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Abstract

To protect the wood surface from UV aging and give it new functions, in this research, graphitic carbon nitride (g-C;N,)
was firmly immobilized on wood surface via chemical crosslinking method with glutaraldehyde as agent. By constructing
the organic-inorganic composite coating between wood and g-C;N,, the wood surface was endowed with the functions of
UV resistance and self-cleaning. According to the UV-Vis absorption spectra, the g-C;N, coatings could absorb about 85%
UVA and UVB lights. The UV resistance properties of the resulting g-C;N,-treated wood (GW) were evaluated through
15-day accelerated weathering tests. The surface total color change (AE*) of GW was estimated to be 8%, which was much
less than that of original wood (24%). The photocatalytic tests showed that the wood surface could be self-cleaned by the
photodegradation of organics on the surface. After 10-cycle photocatalytic activity tests, the remained content of g-C;N, was
stable at 84%, which was much higher than the 40% of control group (our reported hydrothermal method). In addition, the
water contact angle of wood surface was improved from 55.1° to 78.5°. Overall, these findings look promising for enhancing
the service life of wood materials and conservation of wooden artifacts. The obtained functional woods could be used for
the development of durable, multi-functional, and environment-friendly wood products.
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1 Introduction

Functional coatings have been used on the surfaces of vari-
ous materials to enhance their properties or endow new func-
tions [1-8]. Wood is a natural organic polymer extensively
studied due to its several properties, such as renewability,
environment-friendliness, and reusable properties. However,
due to its biological features, wood furniture and products
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processes. To address these issues, a method of using gra-
phitic carbon nitride (g-C;N,) as novel metal-free photo-
catalysts has been reported to modify the wood surface
with UV protection function [17]. The g-C;N, has a larger
band gap of 2.7 eV, higher electron-hole recombination
rate, and improved stability than traditional photocatalyst
[18-20]. The heterobinding strength between wood surface
and g-C;N, was insufficient by our reported hydrothermal
method [17]. This resulted in the g-C;N, functional coating
being easily peeled off during outdoor use.

In response to this problem, in this work, the g-C;N,
was grafted onto the wood surface through the chemi-
cal crosslinking method. By forming chemical bonds, the
g-C;N, functional coating was firmly immobilized on the
wood surface. The properties of the g-C;N,-treated wood
(GW), including photodegradation, hydrophobic perfor-
mance, stability of immobilization, and UV resistance abil-
ity, were studied and analyzed.

2 Experimental
2.1 Materials

Wood chips (20 mm longitudinal X 20 mm tangential X 5 mm
radial) were obtained from sapwood sections of poplar wood
(Populus ussuriensis Kom from Jiaozuo state forest farm in
Henan province). The chips were ultrasonically rinsed in
deionized water for 10 min and dried under vacuum at 60 °C
till absolute dry; then, we got the original wood (OW). Mela-
mine (C;N;(NH,);, 99.5%), glutaraldehyde (CsHgO,, 50%),
3-aminopropyltriethoxysilane (APTES, 98%), and methyl
orange (MO, 96%) were supplied by Tianjin Guangfu Fine
Chemical Research Institute and used without further puri-
fication. Deionized water was used throughout the study.

2.2 Immobilization of g-C;N, on wood surface

First, g-C;N, powders were synthesized by direct heating
of melamine according to previous reports [21]. Briefly, a
certain amount of melamine powder was then placed in a
covered semi-closed quartz crucible subjected to heat treat-
ment at 550 °C for 2 h at a heating rate of 10 °C/min. After
cooling to room temperature, the obtained yellow agglom-
erates were ground to powder. Then, the powder was then
dispersed in water for ultrasonic treatment for 2 h. Finally,
the amino-reserved g-C;N, were obtained. In particular,
in the typical carbon nitride preparation process, the acid
treatment to preserve some amino groups was not used. To
make it clear, all the g-C;N, mentioned below were amino-
reserved g-C3N,

The g-C;N, was then immobilized on wood surfaces
through the chemical cross-linking method. The wood sur-
faces (tangential) were treated by APTES, where 0.5 mL of
APTES (98%) was sprayed on the wood surface by ultra-
sonic nebulizer. After 5 min reaction, the wood surface was
washed three times with deionized water (20 mL) to remove
unreacted APTES then dried in air at room temperature.
Next, 0.5 mL glutaraldehyde (10% v/v) was titrated on ear-
lier-treated wood. After several seconds’ reaction, the sur-
face was washed three times with deionized water (20 mL)
to remove excessive glutaraldehyde. Afterwards, 20 mg
g-C;N, was dispersed in 100 mL of deionized water to form
suspensions under high-frequency ultrasounds and vigorous
magnetic stirring for 2 h. The modified wood surfaces were
finally soaked in water phase suspension containing g-C;N,
for 10 min. The obtained specimens were washed with
deionized water and dried in a vacuum oven at 60 °C for
2 h. Thus, the g-C;N, was grafted on the wood surface. The
immobilization amount of g-C;N, was calculated as weight
gain (WG) of wood samples from the following equation:

WG =M - M, (D

where M is the weight of modified wood and M, is the
weight of wood chips before any treatment.

2.3 Surface wettability and UV resistance test

The wettability of wood surface before and after treatment
was evaluated by exploring water contact angle through a
sessile drop on the specimen. The photostabilities of treated
wood surfaces were assessed with the UV Weathering Tester
(LZW-050A, Yi Heng instruments, Shanghai) at 35 °C and
50% relative humidity (RH). The specimens were exposed
for 360 h and then removed from the UV Weathering Tester
after an interval of 72 h. Next, they were analyzed for color
changes to evaluate the UV resistance properties. The color
changes were assessed by a CIELAB system by a portable
spectrophotometer (NF333, Mekaster, Beijing). The L*, a*,
and b* parameters in CIELAB system were measured three
times at each measuring location and the average values
were considered for statistical analysis. In CIELAB system,
L* represents lightness, and a* and b* are chromaticity coor-
dinates. AL*, Aa*, and Ab* values were calculated from the
differences between the final and initial values of L*, a*,
and b*, respectively. These values were used to estimate the
overall color change (AE*), according to Eq. (2):

AE* = /AL + Aa*2 + Ab*2 ()

The AL", Aa", and Ab" values provided in Eq. (1) present
the changes in L”, a*, and b" parameters, representing the
differences between final and initial values.
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2.4 Photocatalytic activity tests

The self-cleaning property was evaluated by photocata-
lytic activity tests. The photocatalytic activities of prepared
g-C;N, and modified wood samples were tested by photo-
degradation of methyl orange in aqueous solutions. The tests
were performed under a simulated solar light using photo-
chemical reaction instrument. The light irradiation system
combined a 300 W Xe lamp with water circulation cooler to
eliminate the temperature effect. The wood specimens were
dipped in MO aqueous solution (100 mL, 10 mg/L) sub-
jected to magnetic stirring. To compare the photocatalytic
efficiencies between free and modified woods with g-C;N,,
the immobilization amount with g-C;N, on wood surface
was calculated as weight gain (WG). g-C;N, powder with
the same amount of WG was then dispersed in an MO aque-
ous solution (100 mL, 10 mg/L) and stirred for 1 h in the
dark to reach an adsorption-desorption equilibrium before
irradiation. At given time intervals, 5-mL samples were
taken from the reaction suspension, centrifuged, filtered off,
and then subjected to spectrophotometrical determination of
MO concentration.

2.5 Stability ofimmobilization

The stability of immobilization is an important parameter
of the modified process that determines the efficiency and
cost performance in further applications. The stability was
determined by measuring the remaining content of g-C;N,
after recycling photocatalytic activity tests.

The remaining content of g-C;N, is calculated from Eq.
(3):

/

M — M,
——— % 100 (€)]

kO =46

where R is the remained content of the g-C;N, (%), M’ is the
weight of the modified wood after a certain photocatalytic
activity tests, M, is the weight of original wood (g), and WG
is the same quantity as in Eq. (1). And the GW prepared
with our reported hydrothermal method was tested as control
group [17].

2.6 Characterization

X-ray diffraction (XRD, D/max 2200, Rigaku, Japan) with
Cu-Ka radiation (4 =0.15406 nm) was performed at 40 kV
and 30 mA in the 26 range from 5 to 60° at scan rate of
5° min~!. The morphologies of wood surfaces were observed
through field emission scanning electron microscopy (SEM,
JSM-7500F, JEOL, Japan) operating at 5 kV in combina-
tion with EDS. The specimens prepared for SEM were
coated with a thin layer of gold before visualization. The
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C/N ratios of the specimens were determined by elemental
analysis performed with an elemental analyzer (Euro Vec-
tor EA3000, Italy). The experimental error in weighing was
set to +0.001 mg. The Fourier transform infrared spectra
(FTIR) in 4000-400 cm™! region were recorded on Nicolet
IS10. Optical properties of g-C;N, were characterized by
UV-Vis diffuse reflectance spectroscopy (UV-Vis DRS, Bei-
jing Purkinje TU-190, China) equipped with an integrated
sphere attachment and BaSO, as reference.

3 Results and discussion
3.1 Characterization

The amino-reserved g-C;N, was characterized by XRD
(Fig. 1a) and FTIR (Fig. 1b) analyses. Figure la clearly
shows two distinct peaks in g-C;N, profile. The stronger
peak at 20 =27.3° was assigned to the (002) crystal planes,
originating from the periodic stacking of layers inside the
g-C;N, stratified structure. The low-angle peak at 20=13.1°
with an interplanar distance of 0.76 nm was indexed to (100)
and associated with inter-layer stacking. No other reflection
peaks were found, consistent with previous reports [19].
As shown in Fig. 1b, several strong absorption peaks were
observed in the range of 1200~1650 cm™!, attributed to the
typical stretching modes of CN heterocycles. The sharp
peak at 1625 cm™! was associated with good crystallinity
of g-C;N,,. Additionally, the sharp peak at 801 cm™! would
belong to triazine ring mode. The broad peaks between 3000
and 3300 cm™! were attributed to the stretching vibration of
N-H bonds (-NH, or -NH-) [22].

The changes in the surface chemical groups of wood sam-
ples during the chemical cross-linking treatment were inves-
tigated by FTIR analyses. Typical bands of OW assigned to
cellulose were located at 2931 and 2862 cm™! for the C-H
stretching vibrations of, respectively, CH; and CH, groups
existing throughout the modification. The broad band at
3342 cm™! corresponded to the O-H stretching vibration in
OW (Fig. 2a) [23]. After treatment with APTES, the band
with similar wavenumbers that appeared in the amino-func-
tionalized wood underwent weakening (Fig. 2b). The latter
could be attributed to the reaction between hydroxyl groups
on wood surface and ethoxyl groups of APTES, resulting in
reduced hydroxyl groups and appearance of N—H stretch-
ing vibration at 3400 cm™!. The bands at 1730, 1595, and
1512 cm™! were assigned to the C=O stretching vibrations,
aromatic chain of lignin, and side chain carbonyl C=0,
respectively. Those at 1416, 1310, and 1240 cm™! were
attributed to the C—H bending mode, O—H bending mode,
and C-O stretching mode, respectively. The intensities of
the absorption peaks at wavenumbers between 1000 and
2000 cm™! were weakened after modification and could be
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Fig. 1 XRD pattern (a) and FTIR spectra (b) of g-C5N,

attributed to the coverage of wood surface with APTES. No
clear differences were noticed between amino-functionalized
wood and GW (Fig. 2c), possibly due to the low content of
g-C;N, on wood surface.

The surface morphologies of the specimens were
observed by SEM. The tangential section of OW showed typ-
ical pits structures with clear and smooth surface (Fig. 3a).
After chemical cross-linking modification, the pits of OW
were coated with dense g-C;N, (Fig. 3b), making the GW
surface rougher. Typical laminar morphology structure of
g-C;N, can clearly be seen in the magnified image of Fig. 3c.
The surface elemental compositions of treated woods were
determined by energy-dispersive X-ray spectroscopy (EDS)
(Fig. 3d). Both nitrogen and silicon barely existed on OW
surface, hence should come from reacted grafted APTES.
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Fig.2 FTIR spectra of OW (a), amino-functionalized wood (b), and
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The N/Si atom ratio was estimated to be 1.61, which was
higher than that of APTES (1.0). The increase in nitrogen
atoms should originate from cross-linked g-C;N,,. The car-
bon and oxygen would originate from wood, APTES, and
glutaraldehyde. No other elements were detected. Overall,
the EDS results further confirmed the presence of g-C;N, on
wood surface. According to the weight gain of wood sample,
the grafting density of g-C3N, was 1~2 mg/cm?,

3.2 Mechanism of chemical cross-linking

The mechanism of chemical cross-linking is proposed in
Fig. 4. There are many hydroxyl groups on wood surface,
which belong to cellulose, hemicellulose, and lignin. The
cross-linking process could be described by three consecu-
tive steps. First, the wood surface was amino-functional-
ized by APTES through condensation reaction between
the hydroxyl groups of wood surface and ethoxyl groups
of APTES. Second, glutaraldehyde as a cross-linking agent
with aldehyde groups at both ends of the carbon chain could
react with the amino groups. The Schiff base condensations
between the aldehyde groups of glutaraldehyde and amino
groups of amino-functionalized wood grafted the aldehyde
on wood surface. Third, the amino groups in g-C;N, were
cross-linked on wood surface through the Schiff base con-
densation again [24, 25].

3.3 Surface properties

Figure 5 shows the UV-Vis absorption spectra of GW.
High absorbance reaching 90% was observed with GW
in the region 280~400 nm, meaning that 90% UVA
(400~315 nm UV region) and UVB (315~280 nm region)
were absorbed by g-C;N, coating. As the wavelength
was decreased from 280 to 200 nm, the absorbance
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Fig.3 SEM images of OW (a) and GW (b, ¢). EDS of OW and GW. The insets show the corresponding mass and atomic proportions of the ele-

ments, respectively (d)

became much lower [26, 27]. The wavelengths in
280~100 nm range corresponded to the UVC radiation,
which was completely absorbed by the ozone layer and
atmosphere. Also, the visible region (400~800 nm)
would hardly cause damage to wood. Thus, the wood
surface could well be protected from UV degradation
through g-C;N, coating.

Figure 6 shows the photographs of OW and GW after
15-day accelerated weathering tests. The OW exposed under
the UV lights had a significant discoloration from off white
to light yellow. However, CW did not show any obvious
visible discoloration.

Figure 7 presents the overall color change (AE*) tenden-
cies of the OW and GW after UV resistance tests. The color

o™ o T
} ; (3) N
0 {

Fig.4 Mechanism of chemical cross-linking
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Fig.5 UV-Vis absorption spectra of GW

changed quickly in the first 3 days and slowed down gradu-
ally. According to the UV-Vis absorption spectra of g-C5N,,
the solar radiation between 250 and 420 nm was mostly
absorbed by g-C;N, immobilized on the wood surface result-
ing in smaller color changes. The total color change of GW
was much smaller, indicative of lesser lignin damage. These
findings further confirmed the UV resistance properties of
g-C;N, coatings [28].

The self-cleaning property was evaluated by photo-
catalytic performance tests. Figure 8 presents the pho-
todegradation efficiencies of free g-C;N,, OW, and GW.
OW illustrated no photocatalytic activity. GW exhibited a
photocatalytic activity, but the photodegradation efficiency
declined gradually. This could result from the decrease in
the solution concentration. Compared with free g-C;N,, GW

—)

15-day
Accelerated
weathering
test

—

Fig.6 Photographs of OW and GW, before and after accelerated
weathering test

Fig.7 AE* of the OW and GW for every 3 days

showed a lower photocatalytic activity probably due to the
restriction in reaction areas of g-C;N, in solution after cross-
linking on wood surface. The endowing of wood surface
with photocatalyst properties of g-C;N, further confirmed
the successful cross-linking of g-C;N, on wood surface.
Wood surface is susceptible to water erosion, so its sur-
face hydrophobicity is important. Figure 9 shows the water
contact angle (WCA) of the OW and GW. The OW surface
appears as hydrophilic with WCA of 55.1° (Fig. 9a). After
being modified by g-C;N,, the hydrophobicity of the sur-
face got enhanced as the WAC increased to 78.5° (Fig. 9b).
According to the FTIR results, these results could be attrib-
uted to the decrease of hydrophilic groups (-OH) on wood
surface. In addition, the hydrophilic interaction of amino
is weaker than the hydrophobic effect of hydroxyl groups,

1.0 1 ‘\—
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-
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© i
0.4 1 ;Darké
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o 1 2 3 4 5
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Fig.8 Photodegradation of methyl orange over free g-C;N,, OW, and
GW
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Fig.9 WCA of the OW (a) and
GW (b)
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Fig. 10 Remained content of g-C;N, of the GW prepared with chemi-
cal crosslinking method (a) and hydrothermal method (b)

which led to a significant increase in the hydrophobicity of
wood surface.

The stability of immobilization was evaluated by the
remained content of g-C;N, (Fig. 10). After recycling pho-
tocatalytic activity tests, the remained content of g-C;N, is
stable at 84% which is much higher than the control group
(our reported hydrothermal method).

The stability of immobilization was evaluated by the
remained content of g-C;N, (Fig. 10). After recycling pho-
tocatalytic activity tests, the remained content of g-C;N, is
stable at 84% which is much higher than the control group
(our reported hydrothermal method).

4 Conclusions

A method of preparing g-C;N,-modifiedfunctional wood
by chemical crosslinking has been proposed. Through
Schiff basecondensation reactions, the g-C;N, was firmly
grafted onwood surface. FTIR, XRD, SEM, and EDS

@ Springer

analysesindicated successful chemical cross-linking
treatment. The UV-Vis spectra of GW achieved about
85%absorption of UVA and UVB lights by the coating.
After 15days of acceleratedweathering tests, the total color
change (AE*)of GW reached only ~8%, which was muchless
than that of OW (~24%). After 10 cycles of photocatalytic
activity tests, the remained contentof g-C;N, was stable at
84%, which was much higher thanthe 40% of control group.
In addition, the WCA of wood surface was improved from
55.1°to 78.5°, which could be conduciveto the improvement
of weather resistance property. Overall, this developed GWis
promising as self-cleaning, UV resistant, and high-value-
added wood product.
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