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Abstract  In recent decades, structural biopolymers 
produced from natural sources have gained popular-
ity due to their outstanding properties. Cellulose, 
the most abundant biopolymer on Earth, is attract-
ing attention because of its excellent physical and 
chemical properties, as well as being sustainable, 
renewable, and biodegradable. The intrinsic high 
crystallinity of cellulose makes it a promising rein-
forcing material in the formulation of elastomeric 
compounds. However, for certain applications, to 
ensure a good material compatibility, it is crucial to 
modulate the cellulose surface polarity and reactiv-
ity while preserving its crystalline structure.  In this 
study, a lipase-mediated approach was employed to 
acylate cellulose hydroxyl groups. The formation of 

ester bonds was confirmed using Attenuated Total 
Reflectance Fourier-Transform Infrared (FTIR-ATR) 
analysis. Wide-Angle X-Ray Diffraction (WA-XRD) 
and Thermogravimetric Analysis (TGA) were used 
to verify the retention of crystallinity pattern and 
polymer thermal stability, respectively. Subsequently, 
cellulose modified with acrylic acid was incorpo-
rated into a model elastomeric compound using a 
peroxide-based vulcanization system. The mechanical 
properties of the compound were tested, resulting in 
a general reinforcement of the system. Compared to 
a control test, the elastomeric compound containing 
the modified polymer exhibited increased reinforce-
ment and decreased energy dissipation, clearly indi-
cating that a higher compatibilization of cellulose was 
achieved through acrylic acid functionalization.  The 
use of functionalized cellulose as a reinforcing filler 
could offer several advantages over traditional fillers, 
including renewability, biodegradability, and reduced 
environmental impact. The enzymatic functionaliza-
tion methodology developed in this work could pave 
the way for the development of a diverse spectrum of 
novel bio-based materials.
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Introduction

The demand for sustainable elastomeric compounds 
is rapidly growing across various industries, driven by 
companies’ relentless pursuit of reducing their envi-
ronmental impact. One promising area of research 
lies in the utilization of cellulose as a reinforcing filler 
in elastomers manufacturing. Cellulose, an abundant 
natural polymer derived primarily from plant bio-
mass, exhibits a unique combination of mechanical 
properties (Cabrera et  al. 2011), biodegradability, 
and renewability. These characteristics make cellu-
lose an attractive candidate to replace or complement 
traditional fillers like carbon black and silica in elas-
tomeric compositions as they present various issues, 
particularly from an environmental perspective (Mei-
sel et al. 2022).

The utilization of cellulose as a reinforcing filler 
has been recognized for several years (O’Connor et al. 
1977). Some examples have demonstrated the appli-
cation of (micro)crystalline cellulose as filler without 
further modification in synthetic butadiene-styrene 
(S-SBR) and polybutadiene (PBR) rubbers, effec-
tively replacing silica up to 10% by weight (Bhat-
tacharyya et al. 2012; Pal et al. 2021). Furthermore, 
the exploitation of cellulose mechanical properties 
extends beyond synthetic rubber application, finding 
value in other polymeric materials such as silicone or 
polyurethane where cellulose enhances reinforcement 
(Silva and Silva 2005; Deng et al. 2016).

Despite its potential benefits, a very common issue 
with the incorporation of this natural polymer into 
such non-polar matrices is that cellulose is prone to 
aggregation, making its dispersion challenging. This 
issue is often tackled through the application of phys-
ical compatibilization methods, such as the two-roll 
mixing mill process.

This process involves the stepwise addition of cel-
lulose and different curing ingredients into the rubber 
matrix, followed by the preparation of rubber sheets 
by compression molding under controlled tempera-
ture and pressure (Dominic et  al. 2020). More fre-
quently, to avoid aggregates, cellulose is dispersed 
in latex, which is a very effective method (Cao et al. 
2013; Pan et al. 2013; Noguchi et al. 2020). Mechani-
cal compatibilization is often associated with the 
modification of some hydroxyl cellulose groups with 
other functionalities. This modification not only 
reduces the number of available –OH groups, thereby 

decreasing the polarity of the cellulose, but also 
ensures better interaction with the surrounding envi-
ronment, particularly when the environment consists 
mainly of non-polar polymers.

Specifically, four categories of cellulose compati-
bilization reactions with polymer blends can be dis-
tinguished: silane treatment of cellulose, esterifica-
tion reactions, cationic surfactant treatments, and 
oxidation processes (Roy et  al. 2021). The first cat-
egory involves the silanization with organosilanes, 
which enhance cellulose’s hydrophobicity (Singh 
et  al. 2020). Treatments with cationic surfactants, 
such as cetyltrimethylammonium bromide (CTAB), 
yield similar results (Jiang et  al. 2020). The oxida-
tion process of cellulose is mostly carried out using 
2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO)/
sodium bromide (NaBr)/sodium hypochlorite 
(NaClO), leading to the formation of aldehydes that 
can easily further react with other molecules (Nogu-
chi et al. 2020; Zor et al. 2024).

Esterification reactions, a category that also 
includes the modification carried out for this research, 
are varied and can be performed using different 
methods.

Esterification of cellulose is a widely employed 
technique to enhance its compatibility for incorpo-
ration as an additive in matrices such as solution-
polymerized styrene-butadiene rubber (S-SBR). As 
an example, a study conducted in a toluene medium, 
employed stearic acid that was first chemically acti-
vated by thionyl chloride and subsequently reacted 
with the hydroxyl groups of cellulose to produce a 
more apolar product. This modification improved the 
compatibility of cellulose with the hydrophobic poly-
mer matrix (Chowdhury et  al. 2022). An alternative 
approach involves performing the esterification in an 
aqueous medium. For instance, cellulose nanocrystals 
can undergo transesterification using a calcium car-
bonate catalyst at 80 °C. A similar acylation reaction, 
starting from acetic anhydride or acetyl chloride, can 
also be carried out in ionic liquids, a class of solvents 
known to dissolve completely or partially the crystal-
line structure of cellulose and therefore make it more 
accessible (Barthel and Heinze 2006; Isik et al. 2014; 
Dhuiège et al. 2019).

Several of these reactions can also be performed 
biocatalytically. Enzymatic approaches to cellulose 
modification have gained significant attention due 
to their specificity, mild reaction conditions, and 
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reduced environmental impact compared to tradi-
tional chemical methods. Various enzymes, such as 
esterases, cutinases, and proteases, have been suc-
cessfully employed to introduce functional groups or 
modify the surface properties of cellulose (Martinelli 
et al. 2021; Shokri et al. 2022).

These reactions may also require pretreatment 
steps, similarly to those described for chemical modi-
fications. For instance, Gremos et al. (2011) utilized 
ionic liquids, specifically leveraging the dissolving 
power of BMIMCl (1-n-butyl-3-methylimidazolium 
chloride), to disrupt the cellulose structure, thereby 
enhancing its accessibility to hydrolases. Another 
versatile pretreatment method for polymer function-
alization, applicable to both chemical and biological 
approaches, is sonication, as detailed in the work of 
Yang and Wang (2003).

In this work, micro-fibrillated cellulose (MFC) 
was derivatized exploiting a heterogeneous bio-
chemical reaction using two immobilized lipases as 
catalysts and different organic acids as functional-
izing agents to obtain ester bonds on the cellulose 
surface. Candida antarctica lipase (Cal-B Novozym 
435) and Pseudomonas cepacia lipase (PC-L) were 
effective in esterification of MFC with octanoic acid, 
cis,cis-muconic acid or acrylic acid, substrates for 
which a microbial production pathway is known or 
under investigation, aspect which could contribute to 
a process with an overall low environmental impact 
(Straathof et al. 2005; Chu et al. 2015; Kovaliov et al. 
2018; Tan et al. 2018; Choi et al. 2020). All the sam-
ples were analyzed by Attenuated Total Reflectance 
Fourier-Transform Infrared (FTIR-ATR) analysis, 
Wide-Angle X-Ray Diffraction (WA-XRD) and Ther-
mogravimetric Analysis (TGA): overall, these analy-
ses confirmed the occurrence of esterification reac-
tion as well as the retention of cellulose crystalline 
structure and its thermogravimetric characteristics.

The key innovative aspect of this study lies in 
the application of such functionalized MFC in an 
elastomeric compound, a field where enzymatically 
esterified cellulose has not been explored before. In 
fact, literature primarily reports the use of chemi-
cally modified cellulose and often deals with cel-
lulose nanocrystals rather than micro-fibrillated 
cellulose (Liu et al. 2023; Coccia et al. 2021; Lor-
wanishpaisarn et al. 2023; Skalkova et al. 2024). To 
the best of the authors’ knowledge, this is the first 
example of enzymatically functionalized cellulose 

being used as a reinforcing filler in an elastomeric 
matrix. Notably, the incorporation of acrylic acid-
modified MFC resulted in significant improvements 
in mechanical performance compared to the use of 
unmodified MFC or solely carbon black as a filler.

Materials and methods

General

In this study, Exilva microfibrillated cellulose 
(MFC) by Borregaard was used. Specifically, the 
10  wt% paste in water was used, namely F 01-V. 
The material was lyophilized to complete dryness 
and ground with a blender before use. The MFC 
macroscopic size, verified with a sieve, resulted in 
an average particle size of 1.5 mm of diameter.

Acrylic acid, octanoic acid, cis,cis-muconic acid, 
sodium hydroxide pellets, phenolphthalein indica-
tor, 4-nitrophenyl butyrate (p-NPB), and cellulose 
acetate (39.8 wt% acetylation) were purchased from 
Merck KGaA (Darmstadt, Germany). The same 
applied to the immobilized lipases used: lipase B 
from Candida antarctica (Cal-B, Novozym 435) 
recombinantly expressed in Aspergillus niger and 
immobilized on acrylic resin (291.7  µmol/min*g 
on p-NPB), and lipase from Pseudomonas cepacia 
(PC-L), immobilized on Immobead 150 (37.8 µmol/
min*g on p-NPB). tert-Butanol, hydrochloric acid, 
and ethanol (absolute anhydrous and 95%) were 
purchased from Carlo Erba Reagents (Milano, 
Italy).

For compounding, natural rubber (STR20) was 
purchased from SRI Trang Agroindustry (10 Soi 10, 
Phetkasem Road, Hatyai, Songkhla 90,110, Thai-
land), Carbon Black (CB) 326 purchased from Birla 
Carbon (Marietta, Georgia), peroxide Trigonox 
1740B was purchased from Nouryon (Amsterdam, 
Netherland); zinc oxide was from Empils-zinc (Rus-
sia), vegetal stearic acid was from Wilmar (No.158 
Jinbin Road, Free Trade Zone, Tianjin Port, China, 
30046) Oleo Co., Ltd, N-(1,3-Dimethylbutyl)-N′-
phenyl-p-phenylenediamine (6PPD) was obtained 
from Eastman Chemical Co (200 South Wilcox Drive 
Kingsport TN 37660–5280, United States). Results 
are the mean of 3 independent replicates with stand-
ard deviation ≤ 3% unless otherwise stated.
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Enzymatic esterification of cellulose

For each reaction 0.25  g of unmodified dry MFC 
(1.5  mm diameter) was placed into a glass flask 
containing 10 mL of tert-butanol as a solvent with 
the desired acid and enzyme in various amounts 
(see Results and Discussion section for further 
details). Molecular sieves were included (≈1  g) in 
order to remove the water formed during the esteri-
fication reaction. The reactions were carried out 
in a Brunswick Innova 40R shaker at 160 rpm and 
50 °C. After 10 h of reaction time, the solvent was 
removed via rotary evaporation with a bath temper-
ature of 60  °C and 200  mbar of pressure, and the 
cellulose was separated from the enzyme using an 
appropriately sized sieve. The cellulose was then 
washed seven times with anhydrous ethanol, 20 mL 
for each washing step, to remove unreacted acid. 
After each washing step, samples were centrifuged 
at 6000 rpm with a Thermo Fisher Scientific centri-
fuge (Megafuge ST4 Plus). Last, the excess of etha-
nol was removed via rotary evaporation with a bath 
temperature of 55 °C and 200 mbar of pressure, and 
the functionalized materials were analyzed. MFC 
that underwent the same reaction conditions, but 
without the presence of enzyme or acid, was des-
ignated as “control cellulose.” Conversely, blank 
MFC refers to the lyophilized Exilva MFC paste 
that underwent no treatment.

Cellulose chemical characterization

Fourier transform infrared attenuated total reflection 
(FTIR‑ATR)

Fourier Transform Infrared Attenuated Total Reflec-
tion (FTIR-ATR) was used to promptly determine 
the outcome of the reaction under the applied con-
ditions. FTIR-ATR was used since the characteristic 
cellulose vibrational spectrum allows to recognize the 
polymer’s peculiar peaks. Moreover, the unreacted 
material does not show any absorbance peak in the 
region between 1725 and 1745 cm−1, where the car-
bonyl peak appears upon the ester bond formation. 
The samples were analyzed using a Thermo Scientific 
Smart iTX Nicolet iS20 FTIR spectrometer, scanning 
from 0 to 4,000 cm−1 with a resolution of 4 cm−1 and 
an average of 32 scans per sample.

Quantification of degree of substitution (DS)

Two methods were applied in this study: the peak 
ratio method and the titration method. The peak 
ratio method is based on the comparison of the car-
bonyl peak at 1730  cm−1 and the 1164  cm−1 peak 
(not affected by the acylation reaction) of the FTIR-
ATR spectra (Li et al. 2019). The ratio from Eq. 1 is 
applied to determine the DS.

In Eq.  1, "a" represents the intensity of the 
1730 cm−1 absorbance peak, which appears with the 
esterification reaction, while "b" is the intensity of 
the  antisymmetric bridge oxygen stretching band at 
1164 cm−1 that can be used as a reference peak since 
the bridge oxygen bond is located in the cellulose 
molecular skeleton and does not change upon acyla-
tion. As reported by Li et  al. (2019) the following 
equation for the calculation of the DS is applied:

Equation  2 was also  used to calculate the DS of 
control samples, i.e., MFC samples that were sub-
jected to the same reaction conditions but without 
any acid or enzyme. All DS values calculated for this 
study were normalized to the value obtained for the 
control sample. This method, although only indicative 
of the extent of functionalization, can be extremely 
useful for screening a large number of samples.

The titration method is based on the saponification 
of esters in heterogeneous systems (Yin et al. 2020). 
Briefly, ~ 0.2  g of functionalized MFC and 20  mL 
of 95% ethanol were added to a flask and stirred at 
50 °C for 30 min. Then, 20 mL of 0.5 M NaOH solu-
tion was added, and the mixture was stirred for 48 h 
at room temperature. The excess NaOH was titrated 
with 0.5 M HCl using phenolphthalein as the indica-
tor. The unmodified MFC was used as a reference. 
The DS was calculated according to the following 
equations:

With
A = Consumed HCl volume per gram of sample.
B = V of consumed HCl in blank cellulose.

(1)r = a∕b

(2)DS = (r + 0.24)∕0.8

(3)A = ((B − C) ∗ D)∕E

(4)DS = (0.162 ∗ A)∕(1 −MW ∗ A)
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C = V of consumed HCl in sample.
D = concentration of HCl (0.5 M).
E = sample weight.
162 is the molecular weight of the anhydrous glu-

cose unit  in the polymer chain. MW is the molecu-
lar weight of substituent. For octanoic acid, cis,cis-
muconic and acrylic acid moieties, 128.22, 126.11 
and 56.06 g/mol were used, respectively.

Determination of crystallinity

The crystallinity retention of MFC before and after 
functionalization was measured using an XRD Mini-
Flex benchtop X-ray diffractometer operating at 
40  kV using Cu Kα radiation (λ = 1.5406  Å) from 
2θ = 5° to 50° at a step size of 0.02° and a scanning 
speed of 10°/min. The crystallinity index of the MFC 
before and after functionalization was calculated 
using the Segal method for the calculation of crystal-
linity retention index percentage:

where I002 is the intensity of the diffraction peak 
located at 2θ = 22.8° and Iam is the diffraction inten-
sity of the minimum assigned to 2θ = 18.8° (Segal 
et al. 1959).

Thermogravimetric analysis (TGA)

The thermal properties of the blank and modified 
MFC were measured using a Thermogravimetric 
Analysis (TGA) Analyzer from Mettler Toledo. The 
samples were heated from 30 to 900 °C in air at 10 K/
min with a flow rate of 50 mL/min.

Preparation of rubber compounds

100 phr (parts per hundred rubber) of natural rubber 
(SIR-20) was fed into a Brabender® internal mixer 
and masticated at 130 °C for 1 min, then pristine or 
modified cellulose was mixed for 2 min. Afterwards, 
CB and 6PPD were added into the mixer and mixed 
for 2 min at the same temperature.

The so obtained compound was unloaded and then 
fed again into the internal mixer at 80 °C and 50 rpm, 
mixing for 1  min. Peroxide was then added, mix-
ing for a further 2  min. The final rubber composite 
was discharged and cooled at room temperature and, 

(5)CRI =
(

I
002

−I
am

)

∕I
002

∗ 100

before the characterization, mixed few times in 2 rolls 
open mill.

Rheological strain-sweep tests and vulcanization 
kinetics were measured using the Rubber Process 
Analyzer RPA 2000, Alpha Technologies (US) using 
curing cycle at 170 °C for 30 min. The strain sweep 
measurements were performed in shear from 0.3 to 
15% at a frequency of 10 Hz and 70 °C, performing 
10 cycles of stabilization and 10 cycles of measure 
for each condition.

The vulcanization step occurred at 170  °C for 
15  min. The compound’s properties were analyzed, 
and mechanical tensile tests were performed on the 
samples at room temperature using a Zwick Roell 
Z010 with an optical extensometer on standard dumb-
bells cut from 10 × 10  cm × 1  mm plates of vulcan-
ized compound (15  min at 170  °C). Stresses at 100 
and 300% elongation (σ100, σ300 respectively) 
were determined, as well as stress at break (σB) and 
elongation at break (εB). The energy at break was 
also measured. The Standard ISO 37/UNI 6065 was 
followed.

Dynamic-mechanical properties were measured 
using an Instron dynamic device in the traction-com-
pression mode according to the following methods. 
A test piece of the cross-linked elastomeric compo-
sition having a cylindrical form (length = 25  mm; 
diameter = 12  mm) and kept at the prefixed tem-
perature (23, 70 and 100 °C) for the whole duration 
of the test, was compression-preloaded up to a 25% 
longitudinal deformation with respect to the initial 
length and then submitted to a dynamic sinusoidal 
strain having an amplitude of ± 3.5% with respect to 
the length under pre-load, with a 100 Hz frequency. 
The dynamic-mechanical properties are expressed in 
terms of dynamic storage modulus (E′) and loss factor 
(tanδ) values. The tanδ value is computed as the ratio 
between the loss (E″) and the storage (E′) modulus.

Results and discussion

Choice of functionalizing agents

Cellulose is undoubtedly recognized as a highly polar 
and stiff polymer, whereas elastomeric compounds 
are typically composed of polymers that are largely 
non-polar. Therefore, for an effective incorporation 
of cellulose as a filler in elastomeric compounds, its 
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surface must be modified. By introducing chemical 
moieties, it is possible to tune cellulose polarity or/
and to promote the formation of chemical bonds that 
can facilitate its interaction with the non-polar envi-
ronment, thus enabling its proper dispersion within 
the mixture. In this study, we selected three organic 
acids as functional groups, to form an ester bond on 
one (or more) of the hydroxyl (–OH) groups of cel-
lulose: octanoic acid, cis,cis-muconic acid, and 
acrylic acid. Their chemical structures are shown in 
Fig.  1. These molecules have been selected, as they 
are largely available chemical platforms, which dis-
play different and interesting characteristics that 
should be suitable for achieving the desired cellulose 
compatibilization. Octanoic acid, currently produced 
from oil seed crops, or crude oil or, as promising 
alternative,  from renewable biomass by engineered 
microbes (Qiang and Pfleger 2020, Tan et al. 2018), 
displays a moderately long, non-polar carbon chain. 
If used to functionalize cellulose, it should reduce 
the hydrophilicity of the natural polymer, enhancing 
its ability to disperse within the apolar rubber matrix. 
cis,cis-Muconic acid is a six-carbon di-unsaturated 
dicarboxylic acid which can be produced by chemi-
cal synthesis, but also from bioconversion of lignin 
(Molinari et  al. 2024) or from microbial fermenta-
tion of sugars (for a recent review see Choi et  al. 
2020). Acrylic acid is mainly produced by the two-
step oxidation of petroleum-based propylene (Sun 
et al. 2017). Recently, increasing attention is given to 
alternative routes, exploiting bioconversions and/or 
fermentations, from renewable feedstock such as fer-
mentable sugars and plant oils, but also glycerol, lac-
tic acid (LA), and 3-hydroxypropanoic acid (3-HPA) 
(Makshina et  al. 2019; Wu et  al. 2020). The α,β-
unsaturations on acrylic and cis,cis-muconic acids 
are relevant considering the final application of the 
modified MFC. In fact, elastomeric compounds typi-
cally undergo a process called vulcanization, which 

results in the formation of a 3-D network between 
the polymer chains. This chemical reaction is a non-
reversible cross-linking process that can be achieved 
through various methods: in this study, we adopted a 
peroxide as curing agent, which should interact with 
the activated double bonds present on the surface of 
the functionalized cellulose. The cross-linking pro-
cess exploits the propagation of a free radical on the 
carbon chain of the rubber polymer, and molecules 
with activated double bonds act as co-agents in this 
process, forming extra cross-linking bonds (Kruželák 
et al. 2017, 2023). In this way, the esters correspond-
ing to either cis,cis-muconic acid or acrylic acid, pre-
sent on MCF, could react and participate in the reac-
tion system stabilizing the cellulosic filler into such 
an apolar environment.

Cellulose functionalization

The selection of specific reaction conditions in this 
study was guided by the goal of optimizing and adapt-
ing the protocol developed by Yin et al. (2020), who 
reported the esterification of cellulose nanocrystals 
with lauric acid using Novozym 435 in tert-butanol, 
identifying 50  °C as the optimal reaction tempera-
ture. In their procedure, 0.5 g of cellulose was reacted 
with 0.25 g of enzyme and 1.5 g of lauric acid, cor-
responding to a 1:3 cellulose-to-acylating agent mass 
ratio.

Building on this approach, the current study aimed 
to tailor the protocol to our specific process require-
ments by evaluating different acylating agents, 
enzymes, and enzyme loadings, as well as by modify-
ing the cellulose-to-acylating agent mass ratio.

To this aim various weight ratios were thus tested, 
reducing the acid-to-cellulose ratio from 3 to 1.6 (e.g. 
cellulose 0.25  g with acid 0.75  g; cellulose 0.25  g 
with acid 0.4 g) and using different enzymatic units 
(U determined on p-NPB), for both lipases Cal-B and 

Fig. 1   Chemical structures of the three functionalizing agents considered in this study; from left to right: octanoic acid; cis,cis-
muconic acid; acrylic acid



9973Cellulose (2025) 32:9967–9983	

Vol.: (0123456789)

PC-L. Specifically, both the cellulose-to-acid ratios 
were reacted with 40  U or with 20  U of Cal-B and 
PC-L lipases. As a key factor, the use of molecular 
sieves was introduced. The water formed as a by-
product during the reaction, if not removed from the 
system, would shift the equilibrium toward hydrolysis 
rather than esterification, thus reducing the degree of 
functionalization.

To determine the best combination, all the func-
tionalized cellulose samples were analyzed with 
FTIR-ATR. In Fig.  2, the ATR spectra for some of 
the samples are shown (one for each functionalizing 
agent employed). All the samples were compared 
with blank MFC (lyophilized Exilva paste) and a con-
trol sample. Table  1 reports the peaks of the MCF 
spectrum; the peak at 1730  cm−1 is indicative of a 
successful esterification reaction.

Figure  2 shows very clearly that, even though 
the peak ascribed to the carbonyl is visible between 
1730 and 1735  cm−1 in each sample subjected to 
enzymatic functionalization, its intensity varies sig-
nificantly depending on the combination of enzyme 
and acid used. Therefore, it seemed convenient to 
apply the peak ratio (PR) method to have a prelimi-
nary quantification of the functionalization. In fact, 
thanks to this method it was possible to easily esti-
mate the outcomes of the functionalization reac-
tions allowing to determine the best combination 
acid:cellulose:enzyme.

Figure 3 reports the PR values obtained for all the 
combinations. The signal at 1164 cm−1, representing 
the antisymmetrical bridge oxygen stretching band 
used as the normalization peak, is marked with black 
arrows in Fig. 2.

As shown in Fig. 3, enzymatic esterifications suc-
cessfully occurred, with different extents, regardless 
the acids (octanoic acid, cis,cis-muconic acid, or 
acrylic acid) and the enzymes (Cal-B and PC-L), in 
all the combinations tested.

The functionalization with octanoic acid in all 
cases provided the lowest PR values, with an aver-
age PR of around 0.11. Compared to the other 

Fig. 2   ATR spectra of functionalized MFC compared with 
spectra of blank MFC and control sample. On the left, the 
full spectra, on the right a magnification. The dotted rectan-

gle highlights the region where the carbonyl peak is observed, 
while the arrows point to the peak at 1164 cm⁻1, which is used 
for the peak ratio calculation

Table 1   ATR peak assignment for blank (unmodified) cellu-
lose; in bold, the C=O signal that appears when an ester bond 
is formed

Wavenumber 
[cm−1]

Peak assignation

3482 O–H stretching of hydrogen bonded
2897 C–H stretching
1730 C=O stretching
1645 O–H bending from adsorbed water
1428 C–H2 bending of pyranose ring
1370 C–H bending
1164 C–O–C-pyranose ring vibration
898 β-glycosidic bond of glucose units in polymer
662 O–H out of plane bending
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functionalizing agents used in this study, the function-
alization of MCF with octanoic acid seems to be the 
least favored in terms of catalytic equilibrium. In fact, 
the best results are obtained with acid-to-cellulose 
ratio equal to 3 and 40 U of enzymes. The PR values 
obtained with cis,cis-muconic acid ranged from ~ 0.5 
to 0.3 in all cases, except for the condition employ-
ing 40 U of PC-L and an acid-to-cellulose ratio equal 
to 3, which resulted in a significantly lower function-
alization degree. In general, for cis,cis-muconic acid, 
Cal-B provided higher esterification degree compared 
to the use of PC-L as a catalyst. The reduction of 
acid-to-cellulose ratio did not appear to have a signifi-
cant impact on the esterification outcome, while the 
amount of biocatalyst exerted only minor effects.

Among the molecules tested, acrylic acid emerged 
as the most effective acylating reagent whether used 
with Cal-B or PC-L. This is evident from the fact 
that optimizing the reaction conditions by reduc-
ing both the amount of acrylic acid and biocatalysts, 
resulted in consistent functionalization: the use of an 
acid-to-cellulose ratio equal to 1.6 and 20 U of Cal-B 
provided a PR = 0,675, while the same with PC-L 
resulted in the best result with PR = 0.896.

Reaction time was also considered for reaction 
optimization, and a 10 h duration was found to yield 
the highest peak ratios (PRs). Both shorter and 

longer reaction times led to reduced PRs, indicat-
ing decreased derivatization efficiency (results not 
shown).

To validate the preliminary assessment of esteri-
fication extent obtained through PR determination, 
the samples synthesized under the optimal reaction 
conditions for each acid were titrated to determine 
the degree of substitution (DS). This analysis aimed 
to further confirm the accuracy of the PR method. 
The resulting DS values, along with the previously 
calculated PR values, are presented in Table 2.

The titration method results demonstrated good 
agreement between the two quantification methods, 
DS and PR. Consistent with the PR analysis, the 
highest degree of functionalization was achieved 
when MFC was modified with acrylic acid.

Material characterizations

The materials with the highest functionalization 
based on PRs and DSs for all six acid-lipase com-
binations (Table  2) were further characterized to 
assess their thermal behavior and their crystallin-
ity retention. All the samples were compared with 
blank MFC and a control sample.

Fig. 3   Graphical representation of peak ratio (PR) values of all the reactants combinations screened. Results are the mean of 3 inde-
pendent replicates with standard deviation ≤ 3%
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Thermogravimetric behavior

Thermal analysis (TGA) curves are displayed in 
Fig. 4. Two main weight losses for each sample can 
be identified from the curves.

The weight loss observed between 80 and 
105  °C, varying from 1.5 to 3.5% depending on 
the sample, can be attributed to the evaporation of 
water. Next, a significant weight loss of 75–80% was 
observed due to the decomposition and degradation 
of the samples. The thermal stability of the control 
sample and functionalized samples is slightly lower 
than that of the starting MFC, which can be attrib-
uted to the effect of the reaction process on MFC. 
An interesting observation from the TGA results for 

MFC derivatized with acrylic acid is the presence 
of an additional weight loss of 3–4%, depending on 
the sample, between 210 and 230  °C, represented 
by an inflection and indicated by the arrow in Fig. 4 
(panel E). This additional weight loss indicates the 
presence of the ester bond, visible under the analy-
sis conditions. MFC bearing acrylate esters presents 
DS values consistent with the weight loss step iden-
tified and shown in Figure S1 (supplementary infor-
mation). In fact, MFC functionalized with acrylic 
acid by PC-L (with a DS of 0.231) showed a weight 
loss of around 4.36%; a slightly lower weight loss 
of 3.23% is calculated for the sample functionalized 
with acrylic acid by Cal-B, consistently with the 
lower DS of 0.183.

Table 2   PR and DS values 
of the best combinations 
of acids and enzymes. 
Results are the mean of 3 
independent replicates with 
standard deviation ≤ 3%

Entry Acid Enzyme U Ratio 
acid:MFC

PR DS

1 Octanoic Cal-B 40 3 0.131 0.049
2 Octanoic PC-L 40 3 0.253 0.070
3 cis,cis-Muconic Cal-B 40 1.6 0.441 0.112
4 cis,cis-Muconic PC-L 40 1.6 0.370 0.089
5 Acrylic Cal-B 20 1.6 0.673 0.183
6 Acrylic PC-L 20 1.6 0.893 0.231

Fig. 4   Panel A, TGA curves from 30 to 600 °C are compared. 
Numbers reported in the legends are referred to the entries in 
Table  2. Panel A, all the samples are shown compared blank 

cellulose (black curve). On the right, the comparison of blank 
MFC and control sample (panel B); MFC 1 and 2 (panel C); 
MFC 3 and 4 (panel D); MFC 5 and 6 (panel E)
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Figure  S2 (supplementary information) also sup-
ports this interpretation, showing two peaks only in 
the case of MFC functionalized with acrylic acid 
between 110 and 130  °C, which can be consistent 
with the loss of acrylate moieties present on function-
alized MFC.

From TGA, the DTG (Derivative Thermogravim-
etry) curve was calculated to assess the maximum 

weight loss (MWL) temperature for all the samples 
reported in Table 2 (Figure S1, supplementary infor-
mation). The MWL peak values, along with the cor-
responding DSs, are summarized in Table 3. The data 
support the previous statements, showing that the 
thermogravimetric behavior of the samples before 
and after the modification is generally retained. Nota-
bly, MFC functionalized with acrylic acid, exhibited 
a slightly lower MWL compared to MFC with other 
functionalizing agents, which correlates with its 
higher degree of substitution (DS). Overall, the trend 
suggests that the functionalization and the functional-
izing agent itself has a greater impact on the degree 
of substitution (DS) than on the thermogravimetric 
behavior.

Crystallinity retention

The crystallinity pattern of MFC, with the peaks 
labeled to indicate their crystal lattice assignments, is 
presented in Fig. 5 (French 2014). The 2θ values indi-
cate that, as expected, MFC primarily consists of cel-
lulose Iβ, the predominant allomorph found in native 
cellulose from higher plants (Han et al. 2023).

Table 3   materials physical characterization. MWL and CI % 
values for all the six samples analyzed, for MFC blank and for 
control test. Results are the mean of 3 independent replicates 
with standard deviation ≤ 3%

Sample Enzyme MWL [°C] CI % DS

Blank MFC – 335.81 92.0 –
Control sample – 328.87 89.31 –
Octanoic acid Cal-B (40 U) 332.59 89.08 0.049
Octanoic acid PC-L (40 U) 333.4 85.75 0.070
cis,cis-Muconic 

acid
Cal-B (40 U) 324.31 85.87 0.112

cis,cis-Muconic 
acid

PC-L (40 U) 329.23 86.64 0.089

Acrylic acid Cal-B (20 U) 325.08 89.82 0.183
Acrylic acid PC-L (20 U) 311.72 89.13 0.231

Fig. 5   X-Ray diffraction spectra of MFC
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The six functionalized MFC materials from 
Table 2 were further analyzed together with the blank 
MFC and the control cellulose sample. To calculate 
the crystallinity of cellulose from XRD spectra, the 
Segal et  al. (1959) method was used and CI% was 
calculated from the height ratio between the intensity 
of the crystalline peak (I200 − Iam) and total intensity 
(I200) after subtraction of the background signal meas-
ured without cellulose.

The results of the crystallinity index percent are 
reported in Table  3, while all the XRD spectra are 
shown in Fig. 6.

The curves in Fig.  6 are nearly superimposable, 
indicating that the observed decrease in crystallinity 
is primarily attributable to the processing conditions 
rather than the chemical modification itself. Since 
cellulose is intended for use as a reinforcing filler in 
elastomeric compounds, the preservation of its crys-
tallinity is crucial. While other studies have reported 
higher functionalization yields, these often come at 
the expense of reduced crystallinity (Yang and Wang 
2003).

The presence of the 1–10, 110, 012, 200 and 004 
peaks at their expected positions confirms that only 
cellulose I is present and that no conversion of the 
supramolecular structure or polymorphic forms 
occurred during the esterification reaction. Presum-
ably, the enzymatic derivatization of MFC occured 

preeminently on the amorphous part of cellulose, 
leaving the rigidity imparted by the strong hydrogen 
bonding network almost intact (Boufi and Belgacem 
2006).

Preparation of elastomeric compounds

Following the evaluation of crystallinity and ther-
mogravimetric behavior, the reinforcing potential of 
the modified material in elastomeric compounds was 
investigated. Among the six previously characterized 
samples, the MFC functionalized with acrylic acid 
using 20 U of PC-L and exhibiting the highest degree 
of substitution, was selected for incorporation into a 
model elastomeric composite.

A simplified recipe was employed to highlight the 
contribution of cellulose to the mixture. The ingre-
dients used for the three elastomeric compounds are 
shown in Table 4. The amounts of each ingredient are 
described in phr (parts per hundred rubber), a weight 
unit used by rubber chemists to indicate the quanti-
ties needed when the rubber polymer is fixed at 100 
weight parts. The selected recipes aimed to highlight 
the effects of the addition of a natural polymer such 
as MFC, modified or not, compared to the use of only 
carbon black as a filler.

In addition to the rubber polymer-natural rubber, 
in this case- and standard carbon black as filler, an 

Fig. 6   XRD spectra of all the six modified samples analyzed, control sample and blank MFC. The black dotted lines indicate the 
characteristic cellulose peaks
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antioxidant agent and a vulcanizing agent were incor-
porated into the formulation. The selection of the vul-
canizing agent, was guided by the chemical nature of 
acrylic acid and the acrylate ester formed on MFC.

Acrylate esters possess an α-β unsaturation -an 
activated double bond-that readily react with other 
double bonds, as discussed in the Choice of func-
tionalizing agents section. A scheme detailing the 
proposed reaction mechanism is provided in Support-
ing Information (Scheme S1).

As shown in Table 4, three compounds were com-
pared: one containing only conventional carbon black 
as the filler (without cellulose), a second compound 
incorporating 4 phr of unmodified (blank) MFC as a 
control to evaluate the impact of cellulose addition on 
the mechanical properties of the elastomer, and a third 
containing 4 phr of MFC modified with acrylic acid.

Rheological tests

Figure 7 displays the results of the rheological tests. 
The vulcanization curve, generated by heating the 
compounds at 170 °C for 30 min reveal the interac-
tion between the modified MFC and the vulcanizing 
agents, while there is not a significant difference in 
the vulcanization rate between the compound without 
cellulose and the one with 4 phr of blank MFC.

However, the modified MFC demonstrated an ear-
lier onset of vulcanization and a considerably higher 
vulcanization rate. The vulcanization curve can be 
characterized by its minimum torque (ML), maxi-
mum torque (MH) values and their difference (ΔM), 
all of which are presented in Table 5.

ML, which is indicative of the physical interac-
tions within the green compound, is lower in the 

compounds without cellulose and with blank MFC. In 
contrast, a higher ML value indicates a better interac-
tion between polymer and modified cellulose for the 
compound with 4 phr of modified MFC.

A similar observation can be made for MH, which 
is indicative of the compound’s rigidity after cur-
ing; it is higher for the MFC with acrylic acid mix-
ture. MH-ML values, indicative of the cross-linking 
density, again confirm the previously stated results, 
showing that introducing acrylate on MFC enhances 
both the cross-linking efficiency and the cross-link-
ing density of the composite. Strain sweep test was 
executed at 70  °C on compounds cured for 30  min 
at 170  °C. The elastic modulus (G′) demonstrates a 
well-known property of cellulose: its rigidity and 
ability to impart stiffness to the system. G′ is defined 
as shear stress over shear strain and reflects a mate-
rial’s elastic behavior of a material when deformed.

In Fig.  7, the curve associated with the sample 
without cellulose shows the lowest rigidity. In con-
trast, G′ increases with 4 phr of blank cellulose. The 
sample with modified MFC provides the greatest 
stiffness to the system. The relative increase of modu-
lus G′ observed at higher deformation indicates a bet-
ter interfacial connection between the matrix and the 
functionalized cellulose.

tanδ is defined as G′′/G′, representing the ratio 
between the viscous modulus G″ and the elastic 
modulus G′. It reflects a material’s energy dissipa-
tion when deformed. A tanδ value indicates whether 
the material is more elastic (tanδ < 1) or more plastic 
(tanδ > 1).

This measure of energy dissipation also shows how 
well the filler is dispersed in the apolar matrix and 
how effectively the matrix is connected to the filler. 
The compound with pristine MFC led to an increase 
of tanδ compared to the compound featuring only car-
bon black.

This is likely because the dispersion of the added 
cellulose is not ideal and its connection to the matrix 
is weak, consequently increasing the hysteresis gap at 
higher deformation.

Conversely, the modified MFC, showing the low-
est tanδ, is very well dispersed and connected to the 
matrix, contributing both rigidity and compatibility to 
the mixture.

The dynamic behavior of the compounds was also 
investigated as a function of temperature between 
23 and 100  °C in axial compression mode. Table  6 

Table 4   Elastomeric compounds recipe in phr (per hundred 
rubber)

COMPOUND [phr] Without MFC Blank MFC MFC with 
acrylic 
acid

Natural rubber 100 100 100
Blank MFC – 4 –
MFC with acrylic 

acid
– – 4

Carbon black 54 54 54
6PPD 2 2 2
Trigonox B 5 5 5
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reports these results, showing that across all tempera-
ture ranges the pristine MFC exhibited a small rein-
forcing effect and a slight increase in hysteresis com-
pared to the compound without cellulose.

Conversely, the compound featuring functional-
ized MFC demonstrated a more significant increase in 

dynamic modulus E′ and notably, a strong reduction 
in hysteresis, especially at higher temperatures.

Mechanical tensile tests

Mechanical tensile tests were conducted to assess the 
static properties of the three elastomeric compounds 
with the results shown in Table  7. Generally, the 
results confirm the material behaviors discussed in 
the previous section.

The load at 100 and 300% elongation is almost 
the same for the compound without cellulose and the 
one with blank MFC. However, the stress at break 
decreases with the addition of unmodified MFC, most 
likely due to the presence of undispersed cellulose. 

Fig. 7   Rheological tests. Vulcanization curves at 170 °C for 30 min (panel A); elastic modulus G′ versus % strain (panel B) and tanδ 
(hysteresis) versus % strain (panel C)

Table 5   ML, MH and ΔM for the three compounds analyzed

Without MFC Blank MFC MFC with 
acrylic acid

ML [dNm] 4.38 4.61 5.13
MH [dNm] 8.09 8.31 10.2
MH-ML [dNm] 3.71 3.7 5.07
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In contrast, the material with modified MFC is more 
rigid and exhibits a higher tensile modulus at both 
100 and 300% elongation.

The load at break presented an unexpected result. 
Comparing the mixtures without cellulose and with 
blank MFC, it is evident that the latter shows a drop 
in this property, as expected. As discussed, cellulose 
imparts stiffness to the mixture. The sample with 
modified MFC, however, displays a breaking load 
comparable to the compound prepared with carbon 
black, despite being much stiffer.

This demonstrates the positive role of the func-
tionalizing agent in interacting with other ingredients, 
particularly with the peroxide used for vulcanization 
and the polyisoprene rubber chain, thereby promoting 
the homogeneous dispersion of the modified MFC 
within the system.

Conclusions

In this research work, microfibrillated cellulose was 
used as a filler in model elastomeric compounds. To 
enhance its compatibility with apolar rubber, given its 
polar nature, the cellulose was functionalized through 
an enzymatic reaction. This process involved the use 

of immobilized lipases as catalysts and some selected 
organic acids as functionalizing agents.

The reaction was successfully carried out with all 
the chemicals used, resulting in esters of octanoic, 
cis,cis-muconic, and acrylic acids on the cellulose 
surface. The successful derivatization was confirmed 
by FTIR-ATR spectra. To evaluate the best weight 
ratios between reactants, the peak ratio (PR) method 
was employed. The results were confirmed through 
the application of the degree of substitution (DS) 
method on samples that exhibited the best function-
alization yields. Thermogravimetric and crystallo-
graphic analyses were performed on these samples, 
showing that the functionalization had a marginal 
effect on the thermogravimetric behavior of the mate-
rials, while ensuring almost complete retention of 
crystallinity. Once the retention of cellulose charac-
teristics for use as a reinforcing filler was ensured, 
cellulose modified with acrylic acid (exhibiting the 
highest degree of functionalization) was tested within 
a model elastomeric compound. Compared to the use 
of unmodified cellulose or conventional filler (carbon 
black) alone, the modified composite showed a strong 
interaction with the peroxide used as vulcanization 
agent, confirming the role of functionalization in the 
compatibility and adequate dispersion of cellulose in 
the blend. The modified elastomeric compound also 

Table 6   Dynamic axial 
compression analysis

Without MFC Blank MFC MFC with 
acrylic acid

E′ 10 Hz, 23 °C [MPa] 2.35 2.59 2.94
tanδ10 Hz, 23 °C 0.199 0.201 0.194
E′ 10 Hz, 70 °C [MPa] 1.86 2.03 2.41
tanδ 10 Hz, 70 °C 0.200 0.206 0.174
E′ 10 Hz, 100 °C [MPa] 1.64 1.82 2.20
tanδ10 Hz, 100 °C 0.202 0.205 0.164

Table 7   Results of the mechanical-tensile tests done on the three compounds. Results are the mean of 3 independent replicates with 
standard deviation ≤ 10% on properties at break and ≤ 3% on load at 100% and 300% elongation

Without MFC Blank MFC MFC with 
acrylic acid

Load at 100% elongation [MPa] 1.31 1.48 2.28
Load at 300% elongation [MPa] 7.39 7.58 10.84
Load at break [MPa] 12.74 7.8 12.37
Elongation at break % 417.55 300.38 324.85
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demonstrated superior mechanical properties com-
pared to the traditional composite in key properties 
such as tensile strength and hysteresis. The material 
modified with this technology can ensure greater stiff-
ness and robustness to elastomers, without causing 
aggregation phenomena.

The presence of cellulose as a partial replace-
ment for a traditional filler like carbon black is cer-
tainly a step forward in designing greener elastomers 
with a lower environmental impact, which could also 
undergo an easier disposability. Considering the suc-
cess of the performed study, alternative functional-
izing agents are currently under evaluation to expand 
the chemical traits and their positive returns on the 
performance of the elastomeric compound. Among 
the chemical feature we are interested in, there are 
organosulfur compounds, which could offer advan-
tages during the vulcanization step.
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