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Green Foundation Box

1. This work presents a novel synthetic blueprint for producing high-
performance anionic surfactants from a hybrid of post-consumer polyolefin 
plastics waste and lignocellulosic biomass, entirely avoiding fossil-derived 
feedstocks. By coupling electrified non-thermal plasma oxidation with mild 
organic transformations, the route replaces hazardous transition metal 
catalysts, strong oxidants, and energy-intensive processes typically 
required for surfactant synthesis.

2. The resulting plastics-derived oleo-furan and branched sulfonate 
surfactants achieved a critical micelle concentration of 591 ppm and a 
Krafft temperature below 0 °C, outperforming commercial linear 
alkylbenzene sulfonates and sodium lauryl sulfate. The overall process 
converts 1 mol of LDPE plastic waste into 0.31 mol of surfactant (31% 
molar efficiency) using electrical energy and oxygen.

3. Future improvements include optimizing the plasma reactor geometry and 
scale-up strategy to increase energy efficiency beyond the current 52%, 
extending the process to mixed plastic waste streams, improving furoate 
yields during esterification, and performing full life-cycle and techno-
economic analyses to establish a pathway to cost-competitive, large-scale 
sustainable surfactant production.
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ABSTRACT
The widespread reliance on fossil-derived linear alkylbenzene sulfonates (LAS) in surfactant 
formulations presents significant sustainability and biodegradability challenges. We report a 
synthetic route to oleo-furan sulfonate (OFS) and branched sulfonate surfactants derived from a 
hybrid of renewable biomass and polyolefin plastics waste carbon. Plastics-derived paraffins were 
obtained via catalytic hydrogenolysis and subsequently oxidized using non-thermal atmospheric 
plasma. The resulting oxygenated paraffins, rich in mid-chain ketones and alcohols, were 
selectively reduced to mono-alcohols using sodium borohydride. These plastics-derived hydroxy 
paraffins were then coupled with biomass-derived 2-furoic acid to produce furoates and olefins, 
which were sulfonated to yield unique oleo-furan and branched sulfonate surfactants. The resulting 
surfactants exhibited superior performance, including a low critical micelle concentration (CMC) 
of 591 ppm and a Krafft temperature below 0 °C, surpassing not only previously synthesized OFS 
but also commercial LAS and sodium lauryl sulfates (SLS). This work offers a blueprint for 
producing high-value specialty surfactants from hybrid waste feedstocks and contributes to the 
advancement of circular, high-performance surfactant technologies.
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INTRODUCTION
The specialty chemicals sector, currently valued at over $600 billion, and sourced primarily 

from fossil fuel feedstocks1, 2, is expected to continue growing. As the industry grows, so does the 
need to make products from renewable carbon sources, especially in large volume sectors like 
surfactants3. Surfactants are ubiquitous ingredients in cleaning, personal care, and industrial 
formulations4. Among them, linear alkylbenzene sulfonates (LAS) dominate due to their strong 
detergency5. Fossil-based LAS derived from benzenes and long-chain alkanes6 suffer from poor 
anaerobic biodegradability, high Kraft temperatures, and low calcium tolerance, which often 
necessitate formulation additives like ethylenediaminetetraacetic acid (EDTA)7, 8 that increase the 
cost. Replacing them with high-performance alternatives is a critical priority.

Oleo-furan sulfonates (OFS) can be such a replacement8, 9. They feature a biobased furan ring 
as the polar headgroup and a long-chain alkyl tail, often derived from fatty acids. This amphiphilic 
structure mimics LAS, offering strong calcium tolerance, low Kraft temperatures, and favorable 
biodegradability, due to the polar furan ring providing superior water solubility10, 11. However, 
fatty acids are produced in small quantities from edible oils, which are heavily used in the food 
and cosmetic industry. Their recycled products are used for biodiesel and jet fuels11, 12. 
Technologically, C–C coupling between furans and fatty acids is challenging, requiring either high 
temperature ketonization13, 14 or stoichiometric amounts of corrosive trifluoroacetic acid under 
milder acylation conditions8. These challenges in the process and raw materials highlight a need 
for new synthetic strategies and carbon sources. 

Post-consumer plastics waste presents a compelling feedstock due to its massive scale and 
under-recycling15, 16. The joint valorization of biomass and plastics waste feedstocks could 
contribute to long-term sustainability17, 18. However, polyolefins, the most abundant plastics, are 
chemically inert19. Upcycling plastics has predominantly focused on catalytic thermal 
decomposition to liquid fuels and waxy hydrocarbons20-23. These feedstocks and products lack 
functional groups for further co-processing. Current strategies for activating these feedstocks, such 
as traditional catalytic oxidation reactions, require high loadings of expensive transition metal 
catalysts, elevated temperatures, hazardous solvents, and strong oxidants (e.g., hydrogen peroxide 
and other acids), making them typically unsustainable24. In contrast, non-thermal plasma can drive 
the oxidation reaction solely using electrical energy, without the need for toxic gases, solvents, or 
catalysts.

This study presents a novel process for synthesizing oleo-furan and branched sulfonate 
surfactants using biomass-derived 2-furoic acid and plastics-derived paraffins (Scheme 1). The 
paraffins were obtained via catalytic hydrogenolysis of polyethylene and subsequently 
functionalized into oxygenates, primarily mono-ketones and alcohols, using non-thermal, 
atmospheric plasma. These oxygenated paraffins were then reduced with sodium borohydride to 
form alcohols, which were co-processed with 2-furoic acid, a biomass derivative, to generate 
furoates and olefins. The resulting furoates and olefins were sulfonated to produce unique oleo-
furan and branched sulfonate surfactants. These surfactants exhibit superior performance 
characteristics, including low critical micelle concentrations (CMC) and low Krafft temperatures, 
compared to previously synthesized OFS and commercial surfactants. Overall, this work offers a 
promising blueprint for producing high-performance surfactants from hybrid biomass and plastics 
waste feedstocks.
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Scheme 1. Illustration of the pathway to surfactants from hybrid feedstock. 

MATERIALS AND METHODS
Chemicals

Oxygen (99.997%) and helium (99.999%) gases were purchased from KeenGas. Hexanes, n-
dodecane (99%), n-decane (99%), n-tetradecane (99%), n-hexadecane (99%), 2-dodecanol (99%), 
2-dodecanone (98%), 1-hexandecanol (99%), 3-hexadecanone (98%), low-density polyethylene 
(LDPE, weight-average molecular weight {Mw} ~4 kg/mol), methylene chloride (> 99.8%), 
acetonitrile (> 99.9%), methanol (> 99.9%), 2-octanol (> 97%), 2-nonanol(> 98%), 5-nonanol (> 
98%), sodium borohydride acetonitrile (> 99.9%), tetrahydrofuran (> 99.9%), ruthenium nitrosyl 
nitrate Ru(NO)(NO3)3 solution in diluted HNO3 (Sigma-Aldrich no. 373567), 2-furoic acid (98%), 
octyl-2-furoate, chlorosulfonic acid (98%), and anhydrous chloroform were purchased from 
Sigma-Aldrich. Sulfuric acid (98%), ethyl acetate, diethyl ether, sodium bicarbonate were obtained 
from Fisher Scientific. TiO2 nanopowder (99.5%, 5 nm, anatase) was obtained from US Research 
Nanomaterials. 
Hydrogenolysis of LDPE over Ru/TiO2 Catalyst

The Ru/TiO2 catalyst was prepared using the wetness impregnation method25. TiO2 
nanopowder (99.5%, US Research Nanomaterials, 5 nm, anatase) was first calcined at 450 °C for 
4 h in air. The support was placed in a 50 ml beak and heated to 70 °C with the subsequent addition 
of ruthenium nitrosyl nitrate Ru(NO)(NO3)3 solution in diluted HNO3 (Sigma-Aldrich no. 373567). 
The suspension was vigorously stirred with a glass rod for 1.5 h until complete dryness; then, it 
was stored in an oven at 100 °C for 12 h. Before the reaction, the catalyst was reduced in the flow 
of 50% H2/He at 300 °C for 2 h (ramping rate 10 °C/min). 

Hydrogenolysis of LDPE (4 kg/mol) was conducted to yield plastics-derived paraffins (PDP). 
3.4 g of LDPE, 0.1 g of Ru/TiO2 catalyst, and a stir bar was added into a 50 mL Parr reactor. The 
Parr reactor was pressurized with 30 bar of H2. The reaction was conducted at 250 C for 
approximately 4 h. The resulting products were filtered and collected in dichloromethane. The 
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solution was rotovapped at 125 mbar for 30 min at 40 C to remove dichloromethane and volatile 
alkanes (<C8). 
Plasma Reactor and Diagnostics

Plasma oxidation of the PDP was carried out in a pin-to-plate reactor configuration26 of an 
enlarged glass diameter to increase the production rate. Approximately 600 mg of hydrogenolysis 
wax was placed at the bottom of a glass reactor (27 mm diameter), which was slightly heated (35 
ºC) using an external hotplate to create a melt. To maintain a controlled gas atmosphere, a helium 
(490 sccm) and oxygen (10 sccm) gas mixture was introduced via mass flow controllers (Brooks 
GF 40 series). A high-voltage stainless-steel pin was suspended above the melted wax surface, 
while a grounded stainless-steel plate was positioned at the exterior bottom of the glass vessel. The 
gap between the pin and the plate was 7 mm, with the hydrogenolysis wax and glass vessel serving 
as dielectrics. Non-thermal, atmospheric-pressure plasma was generated using a direct current 
(DC) micro-pulsed high-voltage power supply (HVPPS1160). The peak-to-peak voltage, 
frequency, and duty cycle were maintained at 9 kV, 5 kHz, and 1%, respectively, resulting in a 
calculated dissipated power of approximately 2.2 W.

Voltage and current signals were recorded using a high-voltage probe (Tektronix P6015) and 
a current monitor (Pearson 6585), respectively. Both signals were acquired in real time using a 
Tektronix MDO32 wideband oscilloscope. A representative oscillogram is shown in Figure S1. 
The average dissipated power (i.e., the power consumed by the plasma discharge) was calculated 
using the following equation:

𝑃 = 1
𝑇𝑝

∫𝑇𝑝

0 v(𝑡)𝑖(𝑡)𝑑𝑡          (1)
where Tp is the period of each wave, and v(t) and i(t) are the time-dependent voltage and current, 
respectively.

Optical emission spectroscopy (OES) measurements were performed using an AvaSpec-
ULS4096CL-EVO spectrometer (Avantes). Light emission from the plasma was collected using a 
400 μm optical fiber, and the wideband emission spectrum in the 300–900 nm range was recorded 
and analyzed using Avasoft software. A representative emission spectrum of the He/O₂ discharge 
is shown in Figure S2.
Separation and Extraction of Plastics-Derived Oxygenated Paraffins (PDOP)

PDOP were extracted from the unreacted n-alkanes using a method similar to that described 
previously27. A mixture of acetonitrile and methanol (4:1 v/v) was added to the plasma-treated 
PDP, achieving a solvent-to-solute ratio of 4:1 v/v. This solution was sonicated (Branson 1800) 
for 15 min to facilitate the extraction of oxygenates from the wax phase into the polar solvent 
phase. Following sonication, the resulting cloudy solution typically phase-separated in a separatory 
funnel after ~4–6 h. To accelerate the liquid–liquid extraction and enhance the purification of 
oxygenates, the cloudy solution was centrifuged (Eppendorf Centrifuge 5425) in 2 mL centrifuge 
tubes for 10 min at 10,000 rpm. The polar phase was then easily separated from the non-polar wax 
phase. Both phases were subsequently rotovapped at 175 mbar for 30 min at 40 °C to remove 
residual acetonitrile and methanol. The non-polar phase, containing unreacted waxes, could be 
recycled back into the plasma reactor for further oxidation.
Sodium Borohydride Reduction

In a typical procedure28, 2 equivalents of NaBH4 (250 mg, 6.7 mmol), dissolved in 10 ml of  
MeOH/H2O (50/50) mixture, were added in portions to a suspension of the PDOP  (1 g, ~3.3 mmol 
oxygenates) in methanol (20 ml) at 0 °C. The mixture was brought to room temperature after the 
initial effervescence and stirred for 2 h. The reaction was quenched with a solution of ammonium 
chloride (15 ml) at 0 °C and concentrated in a vacuum. The residue was diluted with ethyl acetate 
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(80 ml), washed with 2 aliquots of saturated aqueous NaHCO3 (2 x 20 ml) and brine, dried over 
Na2SO4, filtered, and concentrated in a vacuum. 
Esterification

The esterification reaction9 was conducted by first preheating a hot plate to 150 °C. A small 
stir bar was placed in each 10 ml crimp-neck glass vial, followed by the addition of 0.01388 moles 
of alcohol (typically 5-nonanol) and 0.01388 moles of 2-furoic acid. After all reactants were 
introduced, one mole percent of the catalyst (typically sulfuric acid) was added to each vial, which 
was then sealed with a crimp vial cap. The sealed vials were placed in a 150 °C mineral oil bath 
and heated for 1–3 h. To facilitate water removal, a syringe was used to pierce the vial caps and 
extract any water formed during the reaction at 15-min intervals. Once the reaction was complete, 
the vials were transferred to an ice bath to quench the reaction. The reaction mixture was then 
rinsed and transferred into a clean 20 mL vial using a 50:50 mixture of ethyl acetate and 
cyclohexane as the solvent. The total volume of the solvent and reaction product was recorded. To 
prepare samples for gas chromatography (GC) analysis, the rinsed reaction solution was combined 
with an additional 50:50 cyclohexane and ethyl acetate mixture, along with eicosane as an internal 
standard.
Sulfonation

The plastics-derived furoates and olefins (PDFO), including the reference (octyl-2-furoate), 
was sulfonated and neutralized to make a mixture of plastics-derived oleo-furan and branched 
sulfonate (PDOFBS) surfactants9. The crude mixture (0.5 g, ~1.6 mmol assuming tetradecyl-2-
furoate) was added to anhydrous chloroform (5 mL) and mixed until homogeneous. 1 equiv. of 
chlorosulfonic acid was added and the produced HCl was bubbled into a water trap, confirming 
reaction progression. The reaction was complete after bubbling stopped. The resulting mixture was 
rotary evaporated to remove chloroform, leading to a dark green/purple liquid. The resulting liquid 
was diluted in water and neutralized with saturated aqueous NaHCO3 to attain a neutral pH (7). 
Cold acetone was added into the solution to precipitate out NaHCO3 and was separated out via 
filtration. Acetone was removed via rotary evaporation, leaving the resulting water solution with 
sulfonated products. To remove any unreacted alkanes, esters, or olefins, cyclohexane was added 
for liquid-liquid extraction. The aqueous layer was evaporated leaving the resulting purified 
sulfonate surfactants.
Characterization of Surfactants

Sulfonated surfactants, sulfonated octyl-2-furoate standard and PDOFBS, were characterized 
for Krafft temperature and critical micelle concentration (CMC). CMC was identified using a 
Sigma 700 Surface Tension attached with a Du Nouy Ring. The average and standard deviation 
surface tension of 10 measurements at varying concentrations of the surfactant (0.3 – 15000 ppm) 
in 18.2 Mohm DI water were collected at room temperature. The CMC is calculated as the point 
of intersection between the initial decreasing slope and the plateau of the surface tension vs. ln(C) 
plot. 

The Krafft temperature was determined by analyzing the conductivity of the surfactants 
(slightly above CMC) over various temperatures (1 – 20 °C). The Krafft point is denoted as a 
temperature accompanied by a sharp increase/decrease in conductivity due to the dissolution or 
precipitation of the anionic surfactant in DI water. Cooling of the solution was conducted using a 
Stir-Kool (SK-24D-AW) cooling plate and the conductivity was measured using a conductivity 
meter (Oaklon, CON 110 Series). The average and standard deviation of triplicate conductivity 
values at each temperature were reported. 
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The Toxicity Estimation Software Tool (TEST), developed by EPA, was used to estimate the 
lethal concentration (LC50) for the fathead minnow as well as the Log (Kow) and bioconcentration 
factor for the surfactants. TEST is a peer-reviewed tool using QSAR (Quantitative Structure-
Activity Relationship) to estimate chemical toxicity based on molecular descriptors, like molecular 
weight and hydrophilicity. TEST has been trained on datasets from ECOTOX, which contain 
various aliphatic and aromatic carbamates, esters, and sulfides structurally similar to the molecules 
analyzed. These calculations were supplemented with linear and non-linear BIOWIN 
biodegradability predictions from the Estimation Programs Interface (EPI) Suite. The EPI Suite 
software was developed by the US Environmental Protection Agency's Office of Pollution 
Prevention and Toxics and SRC, Inc. It is a screening-level tool, intended for use in applications 
such as rapid evaluation of chemicals for release potential and classifying chemicals for future 
investigation.

Product Analysis
Reaction products were analyzed using gas chromatography (GC), nuclear magnetic resonance 

(NMR) spectroscopy, and Fourier-transform infrared (FTIR) spectroscopy. For GC analysis, 
products were diluted in dichloromethane and analyzed using a flame ionization detector (GC-
FID, Agilent 7890B) equipped with an Agilent J&W HP-INNOWax column (30 m, 0.25 mm, 0.25 
μm). For 1H-NMR spectroscopy, products were diluted in deuterated chloroform or deuterated 
water and analyzed on a NEO 400 MHz spectrometer equipped with a 5-mm BBFO probe. FTIR 
spectroscopy was performed directly on the products using a Nicolet iS50 spectrometer, coupled 
with a golden gate diamond attenuated total reflectance (ATR) module and an MCTB detector, at 
a resolution of 4.0 cm-¹ with an average of 32 scans. Quantification of the products (n-alkanes and 
corresponding oxygenates) was performed using GC-FID with external standard calibrations based 
on known reference compounds, and response factors were extrapolated for compounds without 
available standards. Both the weight percent distribution of the mixtures and the yields were 
calculated. It should be noted that the yields of all quantified products from hydrogenolysis and 
plasma treatment do not sum to 100%, as volatile compounds (<C8) were lost during the rotary 
evaporation step. The esterification products were quantified with a GC-FID equipped with an HP-
1 column (Agilent). To assess the possible formation of lighter gaseous species and evaporative 
losses during plasma treatment, the outlet gas was bubbled through an acetone solvent trap in an 
ice bath and subsequently analyzed by GC.

RESULTS AND DISCUSSION
Hydrogenolysis of Plastics Waste to Plastics-Derived Paraffins (PDP)

To obtain PDP, hydrogenolysis of LDPE was carried out over Ru/TiO2 (Figure 1a). This 
catalyst has demonstrated effectiveness in plastics conversion into liquid n-alkanes, with relatively 
short reaction times, and is easy to make25, 29. The hydrogenolysis products from multiple reaction 
batches were combined to ensure homogeneity and were analyzed using GC (Figure 1b). As 
expected, the majority of the PDP consisted of n-alkanes ranging from C9 to C32, along with a 
smaller yield of branched isomers, consistent with previous studies32. Lighter n-alkanes (< C9) and 
the dichloromethane solvent were removed via rotary evaporation for easier subsequent processing 
(i.e., plasma oxidation). Product yields of desired hydrocarbons were calculated to be 73%, with 
the remaining 27% being lighter alkanes (< C9) and methane (Figure S3). The final mixture 
contained approximately 75% n-alkanes and 25% isomers (Figure 1c), with the distribution 
centered around C12-C13. This chain-length range is favorable for surfactant production.
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Figure 1. (a) Process flow schematic of the hydrogenolysis of LDPE over Ru/TiO2. (b) GC spectra of hydrogenolysis 
wax. (c) Weight percent distribution of n-alkanes and isomers of hydrogenolysis wax. Reaction conditions: catalyst-
to-polymer ratio: 0.03, catalyst mass: 0.1 g, treatment time: 4 h, H2 pressure: 30 bar, stir rate: 400 rpm, and 
temperature: 250 ºC. GC conditions: HP-Innowax column from 30 – 250 ºC in dichloromethane. 

Non-Thermal Plasma Oxidation of PDP to Plastics-Derived Oxygenated Paraffins (PDOP)
The PDP was plasma-treated in a pin-to-plate reactor to achieve plastic-derived oxygenated 

paraffins (PDOP) (Figure 2a). Mechanistically, oxygen plasma oxidizes aliphatic alkanes through 
hydrogen abstraction and subsequent radical recombination with reactive oxygen species26, 30, 31, 
forming oxygenated hydrocarbons (Figure 2b). To establish proof of concept and ensure stability 
of the extracted oxygenates, the plasma treatment and oxygenate extraction were first performed 
on a model compound, hexadecane (n-C16) (Figure S4). To maximize the yield of mono-
oxygenates (e.g., mono-alcohols and mono-ketones) over secondary products (e.g., di-oxygenated 
or oligomerized species), the conversion was kept relatively low (~25%), yielding 18% of the 
desired oxygenates (72% selectivity). Notably, branched isomers are also susceptible to plasma 
oxidation and may be more reactive than linear alkanes due to the increased stability of tertiary vs. 
secondary radicals formed during hydrogen abstraction32-35; however, they are difficult to discern 
from oxygenated n-alkanes due to coelution.

Processing and quantifying the PDOP was challenging due to the large fraction of unreacted 
paraffins (~75%) and co-elution of oxygenated species with branched isomers (Figure S5a). 
Therefore, separation and extraction were implemented (Materials and Methods). In short, a 
mixture of acetonitrile and methanol was added to the PDOP for a one-stage liquid-extraction 
process, followed by evaporation of the polar solvent. The resulting PDOP (Figure 2c) comprised 
approximately 75% of oxygenates and 25% of n-alkanes, achieving an overall yield efficiency of 
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52%. Due to the co-elution of isomeric oxygenates derived from different alkane chain lengths 
(e.g., C12 alcohols eluting similarly to C13 ketones), precise quantification was difficult. Retention 
times were grouped based on standards, and all peak areas within each bin were attributed to a 
specific chain length (Figure 2d). The oxygenates ranged from C8 to C23, with the highest yields 
centered between C12 and C17. Minimal conversion of longer-chain alkanes (above C23) was 
observed, likely due to the higher reactivity and volatility of shorter-chain compounds within the 
plasma reactor31. Volatile C9–C11 alkanes evaporated, as evidenced by their high concentration in 
the gas trap (Figure S5b) and their absence in the product mixture post-reaction. Overall yields of 
oxygenates from each reaction are shown in Figure S6.  The non-polar phase, containing unreacted 
hydrocarbons recovered from extraction, was recycled back into the plasma reactor.

Figure 2. (a) Process flow schematic of the plasma oxidation of hydrogenolysis wax and separation and extraction 
steps to obtain plasma-oxidized wax. (b) Schematic of plasma oxidation of hydrogenolysis wax (n-alkanes) to 
corresponding oxygenates. (c) GC spectra of plasma-oxidized wax. (c) Weight percent distribution of n-alkanes and 
oxygenates in plasma-oxidized wax. Plasma operating conditions: voltage: 9 kV, frequency: 5 kHz, O2 feed molar 
percent: 2%, and temperature: 30 ºC. GC conditions: HP-Innowax column from 30 – 250 ºC in dichloromethane. 

Organic Transformations to Plastic-Derived Oleo-furan and Branched Sulfonates (PDOFBS)
In order to transform the PDOP into plastics-derived oleo-furan and branched sulfonates 

(PDOFBS), the process requires three organic transformations: reduction, esterification, and 
sulfonation. The optimization of these reactions and application to oxygenated plastics waste 
derivatives is described.

Sodium Borohydride Reduction: PDOP to Plastics-Derived Hydroxy Paraffins (PDHP)
As previously stated, the PDOP comprised a mixture of C8-C22 oxygenates, evenly split 

between alcohols and carbonyls, mainly in the C12-C17 range (Figure 2d). Carbonyls can undergo 
self-condensation reactions36 and acetal formation37 under acidic conditions during esterification 
and sulfonation. Therefore, to enrich mono-alcohols for surfactant synthesis and eliminate 

Page 9 of 23 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6GC03112A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6gc03112a


9

condensation reactions, the PDOP required reduction to plastic-derived hydroxy paraffins (PDHP) 
(Figure 3a). However, due to the non-selective nature of plasma oxidation, the carbonyl group is 
positioned anywhere on the alkyl chains, with mostly secondary ketones. Pd/C, screened for 
hydrogenation, resulted in low conversion of the middle-chain model ketones (6-undecanone and 
12-tricosanone, Table S1). Therefore, a sodium borohydride reduction method was utilized to 
reduce secondary ketones to alcohols, first testing its efficiency with 2-dodecanone and 6-
undecanone models. As shown in Table S2, both ketones were completely converted to their 
corresponding alcohols. The reaction was also performed on an equimolar mixture of 2-
dodecanone and 2-dodecanol to assess further how plastics-derived oxygenate streams may 
behave. The ketone was again fully reduced, and the initial alcohol remained intact. These results 
confirm the selective reduction of ketones in the presence of alcohols via sodium borohydride.

Using the same reaction conditions as the model compounds, around ~95% conversion of 
PDOP to PDHP was confirmed by GC and FTIR (Figure 3). GC spectra showed a clear 
consolidation of peaks corresponding to alcohols across various alkane chain lengths (Figure S7a), 
with a distribution centered around C12–C17 (Figure 3b), consistent with the pre-reduction 
oxygenate profile. ATR-FTIR (Figure 3c) analysis revealed a clear reduction in the sharp 
absorption band at 1720 cm-1, associated with C=O stretching vibrations, and an increase in the 
broad band at 3400 cm-1, corresponding to O–H stretching. Additionally, 1H-NMR analysis 
(Figure S7b) further indicated that oxygen-containing aldehyde (~9.5 ppm) and ketone (~2.3 ppm) 
signals decreased significantly, while the alcohol peak (~3.8-4 ppm) increased. These results 
successfully demonstrate the selective reduction of ketones and aldehydes to alcohols in the mixed 
PDOP.

Figure 3. (a) Schematic of NaBH4 reduction of mixed plasma oxygenates to (mainly) alcohols. (b) Weight percent 
distribution of n-alkanes and oxygenates of post-reduced plasma-oxidized wax. (c) FTIR spectra of pre- and post-
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reduced plasma-oxidized wax. GC conditions: HP-Innowax column from 30 – 250 ºC in dichloromethane. FTIR 
conditions: MCTB detector at 4.0 cm-1 resolution and 32 scans. 

Furoic Acid Esterification Reaction: PDHP to Plastics-Derived Furoates and Olefins (PDFO)
After successful reduction to mainly long-chain alcohols, the PDHP was processed with 

biomass-derived molecules, such as 2-furoic acid, to generate alkyl furoates, a valuable precursor 
to OFS (Figure 4a). However, due to the complexity of the PDHP mixture with various chain 
lengths and alcohol isomers and the possibility of side-product formation, optimization of the 
esterification process was conducted with model compounds. Screening of commercially available 
alcohols of varying chain length and OH group position demonstrated that secondary alcohols 
were more prone to acid-catalyzed dehydration to olefins (Figure S8-9). Scheme S1 depicts the 
competing reaction pathways. Kinetic studies have shown that alcohol substitution is a key 
determinant of the selectivity of the dehydration reaction38, 39 as the stability of the carbocation 
increases with the increasing number of electron-donating groups (i.e., CHx groups). Additionally, 
alcohol groups positioned closer to the middle of the chain (i.e., 5-nonanol vs. 2-octanol) and 
similarly position alcohol groups with longer chains (i.e., 2-dodecanol vs. 2-octanol), exhibit lower 
conversion and higher olefin selectivity. This is likely due to reduced accessibility for nucleophilic 
attack on the protonated furoic acid40 along with steric hindrance, thereby reducing activity and 
favoring dehydration over esterification. Therefore, to favor esterification over dehydration, 
optimization of the acid concentration (H₂SO₄) was conducted with 2-dodecanol (Table S3 and 
Figure S10). Ester selectivity increased as acid loading decreased, as dehydration exhibits a higher 
acid concentration dependence41-44 . Other Lewis acid catalysts, such as zinc oxide, chloride, and 
acetate, were screened for esterification; however, they resulted in low alcohol conversion 
compared to sulfuric acid (Figure S11). 

After optimization, H2SO4 acid-catalyzed esterification with 2-furoic acid was conducted with 
the PDHP to generate plastic-derived furoates and olefins (PDFO). Products were identified and 
quantified via 1H-NMR and GC-MS (Figure 4b-c). 1H-NMR analysis (Figure 4b) indicated the 
reduction of the alcohol peak (~3.8-4 ppm), with the emergence of 3 distinct furan peaks (6-8 
ppm), olefin peaks (5-5.5 ppm), and ester peak (4.2 ppm), indicative of the alkyl furoates and 
olefins synthesized. GC-MS analysis (Figure 4c) reveals the conversion of the PDHP to a mixture 
of olefins and furoates. The furoate products were confirmed by extraction of ion chromatograms 
corresponding to 95 m/z, a characteristic of the furoate ester group. A wide range of alkyl furoates 
from C7 (MW 210 g/mol) to C23 (MW 434 g/mol) form, with the majority from the C12-C17 
alcohols, consistent with the distribution shown in Figure 3b. The estimated furoate yield was 
21%, calculated using external standards of similar chain length, assuming the esters were all C14, 
and the remaining yield was assumed to be olefins. Higher molecular weight compounds resulting 
from the acid-catalyzed oligomerization of olefins were not observed on the GC-MS45. However, 
a dark brown residue was observed in the reaction vial (approximately 0.1 g) which was insoluble 
in ethyl acetate as well as cyclohexane, indicating likely humins formation from the condensation 
of 2-furoic acid46. While the esterification reaction could use further optimization for higher 
furoate yields, the resulting PDFO (approximately 96% yield) is still favorable for surfactant 
production as a mixture of oleo-furan and branched sulfonates can have improved surfactant 
properties.  

Page 11 of 23 Green Chemistry

G
re

en
C

he
m

is
tr

y
A

cc
ep

te
d

M
an

us
cr

ip
t

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 1

8 
Ju

ne
 2

02
6.

 D
ow

nl
oa

de
d 

on
 6

/1
9/

20
26

 3
:1

7:
47

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
DOI: 10.1039/D6GC03112A

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/d6gc03112a


11

Figure 4. (a) Schematic of furoic acid esterification of alcohols to furoates and olefins. (b) 1H-NMR spectra of pre- 
and post-esterified plasma-oxidized alcohols. (c) Complete GC chromatogram and extracted 95 m/z ions 
chromatogram of post-esterified plasma-oxidized alcohols. 1H-NMR conditions: 25 ºC in chloroform-d2. GC 
conditions: HP-Innowax column from 30 – 250 ºC in dichloromethane. 

Sulfonation of PDFO to Plastics-Derived Oleo-furan and Branched Surfactants (PDOFBS)
The final step to obtain PDOFBS from PDFO involves the sulfonation of both furoates and 

olefins (Figure 5a). Sulfonation of the PDFO mixture and a standard octyl 2-furoate (O2F) was 
performed using chlorosulfonic acid. The PDFO mixture was sulfonated without prior separation, 
as previous studies have shown that olefins readily react with chlorosulfonic acid to form branched 
alkane and alkene sulfonates47-49. Notably, branched sulfonates have demonstrated promising 
surfactant properties50, 51. Furthermore, earlier OFS studies suggest that mixtures of oleo-furan 
sulfonates with other long-chain sulfonates can enhance surfactant performance, including lower 
CMC and Krafft temperatures. However, if pure OFS are needed, separation of furoates and olefins 
can be conducted via liquid-liquid extraction with polar and non-polar solvents (Table S4). 

Successful sulfonation of the straight-chain O2F was confirmed by 1H-NMR (Figure 5b), 
showing the disappearance of the alpha hydrogen signal (~7.6 ppm) on the furan ring, consistent 
with literature, as this position is the most reactive52. In contrast, the PDFO sulfonation displayed 
shifted furan peaks without complete disappearance of the alpha hydrogen, instead showing new 
furan signals upfield (Figure 5c). This suggests that sulfonation occurred at multiple sites across 
the various isomeric furoates. As with O2F, sulfonation can occur on the furan ring, leading to loss 
and shifting of characteristic peaks. Additionally, sulfonation may occur at the alpha carbon of the 
ester group53, 54. In the case of PDFO, where the esters are most likely branched, this carbon is 
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tertiary and more reactive, making it a likely sulfonation site. This results in a diminished ester 
peak (~4.2 ppm) while retaining the three original furan peaks (6-8 ppm). Altogether, the diverse 
isomeric furoates in PDFO give rise to a variety of sulfonated furoates. Additionally, the NMR 
spectra indicated evidence of olefins (5-5.5 ppm) and sulfate groups (3.8-4 ppm), which suggests 
the sulfonation of olefins to branched alpha olefin sulfonates and alkanesulfonates, which agrees 
with previous literature47-49, 53, 54. It should also be noted that the dissolution of the resulting 
products in D2O provides further evidence of sulfonation, as unreacted compounds would not be 
soluble. Sulfonation conversions were calculated based on mass %, using the recovered unreacted 
furoates and olefins and assuming the remainder of the sample was successfully sulfonated, 
corresponding to 86.7% for O2F and 84.4% for PDFO, respectively. Overall, these results indicate 
the successful synthesis of OFS and branched sulfonates (PDOFBS) from biomass (2-furoic acid) 
and plastics waste (paraffins) derivatives. 

Figure 5. (a) Schematic of chlorosulfonic acid sulfonation of furoates and olefins to mixed OFS and branched 
sulfonates. (b) 1H-NMR spectra of pre- and post-sulfonated octyl 2-furoate standard. (c)  1H-NMR spectra of pre- and 
post-sulfonated plastic-derived furoates and olefins. 1H-NMR conditions: 25 ºC in chloroform-d2 (pre-sulfonated) or 
deuterium oxide (post-sulfonated). 

Characterization of PDOFBS Surfactant
The two surfactants, standard sulfonated O2F and the PDOFBS, were characterized for two 

key properties: CMC and Krafft temperature. CMC refers to the minimum concentration at which 
surfactants self-assemble into micelles, while the Krafft temperature is the minimum temperature 
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above which surfactants remain soluble and can form micelles8. At room temperature (20 °C), the 
measured CMCs for sulfonated O2F (Figure S12) and the PDOFBS (Figure 6a-b) were 3533 ppm 
and 591 ppm, respectively. Notably, a previous study reported the CMC of sulfonated O2F as 1332 
ppm52. The variation in values likely stems from differences in data interpretation and methods of 
calculating CMC from surface tension vs. concentration plots. Regardless, the PDOFBS exhibited 
a significantly lower CMC, likely due to its longer alkyl chains (C12–C18) compared to the octyl 
chain of O2F. The Krafft temperature of sulfonated O2F was determined to be below 0 °C, as no 
significant increase in conductivity was observed between 1 °C and 20 °C (Figure S13), consistent 
with prior findings. Surprisingly, the PDOFBS also exhibited a Krafft temperature below 0 °C 
despite its longer chains (Figure 6c). This behavior is likely due to the branched structures and the 
presence of a mixture of oleo-furan sulfonates and long-chain alkane and alpha olefin sulfonates, 
which enhance solubility at lower temperatures.

A comparison of CMC and Krafft temperature between the PDOFBS and previously reported 
oleo-furan sulfonates (OFS) and commercial surfactants is shown in Figure 6d. Ideal surfactants 
for aqueous applications exhibit low CMCs (< 2000 ppm) and Krafft temperatures (< 30 °C), with 
lower values indicating better performance. Previous OFS, including alkyl furans, furan ketones, 
and alkyl furoates, typically display tradeoffs: shorter chains yield lower Krafft temperatures but 
higher CMCs, whereas longer chains reduce CMCs but increase Krafft temperatures. The unique 
branched structures and mixed composition of the plastics-derived surfactants enable superior 
performance, outperforming not only previous OFS compounds but also commercial surfactants 
such as linear alkylbenzene sulfonate (LAS) and sodium lauryl sulfate (SLS). Table S5 displays 
information on exact surfactants with corresponding CMC and Krafft temperature. Overall, these 
results demonstrate that surfactants derived from plastics waste and biomass could serve as high-
performance, sustainable alternatives to conventional commercial surfactants.
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Figure 6. (a) Surface tension vs. concentration plot of PDOFBS. (b) surface tension vs. ln(concentration) plot of 
PDOFBS with calculated CMC from the intersection of the sloped lines. (c) Conductivity at various temperatures of 
PDOFBS (842 ppm). (d) Comparison of Krafft temperature and CMC of PDOFBS to commercial and various OFS 
surfactants from previous works. Krafft temperatures marked at 0 indicates that surfactants formed micelles at the 
freezing point of water (0 °C) and temperatures below 0 were not measured.

In terms of biodegradability and environmental persistence, toxicity simulations were 
conducted on C14 furoic ester (representing OFS), and C14 alkylbenzene (representing LAS) model 
compounds (Table S6). The aquatic toxicity results indicate that these OFS compounds are readily 
biodegradable compared to the C14 alkylbenzene, indicated by the lower bioconcentration factor 
(1.15 vs. 2.56). This behavior is attributed to the furan ring and ester group, which increase the 
likelihood of hydrolysis. Additionally, the OFS compounds exhibit higher water solubility (lower 
Log Kow) and higher LC50 toward aquatic species (i.e., fathead minnow) than comparable industrial 
alkylbenzenes, providing an advantage in reducing environmental harm and persistence. However, 
the branched alkyl sulfonates mixed with the OFS are suggested to have similar biodegradation 
pathways as typical LAS and most likely exhibit similar aquatic toxicity55.

Other key properties, such as detergency, emulsification, and foaming stability of the final 
products, require further testing and are crucial for evaluating the full practical applicability of 
these sustainable surfactants as replacements. These evaluations, along with optimization of the 
overall process, are planned for future work. The overall stability (hydrolytic, thermal, and 
oxidative) of these surfactants is also of interest. Based on the structures of the surfactants 
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(sulfonate group, branches, and furan ester ring), the furan ester ring appears to be the most reactive 
group. Compared to benzene rings (LAS surfactants), furan-based surfactants are expected to 
exhibit lower hydrolytic, thermal, and oxidative stability, reflecting a tradeoff with reduced 
environmental persistence. However, anionic furan-based surfactants have demonstrated relatively 
high hydrolytic stability over a broad pH range (basic, neutral, and mildly acidic), as hydroxide 
ions do not readily attack the negatively charged micelles of anionic surfactants56. Additionally, 
due to the unique mixture of both oleo-furan sulfonates and branched alkyl sulfonates, the overall 
hydrolytic, thermal, and oxidative stability may be closer to that of traditional LAS. Although 
further work is needed for a complete comparison, this study establishes a foundational synthetic 
route for producing OFS and branched surfactants from biomass and plastic waste.

CONCLUSIONS
 This work presents a novel blueprint for producing sustainable surfactants through the co-

processing of lignocellulosic biomass and post-consumer plastics. Specifically, inert polyolefin 
waste such as LDPE was converted into co-processable feedstocks via catalytic hydrogenolysis to 
paraffins, which were subsequently oxidized using an electrified non-thermal plasma process. 
These plastics-derived oxygenated paraffins were then selectively reduced and directly esterified 
with biobased 2-furoic acid to produce long-chain furoates and olefins. Sulfonation of these 
intermediates yielded a unique mixture of oleo-furan and branched sulfonate surfactants. 
Compared to commercial and purely biomass-derived surfactants, the resulting hybrid feedstock-
derived surfactants exhibit excellent performance, including low CMC and low Krafft temperature.  
This integrated approach, combining plasma-enabled oxidation with organic transformations, 
offers a general strategy for generating reactive intermediates from plastics waste. However, 
expanding this process to mixed plastic waste, which can include additives, fillers, and other 
contaminants, could lead to many detrimental effects, such as catalyst deactivation during 
hydrogenolysis, formation of undesired side-products during plasma oxidation, and decreased 
selectivity and yields during downstream transformation (reduction, esterification, and 
sulfonation). Therefore, future work will focus on utilizing mixed plastic waste (mixed feedstocks 
and additives), understanding their effects on overall upcycling via this synthetic route, and 
optimizing the route to handle these mixed streams. 

In terms of the practicality of large-scale surfactant production, an overall process efficiency 
analysis (Table S7) and a preliminary cost analysis (Table S8) have been conducted for this multi-
step process system, accounting for the operating costs of each step. In terms of yield efficiency, 
this entire process scheme can generate 0.31 mols of PDOFBS surfactants for every 1 mol of LDPE 
plastic waste (31% overall efficiency). Assuming the total reagent costs are approximately 80% of 
total production costs and neglecting capital and operating costs for separations, the breakeven 
cost of the synthesized surfactants is estimated at $3.12/kg. If these materials were to replace linear 
alkylbenzene sulfonates (LAS), which currently sell for approximately $1.80/kg, the process 
would operate at a $1.32/kg deficit. The plasma reactor is the largest contributor to operating costs, 
accounting for approximately 52% of the total cost due to the electrical energy required to generate 
the oxygen plasma, and it has the lowest efficiency (52%). These calculations are based on this 
specific reaction and reactor, where the plasma power dissipation is 2.2 W, corresponding to an 
energy efficiency of 1.7 × 10⁻⁸ kg/J. Assuming a U.S. electricity cost of $0.17/kWh, the plasma 
cost of oxidizing long-chain alkanes into oxygenated hydrocarbons is approximately $2.84/kg 
($1.63/kg surfactant). However, this energy and yield efficiency can further be improved through 
plasma reactor optimization. Optimizing the reactor geometry to increase the plasma-liquid 
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interface, such as bubbling or use of microfluidics, can decrease the required treatment time, 
increase the production rate, and increase energy efficiency31, 57. Additionally, due to the relatively 
simple and smaller configuration, a numbering-up strategy is well-suited for scale-up, such as an 
array of pins impinging on a liquid surface or employing multiple plasma reactors in parallel, to 
increase production rates58. Although the overall process is currently not economically feasible for 
large-scale surfactant synthesis based on this preliminary techno-economic analysis (TEA) and 
overall process efficiency analysis, it demonstrates a synthetic blueprint for converting plastic and 
biomass waste into surfactants. This framework can be further developed and optimized to 
improve scalability and economic viability in future work. Overall, this process demonstrates the 
feasibility of uniting biomass valorization and plastics upcycling into a single synthetic framework, 
enabling the production of high-performance materials without reliance on new fossil carbon.
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All key data is provided in the manuscript or supplementary information. For additional 
information may be requested from the corresponding author.
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