ABSTRACT
KUSUM, SAMRIN AHMED. Enhancing th&€ollection System Conveyance by Reducing the

Formation and Surface Adhesion of Fat, Oil, and Grease (EB&g®sit (Under the directiof
Drs. Joel Ducoste anlohammadPourGha.

According to Bidends nearly $2 ‘trillion
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 sysiteithe U.S will be replaced/renovated,
and many more new collection systenfrastructureswill be built. According to the Clean
Watershed Needs Survey, the total nieedeplacing sewer lines is $42B addition to$25B and
$18B for the new collector and new inceptor sewers, respectively. These old sewer lines have
frequent joints, makinthemvulnerable to root intrusion or infiltration that camder the sewer
coll ection sy sApatmos thes® winerapibtiest eollection systens, the
accumulation ofat, Oil, and Grease (FOG) deposits and its assoatathry Sewer Overflows
(SSG) continues to be a major concern for sewer system sustaindhilitye United States, SSOs
release approximately 3 to 10 billion gallonsuoitreated wastewater annually, 25% of which is
due to FOGdepositrelated line blockages, resultirig an estimated FOG control cost of $25
billion. Therefore,while planning for new colle@n systens or replacing the existing sanitary
sewers, it is impant to account for thecreasedenvironmental and economic cost associated
with FOG deposit related SSOn this study,a surface FOG deposit formation mechanism is
proposedand a sustainable alternative sewer line construction materidkveloped hat can
reduce FOG deposit formation and its adhesion to sewer line surfaces. Additionally, a preliminary
study wasperformedto evaluatevarious surfacecoating solutios on concrete sewer linds

reduceFOG deposiadhesion and improve sewer collectgystemmaintenance



Calcium hydroxide (CH)eaching from concrete corrosion is a potential source for FOG
deposit formation and adhesion inside sewer collection sys@#isproducel in concrete during
the hydratiorof cementCH is watersoluble andtan releasealcium when exposed &corrosive
meda or water.This research showed that replacing cement fiytlash can significantly reduce
calciumhydroxideleachingthrough a pozzolanic reactioBue tothis pozzolanicreacton, CH
converts to stable hydration prodadhat hae a very slow calcium leaching potentiéh this
research, 50% and 75% of cement was replaced with fly BHs50% fly ash replacement
provided satisfactory compressive strength for sewer line cotisttuwith more than 55%
reduction in FOG deposit formationhis work also dterminedhat 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 tigh the surface is highly saponified calcium soap. In
contrast, the FOG deposit that accumulated near the wastewater contained an excess accumulation

of LCFFAs and ol

This research study also investigatied mechanism of surface formation and adhesfon
FOG deposits omarious sewer line construction materials such as concrete, PVC, limestone, and
granite. Through the analysis of these experimental testsurface FOG deposit formation and
adhesion mechanism was proposed. FOG deposit formation reaewer linevastewater
interface is highly affected by the CH leaching potential of the sewer Maeover thesurface
FOG deposit formation and adhesion mechanism varies among different sewer line ,systems
primarily due to the chemical compositiand surfacepropertiesof the sewer line material$his
studyconcludeghat surfaces with high zeta poten{@l£30mV|)repelled FOG deposit adhesion
to its surface. Whe@@H 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 lowCH dissolution potential, low porositygnd low zeta potenal will

reduce the sewer line cleaning effort @sdociated maintenance costs.

Finally, a preliminary studywas conducted tprepare hydrophobic coating materials for
the surface application on sewer line construction materiatdtecethe FOG depositadhesion
on sewer linesPreliminary data shows that the coating materials when applied to 50% fly ash
replaced concrete samplésrther redued FOG deposit formation and adhesion. However,
additional research is necessary to determine the durabilityhedet coating materials under

conditionsfound insewercollection 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 afsewer collection system is criticab fpublic 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 worstse senario, 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 depositsSEPA, 2004) With rapid population growth and
increased consumption of fat, FOG deposit related SSOs are becoming a gloteinco
Therefore, while planning for nesewercollecion systens 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. Althobghfundamental understanding
related to the FOG deposits formation is known, its surface adhesion mechanism is still unclear.
Many developed cities arggnificantly affected by the FOG deposit related SSOs and need a
strategy to reduce FOG deposit relatddckages 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 insitfesewer collection system laeveloping 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 mvided with background information about the growing concerns related to

FOG deposits, its formation mechanism, physical and chemical properties of FOG deposits, factors



affecting FOG deposit formation, and prevention strategies to reduce FOG deposttoforma

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 usedfwement

and analysis.

Chapter 4 is aopy of apeer reviewed journgublicationin 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 a® af 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 FAeplaced 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 concrethehaghest

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. Thresearch 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,
zetapotential, 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 accumulatiothese test materials, a



comprehensive mechanism was proposed for the surface FOG deposit formation and adhesion

process.

Finally, in Chapter 6a preliminary study was performdd explore various coating
materials that can be used footection of the sger lines from corrosion and eventually reduce
FOG deposit formation and adhesidm.this study threedifferent coating materials were tested
on concrete sample¥he coated concrete surfaces were tested for contact angle measurement,
surface roughnesand 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 Chapters54,and 6. The recommendations for the future work are also

discussed in this chapter.



CHAPTER 2
Fat, Oil, and Grease (FOG) deposits: A critical review of the formation mechanism and
management strategies

Samrin Ahmed KusunmilohammadPourGhaz JoelJ Ducoste

ABSTRACT

The annual Fat, Oil, and Grease (FOG) consumptiasincreaseddue to the rapid
urbanization, population growth, amtreasechumber offoodserviceestablishments resulting in
a surge in FOG discharg&OG in wastewater undergoes a chemical reaction known as
saponificationto form FOG depositsFOG depositsalsok n own as fhafedbdebar gs 0)
growing concern for many developed countaesl hae receivedabundant mediattention for
being asignificantchallenge for wastewater utility compani€G deposits buildup insidbe
sanitary sewer collection system redsits sewage carrying capacity asdu® Sanitary Sewer
Overflows (SSOs)Therefore, improper maintenance of sewer collection systerdsack of
prevention, management, and reduction strategies of FOG deposits may lead to financial loss as
well as environmental and public health hazafid®e main objective of this paper is to review
various research articles to understand the FOG deposit poesumvolved inhe FOG deposit
formation mechanism, identify the available prevention and reduction strategies for FOG deposits,
and determinéhefactors affecting the properties of FOG depodite reviewfoundthat the FOG
deposit formation is affeetl by several factorgpH, sourcesand availability of calcium Long
Chain Fredatty Acid LCFFA), and temperaturdhe FOG deposit formation insidee sanitary
sewer collection system is also affected by pghaperties of the construction materialssefver
lines as well as the location of the sewer pipEse FOG deposit management strategies include

the installation ot Grease InterceptdGl) andtheprevention of FOG discharge from households



through vailous awareness campaignBhis review would provide researchers an extensive
background knowledge about the FOG deposit watld ultimately offer insights into future
research directions.
Key Words: FOG, SSOs, Collection System, Wastewater, Fatberg, AGFF
2.1 Introduction

Grease inside sanitary sewer collecsgatemsas been considered detrimental as far back
as 1944vhenthe cooling effect ofat inside the sewer lines was referred to as the reason for grease
solidification and sewer line blockagé€ohn, 1944) A specific solution to overcome the
blockages related to grease was ahd®wever somepreventative strategies were offered in the
form of i) installation ofGreasdnterceptos (GIs), ii) proper maintenance of Gls, and iii) \@ars
local awareness campaigii€ohn, 1944) The same preventative strategies are still in; use
however considerableesearch has been conducted to understand the fate of Fat, Oil, and Grease
(FOG) in wastewateand theinterestwas renewed whem 15-ton fatberg was discovered the
London sewer systertBBC News, 2013)FOG is released frormoodservice establishments
(FSEs)such as restaurants, food processing sites such as meat ghaht®mestic kitchens.
According to the Food and Agriculture Organization (FARAO, 2013) the global per capitat
consumptionincreasedrom 67.23 gm/day in 1993 to 82.76 gm/day in 20ABother 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 couni{jégliams et al., 2012)A 2022 report byNational
Restaurant Association states that after a decline in restaurant sales in 2020 due to thd€OVID
pandemic, the foodservice industry sale resuthelupward trend in 202Xnd the projeed sale
for the year 2022 is estimated to be $88Bon (National Restaurant Association, 20ZPhe rise

in food service establishmesresulting from rapid population grow#nd urbanization has led to



increased FOG discharge into the sanitary sewer systameeFOG is released from its sources,
it is either separated in Gls (whpresent) or discharged intbe sewer collection systemnwhere

it undergoes various chemic@dansformationsand produces solid deposits known as FOG
deposits.

The sewer collection syan isan essentiahfrastructure designed to remowastefrom
homes, industriesind commercial establishments to a safe disposal location or tre&acikyt
Sewer collection systems haaespecificwastewater carrying capacity, which is reducedthdfré
are blockages inside the sewer system, causing the occurré&@®@sEewer line blockages have
several causesuch as root intrusion, sosiftiebrisaccumulation on the sewer bed, and FOG
deposit formatiorand accumulation otine sewer pipe surfacesccording to the European RecOil
Project, approximately 2.4 &f used cooking oil is disposeat into the sewer system per capita
per year without prior treatme(itlieuwenhuis et al., 2018l was reported that 25% of the SSOs
in the United Stateare due to FO@epositrelatedliine blockagegUSEPA, 2004)Around 21%,
75%, and 70% of the SSOs that occurs annually in Austrt@l@alnited Kingdom, and Malaysia,
respectively, are due EOGrelatedine blockage¢Del Mundo and Suterawattananonda, 2017,
Husain et al., 2014; Marlow et al., 201EOG depositrelatedblockages not only cause public
SSOs eventutcan alsaesult in sewer backups inside househatdsising loss of properties and
health hazardsSince SSOs are died 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 personalr davesehold
cleaningproducts, endocrine disruptors, pharmaceuticals, tbtat can alter the endocrine system

of wildlife at a very low concentratioffziz et al., 2011)



Besidesnvironmental pollution and public health hazards, cleaning up SSB®isery
expensive, costing an average of $1200eaemt(USEPA,2004) To reduce the frequency of
SSOs, regular sewer line collection systamintenance is conducteaging several methods
namely,water jetting, flushing, higlvelocity cleaner, and roddindgdiowever, jetting and high
velocity cleaners have reportédawbacks such a@ooding houses and backups into residents
while rodding and flushing aieeffectivein removing heavy deposi(§ SEPA and Water, 1999)
Despite the limitations, 95% of utility agencies undertake hydraulic jetting as preventative
maintenance costingan average of $937 per milglannan et al., 2004)Aside from SSO
occurrenceFOG can also disrupt the wastewater treatment plant (WWTP) processes and may lead
to an increased wastewater treatment chserefore, extensive research FOG depositsther
formation mechanism, management, and prevention strategies are necessary to maintain adequate
wastewater collection system conveyarids main objective of this article is to review previous
research papers to understand the FOG deposit formation msukaproblems 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 datalsasech as Web of Science,
Google Scholar, and ScienceDirect was conducted for vakmygordsrelated to FOG deposits
andtheirmanagemenBesidesthe scientific database, several official websitesh asheUnited
States Environmental Protection Agency (USEPA) and Food grnduture Organization (FAQ)

were also browsed for reports by searching F@@ositrelatedkeywords.



2.3 FOG deposits: A growing concern

Although initially, it was believed that FOG deposits are the result of FOG solidification
due tothe cooling effet, research showed that FOG deposits are insoluble saponified solids
produced by the saponification reaction between LCFFAs and calonsCohn, 1944; He et
al., 2011; Keener et al., 20080G deposits are reported to be adhesive in nateeeforethey
can adheréo the sewer line surfacemdreduce the sewage cging capacity and eventualbause
SSOs(He et al., 2011; lasmin et al., 2014; Kusum et al., 202Qure 2.1 shows the restaurant
industry sales growthver the years in the U®hich consequently resulted in arcreasd FOG
discharge into the wastewater collection syst&€he damaging consequence of thigh FOG
discharge is the formation of FOG deposits (Fig2i®) and the occurrence of SSOs and sewer

backups thatlisrupt public andhousehold sewer systems.
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Figure 2.2: FOG deposits inside sanitary sewer collection syg@moto: The city of Superior,
Wi)
2.3.1 FOG deposit formation mechaism
After analyzing FOG deposits collected from twetliyee cities around the US, it was

found that 84% of the FOG deposits contaiadugh concentration of calcium; thereforewas
hypothesized that the FOG deposits are the metallic salt<BFAs formed by a chemical
reaction known as saponificatigdeener et al., 2008 Additionally, according tdeener et al.
2008 the FOG deposits formed through an intermittent formation process resulforghation
of layersdue to saponification reaction and subsequent debris accumul&temmer et al. 2008
also reported two othecategorienf FOG deposits, one where FOG deposits resulted from the
accumulation oéxcesdipids from waste dischargesd the other one is mineral deposits without
any FOG in itThe type of FOG depositssultingfrom theaccumulation oéxcessipids exhibits
oil profiles similar to cooking oilswith the difference that cooking oibdsnot show gresence
of metals or mineraldn comparisonthe FOG deposit formed due to saponification reaction
exhibiteda very different fatty acid profile than éhcooking oil.To further study the FOG deposit
formation mechanisntie et al. 201ktudied formation of FOG deposit by producingoluble
calcium soaps oECFFAs in laboratory conditions by saponification of LCFFAs and calcium

chloride to determine thersilarities/dissimilarities between thab-producedsoaps anthe FOG
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deposits collected from sewer lingsle et al., 2011) The study found that the fatty acid
composition of the lafbased FOG deposits and FOG deposits collected from sewer lines were
very similar. Further analyses were conducted using a Fourier Transform Infrared (FTIR)
spectrometer tadentify similarities among various bonds in calcium soap and FOG deposits
collected from sewer line§he FTIR analysis alssuggestedhatthe saponificabn of LCFFA

and calcium forms the FOG depasitproduce insoluble soap of calciuons However, the study

also reported that the total fat to calcium ratio decreasedanithcrease in calcium content,
indicating that the FOG deposit formation mechanmay 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 FOQGlepositsamples collected from 60 lattions along various sewer
collection systemsand pumping stations in the UK reported that saponification is not the only
process responsible for FOG deposit formafiafiliams et al., 2012)They reportedhe presence
of excess calcium (0.27 mol Ca/g of FOG deposits) compared to about 0.0006a#yretidg
of FOG depositsThey referred to this excess calcium as the result of bidbimation that
promotes FOG formatiordowever,after further analysis of the data presented in the artiate,
concentration of calciumshould have beef.00027 mol Ca/g of FOG deposits rather than the
reported value of 0.27 mol Ca/g of FOG depdRiisrevised calculation indicatéisat the calcium
level is well below the amount dtty acidrequired for stoichiometric saponification reaction

Another research by He et al. (2013) provided a comprehensive model for the mechanism
of FOG deposit formatiomside sewer line collectiosystemsThe study reported tHermation
of FOG deposgon the surface ahe concretefor the first time The authors stated that calcium

leaching from concrete at low pebuld contribute to the formation ai FOG deposit iad the
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resulting FOGdepositwas moreviscouswhenformed in the presence of unsaturated fatty acids
versussaturated fatty acidélsing the characteristiad the FTIR spectrum for calcium soap, the
study showed that the&hite FOG deposit formed at theravater interface and on the surface of
the concrete was saponified calcium soap of free fatty ddmsever, the brown submerged FOG
particles in the solution did not shakaracteristiavavelengths associated with calcium soap of
fatty acids, indicatinghat the particles were not saponified solEsperiments where Gl effluent
was tested without the addition of oil showed FOG deposit formation; howevedjdeyt adhere

to the surface of the concretérom that observation, they concluded that tdkeaive FOG
deposits usually found attachédlthe surface of the sanitary sewer lines were made from the
saponification reaction of free fatty acids in the presence dflowever, they also reported that
the presence of oil without any free fatty adilits not produce FOG deposits after 28 daywhef
testing periodTherefore, they concluded that the adhesive FOG dgpasiticednside sanitary
sewer linesesults fronthe saponification reaction betwele@FFAs and calcium ion exclusively

in the presece of oil Oil helped to bring the LCFFAs to the airwater interface for the
saponification reaction to take pla€ether data from the same study states that the FOG deposit
formed with saturated fatty acids produced less adhesive FOG deposits thasatugated fatty
acids.

Additionally, after analyzinghe FTIR spectrum, they observedlift in the characteristic
wavelength of the calcium soap bandbey concludedhat saponification reaction rates varied
for different fatty acidswith palmitic exhibiting a faster reaction than oleic and linolEinally,
they proposed a model (Figug3) for the FOG deposit formation mechanism inside sewer

systems, revealing #four major componentgamely calciuml.CFFAs, FOG (or oil), and water
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are required for th€OG deposit formatianwithout the presence of all four compone®G

deposis will likely not form on concrete.
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Figure 2.3: FOG deposit formation mechanisas proposed by He et al. (2013)

A recent article further supports the FOG deposit formation mechanism suggested by He
et al. (2013) while conductindpe FOG deposit formation test on concrete samf{esum et al.,
2020) In this researchthe authors aimed to reduce the FOG deposit formation on sewer line
surfaces by replacing cemehi@ration of cement isesponsible for calciurhydroxideleaching
from concrete) with Fly Ash (FA) in concrete constructidfter testing theseoncrete materials
with fly ash replaementin the FOG deposit formation test, the authors concluded that FOG
deposit formatiorouldbe reduced significantly lyeplacingcement with FAThey also reported
that FOGdepositscan still form on the concrete surfagghout calcium in wastewater due to the
cdcium leaching fronthe concrete itselfThis study further cited saponification as firé@nary
mechanism foFOG deposit formatiant statedthat calcium leaching at high pH from concrete
pores resulted ithe formation of highly saponified CFFAs, and hese FOG deposits firmly
adheredo the concrete surfac®n the other handalcium leaching from concrete containing fly
ash at low pH producddss saponified CFFAs. This study, for the first time, also verified that

there was a layering effect withthe FOG deposit that formexibsest tahe concrete surface as
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opposed to the FOG deposit thvaas accumulatedurther from the surfaceUsing the FTIR
spectra, authors showed that the saponification percentage of the FOG deposit that formed on the
surfaceof the concretevassignificantly higher than the FOG deposit that forriwtherfrom the
concretesurface.This result indicates that near the surface of the conc@#&As were quickly
and completely saponifiedovering the surface of the concretehWirOG depositglue to a high
pH resulting from high calciurhydroxideleaching This highly saponified concrete surface layer
eventually reduced the calcium availability for the next layer saponificattoerefore, the FOG
deposit that formedufther fran the concrete surfaceas a mixture of partially saponified
LCFFAs intermixed with the usaponified FOG antdCFFAs.
2.3.2 Physical and chemical properties of FOG deposits

The physical and chemical properties of FOG deposits vary widely based on tienlocat
of the FOG dROGIepasitsrdtise severicalléction system can have a grainy and
sandstondike texture with varyingcolorsfrom white to brown(Keener et al., 2008However,
the FOG deposit formation process inside a sanitary siaveeis a discontinuous process with
alternate layers of FOG deposit formation and accumulation of debris like sand/grit from
wastewaterA recent study has shown this layering effect of FOG deposits on cosaréees
where the chemical composition et spatially from the sewer line surface to the wastewater
(Kusum et al., 2020)Table 1displays the physical and chemical propertiessarfious FOG
deposits collected from several locations around the wifterent research studies focused on
physical and chemical properties that varied from one study to an®tig#e2.1 lists the most
common physical and chemical propertasFOG deosits from previous research to better
understand how these properties vary based on locakia critical physical and chemical

properties of FOG deposits evaluated in these selected research studies include moisture content,
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density, porosity, yield stngth, metal ions (calcium, iron, aluminum, magnesium), primary fatty
acids, primary saturated fatty acids, and primary unsaturated fatty Boetsbleshowsthat the
reported moisture content of the FOG deposits varies over a wide(Ea8@6%) The moisture
content otheFOG deposit might be highly affected by the flow condition of the wastewater inside
a sewer collection systeriherefore, moisture content alone cannot be used to understand the
physical and chemical composition of FOG depositslensanitary sewer linesloisture content

when studied with porosity and yield strength of the FOG deposly provide important
information about the overall structure of the FOG depdbi porosity and density of the FOG
deposits studied in thesesearch papers also varied widely for the various field FOG deposits
collected from different locations and sources. High density, low porasity low moisture
content FOG deposit would point towarsnpletely saponified FOG deposit#h a probability

of very little debris intermixedAt the same timea high moisture content, high porosity, and4ow
density FOG deposit would indicate that the FOG deposit mainly consists of partially saponified
or unsaponified LCFFAs and oil wiin increasedccumulatiorof grit-like debris.However the
porosity and microstructure of the FOG deposits depend drQIG sources. Ongtudy showed

how FOG deposits formed thelab usingdifferent oils, such agalm oil, olive oil, chicken fat

and pork fat exhibited differg microstructuresThe SEM images of thosab-madeFOG 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 kigh yield strength FOG deposit will make
cleaning (jetting or rodding) the sewer lines difficiteener et al., 2008)A major factor
determiningt he FOG depositds yield stren@Ghchins t he

palmitic and stearic acids showaHigheryield strength levelWwhereas oleic acid resulted in lower
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strength(Gross et al., 2017)his 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 tththe FOG deposit process is the

saponificationreaction between calcium and various saturateshturated fatty acids present in

wastewater.
Table2.1:  Physical and chemical properties of FOG deposit
FOG deposit source
FOG 9 locations in 5 locations in

23cities in the 3 locations in the

deposit properties United States th_e United United States the United
Kingdom States
Moisture Content 5.8%- 86% 149 %-94.7% NR 8.88%-
(%) 63.88%
Porosity (%) 6.9%-23.8% NR NR NR
Density 0.97 1.32 NR NR 0.717 0.93
(g/cny) (9/ml)
Yield Strength 4.17 56.6 NR NR 200- 408
(kPa)
Calcium 4255 ppm 10940 mg/kg 12770 mg/kg 0.2%- 9.6%
DW DW
Iron 387 ppm 1845 mg/kg 2430 mg/kg DW 0.003%-
DW 0.03%
Aluminum 257 ppm 1082 mg/kg NR NR
DW
Magnesium 117ppm 910 mg/kg DW 960 mg/kg DW NR
Primary fatty Palmitic Palmitic Palmitic Palmitic
Acid
Primary saturated Palmitic Palmitic Palmitic Palmitic
fatty acid
Primary Oleic Oleic Oleic Oleic
unsaturated fatty
acid
References (Keener et al., (Williams et al., (Benecke etal., (Gross etal.,
2008) 2012) 2017) 2017)

NR = not reported
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Figure 2.4: Environmental scanning electron microscopic (ESEM) images of FOG defidsits
Mundo and Sutheerawattananonda, 2017)

The literature reporthat FOGdepositformed from FOG containinghigh concentration
of unsaturated FFAs exhibited more adhesive ndfaress et al., 2017; He et al., 2013; Williams
et al., 2012) which links the physical properties of FOGleposits to its chemical
properties Moreover the chemical properties of FOG deposits vary according to the collection
site of the FOG deposit®Villiams et al. (2012) reported that FOG deposits collected from sewer
lines had low levels of oil compared taatitollected from pumping stationshe FOG deposits
collected from the pumping station contairtleehighest oleic to palmitic acid rati6OG deposits
collected from the sewer lines had higher moisture cothantthat collected fromthe pumping
station.Gr oss et al . (2017) noticed that the FOG
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, andnost importantly LCFFAs (He et al., 2013)Depending on the
availability and type of these four fundamental componghtsF OG deposi tds phys
chemical properties can vary wides briefly discussed ithe previous sectiomApartfrom these

components, research has shown pH and temperature also can affect the FOG deposit formation
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and its propertiesThis review will discusshe effect of differentypesof calciumsourcesFFAS,
FOG, pH, and temperature.
2.3.3.1 Effect of type afalcium 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 texturesfor calcium chloride calcium hydroxideand calcium sulfatélasmin et al.,
2014) The study reported that FOd&epositformed with calcium sulfate and calcium hydroxide
were granular and rough in textwemparedo that formedusing calcium chloridelThey reported
thatthe colo of the calcium soagvas also different for calcium chloride and calcium sulfate
producing whitish sogpvhereas calcium hydroxidesultedn ayellowish-coloredFOG deposit.
They mentioned that the changes in the texture and the FOG deposit propertiessidtifdom
the solubility d different calcium salt used in the experiments. The reported saponification
percentages were higher for soaps made with calcium chloridéotrerap prepared with calcium
sulfate.
2.3.3.2 Effect of FOG and FFAs type

lasmin et al. (2014) conducted laboratory experiments with different fy@€3(canola
oil and beef tallow) to understand theffecton the FOG deposit formation and its prop{The
authors reported that the beef tallow formed less FOG ddpasitanola oil. They also stated
that the fatty acid profile of the FOG deposit formed at the source of FOG generasisimilar
to the sourcef FOG used at the beginning of the FQé&posit formation testhis indicates that
the generation of FOG in FSEs, domestmseholdsand food processing unitonsiderably
impactsthe type and physical properties of FOG deposits forming at the location discharging FOG.

However, the FOG depdsj once formed, may undergo some changes due to chemical and
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microbial activity inside the sewer collection systewhich might changéheir fatty acid profile
as well as physical properti@de et al., 2013; lasmin et al., 20Mijlliams et al., 2012)

Another research conducted with coconut oil, pork fat, chicken fat, olive oil, palamdil
soyabean oil stated that the soap made with soybean oil looked like a thin er{idddiddundo
and Sutheerawattananonda, 20100 the other hand, soap maalgh coconut oil, pork fat, and
chicken fat solidified if left at room temperature for a peridthen the color of the FOG deposits
was analyzed, it was observed ttiair fat/oil source highly influenced the color of the resulting
calcium soapFor exanple, palm olein oil soaps had the most pronounced yellow,soilar to
olive oil soap, whereas coconut oil soaps exhilatethitish color.Therefore, the color of the soap
can behelpful in identifying the sourceof FOG responsible for the fresfOG deposits. When
comparing the percentage saponification of these FOG deposits, it was found that palm oil,
soyabean oil, and olive oil had higher saponificapencentagethan pork fat, chicken faand
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 fattytheréfore the saponification
percentage results from this study once agaiggesthat FOG with a high concentration of
unsaturated fatty acid generate higher FOG deposition.

By studying the microstructure and rheology of these different calsaapsformed by
various FFAs, researchers found tbalcium soaps prepared from the same fat/oitc®mehowed
different microstructures depending on their extent of saponificafldel Mundo and
Sutheerawattananonda, 2017Authors reported by analyzing Con#&dc Laser Scanning
Microscope (CLSM) images that the same FOG source solids preparealhigtih percentage of
saponification exhibited mongronounced network entanglements and poroAya result, FOG

deposits that are highly saponified are more likelgntrap liquid, excess FO@nddebris from
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wastewaterFTIR spectraonfirmthis observation as high absorbance is found near 340@rm
calcium soapvith ahigher saponification percentagegure2.4shows the SEM imageand the
palm oil soap wi higher saponification percentage @ showselongated and irregular
pores Whereasthe microstructure exhibits large hollow spaftesthe same FOG with a low
saponification percentageNhen the chicken fat soaps were compared for two different
saponiication percentagest was observed that the less saponified exhibited a solid network with
large holes and the highly saponified soap dotightly packed microstructure.

Anothercritical factor that affects the FOG deposit formatandits propertiess the type
of LCFFAs present in the FOG or wastewatBesearcthasshown that three major fatty acids
(palmitic, oleic, and linoleic acidjrefound in FOG deposit@enecke et al., 2017; He et al., 2011;
Keener et al., 2008; Williams et al., 2012hese studies reported that the FOG deposit formed by
oleic acid produced much higher solid deposition and more adhesive calciuthaopalmitic
or linoleic acid He et al. (2013) mimicked the FOG deposit formation on concrete surfdoes
statedhatwhen saturated fatty acids, such as palmitic esidpared to thensaturated fatty acids
such as oleic and linoleic acids, react with calcium, comparatively fewer adhesive solids are
formed with less corrosion on the concrete surfabey concluded thatith anincreasing number
of double bonds, FFAegesultin more sticky calcium soap formatio8imilar results were also
reported by Williams et al. (2012).
2.3.3.3 Effect of pH

Since saponification reaction is a reaction betmMe€rFAs and base, thiermation of
insoluble calcium soafs highly affected by theeactionpH, LaboratorybasedFOG deposits
prepared using calcium chloride (or calcium sulfate) and canola oil at various pH (7, 10, 14)

produced different types of FOG depogitsmin et al., 2014)t was found thathe FOG deposits
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formed at higher pH had differecblorsandtexturesfor calcium chloride salt thaROG deposits
formed at lower pHCalcium sulfate, however, alwapsoducessignificantly whitish solid soap
irrespective of the pH condih. Authors referred to these changes in color and textsthe
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 thaltl is anessentiafactor because it affects the release of calcium
from sewer line construction materials such as concrétey found that calcium release from
concrete samplesas111 mg/Leven at neutral pHAnother research conducted to understand the
FOG deposit formatin on various sewer line collectiesystemseported that the high pH at the
interface of the concrete ah@FFAs resulted in a higher FOG deposit formafjiinsum 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 soapwiiaahighly adhesive ahfirmly attached to the
concrete surfacd=TIR spectra of the ®G deposit collected from both surfaces showed that the
percentage saponification of the FOG deposits accumulated on the low calcium leaching surface
wasaround 34% compared to 54% for thetigalcium leaching concrete surfadde authors

stated that the higher pH resulting from high calcium hydroxide release ensured complete
saponification of the availableCFFAs at the concreteastewater interfaggoroducing dense
calcium soaphatis hardto clean.

2.3.3.4 Effect oftemperature and wastewater composition

lasmin 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

propeties. It was previouslysuggestedhat FOG deposits inside sewer collectgystemsare
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congealed FOG due to the cold tempera(@ehn, 1944) However, researchassince been
conducted and reported that FOG deposits are not congealedlE€aponified insoluble calcium
soap. The congealed FOGhowever,may aggravate the FO@epositrelated problems by
accumulating inside sanitary sewer lines and contributing to the growth of FOG depasitser
study reported that FO@epositsformed with @conut oil, chicken fat, and pork fat solidified
when left at room temperatug@el Mundo and Sutheerawattananonda, 2017)

From previous research, it is stilhclearabout the contributions afater hardnest the
formation of FOG deposi One study showed no correlation between the FOG deposit calcium
concentration and water hardnék®ener et al., 2008)n contrast,another study reported that
water hardness increases the calcium concentration in FOG degpuiiitsms et al., 2012)A
recent study found #t wastewater containing high calcium concentration produces more FOG
deposits inside sewer collectispstemgKusum et al., 2020)his increased~OG depositsould
be due to the increased calcium availability that can further take laetsaponification of FFAs
and produce more FOG deposits.

24 FOG deposits prevention or management strategies

Any waste management program has two mhbjedaiives: minimize waste production and
reuse the waste produceda. the case of FOG deposits, therefore, itcisicial to reducethe
formation of FOG deposits and find ways to retreedeposits removed from the sewer system.
To date numerous researchuslies have been conducted to understand the complex mechanism
of FOG deposit formation, kinetics of FOG deposit formatandfactors affecting FOG deposit
physical and chemical properti¢towever few research has been conducted to minimize the FOG
deposit formation inside sanitary sewer collection system once FOG enters the wastewater stream.

The standardmethods of minimizing FOG deposit formatiarclude reducing FOG discharge
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from the foodservice establishmentdomestickitchens slaughterhousesnd food processing
units by reducing the FOG consumption or placing a Gl to capture H@&@&ver, capturing 100%
of discharged FOG is not always possible due to the lack of efficiency or proper maintenance of
Gls; therefore, FO&ontinues to be releaséd the sewer collection systerAs a result, it is
necessary to explore alternative approaches to reduce the FOG deposit formation and accumulation
insidethe sewer collection systempart from installing and maintaining Gls performanfethe
same time, ifs 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 lamtéli&llowing
sections will briefly discuss various preventative or management stiatbégieare currently in
use or being explored.
2.4.1 Gl installation

Glsseparat&OG and debris from wastewater through gravitational separ&iimce FOG
floats and solid settles, a Gl can trap FOG and other solid particles from wastéloatever,
this separation of FOG and other solid particles is highly dependent on the design ofGle GlI.
are the most common methods for separating FOG from wasteWsaare typically used in
FSEssuch agestaurantandhotels however Gls can alsde introduced fohigh-rise buildings
discharging FOG similar to an F$Hattsson eal., 2014) The size of Gl is selected according to
the volume flow rate of the wastewater coming franFSE, a specific retention time for FOG
removal, cleaning frequencihe number of seats at an FS&nd various FSE characterization
factors(Aziz et al., 2011)A study reported that the performance of a traditionat@lld be
improved by installing tube settlers when the hydraulic retention time is less than 30 rftiutes

and Ng, 2000)

22



Another study reported that a total of 64% and 80% of the Swedish and Norwegian
responderst stated thathe Gl system was installed at the majority of the restaurants in their
municipalities However,the system did not perform well abe Gls were irregularly inspected
with only less tharthreetimes per year emptying frequen@attsson et al., 2014Yherefore,
even thouglan adequatelgesigned Gl can effectively sepa&OG from wastewater, improper
maintenance and emptying frequency result in a FOG buildup itredewer collection system.

A study conducted to develop management strategies for FOG collection, treatment, and disposal
reported that Gl efficienciesould be improved by avoiding the use of emulsions, spdhegse

of cleaning agents, draining surfactéaden food waste at the end of the day to ensure better
separation, train kitchen stgftoll 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 readilyand these vulnerable locations are often known as B&#@siti hot 8. pot s
These hotspots are vulneratdehe FOG deposit buildup duedeverafactors suckasthelocation
of the sewer pipdrom FSEs, characteristics of the sewer pipe (i.e., size, materaisl),
characteristics of the sewer network (bends, sddshtificaion of FOG deposit hotspots can
provide an understanding of where repeatdGrelated blockages occur so that timely
inspection, cleaning, anmaintenancef the sewer collection system can be condu¢fethur
and Blanc, 2013)The wastewater collection system of two cities in the U modeled to
predict FOG deposit hotefs which can be used to plan preventative cleaning and maintenance
schedulegYousefelahiyeh et al., 2017)his model could predict 65% of the reported high FOG

deposit accumulating zones.
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A few common sewer cleaning methods are tigetkan the sewer collection systeuach
as rodding, flushing, and jettif SEPA and Water, 1999 hese cleaning methods are used to
clear blockagesand act as preventative maintenandéesemethods have some limitations;
however hydraulic jetting ighe most effective method fo0& deposit cleaningdne report from
thejoint investigation othe 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/milgannan et al., 2004 his method is costlynd efficient for smalt
diametersewers with low flowcondiions and may cause damage to the sewer line surfaces
(USEPA and Water, 1999)herefore, the best management practice is preventative management
ensuringFOG are not entering the sewer systdinis can be achieved by installing Gl 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 oASIa.resultmany utilities management
companies have opted fBOG managememirogramsand awareness campaigns.
2.43 FOG management program and awareness campaigns

There are numerous water service authority initiatives around the world undertaking FOG
management program and awareness coamplaigmsh aa
been rebranded in 2018 as fADefend yeuGr ddasad s
campaign in Mississippi, ALIi veSewer Smarto can
campaign i n VirgiiNoita,Dofwht dph ea StiedTKhoiDdbEmu s ihgn i
campaigns in Ontario, Canaddlost municipalities in devefged countriespromote best
management practices such as recycling waste cookingudtiing used cooking oil in a grease
container,anddry wipe pots, pans, and other utensiésorewashing to helgight FOG deposit

buildups. Since utility service proviegrs conduct the FOG deposit management programs and
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awareness campaigrnsis challengingo report the effectiveness of their programs/campaigns due
to the lack of publishedresuliEh e Ct G campai gndés 20 lha&dolfiservedd | r ep
a reduction in the monthly occurrence o6SOsin the Dallas area after the CtG campaign
(Galveston Bay Foundation, 2018)he new DyD campaign has a dedicated website with
information about FOG and related BMPs to reduce FOG disposal thtbaglichen sink.DyD
also provides lists ofirop-off locationsto recyclethe waste cooking oilLiveSewerSmart even
arranged a contest in 2020 for a $100 gift card to increase public paiticipa

One study conducted surveys in Norway and Sweden reported that the public educational
campaigns to control FOG depositions were succegbfatisson et al., 2014Another study
reported a 90% reduction in FQd&positrelatedblockages in Dublin because of the successful
six-year FOG control progranfWallace et al., 2017)The successful FOG control program in
Dublin encouragedthennovati on of a t owhichlateachmenged theSF@G f t ¢ o n
control program for many citiesorldwide Ac cor di ng t oweBsite thetr f@ate, milg,l y 6 s
and grease (FOG) program software is designed to harness the power of data to optimize utility
compani es fprograang Arduadt480rciiesvorldwideuseSwi ft compl ybés onl
management servi¢g&wiftcomply, n.d.)

Apart from Swiftcomply, Aquatic Informatics anotherdatadriven FOG management
software created by HaclMany cities havea d o pt ed A g u a tdatadrivéenFO® r mat i
management prograthqgua | nf or mat i c s Oovenfeub wears, the nurabgroof t e d
inspections has increased by 316% far Seattle public utilities since implementing their online

FOG management softwaf&quatic Informatics, 2020)
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2.4.4 Rehabilitation or construction of sewer lines using alternative construction materials

After various research concdied 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 et al. (2013) proposedingalternative materials
for constructingsls, noncorroding coatings on preast concrete surfaces such as mantmlers
and coatings for cement mortamihgs to reducehe leaching of the calcium from structures.
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 agoatittions to a muckmore
stable cement hydration product called calciulitage hydrate.The authorsshowed that by
replacing 50% cement with FA, the calcium leaching was reduced by more thaevé#tially
decreasinghe FOG deposit buildup by more than 53%ey also tested these alternative concrete
materials for microbiainduced 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
collectionsystemdrom FOGdeposit§Roychand et al., 2021a)hey prepared blended cement
composite containing narmlica, FA, slag, and hydrated lime and reported satisfactory
compressive strength gain for sewer line construclitiey alsonotedthat these composites are
very duable against microbial acid atta¢ctowever they do not repodreduction in compressive
strength due to the acid attacgkdditionally, they reported that these composite materials have
very little calcium hydroxidetherefore they will be less prone tacid attack or FOG deposit

buildup if used as sewer construction materiédl®wever, this researchidd 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 candig#aned from these samples.
2.4.5 FOG deposit reuse

Many research studies have explored the potential reuse of FOG collected from Gls in
anaerobic caligestion to improve biomethane product{@alama et al., 2019; Song et al., 2023;
Wang et al., 2013; Ziels et al., 201Bpwever, few research studies discuss the potential reuse of
FOD deposits collected frotine sewer collection systenthey usually end up in landfill even
though FOG deposit wastes hathee potential for biomethane production due to their high
LCFFAs contentA recent study compared FOG deposits with FOG in anaeroliestion of
waste activated sludge (WAS) for biomethane productitao et al., 2020)Authors reported that
initially, the daily methane production of the FOGdigestion was highdghanthe FOG deposit
co-digestion however the trend changed, and the methane production of the FOG deposit co
digestion was higher just after 15 daybe study also found that the FOG depostdigestion
produced significantly higher cumulative methane after 42 daysther study explored the effect
of the degree of saturation of the LCFFAs calcium salt on biomethane pot@gati#/u et al.,
2022) This study onducted anaerobic digestion of two different calcisoapsof LCFFAS:
palmitic and oleicResults from this studindicatethat the palmitic acid calcium soap has 2.2
times more cumulative biomethane production than the control sltfdyeever, theoleic acid
calcium soap reduced the methane recovery from oleic acid digestion.
2.6. Conclusion and Future Research

FOG deposits are becoming a global challeragel wastewater service providdese
tremendouschallengesmanaging this growing concerigpeially in developed cities, FOG

deposits are hindering the maintenance and sustainability of the collection ,sgatesing
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frequent SSOsThe estimated annual FOG control cost is approximately $25 billion ar8&15
million in the US and UK, respective(fpel Mundo and Sutheerawattananonda, 2017; Williams

et al., 2012)This review provides an extensive understandhdghe 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 thsidewer collection
system.These research articles reviewen far show that FOG deposit accumulation inside
sanitary sewelinesis a complex mechanisnthephysical 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 foundthat the partial saponification of FFAs, accumulation of excess FFAs, and oil will
resultin formation of more adhesive FOG deposits that can further encourage entrapping debris
from wastewatert has also been found that some specific locations in arseteork are more

prone to FOG deposits due to the properties of the sewer pipe, bends, sagging, and even the
ethnicity of the communityt is serving.These specific locations are called FOG hotspotd
identification of these locations aceucial to ensure proactive maintenance and cleaning effort.
This review also thoroughly investigates various FOG deposit management programs to reduce
the FOGdepositrelatedblockages inside the sewer collection systdrhasbeendiscussed that

the installation 6Gls and routine maintenance of this FOG trapping deviesssntiato prevent

the FOG from entering the sewer systédditionally, the use of alternative sewer construction
materialswas also reviewedo reduce the FOG deposit formation inside sapitawer lines

Finally, alternative approaches teusingFOG deposits are also exployexhd it seems FOG
deposits have great potential for biomethane produdtiomever, there is stith need for future
research in this area to understand tiechanism of releasing LCFFAs from FOG deposits to

understand FOG deposit-digestionlt is also necessary to conduct research on FO@gmstion
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and the necessity of FOG pretreatment with calcium to improve biomethane prodResearch
on alternatie sewer line construction materials is still scaedneed more research to develop
alternative construction materials for the replacemewntoofi-outsewer collection systesas well
as a low-cost coating that can be used on existing sewer lines tweeBOGdepositrelated

cleaning cost.
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CHAPTER 3
Materials and Methodology
3.1 Materials

For Concrete: To prepare concrete materiaBrdinary Portland Cement (OPC) (Type I/11)
was used. Fdine aggregates, washedturalriver sand was usedhe percentage absorption for
the fine aggregate was 0.82%wo different types otoarse aggregatelimestone and granite
were used.The absorption value of limestone and granite aggregate was 3.490.G¥i
respectively. Class F fly ash was used astipplementary cementitious material.

For FOG deposit test:For FOG deposit test, 90% oleic acid was purchased from Fisher
Scientific (Fairlawn, NJ) Crisco brand Canola oiB&G Foods, Parsippany, NWas purchased
to be used as oil sourc®/% pureCalcium chloride wapurchased from Fisher Scientific.

For Coating preparation: Poly-methythydro-siloxane (PMHS) was purchased from
Fisher Scientific. A 98%-Propyktrimethoxy-silane(NP) was purchased from Fisher scientific.
LUDOX-AS-40, a 406 (wt %) water suspension of colloidal silica was purchased from Sigma
Aldrich (St. Loius, MO) A 1-part epoxy was pehased from a local building supply retail outlet.
3.11 Preparation of cement pastefor Thermogravimetric Analysis (TGA) and leachingtest

According to the mixtur@roportioningshown in Table.1, threecementpaste mixtures
were made with an overall wea-to-cementitious (w/cm) ratio of 0.42. Pastavas cast without
FA replacement and used as a control. Pa@tend Past&5 represent pastes with FA replacement
of 50% and 75%, respectivellaste mixtures were cast into & 2 x 12-inch rectangular P&
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.

30



Table 3.1:  Cement paste mixture proportioning

Ingredients Paste0 Paste50 Paste75
Cement (kg/rf) 407.0 203.5 1020
Fly ash (kg/m) 0.0 203.5 3050
Water (kg/nd) 171 171 171
WaterCementitiougw/cm) ratio 0.42 0.42 0.42

3.1.2 Casting and curingof concretefor compressive strength test

Concrete samplesv(th 0%, 50% and 75% FA replacemgntere prepared by following
the mixture proportioning provided in Tal8& and used for compressive strength measurements
In all concrete mixturefor the compressive strength tegtanite was used ascoarse aggregate
along withwashed naturaiiver sand as fine aggregat€oncrete mixtures were cast in-&néh

dia. by8-inch-long cylindrical mold

Figure 3.1: 4-inch by &inch concretecylinders after 120 days of sealed curing
To cast the samples, the concrete mixture was poured into the cylindricalimtidse
layers and vibrated after each layer for compaction and removal of air voids. After filling the
cylinder, thetop surface was finished for a smooth surface. All the samplessealed cured at

room temperature until tested for compressive gtiren
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3.1.3 Casting and curingof concretefor durability test

Forthechemical durability tesg 3 2-inch aube samples were prepared using a cube mold
and sealed cured at room temperature until tested.
3.1.4 Casting and curingof concretefor FOG deposit formation test

For the FOG deposit formation tests, concrete mixturee cast in a 2 23 12-inch
rectangular PVC moldVolds 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 samplegre also sealed cured at room temperature.
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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

Concrete Concrete Concrete

Ingredients Concrete0G Concrete50G 75G oL 50L
Cement (kg/rf) 407.0 203.5 101.75  407.0 203.5
Fly ash (kg/m) 0.0 203.5 305.25 0.0 203.5
Water (kg/nd) 171 171 171 171 171
"Fine Aggregate

(sand) (kg/rd) 786 786 786 786 786
"Coarse Aggregate

(Granite) (kg/rf) 1050 1050 1050 1120 1120
WaterLementitious g 4, 0.42 0.42 0.42 0.42

(w/cm) ratio
* Coarse and fine aggregate weight are in saturated surface dry (SSD) condition

** G indicates granite aggregate and L indicates limestone aggregates

3.1.5Preparation of other sewer line materials

Granite and limestone samples were obtained from Polycor Inc.,(IBGAISA). Granite
was cut td0.5% 13 37 inch and limestone was cut to*11 3 37 inch coupons to be used for
further surface preparation and testii@ 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 carelxhangedKRigure3.4). These porous ceramic materials were sourced
from Soil Moisture Corporation. Specification of the porous ceramic materials are provided in
Table3.3.

Table 3.3 Porous ceramic sample specifications

Sample ID Porosity Maximum pore size Comment
PCGCL 31% 0.5 pum Clay ceramic
PGPH 38% 1.3 um Porcelain ceramic

Before testing, these porous ceramics were submerged in specific pore solutioi3 djable
overnight under vacuum condition to ensure all the pores were saturated. Polyvinyl Chloride
(PVC) wascut usinga hydraulic jetnto 13 13 3-inch couponso furthe test the surface roughness

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

Samplesurfaces of PVC, concrete, limestone, and granite were modified by using a
polishing/grnding instrumento create different surface roughne3e 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 minudasach side of the samplésesesilica carbide
grit papers were purchased from MaderCarr (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 (TaBl®).

Figure 3.4: a) Porous Ceramic Sample, b) BO2MO02 (left) porcelain ceramic made with high fired
silica, BO5MOL1 (right) porous ceramic made out of clay, c) Granite, d) Limestone, e) Concrete, f)

PVC
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Table34: FOG deposit test matrix

Effect of FA on FOG

Setl  ConcreteOF Concretes0P deposits adhesion

Concrete0 (UR) ConcreteOP
Concretes50 (UR) Concreteb0P

Effect of surface roughness

Set2 PVCR PVC-P on FOG deposits adhesior
LS-R LS-P
G-R G-P
CH pH 11.0 AH pH11.0 Effect of pore pH, porosity,
Set 3 pore solution constituents o
CH pH7.0 CH_pH11.0 FOG deposits adhesion
Effect of mat
PGCL, PGPH, PVC, LS, G, ConcreteP, composition, and ceramic
Set4 . .
Concrete50P material composition on

FOGdeposit adhesion
"UR = previously used sample (rough), P = polished sample, R = rough sample, Set 3 tests

are conducted on RCL samples, where CH_pH..O = 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 SurfaceModification

ConcreteOP, 50P Polishing with #800 and #1200 each grit 2 minutes
ConcreteOR, 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 supplyingpmpany

G-R Saw cut surface

PVC-R Polished with #120 for 2 minutes

PVC-P Original PVC Surface, no modification

PGSL Original Surface, no modification

PCGPH Original Surface, no modification

3.1.7 Preparation of coating materials
Threedifferent coating materials were develosdshown in Tabl.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

6 ml of NPand 51 ml of DI water mixed for 10 minutes
using ultrasonic homogenizer (UH). Keep the mixture
rest for 30 minutes. Add 3 ml of 25% diluted colloidal sil
and mix for 10 minutes using UH.

6 ml of NP and 36 ml of DI water mixed for hlinutes
using UH. Keep the mixture at rest for 30 minutes. Adc
Coat 2 ml of 25% diluted colloidal silica and mix for 10 minute
using UH. Keep at rest for 30 minutes. Add 15 ml of PM

and mix for 10 minutes.

Coat 3 1-part epoxy

Coat 1

3.2 Testingmethodologies
3.2.1Concrete compressive strength measurement

Compressive strength measurements were performed on cylindrical speCiomemste
0G, Concrete50G, andConcrete75G according to ASTM C3®Before testing, the surface of the
sample was monited for flatness; any undulation on the surface was ground to meet the ASTM
testing standard tolerance. Samples were capped with bearing plates on both etits and
compression test was performed at a loading rate of 35(pgjlsre3.6). Each sampleontained
three replicates and the average of the tomepressie strength was reported.
3.2.2 Thermogravimetric Analysis (TGA)

Thermogravimetric Analysis (TGA) was performed on different binders: Paftaste
50, and Past&5, to determine thechangen cal ci um hydroxide (CH) <co
of hydration (i.e., age) . I n brief, a sampl e
was used for the TGA test. The rate of temper a
t empaet ure was 1000 C. Each sampl éQ500@Autoraatical y z e d
Sample Processor, TA instrumeniéew Castle, DEfor CH content measurement at different

sample agessing equation 1:
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CH(%)loss=——=1 100 ¢ & ¢ (1)

Where, W1 and W are the onset and offset values from TGA graph shown in Figure 3.5.
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Figure 3.5 TGA weight loss profile

Figure 3.6: Compressive strength test on cylindrical concrete samples using caps.
3.3.3 Leaching testof paste samples, limestonand granite sample

For theleachingtest, acement pasteample of 2 x 2' x 0.5' dimension was cut from the
2" x 2' PVC tubeusing a saw. A diamordlade sawvas used to cut the desired sample sizE' of

x 1" x 0.5' for theleaching testFor limestone and granite samples, coupons measuéirig311

T inchand 0.5 13 17 inch were cut using a wet salhe sample was fully submerged into a 3L
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leachate solution (distéd water) using a fish line. Figurd¥ shows the expéenental setup for

the leaching tesTheleaching test was performed at pH 5 arfdr7icement paste samples and at
pH 7 for limestone and granite samplée leachate solution pH wasonitored every 30 minutes

by using a pH meter antaintained at the desired pH level by supplying nitric acid or sodium
hydroxide solution through a syringe punifwree times a week b ml of leachate solution was
collected from each test container to determine the calcium leaching potential e Heasée

50, Paste75, Limestone, and Granitby using Inductively Coupled Plasmdomic Emission
Spectrometry (ICFAES). For the ICRPAES test, test samples were submitted to the Environmental

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

Figure 3.7: Experimental setip for the calcium leaching test
3.3.4Durability testagainst acid attack
The temical durability test was performed following ASTM C267, but with slight
adaptation from previous studiés determine the suitability of Conde0, Concretes0, and
Concrete75 as sewer line construction materi@siffin et al., 2013; House, 2013)n brief, cube
samplesvere 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(Figure3.2). Three different containers were used to submeifterent concrete samples by
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keeping the liquid to solid ratio constant at 4.78e st media solution was replaced when the
solution pH exceeded 1.5. The test was conducted for 120Afes10, 15, 35, 75, and 120 days
of the submerged acid attadkree 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 strenffile percentage loss or gain in properties (weight
and compressive strength) of the specimens during immersion for each examination period were
monitored and reported
3.35 Measurement ofsurface roughness

The suface roughness ofariousspecimens (polished and roughened) was measured by
using aKeyance VKx1100Confocal Laser Scanning Microscope (CLSM)tl¢ Analytical
Instrumentation Facility (AIFpf North Carolina State Universityrhe arithmetic mean height
(S9 and Maximum height (Sz) parameters were analj@esurface roughness measuremenot
each sample, 24 random measurements sites were selected from four different sides of the sample
surface For the roughness measuremantpng the fittedX, 10X, 50, and 150X lenseshe 5X
lens was selected for all the study samplése resolution for each roughness measurement was
set to the standard 1024768 pixels. After completion of the surface measurement, the data file
was saved and analyzed with the NkileAnalyzer, a post processing software provided by
KeyanceCorporation (Osaka, Japaw)determine SandSzroughness 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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3.5.6Pore size distribution and absorption

A dynamic vapor sorptio(DVS) analyze{Q500 Thermal Q Series, TA Instrumentew
Castle, DB was used to obtain the desorption isotherm for F@steasteb0, Granite, and
Limestone samplg$igure 3.8) For the desorption isotherm, before the testing, test samptes
cut toless than 1 mm thick using a diamond wet s@ivese thin slicesvere oven dried in a
nitrogen filled chamber at 60°C for 24 hours. Then the sampleplsared indeionized (DI) water
for a minimum of 5 days to completely saturate the pores. Once satseatgales weraviped to
saturated surface dry conditiormsd therplacel in a tared quartz pan in the DVS analyZdre
analyzer wasset to 97.5% RH for twentfjour hours and set to decreab@.0% RHin each

increments tdinally 0.0% RH(Montanari et al., 2019; Spragg et al., 2011)
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Figure 3.8 Desorption isotherm of Pas@esample
Using theKelvin-Laplace equatio(equation 2)theresulting desorptiorsotherm washen
usedto determine theore size distributionsanging from 0.4 nm to 41.7 nrKelvini Laplace
equation correlates the relative humidity step to the Kelvin pore radius by assuming that the fluid

leaving the pores is water:

6 6 & (2)
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where o9 = surface ener gymolafvolumna ofevater (1.8 x 07 2 2 8

105 mol/n¥); R = ideal gas constant (8.3145 N-m/mol - K); T = temperature (K); and RH = relative
humidity in decimal formThis pore radius and the assed 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 Concret® and Concretd0, rae of absorption was determined following ASTM
C1585. In brief, concrete samples were cut after sealed curing and conditi0ég &r 3 days.
After conditioning these samples, they were placed in individually sealed containers where they
remaired for 15 days at 23 °C, to allow redistribah of the internal moisturéhroughout the
specimens before thabsorption test begins. After 15 days, samples were taken out of the sealed
containers and all, but one surface of the concrete was sealed. The weigist sdnmple 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
C12715method was followed.
3.5.7Zeta potential measurement

Zeta potential for sample PafigPasteb0, limestone, and granite was measured using a
Zetasizer Nano ZS 9Malvern Instruments Ltd., Malvern, UKpllowing the methods described
elsewheréElakneswaran et al., 2009&) brief, For the measuremenispensions of 0.1 gkolid
to liquid (S/L) ratio were usedor all samplesin this stidy, 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
pm) was mixed with 1 L of DI water to prepare the test solution. pH of this solution was noted and
marked as control. Zefaotential 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 potentiabmerasu
suspension was dispersed by ultrasonic waves for a mparneples were loaded in a cuvette and
the universal dip cell was inserted inside the cuvette. Cuvettesexaneinedcarefully for air
bubbles. Ifanair bubblewas preseninside the cuvedt, anew sample was loaded again without
the presence of air bubble. Finally, the cuvette is inserted in the Zeta Sizer for zeta potential
measuremenkor eactsamplesix measurements were taken, #melaverageeta potentiavalue
wasreported
3.5.8 Contact angle measurement

Contact anglefor the coated concrete samples were measured asftagéhart contact
angle goniomete(Succasunna, NJJhe instrumentconsists of amicroscope, with an optical
system that can increase the image oflidfngd droplets The sample was laid dowftat on the
sample platform, later a 5.0 um size DI water droplet was laid down on the concrete samples.
Measurement of the contact angle begéiar 20 seconds. For each sample, measurements were
taken at five different locations on the surface and the average contact angle value is reported.
3.59 FOG depositsformation test

Forthe FOG deposit formation tesamples were cut t'’x 1'x 3" size andvere polished
according to the test requiremeAffter 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 (LCFFASs), canola oil (20 g 003) as oil source, calcium chloride (75 mg/l or 125
mg/l C&*) to be used as background calcium, and 700 ml DI witehe experimental setup,
specimens were exposedite preparedynthetic wastewater f@8 days(Figure 3.9) Depending
on the test muirement,a few FOG deposit tests were conducted by adjusting the pH with

ammonium hydroxide or sodium hydroxidehile others were tested without adjusting the
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wastewater pH by external alkaline soul@keic acidwasselected as the LCFFA source to addre
the formation and accumulation of more viscous FOG deposits on concrete stdatke FOG
deposit formation test,iloand oleic acid were initially mixed using a magnetic stir bar for 15
minutes. After mixingf theoil and oleic acid, DI water walded into the containdrhe resulting
solutionwas stirrecbvernight After that,onethird of the3" long samplecoupon was submerged
into the synthetic wastewatekfter 30 days of testinghe FOG deposit formed on the sample
surfaces wereemovedandoven dried at 105°C for 24 houssmeasure the amount of FOG deposit

formed on each sample surface.

Figure 3.9: FOG deposit formation test on limestone samples
3.510Fourier Transform Infrared (FTIR) analysis of FOGdeposit
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 band#frared absorptiospectra of FOG deposits were determined with a Bruker
ALPHA spectrometeiBruker Corporation, Billerica, MAusing a diamond Attenuated Total

Reflection (ATR) sampling attachmeiTIR analysis was also performed on pure canola oil and
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oleic acid to obsers/the peak absorbance at their characteristic baafisratory based calcium
soap was produced to identify the characteristics calcium soap baedsoap content of the FOG
deposit was determined by using equatioiKasum et al., 2020)The absorbance spectra were
computed from 400 crhto 4000 crmt 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).

oap (%) =

Soap absorbance (1577 cm™! + 1541 cm™1)+100
Soap absorbance (1577 cm™! + 1541 cm™1) + 0il absorbance 1740 cm™! + LCFFA absorbance 1707 cm™? é (1)
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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 cemebased materials
1 This chapter has been published Kusum, S. A.,f&thaz, M., & Ducoste, J. J. (2020).dReing
fat, oil, and grease (FOG) deposits formation and adhesion on sewer collection system structures
through the use of fly ash replaced cerieaged materials. Water Research, 186, 116304
ABSTRACT

The accumulation of fat, oil, and grease (FOG) depadsitsewer 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. Hovez, 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 Nighume 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% &zeneght,
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 withorgpfecement exhibited
high calcium soap content (48%)hile 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 deaag 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 angbH 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 compressivéstrengt
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) mastewater 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 linesand 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 proliferateathich eventually increased the discharge ©fG-into the sanitary
sewer systenfDel Mundo and Sutheerawattananonda, 20l}he United States, SSOs release
approximately 3 to 10 billion gallons of untreated wastewater annually, 25% of which is due to
FOG related line blockagdt/SEPA, 2004) resuling 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 preu®n strategies is inadequai@ross 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 rumber 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 proHemsal.,

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 aaponificationreaction with calcium ion to form infuble calcium

soap(He et al., 2013, 2011; Keener et al., 2008Yecent 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 preserd metals such as calciuf@ross et al., 2017)

However, unlike the calcium soap producedhi@laboratory, Gross et al. (2017) did not confirm

the occurrence of crystallized FOG particles in any of their collected field FOG deposit samples.
Research hmalso revealed that the presence of excess fat or calcium #fiepts/sical

properties of FOG deposits, and soap formed with excess fati®asinooth, pastéike material

in contrast to soap formed with excess calcium tharanular and sensolid substancéDel

Mundo and Sutheerawattananonda, 201eg et al. (2013) reported that both saturated and

unsaturated LCFFAs lead to the formation of FOG depositthatdnsaturated LCFFAs produce

more viscous FOG deposits. Additionally, previous regeahowed that FOG deposits formation

and its properties are influenced by factors such aggrhjeraturesources of calcium and type

of LCFFAs(lasmin et al.2014) The sources of LCFFAs are chemical and microbial hydrolysis

of FOG, while the sourced calcium could be attributed to the water hardness, microbial reaction,

concretecorrosion,and other background sources in wastew@esmin et al., 2014; Williams et

al., 2012). lasmin et al. (2014) also found that calcium present in wastdaratsrgnaller but

more granulated saponified solids, while calcium released figin pH conditions such as

concrete corrosion produces significantly larger and more viscous solids; potentially adhering

more readily to pipe surfaces. Hence, in FOG depositioniucalreleased from the corrosion of
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cementitious materials may have a more adverse impact than calcium found in background
wastewater as a highpglaponi fi cati on reaction occurs at
Therefore, in addition to the currestrategies 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 constructiontenils 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 medidartwich and Vollpracht, 2017; Millauer et al., 201Hpwever, no
laboratory studies have been performed to assess the effect of this reduced calcium leaching on
FOG deposits formation and its adhesiortlsewer line surface.

The main objective of this reseh 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 ré&gring 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 durabilitystéstevaluate 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 andoncrete 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/ll) aird class
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FA. Three paste mixtures were made with an overall wateementitious (w/cm) ratio of 0.42.
Paste0 was cast without FA replacement and used as a control-3tasted Past&5 represent
pastes with FA replacement of 50% and 75%, respectively. Paste mixtures were castiro a 2
3 12-inch rectangular PVC maddin three layers, vibrated for compaction after each layer, and
sealed cured for 90 days before conducting the calcium leaching test. Concrete samples{Concrete
0, Concreteb0, and Concret&5) 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 asedrse
aggregate and washed nateniger sand as fine aggregate. Conete mixtures were cast in a 4
inch dia. by8-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
23 23 12-inch rectangular PVC mdland for chemical durability test322-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 ¢S), produce calcium hydkale (CH) and calciursilicate
hydroxide (CSHYMehta and Monteiro, 2006 H is a watessoluble phase and releases calcium
readily in water and corrosive media. However, the addition of FA causeszolanic reaction
that converts CH to the more stablgation product CSHHemalatha and Ramaswamy, 2017,
Mehta and Monteiro, 2006 herefore, 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 differenbinders: Past®, Pasté0, and Past&5, 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 ofthe crushed sample was used for the TGA test. The rate of temperaturasisetwio Z
per minute and the maximum temperature was 1000
4.2.3 Leaching test

After 90 days of sealed curing, paste samples were ¢hetbesired size of 1 x 1 x 0.5
inch for the leaching test at pH values of 5 and 7 to simulate the wastewadéroogninside
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. Thetpéledchate
solution tends to increase due to the dissolution lffOm the paste. To adjust the pH, 0.1M
nitric acid (HNQ) 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 potentialfdPaste0, Pastéb0, and Past&5 by using Inductively Coupled
PlasmaAtomic Emission Spectrometry (IGRES).

FA is not a pure material and contains toxic heavy metals that potentially can leach from
FA replaced samples if used as sanitary sewer linerctish 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
Forthe FOG deposit formation test, all the concrete coupons'sfllx 3' were polished
using #400 and #800 sandpaper following the same polishing method to avoid surface
irregularities.In the experimental setup, Concr&eConcreteb0, and Concret§d5 specimens
were exposed to a synthetic wastewater for 30 days at phe&ynthetic wastewater was prepared
by mixing 700 ml of DI, 30 g of oleic acid as LCFFA soymmed 20 g of canola oil. These specific

concentrations were selected such that the saponifica#oton between LCFFA and calcium
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leached from concrete is not limited by the availability of LCFRAaditionally, oleic acid is
selected as the LCFFA source to address the formation and accumulation of more viscous FOG
deposits on concrete surfac&sl andoleic 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 contsieer.
mixing the resulting solution overnight, otf@rd of the3" long concrete coupon was submerge
into the synthetic wastewatefhis 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 chloriden@76C&*) 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 pth& FOG deposit formed on the
sample surfaces were scrapped off and weighetetsure 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 temt 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 contkatFGIG deposit was
determired by using equation(Poulenat et al., 2003)nfrared 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 dam4@ 4000 cmt
wavelengtl 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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oap (%) =
Soap absorbance (1577 cm™! + 1541 cm™1)x100
Soap absorbance (1577 cm™! + 1541 cm™1) + 0il absorbance 1740 cm™* + LCFFA absorbance 1707 cm™! ( 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 sl 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 corrdgi@cC|
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 edaatructuresGutberletet al., 2015;
GutiérrezPadilla et al., 20L,(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 attacks 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 Concreted, Concretéb0 and Concret&€5 as sewer line construction materials
(Ariffin et al., 2013; House, 2013 brief, cube samples were initially removed from the casting
molds and weighed after 90 days of curing. A test media of pH 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 ahé.#2t T
media solution was replace¢hen 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 unesetap
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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 stigregfiercentage loss or

gain in properties (weight and compressive strendth)especimens during immersion for each
examination period were monitored and reparted

4.3 Results and discussion

4.3.1 Thermogravimetric Analysis (TGA)

TGA results are displayed in kige 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
anincreasing amount of FA, CH content decrea@g#emalatha et al., 2016; Shaikh and Supit,
2015) A similar trend is also observed in Fkige 4.1. For Past® samples, with icreasing
hydration period from 13 days to 135 days, the CH content increased to approximately 25%. On
the other hand, for Concre®® samples, the CH content decredsgdpproximately 4% from its
initial value. The hghest reduction in CH content is 75%hich was achieved by 75% cement
replacement in Concre#® samples.

Reduction in CH content is attributed to two factajsthe 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 mixturetHacase of 50% FA replacement level, we see
a steady level CH throughout the hydration period which idated 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 @siwn of some CH to CSH. The benefitagbozzolanic

reaction is that it produces CSkhich is a known stable hydration constituent, that does not
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readily release calcium and contributes to the compressive strength of cGaet al., 2000)
This leck of CH content in HVFA paste can be further verified by analyzing the resutite of

calcium leaching test in the following section.

) + Paste-0 Paste-50 » Paste-75
25 T — P
......... Oa’oo
. 20 Y
S s
5
10
5
- T Areesseenensesssdnmnnn )
0 15 30 45 60 75 90 105 120 135
Hydration Period (days)

Figure 4.1: CH content of paste samples at various levels of FA with respect to hydration period
4.3.2 CalciumLeaching Test

The results of the calcium leaching test on R@stRasteb0 and Past&5 samples are
shown in Figire 4.2 and Figure S1(a) where cumulative calcium concentration of the leachate
solution is plotted again#iie square root of time. A trenthke 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 psland pH 7 conditions were very similar, &ig4.2 only displays the
combined pH leaching profile for the different samples. The linearity of the calcium concentration
againstthe square root of time shown in kige 4.2 indicates that calcium leaching fnopaste
samples are diffusion dominated. Similar leaching profiles for concrete coupons were obtained in

a previous study when the pH varied from 4 tqH86 et al., 2013)
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Figure 4.2: Cumulative calcium concentration with respectitesquare root ofgsting duration

Results clearly show that the cumulative calcium leaching from 4Pastes significantly
higher than the Past9 and Past&5 samples. The maximum cumulative calcium leached from
the HVFA samples at the end of 90 days was below 5 mg/lfaste sample, whereas, P&3te
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
samplesvhen compared to Pade 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 replacemdmdreas,an
additional 25% replacement of cement reduces calcium leaching by 11.73%, which can be
attributed to the overall low CH content of Pagfesamples.

Heavy metals from FA can also leach from binders containing FA. The measurement of
heavy metal¢eached from Past80 and Past&5 after 90 days of leaching are provided in Table
S3which shows that only Cr concentration was
days of leaching and it did not exceed the pollutant discharge limit probid&tSEPA clean

water act. Assuming a linear leaching profile for the heavy metals, a daily average Cr leaching per
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square inch ofhetest sample was calculated from thed#y cumulative data. This daily average
chromium leaching was found to 80025 ng/l for Paste50 and 0.0037%ng/l for Paster5,
respectively. These concentrations are significantly lower than the Cr discharge limits shown in
Table S3. For a typical 4iich diameter concrete sewer pipe that is running 75% full of
wastewater, we can ammximate 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 metalsnhatusa
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 soleescommend that a heavy metal
leaching test be performed before using any type of FAwsrdine construction material to avoid
potential occurrence for heavy metal accumulation in wastewater.
4.3.3 FOGdeposit 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 conditidhe absence
and the presence of background calcium. During thistkesitial rapid mixing of the oleic acid,
oil, and DI water solution created an-oitwater type of emulsion. When concrete samples were
submerged anthe mixing rate was decreased, the solution became phase separated with an oil
layer at the atwater interface and 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 thevater interface (Figre S2).

FOG formation test results are presented inuFégg4.3 where the error bar indicates
standard deviation. In Fige 4.3, an increase in FA replacement resulted in a decrease in FOG

deposit formation regardless of the presence of background calcium. When abtofi2oecrete
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0 samples, in the absence of background calcium, reduction in FOG deposit formation was 58%
and 81% for ConcretB0 and Concret&5, respectively. Irthe case ofthe FOG deposition test
without any background calcium, leaching of CH fromdbacrete 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 leachinghfedfvFA sample is
significantly lower than thesample 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.
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Figure 4.3: FOG deposits formation on concrete sample surfaces
In the presence of background calcium, the reduction in FOG deposit formation on
Concrete50 and Concret@&5 was 55% and 67%, respectively, when compardteteOG deposit
formed on Concret® sampés. 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 seeruire &ig, the reduction irOG
deposit accumulation on the surface of the ConefBteample is not as high (67% 84%) when

background calcium is present. This increased accumulation on the surface of the &&ncrete
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sample may be due to changes in surface characteristics ssioffieg® 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 revealedhgbs inthe 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
Concrete50 and Concret&5 sampes were greyFigure S3-S5show the difference in the FOG
depositionsd col or f or mdhe transitiondof sbap eatoefrorh whiteo n c r e
to brown could be a result of fatty acid and oil oxidative rancidity that is initiated by theiomstal
like iron available in cemer{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 replacegkeapnoduced granular solid soap thasw
di fficult to remove from t he-sdidsogp foreFd seplaxadr f ac e
samples that were easy to detach from these si
could be a resutif the calcium content as well as pH that aftfeetsaponification reactioflasmin
et al., 2014)Previous research showed that concretealfagh pore pH (>13.5]Plusquellec et
al., 2017) Therefore, significant CH leaching from Concr@teamples macause a high pH and
calcium availability at the concrete surfaoesulting 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 reastoccurred at high pH conditioffsle et al., 2013; lasmin et
al., 2014) Conversely, the soft and weakly adheF€dG 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 significanimdiG 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 samplesuwvdhy 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.
43.4FTIR 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 ba(fisuleat et al., 2003 However, other research
studies did not report the presence of@hand at 665 crhas reported by Poulenat et al. (2003);
rather, stated that the calcium soap in hydrated form exhibits two strong characteristic asymmetric
stretching vbratiors at 1577 crmt and 1541 cnd (Casadio et al., 2019; Otero et al., 2014; Putinier,
1970) Therefore, in this study, to determine the percentage calcium soap conteat-GiG
deposit formed orthe concrete surface, 1577 cmand 1541 cm absorptionmaxima were
considered.

Figure S6 and S7 represent the FTIR spectra of FOG deposit formed on Cedhcrete
Concreteb0, and Concretd5 samples with and without background calcium test conditions,
respectively. Similar FTIR spectraeneobserved for FOG degits collected from sewer systems
or produced in labgDel Mundo and Sutheerawattananonda, 2017; He et al., .2Bddn these

figures, we observe that the FTIR spectrum dispthg characteristicef calcium soap band at
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1468cmt, 1541cm?, 1577cn?, broad spectrum at 34@dn?, and the disappearance of 1740 cm
land 1707 cmdue to the consumption of FFA and oil during saponification readticaddition

to these characteristics calcium soap bands, we observe absorbance spe86@G&200 cmt
contairing four peaks, located at 3004 2rt=C-H stretching vibratioy) 2955 cmt (-C-H (CHs)
asymmetric stretching vibratipn2922 cmt (-C-H (CHz) asymmetric stretching vibratipnand
2851 cm* (-C-H (CH2) symmetric stretching vibratiyriPoulenat eal., 2003) These frequencies
of the aliphatic chaindo not change during the saponification react®imilar FTIR spectra of
FOG deposit formed on different concrete surfandgates that the addition of FA in concrete
production does not alter the FOG deposit formation mechaMsneover, apart from the strong
asymmetric stretching vibration of calcium soada41cnt! and 1577cnT!, we notice a single
peak at 722 crih which indicates that the FOG deposit is indeed made of cal@oumenat et al.,
2003) The characteristic calciaxygen (Ca0) band near 665 ctwas present in the FTIR
spectra (FigreS6 and S7) of FOG deposits; however, the intensity of this absovpatima based
on the availability of background calcium. Fitre FOG deposit formed on samples without
background calcium, G@ band absorption was lower in comparisoth®FOG deposit formed
on samples with background calcium. Similarly, band absorptian 665 cnd also decreased as
the FA replacement increased. Previous studies showed that the intensity of thel@gdrs
positively associated with higher calcium level in FOG depogiel Mundo and
Sutheerawattananonda, 2017; Poulenat et al3)208e presence of a strong-Cabond intensity
near 665 cm for FOG deposits formed on the ConcrétéFigure S6) with decreasing intensity
for FOG deposits formed on Concréi@ to Concrete’5 samples (Figre S6) further confirms the

effect ofcalcium 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 expesed to t
wastewater was soft. ThereforETIR analysis was performed on soap samples separately
collected from two different location®ne from the concrete surface layer (SL) and another one
from the outer layer (OL) exposed to the wastewateu(Ei§8-S11).In Figure3.4, FTIR results
of Concrete0 show that the characteristics calcium soap absorbance (66518l cn?t, and
1577cn?) at SL was 83% higher than the O&imilarly, for Concret&0 the characteristic soap
absorbance at SL was 68% higher tham ©L. Higher calcium soap absorbance ofc8hfirms
that the hard calcium soap forms where calcium availability anareébnducive to the formation

of harder soaps as described in the literafiagmin et al., 2016)
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Table 1 displays the soap content (%) determined from the FTIR spectrurety S7)
using equation 1. Overall, the soap contenthefFOG deposit on differénconcrete surfaces
decreased from Concrefeto Concreter5. Not surprisingly, the soap content increased with the
presence of background calcium. Additionally, FOG deposits with higher soap content are
comparatively rigid soap that adherisnly to the concrete surface and may aid in further
accumulation of unreacted and/or partially reacted calcium soap and FOG on its surfaces.

Table4.1:  Percent soap content

Soap % Soap %
Sample ID
(without background Calcium  (with background calcium)
Concretel 48 (° 4.95) 54 ( 3.80)
Concrete50 29 (¢ 0.91) 42 (¢ 0.62)
Concrete75 22 (° 2.44) 34 (° 5.16)

* Numberinside 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
resultel 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 availabWitigereaghe sof soap formed on
the OL showing high absorbance at 17%ta! and 1707cn! indicatesthe 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 aidthefirdhesion of unreacted FOG at

the OL, ultimately resultingn a heterogenous makeup of FOG deposit on concrete surfaces.

63



4.3.5 Compressive strength and Durability otoncrete replacement materials

The development of concrete materials for any purposst 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 ABT655 for class 3/ class 4 standard reinforced
concrete pipe segmentsgompressive 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 Figure4.5. 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 ressipe strength through
relatively slower pozzolanic reactions compared to cement hydration by redueiragjume and
size of capillary pores. Additionally, for Concretg, the amount of CH in the material is very
low; therefore, the conversion of CH @SH is less. Thus, FA replaced samples, specially 75%
FA replaced concrete, gain strength at a slower rate. Compressive strength gain of ©pncrete
Concreteb0, and Concret&5 from 90 days to 365 days are 20%, 23% and 41%, respechvely.
similar trend was observed in previous research stydids i Kk, 2005; Cao et al
et al., 2012; Kocak and Nas, 2014)though the initial low compressive strength (90 days of
sealed cure) of 75% FA replaced concrete does not meet thé dtsslard reinforced concrete
pipe segments, Concref® should not be considered unsuitable-¢&st concrete sewer lines are
not placed in service immediately after casting. As we observed more than 4 ksi compressive
strength after 180 days of seateding, 75% FA replaced concrete can also be used for sewer line

construction.

64



10 s
§7) * Concrete-0 Concrete-50 + Concrete-75 E
£ 8 b
%ﬂ o ° . 50 él)
o ¥ o
o 6 b 40 &
g , 0
= 30 -5
w 4 & wv
& S
S, 20 &
8 2 8
&) 10 O
0 0
60 90 120 150 180 210 240 270 300 330 360 390
Age (Days)

Figure 4.5: Compressive strength gain over curing age

Chemical durability tests on concrete samples were performed to evaluate the effect of
MICC. Figure 46 shows thathe compressive strength of Concréddeand Concret®0 samples
exhibit high acid resistance up to 35 dayshefacid attack which is attributed to the buffering of
acid by CH dissolution from concrete samplestieacid attack continues, gypsum forms due to
high CH dissolutioncausing a considerable reduction in compressive stréGgitberlet et al.,
2015; Huber et al., 2017Concrete/5, on the other hand, shows high compressive strength
reduction over the entire testing period which can be attributéx etk 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 showman Fig
S12. Although initially (up to 35 days), Concré&eand Concret®0 samples showed neglitgb
weight loss, after 70 days difie acid attack, Concret@ experienced severe mass loss. TGA
analysis and leaching potential test showed that Cor@retatains a higher CH percentage that
may lead to expansion and cracking by gypsum formdtartberle et al., 2015; Huber et al.,
2017) As a result of the crack formation, we understand that Cor@retemples showed

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 lossaggregates. On the other hand, 75% FA replaced samples
experienced considerable weightdawer the entire test period, which can be due to the low CH
content and loss of unreacted FA particles fribv@concrete structure. Interestingly, 50% FA
replacedconcrete samples did not show a sharp rise in massMb&$ can be due to the balance

between CH dissolution and buffering of acid.
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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 formadiboalcium hydroxide
which is watersoluble and the main source of calcium release from concrete; replacing cement
with FA not only reduceshe portland cement content of concrete but also converts calcium
hydroxide to calcium silicate hydrate which iaterinsoluble. Three concrete materials (Concrete

0, Concreteb0, and Concret&5) 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 concretewfaces 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 spatiavariation 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 concludéstispatial 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 durface 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 @ssess the effect of binder properties, surface pH, and calcium availability on
theFOG depositdos physical characteristics.

Overall, our study revealed that HVFA concrete materials could be an alternative solution
for future sewer line construction or rdfildation 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
method 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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SupplementaryMaterials

Table S1 - Cement pastemixture proportioning

Ingredients Paste0 Paste50 Paste75
Cement (kg/rP) 407.0 203.5 1020
Fly ash (kg/m) 0.0 203.5 3050
Water (kg/nd) 171 171 171
WaterCementitiougw/cm) ratio 0.42 0.42 0.42
Table S2- Concrete materialsmixture proportioning

Ingredients Concrete0 Concrete50 Concrete75
Cement (kg/rf) 4070 203.5 1020
Fly ash (kg/m) 0.0 203.5 3050
Water (kg/nd) 171 171 171
"Fine Aggregate (sand) (kgfin 786 786 786
"Coarse Aggregate (Granite) (kg 1050 1050 1050
WaterCementitiougw/cm) ratio 0.42 0.42 0.42

* Coarse and fine aggregate weight arsaturated surface drf5SD) condition
* Water to cementitious ratio (wit) = Weight of water/weight of (cement + FA)
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0.03 g R = 0.9035
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Fig. S1(a).Cumulative calcium concentration with respectitesquare root of testing duration

The notable difference between Fig. 2 and Figy@apis 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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Paste0 samples, the diffusion flux is almost twice of the HVFA paste samples. Since this leaching
curve is for the same dan, the diffusion coefficient is constant for all leaching profiles. However,
the flux is affected by the porosity of the sample and,titmgffective diffusion coefficient may

be different between the cement only and FA replaced samples.
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Fig. S1(b).Percentage reduction in calcium leachafger 90 days

Table S3- Cumulative concentration of heavy metal pollutants after 90 days

Sample ID  Unit As Cd Cr Hg Pb Se
mg/l <0.05 <0.01 0.01 <0.01 <0.05 <0.05
Paste50
pg/l <50 <10 10 <10 <50 <50
mg/l <0.09 <0.010 0.015 <0.010 <0.0 <0.09
Paste’5
pa/l <50 <10 15 <10 <50 <50
Standard ug/l 3400 1.8 16.0 1.4 82.0 NA
Standard mg/l 0.010 0.005 0.100 0.002 0.015 0.09

INational recommended watquality criteria foraquatic life, CMC(criterion maximum concentration)
2National primary drinking water regulations, MCL (Maximum contaminant level)
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Fig. S4.FOG formed on the surfaces of a) CPCOFA, b) CPC50FA and c) CPC75FA (Test
condition without background calcium)
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Fig. S5.FOG formed on the surfaces of a) CPCOFA, b) CPC50FA and c) CPC75FA (Test
condition with background calcium)

Table S4i1 FTIR Spectrum of Calcium Soap

Reference Disappearance of Appearance of wavelength (cm)
wavelength (cm?)
(Poulenat et al., Y% C=0 stretching at f  BroadO-H stretching at 3400 cn
2003) 1740 cm' for esters 1 COO symmetric stretching at 1468 ¢m
and at1l707 cmt for 1 COO asymmetric stretching at 1577 ém
carboxylic acids I CaO bond vibration at 665 cfn
1 Single(CHy)n rocking vibration at 722 crh
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CHAPTER 5
Understanding the surface formation and adhesion mechanism of FOG deposits on sewer
lines

Samrin Ahmed Kusum, MammadPourGhaz, 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, poéentialsolution to educing 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 leadthhe 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 lus#sgvarioustestmaterials, i.e., concrete, PVC,
granite, limestone, and porous cerarRipe 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 magewéh significant calcium leaching
potential provided a favorable adhesion site for FOG deposit accumulatditionally, pipe
surfaceshavinghigh calcium hydroxide leaching potentiligh pore pH, antbw zeta potential
resulted in higher FOG depositcumulation. Based on the surface process involved in FOG
deposit accumulation on surfacédds concluded thansoluble 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 studysa 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 sewevda®mvater
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 treatmeityfdgibckages inside the sewer
collection system mayncrease theisk 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 heshdFat Oil, and Grease (FOG) deposit formation inside the sewer
line surfacesln the United States, 23,000 to 75,000 SSOs occur annually, requiring $25 billion
for annual maintenance and rehabilitatfPel Mundo and Sutheerawattananand017; 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.

FOGdepositrelatedssues 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$uch as restaurants, food courts, and hokeladdition toFSEs,high-
densityresidentiakegionsmay play a significant role in FOG release through the kitchen sink or
dishwashersA recent report by the National Restaurant Association states that the food service
industry sale is predicted to be $898B in 2022ra slight decrease in 202021 due to COVID

19 (National Restaurant Association, 2022pntinuousgrowth inthe food service industriyas
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led to an increased amount of FOG discharged into the sanitary sewer systems. As a result, SSOs
caused byrOG-relatedblockages are becoming a significant concern for all urban environments.

Although FSEswastewater is dischargélsrough a greaseterceptor (Gl) for gravimetric
removal of FOG, not all the FOG contents are retained in Gls due to several factors, including
ineffective Gl designs, kitchen cleaning and operational conditions, and Gl maintéAaizcet
al., 2011; Gross et al., 2017; He et al., 20HBnce, wastewater utility providers have opted for
various preventative strategies Bus regular sewer line inspection, cleaning, and public outreach
campaigns in addition to Gl installation and maintenance to prevent FOG deposit buildup inside
the sewer collection systefivlattsson et al., 2014; Wallace et al., 20HQwever, to limit FOG
depositrelated blockages inside the sewer collection system, it is essential to investigate the
mechanisms by which FOG depdsitms 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 studiedhdahee, kinetics, and formation
mechanism oFOG depogds in wastewaterthe engineering solutions to pretreat FOG disposal
from the kitchen, datdriven modeling to detectulnerablelocationsfor FOG deposits in the
collection system networlas well ashe production of alternative sewer construction materials to
minimize FOG deposit buildup inside sewer collection syg@irGheethi et al., 2019; Dominic
et al., 2013; He et al., 2013; Jiang et al., 2021; Kusuah,e2020; Otsuka et al., 2020; Williams
et al., 2012; Yousefelahiyeh et al., 201Rg¢search 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 depsaihples collected from
sanitary sewer lines or lagenerated FOG deposits showed that the highly adhesive solid deposit

is formed by the saponification reaction between LCFFAs and calciuniDiehMundo and
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Sutheerawattananonda, 2017; He et al., 2011; Keener et al., 2008; Kusum et al H2@(l.

2013 showed that calcium leaching from concrete corrosion could result in FOGt theyddap

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 replac®g 6ement with Fly Ash (FA) without
compromising the construction strength requirement and found more than 50% reduction in FOG
deposit formatiorfKusum 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 propertiefeetf 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 sewerhiaessults of such
researchwould 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 investigat@sous sewer line materials fproperties such
as mineral compositiorporosity, surface roughness, pore,@thd zeta potential affectirthe
surfaceformation andadhesionof FOG deposits inside collection systems. To the best of our
knowledge, this is the first study to investigaggver 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 adhesiorgpecifically, he calcium leaching potential of granitenestone and
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concrete made with these aggregatas studied. To investigated 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 ofconcrete materials

Table Slprovides the mixture proportioning that was used to nakerete samples
(Concrete0 and Concret&0) by using Ordinary Portland Cement (OPC) (Type I/ll) and ckass
FA. Concrete mixturesvere made with an overall wat-cementitious (w/cm) ratio of 024
Limestone was used as coarse aggregate, and washed river sand was used as fine aggregate.
Concrete0 defined samplesvere cast without FA replacement and used as corgaohples,
whereas Concret®0 sampleswere cast by replacing 50% cement with FA. Woais research
reported casting detai{&usum et al., 2020)n brief, concretenixtures were cast into223 12-
inch rectangular PVC mads in three layers, vibrated for compaction after each layer, and sealed
cured for 90 days before conducting @G depositest. Apart from concreteTable S1 also
provides the mixture proportioning that was used to nwakeent paste (Pasfeand Past&0)
using a method previously reported by Kusum et al. 2020rief, cement and water were mixed
according to the mixture proportionirapd were poured into a rectangular PVC mold in three
layersto besealed cured for 90 days. The reason for 90 daysaléd curing is explained in a
previous articlé§Kusum et al., 2020)
5.2.2 Preparation of other sewer line materials

Granite is a very deesmaterial with porosity and pore size distribution significantly
smaller than cement past€ho et al., 2009; Morrovand Lockner, 1997)Kusum et al. 2020
observed a lack of FOG deposit adhesion on granite surladbs researchthetwo most used

coarse aggregates in concrete constructypanite, and limestone, were tested. Granite and
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limestone samples were obtained from Polycor Inc., USA. Granite was @&3d. 2 37 inch,

and limestone was cut to®11 3 37 inch coupons to be used for further surface preparation and
testing Figure S1).Two porous ceramic materials were used @nipulate 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 mathkriare provided in Table 5.1. Before testitigese
porous ceramics weselbmerged in a specific pore soluti@mable 5.2) overnight under a vacuum

to ensure all the pores were saturated. Polyvinyl Chloride (PVC), a common sewer line
construction materialwas also tested for various surface properties. PVC pipe was cut using a
hydraulic jet intol 3 13 3-inch coupons.

Table 5.1:  Porous ceramic sample specifications

Sample ID Porosity Maximum pore Size Comment
PCGCL 31% 0.5 pm Clay ceramic
PCGPH 38% 1.3 um Porcelain ceramic

5.2.3 Surface modification of sewer line materials

Surface roughnesgonsiderably influencesadhesionas it affects the mechanical
interlocking between the adherend and the adhd8limzi and Mittal, 2017) Therefore, PVC,
concrete, limestone, and granisample surfaces wermodified using a polishing/gnding
instrumentto create different surface roughne3$ie 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 muteson 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 A&¢r polishing,each sample&vasanalyzed

for the surface roughness measurement discussed in Se@tin
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5.2.4 Measurement of Surface Roughness

The surface roughness wdiriousspecimens (polished and roughened) was measured by
using aKeyance VKx1100Confocal Laser Scanning Microscope (CLSkt)the Analytical
Instrumentation Facility (AlF)of North Carolina State UniversityThere are many surface
roughness parametets define various surface properties. For this research, however, the
arithmetic mean heigh{Sg and Maximum height (Sz) paraters were analyzed:or each
sample, 24 randormeasuremensites were selected from four different sides of the sample
surface For the roughness measuremantpng the fittedX, 10X, 50X, and 150X lensgthe 5X
lens was selected for all the study saesplhe resolution for each roughness measurement was
set to the standard 1024 768 pixels. After completion of the surface measuremi@se
roughness parameters were averaged over the 24 measurement locations to obtain the average
surfaceroughness parameter for a specific test sample.
5.2.5 Scanning Electron Microscopy (SEM) analysis

TheFEI Verios 460Lfield emission SEM at the Analytical Instrumentation Facility (AIF)
of North Carolina State University was used for microscopic morphaagiysis. 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 environmentadcashda.
These samples were then oven dried overragi®0°C 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) analyzg&500 Thermal Q Series, TA Instruments, New
Castle, [E) was used to obtain the desorption isotherm for F@steasteb0, 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 isatrethen be

used to obtain information about these samples' nanoscale pore size distribution. Before the testing,
test samplesvere cut to less than 1 mm thiér the desorption isothermsing a diamond wet

saw These thin slicesvereoven dried in a nibgenfilled chamber at 60°C for 24 hours. The
sample was theplaced indeionized (DI) watefor a minimum of 5 days to saturate the pores
thoroughly. Once saturated, samples weiped to saturated surface dry conditiamslplacel in

a tared quartz pan the DVS analyzeiThe analyzer waset to 97.5% RH for twentfour hours

and set to decrea$6.0% RHin each incremerib finally 0.0% RH(Montanari et al., 2019; Spragg

etal., 2011) Using the KelvinLaplace equatio(51.2), theresulting desorptioisotherm wasised

to determine th@ore size distributionsanging 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 absorptidorateestone and granite
aggregatesveredetermined following ASTM Ca7-15.

5.2.7 Zeta potentia measurement

The surface electrical potential can be measured by zeta pot2etapotential for sample
Paste0, Pastéb0, limestone, and granite was measured using Zetasizer Nano @faRern
Instruments Ltd., Malvern, UKipllowing the methods described elsewh@akneswaran et al.,
2009a) In brief, suspensions of 0.1 lgkolid to liquid(S/L) ratio were usetbr all samples|n 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 pm) was mixed with 1 L of DI water to prepare the test
solution. The pH of this solution was noted ararked as control. Zeta potential measurement on
these control test solutions provibigurface 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 potetial measurement, the suspension was dispersed by ultrasonic wamesrfonute.For
eachsample six measurements were taken, #imel averageeta potentiavalue wageported
5.2.8 Calcium leaching test of granite and limestone

A calcium leaching testas conducted following the Kusum et al. 2020 methodbrilef,
limestonewascut tol3 13 17 inch, and granite was cut to3113 0.57 inch coupongor the
leaching test at pH.@. 3 L Deionized water (DI) was used as a leachate solutifullyammerse
specimensfollowed by continuous mixing at room temperatured@days. The pH of the leachate
solutionwas adjusted to pH 7.0 usimgric acid (HNQ). Leachate was collected twice, and the
calcium concentration was determinesing an Inductively Coupled PlasmAtomic Emission
Spectrometry (ICFAES) from the Environmental and Agricultural Testing Ser(EATS) of the
NC State University.
5.2.9 FOG deposit test

The FOG deposiormationtest was conducted on all the samples prepared addiedo
in sections 2.1, 2,and 2.3. An experimental matrix is given in Tabk® summarize the different
FOG deposit tests conducted in this study. In the FOG deposit experimental setup, test specimens
were exposed to synthetic wastewaterZ®days.The test procedure is described by Kusum et al.
2020. However, the composition dfet synthetic wastewater wasodified slightly. Synthetic
wastewater waprepared by mixing 700 ml of DI water, 30 g of oleic acid as LCFFA source, 30
g of canola oiland catium chloride (125 mg/l of G4 as background calcium. These specific
concentrations were selectealtbatthe lack of their availability does not limit the saponification
reaction between LCFFA and calciu@revious research reported that FOG deposightei
increased with increasing FOG content, specially with increasing amounts of unsaturated LCFFA

(Gross et al., 2017)n this study, feic acid was selected as the LCFFA source to address the

88



formation and accumulation of more viscous FOG depositeairrialsurfacegHe et al., 2013)

After mixing synthetic wastewater for twenfgur hours,onethird of the 3" long sample coupon

was submerged=OG 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 adjustreentOG
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 sswell asin wastewaterThe first test conition alsoevaluatesghe effectofi pr ef or me d
FOG d e pF®G6 depositfarmed elsewhere (i.e., upstream of the sewer collection system)

the surface adhesiorf BOG deposits on sewer lirsurfacesAfter 28 days of testing, the FOG
depositaccumulatedn the sample surfacegasremoved oven dried al05 C, andweighed to
measure the amount of FOG deposit formed on each sample sliffadeOG deposit adhered on
sample surfaces was normalized by the sample surface area.

It should also be noted here tlaaconcrete sample previously used for the FOG deposit
experimen{Concrete0-UR and Concret®0-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 poligd 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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Table5.2:  FOG depost test matrix

Effect of FA on FOG

Set 1 ConcreteOP Concrete50P deposits adhesion
Concrete0-UR ConcreteOP
Concrete50-UR Concrete50P
Effect of surface roughness
Setz PVER PVCGP on FOG deposits adhesior
LS-R LS-P
G-R G-P
CH pH 11.0 AH pH 11.0 Effect of pore pH, porosity,
Set3 pore solution constituents o
CH_pH 7.0 CH_pH11.0 FOG deposits adhesion
Ef fect of mat
PGCL, PGPH, PVC, LS, G, ConcreteP, composition, and ceramic
Set4 : o
Concrete50P material composition on

FOG deposit adhesion
"UR = previously used sample (rough), P = polished sample, R = rough sample

Set 3 tests are conducted on-C samples, where CH_pH 11r@presentpore solution made
with pH 11.0 Calcium Hydroxide (CH), CH_pH 7t@presentpore solution made with pH 7.0
CH, andAH_pH 11.0presentgore 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 dépltsiisg the
method inKusum et al. 2020infrared absorption spectra of FOG demosiere 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 depagas determined biq 1 (Kusum et

al., 2020)
oap (%) =
Soap absorbance (1577 cm™! + 1541 cm™1)*100
Soap absorbance (1577 cm™! + 1541 cm™1) + 0il absorbance 1740 cm™! + LCFFA absorbance 1707 cm™! 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 adhesf@mnzesik, 2016; Horgnies et al., 201The average surface
roughness valuesf SaandSz are displayed in Figws®.1a and 5.1b, respectiveljhe CLSM
also provides a 3D surface profile, and Figures 5.1c and 5.1d show the surface roughness profile
of ConcreteOP and LSR samples. 3D surface roughness profiles of other samples are provided in
Figure S3. The profile visibly reveals the significant diffeeemt roughness for both samples.
Additionally, Sa and Sz values for S and Concret®P samples provided in Figures 5.1a and
5.1b confirm these differences in surface roughness.

Results show that ConcrefleUR, Concreteb0-UR, and LSR samples have veryigh
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 surfacésgure Sxhows the striking differendeetween 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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5.3.2 Pore size distribution and water absorption
The pore size distribution was determined for Granite, Limestone, and cement paste
samples (Past@, Pasteb0) 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.
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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 for3@astdnigher

than the cumulative pore volume of PaBteOther research has also reported thatr&#aced
cement paste exhibits higher cumulative pores than pure cemenf{@asigaprasirt et al., 2005;
Yu and Ye, 2013; Zeng et al., 201&enerally, the pozzolanic reaction between cement and FA
fills the already formed pore structure created by cement hydrattbpramides a refinement to
the existing pore distribution. However, due to the higher water to cement (w/c) ratio and lower
getto-space ratio caused by the FA replacement of cement, a higher cumulative pore volume for
FA can be expected. Chindaprasirtaét(2005) reported that the total porosity of-Feplaced
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
Paste0. The cumulative pore volume is almost zero for the granite and limestone santaes.
differential pore volume plot Figure 5.2oweversuggests that granite has a higher level of finer

pores than limestone. The granite and limestone aggregate abspmtientage 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 watgress.
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 withoutyapH 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 fes(Raste
Limestone, and Granite, respectively, for the same solid to liquid ratio suspension. The zeta
potertial results of control solutions show that all samples except Bastse negative zeta
potential. Similar results were reported for hydrated cement paste prepared at a w/c ratio of 0.38
(Pointeau et al., 2006 he positive zeta potential of the Pagtesample could be a reason for
portlandte (calcium hydroxide or CHjlissolution, while the negative zeta potential for Raéte

could be due to the dissolution of calcium silicate hydrateS-({.
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Figure 5.3: a) Zeta potential of control suspension, and b) Zeta potensalnople as a function
of pH
For limestone and granite, the zeta potential was approxim&elynV 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 aroundl7mV (V d o v i | ., Thenhégative) 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 Rast®astes0, Granite, and
Limestone, the Granite sampias the only material thaésulted in a zeta potential higher than
|+ 30 mV| (Figure 5.3a). Studies reported that colloidal suspensions withotetdiad between
+30 mV and-30 mV are prone to flocculation and coagulation due to the lack of repulsion
(Marsalek, 2014; Thakur et al., 202Therefore, Figure 5.3a indicates that only the granite surface
provides a sufficiently high repulsion for any adsorption to take place amriéss.

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 Past®0, Limestone, and Granite wasound pH 5, 3, and 2, respectively.
However, for Past®, 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 4.0whereas the isoelectric point for hydrated cement paste is around pH 3.0
(Alroudhan et al., 2016; Elakneswarat al., 2009a, 2009bonsidering 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 [PaBtend Past&0 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 testbiablyradue 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 caegb#o the leaching of cement pastes, it is evident
that the leaching from both Pafieand Past&0 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 at25°C) than calcium carbonatd&% mg/L at 25°Q. Additionally, Figure 5.4 displays that
the calcium leaching from Padias significantly higher than Pasi. This reduction in calcium
leaching is a result of the pozzolanic reaction between cement areilfidng in greater than 50
percent as would be predicted from just the 50 percent replacement of cBuendg cement

hydration (reaction of cement with water), CH and calcium silicate hydrates are produced.

96



Between these two hydration products of cememntst 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 repdic®me 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 suppementary 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 5 LSR, PVC, GR, GP, and all the porous ceramic samples,
FOG deposit formation did not initiate until an external base was added to promiotgktfaid
saponification reactian

Moreover, the FOG deposits formed in the bulk liquid did not attfaeimselves to some
test materials, i.e., Porous Ceramic {PB), PVC, and granite. This variation in surface FOG
deposit formation and adhesion can be expl ai
surface propertiethat will be discussed in the folving sections.
5.3.5.1FTIR analysis

The FOG deposits formed dhe test samples wesmnalyzed using FTIR to observe the
characteristic peaks at different wavelengifise ©ap formed on the concrete sample surfaces
did not exhibit a uniform appearanapjalitatively,the soap adhered closest to the surfaees
firm to the touchand could hold its shap@hereaghe soap exposed to the wastewater veay

soft and runnyA similar spatial layering effect was found in our previous wgtlisum et al.,
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2020) FTIR analysis was performed on soap samples separaddlected fromthesetwo
locations one from the surface layer (SL) and another from the outer layer (OL) exposed to the
wastewateto determine the percentage of saponification for each.layer

Besides, laboratorpased calcium soap and sodium soap wWss prepared at various
stoichiometric ratie (100%, 90%, 80%, 60%, 50%, and 20%) to analyze with FTIR. This lab
based soap provi ded I mportant I nf ormati on a |
characteristics peaks (Figurép.Additionally, this labbased calcium soap provided a reference
for the variation in physical properties of calcium soap at various saponification percentages.
Figure & provides a plot relating the percentage saponification and concentration of calcium ions
in lab-produced calcion soap.

Figures S4and S4b show the variation in calcium soap consistency with respect to their
saponification percentag&Ve observed with increasing saponification percentage, insoluble
calcium soap exhibited a more granular and dense appearancenCsbep 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 sapoaiiign percentage higher than 50% solidifies and becomes very
hard when oven dried. Whereas wax or helileg 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 1560wimereas insoluble
calcium soap exhibits two peaks near 1540 and 157([€igure 56). Analyzing he FTIR spectra
of surface FOG deposits collected from concrete samples (Figure 5.5a), similar twin peaks near

1540 and 1577 crhwere observed for SL layerSor FOG deposits formed on concrete Sle,
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also observed that the prominent calcium soap peakslsd0 and 1577 chwith a reduction in
absorbance for LCFFAs and oil near 1708 and 1745 @imis appearance of two peaks associated
with a reduction in absorbance for LCFFAs and oil indicates that these SL FOG deposits are, in
fact, insoluble calciunsoap produced by saponification reaction between LCFFAs and calcium.
Similar results for FOG deposits were obtained in previous resg@eh 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 exhibi the characteristic calcium soap peaks, and displayed high absorbance near 1708
and 1745 cm. 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 characleiisticoap 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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Figure 5.5 FTIR spectra of surface FOG depositaned on (a) Concrete samples and (b)

Limestone samples
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Figure 5.6: FTIR spectracomparing lab producezbdium soap (NaOH) and calcisnap(CH)
of LCFFAswith surfaceFOG depositaccumulatesn Concrete0

The percentage soap content for wvarious
surfacewas calculated using Kusum et al. 2020 method and reported in Tablle bakle 5.3, all
the test samplebad a highersaponificationpercentagdor FOG deposits collected from SL
compared tadhe FOG deposits collected from OrLhis trendin percent saponificatiobetween
SL and OL confirms that the surface FOG depgoaie 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
deposis wasbelow 10% (max reported was 7.59%)though, for limestone samples (I 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, widichtes that the
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percentage saponification of FOG deposits formed on SL of previously used concrete samples
(Concrete0-UR, Concretes0-UR) was always lower than the saponification percentage of SL
FOG deposits of new concrete samples (CondBte Concree-50P). Finally, the SL
saponification percentage is always higher for Con@esamples than for Concres® and
limestone samples.

Therefore, Table 5.3 reveals that the formation mechanism between the SL and OL varies,
with the SL soap being a sapoaii insoluble calcium soap. In contrast, the OL FOG deposit
accumulation probably aggregates excess FOG. Comparing the physical appearanee of lab
produced calcium soap with FOG deposits found on the sample surface also supports these
findings. FOG depositsccumulated on Concre@ 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 Conci@feexhibited physical properties like latade
calcium soap at a low saponification ratio. When the SL FOG deposits of Cederatas dried,
its consistency was sefsolid in contrast to the OL FOG deposits that looked like used oil (Figure
S5)

Table 5.3:  Saponification percentage of FOG @&posits

Test Number  Sample ID pH Adjusted? SL oL
1 Concrete0-UR Yes 58.42 5.35
2 Concrete50-UR Yes 17.74 6.69
3 ConcreteOP Yes 76.99 6.25
4 Concrete50P Yes 51.48 4.54
5 ConcreteOP No 83.04 6.63
6 Concrete50P 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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5.3.5.2FOG deposit formation on concrete samples

Figures 57a and 5/c show the yield of FOG deposits accumulated on Conbreied
Concrete50 samples when the pH of the wastewater was not adjusted using an external base.
TheseFOG depositsests simulate theccumulabn on these concrete sampfesm the release of
calcium dueto their material composition and surface properties. Figute shows that FOG
deposit formation on Concre®P is 60% less than the FOG deposits accumulated on Cencrete
OP samples. This 60% reduction in FOG deposit is caused by the replacéosmént with FA.
As shown inFigure 5.4 the calcium leaching from Padies significantly higher than that from
Paste50. Since the calcium leaching from concrete is caused by the CH dissolution from paste
and calcium carbonate dissolution from aggregdi.e., limestone), the reduction in calcium
leaching for Past&0 can be referred to as the reduction in CH dissolution. Hence, the 60%
reduction in FOG deposit accumulation for the Coneb® sample must have resulted from a
decrease in CH leachirigpm boththe FA replacement anis pozzlanic 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 solupility of oleic acid(Feng et al., 2018; Jung et al., 1987; Quast, 201#)g 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 Previous research showed that
concrete has high pore pH (>13.5) and FA replacement reduces the pore pH of ¢Diearedad,
1981; Plusqallec et al., 201 7)Additionally, previousstudy reporedthat CH dissolution of Paste
0 is higher than Past0 (Kusum et al., 2020)Therefore, it is evident that at the SLI of Concrete
OP sample, high concentration of CH is present resulting in a high pH and calcium availability.

Due to this high pH near the SLI of Concréfé sample, oleic acid produces oleate ions that reacts
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with avalable calcium through saponification reaction and accumulates on the surface of the
ConcreteOP. 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 nucleagdiorzother soap or FOG
particles. In contrast to Concred®, Concret&0P leaches reduced amasioft CH. As a result of

this reduced CH dissolution, near the SLI of ConeEfte sample, the concentration of calcium

and oleate ions are comparatively lowleanthe ConcreteOP sampleresulting 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 Concréf@P is less than the FOG deposit accumulated on
ConcreteOP. 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 exbas® the wastewater pH was
increased due to the combined effect of CH leaching from concrete surface and external base
addition. Therefore, for the pfermed FOG deposits test condition, it can be hypothesized that
more FOG deposits can be formed anldemdd to the sample surface. Figures 5.7a and 5.7b further
confirms the hypothesis. It is evident that the surface FOG deposit accumulationfiomued
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 tesitived CH

leaching from the previously used concrete samples.
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From the above discussion, itis 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 C# 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 doayse |
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-aaterinterface (AWI) or can be adsorbeg 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 4ioemed 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 de p-0Rshadathgh GHrdissoletiontrategthis Si n
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 gesit formed on the Concre®UR and FAreplaced 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 Féplaced as well as previouslgad concrete

samples.
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Finally, in this study, the effect of carbonation was briefly investigated for Cor@iPete
and Concret&0P samples to understand the effect carbonation on FOG deposit formation and
adhesion. Literature suggests that exposing contwet@vironmental carbedi-oxide causes a
conversion of the CH present in the concrete to calcium carbfnate i « , 200 3; Lu
Ngala and Page, 199Qiu, 2020) Some studies suggest that FA replaced concrete has higher
carbonation depth than concrete prepared without(ld#unthongkeaw et al., 2006; Lu et al.,

2018) In contrast, others reported that FA replacement up to 50% could eldvilat or

comparable carbonation than control concreteffersame exposufeAt i k., 200 3)
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Figure 5.7: FOG deposit accumulation on concrete sample sudéapwithout pH adjusnent
(b) Preformed FOG deposit test conditiofe) without pH adjustment (polished carbonated

sample), and (dpreformed FOG deposit test conditigoreviously used concrete samples)

106

et



Figure 57c displaysthe effect of carbonation on surface F@@posit 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, Figloeepresents the
FOG deposit accumulation for concrete samphat were exposed to normal room conditions for
35 days before thiaitiation of aFOG deposit test. As a result of this extended period of exposure
in environmental carboedi-oxide, these sample surfaces wpeatially carbonated. Therefore,
testing onthese samples would provide iadication ofthe effect of carbonation on surface FOG
deposit formation and adhesion. When the test results of Figlog/Bre compared with B for
Concrete0 samples, almost a 42% reduction in FOG deposit accumulasisrolserved for the
carbonated samples. At the same time, Con&@ shows little impadtom carbonation

To assess the extent of surface carbonation, SEM analysis was conducted -@naiRdste
Paste50 samples exposed to environmental cartheoxide. Fgures 58a and b displaythe
presence of characteristic rhombohedral for the calcium carbonate crystals on both &wkte
Paste50. An SEM image for the limestone sample was also taken to compare this calcium
carbonate crystal growth to carbonatemheat paste. Limestone is made of calcium carbonate and
Figure 58c displaysthe characteristic calcium carbonate crystal structure. CompaBagabd
5.8b, it seems that Pas® has less pronounced calcium carbonate crystal growth than the Paste
0 sample This reducedarbonation of FA replaced concrete could be due to the less available CH

content of FAreplaced samples for the carbonation reaction.
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Figure 5.8: SEM image of (a) carbonated Pa6tgb) carbonated Pash®, (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 Concfesamples. Although the compact pore structure
of concrete resists carbaliroxide from penetrating deep into avate 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 formatioand adhesion mechanism of FOG deposits. However,
additional research is required to confirm this hypothesis.
5.3.5.3FOG deposit formation omon-concretesewer line materials

TheFOG deposit test was also conducted on limestone, granite, PVC, and gaaug
samples. Figure 9a and 5.9b displaythe FOG deposit accumulation on limest@me porous
ceramicsamplesrespectively FOG depos#tdid not accumulate on the surfacd granite, PVC,
and porous ceramic made with porcelandtherefore, thostest resultsvere not reported here. It
should also be noted that these FOG deposit formation tests were corfdudtedpreformed
FOG deposit test conditionvith the addition of external bas&% v/iv NHiOH) since no FOG
deposits were observedthoutthe addition of amexternalbase

FOG deposit test resalbf these various test sample surfaces can be explained by the
surface FOG deposit formation and adhesion mechanism diseemdied For the FOG deposit
test conducted in this studfne syntheti wastewater can yield a certain amount of FOG deposits
due to the limited supply of LCFFASs, calcium, and oil. Therefore, when the pH of this synthetic
wastewater was adjusted using an external base, a certain ambulktwastewateFOG deposit
formed and accumulated near the AWI or on the sample surface. The strength by whimhikhis
wastewatelFOG deposits accumulates or attaches on the surface FOG deposits is dependent on

the attachment strength of the surface FOG deposits to the surface of thére=snsEhe surface

109



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 wastewatsfioréhevhen 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 sodjtlea 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 formd in wastewater are entrapped in this large space. Additionally, the zeta potential of
limestone samplesi0mV) at pH 7.0 indicates that the surface is highly favorable for physical
adsorption. Therefore, the limestone surface attracts LCFFAs ions aTdLGRFAS soajpon
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 sampéelaosely attached. This attachment strength was a
bit higher for the LSR samples than the kB samples, though the FOG deposit yield was similar
for both LSR and LSP. This implies that the surface roughness does not affect the amount of
FOG deposit fanation, 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 gravitytakiilg the

sample out from thevastewater (Figure S5a).
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For the PVC and granite samples, both rough and polished, FOG deposits did not adhere
to these sample surfacédthough FOG deposits formed at the AWI surrounding these samples,
when they were taken out of tlveastewater, the surrounding FOG deposit remainedhen t
wastewater, leaving no trace of FOG depasiached tahe sample surface (Figure S5g). For
granite samples, this lack of attachment could be due to thedt@bpatential (>BOmV|) for most
of the pH range (Figure 5.3b) which is unsuitable for ahysmal adsorption. Thikigh zeta
potentialexplains the reported lack of FOG deposit adhesion on granite surface when concrete
samples were produced with granite as coarse aggr@geam et al., 2020)Although the zeta
potential value for PVC and porcelain porous ceramic samples weraeasturedthe lack of
calcium and hydroxyl ions near these sarsptauld explain why FOG deposits dotraccumulate
on these surfaces.

Figure 59b displays the FOG deposit accumulation on porous ceramiC{(BGamples
tested with various pore solutenThetest resulshowsthat the higher pore pH resulted in higher
FOG deposit attachment on its surféice, pH_AH 11.0 and pH_CH 11.0)he result is consistent
with other experimental testand previousfindings 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 inAg pore.
explanation for this resuls 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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Figure 5.9: FOG deposit accumulation ¢a) Limestone sampleg) Porous ceramic sample
(PG-CL) with pore solution made with CH (calcium hydroxide) and AH (ammonium hydroxide)]
wherex axis pH denotepH inside cerami@ores

5.3.6Proposed FOG deposit formatiorand 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,eimecharsm describedhereconsides 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 saastill attach if they have conditions
that albw for their formation upstream from the investigation.sitke proposed mechanism
(Figure 510) is chronologically described below:

Step 1:Moments after wastewater encounters sewer line matesalubleLCFFAs and
oil layer at theAWI interact withsoluble LCFFAs micelles and background calcuissolved in
wastewater

Step 2:As soon as theewer linematerialstarts leaching calcium hydroxidéne pH and
calcium concentration will increase near the AWI and.SI[he 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 LCFRAonolayer at the AWI and SLI.

Step 3: From thehigh pH, LCFFAs ions, calcium near AWI and SLpsnification
between calcium and LCFFA isnvill initiate and form FOG deposiThese soap particlesill
attach to the rough surfaces of sewer line mateaiatswork as a collection site for future soap
particles or excess LCFFAs. Simultaneously, soap particles formed or prelselktwastewater
are entrapped by LCFFA micelles and calcium present in wastewater or leached from sewer line
materialsare attrated due to doubldayer compression. These deposits of calcium soap, excess
FOG, and LCFFAsoapaggregateare lighter than wateandaccumulate near the AWI and adhere
to the saponified surface FOG deposits.

Step 4: The saponificatiorprocess, as descrithen step 3, continuewith sufficient CH
dissolution and maintains a higlrfacepH for the surface saponification reaction to occur. This
ongoing saponification process forms more soap particles thatemenulatean the sewer line
surface, coveringhe 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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Figure 5.10: Surface FOG deposit formation aadhesion mechanism) Stepl, b) Step2, c)
Step3, d) Step4, e) FOG deposit formation in wastewater
5.4 Conclusion
This research aimed to understand the surface FOG deposit formation and adhesion

mechanismAfter analyzing all the test data, we hypotled that the FOG depostrmation and
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adhesiormechanism israinterface phenomenon that varies amdiffgrent sewer line systems
primarily due to the chemical composition antb some extent, thephysical surface properties
such agoughnessin ou study, we found that FOG depaditrm on concrete surfacekie to the
CH dissolution from cement hydration producowever, for other tested materialsfazorable
condition that allow for the FOG deposits formation upstream from the investigationasite
necessary to promote FOG deposit formation; thereby, surface adliesias also observed that
some of these surfaces did fotm or accumulate any FOG depos@sen when a favorable
upstream condition was present for the FOG defdosihation 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 otherdithndt form
FOG deposits, however, adkd preformed FOG depositslueto their high porosityand 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 surfacehich 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 minimiergetver line cleaning and
maintenance effort.

For a city to function properly,disruptionfree collection systenis neededHowever, due
to the continuous rise in population growth, the collective human fat intake and disalsarge
continue to rise FOG deposit relatedSSOs will continue tayrow if proper maintenance or
preventative measures are not performed.c or di ng t o Bi dendés BBB inf
$1.850 billion is expected to be invested in sewer overflow and stormwater reuse projects.

Therefore, it islikely that many of the old sewer collecti®ystemsin 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 replacimgilding these collection
systemsgiven 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 associatatv@onmental and infrastructure castdincrease public health
protection.
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SupplementaryMaterials

Table S1- Concrete materials mixture proportioning for 0% and 50% FA replacement

Ingredients Paste0 Paste50 Concrete0 Concretes0
Cement (kg/rf) 407.0 203.5 407.0 203.5
Fly ash (kg/r) 0.0 203.5 0.0 203.5
Water (kg/ni) 171 171 171 171
"Fine Aggregate

0 0 786 786

(sand) (kg/r)

“Coarse Aggregate

0 0 1120 1120
(Granite) (kg/m)

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

* Coarse and fineggregate weight are in saturated surface dry (SSD) condition
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d)

Figure S1 a) Porous Ceramic Sample, b) BO2MO02 (leftycelain ceramic made with hidined
silica, BO5SMOL1 (right)porous ceramimade out otlay, c) Granite, YiLimestone e) Concrete, f)

PVC
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Table S2i Surface modification

Sewer Line Materials Surface Modification

ConcreteOP, 50P Polishing with #800 and #1200 each grit 2 minutes
ConcreteOR, 50R Polishing with #120 for 2ninutes

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

PCGCL Original Surface, no modification

PGPH 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 The3D image of different test specimestsowing variation in their surface
roughness and profil@) ConcretéR, b) PVCP, c) PVCR, d) LSP, e) LSR, f) GP, g) GR,

and h) PECL
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Figure S4 Consistency of oven dried lgivoduced calcium soap and FOG deposit formed on

ConcreteOP

S1.1 FOG deposit test oporous ceramic samples
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Figure S5 FOG deposit adhesion test on different test samples
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c) Test on PECL (left) and PCPH (right)
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e) Concrete50-UR (pH adjusted)
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g) Teston PVEP and GP

S1.2 Kelvin Laplac Equation
Kelvini Laplace equation correlates the relative humidity step to the Kelvin pore radius by
assuming that the fluid leaving the pores is water:

¢ w
Y'Y TYO
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CHAPTER 6
Evaluation of Coating Materials to reduceFOG deposits Adhesion to Sewer Collection
SystemSurfaces

Samrin Ahmed KusunmilohammadPourGhaz JoelJ Ducoste

ABSTRACT

Concrete is widely used among various available sewer line construction materials due to
its high strength, widespread availability, and superior-toeating capacity. However, concrete
is a hydrophilic material that absorbs water through its pores, méksasceptible 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 sanisgwer linesResearch has been perforntealevelop coating
materialsthat prevent concrete corrosion. Howevegsearch has been performedassess such
coatings as a prevention strategy for FOG depefated blockages. This study prepared three
coating materials using epoxysRropyttrimethoxy-silane(NP), and polymethyhydro-siloxane
(PMHS). Results revealed th#tat coating solution ppared with NP and PMH®&sulted in a
hydrophobic surface with a very high contact angle (>130°). FOG deposit formation test results on
the 0% and 50% fly ash replaced concretmples showed that all thresurface treatment
processes reduced the FOG ddépadhesion potential when the FOG deposit formation was
entirely caused by the concrete surface's calcium hydroxide (CH) dissoltui®hypothesized
that the reduction in surfaé®G deposit accumulatiatue to the application of coating materials
ontheir surfacas a result othe 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 coatiayg ke caused byhe 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 75,0GhBarySewerOverflows occur annuallyreleasing
approximately 3 to 10 billion gallons of untreated wastew@&EPA, 2004) SSOs are diluted
wastewatewith detrimental environmental and health impacts as they contain pathogenic bacteria,
viruses, helminths, and other contaminants that affect public health through swetare
contamination Apart from the environmental and health cadganing up SSOsan cost an
average of $1200 paventannually in the United States. There are multiple reasons for SSOs;
however, 25% of the total SSOs are caused by the Fat, Oil, read&5(FOG) deposits related to
blockages. Research has shown that calcium leaching from concrete corrosion can cause FOG
deposit formation and adhesion inside sewer collection syqtdmet al., 2013; Kusum et al.,

2020)

Sincetheearly 1800s, concrete and vitrified clayppeshave been usad the United States
to constructsanitary sewer collectionetworks(Tafuri and Selvakumar, 2002Although high
density polyethylene (HDPE), polyvinyl chloride (PVC), and polymer concrete have been
consideredalternativestheir cost, lack of rigidityandissues with joints make thelass reliable.
Reanforced concrete pipehereforejs a preferred choice for wastewater conveyaystemsiue
to their sustainability, long lifespan, low construction cost, high strength, ease of installation, and
smooth flow by ensuring pipeline contityy 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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reacton between calcium and Long Chain Free Fatty Acids (LCFFAS) to produce insoluble
calcium soap known as FOG deposits or fatljelg et al., 2013; Kusum et.aR020) The FOG
depositrelated 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 $898BN\ational Restaurant Associatia?)22) With this rapid growth, developed
countries worldwide face a global challenge to mitigate FOG deposit accumulation inside sanitary
sewer collectiorsystems. Recent research has identified the surface formation and adhesion of
FOG deposits insidearious 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., 2&&23e concrete isne 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 demonstratgdaeplacing 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 numerousstudiesrelated to combating concrete
corrosion such agleveloping composite concrete materials, integral lining of concrete pores, and
surface modification of concrete using polym@k-Kheetan et al., 2020, 2019; Blunt et al., 2015;
FloresVivian et al., 2013; Kusum et al., 2020; Li et al., 2018; Roychand et al., 2021b; Saraswathy
et al., 2003; She et al., 2020, 2018;efwl., 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 modificafieoncrete surface, which

can be achieved either iy preparing a coating to be applied on the surfac® by mixing the

133



hydrophobic agent during the concrete constructi@s beersignificantly studied (Feng et al.,

2019; Y. Wu et al., 2022)Both processes have their limitations which should be considered
carefully before their application. Modificatiaf concretenateral 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 damagé@an et al., 2017; Y. Wu et al., 202Zhe hydrophobic modification

of bulk concrete can improve durability; however, a blend of such hydrophobic material in the
concrete mixture can adversely affect toenpressive 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 deposturface accumulation (Del Mundo and
Sutheerawattananonda, 2017; Yousefelahiyeh et al., 20héyefore, a hydrophobic surface
treatment of the sewer linespecially at these FOG deposit hotspot locations, can result in a
reduced wetting othe 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 viRtlopytrimethoxysilane
(NP), polymethylhydro siloxane (PMHS), anddart 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 polymethylydro siloxane (PMHS) were purchased

from fisher scientifig(Fairlawn, NJ) Ludox AS40 Colloidal Silicawas purchased from Sigma
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Aldrich (St. Louis, MO) BEHR premium Jpart epoxytypically usedfor the floor and grage
applicationsvas purchased fromnlocal building supply retail outletudox AS40 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 Develgpment 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. Thea solution was allowed to undergo a
hydrolysis reaction of NP with water for 30 minut&sibsequently3 ml of colloidal silica was
added to the N#®I mixture and mixed for 10 minutes using USH. Colloidal silica was added into
the NRDI solution to introdice a nangcale surface roughness once the coating was applied on a
surface. This mixture was designated Cbaind 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
minutesusing USH. This mixture rested for 1 hour to allow hydrolysis of NP with water.
Subsequently3 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 mix&@ fomutes
using USH. The resulting solution was designated as-Zaatl used for the surface treatment of
concrete samples. One part of epoxy was used as purdbaszat concrete samples aefined
asCoat3.

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%usum et al., 2020 herefore, this study aiedto identify if further

FOG deposit accumulation can be achieved by using surface coating onifigpksted concrete
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and concrete made without fly ash replacemEaible Slprovides the mixture proportioning used

to makeconcrde samplesConcrete0 (0% fly ash replacemengnd Concret&0 (50% fly ash
replacementlusing Ordinary Portland Cement (OPC) (Type I/ll) and clasBy ash Concrete
mixtureswere made with an overall watgr-cementitious (w/cm) ratio of 0.42imestore was

used as coarse aggregate, and washed river sand was used as fine aggregate0 Quasuase

without FA replacement and usedaaontrolsample, whereas Concred® was cast by replacing

50% cement with FA. Concretrixtures were cast into2223 12-inch rectangular PVC molds in

three layers, vibrated for compaction after each layer, and saatbzlired for 90 days before
applying the surface coating materials. For the surface coating, the concrete material was cut into

a 13 13 3-inch coupon sing a wefcut saw.
6.2.3 Coating of concrete surface

The literature provides various coating procedures for the hydrophobic solution, such as
spraycoating, dipcoating, and brushoating(Y. Wu et al., 2022)In this study, a dizoating
method was usednitially, concrete coupons were vacuum dried at 60°C 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
coatingsolution and cured at 60°C for 24 hodrs.determine whether doubtipping the concrete
material in the coating solution affects the contact arggle, concrete sample was coated with
Coatl and cured as described in the methodology section. Once thiseslample was dipped
into Coatl again and cured following the same process. This sample was designate€CaatDD
1. For Coa2, however, the double dipping process did not work as the sample's surface was

entirely coated, and no new coating solutigetted the surface. To determitne effect of curing
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temperature on the contact anglee sample for each coating type was coated at room temperature

for 24 hours instead of oven curing.

For the epoxycoated samples, concrete coupons were brushed usirgapd 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-dwashg method. The coated
concrete coupon was then dried at 60°Cl#bmore hours. Once the concrete samples were cured,

their contact angle @re defined using a goniometer (Rahart, Succasunna, NJ).

6.2.4 Contact angle measurement

The wetting properties of the concrete coupons were measured by determining the water
confact angleby goniometer For the measurement,| i of water droplets were placed on the
surface of the concret&éhe contact angle measurement started 20 seconds after placing the water
droplets on the sample surfa€nce the measurement started, twemtygsecutive contact angle
data were taken atdecond 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 anfglethe concrete coupon.
6.25 Surface roughness measurement

The surface roughness obated samplewas measured bysing aKeyance VKx1100
Confocal Laser Scanning Microscope (CLSMjletAnalytical Instrumentation Facility (AIF)f
North Carolina State Universitfor this study, tharithmetic mean heigh{Sg, maximum height
(Sz), developed interfacial area ratio (Sdr), skewness of the surface (Ssk), careflib@burface
(Sk), and the arithmetic mean of the primary cumetof the peaks on surface (Spc) parameters
were analyzedror each sample§ randommeasuremendites were selected from four different

sides of the sampkurface For the roughness measuremantong the fittedX, 10X, 50X, and
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150X lensesthe 10X lens was selected he resolution for each roughness measurement was set
to the standard 1024768 pixels. After completion of the surface measurenikase roughness
parameters were averaged over8meeasurement locations.
6.26 FOG deposit test

The FOGdepositformationtest was conducted on all the samples prepared and modified
in sections6.2.3. Testspecimens were exposed to synthetic wastewateét&diaysin the FOG
deposit experimental setuphe test procedure is described by Kusum et al. 202rief,
synthetic wastewater was preparedniixing 700 ml of DI water30 g of oleic acid as LCFFA
source,20 g of canola ojland calcium chloride76 mg/l of C&*) as background calciunAfter
mixing prepared synthetic wastewater for twefdyr hours,onethird of the 3" longsurface
coated concreteoupon was submergéato the synthetic wastewatérhe FOG deposit test was
conducted without any pH adjustment of thastewateto assess theffectivenes®f thesurface
treatmen@pplied onconcrete sampldas reduced=OG depositormation After 28 days of testing,
the FOG deposstaccumulatedn the sample surfacegere removedoven dried al05 C, and
weighed to measure the amount of FOG deposit formed on each sample Jindde®G depsit
adhered to sample surfaces was normalized by the sample surface area.
6.2.7 Fourier Transform Infrared (FTIR) analysis of FOGdeposits

Fourier Transform Infrared (FTIR) analysis was performed on all the FOG deposit samples
before oven drying to deterre the saponified solids content of the FOG depé&dlitsving the
Kusum et al. 2020 methothfrared 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 determindebl/(Kusum et

al., 2020)
oap (%) =
Soap absorbance (1577 cm™! + 1541 cm™1)x100
Soap absorbance (1577 cm™! + 1541 cm™1) + 0il absorbance 1740 cm™! + LCFFA absorbance 1707 cm™! é (1)
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Figure 6.1: Schematiaiagram of the concrete sample preparation and testing chronology
6.3 Resultsand Discussion

6.3.1 Contact angle

The contact angteof the test sampleare 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 60°C. As seen in Figure 6.2, the double
dipping method for Coat displayed a lower contact angle than concrete samples that were dipped
oncein Coatl. Thislow 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. Th&li@ndeposited
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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 &@. It is evident that Co& 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 150°, whereas surfaces with a contact angle higher
than 120 but lower than 150° are called ewgdrophobic(FloresVivian et al., 2013; She et al.,

2020, 2018)In this study, for all the coating types and curing conditions, anlordrophobic

surface was achieved for thest&oncrete couponsrom the water contact angle measurement,

only Coatl and Coa® were selected for the FOG deposit test for their lowest wetting properties.
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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 theueabf 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 ratioof the actual surface area of a solid with the projected surfacefategh 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 thespesimen 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 roughnéssproviding 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 tBe&3ndts in
a high sirface 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 comar&ee 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 6.3] that the surface roughness introduced by Coat 2 is significgrelythan
Coat 1. According to Casska xt er 6 s model , this high surface
between the peaks and valleys. Therefore, water droplets cannot reach the original solid surface
and a more hydrophobic surface can be achieved. ditaat angle result of this study agrees to

this statement.
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Figure 6.3: (af) 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 susface, i)
profile of Coat 2 applied on concrete surface, (j) height profile of Ea@plied on concrete

surface
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