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ABSTRACT: We report on a simple and efficient chemical recycling process for o o .
aliphatic polyamides (PA 66, PA 1010, PA 11, and PA 12), whereby PAs are Polyamide HOAQ:U\OH E
converted exclusively into their constituent monomers even in the presence of g 9 +
reinforcement additives, such as carbon- and glass-fibers. In this process, the rate of

ﬂ/\ﬁf\ﬂ x _Ho HNY N, E
PA hydrolysis reaction, performed under microwave irradiation in the presence of noRO MW *
HCI as an acid catalyst, depends on the PA type, the HCl/amide mole ratio, and the * ]
type and amount of reinforcement additives. PA 66 is completely converted into the Relnforcement E
constituent monomers at 200 °C and a 1.25 HCl/amide mole ratio in 10 min. Long- :
chain PAs (PA 11, PA 12, and PA 1010) and PAs containing glass- or carbon-fiber
reinforcement additives need at the same experimental conditions longer reaction times. Alternatively, they can be completely
hydrolyzed at 200 °C within a comparable reaction time at a higher HCl/amide mole ratio of 2.5. Complete and straightforward
conversion of PAs into the constituent monomers in the absence of side reactions simplifies the isolation and purification of
monomers and reinforcement additives, which have been recovered in high yields and quality comparable to those of commercially

available chemicals.
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B INTRODUCTION

Increasing production of plastic waste presents an ever-
growing environmental issue because most of it ends up in
landfills or is incinerated to recover at least a part of its value in
the form of energy. To alleviate the impact of plastic waste on
the environment, new recycling methods are being continu-
ously developed."” Mechanical recycling is already well
established; however, after a certain number of reprocessing
cycles, a decrease in the quality of recycled products has been
observed, mainly due to the thermomechanical degradation of
polymer chains.” Alternatively, polymer waste is converted to
teedstock for monomers, fuel production, or other value-added
products and intermediates by chemical 1‘ecycling,4_6 where
the main challenge is to make the depolymerization processes
economically viable.”

Polyamides (PAs) are a class of polymers suitable for
chemical recycling, with PA 6 and PA 66 being the most
commonly studied and recycled on an industrial scale already.
The amide group in the PA backbone is stable enough to make
PAs useful in various application fields ranging from fibers in
carpets and textiles, engineering plastic in automotive,
electrical, electronic, and construction industry to packaging
and coating sectors. On the other hand, PAs can undergo
depolymerization by different degradation agents, such as
water, ammonia, or alcohols/glycols in combination with
various catalysts, facilitating the depolymerization pro-
cesses.” " Most of the studies address the depolymerization
of PA 6 with the aim to recover the cyclic e-caprolactam
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(CPL) monomer, which is then isolated by distillation. For
PAs prepared from dicarboxylic acids and diamines (PA 66 and
PA 1010) or long-chain amino acid monomers (PA 11 and PA
12), complete depolymerization is preferred because oligomers
are difficult to separate from monomers. Partially depoly-
merized PA mixtures are more suitable for less demanding
applica}‘iions, for example, as curing agents for phenolic
resins.

For complete depolymerization of PAs into the constituent
monomers, extreme reaction conditions and long reaction
times are usually required, which inadvertently lead to
undesired side products, again complicating the purification
steps. Such processes often prove to be economically
unfeasible due to the low yields of recovered monomers.
Chen et al. were able to recover CPL from PA 6 in 78% yield
by hydrolysis at 300 °C in 85 min reaction time using
phosphotungstic heteropolyacid as a catalyst, with 6-amino-
caproic acid and water-soluble oligomers being the main side
products.'” Similar results were reported by Huang et al. for
hydrolysis of PA 6 at 354 °C for 7S min in the absence of a
catalyst, whereby the final reaction mixture consisted of a large
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amount of residual oligomers."> Further increase in the
reaction temperature to 400 °C led to a decreased CPL yield
due to its decomposition.'* PA 66 degradation in supercritical
water at 380 °C and 28 MPa for 30 min resulted in complete
decomposition of hexamethylene diamine (HMDA) into
cycloheptylamine, while adipic acid (AA) was partially
converted to cyclopentanone.”” Kamimura et al. developed a
method for direct conversion of PA 6 into the CPL monomer
using supercritical iPrOH. Complete degradation of amide
bonds was achieved in 1 h at 350 °C or in 4 h at 330 °C;
however, the resulting reaction mixture consisted of several
constituents, the share of which depended on the reaction
conditions used.'® Hommez et al. examined glycolysis of PA 6
in ethylene glycol (EG) as a decomposition agent and H;PO,
as an acid catalyst. In this way, PA 6 was converted into CPL
and linear oligomers terminated with free and EG esterified
carboxyl groups.'” Glycolysis of PA 66 with EG for 1.5 h at
normal pressure and temperature of 190 °C in the presence of
diammonium hydrogen phosphate as a catalyst resulted in
incomplete degradation. Thus, the obtained mixture of
glycosylates was used as a substitute for commercial polyols
in the synthesis of polyurethanes.'® PA-based waste was also
transformed into hydroxyalkanoates or a mixture of diols and
diesters in supercritical MeOH at 330 °C."”~*' Ammonolysis,
on the other hand, enables conversion of both PA 6 and PA 66
simultaneously to HMDA by transformation of carboxylic
groups via the amides to nitrile groups, which are then
hydrogenated to the final amine groups.”>**

Because depolymerization processes of PAs demand high
reaction temperature, microwave heating, allowing for reduced
energy consumption and shorter reaction times compared to
the processes based on conventional heating, is becoming
increasingly attractive.””*® The advantage of microwave
heating is reported in a study dealing with PA 6 hydrolysis,
where after 15 min of microwave irradiation at 200 W
(temperature logarithmically increased to a maximum value of
300 °C) in the presence of H;PO, as a catalyst, more than 90%
of PA 6 was converted into the water-soluble oligomers and 6-
aminocaproic acid.”®> Microwave-assisted depolymerization of
PA 6 was also performed in acetic acid with a catalytic amount
of 4-dimethylaminopyridine at 250 °C for 15 min. The
resulting N-acetylcaprolactam was further transformed into
CPL by a transfer of the acetyl functionality to 2-amino-
ethanol.”® PA 6 depolymerization in hydrophilic ionic liquids
using N,N-dimethylaminopyridine as a catalyst resulted after 1
h of microwave heating at 300 °C in 55% CPL yield.”’

Acid-catalyzed hydrolysis of PA 6 below 200 °C results
almost exclusively in water-soluble acyclic 6-aminocaproic acid
and, depending on reaction conditions, also in oligomers.zg’29
Since PA 6 is synthesized by ring-opening polymerization of
CPL, additional steps are required to cyclize 6-aminocaproic
acid, making the depolymerization pathways resulting in direct
CPL formation economically more viable. On the other hand,
exclusive formation of linear monomers in depolymerization of
PA 66, PA 1010, and PA 11 is preferential, considering that
these PAs are synthesized by polycondensation. An exception
is PA 12, prepared from dodecanolactam via a cyclo-
trimerization of butadiene. However, due to the low ring
strain of dodecanolactam, a prepolymer is prepared first at high
temperature by addition of water and acid catalyst,” indicating
that a similar polycondensation synthetic route as the one used
for PA 11 synthesis is also viable for the linear 12-dodecanoic
acid (12-ADDA) monomer.
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Here, we report on a simple and efficient recycling process
for converting different types of aliphatic PAs (PA 66, PA
1010, PA 11, and PA 12) into their constituent monomers.
PAs were hydrolyzed under microwave irradiation using
hydrochloric acid (HCl) as an acid catalyst. Complete and
straightforward hydrolysis of PAs into the constituent
monomers was used by our group to develop a method for
the quantitative determination of PA 6 and/or PA 66 in
postconsumer wastes.”* Complete conversion of PAs into the
constituent monomers facilitates their isolation and purifica-
tion, which consequently results in high yields and purity of
recovered monomers. Furthermore, the influence of reinforce-
ment additives, such as carbon- and glass-fibers, on the PA
depolymerization process has been studied, as well as a
possibility to recycle the reinforcement additives.

B EXPERIMENTAL SECTION

Materials. A list of PA samples, which were received in the form of
pellets (4.2 X 3.4 X 2.7 mm? average size), is collected in Table 1. The

Table 1. PAs Used for Depolymerization Experiments

sample composition trade name supplier
PA 66 PA 66 Sigma-
Aldrich
PA 66-GF;;  PA 66 containing 35 wt % Kordsa,
glass-fibers Turkey
PA 11 PA 11 Rilsan KNO  Arkema,
France
PA 11-CF;,  PA 11 containing 30 wt % Rilsan BSR  Arkema,
carbon-fibers 30 France
PA 11-GF;, PA 11 containing 30 wt % Rilsan BZM  Arkema,
glass-fibers 30 O TLD France
PA 12 PA 12 Rilsamid Arkema,
AECHVO France
PA 12-GF5,  PA 12 containing 50 wt % Rilsamid Arkema,
glass-fibers and black AZM S0 France
pigment black
PA 1010 PA 1010 Rilsan Arkema,
TMFO F France

37% HCIl used for preparation of HCI solutions of lower
concentrations for PA degradation experiments was purchased from
Sigma-Aldrich. Sodium hydroxide (NaOH, Honeywell Fluka) was
used for neutralization of reaction mixtures composed of diacid and
diamine dihydrochloride. Ethanol (EtOH, 99.9%, Carlo Erbo, Italy)
was used for recrystallization of diacid and amino acid hydrochloride
monomers recovered from PA composite materials. AA (>99.5%,
Sigma-Aldrich) and sebacic acid (SA, 99%, Sigma-Aldrich) were used
for comparison of their properties with those of recycled monomers.
11-Aminoundecanoic acid (11-AUDA) and 12-ADDA (11-AUDA >
99%, 12-ADDA > 98%, both Sigma-Aldrich) were used to prepare 11-
aminoundecanoic acid hydrochloride (11-AUDAxHCI) and 12-
dodecanoic acid hydrochloride (12-ADDAxHCI), respectively, the
properties of which were compared to those of recycled monomers.
HMDA and 1,10-decanediamine (1,10-DDA) monomers (HMDA
and 1,10-DDA > 98%, both Sigma-Aldrich) were freshly distilled on a
Kugelrohr short-path distillation apparatus (Glass oven B-58S
Kugelrohr, Biichi, Switzerland) and then used for comparison of
their properties with those of recycled monomers. Acetonitrile (ACN)
from Honeywell, Riedel de Haen, Chromasolv, HPLC gradient grade,
>99.9%; trifluoroacetic acid (TFA) from ACROS Organics, >99.5%;
or formic acid (FA) from Honeywell, >99%, were used as received for
preparation of mobile phases. Water was purified using a Milli-Q
reverse osmosis system (Millipore, Watford, UK) to obtain MQ water
(MQ) with typically 18.2 MQ cm resistivity and < 4 ppb carbon.
Microwave-Assisted Depolymerization Process. PA depoly-
merizations were carried out in 30 mL glass vials sealed with PTFE-
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coated silicone septa, which were mounted in a laboratory microwave
reactor Monowave 400 (Anton Paar GmbH, Austria) equipped with
temperature and pressure sensors as well as a video camera. In a
typical depolymerization procedure, PA pellets and a magnetic stirring
bar were put into the glass vial, which was then filled with 8 mL of
HCI solution, prepared by diluting 37% HCI with MQ_ water. The
mole ratio between HCI and amide groups in the PA backbone was
varied by HCI concentration or PA weight. To prevent overheating,
the reaction mixtures were heated to a predetermined temperature
gradually in 5 min. When the reaction temperature had been reached,
it was kept constant for the whole duration of the experiment by a
minimal microwave power input required. After the depolymerization
experiment had been completed, the reaction vessel was rapidly
cooled down by a stream of compressed air (Figure S1). Because of
the microwave reactor design, it was not possible to take aliquots from
the reaction mixture during the reaction. Therefore, the course of
reaction was followed by performing identical experiments with
different depolymerization times. Reaction mixtures used to
determine the PA degradation degree at different depolymerization
times were transferred into 100 mL round-bottom flasks to remove
solvent on a rotary evaporator. Thus-obtained solid residues were
further dried at S0 °C in a vacuum oven for 12 h. Dried PA
hydrolysates were further homogenized in a mortar. Afterward, the
dry reaction products were analyzed by 'H NMR and HPLC on a
reversed-phase C18 column.

Isolation and Purification of Recycled Monomers. Reaction
mixtures consisting of water-insoluble reinforcement additives
(carbon- or glass-fibers) were reheated to 80—95 °C to dissolve the
monomer(s). Then, they were filtered through a glass fritted funnel to
remove insoluble sample constituents.

PA 66 and PA 1010. The reaction mixtures were cooled to 0 °C to
precipitate diacid monomers, which were then isolated by filtration
using a glass fritted funnel and washed with cold water. The diacid
monomers were recrystallized twice from water (yields: AA, 90%; SA,
89%). Diamine monomers were isolated from the filtrates, which were
first concentrated on a rotary evaporator. Solid NaOH was then
added to the concentrated filtrates to reach the pH of 12—13.
Afterward, the residual water was removed by vacuum distillation at
110 °C and 290 mbar on a Kugelrohr distillation apparatus, followed
by distillation of HMDA or 1,10-DDA by slowly increasing the
temperature to 140 or 160 °C and reducing the pressure to 70 or 50
mbar (HMDA yield, 86%; 1,10-DDA vyield, 78%).

PA 11 and PA 12. The reaction mixtures were cooled to 0 °C to
precipitate the amino acids, which were then isolated by filtration
using a glass fritted funnel and washed with cold water. The recycled
11-AUDAxHCI and 12-ADDAxHCI monomers were further purified
by recrystallization from water (11-AUDAxHCI vyield, 93%; 12-
ADDAXHCI yield, 97%).

Diacids and amino acid hydrochlorides recovered from the PA-
based composites were additionally recrystallized from EtOH between
the two recrystallizations from water to remove the trace amounts of
impurities originating from the modified fibers and/or additives
present in PA-based composites.

Determination of the PA Degradation Degree. The degree of PA
degradation was determined from 'H NMR spectra of dried reaction
mixtures, which were recorded at room temperature in DMSO-dg
with added TFA on a DD2 600 MHz instrument (Agilent
Technologies). If reaction mixtures were not completely soluble in
DMSO-d, due to the presence of oligomers, their 'H NMR spectra
were recorded in hexafluoroisopropanol (HFIP) using deuterated
benzene (C4D4) as an inset. The degree of PA degradation was
assessed from the signal integrals of the methylene group next to the
carbonyl of the amide bond (—CH,CONH=-) of the oligomers and
the methylene group next to the carboxyl (—CH,COOH) functional
group of the monomer according to eq I:

PA degradation degree (%)
I[-CH,COOH]
= X 100
I[—CH,COOH] + I[-CH,CONH-] (1)

The presence of oligomers in PA hydrolysates was also assessed by a
reversed-phase HPLC on an Agilent Zorbax Eclipse XDB C18 column
(4.6 x 150 mm?; § um, Agilent Technologies). The chromatographic
system consisted of an Agilent 1100 Series binary pump equipped
with the model 7725i Rheodyne (Bensheim, Germany) manual
injector and an evaporative light-scattering (ELS) detector (Agilent
Technologies). The mobile phase used was a gradient of ACN as
solvent A and MQ_containing 1 vol % ACN and 0.1 vol % FA as
solvent B. Linear gradient of the mobile phase composition ran from
A/B 1/99 (v/v) to A/B 30/70 (v/v) in the first 20 min for PA 66 and
from A/B 1/99 (v/v) to A/B 40/60 (v/v) in the first 15 min for PA
11 and PA 1010. Then, an isocratic elution was held for 5 min, after
which the gradient was restored back to the initial A/B ratio. For
HPLC measurements on the RP-C18 column, 10 mg of dry and
homogenized hydrolysate was dissolved in 10 mL of the mobile phase
of the starting composition (A/B = 1/99; v/v) during constant
stirring for at least 2 h. Afterward, the solution was filtered if
necessary. The injection volume of thus-prepared solutions onto the
column was 15 yL. The mobile phase was delivered at a flow rate of
0.5 mL/min. The column temperature was 30 °C, and the
temperatures of the evaporator and nebulizer of the ELS detector
was set to 50 °C.

Characterization of Recovered Monomers and Reinforce-
ment Additives. Isolated monomers were characterized by 'H and
3C NMR spectra, FTIR, HPLC, and determination of melting point
(T,). "H and *C NMR spectra of monomers were recorded at room
temperature in DMSO-ds with added TFA and DMSO-d,
respectively, on a DD2 600 MHz instrument. FTIR transmittance
spectra were recorded on an FTIR spectrometer Spectrum One
(Perkin-Elmer, Waltham, MA) in an ATR mode in the spectral range
from 400 to 4000 cm™" with a 4 cm™" spectral resolution. Purity of AA
and SA compared to the commercially available diacids was
determined by a reversed-phase HPLC on an Agilent Zorbax Eclipse
XDB C18 column using an Agilent Technologies chromatographic
system equipped with a binary pump and an Agilent 1260 Infinity UV
detector operating at a wavelength of 210 nm. The mobile phase used
was a gradient of ACN as solvent A and MQ containing 1 vol % ACN
and 0.1 vol % TFA as solvent B. In the first 10 min, a linear gradient
of the mobile phase compositions ran from A/B 1/99 (v/v) to A/B
30/70 (v/v) for AA and from A/B 20/80 (v/v) to A/B 40/60 (v/v)
for SA. Then, isocratic elusion was held for 2 min, after which the
gradient was restored back to the initial value (v/v). The mobile
phase was delivered at a flow rate of 0.5 mL/min. Solution
concentrations of AA and SA monomers were typically 0.5 and 0.1
mg/mL, respectively, while the injection volume was 100 yL. Purity of
HMDA and 1,10-DDA compared to the freshly distilled commercially
available diamines was determined on a Primesep 100 analytical
column (4.6 X 150 mm? § um, SIELC Technologies). The mobile
phase consisted of MQ/ACN/TFA in a volume ratio of 60/40/0.27
and was supplied at a flow rate of 1 mL/min. Purity of recovered 11-
AUDAXHCI and 12-ADDAxHCI was determined compared to the
amino acid hydrochlorides prepared from the commercially available
11-AUDA and 12-ADDA. For this purpose, HPLC measurements
were performed on a Primesep 200 analytical column (4.6 X 150
mm?% § pm, SIELC Technologies). The optimal mobile phase
composition was MQ/ACN/TFA in a volume ratio of 70/30/0.2 and
was delivered at a flow rate of 1 mL/min. Isocratic HPLC
measurements on the Primesep columns were performed using an
Agilent Technologies chromatographic system equipped with an
isocratic pump, a column heater, and an Optilab rEX RI detector
(Wyatt Technology Corporation). The column temperature was 30
°C, and the temperature of the RI detector was set to 35 °C.
Monomers were dissolved in the appropriate solvent at a
concentration of 1 mg/mL, while the injection volume of the sample
solutions onto the columns was 50 uL. For each HPLC method, a
good linear relationship was observed between the area under the
monomer peak in the chromatogram and the concentration of
commercially available diacids, diamines, or amino acid hydro-
chlorides as indicated by the correlation coefficients approaching
unity and low values of the line intercepts at the y-axis. HPLC
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Scheme 1. Degradation of PAs to Dicarboxylic Acid (1: AA or SA) and Diamine Dihydrochloride (2: HMDAx2HClI or 1,10-
DDAx2HCI) or to Amino Acid Hydrochloride (3: 11-AUDAxHCI or 12-ADDAxHCI) by Hydrolysis Using HCI as a Catalyst
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methods were used to determine the purity of the recovered
monomers using an external standard calibration method. For this
purpose, commercial diamines were freshly distilled, amino acids were
transformed into hydrochloric salts, and diacids were dried in a
vacuum oven until constant weight. T, values of recovered monomers
were determined by a Leica Galen III melting point apparatus
(Wetzlar, Germany) and are reported uncorrected.

The morphology of recovered reinforcement additives was
investigated by SEM on an HR-SEM Zeiss Ultra plus instrument
(Carl Zeiss, Germany). TGA measurements were performed on a
TGA/DSC 1 thermogravimetric analyzer (Mettled Toledo, Switzer-
land) at a heating rate of 10 °C min™" from 50 to 600 °C in a nitrogen
atmosphere. At 600 °C, the atmosphere was switched to oxygen (20
mL/min) and the samples were further heated to 1000 °C at the same
heating rate.

B RESULTS AND DISCUSSION

Complete Degradation of Aliphatic PAs into the
Constituent Monomers. In this work, aliphatic PAs are
completely depolymerized by microwave-assisted hydrolysis
using HCI as an acid catalyst to obtain the dicarboxylic acid
and diamine monomers from PA 66 and PA 1010 or the amino
acid hydrochlorides from PA 11 and PA 12 after isolation
(Scheme 1). Heating of reaction mixtures was performed by
microwave irradiation because direct heating was shown to be
more efficient than indirect one using conventional heating.

In a first set of experiments, the effect of the mole ratio of
HCl to the amide bonds in the PA backbone on the
degradation rate of PA 66 at the temperature of 200 °C was
studied. "H NMR spectra of completely depolymerized PA 66
recorded in DMSO-d, with added TFA are typical for mixtures
of AA and protonated HMDA. Incompletely depolymerized
reaction mixtures show additional signals at 3.03 and 2.06
ppm, corresponding to the protons of the methylene groups
near the amide bond of oligomers, ie, —CH,NHCO—- and
—CH,CONH-—, respectively (Figure 1). The degree of
degradation was evaluated from the peak integrals of the
methylene group beside the carbonyl group (—CH,CONH-)
of PA oligomers and the methylene group beside the acid
functional group of the AA monomer (—CH,COOH)
according to eq 1. At the equimolar ratio of HCI to the
amide groups, the depolymerization of PA 66 was fast, as
indicated by 95.6% degree of degradation after a reaction time
of S min (Table 2; entry 4, Figure 1). Although the reaction
time was extended to 40 min, there was still ~1% oligomers
present in the reaction mixture (Table 2; entry 6, Figure 1).
When 0.5 equiv of HCI to the amide bonds had been used, 'H
NMR spectra recorded in HFIP reveal 50.8% degree of
degradation after S min, which did not improve significantly
even after 40 min reaction time (Table 2; entries 1 and 3,
respectively). These results show a significant effect of the

HCl/amide = 1
5 min c

c\.

HCl/amide =1
40 min

VU U

HCl/amide = 1.25
10 min

L J UL

T T
3.0 25 2.0 1.5
5 (ppm)

Figure 1. 'H NMR spectra of dried reaction mixtures after
depolymerization of PA 66 at 200 °C and different mole ratios of
HCI to the amide bonds after different reaction times. Methylene
groups of monomers and oligomers are assigned in the spectra
(denoted a-e and a*-e*). Arrows indicate nonoverlapping methylene
groups (a* and c*) specific for oligomers.

HCl/amide mole ratio on the rate of PA depolymerization.
Namely, HCI not only serves as a catalyst for the PA hydrolysis
reaction, where it protonates the amide groups to facilitate the
attack of water on the carbonyl carbon, but also is consumed
during depolymerization for the protonation of the formed
amine groups. Therefore, ensuring a sufficient amount of acid
is crucial for complete PA degradation, and in this respect, HCI
is a suitable acid due to its accessibility and low cost. For
complete PA 66 degradation, 1.25 excess of HCI per amide
group was used. After S min reaction time at 200 °C, only a
trace amount of oligomers was still visible in the '"H NMR
spectrum of this reaction mixture, and a complete PA 66
degradation was observed after 10 min (Table 2; entries 12
and 13). Two times diluted acid solution at a reduced sample
amount, and thus an unchanged HCl/amide mole ratio (1.25),
resulted in a comparable degree of PA 66 degradation after
reaction times of 5 and 10 min (Table 2; entries 14 and 15,
Figure 1), indicating efficient PA depolymerization even in
more diluted acid.

Next, the effect of temperature on PA 66 depolymerization
was studied at 1.25 mol equiv of HCI per amide bond. In
contrast to PA 66 degradation at 200 °C, where the pellets
completely dissolved when the reaction temperature had been
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Table 2. Reaction Conditions for Microwave-Assisted, Acid-Catalyzed Hydrolysis of Aliphatic PAs in the Presence and

Absence of Reinforcement Additives”

entry sample m(PA) (g) %
1 PA 66 5.03 0.5
2
3
4 5.03 1
S
6
7 4.00 1.25
8
9
10
11
12
13
14 2.00 1.25
15
16 PA 66-GFs 6.18 125
17 3.09
18
19 4.00 1.92
20 PA 11 3.27 1.25
21
22
23 3.27 2.5
24
25
26
27 PA 11-GFs, 2.33 25
28
29 PA 11-CFy, 233 2.5
30
31
32 PA 12 3.51 2.5
33
34
35 PA 12-GFy, 3.51 S
36
37 PA 1010 3.00 2.5
38
39
40

irradiation conditions

c(HCI) (g/mol) T (°C) t (min) degree of conversion (%)
2.27 200 S 50.8
20 54.1
40 54.7
5.56 200 S 95.6
20 98.3
40 99.1
5.56 170 35" 80.9
S 87.9
10 95.2
20 99.4
30 100
200 N 99.9
10 100
2.27 200 S 99.7
10 100
5.56 170 60 95.2
227 200 10 99.8
15 100
5.56 200 10 100
2.27 200 S 64.9
20 94.9
40 100
5.56 200 S 92.7
6 982
7.5 99.3
10 100
2.27 200 10 99.6
15 100
2.27 200 10 98.6
15 99.5
20 100
5.56 200 S 86.9
65" 98.7
10 100
5.56 200 10 99.4
15 100
5.56 200 7.5" 94.7
10 96.2
15 99.7
17 100

“Volume of the HCI solution was 8 mL in all experiments. "Reaction time when all pellets were dissolved at the selected reaction temperature.

reached (reaction time 0 min), it took 3.5 min for complete
dissolution of PA 66 pellets at 170 °C, where 80.9% degree of
degradation was determined (Table 2; entry 7). Complete
hydrolysis of PA 66 at 170 °C was achieved in 30 min (Table
2; entry 11). '"H NMR results are supported by HPLC results,
where the chromatograms of incompletely hydrolyzed reaction
mixtures show, beside the characteristic peaks of AA and
HMDA, also the additional ones corresponding to the PA 66
oligomers, the intensity of which decreases with prolonged
depolymerization time (Figure 2). The presence of oligomers
in the final reaction products complicates the isolation of the
AA monomer because oligomers coprecipitate with AA upon
cooling. Due to this reason, a complete degradation of PA 66
to the constituent monomers is essential. Furthermore, even at
a prolonged reaction time of 60 min at 170 or 200 °C, no
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additional signals were observed in 'H NMR spectra of
reaction products, indicating straightforward PA depolymeriza-
tion into the constituent monomers without formation of any
side products (e.g,, cycloheptylamine, cyclopentanone, alkene),
which are commonly formed during depolymerization of PA
66 or PA 12 in supercritical fluids.">"*~*"
Microwave-assisted, acid-catalyzed hydrolysis was also
applied for the degradation of long-chain aliphatic PAs (PA
11, PA 12, and PA 1010). PA 11 and PA 12 are synthesized
from 11-AUDA and 12-ADDA amino acids, respectively, while
PA 1010 is synthesized from long-chain diacid (SA) and
diamine (1,10-DDA). PA 11 was first depolymerized under the
same experimental conditions as they were determined to be
optimal for PA 66 (Table 2; entry 15). Compared to PA 66,
the depolymerization of PA 11 was significantly slower as
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Figure 2. (Left) HPLC chromatograms and (right) enlarged 'H
NMR spectra of dried reaction mixtures obtained by acid-catalyzed
hydrolysis of PA 66 under microwave irradiation at 170 °C and a 1.2
HCl/amide mole ratio after different reaction times.

indicated by only 64.9% degree of degradation after S min
reaction time at 200 °C (Table 2; entry 20), whereby solid
pellets were still present in a turbid reaction mixture. Full
degradation of PA 11 was achieved after 40 min (Table 2;
entry 22), which is a four times longer reaction time than that
necessary to completely degrade PA 66. For complete
hydrolysis of long-chain PAs into the constituent monomers
within a comparable reaction time as it was needed for PA 66,
larger equivalents of acid to the amide bonds were used. At the
HCl/amide mole ratio of 2.5 instead of 1.25, only 10 min
reaction time at 200 °C was necessary to completely
depolymerize PA 11 (Table 2, entry 26, Figure 3) and PA

-CH,NH, pmso -CH,COOH

-CH,CONH-
D"“e' ~CH,NHCO- H,co

6 min
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Figure 3. (Left) Enlarged HPLC chromatograms and (right) enlarged
'"H NMR spectra of dried reaction mixtures obtained by acid-
catalyzed hydrolysis of PA 11 under microwave irradiation at 200 °C
and a 2.5 HCl/amide mole ratio after different reaction times.

12, while PA 1010 required 17 min (Table 2; entries 34 and
40, respectively). The ability of a particular PA to
depolymerize into the constituent monomer(s) depends
mainly on the length of the alkyl segments between the
adjacent amide bonds since it defines the PA polarity and thus
the effectiveness of PA hydration by water.*’" Generally,
longer alkyl segments between the amide bonds result in less
polar PAs, which are more resistant to chemicals and have a
lower tendency toward hydrolysis. Other important parameters
are the T, degree of crystallinity, and density of PA, which are
defined by the ability of PA to form intermolecular hydrogen
bonds between amide groups.” Because of the low density of
long-chain PAs, the pellets float on the top of reaction
mixtures, while on the other hand, PA 66 pellets of higher
density sink to the bottom of the microwave vial. For this
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reason, effective stirring of the reaction mixtures during PA
hydrolysis is essential. Longer reaction times needed for
complete conversion of long-chain PAs are also connected with
the longer times required for the pellets of PA 11, PA 12, and
PA 1010 (Table 2, entries 24, 33, and 37) to completely
dissolve. Slower degradation of long-chain PAs is most likely
also associated with a poor solubility of oligomers that remain
on the surface of the pellets until more soluble monomer is
formed. The depolymerization of long-chain PAs therefore
proceeds mainly on the interface between the pellets and
water, while in the case of PA 66 soluble oligomers
depolymerize mainly in solution.

Because one of the goals of chemical recycling is to recycle
the composite materials,”’ we investigated the impact of
reinforcement additives (glass- and carbon-fibers) on the PA
depolymerization process. A series of experiments on PA 66-
GF;; was performed at 200 °C. At optimal experimental
conditions for neat PA 66 (Table 2; entry 15), some oligomers
were still present in the reaction mixture of PA 66-GF3S after
10 min reaction time (Table 2; entry 17), indicating slower
depolymerization of PA 66 in the presence of glass-fibers, most
probably due to poorer PA solvation. Complete hydrolysis of
PA 66-GF;5 at 200 °C was achieved after 15 min (Table 2;
entry 18). Similar results were observed for PA 11-based
composites (PA 11-GF5; and PA 11-CF;), where the reaction
time for full conversion of PA 11 to 11-AUDAxHCI at 200 °C
and a 2.5 HCl/amide mole ratio had to be prolonged from 10
min, as optimal for neat PA 11 (Table 2; entry 26), to 15 and
20 min, respectively (Table 2; entries 28 and 31). Faster
depolymerization of PA 66-GF;; was observed at a higher
HCl/amide mole ratio (Table 2; entry 19). Higher contents of
reinforcement additives in PA-based composites further slowed
down the PA depolymerization. For example, it took 15 min to
completely hydrolyze PA 12-GFy, at 200 °C although the
HCl/amide mole ratio had been increased to S (Table 2; entry
36). These results reveal great influence of glass-fiber and
especially carbon-fiber reinforcement additives on the PA
depolymerization process because extended reaction time in
combination with a higher mole excess of acid to the amide
bonds is necessary for complete hydrolysis of PA composites
compared to the optimal reaction conditions, allowing for
complete conversion of neat PA analogues to the constituent
MOnomers.

Isolation and Purification of Recovered Monomers.
The monomers were isolated in high yields from the fully
degraded PA reaction mixtures obtained by microwave-assisted
hydrolysis under the optimal reaction conditions (Table 3). PA
66 and PA 1010 depolymerize by acid-catalyzed hydrolysis into
dicarboxylic acid and diamine dihydrochloride. Therefore, the
isolation and purification procedures of both monomers were
similar. AA and HMDAx2HCI recovered from PA 66 as well as
SA and 1,10-DDAx2HCI recovered from PA 1010 were
isolated sequentially from the completely depolymerized
reaction mixtures. AA and SA precipitated from the acidic
solutions of hydrolysates during cooling to room temperature.
Further precipitation of AA and SA was enhanced by cooling
down the reaction mixtures to 0 °C, whereby HMDA and
1,10-DDA in the form of salts were still completely soluble.
The precipitated AA and SA were isolated by fltration.
Complete removal of HMDA from AA and 1,10-DDA from SA
was achieved by two sequential recrystallizations of diacids
from water (Table 3). HMDA and 1,10-DDA were isolated
from the solutions obtained after AA and SA filtration,
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Table 3. Optimized Reaction Conditions for Complete Microwave-Assisted, Acid-Catalyzed Hydrolysis of Aliphatic PAs
Together with Yields, T,,, and Purities of Recovered Monomers and Reinforcement Additives”

MW conditions

entry sample n'é(;icdli) T (°C) t (min)

1 PA 66 1.25 200 10
2 PA 66-GFy 125 200 15
3 PA 11 2.5 200 10

PA 11-GF;, 2.5 200 15
S PA 11-CF;, 2.5 200 20
6 PA 12 2.5 200 10
7 PA 12-GF;, S 200 15
8 PA 1010 2.5 200 17

recovered monomer/reinforcement additive

yield (%) T, (°C)” purity (%)°
AA 90 152.6—153.3 100.6 + 0.2
HMDA 86 100.1 £ 0.3
AA 83 152.3—-152.9 100.7 £ 0.2
HMDA 81 100.1 + 0.4
GF 97
11-AUDAxHCI 93 147.3—148.7 100.1 £ 0.2
11-AUDAxHCI 71 147.0—148.6 99.8 +£ 0.1
GF 97
11-AUDAxHCI 72 146.7—-147.0 99.3 + 0.2
CF 99
12-ADDAxHCI 97 160.9—163.5 99.9 + 0.5
12-ADDAxHCI 77 159.6—162.5 97.1 £ 0.3
GF 97
SA 89 133.1-134.0 100.4 + 0.8
1,10-DDA 78 60.4—61.0 100.0 £ 0.2

“Volume of HCl solution was 8 mL in all experiments. bTm of commercially available monomers: AA: 152.4—153.3 °C; SA: 133.1-134.0 °C; 1,10-
DDA: 61.2—62.1 °C; 11-AUDAxHCI: 146.3—149.7 °C; 12-ADDAxHCI: 160.7—163.5 °C. “HPLC purity was determined comparatively to

commercial monomers.

respectively. The filtrates had been concentrated before NaOH
was added to the solutions to deprotonate the amine groups.
HMDA and 1,10-DDA were isolated by vacuum distillation.
Complete hydrolysis of PA 11 and PA 12 results in
hydrochloric salts of the amino acid monomers, which were
simply isolated by filtration. The isolated monomers (AA, SA,
12-ADDAxHCI, 11-AUDAxHCI) were further purified by
recrystallization from water to reach the quality comparable to
that of commercially available monomers.

High purity of all recovered monomers was confirmed by 'H
and C NMR spectra, where no additional signals indicating
the presence of side products were detected, as well as by FTIR
spectra and determination of T}, which are in good agreement
with those of commercial monomers (Figures S2—S19). High
purity of the monomers was further confirmed by HPLC using
an external calibration method based on commercial
monomers (Table 3).

The isolation of recovered monomer(s) from the hydro-
lysates of PA composites was similar, except for an additional
step, in which the reinforcement additives (carbon- or glass-
fibers) were removed immediately after reaction completion by
filtration of hot reaction mixtures containing completely
soluble monomer(s). Amino acid and dicarboxylic acid
monomers recovered from PA composites were after
recrystallization from water, additionally recrystallized from
EtOH to remove specific additives present in the composite
samples. In this way, the purity of recycled monomers was
improved by about 1—-2% at the expense of lower yields of
recovered monomers (by ~15%, Table 3). The absence of side
products and additives in the monomers recovered from the
PA-based composites was assessed from FTIR and NMR
spectra (Figures S20—S34), while their high purity was
confirmed by HPLC and determination of T,, which match
those of commercially available chemicals (Table 3).
Furthermore, the reinforcement additives were successfully
recovered as indicated by SEM (Figure 4) in high yields
(above 97%). High inorganic content (above 97%) of the
recovered glass-fibers as well as carbon-fibers from the PA
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Figure 4. SEM images and TGA curves of (a) glass-fibers recovered
from PA 11-GF;,, and (b) carbon-fibers recovered from PA 11-CF,.

composites was confirmed by TGA and FTIR (Figures S35
and $36), indicating a possibility to reuse them in further
applications.

B CONCLUSIONS

The efficient and simple depolymerization procedure for green
chemical recycling of aliphatic PAs is disclosed. Hydrolysis in
the presence of HCI as a catalyst under microwave irradiation
converts PAs into the constituent monomers in the absence of
any side-product formation. In this process, PAs were
completely hydrolyzed at 200 °C in a relatively short time
(less than 20 min), even in the presence of reinforcement
additives (glass- or carbon-fibers). The rate of hydrolysis
reaction depends on the PA type (the length of the alkyl
segments between the adjacent amide bonds), the HCl/amide
mole ratio, the presence of reinforcement additives, as well as
their type and content. At the same reaction conditions, less
polar long-chain PAs depolymerize slower than short-chain
PAs; however, the rate of hydrolysis reaction can be
accelerated using a higher mole ratio of HCI to the amide
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bonds in the PA backbone. Uncomplicated and eflicient
procedures for isolation and purification of recovered
monomers resulted in high yields, especially for PAs
synthesized from amino acid monomers. The recovered
monomers are of high quality, comparable to that of the
commercial-grade raw materials. The disclosed process also has
a great potential for recycling the reinforcement additives and
thus meets the requirements of circular economy.
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