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Abstract

In order to make recycling a viable strategy for post-consumer plastics, economically feasible
revalorization processes must be developed. The ammonolysis of polyamides can be such a cutting-edge
recycling technology; however, due to the rigid structure of these polyamide plastics, operating conditions
of current ammonolysis processes are harsh, including high temperatures (> 300 °C) and high NH;
pressures. Here, we report a very green and elegant ammonolysis process of the widely abundant

polyamide 66 by using a hard Lewis acid catalyst and 1 bar of NH3 in a simple glycol solvent at 200 °C.
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Computational studies revealed that especially the vicinal diol moiety of these glycol solvents plays a key
role in activation of the ammonia nucleophile, with glycerol being the most effective solvent, reaching the
depolymerization equilibrium after 20 h even without a catalyst. To our delight, a biosourced glycerol
(obtained from the saponification of triglycerides) could also directly serve as a suitable solvent, even

outperforming the ammonolysis process in highly purified glycerol.

Introduction

The great versatility, easy applicability and tunability of plastics have led to an enormous production of
plastics® and forecasted growth of the plastic market.? However, current production goes hand in hand
with the generation of large amounts of plastic waste, especially due to our embedded take-make-dispose
approach regarding consumable materials.>* To achieve a transition from the current linear plastics
economy to a desirable circular plastics economy, green and environmentally friendly recycling processes
must be developed for plastics.>” Moreover, these recycling processes should be economically feasible in
order to compete with the production of new plastics starting from virgin, petrochemical feedstocks.®
Polyamides could be used in this respect, because of the presence of secondary amide bonds in their
polymer structure, as a potential source for the production of highly valuable, (bifunctionalized) nitrogen-
rich molecules, thereby offering a definite economic incentive to recycle these polymers. Most of the
polyamide plastics are used either in the automotive, electrical or textile industry and approximately 95%
of these polymers consist of polyamide 6 (PA6) and polyamide 66 (PA66).>° Regarding recycling of
polyamides, two main approaches can be followed: mechanical recycling or chemical recycling. The
process of mechanical recycling is generally more simple and cheaper compared to chemical recycling.
However, recurring drawbacks such as a loss of molecular weight due to chain scission result in inferior
properties of the recycled polyamide compared to virgin polyamide.’* This downcycling can be
circumvented by selective degradation of the polyamides to their respective monomers, which can then

be reused in the synthesis of new polyamides. This approach is known as chemical recycling and can, in



theory, result in the complete reusability of waste polyamides.?? Chemical recycling of PA6 has been
investigated repeatedly, and different technologies provide efficient routes for recovering the monomer
g-caprolactam through pyrolysis,** hydrolysis'* or ammonolysis?®, or by applying supercritical fluids® or
ionic liquids.” However, high operational temperatures (> 250 °C), 136 high pressures® and strong acidic
or basic conditions!* often entail high energy input and operational difficulties that limit the applicability.
Chemical recycling of PA66, on the other hand, is more challenging, because PA66 polymer chains interact
more strongly with one another since each secondary amide bond participates in two strong hydrogen
bonds. As a result, PA66 possesses a rigid semi-crystalline polymer structure, which translates into a
higher tensile strength and higher melting point compared to PA6 on a macroscopic scale.’ Both the
intrinsic strength of the secondary amide bond and the resulting semi-crystalline polymer matrix pose
severe challenges for the chemical recycling of PA66, which is typically tackled by applying high
temperatures (>275 °C),14153150.19.20 high pressures,?"?3 supercritical fluids,?#?> and/or strong acidic?® or
alkaline conditions.??” In this work, the successful chemocatalytic ammonolysis of PA66 is reported,
which can be carried out under relatively mild conditions by applying a homogeneous Lewis acid La(OTf)s
catalyst and an environmentally friendly glycol solvent. In this way adipamide and hexamethylenediamine
are generated, of which the latter is a monomer of PA66, while the former can be converted to the highly
demanded adiponitrile or again to the monomer hexamethylene diamine.?®?* Compared to previous
studies on the ammonolysis of PA66 (Figure 1),°*3%3! we have developed an ammonolysis process that
operates at significantly lower temperatures and NHs pressures. In addition, it is shown that especially the
glycol solvent plays a key role in splitting of the polymer, which was supported with theoretical density
functional (DFT) studies. Remarkably, the greenness of the recycling process could be further improved
with the direct use of a biobased crude glycerol waste stream as a solvent leading to the successful

ammonolysis of PA66.
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Figure 1. Relevant literature on the ammonolysis of secondary (poly)amides.
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The rigid structure and semi-crystalline nature of polyamide 66 (PA66) imply a low accessibility of the
secondary amide bonds, which hampers the nucleophilic attack of ammonia during the ammonolysis.
Therefore, McKinney applied high temperatures (300 °C — 320 °C), which resulted in the melting of PA66
and thus in more accessible secondary amide bonds.'>*® Our first objective was to achieve the dissolution
of PA66 at milder temperatures as the secondary amide bonds might be more accessible when PAG66 is
dissolved in a solvent compared to when PA66 is present as a melt. In addition, the use of a solvent might
also facilitate the coordination of a potential catalyst to the secondary amide bond, eventually leading to

a more efficient ammonolysis. With an emphasis on green and environmentally benign solvents, ethylene



glycol was selected after a screening (details on the choice can be found in the ESI, Table S2). This solvent,
with its polar and protic properties, is able to interfere with the hydrogen bonds between the different
PA66 chains, and it can successfully dissolve the polymer at 180 °C. The second objective of this work
encompassed the chemical splitting of PA66 through a catalytic ammonolysis process. The ammonolysis
of 0.1 M PA66 was conducted in ethylene glycol in presence of 1 bar NHs at 200 °C, which resulted in 35%
of broken polyamide bonds after 20 h, as measured by liquid *H-NMR (Figure 2). All of the broken bonds
are split to form primary amines and primary amides (or derivatives); no alcoholysis products of PA66 with
ethylene glycol were observed, indicating that the large amount of ammonia in solution (18 M, ESI section
1.4) successfully suppresses the alcoholysis side reaction.®

To increase the number of broken polyamide bonds, a catalyst screening was performed, which included
homogeneous Brgnsted and Lewis acids and some heterogeneous acids (Figure 2). While the reaction
already proceeds without a catalyst, the degree of splitting is significantly increased in the presence of a
catalyst (Figure 2). Both homogeneous Brgnsted and Lewis acids enhance the ammonolysis reaction.
Brgnsted acid catalysts will likely immediately be neutralized by the ammonia excess; the formed NH,*
might assist with the protonation of the amine leaving group.3? On the other hand, Lewis acid catalysts
might facilitate the ammonolysis by coordination of the carbonyl oxygen atom. Cations like La** are in fact
hard acids and do possess a strong oxophilic character,® which results in a preferential coordination of
the cation by the carbonyl oxygen atom instead of by NHs. This interaction withdraws electron density
from the carbonyl oxygen atom, making the carbonyl carbon atom more prone to the nucleophilic attack
of NH3 as depicted in the proposed catalytic cycle in Figure 3. In presence of 5 mol% LaCls or La(OTf)s, 53
% of the polyamide bonds were broken after 20 h (Figure 2). Heterogeneous acids were generally found
to be less efficient, presumably due to steric hindrance. Only in presence of Nb,Os.nH,O, a marked
increase in the degree of splitting was achieved and 48% of the polyamide bonds were broken.

Nb,0s.nH,0 is a stable solid acid with a significant number of both Lewis and Brgnsted acid sites and might



thus assist in the ammonolysis through protonation of the amine leaving group, activation of the carbonyl

group or a combination of both.313>3¢ Further optimizations of the ammonolysis of PA66 were conducted

in presence of 5 mol% La(OTf)s.
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Figure 2. Effect of acid catalysts on the ammonolysis of PA66. Conditions: 0.1 M PA66 and 0.1 M benzyl
alcohol (internal standard) in ethylene glycol (10 mL), 5 mol% homogeneous catalyst with respect to PA66,

200 °C, 1 bar NHs, 20 h. In the case of heterogeneous catalysts, 0.1 g was applied.

- T T
Rﬁ\ \ 7
_ hNIH
z /e
T v
o' O/
\\
L)
HU_N 7
6 N—u
e\MU\
rd
rd
rd
©
=
T
NJ\R
R T T
. \ /
w o
= [id

Figure 3. Proposed reaction mechanism for the ammonolysis of a secondary polyamide bond catalyzed by

a hard Lewis acid La catalyst.



Increasing the NHs pressure, and thus the concentration of NHs in the ethylene glycol solvent, did not
significantly increase the number of broken polyamide bonds (ESI, Table S3). Increasing the reaction
temperature to 220 °C did result in an increase of the number of broken polyamide bonds to 62%;
however more side products like nitriles or imidazoles were observed by 2D NMR analyses (ESI, section 4).
Therefore, the reaction temperature was later kept at 200 °C. Changing the reaction solvent did have a
clear effect on the ammonolysis of PA66 and a significant increase in the number of broken polyamide
bonds is observed in the case of 2,2,2-trifluoroethanol (TFE) and glycerol (Figure 4). Noteworthily, the
formation of an imidazole function from the generated primary amides was not observed when glycerol
or TFE were applied as solvent.

Although TFE and tetrahydrofurfuryl alcohol are both primary alcohols, large differences are observed in
their performance as solvent for the ammonolysis of PA66, which can be attributed to their proton
donating ability, which is weak for tetrahydrofurfuryl alcohol, but very strong for TFE. This strong proton
donating ability not only assists in the dissolution of PA66, which can be achieved at room temperature in
TFE,* but might also assist in the ammonolysis of PA66 where the hydroxyl group of such an alcohol can
serve as a proton shuttle catalyst.®® However, TFE is not preferred as a solvent in this process due to its

toxicity®***° and negative environmental impact.**
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Figure 4. Effect of the reaction solvent on the ammonolysis of PA66. Conditions: 0.1 M PA66 and 0.1 M
benzyl alcohol (internal standard) in solvent (10 mL), 5 mol% La(OTf)s, 200 °C, 1 bar NH3, 6 h.

Regarding the polyfunctional alcohol solvents, ethylene glycol (19% broken PA66 bonds after 6 h)
outperforms all the other diols, except for glycerol (29% broken PA66 bonds), while the concentration of
NHs is nearly equal in both solvents (18 M, ESI 1.4). Gordon et al. observed similar solvent effects of
these polyfunctional alcohols on the ammonolysis of esters.*? They postulated that NHs is activated by a
vicinal diol through the formation of hydrogen-bonded ensembles. In addition, one of the hydroxyl groups
can also serve as a proton shuttle (vide supra). Remarkably, small changes in solvent structure have strong
effects on the reaction outcome: for instance, after 6 h, the reaction yield in glycerol is three times larger
than in 1,3-propanediol, which lacks the central alcohol group.

Since all of the molecules involved, viz. the reactants ammonia and the amide group, as well as the diol
can act both as a donor and as an acceptor of hydrogen bonds, computational studies were performed,
scrutinizing the interactions in the solvent-polyamide-ammonia complex. In particular, the systems
involving glycerol and 1,3-propanediol, the most and least favored of the investigated diol solvents
(Figure 4), were investigated. Note that instead of modeling the whole PA66 polymer, only a single amide
center was considered, where methyl groups acted as R groups (Figure 5). First, classical molecular

dynamics simulations were performed, using the GROMACS package® and OPLS-AA force field,*** and



radial distribution functions (RDFs) between different atom pairs on the molecules of interest were
calculated to obtain a reasonable estimate of the preferred orientations of the solvent around the
reactants. The predominant geometry was subsequently optimized at the B3LYP/6-31++g(d,p) level of
theory including Grimme’s D3 dispersion correction,* and a subsequent NCI calculation*” was conducted
using the NClplot4 program (ESI, section 8).*® Figure 4 compares the non-covalent interactions in the
amide-ammonia-glycerol complex (left) with those in the amide-ammonia-1,3-propanediol complex
(right). A color gradient is used to distinguish strong non-covalent interactions with some covalent
character, like hydrogen bonding (blue), from weaker van der Waals type interactions, such as dispersion
(green), and destabilizing interactions (red), if any.

It can be seen that in both cases a hydrogen bond is formed between the outer hydroxyl group (-CH,-OH)
of the solvent molecule and ammonia’s nitrogen atom as H-bond acceptor (Figure 5b, ®). Additionally,
ammonia interacts with the amide’s oxygen atom through a hydrogen bond-like interaction with the
carbonyl group as hydrogen bond acceptor and NHsz as hydrogen bond donor (@). Moreover, the relatively
abundant green isosurfaces reveal that van der Waals interactions dominate the interaction between the
compounds (®). An important difference between the glycerol complex and the 1,3-propanediol complex
is highlighted when zooming in on the interaction between ammonia and the central section of
glycerol/1,3-propanediol (®). In this region, the van der Waals interaction occurring in the glycerol
complex is (much) more pronounced than in the complex with 1,3-propanediol moiety. This is evidenced
by bigger peaks at a higher density in the 2D NClI plot (Figure 5a), and a larger reduced gradient isosurface
in the three-dimensional representation (Figure 5b). These findings indicate that the central OH group in
glycerol enables a stronger polarizing interaction with NHs; such an additional interaction is absent in the
1,3-propanediol complex. This is also supported by the radial distribution function of glycerol’s inner
oxygen atom with respect to ammonia’s nitrogen atom, shown in Figure 6. The peak at a distance of 0.30

nm indicates that there is a clear preferred distance between those atoms as a result of the van der Waals



interaction between them, hindering free rotation around the C—C bond in glycerol, thus underlining the
significance of this relatively weak non-covalent interaction. The vicinal hydroxyl structure thus appears
crucial in enhancing the activation of the ammonia nucleophile through the formation of a true hydrogen
bond on one end, and enhanced stabilization through polarizing Van der Waals interactions on the other
end. In addition, when looking at this stable ground state ensemble, it is clear that the nitrogen of the
ammonia molecule is well-positioned to perform the nucleophilic attack on the carbonyl carbon atom
(Figure 7). It follows that glycerol, having two concatenated vicinal OH groups, is better at facilitating the
nucleophile attack than ethylene glycol, a single vicinal diol. Glycerol is also superior to 1,2-propanediol,
a similar scaffold but with an additional methyl group impeding the substitution reaction, and 1,3-

propanediol which contains only isolated OH groups.
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Figure 5. 2D plot of s vs. sign(A2)p (top) and 3D reduced gradient isosurfaces (bottom) for the amide-
ammonia-glycerol complex (left) and the amide-ammonia-1,3-propanediol complex (right) with focus on
the interaction between ammonia and the middle region of the solvent molecule pointed at by the black
arrow. (isovalue = 0.5 a.u., b3lyp/6-31++g(d,p) GD3 level). Blue = nitrogen, red = oxygen, grey = carbon,
white = hydrogen.
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Figure 7. Main molecular interactions between ammonia-amide-glycerol during the nucleophilic attack of
ammonia’s nitrogen atom on the carbonyl group of the secondary amide.

Gel permeation chromatography (GPC) was used to determine the polymer dispersity and molar mass
distribution of the virgin PA polymer and two reaction mixtures after ammonolysis in ethylene glycol and
glycerol, respectively (ESI, Figure S7). A clear shift is observed in the elution profile from a unimodal peak
for PA66 to a significantly broader peak at higher elution volumes in the GPC chromatogram. For both
glycerol and ethylene glycol a random chain scission is expected, explaining the random distribution at
lower molecular weight (ESI, Figure S8).

Subsequently, the ammonolysis of PA66 was investigated over time in ethylene glycol and glycerol, with
or without La(OTf); as a Lewis acid catalyst (Figure 8). Whereas the addition of La(OTf); has a positive
effect when ethylene glycol is applied, this enhancement becomes almost negligible with glycerol as the
solvent: in presence of 5 mol% La(OTf); in glycerol, 69% of polyamide bonds were broken after 20 h, while

without La(OTf); already 66% of the polyamide bonds were broken. Extending the reaction time for up to
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72 h did not result in a significant increase of broken PA bonds, indicating that the equilibrium in the
ammonolysis of PA66 has been reached under these conditions. To confirm this, the reverse reaction was
studied starting from hexamethylene diamine and adipamide, resulting in 68% of primary amines after
20h (ESI, Table S5). Finally, since glycerol could on its own serve as a suitable solvent for the ammonolysis
of PA66 in the absence of a Lewis acid catalyst, it can be argued to further improve the greenness of this
reaction using a crude glycerol solvent obtained directly from a biorefinery process (e.g. the saponification
of triglycerides). The use of lower grade glycerol would clearly be beneficial for the overall reduction of
energy intensive purifications by finding a direct use for current biomass waste streams.*® In addition, the
use of crude glycerol could result in better processability, since the presence of water (up to 20 wt%)
results in a significant drop in viscosity (Ngycerot = 1410 MPa*s VS Ncrude giycerol = 56 MPa*s at room
temperature; ESI, section 1.8). The use of industrial waste glycerol results in the same thermodynamic
equilibrium, with 68% of the polyamide bonds broken after 20 hours (Figure 8, green). Remarkably, the
ammonolysis of PA66 in the crude glycerol solvent clearly surpasses the ammonolysis in pure glycerol at
shorter reaction times, making it the best performing system hitherto. A possible explanation for the
increased reaction rate, lies in the subtle differences in composition of the crude glycerol. The presence
of a significant fraction of water not only lowers the viscosity of the solvent, but may also lead to a faster
ammonolysis: water molecules can accelerate the dissolution of PA66, since these molecules might aid in
interfering with the intermolecular hydrogen bonds between the different PA66 polymer chains. In
addition, water molecules can also assist in the proton rearrangements that have to take place during the
ammonolysis of a secondary amide bond. Evidently, this would only marginally change the overall

thermodynamics of the reaction and therefore after 20h the expected equilibrium is achieved.
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Figure 8. Number of broken polyamide bonds with time for different solvent systems. Conditions: 0.1 M

PA66 and 0.1 M benzyl alcohol (internal standard) in glycol solvent (10 mL), 200 °C, 1 bar NHs. For the
systems including a catalyst, 5 mol% La(OTf); was applied.

The yield of hexamethylene diamine (HMD) was compared to the best results reported in literature on
the ammonolysis of PA66 (ESI, Table S6).1°*%3! The best performing systems in literature reported a HMD
yield around 40%,*® which was clearly met and surpassed since this work reached the overall
thermodynamic equilibrium for the ammonolysis of PA66, by applying a lower reaction temperature,
significantly less ammonia and crude biomass waste streams as the active solvent. This reduces several

operating costs, energy consumption and improves the overall greenness of PA66 chemical recycling.

Conclusions

In short, we have developed a new approach for the chemical recycling of polyamide 66 via a sustainable
and green ammonolysis process that can operate at mild reaction conditions in simple glycol solvents.
Even in absence of a catalyst and with a crude glycerol solvent, directly obtained from a biorefinery
process, 68% of the polyamide bonds were broken after 20 h of reaction time. To explain the high
reactivity in these glycol solvents, computational studies were invoked which clearly illustrated that a
vicinal diol moiety is essential for an efficient ammonolysis of the secondary amide bond. Due to

equilibrium limitations, a higher number of broken polyamide bonds could not be achieved. Therefore,
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subsequent research should focus on circumventing these limitations by for instance evaporation of the
hexamethylenediamine monomer once the equilibrium is reached, or by linking the ammonolysis of
polyamide 66 to a subsequent (in situ) hydrogenation of the generated primary amides. As such,
continuous depolymerization of polyamide 66 to hexamethylene diamine (and adipamide) should be

feasible.
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