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Overview

» Intersecting Goals of Chemical Safety and Green Chemistry

> Assessing Risk

Ch(iﬁ?sriry. ity
» Green Chemistry & RAMP

» Examples in the Organic Chemistry Teaching Labs

» Ideas for implementation U of MN Joint Safety Team



Definitions & Goals

Safety in the
Chemistry Enterprise

« “The practice of chemistry must be
done safely so as to minimize
adverse impacts on human health
and/or the environment”

Protect

Green Chemistry

“Green Chemistry is the design of
chemical products and processes
that reduce or eliminate the use and
generation of hazardous
substances.”

Prevent

https://www.acs.org/content/acs/en/policy/publicpolicies/science-policy/safety-in-the-chemistry-

enterprise.html

https://www.epa.gov/greenchemistry/basics-green-chemistry



https://www.acs.org/content/acs/en/policy/publicpolicies/science-policy/safety-in-the-chemistry-enterprise.html
https://www.epa.gov/greenchemistry/basics-green-chemistry

12 Principles of Green Chemistry

3. Less Hazardous Chemical Syntheses

Wherever practicable, synthetic methods should be designed to use IS Chemistry Pocket Guide

and generate substances that possess little or no toxicity to human The 12 Principles of Green Chemistry
health and the environment. Provides a framework for learning about
green chemistry and designing or improving
4. Designing Safer Chemicals materials, products, processes and systems.
A A X X ) 1. Prevent waste
Chemical products should be designed to affect their desired function 2. Atom Economy
. e . .. 3. Less Hazardous Synthesis
while minimizing their toxicity. 4. Design Benign Chemicals
5. Benign Solvents & Auxiliaries
e . 6. Design for Energy Efficien
5. Safer Solvents and Auxiliaries S Uee of Fanawabie Eeadictocks
- . 8. Reduce Derivatives
The use of auxiliary substances (e.g., solvents, separation agents, etc.) 9. Catalysis (vs. Stoichiometric)
. . 10. Design for Degradation
should be made unnecessary wherever possible and innocuous when 11, Real-Time Analysis for Pollution
Prevention
used. 12. Inherently Benign Chemistry
12. Inherently Safer Chemistry for Accident Prevention for Accident Prevention
Substances and the form of a substance used in a chemical process www.acs.org/greenchemistry
N . . : ACS R o
should be chosen to minimize the potential for chemical accidents, P ey €D S

including releases, explosions, and fires.
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Inherent Rather Than Circumstantial

Designers need to strive to ensure that all materials and energy inputs and outputs are as inherently nonhazardous as possible.
Prevention Instead of Treatment

It is better to prevent waste than to treat or clean up waste after it is formed.

Design for Separation
Separation and purification operations should be designed to minimize energy consumption and materials use.

Maximize Efficiency
Products, processes, and systems should be designed to maximize mass, energy, space, and time efficiency.

Output-Pulled Versus Input-Pushed
Products, processes, and systems should be "output pulled" rather than "input pushed" through the use of energy and materials.

Conserve Complexity

Embedded entropy and complexity must be viewed as an investment when making design choices on recycle, reuse, or beneficial disposition.
Durability Rather Than Immortality

Targeted durability, not immortality, should be a design goal.

Meet Need, Minimize Excess

Design for unnecessary capacity or capability (e.g., "one size fits all") solutions should be considered a design flaw.

Minimize Material Diversity

Material diversity in multicomponent products should be minimized to promote disassembly and value retention.

Integrate Material and Energy Flows

Design of products, processes, and systems must include integration and interconnectivity with available energy and materials flows.
Design for Commercial "Afterlife"

Products, processes, and systems should be designed for performance in a commercial "afterlife."

Renewable Rather Than Depleting
Material and energy inputs should be renewable rather than depleting.

https://www.acs.org/content/acs/en/greenchemistry/what-is-green-chemistry/principles/12-principles-of-green-engineering.html
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RAMP: Safety education guidelines for working in
the laboratory

AMERICAN CHEMICAL SOCIETY
Guidelines
for Chemical
Laboratory
Safety in
1 Academic
| Institutions

Recognize the hazards
— use of hazard rating systems to identify hazards

Assess the Risks of Hazards

— Risk is the probability of suffering injury or harm from exposure to a hazard. Students
should be able to determine the relative severity of a specific hazard and to give an
estimate of the likelihood of exposure under certain circumstances.

Minimize the Risk of Hazards
Laboratory Safety

— Identify ways risk can be lowered. This may involve using appropriate engineering for Chemistry Students
controls (equipment such as hoods, ventilation systems, and safety interlocks), ‘
administrative controls (procedures, processes, and training), and personal protective
equipment (PPE) to reduce or mitigate the hazard.

Prepare for Emergencies from Uncontrolled Hazards

— Students should be able to explain how to respond to common emergencies that could
occur in laboratories, such as fires, explosions, chemical exposures, injuries, and
chemical spills. 6

Robert M. Hill, Jr » David C. Finster

Secoed Editon
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What is different from where
safety culture is now?

How does a green chemistry
mindset promote safety?



Recognize
» SDS — similar starting places (GHS)

» Green Chemistry Metrics (Analyze)
o Compare processes for design
o Type of reaction
o Atom economy (intrinsic/inherent)
O

Focus NOT just on yield of desired products, but possible by-
products and their hazards/waste handling

o Energy and water use considerations




New Resources for Learning Chemcial Toxicology
Promoted by Green Chemists

« Teaching chemists appropriate level of toxicology

— Relationship of MW to toxicity
— Relationship of LogK,,, to toxicity
— ADME (Absorption, Distribution, Metabolism, Excretion)

https://modrn.yale.edu/ https://modrn.yale.edu/education



Assess the Risk

Definition:

Risk = f (exposure, hazard)

Definition:

Green Chemistry is the design of chemical products and processes that
reduce or eliminate the use and generation of hazardous substances.

Thus: GC strategy is to minimize risk by reducing the

HAZARD

Alternative approach to minimizing exposure: PPE, fume hoods, etc..



NIOSH
National Institute for Occupational Safety and Health

Most
effective

Hierarchy of Controls

Physically remove

Isolate people —
from the hazard

Administrative
Controls
Leas.t i |

effective

Change the way
people work

Protect the worker with
Personal Protective Equipment

https://en.wikipedia.org/wiki/Hierarchy_of hazard_ controls



Green Chemistry - Most effective strategy should be the
first strategy

‘ Enhanced
Safety

Engineering Controls

GREEN
 CHEMISTRY




Strategies for Elimination or Substitution

 Increasing amount of literature examples/resources
ACS

 Solvent replacements S U Stai’n d b | v

Chemistryz Engineering

 Solventless reaction examples

green”chemistry education

% beyondbenign




Preferred

'Water
Acetone
Ethanol
2-Propanol
1-Propanol

Usable

Ethyl acetate
Isopropyl acetate

Methanol

Methyl ethyl ketone

1-Butanol
t-Butanol

Fig. 1

ACS
Green Chemistry
Institute

Pharmaceutical Roundtable

Undesirable

Pentane

Hexane(s)
Di-isopropyl ether
Diethyl ether
Dichloromethane
Dichloroethane
Chloroform

Dimethyl formamide
N-Methylpyrrolidinone
Pyridine

Dimethyl acetate
Dioxane
Dimethoxyethane
Benzene

Carbon tetrachloride

Pfizer solvent selection guide for medicinal chemistry.

Solvent Selection Guides

GSK Solvent Selection Guide 2003
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Elimination/Substitution - Minimizing (Hazardous) Waste

and Innovative Chemistry

OH

O
(S)-proline (10 mol%) ij/k@
ball milling

Ball Milling

TolO
TolO~ -0 1-3 min MW O Nsp .
T+ =w o ) Microwave
W 95-115 °C S
TolO TolO R
2eq
1 eq Cul (2 eq)
DIEA (5 eq)
silica gel
0 O Sovent  dme v Aqueous
= 23°C olven ime vield % o
o - — v~ Reactions
_> Water 8 81
o) H o
OAc OAc toluene 144 79

methanol 48 82
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Simple Techniques to Make Everyday Lab Work

Greener (Safer)

Solvent Selection

Use dry ice/isopropanol for cooling baths

Reaches essentially the same temperature as dry ice/acetone (-77°C vs. -78°C), but the lower volatility of isopropanol
minimizes vapor emissions and inhalation, and makes the bath last longer.

Use heptane instead of hexanes

Heptane has almost identical chemical properties to hexane, but is significantly less toxic due to the odd number of
carbons, which alter its metabolic product in the body.

Use 2-MeTHF instead of THF

2-MeTHF is indirectly derived from bio-based renewable feedstocks. Its chemical properties are very similar to THF but
it is immiscible with water, making separations, recycling, and drying easier. See D. F. Aycock , Org. Process Res. Dev.
2007, 11, 156-159 for more information.

Substitute DCM in column chromatography

One of the largest contributors to chlorinated solvent waste is chromatography. While selecting a new solvent system
may seem challenging, J. P. Taygerly, et al. (Green Chem. 2012, 14, 3020-3025) have already done the work for you.

This document was prepared by:

C EMis
Tnitiatve

www.chem.utoronto.ca/green

I

Graduate student organization




Simple Techniques to Make Everyday Lab Work
Greener (Safer) ST

Waste Reduction C EMIS

Tnitiative

Recycle wash solvents www.chem.utoronto.ca/green

Wash solvents are ideal for recycling because dryness and purity isn’t as important. Simply wash your glassware as usual,
collecting the liquid in a separate container. When it’s full, transfer to the rotovap and distill into a clean collection flask.

Recycle solvents isolated from distillation/rotovaping

If you are going to remove the solvent anyway, why not reuse it? When you are done your purification step, do a quick N
Energy Reduction

check of the purity of the solvent. If pure: reuse it for another reaction or as a wash solvent. This is ideal for single-

solvent systems, azeotropes, and solvent mixtures with >10°C difference in boiling point. Close your fume hood
A variable volume fume hood is 60% more energy efficient when the sash is closed.

Use a closed-loop cooling system for condensers

Turn off/unplug stuff when you are done with it
Closed-loop cooling systems eliminate wastewater and accidental laboratory flooding. Use a commercially available

It just makes sense.
chilled water recirculator, an aluminum condenser, or for high-boiling liquids simply use air.
Use Dry Column Vacuum Chromatography to purify large samples

This is a relatively new technique that can dramatically reduce the amount of silica and solvents used. For larger

purifications, it's faster than flash chromatography and the columns can easily be recycled. For more information see
D. S. Pedersen and C. Rosenbohm, Synthesis 2001, 16, 2431-2434.



Precautions for Substitutions
» Like scaling, replacements must be done carefully
and thoughttully
—Regrettable substitutions (BPS for BPA)
—Alternatives Assessment

» Life cycle/systems thinking approach
*Scale



Minimize the Risks of the Hazards

« If the hazards are reduced, type of controls can be
reconsidered:

— Engineering controls (hoods)
— PPE (error on caution — gloves)

Prepare for Emergencies from Uncontrolled
Hazards

12. Inherently Safer Chemistry for Accident Prevention
Substances and the form of a substance used in a chemical process
should be chosen to minimize the potential for chemical accidents,

including releases, explosions, and fires.

20



UMNews
Home > Features > Not your pare

Green Organic Chemistry Laboratory ™"

Not your parents' chem labs

* 2002 — token green experiment S—

* 2018 — A green approach

— Modern

— Green Solvents (water, ethyl acetate, alcohols)
* Reduce exposure ' »
» Reduced halogenated/heavy metal waste

— Greener Reactions
* Less potential for accidents
* More variety (polymer-supported rxns, solventless)
* New techniques

— Student interest in research
— GTA interest in applying to their research

21




Reduced Waste/Less Hazardous Waste

 Concerted effort to teach students how to wash glassware with

minimal acetone (VIDEO)

— Track acetone use per experiment — can tell where the most waste is
generated

— Track waste containers per semester
* 0.92 L down to 0.56 L per student

e Less Concern for Hazardous Waste

— Example: strong oxidizers in organic waste
— Emphasis on not overfilling waste containers

22




Student Response to Inclusion of Green Chemistry

I value the inclusion of green chemistry in the 2311

. .6
curriculum )2
The fact that the product will be used in a research group 1.6
rather than thrown away is important to me '
I appreciate learning about chemistry that is currently 8.0

employed in industry



CPT Supplement on Green Chemistry ou

Undergraduate Professional
Education in Chemistry

« What’s in this supplement? B
— Making the case for green and sustainable chemistry. .
» SAFER chemistry departments

» Preparing students for future careers
* Modern and innovative

» Chemical enterprise contributions to sustainability

 Practical Examples — Like Safety (cross disciplinary)

B Genera,l ChemlSt,Iy THE PERIODIC TABLE'S ENDANGERED ELEMENTS
— Analytical Chemistry P
— Biochemistry -S———

— Inorganic Chemistry 0000

— Organic Chemistry 00 8890 g ©

— Physical Chemistry

24



Incorporation into a Safety Culture

University of Minnesota

Joint Safety Team Organization

JST is compiled of Lab Safety Officers (LSOs) from
each research group (~ 80 people) as well as
volunteer undergraduates, graduates, and postdocs.




F o Mission Statement

Mission Statement:

Student-led initiative to improve the safety culture in the CHEM
and CEMS department at the University of Minnesota*

CARE

Compliance Define and enforce standard roles and
expectations through biannual lab audits

wareness Enhance safety through signage, safety
moments, posters, and email communic
esources Provide easy access to information and
establish a system for maintaining reco
@ Provide frequent and relevant traiD

UNIVERSITY OF MINNESOTA
Driven to Discover”

Hand Safety

UNIVERSITY OF MINNESOTA
6 Driven to Discover

© 2012 Regents of the University of Minnesota. All rights reserved.



10gu§j'£'e£fl%

1. Awareness

Signs around department

Stall wall moments

Safety Moments BEFORE all seminars and
presentation

Safety Note in weekly news letter

Add
Green

~— Chemistry
Based
Examples




Stall Moment — Choose a safer solvent

Preferred

Water
Acetone
Ethanol
2-Propanol
I-Propanol
Ethyl Acctate
Isopropyl acetate
Methanol
MEK
I-Butanol
f-Butanol

The Pfizer solvent guide

Usable

Undesirable

Pentane
Hexane(s)
Di-isopropyl ether
Dicthyl ether
Dichloromethane
Dichloroethane
Chloroform

NMP

DMF

Pyridine

DMAc

Dioxane
Dimethoxyethane
Benzene

Carbon tetrachloride

Or
solventless



2. Resources

Working with Stockroom/vendors to have safer solvents on hand
— Heptane versus hexane CRERET

— methyl THF versus diethyl ether or methylene chloride

2-Iphone Mobile App — Green Solvents

ACS-GCI Pharmaceutical Roundtable

https://www.acs.org/content/dam/acsorg/greenchemistry/industriainnovation/roundtable/ac
s-gci-pr-solvent-selection-guide.pdf

GlaxoSmithKline (GSK) expanded and quick guides

http://www.rsc.org/suppdata/gc/co/cogco0918k/cogco0918k.pdf



https://www.acs.org/content/dam/acsorg/greenchemistry/industriainnovation/roundtable/acs-gci-pr-solvent-selection-guide.pdf
http://www.rsc.org/suppdata/gc/c0/c0gc00918k/c0gc00918k.pdf

o JST Website

Provide a central location for safety resources

UNIVERSITY OF MINNESOTA
Driven to Discover*

e

One Stop  MyUM&: For Students, Faculty, and Staff

JST

Chemistry and CEMS Joint Safety Team

Home ~ Lab Safety Officers ~ Safety Moments

R

@ » LEARNING EXPERIENCE REPORTS
Learning Experience Reports

A Learning Experience Report (LER) is a document for recording any incident or situation that happened in a laboratory setting. These files will be
completely anonymous and only require a brief description of the incident and the measures that could be taken to solve the problem.

Learning Experience Report Form (requires a University of Minnesota e-mail address)

Note: (*) Please email jst@umn.edu if you are interested in obtaining our archived LER reports

Liquid Nitrogen Dewar Spill ——
October 5, 2017

www.jst.umn.edu

Green LER - “I found
using 1,3-dioxolane
was an excellent
replacement solvent

for methylene
chloride”

UNIVERSITY OF MINNESOTA

30 Driven to Discover

2012 Regents of the University of Minnesota. All rights reserved


http://www.jst.umn.edu/

3. Education

« Scaffold in Green Chemistry with Safety Training Courses —
everyone has to complete

— Introduction to Research Safety
— Chemical Safety
— Management

- Emphasize in TA Training

* Include chemical toxicology training



Conclusion

» Green Chemistry Goals and Safety Goals are

complimentary
Ch(iiﬁ?sriry’ Safety

« Mindset of utilizing green chemistry when possible will
enhance safety of chemists and the environment
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Safety in the Chemistry Enterprise Policy Statement
(2016-2019)

* Chemical management and regulatory policy should foster technological
innovation and a globally competitive US chemical industry. Advancing
research and applying appropriate green and sustainable principles
will lead to economically viable technical innovations. To this end,
ACS supports the government implementation of:

« An expedited, rigorous treatment of regulatory applications for inherently
safer chemical products and processes. The government should work
with industry, academia, scientific organizations, public interest groups, and
other stakeholders to develop guidelines for use in such a regulatory process.

https://www.acs.org/content/acs/en/policy/publicpolicies/science-policy/safety-in-the-chemistry-
enterprise.html



Education is Key to Assessing Risk
« Safety
— Compliance with regulations
— Review of experimental procedures (SOPs)

— Use of Globally Harmonzied System (GSH) and Consumer Product Safety Commission
(CPSC)

* Green Chemistry Initiatives

— Work with EHS personnel (AASHE — Association for the Advancement of
Sustainability in Higher Education, Anna Sitek (UMN), U of MN facilities)

— Teach Appropriate Level Toxicology (simple bioavailabilities properties)
— Solvent Replacement Guides (many to choose from)

— Safer Reagent Guides (GCI — Pharmaceutical Roundtable)

— Designing a Safer Chemical Game (Yale Green Chemistry Institute)



