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1.0 Materials and Methods 

1.1 Materials  

Hexane (95 %), Furan (99 %), and Trifluoroacetic anhydride (99 %) were purchased from 

Sigma-Aldrich. The saturated fatty acids, lauric acid (C12, 99 %, Acros), myristic acid (C14, 99 %, 

Sigma-Aldrich), stearic acid (C18, 95 %, Sigma-Aldrich), and cocinic acid (mixture of fatty acids, 

C8~C18, BOC Sciences) were used in furan acylation for the first step in overall reaction pathway. 

The reference standards, 2-n-heptylfuran (98 %) and 2-n-dodecylfuran (95 %) were purchased 

from Alfa Aesar and MP Biomedical, respectively. Lauric anhydride (98 %, TCI Chemicals) was 

also used for furan acylation with solid acid catalysts. H-BEA catalyst (CP814E, Si/Al = 12.5) and 

copper chromite catalyst were obtained from Zeolyst and Sigma-Aldrich, respectively. The H-BEA 

was calcined at 550 oC for 12 h at the rate of 1 oC min-1 in a tube furnace under air flow. The 

reduction of copper chromite was carried out at 300 oC for 3 h under 10 % H2/Argon flow.  

For the purpose of evaluation and comparison of the renewable OFS surfactant 

performance, four different anionic commercial surfactants were purchased; linear alkylbenzene 

sulfonate (sodium dodecylbenzene sulfonate, 79.7%, Sigma-Aldrich), sodium lauryl sulfate 

(sodium dodecyl sulfate, 99.1%, Sigma-Aldrich), sodium lauryl ether sulfate (70.4%, BOC 

Sciences) and methyl ester sulfonate (Alpha-Step MC-48, 38.76%, Stepan) 

1.2 Zeolite synthesis methods  

Several types of self-pillared zeolites, Al/Sn-SPP and Al/Sn-MWW were used as catalysts 

in furan acylation with anhydride after calcination at 500 oC for 4 h.  

Sn-MWW synthesis: Sn-MWW was synthesized by modifying an existing literature 

method.1 First, B-MWW precursor was de-boronated by 6M HNO3 (1 g zeolite/ 50 mL HNO3) at 

100 °C under reflux for 1 day, this procedure was performed twice. Then 2.5 g of the de-boronated 

sample was mixed with 30 g of distilled water and 3.549 g of piperidine (99 %, Aldrich). After 

stirring for 1 hour, 0.146 g of tin tetrachloride pentahydrate (SnCl4∙5H2O, 98 %, Aldrich) was 

added into the above mixture and stirred for 2 hours. Then the final gel with chemical composition 

1SiO2: 0.01 SnO2: 1.0 piperidine: 40 H2O was transferred to an autoclave and hydrothermally 

treated in a rotation oven at 170 °C for 14 days. The products were separated and fully washed by 

filtration and then dried at 70 °C overnight. Calcination of this sample was performed in static air 

at 580 °C for 10 hours. 

Sn-SPP synthesis: First, 0.129 g of tin tetrachloride pentahydrate (SnCl4∙5H2O, 98 %, 

Sigma-Aldrich) was dissolved into 7.35 g of tetra(n-butyl)phosphonium hydroxide (TBPOH, 40 

wt%, TCI America) followed by the addition of 7.5 g of tetraethyl orthosilicate (TEOS, 98 %, 

Sigma-Aldrich). After hydrolysis, 3.2 g of deionized water was added to the mixture. The mixture 

was stirred overnight, and a clear sol was obtained. The composition of the final sol was: 1.0 SiO2 : 

0.03 TBPOH : 4.0 EtOH : 30H2O : 0.01SnO2. The sol was sealed in a Teflon-lined stainless steel 

autoclave and hydrothermally treated in a pre-heated static oven at 115 °C for 5 days. The solid 

products were centrifuged, washed with distilled water and then dried at 70 °C overnight and 

calcined at 550 °C for 6 h in air under static conditions. The calcined samples were washed again 
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with water, dried at 70 °C overnight and calcined at 550 °C for 6 h in air under static conditions 

and this process was repeated to ensure removal of P2O5. 

Al-MWW synthesis: Al-MWW was synthesized according to a literature method.2 First, 

0.72 g of sodium aluminate (MP Biomedicals, USA) and 2.48 g of sodium hydroxide (98.5 %, 

Sigma-Aldrich) were dissolved in 311 g of distilled water. Then, 19.1 g of hexamethyleneimine 

(HMI) (Aldrich) was added to the mixture and stirred for 30 min. Subsequently 23.6 g of fumed 

silica (Cab-o-sil M5) was added to the mixture and stirred overnight. The homogeneous gel was 

sealed in Teflon‐lined stainless steel autoclaves and heated at 135 °C for 11 days. The products 

were separated and fully washed by filtration followed by drying at 70 °C overnight, then calcined 

at 580 °C in static air for 10 hours. 

Al-SPP synthesis: 0.098 g of Aluminum isopropoxide (Sigma-Aldrich) was mixed with 

3.23g of distilled water and 7.35 g of tetra(n-butyl)phosphonium hydroxide solution (TBPOH, 

40wt %, TCI America). The mixture was added to 7.5 g of tetraethyl orthosilicate (TEOS, Sigma-

Aldrich) and stirred overnight.  The sol was sealed in a Teflon-lined stainless steel autoclave and 

hydrothermally treated in a pre-heated static oven at 115 °C for 5 days. The solid products were 

centrifuged, washed with distilled water and then dried at 70 °C overnight and calcined at 550 °C 

for 6 h in air under static conditions. 

Ion exchange to obtain the proton form Al-zeolites: Typically, ion exchange was 

performed by stirring Al-zeolites with 1M ammonium nitrate (NH4NO3, Sigma-Aldrich) solution 

(1g zeolite + 100ml NH4NO3 solution) at 80 °C for 5h. After the stirring, zeolites products were 

centrifuged, washed with distilled water and then dried at 70 °C overnight and calcined at 500 °C 

for 4 h in air under static conditions. The whole procedure was performed twice for complete ion 

exchange. 

Mg-Zr-O synthesis: The mixed oxide, Mg-Zr-O, catalyst was synthesized by sol-gel 

method. 0.01 mol of magnesium nitrate (Sigma-Aldrich, 99 %) and 0.009 mol of zirconyl nitrate 

(Sigma-Aldrich, 99 %) were mixed in DI water at room temperature. NaOH was added to the 

mixtures until the pH was 10, and the slurry was aged at room temperature for 72 h. The slurry 

was filtered and washed with DI water, and then, dried at 110 oC for 24 h. The catalyst was then 

calcined at 600 oC for 3h before being used for aldol-condensation reaction.3  

K-BEA and K-Y synthesis: K-BEA and K-Y zeolites were prepared by typical ion-

exchange method. 2.5 g of zeolite (H-BEA or H-Y) was added to 0.6 M solution of KNO3 (Sigma-

Aldrich, 99 %). The mixture was aged at 70 oC for 10 h with vigorous stirring in a round bottom 

flask connected with a condenser. After filtration and washing with DI water, the powder was dried 

at 100 oC for 24 h and calcined at 500 oC for 4 h.4 

1.3 Procedure for preparation of fatty acid anhydrides from corresponding fatty acids 

Fatty acids can be converted to their corresponding anhydride by various existing methods 

such as heating the acid with a dehydrating agent like acetic anhydride whereby the carboxylic 

acid gets dehydrated to the anhydride and the acetic anhydride gets hydrated to the acid form. One 
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way of achieving this is by passing excess amounts of acetic acid vapor through molten fatty acid. 

Fatty acid anhydride can also be produced by heating the acid with liquid acetic anhydride in the 

presence of an organic solvent like toluene, ethylbenzene or tetrachloroethylene which forms an 

azeotrope with acetic anhydride.5 This method promises good yields of fatty acid anhydrides using 

lesser amounts of acetic anhydride as compared to the previous vapor method. In this method, a 

mixture of fatty acid, acetic anhydride and the azeotropic agent (solvent) is heated to 120 °C at 

atmospheric pressure. As the reaction occurs, the azeotropic mixture of acetic acid and solvent is 

distilled off and any vaporized acetic anhydride is condensed and returned to the reaction vessel. 

An increase in the temperature of the reaction mixture marks the completion of reaction. A third 

method for the synthesis of fatty acid anhydrides makes use of a metal salts such as salts of cobalt, 

manganese, palladium, copper, nickel, chromium, rhodium, thorium and iron.6 The reaction is 

carried out between 140 – 220 °C in an inert atmosphere. Water produced during the dehydration 

of fatty acid is removed as an azeotrope with a hydrocarbon solvent such as linear alkanes, benzene, 

toluene etc. Examples of metal salts that can be used as catalysts include Co(OAc)2·4H2O, 

Pd(OAc)2, Cr(OAc)3, Mn(OAc)2·4H2O, Th(NO3)4·4H2O, Rh2O3, Cu(OAc)2 and Fe(OAc)3. 

1.4 Procedure for preparation of OFS-n-1/O (n=12, 14, 18, and mixtures from C8 to C18) 

Furan acylation with fatty acids for production of OFS-n-1/O was conducted in a high 

pressure Parr Reactor and glass beaker. In a typical reaction, the furan (0.014 mol), fatty acid 

(0.014 mol), trifluoroacetic anhydride (0.02 mol) and n-tridecane (internal standard, 0.002 mol) 

were dissolved in hexane (10 mL), and 0.2 g of the Al-BEA catalyst was introduced to the mixture. 

Furan acylation with fatty anhydride was also performed in a Parr reactor with 0.014 mol of furan 

and 0.0014 mol of fatty anhydride in 15 mL of hexane with Brønsted acid and Lewis acid zeolites 

such as Al-BEA, Al-MWW, Al-SPP, Sn-BEA, Sn-MWW and Sn-SPP. The sealed reactor was 

purged with N2 twice to remove the residual air in the reactor. The reactor was then heated to the 

reaction temperature (room temperature or 50 – 180 oC) under vigorous stirring (1,000 rpm). The 

reactor was then pressurized to 200 psi (at desired temperature) with N2 to keep the reactants in 

liquid phase. After the desired reaction time, the reactor was cooled to room temperature and the 

gases were vented. The products were identified by a GC-MS (Agilent 7890A connected with 

Triple-Axis MS detector, Agilent 5975C) and quantified by a GC (Agilent 7890A) equipped with 

a HP-5 column and a flame ionization detector. The selectivity of the furyl-2-alkyl ketone was 

calculated by dividing the produced moles of furyl-2-alkyl ketone with the reacted moles of the 

furan. The final surfactant OFS-n-1/O was prepared according to the method given in Section 1.10 

of the supplementary materials. 

1.5 Procedure for preparation of OFS-n (n=12, 14, 18, and mixtures from C8 to C18) 

The hydrogenation of OFS-n-1/O to make OFS-n was carried out in a 100 mL Parr reactor. 

The prepared furyl-2-alkyl ketone (2 mL) and n-tridecane (internal standard, 0.5 mL) were 

dissolved in hexane (30 mL), and 0.5 g of copper chromite catalyst was introduced to the mixture. 

The reactor was pressurized with hydrogen in a range of 100 – 350 psi at the desired reaction 

temperature (180 – 220 oC). The selectivity of the 2-n-alkylfuran was calculated by dividing the 

produced moles of 2-n-alkylfuran with the reacted moles of the furyl-2-alkyl ketone. The final 

surfactant OFS-n was prepared according to the method given in Section 1.10 of the supplementary 
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materials. 

1.6 Procedure for preparation of OFS-12-2/C2H5 

For making the mono-ethyl branched surfactant monomer (M-DF, Scheme S3), aldol-

condensation of furyl-2-dodecyl ketone (2-dodecanoylfuran, DOF) with acetaldehyde was 

conducted in a 100 mL Parr reactor. The prepared DOF (0.0054 – 0.01 moles) and acetaldehyde 

(0.0054 – 0.054 moles) were dissolved in hexane (20 mL), and 0.2 g of solid acid/base catalysts 

was introduced to the mixture. The reactor was pressurized to 200 psi with N2 to prevent 

vaporization of acetaldehyde and heated to 180 – 220 oC. After purification of the aldol-

condensation products, the mixture of unreacted DOF and aldol-product (Al_DOF) was used as 

the reactant for hydrogenation. The reduction of ketone to the hydrocarbon via hydrogenation was 

carried out at 220 oC and 100 psi of H2 for 7 h using copper chromite as the catalyst to produce M-

DF (Scheme S3). The final surfactant OFS-12/C2H5 was prepared according to the method given 

in Section 1.10 of the supplementary materials. 

 

1.7 Separation of furyl-2-alkyl ketone (alkyl chain=C12, C14, C18, and C8-C18 mixture) 

The acylation products were concentrated using a rotary evaporator (Hei-VAP/G5, 

Heidolph) with a liquid nitrogen condenser. Several batch reactions were conducted without the 

internal standard chemical (n-tridecane) to collect the product mixture. The rotary evaporator was 

operated at room temperature for 30 min under high vacuum to remove the light molecules (hexane, 

furan, trifluoroacetic anhydride and trifluoroacetic acid). The remaining mixture was further 

concentrated at 70 oC for 2h under high vacuum.  

1.8 Separation and purification of 2-n-alkylfuran (alkyl chain=C12, C14, C18, and C8-C18 

mixture) and M-DF 

The products after hydrogenation were purified by using rotary evaporator initially 

followed by flash chromatography. The rotary evaporator was operated at 50 oC for 1 h to evaporate 

the solvent and light molecules. Further purification was done by flash chromatography using a 12 

inch length and 1 inch diameter column (CG-1189-07) packed with silica gel (230-400 mesh, 

particle size 40-63 µm). Hexane was used as the mobile phase to separate 2-n-dodecylfuran (DF) 

and M-DF (Scheme S3) from the product mixture, and a 50% acetone in hexane solution was used 

as the eluent to remove undesired products (eg. saturation of furan ring to form tetrahydrofuran 

based molecules such as M-DTHF as shown in Scheme S3 and some other unknown compounds).   

1.9 Separation and purification of the aldol-condensation product (Al_DOF) 

After aldol-condensation, the products, unreacted DOF and aldol-product, were 

concentrated and purified using rotary evaporator and flash chromatography. The rotary evaporator 

aided in the removal of all solvent and light molecules while, flash chromatography was used with 

a 1 inch diameter glass column, and 1,2-dichloroethane as the eluent to separate the desired 

products (DOF and Al_DOF) from all unknown chemicals.  

During the process of separation and purification, the ratio of unreacted DOF to the aldol 

product (Al_DOF) changed from 77:23 to 70:30 due to losses during flash chromatography. Post 

hydrogenation, this ratio (DF:M-DF) changed to 66:34 which further reduced to ~60:40 post 

purification. 
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1.10 Sulfonation  

All prepared surfactant monomers (including reference standards such as 2-n-heptylfuran) 

was sulfonated and neutralized to make oleo-furan sulfonate surfactants (OFS-n, OFS-n-1/O, OFS-

n-2/2H5), sodium 2-R-furan-5-sulfonate (R = different alkyl chains), by the following method. 

The synthesized monomers (13 mmol) were added to a slurry of sulfur trioxide-pyridine complex 

(13 mmol) in anhydrous acetonitrile (12 mL). The mixture was stirred at room temperature for 3 

days. At the end of 72h, 40 mL of water (70 oC) was introduced to the slurry, and the slurry was 

stirred for 1 h. The aqueous phase was separated by a separatory funnel after 1 h, and the aqueous 

solution was neutralized by using sodium carbonate till the pH was 7.0. The water was then 

evaporated off and the crystalline phase was collected by filtration and washed with iso-propanol 

(60 oC, 50 mL, 5 times).7,8 

1.11 Characterization (NMR, Particle size distribution of micelles via DLS) 

 

1.11.1 NMR 

The synthesized surfactant monomers and oleo-furan sulfonate surfactants (OFS-n, OFS-

n-1/O, OFS-12-2/C2H5) were analyzed by NMR spectroscopy (Bruker AX400, 400 MHz). The 
1H and 13C NMR of the surfactant monomers was performed by dissolving ~20 μL of the 

compound in CDCl3 containing 5 mM of tetramethylsilane (TMS) as an internal standard. The 

oleo-furan surfactants were also identified by NMR using DMSO-d6 as the solvent. The results 

from NMR analysis are given in Section 3.0 and 6.0 of the supplementary materials text. 

1.11.2 Particle size distribution of micelles via Dynamic Light Scattering (DLS) 

Dynamic Light Scattering (DLS) has been used in the past for studying surfactant 

aggregates.9 Micelle size distribution studies of the OFS-12 surfactant was performed using the 

Microtrac NANO-flex analyzer which employs a 180° scattering angle DLS technique. Three 

different surfactant concentration samples were prepared (5.0, 10.0 and 20.0 x CMC corresponding 

to 0.35, 0.70 and 1.40 wt.%) by dissolving the required amount of surfactant in deionized water 

and filtering the solution after surfactant dissolution using a 0.2μ micropore filter to remove any 

dust particles. Prior to each sample run, a blank solution (DI water) was used to set the baseline to 

zero. Fig S1 shows the average particle size distribution plots for the surfactant solutions. The 

average values were computed based on five individual trials each lasting 120 sec. 
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Fig. S1. Particle size (number) distribution for micelles in OFS-12 surfactant solution with 

concentration A. 5.0 x CMC (average size, 7 nm), B. 10.0 x CMC (average size, 6 nm) and, C. 

20.0 x CMC (average size, 5 nm). 
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2.0 Reaction Results & Screening of Reaction Conditions 

 

Scheme S1. Reaction pathway for furan acylation with fatty acid promoted by trifluoroacetic 

anhydride at room temperature (TFAA: Trifluoroacetic anhydride, TFA: Trifluoroacetic acid).  
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Table S1. Summarized results for the acylation of furan with lauric acid and trifluoroacetic 

anhydride (TFAA). 

Conditions 

Conversion (%) Selectivity (%) 

 Furan  Lauric acid TFAA 2-dodecanoylfuran 

25 oC 

(No Cat.) 
100 100 51.1 87.0 

25 oC 100 100 71.6 81.3 

50 oC 100 100 70.2 75.6 

100 oC 100 100 27.4 27.4 

150 oC 100 95.6 100 43.9 

180 oC 100 78.3 100 13.5 

150 oC 

(THF) 
53.9 91.2 100 20.1 

*Reaction Conditions: 200 psi (N2), 0.014 mol of furan, 0.018 mol of lauric acid, and 0.028 

mol of TFAA in hexane (10 mL), Al-BEA 0.2g, 6 h in Parr reactor. 
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Fig. S2. The change in the yield of A. 2-dodecanoylfuran and, B. lauric acid concentration during 

a reaction. Reaction Conditions: 200 psi (N2), 0.014 mol of furan, 0.018 mol of lauric acid, and 

0.028 mol of TFAA in hexane (10 mL), Al-BEA 0.2 g, 6 h. 
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Fig. S3. Results for the acylation of furan and lauric acid with different mole ratios of reactants.  

LA: Lauric acid, TFAA: Trifluoroacetic anhydride, Mole ratio (1/1.3/1): 0.014 mol of furan / 0.018 

mol of lauric acid / 0.014 mol of TFAA, Reaction conditions: Room temperature, 1 atm, no catalyst. 
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Fig. S4. Time-on-stream results for the acylation of furan and lauric acid with TFAA. DOF: 2-

dodecanoylfuran, TFAA: Trifluoroacetic anhydride, Reaction conditions: 0.014 mol of furan, 

0.018 mol of lauric acid, 0.02 mol of TFAA in 50 mL of hexane, 25 oC, 1 atm. 
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Fig. S5. Reaction progression of acylation of furan with lauric acid using TFAA with time. The 

reaction is complete and high yields are obtained within a few minutes. 0 s corresponds to the point 

of addition of TFAA. 
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Fig. S6. Results for A. conversion and selectivity and B. yield in furan acylation with lauric 

anhydride over various solid acid catalysts (Reaction conditions: 180 oC, 200 psi of N2, 5 h, 0.014 

mol of furan, 0.014 mol of lauric anhydride in 15 mL hexane). 
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Scheme S2. Reaction pathway for liquid-phase hydrogenation of furyl-2-alkyl ketone over copper 

chromite (2CuO-Cr2O3). 
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Table S2. Summarized results for the hydrogenation of 2-dodecanoylfuran over copper chromite. 

 

Conditions 

Conversion (%) Selectivity (%) 

2-dodecanoylfuran  2-dodecylfuran 2-dodecyl-THF Unknown 

100 psi 100 91.6 7.3 1.1 

150 psi 100 59.5 12.3 28.2 

250 psi 100 54.8 18.3 26.9 

350 psi 100 0.9 47.6 51.5 

250 psi 

(Reduced 2CuO-

Cr2O3) 

99.6 18.3 74.9 6.9 

*Reaction Conditions: 220 oC, varying pressures of H2 (at 220 oC), 0.0077 mol of 2-

dodecanoylfuran in hexane (30 mL), copper chromite 0.5g, 5 h. 
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Fig. S7. Time-on-stream results (conversion of 2-dodecanoylfuran (DOF) and selectivities of 2-

dodecylfuran (DF) and 2-dodecyl-tetrahydrofuran (D-THF)) for the hydrogenation of 2-

dodecanoylfuran at A. 100 psi and B. 350 psi of H2. 
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Fig. S8. Results for the hydrogenation of 2-dodecanoylfuran (DOF) at 180 – 220 oC in 100 psi of 

H2. Reaction Conditions: 100 psi of H2 (at reaction temperature), 0.0077 mol of 2-dodecanoylfuran 

in hexane (30 mL), copper chromite 0.5g, 5 h. 
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Scheme S3. Reaction pathways for aldol condensation of 2-dodecanoylfuran (DOF) with 

acetaldehyde and hydrogenation of the aldol-product (Al_DOF) to form mono-ethyl branched 

dodecylfuran (M-DF). One of the side products of the reaction is M-DTHF (mono-ethyl branched 

dodecyl-tetrahydrofuran) formed due to undesirable hydrogenation of the furan ring. 
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Table S3. Summarized results for the aldol condensation of 2-dodecanoylfuran (DOF) with 

acetaldehyde over various acid and base catalysts. 

Conditions 
Conversion (%) Selectivity (%) Yield (%) 

Acetaldehyde DOF C4 C8 Paraldehyde Al_DOF Al_DOF 

Al-BEA 

(200 oC, 6h) 
74.7 17.2 4.6 1.2 0.05 47.2 8.1 

KBEA 

(200 oC, 6h) 
62.3 12.0 9.5 1.3 0.03 75.5 9.1 

HY 

(200 oC, 6h) 
73.5 17.4 10.2 1.4 0.04 58.1 10.1 

Mg-Zr-O 

(200 oC, 6h) 
99.5 12.3 0.08 0.9 0.01 9.0 1.1 

HY 

(220 oC, 6h) 
78.8 17.6 8.5 1.4 0.02 42.5 7.5 

HY 

(180 oC, 6h) 
73.7 13.8 8.3 0.7 0.06 80.9 11.2 

KY 

(180 oC, 6h) 
72.1 16.2 10.5 0.8 0.03 63.0 10.2 

HY 

(180 oC, 24h) 
85.2 34.7 7.1 1.7 0.02 58.5 20.3 

HY 

(180 oC, 48h) 
93.9 47.2 7.7 

18.

7 
0.04 35.6 16.6 

*Reaction Conditions: 200 psi (N2), 0.054 mol of acetaldehyde and 0.0054 mol of 2-

dodecanoylfuran in hexane (20 mL), 0.2 g catalyst. 
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Table S4. Summarized results for the aldol condensation of 2-dodecanoylfuran (DOF) with 

acetaldehyde over various acid and base catalysts. 

Catalysts 

Conversion (%) Selectivity (%) Yield (%) 

Acetaldehyde DOF C4 C8 Paraldehyde Al_DOF Al_DOF 

HY (1g, 24 h) 93.0 19.4 5.3 1.3 0.02 41.5 8.1 

HY (0.2g, 24 h) 85.2 34.7 7.1 1.7 0.02 58.5 20.3 

HY (0.1g, 24 h) 74.0 29.6 11.3 2.4 0.6 62.6 18.5 

Si-SPP (0.1g, 24h) 82.0 27.4 8.1 3.5 0.06 63.3 17.3 

Al-SPP (0.1g, 24h) 81.5 17.6 11.2 9.4 0.06 78.3 13.8 

Al-MWW (0.1g, 

24h) 
90 20.6 3.8 3.2 0.05 70.9 14.6 

NaOH (0.1g, 24h) 99 22.3 0.06 0.2 0.3 1.7 0.4 

No Cat. (24 h) 72.3 33.0 7.8 1.1 0.2 70.8 23.4 

No Cat. 

(48 h) 
87.5 36.8 7.8 0.9 0.1 60.0 22.1 

No Cat. 

(72 h) 
93.1 58.3 4.1 0.6 0.04 24.5 14.3 

*Reaction Conditions: 200 psi (N2), 180 oC, 0.054 mol of acetaldehyde and 0.0054 mol of 2-

dodecanoylfuran in hexane (20 mL). 
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Table S5. Summarized results for the aldol condensation of 2-dodecanoylfuran (DOF) with 

acetaldehyde. 

Mole ratio 

of reactants 

(AA:DOF) 

Conversion (%) Selectivity (%) Yield (%) 

Acetaldehyde DOF C4 C8 Paraldehyde Al_DOF Al_DOF 

15:1 60.4 32.6 16.2 2.0 0.5 67.1 21.9 

10:1 72.3 33.0 7.8 1.1 0.2 70.8 23.4 

5:1 72.8 17.0 7.9 0.5 0.2 70.9 12.1 

1:1 70.0 4.0 1.4 0 0 57.2 2.3 

1:2 82.7 11.1 0.9 0 0 61.2 6.8 

*Reaction Conditions: 200 psi (N2), 180 oC, 24 h, (10:1) ratio: 0.054 mol of acetaldehyde and 

0.0054 mol of 2-dodecanoylfuran in hexane (20 mL). 
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Fig. S9. Time-on-stream results for the hydrogenation of mixture of 2-dodecanoylfuran (DOF) and 

aldol-product (Al_DOF), (220 oC, 100 psi of H2, 0.5g of copper chromite, 7 h). 
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Fig. S10. Composition of the saturated fatty acids in standard cocinic acid quantified by GC-FID, 

unsaturated C18 fatty acid : < 3 mol %. 
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3.0 Identification of Chemicals 

2-dodecanoylfuran (furyl-2-dodecyl-ketone)  

 

1H-NMR (400 MHz, CDCl3) δ 0.86-0.90 (t, 3H), 1.25 (brm, 16H), 1.67-1.75 (m, 2H), 2.80-2.84 

(t, 2H), 6.53-6.54 (q, 1H), 7.20-7.21 (q, 1H), 7.58-7.59 (q, 1H) ppm. 

13C-NMR (100 MHz, CDCl3) δ 14.11, 22.68, 24.50, 29.32, 29.37, 29.46, 29.60, 31.90, 38.52, 

112.27, 117.49, 146.55, 152.69, 190.68 ppm. 

GCMS (EI) m/z (relative intensity): 151 (3.4), 123 (20.1), 111 (10.9), 110 (99.9), 95 (31.6), 81 

(2.6), 55 (5.5), 43 (4.4), 41 (6.2), 39 (3.6) 

2-tetradecanoylfuran (furyl-2-tetradecyl-ketone)  

 

1H-NMR (400 MHz, CDCl3) δ 0.86-0.89 (t, 3H), 1.25 (brm, 20H), 1.67-1.75 (m, 2H), 2.78-2.82 

(t, 3H), 6.51-6.52 (q, 1H), 7.16-7.17 (q, 1H), 7.56-7.57 (q, 1H) 

13C-NMR (100 MHz, CDCl3) δ14.11, 22.69, 24.36, 29.34, 29.40, 29.48, 29.61, 29.65, 29.67, 31.92, 

38.54, 112.08, 116.75, 146.13, 152.89, 189.87 ppm 

GCMS (CI) m/z (relative intensity): 279.2 (100), 43.0 (26.8), 278.4 (19.5), 110.0 (19.5), 280.2 

(18.4), 277.5 (13), 135.1 (6.2), 166.1 (4.4), 95.0 (4.4), 123.0 (3.8) 

2-octadecanoylfuran (furyl-2-octadecyl-ketone)  

 

1H-NMR (400 MHz, CDCl3) δ 0.86-0.90 (t, 3H), 1.26 (brm, 28H), 1.68-1.75 (m, 2H), 2.80-2.84 

(t, 2H), 6.53-6.54 (q, 1H), 7.20-7.21 (d, 1H), 7.59 (d, 1H) ppm. 

13C-NMR (100 MHz, CDCl3) δ 14.11, 22.69, 24.49, 29.33, 29.37, 29.47, 29.61, 29.67, 29.70, 

31.93, 38.51, 112.26, 117.48, 146.54, 152.69, 190.67 ppm. 

GCMS (CI) m/z (relative intensity): 335.3 (100), 43 (46.8), 334.6 (29.4), 336.3 (23.5), 110.0 (19.4), 

333.7 (19.4), 42 (5.4), 135.1 (5.2), 123.0 (4.2) 
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2-n-dodecylfuran 

 

1H-NMR (400 MHz, CDCl3) δ 0.87-0.90 (t, 3H), 1.26 (brm, 18H), 1.60-1.67 (m, 2H), 2.59-2.63 

(t, 2H), 5.96-5.97 (q, 1H), 6.27-6.28 (q, 1H), 7.29-7.30 (q, 1H) ppm. 

13C-NMR (100 MHz, CDCl3) δ 14.12, 22.71, 27.99, 28.06, 29.21, 29.37, 29.38, 29.57, 29.65, 

29.68, 31.94, 104.50, 110.02, 140.60, 156.66 ppm. 

GCMS (EI) m/z (relative intensity): 236 (17.7), 123 (17.6), 96 (12.1), 95 (58.3), 94 (13.5), 82 

(42.6), 81 (99.9), 53 (10.1), 43 (10.2), 41 (12.3) 

2-n-tetradecylfuran 

 

1H-NMR (400 MHz, CDCl3) δ 0.87-0.90 (t, 3H), 1.26 (brm, 22H), 1.60-1.67 (m, 2H), 2.59-2.63 

(t, 2H), 5.96-5.97 (d, 1H), 6.27-6.28 (q, 1H), 7.29 (d, 1H) ppm. 

13C-NMR (100 MHz, CDCl3) δ 14.13, 22.71, 28.00, 28.06, 29.21, 29.38, 29.57, 29.66, 29.68, 

29.70, 29.71, 31.95, 104.50, 110.02, 140.61, 156.66 ppm. 

GCMS (CI) m/z (relative intensity): 265.2 (82.7), 43.0 (100), 81 (99.6), 95.0 (48.4), 263.5 (46), 

264.5 (41), 305.4 (34.5), 307.4 (33), 345.2 (23.2), 82.1 (22.5), 266.4 (16), 123.1 (14.3), 42.1 (12), 

137.2 (11.8) 

2-n-octadecylfuran 

 

1H-NMR (400 MHz, CDCl3) δ 0.86-0.90 (t, 3H), 1.26 (brm, 30H), 1.59-1.66 (m, 2H), 2.59-2.63 

(t, 2H), 5.96-5.97 (d, 1H), 6.26-6.27 (q, 1H), 7.28 (d, 1H) ppm. 

13C-NMR (100 MHz, CDCl3) δ 14.13, 22.71, 27.99, 28.05, 29.21, 29.39, 29.50, 29.57, 29.66, 

29.68, 29.72, 31.95, 104.49, 110.01, 140.61, 156.66 ppm. 

GCMS (CI) m/z (relative intensity): 321.4 (22.6), 43.0 (100), 81.0 (61.7), 95.0 (55.6), 82.0 (29.2), 

320.4 (21.8), 319.4 (17.9), 123.0 (11.7), 83.0 (11.3), 42.0 (11), 96.0 (10), 97.1 (10), 109.0 (9.2) 
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Mono ethyl branched 2-n-dodecylfuran (Mixture with 60 % of 2-n-dodecylfuran) 

 

1H-NMR (400 MHz, CDCl3) δ 0.86-0.90 (t, 3H), 0.87-0.91 (t,3H), 1.26 (brm, 18H), 1.59-1.67 (q, 

2H), 2.55-2.56 (d, 2H), 2.59-2.63 (t, 1H) 5.96-5.97 (t, 1H), 6.27-6.28 (q, 1H), 7.29-7.30 (q, 1H) 

ppm. 

13C-NMR (100 MHz, CDCl3) δ 10.86, 14.13, 22.71, 25.92, 26.66, 28.00, 28.06, 29.21, 29.38, 

29.58, 29.67, 29.69, 29.99, 31.94, 32.02, 33.06, 38.75, 105.73, 110.00, 140.64, 155.65 ppm 

GCMS (EI) m/z (relative intensity): 264 (7.7), 235 (8.0), 123 (25.6), 82 (99.9), 81 (65.8), 71 (36.3), 

57 (56.8), 43 (38.7), 41 (23.7), 28 (91.9). 
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OFS-7 (Sodium 5-heptylfuran-2-sulfonate) 

 

1H-NMR (400 MHz, DMSO-d6) δ 0.84-0.88 (t, 3H), 1.26-1.28 (brm, 8H), 1.52-1.59 (m, 2H), 2.54-

2.57 (t, 2H), 5.98-5.99 (d, 1H), 6.26-6.27 (d, 1H) ppm. 

13C-NMR (100 MHz, DMSO-d6) δ 13.95, 22.08, 27.41, 27.55, 28.41, 28.54, 31.21, 105.07, 108.32, 

155.15, 155.43 ppm. 

OFS-12 (Sodium 5-dodecylfuran-2-sulfonate) 

 

1H-NMR (400 MHz, DMSO-d6) δ 0.84-0.87 (t, 3H), 1.24 (brm, 22H), 1.53-1.59 (m, 2H), 2.53-

2.57 (t, 2H), 5.96-5.97 (d, 1H), 6.23-6.24 (d, 1H) ppm. 

13C-NMR (100 MHz, DMSO-d6) δ 13.95, 22.09, 27.39, 27.54, 28.58, 28.70, 28.74, 28.97, 29.00, 

29.03, 31.28, 104.98, 108.09, 154.98, 155.69 ppm. 

OFS-14 (Sodium 5-tetradecylfuran-2-sulfonate) 

 

1H-NMR (400 MHz, DMSO-d6) δ 0.84-0.87 (t, 3H), 1.24 (brm, 22H), 1.52-1.59 (m, 2H), 2.53-

2.57 (t, 2H), 5.96-5.97 (d, 1H), 6.24 (d, 1H) ppm. 

13C-NMR (100 MHz, DMSO-d6) δ 13.96, 22.10, 27.40, 27.55, 28.59, 28.71, 28.76, 28.99, 29.01, 

29.05, 31.30, 105.00, 108.15, 155.03, 155.63 ppm. 

  



S29 

 

4.0 Evaluation of the Surfactants 
Evaluation of surfactant performance was carried out by analyzing properties of 

surfactants in solution such as critical micelle concentration (CMC), Krafft point, ‘foaminess’, 

wettability (Draves index) and hard water stability (hardness tolerance). 

4.1 Critical Micelle Concentration (CMC) 

CMC is an important property of a surfactant and is the concentration above which the 

surfactant forms micelles and any additional surfactant added to the solution will also form 

micelles.10 The value of CMC of the surfactant was measured by recording the decrease in surface 

tension with increasing surfactant concentration. 6-8 samples with increasing surfactant 

concentration were prepared by dissolving the required amount of surfactant in deionized water. 

The solution temperature was kept high enough to ensure that all of the surfactant is in solution i.e. 

the solution temperature was kept above the Krafft point of the surfactant. Surface tension 

measurements were made using the Krüss digital tensiometer K10ST via the Wilhelmy plate 

method. The temperature of the solution was monitored during the course of measurement. The 

surface tension of each concentration was measured three times and CMC was reported as the 

value of concentration corresponding to the point of intersection of two straight lines drawn to fit 

the plot of surface tension vs. ln(surfactant concentration). 
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Fig. S11. Surface tension versus surfactant concentration of commercial surfactants: A. Sodium 

Lauryl Sulfate (SLS), B. Methyl Ester Sulfonate (MES), C. Linear Alkylbenzene Sulfonate (LAS) 

and, D. Sodium Lauryl Ether Sulfate (SLES). The point of intersection of the two dashed lines in 

the surface tension vs ln(C) plot yields the value of CMC.  



S31 

 

 

 
Fig. S12. Surface tension versus surfactant concentration of renewable OFS-n-1/O surfactants: A. 

OFS-12-1/O, B. OFS-14-1/O, C. OFS-18-1/O and, D. OFS-Cocinic-1/O, n = 8-18. The point of 

intersection of the two dashed lines in the surface tension vs ln(C) plot yields the value of CMC.  
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Fig. S13A-D. Surface tension versus surfactant concentration of renewable OFS-n surfactants: A. 

OFS-7, B. OFS-12, C. OFS-14, D. OFS-18, E. OFS-Cocinic, n = 8-18, F. 40:60 mol% OFS-12-

2/C2H5:OFS-12 and, G. 85:15 mol% OFS-12-1/O:OFS-12. The point of intersection of the two 

dashed lines in the surface tension vs ln(C) plot yields the value of CMC.  
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Fig. S13E-G. Surface tension versus surfactant concentration of renewable OFS-n surfactants: A. 

OFS-7, B. OFS-12, C. OFS-14, D. OFS-18, E. OFS-Cocinic, n = 8-18, F. 40:60 mol% OFS-12-

2/C2H5:OFS-12 and, G. 85:15 mol% OFS-12-1/O:OFS-12. The point of intersection of the two 

dashed lines in the surface tension vs ln(C) plot yields the value of CMC. 
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Table S6. Summary of CMC values for all surfactants in ppm and mmol/L (mM). 

         CMCa 

Surfactant [ppm] mmol/L 

Commercial  
 

  SLS, Sodium Lauryl Sulfate 2010 6.97 

  MES, Methyl Ester Sulfonate 130 0.41 

  LAS, Linear Alkylbenzene Sulfonate 460 1.33 

  SLES, Sodium Lauryl Ether Sulfate 380 1.01 

OFS, Oleo-Furan Sulfonates  
 

  OFS-12-1/O 11520 33.11 

  OFS-14-1/O 3127 8.26 

  OFS-18-1/O 1156 2.65 

  OFS-Cocinic-1/O 4890 14.01 

  OFS-7 2669 9.99 

  OFS-12 720 2.13 

  OFS-14 267 0.72 

  OFS-18 316 0.75 

  OFS-Cocinic 512 1.51 

  40:60 mol% OFS-12-2/C2H5:OFS-12 496 1.43 

 85:15 mol% OFS-12-1/O:OFS-12 2445 7.01 
aCritical Micelle Concentration, measured above Krafft point 
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4.2 Krafft Point/Temperature 

Krafft point or Krafft temperature is the minimum temperature at which surfactants form 

micelles. Below Krafft point, the surfactants precipitate out of solution and remain in the 

crystalline phase.10 A 1.0 wt% solution of surfactant in deionized water was prepared for all 

surfactants except in the case of OFS-12-1/O where a 2.0 wt% solution was used instead, since its 

CMC is roughly about 1.1 wt%. 50 mL of the prepared solution was poured into a beaker 

surrounded by a freezing mixture of ice and salt (sodium chloride) mounted on a laboratory hot 

plate with magnetic stirring. The Krafft point (TK) of the surfactants was measured by estimating 

the degree of counterion dissociation using a conductivity meter (COND 6+, Oakton/Eutech 

Instruments) immersed in the surfactant solution capable of measuring both, conductivity and 

temperature. The magnetic stirring speed was set to 650 rpm and the solution was first allowed to 

cool to 0 oC. Upon attainment of this temperature, the solution was slowly heated and the 

conductivity was measured in every 0.5 oC increments until it reached a steady value. The Krafft 

point was taken as the temperature where the conductivity vs. temperature plot exhibited a sharp 

change in slope. Visually, this corresponded to the surfactant solution transitioning from a turbid 

system due to the precipitated surfactant crystals below the Krafft point to a clear solution 

indicating the dissolution of surfactants and the formation of micelles in water. 
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Fig. S14. Schematic of apparatus used for measurement of Krafft point 

 

 

 

 

Fig. S15. Conductivity versus temperature of 1.0 wt% commercial surfactant solutions for 

determination of Krafft point: A. Sodium Lauryl Sulfate (SLS) and, B. Linear Alkylbenzene 

Sulfonate (LAS). 
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Fig. S16. Conductivity vs temperature of 1.0 wt% renewable OFS-n surfactant solutions for 

determination of Krafft point: A. OFS-12, B. OFS-14, C. OFS-18, D. 40:60 mol% OFS-12-

2/C2H5:OFS-12 and, E. OFS-Cocinic, n = 8-18.  
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In the case of OFS-18, maximum temperature operation limits of the conductivity probe 

did not allow the estimation of Krafft point, and thus the value is reported as >50 oC. For the OFS-

Cocinic, n = 8-18 surfactant, the conductivity vs temperature plot was erratic, which is attributed 

to the presence of 6 different surfactants in the mixture. The solution changed from turbid to clear 

at approximately 18.5 oC which was, therefore, reported as the Krafft point. Methyl Ester Sulfonate 

(MES), Sodium Lauryl Ether Sulfate (SLES), OFS-7 and all OFS-n-1/O surfactant solutions 

remained clear even at 0 oC; the Krafft point was thus reported as <0 oC. 
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Table S7. Summary of Krafft points for all surfactants. 

    Krafft Pointa 

Surfactant [oC] 

Commercial  

  SLS, Sodium Lauryl Sulfate 15.0 ± 1.2 

  MES, Methyl Ester Sulfonate < 0 

  LAS, Linear Alkylbenzene Sulfonate 20.0 ± 2.5 

  SLES, Sodium Lauryl Ether Sulfate < 0 

OFS, Oleo-Furan Sulfonates  

  OFS-12-1/O < 0 

  OFS-14-1/O < 0 

  OFS-18-1/O < 0 

  OFS-Cocinic-1/O < 0 

  OFS-7 < 0 

  OFS-12 30.0 ± 1.0 

  OFS-14 41.5± 0.9 

  OFS-18 > 50 

  OFS-Cocinic 18.5 ± 0.5 

  40:60 mol% OFS-12-2/C2H5:OFS-12 25.7 ± 0.5 

 85:15 mol% OFS-12-1/O:OFS-12 < 0 
aMeasured at 1.0 wt% surfactant in water except for OFS-12-1/O 
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4.3 Surfactant Foaming 

The foaming properties of the surfactants were studied by bubbling air through a 0.5 wt% 

surfactant solution in 100 mL of deionized water. The surfactant solution was poured into a 500 

mL glass graduated cylinder. Air was bubbled through a 1/8 inch diameter and 16 inch length SS 

316 tubing, which was immersed in the solution. A clearance of 1 inch was maintained between 

the end of the tubing and the bottom of the cylinder. The air flow rate was maintained at 30 sccm 

using a Brooks 5850E mass flow controller. The cylinder was mounted on a laboratory hot plate 

with magnetic stirring. A magnetic stirrer rotating at 380 rpm was also used to ensure uniform 

distribution of bubbles. All measurements were done above the Krafft point of the surfactant 

solutions. For those surfactants with a Krafft point above room temperature (OFS-12, OFS-14), 

the graduated cylinder was surrounded by a heated sand bath mounted on the hot plate. The 

temperature of the sand bath was set such that the solution temperature is just above its Krafft 

point. Air was bubbled through the solution until the foam height reached a steady value and the 

height was recorded every thirty seconds by means of a camera. The initial rate of foam growth 

was measured by calculating the slope of the linear region of the height vs. time plot before it 

attained equilibrium. The height of the foam column is indicative of the foaming capacity of the 

surfactant; the foam height after 60 min of air bubbling was, thus, used as a parameter to report 

foaming capacity. All surfactant foam heights reached an equilibrium value within 60 min with 

sodium lauryl ether sulfate (SLES) being an exception. For the purpose of comparison, Sodium 

Lauryl Sulfate (SLS) was chosen as a ‘reference’ surfactant and the initial foam growth rates and 

60 min foam heights of all other surfactants were normalized with respect to SLS i.e. foam growth 

rate metric is reported as ratio of slope of linear region of surfactant i to that of SLS (ri/rSLS) and 

the foam height metric is reported as the ratio of foam height of surfactant i after 60 min (3600 s) 

to that of SLS (hi-60/hi-SLS) as shown in Table S8. 
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Fig. S17. Schematic of foaming apparatus and set-up.   
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Fig. S18. Foam growth of 0.5 wt% solution of Sodium Lauryl Sulfate (SLS) for increasing times 

(left to right) up to 1 h (times in seconds are indicated on upper left insets) 

 

 

Fig. S19. Foam growth of 0.5 wt% solution of Methyl Ester Sulfonate (MES) for increasing times 

(left to right) up to 1 h (times in seconds are indicated on upper left insets) 
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Fig. S20. Foam growth of 0.5 wt% solution of Linear Alkylbenzene Sulfonate (LAS) for increasing 

times (left to right) up to 1 h (times in seconds are indicated on upper left insets). 

 

 

Fig. S21. Foam growth of 0.5 wt% solution of Sodium Lauryl Ether Sulfate (SLES) for increasing 

times (left to right) up to 1 h (times in seconds are indicated on upper left insets) 
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Fig. S22. Foam growth of 0.5 wt% solution of OFS-7 for increasing times (left to right) up to 1 h 

(times in seconds are indicated on upper left insets) 

 

 

Fig. S23. Foam growth of 0.5 wt% solution of OFS-12 for increasing times (left to right) up to 1 

h (times in seconds are indicated on upper left insets) 
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Fig. S24. Foam growth of 0.5 wt% solution of OFS-14 for increasing times (left to right) up to 1 

h (times in seconds are indicated on upper left insets) 

 

 

Fig. S25. Foam growth of 0.5 wt% solution of OFS-Cocinic-n=8-18 for increasing times (left to 

right) up to 1 h (times in seconds are indicated on upper left insets). 



S46 

 

 

Fig. S26. Foam growth of 0.5 wt% solution of 40:60 mol% OFS-12-2/C2H5:OFS-12 for 

increasing times (left to right) up to 1 h (times in seconds are indicated on upper left insets). 

 

 

Fig. S27. Foam growth of 0.5 wt% solution of OFS-18-1/O for increasing times (left to right) up 

to 1 h (times in seconds are indicated on upper left insets). 
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Fig. S28. Foam height vs. time of 0.5 wt% commercial surfactant solutions: A. Sodium Lauryl 

Sulfate (SLS), B. Methyl Ester Sulfonate (MES), C. Linear Alkylbenzene Sulfonate (LAS) and, 

D. Sodium Lauryl Ether Sulfate (SLES). The slope of the linear region (dashed line) represents the 

initial foam growth rate (r) while the height of the foam column (h60), after 60 min (3600s), is used 

as a foaming capacity indicator.  
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Fig. S29. Foam height versus time of 0.5 wt% renewable OFS-n surfactant solutions: A. OFS-7, 

B. OFS-12, C. OFS-14, D. OFS-Cocinic, n = 8-18 and, E. 40:60 mol% OFS-12-2/C2H5:OFS-12. 

The slope of the initial linear region represents the initial foam growth rate (r) while the height of 

the foam column (h60), after 60 min (3600s), is used as a foaming capacity indicator. 
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Table S8. Summary of foaming parameters of all surfactants; normalized initial growth rates and 

foam heights after 60 min with respect to SLS. 

    

     Foam Growth 

Ratea 

Foam 

Height60
a,b 

Surfactant ri / rSLS [-] hi-60 / hi-SLS [-] 

Commercial  
 

  SLS, Sodium Lauryl Sulfate 1.00 1.00 

  MES, Methyl Ester Sulfonate 0.79 0.54 

  LAS, Linear Alkylbenzene sulfonate 1.36 2.20 

  SLES, Sodium Lauryl Ether Sulfate 1.60 2.94 

OFS, Oleo-Furan Sulfonates   

  OFS-12-1/O 0 0 

  OFS-14-1/O 0 0 

  OFS-18-1/O 0 0 

  OFS-Cocinic-1/O 0 0 

  OFS-7 1.04 0.12 

  OFS-12 1.83 2.11 

  OFS-14 2.34 0.75 

  OFS-18 - - 

  OFS-Cocinic 2.06 2.19 

  40:60 mol% OFS-12-2/C2H5:OFS-12 1.96 2.37 

 85:15 mol% OFS-12-1/O:OFS-12 - - 
aMeasured at 0.5 wt% in water. bAfter 60 min (3600 s). 
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4.4 Draves Wetting Index 

The wettability or the wetting properties of the surfactant were measured according to the 

ASTM D2281 standard.10,11 500 mL of 0.25 wt% surfactant solution was poured slowly into a 500 

mL graduated cylinder to ensure that no foam was created while pouring. Any foam that was 

created was removed using a bulb-pipet. The temperature of the surfactant solution was maintained 

around its Krafft point by employing a heated sand bath throughout the course of the experiment. 

A cotton skein (Test Fabrics, Item# 1203007), weighing approximately 5g, was folded and 

fastened to an S-shaped 3 g copper hook tied to a 40 g lead anchor (lead slug) using a fine linen 

thread ¾ inch long (Test Fabrics, Item# WEIGHT & HOOK). The ends of the skein were cut at 

the opposite end and the skein was made compact by drawing the cut skein through fingers before 

testing the surfactant. It was then dropped into the graduated cylinder containing the solution and 

the time taken for the thread to relax and the skein to sink to bottom was recorded as the wetting 

time (TD) for 0.25 wt% solution. 
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Fig. S30. Schematic of the apparatus used for the Draves test11 A. The skein is just immersed into 

the solution at t = 0 s. B. The skein sinks after wetting time TD 
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Table S9. Summary of Draves wetting time for all surfactants. 

    Draves Wettinga 

Surfactant [s] 

Commercial  

  SLS, Sodium Lauryl Sulfate 6.3 ± 2.7 

  MES, Methyl Ester Sulfonate 15.1 ± 3.8 

  LAS, Linear Alkylbenzene Sulfonate 4.9 ± 3.2 

  SLES, Sodium Lauryl Ether Sulfate 15.4 ± 4.0 

OFS, Oleo-Furan Sulfonates  

  OFS-12-1/O > 3600 

  OFS-14-1/O > 3600 

  OFS-18-1/O > 3600 

  OFS-Cocinic-1/O > 3600 

  OFS-7 > 3600 

  OFS-12 48.9 ± 13.3 

  OFS-14 39.4 ± 7.0 

  OFS-18 - 

  OFS-Cocinic 58.0 ± 9.4 

  40:60 mol% OFS-12-2/C2H5:OFS-12 18.5 ± 1.9 

 85:15 mol% OFS-12-1/O:OFS-12 - 
aMeasured at 0.25 wt% surfactant in water  

  



S53 

 

4.5 Hardness Tolerance 

Precipitation of the anionic surfactant from hard water is an undesired process in 

detergency. The tendency of the anionic surfactants to precipitate is quantified by analyzing 

hardness tolerance. Hardness tolerance is the minimum concentration of counterion, such as, Ca2+ 

and Mg2+, precipitating with surfactant, resulting in deactivation of the surfactant performance.12-

14 Calcium chloride was used as a divalent counterion, and surface tension of the surfactant solution 

was measured with increasing concentration of CaCl2 from 1 mM to 450 mM. The value of calcium 

concentration above which the surface tension of the surfactant solution increased was recorded 

as the tolerance value of the surfactant towards calcium as indicated by the dashed red line in Fig. 

S32 – S35.  At the tolerance value, the Ca2+ ions disrupt the micelle structure and this value of 

calcium concentration is referred to as micelle stability. All experiments were carried out at a 

concentration equal to twice CMC of each surfactant, and the point of transition from a clear 

solution to a turbid one was also monitored. Fig. S31 illustrates this effect for a linear alkylbenzene 

sulfonate (LAS) solution. Below the turbid point, the surfactant solution was clear as shown by 

insets A and B in Fig. S31 which changed to a cloudy solution at calcium concentrations equal to 

and greater than the turbid point (inset C and D). The point of micelle stability was marked by an 

increase in the surface tension of the surfactant solution with an increase in calcium concentration. 

In Fig. S31, inset B corresponds to the micelle stability concentration and inset C corresponds to 

the turbid concentration. 

For the OFS-n surfactants, a momentary turbidity was observed in the surfactant solution 

upon addition of CaCl2 due to localized concentration gradients which disappeared upon stirring 

unlike the OFS-n-1/O, LAS and SLS surfactants where the turbidity/precipitation continued to 

persist even upon vigorous stirring. 
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Fig. S31. Surface tension versus CaCl2 concentration for LAS solution demonstrating the effect of 

increasing calcium concentration. (Concentration of the surfactant: twice CMC). Micelle stability 

is defined as the calcium concentration at the increasing point of surface tension, and turbid 

concentration marks the onset of turbidity in the surfactant solution The solution transitions from 

clear to turbid as shown in insets A-D: A. Clear solution at low calcium concentration (33 ppm, 

corresponding to soft water conditions). B. LAS solution at 100 ppm of Ca2+ corresponding to the 

tolerance value (micelle stability). C. Cloudy solution at the turbid concentration (230 ppm, 

corresponding to hard water conditions). D. Cloudy solution with the formation of calcium 

precipitates (3300 ppm, corresponding to extreme hard water conditions). 
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Fig. S32. Surface tension versus CaCl2 concentration of the standard commercial surfactants, LAS, 

SLS, MES, and SLES (Concentration of the surfactant: Twice CMC, Hardness tolerance / micelle 

stability concentration: Calcium concentration at the increasing point of the surface tension 

indicated by the red dashed line).  
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Fig. S33. Surface tension vs. CaCl2 concentration of the linear OFS-n surfactants (Concentration 

of the surfactant: Twice CMC, Hardness tolerance / micelle stability concentration: Calcium 

concentration at the increasing point of the surface tension). 
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Fig. S34. Surface tension versus CaCl2 concentration of the OFS-n-1/O surfactants (Concentration 

of the surfactant: Twice CMC, Hardness tolerance / micelle stability concentration: Calcium 

concentration at the increasing point of the surface tension indicated by the red dashed line). 
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Fig. S35. Surface tension versus CaCl2 concentration of OFS-12-2/C2H5 and OFS-7 

(Concentration of the surfactant: Twice CMC, Hardness tolerance / micelle stability concentration: 

Calcium concentration at the increasing point of the surface tension indicated by the red dashed 

line). 
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Fig. S36. Surfactant solutions after addition of CaCl2 (Surfactant concentration: Twice CMC, 

Concentration of CaCl2: 50,000 ppm). Image was taken after two weeks of making the solution. 
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Table S10. Summary of hard water stability tests for all surfactants. 

Surfactant 
Micelle stability conc. Turbid conc. 

[ppm of CaCl2]a [ppm of CaCl2]a 

Commercial   

  SLS, Sodium Lauryl Sulfate 33 33 

  MES, Methyl Ester Sulfonate 500 >50,000 

  LAS, Linear Alkylbenzene Sulfonate 100 230 

  SLES, Sodium Lauryl Ether Sulfate >50,000 >50,000 

OFS, Oleo-Furan Sulfonates   

  OFS-12-1/O 230 230 

  OFS-14-1/O 33 66 

  OFS-18-1/O >50,000 2,000 

  OFS-Cocinic-1/O 6,600 500 

  OFS-7 110 230 

  OFS-12 >50,000 10,000 

  OFS-14 >50,000 2,000 

 OFS-18 33,000 2,000 

  OFS-Cocinic >50,000 10,000 

  40:60 mol% OFS-12-2/C2H5:OFS-12 2,000 2,000 

 85:15 mol% OFS-12-1/O:OFS-12 - - 
aMeasured at twice CMC of the surfactants 
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5.0 Gas Chromatography (GC) Profiles 

 

 

Fig. S37. Typical GC profiles of product mixtures A. After acylation and, B. Post purification of 

2-dodecanoylfuran by rotary evaporator. 
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Fig. S38. Typical GC profiles of A. Reactant mixture and B. Products in hydrogenation of 2-

dodecanoylfuran (DOF: 2-dodecanoylfuran, DF: 2-dodecylfuran). 
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Fig. S39. Typical GC profiles of product mixtures after hydrogenation. A. Concentrated samples 

by rotary evaporator and, B. Purified and separated by flash chromatography. 
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Fig. S40. Typical GC profiles of product mixtures after aldol condensation. A. Concentrated 

samples by rotary evaporator and, B. Purified and separated by flash chromatography. 
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Fig. S41. Typical GC profiles of A. reactant mixture and B. products in hydrogenation of of DOF 

and Al_DOF mixture (DOF: 2-dodecanoylfuran, Al_DOF: aldol product, DF: 2-dodecylfuran, M-

DF: Mono-ethyl branched dodecylfuran). 
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6.0 NMR spectra 

 

 

Fig. S42.  1H NMR of 2-dodecanoylfuran (furyl-2-dodecyl-ketone) in CDCl3. 
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Fig. S43.  13C NMR of 2-dodecanoylfuran (furyl-2-dodecyl-ketone) in CDCl3. 
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Fig. S44. 1H NMR of 2-tetradecanoylfuran (furyl-2-tetradecyl-ketone) in CDCl3 
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Fig. S45. 13C NMR of 2-tetradecanoylfuran (furyl-2-tetradecyl-ketone) in CDCl3. 
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Fig. S46.  1H NMR of 2-octadecanoylfuran (furyl-2-octadecyl-ketone) in CDCl3. 
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Fig. S47.  13C NMR of 2-octadecanoylfuran (furyl-2-octadecyl-ketone) in CDCl3. 
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Fig. S48.  1H NMR of 2-n-dodecylfuran in CDCl3. 
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Fig. S49.  13C NMR of 2-n-dodecylfuran in CDCl3. 
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Fig. S50.  1H NMR of 2-n-tetradecylfuran in CDCl3. 
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Fig. S51.  13C NMR of 2-n-tetradecylfuran in CDCl3. 
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Fig. S52.  1H NMR of 2-n-octadecylfuran in CDCl3. 
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Fig. S53.  13C NMR of 2-n-octadecylfuran in CDCl3. 
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Fig. S54. 1H NMR of mono ethyl branched 2-n-dodecylfuran, M-DF (Mixture with 60 % of 2-n-

dodecylfuran) in CDCl3. 
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Fig. S55. 13C NMR of mono ethyl branched 2-n-dodecylfuran, M-DF (Mixture with 60 % of 2-n-

dodecylfuran) in CDCl3. 
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Fig. S56. 13C-APT NMR of mono ethyl branched 2-n-dodecylfuran, M-DF (Mixture with 60 % of 

2-n-dodecylfuran) in CDCl3. 
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Fig. S57. 1H NMR of OFS-7 in DMSO-d6. 
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Fig. S58. 13C NMR of OFS-7 in DMSO-d6. 

 

 

 

 

 

 

 

 

 



S83 

 

 

 

Fig. S59. 1H NMR of OFS-12 in DMSO-d6. 
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Fig. S60. 13C NMR of OFS-12 in DMSO-d6. 
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Fig. S61. 1H NMR of OFS-14 in DMSO-d6. 
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Fig. S62. 13C-APT NMR of OFS-14 in DMSO-d6. 
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7.0 Small Angle X-Ray Scattering (SAXS) 

 

Small angle X-ray scattering (SAXS) experiments were performed at the beamline 12-ID-

B of the Advanced Photon Source, Argonne, IL. The data was obtained at 42 oC using a quartz 

capillary flow cell to minimize beam damage to the sample. The flow cell is equipped with a peltier 

heating/cooling device to control the temperature of the sample in the capillary. The X-ray energy 

was 14 keV (corresponding to a wavelength of 0.886 Å). To avoid radiation damage, the exposure 

time for each image frame was set to no more than one second. 20-40 images were collected for 

each sample/solvent to obtain good signal-to-noise ratio. The 2D isotropic scattering images were 

azumithally averaged to 1D data sets using the computer program provided at the beamline, 

followed by averaging of the 1D data sets. 

 
Fig. S63.  Small Angle X-Ray Scattering.  A. Experimental SAXS profiles for varying concentrations 

of OFS-12 surfactant below and above CMC and for the solvent (water) B. Scattering profiles obtained 

after subtracting the background (capillary with water). 

 

Fig S63A shows the SAXS scattering plots obtained for different concentrations of the 

OFS-12 surfactant in water while Fig. S63B depicts the background subtracted data. From Fig. 

S63A, we see that, at a surfactant concentration corresponding to 0.5 times the critical micelle 

concentration (0.5xCMC, 0.035 wt%), the sample scattering profile resembles that of water and 

there is no scattering feature in the background subtracted SAXS profile (black curve in Fig. S63B).  

This conforms to the fact that no micelles are formed in solution below its CMC. As we increase 

the concentration above CMC (10xCMC and 20xCMC corresponding to 0.7 and 1.4 wt%), the 

appearance of a form factor oscillation at q > 0.1 Å-1 is indicative of the formation and presence 

of micelles within the aqueous system. Similar profiles are also reported in literature, where SAXS 

experiments have been conducted for a commercial sodium lauryl/dodecyl sulfate (SLS/SDS) 

sample.15 
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7.1 OFS-12 SAXS – PDDF (Pair Distance Distribution Function) 

SAXS data of surfactant micelle have been analyzed using pair distance distribution function 

(PDDF), which is defined as, 

𝑃(𝑥) = 𝑥2 〈∫ 𝜂(�⃗� )𝜂(𝑥 + �⃗� )𝑑�⃗� 〉 

where 𝜂(�⃗� ) = 𝜌(�⃗� ) − 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡  and 𝜌(�⃗� )  and 𝜌𝑠𝑜𝑙𝑣𝑒𝑛𝑡  are the electron density at position �⃗�   and 

solvent, respectively. Thus 𝜂solvent = 0. The bracket depicts the orientational average.  

In a micelle, 𝜂𝑠ℎ𝑒𝑙𝑙 > 0 and 𝜂𝑐𝑜𝑟𝑒 < 0. When both ends of the vector 𝑥  (�⃗�  or 𝑥 + �⃗� ) is either in the 

shell or core, 𝜂(�⃗� )𝜂(𝑥 + �⃗� ) is positive. When one of its end is on solvent phase, 𝜂(�⃗� )𝜂(𝑥 + �⃗� )=0. When 

one end is on the shell and the other is on the core, 𝜂(�⃗� )𝜂(𝑥 + �⃗� ) becomes negative.  

Therefore, it is possible to approximately picture the shape of the PDDF function of a core-shell structure. 

When x is shorter than the shell thickness, 𝑃(𝑥) is likely positive. When x is longer than the shell thickness, 

it may become negative. When x is larger than maximum size of the core, it can be positive again. Finally, 

when x is larger than 𝑑𝑚𝑎𝑥,  𝑃(𝑥) = 0. If an object is made of only single phase without a shell, 𝑃(𝑥) 

will be positive at any x smaller than 𝑑𝑚𝑎𝑥 and will be 𝑃(𝑥) = 0 for x larger than 𝑑𝑚𝑎𝑥. 

The PDDF was calculated from an experimental data using software program such as GNOM.16 Our PDDF 

plot shown in Figure S64B obtained via the fit in Figure S64A of the SAXS data shows a typical PDDF 

expected from the core-shell structure.15 The largest dimension obtained from the PDDF is about 7~8 nm 

determined from Figure S64B.  This agrees with the DLS data of Figure S1C (which is the same sample 

at 20xCMC) with particle sizes of 4-8 nm.   

 
Fig. S64.  PDDF of OFS-12 SAXS Data. A. The SAXS data (red) and fit (blue).   B. Intraparticle Pair Distance 

Distribution Function. 
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