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Abstract

This study systematically investigated key parameters influencing fat, oil, and grease (FOG) deposit formation in kitchen
wastewater and elucidated the underlying chemical kinetics. Gas chromatography—mass spectrometry (GC-MS) was
employed to characterize the composition of FOG deposits. Single-factor experiments and response surface methodology
were used to identify the most significant factors contributing to saponification and determine optimal conditions for FOG
accumulation. GC-MS demonstrated lower quantitative error rates than Fourier transform infrared (FTIR) spectroscopy
and acid—base titration, with oleic acid identified as the predominant free fatty acid (FFA) component. The optimal
saponification conditions were as follows: C,gH340,:CaCl, mass ratio of 1:1.40, pH value of 7, reaction temperature of
30°C, and reaction duration of 1440 min, under which the maximum predicted saponification extent was 77.932%.
Additionally, the kinetic model showed that FOG saponification followed a second-order reaction, with an activation
energy of 53.1 kJ-mol™ and a pre-exponential factor of 5.4 x 107 L-molt-min™. Overall, this research enhances the
existing theoretical framework of FOG deposit formation by integrating engineering simulation with chemical kinetics and
provides quantitative parameters to directly inform pipeline blockage mitigation and wastewater treatment optimization.
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1. Introduction

With the improvement of living standards, the consumption of meat, poultry, and dairy products in household and
commercial catering settings has increased [1, 2]. As a result, considerable fat, oil, and grease (FOG) accumulation has
been reported in the drainage pipes of household and restaurant kitchens, causing severe pipe blockage [3]. Fatty acid
calcium salts are formed via saponification of free fatty acids (FFAs) in kitchen wastewater with Ca?* from food residues.
These salts subsequently aggregate via physical deposition to form FOG deposits [4]. Thus, saponification plays a
critical role in FOG deposit formation. The roles of FFAs, Ca2*, and other factors in FOG deposit formation must be
deeply investigated [5]. Such research will advance the theoretical understanding of FOG deposition and provide
practical insights for preventing pipe blockages, optimizing wastewater treatment, and improving urban sanitation.

Increasing carbon chain length and the number of branches inhibits the hydrolysis of long-chain fatty acids during
saponification [6]. FFAs such as palmitic acid (Ci6H320>) and oleic acid (CisH340>) are more prone to forming FOG
deposits compared to lauric acid and linoleic acid [7]. Nevertheless, the relative susceptibility of different FFA species
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to saponification, and how this relates to deposit formation, have not been systematically analyzed. Using calcium
chloride (CaCl;) as the calcium source in simulated kitchen wastewater results in fatty acid salts with a white, loose
structure, whereas calcium hydroxide (Ca(OH)) and calcium sulfate (CaSO,) yield granular and coarse fatty acid salts.
In line with these observations, Wu et al. [8] reported that FOG deposits formed in the presence of Ca(OH), exhibited
a higher degree of completion during saponification compared to those formed in the presence of CaCl, and CaSOs,.
Subsequently, several studies have confirmed the key role of Ca?* in FOG deposition within practical engineering
conditions. For example, Sultana et al. [9] reported that the use of Ca(OH), and Mg(OH), as biocorrosion control
measures in municipal pipe networks increased FOG deposition. Further, Yusuf et al. [10] detected considerable
concentrations of Ca?* in scum samples and effluents from multiple grease interceptors, which were considerably higher
than those of Fe?*, Fe’*, Mg?*, and K*. However, calcium’s contribution to saponification remains qualitative, lacking
quantitative validation.

Environmental conditions such as temperature and pH also impact FOG deposition. Calcium remains as free Ca" at
low pH and combines with FFAs at neutral pH. In contrast, alkaline conditions trigger saponification to yield calcium
fatty acid salts [11]. In addition, FOG deposits may melt in high-temperature water sewers, where they undergo
saponification with calcium to generate large amounts of calcium fatty acid salts [12]. Iasmin et al. [13] reported that
FOG deposits synthesized at 22°C and 45°C exhibited distinct infrared stretching vibration peaks and structural
characteristics, further confirming the influence of temperature on FOG production. However, the effects of the
FFA:Ca?" mass ratio and saponification time on FOG deposit formation have not been experimentally verified.
Consequently, theoretical guidance for inhibiting FOG deposit formation and facilitating their removal from kitchen
drainage systems is lacking.

The accurate determination of saponification extent is therefore a prerequisite for establishing such theoretical
guidance. Currently, FTIR spectroscopy and acid—base titration are the primary methods employed for this purpose.
FTIR analysis can be used to calculate the proportion of fatty acid calcium relative to total fat and grease based on
vibrational modes [14, 15]. lasmin et al. [16] modified the saponification rate equation based on infrared spectral
quantification and determined the saponification extent by calculating the absorbance of characteristic soap bands from
the FTIR spectrum. Kusum et al. [17] observed two strong asymmetric stretching vibrations at 1541 and 1577 cm™!
corresponding to calcium soap and further refined lasmin’s calculation method. However, multiple absorbance peaks
were observed in some bands; therefore, using a single value of absorbance in Iasmin’s equation can lead to notable
errors. As for acid—base titration, some researchers heated FFAs with excess potassium hydroxide (KOH), which did
not participate in saponification [18]. The KOH content remaining after the complete conversion of FFAs into potassium
salts was subjected to acid—base titration, and the amount of unreacted FFAs was determined. Based on the findings, the
extent of the chemical reaction between FOG deposits and KOH was calculated. However, erroneous results were
obtained because the titration end point had to be manually observed, necessitating the development of precise
assessment methodologies.

Beyond accurate measurement of saponification extent, understanding the reaction kinetics is essential for predicting
how environmental factors influence FOG deposit formation. Accordingly, a kinetic model was developed herein to
elucidate the impact of temperature variations on FOG deposit formation. Iasmin et al. [13] previously developed a
chemical kinetic model for oil deposit formation using FTIR analysis. However, this model primarily calculated the
reaction rates based on mass changes, FTIR analysis also exhibited a high error margin.

Herein, gas chromatography—mass spectrometry (GC—MS) was used to test the saponification extent of FOG
deposits. The results of acid—base titration, FTIR spectroscopy and GC-MS were compared to identify the testing
methodology exhibiting the lowest error rate. Subsequently, single-factor experiments revealed that FFA species,
temperature, pH, FFA:Ca?" mass ratio, and reaction time affect the saponification process, followed by response surface
methodology (RSM) to identify the most adverse conditions for FOG deposit formation. Finally, focusing on chemical
kinetic mechanisms, the kinetic equations and reaction orders for the saponification reaction between FFAs and Ca?" in
FOG deposits were determined. In addition, a chemical kinetic model for FOG deposit formation was developed based
on reaction temperature variations to establish a theoretical foundation for exploring the formation mechanisms of FOG
deposits. Overall, the findings provide critical insights into optimizing the strategies for FOG deposit removal and
enhancing the current operational management of kitchen drainage systems.

2. Materials and Methods

2.1. Chemical Reagents and Equipment

1% phenolphthalein (a pH indicator solution), a 0.5000 mol-L ™! KOH standard titration solution and a 0.5000 mol-L !
HCI standard titration solution were purchased from Guangzhou Howei Pharma Tech Co., Ltd. (Guangzhou, China).
Lauric acid (C12H240,), myristic acid (C14H2802), CisH3202 and CigH340, were purchased from Aladdin Reagent Co.,
Ltd. (Shanghai, China). CaCl, and sodium hydroxide (NaOH) were purchased from Sinopharm Chemical Reagent Co.,
Ltd. (Shanghai). All chemicals and reagents were directly used as received without further purification, and the
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experimental solutions were prepared using deoxygenated ultrapure water (electrical resistivity: 18.25 MQ-cm at 25°C)
as the solvent. An SB-5200D ultrasonic cleaner manufactured by Ningbo Scientz Biotechnology Co., Ltd. (Ningbo,
China) as well as an LC-DMS-H constant-temperature magnetic stirrer and a PH-100 Pro electric thermometer
manufactured by Shanghai Lichen Instrument Technology Co. Ltd. (Shanghai, China) were used.

2.2. Testing Method Principles
2.2.1. FTIR Analysis and Acid—Base Titration

To determine the saponification extent, the mass ratio of fatty acid calcium derived from the saponification of FOG
deposits relative to the total FOG deposits was calculated (denoted as R, %). Higher R values indicated a greater
saponification extent of FOG deposits. Del et al.’s FTIR method was used to determine the saponification extent and
the corresponding formula [7, 16], and the acid—base titration method reported by Mahesar et al. and Wang et al. was
also employed in this research [19, 20].

2.2.2. GC-MS

The amounts of FFAs and Ca?" participating in FOG deposit formation were identified from the FOG formation
principle. Assuming that the total amount of FFAs is 4 + B (known), the amount involved in its saponification reaction
with Ca?" into fatty acid calcium is 4 and the amount of physical deposition is B. Then, the amount of B can be
quantitatively determined via GC-MS. The saponification extent can be calculated as follows:

Saponification extent (%) = (1 — ﬁ) X 100% (1

The peak area of unreacted FFAs in the experimental product (total mass M) was determined via peak area
normalisation and denoted as b. The FFA species (C) were identified by matching their mass spectra to those in a
reference database. The peak area of pure compound C with the same mass M was measured under identical GC-MS
conditions using the same normalisation method, with the corresponding value denoted as a. The saponification extent
of FOG deposits was then calculated as follows:

R(%) = (1 - Z) x 100% )
The specific testing methods are the same as those in the study by Yan et al. [21].

2.2.3. Accuracy Test

The accuracy of FTIR, acid—base titration, and GC-MS methods was analyzed using mixed samples containing
C,; g Hs 4 O, and CaCl, with pre-defined and known saponification extent of FOG deposits. Each sample group was
measured five times, and their extent of saponification was calculated. The obtained values were compared to identify
the best method. The mixing ratios and experimental conditions are summarized in Table 1.

Table 1. Experimental conditions of M1-M9 and saponification extents

Conditions  Total mass (g) CisHsO,(g) CaCl,(g) Extentof Reaction (%)

M1 1.0 0.1 0.9 10
M2 1.0 0.2 0.8 20
M3 1.0 0.3 0.7 30
M4 1.0 0.4 0.6 40
M5 1.0 0.5 0.5 50
M6 1.0 0.6 0.4 60
M7 1.0 0.7 0.3 70
M8 1.0 0.8 0.2 80
M9 1.0 0.9 0.1 90

2.3. Influencing Factors
2.3.1. Single-Factor Experiment

The influence of five factors, reaction temperature, pH, FFA species, FFA:Ca2* mass ratio, and reaction duration,
on the saponification extent of FOG deposits was determined via single-factor experiments. The process is shown in
Figure 1. First, 1.0000 g of the FFA was precisely measured and dissolved in 9.0 mL of C, Hs OH. A pre-determined
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mass of CaCl, was quantitatively dissolved in 1.00 mL of deoxygenated ultrapure water, and its pH was adjusted using
0.5000 mol-L™ * of the KOH standard titration solution. The solution was then transferred to a round-bottom flask
mounted on a constant-temperature magnetic stirrer. The temperature probe of the stirrer was immersed in the solution,
and the stirring temperature and time were set to pre-determined values. After the completion of stirring, the mixture
was transferred from the flask to a high-speed centrifuge and centrifuged for 5 min. Then, 0.1000 mL of the supernatant
was transferred to the GC-MS system to determine the FFA species. The saponification extent of FOG deposits was
determined under the above-mentioned conditions by quantitatively measuring the peak area corresponding to the
unreacted FFAs. To this end, 1.0000 g of a purified FFA compound obtained via qualitative analysis was dissolved in
10.0 mL of C, Hs OH. This solution was then centrifuged at a high speed for 5 min, after which the supernatant was
subjected to GC-MS analysis; this solution served as the analytical and calibration standard. Finally, the peak area of
the calibration standard was measured and comparatively analyzed with that of unreacted FFAs to determine the
saponification extent of FOG deposits under different single-factor conditions. All experimental procedures were
performed five times, and the arithmetic mean values were used for final calculations and results.

Figure 1. Procedure of single-factor experimental test

2.3.2. Influence Degree of Different Factors

A central composite design (CCD) was developed using Design-Expert® 13 software based on the ranges of the
aforementioned five factors to quantify their influence degree on the saponification extent of FOG deposits. The
saponification reaction conditions were then optimized through experiments similar to the single-factor experiments.
2.4. Chemical Kinetic Model
2.4.1. Reaction Rate Equation of Saponification

Under certain experimental conditions, wherein all side reactions are considered negligible, the apparent reaction
rate (r) for saponification between FFA and Ca?* can be calculated as follows:

dac
Tr = d—iFA = kCE’;ACgaz+ (3)

where k is the apparent reaction rate constant (mol-L™2-min™?), Cera is the molar concentration of FFA at time point t
(mol-L™1), Cc,2+ is the molar concentration of Ca?* at time point t (mol-L™?), t is the reaction duration (min) and m and
n are the experimentally derived reaction orders for FFA and Ca?", respectively.

2.4.2. Deduction of Reaction Orders

FFA and Ca?" were proportioned according to the stoichiometric ratio for saponification; that is, their initial
concentrations (at t = 0 min) satisfied the following relation:

1
Cea?*|t=0 = 5 Crraje=0 (4)
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At time point t, the saponification extent is R (%) and the corresponding FFA concentration is:

Crra = Crpaje=0(1 — R) 5)
Correspondingly, Ca?* concentration at time point t becomes:
1 1 1
Coaz+ = Ceaztie=o — ECFFA|t=0R = ECFFAIL'=0(1 -R)= ;CFFA (6)

Substituting Equation 6 into Equation 3 reduces the kinetic formulation to:

dc 1 1
r = I R e = KOG Cet) = kG CH™ (7)

Defining k' = k(%)" and substituting it into Equation 7 yields:
r = kQ"CRA" = K'CRA™ = kGG (8)
Taking the logarithm of both sides of Equation 8 yields:

Inr=Ink' + n(CIH™ = Ink'+ (m + n) In( Cppy) = In( — di%) 9)

The overall reaction order (m + n) for FFA and Ca?* was derived from the In( — %)—ln( Crra) relation curve,

and the individual reaction orders m and n were determined, respectively, based on the influence degree of each factor
in the single-factor experiments.
2.4.3. Deduction of Apparent Reaction Rate Constant (k)

Asm +n # 1, i.e. saponification did not follow first-order kinetics, k was derived based on the rate laws of second-
order and higher-order kinetic reactions

CrrA _ dCprA _ (tg
fCFFAIt:o dciam = fO ieae (10)
1 % Cl—(m+n) CFFA _ k’t (11)
m+n-1 FFA Crraje=0 B

1-(m+ ' 1 1-(m+
Cora ) = (m A+ k't + —— X Cor i (12)

Ask' = k(%)" = k(%)m‘l, k was deduced accordingly.

2.4.4. Deduction of Activation Energy (Ea, kJ-mol™)

Ea is the energy required for molecules to transform from normal state to an activated state that is conducive to
chemical reactions. It is the minimum energy required to initiate a chemical reaction. Based on the indefinite integral
expression of Arrhenius equation, it can be deduced that

Eq
k=A-err (13)
Taking the logarithm of both sides of Equation 13 yields
Ink=IinA-22x1 (14)
R T

where T is the thermodynamic temperature (K), A is the pre-exponential factor, with the same units as the concentration—
based apparent reaction rate constant k (mol-L™*min~! in this study), and R is the molar gas constant, R = 8.314
J-mol K™,

Then, the relation curve between In k and % was plotted, with — %“ as the slope. The intercept was In A, from which
E, and A were calculated.

3. Results and Discussion
3.1. Comparative Evaluation of Testing Methods

Working conditions M1-M9 were systematically evaluated using acid—base titration, FTIR, and GC-MS methods.
The obtained results (Figure 2) were compared with the saponification extent obtained under actual operating conditions,
and the corresponding error rates were calculated. The standard deviations were less than 5% of the means across all
measurements, demonstrating good reproducibility. The GC-MS results closely matched the pre-determined
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saponification extent under actual operating conditions, whereas the FTIR results exhibited considerably poor accuracy.
The mean error rates determined by comparing measured and theoretical values were 8.7%, 16.1%, and 47.9% for GC—
MS, acid—base titration, and FTIR analyses, respectively.
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Figure 2. Testing methods for saponification extent of FOG deposits: (a) FTIR; (b) Acid-Base titration; (c) GC-MS.

FTIR measurements exhibited a considerably higher mean error rate due to methodological constraints associated
with the KBr grinding—pressing disc method. Insufficient grinding of samples with KBr induced light scattering and
baseline drift during spectral acquisition [22, 23]. Random sample sizes during disc pressing generated inconsistent
thicknesses, leading to interference fringes in the FTIR spectra for thicker discs. Pressure and duration during disc
pressing could not be precisely regulated, resulting in over-compaction of discs and considerable surface smoothening
[24], which in turn caused light polarization and the appearance of anomalous high-intensity sharp spectral peaks. The
inherent resolution limitations of conventional FTIR spectrometers, combined with operational constraints,
fundamentally reduced measurement accuracy.

The errors in the acid-base titration method primarily originated from the manual judgment inaccuracy of the
titration endpoint and color, resulting in an error in the titration volume [25, 26]. Meanwhile, acid—base titration yielded
acceptable accuracy levels and had simple operation [27].

GC-MS showed the lowest error rate and was therefore deemed the optimal method for determining the
saponification extent of FOG deposits in terms of accuracy. Recent studies have shown that GC-MS exhibits high
sensitivity for detecting and identifying FFA across multiple scenarios, including solid and liquid phases [28-30].
Vasiliki et al. [31] reported that GC-MS enables rapid and robust quantification of short- chain fatty acids in solid—
liquid mixed phases, achieving a response rate exceeding 95.5% for four-carbon FFAs with an error rate below 5.0%.
However, its operating procedure is extensive and complex, rendering the calibration process expensive. In addition, the
requirement of pure standards adds to the high testing cost. Thus, this method is recommended only for scenarios that
demand high-precision results, whereas for routine applications, acid—base titration may be a more practical choice
despite its moderate error rate.

3.2. Parameter Ranges of Factors

3.2.1. FFAs Species

FFAs in FOG deposits from kitchen drainage pipes mainly contain compounds such as Ci2H2402, Ci14H2502,
C16H320, and C1gH3402. As a preliminary basis before investigating other factors, the experimental parameters were set
as follows: FFA and CaCl, masses of 1.0 and 1.4 g (mass ratio of 1.4), respectively, pH value of 5, temperature of 30°C
and reaction duration of 60 min. The saponification extent of FOG deposits for each FFA was determined via GC-MS
(Figure 3).
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Figure 3. Effect of FFAs species on saponification extent of FOG deposits

As shown in Figure 3, amongst the four common FFAS (C12H2402, C14H25802, C16H3202 and C1sH3402) tested under
identical conditions, Ci1gH340, exhibited the highest saponification extent. This finding is consistent with previous
reports indicating that fats with higher oleic acid ratios produce calcium saponified solids with greater yield and
saponification extent. During the nucleophilic substitution reaction in saponification, the carbonyl carbon of acyl group
acted as the reactive site and played the leading role. When the FFA mass was kept constant at 1.0 g, their relative
molecular mass increased with increasing number of carbon atoms in its chain. When 1.0 g of pure C12H2402, C14H2505,
C16H30; and C1gH340, were used, the masses of their carbonyl group were 0.14, 0.12, 0.11 and 0.09 g, respectively.
C1sH340; exhibited the highest relative molecular mass, resulting in a lower mass contribution from the carbonyl carbon
atom in the acyl group compared with C12H2402, C14H230; and Ci6H3,0; [32]. Therefore, it was more susceptible to
nucleophilic attack by hydroxide ions (OH"™) due to its lower steric hindrance at the carbonyl carbon, generating abundant
negatively charged intermediates and increasing the saponification extent of its FOG deposits. The difference in the
reaction extent of FFAs was influenced by their solubility in kitchen wastewater. C1sH3402 was more soluble compared
with other FFAs, yielding a greater saponification extent of FOG deposits. Notably, this study employed C1sH340; as
the sole model FFA to investigate the saponification kinetics of FOG deposits. However, in real kitchen wastewater,
FFAs exist as a mixture rather than a single component. The presence of less reactive FFAS, such as C12H2402, C14H2802
and Ci16H3202, which showed lower saponification extents than C1sH340- in our experiments, likely reduces the overall
saponification extent in mixed systems. Consequently, the actual FOG deposit formation may be lower than the values
predicted by the saponification reaction calibrated using pure C1gHz40,.

3.2.2. Mass Ratio

Different mass ratios were obtained by keeping the mass of C1sH340; constant at 1.0 g and changing the mass of
CaCl; as 1:0.10, 1:0.20, 1:0.50, 1:1.00, 1:1.20, 1:1.40 and 1:1.59; their influence on the saponification extent of the
resulting FOG deposits was tested at a pH value of 5, temperature of 30°C and reaction duration of 60 min. Notably, a
C1H3407:CaCl; mass ratio of 1:1.59 was defined as the threshold because the solubility of CaCl, in 100 g water was
<159 g at standard pressure and 30°C, i.e. it reached its saturation limit under these controlled conditions.

As shown in Figure 4-a, the saponification extent of FOG deposits from C1sH340; increased with increasing CaCl;
mass and reached equilibrium at approximately 25%, corresponding to a C1gH3402:CaClomass ratio of 1:1.40. According
to the chemical reaction equation between FFAs and Ca?* (Equation 4), the CigHz402:CaCl, molar ratio is 2:1.
Converting these into mass, 1.0 g of C1gH340- corresponded to approximately 0.2 g of CaCl.. In other words, when the
C1gH340,:CaCl; mass ratio was 1:0.2, the reaction between them proceeded to completion. Results showed that at a
C1sH340,:CaCl; mass ratio of 1:0.2, CaCl, was completely dissolved; however, the reaction extent was low. The reaction
extent between FFAs and Ca?* increased with increasing CaCl, mass; however, it did not increase considerably beyond
a CigH3402:CaCl; mass ratio of 1:1.40. This indicated that CaCl, mass was no longer a limiting factor for the
saponification extent. An explanation for this optimal ratio can be proposed based on the dual role of Ca?*. At low Ca?*
concentrations, the saponification reaction is limited by Ca?* availability. As the Ca2?* concentration is increased, it
supplies more reactant and exerts two promoting effects. First, Ca?* compresses the electrical double layer surrounding
FFA micelles, thereby facilitating FFA deprotonation and subsequent saponification. Second, Ca?* neutralises
negatively charged reaction intermediates, promoting calcium soap precipitation and driving the reaction equilibrium
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forward. However, when the Ca?* concentration exceeds the optimal level (i.e. beyond the 1:1.40 mass ratio), inhibitory
effects begin to dominate. Excess Ca?* may competitively consume hydroxide ions (OH") through Ca(OH)* or Ca(OH).
precipitate formation. In addition, excessive Ca?* can result in saturated adsorption on the surface of FFA droplets,
physically blocking further reaction. Thus, the 1:1.40 ratio represents a balance between the promoting and inhibitory
effects of Ca®*. Herein, subsequent single-factor experiments were conducted at a C1gH3402:CaCl, mass ratio of 1:1.40.
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Figure 4. Factors on fatty acid calcium (Ci1sH3402) production: (a) C1sHz402:CaCl2 mass ratio; (b) pH; (c) temperature; (d)
reaction duration

3.2.3.pH

Highly acidic (pH < 3) or alkaline (pH > 10) cleaning agents are generally used for the unblocking and maintenance
of kitchen drainage pipes. To simulate realistic pipe maintenance scenarios where pH extremes may occur, the
saponification extent of FOG deposits was tested at a wide pH range of 2-11 (2, 3, 5, 7, 9, 10 and 11) and other
parameters were fixed as follows: CigH3402:CaCl, mass ratio of 1:1.40, reaction temperature of 30°C and reaction
duration of 60 min.

Figure 4-b shows that the saponification extent of FOG deposits first increased with increasing pH, reached a
maximum at pH 7 and then decreased. This behavior can be explained as follows. The reaction mechanism between
FFAs and Ca?* determines the differences in FFA hydrolysis pathways under different pH conditions. Under acidic
aqueous conditions, FFAs hydrolysis is primarily mediated by the nucleophilic reaction between FFAs and a nucleophile
derived from OH™ of water molecules (H20). Under alkaline aqueous conditions, alkaline reagents mainly provide
nucleophiles to promote FFA hydrolysis. Under neutral conditions, abundant nucleophiles simultaneously originate
from both the alkaline reagents and H,O-derived OH™. As a result, the nucleophilic activity is enhanced and nucleophilic
addition reactions easily occur. Consequently, the saponification extent increases to its maximum at pH 7. Ulfa & Eka
Cahyani [33] stated that pH influences the solubility of Ca and that Ca?* may start combining with FFAs under neutral
conditions. Gomes et al. [34] argued that a higher saponification extent under neutral conditions is attributed to the
relative chemical stability of fatty acid calcium salts under neutral or alkaline conditions, whereas these salts degrade
under acidic conditions, releasing FFAs and Ca?*. The subsequent single—factor experiments were conducted at pH 7
[35, 36].

3.2.4. Temperature

The saponification extent of FOG deposits was investigated by varying the reaction temperature (0°C, 10°C, 15°C,
20°C, 30°C, 40°C and 50°C) while keeping other parameters constant: C1gHz402:CaCl, mass ratio of 1:1.40, pH value
of 7 and reaction duration of 60 min. The minimum temperature was set to 0°C because the minimum operating
temperature limit of the GC-MS instrument was 0°C. In addition, C1gH340, might gradually solidify at extremely low
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temperatures, physically kinetically limiting the production of fatty acid calcium salts. The maximum temperature was
set to 50°C for two reasons. First, in GC-MS testing, C;HsOH was selected as the solvent. When the temperature
exceeded 50°C, extraneous peaks and ghost peaks corresponding to C;HsOH emerged, compromising the measurement
of the final target peak areas. Second, in practical engineering, the flow path of kitchen wastewater is as follows: from
floor drains into kitchen drainage pipes, sequentially passing through traps, horizontal branch pipes, vertical pipes, and
elbows, and finally entering kitchen horizontal main pipes [37, 38]. Under such conditions, the wastewater temperature
generally does not exceed 50°C. These findings indicate that the set temperature range of 0°C-50°C was ideal.

Figure 4-c shows that the saponification extent of FOG deposits increased with temperature within the 0°C-30°C
range, reaching its maximum at 30°C. However, the saponification extent decreased in the 30°C—50°C range, indicating
that elevated temperatures may inhibit saponification. These results contradict previous studies suggesting that higher
temperatures enhance FOG formation. FFA hydrolysis behaves as a reversible endothermic reaction under neutral
conditions, where increasing temperature increases the number of active molecules in reactants, intensifies Brownian
motion, accelerates molecular migration rates, and promotes OH™ release, thereby increasing reaction efficiency [39].
However, these conclusions were based on limited temperature comparisons, as the experiments were conducted only
at 22°C and 45°C, restricting the generality of their findings. Meanwhile, this study investigated a continuous
temperature range (0°C—50°C), allowing for a more comprehensive evaluation of temperature effects. When temperature
exceeded the set threshold, excessive heat easily induced the decomposition and disruption of ionic bonds in fatty acid
calcium salts. C;sH340, has a melting point of 13°C—14°C. It progressively melted as the temperature was increased
from 0°C to 30°C, undergoing a solid—liquid phase transition. As a result, excessive amounts of C18H3402 participated
in saponification and increased the saponification extent, peaking at 30°C [40]. Beyond 30°C, the bonds between Ca2*
and FFAs in fatty acid calcium salts are disrupted, and the saponification extent decreases [41]. Temperature
substantially influenced the Brownian motion, causing variations in the diameter of C,gH3,0, molecules. The Brownian
motion of C1gH3,0, molecules was suppressed at considerably low water temperatures. With increasing temperature,
the diffusion rate of molecules accelerated, and intermolecular motion became more vigorous. Under these conditions,
CisH340, molecules aggregated into small molecular clusters and formed droplet-like structures that encapsulated Ca*
and underwent reactions to yield fatty acid calcium salts. Beyond the optimal temperature range, C,gH3,0, molecules
further aggregated into smaller droplet-like structures owing to their expanded molecular distance. They thus failed to
encapsulate Ca?* and inhibited the formation of fatty acid calcium salts, decreasing the saponification extent of FOG
deposits. Subsequent single-factor influence experiments were conducted at a temperature of 30°C.

3.2.5. Reaction Duration

The saponification extent of FOG deposits was investigated at a wide reaction duration range of 0—2880 min (0, 18,
60, 120, 240, 480, 720, 1440, and 2880 min), and other parameters were fixed as follows: C; g H3 4 O, :CaCl, mass
ratio of 1:1.40, pH value of 7, and reaction temperature of 30°C. Figure 4-d shows that from the 120th min, the
saponification extent of FOG deposits continuously increased and reached equilibrium at the 1440th min; at this point,
the saponification extent approached 77%. This indicated that prolonged reaction duration enabled FFAs to react with
more Ca?* , thereby generating fatty acid calcium salts. Although saponification was essentially completed by 1440
min, the extent only reached 77.23%, far below the theoretically maximum extent of 100%. This phenomenon indicated
that pH, temperature, and reactant mass ratio still hindered saponification. Therefore, further experiments are required
to identify more unfavorable working conditions to explore a higher saponification extent.

3.3. Influence Ranking of Single Factors

The single-factor experiment revealed the ideal parameters as a C1sH3402:CaCl, mass ratio of 1:1.40, pH value of 7,
reaction temperature of 30°C, and reaction duration of 1440 min. An orthogonal test of these four factors and five levels
was designed based on the RSM, and the step sizes were set as 240 min for reaction duration, 0.2 for mass ratio, 2 units
for pH, and 10°C for reaction temperature. The level codes and test operation values of each factor are shown in Table
2. Notably, FFA species were not considered a factor because C1sH3402 exhibited the highest saponification rate.

Table 2. Level codes and test operation values of each factor

Factors
Levels
A-Duration B-Massratio C-pH D-Temperature
2 480 1.0 3 10
1 720 12 5 20
0 960 14 7 30
1 1200 16 9 40
2 1440 18 11 50
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To analyze the combined effects of these factors on the saponification extent of FOG deposits, multifactor
experiments were designed as follows. First, the RSM was applied to quantify the influencing degree of each factor, and
all numerical results were subjected to curve fitting to derive a predictive equation. RSM analysis was then performed
to evaluate the interactions between factors and a regression model was developed correlating all influencing factors
with the saponification extent. Finally, the model was validated, and the factors were ranked based on their quantified
impact degrees.

3.3.1. Establishment and Analysis of Regression Model

RSM analysis results are shown in Table 3. The model design comprised 30 experimental running points, with points
25-30 serving as central points to assess the experimental errors observed during simultaneously repeated experiments.
The data were fitted by CCD using the Design-Expert 10.0.3 software, and a regression equation was established, with
the saponification extent (R (%)) as the dependent variable and the influencing factors as independent variables as
follows:

R(%) =74.734+1.26 X A+3.19xB—-053%xC—-9.7%xD —0.38xAB +0.31 x AC +0.89 X AD —

0.14 x BC — 0.067 X BD + 1.12 X CD — 1.06 x A> —3.83 x B> — 9.7 X C* — 9.84 X D? (15)

Table 3. Starpoint design results for effect surfaces

Number  A-duration B-ratio C-pH D-temperature R(%)

1 720 1.2 5 20 59.7
2 1200 1.2 5 20 59.0
3 720 1.6 5 20 65.7
4 1200 1.6 5 20 64.1
5 720 1.2 9 20 54.5
6 1200 1.2 9 20 56.7
7 720 1.6 9 20 62.4
8 1200 1.6 9 20 61.7
9 720 1.2 5 40 335
10 1200 1.2 5 40 38.8
11 720 1.6 5 40 424
12 1200 1.6 5 40 43.3
13 720 1.2 9 40 37.1
14 1200 1.2 9 40 39.5
15 720 1.6 9 40 40.7
16 1200 1.6 9 40 45.5
17 480 14 7 30 66.1
18 1440 14 7 30 74.9
19 960 1 7 30 52.0
20 960 1.8 7 30 66.8
21 960 14 3 30 37.0
22 960 14 11 30 34.9
23 960 14 7 10 52.9
24 960 14 7 50 17.9
25 960 14 7 30 74.5
26 960 14 7 30 74.6
27 960 14 7 30 75.4
28 960 14 7 30 73.4
29 960 14 7 30 76.2
30 960 14 7 30 74.2
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The results of analysis of variance are summarized in Table 4. The model exhibited a high F-value of 205.94 with a
P-value of <0.0001. The F-test indicated the significance of the regression equation, thereby demonstrating the reliability
of this experimental methodology. Within this model, A, B, D, AD, CD, A?, B?, C? and D? were identified as the most
influential factors. From this, it could be concluded that the influencing degrees of FFA:Ca?* mass ratio, reaction
duration, pH and reaction temperature on saponification extent of FOG deposits were ranked as follows in the
descending order: reaction temperature > mass ratio > reaction duration > pH. Amongst these, reaction temperature and
mass ratio, with P-values below 0.0001, exhibited the most pronounced effects on the saponification extent. The
coefficient of determination (R?) for the regression equation exceeded 0.995, indicating that the derived equation
adequately described and evaluated the relations between the factors and response values. The adjusted coefficient of
determination (Adj-R?) was 0.9900, greater than 0.8000, and the coefficient of variation was 2.88%; these results
demonstrated a good fit of the model, confirming its applicability for preliminary analysis and prediction of FOG deposit
formation in process optimization studies.

Table 4. Analysis of variance results

Source_ of Sum of Deviation Degrees of Sum of Mean = p _E\_/aluat_ior! (_)f
Variation Square Freedom Square Statistical Significance
Model 7294.80 14 521.06 205.94 <0.0001 **
A 38.30 1 38.30 15.14 0.0014 **
B 244.10 1 244.10 96.47 <0.0001 **
C 6.81 1 6.810 2.69 0.1218
D 2260.49 1 2260.49 893.4 <0.0001 **
AB 231 1 231 0.91 0.3544
AC 1.49 1 1.49 0.59 0.455
AD 12.57 1 12.57 4.97 0.0416 *
BC 0.33 1 0.33 0.13 0.7228
BD 0.07 1 0.07 0.029 0.8675
CD 19.98 1 19.98 7.90 0.0132 *
A? 30.95 1 30.95 12.23 0.0032 **
B? 403.35 1 403.50 159.42 <0.0001 **
C? 2583.30 1 2583.30 1020.99 <0.0001 **
D? 2657.03 1 2657.03 1050.12 <0.0001 **
Residual 37.95 15 2.53
Lack of fit 33.26 10 3.33 354 0.0876 ns
Pure error 4.69 5 0.94
Sum 7332.75 29

R? =0.9948; AdjR? = 0.9900; C.V.% = 2.88

Note: * means P<0.05 indicating a significant difference; ** means P<0.01 indicating a extremely significant.

3.3.2. RSM Analysis

Figure 5 presents the 3D response surface plots created using the regression equation (Equation 15). These plots
were used to analyze the interactions between the influencing factors and the shape of the fitted response surface. Factors
such as reaction duration, C;gH3,0,:CaCl, mass ratio, temperature, and pH that affect the chemical formation of FOG
deposits were particularly analyzed, and Figures 5-a to 5-c display their similar variation trends. As revealed by Figure
5-a, the saponification extent of FOG deposits increased with increasing reaction duration and C,gH340,:CaCl, mass
ratios. However, when the C;gH3,0,:CaCl, mass ratio exceeded 1:1.40, the saponification extent decreased owing to
the poor solubility of CaCl, in water. As shown in Figures 5-b and 5-c, the saponification extent increased with
increasing reaction temperature and reaction duration. However, beyond pH 7 and a temperature of 25°C, the
saponification extent decreased. As shown in Figures 5-d to 5-f, the saponification extent of FOG deposits initially
increased and subsequently decreased as the values of these paired factors increased. For instance, Figure 5-f shows that
below a temperature of 25°C and pH of 7, the saponification extent was positively correlated with both reaction
temperature and pH; however, immediately after the temperature exceeding 25°C and pH surpassing 7, the
saponification was negatively correlated with these two factors. Furthermore, comparative analysis of the interaction
factors revealed that the surfaces shown in Figures 5-c to 5-f presented steeper curvatures, indicating that the interactions
between reaction duration and temperature as well as between pH and temperature had pronounced effects on the
saponification extent.
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Figure 5. Interaction of four factors affecting saponification extent of fatty acid calcium: (a) Time VS. Temperature; (b)Time
VS. pH; (c) Temperature VS. Time; (d) Mass ratio VS. pH; (e) Temperature VS. Mass ratio; (f) Temperature VS. pH

3.3.3. Verification of the Regression Model

The most unfavorable conditions for the saponification of FOG deposits were predicted based on Equation 15 as
follows: reaction duration of 1035.283 min, C1sH3402:CaCl, mass ratio of 1:1.481, pH value of 6.895 and reaction
temperature of 25.170°C. Under these conditions, the maximum saponification extent was predicted to be 77.932%.
Five parallel experiments were conducted at a reaction duration of 1036 min, C1sH3:0,:CaCl, mass ratio of 1:1.48, pH
value of 7 and reaction temperature of 25°C. The average saponification extent of FOG deposits measured via GC-MS
was 77.1%, showing a 1.1% deviation from the value predicted by the regression model. The minimal discrepancy
between experimental and predicted results demonstrated the validity of the developed model. Therefore, for subsequent
reaction Kinetics investigations, working conditions were configured with a reaction duration of 1036 min,
C1sH3402:CaCl, mass ratio of 1:1.50, pH value of 7 and reaction temperature of 25°C to enhance the efficiency and
accuracy of experimental results.

3.4. Chemical Kinetic Model

GC-MS was employed to determine reaction kinetics that governed the formation of fatty acid calcium salts from
FFAs and Ca®* under varying reaction temperatures without a catalyst. Based on the four-factor, five-level orthogonal
experimental design using the RSM, the most unfavorable temperature for saponification was determined as 25°C.
Figure 4-c shows that high reaction rates were achieved at low temperatures. Therefore, the temperature range of 0°C—
25°C was selected for analyzing the reaction kinetics herein.

According to the experimental procedures shown in Figure 1, under conditions of 1.0 g of C1gH340>, 1.5 g of CaCl,
and pH 7, the values of the reaction rate constant (k) for saponification were determined at 0°C, 10°C, 15°C and 25 °C
over a reaction duration of 30—1440 min. The corresponding data are presented in Tables 5 to 8.

Table 5. Reaction kinetics results at 0°C

(i) Gy MGy T g TOmy g (0
30 0.32 -1.13 6.96E-04 -1.27 8.7
60 0.30 -1.20 4.49E-04 -7.71 14.6
120 0.29 -1.24 1.62E-04 -8.73 18.0
180 0.28 -1.26 1.48E-04 -8.82 20.1
240 0.27 -1.30 2.54E-04 -8.28 23.0
300 0.25 -1.38 2.11E-04 -8.46 28.7
360 0.25 -1.40 9.49E-05 -9.26 30.2
480 0.24 -1.45 1.01E-04 -9.20 33.6
600 0.22 -1.50 8.42E-05 -9.38 37.0
720 0.22 -1.54 4.77E-05 -9.95 39.3
1200 0.20 -1.60 6.46E-05 -9.65 43.1
1440 0.18 -1.73 1.02E-04 -9.19 50.0
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Table 6. Reaction Kinetics results at 10°C

t(min)  Cpea  In(Cppa) — % In(— %) R (%)

30 0.32 -1.15 9.02E-04 -7.08 10.1

60 0.29 -1.23 6.13E-04 -7.62 17.8
120 0.27 -1.30 6.12E-04 -7.42 23.3
180 0.22 -1.53 5.49E-04 -7.52 385
240 0.21 -1.58 3.87E-04 -1.72 41.9
300 0.17 -1.77 3.50E-04 -1.72 51.6
600 0.15 -1.92 6.24E-05 -9.57 58.4
720 0.14 -1.96 3.37E-05 -9.88 60.1
1200 0.13 -2.02 2.56E-05 -10.15 62.5
1440 0.13 -2.08 3.36E-05 -9.53 64.8
600 0.15 -1.92 6.24E-05 -9.57 58.4
720 0.14 -1.96 3.37E-05 -9.88 60.1

Table 7. Reaction Kinetics results at 15°C

t(min)  Cppa  In(Cppy) — df;t“ In( - %) R (%)
30 031 -1.18  8.45E-04 -7.08 136
60 0.28 127 492E-04 -7.62 20.7
120 027 -1.30 5.98E-04 -7.42 23.1
180 021 -1.57 5.42E-04 -7.52 41.0
240 0.21 -1.57 4.45E-04 -1.72 415
300 0.16 -1.86 4.45E-04 -1.72 56.1
360 0.5 -1.87  4.86E-05 -9.93 56.5
480 0.5 -1.93 5.56E-05 -9.80 58.9
600  0.14 -1.96 6.95E-05 -9.57 60.3
720 013 -2.05 5.12E-05 -9.88 63.6
1200  0.13 207  3.91E-05 -10.15 64.3
1440 0.11 222 7.30E-05 -9.53 69.2

Table 8. Reaction Kinetics results at 25°C

t(Min)  Crpa  I(Cepa)  — % In( - dC—Ft“) R (%)
30 030  -120  150E-03 -6.50 146
60 0.26 -1.36 8.14E-04 -7.11 27.3
120 025  -139  2.64E-04 -8.24 295
180 023  -149  4.40E-04 773 36.3
240 020  -163  6.10E-04 -7.40 44.4
300 015  -1.88  550E-04 751 56.9
360 013  -203  2.25E-04 -8.40 63.1
480 012  -212  1.20E-04 -9.03 66.1
600 010  -228  113E-04 -9.09 712
720 009  -238  413E-05 -10.10 737
1200 009 241  1.88E-05 -10.88 75.7
1440 008 250  3.00E-05 -10.41 771

Based on the saponification extent of FOG deposits at various time points (t), the relation curves between Cera and
t were plotted at these four temperatures. The —% at different time intervals under each temperature was derived

from these curves separately (Figure 6-a).
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Figure 6. Kinetic data fitting: (a) Cgpa — t; (b) In(— df%‘) — In( Cpry); (€) ﬁ -t

The values of —d‘;% at different time points were determined based on the relation between Cgp, and t. The data

were then transformed into logarithmic form to establish the relation between in( —%) and In( Cgra) (Figure 6-b).
Subsequently, linear regression analysis was performed on the data from Figure 6-b. Outlier data points were excluded

to ensure that R2>0.9, and linear fitting equations were obtained for 0°C, 10°C, 15°C and 25°C in Table 9.

Table 9. Linear fitting equations at four different temperatures

Temperature (°C)  Fitting equation ~ R*  Slope

0 y=2.44x-5.73 097 244
10 y=2.45x-4.27 090 245
15 y=2.79x-3.92 093 279
25 y=2.75x-3.15 091 275

The slopes of these four lines were all approximately 2, indicating that the chemical reaction satisfied m +n = 2
across all temperature conditions. This confirmed that the saponification had an overall reaction order of 2 and was
therefore deemed a second-order kinetic reaction. The CigH3402:CaCl, mass ratio (Figure 6-a) was converted into
concentration; the results revealed that at a pH value of 5, reaction temperature of 30°C and reaction duration of 60 min,
the saponification extents of FOG deposits corresponding to CisH3402:CaCl; concentration ratios of 1:0.5, 1:2.5, 1:3.0
and 1:3.5 were 8.0%, 17.0%, 23.8% and 24.8%, respectively. This demonstrated a strong linear correlation between
Ca?* concentration and the saponification extent of FOG deposits, yielding the inference that n = 1. As saponification
followed a second-order reaction, the inference of n = 1 consequently indicated that m = 1.

The second-order reaction kinetics between C1gHz40, and CaCl, determined herein are consistent with those reported
previously. This is because the reaction between FFAs and Ca?* that induced FOG deposit formation is essentially the
same as typical saponification, wherein nucleophilic addition and elimination occur successively. However, the reaction
orders of specific reactants show minor discrepancies as Table 10. For instance, Grunvald et al. [42] proposed that both
soybean oil and NaOH exhibited first-order reaction kinetics during their interaction, with NaOH primarily providing
alkaline conditions for the saponification of soybean oil. Zhang et al. [43] suggested that NaOH exerted negligible
influence on the saponification of lutein ester, consequently assigning a reaction kinetics order of 0 to NaOH and 2 to
lutein ester. Notably, these reactions occurred in liquid-liquid homogeneous systems. Meanwhile, Pecar & Gorsek [44]
reported that in a liquid-liquid heterogeneous system, the reaction rates were influenced by both chemical reaction and
mass transfer, resulting in discrepancies compared with previous studies. Herein, both C1gH340, and CaCl, acted as
reactants and their concentrations exhibited approximately linear correlations with the saponification extent, indicating
their first-order reaction kinetics. This further confirmed the equivalent importance and contribution of FFAs and Ca?*
during the formation of fatty acid calcium deposits.
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Table 10. Comparison results of reaction kinetics orders

Reference Species_ 1of reactant Species_ 2 of reactant Species of_Product
(corresponding reaction order)  (corresponding reaction order) (total reaction order)
Grunvald et al. [42] Soybean oil (first-order) NaOH (first-order) Soft soap (second-order)
Zhang et al. [43] Lutein ester (second-order) NaOH (zero-order) Lutein (second-order)
Pecar & Gorsek [44] Ethyl benzoate (zero-order) NaOH (second-order) Sodium benzoate (second-order)
This study Oleic acid (first-order) CaCl, (first-order) Fatty acid calcium (second-order)

The k values were calculated at different temperature based on Ci—t, with the results shown in Figure 6-c. Then,

FFA
linear regression analysis was conducted on the data presented in Figure 6-c. Outlier data points were excluded to ensure
that R? > 0.9. Accordingly, the slope k" was obtained. Based on the equation k' = k(%)”, the k values at 0°C, 10°C,

15°C and 25°C was 0.0032, 0.0118, 0.0134 and 0.0236, respectively, with corresponding R? values of 0.95, 0.90, 0.90
and 0.98; indicating excellent fits. The k value progressively increased with temperature within the 0°C-25°C range,
reaching its maximum at 25°C. Strong linear correlations were observed under all four temperatures, aligning with

second-order reaction kinetics. The relation between the reciprocal of thermodynamic temperature (%) and logarithm of

curve slope (In k) was further investigated, with the calculation results presented in Table 11. Figure 7 is plotted based
on the calculation results.

Table 11. k values at four different thermodynamic temperatures

T (K) T(KY Kk Ink

298.15 0.0034 0.0236 -3.75

303.15 0.0033 0.0134 -4.31

313.15 0.0032 0.0118 -4.44

323.15 0.0031 0.0032 -5.74
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Figure 7. %—ln k at four different thermodynamic temperatures

As shown in Figure 7, the slope —% was measured as —6382.2. By substituting R = 8.314 J-mol*-K™, E, was

calculated as 53.1 kJ-mol™™. The slope of the dashed curve was calculated then as in A = 17.8, from which A was
obtained as 5.4 x 107 L-mol™*-min~ was obtained. By incorporating m = 1, n = 1, E, and A into the Arrhenius equation,
the kinetic equation for the reaction between FFAs and Ca?* was obtained as follows:

6382.2

7 = kCeppCoz+ = 5.4 X 107 X 77 ) CpppCen2+ (16)

1973



Civil Engineering Journal Vol. 12, No. 05, May, 2026

4. Conclusions

This study systematically investigated the key factors and mechanisms governing the chemical formation of FOG
deposits. By elucidating the intrinsic relations between these critical factors and FOG deposit formation, it provided
scientific foundations for addressing pipe blockages in kitchen drainage systems. Saponification was determined as the
key chemical process driving FOG deposit formation, and its extent was considerably influenced by multiple factors.
Amongst the tested analytical methods, GC-MS demonstrated the highest accuracy in quantifying saponification and
was therefore used for subsequent experiments. Single-factor experiments revealed that C1sH3402 was the most dominant
FFA species participating in saponification, with the optimal conditions for saponification as follows: C1gH3402:CaCl;
mass ratio of 1:1.40, pH value of 7, temperature of 30°C and reaction duration of 1440 min. Further, RSM revealed that
the maximum saponification extent was only 77.932% at a reaction duration of 1035.283 min, C1sH340,:CaCl, mass
ratio of 1:1.481, pH value of 6.895 and reaction temperature of 25.170°C. These findings indicated that realistic kitchen
drainage systems operating under these conditions may experience accelerated FOG deposit formation, causing
increased pipe blockages.

The kinetic model established that the saponification reaction followed second-order kinetics, with an E, value of
53.1 kJ-mol™ and A value of 5.4 x 107 L-molt-min~?. Although this kinetic framework provided a theoretical basis for
predicting FOG deposit formation under various environmental conditions, several limitations should be acknowledged.
First, we employed C1sH340- as the sole model FFA, whereas real kitchen wastewater contains a mixture of FFAs (C1o—
Ca0). Although C1gH340; exhibited the highest saponification extent amongst the tested FFAs and is the most abundant
FFA in real FOG deposits, the presence of less reactive FFAs and short-chain FFAs in mixed systems may reduce the
overall saponification extent. Therefore, our findings provide an upper-bound reference for saponification kinetics.
Future studies should investigate saponification kinetics using FFA mixtures with defined compositions and real kitchen
wastewater to quantify the deviation from the upper-bound reported here. Second, the optimal C1gH3402:CaCl, mass
ratio (1:1.40) was determined empirically, as no systematic study has yet investigated the optimal Ca2* ratio specifically
for kitchen wastewater systems. Future gradient experiments around this ratio are needed to refine this value. Third, the
proposed mechanistic explanations for the optimal pH (7) and temperature (30°C) are partly speculative as direct
detection of reaction intermediates (e.g. RCOO™ or free Ca?*) was not performed.

In situ spectroscopic techniques, including ATR-FTIR spectroscopy for RCOO™ or the use of ion-selective electrodes
for free Ca®*, are needed to directly validate these mechanisms. Fourth, our kinetic model was developed under
controlled laboratory conditions using a batch system with fixed initial Ca?* dosage, which may not fully represent the
continuous and dynamic conditions of real drainage systems. For example, continuous Ca?* has always been released
from sewer concrete corrosion in practical engineering. Notably, long-term pipe-scale experiments under continuous
flow conditions are recommended to verify the applicability of our kinetic model to real sewer systems. Finally, the
temperature range in this study was limited to 0°C-50°C, and the optimal temperature may vary with different FFA
compositions or calcium sources.

Nevertheless, this study advances the existing theoretical framework of FOG deposit formation from engineering
simulation and chemical perspectives as well as offers practical insights for mitigating pipeline blockages and optimizing
wastewater treatment systems. However, future studies should investigate the structural mechanics of FOG deposit
adhesion on pipe walls and the fluid dynamics of wastewater scouring to enhance the engineering applicability of this
framework and further improve urban sanitation management.
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