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Abstract The components of poplar mechanical
pulp (PMP), including cellulose, hemicellulose, and
lignin, were regulated through a drop-down synthesis
method to prepare a series of mechanically superior
raw, hemicellulose-containing (HNP), lignin-contain-
ing (LNP), and pure cellulose nanopaper (CNP). The
effects of hemicellulose and lignin components on the
transparency, haze, and mechanical properties were
comprehensively investigated. Consequently, the
resulting HNP and LNP combined high transparency
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(> 95%) and optical haze (> 76%) and possessed
superior mechanical properties (182 and 148 MPa
tensile strength). The residual lignin content
(17.2-14.7 wt%) in LNP gave rise to efficient ultra-
violet radiation blocking (~ 100%) in the range of
200-320 nm. Moreover, HNP and LNP exhibited
excellent flexibility and hydrophobicity and good
thermal stability, which offered the potential for a
wide range of applications in solar cells, light soften-
ing substrate, and light diffusers.
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Introduction

Cellulose nanopapers prepared from cellulose
nanofibrils (CNFs) have emerged as interesting optical
materials and have attracted intense attention due to
their unique properties, including, transparency, haze,
flexibility and low light absorption (Habibi. 2014;
Klemm et al. 2011). Recently, optical transparency
along with the presence of haze in cellulose nanopaper
appears to offer intriguing attributes that are highly
desirable for high-tech applications, such as in solar
cells (Fang et al. 2014), organic light-emitting diodes
(OLEDs; Mahpeykar et al. 2017), super capacitors
(Leijonmarck et al. 2013), and flexible optoelectronics
(Koga et al. 2014). Cellulose nanopaper applied in
optoelectronics not only requires optical properties but
also needs appropriate mechanical properties. Thus, it
would be interesting to prepare superior mechanical
cellulose nanopaper and overcome trade-off effects
between haze and transparency.

Recently, transparency, optical haze and/or
mechanical properties of cellulose nanopaper have
been regulated via coordinating modification or graft-
ing with petroleum-based polymers. Zhang et al. have
constructed Zn-nanopaper by grafting of Zn(II)-
terpyridine complex (Zn-tpy) into oxidized CNFs
with controllable optical haze but poor mechanical
properties (tensile strength at ~ 70 MPa; Zhang et al.
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2019a, b). Tang et al. have prepared cellulose
nanopaper with haze and transparency using poly(-
ethylene glycol) grafted CNFs via covalent bonding.
The poly(ethylene glycol) as a “reinforcement”
component endowed the nanopaper with excellent
tensile strength (Tang et al. 2015). Chen et al. have
developed a novel multifunctional nanopaper with
high light transmittance (90.2%), high optical haze
(46.5%) and excellent mechanical properties
(103.7 MPa), which is composed of TEMPO-oxidized
cellulose nanofibrils and polysiloxanes (Chen et al.
2018a). Zhang et al. have fabricated an optical haze
(~ 100%) nanopaper based on a self-assembly pro-
cess of tris(2 benzimidazolylmethyl) amine (NTB)
[(TB(NTB)Cl; and/or Eu(NTB)Cl;] and TEMPO-
oxidized cellulose nanofibrils (tCNFs). Unfortunately,
the mechanical properties of this optical haze nanopa-
per are poor (15 MPa; Zhang et al. 2019a). However,
the difficult preparation process and low repeatability
of those coordinated or petroleum-based polymer
modifications limit their further application in
optoelectronics.

As is known, CNFs can be prepared from original
cellulose fibers using physical and/or chemical meth-
ods (Chen et al. 2017; Henriksson et al. 2008; Mishra
et al. 2018; Wagberg et al. 2008). The main chemical
components of plant fibers are cellulose, hemicellu-
lose, and lignin. Among these components, hemicel-
lulose and lignin are important constituents of plant
cell walls (Garcia Calvo-Flores and Dobado 2010;
Svard et al. 2015). Lignin is covalently linked to
cellulose and hemicellulose in plant fibers structures,
providing structural rigidity and a physical barrier
(Balakshin et al. 2011; Hu et al. 2016; Lawoko et al.
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2005). In addition, hemicellulose has abundant
hydroxyl groups distributed on its main and side
chains, which are conducive of steric repulsions
between the nanofibrils and can inhibit nanofibril
agglomeration (Arola et al. 2013; Schroeter and Felix
2005). During the preparation process of cellulose
nanopaper, air cavities are formed along with the
destruction of hierarchical structure, thus creating
heavy light scattering in the product. Amorphous
component of the lignin and hemicellulose serve as
reinforcement or cross-linking interactions to CNFs,
resulting in cellulose nanopaper with excellent
mechanical properties. Therefore, it is interesting to
use natural-based polymer (lignin or hemicellulose)
instead of petroleum-based polymers to prepare cel-
lulose nanopaper, achieving the requirements of
optical and mechanical properties for optoelectronics.

In this study, a series of pure, hemicellulose-
containing, lignin-containing, and hemicellulose-lig-
nin-containing CNFs was prepared from poplar
mechanical pulp (PMP) using a mixed chemical and
physical method. Further, a series of full component
raw, dual component hemicellulose-containing, dual
component lignin-containing, and single component
cellulose nanopapers (RNP, HNP, LNP, and CNP,
respectively) were prepared to fully explore the impact
of each composition on nanopaper form and function.
The performance of the present HNPs-n and LNPs-n
exhibited superior mechanical properties (as high as
182 MPa) and achieved an anti-trade-off between
transparency (~ 95%) and haze (> 76%) perfor-
mance. In addition, a certain content of lignin existed
in these LNPs which gave rise to efficient UV-
blocking (~ 100%). Thus, these high-strength
nanopapers with high optical transparency, haze,
and/or UV-blocking, could have important research
value as a surface layer on an optical device as well as
serve as a reinforcing structure in a polymer matrix
composite.

Experimental section

Preparation of hemicellulose-containing
nanopaper (HNP-17.8, 5.3, 3.9, and 2.3)

The PMP (the components included holocellulose,
76.2 wt%; hemicellulose, 18.4 wt%; lignin,
21.5 wt%; wax, 2.1 wt%), which were treated with

sodium chlorite to obtain holocellulose. Further, four
different hemicellulose content pulps (17.8, 5.3, 3.9,
and 2.3 wt%) were obtained under different reaction
times (0, 1, 2, and 3 h) using 10% NaOH at 50 °C
(Farhat et al. 2017; Peng et al. 2009). All samples
above were formulated to the same concentration
(1 wt%) of fiber suspension with high-speed shearing;
the preparation processes of HNPs were as follows.
First, the suspension was homogenized at 30 MPa to
form a uniform suspension and then 20 times at
60 MPa. For simplicity, the resulting nanofibrils were
referred thereafter as hemicellulose-containing CNFs,
termed H-CNF-17.8, H-CNF-5.3, H-CNF-3.9 and
H-CNF-2.3, respectively. The H-CNFs were dried to
constant mass and stirred at room temperature to
ensure uniform nanofibril dispersion. HNP was pre-
pared from the above H-CNF aqueous suspensions
using vacuum filtration method. The wet cellulose
nanopaper placed between smooth glass plates and
allowed to dry at room temperature under a pressure of
approximately 10 kg for 24 h. Finally, the resulting
HNP products were labeled HNP-17.8, HNP-5.3,
HNP-3.9 and HNP-2.3, respectively.

Preparation of lignin-containing nanopaper (LNP-
17.2,14.7,7.3, and 1.3)

The PMP was treated with NaOH (10%) to obtain
lignin-containing cellulose. Further, four different
lignin content pulps (17.2, 14.7, 7.3, and 1.3 wt%)
were treated for various reaction times (0.5, 1, 2, and
4 h) using NaClO, at 50 °C. All samples were
formulated to the same concentration (1 wt%) of fiber
suspension with high-speed shearing, from which
cellulose nanofibrils were obtained by high pressure
homogenization. First, the suspension was homoge-
nized at 30 MPa to form a uniform suspension and
then 20 times at 60 MPa. For simplicity, the resulting
nanofibrils were referred thereafter as lignin-contain-
ing CNFs, termed L-CNF-17.2, L-CNF-14.7, L-CNF-
7.3 and L-CNF-1.3, respectively. The L-CNFs were
dried to constant mass and stirred at room temperature
in water to ensure uniform nanofibril dispersion. The
preparation method of LNP nanopaper was the same
as for that of HNP. Finally, the resulting LNPs were
labeled LNP-17.2, LNP-14.7, LNP-7.3, and LNP-1.3.
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Preparation of pure CNP

To obtain pure cellulose, PMP was successively
treated with NaOH (10% by wt) for 3 h and then
NaClO; for 4 h. The product was formulated into an
aqueous fiber suspension at 1 wt% by high-speed
shearing. The obtained pure cellulose suspension was
homogenized at 30 MPa to form a uniform suspension
and then 20 times at 60 MPa. The obtained C-CNFs
were stirred at room temperature to ensure uniform
nanofibril dispersion. CNP was prepared by the same
method for HNP.

Preparation of RNP

PMP was formulated into an aqueous fiber suspension
with a concentration of 1 wt% by high-speed shearing.
The PMP suspension was homogenized at 30 MPa to
form a uniform suspension and then 20 times at
60 MPa. The obtained R-CNFs were stirred at room
temperature to ensure uniform dispersion of the
nanofibrils. RNP was prepared in the same method
as HNP.

Results and discussion

Preparation and characterization of RNP, CNP,
HNP-n (n = 17.8, 5.3, 3.9, and 2.3), and LNP-n
(n=17.2,14.7,7.3, and 1.3)

A series of pure, hemicellulose-containing, lignin-
containing, and hemicellulose-lignin-containing
CNFs was prepared from PMP using a mixed chemical
andhigh-pressure homogenization method. The hemi-
cellulose or lignin content of CNFs were controlled by
the reaction time with NaOH or NaClO,, producing a
series of H-CNF (hemicellulose content: 17.8, 5.3, 3.9,
and 2.3 wt%, termed H-CNF-17.8, H-CNF-5.3,
H-CNF-3.9, and H-CNF-2.3 respectively) and
L-CNF (lignin content: 17.2, 14.7, 7.3, and 1.3 wt%,
termed L-CNF-17.2, L-CNF-14.7, L-CNF-7.3, and
L-CNF-1.3, respectively). Subsequently, these CNF
precursors were used to produce a series of nanopapers
HNP-n (n=17.8, 5.3, 3.9, or 2.3) and LNP-n
(n=17.2, 14.7, 7.3, or 1.3) via a simple vacuum
filtration method (Scheme 1). For comparison, RNP
and CNP were also prepared using a similar method.

@ Springer

Scanning electron microscope (SEM) images of
H-CNFs (Fig. 1a) and L-CNFs (Li et al. 2019) clearly
showed uniform nanofibril diameters and lengths on
the order of microns after the freeze-drying process.
R-CNFs were prepared from PMP via high-pressure
homogenization, such that lignin and hemicellulose
remained in the cellulose. As a result, the diameter of
R-CNFs exhibited nonuniform distribution and exhib-
ited a wide range, from 20 to 150 nm (Fig. S1), which
was attributed to lignin and hemicellulose causing
cross-linking of cellulose fibers. In contrast, lignin and
hemicellulose removal would be conducive to its
skeletal dispersion (Fig. S1), giving C-CNFs with high
homogeneity and a network structure. The FT-IR
spectrum of RNP, CNP, HNP-n (n = 17.8, 5.3, 3.9, or
2.3), and LNP-n (n = 17.2, 14.7, 7.3, or 1.3) showed
that, compared with RNP and LNP-n, the peaks at
1600 cm ™" (stretching vibrations of lignin phenyl
C=C), 1505 (benzene skeleton vibrations), and
1458 cm™! (benzene vibrations and C—H asymmetric
deformation in the lignin) attributed to CNP and HNP-
n disappeared, which indicated that the lignin compo-
nent was successfully removed from RNP and LNP
(Fig. S2). Hydroxyl groups are strongly polar and
hydroxyl associations easily occur between cellulose
and hemicellulose molecules, such that a hydroxyl
group association phenomenon occurs, which here
caused the O—H stretching vibration absorption peak
(3330 cm_l) to become wide and strong in HNP-n
(Ruiz et al. 2013). Analysis of XRD patterns of RNP,
CNP, HNP-n and LNP-n showed that all these
nanopapers maintained a typical crystal structure and
still possessed the crystalline structure of cellulose 1
(Fig. S3). However, the crystallization index (Crl) of
these nanopapers varied significantly (Table S1), with
the Crl of RNP the lowest, at 28.8%. This result was
attributed to a high content of amorphous hemicellu-
lose and lignin. In contrast, after removing the
hemicellulose and lignin amorphous components,
CNP exhibited the highest Crl value (60.9%). For
the HNP-n, HNP-2.3 had the highest Crl value, at
45.1%, compared to the Crl of the other HNP-n
versions. The Crl value of LNP-n gradually increased
with increased NaClO, reaction times. This further
showed that the hemicellulose and lignin content in
HNP and LNP were successfully controlled by
adjusting the reaction times.

Atomic force microscopy (AFM) of HNP-n
(n=17.8, 5.3, 3.9 or 2.3) showed that total surface
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NaClO, 4h

10% NaOH 3h
Solid-liquid ratio:
1:30

Poplar Mechanical Pulp (PMP)

10% NaOH 3h

NaClO, 4h

Holocellulose Cellulose Lignin-containing cellulose
Control time NacClo, Control time
HPH

10% NaOH HPH: High Pressure
o Na Homogenization
Solid-liquid ratio:
1:30
HPH HPH

i

HNP CNP

17.2 wt% 14.7 wt% 7.3 wt% 1.3 wt%

‘Fﬂter

RNP LNP

Scheme 1 The reaction and prepared scheme for RNP, CNP, HNP-n (n = 17.8, 5.3, 3.9 and 2.3) and LNP-n (n = 17.2, 14.7, 7.3 and

1.3)

height (S,) was the height between the highest peak
and deepest valley. The S, of these HNP-n were 203,
359, 587 and 674 nm, respectively (Fig. 1b and
Table 1). The root mean surface (RMS) roughness is
an indicator of surface smoothness, which is related to
fiber diameter and fiber agglomeration. HNP-17.8
with highest hemicellulose content showed the lowest
RMS roughness value at 33.4 nm and the RMS
roughness values of HNP-5.3, 3.9, and 2.3 were
59.5,73.1, and 85.5 nm, respectively (Table 1). These

results were because the presence of hemicellulose
hindered fibril bundle formation and hemicellulose
acted in cross-linking interactions and filled in the
special gaps between the fibrils, thus improving
nanopaper smoothness (Tarres et al. 2017; Yang
et al. 2018).

The thermal stability of a substrate is very impor-
tant for its actual application (Zhu et al. 2013). The
thermal stability of RNP, CNP, HNP-n (n = 17.8, 5.3,
and 2.3), and LNP-n (n = 17.2, 7.3, and 1.3) were
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(o)
P

Fig. 1 SEM images of different hemicellulose content nanofibrils: from left to right are H-CNF-17.8, 5.3, 3.9 and 2.3, respectively (a).
AFM topographic images of the HNPs: from left to right are HNP-17.8, 5.3, 3.9 and 2.3, respectively (b)

Table 1 The thickness and surface roughness properties of the HNP-n (n = 17.8, 5.3, 3.9 and 2.3)

Sample Thickness (pum) RMS surface roughness (nm) S2 (nm)
HNP-17.8 17+ 1 334 £ 1.0 203
HNP-5.3 17+ 1 595 £ 1.6 359
HNP-3.9 18+ 1 73.1 £22 587
HNP-2.3 15+1 855 + 4.8 674

RMS Root mean square
“Total height of the surface

investigated using thermogravimetric analysis (TGA)
under a nitrogen atmosphere (Fig. S4). As is known,
thermal stability is affected by the crystalline state and
particle size. Here, the amorphous component of
lignin and hemicellulose depressed the Crl value of
LNP and HNP, which was explained by the increased
lignin or hemicellulose content of LNP and HNP
causing thermal stability to decrease. Therefore, the
excellent thermal stability (T,.x = 345 °C) of CNP
was contributed by its high crystallinity. The RNP
with the highest T, (355.4 °C, Table S2) was
attributed to R-CNF in the RNP having large particle
sizes (Fig. S1). For HNP-n, HNP-2.3 had the highest
initial degradation temperature of 244.4 °C and a
maximum weight loss temperature of 350 °C, com-
pared to the other two HNP-n (n = 17.8 or 5.3,
Table S2). Through delignification, the Tggse
(210.5-238.1 °C) and T (331.2-337.2 °C) of
LNP-n (n = 17.2, 7.3, and 1.3) showed an increasing

@ Springer

trend (Table S2). This indicated that residual hemi-
cellulose and lignin had a weak negative effect on
nanopaper thermal stability.

The presence of hemicellulose was beneficial for
improving HNP hydrophobicity. As expected here, the
water contact angle (WCA) of these nanopapers
decreased from 77.7° to 28.2° as the hemicellulose
content decreased from 17.8 to 2.3 wt% (Fig. S5a).
This further indicated the ability to control the
hemicellulose content in the resulting HNP via control
of the hemicellulose/NaOH reaction. The reason for
the observed enhanced hydrophobicity was attributed
to hemicellulose bound to hydroxyl groups on cellu-
lose surfaces and the presence of hydrophobic xylan,
which hindered hydrogen bond formation between
cellulose and water and produced hydrophobicity
(Fukuzumi et al. 2009; Gu and Hsieh 2015). Similarly,
lignin was a hydrophobic component (Rojo et al. 2015;
Spence et al. 2010), such that the WCA gradually
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Fig. 2 Mechanical properties of different hemicellulose or lignin content nanopapers: Tensile strength verus tensile strain curves

(a) and (c), Young’s modulus and ultimate strength (b) and (d)

decreased from 83.1° to 42.3° as lignin content
decreased from 17.2 to 1.3 wt% (Li et al. 2019).
Normally, CNP had lower hydrophobicity (WCA,
33.2°) due to C-CNF surfaces being rich in hydroxyl
groups (Fig. S5b). It was noteworthy that RNP had a
large amount of hydrophobic content (lignin and
hemicellulose), but the WCA was 42.6° (Fig. S5c¢).
Because of the high content of lignin and hemicellu-
lose, nonuniform R-CNF formed a nanopaper with a
fluffy state (with induced capillarity, Fig. S6j). In
contrast, the uniformity of H-CNF and L-CNF
endowed HNP and LNP with densely packed struc-
ture, thus achieving good hydrophobicity (Fig. S6a—
h).

Superior mechanical properties of HNP-n
(n=17.8,5.3,3.9, and 2.3) and LNP-n (n = 17.2,
14.7, 7.3, and 1.3)

CNF as nanoscale fibers have a small diameter
(< 100 nm), lengths of several microns, large specific
surface areas, and produce a natural film with
outstanding mechanical properties and flexibility.
H-CNF and L-CNF have important research value as
a reinforcing structure in polymer matrix composites
and flexible optoelectronic devices. Compared with a
traditional polymer-doped or chemical-modification
method, a drop-down method was used here to prepare
superior mechanical cellulose nanopapers. H-CNF-n
(n=17.38,5.3,3.9, and 2.3) and L-CNF-n (n = 17.2,
14.7, 7.3, and 1.3) exhibited good dispersibility in
aqueous solution after high-pressure homogenization
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(Scheme 1). Well-dispersed CNF and uniform nano-
size helped form dense structures (Figs. S6a-h),
endowing HNP and LNP with excellent mechanical
performance. Different hemicellulose content nanopa-
pers had similar thickness (Table 1). The tensile
strengths of HNP-n were 143.3, 181.2, 151.6, and
117.5 MPa, respectively (Fig. 2a), with corresponding
Young’s moduli of 7861.7, 7135.6, 6443.6, and
5374.8 MPa, respectively (Fig. 2b). As the hemicel-
Iulose content (2.3 to 5.3 wt%) gradually increased,
HNP tensile strength was enhanced from 117.5 to
181.2 MPa. Moreover, the tensile strain showed the
same growth trend (11.3-14.6%), indicating that
HNP-2.3-5.3 exhibited excellent toughness. A certain
content of hemicellulose contributed to fibril structure
and the bonding force between fibrils during the
nanopaper formation process, thus improving the
nanopaper mechanical properties, so-called “reinforc-
ing” properties (Yang et al. 2018). However, the
excessive hemicellulose content of HNP-17.8 resulted
in poor tensile strength (143.3 MPa), which were
attributed to low Crl (Table S1) and inhibited hydro-
gen bond formation between nanofibrils in the
nanopaper. The thickness of cellulose nanopapers
with different lignin content are shown in Table S3. As
the lignin content decreased, the tensile strength and
Young’s modulus (tensile strengths of LNP-17.2—-1.3

Fig. 3 Photo showing transparency and flexibility of nanopaper »
(a). UV transmission spectra of RNP, CNP, HNP-n (n = 17.8,
5.3,3.9 and 2.3), and LNP-n (n = 17.2, 14.7, 7.3 and 1.3) (b, d).
Optical haze of RNP, CNP, HNP-n (n = 17.8, 5.3, 3.9 and 2.3),
and LNP-n (n = 17.2, 14.7,7.3 and 1.3) (c, e). Photo shown light
scattering effect of a laser passing through petroleum-based
plastics film (f), HNP-17.8 (g) and LNP-17.2 (h)

were at 96.8, 116.5, 129.2, and 148.6 MPa; Fig. 2c;
and corresponding Young’s moduli at 6664.8, 8182.5,
8665.7, and 8460.2 MPa, respectively; Fig. 2d) of
LNP increase gradually. High residual lignin was
found to interfere with the formation of intermolecular
hydrogen bonds between fibers (Bian et al. 2018;
Wang et al. 2018). Therefore, the mechanical proper-
ties of the nanopaper decreased significantly. In
addition, the mechanical properties of the RNP was
examined and the tensile strength found to be as low as
68.4 MPa as expected (Fig. S7). The cause of this
phenomenon was explained as the non-uniformity and
large size of R-CNF (Fig. S6j, red mark). Although the
fracture surface of pure cellulose nanopaper showed a
dense structure (Fig. S6i), pure cellulose nanopaper
(without hemicellulose and lignin) exhibited lower
tensile strength (46.7 MPa, Fig. S7) and toughness,
which was lower than the relative values of LNP-n and
HNP-n. This undesirable result was mainly due to the

Table 2 Comparison of

' ! Materials Tensile strength (MPa) References

mechanical properties of

various cellulose HNP-5.3 182 This work

nlanopapers LNP-1.3 148 This work
L-CNF films 22.6 Chen et al. (2018b)
ACNF and OCNF films 23.4 Hu et al. (2016)
NEC film 25.1 Zhang et al. (2017)
BEP nanopaper 304 Malucelli et al. (2018)
TCCNP 30.8 Zhang et al. (2018)
Corn straw CNF films 57.7 Xu et al. (2018)
CNF films 70.98 Velasquez-Cock et al. (2016)
High residual lignin nanofibril film 78 Nair and Yan (2015)
TMP-L-CNF films 85.6 Horseman et al. (2017)
TOCN film 92 Yang et al. (2019)
L-CNF films 115 Bian et al. (2018)
CNF nanopaper 330 Galland et al. (2015)
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absence of hemicellulose and lignin. Therefore, a
small amount of hemicellulose and/or lignin appeared
to promote stress transfer between nanofibrils, thereby
improving nanopaper mechanical properties (Ferrer
et al. 2012; Rojo et al. 2015). These phenomena
indicated that the content of noncellulosic components
(mainly hemicellulose and lignin) as plant fibers were
particularly important for nanopaper mechanical
properties. The mechanical properties of various
cellulose nanopapers indicated that these HNP-5.3
and LNP-1.3 possessed superior mechanical proper-
ties (Table 2).

Light transparency and optical haze performance
of RNP, CNP, HNP-n (n = 17.8, 5.3, 3.9, and 2.3),
and LNP-n (n = 17.2, 14.7, 7.3, and 1.3)

Transparency and optical haze are important optical
parameters for the functioning of optoelectronic
devices, such as in light diffusers, OLEDs, and solar
cells (Fang et al. 2014). To our knowledge, CNF paper
usually possesses high transmittance (90%) and low
optical haze, from 20 to 60%, with the latter value
mainly dependent on the morphology or nanosize
particles in the structure. It is difficult to eliminate
‘trade off” effects between transparency and haze.
Here, when the nanopaper directly covered a back-
ground picture, the logo behind the nanopaper was
clearly seen (Fig. 3a). However, with the nanopaper a
certain distance from the background picture, the logo
was obscured, which was attributed to haze-induced
light scattering. In addition, the nanopaper could be
curled and folded, which indicated that nanopaper had
good flexibility. As the hemicellulose content
increased, the HNP-n (n = 17.8, 5.3, 3.9 and 2.3) light
transmission increased (> 90%, in the visible light
region; Fig. 3b) and the optical haze at 77.8-86.2%
(Fig. 3c), thus achieving an anti-trade-off between
transparency and haze performance. Surface light
scattering might have prevented light transmission
through the paper and backscattering also induced
some light energy loss. It was interesting that HNPs
had smooth surfaces (33.4-85.5 nm), which allowed
low surface light scattering as well as high trans-
parency (> 90%). Notably, with increased hemicellu-
lose content, transparency slightly increased, which

@ Springer

was attributed to low back-scattering caused by the
low RMS roughness of this high hemicellulose-
content nanopaper. For LNP-n (n = 14.7, 7.3, or
1.3), all exhibited excellent light transparency and
optical haze (> 80 and > 76%, Fig. 3d and e, respec-
tively). Notably, with variations in lignin or hemicel-
lulose content, the same trend was observed for optical
haze changes of LNP and HNP. However, the
influences of lignin and hemicellulose on nanopaper
optical haze were different. For HNP, hemicellulose
has had a refractive index similar to cellulose (Niska-
nen et al. 2019; de Vasconcelos et al. 2015) and also
filled special air voids, such that both contributed to
decreasing the optical haze. For LNP, the increased
optical haze induced by lignin was explained because
lignin and cellulose had different refractive indices
(Nemoto et al. 2010; Niskanen et al. 2019). As
expected, CNP exhibited superior transparency, but
the optical haze was lower (100 and 56.8%, Fig. 3d, e,
respectively), which had the smallest target area
through the green laser (Fig. S8b). Petroleum-based
plastics are known to usually have high light trans-
parency but low haze. To visualize the haze-induced
light scattering behavior of HNP-17.8, LNP-17.2, or a
petroleum-based plastic, a green laser light was passed
through a nanopaper or film, producing variations in lit
areas on a target screen. The plastic film caused little
light scattering, producing the expected small radius
light target spot after transmittance through the plastic
(Fig. 3f). In contrast, the HNP-17.8 and LNP-17.2
showed greatly scattered green light and produced a
larger and more homogeneous illuminated area on the
target (Fig. 3g, h, respectively). Although RNP exhib-
ited the highest optical haze, at 100%, and light
scatting behaviors (Figs. 3e and S8a, respectively), the
light transparency was only 65% (Fig. 3d). This was
attributed to nonuniform nanosized particles (espe-
cially for large CNF particles) causing RNP with
rough surfaces. More importantly, HNP-17.8 and
LNP-1.3 exhibited > 95% light transparency and
excellent optical haze (86.2 and 76.5%, respectively),
in comparison to previously reported optical haze
cellulose nanopapers (Table 3). The transparency and
haze optical properties of HNP and LNP indicated that
these materials had great application potential in
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Table 3 Comparison of Materials Transmittance (%) Haze (%) References

optical properties of various

cellulose nanopapers HNP-17.8 > 95 > 86 This study
LNP-1.3 > 95 > 76 This study
Holocellulose paper 55 80 Yang et al. (2018)
TOCNs/TOWFs-C film 85 62 Yang et al. (2019)
Nanopaper 89 9 Zhang et al. (2019b)
Hazy transparent nanopaper 89-92 27-87 Hsieh et al. (2017)
All cellulose composite film 90 82 Hu et al. (2018)
TEMPO nanopaper 90.5 1.21 Yagyu et al. (2015)
Super-clear nanopaper 91 1.4 Tao et al. (2017)
Transparent hybrid paper 91.5 70 Fang et al. (2013)
Transparent nanopaper 92 41 Chen et al. (2015)
Nanopaper 93 50 Zhu et al. (2013)

paper-based anti-reflective materials, such as in pho-
tovoltaics and OLEDs (Ha et al. 2018).

RNP and LNP-n (n = 17.2, 14.7, 7.3, and 1.3)
for UV-blocking

The cumulative impact of solar UV rays acting on
human skin can cause dermatitis or skin cancer
(Juzeniene et al. 2011). The present LNPs were used
as UV-filters for UV protection evaluation. These
LNPs showed excellent UV-absorption ability, at >
80%, with absorption mainly ranging from 200 to
320 nm (Fig. 4a). Although LNP-17.2 and LNP-14.7
had different lignin contents, both exhibited similar
UV-blocking ability (~ 100%; Li et al. 2019).
Usually, a compound with n—m conjugate structures
possesses unique UV-blocking ability. Lignin pos-
sesses many UV-absorbing functional groups, such as
phenols and ketones, leading to excellent UV-absorp-
tion properties (Sadeghifar et al. 2017). The UV-
blocking mechanism of lignin-containing nanopaper
was explained as the transition of electrons (n—m*, n—
o* and n-r*) in lignin molecules (Nguyen et al.
2013). As biomass-derived materials, cellulose and
hemicellulose are totally without UV-absorption
capability in the 250-320 nm range and, thus, the
observed UV-blocking was attributed to residual
lignin content in LNP. The UV-blocking ability of
LNP was positively correlated with lignin content,
such that increased lignin content, from 1.3 to
17.2 wt%, resulted in UV-blocking enhancement from
80to 100% (Liet al. 2019). Based on UV wavelengths,
UV light is divided into UVA, UVB, and UVC

(320-400, 275-320, and 200-275 nm, respectively).
LNP had the maximum absorption peak located at
285 nm, which was typical of a UVB filter. Irradia-
tion-time dependent UV-Vis spectra showed that
LNP-1.3 had high photo-stability, with measurements
every 30 min for 3 h (Fig. 4b). For CNP, and LNP,
lignin was selectively removed to further clarify the
reason for UV-blocking in LNP-n (n = 17.2, 14.7, 7.3,
and 1.3). The UV-blocking property of nanopaper was
further explored by studying the absorption and
emission spectra of a Europium complex [Eul;Na;]
(H,L = pyridine-2,6-dicarboxylic acid, Fig S9) were
studied. This complex was confirmed by the observed
range-broadening of in 200-300 nm UV-absorption.
Under photo excitation at 254 nm, europium complex
emitted strong pure red light of the Eu*" ion due to
transitions from the emitting level (°Dy) to the ground
multiple 'F; (J =0, 1, 2, 3, and 4; Fig. S10). As
expected, the europium complex was lit up under a
254 nm UV lamp irradiation (Fig. 4c), but there were
extremely weak emissions after adding RNP or LNP
(Fig. 4d, e, respectively) between the europium com-
plex solution and UV lamp. This indicated that RNP or
LNP blocked UV light (254 nm) efficiently. However,
after removing the lignin and hemicellulose compo-
nents, CNP did not totally block UV light and allowed
the europium complex solution with strong red
emissions (Fig. 4f). Such high-efficiency UV-block-
ing and visible transparency LNP offered broad
application prospects in the field of flexible optoelec-
tronics (Zhang et al. 2019b).

@ Springer



6574

Cellulose (2020) 27:6563-6576

(@) 100

80

Transmittance (%)

20+

250 300 350 400

Wavelength (nm)

Fig. 4 UV transmission curves of RNP, CNP and LNP-1.3 (a).
UV transmission spectra of LNP-1.3 every 30 min (b). Photos of
a glass vial containing europium complex [EuL;Nas] (H,.
L = pyridine-2,6-dicarboxylic acid) fluorescing under the

Conclusions

In this study, a drop-down method was used to regulate
PMP composition and to prepare mechanically supe-
rior nanopapers, achieving an anti-trade-off between
transparency and haze performance and high effi-
ciency UV-blocking. The results showed that the
lignin and hemicellulose component distributions in
these nanopapers had significant effects on light
transparency, optical haze, and mechanical properties.
Both LNP-1.3 and HNP-17.8 exhibited ultrahigh
optical transparency (> 95%) and haze (> 76%).
Interestingly, the performance of RNP and CNP in
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of the glass vial being excited when the UV lamp passes through
RNP (d), LNP-17.2 (e) and CNP (f)

terms of the anti-trade-off of optical transparency and
haze was disappointing. In addition, the residual lignin
content (17.2-14.7 wt%) in LNP gave rise to efficient
UV-blocking (~ 100%) in the range of 200-320 nm.
Overall, LNP-1.3 and HNP-5.3 were demonstrated
here, confirmed to have high-strength (148 and
182 MPa tensile strength, respectively), light trans-
parency, optical haze, and/or UV-blocking, such that
these nanopapers have potential applications in UV-
resistance, light softening substrate, and light
diffusors.
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