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Polyurethane adhesive (PUA) are a specialized application of polyurethanes. Acidolysis of PUA waste yield a
recycled polyol with tunable properties. This process was optimized by response surface methodology to predict
the domain of parameters where the lowest of viscosity, hydroxyl, and acid values could be achieved. Re-
lationships between temperature, polyurethane-to-polyol, and polyurethane-to-acid ratios, and viscosity, mo-
lecular weight, hydroxyl and acid values were established and optimal conditions were validated for a robust
process. The polyurethane-to-acid ratio had the most significant influence on the acid value of the product.
Hydroxyl value, viscosity and molecular weight were primarily affected by the polyurethane-to-polyol ratio.
Using a recycled polyol obtained at 205 °C, a polyurethane-to-polyol ratio of 1.4 kg/kg, and a polyurethane-to-
acid ratio of 50 kg/kg, we successfully produced a new adhesive incorporating up to 28 % recycled material. This
demonstrated adhesion properties for wood applications on par with those of virgin adhesives, without expe-

riencing crash phenomena.

1. Introduction

Plastic pollution is one of the most pressing environmental chal-
lenges of our times [1,2]. The pervasive presence of plastic materials in
our lives has led to a staggering increase in plastic waste, harming
ecosystems and human health [3]. As a result, we urgently need effective
plastic recycling strategies [4].

Polyurethane (PU) is a versatile and durable material; it presents
unique challenges in waste management due to its complex composition
and limited recycling options [5]. Applications of PU include furniture,
insulation, automotive parts, and packaging materials [6,7]. PU adhe-
sives (PUA) represent a niche application of PUs and have gained
popularity in various industries due to their versatility and excellent
bonding properties, particularly for their extreme toughness, good
resistance to solvents, high cohesive strength, abrasion resistance, and
impact resistance [8-10]. These adhesives offer a wide range of appli-
cations in sectors such as construction, automotive, aerospace, and
manufacturing [11,12]. Polyurethanic adhesives are valued for their
strong adhesive strength, durability, and resistance to chemicals, heat,
and humidity. They provide reliable bonding solutions for diverse sub-
strates, including metals, plastics, composites, wood, and textiles [13,
14]. The flexibility and high load-bearing capacity of PUA make them

suitable for bonding materials with different thermal expansion co-
efficients, allowing for enhanced performance and structural integrity
[15,16].

In the construction industry, PUA are commonly used for bonding
and sealing applications [17,18]. They play a key role in assembling
structural parts, such as flooring systems, insulation materials, and
panels. Bonding dissimilar materials makes PUA valuable in joining
various construction elements, enhancing strength and durability of
structures. PUA are also found in manufacturing industries, where they
are used to bond electrical appliances, furniture, and other goods [19,
20]. Hotmelt and reactive hotmelts adhesives are particularly important
for wood bonding and shoe sole operations [21,22]. They are thermo-
plastic polyurethanes (TPUs) that are melted and applied on a surface, if
the substrate is enough adhesive and enough polar interactions are
established, after the resolidification of the TPU a durable bond is
formed. In reactive hotmelts, humidity of the environment and of the
substrate provides additional strength to the final adhesive performance
[23].

Traditional PU waste management methods, such as landfilling or
incineration, have proven to be insufficient in addressing the growing
volume of polyurethane waste. Landfilling PU can lead to long-term
environmental contamination, as it takes centuries to decompose.
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Incineration, on the other hand, releases harmful pollutants into the air
and contributes to climate change [24]. Additionally, these two
end-of-life scenarios are strongly discouraged by the European Com-
mission, which instead promotes a circular approach, according to the
adopted new circular economy action plan that includes revised legis-
lative proposals on waste [25-27]. Mechanical recycling, despite being
useful and necessary in dealing with huge waste PU volumes, has limi-
tations due to the complexity of PU’s chemical structure, which makes it
challenging to achieve high-quality recycled materials [28-30].
Chemical recycling is another emerging technology that shows
promise in PU waste management [31]. Chemical recycling offers the
potential for a closed-loop system, reducing the reliance on virgin PU
production and minimizing waste [32]. Among studied processes,
glycolysis stands out as a highly promising recycling method for effec-
tively recovering PU scraps. This process involves a series of chemical
reactions that result in the production of a polyol-like liquid product,
which can be utilized as a secondary raw material for the preparation of
new PU foams [33,34]. Glycolysis has been applied to rigid foams
[35-37], flexible and viscoelastic materials [38], polyisocyanurate
foams [39], microcellular PUs [40], and RIM manufacts [41]. Instead of
a glycolysis, in the case of PUA waste, an acidolysis with a dicarboxylic
acid can be applied. This process yields a product with a lower aromatic
amines content [42,43] with respect to glycolysis of rigid PU in which a
deamination step is usually required [44]. Acidolysis is particularly
convenient for obtaining a recycled polyol with very low hydroxyl value,
suitable for the same PUA applications. The use of a dicarboxylic acid
results in the formation of a recycled polyol (PU) containing amide and
carboxylic groups as observed by Ref. [45]. Adhesives and sealant were
studied by Godinho et al. [46]. They recycled a viscoelastic PU foam
through an acidolysis process to produce new PUA with different per-
centages of recycled polyol (RP). They screened different carboxylic
acids proving succinic one to be the most promising. Furthermore, they
successfully produced new PUA with an increased lap shear strength and
a failing mode of the adhesive not only cohesive but also with a substrate
failing. In another work, Beran et al. [47] partially depolymerized a
flexible PU foam to produce a new PUA with improved bond tensile
strength on wood to wood. Based on these discoveries, we conducted
further refinements in investigating the utilization of succinic acid as a
cleavage agent in the acidolysis process starting from waste PUA instead
of flexible PU. The objective was to produce PUAs anew with a certain
amount of RP, thus facilitating the closed-loop recycling of PUA waste.
In order to have a better understanding of the process variables’ effect
on the final product, Response Surface Methodology (RSM) was applied
as a semiempirical modelling approach for process optimization. Look-
ing at the literature within the context of RSM [48], it can be observed
that the identification of the main independent variables is a key factor
for exploring the space of the process and for developing an appropriate
approximating relationship between the response and the process vari-
ables. The RSM was successfully employed to a broad variety of pro-
cesses such as the optimization of a microwave-assisted esterification of
succinic acid [49], in which authors studied the effect of three factors
(microwave power, reaction time, and catalyst dose) on the conversion
of the wanted product. Their models aligned well with the experimental
findings. In another work, Roso et al. [50] optimized the nanofibers
preparation process to minimize the fiber diameter by varying four
factors, hence using a four-factor RSM. Choi et al. [51] applied the RSM
to optimize an ultrasound-assisted desulfurization process by varying
catalyst dose, amplitude, and reaction temperature. Finally, Tippawan
et al. [52] employed RSM to investigate the minimization of composting
time of a nutrient-rich fertilizer and soil conditioner. Finally, in the case
of adhesives, RSM was employed to investigate the impact of the strain
rate on the strength of adhesively bonded single lap shear joints [53], to
optimize the resistance of a single-lap joint [54], or microstructured
joints with mechanically interlocking adherends [55]. As can be seen
from the previous examples, RSM have a wide range of applications. In
our case temperature, PU-to-polyol ratio, and PU-to-acid ratio were
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chosen as the input variables that might affect four key performance
indicators (KPIs). Based on the results, we developed individual models
for each KPI, taking into account the influence of these factors. After-
wards, we also developed a new adhesive formulation with enhanced
adhesive properties compared to the virgin counterpart.

2. Materials and methods
2.1. Materials

Acidolysis products were obtained from PUA waste generously sup-
plied by Durante Adesivi S. p.A. (Ghirano, Italy) company, in the form of
small pieces of around 1.5 x 1.5 x 1.5 cm®. The pristine adhesive has the
commercial name of Duditerm PU 115 and has been obtained from pure
monomeric 4,4-methylene diisocyanate (MDI) and three different
polyester polyols in a non-disclosable formulation. The same mixture of
polyols was later used in the new PUA preparation part. Desmophen®
1111 BD (a polypropylene glycol with average molecular weight 1000
Da, PPG1000) was used as solvent medium and supplied by the company
(by Covestro AG (Leverkusen, Germany)), whereas succinic acid (SuA)
was used as acidolysis cleavage agent at different concentrations and it
was supplied by Sigma-Aldrich (St. Louis (MO), USA). A stabilizer was
employed to preserve the white color of the adhesive, specifically,
Irganox B® 225 supplied by Durante Adesivi S. p.A.

N-methyl-2-pyrrolidone, acetic anhydride, 4-dimethylaminopyri-
dine, potassium hydroxide (KOH), phenolphthalein, methanol, and
ethanol were used in hydroxyl and acid values measurements. Finally,
during GPC analysis tetrahydrofuran (THF) was used. These were all
purchased Sigma-Aldrich.

Raw materials used during the adhesive preparation were.

e Isocyanate: pure monomeric MDI, %NCO = 33.4;

e Polyols: a non-disclosable mixture of three polyester polyols with
functionality <3;

e Additives: acidic pH regulators and catalysts.

2.2. Methods

2.2.1. Screening tests, factors, and responses

The acidolysis of PUA waste was carried out on a 1L round-bottom
flask heated through a MR Hei-Tec isomantle from Heidolph In-
struments (Schwabach, Germany). The system was equipped with a
reflux condenser, a mechanical overhead stirrer featuring a glass shaft
and a PTFE blade end and a Pt1000 temperature sensor. The solvent
medium, PPG1000, was loaded into the reactor and heated to the
working temperature. Once the setpoint temperature was reached, PUA
pieces were loaded stepwise into the reactive mixture according to their
dissolution rate in the polyol and on the amount to be treated, generally
within 30-40 min time interval. The waste-to-solvent ratio varied
depending on the experiment, however, typically 150 g of PUA were
used in each experiment, other reactant quantities were calculated
accordingly. After that, a proper amount of cleavage agent was added.
Reaction time commenced after the loading and dissolution of SuA. The
reaction was stopped after 3 h. The acidolysis of PUA waste was con-
ducted in a reaction environment with a nitrogen inert atmosphere. This
ensured the absence of reactive gases and maintained the stability of the
reaction components throughout the process. Furthermore, once the
reaction temperature was reached, the oxidative stabilizer was added to
the mixture at a concentration of 1 %wt with respect to the amount of
polymer. Before building experimental design, several preliminary ex-
periments were performed to establish suitable operational ranges for
the reaction parameters. Once the domain of the parameters was defined
(see Table S1 of the Supplementary Material), design of experiments has
been carried out according to Box-Behnken design (Design of Expert,
Stat-Ease®, 17 randomized runs); the acidolysis products were obtained
and properly characterized. All data of the experimental campaign are
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Table 1

Runs and experimental data. Std refers to the standard order generated by the DoE procedure in contrast with the column Run which refers to the run order after the

randomization.
Run Std Temperature, [°C] PU/acid ratio, [kg/kg] PU/polyol ratio, [kg/kg] AV, [mgxkon/g] HV, [mgkon/gl p, [mPa-s] My, [Da]
1 15 215 30 1 2.6 40.9 815 4231
2 5 200 30 0.5 2.2 51.5 172 3652
3 16 215 30 1 2.3 42.5 727 4258
4 8 230 30 1.5 1.8 39.2 1599 4563
5 11 215 10 1.5 6.3 34.0 1088 3752
6 1 200 10 1 6.1 37.8 427 3536
7 14 215 30 1 1.8 44.8 626 4047
8 9 215 10 0.5 3.7 45.3 79 2783
9 10 215 50 0.5 0.9 48.1 164 3480
10 17 215 30 1 1.7 43.0 717 4308
11 3 200 50 1 1.5 41.5 1032 4928
12 2 230 10 1 3.2 45.9 379 3144
13 7 200 30 1.5 2.6 36.2 2154 4785
14 13 215 30 1 1.7 46.5 720 4151
15 6 230 30 0.5 1.2 52.2 141 3258
16 4 230 50 1 1.3 42.5 824 4218
17 12 215 50 1.5 1.3 35.4 2570 4866

reported in Table 1. The fitting models of the response surfaces were
validated and subsequently they were optimized for minimizing all the
responses. This allowed us to comprehensively investigate the influence
of various parameters on the experimental outcomes while maintaining
a structured and controlled approach.

KPIs selected for this process were hydroxyl value (HV), acid value
(AV), viscosity (i), and molecular weight (M,,). Specific limitations were
given for the first two parameters: HV was required to be < 40 mgkon/g,
whereas AV < 2 mggop/g. The limitation on the HV derives from the
pristine PUA formulation and as we wanted to produce the same type of
polyurethane it was necessary to comply with this limit. The AV limi-
tation is due to the occurring of side reactions during the PUA prepa-
ration: acidic moieties react with isocyanate giving amides and carbon
dioxide in the form of bubbles which are not wanted in an adhesive
product. Additionally, acidic compounds may salify the basic catalysts
used during the PUA preparation. Viscosity and molecular weight did
not require a specific value but the lowest possible one. A low viscosity is
auspicable as it eases the mixing process with isocyanates and reduces
the energy expenditure of pumps in scaled up processes. It is worthy to
notice that molecular weight and viscosity are intrinsically related, and
a similar behavior was expected. Nevertheless, we wanted to confirm
their relationship and understand the molecular weight distribution of
the recycled products.

2.2.2. Characterization of the acidolysis products

Qualitative analysis of the acidolysis products was carried out by
Fourier-transform infrared spectroscopy (FTIR) monitoring urethane,
hydroxyl and amide peaks’ variations. Spectra were obtained with a
Nicolet iS50 FT-IR spectrometer (Thermo Fisher Scientific, Waltham
(MA), USA) using a Smart iTR Attenuated Total Reflectance sampling
accessory equipped with a diamond crystal. Wavenumber range for all
spectra is 4000-720 em L.

Hydroxyl value (HV) and acid value (AV) of the reaction products
was measured according to the ASTM D4274-11 [56] and ASTM
D4662-20 [57] using a Mettler Toledo T50 Titrator (Mettler Toledo
Columbus (OH), USA). Finally, dynamic viscosity was measured at 80 °C
with a Brookfield viscometer (AMETEL, Brookfield, Middleboro (MA),
USA) according to ASTM D4878-15 [58]. Gel Permeation Chromatog-
raphy (GPC) was employed to examine the molecular weight distribu-
tion of acidolysis products. This analysis involved the use of a Jasco
PU-980 pump model (Jasco, Easton, MD, USA) fitted with three Phe-
nogel size exclusion columns from Phenomenex (Torrance, CA, USA),
each having particle diameters of 5 pm and pore diameters of 1000 A,
100 f\, and 50 A. Additionally, a Jasco RI-830 refractive index detector
was utilized in this process. Before injection, the acidolysis samples were
dissolved in tetrahydrofuran (THF) at a concentration of 0.04 % w/w

and then filtered using a 0.1 pm PTFE filter. The elution of the samples
occurred at a temperature of 40 °C, with a flow rate of 0.35 mL/min. To
calibrate the system, we employed polystyrene standards from Fluka
Analytical (Charlotte, NC, USA).

2.2.3. Preparation of new adhesives

Recycled adhesives were prepared in a cylindrical tank, heated at
150 °C. This tank is equipped with a mechanical stirrer and three necks,
all situated on an upper dome that can be detached from the main body
of the tank. Among these necks, one serves to introduce nitrogen into the
reactor to establish an inert atmosphere, while the second is linked to a
vacuum pump designed to eliminate any gaseous components that might
be present in the reacting mixture. The final neck is designated for
loading the reactants into the reactor.

2.2.4. Characterization of new adhesives

FTIR spectrophotometer was used to characterize new PUAs together
with Brookfield viscometer to assess their stability according to ASTM
D3236 [59]. Furthermore, DSC was used to characterize the reaction
products. To conduct DSC analyses, 5-20 mg of the sample was weighed
and placed in the appropriate pan. The pan was then sealed with an
aluminum cover and placed inside a temperature-controlled chamber.
Initially equilibrated at 40 °C, the sample underwent a heat/cool/heat
cycle to reset its thermal history. After stabilization at 40 °C, the ma-
terial was heated to 120 °C, cooled to —80 °C, and then reheated to
120 °C, all at a rate of 5 °C/min. The temperature modulation was
+0.80 °C every 60 s. A TA Instruments Q200 DSC (New Castle (DE),
USA) was used. Finally, peel tests aimed to determine the adhesion
strength that is established between substrate, adhesive and coating.
Furthermore, through these tests it is possible to determine, either
visually or numerically, if the adhesive being tested incurs in crash or
zipping effect. During peel tests, four detachment types can be observed
[60].

i. Adhesive failure (AF): this event occurs when the bond between the
adhesive and one or both of the adhered surfaces fails, signifying that
the adhesive itself does not undergo significant breakage or
deformation.

i Cohesive failure within the adhesive (CFA): this occurrence unfolds

when the adhesive material itself undergoes internal breakage or

separation.

Cohesive failure within the substrate (CFS): this event occurs when

the substrate itself undergoes internal damage, such as cracking,

splitting, or deformation, while the adhesive bond remains intact.

iv Cohesive failure within the adhered material (CFM): this occurrence

unfolds when the adhered material is incapable of withstanding the

=
=

=
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applied force, resulting in internal damage or tearing, while the
adhesive bond remains intact.

Typically, CFS and CFM are auspicable, as it signifies an adhesive
characterized by robust adhesion strength. Tests were run with a
dynamometer (LBG, Bergamo (IT)) according to standard ASTM D6862
[61]1.

3. Results and discussion
3.1. Kinetic considerations

During the acidolysis reaction urethane bonds are cleaved by the
dicarboxylic acid freeing the original polyol, carbon dioxide and an
amide species lowering the molecular weight of the polymer according
to Scheme 1.

Clearly, the higher the acid concentration and the reaction time, the
higher the depolymerization degree. This was verified thanks to FTIR
spectra (in the supplementary information Figures S9 to S.11) of
different samples withdrawn at different reaction times and with
different PU/acid ratios (i.e., different acid concentrations). Thanks to
Lambert-Beer’s law, it was found that acidolysis, under our reaction
conditions, follows a first order kinetics as 1540 cm™! peak (5(N — H)
urethane Amide II) [62-64] is consumed during time while 1720 cm !
peak (v(C= O) Amide 1) is produced. All trends are referenced to the
peak at 1457 cm ! (6(CHy)). Figs. 1 and 2 show these two trends.

3.2. DOE results

In this study the experiments were designed by employing a modified
3-factor Box-Behnken design as explained in the 2.2 Methods section. It
has been chosen this design, formed by combining 2k factorial with
incomplete block design, because it is usually very efficient in terms of
the number of required runs. The choice to add a level for each factor is
useful to add information about the relation between response and
factors. Moreover, this type of design defines the minimum number of
experimental combinations in the experimental domain to be explored
in order to obtain the maximum information for adjusting the proposed
model. For a quadratic model, experiments must be performed for at
least three levels of each factor. The relationship between the three
factors and the KPI acid value, viscosity, and molecular weight was
approximated by a second-order polynomial model:

k k
N=po+ Y Bxit Y Buxi+y > By +e
i=1 i=1

i<j

Equation 1

where N is the KPI, x;, and x; are the columns of the experimental design
corresponding to factor levels, k is the number of variables, f; and ;; are
the model coefficients and ¢ is the experimental error that we assume to
be N(O, &2). pij is the interaction effect between x; and x; towards the
response. Moreover, errors are assumed to be i. i.d. Obviously it is un-
likely that a polynomial model like this will be a reasonable approxi-
mation of the true functional relationship over the entire space of the
independent variables, but for a relatively small region it usually works
quite well [48]. Based on Analysis of Variance (ANOVA) for each
response surface model the following statistical tests were performed.

(D\N/“\, ‘/R *
N z

R™

— R—OH + O /U\
/“\t,vH \u
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i. Test for significance of the regression model. The p-value (p <
0.0001) is less than 0.05 so it indicated that the model is signif-
icant at « = 0.05;

ii. Test for significance of the model coefficients;

iii. Test for lack-of-fit. The lack-of-fit test compares the residual error
(from model error) to the pure error (from replicated experi-
ments). Significant lack of fit indicates that the model does not
adequately fit the response surface and for this reason an insig-
nificant lack of fit is desired.

Regression diagnostic was carried out in order to check the model’s
adequacy.

i. Normal probability plot of residuals is useful to check the assumption
that the errors are normally distributed;

ii. Coefficient of determination (RZ) is a measure of the amount of
reduction in the variability of response obtained by using all the
regressor variables in the model.

Results obtained from each KPI are shown in Table 2 and 2 contains
the comparison between other models. Figures S1-8 in the Supplemen-
tary Material deal with all the diagnostic tools used to assess the good-
ness of our models.

3.2.1. Acid value (AV)

The acid value (AV) provides important insights into the remaining
acidity within the reaction product. Reducing this value is crucial, as
acids can disrupt the catalysts used in PUA preparation. To explore the
behavior of AV across the range of variables, a quadratic model was
selected. The decision to opt for a quadratic model for AV was based on
its low p-value (see Table S2), significantly high lack of fit p-value,
reasonable adjusted and predicted R-squared values. Additionally, the
cubic model was aliased as the effects (both main effects, interactions,
and higher-order factors) of the cubic terms in the model were indis-
tinguishable from each other based on the experimental data. This is
common for factorial designs where not all possible combination of
factors are tested. The Analysis of Variance (ANOVA) for the simplified
quadratic AV model is presented in Table 3. It is evident that certain
factors, specifically C2 and AC, were removed from the model due to
their non-significant p-values. The model F-value implies the model is
significant. There is only a 0.01 % chance that an F-value this large could
occur due to noise, additionally, the lack of fit F-value of 1.15 implies the
lack of fit is not significant.

Moreover, through the elimination of certain terms, enhanced R-
squared values were achieved, as evidenced in Table 2. The predicted R-
squared aligns well with the adjusted R-squared, with a difference of less
than 0.2. Additionally, the desired signal-to-noise ratio, as indicated by
Adeq Precision, exceeds 4. This suggests that our model is well-suited for
navigating the design space. The final equations describing AV in the
design space are shown in Table 4, whereas actual equations are shown
in Table S3. The difference between coded and actual equations resides
on the variable to be used coupled with the respective parameter. Coded
equations use normalized versions of the actual experimental factors.
Typically, they are scaled and centred so that the experimental design
falls within a standardized range, such as —1 to 1. In this context, the
variable A represents normalized temperature, B is the normalized PU/

+ co, T
RHI

Scheme 1. Urethane acidolysis yielding the original polyol, a low molecular weight amide species, and carbon dioxide. ¢-is related to the aromatic isocyanic part, R-

"

to the aliphatic polyol part, and R”- to the dicarboxylic acid.
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Fig. 1. FTIR-based kinetics of the evolution of the peak at 1540 cm™*. Normalized relative absorbances are obtained dividing relative absorbance at a generic time by
the relative absorbance at time zero. Relative absorbances are obtained as the ratio between absorbance of the studied peak and of the one of the reference peak.
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Table 2
Statistics of the models obtained.

Reaction time (h)

Fig. 2. FTIR-based kinetics of the evolution of the peak at 1720 cm™ .

AV HV Viscosity Molecular weight

Std. Dev. 0.4 2 1.0 102

Mean 2.5 43 26.6 3939

C.V. % 16.5 6 3.9 2.6

R? 0.96 0.82 0.999 0.98

Adjusted R? 0.93 0.79 0.99 0.97

Predicted R? 0.84 0.72 0.97 0.95

Adeq Precision 20 16 52 35

1

acid ratio, and C is the normalized PU/polyol ratio. Coded equations are
more useful and easier to interpret when dealing with interactions or
higher-order terms. They help in comparing the relative impact of
different factors on the response, as all factors are on the same stan-
dardized scale. On the contrary, actual equations use actual variables
expressed in their original units of measurement (e.g., temperature in
°C, PU/acid and PU/polyol ratios in kg/kg) and represent the mathe-
matical relationship between the response and the factors in their real-
world, unscaled units. Therefore, they can be applied in practice,
allowing for predictions of the response based on real-world values of
the factors.

Table 3
ANOVA for AV. Not significant factors were removed from the model.
Source Sum of squares Mean Square F-value p-value
Model 38.23 6.37 37.92 <0.0001 Significant
A — Temperature 3.05 3.05 18.17 0.0017
B - PU/acid ratio 25.30 25.30 150.55 <0.0001
C - PU/polyol ratio 2.19 2.19 13.02 0.0048
AB 1.90 1.90 11.31 0.0072
BC 1.19 1.19 7.08 0.0239
B? 4.60 4.60 27.39 0.0004
Residual 1.68 0.1680
Lack of Fit 1.06 0.1774 1.15 0.4662 Not significant
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Table 4
Coded design equations of the different KPIs.
Intercept A B C AB AC BC A? B? c?
AV +2.00 —0.62 -1.79 +0.52 0.69 —0.55 +1.04
HV +42.8 1.6 —6.5
Vi +26.8 -15 +5.3 +15.4 -0.6 -1.3 435 —0.1 -16 +1.1
My, +4197 —-160 +480 +599 —348 —130

AV (mgKOH/g)

50

40

30

B: PU/acid ratio (kg/kg)

20

212

218
A: Temperature (°C)

224

230

AV (mgKOH/g)

C: PU/Polyol ratio (kg/kg)

20 30

B: PU/acid ratio (kg/kg)

10 40 50

Fig. 3. Contour plots of AV as a function of PU/acid ratio and temperature (left, PU/polyol ratio = 1 kg/kg), and of PU/polyol and PU/acid ratios (right, T = 210 °C).

From the coded equation shown in Table 4 it is clear how the AV is
strongly influenced by the terms involving the PU/acid ratio and has a
beta value (i.e. when all other factors are zero) of 28 mgxon/g.

Fig. 3 provides a graphical representation of the relationship be-
tween the PU/acid ratio and the final AV. When the PU/acid ratio is
increased, the final AV decreases, primarily because a reduced quantity
of acid is introduced into the reactive mixture. Moreover, it is worth
noting that temperature and the PU/polyol ratio exert significant effects
on AV, particularly when the PU/acid ratio is low, indicating a higher
acid concentration. For instance, at a PU/acid ratio of 10, elevating the
temperature results in a lower AV. This can be attributed to the
heightened temperature increasing the reaction kinetics of acidolysis,
consequently reducing the acid concentration. Conversely, under the
same PU/acid ratio conditions, an increase in the PU/polyol ratio cor-
responds to a higher AV. This is due the larger quantity of polyurethane,
and therefore of acid, involved in the process batch due to the higher
PU/polyol ratio.

3.2.2. Hydroxyl value (HV)

The hydroxyl value (HV) was characterized using a linear model,
primarily owing to its notably low p-value in comparison to alternative
models. Additionally, the model displayed a moderate lack of fit p-value
and elevated adjusted and predicted R-squared values. Conversely, in
this instance, the quadratic model demonstrated a higher p-value and
lower predicted R-squared value, despite showing a greater lack of fit p-

value and higher adjusted R-squared value compared to the linear model
(see Table S2). The ANOVA showed that a simplified linear model can be
obtained by considering only two factors, temperature and PU over
polyol ratio. These considerations are summarized in Table 5.

Due to its remarkably low p-value and a high lack of fit p-value, this
model proves valuable in characterizing our KPI within the design space.
Like in the AV case, cancelling out one term from the model led to an
increase of R-squared values and of the signal-to-noise ratio. The ulti-
mate equation, featuring the coded factors for HV, is presented in
Table 4, whereas the equation with real factors can be found in the
Supplementary Material in Table S3. In this equation, the first factor of
significant importance (except for the beta value) is the PU/polyol ratio.
This observation aligns with expectations, given that an elevated PU/
polyol ratio corresponds to a diminished quantity of polyol introduced
into the reactive mixture. Consequently, this leads to a more pronounced
deviation from the intercept term of 42.8 (notice the negative sign
associated with the PU/polyol term). Fig. 4 shows the effects of the two
studied factors on the HV graphically: a low PU/polyol ratio lets the HV
increase as more polyol is present in mass, furthermore temperature has
a slight effect on increasing the HV, which is negative given the limi-
tation on this KPI.

3.2.3. Viscosity and molecular weight (u and M,,)
Viscosity (p) and molecular weight (M) are considered inter-
connected factors. The decision regarding the appropriate model for the

Table 5
ANOVA of the simplified HV model.
Source Sum of Squares Mean Square F-value p-value
Model 363.26 181.63 31.08 <0.0001 Significant
A — Temperature 20.70 20.70 3.54 0.0807
C - PU/polyol ratio 342.55 342.55 58.62 <0.0001
Residual 81.81 5.84
Lack of Fit 63.35 6.33 1.37 0.4075 Not significant
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Fig. 4. Contour plot of HV as a function of temperature and PU/polyol ratio
(PU/acid = 30 kg/kg).

International Journal of Adhesion and Adhesives 135 (2024) 103843

latter was clear, as the quadratic model demonstrated an extremely low
p-value and a high lack of fit p-value (see Table S2). However, in
addressing viscosity, a transformation was introduced to enhance data
normalization and homoscedasticity. Homoscedasticity refers to the
assumption that the variance of the response variable (or the residuals
from the model) is constant across all levels of the factors being studied
in the experiment. Checking for homoscedasticity is part of the diag-
nostic process to ensure that the model assumptions hold. If homosce-
dasticity is violated the model might need to be adjusted or that
transformations or other statistical techniques should be applied to
better meet the assumptions of the analysis. This transformation also
aided in mitigating the influence of outliers and improved the spacing
between factors. The ANOVA was performed for the reduced model.
ANOVA of viscosity after the transformation and without not significant
terms is shown in Table 6. All of R-squared values exceeded 0.99,
exhibiting also a high Adeq Precison (Table 2).

The model equation for viscosity takes into account the square root
transformation as depicted from Table 4 (Table S3 for the actual equa-
tion). The coded equation shows that the beta value and the PU/polyol
ratio have the most substantial impact on product viscosity. This can be
explained considering that PU and polyol are the components with the
highest viscosity. To further validate this consideration, the factor PU/
acid has the third prominent role, meaning that, overall, the higher the
amount of polyurethane recycled, the higher the final viscosity would
be. Fig. 5 confirms the abovementioned considerations and allows us to
assess how the PU/acid ratio exhibits its impact on viscosity only at high

Table 6
ANOVA of the simplified p model.
Source Sum of Squares Mean Square F-value p-value
Model 2214.20 316.31 324.87 <0.0001 Significant
A — Temperature 18.81 18.81 19.32 0.0017
B - PU/acid ratio 224.19 224.19 230.25 <0.0001
C — PU/polyol ratio 1902.79 1902.79 1954.26 <0.0001
AC 6.77 6.77 6.95 0.0270
BC 47.49 47.49 48.77 <0.0001
B? 10.12 10.12 10.40 0.0104
c? 4.76 4.76 4.89 0.0544
Residual 8.76 0.9737
Lack of Fit 2.51 0.5025 0.3216 0.8775 Not significant
) Viscosity (mPa s) Viscosity (mPa s
15 w1 50 AR
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g s
o >
< 3
5 =
S 14 P
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B: PU/acid ratio (kg/kg)
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Fig. 5. Contour plots of viscosity as a function of PU/polyol and PU/acid ratios (left, T = 215 °C), and PU/acid ratio and temperature (right, PU/polyol ratio = 1

kg/kg).



R. Donadini et al.

PU/polyol ratios, as well as an increase in temperature decreases the
final viscosity of the product at high PU/acid ratios (i.e., the depoly-
merization degree is higher).

In the case of the molecular weight, considerations are analogue.
Table 7 shows the ANOVA with only significant terms. F-value of the
model is high enough together with the low lack of fit F-value.

The design equation for the molecular weight of the reaction product
is shown in Table 4 (Table S3 for the actual equation). As in the case of
viscosity the greatest impact on this KPI is given by the beta value and
the PU/polyol ratio, whereas the third most prominent role is again of
the PU/acid ratio, confirming how viscosity and molecular weight are
intrinsically related. During the depolymerization, indeed, polymeric
chains are broken, reducing the molecular weight of the mixture, and
therefore the viscosity (see also Fig. 8). In Fig. 6 there is the graphical
representation of the concepts explained before. A higher PU/acid or
PU/polyol ratio increases the final molecular weight of the product,
whereas an increase in temperature produced a decrease in the final
molecular weight of the product.

Ultimately, in order to validate the effectiveness of the acquired
models, two confirmation tests were conducted utilizing a two-sided 95
% confidence interval. The results provided validation for the effec-
tiveness of our models. Subsequently, an optimization analysis was
carried out, setting specific objectives: ensuring that AV remains below 2
mggon/g, maintaining HV within the range of 30-40 mgkon/g, and
minimizing both p and My,. The software generated a list of 9 potential
solutions meeting these criteria, ranked in descending order of desir-
ability. This is defined as [48]:
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Equation 2

1 n l/n
D=(dyedye...ed,) /n <Hdi)

where d is the desirability range for each response and n is the number of
responses, the numerical optimization tries to maximize this function.
Table 8 shows the list of possible solutions.

3.3. New PUA preparation and results

New PUA were prepared to assess their adhesive properties accord-
ing to the procedure described in the section above. The best conditions
were identified through the RSM statistical analysis, taking into account
the limitations of AV < 2 mgkon/g and HV < 40 mgkon/g. Under these
conditions, a batch of recycled polyol was produced at 205 °C with a
polyurethane-to-polyol ratio of 1.4 kg/kg and a polyurethane-to-acid
ratio of 50 kg/kg (#1 of Table 8). Three new adhesives were pro-
duced, specifically with 22, 28, and 39 % of recycled polyol with respect
to the virgin one. These were characterized in terms of stability by
measuring their viscosities as a function of time, Table 9 shows the
results.

By looking at the variation of viscosity as a function of time it is
possible to infer on the stability of the product. According to the stan-
dard used, a variation of maximum 15 % is acceptable. PUA39 was
classified as unstable and discarded from the study, however PUA22 and
PUA28 showed an acceptable Ap, (defined as

(Hoo min — H10 min) /i ©100) and were deemed interesting for further
90 min
Table 7
ANOVA of the simplified M, model.
Source Sum of Squares Mean Square F-value p-value
Model 5.242E+06 181.63 31.08 <0.0001 Significant
A — Temperature 1.676E+05 1.676E+05 16.25 0.0024
B - PU/acid ratio 1.508E+06 1.508E+06 146.19 <0.0001
C - PU/polyol ratio 2.872E+06 2.872E+06 278.42 <0.0001
B2 4.538E+05 4.538E+05 43.99 <0.0001
c? 65043.05 65043.24 6.31 0.0309
Residual 1.032E+05 10315.07
Lack of Fit 61605.83 10267.64 0.9886 0.5296 Not significant
Molecular weight (Da) 50 Molecular weight (Da)
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Fig. 6. Contour plots of molecular weight as a function of temperature and PU/polyol ratios (left, PU/acid ratio = 30 kg/kg) and PU/acid ratio and temperature

(right, PU/polyol ratio = 1 kg/kg).
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Table 8
List of possible solutions complying with the process restrictions ranked in descending order of desirability.
D Temperature, [°C] PU/acid ratio, [kg/kg] PU/polyol ratio, [kg/kg] AV, [mgkon/g] HV, [mgkon/g] , [mPa-s] M,,, [Da] b, [-]
1 205 50 1.4 1.2 36.6 2293 4823 0.289
2 210 50 1.4 1.2 36.6 2332 4812 0.287
3 200 50 1.4 1.2 36.6 2207 4834 0.285
4 210 50 1.5 1.2 36.5 2419 4802 0.280
5 200 50 1.3 1.2 36.8 2135 4833 0.277
6 215 50 1.5 1.2 36.6 2426 4789 0.275
7 215 48 1.5 1.3 36.5 2442 4797 0.259
8 220 50 1.5 1.3 36.7 2466 4750 0.245
9 220 38 1.5 1.7 37.0 2007 4715 0.118
Table 9 180000 -
Viscosity of the new PUA as a function of time at 140 °C. 160000 14000 Da Virgin
PUA 1 @ 140 °C, 10 min, [mPa-s]  p @ 140 °C, 90 min, [mPa-s]  Ap [%] - - - PUA28
--------- Acidolysis product
Virgin 30900 33250 7.1 140000
PUA22 26400 29300 9.9
PUA28 22500 26250 14.3 120000 + Tepa
PUA39 54900 78200 29.8 >
= 100000
©
. o . . S, 80000 -
studies. The viscosity of the new PUA also determines the appropriate s
application of the adhesive: low viscosities are suitable for wrapping 60000 -
adhesives, whereas a high viscosity is necessary for edge-banding ad- Av100.0a
hesives. Therefore, the application of PUA22 and PUA28 remains the 40000 + \ . 2800Da  1000Da
wrapping one, like for the virgin material. Chemical structure of the 20000 - o
most promising one, PUA was compared to the virgin material one, I
confirming the goodness of PUA28 as no noticeable differences in the 0
T T T T T T T T T T 1

FTIR spectra were noticed (Fig. 7).

Molecular weights of the two PUAs were compared through GPC
analysis as shown in (Fig. 8). The virgin material showed a single peak
weighing 14 kDa, whereas PUA28 a single peak weighing 12 kDa. This
difference, however, is acceptable as no particular limitation was given
on My,.

Finally, DSC analysis revealed a slight difference between the two
products (Fig. 9). Glass transition (—10 °C) and melting (65 °C) tem-
peratures are overlapped. However, crystallization temperatures

slightly differ, moving from a double peak at 10.5 and 26 °C-45 °C. This
may be explained considering the modifications in chemical composi-
tion that take place during the acidolysis process. In particular, during
acidolysis amides are formed according to Scheme 1. Amidic groups are
hydrogen bonding

known to have that enhance

capability

—— Virgin | - 30
- - - PUA28
- 20

T
3500

r T T T T T &
4000 3000 2500 2000 1500 1000 500

Wavenumber (cm™)

Fig. 7. FTIR spectra of the virgin PUA and of its recycled counterpart.

Retention time (min)

Fig. 8. GPC analysis of the virgin PUA, its recycled counterpart, and the
starting acidolysis product.
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Fig. 9. DSC analysis of the virgin PUA and of its recycled counterpart.

intermolecular forces between different polymeric chains. This addi-
tional force aids the formation of stable nucleation centres and therefore
assists the ordered alignment of polymer chains resulting in a structure
with a higher crystallization temperature and higher crystallinity degree
[65].

Finally, adhesive properties of PUA28 were tested as described in
2.2.4 Characterization of new adhesives and applied to a wooden panel
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Table 10
Peeling tests’ results at different times after the application of the PUA. Abbre-
viations: CFS cohesive failure of the substrate, AF adhesive failure.

Failure mode @ 0 min @ 2 min @4h @ 3 days
PVC CFS CFS CFS CFS
PP AF CFS CFS CFS
paper CFM CFM CFM CFM

with a polyvinylchloride (PVC) layer, a primed polypropylene (PP)
layer, and a paper foil. Table 10 summarizes the results in terms of
failure mode at different times after the application of the PUA.

It can be noticed that PUA28 always generates the cohesive failure of
the substrate or of the adhered material, except for the case of PP right
after its application. However, after 2 min, the gluing process increases
the bonding strength leading to CFS. These results comply with the usual
requirements of the furniture industry. Additionally, PUA28 did not
exhibit any crash phenomena, which, in turn, may happen with the
virgin PUA. The crash phenomenon or zipping effect occurs as a sudden
reduction in the tensile strength required for peeling the coating from
the substrate, resulting from adhesion failure on the polymer side [60].
This result is also in accordance with the results obtained by Godinho
et al. [46] for PUAs obtained with recycled flexible PU foam and Patel
et al. [66] for PUAs obtained from epoxy-based bio-polyols, and it is due
to the higher content of aromatic moieties and hydrogen bonding in the
recycled PUA rather than the virgin one.

4. Conclusion

In this study, we employed an acidolysis process to recycle waste
polyurethane adhesives. Through a systematic experimental campaign
organized using the Design of Experiments statistical tool, we success-
fully developed and validated four predictive models that describe
crucial properties of the recycled product. These properties are depen-
dent on three key process parameters: temperature, the polyurethane-to-
polyol ratio, and the polyurethane-to-acid ratio. Our approach involved
the application of a Box-Behnken design, which encompassed a total of
17 randomized runs within our system. The acid value of the recycled
polyol was accurately described by a quadratic model, with the
polyurethane-to-acid ratio being the most influential parameter, fol-
lowed by its squared value. On the other hand, the hydroxyl value was
effectively represented by a linear model that accounted for the effects
of the polyurethane-to-polyol ratio and reaction temperature. For both
molecular weight and viscosity, two quadratic models were developed.
Given the inherent connection between these two properties, it was
evident that the polyurethane-to-polyol ratio played a significant role in
determining their values. Notably, for viscosity, a variable trans-
formation was applied to better align with experimental data. In this
context, the square root of viscosity provided a more accurate repre-
sentation of the data points. Validation of all the models was achieved
through two confirming experiments, and their statistical significance
was confirmed through the use of diagnostic tools. With the aim of
maintaining low viscosity, an acid value below 2 mgkon/g, and a hy-
droxyl value lower than 40 mgkon/g, we identified the optimal oper-
ating conditions. These conditions consisted of a temperature of 205 °C,
a polyurethane-to-polyol ratio of 1.4 kg/kg, a polyurethane-to-acid ratio
of 50 kg/kg, and a reaction time of 3 h. Under these specifications, we
successfully produced a new polyurethane adhesive with a maximum
substitution percentage of 28 % by weight of virgin material. This ad-
hesive exhibited comparable adhesive properties without encountering
any crash phenomena.
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