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The recovery of the polyol component, after glycolysis of polyurethane (PU) foams coming from automo-
tive waste, was investigated. Several separation methods such as simple sedimentation, centrifugation and
liquid—liquid extraction, eventually preceded by an acid washing step, were tested. The obtained fractions were
characterized by infrared spectroscopy and CHN elemental analysis. Furthermore, multivariate data analysis
was carried out on the infrared spectra by principal component analysis to classify the fractions based on
purity. IR spectroscopy coupled with principal component analysis was able to estimate the success of the
separation and eventual culprits such as contaminations, which were then quantified by CHN elemental ana-
lysis. This approach addresses some critical limitations associated with classical analytical techniques such as
NMR, TGA, GPC, MALDI-TOF that often require an extremely accurate separation of the depolymerized
product fractions. Moreover, IR spectroscopy and CHN elemental analysis techniques are cheap and wide-
spread in standard materials science laboratories. At last, based on the results of the analysis of the regenerated
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Introduction

In the last decades, polyurethane (PU) foams have been widely
used due to their low density and mechanical strength® for a
variety of applications such as thermal and acoustic insulation,
cushioning, coatings, and sealants. In Europe, PUs ranked as
the fifth most employed polymers in 2021, with an annual
demand of 4.1 million tons, out of the overall polymer
demand of 50.3 million tons.> As the use of PUs increases,
their end-of-life management has become an urgent issue.® In
this context, mechanical recycling can be successfully applied
to thermoplastic PUs. However, this approach is not suitable
for thermosetting PUs, which represent approximately the 80%
of the PU industry.l’4 Therefore, for these materials, chemical
recycling by depolymerization and the recovery of the polyol
fraction becomes necessary.

Among the various depolymerization processes, which
include hydrolysis, aminolysis, and acidolysis,” glycolysis
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method according to the application specifications and greenness.

stands out prominently due to its high yield performance.®
The reaction consists in a transesterification between the poly-
urethane group and a wide excess of low molecular weight
glycol, as reported in Scheme 1.7

At the end of the reaction, a complex mixture of products is
obtained, depending on the structure of the starting PU and
the nature and amount of the employed glycol. Furthermore,
the process can be either a single-phase or a split-phase gly-
colysis, with the latter yielding the recovered polyol in the
upper phase and residues, such as amides and the partially
glycolyzed fraction, mainly in the lower phase.*®° In general,
the split-phase process could be preferred because the physical
separation leads to higher amounts of recovered products and
improved polyol purity.>*'® Additionally, the use of a substan-
tial excess of the glycolysis agent was found to further promote
the phase separation,’* with the glycol acting also as solvent.
However, side products coming from glycolysis and some
residual glycol can be present in the upper phase, thus inter-
fering with the selectivity of the depolymerization process”*?
and decreasing the quality of the obtained polyol.

) )
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Scheme 1 General scheme of PU glycolysis.
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Among the various glycols, diethylene glycol (DEG) is
widely employed for its low cost, good performance in glycoly-
sis reactions”®'*'?® and efficiency in the final phase separ-
ation.'® Various catalysts* were also used, such as zinc acetate
(ZnAc,).

Although glycolysis remains one of the most established
methods for the recovery of the polyol from PU, there are still
some issues that require improvements to make this process
more effective. Firstly, predicting the composition of the post
glycolysis mixture, and consequently, the properties of PU
foams produced using not-purified polyol,'* is significantly
challenging. Secondly, since the polyol and other glycolysis
products (amides, amines, oligomers, and residual glycol) are
polar compounds, the separation and purification of the
polyol requires a careful optimization. Unfortunately, only a
few literature studies, focused on the performances of
different purification techniques, are available.”>'® To address
this point, this paper deals with the performances of several
purification procedures of the glycolysis products obtained by
reacting a polyurethane foam with DEG. The tested purifi-
cation approaches include both simple methods, as sedimen-
tation and centrifugation, and more complex ones consisting
of liquid/liquid extraction, with or without an acidic washing
step. To be closer to a real recycling case, the PU foam waste
chosen for the study is an automotive post-consumer scrap of
unknown composition. Therefore, a preliminary analysis was
carried out to characterize the starting material. The compo-
sition of the fractions, obtained by different purification
methods, was investigated using FT-IR spectroscopy and CHN
elemental analysis. Moreover, to determine the most con-
venient purification method, the maximum amount of infor-
mation was extracted by the principal component analysis
(PCA) multivariate method.'” Finally, polyol mixtures consist-
ing of a virgin industrial polyol, and the regenerated polyol
obtained from the four purification methods, were employed
to obtain PU foams.

Experimental
Materials

The starting PU foam (marked PUF) is a post-consumer waste
(car top padding). Diethylene glycol (DEG) (ReagentPlus,
purity 99%), zinc acetate (ZnAc,) (99.99%), and dichloro-
methane (DCM) (>99.9% GC grade, ACS reagent) were pur-
chased from Merck Life Science S.r.l. (Milan, Italy).

Table 1 Purification method and corresponding sample codes
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The polyurethane system used for the regeneration test is
the Huntsman Tecnothane Tecnocell 2, consisting of a polyol
blend (RF203/2) and a pre-polymer (MDE300), and kindly sup-
plied by Huntsman. A commercial polyol, Elastoflex E3943/129
specifically employed for the preparation of PU foams for the
automotive marked was obtained by BASF (Villanova d’Asti
(AT), Italy) and is marked VP along the text.

Methods

Depolymerization. The glycolysis reaction was carried out in
a jacketed 1 dm?® flask equipped with a stirrer and a refluxing
condenser as shown in Fig. S1,7 under nitrogen atmosphere to
avoid oxidation, based on the method described by Wu et al.*®
To facilitate the addition of the polyurethane to the reactor,
the volume of the foam was reduced by pressing it at 30 bars
and 60 °C in a DGTS (Veduggio con Colzano (MB), Italy) P7-34-
C press for 5 min. The foam was then cut into pieces of
approximately 10 x 10 x 1 mm and reacted in a 1:4 mass ratio
with DEG, in the presence of ZnAc, as catalyst,'* with a mass
ratio of ZnAc,/PUF 1:100 at 200 °C for 4 hours. The solubility
of the polyol in DEG and in ethylene glycol (EG) was tested pre-
liminarily using the pure solvents and their mixtures in
different ratios. Pure DEG was chosen since it gave the best
phase separation. PUF/DEG mixing ratiosof 1:1,1:2and 1:3
were also investigated but the high viscosity of the resulting
solutions hampered the subsequent purification steps.

Purification. Four different methods to purify the polyol
after the glycolysis process were investigated. The first purifi-
cation method was simple sedimentation. The reaction
mixture was left to settle for a week. The upper and the lower
phases were then collected and analyzed. The second one con-
sisted in the centrifugation of the raw glycolysis product at
3000 rpm with a Thermo-Fisher (Fisher Scientific Italia,
Segrate (MI), Italy) IEC CL31R multispeed centrifuge for
20 min. The upper and the lower phases were then separated
using a separating funnel and analyzed.

A liquid/liquid extraction with demineralized water and di-
chloromethane (DCM) was carried out as third purification
method. The extraction was performed in a separating funnel,
with a water/DCM/glycolysis product ratio of 1:1:1 by weight.
In the fourth method, the reaction mixture was treated with a
1 M solution of HCI in a weight ratio of 1:1 for 10 min at
70 °C, as reported in literature by Simén et al.® and Molero
et al.'® Then, the mixture was extracted with DCM in a 2:1
ratio. Table 1 reports the different purification methods and
the corresponding sample codes.

Purification method Method description

Fraction codes

Gravity separation
Centrifugation
Liquid/liquid extraction
lower (DCM) phases are formed
Acid wash + 1q/lq extraction

The reaction mix is left to settle, upper and lower phases are formed
The reaction mix is centrifuged, two phases are formed
The reaction mix is mixed with water and DCM, upper (water) and

The reaction mix is washed with HCI 1 M (acid wash); the reaction/

NP,,/NPjgy
Cup/ Clow
EXup/ EXlow

AW + EXyp/AW + EXjon,

acid water mix is added with DCM; upper and lower phases are formed
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Refoaming of PU. Refoaming tests were carried out using
the Tecnothane Tecnocell (Huntsman Tecnoelastomeri,
Castelfranco Emilia (MO), Italy) PU as the base system by sub-
stituting the 15% of polyol RF203 with an equivalent amount
of polyol recovered from the glycolysis process. The percent
composition of the mixture is MDE300 43%, RF203/2 52%,
recovered polyol 5%. The prepolymer (MDE300) and the blend
of polyols including the polyol recovered from the glycolysis
process were vigorously mixed at 40 °C and the foam was
extracted after 15 min (cream time 25 s).

Characterization techniques. FT-IR measurements were
carried out in transmittance with a PerkinElmer (Milano, Italy)
Spectrum 400.

The elemental analysis CHN (carbon, nitrogen and hydro-
gen) was carried out using an “EA3000” CHN analyzer by
EuroVector (Milano, Italy). Reaction tube and GC oven temp-
eratures were 980 °C and 100 °C, respectively. Atropine sul-
phate was used as calibration standard.

PCA analysis and clustering were performed on the IR
spectra using the RootProf software.'® Some test runs were per-
formed to define the preprocess and the range to be used. The
ranges considered for the analysis were 600-1800 em™" and
2800-3600 cm . The spectra were rescaled using a standard
normal variate (SNV) procedure. Profiles are rescaled by the
following expression:

y=0-0)/e

where (y) is the average value of the same profile and ¢ is its
standard deviation. In the first run, the IR spectra of the VP,
DEG and PUF were given as input for the analysis together
with those of the samples. In the second run, discussed in
detail in the paper, the PUF spectrum was excluded from the
analysis.

Results

Since the PU used for the study is a real post-consumer waste
coming from automotive, its composition and precise charac-
teristics are unknown. In all cases when the formulation is not
prepared by mixing all the individual ingredients, a two-com-
ponent system is employed for the industrial-scale production
of PU foams. The first component mainly comprises the polyol
blend and additives, while the second component contains the
isocyanate functions included in a prepolymer structure.'® A
characterization by FT-IR of PUF was performed to gather as
much information as possible about its structure.

Spectroscopic characterization of the starting materials

The FT-IR spectrum of PUF (Fig. 1, black curve) exhibits a
large band in the 3450-3300 cm™" that can be attributed to the
stretching of NH groups of urethanes (grey region). Generally,
free NH stretching band, NH groups hydrogen bonded with
urethane carbonyl oxygens and/or ether oxygens are observed
at 3450, 3350-3300 and 3310-3290 cm™".*° Hence, signals in
PUF spectrum observed at 3340 and 3292 cm™" confirm the

This journal is © The Royal Society of Chemistry 2024
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Fig. 1 FT-IR spectra of PU (black curve, intensity multiplied per 5), VP
(red curve) and DEG (blue curve), intensity multiplied per (5) in the (A)
high frequency and (B) low frequency range.

presence of hydrogen bond between PUF chains. Aromatic and
aliphatic C-H stretching modes are detected in the 3100-3000
and 3000-2800 cm™" spectral ranges, respectively, the former
with a lower intensity, as expected. Particularly, signals at 2972
and 2894 cm™' are attributed to the asymmetric and sym-
metric stretching modes of methyl groups, while bands at
2932 and 2874 cm™' are related to the asymmetric and sym-
metric stretching modes of methylene groups (yellow region).
The strong and complex band from 1620 to 1760 cm™' is
ascribable to the amide 1 mode and, in general, to C=0
stretching vibrations.>! Interpreting this adsorption is challen-
ging since it is composed by several individual signals, and it
is also influenced by the presence of hydrogen bonds.
Specifically, the carbonyl signal of H-bonded groups can be
detected at lower wavenumbers (around 1700 cm™"), whereas
non H-bonded groups are associated to bands at higher wave-
numbers (1728 cm™).”> In addition, other components can
contribute to this broad band, notably the C=O stretching
modes of ester groups in the polyol (1730 cm™") and the C=0
stretching vibration of the isocyanurate rings (1708 cm™), a
product of isocyanate trimerization. The isocyanurate ring is
also responsible for the absorption at 1412 cm™", attributed to
its C-N stretching.”® Urethane groups are also related to two
strong and large absorptions, due to the in-phase combination
of N-H in plane bending and C-N stretching vibrations, the
amide II band (§(N-H) + »(C-N)) at 1512 cm™~ " and amide band
III ((C-N) + §(N-H)) at 1222 cm". Similarly to amide mode I,
amide II absorption is sensitive to hydrogen bonding, with
signal at 1535 cm™" assigned to H-bonded N-H vibration
between N-H and C=0 groups and band at 1512 cm™" attribu-
ted to free N-H groups.>* Additionally, C-O-C stretching mode
is detected at 1072 cm ™, whereas the shoulder at 1108 cm™" is
attributed to the asymmetric stretching of the ether group of
the glycol. At last, the in plane aromatic C=C stretching
mode, arising from the isocyanate component, is observed at

1596 cm ™.
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Exploiting knowledge about common industrial polyol
foam systems composition and the FT-IR spectral features of
PUF, the polyol blend best matching PUF was identified as
Elastoflex E3943/129 (BASF). The spectrum of Elastoflex E3943/
129, labeled as VP, is reported in Fig. 1 (red curve) for compari-
son. Furthermore, in the high frequency region of the VP spec-
trum, a broad signal due to OH stretching centered at
3434 cm™' is detected. As per PUF, characteristic signals
arising from both methyl and methylene groups are clearly
visible in the 3000-2800 cm™' spectral range (light grey
region). Moreover, a strong absorption at 1728 cm ™" assigned
to C=O stretching of ester groups of the polyol (light blue
region), bands related to bending of alkane C-H groups are
observed at 1452 and 1374 cm ™" (green region), as well as C-O
vibrations from ester, ether and hydroxyl groups are detected
in the 1030-1288 cm ™" region.

The spectrum of DEG is also reported for comparison
(Fig. 1, blue curve). A broad absorption related to OH stretch-
ing is displayed at 3402 cm™" (light grey region). In the ali-
phatic C-H stretching modes range (3000-2800 cm™"), only
asymmetric and symmetric stretching modes related to
methylene groups at 2932 and 2874 cm™' are observed. The
band around 1650 cm™" is assigned to the (HOH) vibration of
the coordinated water. In addition, signals at 1458 and
1353 cm™ " are assigned to §(C-H) of alkane chains (green
region), the weak band at 1422 ecm™" is attributed to C-O-H
bending, while the band at 1130 cm™" to asymmetric C-O-C
stretching and the absorption at 1062 cm™" to asymmetric C-
C-OH stretching (orange region). The shape of the C-O
stretching bands at 1130 and 1062 cm™" is typical of DEG and
will be used for its identification.

Glycolysis product characterization

According to the IR characterization, several functional groups
are present in the polyurethane foam, including ester groups
coming from the polyol, urethane groups from the main reac-
tion between isocyanates and the hydroxy groups of the polyol,
and ureic groups deriving from the reaction between isocya-
nates and the amines that are in turn the products of the reac-
tion between isocyanates and water. Therefore, the chemolytic
process carried out using a large excess of ethylene glycol
could lead to oligomers containing a plethora of functional
groups. Hydroxy groups are the main terminal groups but also
amino groups can be present not only as terminal groups but
also along the main chain due to the occurrence of decarboxyl-
ation reactions. Depending on the molecular weight, all these
oligomers could be insoluble and therefore included in the
solid fraction or solubilized in glycol.

As previously described, after PU glycolysis, four different
polyol separation methods were explored: sedimentation, cen-
trifugation, and liquid-liquid extraction with and without
acidic washing pretreatment (Table 1). Sedimentation is the
easiest and cost-effective purification method, resulting in an
upper brownish phase (NP,,) and a lower yellowish phase
(NPyow) centrifugation allowed achieving a faster separation,
leading to upper brownish phase (C,p) and a lower yellowish

1612 | Analyst, 2024, 149, 1609-1617
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phase (Ciow) as per sedimentation method. Both methods
should separate the oligomers, precipitated in the solid phase,
from the polyol, that should be found in the upper phase.

For liquid-liquid extraction, a DCM/water mixture was
chosen, since DCM is a suitable solvent for polyol, and water
for DEG. Whether using method with (AW + EX) or without
(EX) acidic pretreatment, a brownish lower fraction (AW +
EXjow OF EXjoy) in DCM and a yellowish upper fraction (AW +
EX,p or EX,p) in water were collected. Extraction with one
solvent similar to polyol and one similar to DEG, should
enhance the polyol purification from the residual DEG and
more polar residues. The acidification should push the extrac-
tion of amine residues even further.

FT-IR characterization of the fractions. FT-IR spectra of all
the fractions are reported in Fig. 2, with the previously
assigned characteristic signals. In general, significant vari-
ations among the samples are observed in the aliphatic CH
stretching region between 3000-2800 cm ™" (yellow area), in the
C-O vibrations spectral range between 1200-1000 cm
(orange area) and in the fingerprint region between 850 and
950 cm™" (green area). A preliminary analysis and comparison
of the spectra in these spectral ranges suggests that DEG is the
principal component of the NPjoy, Ciow, EXyp and AW + EX,;p,
fractions (hereafter referred to as DEG-rich fractions).
Specifically, in the high frequency region of their spectra, only
two bands at 2932 and 2874 cm™', ascribable to asymmetric
and symmetric »(CH,), are observed. Notably, the CH bending
of aliphatic chains occurs at 1353 cm™" instead of 1374 cm™".
Furthermore, in the »(C-O) spectral region, characteristic
stretching bands of DEG at 1130 and 1062 cm™" are detected.
Lastly, the shape of the spectra in the fingerprint spectral

v(C=0)+,c=c)  S(C-Hlpurur
B amidel ““omicen s(c-Hipe

YCN) ' amide I NPup

%Transmittance [a.u.]
%Transmittance [a.u.]

¥ \ g AWHEXup
. 3 AW+EXiow

3354

3800 3600 3400 3200 3000 2800 2600 2000 1800 1600 1400 1200 1000 800 600
Wavenumbers (cm™) Wavenumbers (cm™')

Fig. 2 FT-IR spectra in the (A) high and (B) low frequency region of the
upper and lower phases obtained from sedimentation (NP), centrifu-
gation (C), liquid-liquid extraction without (EX) and with (AW + EX)
acidic treatment. Significant variations among the samples are observed
in the highlighted spectral regions. In grey, NH stretching region. In
yellow, aliphatic CH, and CHj5 stretching region. In orange, C-O stretch-
ing region of ethers, esters, and hydroxyl groups. In green, fingerprint
region.
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range is similar to the one observed for DEG. It is noteworthy
that, among all DEG-rich fractions, EX,,, exhibits a lower quan-
tity of PUF residues with respect to the other DEG-rich frac-
tions, as confirmed by the lower intensity of amide I, IT and III
modes, as well as »(C=C) and »(C-N) vibrations. In contrast,
polyol is mainly found in NP, Cyp, EXjow and AW + EX,, frac-
tions (hereafter named polyol-rich fractions). Notably, in the
CH stretching region of the polyol-rich fractions spectra, both
asymmetric and symmetric stretching of methyl and methyl-
ene groups are detected (yellow area). In addition, a broad
signal centered at 1112 cm ™" is observed in the C-O stretching
range (orange area), as the signal displayed by pure VP.
Moreover, CH bending of aliphatic chains occurs at
1374 cm™, as well the overall profile of the spectra in the fin-
gerprint region (green area) resembles the VP and PUF spectra.
The relative intensities of principal signals and shape of the
C-0O broad absorption suggest that the higher concentration of
PUF residues is contained in the EX, fraction. Indeed, EXqy
spectrum exhibits the most prominent intensities of amide I,
II and III modes associated with unreacted PUF, together with
a signal at 3354 cm™", ascribable to NH stretching. In addition,
the shape of the broad C-O adsorption closely resembles that
of PUF. In conclusion, both sedimentation and centrifugation
methods result in a biphasic mixture, with DEG mostly con-
centrated in the lower phase, and polyol and PUF residues in
the upper phase. In contrast, for extraction methods, DEG is
the main component of the upper phase (water), while polyol
is mainly concentrated in the lower phase (DCM). Notably, the
absence of the band at 3354 cm™" in the AW + EX,,,, spectrum
suggests that the acidic washing provides an efficient extrac-
tion in water of the amide-containing residues.

PCA analysis. Due to the complexity of the FT-IR spectra,
classification and multivariate methods, such as clustering
analysis and principal component analysis (PCA), were
applied. In fact, PCA is a useful technique for enhancing the
understanding of a complex dataset with numerous
variables.>*® Formally, PCA reduces the dimensionality of a
dataset by substituting the original variables with smaller set
of new ones known as principal components (PCs). These new
variables are independent and are chosen so that the first PC
can be represented by a new axis sitting in the direction of the
dataset maximum variance. Then, the second PC is orthogonal
to the first one, explaining the maximum amount of the
residual variance, and this pattern continues for subsequent
PCs. Within our dataset, each fraction is represented by its IR
spectrum and is considered as a “sample”, with each wave-
number of the spectra represents a variable. The PCA loading
plot indicates the correlations between original variables and
the PCs, while the score plot represent the projection of each
sample in the space of the PCs.

The spectra of all the fractions, together with PUF, DEG and
VP spectra as reference samples, were loaded in the Rootprof
software. After selecting the spectral range of interest from 600
to 1800 cm ™" and from 2800 to 3600 cm™, a preliminary clus-
tering analysis was performed on the dataset composed of all
the normalized IR spectra. This analysis yielded three distinct

This journal is © The Royal Society of Chemistry 2024

View Article Online

Paper

groups (Fig. S2t), each containing the spectrum of one of the
reference samples. Specifically, the first group includes the
fractions containing the higher amount of polyol, together
with the VP spectrum. The second group consists of the
samples in which DEG is predominant, while PUF stands
alone in the third group. Therefore, in accordance with a pre-
liminary FT-IR characterization, VP is categorized within the
group including the upper phases obtained through sedimen-
tation and centrifugation (NP, and Cp), as well as the lower
phases resulting from the extraction procedures (EXjo and AW
+ EXjow). Such results are coherent with literature studies.?”-?®
In fact, after simple sedimentation, the polyol is recovered in
the upper phase due to its lower density compared to DEG. In
contrast, extraction methods result in polyol being solubilized
in the DCM phase (lower phase), according to the higher
affinity of polyol for DCM. PCA identified two significant prin-
cipal components, PC1 and PC2, explaining 96.7% of the
overall variance (65.88% by PC1 and 30.78% by PC2).

The PCA score plot of PC1 vs. PC2 (Fig. S3t) shows that the
three pure phases (DEG, VP and PUF) are well separated. The
polyol-rich fractions are clustered at the top, with VP, and the
ellipse is stretched towards PUF to include EX|.,. This suggests
that EX,,, likely contains a higher percentage of PUF residues
compared to the other samples in this group. Conversely, all
other fractions are grouped with DEG at the bottom left of the
score plot.

To gain a deeper insight into the separation from DEG,
especially considering that PUF was not grouped with any
other sample, clustering analysis was repeated after removing
the spectrum of PUF from the dataset. The clustering analysis
on the revised dataset once again leads to the separation of
the samples into three clusters (Fig. 3). The two groups con-
taining DEG and VP are the same observed in the previous
PCA, whereas the other one only includes the EX,, sample.

— VP
—— NPyp

AW+EX|ow
— Cup

8 Iun

II|IIII IIIIII

—— DEG

—— NPjow
EXup

— Clow
AW+EXup

Fig. 3 Clustering of the IR spectra after normalization. The samples are
divided into three clusters according to similarities in their IR spectra.
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Subsequently, PCA was performed on the same dataset to
provide a better analysis of the spectra within each group.

The analysis identified two principal components, PC1 and
PC2, explaining 94.4% of the overall variance (75.43% by PC1,
18.97% by PC2). Since the variables in the dataset are the wave-
numbers of the spectra, the loading plot of each PC resembles
an IR-spectrum, in which the most intense bands represent
the most prominent spectroscopic features of samples with
high scores on that PC. The score and loading plots of the two
PCs are reported for completeness in Fig. S4 and S5.f The
loading plot of PC1 vs. PC2 comprising all wavenumbers is
reported in Fig. S7,1 while the loading plot of PC1 vs. PC2 for
selected wavenumbers is illustrated in Fig. 4A. The bands with
higher loadings on the PCs were selected and assigned to

A
0.15 T T T T T
= polyol
m DEG .
®  PUF residues ' '.1%‘!3%
_— = NH . m1512 i
. OH/NH !
v :
(o) ‘
= i
E‘; 0.05 »1596 i
[V L1412
O i
o 3350 21062
3232 :
L e s L [ FC e 1
=1658 51112
®1374
-0.05 E .
T T T
-0.10 -0.05 0.00 0.05 0.10
PC1 loadings
B g
20 T T T T T T T T T
EX ow
15 4 @ -

PC2 scores (19%)
» )

o
1

PC1 scores (75.4%)

Fig. 4 (A) Loading plot of PC1 vs. PC2 for the selected variables (wave-
numbers) and (B) score plot of PC1 vs. PC2.
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polyol, DEG or PUF residues. In particular, the bands at 1374
and 1112 em™", which are characteristic of the polyol, and the
signals at 1658, 1130 and 1062 cm™", which are indicative of
DEG, were chosen.

Moreover, the bands at 1596 cm™" (aromatic C=C stretch-
ing mode) and 1412 cm™" (C-N stretching of the isocyanurate
ring) were selected along with those of N-H bending modes
(1530, and 1516 cm™ "), all of which are indicative of the pres-
ence of PUF residues. In Fig. 4A, the wavenumbers attributed
to polyol have the highest values on PC1, whereas all other
bands are below 0.05 in absolute value. This means that PC1 is
mostly correlated to the amount of polyol in the samples. It is
worth noting that the signals with the highest negative values
are associated to the large absorption attributed to OH and
NH stretching. Although this absorption is not specific, its
intensity should be higher in DEG-rich and PUF residues-rich
samples rather than in polyol-rich fractions. Indeed, on the
far-left side of the score plot (Fig. 4B), DEG and DEG-rich frac-
tions are clustered. Concerning PC2, the signals with highest
values (Fig. 4A) are those attributed to NH bending modes and
associated to PUF residues, while the bands attributed to the
aromatic and isocyanurate components of PUF residues are
found at lower values. Finally, the signals attributed to DEG
are distributed at the lowest values around the intersection of
PC1 and PC2, and therefore are not significant.

In the score plot in Fig. 4B, VP is located in the bottom
right quadrant, together with C,;, and NP,,. This cluster com-
prises samples rich in polyol, in accordance with loading plot,
where the polyol IR bands exhibit high positive values on PC1
and negative values of PC2. Conversely, DEG and EX,, are
located at high negative values of PC1, as these samples
contain the least amount of polyol and PUF residues. In the
top left quadrant, placed in correspondence with the OH/NH
signals in the loading plot, Ciow, AW + EXj,, and NPy, are
found. These samples contain a large amount of OH and NH
groups (ie., high amounts of both DEG and PUF residues).
Furthermore, EX|,, is placed at high values on both PC1 and
PC2, suggesting that it contains a substantial amount of polyol
as well as significant PUF residues, but a low amount of DEG.
Accordingly, the fractions with high polyol content and low
amount of DEG and PUF residues are C,, NP,,, and AW +
EXiow-

Elemental analysis (CHN) and refoaming tests. Elemental
CHN analysis was conducted on the polyol-rich phases, using
the percent of nitrogen (%N) as a quantitative indicator to
evaluate the efficiency of PUF residue separation from the
polyol phases. This approach relies on the assumption that
nitrogen should exclusively originate from the isocyanate com-
ponent, and the recovered polyol should ideally contain none.
Consequently, a low %N value indicates a good separation of
PUF residues from the polyol. Experimental results of CHN
analysis are reported in Table 2. Samples C,;, and NP, exhibit
the lowest %N values, suggesting that density-based separation
methods are the most efficient in eliminating PUF residues. In
contrast, the EXj, fraction shows the highest %N, confirming
that the extraction method without acidic treatment co-extracts

This journal is © The Royal Society of Chemistry 2024
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Table 2 Results of the CHN elemental analysis on the starting materials
and on the samples

Sample N% C% H%

PUF 7.63 £0.03 67.8£0.1 6.6 + 0.1
VP 0.30 = 0.06 54.8 £ 0.7 9.5+0.2
NPyp 0.7 £0.1 57.1+£0.7 9.97 £ 0.06
Cup 0.50 £ 0.02 58.0 £ 0.2 10.09 + 0.05
EXjow 4.26 £ 0.05 60.49 + 0.07 8.42 £ 0.03
AW + EXjow 1.32 £ 0.03 55.6 0.8 9.4+0.1

some nitrogen-containing compounds. Notably, the use of
acid pretreatment results in AW + EX|,,, sample displaying a
lower %N than EXyw.

At last, to evaluate the applicability of the recovered polyol
obtained from the different purification methods, some
foaming tests were carried out. Fig. 5 reports, as typical
examples, images of foams obtained by substituting 15% of
the RF203/2 component of the Tecnothane Tecnocell system
with the fractions NP, Cyp, EXjow, and AW + EX|,,, together
with a reference sample obtained using pure RF203/2. All
foams were prepared using the same formulation for compari-

Fig. 5 Foaming test results using (A) VP, (B) NP, (C) Cyp, (D) EXio\ and
(E) AW + EXow fractions.
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son. In this way the resulting foam is also affected by the
amount of residual DEG, being itself a short chain polyol. The
foam obtained from AW + EX,,, shows the best quality among
the four samples containing the recovered polyol whereas the
use of NP, leads to an inferior quality product. In the foam
obtained using EXj., the yellowish colour evidences the pres-
ence of amines. Although the separation from depolymeriza-
tion residues is better in NPy, than in AW + EX,,, the larger
amount of residual DEG in NP, is particularly detrimental to
the foaming process. Similar foams can be prepared using up
to 30% of AW + EX|oy-

Discussion

From the viewpoint of sustainability of the separation process,
a simple sedimentation allows the recovery of a sufficient
amount of polyol, albeit with some residual DEG, while avoid-
ing the use of dichloromethane, needed to perform an extrac-
tion step. Conversely, extraction procedures offer a better sep-
aration from DEG and higher polyol recovery, but they require
an acidic pretreatment and the use of organic solvents.
Therefore, the choice of the separation method should be
made according to the desired product specifications. For low-
demanding applications, sedimentation represents a viable
and greener approach, while for applications requiring higher
loading or greater purity of the initial polyol, extraction
methods should be preferred. These considerations are impor-
tant in the perspective of future scale-up and industrial
implementation. As a result, the proposed approach offers
broad applicability, cost-effectiveness, and environmental sus-

Fig. 6 AGREEprep analysis results.
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tainability. With the aim of evaluating greenness in a more
quantitative way, different analytical green metrics approaches
found in the literature were applied, but they are all designed
for sample preparation methods in view of instrumental ana-
lysis, and therefore not very appropriate in our case. The most
suitable one was found to be the AGREEprep>® approach. Ten
aspects of preparation are evaluated with objective data to
which the researcher associates a subjective weight (details
reported in Table S1f). To effectively compare the four pro-
cedures, the relative weights of the ten parameters were always
set equal. In Fig. 6 the resulting schemes are reported. In the
center there are the cumulative scores, confirming that simple
sedimentation is the greenest approach but also evidencing
that also the other approaches obtain sufficient scores. The
culprits of these techniques are the power consumption of cen-
trifugation, and the use of hazardous chemicals such as di-
chloromethane and hydrochloric acid for the extraction
procedures.

Conclusions

The present work represents a systematizing study for the
development of methods for recycling, recovering and reusing
PU waste materials. The efficiency of these processes requires
in fact, integrated analytical methods for the characterization
of the produced fractions. However, accurate development and
validation of the method proposed are often lacking in the
fields of materials and polymers. The depolymerization of
post-consumer PU foam was selected as a means to replicate a
real-world scenario when dealing with waste material re-
cycling. The spectroscopic approach aided by multivariate data
analysis, proved to be effective, and is easy to implement in an
industrial framework. This method could also be applied to
other similar situations, where the recovery of a species of
interest from waste materials with unknown composition is
required. IR spectroscopy, coupled with principal component
analysis, was able, alone, to estimate the success of the separ-
ation and eventual culprits such as contaminations, which
were then quantified by CHN elemental analysis. This
approach addresses some critical limitations associated with
classical analytical techniques employed in the field of
material science, such as NMR, TGA, GPC, MALDI-TOF that
often require an extremely accurate separation of the depoly-
merized product fractions. Moreover, IR spectroscopy and
CHN elemental analysis are cheap and widespread techniques
in standard materials science laboratories. At last, based on
the results of the analysis of the regenerated polyol fractions,
and on the foaming tests, considerations were made to guide
the choice of the purification method according to the appli-
cation specifications and greenness.
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