
HAL Id: hal-04181380
https://cnrs.hal.science/hal-04181380

Submitted on 15 Aug 2023

HAL is a multi-disciplinary open access
archive for the deposit and dissemination of sci-
entific research documents, whether they are pub-
lished or not. The documents may come from
teaching and research institutions in France or
abroad, or from public or private research centers.

L’archive ouverte pluridisciplinaire HAL, est
destinée au dépôt et à la diffusion de documents
scientifiques de niveau recherche, publiés ou non,
émanant des établissements d’enseignement et de
recherche français ou étrangers, des laboratoires
publics ou privés.

High-Lignin-Containing Cellulose Nanofibrils from Date
Palm Waste Produced by Hydrothermal Treatment in

the Presence of Maleic Acid
Amira Najahi, Quim Tarrés, Marc Delgado-Aguilar, Jean-Luc Putaux, Sami

Boufi

To cite this version:
Amira Najahi, Quim Tarrés, Marc Delgado-Aguilar, Jean-Luc Putaux, Sami Boufi. High-
Lignin-Containing Cellulose Nanofibrils from Date Palm Waste Produced by Hydrothermal Treat-
ment in the Presence of Maleic Acid. Biomacromolecules, 2023, 24 (8), pp.3872 - 3886.
�10.1021/acs.biomac.3c00515�. �hal-04181380�

https://cnrs.hal.science/hal-04181380
https://hal.archives-ouvertes.fr


High-Lignin-Containing Cellulose Nanofibrils from Date Palm Waste
Produced by Hydrothermal Treatment in the Presence of Maleic
Acid
Amira Najahi, Quim Tarrés, Marc Delgado-Aguilar,* Jean-Luc Putaux, and Sami Boufi*

Cite This: Biomacromolecules 2023, 24, 3872−3886 Read Online

ACCESS Metrics & More Article Recommendations *sı Supporting Information

ABSTRACT: Lignin-containing cellulose nanofibrils (LCNFs) have at-
tracted great attention because the presence of lignin brought additional
merits to cellulose nanofibrils including hydrophobicity, ultraviolet (UV)-
shielding capacity, and reduced water sensitivity. In the present work, LCNFs
with lignin content up to 21 wt % were prepared with a high yield exceeding
70 wt %, from neat date palm waste, by a hydrothermal treatment (HTT) at
120−150 °C in the presence of 20−30 wt % maleic acid, followed by high-
pressure homogenization. The chemical composition, degree of polymer-
ization, morphology, and colloidal and rheological properties of the LCNFs
were investigated to understand how the HTT in the presence of MA
affected the properties of the resulting LCNFs. Nanopapers prepared from
the LCNF suspensions exhibited mechanical properties lower than those
from lignin-free CNF-based nanopapers, yet with decreased hydrophilicity. A
mechanism explaining how the HTT in the presence of MA facilitated the disintegration of the biomass into nanoscale material was
proposed. Overall, the present work demonstrated a feasible and scalable approach for the sustainable production of LCNF
suspensions from neat agricultural residues, with a high yield and a high lignin content, without any need to perform a preliminary
partial delignification.

1. INTRODUCTION
Over the past decade, lignin-containing cellulose nanofibrils
(LCNFs) have garnered significant interest as a new class of
nanosized lignocellulosic material that could expand the
domains of application of nanocelluloses. The presence of
lignin in LCNFs likely imparts specific properties, including
ultraviolet (UV)-absorption, antioxidant activity, hydrophobic-
ity, barrier properties, and emulsification improvement in
Pickering emulsions, among others.1,2 Numerous studies have
demonstrated the beneficial effects of the presence of residual
lignin on the reduction of hydrophilicity, water uptake, and
water permeability of nanopapers, particularly when the lignin
content exceeded 15 wt %.3,4 For example, thin films of high-
lignin content CNFs (23 wt %) were reported to be suitable
for producing low oxygen permeability films with an oxygen
transmission rate (OTR) comparable to commercially available
polymers like poly(ethylene terephthalate) (PET).5 Other
applications encompass the use of LCNFs as an emulsifying
agent for oil-in-water (O/W) Pickering emulsions, being an
attractive alternative to synthetic surfactants.6 Furthermore, the
presence of lignin has also been reported to be beneficial as a
compatibilizer for hydrophobic polymers, and potentially
improve their dispersion in composite materials, avoiding the
need of using compatibilizers or chemical modification of the
reinforcing agent, particularly for nanosized fillers.7 Remark-

ably, the incorporation of LCNFs into pulp slurries for the
production of brown-line paper has been reported to be more
beneficial than lignin-free CNFs, as the enhancement of the
mechanical properties is of the same magnitude, but the
presence of hydrophobic constituents (i.e., lignin) palliates the
negative effect that such high surface area and nanosized
material imparts over the drainability of pulp during paper
production.4

The preservation of lignin is highly recommended in terms
of resource utilization. This concept is similar to high-yield
pulping in papermaking, where most of the lignocellulosic
constituents are preserved, limiting the use of chemical
reagents and, thus, minimizing the generation of residual
effluents. Interestingly, the preservation of lignin takes
advantage of the knowledge on high-yield pulping by breaking
down the lignocellulose structure into lignin-rich nanofibrils.8,9

This approach is particularly valuable for residual biomass
feedstocks, such as agricultural residues, which are typically

Received: May 23, 2023
Revised: July 16, 2023
Published: July 31, 2023

Articlepubs.acs.org/Biomac

© 2023 The Authors. Published by
American Chemical Society

3872
https://doi.org/10.1021/acs.biomac.3c00515

Biomacromolecules 2023, 24, 3872−3886

D
ow

nl
oa

de
d 

vi
a 

90
.4

2.
23

9.
19

9 
on

 A
ug

us
t 1

5,
 2

02
3 

at
 1

4:
01

:3
5 

(U
T

C
).

Se
e 

ht
tp

s:
//p

ub
s.

ac
s.

or
g/

sh
ar

in
gg

ui
de

lin
es

 f
or

 o
pt

io
ns

 o
n 

ho
w

 to
 le

gi
tim

at
el

y 
sh

ar
e 

pu
bl

is
he

d 
ar

tic
le

s.

https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Amira+Najahi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Quim+Tarre%CC%81s"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Marc+Delgado-Aguilar"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Jean-Luc+Putaux"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/doSearch?field1=Contrib&text1="Sami+Boufi"&field2=AllField&text2=&publication=&accessType=allContent&Earliest=&ref=pdf
https://pubs.acs.org/action/showCitFormats?doi=10.1021/acs.biomac.3c00515&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00515?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00515?goto=articleMetrics&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00515?goto=recommendations&?ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00515?goto=supporting-info&ref=pdf
https://pubs.acs.org/doi/10.1021/acs.biomac.3c00515?fig=abs1&ref=pdf
https://pubs.acs.org/toc/bomaf6/24/8?ref=pdf
https://pubs.acs.org/toc/bomaf6/24/8?ref=pdf
https://pubs.acs.org/toc/bomaf6/24/8?ref=pdf
https://pubs.acs.org/toc/bomaf6/24/8?ref=pdf
pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org?ref=pdf
https://pubs.acs.org?ref=pdf
https://doi.org/10.1021/acs.biomac.3c00515?urlappend=%3Fref%3DPDF&jav=VoR&rel=cite-as
https://pubs.acs.org/Biomac?ref=pdf
https://pubs.acs.org/Biomac?ref=pdf
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://creativecommons.org/licenses/by-nc-nd/4.0/
https://acsopenscience.org/open-access/licensing-options/


discarded but can be valorized in the form of high-performance
materials.10−12

In lignocellulosic fibers, lignin forms a rigid amorphous
matrix embedding hemicelluloses and cellulose fibrils, confer-
ring structural rigidity to fibers and resistance to chemical,
microbial, or enzymatic attack, while acting as a natural binder
between the rest of the constituents.13 Lignin is tightly bound
to hemicellulose and cellulose through non-covalent and
covalent linkage including benzyl ester, benzyl ether, and
glycosidic and acetal bonds.14,15 Owing to the complex three-
dimensional network architecture of lignin and structural
organization within the lignocellulosic fibers, the traditional
methods for CNF production involving chemical and/or
enzymatic pretreatments are highly recommended. The
suppression of this stage could be detrimental for fibrillation
equipment, such as high-pressure homogenizers or micro-
fluidizers, as pressure chambers could become clogged and/or
energy consumption would be excessive.16 Therefore, a
chemical pretreatment combined with a mechanical disintegra-
tion is a prerequisite for preparing CNFs. Owing to the
hierarchical structure of lignocellulosic fibers, the resulting
quality of LCNFs, in terms of morphology, rheology, colloidal
stability, and usefulness, can be easily tailored by adjusting the
intensity of both pretreatments and fibrillation.17 However,
chemistry-based pretreatments usually encompass the oxida-
tion and/or partial dissolution of lignin, thus decreasing its
content and limiting the abovementioned advantages of lignin,
on the one hand, and decreasing the yield of the whole
operation, on the other.3,18

The most widely studied chemical pretreatment to facilitate
the disintegration of lignocellulosic fibers into LCNFs is
TEMPO-mediated oxidation, which was initially used on
bleached delignified cellulose pulps to reduce the energy
consumption during high-pressure homogenization (HPH).19

For instance, Herrera et al. used a semichemical pulp
containing 26 wt % lignin as feedstock for TEMPO-oxidized
LCNFs. At the end of the process, the lignin content
accounted for 23 wt %.5 Their method involved a refining
treatment to enhance pulp defibrillation before TEMPO-
mediated oxidation to achieve a carboxyl content of around
900 μeq g−1, followed by high-pressure microfluidization. A
similar approach was adopted by Wen et al. to produce LCNFs
from a high-yield pulp, where the lignin content decreased at
increasing extent of oxidation.20 In our previous work, LCNFs
were prepared from date palm waste (DPW) using TEMPO-
mediated oxidation of neat DPW as a pretreatment followed by
HPH. These LCNFs exhibited a higher thermal stability and a
lower hydrophilicity than bleached CNFs, and demonstrated a
high reinforcing potential when incorporated into an acrylic
polymer matrix via casting.21

The combination of a sodium hydroxide or sulfuric acid
treatment at low concentration (from 3 to 5 wt %) followed by
ball milling and ultrasonication was successfully used to
prepare LCNFs from agricultural residues, namely sunflower
stalks and reed straw.22,23 Other approaches, including partial
bleaching of a commercially available mechanical pulp from
pine, have been also reported to effectively produce LCNFs as
a reinforcing agent in papermaking.18

Other methods involving chemical, physical, or enzymatic
pretreatments have been also reported for LCNF production.
A combination of mild sulfonation pretreatment and ultrafine
wet grinding at moderate temperature (around 85 °C) was
successfully used to produce LCNFs with a high lignin content

(around 25 wt %) and a significant reinforcement of paper.24

Laccase enzymes, which are multi-copper enzymes capable of
catalyzing the direct oxidation of a wide range of aromatic
compounds such as lignin monomers, were recently used in
combination with endoglucanases as a pretreatment of
unbleached eucalyptus kraft pulp to produce LCNFs through
grinding. This resulted in LCNFs with a broad width
distribution (30−100 nm) as well as microscale fibrils.25
Deep-eutectic solvents (DESs) have also been explored for

the preparation of LCNFs. For example, LCNFs derived from
corncob were produced by combining DESs and enzymatic
hydrolysis, followed by HPH. The DES treatment selectively
removed a fraction of lignin and hemicelluloses, while the
enzymatic hydrolysis promoted the disintegration of the cell
wall by partial breakdown of the disorganized regions of
cellulose.12 Other approaches involving the use of DESs
usually result in low-lignin content CNFs, as these solvents are
commonly used to extract and separate hemicelluloses and
lignin or promote enzymatic saccharification.26,27

Recently, LCNFs with various lignin contents were
successfully produced using an innovative approach based on
the treatment of lignocellulosic plant biomass with p-
toluenesulfonic acid (p-TsOH), and a dicarboxylic acid, as
acid hydrotropes followed by HPH or microfluidization.28

Since they combine the properties of acids and hydrotropes,
acid hydrotrope molecules are capable of cleaving ether and
ester bonds from lignin to carbohydrates, thus solubilizing it.29

By properly adjusting the concentration of the hydrotrope,
contact time, and temperature, the lignin content can easily be
controlled. Using this approach, p-TsOH LCNFs from birch
wood were produced by microfluidization at a concentration of
20 wt % p-TsOH at 80 °C for 20 h.30 The same approach was
applied to sugarcane bagasse powder (SBP), where LCNFs
with a lignin content ranging from 4.69 to 17.53 wt % were
obtained by p-TsOH and hydrolysis, followed by HPH.
Although high lignin contents were found to prevent
fibrillation, as the fiber width was markedly higher, the water
contact angle of the resulting films significantly increased with
increasing lignin content.31

Maleic acid has previously been successfully used for the
production of lignin-containing cellulose nanocrystals
(LCNCs) and LCNFs using unbleached mixed hardwood
chemical pulps of lignin contents of 3.9 and 17.2 wt %. A
minimum maleic acid (MA) concentration of 50 wt % and a
temperature of 100−120 °C were required to produce LCNFs
with a high yield and at the nanoscale.32 The same approach
has been applied to bleached eucalyptus pulp (BEP), where
carboxylated CNCs and CNFs were produced by MA
hydrolysis.33

The present work aims at assessing the suitability of using a
two-stage hydrothermal treatment (the first one in water, and
the second one in the presence of MA), followed by a
moderate HPH sequence, to successfully produce chemically
derived LCNFs while preserving a high lignin content and
assess their characteristics and the performance of LCNF films.

2. EXPERIMENTAL SECTION
2.1. Materials. Date palm waste (DPW) encompassing a mixture

of leaflets, leaves, and rachis was used as biomass feedstock to produce
LCNFs. It was obtained from the annual pruning of the plant in the
oasis region of Gabes, in south Tunisia. Maleic acid (MA) and other
chemicals were purchased from Sigma-Aldrich (Spain), and were used
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without further purification. Deionized water (DI) was used for all
treatments.
2.2. General Procedure. Scheme 1 provides a general overview

of the selected strategy for LCNF preparation from DPW,
encompassing pretreatment and HPH fibrillation.
2.3. Biomass Pretreatment and LCNF Preparation. DPW was

milled and sieved using a knife mill from Agrimsa (Spain) equipped
with a sieve of 5 mm at the bottom. The biomass was then fibrillated
using a Sprout-Waldron refiner, increasing the surface area and
promoting the efficiency of the subsequent chemical treatments. This
process was repeated 3 times in order to obtain a constant measure of
the fiber diameter in the MorFi equipment. The resulting DPW fibers
were subjected to a hydrothermal treatment (HTT) in a stainless-steel
jacketed rotary reactor equipped with temperature control. The HTT
was carried out by soaking 500 g of fibrillated DPW in 5 L of DI at a
solid to liquid ratio of 1:10 and introducing the suspension into the
reactor, preheated at 80 °C. The reactor was then sealed, and the
temperature was increased to 160 °C. These conditions were
maintained for 3 h. The reactor was then cooled down and discharged
once the atmospheric pressure inside the reactor was achieved. The
suspension was then filtered to obtain a pulp at 50 wt % consistency.
The MA treatment was run as follows in a 3 L jacketed pressurized

reactor. In a typical experiment, 300 g of the HTT-treated DPW was
introduced and an appropriate volume of MA solution was added so
that the solid to liquid ratio was kept at 1:10. Then, the temperature
was increased (135 or 150 °C) and the mixture was kept under
mechanical stirring for a given time between 2 and 3 h, depending on
the selected conditions. After this treatment, the suspension was
recovered by filtration through a 10 μm polyamide screen fabric and
thoroughly washed with water until achieving neutral pH at the
filtrate. In order to identify different samples, the nomenclature
MxTytz was adopted, where x, y, and z represent the MA
concentration (in wt %), treatment temperature (in °C), and time
(in h), respectively.
The fibrillation of the MA-treated pulp was conducted in a PANDA

Plus 2000 high-pressure homogenizer (GEA Niro Soavi, Italy) at 1.5
wt % consistency and subjecting the pulp to 3 passes at 300 bar and 3
passes at 600 bar. The resulting LCNFs were stored in hermetic
plastic bags at 4 °C for further characterization and use.
2.4. Chemical Composition. The chemical composition of the

mechanically treated DPW and all produced samples was determined.
First, samples were prepared for chemical characterization according
to TAPPI standard T257. Once conditioned, one portion (2 dry g)
was used for determining the ash content in an electric muffle furnace,
placing the samples in porcelain crucibles and slowly increasing the
temperature (2 °C min−1) from 100 to 525 °C. This assured the
complete carbonization of the samples without flaming. The crucibles
were removed from the furnace when no black particles were
observed, and ash was calculated according to eq 1

= ×w
w

ash 100f

i (1)

where wf is the final weight after combustion and wi is the initial dry
weight of the sample.
In parallel, the samples were subjected to solvent extractive

determination, on the one hand, and to NaClO2 bleaching, on the
other. In the case of the former, samples (5 dry g) were placed in
extraction thimbles for Soxhlet extraction using an ethanol−toluene
mixture as a solvent, as detailed in TAPPI standard T204. Samples
were submitted to extraction for 5 h in the presence of 150 mL of the
ethanol−toluene mixture. Then, the extract was dried at 105 °C in an
oven until constant weight. A blank test was also carried out, using the
solvent without the sample inside the thimbles. The extractive content
was then determined according to eq 2.

= ×w w
w

extractives 100e b

i (2)

where we and wb are the final weights of the oven-dry extract and the
blank residue, respectively.
The solvent-free samples were then subjected to acid-insoluble

lignin determination, according to TAPPI standard T222. Two
samples (2 dry g) were placed in 100 mL beakers, where 40 mL of
cold (10 °C) 72% sulfuric acid was added, keeping the beakers in an
ice bath to prevent sample heating. After the H2SO4 addition, the
beakers were covered with a watch glass and kept at 20 °C for 2 h.
The beakers were manually agitated frequently to ensure complete
dissolution. The content of the 100 mL beakers was then transferred
into Erlenmeyer flasks containing 400 mL of deionized water, adding
extra water until achieving a concentration of sulfuric acid of 3%, and
boiled for 4 h. Water was added frequently to maintain the initial
volume. The flasks were left inclined overnight to promote lignin
precipitation and filtered in a 0.22 μm PVDC membrane, using hot
water to wash the cake and remove free acid. Acid-insoluble lignin,
present at the top of the membrane, was then dried at 105 °C until
constant weight. The acid-insoluble lignin content was then calculated
according to eq 3.

= ×w
w

lignin 100l

i (3)

where wl is the oven-dry weight of lignin.
On the other hand, the original samples were prepared according to

the methodology reported by Wise.34 Briefly, 4 g of the sample was
immersed in 160 mL of deionized water, together with 1.5 g of
NaClO2 and 0.5 mL of glacial CH3COOH. The mixture was boiled
for 1 h and repeated several times, in terms of adding both NaClO2
and CH3COOH and keeping the sample for reflux during 1 h, until
the residue was perfectly white. This residue, corresponding to
holocellulose, was then dried and referred to the initial dry weight of
the sample. This lignin-free sample, i.e., holocellulose, was then
dissolved in 60 mL of KOH solution (24% w/v) taking advantage of
the differences on cellulose and hemicellulose solubility in alkaline
medium. After stirring for 15 h, the sample was filtered through a No.
1 crucible. The cake was then washed with deionized water until
neutral pH was obtained at the filtrate, then with a dilute solution of
CH3COOH, and finally with ethanol. The cake corresponds to the

Scheme 1. Preparation Strategy of LCNFs from DPW by MA Treatment and High-Pressure Homogenization
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cellulose content, which was later dried and quantified. The
hemicellulose content was then determined by difference.
2.5. Fourier-Transform Infrared Spectroscopy. The FTIR-

attenuated total reflectance (FTIR-ATR) spectra were collected on a
PerkinElmer Spectrum II spectrometer equipped with a diamond
crystal plate ATR MIR single-reflection accessory, at a resolution of 4
cm−1 from 500 to 4000 cm−1.
2.6. Water Retention Value. The water retention value (WRV)

of the fibers was determined according to TAPPI UM256 (TAPPI
2011). In detail, approx. 1.5 g (o.d.w.) of pulp was placed in a
centrifuge at 3000 G-force for 30 min to remove all free water. The
centrifuged cellulosic samples were weighed before and after oven
drying at 105 °C to determine WRV referring to the difference
between the wet weight after centrifugation (wwet) and the dry weight
after oven drying (wdry) to the dry weight, as detailed in eq 4.

= ×
W W

W
WRV (%) 100wet dry

dry (4)

An average WRV value was calculated from triplicates.
2.7. Carboxyl Content. The carboxyl content (CC) was

determined by conductometric titration on the fibers prior to high-
pressure homogenization in a Meter Basic 30 (Crison Instruments,
S.A., Spain), as reported in previous studies.35 The experiment was
carried out taking 100 mg of fibers suspended in 15 mL of a 0.01 N
HCl solution and kept under gentle stirring for 10 min. During this
period, Na+ cations are expected to be exchanged by protons H+. The
suspension was then titrated by adding a 0.01 N NaOH solution,
while recording the conductivity for each 0.1 mL of NaOH addition.
The titration curve exhibited the presence of a strong acid (excess of
HCl) and a weak acid (carboxylic acid). The CC was then calculated
according to eq 5.

= × × × [ × ]V V c w V VCC 162 ( ) 36 ( )2 1 2 1 (5)

where V1 and V2 are the equivalent volumes of NaOH, in liters, c is
the concentration of NaOH (0.01 M), w is the dry weight of the
sample, in grams, 162 is the molecular weight of unsubstituted
anhydroglucose (AGU), and 36 refers to the difference between the
molecular weight of the substituted carboxylate form of AGU (198 g
mol−1) and that of the unsubstituted AGU (162 g mol−1).36

2.8. Yield in Lignocellulosic Material. The yield in
lignocellulosic material was determined by weight difference (based
on dry weight) between the initial biomass weight and the recovered
fibers after the hydrothermal treatment, filtration, and washing
process.
2.9. Transmission Electron Microscopy of LCNFs. Droplets of

dilute LCNF suspensions were deposited onto glow-discharged
carbon-coated copper grids and stained with 2 wt % uranyl acetate.
The specimens were observed using a JEOL JEM 2100-Plus
microscope operating at 200 kV. Images were recorded on a Gatan
Rio 16 camera.
2.10. Degree of Polymerization. The degree of polymerization

(DP) was measured by the standard method for cellulose, TAPPI
T236. Briefly, dried fibers (0.15 to 0.05 g) were dissolved in 0.5 M
copper ethylenediamine (CED) (20 mL). Intrinsic viscosities of the
solutions were obtained by using a Cannon-Fenske capillary
viscometer, and the DP was calculated from the Mark−Houwink−
Sakurada equation, DP0.905 = 0.75 [η]. A dissolution time between 1
and 2 days was necessary to ensure complete dissolution of the fibers.
However, for neat DPW and fibers with lignin content exceeding 15
wt %, a delignification step using sodium chlorite (NaClO2), which
can be delignified selectively and does not degrade the fibers, was
required. For this, 0.6 g of NaClO2 and 1 mL of glacial CH3COOH
were added per gram of fiber, previously dispersed in 50 mL of water.
The suspension was then stirred at 70 °C for 1 h until the fibers
turned into white and were well individualized.
2.11. Particle Size and ζ-Potential Measurements. The

particle size and surface charge were measured at 25 °C by dynamic
light scattering (DLS) using a Zetasizer ZS apparatus from Malvern.
The concentration of the LCNF suspension was kept at around 0.2 wt

% and pH-controlled by NaOH/HCl (10−3 M). Each measurement
was performed in triplicate.
2.12. Rheological Measurements. The rheological measure-

ments were carried out at 25 °C, using a stress-controlled rheometer
(Kinexus Pro+, Malvern Instruments, U.K.) with a cone plate
geometry (cone angle, 2°; diameter, 20 mm; truncation, 56 μm).
Dynamic mode tests were performed by first measuring the storage
modulus G′ and the loss modulus G″ vs strain to determine the linear
behavior domain. Then, a frequency sweep at a fixed strain in the
linear domain was performed.
2.13. Nanopaper Production. Nanopapers were prepared by

vacuum filtration of LCNF suspensions at a consistency of around 0.2
wt % using a Rapid-Köthen sheet former equipped with a 0.22 μm
nitrocellulose filter membrane to retain all nanoscale elements of the
LCNF suspension. The suspension was left to dewater until a gel-like
cake of LCNFs was obtained on top of the membrane. The
membranes were then vacuum-dried for 20 min and finally
conditioned in a climate chamber at 23 °C and 50% of relative
humidity for 24 h before testing.37

2.14. Nanopaper Characterization. Nanopapers were mechan-
ically tested in an Instron universal testing machine provided with a
2.5 kN load cell. The gap between the clamps was set at 150 mm and
the preload was 0.1 N with a cross-head testing velocity of 15 mm
min−1. The testing specimens were cut down to180-mm-long and 15-
mm-wide stripes.
Transmittance measurements were performed on nanopapers,

introducing the samples in a UV−visible (UV−vis) spectropho-
tometer without cuvettes. The wavelength was ranged between 400
and 800 nm, using air as reference.
Water contact angles on the nanopaper surface were measured

using a DSSA25 drop-shape analyzer from Krüss GmbH (Germany)
with Krüss Advance Software. The measurements were performed at
room temperature with a frequency of two measurements per second.
The total testing time was 10 min for each nanopaper.
X-ray diffraction (XRD) patterns were recorded in vacuum from

strips of nanopapers using the Ni-filtered Cu Kα radiation (λ =
0.15418 nm) produced with a Philips PW3630 generator operating at
30 mV and 20 mA. Two-dimensional diffraction patterns were
recorded on Fujifilm imaging plates read with a Fujifilm BAS 1800II
bioanalyzer. Diffraction profiles were calculated as rotational averages
of the two-dimensional (2D) patterns and normalized to the total
amount of material by integrating the profile area between 7 and 37°.
In order to observe the film surface, strips were fixed flat on

metallic stubs with carbon tape. To observe the cross section of the
films, strips were fractured in liquid nitrogen and fixed end-on on the
metallic stub. All samples were sputter-coated with Au/Pd and
observed in secondary electron mode in a Thermo Scientific Quanta
250 field-emission scanning electron microscope (FE-SEM) operating
at an accelerating voltage of 2.5 kV.
The thermal behavior of the nanopapers was analyzed to evaluate

the thermal stability of fibers, using about 10 mg of solid samples and
a PerkinElmer Pyris thermogravimetric analyzer from 20 to 600 °C, at
a heating rate of 10 °C min−1, under an oxygen atmosphere.

3. RESULTS AND DISCUSSION
3.1. Effect of HTT and MA Treatments over DPW.

Figure 1 shows the chemical composition (A), the FTIR
spectra (B), and the yield of the pretreatment, CC, and DP
(C) of the neat DPW, the HTT-treated DPW (DPW-HTT),
and the MA-treated DPW fibers.
The neat DPW exhibited cellulose, hemicellulose and lignin

contents of 44, 22 and 28 wt %, respectively, indicating that
ashes and extractives represented a residual fraction of the
lignocellulosic feedstock (6 and 3 wt %, respectively). The
HTT treatment favored the partial dissolution of hemi-
celluloses, with a decrease from 22 to 17 wt %, and lignin
from 28 to 26 wt %, with no apparent effect over the cellulose
content, which was increased from 44 to 52 wt %, (Figure 1A).
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On the contrary, the MA treatment significantly modified the
lignin content of the DPW fibers. For example, the sample
M30T135t3 experienced a reduction on lignin content from 28
to 14 wt %, hemicelluloses decreased from 22 to 14 wt %, while
cellulose content represented a higher fraction, from 44 to 66
wt %. With the increase in the temperature and the residence
time, the solubilization of hemicelluloses and lignin became
more remarkable. These results agree with literature data,
where the HTT treatment of lignocellulosic fibers at a
temperature below 180 °C affected mainly the hemicellulose
content,39 which is the most sensitive to hydrolysis. Indeed,
other HTT treatments, such as steam explosion (SE), have
been reported to successfully solubilize and depolymerize
hemicellulose, while having a milder effect over cellulose and
lignin.40,41 In addition, the more severe effect over hemi-
cellulose and lignin fractions due to the presence of MA has
been also reported, particularly for MA concentrations
exceeding 50 wt % and high temperatures.42 Considering the
main objective of the present work, i.e., preserving the lignin
content as much as possible during the conversion of DPW
into LCNFs, the highest temperature of the experimental batch
was set at 150 °C and the MA concentration at a maximum of
30 wt %. However, these maximum conditions were never set
simultaneously, limiting the MA concentration to 20 wt % and
2 h, except for the case of 15 wt %, where treatment time was
set at 3 h. The reagent concentration was increased to 30 wt %
for 3 h only in the case of the 135 °C MA treatment. The
obtained FTIR spectra of the solid fractions after different MA
treatments exhibited the main bands originating from cellulose,
hemicellulose, and lignin (Figure 1B). The main cellulose
bands were visible at 898 cm−1 (C−H deformation vibrations),
1020 and 1052 cm−1 (C−O stretching), 1110 and 1157 cm−1

(C−O−C ring-stretching vibration), 1202 and 1230 cm−1 (C−
OH in plane bending), 1265 cm−1 (C−H bending), 1314 cm−1

(C−H2 wagging), 1332 cm−1 (C−OH in plane bending), 1366
cm−1 (C−H bending), and 1421 cm−1 (C−H2 symmetric
bending). The main hemicellulose bands appeared at 1455
cm−1 (C−H bending), 1600 cm−1 (COO− asymmetric
stretching), and 1740 cm−1 (C�O stretching).43 The lignin
bands were visible at 1328 cm−1 (guaiacyl-syringyl-ring), 1503
cm−1 (aromatic skeletal vibrations), 1591 cm−1 (aromatic
skeletal vibrations and C�O stretching), and 1705 cm−1 (C�
O stretching in unconjugated ketones, conjugated aldehydes,
and carboxylic acids).44 In the neat DPW, in addition to
cellulose, hemicellulose, and lignin bands, strong bands at 1235
and 1735 cm−1 were observed which could have likely
originated from extractives and pectin. The persistence of the
main FTIR bands of cellulose, hemicelluloses, and lignin in
different samples further confirmed that during the MA
treatment, at a concentration below 30 wt %, a low
temperature (below 150 °C), and limiting the treatment
time to less than 3 h, all of these constituents remained on the
lignocellulosic fibers. Referring to the work of Su et al.,42 the
effect of MA treatment over wheat straw at 120 °C, 60 wt % of
MA, and during 60 min led to the removal of about 75 and 56
wt % of hemicelluloses and lignin, respectively, resulting in
fibers with hemicellulose and lignin contents around 8 and 16
wt %, respectively.
The degree of polymerization of the fibers was also

measured to assess how the different treatments affected the
fibers, and indirectly indicate a degradation of the lignocellu-
losic constituents. The DP was estimated using viscosimetry
measurement in CED solution. Since the presence of lignin

Figure 1. Chemical composition (A), FTIR spectra (B), and (C) DP
(values in red), CC (values in green), and yield of the pretreatment
(values in blue) (C) of the lignocellulosic fibers from DPW after
different hydrothermal treatments.
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hampers the dissolution of cellulose and might affect the
measurement, a delignification treatment using sodium chlorite
(NaClO2) was performed, which selectively removes lignin,
with low effect on the DP of cellulose, and no solubilization of
glucan and hemicelluloses, mainly due to the lower effect over
the pH of NaClO2 compared to other oxidants, such as
NaClO.45 The results reported in Figure 1C indicate a
significant decrease in DP after the HTT treatment, being the
effect more pronounced when the HT-treated DPW was
subjected to MA treatments. The DP of the neat DPW was
found to be around 2500 and dropped to about 1500 after the
HTT at 160 °C for 3 h. The decrease in DP was expected and
in line with the literature data. Under the HTT, the hot
compressed water accesses the inner structures of cellulosic
biomass and induces bond cleaving and depolymerization of
the cellulose backbone.46 In the presence of MA, the
magnitude of the DP decrease was much more pronounced
and favored at increasing MA concentration and temperature.
For instance, for the sample treated in the presence of 20% MA
and a 135 °C during 3 h (M20T135t3), the DP reached 561
and decreased to 342 when the concentration of MA increases
to 30 wt % (M30T135t3). The temperature of the biomass
treatment also markedly affected the DP, which decreased
from 651 to 284 when the biomass treatment was carried out
with 20% MA and at 135 °C (M20T135t3) and 150 °C
(M20T150t2), respectively. The higher DP decrease in the
presence of MA is presumably due to the acidity brought by
MA which is known to catalyze the cleavage of the glycosidic
bonds. The yield in SF after the HTT achieved a high value
around 92% when the pretreatment was run in the absence of
MA, and dropped to 70−80% in the presence of MA. The
increase in MA concentration during the HTT contributed to
decrease in the yield, which is likely due to the removal and
solubilization of hemicelluloses and lignin.
After the MA treatment, the carboxyl content also increased

from about 100 μmol g−1 for the neat DPW to around 200−
300 μmol g−1 depending on the conditions of the MA

treatment (Figure 1C). CC was the highest for M20T150t2
(305 μmol g−1) and the lowest for M10T150t2 (185 μmol
g−1). However, in comparison with other chemical pretreat-
ments such as TEMPO-mediated oxidation or carboxymethy-
lation,19,37,47 these CC values are lower. We presumed that
carboxylic groups originated from the esterification reaction of
MA with hydroxyl groups of hemicelluloses and cellulose,
leaving the second carboxyl group of MA on the fibril surface.
Given the reversibility of the esterification reaction and its
relatively low equilibrium constant (between 0.5 and 1), a low
esterification fraction of hydroxyl groups of DPW by MA is
expected. This justifies the low CC of the MA-treated DPW,
but also the increase of CC with MA concentration.
The HTT also affected the WRV of the fibers in relation to

the capacity of fibers to swell and accumulate water within the
internal pores. As shown in Figure S1, the WRV significantly
increased by more than 200% after the HTT in the presence of
MA, while in the absence of MA, only a moderate increment in
WRV of about 38% was noted after the HTT. This indicates an
increase in water accessibility into the internal pores and
interstices of fibers when the HTT was performed in the
presence of MA.
3.2. LCNFs from DPW. LCNFs were prepared by HPH,

with three passes at 300 bar followed by additional three passes
at 600 bar at a solid content (SC) of around 1.5 wt %. These
conditions are not harsh and are commonly adopted in the
preparation of CNFs starting from chemically pretreated
cellulose fibers.17 The same procedure was adopted for all
samples, making the pretreatment conditions of all LCNFs
comparable. We collected images of the resulting LCNF gels at
the same solid content (Figure 2). Except for the suspension
from neat DPW fibers, which remained fluid after HPH, the
other samples exhibited an intense brown color, together with
a gel-like aspect at a solid content of 1.5 wt %. In the absence
of MA, or at a concentration of MA below 15 wt %, the LCNF
suspensions were fluid. The optical micrographs of the
M15T150t3 LCNFs revealed the presence of residual fiber

Figure 2. (A, B) Optical micrographs of DPW after different treatments: (A) HTT and MA treatments and (B) high-pressure homogenization. (C)
Visual aspect of the LCNF gel at 1 wt % solid content.
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fragments after HPH, which is indicative of a poor fibrillation
extent of the treated fibers (Figure 2). However, the fraction of
residual microsized fibers was lower than that in the case of
DPW-HTT, confirming the beneficial effect of MA in

promoting the breakdown of the lignocellulosic fibers (Figure
2). Over a concentration of 20 wt % of MA, and at a HTT
temperature exceeding 135 °C, samples M25T135t3 and
M20T150t2 did not contain any visible fragments of residual

Figure 3. TEM images of negatively stained preparations from dilute suspensions of M20T135t3 (A, B), M30T135t2 (C, D), and M20T150t2 (E,
F) LCNFs.

Figure 4. Colloidal properties of LCNFs from DPW: (A) ζ-potential vs pH, (B) mean particle size, and (C) size distribution at different pH.
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fibers, with only sporadic brown spots, which indicates the
effective fibrillation of the pretreated fibers after HPH.
The TEM images of the three types of LCNFs in dilute

suspensions revealed individual or bundled nanofibrils that
were generally kinked and formed entangled networks (Figure
3). It is worth pointing out that for M20T150t2, many shorter
bundles (with a typical CNC length) could be seen, in
agreement with the lower DP achieved when the MA
treatment was performed at 150 °C (Figure 1C) The length
of individual cellulose nanofibrils exceeded 1 μm, while their
width ranged from 3 to 5 nm (Figure S2). Spheroidal 20−50-
nm-large nanoparticles were also observed, as well as larger
aggregates. They may correspond to lignin released from the
fiber surface during HPH treatment in the form of nano-
particles or correspond to the precipitation of dissolved lignin
after the MA treatment at a temperature exceeding 100 °C.
The presence of such spherical particles at the surface of the
fibrils has been previously observed by other authors, and the
effect of HPH over the lignin content during fibrillation has
been reported to decrease.16,41,48 The lignin nanoparticles
(NPs) appeared to be well distributed within the nanocellulose
networks. It is worth mentioning that a fraction of free lignin
NPs was also present in the supernatant recovered by filtration
of the HTT-treated biomass (Figure S3).
The colloidal properties of the LCNF suspensions were

studied by ζ-potential measurement and particle size
distribution analysis at different pH, using DLS. For the

three LCNF samples, prepared at temperatures of 135 and 150
°C, and MA concentration of 20 and 30 wt % for 2 and 3 h, the
ζ-potential was negative over a pH range 4−10, with an
absolute value exceeding 20 mV over pH 7, indicating the
presence of negatively charged particles in this pH domain
(Figure 4A). As the ζ-potential decreased, in absolute value
with the pH, these negative surface charges were attributed to
carboxyl groups originating from residual hemicelluloses and
grafted MA through esterification with hydroxyl groups of
cellulose and lignin. The amplification of hydroxyl groups for
the MA-treated fibers, previously observed in the FTIR
analysis, supports this hypothesis. The LCNF particle size
distribution at different pH is shown in Figure 4B. This
analysis was used mainly to assess the evolution of the colloidal
stability of the LCNF particles with pH, rather than to estimate
the size of fibrils, as the DLS analysis provides a measurement
the hydrodynamic diameter of a sphere with an equivalent
translational diffusion coefficient.49 At decreasing pH, the
mean particle size increased, indicating the occurrence of
aggregation. The same tendency was observed for the three
LCNF samples prepared under different conditions. This
effect, whose magnitude became pronounced at pH 3, is due to
the decrease in the ionization degree of the carboxyl group
with pH reduction, leading to a reduction of the ζ-potential of
the particles and consequently a reduction of the electrostatic
barrier. This can be seen in Figure S4, where an excessive

Figure 5. Rheological analysis of the LCNF gel: (A) Frequency sweeps of G′ and G″ for LCNFs from M20T150t2 and (B) M30T135t3 at different
solid contents (1.5, 1.0, and 0.5 wt %), (C) storage modulus G′ at 1 Hz vs solid content. The dashed lines correspond to the fit of the power law G′
= KCn on experimental measurements. (D) Corresponding complex viscosity.
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aggregation of the LCNF particles spontaneously occurred as
the pH was reduced to 2.
The rheological behavior of the LCNFs at different solid

contents was investigated by oscillatory sweep measurements
of the storage modulus (G′) and loss modulus (G″) as a
function of frequency ( f) in the linear domain (Figure 5A,B).
The measurement was performed for LCNFs from
M20T150t2 and M30T135t3. At any of the tested solid
contents (0.5−1.5 wt %), the LCNF suspensions exhibited a
gel-like character, as confirmed by the higher magnitude of G′
in comparison with G″ and by their frequency independence
over the investigated frequency domain (0.01−10 Hz). The
gel-like character is typical of CNF suspensions with a high
degree of fibrillation (effective breakdown of cellulose fibers
into nanofibrils) and is the result of the generation of
entangled CNF networks, which are easily formed even at
low solid content (SC < 0.5%) thanks to the high aspect ratio
of the CNFs, their high flexibility, and high surface area, which
directly correlates with their high capacity to retain water.50,51

Thereby, the gel aspect of the LCNFs indicates an extensive
fibrillation, as demonstrated by TEM observation. The
presence of lignin NPs entrapped within the CNF network
might also contribute to enhance the gel character of the
LCNF suspension through possible lignin−lignin or lignin−
fibril NP interaction. The dependence of G′ with LCNF
concentration (Figure 5C) revealed a power−law relationship

(G′= KCn) with a regression coefficient R2 exceeding 0.99,
which was found for different gels, where C is the weight
concentration of LCNFs, and the K factor and n power are
characteristic of the fibril characteristics and the structural
property of the LCNF suspension, respectively. The exponent
factors for both LCNF suspensions were around 4.5−4.7,
which are higher than those obtained for CNFs (between 1.5
and 2.8).52

The thermal stability of the LCNFs was studied by
thermogravimetric analysis (TGA) under air flow and
compared to that of the neat DPW (Figure 6). The TGA
curves of all samples exhibited a first weight loss of about 5 wt
% at 90−100 °C associated with water removal, followed by a
two-step weight loss from 250 to 600 °C, resulting from the
thermal degradation of the main components in the biomass.
The first weight loss results, presumably, from the degradation
of hemicellulose and cellulose, which are the least sensitive to
thermal degradation, followed by the thermal decomposition of
lignin and the complete oxidative degradation of the
carbonaceous residue formed during the first step. The onset
of the thermal degradation was the lowest for neat DPW
followed by DPW-HT, with an onset thermal degradation
(Tonset) at 210 and 220 °C, respectively. The lower Tonset of
neat DPW is presumably due to the presence of volatile
extractives and higher content of hemicelluloses. The LCNFs
exhibited a higher thermal stability with a Tonset exceeding 240

Figure 6. Thermogravimetric (A) and corresponding derivative thermogravimetric (DTG) (B) curves of the neat DPW, DPW-HT, and MA-
treated samples.

Figure 7. (A) X-ray diffraction profiles for DPW and LCNFs and (B) contact angle of water on LCNF films as a function of time.
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°C. Similar results were found in the literature for LCNFs with
different lignin content produced by partial delignification
using sodium chlorite and acetic acid treatment of thermo-
mechanical pulp.53 This better thermal stability of LCNFs is
due to the presence of lignin, which starts to degrade over 400
°C. The higher residue from 600 °C can be attributed to the
generation of a carbonaceous layer onto the MA-treated
samples, as it has been previously found for other chemically
modified CNFs.37 Indeed, the weight fraction of the residue
increased with the carboxyl content, which supports this
hypothesis.
The XRD profiles of M20T135t3, M30T135t3, and

M25T135t3 LCNFs are shown in Figure 7A. They exhibit
diffraction peaks of cellulose I. According to the indexing of the
Iβ allomorph, the broad peak at 2θ = 16.1° results from the
overlapping of the 11̅0 and 110 reflections, while the peaks at
22.5 and 34.9° correspond to the (200) and (004) crystal
planes.54 In addition to these features, the profile of DPW
contains a peak at 21.8°. This reflection does not arise from
cellulose and may result from the presence of crystalline
epicuticular wax.55 The fact that this peak also occurs in the
profiles of M20T135t3 and M30T135t3 LCNFs means that

this compound resisted the treatments with MA. However, it
was absent in the treatment carried out at 150 °C
(M20T150t2). The quantitative analysis of the XRD profiles
is not straightforward since all samples contain various
amounts of cellulose, lignin, and other constituents. In
particular, Segal’s method38 to calculate a crystallinity index
cannot be used directly since the specimens do not contain
only cellulose. However, since the profiles were normalized to
the total amount of the sample, it is clear that the crystalline
fraction increases, which is consistent with the increase of the
cellulose fraction due to the gradual removal of lignin and
hemicelluloses that contributes to the amorphous background
of the profiles.
One of the impacts of the presence of lignin in LCNFs is the

reduction in the hydrophilic character of thin films produced
by casting or vacuum filtration. To assess this property, thin
films were prepared by vacuum filtration of dilute LCNF
suspensions, and their dynamic water contact angle (WCA)
was measured over a period of 10 min (Figure 7B). The data
presented for M20T150t3, M25T135t3, and MA30T135t3
showed a nearly similar contact angle around 70° for the three
films, remaining almost unchanged with time. This value is

Figure 8. FE-SEM images of the surfaces of nanopapers from M20T135t3 (A, B), M30T135t3 (C, D), and M20T150t2 (E, F) LCNFs.
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much higher than those obtained for thin films from lignin-free
CNFs, where a contact angle around 40−45° was typically
reported.52 Moreover, the stability of the WCA over time
indicated that the drop of water was not absorbed by the film,
even after 10 min. The relatively high contact angle observed
for the LCNF films is explained by the presence of lignin NPs
accumulated at the surface of the LCNFs, as confirmed by FE-
SEM observations. These NPs are likely to accumulate on the
surface of the film thanks to the spherical shape and to the
hydrophobic properties of lignin. It is worth mentioning that
the WCA values found in the present work agree with most of
the literature data, where a contact angle between 70 and 90°
has been reported, even when the lignin content was lower
than 10 wt %.48

Nanopapers were prepared from the LCNF suspensions by
vacuum filtration and their topography was analyzed by FE-
SEM and the images revealed that the surfaces of the
M20T135t3, M30T135t3, and M20T150t2 nanopapers had a
granular aspect (Figures 8 and S5). The origin of this
granularity cannot be determined from SEM images alone as
high-magnification images clearly show that the film surface
was covered with cellulose nanofibrils (insets in Figure
8B,D,F). Occasional residual fiber fragments were observed
both on the surface and inside the films (Figures 8A,C,E and
9). As can be seen in the cross sections (Figure 9A−C), the
films exhibit a layered structure similar to that typically
observed in lignin-free CNF nanopapers, which is explained by
the mechanism of formation of the nanopaper sheet involving
the deposition of successive layers of CNFs.56 The lignin NPs
that were observed among CNFs on TEM images (Figures 3
and S2 and S3) are too small to be clearly detected on these
FE-SEM images, and they were presumably trapped within the
nanofibril network during the deposition of different layers.57

Nevertheless, particles with a wide size distribution (typically
from 100 nm to 10 μm) seen both at the surface and inside the
films may correspond to lignin aggregates that would be too
large to be detected by TEM observation of the supernatants
of the LNCF suspensions.
The mechanical properties of the nanopapers were studied

by tensile test and dynamic mechanical analysis (DMA). From
Figure 10A, it can be seen that the stress−strain plot of the film
changed according to the preparation conditions of the
LCNFs. The best performance was achieved with the sample
M20T150t2, with a tensile modulus (E)/strength (σr) of about
6 GPa/54 MPa, followed by M30T135t3 and M25T135t3
demonstrating E/σr values at 4 GPa/35 and 3.2 GPa/36 MPa,
respectively. The values of E from the tensile test agreed with
those established from the DMA analysis which are in the
range of 3−6 GPa. From the DMA analysis, it can also be seen
that the modulus remained nearly unchanged between 20 and
140 °C, indicating that the stiffness of the nanopapers was
preserved even after lignin softening. However, the strength of
the obtained nanopapers was lower than that of lignin-free
CNF nanopapers, where E/σr values between 8 and 15 GPa/
80−300 MPa have been reported in the literature.56,58 In fact,
numerous factors are known to affect the mechanical
properties of nanopapers, including chemical composition,
morphology of the nanofibrils (diameter and length), method
of preparation of the nanopaper, DP, density of the nanopaper,
and nanofibril orientation, among others.57 It is worth
mentioning that the literature on the effect of residual lignin
in LCNF nanopapers diverges. Some authors reported the
insensitivity of the strength and tensile modulus of nanopapers
containing up to 14 wt % lignin, while others outlined a lower
strength and modulus for nanopapers with a high lignin
content (around 27 wt %).59,60 This disparity is likely due to

Figure 9. FE-SEM images of the cross sections of freeze-fractured nanopapers from M20T135t3 (A), M30T135t3 (B), and M20T150t2 (C)
LCNFs.

Figure 10. (A) Stress−strain curves and (B) DMA for thin nanopaper films from LCNFs.
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the difference in lignin content of the LCNFs. Presently, we
ascribed the lower modulus and strength of the nanopapers to
the relatively high content in lignin (over 20 wt %), which
reduces the magnitude of hydrogen bonding between the
entangled nanofibril network by interposing between them as
shown in FE-SEM images of nanopaper cross sections. Since
the strength of the nanopapers is mainly driven by the relative
bonded area (RBA), any parameter likely to reduce the fibril−
fibril bonding capacity inevitably results in a reduction in the
strength of the nanopapers. The huge reduction in the DP of
cellulose after the MA treatment is another parameter likely to
reduce the strength of the nanopapers, mainly due to the
unavoidable loss of aspect or slenderness ratio. The presence of
microparticles originating from aggregated lignin or fragments
of lignocellulosic particles could also contribute to the
reduction in the strength of the film, by acting as a stress
concentrator, from which fractures are initiated.
3.3. Mechanism of Disintegration of the Biomass.

Based on the results from the present work, the following
mechanism is proposed to explain the process of formation of
LNCFs (Scheme 2). Under the combined effect of pressure,
temperature, and MA, a fraction of lignin was removed either
in the form of NPs or dissolved. This contributed to increasing
the accessibility of the fibers as confirmed by the increase in
the fiber WRV, favoring the expansion of the fibers and
diffusion of water inside the fiber micropores. In addition, due
to the acidity and temperature, a hydrolysis of glycosidic bonds
occurred, as confirmed by the huge decrease in DP. The chain
breaking is likely to occur mostly in the disorganized regions of
the nanofibrils, thanks to their higher accessibility and lower
cohesion than the crystalline domains. The combined effect of

the DP decrease, fiber expansion, and lignin removal
contributed to weakening the cohesion of the fibers and
facilitated the breakdown of the biomass into their elementary
components during the disintegration by HPH. The lignin was
released in the form of NPs and the cellulose in the form of
elementary bundles of nanofibrils. This hydrothermal pretreat-
ment in the presence of MA is more or less similar to the
chemical activation or pretreatment of the fibers via TEMPO-
mediated oxidation, or periodate oxidation, where the chemical
action contributed to reducing the cohesion degree among the
elementary fibrils, which facilitated the breakdown of the cell
wall under the effect of ultrasonication or high mechanical
shearing effect.
Although several papers have reported the use of MA in

biomass treatment and nanocellulose production, the present
work differs in many aspects from what has been published so
far.28−33 Previous studies mainly focused on the use of MA as a
hydrotrope to rapidly fractionate biomass at atmospheric
pressure and low temperature, having as a main goal the
separation and isolation of lignin from the plant cell wall by
dissolution in the MA/water mixture. To achieve this, MA
concentrations higher than 50% have been reported to be
required to efficiently solubilize lignin through the aggregation
of acid hydrotrope molecules. The acidity of MA also
promotes the release of lignin by the catalyzed hydrolysis of
ether and/or ester bonds in hemicelluloses and lignin
carbohydrate complexes (LCCs). In contrast to previous
studies, this work focused on converting neat biomass into
nanoscale particles with the highest possible yield and
minimum post-treatment, keeping MA below the minimum
hydrotrope concentration (MHC), which is around 25%.28 At

Scheme 2. Schematic Illustration of the Mechanism of Formation of LCNFs by Hydrothermal Treatment in the Presence of
MA Followed by HPH
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selected conditions, a significant fraction of lignin remained
bound to the biomass, albeit with weaker interactions
compared to the original biomass. As a consequence, the
resulting LCNF suspension obtained after the disintegration
process still contained a high lignin fraction, which is highly
desirable for taking advantage of the benefits of lignin. It is
estimated that over 75% of lignin remained in the LCNFs,
whereas in previous works, over 55% of lignin was dissolved
and removed from the fibers.
The treatment in the present study was performed at higher

temperatures and under pressure (between 130−150 °C and
300−500 kPa) using hydrothermal conditions. This generated
a synergistic effect for the breakdown of plant cell walls by
increasing the expansion degree of the fibers and cleaving the
LCCs in the disorganized regions. In addition, a mechanism
explaining how the hydrothermal treatment in the presence of
MA facilitates the breakdown of plant cell walls into nanofibrils
and lignin NPs has been provided. The reduction in the degree
of polymerization (DP) of cellulose fibrils and the expansion of
fibers were identified as key parameters making the
disintegration of treated biomass into nanoscale lignocellulosic
material easier, which had not been reported previously.
Notably, without the hydrothermal treatment under

appropriate conditions, it would have been impossible to
turn the biomass into a thick gel. This represents a novelty and
an original approach for converting neat biomass into
nanoscale lignocellulosic material, including cellulose nano-
fibrils, lignin NPs, and other components. Furthermore, it is
worth mentioning that the gel was obtained after only two
passes through the high-pressure homogenizer. After six passes
at a pressure lower than 500 bar, the thick gel remained stable
without syneresis even after storage for more than 3 months at
room temperature.
Regarding the potential uses of LCNFs, the high lignin

content broadens their field of application, particularly in areas
where the presence of lignin is desirable. Ongoing work is
focused on utilizing the present LCNFs as a binder in
particleboard fabrication, replacing urea-formaldehyde adhe-
sive, but other applications such as food packaging are being
explored. The presence of lignin contributes to an adhesive
effect and improves water resistance due to lignin’s hydro-
phobic character, which is of utmost importance in several
sectors, such as fiberboards, but also fiber-based packaging.

4. CONCLUSIONS
In this work, the use of maleic acid (MA) at high temperature
was proposed as a pretreatment of date palm waste (DPW)
fibers for the production of lignocellulosic nanofibrils
(LCNFs). The use of this MA-assisted treatment contributed
to the preservation of lignin, minimizing the waste generated
during the LCNF production compared to other chemical
pretreatments for nanocellulose production, while providing
unique properties to the LCNF gel. The carboxyl content
(CC) was found to increase with the severity of the MA
treatment, which resulted in long and entangled cellulose
nanofibrils containing lignin (21−25 wt %). The resulting
LCNFs exhibited a higher thermal stability when compared to
LCNFs prepared in the absence of MA, increasing the onset
temperature from 220 to 250−260 °C. These characteristics
revealed the potential of MA-treated LCNFs for the
production of nanopapers which exhibited a tensile strength
of up to 54 MPa and a Young modulus of 6 GPa. In addition,
the water contact angle (WCA) revealed the lower hydro-

philicity of these films compared to lignin-free CNF nano-
papers, as they were able to maintain a WCA of 70° for 10 min
without drop absorption. Overall, the present work proposes
an interesting method for producing high-lignin content
LCNFs with unique properties and a high preservation of
the starting material by comparison with other chemistry-based
nanocellulose production strategies.
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