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Acting on the Bioeconomy strategy, this study has developed fully bio-based copolyamide 1010/410
(PA1010/410) from "nylon salts” derived from renewable putrescine, decamethylenediamine, and sebacic
acid monomers. Different fully bio-based copolyamides were synthetized by the polycondensation reac-
tion of nylon 1010 salt with 12.5, 25, and 37.5 mol% of nylon 410 salt. Thereafter, the resultant PA1010/
410 grades were shaped into 150-pm films by thermo-compression and characterized. Results showed
that the putrescine content presents a strong influence on the molecular weight, crystallinity and, hence,
thermal, mechanical, and barrier properties of PA1010/410. In particular, it was observed that the intro-
duction of nylon 410 contents at 25 and 37.5 mol% resulted in PA1010/410 grades in the 2-3 x 10% g
mol™ range, with a crystallinity as low as ~15%. Interestingly, these copolyamide compositions led to
transparent films melting at nearly 180 °C, being highly ductile with elongation at break of up to 130% and
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improved barrier to oxygen with a permeability as low as 5.3 X 107 m®* m m™2 Pa~! s These green
nylons were finally applied as lid films in trays to preserve beef meat, and were shown to successfully
extend food shelf life beyond those of current commercial monolayer solutions based on petrochemical
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1. Introduction

The use of biopolymers as packaging materials to replace pet-
rochemical polymers is becoming an emerging trend due to
their natural and renewable origin and biodegradability."
Biopolymers used as food packaging materials mainly include
naturally occurring polymers, for example, carbohydrates and
proteins, and aliphatic polyesters obtained from monomers
derived from natural resources. These biopolymers present
film-forming capacities and sufficient physical properties to
maintain food quality and increase shelf life of foodstuffs.>
However, naturally occurring polymers, such as starch or cell-
ulose, tend to show weak mechanical strength and high sensi-
tivity to moisture, hindering their widespread industrial
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polymers, thereby showing their potential for use in sustainable food packaging.

adoption.>* Furthermore, the main limitation of using biopo-
lyesters in food packaging is their low barrier properties that
control the exchange of water and aroma vapors and oxygen
gas.” Therefore, the use of these biopolymers in the form of
monolayers is currently restricted to low-performance appli-
cations, such as plastic bags, lid films, or food-contact
disposables.®

Polyamides have long been recognized as one of the major
engineering thermoplastics, finding several applications in
food packaging.” Among their exceptional properties, homo-
and copolyamides habitually show good processability, high
mechanical and thermal resistance as well as balanced barrier
performance against water vapor and oxygen.® Although polya-
mides have traditionally been synthesized from petroleum
derived diacids and diamines, some partially and fully bio-
based polyamides have also been developed recently using
renewable monomers, endowing comparable physical pro-
perties to their petrochemical counterparts.’ Thus, bio-based
aliphatic polyamides, also referred as “green nylons”, can offer
the advantage of using biomass and the unique potential of
carbon neutrality so that these perfectly align with the
Bioeconomy principles."® As one of the most promising green
nylons, polyamide 1010 (PA1010) can be produced by polycon-
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densation reaction using 1,10-decamethylenediamine and
sebacic acid, which can be both obtained from castor oil, a
natural and renewable industrial raw material."* The resultant
fully bio-based PA1010 has proven to result especially attractive
for food packaging applications that require transparency,
high thermal stability, balanced mechanical strength and duct-
ility, low water uptake, and moderate oxygen barrier."?

All types of polyamides consist of amide groups separated by
alkane segments of different length, which results in different
amide concentration per polymer chain. Whereas the polar
amide groups contribute to their mechanical strength, thermal
resistance, and chemical stability, the long-chain aliphatic
methylene (CH,) groups provide mechanical flexibility and water
resistance. Indeed, the methylene-to-amide (CH,/CONH) ratio,
in combination with the chain symmetry, determines the final
properties of polyamides.”® Thus, lower CH,/CONH ratios, that
is, higher CONH densities per unit length of chain, increase
hydrogen bond density and reduce segmental inter-chain mobi-
lity of the CH, groups in the polymer backbone, which favor
hydrogen bonding and organization of polyamide chains into
more ordered crystalline regions. Consequently, even-even polya-
mides with low CH,/CONH ratios present high thermal tran-
sitions and mechanical strength that may not be optimal for
flexible packaging applications where materials with a low
sealing initiation temperature (SIT) and high ductility are
required.'® In the particular case of PA1010, its CH,/CONH ratio
is 9, resulting in a melting temperature (T;,) of approximately
200 °C and with moderate flexibility, which makes its films
difficult to seal and with a non-optimal performance for certain
food packaging applications."®

Accordingly, within the food packaging area, it currently
becomes necessary to design and modify the chemical struc-
ture of PA1010 to both improve sealing and reduce energy con-
sumption during processing as well as increase ductility of its
films. Copolymerization represents a common modification
method in polymer chemistry and thus the polyamide pro-
perties can be adjusted according to the final application by
changing both the types of comonomers and their ratios.'®
Furthermore, the new monomers or units being introduced to
reconstruct the chemical structure are nowadays expected to
be biomass- or bio-originated, which can preserve the bio-
based characteristics of the polyamide. In this regard, some
diamines used to produce polyamides are naturally occurring
substances, or they can be produced by microbial biosynthesis,
for example by decarboxylation of the lysine or ornithine
amino acids, such as 1,4-diaminobutane (putrescine) and 1,5-
diaminopentane (cadaverine).'”'® For instance, Koning and
coworkers'® developed semicrystalline copolyamides from
renewable sebacic acid, diaminoisoidide, and putrescine, exhi-
biting tuneable polarities and T;, values ranging from 152 °C
to 246 °C. Similarly, Rwei et al., synthesized novel semicrystal-
line copolyamides from renewable dimethyl adipate (an ester
of adipic acid), putrescine, and sebacic acid, showing that
their Ty, and glass transition temperature (7,) values decreased
from 211.0 °C to 164.0 °C and 66.6 °C to 43.5 °C, respect-
ively.?® To the best of our knowledge, there was no report on
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the synthesis and characterization of aliphatic bio-based copo-
lyamides produced from “nylon salts” derived from renewable
putrescine, 1,10-decamethylenediamine, and sebacic acid
monomers. This monomer combination offers the possibility
to develop novel green nylons with sufficient molecular weight
and tailor-made performance.

In the view of interest of our previous study dealing with
the synthesis and food packaging application of PA1010," it is
described herein the polycondensation reaction at different
contents of nylon 1010 and nylon 410 salts to produce copolya-
mide 1010/410 (PA1010/410). Then, the different copolyamide
grades were chemically analyzed and thermo-compressed into
films and, thereafter, fully characterized to ascertain the
putrescine content effect on their crystallinity, thermal,
optical, mechanical, and barrier properties. Finally, the appli-
cation of the newly developed bio-based copolyamide films
was validated by packaging minced beef and assessing food
shelf life for a period of cold storage of 11 days.

2. Materials and methods

2.1. Materials

1,10-Diaminodecane or 1,10-decamethylenediamine (98%)
with CAS No. 646-25-3 was purchased from TCI Chemicals at
CYMIT Quimica S.L. (Barcelona, Spain). Renewable sebacic
acid (99%) with CAS No. 111-20-6 and putrescine (99%) with
CAS No. 110-60-1 were obtained from Sigma-Aldrich S.A.
(Madrid Spain). Absolute ethanol (EtOH), 2,2,2-trifluoroetha-
nol (TFE), deuterated chloroform (CDCl;), 1,1,1,3,3,3-hexa-
fluoro-2-propanol (HFIP), and p-limonene were also obtained
from Sigma-Aldrich S.A. Magnesium nitrate (Mg(NOj3),) and di-
phosphorus pentoxide (P,Os) were provided by Panreac
Quimica S.L.U (Castellar del Vallés, Spain). Commercial poly-
propylene (PP), used as the benchmark material for the food
shelf-life tests, was supplied by LyondellBasell (Houston,
Texas, USA) as Moplen HP501L. This homopolymer, also devel-
oped for injection- and compression-molding applications,
has a density of 0.90 g em™ (23 °C) and a melt flow index
(MFTI, 230 °C and 2.16 kg) of 6 g per 10 min. Minced beef meat
was purchased from a local supermarket (Mercadona,
Valencia, Spain). The microbiological media Violet Red Bile
Agar (VRB) for total coliform counts, Plate Count Agar (PCA)
for total viable counts, and peptone water were provided by
Scharlab S.L. (Barcelona, Spain). Man, Rogosa and Sharpe agar
(MRS) for lactic acid bacteria counts was purchased from
Lankem-Labbox (Barcelona, Spain).

2.2. Polyamide synthesis

Synthesis of the bio-based polyamides was performed in two
steps, that is, preparation of a “nylon salt” and subsequent
melt polycondensation of the salt in a glass reactor. This meth-
odology has proven to be effective to control the dicarboxylic
acid/diamine ratio and avoid premature chain termination.'?
Preparation of “nylon salts”. “Nylon salts” are the organic
precursors used in the polymerization reaction to ensure stoi-
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chiometry between the diamines and diacids. Nylon 1010 salt
was prepared following our previous optimized conditions."?
To this end, a solution of 1,10-decamethylenediamine (1.05
eq.) in EtOH (43% wt/wt) was added drop by drop to a solution
of sebacic acid (1 eq.) in EtOH (10% wt/wt) at 55 °C. During
the addition, a precipitate formed, and the mixture was stirred
for 1 h at 55 °C. Then, the mixture was cooled down on ice for
1 h. After that, the supernatant liquid was removed, and the
precipitate was washed with EtOH at room temperature for
2 h. Finally, the salt was filtered and washed with EtOH until
the pH was neutral. The white powder was recrystallized from
an EtOH/water mixture (10: 1 vol/vol) and dried at 60 °C in a
vacuum oven (VaciotermT, JP Selecta S.A., Barcelona, Spain)
for 8 h. A similar procedure was used to prepare the nylon 410
salt. A solution of putrescine (1.01 eq.) in EtOH (43% w/w) was
added dropwise to a solution of sebacic acid (1 eq.) in EtOH
(10% w/w) at 55 °C. The precipitate formed during the
addition was stirred for 2 h at 55 °C and the mixture was
cooled on ice for 1 h. After that, the supernatant liquid was
removed and the precipitate was washed with EtOH, stirring it
at room temperature for 2 h. Finally, the salt was filtered and
washed with EtOH until the pH was neutral. The white powder
was recrystallized from an EtOH/water mixture (20:1 vol/vol)
and dried at 60 °C for 8 h in a vacuum oven (VaciotermT).

Melt polycondensation. PA1010 was synthesized from its
nylon salt by melt polycondensation in the same glass
polymerization unit and following similar conditions reported
previously.'” Briefly, 30 g of nylon 1010 salt was placed in a
100-mL glass jacketed reactor connected to a heating station
(Huber Pilot ONE CC-304B, Peter Huber Kéltemaschinenbau
AG, Offenburg, Germany) based on an immersion bath with
high temperature control. A mechanical stirrer and a Vigreaux
condensation column with a glass distillation adapter were
attached to the reactor through a 5-neck lid. The reactor was
closed, and the system was purged with an inert nitrogen (N,)
atmosphere at a flow-rate of 200 mL min~" for 1 h, while the
salt was stirred at 30 rpm. The gas outlet was sealed, and the
system was left under positive pressure during a heating ramp
from room temperature to 230 °C at a heating rate of 3.3 °C
min~". Once the reaction temperature was reached, the N, gas
outlet was opened with a flow-rate of 50 mL min~" to drag the
reaction by-products. Then, stirring was increased to 75 rpm
and the reaction was left for 3 h. Finally, the reactor system
was allowed to cool down under an inert atmosphere to room
temperature. The resulting white solid mass was removed from
the reactor and grounded in an analytical mill (IKA M20 basic
analytical mill, IKA®Werke GmbH & Co. KG, Staufen,
Germany). The powder was washed by stirring it for 4 h with
deionized water at 55 °C and left overnight at room tempera-
ture. After this, the mixture was filtered, washed with EtOH,
and dried at 60 °C for 8 h in a vacuum oven (VaciotermT). The
copolyamides were synthesized by following the same melt-
polycondensation methodology from different mixtures of
nylon 1010 and 410 salts. For each copolyamide, a total mass
of 30 g of “nylon salt” was introduced into the glass reactor,
where the corresponding amount of nylon 1010 salt was mixed
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with 12.5 mol% (10 wt%), 25 mol% (20.5 wt%), and
37.5 mol% (31.7 wt%) of nylon 410 salt to respectively produce
the here so-called PA1010/410-13, PA1010/410-25, and PA1010/
410-37 samples. In all cases, an excess of 10 mol% of
putrescine was used to prevent stoichiometric imbalance due
to diamine evaporation at the polymerization temperature.

2.3. Nuclear magnetic resonance spectroscopy

Proton nuclear magnetic resonance ("H-NMR) and Carbon-13
Nuclear Magnetic Resonance (">C-NMR) were used to quantify
the composition and determine the microstructure of the
copolyamides. "H NMR and "*C NMR spectra were recorded in
a Bruker AMX-300 and a Bruker Neo500 spectrometer, respect-
ively at 25 °C, operating at 300.1 and 126.7 MHz. Samples of
the “nylon salts” and copolyamides were dissolved at
30-40 mg ml™' concentrations in TFE/CDCl; 4:1 vol/vol
solvent mixtures, using tetramethyl silane (TMS) as internal
reference. TFE is a polar solvent and exhibits strong hydrogen
bonding properties, enabling it to dissolve substances that
serve as hydrogen-bond acceptors, such as amides and ethers,
and the resultant mixture gives signals with good resolution.>'
"H NMR spectra were recorded in a Bruker AMX-300 spectro-
meter at 25 °C. 128 ("H-NMR) and 8192 (**C-NMR) scans were
recorded with 32K and 64K data points, respectively with delay
times of 2 s. Spectra were processed with the Bruker 1D WIN
NMR computer software.

2.4. Viscosity determination

Polyamide solutions were prepared in concentrated sulfuric
acid (96%, Vidrafroc S.A., Barcelona, Spain) according to the
ISO 307:2007 standard to determine the viscosity number
(VN). To this end, dried polymer powder samples were dis-
solved in glass vials at 25 °C using magnetic stirring for 12 h
for a complete sample solution. Flow-time measurements were
obtained with a Type II Ubbelohde viscometer (Vidrafroc S.A.)
in a 25 °C controlled water bath for each solution and sulfuric
acid as blank. The VN (mL g~') values were determined follow-

ing eqn (1):
ol

where n (N m™> s™') corresponds to the viscosity of the
polymer solution in sulfuric acid, 17, (N m~2 s™') is the viscosity
of the sulfuric acid, 7/n, is the relative viscosity of the polymer
solution, and C (0.005 g mL™") is the concentration of the
polymer solution. Molecular weight (M) was estimated from
the Mark-Houwink-Sakurada expression, shown in eqn (2):

n=K X My® (2)

where n (em® g™') is the Staudinger index or intrinsic viscosity,
whereas K and a are the coefficient and molecular parameters,
which describe the hydrodynamic interaction between the
solvent and the macromolecules. The My values of PA1010
and the different PA1010/410 samples were estimated using
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the experimental data previously reported for polyamide 6
(PA6) and polyamide 12 (PA12).*?

2.5. Gel permeation chromatography

The weight-average molecular weight (M), number-average
molecular weight (M,,), and dispersity (D) were determined by
gel permeation chromatography (GPC) using a Waters GPC
instrument (Model 410, Foster City, CA, USA) equipped with
refractive index (RI) and ultraviolet (UV) detectors. Between
2-3 mg of bio-based polyamide were dissolved in 1 mL of HFIP
and filtrated with a 0.22-pm polytetrafluoroethylene (PTFE)
filter. Thus, 100 pl of this solution was injected to the system
and eluted with HFIP at a flow-rate of 0.5 mL min~'. HR5E
and HR2 Waters linear Styragel columns (7.8 mm x 300 mm,
pore 10°-10* A) packed with cross-linked polystyrene (PS) and
protected with a precolumn were used. Poly(methyl methacry-
late) (PMMA) standards with narrow M, distributions were
employed to generate the calibration curve.

2.6. Thermo-compression

The resultant polyamide powders were conditioned in desicca-
tor cabinets at 25 °C and 0% relative humidity (%RH, P,Os) for
7 days before their processing. The bio-based polyamide films
were obtained by thermo-compression in a hot-plate press
(Model LP20, Labtech Engineering, Thailand). To produce
films of approximately 150 um, 2.5 g of polyamide powder was
placed between PTFE sheets and subjected to a pre-heating for
2 min at 210 °C, followed by compression at 210 °C for 1 min
at 20 bar and at 80 bar for 4 min.

2.7. X-ray diffraction analysis

Wide-angle X-ray diffraction (WAXD) experiments were per-
formed at room temperature in the bio-based polyamide films
using a Bruker AXS/D8 Advance diffractometer (Karlsruhe,
Germany). The samples were scanned in reflection mode using
incident CuK, radiation (1 = 1.542 A), while the generator was
set at 40 kv and 40 mA. The data were collected over the (26)
range of 5-50° and a step size of 0.04° min~'. The 2D data
were background-corrected and transformed into 1D profiles
via integration using Match!2 software (Crystal Impact, Bonn,
Germany). The degree of crystallinity was obtained by calculat-
ing the intensity of the diffraction peak of the polyamide
crystal region and the amorphous region. The areas of crystal
region and the amorphous region were obtained by peak
fitting using Origin software (OriginLab Corporation,
Northampton, MA, USA). The crystallinity degree (Xc, %) was
calculated by using the following equation:

Ac
¢ %100 (3)

Xo=—C
€T A+ 4,

where Ac is the crystalline area and A, is the amorphous area.

2.8. Fourier transform infrared spectroscopy

Variable-temperature Fourier transform infrared (FTIR) spec-
troscopy was performed on a Thermo Nexus FTIR instrument
fitted with a mercury cadmium telluride (MCT) detector from
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Thermo Fisher Scientific Inc. (Wilmington, DE, USA), coupled
to a variable-temperature single reflection diamond ATR
sampling accessory of Specac Ltd (Orpington, UK). Spectra
were collected between 4000 and 700 cm™" by averaging 64
scans at a resolution of 4 cm™'. The film samples were
clamped directly onto the ATR crystal using a calibrated torque
wrench from Specac Ltd, (Orpington, UK) set at 80 cNm, which
applies a load of 350 N via the sample accessory anvil. FTIR
spectra were collected at 25, 50, 75, and 100 °C then at 10 °C
intervals up to 230 °C. Room temperature FTIR was performed
on a Thermo Nicolet iS50 FTIR Spectrometer fitted with a
deuterated triglycine sulfate (DTGS) detector (Wilmington, DE,
USA) using the integrated single reflection diamond ATR
sampling accessory. Spectra were collected between 4000 and
400 cm ™" by averaging 64 scans at a resolution of 4 cm™. Peak
fitting of spectral profiles was performed using Fityk version
1.3.1, selecting Lorentzian line shapes and a Levenberg-
Marquart fitting function.>® Then, seven peaks were fitted in
the 800-500 cm™" region, with both the peak centers and line-
width permitted freedom to be optimized. The spectrum of
the homopolymer was fitted first, followed systematically by
the spectra for the copolymers in increasing nylon 410-unit
content order. The optimized result from the previous fitting
was used as the starting point for the subsequent fits.

2.9. Thermal analysis

Thermogravimetric analysis. Thermal stability was evaluated
by thermogravimetric analysis (TGA) in a TGA 1 STARe System
analyzer from Mettler-Toledo, Inc. (Greifensee, Switzerland).
In the case of the “nylon salts”, the procedure consisted of a
heating ramp at 3.3 °C min™" from 25 to 230 °C for the nylon
1010 salt and from 25 to 250 °C for the nylon 410 salt, followed
by an isotherm at the final temperature for 3 h to simulate
thermal conditions faced during polymerization. For the bio-
based polyamide films, the heating program was set from 25
to 800 °C at a heating rate of 20 °C min~". All samples were
analyzed with a constant N, flow-rate of 10 mL min~! to
achieve an inert atmosphere using approximately 3 mg. The
TGA and first derivative thermogravimetric analysis (DTGA)
curves were analyzed using a STARe Evaluation Software
(Mettler-Toledo, Inc.) to obtain the temperature at 5% weight
loss (Ts), which corresponds to the onset degradation temp-
erature, and the degradation temperature (Tqeg) derived from
the peak value of the first derivative.

Differential scanning calorimetry. Differential scanning
calorimetry (DSC) was carried out to obtain thermal tran-
sitions using a DSC 1 STARe System model from Mettler-
Toledo, Inc. Around 5 mg of “nylon salt” powder or bio-based
polyamide film were placed in hermetic aluminum sealed
pans of 40 pL that were calibrated previously using indium
standard. A dry reducing atmosphere was used to perform the
analysis, using N, flowing at 40 mL min~". The samples were
subjected to a three-step program at 10 °C min~" that con-
sisted of a first heating scan from — 40 to 260 °C, followed by a
cooling scan to —40 °C and a second heating scan to 260 °C.
Ty, T, and normalized enthalpy of melting (AH;,) were
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obtained from the heating scans, whereas the crystallization
temperature from the melt (7¢) and normalized enthalpy of
crystallization (AHc) were obtained from the cooling scan.

2.10. Optical evaluation

The optical properties of the polyamide films were determined
using a Minolta colorimeter (CM-5, Minolta Co., Tokyo,
Japan). The reflectance of the film samples was measured
from 400 to 700 nm wavelength range and the transparency of
the bio-based polyamide films was determined by the
Kubelka-Munk theory. The 10° Supplemental Standard
Observer and the Standard D65 Illuminant were applied to
determine the CIE L*a*b (CIELAB) coordinates, chroma (C,),
and hue (k). The color difference (AE},) was determined by
application of eqn (4) using the color coordinates of the
PA1010 film as the reference:

AE), = \/(AL*) + (Aa*)® + (Ab*)? (4)

Color change was evaluated with the following assessment:
unnoticeable (AE, < 1), only an experienced observer can
notice the difference (AE, >1land < 2), an unexperienced
observer notices the difference (AE, > 2and < 3.5), clear
noticeable difference (AE,, > 3.5and < 5), and the observer
notices different colors (AE;, > 5).>*

2.11. Tensile tests

The tensile properties of the bio-based polyamide films were
obtained following the standard method ASTM D882. The
samples were film-trimmed strips of 25 mm width and
100 mm long. Prior to the test, film thickness was measured in
10 random points of each sample and all of them were con-
ditioned at 53% RH and 25 °C in a desiccator cabinet with a
saturated Mg(NOj3), solution. The strips were stretched until
breaking at a rate of 12 mm min~". Force-deformation curves
were obtained and transformed into stress-strain curves con-
sidering sample sizing, thickness, and deformation.

2.12. Permeability measurements

The ASTM E96-95 gravimetric method was modified to deter-
mine water vapor permeability (WVP) gravimetrically, using
Payne permeability cups. The test was carried out at 25 °C and
a RH gradient from 53% to 100% since it represents conditions
of intermediate humidity. An analytical balance Sartorius
ME36S (Fisher Scientific, Hampton, NH, USA) with an accuracy
of £0.00001 g was used to weigh the cups at intervals of 1.5 h
for 24 h once the steady state was reached. The water vapor
transmission rate (WVTR) was obtained from the slope of the
weight loss vs. time. The transmission rate was corrected for
permeant partial pressure to yield permeance, which was
finally corrected with film thickness to obtain WVP. A similar
procedure was followed to determine limonene permeability
(LP), where 5 ml of p-limonene was placed instead of water
inside the Payne permeability cups under the same controlled
room conditions of 25 °C and 53% RH. For both measure-
ments, cups with aluminum films were used as control
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samples to estimate and subtract the vapor loss through the
sealing. Empty cups were used to correct the weight corres-
ponding to the vapor uptake of the film samples during ana-
lysis. All measurements were performed in triplicate.

The ASTM Standard Method D3985-05 was applied to attain
oxygen permeability (OP). Film samples of 50 cm® were
measured using an Oxygen Permeation Analyzer (Model 8101e,
Systech Illinois, Thame, UK) at 25 °C and 53% RH. Oxygen per-
meance was obtained from the oxygen transmission rate (OTR)
corrected with the partial pressure on both film sides.
Permeance was finally corrected with film thickness to obtain
OP. Measurements were recorded in triplicate.

2.13. Shelf-life tests

Preparation of beef meat samples. The films were used as
lids in aluminum trays in order to evaluate their performance
for the shelf life of beef meat. All utensils and work surfaces
were disinfected with 96% ethanol (Panreac S.A., Barcelona,
Spain) before sample preparation to avoid cross-contamination.
In addition, films and aluminum trays were sterilized for 1 h in
ultraviolet (UV) light exposure in a laminar flow cabinet (Bio II
Advance, Telstar, Terrasa, Spain). The minced beef was stored
immediately after purchase in a refrigerator at 5 °C. Thus, 10 g
of minced beef were placed in aluminum trays sizing 6.6 cm of
diameter and 2.3 cm in height (WPAL-050-100, Quima S.L.,
Valencia, Spain). After this, the bio-based polyamide films were
manually sealed with an extra instant adhesive glue (Pattex
Cocodrile, Ferreteria Moreno, Valencia, Spain). All samples
were handled inside the laminar flow cabinet and stored after
packaging under refrigerated conditions of 5 °C and 48% RH.
These conditions were selected in accordance with previous
studies that evaluated the performance of films in meat
preservation.>>*” Three samples for each treatment and time
were characterized in terms of pH, weight loss, color, and
microbial counts at day 0 (unpackaged meat) and after 6 and
11 days of storage under refrigerated conditions.

Physicochemical evaluation. A digital pH meter (Mettler-
Toledo, Inc.) was used to measure the pH of the minced beef
meat by inserting the glass electrode probe into the minced beef
meat. Six measurements were taken for each packaging treat-
ment and time. An analytical balance (ME36S, +0.0001 g accu-
racy) was used to determine, in triplicate, the weight loss of the
samples as a function of time. The time evolution of the CIE
L*a*b* color coordinates, C,;, h, and AE, (eqn (4)) of the
minced beef meat packaged inside the bio-based polyamide
films were measured using the MINOLTA colorimeter (model
CM-5). The optical values were determined using the D65/10°
illuminant at six random points whereas the reflection spectrum
of the samples was measured from 400 to 700 nm.

Microbial analysis. Microbiological analyses of the packaged
minced beef meat were performed at different storage times:
day 0 (before packaging) and after 6 and 11 days, based on the
method described by Hernandez-Garcia et al.>” The minced
beef sample was aseptically removed from the trays using a
sterile spatula in the laminar flow cabinet and placed in a
sterile stomacher strainer bag (Seward Limited, West Sussex,
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UK) with 90 mL of buffered peptone water and mixed for
3 minutes with a Masticator Paddle Blender (IUL S.A.,
Barcelona, Spain), to obtain a 10-fold primary dilution. Serial
dilutions were then made from the homogenate, using
peptone water, to determine total coliforms (TCC), lactic acid
bacteria (LAB), and total viable counts (TVC) using VRB, MRS,
and PCA plates, respectively. Incubation was carried out at
37 °C for 48 h for TCC and TVC and at 30 °C for 72 h for LAB.
After incubation, the colonies were counted, and the results
were expressed as log;, colony-forming units per gram of
sample (log CFU per g sample).

2.14. Statistical analysis

The Statgraphics Centurion XIX software from Manugistics
Corp. (Rockville, MD, USA) was used to subject tensile tests,
thermal analysis, X-ray diffractograms, optical analysis, per-
meability measurements, and microbiological analysis of the
packaged minced beef meat evaluated during storage to an
analysis of variance (ANOVA). Fisher’s least significant differ-
ence (LSD) procedure at the 95% confidence level was used.

3. Results

3.1. Synthesis and chemical characterization

PA1010 and different PA1010/410 were synthesized by melt
polycondensation using different molar ratios of the nylon 410
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and 1010 salts, which are organic substances formed by neu-
tralization of an organic acid with organic base. These
Zwitterions constitute the precursors of the bio-based polya-
mides and are formed by continuous hydrogen-bonded chains

of

[NH;(CH,),NH,]**

[OOC(CH,)sCOOT*~ and

[NH;(CH,)1o0NH;]** [0OC(CH,)sCOOJ*, respectively.

Prior to performing the polymerization reaction, the
thermal stability and characteristics of both salts were ascer-
tained by TGA and DSC measurements and the resultant
curves are included in Fig. 1. As earlier performed,"” TGA was
conducted to simulate the thermal conditions faced during
polymerization. One can observe in Fig. 1a that, at these con-
ditions, the setpoint temperature of 230 °C and 250 °C was
reached after approximately 62 and 75 min for the nylon 1010
and 410 salts, respectively. Thereafter, at the given setpoint
temperatures, the “nylon salt” samples showed respective
mass losses of nearly 14% and 19%, respectively. Then, during
the isothermal conditions, the mass progressively decreased,
after 3 h reaching a value of approximately 83% and 64%,
respectively. The mass loss associated to this stage is mainly
related to the water released progressively during the growth of
the bio-based polyamide chains. However, the absence of a
plateau in the case of the nylon 410 salt suggests that thermal
degradation occurs simultaneously, differing from the thermal
behavior of the nylon 1010 salt. In fact, as one can observe in
the TGA curves shown in Fig. 1b, both salts presented a mass
loss of ~1% at 100 °C, ascribed to the evaporation of the
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Fig. 1 Thermogravimetric analysis (TGA) and first derivative thermogravimetric analysis (DTGA) curves as a function of time (a) and temperature (b)
of the nylon 1010 and 410 salts; differential scanning calorimetry (DSC) curves corresponding to, from top to bottom, first heating, cooling, and

second heating of the “nylon salts” (c).
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remaining solvents or sorbed water. Then, thermal degra-
dation onset was seen to occur in the nylon 1010 and 410 salts
at ~176 °C and ~150 °C, respectively, which was seen to follow
by a sharp peak centered at approximately 189 °C and 179 °C.
Therefore, the TGA measurements carried out on the “nylon
salts” indicates that the thermal stability of the 410 units is
much lower than those of 1010, which may restrict the use of
high-temperature conditions during polymerization.

The thermal transitions of the salts were further studied by
means of DSC, and Fig. 1c confirmed the melting and sub-
sequent polymerization of the “nylon salts” to form the
respective PA1010 and PA410 homopolyamides. In particular,
during the first heating, the nylon 1010 and 410 salts melted
at nearly 189 °C and 183 °C, respectively. After melting, one
can further observe that both salts formed an oligomer or pre-
polymer that crystallized, showing T values of ~177 °C and
~221 °C, respectively. Finally, the resultant oligomers or low-
My bio-based homopolyamides melted during the second
heating, showing respective values of T, of ~197 °C and
~237 °C. These results facilitated the selection of the melt
polycondensation temperature and the previous thermal con-
ditions used to analyze the “nylon salts” by TGA, that is,
230 °C for 1010 and 250 °C for 410, to ensure full melting of
the salt crystals.

Fig. 2 displays the "H-NMR spectra of the “nylon salts”, the
precursors used in the synthesis of the copolyamides. As can
be observed in Fig. 2a, signals due to the CH, groups of the
diamine that appear at 2.98 ppm displayed peaks with equal
intensity to the ones of the diacid group appearing at
2.23 ppm, indicating the effective preparation of these inter-
mediate products. After polymerization, these two signals
moved to a low and high field, respectively, ascertaining the
successful synthesis of PA1010 and the different PA1010/410
copolyamides (see Fig. 2b). Signals due NH of CONH groups
appeared in the low field region (6.4-6.8 ppm) and were used
for the determination of the copolyamide composition. As can
be observed in Table 1, the final composition was close to the
feed composition, indicating that both “nylon salts” success-
fully reacted almost quantitatively. Signals due to the CH,
attached to the CONH group appeared at 3.2 ppm, whereas the
signal due to the CH, attached to the carbonyl (C=0) group
was seen at 2.15 ppm. The inner CH, groups corresponding to
the long alkylene chains appeared in the high field region at
the 1.6-1.2 ppm range.

Furthermore, '*C NMR was used for the study of the bio-
based copolyamides microstructure. Under these melt polycon-
densation conditions, amidation and transamidation reactions
are both expected to occur at the employed temperatures,
potentially leading to a random copolyamide microstructure.
In Fig. 2¢, one can observe two signals splitting around 39.5
and 36.4 ppm due to the methylene carbons next to the NH
and C=O groups, respectively. The peaks around 176 ppm
correspond to C=O groups, whereas the peaks between
30-25 ppm are assigned to the rest carbons of the long CH,
segment. This peak assignment agrees with previous literature
observed for different nylons.>® The splitting of the signals
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Fig. 2 Proton nuclear magnetic resonance (*H-NMR) spectra with peak
assignments of nylon 410 and 1010 salts (a) and polyamide 1010
(PA1010) and copolyamides 1010/410 (PA1010/410) (b). Carbon-13
Nuclear Magnetic Resonance (**C-NMR) spectra with peak assignments
of PA1010 and PA1010/410 (c).

corresponding to the methylene carbon attached to the C=0
group of the sebacic unit was attributed to its sensitivity to the
adjacent unit connected through the amide group (either buty-
lene or decamethylene). However, no additional splitting
arising from the presence of butylene or decamethylene units
on the opposite side of the sebacamide unit could be observed.
This prevented the determination of the sequence distribution
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Table 1 Molar feed composition and copolyamide composition, viscosity number (VN), and weight-average and number-average molecular weight
(Mw and M,,) and dispersity (D) of polyamide 1010 (PA1010) and copolyamides 1010/410 (PA1010/410)

b

Feed composition Copolyamide composition® VN M,° My
Sample (1010 mol%/410 mol%) (1010 mol%/410 mol%) (mLg™) (g mol™) (g mol™) pb
PA1010 100/0 100/0 101 +1 11255 39210 3.5
PA1010/410-13 87.5/12.5 86.8/13.2 60+1 8400 17950 2.1
PA1010/410-25 75/25 72.3/27.7 63+1 13100 19141 1.5
PA1010/410-37 62.5/37.5 62.5/37.5 751 14 300 23 500 1.6

“ Determined by proton nuclear magnetic resonance (‘"H-NMR). ” Determined by gel permeation chromatography (GPC).

and, consequently, the microstructure of the bio-based copo-
lyamides. In fact, no sequence-related splitting could be
detected in any carbon signal, even though the spectra were
processed without exponential multiplication to enhance
resolution. This lack of sensitivity to variations in the local
chemical environment is most likely due to the considerable
length of both the diacid and the diamines employed in the
synthesis of these copolyamides. Similar results were reported
by Koning and coworkers," who found that the *C NMR
spectra of comparable copolyamides derived from sebacic acid
did not provide information on the copolymer microstructure.

Table 1 also includes the VN values attained for the syn-
thesized PA1010 and PA1010/410 with different putrescine con-
tents. The VN of the homopolyamide was 101 + 1 cm® g™, which
is lower than that reported earlier for PA1010 (130 = 5 cm®
g™")."> This difference can be related to the use of milder con-
ditions during the polymerization reaction. For instance, Li
et al®® reported different viscosity values for polyamide 1214
(PA1214), ranging from 84 to 126 cm’ g~' due to variations of
temperature, pressure, and time. One can observe that the incor-
poration of the nylon 410 salt resulted in a decrease in the VN to
60 + 1 cm® g~ ' (PA1010/410 with 12.5 mol% nylon 410) and 63 +
1 em?® g7 (PA1010/410 with 25 mol% nylon 410). Interestingly,
further increase in the nylon 410 salt to 37.5 mol% resulted in
an increase in the VN value to 75 = 1 cm® g™ (PA1010/410 with
37.5 mol% nylon 410), suggesting superior polyamidation at
higher putrescine contents. Similar results were obtained by
Rwei et al.”® for copolyamides of nylon 6 (PA6) with N1,N6-bis(4-
aminobutyl) adipamide and succinic acid (BABA/SA), observing
a reduction in the polyamidation at lower BABA/SA contents fol-
lowed by an increase at higher contents.

The application of the Mark-Houwink equation, based on
the parameters reported for PA6 and PA12,”>° resulted in
My, values in the range of 2.9-8.8 x 10" g mol™" for the
PA1010 homopolyamide and of 1.5-3.9 x 10* g mol™
(PA1010/410 with 12.5 mol% nylon 410), 1.6-4.2 x 10* g
mol~" (PA1010/410 with 25 mol% nylon 410), 2.0-5.5 x 10* g
mol ™" (PA1010/410 with 37.5 mol% nylon 410) copolyamides.
The lower viscosity values and hence My attained in the bio-
based copolyamides can be ascribed to high volatility of
putrescine and lower thermal stability of the nylon 410 salt,
as previously determined by TGA. In this regard, at elevated
temperatures, 1,4-diaminobutane can be partially trans-
formed into pyrrolidine, which is a potential chain stopper

This journal is © The Royal Society of Chemistry 2025

during polyamide chain growth, being present as a third end
group in addition to carboxylic acid and amine groups.?® The
resultant values are similar to those of the fully bio-based ali-
phatic copolyamide 1010/1014 (PA1010/1014) synthesized by
our group previously, which was 67 cm® g~! and corresponds
to a My in the range of 2.0-6.5 x 10" g mol™".>" Similar
results were also obtained by Cui et al.,”® who observed that
polyamide 411 (PA411) resulted in lower intrinsic viscosity
and My values (0.51 dL ¢ and 8.4 x 10° g mol™") than
other nylons due to the particularly high volatility of
diaminobutane.

As can also be further seen in Table 1, GPC analysis con-
firmed that polyamides with moderate Mys were obtained. In
particular, PA1010 presented a My, value of 3.92 x 10* g
mol~", whereas the My, values of the copolyamide PA1010/
410 grades ranged from 1.79 to 2.35 x 10* g mol™", being all
the P values in the 1.5-3.2 range. Although such fluctuations
can significantly affect crystallization-melting behavior and
physical performance of the copolyamides, the polymerization
conditions were maintained to also ascertain the effect of the
comonomer content on their final M, characteristics.
Moreover, the My, variations within the copolyamide compo-
sitions were relatively low. For the homopolyamide, the resul-
tant My value determined herein was similar than that of the
commercial PA1010 grade for injection molding applications,
that is, 3.98 x 10* g mol™ with P equals to 2.5.> The evol-
ution of the My values of the copolyamides also agrees with
the viscosity measurements, which are in the range but lower
than the homopolyamide. Nevertheless, their My are still in
the range of other green nylons, with values varying from
~2500 g mol™" upward or from 7200 g mol™" to above 1.30 x
10* g mol™".?® In terms of food packaging, the here-developed
bio-based copolyamides with moderate My, can facilitate their
processability and improve SIT behaviour.>®** In any
case, further optimization of the polymerization process
should be considered to achieve smaller variations in both the
My and My distribution among the bio-based copolyamide
formulations.

3.2. Crystallinity and structure

Room-temperature WAXD measurements were performed to
determine the crystalline percentage, that is, X¢, and the struc-
ture of the PA1010/410 copolyamides. The resultant diffracto-
grams are gathered in Fig. 3. PA1010 showed three main diffr-
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Fig. 3 X-ray diffractograms with peak assignments of polyamide 1010
(PA1010) and copolyamides 1010/410 (PA1010/410) with different con-
tents of putrescine. Different superscripts (°~%) in the percentage of
crystallinity (y.) values indicate significant differences among the
samples (p < 0.05).

action peaks located at 20 = 8.32°, 20.30°, and 24.47°, corres-
ponding to the d spacing of 1.0618 nm, 0.4371 nm, and
0.3635 nm, respectively.** These three diffraction peaks have
been correspondingly ascribed to the (002), (100), and (010/
110) planes from the monoclinic triclinic a-crystal form of
PA1010.*® Although for all synthesized bio-based polyamides
the a-crystalline phase dominated the structure, the character-
istic diffraction peaks of the a-crystalline phase of PA1010
broadened and their intensity decreased with the partial sub-
stitution of diaminodecane by putrescine. Moreover, the ratio
of (100) vs. (010/110) peak intensities decreased due to
reduction of repeating unit length whereas all peaks shifted
slightly towards lower 26 values, indicating an increase in
inter-chain- and inter-sheet distance.'® Therefore, WAXD
experiments suggest that increasing the 410-unit content
enlarges the 010/110 crystal plane spacing.

Thus, the incorporation of putrescine disrupted PA1010
crystal formation and, as a result of this, the X values pro-

5048 | Polym. Chem., 2025, 16, 5040-5063

View Article Online

Polymer Chemistry

gressively decreased. Whereas the PA1010 homopolyamide
showed a crystallinity of 31.2%, the different bio-based copo-
lyamides exhibited crystallinity values of 28.3%, 21.3%, and
14.7% for PA1010/410-13, PA1010/410-25, and PA1010/410-37,
respectively. These results agree with previous literature values
since crystallinities of these polyamides habitually range at
40-20%.>° In addition, crystal formation tends to be favored by
hydrogen-bonding in an overall less-efficient way than crystalli-
zation induced by van der Waals interaction, that is, the
driving force in long-chain polyamides.’” Therefore, the crys-
tallizability was weakened by the incorporation of nylon-410
segments in PA1010."9°%%7

Variable-temperature FTIR was used to obtain more con-
crete information about the changes in molecular confor-
mations and H-bonds during continuous heating. Fig. 4 shows
3D plots with the FTIR spectra as a function temperature of
the PA1010 (Fig. 4a) and PA1010/410 samples (Fig. 4b-d). The
strongest peaks of the PA1010 were found ~3300 cm™*, which
is attributable to the hydrogen-bonded N-H stretching
vibration, and the coupled bands at 2857 and 2952 cm™" due
to the symmetric and antisymmetric stretching vibration of
CH,.*® The other characteristic peaks of the amide groups are
listed as follows: ~1632 cm™' (amide I, C=0O stretching
vibration), ~1535 cm™" (amide II, C-N stretching, and CO-N-
H bending vibration), ~1460 cm™" (amide III, C-N stretching,
and C-H in-of-plane bending vibration), 1262 cm™" (amide 1V,
C-CO stretching vibration), 720 ecm™ (CH, wagging), and
686 cm™' (amide V, N-H out-of-plane bending vibration).*
These data confirm the anticipated chemical structure of these
copolyamides.

In all instances, as a function of heating, one can observe
that the hydrogen bonding within the samples decreases with
increased temperature. This is evidenced by systematic shifts
to higher wavenumber of bands associated with »(NH) and
1(C=0), seen ~3300 and 1635 cm ', respectively. For the
homopolyamide, the v(NH) started ~3303 cm™" at room temp-
erature and shifted to ~3316 cm™' at 210 °C. Whilst the
1(C=0) was ~1632 cm™" at room temperature and ~1637 cm ™"
at 210 °C. In both cases, the shifts in peak position were
accompanied by dramatic decreases in band intensity. Similar
observations are made for the copolymer systems with overall
shifts of ~10 cm™ measured for y(NH) and ~5 cm™' for
y(C=0) between spectra collected room temperature and
210 °C. In the particular case of PA1010/410-37, these shifts
were even greater as the temperature exceeds the melting
point, with shifts of ~22 em™ for the v(NH) and ~15 cm™" for
1(C=O0) noted in the spectrum collected at 210 °C.

The effect of the nylon 410-unit content on the hydrogen
bonding and crystallization behavior of the bio-based polya-
mides was further elucidated by FTIR analysis and shown in
Fig. 5. Thus, Fig. 5a shows a comparison of the FTIR spectra
collected at room temperature for PA1010 homopolyamide and
all the PA1010/410 copolyamides. In Fig. 5b one can observe
that the band positions of the stretching vibrations of N-H,
which are influenced by the hydrogen bonding within the
PA1010/410 copolyamides, slightly shifted to lower wavenum-
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Fig. 4 Fourier transform infrared spectroscopy (FTIR) spectra taken across temperature of the homopolyamide 1010 (PA1010) (a) and copolyamides
1010/410: PA1010/410 with 12.5 mol% nylon 410 (b), PA1010/410 with 25 mol% nylon 410 (c) and PA1010/410 with 37.5 mol% nylon 410 (d).

ber with an increase in the proportion of nylon 410 segments.
These shifts are indicative of an increase in the overall hydro-
gen bonding as the nylon 410-unit content in the copolyamide
is increased. The expectation would be that this phenomenon
would be accompanied by a complementary shift to lower
wavenumber of the y(C=O) band position, which is also
known to change with H-bonding. Intriguingly, there was no
obvious change in the peak position of the amide I, however,
there were noted increases in intensity with increased nylon
410-unit content relative to the C-H scissoring and bending
modes between 1480 cm™" and 1400 cm™" and these changes
are quantified in Fig. 5c. This, one assumes, is due to both the
increase in the number of carbonyl groups relative to the
number of methylene repeat units as the composition changes
and the increase in hydrogen bonding strength between amide
segments.*® One considers that the observed peak position of
the amide I is therefore a competing balance between the
intrinsic peak center of the nylon 1010 and 410 amide seg-
ments and changes in the hydrogen bonding within the copo-
lyamides. Also, of interest in this region of the spectrum is the
relative peak intensity of the amide I »(C=O0) to the amide II

This journal is © The Royal Society of Chemistry 2025

S(NH). In the case of the PA1010 homopolyamide, the amide I
band presented a greater intensity than the amide II band.
Nevertheless, with the addition and subsequent increase of
nylon 410-unit content, the amide II band was stronger than
the amide counterpart for all compositions of copolymer.
Additional information relating to the crystallization within
these bio-based copolyamides can be elucidated by the change
in the band intensities in the 780-500 cm™" region, shown in
Fig. 5d. This region of the spectrum contains the amide V (N-
H out-of-plane mode) ~690 cm™" and the amide VI (C=0 out-
of-plane mode) ~580 cm ™", typical of the planar zig-zag struc-
ture of the o-form of nylon 1010.*' The amide V band was seen
to decrease in intensity and broaden (cf. FWHM of 23.5 cm ™"
for PA1010 versus 26.5 cm™" for PA1010/410-37) with increased
nylon 410-unit content. This band intensity reduction further
confirms the above-described reduction in crystallinity with
increased nylon 410-unit content. Similarly, the amide VI band
was also seen to decrease in intensity and broaden as a func-
tion of increased PA410-unit content (¢f. FWHM of 17.1 cm ™"
for PA1010 versus 20.4 cm™ ' for PA1010/410-37). Using the
intensity of the isolated amide VI band, which is free of inter-
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denotes band used to calculate crystallinity.

ference or contribution of other surrounding bands, and the
measured crystallinity of the PA1010 sample taken as refer-
ence, one can calculate the crystallinity of the copolyamides.
To this end, the bands in the FTIR spectra between
780-500 cm ™" were deconvoluted (see Fig. 6). Thus, crystalli-
nity of the copolyamides were calculated as 27.0%, 25.9%, and
22.1% for PA1010/410-13, PA1010/410-25, and PA1010/410-37,
respectively. These values are comparable to those generated
previously from the WAXD data.

3.3. Physical characterization

The PA1010 and PA1010/410 films were also subjected to
thermal analysis to ascertain the effect of the nylon 410
content on both the thermal stability and transitions of the
bio-based polyamides. Fig. 7 gathers the TGA curves (Fig. 7a)
and their respective DTGA curves (Fig. 7b), whereas Table 2
summarizes the main thermal parameters obtained from
these curves. All the examined bio-based polyamide samples
showed two decomposition stages, indicating a two-step
mechanism in the decomposition process. Thermal degra-
dation of PA1010 is based on a -C-H transfer reaction mecha-
nism that produces ketoamides, as the primary decomposition
products, which thereafter decompose at higher tempera-
ture.”® The PA1010 sample was stable up to approximately
400 °C, showing a Tge, of 475 °C, which agrees with our pre-
vious studies.’®'® One can further observe that the introduc-

5050 | Polym. Chem., 2025, 16, 5040-5063

tion of low nylon 410 contents (12.5 mol%) did not signifi-
cantly (p > 0.05) alter the thermal stability of the bio-based
polyamide. However, higher comonomer contents (25 and
37.5 mol%) increased the onset of degradation, measured as
Tsy, by approximately 20 °C. In this regard, Rwei et al*°
reported a slight decrease in Ty, with the introduction of
increasing weight percentages of nylon units with longer alkyl
segments, ascribed to the relatively low stability of aliphatic
CH, groups at high temperature. In any case, the high thermal
stability of PA1010/410 makes it an ideal candidate for most
food packaging applications and nearly unlimited industrial
processing conditions of plastics.

As can be observed in the DSC curves shown in Fig. 8, all
the bio-based polyamides presented different thermal tran-
sitions during heating (Fig. 8a) and cooling (Fig. 8b) that were
affected by the nylon 410 content. The second-order transition
seen in the 40-60 °C range corresponds to the T, of the polya-
mides.?” Interestingly, the putrescine content slightly reduced
the T, values of PA1010/410, which varied from approximately
57 °C, for the homopolyamide, down to 40 °C at the highest
PA410 content. Although the glass transition region of PA1010
was difficult to elucidate,'® this became more noticeable in the
case of the copolyamide grades due to their reduction in crys-
tallinity. Furthermore, the thermographs taken during cooling
revealed that both the 7T and AH: values were also signifi-
cantly reduced with the increase in putrescine. In particular,

This journal is © The Royal Society of Chemistry 2025
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Fig. 6 Fourier transform infrared spectroscopy (FTIR) spectra deconvoluted data for homopolyamide 1010 (PA1010) (a) and copolyamides 1010/410
with 12.5 mol% nylon 410 (PA1010/410-13) (b), 25 mol% nylon 410 (PA1010/410-25) (c) and 37.5 mol% nylon 410 (PA1010/410-37) (d).
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the increasing content of nylon 410. Therefore, T;,, decreased
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down to nearly 179 °C, from approximately 201 °C for
PA1010.*° In terms of AH,,, one can observe that the PA1010/
410 presented significantly lower (p > 0.05) values than
PA1010, further confirming the above-described reduction in
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crystallinity in the copolyamides. It is also worth noting that,
even though the polyamides cold crystallized prior to melting,
all displayed a single melting peak during both heating scans,
further supporting the presence of a single crystalline form, as
previously described during the crystallinity assessment. The
thermal properties of PA1010/410 with nylon 410 contents of
25 and 37.5 mol% are similar to those of medium- or long-
chain PA12 (~179 °C)** and slightly higher than those of iso-
tactic polypropylene (PP) (~161 °C).** This makes it easily pro-
cessable and feasible to seal in most multilayer structures
used in food packaging.’

From the above, it was seen that the bio-based copolya-
mides crystallized in the entire composition range studied
herein. However, the crystallization/melting of random copoly-
mers is a complex function of the chemical structure of the
repeating units involved, molar ratio of comonomers, and
My. Indeed, the thermal transitions determined by non-iso-
thermal DSC experiments indicate that these copolyamides
show isodimorphic behavior with a moderate amount of
comonomer exclusion.” In this regard, one can observe in
Fig. 9 that the bio-based polyamides presented first-order
thermal transition (T and Ty,) values with non-linear depen-
dence on molar composition: PA1010 (~178.5 and 201 °C),
PA1010/410-13 (~169 and 194 °C), PA1010/410-25 (~156 and
182 °C), PA1010/410-37 (~148 and 179 °C), and PA410 (~226
and 250 °C).*’ Therefore, the comonomers crystallized in the
same crystal lattice, but with partial inclusion of nylon
410-units in the unit cell of nylon 1010. From the plots, it can
be inferred that both 410- and 1010-units were hosted in the
PA1010/410 crystals, but these were characterized by a PA1010-
rich crystalline phase with a “pseudo-eutectic” region in the
25-37 mol% range. At this molar composition, the melting
point of the PA1010 phase was depressed by the presence of
nylon 410-units down to a temperature of approximately
180 °C.

Variable temperature FTIR studies reported above were also
used to provide complementary information relating copoly-
mer composition to structural changes as a function of temp-
erature. Fig. 10 gathers the normalized band area at
1190 ecm ™", which is ascribed to CH, wagging. One can observe
the sharp decrease in this band area in the 200-180 °C range
due to polyamide melting. Collecting the FTIR spectra of green
nylons as a function of temperature also resulted in changes to
a number of bands. Specifically, one observes the major
changes in the shift to higher wavenumber of 3304 cm™" at
room temperature to 3317 cm™" in the melt and a reduction in
intensity in the amide II peak. In addition, a new band
~3450 cm™" appeared in the melt that we can ascribe to ‘free’
v(N-H).*® These were accompanied by complementary shifts to
higher wavenumber, from 1631 cm™ at room temperature to
1642 cm™ ' in the melt, with a significant broadening. This
confirms the hydrogen bond strength reduction in the copolya-
mides and further supports the development of an isodi-
morphic random copolyamide formed by a PA1010-rich crystal-
line phase with partial inclusion of 410-units. Furthermore,
this is also in agreement with above-reported WAXS experi-

This journal is © The Royal Society of Chemistry 2025
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ments, showing the 010/110 crystal plane spacing enlargement
when the nylon 410-unit content was increased.

Film transparency and color are also important factors in
food packaging designs. In Fig. 11 the optical properties of the
bio-based polyamide films were analyzed to ascertain the
effect of putrescine, whereas Table 3 summarizes the color
coordinates in terms of L*, C;;, and h,, as well as the total
color difference, expressed as AE*, concerning the homopolya-
mide PA1010 film. Fig. 11a represents the spectral distribution

curve of the percentage of T; of the PA1010 and PA1010/410

This journal is © The Royal Society of Chemistry 2025

films as a function of wavelength (4). All the bio-based polya-
mide films showed relatively high values of Tj, ranging from
70% to 87%, indicating that the samples highly transmitted
light. This transparency is close to that of polyethylene tere-
phthalate (PET) films and in the range of other biopolymers of
interest in food packaging, such as poly(3-hydroxybutyrate-co-
3-hydroxyvalerate) (PHBV).*” However, the copolyamide films
exhibited lower transparency than the homopolyamide PA1010
film, presenting lower values of T; at the lowest wavelength.
This reduction in Tj, particularly relevant in the near-ultra-
violet (UV) spectral region close to 400 nm, can be explained
mainly by the development of a yellow color, which was par-
ticularly noticeable in the PA1010/410 with 25 mol% of nylon
410 salt (see Fig. 11b). Yellowing in polyamides has been
ascribed to the formation of photo-unstable by-products with
color-conjugated imide groups, which is attributed to the pres-
ence of amine groups with a lone pair of electrons®® or
thermo-oxidation reaction of unsubstituted or N-substituted
aliphatic polyamides, such as crotonized aldehydic groups
((|CH=CH),,;3CHO).*® Furthermore, the lignin residual impu-
rities produced in the biological fermentation to obtain
putrescine production can be easily oxidized and turn into a
chromophore that further deepens the yellow color.>® Thus,
the “see-through” capability was reduced in the copolyamides.
However, this low-light-transmission capacity could promote
the protection against light-induced oxidative processes of
certain foods, such as oil or meat.>" In terms of optical pro-
perties, the copolyamide PA1010/410 film samples showed
lower brightness than the PA1010 film, measured as L*, in the
81-85 range. In relation to the a* and b* color coordinates, the
copolyamide films were slightly green and pale yellow, leading
values of the hue or tone (k) in the range of 92-104 and a

Polym. Chem., 2025, 16, 5040-5063 | 5053


http://creativecommons.org/licenses/by/3.0/
http://creativecommons.org/licenses/by/3.0/
https://doi.org/10.1039/d5py00766f

Thisarticleislicensed under a Creative Commons Attribution 3.0 Unported Licence.

Open Access Article. Published on 06 November 2025. Downloaded on 2/16/2026 9:31:10 AM.

(cc)

View Article Online

Paper Polymer Chemistry
PA1010 PA1010/410-13

g1.04 2101

g -

°

§os- 5038
’.‘E -E

S 0.6 © 0.6

8 8

° ) J

2 0.4 g 0.4

s s

£ E

3 0.2 3 0.2

0.0 4 T T T T T T T T 0.0 L+ . r r y y T y y
25 50 75 100 125 150 175 200 225 250 25 50 75 100 125 150 175 200 225 250
Temperature (°C) Temperature (°C)
PA1010/410-25 PA1010/410-37

1.0 210+

S o

©

e [

8 0.8 4 8 0.8 1

£ 3

3 0.6 - 3 0.6

- -

E 0.4 - § 0.4

F] s

E 0.2+ § 0.2

z z

oo 0.0

25 50 75 100 125 150 175 200 225 250
Temperature (°C)

25 50 75 100 125 150 175 200 225 250
Temperature (°C)

Fig. 10 Normalized area corresponding to 1190 cm™ band of polyamide 1010 (PA1010) and copolyamides 410/1010: PA1010/410 with 12.5, 25 and
37.5 mol% nylon 410.

100
90
sof —. - Il
7047

60
50

Ti (%)

40
30

—PpA1010 il

20-----PA1010/410-13 PA1010  PA1010/410-13 PA1010/410-25 PA1010/410-37
10 - - PA1010/410-25

o = — PA1010/410-37
400 450 500 550 600 650 700

A (nm)

Fig. 11 (a) Spectral distribution curve of the percentage of internal transmittance (T;) of polyamide 1010 (PA1010) and copolyamides 1010/410
(PA1010/410) films. (b) Images of the PA1010 and PA1010/410 films.

Table 3 Color parameters (L*, a*, b*) hue angle (h},), color saturation or chroma (C,,), and color difference (AE,,) of polyamide 1010 (PA1010)
and copolyamides 1010/410 (PA1010/410) films

Sample L* a* b* Cop iy, AEy,

PA 1010 87.5 + 0.4° -1.2 £ 0.0 3.4+0.1% 3.6 £ 0.1° 108.2 £ 0.7° —
PA1010/410-13 80.5 + 1.5° -0.5+1.1° 16.7 £ 2.1° 16.8 + 2.0° 92.2 + 4.3° 12.5 £ 0.5%
PA1010/410-25 81.7 +1.7° -1.2+£1.2% 22.0 +3.1° 22.0 + 3.0° 92.5 + 3.3P 18.6 £ 0.7°
PA1010/410-37 84.6 + 0.3%P —2.7£0.1° 11.7 + 0.59 11.4 + 0.59 103.7 + 0.3% 9.2 +0.9°

Different superscript letters (**%) indicate significant differences among formulations (p < 0.05).
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color saturation or chroma (C,,) of 11-22. The color variation
results confirmed that the copolyamide films showed different
colors than the homopolyamide film since, in all cases,
AE, > 5.

The mechanical properties of the PA1010/410 films were
also evaluated to ascertain the effect of the putrescine content
on their performance for food packaging applications. Results
of the tensile tests are collated in Fig. 12. The tensile stress—
strain curves of the PA1010 and PA1010/410 films taken at
room temperature can be seen in Fig. 12a. One can observe
that the progressive introduction of nylon 410-unit contents
drastically changed the mechanical response of the bio-based
polyamide films. Thus, whereas the mechanical properties of
the PA1010 film correspond to a material with intermediate
elasticity and high resistance but relatively low ductility, the
PA1010/410 films presented lower mechanical strength but
higher ductility. Fig. 12b-d respectively show the evolution of
the tensile modulus (E), strength at yield (oy), and elongation
at break (&p,). In particular, the PA1010 films presented average
values of E, o, and ¢, of 1275 MPa, 53 MPa, and 18%, respect-
ively. The introduction of low and medium contents of nylon
410, that is, 12.5 and 25 mol%, yielded to films with E, o, and
e, values in the 900-700 MPa, 45-40 MPa, and 40-20%,
respectively. In any case, the most notably variation in the
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mechanical performance was seen PA1010/410 with 37.5 mol%
nylon 410, which presented respective average values of E, oy,
and ¢}, values of 435 MPa, 31 MPa, and 135%. This result indi-
cates that the latter copolyamide films is nearly 3 times less
rigid and approximately 8 times more flexible that its homopo-
lyamide film. In this regard, Lin et al.,”* reported a significant
enhancement in ductility for random copolyamide 56/66
(PA56/66) for 5N6C segments content of 30-70 mol%, which
was ascribed to originate from the crystallinity decrease
caused by the destruction of segment regularity by copolymeri-
zation. Similar results were attained by Ai et al,'® who
observed that the toughness and flexibility of the bio-based
copolyamides based on polyamide 10T and polyamide 56 sig-
nificantly increased with the PA56 content. Thus, the variation
of the mechanical performance as the 410-unit content
increases, that is, reduction in strength but increase in flexi-
bility, can be ascribed to the crystallinity reduction of the copo-
lyamides. Therefore, the higher intermolecular chain mobility
attained in the random PA1010/410 copolyamides confers
sufficient freedom to better respond to externally applied
strains.”>® Meanwhile, the chance of forming inter-chain entan-
glements between the crystalline and amorphous phases of
copolyamides increases as the molecular chain mobility rises.
These may act as stress transmitters during stretching to
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among formulations (p < 0.05).
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enable the applied stress to be efficiently transferred within
the sample, eliminating stress concentrations in weak regions
within the copolyamides, such as spherulite boundaries and
lamellae surfaces.>*> Therefore, the mechanical performance
of these green nylon films varied according to their putrescine
content, changing from highly resistant to significantly more
ductile, which represents a competitive advantage to be
applied in different food packaging systems, covering from
rigid to flexible applications.

The barrier performance of the PA1010 and PA1010/410
films was also analyzed in terms of their permeability to water
and limonene vapors and oxygen gas. Fig. 13 gathers the WVP,
LP, and OP values of the bio-based polyamide films, all
measured at 25 °C and 53% RH. One can observe that the
WVP values increased progressively in the copolyamide films
with increasing the putrescine content. This reduction in the
water vapor barrier with the 410-unit content increase is
related to both the decrease in crystallinity and in the CH,/
CONH ratio. The higher CONH densities per unit length of
chain, resulting from the higher presence of the amide 410
segments, contributed to the development of a chemical struc-
ture that was more affected by water and, hence, by the moist-
ure conditions. Thus, the WVP of PA1010 increased from 1.56
x10" kgm m > Pa ' s up to 6.54 x 107> kg m m > Pa~"
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s~ for the PA1010/410 with 37.5 mol% of nylon 410. Similar
values of permeability were observed by Nguyen et al.>® These
permeability values place the here-developed bio-based copo-
lyamide films in between those of PA6 (2.06 x 10~** kg m m™—>
Pa—' s~ at 90% HR)*” and PA12 (3.46 x 10> kg m m™> Pa~*
s~ at 85% HR)’® and only one order of magnitude higher than
high-water-vapor-barrier PP (7.26 x 10" kg m m > Pa~' s " at
90% HR).”” Therefore, these materials show great promise for
applications in food environments where moderate or rela-
tively high vapor-barrier performance is needed, such as meat
packaging. One can further observe that the permeability to
limonene, used habitually as standard to ascertain the barrier
to aroma, was not significantly different (p > 0.05) among the
bio-based polyamide film samples, with values in the
1.61-1.78 x 107> kg m m™? Pa—" s~* range. These values are,
for instance, notably lower than those observed for bio-based
polyesters, such as PLA (3.3 x 107> kg m m™2 Pa™' s7') or
PHBV (1.0 x 107** kg m m™> Pa~" s7%), all measured at 40%
RH.* This further confirms the high potential of PA1010 and
the PA1010/410 copolyamides, even as monolayer materials,
with moisture and aroma resistance for sustainable food
packaging applications.

In relation to oxygen, one can observe in Fig. 13c that the
PA1010/410 films yielded values of OP in the 5.2-6.1 x 10~*°
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(a) Water vapor permeability (WVP), (b) limonene permeability (LP), and (c) oxygen permeability (OP) of polyamide 1010 (PA1010) and copo-

lyamides 1010/410 (PA1010/410) films measured at 25 °C and 53% relative humidity (RH). Different superscript letters (°~9) indicate significant differ-

ences among formulations (p < 0.05).
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' 57" range at 53% RH. In all cases, these per-
meability values were lower than that of PA1010, which pre-
sented a value of 6.6 x 107" m®> m m™2 Pa~' s™'. This per-
meability reduction, that is, oxygen barrier enhancement, was
significantly attained (p < 0.05) in the case of PA1010/410-25,
showing the lowest permeability with a value of 5.28 x 107*°
m® m m™2 Pa~' s™'. However, the film of copolyamide PA1010/
410-37 presented a slightly but still significantly (p < 0.05)
higher permeability value than the same copolyamide with
25 mol%. In this regard, the non-linear evolution of the
oxygen barrier performance of the PA1010/410 copolyamides
can be explained by the opposite effect induced by the intro-
duction nylon 410-unit contents on the two distinct para-
meters affecting the permeability, that is, solubility, a thermo-
dynamic parameter, and diffusivity, a kinetic one.®® On the
one hand, as opposite to WVP, the reduction in the CH,/
CONH ratio after the introduction of amide 4/10 segments
yielded a progressive decrease in oxygen solubility in their
glassy amorphous regions. On the other hand, the above-
described reduction in the degree of crystallinity with the
nylon 410-unit content increase impaired the permeability to
oxygen of the copolyamides. In this regard, oxygen molecules
with an effective radius of about 2 A cannot diffuse through
crystalline regions but can only permeate through amorphous
regions with fractional free volumes larger than the mole-
cules.®® Thus, crystalline domains can both act as excluded
volume for sorption of penetrant molecules decreasing solubi-
lity and form impermeable barriers for diffusion process
increasing the average path length of these penetrant mole-
cules. In any case, the oxygen barrier of PA1010/410 as well as
PA1010 corresponds to an oxygen medium-barrier polymer,
which is between the permeability of short-chain PA6, showing
values in the 0.5-2.5 x 107 m®* m m™2 Pa™"' s~ range,”” and
long-chain PA12, in the 2.0-2.2 x 107 m* m m™> Pa™' s7*
range,’® depending on the % RH.

m® m m~? Pa~

3.4. Application for meat packaging purposes

Finally, the PA1010/410 film samples were used as lids on
aluminum trays for packaging minced meat, which was stored
for 11 days under refrigerated conditions, to determine their
potential in food packaging. The food packaging performance
of the bio-based copolyamide films were compared with petro-
chemical PP films. Table 4 shows the changes in pH, weight
loss and color, according to the type of lid film and storage
time. The pH value is an important indicator of meat quality,
as it affects its color, water retention capacity, and flavor.®> The
minced meat showed an initial pH of 5.45 + 0.05, in line with
values previously reported for fresh minced meat samples.®
Storage time and type of packaging both significantly affected
the pH values of the samples (p < 0.05). The pH of minced
meat packaged in PP samples increased from 5.45 to 7.14 on
the eleventh day of storage. In general, the meat exhibited an
increase in pH values indicating a degree of deterioration of
the meat during protein breakdown giving rise to alkaline sub-
stances, such as amines.®*"®® The food samples packaged with
PA1010/410 films had lower pH values than the ones with PP,
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Table 4 Development of pH, weight loss and color parameters in
terms of lightness (L*), chroma (C,), hue (h},) and total color differ-
ence (AE;,) of the cold-stored minced beef meat samples packaged