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Abstract Pulp fibers are among the most abundant 
and cost effective cellulose source for the fabrication 
of polymer-cellulose composites. A straightforward 
method is to impregnate pulp fibers into thermoplas-
tic films by hot press forming. As such, tissue mate-
rials made from hard or soft wood lignin-free Kraft 
fibers are attractive. In this work, we prepared cellu-
lose fiber-polylactic acid (PLA) composite films by 
impregnating PLA films into a 40 g/m2 tissue paper 
texture. A PLA film was sandwiched between single 
and multiple layers of cellulose tissues by hot press-
ing, forming composite films. Up to 40 wt%  cellulose 
could be incorporated into PLA in this way. The effect 
of cellulose fiber content on the composite thermo-
mechanical properties has been studied and reported. 
A natural terpene, limonene, was infused into the cel-
lulose fibers by immersion coating to produce anti-
oxidant composites. Limonene-modified composites 

demonstrated long-term antioxidant release and activ-
ity for three days, verified by 2, 2-Diphenyl-1-pic-
rylhydrazyl (DPPH), cupric ion reducing antioxidant 
capacity (CUPRAC) and free iron ions  (Fe2+)/ferro-
zine chelating assays separately. The short-term (2 h) 
antioxidant activity of the biocomposites reached 
50–70% levels depending on the cellulose fiber con-
centration for the DPPH and CUPRAC assays but 
remained lower at 20–55% levels in the metal chelat-
ing assay. Due to sustained release of limonene from 
the composites, at the end of the 5-day period, the 
iron chelating antioxidant activity of the compos-
ites improved reaching 75%, whereas for DPPH and 
CUPRAC assay, 90% activity was recorded. These 
biocomposite films can be used in active protective 
packaging of both food (fruit) and cosmetic products.
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Introduction

Motivated by increasing environmental concerns 
related to synthetic plastic consumption, polymer 
composites industry has been working on replacing 
synthetic fibers with their natural counterparts such 
as cellulose-based fibers in certain reinforced plas-
tic applications (Wright et  al. 2020; Venkatarajan 
and Athijayamani 2021). Natural fibers, though not 
as strong as synthetic counterparts are abundant, can 
be recycled from paper products, low density, low 
cost, renewable, and biodegradable. Although several 

efficient recycling processes have been proposed and 
implemented in synthetic fiber-reinforced compos-
ites, including the direct structural composite recy-
cling concept (Asmatulu et  al. 2014), natural fiber 
reinforced polymer composites have the potential 
to meet the high strength-to-weight ratio for indus-
trial production quality standards and can be utilized 
more and more as economic replacements (Cao et al. 
2017). It must however be acknowledged that even the 
process of papermaking requires substantial amounts 
of energy and wood consumption, which contributes 
to larger environmental costs (Asmatulu et  al. 2014; 
Hirn and Schennach 2015; Poletto et al. 2011; Hubbe 
et al. 2006; Hubbe et al. 2007). Cellulose-based nat-
ural fibers have a number of disadvantages, such as 
higher moisture absorption, poor thermal stability as 
well as lower impact strength and property variations 
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due to changes in the plant and crop properties and 
origins. Some of these drawbacks such as hydrophi-
licity of cellulose can be overcome by simple surface 
functionalization techniques including cellulose fiber 
functionalization with biodegradable hydrophobic 
monomers (Ayadi et  al. 2013; Moriam et  al. 2021). 
Cellulose is a crystalline natural polymer with a 
complex crystalline network structure in which allo-
morphs are believed to coexist in the fibril in differ-
ent ratios. Particularly in the pulping process, changes 
can occur in the cellulose/linter structure induced by 
the use of certain chemical agents, temperature and 
pressure of the processing (Gurav et  al. 2003). For 
instance, it was shown that in Kraft pulp, the micro-
fibrils are more closely associated than in the sulfite 
pulp and holocellulose (Hirn and Schennach 2015).

Tissue paper structure is a complex system com-
pared to other paper grades and comprises several 
overlapping structures like protruding fibers, crepe 
and fabric-based patterns at different spatial frequen-
cies (Reitbauer et  al. 2021; Ismail et  al. 2020). The 
fiber network in a tissue paper is bonded to each other 
by several different forces such as inter-diffusion, 
mechanical interlocking, capillary forces, Coulomb 
forces, hydrogen bonding and Van der Waals forces 
(Poletto et al.; Hubbe et al. 2006). Researchers have 
observed significant chemical and mechanical dif-
ferences among different fibers used in pulping even 
originating from the same tree species such as euca-
lypt (Pirralho et  al. 2014). These differences were 
also reflected in the pulp fiber-thermoset polymer 
composites where Kraft fibers were shown to be com-
patible with several commercial thermoset resins such 
as unsaturated polyesters and vinyl esters (Du et  al. 
2013). Bleached soft wood Kraft fibers, bleached 
hardwood Kraft pulp, and unbleached softwood Kraft 
pulp appear to have smoother surfaces containing 
less non-cellulosic components such as hemicellu-
lose, lignin, and pectin. On the other hand, bleached 
chemi-thermomechanial pulp and recycled pulps are 
richer in non-cellulosic components with rougher sur-
face textures (Hubbe et al. 2014; Dislaire et al. 2021). 
Natural fiber reinforced composites require a strong 
interfacial adhesion between the fiber and the matrix, 
just as for glass-fiber reinforced composites (Sdrobiş 
et  al. 2012). If cellulose fibers are incorporated in a 
hydrophobic polymer matrix without modification, 

due to their inherent hydophilicity, the resultant com-
posites can have poor mechanical properties as well 
as increased hygroscopic character. However, very 
recent studies have demonstrated that functionaliz-
ing cellulose fiber surfaces with lipophilic functional 
compounds such as curcumin, not only eliminates 
this problem but also allows assembly of highly func-
tional cellulose fiber-hydrophobic polymer compos-
ites (Quilez‐Molina et al. 2021).

In certain applications such as food and drug 
packaging and biomedical applications, very high 
strength/stiffness-to-weight ratios are not required 
but rather other assets such as hydrophobicity, good 
barrier properties, and flexibility along with anti-
oxidative and/or antimicrobial properties are sought 
after. In this case, cellulose pulp fibers can contribute 
in a positive way to the final biocomposite attributes 
such as enhancement in mechanical resistance (Khalil 
et al. 2017; Raabe et al. 2015; Peltola et al. 2019; Du 
et al. 2014; Saedi et al. 2021). Among bio-based and 
biodegradable polyesters, polylactic acid or PLA has 
been extensively researched in natural fiber reinforced 
composite applications (Zhu et  al. 2020; Aumnate 
et al. 2021; Shen et al. 2014; Suryanegara et al. 2010). 
These composites feature highly appealing properties 
in combination with the solvent-free processes that 
can make them the materials of choice for several 
technological applications within the plastic indus-
try including food and cosmetic packaging (Frone 
et al. 2016), disposable items, and toys (Singh et al. 
2020), to name a few. In all of these aforementioned 
cellulose fiber-reinforced bio-composite applications, 
a number of key functionalities are very important 
to have such as antioxidant and antibacterial effects 
tethered either to PLA or cellulose polymers. Achiev-
ing these characteristics with long-lasting outcome 
using natural macromolecules, monomers, or extracts 
instead of synthetic chemicals such as butylated 
hydroxytoluene (BHT; an antioxidant) will eliminate 
complications related to food and biomedical con-
tact approvals and biocompatibility. Although PLA-
wood pulp fiber composites modified with reactive 
monomeric additives such as bismaleimide have been 
shown to feature enhanced mechanical and thermal 
properties, their food and medical applications are 
still uncertain (Baltazar‐y‐Jimenez and Sain 2012).
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D-Limonene (4-isopropenyl-1-methylcyclohexene 
or limonene) is a major flavor constituent of citrus 
fruits. It is known to have bactericide, antioxidant, 
chemo-preventative and therapeutic activities, hence 
it is extensively used in cosmetics, foods, and other 
consumer products (Haque et  al. 2018; Ciriminna 
et  al. 2014; Wen et  al. 2014). However, D-limonene 
is prone to oxidative degradation and evaporates over 
time just like a terpene-based solvent. It has been 
shown that both cellulose and PLA can uptake and 
encapsulate limonene allowing its sustained release 
and prolonging its function (Fortunati et  al. 2014; 
Petrucci et al. 2018; Arrieta et al. 2013; Auras et al. 
2006). Limonene was also shown to be an effec-
tive green plasticizer for PLA (Brüster et  al. 2019; 
Sepúlveda et  al. 2022). Since PLA is a thermoplas-
tic, limonene can be coextruded with PLA just like 
a regular plasticizer and high concentrations of 
limonene exceeding 25 wt%  can be incorporated in 
PLA. Untreated cellulose fibers can absorb limonene 
since they tend to absorb various light oils up to 30 
wt. % of their weight (Rosdi et al. 2022). A household 
paper towel that is about 37–40  g/m2 immersed in 
pure limonene would absorb about 4 times its weight 
of limonene within one minute. Another unique 
property of limonene is that it is a potent insecticide 
and a recent study demonstrated that cotton fabrics 
immersed in different ethanol solutions of limonene 
could be converted to very effective insect repellents 
with a limonene uptake range of 250 mg to 1500 mg/
m2 cotton fabric (Hebeish et al. 2008). Similarly, chi-
tosan modified cellulose were used to encapsulate 
limonene and release it in a sustained manner over a 
period of 7 days (Lopes et al. 2019).

Even though, both cellulose (in different forms 
as reinforcement) and limonene (as plasticizer) have 
been used to modify PLA polymers to date, to the 
best of our knowledge no reports exist that studied 
limonene modified cellulose pulp fiber PLA com-
posites. In this work, we fabricated limonene infused 
cellulose fiber-PLA composites utilizing a simple 
immersion method to modify hygiene tissue paper 
fibers with limonene and subsequent hot pressing dif-
ferent amounts of the modified tissue into PLA films. 
Thermo-mechanical as well as indentation hardness 
properties of the composites have been studied in 
detail and the composites demonstrated promising 
antioxidant activity verified by three different antioxi-
dant assays.

Materials and methods

Materials

Hygienic paper tissues (towels) were purchased from 
Lucart S.p.A., Italy. According to the manufacturer, 
they were made from bleached soft Kraft wood pulp 
with a water absorbance capacity of about 6.0 g/cm2, 
with a wet energy to break value of 7.0 J/m2. The tis-
sue papers had an apparent density of about 0.28 g/
cm3 and basis weight of about 40 g/m2. PLA pellets 
with a trade name of Ingeo™ Biopolymer 4032D 
were purchased from Natureworks, Italy. As indicated 
by the manufacturer, the polymer has a melting point 
range of 155-170ºC and a tensile modulus of about 
4.5 GPa and elongation at break value of about 7%. 
D-Limonene, 96.9%, MP Biomedicals grade was pur-
chased from Fisher Scientific Italia, Italy. For anti-
oxidant assays, analytical grade ethanol and metha-
nol were purchased from Merck, Italy and used as 
received. POE (20) sorbitan monooleate (Tween80) 
and sodium acetate buffer solution were purchased 
from Merck, Italy. The free radical 2,2-diphenyl-
1-picrylhydrazyl (DPPH) was purchased from Merck 
Italy. FerroZine(TM) iron reagent, hydrate, 98 + %, 
pure was purchased from ThermoFisher Scientific, 
Italy. Cupric chloride  CuCl2 (0.01  M), ferrous chlo-
ride (98% purity), 2, 9-Dimethyl-1, 10-phenanthro-
line (Neocuproine, assay ≥ 98%), ammonium acetate 
buffer solution (1.0 M, pH 7.0) were also purchased 
from Merck, Italy and used as received.

Sample preparation and limonene incorporation

Before preparing any samples, tissue papers were 
treated in a convection over at 85  °C to eliminate 
and minimize the adsorbed water. Papers were cut 
into circular disks of about 4–5  cm in diameter 
before limonene uptake and hot pressing with PLA. 
Limonene uptake with cellulose tissues was done by 
immersing the oven-treated (dry) tissues in limonene 
for three minutes. In fact, the limonene uptake satu-
rated after 1 min of immersion and the tissues could 
hold up to 4 times their original weight of limonene. 
The concentrations of the limonene in the composites 
were adjusted by subsequent controlled evaporation 
of limonene from the saturated tissues at 50 °C (Lew-
czyk et al. 2020). Hot pressing powders is easier than 
larger sized pellets, hence PLA pellets were grinded 
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into a powder like consistency with an average 3 mm 
particle size using a Pilotina dry mill (IKA®-Werke 
GmbH & Co. KG, Italy). The ground powders were 
kept in a vacuum oven at 40  °C prior to hot press-
ing. PLA films were produced by hot pressing 3–4 g 
of milled PLA powders at 175  °C for 10  s using a 
hydraulic press at 1.05  MPa (TMAX-RYJ-600F, 
Widened Double Flatbed Heat Hydraulic Press; Ger-
many). Upon removal from the press, the films were 
allowed to cool down to room temperature. The pro-
duced films had an average thickness of about 85 µm. 
Similarly, immersing the PLA film in pure limonene 
solution resulted in partial swelling of the polymer 
and uptake of limonene. The films saturated at about 
35 wt%  limonene sorption. This level was reduced to 
20 wt% , 10 wt%  and 5 wt%  by controlled evapora-
tion of limonene in a vacuum oven at 60  °C, a pro-
cedure similar to the one described by Arrieta et  al. 
(2013). To produce the PLA-cellulose fiber compos-
ites, a PLA film was sandwiched between single and/
or multiple layers of dry or limonene infused tissue 
papers and the final system was hot pressed for 10 s 
at 175  °C and under 2.0  MPa pressure. The final 
composite thickness were approximately 120 µm. No 
significant evaporation of infused limonene occurred 
during the compression that would change the 
limonene compositions in the composites.

Electron microscopy (SEM), atomic force 
microscopy (AFM) indentation and spectroscopy 
measurements

The morphologies of the samples were character-
ized by scanning electron microscopy (SEM) using 
a JEOL JSM-6490LA microscope (JEOL Ltd., 
Japan) equipped with energy dispersive spectros-
copy (EDS). The surface and cross-section images 
were obtained by operating the SEM at 10  kV of 
accelerating voltage. To improve the SEM imaging 
quality and improve sample conductivity, the sam-
ples were coated with a 10-nm-thick gold layer with 
a Cressington 208HR sputter coater (Cressington 
Scientific Instrument Ltd). The chemical state of the 
composites and the pure PLA and cellulose tissue 
were characterized by using a single-reflection ATR 
accessory with a diamond crystal (MIRacle ATR, 
Pike Technologies) coupled to FTIR spectropho-
tometer (VERTEX 70v FTIR, Bruker). The spectral 

region scanned was 4000–600   cm−1 with a resolu-
tion of 4  cm−1.

The nano-indentation measurements were made 
with by an atomic force microscope, AFM APHB-
0100 (Park Scientific Instruments) operated in 
contact mode. A continuous stiffness measurement 
was followed in which a series of loading and par-
tial unloading cycles were executed until the final 
indentation depth was achieved. This produced a 
series of hardness and modulus values as a function 
of indentation depth. Three different final indenta-
tion depths, namely, 30, 50, and 100 nm, were cho-
sen with spacing between neighboring indents of 
260, 400, 800, and 1600 nm, respectively avoiding 
plastic deformation overlapping states. Nano-inden-
tation process involved a slow tip approach to the 
surface, loading and holding the tip at peak load, 
unloading 90% of peak load for 50  s, holding the 
indenter after 90% unloading for 100 s, and finally, 
unloading completely. An arrayed line of indents 
was created on every sample surface with different 
spacing, depending on indentation depth. Hardness 
(H) and elastic modulus (E) were obtained from 
the load–displacement data. As the indenter pierces 
into the sample, both elastic and plastic deformation 
occur while only the elastic part of the displacement 
is recovered during unloading. Nano-indentation 
hardness is calculated from:

where Pmax is the load measured at a maximum pene-
tration depth (h) in an indentation cycle; A is the pro-
jected contact area (24.5 × hc

2); and hc is the contact 
depth of indent. The elastic modulus of the sample 
can be derived from the initial unloading contact stiff-
ness (S), i.e., the slope ( dP

dh
 ) of the initial portion of the 

unlading curve. The relation among contact stiffness, 
contact area, and elastic modulus is given as:

where β is a indenter geometry dependent constant 
(β = 1.034 for a Berkovich indenter) and Er is reduced 
elastic modulus, which accounts for the fact that elas-
tic deformation occurs in both the sample and the 
indenter. The sample elastic modulus (Es) can then be 
calculated as (Oliver et al. 1992):

H =
P
max

A

S = 2�

√

A

�
E
r
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where �S and �i (0.07) are the Poisson’s ratios of the 
specimen and indenter, respectively, while  Ei is the 
modulus of the indenter (1141 GPa).

Thermomechanical characterization

The mechanical properties of the cellulose tissues 
were measured at 20 °C and 50% relative humidity by 
using the KES-FB1-A Tensile and Shear Tester (Kato 
Tech Co., Ltd.). It analyzes hand movements-referred 
to as “tensile” and “shear”-performed by artisans and 
professionals when judging a fabric’s texture. The 
testing system performs these movements mechani-
cally with varying tensile deformation rates (0.05 to 
0.5  mm/s), producing numerical data. Measurable 
mechanical properties are tensile rigidity (LT), tensile 
energy (WT), tensile recoverability (RT), shear rigid-
ity (G), elasticity for minute shear (2HG) and elastic-
ity for large shear (2HG5). For tissue paper, extensi-
bility, tensile energy, tensile resilience and linearity 
in tensile energy are typically measured. Mechanical 
properties of the tissue papers were measured with 
uniaxial tensile testing (Instron 3365 universal testing 
machine). Dog bone-shaped samples were cut with a 
gauge length of 25 mm and a width of 4 mm. Strain 
displacement of 20 mm  min−1 was used. Stress–strain 
curves were obtained at 25  °C and 44% relative 
humidity (RH). At least four measurements were 
made for each sample and the results were averaged. 
The Young’s modulus was calculated from the slope 
of the linear part of the stress–strain curve (before 
elastic limit, if any). Both Young’s modulus and elon-
gation at break values were calculated using the built-
in software of the tensile tester. The tensile strength 
was measured in the warp and the weft direction.

The dynamic mechanical analysis (DMA) of the 
films and composites were conducted by DMA Q 
800 (TA Instruments, USA). The viscoelastic behav-
ior was performed by  storage modulus and loss fac-
tor by heating from − 100 to 250  °C in a single 
cantilever mode with the heating rate of 5  °C/min, 
frequency of 1 Hz, and strain of 0.1%. The test speci-
men dimensions were approx. 2.0 × 5.0 × 30.0  mm 
(thickness × width × length). Averages from three 

E
S
=
(

1 − �
S

2
)

(

1

E
r

−
1 − �

i

2

E
i

)−1 measurements for each sample were reported. Weight 
changes during limonene evaporation from the sam-
ples were measured with a Kern ALS–ALJ digital 
balance (KERN & SOHN, Germany) with a sensitiv-
ity of 0.0001  g in an environmental chamber (KBF 
LQC Humidity Test Chamber, BINDER, Germany) 
set at 30 °C under 50% RH. TA instruments Q20 dif-
ferential scanning calorimeter (DSC) measurements 
were performed in the temperature range from room 
temperature to 200 °C, at 2, 5, 10 and 20 °C  min−1, 
with two heating and one cooling scans. Melting and 
cold crystallization temperatures and enthalpies (Tm, 
Tcc and ΔHm, ΔHcc) were determined from the second 
heating scan and glass transition temperature (Tg) 
were also measured. The degree of crystallinity (Xcc) 
was calculated through the following equation:

where ΔHm is the melting enthalpy, ΔHcc is the cold 
crystallization enthalpy, ΔHm

c is the melting heat 
associated to pure crystalline PLA (93  J   g−1) and 
WPLA is the weight fraction of PLA in the compos-
ites. Tensile tests were measured on a mechanical 
testing equipment (Instron 2345) at 20 °C with a rela-
tive humidity (RH) of 50% and a crosshead speed of 
5  mm/min. Before measuring, all the samples were 
conditioned in the controlled environment for at least 
24 h. Rectangle shaped samples were used (1 × 5  cm2, 
70–80 m in thickness), and 10 replicates were tested 
to check repeatability. Water uptake and water vapor 
permeation measurements and procedures were iden-
tical to our previous report (Bayer et  al. 2022) and 
will not repeated here for brevity.

Diphenylpicrylhydrazyl (DPPH) antioxidant assay

Limonene infused films were cut into 2  cm × 2  cm 
square coupons and were placed in clean glass vials. 
The vials were equipped with a magnetic stirrer. The 
vials were filled with a 0.2 mM solution of DPPH in 
methanol to a volume of 12  ml. Before sealing the 
vials, Tween 80 surfactant was added to a concentra-
tion of 0.1% by volume. The vials were stored in dark 
and ambient conditions under gentle constant mag-
netic stirring for 30 min. At different time intervals, 
2 to 3 ml of solutions were withdrawn from the vials, 
transferred into a polystyrene cuvette and the solution 

Xc = 100% ×

[

ΔHm − ΔHcc

ΔHc
m

]

×
1

WPLA
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light absorbance was measured at 517  nm by using 
a Cary 6000i Scan UV–Visible spectrophotometer 
(Walnut Creek, CA, USA).

The CUPRAC (cupric ion reducing antioxidant 
capacity) measurements

The antioxidant assay was adapted from Apak et  al. 
(2007) with minor modifications. The CUPRAC 
method is based on the reduction of the cupric neo-
cuproine (Nc) complex (Cu(II)-Nc) into cuprous form 
(Cu(I)-Nc) by the antioxidant molecule. CUPRAC 
test solution used in this method is usually prepared 
using  CuCl2 such that the final concentration of 
Cu(II) in the solution is 10 mM, neocuproine in abso-
lute ethanol with a concentration 7.5 mM, and 1.0 M 
 CH3COOH/CH3COONH4 buffer solution at pH = 7.0. 
Similar sized samples were inserted in glass vials 
that contained 0.5  ml Cu (II) + 0.5  ml Nc + 0.5  ml 
buffer + 100  ml of methanol + 0.45  ml water (with 
0.1% Tween 80). The vials were sealed and magneti-
cally stirred for 30  min in dark before sampling for 
light absorbance. Solutions were withdrawn at dif-
ferent time intervals, as described in the previous 
section, and were placed in the spectrophotometer 
to measure the absorbance at 450 nm. A mixture of 
CUPRAC reagent, water, and methanol without sam-
ple films was used to zero the spectrophotometer.

Metal chelating antioxidant assay

The chelating capacity of the limonene infused com-
posites was determined based on the method by Lee 
et al. (2006) with minor modifications. Vials contain-
ing the composite samples were filled with 12 mL of 
0.1 M sodium acetate buffer at pH = 4.9 and 0.5 mL 
of 2 mM iron (II) chloride. After 30 min of incuba-
tion at room temperature while mixing gently with 
a magnetic stirred, 0.2  mL of 5  mM ferrozine was 
added. After 30  min, the absorbance was measured 
at 562  nm. Distilled water and EDTA were used as 
negative control and as standard metal chelator of the 
assay, respectively. The percentage of inhibition of 
ferrozine–Fe2+  complex formation was calculated as 
[(A0 − A1)/A0] × 100, where A0 was the absorbance of 
the negative control, and A1 was the absorbance of the 
extracts. The same relation for percent inhibition cal-
culation was used for all the antioxidant assays. All 
the assays were carried out in triplicate. The results 
were expressed as average values with their corre-
sponding standard deviations (SD). Also in all assays, 
pure limonene was used as a control test. The control 
tests were made by simply adding limonene in the 
test vials such that the added amount was equivalent 
to the 20 wt. % limonene concentration within PLA-
cellulose fiber composite with 40 wt%  cellulose.

Fig. 1  KES-F, known as low stress testing measurement 
results for the tissue paper used in this study. a Percent extensi-
bility, b tensile energy, c tensile resilience results and d Linear-
ity measurements. All measurements were made in both warp 

and weft direction and obtained from 10 different samples. e 
SEM image of the tissue paper and the warp (machine direc-
tion, MD) and weft (cross direction, CD) directions used in the 
measurements
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Results and discussion

Mechanical properties of the cellulose tissue

Use of cellulose pulp fibers in the production of new 
bio-based polymeric materials is a growing field of 
research and development with good future pros-
pects (Graupner et  al. 2009). However, the develop-
ment of new materials containing pulp cellulose fib-
ers requires far better mechanical properties such as 
improvements in extensibility in cellulose fibers. In 
fact, highly extensible papers can have new poten-
tials in sustainable packaging (Vishtal et  al. 2014; 
Kouko et al. 2020). The mechanical properties of the 
bleached pulp tissue papers are generally analyzed 
by Kawabata Evaluation System for Fabric (KES-F; 
low stress testing) (Kawabata et al. 2002; Lam et al. 
2011). The test system allows measurement of exten-
sibility, tensile energy, tensile resilience and linearity 
in tensile energy. The results are presented in Fig. 1 
for both warp and weft directions. Note that since tis-
sue paper are non-woven (see Fig. 1e), the warp and 
weft directions can be taken as the Yankee cylinder 
machine direction (warp) and the cross direction 
(weft) (Ismail et at. 2020). In Fig. 1a, a set of exten-
sibility measurements are shown. Under a specific 
tensile stress, extensibility is the percentage of the 
extended length compared to the original length. In 
other words, it is the percentage of strain at maximum 
applied force (500 gf  cm−1). High values of extensi-
bility indicate greater elongation of the fabric under 
an applied stress. For this particular cellulosic tissue, 
the average warp extensibility was 0.86% and aver-
age weft extensibility was found to be 0.76%. Cotton 
fabrics generally demonstrate extensibility values of 
within 5 to 9% depending on the fabric texture and 

the treatments applied (Lam et al. 2011; Pawlak et al. 
2022).

The values reported in Fig.  1a are similar to 
machine direction values of a typical blotting paper 
(i.e., bibulous paper; absorbent paper) (Parfitt et  al. 
2003; Dasmohapatra et al. 2018). Figures 1b, c show 
measurement results of the tensile energy and resil-
ience values. A low tensile energy value causes hard 
extension, while a low value of tensile resilience 
means inelastic behavior. According to Kawabata 
fiber network quality chart, a tensile resilience value 
between 72 and 82% indicate good processability that 
is important for thermoforming applications (Kojima 
et al. 2016).

In Fig. 3c, the average tensile resilience was found 
to be 86% that is somewhat outside of the bound 
set forth by Kawabata criteria. On the other hand, 
the cellulose fiber network used in this study has 
on average a tensile energy value of about 0.9 N/m. 
For instance, lignocellulosic microfibers feature ten-
sile energy values between 5 and 10 N/m depending 
on the microfiber chemistry and the process history 
(Jahangir et  al. 2020). The tensile energy values are 
similar to some paper towels made from recycled 
cellulose fibers (Dasmohapatra et  al. 2018). Linear-
ity (Fig. 1d) is inversely proportional to tensile strain 
in the sense that the lower the tensile strain at the 
same tensile load is, the higher the linearity is and 
this means the fiber network is more stable as it can 
return to its original dimensions after unloading (i.e. 
no plastic deformation) (Dapkūnienė et al. 2006). An 
average linearity value of about 0.43 was measured 
for the tissue paper used in this work. This value is 
about half of woven polyester or nylon fabrics and 
is in agreement with other commercial paper towels 
characterized in the literature (de Assis et  al. 2018). 
The stress–strain test results of the tissue papers are 

Table 1  Mechanical 
properties of the tissue 
paper measured in the 
machine direction (MD) 
and cross direction (CD). 
Three different elongation 
rates were used in each 
direction indicated as MD1 
to MD3 and CD1 to CD3

Sample number Tensile strength (kPa) Young modu-
lus (MPa)

Elongation at 
break (%)

Rate of 
elongation 
(%/min)

MD1 195.6 ± 6 13.6 ± 0.3 18.9 ± 0.9 15
MD2 210.3 ± 6 12.9 ± 0.3 21.0 ± 0.9 25
MD3 205.8 ± 6 13.3 ± 0.3 19.6 ± 0.9 50
CD1 120.3 ± 0.7 13.3 ± 0.6 9.2 ± 0.2 15
CD2 118.6 ± 0.7 11.9 ± 0.6 8.6 ± 0.2 25
CD3 119.5 ± 0.7 12.5 ± 0.6 8.9 ± 0.2 50
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shown in Table  1 for both machine (MD) and cross 
(CD) directions (see Fig.  1e) with three measure-
ments for each direction. Tensile strength values 
appear to be similar with other commercial creped 
cellulosic hand sheets reported recently (de Assis 
et al. 2020; Leppänen et al. 2020). Machine direction 
tensile strength was about 40% higher than the cross 
direction. Measurements were made at three different 
elongation rates to investigate the effect of strain rate 
on mechanical properties of the cellulose fiber net-
work and no major effect was noticed between 15 and 
50%/min strain rates.

Morphology of the composites and limonene uptake

The film grade PLA polymer (NatureWorks® 
Ingeo™ 4032D) was hot-pressed into the texture of 
the cellulose tissues forming composites as shown 
in Fig. 2. More precisely, the PLA films were sand-
wiched with cellulose tissues and subsequently hot 
pressed. By increasing the number of ply layers, one 
can produce PLA/cellulose composites with varying 
cellulose content. Up to 40 wt%  cellulose fiber/PLA 
composites were still flexible and bendable as shown 
in Fig. 2b.

Fig. 2  a Photograph of a 40 wt%  cellulose fiber/PLA composite produced by hot pressing the tissue paper into the PLA film. b Pho-
tograph of the same composite showing its ability to flex and bend. c FTIR spectra of pure PLA, cellulose tissue and the composites

Fig. 3  a FTIR spectra of 
pure PLA, PL with 15 wt. 
% limonene and PLA with 
20 wt%  limonene. As the 
limonene concentration 
increases −CH stretching 
bands of PLA broaden. b 
Aromatic unsaturated bands 
dues to limonene in the 
FTIR transmittance spec-
trum of limonene absorbed 
cellulose tissue
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The FTIR spectra of the composites shown in 
Fig. 2c show that the OH stretching band of the pulp 
cellulose fibers at 3344   cm−1 undergoes a blue-shift 
from 3344 to 3382   cm−1  in the composites. This 
may be attributed to the fact that in the presence of 
PLA polymer, the hydrogen bonds between the OH 
groups in cellulose will be partially disrupted. New 
hydrogen bond interactions between the H atom of 
the OH group in cellulose and the O atom of the C=O 
group in PLA would be established, possibly shorten-
ing the O–H bond in the cellulose of the composites 
and causing a blue shift in the stretching vibration 
of O–H (Moreno et al. 2020). We also postulate that 
compared to the aforementioned shift in the stretch-
ing vibration peak of O–H in cellulose (~ 33   cm−1), 
the shift in the C=O stretching vibration peak of 
PLA remained practically unchanged (1–2   cm−1 at 
1758   cm−1) despite the hydrogen bond formation. 
This can be correlated to the stretching vibration force 
constant of the C=O double bond that was affected 
less than that of the O–H bond (Zhou et  al. 2001). 
Figure  3a shows an FTIR region (3100–2800   cm−1) 
spectra of pure PLA and PLA-limonene films (no 
cellulose). The spectrum region between 3000 and 
2860  cm−1 is characterized by –CH stretching bands; 
this region shows a high absorption for PLA, with the 
intensities of these peaks decreasing with increase in 

limonene concentration. There is also a broad absorp-
tion due to the absorption of cyclohexene group at 
about 3000   cm−1 which overlap –CH peaks (Mon-
toille et  al. 2021). Figure  3b  shows the FTIR spec-
trum of a cellulose tissue that was allowed to absorb 
15wt. % limonene.

The spectrum presents the characteristic bands 
corresponding to cellulose with the most intense 
band in the high-energy region due to a large amount 
of OH groups of the carbohydrates. The intense 
band at 1045   cm−1  corresponds to the link C–O–H 
or C–O–R (alcohols or esters) while the distinctive 
band at 2925  cm−1 is related to the presence of C–H 
stretching vibration together with bending vibrations 
around 1428   cm−1  of aliphatic chains (–CH2– and 
–CH3–) forming the basic structure of this polyphe-
nol modified cellulose materials (Liu et  al. 2018). 
The signal at 1736   cm−1  can be assigned to car-
bonyl groups presence like ester. Finally, the band at 
around 1617   cm−1  can be attributed to unsaturated 
aromatics due to the presence of limonene. Charac-
teristic limonene bands were highly oppressed in 
cellulose/PLA/limonene composites most probably 
due to hydrogen bonding interactions between PLA-
cellulose and the ability of limonene to establish 
π-hydrogen bonds with hydrophilic polymers (Rehan 
et al. 2018; Frank et al. 2020).

Fig. 4  Surface (a, b) and 
cross section (c, d) SEM 
micrographs of 40 wt% and 
20 wt%  cellulose fiber-PLA 
composites. In the cross 
section images, the “spillo-
ver” thin PLA layer is due 
to cutting of the specimens. 
The white arrows indicate 
the conductive adhesive 
tape used to fix the speci-
mens on the SEM sample 
mount
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In Fig. 4 the surface and cross section SEM micro-
graphs of 40 wt. % and 20wt%  PLA/cellulose com-
posites are displayed. The density of the exposed 
fibers on the surface increase as the weight percent 
of cellulose in the films increase as seen in Fig.  4a, 
b. Cross section images in Fig.  4c, d show a good 
degree of penetration of the cellulose fibers into the 
PLA film during hot pressing process.

Limonene is a colorless liquid aliphatic hydrocar-
bon categorized as a cyclic monoterpene, and is the 
major component in the oil of citrus fruit peels. It is 
a natural essential oil and as such, cellulose fibers are 
expected to absorb limonene. In fact, wood-derived 
cellulosic fibers were shown to absorb heavier oils 
such as simulated crude oil, demonstrating their 
possible use as absorbents in the case of oil spills 
(Moreno et al. 2020). Dry Kraft cellulose fibers dem-
onstrated a sorption capacity of about six parts of oil 
per unit mass of fiber. Depending on the fiber source 
like hard and soft, and bleaching conditions, the oil 
uptake values could change (Moreno et  al. 2020; 
Zhou et al. 2001). Cellulose micro and nanofibers are 
excellent natural matrices for essential oil uptake and 
release for various functional applications including 

food packaging (Payne et  al. 2012; Hubbe et  al. 
2013). Figure 5 shows limonene uptake (Fig. 5a) and 
evaporation (boiling point of limonene is 176  °C) 
rates from dry cellulose tissues, pure PLA and vari-
ous PLA-fiber composites. The cellulosic tissue could 
uptake limonene up to 4 times its weight after 100 s 
of immersion in a limonene bath. Conversely, pure 
PLA film uptakes much less limonene up to about 
40% of its weight after 150 s of immersion. As shown 
in Fig. 5a, limonene uptake increases as the cellulose 
fiber concertation in the composites increases and a 
maximum of 150% uptake by weight was possible 
with 40 wt. % cellulose/PLA composites. This trend 
remained practically stable for composites between 
30 and 40 wt. % cellulose as shown in Fig. 5a.

As mentioned before, limonene is a volatile essen-
tial oil and its evaporation rate is important in various 
applications such as antibacterial effect and flavoring 
in food (Zhang et al. 2020; Shen et al. 2014). At 30 °C 
and 15% RH, about 65% of pure limonene evaporates 
away within 6 h as shown in Fig. 5b. Limonene evap-
oration from PLA is somewhat hindered by the poly-
mer matrix but about 55% limonene is lost from PLA 
within 6 h under the same conditions. The evapora-
tion rate from cellulose fiber surfaces was slower and 

Fig. 5  a Limonene uptake due to 3 min. immersion experiments and b Percent evaporation of limonene from pure PLA, cellulose 
tissue and from the composite containing 35 wt%  cellulose at 30 °C and 15% RH conditions
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was about 46% after 6 h. The evaporation rate from 
PLA-cellulose composites were within the 46–55% 
range as shown in Fig. 5b. All evaporation rates could 
be represented by a second order polynomial and, 
for example, for 35 wt%  PLA/cellulose composite, 
the maximum loss of limonene occurred after 10  h 
under this specific conditions at 56 wt% . After this 
period, limonene loss declined significantly. Hence, 
considering the data in Fig.  5, one can argue that a 
30 wt. % cellulose-PLA composite that had absorbed 

50 wt%  limonene will still function demonstrating 
antioxidant activity even after 10  h with about 25 
wt%  limonene content and after 24 h it will contain 
20 wt%  limonene if left uncovered in air at 30  °C 
and 15% RH. Evaporation of limonene from oil-in-
water food emulsions also followed a similar trend 
and was shown to be sensitive to the ambient humid-
ity and the limonene concentration in the oil phase of 
the emulsions could be modeled with a second order 

Fig. 6  AFM based indentation measurements. a Hardness ver-
sus displacement and b elastic modulus versus displacement 
data for cellulose fibers. c Hardness versus displacement and d 
elastic modulus versus displacement data for pure PLA film. d 

Average hardness as a function of limonene content for all the 
cellulose fiber-PLA composites. e Elastic moduli as a function 
of limonene content for all the cellulose fiber-PLA composites 
studied
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polynomial during the initial evaporation phase and 
after several hours showed a linear dependence on 
time (Friberg 2007).

Thermomechanical properties of the PLA/cellulose 
fiber composites

In the following, we measured the mechanical prop-
erties of the fibers making up the tissue used in this 
work. Using nano-indentation detailed mechani-
cal characterization of single fibers is possible. This 
method allows hardness testing at very small scale, 
and enables the measurement of the elastic (Young’s) 
modulus and the hardness at a spatial resolution 
in the range of 10 to several 100  nm. The detailed 

characterization of cellulose fibers with this method 
is beyond the scope of this work, however, several 
published studies can be consulted for further insight 
into the effect of cellulose type, chemistry, treat-
ment, regeneration and crystallinity, etc. on the fiber 
mechanical properties (Ganser et  al. 2014; Lewczyk 
et al. 2020; Mohit et al. 2018; Gindl et al. 2006). Fig-
ure 6 shows hardness and elastic moduli of single cel-
lulose fibers isolated from the tissue and pure PLA 
polymer, along with the PLA/cellulose fiber com-
posites containing limonene. The hardness values of 
the Kraft cellulose fiber stabilized after an indenta-
tion depth of 30 nm and the average value was around 
350 MPa (Fig. 6a). Similarly, the elastic modulus was 

Fig. 7  Temperature dependent DMA measurements. a 
Changes in storage modulus and loss tangent (damping) of 
the tissue paper. b Changes in the storage modulus (the elastic 
character of a polymer/composite) for pure PLA and selected 

composites. Changes in the loss modulus (viscous behavior) c 
and loss tangent d of pure PLA (0% cellulose) and select com-
posites
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stable at an average value of 2.5 GPa after this inden-
tation depth (Fig. 6b).

A detailed study by nano-indentation on the effect 
of thermo-mechanical cycles (recycling) on the phys-
ico-chemical properties of PLA (Adusumalli et  al. 
2010) indicated that PLA hardness remains stable at 
around 300  MPa and the elastic modulus at around 
4.4 GPa, both of which appear to be in good agree-
ment with the data reported herein. The hardness 
of the composites increased from 550 MPa to about 
630  MPa as the cellulose fiber concentration of the 
composites increased (Fig. 6c, d), however, limonene 
reduced the hardness values by about 50% in com-
posites containing cellulose up to 30 wt% , as seen in 
Fig. 6e.

These measurements appear to be in agreement 
with some recent studies in which cellulose micro-
fibers were shown to increase the hardness of ther-
moplastics such as polyethylene by 100% at concen-
trations of about 40–45 wt%  (Das et al. 2009). The 
effect of limonene on the hardness of the composites 
was less in PLA/cellulose fiber composites with 35 
and 45 wt%  cellulose. The elastic modulus of the 
composites increased as well with increasing cel-
lulose inclusions (Fig. 5f). Similarly, based on other 
polymer-cellulose fiber composite studies (Das et al. 
2009), the elastic moduli could be increased by three 
times at fiber loadings around 40-45wt. %. In this 
case, limonene also reduced the elastic moduli of the 
composites and the reduction was more pronounced 
for composites containing less than 35 wt. % cellu-
lose. Limonene is a well-known plasticizer for pure 
PLA but also for PLA-nanocellulose composites 
(Fortunati et al. 2014; Pillin et al. 2008; Zhang et al. 
2021), which reduces the elastic modulus of pure 
PLA and/or PLA/nanocellulose composites by two 
to three times depending on the nanocellulose load-
ing. For instance, 3 wt. % nanocellulose reinforced 
PLA composites containing 20 wt%  limonene had 
less than ½ elastic modulus of the composites with 
no limonene (Fortunati et al. 2014). A similar effect 
is obvious in Fig. 5f for composites with 20 and 25 
wt%  cellulose fiber reinforced PLA composites with 
20wt%  limonene.

The temperature dependent viscoelastic proper-
ties of the tissue paper measured in  N2 gas is given 
in Fig.  7a. Note that the storage modulus describes 
the ability of a sample to store energy and reflects 
the stiffness of paper samples and the loss tangent 

indicates damping behavior. Certain zones are vis-
ible in the storage moduli curves of the paper sam-
ples in Fig.  7a. For various types of Kraft papers, 
these zones were classified into four regions over a 
temperature range of − 50 to 200 °C as: vitreous state 
(below − 20  °C), devitrification (up to 25  °C), pla-
teau (25–75  °C) and bond disruption (above 75  °C) 
(Siddiqui et al. 2021). In this case, we identify three 
clear zones in the range of − 120 to 270 °C. The tissue 
paper tested in nitrogen exhibited loss tangent peaks 
corresponding to temperatures of − 87 °C (tan δ1) that 
is associated with the motion of segments of intra/
inter molecular hydrogen bonding in cellulose.

Another one at 23  °C (tan δ2) that is associated 
with the motion of a non-cellulosic material-cellulose 
interactions and the third one at186°C (tan δ3), which 
is associated with the motion of segments in an amor-
phous region. The stabilization of tan δ (relatively 
constant state) between 70 and 150  °C is generally 
related to the pulp source (soft or hard wood) proper-
ties and fiber–fiber bonding strength. Moreover, this 
zone also reflects the production history of the paper 
sheet such as the wet pressing during sheet making 
that can tune tensile strength and stretch value of 
papers (Arrieta et al. 2014; Walker 2001). The tan δ 
measurements reported for similar bleached softwood 
pulp determined by using a non-intrusive Brillouin 
Light Scattering (BLS) micro-spectroscopy produced 
similar results in agreement with the measurement in 
Fig. 7a (Seth 2004).

The temperature dependence of the storage modu-
lus, loss modulus and tan δ of pure PLA and selected 
PLA/cellulose fiber composites are shown in Fig. 7b 
in which the cellulose fiber inclusion increased the 
storage modulus for all the composites particularly at 
temperatures below 50 °C. This can be attributed to 
the stiffness characteristic of the reinforcement that 
allows greater degree of stress transfer at the inter-
face (Ververis et al. 2007). Composites with 20 wt%  
cellulose induced more than 1.0 GPa enhancement 
in storage modulus. A similar effect was also meas-
ured between the composites with 30 and 40 wt. % 
cellulose fiber loadings. A significant decrease in 
the storage modulus was measured between 50 and 
70 °C, which also corresponds to the glass transition 
region. The reduction in storage modulus as a func-
tion of temperature is correlated with the decrease in 
the polymer viscosity and the subsequent increase in 
polymer chain mobility (Elsayad et al. 2020). It was 
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reported that in PLA composites reinforced with cel-
lulose fibers exceeding 50 wt%  cellulose concentra-
tions, at temperatures above 70–80 °C, the composites 
can demonstrate much less decrease in modulus due 
to the restriction in chain mobility of the matrix with 
stiffer cellulose fibers (Elsayad et al. 2020). Figure 7c 
displays the loss moduli of pure PLA and the selected 
composites and the glass transition temperature  (Tg) 
occurs at the peak of each measured curve. The  Tg 
values of the composites with 30 and 40 wt%  cellu-
lose fiber concentrations are slightly higher (~ 63 °C) 
than pure PLA and PLA with 20 wt%  cellulose fib-
ers (~ 59 °C). The increase in  Tg is generally ascribed 
to the segmental immobilization of polymer matrix 
chains at the filler surface in which the rough surface 

topography of the cellulose might contribute to a 
good mechanical interlocking between the cellulose 
and the polymer (Bledzki et al. 2009). The ratio of the 
loss modulus to storage modulus is the tan δ or the 
damping factor. The variation of the tan δ as a func-
tion of temperature is shown in Fig. 7d. The damping 
or the tan δ is a measure of how efficient a material 
loses energy to molecular rearrangements and inter-
nal friction. The damping peak of 20 wt. % cellulose 
fiber composite displayed a decrease in magnitude 
compared with pure PLA. This can be attributed to 
the decrease in the mobility of the polymer chains 
on the addition of the fibers. This trend suggests that 
fibers and the PLA matrix have a strong interfacial 
adhesion. However, the tan δ was found to increase in 

Fig. 8  a DSC thermograms of pure PLA and selected cellulose/PLA/limonene composites. Arrows show cold crystallization tem-
peratures. b Thermogravimetric analysis (TGA) curves for pure PLA and selected cellulose/PLA/limonene composites

Table 2  Glass transition temperature (Tg), cold  crystalliza-
tion temperature  (Tcc), melting temperature (Tm), crystalliza-
tion enthalpy (ΔHcc) and degree of crystallinity (Xcc) as well 

as enthalpy of melting (ΔHm) data of the selected samples 
extracted from the DSC thermograms

* Sample 4 is PLA-40 wt%  cellulose plasticized with 20 wt%  limonene

Samples Sample 
number

Tg (°C) Tcc (°C) ΔHcc (J/g) Xcc (%) Tm (°C) ΔHm (J/g)

PLA (Control) 1 56.9 103.6 6.4 6.8 169.0 15.2
PLA-limonene (20 wt%) 2 47.1 96.2 29.2 34.7 166.4 35.5
PLA-cellulose (40 wt%) 3 61.0 105.2 34.0 37.8 169.1 38.5
PLA-cellulose-limonene* 4 42.7 88.7 25.2 31.3 164.1 36.3
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the 30 and 40 wt. % cellulose fiber composites. This 
suggests existence of higher damping at the interfaces 
and poorer interfacial bonding between the polymer 
and the fiber occurs at higher concentrations (Huda 
et al. 2006). This effect can be tuned if more elastic 
fibers are used or fiber surfaces are chemically modi-
fied. In fact, 20 wt%  limonene containing PLA/cel-
lulose fiber composites (30 wt. % cellulose) displayed 
(not shown here for brevity) lower damping energy as 
limonene plasticized both polymers (Mohanty et  al. 
2006; Pothan et al. 2003); but the slow evaporation of 
the essential oil reverses this measurement over time 
(Fortunati et al. 2014).

DSC thermograms of some selected samples such 
as pure PLA, PLA with 40 wt%  cellulose and PLA 
and PLA/cellulose plasticized with limonene are 
shown in  Fig.  8a. Thermal parameters with respect 
to glass transition temperature (Tg), cold  crystalli-
zation temperature  (Tcc), melting temperature (Tm), 
crystallization enthalpy (ΔHcc) and degree of crystal-
linity (Xcc) are tabulated in Table 2. With regards to 
the non-plasticized composites, Tg increases slightly 
from 56.9 °C (pure PLA) to 60.9 °C (40 wt% cellu-
lose fibers). This is consistent with previous research 
findings on the use of kenaf, bamboo and cotton to 
reinforce polymers, which can be due to the imped-
ing of movement that the steric hindrance of cellulose 
fibers causes to PLA molecular chain (Eichers et  al. 
2022; Herrera et al. 2016). Notably, the crystallinity 
of PLA increased significantly from 6.8% to 37.7% 
with the addition of 40  wt. % cellulose pulp fibers. 

This can be attributed to the enhanced nucleation 
near cellulose fibers. With regard to composites with 
limonene, the  Tg,  Tcc, and  Tm of the PLA compos-
ites all decreased. This is attributed to the plasticiz-
ing effect of limonene that lowers the Tg in particular. 
Similar findings have been reported by plasticiza-
tion studies such as ATBC, plant oil, PEG, whereby 
the addition of plasticizer decreased the  Tg  of  both 
pure PLA and the PLA composites. The plasticizers 
increase the segmental mobility of PLA chains and 
enhance the amorphous plastic deformation. There-
fore, the decreased Tg is also assumed to decrease the 
tensile strength and increase the elongation at break.

Figure  8b shows the TGA curves of the same 
materials. Pure PLA and PLA with 40 wt. % cel-
lulose feature similar weight loss trend with slight 

Fig. 9  a Mechanical properties (stress and moduli) of selected samples identified in Table 2, and b strain and toughness values of 
the samples

Table 3  Percent water uptake and WVP data for the samples 
tested

* Sample 4 is PLA-40 wt.% cellulose plasticized with 20 wt.% 
limonene

Samples Sample 
number

Water 
uptake 
(%)

WVP 
 (kgmm−2  s−/1  Pa−1)

PLA (Control) 1 6.8 2.31
PLA-limonene (20 

wt%)
2 3.8 1.93

PLA-cellulose (40 
wt%)

3 8.1 0.93

PLA-cellulose-
limonene*

4 3.6 0.73
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increase in the onset degradation temperature in the 
case of the PLA-cellulose composite. The pure PLA 
exhibited an onset temperature of 341.9 °C and a deg-
radation temperature of 380.7  °C, which increased 
to 352.3, and 392.7  °C, respectively; once cellulose 
fibers were incorporated into the PLA matrix. Pres-
ence of limonene in both polymeric systems signifi-
cantly shifted the degradation curves to 296.5 °C and 
323.7 °C for PLA/limonene composite and PLA/cel-
lulose/limonene composite, respectively.

Finally, the tensile properties of the selected com-
posites listed in Table 2 are shown in Fig. 9. Figure 9a 
shows that the elastic (Young’s) modulus of PLA 
increases by about 700 MPa when compounded with 
cellulose fibers. Also, when PLA is plasticized with 
20 wt%  limonene, The elastic modulus declines from 
2260 to 1186  MPa. In the case of limonene plasti-
cized PLA-cellulose composite, the elastic modulus 
improves to 1623 MPa with a strain at break value of 
about 130% which is similar to limonene plasticized 
pure PLA. Moreover, the toughness of the PLA-
cellulose films plasticized with limonene is as high 
as PLA-cellulose composites that is around 0.6  N/
mm (Fig.  9b). This value is practically a measure 
of the ability of a polymeric film to absorb energy 
(at the strain rate of the test instrument), and des-
ignates the durability of the film when subjected to 
either a repetitive or dynamic stressing or straining. 
Tensile energy absorption expresses the “toughness” 
of the film. Plasticized composites films feature bet-
ter toughness value than the neat PLA film tested in 
this study. Based on these detailed mechanical prop-
erty characterization results, it can be concluded that 
the materials developed in this study are comparable 
with other PLA-cellulose fiber composites as well as 
PLA-cellulose nanofiber (CNF) composites that were 
developed primarily for general food packaging appli-
cations (Mokhena et al. 2018; Khosravi et al. 2020).

Finally, the water uptake and water vapor permea-
tion (WVP) values of pure PLA and the composites 
displayed in Fig.  9 are shown in Table  3. Clearly, 
the water uptake of pure PLA was high, about up 
to 6.8 ± 0.08% after immersing in water and satura-
tion. The water uptake of limonene plasticized PLA 
(sample 2) significantly decreased to 3.8 ± 0.02% 
(Table  3), which was caused by the strong plasti-
cizer–matrix interfacial interaction and the hydropho-
bicity of limonene. The water uptake of the cellulose/
PLA composite (sample 3) was about 8.1 ± 0.03%, 

higher compared to pure PLA due to the presence of 
the cellulose fibers. Plasticizing this composite with 
limonene (sample 4 in Table  2) reduced the water 
uptake to 3.6 ± 0.04% levels that can be quite adapt-
able for packaging applications. Similarly, WVP fol-
lowed a similar trend where sample 4 had less than 
half WVP compared to pure PLA.

Antioxidant activity of the composites

D-limonene is a monocyclic terpene that is consumed 
by humans largely as an ingredient of traditional food 
such as citrus fruits, carrots, coffee, orange and nut-
meg (Roberto et  al. 2010). Moreover, d-limonene is 
generally recognized as a safe flavoring agent that can 
be found in common food items such as fruit juices, 
soft drinks, baked goods, ice cream and puddings. 
In previous studies, it was shown that monoterpenes 
like limonene possess antioxidant activity on DPPH 
models (Junior et al. 2009). It is also a potent antican-
cer and anti-tumor growth agent (Elson et al. 1988). 
A very recent work revealed that limonene can be 
very effective against Alzheimer’s disease (Piccialli 
et  al. 2021). In this work, we measured the antioxi-
dant activity of limonene infused PLA-cellulose fiber 
composites with three different assays to ensure and 
confirm the functionality of the composites. Figure 10 
shows both short term (~ 2-h) and long-term (3 days) 
antioxidant activity of the selected composites. As 
control samples, we measured the antioxidant activ-
ity of pure limonene and the PLA film containing 20 
wt%  limonene. In Fig.  10a, the DPPH antioxidant 
assay results are displayed. PLA film containing 20 
wt%  limonene quickly reaches an antioxidant level of 
80% within ½ hour, which follows approximately the 
trend measured for pure limonene. Afterwards, the 
effect remains constant and does not change until the 
radicals start to degrade in solution (not shown here 
for brevity); hence, no long-term measurements were 
shown.

The 20 wt%  cellulose fiber PLA composite fol-
lows a similar trend to PLA in the first 20  min but 
afterwards the effect slows down possibly due to dif-
fusion of limonene from the cellulose fibers to the 
polymer surface and after to the solution. Once the 
80  min marker was reached, the radical scavenging 
activity accelerates and reaches roughly to 70%. The 
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30 wt%  cellulose fiber/PLA composite shows a slow 
diffusion controlled antioxidant activity due to more 
embedded cellulose fibers in the PLA matrix and at 
the end of 100  min, 50% scavenging activity could 
be measured. In the case of 40 wt%  cellulose fiber/
PLA composites, very little radical scavenging activ-
ity occurs in the first hour, however, a steady increase 
occurs afterwards up to 50% level.

This indicates that most of the limonene infused 
within the cellulose fibers that are embedded in the 
PLA matrix experience a diffusional resistance that 

was gradually overcome after 60  min. The main 
migration activities of antioxidants include diffu-
sion in the polymer structure, transfer from the bulk 
to the surface and distribution between interfaces. In 
the case of polymer composites, the interfacial diffu-
sion between the polymers (i.e., cellulose fiber-PLA) 
can take longer than bulk diffusion (Kuai et al. 2021; 
Jamshidian et  al. 2013) particularly if the interface 
concentrations (i.e., filler concentrations) are high.

A recent study evaluated the CUPRAC antioxidant 
activity of R-( +)-limonene that was extracted from 

Fig. 10  a DDPH free radical scavenging assay measure-
ments for short time (3  h) from selected samples including 
pure limonene as control. b Short term (3 h) CUPRAC percent 
ion reduction measurements from selected samples including 
limonene as control. c Percent ferrous ion chelation experi-

ments (3-h period) for selected samples including EDTA and 
limonene as control. d Long term sustained release and free 
radical scavenging (all assays) activity of 40 wt%  cellulose 
fiber PLA composite. The inset shows photographs of the color 
changes during the CUPRAC assay
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orange waste by the process of solid-state fermenta-
tion (Bier et  al. 2019). Therein, the authors demon-
strated that the extracted R-( +)-limonene and other 
terpene rich components had promising antioxidant 
effect in terms of Trolox equivalent scale but not as 
high as common polyphenols (Özyürek et al. 2011). 
In the present case, both pure limonene and limonene 
released from PLA films demonstrated about 80% 
cupric ion reducing capacity after about 1½ hour, as 
seen in Fig. 10b. The cupric  (Cu+2) reducing capacity 
of the PLA-cellulose fiber composites were somewhat 
different from the trend demonstrated in the DPPH 
scavenging dynamics of Fig. 10a. For instance, the 20 
wt%  cellulose fiber composite had much more slug-
gish cupric reduction rate within the first half hour 
compared to scavenging performance in Fig.  10a. 
This may be related to the fact that CUPRAC method 
is sensitive to the hydrophilicity and lipophilicity of 
the antioxidant molecules and the solvent medium. 
Çelik et al. (2010) established that in the presence of 
CUPRAC test reagents in solvent, lipophilic antioxi-
dants can demonstrate various possible polymeriza-
tion, depolymerization, and H-bonding interactions 
either with the polymer matrix or among themselves 
and with solvent molecules. This can reduce or inter-
fere with the electron-transfer capability and reflects 
as changes in the reduction dynamics during meas-
urements, which may be the case in the first half hour 
of the test conditions for PLA-cellulose fiber compos-
ites. However, at the end of about 1½ hour measure-
ment, the final antioxidant percentage capability of all 
the samples were similar to the DPPH radical scav-
enging performance. Hence, limonene is able to dif-
fuse out from the composites into the medium regard-
less of the antioxidant assay tested.

Figure  10c shows the ferrous  (Fe2+) metal ion 
chelation activity of the composites. Earlier stud-
ies have demonstrated that many plant terpenoids 
are strong endogenous metal chelating agents. In 
fact, many terpenoids with 40  μg/ml concentra-
tion demonstrated about 55% chelation of ferrous 
ions (Mohandas and Kumaraswamy 2018). Ethylen-
ediaminetetraacetic acid (EDTA) is a strong metal 
binding agent and it shows a very robust ferrous ion 
chelation activity as shown in Fig.  10c. Within the 
first 10  min, EDTA showed 100% chelating effect, 
whereas pure limonene demonstrated about 87% 
chelating activity after 20  min and did not improve 
any further. Limonene released from pure PLA and 

the PLA-cellulose fiber composites also demonstrated 
ferrous ion chelating activity. Pure PLA film chelat-
ing activity gradually increased to about 80% within 
the first 40 min whereas the PLA-cellulose fiber com-
posites displayed much slower effects and the 40 wt%  
cellulose composite could only reach 27% activity 
after about 70 min. The effect from the 40 wt. % cel-
lulose composite appears to be comparable to the iron 
chelating activity of limonene present in wines (Di 
Sotto et  al. 2013). Therein, limonene demonstrated 
the lowest effect (about 25%) compared to other terpi-
nols of wine such as α-terpineol (100%) and 1,8-cin-
eol (45%). However, as Fig.  10d shows that due to 
the gradual limonene release form the 40 wt%  cel-
lulose fiber composite, the antioxidant activity further 
increases and reaches to 70 and 80% levels depending 
on the antioxidant assay after 3 days of constant mon-
itoring. This confirms that limonene is not strongly 
bound in the composites studied herein and shows 
sustained release dynamics. In general, encapsulated 
lipophilic antioxidants demonstrate sustained release 
activity that can be maintained for up to a few days 
(Chen et  al. 2015; Biswick et  al. 2010). If one con-
siders active packaging made from these composites, 
correct and slow dosing of such natural antioxidants 
can sustain and prolong food quality and shelf life.

Conclusions

Limonene absorbed hygienic cellulose tissue fibers 
were impregnated into PL films hot pressing to pro-
duce antioxidant composites. Up to 40 wt%  cellulose 
fibers could be impregnated into the PLA films while 
maintaining good mechanical properties and flexibil-
ity. FTIR measurements on the composites indicated 
establishment of some hydrogen bonds between PLA 
and cellulose and weak p-hydrogen bonds between 
limonene and PLA. DMA measurements showed that 
tan δ increased in the 30 and 40 wt%  cellulose fiber 
composites suggesting the existence of higher damp-
ing at the interfaces and poorer interfacial bonding 
between the polymer and the fiber occurs at higher 
concentrations. Limonene inclusion up to 20 wt% 
in these composites lowered the damping energy in 
the composites indicating effective plasticization. 
The glass transition of the composites were also 
decreased by limonene by up to 20 °C. Three differ-
ent antioxidant assays (DPPH, CUPRAC and Ferrous 
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ion chelation) were used to study the antioxidant 
properties of the limonene modified cellulose fiber 
PLA composites. Within approximately two hours 
up to 70% radical scavenging activity was recorded 
in with DPPH and CUPRAC assays whereas ferrous 
ion chelation activity was much slower with less than 
60%, however all samples sustained their antioxidant 
effect for at least one week with ferrous ion chelation 
levels exceeding 70%. Depending on the cellulose 
content of the composites, sustained release and anti-
oxidant activity exceeded 80% in the CUPRAC and 
DPPH assay tests. These composites could be pro-
duced in large scale through a hot roll-to-roll press 
process and can be potentially used in active and pro-
tective packaging of fruits and cosmetic products.
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