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HIGHLIGHTS GRAPHICAL ABSTRACT
® Modifier-free fabrication of super- A green and facile method originally is proposed to achieve modifier-free superhydrophobic and fire-resistant
hydrophobic and fire-resistant paper. paper with excellent anti-bacterial property. Significantly, the paper still remains its superhydrophobicity after
® The as-prepared paper still remains being burned and the water repellence will be kept even treatment with 500 °C high temperature. Besides, the
superhydrophobicity after 500 °C high specific layered structure will provide high resistance to mechanical destruction.

temperature treatment.

® The as-prepared paper exhibits ex-
cellent anti-bacterial property, which
has not reported in nonflammable
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Keywords: The superhydrophobic paper containing CMC, HAP and ZnO was prepared by a novel and facile method with
Superhydrophobicity eco-environmental and modifier-free process. The superhydrophobic property is effectively controlled by dif-
Fire-resistance ferent amount of ZnO, which might be effect of surface roughness of the paper. Except for the common per-

Without chemical modification

formances, such as self-cleaning property, chemical durability and mechanical abrasion durability, the excellent
0Oil adsorption-combustion

thermal stability and anti-bacterial properties will dramatically extend the practical applications of the paper. In
addition, such paper still maintains its superhydrophobicity after flammable oil adsorption-combustion, further
validating its excellent fire-resistant property. The combination of superhydrophobicity and flame retardancy
can largely enhance the durability of the paper. These characteristics make the multifunctional paper a better
candidate than the commercial paper, which may be a breakthrough in paper-making industries.
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1. Introduction

Paper is a universal and essential material that is available in many
fields due to its low cost and scalability [1-3]. However, commercial
paper consisting of plant cellulose is easily decomposed and damaged
by chemical, physical and thermal treatment [4-7]. Among these, de-
veloping materials with tunable surface wettability is one such inter-
esting research direction that expanded to several potential applications
[8-11]. Several studies have confirmed that superhydrophobicity is a
combination of roughness and low surface energy material [12-14]. To
date, researchers have fabricated several artificial superhydrophobic
surfaces through two different approaches: preparing a rough surface
on hydrophobic materials or modifying a rough surface with low sur-
face energy materials [15]. In general, sophisticated processes such as
template [16], etching [17] and plasma treatment [18] are involved in
constructing a rough surface, and fluorine-containing low surface en-
ergy materials are used to realize superhydrophobicity. However, most
low surface energy materials are organic solution, which are usually
fragile, required expensive chemicals or longer times and harmful to the
environment [19-21]. These drawbacks have great effect on the wide
spread practical applications of superhydrophobic surfaces for large-
scale production [22]. Therefore, a cost-efficient and straightforward
process is more preferable.

Besides, the applications of paper are not limits to water-repellency.
Impacting antibacterial property may be crucial for the paper in the
fields of medical treatment and food packing, not only to prevent mi-
croorganism from being contacted with the surface of paper, but also to
restrain the growth of bacteria and further kill the microorganism. In
medical treatment, serious damages can result from infection caused by
microorganisms especially Staphylococcus aureus (S. aureus) and
Escherichia coli (E. coli) [23-25]. And anti-bacterial materials have
therefore attracted much attention. As broad-spectrum antimicrobial
agents, silver nanoparticles (AgNPs), as well as graphene have been
incorporated into papers to achieve anti-bacterial property [26,27].
However, antimicrobial agents sometimes are unstable and result in cell
toxicity [28]. And the used process also alters the properties of the
paper matrix, which may hinder the final product usability for certain
applications.

So far, papers with simultaneous superhydrophobic and flame-re-
tardant characteristics appear rarely in the literature. And poor wa-
terproofness and microbial infection potential of the paper, the scope of
their use is limited. Among a series of materials, hydroxyapatite
(Ca;0(OH),(PO4)s, HAP) with considerable non-toxicity and bio-
compatibility [29] has been reported by Zhu’s group, [30] which per-
forms the obviously advantage of inherent non-flammable property.
ZnO with nontoxic, [31] low-cost, anti-bacterial [32] and controlled
structure [33] was used in the present work to expand the practical
applications of the paper. Herein, a green and facile method originally
was proposed to achieve outer and inner uniform and modifier-free
superhydrophobic and nonflammable paper with excellent anti-bac-
terial property. The outstanding performances of superhydrophobic and
fire-resistant paper and its absolutely green preparation for scale-up
suggest that it has potential applicability in both industries and medical
fields.

2. Experimental
2.1. Materials and chemicals

Calcium chloride (CaCl,), sodium dihydrogen phosphate
(NaH,PO4H,0), zinc oxide powder (ZnO, < 100 nm) was purchased
from Guangzhou XILONG Chemical Reagent Co. Ltd, China. Sodium
hydroxide (NaOH) was purchased from Tianjin LIANLONGBOHUA
Chemical Reagent Co. Ltd, China. Carboxymethyl cellulose (CMC) was
purchased from Meryer Chemical Technology Co. Ltd, China. All che-
micals were used as received without further purification.
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2.2. Preparation of HAP nanowires

HAP nanowires were synthesized based on the previous work [30].
Briefly, CaCl, (0.22 g) aqueous solution (20 mL), NaOH (1.00 g) aqu-
eous solution (20mL), and NaH,PO,H,0 (0.28 g) aqueous solution
(10mL) were added drop-wise into the mixture containing ethanol
(12.00 g) and oleic acid (12.00 g) under vigorous stirring conditions,
respectively. And then the mixture was transferred into a 100 mL Te-
flon-lined steel autoclave. The autoclave was kept at 180 °C for 24 h
under standard conditions. After cooling, HAP nanowires were stirred
in ethanol and water for 12 h, respectively. Subsequently, the solution
was centrifugated and stored in ethanol for the following experiment.

2.3. Preparation of paper with different wettability

To enhance the strength, 1 g CMC was dissolved in 100 mL water,
forming viscous solution. And 3 mL CMC aqueous solution was added
into the ethanol containing HAP nanowires. Different amount of ZnO
(0, 0.4, 0.8, 1.2 g, labeled as P — xg), while the other experimental
conditions were kept in the same, was dissolved in deionized water
(100 mL), respectively. And 1 mL NHs--H,O was added into the above
solution. Under continuous and vigorous stirring for 12 h, the mixture
was filtrated using a vacuum pump and dried at 60 °C to obtain white
and uniform paper.

2.4. Antibacterial test

The antibacterial ability was evaluated by surface plate intuitively.
The E. coli (a gram-negative bacterium) and S. aureus (a gram-positive
bacterium) were selected as the model bacteria. All bacteria were cul-
tured in the sterile Luria-Bertain (LB) media (containing 1g bacto-
tryptone, 0.5g of bacto-yeast extract and 1g of NaCl in 100 mL of
deionized water) at 37 °C, separately. During the antibacterial tests, all
the samples, including raw paper and superhydrophobic paper, were
sterilized with 75% alcohol and then exposed under ultraviolet radia-
tion for 30 min.

All of the sample were put into 96-well plates and 100 uL of bac-
terial liquid was added into each well. And the bacterial liquid had been
diluted with LB media to 1 X 10° colony-forming units (CFU) per mil-
liliter. After the incubation time, 10 uL of bacterial liquid was taken out
for dilution with LB media 100 times. Then, 10 uL of diluted bacterial
liquid was taken out to be evenly poured into each plate, which in-
cluded 7 mL of solid LB agar. Finally, the number of bacterial colonies
on the surface of raw paper and superhydrophobic paper and the
number of residual bacterial colonies on surface plates were photo-
graphed and counted by digital photo after culturing for 1 day at 37 °C.

2.5. Characterization

The crystal structure was characterized by X-ray diffraction (XRD)
using an X’PERT PRO diffractometer with Cu Ka radiation of 1.5418 A
wavelength at 20 ranging from 5° to 120°. Field emission scanning
electron microscope (FESEM) images was obtained on JSM-6701F with
Au-sputtered specimens. Three-dimensional surface imaging of the
paper was carried out using Surface Imaging System atomic force mi-
croscopy (AFM, CSPM 5500). The element distribution maps of samples

were got by energy dispersive spectroscopy (EDS, Kevex). Fourier
transform infrared spectroscopy (FTIR, Thermo Scientific Nicolet iS10)
was recorded as KBr disks on a Bruker 1600 FTIR spectrometer. The
water contact angle (WCA) was measured with a DSA 100 contact angle
meter (Kruss Company, Germany) or JC2000D with 5 pL distilled water
droplet at ambient temperature. The average WCA values were ob-
tained by measuring the same sample at five different sites. Thermal
gravimetric analyses (TGA) was performed on a NETZSCH STA 449C
using a dynamic heating rate of 10 °Cmin~' under an atmosphere of
air. All photographs were taken using a Sony camera (DSCHX200).


zhk
铅笔

zhk
铅笔


G. Wen et al.

CA=145°

Fig. 1. SEM images of a) raw paper, b) P — 0.4, ¢) P - 0.8, d) P - 1.2. The
corresponding optical photographs of water droplet are shown in the inset.
Marked region represents the variation of intensity and size of the air pockets.

3. Results and discussion
3.1. Surface preparation, wettability and morphology

The relationship between ZnO loading and water contact angle
(WCA) on the hydrophobic property of the paper was shown in Fig. S1.
The amount of ZnO in the system was optimized as an essential function
of the WCA. Apparently, the WCA value of paper increased with the
increasing amount of ZnO. And the WCA value of paper increased from
0° to 154° when the ZnO loading reached to 0.8 g, indicating that the
ZnO loading greatly influenced the wettability within the limits.
However, further increasing the ZnO loading, the wettability has
changed greatly, possible due to the change in the surface roughness.
The maximum WCA of 154° can be achieved at ZnO loading of 0.8 g. To
explain the variation of WCA with ZnO loading, SEM images with dif-
ferent ZnO loading were shown in Fig. 1a-d. Obviously, the surface of
raw HAP nanowires was relatively smooth, whereas the morphologies
of HAP nanowires with different ZnO loading were hierarchical mico-
and nanostructure. To check the aforementioned observation, the
roughness of the paper was measured. The three-dimensional AFM
images of papers for different ZnO loading were shown in Fig. 2. For the
raw paper without ZnO, it was obvious that it completely consisted of
HAP nanowires and exhibited a relatively flat topography with an
average surface roughness (Ra) of about 102 nm. Furthermore, the Ra
values for 0.4, 0.8 and 1.2 g ZnO loading were 148, 182 and 208 nm,
respectively. In general, the surface roughness is a determined factor for
the fabrication of superhydrophobic surface. However, the maximum
WCA was corresponded to the average surface roughness of 182 nm
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instead of 208 nm, which is not consistent with the experimental re-
sults. Based on the above mentioned results, the detail explanations
were as followed: Firstly, although there was no chemical modification
with low surface energy materials, the anisotropic preferred growth
plane of ZnO possessed lower surface free energy [34]. Thus, the ex-
istence of ZnO and micro- and nanostructure could make it possible for
the superhydrophobicity without chemical modification. Subsequently,
the maximum WCA was theoretically resulted from the Ra of 208 nm.
Therefore, we could boldly speculate that the surface roughness was not
determined by an individual factor of ZnO nanoparticles or HAP na-
nowires, it was caused by the combination of aforementioned factors.
When the ZnO loading was ranged from 0 to 0.8 g, the surface rough-
ness made from HAP nanowires and ZnO nanoparticles resulted in the
increase of WCA. Tubercles consisting of overmuch agglomerate ZnO
nanoparticles on the surface were resulted from the increasingly ZnO
loading (1.2 g). In this case, the factor of ZnO nanoparticles played a
dominate role in determining surface roughness and the effect of
hierarchical structure was weakened, contributing to the reduction of
WCA. In deeper level, the increase of the density and fraction of air
pockets (highlighted in red in Fig. 1) and a large fraction of air within
the grooves trapped by the combination of HAP nanowires and ZnO
nanoparticles also could be explained the superhydrophobicity of
paper.

To further confirm that ZnO nanoparticles were successfully de-
posited on the surface of HAP nanowires, the characterizations of XRD,
XPS and EDS were conducted. In order to investigate the influence of
ZnO on the crystalline phase of the paper, XRD measurements of pure
ZnO (JCPDS No. 36-1451), raw HAP paper (JCPDS No. 74-0565) and
superhydrophobic paper were presented in Fig. 3a. It was clear that all
of the diffraction peaks of superhydrophobic paper except for the
characteristic peaks of the raw paper can be indexed to ZnO. Besides,
from the result of XPS, Ca, O, P, C and Zn elements could be obviously
observed in superhydrophobic paper. Compared with the raw paper,
Fig. 3c reveals that the obvious Zn 2p appeared after adding ZnO. This
is confirmed that ZnO is well bound to the HAP nanowires. The analysis
of surface elements is a necessary means to directly prove the changes
of the surface chemical composition. EDS analysis (Figs. 3d and S2) was
carried out to investigate the chemical composition of the paper. There
are only Ca, O, P, C elements in the raw paper. To further confirm the
distribution level, elemental analysis of the superhydrophobic paper
was performed. It was found that Zn element uniformly distributed in
the surface of paper. These results indicated that ZnO nanoparticles
were successfully deposited on the surface of HAP. Besides, the FTIR of
raw paper and superhydrophobic paper were presented in Fig. 3b.
Several characteristic absorption peaks were observed in the range
460-4000 cm ™. The absorption bands observed at 3565cm ™' and
633 cm ™! are attributed to hydroxyl group [35]. Moreover, there exist
the adsorption peaks of the PO~ group (1093, 1028, 962, 604,
561 cm™ 1) [36]. The adsorption peaks at 2921 em ™! and 2852 cm !
are attributed to the stretching vibrations of C—H in —CH3 and —CH,—
groups of oleic acid [37]. It was noted that the adsorption peaks at
478 cm ™! was attributed to the stretching vibration of Zn—0 bond. The
abovementioned results demonstrated ZnO nanoparticles were suc-
cessfully deposited on the surface of HAP nanowires.

In order to enhance the strength of paper, carboxymethyl cellulose
(CMC) was cooperated into HAP nanowires, (Fig. S3b) whereas the
strength of raw paper was so poor that the raw paper was easy to be
broken (Fig. S3a). And the strength of paper increases with the in-
creasing concentration of CMC. However, HAP nanowires solution
containing of redundant CMC would come into being viscous solution,
making it difficult for filtration process of paper. Therefore, an appro-
priate concentration of CMC was thus confirmed to prepare paper. Fig.
S4 shows a sheet of superhydrophobic HAP nanowires paper with about
3.90 cm in diameter, 0.48 mm in thickness and 0.65 g in weight. The
water contact angle is 154° and sliding angle is about 5° (Fig. 4b). In
addition, just as shown in Fig. 4c, the superhydrophobic paper
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R,=148 nm

Fig. 2. AFM images of a) raw paper, b) P - 0.4,¢) P- 0.8, d) P - 1.2.

exhibited great antiwetting performance towards to some common li-
quids, such as tea, coffee and milk. Furthermore, it could be observed
that the droplets with pH = 3 and pH = 12 maintained the spherical
shape on the surface of superhydrophobic paper, indicating the acid-
alkali tolerance of superhydrophobic paper.
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3.2. Self-cleaning and anti-wetting properties

The self-cleaning property, as one of the most important factor to
measure the characterisation of superhydrophobicity, is an effective
tool to prevent paper from being contaminated by solid dirt in the
presence of water [38-40]. And self-cleaning is a desired property that
can make the dream of a contamination-free surface come true. The
self-cleaning measurement was further conducted using sand as a
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Fig. 3. a) XRD patterns of raw paper, superhydrophobic paper. b) The FTIR spectrum of raw paper and superhydrophobic paper. ¢) The XPS spectra of raw paper and
superhydrophobic paper. d) EDS spectra and FESEM-EDS mapping of superhydrophobic paper.
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Fig. 4. a) Schematic illustration of super-
hydrophobic paper without chemical mod-
ification. b) Pictures of water contact angle
and water droplet (5pL) sliding off a 5°
tilted superhydrophobic paper surface. ¢) A

__L lyophobic property photograph of the su-
. perhydrophobic paper toward daily liquids
V}\l/lthf)ut] 7n0O C) T such as coffee, milk, green tea, water with
chemical coffee A L pH = 3, and water with pH = 12.
modification o e
/‘\ /\ pH=12
£ A g A milk
\J \J v & : ;
© greentea g y
<

Water bath

pH

3

Diffusion of ink No diffusion

Fig. 5. a) Self-cleaning property of the superhydrophobic paper. b) Ink on the normal paper diffused as it came in contact with water, whereas it remained intact on

superhydrophobic paper.

contaminant. Obviously, the sand could be easily carried from the
paper surface, demonstrating the self-cleaning phenomenon was ob-
viously found towards the dust. (Fig. 5a) While hydrophilic in nature,
raw paper can be easily wetted through the diffusion (capillary action)
of water, affecting the integrity of the raw paper. In order to demon-
strate waterproof ability of superhydrophobic paper, raw paper and
superhydrophobic paper were tested with ink diffusion, where both the
papers were written with water-diffusible blue ink and exposed to a
water bath at the same time. (Fig. 5b) It was noted that the blue word
“BMT” was made up of a large number of dense droplets. Within a few
minutes, raw paper became wet and the blue word “BMT” of the surface
was diffused during the experiment. On the contrary, the word on su-
perhydrophobic paper remained unchanged and no water droplets were
immersed into the other side of the paper. This kind of excellent
property will enhance the usability of such paper in paper-based in-
dustries.

98

3.3. Chemical and environmental durability

For practical applications, superhydrophobic materials are urgently
required to retain their inherent performances under different extreme
conditions [41]. Therefore, we conducted the common solvents, UV,
acid, alkali solutions and boiling water resistances to measure the sta-
bility of superhydrophobic paper [42,43]. The as-prepared super-
hydrophobic paper was immersed in organic solvents, such as acetone,
ethanol and DMF for 24 h. After it was dried, the variations of corre-
sponding water contact angles and sliding angles were measure (Fig.
S5a-c). After immersed in acetone, the WCAs and CAs of super-
hydrophobic paper performed barely change. The WCAs changed from
153° to 150° and the SAs decreased from 5° to 8°, validating the solvent
resistance of superhydrophobic paper. Similarly, when immersed in
ethanol and DMF, the water repellence of superhydrophobic paper
maintained unchanged. The considerable solvent resistance of the su-
perhydrophobic paper can be attributed to the air layer on the surface
of superhydrophobic paper. Therefore, the superhydrophobic paper
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Fig. 6. Mechanical damages induced on superhydrophobic paper. a) sand paper abrasion with 50 g of load. b) Scratching with a knife. ¢) Tape adhesion test. d)
Durability test for the superhydrophobic paper. Variation in WCA of water droplet during multiple abrasion cycles. One experiment consists of 5 complete abrasion
cycles. (Inset) Photograph showing static contact angle of water on mechanically tested surfaces (after the 30th cycle).

could make it possible for antifouling even when encountering organic
liquids, superior to the lotus leaf. Besides, UV-durability test conducted
by irradiation using an artificial light as the source of radiation. The
superhydrophobic paper was exposed to UV light for 24h and the
wetting behavior was measured every 4 h. Just shown in Fig. S5d, the
CA changed slightly and the corresponding SA was lower than 10° after
24h UV radiation. Under UV irradiation, the hydrophobicity has a
tendency to decrease as a function of irradiation time. The reason why
the WCA decreases slightly can be explained by the frame of creation of
oxygen vacancies of a small amount of ZnO on the surface of super-
hydrophobic paper [44]. Electron-hole pairs are generated in their
lattice when the surface of these oxides is illuminated by UV light
[45,46]. Some of the holes react with the lattice oxygen, forming
oxygen vacancies of the surface of paper, as described in Eqs. 1.11.3.

ZnO + 2hv — 2ht + 2e” 1.1
0%~ + H" - O] 1.2)
Oy + ht = lo2 +0O

! 2 (1.3)

where [] is the oxygen vacancy.

In the meanwhile, water may be adsorbed on these oxygen va-
cancies, resulting in the decrease of WCA.

Another challenge in the practical application is the chemical sta-
bility of the superhydrophobic paper. To explore the durability of the
superhydrophobicity of the as-prepared paper, the effect of different pH
values was examined. As shown in Fig. S5, the as-prepared super-
hydrophobic paper was immersed into the corrosive solution with dif-
ferent pH values for 1 h to evaluate their WCAs. Changing the pH values
from acid (pH = 3) to strong alkali (pH = 12), the measured WCAs
were all above 150°. On the one hand, such excellent repellency to
corrosive solution was attributed to the micro- and nanoscale structure.
As numerous air was trapped within the micro- and nanostructure, the
formed dual-scaled air pockets prevented the infiltration of corrosive
solution. On the other hand, based on the chemical nature of HAP and
ZnO, theoretically, the paper cannot tolerate acid solution at all. The
abnormal experimental phenomena may be explained by the theory of
precipitation and dissolution equilibrium [47]. When pH = 3, the
concentration of H* is not enough to dissolve the HAP and ZnO, which
is coincidence with the well-preserved HAP and ZnO (Fig. S6¢). How-
ever, when pH = 2, it was obvious that the ZnO nanoparticles and HAP
nanowires were in the state of being dissolved, affecting its wetting
ability. Furthermore, when pH = 1, ZnO nanoparticles had been dis-
solved absolutely and it was hard to recognise the HAP nanowires (Fig.
S6a and S6b). Therefore, the water contact angles were 28° and 125°,
corresponding to pH = 1 and pH = 2, respectively. In addition, most
superhydrophobic paper loses its water repellence property when faced
with boiling water and the hot water repellency of a superhydrophobic
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surface plays a critical role in the design of highly efficient heat transfer
systems. Thus, we tried to conduct the boiling water resistance ex-
periment to explore its property. What astonished us most was that
water droplet still could maintain its spherical shape after taking the
paper out of the boiling water. The variation of WCAs of super-
hydrophobic paper for different boiling time was presented in Fig. S5f.
The unique network structure can trap lots of air pockets and can en-
sure air pockets being a stable state, which is responsible for the boiling
water resistance of superhydrophobic paper.

3.4. Mechanical abrasion durability

In general, roughness of superhydrophobic surface is relatively
weak and easy to be destroyed [48-50]. But the as-prepared paper is a
specific layered structure and the superhydrophobicity performs on
every layer. To investigate the abovementioned illustration, ruggedness
of superhydrophobic paper was studied through serve mechanism
abrasion tests, such as sand paper abrasion, knife scratch and tape ad-
hesion. As for sand paper abrasion, the paper was placed on the sand-
paper (400 Cw) and loaded with 50 g weight, dragging by steel wire for
the length of 10 cm (Fig. 6a). The aforementioned abrasion process was
defined as one abrasion cycle. The corresponding WCA with each five
abrasion cycles was recorded and presented in Fig. 6d. Obviously, the
WCA decreased slightly and the superhydrophobicity of as-prepared
paper still remained even after 30 abrasion cycles. The SEM images
before and after abrasion test were shown in Fig. S7. From the pictures,
we could see that the cross-sectional view of SEM image was a specific
layered structure (Figs. S7a and 7c), which ensured the super-
hydrophobicity of each layer. Moreover, no obvious change could be
observed in SEM images, indicating the excellent mechanism durability
of superhydrophobic paper (Fig. S7b and S7d). Similar mechanical ro-
bustness of superhydrophobicity was also observed in knife scratch and
tape adhesion tests. Just as shown in Fig. 6b, after the knife scratch, the
water droplets still maintained their spherical shape on the surface. In
addition, the as-prepared paper was also subjected to peel off test to
investigate the internal superhydrophobicity (Fig. 6c). It could be
concluded that even after 30 peeling tests, the paper still maintained its
initial superhydrophobic property, which further confirmed the outer
and inner superhydrophobicity of the paper. The abovementioned
mechanism damage demonstrated that the as-prepared paper performs
excellent mechanism durability and water droplets still roll off through
the damaged areas, which was benefited from the layered structure.

3.5. Thermal stability and flame retardancy

Generally speaking, almost all of the paper-based materials are
unable to be subjected to fire and water simultaneously and the de-
structive process is devastating and nonrecoverable [51-53]. There is
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Fig. 7. a) Variation of WCA of the superhydrophobic and fire-resistant paper at 100 °C, 200 °C, 300 °C, 400 °C and 500 °C b) TGA of raw paper and superhydrophobic

paper. c¢) The combustion process of superhydrophobic & fire-resistant paper.

an old saying in China: “be incompatible as fire and water”. Therefore,
it is essential to fabricate functional paper that processes both water-
proof and nonflammable performances. The as-prepared paper con-
sisting of HAP nanowires and ZnO nanoparticles is a perfect super-
hydrophobic and fire-resistant material. In order to validate the thermal
stability of paper, the TGA curves of raw paper and superhydrophobic
paper were analyzed in an air atmosphere. As shown in Fig. 7a, it was
noted that the oleate group starts to decompose at about 200 °C. And
obvious initial weight loss of superhydrophobic paper in the range of
240 °C-500 °C is attributed to the decomposition of CMC. Furthermore,
the superhydrophobic paper was relatively stable when the temperature
reached to 900°C and the weight percentage of residue of super-
hydrophobic paper was more than 96%, which was similar to raw
paper.

On the one hand, in order to explore the variation of wettability at
different temperature, WCAs of the superhydrophobic and non-
flammable paper at 100°C, 200 °C, 300 °C, 400°C and 500 °C after
cooled were recorded and presented in Fig. 7b. The water contact angle
was about 150° even after treatment at 500 °C, revealing the extreme
high-temperature resistance. The superior stability of the super-
hydrophobic surface was achieved if the roughness and structure of the
surface were not damaged after the heat treatment. In order to de-
monstrate the aforementioned points, SEM images and AFM images of
superhydrophobic paper with 300 °C and 500 °C are presented. From
Fig. S8, the structures consisting of HAP nanowires and ZnO remained
unchanged when treated with 300 °C and 500 °C, separately. In the
meanwhile, the corresponding roughness (182 nm or 180 nm) after heat
treatment was similar to roughness (182 nm) of the superhydrophobic
paper before heat treatment. On the other hand, the combustion process
of superhydrophobic and fire-resistant paper was shown in Fig. 7c.
After burning, as expected, no obvious change could be observed. The
flame on the superhydrophobic paper was weak and extinguished
within three seconds, leaving behind a black residue. Moreover, the
water droplets still maintained its sphere shape in the burned areas
(inset in Fig. 7b), further confirming the good flame-retardant property
of the superhydrophobic paper. From the SEM images and EDS spectra
of superhydrophobic paper after being burned, it was obvious that the
structure remained unchanged and Zn, Ca, O and P elements are still
distributed homogeneously on the surface of superhydrophobic paper,
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indicating uniform coverage of ZnO on the HAP nanowires surface (Fig.
S9). The thermal stability can be significantly attributed to the inherent
fire-resistance of HAP nanowires and thermal stability of ZnO. In ad-
dition, few literatures have reported such high temperature resistant
paper-based material.

3.6. Oil adsorption-combustion

Its three-dimensional network structure, superhydrophobicity and
fire-resistance make the paper a perfect candidate for the quick remove
of flammable organic oils. The superhydrophobic paper exhibited the
excellent absorption capacities towards organic oil. When super-
hydrophobic paper contacted the floating octane (dyed with Sudan red
IV for a clear observation) on paper, the octane can be absorbed com-
pletely in just 10s (Fig. 8a). Meaningfully, the recyclability of ad-
sorbent and collection of organic oil are of great significance in oil
adsorption. For value solvents, collection by squeezing is a simple way.
Yet, this method is not applicable for paper-based materials. Thus,
combustion may be an ideal choice and the paper containing of flam-
mable oil was burned (Fig. 8b). It was noted that the paper restored its
original color and the superhydrophobicity of the paper had not lost
completely. The variations of WCA and SA of the superhydrophobic and
fire-resistant paper after oil adsorption and combustion experiment
were presented in Fig. 8d. The result indicated that oil adsorption and
combustion had no effect on the wettability of the paper. The water
droplets still stood on the surface of burned paper even after 30 cycles.
Simultaneously, it was seen that no change of the structure and che-
micals could be discovered in the SEM image after 30 cycles. (Figs. 8c,
S10) The interlaced HAP nanowires and agglomerate ZnO nanoparticles
were observed, validating that the integrity of the structure was de-
termined. These performances may further extent the application of
paper-based materials, thus making it a promising candidate for the oil-
adsorption and combustion.

3.7. Anti-bacterial property
Nowadays, problems associated with nonspecific protein adsorption

and microbial adsorption on surfaces have become considerable, and
the development of anti-bioadhesive surfaces remains a meaningful and
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Cycle number

Fig. 8. a) Optical images of superhydrophobic paper in oil adsorption experiment (n-octane was dyed by Sudan red IV for a clear observation). b) Optical images of
octane-containing superhydrophobic and fire-resistant paper after being burned. ¢) SEM image of superhydrophobic and fire-resistant paper after the oil-containing
paper was burned. d) Variation of WCA and SA of the superhydrophobic and fire-resistant paper after oil adsorption and combustion experiment. One experiment
consists of 2 complete cycles. The corresponding optical photographs of water droplet are shown in the inset.

practical goal for application in marine hulls, medical science, and
optical surfaces. But in reality, only a few studies have been performed
on the application of anti-bacterial to superhydrophobic paper [54-56].
Notably, the effects of surface topography and chemical composition in
anti-bacterial are still not clearly understood. Generally speaking, a
common strategy to reduce protein fouling is to attach hydrophilic or
zwitterionic synthetic polymers to surfaces.

E. coli and S. aureus are two types of bacteria that are presented in
our daily lives. It is known that superhydrophobic surface can reduce
the infections by restraining the E. coli and S. aureus adherence. In order
to validate the abovementioned fact and estimate the attachment of the
bacterial cells to the surface of the raw paper and superhydrophobic
paper, the antibacterial activities of raw paper and superhydrophobic
paper through surface plate were presented by performance of micro-
biological tests against the E. coli and S. aureus microorganisms. After
treated with 24 h, no bacterial community could be observed both on
the surface of superhydrophobic paper (Fig. 9b and h) and surface plate
(Fig. 9c and i) after vitro antibacterial assay, indicating that the su-
perhydrophobic paper prevented the bacteria from being adhered on
the surface and ZnO nanoparticles could effectively kill the bacteria on
the surface plate. On the contrary, the bacterial colonies on the surface
of raw paper showed little difference with the initial surface plate
containing E. coli and S. aureus. The bacteria still alive when immersed
raw paper into the surface plate containing E. coli and S. aureus for 24 h,
separately (Fig. 9f and 1) And the residual bacteria on the raw paper was
clearly visible (Fig. 9e and k). These results shown that raw paper did
not exhibit any antibacterial activity, adequately demonstrating that
ZnO played a decisive role in vitro antibacterial assay. The toxic effect
of ZnO on microorganisms can be associated with the release of Zinc
ions causing disruption of the cell membrane activity and the formation
of intercellular reactive oxygen species, mostly H,O,. Therefore, the
anti-bacterial activity of ZnO was attributed to the generation of hy-
drogen peroxide from the surface of ZnO, which was considered to be
effective for the inhibition of bacterial growth [57]. The as-prepared
superhydrophobic and antibacterial paper can be applied in biomedical
field.

4, Conclusion

In summary, the superhydrophobic paper with specific layered
network structure, prepared by a facile, modifier-free and green
method, under the optimum conditions performs superhydrophobicity
and excellent fire-resistance. The water contact angle reaches a max-
imum value of 154° at the ZnO loading of 0.8 g, and further increase or
decrease the ZnO loading will result in the reduction of water contact
angle. Although the roughness of surface has influence on the wett-
ability, the redundant hydrophilic ZnO will result in decrease of water
contact angle. This is attributed to a combination of an ideal density of
air pockets and solid regions made by interlaced HAP nanowires and
ZnO nanoparticles. This kind of functional paper with super-
hydrophobicity, excellent fire resistance, robust durability (against
serve mechanism abrasion, boiling water and chemical durability),
perfect recyclability and anti-bacterial property is fabricated in the end.
It is noted that the superhydrophobic paper possesses oil/water se-
paration ability and the oil is able to be burned. The structure still
maintains integrity due to its intrinsic fire-resistant nature and con-
siderable thermal stability. Significantly, the paper is still super-
hydrophobic after being burned and the water repellence will be kept
even treatment with 500 °C high temperature. Simultaneously, the
specific layered structure will provide high resistance to mechanical
destruction. This kind of functional paper may be a breakthrough for
paper-based materials, which may subvert the whole paper-making
industries. Moreover, the approaches are green and the chemicals in-
volved are inexpensive and environmental friendly as it can be applied
to large-scale production.
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Fig. 9. The surface plate of a) and d) E. coli. b) The residual amount of bacterial on the superhydrophobic paper. ¢) The residual amount of bacterial on the surface
plate after vitro antibacterial assay. e) The residual amount of bacterial on the raw paper. f) The residual amount of bacterial on the surface plate after vitro
antibacterial assay. The surface plate of g) and j) S. aureus. h) The residual amount of bacterial on the superhydrophobic paper. i) The residual amount of bacterial on
the surface plate after vitro antibacterial assay. k) The residual amount of bacterial on the raw paper. 1) The residual amount of bacterial on the surface plate after

vitro antibacterial assay.

online version, at http://dx.doi.org/10.1016/j.cej.2018.04.023.
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