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Abstract A series of cellulose nanoparticles
(CNPs), including cellulose nanofibrils (CNFs) and
cellulose nanocrystals (CNCs-n, n = 1, 2, 3, or 4), was
prepared from bleached bamboo pulp. Those CNPs
exhibited various morphologies, such as fibrous
(CNFs), short rod (CNCs-1), clubbed (CNCs-3), and
spherical shapes (CNCs-2 and CNCs-4). The results
showed that enzyme pretreatment was feasible for
improving crystallinity and size uniformity but also
CNP thermal stability. The haze performance of the
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nanopapers was strongly dependent on CNP morphol-
ogy. Furthermore, with changes in the hybrid ratio
between CNFs and CNCs-2, the transparency of
produced nanopapers was maintained at a high level
(89-95%). Optical haze was accurately controlled
with arbitrary continuous adjustable values in the
range of 5-77%. Those cellulose nanopapers with
controllable haze offered the potential for applications
in light diffusors and flexible optoelectronics.

Wang. Y. - Zhang. Z
Northwest University, Xi’an 710069, Shaanxi, People’s
Republic of China

@ Springer


https://doi.org/10.1007/s10570-019-02876-1
http://crossmark.crossref.org/dialog/?doi=10.1007/s10570-019-02876-1&amp;domain=pdf
https://doi.org/10.1007/s10570-019-02876-1

1316

Cellulose (2020) 27:1315-1326

Graphic abstract

82

Cellulose nanoparticle

L

Fibrous

Short rod Clubbed

Keywords Bleached bamboo pulp - Enzyme
pretreatment - Morphology tailoring - Cellulose
nanoparticles - Accurately controlled haze

Introduction

With the progress and development of human society,
forest resources are increasingly scarce (Jiang et al.
2010). Bamboo is a grass plant that grows in many
parts of the world and is one of the fastest growing
plants on the planet. Bamboo fiber is slender and
spindle-like, generally 1-2 mm in length, 10-25 um
in width, and with a length—width ratio of 100-200,
thus making bamboo fibers fit in the category of long
fibers (Trache et al. 2016). The cellulose content of
bamboo is between hardwood and general grass fibers
but lower than softwood fibers (Wang et al. 2010).
Meanwhile, large molecules of bamboo fiber are
arranged in an orderly fashion, with a high degree of
orientation and high crystallinity. Bamboo, a major
nontimber forest product widely distributed in tropi-
cal, subtropical, and temperate regions, has been
identified as a wood substitute. It is of great scientific
and economic value for its potential and high value
utilization (Brito et al. 2012).

Cellulose nanoparticles (CNPs) are nano-materials
with excellent physical and chemical properties, such
as thermal and chemical stability, and biocompatibil-
ity. They can be widely used in catalysis, biomedicine
and energy storage (Moon et al. 2011). In addition,
CNPs with excellent film-formation are usually used
to prepare cellulose nanopaper via pressure filtration,
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evaporation or press-controlled extrusion, giving rise
to products with good mechanical properties, process-
ing ability, and low coefficient of thermal expansion
(CTE) (Zhang et al. 2018a). Furthermore, nanopapers’
low light absorption makes them suitable for applica-
tion as optical materials (Chen et al. 2018). As a matter
of fact, the transparency and hazy properties of CNP
nanopapers are closely dependent on their character-
istics, such as size, morphology, and crystallinity (Li
et al. 2015). Based on Rayleigh’s scattering theory
(Oser o< D*, where J, is the scattering cross section and
D the particle diameter), the haze of cellulose
nanopaper closely depends on CNP diameters (Sun
et al. 2015; Zhu et al. 2013). Generally, nanopapers
prepared from CNCs have high transparency and low
haze due to their dense packing structure (Yang et al.
2018). On the contrary, CNFs with a large aspect ratio
(length/width) are more likely to become entangled
and have air voids after nanopaper formation, giving
CNF nanopapers high optical haze. It is difficult to
control haze value once the cellulose nanosize has
been determined. Recently, CNF composite petro-
leum-based polymer or post processing with solvent
swelling methods has been used to regulate the haze
value (Zhu et al. 2013). However, nanohybrids
between CNFs and CNCs have been totally ignored.
Studies regarding morphological tailoring and nano-
hybridization of CNPs for optical haze regulation
would be advantageous for realizing applications in
optoelectronics.

Thus, it was particularly important to explore new
means for preparing CNPs with morphological control
and tailoring. At present, there are many methods for
preparing CNPs, including acid hydrolysis,



Cellulose (2020) 27:1315-1326

1317

mechanical processes, enzymatic hydrolysis, and
TEMPO oxidation (Sacui et al. 2014). These methods
each have their own merits as well as defects. Among
these, acid hydrolysis is a common method used to
prepare CNPs from cellulose fibers. The hydrolysis
rate with sulfuric acid induces hydrolytic selectivity
that is poor for amorphous regions, producing low
yield and nonuniform morphology for the resulting
CNPs (Cheng et al. 2017). Cellulase is a green
biochemical reagent that does not pollute the envi-
ronment, being a class of enzymes that catalyze
cellulose hydrolysis (Tibolla et al. 2014). The low
hydrolysis rate of cellulase for cellulose fibers gives
rise to CNPs in good to excellent yields, with small
nanosize and uniform morphology. It is interesting
that regulation of CNP morphology can be achieved
via single or multiple hydrolysis strategies. Further
studies are needed regarding the relationship between
cellulose morphology and haze of resulting
nanopapers.

In this paper, a series of CNPs with various
morphologies, such as fibrous (CNFs), short rod
(CNCs-1), clubbed (CNCs-3), and spherical (CNCs-
2 and CNCs-4), were successfully prepared from
bleached bamboo pulp. Cellulose nanopapers were
prepared using CNFs to achieve an anti-trade-off
between transparency (89% at 600 nm) and haze
(77%) performance. The transparency of the produced
nanopapers was maintained at a high level (89-95%).
Meanwhile, optical haze was accurately controlled
with arbitrary continuous adjustable values in the
range of 5-77% through CNP morphology tailoring
and nano-hybridization between CNFs and CNCs-2.
The prepared cellulose nanopapers achieved an anti-
trade-off between transparency and haze performance
that offered the potential for a wide range of applica-
tions in light diffusor and flexible optoelectronics
(Wang et al. 2019).

Experimental
Materials and instrument

A never-dried bleached bamboo pulp (the moisture
content was 70.7%, hemicellulose content was
14.81%, lignin content was 0.64%) was used as
cellulose source, which was provided by a Chinese
papermaking company. The bleached bamboo pulp

was dried under natural conditions for 3 month before
use. The enzymatic treatment was carried out in
0.05 M citrate buffer pH 4.8. The citrate buffer was
prepared from citric acid monohydrate (C¢HgO7-H,.
0), NaOH and distilled water. 210 g of solid citric acid
was dissolved in 750 mL of distilled water, the pH of
the solution was adjusted to 4.5 with solid NaOH, and
the solution was diluted to 1 L. It is diluted 20 times
when used and its pH is exactly equal to 4.8. The
enzymes was a complex cellulases (endogluconases,
exogluconases and B-1,4-gluconases). H,SO4, NaOH
and CqHgO7;-H,O were purchased from Xi’an Kello
Instrument Co., Ltd. Scanning electron microscope
(SEM) and transmission electron microscopy (TEM)
were used to analysis the morphological of CNPs. The
obtained thin sheets were coated with gold for 60 s
using an ion sputter (Hitachi E-1045, Japan) and then
observed with SEM (Hitachi S4800, Japan) at 10 kV.
Take a drop of 0.01% of the nanoparticle suspension
droplets onto the copper mesh, dry it naturally and
observe the morphology with TEM (HITACHI LTD,
H-7500). Dynamic light scattering (DLS) experiments
were carried out with a Malvern NanoZS instrument at
25 °C and with a detection angle of 173 °C. X-ray
diffraction (XRD) patterns were measured using a
Bruker—Siemens D8 Advance X-ray diffractometer
operated at the Cu Ko radiation (A = 0.154 nm) with
40 kV and 30 mA in a 20 range from 5° to 60° at a step
size of 0.02°. The chemical state of the element was
measured with X-ray photoelectron spectroscopy
(XPS, AXIS SUPRA, Shimadzu Company, U.K).
XPS spectra of CNF and CNC samples were collected
with an Al Ko irradiation (1486.61 eV) at 10 kV and
10 mA current. The thermal stability was character-
ized wusing thermogravimetric analysis (TGA)
(NETZSCH-Geridtebau GmbH, SDTA 851e model).
The samples were heated from 25 to 600 °C at heating
rates (20 °C/min) with a nitrogen flow rate of 50 mL/
min. The optical haze of the CNFs nanopaper and
CNCs-n nanopaper (n = 1, 2, 3 or 4) were obtained
using a benchtop colorimetric spectrophotometer
(Ci7800, X-Rite, US). The optical transmittance
spectra in the UV-Vis region (200-800 nm) were
obtained using an ultraviolet—visible spectrophotome-
ter with a 50 W ultraviolet lamp (Cary 5000, Agilent,
US).
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Preparation of CNF

A 3 g mass of bleached bamboo pulp was added to an
Erlenmeyer flask, mixed with pH 4.8 citrate buffer to
adjust the slurry concentration to 3 wt%. Then, 5 FPU/
g of cellulase solution was added (enzyme dosage
refers to enzyme unit weight and dry fiber weight, as
FPU/g), then the Erlenmeyer flask was placed in a
50 °C water bath with agitation for 2 h. At reaction’s
end, the flask was immersed immediately in a boiling
water bath for 10 min and then washed three times
with distilled water to obtain pretreated fibers. The
fibers were diluted with distilled water to a concen-
tration of 2 wt%, the resulting suspension stirred to
uniformity, and then passed five times through a high-
pressure homogenizer of 80 MPa to obtain CNFs. The
obtained CNF samples were dried and the CNF
content was determined, indicating that the CNFs
yield was 84%.

Preparation of CNC-1

CNC-1 was prepared from bleached bamboo pulp
using the acid hydrolysis method. Bleached bamboo
fibers (1 g) were added into 60 wt% sulfuric acid
adjusts the slurry concentration to 3%, followed by
mechanical stirring at 53 °C for 2 h. After reaction,
the slurries were poured into a 500 mL beaker with
excess deionized water to terminate the reaction. The
resultant suspension was centrifuged at 2500 rpm at
25 °C for 15 min, washed with deionized water
several times to remove residual acid, and then
dispersed under sonication for 5 min to form a
stable suspension. Subsequently, a CNC-1 suspension
was manufactured by centrifugation at 10,000 rpm at
25 °C for 15 min and repeated several times until the
supernatant was light blue. An aliquot of the resulting
CNC-1 suspension was dried and the CNC-1 content
determined, indicating a yield of 30%.

Preparation of CNC-2

CNC-2 was prepared through a continual process the
three-step, including enzyme pretreatment, high-pres-
sure homogenization, and acid hydrolysis (PHA-
hydrolysis). The obtained CNFs (1 g) were added
into 45 wt% sulfuric acid adjust the slurry concentra-
tion to 3%, followed by mechanical stirring at 50 °C
for 1 h. After reaction, the slurries were poured into a
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500 mL beaker with excess deionized water to termi-
nate the reaction. The resultant suspension was
centrifuged at 2500 rpm at 25 °C for 15 min, washed
with deionized water several times to remove residual
acid, and then dispersed under sonication for 5 min to
form a stable suspension. Then, a CNC-2 suspension
was manufactured by centrifugation at 10,000 rpm at
25 °C for 15 min and repeated several times until the
supernatant was light blue. An aliquot of the resulting
CNC-2 suspension was dried and the CNC-2 content
determined, indicating a yield of 61%.

Preparation of CNC-3

Bleached bamboo pulp fibers (1 g) were added into an
erlenmeyer flask, and mixed with citrate buffer
pH = 4.8 adjust the slurry concentration to 3%, and
20 FPU/g cellulase solution was added. Then, the
erlenmeyer flask was placed in a constant temperature
water bath for stirring treatment at a set temperature
48 °C for 10 h. After the end of the reaction, the cone
was immersed in a boiling water bath for 10 min.
Further adding distilled water to dilute, the resultant
suspension was centrifuged at 2500 rpm for 15 min at
25 °C, washed with deionized water several times to
remove residual enzyme, and then dispersed under
sonication for 5 min for forming a stable suspension.
Subsequently, CNC-3 suspension were manufactured
by centrifuged at 10,000 rpm for 15 min at 25 °C and
repeat several times until the supernatant is light blue.
An aliquot of the resulting CNC-3 suspension was
dried and the CNC-3 content determined, indicating a
yield of 62%.

Preparation of CNC-4

CNC-4 was prepared through a continual process the
three-step, including enzyme pretreatment, high-pres-
sure homogenization, and enzyme hydrolysis (PHE-
hydrolysis). The obtained CNF (1 g) were added into
an erlenmeyer flask, and mixed with citrate buffer
pH = 4.8 adjust the slurry concentration to 3%, and 10
FPU/g cellulase solution was added. The erlenmeyer
flask was placed in a constant temperature water bath
for stirring treatment at a set temperature 48 °C for
10 h. After the end of the reaction, the cone was
immersed in a boiling water bath for 10 min. Further
adding distilled water to dilute, the resultant suspen-
sion was centrifuged at at 25 °C 2500 rpm for 15 min,
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washed with deionized water several times to remove
residual enzyme, and then dispersed under sonication
for 5 min to form a stable suspension. Then, a CNC-4
suspension was manufactured by centrifugation at
10,000 rpm at 25 °C for 15 min and repeated several
times until the supernatant was light blue. An aliquot
of the resulting CNC-4 suspension was dried and the
CNC-4 content determined, indicating a yield of 76%.

Preparation of CNF nanopaper and CNC-n
nanopaper (n = 1, 2, 3 or 4)

Generally, 10 mL of CNCs or CNFs with the concen-
tration of 0.5% was ultrasonically for 5 min, then the
CNC suspensions was cast into a disposable culture
dish using solution casting method, and then dried in an
oven at 40 °C until the film naturally peel off. The CNF
suspension was poured onto a microporous membrane
coated with 0.22 micron, and vacuum filtration, and
then the membrane obtained by suction filtration was
dried at room temperature to obtain the CNFs-paper.

Calculation of total haze value

T4 T3
Haze = (— - —) x 100%

T2 T
t4—Scattered light flux of instruments and specimens.
T3—Instrument scattered light flux. T,—Total trans-
mitted light flux through the sample. t,—Incident
light flux

Calculation of crystallinity index

Loo — Iam
Crl(%) = 22— A" 5 100%
L0
I,opo—the maximum intensity of (200) lattice diffrac-
tion peak. In,,—the intensity scattered by sample
amorphous fraction.

Results and discussion

Preparation of CNF, CNC-n, CNF-n nanopaper,
and CNC-n nanopaper (n = 1, 2, 3 or 4)

A series of CNPs with different morphologies (fibrous,
short rod, clubbed, and spherical) were successfully
prepared (Scheme 1). CNCs-1 and CNCs-3 were
prepared using sulfuric acid and enzyme hydrolysis
from bamboo pulp fibers, respectively. CNFs were

prepared by enzyme pretreatment combined with high
pressure homogenization, which was further used to
prepare CNCs-2 and CNCs-4 via subsequent acid and
enzymatic hydrolysis, respectively. The high purity of
the bleached bamboo pulp (low content of lignin and
hemicellulose), produced CNF yields as high as 84%.
Based on related research, CNC-1 yields were gener-
ally low, at ~ 30%, when prepared from bamboo
fibers by acid hydrolysis. CNCs-2 prepared through
three steps (PHA-hydrolysis) showed significantly
increased yields, at 61%. CNCs-4, produced through a
continual process the three-step PHE-hydrolysis pro-
cess had the highest yield, at 76%. Enzyme pretreat-
ment destroyed the overall cellulose fiber structure and
reduced the energy consumption of CNFs prepared by
high-pressure homogenization (Anderson et al. 2014).
Such homogenization produced CNFs, which exposed
more amorphous regions and allowed acid or enzyme
molecules to directly act on amorphous regions, thus
avoiding side reactions, such as hydrolysis of crystal-
lization regions, and improving hydrolysis efficiency
and increasing product yield.

Morphological analysis

SEM of CNFs showed that dispersed CNFs from
bamboo fibers had a fibrous structure (Fig. 1a). The
diameters were generally 10-80 nm and the length
approximately several microns, which was in agree-
ment with reported results (Mishra et al. 2018). During
the freeze-drying process, CNF self-assembled due to
strong hydrogen-bonding forces, showing an interwo-
ven network structure (Zhang et al. 2016). In addition,
nanofibril lengths were difficult to accurately assess
because they were strongly aggregated or engaged,
even with homogenization. However, this highly
entangled network had a significant influence on the
viscoelastic rheological properties of CNF suspen-
sions (M-C Li et al. 2015). CNCs-1 prepared by
sulfuric acid hydrolysis of bamboo fibers exhibited
short rod shapes with diameters of ~ 90-150 nm and
lengths of several hundred nm (Fig. 1b). In sulfuric
acid hydrolysis, the amorphous regions with high
accessibility were degraded first and then fibers cut or
split longitudinally and transversely (Moon et al.
2011). CNFs were interwoven into a network structure
with diameters < 100 nm, which were hydrolyzed by
sulfuric acid to obtain spherical CNCs-2 (Fig. S1). The
diameters of CNCs-2 ranged from 50-100 nm. As
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Scheme 1 Preparation of cellulose nanoparticles with different morphologyies

Fig. 1 SEM image of CNF (a), TEM images of CNC-1 (b), CNC-3 (c¢) and CNC-4 (d). Scalar bar 500 nm (a—c) and 200 nm (d)

CNF diameters were in the nanometer scale, most hydrolyzed. When the length and diameter were
CNF amorphous regions were exposed to more acid similar, CNCs exhibited a spherical shape.

molecules. Therefore, under acid hydrolysis, CNF Bamboo fibers were hydrolyzed by cellulase to
amorphous regions quickly degraded and, at the same produce CNCs-3, which presented clubbed shapes
time, crystallization zones in the cellulose rapidly with diameters of ~ 20-70 nm and length of ~
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100400 nm (Fig. 1c). Endonuclease and exonucle-
ase in the complex enzyme acted on fiber surfaces and
endonuclease attacked on cellulose amorphous
regions, causing the cleavage of glycosidic bonds that
shortened the molecular chains and produced polysac-
charide chain ends. Exonuclease acting on the ends of
cellulose polysaccharide chains, cut fibers into cel-
lobiose units, making the fibers shorter, and producing
club-shaped CNCs-3 (Meyabadi et al. 2014; Sacui
et al. 2014). However, bamboo fibers hydrolyzed by
PHE-hydrolysis produced spherical CNCs-4, with
diameters < 50 nm (Fig. 1d). Enzyme pretreatment
and high-pressure homogenization caused fibers to
produce displacement zones, which are loose regions
in the fiber structure into which the enzyme easily
penetrates to degrade fibers (Clarke et al. 2011; Li
et al. 2012). Therefore, a large number of exposed
amorphous and displacement regions in the present
preparations allowed cellulase to continuously
degrade the material to obtain spherical CNCs-4.
The CNF amorphous regions disappeared and the
enzyme continued to degrade crystallization zones,
further promoting size reduction and PHE-hydrolysis
leading to spherical CNCs-4.

Size distribution analysis

The size distribution of CNCs affects its physical
properties, such as optical haze and transparency.
Nano measurer software was used for analysis of
diameter distributions of more than 100 CNCs or
CNFs selected randomly from SEM images (Fig. S2
and Table S1). The average diameters of CNCs-1-4
had particle sizes of < 100 nm, which indicated that
CNPs were successfully prepared by different meth-
ods. For CNCs-1, the reaction procedure involved an
acid-induced restructuring process, during the course
of which heterogeneous acid hydrolysis involved acid
diffusion into cellulose fibers. This resulted in glyco-
sidic bond cleavage within cellulose chains in amor-
phous domains along the cellulose fibrils, thus leading
to hierarchical structure breakdown of fibril bundles
into CNCs (Mariano et al. 2014; Ng et al. 2015).
CNCs-1 prepared from bamboo fiber by acid-hydrol-
ysis had an average particle diameter of 66 nm and
maximum particle diameters of 30 and 129 nm. Due to
the high acid hydrolysis rate, smaller-sized CNCs
particles were rapidly hydrolyzed, resulting in
decreased CNC yields and average size increases.

The CNCs-1 size range produced by direct acid-
hydrolysis was relatively wide, which was different
from PHA-hydrolysis. Enzyme pretreatment and high-
pressure homogenization minimized the fiber size and
produced displacement zones, while further enhancing
amorphous region hydrolysis and endowing CNCs-2
with a narrow size distribution (34-88 nm) and
smaller average diameter (46 nm). Enzyme hydro-
lyzed bamboo fibers obtained CNCs-3 with smaller
nanoparticle sizes (26-56 nm). Clearly, CNCs-3
diameters obtained by enzymatic hydrolysis were
smaller than CNCs-1 obtained by acid hydrolysis,
because the enzyme slowly cut and eroded the fibers.
In contrast, acid hydrolysis was intense and rapid and
the small-sized CNCs-1 remaining in suspension were
degraded in preference to large CNCs-1. Finally, the
resulting size was larger than the CNCs-3 sizes
obtained by enzymatic hydrolysis. PHE-hydrolysis
bamboo fibers were used to prepare CNCs-4 with an
18 nm average diameter and 12-42 nm size range.
Therefore, bamboo fibers subjected to enzyme pre-
treatment, combined with high-pressure homogeniza-
tion to obtain CNFs and then to enzymatic hydrolysis
to obtain CNCs-4, had the highest degree of damage to
cellulose fibers as well as the smallest nanoparticle
sizes. DLS was also used to determine size distribution
(Fig. 2a). Although the particle size distribution did
not reflect CNP diameters, it examined overall sizes.
The order of particle size was CNCs-1 > CNCs-
2 > CNCs-3 > CNCs-4, which was coincident with
SEM results. Notably, CNCs-4 exhibited the lowest
nano-size and narrowest size distribution, with the
largest nano-size and widest distribution observed in
CNCs-1. Accordingly, compared with traditional
direct acid-hydrolysis, PHE-hydrolysis was very ben-
eficial for preparing uniform and small size CNCs in a
high yield.

X-ray diffraction analysis

X-ray diffraction patterns of freeze-dried CNFs and
CNCs showed that, as a whole, the main peaks of all
samples appeared at 16.5, 22.1, and 34.5, correspond-
ing to cellulose I crystallographic planes. The peak at
16.5 is an overlap of the (1-10) and (110) reflections.
The peaks at 22.1 and 34.5 were (200) and (004)
reflections, respectively (Fig. 2b; French 2014). These
results indicated that both acid and enzymatic hydrol-
yses did not disrupt all crystal structures in cellulose
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Fig. 2 CNC particle size distribution (a); X-ray diffraction patterns of CNC and CNF samples (b); XPS survey spectra (c) and high-
resolution of S 2p photoelectron spectra (d) of bamboo fiber, CNF, CNC-1, CNC-2, CNC-3 and CNC-4 samples

starting materials and had the polymorphism of
cellulose I in CNC samples (Eichhorn 2011). How-
ever, the crystallinity index (Crl) was slightly changed
under different preparation methods. The crystallini-
ties of CNCs-1 (60.19%) and CNCs-3 (67.06%) were
greater than the crystallinity of bamboo fibers
(43.89%), while the crystallinities of CNCs-2
(62.38%) and CNC-4 (76.30%) were greater than the
CNFs (45.71%), which indicated that acid and enzy-
matic hydrolyses mainly acted on amorphous regions
of bamboo fiber. CNF crystallinity was slightly higher
than that of bamboo fiber, indicating that a large
number of amorphous regions were exposed after
enzymatic pretreatment and homogenization of bam-
boo fibers. The CNF amorphous regions were more
easily eroded or degraded by acid or enzymatic
hydrolysis than the bamboo fiber, eventually forming
smaller-sized and higher crystallinity CNCs. The
segmentation treatment greatly reduced the complete
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hydrolysis of crystallization zones cellulose during
CNC preparation.

X-ray photoelectron spectroscopy

The chemical compositions of bamboo fibers, CNFs,
and CNCs were analyzed using XPS. The XPS spectra
of bamboo fibers, CNFs, and CNCs showed peaks at
531.0, 284.0, and 167.0 eV for all samples, originating
from O-1s, C-1s, and S-2p, respectively (Fig. 2c; Lin &
Dufresne 2014). The atomic concentrations of C, O, and
S are summarized and listed in Table 1. Hydrogen
atoms were not detected by XPS and the S-2p peak
region in the survey spectra was further confirmed using
high-resolution analysis. The S-2p peak was absent in
the spectra of bamboo fibers, CNFs, CNCs-2, and
CNCs-3. However, in the spectra of CNCs-1 and CNCs-
2, S-2p peaks were observed, with the intensity of these
peaks gradually increased with increased acid hydrol-
ysis time, which indicated that more sulfate groups were
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Table 1 Elements characteristic of all samples

Sample Atomic concentration (at.%)

C O S
Bamboo fibers 63.48 36.52 0
CNF 74.73 25.27 0
CNC-1 70.80 27.58 1.62
CNC-2 64.98 34.72 0.30
CNC-3 66.00 34.00 0
CNC-+4 63.30 36.70 0

introduced on CNC surfaces (Fig. 2d). The enzyme
pretreatment was benefited to prepare CNCs, which
reduced its acid dependence and increased the yield
from 30% for CNCs-1 to 61% for CNCs-2.

Thermogravimetric analysis

Thermogravimetric analytical curves (TGA) for
bamboo fibers, CNFs, and CNCs-n are shown in
(Figs. S3 and S4). The thermal degradation onset
temperature (Tp) and maximum decomposition tem-
perature (T,,.,) are listed in Table S2. In the low
temperature range (< 120 °C), all samples exhibited
a small weight loss due to evaporation of absorbed
water and low molecular weight compounds (Dai
and Huang 2017). In the high temperature range, the
weight loss of all samples differed between samples.
Thermal stability is known to be related to several
factors, including their dimensions, crystallinities,
and extraction conditions. Normally, CNCs with
high crystallinity exhibited high thermal stability,
but smaller sizes reduced the degradation tempera-
ture. For high crystallinity CNCs-1-4, thermal
degradation initiated at lower temperatures (160.3,
215.2, 217.8, and 284.4 °C, respectively) than those
observed for large size CNFs and bamboo fibers.
However, the T,.x rate of CNCs-1 and CNCs-2
were 233.7 and 271.7 °C, respectively, which were
significantly lower than that of bamboo fibers and
CNFs. This was explained by the effect in which
surface sulfated groups significantly lowered the
CNC degradation temperature due to the sulfuric
acid elimination, which required less energy in
sulfated anhydroglucose units. Compared with the
degradation temperature of CNCs-1, CNCs-2 had

higher thermal stability, which was attributed to the
low content of sulfated groups for CNCs-2. Inter-
estingly, CNCs-3 and CNCs-4 without sulfuric acid
units has higher thermal stability than CNCs-1 and
CNCs-2, which meant that enzyme pretreatment was
helpful for obtaining high thermal stability of CNCs.

Optical properties of nanopapers

During the nanopaper drying process, when water
evaporated, smaller nanosized CNPs were densely
packed without significant air voids inside the nanopa-
per, which resulted in high transparency nanopaper
(Zhang et al. 2018a). CNC-4 nanopaper exhibited high
transmittance (90%) but low haze (5%) in visible light,
which was attributed to its smooth surface and densely
packed structure (Fig. 3a, b). Nanopaper optical haze
decreased from 77 to 5% but was maintained a high
transparency (90%). The haze value was 77% for CNF
nanopapers and 12, 9, 8, and 5% for CNC-1-4
nanopapers, respectively, which might have resulted
from the CNP nanosizes and morphologies. Based on
Rayleigh’s scattering theory (Je, o< D* where de, is the
scattering cross section and D the CNCs diameter), the
haze value of CNCs depended linearly on the D*.
During nanopaper drying, nanosized CNCs were
densely packed without significant air voids inside
the nanopaper, which was the reason to the nanopa-
per’s high transparency. However, CNF lengths of
several or even 100 um endowed the nanopaper with
cross-linking and twine between nanofibril and
nanofibril, which induced air voids inside the nanopa-
per and increased the haze value to 77%. To visualize
the light scattering behavior of those transparent
cellulose nanopapers, a green laser was applied, which
produced a small area spot on the paper. The small
radius of the light spot transmitted through the CNC-4
nanopaper indicated that the CNC-4 nanopaper had
low haze and produced little light scattering (Fig. 3c,
d). CNFs with large nanosize and fibrous morpholo-
gies produced a larger and more homogeneously
illuminated areas on CNF nanopaper targets, which
indicated that the transmitted light was greatly scat-
tered (Zhang et al. 2018b).

Cellulose nanopaper’s transparency and optical
haze depended on the nano-size and morphology of
cellulose particles (Yang et al. 2018, 2019). However,
optical haze could not be accurately controlled using
arbitrary continuous adjustable values. Enzyme
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Table 2 Optical properties
of different CNF and/or

CNC-2 content nanopaper

Sample Thickness (mm) Total transmittance (%) Haze (%)
CNF-nanopaper 0.038 £ 0.002 89 77
4:1-nanopaper 0.030 £ 0.015 90 60
2:1-nanopaper 0.028 £ 0.002 91 58
1:1-nanopaper 0.026 £ 0.001 92 50
1:2-nanopaper 0.024 £ 0.001 93 28
1:4-nanopaper 0.024 £ 0.002 94 23
CNC-1-nanopaper 0.022 £ 0.001 92 12
CNC-3-nanopaper 0.020 £ 0.002 95

CNC-2-nanopaper 0.024 £ 0.002 91

CNC-4-nanopaper 0.026 £ 0.001 90

hydrolysis methods had higher efficiency in preparing
CNCs, but the cost was higher than acid hydrolysis.
Consideration of the efficiency and cost of preparation
of CNPs, CNCs-2 were produced in enormous quan-
tities via PHA-hydrolysis for further research. In
addition, CNF and CNC-2 nanopapers exhibited the
highest and lower optical haze, respectively (Fig. 4a).
It was interesting to obtain arbitrary continuous
adjustable haze values using a simple method of
compositing CNFs and CNCs-2. Many air voids and
layer gaps inside CNF nanopapers induced high
optical haze. The smaller nanosize CNC-2 composite
with CNFs filled in those air voids and layer gaps,
achieving a form of light scattering regulation. The air
voids and layer gaps inside the nanopaper resulted in a
thicker nanopaper (0.038 mm). In a certain area and
quality of nanopaper, the thickness gradually
decreased with increased CNF content, which further
demonstrated CNC-2 filling of CNF pack voids or
layer—layer gaps (Table 2). There was a positive
correlation between the optical haze value and CNF
content in CNFs/CNCs composite nanopapers. Optical
haze value was enhanced from 23 to 60% with
gradually increased CNF/CNC-2 molar ratios from 1/4
to 4/1. It was important to control optical haze and here
it was adjusted over a wide range from 77 to 11%
while nanopaper transparency was sustained in at a
high value (89%, Fig. 4b). As expected, these com-
posite nanopapers exhibited a variety of light scatter-
ing and diffusion abilities (Fig. 4c). Tailoring CNP
morphology, which achieved transparent and hazy
regulation that offered the potential for a wide range of
applications in light diffusor and flexible optoelec-
tronics (Zhang et al. 2019).

Conclusions

A series of CNPs with various morphologies (fibrous,
short rod, clubbed, and spherical) were successfully
prepared. The results showed that CNPs were well
crystallized with a narrow size distribution. Cellulose
nanopapers were prepared using CNFs to achieve an
anti-trade-off between transparency (89% at 600 nm)
and haze (77%) performance. With changes in CNP
morphology and production of composite CNFs and
CNCs, the transparencies of the produced nanopapers
were maintained at a high level and the optical haze
accurately controlled with arbitrary continuous
adjustable values. The CNPs developed here achieved
an anti-trade-off between transparency and haze
performance, which offered the potential for a wide
range of applications in light diffusor and flexible
optoelectronics.
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