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ABSTRACT
Chemical stability is a key property for polymeric hot-melt adhesives (HMAs) used in industrial settings. The chemical stability of
anHMAand its polyamide base resin (obtained from bio-based dimer acids) is assessed after immersion in various solvents. Visual
observation and gravimetry show that they resist alkaline conditions better than acidic conditions and are susceptible to dispersion
in organic solvents. The organic solvents’ impact can be predicted using Hansen parameters. Infrared (FTIR) and solid-state NMR
spectroscopies confirm the degradation of the polyamide resins and HMA at the molecular level. Solution-state NMR allows the
identification of the type of degradation, such as aromatic substitution. Aromatics and vinylics (from the dimer acid) are quantified
with solution-state NMR, including benchtop NMR. The precision of the quantification does not depend on the sensitivity of
the instrument but rather on the user-dependent data treatment. The degradation occurs via amide hydrolysis, leading to chain
scission, without imide formation. Degradation does not affect the relative amount of vinylics but surprisingly affects that of the
aromatics. Free-solution capillary electrophoresis (CE) allows the detection and separation of the most hydrophilic degradation
products, including monomers, during the degradation in highly acidic or alkaline conditions without any sample preparation.

1 Introduction

Rubbers, such as hot-melt adhesives used to repair conveyor
belts on mining or other industrial sites, consist of a base resin
(such as polyamide)mixedwith additives and suffer from gradual
deterioration and breakages due to use [1]. They are exposed
to heat, sunlight, moisture, oxygen, or other chemicals (organic
solvents, organic acids, aqueous acid [2], and alkaline solutions).

Plasticization, swelling, and possibly chemical degradation occur
when solvent molecules diffuse into the polymer bulk, affect-
ing mechanical properties, durability, structural integrity, and
adhesive properties [3]. Identification of the chemical nature and
structure of the starting material and degradation products is
generally mandatory, especially in terms of compatibility and
effects on the surrounding environment, for example, to avoid
water pollution [4–6]. To develop superior hot-melt adhesive
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formulations based on polyamide resins, it is crucial to evaluate
and understand the chemical degradation and the degradation
products for improving the product stability under the service
conditions and the product’s effect on the environment.

Polyamide resins utilized in hot-melt adhesive formulations
have been synthesized from diamines such as alkyl, aro-
matic, oligo(propylene oxide) [7], piperidinyl-based diamine, and
oligo(N-ethyl amine) (i.e., diethylenetriamine and triethylenete-
tramine) [8], and bio-based comonomers [9–11]. The bio-based
comonomers are sourced from renewable resources such as mix-
tures of fatty acids, obtained, for example, from wood pulp and
castor oil, and are named dimer acids. Dimer acids are complex
mixtures of mostly diacids together with some monoacids and
triacids [12]. The polyamide resins studied in this work have
been previously assessed to be obtained from dimer acids and
oligo(propylene oxide) diamines by attenuated total reflectance
Fourier transform infrared (ATR-FTIR) and nuclear magnetic
resonance (NMR) spectroscopies [7]. These polyamide resins are
also sometimes named “specialty nylons” [13], although they
differ in their molecular structures (being very heterogeneous
copolymers) and crystalline structures from regular nylons.
Thermal degradation [14], aging [15], and irradiation [15] of
polyamides have been studied to establish the mechanisms of
degradation and effects on mechanical properties. However,
only a few reports [16–18] have focused on chemical stability
and degradation products of polyamide resins in very corrosive
acidic, acidic aqueous, alkaline, and non-aqueous conditions.
The assessment of chemical stability is standardized (ASTM:
D543-14 [19]) with specific requirements including temperature,
humidity, sample size, and a range of chemicals. The degradation
is quantified through themass change in the investigated samples
and not in terms of degradation products. The standard from
ASTM International (formerly the American Society for Testing
and Materials) aims at evaluating the structural damage to
the polymeric material, not the environmental impact of its
degradation.

The separation and characterization of degradation products
at the molecular level requires suitable analytical techniques:
[20, 21] robust techniques have to withstand highly acidic or
alkaline conditions with highly dispersed sample forms (such
as molecules, macromolecules, nanoparticles, to microparticles).
This analysis is typically carried out by size-exclusion chromatog-
raphy (SEC), mass spectrometry (MS), and NMR spectroscopy
in the literature [20]. SEC suffers from poor reproducibility in
general [22, 23], especially in the case of polyamides due to poor
solubility, as well as adsorption of polyamides and degradation
products onto the SEC stationary phase [24, 25]. Coupling liquid
chromatography with other separation or detection methods,
either online (e.g., electrospray-ionization (ESI) MS, FTIR, or
NMR spectroscopy) or offline (e.g., matrix-assisted laser desorp-
tion/ionization with time of flight (MALDI-ToF)MS) has allowed
the compositional analysis of oligomers and polymers [20, 26–
29]. However, all MS techniques are limited in analyzing high
molecular weight synthetic polymers because of the number of
different ions arising from the molecular weight distribution
and low molecular weight oligomers dominating the spectra [20,
27]. Pyrolysis-gas chromatography is a popular method used for
structural analysis in polymer degradation studies; however, it
provides indirect information [20, 30]. Thermogravimetry-FTIR

is also used to investigate polymer degradation; however, it
only provides information on the evolved gases from thermal
degradation and mass loss [31].

NMR spectroscopy is a powerful and robust analytical tool
routinely used for structural characterization and elucidation of
materials (e.g., polymers) [32]. Solution-state NMR was applied
to the structure elucidation [33–36] or to study the degradation
[36] of several types of polyamide nylons (6; 6,6; 6,9; 6,10;
6,12; and copolymers). NMR spectroscopy was also applied to
the structure elucidation of dimer acids [37] and of derived
polyamide resins [7]; however, to our knowledge, it has never
been applied to quantify the degradation of these resins. ATR-
FTIR spectroscopy reveals information on functional groups in
solid and liquid samples without requiring sample modification
[38]. It is heavily supported by commercial databases covering
an array of small molecules, macromolecules, coatings, films,
fibers, and inorganic compounds for identification purposes [39].
ATR-FTIR has previously been used to monitor the kinetics of
polymerization of dimer acid [40], as well as to confirm the
composition of the resulting polymer [10, 41].

Free-solution capillary electrophoresis (CE) is widely used in
biopolymers analysis [42] but not much in materials science
[43]. It is a high-resolution separation technique that separates
ionized analytes through an electric field within a capillary
filled with only a background electrolyte (no stationary phase)
[44]. This robust analysis technique allows the study of unfa-
vorable or adversely contaminated samples without the need for
sample preparation such as filtration or centrifugation, as seen
for partially solubilized polymers [45], hardly soluble synthetic
polypeptides [46], aggregates, degraded plant fibers [47], and
ethanol fermentation by yeast broths [48].

The first aim of this study is to assess the chemical stability of
an HMA and its base resin in different chemical environments.
This was done through visual observation and gravimetry of
HMA and base resin exposed to different solvents. The second
aim is to elucidate the degradation mechanisms of the HMA in
different chemical environments. The composition of degraded
products was investigated byATR-FTIR, solid-state, and solution-
state NMR spectroscopy. The third aim is to test whether CE is a
suitable separation technique to investigate polyamide degrada-
tion. The composition of the liquid phase after degradation was
investigated by CE and solution-state NMR spectroscopy.

2 Results and Discussion

2.1 Samples Presentation

The polyamide resins, BaseResin1 and BaseResin2, studied in
this work were obtained from dimer acids (derived from tall oil)
and oligo(propylene oxide) diamines (see Figure 1 for indicative
chemical structures). Their structure was previously assessed in
our team by ATR-FTIR and NMR spectroscopies [7]. The hot-
melt adhesive HMAwas formulated from one of BaseResin1 with
0.01% carbon black. 1H and 13C NMR spectra of BaseResin1 in
CDCl3, a solvent in which it is expected to dissolve and not
chemically degrade, are shown in Figures 3 and 4.
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FIGURE 1 Indicative chemical structures of the dimer acid and oligo(propylene oxide) diamine of the polyamide resin of the present work.
Aromatic functional groups were observed in the dimer acid, but their exact structure was not elucidated.

2.2 Visual Observations and Gravimetry

Chemical resistance tests are used to assess the ability of
polyamides and polyamide-based HMAs to withstand exposure
to acids, alkalis, aqueous and non-aqueous solvents according to
the standard ASTM D543-14 (Standard Practices for Evaluating
the Resistance of Plastics to Chemical Reagents) [19]. Some
samples prepared in differing conditions (HMA mass, solvent
volume, immersion times) are referred to as non-ASTM samples
(see Section 4.2). The chemical stability of the polyamides was
assessed with visual observation and gravimetry according to this
standard (Tables S3–S5 and Figures S1–S11). The resulting liquids
and solid samples were also characterized with (solution- and
solid-)state NMR (Section 2.3), and CE (Section 2.4) to elucidate
the degradation mechanism and the nature of chemicals in the
liquids.

HMA samples immersed for seven days in organic solvents
(ethanol, diethyl ether, ethyl acetate, acetone, and toluene)
swelled with solvent. All liquid phases were clear and still
contained the HMA disk on the first day of the study, but
changed significantly after the second and seventh days (for
visual observations, see Figures S1 and S4). After vacuum drying,
very differentmass losseswere observed (Figure 2a; Table S3), and
formed four populations:

– no mass loss with ethanol, water, concentrated or dilute
aqueous solutions of sodium hydroxide, of organic acids
(formic and acetic acid), of inorganic acids (HCl, H2SO4,
HNO3). A mass increase was attributed to some swelling and
incomplete drying. Ethanol may have a strong affinity for the
polyamide;

– diethyl ether, ethyl acetate, and acetone led to a mass loss
between 2 and 22% for both ASTM and non-ASTM tests, and
for both HMA and BaseResin1. This is attributed to leaching
and evaporation of some additives of the base resin, as well
as of some unreacted diamine or monoacid monomers and
oligomers, and even possibly a few macromolecules;

– toluene led to a mass loss of 29%. The HMA sample had
formed a suspension in toluene. Such a significant mass
loss could be explained by a greater leaching of additives,
unreacted monomers and oligomers, and even possibly a few
macromolecules. This is consistent with the fact that Nylon-

12, the most hydrophobic Nylon, swells more in non-polar
aromatic hydrocarbons than the other nylons [49];

– pure organic acid, formic and acetic acid, and trifluoroacetic
acid (TFA) led to nearly complete mass loss after drying. This
can be explained by the degradation of the HMA into volatile
compounds and the dissolution of unreacted monomer and
oligomers. This includes the hydrolysis of the amide group
in the polyamide, leading to the scission of the polymer
backbone [50].

Mass loss depends on both solubilities and chemical stabilities.
Chemical stability depends both directly and indirectly on the
polyamide molecular structure. The functional groups that can
react will be discussed in the next sections. The molecular
structure also influences the solubility. There are different types
of solubilities: [54] the “extraction solubility” is the ability to
be dissolved and extracted by a solvent and is relevant for the
additives, here non-intentional additives substances (NIAS); the
macroscopic solubility, linked to visual observation and trans-
parency; the macromolecular solubility, linked to the concept
of critical concentration C* [55]; finally the molecular solubility,
linked to solvation [56]. The latter, molecular solubility, is the
most relevant to predict chemical stability, but it is currently very
little used in the literature [57].One possibility to predict solubility
at the molecular level is based on affinities between functional
groups, using solubility parameters for both solutes (here, the
polyamides) and solvents. Figure 2a shows the relative mass
change of HMA with the Hildebrand [51] (δHB) and Hansen [52]
(δt) solubility parameters of the organic solvents. The Hildebrand
and Hansen solubility parameters are widely used to measure
or predict solvent-solute compatibility. The Hildebrand solubility
parameter is dependent on the cohesive energy density, while
the Hansen solubility parameter is a combination of three
parameters: dispersion, polarity, and hydrogen-bonding. The
Hansen and Hildebrand solubility parameters of dimer acid-
based polyamide resin are 23 (Figure 2a, blue dashed line) and
between 17 and 26 (Figure 2a, pink area), respectively [53]. A
comparison of the Hildebrand and Hansen parameters of the
polyamide resin and of the solvents causing complete mass loss
(i.e., 21–25), showed that the Hansen parameter was a better
predictor for this system and could be used for solvents not tested
experimentally [19]. The hydrophobic solvents such as heptane,
isooctane, and turpentine with δt values of 15.3, 14.3, and 16.5 are
thus expected to lead to limited mass loss. Carbon tetrachloride,
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FIGURE 2 Mass change mc of HMA after immersion and drying against (a) the Hildebrand parameter [51] (δHB, red symbols) and Hansen
parameter [52] (δt, blue symbols) of the organic acids and solvents, and (b) the pH of acids, aqueous dilute acids, water, and sodium hydroxide solutions
(1, 10, 23, 60% (w/v), as well as 23% (w/v) at 80◦C). On (a), the pink area corresponds to the Hildebrand parameter, and the blue dashed line to the Hansen
parameter, of polyamide resins [53].mc values are listed in Table S3.
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ethylene dichloride, and benzene, with δt values of 17.7, 20.0,
and 18.7 are expected to lead to larger mass loss. The solvents
with δt values between 21 and 25 are expected to swell and fully
disperse the polyamide resin (100% mass loss); these would be
for example pyridine, nitrobenzene, cyclohexanol, nitroethane,
butanol isomers, acetonitrile, 1-propanol, and methyl glycol with
δt values of 21.8, 22.2, 22.4, 22.7, 22–23.1, 24.4, 24.5, and 23.5,
respectively. The solvents with δt values higher than 25 are
expected to cause minimal mass change with potential limited
mass gain; this would be the case for dimethyl sulfoxide (DMSO,
26.4), and methanol (29.2) [52].

Complete degradation of HMA into volatile compounds or com-
plete dissolution happens only at low pH (Figure 2b) and if the
acid can swell the HMA, i.e., if the acid has a Hansen parameter
close to that of the polyamide resin. The HMA base resin,
BaseResin1, led to similar observations (Figure S10 and Table
S4). HMA, however, was completely degraded or solubilized by
acetic and formic acid (99% (w/v)), while acetic acid (99% (w/v))
did not physically degrade or macroscopically dissolve a different
resin, BaseResin2 (Figure S11 and Table S5), indicating that it
may be more hydrophobic or dense (physically crosslinked).
Spectroscopic methods were used to obtain information on the
degradation products and the degradation mechanism.

2.3 Mechanism of Polyamide Chemical
Degradation

2.3.1 Solution-State NMR Analysis of Chemically
Treated Base Resin and HMA

2.3.1.1 Qualitative Analysis. The liquid components
resulting from HMA immersion, as well as BaseResin1
dispersions in CDCl3, acetic acid-d4, and acetic acid (99% (w/v)),
were analyzed by solution-state NMR to identify degradation
products (Figures 3 and 4). HMA chemical treatment conditions
were grouped into five broad categories: alkaline (NaOH (1,
2.4, 23.3, and 60% (w/w))), neutral (water), aqueous acidic
(formic acid (4.8% (w/v)), acetic acid (4.8% (w/v)), and TFA
(4.8% (w/v)), acidic (formic acid (99% (w/v)), acetic acid (99%
(w/v)) and hydrochloric acid (32% (w/w)), as well as organic
(diethyl ether, ethyl acetate, toluene, acetone, ethanol, and N,
N-dimethylformamide (DMF). The HMA or BaseResin1 was
immersed in the solvent for 7 to 14 days at room temperature
(80◦C for aqueous NaOH 23%) before an aliquot of the solvent
part was prepared for the NMR measurement.

1H and 13C NMR spectra for most aqueous conditions (alkaline,
neutral, and acidic) exhibited only solvent signals, consistentwith
the negligible mass loss in chemical resistance tests (Figure 2b).
These NMR results also indicate no significant leaching of water-
soluble compounds. For NaOH (23.3% (w/w)) at 80◦C, several
signals were detected in 1H NMR and a carbonyl signal in 13C
NMR (Figures S69 and S70), confirming a reduction in the HMA
chemical resistance at higher temperature (Table S3).

1H and 13C NMR spectra for HMA in acidic and organic condi-
tions, as well as for BaseResin1 dispersions, exhibited numerous
signals over the whole chemical shift range (Figures 3 and 4).
The full signal assignment of 1H and 13C NMR spectra was

carried out to identify the chemical structures of the degradation
products in these conditions (see top of Figures 3 and 4 for
assignment overview, and Tables S6 to S45 for assignment of
individual spectra). It was aided by 13C-DEPT-135 (distortionless
enhancement by polarization transfer) NMR spectra for carbon
degree of substitution (Figures S24, S31, and S46), as well as
comparison with 1H and 13C NMR spectra of possible HMA
constituents (Figures S73 to S85). Results are presented by type
of functional group below.

Carbonyl 13C NMR signals are likely to be from amides (170–
175 ppm, carbons bearing no hydrogen according to DEPT-135)
of BaseResin1 in CDCl3 and acetic acid (99% (w/v) and –d4) and
HMA in organic and acidic conditions. No carboxylic acid signals
are detected from the polyamide (175–180 ppm). TFA (99%) had
the strongest impact on the macroscopic level. It led to a viscous
suspension that could not be analyzed by solution-state NMR
(see Section 2.3.2 for solid-state NMR). 1H NMR signals of amides
and potentially carboxylic acids (>8 ppm) were only observed as
weak signals for BaseResin1 in CDCl3. This is likely due to partial
deuteration by CDCl3 and complete deuteration byD2O added for
NMR analysis. For concentrated formic and acetic acids, the large
proportion of carboxylic acid groups compared to amide groups
(Figures S48 and S50) indicated extensive chain cleavage through
amide hydrolysis.

NMR spectra (except for HMA in acidic conditions) exhibited
weak vinylic and aromatic signals in the 115–150 ppm range (13C)
and 5.3–8 ppm range (1H). Vinylic signals confirm the dimer acid
component in the polyamide resin. Aromatic signals come from
the base resin but could also originate in additives such as carbon
black [7].

NMR spectra exhibited two strong signals in the 70–80 ppm range
(13C) and several signals in the 3.1–4.3 ppm range (1H). Signals
in this range have been reported to originate in CH2 of mono or
poly(ethylene oxide) components of resins [36, 58, 59]. DEPT-135
NMR spectra showed that signals in the 75–80 ppm range arose
from CH2 and those in the 70–75 ppm range from CH groups,
confirming the oligo(propylene oxide) diamine component in the
polyamide resin (see Figure 1 for chemical structures) [7]. CH2
signals in the 39–50 ppm range (13C) and in the 2.5–3.1 ppm range
(1H) have been reported to originate in the carbon adjacent to
amide (on N side) in polyamide [34, 36]. They were not detected
in 1H NMR for the aqueous acidic conditions, possibly due to
the interference of a large water signal in the 4.5–5.5 ppm range.
Signals in the 20–39 ppm range (13C) and in the 1.2–2.5 ppm range
(1H) corresponded mostly CH2 and a few CH signals. Signals
in the 20–10 ppm range (13C) and 0.7–1.2 ppm range (1H) were
assigned to methyl groups.

2.3.1.2 Quantitative Analysis. The polyamide resin con-
tains aromatic and vinylic groups. They were quantified before
and after exposure (Figure 5, Table 1). To assess the experi-
mental error, an empirical relation was first used to determine
the relative standard deviation (RSD) from the signal-to-noise
ratio (SNR) of a small signal of interest [57]. The RSD values
determined from SNR ranged from 0.01 to 2.3% for the aromatic
and vinylic signals (Table S54). The empirical relation is only
meaningful when the experimental error primarily comes from
the limited signal-to-noise ratio, and it has been shown that a
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FIGURE 3 1HNMR spectra of representative HMA and BaseResin1 dispersions in different conditions, at 300MHz except for the bottom spectrum
(90 MHz). Crosses indicate solvent signals. Exposure was 7 to 14 days at room temperature, except for the alkaline condition (80◦C), before an aliquot of
the solvent part was prepared for the NMR measurement. For spectra in all solvents, see 1H NMR spectra in figures between S22 and S71.

larger error usually comes from user-dependent data processing
(e.g., phasing, baseline correction) [45, 57].

A round-robin test was thus carried out to estimate the exper-
imental error of the integration of different signal ranges in
the 1H NMR spectra, with the same set of 7 spectra processed
by 4 trained users (Table 1; Figure S85). The aliphatic integral
was arbitrarily set to 100 as a reference to compare the weaker
integrals of the aromatics and vinylics. No bias from a user was
observed, as lower/higher values were distributed among users.
The relative standard deviations ranged from 4 to 39 %, allowing

for the quantification of the precision of individual aromatic and
vinylic fractions (Figure 5). In addition, different hardware was
tested for theNMRmeasurements to estimate accuracy. Benchtop
NMR spectroscopy, also referred to as low-field or medium-
field NMR spectroscopy, is emerging as a powerful analytical
tool in chemometrics, relaxometry, and quality control [60]. In
polymer science, compared to high-field NMR spectroscopy, it is
an inexpensive and simple alternative for composition analysis
[61, 62], for quality control [63], for molecular weight assessment
[64], and for monitoring polymer synthesis [65]. It has been
used for degradation studies on non-polymer systems such as

6 of 16 Macromolecular Chemistry and Physics, 2025
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FIGURE 4 Partial 13C NMR spectra of representative HMA and BaseResin1 dispersions in different conditions, at 75 MHz except for the bottom
spectrum (22.5 MHz). Crosses indicate solvent signals. Exposure was 7 to 14 days at room temperature, except for the alkaline condition (80◦C), before
an aliquot of the solvent part was prepared for the NMRmeasurement. For spectra in all solvents, see 13C NMR spectra in Figures between S23 and S72.
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FIGURE 5 Aromatic (black squares) and vinylic (purple circles) fractions of HMA (full symbols) and BaseResin1 (empty symbols) determined
by 1H NMR spectroscopy after immersion against the Hildebrand parameter δHB [51] and Hansen parameter δt. For polyamide resins, the Hansen
parameter is indicated by a blue dashed line, while the Hildebrand parameters cover the whole range of the graph [53]. Farom and Fvinyl values are listed
in Table 1 (except for CDCl3, see Table S54). Asterisks indicate values determined with benchtop NMR. Error bars are the standard deviation determined
through the round robin test for each fraction (see Table 1), except for CDCl3 for which the standard deviation (SD) was chosen as the highest SD in the
round-robin (35 % for aromatics, 40 % for aliphatics).

persistent organic pollutants [66]. Compared to high-field NMR
spectra, 1H and 13CNMR spectra of BaseResin1 in CDCl3 recorded
with benchtop NMR exhibit the same signals with slightly
reduced resolution in 1H NMR and reduced sensitivity in 13C
NMR (Figures 3 and 4; see overlays in Figures S26 and S28,
respectively). There was no significant difference between the
aromatic (or vinylic) fractions determined with high-field and
benchtop NMR in CDCl3, assuming for the RSD the highest
value found for that fraction in the round-robin test (Figure 5).
The sensitivity was lower for benchtop NMR than for high-field
NMR (with SNR values lower by a factor of 3.5 to 4.5 for equal
numbers of scans, see Table S54), with SNR still sufficient to
ensure an RSD from SNR at least 20 times lower than the RSD
from the round-robin test. Thus, the precision of the aromatic
and vinylic fractions was not affected in this work by the limited
signal-to-noise ratio, while its accuracy was not affected by the
spectrometer but by the user-dependent processing, such as
phasing and setting baseline. This also demonstrates the poten-
tial of benchtop NMR spectroscopy to assess the composition
and monitor the degradation or depolymerization of this class
of bio-based polymeric adhesives at a much lower running
cost.

The evolution of aromatic or vinylic 1H fractions with the
Hildebrand and Hansen parameters was obtained for samples
for which 1H NMR spectra were recorded (Figure 5). Note that
the corresponding solvents all had Hildebrand parameters in the
range of the polyamide resin ones, because no usable NMR data
was obtained outside of it due to shim or lock issues or weak
signals. Thus, solution-state NMR spectroscopy brings additional

information, but on a limited range of samples. No significant
difference was observed in the vinylic fraction, while significant
differences can be confidently identified in the aromatic fraction,
Farom. The decrease in Farom in formic or acetic acid compared to
toluene or acetone is, however, likely due to chemical degrada-
tion. Aromatic functional groups are typically more chemically
resistant than vinylic ones. Rather than aromatic ring breakage,
the cause of the decrease in Farom in acidic conditions is thus
more likely an increase in substitution of the aromatic rings,
causing a decrease in the number of hydrogens directly bound
to the rings. In addition, a decreased solvation [56, 67] of the
aromatic rings in organic acidic solvents compared to neutral
organic solvents could contribute to the decrease in Farom. The
ability of aromatic functional groups to perform π-π stacking
might explainwhy theirmolecular solubility ismore affected than
that of aliphatics or vinylics in different solvents. Solution-state
NMR spectroscopy is thus relevant to assess solubility in that case,
but one should be very careful before drawing conclusions about
chemical degradation (or synthesis) from it. Chemically treated
base resin and HMA were thus investigated with spectroscopy in
the solid state.

2.3.2 Solid-State ATR-FTIR and NMR Analysis of
Chemically Treated Base Resin and HMA

BaseResin1 was analyzed by ATR-FTIR spectroscopy before and
after immersion in a blend of acetic acid (99% (w/v), 1.2 mL),
ethanol (2 mL), and water (1 mL) followed by freeze-drying.
It confirmed the polyamide nature of the non-degraded and
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freeze-dried acetic acid (99% (w/v)) degraded BaseResin1 samples
through their characteristic bands along with the presence of
vinylic components and the existence of a C─O─C bond within
both samples (Figure S86; see Table S55 for full signal assignment)
[7]. The carbonyl band around 1735 cm−1 was reported to change
during the degradation of a bio-based polyamide in an accelerated
artificial ageing environment (with UV, moisture, temperature),
with a shoulder at 1735 cm−1 assigned to photo-oxidation into
imide [15]. Such a change is not observed in this work (Figure S86,
inset), and no imide formation is detected. Due to the inability
of ATR-FTIR spectroscopy to differentiate and resolve signals of
interest, solid-state NMR spectroscopy was used for the analysis
of HMA samples.

HMA was analyzed by solid-state NMR spectroscopy before and
after immersion for 7 to 14 days in NaOH (23.3% (w/w) at 80◦C)
or TFA (97% (w/v) at 25◦C) followed by drying of the solid
part. 1H MAS (magic-angle spinning) NMR spectra of untreated
HMA samples showed limited resolution at room temperature
[7]. In this work, the resolution of the dried solid components
of degraded HMA was insufficient to observe changes in its
structure (Figure 6a, see Figures S87, S89, and S91 for individual
spectra). The two resolved signals for HMA and HMA treated
with NaOH (23.3% (w/w)) were observed around 1 ppm for the
aliphatic signal and 3.5 ppm for the oligo(propylene oxide) signal,
while four to five signals were observed for the TFA (97% (w/v))
treated HMA sample, which may have been due to increased
molecular mobility of the sample due to degradation (see Tables
S56, S58, and S60 for signal assignment). Vinylic and aromatic
signals could be identified only in this TFA-treated HMA sample;
however, theywere severely overlappingwith each other andwith
a more intense signal at 8 ppm (Figures S87). The linewidth in
1H NMR relates to the mobility of the functional groups, i.e.,
the sharper the signal, the more mobile the functional group,
hence the much lower resolution compared to solution-state
NMR (see Section 2.3.1). The linewidths of the untreated HMA
and NaOH-treated HMA were similar, while the linewidth of
TFA-treated HMA was visually narrower. It was expected since
degradation would lead to the generation of smaller molecules,
which would be more mobile than the polymer backbone. In
addition, 13C SPE (single-pulse excitation)-MAS NMR was used
to compare samples to address resolution issues faced in 1H
MAS NMR.

13C SPE-MAS NMR spectroscopy allowed improved resolution
and observation of signals of interest (Figure 6b, see Figures S88,
S90, and S92 for individual spectra and Tables S57, S59, and S61 for
signal assignment [7]). The 13C SPE-MAS NMR spectra of TFA-
treated HMA showed sharper signals and implied the functional
groups were more mobile than in the untreated HMA, indicative
of chain scission. The detection of the carboxylic group after
degradation indicates that the scission is likely by the hydrolysis
of the amide group. The 13C CP (cross-polarization)-MAS NMR
spectra of TFA-treated HMA and untreated HMA (Figures S93)
showed that the TFA-treated HMA was not wholly degraded,
as some residual backbone signals were detected. Note that 13C
CP-MAS NMR is not as sensitive to small molecules, which are
very mobile and are difficult to detect with this method. 13C SPE-
MAS can detect all functional groups, typically with a higher
resolution and a much lower sensitivity than 13C CP-MAS NMR.
Very faint signals detected with 13C SPE-MAS in the vinylic and
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FIGURE 6 (a) 1H MAS and (b) 13C SPE-MAS NMR spectra of HMA (black), HMA treated with NaOH (23.3% (w/w) by immersion for 7–14 days at
80◦C followed by drying) (blue), and HMA treated with TFA (97% (w/v) by immersion for 7–14 days at 25◦C followed by drying) (green).

aromatic ranges (signals 2 in Figures S90, S92) could originate
in aromatic and vinylic groups or in background signal from
the NMR instrument. 13C solution-state NMR exhibited an even
higher resolution; however, no aromatic or vinylic signals were
detected for this sample, and solubility may be incomplete at the
molecular level (Figures S56). A quantitative NMR assessment of
the degradation of vinylic and aromatic functional groups would
thus need 13C-labelled samples and 13C SPE-MAS NMR. This
expensive approach is relevant in fundamental research but not
applicable to research and development or quality control.

2.3.3 HMA Degradation Mechanism

In the present work, both the liquid and the solid phase of
the chemical stability study of a polyamide-based HMA exposed
to solvents were analyzed using solution-state and solid-state
NMR spectroscopy (Sections 2.3.1 and 2.3.2, respectively). This
complemented information obtained from visual observation to
elucidate the mechanism of degradation of the adhesive. The
proposed mechanism (Figure 7) is consistent with earlier reports
of degradation mechanisms for other types of polyamides: nylon-
like polyamides. Studies focusing on polyamide hydrolysis have
reported accelerated polyamide hydrolysis in acidic environments
through amine scavenging and acid catalysis [18, 68]. This means
that acidic hydrolysis leads to the formation of oligomers of
varying sizes, and the rate of hydrolysis is affected by the nature
of the diacid and diamine component [69], e.g., a large alkyl
groupwould hinder hydrolysis near an amide bond. These studies
reported that small organic acidswere able to absorb into the solid
polyamide, thus resulting in a lower pH within the polyamide
structure, which inhibited the re-polymerization of the broken
amide bonds. Overall, it is thought that this mechanism occurs
most likely through the free amine groups reacting preferentially
with the small organic acids, rather than with larger monomer

or polymer acid end groups, thus reducing the equilibrium
molecular weight of the degradation product [18, 68].

Organic solvents such as diethyl ether, ethyl acetate, toluene,
acetone, ethanol, and DMFwere able to form viscous dispersions
within a few days visually. Polyamide resins have a very low
solubility in these solvents. The organic solvents are not expected
to chemically degrade the polymers. The degradation of the
HMA samples is thus expected to arise at the macroscopic
and macromolecular level rather than at the molecular level.
This enabled the general identification of the composition of
the polyamide by comparison with a few possible reactants
by analysis via solution-state 1H, 13C and 13C DEPT-135 NMR,
i.e., dimer acid, alkyl diamine, aromatic diamine, oligo(N-alkyl
amine) and oligo(propylene oxide) diamine (Figure 1; see Figures
S73–S84 and signal assignment Tables S46–S53) [70–72].

The extent of polyamide solubility could be measured through
the ability to detect dimer acid alkene functions in solution-
state 13C NMR [57], which was observed in all organic solvents,
while this was not the case in organic acids, as some alkene
would undergo hydrogenation [73]. However, this implied that
the polyamide was not highly crosslinked (due to the triacid
component of the dimer acid), or it would not be able to
form a dispersion. From this, the polyamide composition was
confirmed as dimer acid and oligo(alkyl oxide) diamine with
small amounts of aromatic or alkyl diamines. Polyamide resins
based on dimer acids may include some alkene functions. It
was reported that the oligo(alkyl oxide) component of polyamide
resins undergoes degradation in concentrated mineral acids such
as nitric acid and sulfuric acid, yielding polyglycols and amino
alcohols [74], but not in hydrochloric acid since chloride is not
a strong enough nucleophile [71, 72]. Upon understanding the
polyamide composition, the degradation mechanism could be
fully established, building on Figure 7.

10 of 16 Macromolecular Chemistry and Physics, 2025
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FIGURE 7 Proposed polyamide degradation scheme in different solvents, based on information obtained from visual observations and NMR
spectroscopy.

2.4 A Capillary Electrophoresis Method to
Separate and Detect Hydrophilic Products of
Polyamide Chemical Degradation

The chemical degradation of the polyamide resins leads to a
range of products with a broad range of hydrophobicity, from
highly hydrophobic long-chain-fatty-acid-like products to poten-
tial small molecules with carboxylic acid or amine functions.
The hydrophilic compounds may be especially relevant in terms
of the environmental impact of the degradation. Solution-state
NMR measurements did not detect the hydrophilic compounds
due to sensitivity or solubility issues. Diluting the degradation
products in an excess of aqueous (deuterated) solvent would
lead to a large loss of sensitivity, the main weakness of NMR.
Drying the degradation dispersion to redissolve in aqueous
(deuterated) solvent would lead to inconsistencies in drying the
dispersion, depending on the solvent used, andmore importantly,
an unknown and likely problematic accuracy due to incomplete
dissolution of the hydrophilic products, depending on thematrix.
Another method is thus being tested to directly separate and
detect hydrophilic degradation products: free solution capillary
electrophoresis (CE).

CE has been shown to handle the analysis of sample mixtures
in complex matrices, including suspended or aggregated macro-
molecules [45, 46, 48]. From the HMA degradation mechanism,
the HMA undergoes degradation in some solvents and leaching
in others. The effect of the degraded or leached products can
also be detrimental after the stoppage of mining and during
mining site restorations. To the best of our knowledge, this is
the first time that polyamide degradation products have been
analyzed by CE. Unfiltered liquid components of the HMA in
formic acid and aqueous NaOH (Figure 8) as well as in acetone
(Figures S108–S110, S123,S124), aqueous acetic acid (Figures S125-
S125), hydrochloric acid (Figures S128–S130), nitric acid (Figures
S131–S133), water (Figures S111–S113, S136–S139) and NaOH (1.1
or 2.4% (w/w), Figures S117–S118, S140–S141) were analyzed on
different days to assess whether CE can analyze these types of
samples. After injection, the sample is mixed with the aqueous
borate buffer due to “mixing by the electric field” [45]. In several
cases, repeatable peaks were detected only in the early times
(ethyl acetate 7 days, formic acid 7 days), at intermediate times
(acetic acid 21 days), or only after long exposure (water 42 and

104 days). In other cases, no peaks were detected (diethyl ether,
acetone, aqueous acetic acid, aqueous hydrochloric acid, aqueous
sulfuric acid). The latter is consistent with transparent liquids
being obtained. The peaks correspond to molecules that are
hydrophilic, with some solubility in aqueous borate buffer.

Possiblemonomers of the polyamide in theHMA, i.e., dimer acid,
alkyl diamine, aromatic diamine, and oligo(propylene oxide)
diamine, were injected separately for identification purposes
(Figures S94–S97, Table S63). The only monomer that may be
observed is the diacid of the dimer acid that may be present in
the degradation with formic acid and aqueous NaOH. Acid or
alkaline solutions may lead to some depolymerization, but the
amount of diacid is limited and not persistent, likely due to the
poor solubility of the diacid in aqueous solutions. The molecule
released with extraction by acetone, ethyl acetate, and toluene
(see Section 2.2 and Table S63) might be an additive present in
the base resin, but more likely NIAS in the base resin. The long-
term leaching observed with water likely consists of different (not
identified) molecules.

The electrophoretic mobility distributions of BaseResin1 exposed
to highly concentrated acids (hydrochloric acid (32% (w/w)) and
acetic acid (99% (w/v))) (Figures S99–S104) showed no significant
peaks like those of the HMAs (Figure 8; Figures S128–S130).
Hydrophilic products leached or dissolved from HMA are likely
not additives from the HMA but come from the polyamide resin.

3 Conclusion

The polyamide-based HMA and polyamide resins tested in this
work, obtained from dimer acid and oligo(propylene oxide)
diamine, were exposed to different solvents and highly corrosive
conditions commonly found in mining and manufacturing sites.
They were strongly resistant to moderately corrosive mineral
acids and mineral bases. The fatty acid nature of the composition
led to HMA losing structural integrity and swelling in organic
solvents. DMFwas shown to be particularly efficient at dispersing
HMA. Hansen and, to a lesser extent, Hildebrand parameters
were shown to be good predictors of the mass change after expo-
sure to organic solvent. No change in chemical stability from the
polyamide base resin to HMA was observed; however, a different
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FIGURE 8 Electrophoretic mobility distributions of the liquid aliquots of non-ASTM study samples in formic acid and aqueous NaOH at various
degradation times, as well as from a blank containing only the degradation solvent.

polyamide resin was more resistant to glacial acetic acid than the
investigated polyamide resin and HMA. Semi-crystallinity of the
polyamide may also affect its chemical resistance.

Solution-state NMR spectroscopy of liquids showed signals
even where visually no degradation was observed, indicative
of polyamide precursors (diacid and diamine). The signals
were important in determining the structure of the degradation
products. The error in quantification originates primarily in
user-dependent data processing rather than in the instrument
sensitivity. The changes in NMR signals highlighted the forma-
tion of carboxylic acid and the breakdown of amide, as well as
the decrease in vinylic group hydrogens. This may indicate chain-
scission via hydrolysis in acidic and basic conditions, as well as
oxidation of the dimer acid vinylic bonds in acidic conditions,
respectively. Solid-state characterization of the chemically treated
HMA samples using ATR-FTIR and NMR spectroscopy con-
firmed the degradation of the HMA polyamide. The importance
of understanding the chemical stability of polyamide and HMA
was demonstrated with data suggesting they degrade similarly.

Benchtop NMR spectroscopy was able to resolve signals for a
polyamide resin dispersed in CDCl3, with a similar sensitivity
for 1H NMR and a lower sensitivity for 13C NMR compared to
high-field NMR. While benchtop NMR relaxometry has already
proven useful to characterize rubber degradation, such as arti-
ficial weathering [75], this work shows that benchtop NMR
spectroscopy is powerful enough to characterize rubber degra-
dation at the molecular level. It is applicable in non-deuterated
solvents with appropriate solvent suppression techniques like
WET (water suppression enhanced through T1 effects). Benchtop
NMR is more affordable than high-field NMR, allowing in-situ
monitoring of degradation processes of this class of bio-based
polymeric adhesives over several days. This makes solution-state
NMR a powerful tool to improve polymers’ stability under service
conditions.

CE was used for the first time to separate and detect hydrophilic
products of degradation. CE proved a robust enough method

even in highly acidic conditions. The initial monomers can be
detected with this CE method. Depolymerization in acidic or
alkaline conditions may be observed, though limited, likely by
poor solubility. Different molecules leach into water only after
a very long time. Acidic buffer and different detectors could be
used, such as conductivity detectors andMSdetectors for compre-
hensive identification. Thismethodology is applicable to different
polymers used on mining or other industrial sites, in particular
polyamides and other HMAs. It has the potential to contribute
to the environmental impact assessment of polyamide HMAs
degradation and allow the analysis of potential contaminants for
soil reclamation on mining sites after the conclusion of mining.

4 Experimental Section

4.1 Materials

Polyamide resin samples (BaseResin1 and BaseResin2) in pellet
form, and HMA samples composed of BaseResin1 (99.9%) along
with CarbonBlack1 (0.01%) in molded disk-shaped pellets, were
supplied by the company Imatech (Castle Hill, Australia) [7].
BaseResin1 and BaseResin2 were obtained by polycondensation
of dimer acid (derived from tall oil) and alkyl diamine. Pripol 1017
dimer acid with monoacid (2%), 1½-mer acid (5%), diacid (78%),
and triacid (20%) was provided by Croda Chemicals. Jeffamine D-
230 (oligo(propylene diamine), Mn of 230 g mol−1, PED230) was
provided by Huntsman Corporation.

All water used in this study was of Milli-Q quality. Acetic
acid (glacial, 99% (w/v)), trifluoroacetic acid (TFA, 98% (w/v)),
hydrochloric acid (32 and 36% (w/w)) were purchased from
Unilab. Boric acid (≥99.5%), formic acid (≥99%), sulfuric acid
(95–98% (w/w)), ethanol (≥99%), dimethyl sulfoxide (DMSO,
≥99%), N,N-dimethylformamide (DMF, ≥99%), acetone (≥99%),
ethyl acetate (≥99%), ethanol (≥99%), diethyl ether (≥99%),
toluene (≥99%), ethylenediamine (≥99.5%), methanol (≥99%), N-
(1-naphthylenediamine dihydrochloride) and adamantane (99%)
were obtained from Sigma-Aldrich Chemical company.
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Sodium hydroxide (≥97.5%, pellets) and nitric acid (68-70%
(w/w)) were provided by Ajax Finechem. CDCl3 (99.8% D), 1,4-
dioxane-d8 (dioxane-d8, 99%D), deuteriumoxide (99.9%D), acetic
acid-d4 (99.9% D) and singly 13C-labelled alanines (1-13C, 2-13C, 3-
13C; 99%) were obtained from Cambridge Isotope Laboratories,
Inc. Sodium borate (200 mM) was prepared from 0.5 M boric
acid in water, titrated to pH 9.20 with 10 M sodium hydroxide,
and diluted with water [76]. Sodium borate was sonicated for
5 min and filtered with a Whatman (0.2 µm) or Millex GP
polyethersulfone syringe filter (0.22 µm) and a plastic syringe
before use.

Oxygenwas not removed in any of the experiments. Sampleswere
kept in the dark with limited exposure to artificial light.

4.2 Gravimetry

The chemical resistance of the polyamides andHMA formulation
was studied as per ASTM: D543-14 method [19]. The effect of
different solvents was studied on the polyamide resin and the
HMA samples: organic solvents (DMF, acetone, ethyl acetate,
ethanol, diethyl ether, and toluene), a neutral pH solvent (water),
acids (formic acid (4.8 and 99% (w/v)), acetic acid (4.8 and 99%
(w/v)), TFA (4.8 and 97% (w/v)), hydrochloric acid (24% (w/v) and
32% (w/w)), nitric acid (10.7% (w/v), 48.3% (w/v) and 70% (w/w))
and sulfuric acid (1.7, 18.9 and 97% (w/v) as well as alkalis (NaOH
(1, 2.4, 23.3, and 60% (w/w) (see Table S1 for details of solvent
preparation and other experimental parameters). In each case, a
pre-weighed sample was immersed in the solvents for 7-14 days at
room temperature. The sample was then removed, initially dried
with pressurized air, then vacuum dried (100 mbar) in an oven at
40◦C until its mass was constant. In the case of alkaline solvents,
the sample was washed with water before air-drying as per the
ASTM method. After drying, the sample was weighed, and the
mass change (mc) was determined using Equation 1.

𝑚c (%) = 100 ⋅
𝑚f −𝑚o

𝑚o

(1)

wheremo is the initial mass before immersion, andmf is the final
mass after drying. Visual observations were performed using a
smartphone 5.0 MP camera with white paper as a background.

Some samples were prepared with a smaller size of HMA and
volume of solvent, as well as different immersion times (Sections
S1.2, S1.3, S2.2, and S2.3); these are named non-ASTM samples in
the manuscript.

4.3 NMR Spectroscopy

NMR spectra were recorded on a Bruker DRX300 spectrometer
(Bruker BioSpin Pty Ltd, Sydney), at Larmor frequencies of
300.13 MHz for 1H and 75.48 MHz for 13C, at room temperature
(∼25◦C), unless otherwise specified.

4.3.1 Solution-State NMR

For degraded HMA samples and BaseResin1, samples were
prepared for NMRmeasurements by adding 50 µL of 1,4-dioxane-

d8 or D2O to 450 µL of the degraded sample liquid in the ASTM
chemical resistance test (7 days or more). BaseResin1 samples
were suspended in either acetic acid-d4 or CDCl3 (ca. 100 g∙L−1),
and the samples were measured when a visually clear suspension
was obtained. 1H, 13C, and 13C-Distortionless Enhancement by
Polarization Transfer (DEPT)-135 spectra were recorded with
a repetition delay of 7.47, 5, and 9.83 s, respectively, unless
otherwise specified, and with number of scans in the range of
256–5120, 4096–75509, and 1553–100859, respectively (see figure
captions in Supporting Information for the number of scans of
each experiment). A 5-mm dual 1H/13C probe was used. The 1H
and 13C chemical shift scales were externally calibrated to the
methyl signal of ethanol inD2O at 1.17 and 17.47 ppm, respectively,
unless otherwise specified [77].

The relative standard deviation RSD was estimated for selected
signals from their signal-to-noise ratio SNR using an empirical
relation (Equation 2) [57].

𝑅𝑆𝐷 (%) = 238

𝑆𝑁𝑅1.28
(2)

In a round-robin test, 4 trained users processed the same set
of 71H NMR spectra independently. Each user performed a
Fourier transformwith 0.3 to 5 Hz exponential apodization (same
apodization value for all users for a given spectrum), a manual
phase correction, a local baseline correction over each of the
ranges of interest manually with a cubic spline, followed by
an integration over each of the ranges of interest. The ranges
of interest were approximately: 7.5–6.5 ppm for aromatics, 4.5–
5.7 ppm for vinylics, 0–1.7 ppm for aliphatics. The aromatic and
vinylic 1H fractions Farom and Fvinyl were expressed as a percentage
of aliphatic 1H nuclei using Equation 3:

𝐹𝑎𝑟𝑜𝑚 (%) = 100 ⋅
𝐼arom
𝐼aliph

and 𝐹𝑣𝑖𝑛𝑦𝑙 (%) = 100 ⋅
𝐼vinyl

𝐼aliph
(3)

where Iarom, Ivinyl, and Ialiph are the integrals of the aromatic,
vinylic, and aliphatic signals, respectively. A representative spec-
trum without and with local baseline corrections is shown in
Figure S85.

For comparison, solution-state 1H and 13C NMR spectra of
BaseResin1 were recorded with benchtop NMR. BaseResin1 was
suspended (100 g L−1) in CDCl3 containing tetramethylsilane
(TMS) and measured when a visually clear suspension was
obtained. 1H and 13C NMR were recorded on a Spinsolve 90
ULTRA Carbon spectrometer (Magritek, Aachen, Germany), at
Larmor frequencies of 90 MHz for 1H and 22.5 MHz for 13C, at
room temperature, with repetition delays of 10 and 3.5 s, with
128 and 10,240 scans, respectively. The 1H and 13C chemical shift
scales were calibrated to the TMS signal at 0.00 ppm [77].

4.3.2 Solid-State NMR

A commercial double-resonance, magic-angle spinning (MAS)
probe was used with zirconia rotors of 4 mm outer diameter
and 3 mm inner diameter. For 1H and 13C single pulse excitation
(SPE-MAS) experiments, the 90◦ pulse was optimized using
adamantane. For 13C cross-polarization (CP-MAS) experiments,
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power levels were optimized using a mixture of three 13C singly
labeled alanines. The 1H and 13C chemical shift scales were
externally referenced by setting the CH resonance of adamantane
to 1.64 and 38.48 ppm, respectively [78].

NMR spectra of HMA before and after treatment in ASTM
conditions with TFA (97% (w/v)) and NaOH (23.3% (w/w)) at
80◦C were recorded at 10 kHz MAS. 1H MAS NMR spectra were
recorded with a 5.1 µs 90◦ pulse, a 3 s repetition delay, and 32
scans. 13C SPE-MAS NMR spectra were recorded with a 3.5-8.23
µs 90◦ pulse, a 3 s repetition delay, with 8192, 7478, and 5012 scans,
respectively. 13C CP-MAS NMR spectra were recorded with a 3.5
µs 90◦ pulse, a 1 ms contact time, and a 3 s repetition delay, with
12288 and 48402 scans, respectively.

4.4 Attenuated Total Reflection Fourier
Transform Infrared Spectroscopy

ATR-FTIR spectra of the non-degraded BaseResin1 and freeze-
dried BaseResin1 resin degraded for 35 days by a blend of acetic
acid (99% (w/v), 1.2 mL), ethanol (2 mL), and water (1 mL) were
recorded with a Bruker Vertex 70 Spectrometer with a 2 cm−1

resolution and 64 scans. Good coverage of the ATR window
crystal (diamond) was ensured by adjusting the sample position
and pressing with a gauge, without prior sample preparation,
until a real spectrum showed distinct signals. The background
wasmeasured before eachmeasurement. The datawere recorded,
normalized, and baseline corrected using Bruker OPUS software
suite. The data was presented using the software OriginPro 9.0.

4.5 Capillary Electrophoresis

CE experiments were carried out in bare fused silica capillaries
using sodium borate (200 mM, pH 9.2) as a background elec-
trolyte following a published approach [76] (see Section S10 in
supporting information for more details). The capillaries and
instrument were validated before each session using a well-
studied oligoacrylate (Table S62) [79, 80]. Raw data (migration
time, intensity) was converted into a weight-distribution of
electrophoretic mobility (W(µ)) [81].
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