
ABSTRACT 

KUSUM, SAMRIN AHMED. Enhancing the Collection System Conveyance by Reducing the 

Formation and Surface Adhesion of Fat, Oil, and Grease (FOG) deposit. (Under the direction of 

Drs. Joel Ducoste and Mohammad Pour-Ghaz). 

 

According to Bidenôs nearly $2 trillion Build Back Better (BBB) infrastructure plan, 

around $1.85 billion is expected to be invested in sewer overflow and stormwater reuse projects. 

It is expected that many of the old sewer collection systems in the U.S. will be replaced/renovated, 

and many more new collection system infrastructures will be built. According to the Clean 

Watershed Needs Survey, the total need for replacing sewer lines is $42B in addition to $25B and 

$18B for the new collector and new inceptor sewers, respectively. These old sewer lines have 

frequent joints, making them vulnerable to root intrusion or infiltration that can hinder the sewer 

collection systemôs conveyance. Apart from these vulnerabilities in collection systems, the 

accumulation of Fat, Oil, and Grease (FOG) deposits and its associated Sanitary Sewer Overflows 

(SSOs) continues to be a major concern for sewer system sustainability. In the United States, SSOs 

release approximately 3 to 10 billion gallons of untreated wastewater annually, 25% of which is 

due to FOG deposit related line blockages, resulting in an estimated FOG control cost of $25 

billion. Therefore, while planning for new collection systems or replacing the existing sanitary 

sewers, it is important to account for the increased environmental and economic cost associated 

with FOG deposit related SSOs. In this study, a surface FOG deposit formation mechanism is 

proposed, and a sustainable alternative sewer line construction material is developed that can 

reduce FOG deposit formation and its adhesion to sewer line surfaces. Additionally, a preliminary 

study was performed to evaluate various surface coating solutions on concrete sewer lines to 

reduce FOG deposit adhesion and improve sewer collection system maintenance. 



Calcium hydroxide (CH) leaching from concrete corrosion is a potential source for FOG 

deposit formation and adhesion inside sewer collection systems. CH is produced in concrete during 

the hydration of cement. CH is water-soluble and can release calcium when exposed to a corrosive 

media or water. This research showed that replacing cement with fly ash can significantly reduce 

calcium hydroxide leaching through a pozzolanic reaction. Due to this pozzolanic reaction, CH 

converts to stable hydration products that have a very slow calcium leaching potential. In this 

research, 50% and 75% of cement was replaced with fly ash. The 50% fly ash replacement 

provided satisfactory compressive strength for sewer line construction with more than 55% 

reduction in FOG deposit formation. This work also determined that the FOG deposit attached to 

the concrete surface exhibited a spatial variation based on the percentage soap content. It was 

reported that the FOG deposit formed right on the surface is highly saponified calcium soap. In 

contrast, the FOG deposit that accumulated near the wastewater contained an excess accumulation 

of LCFFAs and oil. 

This research study also investigated the mechanism of surface formation and adhesion of 

FOG deposits on various sewer line construction materials such as concrete, PVC, limestone, and 

granite. Through the analysis of these experimental tests, a surface FOG deposit formation and 

adhesion mechanism was proposed. FOG deposit formation near the sewer line-wastewater 

interface is highly affected by the CH leaching potential of the sewer lines. Moreover, the surface 

FOG deposit formation and adhesion mechanism varies among different sewer line systems, 

primarily due to the chemical composition and surface properties of the sewer line materials. This 

study concludes that surfaces with high zeta potential (>|±30mV|) repelled FOG deposit adhesion 

to its surface. When CH dissolution was reduced, FOG deposits attached themselves to the sewer 

line surfaces; however, the attachment was very weak. So, this study reports that sewer lines made 



with materials having low CH dissolution potential, low porosity, and low zeta potential will 

reduce the sewer line cleaning effort and associated maintenance costs. 

Finally, a preliminary study was conducted to prepare hydrophobic coating materials for 

the surface application on sewer line construction materials to reduce the FOG deposits adhesion 

on sewer lines. Preliminary data shows that the coating materials when applied to 50% fly ash 

replaced concrete samples further reduced FOG deposit formation and adhesion. However, 

additional research is necessary to determine the durability of these coating materials under 

conditions found in sewer collection systems.  
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CHAPTER 1 Introduction  

Sewer collection system is an important infrastructure that collects wastewater from its 

sources and ensures proper disposal by transporting it to a wastewater treatment plant (WWTP). 

The operation and maintenance of a sewer collection system is critical to public health as 

inadequacy can cause sewer line failures or blockages, which ultimately results in Sanitary Sewer 

Overflows (SSOs). SSOs are nothing but the discharge of raw sewage from sewer lines onto the 

ground, into a waterway or in the worst-case scenario, into a home. In the United State, around 3 

to 10 billion gallons of untreated wastewater are released annually, 25% of which is due to the Fat, 

Oil, and Grease (FOG) related deposits (USEPA, 2004). With rapid population growth and 

increased consumption of fat, FOG deposit related SSOs are becoming a global concern. 

Therefore, while planning for new sewer collection systems or replacing an existing one, it is 

crucial to account for the growth in FOG discharge so that the associated FOG deposit related 

environmental and economic cost can be minimized. Although the fundamental understanding 

related to the FOG deposits formation is known, its surface adhesion mechanism is still unclear. 

Many developed cities are significantly affected by the FOG deposit related SSOs and need a 

strategy to reduce FOG deposit related blockages inside the collection system. Therefore, the 

objective of this research is to understand the mechanism of surface FOG deposit formation and 

adhesion inside the sewer collection system. Furthermore, this research aims to provide a solution 

to reduce FOG deposits formation inside the sewer collection system by developing and evaluating 

alternative sewer construction materials and coatings. 

This thesis is organized in 7 chapters. Chapter 1 is the introduction. In Chapter 2, a 

literature review is provided with background information about the growing concerns related to 

FOG deposits, its formation mechanism, physical and chemical properties of FOG deposits, factors 
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affecting FOG deposit formation, and prevention strategies to reduce FOG deposit formation 

including alternative use of FOG deposits collected from sewer lines. 

In Chapter 3, the materials and methodologies are discussed that were used in this study. It 

discusses the experimental setup, testing duration, details of methodologies used for measurement 

and analysis. 

Chapter 4 is a copy of a peer reviewed journal publication in Water Research by Kusum et 

al. 2020. In this paper, background information about FOG deposit formation is discussed and 

calcium leaching from concrete is identified as one of the major components required for FOG 

deposit formation. This research reported more than 50% reduction in FOG deposit formation 

when 50% cement is replaced by FA to produce concrete for sewer line application. The strength 

and durability of this FA replaced concrete was found to be satisfactory for sewer line construction. 

Additionally, this research reported for the first time that the saponification percentage varied 

spatially and the FOG deposits that formed on the surface of the concrete had the highest 

saponification reaction. 

From the results of Chapter 4 reporting a spatial variation in the extent of saponification, 

Chapter 5 aims to understand the surface formation and adhesion mechanism of FOG deposits 

inside the sewer collection system. This research investigates several sewer line construction 

materials, i.e., concrete, PVC, granite, limestone for their potential to accumulate FOG deposits 

on their surface. Various properties such as porosity, pore size distribution, absorption, pore pH, 

zeta potential, and calcium hydroxide leaching potential of these tested sewer line materials were 

investigated to identify the factors affecting their surface FOG deposit formation and adhesion 

mechanism. Finally, by analyzing the FOG deposit accumulation on these test materials, a 
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comprehensive mechanism was proposed for the surface FOG deposit formation and adhesion 

process. 

Finally, in Chapter 6, a preliminary study was performed to explore various coating 

materials that can be used for protection of the sewer lines from corrosion and eventually reduce 

FOG deposit formation and adhesion. In this study, three different coating materials were tested 

on concrete samples. The coated concrete surfaces were tested for contact angle measurement, 

surface roughness, and FOG deposit formation test to determine the effectiveness of the coating 

materials to reduce FOG deposit formation and adhesion. 

 Chapter 7 is the conclusion and recommendation chapter that summarizes by highlighting 

the results obtained in Chapters 4, 5, and 6. The recommendations for the future work are also 

discussed in this chapter. 
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CHAPTER 2  

Fat, Oil, and Grease (FOG) deposits: A critical review of the formation mechanism and 

management strategies 

Samrin Ahmed Kusum, Mohammad Pour-Ghaz, Joel J Ducoste 

 

ABSTRACT 

The annual Fat, Oil, and Grease (FOG) consumption has increased due to the rapid 

urbanization, population growth, and increased number of foodservice establishments resulting in 

a surge in FOG discharge. FOG in wastewater undergoes a chemical reaction known as 

saponification to form FOG deposits. FOG deposits (also known as ñfatbergsò) have been a 

growing concern for many developed countries and have received abundant media attention for 

being a significant challenge for wastewater utility companies. FOG deposits buildup inside the 

sanitary sewer collection system reduces its sewage carrying capacity and cause Sanitary Sewer 

Overflows (SSOs). Therefore, improper maintenance of sewer collection systems and lack of 

prevention, management, and reduction strategies of FOG deposits may lead to financial loss as 

well as environmental and public health hazards. The main objective of this paper is to review 

various research articles to understand the FOG deposit precursors involved in the FOG deposit 

formation mechanism, identify the available prevention and reduction strategies for FOG deposits, 

and determine the factors affecting the properties of FOG deposits. The review found that the FOG 

deposit formation is affected by several factors: pH, sources and availability of calcium, Long 

Chain Free Fatty Acid (LCFFA), and temperature. The FOG deposit formation inside the sanitary 

sewer collection system is also affected by the properties of the construction materials of sewer 

lines as well as the location of the sewer pipes. The FOG deposit management strategies include 

the installation of a Grease Interceptor (GI) and the prevention of FOG discharge from households 
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through various awareness campaigns. This review would provide researchers an extensive 

background knowledge about the FOG deposit that would ultimately offer insights into future 

research directions. 

Key Words: FOG, SSOs, Collection System, Wastewater, Fatberg, LCFFAs 

2.1 Introduction  

Grease inside sanitary sewer collection systems has been considered detrimental as far back 

as 1944 when the cooling effect of fat inside the sewer lines was referred to as the reason for grease 

solidification and sewer line blockages (Cohn, 1944). A specific solution to overcome the 

blockages related to grease was absent; however, some preventative strategies were offered in the 

form of i) installation of Grease Interceptors (GIs), ii) proper maintenance of GIs, and iii) various 

local awareness campaigns (Cohn, 1944). The same preventative strategies are still in use; 

however, considerable research has been conducted to understand the fate of Fat, Oil, and Grease 

(FOG) in wastewater and the interest was renewed when  a 15-ton fatberg was discovered in the 

London sewer system (BBC News, 2013). FOG is released from foodservice establishments 

(FSEs) such as restaurants, food processing sites such as meat plants, and domestic kitchens. 

According to the Food and Agriculture Organization (FAO) (FAO, 2013), the global per capita fat 

consumption increased from 67.23 gm/day in 1993 to 82.76 gm/day in 2013. Another study 

reported that the annual per capita fat consumption is over 50 kg in developed countries as opposed 

to less than 20 kg in less developed countries (Williams et al., 2012). A 2022 report by National 

Restaurant Association states that after a decline in restaurant sales in 2020 due to the COVID-19 

pandemic, the foodservice industry sale resumed their upward trend in 2021, and the projected sale 

for the year 2022 is estimated to be $898 billion (National Restaurant Association, 2022). The rise 

in food service establishments resulting from rapid population growth and urbanization has led to 
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increased FOG discharge into the sanitary sewer systems. Once FOG is released from its sources, 

it is either separated in GIs (when present) or discharged into the sewer collection system, where 

it undergoes various chemical transformations and produces solid deposits known as FOG 

deposits. 

The sewer collection system is an essential infrastructure designed to remove waste from 

homes, industries, and commercial establishments to a safe disposal location or treatment facility. 

Sewer collection systems have a specific wastewater carrying capacity, which is reduced if there 

are blockages inside the sewer system, causing the occurrence of SSOs. Sewer line blockages have 

several causes, such as root intrusion, solids/debris accumulation on the sewer bed, and FOG 

deposit formation and accumulation on the sewer pipe surfaces. According to the European RecOil 

Project, approximately 2.4 L of used cooking oil is disposed of into the sewer system per capita 

per year without prior treatment (Nieuwenhuis et al., 2018). It was reported that 25% of the SSOs 

in the United States are due to FOG deposit-related line blockages (USEPA, 2004). Around 21%, 

75%, and 70% of the SSOs that occurs annually in Australia, the United Kingdom, and Malaysia, 

respectively, are due to FOG-related line blockages (Del Mundo and Sutheerawattananonda, 2017; 

Husain et al., 2014; Marlow et al., 2011). FOG deposit-related blockages not only cause public 

SSOs events but can also result in sewer backups inside households, causing loss of properties and 

health hazards. Since SSOs are diluted wastewater, they contain pathogenic bacteria, viruses, 

helminths, and other contaminants that affect public health through surface water contamination. 

Additionally, SSOs can release emerging contaminants such as personal care or household 

cleaning products, endocrine disruptors, pharmaceuticals, etc., that can alter the endocrine system 

of wildlife at a very low concentration (Aziz et al., 2011). 
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Besides environmental pollution and public health hazards, cleaning up SSOs is also very 

expensive, costing an average of $1200 per event (USEPA, 2004). To reduce the frequency of 

SSOs, regular sewer line collection system maintenance is conducted using several methods, 

namely, water jetting, flushing, high-velocity cleaner, and rodding. However, jetting and high-

velocity cleaners have reported drawbacks such as flooding houses and backups into residents, 

while rodding and flushing are ineffective in removing heavy deposits (USEPA and Water, 1999). 

Despite the limitations, 95% of utility agencies undertake hydraulic jetting as preventative 

maintenance, costing an average of $937 per mile (Hannan et al., 2004). Aside from SSO 

occurrence, FOG can also disrupt the wastewater treatment plant (WWTP) processes and may lead 

to an increased wastewater treatment cost. Therefore, extensive research on FOG deposits, their 

formation mechanism, management, and prevention strategies are necessary to maintain adequate 

wastewater collection system conveyance. The main objective of this article is to review previous 

research papers to understand the FOG deposit formation mechanisms, problems of FOG deposits 

related blockages, strategies to reduce or prevent FOG deposit formation and provide directions 

for future research. 

2.2 Data collection 

For this review, a literature search using scientific databases such as Web of Science, 

Google Scholar, and ScienceDirect was conducted for various keywords related to FOG deposits 

and their management. Besides the scientific database, several official websites, such as the United 

States Environmental Protection Agency (USEPA) and Food and Agriculture Organization (FAO), 

were also browsed for reports by searching FOG deposit-related keywords. 

 

 



   

8 

 

2.3 FOG deposits: A growing concern 

Although initially, it was believed that FOG deposits are the result of FOG solidification 

due to the cooling effect, research showed that FOG deposits are insoluble saponified solids 

produced by the saponification reaction between LCFFAs and calcium ions (Cohn, 1944; He et 

al., 2011; Keener et al., 2008). FOG deposits are reported to be adhesive in nature; therefore, they 

can adhere to the sewer line surfaces and reduce the sewage carrying capacity and eventually cause 

SSOs (He et al., 2011; Iasmin et al., 2014; Kusum et al., 2020). Figure 2.1 shows the restaurant 

industry sales growth over the years in the US, which consequently resulted in an increased FOG 

discharge into the wastewater collection system. The damaging consequence of this high FOG 

discharge is the formation of FOG deposits (Figure 2.2) and the occurrence of SSOs and sewer 

backups that disrupt public and household sewer systems. 

 

Figure 2.1: Restaurant Industry Sales in billion [2022 value is projected sales] (National 

Restaurant Association, 2022) 
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Figure 2.2: FOG deposits inside sanitary sewer collection system (Photo: The city of Superior, 

WI) 

2.3.1 FOG deposit formation mechanism 

After analyzing FOG deposits collected from twenty-three cities around the US, it was 

found that 84% of the FOG deposits contained a high concentration of calcium; therefore, it was 

hypothesized that the FOG deposits are the metallic salts of LCFFAs formed by a chemical 

reaction known as saponification (Keener et al., 2008). Additionally, according to Keener et al. 

2008, the FOG deposits formed through an intermittent formation process resulting in formation 

of layers due to saponification reaction and subsequent debris accumulation.  Keener et al. 2008 

also reported two other categories of FOG deposits, one where FOG deposits resulted from the 

accumulation of excess lipids from waste discharges and the other one is mineral deposits without 

any FOG in it. The type of FOG deposits resulting from the accumulation of excess lipids exhibits 

oil profiles similar to cooking oils; with the difference that cooking oil does not show a presence 

of metals or minerals. In comparison, the FOG deposit formed due to saponification reaction 

exhibited a very different fatty acid profile than the cooking oil. To further study the FOG deposit 

formation mechanism, He et al. 2011 studied formation of FOG deposit by producing insoluble 

calcium soaps of LCFFAs in laboratory conditions by saponification of LCFFAs and calcium 

chloride to determine the similarities/dissimilarities between the lab-produced soaps and the FOG 
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deposits collected from sewer lines (He et al., 2011). The study found that the fatty acid 

composition of the lab-based FOG deposits and FOG deposits collected from sewer lines were 

very similar. Further analyses were conducted using a Fourier Transform Infrared (FTIR) 

spectrometer to identify similarities among various bonds in calcium soap and FOG deposits 

collected from sewer lines. The FTIR analysis also suggested that the saponification of LCFFA 

and calcium forms the FOG deposit to produce insoluble soap of calcium ions. However, the study 

also reported that the total fat to calcium ratio decreased with an increase in calcium content, 

indicating that the FOG deposit formation mechanism may be a result of two different processes- 

1) double layer compression of fatty acid micelles due to excess calcium in the solution and 2) 

saponification reaction between fatty acid and calcium. 

A later study on FOG deposit samples collected from 60 locations along various sewer 

collection systems and pumping stations in the UK reported that saponification is not the only 

process responsible for FOG deposit formation (Williams et al., 2012). They reported the presence 

of excess calcium (0.27 mol Ca/g of FOG deposits) compared to about 0.000614 mol fatty acid/g 

of FOG deposits. They referred to this excess calcium as the result of biofilm formation that 

promotes FOG formation. However, after further analysis of the data presented in the article, the 

concentration of calcium should have been 0.00027 mol Ca/g of FOG deposits rather than the 

reported value of 0.27 mol Ca/g of FOG deposit. This revised calculation indicates that the calcium 

level is well below the amount of fatty acid required for stoichiometric saponification reaction. 

Another research by He et al. (2013) provided a comprehensive model for the mechanism 

of FOG deposit formation inside sewer line collection systems. The study reported the formation 

of FOG deposits on the surface of the concrete for the first time. The authors stated that calcium 

leaching from concrete at low pH could contribute to the formation of a FOG deposit and the 
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resulting FOG deposit was more viscous when formed in the presence of unsaturated fatty acids 

versus saturated fatty acids. Using the characteristics of the FTIR spectrum for calcium soap, the 

study showed that the white FOG deposit formed at the air-water interface and on the surface of 

the concrete was saponified calcium soap of free fatty acids. However, the brown submerged FOG 

particles in the solution did not show characteristic wavelengths associated with calcium soap of 

fatty acids, indicating that the particles were not saponified solids. Experiments where GI effluent 

was tested without the addition of oil showed FOG deposit formation; however, they did not adhere 

to the surface of the concrete. From that observation, they concluded that the adhesive FOG 

deposits usually found attached to the surface of the sanitary sewer lines were made from the 

saponification reaction of free fatty acids in the presence of oil. However, they also reported that 

the presence of oil without any free fatty acids did not produce FOG deposits after 28 days of the 

testing period. Therefore, they concluded that the adhesive FOG deposit produced inside sanitary 

sewer lines results from the saponification reaction between LCFFAs and calcium ion exclusively 

in the presence of oil. Oil helped to bring the LCFFAs to the air-water interface for the 

saponification reaction to take place. Other data from the same study states that the FOG deposit 

formed with saturated fatty acids produced less adhesive FOG deposits than the unsaturated fatty 

acids. 

Additionally, after analyzing the FTIR spectrum, they observed a shift in the characteristic 

wavelength of the calcium soap bands. They concluded that saponification reaction rates varied 

for different fatty acids, with palmitic exhibiting a faster reaction than oleic and linoleic. Finally, 

they proposed a model (Figure 2.3) for the FOG deposit formation mechanism inside sewer 

systems, revealing that four major components, namely calcium, LCFFAs, FOG (or oil), and water, 
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are required for the FOG deposit formation. Without the presence of all four components, FOG 

deposits will likely not form on concrete. 

 

Figure 2.3: FOG deposit formation mechanism as proposed by He et al. (2013) 

A recent article further supports the FOG deposit formation mechanism suggested by He 

et al. (2013) while conducting the FOG deposit formation test on concrete samples (Kusum et al., 

2020). In this research, the authors aimed to reduce the FOG deposit formation on sewer line 

surfaces by replacing cement (hydration of cement is responsible for calcium hydroxide leaching 

from concrete) with Fly Ash (FA) in concrete construction. After testing these concrete materials 

with fly ash replacement in the FOG deposit formation test, the authors concluded that FOG 

deposit formation could be reduced significantly by replacing cement with FA. They also reported 

that FOG deposits can still form on the concrete surface without calcium in wastewater due to the 

calcium leaching from the concrete itself. This study further cited saponification as the primary 

mechanism for FOG deposit formation. It stated that calcium leaching at high pH from concrete 

pores resulted in the formation of highly saponified LCFFAs, and these FOG deposits firmly 

adhered to the concrete surface. On the other hand, calcium leaching from concrete containing fly 

ash at low pH produced less saponified LCFFAs. This study, for the first time, also verified that 

there was a layering effect within the FOG deposit that formed closest to the concrete surface as 
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opposed to the FOG deposit that was accumulated further from the surface. Using the FTIR 

spectra, authors showed that the saponification percentage of the FOG deposit that formed on the 

surface of the concrete was significantly higher than the FOG deposit that formed further from the 

concrete surface. This result indicates that near the surface of the concrete LCFFAs were quickly 

and completely saponified, covering the surface of the concrete with FOG deposits due to a high 

pH resulting from high calcium hydroxide leaching. This highly saponified concrete surface layer 

eventually reduced the calcium availability for the next layer saponification. Therefore, the FOG 

deposit that formed further from the concrete surface was a mixture of partially saponified 

LCFFAs intermixed with the un-saponified FOG and LCFFAs. 

2.3.2 Physical and chemical properties of FOG deposits 

The physical and chemical properties of FOG deposits vary widely based on the location 

of the FOG depositôs origin. FOG deposits in the sewer collection system can have a grainy and 

sandstone-like texture with varying colors from white to brown (Keener et al., 2008). However, 

the FOG deposit formation process inside a sanitary sewer line is a discontinuous process with 

alternate layers of FOG deposit formation and accumulation of debris like sand/grit from 

wastewater. A recent study has shown this layering effect of FOG deposits on concrete surfaces 

where the chemical composition varied spatially from the sewer line surface to the wastewater 

(Kusum et al., 2020). Table 1 displays the physical and chemical properties of various FOG 

deposits collected from several locations around the world. Different research studies focused on 

physical and chemical properties that varied from one study to another. Table 2.1 lists the most 

common physical and chemical properties of FOG deposits from previous research to better 

understand how these properties vary based on location. The critical physical and chemical 

properties of FOG deposits evaluated in these selected research studies include moisture content, 
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density, porosity, yield strength, metal ions (calcium, iron, aluminum, magnesium), primary fatty 

acids, primary saturated fatty acids, and primary unsaturated fatty acids. The table shows that the 

reported moisture content of the FOG deposits varies over a wide range (5.8-86%). The moisture 

content of the FOG deposit might be highly affected by the flow condition of the wastewater inside 

a sewer collection system. Therefore, moisture content alone cannot be used to understand the 

physical and chemical composition of FOG deposits inside sanitary sewer lines. Moisture content, 

when studied with porosity and yield strength of the FOG deposit, may provide important 

information about the overall structure of the FOG deposit. The porosity and density of the FOG 

deposits studied in these research papers also varied widely for the various field FOG deposits 

collected from different locations and sources. High density, low porosity, and low moisture 

content FOG deposit would point towards completely saponified FOG deposits with a probability 

of very little debris intermixed. At the same time, a high moisture content, high porosity, and low-

density FOG deposit would indicate that the FOG deposit mainly consists of partially saponified 

or unsaponified LCFFAs and oil with an increased accumulation of grit-like debris. However, the 

porosity and microstructure of the FOG deposits depend on the FOG sources. One study showed 

how FOG deposits formed in the lab using different oils, such as, palm oil, olive oil, chicken fat 

and pork fat exhibited different microstructures. The SEM images of those lab-made FOG deposits 

are shown in Figure 5. 

By comparing the yield strength of the FOG deposits formed inside sewer lines, it is evident 

that the yield strength can go as high as 408 kPa. High yield strength FOG deposit will make 

cleaning (jetting or rodding) the sewer lines difficult (Keener et al., 2008). A major factor 

determining the FOG depositôs yield strength is the fatty acid profile of the FOG. FOG rich in 

palmitic and stearic acids showed a higher yield strength level, whereas oleic acid resulted in lower 
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strength (Gross et al., 2017). This would mean that wastewater with lower saturated fatty acids 

will result in a low yield strength FOG deposit, which eventually will help reduce the cleaning 

effort. The primary metal being calcium indicates that the FOG deposit process is the 

saponification reaction between calcium and various saturated/unsaturated fatty acids present in 

wastewater. 

Table 2.1:      Physical and chemical properties of FOG deposit 

FOG 

deposit properties 

FOG deposit source 

23 cities in the 

United States 

9 locations in 

the United 

Kingdom 

3 locations in the 

United States 

5 locations in 

the United 

States 

Moisture Content 

(%) 

5.8% - 86%  14.9 % -94.7% NR 8.88% - 

63.88% 

Porosity (%) 6.9% - 23.8% NR NR NR 

Density 0.9 ï 1.32 

(g/cm3) 

NR NR 0.71 ï 0.93 

(g/ml) 

Yield Strength 

(kPa) 

4.1 ï 56.6 NR NR 200 - 408 

Calcium 4255 ppm 10940 mg/kg 

DW 

12770 mg/kg 

DW 

0.2% - 9.6% 

Iron 387 ppm 1845 mg/kg 

DW 

2430 mg/kg DW 0.003% - 

0.03% 

Aluminum 257 ppm 1082 mg/kg 

DW 

NR NR 

Magnesium 117 ppm 910 mg/kg DW 960 mg/kg DW NR 

Primary fatty 

Acid 

Palmitic Palmitic Palmitic Palmitic 

Primary saturated 

fatty acid 

Palmitic Palmitic Palmitic Palmitic 

Primary 

unsaturated fatty 

acid 

Oleic Oleic Oleic Oleic 

References 
(Keener et al., 

2008) 

(Williams et al., 

2012) 

(Benecke et al., 

2017) 

(Gross et al., 

2017) 
NR = not reported 
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Figure 2.4: Environmental scanning electron microscopic (ESEM) images of FOG deposits (Del 

Mundo and Sutheerawattananonda, 2017) 

The literature reports that FOG deposits formed from FOG containing a high concentration 

of unsaturated FFAs exhibited more adhesive nature (Gross et al., 2017; He et al., 2013; Williams 

et al., 2012) which links the physical properties of FOG deposits to its chemical 

properties. Moreover, the chemical properties of FOG deposits vary according to the collection 

site of the FOG deposits. Williams et al. (2012) reported that FOG deposits collected from sewer 

lines had low levels of oil compared to that collected from pumping stations. The FOG deposits 

collected from the pumping station contained the highest oleic to palmitic acid ratio. FOG deposits 

collected from the sewer lines had higher moisture content than that collected from the pumping 

station. Gross et al. (2017) noticed that the FOG depositôs density increased with palmitic acid 

content. 

2.3.3 Factors affecting FOG deposit formation and its properties 

Previous research has indicated that FOG deposit formation requires four components: 

FOG (oil), calcium, water, and, most importantly, LCFFAs (He et al., 2013). Depending on the 

availability and type of these four fundamental components, the FOG depositôs physical and 

chemical properties can vary widely, as briefly discussed in the previous section. Apart from these 

components, research has shown pH and temperature also can affect the FOG deposit formation 
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and its properties. This review will discuss the effect of different types of calcium sources, FFAs, 

FOG, pH, and temperature. 

2.3.3.1 Effect of type of calcium and its availability 

A study to evaluate the effect of different sources of calcium in FOG deposit formation and 

its properties found that the FOG deposit formed at room temperature with canola oil exhibited 

different textures for calcium chloride, calcium hydroxide, and calcium sulfate (Iasmin et al., 

2014). The study reported that FOG deposits formed with calcium sulfate and calcium hydroxide 

were granular and rough in texture compared to that formed using calcium chloride. They reported 

that the color of the calcium soap was also different for calcium chloride and calcium sulfate, 

producing whitish soap, whereas calcium hydroxide resulted in a yellowish-colored FOG deposit. 

They mentioned that the changes in the texture and the FOG deposit properties could result from 

the solubility of different calcium salt used in the experiments. The reported saponification 

percentages were higher for soaps made with calcium chloride than for soap prepared with calcium 

sulfate. 

2.3.3.2 Effect of FOG and FFAs type 

Iasmin et al. (2014) conducted laboratory experiments with different FOG types (canola 

oil and beef tallow) to understand their effect on the FOG deposit formation and its properties. The 

authors reported that the beef tallow formed less FOG deposit than canola oil. They also stated 

that the fatty acid profile of the FOG deposit formed at the source of FOG generation was similar 

to the source of FOG used at the beginning of the FOG deposit formation test. This indicates that 

the generation of FOG in FSEs, domestic households, and food processing units considerably 

impacts the type and physical properties of FOG deposits forming at the location discharging FOG. 

However, the FOG deposits, once formed, may undergo some changes due to chemical and 
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microbial activity inside the sewer collection system, which might change their fatty acid profile 

as well as physical properties (He et al., 2013; Iasmin et al., 2014; Williams et al., 2012).  

Another research conducted with coconut oil, pork fat, chicken fat, olive oil, palm oil, and 

soyabean oil stated that the soap made with soybean oil looked like a thin emulsion (Del Mundo 

and Sutheerawattananonda, 2017). On the other hand, soap made with coconut oil, pork fat, and 

chicken fat solidified if left at room temperature for a period. When the color of the FOG deposits 

was analyzed, it was observed that their fat/oil source highly influenced the color of the resulting 

calcium soap. For example, palm olein oil soaps had the most pronounced yellow color, similar to 

olive oil soap, whereas coconut oil soaps exhibited a whitish color. Therefore, the color of the soap 

can be helpful in identifying the source of FOG responsible for the fresh FOG deposits. When 

comparing the percentage saponification of these FOG deposits, it was found that palm oil, 

soyabean oil, and olive oil had higher saponification percentages than pork fat, chicken fat, and 

coconut oil. Fatty acid profiles of palm oil, soyabean oil, and olive oil indicate that these oils have 

a high percentage of oleic acid as the primary unsaturated fatty acid; therefore, the saponification 

percentage results from this study once again suggest that FOG with a high concentration of 

unsaturated fatty acid generate higher FOG deposition. 

By studying the microstructure and rheology of these different calcium soaps formed by 

various FFAs, researchers found that calcium soaps prepared from the same fat/oil source showed 

different microstructures depending on their extent of saponification (Del Mundo and 

Sutheerawattananonda, 2017). Authors reported by analyzing Confocal Laser Scanning 

Microscope (CLSM) images that the same FOG source solids prepared with a high percentage of 

saponification exhibited more pronounced network entanglements and porosity. As a result, FOG 

deposits that are highly saponified are more likely to entrap liquid, excess FOG, and debris from 
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wastewater. FTIR spectra confirm this observation as high absorbance is found near 3400 cm-1 for 

calcium soap with a higher saponification percentage. Figure 2.4 shows the SEM images, and the 

palm oil soap with higher saponification percentage (PO-3) shows elongated and irregular 

pores. Whereas the microstructure exhibits large hollow spaces for the same FOG with a low 

saponification percentage. When the chicken fat soaps were compared for two different 

saponification percentages, it was observed that the less saponified exhibited a solid network with 

large holes and the highly saponified soap had a tightly packed microstructure. 

Another critical factor that affects the FOG deposit formation and its properties is the type 

of LCFFAs present in the FOG or wastewater. Research has shown that three major fatty acids 

(palmitic, oleic, and linoleic acid) are found in FOG deposits (Benecke et al., 2017; He et al., 2011; 

Keener et al., 2008; Williams et al., 2012). These studies reported that the FOG deposit formed by 

oleic acid produced much higher solid deposition and more adhesive calcium soap than palmitic 

or linoleic acid. He et al. (2013) mimicked the FOG deposit formation on concrete surfaces. They 

stated that when saturated fatty acids, such as palmitic acid compared to the unsaturated fatty acids 

such as oleic and linoleic acids, react with calcium, comparatively fewer adhesive solids are 

formed with less corrosion on the concrete surface. They concluded that with an increasing number 

of double bonds, FFAs result in more sticky calcium soap formation. Similar results were also 

reported by Williams et al. (2012). 

2.3.3.3 Effect of pH 

Since saponification reaction is a reaction between LCFFAs and base, the formation of 

insoluble calcium soap is highly affected by the reaction pH, Laboratory-based FOG deposits 

prepared using calcium chloride (or calcium sulfate) and canola oil at various pH (7, 10, 14) 

produced different types of FOG deposits (Iasmin et al., 2014). It was found that the FOG deposits 



   

20 

 

formed at higher pH had different colors and textures for calcium chloride salt than FOG deposits 

formed at lower pH. Calcium sulfate, however, always produces significantly whitish solid soap 

irrespective of the pH condition. Authors referred to these changes in color and texture as the 

changes in solubility of calcium salts in aqueous solution at various pH affecting the availability 

of free calcium ions and hydroxyl ions. 

He at el. 2013 reported that pH is an essential factor because it affects the release of calcium 

from sewer line construction materials such as concrete. They found that calcium release from 

concrete samples was 111 mg/L even at neutral pH. Another research conducted to understand the 

FOG deposit formation on various sewer line collection systems reported that the high pH at the 

interface of the concrete and LCFFAs resulted in a higher FOG deposit formation (Kusum et al., 

2020). While comparing the FOG deposit formation on two different concrete surfaces having low 

and high calcium hydroxide leaching potential, researchers found that the high calcium hydroxide 

leaching surface produced more calcium soap that was highly adhesive and firmly  attached to the 

concrete surface. FTIR spectra of the FOG deposit collected from both surfaces showed that the 

percentage saponification of the FOG deposits accumulated on the low calcium leaching surface 

was around 34% compared to 54% for the high calcium leaching concrete surface. The authors 

stated that the higher pH resulting from high calcium hydroxide release ensured complete 

saponification of the available LCFFAs at the concrete-wastewater interface, producing dense 

calcium soap that is hard to clean. 

2.3.3.4 Effect of temperature and wastewater composition 

Iasmin et al. (2014) conducted experiments with beef tallow and canola oil to prepare 

calcium soap at two different temperatures to evaluate the effect of temperature on FOG deposit 

properties. It was previously suggested that FOG deposits inside sewer collection systems are 
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congealed FOG due to the cold temperature (Cohn, 1944). However, research has since been 

conducted and reported that FOG deposits are not congealed FOG but saponified insoluble calcium 

soap. The congealed FOG, however, may aggravate the FOG deposit-related problems by 

accumulating inside sanitary sewer lines and contributing to the growth of FOG deposits. Another 

study reported that FOG deposits formed with coconut oil, chicken fat, and pork fat solidified 

when left at room temperature (Del Mundo and Sutheerawattananonda, 2017). 

From previous research, it is still unclear about the contributions of water hardness to the 

formation of FOG deposits. One study showed no correlation between the FOG deposit calcium 

concentration and water hardness (Keener et al., 2008). In contrast, another study reported that 

water hardness increases the calcium concentration in FOG deposits (Williams et al., 2012). A 

recent study found that wastewater containing high calcium concentration produces more FOG 

deposits inside sewer collection systems (Kusum et al., 2020). This increased FOG deposits could 

be due to the increased calcium availability that can further take part in the saponification of FFAs 

and produce more FOG deposits. 

2.4 FOG deposits prevention or management strategies 

Any waste management program has two main objectives: minimize waste production and 

reuse the waste produced. In the case of FOG deposits, therefore, it is crucial to reduce the 

formation of FOG deposits and find ways to reuse the deposits removed from the sewer system. 

To date, numerous research studies have been conducted to understand the complex mechanism 

of FOG deposit formation, kinetics of FOG deposit formation, and factors affecting FOG deposit 

physical and chemical properties. However, few research has been conducted to minimize the FOG 

deposit formation inside sanitary sewer collection system once FOG enters the wastewater stream. 

The standard methods of minimizing FOG deposit formation include reducing FOG discharge 
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from the foodservice establishments, domestic kitchens, slaughterhouses, and food processing 

units by reducing the FOG consumption or placing a GI to capture FOG. However, capturing 100% 

of discharged FOG is not always possible due to the lack of efficiency or proper maintenance of 

GIs; therefore, FOG continues to be released in the sewer collection system. As a result, it is 

necessary to explore alternative approaches to reduce the FOG deposit formation and accumulation 

inside the sewer collection system apart from installing and maintaining GIs performance. At the 

same time, it is also crucial to look for opportunities to reuse these FOG deposits forming inside 

sewer lines so that they can be removed without increasing the load on landfills. The following 

sections will briefly discuss various preventative or management strategies that are currently in 

use or being explored. 

2.4.1 GI installation 

GIs separate FOG and debris from wastewater through gravitational separation. Since FOG 

floats and solid settles, a GI can trap FOG and other solid particles from wastewater. However, 

this separation of FOG and other solid particles is highly dependent on the design of the GI. GIs 

are the most common methods for separating FOG from wastewater. GIs are typically used in 

FSEs such as restaurants and hotels; however, GIs can also be introduced for high-rise buildings 

discharging FOG similar to an FSE (Mattsson et al., 2014). The size of GI is selected according to 

the volume flow rate of the wastewater coming from an FSE, a specific retention time for FOG 

removal, cleaning frequency, the number of seats at an FSE, and various FSE characterization 

factors (Aziz et al., 2011). A study reported that the performance of a traditional GI could be 

improved by installing tube settlers when the hydraulic retention time is less than 30 minutes (Chu 

and Ng, 2000). 
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Another study reported that a total of 64% and 80% of the Swedish and Norwegian 

respondents stated that the GI system was installed at the majority of the restaurants in their 

municipalities. However, the system did not perform well as the GIs were irregularly inspected 

with only less than three times per year emptying frequency (Mattsson et al., 2014). Therefore, 

even though an adequately designed GI can effectively separate FOG from wastewater, improper 

maintenance and emptying frequency result in a FOG buildup inside the sewer collection system. 

A study conducted to develop management strategies for FOG collection, treatment, and disposal 

reported that GI efficiencies could be improved by avoiding the use of emulsions, sparing the use 

of cleaning agents, draining surfactant-laden food waste at the end of the day to ensure better 

separation, train kitchen staff (Stoll and Gupta, 1997). 

2.4.2 Regular cleaning and management of hotspots 

There are a few locations inside the sanitary sewer collection system where FOG deposit 

builds up readily, and these vulnerable locations are often known as FOG deposit ñhotspotsò. 

These hotspots are vulnerable to the FOG deposit buildup due to several factors such as the location 

of the sewer pipe from FSEs, characteristics of the sewer pipe (i.e., size, materials), and 

characteristics of the sewer network (bends, sags). Identification of FOG deposit hotspots can 

provide an understanding of where repeated FOG-related blockages occur so that timely 

inspection, cleaning, and maintenance of the sewer collection system can be conducted (Arthur 

and Blanc, 2013). The wastewater collection system of two cities in the USA was modeled to 

predict FOG deposit hotspots which can be used to plan preventative cleaning and maintenance 

schedules (Yousefelahiyeh et al., 2017). This model could predict 65% of the reported high FOG 

deposit accumulating zones. 
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A few common sewer cleaning methods are used to clean the sewer collection system, such 

as rodding, flushing, and jetting (USEPA and Water, 1999). These cleaning methods are used to 

clear blockages and act as preventative maintenance. These methods have some limitations; 

however, hydraulic jetting is the most effective method for FOG deposit cleaning. One report from 

the joint investigation of the American Society of Civil Engineers (ASCE) and USEPA states that 

95% of the preventative sewer collection system maintenance undertake hydraulic jetting with an 

average cost of $937/mile (Hannan et al., 2004). This method is costly and efficient for small-

diameter sewers with low flow conditions and may cause damage to the sewer line surfaces 

(USEPA and Water, 1999). Therefore, the best management practice is preventative management, 

ensuring FOG are not entering the sewer system. This can be achieved by installing GI for the 

FSEs; however, FOG can still end up in the sewer system from domestic houses, illegal FOG 

dumping, or FSEs due to the improper management of GIs. As a result, many utilities management 

companies have opted for FOG management programs and awareness campaigns. 

2.4.3 FOG management program and awareness campaigns 

 There are numerous water service authority initiatives around the world undertaking FOG 

management program and awareness campaigns such as ñCease the Grease (CtG),ò which has 

been rebranded in 2018 as ñDefend your Drains (DyD)ò campaigns in Texas, ñCan the Greaseò 

campaign in Mississippi, ñLiveSewerSmartò campaign in California, ñDonôtô Strain the Drainò 

campaign in Virginia, ñStop and Think ï Not Down the Sinkò campaign in the UK, ñI Don't Flushò 

campaigns in Ontario, Canada. Most municipalities in developed countries promote best 

management practices such as recycling waste cooking oil, putting used cooking oil in a grease 

container, and dry wipe pots, pans, and other utensils before washing to help fight FOG deposit 

buildups. Since utility service providers conduct the FOG deposit management programs and 
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awareness campaigns, it is challenging to report the effectiveness of their programs/campaigns due 

to the lack of published results. The CtG campaignôs 2018 final report stated that they had observed 

a reduction in the monthly occurrence of SSOs in the Dallas area after the CtG campaign 

(Galveston Bay Foundation, 2018). The new DyD campaign has a dedicated website with 

information about FOG and related BMPs to reduce FOG disposal through the kitchen sink. DyD 

also provides lists of drop-off locations to recycle the waste cooking oil. LiveSewerSmart even 

arranged a contest in 2020 for a $100 gift card to increase public participation. 

One study conducted surveys in Norway and Sweden reported that the public educational 

campaigns to control FOG depositions were successful (Mattsson et al., 2014). Another study 

reported a 90% reduction in FOG deposit-related blockages in Dublin because of the successful 

six-year FOG control program (Wallace et al., 2017). The successful FOG control program in 

Dublin encouraged the innovation of a tool named ñSwiftcomplyò, which later changed the FOG 

control program for many cities worldwide. According to Swiftcomplyôs website, their fats, oils, 

and grease (FOG) program software is designed to harness the power of data to optimize utility 

companiesô regulatory programs. Around 450 cities worldwide use Swiftcomplyôs online FOG 

management service (Swiftcomply, n.d.). 

Apart from Swiftcomply, Aquatic Informatics is another data-driven FOG management 

software created by Hach. Many cities have adopted Aquatic Informaticsô data-driven FOG 

management program. Aqua Informaticsô website reported that over four years, the number of 

inspections has increased by 316% for the Seattle public utilities since implementing their online 

FOG management software (Aquatic Informatics, 2020). 
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2.4.4 Rehabilitation or construction of sewer lines using alternative construction materials 

After various research conducted over the last decade, it is well known that the 

saponification reaction between FFAs and calcium ion is responsible for FOG deposit formation 

(He et al., 2013, 2011; Keener et al., 2008). He et al. (2013) proposed using alternative materials 

for constructing GIs, non-corroding coatings on pre-cast concrete surfaces such as manhole covers, 

and coatings for cement mortar linings to reduce the leaching of the calcium from structures. A 

recent study was conducted where researchers explored alternative concrete materials by replacing 

cement with FA (Kusum et al., 2020). FA reacts with cement to convert calcium hydroxide, a 

cement hydration product that readily leaches calcium under aquatic conditions, to a much more 

stable cement hydration product called calcium silicate hydrate. The authors showed that by 

replacing 50% cement with FA, the calcium leaching was reduced by more than 70%, eventually 

decreasing the FOG deposit buildup by more than 55%. They also tested these alternative concrete 

materials for microbial induced concrete corrosion (MICC) and found that the FA replaced 

concrete samples showed better acid resistance. 

Another recent study developed zero cement composite materials to protect sewer 

collection systems from FOG deposits (Roychand et al., 2021a). They prepared a blended cement 

composite containing nano-silica, FA, slag, and hydrated lime and reported satisfactory 

compressive strength gain for sewer line construction. They also noted that these composites are 

very durable against microbial acid attack; however, they do not report a reduction in compressive 

strength due to the acid attack. Additionally, they reported that these composite materials have 

very little calcium hydroxide; therefore, they will be less prone to acid attack or FOG deposit 

buildup if used as sewer construction materials. However, this research did not conduct a 
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laboratory FOG deposit test on these alternative construction materials to confirm how much 

reduction in FOG deposit formation can be obtained from these samples. 

2.4.5 FOG deposit reuse 

Many research studies have explored the potential reuse of FOG collected from GIs in 

anaerobic co-digestion to improve biomethane production (Salama et al., 2019; Song et al., 2023; 

Wang et al., 2013; Ziels et al., 2016). However, few research studies discuss the potential reuse of 

FOD deposits collected from the sewer collection system. They usually end up in landfill even 

though FOG deposit wastes have the potential for biomethane production due to their high 

LCFFAs content. A recent study compared FOG deposits with FOG in anaerobic co-digestion of 

waste activated sludge (WAS) for biomethane production (Hao et al., 2020). Authors reported that 

initially, the daily methane production of the FOG co-digestion was higher than the FOG deposit 

co-digestion; however, the trend changed, and the methane production of the FOG deposit co-

digestion was higher just after 15 days. The study also found that the FOG deposit co-digestion 

produced significantly higher cumulative methane after 42 days. Another study explored the effect 

of the degree of saturation of the LCFFAs calcium salt on biomethane potential (K. Wu et al., 

2022). This study conducted anaerobic digestion of two different calcium soaps of LCFFAs: 

palmitic and oleic. Results from this study indicate that the palmitic acid calcium soap has 2.2 

times more cumulative biomethane production than the control sludge. However, the oleic acid 

calcium soap reduced the methane recovery from oleic acid digestion. 

2.6. Conclusion and Future Research 

FOG deposits are becoming a global challenge, and wastewater service providers face 

tremendous challenges managing this growing concern. Specially in developed cities, FOG 

deposits are hindering the maintenance and sustainability of the collection system, causing 
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frequent SSOs. The estimated annual FOG control cost is approximately $25 billion and £15-50 

million in the US and UK, respectively (Del Mundo and Sutheerawattananonda, 2017; Williams 

et al., 2012). This review provides an extensive understanding of the FOG deposit formation 

mechanism, precursors required for FOG deposit formation, factors that impact the FOG deposit 

chemical and physical properties, and the FOG buildup mechanism inside the sewer collection 

system. These research articles reviewed so far show that FOG deposit accumulation inside 

sanitary sewer lines is a complex mechanism. The physical properties of the FOG deposit might 

vary based on the ratio of the FFA to calcium availability, pH, temperature, and the presence of 

oil. It is found that the partial saponification of FFAs, accumulation of excess FFAs, and oil will 

result in formation of more adhesive FOG deposits that can further encourage entrapping debris 

from wastewater. It has also been found that some specific locations in a sewer network are more 

prone to FOG deposits due to the properties of the sewer pipe, bends, sagging, and even the 

ethnicity of the community it is serving. These specific locations are called FOG hotspots, and 

identification of these locations are crucial to ensure proactive maintenance and cleaning effort. 

This review also thoroughly investigates various FOG deposit management programs to reduce 

the FOG deposit-related blockages inside the sewer collection system. It has been discussed that 

the installation of GIs and routine maintenance of this FOG trapping device is essential to prevent 

the FOG from entering the sewer system. Additionally, the use of alternative sewer construction 

materials was also reviewed to reduce the FOG deposit formation inside sanitary sewer lines. 

Finally, alternative approaches to reusing FOG deposits are also explored, and it seems FOG 

deposits have great potential for biomethane production. However, there is still a need for future 

research in this area to understand the mechanism of releasing LCFFAs from FOG deposits to 

understand FOG deposit co-digestion. It is also necessary to conduct research on FOG co-digestion 



   

29 

 

and the necessity of FOG pretreatment with calcium to improve biomethane production. Research 

on alternative sewer line construction materials is still scarce and needs more research to develop 

alternative construction materials for the replacement of worn-out sewer collection systems as well 

as a low-cost coating that can be used on existing sewer lines to reduce FOG deposit-related 

cleaning cost. 
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CHAPTER 3 

Materials and Methodology 

3.1 Materials 

For Concrete: To prepare concrete materials, Ordinary Portland Cement (OPC) (Type I/II) 

was used. For fine aggregates, washed natural river sand was used. The percentage absorption for 

the fine aggregate was 0.82%. Two different types of coarse aggregates- limestone and granite 

were used. The absorption value of limestone and granite aggregate was 3.4% and 0.6%, 

respectively. Class F fly ash was used as the supplementary cementitious material. 

For FOG deposit test: For FOG deposit test, 90% oleic acid was purchased from Fisher 

Scientific (Fairlawn, NJ). Crisco brand Canola oil (B&G Foods, Parsippany, NJ) was purchased 

to be used as oil source. 97% pure Calcium chloride was purchased from Fisher Scientific. 

For Coating preparation: Poly-methyl-hydro-siloxane (PMHS) was purchased from 

Fisher Scientific. A 98% n-Propyl-trimethoxy-silane (NP) was purchased from Fisher scientific. 

LUDOX-AS-40, a 40% (wt %) water suspension of colloidal silica was purchased from Sigma 

Aldrich (St. Loius, MO). A 1-part epoxy was purchased from a local building supply retail outlet. 

3.1.1 Preparation of cement paste for Thermogravimetric Analysis (TGA) and leaching test 

According to the mixture proportioning shown in Table 3.1, three cement paste mixtures 

were made with an overall water-to-cementitious (w/cm) ratio of 0.42. Paste-0 was cast without 

FA replacement and used as a control. Paste-50 and Paste-75 represent pastes with FA replacement 

of 50% and 75%, respectively. Paste mixtures were cast into a 2 × 2 × 12-inch rectangular PVC 

molds in three layers, vibrated for compaction after each layer, and sealed cured for 90 days before 

conducting the calcium leaching test. For the TGA analysis, paste samples were cast in a small 

glass bottle and sealed cured until tested for the TGA. 
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Table 3.1:      Cement paste mixture proportioning 

Ingredients Paste-0 Paste-50 Paste-75 

Cement (kg/m3) 407.0 203.5 102.0 

Fly ash (kg/m3) 0.0 203.5 305.0 

Water (kg/m3) 171 171 171 

Water/Cementitious (w/cm) ratio 0.42 0.42 0.42 

 

3.1.2 Casting and curing of concrete for compressive strength test 

Concrete samples (with 0%, 50% and 75% FA replacement) were prepared by following 

the mixture proportioning provided in Table 3.2 and used for compressive strength measurements. 

In all concrete mixtures for the compressive strength test, granite was used as a coarse aggregate 

along with washed natural-river sand as fine aggregates. Concrete mixtures were cast in a 4-inch 

dia. by 8-inch-long cylindrical mold.  

 
 

Figure 3.1: 4-inch by 8-inch concrete cylinders after 120 days of sealed curing 

To cast the samples, the concrete mixture was poured into the cylindrical molds in three 

layers and vibrated after each layer for compaction and removal of air voids. After filling the 

cylinder, the top surface was finished for a smooth surface. All the samples were sealed cured at 

room temperature until tested for compressive strength. 
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3.1.3 Casting and curing of concrete for durability  test 

For the chemical durability test, 2 ³ 2-inch cube samples were prepared using a cube mold 

and sealed cured at room temperature until tested. 

3.1.4 Casting and curing of concrete for FOG deposit formation test 

For the FOG deposit formation tests, concrete mixtures were cast in a 2 ³ 2 ³ 12-inch 

rectangular PVC mold. Molds were filled in three layers and vibrated for compaction after each 

layer. A flexible PVC cap was used on both ends of the PVC pipe to seal the mold. Similar to the 

cylindrical samples, PVC samples were also sealed cured at room temperature. 

 
 

Figure 3.2: Chemical durability test on Concrete-0G, Concrete-50G, and Concrete-75G samples 

 

Figure 3.3: Curing of concrete material for FOG deposit formation test under sealed condition 
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Table 3.2:      Concrete mix design  

Ingredients Concrete-0G**  Concrete-50G 
Concrete-

75G 

Concrete-

0L 

Concrete-

50L 

Cement (kg/m3) 407.0 203.5 101.75 407.0 
203.5 

Fly ash (kg/m3) 0.0 203.5 305.25 0.0 203.5 

Water (kg/m3) 171 171 171 171 171 
*Fine Aggregate 

(sand) (kg/m3) 
786 786 786 786 786 

*Coarse Aggregate 

(Granite) (kg/m3) 
1050 1050 1050 1120 1120 

Water/Cementitious 

(w/cm) ratio 
0.42 0.42 0.42 0.42 0.42 

* Coarse and fine aggregate weight are in saturated surface dry (SSD) condition 

** G indicates granite aggregate and L indicates limestone aggregates 

3.1.5 Preparation of other sewer line materials 

Granite and limestone samples were obtained from Polycor Inc., USA (IN, USA). Granite 

was cut to 0.5 ³ 1 ³ 3 ï inch and limestone was cut to 1 ³ 1 ³ 3 ï inch coupons to be used for 

further surface preparation and testing. To study the effect of porosity, pore pH, and cations 

leaching from concrete pores, two different porous ceramic materials were used so that the pore 

solution constituents can be changed (Figure 3.4). These porous ceramic materials were sourced 

from Soil Moisture Corporation. Specification of the porous ceramic materials are provided in 

Table 3.3.  

Table 3.3:      Porous ceramic sample specifications 

Sample ID Porosity Maximum pore size Comment 

PC-CL 31%  0.5 µm Clay ceramic 

PC-PH 38% 1.3 µm Porcelain ceramic 

 

Before testing, these porous ceramics were submerged in specific pore solution (Table 3.4) 

overnight under vacuum condition to ensure all the pores were saturated. Polyvinyl Chloride 

(PVC) was cut using a hydraulic jet into 1 ³ 1 ³ 3-inch coupons to further test the surface roughness 

and FOG deposit adhesion test. 
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3.1.6 Modification  of sewer line surfaces 

Sample surfaces of PVC, concrete, limestone, and granite were modified by using a 

polishing/grinding instrument to create different surface roughness. The polishing process was 

manual; a single operator polished all the samples using different grit sizes varying from #120 to 

#1200 by applying uniform pressure for 2 minutes on each side of the samples. These silica carbide 

grit papers were purchased from McMaster-Carr (Elmhurst, IL). To prepare rough surface, samples 

were polished with #120 grit size only. To prepare polished sample surface, samples were polished 

using #800 and #1200 grit sizes (Table 3.5). 

a)  b)  c)  

d)  e)   f)  

Figure 3.4: a) Porous Ceramic Sample, b) B02M02 (left) porcelain ceramic made with high fired 

silica, B05M01 (right) porous ceramic made out of clay, c) Granite, d) Limestone, e) Concrete, f) 

PVC 
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Table 3.4:      FOG deposit test matrix 

Set 1 Concrete-0P*  Concrete-50P 
Effect of FA on FOG 

deposits adhesion 

Set 2 

Concrete-0 (UR) Concrete-0P 

Effect of surface roughness 

on FOG deposits adhesion 

Concrete-50 (UR) Concrete-50P 

PVC-R PVC-P 

LS-R LS-P 

G-R G-P 

Set 3 
CH_pH 11.0 AH_pH 11.0 Effect of pore pH, porosity, 

pore solution constituents on 

FOG deposits adhesion CH_pH 7.0 CH_pH 11.0 

Set 4 
PC-CL, PC-PH, PVC, LS, G, Concrete-0P, 

Concrete-50P 

Effect of materialôs chemical 

composition, and ceramic 

material composition on 

FOG deposit adhesion 
*UR = previously used sample (rough), P = polished sample, R = rough sample, Set 3 tests 

are conducted on PC-CL samples, where CH_pH 11.0 = pore solution made with pH 11.0 Calcium 

Hydroxide (CH), CH_pH 7.0 = pore solution made with pH 7.0 CH, AH_pH 11.0 = pore solution 

made with pH 11.0 Ammonium Hydroxide (AH) 

Table 3.5:      Surface modification 

Sewer Line Materials Surface Modification 

Concrete-0P, 50P Polishing with #800 and #1200 each grit 2 minutes 

Concrete-0R, 50R Polishing with #120 for 2 minutes 

LS-P Polished with #800 and #1200 each grit 2 minutes 

LS-R Simple Saw cut surface 

G-P Polished by the supplying company 

G-R Saw cut surface 

PVC-R Polished with #120 for 2 minutes 

PVC-P Original PVC Surface, no modification 

PC-SL Original Surface, no modification 

PC-PH Original Surface, no modification 

 

3.1.7 Preparation of coating materials 

Three different coating materials were developed as shown in Table 3.6 using the inorganic 

silane and siloxane listed in section 3.1. 
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Table 3.6:      Preparation of coating materials 

Coat ID Preparation Procedure 

Coat 1 

6 ml of NP and 51 ml of DI water mixed for 10 minutes 

using ultrasonic homogenizer (UH). Keep the mixture at 

rest for 30 minutes. Add 3 ml of 25% diluted colloidal silica 

and mix for 10 minutes using UH. 

Coat 2 

6 ml of NP and 36 ml of DI water mixed for 10 minutes 

using UH. Keep the mixture at rest for 30 minutes. Add 3 

ml of 25% diluted colloidal silica and mix for 10 minutes 

using UH. Keep at rest for 30 minutes. Add 15 ml of PMHS 

and mix for 10 minutes. 

Coat 3 1-part epoxy 

 

3.2 Testing methodologies 

3.2.1 Concrete compressive strength measurement 

Compressive strength measurements were performed on cylindrical specimens Concrete-

0G, Concrete-50G, and Concrete-75G according to ASTM C39. Before testing, the surface of the 

sample was monitored for flatness; any undulation on the surface was ground to meet the ASTM 

testing standard tolerance. Samples were capped with bearing plates on both ends and the 

compression test was performed at a loading rate of 35 psi/s (Figure 3.6). Each sample contained 

three replicates and the average of the three-compressive strength was reported. 

3.2.2 Thermogravimetric Analysis (TGA) 

Thermogravimetric Analysis (TGA) was performed on different binders: Paste-0, Paste-

50, and Paste-75, to determine the change in calcium hydroxide (CH) content at different extents 

of hydration (i.e., age). In brief, a sample was crushed and 10 mg to 20 mg of the crushed sample 

was used for the TGA test. The rate of temperature rise was set to 2 C per minute and the maximum 

temperature was 1000 C. Each sample was analyzed with the TGA equipment (Q5000 Automatic 

Sample Processor, TA instruments, New Castle, DE) for CH content measurement at different 

sample ages using equation 1: 
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CH (%) loss = 
 Ϸ Ϸ

Ȣ Ϸ
 Ĭ 100 é é é (1) 

Where, W1 and W2 are the onset and offset values from TGA graph shown in Figure 3.5. 

 

Figure 3.5: TGA weight loss profile 

 

Figure 3.6: Compressive strength test on cylindrical concrete samples using caps. 

3.3.3 Leaching test of paste samples, limestone, and granite sample 

For the leaching test, a cement paste sample of 2" × 2" × 0.5" dimension was cut from the 

2" × 2" PVC tube using a saw. A diamond blade saw was used to cut the desired sample size of 1" 

× 1" × 0.5" for the leaching test. For limestone and granite samples, coupons measuring 1 ³ 1 ³ 1 

ï inch and 0.5 ³ 1 ³ 1 ï inch were cut using a wet saw. The sample was fully submerged into a 3L 
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leachate solution (distilled water) using a fish line. Figures 3.7 shows the experimental set-up for 

the leaching test. The leaching test was performed at pH 5 and 7 for cement paste samples and at 

pH 7 for limestone and granite sample. The leachate solution pH was monitored every 30 minutes 

by using a pH meter and maintained at the desired pH level by supplying nitric acid or sodium 

hydroxide solution through a syringe pump. Three times a week a 15 ml of leachate solution was 

collected from each test container to determine the calcium leaching potential of Paste-0, Paste-

50, Paste-75, Limestone, and Granite by using Inductively Coupled Plasma-Atomic Emission 

Spectrometry (ICP-AES). For the ICP-AES test, test samples were submitted to the Environmental 

and Agricultural Testing Services (EATS) at NC State University. 

 

Figure 3.7: Experimental set-up for the calcium leaching test 

3.3.4 Durability test against acid attack 

The chemical durability test was performed following ASTM C267, but with slight 

adaptation from previous studies to determine the suitability of Concrete-0, Concrete-50, and 

Concrete-75 as sewer line construction materials (Ariffin et al., 2013; House, 2013). In brief, cube 

samples were initially removed from the casting molds and weighed after 90 days of curing. A test 

media of pH 1 was prepared using sulfuric acid to simulate the microbial acid attack inside sewer 

lines (Figure 3.2). Three different containers were used to submerge different concrete samples by 
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keeping the liquid to solid ratio constant at 4.72. The test media solution was replaced when the 

solution pH exceeded 1.5. The test was conducted for 120 days. After 10, 15, 35, 75, and 120 days 

of the submerged acid attack, three replicates from each container were taken out of the acid 

solution and washed with a soft bristle brush under tap water to remove loose particles from the 

sample surface. Finally, these clean samples were observed to identify changes in physical 

appearance, weight, and compressive strength. The percentage loss or gain in properties (weight 

and compressive strength) of the specimens during immersion for each examination period were 

monitored and reported. 

3.3.5 Measurement of surface roughness 

The surface roughness of various specimens (polished and roughened) was measured by 

using a Keyance VKx1100 Confocal Laser Scanning Microscope (CLSM) at the Analytical 

Instrumentation Facility (AIF) of North Carolina State University. The arithmetic mean height 

(Sa) and Maximum height (Sz) parameters were analyzed for surface roughness measurement. For 

each sample, 24 random measurements sites were selected from four different sides of the sample 

surface. For the roughness measurement, among the fitted 5X, 10X, 50X, and 150X lenses, the 5X 

lens was selected for all the study samples. The resolution for each roughness measurement was 

set to the standard 1024 ³ 768 pixels. After completion of the surface measurement, the data file 

was saved and analyzed with the MultiFileAnalyzer, a post processing software provided by 

Keyance Corporation (Osaka, Japan) to determine Sa and Sz roughness parameters. Finally, these 

roughness parameters were averaged over the 24 measurement locations to obtain the average 

surface roughness parameter for a specific test sample. 
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3.5.6 Pore size distribution and absorption 

A dynamic vapor sorption (DVS) analyzer (Q500 Thermal Q Series, TA Instruments, New 

Castle, DE) was used to obtain the desorption isotherm for Paste-0, Paste-50, Granite, and 

Limestone samples (Figure 3.8). For the desorption isotherm, before the testing, test samples were 

cut to less than 1 mm thick using a diamond wet saw. These thin slices were oven dried in a 

nitrogen filled chamber at 60ºC for 24 hours. Then the sample were placed in deionized (DI) water 

for a minimum of 5 days to completely saturate the pores. Once saturated, samples were wiped to 

saturated surface dry conditions, and then placed in a tared quartz pan in the DVS analyzer. The 

analyzer was set to 97.5% RH for twenty-four hours and set to decrease 10.0% RH in each 

increments to finally 0.0% RH (Montanari et al., 2019; Spragg et al., 2011).  

 

Figure 3.8: Desorption isotherm of Paste-0 sample 

Using the Kelvin-Laplace equation (equation 2), the resulting desorption isotherm was then 

used to determine the pore size distributions ranging from 0.4 nm to 41.7 nm. KelvinïLaplace 

equation correlates the relative humidity step to the Kelvin pore radius by assuming that the fluid 

leaving the pores is water: 

ὶ   é é é (2) 
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where ɔ = surface energy of water (0.072284 N/m); Vm = molar volume of water (1.8 × 

105 mol/m3); R = ideal gas constant (8.3145 N·m/mol · K); T = temperature (K); and RH = relative 

humidity in decimal form. This pore radius and the associated mass loss from the desorption 

isotherm was then used to determine the cumulative pore volume and differential pore volume. 

Apart from the nano pore size distribution, to understand the capillary water uptake 

capacity of Concrete-0 and Concrete-50, rate of absorption was determined following ASTM 

C1585. In brief, concrete samples were cut after sealed curing and conditioned at 50°C for 3 days. 

After conditioning these samples, they were placed in individually sealed containers where they 

remained for 15 days at 23 °C, to allow redistribution of the internal moisture throughout the 

specimens before the absorption test begins. After 15 days, samples were taken out of the sealed 

containers and all, but one surface of the concrete was sealed. The weight of this sample is 

measured, and the unsealed concrete surface was then placed in water to determine the rate of 

absorption (Castro et al., 2011). To determine the absorption of limestone and granite, ASTM 

C127-15 method was followed. 

3.5.7 Zeta potential measurement 

Zeta potential for sample Paste-0, Paste-50, limestone, and granite was measured using a 

Zetasizer Nano ZS 90 (Malvern Instruments Ltd., Malvern, UK) following the methods described 

elsewhere (Elakneswaran et al., 2009a). In brief, For the measurement, suspensions of 0.1 g/L solid 

to liquid (S/L) ratio were used for all samples. In this study, zeta potential measurements were 

conducted at pH 2, pH 4, pH 6, pH 8, pH 10, and pH 12. At first 0.1 g of powdered sample (< 45 

µm) was mixed with 1 L of DI water to prepare the test solution. pH of this solution was noted and 

marked as control. Zeta potential measurement on these control test solutions will provide surface 

potential without any modification. Finally, nitric acid or sodium hydroxide was used to adjust the 
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pH for measurement at the selected pH range. Just before the zeta potential measurement, 

suspension was dispersed by ultrasonic waves for a minute. Samples were loaded in a cuvette and 

the universal dip cell was inserted inside the cuvette. Cuvettes were examined carefully for air 

bubbles. If an air bubble was present inside the cuvette, a new sample was loaded again without 

the presence of air bubble. Finally, the cuvette is inserted in the Zeta Sizer for zeta potential 

measurement. For each sample, six measurements were taken, and the average zeta potential value 

was reported. 

3.5.8 Contact angle measurement 

Contact angles for the coated concrete samples were measured using a Ramé-hart contact 

angle goniometer (Succasunna, NJ). The instrument consists of a microscope, with an optical 

system that can increase the image of the liquid droplets. The sample was laid down flat on the 

sample platform, later a 5.0 µm size DI water droplet was laid down on the concrete samples. 

Measurement of the contact angle began after 20 seconds. For each sample, measurements were 

taken at five different locations on the surface and the average contact angle value is reported. 

3.5.9 FOG deposits formation test 

For the FOG deposit formation test, samples were cut to 1"× 1"× 3" size and were polished 

according to the test requirement. After preparing the sample surfaces, FOG deposit test was 

conducted by using synthetic wastewater prepare in lab with oleic acid (30 g) as Long Chain Free 

Fatty Acids (LCFFAs), canola oil (20 g or 30 g) as oil source, calcium chloride (75 mg/l or 125 

mg/l Ca2+) to be used as background calcium, and 700 ml DI water. In the experimental setup, 

specimens were exposed to the prepared synthetic wastewater for 28 days (Figure 3.9). Depending 

on the test requirement, a few FOG deposit tests were conducted by adjusting the pH with 

ammonium hydroxide or sodium hydroxide while others were tested without adjusting the 
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wastewater pH by external alkaline source. Oleic acid was selected as the LCFFA source to address 

the formation and accumulation of more viscous FOG deposits on concrete surfaces. For the FOG 

deposit formation test, oil and oleic acid were initially mixed using a magnetic stir bar for 15 

minutes. After mixing of the oil and oleic acid, DI water was added into the container. The resulting 

solution was stirred overnight. After that, one-third of the 3" long sample coupon was submerged 

into the synthetic wastewater. After 30 days of testing, the FOG deposit formed on the sample 

surfaces were removed and oven dried at 105ºC for 24 hours to measure the amount of FOG deposit 

formed on each sample surface. 

 

Figure 3.9: FOG deposit formation test on limestone samples 

3.5.10 Fourier Transform Infrared (FTIR) analysis of FOG deposit 

Fourier Transform Infrared (FTIR) analysis was performed on all the FOG deposit samples 

to determine the saponified solids content of the FOG deposits by identifying the characteristic 

calcium soap bands. Infrared absorption spectra of FOG deposits were determined with a Bruker 

ALPHA spectrometer (Bruker Corporation, Billerica, MA) using a diamond Attenuated Total 

Reflection (ATR) sampling attachment. FTIR analysis was also performed on pure canola oil and 
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oleic acid to observe the peak absorbance at their characteristic bands. Laboratory based calcium 

soap was produced to identify the characteristics calcium soap bands. The soap content of the FOG 

deposit was determined by using equation 1 (Kusum et al., 2020). The absorbance spectra were 

computed from 400 cm-1 to 4000 cm-1 wavelengths and baseline correction was performed using 

the OPUS spectroscopy software. The absorbance and wavelength data were then processed using 

a data processing software (Origin Pro). 
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CHAPTER 4 

Reducing Fat, Oil, and Grease (FOG) deposits formation and adhesion on sewer collection 

system structures through the use of fly ash replaced cement-based materials1 

1 This chapter has been published Kusum, S. A., Pour-Ghaz, M., & Ducoste, J. J. (2020). Reducing 

fat, oil, and grease (FOG) deposits formation and adhesion on sewer collection system structures 

through the use of fly ash replaced cement-based materials. Water Research, 186, 116304 

 

ABSTRACT 

The accumulation of fat, oil, and grease (FOG) deposits in sewer pipes reduces their 

conveyance and results in Sanitary Sewer Overflows (SSOs). Previous research has shown that 

concrete used in sewer lines is a significant source for calcium ion, which participates in the FOG 

deposit formation mechanism. However, no research has been conducted to understand the effect 

of calcium leaching from cement on FOG deposits formation and adhesion. This study quantifies 

the reduction in FOG deposit formation when Fly Ash (FA), a Supplementary Cementitious 

Material (SCM), is used to replace cement in the production of High Volume Fly Ash (HVFA) 

concrete materials. Results show that after 90 days of leaching test under controlled pH conditions, 

75% and 86% reduction in calcium release were achieved from 50% and 75% FA replacement, 

respectively. After 30 days of FOG deposits formation tests on HVFA samples, 58% and 81% 

reduction in FOG deposit formation was found for 50% and 75% FA replacement, respectively. 

FTIR analyses of FOG deposits formed on concrete samples without FA replacement exhibited 

high calcium soap content (48%), while FOG deposit formed on HVFA concrete materials showed 

low calcium soap percentage (22~29%). Furthermore, FTIR analyses report the first spatial 

variation found in FOG deposits that includes a surface layer of hard FOG deposits with high 

calcium soap absorbance and an outer layer of soft FOG deposits consisting of a low calcium 

absorbance. FTIR analyses revealed that the FOG deposit formation mechanism is affected by the 
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availability of calcium and pH near the concrete surface. Finally, HVFA concrete materials were 

tested for compressive strength and durability against microbially induced concrete corrosion 

(MICC). After 180 days of sealed curing, HVFA concrete exhibited adequate compressive strength 

necessary for the sewer line construction and 50% FA replacement revealed satisfactory durability 

against MICC. 

Key Words: FOG, SSOs, Calcium Leaching, HVFA, Collection System, Wastewater 

4.1 Introduction  

Fat, Oil, and Grease (FOG) in wastewater undergoes chemical reactions with other 

wastewater constituents to form insoluble solid deposits that exhibit adhesive properties and 

accumulates inside sewer lines. These solid FOG deposits ultimately reduce the drainage capacity 

of sewer lines and lead to Sanitary Sewer Overflows (SSOs). Along with the rapid urbanization, 

increase in food service establishments (FSEs) and growth in population, the global per capita fat 

consumption also proliferated, which eventually increased the discharge of FOG into the sanitary 

sewer system (Del Mundo and Sutheerawattananonda, 2017). In the United States, SSOs release 

approximately 3 to 10 billion gallons of untreated wastewater annually, 25% of which is due to 

FOG related line blockages (USEPA, 2004), resulting in an estimated FOG control cost of $25 

billion (Williams et al., 2012). Prevention strategies such as increasing the frequency of sewer 

lines inspection and grease interceptors maintenance are routinely performed; yet, the 

effectiveness of these prevention strategies is inadequate (Gross et al., 2017; He et al., 2017). 

Therefore, it is important to investigate innovative FOG deposit prevention strategies to avoid its 

formation as well as adhesion inside sewer collection system surfaces. 

A significant number of research studies have been conducted to understand the FOG 

deposit formation mechanism, sources of chemical constituents involved in FOG deposit 
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formation, and engineering solutions to overcome the FOG deposit related problems (He et al., 

2017). Research studies have shown that the FOG discharged from FSEs and domestic kitchen 

sink hydrolyses through deep frying, baking, and grilling to produce Long Chain Free Fatty Acids 

(LCFFAs) which undergo a saponification reaction with calcium ion to form insoluble calcium 

soap (He et al., 2013, 2011; Keener et al., 2008). A recent study stated that saponification is not 

the only process for FOG deposits formation inside sewer lines; crystallization of fatty acids can 

also form FOG deposits without the presence of metals such as calcium (Gross et al., 2017). 

However, unlike the calcium soap produced in the laboratory, Gross et al. (2017) did not confirm 

the occurrence of crystallized FOG particles in any of their collected field FOG deposit samples. 

Research has also revealed that the presence of excess fat or calcium affects the physical 

properties of FOG deposits, and soap formed with excess fat or oil is a smooth, paste-like material 

in contrast to soap formed with excess calcium that is granular and semi-solid substance (Del 

Mundo and Sutheerawattananonda, 2017). He et al. (2013) reported that both saturated and 

unsaturated LCFFAs lead to the formation of FOG deposits and that unsaturated LCFFAs produce 

more viscous FOG deposits. Additionally, previous research showed that FOG deposits formation 

and its properties are influenced by factors such as pH, temperature, sources of calcium and type 

of LCFFAs (Iasmin et al., 2014). The sources of LCFFAs are chemical and microbial hydrolysis 

of FOG, while the sources of calcium could be attributed to the water hardness, microbial reaction, 

concrete corrosion, and other background sources in wastewater (Iasmin et al., 2014; Williams et 

al., 2012). Iasmin et al. (2014) also found that calcium present in wastewater forms smaller but 

more granulated saponified solids, while calcium released from high pH conditions such as 

concrete corrosion produces significantly larger and more viscous solids; potentially adhering 

more readily to pipe surfaces. Hence, in FOG deposition, calcium released from the corrosion of 
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cementitious materials may have a more adverse impact than calcium found in background 

wastewater as a high pH saponification reaction occurs at the cementitious materialsô surface. 

Therefore, in addition to the current strategies of limiting FOG discharge from the kitchen sink, 

the reduction of calcium ions released into wastewater from concrete corrosion can be an 

alternative strategy to reduce the FOG deposits formation. 

Calcium leaching from sewer line construction materials can be reduced through the use 

of Supplementary Cementitious Materials (SCMs). Previous research has shown that substitution 

of portland cement by SCMs such as Fly Ash (FA) decreases calcium leaching from concrete 

exposed to corrosive media (Hartwich and Vollpracht, 2017; Müllauer et al., 2015). However, no 

laboratory studies have been performed to assess the effect of this reduced calcium leaching on 

FOG deposits formation and its adhesion on the sewer line surface. 

The main objective of this research is to reduce or minimize FOG deposits formation and 

its adhesion by reducing calcium leaching from sewer line concrete structures using FA as a 

cement replacement for concrete production. High Volume Fly Ash (HVFA) concrete samples 

were prepared by replacing 50% and 75% of cement by weight with FA and were used for FOG 

deposits formation and adhesion tests. The prepared concrete samples were also tested for 

compressive strength and chemical durability tests to evaluate their suitability as sewer line 

construction materials. To our knowledge, this research is the first to evaluate HVFA concrete as 

a solution to reduce the FOG deposit formation and its adhesion inside sewer line surfaces. 

4.2 Materials and methods 

4.2.1 Preparation of cement paste and concrete samples 

Table S1 provides the mixture proportioning that was used to make paste (a mixture of 

cement, FA and water) samples by using Ordinary Portland Cement (OPC) (Type I/II) and class F 
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FA. Three paste mixtures were made with an overall water-to-cementitious (w/cm) ratio of 0.42. 

Paste-0 was cast without FA replacement and used as a control. Paste-50 and Paste-75 represent 

pastes with FA replacement of 50% and 75%, respectively. Paste mixtures were cast into a 2 ³ 2 

³ 12-inch rectangular PVC molds in three layers, vibrated for compaction after each layer, and 

sealed cured for 90 days before conducting the calcium leaching test. Concrete samples (Concrete-

0, Concrete-50, and Concrete-75) were prepared by following the mixture proportioning provided 

in Table S2 and used for compressive strength measurements, FOG deposits formation, and 

chemical durability against acid attack tests. In all concrete mixtures, granite was used as a coarse 

aggregate and washed natural-river sand as a fine aggregate. Concrete mixtures were cast in a 4-

inch dia. by 8-inch-long cylindrical mold and sealed cured at room temperature, followed by 

compressive strength tests. For the FOG deposit formation tests, concrete mixtures were cast in a 

2 ³ 2 ³ 12-inch rectangular PVC mold and for chemical durability test, 2 ³ 2-inch cube mold was 

used. 

4.2.2 Thermogravimetric Analysis (TGA) 

Hydration of OPC constituents namely tricalcium silicates (with cement chemistry notation 

of C3S) and dicalcium silicates (C2S), produce calcium hydroxide (CH) and calcium-silicate-

hydroxide (CSH) (Mehta and Monteiro, 2006). CH is a water-soluble phase and releases calcium 

readily in water and corrosive media. However, the addition of FA causes a pozzolanic reaction 

that converts CH to the more stable hydration product CSH (Hemalatha and Ramaswamy, 2017; 

Mehta and Monteiro, 2006). Therefore, it is expected that the replacement of cement with FA will 

reduce the CH content of FA replaced samples. Thermogravimetric Analysis (TGA) was 

performed on different binders: Paste-0, Paste-50, and Paste-75, to determine the change in CH 

content at different extents of hydration (i.e., age). In brief, a sample was crushed and 10 mg to 20 
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mg of the crushed sample was used for the TGA test. The rate of temperature rise was set to 2C 

per minute and the maximum temperature was 1000C. 

4.2.3 Leaching test 

After 90 days of sealed curing, paste samples were cut to the desired size of 1 × 1 × 0.5-

inch for the leaching test at pH values of 5 and 7 to simulate the wastewater conditions inside 

sewer lines. 3 L Deionized water (DI) was used as a leachate solution to fully immerse paste 

samples followed by continuous mixing at room temperature for 90 days. The pH of the leachate 

solution tends to increase due to the dissolution of CH from the paste. To adjust the pH, 0.1M 

nitric acid (HNO3) solution was supplied through a controlled syringe infusion pump. 15 ml of 

leachate solution was collected from each test container three times a week to determine the 

calcium leaching potential of Paste-0, Paste-50, and Paste-75 by using Inductively Coupled 

Plasma-Atomic Emission Spectrometry (ICP-AES). 

FA is not a pure material and contains toxic heavy metals that potentially can leach from 

FA replaced samples if used as sanitary sewer line construction materials. Hence, a heavy metal 

leaching potential test was performed that measured arsenic (As), cadmium (Cd), chromium (Cr), 

mercury (Hg), lead (Pb) and selenium (Se) leached from paste samples. 

4.2.4 FOG deposit formation test 

For the FOG deposit formation test, all the concrete coupons of 1"× 1"× 3" were polished 

using #400 and #800 sandpaper following the same polishing method to avoid surface 

irregularities. In the experimental setup, Concrete-0, Concrete-50, and Concrete-75 specimens 

were exposed to a synthetic wastewater for 30 days at pH 7. The synthetic wastewater was prepared 

by mixing 700 ml of DI, 30 g of oleic acid as LCFFA source, and 20 g of canola oil. These specific 

concentrations were selected such that the saponification reaction between LCFFA and calcium 
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leached from concrete is not limited by the availability of LCFFA. Additionally, oleic acid is 

selected as the LCFFA source to address the formation and accumulation of more viscous FOG 

deposits on concrete surfaces. Oil and oleic acid were initially mixed using a magnetic stir bar for 

15 minutes. After properly mixing oil and oleic acid, DI water was added into the container. After 

mixing the resulting solution overnight, one-third of the 3" long concrete coupon was submerged 

into the synthetic wastewater. This experiment was designed to observe the effect of calcium 

leaching from concrete corrosion on FOG deposit formation inside sewer lines. A similar 

experimental setup was designed with the addition of calcium chloride (75 mg/l Ca2+) as a 

background calcium source to evaluate the effect of calcium present in wastewater on FOG deposit 

formation inside sewer lines. After 30 days of testing at pH 7, the FOG deposit formed on the 

sample surfaces were scrapped off and weighed to measure the amount of FOG deposit formed on 

each sample surface. 

4.2.5 Fourier Transform Infrared (FTIR) analysis of FOG deposit 

Fourier Transform Infrared (FTIR) analysis was performed on all the FOG deposit samples 

to determine the saponified solids content of the FOG deposits by identifying the characteristic 

calcium soap bands. FTIR analysis was also performed on pure canola oil and oleic acid to observe 

the peak absorbance at their characteristic bands. The soap content of the FOG deposit was 

determined by using equation 1 (Poulenat et al., 2003). Infrared absorption spectra of FOG deposits 

were determined with a Bruker ALPHA spectrometer using a diamond Attenuated Total Reflection 

(ATR) sampling attachment. The absorbance spectra were computed from 400 cm-1 to 4000 cm-1 

wavelengths and baseline correction was performed using the OPUS spectroscopy software. The 

absorbance and wavelength data were then processed using a data processing software (Origin 

Pro). 
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     (1) 

4.2.6 Compressive strength test and durability against acid attack 

Compressive strength measurements were performed on concrete specimens according to 

ASTM C39 to determine the suitability of these concrete materials for sewer line applications. End 

caps were used during testing and the test was performed at a loading rate of 35 psi/s. Three 

replicates were used for each test and the average of the three measurements are reported. 

The production of sulfuric acid due to the microbially induced concrete corrosion (MICC) 

causes durability issues inside sewer lines. Due to the complexities of MICC and difficulties in 

reproducing such process in the laboratory, often accelerated sulfuric acid exposure tests are 

performed to evaluate the damaging effect of MICC on concrete structures (Gutberlet et al., 2015; 

Gutiérrez-Padilla et al., 2010; Huber et al., 2017). Although significant differences between MICC 

and sulfuric acid attacks were reported in previous research, in this study, durability against 

sulfuric acid attack is only used as a comparative test to evaluate the relative performance of 

different HVFA concrete materials against MICC. The chemical durability test was performed 

following ASTM C267, but with slight adaptation from previous studies to determine the 

suitability of Concrete-0, Concrete-50 and Concrete-75 as sewer line construction materials 

(Ariffin et al., 2013; House, 2013). In brief, cube samples were initially removed from the casting 

molds and weighed after 90 days of curing. A test media of pH 1 was prepared using sulfuric acid 

to simulate the microbial acid attack inside sewer lines. Three different containers were used to 

submerge different concrete samples by keeping the liquid to solid ratio constant at 4.72. The test 

media solution was replaced when the solution pH exceeded 1.5. The test was conducted for 120 

days. After 10, 15, 35, 75, and 120 days of the submerged acid attack, three replicates from each 

container were taken out of the acid solution and washed with a soft bristle brush under tap water 
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to remove loose particles from the sample surface. Finally, these clean samples were observed to 

identify changes in physical appearance, weight, and compressive strength. The percentage loss or 

gain in properties (weight and compressive strength) of the specimens during immersion for each 

examination period were monitored and reported. 

4.3 Results and discussion 

4.3.1 Thermogravimetric Analysis (TGA) 

TGA results are displayed in Figure 4.1. Previous research studies that investigated the 

effect of FA in HVFA materials (FA replacement level ranged from 5% to 60%) found that with 

an increasing amount of FA, CH content decreased (Hemalatha et al., 2016; Shaikh and Supit, 

2015). A similar trend is also observed in Figure 4.1. For Paste-0 samples, with increasing 

hydration period from 13 days to 135 days, the CH content increased to approximately 25%. On 

the other hand, for Concrete-50 samples, the CH content decreased by approximately 4% from its 

initial value. The highest reduction in CH content is 75%, which was achieved by 75% cement 

replacement in Concrete-75 samples. 

Reduction in CH content is attributed to two factors- i) the reduction of overall cement 

content that ultimately produces less CH as a result of hydration, and ii) the conversion of CH to 

CSH (or its more complex variants such as calcium aluminum silicate hydrates) by pozzolanic 

reaction due to the addition of FA in the mixture. In the case of 50% FA replacement level, we see 

a steady level CH throughout the hydration period which is attributed to the balanced production 

of CH and continuous conversion of CH to CSH due to the presence of 50% FA and 50% cement. 

Whereas, for 75% FA replacement level, we observed a steep decline in CH due to the low cement 

content (25%) and the subsequent conversion of some CH to CSH. The benefit of a pozzolanic 

reaction is that it produces CSH, which is a known stable hydration constituent, that does not 
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readily release calcium and contributes to the compressive strength of concrete (Cao et al., 2000). 

This lack of CH content in HVFA paste can be further verified by analyzing the results of the 

calcium leaching test in the following section. 

 

Figure 4.1: CH content of paste samples at various levels of FA with respect to hydration period 

4.3.2 Calcium Leaching Test 

The results of the calcium leaching test on Paste-0, Paste-50 and Paste-75 samples are 

shown in Figure 4.2 and Figure S1(a), where cumulative calcium concentration of the leachate 

solution is plotted against the square root of time. A trend line of the leaching behavior is used to 

visualize the calcium ion leaching profile when a binder coupon is fully submerged into DI water 

at pH 5 and 7. All samples followed the same calcium leaching profile. Because the calcium 

leaching potential under pH 5 and pH 7 conditions were very similar, Figure 4.2 only displays the 

combined pH leaching profile for the different samples. The linearity of the calcium concentration 

against the square root of time shown in Figure 4.2 indicates that calcium leaching from paste 

samples are diffusion dominated. Similar leaching profiles for concrete coupons were obtained in 

a previous study when the pH varied from 4 to 10 (He et al., 2013). 
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Figure 4.2: Cumulative calcium concentration with respect to the square root of testing duration 

Results clearly show that the cumulative calcium leaching from Paste-0 was significantly 

higher than the Paste-50 and Paste-75 samples. The maximum cumulative calcium leached from 

the HVFA samples at the end of 90 days was below 5 mg/l/g of paste sample, whereas, Paste-0 

samples leached more than that within the initial 5 days. This result is in good agreement with the 

result found in TGA analysis. 

Figure S1(b) displays the relative percent reduction in calcium ion leaching from HVFA 

samples when compared to Paste-0. Results indicate that with 50% and 75% cement replacement, 

calcium leaching is reduced by 74.71 % and 86.44 %, respectively. Therefore, major reduction 

(i.e., 74.71%) in calcium leaching comes from the initial 50% FA replacement; whereas, an 

additional 25% replacement of cement reduces calcium leaching by 11.73%, which can be 

attributed to the overall low CH content of Paste-75 samples. 

Heavy metals from FA can also leach from binders containing FA. The measurement of 

heavy metals leached from Paste-50 and Paste-75 after 90 days of leaching are provided in Table 

S3, which shows that only Cr concentration was above the instrumentôs detection limit after 90 

days of leaching and it did not exceed the pollutant discharge limit provided by USEPA clean 

water act. Assuming a linear leaching profile for the heavy metals, a daily average Cr leaching per 
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square inch of the test sample was calculated from the 90-day cumulative data. This daily average 

chromium leaching was found to be 0.0025 mg/l for Paste-50 and 0.00375 mg/l for Paste-75, 

respectively. These concentrations are significantly lower than the Cr discharge limits shown in 

Table S3. For a typical 40-inch diameter concrete sewer pipe that is running 75% full of 

wastewater, we can approximate the Cr leaching to be 0.008 mg/l per day/per meter. Therefore, 

we propose that the FA replaced materials developed in this study can effectively reduce calcium 

leaching potential from sewer lines, without excessive leaching of heavy metals that can cause 

pollution. The results found here, however, are unique to the source of FA and therefore, should 

not be used as a standard measure for any other FA sources. We recommend that a heavy metal 

leaching test be performed before using any type of FA as sewer line construction material to avoid 

potential occurrence for heavy metal accumulation in wastewater. 

4.3.3 FOG deposit formation test 

To identify the effect of calcium availability on FOG deposit formation and its adhesion, 

FOG deposit formation tests were conducted under two different test conditions- in the absence 

and the presence of background calcium. During this test, the initial rapid mixing of the oleic acid, 

oil, and DI water solution created an oil-in-water type of emulsion. When concrete samples were 

submerged and the mixing rate was decreased, the solution became phase separated with an oil 

layer at the air-water interface and a clear solution underneath. However, when saponification of 

the LCFFAs (oleic acid) started, for both test conditions, the clear solution turned milky and soap 

formed on sample surfaces as well as at the air-water interface (Figure S2). 

FOG formation test results are presented in Figure 4.3 where the error bar indicates 

standard deviation. In Figure 4.3, an increase in FA replacement resulted in a decrease in FOG 

deposit formation regardless of the presence of background calcium. When compared to Concrete-
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0 samples, in the absence of background calcium, reduction in FOG deposit formation was 58% 

and 81% for Concrete-50 and Concrete-75, respectively. In the case of the FOG deposition test 

without any background calcium, leaching of CH from the concrete specimen was the only source 

of calcium and the factor that controlled FOG deposit formation on sample surfaces. Previously, 

TGA analysis and leaching test results revealed that calcium leaching from the HVFA sample is 

significantly lower than the sample without any FA addition. Therefore, in the absence of 

background calcium, a decreasing trend in FOG deposit formation on FA replaced samples was 

expected and this decrease is attributed to the reduction in CH content due to FA replacement. 

 

Figure 4.3: FOG deposits formation on concrete sample surfaces 

In the presence of background calcium, the reduction in FOG deposit formation on 

Concrete-50 and Concrete-75 was 55% and 67%, respectively, when compared to the FOG deposit 

formed on Concrete-0 samples. Even with the presence of background calcium, a decreasing trend 

in FOG deposit accumulation on FA replaced samples was found for this test condition. However, 

when comparing the two FOG deposit test conditions, as seen in Figure 4.3, the reduction in FOG 

deposit accumulation on the surface of the Concrete-75 sample is not as high (67% vs. 81%) when 

background calcium is present. This increased accumulation on the surface of the Concrete-75 
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sample may be due to changes in surface characteristics such as surface roughness caused by loss 

of FA particles from samples surface that allowed for more sites for the attachment of FOG 

deposits. However, surface properties were not explored in this present research. 

The FOG deposit formation tests also revealed changes in the physical appearance of the 

FOG deposit formed on different concrete sample surfaces. Calcium soap that formed on 0% FA 

replaced samples were white initially and turned brownish with time. Whereas, soap formed on 

Concrete-50 and Concrete-75 samples were grey. Figure S3-S5 show the difference in the FOG 

depositionsô color formed on different concrete samples. The transition of soap color from white 

to brown could be a result of fatty acid and oil oxidative rancidity that is initiated by the metal ions 

like iron available in cement (He et al., 2013). On the other hand, the grey color of soap formed 

on FA replaced samples can be the result of the carbon present in FA particles released during this 

test period. We also observed that 0% FA replaced sample produced granular solid soap that was 

difficult to remove from the sampleôs surfaces as oppose to soft semi-solid soap for FA replaced 

samples that were easy to detach from these surfaces. This difference in soapôs physical properties 

could be a result of the calcium content as well as pH that affect the saponification reaction (Iasmin 

et al., 2014). Previous research showed that concrete has a high pore pH (>13.5) (Plusquellec et 

al., 2017). Therefore, significant CH leaching from Concrete-0 samples may cause a high pH and 

calcium availability at the concrete surface, resulting in a granular solid soap formation at the air-

water interface of the samples. This type of granular solid soap structure was found in previous 

research where saponification reaction occurred at high pH conditions (He et al., 2013; Iasmin et 

al., 2014). Conversely, the soft and weakly adhered FOG deposits formed on FA replaced sample 

surface for both background calcium conditions may have resulted from the low CH leaching from 

HVFA concrete, which eventually caused low calcium availability and surface pH. While these 
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observations were made qualitatively, they suggest that the pH and calcium availability at the 

surface of the sewer line materials not only play a significant role in FOG deposit formation, they 

also affect its physical properties and thereby affect the adhesion mechanism. 

Finally, these results imply that the FOG deposit formation potential for the FA replaced 

samples are always lower than the concrete samples without any FA, regardless of the presence of 

background calcium in the wastewater. Therefore, the conveyance of sewer lines could be 

enhanced with FA replaced construction materials due to its reduced FOG deposit formation and 

adhesion potential. 

4.3.4 FTIR analysis of FOG deposits 

The FOG deposits formed on different concrete surfaces were analyzed using FTIR to 

observe peaks at different wavelengths. According to a previous research study, calcium soap 

exhibits different characteristics FTIR wave bands (Poulenat et al., 2003). However, other research 

studies did not report the presence of Ca-O band at 665 cm-1 as reported by Poulenat et al. (2003); 

rather, stated that the calcium soap in hydrated form exhibits two strong characteristic asymmetric 

stretching vibrations at 1577 cm-1 and 1541 cm-1 (Casadio et al., 2019; Otero et al., 2014; Putinier, 

1970). Therefore, in this study, to determine the percentage calcium soap content of the FOG 

deposit formed on the concrete surface, 1577 cm-1 and 1541 cm-1 absorption maxima were 

considered. 

Figure S6 and S7 represent the FTIR spectra of FOG deposit formed on Concrete-0, 

Concrete-50, and Concrete-75 samples with and without background calcium test conditions, 

respectively. Similar FTIR spectra were observed for FOG deposits collected from sewer systems 

or produced in labs (Del Mundo and Sutheerawattananonda, 2017; He et al., 2011). From these 

figures, we observe that the FTIR spectrum displays the characteristics of calcium soap band at 



   

60 

 

1468 cm-1, 1541 cm-1, 1577 cm-1, broad spectrum at 3400 cm-1, and the disappearance of 1740 cm-

1 and 1707 cm-1 due to the consumption of FFA and oil during saponification reaction. In addition 

to these characteristics calcium soap bands, we observe absorbance spectra near 3000-2800 cm-1 

containing four peaks, located at 3004 cm-1 (=C-H stretching vibration), 2955 cm-1 (-C-H (CH3) 

asymmetric stretching vibration), 2922 cm-1 (-C-H (CH2) asymmetric stretching vibration), and 

2851 cm-1 (-C-H (CH2) symmetric stretching vibration) (Poulenat et al., 2003). These frequencies 

of the aliphatic chains do not change during the saponification reaction. Similar FTIR spectra of 

FOG deposit formed on different concrete surfaces indicates that the addition of FA in concrete 

production does not alter the FOG deposit formation mechanism. Moreover, apart from the strong 

asymmetric stretching vibration of calcium soap at 1541 cm-1 and 1577 cm-1, we notice a single 

peak at 722 cm-1, which indicates that the FOG deposit is indeed made of calcium (Poulenat et al., 

2003). The characteristic calcium-oxygen (Ca-O) band near 665 cm-1 was present in the FTIR 

spectra (Figure S6 and S7) of FOG deposits; however, the intensity of this absorption varied based 

on the availability of background calcium. For the FOG deposit formed on samples without 

background calcium, Ca-O band absorption was lower in comparison to the FOG deposit formed 

on samples with background calcium. Similarly, band absorption near 665 cm-1 also decreased as 

the FA replacement increased. Previous studies showed that the intensity of the 665 cm-1 band is 

positively associated with higher calcium level in FOG deposits (Del Mundo and 

Sutheerawattananonda, 2017; Poulenat et al., 2003). The presence of a strong Ca-O bond intensity 

near 665 cm-1 for FOG deposits formed on the Concrete-0 (Figure S6) with decreasing intensity 

for FOG deposits formed on Concrete-50 to Concrete-75 samples (Figure S6) further confirms the 

effect of calcium availability near the concrete surface on saponification reaction. 
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Soap formed on the concrete sample surfaces did not exhibit a uniform appearance; the 

soap adhered closest to the concrete surface was firm to the touch, while the soap exposed to the 

wastewater was soft. Therefore, FTIR analysis was performed on soap samples separately 

collected from two different locations- one from the concrete surface layer (SL) and another one 

from the outer layer (OL) exposed to the wastewater (Figure S8-S11). In Figure 3.4, FTIR results 

of Concrete-0 show that the characteristics calcium soap absorbance (665 cm-1, 1541 cm-1, and 

1577 cm-1) at SL was 83% higher than the OL. Similarly, for Concrete-50 the characteristic soap 

absorbance at SL was 68% higher than the OL. Higher calcium soap absorbance of SL confirms 

that the hard calcium soap forms where calcium availability and pH are conducive to the formation 

of harder soaps as described in the literature (Iasmin et al., 2016). 
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Figure 4.4: FTIR spectra showing spatial variation of the FOG deposits formed without 

background calcium 
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Table 1 displays the soap content (%) determined from the FTIR spectrum (Figure S6 - S7) 

using equation 1. Overall, the soap content of the FOG deposit on different concrete surfaces 

decreased from Concrete-0 to Concrete-75. Not surprisingly, the soap content increased with the 

presence of background calcium. Additionally, FOG deposits with higher soap content are 

comparatively rigid soap that adheres firmly to the concrete surface and may aid in further 

accumulation of unreacted and/or partially reacted calcium soap and FOG on its surfaces. 

Table 4.1:      Percent soap content 

Sample ID 

Soap % 

(without background Calcium) 

Soap % 

(with background calcium) 

Concrete-0 48 (° 4.95)* 54 (° 3.80) 

Concrete-50 29 (° 0.91) 42 (° 0.62) 

Concrete-75 22 (° 2.44) 34 (° 5.16) 

            * Number inside parenthesis indicates standard deviation among replicates 

Overall, from FTIR spectra, we confirm that the FOG deposit formed on concrete surfaces 

is indeed calcium soap of LCFFA. However, the different CH dissolution from concrete materials 

resulted in a high to low pH and calcium ion gradient from the concrete surface towards the bulk 

wastewater solution. As a result, granular and hard calcium soap formed on SL through 

saponification reaction at a higher pH and calcium availability. Whereas the soft soap formed on 

the OL showing high absorbance at 1740 cm-1 and 1707 cm-1 indicates the accumulation of 

partially saponified or unreacted FOG at a low pH and calcium availability. Moreover, we 

hypothesize that the hard soap formed on the SL may aid in further adhesion of unreacted FOG at 

the OL, ultimately resulting in a heterogenous makeup of FOG deposit on concrete surfaces. 
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4.3.5 Compressive strength and Durability of concrete replacement materials 

The development of concrete materials for any purpose must be assessed for their 

compressive strength and durability required for its engineering application. Therefore, the 

compressive strength development of the HVFA concrete materials was measured over a year of 

sealed curing. According to ASTM C76 and ASTM C655 for class 3/ class 4 standard reinforced 

concrete pipe segments, a compressive strength of 4 ksi is required for sewer line construction. A 

series of compressive strength tests at different curing age was performed and results are presented 

in Figure 4.5. After 90 days of compressive strength test, concrete materials containing 0 and 50% 

FA satisfy the strength requirement for sewer line construction while concrete materials containing 

75% FA met the requirement after 180 days. FA contributes to compressive strength through 

relatively slower pozzolanic reactions compared to cement hydration by reducing the volume and 

size of capillary pores. Additionally, for Concrete-75, the amount of CH in the material is very 

low; therefore, the conversion of CH to CSH is less. Thus, FA replaced samples, specially 75% 

FA replaced concrete, gain strength at a slower rate. Compressive strength gain of Concrete-0, 

Concrete-50, and Concrete-75 from 90 days to 365 days are 20%, 23% and 41%, respectively. A 

similar trend was observed in previous research studies (Atiĸ, 2005; Cao et al., 2000; De la Varga 

et al., 2012; Kocak and Nas, 2014). Although the initial low compressive strength (90 days of 

sealed cure) of 75% FA replaced concrete does not meet the class 4 standard reinforced concrete 

pipe segments, Concrete-75 should not be considered unsuitable. Pre-cast concrete sewer lines are 

not placed in service immediately after casting. As we observed more than 4 ksi compressive 

strength after 180 days of sealed curing, 75% FA replaced concrete can also be used for sewer line 

construction. 
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Figure 4.5: Compressive strength gain over curing age 

Chemical durability tests on concrete samples were performed to evaluate the effect of 

MICC. Figure 4.6 shows that the compressive strength of Concrete-0 and Concrete-50 samples 

exhibit high acid resistance up to 35 days of the acid attack which is attributed to the buffering of 

acid by CH dissolution from concrete samples. As the acid attack continues, gypsum forms due to 

high CH dissolution, causing a considerable reduction in compressive strength (Gutberlet et al., 

2015; Huber et al., 2017). Concrete-75, on the other hand, shows high compressive strength 

reduction over the entire testing period which can be attributed to the lack of acid buffering due to 

the low CH dissolution from these samples. 

Due to the acid attack, concrete samples lost weight and the results are shown in Figure 

S12. Although initially (up to 35 days), Concrete-0 and Concrete-50 samples showed negligible 

weight loss, after 70 days of the acid attack, Concrete-0 experienced severe mass loss. TGA 

analysis and leaching potential test showed that Concrete-0 contains a higher CH percentage that 

may lead to expansion and cracking by gypsum formation (Gutberlet et al., 2015; Huber et al., 

2017). As a result of the crack formation, we understand that Concrete-0 samples showed a 

significant reduction in compressive strength as well as substantial weight loss at the later stages 
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of acid exposure due to the loss of aggregates. On the other hand, 75% FA replaced samples 

experienced considerable weight loss over the entire test period, which can be due to the low CH 

content and loss of unreacted FA particles from the concrete structure. Interestingly, 50% FA 

replaced concrete samples did not show a sharp rise in mass loss, which can be due to the balance 

between CH dissolution and buffering of acid. 

 

Figure 4.6: Percentage reduction in compressive strength due to acid attack 

4.4 Conclusion 

The goal of this research was to demonstrate an alternative strategy to reduce the FOG 

deposit formation and its adhesion to sewer surfaces by replacing 50% and 75% of portland cement 

with fly ash (FA). Hydration of portland cement results in the formation of calcium hydroxide, 

which is water-soluble and the main source of calcium release from concrete; replacing cement 

with FA not only reduces the portland cement content of concrete but also converts calcium 

hydroxide to calcium silicate hydrate which is water insoluble. Three concrete materials (Concrete-

0, Concrete-50, and Concrete-75) were evaluated and it was observed that the incorporation of FA 
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reduced calcium leaching from concrete, thereby reduced FOG deposit formation and its adhesion 

on concrete surfaces regardless of the presence of background calcium. 

FA replaced concrete samples formed FOG deposits that weakly adhered to the concrete 

surface. Additionally, FTIR spectra of FOG deposits formed on different concrete surfaces suggest 

that a spatial variation of FOG deposit exists; with harder deposits, mostly made of calcium soap, 

forming near the concrete surface and smooth yet tacky soap that predominantly consisted of 

unreacted FOG forming on the outer layer of the FOG deposit. We conclude that this spatial change 

in physical properties of FOG deposits is due to the CH dissolution from concrete resulting in a 

gradient of pH and calcium availability between concrete surface and wastewater bulk solution. 

Therefore, FOG deposits closest to the sewer line surface adheres strongly and may provide an 

anchoring region for further accumulation of FOG deposits as well as unreacted FOG. However, 

future research is required to measure the rheological properties of FOG deposits attached to 

concrete surfaces to assess the effect of binder properties, surface pH, and calcium availability on 

the FOG depositôs physical characteristics. 

Overall, our study revealed that HVFA concrete materials could be an alternative solution 

for future sewer line construction or rehabilitation strategy to reduce the FOG deposit formation 

and its adhesion inside concrete sewer collection systems. Future research, however, is also needed 

to explore the fundamental mechanisms of FOG deposit adhesion on material surfaces to explore 

methods that can alter sewer line surface properties to minimize the accumulation of FOG deposits 

inside all sewer pipelines and improve its conveyance. 
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Supplementary Materials 

Table S1 - Cement paste mixture proportioning  

Ingredients Paste-0 Paste-50 Paste-75 

Cement (kg/m3) 407.0 203.5 102.0 

Fly ash (kg/m3) 0.0 203.5 305.0 

Water (kg/m3) 171 171 171 

Water/Cementitious (w/cm) ratio 0.42 0.42 0.42 
 

Table S2 - Concrete materials mixture proportioning  

Ingredients Concrete-0 Concrete-50 Concrete-75 

Cement (kg/m3) 407.0 203.5 102.0 

Fly ash (kg/m3) 0.0 203.5 305.0 

Water (kg/m3) 171 171 171 

*Fine Aggregate (sand) (kg/m3) 786 786 786 

*Coarse Aggregate (Granite) (kg/m3) 1050 1050 1050 

Water/Cementitious (w/cm) ratio 0.42 0.42 0.42 

* Coarse and fine aggregate weight are in saturated surface dry (SSD) condition 

* Water to cementitious ratio (w/cm) = Weight of water/weight of (cement + FA) 

 

Fig. S1(a). Cumulative calcium concentration with respect to the square root of testing duration 

The notable difference between Fig. 2 and Fig. S1(a) is the slope of the HVFA paste 

samples. In the case of FA replaced paste samples, the diffusion flux is almost equal, whereas, for 
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Paste-0 samples, the diffusion flux is almost twice of the HVFA paste samples. Since this leaching 

curve is for the same cation, the diffusion coefficient is constant for all leaching profiles. However, 

the flux is affected by the porosity of the sample and thus, its effective diffusion coefficient may 

be different between the cement only and FA replaced samples. 

 

Fig. S1(b). Percentage reduction in calcium leaching after 90 days 

Table S3 - Cumulative concentration of heavy metal pollutants after 90 days 

Sample ID Unit  As Cd Cr Hg Pb Se 

Paste-50 
mg/l <0.05 <0.01 0.01 <0.01 <0.05 <0.05 

µg/l <50 <10 10 <10 <50 <50 

Paste-75 
mg/l <0.050 <0.010 0.015 <0.010 <0.050 <0.050 

µg/l <50 <10 15 <10 <50 <50 

Standard1 µg/l 340.0 1.8 16.0 1.4 82.0 NA 

Standard2 mg/l 0.010 0.005 0.100 0.002 0.015 0.050 

1National recommended water quality criteria for aquatic life, CMC (criterion maximum concentration) 
2National primary drinking water regulations, MCL (Maximum contaminant level) 
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Fig. S2. FOG formed at the air-wastewater interface and on the surface of the concrete coupon 

(Test condition- without background calcium) 

 

Fig. S3. Soap formed on different sample surfaces (Top- Concrete-75, Middle- Concrete-50 and 

Bottom- Concrete-0) 

a)    b)  c)  

Fig. S4. FOG formed on the surfaces of a) CPC0FA, b) CPC50FA and c) CPC75FA (Test 

condition- without background calcium) 
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a)  b)  c)  

Fig. S5. FOG formed on the surfaces of a) CPC0FA, b) CPC50FA and c) CPC75FA (Test 

condition- with background calcium) 

 

Table S4 ï FTIR Spectrum of Calcium Soap 

Reference Disappearance of 

wavelength (cm-1) 

Appearance of wavelength (cm-1) 

(Poulenat et al., 

2003) 
½C=O stretching at 

1740 cm-1 for esters 

and at 1707 cm-1 for 

carboxylic acids 

¶ Broad O-H stretching at 3400 cm-1 

¶ COO- symmetric stretching at 1468 cm-1 

¶ COO- asymmetric stretching at 1577 cm-1  

¶ Ca-O bond vibration at 665 cm-1  

¶ Single (CH2)n rocking vibration at 722 cm-1  
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Fig. S6. FTIR spectra of FOG deposits (with background calcium) 
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Fig. S7. FTIR spectra of FOG deposits (without background calcium) 
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Fig. S8. Layering effect of FOG deposit formed on concrete surface 
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Fig. S9. Layering effect of FOG deposits (without background calcium) 
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Fig. S10. Layering effect of FOG deposits (with background calcium) 
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Fig. S11. Layering effect of FOG deposits (with background calcium) 
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Fig. S12. Reduction in sample weight due to acid attack 
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CHAPTER 5 

Understanding the surface formation and adhesion mechanism of FOG deposits on sewer 

lines 

Samrin Ahmed Kusum, Mohammad Pour-Ghaz, Joel J Ducoste 

 

ABSTRACT 

The adhesion of fat, oil, and grease (FOG) deposits in sewer pipes has led to 25% of the 

Sanitary Sewer Overflow (SSOs) in the U.S. Since the U.S. sewer collection system is aging and 

requires replacement or renovation, one potential solution to reducing FOG deposit accumulation 

is to design new sustainable sewer line construction materials that would limit the formation and 

adhesion of these deposits on sewer pipe walls. Previous research has yet to elucidate the pipe 

surface processes that lead to the accumulation of FOG deposits in sewer lines. In this study, a 

detailed experimental analysis was performed to identify key surface formation and adhesion 

mechanisms of FOG deposits inside sewer lines using various test materials, i.e., concrete, PVC, 

granite, limestone, and porous ceramic. Pipe materials were tested for their chemical composition 

and surface properties, such as surface roughness, porosity, zeta potential, and calcium leaching 

potential. Results showed that only the sewer line materials with significant calcium leaching 

potential provided a favorable adhesion site for FOG deposit accumulation. Additionally, pipe 

surfaces having high calcium hydroxide leaching potential, high pore pH, and low zeta potential 

resulted in higher FOG deposit accumulation. Based on the surface process involved in FOG 

deposit accumulation on surfaces, it is concluded that insoluble calcium soap forms at the sewer 

line-wastewater interface due to calcium hydroxide leaching. These initial surface FOG particles 

then provide nucleation sites for the attachment of FOG deposit particles formed in the bulk 
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wastewater. This study also revealed that sewer line surfaces with low zeta potential are prone to 

high FOG deposit adhesion. FTIR analyses of surface FOG deposits exhibited spatial variation in 

percentage saponification with highly saponified material found at the sewer line-wastewater 

interface.  

Key words: FOG deposits, SSOs, Surface Roughness, Concrete, Fly Ash 

5.1 Introduction  

The sewer collection system is an essential municipal infrastructure responsible for 

collecting and transporting sewage to a wastewater treatment facility. Blockages inside the sewer 

collection system may increase the risk of flooding and the occurrence of Sanitary Sewer 

Overflows (SSOs). Sewer line blockages may have several causes, including root intrusion, debris 

accumulation on the sewer bed, and Fat, Oil, and Grease (FOG) deposit formation inside the sewer 

line surfaces. In the United States, 23,000 to 75,000 SSOs occur annually, requiring $25 billion 

for annual maintenance and rehabilitation (Del Mundo and Sutheerawattananonda, 2017; USEPA, 

2004). SSOs have detrimental environmental and health impacts as the wastewater overflow 

contains pathogenic bacteria, viruses, helminths, and other contaminants that affect public health 

through surface water contamination. 

FOG deposit-related issues can be found throughout the sewer collection system; however, 

the problem is more severe in commercial areas with significant concentrations of Food Service 

Establishments (FSEs), such as restaurants, food courts, and hotels. In addition to FSEs, high-

density residential regions may play a significant role in FOG release through the kitchen sink or 

dishwashers. A recent report by the National Restaurant Association states that the food service 

industry sale is predicted to be $898B in 2022 after a slight decrease in 2020-2021 due to COVID-

19 (National Restaurant Association, 2022). Continuous growth in the food service industry has 
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led to an increased amount of FOG discharged into the sanitary sewer systems. As a result, SSOs 

caused by FOG-related blockages are becoming a significant concern for all urban environments. 

Although FSEôs wastewater is discharged through a grease interceptor (GI) for gravimetric 

removal of FOG, not all the FOG contents are retained in GIs due to several factors, including 

ineffective GI designs, kitchen cleaning and operational conditions, and GI maintenance (Aziz et 

al., 2011; Gross et al., 2017; He et al., 2017). Hence, wastewater utility providers have opted for 

various preventative strategies such as regular sewer line inspection, cleaning, and public outreach 

campaigns in addition to GI installation and maintenance to prevent FOG deposit buildup inside 

the sewer collection system (Mattsson et al., 2014; Wallace et al., 2017). However, to limit FOG 

deposit-related blockages inside the sewer collection system, it is essential to investigate the 

mechanisms by which FOG deposit forms on surfaces and adheres to different sewer line materials 

so that efficient FOG deposit management measures can be implemented. 

Over the last decade, researchers have studied the nature, kinetics, and formation 

mechanism of FOG deposits in wastewater, the engineering solutions to pretreat FOG disposal 

from the kitchen, data-driven modeling to detect vulnerable locations for FOG deposits in the 

collection system network, as well as the production of alternative sewer construction materials to 

minimize FOG deposit buildup inside sewer collection system (Al -Gheethi et al., 2019; Dominic 

et al., 2013; He et al., 2013; Jiang et al., 2021; Kusum et al., 2020; Otsuka et al., 2020; Williams 

et al., 2012; Yousefelahiyeh et al., 2017). Research studies reported Long Chain Free Fatty Acids 

(LCFFAs), oil, calcium, and water as the major components required for FOG deposit formation 

(He et al., 2013, 2011).  Previous studies conducted on FOG deposit samples collected from 

sanitary sewer lines or lab-generated FOG deposits showed that the highly adhesive solid deposit 

is formed by the saponification reaction between LCFFAs and calcium ion (Del Mundo and 
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Sutheerawattananonda, 2017; He et al., 2011; Keener et al., 2008; Kusum et al., 2020). He et al. 

2013 showed that calcium leaching from concrete corrosion could result in FOG deposit buildup 

on sewer line surfaces and proposed using alternative sewer line construction materials to reduce 

FOG deposit formation inside the sewer collection system. A recent study has developed 

alternative sewer line construction materials by replacing 50% cement with Fly Ash (FA) without 

compromising the construction strength requirement and found more than 50% reduction in FOG 

deposit formation (Kusum et al., 2020). 

Interestingly, Kusum et al. 2020 reported that the FOG deposit does not accumulate on the 

granite surface, which was used as coarse aggregate for concrete construction. They hypothesized 

that the sewer line surface properties affect the saponification interface reaction. Therefore, 

exploring various sewer line material properties will be highly beneficial in identifying critical 

features affecting FOG deposit surface formation and adhesion on sewer lines. The results of such 

research would help select appropriate materials for sewer line construction that can reduce the 

surface FOG deposit adhesion, cleaning cost, and enhance its sewage carrying capacity. 

Therefore, this research study investigates various sewer line materials for properties such 

as mineral composition, porosity, surface roughness, pore pH, and zeta potential affecting the 

surface formation and adhesion of FOG deposits inside collection systems. To the best of our 

knowledge, this is the first study to investigate sewer line material properties and propose a FOG 

deposit surface formation and adhesion mechanism at the sewer line wastewater interface. 

5.2 Materials and Methodology 

This study investigated common sewer lines construction materials such as concrete and 

PVC. Apart from these, granite and limestone aggregates were also tested for FOG deposit surface 

formation and adhesion. Specifically, the calcium leaching potential of granite, limestone, and 
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concrete made with these aggregates was studied. To investigate the effect of pore pH and the type 

of cation leaching from concrete, porous ceramic materials were used to mimic various pH and 

pore solution conditions. 

5.2.1 Preparation of concrete materials 

Table S1 provides the mixture proportioning that was used to make concrete samples 

(Concrete-0 and Concrete-50) by using Ordinary Portland Cement (OPC) (Type I/II) and class F 

FA. Concrete mixtures were made with an overall water-to-cementitious (w/cm) ratio of 0.42. 

Limestone was used as coarse aggregate, and washed river sand was used as fine aggregate. 

Concrete-0 defined samples were cast without FA replacement and used as control samples, 

whereas Concrete-50 samples were cast by replacing 50% cement with FA. Previous research 

reported casting details (Kusum et al., 2020). In brief, concrete mixtures were cast into 2 ³ 2 ³ 12-

inch rectangular PVC molds in three layers, vibrated for compaction after each layer, and sealed 

cured for 90 days before conducting the FOG deposit test. Apart from concrete, Table S1 also 

provides the mixture proportioning that was used to make cement paste (Paste-0 and Paste-50) 

using a method previously reported by Kusum et al. 2020. In brief, cement and water were mixed 

according to the mixture proportioning and were poured into a rectangular PVC mold in three 

layers to be sealed cured for 90 days. The reason for 90 days of sealed curing is explained in a 

previous article (Kusum et al., 2020). 

5.2.2 Preparation of other sewer line materials 

Granite is a very dense material with porosity and pore size distribution significantly 

smaller than cement paste (Cho et al., 2009; Morrow and Lockner, 1997). Kusum et al. 2020 

observed a lack of FOG deposit adhesion on granite surfaces. In this research, the two most used 

coarse aggregates in concrete construction, granite, and limestone, were tested. Granite and 
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limestone samples were obtained from Polycor Inc., USA. Granite was cut to 0.5 ³ 1 ³ 3 ï inch, 

and limestone was cut to 1 ³ 1 ³ 3 ï inch coupons to be used for further surface preparation and 

testing (Figure S1). Two porous ceramic materials were used to manipulate the pore solution 

constituents to study the effect of porosity, pore pH, and cations leaching from concrete pores 

(Figure S1). These porous ceramic materials were sourced from Soil Moisture Corporation. 

Specifications of the porous ceramic materials are provided in Table 5.1. Before testing, these 

porous ceramics were submerged in a specific pore solution (Table 5.2) overnight under a vacuum 

to ensure all the pores were saturated. Polyvinyl Chloride (PVC), a common sewer line 

construction material, was also tested for various surface properties. PVC pipe was cut using a 

hydraulic jet into 1 ³ 1 ³ 3-inch coupons. 

Table 5.1:      Porous ceramic sample specifications 

Sample ID Porosity Maximum pore size Comment 

PC-CL 31%  0.5 µm Clay ceramic 

PC-PH 38% 1.3 µm Porcelain ceramic 

 

5.2.3 Surface modification of sewer line materials 

Surface roughness considerably influences adhesion as it affects the mechanical 

interlocking between the adherend and the adhesive (Pizzi and Mittal, 2017). Therefore, PVC, 

concrete, limestone, and granite sample surfaces were modified using a polishing/grinding 

instrument to create different surface roughness. The polishing process was manual; a single 

operator polished all the samples using different grit sizes varying from #120 to #1200 by applying 

uniform pressure for 2 minutes on each side of the samples. To prepare a rough surface, samples 

were only polished with #120 grit size. To prepare a polished sample surface, samples were 

polished using #800 and #1200 grit sizes (Table S2). After polishing, each sample was analyzed 

for the surface roughness measurement discussed in section 5.2.4. 



   

86 

 

5.2.4 Measurement of Surface Roughness 

The surface roughness of various specimens (polished and roughened) was measured by 

using a Keyance VKx1100 Confocal Laser Scanning Microscope (CLSM) at the Analytical 

Instrumentation Facility (AIF) of North Carolina State University. There are many surface 

roughness parameters to define various surface properties. For this research, however, the 

arithmetic mean height (Sa) and Maximum height (Sz) parameters were analyzed. For each 

sample, 24 random measurement sites were selected from four different sides of the sample 

surface. For the roughness measurement, among the fitted 5X, 10X, 50X, and 150X lenses, the 5X 

lens was selected for all the study samples. The resolution for each roughness measurement was 

set to the standard 1024 ³ 768 pixels. After completion of the surface measurement, these 

roughness parameters were averaged over the 24 measurement locations to obtain the average 

surface roughness parameter for a specific test sample. 

5.2.5 Scanning Electron Microscopy (SEM) analysis 

The FEI Verios 460L field emission SEM at the Analytical Instrumentation Facility (AIF) 

of North Carolina State University was used for microscopic morphology analysis. Samples were 

prepared by cutting 3 mm thick slices of paste samples using a wet diamond saw. During this 

cutting process and afterward, these thin slices were exposed to environmental carbon-di-oxide. 

These samples were then oven dried overnight at 60ºC and cleaned with high airflow to remove 

any dust particles before coating them with gold for the measurement. 

5.2.6 Pore size distribution and absorption 

A dynamic vapor sorption (DVS) analyzer (Q500 Thermal Q Series, TA Instruments, New 

Castle, DE) was used to obtain the desorption isotherm for Paste-0, Paste-50, Granite, and 

Limestone samples. DVS analyzer measures the changes in the mass of the test sample at a 
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constant temperature as a function of relative humidity (RH). The desorption isotherm can then be 

used to obtain information about these samples' nanoscale pore size distribution. Before the testing, 

test samples were cut to less than 1 mm thick for the desorption isotherm using a diamond wet 

saw. These thin slices were oven dried in a nitrogen-filled chamber at 60ºC for 24 hours. The 

sample was then placed in deionized (DI) water for a minimum of 5 days to saturate the pores 

thoroughly. Once saturated, samples were wiped to saturated surface dry conditions and placed in 

a tared quartz pan in the DVS analyzer. The analyzer was set to 97.5% RH for twenty-four hours 

and set to decrease 10.0% RH in each increment to finally 0.0% RH (Montanari et al., 2019; Spragg 

et al., 2011). Using the Kelvin-Laplace equation (S1.2), the resulting desorption isotherm was used 

to determine the pore size distributions ranging from 0.4 nm to 41.7 nm. 

The DVS analysis can provide information about pores ranging from 1.0 nm to 42.0 nm. 

Therefore, to determine the volume of capillary pores, the absorption rate for limestone and granite 

aggregates were determined following ASTM C127-15. 

5.2.7 Zeta potential measurement 

The surface electrical potential can be measured by zeta potential. Zeta potential for sample 

Paste-0, Paste-50, limestone, and granite was measured using Zetasizer Nano ZS 90 (Malvern 

Instruments Ltd., Malvern, UK) following the methods described elsewhere (Elakneswaran et al., 

2009a). In brief, suspensions of 0.1 g/L solid to liquid (S/L) ratio were used for all samples. In this 

study, zeta potential measurements were conducted at pH 2, pH 4, pH 6, pH 8, pH 10, and pH 12. 

At first, 0.1 g of powdered sample (< 45 µm) was mixed with 1 L of DI water to prepare the test 

solution. The pH of this solution was noted and marked as control. Zeta potential measurement on 

these control test solutions provided surface potential without modification. Finally, nitric acid or 

sodium hydroxide was used to adjust the pH for measurement at the selected pH range. Before the 
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zeta potential measurement, the suspension was dispersed by ultrasonic waves for one minute. For 

each sample, six measurements were taken, and the average zeta potential value was reported. 

5.2.8 Calcium leaching test of granite and limestone 

A calcium leaching test was conducted following the Kusum et al. 2020 method. In brief, 

limestone was cut to 1 ³ 1 ³ 1 ï inch, and granite was cut to 1 ³ 1 ³ 0.5 ï inch coupons for the 

leaching test at pH 7.0. 3 L Deionized water (DI) was used as a leachate solution to fully immerse 

specimens, followed by continuous mixing at room temperature for 40 days. The pH of the leachate 

solution was adjusted to pH 7.0 using nitric acid (HNO3). Leachate was collected twice, and the 

calcium concentration was determined using an Inductively Coupled Plasma-Atomic Emission 

Spectrometry (ICP-AES) from the Environmental and Agricultural Testing Service (EATS) of the 

NC State University. 

5.2.9 FOG deposit test 

The FOG deposit formation test was conducted on all the samples prepared and modified 

in sections 2.1, 2.2, and 2.3. An experimental matrix is given in Table 2 to summarize the different 

FOG deposit tests conducted in this study. In the FOG deposit experimental setup, test specimens 

were exposed to synthetic wastewater for 28 days. The test procedure is described by Kusum et al. 

2020. However, the composition of the synthetic wastewater was modified slightly. Synthetic 

wastewater was prepared by mixing 700 ml of DI water, 30 g of oleic acid as LCFFA source, 30 

g of canola oil, and calcium chloride (125 mg/l of Ca2+) as background calcium. These specific 

concentrations were selected so that the lack of their availability does not limit the saponification 

reaction between LCFFA and calcium. Previous research reported that FOG deposit weight 

increased with increasing FOG content, specially with increasing amounts of unsaturated LCFFA 

(Gross et al., 2017). In this study, oleic acid was selected as the LCFFA source to address the 
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formation and accumulation of more viscous FOG deposits on material surfaces (He et al., 2013). 

After mixing synthetic wastewater for twenty-four hours, one-third of the 3" long sample coupon 

was submerged. FOG deposit formation tests were conducted under two different test conditions: 

1) with pH adjustment where an external base of 3% (v/v) ammonium hydroxide or 1.0 M sodium 

hydroxide was added to adjust the wastewater pH to 7, and 2) without pH adjustment where FOG 

deposits were formed entirely by the leaching potential of the materials being tested. These two 

test conditions were performed to understand the FOG deposit formation mechanism on sewer line 

surfaces as well as in wastewater. The first test condition also evaluates the effect of ñpreformed 

FOG depositsò, FOG deposit formed elsewhere (i.e., upstream of the sewer collection system), on 

the surface adhesion of FOG deposits on sewer line surfaces. After 28 days of testing, the FOG 

deposit accumulated on the sample surfaces was removed, oven dried at 105̄ C, and weighed to 

measure the amount of FOG deposit formed on each sample surface. The FOG deposit adhered on 

sample surfaces was normalized by the sample surface area. 

It should also be noted here that a concrete sample previously used for the FOG deposit 

experiment (Concrete-0-UR and Concrete-50-UR) was tested to study the influence of sewer line 

cleaning on FOG deposit adhesion. These samples are very rough compared to the surface 

roughness of polished concrete. For the porous ceramic pieces, pore solution was prepared 

according to Table 5.2 and added inside the porous ceramic sample reservoir. The pore solution 

was replaced every four days to ensure a continuous supply. 
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Table 5.2:      FOG deposit test matrix 

Set 1 Concrete-0P*  Concrete-50P 
Effect of FA on FOG 

deposits adhesion 

Set 2 

Concrete-0-UR Concrete-0P 

Effect of surface roughness 

on FOG deposits adhesion 

Concrete-50-UR Concrete-50P 

PVC-R PVC-P 

LS-R LS-P 

G-R G-P 

Set 3 

CH_pH 11.0 AH_pH 11.0 Effect of pore pH, porosity, 

pore solution constituents on 

FOG deposits adhesion CH_pH 7.0 CH_pH 11.0 

Set 4 
PC-CL, PC-PH, PVC, LS, G, Concrete-0P, 

Concrete-50P 

Effect of materialôs chemical 

composition, and ceramic 

material composition on 

FOG deposit adhesion 

*UR = previously used sample (rough), P = polished sample, R = rough sample  

Set 3 tests are conducted on PC-CL samples, where CH_pH 11.0 represents pore solution made 

with pH 11.0 Calcium Hydroxide (CH), CH_pH 7.0 represents pore solution made with pH 7.0 

CH, and AH_pH 11.0 presents pore solution made with pH 11.0 Ammonium Hydroxide (AH) 

5.2.10 Fourier Transform Infrared (FTIR) analysis of FOG deposit 

Fourier Transform Infrared (FTIR) analysis was performed on all the FOG deposit samples 

before oven drying to determine the saponified solids content of the FOG deposits following the 

method in Kusum et al. 2020. Infrared absorption spectra of FOG deposits were determined with 

a Bruker ALPHA spectrometer using a diamond Attenuated Total Reflection (ATR) sampling 

attachment. The absorbance and wavelength data were then processed using data processing 

software (Origin Pro). The soap content of the FOG deposit was determined by Eq 1 (Kusum et 

al., 2020). 

 é (1) 
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5.3 Results and Discussion 

5.3.1 Surface roughness 

The surface roughness is an important property when it comes to adhesion. High surface 

roughness will provide a higher surface area for any kind of mechanical interlocking or chemical 

reaction, thereby increasing adhesion (Grzesik, 2016; Horgnies et al., 2011). The average surface 

roughness values of Sa and Sz are displayed in Figures 5.1a and 5.1b, respectively. The CLSM 

also provides a 3D surface profile, and Figures 5.1c and 5.1d show the surface roughness profile 

of Concrete-0P and LS-R samples. 3D surface roughness profiles of other samples are provided in 

Figure S3. The profile visibly reveals the significant difference in roughness for both samples. 

Additionally, Sa and Sz values for LS-R and Concrete-0P samples provided in Figures 5.1a and 

5.1b confirm these differences in surface roughness. 

Results show that Concrete-0-UR, Concrete-50-UR, and LS-R samples have very high 

surface roughness compared to any other samples analyzed. Increased surface roughness of the 

previously used concrete samples was visible after removing the FOG deposits that accumulated 

on those sample surfaces. Figure S2 shows the striking difference between fresh and used concrete 

surfaces. This increased surface roughness after the FOG deposit test could be caused by the 

dissolution of calcium hydroxide (CH) from the surface of the concrete. 
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(a)   

(b)  

(c)  (d)  

Figure 5.1: (a) Arithmetic mean height, Sa, of different test samples (Table S2), (b) Maximum 

height, Sz, of different test samples (Table S2), (c) 3D profile of surface roughness of Concrete-

0P sample, and (d) 3D profile of surface roughness of LS-R (limestone-rough) sample 
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5.3.2 Pore size distribution and water absorption 

The pore size distribution was determined for Granite, Limestone, and cement paste 

samples (Paste-0, Paste-50) after 90 days of sealed curing. The cumulative pore volume and 

differential pore volume are reported in Figure 5.2a and Figure 5.2b, respectively.  

(a)  (b)  

Figure 5.2: a) Cumulative pore size distribution; and b) Differential pore size distribution 

Results from Figure 5.2a showed that the cumulative pore volume for Paste-50 is higher 

than the cumulative pore volume of Paste-0. Other research has also reported that FA-replaced 

cement paste exhibits higher cumulative pores than pure cement paste (Chindaprasirt et al., 2005; 

Yu and Ye, 2013; Zeng et al., 2012). Generally, the pozzolanic reaction between cement and FA 

fills the already formed pore structure created by cement hydration and provides a refinement to 

the existing pore distribution. However, due to the higher water to cement (w/c) ratio and lower 

gel-to-space ratio caused by the FA replacement of cement, a higher cumulative pore volume for 

FA can be expected. Chindaprasirt et al. (2005) reported that the total porosity of FA-replaced 

cement paste increases with an increase in FA replacement. Figures 5.2a and 5.2b, however, 

exhibit that the paste with FA replacement has more interlayer and small gel pores (< 5 nm) than 

Paste-0. The cumulative pore volume is almost zero for the granite and limestone samples. The 

differential pore volume plot Figure 5.2b, however, suggests that granite has a higher level of finer 

pores than limestone. The granite and limestone aggregate absorption percentage was 0.6% and 
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3.4%, respectively. Although the nano porosity of the granite samples (Figure 5.2a) is slightly 

higher than limestone aggregate, this high absorption value indicates that limestone has more 

capillary pores and is susceptible to water ingress. 

5.3.3 Zeta potential 

For any kind of surface reaction or adsorption, be it physical or chemical, the zeta potential 

of the solid plays an important role. Figure 5.3a displays the zeta potential of all samples in 1% DI 

water suspension without any pH adjustment (control). The pH measurement shows that the Paste-

0 sample has a high pH (pH = 11.87) compared to pH of 11.15, 9.77, and 8.27 for Paste-50, 

Limestone, and Granite, respectively, for the same solid to liquid ratio suspension. The zeta 

potential results of control solutions show that all samples except Paste-0 have negative zeta 

potential. Similar results were reported for hydrated cement paste prepared at a w/c ratio of 0.38 

(Pointeau et al., 2006). The positive zeta potential of the Paste-0 sample could be a reason for 

portlandite (calcium hydroxide or CH) dissolution, while the negative zeta potential for Paste-50 

could be due to the dissolution of calcium silicate hydrates (C-S-H). 

(a)  (b)  

Figure 5.3: a) Zeta potential of control suspension, and b) Zeta potential of sample as a function 

of pH 

For limestone and granite, the zeta potential was approximately -20 mV and -36 mV, 

respectively (Figure 5.3a). For natural limestone, another research found the zeta potential at pH 
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10 to be around -17mV (Vdoviĺ, 2001). The negative zeta potential of granite could be due to its 

mineral composition (i.e., muscovite, feldspar, and quartz), which has a very high negative zeta 

potential (Alonso et al., 2006). 

While comparing the value of the zeta potential for Paste-0, Paste-50, Granite, and 

Limestone, the Granite sample was the only material that resulted in a zeta potential higher than 

|± 30 mV| (Figure 5.3a). Studies reported that colloidal suspensions with zeta potential between 

+30 mV and -30 mV are prone to flocculation and coagulation due to the lack of repulsion 

(Marsalek, 2014; Thakur et al., 2020). Therefore, Figure 5.3a indicates that only the granite surface 

provides a sufficiently high repulsion for any adsorption to take place on its surface. 

The zeta potential variation as a function of pH provides essential information about the 

isoelectric point (i.e., location of charge reversal) for test samples. Figure 5.3b shows that the 

isoelectric point for Paste-50, Limestone, and Granite was around pH 5, 3, and 2, respectively. 

However, for Paste-0, two isoelectric points were observed: one at around pH 3.0 and another at 

pH 8.0. Previous studies reported the isoelectric point for limestone and synthetic calcite ranging 

from pH 2.0 to pH 4.0, whereas the isoelectric point for hydrated cement paste is around pH 3.0 

(Alroudhan et al., 2016; Elakneswaran et al., 2009a, 2009b). Considering the favorable zeta 

potential zone for surface adsorption (|± 30 mV|), this study reports that only granite surface is 

unfavorable for FOG deposit particle adsorption on the surface. 

5.3.4 Calcium leaching 

Leaching of calcium ions from sewer line materials, specifically in the form of CH, is an 

important factor for surface FOG deposit formation and adhesion. 
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Figure 5.4: Calcium leaching potential of samples [Paste-0 and Paste-50 profile is from Kusum 

et al. 2020] 

Figure 5.4 shows the calcium leaching potential of limestone and granite samples. We 

observe that the limestone sample leaches a small amount of calcium. Limestone is made of 

calcium carbonate; hence the calcium reported in the leaching test is probably due to the 

dissolution of calcium carbonate. On the other hand, granite contains minerals like quartz, feldspar, 

and mica. Therefore, the calcium leaching from this aggregate is almost zero. Now, when the 

calcium leaching of these aggregates is compared to the leaching of cement pastes, it is evident 

that the leaching from both Paste-0 and Paste-50 is higher than aggregates. This increased calcium 

leaching from cement paste is due to the leaching of CH, which is more soluble in water (1587 

mg/L at 25°C) than calcium carbonate (15 mg/L at 25°C). Additionally, Figure 5.4 displays that 

the calcium leaching from Paste-0 is significantly higher than Paste-50. This reduction in calcium 

leaching is a result of the pozzolanic reaction between cement and FA resulting in greater than 50 

percent as would be predicted from just the 50 percent replacement of cement. During cement 

hydration (reaction of cement with water), CH and calcium silicate hydrates are produced. 
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Between these two hydration products of cement, most of the calcium leaching is caused by the 

dissolution of CH. 

5.3.5 FOG deposit formation and adhesion 

FOG deposit formation test results are shown in Figures 5.6 and 5.7. In total, 18 different 

FOG deposit tests were performed, each with three replicates. Some FOG deposit tests did not 

show any FOG deposit accumulation on their surface (such as the FOG deposit test on porous 

porcelain ceramic at CH_pH 11.0, AH_pH 11.0, CH_pH 7.0 conditions, PVC, and granite). These 

test results are presented in the supplementary documents section S1.1. 

Whether an external base adjusted the pH of the wastewater or not, the FOG deposit test 

results varied significantly. For concrete samples, the FOG deposit formed and adhered to the 

sample surfaces. However, for LS-P, LS-R, PVC, G-R, G-P, and all the porous ceramic samples, 

FOG deposit formation did not initiate until an external base was added to promote the bulk fluid 

saponification reactions. 

Moreover, the FOG deposits formed in the bulk liquid did not attach themselves to some 

test materials, i.e., Porous Ceramic (PC-PH), PVC, and granite. This variation in surface FOG 

deposit formation and adhesion can be explained by the materialôs chemical composition and 

surface properties that will be discussed in the following sections. 

5.3.5.1 FTIR analysis 

The FOG deposits formed on the test samples were analyzed using FTIR to observe the 

characteristic peaks at different wavelengths. The soap formed on the concrete sample surfaces 

did not exhibit a uniform appearance; qualitatively, the soap adhered closest to the surface, was 

firm to the touch, and could hold its shape, whereas the soap exposed to the wastewater was very 

soft and runny. A similar spatial layering effect was found in our previous work (Kusum et al., 
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2020). FTIR analysis was performed on soap samples separately collected from these two 

locations- one from the surface layer (SL) and another from the outer layer (OL) exposed to the 

wastewater to determine the percentage of saponification for each layer. 

Besides, laboratory-based calcium soap and sodium soap was also prepared at various 

stoichiometric ratios (100%, 90%, 80%, 60%, 50%, and 20%) to analyze with FTIR. This lab-

based soap provided important information about the calcium and sodium soapôs FTIR 

characteristics peaks (Figure 5.6). Additionally, this lab-based calcium soap provided a reference 

for the variation in physical properties of calcium soap at various saponification percentages. 

Figure S5 provides a plot relating the percentage saponification and concentration of calcium ions 

in lab-produced calcium soap. 

Figures S4a and S4b show the variation in calcium soap consistency with respect to their 

saponification percentage. We observed with increasing saponification percentage, insoluble 

calcium soap exhibited a more granular and dense appearance. Calcium soap prepared at a low 

saponification percentage (<20%) revealed a smooth and sticky form. Additionally, when this lab-

based calcium soap was dried, its appearance varied widely based on its saponification percentage. 

Calcium soap prepared at a saponification percentage higher than 50% solidifies and becomes very 

hard when oven dried. Whereas wax or honey-like consistency was observed when calcium soap 

prepared at a low saponification percentage (<20%) was dried. This is the first time a relationship 

between the percentage saponification and consistency of dried FOG deposits is reported. 

It is evident that the sodium soap exhibits a single peak at 1560 cm-1, whereas insoluble 

calcium soap exhibits two peaks near 1540 and 1577 cm-1 (Figure 5.6). Analyzing the FTIR spectra 

of surface FOG deposits collected from concrete samples (Figure 5.5a), similar twin peaks near 

1540 and 1577 cm-1 were observed for SL layers. For FOG deposits formed on concrete SL, we 
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also observed that the prominent calcium soap peaks near 1540 and 1577 cm-1 with a reduction in 

absorbance for LCFFAs and oil near 1708 and 1745 cm-1. This appearance of two peaks associated 

with a reduction in absorbance for LCFFAs and oil indicates that these SL FOG deposits are, in 

fact, insoluble calcium soap produced by saponification reaction between LCFFAs and calcium. 

Similar results for FOG deposits were obtained in previous research (Del Mundo and 

Sutheerawattananonda, 2017; Kusum et al., 2020). 

In contrast, when the FOG deposit sample was collected from the OL of concrete samples, 

it did not exhibit the characteristic calcium soap peaks, and displayed high absorbance near 1708 

and 1745 cm-1. Similar FTIR spectra were observed for the surface FOG deposits (SL and OL) 

adhered to the limestone samples. The absence of the peaks for the characteristic calcium soap and 

the presence of the high oil and LCFFAs absorbance bands indicate that the FOG deposits adhered 

to the limestone sample are not made of saponified LCFFAs; instead, it follows a different 

formation mechanism than the SL FOG deposits. 
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(a)  

(b)  

Figure 5.5: FTIR spectra of surface FOG deposits formed on (a) Concrete samples and (b) 

Limestone samples 
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Figure 5.6: FTIR spectra comparing lab produced sodium soap (NaOH) and calcium soap (CH) 

of LCFFAs with surface FOG deposits accumulated on Concrete-0 

The percentage soap content for various FOG deposits accumulated on the test sampleôs 

surface was calculated using Kusum et al. 2020 method and reported in Table 5.3. In Table 5.3, all 

the test samples had a higher saponification percentage for FOG deposits collected from SL 

compared to the FOG deposits collected from OL. This trend in percent saponification between 

SL and OL confirms that the surface FOG deposits are considerably more saponified as you move 

from the surface later to the outer most layers of these solids in sewer collection systems for 

concrete based materials. 

 Table 5.3 also shows that the maximum percentage saponification for the OL FOG 

deposits was below 10% (max reported was 7.5%). Although, for limestone samples (LS-R, LS-

P), the difference between SL and OL percentage saponification was negligible, which was also 

visible in Figure 5.5b. Another observation can be made from Table 5.3, which indicates that the 
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percentage saponification of FOG deposits formed on SL of previously used concrete samples 

(Concrete-0-UR, Concrete-50-UR) was always lower than the saponification percentage of SL 

FOG deposits of new concrete samples (Concrete-0P, Concrete-50P). Finally, the SL 

saponification percentage is always higher for Concrete-0 samples than for Concrete-50 and 

limestone samples. 

Therefore, Table 5.3 reveals that the formation mechanism between the SL and OL varies, 

with the SL soap being a saponified insoluble calcium soap. In contrast, the OL FOG deposit 

accumulation probably aggregates excess FOG. Comparing the physical appearance of lab-

produced calcium soap with FOG deposits found on the sample surface also supports these 

findings. FOG deposits accumulated on Concrete-0P SL exhibited a similar appearance and texture 

to insoluble calcium soap prepared in the lab for a high saponification percentage. Similarly, FOG 

deposits accumulated on the OL of Concrete-0P exhibited physical properties like lab-made 

calcium soap at a low saponification ratio. When the SL FOG deposits of Concrete-0P was dried, 

its consistency was semi-solid in contrast to the OL FOG deposits that looked like used oil (Figure 

S5). 

Table 5.3:      Saponification percentage of FOG deposits 

Test Number Sample ID pH Adjusted? SL OL 

1 Concrete-0-UR Yes 58.42 5.35 

2 Concrete-50-UR Yes 17.74 6.69 

3 Concrete-0P Yes 76.99 6.25 

4 Concrete-50P Yes 51.48 4.54 

5 Concrete-0P No 83.04 6.63 

6 Concrete-50P No 59.91 7.44 

7 LS-P Yes 7.63 4.55 

8 LS-R Yes 8.85 5.40 
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5.3.5.2 FOG deposit formation on concrete samples 

Figures 5.7a and 5.7c show the yield of FOG deposits accumulated on Concrete-0 and 

Concrete-50 samples when the pH of the wastewater was not adjusted using an external base. 

These FOG deposits tests simulate the accumulation on these concrete samples from the release of 

calcium due to their material composition and surface properties. Figure 5.7a shows that FOG 

deposit formation on Concrete-50P is 60% less than the FOG deposits accumulated on Concrete-

0P samples. This 60% reduction in FOG deposit is caused by the replacement of cement with FA. 

As shown in Figure 5.4, the calcium leaching from Paste-0 is significantly higher than that from 

Paste-50. Since the calcium leaching from concrete is caused by the CH dissolution from paste 

and calcium carbonate dissolution from aggregates (i.e., limestone), the reduction in calcium 

leaching for Paste-50 can be referred to as the reduction in CH dissolution. Hence, the 60% 

reduction in FOG deposit accumulation for the Concrete-50P sample must have resulted from a 

decrease in CH leaching from both the FA replacement and its pozzolanic reactions. 

The CH dissolution from concrete results high calcium concentration and pH near the solid-

liquid-interface (SLI) of the sewer line and wastewater. Researchers have shown that the pH affects 

the solubility of oleic acid (Feng et al., 2018; Jung et al., 1987; Quast, 2016). Jung et al. 1987 

showed that in the acidic pH range, oleic acid is insoluble; however, as the pH increases, part of 

the insoluble oleic acid dissociates and produces oleate ions. Previous research showed that 

concrete has high pore pH (>13.5) and FA replacement reduces the pore pH of concrete (Diamond, 

1981; Plusquellec et al., 2017). Additionally, previous study reported that CH dissolution of Paste-

0 is higher than Paste-50 (Kusum et al., 2020). Therefore, it is evident that at the SLI of Concrete-

0P sample, high concentration of CH is present resulting in a high pH and calcium availability. 

Due to this high pH near the SLI of Concrete-0P sample, oleic acid produces oleate ions that reacts 



   

104 

 

with available calcium through saponification reaction and accumulates on the surface of the 

Concrete-0P. This highly saponified insoluble calcium soap is dense and can strongly attach to the 

surface of the concrete. This surface soap then acts as a nucleation zone for other soap or FOG 

particles. In contrast to Concrete-0P, Concrete-50P leaches reduced amounts of CH. As a result of 

this reduced CH dissolution, near the SLI of Concrete-50P sample, the concentration of calcium 

and oleate ions are comparatively lower than the Concrete-0P sample resulting in a reduction in 

saponification percentage. Calcium soap formed at a lower calcium concentration and pH are soft 

in texture (section 5.3.5.1). As a result of this soft soap particles forming at the SLI of Concrete-

50P samples, they do not provide a stable nucleation site for other soap or FOG. Therefore, the 

FOG deposit accumulation on Concrete-50P is less than the FOG deposit accumulated on 

Concrete-0P. The FTIR analysis of SL FOG deposits also support this finding.  

It should be noted that for the test conditions where pH was not adjusted, the wastewater 

pH increased entirely due to the CH leaching potential of the concrete samples. However, for the 

test conditions where pH was adjusted by the addition of an external base, the wastewater pH was 

increased due to the combined effect of CH leaching from concrete surface and external base 

addition. Therefore, for the pre-formed FOG deposits test condition, it can be hypothesized that 

more FOG deposits can be formed and adhered to the sample surface. Figures 5.7a and 5.7b further 

confirms the hypothesis. It is evident that the surface FOG deposit accumulation for pre-formed 

FOG deposit test samples (Figure 5.7b) were higher than the test samples where FOG deposits 

only accumulated due to the calcium hydroxide leaching from concrete (Figure 5.7a). When 

comparing Figures 5.7b and 5.7d, the previously used concrete samples displayed a lower surface 

FOG deposit formation and adhesion. One explanation for this result could be the reduced CH 

leaching from the previously used concrete samples. 
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From the above discussion, it is evident that the pH plays an important role in FOG deposits 

formation and adhesion as it determines the solubility of LCFFAs in wastewater. As discussed 

above, the addition of an external base raises the wastewater pH, therefore, promotes hydrolysis 

of LCFFAs and oil to produce ions of LCFFAs. These LCFFA ions can react with background 

calcium (125 mg/L Ca2+ in this study) through a saponification reaction to produce insoluble 

calcium soap in wastewater. This insoluble calcium soap particles are encapsulated by micelles of 

LCFFAs, which in turn attracts counter ions (calcium), and finally, due to the double layer 

compression, a heterogenous FOG deposit forms containing saponified insoluble soap, 

unsaponified LCFFAs, and calcium ions. This heterogeneous FOG deposit, due to their low 

density, may accumulate near the air-water-interface (AWI) or can be adsorbed by the FOG 

deposits formed on the SLI. These bulk wastewater FOG deposits occur less in our tests that only 

released CH from the concrete surface, which was not able to keep the surrounding solution pH to 

more alkaline conditions. Hence, for the pre-formed bulk wastewater FOG deposits test, FOG 

deposits accumulation was the highest near the AWI (Figures S5b and S5c). 

The stability of this accumulated calcium soap near the AWI is highly dependent on the 

initial surface FOG depositôs properties. Since Concrete-0P has a high CH dissolution rate, this 

surface FOG deposit provides a stable adsorption site for the heterogeneous soap particles formed 

in the bulk wastewater, resulting in the highest surface FOG accumulation (Figure 5b and 5d). In 

contrast, the FOG deposit formed on the Concrete-0-UR and FA-replaced concrete surfaces were 

loosely bound and fell off under the force of gravity. This is due to the soft SL FOG deposits that 

formed resulting from a low CH dissolution from FA-replaced as well as previously used concrete 

samples. 
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Finally, in this study, the effect of carbonation was briefly investigated for Concrete-0P 

and Concrete-50P samples to understand the effect carbonation on FOG deposit formation and 

adhesion. Literature suggests that exposing concrete to environmental carbon-di-oxide causes a 

conversion of the CH present in the concrete to calcium carbonate (Atiĸ, 2003; Lu et al., 2018; 

Ngala and Page, 1997; Qiu, 2020). Some studies suggest that FA replaced concrete has higher 

carbonation depth than concrete prepared without FA (Khunthongkeaw et al., 2006; Lu et al., 

2018). In contrast, others reported that FA replacement up to 50% could exhibit lower or 

comparable carbonation than control concrete for the same exposure (Atiĸ, 2003). 

(a)  (b)  

(c)  (d)  

Figure 5.7: FOG deposit accumulation on concrete sample surfaces- (a) without pH adjustment, 

(b) Pre-formed FOG deposit test condition, (c) without pH adjustment (polished carbonated 

sample), and (d) Pre-formed FOG deposit test condition (previously used concrete samples) 
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Figure 5.7c displays the effect of carbonation on surface FOG deposit formation and 

adhesion. For all the FOG deposit tests conducted in this study, test samples were cut, polished, 

and immediately used for the FOG deposit formation test. However, Figure 5.7c represents the 

FOG deposit accumulation for concrete samples that were exposed to normal room conditions for 

35 days before the initiation of a FOG deposit test. As a result of this extended period of exposure 

in environmental carbon-di-oxide, these sample surfaces were partially carbonated. Therefore, 

testing on these samples would provide an indication of the effect of carbonation on surface FOG 

deposit formation and adhesion. When the test results of Figure 5.7c were compared with 5.7a for 

Concrete-0 samples, almost a 42% reduction in FOG deposit accumulation was observed for the 

carbonated samples. At the same time, Concrete-50C shows little impact from carbonation. 

To assess the extent of surface carbonation, SEM analysis was conducted on Paste-0 and 

Paste-50 samples exposed to environmental carbon-di-oxide. Figures 5.8a and 5.8b display the 

presence of characteristic rhombohedral for the calcium carbonate crystals on both Paste-0 and 

Paste-50. An SEM image for the limestone sample was also taken to compare this calcium 

carbonate crystal growth to carbonated cement paste. Limestone is made of calcium carbonate and 

Figure 5.8c displays the characteristic calcium carbonate crystal structure. Comparing 5.8a and 

5.8b, it seems that Paste-50 has less pronounced calcium carbonate crystal growth than the Paste-

0 sample. This reduced carbonation of FA replaced concrete could be due to the less available CH 

content of FA-replaced samples for the carbonation reaction. 
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(a)  

(b)  

(c)   

Figure 5.8: SEM image of (a) carbonated Paste-0, (b) carbonated Paste-50, (c) Limestone 
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We hypothesize that the carbonation of CH is the reason for the 42% reduction in FOG 

deposit formation and accumulation on Concrete-0C samples. Although the compact pore structure 

of concrete resists carbon-di-oxide from penetrating deep into concrete pores, the surface of the 

concrete can easily be affected by environmental exposure, as shown in Figures 5.8a and b. Since 

FOG deposit formation and adhesion is an interface phenomenon, sewer line surface carbonation 

could impact the surface formation and adhesion mechanism of FOG deposits. However, 

additional research is required to confirm this hypothesis. 

5.3.5.3 FOG deposit formation on non-concrete sewer line materials 

The FOG deposit test was also conducted on limestone, granite, PVC, and porous ceramic 

samples. Figure 5.9a and 5.9b displays the FOG deposit accumulation on limestone and porous 

ceramic samples, respectively. FOG deposits did not accumulate on the surfaces of granite, PVC, 

and porous ceramic made with porcelain and therefore, those test results were not reported here. It 

should also be noted that these FOG deposit formation tests were conducted for the pre-formed 

FOG deposit test condition (with the addition of external base, 3% v/v NH4OH) since no FOG 

deposits were observed without the addition of an external base. 

FOG deposit test results of these various test sample surfaces can be explained by the 

surface FOG deposit formation and adhesion mechanism discussed earlier. For the FOG deposit 

test conducted in this study, the synthetic wastewater can yield a certain amount of FOG deposits 

due to the limited supply of LCFFAs, calcium, and oil. Therefore, when the pH of this synthetic 

wastewater was adjusted using an external base, a certain amount of bulk wastewater FOG deposit 

formed and accumulated near the AWI or on the sample surface. The strength by which this bulk 

wastewater FOG deposits accumulates or attaches on the surface FOG deposits is dependent on 

the attachment strength of the surface FOG deposits to the surface of the sewer lines. The surface 
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FOG deposit accumulation is highly affected by CH dissolution. However, apart from the CH 

leaching, factors such as zeta potential, surface roughness, and absorption might play a role in 

surface FOG deposit formation and adhesion. 

Figure 5.9a displays the effect of surface roughness on the FOG deposit formation and 

adhesion. Since calcium leaching from limestone samples is caused by the dissolution of calcium 

carbonate, the pH near SLI is almost the same as the pH of the wastewater. Therefore, when pH 

of the wastewater was not adjusted by adding ammonium hydroxide, insoluble calcium soap was 

not formed for these samples. Once an external base was added, the wastewater pH increased to 7 

and resulted in a formation of heterogeneous soap particles that can accumulate near the AWI and 

SLI. As discussed in section 5.3.2, the absorption value of Limestone is higher, indicating they 

have a large volume of capillary pores. It could be possible that some of these heterogeneous soap 

particles formed in wastewater are entrapped in this large space. Additionally, the zeta potential of 

limestone samples (-10mV) at pH 7.0 indicates that the surface is highly favorable for physical 

adsorption. Therefore, the limestone surface attracts LCFFAs ions and other LCFFAs soap-ion 

complexes to its surface. As a result, soap particles are physically adsorbed on the limestone 

sample surface and near the AWI. However, it should be noted that these soap particles that are 

physically adsorbed to the limestone sample are loosely attached. This attachment strength was a 

bit higher for the LS-R samples than the LS-P samples, though the FOG deposit yield was similar 

for both LS-R and LS-P. This implies that the surface roughness does not affect the amount of 

FOG deposit formation, however, it affects the strength by which FOG deposits are attached to a 

surface through mechanical interlocking. For the FOG deposits accumulated on the polished 

limestone samples; a portion of the FOG deposit fell under the force of gravity while taking the 

sample out from the wastewater (Figure S5a). 
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For the PVC and granite samples, both rough and polished, FOG deposits did not adhere 

to these sample surfaces. Al though FOG deposits formed at the AWI surrounding these samples, 

when they were taken out of the wastewater, the surrounding FOG deposit remained in the 

wastewater, leaving no trace of FOG deposit attached to the sample surface (Figure S5g). For 

granite samples, this lack of attachment could be due to the high zeta potential (>|-30mV|) for most 

of the pH range (Figure 5.3b) which is unsuitable for any physical adsorption. This high zeta 

potential explains the reported lack of FOG deposit adhesion on granite surface when concrete 

samples were produced with granite as coarse aggregate (Kusum et al., 2020). Although the zeta 

potential value for PVC and porcelain porous ceramic samples were not measured, the lack of 

calcium and hydroxyl ions near these samples could explain why FOG deposits do not accumulate 

on these surfaces. 

Figure 5.9b displays the FOG deposit accumulation on porous ceramic (PC-CL) samples 

tested with various pore solutions. The test result shows that the higher pore pH resulted in higher 

FOG deposit attachment on its surface (i.e., pH_AH 11.0 and pH_CH 11.0). The result is consistent 

with other experimental tests and previous findings that high pore pH forms high FOG deposits 

(Kusum et al., 2020). However, it is observed that for the same pH, the one with CH as pore 

solution accumulated more FOG deposit on its surface than the sample that had AH in its pore. An 

explanation for this result is the leaching of calcium from pores which increases the saponification 

rate at the surface and yields more FOG deposits. Therefore, it can be said that pore solution cation 

also plays a role in FOG deposit yield and its accumulation. 
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(a)  (b)  

Figure 5.9: FOG deposit accumulation on (a) Limestone samples, (b) Porous ceramic sample 

(PC-CL) with pore solution made with CH (calcium hydroxide) and AH (ammonium hydroxide)] 

where x axis pH denotes pH inside ceramic pores 

5.3.6 Proposed FOG deposit formation and adhesion mechanism 

After analyzing all the test results conducted in this study, a comprehensive surface FOG 

deposit formation and adhesion mechanism is proposed. Since the surface FOG deposit formation 

is mainly affected by CH dissolution, the mechanism described here considers a surface that can 

potentially leach CH. Depending on the extent or even the lack of CH dissolution near the surface, 

this process will be altered, meaning insoluble calcium soap can still attach if they have conditions 

that allow for their formation upstream from the investigation site. The proposed mechanism 

(Figure 5.10) is chronologically described below: 

Step 1: Moments after wastewater encounters sewer line material, insoluble LCFFAs, and 

oil layer at the AWI interact with soluble LCFFAs micelles and background calcium dissolved in 

wastewater. 

Step 2: As soon as the sewer line material starts leaching calcium hydroxide, the pH and 

calcium concentration will increase near the AWI and SLI. The surface pH and calcium 

concentration will depend on the type of sewer line materials. Due to this high pH near AWI and 
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SLI, some insoluble LCFFAs near the AWI, as well as LCFFA micelles of wastewater, will be 

ionized and preferentially form an LCFFA monolayer at the AWI and SLI. 

Step 3: From the high pH, LCFFAs ions, calcium near AWI and SLI, saponification 

between calcium and LCFFA ions will initiate and form FOG deposit. These soap particles will  

attach to the rough surfaces of sewer line materials and work as a collection site for future soap 

particles or excess LCFFAs. Simultaneously, soap particles formed or present in bulk wastewater 

are entrapped by LCFFA micelles and calcium present in wastewater or leached from sewer line 

materials are attracted due to double-layer compression. These deposits of calcium soap, excess 

FOG, and LCFFA-soap aggregates are lighter than water and accumulate near the AWI and adhere 

to the saponified surface FOG deposits. 

Step 4: The saponification process, as described in step 3, continues with sufficient CH 

dissolution and maintains a high surface pH for the surface saponification reaction to occur. This 

ongoing saponification process forms more soap particles that are accumulated on the sewer line 

surface, covering the previous layers. Simultaneously, congealed FOG deposits from wastewater 

get accumulated at the AWI. Therefore, heavy FOG deposits are found mainly at the AWI. 
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(a)  (b)  

(c)     (d)  

(e)  

Figure 5.10: Surface FOG deposit formation and adhesion mechanism- a) Step-1, b) Step-2, c) 

Step-3, d) Step-4, e) FOG deposit formation in wastewater 

5.4 Conclusion 

This research aimed to understand the surface FOG deposit formation and adhesion 

mechanism. After analyzing all the test data, we hypothesized that the FOG deposit formation and 
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adhesion mechanism is an interface phenomenon that varies among different sewer line systems 

primarily due to their chemical composition and, to some extent, their physical surface properties 

such as roughness. In our study, we found that FOG deposits form on concrete surfaces due to the 

CH dissolution from cement hydration product. However, for other tested materials, a favorable 

condition that allow for the FOG deposits formation upstream from the investigation site was 

necessary to promote FOG deposit formation; thereby, surface adhesion. It was also observed that 

some of these surfaces did not form or accumulate any FOG deposits even when a favorable 

upstream condition was present for the FOG deposit formation. The granite surface did not 

accumulate any FOG deposit due to very low porosity and high zeta potential, which hindered any 

attraction forces from promoting surface adhesion. Limestone, on the other hand, did not form 

FOG deposits, however, adhered pre-formed FOG deposits due to their high porosity and stable 

zeta potential. The proposed surface FOG deposit formation and adhesion mechanism suggest that 

a high CH dissolution from the sewer line material is required to start surface FOG deposit 

formation on the sewer line surface, which promotes further FOG deposit adhesion. This study 

also indicates that smooth sewer lines with low porosity and CH dissolution potential will reduce 

the surface FOG deposit formation and adhesion, thereby minimizing the sewer line cleaning and 

maintenance effort. 

For a city to function properly, a disruption-free collection system is needed. However, due 

to the continuous rise in population growth, the collective human fat intake and discharge also 

continue to rise. FOG deposit related SSOs will continue to grow if proper maintenance or 

preventative measures are not performed. According to Bidenôs BBB infrastructure plan, around 

$1.850 billion is expected to be invested in sewer overflow and stormwater reuse projects. 

Therefore, it is likely that many of the old sewer collection systems in the U.S will be 
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replaced/renovated, and many more new collection system infrastructures will be built. Hence, it 

is essential to consider the construction material used for replacing or building these collection 

systems, given the results of our study. Focusing designs on sustainable sewer line construction 

material or future coatings that can reduce or eliminate the SSOs caused by FOG deposits will 

significantly reduce the associated environmental and infrastructure cost and increase public health 

protection. 
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Supplementary Materials 

Table S1 - Concrete materials mixture proportioning for 0% and 50% FA replacement 

Ingredients Paste-0 Paste-50 Concrete-0 Concrete-50 

Cement (kg/m3) 407.0 203.5 407.0 203.5 

Fly ash (kg/m3) 0.0 203.5 0.0 203.5 

Water (kg/m3) 171 171 171 171 

*Fine Aggregate 

(sand) (kg/m3) 

0 0 786 786 

*Coarse Aggregate 

(Granite) (kg/m3) 

0 0 1120 1120 

Water/Cementitious 

(w/cm) ratio 

0.42 0.42 0.42 0.42 

* Coarse and fine aggregate weight are in saturated surface dry (SSD) condition 

 

 

 

 



   

118 

 

a)  b)  c)  

d)  e)   f)  

Figure S1: a) Porous Ceramic Sample, b) B02M02 (left) porcelain ceramic made with high-fired 

silica, B05M01 (right) porous ceramic made out of clay, c) Granite, d) Limestone, e) Concrete, f) 

PVC 

 

 

 

 

 

 

 

 

 



   

119 

 

Table S2 ï Surface modification 

Sewer Line Materials Surface Modification 

Concrete-0P, 50P Polishing with #800 and #1200 each grit 2 minutes 

Concrete-0R, 50R Polishing with #120 for 2 minutes 

LS-P Polished with #800 and #1200 each grit 2 minutes 

LS-R Simple Saw cut surface 

G-P Polished by the supplying company 

G-R Saw cut surface 

PVC-R Polished with #120 for 2 minutes 

PVC-P Original PVC Surface, no modification 

PC-CL Original Surface, no modification 

PC-PH Original Surface, no modification 

 

 

Figure S2: Difference in surface roughness due to FOG deposit adhesion on the sample surface 
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Figure S3: The 3D image of different test specimens showing variation in their surface 

roughness and profile: a) Concrete-0R, b) PVC-P, c) PVC-R, d) LS-P, e) LS-R, f) G-P, g) G-R, 

and h) PC-CL 

 

 

 

 

 



   

121 

 

 

a) Concrete-0R 

 

b) PVC-P 



   

122 

 

 

c) PVC-R 

 

d) LS-P 
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e) LS-R 

 

f) G-P 
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g) G-R 

 

h) PC-CL 
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(a)   

(b)  

Figure S4: Consistency of oven dried lab-produced calcium soap and FOG deposit formed on 

Concrete-0P 

 

 

 

 

S1.1 FOG deposit test on porous ceramic samples 
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Figure S5: FOG deposit adhesion test on different test samples 
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a) Test on LS-SC samples 

  

b) Test on Concrete-0P and Concrete-50P samples 

 

c) Test on PC-CL (left) and PC-PH (right) 
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d) FOG deposit layers on Concrete-50P samples (pH adjusted) 

 

e) Concrete-50-UR (pH adjusted) 
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f) Concrete-0-UR (pH adjusted) 

   

 

g) Test on PVC-P and G-P 

S1.2 Kelvin Laplac Equation 

KelvinïLaplace equation correlates the relative humidity step to the Kelvin pore radius by 

assuming that the fluid leaving the pores is water: 

ὶ  
ς‎ὠ

ὙὝÌÎὙὌ
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where ɔ = surface energy of water (0.072284 N/m); Vm = molar volume of water (1.8 × 

105 mol/m3); R = ideal gas constant (8.3145 N·m/mol · K); T = temperature (K); and RH = relative 

humidity in decimal form. 

 

Figure S6: Percentage saponification and calcium content relationship for lab-produced 

insoluble calcium soap 
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CHAPTER 6 

Evaluation of Coating Materials to reduce FOG deposits Adhesion to Sewer Collection 

System Surfaces 

Samrin Ahmed Kusum, Mohammad Pour-Ghaz, Joel J Ducoste 

 

ABSTRACT 

Concrete is widely used among various available sewer line construction materials due to 

its high strength, widespread availability, and superior load-bearing capacity. However, concrete 

is a hydrophilic material that absorbs water through its pores, making it susceptible to corrosion. 

Concrete corrosion has numerous drawbacks, including structural damage; however, research also 

finds it as one of the factors affecting the Fat, Oil, and Grease (FOG) deposit formation and 

associated blockages inside sanitary sewer lines. Research has been performed to develop coating 

materials that prevent concrete corrosion. However, research has been performed to assess such 

coatings as a prevention strategy for FOG deposit-related blockages. This study prepared three 

coating materials using epoxy, n-Propyl-trimethoxy-silane (NP), and polymethyl-hydro-siloxane 

(PMHS). Results revealed that that coating solution prepared with NP and PMHS resulted in a 

hydrophobic surface with a very high contact angle (>130º). FOG deposit formation test results on 

the 0% and 50% fly ash replaced concrete samples showed that all three-surface treatment 

processes reduced the FOG deposit adhesion potential when the FOG deposit formation was 

entirely caused by the concrete surface's calcium hydroxide (CH) dissolution. It is hypothesized 

that the reduction in surface FOG deposit accumulation due to the application of coating materials 

on their surface is a result of the hydrophobicity caused by crosslinking and pore blocking of the 

concrete surface, which eventually resists water ingression. Additional reduction in FOG deposit 
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accumulation on surfaces treated with hydrophobic coating may be caused by the pozzolanic 

reaction between the CH of the concrete and the colloidal silica of coating materials. 

Key words: Hydrophobic surface coating, FOG deposits, Concrete, PMHS, Silane 

6.1. Introduction 

In the United States, 23,000 to 75,000 Sanitary Sewer Overflows occur annually, releasing 

approximately 3 to 10 billion gallons of untreated wastewater (USEPA, 2004). SSOs are diluted 

wastewater with detrimental environmental and health impacts as they contain pathogenic bacteria, 

viruses, helminths, and other contaminants that affect public health through surface water 

contamination. Apart from the environmental and health cost, cleaning up SSOs can cost an 

average of $1200 per event annually in the United States. There are multiple reasons for SSOs; 

however, 25% of the total SSOs are caused by the Fat, Oil, and Grease (FOG) deposits related to 

blockages. Research has shown that calcium leaching from concrete corrosion can cause FOG 

deposit formation and adhesion inside sewer collection systems (He et al., 2013; Kusum et al., 

2020). 

Since the early 1800s, concrete and vitrified clay pipes have been used in the United States 

to construct sanitary sewer collection networks (Tafuri and Selvakumar, 2002). Although high-

density polyethylene (HDPE), polyvinyl chloride (PVC), and polymer concrete have been 

considered alternatives, their cost, lack of rigidity, and issues with joints make them less reliable. 

Reinforced concrete pipe, therefore, is a preferred choice for wastewater conveyance systems due 

to their sustainability, long lifespan, low construction cost, high strength, ease of installation, and 

smooth flow by ensuring pipeline continuity. However, due to the capillary pores of the concrete, 

it is often susceptible to water damage resulting in corrosion and leaching of calcium hydroxide 

(CH). CH leaching has been identified as a significant factor that controls the saponification 
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reaction between calcium and Long Chain Free Fatty Acids (LCFFAs) to produce insoluble 

calcium soap known as FOG deposits or fatberg (He et al., 2013; Kusum et al., 2020). The FOG 

deposit-related problem is a growing concern due to the rapid growth in population and annual fat 

consumption. The National Restaurant Association reported the estimated restaurant sales for 2022 

to be around $898B (National Restaurant Association, 2022). With this rapid growth, developed 

countries worldwide face a global challenge to mitigate FOG deposit accumulation inside sanitary 

sewer collection systems. Recent research has identified the surface formation and adhesion of 

FOG deposits inside various sewer collection system materials; and reported that CH leaching 

from sewer line construction materials as the significant factor affecting the surface formation and 

adhesion of FOG deposits (unpublish work by Kusum et al., 2022). Since concrete is one of the 

primary construction materials used in sewer line structures, it is essential to develop innovative 

strategies that could reduce CH leaching from concrete; thereby reducing FOG deposit formation 

and adhesion. Our recent work has demonstrated that replacing cement with fly ash can reduce CH 

leaching from cement paste by more than 70% without compromising the strength and durability 

of concrete (Kusum et al., 2020). There are numerous studies related to combating concrete 

corrosion such as- developing composite concrete materials, integral lining of concrete pores, and 

surface modification of concrete using polymers (Al -Kheetan et al., 2020, 2019; Blunt et al., 2015; 

Flores-Vivian et al., 2013; Kusum et al., 2020; Li et al., 2018; Roychand et al., 2021b; Saraswathy 

et al., 2003; She et al., 2020, 2018; Xu et al., 2021). However, a significant research gap still exists 

that requires investigation of these various surface modifications of concrete materials to 

circumvent FOG deposit related SSOs. 

Among these various treatments, the hydrophobic modification of concrete surface, which 

can be achieved either by 1) preparing a coating to be applied on the surface or 2) by mixing the 
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hydrophobic agent during the concrete construction, has been significantly studied (Feng et al., 

2019; Y. Wu et al., 2022). Both processes have their limitations which should be considered 

carefully before their application. Modification of concrete material by adding a hydrophobic agent 

during concrete construction ensures hydrophobicity even after the surface of the concrete is 

degraded, whereas surface application of hydrophobic coating loses its effectiveness once its 

hydrophobic layer is damaged (Pan et al., 2017; Y. Wu et al., 2022). The hydrophobic modification 

of bulk concrete can improve durability; however, a blend of such hydrophobic material in the 

concrete mixture can adversely affect the compressive strength of concrete. In such cases, surface 

modification of concrete structures can be a suitable alternative. 

Some researchers have reported FOG deposits hotspots along the sewer collection network 

that are highly vulnerable to FOG deposit surface accumulation (Del Mundo and 

Sutheerawattananonda, 2017; Yousefelahiyeh et al., 2017). Therefore, a hydrophobic surface 

treatment of the sewer line, especially at these FOG deposit hotspot locations, can result in a 

reduced wetting of the concrete surface and water absorption. Reduced water absorption may 

reduce the leaching of CH from concrete and result in a reduction in FOG deposit accumulation. 

This study used three different coating materials prepared with n-Propyl-trimethoxy-silane 

(NP), polymethyl-hydro siloxane (PMHS), and 1-part epoxy floor coat and applied those coats on 

the concrete surface to evaluate their potential for reducing surface FOG deposit formation and 

adhesion. 

6.2 Materials and Methodology 

6.2.1 Materials 

n-Propyl-trimethoxy-silane (NP) and polymethyl-hydro siloxane (PMHS) were purchased 

from fisher scientific (Fairlawn, NJ). Ludox AS-40 Colloidal Silica was purchased from Sigma 
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Aldrich (St. Louis, MO). BEHR premium 1-part epoxy typically used for the floor and garage 

applications was purchased from a local building supply retail outlet. Ludox AS-40 colloidal silica 

was diluted (25%) using DI water to prepare the coating mixture. All other materials were used as 

purchased without further modification. 

6.2.1 Development of coating materials 

Three different types of coating materials were developed. Coat 1 was prepared by mixing 

6 ml of NP with 51 ml of deionized (DI) water. The mixing was conducted using a handheld 

ultrasonic homogenizer (USH) for 10 minutes. Then the solution was allowed to undergo a 

hydrolysis reaction of NP with water for 30 minutes. Subsequently, 3 ml of colloidal silica was 

added to the NP-DI mixture and mixed for 10 minutes using USH. Colloidal silica was added into 

the NP-DI solution to introduce a nano-scale surface roughness once the coating was applied on a 

surface. This mixture was designated Coat-1 and used to treat the concrete sample surface. 

Another coating solution was prepared by mixing 36 ml of DI water and 6 ml of NP for 10 

minutes using USH. This mixture rested for 1 hour to allow hydrolysis of NP with water. 

Subsequently, 3 ml of colloidal silica was added to the solution and mixed for 10 minutes using 

the homogenizer. Finally, 15 ml of PMHS was added to the solution and mixed for 10 minutes 

using USH. The resulting solution was designated as Coat-2 and used for the surface treatment of 

concrete samples. One part of epoxy was used as purchased to coat concrete samples and defined 

as Coat-3. 

6.2.2 Preparation of concrete materials 

A previous study showed that 50% fly ash replacement could reduce FOG deposit 

formation by more than 55% (Kusum et al., 2020). Therefore, this study aimed to identify if further 

FOG deposit accumulation can be achieved by using surface coating on fly ash-replaced concrete 
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and concrete made without fly ash replacement. Table S1 provides the mixture proportioning used 

to make concrete samples- Concrete-0 (0% fly ash replacement) and Concrete-50 (50% fly ash 

replacement) using Ordinary Portland Cement (OPC) (Type I/II) and class F fly ash. Concrete 

mixtures were made with an overall water-to-cementitious (w/cm) ratio of 0.42. Limestone was 

used as coarse aggregate, and washed river sand was used as fine aggregate. Concrete-0 was cast 

without FA replacement and used as a control sample, whereas Concrete-50 was cast by replacing 

50% cement with FA. Concrete mixtures were cast into 2 ³ 2 ³ 12-inch rectangular PVC molds in 

three layers, vibrated for compaction after each layer, and sealed and cured for 90 days before 

applying the surface coating materials. For the surface coating, the concrete material was cut into 

a 1 ³ 1 ³ 3-inch coupon using a wet-cut saw. 

6.2.3 Coating of concrete surface 

The literature provides various coating procedures for the hydrophobic solution, such as 

spray-coating, dip-coating, and brush-coating (Y. Wu et al., 2022). In this study, a dip-coating 

method was used. Initially , concrete coupons were vacuum dried at 60ºC for 24 hours and then 

cooled to room temperature. Concrete coupons were then thoroughly immersed in the coating 

solution for 10 minutes. After the immersion period, concrete samples were taken out of the 

coating solution and cured at 60ºC for 24 hours. To determine whether double-dipping the concrete 

material in the coating solution affects the contact angle, one concrete sample was coated with 

Coat-1 and cured as described in the methodology section. Once cured, this sample was dipped 

into Coat-1 again and cured following the same process. This sample was designated as DD-Coat-

1. For Coat-2, however, the double dipping process did not work as the sample's surface was 

entirely coated, and no new coating solution wetted the surface. To determine the effect of curing 
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temperature on the contact angle, one sample for each coating type was coated at room temperature 

for 24 hours instead of oven curing. 

For the epoxy-coated samples, concrete coupons were brushed using epoxy and left at room 

temperature to dry for 12 hours. After that, air bubbles visible on the concrete surface burst, and 

another layer of the epoxy coat was applied using the same brush-coating method. The coated 

concrete coupon was then dried at 60ºC for 12 more hours. Once the concrete samples were cured, 

their contact angle were defined using a goniometer (Ramé-hart, Succasunna, NJ). 

6.2.4 Contact angle measurement 

The wetting properties of the concrete coupons were measured by determining the water 

contact angle by goniometer. For the measurement, 5 µL of water droplets were placed on the 

surface of the concrete. The contact angle measurement started 20 seconds after placing the water 

droplets on the sample surface. Once the measurement started, twenty consecutive contact angle 

data were taken at 1-second intervals. The average of the 20 measurements was taken as the contact 

angle for that location. Five locations around the concrete surface were measured, and the average 

was reported as the contact angle for the concrete coupon. 

6.2.5 Surface roughness measurement 

The surface roughness of coated samples was measured by using a Keyance VKx1100 

Confocal Laser Scanning Microscope (CLSM) at the Analytical Instrumentation Facility (AIF) of 

North Carolina State University. For this study, the arithmetic mean height (Sa), maximum height 

(Sz), developed interfacial area ratio (Sdr), skewness of the surface (Ssk), core height of the surface 

(Sk), and the arithmetic mean of the primary curvature of the peaks on surface (Spc) parameters 

were analyzed. For each sample, 8 random measurement sites were selected from four different 

sides of the sample surface. For the roughness measurement, among the fitted 5X, 10X, 50X, and 
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150X lenses, the 10X lens was selected. The resolution for each roughness measurement was set 

to the standard 1024 ³ 768 pixels. After completion of the surface measurement, these roughness 

parameters were averaged over the 8 measurement locations. 

6.2.6 FOG deposit test 

The FOG deposit formation test was conducted on all the samples prepared and modified 

in sections 6.2.3. Test specimens were exposed to synthetic wastewater for 28 days in the FOG 

deposit experimental setup. The test procedure is described by Kusum et al. 2020. In brief, 

synthetic wastewater was prepared by mixing 700 ml of DI water, 30 g of oleic acid as LCFFA 

source, 20 g of canola oil, and calcium chloride (75 mg/l of Ca2+) as background calcium. After 

mixing prepared synthetic wastewater for twenty-four hours, one-third of the 3" long surface-

coated concrete coupon was submerged into the synthetic wastewater. The FOG deposit test was 

conducted without any pH adjustment of the wastewater to assess the effectiveness of the surface 

treatment applied on concrete samples to reduce FOG deposit formation. After 28 days of testing, 

the FOG deposits accumulated on the sample surfaces were removed, oven dried at 105̄ C, and 

weighed to measure the amount of FOG deposit formed on each sample surface. The FOG deposit 

adhered to sample surfaces was normalized by the sample surface area. 

6.2.7 Fourier Transform Infrared (FTIR) analysis of FOG deposits 

Fourier Transform Infrared (FTIR) analysis was performed on all the FOG deposit samples 

before oven drying to determine the saponified solids content of the FOG deposits following the 

Kusum et al. 2020 method. Infrared absorption spectra of FOG deposits were determined with a 

Bruker ALPHA spectrometer using a diamond Attenuated Total Reflection (ATR) sampling 

attachment. The absorbance and wavelength data were then processed using data processing 
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software (Origin Pro). The soap content of the FOG deposit was determined by Eq 1 (Kusum et 

al., 2020). 

 é (1) 

 

Figure 6.1: Schematic diagram of the concrete sample preparation and testing chronology 

6.3 Results and Discussion 

6.3.1 Contact angle 

The contact angles of the test samples are displayed in Figure 6.2. From the plot, it is 

observed that for both hydrophobic coatings, the concrete coupons cured at room temperature 

show a lower contact angle than the samples cured at 60ºC. As seen in Figure 6.2, the double 

dipping method for Coat-1 displayed a lower contact angle than concrete samples that were dipped 

once in Coat-1. This low value of contact angle could be due to the disturbance of the initial nano-

silica particles deposited on the concrete surface during the first coating. The nano-silica deposited 
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on the concrete surface was not chemically bonded to the concrete surface. Therefore, any surface 

disturbance results in a loss of colloidal particles from its surface. The colloidal silica was added 

before adding PMHS while preparing Coat-2. It is evident that Coat-2 provides the highest water 

contact angle, which is almost 3.5 times that of the control concrete surface. Superhydrophobic 

surfaces have a water contact angle higher than 150º, whereas surfaces with a contact angle higher 

than 120 but lower than 150º are called over-hydrophobic (Flores-Vivian et al., 2013; She et al., 

2020, 2018). In this study, for all the coating types and curing conditions, an over-hydrophobic 

surface was achieved for the test concrete coupons. From the water contact angle measurement, 

only Coat-1 and Coat-2 were selected for the FOG deposit test for their lowest wetting properties. 

(a)  

Figure 6.2: Water contact angle of concrete surface treated with the hydrophobic coating 

6.3.2 Surface roughness parameters 

For hydrophobic surface coating, surface roughness plays an important role. Among the 

six parameters that were analyzed in this study, Sa provides the average surface roughness for the 
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test sample and Sz provides the value of the sum of the largest peak and valley. Apart from these 

two, parameters such as Sdr provides important information about the surface roughness by 

providing a ratio of the actual surface area of a solid with the projected surface area. A high Sdr 

value indicates that the surface is not flat, rather has peaks and valleys. Similarly, Ssk is also a 

ratio that provides information about the skewness of the surface. A Ssk value higher than zero 

would indicate that most of the surface roughness of the test specimen is above the reference 

measurement line. Spc provides information about the sharpness of the peaks; a high Spc means 

the surface roughness peaks are very sharp and vice versa. Finally, Sk provides additional 

information about the surface roughness by providing information about the core height of the 

surface. A high Sk value would indicate that the surface area is composed of many peaks and 

valleys. 

Based on these surface parameters, Figures 6.3a to 6.3f indicate that the Coat-2 results in 

a high surface roughness compared to the other three surfaces. Additionally, a high Spc value 

indicates that the peaks available on the surface are very sharp, similar to the peaks of Coat 1 and 

Control sample. It is also observed that the Epoxy makes the concrete surface flat and contains 

smooth peaks compared to other surface coatings. 

Figures 6.3g to 6.3j show the optical profilometry of Coat 1 and Coat 2. It is evident from 

Figures 6.3i and 6.3j that the surface roughness introduced by Coat 2 is significantly higher than 

Coat 1. According to Cassie-Baxterôs model, this high surface roughness creates air pockets in 

between the peaks and valleys. Therefore, water droplets cannot reach the original solid surface 

and a more hydrophobic surface can be achieved. The contact angle result of this study agrees to 

this statement. 
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Figure 6.3: (a-f) Various surface roughness parameters for concrete surface, (g) 3D profile of 

Coat 1 applied on concrete surface, (h) height profile of Coat 1 applied on concrete surface, i) 3D 

profile of Coat 2 applied on concrete surface, (j) height profile of Coat 2 applied on concrete 

surface 
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(a)  (b)  

(c)  (d)  

(e)  (f)  

(g)  (h)  
































