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The transamidation of polyamides with short primary amides is
reported as an effective recycling technique. This novel depolymeriza-
tion method is robust and only utilizes cheap and renewable reagents.
The process requires a Nb,Os catalyst, assisted by NHz, and operates at
relatively mild reaction conditions (i.e. 200 °C and 3 bar NHj).

Polyamides (PAs) or nylon are an important class of nitrogen-
containing polymers. With an annual production of more than
8 Mton, the PA market is mainly driven by the high demand for
Nylon 6 (i.e. PA 6) and Nylon 66 (i.e. PA 66), with corresponding
market shares of approximately 50% and 40%." Polyamides are
known for their strength, durability, thermal and chemical
stability. These excellent mechanical properties make them
versatile and desirable materials for a variety of applications.
PAs can be found in everyday objects such as clothing or are
used for high-end applications such as 3D printing.” The
downside of PAs’ durability is their high resilience towards
degradation and depolymerization. This makes PAs notoriously
difficult to recycle.

Over the past decades, many attempts were made to depo-
lymerize PAs, e.g. via alcoholysis, ammonolysis, hydrolysis
etc.>>*%71° In particular, the steam-assisted depolymerization
of PAs proved to be very effective for lactam-based PAs such as
Nylon 6. In supercritical liquid or with overheated steam
molten Nylon 6 is depolymerized at temperatures of up to
420 °C." The generated caprolactam is immediately removed
from the reaction mixture. Such a depolymerization was not
successful for Nylon 66. During Nylon 66 hydrolysis, a reactive
and unvolatile mixture of acids and amines is generated, which
repolymerizes, thus leading to a Nylon 66 resin.’ In order to
fully depolymerize Nylon 66, stoichiometric quantities of
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mineral acids or alkali are required, trapping either the o,
o-dicarboxylic acids or a,o-diamines in their salt form.*®°

To this date, the situation for Nylon 66 remains problematic.
The lack of efficient recycling methods results in the predomi-
nant incineration of the material via waste-to-energy (WtE).
While this method would be acceptable for plastics such as
polyethylene (PE) or polypropylene (PP) this is not the case for
nitrogen-containing plastics such as PA. Burning these poly-
mers not only emits CO,, but also toxic NO, greenhouse gases
(N,O has a global warming potential that is 265 times higher
than that of CO,).” The development of new and effective
recycling methods is therefore essential to minimize potent
greenhouse gas emission and to enable a circular economy.'*

In the past few years, several new PA recycling methods were
proposed that utilize hydrogen (H,) or ammonia (NH;) as the
splitting agent. However, each of these new processes suffers
from significant disadvantages. For instance, the teams of
Milstein and Schaub proposed homogeneous hydrogenolysis
catalysts.® While both groups were able to successfully split
polyamides into a,0-diamines and diols, or, aminoalcohols, the
performance of their catalysts for Nylon 66 is remarkably low.
Additionally, these specialized catalysts are expensive and
easily poisoned by additives or impurities that might be present
in actual plastic (waste). In the work of Stuyck et al. Nylon 66
was depolymerized via a sustainable and green ammonolysis
process.’ Reactions were performed with a homogeneous Lewis
acid catalyst and in a simple glycol solvent, e.g. biosourced
waste glycerol. Unfortunately, the ammonolysis of PAs is an
equilibrium reaction. As a result, this method is unable to split
Nylon 66 completely into monomeric compounds and a fairly
reactive product mixture is obtained. To deal with this draw-
back, Coeck et al. coupled the ammonolysis to an irreversible
reaction.’® This approach worked excellently for long-chain
polyamides (LCPA) to generate o,0-diamines, o,0-dinitriles or
amidonitriles. However, these new recycling methods have not
yet been proven effective for Nylon 66.

In this work, we report a new and sustainable depolymeriza-
tion method for PAs, optimized for Nylon 66 specifically. The
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Table 1 Variation of the reaction conditions for the transamidation of polyamides

(o}
H H JC 0 0 o
NHNN - A /\/\/\/n R 4 A /\/\/\/H
4 Catalyst, NH R™ "N \ﬂ/ R™ °N NH,
o] o] Yok, I8Ll H H
n AT @ 0o @ 0o
Product yields”
Substrate Catalyst Solvent (R-CONH,) Pyn, Temp. (°C) Time (h) @ @)

1 Nylon 66 0.5 M* — — Acetamide 10g 3 bar 200 5 1%° 1%
2 Nylon 66 0.5 M* Nb,O5 01g Acetamide 10g — 200 5 4%° 4%
3 Nylon 66 0.5 M“ Nb,Os 0.1g Acetamide 10g 1 bar 200 5 7%° 7%
4 Nylon 66 0.5 M* Nb,O5 0.1g  Acetamide 10g  3bar 200 5 12%°  13%
5 Nylon 66 0.5 M“ Nb,Os 0.1g Acetamide 10g 5 bar 200 5 9%° 8%
6 Nylon 66 0.5 M“ Nb,Os 02g Acetamide 10¢g 3 bar 200 16 65%° 23%
7 Nylon 66 0.5 M*¢ Nb,O5 02g Acetamide 10g 3 bar 225 16 94%° 5%
8 Nylon 66 + S° 0.5 M* Nb,O5 02¢g Acetamide 10g¢g 3 bar 200 16 69%° 20%
9 Nylon 66 + PP? 0.5 M*? Nb,O5 02g Acetamide 10g 3 bar 200 16 69%° 20%
10  Nylon6 0.1 M* Nb,O; 02g  Acetamide 10g  3bar 200 16 23%  35%
11 Nylon 66 0.1 M“ Nb,O5 02g Acetamide 10g 3 bar 200 72 98%° 2%
12 Nylon 66 0.5 M* Nb,O5 02g Acetamide 10g 3 bar 200 72 93%° 7%
13 Nylon 66 1.25 M* Nb,O5 05g Acetamide 10g 3 bar 200 72 89%° 9%
14 Nylon 66 0.5 M* Nb,O5 02g Propionamide 10g 3 bar 200 72 92%° 8%

@ Amount of secondary amide bonds. ? Leftover plastic not characterized. ¢ S = N-butylbenzenesulfonamide, which was added to the mixture

(0.022 g). PP =

olypropylene, which was added (0.25 g). ¢ This value also corresponds to the adipamide yield, which is generated

stoichiometrically. / Aside from the amides formed from Nylon 6, a yield of 5% caprolactam was obtained as well.

depolymerization involves a transamidation reaction with a
short monofunctional amide (see top Table 1). The trans-
amidation of PAs is a fairly unknown reaction. However, during
melting or extrusion (>250 °C) some sporadic, uncatalyzed
transamidations occur.’” In more recent years, spontaneous
transamidation reactions at a high temperature allowed mate-
rial scientists to generate “PA alloys”."*> However, such transa-
midations have never been performed catalytically or at a
moderate temperature, nor was anyone ever able to effectively
depolymerize PAs doing so.

To start, acetamide was chosen as the most ideal primary
amide reagent because it can be cheaply biosourced (e.g. from
acetic acid) and is readily biodegradable.** In a blank reaction
at 200 °C barely 1% of monomeric compounds was obtained
(Table 1, entry 1), proving the need for a catalyst. Upon addition
of ortho-Nb,Os, the yield of N,N’-hexamethylene bis(acetamide)
(1) increased substantially (entries 2-5). This comes to no
surprise; we previously reported the ability of Nb,Os to activate
secondary amide bonds.'® Ammonia (NH;) was also introduced
into the system, to assist in breaking down the polymer by
ammonolysis. Under the applied conditions, virtually no amine
products were detected. Thus, NH; merely acts as a co-catalyst.
An optimum in NH; pressure was observed at 3 bar, with a yield
of 12% N,N’-hexamethylene bis(acetamide) and 13% of the
dimer (i.e. N'-(6-acetamidohexyl)adipamide (2)). Upon further
addition of NHj, the global catalytic performance decreases,
most likely due to a poisoning effect of the high NH; concen-
tration on the Nb,O5 surface.

Next, the reaction time was prolonged from 5 to 16 hours
(entry 6). A spectacular increase in monomer yield (i.e. from
12% to 65% (1)) illustrates that the polymer is chopped up at
random, gradually breaking it down into smaller pieces. By

This journal is © The Royal Society of Chemistry 2024

slightly increasing the reaction temperature to 225 °C (entry 7),
Nylon 66 was completely depolymerized into monomers (94%
(1)) and dimers (5% (2)). Note that for every molecule of N,
N'-hexamethylene bis(acetamide), a molecule of adipamide is
generated as well. In addition to our desired products, we also
detected very low quantities of pyrimidines and triazines,
resulting from the trimerization of acetonitrile (i.e. dehydrated
acetamide)."® This side reaction is caused by the Nb,Oj catalyst,
which is known for its ability to (partially) dehydrate primary
amides to nitriles."”'® In order to maximize the solvent’s
reusability, we did not further increase the reaction tem-
perature.

The system was also proven to be very robust (entries 8-10).
The addition of other plastics (e.g. polypropylene, entry 9) or
sulfur-containing plasticizers (e.g. N-butylbenzenesulfonamide,
entry 8) did not hinder the reaction. In particular, the catalytic
system’s resilience towards plasticizers is a significant advance
over current recycling techniques. Such sulfur-containing mole-
cules typically poison metal-based catalysts almost immedi-
ately.>'® In addition, we succeeded in breaking down Nylon
6 as well (entry 10). Therefore, our innovative depolymerization
system has the potential to be a valuable approach for carpet
recycling, where Nylon 66/Nylon 6/PP are commonly mixed
and/or copolymerized.***

Next, reactions were performed with a long reaction time of
72 h and with a variable concentration of PA (entries 11-13).
These experiments allow to identify the position of the thermo-
dynamic equilibrium under each set of reaction conditions. In
general, one could consider a single polymer string of Nylon 66
as a series of 1,6-diaminohexane (HMDA) molecules trapped in
secondary amide bonds. It appears that the thermodynamic
stability of the amide bond in HMDA-adipyl is similar to that of
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HMDA-acetyl. In other words, the results depicted in
entries 11-13 nearly perfectly match the situation in which
each amino group of a molecule HMDA does not differentiate
between a condensation reaction with adipamide or acetamide
(i.e. R;-NH, + NH,-C(—O0)-R, to R;-NH-C(—O0)-R,). For exam-
ple, in entry 12, the reaction contains 169 mmol carbonyl
groups from acetamide and 5 mmol from adipamide (ratio of
97:3). If no differentiation occurs, one would expect a N,
N'-hexamethylene bis(acetamide) yield of 94% (= 0.97 x 0.97),
which matches the experimental value of 93% very well. It is
worth noting that even at a high polymer concentration, i.e.
12.5 wt% Nylon 66 (entry 13), the plastic can still be depoly-
merized completely into mainly monomeric compounds
(i.e. 89% yield) with the dimer as the secondary side product
(9% yield). This is the consequence of the large molar excess of
the small molecule acetamide versus adipamide (i.e. 169 mmol
acetamide versus 6.25 mmol adipamide).

Finally, as an alternative to acetamide, a transamidation
reaction was performed with propionamide, which poses fewer
health risks for mammals (e.g. humans; entry 14).** Although
the final monomer yield is slightly lower than with acetamide, a
final yield of 92% N,N’-hexamethylene bis-(propionamide) was
obtained with 8% of the dimer (ie. N'-(6-propionamido-
hexyl)adipamide) as the only side product.

Based on prior knowledge and our experimental results, we
propose a reaction mechanism for the ammonia assisted
transamidation of PAs (Scheme 1).'° Initially, the carbonyl
group of the secondary amide (i.e. PA) needs the Lewis acid
site (L) on the catalytic surface to be reactive (a). The positive
effect of NH; on the reaction rate is in agreement with the next
step, i.e. a nucleophilic attack of NH; on the surface-adsorbed
amide to form a primary amide and a free amine group (b)(c).
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Scheme 1 Proposed reaction mechanism for the ammonia assisted
transamidation of polyamides with acetamide on a Nb,Os catalyst.
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During this reaction, a neighboring (Brensted) acid group
facilitates the leaving of the amine group (d). If the surface-
adsorbed primary amide end-group is displaced by an aceta-
mide molecule from the solvent (e), the ammonolysis reaction
can be reversed. First, the free amine chain end attacks the now
activated carbonyl group of acetamide (f). The resulting inter-
mediate releases a molecule of NH3, yielding the final transa-
midation product (g)(h). After desorption of the product, a new
secondary amide molecule can coordinate to the catalytic sur-
face (i)(j). All elementary steps in this mechanism are reversi-
ble. Nevertheless, the PA is depolymerized completely as a
consequence of the large molar excess of the small molecule
acetamide versus adipamide.

In summary, we have developed a very robust recycling
method that only uses renewable and/or low-cost materials
and reagents. Nylon 66 could be depolymerized into easily
processable monomers at relatively high concentrations, i.e.
12.5 wt% of Nylon 66 (in acetamide). After a transamidation
reaction with acetamide, two distinct monomers are obtained:
N,N’-hexamethylene bis(acetamide) and adipamide (Scheme 2).
These monomers differ greatly in chemical properties, facilitat-
ing an easy separation. Adipamide’s limited solubility in most
organic solvents allows a separation via crystallization. In
addition, the boiling point of these monomers is very different,
allowing classical isolation methods such as distillation.

After isolation, N,N’-hexamethylene bis(acetamide) can be
reconverted to HMDA via, e.g., ammonolytic reactive distilla-
tion."® In doing so, acetamide is liberated, closing the loop for
this primary amide molecule. Alternatively, one can utilize the
homogeneous amide hydrogenation catalysts developed by the
teams of Milstein and Schaub.®

i N
~ M
o 3

n
Nylon 66 waste
e.g. Carpet Ropes
Textiles Car parts

Adiponitrile

© Adipic acid N-compounds

O-compounds

Scheme 2 Complete recycling of Nylon 66 waste based on a transami-
dation depolymerization technique.
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Fig. 1 Transfer dehydration of a 1-1 molar mixture of N,N’-

hexamethylene bis(acetamide) and adipamide to acetamide. Reaction
conditions: Adipamide (1 mmol), N,N’-hexamethylene bis(acetamide)
(1 mmol), 200 °C, Nb,Os (0.2 g), acetonitrile (10 mL), 16 hours.

The resulting overall reaction for such a process would be as
follows:

Nylon 66 (repeating unit) + 4 H, + 2 acetamide — HMDA + 2
ethanol [+ adipamide].

Although in this case acetamide could not be recycled, the
overall reaction could still be economically feasible.

Considering adipamide, this molecule is a well-known inter-
mediate in the PA industry. One of the first (industrial) synthe-
sis methods of adiponitrile was via the dehydration of
adipamide/ammonium adipate (under a stream of NHj)."” If
adiponitrile is the desired end product, a (complete) separation
of N,N’-hexamethylene bis(acetamide) and adipamide might be
superfluous. As a proof of concept, we performed a niobia
catalyzed transfer-dehydration with acetonitrile as the solvent
and sacrificial water scavenger. Although severe solvent
degradation was observed, we obtained a 65% adiponitrile
yield without major degradation of the N,N’-hexamethylene
bis(acetamide) monomer (Fig. 1).

Alternatively, adipamide could be hydrolyzed with water to
the original adipic acid. For this reaction, Nb,Os would be an
excellent catalyst as well."® Hence, the developed transamida-
tion process could potentially serve as the foundation for the
closed-loop recycling of Nylon 66.
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