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Herein, we introduce an efficient inverse vulcanization of fully renewable cellulose-based monomers.
Therefore, biobased fatty acid cellulose esters (FACEs) with different degrees of substitution (0.38 = DS
= 0.62) were inversely vulcanized to obtain high sulfur content composite materials (~95 wt% sulfur). In-
depth structural characterization of the crosslinked sections via differential scanning calorimetry (DSC),
thermogravimetric analysis (TGA), energy dispersive X-ray (EDX) spectroscopy, and scanning electron
microscopy (SEM) revealed an increased amount of covalently incorporated sulfur (5.67 wt% =
sulfur wt% = 56.2 wt%) with a higher DS of FACEs. Investigating structure—property relationships further
revealed an increase in thermal stability (227 °C = Tysy = 247 °C) accompanied by a decreased
wettability (87° = 6 = 99°) with DS. The obtained materials showed application possibilities for water
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rsc.li/rscsus purification, i.e. for mercury extraction (70% = Hgremovalst = 95%).

Sustainability spotlight

Sulfur is an abundant waste material, it is directly used as the main component (95% content) in inverse vulcanized materials based on a fully renewable
polymer network derived from fatty acids and cellulose. Material properties and especially the network structure of the composite materials were characterized
in detail. The obtained materials showed promising application possibilities in the field of water purification, related to the important sustainable development
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goal of clean water. The described materials were able to efficiently remove mercury ions.

Introduction

The development of more sustainable synthetic approaches,
targeting polymeric materials with tailor made properties,
remains of high importance. The 12 principles of green chem-
istry, established by Anastas and Warner in 1998,"* have to serve
as guidelines and should not be contradicted to achieve this
goal. Key aspects of these principles include the utilization of
renewable feedstocks and catalysts accompanied by an
improved energy efficiency along with the avoidance of waste
and toxic chemicals.’?

The ongoing extensive depletion of petroleum resources
underscores the importance of renewable feedstocks in mate-
rial synthesis. Thus, cellulose, as the most abundant
biopolymer on earth (1.5 x 10" tons p.a.), is a relevant renew-
able platform chemical, as it offers unique properties such as
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biodegradability, biocompatibility and high mechanical and
thermal stability.>®> However, cellulose modification remains
challenging due to the limited processability and solubility in
common organic solvents.®® At a molecular level, extensive
intra- and intermolecular hydrogen bonding interactions
between the hydroxyl groups of the cellulose backbone (con-
sisting of B-1,4 linked glucose units) induce the limited proc-
essability and solubility.’

Several heterogeneous and homogeneous modification
approaches for cellulose derivatization are established.*'*'* On
one hand, cellulose modification in a heterogeneous fashion is
mainly employed in industry and suffers from drawbacks such
as backbone degradation induced by harsh reaction conditions
or uneven distribution of the introduced side chains along the
polymer backbone.>'" In contrast, homogeneous modification
approaches for cellulose using polar solvent systems such as
LiCl/DMAc,"*** jonic liquids (ILs, e.g. 1-butyl-3-methyl-imida-
zoliumchloride or 1-ethyl-3-methyl-imidazolium  2-pyr-
idinolate),” or so-called switchable solvent systems overcome
the above mentioned challenges, i.e. backbone degradation and
uneven distribution of the side chains, and furthermore allow
for a straightforward adjustment of the degree of substitution
(DS).>* The DS is defined as the amount of substituted hydroxyl

RSC Sustainability, 2025, 3, 291-299 | 291


http://crossmark.crossref.org/dialog/?doi=10.1039/d4su00424h&domain=pdf&date_stamp=2025-01-11
http://orcid.org/0000-0002-5326-5833
http://orcid.org/0000-0002-4448-5279
https://doi.org/10.1039/d4su00424h
http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00424h
https://pubs.rsc.org/en/journals/journal/SU
https://pubs.rsc.org/en/journals/journal/SU?issueid=SU003001

Open Access Article. Published on 21 October 2024. Downloaded on 8/5/2025 6:03:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

RSC Sustainability

groups per anhydroglucose unit (AGU) and can vary between
0 and 3 for native and fully modified cellulose, respectively.

Cellulose esters (CE) have emerged as the most important
cellulose derivatives, since this material class is already
employed as a biobased alternative to fossil-based polymers in
membranes, food packages and coatings.>'>'® Especially in
terms of sustainability, fully renewable materials such as fatty
acid cellulose esters (FACEs), where cellulose is modified with
a second biobased substrate derived from a vegetable oil, have
received significant attention within the last few years.”*
However, to truly classify materials such as FACEs as more
sustainable than others, the complete synthetic approach must
be considered.

To better quantify the environmental impact of chemical
processes, the E-factor (taking reagents, yield, side products and
solvent losses into account), which is defined as the mass ratio
of the desired product and the produced waste, was intro-
duced." Nevertheless, the E-factor does not provide any infor-
mation about toxicity, which is a key aspect of the 12 principles
of green chemistry and is crucial in terms of adhering to safety
regulations.™*

Accordingly, when assessing how sustainable certain FACEs
are, especially the recyclability of the solvent system and the
fatty acid derivative used in the approach must be considered.
In most of the synthetic procedures for the synthesis of FACEs,
activated fatty acid derivatives, i.e. fatty acid chlorides,'®' N,N'-
carbonyldiimidazole (CDI) activated fatty acids**** or fatty acid
anhydrides,* are employed. These activated fatty acid deriva-
tives suffer from drawbacks including highly unsustainable
synthesis procedures, i.e. including phosgene derived activating
agents such as CDI, or the release of toxic or corrosive by-
products during the modification processes, i.e. hydrochloric
acid (HCI)."*** More sustainable reagents for the synthesis of
FACE:s are vinyl and methyl fatty acid esters, as their production
can be achieved in a considerably more sustainable manner and
the released compounds can be captured during the modifica-
tion processes.>»** Regarding the recyclability of the employed
solvent system, especially ILs possess limitations, due to their
easy contamination.*** However, according to the literature, the
derivative approach of the switchable solvent system, where
microcrystalline cellulose is converted in the presence of carbon
dioxide (CO,) and a guanidine superbase, i.e. 1,8-diazabicyclo
[5.4.0]lundec-7-en (DBU) or 1,5,7-triazabicyclo[4.4.0]dec-5-en
(TBD), into a DMSO soluble carbonate species, results in low
E-factors (1.92) for cellulose acetate synthesis. This approach is
therefore frequently used as a more sustainable alternative to
using ILs.>*

Depending on the synthetic strategy and employed
substrates, FACEs can contain functional groups such as double
bonds.”*** It is well established that fatty acids can be effi-
ciently modified by applying a broad variety of synthetic reac-
tion protocols,®*® eg  epoxidation,® thiol-ene**** or
metathesis.**** Another efficient modification strategy fulfilling
several aspects of green chemistry is inverse vulcanization.*¢-**
Herein, homolytic cleavage of the highly abundant and practi-
cally non-toxic waste material elemental sulfur (70 Mt excess
p-a. as a byproduct in petroleum refining) at elevated
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temperatures (140 to 185 °C) enables a radical reaction with
alkene-bearing comonomers towards high sulfur content
materials.’”*®

These materials show broad applicability, for instance in
energy storage systems such as Li-S batteries, in oil spill
remediation, in mercury capture, or as antimicrobial
materials.>”**** Alkene bearing comonomers from renewable
feedstocks, such as terpenes or triglycerides, for inverse vulca-
nization have already been investigated.***** The inverse
vulcanization of alkene bearing cellulose derivatives is however
rarely reported.””*** In 2019, Smith et al presented the
synthesis of cellulose-sulfur composites (80 wt% = sulfur =
99 wt%) by inverse vulcanization of a cellulose ester (CE) con-
taining pendant alkene functionalities.** From a sustainability
point of view, the approach however suffers from the use of
halogenated substrates, i.e. 3-bromo-3methylpropene (rated as
environmental hazard), and the release of corrosive byproducts,
i.e. hydrobromic acid (HBr), during the cellulose modification.
Subsequently, in 2020 Smith et al. developed a more sustainable
three-step procedure for the synthesis of cellulose-sulfur
composites (80 wt% =< sulfur =< 90 wt%), where the Cq-position
of native cellulose was first selectively oxidized using sodium
hypochlorite, then esterified with a terpenoid, i.e. geraniol, and
subsequently inversely vulcanized.>* By applying the previously
described synthetic method, a total atom economy of 90% could
be achieved over all three steps. However, particularly the
reaction time required for the C¢ oxidation of cellulose, i.e. 14
days, and the following tedious work up remain critical points
in terms of energy efficiency and waste production in the
approach.

Thus, we herein take advantage of a more sustainable one
step synthesis protocol targeting fully renewable FACEs with
adjustable DS, which are prominent comonomers for inverse
vulcanisation by using a DMSO/TBD/CO, switchable solvent
system and biobased methyl-10-undecenoate as a trans-
esterification agent.” High sulfur content (95%) composite
materials have been synthesized via inverse vulcanization (E-
factor = 0) including FACEs with three different DS (0.38 < DS
= 0.62) as comonomers. In-depth structural characterization,
i.e. differential scanning calorimetry (DSC), thermogravimetric
analysis (TGA), energy dispersive X-ray (EDX) spectroscopy, and
scanning electron microscopy (SEM), has been performed
especially for the crosslinked sections, supplemented by the
investigation of structure-property relationships, i.e. thermal
stability (via TGA), hydrophobicity (via WCA) and mercury
uptake of the high content sulfur composite materials.

Results and discussion

Using the so-called derivative approach (see Introduction) for
cellulose modification in a DMSO/TBD/CO, switchable solvent
system, cellulose (microcrystalline, dried at 100 °C at 10 mbar
overnight) was esterified with biobased methyl-10-undecenoate
(Scheme 1A). By applying different amounts of methyl-10-
undecenoate (i.e. 2.00, 3.50 and 9.00 equivalents), FACE-1,
FACE-2 and FACE-3, respectively, were obtained.

© 2025 The Author(s). Published by the Royal Society of Chemistry


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d4su00424h

Open Access Article. Published on 21 October 2024. Downloaded on 8/5/2025 6:03:23 PM.

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

(cc)

View Article Online

Paper RSC Sustainability
A) T8DH "
TBD 0o o
2
OH DMSO, 50 °C o4& )(M/\ OR
HO e - R2 0\
OH j R'0 0., N\ © OR?
Cco, oOR
(1.00 equiv.) MeOH
R1 =H or)oj\ RZ =H o
02 TBOH® I NN N NN~
B) _ §
0R2 S/S S\ 0R3 §

(S)
- 0 S o - 0 s 0 s
R20 o._ S-S _ R%0 o._ R°=Hor
OR? . OR®

R2=H or 0
B o*)J\/\/\/\/\/

Scheme 1

(A) General concept for cellulose dissolution in a DMSO/TBD/CO, switchable solvent system with subsequent transesterification

using methyl-10-undecenoate to fatty acid cellulose esters (FACE). (B) Synthetic approach for the inverse vulcanization of FACEs towards high

sulfur content composite materials.

The structural characterization of these FACEs was per-
formed by attenuated total reflection infrared (ATR-IR) spec-
troscopy supplemented by 'H and *'P nuclear magnetic
resonance (NMR) spectroscopy. ATR-IR spectra of all synthe-
sized FACEs (Fig. S17) revealed characteristic stretching vibra-
tion bands at ~1641 cm ™' (C=C, Fig.S11) and ~1730 cm ™" (C=
O, Fig. S1t), indicating the successful incorporation of ester and
alkene functional groups into cellulose. In *H NMR (Fig. S2-
S4t), magnetic resonances appearing from 2.95 to 5.64 ppm,
assigned to the unmodified protons of the (AGU), and magnetic
resonances at 4.97 ppm and 5.80 ppm, attributed to the intro-
duced double bond protons, additionally confirmed the success
of the synthetic approach. The following DS determination of
the synthesized FACE materials was conducted according to an
established *'P NMR spectroscopy method (Fig. $5-S77). Thus,
the free hydroxyl groups of the respective FACE were converted
into phosphite esters by reaction with the phosphitylation agent
2-chloro-4,4,5,5-tetramethyl-1,3,2-dioxaphospholane (2-Cl-
TMDP). A subsequent quantitative determination of the corre-
sponding phosphite esters via *'P NMR spectroscopy using an
internal standard (endo-N-hydroxy-5-norbornene-2,3-
dicarboximide) allowed the calculation of the average DS as
previously reported by Kilpeldinen et al. (eqn (S3), (S4) and
Fig. $5-S77).°> Unsurprisingly, the DS of the synthesized FACEs
correlated with the amount of employed transesterification
agent, i.e. methyl-10-undecenoate. Thus, FACE-1 appeared as
the material with the lowest DS, i.e. 0.38, followed by FACE-2 (DS
= 0.42) and FACE-3 (DS = 0.62), respectively. Conventional
inverse vulcanization is usually conducted at elevated temper-
atures above 160 °C. Therefore, to evaluate if the synthesized
FACEs can potentially be employed as comonomers for inverse
vulcanization, the thermal properties of the respective materials
were investigated via TGA (Fig. S81) and DSC (Fig. S9t). As

© 2025 The Author(s). Published by the Royal Society of Chemistry

shown in Fig. S8 of the ESL{ TGA curves revealed a higher
thermal stability for FACEs with lower DS. The higher degra-
dation temperatures, which are defined as the temperature of
5% weight loss (T4s4%), can be explained by the inherently
existing strong intra- and intermolecular interactions
(predominantly hydrogen bonding) between the hydroxyl
groups of the cellulose backbones. An increased amount of
incorporated bulky alkyl side chains, i.e. a higher DS, affords
a partial interruption of the intra- and intermolecular interac-
tions between the cellulose backbones and therefore explains
the slightly lower thermal stability of FACE-3 (Tq,s¢, = 221 °C).
DSC measurements of all synthesized FACEs did not show any
thermal transition. Size exclusion chromatography (SEC) was
performed to determine the molecular weight of the FACEs.
Unfortunately, FACE-1 was not soluble in the available SEC
eluent, ie. hexafluoro isopropanol (HFIP), and therefore no
measurement could be conducted. SEC traces of FACE-2 and
FACE-3 (Fig. S107) revealed high molecular weights (53 kDa =
M, = 64 kDa; 1.85 =< D = 1.99), a result of the mild reaction
conditions during the modification approach using the
switchable solvent system,® ie. less backbone degradation,
which is also beneficial for the material properties. The thermal
and structural characterization of the FACEs revealed that they
are potential fully renewable comonomers for inverse vulcani-
zation, which was an aim of this study (Scheme 1B).
Therefore, the corresponding FACEs (5 wt%) were mixed
with elemental sulfur (95 wt%) and reacted for 24 h at 180 °C.
The optical appearance of the final composite materials, i.e.
FACE-1S, FACE-2S and FACE-3S (Fig. 1) was brown to black. At
this point it is worth mentioning that the synthesis of the
cellulose-based high sulfur content composite materials was
achieved without the employment of any solvent, toxic chem-
icals, purification steps, and most importantly without the

RSC Sustainability, 2025, 3, 291-299 | 293
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Fig. 1 Optical appearance of the synthesized high sulfur content
composite materials FACE-1S, FACE-2S, and FACE-3S.

production of any waste, and thus an E-factor of 0 is the result of
this synthesis procedure. First, the thermal properties of the
obtained inverse vulcanizates were investigated by conducting
DSC measurements (Fig. S11%). Herein, the synthesized
composite materials revealed a thermal transition, i.e. a signif-
icant melting peak, at 120 °C, indicating the presence of
unreacted crystalline elemental sulfur.

Accordingly, DSC measurements did not confirm if the ex-
pected reaction between the FACE comonomers and elemental

—— FACE-1S-washed
—— FACE-2S-washed
—— FACE-3S-washed
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sulfur proceeded successfully. For a more detailed under-
standing of the network structure, unreacted elemental sulfur
was thus removed from the synthesized materials to obtain and
characterize the formed crosslinked networks. Hence,
a washing procedure implementing carbon disulfide (CS,),
which is known to dissolve elemental sulfur at room tempera-
ture, was applied to the obtained inverse vulcanizates. Subse-
quent DSC measurements of the potentially crosslinked
residual materials, i.e. FACE-1S-washed, FACE-2S-washed, and
FACE-3S-washed, did not show any melting peak at 120 °C
(Fig. S12%), indicating that no crystalline elemental sulfur
remained after the washing procedure. However, potentially
covalent incorporation of sulfur could not be confirmed via
DSC. Interestingly, a two-step degradation behaviour was
observed by TGA after sulfur extraction (Fig. 2A). It can be
assumed that the first degradation step corresponds to the
degradation of covalently incorporated S-S moieties, whereas
the second one is attributed to the degradation of the FACE
backbone. Correspondingly, with increasing DS of the FACEs,
the intensity of the first degradation step (corresponding to the
decomposition of S-S bonds) also increased from 5.64 wt% in
FACE-1S-washed to 56.2 wt% for FACE-3S-washed. In other
words, the amount of covalently incorporated sulfur was related
to the DS of the employed FACE comonomer and increased with
increasing DS. The previously investigated phenomenon might
be explained by the more hydrophobic character of the FACE
containing higher DS, which enabled an improved solubility in

—— FACE-3
—— FACE-3S-washed
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s Al N

T T T
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(A) TGA curves of FACE-1S-washed (green line), FACE-2S-washed (black line), and FACE-3S-washed (blue line) from 25 to 600 °C with

a heating rate of 10 K min~* under a nitrogen flow. (B) EDX spectra of FACE-3 (red line) and FACE-3S-washed (black line). (C) SEM pictures of
FACE-1S-washed (middle), FACE-2S-washed (right) and FACE-3S-washed (left).
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(A) TGA curves of FACE-1S (green line), FACE-2S (black line), and FACE-3S (blue line). (B) Static WCA measurements of FACE-1S, FACE-2S,

and FACE-3S. (C) Mercury removal efficiency of FACE-1S, FACE-2S, and FACE-3S from an aqueous HgCl, solution (1.00 mg L™Y) after 24 h at
ambient temperature. (D) Backscattered electron image of FACE-1S after mercury uptake via SEM.

molten sulfur and thus a more efficient reaction, i.e. covalent
implementation of sulfur.

In order to verify the presence of covalently incorporated
sulfur in the residue materials, FACE-XS-washed (X = 1, 2 or 3)
were investigated by energy-dispersive X-ray (EDX) spectros-
copy. EDX spectra of the FACE comonomers before inverse
vulcanization revealed characteristic bands for the elements
carbon and oxygen (Fig. 2B, S13 and S147), which was expected
according to their chemical structure (depicted in Scheme 1A).
Additional bands for FACE-XS-washed particularly appeared
between 2.0 and 2.5 keV (Fig. 2B, S13 and S147), confirming the
existence of sulfur in the washed materials. The absence of
sulfur crystals in supplemental SEM images of the previously
mentioned residue materials combined with smooth surface
areas confirmed that the sulfur species, which were detected by
EDX, were covalently incorporated (Fig. 2C).

After understanding the formed network structure and
confirming that cross-linked composite materials were formed,
structure-property relationships were examined. An increased
degradation temperature (temperature at which 5% weight loss
occurred) was observed by TGA if FACEs with higher DS were
incorporated as comonomers (Fig. 3A). More precisely, FACE-1S
(DSgace1 = 0.38) revealed the lowest degradation temperature
(Ta,59 = 227 °C) followed by FACE-2S (Tqs54, = 233 °C) and

© 2025 The Author(s). Published by the Royal Society of Chemistry

FACE-3S (T4,54 = 247 °C), respectively. The improved thermal
stability of the composite materials including FACEs with
higher DS resulted from the increased amount of covalently
bonded sulfur (5.67, 12.2 and 56.2 wt% for FACE-1S, FACE-2S,
and FACE-3S, respectively) and thus more extensive cross-
linking. Interestingly, the composite materials show a one-step
degradation behaviour, resulting from the high sulfur content
that prevents the observation of the FACE degradation step. The
hydrophobic character of FACE-1S, FACE-2S, and FACE-3S was
investigated by conducting static WCA measurements (Fig. 3B).
In the current literature,® it has been frequently described that
an increased DS leads to a higher hydrophobicity for CEs.
Hence, it was not surprising that the static contact angles
increased from 87° for FACE-1S (DSgace1 = 0.38) to 99° for
FACE-3S (DSpacg.» = 0.62).

Inverse vulcanized materials are known as excellent heavy
metal sorbents and can therefore be applied in water purifica-
tion processes.****”***® Thus, to emphasize a potential applica-
tion for the synthesized high sulfur content composite
materials, their potential for mercury uptake from an aqueous
HgCl, solution (C; = 1 mg L") was investigated. The chemical
structure, i.e. the DS of the incorporated FACE comonomers,
revealed a significant impact on the extraction efficiency and
capacity of the materials (Table 1). As shown in Fig. 3C, FACE-1S

RSC Sustainability, 2025, 3, 291-299 | 295
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Tablel Summary of mercury sorption studies of cellulose-based high
sulfur content composite materials

Extraction Distribution Extraction
Material efficiency”/% coefficient/mL g~ " capacity/mg g "
FACE-1S 95 1.13 x 10* 0.48
FACE-2S 78 1.87 x 10° 0.39
FACE-3S 70 1.22 x 10° 0.35

¢ From an aqueous HgCl, solution (C; = 1.00 mg L") after 24 h at
ambient temperature.

synthesized from FACE-1 occurred as the most efficient mercury
sorbent with an extraction efficiency up to 95%, followed by
FACE-2S (78%) and FACE-3S (70%), respectively. The equilib-
rium mercury concentrations were subsequently employed for
the calculation of the distribution coefficient (Ky4), which assess
the affinity of the synthesized sorbents for Hg>" ions. Ky values
can generally be calculated according to eqn (1):
K= (C?fcf) X n—t (1)

Here, C; is the initial mercury concentration (mg L"), C¢ is the
final mercury concentration (mg L), V is the volume of
mercury solution (mL), and m is the mass of polymer (g). In line
with the investigated extraction efficiencies, FACE-1S possessed
the highest calculated Ky of 1.13 x 10* mL g, followed by
FACESq5-2 (1.87 x 10° mL g ') and FACE-3S (1.22 x 10° mL
g~ 1), respectively. Excellent and commercially available mercury
sorbents usually exhibit K4 values > 10° mL g~ *. Thus, particu-
larly FACE-1S (K4 = 1.13 x 10" mL g™ ") can be categorized as
a promising mercury sorbent.

The equilibrium extraction capacities (g.) of all synthesized
composite materials can be calculated according to eqn (2):

qe = (Ci - Cf) X % (2)

Unsurprisingly, FACE-1S showed the highest g. (0.48 mg
g ') compared to FACE-2S (0.39 mg g~ ') and FACE-3S (0.35 mg
g "). As a final proof for the adsorption of mercury at the
surfaces of the sorbent materials, i.e. FACE-1S, FACE-2S, and
FACE-3S, backscattered electron (BSE) images after mercury
uptake were recorded via SEM (Fig. 3D, S16A and S16Bf,
respectively). Fig. 3D exemplarily reveals bright and dark
surface areas, where the dark spots correspond to the initial
composite material and the bright spots represent areas with
adsorbed mercury.

Conclusions

In the current work, microcrystalline cellulose was solubilized
in a DMSO/TBD/CO, switchable solvent system and subse-
quently transesterified by using the biobased transesterification
agent methyl-10-undecenoate by adopting a literature known
procedure.” Upon the synthesis of renewable FACEs containing

296 | RSC Sustainability, 2025, 3, 291-299
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three different DS (0.38 = DS = 0.62), in-depth structural
characterization, i.e. 'H NMR, *'P NMR, ATR-IR, DSC and TGA,
was conducted. The subsequent inverse vulcanization of the
synthesized FACEs resulted in high sulfur content composite
materials (~95 wt% sulfur). A detailed investigation of the
structural composition of the crosslinked sections via DSC,
TGA, EDX, XPS and SEM showed an increased amount of
covalently implemented sulfur (5.67 wt% = wt% sulfur =
56.2 wt%), depending on the DS of the employed FACE. Addi-
tionally, it was also shown that the structural compositions of
the FACEs, i.e. their DS, also influence the material properties of
the synthesized high sulfur content composite materials. More
precisely, a higher DS of the used FACEs afforded a higher
thermal stability (227 °C = Ty 50, = 247 °C), an elevated surface
hydrophobicity (87° = 6 = 99°) and a lower mercury extraction
efficiency (70% = Hgremova”. = 95%).

Experimental part
Materials

Microcrystalline cellulose (MCC, Sigma-Aldrich) was dried
under reduced pressure at 100 °C for 24 hours prior to use.
Dimethyl sulfoxide (DMSO, dried and stored over molecular
sieves, Acros Organics, >99.7%), 1,5,7-triazabicyclo[4.4.0]dec-5-
ene (TCI, =98%), methanol (VWR, =99.8%), methyl-10-
undecenoate  (Sigma-Aldrich, 96%), endo-N-hydroxy-5-
norbornene-2,3-dicarboximide (Alfa Aesar, 97%), DMSO-d,
(Eurisotop, 99.8%), and CDCl; (Eurisotop, 99.8%) were used
without further purification. 2-Chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (2-CI-TMDP) was synthesized according to
a literature known procedure.

General procedure for the synthesis of FACEs

Fatty acid cellulose esters (FACEs) were synthesized according
to a literature known procedure.”

Accordingly, microcrystalline cellulose (MCC, 0.50 g, 1.50
mmol) was suspended in 10 mL anhydrous DMSO in a two neck
round bottom flask. Subsequently, TBD (1.28 g, 9.25 mmol) was
added, and the reaction mixture was stirred after applying
a continuous CO, flow for 20 minutes at 50 °C. The homoge-
neous solution was then heated to 95 °C and methyl-10-
undecenoate (2.00 equiv., 3.50 equiv. and 9.00 equiv. per AGU
for FACE-1, FACE-2, and FACE-3, respectively.) was added in
a dropwise manner. The dark brown mixture was stirred for 6 h
under air flow, diluted with 10 mL of anhydrous DMSO and
precipitated under vigorous stirring in 200 mL of water. The
residue was filtered, stirred in methanol, again filtered and
subsequently dried under reduced pressure at 80 °C. The cor-
responding yields were determined depending on the DS3;p
according to eqn (S1) and (S2).t

FACE-1 (DS = 0.38): yield: 43% ATR-IR: » (cm ') = 3644-3035
»(0-H), 3009-2789 »(C-H), 1728 »(C=0), 1639 »(C=C), 1016
»(C-0)sgu. "H NMR (400 MHz, DMSO-d;) 6 (ppm) = 5.79 (br, Hy,
1H), 5.52-2.96 (m, AGU, 7H), 4.96 (br, H,, 2H), 2.32 (br, Hg, 2H),
2.01 (br, H,, 2H), 1.51 (br, Hy, 2H), 1.38-1.17 (br, H,, 10H).

© 2025 The Author(s). Published by the Royal Society of Chemistry
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FACE-2 (DS = 0.42): yield 51.6% ATR-IR: v (cm ™ ") = 3653-3029
»(0O-H), 3003-2799 »(C-H), 1728 »(C=O0), 1639 »(C=C), 1016
¥(C-0)s6u- "H NMR (400 MHz, DMSO-d,) 6 (ppm) = 5.79 (br, Hy,
1H), 5.56-2.96 (m, AGU, 7H), 4.96 (br, H,, 2H), 2.32 (br, Hy, 2H),
2.01 (br, H, 2H), 1.51 (br, Hy, 2H), 1.40-1.15 (br, H,, 10H).

FACE-3 (DS = 0.62): yield 58.6% ATR-IR: » (cm ™ ") = 3651-3105
v(0-H), 3013-2793 »(C-H), 1734 »(C=O0), 1639 »(C=C), 1016
¥(C-0)s6u- "H NMR (400 MHz, DMSO-d,) 6 (ppm) = 5.78 (br, Hy,
1H), 5.61-2.82 (m, AGU, 7H), 4.94 (br, He, 2H), 2.32 (br, Hy, 2H),
2.00 (br, H, 2H), 1.51 (br, Hy, 2H), 1.40-1.15 (br, H,, 10H).

General procedure for DS determination via 3'P NMR
spectroscopy

An exact amount of the corresponding FACE (20 mg) was dis-
solved in 1.00 mL of pyridine. Subsequently, 1.00 mL of CDCl;
and 200 pL of 2-chloro-4,4,5,5-tetramethyl-1,3,2-
dioxaphospholane (2-C-TMDP, 1.26 mmol) were added and
the reaction mixture was stirred until a visibly homogeneous
solution was obtained. After adding the internal standard endo-
N-hydroxy-5-norbornene-2,3-dicarboximide (125 pL, 105.59 mM
in pyridine/CDCl; = 3 : 2, 0.0132 mmol) the solution was again
stirred for at least 10 minutes before 0.60 mL was transferred
into an NMR tube and *'P NMR was conducted. The DS values
were calculated according to Kilpeldinen et al.>* by applying
eqn. (S3) and (S4).1

General procedure for the synthesis of FACESy;

A crimp vial was charged with elemental sulfur (2.85 g,
95.0 wt%) and the corresponding FACE (150 mg, 5.00 wt%).
Subsequently, the reaction mixture was heated to 180 °C and
stirred for 24 h until the black reaction medium appeared
homogeneous. After cooling to room temperature, the targeted
composite materials were obtained.

FACE-1S: yield: 100%

FACE-2S: yield: 100%

FACE-3S: yield: 100%

General procedure for mercury sorption studies

200 mg of the respective high sulfur content composite material
was crushed into a powder and subsequently added to 100 mL
of an aqueous HgCl, solution (C; = 1.00 mg L™"). After stirring
the solution for 24 h at ambient temperature, the inverse
vulcanized material was filtered off and the mercury concen-
tration in the solution was determined via Cold Vapor Atomic
Absorption spectroscopy.

Instrumentation

Infrared spectroscopy (IR). Infrared spectra were recorded
using a Bruker Alpha-p instrument with ATR technology in
a range of » = 500-4000 cm ™" with 24 scans per measurement.

Nuclear magnetic resonance (NMR) spectroscopy. 'H NMR
spectra were recorded using a Bruker Ascend 400 MHz with 16
scans and a delay time d1 of 5 seconds at 298 K. The chemical
shift was reported in ppm and referenced to the solvent signal
of partly deuterated DMSO-dg at 2.50 ppm. >'P NMR spectra
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were recorded using a Bruker Ascend instrument at 162 MHz
with 1024 scans and a delay time d1 of 5 seconds at 298 K.

Size exclusion chromatography (SEC). SEC measurements
were performed in HFIP containing 0.1 wt% potassium tri-
fluoroacetate (KTFA) using a Tosoh EcoSEC HLC8320 SEC
system. The solvent flow was 0.40 mL min " at 30 °C, and the
concentration of the samples was 1 mg mL™'. The analysis
was performed using a three-column system: PSS PFG Micro
precolumn (3.0 x 0.46 cm, 10 000 A), PSS PFG Micro (25.0 x
0.46 cm, 1000 A), and PSS PFG Micro (25.0 x 0.46 cm, 100 A).
The system was calibrated with linear poly(methyl methac-
rylate) standards (Polymer Standard Service, M,: 102-981
kDa).

Differential scanning calorimetry (DSC). DSC measurements
were performed on a Mettler Toledo DSC821e instrument using
100 pL aluminium crucibles under a nitrogen atmosphere. The
samples were measured in two heating cycles: 25-150 °C, 150 to
—40 °C and —40-150 °C at a heating/cooling rate of 10 K min™".
The second heating cycle is shown in the DSC curves.

Thermogravimetric analysis (TGA). TGA measurements were
carried out on a TA Instruments TGA 5500 under a nitrogen
atmosphere using platinum TGA sample pans and with a heat-
ing rate of 10 K min~" over temperature ranges from 25 °C to
500 °C, 25 °C to 600 °C and 25 °C to 450 °C for FACEs, FACE-XS-
washed and FACE-XS, respectively.

Energy dispersive X-ray (EDX) spectroscopy. For EDX spec-
troscopy, a QUANTAX (Esprit 1.9) from Bruker was used.

Scanning electron microscopy (SEM). For SEM analysis, the
samples were sputtered with a thin layer of carbon. All analysed
materials were investigated with a QUANTA FEG 650 scanning
electron microscope from FEI with an accelerating voltage of 5-
10 kv.

Water contact angle (WCA) measurements. Contact angle
measurements were performed with a DSA 25 contact angle
goniometer (Kriiss) using the sessile drop technique. A water
droplet with a size of 5 pL was slowly added on the materials
using a micrometer syringe and contact angles of the materials
against the water droplet were measured. The average value of
five measurements was calculated for each sample with a stan-
dard deviation between 3° and 6°.

Atomic absorption spectrometry (AAS). Cold-vapor AAS
measurements were performed using a QuickTrace M-7600
from Teledyne Leeman Labs. A bromination reagent was
added prior to measurements.
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