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A novel 9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) graft y-amino propyl triethoxy silane (KH550)
was synthesized and introduced on the surface of wood fiber. Finally DOPO-g-KH550 treated wood fiber (DKTWEF)
was used to prepare DKTWF composite phenolic foams (DKTWFCPF). The structures of DOPO-g- KH550 was
acknowledged by Fourier transform infrared (FT-IR) and nuclear magnetic resonance (‘"H-NMR). The structures
of DKTWF were confirmed by FT-IR. Compared with wood fiber, the diffraction peaks’ position was basically
unchanged, but the crystallinity was slightly increased and thermal stability were dramatically improved, T, and
T, increased by 21.9° and 36.1° respectively. But the char yield (800°) was slightly reduced. With the dosage of
DKWE there were different degrees of improvement including the mechanical properties, flame retardancy and
microstructure of DKTWFCPE Comprehensive analysis, the interfacial compatibility was significantly improved
between DKTWF and phenolic resin, and the suitable content of DKTWF was 4%.

Keywords: DOPO, Wood Fiber, I'-amino propyl triethoxy silane; Composites, Characterization.

INTRODUCTION

Phenolic foam (PF) is one of excellent retardant mate-
rial, which is characterized with low thermal conductiv-
ity and low toxic gas during fire, and has been widely
applied in the thermal insulation fields: architecture,
factory pipeline and transportation® 2. However, the
high brittleness is one of greatest defect of phenolic
foam, and greatly limits its large-scale application®?. As
a natural environmentally friendly material, wood fiber
has excellent properties: low density, high tensile and
flexural moduli®™?, which is widely applied in the field of
polymer composite materials'®'%. However its inherent
hydrophilic and poor compatibility between wood fiber
and polymers which results in poor adhesion. Silane
coupling agents are commonly used to modify wood
fibers to improve interfacial compatibility between wood
fiber and polymer matrix™ ', T-amino propyl triethoxy
silane (KHS550) is an excellent silane coupling agent,
which contains alkoxy silane and amino group which can
interact with hydrophilic group of wood fiber surface and
hydrophobic polymers, and amino group also provides
convenience for modification. Although the mechanical
properties of treated wood fiber (using silane coupling
agent) composite PFs are improved, and interfacial com-
patibility is also enhanced between treated wood fiber
and polymers, limited oxygen index (LOI) of composite
PFs are reduced compared with PF* '*. Therefore it is
necessary to fire retardant treatment of wood fiber.

9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide-
(DOPO) is a halogen-free phosphorous flame retardant,
which is characterized with smokeless, non-toxic, non-
-migration, durable flame retardant properties, and the
multiple structural diversification by functionalization'®2!,
The molecular structure of DOPO contains six-membered
phosphorus heterocyclic structure, and phosphorus atoms
have active lone pair electrons, which are prone to nuc-
leophilic addition reaction. The active hydrogen of P-H
bond can be reacted with a variety of electron-deficient

derivatives, leading to a wide range of compounds with
phosphaphenanthrene skeleton® %,

In this article, a novel DOPO-g-KHS550 was synthesized.
The structure of DOPO-g-KH550 was characterized by
Fourier transform infrared spectroscope (FT-IR) and
nuclear magnetic resonance (‘H NMR) spectra. DO-
PO-g-KH550 was introduced on the surface of wood
fiber (WF). FT-IR, X-ray diffraction (XRD), scanning
electron microscope (SEM) and thermogravimetric
analysis (TGA) of DOPO-g-KH550 treated wood fiber
(DKTWF) were determined. Finally treated wood fibers
were used to prepare DKMWF composite phenolic fo-
ams (DKTWFCPF). The mechanical properties, flame
resistance, and microstructure of DKTWFCPF were
measured.

EXPERIMENTAL

Material
9,10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide
(DOPO) was buyed from Shenzhen Jinlong Chemical
Technology Co., Ltd. T'-amino propyltriethoxy silane
(KHS550) was obtained from United States Carbon Com-
pany; Wood fiber was obtained from Guangxi Fenglin
Wood Industry Group Co., Ltd. Phenolic resin (PR) were
obtained from Institute of Chemical Industry of Forestry
Products, CAF. Polysorbate-80, petroleum ether, formic
acid and dicumyl peroxide (DCP) were obtained from
Sinopharm Group Chemical Reagent Co. Ltd.;

Synthesis of DOPO-g-KHS50

DOPO (0.13 mol) and KH550(0.05 mol) were added
into a 250 mL four-necked round bottom flask fitted
with stirrer, aerated nitrogen for 5 minutes, and heated
to 140~150°C and reacted 5 h under anaerobic environ-
ment. Then cooled to 120°C, added toluene (60 mL) and
Vacuum suction filtration. Then cooled to 75°C, added
tetrahydrofuran (50 mL) and Vacuum suction filtration.



48  Pol. J. Chem. Tech., Vol. 20, No. 2, 2018

Subsequently, DOPO-g-KHS550 was dried to a constant
weight in a vacuum drying oven at 50°C (Fig. 1).

DOPO-g-KH550 treatment of wood fiber (DKTWF)

Wood fibers were treated with silane solution (2 wt%
DOPO-g-KH550, 2 wt% DCP, and the pH adjusted to
3.5 with formic acid) for 4 h. Finally, wood fibers were
dried for 24 h at 60°C.

Preparation of wood fiber composite PFs

Surfactants (Polysorbate-80), acid curing agents, blow-
ing agents (petroleum ether), treated wood fibers were
added into phenolic resin and mixed well, then poured
into the mold. The PFs were obtained after foaming
for 40 min at 70°C.

Measurements and characterization

FT-IR Measurements. FT-IR spectra were recorded
on a Nicolet IS10 FT-IR spectrometer with KBr pellets
under air atmosphere.

'"H NMR Measurements. 'H-NMR was conducted
on DRX 500 NMR spectrometer (400 MHz) (Bruker,
Germany) at room temperature using tetramethylsilane
(TMS) as an internal reference.

X-ray diffraction Measurements. X-ray diffraction of
wood fibers was recorded with Shimadzu 6000X X-ray
diffraction measurements.

Scanning electron microscopy (SEM) of wood fibers
and foams. The micro morphology observation of wood
fibers and phenolic foams was carried out using a Hitachi
S3400-Nscanning electron microscope.

Thermogravimetric analysis (TGA). Thermogravimetric
analysis (TGA) was conducted on a NETZCSH TG 209
F3 TGA system, ramping from 35 to 800°C with a rate
of 10°C/min.

Mechanical Properties Measurements of foams.
Compression strength measured by the standard ISO
844:2014. Bending strength measured by the standard
ISO 1209-1:2012. Tensile properties measured by the
standard ISO 1926-20009.

Limited oxygen index (LOI). LOI was measured using a
JF-3 LOI instrument (LOI analysis instrument company,
Jiangning County, China) according to ISO 4589-1-2017.

DOPO KHS550

Phenolic resin DKTWF

RESULTS AND DISCUSSION

The structure of DOPO-g-KH550

FT-IR. Figure 2 shows FT-IR spectra of DOPO-g-
-KH550. The FT-IR analysis of DOPO was shown
as follows**2%: 2436 cm™ (P-H), 1593 cm™ and 1605
cm™ (phenyl group), 1477 cm™ (P-phenyl), 1236 cm™
(P=0 ), 903 cm™ (P-O-phenyl). The FT-IR analysis
of KH550% %:; 3368 cm™ and 1580 cm™ (N-H), 1078
cm™'(Si-0), 2974 cm™'(-CHj;), 2927 ¢cm™!(-CH,-). In the
structures of DOPO-g-KHS550, The peaks (approximately
3358 cm™ and 1581cm™) could be attributed to N-H.
A peak at around 2436cm™ corresponded to P-H which
was disappeared. The peaks around 1595cm™" and 1606
cm™ corresponded to phenyl group. The peak around
1238 cm™! corresponded to P=0, and the peak around
906 cm™! corresponded to P-O-phenyl. In addition, the
capacious peak (about 1092 cm™) could be attributed
to Si-O®. These indicated that DOPO-g-KH550 was
successfully synthesized.

"H NMR. For further confirmation of molecular struc-
ture, "H NMR spectra of DOPO-g-KH550 are recorded
and shown in Figure 3. In the structure of DOPO, around
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Figure 2. FT-IR spectra of DOPO-g-KH550

DKTWFCPF

Figure 1. Scheme of DOPO-g- KH550 treated wood fibers composite PFs
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Figure 3. '"H NMR spectra of DOPO-g-KH550

6.85-8.23 ppm corresponded to the phenyl protons.
There were some new signals of the protons appears
in the spectrum of DOPO-g-KHS550. The signals of H?,
HP, H¢, H and H® were observed at 8 1.07-1.16 ppm, &
3.45-3.79 ppm, d 0.55-0.58 ppm, & 2.50-2.65 ppm and &
1.55-1.72 ppm. These protons were supported that the
reaction were occurred between DOPO and KHS550,
and it was also confirmed that DOPO-g-KH550 was
successfully synthesized again®> 263031,

The properties of wood fibers

FT-IR. FT-IR spectra of wood fibers are shown in
Figure 4. It could be obviously found that the charac-
teristic absorption bands of DKTWF was enhanced at
2900cm™, 1425 em~", 1050 cm™, which were ascribed to
CH,, P=0, and Si-O respectively. The reason could be
explained that the reaction was occurred between some
of the hydroxyl groups on the surface of wood fiber and
the hydroxyl groups of DOPO-g-KH550 (obtained after
hydrolysis of silane), thus generated an ether bridge, and
-Si-O-Si-, -Si—-O-C- (around 1050 cm™) and aliphatic
chain (CH, in DOPO-g-KH550) were introduced in
the surface of fiber®>*» 3, These absorptions suggested
that DOPO-g-KH550 was successfully introduced on the
surface of wood fibers.
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Figure 4. 4 FT-IR spectra of wood fibers

XRD. As shown in Figure 5. There were two diffraction
peaks: 20 = 22.6° and 15.6°*. Compared with WF, the
peaks’ position of DKTWF was basically unchanged.
This suggested that the crystal form of DKTWF did un-
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changed. But the peaks’ intensity was slightly enhanced.
The reason could be explained that during the process
of modification, wood fibers were immersed in the acid
solution, a partial of impurities, small and soluble mole-
cules on the surface of wood fibers were dissolved and
removed by suction filtration®. Hence the cellulose could
be better arrangement, and the crystallinity of DKTWF
was slightly enhanced.
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Figure 5. XRD spectra of wood fibers

SEM. As shown in Figure 6. The surface of WF was
more rough than DKTWE and was covered by pectin,
waxy substance, impurities and so on*. Compared with
WE the surface of DKTWF became smoother, and cove-
red a thin layer of material. It could be interpreted that
a partial of impurities, small and soluble molecules on
the surface of wood fiber were dissolved and removed
by suction filtration®. In the meantime, DOPO-g-KH550
was introduced on the surface of wood fibers. This was
beneficial for improving interfacial compatibility between
wood fibers and polymer matrix**.

Thermal Stability. As shown in Figure 7. It could be
seen that Ty, (evaluated by the temperature of 5 wt%
mass 10ss)** %" and Tmax (the temperature of maximum
weight loss rate)®” *” of DKTWF were increased from
244.7°C and 333.8°C for WF to 266.6°C and 369.9°C. But
the residue (800°C) was slightly reduced from 30.37% to
28.75%. These could be explained that the structure of
DKTWEF contained phosphorous and silicon, which could
migrate to the external char layer and form a thick and
compact the char layer, which could limit the emissions
of volatile thermal degradation products and delay the
process of degradation®*, In addition, during the pro-
cess of wood fibers modification, a partial of impurities,
small and soluble molecules on the surface of wood fibers
were dissolved and removed by suction filtration, which
was one possible reason for the reduction in residual
carbon(800°C).

The properties of PFs

Compression and bending strength. As shown in Figu-
re 8. Compression strengths of DKTWF composite PF
(DKTWEFCPF) were less than that of PE But compression
strength gradually increased with the dosage of DKTWE
However bending strengths of DKTWFCPF were more
than that of PF, and with the increase of DKTWE,
firstly increased and then decreased. When amount of
DKTWF was 4%, bending strength was maximum. The
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Figure 6. SEM micrographs (1000x) of wood fibers
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Figure 7. TG and DTG of wood fibers

result showed that the toughness of composite foams was
enhanced when DKTWF was introduced composite foam.
And DKTWFCPF became softer than PE Therefore
compressive capacity of DKTWFCPF was less than PE.
Due to the improvement of toughness, the resistance
bending ability of DKTWFCPF was significantly better
than PE and when the resistance bending ability was
maximum when amount of DKTWF was 4%.

Tensile strength. Tensile strength is often used to eva-
luate the modification effect of interfacial compatibility
between fibers and polymer matrix, the larger Tensile
was strength of fiber composites, the more effect was
for improving interfacial compatibility**. As shown
in Figure 8. Compared with PE tensile strengths of
DKTWFCPF were dramatically improved. And with
the dosage of DKTWE tensile strength was gradually
increased. When amount of DKTWEF was more than 4%,
tensile strength was basically not increased. The result
showed that the resistance tensile deformation ability
of DKTWFCPF improved significantly. These indirectly
confirmed that the interfacial compatibility was impro-
ved between DKTWF and phenolic resin. However the
suitable dosage of DKTWF was about 4%.

Limited oxygen index (LOI). LOI of PFs shows in Figu-
re 10. With the dosage of DKTWE, LOIs of DKTWFCPF
increased gradually. LOI of DKTWFCPF was identical to
that of PF when amount of DKTWF was 4%, and then
LOI was more than PF’s. However LOIs were more than
27% (34~35%), these foams were considered as flame
resistant materials*. The results showed that there was
advantageous to improve flame retardancy of composite
foams by DOPO-g-KH550 treated wood fibers. These
could be interpreted that There contained phosphorus
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Figure 8. Compression and bending strength of PFs
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Figure 9. Tensile strength of PFs

and silicon element in structure of DOPO-g-KHS550, the
synergistic effect of phosphorus and silicon element im-
proved the flame retardancy properties of DKTWFCPF
slightly*>4¢, In addition, there was fewer flame retardants
when the dosage of DKTWF was less (2%), so LOI
was less than that of PE with the increase of DKTWE,
there was more and more flame retardants, LOI was
improved. Hence the suitable amount of DKTWF was
equal to or more than 4%.

SEM micrographs. As shown in Figure 11, when the
dosage of DKWF was less than 6%, the cell size of PFs
was about at 200~400 pm, the cell distribution was more
regular. There were some larger bubble cells (500 um) as
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cial compatibility was significantly improved between
DKTWF and phenolic resin, and the suitable content
of DKTWF was 4%.
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Figure 11. SEM (50x%) of PFs

the amount of DKWF was 6%. The results showed that
the influence of DKWF on the properties of composite
foams was less as the dosage was equal to or less than
4%. It also confirmed that the interfacial compatibility
was improved between DKWF and phenolic resin.

CONCLUSIONS

The structure of DOPO-g-KH550 was confirmed by
FT-IR and 'H NMR spectra, and was successfully intro-
duced on the surface of wood fiber. Compared with WE
the diffraction peak positions of DKTWF were basically
unchanged, but the crystallinity was slightly increased.
And thermal stability was improved significantly. With
the dosage of DKTWE the mechanical properties,
flame retardancy and microstructure of DKTWFCPF
were increased. Comprehensive analysis, the interfa-
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