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ABSTRACT: Herein we report a green route to thermoplastics from cellulose, the
terpenoid geraniol, and fossil fuel byproduct sulfur with an overall atom economy of
90% over three steps. The only stoichiometric byproducts are NaCl and water. The
process involves (1) oxidation of cellulose, (2) amino acid-catalyzed esterification,
and (3) cross-linking of olefins with sulfur to give GCSx (x = wt % sulfur, varied from
80−90%). The thermoplastics exhibit flexural strengths and moduli competitive with
some commercial materials and are recyclable without loss of strength. The method
delineated herein should be applicable to many combinations of saccharide and
terpenoid precursors to facilitate similarly green routes to a range of sustainably
sourced materials.
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The search for polymers that can be made by applying the
principles of green chemistry1 is central to modern

polymer science. Some of the most attractive strategies in this
regard employ plant-derived precursors like cellulose,2−4

lignin,5−7 triglycerides/fatty acids,8−11 or terpenoids.12−14

One drawback facing efforts in this vein is that synthetic
manipulation of sustainably sourced precursors to convert
them to appropriate monomers can require multistep processes
employing nongreen solvents, driving up cost and lowering the
atom economy.
Cellulose, as the most prevalent biopolymer in nature and

the primary constituent of agricultural waste biomass, is an
attractive target for polymer synthesis. Unfortunately, cellulose
itself cannot be thermally processed, and its derivatization is
often challenging.15 Herein we report a green route to
thermoplastics from cellulose, a terpenoid alcohol, and sulfur
(Figure 1). The only stoichiometric side products of the
process are environmentally innocuous NaCl and H2O, and
the process has very high atom economy. The first step was
partial oxidation of cellulose by a green variation of classic
aqueous NaOCl oxidation of primary alcohols16 to give
oxidized cellulose OC (Scheme 1). Infrared spectroscopy
confirmed successful oxidation, while potentiometric titration
of OC revealed a degree of substitution (DS, # per
anhydroglucose unit) of 0.28 (Figures S1−S3, Equation
S1).17 Oxidation had an atom economy of 91%, and the
only stoichiometric byproduct was NaCl.
The carboxylic acid moieties in OC can be esterified with

any number of alcohols. In the current case, geraniol was
selected as the alcohol because geraniol is a naturally occurring

monoterpenoid: it is the primary constituent of rose oil and
can be efficiently extracted from a variety of other grasses and
flowers. Esterification of OC to give GC employed the amino
acid leucine as a catalyst and geraniol as the solvent (Scheme
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Figure 1. Schematic representation of the preparation of GCSx and its
relation to food and energy production.
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1).18 Water is the only stoichiometric byproduct of
esterification by this protocol. Because geraniol was used as
the solvent for esterification, it was present in a large excess
that was easily, quantitatively recovered by filtration.
Recovered geraniol was found to be ≥98% pure by gas
chromatographic analysis and so could be used in subsequent
esterification reactions. Esterification was quantified by
iodometric titration of GC,19 which revealed that esterification
at approximately half of the carboxylic acid sites had taken
place such that ester DS = 0.128 ± 0.010 in GC. The atom
economy of esterification was thus 99%. As anticipated,
modifications of microcrystalline cellulose led to decreased
decomposition temperatures (Td = 305, 226, and 213 °C for
microcrystalline cellulose, OC, and GC, respectively) as well as
slight changes in glass transition temperatures (Tg = 87, 79,
and 74 °C for microcrystalline cellulose, OC, and GC,
respectively) while the crystallinity remained unchanged
(Figures S4−S6).
Olefinic ester GC was then cross-linked by inverse

vulcanization with sulfur at 180 °C to yield GC-sulfur
composites (GCSx, where x = wt % sulfur, varied from 80−
90%). Although not observed in the current case (as deduced
by elemental analysis), heating elemental sulfur with organics
can result in the formation of toxic H2S gas, so caution should
be exercised in such manipulations. Inverse vulcanization20,21 is
a 100% atom-economical process in which olefins react with
thermally generated sulfur radicals analogous to the reaction of
sulfur radicals and olefins in the thiol−ene click reaction. Like

thiol−ene click reactions, inverse vulcanization is quite
functional group tolerant, so a wide range of sustainable
olefins can be polymerized by inverse vulcanization with many
promising applications.14,22−25 Elemental sulfur is also an
underutilized byproduct of fossil fuel refining prior to
combustion (Figure 1). The three-step process to GCSx
employing geraniol, cellulose, and sulfur showed an impressive
90% atom economy.
GCSx composites were remeltable and range in color from

gray to black solids (Figure 2) that can be remelted and
reshaped over many cycles by simply melting them and
pouring the liquid into molds at temperatures above 130 °C.

Scheme 1. Preparation of GCSx

Figure 2. Photographs of GCSx samples.
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Composites prepared by inverse vulcanization are generally
composed of a highly cross-linked network in which some free
sulfur is trapped. Free sulfur, meaning sulfur that is not
covalently attached to the organic network as cross-links, is
quite soluble in CS2, whereas the cross-linked cellulose−sulfur
network is completely insoluble in CS2 (confirmed by
elemental microanalysis). Extractable sulfur was thus readily
quantified by recursive washing of GCSx with CS2, and
elemental analysis of the CS2-soluble fraction revealed that
sulfur was indeed the only element present. Elemental analysis
GCSx paired with quantitation of the relative amount of
soluble and insoluble fractions confirmed retention of
covalently bound sulfur in the network solid (for raw data
and calculation information, see Figure S14, Table S2, and
Equation S2). Considering that the alkene functionalities had
been completely consumed based on IR spectroscopic data and
the quantity of covalently bound sulfur, the sulfur rank
(average number of S atoms in each cross-link between
cellulose chains) was calculated to be 8−22 sulfur atoms
(Table 1). These values are larger than the average cross-link
length of 4−5 sulfur atoms reported for highly cross-linked
composites of sulfur with polystyrene26 or xylenol27 derivatives
but on par with those reported for cellulose derivative PCS80
(22, structure provided in Figure 3),4 allyl lignin (48−103

sulfur atoms),7 and chlorolignin (12−31 sulfur atoms).6

Regardless of the olefin-bearing comonomer used in inverse
vulcanization, the average cross-link length correlates expect-
edly with the ratio of sulfur to cross-linkable olefin sites in the
monomer feed.
Although not observable by IR spectroscopy (Figure S5),

Raman spectroscopy provided additional evidence that sulfur
in GCSx exists primarily as small rings or chains, as the peak
characteristic of polymeric sulfur domains was not observed

(Figure S6). Integration of the orthorhombic sulfur melt peak
from differential scanning calorimetry (DSC) measurements of
GCSx likewise confirmed that both free and covalently bound
sulfur are present in GCSx (Figure S9). Because of the
confinement of orthorhombic sulfur in the sulfur-cross-linked
cellulose network, GCS85 and GCS80 exhibited a depressed
melting endotherm in the second and later heating cycles by
DSC (Figures S10−S13; DSC for precursors OC and GC are
in Figure S5 for comparison).
Thermogravimetric analysis (TGA) of GCSx reveals that

thermal decomposition of the sulfur component occurs at a
lower temperature than does decomposition of the cross-linked
network. The decomposition temperatures (Td) for GCS80−90
thus range from 234−243 °C, quite similar to that of elemental
sulfur (∼240 °C). The char yield (at 800 °C) scales expectedly
with the amount of organic comonomer present (Figure S8;
TGA data for precursors OC and GC are in Figure S4 for
comparison).
The data from CS2 fractionation studies, elemental analysis,

IR spectroscopy, Raman spectroscopy, TGA, and DSC are
consistent with the formulation of GCSx as a network of
covalently cross-linked cellulose chains wherein each cross-link
is composed of short chains of 8−22 sulfur atoms on average.
The remaining sulfur is present in the composite but is not
covalently attached to the organic component of the network.
Dynamic mechanical analysis (DMA) of GCSx was under-

taken to assess mechanical properties. Because of the high
viscosity of molten GCS80 and the difficulty of preparing
reproducible samples, DMA was only performed on GCS90
and GCS85, which exhibited very similar mechanical properties
to one another (Figure 4 and Table 1). Temperature scans
(Figure 4A) revealed that the materials were considerably
stronger as they exhibited storage moduli approximately 80%
larger in magnitude than in cellulose derivative PCS80 (Figure
3) over the measured temperature range of −60 to +80 °C.4

Although GCS90 and PCS80 have a nearly identical cross-link
density and sulfur rank, the drastic difference in storage moduli
can be attributed to the retention of crystallinity upon
modification observed in GC whereas PC became amorphous
upon modification, as assessed by powder X-ray diffraction
(Figure S16). Stress−strain experiments revealed that the
GCSx materials have flexural moduli of ∼1000 MPa, similar to
the low end of the range for high impact ABS (acrylonitrile
butadiene styrene, 1000−2500 MPa) with low loss moduli and
tan delta values indicating their inability to dissipate stress

Table 1. Select Physical Properties of GCSx, PCS80, and Some Commercial Materials

material
sulfur
rank

E′
(MPa)a

E′′
(MPa)b tan δb Tg

c
flexural strength/modulus

(MPa)
modulus of resilience

(kPa)

GCS90 22 1520 76, 52 0.05, 0.04 −37, 20 >4.9d/950 0.1
GCS85 13 1564 80, 55 0.05, 0.04 −32, 27 >5.2d/1050 0.3
GCS80 8 ND ND ND ND ND ND
PCS80 22 860 34, 54 0.05, NDh 6, > 80 >3.8d/520 1.8
cemente f g g 0.05−0.06 −g 3.7/580 0.6
cellulose acetate butyratei f 1100j 50j ND 80j,k 41/1370l ND
polypropylene-glass fiber
compositen

f f f f f 3.5/1350 f

aStorage modulus value at −40 °C when each material is below Tg.
bValue at Tg, except for Portland cement, which did not exhibit a Tg in the

range −100 to 100 °C. cAs measured by the maximum of the tan δ curve. dSample could not be measured beyond this level due to instrumental
limitations. eData refer to Portland cement that was sifted, mixed with water (1:2, water/cement), and cured very gradually before being dried in an
oven. fData not available/applicable. gMaterial exhibited no apparent maximum value in the range −100 to 100 °C. hValue was outside of measured
range. iRef 28. jCellulose acetate butyrate was plasticized with tributyl citrate, and values were estimated from the provided curves for a 2 mm thick
sample. kEstimated from loss modulus plot. lAverage reported value. nAzdel SuperLite SL550600−100.

Figure 3. Structure of PCS80.
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(Figure S15). As a result of their high flexural moduli and
relatively low elastic limits (0.4 and 0.7 MPa for GCS90 and
GCS85, respectively), GCSx materials exhibited considerably
smaller moduli of resilience relative to PCS80 but were on par
with the moduli of resilience of Portland cement. The flexural
strengths of GCS90 and GCS85 (>4.9 and >5.2 MPa,
respectively) are higher than the flexural strength exhibited
by Portland cement but lower than that exhibited by some
other commercial cellulose-based polymers like cellulose
acetate butyrate, a material used commercially for applications
such as tool handles.28 Both the flexural strength and modulus
of GCSx are comparable to glass fiber−polypropylene
composites like Azdel SuperLite that are used commercially
in nonstructural automotive door panels.29 It is also notable
that GCSx materials can be thermally processed over many
cycles. This property is a result of the thermal reversibility of
S−S bond formation and is a notable advantage over some
traditional polymers that cannot be repeatedly processed by
remelting and recasting.30

A potential industrial application that has been demon-
strated for other high sulfur-content materials is as a coating to
protect typical mineral cement products from acid corro-
sion.4,11 To evaluate the utility of GCS90 for this application, a
block of Portland cement was impregnated by pressure
treatment with molten GCS90 following a reported protocol.4

The block took up 7 wt % GCS90 to give a material with a
density of 1.6 g/cm3. Despite the small weight percentage of
GCS90 in the GCS90-impregnated Portland cement block, the
mechanical properties were altered drastically. The flexural
modulus of GCS90-impregnated Portland cement was found to
be 67% greater than that of untreated Portland cement.
Additionally, the GCS90-impregnated Portland cement block
exhibited significantly improved acid-resistance. Whereas a
Portland cement block submerged in 0.5 M H2SO4 loses its
structural integrity and shape within 30 min, the GCS90-
impregnated Portland cement block retained its shape and
modulus after acid challenge (Figure 5). The acid-challenged
GCS90-impregnated sample exhibited a negligible change in

flexural modulus relative to the material before soaking. The
significant benefits to acid resistance and modulus resulting
from a relatively small infusion of GCS90 into Portland cement
make GCS90 an especially intriguing material as a cement
additive while additionally ensuring that the density of the
material is not too high for commercial applications.
In conclusion, we report a three-step green route to

thermoplastics from cellulose, terpenoid, and waste sulfur
with overall 90% atom economy. The mechanical properties of
the resultant polymers display mechanical properties that are
competitive with commercially viable materials, and a potential
industrial application to improve acid corrosion resistance of
cement products was also demonstrated. Perhaps most
importantly, the synthetic method delineated herein should
be applicable to many combinations of saccharide and
terpenoid precursors to facilitate similarly green routes to a
range of sustainably sourced materials. Several additional
polysaccharide−terpenoid composite formulations are cur-
rently being pursued.
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