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Abstract: Despite their popularity and multiplicity of applications, wood—polymer composites
(WPCs) still have to overcome particular issues related to their processing and properties. The main
aspect is the compatibility with plant-based materials which affects the overall performance of the
material. It can be enhanced by strengthening the interfacial adhesion resulting from physical and/or
chemical interactions between the matrix and filler, which requires introducing a compatibilizer or a
proper modification of one or both phases. Herein, the impact of cellulose filler modifications with
varying contents (1-10 wt%) of hexamethylene diisocyanate (HDI) on the compatibility of Mater-
Bi/poly(e-caprolactone) (PCL)-based biocomposites was evaluated. An analysis of surface wettability
revealed that the filler modification reduced the hydrophilicity gap between phases, suggesting
compatibility enhancement. It was later confirmed via microscopic observation (scanning electron
microscopy (SEM) and atomic force microscopy (AFM)), which pointed to the finer dispersion of
modified particles and enhanced quality of the interface. The rheological analysis confirmed increased
system homogeneity by the reduction in complex viscosity. In contrast, thermogravimetric analysis
(TGA) indicated the efficient modification of filler and the presence of the chemical interactions at the
interface by the shift of thermal decomposition onset and the changes in the degradation course.

Keywords: Mater-Bi; poly(e-caprolactone); cellulose filler; biocomposites; filler modification; interfa-
cial adhesion

1. Introduction

Wood-polymer composites (WPCs) are a group of composite materials consisting
of one or more plant-based fillers and a mixture of polymers. Over the last decades,
the research works on their development aim to address the main problems related to
their processing: (i) the variations in the quality of plant-based materials; (ii) the limited
thermal stability of plant-based materials narrowing the processing window for WPCs; and
mostly, (iii) the limited compatibility often between the hydrophobic polymer matrix and
hydrophilic fillers [1-5].

Insufficient compatibility is a critical issue as strong interfacial interactions are crucial
for achieving the good mechanical properties of composites [6]. Enhancing the compatibility
may be realized by providing possibilities for the chemical bonding of modified filler with
the functional groups present in the polymer backbone or by changing the character
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of the fillers” surface from hydrophilic to hydrophobic, simultaneously enhancing the
filler and matrix mutual affinity. It often requires proper modifications of introduced
fillers. Over the last decades, multiple review works related to their chemical modification,
mainly aimed at enhancing the performance of WPCs, have been published by different
research groups [7-12]. The authors mentioned numerous filler modifications, of which
the most popular and widely described are alkali treatment, silanization, acetylation,
maleation, acrylation, or permanganate treatment. Less common modification methods
include fatty acid modification, sodium chloride treatment, benzoylation, triazine, or
isocyanate treatment. Collectively, their goal was to provide the possibility for covalent
bonding with a polymer matrix or to reduce the hydrophilicity gap between phases.

Generally, the most popular modifiers of lignocellulosic fillers are anhydrides such
as maleic anhydride, succinic anhydride, dodecenyl succinic anhydride, or phtalic anhy-
dride [13,14]. These compounds are often present in biocomposite manufacturing because
they can be grafted onto polymer chains, creating strong covalent bonds with hydroxyl
groups on the lignocellulosic fillers” surface. By determining the proper choice of anhy-
dride (molecular weight, potential steric hindrance), the properties of modified filler, e.g.,
crystallinity or thermal stability, can be adjusted [15].

From the technological point of view, isocyanates offer similar possibilities for the
adjustment of modifiers’ structure and are commonly used in the plastics industry. Hence,
they are well known and analyzed. They can create urethane bonds with hydroxyls on
the surface of lignocellulosic fillers yielding strong covalent bonding at the interface. The
broad isocyanate market offering multiple grades with various structures and properties
enables many potential modifications of lignocellulosic fillers. It has been proven, e.g., by
Zhang et al. [15], that the modifier’s structure significantly influences the properties of
modified filler. The most crucial properties are the molecular weight, functionality, and
spatial structure. These modifier properties affect the structure of modified lignocellulosic
fillers, e.g., its crystallinity, which has an essential impact on the mechanism and rate of
lignocellulosic fillers” and composites” biodegradation. Therefore, isocyanates seem an
auspicious solution for the enhancement of interfacial interactions.

A contentious issue always raised in the case of isocyanates” application is their toxicity.
They are considered toxic due to highly reactive isocyanate groups in their structure [16].
Nevertheless, isocyanate is bonded and reacted with other functional groups, e.g., hy-
droxyl or amine groups, and no toxic effects are observed. Therefore, it is possible to
use polyurethane materials to manufacture biomedical-grade articles, such as vascular
catheters, blood bags, or implants [17]. As mentioned before, during modification of ligno-
cellulosic fillers, isocyanate groups can create urethane bonds with the hydroxyls present
on the surface of fillers, so the toxic effect should be significantly reduced due to the excess
of hydroxyl groups of fillers.

As a group, isocyanates have been repeatedly proven as excellent coupling agents for
polyolefin-based biocomposites, revealing properties superior to those compatibilized with
anhydrides [18,19]. Various research groups analyzed lignocellulosic fillers” modification
with isocyanates and further processing of biocomposites at temperatures from 150 to 175
°C, which enhanced composites’ mechanical performance. It is also important to mention
that the authors of these works used periodic methods. Therefore, the time of modification
and the influence of temperature on lignocellulosic fillers was longer than continuous
methods. Despite that, no material degradation was observed [20,21].

Liew et al. [22] analyzed the hexamethylene diisocyanate (HDI) in compatibilization
of low-density polyethylene composites filled with jute and bamboo fibers. The authors
applied a periodic method of fillers” modification, which included the incorporation of
solvents and an additional 24 h process of drying, which negatively impacted the filler’s
modification cost. Nevertheless, modification of lignocellulosic fibers with HDI noticeably
enhanced the thermal stability of the composite containing 10 wt% of fillers, shifting the on-
set of thermal decomposition by more than 100 °C, which could be a great advantage from
the technological point of view. It would allow using such modified fillers to manufacture
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composites based on polymers with higher processing temperatures. Moreover, isocyanate
treatment of fillers significantly enhanced interfacial adhesion between the matrix and
filler, which was proven via SEM analysis, and increased the tensile strength and Young's
modulus by 295 and 296%, respectively.

Gomez-Fernandez et al. [16] investigated lignin modification with isophorone diiso-
cyanate (IPDI). The authors presented the functionalization of kraft lignin in a periodic
method, using dibutyltin dilaurate as a catalyst for the reactions between the isocyanate
groups of IPDI and the hydroxyl groups present on the surface of lignin. The method
involved conducting a chemical reaction at 60 °C for 24 h, further centrifugation, washing
in toluene, drying for another 24 h, and grinding the obtained particles. Functionalization
of lignin was confirmed via a detailed analysis of the structure and composition of the
filler with FTIR, liquid, solid-state NMR spectroscopy, and elemental analysis. Moreover,
modification decreased the average particle size, which can be considered very beneficial
from the application point of view. Nevertheless, despite the successful modification,
the presented procedure has noticeable disadvantages: extended time, complex character
(multiple processes involved), and the use of organic solvents.

A less popular direction is the application of isocyanates for the compatibilization
of biocomposites based on sustainable polymer matrices. The application of isocyanates
has been analyzed rather in terms of the compatibilization of blends, modified pea starch
and dextrin [23], poly(e-caprolactone) (PCL) and starch [24,25], or poly(lactic acid) with
poly(butylene succinate) [26]. Filler modification with isocyanates aimed to enhance
polyolefin-based composites [22,27,28]. Our previous work [29] showed that the PCL-based
biocomposites’ static and dynamic mechanical performance could be significantly boosted
by appropriately modifying cellulose filler with diisocyanates by enhancing interfacial
adhesion. Interestingly, diisocyanate modifications of cellulose filler also affected the
biodegradation rate of the prepared composites [30]. A similar phenomenon has been
noted for Mater-Bi/brewers’ spent grain composites containing IPDI-modified filler [31,32].

Having in mind the results of the abovementioned works pointing to the beneficial
impact of diisocyanates on the compatibility of PCL/thermoplastic starch (TPS) blends
as well as the PCL- and Mater-Bi-based biocomposites, the presented work aimed to
investigate the effect of the modification of cellulose filler with HDI on the structure
and performance of composites based on the Mater-Bi/PCL matrix. The application of
such blends as the matrix and incorporation of PCL was related to the relatively poor
performance of Mater-Bi, which limits its application range [33-37].

2. Materials and Methods
2.1. Materials

Two polymer materials in the presented study have been applied as matrices for the
composites as follows: poly(e-caprolactone) (PCL) and Mater-Bi type NF803 composed
of poly(butylene adipate-co-terephthalate) (PBAT), TPS, and PCL. Details regarding their
characteristics are summarized in Table 1.

Table 1. Characteristics of applied polymer materials.

Material Poly(e-caprolactone) Mater-Bi
Tradename Capa 6500 NF803
Producer Perstorp (Malmo, Sweden) Novamont SPA (Novara, Italy)
Melt flow index, g/10 min 3.5 (150 °C/5 kg) 7.0 (170 °C/2.16 kg)
Melting temperature, °C 110 58-60

Prepared composites were filled with cellulose micrometric particles—Arbocel® UFC100
from JRS J. Rettenmaier & Sohne GmbH (Rosenberg, Germany). The applied filler had
an average particle length of 8 pm, an aspect ratio of 4, a bulk density of 160 g/L, and
a moisture content of 4.84 wt%. Its morphology is presented in Figure 1, obtained with
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scanning electron microscopy (SEM). It can be seen that the applied filler’s particles show a
relatively rough surface, which should translate into the extended specific surface area.

Figure 1. SEM image of as-received UFC100 cellulose filler.

The 98% hexamethylene diisocyanate (HDI) acquired from Sigma Aldrich (Poznan,
Poland) was applied as a modifier for cellulose filler.

2.2. Sample Preparation

Preparation of Mater-Bi/PCL/ cellulose biocomposites included the modification of
the as-received filler with 1.0, 2.5, or 10.0 wt% of HDI, melt blending with the polymer
matrix, and compression molding, as schematically presented in Figure 2. The first process
was described in detail in our previous works [29,38,39]. Briefly, it was conducted in a batch
mixer at room temperature for 5 min using a rotor speed of 100 rpm. Further, modified
fillers (30 wt%) were melt-blended with a polymer matrix comprised of Mater-Bi and PCL
in a 70:30 ratio in the batch mixer. The process conducted at 140 °C and at a rotor speed
of 100 rpm lasted 6 min (including the 1 min plasticization phase). Then, the materials
were compression molded at 150 °C and 4.9 MPa for 1 min and kept under pressure at
room temperature for 5 min to enable solidification. The unfilled Mater-Bi/PCL matrix and
composite filled with the as-received filler were processed as reference samples. Figure 2
also provides the details on the potential chemical interactions between the matrix and
filler during particular processing steps.
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Figure 2. Scheme of Mater-Bi/PCL/cellulose composites preparation and potential interfacial inter-
actions during particular processing steps.

2.3. Characterization

Fourier transform infrared spectroscopy (FTIR) was applied to investigate the changes
in the chemical structure of prepared Mater-Bi/PCL/ cellulose composites caused by ap-
plying the HDI modifier. Jasco FT/IR-4600 (Tokyo, Japan) spectrometer was applied.
Measurements were performed in attenuated total reflection (ATR) mode with a 4 cm ™!
resolution from 4000 to 400 cm~ 1.

Surface wettability was studied via static water contact angle measurements using an
Ossila L2004 contact angle goniometer (Ossila Ltd., Sheffield, UK) equipped with a camera
and Ossila Contact Angle software v3.1.2.2. Ten water contact angle (WCA) measurements

were taken in random positions, putting drops of ~1 puL distilled water onto the surface of
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the samples with the aid of a syringe. The average values of at least seven measurements
were calculated and reported.

The surface roughness of the analyzed samples was evaluated using an ART300
surface roughness tester from Sunpoc Co., Ltd. (Guiyang, China). The sampling length
was 0.8 mm. The average R, value was calculated from five measurements on five different
spots on the sample’s surface (25 measurements in total).

The scanning electron microscope (SEM) Tescan MIRA3 (Brno, Czech Republic) was
used to analyze the brittle fracture surfaces of the prepared samples. The accelerating
voltage of 12 kV was applied with a working distance of 19 mm. A thin carbon coating of
approximately 20 nm thickness was deposited on the samples using the Jeol (Tokyo, Japan)
JEE 4B vacuum evaporator.

Atomic force microscopy (AFM) was used to study the morphology of the prepared
materials. The equipment used was a scanning probe microscope (SPM) (NanoScope Illa
Multimode from Digital Instruments, Veeco Instruments Inc., Santa Barbara, CA, USA) in
tapping mode (TM-AFM). A one beam cantilever (125 mm) with a silicon probe (curvature
nominal radius of 5-10 nm) was used. Samples were cut using an ultramicrotome Leica
Ultracut R (Weltzar, Germany) with a diamond blade and the cross-section of each prepared
material was analyzed.

Rheological investigations were carried out using an Anton Paar (Graz, Austria) MCR
301 rotational rheometer, with 25 mm diameter parallel plates and a 0.5 mm gap under the
oscillatory mode. The experiments were conducted at 170 °C. The strain sweep experiments
were conducted before performing the dynamic oscillatory measurements in the frequency
sweep mode. The strain sweep experiments of all the samples were performed at 170 °C
with a constant angular frequency of 10 rad/s in the varying strain window 0.001-100%.
The preliminary investigations allow us to determine the value of the 0.05% strain as
applicable for the frequency sweep experiments and locate all the samples in the linear
viscoelastic region (LVE). The angular frequency used during the studies was in the range
of 0.05-500 rad/s.

The thermal properties of the samples were measured via differential scanning calorime-
try (DSC) carried out on a DSC 214 apparatus from Netzsch (Selb, Germany). Measurements
were performed in the temperature range of —80 to 170 °C under a nitrogen atmosphere
(30 mL/min gas flow) at a heating/cooling rate of 15 °C/min. The heating was per-
formed twice to erase the thermal history of the samples. The crystallinity degree X, and
supercooling parameter (AT) were calculated using the following Equations (1) and (2):

Xe=AHm/((1 — &) X AHm100%) x 100% 1)

AT =Ty — Te @)

where AH,—sample’s melting enthalpy, J/g; &—weight fraction of filler; AHy,1000,—melting
enthalpy for 100% crystalline polymer, for PCL equal to 139.5 J/g [40]; Try—melting
temperature, °C; and T.—crystallization temperature, °C.

The thermal stability of materials was determined via thermogravimetric analysis
(TGA) with the temperature set between 35 °C and 800 °C at a heating rate of 15 °C/min
under a nitrogen flow using a TG 209 F1 Netzsch (Selb, Germany) apparatus. Samples of
10.0 £ 0.1 mg and ceramic pans were applied.

3. Results and Discussion
3.1. FTIR

Figure 3 presents the FTIR spectra for the unfilled Mater-Bi/PCL blend and composites
made thereof containing as-received and HDI-modified cellulose filler. Our previous
works dealing with the diisocyanate modifications of UFC100 cellulose fillers revealed
significant changes in their chemical structure [38,39]. The most noticeable variations in
the FTIR spectra have been noted for the wavenumber ranges marked in Figure 3 with
grey rectangles, which were associated with the abovementioned chemical interactions



Materials 2023, 16, 6814

7 of 21

between the highly reactive free isocyanate groups of applied modifiers and the functional
groups present on the surface of cellulose particles (Figure 2). These changes also affected
the chemical structure of prepared biocomposites. The region most affected was from 3100
to 3500 cm !, where changes in the intensity of broad O-H stretching signal were noted
along with the appearance of new absorption bands around 3190 and 3400 cm . These
changes in the typically broad signal can be attributed to the interactions between the
HDI isocyanate groups and the hydroxyl and carboxyl groups present in the structure of
polymer materials applied as a matrix, which may yield novel covalent or hydrogen bonds.

Relative absorbance
-—
T I
] o

1 1 1 1 1 I
4000 3500 3000 2500 2000 1500 1000 500
Wavenumber, cm’”

Figure 3. The FTIR spectra of unfilled Mater-Bi/PCL blend and prepared composites.

Between the wavelength range of 1610 and 1775 cm ™!, the absorption band attributed
to the stretching vibrations of carbonyl groups in the polymer structure is observed, as has
been described in various works [41,42]. The introduction of cellulose filler caused a slight
reduction in the signal’s intensity, which could be associated with a reduced share of the
polymer matrix in the composite. However, the reduction deepened after HDI modification,
which was mainly pronounced for the 10HDI sample. Such a phenomenon may point
to the partial attraction of oxygen included in the carbonyl group by the NCO or NH,
groups of modified filler particles and its involvement in hydrogen bonding. It was also
suggested by the slight peak shift toward lower wavenumbers, which is typically noted
for hydrogen bonding [43]. The introduction of modified filler also caused another change
in the abovementioned range—the appearance of a peak around 1644 cm~!, which can
be attributed to the conjugation between the C-N and C=0O bonds present in the urethane
groups [44]. It has been previously noted in works dealing with isocyanate modification
not only of cellulose [45,46], but also starch and dextrin [23] as well as castor oil [47], so it is
a typical effect of chemical interactions between hydroxyl and isocyanate groups.

The abovementioned changes were also mirrored in the slight variations in the inten-
sity of multiple weaker signals related to the vibrations of C-C, C-O, C-H, C-N, and N-H
bonds typically observed in the 950-1310 cm ™! range.

3.2. Surface Wettability

As mentioned above, one of the main aspects limiting the performance of polymer
composites filled with plant-based materials is attributed to the hydrophilicity difference
between phases. Therefore, overcoming this issue is among the goals behind modifying
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cellulose fillers in the presented study. According to Ly et al. [48], the WCA of cellulose is
around 47°, which is far less than ~100° reported for PCL [49], ~86° for PBAT [50], and ~95°
for Mater-Bi [51,52]. As presented in Figure 4, the incorporation of unmodified cellulose
filler resulted in a slight drop in the composite’s WCA from 88.5° to 86.8°, indicating a shift
towards the more hydrophilic character. Similar effects have been noted by Laaziz et al. [53]
after the introduction of 15 wt% argan nut shell particles into poly(lactic acid) (drop
from 79.4° for unfilled PLA to 73.0°) by Tsou et al. [54], who incorporated 25 wt% of
distiller’s grains into a poly(ethylene terephthalate) (drop from 91.3° to 87.0°). Such an
effect can be limited by appropriately modifying the applied fillers aimed at masking
their hydrophilicity. As reported in our previous work [38], modification of cellulose
particles with diisocyanates leads to the changes in surface polarity expressed by the higher
stability of their suspensions in less polar solvents, which enhances their compatibility
with less hydrophilic or hydrophobic polymer matrices. Carvalho et al. [55] modified
thermoplastic starch films with a 40% phenyl isocyanate methylene chloride solution,
shifting WCA from 63° to 98°, which shows the potential of isocyanates in compatibilization
with polymer composites containing plant-based fillers. In the presented case, applying
1-10 wt% of HDI led to a noticeable increase in composites’ WCA from 86.8° to 89.6-93.5°.
The efficiency of isocyanates in reducing the hydrophilicity of polymer composites has also
been confirmed by the results reported by Geng et al. [18], Zhang et al. [56], Liew et al. [22],
and Arjmand et al. [28]. All of these works pointed to the significant reduction in the water
absorption capacity of composites after the application of isocyanates as filler modifiers.
Concluding, the introduction of isocyanates into polymer composites puts them on the edge
of hydrophilicity and hydrophobicity, making them auspicious modifiers considering the
potential biodegradation, which is strongly affected by the water absorption capacity [57,58].
Notably, all of the analyzed composites were characterized by a similar level of surface
roughness, typically affecting the WCA values, pointing to the leading role of performed
HDI modification in wettability changes [59,60].

0.0
110 7 7 // 7 7
105 / / / / / 03
’ £
L 100- *Aé /féé L/é l/é L/é 3
£ 06 O
5 T s
§ 954 £
1 T >
§ ] < T - 0.9 E
E 90 T 8
© E .I. ‘%
= 85 i -1.2 3
80 15
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Figure 4. The impact of incorporating as-received and HDI-modified cellulose filler on the (red) WCA
and (blue) surface roughness of composites.
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3.3. Microstructure

Figure 5 presents the images of the prepared samples’ microstructure obtained with
scanning electron microscopy. Moreover, for a deeper and more comprehensive under-
standing of the changes occurring at the interface after the modification of cellulose filler
with HDI, AFM analysis was conducted. Figure 6, along with Table 2, provides the results
of the performed analysis in qualitative and quantitative terms.

Table 2. The parameters describing the roughness of cross-sectional areas of studied samples deter-
mined via AFM analysis.

Whole Image 1 mm? Square Covering the Interface
Sample
Image Size, um? Surface Area, 10° um? Ry, ° R, ° Surface Area, pum? Rg, ° R, ° Rgx Riu
Blend 10.1 5.2 35 - - - - -
UFC100 17.3 10.9 8.0 501 9.7 6.9 0.356 5.55
1HDI 25 21.1 15.7 11.9 732 144 10.8 —0.895 4.45
2.5HDI 15.8 11.3 8.6 721 12.5 9.5 —0.765 3.86
10HDI 16.9 12.9 9.6 779 14.0 11.2 —0.714 3.50

Figure 5. Cont.
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Figure 5. SEM images of prepared samples’ brittle fracture surfaces at different magnifications; lower
(left) and higher (right).
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2.5HDI

1.0um

1.0um

Figure 6. AFM phase images of the cross-sectional areas of studied samples in (left) 3D and (right)
2D mode.

The structure of the unfilled Mater-Bi/PCL blend shows a high level of heterogeneity,
pointing to the limited compatibility between particular components, PBAT, TPS, and
PCL, which may be attributed to the abovementioned differences in their wettability
expressed by WCA. Moreover, there are visible grain-like particles which may be attributed
to the incomplete plasticization of starch and its presence in semicrystalline form, which
is repeatedly noted by other researchers [51,61,62]. These particles are surrounded by
the rough regions corresponding to the amorphous TPS phase. Smooth plate-shaped
gaps indicate the PBAT phase, containing small PCL particles with significantly smoother
surfaces than the non-plasticized starch phase [35]. AFM analysis of unfilled Mater-Bi/PCL
confirmed the presence of unplasticized starch particles. Except for them, the surface of the
blend was relatively smooth, especially compared to the prepared composites, which can
be expressed by the lowest Rq and R, values among all of the analyzed samples.

The introduction of unmodified UFC100 cellulose filler resulted in a significant increase
in the roughness of samples’ cryofractured surfaces, which can be attributed to the shape
of particles (Figure 1). AFM images indicated a noticeable increase in surface area and
roughness compared to the unfilled blend, which required enhancing the magnitude of
the phase shift angle. Moreover, the AFM image of the UFC100 sample points to the void
resulting from the ripping out of the cellulose particle during sample preparation with
ultramicrotome. Combined with the very smooth character of the interfacial area and the
particles’ agglomeration and singular pull-outs indicated by the SEM images, it confirms
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the insufficient compatibility between the applied polymer matrix and the introduced filler
resulting from the hydrophilicity gap, as suggested by the WCA values.

The modification of cellulose filler significantly enhanced the interfacial adhesion
with the Mater-Bi/PCL blend, which was expressed by the noticeably limited particles’
agglomeration, as stronger interfacial interactions reduce filler aggregation [63]. Moreover,
the number of pull-outs and voids was reduced, which was also confirmed by the AFM
images. Sample 1HDI showed a void resulting from the filler particle ripping out, but
compared to the UFC100 composite, the interface structure was noticeably different. Its
roughness was noticeably higher due to the deposition of isocyanate on the filler surface and
the presence of chemical structures resulting from the interactions between the matrix and
the filler functional groups. The build-up of such structures was even more pronounced for
the samples containing filler modified with higher HDI loadings. As a result, an interfacial
area in the HDI-modified samples was characterized by negative Rgy values [64].

3.4. Rheological Behavior

The viscoelastic behavior of polymeric composites may provide valuable information
about the mutual interaction of multicomponent systems. Its detailed description may be
an effective tool for qualitatively evaluating the compatibility between polymeric blends
and composites [65]. The rheological analysis was conducted to indirectly assess the
effectiveness of the compatibilizing effect of isocyanate on the cellulosic filler incorporated
into a biodegradable polymeric-blend matrix. The results of the tests carried out in the
oscillation mode for the Mater-Bi/PCL blend used as a matrix and the composites with
the constant share of UFC100 modified with different HDI concentrations (1-10 wt%) were
presented in the form of storage (G’) and loss (G”) modulus curves as a function of the
angular frequency (Figure 7) and complex viscosity curves (Figure 8).
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Figure 8. Complex viscosity of prepared materials as a function of angular frequency.

All considered materials, including the blend and the composites containing UFC100
modified with various HDI content, exhibit a similar n*(w) curve course, i.e., a lack of first
Newtonian flow in the low angular frequency range. It is connected with a high amount
of thermoplastic starch contained in Mater-Bi, which is used as a matrix; this effect has
been previously described for this material in the literature [66,67]. The particles restrict
the mobility of polymeric chains and, due to physical interactions with macromolecules,
limit their viscous behavior [65]. Complex viscosity values increased significantly after
the addition of UFC100; however, with a higher share of HDI, a gradual decrease in
viscosity in the entire angular frequency range was noted. This effect is related to cellulose
surface modification, reducing its polarity and hydrophilicity [65,68,69], which results in
better compatibility of the polymer-filler system, reduced physical interactions between
the filler particles dispersed in the polymer matrix, and greater system homogeneity,
as was confirmed via SEM analysis. It proves that the filler modification process was
properly carried out. The G’(w) curves analysis allows for an indirect description of the
phenomenon of the formation of a physical network of the filler in the molten polymer and
exceeding the rheological percolation threshold. In the interlocking of the rigid particles
in the polymer melt, the effect of independence G’ of angular frequency changes in the
lower ranges is observed [70,71]. While this phenomenon occurs for the non-filled with
the UFC 100 blends themselves and is related to the mentioned presence of starch in the
Mater-Bi/PCL matrix, it is significantly intensified due to the introduction of cellulosic filler.
Interestingly, the range of the limited influence of w on G’ narrows with the increasing share
of isocyanate as a modifier introduced in the thermomechanical and chemical modification
process. The composition containing 10 wt% HDI, G’ shows greater values than G”, and for
the remaining composites, elastic behavior is dominant in the whole considered angular
frequency range and confirms the effect of the physical interaction and mutual contact of the
fillers in the molten polymer [70]. Based on rheological measurements, it can be concluded
that the addition of 10 wt% of UFC100 significantly deteriorates the rheological properties
of the biodegradable blend. However, it is possible to increase the system’s compatibility
by using HDI in the filler’s thermomechanical and chemical surface modification process.
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The interaction’s effectiveness depends on the amount of HDI, and the most favorable
rheological and structural effects were noted only for the composite produced with the

highest concentration of isocyanate.

3.5. Thermal Properties

The differential scanning calorimetry analysis may provide important insights into
evaluating polymer composites’ compatibility. Therefore, Figure 9 presents cooling and
heating thermograms, while Table 3 provides quantitative data from the prepared sample
analysis. In all thermograms, two regions can be distinguished: a low-temperature region
(10-70 °C), which is indicative of PCL thermal transitions, and the higher-temperature

region (90-155 °C), which is characteristic of PBAT and TPS.
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Figure 9. Cooling (left) and heating (right) thermograms obtained during the DSC analysis of
prepared samples (exo 1).
Table 3. The results of DSC analysis performed for prepared samples.
PCL PBAT TPS
Sample
Tm, °C AHp, J/g Xe, % T, °C AT, °C Tm, °C T, °C T, °C
Blend 56.6 —23.51 4213 27.2 294 129.5 101.7 147.2
UFC100 59.2 —16.31 41.76 28.5 30.7 135.2 106.0 150.9
1HDI 56.8 —15.11 38.68 29.4 27.4 - 110.5 149.1
2.5HDI 56.9 —15.12 38.71 29.1 27.8 - 1114 148.8
10HDI 56.5 —14.54 37.23 29.3 27.2 133.8 111.3 149.2

Considering the first one, it can be seen that the melting temperature (Ty,) of PCL was
only affected by the presence of as-received cellulose filler, which can be associated with the
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inferior dispersion of particles resulting from their agglomeration and limited restrictions
in the spherulites” growth [72]. In the case of HDI modifications, particles were finely
dispersed, as indicated by the microstructure analysis, which limited the crystallite size and
yielded a finer crystalline structure [73]. Melting behavior, particularly the melting enthalpy,
provides information regarding the material’s crystallinity. As presented in Table 3, the
AHy, attributed to PCL transition decreased after filler incorporation, which can be mainly
attributed to the reduced content of the polymer phase in a composite. However, calculated
X, values indicate the decrease in PCL phase crystallinity after the HDI modification of
filler particles, which confirms our previous reports [29]. Such an effect could be associated
with the interactions between the functional groups of modified fillers and PCL, which
limited the mobility of the macromolecules at the interface. Moreover, a reduction in X,
was noted despite the increase in crystallization temperature (T.), which along with the
reduced supercooling parameter (AT), points to the nucleating activity of filler particles
and enhanced growth rate of the crystalline structure [74].

The higher-temperature region of thermograms is less pronounced and the magnitude
of particular peaks is noticeably lower. Considering the melting behavior of the PBAT
and TPS phases, similar behavior was noted for PCL. The introduction of as-received
cellulose filler noticeably increased T, while filler modification caused its lowering or
even disappearance of the signal in the case of the IHDI and 2.5HDI samples. The highest T
values for PBAT were noted in the samples containing a modified filler, which pointed to the
limited movement of macromolecules and facilitated the formation of the crystalline phase.

3.6. Thermal Stability

Thermal stability, along with the abovementioned properties, is also affected by the in-
terfacial compatibility of polymer composites [75,76]. Therefore, it is essential to assess the
changes resulting from the fillers’ modifications aimed at interfacial adhesion enhancement.
Figure 10 shows that the highest thermal decomposition onset, determined as temperature
corresponding to the 2 wt% mass loss, was noted for the unfilled Mater-Bi/PCL blend
(210.6 °C), which can be attributed to the exceptional stability of PCL, whose share was
reduced after the filler introduction [77]. Similar values of thermal stability have been
reported by other researchers for different Mater-Bi grades [35,78]. Considering the course
of thermal decomposition, the unfilled blend showed two main steps attributed to the
degradation of starch and other polymer components, respectively. The first step can be
related to the degradation of starch included in the Mater-Bi material [79]. According to
Romagnolli et al. [80], this decomposition step is associated with the breaking of starch
chains and the formation of 3-(1.6) anhydrous D-glucopyranose and 2-furaldehyde, which
are subsequently decomposed at higher temperatures. It can be seen that for the unfilled
Mater-Bi/PCL blend, the mass loss during the first degradation step was ~16 wt%, cor-
responding to the TPS content in the prepared material (20 wt% in Mater-Bi) [35]. The
second step was associated with the decomposition of PBAT and PCL, accounting for the
remainder of the blend [81,82].

For composites containing as-received and HDI-modified cellulose fillers, a drop in the
thermal decomposition onset was noted, which may be associated with the degradation of
cellulose starting around 260 °C [83]. The most substantial decrease was noted for samples
UFC100 and 1HD], for which decomposition started in the 190-195 °C range. However,
modification of fillers with 2.5 and 10 wt% of HDI shifted the onset to the 202-204 °C range,
indicating the efficient enhancement of composites’ compatibility. Similar to the unfilled
blend, composites also showed two-step degradation. However, the magnitude of the
steps was significantly different. The mass loss noted during the first step was between
38 and 44 wt% and increased with HDI modification. Differences between the composites
and unfilled blend were related to the abovementioned decomposition of cellulose filler,
which overlapped with the starch decomposition. Moreover, as presented in Figure 2, the
introduction of HDI-modified cellulose fillers yielded a generation of covalent bonds at the
interface, including urethane linkages, which depending on the structure of isocyanate and



Materials 2023, 16, 6814

17 of 21

(a) o]

Mass, wt%

alcohol, decompose in the range of 180-300 °C [84]. Therefore, the increasing mass loss
during the first decomposition step also confirms the efficient enhancement of interfacial
interactions resulting from HDI modification of the applied filler.
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Figure 10. Plots of (a) mass loss curves and (b) differential thermogravimetric curves visualizing the
course of prepared samples’ thermal decomposition.

4. Conclusions

The chemical modification of cellulose filler with HDI noticeably enhanced the com-
patibility of sustainable composites based on the Mater-Bi/PCL matrix. The analysis of
composites’ chemical structure with FTIR spectroscopy pointed to the generation of ure-
thane bonds at the matrix/filler interface, enhancing its quality and reducing filler pull-outs,
as indicated by the microscopic observations. The generation of urethane moieties was con-
firmed by the changes in the thermal decomposition course observed via TGA. Moreover,
SEM, along with the results of the rheological analysis, pointed to the limited aggregation
of filler particles observed for the UFC100 sample containing as-received cellulose filler.
Such behavior was induced by the significant hydrophilicity difference between the applied
polymer matrix and the unmodified cellulose particles. Modification with HDI reduced this
gap, shifting the surface character towards hydrophobicity, which was expressed by the
WCA increase over 90°, putting composites on the edge of hydrophilicity and hydrophobic-
ity. Concluding, HDI modification of cellulose particles should be considered an auspicious
direction in the compatibilization of composites based on sustainable polymer matrices as
it caused noticeable improvement in the interfacial adhesion.
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