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nocomposite Xuan paper
comprising ultralong hydroxyapatite nanowires
and cellulose fibers with a unique ink wetting
performance†

Yue-Ting Shao,ab Ying-Jie Zhu, *ab Li-Ying Dong*a and Qiang-Qiang Zhangab

In the history of civilization, Xuan paper with its superior texture, durability and suitable characteristics for

writing and painting, has played an important role in the dissemination of culture and art. Xuan paper has

won the reputation of “the king of paper that lasts for 1000 years” and was inscribed on the

Representative List of the Intangible Cultural Heritage of Humanity by the Educational, Scientific and

Cultural Organization of the United Nations in 2009. However, the surface of the commercial

unprocessed Xuan paper has a large number of large-sized pores with a poor resistance to water,

allowing ink droplets to easily spread during the writing and painting process. In this study, we report

a new kind of nanocomposite Xuan (HNXP) paper comprising ultralong hydroxyapatite (HAP) nanowires

and plant cellulose fibers with unique ink wetting performance, high whiteness and excellent durability.

The as-prepared HNXP paper sheets with various weight ratios of ultralong HAP nanowires ranging from

10% to 100% are all superhydrophilic with a water contact angle of zero. In contrast, the ink contact

angle of the HNXP paper can be well controlled by adjusting the weight ratio of ultralong HAP

nanowires, and the ink contact angle of the HNXP paper increases with increasing weight ratio of

ultralong HAP nanowires. The experimental results show the unique ink wetting behavior of the as-

prepared HNXP paper, which is absent in the traditional Xuan paper. This new kind of nanocomposite

Xuan paper comprising ultralong hydroxyapatite nanowires and plant cellulose fibers is promising for

applications in calligraphy and painting arts.
1. Introduction

Paper is one of the most essential materials in the world. The
emergence of paper provided an important foundation for the
dissemination of culture, art and science. Xuan paper is famous
for its durability and unique ink wetting properties, it has been
called the “the king of paper that lasts for 1000 years”, and it has
played a unique role in the history of painting and calligraphy,
especially in China. The traditional handicra of making Xuan
paper was inscribed on the Representative List of the Intangible
Cultural Heritage of Humanity by the Educational, Scientic
and Cultural Organization of the United Nations in 2009. Xuan
paper was already a tribute of the Xuanzhou Prefecture in the
Tang Dynasty in China. The raw materials used in the produc-
tion of Xuan paper are the bark of pteroceltis tatarinowii and
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Shatian straw, and both of them only grow in Jing County,
Anhui Province in China.1 The hydrophilicity of plant bers and
porosity of the interior structure cause Xuan paper to have
strong water absorption and ink absorption properties.

In ancient times, people wrote on the unprocessed Xuan
paper directly using a writing brush, and the Xuan paper was
easily moisturized by water, leading to blurred strokes.2 In order
to improve the ink wetting effect, the surface sizing techniques
of paper evolved.3 One of the traditional ways was to apply
gelatin and alum on the surface of the unprocessed Xuan paper
to obtain the resistance to ink.4 However, alum could hydrolyze
easily, which made the traditional processed Xuan paper
hydrolyze and also made the ancient paintings difficult to
preserve for a long time,5 resulting in irreparable loss of human
culture and art. In addition, the output of the commercial Xuan
paper is low, and the production cost is high due to the insuf-
cient supply of raw materials and more than 100 handcra
production processes.

Herein, we report a new kind of nanocomposite Xuan
(HNXP) paper comprising ultralong hydroxyapatite nanowires
and plant cellulose bers with unique ink wetting performance,
high whiteness and excellent durability. The HNXP paper is
This journal is © The Royal Society of Chemistry 2019
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made from ultralong hydroxyapatite (HAP, Ca10(OH)2(PO4)6)
nanowires6 and unprocessed Xuan paper pulp. The as-prepared
HNXP paper sheets with various weight ratios of ultralong HAP
nanowires ranging from 10% to 100% are all superhydrophilic
with a water contact angle of zero. In contrast, the ink contact
angle of the HNXP paper can be well controlled by adjusting the
weight ratio of ultralong HAP nanowires, and the ink contact
angle of the HNXP paper increases with increasing weight ratio
of ultralong HAP nanowires. The ink wetting behavior of the as-
prepared HNXP paper is unique, which is absent in the tradi-
tional Xuan paper.

HAP, the main inorganic component of teeth and bones of
vertebrates, has excellent biological properties including non-
toxicity, high biocompatibility, good bone defect repair perfor-
mance.7–12 The properties and applications of HAP materials are
inuenced by many factors such as morphology, size and crys-
tallinity.13,14 The Zhu research group has successfully synthe-
sized ultralong HAP nanowires with diameters of �10 nm and
lengths up to several hundred micrometers by the calcium
oleate precursor solvothermal/hydrothermal method.15–18

Ultralong HAP nanowires can be used to make a new kind of
high-strength re-resistant inorganic paper with high exi-
bility.15,19,20 Recently, this research group reported a new kind of
highly exible re-resistant inorganic analogous Xuan paper
composed of ultralong HAP nanowires, inorganic bers and
inorganic adhesive, it has thousands of years' superdurability,
unique ink wetting, high whiteness, and excellent antimildew
beneting from its 100% inorganic origin, and these merits are
far superior over the traditional Xuan paper.19 The most
attractive advantages of the inorganic analogous Xuan paper are
its excellent re resistance and high thermal stability, which
can well safeguard precious calligraphy and painting works,
documents, and books for a very long period of time without the
fear of being destroyed by re or yellowing. However, the control
over the ink wetting performance and detailed ink wetting
mechanism of the re-resistant inorganic analogous Xuan
paper have not been investigated.19

Ultralong HAP nanowires can interweave with each other to
form the porous networked structure, and its pore sizes are
smaller than those formed by plant cellulose bers. When
ultralong HAP nanowires are added proportionally into the
commercial Xuan paper pulp, the ink wetting performance of the
HNXP paper can be adjusted. Unlike the traditional surface
sizing, whose ink resistance mechanism is based on the hydro-
phobic property, the as-prepared HNXP paper is hydrophilic but
has a large ink contact angle. In addition, the durability, yel-
lowing and degradation of the commercial Xuan paper can be
improved by the addition of ultralong HAP nanowires. Therefore,
this new kind of nanocomposite Xuan paper comprising ultra-
long HAP nanowires and plant cellulose bers is promising for
the application in calligraphy and painting arts.

2. Experimental section
Materials

Calcium chloride (CaCl2), sodium dihydrogen phosphate dihy-
drate (NaH2PO4$2H2O) were purchased from Sinopharm
This journal is © The Royal Society of Chemistry 2019
Chemical Reagent Co. Ltd. Unprocessed Xuan paper and pro-
cessed Xuan paper were purchased commercially. Ink was ob-
tained from Beijing Yidege Ink Co. Ltd. Deionized water was
used in all experiments.

Preparation of ultralong HAP nanowires

Ultralong HAP nanowires were prepared by the calcium oleate
precursor hydrothermal method previously reported by this
research group.21 Briey, sodium oleate (400.0 g) was dissolved
in deionized water (4 L) and stirred, and an aqueous solution
(1.5 L) containing CaCl2 (44.0 g) was added to the above solution
and stirred. Then an aqueous solution (1.5 L) containing
NaH2PO4$2H2O (56.0 g) was added to the above suspension
under stirring. Finally, the reactionmixture was transferred into
a stainless steel autoclave with a volume of 10 L, sealed, and
heated at 200 �C for 36 h. The product was washed with ethanol
and deionized water three times, respectively.

Preparation of the nanocomposite Xuan (HNXP) paper

The commercial unprocessed Xuan paper was put into the
beater to be treated for 30 min till there were no large occules
in the pulp, and was treated in an ultrasonic instrument for
15min. Then, an aqueous suspension containing ultralong HAP
nanowires was added into the aqueous suspension of unpro-
cessed Xuan paper pulp. The HNXP paper was prepared by
ltering the above aqueous suspension using a papermaking
machine with the assistance of vacuum to form a wet paper, and
the obtained wet paper was pressed at a pressure of 4 MPa and
dried at 105 �C for 3 min.

The as-prepared HNXP samples were pretreated in an envi-
ronment with a relative humidity of 50%� 2% at a temperature
of (23 � 1) �C. The paper pretreatment ended when two
weighing difference between 1 h interval is smaller than 0.25%
of the total mass.22

Ink wetting performance

One important criterion for distinguishing the quality of the
Xuan paper is the display status of the ink, which is the so-called
the ink wetting property.23 This kind of performance refers to
the peripheral symmetry of ink diffusion on the paper,
including the penetration of ink, adsorption strength, color
shade of ink, degree of clarity, and the ability to resist ink.

The ink wetting tests were performed according to the
national standard GB/T 18739-2008 “Product of geographical
indication-Xuan paper”. Took a 20 mm � 20 mm HNXP sample,
laid it at on a blanket, and a drop of thick ink and a drop of light
ink were dropped at different places on the HNXP paper. When
the ink was not spread on the paper surface, a drop of light ink
was dropped on the edge of a thick ink droplet. Each time a drop
of ink with the same volume was dropped onto the paper from
the same height of 50 mm. When the ink was dropped on the
paper, a digital camera was used to record the dispersion of the
ink. A pattern shaped like “+” was written using a writing brush
containing the thick ink on a droplet of light ink. In addition,
a pattern shaped like “#” was written using a writing brush
containing the light ink on the HNXP paper.
RSC Adv., 2019, 9, 40750–40757 | 40751
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Fig. 1 Digital images: (a) the HNXP paper with a HAP/cellulose weight
ratio of 35%; (b) commercial unprocessed Xuan paper; (c) the paper
composed of only ultralong HAP nanowires; (d) commercial pro-
cessed Xuan paper.
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Durability evaluation

Durability of the paper refers to the ability of the paper to
maintain its chemical stability and initial properties over a long
period of time. In order to predict the durability of the paper,
the articial accelerated aging method is usually adopted.24 In
this work, the Standards of the Technical Association of the
Pulp and Paper Industry of USA (TAPPI) was adopted for the
durability evaluation. The HNXP paper was placed in a heating
oven at (105� 0.5) �C, and heating for 3 days (72 h) is equivalent
to aging the paper for 25 years under natural conditions.25
Characterization of the HNXP samples

The HNXP samples were characterized by eld-emission scan-
ning electron microscopy (SEM, Hitachi S-4800, Japan), X-ray
diffraction (XRD, Cu Ka radiation, l ¼ 1.54178 Å, Rigaku
Fig. 2 SEM images: (a and b) the commercial unprocessed Xuan paper; (
a HAP/cellulose weight ratio of 35%; (g and h) ultralong HAP nanowires.

40752 | RSC Adv., 2019, 9, 40750–40757
D/max 2550V, Japan), Fourier transform infrared (FTIR) spec-
troscopy (FTIR-7600, Lambda Scientic, Australia). Contact
angle tests were performed using an automatic contact angle
meter (Model SL200B, USA). The pore size and pore size
distribution of the HNXP paper were measured with an auto-
matic mercury porosimeter (AutoPore IV 9510, Micromeritics,
USA). The tensile strength and whiteness tests of the HNXP
paper were conducted according to the GB/T18739-2008 stan-
dards. To ensure the data repeatability, at least three parallel
tests were carried out for each measurement.
3. Results and discussion
Characterization of samples

Digital images of the as-prepared HNXP paper, pure HAP
nanowire paper and commercial Xuan paper are shown in
Fig. 1. Both the HNXP paper and pure HAP nanowire paper
exhibit a uniform white color with a diameter of 20 cm. It shows
that both the HNXP paper and pure HAP nanowire paper have
a higher whiteness than those of the commercial unprocessed
Xuan paper and processed Xuan paper.

The SEM images (Fig. 2a–d) illustrate that the commercial
unprocessed Xuan paper and processed Xuan paper have
a porous structure formed by interweaving plant bers. The
diameters of plant bers range from several to 20 microns. The
SEM images of the commercial unprocessed Xuan paper show
that the plant bers form a loose and porous microstructure,
and the plant bers are interlaced and there are large pores
among them (Fig. 2a and b).26,27 Fig. 2c and d indicates that an
adhesive lm and some particles adhere to the plant bers of
the processed Xuan paper, because the processed Xuan paper is
treated by the surface sizing with gelatin and alum solution. The
alum can absorb water in the air and act as a bridge to combine
a plurality of anionic constituents onto the ber surface.
c and d) commercial processed Xuan paper; (e and f) HNXP paper with

This journal is © The Royal Society of Chemistry 2019
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From the SEM images (Fig. 2e and f) of the as-prepared
HNXP paper, one can see that ultralong HAP nanowires are
evenly distributed in the pores of plant bers or wrap around
plant bers. The as-prepared ultralong HAP nanowires (Fig. 2g
and h) have diameters of about 10 nm and lengths up to
hundreds of micrometers, and HAP nanowires self-assemble
along the longitudinal direction to form HAP nanowire
bundles in many cases.

The FTIR spectra of the HNXP paper and commercial Xuan
paper are shown in Fig. 3a, the broad peak at around 3465 cm�1

is assigned to the adsorbed water in the HNXP paper, HAP
nanowires and commercial Xuan paper. The absorption peak at
around 3567 cm�1 is derived from the hydroxyl group (�OH) in
HAP nanowires, and this peak overlaps with the broad absorp-
tion band of the adsorbed water in the HNXP paper. The char-
acteristic bands of PO4

3� ions are located at about 1097, 1029,
Fig. 3 FTIR spectra (a) and XRD patterns (b) of the HNXP paper with
a HAP/cellulose weight ratio of 35%, ultralong HAP nanowires
(HAPNWs), and commercial unprocessed Xuan paper.

This journal is © The Royal Society of Chemistry 2019
962, 603 and 565 cm�1.28,29 The peaks at 1097, 1029, and
962 cm�1 correspond to the vibration and stretching modes of
P–O, and the absorption peaks at 603 and 561 cm�1 are attrib-
uted to the n4 bending mode of O–P–O in the phosphate
group.30,31 Moreover, the absorption peaks at 2920 and
1457 cm�1 are derived from C–H in the commercial Xuan paper.

The XRD patterns of the HNXP paper, HAP nanowires and
commercial unprocessed Xuan paper are shown in Fig. 3b.
The diffraction peaks at 2q ¼ 21.8�, 28.9�, 32.9�, 39.8�, 48.6�,
50.4� and 59.9� are assigned to the (200), (210), (300), (310),
(320), (321), and (420) crystal planes of hydroxyapatite (JCPDS
no. 09-0432), respectively. The commercial Xuan paper shows
broad diffraction peaks at around 15� and 22.5�. Compared
with the pure HAP nanowires, the HNXP paper has obvious
broad diffraction peaks at around 15� and 22.5�, which is due
to the presence of plant bers, and has the same hydroxyap-
atite characteristic peaks. These experimental results indicate
that the HNXP paper is composed of HAP nanowires and plant
bers.
Ink wetting mechanism of the HNXP paper

The ink wetting of the paper is a complex phenomenon that
involves interactions among the paper, water, and ink constit-
uents. The surface hydrophilic/hydrophobic property has
a signicant effect on the ink wetting performance of the paper.
The traditional Xuan paper is composed of micrometer-sized
plant bers with a porous structure. The commercial unpro-
cessed Xuan paper is hydrophilic both to water and ink. The
commercial processed Xuan paper is produced by coating
gelatin and alum on the surface of the unprocessed Xuan paper,
which can reduce the surface energy of the paper, and it is
hydrophobic both to water and ink at the same time.

The different ink wetting performances of different kinds of
paper are shown in Fig. 4. The thick ink spreads quickly on the
commercial unprocessed Xuan paper (Fig. 4a), and the ink
particles are absorbed while the ink diffuses. The ink spreading
is generally round, with some burrs and small gaps on the
edges. However, the ink droplet on the commercial processed
Xuan paper is spherical with little penetration, and the stroke
edges are relatively smooth (Fig. 4b). Similarly, the shapes “+”
and “#” on the commercial unprocessed Xuan paper are rela-
tively obscure, and the patterns on the commercial processed
Xuan paper are thin and clear, in contrast, the ink wetting on
the HNXP paper is unique and unlike any commercial Xuan
paper (Fig. 4c). The edges of the ink droplets are ne, and do not
penetrate completely into the back of the paper. The light ink
can better reect this difference. The water in the light ink wets
the paper while the ink remains on the paper surface. This is
more conspicuous on the pure HAP nanowire paper (Fig. 4d).

The following points are the main factors of the excellent ink
wetting property of the traditional Xuan paper. First, the bark
bers of pteroceltis tatarinowii are uniform and slender, the cell
cavities are thin and the surface area is relatively large, so the
swelling effect of the adsorbed ink is strong. When the paper is
inked, the bers are laterally retained with pen marks and ink
particles, and the longitudinally guided ink diffuses laterally
RSC Adv., 2019, 9, 40750–40757 | 40753
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Fig. 4 Ink wetting performance and contact angle of the HNXP paper in comparison with the commercial Xuan paper: (a and e) the commercial
unprocessed Xuan paper; (b and f) the commercial processed Xuan paper; (c and g) the HNXP paper with a HAP/cellulose weight ratio of 35%; (d
and h) the paper composed of only ultralong HAP nanowires.

Fig. 5 Water contact angle and ink contact angle of the HNXP paper
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along the wrinkles.32 Calcium carbonate (CaCO3) particles
accumulated in the wrinkles on the cell wall of the bast bers
also have an inuence on the ink wetting performance of Xuan
paper,33 which can improve the absorption ability of ink and
water.23 In addition, the ink wetting performance of the
commercial Xuan paper is closely related to its hydrophilic and
hydrophobic properties. The commercial unprocessed Xuan
paper has a water contact angle of 0� and an ink contact angle of
0� (Fig. 4e). The diffusion of water and ink particles on the
commercial unprocessed Xuan paper is synchronous. The
commercial processed Xuan paper is hydrophobic with a water
contact angle of 85.22� and an ink contact angle of 87.12�

(Fig. 4f). In contrast, the as-prepared HNXP paper with a HAP/
cellulose weight ratio of 35% is superhydrophilic with a water
contact angle of 0� but an ink contact angle of 55.58� (Fig. 4g),
indicating that the diffusion of water and ink components in
the ink on the HNXP paper is not synchronized, and the diffu-
sion rate of water in the ink is faster than that of ink particles.

Fig. 5 shows the contact angles of the HNXP paper sheets
with various weight ratios of ultralong HAP nanowires ranging
from 10% to 100%. One can see that the water contact angles of
the HNXP paper sheets with various weight ratios of ultralong
HAP nanowires ranging from 10% to 100% are all zero, indi-
cating that the HNXP paper sheets with different weight ratios
of ultralong HAP nanowires are superhydrophilic. However, the
ink contact angles of the HNXP paper sheets with various weight
ratios of ultralong HAP nanowires are very different, and the ink
contact angle of the HNXP paper increases with increasing
weight ratio of ultralong HAP nanowires. The ink contact angle
of the HNXP paper can be well controlled by adjusting the
weight ratio of ultralong HAP nanowires. For example, the ink
contact angle of the HNXP paper is 33.85�, 43.4�, 50.0�, 55.58�,
68.1�, and 82.2� for a HAP/cellulose weight ratio of 10%, 20%,
40754 | RSC Adv., 2019, 9, 40750–40757
30%, 35%, 40% and 100%, respectively. The experimental
results demonstrate the unique ink wetting behavior which is
absent in the traditional Xuan paper.

Fig. 6 shows the pore size distribution curves of the as-
prepared HNXP paper with a HAP/cellulose weight ratio of
35% in comparison with the paper composed of only ultralong
HAP nanowires and commercial Xuan paper. The description of
the unique ink wetting performance at the microscale level of
the HNXP paper is discussed below. Ultralong HAP nanowires
in the HNXP paper are distributed between the pores of plant
bers or wrapped around them, leading to a larger porosity
(80.2%) and smaller most probable pore diameter (1.66 mm)
(Fig. 6a). The paper composed of only ultralong HAP nanowires
versus the HAP/cellulose weight ratio.

This journal is © The Royal Society of Chemistry 2019
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Fig. 6 Pore size distribution curves: (a) the HNXP paper with a HAP/
cellulose weight ratio of 35%; (b) the paper composed of only ultralong
HAP nanowires; (c) the commercial unprocessed Xuan paper; (d) the
commercial processed Xuan paper.

This journal is © The Royal Society of Chemistry 2019
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has a porosity of 85.6% and a most probable pore diameter of
1.21 mm (Fig. 6b), indicating that the addition of ultralong HAP
nanowires can adjust the porosity of the HNXP paper. The
unique microstructure and pore diameter of the HNXP paper
leads to its unique ink wetting performance.

The most probable pore diameter of the commercial
unprocessed Xuan paper is 14.29 mm and the porosity is 75.5%
(Fig. 6c). The gelatin and alum particles applied on the
commercial processed Xuan paper can block the pores of the
bers on the surface of the paper. Therefore, the porosity of the
commercial processed Xuan paper is only 66.4% (Fig. 6d),
which is smaller than that of the commercial unprocessed Xuan
paper. SEM images show signicant difference in the micro-
structure between the commercial Xuan paper and the HNXP
paper. Most particles of the Chinese ink have sizes ranging from
10 to 800 nm (Fig. S1 in the ESI†). When the ink is dripped on
the commercial unprocessed Xuan paper, the ink particles in
the ink can spread quickly in the pores of the unprocessed Xuan
paper with the obvious wetting of water. However, when the ink
is dripped on the HNXP paper, the water molecules in the ink
quickly spread in the HNXP paper, but the ink particles are
trapped by the smaller pores of the HNXP paper, and most ink
particles remain on the surface of the HNXP paper.
Durability

Durability of the paper refers to the ability to resist the erosion
of natural conditions (such as light, heat, moisture, microbes)
on its properties (such as tensile strength, whiteness, etc.).34,35 If
the performance of the paper is not signicantly reduced during
a long period of time, it indicates that the paper has a long
lifetime and good durability; otherwise, it has a poor durability.

The stability of whiteness and tensile strength are two
important factors for the durability of Xuan paper.19 Fig. 7
shows the evaluation of the whiteness stability and durability of
the as-prepared HNXP paper with a HAP/cellulose weight ratio
of 35% by the accelerated heat aging method for up to 1500
years in comparison with the commercial Xuan paper. Fig. 7a
shows the whiteness stability performance of the HNXP paper
and commercial Xuan paper measured by the accelerated heat
aging method for up to 1500 years. The whiteness of the as-
prepared HNXP paper is as high as 80.7%, which is much
higher than those of the commercial Xuan paper (the unpro-
cessed Xuan paper is 71.6%, processed Xuan paper is 70.9%).
The whiteness of the three kinds of paper gradually decreases
with increasing simulated aging time, but the whiteness of the
HNXP paper is always higher than those of the commercial
unprocessed and processed Xuan paper. Additionally, the
whiteness of the commercial processed Xuan paper is always
lower than that of the commercial unprocessed Xuan paper.
Aer the accelerated heat aging for 1500 years, the whiteness of
the HNXP paper, commercial unprocessed Xuan paper, and
commercial processed Xuan paper is 70.7%, 53.9% and 51.0%,
respectively. Fig. 7c shows digital images of the three kinds of
paper with increasing simulated aging time up to 1500 years,
which can more intuitively reect the process of gradual yel-
lowing of the commercial Xuan paper during the aging process,
RSC Adv., 2019, 9, 40750–40757 | 40755
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Fig. 7 Evaluation of the whiteness stability and durability of the as-prepared HNXP paper with a HAP/cellulose weight ratio of 35% by the
accelerated heat aging method for up to 1500 years in comparison with the commercial Xuan paper: (a) whiteness; (b) tensile strength; (c) digital
images of the three kinds of paper with increasing simulated aging time up to 1500 years.
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while the HNXP paper can well maintain its high whiteness. The
experimental results indicate that the commercial processed
Xuan paper is more likely to become yellow.

Fig. 7b shows the tensile strength change of the HNXP paper
and commercial Xuan paper by the accelerated heat aging
method for up to 1500 years. The tensile strength of three kinds
of paper decreases with increasing simulated aging time, and
the tensile strengths of three kinds of paper are close to each
other aer simulated aging for 1500 years. The original tensile
strength of the commercial processed Xuan paper and HNXP
paper is similar (HNXP paper is 19.83 N, processed Xuan paper
is 21.55 N), and the tensile strength of the commercial unpro-
cessed Xuan paper is 26.14 N. The grammage of the commercial
40756 | RSC Adv., 2019, 9, 40750–40757
processed Xuan paper, unprocessed Xuan paper and the HNXP
paper is 34.3, 32.3, and 37.6 g m�2, respectively. The decom-
position of alum on the surface of the commercial processed
Xuan paper makes it less robust than the commercial unpro-
cessed Xuan paper.
4. Conclusions

In this work, we have developed a new kind of nanocomposite
Xuan (HNXP) paper comprising ultralong hydroxyapatite
nanowires and plant cellulose bers with unique ink wetting
performance, high whiteness and excellent durability. The as-
prepared HNXP paper has many advantages such as high
This journal is © The Royal Society of Chemistry 2019

http://creativecommons.org/licenses/by-nc/3.0/
http://creativecommons.org/licenses/by-nc/3.0/
https://doi.org/10.1039/c9ra08349a


Paper RSC Advances

O
pe

n 
A

cc
es

s 
A

rt
ic

le
. P

ub
lis

he
d 

on
 0

9 
D

ec
em

be
r 

20
19

. D
ow

nl
oa

de
d 

on
 4

/3
/2

02
6 

11
:4

3:
50

 A
M

. 
 T

hi
s 

ar
tic

le
 is

 li
ce

ns
ed

 u
nd

er
 a

 C
re

at
iv

e 
C

om
m

on
s 

A
ttr

ib
ut

io
n-

N
on

C
om

m
er

ci
al

 3
.0

 U
np

or
te

d 
L

ic
en

ce
.

View Article Online
whiteness, unique ink wetting mechanism, and thousands of
years' ultralong durability. The whiteness (81%) of the HNXP
paper with a HAP/cellulose weight ratio of 35% is much higher
than those of both commercial unprocessed and processed
Xuan paper, and it canmaintain a high whiteness of 70.7% aer
the accelerated heat aging for up to 1500 years. The as-prepared
HNXP paper has unique ink wetting performance because of its
nanoscale porous structure and hydroxy groups of ultralong
HAP nanowires, which makes it superhydrophilic while having
an ink-resisting property, which is similar to the commercial
processed Xuan paper to some extent. The as-prepared HNXP
paper sheets with various weight ratios of ultralong HAP
nanowires ranging from 10% to 100% are all superhydrophilic
with a water contact angle of zero. In contrast, the ink contact
angle of the HNXP paper can be well controlled by adjusting the
weight ratio of ultralong HAP nanowires, and the ink contact
angle of the HNXP paper increases with increasing weight ratio
of ultralong HAP nanowires, demonstrating unique ink wetting
performance of the as-prepared HNXP paper, which is absent in
the traditional Xuan paper. The new kind of nanocomposite
Xuan paper developed in this work is promising for the appli-
cation in calligraphy and painting arts.
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