brominated flame retardants counterparts.

General Strategies for the Synthesis of Organophosphates

While it is the ultimate intent to have a fully automated web-searchable indexed library 

available with an ontology70 and demonstrating interoperability71, a methodology needs to 

be developed first. As organic chemists, we traditionally classify organic chemical reactions 

by organic functionality (group). As practicing green chemists, we take our organic reaction 

knowledge and extend it by applying the 12 principles to arrive at improved schemes and 

reactions that echo the mantra of green chemistry. As sustainability chemists, we take this 

combined knowledge and incorporate the concept of scale, chemical engineering processing 

features and demands, economics and the impact of selected choices we make at the 

molecular level. The focus of this contribution and ensuing framework is to convey this 

knowledge into an automated format that will advance the state of the art and availability of 

green and sustainable chemistry in the design, synthesis, and production of alternatives to 

CoC.

As we automate this framework, the methodology for building a chemical reaction library 

for a class of organic chemicals is herein exemplified by organophosphates. We collected 

existing literature relevant to the synthesis of organophosphates using SciFinder, a web-
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based database of Chemical Abstracts Service. This was managed by a product structure 

search in reaction mode to create an initial bibliography. The references were then sorted 

and refined, using criteria such as product yield, number of steps, and publication year, etc., 

to create the initial bibliography. The results identified those references that can be utilized 

or improved for the synthesis of triphenylphosphate as a potential commercial product.72–84

A survey of literature showed that triphenylphosphate has been made via several reaction 

pathways. Each pathway features a unique chemical inventory including starting materials, 

intermediates, and waste (i.e., by-products). Although many improvements have been made 

on the reaction conditions and engineering design, the essential chemicals are the same 

within a given pathway/mechanism. Therefore, we grouped the reactions by pathway to 

facilitate the evaluation of green chemistry features. To quantify the green nature and 

performance of these general reaction schemes, they were characterized by atomic 

efficiency, yield, and their theoretical yield of by-products, which is essentially the quantity 

of waste in a reaction.

Figure 4 provides the four general reaction routes (schemes) attained as a result of the 

literature review. These schemes are displayed with triphenyl phosphate as the ensuing 

product, as it is the simplest triaryl phosphate, therefore it is a common target in method 

development for its preparation.

The simplest approach (Scheme A) for the preparation of triphenyl phosphate (3) is via a 

dehydration reaction between phosphoric acid and three equivalents of phenol (Figure 4). In 

this scheme, high temperature and the presence of a catalyst are required to facilitate the 

reaction. With water being a by-product, it needs to be removed continuously to shift the 

equilibrium.

More practically, phosphorus is activated through chlorination, thereby enabling for the 

nucleophilic substitution by phenol. Two approaches (Scheme B, and C) employs 

phosphorus trichloride as the starting material. In Scheme B, phosphorus trichloride reacts 

with phenol to yield triphenyl phosphite (5), which is then oxidized to produce the desired 

product (3). Alternatively, phosphorus chloride can be oxidized to generate phosphoryl 

chloride (6), which also arrives at the product (3) via an esterification reaction with phenol 

(Scheme C). Phosphorus pentachloride (7) is the most active among the starting materials; it 

has been used to prepare (3) by reacting with phenol, followed by quenching with methanol 

in one pot reaction (Scheme D).

For Scheme C, an aqueous solution of sodium phenoxide is treated with phosphorus 

oxychloride to provide triphenyl phosphate (Schotten-Baumann condition). This is a one-pot 

two-step process and the only by-product formed in this reaction is sodium chloride.

A few selected procedures are described for each scheme presented in Figure 4, along with 

detailed experimental and a relative greenness/non-greenness description for each is 

provided in the Supporting Information (Green chemistry evaluation of schemes A-D).
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Greenness Evaluation of Available Synthesis Routes

To evaluate the “greenness” of a chemical process and aid in route selection and process 

development, Li85 has proposed a comprehensive mass analysis to inform stakeholders from 

different disciplines. This is carried out by characterizing the mass intensity for each 

contributing reactant, and resulting product, by-product or waste component. This analysis is 

demonstrated for each identified scheme (A-D) along with a respective evaluation. The 

impacts on inputs and outputs are estimated for synthesis design features such as the choice 

of starting material, the use of single vs multiple reactions, and effect of materials indirectly 

used such as solvents and catalysts.

Atom economy has been used to evaluate the theoretical efficiency of a synthetic route, 

especially those involving multiple steps. The analysis helps synthetic chemists to compare 

alternative synthetic routes, identify redundant manipulations, and evaluate the feasibility of 

novel reactions that may improve the synthesis.86

In the analysis of synthesis efficiency, the process generates the list of essential chemicals 

and their stoichiometry relationship. This knowledge also provides the first opportunity to 

assess the sustainability of a route by enabling evaluation of renewability of feedstock, 

identification of hazard in synthesis, and projection of the basal waste.

The method identified in Scheme A appears to be a very attractive route. The starting 

materials, including phosphoric acid and phenol, are stable bulk chemicals. It offers an atom 

economy as high as 86% (Table 3) and generates three equivalents of water as the sole by-

product. However, this approach suffers from poor reactivity and low yield in practice. To 

prepare triphenyl phosphate, this method requires a catalyst, high temperature (240–255°C), 

and specialized equipment for water removal and reactant cycling. However, the yield is 

only 43%, suggesting significant requirement for product isolation and high amount of waste 

in practice.87

Theoretically, methods employing Schemes B and C are very similar. They both have the 

same atom economy at 74.9%, and 3 equivalents of HCl is the only by-product from the two 

routes.

Under Schotten-Baumann favorable conditions, the esterification in Scheme C (Table 4) is 

efficient under mild conditions; this route is more popular than others.72–75, 77, 88–90 

However, this route also suffers from incomplete esterification giving mono-, and di- ester 

impurities, which may be hard to separate from the triester in this route.88,90 In light of this 

concern, Scheme B remains an attractive option (Table 5), so long as the oxidation of 

triphenylphosphite (5) is clean and efficient.91–93

Since phosphorus pentachloride (7) is highly reactive (Scheme D), it is therefore expected to 

react faster and have less issues associated with incomplete substitution,94 that provides an 

advantage for reaction with less reactive phenols.95 However, scheme D has the lowest atom 

economy (Table 6) among all the four cases. Furthermore, the process generates two 

equivalents of methyl chloride, a hazardous chemical by product, lending to the low green 
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evaluation. Notably, all activated phosphorus intermediates, including phosphorus chloride, 

phosphoryl chloride, and phosphorus pentachloride, are highly toxic and water sensitive.

The framework is currently designed to provide a qualitative and initial quantitative 

evaluation of a proposed alternative synthetic route with the goal of increasing the overall 

sustainability of the chemical reaction at the synthesis/manufacturing phase. It is also the 

goal of this information to provide quantitative information that can be used to further 

demonstrate the effect of these changes and their contribution to offering sustainability 

improvements to the overall system. With this immediate qualitative and quantitative 

information, an evaluator can use a tool, for example EATOS96, to generate a quick 

comparison of the greenness of the proposed synthetic strategies. This approach offers the 

use of additional metrics, mass and environmental sustainability, and can also include 

auxiliary materials (e.g. solvents and work-up chemicals) involved.

As the tool evolves, the quantitative aspect is to be expanded, beyond solely atom economy, 

to include additional metrics such as mass intensity, reaction yield, E-factor, effective mass 

yield and total material consumption to name a few.41 These metrics also provide 

information that can be further used to evaluate the human health and environmental impacts 

of these proposed alternative routes in the life cycle and life cycle impact stages of the 

overall system evaluation.

CONCLUSION

This Sustainable Chemistry Synthesis and Expert Framework is designed to provide 

guidance for the synthesis of chemicals, which exemplify green chemistry principles and 

instances from the literature to contribute to advancing molecular design, aid in the use of 

decision support methods and tools and contribute to advancing the sustainability of 

chemicals. While ambitious, the framework has the beginnings to serve as a conduit to 

merge together the concepts and necessary knowledge, software, databases and tools 

identified in this contribution.

While a fully automated and searchable library database is desired, the current approach, as 

demonstrated in this contribution, is for the foundation to be manually created using a 

collection of journal articles, patents, reports and case studies which exemplify those 

examples which adhere to the tenants of green chemistry and engineering. This approach can 

lead to generation of an impressive reference database. However, this method can be time 

consuming in its creation and implementation. Establishing routes which take advantage of 

an appropriate infrastructure and searchable features will allow for automated web searching 

and indexing, which are the necessary and the next steps as this framework matures.

Additionally, structural features (molecular descriptors in particular) can be used to estimate 

toxicity endpoints such as estrogen receptor binding potential using quantitative structure-

activity relationship models.97 Thus, providing the user with alerts for potential toxicity and 

adverse outcomes when coupled with other methodology or software. To further expand this 

effort, this library database is being designed to provide information for methods being 
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developed for life cycle inventory generation and life cycle assessment,31,35 as described 

previously in this contribution.

To further advance and integrate these approaches, an alternative assessment-based 

methodology is concurrently being developed to compare chemical alternatives in terms of 

hazard profiles. The hazard profile compares alternatives in terms of related human health 

hazards, ecotoxicity, and physicochemical properties (persistence and bioaccumulation in 

particular).98 The tools developed in these studies can then be exploited to evaluate those 

chemicals involved in the synthesis of each alternative and thus can be potentially emitted to 

the environment, lending to further improvement of the synthesis route taken. This approach 

facilitates the opportunity to evaluate not only the target alternative, but all of the chemicals 

involved when considering and comparing the hazard profiles of potential alternatives. This 

can be extended into comparison of alternative in terms of the risk from exposure over the 

entire life cycle (manufacture, use, and disposal) of all chemicals involved in their creation. 

An example of this is the use of physicochemical properties are utilized to estimate 

partitioning within the environment and to estimate exposure from near-field and far-field 

exposure models.

From the chemical inventory we can identify CoCs and their theoretical amount. The by-

products of a pathway are the waste thus providing a direct impact on the environment. The 

theoretical mass efficiency is evaluated by atom economy lending to reactant efficiency. The 

type or reactions involved in a pathway also allows to project practical concerns, such as 

energy consumption, reaction selectivity, occupational hazard, etc. In more complex 

synthesis, scheme efficiency (synthetic ideality and longest linear sequence) is also 

extremely important.

However, any limitation would be a lack of existing precedence for a typical molecule in 

terms of synthetic approaches. As an example, emerging alternative activation methods that 

exploit the use of mechanochemical, ultrasound, microwave or photochemical strategies,99 

may not be known in the literature and hence a trained individual can foresee the use of any 

of these process intensification options depending on the structural features of the target 

molecule as is the case in organophosphates.

In conclusion, we have outlined an integrated approach for the development of a preliminary 

framework that caters to the sustainable synthesis of a target chemical identified as a 

potential alternative for an existing chemical of concern. This Sustainable Chemistry 

Synthesis and Expert Framework strategy is designed to provide examples of synthesis 

reactions, which utilize green chemistry and engineering principles. Alternative synthetic 

opportunities are provided by the identification of functional groups present in the target 

molecule and the information coupled with the necessary organic chemistry hierarchy allows 

for the translation of digital molecular information to the corresponding library database. 

This is further complimented by the advantages of using descriptors where an existing tool 

like TEST can help assist in the creation of a sustainable chemical design. The framework is 

introduced concomitantly with a case study of a potential replacement for brominated flame 

retardants (BFRs), organophosphates. This framework is designed to apply existing 

knowledge of green chemistry to the synthesis of alternatives, along with its integration into 

Gonzalez et al. Page 15

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Life Cycle Assessment culminating in the development of a more overall sustainable 

chemical entity when compared to its known predecessor.

SUPPORTING INFORMATION

Matrix of organic functional groups identified and included in this methodology, tables for 

molecular descriptors representing each functional group, molecular descriptors and 

fragment counts for: carbon and hydrogen organic functional groups; carbon, nitrogen and 

hydrogen organic functional groups; carbon, oxygen and hydrogen organic functional 

groups; carbon, nitrogen, oxygen and hydrogen organic functional groups; carbon, 

phosphorous and hydrogen organic functional groups; carbon, oxygen, phosphorous and 

hydrogen organic functional groups; carbon, sulfur and hydrogen organic functional groups; 

carbon, nitrogen, oxygen, phosphorous, sulfur and hydrogen organic functional groups, 

description of green chemistry evaluation to arrive at the four general schemes, synthesis of 

triphenyl phosphates via catalysis, and synthesis of triphenyl phosphate via oxidation of 

phosphites (Scheme B)

Supplementary Material

Refer to Web version on PubMed Central for supplementary material.

ACKNOWLEDGEMENTS

The authors thank Dr. Todd Martin, Jane Bare, and Dr. Nicholas Anastas of the U.S. Environmental Protection 
Agency’s National Risk Management Research Laboratory for their valued discussion, comments, and assisting in 
reviewing of this contribution. We also thank Mr. Derrick Ward and Ms. Mandy Radulea for their assistance with 
editorial review and reference database management.

REFERENCES

1. Carson R, Silent Spring, Houghton Mifflien, Boston, MA 1962.

2. Brundtland GH For World Commission on Environment and Development, Our Common Future, 
Oxford University Press, Oxford, UK, 1987.

3. Anastas PT; Warner JC The Twelve Principles of Green Chemistry, Green Chemistry Theory and 
Practice, Oxford University Press, 1998.

4. Anderson LA; Gonzalez MA Designing Sustainable Chemical Synthesis Green Chemistry for 
Environmental Remediation, Scrivener Publishing LLC 2012, 79–106.

5. Anastas PT; Zimmerman JB Design through the Twelve Principles of Green Engineering. Env. Sci. 
Tech, 2003, 37, 5, 94A–101A, DOI: 10.1021/es032373g.

6. Gonzalez MA; Smith RL A Methodology to Evaluate Process Sustainability. Environmental 
Progress (AlChE), 2003, 22, 269–276, DOI 10.1002/ep.670220415.

7. Anastas PT The Transformative Innovations Needed by Green Chemistry for Sustainability. 
ChemSusChem, 2009, 2, 391–392, DOI 10.1002/cssc.200900041. [PubMed: 19408260] 

8. “Frank R. Lautenberg Chemical Safety for the 21st Century Act”, enacted June 22, 2016, Public 
Law No: 114–182.

9. “Five Chemicals Alternatives Assessment Study”, Toxics Use Reduction Institute, Lowell, MA, 
2006; https://www.turi.org/TURI_Publications/TURI_Methods_Policy_Reports/
Five_Chemicals_Alternatives_Assessment_Study._2006 (accessed February 11, 2019).

10. Malloy TF, Sinsheimer PJ, Blake A, Linkov I, ”Multi-criteria Decision Analysis Tool”, Developing 
Regulatory Alternatives Analysis Methodologies for the California Green Chemistry Initiative. 
Sustainable Technology and Policy Program, University of California, Los Angeles, CA, USA, 

Gonzalez et al. Page 16

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://www.turi.org/TURI_Publications/TURI_Methods_Policy_Reports/Five_Chemicals_Alternatives_Assessment_Study._2006
https://www.turi.org/TURI_Publications/TURI_Methods_Policy_Reports/Five_Chemicals_Alternatives_Assessment_Study._2006


2011; http://www.stpp.ucla.edu/sites/default/files/Final%20AA%20Report.final%20rev.pdf 
(accessed February 11, 2019).

11. “Guidance on the Preparation of an Application for Authorization”, European Chemical Agency, 
Helsinki, Finland, 2011; http://echa.europa.eu/documents/10162/13643/
authorisation_application_en.pdf (accessed February 11, 2019).

12. Reihlen A, Bunke D, Gross R, Jepsen D, “Guide on Sustainable Chemicals: A Decision Tool for 
Substance Manufacturers, Formulators and End Users of Chemicals”, Federal Environmental 
Agency, Dessau-Rosslau, Germany, 2011; https://www.umweltbundesamt.de/sites/default/files/
medien/2674/dokumente/guide_sustainable_chemicals.pdf (accessed February 11, 2019).

13. “General Guidance on Considerations Related to Alternatives and Substitutes for Listed Persistent 
Organic Pollutants and Candidate Chemicals”, United Nations Environment Programme (UNEP) 
Persistent Organic Pollutants Review Committee, Fifth Meeting, Geneva, 2009; https://
www.subsport.eu/substitution…/stockholm-convention-alternatives-guidance? (accessed February 
11, 2019).

14. Rossi M, Tickner J, Geiser K, “Alternatives Assessment Framework of the Lowell Center for 
Sustainable Production”, Lowell Center for Sustainable Production Version 1.0, 2006; http://
www.chemicalspolicy.org/downloads/FinalAltsAssess06.pdf (accessed February 11, 2019).

15. “Interstate Chemicals Clearinghouse Alternatives Assessment Guide”, Interstate Chemicals 
Clearinghouse (IC2) Version 1.0, 2013; http://www.newmoa.org/prevention/ic2/IC2_AA_Guide-
Version_1.pdf (accessed February 11, 2019).

16. “Safer Consumer Products Regulation” The Department of Toxic Substances Control: State of 
California, 2013; https://dtsc.ca.gov/LawsRegsPolicies/Regs/SCPA.cfm (February 11, 2019).

17. Rossi M, Peele C, Thorpe B, “BizNGO Chemical Alternatives Assessment Protocol: How to Select 
Safer Alternatives to Chemicals of Concern to Human Health or to the Environment”, The 
Business-NGO Working Group, 2012; http://www.bizngo.org/static/ee_images/uploads/resources/
BizNGOChemicalAltsAssessmentProtocol_V1.1_04_12_12-1.pdf (accessed February 11, 2019).

18. “Design for the Environment Program Alternatives Assessment Criteria for Hazard Evaluation”, 
US Environmental Protection Agency, Version 2, 8 2011; https://www.epa.gov/sites/production/
files/2014-01/documents/aa_criteria_v2.pdf (accessed February 11, 2019).

19. Burden N; Aschberger K; Chaudhry Q; Clift MJD; Doak SH; Fowler P; Johnston H; Landsiedel R; 
Rowland J; Stone V The 3Rs as a framework to support a 21st century approach for nanosafety 
assessmen. Nano Today, 2017, 12, 10–13, DOI 10.1016/j.nantod.2016.06.007.

20. Whittaker MH; Heine LG Chemicals Alternatives Assessment (CAA): Tools for Selecting Less 
Hazardous Chemicals Chemical Alternatives Assessments, The Royal Society of Chemistry: 1–43, 
2013.

21. Morose G; Becker M A Collaborative Industry and University Alternative Assessment of 
Plasticizers for Wire and Cable Chemical Alternatives Assessments, The Royal Society of 
Chemistry: 108–128, 2013.

22. Heine LG; Franjevic SAChemical Hazard Assessment and the GreenScreen for Safer Chemicals 
Chemical Alternatives Assessments, The Royal Society of Chemistry: 129–156, 2013.

23. Tickner JA; Geiser K; Rudisill C; Schifano JN; Alternatives Assessment in Regulatory Policy: 
History and Future Directions Chemical Alternatives Assessments, The Royal Society of 
Chemistry, 256–295, 2013.

24. National Research Council. A Framework to Guide Selection of Chemical Alternatives”, 
Washington, DC: The National Academies Press, 2014 DOI: 10.17226/18872.

25. Jacobs M; Malloy TF; Tickner JA; Edward S; Alternatives Assessment Frameworks: Research 
Needs for the Informed Substitution of Hazardous Chemicals. Environmental Health Perspectives, 
2016, 124, 265–280, DOI 10.1289/ehp.1409581. [PubMed: 26339778] 

26. Tickner JA; Dorman DC; Sheldon-Davenport MS Answering the Call for Improved Chemical 
Alternatives Assessments (CAA). Environmental Science & Technology, 2015, 49, 1995–1996, 
DOI 10.1021/es505446. [PubMed: 25625882] 

27. Martin TM; Harten P; Venkatapathy R; Das S; Young DM A Hierarchical Clustering Methodology 
for the Estimation of Toxicity. Toxicology Mechanisms and Methods, 2008, 18, 251–266, DOI 
10.1080/15376510701857353. [PubMed: 20020919] 

Gonzalez et al. Page 17

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

http://www.stpp.ucla.edu/sites/default/files/Final%20AA%20Report.final%20rev.pdf
http://echa.europa.eu/documents/10162/13643/authorisation_application_en.pdf
http://echa.europa.eu/documents/10162/13643/authorisation_application_en.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2674/dokumente/guide_sustainable_chemicals.pdf
https://www.umweltbundesamt.de/sites/default/files/medien/2674/dokumente/guide_sustainable_chemicals.pdf
https://www.subsport.eu/substitution…/stockholm-convention-alternatives-guidance?
https://www.subsport.eu/substitution…/stockholm-convention-alternatives-guidance?
http://www.chemicalspolicy.org/downloads/FinalAltsAssess06.pdf
http://www.chemicalspolicy.org/downloads/FinalAltsAssess06.pdf
http://www.newmoa.org/prevention/ic2/IC2_AA_Guide-Version_1.pdf
http://www.newmoa.org/prevention/ic2/IC2_AA_Guide-Version_1.pdf
https://dtsc.ca.gov/LawsRegsPolicies/Regs/SCPA.cfm
http://www.bizngo.org/static/ee_images/uploads/resources/BizNGOChemicalAltsAssessmentProtocol_V1.1_04_12_12-1.pdf
http://www.bizngo.org/static/ee_images/uploads/resources/BizNGOChemicalAltsAssessmentProtocol_V1.1_04_12_12-1.pdf
https://www.epa.gov/sites/production/files/2014-01/documents/aa_criteria_v2.pdf
https://www.epa.gov/sites/production/files/2014-01/documents/aa_criteria_v2.pdf


28. Martin TM; Young DM Prediction of the Acute Toxicity (96-h LC50) of Organic Compounds in 
the Fathead Minnow (Pimephales Promelas) Using a Group Contribution Method. Chemical 
Research in Toxicology, 2001, 14, 1378–1385, DOI 10.1021/tx0155045. [PubMed: 11599929] 

29. iCSS ToxCast Dashboard, https://actor.epa.gov/dashboard/, (accessed February 11, 2019).

30. Richard AM; Judson RS; Houch KA; Grulke CM; Volarath P; Thillainadarajah I; Yang C; Rathman 
J; Martin MT; Wambaugh JF; Knudsen TB; Kancherla J; Mansouri K; Patlewicz G; Williams AJ; 
Little SB; Crofton KM; Thomas RS ToxCast Chemical Landscape: Paving the Road to 21st 
Century Toxicology. Chemical Research in Toxicology, 2016, 29,1225–1251, DOI 10.1021/
acs.chemrestox.6b00135. [PubMed: 27367298] 

31. Wambaugh JF; Wang A; Dionisio KL; Frame A; Egeghy P; Judson R; Setzer RW High Throughput 
Heuristics for Prioritizing Human Exposure to Environmental Chemicals. Environmental Science 
& Technology, 2014, 48, 12760–12767, DOI 10.1021/es503583j. [PubMed: 25343693] 

32. Dionisio KL; Frame AM; Goldsmith M-R; Wambaugh JF; Liddell A; Cathey T; Smith D; Vail J; 
Ernstoff AS; Fantke P; Jolliet O; Judson RS Exploring consumer exposure pathways and patterns 
of use for chemicals in the environment. Toxicol. Rep, 2015, 2, 228–237, DOI: 10.1016/
j.toxrep.2014.12.009. [PubMed: 28962356] 

33. Whelan G; Weber E; Stevens C; Pelton M; Wolfe K; Parmar R; Galvin M; Hilal S; Babendreier J; 
A Chemical Properties Simulator to Support Integrated Environmental Modeling. In Proceedings, 
7th International Congress on Environmental Modelling and Software (iEMSs), San Diego, CA, 
June 15 – 19, 2014 International Environmental Modelling and Software Society, Manno, 
Switzerland, 1229–1235, 2014.

34. Wolfe K; Pope N; Parmar R; Galvin M; Stevens C; Weber E; Flaishans J; Purucker T Chemical 
Transformation System: Cloud Based Cheminformatic Services to Support Integrated 
Environmental Modeling. 8th International Congress on Environmental Modelling and Software, 
Toulouse, FRANCE, July 10 – 14, 2016.

35. ECOTOXicology knowledgebase (ECOTOX), https://cfpub.epa.gov/ecotox/, (accessed February 
11, 2019)

36. Cashman SA; Meyer DE; Edelen A; Ingwersen WW Abraham J; Barrett WM; Gonzalez MA; 
Randall P; Ruiz-Mercado GJ; Smith RL Mining Available Data from the United States 
Environmental Protection Agency to Support Rapid Life Cycle Inventory Modeling of Chemical 
Manufacturing. Environ. Sci. Technol, 2016, 50, 17, 9013–9025, DOI: 10.1021/acs.est.6b02160. 
[PubMed: 27517866] 

37. Hawkins T; Ingwersen W; Srocka M; Transue T; Paulsen H; Ciroth A Tools to Support the 
Widespread Application of Life Cycle Assessment: The LCA Harmonization Tool & OpenLCA. 
International Symposium on Sustainable Systems & Technology (ISSST), 2013, Cincinnati, OH.

38. Bare JC; Norris GA; Pennington DW; McKone T TRACI – The Tool for the Reduction and 
Assessment of Chemical and Other Environmental Impacts. Journal of Industrial Ecology, 2003, 6, 
49–78, DOI: 10.1162/108819802766269539.

39. Bare J TRACI 2.0: The Tool for the Reduction and Assessment of Chemical and Other 
Environmental Impacts, Clean Technologies and Environmental Policy, 2011, 13, 687–696, DOI 
10.1007/s10098-010-0338-9.

40. Smith RL; Gonzalez MA Methods for evaluating the sustainability of green processes In Computer 
Aided Chemical Engineering, Barbosa-Póvoa A; Matos H, Eds. Elsevier: 2004; 18, 1135–1140.

41. Ruiz-Mercado GJ; Smith RL; Gonzalez MA Sustainability Indicators for Chemical Processes: I. 
Taxonomy. Industrial & Engineering Chemistry Research, 2012, 51, 2309–2328, DOI: 10.1021/
ie102116e.

42. Ruiz-Mercado GJ; Smith RL; Gonzalez MA Sustainability Indicators for Chemical Processes: II. 
Data Needs. Industrial & Engineering Chemistry Research, 2012, 51, 2329–2353, DOI: 10.1021/
ie200755k.

43. Ruiz-Mercado GJ; Smith RL; Gonzalez MA Sustainability Indicators for Chemical Processes: III. 
Case Study – Biodiesel Production, Industrial & Engineering Chemistry Research, 2013, 52, 
6747–6760, DOI: 10.1021/ie302804x.

Gonzalez et al. Page 18

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://actor.epa.gov/dashboard/
https://cfpub.epa.gov/ecotox/


44. Ruiz-Mercado GJ; Smith RL; Gonzalez MA Expanding GREENSCOPE Beyond the Gate: A 
Green Chemistry and Life Cycle Perspective. Clean Technologies and Environmental Policy, 2014, 
16, 703–717, DOI: 10.1007/s10098-012-0533-y.

45. Smith RL; Ruiz-Mercado GJ; Gonzalez MA Using GREENSCOPE indicators for sustainable 
computer-aided process evaluation and design. Computers & Chemical Engineering, 2015, 81, 
272–277, DOI: 10.1016/j.compchemeng.2015.04.020.

46. Anastas ND Connecting toxicology and chemistry to ensure safer chemical design, Green 
Chemistry, 2016, 18, 4325–4331, DOI: 10.1039/C6GC00758A.

47. Anastas PT; Zimmerman JB Safer by Design. Green Chemistry, 2016, 18, 4324–4324, DOI: 
10.1039/C6GC90074G.

48. Zimmerman JB; Anastas PT Toward designing safer chemicals. Science, 2015, 347, 6219, 215–
215, DOI: 10.1126/science.aaa6736. [PubMed: 25593162] 

49. DeVito SC On the design of safer chemicals: a path forward. Green Chemistry, 2016, 18, 4332–
4347, DOI: 10.1039/C6GC00526H.

50. Wender PA, Quiroz RV, and Stevens MC, “Function through Synthesis-Informed Design”, 
Accounts of Chemical Research, 2015, 48, 752–760, DOI: 10.1021/acs.accounts.5b00004. 
[PubMed: 25742599] 

51. Gilbertson LM; Zimmerman JB; Plata DL; Hutchinson JE; Anastas PT Designing nanomaterials to 
maximize performance and minimize undesirable implications guided by the Principles of Green 
Chemistry. Chem. Soc. Rev, 2015, 44, 5758–5777, DOI: 10.1039/C4CS00445K. [PubMed: 
25955514] 

52. Manda BMK; Bosch H; Karanam S; Beers H; Bosman H; Rietveld E; Worrell E; Patel MK Value 
creation with life cycle assessment: an approach to contextualize the application of life cycle 
assessment in chemical companies to create sustainable value. Journal of Cleaner Production, 
2016, 126, 337–351, DOI: 10.1016/j.jclepro.2016.03.020.

53. Sharp BE; Miller SA Potential for Integrating Diffusion of Innovation Principles into Life Cycle 
Assessment of Emerging Technologies. Environ. Sci. Technol, 2016, 50, 2771–2781, DOI: 
10.1021/acs.est.5b03239. [PubMed: 26820700] 

54. Hunter SE; Helling RK A Call for Technology Developers tto Apply Life Cycle and Market 
Perspectives When Assessing the Potential Environmental Impacts of Chemical Technology 
Projects. Ind. Eng. Chem. Res, 2015, 54, 4003–4010, DOI: 10.1021/ie504102h.

55. Vinodh S; Ben Ruben R; Asokan P; Life cycle assessment integrated value stream mapping 
framework to ensure sustainable manufacturing: a case study. Clean Techn Environ Policy, 2016, 
18, 279–295, DOI: 10.1007/s10098-015-1016-8.

56. U.S. EPA. Distributed Structure-Searchable Toxicity (DSSTox) Database. https://www.epa.gov/
chemical-research/distributed-structure-searchable-toxicity-dsstox-database, (accessed February 
11, 2019).

57. U.S. EPA. ACToR (Aggregated Computational Toxicology Resource). https://actor.epa.gov, 
(accessed February 11, 2019).

58. Andraos J; Hent A Simplified Application of Material Efficiency Green Metrics to Synthesis Plans: 
Pedagogical Case Studies Selected from Organic Syntheses. J. Chem. Educ 2015, 92, 11, 1820–
1830, DOI: 10.1021/acs.jchemed.5b00058.

59. Andraos J; Mastronardi ML; Hoch LB; Hent A Critical Evaluation of Published Algorithms for 
Determining Environmental and Hazard Impact Green Metrics of Chemical Reactions and 
Synthesis Plans. ACS Sustainable Chem. Eng 2016, 4, 4, 1934–1945, DOI: 10.1021/
acssuschemeng.5b01555.

60. Phan TVT; Gallardo C; Mane J GREEN MOTION: a new and easy to use green chemistry metric 
from laboratories to industry. Green Chem, 2015,17, 2846–2852, DOI: 10.1039/C4GC02169J.

61. Restrepo G; Stadler PF; Assessing Greenness of Chemical Reactions and Synthesis Plans through 
Posetic Landscapes. ACS Sustainable Chem. Eng 2016, 4, 4, 2191–2199, DOI: 10.1021/
acssuschemeng.5b01649.

62. Allen DT; Hwang BJ; Licence P; Pradeep T; Subramaniam B Advancing the Use of Sustainability 
Metrics. ACS Sustainable Chem. Eng 2015, 3, 10, 2359–2360, DOI: 10.1021/
acssuschemeng.5b01026.

Gonzalez et al. Page 19

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database
https://www.epa.gov/chemical-research/distributed-structure-searchable-toxicity-dsstox-database
https://actor.epa.gov


63. Jonkers N; Krop H; van Ewijk H; Leonards PEG; Life cycle assessment of flame retardants in an 
electronics application. Intl. J. Life Cycle Assess, 2016, 21, 2, 146–161, DOI: 10.1007/
s11367-015-0999-z.

64. Saini A Thaysen C; Jantunen L; McQueen RH; Diamond ML From Clothing to Laundry Water: 
Investigating the Fate of Phthalates, Brominated Flame Retardants, and Organophosphate Esters. 
Environ. Sci. Technol, 2016, 50, 17, 9289–9297, DOI: 10.1021/acs.est.6b02038. [PubMed: 
27507188] 

65. Troitzsch JH, “Overview of Flame Retardants”, Chimica Oggi / Chemistry Today, 1998, 16, 1–20.

66. Covaci A; Harrad S; Abdallah MAE; Ali N; Law RJ; Herzke D; de Wit CA Novel brominated 
flame retardants: A review of their analysis, environmental fate and behavior. Environ. Int 2011, 
37, 532–556, DOI: 10.1016/j.envint.2010.11.007. [PubMed: 21168217] 

67. The European Parliament, Directive 2003/11/EC of the European Parliament and of the Council 
amending for the 24th time Council Directive 76/769/EEC relating to restrictions on the marketing 
and use of certain dangerous substances and preparations (pentabromodiphenyl ether and 
octabrodiphenyl ether) 2003.

68. Horrocks AR; Davies PJ; Kandola BK; Alderson A The potential for volatile phosphorus-
containing flame retardants in textile back-coatings. J. Fire Sci, 2007, 25, 523–540, DOI: 
10.1177/0734904107083553.

69. Van der Veen I; de Boer J Phosphorus flame retardants: Properties, production, environmental 
occurrence, toxicity and analysis. Chemosphere, 2012, 88, 1119–1153, DOI: 10.1016/
j.chemosphere.2012.03.067. [PubMed: 22537891] 

70. Yan B; Hu Y; Kuczenski B; Janowicz K; Ballatore A; Krisnadhi AA; Ju Y; Hitzler P; Suh S; 
Ingwersen W; “An Ontology for Specifying Spatiotemporal Scopes in Life Cycle Assessment”, 
Proceedings of the 1st International Diversity Workshop co-located with the 14th International 
Semantic Web Conference (ISWC 2015), Bethlehem, Pennsylvania, USA, October 12, 2015, 
CEUR-WS.org, 1501. 25–30, 2015.

71. Ingwersen WW Test of US federal life cycle inventory data interoperability. Journal of Cleaner 
Production, 2015, 101, 118–121, DOI: 10.1016/j.jclepro.2015.03.090.

72. Ilia G; Iliescu S; Popa A A new method for the synthesis of triaryl phosphates. Green Chem., 2005, 
7, 217–218, DOI: 10.1039/B417264G.

73. Luo X, Shi H; Yang J; Zhi H Study on the synthesis of triphenyl phosphate in water. J. Nanjing 
Normal University 2012, 12, 85–88.

74. Sagar AD; Shinde NA; Bandgar BP Microwave-assisted synthesis of triaryl phosphates. Organic 
Preparations and Procedures International, 2000, 32, 269–271, DOI: 
10.1080/00304940009355923.

75. Jin T; Liu L; Yao J; Zhang J; Wang A Study on the synthesis of triphenyl phosphate at room 
temperature. Chinese J. Org. Chem 2005, 5, 595–597.

76. Yang J; Su F, “A novel process for preparing triaryl phosphate”, CN 1049848, 1989.

77. Kore AR; Sagar AD; Salunkhe MM Efficient method for the synthesis of triaryl phosphates by 
using PTC and Dibenzo-[18]-Crown-6. Bull Soc. Chim. Belg 1994, 103, 85–86.

78. Ranu BC; Das A A simple, general and improved procedure for phosphorylation of alcohols 
catalyzed by indium (III) chloride. J. Indian Chem. Soc 2003, 80, 1063–1064.

79. Jones S; Selitsianos D A simple and effective method for phosphoryl transfer using TiCl4 catalysis. 
Org. Lett 2002, 4, 3671–3673, DOI: 10.1021/ol026618q. [PubMed: 12375915] 

80. Peng W; Shreeve JM Rapid and high yield oxidation of phosphine, phosphite and phosphinite 
compounds to phosphine oxides, phosphates and phosphinates using hypofluorous acid-
acetonitrile complex. J. Fluorine Chem, 2005, 126, 1054–1056, DOI: 10.1016/
j.jfluchem.2005.02.012.

81. Oba M; Okada Y; Nishiyama K; Ando W Aerobic photooxidation of phosphite esters using 
Diorganotelluride catalysts, Organic Lett., 2009, 11, 1879–1881, DOI: 10.1021/ol900240s.

82. Mukaiyama T; Mitsunobu O; Obata T Oxidation of phosphites and phosphines via quaternary 
phosphonium salts. J. Org. Chem, 1965, 30, 101–105, DOI: 10.1021/jo01012a025.

Gonzalez et al. Page 20

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



83. Power MB; Ziller JW; Barron AR Reactivity of organogallium peroxides: Oxidation of phosphines, 
phosphites and triphenylarsine. Organometallics, 1993, 12, 4908–4916, DOI: 10.1021/
om00036a034.

84. DiBella EP, “Process for the production of triaryl phosphates” U S patent 4,469, 644, 1984.

85. Li T; Li X Comprehensive mass analysis for chemical processes, a case study on L-Dopa 
manufacture. Green Chem, 2014, 16, 4241–4256, DOI: 10.1039/C4GC00565A.

86. Trost B The atom economy: a search for synthetic efficiency, Science, 1991, 254, 1471–1477, DOI: 
10.1126/science.1962206. [PubMed: 1962206] 

87. Bromine Compounds Limited., “Process for the preparation of triaryl phosphates”, Great Britain 
Patent 2215722 Sep. 27, 1989.

88. Bayer Aktiengesellschaft., “Process for the production of phosphoric acid triesters”, U.S. Patent 
4267127, 5 12, 1981.

89. Changchun Institute of Applied Chemistry, “New preparation process of triaryl phosphate esters”, 
Faming Zhuanli Shenqing Gongkai Shuomingshu, Chinese Patent 1049848, Mar. 13, 1991.

90. Bromine Compounds Ltd., “Process for the preparation of triaryl phosphates”, Israel Patent 
101830, Nov. 05, 1992.

91. Nanjing Normal University, Lianyungang Marine Chemical Co., Ltd., “Process for preparation of 
phenoxy esters in aqueous phase”, Faming Zhuanli Shenqing, Chinese Patent 102344421, Feb. 08, 
2012.

92. Borg-Warner Chemicals, Inc., “Triaryl phosphates”, U.S. Patent 4469644, 9 04, 1984.

93. Sakai Chemical Industry Co., Ltd., “Preparation of phosphate triesters from phosphite triesters”, 
Jpn. Kokai Tokkyo Koho, Chinese Patent 03294284, 12 25, 1991.

94. Teijin Chemicals, Ltd., “Process for producing triaryl phosphates”. Eur. Patent 595597, 5 04, 1994.

95. Hunan Normal University, “Preparation of phosphate esters with the mixed phenols in waste 
stream”, Faming Zhuanli Shenqing Gongkai Shuomingshu, Chinese Patent 1986551, Dec. 25, 
2007.

96. Andraos J Critical evaluation of published algorithms for determining material efficiency green 
metrics of chemical reactions and synthesis plans. ACS Sustainable Chem. Eng 2016, 4, 1917–
1933, DOI: 10.1021/acssuschemeng.5b01554.

97. Martin TM Prediction of in vitro and in vivo estrogen receptor activity using hierarchical 
clustering. SAR and QSAR in Environmental Research, 2016, 27, 17–30, 
DOI:10.1080/1062936X.2015.1125945. [PubMed: 26784454] 

98. Martin TM A framework for an alternatives assessment dashboard for evaluating chemical 
alternatives applied to flame retardants for electronic applications. Clean Technologies and 
Environmental Policy, 2017, 19, 1067–1086, DOI:10.1007/s10098-016-1300-2. [PubMed: 
29333139] 

99. Varma RS Greener and sustainable trends in synthesis of organics and nanomaterials. ACS 
Sustainable Chem. Eng, 2016, 4, 5866–5878, DOI: 10.1021/acssuschemeng.6b01623.

Gonzalez et al. Page 21

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.

E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript



Figure 1. 
General scheme for the Sustainable Chemistry Synthesis Expert Framework and Database
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Figure 2: 
Carbon-based functional groups
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Figure 3: 
Proposed functional group hierarchy for a phosphorus containing molecule
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Figure 4. 
Four general schemes for preparation of triphenyl phosphate.
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Figure 5. 
Esterification of phosphoryl chloride under Schotten-Baumann conditions (Scheme C)
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Table 1.

Individual stages in NAS Framework with Information Gained and Data Requirements at each Stage

Stage Title Information Frameworks included 
the activity/Reference 

Tools

Example Types of Data 
Needed

1 Identify chemical of 
concern

Identify the chemical of concern in need of 
a substitute.

DfE, BizNGO, Lowell, 
German Federal 
Environmental

Human Health, 
Environmental and Legal 
Concerns

2 Scoping and problem 
formulation

Identify scope of assessment, goals, 
principles, and decision rules. Obtain 
information on chemical of concern and 
determine assessment methods.

All Frameworks
Function of CoC, System 
Boundaries and Impact of 
change

3 Identify potential 
alternatives

Identify chemical, material, and design 
alternatives on the basis of the requirements 
established in Stage 2.

All Frameworks
Role of CoC, Simulations, 
Molecular Modeling, and 
Chemical Expertise

4 Initial Screening of 
Identified alternatives

Results of initial screening of selected 
alternatives. If alternatives failed to meet the 
requirements initiate research to develop 
new alternatives or improve the existing 
ones.

CA SCP, BizNGO, 
ECHA, UNEP

Efficacy of Alternative, 
Upstream and Downstream 
Implications

5
Assess 
Physicochemical 
Properties

Physicochemical properties will help to 
evaluate hazard and exposure. All Frameworks Chemico-, Physico-, 

Toxicological

6–1 Assess Human Health 
Hazards

Evaluate human health hazards of a 
chemical exposure. All Frameworks Human Health Fate, 

Exposure, Toxicity

6–2 Assess Ecotoxicity Asses the ecological hazards of an alternate 
chemical. All Frameworks

Fate and Transport, 
Environmental Exposure, 
Food Chain, Aquatic and 
Terrestrial Toxicity, Air and 
Land Impacts

6–3 Conduct Comparative 
Exposure Assessment

Compares the chemical of concern and 
alternate chemical exposure.

DfE, IC2, BizNGO, CA 
DTSC Fate, Transport, Exposure

7
Integration of 
Information to Identify 
Safer Alternatives

Identify the safer alternative based on the 
information obtained in the previous Stages. 
If no safer alternative is identified, initiate 
research to develop new alternatives.

Alternatives safer:
All Frameworks.
Alternatives not safer, 
initiate research: CA 
DTSC, BizNGO, ECHA, 
UNEP

Decision Frameworks

8 Life Cycle Thinking
Determine whether risks to human health, 
environment, or society exist during its life 
cycle.

Sustainability Related – LC 
Inventory, Fate, Transport, 
Exposure, Toxicity, Impact 
Category Specific Potency

9–1* Life Cycle 
Assessment*

Estimate energy consumed materials 
emitted and consumed. Assess potential 
social and socioeconomic impacts.

Energy/resources: IC2, 
CA DTSC, BizNGO, 
ECHA, UCLA, German 
Federal Environmental
Social impacts: IC2, 
Lowell, ECHA, UCLA, 
UNEP

LC Inventory - 
Manufacturing, Utilities, 
Emissions. Fate, Transport, 
Exposure, Toxicity, Impact 
Category Specific Potency

9–2* Performance 
Assessment

Assess the performance of alternatives 
against the requirements established in 
Stage 2.

All Frameworks Performance Metrics

9–3* Economic Assessment Assess economic impacts associated with 
each alternative. All Frameworks

Material, Processing, Waste, 
Regulatory Requirements 
and Transportation Costs

10
Integrate Data and 
Identify Acceptable 
Alternatives

Identify acceptable alternatives on the basis 
of information compiled in previous steps. All Frameworks Decision Frameworks
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Stage Title Information Frameworks included 
the activity/Reference 

Tools

Example Types of Data 
Needed

11* Compare Alternatives Compare the identified alternatives and 
select an alternative for implementation.

IC2, CA DTSC, Lowell, 
and UCLA

Comparative and 
Sustainability Assessments, 
Decision Frameworks

12 Implement Alternatives
Transition to the identified alternative for 
the chemical of concern and implement the 
process.

CA DTSC, BizNGO, 
Lowell, ECHA, and 
UNEP

Manufacturing and Supply 
Chain Changes

13* Research and 
Innovation

Create new designs and processes to 
identify alternatives for chemicals of 
concern and to improve the overall safety of 
chemical products.

CA DTSC, BizNGO, 
ECHA, and UNEP

Green Chemistry, Green 
Engineering, Molecular 
Design
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Table 2.

TEST’s descriptors fragmentation output for some chosen functional groups.

Functional Group Structure Fragments

Alkenes 2x CH2 Aliphatic Attachment

Amines R
Aliphatic Attachment

NH
Aliphatic

Attachment

Ketone R
Aliphatic Attachment

C=O
Ketone

Aliphatic Attachment

Amides C(=O)
Nitrogen
Aliphatic

Attachment

R
Aliphatic

Attachment

N<
Aliphatic

Attachment

Sulfate OH
Aliphatic

Attachment

S(=O)(=O)
Aliphatic

Attachment

[O-H]
[O-R]

Phosphate [O-] 3x P(=O) [O-R]
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Table 3.

Chemical inventory and atom economy for Scheme A

Reaction Input Output MW (amu) Equivalent Input Mass (amu) Product Mass (amu)

1

H3PO4 98 1 98

PhOH 94.11 3 282.33

Product (3) 326.28 1 326.28

Water 18.02 3 54.06

Total mass (amu) 380.33 380.34

Atom Economy 85.8%

ACS Sustain Chem Eng. Author manuscript; available in PMC 2020 April 10.



E
PA

 A
uthor M

anuscript
E

PA
 A

uthor M
anuscript

E
PA

 A
uthor M

anuscript

Gonzalez et al. Page 31

Table 4:

Chemical inventory and atom economy for Scheme C

Reaction Input Output MW (amu) Equivalent Input Mass (amu) Product Mass (amu)

1

P(O)Cl3 153.33 1 153.33

PhOH 94.11 3 282.33

Product (3) 326.28 1 326.28

HCl 36.46 3 109.38

Total mass (amu) 435.66 435.66

Atom Economy 74.9%
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Table 5.

Chemical inventory and atom economy for Scheme B

Reaction Input Output MW (amu) Equivalent Input mass (amu) Product Mass (amu)

1

PCl3 137.33 1 137.33

PhOH 94.11 3 282.33

P(OPh)3 310.28 1

HCl 36.46 3 109.38

2
O2 32 0.5 16

Product 3 326.28 1 326.28

Total mass
(amu) 435.66 435.66

Atom Economy 74.9%
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Table 6.

Chemical inventory and atom economy for Scheme D

Reaction Input Output MW (amu) Equivalent Input Mass (amu) Product Mass (amu)

1

PCl5 208.24 1 208.24

PhOH 94.11 3 282.33

MeOH 32.04 2 64.08

CH3Cl 50.49 2 100.98

H2O 18.02 1 18.02

HCl 36.46 3 109.38

Product (3) 326.28 1 326.28

Total Mass (amu) 554.65 554.66

Atom Economy 58.8%
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