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Fat, oil, and grease (FOG) deposit, in the form of calcium soap, was found to
cause sanitary sewer overflows due to its adhesion on pipe walls. However, the lipid
and calcium sources previously utilized were limited and some soap characteristics
were not examined. Hence, this research attempted to probe through the formation and
stability of FOG deposits using laboratory-prepared calcium soaps from calcium
sources with different solubilities and fats/oils with different fatty acid profiles.
Calcium chloride and calcium sulfate were used as the calcium source while the fats
and oils of chicken, pork, palm olein, soybean, olive, and coconut were utilized as the
lipid source.

Results revealed that the calcium content is a positive indicator of the formation
and stability of the soaps. Although less saponified, the calcium sulfate-based soaps
are predicted to cause faster sewer blockages due to their bulky appearance, while the
highly saponified calcium chloride-based soaps are expected to accumulate on sewer

walls due to their higher melting endset. The fatty acid profile also plays a major role



v

on the stability of FOG deposits. Certain combinations of palmitic, oleic, and linoleic
acids generated highly saponified, heat-stable, and flow-resistant FOG deposits. In
terms of lipid type, coconut oil is predicted to cause faster sewer blockages as it forms
more soaps, whereas pork fat is foreseen to accumulate on pipe walls because it
generates soaps with higher melting endset, apparent viscosity, and solid-like
characteristics. The higher heat and flow stability of calcium soaps were linked to
their tightly-packed, crystal-like, and less porous microstructure. Their stability was
also associated with their mixed lamellar structure and higher degree of crystallinity
observed through X-ray diffraction technique.

On the whole, the solubility of the calcium source and the fatty acid profile of
the lipid source mainly dictate the appearance, melting, rheology, microstructure, and
X-ray diffraction of the calcium soaps. The distinct properties of the different calcium
soaps would serve as a helpful guide to authorities and institutions in controlling FOG

deposit formation and accumulation.

School of Food Technology

Academic Year 2017
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CHAPTER I

INTRODUCTION

1.1 Background of the study

The global trend in fat and oil consumption has already changed as oil-processed
foods are more in demand and oil mills and refineries are expanding (Alade et al.,
2011). The predicted world consumption of fats/oils in 2017/2018 is estimated at
226 million tonnes, entailing a year-on-year growth of around 3% (FAO, 2017). This
development is linked to elevated fat, oil, and grease (FOG) wastes, which primarily
come from domestic, commercial, and industrial sources (Arthur and Blanc, 2013;
Husain et al., 2014). FOG has the ability to solidify and adhere to the surface of the
pipes and can hold other solid wastes to form into a “fatberg” that hinders the smooth
flow of wastewater in the sewer system (Wallace et al., 2016). In fact, FOG
deposition had caused around 50% and 75% of sewer blockages in the US and UK,
correspondingly (EPA, 2004; Mills, 2010). This can be translated to an annual
additional maintenance and rehabilitation cost of $25 billion and £15 million for the
US and UK, respectively (Mills, 2010; WCHD, 2018).

Keener et al. (2008) categorized FOG deposits as metallic salts of fatty acids,
accumulated lipid wastes, and misidentified mineral deposits. It was hypothesized that
FOG deposits were formed through saponification and aggregation of unreacted
calcium and free fatty acids in the sewer environment (He et al., 2013; He et al., 2011;

Keener et al., 2008). The free fatty acid is a product of chemical and microbial



hydrolysis of oil (lasmin et al., 2014; Keener et al., 2008; Williams et al., 2012), while
the available calcium is a result of water hardness, concrete corrosion, and microbial
reactions (He et al., 2013; He et al., 2011; Williams et al., 2012). Saponification
occurs when free fatty acids react with the positively charged calcium ions to form
calcium-based fatty acid salts (He et al., 2011). The high pH condition needed for
saponification is provided by the alkaline detergents, degreasers, and sanitizers
typically used in food service establishments (FSEs) (Keener et al., 2008).

Previous studies produced laboratory-prepared calcium soaps under different
conditions to investigate the FOG deposit formation mechanism in the sewer system.
He et al. (2013) scrutinized the roles of palmitic, oleic, and linoleic acids on
saponification reaction and found out that palmitic acid led to faster soap formation,
while oleic acid resulted in higher amounts of solids formed. They also revealed that
harder deposits were formed with highest oleic to palmitic acid ratio. On the other
hand, lasmin et al. (2014) and lasmin et al. (2016) studied the roles of fat/oil type,
calcium source, pH, and temperature on FOG formation kinetics. Based on their
results, saponification was greater with oil and calcium sulfate and it was facilitated at
higher pH and temperature.

The existing researches on laboratory-prepared FOG deposits mainly focused on
calcium chloride-based soaps from canola oil and beef tallow, which are not
commonly consumed and highly produced worldwide. Although calcium chloride is a
known food additive (Garcia et al., 1996; Madani et al., 2016) and agent for
wastewater treatment (AlMubaddal et al., 2009; Ren et al., 2016), past investigations
hinted that the calcium ions in the sewer system primarily come from

microbiologically induced concrete corrosion (MICC), which generates calcium



sulfate (Gu et al., 2015; He et al., 2013; lasmin et al., 2016; lasmin et al., 2014).
Therefore, it is worthwhile to conduct a comprehensive evaluation on the
characteristics of the soaps produced from both calcium chloride and calcium sulfate
in order to determine the effect of calcium source solubilities on FOG deposit
formation and properties. It is also more realistic to utilize various fats and oils in the
soap formation since they represent different types of lipid wastes with varying fatty

acid composition.

1.2 Research objectives of the study

The main objective of this study was to investigate the influence of fat/oil type
and calcium sources on the formation and stability of FOG deposits.

The specific objectives were as follows:

1. To calculate the degree of saponification and yield of the calcium soaps.

2. To evaluate the physico-chemical properties of the soaps such as calcium
content, fatty acid profile, melting endset, viscosity, viscoelasticity, and crystallinity.

3. To determine the microstructure and lamellar phase structure of the calcium

soaps.

1.3 Hypothesis of the study

It was predicted that calcium soaps produced from fats/oils with different fatty
acid profile and calcium source solubilities would represent a certain type of FOG
deposit with different characteristics and stability.

The specific hypotheses were as follows:

1. The more soluble calcium chloride would produce calcium soaps with



higher yield and degree of saponification than the less soluble calcium sulfate.

2. The highly saturated fats and oils would generate calcium soaps that are
more heat-stable, flow-resistant, and solid-like.

3. The heat and rheological stability of calcium soaps are associated with their

microstructure and X-ray diffraction pattern.

1.4 Significance of the study

Previous works on FOG deposit formation mainly focused on calcium chloride
soaps produced from canola oil and beef tallow, which may not sufficiently represent
the FOG deposits in the sewer system. Therefore, this research included calcium
sulfate, a known product of concrete corrosion, as another type of calcium source.
Moreover, the fats and oils of palm olein, soybean, olive, coconut, chicken, and pork
were also considered for saponification to cover the lipid sources with different fatty
acid profiles.

In the past studies, the assessed properties of the calcium soaps were also
limited, which may not comprehensively describe the stability of FOG deposits. Thus,
this study advanced the understanding of FOG deposit characteristics with the
inclusion of steady shear characterization, oscillatory temperature sweep, microstructure,
Small Angle X-ray Scattering (SAXS) and Wide Angle X-ray Scattering (WAXS)
analyses. To the extent of our knowledge, this research undertaking pioneered the
incorporation of these parameters in evaluating the stability of FOG deposits.

In this work, the properties evaluated were physical appearance, saponification,
yield, fatty acid profile, calcium content, melting endset, apparent viscosity,

viscoelasticity, microstructure, lamellar phase structure and crystallinity. Determining



the yield of the soaps from different fat/oil and calcium sources could give information
which kind of fat/oil-calcium source combination may produce the greatest amount of
FOG deposit; while evaluating their other properties could reveal their specific
identity and stability. Particularly, the melting endset may depict the peak temperature
at which the FOG deposits will eventually destabilize in the sewer system, whereas the
rheological behavior may illustrate the resistance to flow and rigidity of the FOG
deposits under sewer conditions. The soap composition and quantifiable properties
were subjected to correlation analysis to identify their significant influence on FOG
deposit formation and stability.

The data gathered in this study may help determine the risk and seriousness of
FOG deposits formed from different types of fat/oil and calcium sources. Particularly,
the results may disclose the fat/oil-calcium source combination that can produce a
large amount and highly stable FOG deposit. Therefore, the outcome of this research
can be a helpful guide to establishments and authorities in marking the possible FOG
deposit hotspots based on their production or usage of a particular fat/oil and exposure
to different calcium sources. This would also allow them to plan more effective

control and preventive measures for FOG deposits.

1.5 Limitation of the study

In the actual sewer environment, the composition of FOG deposits is dependent
on the cooking/production activities of the household, food service establishments, and
industries (Arthur and Blanc, 2013; He et al., 2017; Husain et al., 2014). However,
based on previous investigations, the major components of FOG deposits in the sewer

system are fats/oils, fatty acids, and calcium (Keener et al., 2008; Montefrio et al.,



2010; He et al., 2011; Williams et al., 2012; Husain et al., 2014). Hence, this study
focused on utilizing different fats/oils and calcium sources to produce calcium soaps,
which served as models of FOG deposits. Unlike the FOG deposits on site, the
laboratory-prepared FOG deposits were made from uncooked or unprocessed fats and
oils. They were also free from other wastes and compounds typically found in the
sewer. These conditions were considered to initially and clearly establish the profile of
FOG deposits from different fats/oils. Moreover, the formulation of lasmin et al.
(2014), which had a fixed quantity of calcium source, was employed to produce the
soaps. This was followed in order to know the effects of calcium source solubility
limit on the yield and characteristics of the resulting soaps. In addition, compared to
commercial soaps that are normally created at higher temperatures (100-115°C)
(lasmin et al., 2014; Poulenat et al., 2003), this study employed a lower temperature-
based saponification process (He et al., 2011, He et al., 2013; lasmin et al., 2014). This
was done in order to closely mimic the temperature of a sewer environment, which

only ranges from 5-25°C.

1.6 Design route of the study

To produce different FOG deposit models in the form of calcium soaps, this
study used six kinds of fats/oils and two types of calcium compounds. The fats/oils
were palm olein, soybean, olive, coconut, chicken, and pork, while the calcium
sources were calcium chloride and calcium sulfate. The vegetable oils were directly
used for saponification reaction, whereas the animal fats were produced by initially

rendering the adipose tissues of chicken and pork according to the method of Rohman



and Che Man (2011), with some modifications. As previously mentioned, Calcium
soaps were produced using the formulation of lasmin et al. (2014).

This study employed a number of tests to establish the identity and properties of
the different calcium soaps. The analyses are briefly described below while details of
each method are elaborated in Chapter I1l. The flow diagram of the research procedure
is presented in Figure 1.1.

1. Saponification

The solids as well as the excess lipid recovered from the centrifuged
mixture underwent FTIR analysis to verify their identity and determine the efficiency
of the saponification process. The characteristic soap bands were recorded and the
percent saponification was calculated following the equation of lasmin et al. (2014).

2. Yield

The solids or the crude soaps recovered from the centrifuged mixture were
weighed to calculate the percent yield of the calcium soaps.

3. Fatty acid profiling

The fatty acid composition of the raw fats/oils and their soaps was evaluated
to ascertain the influence of carbon chain length and unsaturation on the properties of
the calcium soaps. The fatty acid profile was determined following the method of
Panpipat and Yongsawatdigul (2008), with some modifications.

4. Calcium content analysis

The calcium content of the soaps was evaluated to uncover how the calcium
source solubilities affected the saponification and stability of the soaps. The calcium

content of the soaps was analyzed using the method of Trampitsch (2009).



5. Melting endset analysis
The melting endset of the raw fats/oils and their corresponding soaps was
determined in order to clarify the effect of saponification on the melting profile of the
soaps. The melting endset serves as an indicator of the heat stability of FOG deposits
in the sewer environment. The analysis was undertaken using the procedure of Tieko
Nassu and Guaraldo Gongalves (1995).
6. Rheological tests
The calcium soaps were subjected to rheological tests such as steady shear
characterization and oscillatory temperature sweep to respectively record their
apparent viscosity and viscoelasticity. These parameters describe the resistance to flow
and rigidity of the FOG deposits in the sewer environment. The steady shear
characterization was analyzed applying the method of Ikhu-Omoregbe and Bushi
(2008).
7. Microstructure analysis
The microstructure of the calcium soaps was observed under Environmental
Scanning Electron Microscope (ESEM) and Confocal Laser Scanning Microscope
(CLSM). ESEM has the ability to show the structural networks and aggregation of the
soaps, while CLSM has the capacity to reveal the porosity and void circularity of the
soaps. The samples viewed through CLSM were particularly prepared following the
procedure of Wu et al., (2013), with some modifications.
8. Synchrotron X-ray analyses
The SAXS and WAXS X-ray diffraction patterns of the soaps were recorded

in order to identify their structural phase and crystallinity, correspondingly. The data



were analyzed using SAXSIT version 4.34 developed by Rugmai and Soontaranon
(2017).
9. Statistical Tests
One-way Analysis of Variance (ANOVA) together with Tukey Post Hoc
Test was employed to statistically establish the differences of each quantifiable soap
property among the fat/oil-calcium combinations. Pearson Correlation was also used

to identify the factors that have significant correlations.

1.7 Expected results of the study

Based on the different analyses involved in this study, the expected results were
as follows:

1. To establish the infrared spectra, fatty acid, and melting endset profiles of
raw fats/oils and their corresponding calcium soaps.

2. To determine the efficiency of the saponification reaction on each fat/oil-
calcium source combination based on percent saponification.

3. To characterize the calcium soaps based on their heat stability, rheology,

microstructure, lamellar phase structure, and crystallinity.
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CHAPTER 11

LITERATURE REVIEWS

2.1 Fats and oils production and consumption

Climate and resource availability influence the eating habits of people from
different continents. People from central and northern Europe acquire their edible fats
from animals; thus, they utilize solid fats, such as butter, lard, and tallow in their pastry
and fried products. Whereas, people in southern Europe, Asia, and Africa obtain their
edible oils from vegetable sources; hence, their food products, which are usually sauces
and dressings, are cooked from liquid oil. On the other hand, fat/oil technology has made
the United States a consumer of almost every available fat and oil in the form of cooking
or salad oil, butter, margarine, spreads, and shortenings (O’ Brein, 2009).

Palm oil and soybean oil are the leading oils consumed worldwide (Table 2.1). In
the US alone, there is a consistent increase in vegetable oil consumption from 1950-2005
(Table 2.2), although animal consumption gradually declined in the same years (O’
Brein, 2009). According to the recent report of FAO (2017), soybean and palm oil are
still projected to be the highly consumed oil commodity with 57% consumption growth.
Overall, the predicted world consumption of fats/oils in 2017/2018 is estimated at
226 million tonnes, entailing a year-on-year growth of around 3%. The high demand for
soybean and palm oil is reflected in their production pattern. From 1998-2002, soybean
oil was highly produced worldwide followed by palm olein oil. In the case of animal fats,

tallow was highly produced followed by lard (Table 2.3) (Gunstone, 2004). For
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2017/2018, FAO (2017) forecasted that the global fat/oil production will continue to

expand reaching 226.5 million tonnes.

Table 2.1 2004/2005 World vegetable oil consumption (O’ Brein, 2009).

With U.S. usage

Without U.S. usage

Consumption, %

Rank __ __
order Qil Million Oil Million u.S. World*
Ibs Ibs

1 Palm 72,292 Palm 71,039 4.7 33.1
2 Soybean 69,828 Soybean 51,873 67.8 24.2
3 Canola 34,474 Canola 32,569 7.2 15.2
4 Sunflower 18,678 Sunflower 18,319 14 8.5
5 Peanut 11,088 Peanut 10,817 1 5.1
6 Cottonseed 10,098 Cottonseed 9,238 3.3 4.3
7 Palm kernel 8,316 Palm kernel 7,787 2 3.6
8 Coconut 7,260 Coconut 6,134 4.3 2.9
9 Olive 6,270 Olive 5,756 1.9 2.7
10 Corn® 2,483 Corn 798 6.4 0.4

Total 240,787 214,330 100 100

“without US consumption
Table 2.2 U.S. fats and oils per capita consumption (O’ Brein, 2009).
Pounds per person
Consumption
1950 1960 1970 1980 1990 2000 2005

Vegetable oils 24 26.7 39 44.7 525 63 75.2
Animal fats 21.9 18.5 141 12.3 8.5 10.2 10.4
Total 45.9 45.3 53.1 57 61 73.2 85.6
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Table 2.3 Annual production of oils and fats (million tonnes) in the years 1998-2002

(Gunstone, 2004).

Commodity vear
1998 1999 2000 2001 2002
Four major oils
Soybean 2401 2478 2553 27.79  29.75
Palm 1715 2062 2187 2392  25.03
Rapeseed 12.29 13.21 14.47 13.69 13.33
Sunflower 8.41 9.29 9.7 8.14 7.61
Nine minor vegetable oils
Cottonseed 4.06 3.9 3.87 4.05 4.18
Groundnut 4.5 4.7 4.55 5.06 5.3
Sesame 0.71 0.69 0.71 0.74 0.83
Corn 1.87 1.93 1.97 1.96 2.02
Olive 2.59 2.47 2.54 2.76 2.66
Palmkernel 2.19 2.56 2.69 2.93 3
Coconut 3.15 2.4 3.28 3.51 3.11
Linseed 0.69 0.73 0.7 0.65 0.63
Castor 0.44 0.43 0.5 0.51 0.44
Four animal oils and fats

Butter 5.76 5.92 6.04 6.1 6.3
Lard 6.52 6.62 6.67 6.72 6.91
Tallow 7.81 8.17 8.19 8.15 8.4
Fish 0.89 1.41 1.42 1.13 0.97
Total 103 109.9 114.7 117.8 120.5

2.2 Probiotics

The consumption of fats and oils is linked to elevated fat, oil, and grease (FOG)

waste in the sewer system. FOG, a by-product of food processing, restaurant, and

household activities (Arthur and Blanc, 2013; He et al., 2017; Husain et al., 2014), has the

tendency to reach into the sewer if not disposed properly (He et al., 2011; Husain et al.,
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2014; Keener et al., 2008; Montefrio et al., 2010; Williams et al., 2012). FOG wastes from
multiple point sources are prone to accumulate in the sewer and form into FOG deposit,
which eventually becomes a “fatberg” when non-flushable wastes are attached to it
(Wallace et al., 2016) (Figure 2.1). In September 2017, Thames Water discovered one of
the biggest “fatbergs” ever seen in London. It measured more than 800 feet long, which is
more than twice the length of two football pitches. It also weighed around 130 metric
tonnes, which is similar to the weight of 11 double-decker buses (Figure 2.2) (Osborne,
2017). The detrimental consequences of FOG deposit range from an isolated case of
clogged domestic pipe to a temporary closure of a sewer system due to complete blockage
and sanitary sewer overflows (SSOs) (Wallace et al., 2016). Aside from the costly and
laborious rehabilitation requirements, these occurrences pose a threat to public health and

environment (He et al., 2013).

Figure 2.1 FOG deposit turning into a “fatberg” in the sewer system (Thames Water,

2017).
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Figure 2.2 Recently discovered “fatberg” in London (Osborne, 2017).

2.3 FOG deposit composition

The perennial problem of sewer blockages has brought the attention of a group
of scientists from the US, UK, Singapore, and Malaysia to investigate the cause of these
incidences. The results of their investigation are summarized in Table 2.4. As shown,
the data revealed that regardless of the country and sample areas, the deposits
commonly contain FOG, calcium, and fatty acids (FAs). The fatty acid components
identified from the FOG deposits in the sewer system include palmitic, stearic, oleic,
and linoleic acids (Williams et al., 2012). Among these, palmitic and oleic acids occur
in larger amounts.

Therefore, acid and bile tolerance are important for stability and resistance of
viable probiotic bacteria in bile and acid due to large amount of probiotics which pass

through the gastro-intestinal tract and provide health benefits.
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Table 2.4 Major compositions of FOG deposits from various sewer lines.

References
Keener Montefrio He Williams Husain et
etal., 2008 etal,2010 etal, 2011 etal., 2012 al, 2014
(US) (Singapore) (US) (UK) (Malaysia)
Source city sewer  school apartment, pumping food
canteen food service stations, restaurant
grease establishments, Sewer manhole
interceptor shopping manholes,
center sewer works
Fat/oi 0->100% not analyzed ~ 26-49% 1.2-18.1% 0.10%"
FAs
palmitic 10.9-89.5% 38.30% 38.7-64.7% 70% not analyzed
oleic 6.75-70.4% 36.90% 37% 40% not analyzed
Calcium 35-18600 not analyzed 900 mg/L - 10940 mg/L™  1.96 mg/L
mg/L 51400 mg/L"
“converted
2.3.1 FOG

2.3.1.1 Description of FOG

FOG, also known as grease trap waste or brown grease, is the

layer of lipid-rich material from wastewater produced during cooking and food

processing. It typically contains food scraps, meat fats, lard, tallow, cooking oil, butter,

margarine, sauces, gravy, dressings, deep-fried food, baked goods, and cheeses.
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Depending on the saturation of the carbon chain, FOG can be a solid or viscous liquid
(Husain et al., 2014).
2.3.1.2 Chemical composition of FOG

Fats and oils are the basic constituents of FOG deposit, which
belong to the triacylglycerol group of lipid components (Fennema et al., 2008). One type
of lipid is called a triglyceride, an ester derived from glycerol combined with three fatty
acid molecules (Figure 2.3) (Soult, 2016). Each fatty acid may contain a different number
of carbon, degree of unsaturation, and branching (da Silva Lannes and Ignacio, 2013;
Fennema et al., 2008; O’ Brein, 2009).

Triacylglyceride (TAG) mixtures, such as fats and oils, are the
most abundant lipids in food. The chemical and physical properties of fats and oils are
basically dictated by their fatty acid profile and the position of the fatty acids within the
TAG molecule (O’ Brein, 2009). Fat is a solid or pasty triglyceride mixture at room
temperature (around 20°C), while oil is a liquid triglyceride mixture at room temperature

(Valenzuela and Valenzuela, 2013).

T 0
T i H—C—~0—C—FR
H—C—OH HO‘E_R ‘ o
H—C—OH I —> H—C—O0—C—R"
] ¥ HO—C—R"
H—C—OH 0 ‘ ?
Il e — e — ™
H HO—C—R" H=¢—0—C—R
H
. triglyceride
glycerol 3 fatty acids

(triester of glycerol)

Figure 2.3 A triglyceride molecule from the reaction of glycerol and fatty acids (Soult,

2016).
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2.3.1.3 Physical properties of triacylglycerol
Examples of triacylglycerols, which are highly utilized in food
industries, are edible fats and oils. Their physical properties are highly dependent on the
structure, size, interactions, and organization of the triacylglycerol molecules that they
are made of (Fennema et al., 2008; Rosell, 1999).

Melting

The melting point of a pure triacylglycerol is dependent on its chain
length, branching, degree of unsaturation of fatty acids, and the position of fatty acids
along the glycerol molecule (Fennema et al., 2008). The presence of only straight-chain
saturated fatty acid in a triglyceride molecule results in a tight crystal lattice, which
requires a lot of energy to be destroyed and melted. Table 2.5 presents the influence of
molecular structure on the melting point of triglycerides. It shows that melting point is
higher with longer carbon chain length, while melting point is lower with the presence of
more double bonds within the carbon chain (Rosell, 1999). A pure triglyceride melts at a
distinct temperature while edible fats melt at a wide range of temperature because they
contain various types of triglycerides (Fennema et al., 2008).

Natural fats, which primarily contain saturated fatty acids, are solid at
room temperature. Similarly, triglycerides with predominantly trans-unsaturated fatty
acids are also tightly packed and do not melt readily. Triglycerides that are composed
mainly of bent chains of cis-unsaturated fatty acids have a crystal lattice that is not tightly
packed. Thus, they appear liquid at room temperature or can easily be melted (Fennema

et al., 2008). The melting point of common oils and animal fats are listed in Table 2.6.
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Table 2.5 Melting points of triglycerides (Rosell, 1999).

Approximate melting point

Triglyceride Molecular feature

(°C)
Tristearin C18:0 73
Tripalmitin C16:0 66.5
Trielaidin C18:1 (trans) 42
Triolein C18:1 (cis) 55
Trilinolein C18:2 (cis) -12.9
Trilinolenin C18:3 (cis) -24

Crystallization

Fats are considered as the main structural constituents of various food
products. Specifically, fat crystallization mainly affects the consistency, stability, and
other mechanical properties of products. Crystallization follows the process of nucleation
and crystal growth. Figure 2.4 illustrates the proposed mechanism for nucleation of
triacylglycerols (TAGs). The straight chains indicate crystallized TAGs, whereas the bent
chains indicate fluid TAGs (da Silva Lannes and Ignacio, 2013).

In nucleation, the natural ordering of the liquid phase of lipids leads to
crystal formation. Rapid cooling of liquid lipids produces a diffuse crystalline phase,
which usually results in a glassy state with randomly organized molecules. However,
slower cooling allows the lipid molecules to organize into lamellae and finally form
coherent, three-dimensional crystals (Metin and Hartel, 2005).

Figure 2.5 presents the structural hierarchy within fat crystal networks.
The solid lipids in semi-solid products, which typically occur as a three-dimensional

colloidal fat crystal network, determine the physical properties of the product. During
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crystallization, fat crystals tend to aggregate, in a similar manner as colloidal gels, to

form clusters. The clusters further aggregate into flocs and finally form into a network

(da Silva Lannes and Ignacio, 2013; Tang and Marangoni, 2006).

Table 2.6 Melting point of common oils and animal fats.

Melting point
Lipid type References
(°C)
Oils

Canola -10 dos Santos et al., 2016
-10 Engineering ToolBox, 2008

Coconut 26 Ghotra et al., 2002
25 Engineering ToolBox, 2008

Olive 7 Naghshineh, et al., 2010
-6 Engineering ToolBox, 2008

Palm 41 Tieko Nassu and Guaraldo Gongalves, 1995
39 Ghotra et al., 2002
35 Engineering ToolBox, 2008

Palm olein 29 Tieko Nassu and Guaraldo Gongalves, 1995
22 Koushki et al., 2015

Soybean -6 Tieko Nassu and Guaraldo Gongalves, 1995
-16 Engineering ToolBox, 2008

Animal fats

Chicken fat 40 Arnaud et al., 2004
23-40 Alm, 2013

Pork fat (lard) 43 Ghotra et al., 2002
41 Engineering ToolBox, 2008
34-44 Alm, 2013

Beef fat (tallow) 48 Ghotra et al., 2002
42 Engineering ToolBox, 2008
40-50 Alm, 2013
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Rheology

Most “solid fats” are made up of a mixture of fat crystals dispersed in a
liquid oil matrix. The concentration, morphology, interactions, and organizations of the
fat crystals present in the system affect the rheological properties of these solid fats.
Usually, solid fats display a behavior called as “plasticity” by which they behave like a
solid below the yield stress or a critical applied stress, but behaves like a liquid above the
yield stress (Fennema et al., 2008; da Silva Lannes and Ignacio, 2013). Typically, yield
stress increases with higher solid fat content (SFC) and the extension of three-
dimensional networks throughout the volume of the system. In reality, solid fats show a
non-ideal plastic behavior as they can exhibit shear thinning above the yield stress or
show viscoelasticity below the yield stress. On the other hand, most liquid oils behave
like Newtonian liquids at room temperature (Fennema et al., 2008).

2.3.1.4 Sources of FOG

According to Arthur and Blanc (2013), the three main sources of

FOG in the sewer system are domestic, commercial, and industrial. The contribution of
sewer blockages due to domestic source is 55% (Scottish Water, 2012). However, the
change of the eating habits of people, particularly their preference of eating outside their
homes, has resulted in flourishing food service establishments (FSEs) (Husain et al.,
2014). In Thailand, high concentration of FOG was analyzed from the effluent of
restaurants that serve fried chicken, seafood, French fries, and salad dressings (Stoll and
Gupta, 1997). In the commercial category, the FSEs emerge to be the major source of
FOG waste. In fact, Arthur and Blanc (2013) reported that 80% of FOG-related
blockages in the sewer system are found to occur in areas with high concentrations of
FSEs. This supports the findings of He et al. (2011) that as the density of commercial

food preparation facilities increases, the amount of FOG being discharged also increases.
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On the other hand, the industrial sector, which includes abattoirs, rendering plants, and
food processors, also contributes to FOG waste (Arthur and Blanc, 2013). The oil milling
industries are also identified as industrial source of FOG waste (Husain et al., 2014).
Nevertheless, the effluent from oil milling plants is controlled by licensing and legislation
(Arthur and Blanc, 2013).
2.3.2 Fatty acids
2.3.2.1 Chemical composition of fatty acids

Fatty acids comprise the main component of lipid, which is
composed of aliphatic chain and carboxylic acid group. Majority of the fatty acids
contain even number of carbons positioned in a straight chain. This is due to the
biological process of fatty acid elongation in which two carbons are added at a time.
However, fatty acids with odd carbon numbers can be found in microorganisms and dairy
fats (Fennema et al., 2008). Fatty acids are classified based on their saturation and chain
length. Saturated fatty acids (SFAS) have no double bonds in the hydrocarbon chain. On the
other hand, unsaturated fatty acids (UFAs) have hydrocarbon chain that has at least one
double bond and can be further classified into mono-unsaturated fatty acids (MUFASs) and
polyunsaturated fatty acids (PUFAs). MUFAs have hydrocarbon chain consisting of single
double bond while PUFAs have hydrocarbon chain with more than one double bond
(Rosell, 1999). Table 2.7 presents the list of fatty acids commonly found in foods.

In terms of chain length, fatty acids are termed as short-chain
fatty acids if they contain four to ten carbons (C4 to C10); medium-chain fatty acids if
they have twelve to fourteen carbons (C12 to C14); long-chain fatty acids if they consist
of sixteen to eighteen carbons (C16 to C18); and very long-chain fatty acids if they carry
twenty or more carbons (>C20). The chemical and physical properties of various types of

fatty acids, such as their melting point and solubility, highly depend on the number of
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carbon atoms and the presence of double bonds in their molecule. Fatty acids with a
higher number of carbon atoms in their chain length exhibit higher melting points.
However, fatty acids containing double bonds have lower melting points. Therefore, even
if fatty acids contain the same number of carbon atoms, a saturated structure behaves like
a solid or semi-solid at room temperature, while the unsaturated structure exhibits a liquid

or semi-solid property at room temperature (Valenzuela and Valenzuela, 2013).

Table 2.7 Systematic, common, and numerical names for fatty acids found in foods

(Fennema et al., 2008).

Systematic Name Common Name Numerical Abbreviation

Saturated fatty acids

Hexanoic Caproic 6:00
Octanoic Caprylic 8:00
Decanoic Capric 10:00
Dodecanoic Lauric 12:00
Tetradecanoic Myristic 14:00
Hexadecanoic Palmitic 16:00
Octadecanoic Stearic 18:00

Unsaturated fatty acids

cis-9-Octadecenoic Oleic 18:1 A9
cis-9-cis-12,0ctadecadienoic Linoleic 18:2 A9
cis-9-cis-12,cis-15- _ )
o Linolenic 18:3 A9
Octadecatrienoic
cis-5-cis-8,cis-11-cis-14- o
) ] Arachidonic 20:4 A9
Eicosatetraenoic
cis-5-cis-8,cis-11-cis-14-cis-
) ) EPA 20:5 A5
17-Eicosapentaenoic
cis-4-cis-7,cis-10-cis-13-cis-
DHA 22:6 A4

16-cis-19-Docosahexaenoic
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2.3.2.2 Sources of free fatty acids

The evaluated FOG deposits were found to be predominantly
made up of palmitic acid followed by oleic acid. The FOG deposits were assumed to
come from cooking oils, but Williams et al. (2012) observed that most fresh oils mainly
contain oleic acid than palmitic acid (Table 2.8). Hence, the free fatty acids analyzed
from the deposits were considered to be products of microbial, chemical, and enzymatic
hydrolysis of oil (lasmin et al., 2014; Keener et al., 2008; Williams et al., 2012).

Hydrolysis is known to affect fats and oils due to the action of
moisture (Daborganes, 2011). It mainly occurs in lipids with short chain and unsaturated
fatty acids because they are more soluble in water (Choi and Chang, 2012; Fennema et
al., 2008; Shahidi and Zhong, 2005). During frying, water, oxygen, and steam initiate the
chemical changes in the oil and food. The ester linkage of triacylglycerols is attacked by
water to release free fatty acids, glycerol, and di-and mono-acylglycerols (Choi and
Chang, 2012; Scrimgeour, 2005). Figure 2.6 shows the breakdown of triacylglycerol
molecule during hydrolysis. In the drainage system, FFAs can also be generated through
alkali-driven hydrolysis due to the prolonged exposure and mixing of FOG, moisture, and
calcium hydroxide from concrete corrosion (He et al., 2013; lasmin et al., 2014).

Microbial activity also contributes to the generation of FFA in the
sewer. It was found out that numerous microorganisms were identified to degrade FOG
with the aid of extracellular lipases. Moreover, lipases from food wastes, commercial
detergents, and soaps were also presumed to catalyze FOG hydrolysis (He et al., 2017;

Montefrio et al., 2010).



Table 2.8 Major fatty acid composition of common oils and animal fats.

Major fatty acids (%o)
Lipid type References
C12:0 C14:.0 C16:0 C18:1 C(C18:2
Oils
Canola 4 75 12 Gupta, 2005
4 64 19 Fennema et al., 2008
5 54 26 Marikkar et al., 2002
Coconut 49 22 8 6 Bhatnagar et al., 2009
51 19 8 5 Jayadas and Nair, 2006
Olive 10 78 7 Scrimgeour, 2005
13 71 10 Williams et al., 2012
14 71 10 Fennema et al., 2008
Palm 44 40 10 Scrimgeour, 2005
41 44 9 Montoya et al., 2014
44 39 10 Mancini et al., 2015
Palm olein 39-43 40-44 12-14 Gupta, 2005
38-42 41-44 10-13 Koushki et al., 2015
Soybean 11 22 53 Scrimgeour, 2005
10 55 28 Gupta, 2005
11 23 5 Fennema et al., 2008
Fats
Chicken 22 39 16 Goodrum et al., 2002
25 40 18 Lee and Foglia, 2000
28 44 14 Fennema et al., 2008
Pork (lard) 24 44 11 Williams et al., 2012
27 44 11 Scrimgeour, 2005
25 45 10 Fennema et al., 2008
Beef (tallow) 25 42 18 Marikkar et al., 2002
26 39 2 Fennema et al., 2008
26 31 2 Scrimgeour, 2005
29 31 2 Marikkar et al., 2002

26
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Figure 2.6 Formation of diacylglycerols and fatty acids during triacylglycerol

hydrolysis (Daborganes, 2009).

FOG is also vulnerable to deterioration through lipid oxidation. The reaction
process can be accelerated by the application of heat, as in the case of deep-fat frying.
This cooking method can induce thermal oxidation that changes the color of the oil. It
also increases foaming, viscosity, free fatty acid and polar matter contents (Shahidi and
Zhong, 2005). Thermally induced lipid oxidation, which occurs during baking or frying,
are very complex since oxidative and thermal reactions are simultaneously involved.
Particularly, as the temperature is increased, the solubility of oxygen is reduced
significantly but all the oxidation reactions are accelerated (Daborganes, 2009). The
oxidation process occurs through a series of chain reactions such as initiation,
propagation, and termination depicted in Figure 2.7.

As shown in Figure 2.7, RH represents the triacylglycerol molecule that
undergoes oxidation in one of its unsaturated fatty acyl groups. During the initiation
stage, an alkyl radical is produced by the abstraction of a hydrogen radical from an
unsaturated fatty acid. In the propagation stage, the alkyl radical further reacts with
oxygen to form peroxyl radicals. Consequently, peroxyl radicals react with new

triacylglycerol molecules to yield hydroperoxides and new alkyl radicals. Lastly, in the
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termination stage, radicals combine to form non-radical species, which are relatively

stable (Dobarganes, 2009).
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Figure 2.7 Simplified scheme of thermal oxidation of triacylglycerol (Dobarganes,

2009).

2.3.3 Calcium
Among the ninety chemical elements that exist naturally in the earth’s
crust, twenty-five elements are present in living cells of plants and animals. Calcium is
one of the major elements in biological systems (Fennema et al., 2008). Hence, it is

inevitable that calcium present in food and environment may also reach the sewer.
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2.3.3.1 Sources of calcium
Calcium cation (Ca?") is naturally present in water and is one of
the principal cations that cause water hardness (Sawyer, 2003; Williams et al., 2012).
However, Keener et al. (2008) found no correlation between water hardness and calcium
content in FOG deposits, but in the preceding investigation conducted by Williams et al.
(2012), there was increased calcium content in FOG deposits with increased water

hardness.

Figure 2.8 Concrete corrosion induced by the sulfur cycle (Roberts et al., 2002).

Furthermore, calcium can also be produced from
microbiologically induced concrete corrosion (MICC) (He et al., 2013; He et al., 2011;
Romanova et al., 2014; Williams et al., 2012). Concrete is still a major constituent of the
sewer system throughout the world (Roberts et al., 2002). The sulfur cycle in the sewage
collection system facilitates concrete corrosion (Figure 2.8). In the sewer, the sulfate-
reducing bacteria in biofilms produce hydrogen sulfide, which is converted to partially

reduced sulfur compounds. Eventually, sulfur-oxidizing bacteria convert the sulfur
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compounds to sulfuric acid in the presence of oxygen and moisture. The sulfuric acid
reacts with the binder of the concrete producing ettringite and gypsum (calcium sulfate)

(Davis et al., 1998; George, 2012; Roberts et al., 2002).

2.4  Formation mechanisms of FOG deposits

Based on the physical properties and visual characteristics of the FOG deposits
evaluated by Keener et al. (2008), their group theorized that FOG deposits can be formed
through saponification. Particularly, oil constituents interact with calcium in the
wastewater and form into metallic salts of fatty acids. On the other hand, FOG deposits
can also be merely solid substances that are formed through the physical accumulation of
oils, or just simply mineral deposits that are misidentified as FOG deposits. Succeeding
investigations clarified how FOG deposits develop. He et al. (2013) first proposed the
formation mechanisms of FOG deposits in the sewer system (Figure 2.9). The four major
components that essentially contribute to FOG deposit formation in the sewer system
include FOG or oil, free fatty acids, calcium, and water.

Oil serves as a carrier and minor source of free fatty acids (FFAs). FFAs, which
are also generated during cooking or microbial activities in the grease interceptor, float
on the wastewater surface and come in contact with calcium from wastewater or concrete
corrosion. In the sewer environment, FFAs and calcium chemically react to form calcium
salts of fatty acids. Saponification takes place at a faster rate when FFAs and calcium are
present in the oil/water or oil/concrete interface. The accumulation of FOG deposits
occurs when the saponified solid attached on the sewer walls draws unreacted FFAs. The
adhered FFAs attract calcium or other metal cations through van der Waals attraction and
electrostatic repulsion (DLVO theory). Eventually, saponification reoccurs and results in

additional soap layer in the deposit. As long as the reactants are present and the sewer
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environment is suitable for the reaction to take place, the same process continues leading

to FOG deposit build up (He et al., 2013).

FOG deposits

unreacted T DLVO

Saponification

Slow chemical
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< in sewer lines

FOG FFA ca®
Oil, air-water source
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interface (concrete corrosion)
source
kitchen wastewater wastewater concrete

Figure 2.9 Mechanisms of FOG deposit formation in the sewer system (He et al.,

2013).

Saponification already arises during cooking and can still continue to occur in the
sewer system. Initially, frying may release the fatty acid in fats and oils and these free
fatty acids easily undergo saponification in the presence of a catalyst, such as sodium
hydroxide or potassium hydroxide, which is naturally found in raw foods or ingredients

(Eq. 2.1) (Keener et al., 2008; Husain et al., 2014).

R-COOH + NaOH — R-COONa + H,0 (Eq. 2.1)

As the fat and oil wastes reach the sewer system, the triacylglycerols can also be
saponified to produce metallic soap (Eq. 2.2) (He et al., 2011; Husain et al., 2014). The
alkaline detergents, degreasers, and sanitizers commonly used in FSEs provide the

available oxidizer to catalyze saponification in the sewer system (Keener et al., 2008).
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R-COOR + 3NaOH — R-OH + 3R-COONa (Eq. 2.2)

Furthermore, the calcium ions present in the sewer system may react with the free
fatty acid component of the soap to produce lime soaps (Eq. 2.3) (Nora et al., 2005). The
general saponification reaction in the production of insoluble calcium-based fatty acid

salts is illustrated in Figure 2.10.

2RCOO-Na + Ca’* — RCOOCa + 2Na (Eq. 2.3)
ﬁ

O
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Figure 2.10 Saponification reaction in the sewer system (Ducoste, 2013).

In another study, Poulenat et al. (2004) synthesized sodium, lithium, and calcium
soaps from high oleic sunflower oil by double decomposition reactions. The production
was done in a 250-ml reactor, in the presence of nitrogen, with agitation at 200-250 rpm.
Their study confirmed that solubilities of organic and inorganic compounds can be
categorized based on the anion. In the case of hydroxides, sulfates, carbonates, and
oleates in water, the solubilities decline along the cation series: Na>Li>Ca. Specifically,
the soap conversion yields (measured in calcium content) of the calcium soaps are

presented in Egs. 2.4, 2.5, and 2.6.
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100%

2RCOONa + Ca(OH), == (RCOO),Ca + 2NaOH (Eq. 2.4)
2.8%
96.8%

2RCOONa+CaCl, == (RCOO),Ca + 2NaCl (Eq. 2.5)
1.2%
98.6%

2RCOONa + CaSO, = (RCOO0),Ca + Na,SO, (Eq. 2.6)

2.9%

2.5 Confirmatory studies on FOG deposits

The environmental conditions in the sewer system are not similar to the
conditions used in commercial soap manufacture. Commercial soaps are conventionally
prepared under boiling conditions (100°C), while the typical temperature of the sewer
system only ranges from 5-25°C (lasmin et al., 2014). Thus, in order to mimic the soaps
produced from a sewer environment, He et al. (2011), He et al. (2013), and lasmin et al.
(2014) employed a lower temperature-based saponification process. Laboratory-prepared
calcium soaps were purposely created to provide experimental evidence that FOG deposits
are indeed calcium-based fatty acid salts.

2.5.1 Verification of saponification hypothesis by FTIR analysis

FTIR has been widely used to identify the FOG in water, oily substances
in various chemical processes, trans fat in food, fatty acids, and fatty acid salts. To verify
the saponification hypothesis, characteristic soap bands should be detected in FOG
deposits. According to Poulenat et al. (2003), characteristic soap bands are divided into
four regions. Region 1 is from 3000-4000 cm™ that is linked to O-H stretching vibration
of hydrated water. Soaps have broad and distinct absorption at 3400 cm™ that is related to
hydrogen bonding and the polar head groups of the soap molecule. Region 2 is from

1350-1800 cm™, which is the carboxylic group of fatty acid metallic soap. The frequency
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of ester bond in triglycerides at 1745 cm™ should disappear in calcium soap formation.
Region 3 consists of band near 720 cm™ that is associated to the rocking vibration of
successive methylene groups in calcium and metallic soaps. Region 4 involves the
absorption band of the calcium-oxygen bond at 665 cm™.

2.5.1.1 FTIR spectra of FOG deposits and lab-prepared soaps

He et al. (2011) initiated the investigation on saponified FOG
deposits. Their group analyzed the solids recovered from three different sewer lines, used
the effluent to produce FOG deposits under laboratory conditions, and created calcium
chloride-based soaps using canola oil. The FTIR spectra of FOG deposits in the sewer,
lab-based FOG deposits, and calcium soap are presented in Figure 2.11.

The FTIR analyses revealed that each kind of sample has distinct
FTIR spectra. This may be attributed to the environmental conditions and the reactants
used for saponification. Particularly, the differences in the FTIR spectra observed in the
FOG deposits from different sampling sites (Figure 2.11a) may be caused by the kind of
waste being released into the sewer line. Overall, although the sewer FOG deposits, lab-
based FOG deposits, and calcium soap had distinct FTIR profile, they all displayed the
characteristic four regions of soap. The results verified the initial assumption of Keener et
al. (2008) that FOG deposits may be metallic salts of fatty acids formed by
saponification.

He et al. (2013) further advanced their investigation on the
mechanism of FOG deposit formation in the sewer line by studying the laboratory models
of soap from concrete, specific fatty acids, and calcium chloride-soybean oil reaction.
The solids obtained from the bottom of the beaker (Figure 2.12b) and concrete surface
(Figure 2.12c) were identified as soaps based on their FTIR spectra. This confirms the

role of concrete in soap formation. On the other hand, the solids made from oleic,
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linoleic, and palmitic acids were also verified as soaps according to their FTIR profile.
However, band shifting and the differences in absorbance intensities indicate that the
process of saponification is different between unsaturated and saturated fatty acids
(Figure 2.13). Furthermore, it was recognized that the formation of calcium chloride-

based soap is facilitated at pH 8 and 9 (Figure 2.14).
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Figure 2.11 FTIR spectra of sewer and lab samples: (a) FOG deposits from the sewer;
(b) lab-prepared FOG deposits; and (c) calcium chloride-based canola oil

soap (He et al., 2011).
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Figure 2.12 FTIR spectra of the solids recovered from the saponification set-up: (a)
suspended brown particles; (b) white solid at the bottom of the beaker; (c)

white solid on concrete surface (He et al., 2013).
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Figure 2.14 FTIR spectra of soybean oil and solid samples from the reaction of
calcium chloride and soybean oil under different pH conditions: (a) pH=9;

(b) pH=8; (c) no pH adjustment; (d) pure oil (He et al., 2013).

lasmin et al. (2014) investigated the effect of the type of fat/oil
and calcium source on the formation of FOG deposits. Specifically, canola oil and beef
tallow were utilized as the lipid source, while calcium chloride, calcium sulfate, and
calcium hydroxide were used as the calcium source. With the emphasis on calcium
chloride-based soaps, the canola soap showed strong absorption in the metal-oxygen
region, while beef tallow soap prepared at 45°C displayed weak absorption in the same
region. This implies that beef tallow, being highly saturated, has slower alkali hydrolysis
kinetics than the canola oil. The FTIR analysis revealed that all soaps showed signature
bands of calcium-based fatty acid salts. They exhibited strong metal-oxygen bonds
(around 670 cm™) and hydroxyl bonds (around 3400 cm™) (Table 2.9). The locations of
the characteristic soap bands were slightly shifted due to the variation of reactants and
progression of saponification reaction.

lasmin et al. (2016) further studied the FOG deposit formation

kinetics at varying pH and temperatures. The calcium chloride and calcium sulfate soap
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mixtures were allowed to react for eight hours and their rate of reaction was recorded. At
pH 10, calcium sulfate-based canola oil soap, which was prepared at 45°C, registered the
highest saponification of almost 90%, while calcium chloride-based beef tallow (BT)
soap at 45°C had the least saponification at around 20% (Figure 2.15). On the other hand,
at pH 14, calcium sulfate-based canola oil soap, which was prepared at 22°C, reflected
the highest saponification at about 70%, while calcium chloride-based beef tallow soap at
45°C had the lowest saponification at about 20% (Figure 2.16).

Consistently, calcium sulfate-based canola oil soaps exhibited the
highest saponification regardless of pH condition. It was speculated that the metal oxygen
band of the unreacted calcium sulfate may have also contributed to the values of
saponification. Additionally, beef tallow produced the lowest amount of saponified
solids. It was theorized that beef tallow requires more thermal energy to produce a
considerable amount of soap since it is solid at room temperature. Based on the
saponification kinetics, four types of alkali driven hydrolysis that may influence FOG
deposit formation were proposed: (1) fast hydrolysis during the cooking process when fat
comes in contact with moisture; (2) hydrolysis near the grease interceptor due to the
release of high alkaline detergents; (3) hydrolysis along the sewer line caused by the
prolonged contact and/or mixing of unreacted fat and moisture; and (4) hydrolysis of the

entrapped or adsorbed oil at the sewer crown induced by the release of gypsum (CaSO,).



Table 2.9 Comparisons of observed wave frequencies among calcium soaps (lasmin et al., 2014).

Frequencies (cm™)”

Assignments

Canola Canola Canola Beef Tallow with Beef Tallow
with CacCl, with CaSO, with Ca(OH), CaCl,@22°C with CaCl, @45°C
3639 (n, w) Non bonded hydroxyl group, OH" stretch
3558 (n, vw) Tertiary alcohol, OH" stretch
3367 (b, ms) 3331 (b, ms) 3381 (b, ms) 3464 (b, vw) 3390 (b, vw) Hydroxyl group. H-bonded OH" stretch
3010(vw) 3011 (vw) 3001 (vw) Stretching =CH-H
2924 (s) 2923 (vs) Asymmetric stretching CH,, C-H
2857 (w) 2853 (s) Symmetric stretching CH,, C-H
1744 (s) 1744 (vs) 1744 (w) 1739 (vs) 1741 (vs) Stretching C=0 (ester)
1702 (vw) 1696 (vw) C=C stretching
1637 (5) 1650 (w) 1641 (w) 1640 (vw)
1570 (ms) Asymmetric stretching COO’, C-O (®;,)
1541 (ms)
1456 (w) 1463 (w) 1462 (s) 1463 (w) 1461 (w)
1419 (s) 1420 (vw)
1404 (vw)
1385 (vw) 1380 (vw) Symmetric stretching COO", C-O (w,)
1377 (vw) 1313 (w) 1353 (vw)

6€



Table 2.9 Comparisons of observed wave frequencies among calcium soaps (lasmin et al., 2014) (Continued).

Frequencies (cm™)” Assignments
Canola Canola Canola Beef Tallow with  Beef Tallow
with CacCl, with CaSO, with Ca(OH), CaCl,@22°C with CaCl, @45°C
1279 (w) Twist and wag CH,
1234 (w) 1236 (w) 1240 (w) 1243 (w) 1232 (w) Skeletal C-C vibrations
1231 (w) Rocking CH;
1159 (s) 1154 (vs) 1164 (w) 1171 (vs) 1169 (ms) Deformation COOR
1103 (w) 1117 (vs) 1107 (w) 1101 (w) 1103 (w) Glycerin
1096 (vs) 1046 (w) 1066 (vw) Glycerin
967 (vw) 965 (vw) 964 (vw) Glycerin
914 (w) Bending deformation COO" (w3) or glycerin
837 (vw)
721 (vs) 713 (vs) 722 (W) 720 (s) Rocking (CHy),, n> 4
697 (vw)
675 (vs) 673 (vs) 674 (vs) 685 (w) Ca-O bond
645 (vw) OH’ out-of-plane bend
599 (vs) 593 (vs) 601 (vs) 591 (w)

“vs- very strong (>80% range/guideline); s- strong (>60 and <80); ms- medium strong (>40 and <60); vw (>20 and <40); w- weak (<20); b-

broad (from visual appearance); n-narrow (from visual appearance).

oY
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Kinetics of saponified solids (pH = 10)
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Figure 2.15 Kinetics of calcium-based saponified solids at pH 10 with varying types of

fat/oil, calcium forms, and temperatures (lasmin et al., 2014).

Kinetics of saponified solids (pH = 14)
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Figure 2.16 Kinetics of calcium-based saponified solids at pH 14 with varying types of

fat/oil, calcium forms, and temperatures (lasmin et al., 2014).
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2.5.1.2 Properties of FOG deposits and lab-prepared soaps

Private and public wastewater utilities are expected to maintain
free-flowing sanitary collection systems. However, once FOG leaks from the grease
interceptor or is deliberately thrown into the drainage system, it tends to stick to the wall
of the sewer pipes, which causes clogging over time. In effect, the restriction of flow of
sewage due to clogged pipes eventually leads to sanitary sewer overflows (SSOs)
(Husain et al., 2014; Keener et al., 2008). The adhesive property of FOG deposit is
therefore an important parameter to be considered in finding solutions for SSOs. Keener
et al. (2008) evaluated the FOG deposits sampled from 23 locations around the United
States. It was found out that the yield strength of FOG deposits ranged from 4.50-34.25
kPa. The sample with the lowest yield strength was suspected to be formed from simple
FOG accumulation, while samples with higher yield strength were assumed to be formed
by chemical reaction. In another investigation, Williams et al. (2012) evaluated the FOG
deposits from nine locations across England. It was identified that the hardness index of
the samples ranged from 9.56-14.8 mm, which were generally softer than solid fats such
as lard and butter. Moreover, the melting point of the samples registered a mean range of
30.7-33.6°C.

lasmin et al. (2014) probed into the viscoelasticity of FOG
deposits and laboratory-prepared soap by subjecting them to oscillatory stress sweep
analysis. The type of test was done to determine the storage modulus (G’) and loss
modulus (G”) of the samples, by which a higher G’ than G” entails a more elastic
behavior. Figure 2.17 presents the shear stress dependence of two FOG deposit sub-
samples from a manhole of a pizza restaurant. The first sub-sample registered a G’ and

G” range of 10 and 10° Pa (Figure 2.17a), while the second sub-sample recorded a G’
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and G” range of 10° and 10 Pa (Figure 2.17b). The variation of G* and G” values in the
samples supported the assumption that FOG deposits in the sewer system are calcium-
based fatty acid salts with layered combinations of debris. Moreover, both samples

showed stability as they transformed from viscous to elastic under shear stress.
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Figure 2.17 Shear stress dependence of FOG deposit sub-samples from a manhole
beside a pizza restaurant, under oscillation stress sweep of 0.1- 100 Pa,
®=10 Hz, and gap of 2 mm: (a) sub-sample 1; (b) sub-sample 2 (lasmin et

al., 2014).
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Similarly, the behavior of laboratory-prepared soap from canola
and calcium chloride was also noted to be like a viscoelastic gel or solid as shown in
Figure 2.18. The G’ and G” values of the samples, which ranged from 10™ to 10° Pa,
were not significantly different. Furthermore, a gel point was particularly observed in the
samples where G’ crossed G” signaling a transition from viscous to elastic behavior as

shear is increased. The minor differences in their profile may be due to soap crystal sizes.
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Figure 2.18 Shear stress dependence of calcium chloride-based canola oil soaps at pH
10, 22°C, ®=10 Hz, gap=1 mm: (a) analysis 1; (b) analysis 2 (lasmin et al.,

2014).
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On the other hand, laboratory-prepared soap from canola and calcium sulfate

exhibited a steady decreasing trend in G’ and G’ as more shear was applied (Figure

2.19). Nevertheless, its G’ was still slightly higher than G”. Overall, the G’ and G”

values recorded from calcium sulfate-based canola oil soap were still higher (107 to 10°

Pa) than calcium chloride-based soaps.
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Figure 2.19
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2014).



CHAPTER 111

MATERIALS AND METHODS

3.1 Raw materials and chemicals

The vegetable oils utilized in this study include: a) Home Fresh Mart Soybean
Oil (total fat 15 g, 23%; saturated fat 2.5 g, 12%); b) Home Fresh Mart Refined Palm
Olein oil from Pericarp (total fat 14 g, 22%; saturated fat 6 g, 30%); c) Naturel
Coconut Cooking Oil (total fat 14 g, 22%; saturated fat 13 g, 65%); and d) Sabroso
Olive Oil Full Bodied and Mild (total fat 14 g, 22%; saturated fat 2 g, 10%). The
soybean oil is manufactured by Thanakorn Vegetable Oil Products Company Limited,
the palm olein oil and coconut oil are manufactured by Lam Soon Thailand Public
Company Limited, and the olive oil is distributed by Sino-Pacific Trading Thailand
Company Limited. The animal fats used for rendering include: a) pork loin fat
produced by PS Food Product Company Limited; and b) chicken fat purchased from
Nakhon Ratchasima local wet market. The chemicals used for saponification were
anhydrous calcium chloride (CaCl,, = 90%, 110.99 g/mol), anhydrous calcium sulfate
(CaS0g4, 97%, 136.14 g/mol), and sodium hydroxide (NaOH, > 97%, anhydrous,
39.997 g/mol), purchased from Carlo Erba Reagents, Italmar, Thailand Company

Limited. Deionized (DI) water was used to prepare the solutions.
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3.2 Fat rendering

The vegetable oils were directly utilized for the reaction but the animal fats
underwent rendering following the procedure of Rohman and Che Man (2011), with
some modifications. The ground adipose tissues of pork and chicken were heated in an
oven (Memmert, Schwabach, Germany) at 100°C for 2 hours. After the specified time,
the melted fat was strained through a triple-folded Muslin cloth. The filtered fats then
underwent centrifugation (Hitachi CR22GlII, Tokyo, Japan) at 3000 rpm for 20
minutes at 30°C. After centrifugation, the decanted fat was again filtered through

triple-folded Muslin cloth, ready for saponification reaction.

3.3 Production of calcium soap

Alkali hydrolysis, similar to the method used by lasmin et al. (2014) was
adopted to produce calcium soaps. Sodium hydroxide (0.6 wt%) was dissolved in
deionized water (14.9 wt%) and anhydrous calcium compound (9.8 wt%) was added,
stirred until dissolved, and allowed to cool at room temperature. After cooling, the
vegetable oil or melted fat (74.7 wi%) was gradually added to the mixture and stirred
at 450 rpm for four hours using an overhead stirrer (IKA® RW 20 Digital, Staufen,
Germany). The mixtures with vegetable oil underwent room temperature
saponification, while those with animal fat were exposed at 45°C using a water bath
(Memmert, Schwabach, Germany) to avoid fat solidification. Modifications were
made in terms of sampling because the soap mixtures were allowed to cure at room
temperature for 7 days. After the curing period, the calcium soap mixtures were
centrifuged at 3000 rpm for 20 minutes at 30°C to separate the solids formed from the

rest of the unreacted components. The excess fat/oil was decanted and the soaps were
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scraped off from the container. A smooth soap was taken from the second layer of the
mixture, while a coarse and moist soap was taken from the third bottom layer of the
mixture. The coarse soap was drained for 2 minutes to separate the liquid portion.
Each component of the mixture was quantified to calculate the amount of soap
produced (yield). The obtained calcium soaps were considered as crude as they did not

undergo further purification.

3.4 FTIR analysis

FTIR-ATR data of the fat/oil sources and crude soap components were
recorded using FTIR microscope (Bruker Tensor 27, Ettlingen, Germany). Each
sample was placed on an attenuated reflectance (ATR) cell equipped with platinum
single crystal and scanned 64 times at a range of 4000-400 cm™. The readings were
computed using OPUS 7.2 software. For the soaps, percent saponification was
calculated according to the formula used by lasmin et al. (2014) (Eg. 3.1).
Characteristic soap bands represent the metal-oxygen bond vibration around 670 cm™,
carboxylate ion symmetric stretching vibration between 1300-1420 cm™, and
carboxylate ion asymmetric stretching vibration between 1550-1610 cm™. The

carbonyl band around 1745 cm™ signifies the presence of unreacted fat/oil.

% saponification =

absorbance (670 cm™1+ between 1300 and 1420 cm™!+ between 1550 and 1610 cm™1) x 100 (3 1)
absorbance (670 cm~1+between 1300 and 1420 cm~!+between 1550 and 1610 cm~1+1745 cm™1) )



49

3.5 Fatty acid profiling

The fatty acid profile of the fats and oils and their calcium soaps was
determined following the method of Panpipat and Yongsawatdigul (2008), with some
modifications. Each tube containing 25 mg of sample was added with 1.5 mL freshly
prepared methanolic NaOH (0.5M) and was immediately purged with nitrogen.
Samples were incubated for 2 minutes in a water bath at 80-100°C. After cooling, each
tube was added with 2 mL BF; and spiked with 1 mL C17:0 as an internal standard.
Each tube was again purged with nitrogen gas, capped, and returned to the water bath
for 30 minutes. After cooling, each tube was added with 1 mL isooctane and vortexed
for 1 minute. It was further added with 5 mL saturated NaCl solution, vortexed for 30
seconds, and allowed to form layers. The top layer comprising the fatty acid methyl
esters (FAMEs) was collected and placed in a new test tube. The sample was re-
extracted by adding 2 mL isooctane. The tubes containing the FAMEs were dried at
30°C under nitrogen gas using TurboVap® LV (Caliper Life Sciences, Massachusetts,
USA). After drying, each sample was solubilized with 1mL isooctane and vortexed for
30 seconds before it was transferred to a vial. FAMEs were analyzed using 7890A GC
Systems (Agilent Technologies, Delaware, USA) fitted with fused silica capillary
column (SPTM-2560 Supelco, Pennsylvania, USA) with gas chromatography-flame
ionization detector (GC-FID) and helium as the carrier gas. The peak areas of the
samples, relative to the added internal standard, were compared to the FAME standard
mixture (Supelco™ 37 Component FAME Mix, Pennsylvania, USA) in order to

determine the percent concentration of each fatty acid.
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3.6  Calcium content analysis

The calcium content of the crude soaps was analyzed following the method
specified by Trampitsch (2009). In brief, 100 mg of each dried sample was acidified
with 8 mL concentrated nitric acid and 2 mL hydrogen peroxide and left overnight in
the fume hood. Thereafter, they were digested in the Multiwave 3000 Reaction
System chamber (Anton Paar, Graz, Austria). After digestion, the diluted samples,
together with blanks and standards, were introduced to Optima 8000 ICP-OES

Spectrometer (PerkinElmer, Massachusetts, USA) for calcium content determination.

3.7 Melting endset determination

The melting profile of the fat and oil sources and calcium soaps was determined
through Differential Scanning Calorimetry (DSC 204 F1, NETZSCH, Germany) using
the method of Tieko Nassu and Guaraldo Gongalves (1995). About 6-9 mg of soap was
placed in a hermetically sealed aluminum pan and run against an empty pan as the
reference. Samples were heated to 80°C for 5 minutes at a rate of 10°C/min to destroy
any prior crystalline structure. After this period, they were cooled to -50°C for 5 minutes
at a rate of 10°C/min. After reaching the cooling condition, they were reheated to 80°C

for 5 minutes at a rate of 10°C/min to record their melting endset.

3.8 Rheological tests

The rheological properties of the calcium soaps were determined using AR2
Rheometer (TA Instruments, Delaware, USA). TA® plate/plate geometry with 60 mm
diameter and 1 mm gap was used to evaluate the rheology of the paste-like soaps from

the second layer; while TA® concentric cylinder (Model# 545611.901), cup (Model#
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545630.001), and vaned rotor (Model# 546026.901) with 4 mm gap was utilized to
analyze the coarse soaps from the third layer.
3.8.1 Steady shear characterization
The steady shear data (shear stress and shear rate) of the soaps were
obtained by exposing the samples to increasing shear rate of 0.1-800 s™ at 25°C (Ikhu-
Omoregbe and Bushi, 2008). The apparent viscosity, which describes the resistance

to flow of the soaps, was derived from the shear stress and shear rate data using Eq. 2:

g

n =) = (3.2)

where 1) is the apparent viscosity, o is the shear stress, and y is the shear rate (Steffe,
1996).
3.8.2 Oscillatory temperature sweep test

In order to determine the viscoelasticity of the calcium soaps, their
storage modulus (G’) and loss modulus (G”) were recorded through oscillatory
temperature sweep test from 5-60°C with a specific stress within their linear
viscoelastic region (LVR). The LVR was initially identified through oscillatory stress
sweep test from 0.1-100 Pa at 1.0 Hz and at 60°C.

From the temperature sweep plot, the tan & (G”/G’) at 25°C was
calculated. G’ represents a solid-like response, while G” represents a liquid-like
response (da Silva Lannes and Ignacio, 2013). A predominantly elastic or solid-like
behavior is indicated by tan 6 lesser than 1, while a predominantly viscous or liquid-

like behavior is signified by tan & greater than 1 (Choi and Chang, 2012).
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3.9 Microstructure analysis

39.1 ESEM

The microstructure of the calcium soaps was observed under
environmental scanning electron microscope (SEM Quanta 450, FEI, Oregon, USA).
A small portion of each calcium soap sample was placed on a disposable vinyl
specimen mold (Tissue-Tek®) and fixed with O.C.T. compound (Tissue-Tek®). Each
sample was frozen by soaking it into liquid nitrogen and then freeze fractured. The
fractured component was immediately transferred to a sample holder and placed in the
SEM chamber for scanning. The microstructure of the soaps was observed at 5000x
magnification.

39.2 CLSM

To determine the void area/porosity and void circularity of the calcium
soaps, the samples were viewed through confocal laser scanning microscope (Nikon
Ti-E ALRSi, New York, USA). Samples for CLSM were separately prepared
following the procedure of Wu et al. (2013), with modification. Initially, the raw fats
and oils were dyed before they were used for saponification reaction. Nile red (Acros
Organics ™) was added to the fat/oil at 0.01 mg per gram of fat/oil. The mixture was
stirred in the dark for two hours at 450 rpm and then used for the production of
calcium soaps as described in Section 3.3. A small portion of each soap sample was
placed on a glass slide and secured with a cover slip that was sealed with a nail polish.
Each specimen was scanned using an oil immersion objective lens (60x, 1.50 NA).
Solid state laser was used to excite the dye at 488 nm and the detection of emission
spectra was recorded at 532 nm. For each sample, the field of observation was

randomly selected and its interior was scanned to at least 20 layers. From the scanned
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layers, five layers were randomly chosen for the calculation of void area and
circularity using NIS-Elements AR software (New York, USA). A void with a perfect
circle is signified by a circularity value of 1.0, while a more elongated polygon or

irregular void is indicated by a circularity value approaching zero (Rasband, 2000).

3.10 Synchrotron X-ray measurements

SAXS and WAXS measurements were performed at BL1.3W Siam Photon
Laboratory of Synchrotron Light Research Institute (SLRI), Nakhon Ratchasima,
Thailand. Synchrotron X-ray energy at 9.0 KeV, monochromatized by a
double multilayer monochromator (W/B4C), was used to determine the diffraction
patterns of the calcium soap samples. SAXS and WAXS sample to detector distances
were at 1711.2 mm and 122.819 mm, respectively. Samples were fixed in a copper
frame with a square aperture of 40x10 mm? and tests were conducted at 25°C. SAXS
and WAXS profiles were recorded through MAR-CCD (Rayonix SX165) detector at
30 s exposure time. The data were analyzed using SAXSIT version 4.34 (Rugmai and
Soontaranon, 2017). SAXS and WAXS diffraction patterns were plotted at a g range

of 0.14-3.74 nm™ and 3.63-36.35 nm™, respectively.

3.11 Statistical analysis

SPSS Statistics 17.0 (SPSS Inc., Illinois, USA) was used for One-way Analysis
of Variance (ANOVA) and Tukey Post Hoc Test to compare the significant differences
among the group of samples. Pearson Correlation was also employed to determine the
significant association of the quantifiable soap parameters. Statistical significance is

indicated by p-value <0.05. All quantitative tests were conducted in triplicate.



CHAPTER IV

RESULTS AND DISCUSSION

4.1 Physical appearance of calcium soaps

In the soap-making process, the rapid mixing of the reactants produced a water-
in-oil type of emulsion. During agitation, the calcium chloride soap mixtures showed
more uniform and finer emulsion, while the calcium sulfate soap mixtures appeared
marshmallow-like similar to the observation of lasmin et al. (2014). Both types of
emulsion became phase separated when mixing was ceased. Thus, centrifugation was
employed in order to obtain a more homogeneous sample and practically isolate the
crude soaps from the rest of the components. After centrifugation, three distinct soap
fractions were observed (Figure 4.1). The first layer was the excess fat/oil, while the
second and third layers were crude soaps with characteristic appearance and texture. The
verification of their identities was done using FTIR and discussed in Section 4.2.1.

The separated crude calcium soaps from the second and third layer are presented
in Figures 4.2 and 4.3. All soaps from the second layer were paste-like, which may be
due to their direct exposure to the excess fat/oil. On the other hand, the soaps from the
third layer were coarse, which may be attributed to the unreacted calcium particles that
settled at the bottom of the container after centrifugation. As shown, palm olein oil, olive
oil, and chicken fat produced yellow-colored soaps of decreasing intensities, while
coconut oil, soybean oil, and pork fat produced whitish soaps of decreasing intensities.

The color and solubility of the calcium source affected the appearance and texture of the
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soaps. The soaps from calcium chloride were darker in color compared to the soaps from
calcium sulfate. Their distinct appearance was similar to the observation of lasmin et al.
(2014). Moreover, the calcium chloride-based soaps taken from the second layer of the
mixture were in the form of a thin paste, while the calcium sulfate-based soaps from the
same layer were in the form of a thick paste. The calcium chloride-based soaps isolated
from the third layer of the mixture were sandy and watery, while the calcium sulfate-
based soaps from the same layer were lumpy and bulky. Overall, the calcium chloride-
based soybean oil soaps exhibited the thinnest and most watery emulsion, whereas the
calcium sulfate-based pork fat soaps exhibited the thickest and hardest emulsion. The
viscosity and hardness of these soaps were verified quantitatively and discussed in

Section 4.4.

Figure 4.1 An example of a calcium soap fraction after centrifugation (palm oil-
calcium chloride mixture): (a) excess oil; (b) calcium soap from the second

layer; (c) calcium soap from the third layer.
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Figure 4.2 Physical appearance of the soaps prepared from calcium chloride and
various fat/oil sources (PO = palm olein oil; SO = soybean oil; OO = olive
oil; CO = coconut oil; CF = chicken fat; PF = pork fat; the numbers indicate
the layer the soaps were taken from the centrifuged mixture: 2= 2™ layer;

3= 3" layer).
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Figure 4.3 Physical appearance of the soaps prepared from calcium sulfate and various
fat/oil sources (PO = palm olein oil; SO = soybean oil; OO = olive oil; CO
= coconut oil; CF = chicken fat; PF = pork fat; the numbers indicate the
layer the soaps were taken from the centrifuged mixture: 2= 2" layer; 3= 3"

layer).
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4.2  Saponification and yield of calcium soaps

4.2.1 FTIR spectra of raw fats/oils and their calcium soaps
The three distinct layers formed after the centrifugation of the soap
mixtures underwent FTIR analysis to verify their identity. The liquid samples taken from
the first layer of the centrifuged mixture were confirmed as excess fat/oil as their FTIR
spectra resembled their raw fat/oil source (Figure 4.4). The bands of the excess fat/oil
corresponded to the bands of the raw fat/oil used for the reaction that showed dominant

spectra of triglyceride.
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Figure 4.4 FTIR spectra of the raw fats/oils and excess fats/oils from saponification
reaction: (a) raw fats/oils; (b) excess fats/oils from calcium chloride
mixture; (c) excess fats from calcium sulfate mixture (PO = palm olein oil; SO
= soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork

fat).
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As shown in Figure 4.4, the main peaks of the triglyceride functional groups
displayed by the fats and oils were the =C-H (cis) stretching vibration around 3006 cm™,
-C-H (CHs) asymmetric stretching vibration at 2953 cm™, -C-H (CH,) asymmetric
stretching vibration at 2924 cm™, -C-H (CH,) symmetric stretching vibration at 2853
cm-!, -C=0 (ester) stretching vibration at 1745 cm™, -C-H (CH,) scissoring bending
vibration at 1465 cm™, =C-H (cis) rocking bending vibration at 1417 cm™, -C-H (CHs)
symmetric bending vibration at 1377 cm™, -C-O stretching vibrations at 1238 cm™, 1163
cm?, 1118 cm™, and 1097 cm™, and —(CH,),- rocking vibration at 723 cm™ (Guillen and
Cabo, 1997; Lerma-Garcia et al., 2010; Rohman and Che Man, 2011; Yang et al., 2005).
Each type of fat/oil has a specific band intensity and frequency of maximum absorbance,
which can be explained by its nature and components (Guillen and Cabo, 1997). In this
study, the absorbance around 1745 cm™ was considered to calculate the percent
saponification of the crude calcium soaps as it gauges how much fat/oil was consumed in
the reaction (He et al., 2011; lasmin et al., 2014).

After the saponification process, the solids recovered from the second layer and
third layer of the mixture were verified as calcium soaps based on their FTIR profile
(Figures 4.5 and 4.6). The characteristic soap bands observed from the samples were the
carboxylate ion symmetric stretching vibration between 1300 and 1420 cm™, carboxylate
ion asymmetric stretching vibration between 1550 and 1610 cm™, and the metal-oxygen
bond vibration around 670 cm™ (He et al., 2011; lasmin et al., 2014; Poulenat et al.,
2003). It is visually noticeable that saponification caused the distinct appearance of bands
between 1550 and 1610 cm™. Saponification also led to intense absorption at 670 cm™
and 3400 cm™ The absorbance at 3400 cm™ which signifies the bound water associated
with calcium soap, was also very evident in the studies of lasmin et al. (2016), lasmin et

al. (2014), He et al. (2013), and He et al. (2011).
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Figure 4.5 FTIR spectra of the calcium soaps taken from the second layer of the
centrifuged mixture: (a) calcium chloride source; (b) calcium sulfate source
(PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil;

CF = chicken fat; PF = pork fat).
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Figure 4.6 FTIR spectra of the calcium soaps taken from the third layer of the
centrifuged mixture: (a) calcium chloride source; (b) calcium sulfate source
(PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil;

CF = chicken fat; PF = pork fat).

4.2.2 Saponification of calcium soaps
The degree of saponification of the calcium soaps was calculated based on
their FTIR spectra. As shown in Figure 4.7, regardless of the calcium source, the soaps
obtained from the third layer of the mixture generally had higher percent saponification
compared to their counterpart from the second layer. This was due to their higher
absorbance of characteristic soap bands. It is evident that the soaps from the third layer
displayed more intense metal-oxygen bond vibration at 670 cm™, which is assumed to be

caused by saponified solids and unreacted calcium (lasmin et al., 2016). As previously
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mentioned, the calcium particles preferentially settled in the third layer due to
centrifugation. According to lasmin et al. (2016), unreacted calcium can be considered as
a false positive indicator of saponification because it has a similar peak with calcium-
based saponified solids at about 670 cm™. The soaps from the third layer also had higher
absorbance around 3400 cm™ that represents the O-H stretching vibration of hydrated
water in soap (He et al., 2011; lasmin et al., 2016; lasmin et al., 2014; Poulenat et al.,
2003). As stated by Gross et al. (2017), metal ions can produce porous FOG deposits that
can hold water. Since the soaps from the third layer had more calcium content (Figure
4.8), they absorbed more water into their matrix. Moreover, the soaps from the third layer
generally exhibited lower absorbance at 1745 cm™, which implies that more fat/oil was
consumed in the saponification reaction. In contrast, the high absorbance at 1745 cm™
recorded from the soaps from the second layer reveals the presence of more unreacted
fat/oil. This is expected since the soaps from the second layer were directly exposed to
the excess fat/oil after centrifugation. Actually, the soap from the second layer functioned
as an interface between the excess fat/oil and the soap from the third layer. As reported
by He et al. (2013), oil can serve as a source of free fatty acid after alkaline hydrolysis or
it can act as a carrier of pre-hydrolyzed free fatty acid and aid the saponification interface
reaction. Therefore, the unreacted fats/oils can still be further transformed into FOG

deposits given their prolonged exposure and interaction with water, oxygen, alkali, and

available calcium cation (Choi and Chang, 2012; He et al., 2013; lasmin et al., 2014).
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4.2.3 Fatty acid profile of raw fats/oils and their calcium soaps
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The fatty acid composition of the raw fats/oils and their corresponding

soaps was analyzed in order to determine the effect of the saponification reaction on the

fatty acid profile of the fats/oils. It was identified that the fatty acid profile of the raw

fats and oils was not significantly altered by the saponification process (Table 4.1).

This coincided with the reports of lasmin et al. (2014) and Poulenat et al. (2004).

Therefore, this parameter can trace the identity of the fat/oil waste in newly-formed

FOG deposits (Keener et al., 2008; Montefrio et al., 2010; Williams et al., 2012).

Regardless of the calcium source, the results revealed that calcium soaps

that contained a combination of palmitic acid, C16:0 (= 21-39%) and oleic acid, C18:1 (=

40-42%) were highly saponified. Specifically, palm olein oil, chicken fat, and pork fat

soaps from the third layer consistently exhibited higher percent saponification (Figure 4.7).

Table 4.1 Major fatty acid composition of raw fats/oils and their calcium soaps.

Samples” Fatty acid composition (%0)

C12:0 C14:0 C16:0 C18:0 c18:1 C18:2

Raw

PO 1.0£0.0"  38.440.1¢ 42400  432+0.1'  11.6+0.0°
SO 11.4+0.0%°  3.8+0.1™°  22.4#0.1°  55.0+0.2%
00 11.820.2%°  3.240.0°  75.2+04'  7.240.2°
co 44.020.4° 224405 125+0.4®  3.8+0.1"  9.2+0.3" 2.740.1°
CF 0.6+0.0°  27.0+0.6" 5.7+0.1°"  39.1+0.3%"% 20.7+0.59
PF 1.4+0.0°  23.7+02°" 12.2+0.3"  40.7+0.3"" 16.6+0.2°

“PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat;

the numbers indicate the layer the soaps were taken from the centrifuged mixture: 2= 2" layer; 3= 3" layer.

“Values followed by the same letter within the column are not significantly different (p<0.05).



65

Table 4.1 Major fatty acid composition of raw fats/oils and their calcium soaps

(Continued).

Samples” Fatty acid composition (%)

C12:0 C14:0 C16:0 C18:0 C18:1 C18:2

CaCl,
PO-2 1.1+0.0*  37.2+0.5" 4.8+1.0°°  38.6x0.3%""  16.5+1.2°
PO-3 1.0£0.1*  38.7+0.8" 4.240.1*°  40.2+0.6°" 14.4%0.7°
SO-2 12.9+0.5%° 3.74£0.2*° 23.240.7" 54.2+0.6
SO-3 13.6+0.6" 42405  23.0+0.8™ 52.9+1.2!
00-2 20.64.0% 43+0.9  62.4+3.7 11.4£1.1°
00-3 18.8+0.5° 7.1£3.7 62.322.7 11.340.6°
CO-2 44.4+0.2°  24.1%12°  14.0£0.7° 45+0.3°  7.9+0.9° 1.74¢0.1°
CO-3 45.6x1.7° 227401  12.6+1.1*°  3.820.3"° 8.2+1.0° 1.9+0.2°
CF-2 0.9+0.5°  256+1.4%" 6.1+1.0% 36.4%1.5% 22.841.3"
CF-3 0.740.0°  24.2#0.5"" 5.740.1""  35.9+0.9 24,020.4"
PF-2 1.620.1° 23.120.6a"¢  13.00.7° 36.520.0%' 20.1%1.1"
PF-3 1.4+0.1*  21.1#1.3*"  12.3+0.5" 41.8+0.7%" 18.2+0.8°
CaSO,

PO-2 1.120.0®°  34.020.5" 4.3+0.1*° 39.240.1%"  17.70.6°
PO-3 1.020.1*  30.80.9' 3.840.1%° 42.40.4" 20.420.29
S0-2 10.5£0.4"°  3.3+0.1* 23.620.3" 53.120.4"
SO-3 9.9+0.2° 3.3£0.1* 26.820.2° 56.320.2'
00-2 13.8£0.2°  2.8+0.1° 67.20.3" 13.2+0.3%
00-3 14.4£0.2° 2.9+0.4° 68.7+1.0 12.540.1%
Co-2 46.4+0.9°  21.1+#0.6° 11.3+0.6™  3.30.2® 8.4+0.4° 2.10.2°
Co-3 44.6+0.6°  21.1+0.1°  11.7405%™ = 3.5+0.2"" 8.8+0.1° 2.10.0°
CF-2 0.5+0.0° 22.820.1°¢  50+£0.0"  38.620.1%""  250+0.1'
CF-3 0.5+0.0° 23.320.2°0  4.8£0.2"  39.620.2*""  24.7+0.1'
PF-2 1.440.1*  24.6+2.5" 14.2+1.6 43.2+4.6' 17.0£0.4°
PF-3 1.3+0.0"°  22.8+0.1°®  10.9+0.1° 43.30.1' 17.4%0.1°

“PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat;

the numbers indicate the layer the soaps were taken from the centrifuged mixture: 2= 2" layer; 3= 3" layer.

“Values followed by the same letter within the column are not significantly different (p<0.05).
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4.2.4 Yield of calcium soaps

In this study, the process of saponification was done at a lower
temperature to simulate the sewer condition, unlike the normal commercial/metal soap
production that employs boiling condition. The modified saponification process resulted
to the presence of excess fats/oils and calcium compounds. When centrifugation was
employed after the reaction time, the excess calcium particles preferentially accumulated
at the bottom of the bottle and contributed to the amount of solids in the third layer. As
shown in Figure 4.9, the soaps from the third layer had significantly higher yield or total
solids formed compared to the soaps from the second layer. general, calcium sulfate-
based soaps from the third layer had the higher yield.

Among the soaps, calcium sulfate-based coconut oil soap from the third
layer had the highest soap yield (32.1%) that was followed by calcium sulfate-based
soybean oil soap from the same layer (28.4%). Interestingly, calcium chloride-based
coconut oil soap and calcium chloride-based soybean oil soap from the third layer only
produced small amount of solids (12.7% and 7.2%, respectively). Hence, the trend in the
yield may be linked to the availability of the calcium compounds and their solubility.
Calcium chloride and calcium sulfate solubilities (expressed as mass percent of solute) at
25°C are 44.83 and 0.21, correspondingly (Haynes, 2010). It is hypothesized that the
greater amount of solids formed from calcium sulfate soap mixtures were due to the
presence of more excess calcium sulfate. Calcium sulfate has a low solubility product
constant, Ks, of 2x10° at 25°C (Sawyer et al., 2003). Thus, based on the soap
formulation of lasmin et al. (2014) (9.8 wt% calcium compound per 14.9 wt% water),
calcium sulfate reached its saturation point (Sawyer et al., 2003). This proves the initial
assumption of Keener et al. (2008) and He et al. (2011) that mineral deposits also

contribute to the formation of solids in the sewer.
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Figure 4.9 Percent yield of the soaps prepared from different fat/oil and calcium
sources (PO = palm olein oil, SO = soybean oil, OO = olive oil, CO =
coconut oil, CF = chicken fat, PF = pork fat; the numbers indicate the layer
the soaps were taken from the centrifuged mixture: 2= 2" layer; 3= 3"

layer).

Although calcium sulfate-based soaps generally had higher yield or solids
formed compared to calcium chloride-based soaps, their degree of saponification was
lower than calcium chloride-based soaps. This is the case since calcium sulfate is less
soluble; thus, lesser calcium ions in the solution reacted with the fats/oils. As a
consequence, the reaction produced soaps with lower calcium content. This supported the
observation of lasmin et al. (2014), which revealed that the calcium content of calcium
sulfate-based soaps from canola oil and beef tallow were lower compared to their

counterpart using calcium chloride.
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Based on the yield and saponification readings, it can be deduced that the
high solids formed after the reaction time do not directly translate to high percent
saponification. For instance, calcium sulfate-based coconut oil soap from the third layer,
which registered the highest yield among the samples (Figure 4.9), had relatively low
percent saponification (Figure 4.7). This verified the assumption that FOG deposits are
not exclusively products of chemical reaction but also physical accumulation of
unreacted calcium and fatty acids (Gu et al., 2015; He et al., 2013; He et al., 2011).

The trend in the yield and saponification values provides additional
evidence that FOG deposits may also consist of crystallized fatty acids (Gross et al.,
2017) or oil accumulations without saponification (Keener et al., 2008). Overall, the
results substantiated the proposed mechanism of FOG deposit formation by He et al.
(2013), which states that FOG deposit is a combination of saponified solids and
aggregates of excess calcium, unreacted free fatty acids, and debris in the drainage
system. As illustrated in Figure 4.10a, the metallic salt (RCOOCa) serves as a core
adhered to the sewer wall. The fat/oil waste (RCOOR), which is drawn onto the core,
functions as a carrier of free fatty acids (RCOOH). The calcium cations (Ca*) that are
present in concrete corrosion or wastewater are attracted to the free fatty acids (DLVO
theory). Eventually, the physical aggregation results in more saponified solids causing
greater FOG deposit build up and layering. FOG deposit becomes bigger and harder to
manage if solid wastes and other compounds from the wastewater are attached to it
forming a “fatberg” (Wallace et al., 2016). The proposed mechanism may be used to
describe the observed layering in FOG deposit from the sewer, which specifically
showed layers of debris intermixed with hardened FOG (Figure 4.10b) (Keener et al.,

2008).
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Figure 4.10 FOG deposit layering: (a) proposed mechanism for FOG deposit layering;

(b) FOG deposit layering observed in the sewer (Keener et al., 2008).

4.3  Melting endset of raw fats/oils and calcium soaps

This study emphasized on the melting endset of the calcium soaps to detect the
possible temperature at which the FOG deposits will be destabilized. As shown in Figure
4.11, the average melting endset of fats/oils and their corresponding soaps was very
diverse. Saponification had caused these fats and oils to behave differently. Among the
raw fats/oils, soybean oil exhibited the lowest melting endset since it contains a high
percentage of long chain polyunsaturated fatty acid (C18:2). On the other hand, chicken
fat manifested the highest melting endset, which was not significantly different from

pork fat and coconut oil. These lipids melted at higher temperature because of their fatty
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acid composition. Specifically, chicken and pork fat is mainly made up of long chain

saturated fatty acids (C16:0 and C18:0) and long chain mono-unsaturated fatty acid

(C18:1), while coconut oil is largely comprised of medium chain saturated fatty acid

(C12:0 and C14:0) (Table 4.1).
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Figure 4.11 Melting endset of the raw fats/oils and their calcium soaps (PO = palm

olein oil, SO = soybean oil, OO = olive oil, CO = coconut oil, CF =

chicken fat, PF = pork fat; the numbers indicate the layer the soaps were

taken from the centrifuged mixture: 2= 2" layer; 3= 3" layer).

The melting endset of the soaps produced was greatly influenced by the type of

calcium source and calcium content. Particularly, the melting endset readings recorded

from calcium sulfate-based soaps were considerably lower (2.5-42.4°C) compared to the

readings from calcium chloride-based soaps (19.2-59.9°C). This is because calcium

sulfate-based soaps had lower percent saponification, more unreacted fat, and lesser

calcium content. Statistically, calcium content and melting endset has a positive linear

relationship (r = 0.345), which justified the report of Williams et al. (2012).
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Considering a maximum sewer temperature of 25°C (lasmin et al., 2014), only
calcium chloride-based palm olein oil soap from the second layer as well as calcium
sulfate-based palm olein oil, soybean oil, and olive oil soaps can be potentially
destabilized. However, industrial wastewater may reach up to 50°C (Ashan et al., 2005;
Fabiyi and Larrea, 2015); thus, more types of calcium soaps may be destabilized in such
temperature. Further, the more heat-stable soaps such as calcium chloride-based soaps
from the third layer are not expected to largely accumulate in areas where automatic
dishwashers are used since the water temperature setting of dishwashers is as high as
71°C (Emmel et al., 2003; Heger, 2017). It is anticipated that during the cleaning period,
the warmer wastewater will weaken all types of calcium soaps.

In terms of the effect of fat/oil source on the melting endset of the soaps, results
revealed that regardless of the calcium source, pork fat soaps from the third layer
consistently had the highest melting endset. This signifies that the abundance of calcium
and the presence of palmitic acid (= 21-23%), oleic acid (= 42-43%), and linoleic acid (=
17-18%) can generate more heat-stable FOG deposits. As a consequence, the deposits
tend to adhere and accumulate on the sewer walls. Additionally, the results imply that
FOG deposits formed from a corroded sewer environment (high levels of calcium
sulfate) and highly unsaturated oils such as soybean and olive oils are unstable even at

sewer temperature below 20°C.

4.4  Rheology of calcium soaps

4.4.1 Apparent viscosity
In order to visualize the flow behavior of the calcium soaps, their apparent
viscosity (1) was examined at increasing shear rate and a constant temperature of 25°C.

As shown in Figure 4.12, the n values of the soaps decreased as shear rate increased. At
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the initial shear rate of 1.0 s, calcium chloride-based soaps generally had higher
apparent viscosity (between 10° Pa.s and 10° Pa.s) than calcium sulfate-based soaps
(between 10" Pa.s and 10% Pa.s). However, at 100 s onwards, calcium chloride-based
soaps indicated a weaker structure as their apparent viscosity reduced more drastically
(up to 102 Pa.s) than calcium sulfate-based soaps (10™ Pa.s). The apparent viscosity-
shear rate plot is useful in choosing the shear rate setting of fluid movers or pumps to
destabilize a certain type of FOG deposit.

Considering a shear rate of 100 s at 25°C, a clear distinction between calcium
chloride and calcium sulfate-based soaps was observed (Figure 4.13). Per soap layer,
calcium chloride-based soaps commonly exhibited lower apparent viscosity readings
(M100) compared to calcium sulfate-based soaps. Moreover, calcium chloride-based soaps
from the third layer had generally lower apparent viscosity than calcium chloride-based
soaps from the second layer. This may be caused by their grainy and moister texture. In
contrast, calcium sulfate-based soaps from the third layer had higher apparent viscosity
than calcium sulfate-based soaps from the second layer. This can be attributed to their

lumpy appearance.
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Figure 4.12 Apparent viscosity (n) curves at 25°C of calcium soaps prepared from
various fats/oils: (a) calcium chloride; (b) calcium sulfate (PO = palm olein
oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat;
PF = pork fat; the numbers indicate the layer the soaps were taken from the

centrifuged mixture: 2= 2" layer; 3= 3" layer).

Among the soaps, calcium sulfate-based pork fat soap from the third layer
exhibited the highest apparent viscosity (4.37 Pa.s) at 100s™ shear rate (Figure 4.13),
which reflects its high resistance to flow. This type of soap had a higher percentage of
oleic acid, C18:1 (43%) and palmitic acid, C16:0 (23%) (Table 4.1). The fatty acid
combination is considered to greatly influence the resistance to flow of the soap since
based on the study of He et al. (2013), calcium soaps with high oleic to palmitic acid
ratio are harder. Moreover, oleic acid is known to produce sticky soaps (Girgis et al.,
1998; He et al., 2013), while palmitic acid is recognized to produce hard soaps (Beetseh
and Godwin, 2015). Additionally, calcium sulfate-based coconut oil soap from the third

layer registered the second highest apparent viscosity reading (4.17 Pa.s). This is
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reasonable since the it contained a huge portion of saturated fatty acids such as lauric
acid, C12:0 (45%) and myristic acid, C14:0 (21%) that are identified to solidify at a

lower temperature (Fennema et al., 2008; Rosell, 1999).
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Figure 4.13  Apparent viscosity (ni at 25°C) of the soaps from different fat/oil and
calcium sources (PO = palm olein oil, SO = soybean oil, OO = olive oil,
CO = coconut oil, CF = chicken fat, PF = pork fat; the numbers indicate
the layer the soaps were taken from the centrifuged mixture: 2= 2" layer;

3= 3" layer).

It can be recalled that calcium sulfate-based coconut oil soap from the third layer
had the highest yield (Figure 4.9), while calcium sulfate-based pork fat soap from the
third layer had the highest melting endset (Figure 4.11). This suggests that the
saponification of coconut oil and pork fat with calcium sulfate, which is a product of
concrete corrosion, can potentially cause higher incidence of sewer blockages since they

can either occur in large quantity or can withstand warmer temperature.
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4.4.2 Viscoelasticity

The calcium soaps were further scrutinized for their viscoelastic behavior
through oscillatory temperature sweep test. Typically, a sewer temperature ranges from
5-25°C (lasmin et al., 2014), but some industries, household, and FSEs release warmer
wastewater due to their processing and dishwashing activities (Ashan et al., 2005; Fabiyi
and Larrea, 2015; Emmel et al., 2003; Heger, 2017). Therefore, the temperature range of
the oscillatory test was broadened to 5-60°C to determine the possible effects of warmer
wastewater or sewer environment on FOG deposits.

Figure 4.14 illustrates the viscoelastic profile of calcium chloride-based
soaps under temperature sweep test. Palm olein oil soap from the second layer initially
indicated a dynamic rearrangement of particles with its overlaps in G’ and G”. It finally
manifested a stable gel point and maximum G’ (8.4 x 10° Pa) at 17°C. However, its G’
gradually decreased as temperature further increased. This reflected the weakening of the
soap structure. Palm olein oil soap from the third layer remained solid-like within the
temperature range. It showed maximum G’ (1.3 x 10" Pa) at 12°C, but it eventually
decreased as the temperature elevated. Soybean oil soap from the second layer exhibited
solid-like behavior throughout the temperature range. Its G’ consistently increased until it
reached its maximum peak (3.6 x 10° Pa) at 48°C. Beyond this, its G’ started to decrease.
Soybean oil soap from the third layer indicated a solid-like behavior throughout the
temperature range. It started with high G’ (7.8 x 102 Pa) at 5°C, which gradually reached
to its lowest value (5.5 x 10% Pa) at 40°C. However, it signified structure recovery above
40°C as its G’ started to increase and attained its peak (8.3 x 10° Pa) at 60°C. Olive oil
soap from the second layer showed a solid-like behavior throughout the temperature
range. It exhibited an increasing trend in G’ as the temperature progressed. Its maximum

G’ (2.4 x 10° Pa) was noted at 58°C. Olive oil soap from the third layer also displayed a
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solid-like behavior within the temperature range. It started with high G’ that reached its
peak (1.7 x 10% Pa) at 17°C. However, its G’ steadily decreased to its lowest value (1.3 x
10° Pa) at 49°C. Nevertheless, its G’ began to increase as it approached 60°C. Coconut
oil soap from the second layer had its gel point at 24°C, but its G’ steadily decreased
until 45°C. It showed structure recovery above 45°C and its maximum G’ (8.6 x 10° Pa)
was recorded at 57°C. Coconut oil soap from the third layer consistently manifested a
solid-like behavior. Its maximum G’ (2.6 x 10° Pa) was recorded at 8°C, while its
minimum G’ (1.0 x 10° Pa) was noted at 44°C. Above this temperature, its G’ manifested
structure recovery. Chicken fat soap from the second layer showed a stable gel point and
maximum G’ (2.0 x 10* Pa) at 23°C. However, its G’ consistently decreased as the
temperature increased. hicken fat soap from the third layer showed a solid-like behavior
within the temperature range. It had its maximum G’ (9.7 x 10° Pa) at 17°C, which
progressively decreased as the temperature increased. Pork fat soap from the second
layer exhibited a stable gel point and maximum G’ (3.6 x 10 Pa) at 19°C. However, the
soap became weak and transitioned from solid to liquid-like (G”>G’) above 33°C. Pork
fat soap from the third layer maintained its solid-like property within the temperature
range. It had a maximum G’ (8.8 X 10° Pa) at 13°C, which gradually decreased as the
temperature increased.

Figure 4.15 displays the viscoelastic profile of calcium sulfate-based
soaps. Palm olein oil soap from the second layer manifested crystallization at 7°C based
on its G’ peak (4.5 x 10° Pa). As the temperature progressed, it its G* decreased and
reached its minimum value (9.0 x 10% Pa) at 20°C. Nevertheless, the soap showed
gradual structure recovery above 20°C as its G’ began to increase. Palm oil soap from the
third layer also showed a similar trend, but it exhibited the highest G’ (1.3 x 10° Pa) at a

more elevated temperature of 17°C. It had minimum G’ (7.9 x 10* Pa) at 28°C but started
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to recover as the temperature progressed. Soybean oil soap from the second layer
displayed solid-like behavior throughout the temperature range. I had its G’ peak (3.0 x
10° Pa) at 49°C, but eventually manifested structure weakening as the temperature
progressed. Soybean oil soap from the third layer followed the same trend, but had its
peak G’ (2.1 x 10° Pa) at 51°C. Olive oil soap from the second layer exhibited a stable
solid-like form when exposed to increasing temperature. Its G’ even increased at
temperatures above 46°C and reached its maximum value (2.9 x 10° Pa) at 60°C. Olive
oil soap from the third layer demonstrated the same inclination, although it was more
stable based on its maximum G’ (1.4 x 10° Pa) at 60°C. Coconut oil soap from the
second layer gained its stable gel point and maximum G’ (2.6 x 10* Pa) at 23°C. Its G’
slowly decreased as the temperature accelerated. Coconut oil soap from the third layer
maintained its solid-like nature the entire temperature range. Its maximum G’ (4.62 x 10°
Pa) was noted at 13°C. However, it G* steadily decreased above 29°C. Chicken fat soap
from the second layer embodied attained its gel point and maximum G’ (2.8 x 10* Pa) at
21°C. Its G’ gradually decreased and reached its minimum value (1.26 x 10° Pa) at 38°C.
As the temperature further progressed, the soap indicated structure recovery with its
increasing G’. Chicken fat soap from the third layer maintained its solid-like behavior all
throughout the test. It had its peak G’ (2.9 x 10> Pa) at 13°C, but it decreased as
temperature increased. Pork fat soap from the second layer signified a stable gel point
and maximum G’ (9.8 x 108 Pa) at 27°C. As the temperature accelerated, its G’
decreased and reached its minimum value (1.36 x 10% Pa) at 54°C. Pork fat soap from the
third layer remained solid-like the entire temperature range with its peak G’ (3.9 x 10°
Pa) at 15°C. As the temperature progressed, its G’ slowly decreased.

The important observations noted from the temperature sweep test are

summarized in Table 4.2. Based on the results, calcium sulfate-based soaps from the
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third layer had constantly higher G’ values than calcium-chloride based soaps. This is
consistent with the work of lasmin et al. (2014) as calcium sulfate-based canola oil soap
had higher G’ values than calcium chloride-based canola oil soap under oscillatory stress
sweep test. On the other hand, regardless of the calcium source, coconut oil, chicken fat,
and pork fat soaps from the second layer did not instantly manifest a solid-like behavior
but attained their gel point at a certain temperature. This was also noticed in calcium
chloride-based palm olein oil soap from the second layer. As discussed earlier, soaps
from the second layer were paste-like, thus, they may be more vulnerable to changes in
temperature. Moreover, palm olein oil, coconut oil, chicken fat, and pork fat soaps had
many types of fatty acids (Table 4.1), which may have affected their viscoelastic
properties given the temperature range.

Among the soaps tested, soybean and olive oil soaps showed a more stable
gel within the temperature range based on their increased G’ as temperature increased.
Their behavior is may be caused by their fatty acid profile, which was largely composed
of linoleic acid, C18:2 and oleic acid, C18:1, respectively. According to Adhvaryu et al.
(2005), an increase in fatty acid chain length promotes the formation of interlocking and
long chain fibers that are more flexible to external stress. However, since soybean and
olive oil soaps are highly unsaturated, their soap structure is still unstable under extreme

condition as evidenced by their low melting endset (Figure 4.11).



79

1.0E+06 - 1.0E+06 -
1.0E+05 1.0E+05 -

S 1.0E+04 < 1.0E+04 -

S 10E+03 £ 1.0E+03

O 1.0E+02 O 1.0E+02

¢ 1.0E+01 - (® 1.0E+01 -

(_cjn 1.0E+00 T T T T T 1 S 1.0E+00 T T T T T \
1.0E-01 10 20 30 40 50 6 1.0E-01 10 20 30 40 50 60
1.08-02 Temperature (°C) 1.08-02 Temperature (°C)

EG' (PO-2) 4G" (PO-2) XG' (PO-3) xG" (PO-3) BG' (SO-2) AG" (S0-2) XG' (SO-3) xG" (SO-3)
1.0E+06 - 1.0E+06 -

‘< 1.0E+04 - ‘< 1.0E+04 -

[ o a

ED 1.0E+02 - O 1.0E+02 -

O o

2 1.0E+00 ——————— | 2 1.0E+00 e,

= 10 20 30 40 50 60 | 10 20 30 40 50 60
1.0E-02 o 1.0E-02 o

Temperature (°C) Temperature (°C)
BG (00-2) 4G" (00-2) XG' (00-3) ¥ G" (00-3) BG (CO-2) 4G"(CO-2) xG'(CO-3) xG" (CO-3)
1.0E+06 - 1.0E+06 -
1.0E+05 -

< 1.0E+04 < 1.0E+04 -

= L 1.0E+03 -

iy LOE+02 - - T 1OE+02 -

) ) 1.0E+01 -

g 10E+00 T T T T T 1 87 1.0E+00

= 10 20 30 40 50 60| — 1.0E-01
1.0E-02 1.0E-02

Temperature (°C)

BG' (CF-2) AG" (CF-2) X G' (CF-3) xG" (CF-3)

Temperature (°C)

BG' (PF-2) 4G"(PF-2) xG'(PF-3) xG" (PF-3)

Figure 4.14 Temperature stress dependence of the soaps prepared from calcium

chloride and various fats/oils (PO = palm olein oil; SO = soybean oil; OO

= olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat; the

numbers indicate the layer the soaps were taken from the centrifuged

mixture: 2= 2™ layer; 3= 3" layer).



80

1.0E+06 - 1.0E+06 -
1.0E+05
< 1.0E+04 ‘< 1.0E+04 -
o o
O 1.0E+02 O 1.0E+02 -
{n L.OE+01 - O
S 1.0E+00 T T T . : ) S 1.0E+00 T . : : ; )
= 10E-01 10 20 30 40 50 60| T 10 20 30 40 50 60
1.0E-02 Temperature (°C) 1.0E-02 Temperature (°C)
BG' (PO-2) AG" (PO-2) XG' (PO-3) X G" (PO-3) BG' (SO-2) AG" (SO-2) X G' (SO-3) X G" (SO-3)
1.0E+06 - 1.0E+06 -
1.0E+05 -
S 1.0E+04 -AHHEE ; ‘< 1.0E+04 -
o o
s onen — | & Lo
O 1.0E+02 - O 1.0E+02 -
) iy L.OE+01 -

2 1.0E+00 . . . . . . 2 1.0E+00 . . . . . .
- 10 20 30 40 50 60| = 1.0E-01 10 20 30 40 50 60
1.0E-02 Temperature (°C) 1.0E-02 Temperature (°C)

EG' (00-2) AG" (00-2) XG' (00-3) ¥ G" (00-3) HG'(CO-2) A G" (CO-2) XG' (CO-3) xG" (CO-3)
1.0E+06 - 1.0E+06
g 1.0E+04 - ’6'_5‘ 1.0E+04
O 1.0E402 - O 1.0E+02
© ©
g’ 10E+OO T T T T T 1 8’ 10E+00 T T T T T 1
- 10 20 30 40 50 60| — ) 10 20 30 40 50 60
1.0E-02 Temperature (°C) 1.0E-02 - Temperature (°C)
BG' (CF-2) AG" (CF-2) XG' (CF-3) *G" (CF-3) uG' (PF-2) AG" (PF-2) xG' (PF-3) xG" (PF-3)

Figure 4.15 Temperature stress dependence of the soaps prepared from calcium sulfate
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Table 4.2 Summary of the viscoelastic properties of calcium soaps under oscillatory

temperature sweep test.

Soaps Observations
CaCl, CaSO,
PO-2 Gel point and maximum G’ (8.4 x 10°  Consistent solid-like behavior;
Pa) at 17°C maximum G’ (4.5 x 10° Pa) at 7°C
PO-3 Consistent solid-like behavior; Consistent solid-like behavior;
maximum G’ (1.3 x 10* Pa) at 12°C maximum G’ at 1.3 x 10° (17°C)
SO-2 Consistent solid-like behavior; Consistent solid-like behavior;
maximum G’ (3.6 x 10° Pa) at 48°C maximum G’ (3.0 x 10° Pa) at 49°C
SO-3 Consistent solid-like behavior; Consistent solid-like behavior;
maximum G’ (8.3 x 10° Pa) at 60°C maximum G’ (2.1 x 10° Pa) at 51°C
00-2 Consistent solid-like behavior; Consistent solid-like behavior;
maximum G’ (2.4 x 10° Pa) at 58°C maximum G’ (2.9 x 10% Pa) at 60°C
00-3 Consistent solid-like behavior; Consistent solid-like behavior;
maximum G’ (1.7 x 10° Pa) at 17°C maximum G’ (1.4 x 10° Pa) at 60°C
CO-2 Gel point and maximum G’ (5.9 x 10*  Gel point and maximum G’ (2.6 x 10*
Pa) at 24°C Pa) at 23°C
CO-3 Consistent solid-like behavior; Consistent solid-like behavior;
maximum G’ (2.6 x 10° Pa) at 8°C maximum G’ (4.6 x 10° Pa) at 13°C
CF-2 Gel point and maximum G’ (2.0 x 10 Gel point and maximum G’ (2.8 x 10*
Pa) at 23°C Pa) at 21°C
CF-3 Consistent solid-like behavior; Consistent solid-like behavior;
maximum G’ (9.7 x 10° Pa) at 17°C maximum G’ (2.9 x 10° Pa) at 13°C
PF-2 Gel point and maximum G’ (3.6 x 10*  Gel point and maximum G’ (9.8 x 10°
Pa) at 19°C,; Pa) at 27°C
Liquid-like (G”>G’) above 33°C
PF-3 Consistent solid-like behavior; Consistent solid-like behavior;

maximum G’ (8.8 x 10° Pa) at 13°C

maximum G’ (3.9 x 10° Pa) at 15°C

PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat;

the numbers indicate the layer the soaps were taken from the centrifuged mixture: 2= 2" layer; 3= 3" layer.
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At 25°C, the Tan & or G”/G’ ratio of the soaps were calculated. Tan &

lesser than 1 indicates predominantly elastic (solid-like) behavior, while Tan & greater

than 1 signifies predominantly viscous (liquid-like) behavior (Choi and Chang, 2012).

Based on their Tan & values (Figure 4.16), the soaps from the third layer mainly exhibited

more solid-like characteristics. This is most especially observed in calcium sulfate-based

soaps from the third layer. Incidentally, these soaps were also found to generally

manifest higher apparent viscosity (n100) at 25°C.
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Calcium soaps

m Calcium chloride @ Calcium sulfate

Figure 4.16

Tan & of the soaps at 25°C prepared from different fat/oil and calcium
sources (PO = palm olein oil, SO = soybean oil, OO = olive oil, CO =
coconut oil, CF = chicken fat, PF = pork fat; the numbers indicate the
layer the soaps were taken from the centrifuged mixture: 2= 2" layer; 3=

3" layer).
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4.5 Microstructure of calcium soaps

45.1 ESEM images

To further comprehend the stability of the calcium soaps, their
microstructure was probed through environmental scanning electron microscope (ESEM).
As shown in Figures 4.17 and 4.18, the soaps made from the same fat/oil source displayed
a distinct microstructure depending on the calcium source and the layer they were
recovered.

Figure 4.17 presents the ESEM images of calcium chloride-based soaps.
The palm olein oil soap from the second layer had an uneven solid surface with large
hollow spaces, while the palm olein oil soap from the third layer had elongated networks
with irregular pores. Both soybean oil soaps from the second and third layer exhibited
flocculation and aggregation. However, a larger number of big and small aggregates were
observed in the second layer, while the majority of the flocs in the third layer were bigger
and seemingly bound in a more aqueous environment. The olive oil soap from the second
layer had an uneven but solid surface, while the olive oil soap from the third layer had
evident network branching. The coconut oil soap from the second layer had a sponge-like
structure with small pores, whereas the coconut oil soap from the third layer had thicker
networks with irregularly shaped gaps. The chicken fat soap from the second layer
exhibited a solid network with large holes, whereas the chicken fat soap from the third
layer had tightly packed and ellipsoidal shaped inner portion. The pork fat soap from the
second layer had thin and entwined networks, while the pork fat soap from the third layer

had a closely arranged capsule-like structure.
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Figure 4.17 ESEM image (5000x, 20um) of the soaps prepared from calcium chloride

and various fat/oil sources (PO = palm olein oil; SO = soybean oil; OO =
olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat; the numbers
indicate the layer the soaps were taken from the centrifuged mixture: 2=

2" layer; 3= 3" layer).

Figure 4.18 displays the ESEM images of calcium sulfate-based soaps.
Palm olein oil soap from the second layer displayed rough protrusions and loosely

chained networks, while palm olein oil soap from the third layer showed capsule-like
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assemblages. Soybean oil soap from the second layer exhibited seemingly stretched
network with hollow spaces, while soybean oil soap from the third layer demonstrated
thinner capsule-like aggregates. Olive oil soap from the second layer had a similar
microstructure with palm olein oil soap from the same layer, but it showed distinct
bulges and chains; while olive oil soap from the third layer looked cottony. Coconut oil
soap from the second layer exhibited network with sharp edges, while coconut oil from
the third layer demonstrated sharper edges with dispersed capsule-like structures.
Chicken fat soap from the second layer showed circular network pattern with huge holes,
while chicken fat soap from the third layer displayed a mass of predominantly capsule-
like clusters. Pork fat soap in the second layer showed elongated lumps, while pork fat
soap from the third layer displayed a stacked rectangular-structure with some gaps.
Compared to calcium chloride-based soaps, the microstructure of most
calcium sulfate-based soaps from the third layer exhibited capsule-like features, which
may be associated with crystals. It is deduced that the greater apparent viscosity and
more solid-like behavior recorded from calcium sulfate-based soaps were also due to

aggregation and crystallization as demonstrated by their microstructure.
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Figure 4.18 ESEM image (5000x, 20um) of the soaps prepared from calcium sulfate
and various fat/oil sources (PO = palm olein oil; SO = soybean oil; OO =
olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat; the numbers
indicate the layer the soaps were taken from the centrifuged mixture: 2=

2" layer; 3= 3" layer).
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45.2 CLSM images

To supplement the ESEM findings, the calcium soaps were also observed
under confocal laser scanning microscope (CLSM). As shown in Figures 4.19 and 4.20,
the kind of calcium source influenced the microstructure of the soaps, especially in terms
of porosity. This attribute was quantified as percent void and presented in Figure 4.21.
Generally, calcium sulfate-based soaps demonstrated lesser voids than calcium chloride-
based soaps. It is theorized that their low porosity was caused by their low solubility,
which limited the incorporation of water into the FOG deposit matrix (Gross et al.,
2017). This is supported by their FTIR spectra, which mainly exhibited lower O-H
absorbance (3400 cm™) than calcium chloride-based soaps (Figures 4.5 and 4.6).

The voids were further evaluated in terms of circularity in order to
visualize the homogeneity of the soap microstructure. A void with a perfectly circular
shape is indicated by a circularity value of 1.0, while a more elongated or irregular void
is designated by a circularity value near zero (Rasband, 2000). As shown in Figure 4.22,
the calcium chloride-based soaps from the third layer mainly had higher void circularity
than their counterpart from the second layer. This may be due to their more uniform
hollow spaces based on ESEM (Figure 4.17). Conversely, the calcium sulfate-based
soaps from the third layer had lower void circularity than their counterpart from the
second layer. This may be attributed to their more irregular holes and gaps based on ESEM

(Figure 4.18).



Figure 4.19
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CLSM 3-D image of the soaps prepared from calcium chloride and
various fat/oil sources soaps (PO = palm olein oil; SO = soybean oil; OO
= olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat; the
numbers indicate the layer the soaps were taken from the centrifuged

mixture: 2= 2" layer; 3= 3" layer).
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Figure 420 CLSM 3-D image of the soaps prepared from calcium sulfate and various
fat/oil sources soaps (PO = palm olein oil; SO = soybean oil; OO = olive
oil; CO = coconut oil; CF = chicken fat; PF = pork fat; the numbers
indicate the layer the soaps were taken from the centrifuged mixture: 2=

2" layer; 3= 3" layer).
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Figure 4.21 Percent void of the soaps prepared from different fat/oil and calcium

sources (PO = palm olein oil, SO = soybean oil, OO = olive oil, CO =
coconut oil, CF = chicken fat, PF = pork fat; the numbers indicate the
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Figure 4.22 Void circularity of the soaps prepared from different fat/oil and calcium

sources (PO = palm olein oil, SO = soybean oil, OO = olive oil, CO =
coconut oil, CF = chicken fat, PF = pork fat; the numbers indicate the layer

the soaps were taken from the centrifuged mixture; 2= 2™ layer; 3= 3" layer).
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4.6  X-ray diffraction of calcium soaps

It is anticipated that the melting, rheological behavior, and microstructure of FOG
deposits are greatly influenced by their structural identity. Thus, the calcium soaps were
subjected to X-ray analyses to get their X-ray diffraction pattern, which is considered as
one of the essential data in understanding the structural states of metal soaps (Sagitani
and Komoriya, 2015; Shoeb et al., 1999; Zhu et al., 2005).

4.6.1 SAXS diffraction pattern

In this study, SAXS measurement was employed in order to determine the
structure of the calcium soaps. From the diffraction pattern, the bilayer long spacing was
derived, which describes the perpendicular separation between carboxylate heads in the
soap bilayer (Hill and Moaddel, 2016; Nadarajan and Ismail, 2011; Sawada and Konaka,
2004). The bilayer long spacing was calculated by getting the average of the d-spacings
on each peak (Nadarajan and Ismail, 2011). Identification of the lamellar structure was
based on the d-spacing ratio equivalent to 1:1/2:1/3:1/4 (Li et al., 2017; Nadarajan and
Ismail, 2011).

Figure 4.23 displays the SAXS diffraction patterns of the calcium soaps.
The soaps were made from fats and oils, which contained a mixture of fatty acids; hence
they had their own characteristic profile. Interestingly, the soaps produced from the same
calcium and fat/oil source did not reflect a uniform pattern. This is probably due to the
location they were recovered from the centrifuged mixture. Based on the FTIR analysis,
soaps from the second layer had more unreacted fat, while soaps from the third layer had
more bound water. Therefore, the presence of impurities in crude soaps had caused the

differences in diffraction patterns (\VVold and Hattiangdi, 1949).
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Figure 4.23 SAXS diffraction patterns of the calcium soaps prepared from various
fats/oils: (a) calcium chloride; (b) calcium sulfate (PO = palm olein oil;
SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF
= pork fat; the numbers indicate the layer the soaps were taken from the

centrifuged mixture; 2= 2" layer; 3= 3" layer).

To further characterize the calcium soaps, their long spacings were calculated
from their respective SAXS diffraction patterns. Table 4.3 presents the SAXS data of
soaps prepared from calcium chloride and various fat/oil sources. Based on the SAXS
data of calcium chloride-based soaps, it was identified that long spacing was mainly
influenced by the chain length of major fatty acid components of fat/oil source (Table

4.1). Case in point, olive oil that was comprised of a large amount of oleic acid, C18:1
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(75%) produced soaps with highest long spacing (4.67-4.69 nm). This was followed by
palm olein and soybean oil soap (4.61 nm). Palm olein oil was composed of palmitic
acid, C16:0 (38%) and oleic acid, C18:1 (43%); while soybean oil was mainly made up
of oleic acid, C18:1 (22%) and linoleic acid, C18:2 (55%). Coconut oil soaps acquired
the least long spacing (3.41-3.68 nm) since coconut oil contained large quantities of
lauric acid, C12:0 (44%) and myristic acid, C14:0 (22%). Distinctively, chicken and pork
fat soaps exhibited a lamellar structure of more planes with various long spacings (4.24-
4.61 nm and 3.36-4.63 nm, respectively). This is possibly due to a number of fatty acids
found in animal fats. In particular, chicken fat contained considerable fractions of
palmitic acid, C16:0 (27%), oleic acid, C18:1 (39%), and linoleic acid, C18:2 (21%).
Pork fat had the same fatty acid components but in varied amount. Its main composition
included palmitic acid, C16:0 (24%), oleic acid, C18:1 (41%), and linoleic acid, C18:2

(17%).
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Table 4.3 SAXS data of soaps prepared from calcium chloride and various fat/oil

sources.
Soaps Plane Peak Position, g (nm™) (Peak position ratio) Long spacing (nm)
PO-2 1 1.36 (1), 2.73 (2) 4.61
PO-3 1 1.35 (1), 2.75 (2) 461
SO-2 No peak -
SO-3 1 1.36 (1) 4.61
00-2 1 1.33 (1), 2.72 (2) 4.67
00-3 1 0.57 (1) 11.02
2 1.34 (1) 4.69
CO-2 1 1.71 (1), 3.41 (2) 3.68
CcCo-3 1 1.74 (1) 3.61
2 1.84 (1) 3.41
CF-2 1 1.36 (1), 2.74 (2) 4.60
2 1.48 (1) 4.24
CF3 1 0.51 (1) 12.31
2 1.36 (1), 2.73 (2) 4.61
3 1.48 (1) 4.24
PF-2 1 1.35(1), 2.80 (2) 4.57
2 1.47 (1), 2.94 (2) 4.27
3 1.87 (1) 3.36
PF-3 1 1.35 (1), 2.72 (2) 4.63
2 1.47 (1) 4.27
3 2.72 (1) 3.38

“(PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork

fat; the numbers indicate the layer the soaps were taken from the centrifuged mixture: 2= 2" layer; 3= 3"

layer).



Table 4.4 SAXS data of soaps prepared from calcium sulfate and various fat/oil
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sources.
Soaps Plane Peak Position, g (hm™) (Peak position ratio Long spacing, (nm)
PO-2 1.38 (1), 2.74 (2) 4.57
PO-3 1 1.37 (1), 2.74 (2) 4.58
SO-2 1 1.39 (1), 2.79 (2) 451
SO-3 1 1.40 (1), 2.79 (2) 4.49
00-2 1 1.35 (1), 2.69 (2) 4.66
00-3 1 1.34 (1), 2.68 (2) 4.69
CO-2 1 1.66 (1), 3.31 (2) 3.79
2 1.77 (1) 3.55
CO-3 1 1.67 (1), 3.31 (2) 3.78
2 1.77 (1) 3.55
CF-2 1 1.37 (1), 2.74 (2) 4.58
2 1.48 (1) 4.24
CF-3 1 1.37 (1), 2.73 (2) 4.59
2 1.49 (1) 4.21
PF-2 1 1.36 (1), 2.71 (2) 4.63
2 1.47 (1), 2.79 (2) 4.39
3 1.86 (1) 3.38
PF-3 1 1.36 (1), 2.71 (2) 4.63
2 1.47 (1) 4.27
3 1.86 (1) 3.38

“(PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork

fat; the numbers indicate the layer the soaps were taken from the centrifuged mixture: 2= 2" layer; 3= 3"

layer).
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Table 4.4 details the SAXS data of soaps prepared from calcium sulfate
and various fat/oil sources. The results clarified that the relatively lower long spacing of
soybean oil soaps was influenced by linoleic acid, C18:2 that was found as the major
fatty acid component of soybean oil (Table 4.1). Linoleic acid has two double bonds in
cis configuration that cause bending in the carbon backbone molecule, thereby
preventing the formation of closely packed soap structure (Nadarajan and Ismail, 2011).
Additionally, the results verified that soaps with many types of fatty acids may lead to a
lamellar structure with planes of different long spacings. Specifically, chicken and
animal fat soaps exhibited greater long spacing range values (4.21-4.59 nm and 3.38-4.63
nm, respectively).

Based on the SAXS data, the lamellar plane models of the calcium soaps
were developed. For calcium chloride-based soaps, four types of patterns were identified.
First, a uniform lamellar structure with two peaks, which represent first and second
orders. The profile corresponds to a structural model that illustrates planes with identical
d-spacings (Figure 4.24a). This property is recorded in palm olein oil soaps, olive oil
soap from the second layer, and coconut oil soap from the second layer. Second, a mixed
lamellar structure that contains two or more planes with varied d-spacings (Figure 4.24b).
This feature is noted in olive oil soap from the third layer, coconut oil soap from the third
layer, chicken fat soaps, and pork fat soaps. Third, a distributed lamellar structure with a
very broad peak in the first order, which resulted in the absence of a peak in the second
order. The broad peak is caused by individual plane with dissimilar d-spacings (Figure
4.24c). This attribute is recognized in soybean oil soap from the third layer. Fourth, a
phase with no peak due to the absence of periodic structure. This is observed in soybean
oil soap from the second layer. The lack of a peak or the existence of a very broad peak

in soybean oil soaps may be associated to their microstructure, which showed
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flocculation and large void area. For calcium sulfate-based soaps, two kinds of lamellar
patterns were recognized. First, a uniform lamellar structure (Figure 4.24a) as seen in
palm olein oil, soybean oil, and olive oil soaps. Second, a mixed lamellar structure
(Figure 4.24b) as recorded in coconut oil, chicken fat, and pork fat soaps. Olive oil soaps
consistently obtained the highest long spacing (4.66-4.69 nm), followed by palm olein oil
soaps (4.57-4.58 nm), soybean oil soaps (4.49-4.51 nm), and coconut oil soaps (3.55-

3.79 nm).

When d1 # dz = d3

Figure 4.24 Proposed lamellar plane models of the calcium soaps from various fat/oil
sources: (a) uniform lamellar plane; (b) mixed lamellar planes; (c)

distributed lamellar plane.

Regardless of the calcium source, the d-spacings recorded from the soaps are
mainly dictated by their fatty acid profile. Their values are also closely within the range
noted from commercial and metal soaps made from a particular fat/oil (Gonen, 2010;
Zhu, 2005; Hill and Moaddel, 2004; Sawada, 2004; Vold, 1949; Hattiangdi, 1949;
Harkins, 1945). This proves that SAXS analysis is a highly credible technique in

identifying the main fat/oil source or fatty acid component of a certain FOG deposit.
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4.6.2 WAXS diffraction pattern

WAXS analysis was also employed in order to understand the complex
ordered structuring between the hydrocarbon chains of the soaps (Zhu et al., 2005). The
diffraction patterns obtained from WAXS determination were analyzed to get the
crystallinity of the soaps. Crystallinity is equivalent to the ratio of peak areas between the
crystalline peaks and the total peak area that includes the amorphous peak (Rugmai and
Soontaranon, 2017).

Figure 4.25 illustrates the WAXS diffraction patterns of the soaps from
different calcium and fat/oil sources. As shown, all soaps displayed partially crystalline
and partially amorphous structure, but calcium sulfate-based soaps exhibited sharper
multiple diffraction peaks that indicates more crystallinity.

From the diffraction patterns, the degree of crystallinity of the soaps was
quantified and presented in Figure 4.26. Generally, calcium sulfate-based soaps were
more crystalline than calcium chloride-based soaps. It is inferred that their distinct
physical characteristics had caused the remarkable difference in crystallinity. Calcium
chloride and calcium sulfate-based soaps from the second layer appeared smooth and
paste-like, but calcium sulfate-based soaps were thicker. Calcium chloride and calcium
sulfate-based soaps from the third layer had a coarse texture, but calcium sulfate-based
soaps had a lumpy appearance. The higher crystallinity values recorded from calcium
sulfate-based soaps are also attributed to their compact microstructure and/or the
presence of crystal-like assemblages under ESEM, as well as their lower void/porosity

under CLSM.
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Figure 4.25 WAXS diffraction patterns of calcium soaps prepared from various
fats/oils: (a) calcium chloride; (b) calcium sulfate (PO = palm olein oil;
SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF
= pork fat; the numbers indicate the layer the soaps were taken from the

centrifuged mixture: 2= 2" layer; 3= 3" layer).
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Figure 4.26 Percent crystallinity of soaps prepared from different fat/oil and calcium
sources (PO = palm olein oil, SO = soybean oil, OO = olive oil, CO =
coconut oil, CF = chicken fat, PF = pork fat; the numbers indicate the
layer the soaps were taken from the centrifuged mixture: 2= 2™ layer; 3= 3"

layer).

Overall, the soaps from the third layer commonly demonstrated a higher
degree of crystallinity than the soaps from the second layer. This is due to the fact that
the soaps from the third layer had a higher degree of saponification and calcium content,
which contributed to a more rigid structure. Concerning all calcium chloride-based soaps,
soybean oil soap from the third layer reflected the highest crystallinity reading. This is
believed to be linked to its bigger flocs under ESEM. It is also confirmed that the
absence peak in soybean oil soap from the second layer in SAXS analysis was related to
its low degree of crystallinity. Considering all calcium sulfate-based soaps, olive oil soap
from the third layer obtained the highest crystallinity value. This is probably caused by
its cottony structure under ESEM. Upon further scrutiny, it can be observed that the

degree of crystallinity of calcium sulfate-based soaps from the third layer was generally



101

more than twice the crystallinity of calcium sulfate-based soaps from the second layer.
This is expected since the soaps from the second layer were paste-like, while the soaps
from the third layer were coarse and lumpy.

The SAXS and WAXS results were found to be complementary. The
SAXS diffraction profile of soaps with sharper peaks corresponded to a WAXS profile
with higher degree of crystallinity. Thus, SAXS and WAXS techniques are powerful
tools in elucidating the structural properties of the soaps. In consideration of other
properties evaluated, crystallinity, melting endset, apparent viscosity (n100), and solid-like
behavior (Tan &) of calcium sulfate-based soaps were generally directly related.
However, in calcium chloride-based soaps crystallinity was inversely related to apparent
viscosity, and viscoelasticity. This is theorized to be due to their more heterogeneous

physical feature.

4.7 Correlation of calcium soap composition and physico-chemical

properties

Understanding the critical factors and conditions that may cause high FOG
deposit formation and stability is very valuable in properly addressing FOG deposit
accumulation in the sewer system. The influence of FOG deposit composition on its
physico-chemical properties may disclose its crucial role on stability, while the
interrelationship of the physico-chemical properties may reveal how to effectively
manage the deposits. As shown in Table 4.5, calcium content played a vital role in the
formation of more FOG deposits, regardless of the calcium source. Moreover, calcium
chloride-based soaps with high calcium content were more heat-stable and solid-like

(Tan 3). On the other hand, the heat stability of calcium sulfate-based soaps was
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attributed to the presence of more saturated fatty acids. Nevertheless, calcium sulfate-
based soaps with high calcium content indicated a solid-like behavior and resistance to
flow (n100). In contrast, calcium chloride-based soaps with high calcium content did not
have a positive relationship with resistance to flow. It is postulated that this is due to their
thinner and moister appearance and texture. Table 4.6 presents the significant
association among the physico-chemical properties of the calcium soaps. The high soap
yield signified heat stability in calcium chloride-based soaps, while it implied more
resistance to flow and solid-like behavior in calcium sulfate-based soaps. In both calcium
sources, saponification resulted in a large amount of solids formed. Moreover, it
enhanced the heat stability and solid-like behavior of calcium chloride-based soaps. The

resistance to flow specifically intensified the heat stability and solid-like behavior of

calcium sulfate-based soaps.

Table 4.5 Significant correlations between the physico-chemical properties and

composition of calcium soaps.

Property Soap composition Correlation coefficient p-value
CaCl, CaS0, CaCl, CaS0O, CaCl, CaSO,

Soap vyield Cacontent  Cacontent 0.42 0.81 0.010 0.000
Saponification Cacontent C16:0 0.74 0.54 0.001 0.001
Melting Cacontent C18:0 0.55 0.63 0.001 0.000

C18:2 - -0.54 - 0.001

Total SFA - 0.55 - 0.000

Total UFA - -0.55 - 0.001
11100* Cacontent Cacontent -0.60 0.56 0.000 0.000
Tan g Cacontent Cacontent -0.44 -0.51 0.008 0.001

“at 25°C
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Table 4.6 Significant correlations among the physico-chemical properties of calcium

soaps.
Property Correlation coefficient p-value
CaCl, CaSOq CaCl, CaSO, CaCl, CaSO,
Soap yield N0 N0 -0.40 0.79 0.015 0.000
Melting Tan§ 0.63 -0.46 0.000 0.005
Saponification Soap vyield Soap yield 0.69 0.40 0.000 0.015
Melting 0.54 - 0.001 -
Tan 3" -0.62 - 0.000 -
Mo Melting - 0.39 - 0.019

Tan & - -0.48 - 0.003

“at 25°C



CHAPTER V

CONCLUSIONS

Calcium content is a critical indicator of the enhanced formation and stability
of FOG deposits. It corresponded to deposits with higher melting endset and solid-like
behavior. Furthermore, the solubility of the calcium source greatly influences the
properties of the FOG deposits. The more soluble calcium chloride generated highly
saponified solids but in smaller quantity, whereas the less soluble calcium sulfate
produced less saponified solids but in larger amount. Calcium sulfate-based soaps are
predicted to cause faster sewer blockages due to their bulky nature, while calcium
chloride-based soaps are expected to accumulate on sewer walls due to their higher
melting endset.

The fatty acids in the sewer fundamentally dictate the stability of FOG
deposits. Case in point, calcium soaps with a certain combination of palmitic acid (=~
21-39%) and oleic acid (= 40-42%) were highly saponified. Calcium soaps with a
certain proportion of palmitic acid (= 21-23%), oleic acid (= 42-43%), and linoleic
acid (= 17-18%) were more heat-stable. Also, calcium soaps with a certain percentage
of oleic acid (= 43%) and palmitic acid (= 23%) were more flow-resistant.
Additionally, when exposed to a corroded sewer environment, the more saturated
lipids such as coconut oil and pork fat can result to FOG deposits that are more
problematic. Coconut oil has the tendency to cause faster sewer blockages since it

formed large amount of soaps. On the other hand, pork fat is foreseen to cause FOG
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deposit accumulation because it produced soaps with higher melting endset, apparent
viscosity, and solid-like characteristics.

The properties of the calcium soaps were better understood through
microstructure and X-ray diffraction analyses. Calcium soaps with higher heat and
flow stability had tightly-packed, crystal-like, and less porous microstructure. They
also had mixed lamellar structure and higher degree of crystallinity as shown by their
X-ray diffraction pattern.

Based on the results, it is proposed that institutions dealing with saturated
fats/oils explore the utilization of less saturated fat/oil alternatives to prevent FOG
deposit accumulation in the drainage system. As a long-term solution, they may also
consider the construction of a sewer system with materials that are not prone to
concrete corrosion. In case there is an occurrence of FOG deposition, immediate
cleanup is necessary, which can be facilitated with pumps with higher shear rate
and/or water with warmer temperature.

To further expand our knowledge on FOG deposit formation and stability, it is
recommended that preceding studies explore a saponification formulation that will not
exceed the solubility limit of the calcium source. Moreover, it is also advised to utilize

processed fats/oils.
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APPENDIX



Table A1l ANOVA-Tukey results of the Absorbance of characteristic metallic soap bands observed from CaCl,-based soaps.

Soaps* Absorbance
3 a1 a a1 1

670 cm 1300-1420 cm 1550-1610 cm 1745 cm 3400 cm
PO-2 0.09:0.01"" 227:0.07" " 0.83£0.25" 0.19£0.02"" 0.06+0.03"
PO-3 0.190.02° 2.57+0.11% 2.1940.39" 0.12+0.11° 0.11£0.01
SO-2 0.15:0.02"" 2.33+0.04" 0.73£0.04"" 0.20£0.00" 0.03+0.00™*
SO-3 0.2120.01%" 2.51£0.02"" 0.91£0.07" 0.18+0.01"" 0.06+0.00*
00-2 0.05:0.00" 225006 0.64£0.09 " 0.2120.00""" 0.01£0.01%
00-3 0.3120.02' 2.57+0.04" 1.04+0.01" 0.17£0.01°" 0.03+0.01%
CO-2 0.05£0.03" 2.55£0.02°" 0.41£0.14"" 0.26+0.01" 0.04+0.02"*
CO-3 0.2840.09" 2.83£0.16 1.53£0.46"° 0.1420.05"" 0.16:0.08°"
CF-2 0.03320.01° 2.27:0.03"" 0.4120.05"" 0.230.00" 0.00+0.00°
CF-3 0.20£0.02"° 3.05:0.14" 237£0.12" 0.13£0.01" 0.09+0.01%
PF-2 0.0240.02" 2.2240.00" 0.10£0.01" 0.23+0.00°" 0.00+0.00°
PF-3 0.15:0.10"" 3.0120.39" 1.46£0.41" 0.15:0.02" 0.05+0.03"

PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat; the numbers indicate the layer the soaps were taken

from the centrifuged mixture. Readings are compared with CaSQO, results. Values followed by the same letter within the column are not significantly different

(p<0.05).
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Table A2 ANOVA-Tukey results of the Absorbance of characteristic metallic soap bands observed from CaSO,-based soaps.

Soaps* Absorbance
1 -1 -1 -1 -1
670 cm 1300-1420 cm 1550-1610 cm 1745 cm 3400 cm
PO-2 ab abed bede efgh ab
0.06+0.00 2.39+0.11 0.64+0.14 0.22+0.00 0.02+0.00
i abed gh a f
PO-3 0.31+0.02 2.35+0.07 2.04+0.14 0.06+0.01 0.21:£0.02
SO-2 abc abc abc fghij ab
0.08+0.01 2.24+0.04 0.36+0.06 0.23+0.00 0.01+0.01
SO-3 cdefg ab cde defg abc
0.15+0.02 2.22+0.05 0.67+0.12 0.19+0.01 0.03+0.01
00-2 ab ab abcde efgh ab
0.07+0.01 2.23+0.02 0.56+0.00 0.22+0.00 0.02+0.00
00-3 abed a a efghi ab
0.08+0.01 2.14+0.01 0.01+0.00 0.22+0.00 0.01+0.00
CO-2 a bed abed i ab
0.02+0.00 2.47+0.01 0.49+0.01 0.27+0.00 0.01+0.00
CO-3 a bed bede ij ab
0.03+0.00 2.48+0.02 0.62+0.10 0.26+0.00 0.00+0.00
CF-2 a ab abed ghij ab
0.04+0.00 2.21+0.00 0.41+0.03 0.23+0.00 0.01+0.00
CF-3 efg abed de cde bed
0.16+0.02 2.32+0.01 0.92+0.10 0.18+0.01 0.06+0.01
PE-2 ab abed abcde efgh ab
0.06+0.00 2.28+0.01 0.50+0.01 0.22+0.00 0.02+0.00
PF-3 bedef abc cde efg abc
0.12+0.01 2.24+0.04 0.71+0.04 0.20+0.01 0.03+0.01

PO = palm olein oil; SO = soybean oil; 0O = olive oil; CO = coconut oil; CF = chicken fat; PF = pork fat; the numbers indicate the layer the soaps were taken
from the centrifuged mixture. Readings are compared with CaCl, results. Values followed by the same letter within the column are not significantly different
(p<0.05).
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Table A3 ANOVA-Tukey results of the saponification and yield of THE soaps from

different lipid and calcium sources.

Soaps’ Saponification (%) Yield (%)
CaCl, CaS0O, CaCl, CaS0O,
PO-2 94.4+1.1%" 93.4 +0.6°%* 4.1+0.1% 4.3+0.5%°
PO-3 97.6+0.4" 08.7 +0.2! 22.7+.2%" 26.1+1.7"
SO-2 94.2+0.2%" 92.2 +0.3%° 3.240.8% 1.2+0.1°
SO-3 95.2+0.2" 94.0 +0.6% 7.2+1.4"° 28.4+0.5"
00-2 93.4+0.6"°% 92.9 +0.0° 5.1+0.6% 4.8+0.3%®
00-3 95.7+0.2™" 91.1 +0.2% 20.6+0.7" 25.4+3.7"
CO-2 92.1+0.8% 91.8 +0.0% 3.4+0.5% 1.1+0.0°
CO-3 97.0+1.5™ 92.3 +0.4%° 12.7+0.9% 32.1+4.6'
CF-2 92.1+0.2% 92.0 +£0.2% 3.4+0.1%° 3.5+0.2%
CF-3 97.7+0.2" 95.1 +0.4°" 14.4+1.0% 25.1+1.39"
PF-2 91.0+0.1° 92.9 +0.1° 10.8+0.8% 7.1+0.8"
PF-3 97.0+1.19" 94.0 +0.4°%%" 16.5+0.2° 22.9+1.5%"

“PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork

fat; the numbers indicate the layer the soaps were taken from the centrifuged mixture.

Values followed by the same letter within the category are not significantly different (p<0.05).



Table A4 ANOVA-Tukey results of the calcium content of THE soaps from

different lipid and calcium sources.

135

Calcium content (mg Ca/mg crude soap)

CaCl, CaSO,
PO-2 0.15+0.00" 0.04+0.00%
PO-3 0.20+0.01" 0.15+0.02'
SO-2 0.16+0.00™ 0.09+0.01°%
SO-3 0.23+0.01’ 0.18+0.029"
00-2 0.15+0.01" 0.06+0.00"™
00-3 0.23+0.02' 0.20+0.02"
CO-2 0.16+0.01" 0.04+0.01%
CO-3 0.20+0.01" 0.10+0.02°
CF-2 0.08+0.00% 0.05+0.00"
CF-3 0.20+0.00" 0.15+0.01'
PF-2 0.01+0.00? 0.05+0.01"
PF-3 0.17+0.01™" 0.16+0.01™

“PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork

fat; the numbers indicate the layer the soaps were taken from the centrifuged mixture.

Values followed by the same letter are not significantly different (p<0.05).
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Table A5 ANOVA-Tukey results of the melting enset of the soaps from different

lipid and calcium sources.

Samples Melting endset (°C)
Raw
PO 12.4+0.1%°
SO -2.8+0.2°
00 10.8+0.7°
co 32.1+0.5°
CF 35.9+0.6°™
PF 32.4+0.3°
CaCl;, CaSO,
PO-2 19.2+0.2° 20.6+0.8°
PO-3 56.3+4.4 20.9+0.5"
SO-2 48.4+0.5' 2.5+0.4°
SO-3 57.9+1.9' 17.2+1.5°
00-2 44.5+0.2™ 12.3+0.6"
00-3 59.5+3.5 16.4+0.3°
CO-2 42.6+3.3" 35.7+0.6°
CO-3 44.8+2.9" 35.4+1.0°
CF-2 34.9+0.9°" 34.9+0.1°
CF-3 56.9+3.8 34.2+0.9°
PF-2 39.7+0.9" 42.4+0.4"
PF-3 40.6+0.5' 40.6+0.5'

“PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork

fat; the numbers indicate the layer the soaps were taken from the centrifuged mixture.

Values followed by the same letter are not significantly different (p<0.05).
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Table A6 ANOVA-Tukey results of the apparent viscosity and viscoelasticity of the

soaps from different lipid and calcium sources.

FOG deposit.  Apparent viscosity, 1100 (Pa.s) Tano

CaCl;, CaS0O, CaCl, CaSO,
PO-2 0.11+0.07° 1.59+0.07%" 0.13+0.06% 0.17+0.01%°
PO-3 0.49£0.11*  1.77+0.13*"  0.20+0.01** 0.17+0.01*°
SO-2 0.1120.04% 0.86£0.02"°°  0.16+0.01*° 0.14+0.02%
SO-3 0.09+0.00° 2.49+0.47%" 0.27+0.03**  0.17+0.05*°
00-2 2.16+0.31°9  0.73£0.00"  0.240.01%° 0.15+0.02%°
00-3 0.16+01° 2.40+0.51" 0.23+0.02°° 0.12+0.02%°
CO-2 0.93+0.09°  0.52+0.10* 0.65+0.31¢ 0.48+0.01"°
CO-3 0.15+0.13 4.17+1.35' 0.09+0.03% 0.08+0.07%°
CF-2 1.5620.25°°" 1.40+0.06"""  0.27+0.14"“  0.37+0.17*%
CF-3 0.11+0.03° 3.53+0.17" 0.23+0.01°° 0.06+0.02°
PF-2 0.18+0.10"*  1.34+0.05™*  0.57+0.07% 0.66+0.49"
PF-3 0.030.01° 4.37+0.26' 0.20£0.04*°  0.030.03

“PO = palm olein oil; SO = soybean oil; OO = olive oil; CO = coconut oil; CF = chicken fat; PF = pork

fat; the numbers indicate the layer the soaps were taken from the centrifuged mixture. All

measurements were done at 25°C. Values followed by the same letter within the category are not

significantly different (p<0.05).
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