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A B S T R A C T

Wood/wastes from invasive tree species Acacia dealbata and Ailanthus altissima were used to produce high-value
added nanocellulose. Firstly, bleached pulps were produced from the wood of these tree species after kraft cook-
ing. Afterwards, the resultant pulps were pre-treated by TEMPO-mediated oxidation (Acacia dealbata) or enzy-
matic hydrolysis (Ailanthus altissima) followed by high-pressure homogenization. Hydrogels were obtained and
characterized for their main physical and chemical properties, including rheology and evaluation of the surface
properties of the freeze-dried materials by inverse gas chromatography. Results showed that micro/nanofibrils
could be obtained from the wood of these invasive species. Rheometry studies showed that Acacia-TEMPO cellu-
lose nanofibrils form strong gels with high yield stress point and viscosities (reaching ca. 100,000 Pa·s). Addi-
tionally, the surfaces of the obtained nanocelluloses showed a dispersive component of the surface energy near
40 mJ/m2 and a prevalence of the Lewis acidic character over the basic one, as typical for cellulose-based materi-
als. Finally, films with good mechanical and optical properties could be obtained from the cellulose hydrogels.
Acacia-TEMPO film (produced by filtration/hot pressing) showed a tensile strength of 79 MPa, Young's modulus
of 7.9 GPa, and a transparency of 88%. The water vapor barrier, however, was modest (permeability of
4.9 × 10−6 g/(Pa·day·m)).

© 2021

1. Introduction

Invasive trees species can modify the chemical properties of the soil
reducing the biodiversity, changing the ecological balance and affect-
ing the native plant species [1,2]. Acacia dealbata and Ailanthus Al-
tissima are considered to be two of the most aggressive and invasive
species in Portugal, being distributed in all regions of Portugal [3]. A.
dealbata is a particularly widespread, abundant, and problematic in-
vader, native of Southeast Australia that has spread all over the world
[2,3]. A. dealbata was introduced in Portugal for ornamental purposes,
having been cultivated in the past as a forest species and for soil fixa-
tion. Its reproduction occurs through vigorous stump sprouts or root
sprouts after cutting. It also reproduces by seminal way producing
many seeds whose germination is stimulated by fire. A. dealbata has a
significant impact on the ecosystem because it forms dense stands that
compete with other species preventing their development (allelopathic
properties), decreases the water lines flow and intensify erosion prob-
lems [3]. On the other hand, A. dealbata has several uses, specifically
for the production of timber and tannins [4].

⁎ Corresponding author.
E-mail address: jafgas@eq.uc.pt (J.A.F. Gamelas).

Ailanthus Altissima is native from China and has been introduced in
many parts of the world. A. altissima is a medium-sized tree that
reaches maximum heights of 18–30 m, and can grow up to 3 cm per
day [5]. This species has prolific seed production, rapid juvenile
growth, tolerance for harsh weather conditions and high levels of at-
mospheric pollution [6]. Each tree produces about 350,000 seeds per
year that can travel long distances and germinate if there is adequate
humidity [3]. It is used as an ornamental plant in urban areas, for road-
side restoration and its biological properties and pharmacological ap-
plications have been extensively studied, being widely used in tradi-
tional Chinese medicine [6]. However, A. altissima has become a
plague, by competing with native plants, and causing destruction on
roads, sidewalks, structures, piping and orchards [5].

One way to control and valorise these invasive species may be to use
them as raw material to produce high value-added products. These
products may include lignin, cellulose, xylans, products from polysac-
charide hydrolysis (sugars, furfural, hydroxymethylfurfural),
bioethanol, etc. In the present work, the possibility of producing
nanocellulose from Acacia dealbata and Ailanthus Altissima is consid-
ered. Nanocellulose is a fibrous material that can be obtained from cel-
lulose and has at least one of its dimensions within the nanometer scale.
Nanocellulose is a biodegradable nanomaterial with a large specific sur-
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face area, excellent mechanical properties, tailored crystallinity, and
easy ability for surface functionalization. These singular properties al-
low it to have a variety of applications, e.g., energy devices, packaging,
tissue engineering, nanocomposite materials, transparent paper with
special functions, bio-medicine, etc. [7–9]. Nanocelluloses can be di-
vided into three types: cellulose nanocrystals (CNCs), cellulose nanofib-
rils (CNFs) and bacterial cellulose (BC). All of these types of nanocellu-
loses are similar in their chemical composition. However, they have dif-
ferences in morphology, particle size, crystallinity and in some other
properties due to the difference of sources and production methods [7,
10]. CNCs are mainly produced by acid hydrolysis, using concentrated
sulfuric acid, which typically degrades amorphous regions of cellulose
and leaves intact the crystalline ones. BC is produced by bacteria
(mainly by Gluconacetobacter xylinum) in aqueous culture media con-
taining a sugar source. CNFs can be obtained from several wood or non-
woody resources by using chemical (e.g., TEMPO-mediated oxidation
or carboxymethylation) or enzymatic pre-treatments, followed by me-
chanical treatments (e.g., homogenization, ultrasonication) [10,11].
Depending on the extension of these treatments, fibrils at micro scale
can also be obtained and thus the result is a mixture of micro- and
nanocelluloses.

Some studies have already been conducted on the production of
nanocelluloses from Acacia. Fall et al. [12] studied the influence of the
wood species used on fiber wall disintegration: fibers from Eucalyptus,
Acacia and Pine were enzymatically pre-treated and then mechanically
fibrillated. The main results indicated that the degree of fibrillation
seemed to be related to the charge density of the pristine fibers. The
highest charged sample, the eucalyptus pulp, generated the highest de-
gree of fibrillation. It was also found that the charge density of the mi-
cro/nanofibrils was higher than that of the original fibers. He et al. [13]
worked in the mechanical fibrillation for the production of CNFs from
chemical and mechanical pulps with different chemical compositions.
They showed that the fibrillation of softwood pulp fibers from radiate
pine was much faster and easier compared to hardwood pulp fibers
from Acacia, due to the more rigid, complex, and heterogeneous struc-
ture of the hardwood fibers. Jasmani and Adman [14], prepared
nanocrystalline cellulose (NCC) from Acacia mangium wood pulp via
64 wt% sulfuric acid hydrolysis. The acid hydrolysis was carried out on
bleached pulp to produce NCC with a 79% crystallinity and an aspect
ratio of 26. The resulting NCC was mixed with polyvinylalcohol (PVA)
as a reinforcement material improving the tensile strength of the PVA
film in 30% with only 2% of NCC. According to the authors, the NCC
produced from Acacia has the potential to be used as a reinforcement
material for composite applications. Finally, cellulose nanocrystals
(CNCs) could be obtained from the exhausted bark of Acacia mearnsii
(after industrial tannin extraction), following a sequence of delignifica-
tion, bleaching and hydrolysis steps [15].

In the present work, wood/wastes from Acacia dealbata and Ailan-
thus Altissima were used for the production of nanocellulose. Following
a previous kraft cooking and a bleaching sequence, whose processing
conditions had to be optimized in each specific case in order to achieve
target values of kappa number (cooking) and very low lignin content
(bleaching), the resultant bleached pulps were submitted to a chemical
or enzymatic pre-treatment, followed by high-pressure homogeniza-
tion. The resultant nanocelluloses were extensively characterized for
their physical and chemical properties, as well as for their surface prop-
erties by inverse gas chromatography. Films were also produced and
characterized for their optical, structural, mechanical and water vapor
barrier properties. The use of Ailanthus to produce nanocelluloses and
related films has not yet been mentioned in the literature, which con-
fers a novelty component to this work. Additionally, to our knowledge,
this work is the first one to report the production of nanocellulose (gel
and films) from Acacia by TEMPO-mediated oxidation.

2. Materials and methods

2.1. Bleached kraft pulps

Wood wastes from Acacia dealbata (branches) and Ailanthus altissima
(trunk) were transformed into wood chips. The wood chips were
cooked in a rotatory digester (Apineq) using a liquor-to-wood ratio of
3.5 (referred to a dry basis of wood) and a sulfidity of 28%. The digestor
was heated from room temperature up to 160 °C at a heating rate of
1 °C/min and left at the maximum temperature for 60 min. Active al-
kali (AA) charges of 17% and 20% (based on Na2O) were used for the
cooking of Ailanthus altissima and Acacia dealbata, respectively. Then,
the resultant pulps were submitted to a bleaching sequence (D0EpD1D2
for A. dealbata and D0EpD1 for A. altissima, where D stands for chlorine
dioxide and Ep for alkaline extraction reinforced with hydrogen perox-
ide) which allowed to obtain bleached pulps with an acceptable bright-
ness (85–86% ISO) and a negligible Klason lignin content. The condi-
tions used for the bleaching stages were: A. dealbata: D0: 3.1% ClO2 (as
active chlorine on dry weight of pulp), 70 °C, 25 min; Ep: 1.6% NaOH,
0.4% H2O2, 80 °C, 90 min; D1: 1% ClO2, 70 °C, 180 min; D2: 0.4% ClO2,
75 °C, 90 min; A. altissima: D0: 3.4% ClO2, 70 °C, 25 min; Ep: 1.6%
NaOH, 0.4% H2O2; 80 °C, 90 min, D1: 1.2% ClO2, 70 °C, 180 min. The
bleached pulps were further refined at 4000 revolutions in a PFI beater,
in order to make the fibrils more accessible.

In addition, the bleached kraft pulps were characterized for their
sugars and lignin composition and for their intrinsic viscosity. The
sugar content of the pulps was determined by high-performance liquid
chromatography [16], using a Knauer instrument equipped with a re-
fractive index (RI) detector and a Rezex ROA-Organic acid H column
from Phenomenex. Lignin was determined following TAPPI T 222 and
TAPPI UM 250 for the Klason and acid-soluble lignin, respectively. In-
trinsic viscosity was determined based on ISO standard 5351.

2.2. CNF/CMF preparation

To produce the Acacia TEMPO-oxidised nanocellulose, the resulting
kraft pulp was pre-treated with NaClO, NaBr and TEMPO (2,2,6,6-
tetramethylpiperidine-1-oxyl radical) according to a general methodol-
ogy described previously [17]. In short, 30 g (dry basis) of refined
fibers was dispersed in distilled water containing TEMPO (0.016 g/g of
fibers) and NaBr (0.1 g/g of fibers) at a consistency of 1%. Then, 80 mL
of a NaClO solution (12.5% active chlorine) was added slowly to the
previous mixture under constant mechanical stirring. After the oxidant
addition, the reaction was left to run, being the pH of the medium kept
at 10 by the constant addition of NaOH 0.1 M. The reaction was consid-
ered finished when the pH stabilized at 10 and no further addition of
NaOH was required (after ca. 2 h). The oxidised fibers were then fil-
tered and thoroughly washed with distilled water until the filtrate con-
ductivity reached values comparable to that of distilled water. The
fibers were then mechanically treated by high-pressure homogenization
using two passes in the homogenizer (GEA Niro Soavi, model Panther
NS 3006 L): first pass at ca. 600 bar and second pass at ca. 900 bar.

To produce the Ailanthus-Enzymatic nanocellulose, a commercial
enzyme (endocellulase, 10% of exocellulase and 5% of hemicellulase)
was used. The preparation of this material was carried out according to
a methodology described elsewhere [18]. In short, the beaten fibers
were suspended in water (3.5% consistency) and the pH was adjusted to
5 by the addition of sodium citrate buffer. The suspension was heated to
50 °C under constant mechanical stirring and the enzyme was added
(300 g per ton of pulp). The cellulose hydrolysis was stopped after 2 h
by heating the suspension to 80 °C for 15 min. The resulting suspension
was cooled to room temperature and the fibers were filtered and
washed with distilled water. The fibers were submitted to high-pressure
homogenization, with a first pass at 500 bar and a second pass at
1000 bar.
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2.3. CNF/CMF characterization

The final micro/nanofibrils were characterized for their solid con-
tent, fibrillation yield, carboxyl content (and the corresponding degree
of substitution by carboxyl groups), intrinsic viscosity (from which the
degree of polymerization was also estimated), zeta potential, size, and
transparency. The procedures previously described for other CNFs from
other sources were used [19,20] and are provided as supplementary
material.

Field emission-SEM images were acquired for samples of the CNF/
CMF (0.05% suspensions) previously deposited and air-dried on glass
coverslips. The samples were sputter-coated with gold and analyzed in
a Carl Zeiss Merlin microscope, in secondary electron mode. An acceler-
ation voltage of 1 kV and working distance of 4.5 mm were used.

After freeze-drying, the crystallinity of the CNFs was also evaluated
using X-ray diffraction. X-ray diffraction data were collected in a Bruker
D8 ADVANCE diffractometer operating in the Bragg–Brentano configu-
ration with Cu-Kα (λ = 1.54 Å) source at a current of 40 mA and an ac-
celerating voltage of 40 kV. Data were collected by the step counting
method (step 0.01° and time 0.5 s) in the 2θ range of 4–55°.

FTIR-ATR spectra of the freeze-dried CNFs were recorded using a
Perkin Elmer spectrometer. Data were collected in the 500–4000 cm−1

range with a resolution of 4 cm−1 and 100 scans.
The inverse gas chromatography (IGC) analysis was performed us-

ing a DANI GC 1000 digital pressure control gas chromatograph
equipped with a hydrogen flame ionization detector. Stainless-steel
columns, 0.5 m long and 0.4 cm inside diameter were washed with ace-
tone and dried before packing. For these analyses, 1.6 g and 2.3 g of
nanocellulose (previously freeze-dried and softly milled in a coffee mill)
were packed into the gas chromatograph column, for Acacia-TEMPO
and Ailanthus-Enzymatic, respectively. The packed columns were
shaped to fit the detector/injector geometry of the instrument, and, af-
ter that, were conditioned overnight at 105 °C, under a helium flow
(P = 0.05 bar). Measurements were carried out at four different tem-
peratures (35, 40, 45 and 50 °C) with injector and detector kept at
150 °C. Helium was used as the carrier gas. Small quantities of probe
vapor (<1 μL) were injected into the carrier gas, allowing to work un-
der infinite dilution conditions. The probes used for the IGC data collec-
tion were n-hexane (C6), n-heptane (C7), n-octane (C8), n-nonane (C9),
n-decane (C10), trichloromethane (TCM, Lewis acidic probe),
dichloromethane (DCM, acidic), tetrahydrofuran (THF, basic), diethyl
ether (ether, basic), ethyl acetate (ETA, amphoteric), and acetone (am-
photeric). The properties of these probes are listed in Table S1. The re-
tention times were the average of three injections and were determined
by the peak maximum for the n-alkanes, TCM and DCM and by the Con-
der and Young method for THF, ether, ETA and acetone, which pro-
vided less symmetrical chromatograms. The coefficient of variation be-
tween runs was typically lower than 5%. The theoretical aspects of IGC
can be found in the literature [21–23]. In the present work, the disper-
sive component of the surface energy and the specific component of the
work of adhesion of the distinct Lewis acid-base probes on the surface
of the analyzed materials were obtained.

The rheological behavior of the Acacia-TEMPO suspension was also
studied, due to the formation of a strong gel for the higher CNF concen-
trations. The mechanical rheometry was performed in a controlled
stress rheometer (Haake, model RS1) using a cone-plate geometry
(C60/1) for the rotational tests and a plate-plate geometry (PP20Ti) for
the oscillatory tests, connected to a temperature control recirculation
bath (Haake Phoenix II). Amplitude sweep tests were carried out at
0.1 Hz in the range of 0.1 to 100 Pa, and the flow curves were obtained
in controlled stress mode applying shear stresses ranging between 0.1
and 100.0 Pa. Data were processed and analyzed using the Haake Rhe-
oWin 4.20.005 software.

2.4. Film production and characterization

CNF/CMF films were prepared by filtration followed by hot press-
ing. A filtration unit purchased from Kimble Ultra-ware Filtration sys-
tems and cellulose acetate membranes with 0.45 μm pore and 90 mm
diameter supplied by Filtratech were used for the filtrations. After fil-
tration, the films were dried at 110 °C for 10 min, using a pressure of
ca. 2 N/cm2, in a rapid dryer for laboratory sheets (Lorentzen & Wettre,
model 257). With this method, it is possible to speed remarkably the
production of the films and to obtain films with a high basis weight.
Films were designed to have a basis weight up to 32–33 g/m2.

The optical, structural and mechanical properties of the films were
evaluated. Transparency was assessed on a Technidyne Color Touch 2
spectrophotometer. Measurements were performed on two replicate
films using the illuminant D65 and the observer 10°. The transparency
of the films was calculated according to the ISO 22891 standard. Basis
weight was determined by the ratio between the mass and the area of
the film. The thickness of the films was measured with a micrometer
(Adamel Lhomargy, model MI 20) as the average of five specimens for
each film. Tensile tests were performed at 23 °C and 50% RH using a
tensile tester (Thwing-Albert Instrument Co., EJA series) according to
ISO 1924/1 standard with the following changes: initial gap between
grips was 5 cm and the tensile rate was 5 mm/min. The average of four
specimens was taken for each film type. Tensile strength, Young's mod-
ulus, strain at rupture and breaking length were calculated.

Water vapor barrier properties were also measured for the films
with higher basis weight. The water vapor transmission rate (WVTR)
(g/(m2·day)) and water vapor permeability (WVP) (g/(Pa·day·m)) were
evaluated by gravimetric method according to the standard protocol
ASTM E96-00. The films were fixed on the top of equilibrated cups con-
taining a desiccant (15 g of anhydrous CaCl2, dried at 105 °C before be-
ing used). The exposed film area was 29.22 cm2. The test cups were
then placed in a cabinet at 23 ± 1 °C and 50 ± 1% RH. The mass
changes (Δm) were monitored every hour for 48 h. The WVTR was cal-
culated by the ratio between the slope of the straight line (Δm/Δt) and
the exposed film area in m2. WVP was calculated according to the fol-
lowing equation.

where ΔP (Pa) is the difference in vapor pressure of water between both
sides of the sample, P is the saturation vapor pressure at the test temper-
ature, RH1 and RH2 are, respectively, the relative humidity of the cabi-
net (50%) and inside the cups (0%), and e is the thickness (m) of the
films. The measurements were performed in duplicate.

3. Results and discussion

3.1. Bleached pulps from Acacia dealbata and Ailanthus altissima

The strategy developed for the production of nanocelluloses from
the wood wastes of invasive tree species was based in the previous con-
version of wood into pulps. Cooking and bleaching were required in or-
der to obtain pulps with appropriate characteristics that would allow
the production of nanocelluloses. For the cooking, the kraft process was
applied, which is one of the most effective methods employed in the
pulp industry to delignify wood without noticeably damaging the poly-
saccharide's structure. The target was to obtain pulps with kappa num-
ber of 15–16 (higher kappa would compromise the efficiency of the fur-
ther bleaching step and lower kappa would be accompanied of too high
cellulose depolymerization). For that, three cooking trials using A. deal-
bata were conducted at 160 °C for 1 h, using a sulfidity of 28% and al-
kali charges of 16, 20 and 24%. These conditions allowed producing
pulps with kappa number of 19.7, 15.0 and 12.3, respectively. The A.
dealbata pulp with kappa number of 15.0 and an intrinsic viscosity (a
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measure of cellulose depolymerization) of 1241 cm3/g was then se-
lected for the following bleaching step. As for the cooking of A. al-
tissima, two cooking trials were performed, using alkali charges of 17
and 24%. These allowed obtaining pulps with kappa number of 15.7
and 12.0, respectively. The pulp with kappa number of 15.7 and an in-
trinsic viscosity of 1189 cm3/g was then used for the bleaching step.

The bleaching was based in a sequence of stages, employing charges
of chlorine dioxide (D stage) and alkali with hydrogen peroxide (Ep
stage). The objective was to obtain pulps with a very low lignin content.
For A. dealbata, a sequence DEpDD was applied, whereas for the bleach-
ing of A. altissima, the bleaching was stopped after the second chlorine
dioxide stage (DEpD). An additional D stage was not applied in this case
because the brightness achieved was similar to the one achieved for A.
dealbata after the third D stage.

The most relevant characterization results of bleached pulps ob-
tained from A. dealbata and A. altissima are summarized in Table 1. Re-
sults from other studies concerning bleached pulps are also presented
for comparison.

The two bleached kraft pulps differed slightly in the chemical com-
position, with a higher cellulose content and a lower xylan content hav-
ing been obtained for A. altissima pulp, similarly to the trend observed
for the unbleached kraft pulps [24]. The total lignin content was practi-
cally the same and the Klason lignin was insignificant in both cases. Ad-
ditionally, the chemical composition of the bleached kraft pulp pro-
duced from A. dealbata is comparable to the data obtained in other stud-
ies for other Acacia species [13,25]. The final values for the intrinsic
viscosity of the bleached pulps indicated a reasonable high degree of
cellulose polymerization.

3.2. Nanocelluloses from Acacia dealbata and Ailanthus altissima

After obtaining the bleached pulps, the possibility of their use in the
production of nanocelluloses was evaluated. Two common approaches
were selected: (1) TEMPO-mediated oxidation followed by high-
pressure homogenization and (2) enzymatic pre-treatment followed by

Table 1
Characterization data of bleached kraft pulps produced from Acacia dealbata
and Ailanthus altissima woods.

Present work He et al.
(2018)

Neto et al.
(2004)

A. dealbata A. altissima Acacia A. mangium

Cellulose (%) 76.9 ± 0.2 80.6 ± 0.4 81.5 84.6
Xylan (%) 17.1 ± 0.1a 13.3 ± 0.0a 16.8 14.5
Klason lignin (%) <0.1b <0.1b – –
Acid-soluble lignin (%) 0.81 ± 0.05 0.72 ± 0.02 – –
Total lignin (%) ~0.8 ~0.7 0.8 0.5
Intrinsic viscosity

(cm3/g)
973 ± 2 935 ± 1 – 820

Brightness (ISO %) 85.6 ± 0.2 86.0 ± 0.1 – 90.7
a Acetyl groups and uronic acid groups are not included in the data.
b Below the sensitivity of the determination method.

high-pressure homogenization. The characterization data of Acacia-
TEMPO and Ailanthus-Enzymatic nanocelluloses produced from the
bleached pulps are listed in Table 2.

As expected for the procedures used, the yield of nanofiber produc-
tion was very high for Acacia-TEMPO (around 90%) and very low (near
10%) for Ailanthus-Enzymatic [19,20]. These yields were corroborated
by the determinations of the degree of polymerization (DP), with a
much higher DP observed for Ailanthus-Enzymatic than for Acacia-
TEMPO, revealing the presence of longer fibers for enzymatic CMF.
Moreover, even comparing with the bleached pulp used for its produc-
tion (Table 1), the intrinsic viscosity of Ailanthus did not vary much af-
ter the enzymatic process (Table 2).

FE-SEM was used to study the fibril morphology and dimensions, as
well to infer about the fibrillation state of the materials (Fig. 1). From
the images obtained it was possible to observe that the nanofibers ob-
tained from chemically pre-treated wood, Acacia-TEMPO, form a dense
and continuous film, only revealing the shape of few long fibers which
do not fibrillate. The high fibrillation degree obtained, allow the
nanofibrils to arrange in the form of matted and continuous films, ex-
pected for materials at the nano-size. On the other hand, the images ob-
tained for the material produced using enzymatic pre-treatment
showed well defined nanofibrils with few microns in length and few
nanometers (20–80 nm) in thickness mixed up with fibers of large di-
mensions. Besides, the nanosized fibrils were not fully exfoliated and
separated from the large fibers during the pre-treatment and homoge-
nization process, leading to a modest fibrillation yield.

The visible spectra in the transmittance mode (Fig. 2) also con-
firmed the higher amount of nanosized material for Acacia-TEMPO,
which resulted in almost clear suspensions with a much higher trans-
mittance than Ailanthus-Enzymatic. The determination of carboxyl
groups showed a content five times higher for Acacia-TEMPO, with a
degree of substitution of 0.14 and 0.03 for Acacia-TEMPO and Ailan-
thus-Enzymatic, respectively. Since the enzymatic process does not gen-
erate carboxyl groups, these come from the substituent glucuronic acid
groups of xylan present in Ailanthus altissima. The quite different car-
boxyl content of these two nanocellulose samples was confirmed by
FTIR-ATR (Fig. 3). In the highlighted area it can be seen a high-
intensity band at 1603 cm−1 for Acacia-TEMPO, due to the CO stretch-
ing of the ionized COO− groups. For Ailanthus-Enzymatic, this band
was not clearly detected, indicating a very low content of carboxyl
groups; in this case, only the OH bending vibration (1643 cm−1) of wa-
ter was observed. Accordingly, the zeta potential for Acacia-TEMPO
was, as expected, more negative than that for Ailanthus-Enzymatic due
to the higher abundance of carboxyl groups in Acacia-TEMPO nanocel-
lulose structure. By using DLS, a comparison between the size (z aver-
age diameter) of the micro/nanofibrils obtained by the two methods
was carried out. Acacia-TEMPO nanofibers were smaller, in accordance
with the carboxyl content and the yield values obtained (Table 2). Since
CMFs/CNFs are approximately cylindrical in shape and not spherical,
the DLS has several limitations for the analysis of this type of materials.
Besides, there is always a high polydispersity in the size distribution
which adds difficulties in the analysis of the results. However, these re-

Table 2
Characterization data of Acacia-TEMPO and Ailanthus-Enzymatic nanocelluloses.

Sample Solid content
(%)

Fibrillation yield
(%)

Intrinsic viscosity
(cm3/g)

DPa CCOOH
(mmol/g)b

DSc Transmittanced (600 nm,
%)

Zeta potential
(mV)

Z-Average (d,
nm)

Acacia-
TEMPO

0.71 ± 0.02 90.6 ± 1.6 142 ± 2 339 0.83 ± 0.01 0.14 64 ± 1 −76 ± 4 127 ± 30

Ailanthus-
Enz

0.86 ± 0.03 8.9 ± 3.7 807 ± 11 2257 0.16 ± 0.04 0.03 10 ± 0 −42 ± 2 637 ± 78

a Degree of polymerization estimated from intrinsic viscosity measurements in cupriethylenediamine.
b Carboxyl group content.
c Degree of substitution by carboxyl groups.
d Transmittance for 0.1 wt% fibril suspensions.
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Fig. 1. FE-SEM images for Acacia-TEMPO (a and b) and Ailanthus-Enzymatic (c and d) at magnifications of 5000× (a and c) and 20,000× (b and d).

Fig. 2. Visible spectra in the transmittance mode of 0.1% suspensions of Acacia-TEMPO and Ailanthus-Enzymatic nanocelluloses.

sults provide important information about the size comparison of sam-
ples with similar structures [19].

Comparing these results for Ailanthus-Enzymatic with the data of
Fall et al. [12], who prepared a nanocellulose from Acacia using an en-
zymatic process, several differences can be noted. Those authors ob-
tained a material with a significantly lower intrinsic viscosity
(336 cm3/g; estimated DP of 721) and a higher nanofibrillation yield
(32%). The unique very similar aspect was the zeta potential of the ob-
tained material (−39 mV). Since the woods are not of the same origin
this comparison can be biased. Additionally, it is known that the char-
acteristics of enzymatic nanocelluloses, namely the DP, are much de-

pendent on the type of enzyme used for their production [20]. The au-
thors did not provide information about the carboxyl group content or
the size of the fibers.

The nanofiber production (yield) and the degree of polymerization
obtained for Acacia-TEMPO can also be compared with other results ob-
tained for CNF from Eucalyptus. For instance, Lourenço and coworkers
[26] produced a CNF by TEMPO-mediated oxidation from bleached Eu-
calyptus globulus kraft pulp with a carboxyl group content of
0.88 mmol/g, a nanofibrillation yield of 81%, an intrinsic viscosity of
164 cm3/g (estimated DP of 390), and a zeta potential of −69 mV.
These results are in general similar to those of the present study. How-
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Fig. 3. FTIR-ATR spectra of Acacia-TEMPO and Ailanthus-Enzymatic nanocelluloses.

ever, in the present work, and for a similar carboxyl content, a higher
nanofibrillation yield was apparently achieved using bleached A. deal-
bata fibers as the source of nanocellulose. Once again, the present re-
sults indicate that it is possible to produce CNFs from A. dealbata by
TEMPO-mediated oxidation, having several similar properties to those
obtained from Eucalyptus wood.

The rheological study performed with Acacia-TEMPO CNF suspen-
sion for different fibril concentrations is presented in Fig. 4: flow curves
(top) and changes in phase angle (bottom). The apparent shear viscos-
ity of the suspensions increased with the concentration, being observed
a shear thinning behavior for all the samples, as expected for polymeric
solutions; moreover, for concentrations above 0.18%, a typical pseudo-
plastic curve was observed, with the appearance of a yield stress point,
which was shifted for higher stresses as the CNF concentration raises.
Above a critical concentration (overlap concentration), the CNF suspen-
sions form an entangled network, which is destroyed by an increase in
the shear forces, leading to viscosity decrease. The estimated overlap
concentration for the present CNF is between 0.12% and 0.18%, being
observed a change in the flow curves profile between these two concen-
trations (Fig. 4, top) and detected a change from solid-like to liquid-like
behavior (Fig. 4, bottom) for suspensions with 0.18% concentration and
above, but not for the suspension with concentration below 0.18%. For
the suspension containing 0.71% CNF, the viscosity at low shear values
reached ca. 100,000 Pa·s and the yield stress point observed was ca.
35 Pa (flow curves) and 25 Pa (oscillatory sweep tests). The values ob-
tained for the overlap concentration (formation of a gel for concentra-
tions of at least 0.18%) and the viscosity values are similar to the values
previously reported for TEMPO-CNF from Eucalyptus wood [27].
Therefore, the rheological study confirms the formation of a gel for sus-
pensions containing above 0.18% of Acacia-TEMPO CNF, being the gel
strength, the yield stress point and viscosity increased with concentra-
tion.

3.3. Analysis of the surface properties of nanocelluloses by inverse gas
chromatography

The dispersive component of the surface energy (γsd), and the spe-
cific component of the work of adhesion (Was) of the polar probes eval-
uated, were determined. The results obtained at 35 °C for the two
nanocelluloses are shown in Table 3 and in Fig. S1.

Regarding the γsd parameter, a slightly higher value was obtained
for Ailanthus-Enzymatic. However, these values are in the same range
as those previously determined for other nanocellulose samples, ob-
tained by similar processes, even if the wood species varies [29,30].
The effect of temperature on the dispersive component (γsd) is pre-
sented in Fig. 5. For Ailanthus-Enzymatic a decreasing trend of the γsd

value with temperature in the range of studied temperatures (35–50 °C)
was found, as reported for related cellulosic materials [30–32]. For Aca-
cia-TEMPO, the γsd variation with temperature was not as straightfor-
ward and differences between results at the different temperatures were
very small. The maximum error in the determination of γsd for cellulosic
materials is typically 2 mJ m−2. Thus, the differences between all stud-
ied temperatures for Acacia-TEMPO were within the range of the analy-
sis error and the results inconclusive regarding the variation of γsd with
temperature. Additionally, the dispersive component of the surface en-
ergy was higher for Ailanthus-Enzymatic than for Acacia-TEMPO, for
all investigated temperatures, although the values were closer for
higher temperatures.

The results presented in Table 3 reveal that the nanocelluloses sur-
faces have a considerably higher affinity for Lewis amphoteric (ETA,
acetone) and basic (THF, ether) probes than for acidic probes (TCM and
DCM). The prevalence of the acidic surface character of the nanocellu-
loses is mainly due to the presence of acidic hydroxyl groups. Appar-
ently, the adsorption of DCM in both nanocelluloses is not thermody-
namically favored, since negative values for the Was for this probe were
obtained, which means that within the acidic probes, DCM is the one
with the lowest affinity for the surface of the cellulose fibrils. The
Was(THF)/Was(TCM) and Was(ether)/Was(TCM) ratios, that measure the
prevalence of the Lewis acidity over the Lewis basicity of the material
surface, decreased from Acacia-TEMPO to Ailanthus-Enzymatic. Aca-
cia-TEMPO possesses a relatively high content of carboxyl groups (de-
gree of substitution of approximately 0.14), mostly in the ionized form
(COO−) and not in protonated form (COOH), which could increase the
Lewis basicity of the surface, reducing the ratio between basic and
acidic probes. However, the opposite occurred, i.e., the mentioned ra-
tios increased for Acacia-TEMPO, and this may be tentatively attributed
to the higher exposure of the acidic hydroxyl groups in the surface of
the more fibrillated CNF-TEMPO. The ionized form of the carboxylic
acid groups was proved by the FTIR-ATR spectrum (Fig. 3), where the
characteristic carboxylic acid (COOH) band at 1720–1730 cm−1 was
not detected, and only the COO− (ionized form) stretching band was ob-
served. The Was values, similarly to the γsd parameter, were always
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Fig. 4. Flow curves of Acacia-TEMPO CNF at different mass fractions (top); Changes in phase angle of Acacia-TEMPO CNF aqueous suspensions at different mass
fractions, as function of oscillatory stress (at 0.1 Hz) (bottom). All the measurements were performed at 25 °C.

Table 3
Dispersive component of the surface energy (γsd, mJ m−2), and specific component of the work of adhesion (Was, mJ m−2) of polar probes for Acacia-TEMPO and
Ailanthus-Enzymatic nanocelullosesa.

Material γsd Was

(TCM)
Was

(DCM)
Was

(THF)
Was

(Ether)
Was

(ETA)
Was

(Acetone)
Was

(THF)/Was (TCM)
Was

(Ether)/Was (TCM)

Acacia-TEMPO 38.3 2.8 ± 0.3 −6.0 ± 0.0 16.6 ± 0.5 13.7 ± 0.3 18.9 ± 0.6 25.0 ± 1.3 6.0 4.9
Ailanthus-Enz 42.6 4.3 ± 0.2 −2.3 ± 1.0 20.7 ± 0.4 17.2 ± 0.2 22.7 ± 0.0 28.5 ± 0.4 4.8 4.0
a Values (at 35 °C) calculated following Schultz and Lavielle approach [28].

higher for Ailanthus-Enzymatic than for Acacia-TEMPO. This trend was
also observed previously by Gamelas et al. [30], using eucalypt wood to
produce nanocelluloses. The higher γsd and Was values for Ailanthus-
Enzymatic, could be tentatively explained as due to its higher crys-
tallinity. Using X-ray diffraction (Fig. 6), the crystallinity index [33]
was determined to be 80 and 63% for Ailanthus-Enzymatic and Acacia-
TEMPO, respectively. As reported for this type of materials, more crys-
talline celluloses have higher surface energy and stronger intermolecu-
lar interactions, affording higher values of specific interactions with a
wide range of probes [30,31].

To confirm the validity of the aforementioned statements, the spe-
cific interactions (Was) at temperatures higher than 35 °C were also
studied for these materials (Fig. 7). The Was values of each probe were

reasonably similar in the 35–50 °C range, except for TCM and DCM
probes in Acacia-TEMPO. For the latter CNF, when increasing tempera-
ture from 35 to 40 °C to 45–50 °C, a significant decrease of the Was

(TCM) and Was (DCM) values was observed. The acidic probes showed
the lowest specific affinity among the tested probes for the surface of
both the nanocelluloses, at all studied temperatures, and in Acacia-
TEMPO this behavior was even more evident, especially at the higher
temperatures of measurement. Overall, all the results of the specific in-
teractions with Lewis acidic (TCM and DCM) and basic (THF and ether)
probes, confirm that the two nanocelluloses have a more Lewis acidic
than Lewis basic character. Additionally, acetone, an amphoteric probe,
was clearly the one that showed the largest affinity with the surface of
the CNFs/CMFs.
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Fig. 5. γsd values at several temperatures for Acacia-TEMPO and Ailanthus-Enzymatic nanocelluloses.

Fig. 6. X-ray diffractograms of Acacia-TEMPO and Ailanthus-Enzymatic nanocelluloses.

3.4. Film properties

Films of the two types of nanocellulose with different basis weight
were produced by filtration followed by hot pressing. The results are
presented in Table 4 and in Fig. 8. It is evident that films produced from
nanocellulose obtained by TEMPO-mediated oxidation are significantly
more transparent (transparency higher than 88%) than those produced
from nanocellulose obtained by an enzymatic process. On the other
hand, the thickness of the Ailanthus-Enzymatic films was higher than
that of the Acacia-TEMPO films. This means that the shorter CNF-
TEMPO nanofibers are able to conform themselves into a denser and
more transparent film.

As for the strength properties, for each target basis weight, stronger
(higher tensile strength) and stiffer (higher elastic modulus) films were
obtained with Acacia-TEMPO, although with a lower strain at rupture.
The more developed strength properties for the Acacia-TEMPO films
can be related to the higher content of nanofibrils in this nanocellulose
compared to Ailanthus-Enzymatic and the fact that they are more nega-

tively charged. These are characteristics that may favor the strength
properties of the films produced, as observed. Additionally, increasing
the basis weight of the films produced by filtration/hot pressing seemed
to promote some improvement in the overall tensile properties, particu-
larly for Ailanthus-Enzymatic films.

The present results obtained for Acacia-TEMPO films are not far
from those previously reported for films from eucalyptus nanofibrils.
For instance, Rodionova et al. [34] produced films from eucalyptus
nanofibrils obtained by TEMPO-mediated oxidation with different car-
boxyl content. The self-standing films were found to have tensile
strength varying from about 10 MPa (carboxyl content of 0.4 mmol/g)
up to near 65 MPa (carboxyl content of 1.2 mmol/g). The results ob-
tained for Acacia-TEMPO of 67–79 MPa are thus comparable to the best
results obtained by Rodionova [34]. Due to the brittleness of those eu-
calyptus TEMPO-CNF films, the authors could not measure the Young's
modulus and therefore the values of this property cannot be compared.

Fall et al. [12] reported films from eucalyptus, acacia and pine using
micro/nanofibrils produced by enzymatic pre-treatment with an en-



UN
CO

RR
EC

TE
D

PR
OO

F

R.O. Almeida et al. / International Journal of Biological Macromolecules xxx (xxxx) 1–11 9

Fig. 7. Specific component of the work of adhesion (Was) of several Lewis acid-
base probes on the surface of Acacia-TEMPO and Ailanthus-Enzymatic nanocel-
luloses at 35–50 °C.

doglucanase. These films produced by vacuum filtration/hot drying
presented values for the tensile strength, Young's modulus and strain at
rupture in the range of 210–250 MPa, 9–10.5 GPa and 6.2–7.6%, re-
spectively. The use of eucalyptus fibrils only slightly improved the
strength properties in comparison to Acacia fibrils, and the authors re-
lated this increment with the higher fibrillation yield obtained for the
eucalyptus micro/nanofibrils. The tensile strength and Young's modu-
lus obtained in the present work for Ailanthus-Enzymatic are signifi-
cantly lower, which could be largely related to the lower yield attained
in the nanofibril production, of less than 10% (Table 2), whereas for the
fibrils from the other sources, the corresponding yield reported in the
literature was 30–49% [12]. In addition, the raw material is different
and has a different composition in terms of polysaccharides (Table 1),
which could affect the final strength values. The strain at rupture ob-
tained for the film of higher basis weight of Ailanthus-Enzymatic was in
a similar range to the results for eucalyptus, acacia and pine. Notwith-
standing, even if the present results seem not to be as good as others
found when using other tree species as raw materials to produce CNF/
CMF films, they can still be considered as reasonable. Also, the condi-
tions to produce the films were not optimized in the present work.

Gas barrier properties are also an important characteristic that films
should have for their application in packaging or electronic devices. Al-
though nanocellulose-based films are claimed to possess a good oxygen
barrier, the barrier to water vapor is usually more limited, especially
under high humidity conditions. WVTR and WVP of the films with

higher basis weight were measured. The films presented WVTR values
in the range of 150–250 g m−2 d−1 (Table 4), with lower values (better
barrier) having been observed for the films of Ailanthus-Enzymatic.
However, the water vapor permeability (WVP), which is a parameter
that takes into account the thickness of the films, was lower for the
films of Acacia-TEMPO (of similar basis weight), due to their lower
thickness. The values of WVTR are in a similar range of those previously
reported for instance for TEMPO-CNF films from wood of Eucalyptus
and Pinus radiata: WVTR values of 285 and 292 g m−2 d−1 for films with
thicknesses of 35 and 30 μm, respectively, were reported [35]. A film of
neat cellulose nanofibrils produced from softwood presented a WVTR
around 400 g m−2 d−1 [36]. The range of the obtained values indicate a
relatively high hydrophilicity and water vapor permeability, which was
somewhat predictable for films made of pure CMF/CNF. For a real ap-
plication of this type of films obtained from wood wastes in gas barrier
systems, even if they have a good oxygen barrier, other components
will have to be added to impart water vapor barrier, e.g., clays [37].
Studies are being developed on this matter and the results will be pre-
sented in a future work.

4. Conclusions

Micro/nanofibrils were produced from the wood of Acacia dealbata
and Ailanthus altissima invasive tree species using preliminary delignifi-
cation processes, which had to be previously optimized, followed by
chemical or enzymatic treatments and high-pressure homogenization.
Acacia-TEMPO cellulose fibrils showed a large nanofibril content (fib-
rillation yield ~90%) and transparency. Based on rheology measure-
ments, it was estimated that for concentrations of at least 0.18%, the
Acacia-TEMPO CNF forms gels, whose strength increases with the CNF
concentration. Ailanthus-Enzymatic showed a low fibrillation yield
(around 10%) in account for the soft enzymatic process used for the
pre-treatment of the cellulosic material, and, accordingly, transparency
was remarkably lower.

The results from inverse gas chromatography analysis revealed that
higher specific interactions were obtained with Lewis basic and Lewis
amphoteric probes than with Lewis acidic probes, showing that the sur-
faces of the two nanocelluloses have a more Lewis acidic than Lewis ba-
sic character. However, for all the acid-base probes tested, higher spe-
cific interactions were obtained with Ailanthus-Enzymatic CMF, which
was explained by the higher crystallinity of this sample compared with
Acacia-TEMPO CNF.

Films produced from Acacia-TEMPO gel by filtration showed inter-
esting optical and mechanical properties. In detail, the Acacia-TEMPO
film showed a tensile strength of 79 MPa, Young's modulus of 7.9 GPa,
and a transparency of 88%, which can be considered quite acceptable
results. The results of water vapor permeability indicated a modest wa-
ter vapor barrier (WVTR of 250 g m−2 d−1 and WVP of 4.9 × 10−6 g
d−1 Pa−1 m−1). The films from Ailanthus-Enzymatic showed worse opti-
cal properties (transparency of 53%) and a higher value for WVP.

Overall, the CNFs and CMFs produced from A. dealbata by TEMPO-
oxidation and A. altissima by enzymatic process, respectively, have

Table 4
Optical, structural, mechanical and water vapor barrier properties of the films produced from Acacia-TEMPO and Ailanthus-Enzymatic nanocelluloses.

Film Basis weight
(g/m2)

Transparency
(%)

Thickness
(μm)

Tensile strength
(MPa)

Elastic modulus
(MPa)

Strain at rupture
(%)

WVTR
(g m−2 d−1)a

WVP x 106 (g
d−1 Pa−1 m−1)a

Acacia-
TEMPO

18.9 88.4 ± 0.4 17 ± 2 67.3 ± 24.1 6035 ± 830 1.6 ± 1.1 – –

Ailanthus-
Enz

19.2 63.0 ± 0.6 38 ± 7 38.5 ± 3.4 3106 ± 225 3.0 ± 0.3 – –

Acacia-
TEMPO

32.8 88.0 ± 0.3 24 ± 1 78.7 ± 18.6 7924 ± 209 1.3 ± 0.6 250.1 ± 3.2 4.93 ± 0.44

Ailanthus-
Enz

32.9 53.0 ± 3.3 46 ± 4 62.1 ± 1.7 3368 ± 136 6.7 ± 1.1 158.2 ± 8.7 6.38 ± 0.30

a WVTR refers to water vapor transmission rate and WVP to water vapor permeability.
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Fig. 8. Photographs of the films obtained through filtration + hot pressing
from Acacia-TEMPO suspension (left) and Ailanthus-Enzymatic suspension
(right).

many similarities with CNFs/CMFs produced from Eucalyptus wood,
which allows to conclude that, indeed, the wastes of these invasive tree
plants can be valorised towards the production of cellulose micro/
nanofibrils, a product with increasingly high value-added, mitigating,
at the same time, the problem of the tree proliferation in the natural
systems. Wood/wastes of invasive species can be thus an alternative to
more common woods to produce nanocellulose gels and nanocellulose
films.
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