
 
 
 
 
 
Alkane Gases 

 

Cometabolic bioremediation is an emerging remediation practice area to address groundwater 

impacts and large dilute plumes.  This approach has been used on some of the most recalcitrant 

contaminants, e.g., trichloroethene, dichloroethene, vinyl chloride, 1,4-dioxane.  Cometabolism is 

the simultaneous degradation of two compounds, in which the degradation of the second 

compound (the secondary substrate) depends on the presence of the first compound (the primary 

substrate).   

 

In aerobic cometabolic bioremediation indigenous bacteria are stimulated by adding oxygen and 

a cometabolic growth substrate to trigger the production of enzymes. These enzymes then 

oxidize or degrade the target pollutant via cometabolism.  Alkane gases such as methane, 

propane or ethane are commonly used as the primary substrate.   Indigenous mircroorganisms 

while oxidizing the primary substrate for energy and growth express a monooxygenase enzyme 

that fortuitously degrades the contaminant (the secondary substrate).  The enzyme is a protein-

like substance that acts as a catalyst for degradation of the contaminant.  Contaminant 

degradation provides no apparent benefit to the microorganism involved.  The biodegrader is not 

dependent on the contaminant for carbon or energy therefore can perform at low levels of 

contamination as in the case of meeting vinyl chloride groundwater standards. 

 

This method is most useful for bioremediation of pollutants that are not themselves good aerobic 

growth substrates for bacteria.  Bioremediation strategies that employ cometabolism have the 

advantage of being able to degrade contaminants to trace concentrations, very low parts per 

billion levels and actually to parts per trillion. 

 

A source of oxygen must be introduced for cometabolism to occur.  Gas inFusion technology is 

currently deployed at a site in the Pacific Northwest for the in situ cometabolic bioremediation of a 

mixed 1,4-dioxane and chlorinated solvent plume.  A vinyl chloride case study published in 

23000 Dyke Road, Unit 21 
Richmond, BC  V6V 2H3 
North CA (415) 390-5483 
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Ground Water Monitoring & Remediation 32, no. 1/ Winter 2012/pages 99–105 is attached for 

your review. 

 

Papers with field data are attached. 

 
Please call if you have any questions. 
 
Regards, 
John Sankey, 
True Blue Technologies 



Methane

001033

Synthetic/Analytical chemistry.

4/1/2013.

Material Safety Data Sheet

Product name

AIRGAS INC., on behalf of its subsidiaries
259 North Radnor-Chester Road
Suite 100
Radnor, PA 19087-5283
1-610-687-5253

Product use

MSDS #

Date of
Preparation/Revision

In case of emergency

Section 1. Chemical product and company identification

Methane

:

:

:

:

Supplier

1-866-734-3438

Synonym : fire damp; marsh gas; methane (dot); methyl hydride
:

:

Inhalation

Emergency overview

Section 2. Hazards identification

Routes of entry

Potential acute health effects

Acts as a simple asphyxiant.

Contact with rapidly expanding gas may cause burns or frostbite. Contact with cryogenic
liquid can cause frostbite and cryogenic burns.

Ingestion is not a normal route of exposure for gases. Contact with cryogenic liquid can
cause frostbite and cryogenic burns.

Contact with rapidly expanding gas may cause burns or frostbite. Contact with cryogenic
liquid can cause frostbite and cryogenic burns.

Eyes

Skin

Inhalation

Ingestion

Physical state Gas. [COLORLESS GAS; MAY BE A LIQUID UNDER PRESSURE OR
REFRIGERATION.]

See toxicological information (Section 11)

WARNING!

GAS:
CONTENTS UNDER PRESURE.
Extremely flammable.
May cause flash fire.
Do not puncture or incinerate container.
Can cause rapid suffocation.
May cause severe frostbite.
LIQUID:
Extremely flammable.
Extremely cold liquid and gas under pressure.
Can cause rapid suffocation.
May cause severe frostbite.

Keep away from heat, sparks and flame.  Do not puncture or incinerate container.  Use
only with adequate ventilation.  Keep container closed.

:

:

:

:

:

:

:

Medical conditions
aggravated by over-
exposure

Acute or chronic respiratory conditions may be aggravated by overexposure to this gas.:

Contact with rapidly expanding gases or liquids can cause frostbite.
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Methane

Methane 74-82-8 100 ACGIH TLV (United States, 1/2009).
TWA: 1000 ppm 8 hour(s).

Section 3. Composition, Information on Ingredients
Name % Volume Exposure limitsCAS number

As this product is a gas, refer to the inhalation section.

Check for and remove any contact lenses.  Immediately flush eyes with plenty of water
for at least 15 minutes, occasionally lifting the upper and lower eyelids.  Get medical
attention immediately.

In case of contact, immediately flush skin with plenty of water for at least 15 minutes
while removing contaminated clothing and shoes.  To avoid the risk of static discharges
and gas ignition, soak contaminated clothing thoroughly with water before removing it.
Wash clothing before reuse.  Clean shoes thoroughly before reuse.  Get medical
attention immediately.

Move exposed person to fresh air.  If not breathing, if breathing is irregular or if
respiratory arrest occurs, provide artificial respiration or oxygen by trained personnel.
Loosen tight clothing such as a collar, tie, belt or waistband.  Get medical attention
immediately.

Section 4. First aid measures

Eye contact

Skin contact

Inhalation

Ingestion

:

:

:

:

No action shall be taken involving any personal risk or without suitable training.If it is suspected that fumes are still present,
the rescuer should wear an appropriate mask or self-contained breathing apparatus.It may be dangerous to the person
providing aid to give mouth-to-mouth resuscitation.

Frostbite : Try to warm up the frozen tissues and seek medical attention.

539.85°C (1003.7°F)

Flammable.

Decomposition products may include the following materials:
carbon dioxide
carbon monoxide

Closed cup: -188.15°C (-306.7°F).

Lower: 5%  Upper: 15%

In case of fire, use water spray (fog), foam or dry chemical.

Extremely flammable in the presence of the following materials or conditions: open
flames, sparks and static discharge and oxidizing materials.

Section 5. Fire-fighting measures
Flammability of the product

Auto-ignition temperature

Flash point

Flammable limits

Products of combustion

Fire hazards in the presence
of various substances

Fire-fighting media and
instructions

In case of fire, allow gas to burn if flow cannot be shut off immediately.  Apply water from
a safe distance to cool container and protect surrounding area.  If involved in fire, shut
off flow immediately if it can be done without risk.

Contains gas under pressure.  Flammable gas.  In a fire or if heated, a pressure
increase will occur and the container may burst, with the risk of a subsequent explosion.

Special protective
equipment for fire-fighters

Fire-fighters should wear appropriate protective equipment and self-contained breathing
apparatus (SCBA) with a full face-piece operated in positive pressure mode.

:

:

:

:

:

:

:

:

Immediately contact emergency personnel.  Keep unnecessary personnel away.  Use
suitable protective equipment (section 8).  Shut off gas supply if this can be done safely.
Isolate area until gas has dispersed.

Immediately contact emergency personnel.  Stop leak if without risk.  Use spark-proof
tools and explosion-proof equipment.  Note: see section 1 for emergency contact
information and section 13 for waste disposal.

Environmental precautions

Section 6. Accidental release measures

: Avoid dispersal of spilled material and runoff and contact with soil, waterways, drains
and sewers.

Personal precautions :

Methods for cleaning up :
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Methane

Keep container in a cool, well-ventilated area.  Keep container tightly closed and sealed
until ready for use.  Avoid all possible sources of ignition (spark or flame).  Segregate
from oxidizing materials.  Cylinders should be stored upright, with valve protection cap in
place, and firmly secured to prevent falling or being knocked over. Cylinder temperatures
should not exceed 52 °C (125 °F).
For additional information concerning storage and handling refer to Compressed Gas
Association pamphlets P-1 Safe Handling of Compressed Gases in Containers and P-
12 Safe Handling of Cryogenic Liquids available from the Compressed Gas Association,
Inc.

Use only with adequate ventilation. Use explosion-proof electrical (ventilating, lighting
and material handling) equipment. High pressure gas. Do not puncture or incinerate
container. Use equipment rated for cylinder pressure. Close valve after each use and
when empty. Keep container closed. Keep away from heat, sparks and flame. To avoid
fire, eliminate ignition sources. Protect cylinders from physical damage; do not drag, roll,
slide, or drop.  Use a suitable hand truck for cylinder movement.
 Never allow any unprotected part of the body to touch uninsulated pipes or vessels that
contain cryogenic liquids. Prevent entrapment of liquid in closed systems or piping
without pressure relief devices. Some materials may become brittle at low temperatures
and will easily fracture.

Section 7. Handling and storage
Handling

Storage

:

:

Use only with adequate ventilation.  Use process enclosures, local exhaust ventilation or
other engineering controls to keep worker exposure to airborne contaminants below any
recommended or statutory limits.  The engineering controls also need to keep gas, vapor
or dust concentrations below any lower explosive limits.  Use explosion-proof ventilation
equipment.

methane ACGIH TLV (United States, 1/2009).
TWA: 1000 ppm 8 hour(s).

Section 8. Exposure controls/personal protection
Engineering controls

Product name

Use a properly fitted, air-purifying or air-fed respirator complying with an approved
standard if a risk assessment indicates this is necessary.  Respirator selection must be
based on known or anticipated exposure levels, the hazards of the product and the safe
working limits of the selected respirator.

Safety eyewear complying with an approved standard should be used when a risk
assessment indicates this is necessary to avoid exposure to liquid splashes, mists or
dusts.

Personal protective equipment for the body should be selected based on the task being
performed and the risks involved and should be approved by a specialist before handling
this product.

Personal protection

Eyes

Skin

Respiratory

Consult local authorities for acceptable exposure limits.

:

:

:

:

Personal protection in case
of a large spill

: Self-contained breathing apparatus (SCBA) should be used to avoid inhalation of the
product.

Chemical-resistant, impervious gloves complying with an approved standard should be
worn at all times when handling chemical products if a risk assessment indicates this is
necessary.

Hands :

The applicable standards are (US) 29 CFR 1910.134 and (Canada) Z94.4-93

When working with cryogenic liquids, wear a full face shield.

Insulated gloves suitable for low temperatures
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Methane

-161.6°C (-258.9°F)

-182.6°C (-296.7°F)

0.55  (Air = 1)       Liquid Density@BP: 26.5 lb/ft3 (424.5 kg/m3)

-82.4°C (-116.3°F)

16.05 g/mole

Boiling/condensation point

Melting/freezing point

Section 9. Physical and chemical properties
Molecular weight

Critical temperature

Vapor density

C-H4Molecular formula

:

:

:

:

:

:

Specific Volume (ft 3/lb) : 23.6128

Gas Density (lb/ft 3) : 0.04235

The product is stable.

Extremely reactive or incompatible with the following materials: oxidizing materials.

Under normal conditions of storage and use, hazardous polymerization will not occur.

Under normal conditions of storage and use, hazardous decomposition products should
not be produced.

Section 10. Stability and reactivity
Stability and reactivity

Incompatibility with various
substances

Hazardous decomposition
products

Hazardous polymerization

:

:

:

:

Section 11. Toxicological information

Specific effects

Carcinogenic effects No known significant effects or critical hazards.

Mutagenic effects No known significant effects or critical hazards.

Reproduction toxicity No known significant effects or critical hazards.

No specific information is available in our database regarding the other toxic effects of
this material to humans.

Other toxic effects on
humans

:

Toxicity data

:

:

:

Section 12. Ecological information

Environmental fate : Not available.

Environmental hazards : No known significant effects or critical hazards.

Toxicity to the environment : Not available.

Aquatic ecotoxicity

Not available.

Products of degradation: carbon oxides (CO, CO2) and water.:Products of degradation

Section 13. Disposal considerations
Product removed from the cylinder must be disposed of in accordance with appropriate Federal, State, local
regulation.Return cylinders with residual product to Airgas, Inc.Do not dispose of locally.

Section 14. Transport information

2.1 -DOT Classification Methane, compressed
or Methane or Natural
gas, compressed
(with high methane
content)(Methane)

Methane, refrigerated
liquid

Regulatory
information

UN number Proper shipping
name

Class Packing group Label Additional
information

UN1971

UN1972

Not applicable (gas).

Page: 4/7Build 1.1



Methane

TDG Classification 2.1UN1971

UN1972

(Methane)Methane,
compressed or
Methane or Natural
gas, compressed
(with high methane
content)

Methane, refrigerated
liquid

Explosive
Limit and
Limited
Quantity
Index
0.125

ERAP Index
3000

Passenger
Carrying Ship
Index
Forbidden

Passenger
Carrying
Road or Rail
Index
Forbidden

Mexico
Classification

UN1971

UN1972

(Methane)Methane,
compressed or
Methane or Natural
gas, compressed
(with high methane
content)

Methane, refrigerated
liquid

2.1 -

Not applicable (gas).

Not applicable (gas).

“Refer to CFR 49 (or authority having jurisdiction) to determine the information required for shipment of the
product.”

Section 15. Regulatory information

U.S. Federal regulations

Connecticut Carcinogen Reporting: This material is not listed.
Connecticut Hazardous Material Survey: This material is not listed.
Florida substances: This material is not listed.
Illinois Chemical Safety Act: This material is not listed.
Illinois Toxic Substances Disclosure to Employee Act: This material is not listed.
Louisiana Reporting: This material is not listed.
Louisiana Spill: This material is not listed.
Massachusetts Spill: This material is not listed.
Massachusetts Substances: This material is listed.
Michigan Critical Material: This material is not listed.
Minnesota Hazardous Substances: This material is not listed.
New Jersey Hazardous Substances: This material is listed.

United States inventory (TSCA 8b): This material is listed or exempted.

Clean Water Act (CWA) 307: No products were found.

Clean Water Act (CWA) 311: No products were found.

Clean Air Act (CAA) 112 regulated flammable substances: methane

Clean Air Act (CAA) 112 regulated toxic substances: No products were found.

State regulations

SARA 302/304/311/312 extremely hazardous substances: No products were found.
SARA 302/304 emergency planning and notification: No products were found.
SARA 302/304/311/312 hazardous chemicals: methane
SARA 311/312 MSDS distribution - chemical inventory - hazard identification:
methane: Fire hazard, Sudden release of pressure

:

:

United States
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Methane

New Jersey Spill: This material is not listed.
New Jersey Toxic Catastrophe Prevention Act: This material is not listed.
New York Acutely Hazardous Substances: This material is not listed.
New York Toxic Chemical Release Reporting: This material is not listed.
Pennsylvania RTK Hazardous Substances: This material is listed.
Rhode Island Hazardous Substances: This material is not listed.

CEPA Toxic substances: This material is listed.
Canadian ARET: This material is not listed.
Canadian NPRI: This material is listed.
Alberta Designated Substances: This material is not listed.
Ontario Designated Substances: This material is not listed.
Quebec Designated Substances: This material is not listed.

WHMIS (Canada) Class A: Compressed gas.
Class B-1: Flammable gas.

:

Canada

Section 16. Other information

3

4

1

Health

Fire hazard

Reactivity

Personal protection

GAS:
CONTENTS UNDER PRESURE.
Extremely flammable.
May cause flash fire.
Do not puncture or incinerate container.
Can cause rapid suffocation.
May cause severe frostbite.
LIQUID:
Extremely flammable.
Extremely cold liquid and gas under pressure.
Can cause rapid suffocation.
May cause severe frostbite.

Label requirements :

Label requirements : Class A: Compressed gas.
Class B-1: Flammable gas.

United States

Canada

0
4

1

National Fire Protection
Association (U.S.A.)

Health

Special

Instability

Flammability
:

liquid:

Hazardous Material
Information System (U.S.A.)

1

4

0

Health

Flammability

Physical hazards

:
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Methane

0

4

3Health

Special

Instability

Flammability

Notice to reader

To the best of our knowledge, the information contained herein is accurate. However, neither the above-named
supplier, nor any of its subsidiaries, assumes any liability whatsoever for the accuracy or completeness of the
information contained herein.
Final determination of suitability of any material is the sole responsibility of the user. All materials may present
unknown hazards and should be used with caution. Although certain hazards are described herein, we cannot
guarantee that these are the only hazards that exist.

liquid:
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Propane

001045

Synthetic/Analytical chemistry.

8/19/2013.

Material Safety Data Sheet

Product name

AIRGAS INC., on behalf of its subsidiaries
259 North Radnor-Chester Road
Suite 100
Radnor, PA 19087-5283
1-610-687-5253

Product use

MSDS #

Date of
Preparation/Revision

In case of emergency

Section 1. Chemical product and company identification

Propane

:

:

:

:

Supplier

1-866-734-3438

Synonym : n-Propane; Dimethylmethane; Freon 290; Liquefied petroleum gas; Lpg; Propyl
hydride; R 290; C3H8; UN 1075; UN 1978; A-108; Hydrocarbon propellant.

:

:

Inhalation

Emergency overview

Section 2. Hazards identification

Routes of entry

Potential acute health effects

Acts as a simple asphyxiant.

Contact with rapidly expanding gas may cause burns or frostbite.

Ingestion is not a normal route of exposure for gases

Contact with rapidly expanding gas may cause burns or frostbite.

Eyes

Skin

Inhalation

Ingestion

Physical state Gas. [COLORLESS LIQUEFIED COMPRESSED GAS; ODORLESS BUT MAY HAVE
SKUNK ODOR ADDED.]

See toxicological information (Section 11)

WARNING!

FLAMMABLE GAS.
MAY CAUSE FLASH FIRE.
MAY CAUSE TARGET ORGAN DAMAGE, BASED ON ANIMAL DATA.
CONTENTS UNDER PRESSURE.

Keep away from heat, sparks and flame.  Do not puncture or incinerate container.  May
cause target organ damage, based on animal data.  Use only with adequate ventilation.
Keep container closed.

:

:

:

:

:

:

:

Medical conditions
aggravated by over-
exposure

Pre-existing disorders involving any target organs mentioned in this MSDS as being at
risk may be aggravated by over-exposure to this product.

:

Contact with rapidly expanding gases can cause frostbite.

Target organs : May cause damage to the following organs: the nervous system, heart, central nervous
system (CNS).

Potential chronic health effects

Chronic effects : May cause target organ damage, based on animal data.

Target organs : May cause damage to the following organs: the nervous system, heart, central nervous
system (CNS).
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Propane

Propane 74-98-6 100 ACGIH TLV (United States, 3/2012).
TWA: 1000 ppm 8 hour(s).

NIOSH REL (United States, 1/2013).
TWA: 1800 mg/m³ 10 hour(s).

  TWA: 1000 ppm 10 hour(s).
OSHA PEL (United States, 6/2010).

TWA: 1800 mg/m³ 8 hour(s).
  TWA: 1000 ppm 8 hour(s).
OSHA PEL 1989 (United States, 3/1989).

TWA: 1800 mg/m³ 8 hour(s).
  TWA: 1000 ppm 8 hour(s).

Section 3. Composition, Information on Ingredients
Name % Volume Exposure limitsCAS number

As this product is a gas, refer to the inhalation section.

Check for and remove any contact lenses.  Immediately flush eyes with plenty of water
for at least 15 minutes, occasionally lifting the upper and lower eyelids.  Get medical
attention immediately.

In case of contact, immediately flush skin with plenty of water for at least 15 minutes
while removing contaminated clothing and shoes.  To avoid the risk of static discharges
and gas ignition, soak contaminated clothing thoroughly with water before removing it.
Wash clothing before reuse.  Clean shoes thoroughly before reuse.  Get medical
attention immediately.

Move exposed person to fresh air.  If not breathing, if breathing is irregular or if
respiratory arrest occurs, provide artificial respiration or oxygen by trained personnel.
Loosen tight clothing such as a collar, tie, belt or waistband.  Get medical attention
immediately.

Section 4. First aid measures

Eye contact

Skin contact

Inhalation

Ingestion

:

:

:

:

No action shall be taken involving any personal risk or without suitable training.If it is suspected that fumes are still present,
the rescuer should wear an appropriate mask or self-contained breathing apparatus.It may be dangerous to the person
providing aid to give mouth-to-mouth resuscitation.

Frostbite : Try to warm up the frozen tissues and seek medical attention.

450°C (842°F)

Flammable.

Decomposition products may include the following materials:
carbon dioxide
carbon monoxide

Closed cup: -104°C (-155.2°F). Open cup: -104°C (-155.2°F).

Lower: 2.1%  Upper: 9.5%

In case of fire, use water spray (fog), foam or dry chemical.

Extremely flammable in the presence of the following materials or conditions: open
flames, sparks and static discharge and oxidizing materials.

Section 5. Fire-fighting measures
Flammability of the product

Auto-ignition temperature

Flash point

Flammable limits

Products of combustion

Fire hazards in the presence
of various substances

Fire-fighting media and
instructions

In case of fire, allow gas to burn if flow cannot be shut off immediately.  Apply water from
a safe distance to cool container and protect surrounding area.  If involved in fire, shut
off flow immediately if it can be done without risk.

Contains gas under pressure.  Flammable gas.  In a fire or if heated, a pressure
increase will occur and the container may burst, with the risk of a subsequent explosion.

Special protective
equipment for fire-fighters

Fire-fighters should wear appropriate protective equipment and self-contained breathing
apparatus (SCBA) with a full face-piece operated in positive pressure mode.

:

:

:

:

:

:

:

:
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Propane

Immediately contact emergency personnel.  Keep unnecessary personnel away.  Use
suitable protective equipment (section 8).  Shut off gas supply if this can be done safely.
Isolate area until gas has dispersed.

Immediately contact emergency personnel.  Stop leak if without risk.  Use spark-proof
tools and explosion-proof equipment.  Note: see section 1 for emergency contact
information and section 13 for waste disposal.

Environmental precautions

Section 6. Accidental release measures

: Avoid dispersal of spilled material and runoff and contact with soil, waterways, drains
and sewers.

Personal precautions :

Methods for cleaning up :

Keep container in a cool, well-ventilated area.  Keep container tightly closed and sealed
until ready for use.  Avoid all possible sources of ignition (spark or flame).  Segregate
from oxidizing materials.  Cylinders should be stored upright, with valve protection cap in
place, and firmly secured to prevent falling or being knocked over. Cylinder temperatures
should not exceed 52 °C (125 °F).

Use only with adequate ventilation. Use explosion-proof electrical (ventilating, lighting
and material handling) equipment. High pressure gas. Do not puncture or incinerate
container. Use equipment rated for cylinder pressure. Close valve after each use and
when empty. Keep container closed. Keep away from heat, sparks and flame. To avoid
fire, eliminate ignition sources. Protect cylinders from physical damage; do not drag, roll,
slide, or drop.  Use a suitable hand truck for cylinder movement.

Section 7. Handling and storage
Handling

Storage

:

:

Use only with adequate ventilation.  Use process enclosures, local exhaust ventilation or
other engineering controls to keep worker exposure to airborne contaminants below any
recommended or statutory limits.  The engineering controls also need to keep gas, vapor
or dust concentrations below any lower explosive limits.  Use explosion-proof ventilation
equipment.

propane ACGIH TLV (United States, 3/2012).
TWA: 1000 ppm 8 hour(s).

NIOSH REL (United States, 1/2013).
TWA: 1800 mg/m³ 10 hour(s).

  TWA: 1000 ppm 10 hour(s).
OSHA PEL (United States, 6/2010).

TWA: 1800 mg/m³ 8 hour(s).
  TWA: 1000 ppm 8 hour(s).
OSHA PEL 1989 (United States, 3/1989).

TWA: 1800 mg/m³ 8 hour(s).

Section 8. Exposure controls/personal protection
Engineering controls

Product name

Use a properly fitted, air-purifying or air-fed respirator complying with an approved
standard if a risk assessment indicates this is necessary.  Respirator selection must be
based on known or anticipated exposure levels, the hazards of the product and the safe
working limits of the selected respirator.

Safety eyewear complying with an approved standard should be used when a risk
assessment indicates this is necessary to avoid exposure to liquid splashes, mists or
dusts.

Personal protective equipment for the body should be selected based on the task being
performed and the risks involved and should be approved by a specialist before handling
this product.

Personal protection

Eyes

Skin

Respiratory

:

:

:

:

Personal protection in case
of a large spill

: Self-contained breathing apparatus (SCBA) should be used to avoid inhalation of the
product.

Chemical-resistant, impervious gloves complying with an approved standard should be
worn at all times when handling chemical products if a risk assessment indicates this is
necessary.

Hands :

The applicable standards are (US) 29 CFR 1910.134 and (Canada) Z94.4-93
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Propane

  TWA: 1000 ppm 8 hour(s).

Consult local authorities for acceptable exposure limits.

-42°C (-43.6°F)

-189.7°C (-309.5°F)

1.6  (Air = 1)

109  (psig)

96.6°C (205.9°F)

44.11 g/mole

Boiling/condensation point

Melting/freezing point

Section 9. Physical and chemical properties
Molecular weight

Critical temperature

Vapor pressure

Vapor density

C3-H8Molecular formula

:

:

:

:

:

:

:

Specific Volume (ft 3/lb) : 8.6206

Gas Density (lb/ft 3) : 0.116

The product is stable.

Extremely reactive or incompatible with the following materials: oxidizing materials.

Under normal conditions of storage and use, hazardous polymerization will not occur.

Under normal conditions of storage and use, hazardous decomposition products should
not be produced.

Section 10. Stability and reactivity
Stability and reactivity

Incompatibility with various
substances

Hazardous decomposition
products

Hazardous polymerization

:

:

:

:

Section 11. Toxicological information

Specific effects

Carcinogenic effects No known significant effects or critical hazards.

Mutagenic effects No known significant effects or critical hazards.

Reproduction toxicity No known significant effects or critical hazards.

No specific information is available in our database regarding the other toxic effects of
this material to humans.

May cause damage to the following organs: the nervous system, heart, central nervous
system (CNS).

Chronic effects on humans

Other toxic effects on
humans

:

:

Toxicity data

:

:

:

IDLH : 2100 ppm

propane LC50 Inhalation
Gas.

Rat >800000 ppm 15 minutes

Product/ingredient name Result Species Dose Exposure

Section 12. Ecological information

Environmental fate : Not available.

Environmental hazards : This product shows a low bioaccumulation potential.

Toxicity to the environment : Not available.

Aquatic ecotoxicity

Not available.

Products of degradation: carbon oxides (CO, CO2) and water.:Products of degradation
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Propane

Section 13. Disposal considerations
Product removed from the cylinder must be disposed of in accordance with appropriate Federal, State, local
regulation.Return cylinders with residual product to Airgas, Inc.Do not dispose of locally.

Section 14. Transport information

2.1 Limited
quantity
Yes.

Packaging
instruction
Passenger
aircraft
Quantity
limitation:
Forbidden.

Cargo aircraft
Quantity
limitation:
150 kg

Special
provisions
19, T50

DOT Classification

TDG Classification 2.1

PROPANE

UN1978 PROPANE

Regulatory
information

UN number Proper shipping
name

Class Packing group Label Additional
information

UN1978

Explosive
Limit and
Limited
Quantity
Index
0.125

ERAP Index
3000

Passenger
Carrying Ship
Index
65

Passenger
Carrying
Road or Rail
Index
Forbidden

Special
provisions
29, 42

Mexico
Classification

UN1978 PROPANE 2.1 -

Not applicable (gas).

Not applicable (gas).

Not applicable (gas).

“Refer to CFR 49 (or authority having jurisdiction) to determine the information required for shipment of the
product.”
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Propane

Section 15. Regulatory information

U.S. Federal regulations

Connecticut Carcinogen Reporting: This material is not listed.
Connecticut Hazardous Material Survey: This material is not listed.
Florida substances: This material is not listed.
Illinois Chemical Safety Act: This material is not listed.
Illinois Toxic Substances Disclosure to Employee Act: This material is not listed.
Louisiana Reporting: This material is not listed.
Louisiana Spill: This material is not listed.
Massachusetts Spill: This material is not listed.
Massachusetts Substances: This material is listed.
Michigan Critical Material: This material is not listed.
Minnesota Hazardous Substances: This material is not listed.
New Jersey Hazardous Substances: This material is listed.
New Jersey Spill: This material is not listed.
New Jersey Toxic Catastrophe Prevention Act: This material is not listed.
New York Acutely Hazardous Substances: This material is not listed.
New York Toxic Chemical Release Reporting: This material is not listed.
Pennsylvania RTK Hazardous Substances: This material is listed.
Rhode Island Hazardous Substances: This material is not listed.

TSCA 8(a) IUR: Not determined
United States inventory (TSCA 8b): This material is listed or exempted.

Clean Air Act (CAA) 112 regulated flammable substances: propane

State regulations

CEPA Toxic substances: This material is not listed.
Canadian ARET: This material is not listed.
Canadian NPRI: This material is listed.
Alberta Designated Substances: This material is not listed.
Ontario Designated Substances: This material is not listed.
Quebec Designated Substances: This material is not listed.

WHMIS (Canada) Class A: Compressed gas.
Class B-1: Flammable gas.

SARA 302/304/311/312 extremely hazardous substances: No products were found.
SARA 302/304 emergency planning and notification: No products were found.
SARA 302/304/311/312 hazardous chemicals: propane
SARA 311/312 MSDS distribution - chemical inventory - hazard identification:
propane: Fire hazard, Sudden release of pressure

:

:

:

Canada

United States

Propane

Clean Air Act (CAA) 112 accidental release prevention - Flammable Substances:

Section 16. Other information

FLAMMABLE GAS.
MAY CAUSE FLASH FIRE.
MAY CAUSE TARGET ORGAN DAMAGE, BASED ON ANIMAL DATA.
CONTENTS UNDER PRESSURE.

Label requirements :

Label requirements : Class A: Compressed gas.
Class B-1: Flammable gas.

United States

Canada
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Propane

Notice to reader

To the best of our knowledge, the information contained herein is accurate. However, neither the above-named
supplier, nor any of its subsidiaries, assumes any liability whatsoever for the accuracy or completeness of the
information contained herein.
Final determination of suitability of any material is the sole responsibility of the user. All materials may present
unknown hazards and should be used with caution. Although certain hazards are described herein, we cannot
guarantee that these are the only hazards that exist.

0
4

2

National Fire Protection
Association (U.S.A.)

Health

Special

Instability

Flammability
:

Hazardous Material
Information System (U.S.A.)

1

4

2

*Health

Flammability

Physical hazards

:
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Ethane

001024

Synthetic/Analytical chemistry.

10/23/2012.

Material Safety Data Sheet

Product name

AIRGAS INC., on behalf of its subsidiaries
259 North Radnor-Chester Road
Suite 100
Radnor, PA 19087-5283
1-610-687-5253

Product use

MSDS #

Date of
Preparation/Revision

In case of emergency

Section 1. Chemical product and company identification

Ethane

:

:

:

:

Supplier

1-866-734-3438

Synonym : Bimethyl; Dimethyl; Ethyl hydride; Methylmethane; C2H6; UN 1035; UN 1961, R170
:

:

Inhalation

Emergency overview

Section 2. Hazards identification

Routes of entry

Potential acute health effects

Acts as a simple asphyxiant.

Contact with rapidly expanding gas may cause burns or frostbite. Contact with cryogenic
liquid can cause frostbite and cryogenic burns.

Ingestion is not a normal route of exposure for gases. Contact with cryogenic liquid can
cause frostbite and cryogenic burns.

Contact with rapidly expanding gas may cause burns or frostbite. Contact with cryogenic
liquid can cause frostbite and cryogenic burns.

Eyes

Skin

Inhalation

Ingestion

Physical state Gas. [Compressed gas.]

See toxicological information (Section 11)

WARNING!

GAS:
CONTENTS UNDER PRESURE.
Extremely flammable.
May cause flash fire.
Do not puncture or incinerate container.
Can cause rapid suffocation.
May cause severe frostbite.
LIQUID:
Extremely flammable.
Extremely cold liquid and gas under pressure.
Can cause rapid suffocation.
May cause severe frostbite.

Keep away from heat, sparks and flame.  Do not puncture or incinerate container.  May
cause target organ damage, based on animal data.  Use only with adequate ventilation.
Keep container closed.

:

:

:

:

:

:

:

Medical conditions
aggravated by over-
exposure

Pre-existing disorders involving any target organs mentioned in this MSDS as being at
risk may be aggravated by over-exposure to this product.

:

Contact with rapidly expanding gases or liquids can cause frostbite.

Target organs : May cause damage to the following organs: heart, central nervous system (CNS).

Potential chronic health effects

Chronic effects : May cause target organ damage, based on animal data.

Target organs : May cause damage to the following organs: heart, central nervous system (CNS).
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Ethane

Ethane 74-84-0 100 ACGIH TLV (United States, 2/2010).
TWA: 1000 ppm 8 hour(s).

Section 3. Composition, Information on Ingredients
Name % Volume Exposure limitsCAS number

As this product is a gas, refer to the inhalation section.

Check for and remove any contact lenses.  Immediately flush eyes with plenty of water
for at least 15 minutes, occasionally lifting the upper and lower eyelids.  Get medical
attention immediately.

In case of contact, immediately flush skin with plenty of water for at least 15 minutes
while removing contaminated clothing and shoes.  To avoid the risk of static discharges
and gas ignition, soak contaminated clothing thoroughly with water before removing it.
Wash clothing before reuse.  Clean shoes thoroughly before reuse.  Get medical
attention immediately.

Move exposed person to fresh air.  If not breathing, if breathing is irregular or if
respiratory arrest occurs, provide artificial respiration or oxygen by trained personnel.
Loosen tight clothing such as a collar, tie, belt or waistband.  Get medical attention
immediately.

Section 4. First aid measures

Eye contact

Skin contact

Inhalation

Ingestion

:

:

:

:

No action shall be taken involving any personal risk or without suitable training.If it is suspected that fumes are still present,
the rescuer should wear an appropriate mask or self-contained breathing apparatus.It may be dangerous to the person
providing aid to give mouth-to-mouth resuscitation.

Frostbite : Try to warm up the frozen tissues and seek medical attention.

472°C (881.6°F)

Flammable.

Decomposition products may include the following materials:
carbon dioxide
carbon monoxide

Closed cup: -135.15°C (-211.3°F).

Lower: 3%  Upper: 12.5%

In case of fire, use water spray (fog), foam or dry chemical.

Extremely flammable in the presence of the following materials or conditions: oxidizing
materials.

Section 5. Fire-fighting measures
Flammability of the product

Auto-ignition temperature

Flash point

Flammable limits

Products of combustion

Fire hazards in the presence
of various substances

Fire-fighting media and
instructions

In case of fire, allow gas to burn if flow cannot be shut off immediately.  Apply water from
a safe distance to cool container and protect surrounding area.  If involved in fire, shut
off flow immediately if it can be done without risk.

Contains gas under pressure.  Flammable gas.  In a fire or if heated, a pressure
increase will occur and the container may burst, with the risk of a subsequent explosion.

Special protective
equipment for fire-fighters

Fire-fighters should wear appropriate protective equipment and self-contained breathing
apparatus (SCBA) with a full face-piece operated in positive pressure mode.

:

:

:

:

:

:

:

:

Immediately contact emergency personnel.  Keep unnecessary personnel away.  Use
suitable protective equipment (section 8).  Shut off gas supply if this can be done safely.
Isolate area until gas has dispersed.

Immediately contact emergency personnel.  Stop leak if without risk.  Use spark-proof
tools and explosion-proof equipment.  Note: see section 1 for emergency contact
information and section 13 for waste disposal.

Environmental precautions

Section 6. Accidental release measures

: Avoid dispersal of spilled material and runoff and contact with soil, waterways, drains
and sewers.

Personal precautions :

Methods for cleaning up :
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Ethane

Keep container in a cool, well-ventilated area.  Keep container tightly closed and sealed
until ready for use.  Avoid all possible sources of ignition (spark or flame).  Segregate
from oxidizing materials.  Cylinders should be stored upright, with valve protection cap in
place, and firmly secured to prevent falling or being knocked over. Cylinder temperatures
should not exceed 52 °C (125 °F).
For additional information concerning storage and handling refer to Compressed Gas
Association pamphlets P-1 Safe Handling of Compressed Gases in Containers and P-
12 Safe Handling of Cryogenic Liquids available from the Compressed Gas Association,
Inc.

Use only with adequate ventilation. Use explosion-proof electrical (ventilating, lighting
and material handling) equipment. High pressure gas. Do not puncture or incinerate
container. Use equipment rated for cylinder pressure. Close valve after each use and
when empty. Keep container closed. Keep away from heat, sparks and flame. To avoid
fire, eliminate ignition sources. Protect cylinders from physical damage; do not drag, roll,
slide, or drop.  Use a suitable hand truck for cylinder movement.
 Never allow any unprotected part of the body to touch uninsulated pipes or vessels that
contain cryogenic liquids. Prevent entrapment of liquid in closed systems or piping
without pressure relief devices. Some materials may become brittle at low temperatures
and will easily fracture.

Section 7. Handling and storage
Handling

Storage

:

:

Use only with adequate ventilation.  Use process enclosures, local exhaust ventilation or
other engineering controls to keep worker exposure to airborne contaminants below any
recommended or statutory limits.  The engineering controls also need to keep gas, vapor
or dust concentrations below any lower explosive limits.  Use explosion-proof ventilation
equipment.

ethane ACGIH TLV (United States, 2/2010).
TWA: 1000 ppm 8 hour(s).

Section 8. Exposure controls/personal protection
Engineering controls

Product name

Use a properly fitted, air-purifying or air-fed respirator complying with an approved
standard if a risk assessment indicates this is necessary.  Respirator selection must be
based on known or anticipated exposure levels, the hazards of the product and the safe
working limits of the selected respirator.

Safety eyewear complying with an approved standard should be used when a risk
assessment indicates this is necessary to avoid exposure to liquid splashes, mists or
dusts.

Personal protective equipment for the body should be selected based on the task being
performed and the risks involved and should be approved by a specialist before handling
this product.

Personal protection

Eyes

Skin

Respiratory

Consult local authorities for acceptable exposure limits.

:

:

:

:

Personal protection in case
of a large spill

: Self-contained breathing apparatus (SCBA) should be used to avoid inhalation of the
product.

Chemical-resistant, impervious gloves complying with an approved standard should be
worn at all times when handling chemical products if a risk assessment indicates this is
necessary.

Hands :

The applicable standards are (US) 29 CFR 1910.134 and (Canada) Z94.4-93

When working with cryogenic liquids, wear a full face shield.

Insulated gloves suitable for low temperatures
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Ethane

-89°C (-128.2°F)

-183°C (-297.4°F)

1.1  (Air = 1)       Liquid Density: BP@34.1 lb/ft3 (546 kg/m3)

543  (psig)

32.4°C (90.3°F)

30.08 g/mole

Boiling/condensation point

Melting/freezing point

Section 9. Physical and chemical properties
Molecular weight

Critical temperature

Vapor pressure

Vapor density

C2-H6Molecular formula

:

:

:

:

:

:

:

Specific Volume (ft 3/lb) : 12.6582

Gas Density (lb/ft 3) : 0.079

The product is stable.

Extremely reactive or incompatible with the following materials: oxidizing materials.

Under normal conditions of storage and use, hazardous polymerization will not occur.

Under normal conditions of storage and use, hazardous decomposition products should
not be produced.

Section 10. Stability and reactivity
Stability and reactivity

Incompatibility with various
substances

Hazardous decomposition
products

Hazardous polymerization

:

:

:

:

Section 11. Toxicological information

Specific effects

Carcinogenic effects No known significant effects or critical hazards.

Mutagenic effects No known significant effects or critical hazards.

Reproduction toxicity No known significant effects or critical hazards.

No specific information is available in our database regarding the other toxic effects of
this material to humans.

May cause damage to the following organs: heart, central nervous system (CNS).Chronic effects on humans

Other toxic effects on
humans

:

:

Toxicity data

:

:

:

Section 12. Ecological information

Environmental fate : Not available.

Environmental hazards : This product shows a low bioaccumulation potential.

Toxicity to the environment : Not available.

Aquatic ecotoxicity

Not available.

Products of degradation: carbon oxides (CO, CO2) and water.:Products of degradation

Section 13. Disposal considerations
Product removed from the cylinder must be disposed of in accordance with appropriate Federal, State, local
regulation.Return cylinders with residual product to Airgas, Inc.Do not dispose of locally.

Section 14. Transport information
Regulatory
information

UN number Proper shipping
name

Class Packing group Label Additional
information
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Ethane

2.1 Limited
quantity
Yes.

Packaging
instruction
Passenger
aircraft
Quantity
limitation:
Forbidden.

Cargo aircraft
Quantity
limitation:
150 kg

DOT Classification

TDG Classification 2.1

ETHANE

Ethane, refrigerated
liquid

UN1035

UN1961

ETHANE

Ethane, refrigerated
liquid

UN1035

UN1961

Explosive
Limit and
Limited
Quantity
Index
0.125

ERAP Index
3000

Passenger
Carrying Ship
Index
Forbidden

Passenger
Carrying
Road or Rail
Index
Forbidden

Mexico
Classification

UN1035

UN1961

ETHANE

Ethane, refrigerated
liquid

2.1 -

Not applicable (gas).

Not applicable (gas).

Not applicable (gas).

“Refer to CFR 49 (or authority having jurisdiction) to determine the information required for shipment of the
product.”

Section 15. Regulatory information

U.S. Federal regulations TSCA 8(a) IUR: Not determined
United States inventory (TSCA 8b): This material is listed or exempted.

SARA 302/304/311/312 extremely hazardous substances: No products were found.
SARA 302/304 emergency planning and notification: No products were found.
SARA 302/304/311/312 hazardous chemicals: ethane
SARA 311/312 MSDS distribution - chemical inventory - hazard identification:
ethane: Fire hazard, Sudden release of pressure, Immediate (acute) health hazard

:

United States

Ethane

Clean Air Act (CAA) 112 accidental release prevention - Flammable Substances:
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Ethane

Connecticut Carcinogen Reporting: This material is not listed.
Connecticut Hazardous Material Survey: This material is not listed.
Florida substances: This material is not listed.
Illinois Chemical Safety Act: This material is not listed.
Illinois Toxic Substances Disclosure to Employee Act: This material is not listed.
Louisiana Reporting: This material is not listed.
Louisiana Spill: This material is not listed.
Massachusetts Spill: This material is not listed.
Massachusetts Substances: This material is listed.
Michigan Critical Material: This material is not listed.
Minnesota Hazardous Substances: This material is not listed.
New Jersey Hazardous Substances: This material is listed.
New Jersey Spill: This material is not listed.
New Jersey Toxic Catastrophe Prevention Act: This material is not listed.
New York Acutely Hazardous Substances: This material is not listed.
New York Toxic Chemical Release Reporting: This material is not listed.
Pennsylvania RTK Hazardous Substances: This material is listed.
Rhode Island Hazardous Substances: This material is not listed.

Clean Air Act (CAA) 112 regulated flammable substances: ethane

State regulations

CEPA Toxic substances: This material is listed.
Canadian ARET: This material is not listed.
Canadian NPRI: This material is listed.
Alberta Designated Substances: This material is not listed.
Ontario Designated Substances: This material is not listed.
Quebec Designated Substances: This material is not listed.

WHMIS (Canada) Class A: Compressed gas.
Class B-1: Flammable gas.

:

:

Canada

Section 16. Other information

3Health

GAS:
CONTENTS UNDER PRESURE.
Extremely flammable.
May cause flash fire.
Do not puncture or incinerate container.
Can cause rapid suffocation.
May cause severe frostbite.
LIQUID:
Extremely flammable.
Extremely cold liquid and gas under pressure.
Can cause rapid suffocation.
May cause severe frostbite.

Label requirements :

Label requirements : Class A: Compressed gas.
Class B-1: Flammable gas.

United States

Canada

liquid:

Hazardous Material
Information System (U.S.A.)

1

4

0

Health

Flammability

Physical hazards

:
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4

0

0

4

3Health

Special

Instability

Flammability

Fire hazard

Reactivity

Personal protection

Notice to reader

To the best of our knowledge, the information contained herein is accurate. However, neither the above-named
supplier, nor any of its subsidiaries, assumes any liability whatsoever for the accuracy or completeness of the
information contained herein.
Final determination of suitability of any material is the sole responsibility of the user. All materials may present
unknown hazards and should be used with caution. Although certain hazards are described herein, we cannot
guarantee that these are the only hazards that exist.

0
4

1

National Fire Protection
Association (U.S.A.)

Health

Special

Instability

Flammability
:

liquid:
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Ethylene

001022

Synthetic/Analytical chemistry.

5/11/2011.

Material Safety Data Sheet

Product name

AIRGAS INC., on behalf of its subsidiaries
259 North Radnor-Chester Road
Suite 100
Radnor, PA 19087-5283
1-610-687-5253

Product use

MSDS #

Date of
Preparation/Revision

In case of emergency

Section 1. Chemical product and company identification

Ethylene

:

:

:

:

Supplier

1-866-734-3438

Synonym : ACETENE ;ATHYLEN (GERMAN) ; BICARBURRETTED HYDROGEN ; ELAYL ;
ETHENE ; ETHYLENE (ACGIH, DOT, OSHA) ; ETHYLENE, REFRIGERATED
LIQUID (CRYOGENIC LIQUID) (UN1038) (DOT) ; LIQUID ETHYLENE ; OLEFIANT
GAS UN1038 (DOT) ; UN1962 (DOT)

:

:

Inhalation

Emergency overview

Section 2. Hazards identification

Routes of entry

Potential acute health effects

Acts as a simple asphyxiant.

Contact with rapidly expanding gas may cause burns or frostbite.Contact with cryogenic
liquid can cause frostbite and cryogenic burns.

Ingestion is not a normal route of exposure for gases.Contact with cryogenic liquid can
cause frostbite and cryogenic burns.

Contact with rapidly expanding gas may cause burns or frostbite.Contact with cryogenic
liquid can cause frostbite and cryogenic burns.

Eyes

Skin

Inhalation

Ingestion

Physical state Gas or Liquid.

WARNING!

GAS:
CONTENTS UNDER PRESURE.
Extremely flammable
Do not puncture or incinerate container.
Can cause rapid suffocation.
May cause severe frostbite.
LIQUID:
Extremely flammable
Extremely cold liquid and gas under pressure.
Can cause rapid suffocation.
May cause severe frostbite.

Keep away from heat, sparks and flame.  Do not puncture or incinerate container.  May
cause target organ damage, based on animal data.  Use only with adequate ventilation.
Keep container closed.

:

:

:

:

:

:

:

Medical conditions
aggravated by over-
exposure

Pre-existing disorders involving any target organs mentioned in this MSDS as being at
risk may be aggravated by over-exposure to this product.

:

Contact with rapidly expanding gases can cause frostbite.

Target organs : May cause damage to the following organs: lungs, heart, muscle tissue.

Potential chronic health effects

Chronic effects : May cause target organ damage, based on animal data.

Target organs : May cause damage to the following organs: lungs, heart, muscle tissue.
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Ethylene

See toxicological information (Section 11)

Ethylene 74-85-1 100 ACGIH TLV (United States, 2/2010).
TWA: 200 ppm 8 hour(s).

Section 3. Composition, Information on Ingredients
Name % Volume Exposure limitsCAS number

As this product is a gas, refer to the inhalation section.

Check for and remove any contact lenses.  Immediately flush eyes with plenty of water
for at least 15 minutes, occasionally lifting the upper and lower eyelids.  Get medical
attention immediately.

In case of contact, immediately flush skin with plenty of water for at least 15 minutes
while removing contaminated clothing and shoes.  To avoid the risk of static discharges
and gas ignition, soak contaminated clothing thoroughly with water before removing it.
Wash clothing before reuse.  Clean shoes thoroughly before reuse.  Get medical
attention immediately.

Move exposed person to fresh air.  If not breathing, if breathing is irregular or if
respiratory arrest occurs, provide artificial respiration or oxygen by trained personnel.
Loosen tight clothing such as a collar, tie, belt or waistband.  Get medical attention
immediately.

Section 4. First aid measures

Eye contact

Skin contact

Inhalation

Ingestion

:

:

:

:

No action shall be taken involving any personal risk or without suitable training.If it is suspected that fumes are still present,
the rescuer should wear an appropriate mask or self-contained breathing apparatus.It may be dangerous to the person
providing aid to give mouth-to-mouth resuscitation.

Frostbite : Try to warm up the frozen tissues and seek medical attention.

490°C (914°F)

Flammable.

Decomposition products may include the following materials:
carbon dioxide
carbon monoxide

Closed cup: -135.85°C (-212.5°F).

Lower: 2.7%  Upper: 36%

In case of fire, use water spray (fog), foam or dry chemical.

Extremely flammable in the presence of the following materials or conditions: oxidizing
materials.

Section 5. Fire-fighting measures
Flammability of the product

Auto-ignition temperature

Flash point

Flammable limits

Products of combustion

Fire hazards in the presence
of various substances

Fire-fighting media and
instructions

In case of fire, allow gas to burn if flow cannot be shut off immediately.  Apply water from
a safe distance to cool container and protect surrounding area.  If involved in fire, shut
off flow immediately if it can be done without risk.

Contains gas under pressure.  Flammable gas.  In a fire or if heated, a pressure
increase will occur and the container may burst, with the risk of a subsequent explosion.

Special protective
equipment for fire-fighters

Fire-fighters should wear appropriate protective equipment and self-contained breathing
apparatus (SCBA) with a full face-piece operated in positive pressure mode.

:

:

:

:

:

:

:

:

Immediately contact emergency personnel.  Keep unnecessary personnel away.  Use
suitable protective equipment (section 8).  Shut off gas supply if this can be done safely.
Isolate area until gas has dispersed.

Immediately contact emergency personnel.  Stop leak if without risk.  Use spark-proof
tools and explosion-proof equipment.  Note: see section 1 for emergency contact
information and section 13 for waste disposal.

Environmental precautions

Section 6. Accidental release measures

: Avoid dispersal of spilled material and runoff and contact with soil, waterways, drains
and sewers.

Personal precautions :

Methods for cleaning up :
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Ethylene

Keep container in a cool, well-ventilated area.  Keep container tightly closed and sealed
until ready for use.  Avoid all possible sources of ignition (spark or flame).  Segregate
from oxidizing materials.  Cylinders should be stored upright, with valve protection cap in
place, and firmly secured to prevent falling or being knocked over. Cylinder temperatures
should not exceed 52 °C (125 °F).

Use only with adequate ventilation. Use explosion-proof electrical (ventilating, lighting
and material handling) equipment. High pressure gas. Do not puncture or incinerate
container. Use equipment rated for cylinder pressure. Close valve after each use and
when empty. Keep container closed. Keep away from heat, sparks and flame. To avoid
fire, eliminate ignition sources. Protect cylinders from physical damage; do not drag, roll,
slide, or drop.  Use a suitable hand truck for cylinder movement.

Section 7. Handling and storage
Handling

Storage

:

:

Use only with adequate ventilation.  Use process enclosures, local exhaust ventilation or
other engineering controls to keep worker exposure to airborne contaminants below any
recommended or statutory limits.  The engineering controls also need to keep gas, vapor
or dust concentrations below any lower explosive limits.  Use explosion-proof ventilation
equipment.

Ethylene ACGIH TLV (United States, 2/2010).
TWA: 200 ppm 8 hour(s).

Section 8. Exposure controls/personal protection
Engineering controls

Product name

Use a properly fitted, air-purifying or air-fed respirator complying with an approved
standard if a risk assessment indicates this is necessary.  Respirator selection must be
based on known or anticipated exposure levels, the hazards of the product and the safe
working limits of the selected respirator.

Safety eyewear complying with an approved standard should be used when a risk
assessment indicates this is necessary to avoid exposure to liquid splashes, mists or
dusts.

Personal protective equipment for the body should be selected based on the task being
performed and the risks involved and should be approved by a specialist before handling
this product.

Personal protection

Eyes

Skin

Respiratory

Consult local authorities for acceptable exposure limits.

:

:

:

:

Personal protection in case
of a large spill

: Self-contained breathing apparatus (SCBA) should be used to avoid inhalation of the
product.

Chemical-resistant, impervious gloves complying with an approved standard should be
worn at all times when handling chemical products if a risk assessment indicates this is
necessary.

Hands :

The applicable standards are (US) 29 CFR 1910.134 and (Canada) Z94.4-93

-104°C (-155.2°F)

-169.2°C (-272.6°F)

1  (Air = 1)        Liquid Density@BP:  35.3 lb/ft3 (566 kg/m3)

10°C (50°F)

28.06 g/mole

Boiling/condensation point

Melting/freezing point

Section 9. Physical and chemical properties
Molecular weight

Critical temperature

Vapor density

C2-H4Molecular formula

:

:

:

:

:

:

Specific Volume (ft 3/lb) : 13.8007

Gas Density (lb/ft 3) : 0.07246
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Ethylene

The product is stable.

Extremely reactive or incompatible with the following materials: oxidizing materials.

Under normal conditions of storage and use, hazardous polymerization will not occur.

Under normal conditions of storage and use, hazardous decomposition products should
not be produced.

Section 10. Stability and reactivity
Stability and reactivity

Incompatibility with various
substances

Hazardous decomposition
products

Hazardous polymerization

:

:

:

:

Section 11. Toxicological information

Specific effects

Carcinogenic effects No known significant effects or critical hazards.

Mutagenic effects No known significant effects or critical hazards.

Reproduction toxicity No known significant effects or critical hazards.

No specific information is available in our database regarding the other toxic effects of
this material to humans.

CARCINOGENIC EFFECTS:  A4 (Not classifiable for humans or animals.) by  ACGIH,
3 (Not classifiable for humans.) by IARC.
May cause damage to the following organs: lungs, heart, muscle tissue.

Chronic effects on humans

Other toxic effects on
humans

:

:

Toxicity data

:

:

:

Section 12. Ecological information

Environmental fate : Not available.

Environmental hazards : No known significant effects or critical hazards.

Toxicity to the environment : Not available.

Aquatic ecotoxicity

Not available.

Products of degradation: carbon oxides (CO, CO2) and water.:Products of degradation

Section 13. Disposal considerations
Product removed from the cylinder must be disposed of in accordance with appropriate Federal, State, local
regulation.Return cylinders with residual product to Airgas, Inc.Do not dispose of locally.

Section 14. Transport information

2.1

2.1

Limited
quantity
Yes.

Packaging
instruction
Passenger
aircraft
Quantity
limitation:
Forbidden.

Cargo aircraft
Quantity
limitation:
Forbidden.

Special
provisions

DOT Classification ETHYLENE,
COMPRESSED

ETHYLENE,
REFRIGERATED
LIQUID

Regulatory
information

UN number Proper shipping
name

Class Packing group Label Additional
information

UN1962

UN1038

Not applicable (gas).
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Ethylene

T75, TP5

TDG Classification 2.1

2.1

UN1962

UN1038

ETHYLENE,
COMPRESSED

ETHYLENE,
REFRIGERATED
LIQUID

Explosive
Limit and
Limited
Quantity
Index
0.125

ERAP Index
3000

Passenger
Carrying Ship
Index
Forbidden

Passenger
Carrying
Road or Rail
Index
Forbidden

Mexico
Classification

UN1962

UN1038

ETHYLENE,
COMPRESSED

ETHYLENE,
REFRIGERATED
LIQUID

2.1

2.1

-

Not applicable (gas).

Not applicable (gas).

“Refer to CFR 49 (or authority having jurisdiction) to determine the information required for shipment of the
product.”

Section 15. Regulatory information

U.S. Federal regulations TSCA 8(a) IUR: Partial exemption
United States inventory (TSCA 8b): This material is listed or exempted.

Clean Air Act (CAA) 112 regulated flammable substances: Ethylene

SARA 302/304/311/312 extremely hazardous substances: No products were found.
SARA 302/304 emergency planning and notification: No products were found.
SARA 302/304/311/312 hazardous chemicals: Ethylene
SARA 311/312 MSDS distribution - chemical inventory - hazard identification:
Ethylene: Fire hazard, reactive, Sudden release of pressure, Delayed (chronic) health
hazard

:

SARA 313

Form R  -  Reporting
requirements

Ethylene 74-85-1 100

Ethylene 74-85-1 100Supplier notification

:

:

United States

Product name CAS number Concentration

SARA 313 notifications must not be detached from the MSDS and any copying and redistribution of the MSDS shall
include copying and redistribution of the notice attached to copies of the MSDS subsequently redistributed.

Ethylene

Clean Air Act (CAA) 112 accidental release prevention - Flammable Substances:
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Ethylene

Connecticut Carcinogen Reporting: This material is not listed.
Connecticut Hazardous Material Survey: This material is not listed.
Florida substances: This material is not listed.
Illinois Chemical Safety Act: This material is not listed.
Illinois Toxic Substances Disclosure to Employee Act: This material is not listed.
Louisiana Reporting: This material is not listed.
Louisiana Spill: This material is not listed.
Massachusetts Spill: This material is not listed.
Massachusetts Substances: This material is listed.
Michigan Critical Material: This material is not listed.
Minnesota Hazardous Substances: This material is not listed.
New Jersey Hazardous Substances: This material is listed.
New Jersey Spill: This material is not listed.
New Jersey Toxic Catastrophe Prevention Act: This material is not listed.
New York Acutely Hazardous Substances: This material is not listed.
New York Toxic Chemical Release Reporting: This material is not listed.
Pennsylvania RTK Hazardous Substances: This material is listed.
Rhode Island Hazardous Substances: This material is not listed.

State regulations

CEPA Toxic substances: This material is not listed.
Canadian ARET: This material is not listed.
Canadian NPRI: This material is listed.
Alberta Designated Substances: This material is not listed.
Ontario Designated Substances: This material is not listed.
Quebec Designated Substances: This material is not listed.

WHMIS (Canada) Class A: Compressed gas.
Class B-1: Flammable gas.
Class D-2B: Material causing other toxic effects (Toxic).

:

:

Canada

Section 16. Other information

3*Health

GAS:
CONTENTS UNDER PRESURE.
Extremely flammable
Do not puncture or incinerate container.
Can cause rapid suffocation.
May cause severe frostbite.
LIQUID:
Extremely flammable
Extremely cold liquid and gas under pressure.
Can cause rapid suffocation.
May cause severe frostbite.

Label requirements :

Label requirements : Class A: Compressed gas.
Class B-1: Flammable gas.
Class D-2B: Material causing other toxic effects (Toxic).

United States

Canada

liquid:

Hazardous Material
Information System (U.S.A.)

2

4

0

*Health

Flammability

Physical hazards

:
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Ethylene

4

1

2

4

3Health

Special

Instability

Flammability

Fire hazard

Reactivity

Personal protection

Notice to reader

To the best of our knowledge, the information contained herein is accurate. However, neither the above-named
supplier, nor any of its subsidiaries, assumes any liability whatsoever for the accuracy or completeness of the
information contained herein.
Final determination of suitability of any material is the sole responsibility of the user. All materials may present
unknown hazards and should be used with caution. Although certain hazards are described herein, we cannot
guarantee that these are the only hazards that exist.

1
4

2

National Fire Protection
Association (U.S.A.)

Health

Special

Instability

Flammability
:

liquid:
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Oxygen and Ethene Biostimulation 
for a Persistent Dilute Vinyl Chloride Plume
by James F. Begley, Monica Czarnecki, Susan Kemen, Angela Verardo, Amanda K. Robb, Samuel Fogel, 
and Gail S. Begley

Abstract
Contamination of groundwater with chlorinated ethenes is common and represents a threat to drinking water sources. 

Standard anaerobic bioremediation methods for the highly chlorinated ethenes PCE and TCE are not always effective in pro-
moting complete degradation. In these cases, the target contaminants are degraded to the daughter products DCE and/or vinyl 
chloride. This creates an additional health risk, as vinyl chloride is even more toxic and carcinogenic than its precursors. New 
treatment modalities are needed to deal with this widespread environmental problem. We describe successful bioremediation 
of a large, migrating, dilute vinyl chloride plume in Massachusetts with an aerobic biostimulation treatment approach utilizing 
both oxygen and ethene. Initial microcosm studies showed that adding ethene under aerobic conditions stimulated the rapid 
degradation of VC in site groundwater. Deployment of a full-scale treatment system resulted in plume migration cutoff and 
nearly complete elimination of above-standard VC concentrations. 

Introduction
The chlorinated ethene vinyl chloride (VC) is a toxin 

and human carcinogen (EPA 2000) that has been found at 
over 37% of National Priority List sites tested by the US 
Environmental Protection Agency as of 2003 (ATSDR 
2006). It is also highly mobile in groundwater, thus pos-
ing a threat to drinking water supplies and complicating 
remediation efforts. VC often persists in groundwater after 
direct contamination of a site with VC-containing wastes 
or following in situ generation of VC as a daughter prod-
uct of the anaerobic degradation of more highly chlorinated 
ethenes such as tetrachloroethene (PCE), trichloroethene 
(TCE), and dichloroethene (DCE) (Smith and Dragun 1984; 
Kielhorn et al. 2000).

A variety of bacteria can attenuate chlorinated eth-
enes anaerobically using these contaminants as termi-
nal electron acceptors for anaerobic respiration, but only 
Dehalococcoides ethogenes has been shown to completely 
dehalogenate PCE and TCE to ethene, (Holliger et al. 1993; 
Maymo-Gatell et al. 1999). At sites contaminated with 
chlorinated ethenes, the design of remediation systems, 
generally based on these anaerobic pathways, may involve 
biostimulation with electron donors and/or bioaugmentation 
with cultures of anaerobic dehalogenating bacteria.

However, such remediation strategies may not be effec-
tive at sites with high concentrations of competing electron 
acceptors, low concentrations of VC, or conditions that are 
otherwise not conducive to maintaining the growth and 
complete dehalogenation activity of D. ethogenes (EPA 
2000; OPPTD 2006; ITRC 2008). This may lead to a condi-
tion often referred to by remediation practitioners as stall. 
In VC stall, the more highly chlorinated ethenes (PCE, 
TCE, and DCE) are degraded to VC, but VC reduction 
slows and concentrations stabilize at levels above the regu-
latory limit for drinking water sources. This is due to the 
thermodynamics of reductive dehalogenation (Cupples et 
al. 2004). Consequently, while one environmental problem 
has been solved, another one has been created: generation 
and persistence of the more toxic and carcinogenic daughter 
product—VC.

Bioremediation strategies that utilize aerobic bacteria 
may afford a solution to this problem. A variety of bacte-
ria are able to cometabolically degrade VC under aerobic 
conditions using a wide range of substrates for growth, 
including alkanes, alkenes, and aromatic hydrocarbons 
(reviewed in Arp et al. 2001 and Mattes et al. 2010). Even 
more promising than cometabolism, certain bacteria have 
been shown to directly degrade VC, using it as a growth 
substrate (Hartmans and De Bont 1992; Verce et al. 2000; 
Verce et al. 2001; Coleman and Spain 2003; Singh et al. 
2004; Mattes et al. 2005; Jin and Mattes 2008). These bac-
teria, called ethene-assimilators or ethenotrophs, which can 
directly metabolize VC through their catabolic pathway for 
ethene, have been isolated from numerous VC-contaminated 
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measured was 27 µg/L, which is >13 times the applicable 
Massachusetts standard of 2 µg/L.

The VC plume was found to be migrating at the base of 
a glacial outwash aquifer in fine sand with silt that includes 
lenses of coarse sand, gravel, silt and clay. The VC was 
expected to continue migrating at close to groundwater 
velocity, which was estimated at 0.5 ft/d. 

The groundwater within the core of the plume was 
characterized by elevated dissolved organic carbon (up to 
30 mg/L), sulfate (up to 180 mg/L), dissolved iron (up 
to 16 mg/L), and manganese (up to 1 mg/L). The initial 
concentration of methane was around 1 mg/L and ethene 
was approximately 0.001 mg/L. Mildly reducing conditions 
were observed in the plume area where dissolved oxygen 
and oxidation-reduction potential were initially around 0.5 
mg/L and −50 mV, respectively. Consequently the methano-
genic conditions necessary for reductive dechlorination of 
VC to ethene were unlikely to be achievable. 

Treatment System Design
Baseline site assessment was conducted in 2002 and 

field treatment pilots, adding oxygen to the aquifer, began 
in 2003. Microcosm studies evaluating ethene addition 
were completed in 2004. Because the half-saturation (K

S
) 

constants for direct aerobic metabolism (Verce et al. 2001; 
Coleman et al. 2002) and aerobic cometabolism of VC 
(Chang and Alvarez-Cohen 1996), 62 and 56 µg/L, respec-
tively, are higher than the VC concentrations throughout the 
plume and more than 30-fold higher than the lowest VC 
concentrations of concern, additional substrate was deemed 
necessary to accelerate degradation to achieve remediation 
goals. 

Because ethene is assimilated by the same pathway 
as VC (Hartmans and De Bont 1992; Verce et al. 2000; 
Coleman et al. 2002; Coleman and Spain 2003), ethene 
addition was incorporated into the treatment design to over-
come the substrate limitation problem and accelerate degra-
dation. In addition to stimulating the growth of ethenotrophs 
capable of using ethene as a carbon and energy source (i.e., 
direct metabolism), ethene can also stimulate aerobic come-
tabolism of chlorinated ethenes, (Freedman and Herz 1996; 
Freedman et al. 2001), leading to fortuitous VC degradation. 

The pilot scale treatment tested two oxygen delivery 
systems: bio-sparging and in situ mass transfer of pure 
oxygen. The oxygen delivery via iSOC in situ gas infusion 
technology (InVentures Technologies, Fredericton, Canada) 
was selected for full-scale treatment. This technology pro-
vided the flexibility to deliver ethene as well as oxygen and 
was less likely to be negatively impacted by the presence of 
impermeable clay layers at the site. The treatment system 
was designed to promote plume cut-off by stimulating the 
growth of aerobic, ethenotrophic bacteria at treatment lines. 
The initial treatment schedule alternated gas supplies with 
one week of ethene delivery followed by one month of oxy-
gen delivery. 

The full-scale treatment system was comprised of the 
original pilot bio-sparging line plus six iSOC treatment 
lines. Gas cylinders supplied oxygen and a dilute mixture of 
ethene and nitrogen gas and no power was required to oper-
ate the iSOC systems. The iSOC treatment lines included 

sites (Hartmans and De Bont 1992; Verce et al. 2000, 2001; 
Mattes et al. 2005; Hartmans et al. 1985; Coleman et al. 
2002; Danko et al. 2004). Isolates that have been described 
thus far belong to several different phyla, suggesting the 
possibility that this metabolic activity may be widespread.

Here we describe the implementation of a full-scale bio-
stimulation treatment for a large dilute groundwater plume 
with persistent low levels of VC. Oxygen was added to pro-
vide aerobic conditions for VC oxidation and ethene was 
added to stimulate the growth of ethenotrophic bacteria in 
order to maximize direct aerobic VC degradation. In addi-
tion to this direct aerobic pathway where VC serves as a 
carbon and energy source for bacterial growth, addition of 
ethene as well as oxygen to groundwater may also stimulate 
cometabolic degradation of VC (Freedman and Herz 1996; 
Freedman et al. 2001). 

The remediation project described here was imple-
mented in response to a release of PCE at a landfill resulting 
in a dilute groundwater plume with persistent low levels of 
VC (2 to 27 µg/L). The PCE leached into groundwater along 
with unresolved dissolved organic matter that contained 
electron donors, resulting in anaerobic conditions and reduc-
tive dechlorination of PCE to VC. However, there were also 
significant concentrations of competing electron acceptors 
for anaerobic respiration and conditions less favorable to 
anaerobic dechlorination downgradient of the landfill. The 
plume migrated away from the source and detached follow-
ing landfill capping. Risk management actions at the site 
included the implementation of in situ aerobic biobarriers 
designed to deliver a constant supply of oxygen with initial 
periodic pulsing of ethene to stimulate the growth of aerobic 
ethenotrophs in the groundwater. This treatment option was 
chosen in part because initial VC concentrations were too 
low to stimulate efficient aerobic degradation using oxygen 
alone (Verce et al. 2001; Coleman et al. 2002). 

Dissolved oxygen and ethene were delivered to ground-
water primarily using in situ mass transfer devices deployed 
in treatment wells arranged in lines in order to cut off plume 
migration. We used biochemical, genetic, and microbiologi-
cal tools to establish feasibility and to monitor treatment 
progress. Together with field data showing diminution of 
VC concentrations in site groundwater, these results suggest 
that aerobic biostimulation can provide an efficient reme-
diation strategy for low-level VC plumes where complete 
anaerobic treatment is not feasible.

Materials and Methods
Site Description

The study site was contaminated by disposal of material 
containing PCE at a demolition debris landfill in 1986. PCE 
and other dissolved organic compounds leached into the 
groundwater where reducing conditions resulted in incom-
plete reductive dechlorination of PCE to VC. This gave rise 
to a migrating dilute VC plume in the groundwater. 

When the site was assessed in 2002, there was a detached 
plume of VC at concentrations >2 µg/L extending over 
3000 feet. The plume was approximately >400 feet wide 
and 30 feet thick and located 50 feet below the water table 
in the downgradient area. The maximum VC concentration 
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Microcosm Studies
Equal volumes of groundwater were combined from six 

monitoring wells and 100 mL of this mixed groundwater 
sample were added to each of six 160-mL serum bottles, 
which were sealed with Teflon-lined butyl rubber septa 
affixed with crimped caps. Amendments were prepared 
and added to microcosms by syringe from stock solutions 
or pure compressed gas cylinders. All microcosms were 
amended with VC to 29 ppb. Ethene gas (Scott Gas) and/or 
mineral salts medium (2.2 mM K

2
HPO

4
, 1.7 mM KH

2
PO

4
, 

and 0.4 mM KNO
3
 plus trace minerals) were added to 

microcosms as indicated. One milliliter of 100% O
2
 was 

added to all microcosms on day 1. Microcosm bottles were 
wrapped in aluminum foil and slowly shaken in a rotary 
shaker. Dissolved gases and VC in the microcosms were 
analyzed according to EPA Method 5021A. 

Biofilm Assays
Biofilm formation was measured by a modified crys-

tal violet dye-binding assay (O’Toole and Kolter 1998). 
Briefly, 1 mL samples of groundwater were incubated at 
room temperature with aeration in 24-well microtiter plates 
for 1 to 2 weeks. No media or supplements were added. 
Following incubation, the groundwater was decanted and 
the wells were washed with sterile distilled water. One mil-
liliter of crystal violet was added to each well and allowed 
to bind for 5 min. The crystal violet was decanted and the 
wells were washed three times with water. The bound dye 

four cut-off lines, with treatment wells set across the entire 
width of the plume, and two shorter lines focused on the 
plume core. Treatment wells were spaced a distance of 20 
to 25 feet cross-gradient and screened along the full 30 feet 
thickness of the plume (see Figure 1).

Groundwater Sampling and Chemical Analysis
Periodic groundwater monitoring events were used to 

assess and optimize treatment system performance. The 
monitoring program included, at minimum, semiannual 
measurements of field parameters including dissolved oxy-
gen (DO), oxidation-reduction potential (ORP), pH, tem-
perature, specific conductance, and laboratory analyses for 
volatile organic carbon (VOC), inorganics, and bacteria. 
Selected wells in the immediate vicinity of the treatment 
systems were monitored on a more frequent basis to opti-
mize treatment efficiency. 

Groundwater samples were obtained using low-flow 
sampling (EPA 1996) and transported in sterile bottles 
on ice to commercial laboratories for analysis. All con-
tainers, preservatives, and shipping requirements were 
consistent with Massachusetts DEP Standard References. 
Appropriate quality control samples were collected and 
trip blanks accompanied the project samples. Groundwater 
laboratory test data were reviewed for compliance with the 
Compendium of Quality Assurance and Quality Control 
Requirements in accordance with the Massachusetts 
Contingency Plan.

Figure 1. Site model. The light pink shading shows the plume path and the dark pink shading indicates the only remaining area with 
VC concentrations above 2 lg/L (iSOC treatment lines include iSOC Lines 1 and 2 plus HST-2 through HST-5).
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bolic degradation of VC can occur under methanotrophic 
conditions (Fogel et al. 1986), the metabolism observed in 
site groundwater, which contains methane, was limited. In 
contrast complete degradation of VC was observed after 
addition of ethene to microcosms. So although methane is 
present, adding oxygen or oxygen and nutrients alone to 
the microcosms did not stimulate methanotrophic bacteria 
to degrade VC. These results suggested that methane-stim-
ulated cometabolism would not be the optimal treatment 
design for this site. 

Effect of Biostimulation Treatment on Biofilm Forming 
Ability

Oxygen treatment of anoxic groundwater should stimu-
late the growth of aerobic bacteria. Because bacteria primarily 
function in the environment in surface-attached communities, 
we focused our growth studies on biofilm formation (Peacock 
et al. 2004). We obtained groundwater samples from study 
site wells that were either within or outside of the predicted 
treatment zones and compared growth in a dye binding bio-
film assay. This assay, which did not involve any growth 
media or addition of supplements, indicated approximately 
50% greater biofilm formation, on average, in groundwater 
from treatment zone wells compared to groundwater sampled 
outside of the treatment zone (Figure 3).

We also directly visualized surface-associated growth in 
groundwater from a control well and a treatment zone well 
over a three-week period under aerobic conditions by incubat-
ing 5-mL groundwater samples in petri plates and monitoring 

was eluted with 1 mL of 95% ethanol and the absorbance at 
600 nm was measured in a spectrophotometer. 

Microscopy
Microscopic observations of live biofilm formation were 

performed using 5 mL of groundwater incubated with aera-
tion in sterile petri plates. No media or supplements were 
added. The plates were marked so as to allow the same field of 
view to be observed at each time point. Images were captured 
under phase contrast with an inverted microscope at 800×.

PCR Analysis
Colonies grown from groundwater on 1:10 R2A medium 

were screened for the epoxyalkane coenzyme M trans-
ferase (EaCoMT) gene. A 431 bp fragment of EaCoMT 
was amplified by polymerase chain reaction using degen-
erate primers based on published EaCoMT sequences as 
previously described (Begley et al. 2009).

Results and Discussion
Laboratory Scale Biodegradation

In order to establish whether aerobic biostimulation 
might be feasible at the study site, a mixed site groundwater 
sample was used to generate a series of microcosms to test 
for aerobic VC degrading activity. Unamended groundwater 
showed rapid degradation of methane consistent with the 
activities of native methane-oxidizing bacteria, but only 
9% of the VC was degraded after 21 days (Figure 2A). 
Groundwater amended with mineral nitrogen, phosphorus, 
and trace elements showed rapid degradation of methane, 
but only slow degradation of VC, amounting to 25% after 
21 days (Figure 2B). However, when groundwater was 
amended with minerals and 13 µM ethene, degradation of 
VC was complete in 21 days (Figure 2C). The concentration 
of VC in the ethene-supplemented microcosm remained 
unchanged for the first 12 days, but was degraded to 
nondetectable levels by day 21, suggesting that VC degrada-
tion occurred after ethene consumption. No change in the 
concentration of VC and ethene occurred over a period of 
21 days in the autoclaved control microcosm (not shown). 
The microcosm studies indicated that aerobic microbial 
VC-degrading activity was present in site groundwater and 
that it could be stimulated by ethene. Although cometa-

Figure 2. (A) Microcosm with no amendments; (B) microcosm with added mineral nutrients; (C) microcosm with added mineral 
nutrients and ethene. (Ö) VC; (Δ) methane; (  ) ethene.

Figure 3. Groundwater samples were taken from a well inside 
the predicted treatment zone (treatment) and a well outside 
the predicted treatment zone (control). Biofilm assay data are 
shown as average growth (A600) of the treatment zone sample 
relative to average growth of the control sample.

A B C
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and biomass results. Screening of the same wells the fol-
lowing year revealed an interesting pattern: the percentage 
of EaCoMT positive colonies appeared to track the stage 
of treatment in these three wells sampled over a three-year 
period. The wells were at different stages of treatment, based 
on treatment line startup times and distances downgradient 
from treatment (Figure 5). This suggests a pattern in which 
ethenotrophs represent a small, but measurable percentage 
of the culturable bacteria before treatment, increase to a 
peak after approximately three years in treatment, and then 
decline toward the background level. VC concentrations 
also tended to drop off to low or nondetectable levels over 
the same time frame.

Groundwater Monitoring
The results of field measurements indicate changes in 

groundwater chemistry and biological activity resulting from 
oxygen addition, as well as associated reductions in VC and 
methane concentrations. Figure 6 shows VC and methane 
data for three representative monitoring wells within the 
plume. Well 39I (panel A) is located in the most upgradient 
plume area immediately downgradient of the first treatment 
lines and had the highest initial VC concentration before 
treatment began. Methane concentrations were initially ele-
vated but have increased or pulsed to higher concentrations 
over time. Well 47D (panel B) is in the mid-plume area and 
had intermediate initial VC and high methane concentra-
tions. Well 58I (panel C) is in the downgradient plume area 
and had lower initial VC and methane concentrations. VC 
concentrations have been reduced to below the regulatory 
standard of 2 μg/L at wells 58I and 47D and the concentra-
tion at 39I has been reduced ~85%. In general monitoring 
wells located downgradient of treatment lines closer to the 
source of groundwater contamination showed little change in 
dissolved oxygen concentration. Increases in dissolved oxy-
gen were noted in the more downgradient part of the plume 
where monitoring at well 58I showed an increase from less 
than 0.5 mg/L to up to 3 mg/L. Small transient increases in 
ethene concentration were noted, increasing from less than 
0.001 mg/L to approximately 0.010 mg/L at several loca-
tions. The most upgradient treatment area of this detached 

growth with a phase contrast inverted microscope. We observed 
greater biomass in the groundwater from the  treatment zone as 
well as a greater tendency to form surface associated micro-
colonies (Figure 4). A dye binding assay performed on these 
samples after the observed incubation period yielded absor-
bances of 0.167 for the treatment sample and 0.076 for the 
control sample, consistent with the biofilm assay data. 

These results suggest that the remediation treatment 
employed at the study site stimulates growth of biofilm-
forming aerobic bacteria, as predicted. However, biomass 
measurements are insufficient to demonstrate stimulation of 
the targeted aerobic VC degradation pathway.

Detection of a Gene Involved in Aerobic Ethene 
Assimilation

Stimulation of the growth of aerobic bacteria in situ 
would not be sufficient to affect VC removal if aerobes 
capable of VC assimilation were not represented in the aero-
bic community, consequently biomass measures alone may 
be misleading. Our initial microcosm studies demonstrated 
ethene-stimulated VC-metabolizing activity in mixed site 
groundwater. We also used a semiquantitative whole-cell 
PCR assay (Begley et al. 2009) to detect the presence of 
the epoxyalkane coenzyme M transferase gene, EaCoMT, 
which has been implicated in aerobic growth on both eth-
ene and VC (Coleman and Spain 2003). The PCR test was 
applied to groundwater samples obtained from the site in 
June of 2007 and 2008, as previously reported (Begley 
et al. 2009). EaCoMT positive colonies were found in each 
well, with wells undergoing active treatment having higher 
numbers of positive colonies, consistent with microcosm 

A

B

C

Figure 4. Micrographs of surface-associated growth in ground-
water taken from a well within the predicted treatment zone 
(left) and outside of the treatment zone (right), incubated for 
one (A), two (B), or three (C) weeks.

Figure 5. Groundwater was sampled from three wells (green, 
51I; red, 58I; blue, 47D) over the same three-year period and 
colonies were screened for the EaCoMT gene. The percentage 
of colonies testing positive for the EaCoMT gene is shown for 
each well relative to the predicted time that the well had been 
within the treatment zone.
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now been discontinued and the area is undergoing contin-
ued monitoring. Residual VC greater than the 2 µg/L GW-1 
standard continues to migrate into the area of the first line 
of treatment from an upgradient source. Groundwater treat-
ment is continuing in this area while the persistent source is 
the subject of further investigation.

In summary, we have used aerobic biostimulation with 
oxygen and ethene to treat groundwater at a PCE release 
site where low-level vinyl chloride has been persistent. In 
situ delivery of oxygen and ethene gas to the groundwa-
ter has resulted in cessation of plume migration, decreased 
vinyl chloride levels at all monitoring wells, and reduced 
contaminant concentrations to below the regulatory target 
throughout most of the plume. Given the low initial VC 
concentrations, the observed aerobic VC degradation in 
microcosms supplemented with ethene and detection of 
temporal changes in a gene involved in ethene/VC degrada-
tion suggest that ethene-stimulated aerobic VC degradation 
led to VC removal observed in the treatment area. At con-
taminated sites where VC concentrations are higher, oxy-
gen alone may stimulate effective biodegradation, however 
microcosm studies are recommended to assess the utility of 
added substrates, as site-specific conditions will vary. 

This example of a successful full-scale aerobic treat-
ment of a dilute vinyl chloride plume with oxygen and eth-
ene suggests the possibility of rapid, efficient containment 
and enhanced attenuation of VC at similar sites where con-
ditions preclude complete anaerobic treatment. 
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plume near well 39I is approximately 2000 feet  downgradient 
of the original source and  contaminated groundwater con-
tinues to migrate into the treatment area. Methane is more 
persistent at higher concentration at well 39I indicating sig-
nificant oxygen demand in arriving groundwater. It appears 
that groundwater at treatment lines further downgradient 
(e.g., well 58I) had lower initial oxygen demand allowing 
for faster attainment of remediation goals. 

Treatment Outcomes and General Applicability
At the time of the initial site assessment, modeling sug-

gested that the plume would continue to migrate passing 
through areas with private drinking water wells. The plume 
was projected to discharge to downgradient surface waters 
in approximately 50 years at VC levels still above the regu-
latory standard. The bioremediation treatment reported here 
resulted in cut-off of plume migration and full attenuation 
of most of the plume only three to four years after full-scale 
implementation. Three downgradient treatment lines have 

A

B

C

Figure 6. Vinyl chloride and methane concentrations in 
groundwater from selected monitoring wells. Panels A to C 
show monitoring data from wells where VC concentrations 
were initially higher (well 39I), moderate (well 47D), and low 
(well 58I), respectively. Monitoring wells 47D and 58I are 
now below the GW-1 groundwater standard for VC (shown 
in green). 
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SiteSiteBackgroundBackground

• 25-acre former industrial facility 
• In operation for over 80 years• In operation for over 80 years
• Manufacturing of color bases, pigments, and 

resinsresins
• Groundwater impacted by a mixture of solvents 

generated by cleaning of equipmentg y g q p
• In 1985 the facility was sold triggering ECRA 

which is the predecessor to NJ’s Industrial Site 
Recovery Act (ISRA)



Site Background (cont’d)Site Background (cont’d)

Environmental investigations since the late 
1970’s have primarily identified : y

• Trichloroethene (TCE) 

• Perchloroethene (PCE)Perchloroethene (PCE)

• Cis-1,2-dichloroethene (cis-1,2 DCE)

• 1 2 dichloroethane (1 2 DCA)• 1,2-dichloroethane (1,2-DCA) 

• Chlorobenzene

Chl f i th h ll f t d b d k• Chloroform in the shallow fractured bedrock



Site GeologySite Geology

• Site location: the Newark Basin in New Jersey 

• Overburden: 
◦ Approximately 5 to10 feet of anthropogenic fillApproximately 5 to10 feet of anthropogenic fill 
◦ Residual soil
◦ Highly weathered bedrock

• Underlying the overburden:
◦ Mudstone facies of the Passaic FormationMudstone facies of the Passaic Formation
◦ Strikes at approximately N 70 degrees E and dips 10 degrees to 

the NW approximate to groundwater flow 



Site HydrogeologySite Hydrogeology
• Fractured bedrock beneath the Site:• Fractured bedrock beneath the Site:

◦ Multi-unit groundwater system 
◦ Groundwater flows primarily in larger aperature bedding plane 

f tfractures
◦ Cross cutting joints and other extensional fractures

• Groundwater system beneath the Site:y
◦ Shallow fractured bedrock (up to 80 feet) and 
◦ Deeper fractured bedrock (80 to 130 feet)

• Shallow bedrock zone : approximately 1 gpm or less• Shallow bedrock zone : approximately 1 gpm or less
• Deeper bedrock zone: 7 to 15 gpm
• Groundwater flow in shallow bedrock is predominantly to the 

th/ th t t d th l l isouth/southwest towards the local river
• Local flow components in the central part of the Site are to the 

east and west and may be indicative of a recharge zone



Aerial ViewAerial View
Deep Groundwater ContoursN Deep Groundwater Contours

Area of aerobic cometabolism treatment 



The General ApproachThe General Approach

• Microorganisms naturally occur in the groundwater:Microorganisms naturally occur in the groundwater: 
◦ Add a hydrocarbon (e.g., propane)
◦ Organisms oxidize it for their energy needs

• Microorganisms produce enzymes that degrade the 
chloroethenes and chloroethaneschloroethenes and chloroethanes

• Continual / effective delivery of the hydrocarbon =Continual / effective delivery of the hydrocarbon  
oxygen supporting the enzyme activity



Aerobic Cometabolism DiagramAerobic Cometabolism Diagram

Organic growth Organic growth 
substrate substrate 

Intermediate Intermediate 
productsproducts

OO22

(propane)(propane)
productsproducts

M t b liM t b li
……………………………………………………………………………………………………………………………………..……………………………………………………………………………………………………………………………………..

CometabolismCometabolism

MetabolismMetabolism

TCETCE TCE  epoxideTCE  epoxide COCO2 + 2 + CICI--
OO

Diagram adapted from Brief #8 Aerobic Cometabolism with Butane-Grown Microorganisms Western Region

OO22

Diagram adapted from Brief #8, Aerobic Cometabolism with Butane-Grown Microorganisms, Western Region 
Hazardous Substance Research Center (WRHSRC), Oregon State University,  August 2005.



Gas Infusion TechnologyGas Infusion Technology

iSOC™ gas infusion technology: 
• A mass transfer technology• A mass-transfer technology 

developed by InVentures 
Technologies, Inc.
C bl f d li i l t hi h• Capable of delivering long term, high 
concentrations of dissolved gases



Site Pilot TestSite Pilot Test
The aerobic cometabolism system:

• Cylinders of industrial grade oxygen and propane (housed 
separately in portable garden sheds)separately in portable garden sheds) 

• Two-stage regulators to control the line pressure in the gas 
tubing and iSOCTM units

Building
Foundation

g

B ildi

SW 20

SW - 5
Foundation

IW-2 IW-3

Building
Foundation

SW - 13

SW - 20 The highest concentrations of 
the compounds of concern 
have historically been detected 
on the Site at SW - 13

SW-5 and SW-20: 
monitoring wells on the Site at SW 13



TimelineTimeline

2004 2005 2006 2007 2008 2009 2010

InitiatedInitiatedInitiated Initiated 
cometaboliccometabolic

pilot testpilot test



TimelineTimeline

2004 2005 2006 2007 2008 2009 2010

Initiated 
cometabolic

pilot testp

OO22 and and 
nitrogen/ nitrogen/ 
propane  propane  
mixturemixturemixture mixture 

alternated alternated 
in each wellin each well



TimelineTimeline

2004 2005 2006 2007 2008 2009 2010

Initiated 
cometabolic

pilot testp

O2 and 
nitrogen/

Field testing Field testing 
indicated indicated 
nitrogen/nitrogen/nitrogen/

propane  
mixture 

alternated in 
each well

gg
propane mixture propane mixture 

infusion supinfusion sup--
pressed the Opressed the O22

infusioninfusion



TimelineTimeline

2004 2005 2006 2007 2008 2009 2010

Initiated 
cometabolic

pilot test
Alternating cycles of nitrogen/Alternating cycles of nitrogen/

O2 and 
nitrogen/
propane  
mixture 

Alternating cycles of nitrogen/Alternating cycles of nitrogen/
propane  mixture and oxygen propane  mixture and oxygen 

were varied in attempts to were varied in attempts to 
improve the improve the 

alternated in 
each well

p o e t ep o e t e
performance of the systemperformance of the system

Field testing 
indicated 

nitrogen/propane 
infusion suppressed 

the O infusionthe O2 infusion



TimelineTimeline

2004 2005 2006 2007 2008 2009 2010

Initiated 
cometabolic

pilot test
System optimization

O2 and propane 
alternated in 

each well

Introduction Introduction 
of of 

DiamoniumDiamonium

Field testing indicated 

each well
Phosphate Phosphate 

((DAP) to supply DAP) to supply 
nutrients and nutrients and 
infusion ofinfusion ofg

propane injections 
suppressed the O2 

infiltration

infusion of infusion of 
pure propane pure propane 
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difference
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Field testing indicated 
propane mixture infusion 

each well

p p
suppressed the O2 infiltration



Evaluation of Results of SWEvaluation of Results of SW--1313
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Evaluation of Results of SWEvaluation of Results of SW--2020
SW-20
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Evaluation of Results of SWEvaluation of Results of SW--2020
SW 20
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IW-2 Jul-
06 Oct-06 Jan-07 Apr-07 Jul-07 Oct-07 Jan-08 Apr-08 Aug-08 Oct-08 Feb-09 Apr-09 Jul-09 Oct-09 Jan-10 Apr-10

Total Organic 
Carbon 8 8 3 7 3 8 4 2 10 7 15 3 3 8 8 4 6 9 5 4 3 6 11 4 16 4 9 4 5 7 8 5Carbon 8.8 3.7 3.8 4.2 10.7 15.3 3.8 8.4 6.9 5.4 3.6 11.4 16.4 9.4 5.7 8.5

Inorganic 
Carbon

25.
7 27.2 25.2 24.2 26.1 29.5 24.2 32.7 41.1 15 16.9 62.1 15.6 27.6 14.8 51.7

Total Carbon
34.
5 30.9 29.0 28.4 36.8 44.8 28.0 41.1 48 20.4 20.5 73.5 32 37 20.5 60.2

0 5
Nitrate

0.5
6 <0.11 0.57 0.55 <0.21 <0.11 1.2 0.72 <0.11 0.6 0.94 0.35 0.17 0.19 0.42 0.51

Nitrite

<0.
01
0 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 <0.010 0.14 <0.010 0.01 0.048 <0.010 <0.010 <0.010

Nitrogen
0.5
6 <0 10 0 57 0 55 <0 21 <0 10 1 2 0 72 <0 10 0 74 0 94 0 36 0 22 0 19 0 42 0 51Nitrogen 6 <0.10 0.57 0.55 <0.21 <0.10 1.2 0.72 <0.10 0.74 0.94 0.36 0.22 0.19 0.42 0.51

Ferrous Iron
<0.
20 <0.10 <0.10 <0.10 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 0.42 <.20 <0.20 <0.20 0.41

BOD
<2.
0 <2.0 2.7 <10 2.9 <3.4 <2.0 <2.0 <2.0 <2.0 <2.0 50.8 5.5 2.4 <3.4 <5.0

42
COD

42.
5 <20 <20 <20 41.6 143 33.6 20.8 23.9 26.3 20.8 121 57.6 23.6 <20 244

Phosphorous
0.0
62 0.058 <0.050 <0.050 0.085 0.17 0.12 0.063 0.065 0.79 0.49 1.3 0.32 0.33 0.66 0.62

Heterotrophic 
Plate Count

28
12
75 23900 48500 20900 10000 26500 16500 17850 1550 >2 17400 95000 32700 66000 31500 270000Plate Count 75 23900 48500 20900 10000 26500 16500 17850 1550 >2 17400 95000 32700 66000 31500 270000

Dissolved 
Propane ug/L

0.1
9 0.11 0.016 J 0.035 J 1100 0.670 0.22 0.056 0.17 42000 18 67

DO
19.
99 5.63 6.81 9.89 8.79 0.99 6.05 -- 19.1 19.91 7.08 2.53 0 7.16 NA

26
ORP

26
5 91 65 154 160 -31 131 -- 80 80 -142 148 140 121 116



IW-3 Oct-06 Jan-07 Apr-07 Jul-07 Oct-07 Jan-08 Apr-08 Aug-08 Oct-08 Feb-09 Apr-09 Jul-09 Oct-09 Jan-10 Apr-10

Total Organic g
Carbon 1.9 1.5 <2.0 2 1.7 2.1 2.6 1.8 1.7 3.9 1.7 2.6 1.8 1.7 2.3

Inorganic 
Carbon 51.8 50.0 49.0 53.2 46.6 38.3 49.4 51.5 50.2 27.6 51.3 52.4 80.4 42.5 27

Total Carbon 53.7 51.5 50.9 55.2 48.3 40.4 52 53.3 51.9 31.5 53 55 82.2 44.2 29.3

Nitrate 0.29 0.13 0.2 <0.21 0.39 <0.11 <0.11 <0.11 <0.11 8.4 <.11 <.11 <0.11 <0.11 1.7

Nitrite <0.010 <0.010 <0.010 <0.20 <0.010 <0.010 <0.010 <0.010 0.019 0.042 <0.010 <0.010 <0.010 <0.010 <0.010

Nitrogen 0.29 0.13 0.2 <0.010 0.39 <0.10 <0.10 <0.10 0.11 8.4 <0.10 <.10 <0.10 <0.10 1.7

Ferrous Iron <0.10 <0.10 <0.10 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <0.20 <.20 <.20 <0.20 <0.20 1

BOD <3.4 <2.0 <10 <2.0 <3.4 <2.0 2.6 <2.0 <2.0 3.6 41.8 <2.0 9.2 2.3 <2.0

COD <20 <20 73.4 <20 <20 <20 <20 <20 <20 <20 57.9 <20 <20 <20 21.9

Phosphorous 0.18 <0.050 0.1 0.074 0.13 <0.050 <0.050 <0.050 4.2 1.3 0.56 3 1.4 0.66 56.3

Heterotrophic 
Plate Count

13400
0 6450 25900 4400 8000 8050 1000 <100 1145 18350 2313 4100 2000 40000 52000Plate Count 0 6450 25900 4400 8000 8050 1000 <100 1145 18350 2313 4100 2000 40000 52000

Dissolved 
Propane ug/L 0.04 0.32 0.040 J 550 0.280 2700 0.13 0.18 55000 28 71000

DO 7 7.01 16.4 14.32 0.59 8.63 -- 15.32 10.8 8.54 4.43 0.09 4.93 41

ORP 99 139 169 172 30 97 -- 102 147 192 161 107 69 88



ResultsResults
DO measurements in SW 5 SW 13 and SW 20 generally indicated enrichment and• DO measurements in SW-5, SW-13, and SW-20 generally indicated enrichment and 
availability of DO and its distribution away from the infusion wells toward these wells

• ORP measurements in SW-5, SW-13, and SW-20 were generally positive and 
indicative of aerobic enzymatic reactions, but were occasionally negativeindicative of aerobic enzymatic reactions, but were occasionally negative

• DAP successfully supplied depleted nutrients

• HPC measurements indicated a well developed population of microorganisms

• Dissolved propane concentrations in SW-5, SW-13, and SW-20 (especially over the 
last 18 months) indicate abundant substrate to support enzyme activity and its 
distribution away from the infusion wells toward these wells

• For IW 2 the extent of the system’s effectiveness was approximately 35 feet north• For IW-2 the extent of the system s effectiveness was approximately 35 feet north 
and 50 feet west

Building
SW - 5Building

g

IW‐2 IW‐3

50’

SW - 13
SW - 20

50



ConclusionsConclusions

• Bioenhancement was optimized by: 

The infusion of pure propane◦ The infusion of pure propane 

◦ The rotation of propane and oxygen infusion from one 
well to the otherwell to the other 

◦ The periodic infusion of propane-only and oxygen-only 

The addition of DAP◦ The addition of DAP



ConclusionsConclusions

• Aerobic metabolism/cometabolism and reductive 
dechlorination processes:dechlorination processes:

◦ Bioenhanced the shallow fractured bedrock 
d t tgroundwater system

◦Reduced COCs; and 

◦ Established downward trends in COC concentrations 
allowing approval of MNA and monitoring

S f ll t bli h d d ti f l l l COC◦ Successfully established reductions of low level COCs 
to gain closure for groundwater





Questions


