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Abstract
Sustainable polymer composites are progressively under development in a technological paradigm shift
from "just use more and more" to "convert into value-added products". The bio-based blends based on
Mater-Bi bio-plastic (A) and poly(ε-caprolactone) (B), at a weight ratio of 70:30 (A:B) were developed,
followed by the addition of UFC100 cellulose (C) �ller to yield 70/30 (w/w) (A:B)/C sustainable
biocomposites. The effects of chemical modi�cation of C with three diisocyanates, i.e., hexamethylene
diisocyanate (HDI), methylene bisphenyl isocyanate (MDI), or toluene diisocyanate (TDI) on the surface
properties of biocomposites was evaluated by water contact angle and surface roughness detected by
atomic force microscopy (AFM). Biocomposites containing C modi�ed with HDI, MDI, or TDI revealed
contact angle values of 93.5°, 97.7°, and 92.4°, respectively, compared to 88.5° for reference blend,
indicating enlarged hydrophobicity window. This action was further approved by increased fracture
surface roughness and miscibility detected by microscopic observation (scanning electron microscopy
(SEM) and AFM) and in-depth oscillatory rheological evaluation. Correspondingly, thermogravimetric
analysis (TGA) and differential scanning calorimetry (DSC) analyses showed more residue and higher
melting temperatures for biocomposites, more promisingly with MDI and TDI modi�ers. In conclusion,
either incorporation or diisocyanate modi�cation of C affects both surface and bulk properties.

1. Introduction
The popularity of biodegradable polymers is progressively increasing over the last years and decades.
Lately, their market has been affected by the global pandemic situation and reduced production size in
various sectors (Wu 2022). However, the forecasts indicate its rapid growth in the following years, with
the compound annual growth rate exceeding even 20% (RameshKumar et al. 2020). Such a development
is induced by various law regulations (like European Union Directives) and consumer choices.
Considering the sustainability regulations and concerns, including massive pollution with plastic wastes,
people are more prone to serve biodegradable materials, especially for packaging and agricultural
applications. Nevertheless, despite ever-increasing awareness, inferior performance and high bioplastics
costs are still known as the biggest obstacles to increasing their popularity and market share. The results
of a survey performed by Brockhaus et al. (Brockhaus et al. 2016) with over thirty plastic product
developers indicate that a few customers are willing to pay more for using biodegradable plastics,
highlighting the need to enhance their performance and reduce their costs.

Applying �llers is one of the most common methods used in developing low-cost polymer-based
materials (DeArmitt and Breese 2001). Proper selection of �ller, characterized by the high availability and
relatively low price, may show a very bene�cial impact on the composites' cost. However, it is essential to
select the material, which through its performance and compatibility with polymer matrix, would
guarantee satisfactory composite performance. Over the last years, by far, natural and plant-based
materials, mostly �bers, have been frequently used as bio�llers for the manufacturing of biodegradable
polymer composites (Srebrenkoska et al. 2014; Haina et al. 2020; Hejna et al. 2021a). The primary
component of all plant-based �bers is cellulose (Abdul Khalil et al. 2017; Shaghaleh et al. 2018; Motaung
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and Linganiso 2018; Platnieks et al. 2020). Nevertheless, to be maximally e�cient as �ller for polymer
composites, cellulose �bers, similar to other plant-based materials, often require proper modi�cations to
provide su�cient compatibility with the polymer matrix (Szefer et al. 2018; Liu et al. 2019; Wang et al.
2020; Borrero-López et al. 2021a; Yang et al. 2023). Over the last few years, multiple review works
emphasized the need to modify natural �llers for interfacial adhesion enhancement (Mohit and Arul
Mozhi Selvan 2018; Ferreira et al. 2019; Hejna et al. 2020a). Due to their chemical structure, mainly high
content of hydroxyl groups, the main components of natural �llers, cellulose, hemicellulose, and lignin,
offer multiple modi�cation opportunities. Among well-accepted modi�cation methods are silanization,
maleation, acetylation, or alkaline treatment, while less popular approaches include esteri�cation,
benzoylation, fatty acid, triazine, or isocyanate treatment (Hejna et al. 2020a; Yu et al. 2022). The high
content of hydroxyl groups provides isocyanates with the possibility of covalent urethane bonds with a
polymer matrix (Barczewski et al. 2021).

In previous work, the impact of cellulose �ller modi�cation with isophorone diisocyanate (IPDI),
hexamethylene diisocyanate (HDI), toluene diisocyanate (TDI), and methylene diphenyl diisocyanate
(MDI) on the mechanical performance of poly(ε-caprolactone) (PCL)-based composites were reported
(Hejna and Kosmela 2020). Results indicated that the tensile strength of composite containing 30 wt.%
�ller almost doubled (from 13.7 to 28.7 MPa) with diisocyanate modi�cation. Likewise, modulus and
hardness increased by 25 and 11%, respectively, demonstrating enhanced interfacial interactions
resulting from �ller modi�cation, which was additionally supported by dynamic mechanical analysis.
Similar observations were reported by Xie et al. (Xie et al. 2020), using MDI as a compatibilizer of
poly(butylene adipate-co-terephthalate) (PBAT)/bamboo �our composites. They con�rmed e�cient
compatibilization of the studied bioblend by FTIR analysis, pursuing the presence of urethane groups in
the biocomposites. As a result, the enhancement of the mechanical performance was signi�cant, such
that the incorporation of MDI in 1–4 parts by weight to the system enhanced tensile strength, elongation
at break, and impact strength by 74–91%, 191–332%, and 446–664%, respectively.

In light of previous analyses, modi�cation of bio�llers with diisocyanate can remarkably enhance
biodegradable polymer composites' ultimate properties and performance. Therefore, in the presented
work, we investigated the effect of modi�cation of cellulose �ller with the most commonly applied
diisocyanates of HDI, MDI, and TDI on either the surface or bulk properties of a fully biodegradable
polymer blend based on commercially available Mater-Bi NF803 and PCL as parent components. Surface
properties are quanti�ed by contact angle and atomic force microscopy (AFM), while scanning electron
microscopy (SEM), differential scanning calorimetry (DSC), thermogravimetric analysis (TGA), Fourier-
transform infrared (FTIR) spectroscopy, and rheological analyses were used to probe into bulk properties.
The above-mentioned works point to the bene�cial impact of diisocyanates on PBAT- and PCL-based
composites. Considering the chemical composition, thermoplastic starch should also be a promising
candidate for applying diisocyanates as composites' compatibilizers.

2. Experimental
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2.1. Materials
The commercial starch-based biomaterial Mater-Bi NF803 from Novamont SPA (Novara, Italy) was
applied as the matrix for prepared composites. According to the producer, it was characterized by a melt
�ow index (MFI) of 3.5 g/10 min (150°C/5 kg) and a melting temperature of 110°C.

The poly(ε-caprolactone) Capa 6500 from Perstorp (Malmö, Sweden) was applied as a second
component of the polymer matrix. It was characterized by the Mw = 80,000 g/mol, MFI of 7.0 g/10 min
(170°C/2.16 kg), and melting temperature of 58–60°C. The introduction of PCL into polymer matrix was
driven by its superior performance compared to the as-received Mater-Bi material, which often limits its
application range (Haque et al. 2011; Borchani et al. 2019; Hejna 2020; Hejna et al. 2022)

Commercially available cellulose Arbocel® UFC100 from JRS J. Rettenmaier & Söhne GmbH (Germany)
was used as �ller for polymer composites. It was characterized by an average particle length of 8 µm, an
aspect ratio of 4, a bulk density of 160 g/l, and a moisture content of 4.84 wt.%. Figure 1 presents the
micrograph of UFC100 cellulose �ller obtained with scanning electron microscopy (SEM).

Three different isocyanates were employed as modi�ers of cellulose �llers: hexamethylene diisocyanate,
methylene diphenyl diisocyanate, and toluene diisocyanate, which were acquired from Sigma Aldrich
(Poland). The purity of HDI and MDI was 98%, while for TDI mixture of 2,4-TDI and 2,6-TDI in the 80/20
ratio was used.

2.2. Modi�cations of UFC100 �ller
Prior to its incorporation into the polymer matrix, cellulose �ller was subjected to chemical treatment,
which was described in detail in previous works (Hejna et al. 2021d, c). The modi�cation was performed
using GMF 106/2 Brabender batch mixer at room temperature (varied from 21.1 to 23.1°C) with a rotor
speed of 100 rpm. The proper amount of �ller was placed in an internal mixer with a calculated amount
of diisocyanate (10 wt.%), respectively, to the mass of the �ller. Mixing was performed for 5 min, and
samples were put in hermetic storage bags. Figure 2 presents schematically the chemical interactions
occurring between cellulose �ller and diisocyanates during modi�cation leading to the generation of
isocyanate or amine groups on the �ller surface due to the reaction between isocyanate groups and
moisture.

2.3. Preparation of polymer composites
Composites were prepared using GMF 106/2 Brabender batch mixer at 140°C and a rotor speed of 100
rpm. The processing time equaled 6 min, including the 1-min phase of matrix plasticization and 5 min of
melt blending with selected �ller. Mater-Bi and PCL blended in a 70:30 ratio were applied as the matrix.
The �ller content in each sample was �xed at 30 wt.%. Figure 3 presents the scheme of the potential
interfacial interactions between modi�ed cellulose �llers and components of the polymer matrix.
Prepared composites were compression molded at 150°C and 4.9 MPa for 1 min and then kept under
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pressure at room temperature for another 5 min to enable solidi�cation of the material. Obtained samples
were coded as Blend, UFC100, HDI, MDI, and TDI.

2.4. Characterization
The chemical structure of composites was determined using Fourier transform infrared spectroscopy
(FTIR) analysis performed by a Nicolet Spectrometer IR200 from Thermo Fisher Scienti�c (USA). The
device had an ATR attachment with a diamond crystal. Measurements were performed with 1 cm− 1

resolution in the range from 4000 to 400 cm− 1 and 64 scans.

Surface wettability was studied through static water contact angle measurements using an Ossila L2004
contact angle goniometer (Ossila Ltd., She�eld, UK) equipped with a camera and Ossila Contact Angle
software. Ten contact angle measurements were taken in random positions, putting drops of ~ 1 µL
distiller water onto the surface of the samples with the aid of a syringe. The average values of at least
seven measurements were calculated and reported.

The thermal properties of the samples were measured by differential scanning calorimetry (DSC) carried
out on a DSC 214 apparatus from Netzsch (Germany). Measurements were performed in the temperature
range of -80 to 170°C under a nitrogen atmosphere (30 ml/min gas �ow) at a heating/cooling rate of
15°C/min. The heating was performed twice to erase the thermal history of the samples.

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

Rheological investigations were carried out using an Anton Paar 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 to determine the value of 0.05% strain as applicable
for frequency sweep experiments and located for all samples in the linear viscoelastic (LVE) region for all
samples. The angular frequency used during the studies was in the range of 0.05–500 rad/s.

The scanning electron microscope (SEM) Tescan MIRA3 (Brno, Czech Republic) was used to analyze the
brittle fracture surfaces of prepared samples. The accelerating voltage of 12 kV was applied, and a
working distance of 19 mm. A thin carbon coating with a thickness of approximately 20 nm was
deposited on samples using the Jeol 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 IIIa Multimode from Digital
Instruments, Veeco Instruments Inc., Santa Barbara, CA, USA) in tapping mode (TM-AFM). One beam
cantilever (125 mm) with a silicon probe (curvature nominal radius of 5–10 nm) was used. Samples were
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cut using an ultramicrotome Leica Ultracut R with a diamond blade, and the cross-section of each
prepared material were analyzed.

3. Results and discussion
Figure 4 presents the FTIR spectra of analyzed materials and provides insights into their chemical
structure. The appearance of obtained spectra is similar to those reported for Mater-Bi by other
researchers (Elfehri Borchani et al. 2015; Ruggero et al. 2020). The presence of a broad peak between
3000 and 3600 cm-1 can be attributed to the stretching vibrations of hydroxyl groups commonly present
in the starch structure, as well as in the cellulose �ller (Salmén and Bergström 2009). The appearance of
additional sharper signals around 3186 and 3393 cm-1 was associated with N-H bonds' vibrations
resulting from the cellulose �ller modi�cation with isocyanates. Applied treatment resulted in chemical
reactions between free isocyanate groups and functional groups (mainly hydroxyl) present on the surface
of cellulose particles, which yielded urethane bonds (Barczewski et al. 2021). Moreover, shifts in peak
positions could be related to the enhanced hydrogen bonding of O-H and N-H groups within the system
resulting from the generation of urethane moieties (Wang et al. 1994). Signals at 2847 and 2917 cm-1

were related to the symmetric and asymmetric stretching C-H vibrations. A strong signal was noted at
1720 cm-1, attributed to the vibrations of C = O bonds in the ester groups of PBAT and PCL (França et al.
2019). The introduction of isocyanate-modi�ed �llers resulted in the appearance of peaks at 1644 cm-1

related to the C-N and C = O bonds, which was also noted by other researchers investigating isocyanate
modi�cation of cellulose �llers (Celebi et al. 2022). In the 1000–1500 cm-1 range, multiple weaker signals
related to the vibrations of C-C, C-O, C-H, C-N, and N-H bonds. They included bands around 1270 cm-1,
characteristic of PBAT (Mohanty and Nayak 2012), and around 1020 cm-1, typical for cellulose (Salmén
and Bergström 2009). Moreover, the signal at 726 cm-1, usually observed for a hydrocarbon chain
consisting of four or more consecutive methylene groups, was noted for all samples due to the
application of PBAT as a matrix (Elfehri Borchani et al. 2015). Generally, presented FTIR spectra revealed
the presence of chemical interactions between isocyanates applied as cellulose modi�ers and functional
groups present on the surface of �ller particles or functional groups present in the structure of polymers
applied as a matrix for prepared composites (Borrero-López et al. 2021b).

Figure 5 presents the samples' contact angle values to visualize the changes in surface polarity
associated with the cellulose �ller modi�cations. The initial value of the contact angle for the Mater-
Bi/PCL blend was 88.5 °, which is in line with the literature data presented for Mater-Bi (Aldas et al.
2020b, 2021), PBAT (Fu et al. 2020), and PCL (Mohd Sabee et al. 2022). Therefore, it can be considered a
rather hydrophobic material (Law 2014). The incorporation of cellulose �ller slightly reduced the contact
angle to 86.8° due to the cellulose's polar and hydrophilic nature (Andresen et al. 2006). A similar effect
was noted by Tsou et al. (Tsou et al. 2022), who introduced distiller's grains into a poly(ethylene
terephthalate) matrix, which for 25% �ller loading, reduced the contact angle from 91.3° to 87.0°.
However, modi�cation of applied cellulose �ller with diisocyanates noticeably increased contact angle to
93.5°, 97.7°, and 92.4°, respectively, for HDI, MDI, and TDI, which was attributed to the reduced polarity of
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modi�ed �llers reported in previous work (Hejna et al. 2021c). Ly et al. (Ly et al. 2008) con�rmed that
reporting a gradual increase of cellulose and lignin pulp contact angles from 47° and 65° to 86° and 90°,
respectively, after diisocyanate modi�cations with 1,4-phenylene diisocyanate and MDI. As a result,
prepared materials containing isocyanate-modi�ed �llers could be considered more hydrophobic than the
Mater-Bi/PCL blend, which may slightly affect the potential biodegradability of analyzed materials.

Figure 6 and Table 1 summarize the results obtained during the thermogravimetric analysis of prepared
materials. The thermal stability of the polymer blend applied as the matrix for analyzed composites is in
line with the literature data regarding the stability of its particular components. Elfehri Borchani et al.
(Elfehri Borchani et al. 2015) investigated the thermal degradation of Mater-Bi grade NF803 and its
composites. They reported the value of temperature at 5 wt.% mass loss (T-5%) of 281.9°C. The value of
286°C was reported in another work by Aldas et al. (Aldas et al. 2020a) for NF866 grade characterized by
a relatively similar composition. Comparable values were reported by Nayak et al. (Nayak 2010) for
PBAT/TPS blends with varying TPS shares. In the presented study, a higher value of 306.3°C was noted,
which was attributed to the 30 wt.% share of PCL in the blend, which is characterized by higher thermal
stability, as reported by other authors (Mofokeng and Luyt 2015) or in our previous work (Hejna et al.
2020b). Table 1 also presents the values of thermal decomposition onset attributed to the 2 wt.% mass
loss (T-2%), which were in the range of 195–211°C. Such values are attributed to the high content of
thermoplastic starch in prepared materials, which shows noticeably lower thermal stability than PBAT or
PCL (Mahmood et al. 2017). Considering the course of decomposition, the polymer blend applied as a
matrix is characterized by two-step decomposition. The differential thermogravimetric (DTG) curve
presented in Fig. 6 shows two prominent peaks at 324.7 and 418.2°C. The �rst is characteristic of
thermoplastic starch degradation, while the second is for polybutylene adipate terephthalate and poly(ε-
caprolactone) (Nayak 2010; Mofokeng and Luyt 2015). Moreover, a minor peak at 368.2°C was noted,
which was attributed to the degradation of compatibilizing agents present in Mater-Bi (Aldas et al.
2020a).

The introduction of cellulose �ller deteriorated the thermal stability of the un�lled polymer blend, which is
typical for applying lignocellulosic �llers (Hejna et al. 2021b). However, the �rst peak on the DTG curve
can hardly be noted in composites' curves and is present only as a small shoulder peak near Tmax2 one.
Such an effect is attributed to the characteristics of applied UFC100 cellulose �ller, whose maximum
degradation temperature is around 338°C (Hejna et al. 2021d). Therefore, in the case of composite
samples, the cellulose signal overlaps with the Tmax1 peak characteristic for thermoplastic starch and a
minor peak associated with modi�ers' decomposition, resulting in a Tmax2 shift towards lower
temperature. It should be emphasized that the temperature range of the onset of degradation exceeds the
melt processing temperature used and recommended for the analyzed materials.

Interestingly, the modi�cation of �llers with different isocyanates enhanced composites' stability, which
two phenomena can explain. First is improved compatibility of analyzed systems and enhanced
interfacial interactions, which was reported for poly(ε-caprolactone) �lled with isocyanate-modi�ed
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UFC100 �ller in our previous work (Hejna and Kosmela 2020). Such an effect bene�cially affects
composites' thermal stability, as reported by Kim et al. (Kim et al. 2006). The second phenomenon is the
higher thermal stability of �llers themselves resulting from isocyanate modi�cation indicated in other
work (Hejna et al. 2021d). Therefore, a noticeable shift of Tmax2 towards higher temperatures was noted.

Table 1
The results of thermogravimetric analysis performed for prepared samples

Sample T− 2%,
°C

T− 5%,
°C

T− 10%,
°C

T− 50%,
°C

Tmax1,
°C

Tmax2,
°C

Tmax3,
°C

Residue,
wt.%

Blend 210.6 306.3 323.8 411.3 324.7 368.2 418.2 2.38

UFC100 195.1 303.5 328.2 402.5 - 355.0 420.7 3.16

HDI 203.3 301.1 329.2 400.4 - 374.1 421.5 5.83

MDI 205.6 306.1 335.7 400.9 - 370.5 419.9 6.71

TDI 200.3 296.8 332.2 398.8 - 369.3 422.4 5.38

 
The introduction of modi�ed �llers signi�cantly increased the residue content, which could indicate that
char formed during the decomposition of urethane bonds resulting from reactions between isocyanates
and hydroxyl groups of cellulose might act as a decomposition inhibitor. Such an effect would be in line
with the charring behavior of polyurethanes (Hejna 2021)

Figure 7 and Table 2 present the results of the DSC analysis performed for considered materials. Due to
the multi-component composition of Mater-Bi, multiple signals were observed in obtained thermograms.
On the cooling curves, two distinct peaks were noted in the range of 10–35°C (peak values from 18.7 to
29.3°C) and 80–115°C (peak values from 91.2 to 111.3°C), which were associated with the crystallization
of PCL and PBAT phases of blend and composites (Pagno et al. 2020). The crystallization temperature
(Tc) of PCL and PBAT phases was slightly increased after the introduction of as-received and HDI-
modi�ed UFC100 �ller, indicating that the presence of these �llers facilitates the formation of the
crystalline phase. For MDI and TDI modi�cations, such effects were not noted because of the noticeably
higher hydrophobicity resulting from applied treatments or the enhanced interfacial interactions in the
isocyanate-modi�ed composites, which may limit the movements of the macromolecules (Hejna et al.
2021c).

Three separate signals were noted on the heating curves, which aligns with the literature data on Mater-Bi
polymeric blends (Aldas et al. 2020a). Typically peak attributed to the melting of the PCL phase is hardly
noticed in neat Mater-Bi, due to its relatively low content (estimated as below 10%) (Aldas et al. 2020a).
However, in the presented case, the blending of Mater-Bi with PCL in a 70:30 ratio resulted in a very
noticeable signal on the heating thermogram. The PCL phase's melting temperature (Tm) was at a
relatively similar level for un�lled blend and composites containing isocyanate-modi�ed �llers. At the
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same time, a noticeable increase from 56.1–56.6°C to 59.2°C was observed for UFC100 as-received
cellulose �ller. Such an effect may point to the generation of a more perfect crystalline structure ascribed
to the introduction of solid particles (Ning et al. 2012). The application of isocyanate treatment hindered
these effects, and the melting temperature is similar to the case of the un�lled blend. In the case of the
MDI, HDI, and TDI samples, the reduced ΔHm values for the PCL phase were also reported, which point to
the reduction of its crystallinity after the incorporation of modi�ed �llers. This phenomenon may also be
connected with the partial reactivity of isocyanates with polymers contained in a blend. In effect, for the
isocyanate-modi�ed series, the creation not only of a physical network of the �ller in polymeric bulk, as
for the UFC100 series, but also a partially crosslinked structure in the interfacial region reduced the
mobility of the macromolecules was achieved.

Moreover, two meager peaks were noted around 127–136°C and 147–151°C, which were attributed to the
melting of PBAT and thermoplastic starch, respectively (Elfehri Borchani et al. 2015). The most
signi�cant shifts in PBAT Tm temperatures are in line with increased melting enthalpy and suggest the
improved ability to form crystalline phases of PCL/PBAT-based composites in comparison to the
reference blend, which may point to the nucleation ability of cellulose particles, as suggested by other
works (Kale et al. 2018; Botta et al. 2021). A similar effect was noted in our previous work on Mater-Bi-
based composites �lled with brewers' spent grain (Hejna et al. 2022). The peaks attributed to the PCL
were signi�cantly bigger, indicating noticeably higher crystallinity than the PBAT phase. However, the
presented results cannot give a full description of the exact physical phenomena behind the reported
changes in the crystallization and melting of the polymeric blend due to the addition of the as-received
and modi�ed cellulose.

Table 2
The results of DSC analysis performed for prepared samples

Sample TmPCL, °C ΔHmPCL, J/g TmPBAT, °C TmStarch, °C TcPCL, °C TcPBAT, °C

Blend 56.6 -23.51 129.5 147.2 27.2 101.7

UFC100 59.2 -16.31 135.2 150.9 28.5 106.0

HDI 56.5 -14.54 133.8 149.2 29.3 111.3

MDI 56.5 -14.92 133.9 149.5 25.5 104.9

TDI 56.1 -13.73 127.2 150.2 18.7 91.2

 
To indirectly assess the compatibility and interactions between the components of the blend and the
composites produced on their basis and the impact of modi�cation of the composition with the use of
various isocyanates, oscillatory rheological measurements were carried out. Figure 8 presents the results,
including complex viscosity (η*), storage (G’), and loss (G”) modulus as a function of angular frequency
(ω) curves, as well as Cole-Cole and van Gurp-Palmen (VGP) plots charts, allowing for the assessment of
compatibility and miscibility of polymer systems in the molten state. All the analyzed materials showed a
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course of the complex viscosity curve without the �rst Newtonian region at low angular frequencies. This
effect was described in the literature (Shin et al. 2004) and resulted from a signi�cant amount of �ller
(starch and cellulose) in the polymer bulk. Rigid domains of the �ller became steric hindrances,
signi�cantly limiting the mobility of the molten polymer chains and occurring �ller-�ller interactions
(Huang and Zhang 2009). For all composite series, the values of the composites' viscosity are higher
than for the blend used as the composite matrix. In the entire angular frequency range, the as-received
UFC100 caused the most signi�cant viscosity increase, at least one order of magnitude higher than non-
�lled with cellulosic �ller blends. The addition of isocyanates caused a decrease in viscosity compared to
the UFC100 series. This effect is probably related to the surface modi�cation of the �llers, resulting from
the reaction of isocyanate groups with hydroxyl groups on the cellulose �ller's surface (Nuryawan and
Alamsyah 2018). MDI-modi�ed samples showed the most favorable rheological properties. Curves
showing changes in G' and G" as the ω function allow describing the characteristic rheological behavior
during the measurement. For non-�lled blends and MDI-modi�ed composites, a dominant share of
viscous properties can be noted in the higher angular frequency values range. In contrast, the material
series containing UFC100 is characterized by a predominant share of elastic properties in the whole ω
range, which takes from the physical interaction and mutual contact of the �llers in the molten polymer
(Barczewski and Mysiukiewicz 2018a)

Comparison of rheological oscillatory data results in the form of Cole-Cole plots, i.e., changes of η" in the
η' function, allow for a qualitative assessment of the miscibility or compatibility of the polymeric blends
and composites. It is assumed that the material can be described as compatible or miscible when the
curves are arranged as smooth semicircle shapes. With the increasing deviation from the model curve,
which considers the �attening of the curves in the range of high viscosity values, the results indicate the
occurrence of chemical interactions (in the case of partially crosslinked polymers) or the presence of
physical interactions in the polymer bulk. In the second case, it can be caused by the lack of miscibility of
two polymers limiting the possibility of deformation of the main chains or long chain branches or
physical limitation of the mobility of macromolecules caused by the presence of �llers (Utracki 1988; Wu
et al. 2008; Mohammadi et al. 2012; Wang et al. 2017; Coombs et al. 2020). The introduction of 30 wt.%
of PCL to Mater-Bi, which is a composite containing starch in its composition (Alvarez et al. 2004), did
not change the character of the curve course, and its shape indicates limited miscibility of the system
(Aid et al. 2017). From the obtained data, it can be observed that the addition of as-received �ller
(UFC100) increased the viscosity value in the considered angular frequency range and increased the
angle of inclination of the curve. Based on the Cole-Cole curves, it can be concluded that the addition of
MDI and TDI positively affected the miscibility of the blend with the �ller.

None of the analyzed materials showed the VGP curve characteristic of linear thermoplastic polymers
with a dominant share of viscous properties, usually observed when phase angle (δ) is reached at a value
close to 90° and no interdependence of changes at low complex modulus (|G*|) (Trinkle and Friedrich
2001; Cailloux et al. 2013; Barczewski and Mysiukiewicz 2018b). Chen and Guo (Chen et al. 2009),
analyzing the VGP curves for carbon black-polypropylene composites with the addition of ethylene-acrylic
acid copolymer, described a sharp decrease in the range of lower complex modulus as a bump. The
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appearance of this phenomenon should be analyzed according to the proposed interpretation as the
threshold of rheological percolation due to the formation of �ller particle networks or/and a co-
continuous phase, which spans the whole composite. This effect is visible only for the curves obtained
for UFC100 and HDI composites. Thus, for those containing the �ller with the most signi�cant tendency
to agglomerate and the �ller modi�ed with isocyanate with the lowest effectiveness of impact on the
natural �ller. Moreover, for the MDI-modi�ed composite series, all points are in the range of the highest
δmax values. At the same time, based on the interpretation of VGP curves proposed by Chimeni et al.
(Chimeni et al. 2016), higher |G*| values at Kmax can be interpreted as more compatible systems with
better wettability of the �ller by polymer, which in this case refers to modi�ed MDI and TDI composite
series.

Figure 9 presents the images of brittle fracture surfaces of prepared samples obtained using SEM
microscopy made with two magni�cations. An un�lled Mater-Bi/PCL blend is characterized by a relatively
rough surface with smooth plate-shaped gaps and dispersed spherical particles. Such an appearance is
typical for TPS-based blends, e.g., Mater-Bi materials (Elfehri Borchani et al. 2015; Merino et al. 2018;
Ibáñez-García et al. 2021). Spherical particles, observed as separate phases, are non-plasticized starch
granules, which were also observed by other researchers (Aldas et al. 2020b). Smooth gaps in the
continuous phase correspond to the PBAT and PCL phases of the prepared blend, while the rougher part
is amorphous TPS.

Incorporating 30 wt.% of cellulose particles into the analyzed blend signi�cantly changed the fracture
surface appearance. Roughness was noticeably increased due to the presence of �ller particles. Image
taken at higher magni�cation indicates a relatively smooth surface of as-received cellulose particles, as
well as �ller agglomerates, which points to the insu�cient interfacial adhesion between matrix and �ller.
However, singular pull-outs can be observed. Modifying UFC100 particles with diisocyanates noticeably
limited the particles' surface area, related to the chemical interactions between isocyanate groups and
cellulose hydroxyls and the deposition of isocyanate on the surface (Hejna et al. 2021d). As an effect the
number of �ller pull-outs was noticeably reduced, and the interface quality was enhanced, which was
expressed by the limited number of voids between the polymer matrix and �ller particles. These effects
were particularly pronounced for MDI and TDI samples, indicating their higher compatibility than UFC100
and HDI materials.

Figure 10 presents the images obtained using atomic force microscopy, while Table 3 provides data from
the images’ analysis, which con�rms the observations made based on SEM images. However, due to the
resolution of AFM, the focus was shifted to the observation of the interface between polymer matrix and
cellulose �ller. Compared to the composites, the un�lled blend's cross-sectional area is noticeably
smoother and more homogenous, which was expressed by the lower magnitude of the phase shift angle,
and the Rq and Ra values were noticeably lower than for prepared composites. Images also indicated the
presence of non-plasticized granules of starch homogenously distributed in the material, con�rming
results reported in other work (Aldas et al. 2020b).
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Observation of UFC100 composite containing as-received cellulose �ller revealed poor interface quality,
which can be seen in AFM images. Due to the low interfacial adhesion, �ller particles were ripped out of
the sample surface during preparation. Images indicate that the interfacial area was relatively smooth,
which was in line with the conclusions drawn from the analysis of SEM images. Observations have been
con�rmed by the quantitative analysis of AFM images. The interfacial area of the UFC sample was
characterized by a noticeably lower surface area than diisocyanate-modi�ed composites. Modifying �ller
particles with diisocyanates noticeably enhanced the interfacial adhesion and changed the interface's
structure. Presented images show reduced roughness of the cross-sectional area, especially for the TDI
sample, which points to the increased compatibility between phases. Moreover, the presence of rough
structures at the interface was revealed, which was attributed to the deposition of diisocyanates on the
surface of �ller particles, as presented in our previous work on diisocyanate modi�cation of cellulose
�llers (Hejna et al. 2021d). It was con�rmed by the increased Rq and Ra parameters of the interfacial area.
Moreover, the negative Rsk values point to the layered character of the interface, which con�rms the
e�cient modi�cation of cellulose �llers with diisocyanate and the complete modi�cation of their surface
rather than the presence of only spot deposits of the modi�er (Duboust et al. 2017). As a result of applied
treatments and resulting increased hydrophobicity of �llers, interfacial adhesion to the Mater-Bi/PCL
matrix was enhanced.

Table 3
The parameters describing roughness of cross-sectional areas of studied samples, determined by AFM

analysis.
Sample Whole image 1 mm2 square covering the interface

Image
size, µm2

Surface area,
103 µm2

Rq, ° Ra, ° Surface
area, µm2

Rq, ° Ra, ° Rsk Rku

Blend 225 54.1 5.7 4.2 - - - - -

25 10.1 5.2 3.5 - - - - -

UFC 225 47.6 13.6 9.6 231 13.9 11.6 0.32 2.25

25 17.3 10.9 8.0 501 9.7 6.9 0.36 5.55

HDI 225 98.3 17.5 13.3 382 15.9 12.6 -0.81 3.18

25 16.9 12.9 9.6 779 14.0 11.2 -0.71 3.50

MDI 225 83.5 13.8 10.2 385 11.7 8.9 -0.88 4.14

25 19.6 14.2 9.9 1178 20.9 16.1 -0.79 6.03

TDI 225 69.5 12.0 9.1 320 11.7 8.2 -1.95 8.29

25 13.6 9.64 7.1 653 10.3 8.0 -0.47 12.03

4. Conclusions
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Both surface and bulk properties of biocomposites are changed by incorporation of cellulose �llers as
well as its surface modi�cation with HDI, MDI, or TDI. Analysis of FTIR spectra exhibited the presence of
chemical interlocking between isocyanates applied as cellulose modi�ers and functional groups present
on the surface of cellulose particles or those present in the structure of Mater-Bi and PCL reference
blends. The newly formed chemical interactions resulted in an increased hydrophobicity, which can be
attributed to the partial attraction between polar functional groups of isocyanate and amine
functionalities of �llers. Contact angle measurements supported such chemically modi�ed interactions,
by obvious increase in contact angle from 88.5 ° for Mater-Bi/PCL blend to 93.5°, 97.7°, and 92.4° for
biocomposites possessing HDI-, MDI-, and TDI-modi�ed cellulose �ller, respectively. This was additionally
con�rmed by the rougher fracture surface and cross-sectional areas observed for biocomposites by the
SEM and AFM, where an enhanced interfacial adhesion was likely. Due to the improved compatibility of
composites containing modi�ed �llers, as suggested by the rheological analysis and Cole-Cole and VGP
plots, their thermal stability was slightly enhanced, which was expressed by a shift in the temperature
attributed to the onset of thermal decomposition towards higher temperatures. The presence of
diisocyanate-modi�ed cellulose increased the amount residue remained from TGA testing, resulting from
the reaction between isocyanates and hydroxyl groups of cellulose possibly acting act as a
decomposition inhibitor. Addition of as-received cellulose to Mater-Bi/PCL sustainable blends increased
the viscosity in the studied angular frequency range, particularly the angle of inclination of the curve.
Based on the Cole-Cole and VGP plots, addition of MDI and TDI positively affected the miscibility of the
blend. However, the incorporation of diisocyanate-modi�ed �llers did not saliently affect the crystallinity
of polymer matrix. Therefore, it can be anticipated that due to the enhancement of interface, the
mechanical performance of composites would bene�t from �ller treatment, while the rate of their
potential biodegradation would not be affected.
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Figure 1

SEM micrograph of as-received UFC100 cellulose �ller.
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Figure 2

Scheme of the potential interactions between �ller particles and applied diisocyanate modi�ers.

Figure 3

Scheme of the potential interfacial interactions between modi�ed cellulose �llers and components of the
polymer matrix.
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Figure 4

FTIR spectra of un�lled Mater-Bi/PCL blend and composite samples.
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Figure 5

Values of the water contact angle determined for the prepared samples.
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Figure 6

Mass loss curves (left) and differential thermogravimetric curves (right) visualizing the course of
prepared samples' thermal decomposition.
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Figure 7

Cooling (left) and heating (right) thermograms obtained during DSC analysis of prepared samples (exo
↑).
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Figure 8

Complex viscosity curves (a), storage and loss modulus as a function of angular frequency (b), Cole-Cole
plots (c) and van Gurp-Palmen plots (d) of prepared samples.
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Figure 9

SEM images of prepared samples' brittle fracture surfaces at different magni�cations; lower (left) and
higher (right).
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Figure 10

AFM phase images of the cross-sectional areas of studied samples.
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