ABSTRACT
AZIZ, TAREK NADIM. Analysis of Grease Abatement Devices and the Measurement of
Fat, Oil, and Grease in Food Service Establishment Waste Stream. (Under the direction of
Joel J. Ducoste).

The release of fat, oil, and grease (FOG) into collection systems ultimately results in
the blockage of pipes and subsequent sanitary sewer overflows (SSOs). SSOs are a risk to
public health and the environment as they release untreated sewage laden with high nutrient
and pathogen loading. Currently, municipalities who are responsible for maintaining these
collection systems have little guidance as there is a substantial lack of scientifically-based
information regarding the effective abatement and measurement of FOG. This research aims
to examine the performance of grease abatement devices and to investigate the measurement
of FOG in food-laden waste streams.
Grease abatement devices (GAD) are commonly large, below ground tanks that are
designed for adequate hydraulic retention time (HRT) to provide separation of light FOG
material from influent wastewater. Common designs for GAD utilize dual compartments and
are sized for approximately 30 min HRT. However, results of this research indicated highly
intermittent systems with the vast majority experiencing HRTs far greater than design.
Average HRT for most GADs was greater than 2 hrs with peak discharges 3-7 times the
average flow rate. Chemical characterization of GADs indicated the presence of anaerobic
microbial activity. Spatial and temporal observation of FOG and food solids profiles in a
field GAD indicated what appeared to be the channeling of food solids into the second
compartment for commonly used configurations. Implementation of a distributive inlet
displayed an elimination of this channeling effect and significant reduction in second
compartment food solid accumulation.

Lab-scale and computational fluid dynamics (CFD) modeling of GADs was
performed to evaluate a commonly observed submerged inlet pipe configurations and
develop design improvements to enhance FOG removal efficiency.

Lab-scale results

indicated that enhanced FOG removal performance was obtained by tripling the HRT from
20 minutes to 1 hr, however, performance values close to the performance of the 1 hr HRT
were obtained with a 20 minute HRT by modifying the internal configuration.

As

hypothesized from observations of the field GADs, it is believed that the use of distributive
inlet configurations may act to reduce short-circuiting effects in GADs. Results indicated
lab-scale GAD improvement through the use of distributive configurations. The removal of
the baffle wall was also explored in the present study. When the wall was removed with a
shortened submerged pipe, GAD performance improved from the standard configuration.
When an inverted-inlet tee was used without compartmentalization, however, lab-scale
results indicated a poorer performance than the standard configuration.
Investigation into CFD simulations of GAD configurations followed performance
trends established in the lab-scale experiments except in conditions featuring the inverted tee
inlet. It is hypothesized that the exclusion of droplet coalescence and breakup in the CFD
simulation resulted in these discrepancies.
Preliminary analysis of FOG concentration form independent commercial laboratories
indicated high variability and under-recovery of known concentrations. For this reasons, an
investigation into the n-hexane liquid-liquid extraction of FOG from water was undertaken.
Observation of edible- FOG recovery in the presence of synthetic food-laden waste streams
indicated substantial interference in the presence of wheat flour and whey proteins. Other
comparisons with sucrose, corn starch, and a surrogate fiber indicated no interference with

FOG recovery. LLE of various free-fatty acids and FOG types of varying saturation levels
indicated no significant difference in recovery performance. Investigation of an EPA defined
standard material (hexadecane) indicated that the volatile nature of the compound lead to
substantially poorer recovery than food-based standards that did not volatilize at all during
testing. FOG sample measurement with n-hexane was not able to recover 100% of the FOG
material during testing. Further investigation into this occurrence suggests the persistent
adhesion of samples to lab glassware.
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1. INTRODUCTION
Fat, oil, and grease (FOG), when released into collection systems, adheres to pipe
walls, reducing their capacity. In many cases, these pipe occlusions lead to sanitary sewer
overflows (SSOs) and thus the discharge of untreated sewage into the environment. Though
the maintenance of collection systems to remove these deposits is a common practice for
municipalities throughout the developed world, there is a lack of understanding regarding the
abatement and measurement of FOG in wastewaters.
According to a 2004 Report to Congress by the EPA, there are approximately 23,000
to 75,000 sanitary sewer overflows (SSOs) in the United States each year. This number of
SSOs corresponds to a discharge of 3 to 10 billion gallons of untreated waste water, which
contain high loadings of pathogens, nutrients, and solids and result in harm to public health
and the environment. Of the roughly 40,000 estimated SSOs in the United States each year,
fifty percent occur as a result of line blockage. Overall, the single largest source of these
blockages (47%) is attributed to fat, oil, and grease (FOG) accumulation in sewer lines.
When only considering municipalities that report 100 or more SSOs per year, the resulting
FOG accumulation jumps to 74% of all overflows (EPA, 2004). Consequently, current
practices to regulate FOG discharge are inadequate.
As stated in the code of federal regulations (40 CFR 403.1) the EPA, “establishes
responsibilities of Federal, State, and local government, industry and the public to implement
National Pretreatment Standards to control pollutants that pass through or interfere with
treatment processes in Publicly Owned Treatment Works (POTWs) or that may contaminate
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sewage sludge.” One such prohibited discharge in the code of federal regulations is
discharges (either viscous or solid) that obstruct flow in POTWs (40 CFR 403.5).
Consequently, municipalities must take appropriate action to prevent the release of FOG into
sanitary sewers.
The leading sources of FOG laden discharges are the food service industry and high
density residential complexes. Tasked with preventing interference in sewer lines,
pretreatment groups are left with few options:
• Education of Kitchen users about best management practices BMPs to reduce the
quantity of FOG released.
• Use of FOG Abatement devices
• Active Maintenance of sewer lines to preempt SSOs
Combinations of the above options are utilized by municipalities to varying degrees
of success. The continued formation of FOG deposits despite these steps is likely a result of
(1) the lack of knowledge regarding the feasible measurement of FOG in food laden waste
streams and (2) the absence of scientific understanding regarding the appropriate design and
maintenance of grease abatement devices.
The goal of the present research is to provide scientific understanding and potential
solutions for the measurement and abatement of FOG by:
•

Quantifying the separation behavior and internal chemical characteristics of
field grease abatement devices (GADs) (Chapter 4)
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•

Quantifying the GAD performance under control experimental conditions
with a bench scale system and performing computational fluid dynamics
(CFD) model of the GAD bench system to validate effluent FOG removal
performance and explain internal flow and separation pattern (Chapter 5)

•

Quantifying the performance of a common FOG measurement method (the
liquid-liquid extraction of FOG with n-hexane) for the recovery of edibleFOG constituents in the presence of food laden wastes (Chapter 6)

Below is a brief summary of the above research goals. A review of existing literature
is provided in Chapter 2 to establish research needs. Finally, the research materials and
methodology is presented in Chapter 3.
1.1 Assessment of Grease Abatement Devices
Policy varies significantly from municipality to municipality with regards to the
control of FOG discharge into sewer systems. Some municipalities do not require any foodservice side control but rather opt to provide adequate maintenance of sewer lines. FSEs
typically utilize large multi-compartment tanks referred to as GADs. GADs are typically
defined as passive flow-through tanks to provide adequate separation and storage volume for
FOG and food solids (Figure 1.2). Smaller, below sink, devices are also utilized; however,
they are not addressed in the present research.
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Figure 1.1: Standard Configuration of a Grease Abatement Device (GAD)

The sizing and design of GADs will also vary significantly from municipality to
municipality, and is generally based on one of the several published sizing equations
(IAMPO, 2004).

Additionally, maintenance of GADs will also vary according to the

preference of the municipality. Some require weekly pumping while others require quarterly
cleaning. In extreme cases, some municipalities clean only as a result of a failing inspection.
The lack of uniformity of design, sizing, and maintenance of GADs is largely a result
of a lack of information regarding GAD performance and effective design. The sustained
frequency with which FOG blockages result in SSOs indicates that a re-evaluation of FOG
removal devices is necessary to better address this significant problem.
Chapter 4 of this dissertation provides a draft journal article on the field evaluation
of grease abatement devices. This study was part of a larger Water Environment Research
Foundation (WERF) funded study which concluded in the summer of 2008 on the
investigation of FOG and tree-root intrusion on collection systems. The objectives of this
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study were to provide characteristics regarding FSE flow patterns into GADs, chemical
characteristics of GADs, and the observed maturation of GADs between cleaning cycles.
Chapter 5 in this document features a paper currently in review with the ASCE
Journal of Environmental Engineering on the evaluation of GAD performance. As with the
work in Chapter 4, this research was a component of the larger WERF funded project. The
objectives of this study were to evaluate the performance of GADs using a lab-scale GAD
and CFD and suggest improvements to enhance the separation of FOG.
Challenges arose in the measurement of FOG in samples during bench testing.
Samples sent to two commercial laboratories returned consistently low concentration. These
results required alternative FOG concentration analysis described in(Chapter 3) and raised
questions regarding the appropriateness of a common FOG measurement procedure, the
liquid-liquid extraction using n-hexane, for the determination of food-based FOG in
wastewater.
1.2 Measurement of FOG in Wastewater
In the United States, the EPA defined procedure for assessing oil and grease
concentration is EPA Method 1664. Method 1664 is a gravimetric determination of hexane
extractable material (HEM). Though some validation has been performed for this method
(EPA, 1996), the field sites used during validation do not represent the heterogeneity of the
background matrix common to food preparation wastes. Method 1664, and all other solvent
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extraction methods, are solvent defined (EPA, 1999), meaning the extracted material is
dependent on the solvent being utilized.
The validation study of Method 1664 indicated reasonable precision (EPA, 1999).
However, of the two field sites reported in that study, there was no indication of the method’s
ability to handle food preparation wastes. In fact, the field validation study providedno
means to quantify the actual concentration of FOG or constituents in the background at either
of the sampled sites. Experience with Method 1664 has indicated that the method underrepresents the actual FOG concentration in the sample by approximately 40% though the
method displayed appropriate precision (Ducoste et al., 2008).
The lack of confidence with regards to measuring FOG concentration in food
preparation waste has made effective assessment of these wastes difficult.

A better

understanding of the efficacy of current oil and grease measurement strategies are necessary
to forward pretreatment advances such as: assessment of field GAD performance, evaluation
of advanced pretreatment technologies, correlation of kitchen practices to FOG
concentrations, and the development of relationships between effluent FOG concentration
and FOG deposit formation.

In addition, the investigation of FOG measurement in

wastewater has implications for anaerobic digestion, where co-digestion of FOG wastes is
becoming more popular due to cited increased biogas production (York and Magner, 2009).
A greater understanding of this method appropriateness for food preparation wastes
will require the following questions to be addressed:
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•

What role does FOG type have on the performance of Method 1664?

•

What role do common background food products have on the precision and
recovery of FOG material?

•

If problems exist in Method 1664, can they be attributed to the use of the
solvent n-hexane or procedures within the method?

1.2.1 FOG Measurement Hypotheses
Measurement of FOG material through n-hexane extraction is not suitable for the
measurement of food service establishment wastes due to the diversity of FOG materials and
the presence of substantial quantities of background chemical constituents that will either
inflate the measured oil and grease values or result in interference during hexane extraction.
Figure 1.1 depicts two hypothetical scenarios for performance of currently used FOG
measurement procedures.

On the left, FOG material (A) exists as a subset of hexane

extractable material. In this case, the value of HEM measured would encompass FOG but
non exclusive to FOG. The figure on the right, (B), displays what may occur if HEM did not
capture all FOG material. Though not to scale, Figure 1.1 (A), would indicate an overmeasurement of FOG while the Figure 1.1 (B) would be an under prediction.
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Hexane Extractable
Material

Hexane Extractable
Material

Background
Constituents

Background
Constituents

(A)
(B)

Figure 1.2 – Two hypothesized scenarios for poor performance of Method 1664

Proposed Research:
The following tasks have been proposed to test the hypothesis statement :
Task 1 – Investigate the recovery of the standard used for Method 1664 assessment of
precision and recovery and compare with free fatty acids common to pipe blockages.
Method 1664 has a prescribed precision and recovery standard composed of stearic
acid and hexadecane.

Recent research has indicated that FOG deposit formations are

primarily composed of palmitic acid as the primary saturated fatty acid and oleic acid as the
primary unsaturated fatty acid (Keener et al. 2008). In addition, as most food based FOG are
composed of substantial quantities of these fatty acids, Method 1664’s ability to recover
these compounds is vital for the usefulness of this method as a tool to measure FOG deposit
formation precursor chemicals.
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Task 2 – Determine the recovery and precision of hexane extraction of different food-based
FOG types from water by investigating FOG of varying saturation and fatty acid distribution
No research has been performed to evaluate hexane extraction of varying FOG
compositions from water. FOG is diverse, with a wide range of saturations and chain lengths
(AOCS, 2006). It is necessary to observe if variations in these characteristics result in
performance changes in hexane extraction.
Task 3 – Investigate performance of hexane extraction of FOG from water with synthetic
food waste background matrix
Presently no validation has been performed to investigate the feasibility of hexane
extractions under conditions common in food preparation wastes. Food preparation wastes
often contain high organic loading (Chu and Hsu, 1999) and significant variability (Lesikar et
al., 2006). Therefore, the examination of hexane extraction for a synthetic food background
matrix is crucial to determine if interferences or false positives occur during the
determination of oil and grease concentrations.
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2. REVIEW OF LITERATURE
2.1 Fat, Oil and Grease (FOG)
From a pollutant classification standpoint FOG refers to petroleum, animal, and plant
based fats and oils. Though sources, uses, and detrimental effects are disparate, the oils
derived from petroleum and food-based sources are still frequently grouped as pollutants.
This pollutant classification was derived from a tradition of referring to liquids immiscible in
water as oils.
Early research in the measurement strategies for oil in “oily waste water” may have
started this trend.

Kirschman and Pomeroy (1949) describe “oil” as “the relatively

nonvolatile liquid component that contributes to the formation of oil films and deposits.” The
authors then go on to state that oily waste is best characterized by the non-saponifiable
hexane-soluble fraction of a waste stream. Consequently, methods to quantify FOG typically
specify “hexane extractable material” (HEM) as the actual recovered constituent (EPA,
1999).
The aim of this research is to address the measurement and treatment of FOG released
primarily from food service establishments (FSEs) and domestic uses. It is believed that
these releases may lead to food-based pipe blockages that diminish the capacity of sanitary
sewer lines and therefore may lead to sanitary sewer overflows (SSOs). Therefore, in the
present research, FOG refers to the “edible oils” derived from plant or animal origin. This
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classification would therefore indicate that triglycerides may be a better characterization of
the subject of this work.
Triglycerides are formed through esterfication when three OH groups of glycerol are
linked with fatty acids (Figure 2.1)

Figure 2.1 – Formation of Triglyceride

In Figure 2.1, the Rn terms represent fatty acids. When the triglyceride is comprised
of three of the same fatty acids it is referred to as a simple triglyceride. Otherwise it is
denoted as a mixed triglyceride.

Most FOG iiss comprised of a variety of triglyceride

molecules allowing for an assortment of fatty acids or varying chain lengths and saturation
levels (Bruice, 1995).
2.1.1 Fatty Acids
Fatty acids are carboxylic acids with long hydrocarbon side chains. Fatty acids are
generally characterized by chain length, saturation, and configuration. Short chain fatty acids
(SCFA) refer to fatty acids with less than 22-6
6 carbons. Medium chain fatty acids (MCFA)
refers to fatty acids with 8- 10 carbons while long chain fatty acids
cids (LCFA) refers to those
fatty acids with 12-24
24 carbons. The vast majority of fatty acids are of even chain length and
un-branched
branched since fatty acids are synthesized by a two carbon compound (acetate).
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Exceptions include fatty acids found in bacteria or lower plants or animals (Leray (2009),
Bruice (1995)).
Whether a fatty acid is saturation or unsaturated (and the degree to which it’s
unsaturated) refers to the number of double-bonds. Fatty acid chains that feature no double
bonds are referred to as saturated fatty acids.

Those with one double-bond are called

monounsaturated, while fatty acids featuring more than one double-bond are referred to as
polyunsaturated. Unsaturated fatty acids primarily take the cis configuration where two
identical groups are on the same side of the double bond (as opposed to the trans
configuration where they are on opposing sides).
The degree of unsaturation and the chain length play an important role in the
properties of the fatty acids.

For example, melting points of fatty acids increase with

increasing molecular weight while unsaturated fatty acids have a significantly lower boiling
point due to the decreased molecular actions resulting from the molecular bend of the double
bond. (Bruice, 1995). Table 2.1 lists several common fatty acids found in plant and animal
fats.
Table 2.2 is a summary table taken from Stauffer (1996) that describes the primary
saturated, unsaturated, and poly unsaturated fatty acids of common food fats and oils. In
Table 2.2, all of the fats and oils display palmitic as their primary saturated fat and oleic as
their primary mono-unsaturated fat.

Variation in saturated fat content is, however,

substantial ranging from 7.3% saturated fat in Canola oil to 49.4% saturated fat in Palm oil.

12

This difference in composition may imply measurement differences when considering the
determination of food-based FOG material in wastewater.
Table 2.1 – Common Fatty Acids in Plant and Animal FOG

Fatty Acids

Formula

Saturated
Lauric Acid
Myristic Acid
Palmitic Acid
Stearic Acid
Arachidic Acid

(Carbons:Double Bonds)
12:0
14:0
16:0
18:0
20:0

Unsaturated
Palmitoleic Acid
Oleic Acid
Linoleic Acid
Linolenic Acid
Arachidonic Acid

16:1
18:1
18:2
18:3
20:4

Table 2.2 – Summary Table of saturated, unsaturated and polyunsaturated fats for various lipids
(Stauffer, 1996)
Lipid
Type

Saturated
Fat (%)

Primary
Saturated
Fat

Unsaturated
Fat (%)

Primary
Unsaturated
Fat
(%)

Polyunsaturated
Fat (%)

Primary
Polyunsaturated
Fat
(%)

Cooking Oils
Canola

7.3

Palmitic

62.9

Oleic

30.5

Linoleic

Corn

13.6

Palmitic

25.6

Oleic

60.8

Linoleic

Olive

12.1

Palmitic

80.9

Oleic

7.0

Linoleic

Palm

49.4

Palmitic

39.5

Oleic

11.1

Linoleic

Peanut

19.4

Palmitic

48.5

Oleic

32.0

Linoleic

Soybean

15.4

Palmitic

23.3

Oleic

61.3

Linoleic

Animal Fats
Chicken Fat

33

Palmitic

45.2

Oleic

21.4

Linoleic

Lard (pig)

41.8

Palmitic

47.9

Oleic

9.9

Linoleic

Tallow (beef)

47.9

Palmitic

47.4

Oleic

3.3

Linoleic
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2.1.2 FOG and Free Fatty Acids
Fatty acids are freed from glycerol through the process of hydrolysis. Hydrolysis is a
reaction with water in which a molecule is cleaved into two parts with the addition of the
hydrogen cation and the hydroxide anion. The well known application of hydrolysis with
triglycerides involves the production of soaps (saponification) (Bruice (1995)). Using an
aqueous base (commonly sodium hydroxide (NaOH) or potassium hydroxide (KOH)) as a
catalyst, glycerol and fatty acid salts (soap) are produced. Triglycerides may also be
hydrolyzed through an acid catalyst, microbial decomposition with the enzyme lipase, or
through thermal hydrolysis. It is it is suspected that the thermal hydrolysis of triglcerides
may not substantially change the structure of the FOG material during the typical usage
period of cooking oil (Tyagi and Vasishtha, 1996).
As FOG is commonly grouped as triglycerides and free fatty acids (FFAs) special
classifications of FOG wastes arise. The following convention has been commonly used to
describe the proportion of FFAs in FOG waste (Partenen and Allen, 2008):
•

Virgin/Neat/Refined – Less that 1.5% FFAs

•

High Quality Yellow Grease – Less than 5% FFAs

•

Low Quality Yellow Grease – ~5-20% FFAs

•

Brown Grease - ~20%-100% FFAs

These classifications are commonly used in considering FOG waste as an energy
source (e.g. biodiesel). However, the characterization is interesting because it indicates
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something regarding the state of waste grease in GADs. At present, it’s been stated that
“waste grease” or “grease trap” waste is characterized as brown grease. This implies a
substantial fraction of the triglycerides have been hydrolyzed. Currently, it is unknown
which hydrolysis mechanism dominates in liberation of FFAs in GADs.
2.2 Food Service Establishment Waste
2.2.1 Brief Overview of Food Waste Composition
The composition of food service waste streams will vary substantially between FSEs.
At present, all of the research characterizing FSE wastes streams have utilized bulk
contaminant characterizations such as chemical oxygen demand (COD), biochemical oxygen
demand (BOD), total suspended solids (TSS), and FOG (Stoll and Gupta (1997), Chu and
Hsu (1999), Lesikar et al. (2006), Garza et al. (2005)).
Food material may be broken into three macro-categories: lipids (i.e. FOG),
carbohydrates, and proteins. As the characteristics of FOG were discussed in greater detail
previously, the following discussion will focus on carbohydrates and proteins in food.
Naturally each of the groups has an enormous number of sub-sections. The aim of this
review is to provide a basic characterization of these materials and attempt to pinpoint ways
in which they may influence the measurement of FOG in wastewaters.
Carbohydrates
In layman’s terms, carbohydrates are thought of as sugars and starches in foods
(typically those that generate calories and fat). This definition is over simplified as there are
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many characterizations of carbohydrates.

One common characterization is to divide

carbohydrates into simple and complex carbohydrates (referring to their chemical
composition and chain-length). Simple carbohydrates are often associated with sweetening
agents such as fructose, glucose, maltose or lactose (monosaccharides). Dissacharides (or
oligosaccharides) of these simple sugars form known sweetening agents such as table sugar
(glucose and fructose) and corn syrup (glucose and maltose).

The more complex

carbohydrates include starches, dextrins, pectins, cellulose and others and are referred to as
polysaccharides.

Table 2.3 provides a summary of some common foods and their

carbohydrate composition (Hodge and Osman, 1976).
The interaction of water with the complex polysaccharides may interact with FOG
material or the solvent being used to extract FOG.

In their interaction with water,

polysaccharides sometimes form crystalloid regions known as “micelles” (Hodge and
Osman, 1976).

These regions are hydrophobic and if enough of them are formed the

micelles link and form a gel, entrapping quantities of water. One of the two key components
of starch, amylose, has been shown to form complexes with simple lipids (monoglycerides)
(Hodge and Osman, 1976). These complexations commonly occur in baking and food
preservation. However, the implications of such interactions are not clear for the use of
methods to measure FOG concentration. If such a complexation or the gel formation occur
in a FOG laden wastewater sample from an FSE, it is not clear if it will interfere with the
extraction of FOG material. It would be expected that some form of carbohydrates would be
present in a FSE waste stream. Carbohydrates may come in the form of simple sugars found
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in beverages and deserts or the more complex starches present in flours and starchy foods.
Analysis of a synthetic waste with representative material is necessary to better establish if
these formations will be problematic for FOG measurement.
Proteins
Proteins are complex molecules that play some of the most vital functions in life.
Assessing the effect of proteins on FOG measurement is challenging for two reasons: 1) The
complexity of protein molecules makes it difficult in addressing all the potential variables
and 2) No published research has cited the protein composition in FSE waste waters.
It is known that proteins interact with lipids. Conjugated proteins are compounds that
exist in combination with lipids, carbohydrates, nucleic acids, metal ions, or phosphate.
These conjugated proteins, although different from one another, share a common
characteristic: the proteins are stabilized by combining with their prosthetic group
(Anglemier and Montgomery, 1976). Common lipoproteins include the proteins found in
blood serum and egg yolk (lipovitellins and lipovitellenin).
One only has to look to the milk protein β- lactoglobulin as an example of the
complexity of protein interaction with lipids. Investigation of this dairy protein has indicated
a very complex relationship with fatty acids. The exact function of the protein is still
unknown, but it appears that it has an affinity to forming complexes with fatty acids. It has
been hypothesized that the inteaction may be a transport function, a mechanism for fatty acid
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uptake, or that the protein may potentially play another function (Sawyer and Kontopidis,
2000).
From a FOG extraction perspective, early research into FOG measurement in
wastewater noted the potential problem of extracting proteins in conjunction with FOG
material (Pomeroy and Wakeman, 1941). Due to these noted potential effects on FOG
recovery, it is important to investigate the role of proteins in wastewater as proteins are
certainly used during food preparation and will likely end up in some quantity in the waste
stream.

18

Table 2.3 – Approximate Carbohydrate Composition for Various Food Types (Hodge and Osman, 1976)
Cereal Grains,
whole
Corn

Wheat

(%)

(%)

D-Fructose

0.1-0.4

0.1

D-Fructose

0.2-0.5

<0.1

Legumes, mature, dry
Navy
Beans
Soybeans
Peanuts
(%)

Fruits, Edible Portion

Vegetables
White
Potatoes
Tomatoes

Apples

Oranges

Prunes

(%)

(%)

(%)

(%)

(%)

Trace

5

1.5

30

0.1

1.6

Trace

2

2.5

15

0.1

1.2

(%)

(%)

Monosaccharides

Reducing Sugars

0-2

0.2

8

5

47

1 (var.)

3.4

4.0-5.0

3

6.6

2

Var.

<1

0.6

0.7

75

Oligosaccharides
Sucrose

1.0-2.0

1

3

5.0-7.0

Raffinos

0.1-0.3

0.3

0.8

1.0-2.0

2.5

3.0-5.0

Stachyose
Other

1.0-2.0

3.8

59-61

35-40

0-2.0

4

6.0-7.0

4

1.0-3.0

3

Polysaccharides
Starch

64-78

Dextrins

0.6

Pectin

1.3

0.9

0.3

2

0.3

0.3

0.4

0.2

Pentosans

6

5.0-6.0

8

4.0-5.0

Hemicelluloses

6.0-6.0

6

6.0-7.0

5.0-7.0

4

0.7

0.3

10.7

Celluloses

1

2

3

2.0-3.0

2.0-3.0

0.4

0.3

2.8
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2.2.2 Characterization of FSE Waste Streams
The characterization of FSE waste streams in the literature is somewhat sparse
particularly as it pertains to the management of FOG discharges. Stoll and Gupta (1997)
investigated waste loading from kitchens in order to develop BMP’s and treat FOG. Samples
were collected upstream of the grease abatement device at five different FSEs in Thailand.
Their research investigated pH, FOG concentration, COD, BOD5, total suspended solids,
volatile suspended solids, and water consumption (Table 2.4).

Stoll and Gupta, where

possible, differentiated between cooking discharges and cleaning discharges as well.
Stoll and Gupta provided no detailed characterization of the sampling times and
detailed waste characterization as the aim of their research was the development of
management strategies . In addition, Stoll and Gupta did not provide any specific details on
where the samples for FOG concentration was collected. In their study, samples ranged from
a minimum mean value of 730 mg/L to a maximum mean value over 1100 mg/L. In
addition, Stoll and Gupta utilized the Soxhlet method for the determination of oil and grease.
This method, which is also a gravimetric procedure, involves the continuous percolation of a
solvent into a sample over an extended period of time. However, as it is a solvent extraction
method, the results yielded from this procedure are solvent dependent. Stoll and Gupta did
not specify their solvent or the exact procedure they utilized for their analysis. Consequently,
it cannot be determined whether the values reported for oil and grease are accurate or
comparable to other studies.
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,
Table 2.4–Results from Thai Restaurants from Stoll and Gupta (1997)

Chu and Hsu (1999) performed an analysis of kitchen waste from Chinese fast food
restaurants to investigate pollution loading. Chu and Hsu specifically measured FOG and
COD discharges from kitchen operations (Table 2.5). The values reported are highly variable
and in some cases greater than 10x higher than values measured by Stoll and Gupta (1997).
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Unfortunately, their procedure made no mention of the method used to measure oil and
grease. As with Stoll and Gupta (1997), the magnitude of the FOG reported will entirely
depend on the solvent and procedure utilized for analysis (see Discussion of FOG
measurement later in this chapter).

Table 2.5 – Waste Sources and Loading from Chinese Fast Food Restaurants (Chu and Hsu, 1999)
Quantity

Activity

Sampling

Oil/Grease
Range

COD Range

Food Processing
Activities

of Activities

Definition

Frequency

(mg/L)

(mg/L)

Pot and pan washing

36

Number

A

117-19850

873-67853

Dish washing
Meat soaking for
defrosting*

2433

Number

A

365-6827

4695-25304

106.3

Meat weight, kg

B

11-161

71-2875

8

Number

A

530-15340

4118-25720

41.31

Floor Area, m^2

C

2478-8641

13320-24142

Wok washing
Floor washing in
kitchen
Pre-boiled broth
Leftovers of soup and
bevereges
(tea coffee, soft
drinks)

22

Food weight, kg

1 grab

23579

63448

1913

Number of cups

C

136-940

13961-56553

Rice washing

25

Mass of rice, kg

1 grab

89

2716

Food cooling

22

Mass of food, kg

2 grabs

229

608

* The meat includes porl, spring chicken, chicken wings, and beef
* Samplling frequency: A = breakfast x 1, lunch x 1, tea time x 1, dinner x 1; B = pork x 1, spring chicken x 1,
chicken
wings x1, beef x 1, C = mixture of four operation sections: breakfast, lunch, tea time, and dinner
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The research performed by others did not mention explicitly if Method 1664 was ever
used for the determination of FOG concentration. . In fact, it appears that the only peer
reviewed work that utilized Method 1664 for the assessment of FSE waste streams was
performed by Lesikar et al. (2006). Lesikar et al. attempted to develop a better predictor for
kitchen wastewater characteristics. Their study investigated 28 restaurants in the Texas area,
taking effluent samples downstream of the GADs. Samples were collected immediately
following the service of meals. BOD5, FOG, and TSS concentrations were reported for each
sample (Table 2.6). In Table 2.6, Lesikar described the trimmed data as data which removed
samples whose probability of occurrence was 1 in 10,000 (Lesikar et al., 2007).
In the work by Lesikar and co-workers, the average measured FOG concentration was
123 mg/L with a standard deviation of 107 mg/L. The average TSS concentration was 358
mg/L. Two notable observations can be made regarding the FOG analysis in Lesikar et al.
First, the measured FOG and TSS concentrations were substantially less than those measured
by either Stoll and Gupta (1997) or Chu and Hsu (1999). Second, the high standard deviation
suggests a major variation in sample concentrations. The lower concentrations measured by
Lesikar et al. may be a result of the 1) Differences in kitchen practice between Asian and
western cuisine 2) Dilution due to the sample collection in the sewer main, or 3) The samples
collected by Lesikar were taken after the GAD, thereby removing some of the influent FOG
through gravity separation.
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Stoll and Gupta (1997) assumed an 80% FOG removal efficiency for grease
abatement technology in their discussion of FOG management strategies.

Using their

assumption, then their minimum and maximum FOG concentrations would correspond to
values of 146 and 238 mg/L, respectively. These values are comparable to the mean values
measured by Lesikar et al (123 mg/L).
Other work by Garza (2005), a graduate researcher with Lesikar, features some
discussion of trends observed in waste strength and kitchen practices (Garza, 2005). In his
study, Garza notes that the waste strength was dependent on a few discernable factors: 1) # of
seats, 2) use of self serve salad bars, and 3) the primary cuisine type. Interestingly, factors
(2) and (3) indicate variation in FOG type. In the case of self serve salad bars, the FOG
material has not undergone degradation associated with cooking. Cooking changes the
characteristics of the oil (Tyagi and Vasishtha, 1996). It is currently unknown whether these
changes will affect the performance of Method 1664. Both factors 2 and 3 also imply the
possible use of varying oil types. It is also currently unknown whether variation in FOG type
will change the performance of Method 1664. Research must be performed on both of these
subjects before determining more detrimental FSE practices.
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Table 2.6 – Summary Table of Results Collected from 28 Texas Restaurants (Lesikar et al., 2006)
Wastewater
Parameter
BOD5 (mg/L)

Statistical Parameter
n
Mean
Geometric Mean
Standard Deviation
Geometric Mean +
1 Standard Deviation

Raw
Trimmed
Data
Data
304
284
1584
1050
932
833
2902
690
3834
1523

TSS (mg/L)

n
Mean
Geometric Mean
Standard Deviation
Geometric Mean +
1 Standard Deviation

332
1030
257
7113
7370

312
358
234
430
664

FOG (mg/L)

n
Mean
Geometric Mean
Standard Deviation
Geometric Mean +
1 Standard Deviation

331
4520
108
51400
51508

311
123
90
107
197

Flow (L/day-seat) n
Mean
Geometric Mean
Standard Deviation
Geometric Mean +
1 Standard Deviation

336
68
57
42
99

335
68
57
39
96
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2.2.3 FOG in Wastewater
FOG Content and FOG Deposits
Little is known regarding the formation of FOG deposits.

Recent research has

determined the chemical and physical content of FOG deposits (Keener et al., 2008). In
Keener et al., 27 deposits from around the United States were characterized. Observation of
these deposits included analysis of metals and fatty acid composition. Results indicated that
a majority of the samples (84%) were composed of greater than 50% lipid content by mass
with palmitic acid being the primary fatty acid (Table 2.7). 85% of the samples contained
calcium as the primary metal. In an examination of the expected background levels of both
the calcium in wastewater and fatty acid composition of cooking oils (Table 2.2), it was
noted that the fractions reported in FOG deposits exceeded background levels. Due to the
preferential accumulation of saturated fats and calcium in deposits, the authors surmised that
a chemical process drove the formation of FOG deposits. Specifically, it was hypothesized
that deposit formation was a saponification reaction with calcium.
Currently the primary method used to measure the FOG content of wastewater (EPA
Method 1664) utilizes a standard of n-hexadecane and stearic acid. As no work has been
performed to investigate the recovery of various fatty acids in water, it is unclear how the
Method 1664 standard materials would compare with the material shown to accumulate in
the collection system.
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Table 2.7 – Table Summarizing Fatty Acid Analysis of FOG Deposits (Keener et al., 2008)
Sample #

1
2
3
4
5
6
7
8
9
10
11
12
13
14
15
16
17b
18
19

Moisture
Content
(% )

Total Fat
(% )

Saturated
Fat
(%)

Primary
Saturated Fat

Unsaturated
Fat
(%)

Primary
Unsaturated
Fat

10.12
70.74
52.51
49.98
32.32
41.19
N.R.
44.8
32.6
58.8
55.6
42.2
57.5
62.1
61.1
56.7
16.7
5.78
64.3

N.R.
N.R.
N.R.
N.R.
N.R.
N.R.
N.R.
68.12
100.00
97.57
84.23
74.22
39.29
81.79
120.31
87.30
94.48
51.05
112.04

40.184
87.074
58.362
69.973
73.204
80.423
N.R.
69.7
44.6
87.8
89.5
56.9
20.9
83.1
87.6
10.9
15.2
86.8
77.10

Palmitic
Palmitic
Palmitic
Palmitic
Palmitic
Palmitic
N.R.
Palmitic
Palmitic
Palmitic
Palmitic
Palmitic
Stearic
Palmitic
Palmitic
Palmitic
Palmitic
Palmitic
Palmitic

38.352
8.326
27.928
21.261
18.73
14.581
N.R.
N.R.
43.8
9.1
7.25
26.2
8.95
10.2
10.23
10.3
70.4
6.75
14.30

Oleic
Oleic
Oleic
Oleic
Oleic
Oleic
N.R.
Oleic (cis)
Oleic (cis)
Oleic (trans)
Oleic (cis)
Oleic (cis)
Oleic (cis)
Oleic (cis)
Oleic (cis)
Oleic (trans)
Oleic (cis)
Oleic (trans)
Oleic (trans)

Table 2.7 Continued
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Polyunsaturate
d
Fat
(%)
18.711
1.131
8.317
4.344
4.206
1.681
N.R.
N.R.
8.94
0.97
0.51
4.95
2.26
1.12
0.62
0.64
12.9
0.61
1.24

Primary
Polyunsaturated Fat
N.R.
N.R.
N.R.
N.R.
N.R.
N.R.
N.R.
Linoleic (cis)
Linoleic (trans)
Linoleic (trans)
Linoleic (cis)
Linoleic (cis)
Linoleic (cis)
Linoleic (cis)
Linoleic (cis)
Linoleic (trans)
Linoleic (cis)
Linoleic (cis)
Linoleic (cis)

20
21
22
23
24
25
26
27
Avg&SD

71.0
58.9
34.9
71.7
86.0
86.5
71.3
36.4

155.86
51.34
98.62
93.99
44.50
240.74c
N.R.
0.0c

77.1
78.8
33.1
67.1
82.4
57.5
37.8
N.R.

Palmitic
Palmitic
Palmitic
Palmitic
Palmitic
Palmitic
Palmitic
---------

16.9
17.1
54.8
15.1
11.8
36.2
32.2
N.R

Oleic (trans)
Oleic (cis)
Oleic (cis)
Oleic (cis)
Oleic (cis)
Oleic (trans)
Oleic (cis)
------------

1.76
1.88
6.48
2.05
1.7
2.21
28.2
N.R.

53.9±21.0

85.5 ±29.8

61.3±26.5

---

22.3±18.3

---

4.39±6.82

Linoleic (trans)
Linoleic (cis)
Linoleic (cis)
Linoleic (cis)
Linolenic (gamma)
Linoleic (cis)
Linoleic (cis)
-----------------b

Total fat content calculated from sample moisture content and FOG measured in separate sample using EPA 9071A., Sample came from location
downstream from illegal dumping (food oil tanker rinse station).c Value determined to be outlier. Data not included in average calculation
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2.3 Measurement of FOG in Water
This section provides a summary of part of the research to develop methods for the
measurement of FOG in wastewater. In discussing FOG measurement, emphasis will be
placed on method validation. As will be seen in the following discussion, the existing
literature on FOG measurement indicates several concerns regarding method shortcomings,
measurement interference, and solvent inadequacies. Though these concerns have been
investigated in greater detail for petroleum-based FOG, no emphasis has been placed on the
link between food service waste streams and deposit forming material.
There are presently three popular approaches to measuring FOG concentration in
water.
1. Liquid-Liquid Extraction (LLE) of FOG
2. Solid Phase Extraction (SPE) of FOG
3. The Infrared Determination of FOG Content
Due to the prevalence of LLE in the United States (Method 1664, Standard Methods
5520B) the bulk of this review will focus on LLE approaches. SPE and Infrared methods are
touched on briefly at the end of this section.
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2.3.1 Early Quantification of FOG from Wastewater
LLE works on the principle of solubility. In the case of FOG (non-polar) and water
(polar), a solvent must be chosen in which FOG is soluble (i.e. a non-polar solvent) and that
is immiscible in water. A FOG soluble and immiscible solvent allows for the separation of
the solvent and extracted layer (organic layer) from the water for distillation.
Pomeroy and Wakeman (1941), in a paper that appears to have set the groundwork
for the current procedures for FOG measurement in wastewater investigated challenges
associated with FOG assessment. In circa 1940, , FOG was measured in wastewater by
evaporation of the water in the sample and the subsequent solvent rinsing of the material
remaining after water evaporation.

Pomeroy and Wakeman listed several challenges

associated with this approach including:
1. Volatilization of FOG when sample was dried
o Volatilization of “FOG Matter” that occurred during the evaporation
of the sample water
2. Reversion of Fatty Acids to insoluble soaps
o Pomeroy and Wakeman described insoluble soaps as an important
characteristic to the “greasiness” of a sample and therefore aimed to
include the liberated free-fatty acids from those soaps by the addition
of hydrochloric acid as follows:
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Ca(RCOO)2 + 2HCl CaCl2 + 2RCOOH

The authors note that in drying of the sample, this process is reversed
and the insoluble soaps are formed again.
3. Production of ether soluble matter
o Pomeroy and Wakeman are referring to constituents that would not
impart “greasy” characteristics on the wastewater but contain free fatty
acids in them.

The example the authors provide include many

carbohydrates, proteins, and complex lipids (such as phospholipids).
During the heated evaporation of the sample water, the authors state
that free fatty acids may be liberated and therefore, inflate the FOG
measurement.
4. Insolubilizing of oils by oxidation and polymerization
o In the drying process, and in the presence of air, the authors state that
oxidation of oil may result in it transforming into a form that cannot be
recovered in the solvent rinse phase. The authors demonstrated the
oxidation by placing FOG samples in an oven at 105 C for 24 hours.
Initially, the samples were completely hexane soluble. Following the
time in the oven, the FOG solubility in hexane reduced to
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approximately 36.77% for Fish Oil and 83.67% for grease from
digested sludge.
5. Extraction of non-greases
o Pomeroy and Wakeman noted that wastewater samples completely
evaporated show trace quantities of inorganic salts (ash) after the
grease waste is volatilized. It was also noted that due to the presence
of inorganic material after solvent rinsing, it is likely that considerable
amounts of organic non-grease matter also exist.

Water-soluble

organic acids, amino acids (from the hydrolysis of protein), amine
salts, sugars, gums, resins, rubber, hydrocarbons of the naphthalene
type, solid chlorinated hydrocarbons, and sulfur were listed as possible
extractable material.

Pomeroy and Wakeman go on to cite other

research that has indicated 0.25-0.3% protein in the grease samples
(indicating presence of protein), and errors reported from other
researchers due to non-grease extractables.
6. Variation of results with various solvents
o It was noted that results for the “greasy” content of waste will differ
depending on the solvent being used. The authors mention that in their
analysis extraction with chloroform yielded, on average, 75% higher
recovered grease than petroleum ethers.
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Pomeroy and Wakeman proposed a liquid-liquid extraction of grease from
wastewater using procedures not-unlike what are presently used to assess FOG content in
wastewaters (EPA Method 1664 and Standard Methods 5520D). Pomeroy and Wakemen
specified an effective sample sizes between 800 – 2000 mL for grease masses between 50
and 500 mg though they state that greater volumes and masses can be considered if the
equipment was available. Specific suggestions made by Pomeroy and Wakeman (1941) that
appear to be precursors of current methods include:
1. Shaking of sample and solvent for 2 minutes in separatory funnel
2. Using 3 sequential extractions
3. Distillation of the organic layer/FOG in water bath
Though similar in many ways to current methodology for oil and grease
measurement, a major difference includes the distillation and drying temperature proposed by
Wakeman and Pomeroy. Wakeman and Pomeroy proposed that distillation and the postdistillation drying should take place at 100 °C for while current procedures suggest
distillation and drying at 70°C.
Table 2.8 indicates results from a demonstrated series extraction of a sewage waste
with hexane.

In Table 2.8, the values represent a percentage of the total grease mass

recovered. .
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Table 2.8 – Sequential Hexane Extraction Data from Pomeroy and Wakeman (1941)

Extraction No.
1
2
3
4

Grease Recovered
(mg)
36.8
7
0.8
0

% Total
Recovery
(%)
82.5
98.2
100
100

Table 2.9 and Figure 2.2 display the variation obtained by the analysis of several
sewage samples using Pomeroy and Wakeman (1941) approach. Figure 2.2 indicates that
greater variation in results was observed as concentrations decreased. The increased percent
difference with lower concentrations may indicate consistent loss of sample perhaps in
adhesion of the FOG to glassware or in the volatilization of sample. As the actual quantity of
FOG was unknown during testing, it was impossible to assess adhesion or volatilization.

Table 2.9 – Results from Liquid-Liquid Extraction by Pomeroy and Wakeman (1941) for hexane
extraction of grease from wastewater samples

Waste
Material
Sewage
Sewage
Sewage
Raw Sewage
Raw Sewage
Raw Sewage
Digested Sludge
Digested Sludge

Average
Content
(ppm)
31
130
71
16070
14165
18045
8535
4440

Avg. Difference from Mean
(ppm)
0.91
3.5
2.4
306
55
105
115
40
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% Difference
(%)
2.9
2.7
3.4
1.9
0.39
0.58
1.3
0.9

% of Average Difference from Mean

4
3.5
3
2.5
2
1.5
1
0.5
0
1

10

100

1000

10000

100000

Measured Grease Concentration (ppm)

Figure 2.2 – Grease Concentration vs. % of Average Difference from Mean from Pomeroy and Wakeman
(1941) for Hexane Recovery Performance for Wastewater Samples

Alternative solvents were also investigated for their newly outlined grease
determination method (ethyl ether, isopropyl ether, chloroform, and benzene) and found to
extract significantly more content than hexane (Pomeroy and Wakeman, 1941).
In conclusion, Pomeroy and Wakeman stated that their approach improved the
measurement of FOG from wastewater by reducing errors from: volatilization of oil (relative
to previously used methods), liberation of fats by hydrolysis of phospholipids, resaponification of fatty acids from insoluble soaps, the in-solubilizing of grease by oxidation,
and the extraction of non-grease.
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The guidelines developed by Pomeroy and Wakeman (1941) clearly outline the basis
for the procedures that were used in subsequent years. The work of Pomeroy and Wakeman
has subsequently gone through further revisions in an effort to further reduce variability. The
variability later reported (as seen in the discussion of EPA Method 1664) suggests an
inability of Pomeroy and Wakeman (1941) to discern some of the inconsistency inherent in
their method. Errors may also have been in part, be due to the equipment precision during
the time of their research.

2.3.2 Current Quantification of FOG from Wastewater
The methods presently used for the measurement of FOG in wastewater are not
substantially different from the procedures outlined previously. More recent variations of the
previously specified liquid-liquid extraction (LLE) include the use of a solid phase extraction
(SPE) and the infrared determination of FOG concentration. SPE utilizes specially designed
filters where non-polar material adheres to the surface and is subsequently extracted.
Infrared methods utilize the changes in IR light absorbance that occur as a function of FOG
concentration in a solvent.
Currently, regulated methods place emphasis on the Liquid-Liquid Extraction (LLE)
of FOG, though both SPE and IR Methods are gaining popularity. US EPA Method 1664 is
one of the most ubiquitous procedures used in the United States to determine FOG in
wastewater. Another popular LLE method is Standard Methods 5520B. From a procedural
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standpoint, Method 1664 and Standard Methods 5520B are almost identical. Unlike Method
1664, however, Method 5520D uses an n-hexane/MTBE mixture (80/20 respectively) as a
solvent. In addition, EPA 1664 features a rigorous QA/QC protocol to help ensure the
continued success of the method. These procedures are not included in 5520D.
As specified in Chapter 1, U.S. Clean Water Act lists FOG as a conventional
pollutant (i.e. a constituent that should be removable in conventional treatment processes)
and the EPA has charged pretreatment officials with the removal of contaminants that may
hinder the function of collection systems (of which FOG is included) (40 CFR 403.1, ). The
review of literature below summarizes the available information on the development and use
of Method 1664.

Pre EPA Method 1664 (EPA Method 413.1)
Prior to EPA Method 1664, Freon-113 was utilized as the solvent (Method 413.1).
Freon-113 has been described as a better solvent for many reasons (Smith, 1999):
1. Freon-113 is denser than water and therefore easier to extract from the
separatory funnel
2. Freon-113 is non-flammable and therefore doesn’t pose the explosion risk of
n-hexane
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3. Freon-113 boils at 47.7 °C vs. 69 °C for n-hexane and therefore results in less
volatilization of volatile sample components
4. The emulsions with Freon-113 were much easier to break compared to nhexane emulsions which often have air froth.
5. As it is slightly less polar, Freon-113 extracts food-based FOG material better
than n-hexane
Unfortunately, Freon-113 poses risk to the ozone layer and was added to the list of
chemicals that were phased out in the United States with the passing of the Clean Air Act
Amendments of 1990 and with the United States being a party to the Montreal Protocol on
Substances that Deplete the Ozone Layer. The EPA, in an effort to conform to these
guidelines, proposed to replace methods using such chemicals (Telliard, 1992).
Consequently, the EPA began the process of finding an alternative solvent to replace Freon113.
In documentation outlining the status of the solvent replacement studies (Telliard,
1992), the main objectives of the study were to find a solvent/extraction system that gave
results equivalent to Freon-113 and to validate the solvent with several effluent and sludge
samples.
Five solvents were investigated in the replacement study:
•

Methyl tertiary butyl ether (MTBE) and n-hexane in an 80/20 mixture
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•

n-Hexane

•

Dupont-123 ®, a hydrochlorofluorocarbon alternative to CFCs

•

Methylene chloride (dichloromethane)

•

Perchlorethylene

Due to diverse nature of waste streams, the study proposed locations for
environmental samples (including 12 wastewater effluents). The wastewater and solid waste
sources are listed in Table 2.10.
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Table 2.10 – List of Sample Sources from Freon Replacement Method Study (Telliard, 1992)

Industrial
Category
POTW

Possible location
Region 2
Oil Refinery, Reg.
3

Wastewater Stream
Final Effluent
API Separator
Effluent

Solid Waste
Municipal Sewage Sludge

Organic Chemicals

Polymer Plant,
Reg 2

Final Effluent

Polyoxyalkaline Sludge

Timber Products

Wood Preserving
Plant, Reg. 3

Oil/Water Separator
Effluent

Sludge from Creostote
Operation

Iron and Steel

Coke Plant, Reg. 3

Oil/Water Separator
Effluent

Sludge from Coking Operation

DAF Effluent

Used Drilling Mud

Bleach Plant Filtrate

Dewatered Sludge
Rendering/Cooking Waste
(Chicken Fat)

Petroleum Refining

Oil and Gas
Pulp and Paper
Meat Packing
Meat Packing
Leather Tanning
Misc. Foods
Coil Coating

Coastal Production
Facility, Reg. 6
Paper Mill, Reg. 3
Rendering Plant,
Reg. 7
Slaughter House,
Reg. 7
Tannery, Reg. 1
Margarine Plant,
Reg. 5
Can
Manufacturing
Plant, Reg 3.

Final Effluent

API Separator Sludge

Final Effluent

Slaughter House Sludge

Primary Effluent

Tannery Sludge

Primary Effluent

Vegetable Oil Waste

Oil/Water Separator
Effluent

Oil/Water Separator Sludge
Filter Cartridge from
Vegetable Oil Use

Restaurant

Region 2

None

Soil

Prepared by OSW

None

Soil

Prepared by OSW

None
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Contaminated with Synthetic
Motor Oil
Contaminated with Motor Oil

Statistical analysis of the solvent/extraction was performed to compare the
replacement solvent/extraction with Freon-113 LLE.

The null-hypothesis for statistical

comparisons stated that the Freon-113 and replacement solvent/extraction were not equal.
Systems that performed higher or lower than the existing Freon-113 extraction were
identified and eliminated from consideration. Following the initial outlining of the Freon
replacement study, work proceeded to evaluate potential replacements.

In some cases,

external firms with an interest in the implication of the replacement solvent performed their
own studies to evaluate the method impact. In one such study (Raia et al, 1992), researchers
from Shell Offshore Inc., and Shell Development Company Westhallow Research Center
investigated the performance of LLE and SPE for varying solvents at different site locations.
Figure 2.3 displays the result from LLE using varying solvents at various sites. Exact
locations of the sample locations were not specified though it was implied that they were all
from petroleum related industries.

41

Recovered FOG Concentration
(mg/L)

90
80
70
60
50
40
30
20
10
0
Site 1
3.3

Site 2
4

Site 3
3.9

Site 4
26.8

Site 5
61.8

Site 6
16.5

Freon-113

5.7

7.8

9.2

26.5

56.5

23.8

Hexane/MTBE

6.9

4

5

29.5

70.2

34.9

Dichloromethane

9.3

6.8

6.4

39.8

84.7

40.9

Hexane

Figure 2.3 - Summary of Duplicate Solvent Extractions from Six Field Sites (Raia et al, 1992)

As can be seen in Figure 2.3, there was certain deviation in the results observed with
Hexane performing the lowest in all but one of the samples investigated. Relative to FreonFreon
113, however, it fell directly into the category of what EPA was looking for: a solvent that
performed close to but not bett
better than Freon-113 for compliance purposes.
Figures 2.4 and 2.5 display box
box-plots
plots of concentration collected from produced water
and from a refinery and chemical plant using various solvents. In Figure 2.4 and 2.5, the
measured concentration varies with so
solvent
lvent type. In addition, from the data collected for the
produced water, hexane displayed a greater mean concentration and data spread than FreonFreon
113 while in the Chemical Refinery plant, the opposite was true. This indicates the possible
variations in performance
erformance that can occur even with the similar subset of petroleum based
FOG. Such complications with replicate samples from similar sites indicate challenges may
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likely exist in samples collected from FSEs. To better understand the variability of such
methods,
ethods, testing is necessary in the presence of expected background constituents. Previous
research has indicated that the composition of FSE waste streams is highly variable (Stoll and
Gupta (1997), Chu and Hsu (1999), Lesikar et al, 2006). As has been demonstrated by the
investigations of Raia and Telliard, the variability observed from field sampling makes it
very important to understand the role of the background matrix on the method used to
determine FOG concentration.

Figure 2.4 – Box and Whisker
ker Plots for FOG Recovery of Produced Water for Various Solvents (Raia et
al, 1992)
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Figure 2.5 – Box and Whisker Plot for FOG Concentrations at Refinery and Chemical Plant for Various
Solvents (Raia et al, 1992)

Raia et al. also investigated temperatur
temperaturee effects on the extraction of their petroleum
based samples. They indicated a clear dependence on FOG recovery with DCM and FreonFreon
113 with temperature, noting that as the temperature rose from 70°C to 90°C, they recovered
less FOG (Figure 2.6). These res
results
ults indicate the sensitivity of the petroleum samples to
volatilization at 90°C. Samples may also be volatilized at 70°C. However, the actual FOG
concentration was unknown in the sample. According to these results, testing should be
performed to investigate
gate if volatilization occurs at the required temperatures.
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Freon (70 °C)

Freon (90 °C)

DCM (70 °C)

DCM(90 °C)

84.7
72.7
56.5
47.1

40.9 37.9

39.8
30.9

26.5

23.6 20.5

18.1
7.8 5.4 6.8 6
Site 1 (W)

Site 2 (PHB)

Site 3 (PB)

Site 4 (PEB)

Figure 2.6 – Sample Recovery for Freon
Freon-113
113 and DCM at 70°C and 90°C

In 1993, a preliminary report was issued to provide an update on the status of the
Freon Replacement Study (US EPA, 1993). T
The
he aim of the report was to compare the mean
recovery of the samples from various sample sites using different solvents. To do this test,
an ANOVA analysis was performed. Initially, the results indicated a non
non-uniform
uniform variance,
which implied that both thee source of the samples and the solvent used for extraction lead to
possible changes in method variability. The non
non-uniformity
uniformity of variance found in the study
required the manipulation of data to adequately perform ANOVA analysis.

For this

manipulation, concentrations
oncentrations were transformed so data would have constant standard
deviations. This transformation enabled the researchers to eliminate the observed association
between the standard deviation and mean concentration.
The data in the Freon replacement study suggests that changes in variance may be a
common feature of LLEs.
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Based on the objectives established in the Freon Replacement Study, the ideal
solvent/extraction of choice would achieve similar results, but not surpass Freon-113 in
measured FOG from a variety of sources. Though a necessary policy decision, this decision
has no practical scientific benefit which is more interested in obtaining the true FOG
concentration.
The report made the following conclusions regarding the solvent replacement study:
1. N-hexane was retained for further evaluation as it fell within the allowable
range for acceptability
2. Perchloroethylene was retained b/c it fell within the acceptable range and
could be used in the measurement of oil and grease by infra-red techniques
3. MTBE was excluded from further testing due to concerns regarding lab safety
albeit n-hexane/MTBE were within acceptable range of performance.
4. Methylene chloride was eliminated due to results that were beyond
acceptability criteria
5. DuPont 123 was removed due to results that were beyond acceptability
criteria
6. Cyclohexane (which was not initially a solvent) will be included in analysis
due to concerns regarding the neurotoxicity of n-hexane.
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EPA Method 1664
Method 1664 was the approach concluded from the solvent replacement study
starting in 1992. Eventually, n-hexane was chosen as the replacement solvent due to the
details mentioned above. As results clearly indicated, the extraction process was a method
defined procedure (Pomeroy and Wakeman (1941), Raia et al. (1992), and US EPA, (1993)).
Therefore, materials measured using Method 1664 are called hexane extractable material
(HEM). It is implied that substances other than oil and grease will be extracted in the process,
though no additional discussion was provided in the EPA documentation regarding the
expectation of background material.

Below is an abridged listing of the scope and

application of Method 1664 as given by the EPA documentation (EPA, 1999):
•

“This method is for determination of n-hexane extractable material (HEM; oil
and grease) and n-hexane extractable material that is not adsorbed by silica
gel (SGT-HEM; non-polar material) in surface and saline waters and
industrial and domestic aqueous wastes. Extractable materials that may be
determined are relatively non-volatile hydrocarbons, vegetable oils, animal
fats, waxes, soaps, greases, and related materials. The method is based on
prior Environmental Protection Agency (EPA) methods for determination of
"oil and grease" and "total petroleum hydrocarbons"”

•

“This method is not applicable to measurement of materials that volatilize at
temperatures below approximately 85°C. Petroleum fuels from gasoline
through #2 fuel oil may be partially lost in the solvent removal operation.”

•

“This method is capable of measuring HEM and SGT-HEM in the range of 5
to 1000 mg/L, and may be extended to higher levels by analysis of a smaller
sample volume collected separately.”
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•

“For HEM and SGT-HEM in this method, the method detection limit (MDL)
is 1.4 mg/L and the minimum level of quantitation (ML) is 5.0 mg/L”

Method 1664 requires a sample of 1-L volume at pH less than 2. The pH reduction to
a value of less than 2 is said to halt biological activity, and to convert fatty acids from water
soluble salts to non-water soluble FFAs (Smith (1999), Pomeroy and Wakeman (1941)).
Following pH adjustment, the sample volume is serially extracted (three times) with
n-hexane. The extracted material and hexane are then dried through a sodium sulfate filter.
After the residual water is removed through the filter, the solvent is distilled at 70°C. The
remaining HEM is then desiccated and weighed.
As n-hexane appeared less ideal for lab use, EPA also decided to develop a series of
QA/QC steps to ensure quality laboratory results. Each lab must establish a method detection
limit, initial precision and recovery and matrix spikes and ongoing precision and recovery to
assure quality of analysis. These measurements are performed using a hexadecane/stearic
acid solution. The hexadecane/stearic acid mixture was chosen to represent constituents of
petroleum and food processing wastes.
Table 2.11 specifies the acceptable range established for Method 1664 QA/QC
performance. In this table, Initial Precision and Recovery (IPR) refers to the recovery of
reagent spiked with the hexadecane/stearic standard solution. EPA specifies that the 83101% of the standard must be recovered during this testing and that replicates must indicate a
relative standard deviation at or below 11%. Matrix Spikes and Matrix Spike Duplicates
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refer to the spiking of environmental samples with the standard solutions and checking
recovery. This test is an investigation of interference. Based on EPA Methodology, if the
78-114% of the spiked standard solution is recovered in the presence of the sample
background matrix, then performance is adequate.

Ongoing Precision and recovery is

essentially an intermediate testing of standard recovery from a spiked reagent.

Table 2.11 – Summary of % Limits for Method 1664 Acceptability Criteria
Initial Precision and Recovery
HEM Precision (s)
HEM Recovery (x)

Limit (%)
11
83-101

Matrix Spike/Matrix Spike Duplicate
HEM Recovery
HEM RPD

78-114
18

Ongoing Precision and Recovery
HEM

78-114

The ranges specified in Table 2.11 indicate that acceptable criteria for performance
are quite broad. For sample spiking recovery, setting an acceptable range at 78-114 indicates
a 39% range in which standard recovery is deemed acceptable with a relative percent
difference (RPD) of 18%. From a scientific standpoint, where the determination of FOG
concentration may be used for process development (such as GAD design), such variability
increases the difficulty with which effective conclusions can be drawn. Table 2.11 suggests
an inherent variability in methodology that must be investigated further.
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Method 1664 Validation
EPA performed a validation study to test their new method.

In this study, 11

independent laboratories received triplicate field grab samples of oil-laden waste (EPA,
1995). Petroleum based samples were collected from a shore reception facility while foodbased samples were collected from an olive oil packaging plant. To achieve uniform sample
concentration for each of the laboratories, bulk discharge was collected in a 55 gallon drum
and mixed vigorously and then drawn-off to achieve uniformity of sample concentration.
Analysis was performed to determine the precision of each laboratory and the ability of the
lab to produce an initial precision and recovery (IPR) established in the new method (40
mg/L of stearic acid and hexadecane). Results from the non-petroleum source are shown in
Table 2.12.
Table 2.12 – EPA 1664 Validation Study for Non-Petroleum Samples (EPA, 1995)
Lab
1
2
3
4
5
6
7
8
9
10
11

Rep 1
182
135.2
182
150
166.3
144
173
194.1
158.5
157
160

Rep 2
171
134.8
163
225
180.9
167
187.4
174.1
167
162

Rep 3
194
136.9
181
184
178.2
143
173
186
181.9
167
162

Mean (mg/L)
182.3
135.6
175.3
186.3
175.1
151.3
173.0
189.2
171.5
163.7
161.3

Std. Dev (mg/L)
11.5
1.1
10.7
37.6
7.8
13.6
0.0
4.3
11.9
5.8
1.2

RSD (%)
6.3
0.8
6.1
20.2
4.4
9.0
0.0
2.3
6.9
3.5
0.7

Note: RSD is given as the (Std. Dev)/Mean*100%

From the validation study, the calculation of 95% confidence values for the initial
precision and recovery (IPR), matrix spike (MS), matrix spike duplicates (MSD), and
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ongoing precision and recover (OPR) in the 11 labs yielded the values set in Table 2.11 for
acceptable limits with this method (Table 2.13).
Table 2.13 – PAR 95% confidence intervals used for development of limits in Table 2.1 (EPA, 1995)
IPR
95% Lower Limit (%) 95% Upper Limit (%)
HEM Precision
10.9
HEM Recovery
83
100.7
MS/MSD
HEM Recovery
79
113.9
HEM RPD
17.5

As no background characterization of the olive packaging plant waste stream was
performed during validation of Method 1664, and information is sparse on FSE waste
streams, further investigation is needed to determine interferences in food laden waste
streams . It is likely that the results from the validation study have indicated acceptable
limits under conditions that may not be applicable for food laden waste streams. For
example, the olive packaging plant waste is not likely to have the variability of flow and
diversity of waste present in food preparation. Therefore, Table 2.11 may not represent the
spread that may occur in typical food wastes. In addition, the samples were collected from a
field site, and thus the actual oil and grease concentration are not known.
In addition to background interferences, the complexities of FOG composition
indicate that challenges may exist in the determination of FOG concentrations in waste
streams. For example, Kolb and Brown (1955) state that the solubility of fatty acids in
organic solvents increased with decreasing chain length, increased with increasing degree of

51

saturation, and increased in the cis- configuration over the trans- configuration. Adding to the
complexity of fatty acid extraction is the significant variation in solubility that may occur in
heterogeneous mixes. As an example, in the presence of lauric acid, solubility of palmitic
acid in CCl4 increased by 250% (Waentig and Pescheck, 1919). Based on these challenges, it
seems unlikely that a single fatty acid (as in Method 1664 - stearic acid) can adequately
represent food-based FOG material As food grade oils will be comprised of a wide range of
fatty acids and varying levels of unsaturation, further investigation will have to take place to
investigate any methods recovery.
Testing with synthetic wastes with various FOG types, laden with known background
materials is necessary to understand the impact of background matrix on method
performance.

For Method 1664 to be used confidently to enforce discharge limits, to

investigate performance of GADs, or to establish conditions for FOG deposit formation, a
greater understanding of the FOG measurement method is necessary. It is also necessary to
determine the source for the relatively standard deviations observed in the validation study
(Table 2.12). If in fact substantial interferences are noted, alternative strategies must be
developed to target the specific interfering constituents or procedures.
2.3.3. Alternative FOG Measurement Strategies
Solid Phase Extraction
Solid Phase Extraction (SPE) of FOG waste generally involves the passing of the
sample volume through a specially designed filter to allow the FOG material adhere on the
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surface. The FOG material is then removed from the filter into a boiling flask for solvent
evaporation/distillation.
SPE procedures have advanced in more recent years. In many municipalities, SPE
devices such as Xenosep ®, Environmental Express ®, and EnvirElut 1664 ®, are becoming
quite common. The advantage claimed by SPE manufacturers are their ability to drastically
reduce the extraction time while effectively recovering EPA’s standards.
Raia et al. (1992) included an investigation of SPE in their assessment of solvent
replacement/extraction strategies.

Raia et al. noted that both LLE and SPE FOG

concentration measured increased with increasing polarity of the solvent and found that the
measured FOG values by SPE were greater than LLE with more polar solvents.
Raia et al. noted an exceedingly high SPE reading for a less polar solvent relative to
DCM.

Further analysis with gas chromatography indicated that the sample was

contaminated with silane, a silicone based material used in filter fabrication. The authors
recommended that good results from SPE require very high filter quality to prevent such
interferences. Though not specifically stated, it is inferred that quality implies the absence of
filter residuals.
Wells and coworkers (Wells et al. 1993) compared LLE and continuous LLE with
Freon-113 against Methylene Chloride (dichloromethane) SPE processes. In their study, a
vegetable oil spike was recovered using the varying extraction methods and solvents (Table
2.14).
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Table 2.14 – Examination of Recovery of a Vegetable Oil Spike with LLE, Continuous Liquid-Liquid
Extraction (CLLE), and SPE at Varying Concentrations for Freon-113 and Methylene Chloride (from
Wells et al., 1995)

(-)
Freon-113

(-)
LLE

(#)
3

(mg)
93.5

(%)
99.9

(%)
1.8

Freon-113

LLE

3

982.47

99.5

0.3

Freon-113

CLLE

3

81.7

97.8

0.6

Freon-113

CLLE

3

997.33

98.4

1.4

Methylene Chloride

SPE

21

72.92

93.5

5.8

Methylene Chloride

SPE

3

643.27

88.1

3.2

Methylene Chloride

SPE

2

1000.15

90.2

-

In Table 2.14, LLE with Freon-113 performed substantially better for the vegetable
oil recovery than SPE- 99.5% vs. 90.2% respectively for similar sample concentrations and
indicated a substantially higher standard deviation.

Continuous LLE (CLLE), which

involves the continuous reflux of solvent into a sample, performed only slightly worse than
standard LLE (97.8 and 98.4 with CLLE vs. 99.9 and 99.5 with LLE). The poorer
performance was surprising as previous researchers noted the improved extraction of FOG
material with DCM vs. Freon-113 (Raia et al. 1992, and US EPA 1993). These results
suggest the even the use of vegetable oil as a spike may lead to varying results and requires
further investigation.
In a more thorough investigation of SPE procedure, Wells et al. examined the use of
varying solvents and procedures on the recovery of spiked samples (Table 2.15). These
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results seem to indicate the highest recovery of the spike using ethyl acetate and desipheres
©, a proprietary desiccant material.
Table 2.15 – SPE Recovery of Vegetable Oil Spiked Samples with Variety of Solvents, Rinsing
Procedures, and FOG Concentrations (from Wells et al., 1995)
Oil
Spiked

Solvent

Solvent
Volume
(Rinses x
Volume)*
1 x 10

(-)

(-)

Vegetable
Oil

Methylene
Chloride

Vegetable
Oil

Methylene
Chloride

2 x 10

Vegetable
Oil

Methylene
Chloride

2 x 10

Used
Motor Oil

Methylene
Chloride

2 x 10

Vegetable
Oil

Hexane

Vegetable
Oil

Hexanediethyl
ether
(1+1)

3 x 10

Vegetable
Oil

Ethyl
Acetate

2 x 10

Vegetable
Oil

MTBE

1 x 10
1 x 10
1 x 10
1 x 10
3 x 10
1 x 10

1 x 10

1 x 10
2 x 10
1 x 10

Drying
Agent

No. of
Samples

Mass
Spiked

Recovery

Std.
Deviation

(-)

(#)

(mg)

(%)

(%)

Sodium
Sulfate

3

105.2

80

6.4

Sodium
Sulfate

3

28.47

97.5

2.5

Sodium
Sulfate

6

90.08

96.2

4

Sodium
Sulfate

5

54.6

91.5

3.7

Sodium
Sulfate

3

72.09

88.8

2.8

Sodium
Sulfate

3

65.4

93.8

1.8

Desispheres

3

82.65

98.1

1.1

Desispheres

3

66.35

90.2

2.3

* First solvent volume and quantity represents vacuum elution through the SPE and drying columns while the
second quantity represent gravity elution through the drying column only

Wells et al. (1993) also investigated environmentally contaminated samples from a
variety of sites including: a car wash, a bakery, frozen dough processors, and surfactant
manufacturers. Wells et al. found that SPE yielded higher FOG concentrations than both
LLE and CLLE methods. The authors explained this occurrence by describing both LLE and
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CLLE extractions as “equilibrium methods” indicating that success with both require the
understanding of terminal extraction point (i.e. how many extractions w/ LLE or how long to
continuously extract with CLLE). Alternatively, SPE is described as a chromatographic
extraction and thus a pseudo equilibrium process that is unsusceptible to the limitations of
needing to know the terminal extraction point.
Beyond the explanation given, it is unclear as to whether the authors appreciably
examined the sensitivity to solvent and background matrix variability in their consideration
of the “optimal” process. As addressed by Raia et al. (1992) and US EPA (1993), variation
in procedure and solvent result in performance variation. As Wells et al. only examined
extraction with non-Freon solvents; it is unclear whether these choices played a role in the
performance difference observed between CLLE, LLE, and SPE.
Regardless of the implications described by all the investigators of SPE, it appears
that FOG recovery performance depends on the solvent of choice and the background matrix.
At present, no investigation has been performed on specifics of the background matrix other
than to state that the presence of background materials appears to change recovery
performance. These factors must be addressed to determine how they may impact our ability
to measure FOG in waste streams.
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Infrared Analysis of FOG
As spectrophotometry is commonly used for the purpose of measuring constituents in
water, researchers have investigated the application of such methods for FOG concentration
analysis (Daghbouche et al. (1997), Romero and Ferrer (1999), Pérez-Palacios et al. (2009), and
others). The procedure involves either the extraction of FOG material into a liquid phase, or
a solid surface for Spectophotometric analysis.

Daghbouche et al. (1997) investigated

multiple methods of extracting FOG material for Fourier transform infrared FOG
determination. In their study, they examined LLE, SPE, and microwave assisted extraction
with CCl4. Dagbouche et al. found the best recovery using Microwave assisted extraction
and performed a demonstration of performance using various spiking solutions from multiple
water sources (Table 2.16).
Table 2.16 – Performance of Microwave Enhanced FTIR FOG Measurment in Environmentally
Contaminated Waters (Daghbouche et al. (1997)_

Sample
(-)

Initial Content
(mg/L)

Tap Water

1.4 ± 0.2

Irrigation Water

1.0 ± 0.2

Port Water

2.0 ± 0.2

Oil Added
(-)
Vegetable Oil
(1-5 mgL-1)
Crude Oil
(1-4 mgL-1)
Mineral Oil
(1-3 mgL-1)

Extraction Yield
(%)
97 ± 9
97± 3
98± 4

In Table 5, the results showed high % recoveries of the oil samples.

The

concentrations utilized for this test were relatively low and spikes varied from 1-5 mg/L for
any given sample. In addition, it is unclear what other constituents may have been present in
the sample. It is also interesting to note that the standard deviation for the food oil spike (in
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Tap Water) showed 2-3 times the magnitude of the crude oil and mineral oil spikes. This
higher standard deviation may be due to the complex nature of natural FOG material
compared to mineral based constituents. Despite the fact that Daghbouche and co-workers
utilized a IR wavelength range with multiple scans from 3058-2780 cm-1 the diverse fatty
acid composition of these materials may make their IR determination slightly more
complicated.
Though the previous research looked on the use of IR technology for FOG
determination in a more positive light, several subsequent researches acknowledged the
practical challenges associated with such methods. Romero and Ferrer (1999) indicated that
comparison of IR methods with existing extraction strategies such as Method 1664 posed a
challenge due to the volume difference required for samples size and the challenges
associated with representative environmental sample collection. In addition, Romero and
Ferrer noted that the ideal case for determination of FOG in wastewater requires prior
knowledge and calibration to the specific oil type.
More recent work has investigated the use of fast Fourier transform infrared (FFTIR)
for the in-line determination of total hydrocarbons in water (Pérez-Palacios et al., 2009). The
researchers touted the potential for this research noting success in their ability to detect the
concentration of varying quantities of dodecane in water. Though promising, the researchers
also noted that the technology must be further developed. For one, their work demonstrated
a minimum detection of 22 mg/L while regulatory methods such as Method 1664 require a
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minimum detection of 5 mg/L. In addition, Pérez-Palacios et al. noted that the typical
diverse composition of waste streams was still a hurdle that needed to be addressed (i.e.,
diverse in FOG type and background constituents).
Despite the potential for IR technologies, they are still largely under development and
cannot yet handle the complexity of “oily waste” and the background in which they appear.
At present, however, it appears that these devices if calibrated to specific conditions may be
useful in a laboratory setting.

2.4 A Brief Overview of FOG Treatment
2.4.1 Gravity Separation of FOG Laden Wastes
The premise behind the use of gravity for treatment is hardly a new concept. In
Environmental Engineering the process is generally referred to as sedimentation, as
sediments are commonly the target constituent in gravity separation. With FOG, as its
density is less than water, the process may be better defined as gravity flotation.
Assuming relatively small globules in a fairly viscous fluid, it can be assumed that
they achieve terminal velocity (vt) instantaneously. Application of Newton’s 2nd law to a
discrete oil globule in terminal velocity indicates that the summation of forces should be
equal to zero. In other words, the buoyancy force is balanced by the droplet weight and drag
force (Figure 2.7).
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Fbuoyancy

FOG
Droplet

Fweight + Fdrag
Figure 2.7– Forces Acting on a Discrete FOG Globule

Application of Newton’s 2nd law to Figure 2.7 is as follows:
dv

∑ F = m dt

=m

dvt
= 0 = Fbuoyancy − Fweight − Fdrag
dt

(2.1)

Through dimensional analysis, the drag force on a submerged object can be described
by the following equation:
C
Fdrag = d ρu 2 A
2

(2.2)

ρ is the fluid density, u is the velocity of the moving body, A is the projected area of
the falling body, and Cd is the drag coefficient which is a function of the body shape and the
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Reynolds number of the falling body. Given the small particle size and relatively viscous
nature of the fluid of interest (FOG droplets in water) the Reynolds number can be assumed
laminar (i.e. less than 2). Under those conditions, the coefficient of drag on a sphere varies
linearly with the Reynolds number and can be approximated by:
Cd =

24
Re

(2.3)

Knowing that the Reynolds number is:

Re =

ρud
µ

(2.4)

Equations 2.2, 2.3, and 2.4 can be combined and solved for the terminal velocity of
the floating sphere yielding the following:

(
ρ f − ρ p )d 2
v =
g
t

18µ

(2.5)

In equation 2.5, ρp and ρf represent the particle (i.e. FOG droplet) and fluid (water)
density respectively.
Whether dealing with FOG droplets or sediment, theoretical descriptions of the
process are alike. Figure 2.8, adapted from Clark (1996) depicts a schematic for ideal
flotation under quiescent conditions. FOG laden flow enters from the left side at flow rate
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(Q) and concentration (C) and is separated as it rises to the surface. By the end of the ideal
reactor, there exists a clarified, FOG free zzone.

Figure 2.8 – Schematic for Ideal Flotation under Quiescent Conditions (adapted from Clark, 1996)

If each of these droplets behave as independent particles (i.e. no interaction between
droplets) the predicted fractional removal from the ideal flotati
flotation
on scenario can be described
as:

% Removal = 100 ×

vt lwC
v
v
= 100 × t = 100 × t
QC
Q lw
v0

(2.6)

In Equation 2.6, vt is the terminal floating velocity of a oil droplet and ‘l’ and ‘w’
represent the length and width of the idealized flotation zone respectively. The volumetric
flow rate divided
ided by this area into the page (i.e. l × w) represents the overflow velocity, vo in
the system.
Gravity separation of oil from waste streams has been given more attention in the
petroleum industry. In the petroleum industry it has been specified that the droplet size
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limitation for FOG separation is at 150 microns. Droplets larger than this size are designated
as free globules. Below 150 microns, droplets are said to form more stable emulsions
requiring further physiochemical treatment for flotation to be effective (API, 1969). Figure
2.9 describes the size range distribution and appropriate treatment options (Rhee et al., 2002,
Wang et al. 2006).

Figure 2.9 – Chart of Droplet Size, Characterization of droplet, and the proposed effective treatment
technology (interpreted from Rhee et al., 2002)

Conventional grease abatement technology typically involves a modified septic tank
configuration for on-site treatment. It has been recommended that these systems provide
approximately 30 min HRT to adequately remove separable FOG (Metcalf and Eddy, 1995).
This recommendation does not take into consideration the countless design variations that
may lead to less than effective separation (e.g. short circuiting).
Rhee et al. (2002) discussed the relationship between hydraulic retention time (HRT)
and grease separator performance. As can be seen in Figure 2.4, significant increase in
removal was noted up to 40 minutes HRT. However, negligible increases in performance
were noted beyond that point.
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Figure 2.10 – Chart of % Removal vs. HRT (from Rhee et al. 2002 adapted from Paterson, 1985)

Rhee et al. does not discuss the size distribution associated with the graph in Figure
2.4. As a result, there is no indication of the condition of the oil waste water. However, the
graph does provide some insight regarding the nature of potential droplet distributions,
indicating that for certain distributions there are marginal returns with increasing the HRT.
In other words, under certain conditions, additional treatment may be required to further
enhance removal.

2.4.2 Advancements in Abatement of FOG from Wastewater
The poor performance of conventional oily wastewater treatment has lead to research
with design alternatives that may enhance performance. Below is a brief summary of some
of the advances in this area.
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Plate/Tube Settlers
Tube and plate settlers work by enhancing the surface area within a gravity separator.
This increase in area provides a greater overflow velocity and therefore, as can be seen in
Equation 2.6, increase the particle removal.

Figure 2.11 – Conceptual Function of Parallel Plates in Floatation

The petroleum industry has made use of this type of technology for quite some time.
API oil/water separators typically feature some form of flotation enhancer such as plate or
tube settlers (Wang, 2006). More recently, design improvements have been suggested for
onsite FOG abatement. Chu and Ng (2000) investigated the use of installing tube settlers in a
traditional grease abatement device to determine whether this design modification would
enhance performance. In their research, Chu and Ng used a synthetic wastewater, which
contained peanut oil and measured the amount of oil/grease and chemical oxygen demand
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(COD) in the effluent. Chu and Ng (2000) showed that an 8 % improvement in the removal
efficiency can be achieved for oil/grease with the addition of tube settlers. They also found
that a 70 % COD removal efficiency can be achieved with a reduction in hydraulic retention
time (HRT) by 60 %. The reduction in HRT was true when the overall HRT was less than 30
minutes. However, when the HRT was above 30 minutes, the addition of tube settlers did not
show any significant improvement in COD removal.

The diminishing returns of

performance is similar to the observations made with regards to gravity separators by the
American Petroleum Institute (API) discussed previously (Rhee et al., 2002) There are
several factors not addressed by the research of Chu and Ng. For instance, the researchers
did not discuss the impact of tube settlers on the maintenance of grease interceptors (i.e., the
periodic cleaning that is required for proper performance) nor did they discuss details
regarding the characteristics or emulsion strength of the influent waste. As stated in previous
literature regarding gravity separation of oily waste (Wang et al. 2006), the success of a
treatment is entirely based on the size distribution of the influent stream. It is therefore
necessary that, for the quantification of a grease abatement performance, an assessment be
made of the influent characteristics.
Biologically Active Devices
Biological treatment of FOG was has also shown promise in recent years. Wakelin
and Forster (1997) demonstrated that fast-food grease interceptor waste could be biologically
treated through the use of both pure cultures and activated sludge. Their study reported that
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the use of activated sludge gave more consistent results (>90% removal of FOG). Though
the results certainly indicated that activated sludge can degrade FOG, the time required to
achieve these results was approximately 4 days, making the process infeasible for the on-site
treatment commonly used at FSEs which are often designed for a 30 minute HRT (Metcalf
and Eddy, 1991). It is currently unknown as to the duration FOG and food solids are
commonly retained in GADs.
Another commercially popular means for FOG treatment is through the addition of
biologically active additives to existing GADs. Gary and Sneddon (1999) performed an
assessment of two such products. One of the two additives contained surfactants, which
actually increased the effluent FOG concentration. The other additive maintained roughly
the same effluent FOG concentration as the untreated GI but indicated a different FOG layer
thickness and increased turbidity. The authors concluded that the presence of surfactants
were harmful as they resulted in an increase FOG concentration. Results from the enzymes
additives without surfactants were inconclusive though the authors cited that the increased
turbidity may be problematic. Several shortcomings with this paper require addressing
before conclusions can be made regarding enzyme effectiveness.

First, there was no

indication as to the location or frequency of the FOG sample collection.

Previously

mentioned assessment of GADs indicate a highly variable effluent that would be very
difficult to quantify as a single grab sample. Natural changes in FSE operation between data
collection may also account for differences observed in FOG concentration and observed
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layer thickness. It is therefore believed that a far greater amount of data would have to be
collected to effectively assess the effect of enzyme additives.
More recently Nisola et al. (2009) investigated the treatment of FOG laden restaurant
wastewater using cell-immobilized bacteria on a variety of matrices.

Although a field

validation was performed using the cell-immobilized technology with positive results, few
details were provided regarding the restaurant practices during hours of operation and the
upkeep necessary to maintain appropriate aeration for this biologically active system. In
addition, Nisola et al. provided no details regarding the droplet sizes injected into the system
during operation. At the high oil concentration (200-5000 mg/L) and low mixing rate (250
rpm) utilized by Nisola et al., it is likely that fairly large oil globules were introduced into the
system. Under such conditions, the oil would readily separate and thus provide a best-case
scenario for the condition of FOG waste. The 95% influent FOG removal cited by their study
supports this hypothesis.

Other Advanced Treatment Technologies for FOG Removal
As mentioned previously, droplets between 40 and 150 µ m require the use of an
enhanced gravity separation process. This enhanced process generally involves the use of
chemical, electrochemical (Cañizares et al., 2008), and/or the use of dissolved air flotation
(DAF) (Al-Shamrani et al., 2006, Nardi et al., 2008). The purpose of these technologies is to
ultimately increase the floatation rate by emulsion destabilization or through the attachment
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to more rapidly rising air bubbles. The effectiveness of additives for coagulation requires
knowledge of the surface charge of the emulsions and the condition of the water in which
these chemicals are being applied. Previous research has indicated that oil droplets in an
oil/water emulsion, much like other more common colloidal suspensions in water treatment,
have a negative surface charge associated with the spontaneous adsorption of hydroxyl ions
in solution (Marinova et al.,1996).
The process of using chemical or electrochemical means to improve flotation
commonly called emulsion breaking. Emulsion breaking is generally performed in
conjunction with DAF to improve the rate of FOG removal from the system. Chemical
emulsion breaking often utilizes metal salts such as alum (Al2(SO4)3), ferrous sulfate
(FeSO4), or ferric sulfate (Fe2(SO4)3), or ferric chloride (FeCl3), or the addition of a cationic,
anionic, or non-ionic polymers (Wang et al. 2006).

In electrochemical treatment

(electrocoagulation), the coagulant reagent comes from the dissolution of metal electrodes.
Cañizares and co-workers (2008) accomplished electrocoagulation by passing a current
through aluminum electrodes housed in a single compartment flow-cell.

The use of

combined chemical emulsion breaking and DAF with poultry slaughterhouse wastewater
yielded a FOG removal of 99% (Nardi et al., 2008).
The use of chemical or electrochemical additives has been shown to be effective for
enhanced gravity separation of FOG from waste streams. It should be noted, however, that
kitchen waste streams are somewhat different from the conditions discussed in the above
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literature. The intermittency of flow leads to variability of temperature, FOG concentration,
and pH. These variables require that if an additive were to be utilized, it would have to be
potentially complicating to kitchen conditions. Developing additives that could tolerate this
variability would require extensive field and jar testing of potential additives under a range of
scenarios.

In addition, the material cost and monitoring required for these advanced

treatments would vastly increase the cost associated with the pretreatment of oily
wastewaters.

The typical onsite treatment processes used at FSEs require minimum

maintenance and capital investment.

2.5 Modeling Liquid-Liquid Flows
As the present research involves the development of a CFD model that integrates the
reactor hydraulics (Flow field and turbulence modeling) and FOG transport (Algebraic Slip
Model) it is necessary to give an overview of current technology regarding these subjects.
CFD is the science of determining a solution to fluid flow through space and time.
CFD models include a description of the flow geometry, a set of coupled differential
equations describing the physics and chemistry of the flow, boundary and initial conditions,
and a structured mesh of points at which these equations are solved (Warsi, 1993). The
equations of motion (Reynolds averaged mass and momentum conservation equations) are
solved by a finite difference, finite element, or finite volume technique (Fletcher, 1991).
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The discussion below briefly summarizes the equations for the conservation of mass
and momentum and describes the closure model for the solution of turbulent flow
characteristics.

Following that, discussion of the multiphase (or mixture) form of the

aforementioned mass and momentum equations (and the mechanism to describe the
interaction between phases) is described. Lastly, a review of literature is provided in which
multiphase CFD simulations performance is discussed.
2.5.1 Mass and Momentum Conservation
The simulation of a turbulent flow field requires the solution of the Reynolds
averaged conservation of mass (Equation 2.xxx) and momentum (Equation 2.xxx) equations.

Conservation of Mass:

∂U i
=0
∂xi

(2.7)

Conservation of Momentum:

∂U i ∂ (U i U j )
1 ∂P
∂
+
=−
+
∂t
∂x j
ρ ∂xi ∂x j

 ∂U i ∂U j

+
) − ui u j 
ν (
∂xi
 ∂x j


(2.8)

Equations (2.7) and (2.8) are not sufficient to solve all the variables due to the
existence of turbulence stress term, − u i u j .
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2.5.2 Two-Equation Turbulence Model
Launder and Spalding (1974) developed standard two equation k-ε model to solve
turbulence stress closure problem using the following equations:

Kinematic eddy viscosity:
νt = Cµk2/ε

(2.9)

Turbulence kinetic energy:

 ∂U
∂U j
∂k
∂k
+U j
=νt  i +
 ∂x j
∂t
∂x j
∂xi


 ∂U i
ν ∂k 
∂ 

+
(ν + t )

 −ε
 ∂x j ∂x j 
σ k ∂x j 



(2.10)

Dissipation rate:

∂ε
∂ε
ε  ∂U ∂U j
+U j
= Cε 1 ν t  i +
∂t
∂x j
k  ∂x j
∂xi

 ∂U i
∂
ε2

− Cε 2
+
 ∂x j
k ∂x j



∂ε 
(ν + ν t / σ ε )

∂x j 


(2.11)

Reynolds stresses:

 ∂U ∂U j
− ui u j = ν t  i +
 ∂x j
∂xi


 2
 − kδ
 3 ij


(2.12)

The empirical constants used in this model are shown below:
Cε1 = 1.44, Cε2 = 1.92,Cµ = 0.09 σk = 1.0, σε = 1.3
At very small distances near the solid wall, a viscous sub-layer exists followed by an
intermediate layer and turbulent core. In the viscous sub-layer, the flow is influenced by
viscous forces and does not depend on free stream turbulent parameters. The velocity in this
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sub-layer only depends on the distance normal to the wall, fluid density, viscosity, and the
wall shear stress. Typically, the viscous sub-layer is too thin to discretize and is therefore not
included as a significant region in turbulence models in grease abatement devices. However,
the intermediate region, which includes the effects of both the viscous sub-layer and the
turbulent core, is more significant in size and requires more care in predicting the velocity
and turbulence in this region. The intermediate sub-layer is bridged by utilizing empirical
wall functions to provide near-wall boundary conditions for the mean-flow and turbulence
transport equations. In this study, the equilibrium log-law wall functions were used. The
velocity, turbulent kinetic energy, and energy dissipation rate in the equilibrium wall
functions are as follows:

u + / uτ = Ln( Ey + ) / κ

(2.13)

k = uτ2 / C µ

(2.14)

ε = C µ 0.75 k 1.5 /(κY )

(2.15)

Where u+ is the absolute value of the resultant velocity parallel to the wall at the first
grid node, uτ is the resultant friction velocity ( uτ = τ w / ρ ), Y is the normal distance of the
first grid point from the wall, y+ is the dimensionless wall distance ( y + = uτ Y / υ ), Cµ is a
constant based on the two-equation turbulence model selection, κ is the von Karman constant
and E is a roughness parameter. κ = 0.41 and E = 8.6, which is appropriate for smooth
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walls. Equation 2.13 is known as the wall logarithmic law and should only be used when the
y+ value range between 30 and 500.

2.5.3 Algebraic Slip Model
One popular method for the modeling of multiphase flows is through the use of what
is sometimes called the algebraic slip model (ASM - also the algebraic slip mixture model
ASMM, the drift flux model, or simply the mixture model). This model, developed initially
be Zuber and Findlay (1965), describes multiphase flows through the use of a subset of
models called drift flux models (or slip models). ASM simulates the phases as multiple
interpenetrating continua. The probability of each phase’s existence is based on the phase’s
volume fraction at a point in space (Pericleous and Rhodes, 1986; Pericleous, 1987). In the
ASM approach, a single differential equation is solved for continuity of the mixture, a single
differential equation is solved for the momentum of the mixture, and a single differential
equation is solved for each phase. The equations for the continuity, mixture momentum, and
volume fraction for the dispersed phase equations are shown below:

∂
(ρ m ) + ∂ (ρ m u m,i ) = 0
∂t
∂xi

(2.16)
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∂
(ρ m u m, j ) + ∂ (ρ m u m,i u m, j ) = − ∂p + ∂ µ m  ∂u m,i + ∂u m, j
∂t
∂xi
∂x j ∂xi   ∂x j
∂xi
∂ n
+
∑ α k ρ k u D , k ,i u D , k , j
∂xi k =1


 + ρ m g j



∂
(α d ρ d ) + ∂ (α d ρ d u m,i ) = − ∂ (α d ρ d u D,d ,i )
∂t
∂xi
∂xi

(2.18)

n

n

n

k =1

k =1

where ρ m = ∑α k ρ k , µ m = ∑α k µ k , u m =

(2.17)

∑α

k

ρ k uk

k =1

ρm

The ASM approach treats the motion of each phase relative to the center of the
mixture mass. This is handled by introducing the concept of a diffusion or drift velocity (uD,k)
and is calculated as follows:

u D ,k =

(ρ m − ρ k )d k2

Dum  1

g−
−

18µ c (0.018 Re) 
Dt  ρ m

n −1

∑α i ρ i
i =1

(ρ m − ρ i )d i2

Dum 

g−

18µ c (0.018 Re) 
Dt 

(2.19)

In the ASM approach, turbulence is included in the determination of the continuous
phase viscosity (µc) in the drift velocity computation (Equation 2.13) and in the mixture
viscosity where µc is described by the turbulent viscosity µt.
2.5.4 Applications of the Algebraic Slip Model
Though no research has yet evaluated GAD performance, the ASM has been used for
several related applications. Chen et al. (2005) in modeling the two-fluid system of a bubbly
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column with ASM displayed reasonable prediction of macro-scale flow patterns as well as
reasonable prediction of the gas volume fraction for a variety of scenarios.
Habib et al. (2005) investigated the behavior of oil/water mixtures in pipe systems.
The authors were interested in using ASM to predict the characteristics of pipe deadlegs
regions of low flow known to cause corrosion in pipe systems. These regions experience
separation of flow due to the low velocity, therefore ASM was utilized to emulate this
behavior.

From their work, Habib et al,, was able to develop and validate a models

predicting the deadleg length and oil/water volume fractions dependent on different pipe
configurations.
These examples demonstrate the possibility of modeling multiphase flows with ASM
and could be used for simulation of GAD performance.

2.6 Summary of Questions from Literature Review
This chapter has summarized the peer reviewed literature regarding the measurement
and abatement of FOG.

The objectives discussed in Chapter 1 resulted from several

lingering questions with regards to FOG measurement and abatement. For example, with
regards to the measurement of FOG in food-laden wastes:
•

Is variability expected within the wide range of FOG compositions?

•

Does the presence of background food material effect the measurement of
FOG in food-laden wastes?
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•

Does the EPA defined standard used in method validation adequately
represent the FOG deposit precursor chemicals?

In considering the current state of literature regarding the abetment of FOG materials from
wastewater, the following questions still linger:
•

What are characteristics of GADs in the field?

•

Are currently used grease abatement designs effective at removal of FOG material?

•

Can practical design improvements be made to improve FOG separation?

•

Can CFD with ASM provide useful feedback on GAD design and FOG removal
performance?

To help address the questions Chapter 4 will explore the measurement of FOG in food laden
waste streams, Chapter 5 will describe work done to characterize field GADs, and chapter 6
will detail a more fine-tuned look at the performance of GADs using a bench-scale device
and computational fluid dynamics (CFD) model.
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3. METHODOLOGY
This section describes the methodology used for the experimental and numerical
analysis of the research tasks.
3.1 Assessment of FOG in Waste Streams
3.1.1 Gravimetric Determination of FOG Concentration
Sample Preparation
Sample preparation consisted of the addition of constituents listed in Table 3.1 to 800
mL of reagent water in the PTFE-lined sample jars. The samples were then acidified with
sulfuric acid (H2SO4) to a pH less than 2 per recommendation of common FOG extraction
procedures (EPA, 1999). The samples were then refrigerated at 4 °C until use. Samples were
deemed invalid if they remained refrigerated for greater than one month prior to testing (EPA
Method 1664, Standard Methods 5520B).
For the preparation of samples containing FOG material that was solid at room
temperature, the required mass for sample preparation was measured using a Sartorius BP
210S scale with 0.1 mg precision (Figure 3.1). Liquid based constituents (Canola, and Corn
Oil) were prepared using a calibrated volumetric pipette. Prior to sample preparation, the
mass added by the pipette was determined by repeated discharge into an aluminum weighing
dishes. Duplicate mass measurements were performed for each oil type prior to sample
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preparation to account for differences from variations in pipette irregularities or oil
properties.

Table 3.1 – Summary of Constituents Used in Sample Preparation
Constituent

Brand

Fat, Oil, and Grease
Canola Oil

Wesson ©

Corn Oil

Mazola ©

Crisco

Crisco ©

Lard

Lundy’s Lard ©

Fatty Acids
Stearic Acid

Alfa Aesar, 99%

Palmitic Acid

Acros Organics, 98%

Oleic Acid

Acros Organics, 97%

Background Material
Simple Carbohydrate

Sucrose (table sugar)

Starch Carb.

All Purpose Flour ©

Non-Starch Carb.

FiberSol-2 ©

Protein

100% Whey Protein
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Figure 3.1 – Sartorius BP 210S Scale Used for Gravimetric Measurements (0.1 mg precision)

Fatty Acid Samples
Samples containing free fatty acids (FFAs) were prepared by making a solution of
FFA and acetone (EPA Method 11664).
664). The desired mass of FFA was added to a 100 mL
volumetric flask. Acetone was then filled to 100 mL. The solution was heated to ensure the
FFA was completely dissolved in acetone.

Knowing the solution concentration, the

appropriate volume of standard/
standard/acetone
acetone was then added to the reagent water to produce the
sample. The concentration of FFA/Acetone solutions were periodically checked by pipetting
known volumes to aluminum weighing dishes and weighing the dried residual.

80

Extraction Phase
During the extraction
traction phase, the samples were poured from the 800 mL sample jars to
a 2 L separatory funnel. 30 mL of nn-hexane
hexane (Optima, 95%) was then added with a 10 mL
volumetric pipette to the empty sample jar. The sample jar was shaken vigorously for
approximately 300 seconds ensuring solvent contact with all sides of the jar and the lid. The
contents of the jar were then added to the 2 L separatory funnel. The separatory funnel was
sealed using a PTFE lined stopper and the solvent/sample mixture were shaken vigorously
vigorousl
for exactly two minutes with periodic venting. Following this mixing/venting step, the
sample was left stationary for exactly 10 minutes to allow clear phase separation (Figure 3.2).
While waiting for the phase separation in the separatory funnel, a sodium
sodi
sulfate filter
(Na2SO4) and boiling flask were prepared.

Figure 3.2 – Separatory Funnel After Clear Phase Separation

Filter paper (Whatman 40 – 11cm diameter) was folded and placed into a funnel and
sodium sulfate was added to the paper. 10mL of nn-hexane
hexane was then used to rinse the sodium
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sulfate filter prior to sample use. A clean and dried 125 mL boiling flask with marble boiling
chips was then removed from the dessicator and weighed. A new sodium sulfate filter and
boiling flask were used for each extraction.
After allowing 10 minutes for the sample and solvent to separate, the water layer was
drained back into the sample jar via the stopcock at the bottom of the separatory funnel. A
very small quantity of the extracted (organic) layer was allowed to pass into the sample jar to
minimize the residual water in the organic layer. The separatory funnel was sealed and the
organic layer was briefly (< 30 seconds) sloshed around the funnel to aid in the removal of
residual material that may have adhered to the funnel walls. The funnel was vented again and
the solvent was then drained through the sodium sulfate filter into the boiling flask.
The above procedure describes the process for a single extraction of a sample. A
single sample underwent several extractions to remove all extractable material. However,
unlike standard procedures outlined for Oil and Grease extraction (EPA Method 1664,
Standard Methods 5520-D) the present study quantified the extractable material after each
extraction step (Figure 3.3). Separation of the extraction steps allowed for the quantification
of its progress towards the total recovery. Complete extraction was observed after negligible
extractable material was recovered. Negligible, in this case, was defined as an inability to
differentiate the extraction with a blank. Blanks were analyzed with every set of samples.
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Figure 3.3 – Depiction of Series Extraction Process where nth extraction represents extraction with
marginal mass recovery

Distillation
Distillation of the extracted material was performed through the procedure specified
in standard oil and grease measurement guidelines (EPA Method 1664, Standard Methods
5520 D). As the solvent used was nn-hexane,
hexane, the samples were distilled in a water bath
(IsoTemp, Fisher Scientific)
cientific) at 85 °C. The boiling flask was connected to a Claisen type
distillation head and a west type condenser (Figure 3.4).

A thermometer within the

distillation head ensured that the appropriate temperature was achieved for distillation
(70°C). Generally,
nerally, the solvent was fully evaporated after approximately 15-30
15
minutes
within the water bath. After 15 minutes, the flask was dried and put on a vacuum for a few
minutes to ensure the removal of nn-hexane
hexane vapors. The boiling flask was then placed in an
oven at 70 °C for thirty minutes. After this drying step, the flask was placed in a dessicator
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until room temperature was achieved (Figure 3.5). The dried flasks were then weighed to
determine the extracted mass.

Figure 3.4-Claisen Type Distillation head attached to flask and West type condenser in water bath
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Figure 3.5 – Dessicators w/ Boiling Flasks

Drying Alternative
While performing the distillation of samples, it was suspected that the process of
heating the hexane/extracted material may volatilize some of the constituents being
investigated. To avoid volatilizing constituents during distillation, samples were dried in the
fume-hood in aluminum weighing dishes. The extracted material and the n-hexane were
passed, through sodium sulfate into pre-weighed 70 mL aluminum dishes. The solvent was
then evaporated from the dishes (~ 1hr) and the dishes were weighed.
Extraction Calculations
In typical gravimetric determination of FOG concentration, the measured
concentration would be calculated using the following:
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Concentration =

RecoveredMass
Sample Volume

(3.1)

Since the aim of this work was to assess the performance of a commonly used
technique in the presence of known variables, the more useful assessment is the % recovery
of a known mass (Equation 3.2).

% Recovery(P) = 100 ×

RecoveredMass (X)
ActualMass (A)

(3.2)

This same assessment is used to meet the criteria specified in Method 1664 QA/QC
guidelines. In the present work, the % Recovery is used as the primary indicator of method
performance variation in the presence of the different variables (Table 3.1). More details
regarding the analysis of percent recoveries are provided in the following section on
statistical analysis.
The total % Recovery (PT) was calculated by the summation of the series extractions.
n

Total % Recovery (PT ) = ∑ Pi

(3.3)

i =1

In Equation 3.3, Pi represents the ith extraction in the series extraction. The cumulative
percent recovery represents the end result of a typical gravimetric analysis for oil and grease
content in a sample. The goal of assessing the intermediate extractions was to quantify
changes in the extractable nature of the sample based on the analyzed content.
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n-hexane Rinseable Residuals
During the extraction of FOG from water, a portion of the FOG will adhere to the
surfaces in contact. EPA Method 1664 indicates the potential for adherence and suggests
steps to minimize the use of unnecessary surfaces to reduce this source of error. Despite
steps mentioned by method 1664 to reduce adherence problems, the present research
observed several instances where sample recovery was lost during the extraction procedure.
Initially, to help locate the source for sample loss, additional n-hexane rinses were
performed with the separatory funnel, sample jar, and sodium sulfate filters to quantify the
FOG that may have been lost from the reported recovery. Figure 3.6 displays a general
overview of the process used to quantify the residuals.
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Sample @ X
Concentration

3x Extraction to
Boiling Flask
Sample Jar
Residual

Sep. Funnel
Residual
Followed by
standard
distillation

Total Non-Volatilized
Recovery
Figure 3.6 – Schematic for Determination of FOG Adhesion During Testing

The above figure details the procedure used to remove FOG adhesion as a source of
sample loss during testing.

In Figure 3.6, it is assumed that after the third extraction

negligible FOG is recovered. Tests analyzed for adhesion and volatilization were checked to
confirm negligible quantities after three extractions. From Figure 3.6, the total n-hexane
removable-adhered fraction ( f ad ) is given by the following equation:

f ad =

Jar Residual + Separatory Funnel Residual
Total Sample Mass
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(3.4)

When combined with the residue from distillation ( f dist ) , the value typically reported
from extraction procedures, the result has been described as a non-volatized fraction ( f nv ) .
In other words:
f nv = f dist + f ad =

Distilled Residual + Jar Residual + Sep. Funnel Residual
Total Mass

(3.5)

Naturally, if none of the sample is volatilized during distillation, the sample nonvolatilized fraction will be equal to 1. The value typically reported in Method 1664 would
correspond to f dist .
More Detailed Adhesion Testing
Further investigation of adhesion was initiated to quantify sample loss to the various
surfaces in contact with FOG. Figure 3.7 depicts the expected occurrences when FOG may
adhere.
The two surfaces that must be considered in the present study are the sample jar and
the separatory funnel surfaces. These containers are predominantly lab glass with the
exception of the sample jar lid, the separatory funnel stopcock, and the separatory funnel
stopper which are made of PTFE.
The internal surface area was computed for the sample jar and separatory funnel to
account for the quantity lost to adhesion per unit surface area. Manual measurements were
taken of the sample jar while an image analysis of the separatory funnel was performed.
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Using ImageJ image analysis software (Rasband, 2005), the dimensions of the separatory
funnel were calculated and an internal surface area was computed. Using the combination of
sample jar and separatory funnel surface areas, the mass adhered per sample was computed.

1.

Sample
Transferred
to Sep.
Funnel

2.

Sample Jar
rinsed w/
hexane
Water + FOG
3.
Repeat
Process for
a total of 3
Extractions

Hexane
transferred
to Sep.
Funnel

4.

Sample and
hexane are
rigorously
shaken in
Sep.
Funnel

5.

Water
drained back
to jar while
hexane s
transferred
to boiling
flask

Oil missed or
un-solubilized
by hexane
rinse remains
in jar
Mixing of FOG
may enhance
adhesion by
exposing more
FOG to
surfaces

Oil missed or
un-solubilized
by hexane
rinse remains
in Sep. Funnel

Figure 3.7– Summary of Extraction Process with Hypothetical
Adhesion Opportunities Highlighted
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Two tests were used to predict the expected FOG quantity that will adhere to the
glassware during testing: (1) Submerged Slide Testing and (2) Increased Surface Area
Testing. The objective of the Submerged Slide Test was to examine the ability of n-hexane
to remove FOG from a coated glass surface of known surface area. The purpose of the
Increased Surface Area Test is to demonstrate the effect of intermediate jar transfers on FOG
recovery.
Submerged Slide Testing
In the Submerged Slide Test, a weighed microscope slide (MSlide) (approximately 1” x
3” x 1 mm) was completely submerged in Canola oil. Following the submersion of the slide,
the slide was pulled out of the oil and allowed to drip dry. The slide was then placed into a
tared aluminum dish (MDish). The weight of the aluminum dish and slide were then measured
(MDish+Slide+Oil). The slide was then removed from the dish and the weight of the dish and
residual oil were determined (MDish+Oil). The mass of oil (MOil) on the slide wascalculated by
Equation 3.6.

M Oil = M Dish+Slide+Oil − M Dish − M Slide

(3.6)

Following the weight measurement of the oil-coated slide, the slide was placed into a
sample jar with 60 mL of n-hexane. The sample jar was then shaken for 2.5 minutes. After
this time, the n-hexane was discarded and the slide was placed into another tared aluminum
weighing dish to dry (MDrying

Dish).

After drying, the dish and slide were then weighed
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(MDrying Dish + Slide). The residual mass adhered to the slide was then determined by Equation
3.7.

M Residual = M Drying Dish + Slide − M Drying Dish − M Slide

(3.7)

The residual adhesion per surface area was then calculated for the Slide Adhesion
Test by dividing MResidual by the surface are per slide (40.7 cm2).

M Redisual
 mg 
ASlide  2  =
2
 cm  Surface Area (40.7 cm )

(3.8)

This value was then compared to values obtained in actual testing. Actual adhesion
values (AActual) were obtained by determining the unrecovered FOG mass (Munrecovered) and
dividing it by the internal surface area of glassware exposed to FOG during testing (discussed
previously).
Increased Surface Area Testing
For the Increase Surface Area Test, six clean sample jars were in contact with the
sample prior to pouring the sample into the separatory funnel. (Figure 3.XXX).

The

additional jars increased the surface area from approximately 1500 cm2 (500 cm2 for the jar
and 1000 cm2 for the separatory funnel) in the standard LLE to around 4000 cm2.
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Figure 3.8 – (Left) Standard Extraction Procedure (Right) Modified Procedure for Increased Surface
Area Test

After the final sample jar transfer, the sample was poured into the separatory funnel.
Subsequent to the final transfer, 30 mL of nn-hexane was added to the first sample jar and
shaken for 30 seconds. The solvent was then transferred to each of the other jars and mixed
for 30 seconds prior to finally adding the solvent to the separatory funnel with the sample.
Both the sample and solvent tr
transfer
ansfer were repeated during each extraction. The goal of this
procedure was to emulate the effect of having 6x the glass surface area during an extraction.
As with the adhesion discussed in the standard LLE, in the Increased Surface Area test,
adhesion was
as quantified by dividing the unrecovered mass by the total glass surface area.
As an alternative to the previous experiment, increased surface area was investigated
by using two separatory funnels. This test was performed to explore if adhesion occurred as
a result of the oil/water/hexane mixture and not just sample contact on to glassware (as was
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investigated with the increased jar experiment). Figure 3.9 displays the schematic of this
experiment.

Figure 3.9
3.9– Increased Sep. Funnel Surface Area Testing

In this test, as with the standard LLE, 30 mL nn-hexane
hexane was shaken with the sample in
a separatory funnel for 2 minutes. The sample was allowed to separate for 10 minutes and
then transferred into the second separatory funnel. The 2 minute shaking and 10
1 min
separation was repeated in the second separatory funnel. The organic layer was then passed
through a sodium sulfate filter and evaporated to determine the residual FOG mass.
Investigation of FOG Volatilization
The objective of the oil volatility in
investigation
vestigation was to determine the temporal change
in oil mass as a result of volatilization at the distillation temperature (70 °C). A known mass
of FOG material was added to a tared boiling flask. 50 mL of nn-hexane
hexane was then added to
the boiling flask and the solvent/FOG mixture was allowed to dissolve (~ 30 mins). The
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flask was then distilled and oven dried per the procedure described previously.

After

allowing the flask to cool to room temperature in a dessicator, the weight of the boiling flask
was taken. The percentage FOG volatilized was then computed as:

% FOG Volatilized =

Dried Flask Wt.- Clean Flask Wt.
× 100
FOGWt. Added

3.9

This volatilization analysis was performed for three of the FOG types investigated
during this study: canola oil, lard, and oleic acid.
3.1.2 Experimental Layout
Standards/FFA Testing
Table 3.2 represents the materials tested during the standard materials phase of
testing. Standard samples (palmitic acid (P), stearic acid (S), oleic acid (O) and hexadecane
(H)) were prepared by adding 400 mg of standard material to a 100 mL volumetric flask and
then filling the flask to volume with acetone. The combined standard of hexadecane and
stearic acid was composed by adding 200 mg of each component and filling to 100 mL with
acetone. Testing was done to measure the percent recoverability of the standards using the
methodology previously outlined. Statistical analysis (detailed in section 3.1.3) was
performed on the resulting percent recoveries (PT and Pi) for each of these values.
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Table 3.2 – Standards/FFA Testing
Sample Name
P
S
O
H
H/S

Material
Palmitic Acid
Stearic Acid
Oleic Acid
Hexadecane
Hexadecane/Stearic Acid

FOG Type Testing
The FOG materials shown in Table 3.3 were chosen to investigate if there was a
saturation level dependence on FOG recovery with standard FOG measurement procedure.
Samples solid at room temperature (Lard and Crisco) were prepared by adding the
desired mass of the constituent to the lid of the sample jar. The lid was placed on a lab scale
so the measurement would be accurate. The lid with FOG was then re-sealed to the sample
container which was filled with acidified reagent water (pH < 2). FOG samples with FOG
liquid at room temperature (Canola, and Corn Oil) were prepared by adding known volumes
of the FOG to the sample jars with acidified reagent water. For the corn and canola oil
addition, a volumetric pipette was conditioned with the oil by repeatedly discharging known
volumes (either 1mL or ½ mL) into a tared aluminum dish. .

After approximately 5

replicated discharges, a known mass could be attributed to the pipette volume and the pipette
was sufficiently coated with FOG to ensure volumetric discharges independent of adhesion.
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A minimum of three replicates of each of the samples listed in Table 3.3 were
analyzed for % recoverability. The mean % recovery of each of the FOG materials was then
compared to determine if a statistically significant difference existed between the samples.
Table 3.3 - FOG Type Testing
Sample Name
CA
CO
CR
LA

Material
Canola Oil
Corn Oil
Crisco
Lard

The least saturated (Canola Oil) and most saturated (Lard) materials were also
investigated further to determine if there was a concentration dependence on the % recovery
of samples (100 mg/L and 1000 mg/L each).

Surrogate Food Waste Testing I - False Positive Testing
The following samples (Table 3.4) were examined to determine if, in the absence of FOG
material, “false positive” residual masses were measured. For this test, samples were added
to reagent water to create a COD of approximately 3000 mg/L (based on COD testing of the
samples). Extraction was performed on the residual mass collected after distillation was
measured.
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Table 3.4 – Surrogate Food Waste Material
Sample Name
Suc
Flour
CS
Pr
Fi

Material
Sucrose (Disaccharide)
All Purpose Flour (Starch)
Corn Starch
100% Whey Protein (Protein)
Fiber (non-starch carb.)

Surrogate Food Waste Testing II – Interference Testing
For examination of the interference of food solids material with FOG, samples were
prepared in triplicate with Lard and the surrogate background material so that the combined
COD of the sample waste would be approximately 3000 mg/L COD. Lard and food material
was added to a tared sample lid at the correct proportions for testing. The scenarios
considered are displayed in Table 3.5.
Table 3.5 – Composite of FOG and Surrogate Wastes
Sample Name
Suc + FOG
Flour+FOG
CS+FOG
Pr+FOG
Fi+FOG

Material
Sucrose + Lard
Flour + Lard
Corn Starch+Lard
Protein + Lard
Fiber + Lard

The samples from Table 3.5 were extracted per the procedure specified previously.
The objective of this assessment was to determine the occurrence of interference in the
presence of surrogate background materials. Interference was defined as (1) The inability to
recover the spiked FOG material or (2) the inability to perform an extraction due to unextractable conditions.

98

3.1.3 Statistical Analysis Techniques
In the present research, statistical analysis was used to assess the statistical
significance of FOG recovery under various conditions. This significance was assessed by
considering the variability of repeat experiments and analyzed through the use of ANOVA
analysis. As addressed in the Chapter 1, the FOG measurement portion of this research was
designed to address two primary questions: 1) the variability associated with change in FOG
type on performance, and 2) the interference or false-positive effect of background
constituents.
To assess the aforementioned variability and interference in FOG measurement it was
necessary to compare the means of sample treatments. The purpose of this assessment was to
determine if the means of two comparable scenarios were significantly different.

This

comparison of means was performed using analysis of variance methods (ANOVA). In an
ANOVA test, the null and alternate hypotheses are stated as follows:

H 0 : µ1 = µ 2 ... = µ a
2

2

2

H 1 : µ i ≠ µ j for at least pair (i, j)
Considering the number of treatments (n) and the samples for each treatment (a), the
total number of observations (N) can be computed as N = na.

Given N, the total

observations under the ith treatment ( yi• ), the average of the observations under the ith
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treatment ( yi• ), the grand total of all the observations ( y•• ) and the grand average of all
observations as ( y•• ) can be defined as:
n

yi• = ∑ yij

y i•
n

y i• =

j =1
a

n

i = 1,2,3,..., a
(3.10)

y
y•• = ••
N

y•• = ∑∑ yij
i =1 j =1

The sum of squared between treatments (SSTreatments), the total sum of squared (SST)
and the sum of squares of error (SSE) are given as:
a

SS Treatments = n∑ ( yi• − y•• )

2

i =1

2

SST = ∑∑ ( yij − y•• )
a

n

(3.11)

i =1 j =1

SS E = SST − SS Treatments
With these variables defined, the ANOVA F-test statistic (F0) can be calculated as:

F0 =

SST (a − 1)
SS E (N − a )

(3.12)

The null hypothesis is rejected when F0 is greater than the associated upper tail, onetail critical region or:

F0 > Fα ,a−1, N −1
Similarly, a p-value less than the confidence level, α, would indicate the null
hypothesis should be rejected.
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Prior to the use of ANOVA it must be shown that the error in the data are normally
distributed and that the variances of the various treatments are the same.

To indicate

normality of the data and homogeneity of the variances two tests were performed Bartlett’s
test and Levene’s test (Montgomery, 2001).
Bartlett’s test is a chi-squared distribution test where the null and alternative
hypotheses are:

H 0 : σ 1 = σ 2 ... = σ a
2

2

2

H 1 : above not true for at least one σ i

2

The chi-squared test statistic is computed by

χ 0 = 2.3026
2

q
c

(3.13)

where ‘q’ and ‘c’ are described in terms of the sample variances (Si2) as:
a

q = ( N − a )log10 S p − ∑ (ni − 1) log10 S i
2

2

i =1

c = 1+

1 
−1
−1 
 ∑ (ni − 1) − ( N − a ) 
3(a − 1)  i =1

a

2

(3.14)

and S p is defined as,
a

∑ (n

i

2

Sp =

− 1)S i

2

i =1

N −a

The null-hypothesis is rejected when the p-value is less than the significance level, or:
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χ 0 2 > χ 2α ,a−1
Bartlett’s test is also sensitive to the normal distribution of the data (Montgomery,
2001). Sometimes if the the null hypothesis is rejected, a non-normal data distribution is the
cause. To compare methods, an alternative test was performed for the assessment of variance
homogeneity, the modified Levene’s test. In this test, a new value (dij) is derived with
respect to the sample median of a given treatment ( ~y i ):
i = 1,2,..., a
d ij = y ij − ~y i 
 j = 1,2,..., ni

(3.15)

With these new “modified” data an ANOVA F-statistic can be calculated. If the pvalue of table F-value exceeds the F-statistic, then a minimum of one of the variances is
unequal.
After the values are checked for the equivalence of variance and normal distribution,
the ANOVA test can be performed. As the one-way ANOVA only indicates the presence of
statistically significant differences in at least one of the means, another analysis is needed to
determine where that difference exists. This alternative analysis requires the use of a pairwise comparison method.

For the present research, the Tukey’s Test was used for

comparison of sample means. In Tukey’s test, the null hypothesis states that all sample
means are equal.
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H 0 : µi = µ j
H 1 : µi ≠ µ j
for all i ≠ j

Ultimately, the null hypothesis is rejected and the differences in the means are considered
significant when they exceed the following:
MS E
n

Tα = qα (a, f )

(3.16)

In the above equation, the qα is the “student” range statistic as confidence level α and is
defined as:

q=

y max − y min

(3.17)

MS E
n

where y max and y min are the largest and smallest sample means, respectively, out of a group
of p samples means. MSE is the expected mean-square.
MS E =

SS E
N −a

(3.18)

SSE is the expected sum of squares of and is given by:
SS E = ∑∑ ( y ij − y i ) = ∑
a

n

i =1 j =1

2

a

i =1

[∑ (y

− yi )

2

ij

]

(3.19)

In the case where several treatment means are compared to a single control mean, a
variation of the t-test can be used called the Dunnett’s test.
hypotheses for this test are:
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The null and alternative

H 0 : µi = µa
H1 : µi ≠ µ a
for i = 1,2,..., a - 1

For each hypothesis an observed difference in the sample mean is computed:

yi − y a

for i = 1,2,..., a - 1

(3.20)

The null hypothesis is then rejected when:

1 1
yi − y a > dα (a − 1, f ) MS E  + 
 ni na 

(3.21)

Where d α (a − 1, f ) is a taken from a Dunnett’s table (Montgomery, 2001). In the
present work, all of the above statistical analysis was performed using the commercial
software SAS 9.1 (Cary, NC).
3.1.4 Characterization of Fatty Acids in FOG Samples
FOG material used during this study was analyzed for fatty acid composition through
GC analysis.

This procedure was performed by the NCSU Department of Food,

Bioprocessing, and Nutritional Sciences, through procedure initially outlined by Bannon et
al. (1982).
Analysis required the creation of fatty acid methyl esters (FAMEs) from the FOG
material and then the subsequent analysis of the FAMEs by gas chromatography (GC). The
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specific procedure and reagents used during these experiments can be found in Appendix A
and B.
3.1.5 Synthetic Background Waste Characterization
The four food materials specified for surrogate waste testing (Chapter 3.1.2) were
used to develop a synthetic background food waste (sucrose, all purpose flour, 100% Whey
Protein, and Fibersol-2 ®). These materials have been proposed as surrogates of simple
sugars, starches, proteins, and fibers respectively. Preliminary testing was performed to
assess the COD of these materials in reagent water. With COD analysis, a g COD/ g
surrogate was obtained and used in the development of synthetic background samples of the
desired waste strength.

COD Measurement
COD testing was performed using HACH ® pre-prepared COD digestion vials. The
analysis uses HACH Method 2720 (HACH ® 2720). The vials have a measurable COD
range of 0 – 1500 ppm. Higher sample concentrations require the sample to be diluted. COD
analysis with the HACH © vials required two steps: 1) Vial digestion and 2) Colorimetric
Analysis. Vial digestion was performed in a HACH ® Digital Reactor Block 200
(DRB200). During the digestion of the samples, the vials were heated at 150 °C for 120
minutes. After digestion, the samples were allowed to cool. Following this the vials were
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placed in a HACH ® DR/4000V Spectrophotometer for determination of COD. Each group
of samples was tested with a blank to ensure the apparatus was zeroed appropriately.
A review of previous work (Chapter 2) suggests that 3000 mg/L COD and 1000 mg/L
FOG are reasonable representative waste strength for FSE discharge (Stoll and Gupta (1995),
Hsu and Chu (1999), and de los Reyes et al. (2010)). Therefore the surrogate wastes were
used to develop a waste of this strength. If the surrogate waste was in the presence of FOG
material, the COD attributed by FOG was also considered. Testing of FOG for COD using
the aforementioned procedure proved challenging due to the density difference of the FOG
waste in water (i.e. representative sample volumes were impossible to obtain). For this
reason, a general COD value was used for FOG. This value has been reported to be 2.88 g
COD/ g FOG (Grady et al., 1999). The value can be obtained by calculating the theoretical
oxygen demand (ThOD) using a generic molecule (C8H16O).
C 8 H 16 O + 11 .5 O2 → 8CO 2 + 8 H 2 O

The use of FOG and surrogate waste COD values as discrete terms assumes that there
is no interaction between the two chemicals in solution.
3.2 Methods for Field Characterization of Grease Abatement Devices
During the course of this research several field GADs were observed for data
collection. A wide variety of tests were performed to characterize these GADs. Below is a
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discussion of the experiments performed, the equipment utilized, and some of the
terminology referred to with regards to field GADs.
3.2.1 Flow-Rate Measurements of Grease Abatement Devices
Intermittent volumetric flow-rate data was collected at 24 food service establishments
(FSEs) at 15 minute intervals over a 24 hour period. In order to make these measurements, a
4” to 6” coupling adapter was connected to an inlet pipe. A V-notch ISCO/Teledyne FlowPoke flow measuring insert was attached to the expanded inlet and stabilized with a steel
wire (Figure 3.8). The flow rates were then measured with a bubbler attached to flow meter.
Collected data, in combination with GAD characteristics, was used to estimate the minimum
and average theoretical hydraulic retention time (HRT) of the GADs. This analysis was done
to determine a distribution of hydraulic retention times and develop a relationship between
all of the GIs observed.

Figure 3.9 – Inlet Flow Measurement Device
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Cumulative distribution functions (CDFs) were also developed for the flow data
reported from the field sites. This analysis was performed to assess the relative fraction of
the varying flows from each FSE. The time dependent flow data was placed into a frequency
distribution as a function of flowrate and the data was then plotted as a CDF using MS Excel
©.
3.2.2 Assessment of FOG and Solids Profile in Field Grease Abatement Devices
FOG layer and food solids thicknesses were measured in field GADs with a sludge
judge device (Figure 3.9 (left)). The sludge judge is a clear one inch diameter acrylic pipe
and approximately six feet length. Sludge judge measurements were performed at different
locations within the GAD to provide a spatial measurement of the solids and FOG layer.
Visualization of the FOG and food solids profile within a GAD was achieved by
taking sludge judge samples at eight locations across the GAD (Figure 3.9 (right)). These
observations were made at recorded dates between scheduled GAD cleanings. The evolution
of the food particle and FOG layer thicknesses between these scheduled GAD FOG/solids
pump-out is presently described as the GAD maturation cycle. By observing three inlet
configurations on the same GAD (no inlet, straight piped inlet, and distributive inlet)
between these scheduled pump-outs, temporal patterns can be observed regarding spatial
variation and the magnitude of accumulation.
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Figure 3.10 – (Left)
eft) Sludge Judge Apparatus w/ Labeled Depths, (Right) Plan View of Field GAD w/
Sludge Judge Sample Locations

3.2.3 Chemical Characteristics of Grease Abatement Devices
FOG concentration, pH, temperature, and dissolved oxygen (DO) was measured at a
field GAD during hours of operation. Samples for FOG analysis were collected during
periods of observed peak flow and sent out for EPA Method 1664 Analysis. Analysis of pH,
temperature, and DO concentration were performed to establish a spatial chemical
characterization
erization of the GAD. DO and temperature were measured in the field with a YSI 55
attached to a long rod placed at varying elevations in the field GADs to obtain a DO and
temperature profile. Researchers used an Accumet© AP85 Portable pH meter for pH
measurement.
rement. A sludge judge sample from a given location was discharged into multiple
sample jars (varying jars represented depth locations in the GAD) and the pH was measured
in each jar. The pH was measured quickly to minimize the effect of atmospheric CO2.
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3.3 Bench Scale GAD Analysis
Bench scale tests involved pumping an oil/water emulsion into an initially empty
GAD for four theoretical hydraulic retention times (HRT). These tests were performed at
two theoretical hydraulic retention times (HRT): 20 minutes (for all GAD configurations)
and 1 hour (for the standard configuration only). The bench scale GAD was 10-gallons and
constructed of clear acrylic and PVC piping (Figure 3.10). The bench scale GAD system is
displayed in Figure 3.11.

Figure 3.11 – Standard Bench GAD Plan and Cross-sectional View
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Figure 3.12 – Conceptual Layout for Bench Scale GI Experimentation

A corn oil/water emulsion was prepared by mixing precise volumes of water and oil
in a 5 gallon square reactor with a Stir-Pak Lab Mixer using an A100 style impellor at 1100
rpms. The configuration of the 5 gallon square reactor consisted of the impeller placed 2 in.
off bottom, centrally located with an equivalent impeller diameter to tank ratio of 0.25. To
characterize droplet size distribution for the bench scale experimentation, the emulsion
described above was injected into a 2L cast acrylic vessel with a peristaltic pump also used to
inject the oil/water mixture in the inlet pipe upstream from the GAD. Using a Canon EOS
Rebel XSI digital camera equipped with a Canon EF-S60mm f/2.8 Macro USM lens, several
pictures were taken in the presence of a 10 mm scale (Figure 3.12).
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10 mm

Figure 3.13 – Sample Image from Droplet Analysis Photo

Droplet sizes were then quantified using ImageJ software (Rasband, 2009). The
Sauter mean diameter (d3,2) of the emulsion was quantified using the following equation
(Alderliesten, 1990):

d 3, 2 = ∑
i

ni d i

2

∑n d
j

2

di

(3.22)

j

j
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In Eqn. (3.20)

ni

represents the number of particles of size class

di

. A normalized

volume distribution was also plotted to describe the fraction of the total emulsion volume
contributed by a droplet size class. The volume fraction

φi of a particle size class di was

computed by the following equation:

φi =

niVi
∑ n jV j

(3.23)

j

FOG concentrations were measured at the influent and effluent of the bench GAD by
collecting 200 mL samples. The removal percentage of influent FOG was then computed
after operating continuously for 4 HRTs.
A total of six different bench scale configurations were tested and displayed in Figure
3.13 (a-f).
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Figure 3.14 – CFD Configurations Evaluated: (a,b) Standard (20min and 1hr HRT), (c) Short Inlet – No
Baffle, (d) Flared Pipe, (e) Inverted Tee Inlet – No Baffle, (f) Inverted Tee Inlet – Dual Baffle, (g)
Inverted Tee Inlet – Standard Baffle, (h) Distributive Plane Jet (DPJ) Inlet and Outlet – No Baffle, (i)
Cross-sectional Velocity contour of DPJ Inlet showing distributive vanes
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3.3.1 Analysis of FOG Concentration Using Infracal ®

The Infracal TOG/TPH

®

analyzer Model HATR-T2 (Wilkes Enterprise, Inc.) was

used to determine the FOG concentration. The Infracal analyzer (Figure 3.14) is designed to
measure solvent extractable material (hydrocarbons or oil and grease) by infrared (4184 nm
wavelength) in water or wastewater. The device measures the infrared light reflection from a
sample applied to a cubic zirconia crystal (Wilks Enterprises Inc, 2003).
Several corn oil/water samples were produced at varying concentrations ranging from
100 mg/L to 1000 mg/L and acidified to a pH less than 2 with hydrochloric acid for
preliminary examination of the appropriateness of the Infracal ® for oil concentration
assessment. These samples were vigorously shaken and then extracted per the requirements
specified in the Infracal User’s Manual.
Samples were added to a 500 mL graduated cylinder. After sample volume was
measured in the graduated cylinder, hexane was added to the sample collection jar (10% of
sample volume). The sample jar was then rigorously shaken to ensure no residual oil was
left on the walls of sample container. The hexane from the sample jar was then added to the
oil/water in the graduated cylinder. The oil/water and solvent in the graduated cylinder were
vigorously mixed for two minutes using a magnetic stirrer. After mixing, the graduated
cylinder was left still for approximately one minute so the hexane phase and extracted oil
could separate. This hexane separation time was determined sufficient after longer times
were tested and produced no significant additional oil recovery. The separated layer was then
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suctioned off and passed through a sodium sulfate filter into a sample vial. During analysis,
50 µL of the hexane/oil extraction were added to the Infracal ® lens for analysis. The
Infracal reported values of absorbance from the sample on the slide.

Five duplicate

absorbance values were collected for each sample vial and all the sample extractions were
used to develop a calibration curve.
During experimental sample collection, approximately 200 mL were collected from
the bench influent and effluent of the apparatus at the end of the fourth HRT. Following the
procedure described above, samples were acidified prior to testing. In most cases, samples
were refrigerated immediately after testing. In these cases, grab samples were allowed to
achieve room temperature prior to Infracal ® analysis.

Figure 3.15: Infracal ® Device Used for FOG Concentration Measurements
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The Infracal ® unit required calibration with the specific oils utilized for use in
measuring pilot and bench scale experimental samples. In order to create repeatable results,
oil/water emulsions of known concentrations were made and extracted using the procedure
outlined in the instructions (Infracal User Manual, 2003). Using the Absorbance output
setting for the Infracal unit, a calibration curve was constructed based on the range of oil
concentrations that will likely be experienced in the GAD influent and effluent. The Infracal
unit demonstrated sensitivity to sample temperature and sample type. Consequently, corn oil
and peanut oil samples required separate calibration curves (Figure 3.15). The data for the
calibration curves were then fit to a regression curve using the TableCurve 2D © software.
The variation in the calibration curve between corn oil and peanut oil is most likely
due to the variations in the fatty-acid chain lengths and saturations. The variation in Fatty
Acid content and saturation levels would result in varying levels of absorption from a given
wavelength. As a result, a universal calibration curve could not be developed for both oils
particularly at oil concentrations above 200 mg/L, which will occur at the influent to the
GAD.

For the FOG analysis performed with the Infracal, calibration curves were made

specific to the oil being utilized. The construction of the calibration curve for corn oil
allowed for a wider range of concentrations. The Infracal calibration curve for peanut oil, on
the other hand, could not differentiate concentration values above 800 mg/L.
Experimentation with peanut oil, therefore, required that the influent concentration not
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exceed 800 mg/L. Since corn oil could be measured reliably to 1000 mg/L with infracal, it
was utilized for all bench-scale GAD experiments in the present research.

Infracal Calibration Curves
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Figure 3.16: Infracal Calibration of Corn Oil and Peanut Oil

3.3.2 Computational Fluid Dynamics Model

This study also involves the development of a CFD model that included the reactor
hydraulics (flow field and turbulence modeling) and FOG transport (Algebraic Slip Model)
(ASM). A finite volume commercial CFD code PHOENICS (CHAM, England) was used to
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perform the simulation. In PHOENICS, the three dimensional partial differential equations
describing fluid motion are descritized along a structured grid. The grid was developed
around a AutoCAD © developed stereolithography (STL) file constructed with the internal
dimensions of the GAD investigated.

The Reynolds-averaged Navier Stokes (RANS)

equations along with Launder and Spalding’s (1974) version of the standard two equation
k − ε model were used to characterize the fluid flow and turbulence in the GAD. Irregular

boundaries were handled using a cut-in cell method (Yang et al., 1997). The log law
equilibrium wall function was used to approximate the velocity, kinetic energy, and energy
dissipation rate in the near wall region. The dimensionless wall distance ( y+ ) was maintained
between 30 and 300 where the log law relationships are valid through grid refinement.
For inlet conditions, the average mean velocity normal to the inlet plane was
specified. All tangential velocities were set to zero. The turbulent kinetic energy and energy
dissipation rate inlet conditions were defined as: k inlet = (IU )2 , ε inlet = kinlet1.5 (0.1D ) where
I = 0 .05 , U is the normal average velocity at the inlet, and D is the pipe diameter. For the

outlet conditions, the gradients of all variables were zero in the flow direction with the
exception of the pressure. The pressure was set to zero gauge.
PHOENICS utilizes the Semi Implicit Method for Pressure Link Equation (SIMPLE)
numerical scheme to take care of the pressure velocity couple (Versteeg and Malalasekera,
1995). A sharp monotonic algorithm for realistic transport (SMART) scheme (Gaskell and
Lau, 1988) was used to discretize the convection portion of the transport equations.
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Convergence of the numerical solution was based on: a) the sum of the absolute residual
sources over the whole solution domain must be less than 0.01 percent of the total inflow
quantity and b) the values of the monitored dependent variables at several locations must not
change by more than 0.01 percent between successive iterations. The fluid velocities and
turbulence determined during this portion of the modeling was used as initial conditions for
the ASM model described in the next section to improve the convergence requirements for
the ASM model. The ASM model was found to take double the simulation time without these
initial conditions.

Simulation Setup
Eight three dimensional CFD simulations were performed to explore FOG removal
effectiveness of different GAD design configurations operating at two different flow rates
(i.e., retention times of 20 minutes and 1 hr) (Figure 3.13 (a-h)). In addition to the first six
simulations operated under conditions similar to the bench scale experiment, two other GAD
configurations were investigated to explore more quiescent flow designs (i.e., designs that
attempt to minimize velocity disparity associated with inefficient use of GAD volume).
Aside from the standard configuration (Figure 3.13, (a) and (b)), the present research
investigated simple modifications to the straight pipe configuration and the presence of a
baffle wall common to most GADs (Figure 3.13, (c) and (d)). The purpose of modifications
was to improve FOG separation by creating more quiescent GAD conditions. The “Short
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Inlet – No Baffle” configuration (Figure 3.13c) features an inlet 50% the length of the
standard configuration inlet and no baffle wall. The “Flared Pipe” configuration (Figure
3.13d) features an inlet pipe expansion, baffle wall, and outlet pipe expansion. Pipe
expansions as well as the baffle wall pipe were twice the standard pipe diameter.
Alternative inlet, outlet, and baffle configurations were considered to further improve
the FOG removal in these systems (Figure 3.13, (e) - (h)). The “inverted tee” configuration
is a pipe tee inverted to distribute flow along the width of the GAD more effectively than the
standard configuration.

The inverted tee configuration was tested for three baffle wall

arrangements: no baffle wall (Figure 3.13.e)), dual piped baffle wall (Figure 3.13.f), and a
standard baffle wall configuration (Figure 3.13.g). Finally, the distributive plane jet (DPJ)
configuration was developed to better distribute flow across the GAD width (Figure 3.13.h).
The inlet of this configuration features triangular flow splitters to distribute the flow along
the GAD width (CFD velocity contour image shown in Figure 3.13.i) while the outlet has the
same dimensions as the inlet without the flow-dividers.
The 3D GAD configurations were constructed in AutoCAD and imported into
Phoenics ® as a stereolithography (STL) file. Once in Phoenics ®, the appropriate initial and
boundary conditions were set for each scenario. Two phase modeling with ASM required the
input of multiple oil phase parameters. In this study, the specific gravity of the second phase
was specified as 0.91 and the droplet size utilized was 150 µm. Based on previous oil/water
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separation literature, a 150 µm droplet size was specified as the minimum effective size for
gravity separation (Wang et al. 2006).
Initial conditions for the two-phase flow simulations consists of the tank filled with
water containing FOG equal to the influent concentration (1000 mg/L). The model simulated
flow through the GAD for three theoretical hydraulic retention times. The average outlet oil
concentration was tracked throughout the simulation period. In addition, velocity and oil
volume fraction contours were evaluated to assess spatial fluid flow and separation
characteristics of alternative GAD configurations.
The standard GAD configuration shown with the computational grid in Figure 3.16
was constructed from a layout of commonly utilized pre-cast concrete GAD designs.
Modifications from this standard configuration were made through changes to the internal
geometry and not the tank footprint.
Performance of a given configuration was assessed by calculating the percent
removal of the influent oil-laden stream at the outlet at the end of the third HRT. Equation
3.22 was used to assess performance:
 C
% Removal = 100 × 1 - out
 C in





(3.23)

where Cin denoted the influent oil concentration and Cout denotes the concentration in the
effluent stream at a given residence time.
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Figure 3.17 – 3D CFD Layout for Standard Configuration w/ Grid in X-Y Plane
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4. FIELD CHARACTERIZATION OF GREASE ABATEMENT DEVICES
Tarek N. Aziz, Leon M. Holt, Kevin M. Keener, John W. Groninger, Joel J. Ducoste

4.1 Abstract
This study characterized some of the physical and chemical features of field grease
abatement devices (GADs). 24 hour measurement of several food service establishments
(FSE) influent GAD flow rates indicated highly intermittent conditions with hydraulic
retention times (HRT) that exceeded by 2 to 5 times the commonly recommended HRT of 30
minutes. Investigation into the chemical characteristics of GADs indicated highly variable
influent and effluent fat, oil, and grease (FOG) concentrations. Low pH and DO values were
measured throughout the GAD indicating the likely occurrence of anaerobic microbial
processes. Detailed spatial and temporal observations of the accumulation of FOG and food
solids were also discussed. Results indicated that commonly used GAD configurations with
a straight submerged inlet tee or no-inlet tee configuration may result in the transport of food
solids into the second compartment. The present research showed increased food solids
accumulation in the first compartment with a retro-fit flow distributive inlet. This retro-fit
displays promise for potentially improving the separation characteristics of existing GADs..
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4.2 Introduction
The reduction in sewer pipe capacity as a result of FOG accumulation is a major
problem for many municipalities. In a 2004 report to congress, the US EPA attributed 40%
of sewer line blockages to FOG accumulation (EPA, 2004). These FOG accumulations
occur despite the active usage and maintenance of GADs. Further investigation of the
performance of GADs is necessary to better understand their FOG removal effectiveness.
GADs are either passive or mechanized tanks that provide adequate HRT to separate
the lighter FOG material from the waste stream.

Many municipalities require FOG

producing FSEs to be equipped with GADs as an onsite pretreatment step. At present,
limited peer reviewed literature exists regarding the field performance of GADs.
Literature that is available for oil separation is primarily for the petroleum industry in
the design of oil water separators (Wang et al. 2006, API, 1967). Petroleum oil wastes differ
significantly from FOG laden waste streams from FSEs due to the diverse nature of influent
food constituents beyond FOG and the intermittency of flow common in commercial food
preparation. Literature suggests that a HRT of 30 minutes or greater is necessary to
adequately remove FOG (Metcalf and Eddy, 1991). In addition, there exist different methods
for sizing GADs. EPA documentation for onsite wastewater treatment describes an GAD
sizing equation that includes FSE seating number, and a loading factor (EPA, 1980) while
some municipalities opt for sizing based on FSE plumbing configuration (Town of Cary,
2010). An increasingly common trend has been the sizing of GADs based on a tally of
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drainage fixtures draining into the GAD (UPC, 2006). Regardless of the method used to
predict flow into a GAD, no research has been performed to measure the magnitude or
transient nature of flow entering actual GADs.
Garza (2005) provided some discussion of the trends observed in waste strength and
kitchen practices from a number of FSEs. Garza noted that the waste strength was a function
of the following: 1) # of seats, 2) use of self serve salad bars, and 3) the primary cuisine type.
In a more recent study, Lesikar et al. (2006) performed the field analysis of GADs for 28
restaurants ranging in size of the restaurant, fast food versus full fare, and cuisine types. Five
day biochemical oxygen demand (BOD5), total suspended solids (TSS), FOG concentration,
and flow (in the form of total gallons accumulated per day) measurements were performed
for six consecutive days and around the same time per day. A second set of BOD5, TSS,
FOG, and flow measurements were performed at the same sites after a two week break. All
samples were collected in the GAD effluent.
Lesikar et al. found higher BOD5 and average flow values than previously reported in
the literature (Lesikar et al., 2006). Mean values for BOD5, TSS, FOG, and flow were
1040±690 mg/L, 358±430 mg/L, 123±107 mg/L, and 68±39 L/(day-seat), respectively. A
large variance was found for all parameters measured suggesting significant variability over
the operation period of the restaurants investigated. Many of these variables are likely to
show greater variability in the influent stream of the GAD. However, no measurements were
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performed in the GAD influent. Moreover, Lesikar et al. did not mention when the GAD was
last cleaned prior to the sampling time.
An evaluation of the GAD field performance is needed since it is the only defense
preventing the release of FOG and food materials into sewer collection systems. The aim of
this study is to characterize field GADs. The information from this study may help guide
further research regarding advanced strategies for FOG abatement and treatment.
4.3 Materials and Methods
4.3.1 Flow-Rate Measurements of GADs

Intermittent volumetric flow-rate data was collected at 24 food service establishments
FSEs at 15 minute intervals over a 24 hour period. A 4” to 6” coupling adapter was
connected to an inlet pipe and a V-notch ISCO/Teledyne Flow-Poke flow measuring insert
was attached to the expanded inlet and stabilized with a steel wire to make these flow
measurements (Figure 4.1). The flow rates were then measured with a bubbler attached to
the flow meter. Collected data, in combination with GAD characteristics was used to
estimate the minimum and average theoretical HRT of the GADs.
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Figure 4.1 – Inlet Flow Measurement Device

Cumulative distribution functions (CDFs) were also developed for the flow data
reported from the field sites. This analysis was performed to assess the relative fraction of
the varying flows from each FSE. The time dependent flow data was placed into a frequency
distribution as a function of flow rate and the data was then plotted as a CDF using MS Excel
©.
4.3.2 Assessment of FOG and Solids Profile in Field GADs

FOG layer and food solids thicknesses were measured in field GADs with a sludge
judge device (Figure 4.2, left). The sludge judge is a clear acrylic pipe of one inch diameter
and approximately six feet in length. The sludge judge allowed for the visualization of the
GAD profile at a specified location.
Visualization of the FOG and food solids profile within a GAD was achieved by
taking several sludge judge samples at seven locations across the GAD (Figure 4.2, right).
These observations were made at recorded dates between scheduled GI cleanings. The
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evolution of the food particle and FOG layer thicknesses between cleanings is described as
the GAD maturation. By observing three inlet configurations on the same GAD (no inlet,
straight piped inlet, and distributive inlet) between cleanings, patterns were observed
regarding spatial variation and the magnitude of accumulation.

Figure 4.2– (Left) Sludge Judge Apparatus w/ Labeled Depths, (Right) Plan View of Field GAD w/
Sludge Judge Sample Locations

4.3.3 Chemical Characteristics of GADs

FOG concentration, pH, temperature, and dissolved oxygen (DO) were measured at
the GAD of a buffet style FSE during hours of operation. Samples for FOG analysis were
collected during periods of observed peak flow and sent out for EPA Method 1664 Analysis.
DO and temperature were measured in the field with a YSI 55 attached to a long rod placed
at varying elevations in the field GAD. An Accumet© AP85 Portable pH meter was used for
pH measurement. A sludge judge sample from a given spatial location was discharged into
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multiple sample jars (varying jars represented depth locations in the GAD) and the pH was
measured in each jar. The pH was measured quickly to minimize the effect of atmospheric
CO2.

4.4 Results
4.4.1 GAD Influent Fluid Flow Analysis

Table 4.1 displays the influent flow field data for several GADs. A sample of the 24
hour flow rate data collected from the FSEs investigated is shown in Figure 4.3 and the
cumulative distribution function for all the FSEs is shown in Figure 4.4.

Flowrate (gpm)

25
20
15
10
5
0

Figure 4.3 – Example Flowrate Data Collected for a Full Fare Restaurant during Hours of Operation

In Table 4.1 as well as Figure 4.4, the flow data clearly shows that a large percentage
of the flows (90-95%) fall below 10 gpm with 85-90% falling below 5 gpm. The time history
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data shows that the grease interceptor flow is highly intermittent with peak values that are 37 times the average values occurring several times over a 24 hr period. In Figure 4.4, at the
90% mark in the cumulative distribution function, most (75%) of the fluid flow from the
different FSEs were 1/3 of the recorded peak flow. Clearly, the peak flows are associated
with high FSE operation periods such as cleanup and preparation for major meals (i.e.,
breakfast, lunch, and dinner). Although they did not perform actual flow measurements, the
recorded total daily water usage performed by Garza (2005) showed that variability exists on
different days of the week. However, since Garza’s recorded water usage values were
determined from daily water meter readings, it may also include flow variability due to nonfood service related activities.
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Table 4.1– Summarized Flow Data from FSE Flow Study
Seating

GI Size

Vol. to GI

Max Flow

Avg Flow

Std. Dev

Min. HRT

Avg. HRT

FSE #

FSE Type

(#)

(gal)

(gpd)

(gpm)

(gpm)

(gpm)

(min)

(min)
833

1

FF – Steakhouse

250

1000

2512

9

1.2

1.8

111

2

Grocery Store

5

1200

2078

20

3

4.1

60

462

3

SS - Burgers

85

1000

1421

10

1

2.00

100

714

4

FF - Pizza

90

1000

1599

5

1.5

1.3

200

667

5

FF - Mixed Cuisine

320

1000

1650

21

3.8

4

48

263

6

FF - Steakhouse

365

1500

6326

45

9.8

8.4

33

153

7

FF - Mixed Cuisine

345

1000

1643

12

3

2.3

83

333

8

SS - Burgers

84

1000

951

16

3.2

3.8

63

313
160

9

FF - Italian

300

1500

4310

35

9.4

8

43

10

FF - Cafeteria

300

2000

2944

29

3.2

5.8

69

625

11

FF - Pizzeria

156

1500

1235

28

4.2

6.3

54

357

12

SS - Sandwiches

140

1000

995

15

3

3.7

67

333

13

FF - Mexican

200

1000

1810

33

5

7.4

30

200

14

FF - Steakhouse

172

1000

2657

20

2.3

3.1

50

435

15

Grocery Store

1

1000

389

4

1.2

0.8

250

833

16

SS - Japanese

44

1000

654

21

3

4.2

48

385

17

SS - Mixed Cuisine

117

1000

629

5

1

0.90

200

2000

18

FF - Pizzeria

82

1000

1423

23

3.9

4.3

44

256

19

FF - Mixed Cuisine

142

1000

1213

11

1.1

1.8

91

909

20

Elementary School Cafeteria

300

1500

339

8

0.5

1.3

188

3000

21

High School Cafeteria

450

1500

677

24

0.6

2.7

63

2500

22

Cafeteria - Corporate Office

530

1500

1113

12

1

2.2

125

1500

23

FF - Hotel Restaurant

101

1500

1244

8

0.5

1.2

188

3000

24

FF - Steakhouse

276

1500

2769

15

2.8

3.8

100

536

*FF = Full Fare (washable ware, changing menu), SS = Single Service (disposable ware, consistent menu)
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Cumulative Distribution
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Figure 4.4 – Cumulative Distribution Function for FSE Flowrates over 24 hrs Period

The results in Table 4.1 and Figure 4.4 suggest that long average residence times
exceeding 2 hrs under highly intermittent influent flow conditions exists for most FSE
GADs. While the FOG released from the GAD effluent has not been measured, it is possible
for excessive release of FOG in the GAD effluent during peak operation under three
conditions: a) when the influent water temperature is significantly higher than the GAD bulk
water temperature, b) when excessive use of detergents/emulsifying agents are used, and/or
c) when excessive amount of solids or a liquid stream containing a highly concentrated
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substance is discharged. In case (a), high temperature influent water could displace already
separated FOG at the surface of the GAD. In case (b), the detergent/emulsifying agent may
not allow for adequate time or prevent coalescing for proper separation of the influent FOG.
Finally, in case (c), the high solids concentration may also cause short circuiting due to a
density outfall. This density outfall may also lead to an increase in the effluent FOG
concentration due to the shorter path taken by the influent water through the GAD. All these
scenarios, however, will strongly depend on the geometric configuration of the GAD (i.e.,
inlet/outlet piping, internal baffles, unit shape).

4.4.2 Chemical Characteristics of GADs

Total Oil and Grease
Collection of FOG data from the GAD of a full-fare cafeteria-style FSE occurred over
two days. During periods of high or turbid flow, influent and effluent samples were analyzed
for TOG analysis (Table 4.2). In Table 4.2, the data clearly displays variability in the TOG
over a 6 hour period and ranged between less than 5 - 1300 mg/L in the influent and 70 24,000 mg/L in the effluent. The high 24,000 mg/L effluent value was likely caused by
excessive vibration at the outlet tee, which dislodged a chunk of hardened grease into the
effluent flow stream.
The results suggest that there is no discernable trend between the influent or effluent
FOG concentration. Although this may be as a result of sampling complications, as in the
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case in the 1:40pm effluent measurement, it is also likely attributable to the large variability
in the flow rate and kitchen practices observed on a day to day basis. Other field studies
(Garza, 2005) showed similar trends in variable effluent concentrations although no influent
GAD measurements were performed.
Table 4.2 – FOG Concentration Observed from GI Influent and Effluent

Sample Time

Day 1
Influent Conc.
(mg/L)

Effluent Conc.
(mg/L)

Sample Time

Day 2
Influent Conc.
(mg/L)

Effluent Conc.
(mg/L)

9:00 AM

55.9

1130

10:30 AM

5.9

1380

10:00 AM

1260

-

11:15 AM

49.7

-

11:00 AM

407

188

12:30 PM

106

66.3

12:00 PM

<5.1

-

1:15 PM

51.6

-

12:30 PM

18.4

166

1:40 PM

158

24400*

1:00 PM

107

-

2:50 PM

56.1

-

2:00 PM

1240

99.3

3:30 PM

794

-

3:00 PM

97.2

-

4:00 PM

1210

-

304±447

-

399±540
396±491
Average:
Average:
* Likely due to dislodged accumulated FOG from outlet pipe

A similar, unaddressed concern may be the inadequacy of the FOG concentration
measurement technique (Method 1664) to exclude non-FOG background constituents in its
determination. Analysis of previously used FOG measurement techniques suggested such
challenges with environmentally contaminated samples (Wells et al., 1995, Aziz et al., 2010).
Present inaccuracies experienced with the EPA Method 1664 for quantification of TOG
suggest that future research is needed to assess the appropriateness of these methods for FSE
waste streams.
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Dissolved Oxygen, pH, and Temperature
A variety of samples were taken at a college dining hall facility’s GAD on NC State
University campus. The dining hall GAD utilizes a standard configuration (Figure 4.5b).
Measurement of the pH and DO were performed at six locations in the GAD: the GAD inlet,
two samples in the first compartment, two samples from the second compartment, and the
effluent. The samples collected from the first and second compartment were taken using a
sludge judge apparatus (Figure 4.2, left) to collect samples at various depths of the GAD. All
measured values are reported in Table 4.3.
The data in Table 4.3 shows that the influent pH is generally more basic while the
effluent more acidic. This higher influent pH is likely due to the basic nature of many
cleaning products, since many of these chemicals are powerful degreasers. The effluent pH,
on the other hand, is more acidic and consistent with the lower pH profile found in the GAD.
The higher pH value at the effluent (pH 5.9 at position 6) compared to positions 4 and 5 (pH
between 4 and 5) in the second compartment suggest that incomplete mixing occurred in the
second compartment and that there may have been a plume of fluid from compartment 1
where the pH was approximately 6. The pH data suggests that short circuiting may be
occurring within the GAD. The overall acidic nature should also be a concern as it may lead
to increased deterioration of the walls in pre-cast concrete GADs and the release of calcium
cations that are major chemical constituents of FOG deposits (Keener et al., 2008).
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Temperature values shown in Table 4.3 are within values measured by others in field
GADs (Garza, 2005). However, a majority of the temperature values measured by Garza
were much cooler than those measured in this study. The cooler temperatures reported by
Garza may have been caused by unknown waste streams that commingled with the FSE
kitchen waste streams. Garza also performed DO measurements in the GAD effluent and
found much higher values than those measured in this study. Again, a major contributor to
the difference between Garza’s (2005) study and the present study is likely due to the
measurement location (GAD effluent versus internal GAD measurements in this study) and
unknown commingling of grey and blackwater waste streams as discussed in Garza..
Table 4.3 – Chemical Characteristics of GI Internals
Location

pH

1st
Compartment
2nd

(1) Inlet

9.5

2A

6.4

2B

6.5

2C

6.5

3A

5.9

3B

6.1

3C

6.7

4A

4.8

4B

4.8

4C

4.8

5A

4.3

5B

4.3

5C

4.4

(6) Outlet

5.9
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DO

Temp

(mg/L)

(°C)

3.8

45

0.5

43

0.4

43

0.5

43

0.4

41

0.4

40

0.5

37

0.6

42

The low pH and DO within the GAD suggests the occurrence of anaerobic microbial
activity. Though investigation into microbial activity is beyond the scope of the current
research, this factor may play a significant role in the maintenance and operation of these
devices. Additionally, there may be the production of free fatty acids along with the
production of volatile organic acids (i.e., acetic, propionic, etc.) due to the microbial
metabolism of the microorganisms on waste stream constituents.
Microorganisms in a GAD system may hydrolyze the lipids through cleaving the
glycerol head of triglycerides (Wakelin, Forster, 1997). Microorganisms are known to
breakdown fatty acids via beta-oxidation (Madigan et al. 2000; Vaccari et al., 2006).
Specifically, Matsui et al. (2005) noted that unsaturated fatty acids following initial
triglyceride hydrolysis by lipase maybe preferentially broken down through beta-oxidation
by microorganisms in wastewater leaving behind saturated fatty acids which can react with
calcium in the wastewater to form solid tacky substances. If similar conditions occurred in
sanitary sewer systems or in GADs, then FOG deposits containing high levels of saturated
fatty acids and calcium with lower concentrations of unsaturated fatty acids would be found
in these systems. The results from characterization of FOG deposits reported previously
suggest that microbial activity, if not properly managed, could contribute to the formation of
these FOG deposits. However, more research is needed to confirm this hypothesis (Keener et
al., 2008).
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4.4.3 FOG and Solids Accumulation Analysis

Sludge judge samples of FOG and food solids thickness data were collected at a full
fare restaurant for several days between cleaning cycles (locations specified in Figure 4.2).
The same GAD was equipped with three different inlet pipes during monitoring periods to
observe the changes in FOG and food solids accumulation as a result of the changes in the
inlet configuration (Figure 4.5). The aim of this study was to observe the evolution of the
FOG and solids layer over time with varying inlet configurations. The results from this
analysis are summarized in Table 4.5.
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Figure 4.5 – Inlet Configurations Examined in GI Maturation Study

It was hypothesized that an effective GAD configuration would display greater FOG
and solids separation in the first compart
compartment
ment between cleanout periods. If short-circuiting
short
occurred in a GAD, one indication may be reduced first compartment accumulation and the
presence of a substantial grease cap and food solids thickness in the second compartment.
In Table 4.5, the inlet configuration appeared to play a greater role in food solids
accumulation than in the accumulation of FOG material, which generally stayed low for the
test duration. It was noticed, however, that in the second compartment of the no-inlet
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configuration, a significant accumulation of FOG occurred by the 4th day of observation.
FOG accumulation for the no-inlet configuration exceeded all other inlet configurations
throughout the study period with an average 2nd compartment grease-cap thickness of 1.67”.
The second compartment continued to grow and achieved 2.75” prior to GAD cleanout. The
second compartment of the straight pipe and distributive inlet indicated relatively low
accumulation of FOG materials (0.5” or less). This variation in magnitude for the no-inlet
configuration may due to hydrodynamic features present in the no-inlet configuration, which
causes transport and accumulation into the second compartment. However, due to possible
differences in the FSE discharge during the testing period (i.e., FOG loading, hydraulics
loading, FOG globule size distribution, temperature, and detergents/surfactants), the overall
magnitude of accumulation may not be used as strict evidence of removal performance.
Instead, the location and relative accumulation rates were noted.
In the case of the no-inlet configuration, the thinner first compartment grease cap
thickness suggests that there may be a preferential transport of FOG material into the second
compartment when compared to the relative accumulations in the straight pipe and
distributive configuration. Further research is needed to better assess potential causes for this
possible transport of FOG into the second compartment and to explore whether this
occurrence ultimately leads to greater FOG discharge to the sewer collection systems.
The food solids accumulation was more substantial during the observation periods of
each configuraiton. As an example of this, Figure 4.6, Figure 4.7, and Figure 4.8 display the
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food solids profiles for no-inlet, straight inlet, and the distributive inlet, respectively, after
roughly the same duration (12 or 13 days maturation). In Figure 4.6 and 4.7, reduced food
solids thickness along the center of the first compartment and an accumulation in the second
compartment were observed. This apparent channeling may be due to a short circuiting
effect characteristic of these inlet configurations.

In comparison, the distributive inlet

(Figure 4.8) had no noticeable channeling. In addition, a relatively small quantity of food
solids was transported into the second compartment for the distributive configuration. The
reduction in food solids in the second compartment suggests that the use of a distributive
inlet may have limited short circuiting.
Short circuiting of the inlet flow can occur if the inlet velocity is too high at a specific
location. With the noinlet and straight pipe inlet configuration, the flow enters the GAD at
one location. The higher relative velocity at this entrance point reduces the time that is
necessary for proper separation within the first compartment. Consequently, FOG
accumulation and solids deposition is occurring in the second chamber. In the distributed tee
inlet configuration, the influent velocity is reduced since the flow is distributed over a greater
pipe cross-sectional area. The lower influent velocity allows more FOG and solids to separate
more effectively in the first chamber and little carryover of FOG and solids occur in the
second chamber. Further analysis of the distributed influent design using numerical modeling
suggests that secondary flows may enhance the FOG separation process (Aziz et al., 2009 in
review). Though the exact FOG and food solids loading between each sample period was
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unknown, the accumulation profiles maybe an indicator of the separation hydrodynamics
within the GAD.
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Table 4.4 – Time Lapsed GAD FOG and Solids Thicknesses for FSE w/ No Inlet, Straight Inlet, and
Distributive Inlet

Solids
FOG
Solids
FOG
Solids

Distributive Inlet

Straight Pipe

No Inlet

FOG

FOG Thickness (in)
Time
Lapsed
(days)
4
6
13
15
4
6
13
15

5
7
9
12
5
7
9
12

3
7
13
17
3
7
13
17

Comp 1 - A
1
2
3
0.25 0.25 0.25
0.25 0.25 0.25
0.25 0.25 0.25
0.25 0.25 0.25
5
7
7
13
7
12
15
8
17
14
10
18.5
Comp 1 - A
1
2
3
0.25 0.25 0.25
0.25 0.25 0.25
0.25 0.25 0.25
0.25 0.25 0.25
9
0.25
7
8.5
0.25
6.5
9
5
13
9.5
6
12
Comp 1 - A
1
2
3
0.25 0.25 0.25
0.5
0.5
0.5
0.5
0.5
1.5
0.75
1
1
0
0
0
6
5.5
6
12
12.5
14
11
13
15

Comp. 1 - B
4
2
5
0.25 0.25 0.25
0.25 0.25 0.25
0.25 0.25 0.25
0.25 0.25 0.25
4
7
8
10
7
12
15
8
17
16
10
18
Comp. 1 - B
4
2
5
0.25 0.25 0.25
0.25 0.25 0.25
0.25 0.25 0.25
0.25 0.25 0.25
5
0.25
8
5
0.25
8
8
5
9
12
6
12
Comp. 1 - B
4
2
5
0.25 0.25 0.25
0.5
0.5
0.5
0.5
0.5
0.75
1.5
1
1
0
0
0
9
5.5
9
12
12.5 12.5
14
13
14

6
1.5
2
3.5
2.75
6
9
13
17
6
0.25
0.5
0.5
0.5
0.25
0.25
0.25
5
6
0.25
0.25
0.25
0.5
0
0
0
0

Comp. 2
7
1.75
1.75
2
2.75
7
8
12
15
Comp. 2
7
0.25
0.25
0.25
0.25
0.25
0.25
0.25
5
Comp. 2
7
0.25
0.25
0.25
0.5
0
0
0
3

8
1.75
2.25
2.25
2.75
6
9
13
15
8
0.25
0.5
0.5
0.5
0.25
0.25
0.25
6
8
0.25
0.25
0.25
0.5
0
0
0
0

*Comp. 1-A and B refer to the front and back of the first compartment
**The numbers below the compartment location indicate the sludge judge sample location from Figure
4.2. Location 2 is used between both 1 and 3 and 4 and 5 as it was collected in the middle of the first
compartment
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Thickness (in)

20
15
10
5
0

Comp. 1 - A

Comp. 1- B

Comp. 2

Figure 4.6 - Solids Bed Profile for 12 days w/ No
No-Inlet
Inlet Configuration

Thickness (in)

20
15
10
5
0

Comp. 1 - A

Comp. 1- B

Comp. 2

Figure 4.7 - Solids Bed Profile for 12 days w/ Straight Inlet Configuration
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Thickness (in)

20
15
10
5
0

Comp. 1 - A

Comp. 1- B

Comp. 2

Figure 4.8– Solids Bed Profile for 112 days w/ Distributive Inlet Configuration

4.5 Conclusions
The analysis of field GADs has revealed that they experience very dynamic influent
conditions with time scales of ffluctuations
luctuations on the order of minutes. While peak flows of 3 to
7 times greater than average move through the GADs on a daily basis, the 90% flow
condition on the cumulative distribution curve reveals that the average flow is 1/3 the peak
flow. Consequently, a majority of the FSE waste stream, over the course of a 24-hour
24
period,
experience residence times that are on the order of hours. The field results also reveal an
environment in the GAD that is primarily acidic, with pH values between 4 and 6 in the bulk
bul
region, and influent pH values that are basic (i.e., pH>8). In addition, the dissolved oxygen
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concentration within the GAD is very low (i.e., values below 0.5 mg/L) with influent values
close to 4 mg/L.
The spatial pattern of solids and FOG accumulation within the GAD depends on the
influent pipe configuration and the cleaning cycle of the GAD. GADs with inappropriate
cleaning cycles may experience solids transport into the second compartment and potentially
into the effluent. Moreover, the standard pipe configuration can exacerbate this transfer of
solids into the second compartment as this configuration generates higher velocities around
the influent pipe that can scour the settled solids in the first compartment.
Chemical characterization of GADs suggests the strong likelihood of inherent
biological activity. Due to the low pH and DO, it is likely that anaerobic digestion conditions
exist. Though accumulation was often observed in the first and second compartments, the
measured FOG concentration in the effluent was not discernibly different from that in the
influent of the GAD observed. This lack of difference between influent and effluent FOG
concentration could imply poor sample collection, indicate a dynamic washout of FOG
material over time, or be an artifact of the method used to measure FOG concentration that
may report non-FOG material (Pomeroy and Wakeman, 1941 and Aziz et al.,2010).
Observation of multiple inlet configurations attached to the same GAD between
cleaning cycles indicated possible food solids channeling problems with the straight inlet
pipe and no-inlet pipe inlets. The straight inlet pipe and no-inlet configurations demonstrated
reduced centerline food solids accumulation and greater relative second compartment
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accumulation. Channeling and second compartment accumulation appeared to reduce with
the use of an inverted-tee (distributive) inlet. Reduced channeling is believed to be due to the
greater distribution of influent flow achieved with the distributive inlet. Reduction in the
regional velocities likely allows for the more quiescent conditions required for effective
sedimentation.
The complexity of this system cannot be taken lightly and simplifying the procedure
to develop a design for a specific FSE may result in poor separation of FOG and solids. The
design of a GAD for a specific FSE will have to utilize knowledge about the flow pattern
produced, type and quantity of influent FOG and solids, and the maintenance schedule for the
cleanout of the GAD.
4.6 Future Direction
Further characterization of GADs (both chemical and FOG/solids thickness) would
aid in the continued development of trends regarding the expected performance of GADs in
the field. The present research did not perform an analysis of longer durations between
cleaning cycles. This analysis would provide useful information as to the effect of extended
duration between cleaning cycles.
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5. PERFORMANCE OF GREASE ABATEMENT DEVICES FOR REMOVAL OF FAT,
OIL, AND GREASE
Tarek N. Aziz, Leon M. Holt, Kevin M. Keener, John W. Groninger, Joel J. Ducoste

Note: This paper was submitted to the American Society of Civil Engineers (ASCE) Journal
of Environmental Engineering at the beginning of October 2009. I have changed the
document numbering and placed the figures and tables within the document but the
remainder of the article is unchanged.

5.1 Abstract
This study assessed the performance of a conventional grease abatement device
(GAD) and the impact of internal geometry modifications on fat, oil, and grease (FOG)
removal efficiency. Analysis was performed using experimental results and computational
fluid dynamics (CFD) on alternative inlet, outlet, and baffle wall designs. Lab scale analysis
indicated relatively poor performance with the commonly utilized submerged straight-pipe
inlet at a 20 minute hydraulic retention time (HRT). Alterations to the inlet configuration
and baffle wall arrangement yielded FOG removal enhancements with the 20 minute HRT
that approach removal performance levels obtained with the standard configuration at a 1 hr
HRT. CFD simulations effectively mimicked performance trends observed on the lab scale
with the exception of simulations using a distributive inlet tee, where CFD over-predicted
the removal performance.

Two factors are believed to have influenced this result: (1)
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Geometrical differences in the inlet tee and (2) Physical limitations of the CFD to predict
droplet interactions.
5.2 Introduction
A 2004 United States EPA Report mentioned that approximately 3 to 10 billion
gallons of untreated wastewater are discharged annually as a result of sanitary sewer
overflows (SSOs) (EPA, 2004). SSOs can potentially release high pathogens, nutrients, and
solids loadings that result in harm to public health and the environment. In addition, SSOs
can result in the release of emerging contaminants such as personal care products,
pharmaceuticals, and endocrine disruptors. The detrimental effects of these chemicals is
largely unknown to the public but some have been shown to alter the endocrine system of
wildlife at very low concentrations (Campbell, et al. 2006).
Fifty percent of SSOs occur as a result of line blockages with the largest source of
these blockages (47%) attributed to FOG deposits that accumulate in sewer lines. When only
considering municipalities that report 100 or more SSOs per year, the resulting FOG
accumulation jumps to 74% of all overflows. These statistics suggest that current practices
to regulate FOG discharge may be inadequate (EPA, 2004).
Municipalities are required to properly manage, operate, and maintain the collection
system (Code of Federal Regulations, 2002). Currently, the primary means of controlling
FOG blockages is to capture and retain FOG materials through passive and mechanized
GADs. The GAD FOG removal performance, however, is being questioned and needs further
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examination due to the continued FOG deposits formation in the sewer collection system.
Limited scientific studies have been performed to evaluate these devices. In addition, many
claims of enhanced performance have been made in marketing strategies by manufacturers of
GAD that need to be verified by objective and unbiased scientific research.
The evaluation of GADs currently exists for smaller in-kitchen devices. The
Plumbing and Drainage Institute (PDI) specifies a testing procedure for the smaller, in
kitchen devices they classify as “Hydro-Mechanical Grease Interceptors”. This evaluation is
designed to test the GADs under “severe operational conditions”. In short, testing involves
the use heated animal fat as a test medium for rating performance. Heated lard-laden water is
passed through a GAD at a specified flow-rate and the efficiency is determined by assessing
the floatable grease in skimming tank after bypassing the GAD. The end result is a GAD
rating in lbs of FOG for a given flow specified (PDI, 2007).
By utilizing heated lard and quantifying only the skim-able grease, these tests do not
consider many of the factors that may affect the FOG recoverability through continuous flow
gravity separation. Restaurants use a wide variety of detergents, sanitizers, and vegetable
oils. These factors can influence emulsification characteristics (e.g. droplet size) of FOG
discharges, and thus influence separation efficiency. GADs are generally sized according to
the expected volume flow-rate from FSE effluent (IAMPO, 2006), a specified retention time
for FOG removal, and sometimes other parameters such as interceptor cleaning frequency,
number of seats at an FSE, and various FSE characterization factors (NPCA, 2006). “Grease”
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is referred to as a “catch-all” phrase by the industry for FOG and includes some waxes and
paraffin.
The universal plumbing standards are based solely on effluent measurements. These
standards do not consider chemical composition of FOG, baffle arrangement, and geometry
criteria. In the Uniform Plumbing Code, sizing is based on an accumulation of drainage
fixture units (DFUs) for the plumbing fixtures contributing flow to the GAD while design
specification for GADs are deferred to municipalities (IAPMO, 2006).

The geometry

criterion for interceptors varies significantly among regulating authorities. Many authorities
believe length of the interceptor is more significant for separation than the width (NPCA,
2006). Most municipalities do not specify particular interceptor design requirements.
However, jurisdictions such as the Washington Suburban Sewer Commission (WSSC)
recommend two baffles for their larger volume based devices (WSSC, 2008).
Design guidelines for GAD are limited. It has been commonly suggested that septic
tanks that provide at least 30 minute hydraulic retention time provide adequate FOG removal
(Metcalf and Eddy, 1991). However, GAD design specifications are sparse and generally
manufacturer based. Typically, GAD modifications have followed designs incorporated in
oil/water separators from the petroleum industry. Oil/water separators often include plate and
tube settlers to enhance performance. The oil droplet size range that has been cited by the
petroleum industry for effective removal by gravity separation was 150 microns and larger
(API, 1967, Wang et al. 2006). Chu and Ng (2000) investigated the use of installing tube
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settlers in a traditional GAD design to determine whether this design modification would
enhance performance. In their research, Chu and Ng used a synthetic wastewater, which
contained peanut oil and measured the effluent oil/grease and chemical oxygen demand
(COD). Chu and Ng (2000) showed that an 8% improvement in the removal efficiency can
be achieved for oil/grease with the addition of tube settlers. They also found that a 70% COD
removal efficiency can be achieved with a reduction in hydraulic retention time (HRT) by
60%. This performance enhancement was only true when the HRT was less than 30 minutes.
When the HRT was above 30 minutes, the addition of tube settlers did not display any
significant improvement in COD removal. This corresponds with a previous report citing
marginal performance improvements observed with a substantial increase in HRT in gravity
separation of oily wastes (Rhee et al, 1996).
More recently Nisola et al. (2009) investigated the treatment of FOG laden restaurant
wastewater using cell-immobilized bacteria on a variety of matrices.

Although a field

validation was performed using the cell-immobilized technology with positive results, few
details were provided regarding the restaurant practices during hours of operation and the
upkeep necessary to maintain appropriate aeration for this biologically active system. In
addition, Nisola et al. provided no details regarding the droplet sizes injected into the system
during operation. At the high oil concentration (200-5000 mg/L) and low mixing rate (250
rpm) utilized by Nisola et al., it is likely that fairly large oil globules were introduced into the
system. Under such conditions the oil would readily separate and thus provide a best-case
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scenario for the condition of FOG waste. The 95% influent FOG removal cited by their study
confirmed this possibility.
Stoll and Gupta (1997) developed management strategies for FOG collection,
treatment, and disposal. In their study, Stoll and Gupta mentioned that GAD could achieve
higher FOG and solids removal efficiencies by assuring the following: avoiding the use of
emulsions, using cleaning agents sparingly, draining surfactant-laden food wastes at the end
of the day, encouraging intermediate machine cleaning to working surfaces and floors with
hot water at high pressure, and draining scalding and boiling containers slowly after cooling.
Although some of these proposed strategies address concerns regarding the feasibility of
gravity separation for FOG laden waste, no details were provided regarding GAD design
albeit Stoll and Gupta assumed that that GADs can achieve an 80% FOG removal efficiency.
Scientific literature regarding the performance of GAD configurations commonly
used in the United States is non-existent. Though implementation of tube settlers and
controlled biological activity has shown promise, no investigation has been performed to
evaluate standard GAD configurations. In addition, none of the research performed to date
has quantified the droplet sizes injected into lab-scale GADs. As a gravity separation process,
the performance of GADs is directly related to the size distribution of incoming FOG
globules and internal hydrodynamics.
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5.3 Objectives
The purpose of this study was to experimentally and numerically evaluate the GAD’s
FOG removal efficiency by gravity separation. In this research, a standard GAD based on the
pre-cast concrete configuration was used to explore the effect of internal geometry
modifications to determine if such changes can significantly improve the GAD FOG removal
performance. The goal is to evaluate modifications that could be made through simple
retrofitting of existing GADs instead of exploring complete design replacement of existing
devices. In addition, these design changes should not impede proper maintenance of GADs
(i.e., removal of separated FOG and settled solids). The prevention of FOG related sanitary
sewer overflows will be based in part on effective design and maintenance of GADs.
5.4 Materials and Methods
The standard GAD, as previously defined, (Figure 5.1) is a two-compartment tank
with submerged inlet and outlet pipes. The first compartment occupies approximately 70%
of the total GAD volume. Flow passes from the first compartment into the second by means
of a submerged baffle-wall pipe. GAD design variations investigated were derived from CFD
simulation results to minimize observed short circuiting.
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Figure 5.1 – Cross Section of Typical GAD

5.4.1 Bench Scale Experimentation

Bench scale tests involved pumping an oil/water emulsion into an initially empty
GAD for four theoretical hydraulic retention times (HRT). These tests were performed at
two theoretical hydraulic retention times (HRT): 20 minutes (for all GAD configurations)
and 1 hour (for the standard configuration only). The bench scale GAD was 10-gallons and
constructed of clear acrylic and PVC piping (Figure 5.2). The bench scale GAD system is
displayed in Figure 5.3
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Figure 5.2 – Standard Bench GAD Plan and Cross-sectional View

Figure 5.3 – Conceptual Layout for Bench Scale GI Experimentation
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. A corn oil/water emulsion was prepared by mixing precise volumes of water and oil
in a 5 gallon square reactor with a Stir-Pak Lab Mixer using an A100 style impeller at 1100
rpms. The configuration of the 5 gallon square reactor consisted of the impeller placed 2 in.
off bottom, centrally located with an equivalent impeller diameter to tank ratio of 0.25. The
emulsion described above was injected into a 2L cast acrylic vessel with a peristaltic pump
also used to inject the oil/water mixture in the inlet pipe upstream from the GAD device to
characterize droplet size distribution for the bench scale experimentation. Several pictures of
the oil/water mixture within the acrylic vessel were taken in the presence of a 10 mm scale
using a Canon EOS Rebel XSI digital camera equipped with a Canon EF-S60mm f/2.8
Macro USM lens. Droplet sizes were then quantified using ImageJ software (Rasband, 2009).
The Sauter mean diameter d3,2 of the emulsion was quantified using the following equation
(Alderliesten, 1990):

d 3, 2 = ∑
i

ni d i

2

∑njd j

2

di

j

(5.1)

In Eqn. (5.1) ni represents the number of particles of size class di A normalized
volume distribution was also plotted to describe the fraction of the total emulsion volume
contributed by a droplet size class. The volume fraction
computed by the following equation:
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φi of a particle size class di was

φi =

n iV i
∑ n jV j
j

(5.2)

FOG concentrations were measured at the influent and effluent of the bench GAD by
collecting 200 mL samples. The removal percentage of influent FOG was then computed
after operating continuously for 4 HRTs.
A total of six different bench scale configurations were tested and displayed in Figure
5.4 (a-f).
5.4.2 Analysis of FOG Concentration Using Infracal ®

The Infracal TOG/TPH

®

analyzer Model HATR-T2 (Wilkes Enterprise, Inc.) was

used to determine the FOG concentration. The Infracal analyzer is designed to measure
solvent extractable material (hydrocarbons or oil and grease) by infrared (4184 nm
wavelength) in water or wastewater. The device measures the infrared light reflection from a
sample applied to a cubic zirconia crystal (Wilks Enterprises Inc, 2003).
Several corn oil/water samples were produced at varying concentrations ranging from
100 mg/L to 1000 mg/L and acidified to a pH less than 2 with hydrochloric acid for
preliminary examination of the appropriateness of the Infracal ® for oil concentration
assessment. These samples were vigorously shaken and then extracted per the requirements
specified in the Infracal User’s Manual.
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Figure 5.4 – CFD Configurations Evaluated: (a,b) Standard (20min and 1hr HRT), (c) Short Inlet – No
Baffle, (d) Flared Pipe, (e) Inverted Tee Inlet – No Baffle, (f) Inverted Tee Inlet – Dual Baffle, (g)
Inverted Tee Inlet – Standard Baffle, (h) Distributive Plane Jet (DPJ) Inlet and Outlet – No Baffle, (i)
Cross-sectional Velocity contour of DPJ Inlet showing distributive vanes

Several corn oil/water samples were produced at varying concentrations ranging from
100 mg/L to 1000 mg/L and acidified to a pH less than 2 with hydrochloric acid for
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preliminary examination of the appropriateness of the Infracal ® for oil concentration
assessment. These samples were vigorously shaken and then extracted per the requirements
specified in the Infracal User’s Manual.
Samples were added to a 500 mL graduated cylinder. After sample volume was
measured in the graduated cylinder, hexane was added to the sample collection jar (10% of
sample volume). The sample jar was then vigorously shaken to ensure no residual oil was
left on the walls of sample container. The hexane from the sample jar was then added to the
oil/water in the graduated cylinder. The oil/water and solvent in the graduated cylinder were
vigorously mixed for two minutes using a magnetic stirrer. After mixing, the graduated
cylinder was left still for approximately one minute to allow the hexane phase and extracted
oil to separate. This hexane separation time was determined sufficient after longer times were
tested and produced no significant additional oil recovery. The separated layer was then
suctioned off and passed through a sodium sulfate filter into a sample vial. During analysis,
50 µL of the hexane/oil extraction were added to the Infracal ® lens for analysis. The
Infracal reported values of absorbance from the sample on the slide.

Five duplicate

absorbance values were collected for each sample vial and all the sample extractions were
used to develop a calibration curve.
During experimental sample collection, approximately 200 mL were collected from
the bench influent and effluent of the apparatus at the end of the fourth HRT. Following the
procedure described above, samples were acidified prior to testing. In most cases, samples
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were refrigerated immediately after testing. In these cases, grab samples were allowed to
achieve room temperature prior to Infracal ® analysis.
5.4.3 Computational Fluid Dynamics Model

This study also involves the development of a CFD model that included the reactor
hydraulics (flow field and turbulence modeling) and FOG transport (Algebraic Slip Model).
A finite volume commercial CFD code PHOENICS (CHAM, England) was used to perform
the simulation. In PHOENICS, a structured grid was used to discretize the GAD flow
volume. The Reynolds-averaged Navier Stokes (RANS) equations along with Launder and
Spalding’s (1974) version of the standard two equation k − ε model were used to
characterize the fluid flow and turbulence in the GAD. Irregular boundaries were handled
using a cut-in cell method (Yang et al., 1997). The log law equilibrium wall function was
used to approximate the velocity, kinetic energy, and energy dissipation rate in the near wall
region. The dimensionless wall distance ( y+ ) was maintained between 30 and 300 where the
log law relationships are valid through grid refinement.
For inlet conditions, the average mean velocity normal to the inlet plane was
specified. All inlet tangential velocities were set to zero. The turbulent kinetic energy and
energy dissipation rate inlet conditions were defined as: k inlet = (IU )2 , ε inlet = kinlet1.5 (0.1D )
where I = 0 .05 , U is the normal average velocity at the inlet, and D is the pipe diameter.
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For the outlet conditions, the gradients of all variables were zero in the flow direction with
the exception of the pressure. The pressure was set to zero gauge.
PHOENICS utilizes the Semi Implicit Method for Pressure Link Equation (SIMPLE)
numerical scheme to take care of the pressure velocity couple (Versteeg and Malalasekera,
1995). A sharp monotonic algorithm for realistic transport (SMART) scheme (Gaskell and
Lau, 1988) was used to discretize the convection portion of the transport equations.
Convergence of the numerical solution was based on: a) the sum of the absolute residual
sources over the whole solution domain must be less than 0.01 percent of the total inflow
quantity and b) the values of the monitored dependent variables at several locations must not
change by more than 0.01 percent between successive iterations. The fluid velocities and
turbulence determined during this portion of the modeling was used as initial conditions for
the algebraic slip model (ASM) described in the next section to improve the convergence
requirements for the ASM model. The ASM model was found to take double the simulation
time without these initial conditions.

5.4.4 Algebraic Slip Model

The two phase (oil and water) numerical GAD simulation was based on the ASM
approach (Pericleous and Rhodes, 1986; Pericleous, 1987). ASM simulates the phases as
multiple interpenetrating continua. The probability of each phase’s existence is based on the
phase’s volume fraction at a point in space. In the ASM approach, a single differential
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equation is solved each for the continuity of the mixture, the momentum of the mixture, and
each phase. The equations for the mixture continuity, mixture momentum, and volume
fraction for the dispersed phase equations are shown in Equations 5.3-5.6.

∂
( ρ m ) + ∂ ( ρ m u m ,i ) = 0
∂t
∂xi

(5.3)

 
∂
(ρ m u m, j ) + ∂ (ρ m u m,i u m, j ) = − ∂p + ∂ µ m  ∂u m,i + ∂u m, j
∂t
∂xi
∂x j ∂xi   ∂x j
∂xi
∂ n
+
∑ α k ρ k u D , k ,i u D , k , j
∂xi k =1


 + ρ m g j


(5.4)

∂
(α d ρ d ) + ∂ (α d ρ d u m,i ) = − ∂ (α d ρ d u D,d ,i )
∂t
∂xi
∂xi

(5.5)

n

n

n

k =1

k =1

where ρ m = ∑α k ρ k , µ m = ∑α k µ k , u m =

∑α

k

ρ k uk

k =1

ρm

The ASM approach treats the motion of each phase relative to the center of the
mixture mass. This is handled by introducing the concept of a diffusion or drift velocity ( uD,k
) and is calculated as follows:
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(ρ m − ρ k )d k2

Du m  1

u D ,k =
g−
−

18µ c (0.018 Re) 
Dt  ρ m
(5.6)

(ρ m − ρ i )d i2

n −1

∑α ρ
i

i =1

i

Du m 

g−

18µ c (0.018 Re) 
Dt 

In the ASM approach, turbulence is included in the drift velocity computation
(Equation 5.6) and in the mixture viscosity µm . The determination of the continuous phase
viscosity, µc , is described by the turbulent viscosity computed from the standard k − ε
model.
5.4.5 Simulation Setup

Eight three dimensional CFD simulations were performed to explore FOG removal
effectiveness of different GAD design configurations operating at two different flow rates
(i.e., retention times of 20 minutes and 1 hr) (Figure 5.4 (a-h)). In addition to the first six
simulations operated under conditions similar to the bench scale experiment, two other GAD
configurations were investigated to explore more quiescent flow designs (i.e., designs that
attempt to minimize velocity disparity associated with inefficient use of GAD volume).
Aside from the standard configuration (Figure 5.4, (a) and (b)), the present research
investigated simple modifications to the straight pipe configuration and the presence of a
baffle wall common to most GADs (Figure 5.4, (c) and (d)). The purpose of modifications
was to improve FOG separation by creating more quiescent GAD conditions. The “Short
Inlet – No Baffle” configuration (Figure 5.4c) features an inlet 50% the length of the standard
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configuration inlet and no baffle wall.

The “Flared Pipe” configuration (Figure 5.4d)

features an inlet pipe expansion, baffle wall, and outlet pipe expansion. Pipe expansions as
well as the baffle wall pipe were twice the standard pipe diameter.
Alternative inlet, outlet, and baffle configurations were considered to further improve
the FOG removal in these systems (Figure 5.4, (e) - (h)). The “inverted tee” configuration is
a pipe tee inverted to distribute flow along the width of the interceptor more effectively than
the standard configuration. The inverted tee configuration was tested for three baffle wall
arrangements: no baffle wall (Figure 5.4.e)), dual piped baffle wall (Figure 5.4.f), and a
standard baffle wall configuration (Figure 5.4.g). Finally, the distributive plane jet (DPJ)
configuration was developed to better distribute flow across the GAD width (Figure 5.4.h).
The inlet of this configuration features triangular flow splitters to distribute the flow along
the GAD width (CFD velocity contour image shown in Figure 5.4.i) while the outlet has the
same dimensions as the inlet without the flow-dividers.
The 3D GAD configurations were constructed in AutoCAD and imported into
Phoenics ® as a stereolithography (STL) file. Once in Phoenics ®, the appropriate initial and
boundary conditions were set for each scenario. Two phase modeling with ASM required the
input of multiple oil phase parameters. In this study, the specific gravity of the second phase
was specified as 0.91 and the droplet size utilized was 150 µm. Based on previous oil/water
separation literature, a 150 µm droplet size was specified as the minimum effective size for
gravity separation (Wang et al. 2006).
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Initial conditions for the two-phase flow simulations consists of the tank filled with
water containing FOG equal to the influent concentration (1000 mg/L). The model simulated
flow through the GAD for three theoretical hydraulic retention times. The average outlet oil
concentration was tracked throughout the simulation period. In addition, velocity and oil
volume fraction contours were evaluated to assess spatial fluid flow and separation
characteristics of alternative GAD configurations.
The standard GAD configuration shown with the computational grid in Figure 5.5
was constructed from a layout of commonly utilized pre-cast concrete GAD designs.
Modifications from this standard configuration were made through changes to the internal
geometry and not the tank footprint.
Performance of a given configuration was assessed by calculating the percent
removal of the influent oil-laden stream at the outlet at the end of the third HRT. Equation
5.7 was used to assess performance:

 C 
% Removal = 100 ×  1 − out 
Cin 


(7)

where Cin denoted the influent oil concentration and Cout denotes the concentration in the
effluent stream at a given residence time.
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Figure 5.5 – 3D CFD Layout for Standard Configuration w/ Grid in X-Y Plane

5.5 Results
5.5.1 Bench Scale Experimentation

Droplet size analysis of the bench scale apparatus indicated a Sauter mean diameter
of 155 µm. This value is above the threshold for gravity separation (150 µm) and therefore
suggests that the bench apparatus was appropriately challenged in the present study.
Analysis of droplet distribution was also performed (Figure 5.6) and indicated that
approximately 81% of the influent oil emulsion was within the gravity separable range. It
can be expected, due to the generally quiescent nature of flows in the bench scale that the
gravity separable fraction of the total volume may increase as a result of droplet coalescence
of sizes below 150 µm.
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Figure 5.6 – Volume Distribution Depicting Gravity Separ
Separable
able Volume (> 150 µm)

Experiments on the bench scale reactor configurations were performed and their
results have been reported in Table 5.1.
1. The highest FOG removal performance (90%)
occurred with the standard configuration at 1 hr HRT (Table 5.1.b). This
his tripling of the HRT
from the standard 20 min configuration resulted only in a 12% increase in performance.
Simple modifications of the standard layout with either the flared configuration or the
short inlet configuration indicated an improvement in pe
performance.
rformance. The flared configuration
(Table 5.1.d)
1.d) yielded 83% FOG removal while the short inlet configuration yielded 85%
FOG removal (Table 5.1.c).
1.c).
The two inverted tee configurations (Table 5.1.e
1.e and f) gave substantially different
results. The dual piped design (Table 5.1.f)
1.f) displayed results very close to the standard
configuration at 1 hr HRT (87%) while the inverted tee, no baffle configuration (Table 5.1.e)
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produced the poorest performance (69%). This performance difference suggests an
interaction with the distributive inlet and the baffle wall that needs further investigation. It
was hypothesized that removal of the baffle wall would create conditions more conducive to
FOG separation (as seen in the short-inlet, no baffle configuration and later shown with the
CFD no-baffle results).
The performance achieved by extending the HRT by a factor of three was approached
by both the inverted tee, dual pipe configuration (Table 5.1.f, 87%) and the flared
configuration (Table 5.1.d, 85%). Shifts in the flow pattern as a result of the distributive
style inlet apparently resulted in poorer separation performance with this arrangement. These
results suggest a strong dependence on the mid-baffle wall for the distributive style inlet and
runs contrary to the CFD simulations comparing similar configurations. The CFD results will
be discussed in the following section.
Table 5.1 – Summary of 3D Simulation and Bench Scale Experiment Results

(a)
(b)
(c)
(d)
(e)
(f)
(g)
(h)

Scenario
Standard
(20 min HRT)
Standard
(1hr HRT)
Short Inlet
No Baffle
Flared Pipe
Inverted Tee Inlet
No Baffle
Inverted Tee Inlet
Dual Pipe Baffle
Inverted Tee Inlet
Standard Baffle
Plane Jet Inlet

CFD
% Removal

Bench
% Removal

57

78

97

90

89

85

82

83

96

69

76

87

74

-

92

-
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As stated previously, the results from bench scale analysis suggest that tripling the
residence time leads to only a (12%) increase in the removal of oil from the system. The
residence time threshold to achieve peak removal for a given GAD is undoubtedly related to
the influent droplet size distribution and whether these drops are able to coalesce or be
removed by simple gravity separation. Typically, gravity separation may only remove free oil
globules 150 microns or larger. Droplets in a smaller range will require additional treatment
technologies for removal such as chemical destabilization, dissolved air flotation, or
membrane adsorption (Wang et al., 2006).

5.5.2 3D CFD Simulations of GAD Performance

A summary of CFD simulations results can also be found in Table 5.1. The highest
performing simulation was observed with the standard configuration at a 1 hour residence
time (97%). Both the inverted tee inlet with no baffle (96%) and the distributive plane jet
inlet (92%) predicted high percent removal at the 20 minute residence time. The short inlet,
no baffle configuration also displayed a high percent removal at the 20 minute residence time
(89%).
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The standard configuration displayed substantially poorer performance than any of
the other simulations (57%). Close observation of the velocity profile for the standard
configuration operated at the 20 minutes HRT suggests that reduced performance may be due
to higher local velocities near the inlet, baffle, and outlet pipes, all contributing non-quiescent
flow conditions. Regions of high velocity along the bottom of the tank and in the second
compartment prevented conditions in which droplets can readily separate (Figure 5.7).

Figure 5.7 – Velocity profile for Standard Configuration at a 20 min HRT

Observation of the distributive plane jet (DPJ) inlet’s cross section and flow direction
contours suggests a more favorable flow pattern (Figures 5.8.a). The DPJ configuration
significantly reduced the high velocities observed in the standard configuration and provides
greater opportunity for the oil droplets to experience quiescent flow conditions. In addition,
the DPJ design generated secondary upward-velocity patterns (Figure 5.8.b), which may act
to further increase the FOG separation in the reactor.
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Figure 5.8 – (a) Velocity profile for Distributive Plane Jet Configuration at a 20 min HRT (b) Velocity
profile in flow-direction showing generation of upward velocity

As with the DPJ design, similar secondary upward velocity patterns were observed
with the distributive inlet/no baffle configuration (Figure 5.9), which had 96% removal
efficiency. However, the magnitude of the velocity in this upward motion was slightly larger
than those produced in the DPJ design (Figure 5.9.b), and may explain the higher percent
removal observed with the distributive-no inlet configuration.
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Figure 5.9 – (a) Velocity profile for Distributive Inlet/No Baffle Configuration at a 20 min HRT (b)
Velocity profile in flow-direction showing generation of upward velocity

While the results in Figure 5.8 and 5.9 may lead to a conclusion that increasing the
upward velocity motion results in higher percent removal, it is important to recognize that
both the DPJ and distributed no baffle had maintained quiescent flow conditions, which is
still very important to achieve higher percent removal. Consequently, any design
modifications must work to achieve a velocity distribution that produces quiescent
conditions. Another, perhaps more intuitive way to observe the performance of the
configurations described in Table 5.1, is by observing the oil volume fractions in the various
simulations (Figure 5.10). The locations of high and low concentrations can then be used to
better explain the behavior of the GAD separation performances.
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Figure 5.10 - FOG Concentration Profiles in Volume Fraction for: (a) Standard Configuration, 20 min
HRT, (b) Standard Configuration, 1 hr HRT, (c) Short Inlet – No Baffle, (d) Flared Pipe, (e) Inverted Tee
Inlet – No Baffle, (f) Inverted Tee Inlet – Dual Baffle, (g) Inverted Tee Inlet – Standard Baffle, (h)
Distributive Plane Jet (DPJ) Inlet and Outlet – No Baffle

In the standard, straight pipe configuration operated at the 20 minute HRT (Figure
5.10.a), the high velocity in the direction of the outlet tee lead to the increased transport of oil
droplets into the second compartment and out of the GAD, resulting in the lower separation
performance (56.7%). Both the short inlet/no baffle configuration (Figure 5.10.c) and the
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flared configuration (Figure 5.10.d) eventually allowed for more quiescent flow by
eliminating any high velocity zones displayed in the standard configuration. This is
particularly clear with the short inlet configuration, as there is a region of low concentration
near the outlet region. The increase in residence time to 1 hour (Figure 5.10.b) also
performed well by reducing the velocity to the outlet and thereby allowing for greater
separation in the system.
The distributive configurations achieved increased performance by better distributing
the flow along the cross-section of the GADs. In the case of the distributive configuration
with the dual piped baffle wall (Figure 5.10.f), this better flow distribution appears to be
successful until the dual baffle wall is reached. The dual baffle wall, with higher baffle
piping, however, pulls from the region of higher FOG concentration and transports FOG into
the second compartment. From that point, the dual baffle wall system behaves more like a
standard configuration (as the outlet is a standard straight pipe), and greater mixing takes
place. The distributive inlet/standard baffle configuration (Figure 5.10.g) appears to have
initial use of the cross-section but then reverts again to a standard type configuration as a
result of the higher velocity in the single baffle pipe region.
When the baffle pipe is completely removed from distributive configuration (Figure
5.10.e), the oil phase concentration clearly demonstrates why this configuration
outperformed other GAD configurations. The distributive inlet allows for the upward
migration of the higher influent concentration, unhindered by the constrictions of a baffle
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wall. As the flow approaches the center of the reactor, quiescent conditions can initially be
observed. Here the droplets separate efficiently from the main stream. The fact that this
configuration achieved the highest removal efficiency of the different GAD configurations at
the 20 minute residence time (96%) confirms the need to distribute the flow along the reactor
cross-section and produce quiescent flow conditions for ideal gravity separation.
The distributive plane jet configuration (Figure 5.10.h) designed to utilize a greater
flow area also displayed favorable oil separation characteristics albeit not as successful as the
distributive/no baffle configuration. Similar to the distributive no-baffle configuration, the
secondary flow patterns of the plane jet appeared to enhance the upward migration of the oil
phase near the inlet. The slightly poorer performance of the DPJ design compared to the
distributive no baffle configuration is possibly due to the location of the outlet height. Since
the DPJ outlet height is higher than the standard height, the outlet allowed more droplets out
of the system than the distributive configuration and was therefore slightly less effective than
the distributive no-inlet configuration.

5.6 Discussion
The results in Table 5.1 display a side-by-side comparison of CFD and bench results.
The CFD followed general performance trends in all but the non-distributive inlets
considered. The phrase, “following performance trends”, implies that lab scale and CFD
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GADs both showed FOG removal improvements when switching from one configuration to
another.
The inability of the CFD model to emulate performance trends with distributive inlets
is likely a combination of two factors: (1) Geometry differences in the lab-scale and CFD
distributive inlets (Figure 5.10) and (2) Limitations in the physics applied in the CFD model.
As shown in Figure 5.11, the CFD distributive inlet is slightly more complex than the
bench-scale distributive inlet. The bench-scale inlet is a simple inverted pipe-tee and was
thought to sufficiently characterize the actual distributive tee used in field GADs (Chapter 4).
Flow entering the GAD form this inlet would impinge upon the GAD side walls. In the case
of the CFD distributive inlet, the end of the inverted tee features 45° elbows which direct
influent flow into the back corners of the GAD.
The differences displayed in Figure 5.11 may have more substantial differences to
overall GAD performance than initially anticipated. As can be seen from the velocity
profiles displayed in Figure 5.9, the CFD distributive inlet appears to create an upward
motion. This upward motion, provided by the 45° angles placed on the tee-ends, may act to
enhance the separation observed in the CFD simulations.
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Figure 5.11 – Distributive Inlet for Lab-Scale and CFD Simulation

The second possible reason for CFD discrepancy with the lab-scale results relates to
limitations in the physics being modeled by CFD. Difference in the physics include the
following: 1) the absence of droplet coalescence in the CFD simulations and 2) the use of a
single droplet size for the CFD simulations. Since the globule size distribution and globule
interaction (coalescence and breakup) were not modeled in the CFD analysis, the dynamic
nature of FOG globule size was not captured in CFD. The absence of coalescence/breakup
may not be substantial from a trend-standpoint if no particular interaction dominates. If,
however, a significant region of breakup did exist within the lab-scale GAD, the result would
likely lead to poorer separation performance. For example, if substantial globule breakup
occurred as a result of the distributive inlet, then a reduced lab-scale performance would be
noted (i.e. Table 5.1e).Alternatively, when considering the other discrepancy observed when
comparing CFD and lab-scale results (distributive inlet, distributive baffle wall scenario,
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Table 5.1.f), the lab-scale showed a higher performance while the CFD indicated a
performance reduction. To address a possible reason for this occurance the geometry of the
distributive inlet, distributive baffle wall configuration must be considered. A distinct feature
of the distributive baffle wall is the relatively high elevation of the baffle pipes compared to
the “standard” configuration (Figure 5.10.f). In the absence of coalescence, FOG globules
remain as discrete globules. These globules, once separated, are still susceptible to resuspension in the bulk fluid due to fluid shearing from regional high velocities. The lab-scale
experiments displayed a coalesced layer, which would require far higher velocities to
breakup then re-suspend FOG. The height of the distributive inlets would provide a region of
relatively high velocity into the second compartment. The absence of coalescence modeling
therefore explains why the lab-scale GAD displayed higher recovery for this scenario. All of
the other baffle wall configurations examined featured baffle wall pipes submerged closer to
the GAD bed.
The discrepancies observed are likely combinations of the aforementioned factors and
will require further investigation before CFD can be used as a design tool without validation.
The experimental results suggest that marginal improvements in removal
performance will be gained by increasing the HRT. More efficiently designed GADs (such as
Table 5.1.c and e-h) may improve the removal performance of the standard configuration
operated at a 20 minute HRT and mimic the removal performance of the 1 hr HRT.
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5.7 Conclusion
A study was performed to evaluate the FSE GAD FOG removal performance. The
study involved the analysis of different GAD configurations using experimental tests and
CFD modeling. Investigation of the GAD configurations described in Table 1 indicated a
relatively poor performance of the standard configuration (Table 5.1.a). This performance
improved marginally when the HRT was increased from 20 minutes to 1 hr. The present
research demonstrated design modifications that resulted in FOG removal performances
similar to the 1 hr HRT standard design. Some results indicated that high performance may
be achieved through the use of a shortened inlet pipe and no compartmentalization. High
performance was also observed on the lab-scale through the use of flared piping and the
combination of distributive inlet with a distributive baffle wall.
CFD simulations followed general performance trends when straight inlet pipes were
considered. Numerical predictions, however, deviated from the experimental results when
analyzing the use of distributive configurations..

The absence of FOG globule

coalescence/breakup mechanism in the model formulation as well as slight differences in the
construction of the distributive inlet geometry compared to the simulated representation were
the likely cause of the differences between model predictions and experimental results with
this GAD configuration. Further investigation is needed into appropriate models to emulate
globule coalescence and breakup before CFD can be used without validation.
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The study only explored the effects of basic modifications to conventional GAD
designs, which refers to the rectangular foot-print, baffled interceptor most commonly used
by FSEs. Changes such as decreases in inlet pipe length, the use of inlet and outlet pipe
expansions, distributive tees, and other fittings can be easily added to existing GADs that
may result in significant improvements in FOG removal efficiency.
Currently, common design guidelines for GADs (IAMPO, 2004; NPCA, 2007)
suggest the use of at least one baffle wall configuration, citing improved grease separation.
The results of this study suggest that the inclusion of a baffle wall does not necessarily lead
to improved oil separation as in the case of the short inlet configuration (Table 5.1.c). Further
research is necessary to better explore this phenomena, particularly when considering flow
variability coming into GADs and the long term accumulation of a FOG layer within GADs.
Further research is necessary to explore several of the observed phenomena. For
example, the present research does not address a few aspects of the GAD performance
including: the role of temperature effects on GAD performance, the impact of food solids
accumulation on GAD performance, and the impact of flow and concentration intermittency
that are common in food service operations. Prior to the recommendation of best practices
for GAD design, these factors must be considered.
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6. MEASUREMENT OF FOG IN FOOD LADEN WASTE STREAMS
Abstract
In this study, the n-hexane liquid-liquid extraction (LLE) of fat, oil, and grease (FOG)
from food laden waste streams was investigated. Examination of FOG in synthetic foodladen waste streams indicated substantial interference in the presence of wheat flour and
whey proteins. Other comparisons with sucrose, corn starch, and a surrogate fiber indicated
no interference with FOG recovery. LLE of various free-fatty acids and FOG types of
varying levels of saturation indicated no significant difference in recovery performance.
Investigation of an EPA defined standard material (hexadecane) indicated that the volatile
nature of the compound lead to its substantially poorer recovery than food-based standards
that indicated no volatilization during testing. FOG samples measurement with n-hexane
was not able to recover 100% of the FOG material during testing. Further investigation into
this occurrence suggests the persistent adhesion of samples to lab glassware.
6.1 Introduction
Roughly 40,000 sanitary sewer overflows (SSOs) occur in the United States each
year. Most of these overflows are a result of line blockages, with the single largest fraction
of line blockages (43%) resulting from the accumulation of FOG on the sewer pipes (EPA,
2004). Leading sources of FOG laden discharges are the food service industry and high
density residential complexes. Tasked with preventing interference in sewer lines, municipal
pretreatment groups are left with few options: 1) Active maintenance of lines to prevent
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substantial occlusion, 2) Use of FOG abatement devices, and 3) Education of Kitchen users
of best management practices (BMPs) to reduce the quantity of discharged FOG material.
Combinations of the above options are utilized by municipalities to varying degrees of
success.
All technologies and maintenance strategies to prevent FOG-based sewer line
blockages require municipalities to assess the occlusion forming chemical precursors in
waste streams. Currently, there is little data to validate the current methods used to measure
FOG concentrations given the diverse waste backgrounds present in food-preparation
streams.
In the United States, the most common procedure for assessing oil and grease
concentration in waste-water is through a gravimetric determination by liquid-liquid
extraction (LLE) (EPA Method 1664). In this LLE FOG extraction, a solvent (n-hexane) is
added to the sample and rigorously shaken such that the content dissolved in the solvent is
then separated from the water. The n-hexane/extract combination is then distilled and the
residual extract is weighed for the determination of FOG concentration.
Early investigation into the performance of LLE methods using n-hexane indicated
potential challenges (Pomeroy and Wakeman, 1941): (1) Volatilization of FOG sample, (2)
Extraction of solvent-soluble non-FOG compounds, (3) Performance variations with solvent
selection. Though Method 1664 does include quality assurance/quality control (QA/QC)
steps to account for such variability (EPA, 1999), no validation has been performed taking
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into consideration (1) Variation in FOG type and (2) Method performance in the presence of
specific background constituents.
Wells and co-workers (1995) evaluated LLE extraction with Freon-113 (the
previously used EPA solvent) in a study to investigate alternative extraction techniques for
FOG laden waste streams. Wells et al. showed that LLE provided good recovery for
vegetable oil spiked samples (>99%). Complications were observed, however, in the LLE of
environmentally contaminated samples collected from FOG laden industrial discharges.
Wells et al. cited experimental challenges in determining the number of extractions necessary
to remove all FOG from the sample as the primary concern with LLE. No specifics were
provided about the chemical composition of the environmentally contaminated samples.
Freon-113 was abandoned as a solvent when CFCs were banned as part of the Clean
Air Act Amendments of 1990. Consequently, alternative methods were developed such as
EPA Method 1664. In the method’s scope and application, it states that "materials that may
be determined are relatively non-volatile hydrocarbons, vegetable oils, animal fats, waxes,
soaps, greases, and related materials” (EPA, 1999). EPA, in evaluating solvent replacements
for Freon-113, performed a series of experiments in which both petroleum and nonpetroleum sources were included (Telliard, 1992 and US EPA, 1993). The inclusion of
petroleum and non-petroleum based materials in the oil and grease term were consistent with
previous research (Pomeroy and Wakeman, 1941 and Kirschman and Pomeroy, 1949).
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After method development, EPA commissioned a validation study for their new
method. (EPA, 1996). Method 1664 was tested with 11 independent laboratories using
petroleum based samples from a shore reception facility and food-based samples from an
olive oil packaging plant. No characterization of the wastes beyond FOG analysis was
reported in the validation study. While the EPA study provided some initial data on the
effectiveness of Method 1664 on these particular waste streams, the study fell short of
determining whether Method 1664 could determine the FOG concentration in samples
containing unknown background constituents typically present in sewer collection systems.
The research discussed previously by Wells and co-workers (1995) suggests that LLE may
be very susceptible to complications as a result of background constituents. Currently, no
research has been performed to assess the performance of FOG measurement strategies in the
presence of a background matrix comparable to food service wastes. At present, these
extraction procedures are the only quantifiable means to determine non-compliance of FOG
waste streams.
Research on the waste strength of food preparation waste streams suggests very
strong organic loading (Stoll and Gupta, 1997 and Chu and Hsu, 1999) with some cases
reporting over 20,000 mg/L COD. The specific composition of these waste streams has never
been well characterized yet this high organic waste and previous experience by Wells and coworkers (1995) indicate that using a LLE approach such as Method 1664 in determination of
FOG wastes could be plagued by interfering background material.
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Recent research investigated the nature of FOG deposits in sewer collection systems
(Keener et al, 2008). Keener et al. hypothesized that deposit formation resulted from a fatty
acid salt-forming (saponification) reaction. Analysis of 25 FOG deposits from around the
U.S. suggested that these formations were calcium based fatty acid salt deposits with an
overwhelming majority having palmitic acid as the primary saturated fatty-acid (96%) and
oleic acid as the primary unsaturated fatty acid (100%). Method 1664 QA/QC requires the
testing of standards composed of a 50/50 combination of hexadecane and stearic acid. This
combined standard indicates two things: 1) The grouping of FOG as petroleum and nonpetroleum materials and 2) The quantification of typical food-based FOG waste as stearic
acid.
6.1.1 Objectives

To address some of the previously mentioned concerns, the present research aimed to
use n-hexane LLE to:
•

Investigate the recovery of free-fatty acid standards known to exist in pipeline
occlusions.

•

Examine the recoverability of varying FOG types

•

Investigate the recoverability of FOG spiked samples in the presence of a
synthetic food waste background matrix
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6.2 Methodology
6.2.1 Sample Preparation

Table 6.1 lists the constituents used for analysis. Samples were prepared by adding
the constituents listed in Table 6.1 to 800 mL of reagent water in PTFE-lined sample jars.
The samples were then acidified with sulfuric acid (H2SO4) to a pH less than 2 per
recommendation of common FOG extraction procedures. The samples were refrigerated at 4
°C until use. Samples were deemed invalid if they remained refrigerated for greater than one
month prior to testing (EPA Method 1664, Standard Methods 5520B).
For the addition of standard material (fatty acids and hexadecane) the standards were
prepared in solution with acetone per Method 1664 specifications (EPA, 1999). The solution
was composed of the standard constituent dissolved in 100 mL of acetone. The solution was
prepared by adding the required mass of standard material to a tared 100 mL volumetric
flask. The volumetric flask was then filled to mark and shaken to dissolve the FFAs. In
stearic acid and palmitic acid standards, the solution was heated slightly to help dissolve the
FFAs. Reagent water was then spiked by adding 8 mL of the standard solution to a sample jar
filled with 800 mL of reagent water.

194

Table 6.1 – Chemicals Used in Experimentation

Constituent

Brand

State at Room Temp.

Stearic Acid

Alfa Aesar, 99%

Solid

Palmitic Acid

Acros Organics, 98%

Solid

Oleic Acid

Acros Organics, 97%

Liquid

Hexadecane

Acros Organics, 99%

Liquid

Canola Oil

Wesson ®

Liquid

Corn Oil

Mazola ®

Liquid

Crisco

Crisco ®

Solid

Lard

Lundy’s Lard ®

Solid

Simple Carbohydrate

Sucrose (table sugar)

Solid

Complex Carb I

Gold Medallion - All Purpose Flour ®

Solid

Complex Carb II

Argo 100% Pure Corn Starch ®

Solid

Non-Starch Carb.

FiberSol-2 ®

Solid

Protein

GNC: 100% Whey Protein ®

Solid

Standard Material

Fat, Oil, and Grease

Background Material

Like the standards discussed previously, the means for the addition of FOG material
to a sample was a function of the FOG material form (i.e., solid or liquid at room
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temperature). Unlike the standards, however, FOG addition used no acetone. If the prepared
FOG samplewas in solid at room temperature, FOG was directly placed on a tared sample
lid. Liquid FOG samples at room temperature were added on a volumetric basis after
thorough testing for the mass contributed per volume. The volumetric pipette used for
sample addition was tested prior to the addition of the liquid FOG material to the sample jar.
Testing involved filling the pipette to volume with the FOG material and discharging into a
tared aluminum dish. The mass of several volumetric discharges was collected to create a
precise understanding of mass contribution with each volume addition. Samples were then
prepared by adding FOG directly to a sample jar with 800 mL of reagent water.
6.2.2 FOG Characterization

FOG material used during this study was analyzed for fatty acid composition through
GC analysis.

This procedure was performed by Dr. Lisa Dean at the Food Science

Department at NCSU through procedure initially outlined by Bannon et al. (1982). In brief,
analysis required the creation of fatty acid methyl esters (FAMEs) from the FOG material
and then the subsequent analysis of the FAMEs by gas chromatography (GC). The specific
procedure and reagents used during these experiments can be found in Appendix A and B.
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6.2.3 Surrogate Food Waste Characterization

COD testing was performed using HACH ® pre-prepared COD digestion vials. The
analysis uses HACH Method 2720 (HACH ® 2720). The vials have a measurable COD
range of 0 – 1500 ppm. Higher sample concentrations require the sample to be diluted. COD
analysis with the HACH © vials required two steps: 1) Vial digestion and 2) Colorimetric
Analysis. Vial digestion was performed in a HACH ® Digital Reactor Block 200
(DRB200). During the digestion of the samples, the vials were heated at 150 °C for 120
minutes. After digestion the samples were allowed to cool and then placed in a HACH ®
DR/4000V Spectrophotometer for determination of COD. Each group of samples was tested
with a blank to ensure the apparatus was zeroed appropriately.
A review of previous research suggests that 3000 mg/L COD and 200-1000 mg/L
FOG are reasonable representative waste strength for FSE discharge (Stoll and Gupta (1995),
Hsu and Chu (1999), and de los Reyes et al. (2010)). Therefore the surrogate wastes were
used to develop a waste of this strength. If the surrogate waste was in the presence of FOG
material, the COD attributed by FOG was also considered. Testing of FOG for COD using
the aforementioned procedure proved challenging due to the density difference of the FOG
waste in water (i.e. representative sample volumes were impossible to obtain). For this
reason, a general COD value was used for FOG. The value can be obtained by calculating
the theoretical oxygen demand (ThOD) using a generic molecule (C8H16O). Equation 6.1 is
the stoichiometrically balanced description of the complete oxidation of the generic FOG
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molecule to CO2 and water. From Equation 6.1 is can be seen that for one mole of the
generic FOG compound (MW = 128g), 11.5 moles of oxygen (MW = 32 g) are required to
completely oxidize the FOG compound. This corresponds to a value of 2.88 g COD/g FOG
(Grady et al., 1999).
C8 H 16 O + 11 .5 O2 → 8CO 2 + 8 H 2 O

(6.1)

The use of FOG and surrogate waste COD values as discrete terms assumes that there
is no interaction between the two chemicals in solution.
6.2.4 Liquid-Liquid Extraction

During the extraction phase, the samples were poured from the 800 mL sample jars to
a 2 L separatory funnel. 30 mL of n-hexane (Optima, 95%) was then added with a 10 mL
volumetric pipette to the empty sample jar. The sample jar was shaken vigorously for
approximately 30 seconds ensuring solvent contact with all sides of the jar and the lid. The
contents of the jar were then added to the 2 L separatory funnel. The separatory funnel was
sealed using a PTFE lined stopper and the solvent/sample mixture were shaken vigorously
for exactly two minutes with periodic venting. Following this mixing/venting step, the
sample was left stationary for exactly 10 minutes to allow clear phase separation. While
waiting for the phase separation in the separatory funnel, a sodium sulfate filter (Na2SO4) and
boiling flask were prepared.
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Filter paper (Whatman 40 – 11cm diameter) was folded and placed into a funnel and
sodium sulfate was added to the paper. 10mL of n-hexane was then used to rinse the sodium
sulfate filter prior to sample use. A clean and dried 125 mL boiling flask with marble boiling
chips was then removed from the dessicator and weighed. A new sodium sulfate filter and
boiling flask were used for each extraction.
After allowing 10 minutes for the sample and solvent to separate, the water layer was
drained back into the sample jar via the stopcock at the bottom of the separatory funnel. A
very small quantity of the extracted (organic) layer was allowed to pass into the sample jar to
minimize the residual water in the organic layer. The separatory funnel was sealed and the
organic layer was briefly (< 30 seconds) sloshed around the funnel to aid in the removal of
residual material that may have adhered to the funnel walls. The funnel was vented again and
the solvent was then drained through the sodium sulfate filter into the boiling flask.
The above procedure describes the process for a single extraction of a sample. A
single sample underwent several extractions to remove all extractable material. However,
unlike standard procedures outlined for Oil and Grease extraction (EPA Method 1664,
Standard Methods 5520-D), the present study quantified the extractable material after each
extraction step. Separation of the extraction steps allowed for the quantification of the
progress in the overall recovery.

Complete extraction was observed after negligible

extractable material was recovered. Negligible, in this case, was defined as an inability to
differentiate the extraction with a blank. Blanks were analyzed with every set of samples.
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Distillation
Distillation of the extracted material was performed through procedure specified in
standard oil and grease measurement guidelines (EPA Method 1664, Standard Methods 5520
D). As the solvent used was n-hexane, the samples were distilled in a water bath (IsoTemp,
Fisher Scientific) at 85 °C. The boiling flask was connected to a Claisen type distillation
head and a west type condenser. A thermometer within the distillation head ensured that the
appropriate temperature was achieved for distillation (70°C). Generally the solvent was fully
evaporated after approximately 15 minutes within the water bath. After 15 minutes, the flask
was dried and put on a vacuum for a few minutes to ensure the removal of n-hexane vapors.
The boiling flask was then placed in an oven at 70 °C for thirty minutes. After this drying
step, the flask was placed in a dessicator until room temperature was achieved (Figure 3.5).
The dried flasks were then weighed to determine the extracted mass.
Extraction Calculations
In typical gravimetric determination of FOG concentration, the measured
concentration would be calculated using the following (Equation 6.2):

Concentration =

RecoveredMass
Sample Volume

(6.2)

Since the aim of this work was to assess the performance of a commonly used
technique in the presence of known variables, the more useful assessment is the % recovery
of a known mass (Equation 6.3).
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% Recovery(P ) = 100 ×

RecoveredMass (X)
Actual Mass (A)

(6.3)

This same assessment is used to meet the criteria specified in Method 1664 QA/QC
guidelines. In the present work, the % Recovery is used as the primary indicator of variation
in method performance in the presence of the different variables explored (Table 6.1). More
details regarding this assessment are given in the following section on statistical analysis.
The total % Recovery (PT) was calculated by the summation of the series extractions.
n

Total % Recovery (PT ) = ∑ Pi

(6.3)

i =1

In Equation 6.3, Pi represents the ith extraction in the series extraction.

This

cumulative percent recovery represents the end result of a typical gravimetric analysis for oil
and grease content in a sample. The aim of assessing the intermediate extractions was to
observe changes in the extractable nature of the sample based on the analyzed content.
Alternatively, in the case where all extractions were added to the same boiling flask, the
recovered mass would simply be the mass recovered by the single extraction divided by the
known constituent mass.
6.2.5 Statistical Analysis

In the present research, statistical analysis was used to assess the statistical
significance of FOG recovery under various conditions. This significance was assessed by
considering the variability of repeat experiments and analyzed through the use of ANOVA
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analysis. As discussed earlier, the FOG measurement portion of this research aimed to
address two primary questions: 1) What is the variability associated with a change in FOG
type on performance, and 2) What is the interference or false-positive effect of background
constituents.
To assess the aforementioned variability and interference in the FOG measurement, it
was necessary to compare the expected average of sample treatments. This analysis was
done with an ANOVA test in which the null hypothesis states that the expected averages are
equal. Rejection of the null implies that at least one of the expected averages is different
from the group. Analysis with ANOVA is only possible if it is determined that the error of
the data is normally distributed and the variances of the treatments are equivalent. The
variances were determined homogeneous by Bartlett’s test and Levene’s test(Montgomery,
2001). An additional advantage to Bartlett’s test is its sensitivity to the normal distribution
assumption. Failure of Bartlett’s test often means the samples were not normally distributed
(Montgomery, 2001).
Further analysis was performed for a pair-wise comparison of the sample expected
averages. For pair-wise comparison the Tukey honest significant difference (HSD) test was
used (Montgomery,2001). Further details of statistical analysis are provided in Chapter 3.
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6.3 Results
6.3.1 FOG Characterization

The FOG materials used in this study were examined for fatty acid composition using
the methodology detailed in Appen
Appendix
dix A. Saturated, monounsaturated, and polyunsaturated
fatty acid composition for the FOG material was plotted in Figures 6.1,
6. 6.2, and 6.3,
respectively.
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Figure 6.1 – Saturated Fatty Acid Composition of FOG Materials
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Figure 6.3 – Polyunsaturated FFA Distribution for FOG Materials
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C 20:5, cis

According to the fatty acid composition described in Figures 6.1 – 6.3, the FOG
material, from most saturated to least saturated rank in the following order: Canola Oil, Corn
Oil, Crisco, and Lard. These materials all feature, to varying degrees, the fatty acids that
have been found in pipe-line blockages (Keener et al., 2008).
6.3.2 Surrogate Waste COD

Table 6.2 summarizes the surrogate waste COD data collected. In Table 6.2, the
precision of COD measurements as indicative of the low standard deviations relative to the
mean values was quite good for the samples analyzed.

Table 6.2 – Summary of COD Values for
Material

COD (g COD/g Material)

Mean

Std. Dev

(-)

1

2

3

4

(g COD/g)

(g COD/g)

Sucrose

1.16

1.20

1.14

1.14

1.16

0.02

All Purpose Flour

0.88

0.92

0.73

-

0.84

0.10

Corn Starch

1.55

1.54

1.58

-

1.56

0.02

Fibersol-2

1.29

1.23

1.25

-

1.26

0.03

Visualization of the data in Figure 6.4 clearly shows that the Corn Starch displays the
highest COD per mass followed by the fiber supplement (Fibersol-2 ®), Sucrose, and the
flour.
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Figure 6.4 – Duplicate COD Data for Background Food Service Constituents

It should be noted that during COD testin
testing
g with flour, there was discernable
sedimentation. Sedimentation in the sample implies that the small fraction of material used
in the COD vials (2mL) may not have been representative of the actual oxygen demand of
flour laden wastes.
Due to the inability
ty to collect representative samples for COD analysis, FOG
constituents in the present study were not assessed for COD.. The lack of COD FOG analysis
was due the immiscible nature of FOG in water. Consequently, the value cited in the
literature for COD was used – 2.88 g COD/g FOG (Grady et al., 1999).
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6.3.3 Free Fatty Acid Recovery

Summary statistics for the standards analyzed is provided in Table 6.3. Percent
recovery values for each replicate of data collected can be seen in Figure 6.5.
Table 6.3 – Summary Statistics for Fatty Acid Testing

Std.
n

Mean

Dev

RSD

95% CI

(#)

(%)

(%)

(%)

(%)

Stearic Acid

6

84.9

6.6

7.8

5.3

Palmitic Acid

3

94.6

7.5

8.0

8.5

Oleic Acid

3

89.4

13.1

14.7

14.8

Hexadecane

3

73.6

2.4

3.2

2.7
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120.0

100.0
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Palmitic

60.0

Oleic
Hexadecane

40.0

20.0

0.0
Figure 6.5 – Standard % Recovery Results (@ 40 mg/L FFA in reagent water)

Immediate observation of the results showed that the majority of samples were underrecovered with hexadecane recovering less than the food-based fatty acid materials. Poor
recovery may be a result of volatilization or adhesion of standard material during the
extraction phase or the evaporation phase.
As can be seen from Figure 6.5 and Table 6.3, the vast majority of the standards were
recovered in the first extraction (on average 94.6%). Palmitic acid, which displayed the
highest overall recovery of FOG also displayed the greatest relative variability. A more
detailed investigation into the specific standard recovery of Palmitic and Oleic acid (first and
second most variable standards recovered) is shown in Table 6.4.
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Table 6.4 – Table Reporting Series Standard Recovery for Palmitic and Oleic Acid
Sample 1

Palmitic Acid

Total Recovery:

Sample 3

Ext. 1

Ext. 2

Ext. 3

Ext. 1

Ext. 2

Ext. 3

Ext. 1

Ext. 2

Ext. 3

85

0

1.3

93.1

1.6

1.9

81.3

13.8

5.9

Total Recovery:
Oleic Acid

Sample 2

86.2
77.4

3.2

96.6
1.5

75

82.1

100.9
0

81.5

6.5

90.9

7.4

6.2

104.5

The third samples for both oleic acid and palmitic acid are shown in Table 6.4. These
samples showed substantially higher % recoveries than the other materials with palmitic acid
and oleic acid showing 100.9% and 104.5% of the standard material recovery, respectively.
The fact that the other replicates are not as high may indicate method error. Alternatively,
the fact that both samples displayed multiple instances where there was relatively substantial
recovery in the third extraction indicates that perhaps the solubility of palmitic and oleic acid
in n-hexane requires a slightly more rigorous extraction. The necessity for more extractions,
however, is not supported by literature discussing fatty acid solubility in n-hexane. This
literature indicates a relatively high solubility of fatty acids for the volume of solvent in the
organic solvent (Kolb and Brown, 1955).
If in fact challenges in standard recovery were attributable to solubility limitations,
the hypothetical line in Figure 6.6 would result. As can be seen in Figure 6.6, the current
standard materials do not appear to experience this problem. The absence of solubility
limitations implies that the variability noted may be the result of e a systematic error
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associated with the solvent (n-hexane), or equipment.

Repeated experiments and

Relative % Recovery

investigation of outliers will likely diminish these differences in relative performance.
100.0
90.0
80.0
70.0
60.0
50.0
40.0
30.0
20.0
10.0
0.0
Ext. 1

Ext. 2
Stearic
Oleic
Limited Solubility

Ext. 3

Ext. 4

Ext. 5

Palmitic
Hexadecane

Figure 6.6 – Hypothetical Recovery of Difficult to Recover Standard vs. Actual Standard Recoveries

Though qualitative differences were observed with the standard methods, statistical
analysis was required to indicate if there was any certainty behind the observations.
Therefore an ANOVA analysis was performed to investigate the statistical significance of the
differences noted above.
Figure 6.7 displays the residuals plot for the standards data collected.
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Figure 6.7 – Plot of Residuals for Standard Recovery (SAS, 9.1)

A set of good normally distributed data would show no shape in a residual plot such
as Figure 6.7..

The collected data for standard recovery appears to represent a reasonably

normal distribution. The inclusion of more treatments, or more data points would further
fur
confirm the normal distribution.
Bartlett’s test indicated a pp-value
value of 0.118 and Levene’s test indicated a p-value
p
of
0.2605. As both of these values are greater than the 5% significance level (α = 0.05), this
analysis indicated that there was no sstatistical
tatistical evidence to indicate that the variances were
different from one another.
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With both the normal distribution of error and equality of variance proven, an
ANOVA analysis could be performed to specify if differences existed between the standards
tested.

Results from the one-way ANOVA indicated at least one sample average was

statistically different from the other values (p-value = 0.0418). The noted difference implied
that further analysis of pair-wise comparisons may yield interesting results.
A pair-wise comparison using a variation of the Tukey Honest Significant Difference
test (Tukey HSD) was performed to investigate differences between expected averages. The
variation of Tukey’s test is known as the Tukey-Kramer test and is utilized when sample
sizes differ for treatments (i.e. standard materials). The Tukey-Kramer analysis indicated
that hexadecane standard recovery was significantly different from the recovery of palmitic
acid.
Implications
Statistical analysis indicated that the expected average for hexadecane recovery was
statistically different from one of the fatty acid standards (palmitic acid).

Due to the

relatively low p-value and the noted complications in the analysis of variance of normalized
extraction data, more standard analyses will be necessary before this difference can be
confirmed. The overall trend of sample observations fell below 100% recovery. This under
recovery implies that recovery error primarily stems from the loss in sample. As will be
discussed, these concerns are not limited to the recovery of standards. Similar losses were
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observed in the measurement of FOG material. The testing performed to help address these
variables is discussed in detail in a later section.
During preliminary testing in standard development, it was noted that hexadecane
volatilized relatively quickly. This observation was made when attempting to confirm the
concentration of the hexadecane/acetone solution in a tared aluminum dish. After leaving the
acetone to volatilize overnight, the dried weight dish indicated approximately 66% of the
hexadecane mass came from what was initially added. Similar testing with the fatty acid
standards overnight displayed no volatilization. Challenges have been noted in the recovery
of the Method 1664 standard (Smith, 1999).
The volatility of the petroleum based FOG standard (hexadecane) and the nonvolatile nature of the fatty acid standards suggests that the current standards used for Method
1664 may require revision. What may be more reasonable is the consideration of waste
specific standards. While volatilization may be a great concern in the observation of readily
volatile petroleum-based waste streams, it may lead to increased (and unnecessary)
challenges for those measuring FOG from food-laden wastes.
6.3.4 FOG Recovery

To investigate the recovery of FOG material likely to be found in food-laden waste
streams, the FOG listed in Table 6.1 was considered. The FOG materials in Table 6.1 are
listed from the least to the most saturated. It was of interest to investigate a range of
saturation levels because of the link with solubility saturation level (Kolb and Brown, 1955).
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6.3.5 FOG Recovery Results

The summary statistics for the FOG recovery results are shown in Table 6.5. Table
6.5 includes the FOG materials listed above and duplicates of two FOG types to consider the
impact of concentration on the LLE performance with n-hexane. Samples were spiked to
produce a high concentration of approximately 1000 mg/L and a low concentration of
approximately 100 mg/L. Figure 6.8 provides a summary of the % Recoveries for the
triplicate samples measured.

Table 6.5 – Summary Statistics for Recovery of FOG Material (low concentration ~ 100 mg/L)

Mean

Std.

n

Spiked

Recovery

Dev

RSD

95% CI

(#)

(mg)

(%)

(%)

(%)

(%)

Canola (High)

3

856.8

93.1

0.8

0.9

0.91

Canola (Low)

3

95.1

88.9

2.8

3.1

3.16

Corn

3

797

92.7

6.9

7.4

5.49

Crisco

3

832.2

90.0

2.2

2.4

2.49

Lard (Low)

3

94.1

91.1

4.9

5.4

5.58

Lard (High)

3

825.4

94.5

2.5

2.6

2.00
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100.0
90.0
80.0
70.0

Canola (High)

60.0

Canola (Low)
Corn

50.0

Crisco

40.0

Lard (Low)

30.0

Lard (High)

20.0
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0.0
Figure 6.8 – Summary of % Recovery for Each Replicate of FOG Type (low concentration ~ 100 mg/L,
high concentration ~ 1000 mg/L)

The FOG tested in this study recovered relatively well. The minimum recovery
occurred with the low concentration of Lard (85.5%). The highest recovery was obtained
with corn oil at 97.7%. The highest variability of the FOG examined was corn oil, with a
RSD of 7.4%.
Concentration level comparisons indicated that both the low concentrations yielded a
slightly lower overall % recovery. Observation of the data also suggests that the lower
concentrations experience a greater variability as both displayed a higher standard deviation.
Statistical analysis of these features is discussed in the following section.
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As with the standards reported previously, FOG displayed across-the-board underrecovery. This under recovery again suggests that sample is lost during the extraction of
FOG. This sample loss may be due to volatilization or adhesion, both of which have been
cited as challenges with LLE of FOG material (Smith, 1999). If a similar fraction of FOG is
lost despite the sample concentration (through either volatilization of adhesion to the
surfaces) then the lower concentrations would experience more substantial under-recovery.
Similarly if the standard deviation of sample loss is constant, the variability of the lower
concentrations would be impacted to a greater extent. These specifics are examined in a
following section.

Statistical Analysis for FOG Type
Statistical analysis was performed to compare the scenarios specified in Figure 6.9.
These scenarios ask the questions as to whether FOG recovery and performance is
concentration dependent (Canola (Low, High) and Lard (Low, High) or FOG type dependent
(Canola, Corn, Crisco, Lard).
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FOG
Concentration

FOG Type

Recoverability
Of Sample

Normalized
Extraction
Performance

Figure 6.9– Statistical Questions to Ask Regarding FOG Recoverability. Is it concentration dependent?
FOG type dependent?

FOG Type Recoverability
Prior to the analysis of variance, it was necessary to evaluate the residuals and
variances of the data obtained.
A plot of the residuals versus the recovered sample mass was made to investigate the
normality assumption. Plots were made for all the FOG data (Figure 6.10) and for just the
higher concentration FOG results (Figure 6.11). As can be seen from Figures 6.10 and 6.11,
no error bias in testing was found as the data lacks form.
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% Recovery Residual
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Low Conc.
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8
6
4
2
0
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0

0.1

0.2

0.3

0.4

0.5

0.6

0.7

0.8

0.9

-4
-6

Recovered Mass (g)
Figure 6.10 – Residuals Plot for All FOG Samples Analyzed

10
8

Residual

6
4
2
0
-2

0.68

0.7

0.72

0.74

0.76

0.78

0.8

-4
-6

Recovered Mass (g)

Figure 6.11 – Residuals Plot for High Concentration FOG Samples
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0.82

Assessment of variance homogeneity was also performed on the FOG type
recoverability data. For all of the high concentration (~1000 mg/L) samples, neither Bartlett’s
test nor Levene’s test indicated that there was enough data to suggest variances may be
unequal (with p-values of 0.0798 and 0.0733 respectively). Though these values do fall
above the confidence level of 5%, their magnitude suggests that a larger data set may indicate
differences in variance.
As the homogeneity of variance and the normality of data was confirmed, an analysis
of variance was performed to assess if differences in expected averages exist. ANOVA
analysis indicated that no difference was observed with the sample means of various FOG
types (p-value = 0.2567).
FOG Concentration Levels
Investigation into recovery performance at multiple FOG concentrations considered
1000 mg/L and 100 mg/L for lard and canola oil. As with the FOG type, the concentration
levels displayed no difference in variance. Bartlett’s test for Canola oil gave a p-value of
0.1544 while Levene’s test gave a p-value of 0.1414. Concentration levels of Lard displayed
similar results with Bartlett’s test giving a p-value of 0.2712 and Levene’s test giving a pvalue of 0.1711.
An ANOVA analysis considering if statistically significant differences existed
between Canola and Lard at two concentrations levels was performed. Canola oil displayed
no difference with a p-value of 0.0666 and lard indicated no difference with a p-value of
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0.2124. As the p-value
value associated with canola oil was close to the confidence level, it may
be of interest to perform more analysis of canola oil at multiple concentration levels.

Lastly, ann ANOVA test was als
also
o performed to examine if statistically significant
differences existed between the fatty acid standards. Earlier results showed that hexadecane
was different from a fatty acid standard. A plot of the residuals indicated that the data was
normally distributed
buted (Figure 6.12).

Figure 6.12 – Residuals Plot for FOG and Fatty Acid Standards Recovery
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Preliminary investigation with Bartlett’s test indicated variance homogeneity (p-value
= 0.2464). Levene’s test, on the other hand, indicated that at least one of the variances may
differ (p-value = 0.0409). Since Bartlett’s test of variance homogeneity failed to detect
difference in variance of the FOG and fatty acids standards, and Levene’s test detected at
least one difference, further investigation is necessary to truly determine if there are
differences in variance for FOG and fatty acid standards. ANOVA analysis indicated that
there was no significant difference in any of the expected averages (p-value = 0.2780).

Implications
The results for FOG recovery based on FOG type and concentration indicate that the
overall recovery of FOG appears to be independent of the type and concentration level. This
recovery independence was supported by the ANOVA analysis which showed no significant
difference in the expected recoveries (at an α = 0.05).
6.3.6 Surrogate Waste

Surrogate food wastes listed in Table 6.1 were investigated to determine if they
interfere with the recovery of FOG material using LLE with n-hexane. The present analysis
only considered the interaction with lard and the surrogate wastes due to the precision with
which FOG could be measured in solid form. Preliminary extractions were performed
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without any FOG to examine the “false positive” effect of the samples. In this testing,
surrogate material was added to produce a 3000 mg COD/L waste strength. The sample then
went through the series extraction performed with all samples. A “false positive” was
defined as the extraction of non-FOG constituents in the absence of FOG. The results of this
“false positive” test showed that the surrogates for sucrose, corn starch, and fiber indicated
no false-positive recovery. The flour and whey protein surrogates, however, interacted very
strongly with the solvent and made sample filtration impossible. Both the flour and the
protein lead to a foam accumulation in the organic layer of the separatory funnel. After
draining the water layer from the separatory funnel, the organic layer contained substantial
quantities of surrogate material. In the flour sample, the organic layer had a viscous gravylike consistency that adhered to the separatory funnel and clogged the sodium sulfate filters
(Figure 6.13.a). In the protein sample, a foam layer was formed with the organic layer
(Figure 6.13.b). Both materials rendered testing invalid by clogging the filter and ultimately
allowing excess residue into the boiling flask.
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(a) Adhesion of viscous
flour paste to
separatory funnel.

(b) Formation of foam
layer at surface with
addition Whey Protein

Figure 6.13 – Interfering Effects Observed in the LLE of reagent water laden with (a) Flour and (b)
Whey Protein in

At present, it was impossible to describe the interference of flour and whey protein
quantitatively. Therefore for the present study, flour and whey protein were removed from
further investigation of the list of surrogate materials.
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Investigation of FOG Extraction Interference
Summary statistics for the lard spiked surrogate samples is shown in Table 6.6 and
Figure 6.14.

The COD values reported in Table 6.6 corresponds to the COD testing

discussed previously (Figure 6.4).

Table 6.6 – Summary Statistics for Surrogate Waste Study

Lard

n

FOG
Spiked

Surrogate
Spiked

Estimated
COD

Mean

Std.
Dev

RSD

95%
CI

(#)

(mg)

(mg)

(mg/L)

(%)

(%)

(%)

(%)

3

887.8

0

2556.9

93.4

2.9

3.1

3.2

827

0.6644

3139.2

93.5

2.3

2.4

3.1

*

Lard+Sucrose
Lard+Corn
Starch

2

3

817.1

0.4733

3091.5

92.6

1.1

1.2

1.2

Lard+Fiber

3

815.5

0.7

3217.9

94.8

0.7

0.7

0.8

Lard+Protein

-

-

-

-

-

-

-

Lard+Flour
* Lab error resulted in one of the replicates being thrown out

-

-

-
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Lard+Sucrose
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Figure 6.14- Summary of FOG Recovery with Surrogate Waste

As can be seen from the summary statistics in Table 6.9, all samples fell within a
similar range of values. The fiber laden sample showed the greatest recovery and precision
with 94.8%±0.7%.

Statistical Analysis
To investigate if differences exist between the surrogate laden samples and the pure
lard sample, a pair-wise comparison was performed using Dunnett’s test. This test enables
the comparison of several treatments with a control (the pure lard sample). Prior to this
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analysis, however, it was necessary to evaluate whether the conditions for an ANOVA
analysis were met.
Analysis for the variance homogeneity of the surrogate laden samples indicated that
the recovery errors were normally distributed and the variances were equivalent (Bartlett’s
test p-value = 0.3328 and Levene’s test p-value = 0.1134) (Appendix B.3). Analysis of
variance of the surrogate laden sample recovery indicated that no differences in expected
averages were noted and suggest that lard recovers equally well in pure form as well as when
laden with sucrose, corn starch, and fiber.
Implications
The results from the analysis of surrogate laden waste indicate that the sucrose,
cornstarch and the fiber surrogate used in this study do not substantially interfere with the
recovery of FOG. Though FOG recovery has been shown to be consistent across the board,
the interaction of different FOG types with background material is still not well understood.
In addition, as the current study only considered a COD of 3000 mg/L of waste strength, it is
possible that higher levels of background constituents may impact FOG recovery.
The observed interferences with flour and Whey protein may be important when
measuring FOG in food laden waste streams. At present, it is hypothesized that the protein
component of flour (7% protein by mass) is the interfering component. This hypothesis is
based on knowledge that corn starch, which did not indicate interference, is an isolated
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complex carbohydrate similar to the material found in flour and contains no protein.
However, further analysis is needed to evaluate this hypothesis.
Whey protein, which has been shown to interact with lipids (Chapter 2), is a very
specific type of protein. Whether other proteins found in food waste interact in the extraction
of FOG will require further analysis. Prior to further investigation of protein interference,
research is needed to quantify and characterize the proteins common to FSE waste streams.
Further analysis of food-based protein material would help assess its impact on FOG
measurement. If proteins continue to pose a problem, a new form of extraction or protein
removal step may be required before samples can be evaluated using the LLE approach.
6.4 Volatilization and Adhesion
As noted in the previous analysis, recovery has been consistently below 100% for all
of the extractions performed.

This under-recovery suggests consistent sample loss.

Anecdotally, sample loss has been reported for the determination of FOG in wastewater
(Pomeroy and Wakeman, 1941, Smith, 1999, EPA, 1999) No analysis, however, has been
performed to assess the source of these losses.
There are two likely candidates for sample loss during LLE of FOG with n-hexane:
(1) Volatilization and (2) Adhesion of FOG to surfaces.
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Volatility
Typically with environmentally contaminated samples, the volatile fraction is
unknown. If Method 1664 procedure is followed, samples that volatilize at 70°C or below
will not be recovered. Arguably, volatility of material at over 70°C is part of the method
definition of oil and grease for procedures like Method 1664 and Standard Methods.
In the present study, the most substantial volatilization was observed with the
standard material hexadecane. As much as 66% of sample was lost by air drying of the
acetone from the standard at room temperature over night. This loss by air drying may
explain the low recovery noted in the standard recovery of hexadecane.

Hexadecane

volatility has been noted anecdotally and is indicated as one of the primary challenges
associated with the precision and recovery standards specified by Method 1664.
If sample is volatilized during LLE as described by Method 1664 of Standard
Methods, then it is going to occur during the last phases of the procedure: distillation and
drying.
In this study, triplicate samples were prepared where precise masses of FOG were
added to tared boiling flasks to investigate volatilization of plant and animal based FOG
material. 50 mL of n-hexane was then added to each boiling flask. The boiling flasks were
then distilled and dried per standard procedure and after cooling to room temperature were
weighed to assess the quantity of sample lost. For the present analysis Lard, Canola Oil, and
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Oleic Acid were investigated using this test procedure. Figure 6.15 lists the results from this
analysis.
120.0
100.0
80.0
Lard

60.0

Canola Oil
Oleic Acid

40.0
20.0
0.0
Sample 1

Sample 2

Sample 3

Figure 6.18 – Summary Results for Volatilization of FOG Material

Figure 6.15 indicates that no FOG material volatilized during standard LLE
procedure. This lack of volatilization implies that the source of sample loss during testing
maybe due to adhesion.
Adhesion
It is well known that oil adheres to surfaces (Smith, 1999).

In fact, in their

methodology section of Method 1664, EPA makes careful mention of this occurrence (EPA,
1999). The EPA recommends the minimal amount of sample transfer to minimize adhesion.
When a sample is transferred, n-hexane rinsing of the surface is always required (EPA,
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1999). Table 6.11 displays the average unrecovered FOG material from each of the test
samples. For example, from Table 6.7 it can be seen that 0.0056±0.0021 g of stearic acid
were unrecovered from the 0.04 g used during testing. This implies that an average of
15.1±6.6% of the stearic acid used in testing was lost during extraction. Overall the present
data suggests that an average of 11±4.8% of the standard materials, 7.8±2.6% of the FOG
material spiked, and 6.4±0.9% of the food laden material is lost to adhesion (Table 6.7).
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Table 6.7 – Summary of Unrecovered Mass from LLE for Fatty Acid, FOG, and Interference Samples
Fatty Acids

Avg. Mass

Std. Dev

% Lost

Std. Dev

RSD

(g)

(g)

(%)

(%)

(%)

Stearic

0.0056

0.0021

15.1

6.6

43.6

Palmitic

0.0018

0.0023

5.7

7.7

134.7

Oleic

0.0036

0.0045

12.1

10.5

86.6

Avg:

0.0037

11.0

Std. Dev:

0.0019

4.8

FOG

Avg. Mass

Std. Dev

% Lost

Std. Dev

RSD

(g)

(g)

(%)

(%)

(%)

Canola_L

0.0112

0.0026

6.9

0.8

11.6

Canola_H

0.0500

0.0069

11.1

2.8

25.1

Corn

0.0450

0.0424

5.7

5.3

94.2

Crisco

0.0837

0.0211

10.0

2.2

22.0

Lard_L

0.0084

0.0047

8.9

4.9

55.5

Lard_H

0.0325

0.0142

4.2

1.8

42.0

Avg:

0.0385

7.8

Std. Dev:

0.0279

2.6

Food Solids

Avg. Mass

Std. Dev

% Lost

Std. Dev

RSD

(g)

(g)

(%)

(%)

(%)

Lard

0.0587

0.0280

6.6

2.9

43.7

Lard+Sucrose

0.0540

0.0200

6.5

2.3

34.8

Lard+Corn Starch

0.0605

0.0098

7.4

1.1

14.6

Lard+Fiber

0.0427

0.0061

5.2

0.7

12.8

Avg:

0.0540

6.4

Std. Dev:

0.0080

0.9
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Previous research into the adhesion of edible oils onto glass surfaces examined
sunflower oil, soybean oil, and olive oil for various surface roughness values (Michalski et
al., 1998). (Figure 6.19) depicts the results reported by Michalski et al. (1998). Michalski et
al. found that oil adhesion on glass surfaces was influenced by the presence of roughness but
not necessarily the roughness height.
18

Mass Adhesion - g/m2
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Rugosity (microns)
Olive Oil

Soybean Oil

Sunflower Oil

Figure 6.17 – Measure of Edible Oil Adhesion to Glassware of Varying Roughness (Michalski et al., 1998)
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The values on the abscissa of Figure 6.19 indicate that once a surface is rough, the
oils adhered anywhere from 10 g/m2 (sunflower oil, viscosity = 0.048 Pa*s) to approximately
16 g/m2 (olive oil, viscosity = 0.066 Pa*s). These values are for pure oil conditions and may
not be directly applicable to an oil/water/solvent mixture followed by a solvent rinsing step
used during the present experiments.
If it were possible to isolate a characteristic surface of known area that could be
weighed after treatment with a FOG laden sample and solvent, the residual weight could be
used to determine an expected adhesion loss. If the dimensions of the jar and separatory
funnel (Figure 6.18) are measured, the internal surface area, which is in contact with FOG
during testing, can be computed. It has been estimated that the jar and separatory funnel
glassware has an approximate internal surface of 1500 cm2. If the highest and lowest
adhesion losses from Table 6.11 were considered as a range of possible performance values
(Crisco with 83.7 mg adhesion and Palmitic Acid with 1.8 mg adhered), then the
corresponding adhesions per surface area are 0.056 mg/cm2 and 0.001 mg/cm2, respectively
(with a 0.036 mg/cm2 average). The present equipment has a mass precision of 0.1 mg. This
implies that, to measure the minimum adhesion level of 0.1 mg/cm2, a minimum surface area
of 100 cm2 surface must be used. This 100 cm2 surface would, on average, have a 3.6 mg
residual according to the results in Table 6.7.
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Figure 6.20 – Image used in Image Analysis Software
(ImageJ) for determination of Internal Surface Area of Sep.
Funnel

Adhesion Testing – The Slide Test
A series of tests were developed to quantify the impact of adhesion during LLE with
n-hexane. The first test quantifies how well n-hexane removes FOG from a coated glass
surface. In this first test, microscope slides of known mass and surface area (40.74 cm2)
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were submerged in Canola oil and allowed to drip dry. Two n-hexane rinsing conditions
were examined to remove FOG from the slide surface. The first rinsing involved placing the
coated slide into a cleaned sample jar with 30 mL of n-hexane. The jar was then thoroughly
shaken for 30 seconds. After this, the slide was dried and weighed in a tared aluminum dish.
The second n-hexane rinsing experiment involved lacing a clean sample jar with 60 mL of nhexane and shaking for 2.5 minutes. The results from slide testing are displayed in Table 6.8.
Table 6.8 – Summary of Slide Residual Testing (40.74 cm2)
Oil Residual [mg]
1
2
Canola Oil* (30sec)
1.0
1.5
Corn Oil** (30 sec)
1.4
1.3
Canola Oil*** (2.5 min)
0.4
2.3
* Canola oil mass on coated slide @ 220 ±66mg·
** Corn Oil oil mass on coated slide @ 220±22 mg·
*** Corrected 2,5 min slides with blanks

3
5.0
1.6
-1.2

Sample #
4
0.3
0.8

5
4.2

Average
2.0±2.1
1.9±1.3
0.5±1.8

As can be seen from Table 6.8, the canola and corn oil coating of the microscope
slides resulted in the accumulation of an average of 220 mg. The 30 second n-hexane rinse
in 30 mL of solvent left an average residual of 2.0±2.1 mg for canola oil and 1.9±1.3 mg for
corn oil. When considering the mass accumulated per surface area canola oil indicated a
value of 0.048 mg/cm2 while corn oil indicated a value of 0.046 mg/cm2. These residual
values fall in the upper range of the data reported in Table 6.7 for adhesion during LLE (the
high value observed in testing was estimated at 0.056 mg/cm2). However, both observations
have substantial standard deviations.
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By increasing the solvent volume and exposure time an overall negative residual mass
was observed. Closer investigation of these samples indicated that the microscope slides
were chipping during the extended shaking time.

Analysis of blanks confirmed the

occurrence of slide chipping. To correct the values obtained during the 2.5 minute hexane
rinse of canola oil coated slides, the mass residuals measured were corrected with values
obtained from blank testing. In these blank tests, slides with no oil coating were rinsed in nhexane for 2.5 minutes. Inclusion of the blank values was necessary as there was slight
chipping of the slides during the 2.5 minute duration.. From the results in Table 6.8 it appears
that the increased contact time resulted in the complete removal of FOG from the slide
surface. These results suggest that inadequate solvent rinsing may be the reason for the
consistent under recovery reported.

Adhesion Testing – Increased Surface Area Test
Two additional adhesion experiments were proposed to examine the effect of
increased surface area on percent recovery performance. The first experiment considered the
impact of having 6 jar transfers prior to placing the FOG/Reagent water sample in the
separatory funnel. Following the 6 jar transfers, 30 mL of solvent was passed through each
sample to rinse the surface of the glassware before adding it to the separatory funnel and
performing the LLE procedure. This first experiment was designed to increasethe jar glass
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surface area from 500 cm2 (one jar as in the traditional sample used in all previous
experiments) to 3000 cm2 (transfer into 6 jars).
The second test was designed to quantify the amount of adhesion during the
oil/water/hexane mixture by including two separatory funnels.

After typical separatory

funnel extraction procedure (shaking sample for 2 minutes and allowing 10 minutes to
separate) the content of the separatory was transferred into a second separatory funnel and
the procedure was repeated. This experiment increased the separatory surface area from
1000 cm2 to 2000 cm2.
Results from these increased surface area tests indicated that the average recovery for
the 6 jar transfers was 81.2±4.3% while the recovery for the 2 separatory funnel testing was
79.5±2.7%. An ANOVA analysis of these increased surface area tests with the canola oil
testing performed in the FOG type study indicated that substantial differences existed
between the treatments (p-value = 0.0078). Dunnet’s t-test with the standard LLE with
canola oil as the control indicated that both the 6 jar test and the 2 separatory funnel test were
significantly different from the standard canola oil extraction. Tukey’s test for pair wise
comparison also significant difference with the extra surface areas but also indicated that the
jar test and the separatory funnel tests were not significantly different from one another.
The fact that the 6 jar tests and the 2 separatory funnel tests were not significantly
different from one another suggests two possibilities: (1) Marginal adhesion losses are
observed as surface areas are increased beyond a certain point and/or (2) The adhesion
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mechanism is more substantial in the oil/water/n-hexane mixing process.

The second

observation was made based on the fact that the separatory funnel testing only increased the
surface area by 1000 cm2 and showed comparable adhesion to the increased jar surface area
of 2500 cm2.
At present, the challenge of adhesion in glassware will require further investigation.
Variables such as the surface roughness of the glassware and the rheological characteristics
of the FOG material will likely play a role in the adhesion properties.

The present

investigation was unable to directly determine a value for adhesion in the system, or see a
consistent loss due to adhesion for any controlled experiments. However, the present results
suggest that sample loss for food-laden FOG material may be from adhesion to glassware.
6.5 Conclusions
The present study investigated the use of n-hexane LLE for the recovery of FOG for
food-laden waste streams. In this study, FOG recovery was measured when reagent waters
were spiked with: various free fatty acid standards, various edible-oil types, and synthetic
background constituents.
Investigation into the recovery of various standard materials (palmitic acid, oleic acid,
stearic acid, and hexadecane) revealed that differences existed between the recovery of
hexadecane and palmitic acid. This recovery difference has been attributed to the volatility
of hexadecane.

Further investigation into the volatility of food-based FOG materials

indicated that volatility was negligible if standard LLE procedures were followed.
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These results suggest that the use of hexandecane as a standard for the measurement of FOG
in food-laden wastes may cause complications. The other standard used in Method 1664
(stearic acid) though not a predominant component of FOG deposits investigated (Keener et
al., 2008) showed recovery indistinguishable from the primary FOG deposit constituents
(palmitic acid and oleic acid). The results for FOG recovery based on FOG type indicate that
the overall recovery of FOG may be independent of the food based FOG type. In this study,
the ANOVA analysis showed no significant difference in the expected average recoveries of
the various FOG types investigated.
considering FOG concentration levels.

Recovery differences were also examined when
The present research indicated no statistical

differences in expected average recovery at the ~100 mg/L and 1000 mg/L level. Recovery
of free fatty acid standards was compared with edible-oils. Results indicated no significant
statistical difference between FOG and fatty acid standards suggesting their adequacy as
predictors of FOG recovery.
FOG recovery in the presence of food-based synthetic background materials was also
explored. Results suggest that FOG recovery is unaffected by simple sugars, corn starch, and
fiber. Substantial interference, however, was observed in the presence of wheat flour and
whey protein. These interferences made clear separation of the organic layer impossible. It
is hypothesized that wheat flour and whey protein interference are a result of a protein
interaction with the solvent. Further investigation is needed to determine the commonality of
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these types of protein in food service waste streams and if existing or advanced methods can
prevent their interference.
Finally, due to consistent under-recovery of samples during testing, preliminary testing has
been performed to quantify the fraction of FOG from food laden wastes that may adhere
during testing. The unrecovered FOG fraction displayed substantial variability and suggests
that a relationship exists with the FOG concentration in the sample.

Preliminary

investigation of adhesion was performed to quantify the adhered fraction. Results indicated
that adhesion magnitude was not simply a function of surface area in contact with FOG but
may occur more readily during separatory funnel mixing due to the complex
oil/solvent/water mixture. Further research is needed to determine if the adhered fraction can
be predicted for waste streams or if advanced extraction processes can easily remove FOG
from the glass surfaces.
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7. SUMMARY AND FUTURE DIRECTION
Research has been presented to investigate the abatement and measurement of FOG
in food-laden waste streams. Below is a brief summary of the research performed and a
description of the possible direction for future research.
7.1 Field Assessment of Grease Abatement Devices
Assessment of field GADs indicated a highly variable flow rate and influent chemical
composition. Analysis of flow rate suggests that the vast majority of flows entering GADs
are much lower than the design flow and produce HRTs that are on the order of hrs.
Chemical characterization of GADs indicated low pH and DO values, implying the
occurrence of anaerobic microbial activity. Investigation of FOG and food solids
accumulation in a GAD help characterize the maturation of GADs as a function of their inlet
configuration.

Though observation of FOG accumulation in the GAD observed was

inconclusive, observations indicated that standard straight-pipe inlets and no-inlet
configurations may result in the channeling of food solid material into the second
compartment. The use of a distributive inlet appeared to alleviate this problem showing very
little second compartment accumulation at comparable cleanout frequencies.
Both the hypothesized anaerobic activity and the long average HRTs raise questions
regarding the appropriate sizing of GADs. Field interceptors with exceedingly long HRTs
run the risk of odor and pH problems. If possible, reduced sizing may alleviate some of these
concerns and lower the cost associated with grease abatement. Further investigation is
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needed to determine the reduction of odors and improved pH conditions with smaller GADs
while maintaining significant levels of FOG and solids removal.
7.1.1 Field Analysis of GADs – Future Direction
There is substantial work to be done in the quantification of actual GADs and FOGladen waste streams. For one, more detailed chemical characterization is needed of the
influent streams. Research into the measurement of FOG in food-laden wastes indicated an
absence in the characterization of kitchen waste streams for more specific composition.
Presently, bulk waste characterizations have been used to quantify wastes (COD, BOD, TSS,
etc) but research indicates that the composition of those streams (i.e. carbohydrate, protein,
etc.) may dictate the interference with FOG measurement. In addition, as research is moving
towards the use of these waste for energy (biodiesel, anaerobic digestion), better
characterization of FSE wastes may act as a predictor for the feasibility of wastes for these
energy yielding processes.
Another factor that must be considered in the field observations of GADs is the
maintenance strategies being used. Currently popular methods for determining pumping
frequency include the use of a 25% rule which states that the GAD only requires pumping if
the volume occupied by FOG and solids exceeds 25% of the total GAD volume. This rule
has no scientific basis and may be allowing the excessive release of of FOG into the
collection system.
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7.2 Performance of Grease Abatement Devices
Experimentation and CFD simulation of GADs indicated the relatively poor
performance of the “standard” straight pipe configuration. Design modifications to the inlet
and baffle wall, in some cases, approached the performance of the standard design running at
3x the HRT. Designs that showed promise included the reduction of the inlet pipe and the
removal of the single-pipe baffle wall, the increase of the pipe diameter sizes, and the use of
a distributive inlet and distributive baffle wall.
CFD results effectively predicted lab-scale design performance in straight-inlet pipe
configurations but differed in the examination of distributive inlets and baffle walls. It was
hypothesized that numerical and experimental differences were due to the limitations physics
in the CFD models (see future direction). The primary limitations were believed to be the
exclusion of droplet interactions (coalescence and breakup) and the single droplet size used
to simulate the oil phase.
During experimental analysis of FOG laden samples, it was observed that
independent laboratories significantly underreported the actual concentration of FOG in the
sample. These results and anecdotes from municipalities throughout the country were the
catalysts for the research regarding the measurement of FOG in food laden waste streams.
7.2.1 Future Direction – Experimental Performance Grease Abatement Devices
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Future research into the performance of GADs should consider the more dynamic
influent conditions that have been found in field GADs (Chapter 4).

These dynamic

conditions include the food solids accumulation and the variability of influent flow rate.
Extended duration of observations should also be considered as often times GADs go months
between cleaning cycles. These experiments would help determine the temperature effects of
warm or cold water in the influent and address concerns of potential wash-out as a result of
periods of high flow.
The present research only scratched the surface of design changes within GADs. All
of the presently evaluated designs utilized the same general GAD foot-print. Research into
more effective GAD design should ultimately include analysis of alternative design
configurations that abandon the rectangular footprint and take into consideration the practical
concern of time between maintenance.
7.2.2 Future Direction – Modeling Performance Grease Abatement Devices

The modeling limitations experienced in Chapter 6 are primarily due to the use of a
single, non-interactive droplet size within the oil phase. More advanced models should
incorporated droplet coalescence and breakup utilizing population balance modeling (PBM).
These simulations could then be validated and compared to the present results particularly in
cases where results diverged from the experimental analysis.
Other features absent from the present CFD simulation are: the use of food solids in
the influent stream, the influent flow rate and FOG concentration variability, and the long
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term simulations (i.e. simulation of maturation between cleaning cycles). If validated, these
additions could provide an excellent tool for in-situ observation of GAD performance.
7.3 FOG Measurement in Food Laden Wastes
The measurement of FOG in food-laden waste streams using LLE with n-hexane was
examined. Comparisons were made regarding the recoverability of various spiked samples.
The research considered standard materials, FOG type, FOG concentration, and interfering
background constituents.
Investigation into standard materials examined hexadecane and stearic acid (EPA
defined standards) as well as palmitic acid and oleic acid (components of FOG deposits).
Results indicated that the petroleum based standard (hexadecane) recovered differently than
one of the fatty acid standards. Further investigation into this material indicated that it was
highly volatile, evaporating quite readily under conditions required for LLE. Comparison of
recoverability of stearic acid (EPA food based fatty acid) with oleic and palmitic acid showed
no statistical difference.
Investigation into recovery differences with FOG type and concentration showed no
substantial statistical difference. The materials investigated ranged in level of unsaturation
and origin (animal or plant). To determine concentration dependent performance differences,
two concentration levels were examined for the least and most saturated FOG material.
Results from this study also indicated that the concentration levels investigated (100 mg/L
and 1000 mg/L) did not affect the recoverability of FOG. A comparison of the various FOG
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types and the previously mentioned fatty acid standards also displayed no significant
difference in recoverability.
The research also examined possible recovery interference with food-laden wastes.
First sucrose, corn starch, wheat flour, whey protein, and a dietary fiber were spiked into
reagent water to examine “false positive” recovery. Of the materials investigated, wheat
flour and whey protein rendered the LLE impossible to perform by reacting with the solvent
layer.

The other materials showed no false positives and were then investigated in

conjunction with spiked FOG material. These tests indicated that sucrose, corn starch, and
the fiber supplement resulted in no recovery interference
Though samples recovery was not statistically different, all of the samples underrecovered (i.e. < 100% recovery). It was hypothesized that adhesion and volatility were the
possible causes for this under recovery. Investigation of food-based FOG volatility during
testing indicated no loss in sample. It was therefore hypothesized that adhesion was the
primary mechanism for sample loss. As a preliminary test, it was examined whether the
magnitude of adhered material could be replicated in separate experiments to develop an
adhesion correction factor. Results were inconclusive regarding an expected adhesion and
indicated that adhesion was not strictly a function of the glass surface area but may also be
related to a complex interaction between the various phases of LLE (FOG, water, solvent)
with the surface area.
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7.3.1 Future Direction of FOG Measurement in Food Laden Wastes

Though whey protein and flour showed interference in LLE , details are sparse
regarding: 1) the exact mechanism of interference, 2) the occurrence of these constituents in
actual FSE waste streams, and 4) Strategies for FOG measurement despite these
interferences.
More recently, solid phase extraction (SPE) has been gaining popularity as a quick
and easy alternative to the cumbersome LLE used in Chapter 6. As with the LLE before it,
information on SPE performance and interference effects is practically nonexistent. This
research is also needed to determine if SPE can provide a more precise alternative to LLE for
the measurement of FOG wastes.
Lastly, more research is needed to consider the performance of alternative solvents.
If practical (i.e. cost and safety) solvents exist that could reduce adhesion and interference
would greatly improve the measurement of FOG.
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A. Fatty Acid Profiling of FOG Material
A.1 Preparation of Fatty Acid Methyl Esters from Peanut Oil

From Bannon, C.D. et al (1982) Created by: Lisa Oehrl Dean 04/20/01

Procedure:
1. Weigh 20 to 30 mg (about 1 drop) of oil into a screw capped tube.
2. Add 1 mL 0.5 M methanolic potassium hydroxide.
3. Cap tube, heat 5 min in water bath at 80°C.
4. Cool tube slightly, add 1 mL BF3 (14% in methanol).
5. Cap tube, heat 10 min in water bath at 80°C.
6. Cool tube slightly, add 1 mL water and then 1 mL hexane.
7. Cap tube securely, vortex vigorously for 30 sec.
8. Let tube contents settle to form layers, centrifuge if necessary.
9. Remove hexane (top) layer into tube containing a small amount of sodium sulfate.
10. Swirl tube to remove any water from solvent.
11. Transfer hexane to GC vial for analysis.
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Reagents:
1. 0.5 M methanolic potassium hydroxide. Weigh 28.14 g of Potassium Hydroxide
(KOH) (Fisher Cat No. P-250 or equivalent) into a 1000 mL volumetric flask. Fill
halfway with methanol (Fisher Cat No. A-452-4).

Put in a stir bar and stir

mechanically until solid dissolves. Do not heat. Remove stir bar and dilute to
volume with Methanol. Transfer to a screw capped plastic bottle and store at room
temperature.

Will keep at least 1 year if protected from evaporation.

White

precipitate that forms on the bottom with time is not a problem.
2.

BF3 (14% in methanol).

Purchase from Sigma, Cat No. B1252.

Store in

refrigerator. Shelf life is 1 year after opening. Discard as halogenated organic waste.
3. Hexane. use Optima grade (Fisher Cat No. H302-4). Iso-octane can be substituted
(Fisher O301-4).
4. Sodium Sulfate, anhydrous. Reagent grade or better from any general lab supplier
(Sigma Cat No. 238597).
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Standards:
1. Kel-Fim FAME-5 Standard. Purchase from Matreya (Cat No. 4210). Use as
received.
2. GLC-21A Standard. Purchase from Nu-Check Standards. Dilute one ampule to
50 mL with hexane. Store in a screw capped glass bottle in the freezer. Can be stored for 1
year if protected from evaporation.
Safety Precautions: Wear gloves, glasses and a lab coat while methylating samples.
Work in a fume hood as much as possible, especially when adding BF3.
Waste Disposal: Empty tubes into designated waste container for halogenated waste.
Crush GC vials after analysis and drain hexane. Discard into designated waste container for
nonhalogenated waste.

259

A.2 GC Analysis of Fatty Acid Methyl Esters.

Column: SGE BPX70 (Phenomenex Cat No. CG0-5512),
30 m length, 0.25 mm i.d., 0.25 :m film thickness.
Can use any equivalent capillary column with 60 or 70% cyanopropyl polysilphenylenesiloxane stationary phase. Longer columns give the best separation between cis and trans
isomers. A longer column will require higher carrier flow.
Carrier gas: Helium at 20 psi (1.85 mL/min)
Detector: Flame Ionization (FID) at 265°C. Hydrogen flow: 45 mL/min, Air flow: 450
mL/min.
Injector: Split, packed, at 265°C, split flow ratio 40:1 (76.9 mL/min).
Temperature program: 60°C for 2 min, increase to 180°C at 10°C/min. Increase to 235°C at
4°C/min. Total run time is 27.7 min. Using the PE Autosampler XL instrument
Range: 1
Attenuation: 2
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B. Raw Data from LLE Testing
B.1 Standard Recovery Data
Mass Spiked
Stearic
Acid

(g)
A1
A2

% Rec.

% of Total of Rec.

Total % Rec.

Mass Rec.

Unrec.

% Unrec.

(%)

(g)

(g)

(%)

93.5

0.0312

0.0022

6.5

80.6

0.0269

0.0065

19.4

74.9

0.0250

0.0084

25.1

83.6

0.0351

0.0069

16.4

88.1

0.0370

0.0050

11.9

88.6

0.0372

0.0048

11.4

(%)

(%)

86.0

92.0

7.2

7.7

A3

0.3

0.3

B1

80.6

100.0

0.0

0.0

B2

0.0334

0.0334

B3

0.0

0.0

C1

74.9

100.0

0.0

0.0

0.0

0.0

81.0

96.9

2.6

3.1

D3

0.0

0.0

E1

88.1

100.0

C2

0.0334

C3
D1
D2

E2

0.0420

0.0

0.0

E3

0.0

0.0

F1

85.7

96.8

2.1

2.4

0.7

0.8

F2
F3

0.0420

0.0420
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Mass
Spiked

Palmitic Acid
A1
A2

0.0000
1.4493

B1

93.1250

96.4401

1.5625

1.6181

0.0320

B3

1.8750

1.9417

C1

81.2500

80.4954

13.7500

13.6223

5.9375

5.8824

0.0320

Mass Spiked
A1
0.0340

A3
B1
B2

0.0340

B3
C1
C2
C3

98.5507

1.2500

C3

A2

85.0000
0.0000

C2

Oleic Acid

% of Total of Rec.

A3

B2

0.0320

% Rec.

0.0340

% Rec.

% of Total of Rec.

77.4000

94.2753

3.2000

3.8977

1.5000

1.8270

75.0000

92.0245

0.0000

0.0000

6.5000

7.9755

90.9000

86.9856

7.4000

7.0813

6.2000

5.9330
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Total % Rec.

Mass Rec.

Unrec.

%
Unrec.

86.25

0.0276

0.0044

13.8

96.56

0.0309

0.0011

3.4

100.94

0.0323

-0.0003

-0.9

Total % Rec.

Mass Rec.

Unrec.

% Unrec.

82.10

0.0279

0.0061

17.9

81.50

0.0277

0.0063

18.5

104.50

0.0355

-0.0015

-4.5

Hexadecane

Mass Spiked
A1
A2

0.0495

% Rec.

% of Total of Rec.

71.1000

95.9514

2.0000

2.6991

A3

1.0000

1.3495

B1

73.7000

97.3580

0.0000

0.0000

2.0000

2.6420

71.0000

100.0000

0.0000

0.0000

0.0000

0.0000

B2

0.0495

B3
C1
C2

0.0495

C3

Total % Rec.

Mass Rec.

Unrec.

% Unrec.

74.10

0.0367

0.0128

25.9

75.70

0.0375

0.0120

24.3

71.00

0.0351

0.0144

29.0

B.2 FOG Type Recovery Data
Mass
Spiked
Canola
Oil

(g)

%
Recovery

% of Total of
Recovered

Total %
Rec.

Mass Rec.

Unrec.

%
Unrec.

(%)

(g)

(g)

(%)

93.9

0.8045

0.0523

6.1

92.3

0.7908

0.0660

7.7

93.0

0.7968

0.0600

7.0

86.4

0.0822

0.0129

13.6

88.3

0.0936

0.0124

11.7

91.9

0.0928

0.0082

8.1

(%)

(%)

90.6

96.5

3.3

3.5

A3

0.0

0.0

B1

88.6

96.0

A1
A2

B2

0.8568

3.2

3.5

B3

0.5

0.5

C1

90.7

97.5

2.1

2.3

C2

0.8568

0.8568

C3

0.2

0.2

D1

72.7

84.1

11.0

12.7

2.7

3.1

84.2

95.4

3.3

3.7

E3

0.8

0.9

F1

79.2

86.2

10.7

11.6

2.0

2.2

D2

0.0951

D3
E1
E2

F2
F3

0.1060

0.1010
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Corn Oil
A1
A2

0.7970

91.5684

93.7

5.7465

5.9

0.4266

0.4

84.4417

95.7

3.4379

3.9

0.3388

0.4

92.5

95.3

4.3

4.5

C3

0.2

0.2

A1

76.8499

89.9

8.3510

9.8

A3
B1
B2

0.7970

B3
C1
C2

0.7970

97.74

0.7790

0.0180

2.2585

88.22

0.7031

0.0939

11.7817

97.10

0.7739

0.0231

2.8984

85.52

0.0809

0.0137

14.4820

93.00

0.0864

0.0065

6.9968

94.83

0.0898

0.0049

5.1742

97.17

0.7389

0.0215

2.8275

93.76

0.7297

0.0486

6.2444

96.35

0.7228

0.0274

3.6524

Lard

A2

0.0946

0.3171

0.4

90.0969

96.9

2.3681

2.5

0.5382

0.6

87.8564

92.7

3.2735

3.5

C3

3.6959

3.9

D1

95.1999

98.0

1.9200

2.0

D3

0.0526

0.1

E1

92.3680

98.5

1.3876

1.5

A3
B1
B2

0.0929

B3
C1
C2

D2

E2

0.0947

0.7604

0.7783

E3
F1
F2
F3

0.7502

0.0000

0.0

94.5881

98.2

1.7595

1.8

0.0000

0.0
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Crisco
A1
0.8100

A2
A3
B1

0.8611

B2
B3
C1

0.8255

C2
C3

89.7407

97.5

2.0617

2.2

0.2593

0.3

85.0772

97.0

2.3458

2.7

0.2555

0.3

86.0206

95.3

4.0460

4.5

0.1575

0.2

92.06

0.7457

0.0643

7.9383

87.68

0.7550

0.1061

12.3214

90.22

0.7448

0.0807

9.7759

B.3 Background Interference Recovery Data
Mass
Spiked

Food Mass
Spiked

%
Recovery

Lard

% of Total of
Recovered

Total % Rec.

(%)
G
1
G
2
G
3
H
1
H
1
H
3

0.0000
0.9303

I3

Unrec.

(g)

92.3
2.9

%
Unrec

4.6
96.79

95.3993

0.8875

0.0428

99.83

94.7649

0.7639

0.0422

99.03

90.1618

0.8358

0.0912

0.2
0.0000
0.8061

94.6
0.0

5.2

0.2
0.0

I1
I2

Mass
Rec.

0.9270

89.3
0.8

9.8

0.1
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Lard + Sucrose
A1
A2

0.6345
0.8448

85.1

8.1

6.5

92.60

91.9000

0.7764

0.0684

98.53

95.1000

0.7695

0.0397

0.3

A3
B1

0.7015

B2
B3
0.7

C1
C2

0.8092

93.7

4.9

1.4
0.0

C3

Lard + CS
A1
A2

0.4874
0.7943

4.8

B1

0.4496
0.8129

92.3000

0.7331

0.0612

89.8
3.3

6.2
95.74

93.8000

0.7625

0.0504

97.06

91.7000

0.7740

0.0701

93.18

95.2000

0.7471

0.0377

95.85

94.0000

0.7765

0.0496

98.11

95.1000

0.7946

0.0409

0.7

B3
0.5

C1
C2

7.7
94.47

0.3

A3
B2

87.2

0.8441

89.0
2.2

8.3

0.5

C3

Lard+Fiber
A1
A2

0.6998
0.7848

3.0

B1

0.7123
0.8261

90.1
3.9

B3

0.0

C1

93.3

C2
C3

4.8

0.0

A3
B2

92.2

0.7
0.8355

1.7

6

4.9

0.1
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C. SAS Output Files
C.1- Standards ANOVA

One-way Comparison of Mean Standard Recovery
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Statistical Test for Equality of Variance for Standard Recoveries

268

Pairwise Comparison of Mean Standard Recovery with Tukey-Kramer
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ANOVA for Comparison of Free Fatty Acids Recovery Means

270

Statistical Test for Equality of Variance for Free Fatty Acid Recoveries

271

C.2 ANOVA for Analysis of FOG Type

ANOVA Comparison of Mean for Canola Oil Concentration Levels

272

Statistical Test for Equality of Variance for Canola Concentration Levels

273

Pairwise Comparison of Means for Canola Concentration Levels

274

ANOVA Comparison of Mean for Lard Concentration Levels

275

Statistical Test for Equality of Variance for Lard Concentration Levels
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