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S.1 Materials and Methods
S.1.1 Reagents and Instruments

Methanol (99%), hexane (99%), (S)-1-phenyl-propyl-isocyanate (>96%), (R)-1-phenyl-
methyl-isocyanate (>95%) and methyl heptadecanoate (299%) were purchased as pure-
grade reagents (Sigma-Aldrich) and used directly without further treatment. Aluminium
chloride hexahydrate (99%) was purchased from Baker. Formic acid (99%), potassium hy-
droxide (85%), diethyl ether (99%), dichloromethane (99%), acetic acid (99.5%), nitric acid
(65%), hydrochloric acid (HCl, 37%), phenolphthalein and methyl-red were obtained as
pure-grade reagents (Carlo Erba). For silylation, N-methyl-N-(trimethylsilyl)trifluoroa-
cetamide (MSTFA, 299%) and pyridine were purchased from Sigma-Aldrich. (S)-(+)-a-
methoxyphenylacetic acid, dicyclohexylcarbodiimide and 4-(N,N-dimethylamino)-pyri-
dine were purchased from Alfa Aesar. A Rotofix 32 Hettich Centrifuge was used for the
centrifugation experiments. Gas chromatography-mass spectroscopy (GC-MS) for quali-
tative analysis was carried out using a Perkin Elmer Clarus 500 gas-chromatograph con-
nected to a Clarus 500 spectrometer. Quantitative determinations were performed with a
Varian 3800 GC-FID. The instrument was configured for cold on-column injections with
an HP-5MS capillary column (30 m; 0.32 mm, 0.25 um film). Both the injector and the oven
followed the same temperature program: an initial temperature of 60 °C was kept constant
for 2 min and then increased with a ramp of 15 °C min™ until the final temperature of 300
°C was reached. A Helium (He) flow of 1.3 mL min" was used as a carrier. For GC-MS,
the ion source was operated at 70 and 45 eV and maintained at 250 °C. Gas-chromato-
graphic analysis of the diastereomers was performed on a HP-5MS capillary column (60
m; 0.25 mm, 0.25 pm film). The initial temperature was set to 90 °C and kept constant for
2 min. Subsequently, the temperature was first increased to 200 °C (with a ramp of 15 °C
min) and then to 280 °C afterwards (through a 0.1 °C min" ramp). Infrared spectra (FTIR)
of isolated products were recorded using a Nicolet i510 Thermo Scientific spectrometer
with a resolution of 4 cm™ equipped with a DTGS KBr detector.

S.1.2 Total lipids

20.0 g of wet primary sludge (or primary sludge) were placed in a tube of 50 mL
containing 20 mL of hexane and shaken at room temperature for 2 h. The upper organic
suspension was collected and set aside. This procedure was repeated four times and all
the organic fractions were collected in a single glass vessel. The hexane was evaporated
under nitrogen flow, and the final residue was quantified gravimetrically so that the cor-
responding weight fraction, based on the dry mass, could be calculated. Finally, Free Fatty
Acids (FFAs) and soaps contents, FFAs profile and the Average Molecular Weight of FFAs
(AMW) were determined as described below.
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S5.1.3 Chemical characterization of lipids
5.1.3.1 Determination of FFAs and soaps

FFAs were determined by titration with a 0.1 N KOH-normalized solution in a 1:1
v/v diethyl ether:ethanol medium, using phenolphthalein as an indicator. 1 g of the sam-
ple was dissolved in 150 mL of the solvent. Soaps were determined under the same exper-
imental conditions by titration with a 0.1 N HCl-normalized solution and methyl red as
indicator.

S5.1.3.2 Fatty Acid profile and Average Molecular Weight (AMW) determination

20 mg of the sample was placed in a 5 mL glass reactor containing 2 mL of the solu-
tion of toluene, methanol and concentrated H2SOa (2:2:0.01 v/v/v). The reactor was sealed
and placed in an ultrasonic bath at 70 °C for 5 h. 1 mL of a 1000 ppm methyl heptadecano-
ate-toluene solution was then added as an internal standard. AMW was determined by
gas chromatography (1 puL) according to Eq. S1:

2 AMW,

AMW = ————
XA

(81

where Ai and MWi are the experimentally determined areas and molecular weights
of the FFAs, respectively. Finally, total FAMEs content was calculated with respect to me-
thyl heptadecanoate by using Eq. S2:

_ Ao (S2)

FAMEs content =
msamplc Astd

where Ai are the area of methyl esters, Asw is the area referred to the standard (methyl
heptadecanoate), and msample is the exact value of the sample used in the analysis.

5.1.3.3. GC-FID and GC-MS of salinized compounds

About 20 mg of sample were placed in a vial together with 100 pL pyridine and 50
uL MSTFA and were left for 1 h at room temperature. Then, 10 uL methyl heptadecanoate
standard solution in undecane (1000 ppm) was added and hexane was finally added up
to a final volume of 1 mL. This solution was analyzed by gas chromatography (GC-FID
and GC-MS).
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S.2 Characterization of reaction products obtained from esterification process
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Figure S2.1. GC-MS spectra of methyl-10-hydroxystearate.
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Figure S2.2. FTIR spectra of methyl-10-hydroxystearate isolated.
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Figure 52.3. GC-MS spectra of 10-(palmitoyloxy) stearic acid methyl ester.
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Figure S2.4. GC-MS spectra of 10-(oleyloyloxy) stearic acid methyl ester.
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Figure S2.5. FTIR spectra of estolides isolated.

S.3 Estimation costs of biodiesel production from primary sludge and sewage scum

Table S3.1. Summary of reagents, products and thermodynamic variables used for the de-
termination of total energy demand of both processes.*

E Variables Value
Reagents

1 Hexane 0.45 € kg'[1]

2 Sulfuric acid 0.04 € kg'[2]

3 Formic acid 0.8 €kg'[3]

4 Methanol 0.36 € kg'[4]

5 Aluminium chloride hexahydrate 0.54 € kg [5]
Products

6 FAMEs 0.80 € kg'[2]

7 Me-10-HSA 2.96 € kg1[6]

8 Methyl estolides 2.96 € kg [6]

Thermodynamic variables

9
10
11
12
13
14
15
16

cH20
cMeOH
cHexane
cFAMEs
AHH20
AHMeOH
AHHexane

Aluminium chloride hexahydrate [5]

418 k] K-1kg!
2.47 k] K-1kg!
2.26 k] K-kg!

2.248 k] K-1kg

2257 k] kg!
1100 kJ kg

365 kJ kg!
351.85 k] kg!

* The Energetic demand per each operation was determined by the sum of Sensible heat
(QSens. i= mi-ci'‘At) and Latent heat of evaporation (when necessary, QLat.i = mi-AHi).



Appl. Sci. 2024, 14, 4974 6 of 6

References

[1] de Jesus, S.S., Ferreira, G.F., Maciel, M.R.W., Maciel Filho, R.. Biodiesel purification by column chromatography and liquid-
liquid extraction using green solvents. Fuel 2019, 235, 1123-1130. https://doi.org/10.1016/j.fuel.2018.08.107.

[2] Leal Silva, J.F., Grekin, R., Mariano, A.P., Maciel Filho, R. Making levulinic acid and ethyl levulinate economically viable: a
worldwide technoeconomic and environmental assessment of possible routes. Energy Technol. 2018, 6, 613-639.
https://doi.org/10.1002/ente.201700594.

[3] Spurgeon, .M., Kumar, B. A comparative technoeconomic analysis of pathways for electrochemical CO2 reduction to liquid
products. Energy Environ. Sci. 2018, 11, 1536-1551. https://doi.org/10.1039/C8EE00097B.

[4] Brigagdo, G.V., Aratjo, O.D.Q.F., de Medeiros, J.L., Mikulcic, H., Duic, N. A techno-economic analysis of thermochemical path-
ways for corncob-to-energy: Fast pyrolysis to bio-oil, gasification to methanol and combustion to electricity. Fuel Process. Tech-
nol. 2019, 193, 102-113. https://doi.org/10.1016/j.fuproc.2019.05.011.

[5] Schwiderski, M., Kruse, A. Process design and economics of an aluminium chloride catalysed organosolv process. Biomass
Conv. Bioref. 2016, 6, 335-345. https://doi.org/10.1007/s13399-015-0189-z.

[6] de Haro, J.C., del Prado Garrido, M., Pérez, A., Carmona, M., Rodriguez, J.F.. Full conversion of oleic acid to estolides esters,
biodiesel and choline carboxylates in three easy steps. J. Clean. Prod., 2018, 184, 579-585. https://doi.org/10.1016/j.jcle-
pro.2018.02.

S.4 Analysis of biodiesel isolated by distillation process

Table S4.1. Comparison of the chemical properties of biodiesel isolate by distillation and

EN14214 standard.
EN14214

Properties Biodiesel

Lower limit Upper limit
Ester content (%wt) 98.5-99 96.5 -
Water content (mg kg™) 70-100 - 500
Acid value (mg KOH g™) 0.2-0.3 - 0.5
Methanol content (%wt) - - 0.2
Monoglycerides content (%owt) - - 0.7
Diglycerides content (%wt) - - 0.2
Triglycerides content (%owt) - - 0.2
Free Glycerine (%owt) - - 0.02
Total Glycerine (%wt) - - 0.25
Group I metals (Na + K) - - 5

Group II metals (Ca + Mg) - - 5




