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A B S T R A C T   

Lignin-cellulose nanofibrils (LCNF) are of attracting an increasing interest due to the benefits of maintaining the 
lignin in the nanomaterial composition. The production of LCNF requires considerable energy consumption, 
which has been suppressed employing pretreatment of biomass, in which it highlights those that employ enzymes 
that have the advantage of being more environmentally friendly. Some negative aspects of the presence of lignin 
in the fiber to obtain cellulose nanofibrils is that it can hinder the delamination of the cell wall and act as a 
physical barrier to the action of cellulase enzymes. This study aimed to evaluate the impact of a combined 
enzymatic pretreatment of laccase and endoglucanase for high content lignin LCNF production. The morpho
logical and chemical properties, visual aspect and stability, crystallinity, mechanical properties, rheology, barrier 
properties and quality index were used to characterize the LCNF. The laccase loading used was efficient in 
modifying the lignin to facilitate the action of the endoglucanase on cellulose without causing the removal of this 
macromolecule. This pretreatment improved the quality of LCNF (61 ± 3 to 71 ± 2 points) with an energy saving 
of 42% and, therefore, this pretreatment could be suitable for industrial production for a variety of applications.   

1. Introduction 

Cellulose nanofibrils (CNF) have been widely studied for the most 
diverse applications as substitutes for synthetic and non-biodegradable 
polymers, and almost always, the raw source to produce of this mate
rial has been bleached cellulosic pulps, as it is reported that lignin is 
considered an obstacle in the nanofibrillation process [1]. Lignin is 
linked to hemicellulose through covalent bonds, at the carbon-⍺ and C-4 
positions on the benzene ring. Presumably, small-scale intermolecular 
chemical bonds of lignin-carbohydrates exist natively between lignin, 
hemicellulose, and cellulose [2]. Its monomers' properties and the inter 
polymer interactions cause this structure to present biological, chemical, 
and mechanical resistance, hindering separation and recovery of its 
three main components, characterizing recalcitrance [3]. 

Compared to the production of CNF from bleached pulp, LCNF 

presents as an advantage the resource and energy savings from the 
suppression of the pulp bleaching step, making it a promising material to 
be used on an industrial scale [4,5]. The presence of lignin in the 
nanofibrils matrix improves the hydrophobicity and thermal stability of 
cellulose nanofibrils, benefitting the compatibility with various hydro
phobic polymers [6]. It's presence also have shown advantages in 
composite reinforcement and pickering emulsions [7]. Furthermore, 
because lignin has an excellent natural ability to block UV radiation, the 
potential use of LCNF instead of CNF is advantageous in clean windows, 
anti-counterfeiting materials, and windshields for vehicles [8]. 

Thus, for the most effective use of this plant biomass, it is essential to 
carry out pretreatments to make cellulose more accessible by modifying 
its physical and chemical structure, facilitating the conversion of vegetal 
fibers into several bio-products [9]. Many chemical and enzymatic 
pretreatments have been widely researched and applied for the most 
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economical production of nanocellulose. More recently, enzymatic 
pretreatments have attracted more interest due to the increasing interest 
in the impacts that chemical reagents may cause in the environment and 
the expenses for their recovery and recycling. On the other hand, en
zymes present high specificity, low enzymatic load for action and mild 
reaction condition, besides not producing dangerous chemical residues 
[5]. 

The first studies on enzymatic pretreatments to facilitate the 
obtainment of cellulose nanofibrils were developed by Henriksson et al. 
and Pääkko et al. [10,11], since then, many studies have been developed 
using cellulase enzymes [12–14], and other enzyme classes, such as 
xylanases [5,15], lytic polysaccharide monooxygenase (LPMO) [16], 
and the mixture of these enzymes. Endoglucanase and xylanase were 
applied together by Bian et al. [5] to obtain LCNF. Besides removing the 
surface xylan from the fiber, the study demonstrated that this pretreat
ment provided LCNF with smoother surface, higher tensile strength, and 
Young's modulus. 

Cellulose enzymatic hydrolysis requires physical contact between 
glycosidic hydrolases and their substrates, which can be obstructed by 
lignin in several ways [17]. In unbleached pulps, insoluble lignin can 
block enzyme access to carbohydrate surfaces, its structure can inhibit 
the action of enzymes in cellulose through physical barriers, such as 
hydrophobicity, surface charges, electrostatic interactions, and in
teractions between hydrogen bonds, limiting the accessibility of en
zymes, decreasing enzyme yield [18]. The fate of the catalytic activity of 
the adsorbed cellulases is under debate since there are reports of cellu
lases linked to lignin retaining most of their activity [19]. 

Laccase enzymes have emerged as important biotechnological cata
lysts for their ecological nature and mild working conditions. They are 
multi‑copper enzymes capable of catalyzing the direct oxidation of a 
wide range of aromatic compounds, such as lignin monomers, of 
generating reactive radicals, and using molecular oxygen as an oxidizer 
[20]. However, Steinmetz et al. [21] demonstrated the potential of 
laccase as a depolymerizing agent of lignin in a semi-continuous process 
in mild conditions. Laccases have been researched in the paper industry 
as a bleaching agent [22], as a lignin modifier to improve the mechan
ical properties of kraft papers [23] and as a pretreatment to obtain 
cellulose nanofibril in an oxidative system along with TEMPO [24]. 

In this context, this study aims to evaluate the effectiveness of two 
sequential enzyme pre-steps in the cellulose nanofibrillation quality and 
energy consumption: 1) laccase enzyme to depolymerize lignin; and 2) 
cellulase enzymes to facilitate mechanical shearing actions and inves
tigate if it may be a viable alternative to increase the yield and quality of 
lignin-cellulose nanofibrils. 

2. Experimental 

2.1. Materials 

Unbleached Eucalyptus kraft liner pulp donated by Klabin S.A. 
(Paraná/Brazil) was used. All the materials were used as received from 
the producers: acetic acid (CH3COOH) (ACS reagent, ≥99.7%, Sigma- 
Aldrich, France); deionized water; endoglucanase FiberCare 4890 
ECU/g enzyme solution (Novozymes, Denmark); laccase Novozym 
≥1000 LAMU/g enzyme solution (Sigma-Aldrich, France); sodium ace
tate trihydrate (CH3COONa⋅3H2O) (ReagentPlus, ≥99.0%, Sigma- 
Aldrich, France); glycerol (C3H8O3), (ACS reagent, ≥99.5%, Êxodo, 
Brazil); diiodomethane (CH2l2) (ReagentPlus, ≥99.0%, Sigma-Aldrich, 
Brazil); 1-bromonaphtalene (C10H7Br) (ACS reagent, ≥ 97%, Sigma- 
Aldrich, Brazil). ANOVA and Tukey's test at 95% significance, were 
applied to investigate if the averages were statistically different from the 
Untreated sample. Statistical analyzes were performed using the free 
software SISVAR version 5.6. 

2.2. Characterization of the pulp fibers 

Acid-insoluble lignin was determined following the standard TAPPI 
T222-15 and acid-soluble lignin content was evaluated following the 
standard TAPPI UM 250-76. Carbohydrates were determined according 
to the standard TAPPI T249-09. An Dionex ICS 5000 ion chromatog
raphy system (ThermoFisher, USA) was used. 

The morphological properties of the fiber's suspensions were 
measured using a MorFi fiber and shive analyzer (TECHPAP, France). 
Fine elements were considered as any detected object present in the pulp 
with dimensions lower than 80 μm. The samples of fibers suspensions 
were diluted in deionized water to about 0.400 g/L, and 1 L of this 
suspension was poured into the MorFi and measured for 5 min. Three 
repetitions were performed, and the obtained results averaged. 

2.3. Enzymatic pretreatments 

Laccase mediated enzymatic pretreatment using a laccase commer
cial enzyme Novozym 51,003 was performed with a concentration of 60 
LAMU/g of cellulose. Refined pulp with a Schopper-Riegler degree of 
70–80◦ were introduced at 2 wt% in a reactor pre-heated at 40 ◦C under 
continuous mechanical agitation with a 300-rpm rotation speed. A pH of 
4.5 was adjusted by adding an acetate buffer composed of acetic acid 
and sodium trihydrate. Once the temperature (40 ◦C) and pH stabilized, 
an enzyme solution was poured into the reactor and left for a reaction 
time of 2 h. To stop the enzymatic activity, the reactor was heated to 
80 ◦C for 10 min, then cooled to 25 ◦C. Finally, the suspension was 
recovered, filtered using a 1 μm nylon sieve, and rinsed with deionized 
water. Afterwards, previously laccase pretreated pulp was pretreated 
using an endoglucanase commercial enzyme FiberCare (300 ECU/g of 
cellulose). The pulp was introduced at 2 wt% in a reactor (50 ◦C) under 
continuous mechanical agitation (300-rpm) and a pH of 5. Once the 
temperature and pH stabilized, the enzyme solution was poured into the 
reactor and left for a reaction time of 2 h. Finally, the same procedure as 
the previous pre-treatment was used to recover the material. 

All pretreatments were coded to be easily assessed throughout the 
work (Table 1). 

2.4. LCNF production by mechanical nanofibrillation 

Refined cellulose pulps were immersed for three days in deionized 
water at 2 wt% to guarantee fiber swelling. Then, they were nano
fibrillated by passing the pulp through an MKCA6–2 ultra-fine grinder 
Supermasscolloider (disk model MKGA6–80, Masuko Sangyo, Japan). 
The disks speed was fixed at 1500 rpm [25]. The gap between the 
grinding stones was set to 10 μm for the first three passes and then to 
− 20 μm for the remaining passes. A three-phase wattmeter was intro
duced on the Masuko device to measure the total active power. 

The energy used during nanofibrillation was determined with a 
three-phase wattmeter, which can measure total input energy using the 
Eq. (1): 

TEC(kWh/kg) =
TIE (kWh)

m (kg)
(1) 

Table 1 
Experimental design and coding of samples.  

Fiber Condition Pretreatment Code 

Unbleached Eucalyptus 
Kraft Pulp 

Before 
nanofibrillation 

Not pretreated UEKP 
Laccase treated LT_UEKP 
Laccase-cellulase 
treated 

LCT_UEKP 

After 
nanofibrillation 

Not pretreated ULCNF 
– – 
Laccase-cellulase 
treated 

EsT_LCNF  
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TEC is the total energy consumption (kWh/kg), TIE is the total en
ergy input, and m is the mass of cellulose pulp (kg). 

2.5. Turbidity, visual inspection, stability, and zeta potential of LCNF 
suspensions 

The turbidity (NTU) of the LCNF suspensions was measured using a 
turbidimeter AL-250 (Aqualytic, Germany) on an 0.1 wt% LCNF sus
pension. The unity NTU refers to Nephelometric Turbidity Units. 

The suspensions were diluted to 0.1 wt% and was placed in test re
cipients for photos acquisition. Images were acquired at 0, 10, 30 min, 1, 
2, 3, 4, 5, 6, 7, 8, and 24 h. Fiji software was used to estimate LCNF 
decantation in the suspensions, and then stability was calculated ac
cording to Eq. (2) proposed by Silva et al. [26]: 

Stability =

(
Dispersed

Total

)

× 100% (2)  

where Dispersed is the height of the suspended particles, and Total is the 
height of the entire liquid in the recipient. 

The zeta potential test was conducted with a Dynamic Zetasizer Nano 
ZS 90 (Malvern Panalytical Instruments, UK) at 25 ◦C to evaluate the 
stabilization of LCNF suspensions (0.1 wt%). 

2.6. Morphological characterization of LCNF 

The LCNF suspensions were observed using a light microscope (Zeiss 
Axio AX10, Germany). The suspensions were previously diluted to 0.1 
wt% and stirred for 1 min with Ultra Turrax T-25 (IKA, Sweden) at 
10,000 rpm. Pictures were obtained using a 10× objective lens and 
analyzed using Fiji software. The average size of the observable particles 
was extracted using the Analyze Particles function. Ten images by 
sample were used in this step. Transmission Electron Microscopy of the 
LCNF was investigated using a Tecnai G2–12 (FEI company, USA) in
strument with an accelerated voltage of 80 kV. A drop of dilute LCNF 
suspensions (0.001%) were deposited onto a carbon-coated electron 
microscopy copper grid. The excess liquid suspension was removed by 
using filter paper, and a drop of 2% uranyl acetate was added for 
contrast. The grids were left to dry at room temperature. Images were 
post-processed using Fiji. 

2.7. Nano-structured papers preparation 

LCNF nano-structured papers, also called “nanopapers” were pre
pared with a sheet former (Xell Rapid Kothen, ISO 5269-2, PTE, Austria) 
from 2 g of LCNF (dry content) diluted to 0.5% in deionized water. First, 
the suspension was filtered in a 1 μm nylon sieve under vacuum at − 600 
mbar during a specific time until removing of water supernatant. Then, 
the sheet was dried at 85 ◦C under 0.8 bar pressure between two 1 μm 
nylon sieves (one on each side) to prevent adherence and two card
boards (one on each side) for 20 min. All the nanopapers were stored for 
48 h in a conditioned room at 23 ± 2 ◦C and 50 ± 2% RH before 
characterization. The porosity of the nanopapers was calculated from 
the basis weight of each sample (kg/m2) and its thickness (μm), using the 
following Eq. (3) described by Desmaisons et al. [13]. The samples were 
cut at (50 × 50) mm2 dimensions. 

P(%) = 1 −
(

BW
e × ρc

)

× 100 (3)  

where BW is the basis weight (kg/m2), e is the thickness (m), and ρc is 
the density of cellulose (1540 kg/m3). Five replicates were performed. 

2.8. X-ray diffraction (XRD) 

The XRD analyses were performed using a PANalytical X'Pert PRO 
MPD X-ray diffractometer (Malvern Panalytical, UK), equipped with an 

X'celerator detector with a Cu-Kα source (λ = 1.5406 Å) in the 2θ range 
of 10–40◦. A step rate of 0.066◦ was used. The equipment was operated 
at a tension of 45 kV and a current of 40 mA. 

The theoretical coordinates of native cellulose Iβ (FWHM = 0.1) were 
extracted from crystallography information data (.cif) using the soft
ware Mercury 2020.2.0 (CCDC, UK) obtained from the Supplementary 
Information accompanying the original work from Nishiyama et al. 
[27]. 

The patterns were deconvoluted using the Gaussian function with 
Magic Plot 2.9 (Magicplot Systems, Russia). For the amorphous halo, 
cellulose II pattern with full width at half maximum (FWHM = 9), only 
varying its intensity, was used as suggested in the literature [28]. After 
deconvolution, the crystalline fraction (CF) was calculated from the 
ratio among the area of all the crystalline peaks and the total area of the 
whole curve, determined after deconvolution following Eq. (4): 

CF(%) =

∑
AreaCrystalline Peaks

∑
AreaCrystalline Peaks + AreaAmorphous Halo

(4) 

The crystallite size of the (200) plane peak was calculated according 
to Scherrer's equation (Eq. (5)): 

D =
K × λ

β × cosθ
(5)  

where D is crystallite size (Å), K (0.9) is a constant that refers to crystal 
shape, λ is the wavelength of the ray used (Copper), β is the FWHM of the 
peak, in radians, and θ is the Bragg's angle of (200) plane diffraction. 

2.9. Mechanical properties 

The tensile properties were measured with a universal testing ma
chine (Instron 3365, USA) equipped with a load cell of 5 kN capacity, 
following the NF Q03–004 standard. The weight basis of the nanopaper 
specimens was measured using an analytical balance, and the thickness 
of the specimens was measured using a Lhomargy micrometer. These 
values were then reported into the tensile device to obtain the Young's 
Modulus. Tensile tests were performed at 5 mm/min, and an initial 
distance of 100 mm between the clamping jaws. The dimensions of the 
samples were 150 mm for the length and 15 mm for the width. For each 
sample, the minimal number of repetitions was seven and the average 
value was used for further calculations. The tear resistance was 
measured using a tear tester (Noviprofibre, Elmendorf pendulum 
4000mN, France). Samples were cut at (65 × 50) mm2 dimensions, and 
the measurement corresponds to the force (mN) needed for tear prop
agation after a primer. 

2.10. Rheological parameters 

This step was performed according to previous work from Souza 
et al. [29]. The study of the rheological behavior of LCNF suspensions at 
1% wt concentration was performed on a Physica MCR 301 (Anton Paar, 
Austria) rheometer coupled to an AWC100 (Julabo, Germany) thermo
static bath using the PP25 DIN Ti parallel plate sensor (D = 25 mm; Gap 
= 1 mm). The samples were submitted to flow curves using three 
continuous ramps (ascending, decreasing, and ascending) with a 
deformation rate ranging from 0 to 300 s− 1 for 2 min for each curve at 
25 ◦C. The Herschel-Bulkley (Eq. 6) model was adjusted to the data of 
the second increasing curve to determine the fluid flow profile and 
obtain the viscosity. The model was adjusted by the software Origin 
2022 (OriginLab, USA), using three repetitions. 

τ = τ0 +K× γη̇ (6)  

where τ is the shear stress in (Pa), τ0 is the yield stress in (Pa), K is the 
consistency index (Pa sn), γ• is the deformation rate (s− 1), and n is the 
flow behavior index (dimensionless). 

The apparent viscosity values were evaluated at a shear rate of 100 
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s− 1, which, according to Steffe [30], corresponds to a deformation 
commonly suffered by fluids in industrial pipes concerning processes as 
pumping and agitation. 

Oscillatory tests were performed according to Dimic-Misic et al. [31] 
to measure storage modulus (G′) and loss modulus (G′′), by angular 
frequency (ω) from 0.1 to 100 s− 1. The linear viscoelastic range (LVE) 
was acquired from an amplitude sweep using constant angular fre
quency (ω) of 1 s− 1, varying strain amplitude between 0.01 and 100%. 
Interval thixotropy test recovery measurements (3ITT) was determined 
according to the work of Rantanen et al. [32]. The samples were sub
jected to low shear rate (0.1 s− 1), then subsequently high shear rate 
(1000 s− 1), and finally once again low shear rate. 

2.11. Contact angle, surface wettability,surface free energy and barrier 
properties of nanopapers 

The contact angle and surface wettability of the nanopapers was 
determined following the standard TAPPI T458–14. This analysis was 
conducted using a Drop Shape Analyzer model DSA25B (Krüss, Ger
many) and the software ADVANCE version 1.4.1.2. The dispersive and 
polar components of the surface free energy of the LCNF nanopapers 
samples were determined according to Owens and Wendt [33] using 
deionized water, glycerol, and ethylene glycol as polar solvents, and 
diiodo-methane and 1-bromonaphtalene as apolar solvents.The water 
vapor transmission rate (WVTR) and water vapor permeability (WVP) 
were determined following the standard TAPPI T464 om-18. The 
nanopapers were sealed on glass containers which were placed in a 
controlled chamber at 37.8 ◦C and a 90% humidity and weighted at 
separate times intervals to calculate the mass gain. The grease resistance 
of the nanopapers was determined according the standard TAPPI T559 
cm-12. 

2.12. Simplified quality index (Q.I*) 

A quality index adapted from the previous work from Desmaisons 
et al. [13] was used for the comparison of LCNF suspensions together. 
Although the quality index (Q.I*) was developed for the analysis of 
enzymatic bleached CNF and not for lignin-containing CNF, it was used 
to obtain a broad view of the quality of the produced material. This 
value regroups 6 tests assessing LCNF optical and mechanical properties 
(Turbidity, tear resistance, Young's modulus, porosity, and macro size,), 
and is representative of the global quality of LCNF suspensions. 

The equation (Eq. (7)) that was adapted for quality index calculation 
was:  

where marks are calculated from raw test values as indicated in the work 
of by Desmaisons et al. [13]. The resulting equation (Eq. (8)) including 
the raw test values was therefore: 

Q.I* = − 0.02×X1 − 7.18× ln(X2) − 0.108×X2
3 + 3.81×X3 − 0.32 

×X4 − 5.35ln(X5)+ 57.2 (8)  

with X1 representing the turbidity (NTU), X2 the tear resistance (mN), 
X3 the Young's modulus (GPa), X4 the porosity (%), and X5 the micro- 
size (μm2). 

3. Results and discussion 

3.1. Effect of enzymatic treatments on fiber properties 

Table 2 gives the chemical composition of the Eucalyptus fibers 
before and after the enzymatic treatments. Xylan was the main non- 
cellulosic carbohydrate compound found in the samples. Arabinan and 
Galactan were also found in the hemicellulosic fraction, but in extremely 
low proportions, while the presence of Mannan was not detected in the 
analysis. 

A slight increase (not significant) in the Glucan content was observed 
in the material treated with the laccase enzyme. This apparent increase 
is related to the decrease in the content of Xylan in the constitution of the 
material. The significant reduction in Glucan content after hydrolysis 
with the endoglucanase enzyme demonstrates that the previous treat
ment with laccase was effective in modifying the lignin and leaving the 
cellulose more exposed to the cellulase attack. According to Li et al. 
[18], the structure of lignin can inhibit the action of enzymes on cellu
lose through physical barriers, limiting the accessibility of enzymes, 
inhibiting their hydrolysis. Espinosa et al. [34] produced LCNF from 
wheat straw with high lignin content (17.7%) with different pre
treatments, including enzymatic pretreatment with an endoglucanase 
enzyme. The results obtained by these authors show that LCNF pre
treated with this enzyme showed the lowest yield of nanofibrillation 
(37.45%). This corroborates the fact that lignin hinders the action of the 
enzyme on the cellulose structure, impairing the obtainment of LCNF. 

The content of hemicellulose ranged from approximately 11% for 
UEKP and LCT_UEKP to 9% for LT_UEKP. Dias et al. [25] stated that 

hemicellulose content in the range of 9 to 12% facilitates cell wall 
deconstruction. The presence of hemicellulose and its carboxylic groups 
act to regulate the extent of microfibril aggregation through electrostatic 
repulsion forces. This acts to facilitate the mechanical nanofibrillation of 
the fibers. 

Regarding the content of insoluble and soluble lignin, no change was 
observed in its content, showing that the enzymatic load used was able 
to modify the lignin present in the fiber structure but was not enough to 
remove it, thus preserving the original content of this macromolecule in 
the fibers and LCNF obtained. 

The MorFi system was used to understand the modifications on fi
bers' structure before and after the enzymatic hydrolyses. The consid
ered traits were the mean length of fibers, mean fiber width; the 
proportion of fines based on the length of fines, the fibrillation index, 

Table 2 
Average and standard deviation of the chemical components content of Euca
lyptus fibers before and after enzymatic treatments. *Different letters in the 
same column indicate significant (ρ ≤ 0.05) differences between the samples for 
the Tukey's test. ND = Not detected.  

Samples Glu Chemical composition (%) ILig SLig 

Hemicellulose 

Xyl Man Ara Gal 

UEKP 64 ±
0.1a 

10 ±
0.01a 

ND 0.2 ±
0.01a 

0.5 ±
0.01a 

17 ±
0.3a 

3 ±
0.06a 

LT_UEKP 65 ±
0.2a 

9 ±
0.07b 

ND 0.1 ±
0.02a 

0.4 ±
0.01a 

17 ±
0.1a 

3 ±
0.05a 

LCT_UEKP 63 ±
0.4b 

10 ±
0.05a 

ND 0.1 ±
0.00a 

0.5 ±
0.00a 

17 ±
0.1a 

3 ±
0.10a 

Glu = glucan; Xyl = Xylan; Man = Mannan; Ara = Arabinan; Gal = Galactan; 
ILig = Insoluble lignin; and SLig = Soluble lignin. 

Q.I* = 2×Turbidity mark+ 2× tear resistance mark+ 3×Young′ s modulus mark+ 2× porosity mark+ 1×micro size mark (7)   
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and the fiber coarseness (Table 3). 
Comparing the untreated sample (UEKP) with the one that under

went treatment only with the laccase enzyme (LT_UEKP), there was an 
increase in the average length of the fibers (from 620 ± 4 to 669 ± 3 
μm). Besides, there was a slight decrease in their average width (from 
18.5 μm to 18.3 μm). Thus, it supports that the laccase enzyme prefers 
attacking smaller structures present in the suspension, represented by 
the fines. As shown in Table 1, there was a considerable reduction in the 
content of fines after laccase-mediated enzymatic hydrolysis. 

Additionally, according to Chen et al. [35], this behavior, along with 
the fibrillation indexes, which decreased from 3.01 ± 0.01 to 2.86 ±
0.01% after treatment with laccase, suggests that the enzyme acts more 
on the surface of the fibers instead of inside. The fact that the enzyme 
attacked the smaller structures caused the average fiber length to 
increase. 

The decrease in coarseness after laccase-mediated enzymatic hy
drolysis (from 0.0938 to 0.0819 mg/m) can also be observed. The fiber's 
coarseness measures the amount of fiber per length of fiber, and this 
parameter indicates the fiber's cell wall thickness, besides how the fiber 
is being hydrolyzed [36]. From this result, it can be suggested that the 
first treatment with the laccase enzyme will already facilitate the action 
of the cellulase enzyme in the subsequent treatment. 

Analyzing the LCT_UEKP sample, the average length of the fibers 
increased relative to UEKP, but when compared to the LT_UEKP sample, 
it decreased in the average length of the same (from 669 ± 3 to 643 ± 5 

μm), which indicates that even with the presence of lignin, the cellulase 
enzyme was able to attack cellulose in the fiber structure. Lignin typi
cally inhibits cellulase enzyme action in cellulose through physical 
barriers, such as hydrophobicity, surface charges, electrostatic in
teractions, and interactions between hydrogen bonds [18]. 

Concerning the average fiber width, after the enzymatic treatment 
using cellulase, the fiber width slightly increased from 18.5 to 18.6 μm, 
compared to UEKP, and 18.3 to 18.6 μm compared to LT_UEKP. The 
fines content increased from 55 ± 1% after laccase treatment to 62 ±
1% after cellulase treatment. These results indicate that cellulases 
induce the fibers to swell by attacking the surface and the inner of the 
fibers, allowing more significant amounts of water molecules into the 
fibers. 

The increase in fibrillation index (from 2.86 ± 0.01 to 3.14 ± 0.03%) 
corroborates the earlier discussion in this section; it indicates that mi
crofibrils are individualized in the fiber cell wall once again because of 
the cellulase enzyme action. The value of coarseness for LCT_UEKP also 
decreased after cellulase hydrolysis (from 0.0819 to 0.0804 mg/m), 
which agree with the fiber length change, since the longer fibers largely 
determine the coarseness of a fiber population, and it is more sensitive to 
changes in the weight of that fraction [36]. According to Azevedo et al. 
[37], fibers presenting lower coarseness provide a more wettable sur
face, facilitating water molecules penetration into the fiber structure. 

3.2. Visual inspection, stability, and zeta potential of LCNF suspensions 

Sedimentation analysis and the percentage stability over time 
allowed evaluating the general stability of the aqueous NFC suspensions 
(Fig. 1). 

Since the existence correlation between particles shapes and sizes, 
particle agglomerates, and stability, sedimentation analysis has been 
widely used to evaluate cellulose nanoparticles quality [26]. The sedi
mentation shows a tendency of enzymes to affect the stability of the 
suspension during the first 24 h. As can be seen in Fig. 1, the ULCNF 
remains highly stable after the first 3 h of analysis, showing a stability of 
98.6%. On the other hand, the EsT_LCNF starts to suffer a decrease in 
stability after only 30 min and after 3 h shows a stability of 84.1%. 

After the fourth hour the ULCNF started to show a tendency to 
decrease the suspension stability and at the end of 8 h, it showed 90% 
stability while the EsT_LCNF after 8 h showed 78% stability. Interest
ingly, after 24 h of analysis, both suspensions showed similar stability 

Table 3 
Effect of laccase and cellulase meditated enzymatic hydrolysis treatments of 
unbleached eucalyptus kraft pulp on fibers' morphological properties. Different 
letters in the same column indicate significant (ρ ≤ 0.05) differences between 
the samples for the Tukey's test.  

Sample Mean 
length- 
weighted 
length (μm) 

Mean 
fiber 
width 
(μm) 

Fine's 
content 
(%) 

Fibrillation 
index (%) 

Mean fiber 
coarseness 
(mg/m) 

UEKP 620 ± 4c  18.5a 65 ± 1a 3.01 ± 0.01c 0.0938a 

LT_UEKP 669 ± 3a  18.3b 55 ± 1c 2.86 ±
0.01b 

0.0819b 

LCT_UEKP 643 ± 5b  18.6a 62 ± 1b 3.14 ± 0.03a 0.0804b 

UEKP = Unbleached eucalyptus kraft pulp without any treatment; LT_UEKP =
Laccase treated unbleached eucalyptus kraft pulp and LCT_UEKP = Laccase and 
cellulase treated unbleached eucalyptus kraft pulp. 

Fig. 1. Dispersion states of the 0.1 wt% ULCNF and EsT_LCNF suspensions at 0, 10, 30 min, 1, 2, 3, 4, 5, 6, 7, 8, and 24 h. Influence of time on LCNF suspensions 
stability in water. 
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(77% for ULCNF versus 76% for EsT_LCNF). These results indicate that 
the ULCNF suspension keeps the dispersed particles in Brownian motion 
in the suspension longer than the EsT_LCNF. Due to the latter having 
more repulsion charges as is shown in the Zeta potential values that will 
be discussed below. Brownian motion tends to randomize the orienta
tion of fibrils when the dispersion is diluted enough, which keeps them 
dispersed [26]. 

The surface charges of nanofibrils are an important parameter for the 
use of this material as a reinforcement agent. Nanoparticles must have 
high Zeta potential, so that the colloidal suspension can resist aggrega
tion, to increase its degree of dispersion in the matrix [38], but, ac
cording to Bhattacharjee [39], higher Zeta potential values are not 
always a guarantee of greater stability in colloidal suspensions, because 
van der Waals forces that act between particles can promote their 
agglomeration. 

The Zeta potential values found for the ULCNF sample was − 21.3 ±
0.6 mV and for EsT_LCNF sample was − 19.1 ± 0.4 mV, similar to the 
value that was found by [40] which was − 18 ± 3 mV. The Zeta potential 
of the EsT_LCNF sample was still close to the values found by [41] for 
NFC obtained after different sodium hydroxide treatments. The values 
found in this study were higher than those obtained for LCNF found by 
[42], these authors obtained a Zeta potential of − 28.1 ± 1.5 mV. 

These results indicate that the two suspensions are moderately stable 
due to the presence of negatively charged carboxyl groups present in the 
hemicellulose [40]. Zeta-potential measurements give an indication of the 
stability of the colloidal suspensions. It is assumed that suspensions with a 
zeta-potential higher than +30 mV or lower than -30 mV are stable [43]. 

3.3. Morphological properties of LCNF 

The morphology of the obtained LCNF was studied using trans
mission electron microscopy (Fig. 2). The enzymatic treatments did not 
cause significant changes in the average diameter of the nanofibrils, but 
there was a differentiation in the distribution of the diameter ranges of 
the nanofibrils, as well as in the overall appearance of the nanofibril 
network of the two samples. 

Both treatments lead to an efficient fibrillation into micro- and nano- 
scale elements, the analysis of TEM images enables to determine that 
these LCNF are composed of bundles of elementary fibrils, with widths 
between 39 ± 17 nm (ULCNF) and 38 ± 16 nm (EsT_LCNF) and lengths 
over to 3 μm leading to a high aspect ratio, making this material suitable 
for polymer reinforcement [44]. Dimensions of these nanofibrils were 
similar to those reported elsewhere for samples treated by mechanical 
nanofibrillation [25]. 

Fig. 2 also shows the diameter distribution of LCNF produced in 
different conditions, with average diameters lower than 30 nm that 
makes them potentially useful as reinforcing agents in composites [45], 
the content of LCNF was around 39%, and 45% for ULCNFand EsT_LCNF 
respectively. These results indicate that the enzyme-treated pulp led to 
better nanofibrillation and individualization of the fibrils, being the 
treatment that presented more homogeneous nanofibrils, with 44% of 
the elements measured within the class of diameter of 15–30 nm. TEM 
images enable to observe that EsT_LCNF (Fig. 4B) shows less nanofibril 
aggregates compared to ULCNF (Fig. 4A). A lower level of aggregation of 
LCNF allows them to better interact with polymer matrices via hydrogen 

Fig. 2. Typical transmission electron microscope (TEM) images and diameter distribution of CNF from: A) Untreated Lignin-cellulose nanofibrils (ULCNF), and B) 
Enzymes treated Lignin-cellulose nanofibrils (EsT_LCNF). 
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bonds. This enhances their mechanical and barrier properties and is 
attractive in the production of bio nanocomposites [46]. 

3.4. Rheological behavior 

The behavior of the viscosity of the LCNF suspensions was investi
gated at 25 ◦C. The flow curves and oscillatory tests are shown in Fig. 3. 

The Herschel-Bulkley model was adjusted appropriately for the data 
of the flow curve (p < 0.001), presenting high values of the coefficient of 
determination (R2 ≥ 0.9834 and R2 ≥ 0.9932 for ULCNF and EsT_LCNF 
respectively). The rheological parameters of the model, as well as the 
apparent viscosity at 100 s− 1, are presented in Table 4. 

ULCNF presented higher value for the consistency index (K) than 
EsT_LCNF, indicating that this suspension has a higher aspect ratio. The 
morphology of the material is related to the (K) value, which also ex
plains the lower viscosity of the Est_LCNF (Along with the degree of 
polymerization), since they present nanofibrils shorter than the ULCNF. 
Shorter nanofibrils results in a lower stiffness of the network, facilitating 

its breaking and ordering when subjected to shear, thereby decreasing 
viscosity [29]. 

ULCNF presented flow index values of 0.30 while EsT_LCNF pre
sented 0.36. The flow index (n) suggests the entire suspensions' struc
tural property [47], and indicates the degree of non-Newtonian 
characteristics of the material. According to Du et al. [48], the increase 
in the value of (n) in EsT_LCNF is also the result of the decrease in the 
degree of polymerization of cellulose due to enzymatic action. All the 
LCNF in the Herschel-Bulkley model point to pseudoplastic fluids' 
behavior presenting (n) values lower than 1. Similar behavior was re
ported by Czaikoski et al. [49] when investigating the rheological 
behavior of cellulose nanofibrils obtained from cassava peel and re
ported by Souza et al. [29] studying rheological behavior of Pinus, 
Eucalyptus, and cocoa shell NFC. The decay of viscosity characterizes 
pseudoplastic fluids as the shear rate applied to the fluid increases 
(Fig. 3A). It is due to the ordination of the material present in the stable 
suspension, which is disordered, and, as shear is applied, it starts to 
become organized, decreasing the system viscosity [30]. 

Oscillatory shear measurements were performed to identify the 
response of the viscoelastic properties of the LCNF suspensions. In 
Fig. 3B, both G′ and G′′ were presented as the functions of frequency at a 
fixed strain of 0.2% within the linear viscoelastic region. G′ increased 
with the frequency and it was much larger than G′′, which showed a 
viscoelastic solid-like feature (gel-like properties), indicating that the 
elastic properties were dominant compared to the viscous properties. 
Usually, G' is an in-phase elastic modulus associated with energy storage 
and release in the periodic deformation, and G" is an out of-phase elastic 

Fig. 3. Rheological behavior of LNCF suspensions. A) Apparent viscosity vs. shear rate for the LCNF suspensions, and B) Storage (G') and loss (G") moduli of sus
pensions with 1.0% (w/w) LCNF as a function of frequency for: Lignin-cellulose nanofibrils obtained from control) and laccase and cellulase enzymes treated and 
structural recovery in 3ITT experiments plotted as C) transient viscosity recovery in rotational test, and D) Transient viscosity recovery in rotational test with 
normalized transient viscosity (η+/η0). 

Table 4 
Parameters of the Herschel-Bulkley model and initial apparent viscosity and at 
100 s − 1 (η100) for ULCNF and EsT_LCNF.  

Sample Herschel-Bulkley 

τ0 (Pa) k (Pa.sn) n (− ) Pr > t R2 η100 (mPa.s) 

ULCNF  0.90  7.19  0.30  <0.001  0.9834 303.3 ± 7.6 
EsT_LCNF  6.0  2.12  0.36  <0.001  0.9932 172.3 ± 4.9  
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modulus associated with the dissipation of energy [50]. 
The results show that EsT_LCNF had lower values for G' and G" than 

ULCNF, which may be related to the action of both enzymes that 
partially depolymerized both lignin and cellulose, making their rheo
logical properties smaller when compared to the Control. Jordan et al. 
[51] found similar behavior studying the variations of the degree of 
polymerization in rheological properties of lignin-containing cellulose 
nanofibrils from cotton gin motes and cotton gin trash containing high 
lignin content and after bleaching with NaOCl2 for reduced lignin con
tent. For an ideal gel that behaves elastically, the storage modulus is 
expected to be independent of frequency and G' > G′′ [50]. Table 5 
shows the storage modulus (G'), gel stiffness (G'/G") and the loss tangent 
value (tan δ) of LCNF suspensions. 

The EsT_LCNF showed a higher value of G'/G" (7.58) compared to 
ULCNF (6.61), revealing an increase of the ionic strength of the sus
pension. According to Naderi and Lindström [52], the stiffening effect 
might imply a more intimate contact between the nanofibrils, however, 
the exact mechanism behind this notion is not clear. This behavior may 
explain the higher value of τ0 for EsT_LCNF when compared to ULCNF. 
Fig. 4 also shows the dependency of the behavior of G' and G" in relation 
to the frequency applied for both LCNF investigated. 

Furthermore, G'/G" values are between 1 and 10, indicating that the 
materials present gel-like characteristics [29,31]. In this situation, the 
classic structure is related to the existence of a three-dimensional or
ganization of the molecules that are broken under shear, causing the 
flow of the material, distinct of true gels, that break under shearing [29]. 

The transition from liquid-like to solid-like behavior for a visco
elastic coating material during immobilization has been described as the 
maximum slope of the loss factor, which is the ratio of the viscous to 
elastic modulus [31]. The loss tangent value (tan δ), (G"/G') ratio, was of 
the order of 0.1 (tan δ <1) for all the samples investigated. This means 
that the medium is structured in the same way, leading to a gel-like 
structure. A similar result also was found by Jordan et al. [51]. 

Fig. 3C and D show the time-dependent structure regeneration after 
the removal of a high shear rate. This is an important test because it 
simulates a practical application of LCNF. The high shear rate in the test 
reflects the shear rate during a practical application [31]. 

It can be noted that after the breakdown of elastic gel-like structure 
at high shear during the second interval, both LCNF presented a facility 
to reorganize and recovery the initial state, even presenting low vis
cosity than at the beginning of the first interval at a low shear rate. In 
both cases, the accumulation forces related to the thixotropic behavior 
of the suspensions and the shear forces compete with each other, causing 
the interruption of the accumulation structure in progress, resulting in 
an oscillatory behavior of the recovery curve [53]. 

Lê et al. [53] obtained related results by studying the rheological 
behavior of suspensions of cellulosic nanofibrils with different lignin 
levels. They concluded that lignin's presence influences the level of ag
gregation and elasticity within the nanocellulose gel network, 
improving the water release properties and increasing the elasticity of 
the structure. As can be observed in Fig. 4D, EsT_LCNF showed a slightly 
faster recovery than ULCNF. This result may be due to the laccase 
enzyme caused the lignin in the fibrils to be made more available on its 
surfaces or accessible in the aqueous phase. It facilitated flocculation 
and aggregation of particles making recovery of the initial 

characteristics of the suspension faster after the end of the high shear 
rate, as shows the higher values of (η+/η0) [42]. Moreover, it means 
that the faster the recuperation of the viscosity, the better is the sagging 
resistance after application on a rough surface [31]. Understanding the 
recuperation of the viscosity of LCNF suspensions is essential for the 
basis of selecting a proper coating procedure. 

3.5. Contact angle, wettability, free surface energy and barrier properties 

Fig. 4A shows the contact angle (CA) and wettability for the studied 
LCNF nanopapers.  

The average contact angles of LCNF nanopapers were 71 ± 4◦ and 62 
± 5◦ for ULCNF and EsT_LCNF, respectively. Concerning the wettability 
properties of the nanopapers, the ULCNF sample reached a value of 0.05 
± 0.01 (◦/s) while EsT_LCNF obtained 0.03 ± 0 (◦/s). These values were 
much higher than those found by Nlandu et al. [20], who for LCNF, these 
authors found a CA of 30, and similar to the result found by Yook et al. 
[54]. This difference may be due to how the substrates (LCNF) were 
prepared. In the study by Nlandu and co-workers, these authors pre
pared films in Petri dishes by the casting method and allowed them to 
dry overnight at a milder temperature (40 ◦C). Whereas in this study, 
nanopapers were prepared under vacuum filtration and drying under 
pressure and elevated temperature, which leads to the formation of a 
denser and more compact structure with a smaller volume of voids. This 
causes a more hydrophobic surface, caused by the flow of lignin, which 
can be more evenly distributed over the surface due to possible plasti
cization of the lignin under the temperature and humidity conditions 
used during the nanopaper drying process [43]. 

On the other hand, the AC results obtained in this study were lower 
than those found by [1,43], This can be explained by the fact that these 
authors have used high yield pulps (Thermo Chemi-mechanical) with 
higher lignin contents than the material used in this study. However, the 
values obtained in this work are higher than those found in literature for 
conventional (lignin-free) nanofibrillated cellulose (NFC). Tayeb et al. 
[55] found a CA value of 59.4◦ for NFC, while Solala et al. [56] found 
~25◦ as result for CA, and Wang et al. [57] found a CA of 12◦ for 
microfibrillated cellulose (MFC). 

Statistically, the use of laccase enzyme as a pre-treatment step did 
not result in interference with the contact angle and wettability prop
erties of the nanopapers. As it acts depolymerizing the lignin, the 
enzyme could decrease the hydrophobicity of nanopapers, which was 
not confirmed. We suspect that the endoglucanase enzyme, by prefer
entially attacking the amorphous regions of cellulose, leaving the ma
terial with more crystalline regions, where fewer sites are available for 
binding with water molecules, when compared to the amorphous re
gions of cellulose, may have assisted to compensate for the depoly
merization of lignin. 

The barrier properties of the lignin-cellulose nanopapers were 
analyzed in terms of water vapor transmission rate (WVTR) and water 
vapor permeability (WVP) and the results are shows in Fig. 4B and in the 
Table 4. 

The values for WVTR were 1159 and 1197 g.m2. day for ULCNF and 
EsT_LCNF nanopapers respectively, the samples showed no statistical 
difference between each other. The EsT_LCNF showed higher WVP 
property (2.42 g.mm/m2. kPa.day) compared to the ULCNF sample that 
showed a value of 2.07 g.mm/m2. kPa.day. These values are in agree
ment with the values reported by other authors for different raw ma
terials [55,58]. The increase of WVP in EsT_LCNF is since the enzyme 
laccase, when attacking lignin, ends up decreasing its hydrophobic na
ture. The presence of lignin reduces the absorption of water molecules 
during the initial stage of diffusion of water molecules in LCNF nano
papers [58]. 

On the other hand, some authors in the literature studying the barrier 
properties (WVTR and WVP) of films from different nanofibrillated 
cellulose sources with diverse chemical compositions, observed an 

Table 5 
Values of storage modulus (G'), gel stiffness (G'/G") and loss tangent value (tan 
δ(G"/G')) obtained from the mechanical spectra at 25 ◦C and 0.1 rad s-1 for LCNF 
suspensions at concentrations of 1 wt%.  

Samples Suspension concentration 
1 wt% 

G' (Pa) G'/G" Tan δ 

ULCNF  71.9  6.61  0.15 
EsT_LCNF  62.9  7.58  0.13  
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increase in WVTR for the films containing lignin, which according to the 
same authors may be due to the lower quality of hydrogen bonds in the 
films [59]. In addition, the barrier properties of LCNF nanopapers are 
the result of the combination of their crystalline structure as well as their 
ability to form dense networks with low porosity [58]. 

The grease resistance was measured according to the kit test, based 
on 12 different grease solutions numbered from 1 to 12. The material 
that achieves oil kit number of 12 is the one that shows the highest 
grease resistance during the test. According Lavoine et al. [60], a paper 
is considered grease resistant when it reaches the kit number of 8 or 
higher. Table 6 report the grease resistance obtained by the LCNF 
samples. 

Both samples reached the oil kit number of 12, the same result found 
by Tayeb et al. [55], indicating that they have the potential to be applied 
as coating agent in paper and packaging. This result is still indicative of a 
satisfactory level of nanofibrillation, since the more nanofibrillated the 
material is, the smaller the pore size in the nanopaper structure makes it 
more effective at blocking grease and water molecules [57]. 

Table 6 also show the total surface free energy distinguishing the 
dispersive and polar contributions. Surface free energy can provide more 
detailed information about the lignin-cellulose matrix, and it can be 
calculated from the OWRK model that uses polar and dispersive ele
ments [61]. The surface free energy predicts how well a given solvent 
wets the surface of a polymer matrix. The increase of the polar 
component in EsT_LCNF indicates an improvement of their hydrophilic 
character due to the degradation of non-carbohydrates constituents, 
more specifically the lignin from the fiber surface. It is known that 
oxidizing agents react mainly with lignin, breaking unsaturated bonds 
and producing final carbonyl and carboxyl structures, thus increasing 
the hydrophilic character of the fibers [62]. In this same context, 
Steinmetz et al. [21] demonstrated the potential of laccase as a depo
lymerizing agent of lignin in a continuous depolymerization process in 
mild conditions. 

Although both samples achieved oil kit number of 12 in the grease 
resistance test, and the dispersive components of surface free energies 

remain the same for both samples, behavior that was also observed by 
Hossain et al. [63], the control sample (ULCNF) seems to be more 
suitable for application for oil barrier purposes, since it has a lower polar 
contribution than EsT_LCNF, this means that its surface contains mole
cules that interact with liquids mainly through dispersive forces, such as 
Van der Waals interactions [61]. The influence of surface energy in 
grease resistance was mentioned in recent works by Tayeb et al. and 
Sheng et al. [55,64]. Fig. 5 show ULCNF presented higher contact angles 
with polar liquids (water, glycerol, and ethylene-glycol) when compared 
with EsT_LCNF, leading to lower surface free energy, and a lower surface 
free energy indicates that fewer solvents can wet the sample surface. 

3.6. Energy consumption 

The use of enzymatic pretreatments influenced the energy con
sumption for producing LCNF suspensions. In comparison to ULCNF, 
EsT_LCNF promoted a reduction of 42% in energy requirements to 
produce the nanofibrils, decreasing the consumption of 10.5 kWh/kg to 
6.1 kWh.kg. The necessary energy to produce nanocellulose materials is 
a crucial factor to allow competitive industrial production commer
cialization of these materials and their derivatives so that they can 
compete with polymers of petroleum origin. According to Desmaisons 
et al. [13], since 2008, studies have shown that the use of pretreatments 
reduces the energy demand for nanofibrillation from 20 to 30 kWh/kg to 
1.0 kWh/kg. 

Fig. 6A shows for both samples, energy consumption for mechanical 
nanofibrillation increases with the extending of grinding passes. The 
time spent for each pass through the grinder, for all the samples are 
shown in Fig. 6B. The time for each pass tended to increase during the 
nanofibrillation process for all treatments. 

It is interesting to note that the specific nanofibrillation energy for 
each passage through the grinder of the EsT_LCNF sample is greater than 
that of the ULCNF. Furthermore, the two energy consumption evolution 
curves (Fig. 6A) follow a similar trend. In Fig. 6B, the time per passage 
for the sample treated with the enzymes is also longer compared to the 
one without treatment. However, even with higher specific energy and 
nanofibrillation time per pass, the EsT_LCNF sample needed fewer 
passes (6 against 21 passes) and less time (54 min against 85 min) to 
reach the gel point than the ULCNF sample, making it consume less 
overall energy when compared to the control sample. 

One factor that can explain this behavior is that in EsT_LCNF, the 
fibers' cell wall was delaminated more quickly, making the microfibrils 
more easily individualized, increasing the water retention capacity of 
the suspension and, consequently, increasing its viscosity. Furthermore, 
increasing the nanofibrillation time of the material with each pass 
through the grinder. This is due to the ability of the cellulose 

Fig. 4. Average contact angle and wettability values (A) and WVTR and WPA values (B) for untreated and enzymes treated lignin-cellulose nanofibers.  

Table 6 
Grease resistance (oil kit number) and surface free energy (SFE) for the nano
papers of ULCNF and EsT_LCNF. Different letters in the same row indicate sig
nificant (ρ ≤ 0.05) differences between the samples for the Tukey's test.  

Characteristic ULCNF EsT_LCNF 

Oil kit number 12a 12a 
SFE (mN/m) 43 ± 3b 47 ± 1a 
Disperse (mN/m) 37 ± 5a 37 ± 1a 
Polar (mN/m) 6 ± 2b 10 ± 1a  
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nanoparticles to retain a large amount of water. The increase of viscosity 
along the nanofibrillation process is a consequence of the disintegration 
of fibrils, showing a stronger network formation as is typical of cellulose 
nanoparticles and forming a strong gel structure [65]. 

Literature reports that lignin is one of the most significant factors in 
the recalcitrance of lignocellulosic biomass [66], a fact that is widely 
observed during the nanofibrillation of mechanical pulps [65,67]. On 
the other hand, in the case of chemical pulps, there are reports that the 

Fig. 5. Dynamic nanopaper contact angles for the upper and lower sides of untreated lignin-cellulose nanofibrils (ULCNF) and Enzyme-treated lignin-cellulose 
nanofibrils (EsT_LCNF). Polar solvents (Deionized water, Glycerol and Ethylene glycol) and apolar solvents (Diiodomethane and 1-bromonaphtalene) were used. 

Fig. 6. A) Evolution of energy consumption for each pass and B) Time spent vs. nanofibrillation pass for ULCNF and EsT_LCNF. The black arrows indicate the point at 
which it was observed that the suspensions acquired a consistent gel appearance. 
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presence of residual lignin can decrease the energy consumption of 
nanofibrillation [59]. This different behavior between these two types of 
pulp may be related to the sulfonation of lignin in the compound pulps 
that allow a more extensive swelling of the fibers by water, accompanied 
by a more extensive softening of the material [7]. 

3.7. Quality of lignin-cellulose nanofibrils 

The lignin-cellulose nanofibrils produced without and after enzy
matic pretreatments were characterized and had their quality evaluated 
based on the index proposed by Desmaisons et al. [13] obtaining the 
values shown in Table 7. Despite being originally developed to evaluate 
suspensions of cellulose nanofibrils from bleached pulps, this index can 
be applied to LCNF suspensions in order to obtain a broad insight into 
their qualities, as already reported in the study by Espinosa et al. [58]. 

The turbidity is an indirect indicator of the nanofibrillation yield due 
to the light scattering produced by large particles in a suspension [58]. 
The enzyme pretreatments promoted a decrease in turbidity in the LCNF 
suspension (473 ± 5 compared to 541 ± 7 NTU of the untreated sam
ple), a first indication that the material has more nanoscale and less 
aggregated particles. Similar LCNF turbidity values were found by Amini 
et al. [4]. When cellulose particles are in nanoscale, they are stable due 
to Brownian motion, which keeps the particles in suspension caused by 
the interaction of repelling forces [26]. 

The turbidity measures the light that is dispersed by the material in 
suspension. As the material becomes smaller, the visible light is not 
dispersed in the material and the turbidity value tends to approach zero. 
The opposite happens when the material is composed mostly of particles 
with larger dimensions in which visible light ends up being dispersed, 
increasing the turbidity value. According to Foster t al. [68], although 
turbidity of NFC suspensions is complex due to the number of scatterers 
per unit volume, size distribution, and optical properties of the light- 
scattering bodies, it is consistent method for estimating the quality of 
nanofibrils. 

The mechanical tests results show significance differences on nano
papers properties. The tear resistance result decrease from 49 ± 3 to 41 
± 3 mN after enzymatic hydrolysis, showing the effectiveness of these 
pretreatments to facilitate the action of the enzyme endoglucanase on 
the fiber structure that still contains lignin after the action of the enzyme 
laccase that weakened the lignin structure allowing the effective cutting 
of fibers and generation of fine elements. 

These results present the same tendency as the work of Banvillet 
et al. [69], where after the use of enzyme hydrolysis, the authors re
ported decrease of the values of tear resistance. The tear resistance of the 
nanopapers is related to interactions and dimensions of the LCNF; the 
more homogeneous the structures are at the nanoscale, more cohesive 
the material is, facilitating the propagation of the tear by the absence of 
empty spaces [13]. 

The Young's modulus was positively affected by the enzymes, the 
value increased from 7.2 ± 0.3 to 9.5 ± 0.4 GPa where this property is 

directly influenced by the aspect ratio and interactions of lignin- 
cellulose nanofibrils. This increase is due to the hydrolysis of the 
amorphous cellulose in the fibers by the enzymatic action that caused 
the relative increase of crystalline domains that led to the increase of the 
stiffness of the material. A similar tendency was observed by Bian et al. 
[5] where the Young's modulus of LCNF pretreated with endoglucanase 
and xylanase enzymes increased compared to LCNF produced without 
any type of treatment (From approximately 3.3 GPa to 4.8 GPa), 
Ämmälä et al. [70] also produced LCNF with high lignin content from 
non-delignified Spruce and Pine sawdust after a sulfonation pretreat
ment, and found stiffness values close to those found in this research (8 
GPa for sulfonated Pine LCNF and 7 GPa for sulfonated Spruce). 

The enzymatic hydrolysis resulted in a considerable increase of CF, 
from 59.6 ± 1.7% to 64.6% for EsT_LCNF. This result may indicate that 
the laccase enzyme was able to partially depolymerize the lignin [21], 
weakening its structure and avoiding the known inhibitory effect that 
lignin has on enzymes in cellulosic fibers [18]. 

The increase of crystallinity means that the endoglucanase enzyme 
was able to attack the amorphous domains of cellulose. It is already 
reported in several studies that endoglucanase has a preferential action 
of disordered regions of cellulose than crystalline cellulose [12,71]. This 
can be confirmed in Table 3 with the decrease in Glucan content in the 
material treated with the cellulase enzyme. The decrease in Glucan in
dicates that this polysaccharide molecules were hydrolyzed into Glucose 
due to the action of the enzyme. 

Concerning the crystallites size, it was observed that enzymatic hy
drolysis led to an increase of crystallites' dimension at the plane (200) 
from 3.12 ± 0.01 nm to 3.22 ± 0.05 nm. It is expected that after the 
attack of the amorphous domains of cellulose, enzymes begin to attack 
the small crystallites [45].The decrease of porosity of the nanopapers 
(from 29.8% to 25.5%) corroborates with the increase of Young's 
Modulus after the enzymatic treatments. According to Benítez and 
Walther [72], this occurs because materials with lower porosity contain 
more mechanically resistant nanostructures while materials with higher 
porosity contain air instead of a LCNF network with high mechanical 
strength. Also according to the same authors and Banvillet et al. [69] 
with an enzymatic pretreatment, nanopapers with porosities <20% and 
Young's modulus between 8 and 15 GPa are usually obtained. 

Regarding the micro-size area (μm2), the residual non- 
nanofibrillated fibers was lower for EsT_LCNF (54 ± 9 μm2), indi
cating that in this case there was a greater delamination of the cell wall. 
The pretreatment facilitates the nanofibrillation and leads to the 
decrease of energy demand. As shown in the previous section, the energy 
consumption along the nanofibrillation process decreased by 42% after 
the enzymatic hydrolysis. After determining the quality index for each 
material, the EsT_LCNF sample achieved a higher value (71 ± 2), with a 
10-point advantage over the untreated sample (61 ± 3). Besides the 
quality of LCNF, an essential factor to produce this material in industrial 
scale is the energy consumption required for the deconstruction of the 
lignocellulosic fiber from the macro to the nanoscale. In this study, it 
was evidenced the effectiveness of the pre-treatments presented as a 
viable alternative to produce lignocellulosic nanofibrils. 

4. Conclusions 

This study confirms the positive impact of a combined enzymatic 
pretreatment of laccase and endoglucanase enzymes for LCNF produc
tion. The laccase proved effective in attacking the lignin helping to 
decrease the recalcitrance of the fiber cell wall and making the cellulose 
more exposed to physical contact for the action of the endoglucanase. 
This new pretreatment could therefore be used to produce LCNF in 
various applications, being attractive for its use in the packaging in
dustry, or for high value-added applications such as substrates for 
printed electronics. Finally, this pretreatment could be suitable for in
dustrial production, thanks to the decreased energy requirements. 

Table 7 
Quality indexes of lignin-cellulose nanofibrils produced by different conditions. 
Different letters in the same column indicate significant (ρ ≤ 0.05) differences 
between the samples for the Tukey's test.  

Samples Quality index of Lignin-cellulose nanofibrils 

Turbidity 
(NTU) 

Tear 
resistance 
(mN) 

Young's 
modulus 
(GPa) 

Porosity 
(%) 

Micro- 
size 
area 
(μm2) 

Q. 
I* 

ULCNF 541 ± 7a 49 ± 3a 7.2 ±
0.3b 

29.8 ±
1.7a 

73 ±
8a 

61 
±

3b 

EsT_LCNF 473 ± 5b 41 ± 3b 9.5 ±
0.4a 

25.5 ±
1.9b 

54 ±
9b 

71 
±

2a  
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