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Chemical Recycling of Plastics to Useful Or-
ganic Compounds by Oxidative Degradation™*

Anne Pifer and Ayusman Sen*

With the production of polymeric materials on the rise and
landfill space at a premium, it becomes increasingly important
to develop new techniques for reducing the amount of
material lost to the landfill. Approximately 20 % of landfill
volume in the USA is consumed by plastics, and their lack of
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compatibility with the environment has generated much
interest in increasing the amount of polymeric material that
is reclaimed as structural material or chemically degraded to
fuel or useful organic compounds.!!l

Chemical recycling, which has been increasingly applied in
recent years, is defined as the breakdown of polymeric waste
into materials that are reusable as fuel or chemicals, including
monomers.['*¢4 2 Most chemical recycling being done today
focuses on the use of refinery technology and equipment to
convert polymers into hydrocarbon feedstocks. Additionally,
the depolymerization of condensation polymers, such as
poly(ethylene terephthalate), to reusable monomeric material
is currently practiced.”! Of the 27 million tons of plastic
material produced in the USA each year, 25% is condensa-
tion polymers, while addition polymers constitute 75 % of this
weight.l Addition polymers may be chemically recycled in
refineries; however, the price of crude oil and hydrocarbon
mixtures produced must compete with oil prices to be
economically viable, and the risk to refinery equipment is
high when postconsumer mixed plastics are used.[? Dufaud
and Basset have reported a mild new procedure for the
catalytic hydrogenolysis of polyolefins.[) Here we describe a
new oxidative degradation procedure that converts the most
widely used (addition) polymers—such as polystyrene, poly-
ethylene, and polypropylene—into useful organic compounds,
including monomers for other polymerizations. The recycling
of these polymers is currently problematical owing to the high
costs of collection and sorting, the small difference in prices
for virgin and recycled resins, and the reduction in polymer
properties caused by the incompatibility of different plastics
components.”l These economic barriers could be overcome if
the products generated from these polymers were more
valuable and if mixed plastics could be processed together,
eliminating sorting costs.

The oxidative degradation of the polymers involved
reaction with nitrogen oxides and dioxygen at 170°C. The
results obtained are summarized in Table 1.

Polystyrene with average relative molecular weight of
280000 was converted into a mixture of benzoic acid, 4- and
3-nitrobenzoic acids, and gaseous oxides of carbon under the
standard reaction conditions (170°C, 16 h; partial pressures:
275kPa NO, 690 kPa O,, 3170 kPa N,). No unchanged
polymer was detected by '"H NMR spectroscopy. The ratio
of benzoic acid to nitrobenzoic acids varied significantly with
NO and O, content in the reaction mixture; no reaction
occurred without the presence of both gases. At a high partial
pressure of NO (690 kPa), no benzoic acid was formed,
4-nitrobenzoic acid was the major product, and other nitro
species were detected in trace amounts. On the other hand, at
a low partial pressure of NO (175 kPa), benzoic acid and
unchanged polystyrene predominated, and only trace
amounts of nitrobenzoic acids were detected. In reactions
where the partial pressure of NO was reduced (140 kPa) and
that of O, increased (1035kPa), all the polymer was
converted, and the molar ratios of benzoic acid, 4-nitro-
benzoic acid, and 3-nitrobenzoic acids were 7:1:1. In general, a
O, partial pressure of 690 kPa or more was necessary for the
reaction to proceed to completion. Benzoic acid, 4-nitro-
benzoic acid, and 3-nitrobenzoic acid are easily separated by
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Table 1. Oxidative degradation of polymers by the NO,/O, system.]

Polymer Amount of Amount of Products
starting nonvolatile
material [g] products [g] amount [g]

polystyrene 0.26 0.19 benzoic acid 0.08

(M,,=280000) 4-nitrobenzoic acid  0.02
3-nitrobenzoic acid  0.02
3,5-dinitrobenzoic traces
acid

high-density 0.27 0.21 succinic acid 0.08

polyethylenel®
glutaric acid 0.07
adipic acid 0.02
pimelic acid 0.03
unknown organic traces
compounds

low-density 0.26 0.22 succinic acid 0.08

polyethylenel®!
glutaric acid 0.06
adipic acid 0.02
pimelic acid 0.01
unknown organic traces
compounds

polypropyleneld  0.26 0.15 acetic acid

(M,,=250000) unknown organic
compounds

polymethyl 0.26 0.15 oligomers

methacrylate (M,,=985)

(M,,=96200)

polyacrylic acidl¥l 0.25 0.10 oligomers

(M,,=450000)

nylon-6,6!¢! 0.26 0.16 succinic acid 0.01
glutaric acid 0.01
adipic acid 0.06
acetic acid traces

[a] Standard conditions: 275 kPa NO, 690 kPa O,, 3170 kPa N,; 170°C; 16 h.
[b] Reaction with 1035 kPa O,. [c] Reaction with 480 kPa NO. [d] Reaction at

135°C

sublimation. While lab-grade polystyrene was employed in
most experiments, similar results were also obtained starting
with styrofoam cups and polystyrene packing material (Fig-
ure 1).

Figure 1. Polystyrene packing material before (left) and after reaction
(right) under the standard conditions (170°C, 16 h; partial pressures:
275 kPa NO, 690 kPa O,, 3170 kPa N,). Part of the product mixture can be
seen as a sublimate on the liner walls. No unchanged polymer remained.
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It appears that the nitrobenzoic acids and benzoic acid arise
from polystyrene through two independent parallel pathways.
The former are generated by attack on the aromatic ring prior
to cleavage of the polymer backbone. On the other hand,
benzoic acid is generated by oxidation of the polymer
backbone. After benzoic acid is formed, the carboxylic acid
substituent deactivates the ring towards nitration. This
mechanistic scenario is supported by the observation that
under the same reaction conditions isopropyl benzene cleanly
yielded benzoic acid.

When the standard reaction conditions were employed,
both high-density polyethylene pellets (d =0.962) and low-
density polyethylene powder (d=0.915) produced mixtures
of short-chain a,w-diacids (pimelic acid, adipic acid, glutaric
acid, and succinic acid) in good yields (73 and 65%,
respectively, by weight relative to the starting material) along
with oxides of carbon. Only trace amounts of malonic acid
were detected owing to its decomposition at temperatures
above 135°C. No unchanged polymer was detected by
"H NMR spectroscopy, and mass spectrometry indicated that
oligomers with molecular weights of less than 350 were
present in trace quantities. The formation of a,w-diacids is
noteworthy since these can be used as monomers in con-
densation polymerizations to yield commercially important
polyamides and polyesters.[®!

When adipic acid was subjected to the standard reaction
conditions, the product mixture consisted of unchanged adipic
acid along with glutaric acid and succinic acid. This is
consistent with a mechanism involving loss of carbon dioxide
from a carboxyl radical followed by further oxidation of the
resultant alkyl radical to the lower carboxylic acid. However,
the good yield of a,w-diacids precludes the possibility of
products forming predominantly by successive decarboxyla-
tions starting with a long-chain carboxylic acid. Instead, the
majority of the a,w-diacids must arise through zip depolyme-
rization via a series of cyclic transition states resulting from an
attack of the carboxyl radical on the chain (backbiting
mechanism). Such a series of steps has been postulated in
the photooxidation of low-density polyethylene, although the
latter reaction leads to a far more complex mixture of
products.’]

The reaction of isotactic polypropylene (M, =250000)
under standard conditions resulted in a complex mixture of
oligomeric and polymeric materials, as well as low molecular
weight organic compounds. Upon increasing the partial
pressure of NO to 480 kPa, the product mixture simplified
to organic compounds with molecular weights below 155, as
observed by mass spectrometry. No polymer remained, and
the organic compounds were completely soluble in acetone
(unlike the starting material or the products observed when
275 kPa NO was employed). The organic molecules formed
consisted of ketones and carboxylic acids, including acetic
acid. As with polyethylene, a backbiting radical mechanism is
a possibility, as has been observed for the photooxidation of
polypropylene.['”]

Nylon-6,6 was subjected to the standard reaction conditions
(except at 135°C), and a mixture of a,w-diacids was produced:
adipic acid, glutaric acid, and succinic acid. When the reaction
was conducted at 110°C, acetic acid, formic acid, and
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ammonium ion were observed in trace quantities along with
an insoluble black solid. These products were evidently
formed by the oxidation of the diamine portion of the
nylon-6,6 backbone since similar products were observed
from the oxidation of hexamethylenediamine under the
standard conditions.

Both polymethyl methacrylate and polyacrylic acid were
oxidized under standard conditions to give oligomeric mate-
rials with drastically reduced molecular weights. For example,
polymethyl methacrylate with M,,=96200 and a polydisper-
sity of 1.5 was oxidized to products with M,=985 and a
polydispersity of 1.7, as observed by gel permeation chroma-
tography in chloroform.

In conclusion, a wide variety of addition and condensation
polymers can be oxidatively degraded under relatively mild
conditions by a mixture of nitrogen oxides and dioxygen. In
the particular cases of polystyrene, high- and low-density
polyethylene, and perhaps polypropylene useful organic
compounds are produced in moderate to good yields. The
procedure is less useful for condensation polymers, such as
nylon-6,6, since these can in principle be hydrolyzed back to
the starting monomers.

Experimental Section

The reactions were carried out in 125-mL Parr pressure reactors with glass
liners. Typically, the polymeric material (approx. 0.25 g) was added to a
glass liner and then placed into the reactor, which was sealed. The reactor
was purged with N,, and then pressurized to 275 kPa with NO, to 3445 kPa
with N,, and finally to 4135 kPa with O,. The reactor was heated to 170°C
for 16 h, following which it was cooled and the pressure released. The
product mixture was then removed and analyzed by one or more of the
following techniques: NMR spectroscopy, mass spectrometry, and gel
permeation chromatography.
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Investigation of the Molecular Recognition
of Amino Acids by Cyclopeptides with
Reflectometric Interference Spectroscopy**

Dietmar Leipert, Dirk Nopper, Marcus Bauser,
Giinter Gauglitz, and Giinther Jung*

Molecular recognition plays a crucial part in many bio-
logical processes where guest molecules are bound very
selectively and reversibly by their host. These mostly enan-
tioselective recognition processes, in which chiral ligands
interact with their receptors, can be imitated with synthetic
molecules.l!! Synthetic receptors have various possible appli-
cations in the medical and pharmaceutical field, as new
separation-phase material or sensitive coatings.’”) In funda-
mental research, important insights into the type of inter-
action in host —guest complexes are gained.’! A multitude of
different macrocyclic receptors such as crown ethers, cyclo-
phanes, cyclodextrins, calixarenes, and cyclopeptides has
already been synthesized.! With the cyclopeptides cyclo-
(Pro-Gly); and cyclo(Pro-Gly), the distinction between D and
L amino acid salts in CDCIl; became possible with NMR
spectroscopic methods.’) With macrocyclic peptides, chiral
amines were distinguished,l®! and zwitterionic amino acids
were complexed with chiral crown ethers.”l These examina-
tions of interactions between cyclopeptides and analyte were
carried out with complicated methods.

We now report on novel sensor modules with surface-bound
cyclopeptides as molecular receptors. In earlier work we were
able to prove that cyclohexapeptide libraries can be used as
chiral selectors in capillary electrophoresis.’! With combina-
torial solid-phase synthesis a host of such detector molecules
can be produced.”!) Compared with singular procedures, as for
calixarenes and cyclodextrins, our strategy shows a higher
diversity by several orders of magnitude (virtual library: 10'¢
cyclohexapeptides from commercially available starting ma-
terials) and therefore a better chance of finding a receptor
lead structure. Cyclohexapeptides are limited in their con-
formation,['”) and many basketlike structures can be synthe-
sized by modifying the side chains. Based on these findings we
immobilized the cyclopeptides 1-3 (Figure 1) on glass
surfaces that function as transducers. The interaction between
the cyclopeptide and the analyte is examined with reflecto-
metric interference spectroscopy (RIfS).'!l In this optical
method of detection, the reflection and the interference of
light at phase boundaries are used for the time-resolved
determination of changes in the optical film thickness
(product of refractive index n and physical film thickness d)
of thin transparent films from the resulting interference
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