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ARTICLE INFO ABSTRACT

Keywords: During the last decades, the replacement of the traditionally petro-based raw materials by eco-friendly sub-
Cellulose acetate stances in polyurethane production has become a great challenge. The synthesis of polyurethanes is mainly
Castor oil

conducted by means of a selective reaction between active isocyanate and hydroxyl groups, yielding a charac-
teristic segmented chemical structure. In this study, the traditional solvent-based polycondensation reaction for
the synthesis of bio-based polyurethane adhesives, involving first cellulose acetate modification with 1,6-hexam-
ethylene diisocyanate and subsequent crosslinking with castor oil, was evaluated and compared with a simpler
solvent-free single-step protocol. The impact of the preparation procedure and reagent proportions, on the
chemical structure, thermo-rheological behaviour and ultimate adhesion performance were evaluated. The
rheological response and adhesion performance of these bio-inspired polyurethanes were also compared to those
found in some commercial adhesives. This research highlights the reinforcing and stabilizing effect of cellulose
acetate on bio-polyurethane performance. Particularly, the inclusion of cellulose acetate into the adhesive
manufacture allowed a reduction in the maximum curing time under room conditions to almost one week, while
yielding a higher thermal stability and a fourfold increase in elastic modulus in comparison to the cellulose
acetate-free counterpart. Moreover, the proposed solvent-free synthetic route enhanced the microphase mixing of
the ensuing bio-based polyurethanes, exhibiting an adhesion performance comparable to the considered com-
mercial benchmarks, but with failure occurring primarily within the substrate material — the preferred locus of

Green chemistry
Solvent-free synthesis
Bio-sourced adhesive

failure.

1. Introduction

Wood materials have emerged as one of the main sources for the
construction industry, due to their insulating and aesthetic character-
istics, besides the low environmental impact, they may entail. Never-
theless, in order to develop timber constructions, wooden pieces
demand the application of joining techniques, including the use of
polymer-based adhesives which have proven effective in joining wood
materials [1] since they allow the ability to distribute stresses evenly
along the whole bonding line and reduce the weight and production
costs of bonded products [1,2]. In the last century, worldwide adhesive
annual consumption amounted to 14 Mt, and it is thought to continue to
grow by almost 4% per year in the next decade, according to the
worldwide market study conducted by Ceresana [3].

Since the advent of polymer adhesives, their production sharply
hinged on conventional crude oil, leading to the production of the well-
known solvent-borne adhesives, responsible for the release of volatile
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organic compounds (VOCs) during both, processing and application of
these adhesives [4]. Therefore, the development of green adhesives for
bonding wood, in pursuit of alternatives to traditional hazardous raw
materials, has arisen as a prevailing environmental and economic
commitment [5]. In particular, polyurethanes (PUs) have been generally
considered as a promising choice for wood-joints, since the ultimate
adhesion response relies not only on physical interactions but also on
chemical bonding between active isocyanate and pendant hydroxyl
groups of the lignocellulosic substrates [6].

It is universally acknowledged that PU synthesis is traditionally
accomplished by the so-called polyaddition reaction, in which a reaction
between hydroxyl (OH) and isocyanate (NCO) group bearing com-
pounds (polyols and polyisocyanates) is promoted with the aid of chain
extenders and catalysts [7], producing carbamate linkages, typically
urethanes (NHCOO). Sensible modifications in molecular weight,
branching, or chemical structure of the reagents, in general, as well as
the NCO:OH ratio, may result in substantial changes in ultimate
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polyurethane properties and, hence, in its application fields [8]. Such
tunability is derived from the complex two-phase conformation, char-
acterised by wanting thermodynamic compatibility of both micro-
domains, namely soft (SS) and hard segment (HS) blocks [9]. Soft and
hard segments, coming from the original polyol and
polyisocyanate-chain extender backbones respectively, can eventually
compete for the formation of hydrogen bonds in a variety of ways
(HS---HS, SS---HS, etc.), giving rise to a certain degree of microphase
separation in the polymer network, which, in turn, results in an
enhancement in the mechanical properties of the polyurethanes [10,11].

Furthermore, as Cui et al. [12] reported, as a consequence of the
apparent limitations when searching for sustainable biomaterials con-
taining active NCO functional groups, the assessment of the likely nat-
ural alternatives to replace the former petrochemical polyols has been in
the spotlight of the research in recent years. Natural sources including
lignocellulosic materials [13], vegetable oils [14], proteins [15], agri-
cultural wastes [16,17], etc ... have been lately proposed for PU syn-
thesis, aiming to reduce the environmental impact and energy
consumption.

Cellulose, together with its different derivatives, constitutes a natural
hydroxyl-rich source. Their high availability, renewability, high reac-
tivity with isocyanates and noticeably low environmental burden makes
these biomaterials especially appealing for polyurethane production
[18]. Similarly, vegetable oils have drawn the attention for greener
adhesive development, on account of their good functionality, technical
versatility, large abundance and cost-effectivity [14], so that at the
beginning of the 21st century an extensive spectrum of vegetable oils
such as palm [9,19], soybean [15,20,21], jatropha [22] or castor [5,14,
23] oils, have been used to manufacture bio-based PU adhesives.

Castor oil (CO) is a non-food grade natural feedstock obtained from
Ricinus communis seeds [24]. Due to the fatty acid lengths and the
particular arrangements of pendant chains in their structure [25],
hampering the penetration of foreign substances, CO-based poly-
urethanes present improved thermo-mechanical stability in combina-
tion with chemical and water resistance [4,26]. Moreover, its
particularly high unsaturation degree, along with the fact that castor oil
belongs to the limited group of hydroxylated plant oils, empowers it to
suitably take part in the industrial production of polyurethanes [5,13].
Indeed, a wide variety of studies have been carried out promoting the
development of castor oil-based PUs with apparent adhesion properties.
More specifically, Fonseca et al. [27] described the production of
CO-based PU adhesives by developing chain extenders via
self-metathesis synthesis. Moghadam et al. [5] in their research reported
a simple procedure in line with the fundamentals of green chemistry to
synthesize wood adhesive PUs from modified castor oil, whose lap shear
strengths appeared to surpass the analogous benchmark. Patel et al. [28]
proposed the modification of castor oil to develop natural polyols as
feedstock for polyurethane with adhesive applications on wood and
metal substrates. Bio-sourced PUs obtained by Sahoo et al. [14], when
evaluating the influence of the NCO:OH molar ratio, exhibited adhesion
strength values almost fourfold greater than the commercial benchmark.
Finally, in our previous investigations, adhesives from
NCO-functionalized cellulose acetate and castor oil were synthesized
[29], and compared with a wide spectrum of commercialized adhesives,
resulting in similar or even improved adhesion response on wood and
stainless-steel surfaces, in conjunction with a significantly higher elas-
ticity [30].

Castor oil has usually undergone different chemical modification
processes to yield polyols, possessing higher hydroxyl content and ready
availability [27]. The functionalization routes most frequently applied
comprise transesterification [5], along with epoxidation [31]. However,
these additional treatments imply the utilization of supplementary sol-
vents, catalysts, or high temperatures and/or pressures which, according
to the green chemistry tenets [32], could compromise the environ-
mentally friendly character of the synthesis methodology inasmuch as
an extra energy consumption arises from the requirement of a further
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removal of such substances from the adhesive system prior to applica-
tion [10]. Besides, aiming to attenuate the impact of PU adhesives on the
environment, it is required not only the replacement of hazardous raw
materials and sources [33] but also some attention should be paid on the
synthesis protocol [5,34].

In order to delve further into this concern, this study analyses the
feasibility of a one-step solvent-free synthesis protocol for the develop-
ment of a CO-based adhesives, in comparison to that applied in previous
investigations [29,30]. This aims to simplify PU manufacture and avoid
the use of solvents, catalysts, intermediate modifications, or complex
reaction conditions thus, meeting to a larger extent the principles of
green chemistry. Thence, bio-sourced PU wood adhesives were pro-
cessed from mixtures of cellulose acetate, castor oil and 1,6-hexamethy-
lene diisocyanate, through two different preparation methodologies,
double- and single-step protocols. The influence of the synthetic routes
on the adhesion performance, chemical structure and thermal and
rheological properties of the resulting polyurethanes was analysed.

2. Materials and methods
2.1. Materials

Castor oil (211 cSt at 40 °C) was furnished by Guinama (Valencia,
Spain) and used in its original form. Cellulose acetate (M, ~ 30000, 40%
acetyl groups) and 1,6-hexamethylene diisocyanate (purity >98.0%,
boiling point: 82-85 °C/0.1 mmHg), hereinafter CA and HMDI respec-
tively, were supplied by Sigma-Aldrich (St. Louis, MO, USA). All other
solvents and catalysts were laboratory grade chemicals and obtained
from Sigma-Aldrich (St. Louis, MO, USA). Furthermore, commercially
available adhesives U-Bond® 309-TFC (C.Ad.1) and UHU® Montakit®
(C.Ad.2) considered for benchmarking purposes, together with adhesion
substrates, namely polyester fabric (PF), poplar wood (PW), spruce
wood (SW), oak wood (OW), plywood (PlyW) and medium-density
fibreboard (MDF) were provided by local stores.

2.2. Synthesis methods

The different methods considered in this study to prepare the bio-
based PU adhesives can be detailed as followed:

Two-step protocol. This method matches the procedure well-described
in previous investigations [29]. In principle, this two-step methodology
aims to partially functionalize CA with HMDI intending to further pro-
mote the chemical interaction of CA and CO triglycerides more selec-
tively. In the first stage, the modification of a certain amount (see
Table 1) of pre-dried cellulose acetate with HMDI was performed in
toluene in the presence of triethylamine catalyst. The reaction mixture
was maintained under continuous stirring at 500 rpm for 24 h, at room
temperature, and under an argon atmosphere. In a second stage, after
removal of the solvent under vacuum, the NCO-terminated prepolymer
was mechanically blended with castor oil in a 1:1 wt ratio at room
conditions for 24 h. A selected proportion of the reagents was used in
this synthesis protocol (Table 1). The influence of NCO-ended prepol-
ymer to castor oil proportion, following this synthesis protocol, on the
mechanical properties and adhesion performance of these adhesives

Table 1
Weight proportions of the components used in the preparation of natural-based
PU adhesives.

Sample Weights (g) per 100 g NCO:OH Renewable content
- - - . o
cA HMDI GO ratio (% wt.)
Two- PU2 11.8 382 50 1.87 61.8
Step
Single- PUla 11.8 38.2 50 1.87 61.8
Step PU1b O 30.9 60.1  1.87 60.1
PUlc O 43.3 56.7  3.20 56.7
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have been previously reported [29,30].

Single-step protocol. In this study, aiming to completely avoid the use
of environmentally hazardous chemicals as solvents or catalysts, and to
reduce the number of synthesis steps above outlined, a single step pro-
cedure was proposed. Three different PU adhesives were prepared by
mechanically stirring different proportions of the reagents (Table 1), viz.
CA, HMDI and CO, inside an opened reactor at 60-75 rpm, for 48 h at
room temperature (~20 °C). Under these conditions no hazardous vol-
atiles are expected, except for the likely CO; resulting from the
humidity-driven curing process [35].

2.3. Characterization of PU adhesives

2.3.1. FTIR analysis

Fourier transform infrared (FTIR) spectra of the synthesized adhe-
sives were acquired with a Jasco FT/IR-4200 spectrophotometer
(JASCO Inc., Easton, MD, EEUU) fitted with an attenuated total reflec-
tion (ATR) apparatus. The measurements were performed at room
conditions by using a monolithic diamond crystal as a prism, with an
incidence angle of the laser beam of 45°, with 4 cm™! of spectral reso-
lution. Infrared spectra were recorded after 100 scans, over the spectral
range from 4000 to 650 cm™! with the aid of the Spectra Manager
software. The progress of the curing process was followed by monitoring
the decrease of the peak area attributable to the free isocyanate func-
tional group (-NCO), 2261 cm™!. Upon completion of the curing process
(14-24 days, depending on the PU system), the same FTIR analysis, also
including the application of the deconvolution methodology over the
carbonyl region (1770-1600 cm™!) of the fully cured bioadhesives was
performed.

2.3.2. Thermal characterization (TGA and DSC)

The thermal stability of PU adhesives resulting from the proposed
protocols was assessed by carrying out thermogravimetric analysis
(TGA). Approximately 10 mg of PU samples were placed in open
aluminium crucibles and submitted to a heating ramp of 10 °C-min "},
from 30 to 600 °C with a 60 mL min " flow of dry nitrogen purge, using
a Thermogravimetric Analyzer Q50 (TA Instruments, New Castle, DE,
USA). During the heating process, weight loss and decomposition rate
were recorded as a function of temperature.

The thermal properties of the bio-sourced polyurethanes were ana-
lysed in a differential scanning calorimeter DSC250 (TA Instrument,
New Castle, DE, USA). Hermetic aluminium pans loaded with 3-5 mg of
cured polyurethanes were subjected to a heating cycle from —80 up to
300 °C, with a scan rate of 10 °C-min ' under an inert purge of nitrogen
(50 mL min~1). However, as a consequence of the well-known limita-
tions of standard DSC analysis, i.e., likely overlapping of several thermal
transitions arising from the contribution of different constituents in the
polymer network, temperature-modulated DSC (MDSC) analysis, also
under nitrogen environment, was conducted by applying a heating rate
of 2 °C-min~}, in the range of 0-300 °C, with a modulation amplitude
and period of 0.32 °C and 60 s, respectively [36]. TRIOS and Universal
Analysis software were employed for the analysis.

2.3.3. Rheological characterization

The linear viscoelasticity response of the synthesized bio-inspired PU
adhesives under torsional mode was evaluated and benchmarked
against those adhesives already on the market by using a Physica
MCR301 rheometer (Anton Paar, Graz, Austria). Completely cured bio-
based PUs were submitted to a temperature ramp in the range from 25 to
200 °C (2 °C-min’1, 1 Hz). Viscoelastic behaviour arising from the
application of oscillatory deformation was also analysed, within the
angular frequency region of 100-0.01 rad s~!. With the objective of
assessing the feasibility of the time-temperature superposition principal
application, aimed to expand the mechanical spectra, frequency sweep
experiments were accomplished at different temperatures (from 25 up to
200 °C). All the viscoelastic measurements were conducted in triplicate
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and carried out inside the linear viscoelastic range, previously estab-
lished by applying stress amplitude sweeps throughout the whole tem-
perature ranges considered.

2.3.4. Adhesion measurements

Peel testing at 180° and single-lap shear strengths of the studied
adhesives were evaluated on a wide selection of wooden substrates (see
section 2.1) by following the American standardized tests ASTM D903
and D906, respectively. All mechanical tests were conducted in an AG-
IS Universal Testing Machine (Shimadzu, Kyoto, Japan), equipped
with load cells with capacities of 1 and 10 kN, selected in accordance
with the requirements of the strength to be measured. Before pouring
the bio-based polyurethanes on the adhesion substrates, wooden sam-
ples and polyester fabric were gently wiped with acetone to remove
likely impurities and oily compounds which may distort the bonding
process. Upon spreading the just prepared adhesives, the thicknesses
were set to 0.5 mm with the aid of silicon spacers (see Figure S 1), all the
specimens were joined and allowed to cure at a relative humidity of 64%
and ambient temperature. Single-lap shear strengths were calculated as
the maximum stress (MPa) while peeling strengths were recorded as the
average load per bonding width (kN/m). Overlap joint areas and test
conditions are gathered in Table S 1. Finally, the sort of failures was
reported as a result of a photographic assessment of the bonding areas
subsequent to joint breakage.

Each adhesive specimen was evaluated ten times repeatedly, and the
resulting data were submitted to a statistical analysis by conducting the
Generalized Extreme Studentized Deviated (ESD) test, aimed to track
down likely outliers with a level of significance of a < 0.05. All the re-
sults are presented as the arithmetic mean and the corresponding stan-
dard deviation, after removing the outliers. Additionally, one-way
ANOVA for the analysis of variance, together with a post-hoc test, was
also performed, in order to establish statistical differences with an o <
0.05 of the significance level.

3. Results and discussion
3.1. Structural analysis

The influence of the synthetic route on the developed polyurethane
adhesives’ chemical structure was approached by means of Fourier
transform infrared spectroscopy in attenuated total reflection (ATR).
Fig. 1 plots the results obtained for the two-steps polyurethane adhesive
(PU2) when recording the evolution of the NCO asymmetric stretching
vibration (2261 cm’l) [29,37] over time, estimating the moisture-cure
conversion (X4,) as follows [7]:

—— 1% Order kinetic evolution

0 20000 40000
Time [min]

Fig. 1. Monitoring of the humidity-driven curing process for PU2 sample.
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where the normalized areas assigned to leftover isocyanates at time
0 and ¢ refer to parameters [A]5., and [A]yc, respectively, taking as
reference the peak associated with the carbohydrate backbone vibra-
tional stretching (-CHs/-CHj, 2924 em ™).

Therefore, an approximate kinetic study of post-synthesis ageing was
performed, assuming that the reaction with environmental humidity
(see Fig. 2) was the predominant driving force for the free isocyanate
consumption at stable conditions. The absence of the hydroxyl (-OH)
characteristic peak centred at 3360 cm™! during the first 30 min of
curing for all bio-based polyurethanes (Fig. 3a), supports such an
assumption. Although the well-known nucleophilic addition taking
place between NCO and OH active groups is typically a second-order
reaction [25], as can be inferred from Fig. 1, in this study the extent
of the NCO conversion for all bio-sourced polyurethanes was well fitted
to a first-order equation (2), whose resulting constant kinetics (k) are
gathered in Table 2.

Xiyp=1—e™" @

This reaction order may have arisen from the fact that, under the
same curing conditions, any moisture dependence (i.e. [H20O]) can be
subtracted, since the limiting reagents were always the free NCO com-
pounds. Furthermore, in terms of the reaction kinetics, the protocol
optimisation (PUla vs PU2) appears not to have brought about a sig-
nificant impact on the curing rate. However, when analysing the influ-
ence of CA addition as an additional source of hydroxyl groups together
with castor oil, CA-based polyurethane adhesives (PU2, PUla), unlike
the others (PU1b, PUlc), underwent a favoured curing process as can be
concluded from the increase in the kinetic constants (Table 2). Thus, a
higher castor oil content (PUlb and PUlc) may lead to lower kinetic
constants, in other words, longer curing times.

On the other hand, IR spectra for all polyurethane adhesives upon
completion of the curing stage are depicted in Fig. 3b. Regardless of the
procedure or their composition, infrared absorption bands attributed to
polyols and diisocyanate backbones can be identified, including
stretching of alkene = G-H (3010 cm™ 1), in-phase and out-of-phase
motions of methyl (-CH3) and methylene (-CH,) groups (2924 and
2853 crn_l), aliphatic carbonyl (C=0) band (1742-1748 cm_l), C=C
absorption (1645 cm 1) and ester C-O vibration (1141-1216 cm’l), as
well as absorption of asymmetrical (1479 cm’l) and symmetrical (1375
cm ) —CH3 bending, and —CH; scissoring (1463 cm 1) and rocking
(723 cm’l) [7,12,37,38]. Moreover, the production of secondary amides
during the development of the natural adhesives was corroborated by
the identification of their main absorption bands, such as N-H stretching
and the amide regions I (C=0 band), II and III (mixed contribution of
C-N stretching and N-H bending vibrations), and IV (N-H out-of-plane)
attributable to the peaks centred at 3325, 1600-1735, 1509-1580, 1337
and 773 cm™! respectively [38,39].

Given the strong dependence of segmented-polyurethane properties
on the microdomain distribution and interaction of soft and hard seg-
ments and bearing in mind the high sensitivity of the IR technique to the

0 co,

st

Ri—N=C=0 + H,0

Ry—N—C—OH Ry—NH,
o]
Il

Ry—N=C=0 + Ry—NH, —= R1—III—C—III—R1

H H

UREA

Fig. 2. Environmental moisture-curing process.
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Fig. 3. FTIR Spectra for all PU adhesives at different times: a) during the early
stages of the curing process and b) fully-cured adhesives.

Table 2
Kinetics constant and time needed for the completion of the moisture-driven
curing process.

Sample k [min~'] tro [days]
PU2 1.6:107* 14
PUla 1.4107* 19
PU1b 8.510°° 24
PUlc 9.9-10°° 20

formation of hydrogen bonds [31,40], the effect of modifying the syn-
thesis methodology and polyols content on the degree of phase separa-
tion and the development of different urethane and urea linkage
contributions was encompassed. Upon drawing a baseline in the range
1600-1770 cm ™! and locating the overlapped bands through the eval-
uation of the second-order derivative of the absorbance curves versus
wavenumbers [41], an Origin 9.0 Software was used to mathematically
decompose the carbonyl region into Gaussian-shape functions. Owing to
the variety of proton acceptor functional groups, including C-O-Cgs,
C=O0gs and C—=O0gys, competing with one another for hydrogen bridging
with the urea/urethane N-H proton donor [40], the resulting absorption
bands, collected in Table S 2, comprise not only free (1722-1735 em™)
and disordered (1717 ecm™ 1) and ordered (1698-1705 cm™ 1) H-bonded
urethane carbonyl groups developed during the adhesive synthesis, but
also free (1673-1694 cm’l), disordered (1652-1669 cm™ 1) and ordered
(1635-1626 cm™!) H-bonded urea carbonyl groups appearing in the
curing step [1,41]. Consequently, as previously reported [42], ordered
C—O entities are ascribed to carbonyl groups in hard domains connected
to each other, while in disordered carbonyl groups, by contrast, the
adjacent N-H groups are associated with the proton acceptor located in
the soft segments.

Moreover, an extra absorption band located at 1617 cm ™! arises from
the amide I range deconvolution assigned to N-H bending vibration for
secondary amines [38], originated as a consequence of the
moisture-cure in conjunction with the lack of the mobility of the chains
due to the progress of the reaction. Thus, highly diluted isocyanate
groups in the polymer network may still react with environmental hu-
midity, but their further interaction with additional NCO to produce a
urea linkage could be inhibited [41].

In addition, when analysing the advance of the ageing until
completion of curing (Fig. 3), some differences can be perceived. A total
disappearance of the NCO peak was noticed for all fully cured bio-
adhesives while increasing the absorption of the N-H stretching and
secondary-amine bending vibration bands (3325 and 1617 cm™}). Be-
sides that, the location of the N-H stretching peak suggests that all these
functional groups are hydrogen-bonded to a proton-acceptor entity.
Moreover, the absence of some absorption bands, such as N-H bending
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at the wavelengths 1336 and 1617 cm™, at the early curing stages
(Fig. 3a), along with the apparent intensity increase in the whole amide I
and II ranges, corroborate the assignments previously established.

Furthermore, according to previous investigations [37], the degree
of phase separation (DPS) of a block-polyurethane may be determined as
the proportion of hydrogen-bonded carbonyl groups resulting from
deconvolution of the carbonyl region (eq. 3):

Z AH—Bond

DPS = ="Ml
Z AH—B()mj + Z AFree

3)

where Appong and Ape. are the normalized areas attributable to
hydrogen and non-hydrogen bonded C=O0 in urethane and urea link-
ages. Figure S 2 shows the deconvoluted bands of the carbonyl func-
tional groups in the amide I region and the proportions of free and
hydrogen-bonded urea and urethane contributions obtained from this
mathematical procedure are collected in Table 3. As can be observed,
when applying the single-step protocol (PUla), a higher urea/urethane
ratio was achieved, owing to the fact that urea production is promoted
under longer contact times with the environment (Fig. 2). However, the
simplified synthetic route was allowed to reach lower values of DPS
meaning a higher soft and hard domains compatibility, which unex-
pectedly enhanced the ultimate properties, as will be discussed below.
Furthermore, when the NCO:OH molar ratio was kept constant (1.87),
but castor oil was used as the only OH-source in the bio-based poly-
urethane production (PU1b vs PUla), a noticeable rise in urea propor-
tion was noticed, due to the steric hindrance of the secondary OH in the
castor oil structure, thus promoting the reaction with environmental
H>0 and increasing the degree of phase separation. In an effort to ach-
ieve similar performance to the synthesized PUla adhesive without
using CA, the NCO:OH ratio was slightly increased, resulting in a bio-
sourced polyurethane adhesive (PUlc) with a greater microphase sep-
aration since hydrogen-bonded hard segments impede the segmental
motion of the polymer network [43].

3.2. Thermal characterization

The impact of synthesis protocol and the role of CA on the thermal
stability of the bio-based PU adhesives studied was explored by applying
thermogravimetric analysis. The resulting thermograms and their de-
rivative curves (DTA) are shown in Fig. 4. Firstly, regardless of the
synthetic route and CO/CA/HMDI proportions employed, a paltry
weight loss (<0.6%) centred at 100 °C was observed, associated with
water molecules retained during the curing stage [34].

Owing to the disparate stabilities of both microphases (SS and HS),
along with the variable proportions of the reagents, it could be asserted
that the synthesized bio-sourced polyurethanes are characterized by a
complex thermal decomposition mechanism [44] inasmuch as DTA
curves revealed several-step decomposition patterns (Fig. 4b). Further-
more, in previous studies [45] the temperatures at which a 10% mass is
lost (T199,) were regarded as the beginning of the decomposition process.
Therefore, the main degradation steps were evaluated and analysed in
terms of the temperatures for maximum decomposition rate (Tjqy), the
onset and final temperatures (Tons: and Tring) of each step, together
with the corresponding T, and the final char residue (R) (Table 4).

Table 3
Deconvolution results in terms of percentages of the different contributions in
the C=O0 region.

Sample PU2 PUla PU1b PUlc
Urethane Free 13.67 27.85 18.74 9.03
H-bond 54.20 24.16 31.76 36.79
Urea Free 11.96 23.62 26.08 26.95
H-bond 20.17 24.37 23.41 27.23
Urea/urethane 0.47 0.92 0.98 1.18

DPS 0.74 0.49 0.55 0.64
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Disregarding free water removal, most of the polyurethanes, except
for PU1b, decomposed in two steps, where the first thermal event
(342-365C) was associated with the hard segment domains, while the
following peak (459-463 °C) may be ascribed to soft segment back-
bones, i.e., the cleavage of the C-C bonds [46,47]. The natural-based
adhesive PU1b sample, however, presents a main peak in the range
from 322 up to 479 °C coupled with an apparent small shoulder at
around 459 °C, unambiguously attributed to carbon-to-carbon scission.

On the other hand, some overlapping can be noticed in the temper-
ature range of 300-450 °C, due to the proximity of the decomposition
steps of hard and soft segments domains, which impedes the identifi-
cation of the weight loss for each event. Moreover, in most PU systems,
two slight shoulders appeared at 380 and 394-425 °C, likely attributed
to the HS entities [37] and the castor oil [4,48] degradation, respec-
tively. The appearance of several decomposition ranges assigned to the
hard segment phase emerges on account of the polyurethane synthesis
conditions, which promotes the production of hard segment domains,
comprising urethane and urea linkages, with a varying degree of orga-
nizational order [49].

As can be noticed from the TGA results, simplification of the syn-
thesis protocol seemed to produce no impact on the thermal stability of
the synthesized bio-based polyurethanes (PU2 vs PUla). However, cel-
lulose acetate removal from the adhesive formulation (PU1b and PUlc)
led to a shift of 20 °C in the second decomposition step assigned to hard
domains (364 °C), due to the fact that, according to previous research
[29], the maximum decomposition rate of cellulose acetate (Tpqy) is
attained at 358 °C, while suffering no detrimental effect on thermal
stability (Tjg9). Moreover, the increase of castor oil content in the
natural adhesive PU1b aimed to maintain the NCO:OH ratio at 1.87,
resulted in an overlap of the degradation steps attributed to the natural
oil and C-C splitting (Fig. 4b). When the oil content was once again
reduced, thereby increasing the NCO:OH ratio (PUlc), the peak linked
to C-C disruption could be differentiated, increasing the intensity of the
peak associated to HS units and shifting the CO decomposition shoulder
to lower temperatures.

The structure of the synthesized natural bio-adhesives was further
analysed by means of DSC experiments. Fig. 5a illustrates the standard
calorimetric results obtained in the temperature range from —80 up to
300 °C. As can be inferred, the main thermal transitions identified for all
PU adhesives comprise two glass transition temperatures (related to
both soft and hard phases, Tgs and T?S), an exothermic event followed
by an endothermic peak. For comparative purposes in segmented
polyurethanes, the location of the glass transition temperatures (Tgs) has
been largely considered as an indicative value to assess the degree of
phase separation [10], since Tgs are strongly influenced by the phase
miscibility so that the greater values of Tgs, the lower DPS as a conse-
quence of tougher interaction between both microdomains. Therefore,
comparing the natural polyurethanes PU2 and PUla, regarding the
synthesis protocol modification, an apparent reduction in the glass
transition temperature difference of both segments was observed, thus
evincing the enhancement of the microphase compatibility owing to the
increase in the urea linkage production when implementing the straight
through synthetic route, in agreement with the FTIR results. Further-
more, when replacing cellulose acetate with additional castor oil,
despite the fact that the NCO:OH ratio remained unchanged, CO weight
percentage increased by 10%, leading to a reduction in the Tgs,
notwithstanding the DPS values (see Table 3). Afterwards, when raising
the HMDI content (PUlc), higher phase separation was obtained, also
according to spectroscopic results, thus increasing the T;S value, since a
higher amount of aggregates of rigid units are more widely distributed in
the soft phase, thus hindering the polymer chains mobility [50].

On the other hand, the exothermic peak located in the range of
130-250 °C, whose onset (Tonser, 7a) and maximum (Tpax,74) tempera-
tures can be found in Table 5, may be generally associated with different



A. Tenorio-Alfonso et al.

International Journal of Adhesion and Adhesives 116 (2022) 103153

T T 5 T T T T y T T T T T T T T
a) b) ——PU2
100 |
——PUla
——PUIlb
——PUlc {10
80 -
%
—_
X et 2
-
= =
20 o)
3 40 405 =
z =
1S] S
— %
(@}
N
20
o 400
1 1 L 1 1 L 1 1 1 1 1 1 1 1 1 1 1
0 100 200 300 400 500 600 0 100 200 300 400 500 600 700

Temperature [°C]

Temperature [°C]

Fig. 4. Loss weight thermograms (a) and corresponding derivative curves (b) for the different bio-based PU formulations studied.

Table 4

Thermal decomposition steps’ parameters obtained from thermogravimetric

analysis.
Sample  Tige [°C]  Tonser [°C] Tumax [°C] Trinal [°C] R [%]
PU2 327 72/322/454 114/343/463 150/413/484 8.01
PUla 324 55/321/449 105/342/462 143/409/482 0.38
PU1b 326 32/322 90/363 104/479 3.6
PUlc 324 30/326/443 93/365/460 128/411/479 3.4

transitions implying an energy release due to curing steps, crystalliza-
tion, or other irreversible chain rearrangements. However, in this case,
since PU adhesives were fully cured, this event may be related to either
crystallization or rearrangement processes of the polymer chains,
through which a more ordered polymer network may be obtained. In
this sense, PU materials encompass a wide array of polymers, ranging
from semicrystalline [37] to totally amorphous structures [47]. Never-
theless, polyurethanes sometimes present a certain degree of organiza-
tion, which should not be regarded as crystallites as such, but more
ordered domains [40]. As previously pointed out by Refs. [51,52] at

mitigated when increasing the NCO:OH molar ratio, so that a higher
content of hard segment, acting as crosslinking points, could hamper the
molecular mobility, thus reducing the released energy during the ther-
mal annealing (Table 5).

Finally, the last thermal transition involved an endothermic peak
whose minimum temperatures were found in the range of 283-288 °C,
which may be ascribed to a melting of the likely crystalline region of the
polyurethanes or polyurethane decomposition [53,54]. Aiming to
clarify the nature of this event, in addition to identify overlapping of
different thermal events in block-polyurethanes, temperature modu-
lated differential scanning calorimetry (MDSC) analysis was performed
over all bio-sourced adhesives in the range from 0 up to 300 °C. Fig. 5b
shows selected MDSC results for PU2 adhesive. In all the cases, a similar
behaviour was obtained, so that at around 280 °C an endothermic peak
was observed in the non-reversing heat flow curve. Subsequently, taking

Table 5
Characteristic parameters associated with thermal events exhibited by bio-
sourced PUs during DSC analyses.

those temperatures, a typical thermal rearrangement of the disordered Sample  Tgss Tgus  AHannealing Tonset,  Tmax, Tpecomp.
HS entities takes place. Regarding the energy associated with this °cl el el 1a°Cl 1a rcl
thermal rearrangement (AHannealing), it apparently remains constant rcl
when the traditional protocol was substituted with the single-step pro- pPU2 -207 520 125 162.8 198.1 283.3
cedure, despite showing a greater phase mixing. Nevertheless, the PUla -168 487 102 190.9 2158 284.4
hieher flexibili d length of the £ id chains i i1 facili PU1b -20.2 516 203 140.6 1835  288.6
igher flexibi ity an .eng.t of the atty aci chains in cast.or oil facili- PU1Lc _168 477 111 181.0 2043 2847
tated the chain annealing in bio-sourced adhesive PU1b. This effect was
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Fig. 5. DSC curves for all bio-based PU adhesives (a) and curves from modulated temperature DSC test for a selected sample (PU2) (b).
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into consideration that most of the melting transitions appear in the
reversing curve, along with the fact that, according to the TGA results
(Fig. 4), on average 1.2% of weight is lost at 280 °C, this peak must be
undoubtedly assigned to a thermal decomposition, instead of a melting
process [55]. Consequently, the previous exothermic peak is also
attributed to the rearrangement of the polymer chains, instead of a
crystallization, since no melting transition of those crystallites was
obtained.

3.3. Rheology

The rheological response of the synthesized bio-inspired adhesives
under torsional mode was evaluated after completion of the curing
process and benchmarked against selected commercial references. Thus,
Fig. 6 shows the influence of temperature on the evolution of the storage
moduli and loss tangent at 1 Hz, when a temperature ramp from 25 to
200 °C is applied at a heating rate of 2 °C/min. As in other similar bio-
adhesive formulations previously developed using aromatic diisocya-
nates [56], an eminently elastic response was observed over the whole
temperature range studied, where the tand values remained always
lower than one, and also lower than those values exhibited by the
reference benchmarks.

Generally, the temperature seems to exert a slight influence on the
bio-based adhesives’ storage moduli, which levelled off till a critical
value of around 80-120 °C, depending on the preparation method and
the inclusion of cellulose acetate in the formulation. Thus, samples
containing cellulose acetate in their composition show good thermal
stability up to temperature values around 80-100 °C. However, when
comparing samples PUlb and PUlc (without cellulose acetate), the
temperature dependence of these samples is significantly different,
especially when analysing the evolution of the loss tangent. Thus, the
elastic component of the bio-adhesive that does not contain the
biopolymer but the same NCO:OH ratio (PU1b) has a slightly lower
thermal stability compared to that containing cellulose acetate, but the
influence of temperature is much more pronounced in the tand (Fig. 6b).
The same evolution is exhibited by the sample containing a higher NCO:
OH ratio (PUlc). These results support those obtained from TGA tests,
which concluded that the protocol simplification seemed to produce no
impact on the thermal stability of the synthesized bio-based poly-
urethanes (PU2 vs PUla). However, cellulose acetate removal from the
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adhesive formulation (PU1b and PUlc) led to a significant decrease in
the SAOS functions and higher thermal dependence in the viscous
component, especially above 120 °C. Moreover, despite the similar or
larger (particularly at high temperature for sample C.Ad.2) values of the
elastic moduli exhibited by the benchmark references, as previously
mentioned, the prepared bio-sourced polyurethanes have shown a
significantly higher relative elasticity, mainly noticeable in the loss
tangent, around one order of magnitude lower than those found in
commercial adhesives (Fig. 6b).

Fig. 7 shows the evolution of viscoelastic moduli (G/, G” and tan &)
with frequency as a function of the preparation protocol and CA addi-
tion, at selected temperatures (25, 80 and 150 °C). As can be noticed, G’
values are much higher than those found for G”, and hardly influenced
by the frequency, thus showing a well-developed plateau region of the
mechanical spectrum. This behaviour is independent of the temperature
and again characterized by a predominant elastic behaviour throughout
the whole frequency range analysed. Although the most important effect
of temperature in bio-based PUs is a clear change in G” frequency
dependence at temperatures higher than 60 °C, both viscoelastic func-
tions appear to decline unfailingly with temperature for the commercial
benchmark C.Ad.1, while for C.Ad.2 this remains more thermally un-
affected (see Fig. 7b, e). Despite this, bio-sourced PU adhesives are
characterized by elastic moduli within the range associated with the
commercial benchmarks, but with a noticeably higher relative elasticity
(Fig. 7c,f,i) as a consequence of the lower values of G” generally found.

On the other hand, the lower values of the viscoelastic moduli shown
by the CA-free sample (PU1b), despite the higher relative elasticity
(lower values of the loss tangent) (Fig. 7c), reflects the reinforcing effect
of cellulose acetate on the structure. Additionally, such an impact is also
encouraged by the application of the single-step preparation protocol, as
noticeable in the viscoelastic functions increase exhibited by sample
PUla in relation to bio-based adhesive PU2. Similar results have been
previously obtained when studying the effect of cellulosic derivatives on
the microstructure and thermomechanical properties of other bio-based
polyurethane systems [57,58].

With the aim of unifying the temperature dependence of the syn-
thesized formulations, the time-temperature (t-T) superposition princi-
ple was applied, from 25 to 110 °C, by superimposing the above-
mentioned viscoelastic functions with the aid of appropriate shift fac-
tors, ar, taking 25 °C as the reference temperature. As can be inferred
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Fig. 6. Evolution of the linear elastic moduli (a) and loss tangent (b) with temperature during the application of an upward temperature ramp of 2 °C/min.
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Fig. 7. Frequency sweep dependence of (a, d, g) G/, (b, e, h) G” and (c, f, i) tand at selected temperatures (25, 80 and 150 °C) of all PU adhesives.

from Fig. 8, the t-T superposition principle can only be successfully
applied up to a temperature of around 110-130 °C, definitely failing
above 150 °C, which again suggests a temperature-induced change in
structural arrangement, as previously discussed in DSC analysis
(Table 5). Unlike previously reported results devoted to the preparation
of aromatic diisocyanate-based polyurethane adhesives [56], the
applicability of the t-T superposition principle is not restrained by the
functionalization degree (NCO:OH ratio) or, in this case, by the addition
of cellulose acetate and the synthesis protocol, likely as a result of the
improved compatibility between hard and soft segments arising from
the aliphatic nature of the diisocyanate (HMDI) as well as the vegetable
oil utilized in this research. The resulting shift factors for all systems
have been fitted to the Williams-Landel-Ferry (WLF) model (inside
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Fig. 8. Time-temperature superposition for a selected formulation (PUla) and
fitting of the corresponding shift factors to the William-Landel-Ferry equa-
tion (inside).

Fig. 8).

—C(T — Try)
o8a) = (T~ Ti) @
where C; and Cg, are the constant parameters of the WLF model, T is the
temperature and Tgey is the reference temperature (25 °C). The param-
eters resulting from the fitting are gathered in Table 6.

As can be deduced from Table 6, these fitting parameters show the
same evolution as the Tgs when analysing the effect of the synthesis

protocol as well as the reagent proportions. Therefore, attending to
Equation (4), higher values of parameters C; and C3 entail, for a given
temperature increment, a higher reduction in the shift factor, meaning a
more pronounced thermal susceptibility. Thus, elastomers PUla and
PU1lc showed a noticeably lower influence of temperature on the SAOS
functions, thus diminishing the frequency range attainable with the
application of the t-T superposition principle.

3.4. Adhesion performance

The adhesion response of an adhesive is, according to Baldan [59],
the resistance to the debonding process of an adhesive joint, arising from
an array of adhesion phenomena, which may comprise interactions of
rheological, physical, chemical and mechanical nature. However, more

Table 6

Williams-Landel-Ferry fitting parameters.
Sample C1 Cs [K]
PU2 10.93 146.71
PUla 5.87 70.41
PU1b 11.10 148.27
PUlc 5.85 68.09
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specifically, when considering wood as a substrate, in terms of the sur-
face nature, chemical interaction and mechanical interlocking appear to
be the most likely adhesion phenomena. Therefore, the adhesion per-
formance of the adhesives on different wooden substrates was assessed
by using the applicable ASTM tests for peeling strength, conventionally
expressed as the force per unit width (ASTM D903) and shear strength
(ASTM D906 for wood). Table 7 collects the shear and peeling strength
values for the different bio-adhesives and commercial systems on
various types of wood substrates (poplar, spruce, plywood, DMF and
oakwood). For benchmarking purposes and more specifically regarding
the synthetic route, the reference systems C.Ad.1, C.Ad.2 and the
bio-polyurethane manufactured using the two-stage protocol were
tested only on poplar wood, while when assessing the inclusion of cel-
lulose acetate and the HMDI:CO ratio, the adhesion analysis was
extended to other wooden substrates (plywood, medium-density fibre-
board, spruce wood and oak wood). As a general rule, regardless of the
synthetic route, the adhesion response of bio-based polyurethanes seems
to exceed commercial benchmarks under shear as well as peeling
deformation. Indeed, although the cellulose acetate-free adhesive pre-
pared using the simplified protocol (PU1b) is the one with the lowest
shear and peeling strengths in most wooden substrates, its shear strength
on poplar wood become above 50 and 17% higher than the 2.5 and 3.2
MPa found for benchmarks C.Ad.1 and C.Ad.2, respectively [30].
Consequently, as can be noticed, the structural reinforcing action of
cellulose acetate is evidenced. Moreover, regardless of either the addi-
tion of cellulose derivative or the NCO: OH ratio, the simplified one-step
synthesis procedure provided natural polyurethane adhesives whose
shear strengths can’t be significantly differentiated with each other
considering the results obtained by ANOVA statistical tests with a 5% of
significance level (see Supporting Information), despite the slight
reduction in peeling strength. However, the adhesive manufactured
with a higher NCO:OH ratio and free of cellulose acetate (PUlc), along
with the formulation PU1la, had remarkable shear strength values on oak
wood. In general, the higher adhesion performance found with PUlc
must be attributed to the effect of the NCO:OH ratio on the mechanical
properties of the adhesives, which in turn is similar to the CA reinforcing
effect found with sample PUla.

Regarding the types of failure provided by polyurethanes adhesives
synthesized through the single-step protocol, except for the adhesion
performance on oak wood in which a mixture of adhesive and cohesive
failure was obtained, the failure is predominantly located within the
substrate. This seems to be a more appropriate and desirable sort of

Table 7
Adhesion strengths developed by PU systems under shear and peeling
deformation.

Tests PU2 PUla PU1b PUlc
Shear Strengths ~ PW 3.321 + 4.297 + 3.773 + 4.422 +
[MPa] 0.054%>< 1.082¢ 0.546>¢ 1.076¢

PlyW - 1.523 + 1.706 + 1.726 +
0.311° 0.183¢ 0.288°
MDF - 1.633 + 1.861 + 1.845 +
0.204° 0.474¢ 0.537¢
SW - 0.847 + 0.974 + 0.854 +
0.001¢ 0.215¢ 0.159¢
ow - 5.308 + 3.154 + 6.039 +
0.489%" 0.153*" 0.716*"
Peeling PW 3.243 + 2.643 + 2.278 + 2.021 +
Strengths 0.194° 0.045" 0.303" 0.411°
[kN/m] PlyW - 3.383 + 2.064 + 4.706 +
0.190%" 0.411*° 0.368"¢
MDF - 3.435 + 1.952 + 3.241 +
0.672%° 0.494*P 1.1312P¢
SW - 3.070 + 2.381 + 3.159 +
0.456° 0.348>° 0.388%
ow - 3.438 + 1.956 + 2.826 +
0.175%¢ 0.504*" 0.573%¢

Failures: ? Cohesion; ® Adhesion; ¢ Substrate.
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failure inasmuch as it entails that these PU-adhesives exhibit superior
mechanical resistance in comparison with their corresponding adhesion
substrate. Thus, even though the adhesion strengths under shear
deformation are not statistically different when conducting the bio-
sourced adhesive synthesis via the proposed single-step process, the
failure becomes mainly substrate-based, so that the adhesion perfor-
mance is clearly enhanced. Moreover, the values of the lap shear
strength provided by the ASTM D906 test obtained with the synthesized
PUs, particularly noticeable on oak wood, seem to meet the re-
quirements for being considered as wood adhesives, since they appear to
be fairly competitive with the values previously reported by Silva et al.
[60], Ang et al. [61] and Sahoo et al. [14], even exceeding those
resulting from the investigations of Somani et al. [62], Patel et al. [28] or
Wang et al. [63], thus encompassing a wide range of polyurethane ad-
hesives, most of them based on castor oil and both aromatic and
aliphatic diisocyanates.

In relation to the peeling tests, besides exceeding the adhesion re-
sistances provided by commercial benchmarks C.Ad.1 (2.2 kN/m) and C.
Ad.2 (0.9 kN/m) [30], once again the synthesized bio-adhesive prepared
with the simplified one-step protocol and without cellulose acetate is the
one that shows lower peeling strength values in all types of substrate;
while the rest of the adhesives present values very close to those ob-
tained with the polyurethane manufactured in two stages containing
cellulose acetate. In agreement with thermal and rheological results,
bio-based adhesives PUla and PUlc showed a similar adhesive
response, with peeling strengths statistically similar (see Supporting
Information). Finally, regarding the type of failure, in most of the cases,
the failure in peeling tests is mainly located in the interphase
adhesive-substrate, with the exception of the system PUlc which,
probably owing to the greater NCO:OH ratio, evidenced a significant
substrate failure contribution at break (70-85% of the failure).

4. Conclusions

In this study, a new synthetic solvent-free route for the production of
bio-inspired polyurethane adhesives conforming the tenets of the green
chemistry was properly addressed, and the resulting vegetable oil-based
adhesives were compared to commercial benchmarks and those ob-
tained via a traditional solvent-borne protocol. This investigation also
encompasses the impact of the reagents content, namely cellulose ace-
tate, castor oil and 1,6-hexamethylene diisocyanate, on the ultimate
adhesion properties. Thus, following the simplified one-step solvent-free
processing protocol and the addition of cellulose acetate led to shorter
moisture-curing steps and reinforced polymer networks with higher
values of viscoelastic moduli and lower thermal dependence of the
rheological functions. Furthermore, rheological results revealed a sharp
elastomeric response, characterised by the rubbery region of the me-
chanical spectrum, within extensive temperature and frequency ranges.
The application of the time-temperature superposition principle was
solely limited by a critical temperature (of around 110-125 °C), as a
result of the temperature-induced structural rearrangements. Moreover,
the complex nature of the bio-polyurethane chemical structure consist-
ing of soft and hard segments and inter- and intra-domain hydrogen
bonding, thus developing regions with different degrees of order, was
identified from the thermal and spectroscopic results, in good agreement
with the appearance of two glass transition temperatures and
exothermic thermal rearrangement. In this connection, the proposed
single-step procedure fostered microphase mixing, yielding reduced DPS
and increasing Tgss accordingly. At the same time the straight-through
method allowed for the achievement of statistically indistinguishable
shear strengths, always higher than those provided by the selected
commercial adhesives and with a much more appealing sort of failure
located in the substrate through a cleaner and simpler approach, despite
exhibiting similar thermal stability (T;00) and peeling resistance.
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