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American Petroleum Institute |
Environmental, Health, and Safety Mission
and Guiding Principles

MISSION The members of the American Petroleum Institute are dedicated to continuous
efforts to improve the compatibility of our operations with the environment while
economically developing energy resources and supplying high quality products and
services to consumers. We recognize our responsibility to work with the public, the
government, and others to develop and to use natural resources in an
environmentally sound manner while protecting the health and safety of our
employees and the public. To meet these responsibilities, API members pledge to

. manage our businesses according to the following principles using sound science to
prioritize risks and to implement cost-effective management practices:

To recognize and to respond to community concerns about our raw materials,
products and operations. ‘

PRINCIPLES

e To operate our plants and facilities, and to handle our raw materials and products
in a manner that protects the environment, and the safety and health of our
employees and the public.

e To make safety, health and environmental considerations a priority in our
planning, and our development of new products and processes.

e To advise prompily, appropriate officials, employees, customers and the public
of information on significant industry-related safety, health and environmental
hazards, and to recommend protective measures.

re

To counsel customers, transporters and others in the safe use, transportation and
disposal of our raw materials, products and waste materials.

e To economically develop and produce natural resources and to conserve those
resources by using energy efficiently.

e To extend knowledge by conducting or supporting research on the safety, health
and environmental effects of our raw materials, products, processes and waste
materials. :

N

e To commit to reduce overall emission and waste generation.

o To work with others to resolve problems created by handling and disposal of
hazardous substances from our operations.

. e To participate with government and others in creating responsible laws,
regulations and standards to safeguard the community, workplace and
environment. )

e To promote these principles and practices by sharing experiences and offering
assistance to others who produce, handle, use, transport or dispose of similar raw

materials, petroleum products and wastes. D ocum ent S
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FOREWORD

API PUBLICATIONS NECESSARILY ADDRESS PROBLEMS OF A GENERAL
NATURE. WITH RESPECT TO PARTICULAR CIRCUMSTANCES, LOCAL, STATE,
AND FEDERAL LAWS AND REGULATIONS SHOULD BE REVIEWED.

API IS NOT UNDERTAKING TO MEET THE DUTIES OF EMPLOYERS, MANUFAC-
TURERS, OR SUPPLIERS TO WARN AND PROPERLY TRAIN AND EQUIP THEIR
EMPLOYEES, AND OTHERS EXPOSED, CONCERNING HEALTH AND SAFETY
RISKS AND PRECAUTIONS, NOR UNDERTAKING THEIR OBLIGATIONS UNDER
LOCAL, STATE, OR FEDERAL LAWS.

NOTHING CONTAINED IN ANY API PUBLICATION IS TO BE CONSTRUED AS
GRANTING ANY RIGHT, BY IMPLICATION OR OTHERWISE, FOR THE MANU-
FACTURE, SALE, OR USE OF ANY METHOD, APPARATUS, OR PRODUCT COV-
ERED BY LETTERS PATENT. NEITHER SHOULD ANYTHING CONTAINED IN
THE PUBLICATION BE CONSTRUED AS INSURING ANYONE AGAINST LIABIL-
ITY FOR INFRINGEMENT OF LETTERS PATENT.

All rights reserved. No part of this work may be reproduced, stored in a retrieval system, or transmitted by any
means, electronic, mechanical, photocopying, recording, or otherwise, without prior written permission from the
publisher. Contact the publisher, API Publishing Services, 1220 L Street, N-W., Washington, D.C. 20005.

Copyright © 1998 American Petroleum Institute
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ABSTRACT

Oxygen Releasing Materials (ORMs) are commercially available materials that are being used to
treat petroleum hydrocarbon contaminated groundwater aquifers. ORMs release oxygen to
groundwater, which stimulates the growth and activity of native microorganisms. The principle

questions that must be answered when evaluating a proposed ORM installation are:

1. How much ORM is required and how much will it cost?; ‘
2. What method of ORM installation will distribute oxygen most effectively across the site?;

and
3. What type of monitoring will be used to evaluate the effectiveness of the ORM installation

in meeting site cleanup goals?

This technical bulletin addresses these questions using a step-by-step design approach intended for

practitioners who are evaluating the use of ORMs.

The scientific basis for ORMs is discussed and the current state of knowledge of ORM-based
technology is reviewed. A systematic approach is presented for evaluating the utility of ORM
treatment for a site and for use in designing ORM installations. Example design calculations are

used to illustrate the principles discussed and an annotated bibliography of the technical literature is

presented.
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Section 1
INTRODUCTION

The purpose of this technical manual is to provide an introduction to the use of oxygen releasing
materials (ORM:s) as a method for providing supplemental oxygen to dissolved petroleum
hydrocarbon plumes to increase in sifu bioremediation rates. ORMs are a very new technology,
having been commercially available for only the last five years. Nevertheless, ORMs are currently
being used at many sites under a wide range of conditions and their use is increasing. Although
only limited research data are currently available, the experience of practitioners and researchers
with these compounds is growing rapidly. This manual summarizes the current state of
understanding of this technology and provides guidance for site managers considering the use of
ORMs. Section 2 provides a review of the scientific basis for ORM technology intended for those
unfamiliar with the basic principles underlying intrinsic and enhanced bioremediation processes.
Section 3 summarizes the current state of knowledge on ORMs including methods of application,
mechanisms and timing of oxygen release, and factors affecting oxygen transport and distribution
in contaminated aquifers. Section 4 presents an example design approach to assist practitioners in
performing a feasibility assessment for the use of ORMs at a particular site, developing a set of
alternate designs for ORM installations, and developing preliminary cost estimates. Section 5
presents a set of example design calculations that illustrate the design approach presented in
Section 4. Section 6 contains an annotated bibliography of the technical literature, and Section 7

presents additional references cited in this bulletin.

Please note that the information contained in this report is not necessarily intended to supplant any
existing practices and that API encourages further development of the ideas presented. In no way

should the following information be considered standard practice. However, the information

contained herein should provide practical guidance.
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Section 2
SCIENTIFIC BASIS FOR THE TECHNOLOGY

THE ROLE OF OXYGEN IN IN SITU BIOREMEDIATION OF PETROLEUM
HYDROCARBONS

Bioremediation relies on the use of microorganisms to degrade petroleumn hydrocarbons ultimately
to carbon dioxide and water. Degradation occurs as a consequence of microbial growth and
reproduction, which requires a source of organic carbon and nutrients (such as nitrogen,
phosphorus, and sulfur). Organic carbon is present in the subsurface as naturally occurring
organic matter and as petroleum hydrocarbons and their breakdown products. Energy for
microbial growth and hydrocarbon degradation is obtained through oxidation-reduction reactions,
which the microorganisms facilitate using specific enzyme systems. In these reactions, electrons
are transferred from an electron donor (which is oxidized) to an electron acceptor (which is
reduced). A wide variety of compounds may serve as electron donors. These include naturally
occurring organic matter in aquifer sediments and the wide range of organic compounds in
petroleum-based fuels and lubricants and their intermediate breakdown products. Substantially

fewer compounds can serve as electron acceptors.

The most energetically favorable electron acceptor is molecular oxygen (O,) and, if it is present,
microorganisms will preferentially use O, as the electron acceptor in a process called aerobic

respiration. The energy derived from this process 1s used for growth and petroleum hydrocarbon
degradation. Once the supply of O, is depleted, rates of growth and degradation will decrease as
organisms use less favorable electron acceptors such as NO5-, Fe3+, SO,2-, or CO, in a variety of
additional metabolic processes. It is generally accepted that petroleum hydrocarbons are
degradable under either aerobic or anaerobic conditions. However, under anaerobic conditions,
contaminant degradation rates decrease 10 to more than 100 times compared to degradation rates
under aerobic conditions. Thus, increasing dissolved O, concentrations in contaminated, anaerobic
groundwaters will create conditions favorable for aerobic respiration and therefore increase

degradation rates.
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OXYGEN REQUIREMENT FOR AEROBIC RESPIRATION

To use an aerobic respiration pathway to degrade organic contaminants requires a minimum
quantity of O,, which can be computed by representing the degradation process as a balanced
chemical reaction. For example, the degradation of benzene (C¢Hg) to carbon dioxide (CO,) and

water (H,O) via an aerobic respiration pathway can be written:

7502 + C6H6 -—> 6C02 + 3H20 (1)

so that 7.5 moles (240 g) of O, (the electron acceptor) are required to degrade one mole (78 g) of
benzene (the electron donor). The ratio of O, consumed to benzene degraded (240 g to 78 g or 3.1
to 1) is fixed so that, for example, 3.1 mg/L dissolved O, will be required to degrade 1 mg/L
dissolved benzene in groundwater and 310 mg O, /kg will be required to degrade 100 mg
benzene/kg in an aquifer sediment matrix. The quantity of O, required to degrade other

compounds will depend on the number of carbon and hydrogen atoms in the compound’s
molecular structure. However, the ratio of 3:1 is approximately correct for many petroleum

hydrocarbons and is widely used to calculate O, requirements at contaminated sites.

The stoichiometry described above refers to complete biodegradation of benzene to CO, and water
(i.e., mineralization). O, to benzene ratios less than 3:1 may result in degradation of benzene into
less toxic, readily biodegradable compounds. Therefore, some practitioners choose smaller O, to

contaminant ratios when calculating the ORM requirement to reach a desired site remediation goal.

It is important to recognize that microorganisms use a wide variety of organic compounds as
electron donors during aerobic respiration, and that all degradable organic compounds create a
microbial O, demand. It is therefore incorrect to calculate the O, required to remediate a
petroleum contaminated site using only the concentrations of specific contaminants of concern
such as benzene, toluene, ethylbenzene, or xylenes (BTEX), which represent only about 15-20 %
of most petroleum fuels, even though decreasing the concentrations of these compounds may be
the principal objective of remedial action. Instead, O, requirements should be calculated using
concentration measures that represent the sum of all degradable organic compounds at a site.
Some examples of the concentration measures used for this purpose include total petroleum
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hydrocarbon-gasoline (TPH-G), which represents the combined concentrations of the C4 to Cy

hydrocarbons contained in gasoline; total petroleum hydrocarbon-diesel (TPH-D), which

represents the combined concentrations of the C;, to C;3 hydrocarbons contained in diesel;
biological oxygen demand (BOD), which directly measures O, consumption by added “seed”

microorganisms as they degrade soluble organic compounds in an oxygen-saturated groundwater
sample; chemical oxygen demand (COD), which measures the amount of chemical oxidizing
agent consumed (expressed as equivalent O,) when it is added to a water sample; and total organic
carbon (TOC), which measures the combined concentration of all organic carbon containing

compounds by burning a sample to produce CO,. The presence of nonaqueous phase liquids
(NAPLs) can complicate O, demand calculations because reliable information on the O, demand

exerted by NAPLs cannot be readily determined. Determining the presence or absence of residual

NAPL in the treatment area (Feenstra et al., 1991) is important in determining O, demand.

NAPL, as either “free product” or residual liquid, may serve as a long-term source of dissolved
hydrocarbons (Huntley and Beckett, 1997) and cause long-term oxygen demand. The goals of the
remediation project may dictate how the O, demand of the NAPL is addressed. If residual NAPL

is present within the treatment zone of an ORM installation and the goal is to degrade the available

NAPL, it will be necessary to estimate an approximate O, demand by converting estimated NAPL

volumes to mass and using a simple stoichiometry for NAPL mineralization based on
éomposition (e.g., equation 1). If the objective is to reduce concentrations within a dissolved
plume, the longevity and strength of any upgradient or adjacent NAPL source must be considered

when determining the O, requirements needed to reach the project remediation goal.

It should be noted that naturally occurring organic matter can also create an O, demand.

Concentrations of naturally occurring dissolved organic carbon in groundwater are typically small
(e.g., < 2 mg/L) but may still be substantial relative to petroleum hydrocarbon concentrations at
some sites. Dissolved organic carbon concentrations can be determined on groundwater samples
from an uncontaminated well (e.g., using a TOC analysis). Concentrations of naturally occurring
organic carbon in aquifer sediments are highly variable but can be large in some geologic deposits.

However, little information is available on the O, demand exerted by these materials. If conditions
in the aquifer were aerobic prior to the occurrence of petroleum hydrocarbon contamination, the O,

demand can probably be neglected. However, some high organic matter content soils and
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sediments that naturally exist under anaerobic conditions may exert a substantial O, demand,

which can be determined by analyzing core samples collected from uncontaminated portions

of the site.

It is also important to recognize that nonbiological processes “compete” with microorganisms for

O, thus reducing the amount of petroleum hydrocarbon degraded for a given amount of available
O,. For example, ferrous iron (FeZ+) is present in the groundwater and sediment minerals at

many hydrocarbon-impacted sites and can react with O, to form ferric iron (Fe3+) hydroxides:
Fe2* +0.250, + 0.5H,0 + 20H- --> Fe3+(OH); (2)

so that 0.25 moles (8 g or 8 mg/L) of O, are consumed by the oxidation of one mole (56 g or 56

mg/L) of Fe2+ to Fe3+. Similar reactions are possible with reduced forms of sulfur and

manganese and should be included when estimating the total quantity of O, required to remediate a
contaminated site. Although in many cases the O, demand created by reduced inorganic
compounds is small relative to the O, demand created by organic contaminants, these reactions are
still of concern because the formation of solid hydroxides can cause clogging of well screens and

aquifer pores when O, is added to promote biodegradation.

ROLE OF OXYGEN IN NATURAL ATTENUATION

Many petroleum hydrocarbons (e.g., benzene, toluene) are only weakly sorbed to aquifer
sediments, which suggests that these compounds should be carried long distances by regional
groundwater flow and create highly mobile and elongated hydrocarbon plumes. However, at
many sites hydrocarbon plumes appear to be stationary and are much smaller than predicted by
groundwater transport models. Natural attenuation refers to the reduction in contaminant
concentrations that occurs downgradient from a source zone due to dilution and dispersion,
volatilization, sorption, and the activity of indigenous microbial populations. The size and shape of
untreated hydrocarbon plumes are primarily controlled by interactions among four factors: (1) the
rate of hydrocarbon release from the source zone, (2) the rate of regional groundwater flow, (3)
heterogeneities in aquifer properties affecting transport and attenuation, and (4) the available supply

of electron acceptors and nutrients. Based on extensive surveys of hundreds of petroleum
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