
Introducing Students to Feedstock Recycling of End-of-Life Silicones
via a Low-Temperature, Iron-Catalyzed Depolymerization Process
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ABSTRACT: The straightforward large-scale synthesis and the ability to
adjust the properties of polymers make polymers very attractive materials.
Polymers have been used in numerous applications and an increased
demand is foreseeable. However, a serious issue is the accumulation of
enormous amounts of end-of-life polymers, which are currently recycled by
thermal degradation, undergo downcycling, or buried in landfills. In
contrast, only a minor fraction of polymers is recycled by selective
depolymerization processes to produce low molecular weight chemicals that
can be polymerized to new polymers. Polysiloxanes (silicones) are widely
used polymers, and recycling is challenging due to their intrinsic properties.
A few high temperature or less environmentally friendly protocols have been
reported for recycling silicones. To circumvent these problems, a low-
temperature process was developed for the depolymerization of
polysiloxanes using catalytic amounts of cheap, iron salts as a precatalyst
and benzoyl fluoride as a depolymerization reagent. Low molecular weight products (difluorodimethylsilane and 1,3-difluoro-
1,1,3,3-tetramethyldisiloxane) are used for the synthesis of new polysiloxanes; hence, overall a recycling process is feasible. This
inorganic chemistry experiment introduces second-year undergraduate students to the concept of feedstock recycling via
depolymerization/polymerization processes and exemplifies modern advances in sustainable chemistry.
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■ BACKGROUND

Every year, large amounts of end-of-life plastics are produced
on a multiton scale by our consumer society.1−4 State-of-the-art
waste management is composed of landfill storage, thermal
recycling (decomposition for energy purposes), and down-
cycling to produce low-quality materials. In contrast, the
selective degradation to valuable synthons (feedstock recycling)
is only performed for a minor fraction of the waste.5

Noteworthy, low molecular weight chemicals can be applied
as feedstock for new high-performance polymers, and therefore,
a recycling of polymers is feasible. The development of efficient
recycling technologies can be an opportunity to save steadily
decreasing natural resources and to contribute to a greener
society.5 The advantages of feedstock recycling are apparent;
however, several issues hamper implementation, for example,
high energy demand for depolymerizations, copolymers, and
selectivity. The application of catalysis can be a useful tool to
overcome these issues and to make the whole process more
valuable.6,7 Widely used polymeric materials are polysiloxanes/
silicones (e.g., silicone-oil, -rubber, -grease, -resin) with
outstanding properties, for example, thermal stability, low
chemical reactivity, low toxicity, stability to UV radiation, and
electrical insulation. With these properties, a broad range of
applications spanning from medicine, electronics, cookware,

and coatings to the construction industry has been established.
Moreover, the straightforward availability of polysiloxanes on a
large scale by the Müller−Rochow Process and subsequent
hydrolysis makes them attractive materials (Scheme 1a).8−10 In
more detail, methyl chloride is reacted with silicon at elevated
temperature to produce a mixture of silanes (Me2SiCl2,
MeSiCl3, SiCl4, Me4Si) with dichlorodimethylsilane as the
major component. Additional synthetic steps and high energy
input are required to access the starting materials; for example,
methyl chloride is formed in a sequence from natural resources
via synthesis gas and methanol.8 In addition, a very large
amount of energy is required to convert SiO2 to silicon. After
the synthesis of Me2SiCl2, the addition of water produces the
desired polysiloxanes, with hydrogen chloride as byproduct.
After polysiloxanes have fulfilled their uses, the notation
changes to end-of-life polysiloxanes. Currently, one major
treatment for end-of-life polysiloxanes is thermal decomposi-
tion. At this stage, all integrated functions derived from natural
resources (e.g., −CH3) are converted to carbon dioxide, which
has a negative impact on the environment, and for new
polysiloxanes, natural resources will be consumed. To over-
come these issues, depolymerization to low molecular weight
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synthons can be an interesting option (Scheme 1b). However,
only a few high temperature (>200 °C) or less environmentally
friendly protocols have been established so far.10−29 Recently, it
was reported that zinc- and iron-catalyzed low-temperature
(<150 °C) depolymerizations of polysiloxanes yield useful
monomers, for example, difluorodimethylsilane and 1,3-
difluoro-1,1,3,3-tetramethyldisiloxane, which were easily poly-
merized to access new polysiloxanes, and overall a recycling
process was demonstrated (Scheme 1b).30,31

■ AIMS OF THE EXPERIMENTS

A few recycling experiments for students have been established,
primarily base on the depolymerization of poly(ethylene
terephthalate) to produce low molecular weight chemicals.32−35

The central aim of the experiment described herein is to
introduce an additional class of polymer and to demonstrate an
entire recycling process, including depolymerization and
polymerization. This laboratory experiment is based on the
recently reported recycling concept for polysiloxanes depicted
in Scheme 1b.30,31 The main pedagogic aim is to introduce a
recycling strategy of polymer waste to students based on two
coupled processes, on the one hand the depolymerization of
polysiloxanes and on the other hand the polymerization of the
depolymerization products. In this regard, students can discuss
the advantages/disadvantages of established waste management
systems and design potential options for the future. As a
consequence, fundamental social issues can be underlined.36

The terms “green chemistry, sustainability, environmentally
friendly, and environmentally benign chemistry” can be
valuable to highlight the challenges for current and future

academic, as well as industrial, chemistry.37 One subaim is to
acquaint students with the concept of metal-catalyzed
depolymerizations to produce practical monomers, which is
underrepresented in introductory-level chemistry textbooks. At
this stage, a discussion on the advantageous application of
catalysis can be helpful.38 The current trend in catalysis to
substitute expensive, rare, and toxic metals with cheap,
abundant, and low-toxicity metals can add new aspects for
understanding of catalyst selection (see, for instance: metal
costs (e.g., Fe 0.005 €/mol, Rh 2484 €/mol, Ru 150 €/mol, Ir
2052 €/mol),39 metal availability (e.g., Fe 4.7%, Rh 0.001 ppm,
Ru 0.02 ppm, Ir 0.001 ppm),40 and toxicity (e.g., permitted
daily oral exposure: Rh, Ru, Ir 10 ppm, Fe 1300 ppm)41). On
the other hand, the monomers obtained can be applied in a
polymerization reaction to produce new polysiloxanes. In this
regard, students gain experience in polymer chemistry. For both
experiments (depolymerization and polymerization), different
analytical techniques for characterization, for example, NMR
spectroscopy or mass spectrometry, are utilized. Students can
(im)prove their skills in interpretation of 1H NMR and
13C{1H} NMR spectra and practical knowledge can be obtained
with 19F NMR and 29Si{1H} NMR techniques.

■ EXPERIMENTAL OVERVIEW

Second-year students performed the depolymerization of
polysiloxanes and the polymerization reactions with standard
lab glassware during one 8 h laboratory session in line with an
advanced inorganic practical course. Detailed experimental
procedures are given in the Supporting Information.

Scheme 1. Lifetime of Polysiloxanes and Recycling Concept
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Depolymerization

A typical depolymerization reaction (Scheme 2) is performed
by students working individually. A round-bottom flask
connected with a Vigreux column and a distillation head is
charged with poly(dimethylsiloxane) hydroxy-terminated 1 (Mn
∼550 g/mol, 13.5 mmol based on the polymer subunit, 1.0 g)
and iron(III) chloride (1 mol %, 0.135 mmol, 22 mg with
respect to the polymer subunit). Benzoyl fluoride (2.5 equiv
based on the polymer subunit) is added via the distillation head
and the mixture is stirred and heated to 130 °C in a preheated
oil bath. The low-boiling compounds formed, difluorodime-
thylsilane (3) and 1,3-difluoro-1,1,3,3-tetramethyldisiloxane
(4), are continuously distilled off and collected in a cooled
flask (−78 °C). After 1 h, the products are characterized by 1H,
13C{1H}, 19F, and 29Si{1H} NMR spectroscopy by dissolving an
aliquot in CDCl3.

Polymerization

A typical polymerization reaction (Scheme 3) is performed by
students working individually. To the cooled flask (−78 °C)
from the depolymerization reaction (vide supra) containing the
mixture of 3 and 4 is added an aqueous solution of potassium
hydroxide (2.1 equiv in 10 mL water). The mixture is slowly
warmed to room temperature and subsequently heated to 100
°C for 2 h. After extraction with dichloromethane, cyclic
poly(dimethylsiloxane)s (5) are characterized by GC−MS to
obtain a number-average molecular weight (Mn) and a weight-
average molecular weight (Mw), and further characterized by
1H and 13C{1H} NMR spectroscopy by dissolving an aliquot in
CDCl3.

■ HAZARDS
Due to the corrosive and toxic nature of the chemicals used in
this experiment, safety goggles and gloves should be worn at all
times. The reactions should be performed in a well-ventilated
fume hood to prevent inhalation and skin contact with all
materials or irritant solvents. Iron(III) chloride causes skin
corrosion and is harmful if swallowed. Benzoyl fluoride is
flammable and caustic. Potassium hydroxide represents a strong
base; prevent contact with skin because of its caustic effect. The
safety data for 3 and 4 are unknown, but it will be advised to

work in a well-ventilated hood. Benzoic anhydride may be
harmful if swallowed and causes skin irritation and serious eye
damage. Dichloromethane and chloroform-d1 are potential
carcinogens and irritants to eyes, skin, and respiratory tract.
Chemicals should be disposed of in designated waste
containers. The final product mixture 5 does not include any
fluorine-containing compounds 3 or 4 (see 19F NMR in the
Supporting Information). The similarity of 5 to the low toxicity
of the starting material 1 supposes a low toxicity for 5.

■ DISCUSSION

The recycling concept for polysiloxanes via depolymerization
and polymerization reactions has been completed five times by
a total of five students working individually within a typical 8 h
laboratory session. The depolymerization process of polysilox-
anes was studied in the presence of catalytic amounts of
iron(III) chloride and poly(dimethylsiloxane) hydroxy-termi-
nated (1) as a typical polysiloxane representative (Scheme 2).
Importantly, in addition to 1, the depolymerization method can
be used for the conversion of various polysiloxanes, including
goods from daily life, such as silicone baking cups, which
demonstrates the usefulness of the methodology.31 Benzoyl
fluoride (2) was added and the mixture was heated to start the
reaction. Alternatively, because benzoyl fluoride is expensive
(∼482 €/mol), it can be generated in situ by the reaction of
benzoyl chloride that is cheaper and potassium fluoride (∼22
€/mol); following this procedure, benzoyl chloride (3.0 equiv
with respect to the polymer subunit) can be added to a mixture
of 1 and potassium fluoride (3.0 equiv with respect to the
polymer subunit).31 Moreover, the solvent-free and protection-
gas-free reaction conditions provide several benefits in terms of
“green chemistry”. As the reaction proceeds, students noticed
that the volume in the reaction flask decreased and, at the end
of the depolymerization, a red-brown solid remained,
composed of the catalyst and benzoic anhydride, which can
be isolated and investigated by 1H NMR and 13C{1H} NMR
spectroscopy, with a characteristic chemical shift for the CO
function at 162.3 ppm. Importantly, students realized that the
bridging oxygen atom in benzoic anhydride is originally from
the silicon−oxygen bond in the polysiloxane and one of the
driving forces of the reaction is the formation of strong SiF

Scheme 2. Iron-Catalyzed Depolymerization of Polysiloxane 1

Scheme 3. Polymerization of 3 and 4
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bonds. On the other hand, a colorless liquid that was
continuously distilled off from the reaction mixture was
observed in the cooled collection flask due to the low boiling
points of the products [3 (bp = 3 °C) and 4 (bp = 71−72 °C)].
After 1 h, the products were obtained in sufficient yield (63−
72% student and 90% advisor yield) and purity for character-
ization by 1H, 13C{1H}, 19F, and 29Si{1H} NMR spectroscopy.
Depending on the NMR instrumentation available or cost of
NMR time, suitable characterization can be done with 1H and
19F NMR data, especially the coupling between 1H and 19F, as
well as 29Si, allows students to learn new tools about
characterization of chemicals. For instance, 330 and 431 can
be easily distinguished by the different coupling pattern (Table
1).
The reaction setup allowed the isolation of a mixture of 3

and 4, which is advantageous for the next reaction step
(polymerization). Importantly, the temperature of the flask
should not rise above 0 °C during the distillation or in
prepreparation for the polymerization experiment. After
analysis, the second part of the experiment was started.42,43

In order to demonstrate the recycling process (Scheme 3), the
cooled mixture of 3 and 4 in the collecting flask of the
depolymerization process was cooled to −78 °C, an aqueous
solution of potassium hydroxide was added, and the mixture
was slowly warmed to room temperature and heated to 100 °C.
After the reaction was finished (25−51% student and 63%
advisor yield), analysis of the cyclic poly(dimethylsiloxane)s by
GC−MS showed a Mn of ∼500 g/mol and a Mw of ∼521 g/
mol. In general, students noticed the similarity of the
polymerization to the well-established industrial polysiloxane
synthesis starting from dichlorodimethylsilane. Overall, the
combination of both processes (depolymerization and polymer-
ization) allowed a recycling of poly(dimethylsiloxane)s under
mild reaction conditions and in short reaction times.
The practical and technical aspects of the recycling of end-of-

life silicones via iron-catalyzed depolymerization and polymer-
ization were assessed via a lab report, quiz questions, and
discussions revealing the successful achievement of the
pedagogic aims. The questions required students to identify
problems with the current handling of resources, state-of-the-
art recycling technologies, state-of-the-art synthesis and
application of poly(dimethylsiloxane)s, advantages of catalysis,
application of cheap and abundant metals, depolymerizations,
polymerizations, and different tools (e.g., NMR spectroscopy)
for characterization of chemicals.

■ SUMMARY

An inexpensive and operationally simple procedure for
introducing a recycling concept for poly(dimethylsiloxane)s

into an undergraduate inorganic chemistry laboratory course
was described. End-of-life poly(dimethylsiloxane)s were
depolymerized with benzoyl fluoride as depolymerization
reagent and cheap, abundant iron(III) chloride as catalyst.
The major products difluorodimethylsilane and 1,3-difluoro-
1,1,3,3-tetramethyldisiloxane were isolated and reacted in a
second step with aqueous potassium hydroxide to form new
poly(dimethylsiloxane)s, and overall a recycling of silicones.
The exercise introduced the principles of chemical recycling via
depolymerization and polymerization to students.
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