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ABSTRACT: Softwood mechanical pulps have proven to be quite recalcitrant to enzymatic hydrolysis. However, the unhydrolyzed,
residual fibers might have potential as nanofibrillated cellulose feedstocks. In the work reported here, a bleached softwood chemi-
thermomechanical pulp (CTMP) was neutrally sulfonated (S-BCTMP) in an attempt to enhance fiber accessibility and enzymatic
hydrolysis. A 12 h hydrolysis at 10% solid loading with CTec3 cellulases provided optimum conditions with 22% of the pulp
hydrolyzed to monosaccharides and about one-third of the original substrate remaining as lignin-containing cellulose nanofibrils
(LCNFs). Prolonged hydrolysis (72 h) resulted in 42% hydrolysis of the original substrate with only 16% of the original S-BCTMP
recovered as LCNFs. Although the LCNFs contained high levels of lignin (26.8%−38.5%), they were successfully used to prepare
transparent films showing a high contact angle (82.8°) and strong UV-blocking properties. It was apparent that enzyme-mediated
modification of CTMP has the potential to produce both fermentable sugars and higher-value LCNFs.

KEYWORDS: Lignin-containing cellulose nanofibrils (LCNFs), Chemi-thermomechanical pulp (CTMP), Neutral sulphonation,
Enzymatic treatment, Cellulase cocktails

■ INTRODUCTION

Nanocellulosic materials such as cellulose nanofibrils (CNFs)
have shown considerable potential in various value-added areas
such as nanocomposites, packaging, films, and paperboard
applications.1−4 Several nanocellulosic materials are produced
by mechanical methods such as refining, grinding, ultra-
sonication, and homogenization (using homogenizers and
microfluidizers).5 However, to try to reduce the high energy
input of mechanical treatments and to improve the
homogeneity of the CNFs, various chemical/biological treat-
ments have also been assessed for their potential to open up
the structure of the lignocellulosic materials prior to
mechanical treatment. To date, most chemical processes
(2,2,6,6-tetramethylpiperidine-1-oxyl (TEMPO) oxidation,
carboxymethylation, sulphonation, and cationization) have
proven to be relatively expensive and typically come with
considerable environmental concerns.5−8 More recently, bio-

logical processes such as enzymatic treatments have attracted
increased attention due to their potential to facilitate
nanofibrillation under more environmentally friendly reaction
conditions.9−11 The most established feedstocks that have
been used to make CNFs are bleached chemical pulps (Kraft
or sulfite pulps),1,5 with only a few studies assessing the
potential of lignin-containing, high-yield pulps to make CNFs
via chemical/biological treatments.12−15

High-yield pulps, such as thermomechanical pulp (TMP),
chemi-thermomechanical pulp (CTMP), and bleached chemi-
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thermomechanical pulp (BCTMP), typically have the advant-
age of lower cost, less biomass loss, and reduced environmental
pollution when compared to chemical pulps.16,17 Although
TMP, CTMP, and BCTMP continue to be major products
derived from Canadian softwoods, their market demand has
been in steep decline, primarily due to the digitalization of
newspapers. Consequently, there is considerable interest in
expanding the product portfolio that can be derived from
mechanical pulps.
One approach that has been proposed is to repurpose TMP

mills as the pretreatment “front end” of a bioconversion
process for enzyme-mediated hydrolysis of pulps to ferment-
able sugars. However, high enzyme loadings are typically
required, and the recalcitrance of softwoods to hydrolysis has
proven to be challenging.18 As discussed in more detail here,
an alternative approach could be to produce both sugars and
higher-value nanofibrils from the unhydrolyzed residues. It is
likely that nanofibrils derived from mechanical pulps will
contain hemicellulose and lignin, which should endow them
with several interesting characteristics and differentiate them
from traditional nanofibrils derived from chemical pulps. For
example, the hemicellulose in nanofibrils should help improve
the aqueous stability of fibrils and prevent coalescence.19 In
parallel, much of the lignin component will be located on the
surface of the nanofibrils, introducing amphiphilicity and likely
improving its compatibility with hydrophobic oils or
polymers.12,20−22 Because lignin-containing cellulose nano-
fibrils (LCNFs) will have less polarity and higher hydro-
phobicity, this should also significantly increase the mechan-
ical, thermal, and water barrier properties of any resulting
composite,6,23−25 with smoother surfaces and less micropores
in the nanofibrils.26

However, past work has shown that, during the production
of LCNFs from mechanical pulps, the lignin component
restricts chemical and enzyme access to the cellulose,
preventing the nanofibrillation of the cellulose.23,27 Similarly,
although hemicellulose has been shown to restrict microfibril
coalescence and facilitate pulp nanofibrillation,28 it is
anticipated that the relatively intact lignocellulosic matrix of
mechanical pulps will restrict effective nanofibrillation. For
example, effective production of LCNFs from mechanical pulp
via mechanical grinding, disk refining, and homogenization can
only be achieved at the expense of high energy costs.12,14,29

Similarly, possible chemical treatments such as TEMPO
oxidation have been shown to facilitate mechanical pulp

nanofibrillation but again with the need for expensive oxidants,
which further increases costs.15,30

In the work reported here, a softwood BCTMP was neutrally
sulfonated in an attempt to increase its accessibility to cellulase
enzymes, consequently enhancing both fibrillation and
hydrolysis. At various times during hydrolysis, the insoluble
fibers were withdrawn and further disintegrated via blending
and ultrasonication to produce LCNFs. The chemical,
morphological, and thermal properties of the LCNFs were
assessed using X-ray diffraction (XRD), Fourier transform
infrared spectroscopy (FTIR), scanning electron microscopy
(SEM), transmission electron microscopy (TEM), atomic
force microscopy (AFM), and thermogravimetric analysis
(TGA). As reported here, effective pretreatment of the
BCTMP resulted in enhanced cellulose hydrolysis while
producing LCNFs with potential applications in the evolving
biomaterial markets.

■ EXPERIMENTAL SECTION
Pulp and Chemicals. Bleached softwood chemi-thermomechan-

ical pulp (BCTMP) composed of spruce, pine, and fir was provided
by Quesnel River Pulp, Ltd., Canada. The BCTMP was washed 10
times (w/w) with deionized water and then disintegrated. It was
consequently vacuum-filtrated to a moisture content of 80% and
stored at 4 °C before use. Other reagents were analytical-grade and
provided by Fisher Scientific, U.S.A.

Neutral Sulphonation Treatment of BCTMP. The disinte-
grated BCTMP was subjected to neutral sulphonation according to
the procedures of Chandra et al.31 Briefly, sulphonation was
conducted in a Parr high-pressure batch reactor (1 L capacity, T
316 stainless steel, Parr Instrument Company, Moline, IL) at a 10%
(w/w) consistency with a Na2SO3 dosage of 0.16 g/g of dry pulp at
160 °C for 1 h. The treated slurry was then washed using deionized
water and filtrated until the conductivity of the liquid fraction was <5
μS/cm. The wet solids fraction (80% moisture content) was stored at
4 °C before use.

Enzymatic Treatment and Mechanical Treatment. The
sulfonated BCTMP (S-BCTMP) was suspended in acetate buffer
(50 mM, pH 5.0) at 50 °C for 2 h and then hydrolyzed using the
cellulase cocktail Cellic CTec 3 (Novozymes, Bagsvaerd, Denmark) at
a dosage of 20 mg of protein/g of cellulose at 50 °C and 180 rpm.
The solids loading was 10% (w/w). The hydrolysis yield of glucan,
xylan, mannan, arabinan, and galactan was calculated based on the
corresponding polysaccharide weight. After a specific hydrolysis time,
enzymatic hydrolysis was terminated by heating the mixture at 85 °C
for 20 min. The solid residue was then washed and filtered until the
conductivity of the liquid fraction approached that of deionized water.

The water-insoluble fraction of hydrolyzed S-BCTMP was
prepared in a suspension at 0.25% (w/w) consistency and

Figure 1. Diagram of the integrated production of LCNFs and sugars.
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mechanically sheared (∼20 000 rpm) using a household blender
(Vitamix 6300, U.S.A.) for 30 min, followed by ultrasonication
(Fisher Model 700) at a 90% amplitude for 30 min. The slurry was
centrifuged at 5 000 rpm for 30 min. The supernatant was defined as
the LCNF aqueous suspension. The concentration/weight of LCNFs
was determined by oven-drying 10 mL of the suspension at 105 °C.
Distilled water was used as a blank.32,33 The yield of LCNFs was
calculated as follows:

(concentration of LCNFs volume of LCNF suspension)

/mass of S BCTMP before enzymatic hydrolysis

×

‐ (1)

The overall integrated production of LCNFs and sugars is
summarized in Figure 1.
Preparation of Lignin-Containing Cellulose Nanofibril Film.

The LCNF suspension was concentrated to a 0.1% solids content by
vacuum-rotary evaporation at 50 °C. Then 40 mL of the lignin-
containing cellulose nanofibril (LCNF) suspension was poured slowly
onto a 0.22 μm nylon membrane (diameter 47 mm) followed by
vacuum-filtration until a dried thin film was formed. The dried film
was peeled off and stored in a conditioned room with 50% relative
humidity at 23 °C before testing.
Characterization. Compositional Analysis. The chemical

composition of the substrates was determined according to TAPPI
Standard Method T-222. The sugar content was measured by a
Dionex DX-3000 HPLC (Sunnyvale, CA) equipped with an anion-
exchange column (Dionex CarboPac PA1), and the Klason lignin
content was measured as the residual mass after filtration through a
G3 sintered glass funnel.32,34

Cellulase Accessibility and Enzymatic Hydrolysis. The water
retention value (WRV) was determined and calculated according to
TAPPI Useful Method-256. The WRV is the percentage of the
retained water based on the dried substrate after centrifugation at 900
× g for 30 min. Direct Orange staining was performed to assess the
changes in specific surface area according to the modified Simons’
stain method.35 The acid groups in the pretreated substrates were
determined by the conductometric titration method as described by
Katz et al.36 The width and length of the fibers were determined using
a fiber quality analyzer (FQA, LDA02; OpTest Equipment, Inc.,
Hawkesbury, ON, Canada) according to the procedure described
previously.34

The enzymatic hydrolysis assay was performed in acetate buffer (50
mM, pH 5.0) at 2% consistency (w/v), 30 mg of CTec 3 enzymes
protein per gram of cellulose, 50 °C, and 150 rpm for 72 h to assess
enzyme-accessibility improvements to BCTMP after sulphonation
treatment. After hydrolysis, the sugar content was assayed by high-
performance liquid chromatography (HPLC) and cellulose hydrolysis
yield was calculated accordingly.31 Experiments were performed in
triplicate, and the values shown were the average of the three
measurements.
Transmission Electron Microscopy. Formvar coated carbon grids

(300 mesh copper, Ted Pella, Inc., Redding, CA) were used as
substrates for transmission electron microscopy (TEM) imaging.
Prior to sample preparation, the grids were glow-discharged for 10 s
to enhance their hydrophilicity. The LCNF suspension (0.01 wt %, 8
μL) was deposited on the grids, and the excess liquid was removed by
blotting with filter paper. The grids were then negatively stained with
2% uranyl acetate solution and dried under ambient conditions. The
samples were observed using a Hitachi H7600 transmission electron
microscope operated at a 100 kV accelerating voltage. The widths of
the LCNFs from the TEM images were quantified using the software
ImageJ from over 100 individual LCNFs.

Atomic Force Microscopy. The morphologies of the LCNFs were
also observed using atomic force microscopy (Bruker, Inc., U.S.A.,
MultiMode 8) equipped with a J scanner. A droplet of 0.001 wt %
LCNF suspension was deposited onto a freshly cleaved mica disc with
a diameter of 12 mm and dried at room temperature. Height profiles
were obtained with an aluminum-coated antimony-doped silicon
cantilever (spring constant 40 N/m, resonance frequency ca. 300 kHz,
VTESPA-300, Bruker, Inc.) in peak force tapping mode.

Scanning Electron Microscopy. Lignin-containing cellulose nano-
fibril (LCNF) (0.1 wt %) suspensions were frozen in liquid nitrogen
and then freeze-dried (Labconco, U.S.A.) for characterization. The
morphologies of the freeze-dried materials (pulp, enzymatic hydro-
lyzed pulp, and LCNFs) were characterized using a scanning electron
microscope (Hitachi S4700) at a working distance of 5 mm and an
accelerating voltage of 5 kV. All samples were sputter-coated with 9
nm of gold using a Cressington high-resolution sputter coater (Ted
Pella, Inc., Sweden) prior to imaging.

UV−Vis Spectroscopy. The light transmittance of the LCNF
suspension (0.1 wt %, w/v) and the light absorbance of the LCNF
suspension (0.01 wt %, w/v) were measured from 200 to 800 nm
wavelength using a Cary 50 UV−vis spectrophotometer.

Zeta Potential. The zeta potential was measured using a Zetasizer
nano-ZS (Malvern, CA) at 0.1 wt %.

ATR-FTIR Spectra Analysis. FTIR spectra of freeze-dried pulp and
LCNFs were assayed by an FTIR spectrometer (PerkinElmer,
Wellesley, MA) with a universal attenuated total reflectance (ATR)
accessory from 500 to 4000 cm−1 and a resolution of 4 cm−1, with a
total of 80 scans.

X-ray Diffraction Analysis. X-ray diffraction patterns (XRD) of
freeze-dried pulp and LCNFs were collected on a Bruker D8-Advance
powder X-ray diffractometer, using Cu Ka radiation (k = 0.1540 nm)
generated at 40 kV and 40 mA. All scans were obtained from 5 to 80°
(2θ) with a step interval of 0.04°.

The peaks were deconvoluted using PeakFit (www.systatsoftware.
com) by assuming Gaussian functions for each peak, and a broad peak
centered at 20° was assigned as an amorphous peak. Iterations were
repeated until the maximum F number reached over 10 000 with an
R2 value above 0.997. The crystallinity index (CrI) was calculated as
the percentage of the area of all crystalline peaks over the total area.37

The average crystallite dimension L was calculated using the
Scherrer equation.38

L
0.9

cos1/2

λ
β θ

=
(2)

where λ is the X-ray radiation wavelength (1.54 Å), β1/2 is the full
width at half-maximum of the diffraction peak, and θ is the
corresponding Bragg angle.

Thermogravimetric Analysis. Thermogravimetric analysis (TGA)
of the freeze-dried samples was carried out using a thermogravimetric
analyzer (NETZSCH, TG 209F1, Germany). Approximately 10 mg of
each sample was heated from room temperature to 600 °C with a
heating rate of 20 °C/min under a 20 mL/min nitrogen stream.

Contact Angle. The water contact angle of the LCNF film was
measured with a DataPhysics PSL 250 contact angle analyzer (Future
Digital Scientific Corp., GmbH, Germany). 4 μL of deionized water
was dropped onto the LCNF film using a microsyringe. The contact
angle was measured every 30 s for 2 min. Experiments were
performed in triplicate, and the data shown here were taken from the
average of the three measurements.

UV-Blocking Test. The UV-blocking performance of the LCNF
film was demonstrated by illuminating a UV pattern using a UV
flashlight at a distance of 50 cm. The LCNF film was placed between

Table 1. Chemical Composition of BCTMP and Sulfonated BCTMP

Klason lignin (%) glucan (%) xylan (%) arabinan (%) galactan (%) mannan (%)

BCTMP 24.6 ± 1.4 44.0 ± 1.1 5.4 ± 0.3 1.3 ± 0.1 2.0 ± 0.1 9.5 ± 0.6
S-BCTMP 20.1 ± 0.9 48.9 ± 0.9 5.3 ± 0.4 1.0 ± 0.1 1.7 ± 0.2 8.9 ± 0.5

ACS Sustainable Chemistry & Engineering pubs.acs.org/journal/ascecg Research Article

https://dx.doi.org/10.1021/acssuschemeng.0c05183
ACS Sustainable Chem. Eng. 2020, 8, 14955−14963

14957

http://www.systatsoftware.com
http://www.systatsoftware.com
pubs.acs.org/journal/ascecg?ref=pdf
https://dx.doi.org/10.1021/acssuschemeng.0c05183?ref=pdf


the UV source and the pattern to observe the blocking effects with a
polyethylene (PE) film of similar thickness used as a control.

■ RESULTS AND DISCUSSION

Increasing Cellulase Enzyme Accessibility to
Bleached Softwood Chemi-thermomechanical Pulps
by Neutral Sulphonation. Typically, the combination of
chemi-thermomechanical pulping and bleaching (BCTM)
results in high-yield pulps (usually >90%) that require
minimum chemical and refining energy inputs. As anticipated,
the BCTM pulp contained ∼25% lignin (Table 1), close to the
lignin content of the original softwood chips,16,17 because the
relatively mild treatments are primarily used to soften the
lignin and reduce refining energy inputs. Related work has also
shown that bleaching CTM pulps does not remove lignin but
rather modifies the chromophores to reduce the color
intensity.16,17 During the BCTMP pulping process, although
the lignin in the middle lamella is disrupted, most of the cell
wall structure remains intact.17 This results in both high yields
and good mechanical properties for applications such as
newsprint. However, compared to hardwood mechanical pulps,
the more condensed nature of softwood lignins, as a result of
its higher guaiacyl content, restricts its hydrolysis and
nanofibrillation.9,39 As observed previously,40 and as indicated
in Table 2, even after 72 h of hydrolysis at a high enzyme
loading (30 mg/g of cellulose), the cellulose within the
BCTMP was poorly hydrolyzed (27.9%).
Because past work had shown that neutral sulphonation of

wood chips enhanced cellulose accessibility and hydrolysis,31,39

a similar strategy was followed to see if this could be repeated.
It was apparent that, although the lignin decreased slightly

from 24.6% to 20.1% and the cellulose increased from 44.0% to
48.9%, the hemicellulose content remained largely unchanged
(Table 1). It was also apparent that, although the fiber length
and width remained essentially the same before and after
sulphonation, the sulfonic group content, WRV, and direct
orange dye adsorption all increased (Table 2) due to the
introduction of hydrophilic sulfonic acid groups resulting in
increased fiber swelling.39 Earlier work has also shown that
sulphonation of the lignin present in wood chips makes the
lignin more hydrophilic and inhibits the hydrophobic
interactions between cellulase and lignin.31 Thus, as a result
of both decreased nonproductive binding of the enzymes to
the lignin and increased enzyme accessibility, cellulose
hydrolysis yield increased significantly from 27.9% to 72.1%
(Table 2).

Possible Integrated Sugars and LCNFs Production
Using Limited Enzymatic Hydrolysis. Enzyme-mediated
cellulose hydrolysis has typically been carried out at relatively
low substrate concentrations, using high enzyme loadings, over
prolonged (72 h) periods of time,41 with incomplete hydrolysis
of the substrate often occurring even after extended incubation
times. Thus, while sulphonation has been shown to increase
initial hydrolysis, it is possible that the more recalcitrant,
residual fibers might prove to be a potential source of
nanofibrillated material. Past work has shown that cellulases
could hydrolyze chemical pulps into fermentable sugars while
producing potential nanocellulosic feedstocks.11,42 Although
BCTM pulps can be hydrolyzed to sugar feedstocks for
biofuels and biobased chemicals production,43 the concen-
tration needs to be as high as possible to avoid costly
concentration processes and satisfy the requirements of

Table 2. Cellulase Accessibility of BCTMP and Sulfonated BCTMP

acid groups (mmol/kg) direct orange dye

strong weak added sulfonic group water retention value (%) adsorption (mg/g) enzymatic cellulose conversion yield (%)

BCTMP 55 ± 5 262 ± 9 ND 209 ± 14 44 ± 5 27.9 ± 2.1
S-BCTMP 148 ± 6 212 ± 8 93 ± 6 257 ± 21 60 ± 6 72.1 ± 3.4

Figure 2. Enzymatic hydrolysis of sulfonated BCTMP. (a) Hydrolysis yield; (b) fiber yield and length; (c) SEM image of S-BCTMP; (d, e) SEM
images of S-BCTMP-H12.
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industrial fermentations.44−47 Related work has shown that, if
pulp concentrations are >10%, insufficient mixing typically
occurs, severely limiting hydrolysis.41

It was apparent that increasing the hydrolysis time from 6 to
72 h increased both the hydrolysis yield and sugar
concentrations (Figure 2a). However, after the relatively
rapid (12 h) hydrolysis of the sulfonated BCTMP (S-
BCTMP), further hydrolysis occurred much more slowly
with the fiber yield and length continuing to decrease as the
hydrolysis proceeded (Figure 2b). Although the S-BCTMP
fibers were initially long and fibrillated, likely due to
mechanical refining (Figure 2c), after 12 h of hydrolysis, the
fibers were shorter with broken ends (Figure 2d). The much
shorter, broken fibers that were observed were in agreement
with the reduced fiber lengths determined by fiber quality
analysis (FQA) (Figure 2b). The higher-magnification images
of the broken ends, which showed uneven cross-sectional
surfaces and some ruptures along the longitudinal directions,
were likely due to enzymatic action (Figure 2e). Previous work
has suggested that these shorter and degraded fibers are a
result of the more rapid hydrolysis of the less-organized regions
of the fibers by endoglucanase.48−50 Because lignin significantly
contributes to biomass recalcitrance, we next wanted to assess
whether a combination of neutral sulphonation and enzymatic
treatment could facilitate both cellulose hydrolysis and the
nanofibrillation of the unhydrolyzed, residual material.
As mechanical blending is a low-power defibrillation

treatment that has been successfully used to defibrillate
cellulose nanofibrils after chemical modification,51,52 we next
assessed whether the residual, insoluble fibers could be
defibrillated using a household blender (∼20 000 rpm, 30

min) followed by ultrasonication (90% amplitude, 30 min) to
produce lignin-containing cellulose nanofibrils (LCNFs). After
30 min of blending, ∼8.2% of the original S-BCTMP could be
converted to LCNFs (Figure 3a), similar to the 12% CNFs
produced previously from rice straw.52 However, the
production of LCNFs could be increased by incorporating
enzyme treatments, with a maximum obtained (20.5%) after
12 h of hydrolysis. Additional ultrasonication treatment
increased the LCNF yields by ∼6%−10%, with the overall
LCNF yields obtained after hydrolysis, mechanical defibrilla-
tion, and ultrasonication all being higher than that of S-
BCTMP without enzymatic hydrolysis. The highest LCNF
yields (29.0%) were obtained after 12 h of hydrolysis, with
prolonged hydrolysis resulting in the production of more
sugars and less LCNFs (Figure 3b).
It should be noted that the relatively low yields obtained

were probably a result of the limited energy input and
restricted mechanical shearing forces resulting from the use of
a household blender and ultrasonication. After 30 min of
blending, the residual fibers appeared shorter, delaminated, and
fibrillated (Figure 3d), while additional ultrasonication resulted
in a decrease in fiber structure, leading to flattened and more
nanofibrillated structures containing internal pores (Figure 3e
and f). This suggested that, although ultrasonication resulted in
an increase in accessibility to the hydrolyzed S-BCTMP, it did
not lead to enhanced defibrillation due to the higher lignin
content of the residual fibers.

Characterization of the LCNFs after Enzyme Treat-
ment of Sulfonated Mechanical Pulps. Stability and
Characterization of LCNF Suspensions. Aqueous suspensions
of both LCNF-H12 and LCNF-H72 were clear and trans-

Figure 3. LCNF yield and suspension characterization. (a) LCNF yield; (b) overall yield of LCNFs, sugars, and solid residues; (c) photos of LCNF
suspensions in comparison with water; (d) SEM image of S-BCTMP-H12-B30; (e, f) SEM images of S-BCTMP-H12-B30-S30; (g) UV−vis
transmittance of 0.1 wt % LCNF suspensions; (h) UV−vis absorbance of 0.01 wt % LCNF suspensions; (i) chemical composition of LCNFs. S-
BCTMP-H12-B30 is S-BCTMP after 12 h of enzymatic treatment and 30 min of blending; S-BCTMP-H12-B30-S30 is S-BCTMP after 12 h of
enzymatic treatment, 30 min of blending, and 30 min of sonication.
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parent (Figure 3c) with the respective zeta potential values of
−32.7 and −36.1 mV, indicating good stability. Previous work
has shown that a zeta potential lower than −30 mV can help
stabilize colloidal nanoparticle suspensions.53 Both LCNF-H12
and LCNF-H72 suspensions showed high transmittance
(92.4% and 94.5%) at 800 nm, indicating that, at the
nanoscale, both of the LCNFs did not scatter visible light
(Figure 3g). Zero transmittance values were observed for both
of the LCNF suspensions at a 300 nm wavelength, indicating
strong absorbance, while the absorbance peaks at 230 and 280
nm could be ascribed to the aromatic chromophores of
softwood lignin structures (Figure 3h).54−56 Although the two
LCNFs had a similar chemical composition (Table S1), more
lignin was present in LCNF-H72 due to the greater hydrolysis
of the original substrate.
LCNF Morphologies. As the LCNFs obtained after blending

and ultrasonication showed similar nanofibril-like structures
with well-dispersed nanofibril-like morphologies (Figure S1),
they were combined for subsequent characterization and use.
The average widths of LCNF-H12 and LCNF-H72 were 7.6
and 7.1 nm, respectively (Figure S2). The LCNF-H72 sample
also contained several dark spherical particles, ranging from 50
to 200 nm, likely indicating the presence of lignin nano-
particles (Figure 4a and b). Similar lignin nanoparticles have

been previously observed in LCNFs prepared by mechanical
grinding,20 with the lignin tending to aggregate into spherical
nanoparticles due to its aromatic structure and amphiphilic
nature.
When the LCNFs and lignin aggregates were investigated

using AFM (Figure 4c and d), LCNF-H72 was shown to
contain shorter fibrils, likely due to its enhanced deconstruc-
tion resulting from the longer hydrolysis time. However, larger
and incompletely hydrolyzed fibers could be observed with
both the LCNF-H12 and LCNF-H72 substrates. The average
thicknesses of the LCNF-H12 and LCNF-H72 fibers were
calculated as 5.3 and 5.0 nm, respectively (Figure S3). White
spherical lignin nanoparticles were observed in both samples,

greater amounts were present in the LCNF-H72 sample, which
was consistent with its higher lignin content.

Chemical and Crystalline Structures of LCNFs. The FTIR
spectra of the sulfonated BCTMP (S-BCTMP), enzymatic
hydrolyzed pulp (S-BCTMP-H12 and S-BCTMP-H72), and
LCNFs (LCNF-H12 and LCNF-H72) indicated a relatively
unchanged cellulose structure. For example, absorbance peaks
at around 3340 (O−H stretching vibration), 2895 (C−H
stretching), 1455 (−CH2 symmetric bending vibration), 1370
(C−H bending vibration), 1159 (C−O−C stretching
vibration), 1056 (C−O−C ring-stretching vibration), and
897 cm−1 (C−H deformation vibrations) all indicated no
substantial changes,51,52,57 while the characteristic lignin peaks
at 1596, 1508 (CC stretching of the aromatic skeletal), and
1265 cm−1 (C−O aryl group of lignin) (Figure 5a) confirmed
that lignin was present after neutral sulphonation, enzymatic
treatment, and mechanical treatment.7,15

When X-ray diffraction (XRD) was used to assess any
crystallinity changes, the LCNFs showed the same pattern as
the S-BCTMP and enzymatic hydrolyzed pulp (Figure 5b).
The crystallinity index (CrI) is commonly determined from
the height ratio between the intensity of the crystalline peak
and the total intensity. However, it is generally acknowledged
that the values derived via the peak height method tend to be
higher while the peak deconvolution method, which considers
the contributions from both the amorphous and crystalline
cellulose, gives a more accurate crystallinity value.37 The
crystallinity of the S-BCTMP-H12 substrate (62%) was higher
than that of the S-BCTMP (56%) substrate, likely because of
hemicellulose removal and because the less-organized cellulose
tends to get hydrolyzed faster than crystalline cellulose.48−50

Thermal Stability of LCNFs. Thermogravimetric analysis
(TGA) was conducted next to compare the differences in
thermal stability of S-BCTMP, enzymatic hydrolyzed pulp, and
LCNFs samples. Previous work had shown that the thermal
stability is influenced by the chemical composition, crystal-
linity, and surface area of the pulps.58 The weight loss versus
temperature (dW/dT) is summarized in Figure 5c, and the
initial decomposing temperatures (Ti) and maximum degra-
dation temperatures Tmax are in Figure 5d. After hydrolysis, the

Figure 4. Microscopy images of LCNFs. (a, b) TEM and (c, d) AFM
images of LCNF-H12 and LCNF-H72, respectively.

Figure 5. (a) ATR-FTIR spectra; (b) XRD spectra; (c) TGA curves
with embedded DTGA curves; (d) table of degradation temperature
for S-BCTMP, hydrolyzed S-BCTMP, and LCNFs.
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consequential increase in cellulose crystallinity and lignin
content resulted in an increase in the Ti and Tmax values
(Figure 5b and Table 1). It was apparent that nanofibrillation
resulted in an increase in the surface area of the fibrils, resulting
in reduced Ti and Tmax of LCNFs when compared to the
original feedstocks (Figure 5c). The Tmax values of LCNF-H12
and LCNF-H72 were 310 and 306 °C, respectively, agreeing
with the values of similar LCNF materials derived from
hardwoods.30 Because lignin is more thermally stable than
cellulose and hemicellulose, the higher lignin-containing
LCNF-H72 had a higher char residue than did the LCNF-H12.
Potential Applications of LCNFs. As greater amounts of the

LCNF-H12 could be produced, the longer, more flexible
nanofibrils present in this substrate were formed into an
ultrathin (38.4 μm thick) film via vacuum filtration using a 0.2
μm filter membrane (Figure 6a). The observed brownish color
was significantly darker than the translucent light white color
of the LCNF-H12 aqueous suspension (Figure 3c), likely due
to the accumulation of the lignin within the solid film.
Although the UV−vis transmittance spectrum indicated
blockage of UV light from 200 to 325 nm, a high transmittance
to visible light was apparent, reaching 78% transmittance at
800 nm (Figure 6b). The UV-blocking performance of the
LCNF film was further demonstrated by illumination via a UV
flashlight. At a 50 cm distance, the “100” UV pattern could be
clearly illuminated when there is no substrate or a PE substrate
between the flashlight and the UV pattern (Figure 6c).
However, when the LCNF film was placed between the
flashlight and the UV pattern, the UV pattern became much
fainter, further confirming the UV-blocking performance of the
LCNF film. This was likely due to lignin-associated UV-
absorbing functional groups, such as phenolics, ketones, and
other chromophores, acting as natural broad-spectrum UV
blockers.59 When the hydrophobic nature of the LCNF was
assessed using the water contact angle assay, although it was
reduced from 82.8° to 80.4° (Figure 6d) after 2 min, it was
significantly higher than those of CNFs derived from
holocellulose (normally between 30° and 40°).15,20 This
lignin-induced hydrophobicity suggested that the LCNFs
could have good compatibility with other hydrophobic
polymers when used as nanofillers.

Further work indicated that ultralightweight aerogels could
also be fabricated from the LCNF-H12 substrate (Figure 6e)
because freeze-drying an aqueous suspension at 0.1 wt %
resulted in a fluffy, foam-like material that could potentially be
applied to ultraporous types of materials.60 The aerogel was
composed of ultrafine, submicron fibers of a 50−370 nm
diameter (179.9 nm in average) and larger film- or ribbon-like
structures (Figure 6f), similar to those previously observed in
mechanically defibrillated cellulose nanofibrils.61,62

■ CONCLUSIONS
It was apparent that sulphonation of BCTM pulps could
enhance both cellulose hydrolysis and the production of lignin-
containing cellulose nanofibrils (LCNFs). A 12 h hydrolysis
seemed to be optimum for both sugars and LCNFs production
with enzyme treatment, followed by treatment in a blender and
ultrasonicator, enhancing the delamination and defibrillation of
the residual fibers. The LCNFs were relatively homogeneous,
had a relatively high lignin content, and were well-dispersed in
water. Films made from the LCNFs showed a high contact
angle and had a high transmittance to visible light and strong
UV-blocking properties. The LCNFs could also be used to
make ultralightweight aerogels with potential applications as
ultraporous types of materials.
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