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Abstract

In this study, a TiO,/polyurethane composite (PU-TiO,) for photodegradation of formaldehyde was
prepared based on TiO, amino-functionalized with 3-aminopropyltriethoxysilane (APTS). FTIR, XPS,
TG and TEM measurements demonstrated the successful amino-functionalization of TiO, by APTS.
Then the NH,-TiO, were incorporated into polyurethane (PU) through urea linkages, and the thermal
stability, mechanical properties as well as degradation efficiency of PU-TiO, were investigated.
PU-TIO, possessed good thermal stability both in the storage and application. Compared with PU
physically blended with TiO,, PU-TiO, showed improved compatibility between PU and NH2-TiO,,
evidenced by the enhanced mechanical properties. Most importantly, PU- TiO, presented a good
photoactivity for the degradation of formaldehyde.
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1 Introduction

With the improvement of living standards, people have paid more attention to safe and environmentally
friendly interior decoration. As a significant volatile organic compound, formaldehyde (HCHO) is a
kind of colorless gas with strong pungent smell and has been considered one of the most important
indoor air pollutants (Diao et al., 2020; Ren et al., 2021; Ullah et al., 2021). Normally, it emits from
widely used building and decorative materials in airtight buildings, such as interior walls and furniture
coatings (Sahrin et al., 2021). Formaldehyde of high concentration is severely harmful to human

immune system as well as nervous system. Even low-dose formaldehyde can cause chronic respiratory
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diseases (Liu et al., 2020; Shao et al., 2019; Yang et al., 2019). Therefore, it is urgent to develop a
non-toxic, efficient and environmentally friendly method to degrade the indoor formaldehyde.

To satisfy the stringent environmental regulations, a great deal of work has been done to abate the
indoor concentrations of formaldehyde. Particularly, since the UV-irradiation-induced redox chemistry
on TiO, was firstly reported by Fujishima (Fujishima et al., 2000), photocatalytic technology has been
rapidly developed as a sustainable method for reducing formaldehyde (Li & Ma, 2021; Wang et al.,
2021; Zhang et al., 2019). Formaldehyde can be oxidized into CO, over catalysts at room temperature
than thermal oxidation (Dou et al., 2019; Huang et al., 2019; Liu et al., 2020). Among photocatalysis,
nano titanium dioxide (TiO,) attracts considerable attention because of its low cost, nontoxicity,
long-term photostability and obvious degradation effect on a variety of organic compounds (Chen et al.,
2019; Chen et al., 2021; Li et al., 2020; Sun et al., 2020). Recently, researchers attempted to incorporate
TiO, into polymer matrices, so as to prepare the coating materials with self-photocatalysis to degrade
formaldehyde. For example, a study was carried out on the preparation of a poly(vinyl chloride)-TiO,
composite (Cho & Choi, 2001). Results showed that the photocatalytic degradation in the solid polymer
matrix proceeded much faster than the degradation under air, and the composite has an application
prospect as a photodegradable product. In another research, Mofokeng and coworkers (Mofokeng &
Luyt, 2015), melt-mixed poly(lactic acid) /poly(hydroxybutyrate-co-valerate) blends and
nanocomposites with small amounts of TiO, nanoparticles. The presence of TiO, nanoparticles not only
improved the thermal stability of both polymers in the blend but also realized catalysis in the
degradation process.

In the past few years, directly blending TiO, into polymers has proved to be an efficient method to
fabricate coating materials with the ability of photodegradation. However, once used for a long time,
TiO, is easy to fall off from the matrixes, thereby losing photocatalysis. In addition, due to the
incompatibility between inorganics and organics, TiO, will negatively affect the initial properties of
polymers, such as mechanical properties (Tsui et al., 2005; Xie et al., 2004). Consequently, this has
recently drawn significant commercial and academic attention to chemically combine TiO, with
organic matrixes. Among coating materials, polyurethane (PU) is regarded as the promising candidate,
owing to its excellent abrasion resistance, appealing mechanical strength, corrosion resistance,
toughness, and process ability (Dall Agnol et al., 2021; Nowak et al., 2021; Paraskar & Kulkarni, 2020;
Zhou et al., 2020). To the best of our knowledge, up to date, there has been no reports of coating
materials, which are chemically connected of TiO, with solvent-free polyurethanes for
photodegradation of formaldehyde.

In this study, 3-aminopropyltriethoxysilane (APTS) was selected to amino-functionalize TiO,, based on
the chemical structure feature of polyurethane. Then the amino-functionalized TiO, (NH»-TiO,) was
covalently bonded to polyurethane utilizing urea linkages. Results demonstrated that the prepared
PU-TiO, showed good activity for the degradation of formaldehyde, especially under the illumination

of 365 nm light.
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2. Experimental

2.1 Materials

Ethanol, triethylamine, 3-aminopropyltriethoxysilane (APTS), 1, 6-diisocyanatohexane (H;,MDI),
isophorone diisocyanate (IPDI), bismuth neodecanoate, 1,3-butanediol (1, 3-BDO), 1, 4-butanediol (1,
4-BDO) and ditinbutyl dilaurate (DBTDL) were purchased from Aladdin Industrial Corporation
(Shanghai, China). Poly (propylene glycol) with a molecular weight of 2000 (PPG220) and 1000
(PPG210) were obtained from Kelong Chemical Co. Ltd. (Chengdu, China) and dried at 120 <C under
high vacuum (0.5mmHg) for 12 h before use. TiO, with average particle sizes of 50 nm, which is
anatase, was provided by Macklin Biochemical Co., Ltd. (Shanghai, China). Distilled water was
self-prepared.

2.2 Amino-functionalization of TiO,

Firstly, 95g ethanol, 5g deionized water, and 1g APTS were added into a three-pork flask equipped with
a thermometer, mechanical stirrer, and condenser, followed by magnetic stirring at room temperature
for 5 minutes to form a homogeneous solution. Secondly, 2g TiO, as well as 2 drops of triethylamine as
catalyst were added and dispersed well by ultrasonic wave. The system was refluxed and stirred for 4 h
after the temperature rose to 80 <C in an oil bath. After cooling down to room temperature, the mixture
was filtered and washed several times with anhydrous ethanol, and then dried at 60 <C in an oven until
the quality of the product did not change. The reaction route for amino-functionalization of NH,-TiO,is
depicted in Scheme 1(a).

2.3 Preparation of pre-PU

IPDI, PPG220, PPG210, 1, 4-BDO, and 1 drop of DBTDL (molar ratio of IPDI: PPG 220: PPG 210: 1,
4-BDO = 9: 2: 1: 2, molar ratio of NCO: OH= 1.8: 1) were poured into the four-necked flask equipped
with a mechanical stirrer, thermometer, and condenser. The mixture was stirred under a nitrogen
atmosphere at 85 <C for 2 h. After that, the system was cooled to 50 <C. Then calculating the amount of
1, 3-BDO (molar ratio of IPDI: 1, 3-BDO = 9: 8) was added to the flask. Successively, the mixture was
heated to 60 <C for 1 h. Finally, the temperature rose to 80 <C, and the pre-PU was obtained after the
reaction lasted for another 20 minutes.

2.4 Preparation of PU-TiO,

At first, appropriate quantities of pre-PU, H;;MDI (molar ratio of NCO:0OH=1.2:1) and NH,-TiO, were
mixed uniformly with the presence of bismuth neodecanoate. Then it was transferred onto a
polytetrafluoroethylene plate, and the average thickness of the films was 0.5 mm. Next, the
polytetrafluoroethylene plate was put into an oven and cured at 90 <C for 6 h to form PU-TiO,. The
curing process is presented in 1(b). Samples here are abbreviated as PU-TiO,-x. The corresponding
weight percentage of NH,-TiO, in PU-TiO,-3, PU-TiO,-6, PU-TiO,-9, and PU-TiO,-12 are 3%, 6%,
9%, and 12%, respectively.

For comparison, PU/TiO,s were prepared in the same procedure except that the NH,-TiO, was replaced

by the equal quality of functionalized TiO,. The pure PU without TiO, was prepared via the same
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synthetic process. It is noteworthy that —NH, in NH,-TiO, hardly influences the ratio of final
polyurethane, because the amount is rather small. So the amount of the other materials remains

unchanged.

(a)

HO,

+ HD—>S\MNH2— ! >Si/\/\wz
HO /
10, TiO,-NH,
(b)
NV AVAN: OCN—<:>/\<}NCO +
pre-PU H,;MDI TiOp-NH,

Bismuth neodecanoate

[NCOJ{[OH]=1.2:1
100°C, 1h

PU-TIO,

Scheme 1 (a). Amino-functionalization Procedure of TiO, and Diagram for Surface of NH,-TiO,;
(b) Schematic of the Incorporation of NH,- TiO, into PU-TiO,

2.4 Measurements

Fourier transform infrared (FTIR) spectra were acquired by a Nicolet I1S10 FTIR spectrometer
(ThermoFisher Scientific, United States) in the range from 400 to 4000 cm™ after 32 scans at 2 cm™
resolution. X-ray photoelectron spectroscopy (XPS) was utilized by a Thermo ESCALAB 250XI
spectrometer (ThermoFisher Scientific, United States), with Al Ka excitation radiation under
ultrahigh-vacuum conditions. A transmission electron microscopy (TEM) was used to study the
morphology of TiO,-NH,, and was studied by a transmission electron microscopy (FEI Themis Z,
United States). Thermogravimetric analysis (TGA) was carried out under a nitrogen atmosphere at
constant heating to detect the presence of organic matter on the surface of the TiO,-NH,, as well as the
thermal stability of PU films. A scanning electron microscope (SEM, Hitachi Model S520, Japan) was
employed to observe the cross-section morphologies of PU/TiO, and PU-TiO,. Dumbbell-shaped
polyurethane films of 50-mm length and 10-mm neck width were measured in tension mode with a
universal material testing machine (model tensiTECH) supplied by Tech-Pro Inc. (Woodstock, USA)
with a cross-head speed of 10 mm/min at 25 <C. Each sample was measured five times to get the
average values. The degradation efficiency of formaldehyde was tested in a closed dryer, and the glass
joint is sealed with vaseline to ensure that internal air leakage of the dryer is not allowed. A
formaldehyde concentration detector and tested samples were placed on the isolation plate inside the
dryer. Formaldehyde solution was poured into the bottom of the dryer. A 20W UV lamp was placed on

top of the dryer. The specific experimental device is shown in Scheme 2.
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Detector
TiO,-PU

Formaldehyde solution

Scheme 2. Apparatus for Measuring Concentration of Formaldehyde

3. Results and Discussion

3.1 Structure Characterization of NH,-TiO,

Figure 1(a) presents FTIR spectra of TiO, and NH,-TiO,. As for TiO, before amino-functionalization,
there is a characteristic absorption peak assigned to hydroxyl groups (-OH) at 3358 cm™, which provided
reaction sites for silanol groups (-Si-OH) of APTS. This offered a theoretical possibility that the
inorganic parts and the organic parts can be connected by chemical bonds. After
amino-functionalization, new peaks at 2923 cm™, 1114 cm™, 1031 cm™ appeared, attributed to the
stretching vibration of -CH,-, Si-O and C-N, respectively. Furthermore, the absorption peak at 3423 cm™,
belonged to the stretching vibration of amino group (-NH,) derived from APTS. All these peaks showed
the successful amino-functionalization of TiO, by APTS.

XPS was utilized to analyze the elements of sample surface. Figure 1(b) shows the XPS spectra of TiO, and
NH,-TiO,. The detailed data for surface elemental compositions are summarized in Table 1. From the
spectrum of TiO,, we can see peaks at 529.9 eV and 490.0 eV, owing to O 2s and Ti 2p, respectively. As for
the spectrum of NH,-TiO,, new peaks at 101.9 eV and 399.8 eV were assigned to Si 2p and N 1s from
APTS. Moreover, it can be seen from the data in Table 1 that the content of C and O all decreased
significantly after NH,-functionalization of TiO,. Si was obviously detected on the surface of NH»-TiO.,.
All these changes further verified the surface of TiO, was well encapsulated.

To further confirm the amino-functionalization of TiO,, the thermal stability was discussed by
thermogravimetric analysis (TGA) analysis. Figure 1 (c) provides TGA curves of TiO, and NH,-TiO..
Figure 1 (d) presents differential thermogravimetric (DTG) curves of NH,-TiO,. As pure inorganic
materials, TiO, hardly decomposed under high temperature, except for the removal of hydroxyl groups on the
surface and evaporation of the absorbed water. Interestingly, an evident weight loss of NH,-TiO, was found
from 50 <C to 600 <C. According to the DTG curves, the decomposition process can be described as
two steps. From 50 <C to 300 <C, the weight loss mainly resulted from the removal of hydroxyl groups
and the absorbed water. The second step (300 <C to 600 <C) corresponded to the organic component
originating from APTS.

TEM was performed to observe the morphologies of TiO, and NH,-TiO,, as displayed in Figure 1(e)

and (f), respectively. The average particle size was found to be 50 nm. The particles of TiO, were
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smooth and clean. Nevertheless, a layer of coating was noticed in the TEM image of NH,-TiO,, which
was due to the grafting of APTS. Taken together, these results all suggested the successful

amino-functionalization of TiO, by APTS.
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Figure 1 (a). FTIR Spectra of TiO, and NH,-TiO,; (b) XPS Spectra of TiO, and NH,-TiO,; (c) TGA
Curves of TiO, and NH,-TiO,; (d) DTG Curve of NH,-TiO,; (e) TEM Images of (a) TiO, and (b)
NH,-TiO,

Table 1. Surface Elemental Composition of TiO, and NH,-TiO,

Samples C (%) 0O (%) Si (%)
TiO, 27.33 72.67 /
NH,-TiO, 25.94 68.24 5.82

3.2 Thermal Stability

Thermal stability is an important parameter for materials applied as coating materials. PU-TiO»-9 was
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selected as a representative example to study thermal stability. As shown in Figure 2, the full lines
describe the TGA curves of PU/TiO, and PU-TiO,, while the broken lines present the DTG curves of
PU/TiO, and PU-TiO,. The correlational results are summarised in Table 2. On the whole, PU/TiO, and
PU-TiO, exhibited similar TGA and DTG curves. According to the detailed data in Table 2, the thermal
stability of PU-TiO, was slightly higher than that of PU/TiO,. The DTG curves showed the typical
three steps of polyurethane in thermal degradation. The first step occurred under 300 <C and was
related to the evaporation of water (Kopczyfnska & Datta, 2016). The temperature of initial
decomposition (temperature taken at the 5 wt.% of weight loss, Tsy) for PU/TIO, and PU-TiO, was
298.4 and 300.2 <C, respectively. The second step was ascribed to the decomposition of hard segments,
i.e. urethane groups (Caminoa et al., 2001). The third step was attributed to the soft segments (ether or
ester bond) (Deshpande & Rezac, 2001). Tax: and T e of PU-TiO, were both higher than those of and
PU/TIiO,. Because of the amino groups on the surface of NH,-TiO,, PU-TiO, was crosslinked, and the
network structure resulted in the present higher thermotolerance (Chiou & Schoen, 2010; Guo et al.,

2012). Thus, PU-TiO, has good thermal stability in storage and application.
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Figure 2. TGA (Full Line) and DTG (Broken Line) Curves of PU/TiO, and PU-TiO,

Table 2. TGA and DTG Results for PU/TiO, and PU-TiO,

Samples Teo?l T Traa”! T T T
PU/TIO, 298.4 381.5 407.6
PU-TiO, 300.2 384.1 410.3

2 Temperature at 5 wt% weight loss; ® Temperature at the max rate of step 2 weight loss; © Temperature

at the max rate of step 3 weight loss
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3.3 Mechanical Properties

In order to explore the effect of TiO, on the mechanical properties of polyurethane, tensile tests were
conducted. Table 3 listed the tensile strength and elongation at the break of PU, PU-TiO,s as well as
PU/TiO,s. PU-TiO,-3 possessed higher tensile strength and elongation at break than pure PU. These
enhanced mechanical properties were contributed to the incorporation of nano amino-functionalized
TiO, particles into polyurethane matrices (Wacharawichanant et al., 2011). NH,-TiO, promoted the
crosslinking of polyurethane to some extent. PU-TiO,-6 presented higher tensile strength but lower
elongation at break than PU. Although TiO, can enhance the tensile strength of polymers, the intrinsic
stiffness of the inorganic fillers inevitably has negative effects on the elongation at break (Tian et al.,
2016). Compared to PU-TiO,-6, PU-TiO»-9 and PU-TiO,-12 had inferior tensile strength. On the one
hand, the excess mass of inorganic fillers destroyed the integrality of polymer matrices. On the other

hand, the higher cross-linking density also restricted polymer chain mobility.

Table 3. Data of Tensile Strength and Elongation at Break

Tensile strength (MPa) Elongation at break (%)
PU 3.0320.21 549.51+13.49
PU-TiO,-3 5.4140.37 602.39+18.63
PU-TiO,-6 5.3940.27 266.60+12.43
PU-TiO,-9 2.6240.11 263.57+15.12
PU-TiO,-12 1.5440.07 265.33+14.90
PU/TiO,-3 5.2540.25 542.40+19.31
PU/TiO,-6 5.1640.29 235.32+14.82
PU/TiO,-9 2.3940.17 225.74+12.86
PU/TiO,-12 1.4240.11 228.64+15.24

In general, PU-TiO,s showed slightly higher tensile strength and elongation at break than that of
PU/TIiOs, in consequence of the enhanced organophilicity by the NH,-functionalization on the surface
of the TiO,. In theory, the mechanical performances of materials were related to filler distribution
(Sabzi et al., 2009). The good compatibility between nanoparticles and polymer molecules were bound
to enhance the mechanical properties of polymers. Thereby, SEM images of PU-TiO, and PU/TiO,
were acquired for the distribution of inorganics (Figure 3). As can be seen from Figure 3 (a), TiO, was
distinctly aggregated. Nevertheless, NH,-TiO, adhered well to the PU matrix and presented an unclear
interface, which manifested that the organic part and -NH, on the surface of the TiO, were able to

improve their compatibility with the polymer resin.
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— 200nm N — 200nm
Figure 3. SEM Micrographs of (a) PU/TiO,; (b) PU-TiO,

3.4 Degradation of Formaldehyde

Figure 4 (a) shows the formaldehyde photodegradation percentage by PU and PU-TiO,s under daylight.
No obvious photolysis was observed when just the pure PU was used. At the same time, PU-TiO,s
appeared good activity for the degradation of formaldehyde. Additionally, the degradation efficiency
increased with the content of TiO, in PU increased. After about 240 min, the degradation of
formaldehyde reached equilibration.

PU-TiO,-6 was chosen as a representative sample to investigate the effect of illumination on the
degradation efficiency of formaldehyde. Figure 4 (b) compares the formaldehyde photodegradation
percentage by PU-TiO,-6 under different light illumination conditions. It was found that UV irradiation
could improve the activity of photodegradation significantly. Particularly, PU-TiO,-6 exhibited a
higher degradation percentage under 365 nm irradiation thane that under 298 nm. Energy from 365 nm
UV light can induce TiO, to produce more electron-hole pairs (Tian et al., 2015). Consequently, more

H,O and O, can react with formaldehyde absorbed on the surface, and the catalytic activity was

enhanced.
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Figure 4 (a). Formaldehyde Photodegradation Percentage by PU and PU-TiO,s under Daylight;
(b) Formaldehyde Photodegradation Percentage by PU-TiO,-6 under Different Light

Illumination Conditions
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4. Conclusion

In this study, we prepared a TiO,/ polyurethane composite (PU- TiO,) via covalent incorporating of
TiO,, which was amino-functionalized by 3-aminopropyltriethoxysilane. The thermal stability of
PU-TiO, was slightly higher than that of the blend samples, owing to the crosslinked polymer chains
caused by amino groups on the surface of NH,-TiO,. Tensile tests and SEM micrographs surely
confirmed that NH,-TiO, showed much better compatibility with PU matrix compared with
unfunctionalized TiO,. Besides, PU-TiO, presented good activity for the degradation of formaldehyde,
especially under the illumination of 365 nm light. The degradation efficiency increased with the
increasing content of TiO, in PU. The prepared PU-TiO, has great potential in coatings to be expected

as film-forming materials.

Funding

This research was funded by National College Students Innovation and Entrepreneurship Training
Program (202110351005) and College Students Innovative Entrepreneurial Training of Wenzhou
University (JWSC2020017).

References

Caminoa, G., Lomakinb, S. M., & Lazzaria, M. (2001). Polydimethylsiloxane thermal degradation Part
1. Kinetic aspects. Polymer, 42(6), 2395-2402.

Chen, J., Jiang, M., Xu, W., Chen, J., & Jia, H. (2019). Incorporating Mn Cation as Anchor to
Atomically Disperse Pt on TiO2 for Low-temperature Removal of Formaldehyde. Applied
Catalysis B: Environmental, 259, 118013.

Chen, X., Wang, H., Chen, M., Qin, X., & Zhang, C. (2021). Co-function mechanism of multiple active
sites over Ag/TiO2 for formaldehyde oxidation. Applied Catalysis B: Environmental, 282, 119543.

Chiou, B. S., & Schoen, P. E. (2010). Effects of crosslinking on thermal and mechanical properties of
polyurethanes. Journal of Applied Polymer ence, 83(1), 212-223.

Cho, S., & Choi, W. (2001). Solid-phase photocatalytic degradation of PVC-TiO2 polymer composites.
Journal of Photochemistry and Photobiology A: Chemistry, 143(2), 221-228.
https://doi.org/https://doi.org/10.1016/S1010-6030(01)00499-3

Dall Agnol, L., Dias, F. T. G., Ornaghi, H. L., Sangermano, M., & Bianchi, O. (2021). UV-curable
waterborne polyurethane coatings: A state-of-the-art and recent advances review. Progress in
Organic Coatings, 154, 106156. https://doi.org/https://doi.org/10.1016/j.porgcoat.2021.106156

Deshpande, G., & Rezac, M. E. (2001). The effect of phenyl content on the degradation of
poly(dimethyl diphenyl) siloxane copolymers. Polymer Degradation and Stability, 74(2), 363-370.
https://doi.org/https://doi.org/10.1016/S0141-3910(01)00186-0

Diao, W., Cai, H., Wang, L., Rao, X., & Zhang, Y. (2020). Efficient photocatalytic degradation of

gas-phase formaldehyde by Pt/TiO2 nanowires in a continuous flow reactor. ChemCatChem,

75
Published by SCHOLINK INC.


https://doi.org/https:/doi.org/10.1016/S1010-6030(01)00499-3
https://doi.org/https:/doi.org/10.1016/j.porgcoat.2021.106156
https://doi.org/https:/doi.org/10.1016/S0141-3910(01)00186-0

www.scholink.org/ojs/index.php/asir Applied Science and Innovative Research \ol. 6, No. 4, 2022

12(21), 5420-5429. https://doi.org/https://doi.org/10.1002/cctc.202000837

Dou, H. L., Long, D., Rao, X., Zhang, Y., & Wu, K. (2019). The photocatalytic degradation kinetics of
gaseous formaldehyde flow using TiO2 nanowires. ACS Sustainable Chemistry & Engineering,
7(4).

Fujishima, A., Rao, T. N., & Tryk, D. (2000). Titanium Dioxide Photocatalysis. Journal of
Photochemistry and Photobiology C Photochemistry Reviews, 1(1), 1-21.

Guo, B., Yin, P, Xu, J.,, Liu, F. S,, Wu, J. N,, Gao, Y., & Guo, F. Q. (2012). Improved
anti-sedimentation for acrylic resin containing long afterglow phosphors by in situ polymerisation.
Pigment & Resin Technology, 41(2), 91-94(94).

Huang, Q., Hu, Y., Pei, Y., Zhang, J., & Fu, M. (2019). In situ synthesis of TIO2@NH2-MIL-125
composites for use in combined adsorption and photocatalytic degradation of formaldehyde.
Applied Catalysis B: Environmental, 259, 118106.

Kopczynska, P., & Datta, J. (2016). Single-phase product obtained via crude glycerine
depolymerisation of polyurethane elastomer: structure characterisation and rheological behaviour.
Polymer International, 65(8), 946-954.

Li, F, Chen, X., Guo, Q., Dai, D., & Yang, X. (2020). Detecting the Photoactivity of the Rutile
TiO2(100)-(1 > 1) Surface by Methanol. The Journal of Physical Chemistry C, 124(16),
8766-8774. https://doi.org/10.1021/acs.jpcc.0c00375

Li, Y. W, & Ma, W. L. (2021). Photocatalytic oxidation technology for indoor air pollutants elimination:
A review. Chemosphere, 280, 130667.

Liu, X., Zhang, K., Cui, Y., Yang, G., & Gao, Y. (2020). Freezing-induced hierarchical porous
manganese dioxide with excellent humidity tolerance for indoor formaldehyde removal. Chemical
Physics Letters, 758, 137938.

Liu, Z., Zhang, D., Jin, G., & Yang, W. (2020). Catalytic oxidation degradation of formaldehyde on
FeN3-graphene surface: a DFT study. Applied Surface Science, 147594.

Mofokeng, J. P., & Luyt, A. S. (2015). Morphology and thermal degradation studies of melt-mixed
PLA/PHBYV biodegradable polymer blend nanocomposites with TiO2 as filler. Journal of Applied
Polymer Science, 132(25). https://doi.org/https://doi.org/10.1002/app.42138

Nowak, A. P., Gross, A. F., Sherman, E., Rodriguez, A. R., Ventuleth, M., Nelson, A. M., Sorensen, A.,
Mott, R., & Graetz, J. (2021). Sprayable perfluoropolyether / poly(ethylene glycol) segmented
polyurethane coatings with micron-scale phase separated 3D structure. Polymer, 212, 123279.
https://doi.org/https://doi.org/10.1016/j.polymer.2020.123279

Paraskar, P. M., & Kulkarni, R. D. (2020). Synthesis of Isostearic Acid/Dimer Fatty Acid-Based
Polyesteramide Polyol for the Development of Green Polyurethane Coatings. Journal of Polymers
and the Environment(6), 1-17.

Ren, Z., Zhao, P., Zhang, Y., Yang, Y., Lyu, X., & Lu, C. (2021). One-step fabrication of Pd-embedded

hierarchically porous carbon micro-spheres for formaldehyde removal under mild conditions

76
Published by SCHOLINK INC.


https://doi.org/https:/doi.org/10.1002/cctc.202000837
https://doi.org/10.1021/acs.jpcc.0c00375
https://doi.org/https:/doi.org/10.1002/app.42138
https://doi.org/https:/doi.org/10.1016/j.polymer.2020.123279

www.scholink.org/ojs/index.php/asir Applied Science and Innovative Research \ol. 6, No. 4, 2022

[10.1039/D1NJO0198A]. New Journal of Chemistry, 45(15), 6904-6913.
https://doi.org/10.1039/D1NJ00198A

Sabzi, M., Mirabedini, S. M., Zohuriaan-Mehr, J., & Atai, M. (2009). Surface modification of TiO2
nano-particles with silane coupling agent and investigation of its effect on the properties of
polyurethane composite coating. Progress in Organic Coatings, 65(2), 222-228.

Sahrin, N. T., Nawaz, R., Chong, F. K., Lee, S. L., & Wirzal, M. (2021). Current perspectives of
anodized TiO 2 nanotubes towards photodegradation of formaldehyde: A short review.
Environmental Technology & Innovation, 22(2), 101418.

Shao, W. Zhang, H., Wan, D., Zhang, X., & Chang, N. (2019). Preparation of
MnO_2@P(AN-VDC)/AC composite fibers for high capacity formaldehyde removal. Materials
Letters, 242(MAY 1), 51-54.

Sun, W., Wang, X., Zhang, X., & Kong, X. (2020). Design and Synthesis of Microencapsulated
Phase-Change Materials with a Poly(divinylbenzene)/Dioxide Titanium Hybrid Shell for Energy
Storage and Formaldehyde Photodegradation. The Journal of Physical Chemistry C, 124(38),
20806-20815.

Tian, Fei, Tong, Yanbin, Zhansheng, Yan, Yujun, & Xinyu. (2015). Photodegradation of formaldehyde
by activated carbon loading TiO2 synthesized via microwave irradiation. The Korean journal of
chemical engineering, 32(7), 1333-1339.

Tian, S., Wen, J., Fan, H., Chen, Y., Yan, J., & Zhang, P. (2016). Sunlight-activated long persistent
luminescent polyurethane incorporated with amino-functionalized SrAl204:Eu2+,Dy3+ phosphor.
Polymer International, 65(10), 1238-1244. https://doi.org/https://doi.org/10.1002/pi.5196

Tsui, C. P,, Chen, D. Z., Tang, C. Y., Uskokovic, P. S., & Fan, J. P. (2005). Prediction for debonding
damage process of glass beads-reinforced modified polyphenylene oxide under simple shear.
Journal of Materials Processing Technology, 167(2-3), 429-437.

Ullah, H., Treesubsuntorn, C., & Thiravetyan, P. (2021). Enhancing mixed toluene and formaldehyde
pollutant removal by Zamioculcas zamiifolia combined with Sansevieria trifasciata and its CO2
emission.  Environmental  Science and  Pollution  Research, 28(1), 538-546.
https://doi.org/10.1007/s11356-020-10342-w

Wacharawichanant, S., Sangkhaphan, A., Sa-Nguanwong, N., Khamnonwat, V., Thongyai, S., &
Praserthdam, P. (2011). Effects of particle type on thermal and mechanical properties of
polyoxymethylene nanocomposites. Journal of Applied Polymer Science, 123(6), 3217-3224.

Wang, Y., Li, J., Wang, B., Sun, M., Yan, X., Chen, L., Bai, G., & Li, Y. (2021). Bi202C0O3/TiO02
hybrid with 0D/1D nanostructure: design, synthesis and photocatalytic performance
[10.1039/DINJ00281C].  New  Journal  of  Chemistry,  45(14),  6247-6253.
https://doi.org/10.1039/D1NJ00281C

Xie, X. L., Tang, C. Y., Zhou, X. P, Li, K. Y., Yu, Z. Z., Zhang, Q. X., & Mai, Y. W. (2004). Enhanced

Interfacial Adhesion between PPO and Glass Beads in Composites by Surface Modification of

7
Published by SCHOLINK INC.


https://doi.org/10.1039/D1NJ00198A
https://doi.org/https:/doi.org/10.1002/pi.5196
https://doi.org/10.1007/s11356-020-10342-w
https://doi.org/10.1039/D1NJ00281C

www.scholink.org/ojs/index.php/asir Applied Science and Innovative Research \ol. 6, No. 4, 2022

Glass Beads via In Situ Polymerization and Copolymerization. Chemistry of Materials, 16(1),
133-138.

Yang, Z., Miao, H., Rui, Z., & Ji, H. (2019). Enhanced Formaldehyde Removal from Air Using Fully
Biodegradable Chitosan Grafted B-Cyclodextrin Adsorbent with Weak Chemical Interaction.
Polymers, 11(2), 276-.

Zhang, F.,, Wang, X., Liu, H., Liu, C., & Cai, Z. (2019). Recent Advances and Applications of
Semiconductor Photocatalytic Technology. Applied Sciences, 9(12), 2489.

Zhou, H., Liu, Y., Zhang, M., Lu, Y., & Winnik, M. A. (2020). Characterization of an Aqueous
Dispersion of a Hydrophilic Polyisocyanate for Waterborne Two-Pack Polyurethane Coatings.
ACS Applied Polymer Materials, 2(4), 1491-1499.

78
Published by SCHOLINK INC.



