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Introduction

Comprehensive elucidation of the effect of
residual lignin on the physical, barrier, mechanical
and surface properties of nanocellulose filmsf

Ester Rojo,*® Maria Soledad Peresin,” William W. Sampson,€ Ingrid C. Hoeger,®
Jari Vartiainen,” Janne Laine® and Orlando J. Rojas**¢

We elucidate the effect of residual lignin on the interfacial, physical and mechanical properties of ligno-
cellulose nanofibrils (LCNF) and respective nanopapers. Fibers containing ~0, 2, 4, and 14 wt% residual
lignin were microfluidized into LCNF aqueous suspensions and were processed into dry films (nano-
papers). A systematic decrease in fibril diameter with increasing residual lignin was observed upon fibrilla-
tion, consistent with the radical scavenging ability of the lignin that results in better cell wall
deconstruction. The stiff nature of the lignin-containing fibrils made them less able to conform during fil-
tration and improved extensively dewatering, owing to a more open structure. However, the softening of
the lignin during hot-pressing of the nanopapers and its amorphous nature enabled a binding effect,
filling the voids between the nanofibers (thus reducing the number of micropores) and making the
surface of the nanopapers smoother. The interfacial free energy of interaction changed drastically with
the increased lignin content: the corresponding water contact angles were 35° and 78° for the lignin-free
and for the (14%) lignin-containing nanopaper, respectively, revealing the increase in hydrophobicity.
Together with the significantly less porous structure of LCNF nanopapers, lower water absorbency was
observed with increased lignin content. Lignin in the nanopapers reduced the oxygen permeability by up
to 200-fold. Water vapor permeability, in turn, did not correlate linearly with lignin content but depended
most significantly on material density. The tensile strength, modulus, and strain for the LCNF nanopapers
were found to be in the range 116-164 MPa, 10.5-14.3 GPa, and 1.7-3.5%, respectively. To a good degree
of approximation, these mechanical properties were rather insensitive to lignin content and comparable
to those of nanopapers derived from fully bleached CNF. Whilst it might be expected that lignin interferes
in hydrogen bonding between fibrils, this was apparently counteracted by the uniform distribution of
lignin seemingly aiding stress-transfer between fibrils and thus preserving mechanical properties. Overall,
LCNF is demonstrated to be a suitable precursor of nanopaper, especially when reduced polarity and low
hydrophilicity are desirable in related bio-products.

ing cellulosic fibers into their sub-structural fibrils by mechan-
ical treatment or by its combination with chemical® or

Residual biomass can be valorized in the form of engineered
materials (paper, composites, etc.) and for the production of
cellulose nanofibrils (CNF). CNF are obtained after disintegrat-
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enzymatic processes.’ Refining and high-pressure homogeniz-
ation are generally used in the production of cellulose nano-
fibrils.* The small width and large aspect ratio (length to
width ratio) provide CNF with a very large specific surface area,
which is beneficial for the development of high strength in
CNF webs as well as other properties. Because of its abun-
dance, biodegradability, renewability and unique physical and
structural characteristics, CNF has been gradually gaining
attention as a green alternative in composites, coatings, films,
membranes and packaging materials. In addition, CNF is an
excellent stabilizer or thickener of cosmetic, food, paint, and
pharmaceutical emulsions and suspensions and can offer
promising opportunities based on its rheological properties.
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Fig. 1 Mechanism for the sulphonation of lignin that occurs during the SEW process. R: alkyl groups.

Most studies on cellulose nanofibrils use lignin-free
(bleached) fibers for CNF production. Thus, different delignifi-
cation methods have been tested as possible initial steps for
the preparation of nanocellulose. However, unbleached fibers
containing residual lignin, hemicelluloses and extractives rep-
resent an alternative raw material to produce lignocellulose
nanofibrils (LCNF) with the benefits of high yield, low pro-
duction costs and low environmental impact. Moreover, lignin
can be used to adjust the polarity and hydrophilicity of cellu-
lose, which for some applications are challenges that need to
be addressed. Hydroxyl groups in CNF facilitate dispersion of
the fibrils in dilute water suspensions but promote aggregation
in non-polar solvents; therefore, the CNF dispersion ability in
non-polar media is dramatically compromised. To avoid aggre-
gation, CNF are usually stored as water suspensions at low
solid contents (typically below 2 wt%), which limits large-scale
utilization.”

Depending on the process used in fiber production, LCNF
can be less polar and more hydrophobic than CNF, allowing
better dispersion in non-polar media, for example in compo-
sites using hydrophobic matrices or in aqueous dispersions at
solid contents higher than 2 wt%. Although some reports
discuss LCNF production and utilization, the effect of lignin
on the properties of the nanofibrils and their films (or “nano-
papers”) remains unclear. Spence et al.®° studied the energy
and chemical requirements in the production of lignin-con-
taining nanopapers, which showed promising properties for
packaging applications. The precise effect of lignin on the per-
formance of LCNF was not clear, since different wood sources,
pulping and bleaching methods were used in the respective
investigations, making systematic analysis difficult. Ferrer
et al."®'" addressed this issue by selecting fibers from a single
wood source containing various lignin amounts to explain
their impact on LCNF and nanopaper properties. However,
these studies were limited since very small lignin concen-
trations were used. Today, kraft pulp dominates the paper and
board product market, as well as the production of CNF. In the
latter case, however, SO,-ethanol-water (SEW) fibers may be
an attractive raw material for LCNF production. This stems
from the fact that SEW pulping is a promising fractionation
process for lignocellulose within the biorefinery concept. The
SEW pulping chemistry is employed by American Process Inc.
in a biorefinery process termed AVAP® (American Value Added
Pulping), which consists of the treatment of lignocellulosic
materials for producing biofuels and other bioproducts.'”
Various patent applications for the SEW pulping chemistry dis-
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close variations of this process.***® Compared to kraft pulps,
SEW fibers have lower fiber strength and a higher fiber swel-
ling capacity, which is associated with internal fibrillation.
Moreover, the SEW process enables better fractionation of
wood components than conventional processes and allows a
better control of the composition of the resulting fibers. More
important to the present investigation, considering LCNF pro-
duction, SEW fibers may require low energy for deconstruction
because of the easier breaking of loosened internal fiber wall
structures.’” Sulfonation of lignin occurs during the SEW
process. The main reactions of lignin follow the monomolecu-
lar nucleophilic substitution mechanisms summarized in
Fig. 1."®

In this study, SEW fibers were obtained with full control of
their composition in terms of residual lignin and heteropoly-
saccharide contents; these fibers were used to produce LCNF
and nanopapers. Norway spruce wood chips were subjected to
SEW processing to yield fibers with varying degree of delignifi-
cation, covering a wide range of residual lignin values (1.7, 3.7,
and 13.5 wt% lignin). Fully bleached Norway spruce kraft pulp
was used as the reference system. Dewatering during nanopa-
per production was compared for the different SEW LCNF.
Morphological, tensile, and barrier properties of the respective
nanopapers were evaluated. In addition, the porous structure,
surface free energy as well as properties related to interactions
of the nanopapers with water were elucidated. Thus, this inves-
tigation reports on a systematic evaluation to elucidate the
effect of lignin on the properties of nanopaper.

Experimental
Lignocellulosic fibers, LCNF and nanopapers

SEW fibers were produced from Norway spruce using 12%
(w/w) SO, at temperatures ranging from 135 to 155 °C and frac-
tionation times ranging from 25 to 160 min. The temperature
and fractionation time were varied in order to obtain fibers
with different degrees of delignification. Thus, variations
related to fiber source and morphology, digestion process, and
related aspects were minimized. The SEW fibers containing
1.7, 3.7, and 13.5 wt% residual lignin were used in the pro-
duction of LCNF and nanopapers. Samples were named
according to their approximate residual lignin content as 2L
(1.7 wt%), 4L (3.7 wt%), and 14L (13.5 wt%). Table S1 of the
ESIt includes the conditions used in SEW reactions and the
detailed compositions of the obtained SEW fibers. Fully

This journal is © The Royal Society of Chemistry 2015
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bleached Norway spruce kraft pulp (lignin content <0.5%) was
used as the reference.

Preparation of LCNF consisted of two steps: mechanical
pre-treatment and high shear disintegration via microfluidiza-
tion. A refining treatment before microfluidization was used in
order to improve fiber accessibility and fibrillation efficiency.
Shortly, mechanical pretreatment of the fiber suspensions con-
sisted of an initial grinding step in a small Wiley mill
(30 mesh screen) and refining with a Polytron PT 10/35 homo-
genizer. The obtained aqueous fiber suspensions (solids con-
tents <2 wt%) were processed in a high-pressure microfluidizer
(Microfluidizer M-110 P, Microfluidics Corp., 2010) using six
passes. The resulting LCNF suspensions were collected and
stored at 4 °C until use.

To manufacture nanopapers, the respective LCNF suspen-
sion was diluted to 0.8 wt% solids content in deionized water
and stirred overnight at room temperature. Each suspension
was poured slowly into an over-pressurized filtration device
and drainage was carried out at 2.5 bar for 15 minutes. The
device was equipped with a qualitative filter paper with par-
ticle retention of 12-15 um to remove water and retain the
fibrils. In addition to the paper, an open mesh fabric screen
(Sefar Nitex 03-10/2, a mesh opening of 10 pm with an open
area of 2%) was used in order to improve the retention of
fibrils and enhance the surface finish. The volume of
filtrate from the diluted LCNF suspensions was measured at
different times for a total of 15 min and the dewatering time
was determined for the different samples. This dewatering
behavior is considered to be a useful indicator of the potential
for ‘easy’ production of nanopapers. The webs obtained after
filtering were first cold-pressed between two blotting papers
(4 bar, 4 min) and then hot-pressed (100 °C, 220 bar, 2 h). This
last step, besides drying the films, also promoted the for-
mation of inter-fiber bonds because of the simultaneous appli-
cations of heat and pressure. Nanopapers with a target dry
basis weight of 80 ¢ m™ were obtained and stored in a con-
ditioned room at 23 °C and 50% relative humidity prior to
testing.

LCNF morphology

Atomic force microscopy (AFM) (Nanoscope IIla multimode
scanning probe instrument from Digital Instruments Inc.,
Santa Barbara, USA) was used to assess the morphology of the
dispersed LCNF and the roughness of the respective nano-
papers. The gel-like suspensions obtained after the micro-
fluidization process were extensively diluted to obtain images
of individual fibrils. Scanning was performed in tapping mode
in air using silicon cantilevers (NSC 15/AIBS, MicroMasch,
Tallinn, Estonia). The nominal resonance frequency of the can-
tilevers was around 300 kHz. The scanned areas (2 x 2 um?)
were imaged in at least three different locations of the respect-
ive samples. Images were taken in height, amplitude error,
and phase modes. No image processing except flattening was
carried out.

Scanning electron microscopy (SEM, JEOL JSM-6400F) was
carried out to obtain cross section images and to study the
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microstructure of the films. The cross-section samples were
prepared by fracturing the nanopapers in liquid nitrogen to
avoid structural deformations of the materials. Samples were
sputtered with graphite and gold to enhance the conductivity.
The operation voltage was 5 kV and the working distance was
set to 20 mm.

Density and mechanical properties of LCNF nanopapers

The apparent density of the nanopapers was calculated by
dividing sample basis weight by the apparent thickness. The
basis weight was determined according to TAPPI standard
T410. Film thickness was obtained using TAPPI Method T411
by means of a Lorentzen & Wettre Micrometer 51 instrument.
Each sample was measured 10 times.

Tensile tests were carried out at 23 °C and 50% relative
humidity, in accordance with ISO 527-2, using an MTS 400/M
Vertical Tensile Tester equipped with a 200 N load cell. Speci-
mens of 5 mm wide and 75 mm length were cut out from the
nanopapers using a dog bone shape cutting die. The tests were
performed with a cross-head speed of 5 mm min™" and the
clamp span was set to 50 mm. The tensile strength, elonga-
tion, elastic modulus and tensile energy absorption were
obtained from the stress-strain curves. The specific tensile
strength, or ‘tensile index’, was calculated as the failure load
divided by the basis weight, allowing comparison between
tensile strengths of samples with small differences in basis
weight.'® The specific elastic modulus, i.e. weight-corrected
Young’s modulus, was obtained as the slope of the initial
linear region of the stress—strain curve. The specific Tensile
Energy Absorption (TEA) was calculated as the area under the
load-elongation curve divided by the basis weight and
measures the work done to break the sample per unit sample
weight (J g¢7'). The average and standard deviation of five
measurements were reported.

Porous structure of LCNF nanopapers

The porous structure of the nanopapers was evaluated by
thermoporosimetry®® using differential scanning calorimetry
(DSC). There are various methods to determine the pore size
distribution, but DSC allows the use of non-dried samples and
prevents the “hornification” phenomenon, i.e., physical and
chemical changes occurring in the cellulose fibers during
drying and wetting. Hornification might significantly alter the
pores in the cellulose fibers and may possibly lead to inaccur-
ate determination of the pore size distribution in cellulose
nanofibers and related nanopapers. The DSC method can be
used to measure the pore size distribution of samples at
different moisture ratios and has been successfully applied to
cellulose fibers.?°"2*> Moreover, DSC has been found to be in
good agreement with other methods commonly applied in cel-
lulosic materials,*® e.g., NMR cryoporosimetry>>>*
size-exclusion chromatography.*

Nanopaper samples of 3 x 3 mm were placed in 40 pl pre-
weighed aluminum pans and 2 mg of distilled water per mg of
solid was added using a microsyringe. The pore size distri-
bution obtained with thermoporosimetry is nearly indepen-

or inverse
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dent of moisture content above 1 g g~'.>' After sealing, her-
metic pans were kept at room temperature overnight in order
to reach equilibrium moisture content. Measurements were
carried out on a Mettler DSC 30 equipped with a cooling
apparatus under a nitrogen gas flow rate of 100 mL min™".
Two different DSC programs were applied for evaluating the
pore size distribution and the bound water content of the
nanopapers.

For the pore size distribution the isothermal method was
used. The basic principle of the method is the fact that water
contained within pores is at an elevated pressure compared to
free water and therefore has a depressed melting temperature.
Measurements of the energy absorbed when water melts in the
frozen nanopaper at given temperatures approaching 0 °C give
information about the number of pores of respective size
within the nanopaper. The samples were frozen to —35 °C at
1 °C min™' and maintained at this temperature for 4 min.
Then the temperature was raised to —33 °C and the sensible
heat of the wet nanopapers was determined by assuming the
absence of melting. The cycle was repeated with the isothermal
melting point at —20, —17, —14, —11, =9, —7, =5, =3.5, —2.5,
-1.6, —0.8, —0.4 and —0.2 °C with enough time in each step to
complete the melting transition. For every melting temperature
(Tm), a representative pore diameter (D) was obtained using
the Gibbs-Thomson equation (eqn (1)) and the calculated
values are shown in Table S2 of the ESL ¥

—4V o
D=————
HpIn(Ty/Ty)

(1)

where V is the specific volume of ice (1.09 x 107° m® g™), oy is
the surface energy at the ice-water interface (0.012 N m™"), Hy,
is the specific melting enthalpy of water (334 J ¢™'), and T, is
the melting point of water at 1 atmosphere pressure
(273.15 K). Although we expect inter-fiber voids to be irregular,
eqn (1) was derived for cylindrical pores; accordingly, the
method provides a measure of an effective pore diameter.

The heat absorbed during melting in each isothermal
period, H,, was obtained by integrating the endotherm peak.
Subsequently, the melting enthalpy, H,,, was calculated by sub-
tracting a sensible heat (C,AT) according to eqn (2). The
melting enthalpy was then used to determine the amount of
water melted within the temperature step by means of the
specific melting enthalpy of water (334 J g™'). After the exper-
iments, pan lids were pierced and the samples were dried over-
night at 105 °C to subsequently obtain total water content in
the sample as well as the mass of dry solid. The melting water
fraction at different isothermal temperatures was expressed as
a mass fraction and was used with eqn (1) to provide an
effective pore diameter distribution.

Hp = He — CpAT (2)

The bound water content of the nanopapers was measured
independently to avoid hysteresis phenomena related to con-
secutive heating and cooling cycles. To this end, the sample
pan was frozen to —30 °C and ramped at 1 °C min™" to 25 °C.

1856 | Green Chem., 2015, 17, 18531866
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Two overlapping peaks were obtained (related to freezing
bound and free water) and were separated by splitting the inte-
grated areas of heat flow at the inflection temperature between
the peaks. The integration of the complete overlapping peaks
provided the total amount of freezing water. Finally, non-freez-
ing bound water was obtained by subtracting the total freezing
water from the total amount of water in the sample. All of the
calculated water fractions were expressed in mass of water per
mass of dried solid.

The porosity, €, of the nanopapers was calculated from their
densities (eqn (3)) by assuming the density of cellulose and
lignin to be 1.5 and 1.3 g cm™>, respectively;*® applying a
simple rule of mixtures yields a very narrow range of densities
for solid lignocellulose in the ratios investigated, i.e. between
1.47 and 1.5 g em™>; accordingly, we may be confident that
differences in density arise almost entirely from differences in

porosity.

e—=1— Psample (3)

Plignocellulose

Surface and interfacial free energies

Nanopaper surface free energy and surface energy components
were determined from contact angle (CA) measurements with
four pure liquids of different polarities, namely water, form-
amide, diiodomethane, and ethylene glycol. The CA of sessile
drops was determined using a KSV CAM200 optical contact
angle goniometer (KSV Instruments). Surface free energies of
the nanopapers and its components were obtained with the
CAM2008 software. A more detailed explanation of the surface
energy calculation is provided in the ESLf Briefly, the total
surface energy of the solid (ys) was calculated from the dis-
perse (ys") and polar (acid-base) (y5®) components. The polar
component was further divided into yg, the electron-acceptor
or Lewis acid parameter, and ys, the electron-donor or Lewis
base parameter. The solid/liquid interfacial energy (ysi) was
also calculated and the surface free energy components of the
solid were obtained by combining Young’s equation (CA data)
and the solid/liquid interfacial energy. The calculation used
the known surface tension components of the probing liquid
(Y, 71, v£)- In addition, the interfacial free energy of the
nanopapers (AGu,s) was obtained in order to define the hydro-
philic or hydrophobic nature of the nanopapers.

Interactions with water and barrier properties

The advancing and receding water CAs were directly measured
on sessile drops with an optical contact angle meter (KSV
Instruments Ltd, CAM 200). Water drops with a volume of
around 4 pl were placed on the nanopaper surface from a
micro-syringe. Then water was continuously added to the
droplet from the syringe up to 6.7 pl to advance the contact
line, and advancing contact angles (6,) were determined. For
receding contact angles (6,) the liquid was withdrawn with the
syringe needle until the contact line retracted. Measurements
were made on three or more drops and averaged. CA hysteresis

This journal is © The Royal Society of Chemistry 2015
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was obtained as the difference between advancing and reced-
ing angles.

Film water absorption was determined by immersing 5 x
20 mm strips in deionized water for 2 h and recording the
sample weight after 1.5, 5, 10, 30, 60, and 120 min using a top
pan balance. Care was taken before weighing the samples to
remove the excess of water by means of a standard roller using
blotting paper on both sides of the nanopaper samples. Rela-
tive water absorption (RWA) was determined using eqn (4):

Wro — Wt

RWA(%) = 100
Wro

(4)
where wy, and w, are the weights of the sample before and
after immersion in water, respectively.

The water vapor and oxygen transmission rates, WVTR and
OTR, were measured. WVTR of the nanopapers was deter-
mined gravimetrically using a “wet cup” ASTM E96A pro-
cedure. Nanopapers were cut into circles of 25 cm” and
mounted on aluminum dishes containing 30 mL of water.
Dishes were stored at 23 °C and 50% relative humidity and
weighed periodically until a constant rate of weight reduction
was attained. The relative humidity gradient across the
samples was 100-50%. OTR measurements were performed
with Oxygen Permeation Analyzer Models 8001 and 8011
(Systech Instruments Ltd, UK) according to ASTM D3985. Tests
were carried out at 23 °C and varying relative humidity (RH:
<50% and 80%) using 100% oxygen as the test gas. Aluminum
foil masks, with an inner diameter area of 5 cm?, were used to
mount nanopaper samples in the test cells. Transmission rates
(WVTR and OTR) were normalized to sample thicknesses and
expressed as permeabilities (WVP and OP). The average and
the standard deviation of three measurements were reported.

Results and discussion

Effect of lignin content on filtration time of LCNF suspensions
during nanopaper manufacture

Energy consumption during the production of cellulose nano-
fibrils and nanopapers is important in assessing the environ-
mental impact of CNF and their applications. Energy
reductions have been reported before for the production of
CNF containing lignin (LCNF), in comparison to fully bleached
nanofibers.”® In preparing films, an important aspect of energy
consumption is the dewatering resistance of the fibril network
evolving from the suspension. Here, we recorded the cumulative
filtrate volume during dewatering of LCNF suspensions; Fig. 2
shows the cumulative filtrate volume vs. filtration time of the
diluted suspensions for LCNF of different lignin contents. Due
to small differences in suspension concentration, the cumulat-
ive volume is normalized to 100% of that at 15 minutes; this
time corresponds to that for complete filtration of the reference
sample. We note that filtration of LCNF suspensions was com-
plete in less than 6 minutes in all cases; further the filtration
rate increased with increasing lignin content, though the differ-
ence between samples 4L and 14L was less than that between

This journal is © The Royal Society of Chemistry 2015
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Fig. 2 Water filtration volume vs. filtration time of the CNF (obtained
from fully bleached fibers) and LCNF suspensions with different lignin
contents, as indicated.

other samples. Now, to a reasonable approximation, and guided
by classical models such as, e.g., Kozeny-Carman,””*® we can
expect the flow rate during filtration to be indicative of the por-
osity of the evolving filter cake. So, here we observe a more open
structure formed from fibrils with increasing lignin content;
this is consistent with the expectation that these fibrils are
stiffer and thus less able to conform to each other when packed
under gravity filtration. We return to this observation in our dis-
cussion of mechanical properties.

Morphology

The morphology of the dispersed nanofibrils was evaluated by
AFM using height and phase imaging (Fig. 3). Some fibrils
with widths of several nanometers were observed in the
images of the reference sample (R), which is typical for fully
bleached CNF. AFM images of the 2L fibrils appeared to be
quite similar to those from the reference sample. However,
some small, globular-shaped particles could be identified in
addition to the fibrils in the 2L sample, especially in the phase
image. Similar particles were more clearly distinguished in
sample 4L. It is likely that these globular features correspond
to lignin nanoparticles. In the case of the sample with the
highest lignin concentration (14L), these particles are pre-
dominantly located between the cellulosic nanofibers, forming
complex composite structures with the fibrils. These obser-
vations are consistent with the role of lignin in the native
wood cell wall, where it exists as a stiff phase between cellu-
losic fibers.

From the micrographs in Fig. 3, it is apparent that the fibril
diameter reduces with increased lignin content; the mean
fibril diameters, as obtained from AFM measurements, were
44 + 3,25 + 1,20 + 2, and 16 + 2 nm for the reference, 2L, 4L,
and 14L samples, respectively. Thus, we observe a systematic
decrease in fibril diameter with increasing lignin content. This
reduction in fibril diameter is related to lignin’s ability to
promote fibrillation. Lignin is a known antioxidant and thus it
stabilizes cellulosic mechano-radicals formed during the

Green Chem., 2015, 17, 1853-1866 | 1857
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Fig. 3 AFM images of 4 uym? areas of LCNF (samples 2L, 4L and 14L) as
well as the reference CNF (R), deposited on mica after air-drying from
diluted aqueous suspensions. The height and phase images are pre-
sented in the left and right columns, respectively. The arrows point to
some of the lignin nanoparticles, which act as a cementing material
between the cellulose nanofibrils.

microfluidization.”® Cellulosic radicals are extremely reactive
and can participate in recombination reactions (crosslinking)
that counteract the fibrillation at reduced lignin content. At
higher lignin content, the radical scavenging ability of the
lignin results in less pronounced crosslinking of cellulose,
which allows better deconstruction of the fibrils. In sum, com-
pared with lignin-depleted fibers, lignin-containing fibers are
fibrillated more extensively.

The plane view and the cross section of LCNF nanopapers
were accessed by AFM and SEM, respectively. Representative
images are provided in Fig. 4, where AFM amplitude error
images of nanopaper surfaces and SEM images of the cross-
sections of the reference and the 14L samples are compared.
The AFM roughness (R,) values of 17.1 + 1.5, 10.9 + 1, 10 + 0.8,
and 8.6 + 1.6 nm were measured for the reference CNF and 2L,
4L and 14L LCNF nanopapers from the AFM height profiles

1858 | Green Chem., 2015, 17, 1853-1866
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Fig. 4 AFM amplitude error images of 4 um? areas of nanopaper sur-
faces (at the top) and SEM images of the cross-sections (at the bottom)
of the reference and 14L samples.

(not shown). The roughness is related to the diameter of the
fibrils and the degree of consolidation on the surface upon
drying. As can be seen in the AFM images in Fig. 4, fibrils with
higher residual lignin content presented smaller widths and
formed smoother surfaces, compared to the reference nano-
paper; indeed, regression of the roughness data against the
measured fibril diameter yields a straight line with the coeffi-
cient of determination, r* = 0.995 (eqn (5)).

Ry =0.3d; +3.7 (5)

where R, is the AFM roughness (nm) and dg is the fibril dia-
meter (nm). We note that the value of the intercept, 3.7 nm,
approximates the size of the lignin particles shown in the AFM
micrographs, though further investigation would be required
for determining whether this is a genuine dependence or an
artefact.

Lignin acts as cementing material between the fibrils,
making the surface of the nanopapers smoother. This binder
effect of lignin is possibly owing to its softening during the
hot-pressing (100 °C) of the nanopapers, as evidenced in the
AFM image of the 14L nanopaper (Fig. 4). In theory, the soften-
ing temperature for softwood lignin is about 135 °C but when
water is present in the medium it has a plasticizing effect and
can reduce the softening temperature down to 80-90 °C."® The
observation of a reduced nanopaper roughness with increased
lignin content was previously reported by Ferrer et al,''
although in their study no physical evidence for the location of
the lignin in the suspensions and nanopapers was possible
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due to the limited range of lignin concentrations tested
(0.5-2.7%) in contrast to the present, wider range of lignin
concentrations (0-14%).

Since the nanopapers were prepared by over-pressurized fil-
tration of the LCNF suspensions and over a timescale of
several minutes, we anticipate that nanofibrils were primarily
organized with their principal axis in the plane of the film
yielding layered structures. Further, we expect this in-plane
structural characteristic to persist after the nanofibrils were
dried and pressed into a stiff and strong film. The anticipated
layered structures formed by the nanofibrils are observed in
the SEM cross-section images of the nanopapers (Fig. 4). The
laminar structures were more apparent in the nanopapers with
high lignin content. Ferrer et al'' reported that the layer
spacing was less in nanopapers containing more residual
lignin.

Density and tensile properties

The density and tensile properties of the nanopapers with
different lignin content are summarized in Table 1. The den-
sities of the LCNF nanopapers were in the range between 1.1
and 1.2 g cm™*; with the exception of sample 2L, the densities
were not significantly different at the 95% level, so we do not
observe the systematic dependencies of lignin content reported
previously.®'" Recall from our discussion of Fig. 2 that the fil-
tration behaviors of the suspensions indicated that the struc-
tures of networks containing lignin were more open than

Table 1 Density and tensile properties of nanopapers produced from
LCNF with different lignin contents (2L, 4L and 14L) and CNF used as a
reference; errors are given as + one standard deviation

Reference 2L 4L 14L

Density (g cm™) 1.24+0.03 1.10 +0.03 1.18 +0.05 1.20 +0.02

Tensile strength 164 +17 123 +8 156 + 17 116 +7
(MPa)
Tensile index 132+ 14 112 +7 132 £ 15 97 £6
(kN m kg™)
Breaking strain (%) 2.9 £0.1 3.5+0.5 2.8+0.4 1.7+0.3
Elastic modulus 143+0.5 105+0.1 13.4+0.9 12.2+0.2
(GPa)
Specific elastic 11.5+0.4 9.5+0.1 11.4+0.8 10.1+0.2
modulus
(MN m kg™)
Specific TEA (k] g™')  1.9+0.3 2.0+04 1.6+03  0.7+0.2
a) » b) °
o o
& XD
% .
:3!. §% NG
[ o o JAREAY: 3 S LTS
. ® L 0..‘
** .'. "
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those of the reference material and showed a dependence on
lignin content. The densities of the dry nanopapers reveal no
such dependence, suggesting that the processes of hot-press-
ing and drying densify the structures through mechanical
compression and perhaps by allowing lignin to fill the voids
between cellulosic nanofibrils. Analyses of AFM and SEM
images of the dispersed nanofibrils and nanopapers support
this hypothesis and allow us to propose a model system
describing the location and form of the lignin within the
samples. We elucidate this by reference to Fig. 5: lignin nano-
particles are detached from the cellulosic nanofibrils during
the deconstruction in the microfluidizer and, due to their
sticky nature, they adhere to the cellulosic nanofibrils in the
diluted LCNF suspensions (Fig. 5a). During filtering, a more
concentrated cake of cellulose nanofibrils and lignin nanopar-
ticles is formed, and the amorphous lignin is able to begin
filling some voids between the fibers (Fig. 5b). Subsequently,
during pressing at 100 °C and 220 bar, softening of the lignin
occurs and lignin completely fills the voids between the cellu-
losic nanofibrils acting as a binder, effectively recreating the
fiber-lignin composite of wood with fibres deconstructed into
their constituent fibrils (Fig. 5¢).

The tensile properties of the nanopapers are given in
Table 1. Here we discuss the data in terms of the specific
strength (or the tensile index) and the specific elastic modulus
as obtained by dividing the tensile strength and Young’s
modulus by density, respectively. In general, nanopapers 4L,
containing approximately 4% lignin, exhibited mechanical
properties close to those of the reference sample. For the
lignin-containing nanopapers, the tensile index exhibited a
maximum for sample 4L; although differences were significant
at the 95% level, we note that the coefficient of variation of the
tensile index across all samples is only 14%. Although the
maximum is observed also in the data for the specific elastic
modulus, the coefficient of variation of the specific elastic
modulus across all samples is only 9%. Accordingly, we may
state that to a good degree of approximation, the tensile
strength and the elastic modulus of our nanopapers contain-
ing up to 14% lignin are rather insensitive to lignin content.
This fact is also illustrated in Fig. S1 of the ESLT We have
already noted that there is limited effect of lignin on the
density of our nanopapers and, although we might expect
lignin to interfere in hydrogen bonding between fibrils, this is
apparently counteracted by the uniform distribution of lignin

7

Cellulosic fiber

Lignin

e

Fig. 5 Proposed model to describe the location of the lignin within nanofibril suspensions and nanopapers. (a) LCNF suspension, (b) LCNF suspen-

sion after filtering, (c) LCNF nanopaper after pressing.
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within the hot-pressed nanopapers seemingly aiding stress-
transfer between fibrils and thus preserving mechanical
properties.

It should be noted however that the breaking strain, and
hence TEA, decreased with increasing lignin content. The
values measured for these properties were plotted against
lignin content in the nanopapers (Fig. S1, ESI{) and linear
(inverse) relationships were found. Thus, it may be speculated
that the retention of strength at increased lignin content in
the nanopapers is associated with a loss of ductility, which
could limit applications where such a property is required. The
reduction in breaking strain with the lignin content is prob-
ably related to the faster filtration during the manufacture of
the nanopapers, which limits component dispersion. Thus,
while a reduced filtration time is beneficial (reduced energy
consumption), the elongation properties of the resulting nano-
papers can be, to some degree, compromised.

The tensile strength, modulus, and strain of the nanopa-
pers studied in the present investigation were compared with
others reported in the literature for softwood, hardwood, and
non-wood resources (see Fig. 6). Most of the values reported

300 |

200

Strength (MPa)

100 . i

16| |

o]

Modulus (GPa)

Strain (%)
[e>]

| ||,
.

'IA'B'C'D'E'F'GI'[H'II'IJ'K'LI'
Softwood

Hardw. Non-wood

Fig. 6 Range of values for tensile properties of nanopapers investigated
(A) compared with those reported in the literature from different
sources of fibers (B—L). Softwoods: nanopapers from SEW fibers from
Norway spruce of varying lignin content (present work) correspond to
group A; B33! (sulfite); C*? (dissolving grade fibers); D** (bleached
sulfite); E>* (dissolving grade and bleached sulfite fibers); F*> (bleached
kraft); G3¢ (bleached spruce sulfite). Hardwoods: H*’ (bleached kraft
pulp); I* (birch kraft pulp). Non-wood: J*8 (swede root pulp); K*° (sugar
beet pulp chips); L'° (palm fruit bunch fibers).
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correspond to nanopapers from fully bleached CNF. The mech-
anical property data set determined in this work is displayed
in Fig. 6 (group “A”) and includes the range of values deter-
mined for LCNF with different lignin contents. The literature
data include individual property values as well as ranges of
tensile properties (for example, when reported by authors who
tested different sources of cellulose, pectin content, solvent
used). The data, mostly for nanopapers from fully bleached
fibers, include tensile strength, modulus, and strain within
the ranges 75-250 MPa, 6-18 GPa, and 1-10%, respectively.
The values for the same properties in the present investigation
are 116-164 MPa for tensile strength, 10.5-14.3 GPa for tensile
modulus, and 1.7-3.5% for tensile strain, all of which are
within the ranges reported for fully bleached CNF. Therefore,
it is possible to conclude, as a first approximation, that the
presence of lignin in the nanopapers resulted in mechanical
properties comparable to those of nanopapers derived from
fully bleached CNF.

Porous structure of LCNF nanopapers

The effect of lignin content on the pore size distribution of
LCNF nanopapers was investigated by DSC. While the effect of
hemicelluloses has been reported in the literature and was
proved to increase the amount of micropore water in pulps,>
the extent to which lignin contributes to the porous structure
remains unclear, in both, papers from fibers or nanopapers
from (L)CNF. The water absorbed in the nanopapers includes
non-freezing bound water, freezing bound water, and free
water. Non-freezing bound water (NFBW) corresponds to the
first 1-3 layers of water adjacent to the surface of the fiber wall
and corresponds to water with limited motion. Freezing bound
water (FBW) corresponds to water within pores that has a
depressed melting temperature (below 0 °C). Free or freezing
non-bound water (FNBW) freezes at the same temperature as
pure bulk water. NFBW and FBW are accommodated in the
micropores within the nanopapers, while FNBW is held in the
macropores between the nanofibrils. Total bound water (TBW)
represents the total amount of micropores that can be detected
by thermoporosimetry, which are voids within the cell wall
where the water is subject to thermodynamic effects as
explained before, including both NFBW and FBW.

The influence of lignin content on the amount of micro-
pores (total bound water) is shown in Fig. 7. TBW decreased
from 1.05 to 0.81 g g~' with increasing LCNF lignin content,
mainly because of the reduction in FBW (from 0.61 to 0.36 g
g™ "). As can be observed in Fig. 4 and 5, residual lignin is
located between the cellulose nanofibrils in the nanopapers,
acting as an inter-fibril binder and reducing the amount of
micropores in the nanopaper (reduction in TBW). Linear corre-
lations between TBW and FBW vs. lignin content in the nano-
papers were observed (Fig. S2 of the ESIf). It is also interesting
to note that the total amount of bound water exceeded the dry
mass of nanocellulose (TBW > 1) for the samples with no
lignin (reference) or with low lignin content (2L). Common
TBW values for cellulose fibers are around 0.63 g g~ '.>* The
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Fig. 7 Total bound water (TBW) determined as the sum of freezing
bound water (FBW) and non-freezing bound water (NFBW) of nano-
papers with different lignin content.

large amount of pore water measured in this work may be
associated either with a particular pore structure in the nano-
papers or with the high water holding capacity of CNF, associ-
ated with the large fibril surface area. NFBW was independent
of the lignin content of the samples, with a value close to 45%
based on dry solid mass. Since NFBW is closely related to the
number and type of accessible hydration sites,*® it can be
stated that lignin did not affect the number of hydration sites
in the nanopapers (Fig. S2 of the ESIT). Some studies indicate
that NFBW content of dried wood specimens are within 20
and 40%.%°7>>*1*2 The higher value of NFBW obtained in this
work is related to the large surface area of the cellulose nano-
fibrils, which enables a larger number of hydroxyl groups on
the fiber surface to come into contact with individual water
molecules. A similar trend was found by Hatakeyama,** who
also reported NFBW values above 40% in the case of CNF.

The voids in layered fibrous materials are anisotropic with a
mean in-plane dimension about double that perpendicular to
the plane.** We expect the mean pore size determined by DSC
to be dominated by the larger in-plane voids. The theory for
random fiber networks”® states that this mean pore dimen-
sion, d, depends only on the porosity of the network, &, and
the diameter of fibers, d¢ (eqn (6)).

5 2ds
! Tog(1/e) ©

So, for our networks of approximately constant porosity
formed from fibrils of smaller diameter with increasing lignin
content, eqn (6) yields the expectation that the mean pore size
will decrease with increasing lignin content.

Cumulative TBW values are plotted as a function of pore
size in Fig. 8a. The largest pore diameter that was considered
in this work was ~215 nm and was calculated from the
depressed melting temperature of —0.2 °C (Table S27). All the
samples considered appeared to have a similar pore size distri-
bution up to 8.5 nm pore size. However, compared with the
samples with small amounts or no lignin present, nanopapers
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Fig. 8 (a) Cumulative total bound water and (b) freezing bound water
vs. pore diameter for the nanopapers with different lignin content.

with larger lignin content presented a smaller fraction of the
large pores. This information supports earlier findings about
lignin acting as a cementing material between the fibrils,
thereby reducing the porosity of the nanopapers, especially in
the region 17 to 54 nm. No plateau in the cumulative TBW
profile versus pore observed in the region
100-215 nm, indicating that the pores did not collapse upon
drying. Additionally, this implies that a significant fraction of
pores larger than 215 nm were still present in the nanopapers,
which probably originated from the consolidation of the fiber
network and represent inter-fiber pores. Then, as represented
by cumulative TBW in Fig. 8a, with the increased lignin
content, micropores in the nanopapers were progressively
reduced in number. Meanwhile, the porosity of the samples,
which includes both micropores (TBW) and macropores (not
measured), were 27, 21 and 20%, for 2L, 4L and 14L nano-
papers, respectively, as calculated by eqn (3). The reduction in
porosity with the increment of lignin content is related to the
effect of lignin as adhesive between the fibrils.

Pore size distribution was further evaluated in terms of
FBW vs. pore diameter in Fig. 8b. Given that pores greater
than 214 nm were excluded from the analysis, we have not cal-
culated a mean pore size, but consider instead the modal
value of pore size in the nanopapers. In agreement with the
prediction of eqn (6), this reduced with lignin content, from
54 nm in the nanopapers without and with low lignin content

size was
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(reference and 2L) to 27 and 9 nm in the nanopapers with
medium and high lignin contents (4L and 14L, respectively).
Indeed, these values are close to the mean pore sizes predicted
using eqn (6): 50 and 58 nm for the reference and sample 2L,
respectively, and 26 and 20 nm for samples 4L and 14L,
respectively. Accordingly, we may state that the pore size in the
nanopapers depends strongly on the diameters of the nano-
fibrils, which decrease with increasing lignin content. The
relationship between pores size and lignin content in the
nanopapers can be evaluated in more detail in Fig. S2 of the
ESLt The entire range of dominant pore sizes measured in
this study (9-54 nm range) was lower than average pore size
values reported in the literature for wood fibers, typically
ranging from 80 to 100 nm.>* To our knowledge, no previous
reports on the pore structure in nanopapers from CNF exist.
Overall, it can be concluded that micropores were reduced in
size and number with the presence of lignin, due to the
reduction of the diameter of the fibrils and the cementing
effect of lignin, respectively.

Surface free energy and hydrophilicity of LCNF nanopapers

The average contact angles (CA) for four probing liquids were
measured on nanopapers with different lignin contents and
were used in the surface energy evaluation, as summarized in
Table 2. The highest CA were measured with water, whereas
ethylene glycol yielded, in most of the cases, the lowest CA. For
a given liquid, CA increased with nanopaper lignin content.
The surface energy components were calculated from CA
values according to the acid-base theory (see ESIT). The acid-
base framework to describe surface energy has been found to
be most suitable to explain the properties of wood surfaces,
and gives detailed information about their surface chemistry.*®
In addition to the disperse component, this theory allows cal-
culation of the acid and base components of the surface free
energy.

Surface free energy of a solid is a characteristic parameter
that has a large effect on many interfacial processes such as
absorption, wetting and adhesion. Literature surface free
energy parameters for the test liquids, as well as surface
energy components calculated from the acid-base approach
for the nanopapers in this work, are included in Table 3. The
total surface free energy of the nanopapers (ys) ranged from
46.7 to 53.9 m] m~2, which are values consistent with the

Table 2 Contact angles for four probing liquids used in the surface
energy evaluation of LCNF nanopapers with different lignin content and
the reference CNF nanopaper, as indicated”

Contact angle (°) of different nanopapers

Liquid Reference 2L 4L 14L
Water 35 49 61 78
Formamide 15 16 21 36
Diiodomethane 20 29 31 34
Ethylene glycol 18 13 20 34

“Standard deviation of the contact angle values was less than 2°.
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Table 3 Literature surface free energy parameters for the probing
liquids*” and calculated surface energy components of nanopapers with
different lignin contents (in mJ m~2). For the nanopapers, the ratio /7"
is dimensionless and AG'SFWS is given in mJ m~2

oMYA Tl AGsws
Test liquids
Water 72.8 21.8 51 25.5 255 — —
Formamide 58 39 19 39.6 228 — —
Diiodomethane  50.8 50.8 0 0 0 — —
Ethylene glycol 48 29 19 47 1.9 — —
Nanopaper
Reference 52.6 48.6 4 40.2 0.1 400 13.8
2L 53.9 455 85 24 0.7 32 -11.0
4L 52.3 44.5 7.8 11.8 1.3 9 -33.3
14L 46.7 43.2 3.5 23 1.4 2 —62.2
a , T

77°T =y, for the test liquids and y™" = yg for the nanopapers.

range 43.1-53.7 m] m~ > previously reported by Peng et al.*® for
cellulose nanofibrils. Moreover, values of the total surface
energy and their components found in this work for the
Norway spruce nanopapers were in agreement with those
recorded by other authors for spruce wood.*® The total surface
energy was reduced with the nanopaper lignin content, from
53.9 mJ m~? in the 2L sample to 46.7 mJ m~? in the 14L nano-
paper. Thus, lignin decreases the surface energy of the fibrils,
as can be expected from the larger percentage of C-C and C-H
bonds and the lower O/C ratio compared to cellulose.”* "

The dispersive component (y**) accounts for the capacity
of the surface to take part in London or dispersive interactions,
the so-called nonspecific component of the surface energy.
The contribution of the disperse component to the total
surface free energy of the nanopapers was larger than the con-
tribution of the acid-base component (y*®). For example, in
the 2L nanopaper, y*V was 45.5 mJ m™~2, which represents 84%
of the total surface free energy, while y** was 8.5 mJ m™2,
which represents the remaining 16% of the total energy. The
disperse component showed a similar trend to that of the total
surface energy; it decreased with the lignin content of the
samples from 45.5 mJ m~ in 2L to 43.2 mJ m~? in 14L nano-
paper. The disperse component in cellulosic materials was
observed to depend mostly on the presence and concentration
of free hydroxyl groups on the surface.’® By increasing the
lignin content in the nanopapers, lower values of the disperse
component were achieved due to the reduction in the relative
amount of cellulose and thus in the hydroxyl groups exposed
on the surface. The trend correlates with the lower dispersive
component of lignin with respect to cellulose.*® It may be pre-
dicted that the wettability between the lignin-containing nano-
papers and polar liquids such as water would be weaker than
that in the case of the reference CNF due to the lower disper-
sive component of the surface energy.

The acid-base component (*F), also called the specific
component of the surface energy, refers to all the other possi-
bilities of interactions (induction, dipole, and hydrogen bond).
The electron-donor (Lewis-base) component of the polar
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surface energy dominated over the acid one (y7/y" > 1), leading
to a strong electron donating capacity of the nanopapers and
the ability to participate in polar interactions with acid
species. Lignin content in the nanopapers significantly
reduced y~ from 24 to 2.3 mJ m~? in the nanopapers and there-
fore also reduced the y*®, accounting for 59% from 8.5 mJ m™>
in the 2L to 3.5 mJ m~? in the 14L nanopapers. On the other
hand, the acid component was increased with the lignin
content and the relationship between the base and acid com-
ponents (y~/y") was strongly reduced. Thus, while the reference
nanopaper exhibited predominantly monopolar electron-doni-
city (¥~ > y' ~ 0), 2L, 4L and 14L showed a certain amphoteric
behavior (acid and base) that was more pronounced with the
increase in lignin content. In the reference sample the large
number of electron donating sites neutralized the few accept-
ing sites through hydrogen bonding (Lewis neutralization).>®
The presence of fewer y~ sites in the nanopapers with high
lignin content could cause that more y' sites remained without
neutralization and this would justify the certain acid character
of these nanopapers (amphoteric character). The existence of a
non-zero y' parameter in the nanopapers with higher lignin
contents would allow interactions with other bi-polar
polymers.

The affinity to water of the nanopapers was assessed from
the interfacial free energy of interaction, AGLy (Table 3). The
terms “hydrophobic” and “hydrophilic” are used loosely and,
as such, they have a limited utility. Surface thermodynamic
theory, however, allows a natural and potentially powerful defi-
nition of these terms. The boundary between hydrophobicity
and hydrophilicity occurs when the difference between the
apolar attraction and the polar repulsion between molecules
or particles immersed in water is equal to the cohesive polar
attraction between the water molecules. Under these con-
ditions, the interfacial free energy of interaction between
materials immersed in water, AGhy, is exactly zero. Then, the
thermodynamic convention is followed. When AGhy is posi-
tive, the interaction of the material with water dominates and
the surface of the material is hydrophilic. When AGuy is nega-
tive, the surfaces of the material immersed in water prefer to
be in contact with each other (cohesive attraction) rather than
forming an interface with water; hence, this material is hydro-
phobic.>® Thus, the sign of AGL,, defines the nature of the
surface and the magnitude of AGhy,s may be used as a quanti-
tative measure of the surface hydrophilicity or hydrophobicity.
AGhs had a positive value for the reference nanopaper, the
one without lignin, indicating a dominant hydrophilic charac-
ter. However, AGh, was negative for all the nanopapers from
SEW fibers containing different lignin contents (2, 4, and 14L).
Therefore, these nanopapers could be defined as hydrophobic
with the magnitude of AGhLy,, being a quantitative measure of
the surface hydrophobicity of these materials. The hydro-
phobic character of the nanopapers was found to increase with
the presence of lignin, according to a six-fold increase in
AGh from 2L to the 14L nanopaper. Hydrophobicity may be a
desirable attribute for enhancing compatibility with hydro-
phobic polymer materials.
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Interactions with water and barrier properties

Advancing and receding water CA and hysteresis values of the
nanopapers with different lignin contents are summarized in
Table 4. Since the lignin is a highly complex, condensed
macromolecule rich in aromatic groups, less hydrophilic than
cellulose, it was expected that the advancing water contact
angle increased with the lignin content. In fact, 0, increased
from 35° in the reference nanopaper to 78° in the 14L sample.
Meanwhile, the receding contact angle was not significantly
affected by lignin. Thus, the hysteresis increased with lignin
content as a result of the advancing contact angle increment.
The significance of hysteresis arises from roughness and/or
chemical heterogeneity of the surface.’>>’ In either water-wet-
table or water-repellent surfaces the effect of a roughened
surface is to magnify the wetting properties of the solid.*®
Thus, a water-wettable solid will further enhance the wetting
with increased roughness, and for a water-repelling one,
roughness will increase water repellency. All the nanopapers in
this work displayed certain wettability (6, < 90°), in such cases
an increase in roughness will increase wettability. AFM rough-
ness of the nanopapers varied from 17.1 nm in the reference
to 8.6 nm in the 14L sample. The roughest surface (reference)
showed stronger wettability (lower advancing contact angle)
and hence lower hysteresis. Thus, the increment in hysteresis
with increasing lignin content does not derive from the rough-
ness of the nanopapers, but it arises from the chemical hetero-
geneity introduced by lignin.

Relative water absorption (RWA) of the nanopapers derived
from CNF and LCNF measured after given water immersion
times is shown in Fig. 9. Water absorption increased with time
especially during the first 10 min. For example, RWA of the 4L
nanopaper increased from 16 to 24% during the first 10 min.

Table 4 Advancing (¢,) and receding (,) contact angles and hysteresis
values (6, — 6,) (°) of the nanopapers with different lignin contents

Reference 2L 4L 14L
0. 35.4+0.5 48.6 + 1.1 60.9 +4.1 77.7+3
0, 25.8+1 25.7 £ 0.7 25.9+1.7 25.8+1.8
(02, - 0r) 9.6 22.9 35.1 51.9
40
. .x | - X - Reference
35 TR T 2L
o T —a—4L
%0 X —a— 14L
g x
: 25 %
s
& 20
154
104 .rl\___,.—k'_’__——_.
O

T T T T

0 20 40 60 80 100 120
t (min)

Fig. 9 Relative water absorption (RWA) of the nanopapers with different
lignin content measured after different immersion times in water.
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After this time, RWA was increased moderately or remained
constant, depending on the sample. RWA decreased with the
lignin content in the nanopapers for any given immersion
time. For a better understanding of the relationship between
this property and lignin content, RWA (%) and water absorp-
tion (g m™2) of the nanopapers after 2 h of immersion in water
are plotted vs. lignin content in the nanopaper (Fig. 10), which
yielded a linear relationship with negative slope. Similar be-
havior was observed previously in the literature.”'®'! Water
absorption and water contact angle are known to be dependent
on the pore structure near the surface as well as on the fiber
surface energy. Thus, lower RWA values obtained for the nanopa-
pers with higher lignin can be explained by the significantly less
porous nanopaper, which prevented water penetration. In
addition, the lower surface energy and specifically the lower elec-
tron donor parameter of the nanopapers with higher lignin
content also contributed to the decrease in RWA. Reduction on
Lewis-base component of the surface energy of the nanopapers
with higher lignin content was also responsible for the higher
water CA and related lower hydrophilicity.

Barrier properties of the nanopapers were evaluated in
terms of water vapor and oxygen permeabilities (WVP and OP,
respectively). Good barrier properties of the crystalline com-
ponents of cellulose fibrils in combination with the ability of
the nanofibers to form a dense network by strong inter-fibrillar
bonds make the nanopapers a suitable barrier material,®®

T T T T T T T v T M T 1
. 40f % % =
gg s % R*=0.98
x 20r 2 T 14L
a 5
0 " 1 2 1 " 1 1 " 1 2 1 . 1 " 1
ST T ¢ ‘
25 | ' % R2=1
10 -1
. N R ] L PR T T
>
g8l -
¥ ©
$E 6l R?=0.50 |
o (e o §
" 1 " 1 " 1 " 1 " 1 " 1 " 1 " "
- 04f 4
. | |
R Epgol o i
3 §02 % %% ~ R®=099
o & | i
O%O.O-_ ! ! 1 1 1 1 ! ? .
3F .
Iv
°\§E - RP=096 3 1
S5 2t % — .
a . S )
O 1 " ?7. % " 1 " L " 1 i 1 " 1 " 1 i

0 2 4 6 8 10 12 14
Lignin content (%)
Fig. 10 Relative water absorption of the nanopapers after 2 h of
immersion in water (RWA,,), water absorption (WA,,) and barrier pro-

perties (WVP and OP) of the nanopapers evaluated as a function of the
lignin content.
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especially against oxygen transmission. The relationship
between the barrier properties of the nanopapers and the
lignin content can be evaluated in Fig. 10. Oxygen permeabil-
ities at two relative humidities showed a strong linear relation-
ship with the nanopaper’s lignin content, which was not the
case for WVP. At lower relative humidity (50%), lignin in the
nanopapers reduced OP from 0.23 in the reference nanopaper,
to 0.01 mL mm/ (m> day atm) in the 14L sample. At relative
humidity of 80%, lignin slightly increased OP, but this incre-
ment was not significant compared to the more than 15-fold
decrease observed at relative humidity of 50%. Improved
oxygen barrier properties of the nanopapers with higher lignin
content are a consequence of the smaller pore structure of
these samples. Water vapor permeability, in turn, did not
correlate linearly with lignin content; in fact WVP depended
most significantly on material density.” Samples with higher
density (reference CNF and 14L LCNF nanopapers) have a
more compact structure and are less water vapor permeable,
regardless of the lignin content. 14L nanopaper provided the
best water vapor and oxygen barrier properties.

Lignin in its native state is more hydrophobic than cellu-
lose. However, the residual lignin in fibers after pulping can
be hydrophilic, depending on the digestion process used. It
should be noted that SEW fractionation produces hydrophilic,
low-sulfonated “organosolv-like” lignin.”> Moreover, all the
SEW pulps were obtained using 12% SO, and therefore the
lignin in all the samples is expected to have similar levels of
hydrophilicity. In the present work, water CA increased with
the content of SEW residual lignin in the nanopapers, reach-
ing a value of 78° in the 14L sample. Meanwhile, water absorp-
tion was gradually decreased at increasing the lignin content.
These results greatly differ from those reported by Ferrer
et al.,"* who found higher water absorptions for nanopapers
with higher residual kraft lignin contents and did not find
important differences in water CA between nanopapers with
different lignin contents. In order to have a first approximation
of the effect of the nature of the residual lignin on the pro-
perties of the nanopapers, water CA has been measured on
nanopapers obtained from kraft pulps, chemithermo-mechan-
ical pulp (CTMP) and thermo-mechanical pulp (TMP), contain-
ing 10, 21, and 26 wt% of residual lignin, respectively. Water
CA were 53° for the kraft-pulp derived nanopaper, 54° for
CTMP and 57° for the TMP, all of them much lower than the
water CA measured for the 14L SEW derived nanopaper (78°).
It can be concluded that SEW residual lignin are less hydro-
philic than kraft, CTMP and TMP residual lignins and for this
reason lower water absorptions were obtained in this work for
SEW nanopapers in comparison with kraft-derived nanopapers
reported in the literature.'*

Conclusions

This work dealt with an exhaustive analysis of the variables
affecting LCNF properties and a detailed characterization of
the products to elucidate the effect of the lignin on the

This journal is © The Royal Society of Chemistry 2015
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properties of cellulose nanofibrils and nanopapers. The pres-
ence of lignin improved extensively dewatering during the fil-
tration process of the nanopaper manufacture. Lignin was
found to act as a cementing material between the cellulose
nanofibrils in LCNF nanopapers, similarly to lignin in native
wood. Thus, fibrils with higher residual lignin content formed
nanopapers with smoother surfaces and reduced micropores
in number and size. Mechanical properties of the lignin-con-
taining nanopapers were comparable to those derived from
fully bleached materials. The lower surface energy and specifi-
cally the lower electron donating capacity of the nanopapers
with higher lignin content were responsible for the lower water
wettability measured for these samples (higher water contact
angle and lower water absorption capability). The less porous
and more compact structure of the lignin-containing nanopa-
pers also contributed to improve oxygen barrier properties of
these materials and to prevent water penetration. In summary,
the use of lignin-containing cellulose nanofibrils not only
leads to lower production cost by reducing bleaching chemi-
cals but also reduces the polarity and hydrophilicity of the
nanocellulose, which are nowadays an important challenge
limiting the large-scale utilization of such valuable product.
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