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Abstract: In order to improve the comprehensive performance of phenolic foam,
9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) was grafted
with itaconic acid (ITA) (DOPO-g-ITA) to modify microcrystalline cellulose
(MCC). DOPO-g-ITA modified MCC (DIMMCC) was used to prepare composite
phenolic foam (DCPF). The structures of DIMMCC were verified by Fourier
transform infrared spectroscopy (FT-IR). The microstructure and crystalline prop-
erty were characterized by scanning electron microscope (SEM) and X-ray dif-
fraction (XRD) respectively. Compared with MCC, the crystallinity of
DIMMCC was dramatically decreased, but the diffraction peak positions were
unchanged. Thermal stability was decreased, and Ti decreased by 45.0°C. The
residual carbon (600°C) was increased by 22.34%. With the dosage of
DIMMCC/PR increased, compared with PF, the mechanical properties and flame
retardancy of DCPF were increased. Especially, the dosage of DIMMCC/PR was
10%, the comprehensive properties of DCPF was better than others.
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1 Introduction

Phenolic foam (PF) offers excellent flame retardant, low smoke and toxicity, and as a thermal insulation
material, which is widely used in the field of aviation, construction, industrial pipelines and transportation
[1-3]. However, duo to its fragility, large-scale promotion and application are greatly restricted [3-5]. In
order to improve the performance of PF, the toughening modification of PF is imperative.

As an renewable and environmentally friendly natural macromolecular resource, cellulose offers low cost
and density, high specific strength, degradable, non-toxic and good mechanical properties, which has become
one of the most concerned polymer reinforcing materials [6-9]. Microcrystalline cellulose (MCC) is a kind of
purified and partially depolymerized cellulose, where the amorphous regions of cellulose are removed by acid
hydrolysis, which occurs as a white, odorless, tasteless, crystalline powder composed of porous particles, and
can be a very promising cellulosic reinforcement for polymers [10]. At present, MCC is used in various fields
such as pharmacy, cosmetics, food industry, and plastics processing industry [10, 11]. Nevertheless, MCC is a
non-flame retardant material, which is utilized in the field of the composites to improve the mechanical
properties without reducing its flame retardancy, the flame retardant modification of MCC is required.
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9, 10-dihydro-9-oxa-10-phosphaphenanthrene-10-oxide (DOPO) is an excellent flame retardant [12].
There is very active phosphor hydrogen bond in its chemical structure, the nucleophilic addition reaction
is easy occurred. Therefore DOPO has attracted extensive attention in the field of flame retardant
polymers [13-18]. Itaconic acid (ITA) is an important renewable unsaturated dicarboxylic acid. Due to
conjugacy relation between unsaturated bond and one carboxy, ITA has a strong reaction capacity, which
can be used to synthesize polymers by the addition, esterification or polymerization reactions, and is
widely utilized in the field of synthetic fibers, resins, adhesives, etc. [19-22]. Therefore, this study aims to
introduce DOPO into the structure of ITA, and then DOPO-g-ITA is used to modify MCC, Finally, the
modified MCC is utilized to prepare the composite PF. DOPO and ITA are chosen due to theirs
versatilities in organic synthesis [20-24]. It was hypothesized that it could not only enhance the
mechanical properties of composite PF, but also without reducing the flame retardancy.

In this study, the structure, crystallinity, thermal stability and microstructure of DOPO-g-ITA modified
MCC (DIMMCC) was characterized by fourier transform infrared spectroscopy (FT-IR), X-ray dimaction
(XRD), scanning electron microscope (SEM) and thermal gravimetric analyzer (TGA). The mechanical
and fragile properties, flame resistance and microstructure of DIMMCC composite PF (DCPF) were
investigated as well.

2 Materials and Methods

2.1 Materials
Phenol (> 99%), formaldehyde (37wt%), calcium oxide (CaO), sodium hydroxide (NaOH), dimethylformamide

and potassium carbonate(K2CO3) were obtained from Nanjing Chemical Reagent, Ltd. 9, 10-dihydro-9-
oxa-10-phosphaphenanthrene-10-oxide (DOPO) and itaconic acid (ITA) were purchased from Aladdin.
Polysorbate-80, petroleum ether, xylene, tetrahydrofuran, microcrystalline cellulose (MCC) and
Paraformaldehyde (≥ 95%) were obtained from Sinopharm group Chemical Reagent Co. Ltd. mixed
acid curing agent were obtained from Institute of Chemical Industry of Forestry Products, Chinese
Academy of Forestry.

2.2 Preparation of DOPO-g-ITA Modified MCC (DIMMCC)
Synthesis and characterization of DOPO-g-ITAwas according to the literature [25]. MCC (0.28 mmol),

DOPO-g-ITA (0.125 mol), K2CO3 (0.01 mol) and dimethylformamide (60 ml) were added into a round
bottom flask fitted with magnetic stirring, the reaction was performed for 9 h at 120°C. And then the
vacuum filtration and abstersion were performed three times, DIMMCC was obtained and after drying to
a constant weight at 50°C in a vacuum oven. The synthesis scheme of DIMMCC was shown in Fig. 1.

2.3 Preparation of Phenolic Resin (PR) and Composite PFs
Phenol (2.0 mol) and formaldehyde (0.5 mol) were charged into a 1000 ml four-necked round

bottomflask fitted with stirrer and condenser, and a calculated amount of CaO (0.015 mol) was dropped

Figure 1: Scheme of DIMMCC
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slowly into the vessel for 30–40 min under continuously stirring at 90°C. The first part of paraformaldehyde
(1.75 mol) and NaOH aqueous solution (50%, 0.3 mol) were then added into the reactor and reacted at 90°C
for 50–70 min. Then the second part of paraformaldehyde (1.75 mol) and NaOH aqueous solution (50%,
0.3 mol) was added and reacted at 85°C for 50–70 min. Finally the third part of NaOH aqueous solution
(50%, 0.15 mol) was added to the reactor and the reaction was performed temperature at 75°C for 15–20 min.
PR could be obtained.

Surfactants (Polysorbate-80, 5%/PR), acid curing agents (20%/PR), DIMMCC (5 wt%/PR, 10 wt%/PR,
15 wt%/PR and 20 wt%/PR) and blowing agents (petroleum ether, 5%/PR) were added into PR and
completely mixed by mechanical stirrer, which was then poured into a mold. Phenolic foams were
obtained after foaming for 40 min at 70°C.

2.4 Characterizations
FT-IR spectra of DIMMCC were monitored by a Fourier transform infrared spectrometer (Nicolet IS10,

America). XRD spectra of DIMMCC were collected on a Shimadzu 6000X X-ray diffractometer. SEM were
used to observe the micro-scale morphology of DIMMCC and PFs by a Hitachi S3400-Nscanning electron
microscope. Thermogravimetric analysis (TGA) curves were collected by a NETZCSH TG 209 F3 TGA
system under nitrogen atmosphere. Samples were heated from 35 to 600°C at a heating rate of 10°C/min.
Compression strength, bending strength and tensile strength were measured according to the standard ISO
844:2014, ISO 1209-1:2012 and ISO 1926-2009, respectively. Limiting oxygen indexes (LOIs) of all
samples were obtained at room temperature on a JF-3 LOI instrument (LOI analysis instrument company,
Jiangning County, China) according to ISO 4589-1-2017.

3 Results and Discussion

3.1 FT-IR Spectra of DOPO-g-ITA Modified MCC (DIMMCC)
Figure 2 shows FT-IR spectra of DIMMCC. the FT-IR analysis of DOPO-g-ITA [25]: 1704 cm−1

(C=O); 1608 cm−1, 1595 cm−1 and 1581 cm−1 (phenyl); 1429 cm−1 (P-phenyl), 1245 cm−1 (P=O), 913 cm−1

(P-O-phenyl). The FT-IR analysis of MCC [26-31]: 3343 cm−1 (-OH); 2902 cm−1 (CH); 1645 cm−1

(H2O), 1432 cm−1 (CH2), 1058 cm−1, 1031 cm−1 (C-O-C); 895 cm−1 (CH of β-glucosides). The FT-IR
analysis of DIMMCC: 3330 cm−1 (-OH); 2894 cm−1 (CH); 1433 cm−1 (CH2), 1053 cm−1, 1019 cm−1

(C-O-C). Compared with the FT-IR spectrum of MCC, the characteristic peak of OH was significantly
reduced at 3330 cm−1. And several new characteristic peaks were observed in the FT-IR spectrum of

Figure 2: FT-IR spectra of DIMMCC
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DIMMCC. 1712 cm−1 (C=O of ester bond); 1606 cm−1, 1594 cm−1 and 1580 cm−1 (phenyl) 1429 cm−1 (P-
phenyl), 1232 cm−1 (P=O), 911 cm−1 (P-O-phenyl) [25, 32-34]. From the FT-IR analysis, it was indicated
that the esterification reaction occurred between DOPO-g-ITA and MCC, DOPO-g-ITA was successfully
introduced in the molecular structure of MCC.

3.2 XRD Curves of DIMMCC
As shown in Fig. 3, the main diffraction peaks of DIMMCC and MCC were located at approximately

15.0°, 16.6°, 22.8° and 34.6°, which corresponded to the 110, 110, 002, and 040 planes, and the crystalline
structure of DIMMCC and MCC was corresponded to cellulose I crystal [35-37]. Compared with MCC, the
diffraction peak positions of DIMMCC were unchanged, despite the significantly attenuation of the peak
intensity. The result showed that the crystal structure of DIMMCC was not destroyed, because DOPO-g-
ITA was covered on the surface of MCC by modification, which led to the significant decrease of the
crystallinity of DIMMCC.

3.3 The Microstructure of DIMMCC
Figure 4 shows SEM micrographs (1000×) of DIMMCC and MCC. The surface of MCC was very

rough, and has lots of weeny wrinkles. Compared with MCC, the surface of DIMMCC was smoother,
and was covered by a thin layer of material. This might be explained that after modification, the
esterification reaction was occurred between DOPO-g-ITA and MCC. DOPO-g-ITA was introduced in the
molecular structure of MCC. Finally, the surface of MCC was covered by DOPO-g-ITA.

Figure 3: XRD curves of DIMMCC

Figure 4: SEM of DIMMCC
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3.4 TG and DTG Curves of DIMMCC
TG and DTG of DIMMCC was shown in Fig. 5. The initial decomposition temperatures (Ti) [38] of

DIMMCC, MCC and DOPO-g-ITA were 286.0°C, 331.0°C and 152.9°C respectively, and the carbon
residue (600°C) were 29.58%, 7.24% and 10.51% respectively. It was observed that Ti of DIMMCC was
less than that of MCC, but the carbon residue (600°C) of DIMMCC was more than that of MCC. It
might be explained that Ti (152.9°C) of DOPO-g-ITA was less than that of MCC, Therefore, there was no
positive significance to improve the heat resistance of DIMMCC. However, the carbon residue (600°C)
(10.51%) of DOPO-g-ITA was more than that of MCC; Otherwise, biphenyls heterocycle was introduced in
the structure of DIMMCC after modification, and increased the carbon content of DIMMCC. Thus, the
carbon residue (600°C) of DIMMCC was remarkably improved.

3.5 Compression and Bending Strength of DIMMCC Composite PF(DCPF)
As shown in Fig. 6, With the increasing of the dosage of DIMMCC/PR, the compression and bending

strength of DCPF were gradually increased firstly, then decreased, and were more than that of PF. When the
dosage of DIMMCC/PR was 10%, compression and bending strength were the largest of all the foams. It
might be explained by that DIMMCC was introduced into PF, the toughness of DCPF was improved.
Therefore, the ability of resistance bending was increased and significantly better than that of PF.
However, when the dosage of DIMMCC was more, the cell structures of DCPF were destroyed and the
mechanical properties of DCPF were deteriorated. Therefore, the suitable dosage of DIMMCC/PR was no
more than 10%.

Figure 5: TG and DTG curves of DIMMCC

Figure 6: Compression and Bending strength of DCPF
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3.6 Tensile Strength of DCPF
Tensile strength of DCPF was shown in Fig. 7. When the amount of DIMMCC/PR was no more than 10%,

tensile strength of DCPF was gradually increased, and was more than that of PF. Then tensile strength of DCPF
were gradually decreased, and were less than that of PF. The result indicated that a small amount of DIMMCC
introduced was beneficial to improve the mechanical properties of DCPF, and the ability of resistance tensile
deformation was slightly improved. However, when the content of DIMMCC/PR was more, which caused a
reduction in mechanical properties of DCPF. It might be explained that after DIMMCC introduced in DCPF,
When the foam was subjected to tensile stress, the resin matrix could be dragged by DIMMCC, which was
similar to the effect of steel bars in concrete, so tensile strength of DCPF was gradually increased, and was
more than that of PF. Nevertheless, with increasing amount of DIMMCC/PR, the mechanical properties of
DCPF was enhanced improved along with the destroy of the cell structures of DCPF increased. There should
be a balance between toughening and breaking. When the amount of DIMMCC/PR was no more than 10%,
toughening was in the ascendant compared with breaking. Therefore, the tensile strength of DCPF was more
than that of PF. Then breaking was in the ascendant, the tensile strength of DCPF was less than that of PF.
Thus, the suitable dosage of DIMMCC/PR was no more than 10%.

3.7 Fragility of DCPF
Fragility is often used to characterize the toughness of foams, which is commonly represented with the

mass loss rate. The greater mass loss rate will cause the better toughness of foams [39-41]. Fig. 8 shows the
fragility of DCPF. The result revealed that with the dosage of DIMMCC/PR increased, the mass loss rate was
decreased, then was increased. When the dosage of DIMMCC/PR was 10%, the mass loss rate of DCPF was
the lowest in all of samples, and was less than that of PF, others were more than that of PF. The reason might
be explained that with the increasing dosage of DIMMCC/PR, the original bubble structure was destroyed
and the bubble uniformity was decreased, which led to the mass loss rate increased. Otherwise, the toughness
of DCPF was improved by the introduction of DIMMCC. There should be a balance between toughening and
breaking. When toughening was in the ascendant, the mass loss rate of DCPF was less than that of PF, instead
was more than that of PF. The results showed that the dosage of DIMMCC/PR was not too much, the better
dosage of DIMMCC/PR was 10%.

3.8 Limited Oxygen Index (LOI) of DCPF
As shown in Fig. 9, LOI of DCPF was gradually increased with the dosage of DIMMCC/PR increased.

and were more than that of PF. And these foams were considered as the flame resistant materials (LOI ≥ 27%)
[42]. The results showed that LOI of DCPF was distinctly improved by the introduction of DIMMCC. This

Figure 7: Tensile strength of DCPF
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might be explained by that the phosphorus element (in DIMMCC) was introduced into DCPF, during the
process of combustion, the fire retardant quenching effect could be exerted by releasing free PO radicals
and terminating the chain reaction of combustion in gas phase [12]. Therefore, LOI of DCPF was more
than that of PF. And with the increasing of DIMMCC/PR, there was more flame retardants introduced
into DCPF, LOI was improved dramatically.

3.9 The Microstructure of DCPF
SEM micrographs (50×) of DCPF are showed in Fig. 10. The cell size of PF was about at 200~500 μm.

With the content of DIMMCC/PR increased, the cell size of DCPF was decreased slightly, then was increased
gradually. And the number of large cells was increased. When the dosage of DIMMCC/PR was 10%, the cell
size of DCPF was the smallest in all of samples, which was less than that of PF, and was about at 120~400 μm.
When the dosage of DIMMCC/PR was 10%, the structure of cells was relatively small and regular. Therefore,
the negative influence of DIMMCC on the properties of DCPF was less neglected and the mechanical
properties of DCPF were better.

Figure 9: LOI of DCPF

Figure 8: Fragility of DCPF
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4 Conclusions

The structure of DIMMCC was confirmed by FT-IR. The esterification reaction between DOPO-g-ITA
and MCC was verified by FT-IR spectra and SEM, DOPO-g-ITA was successfully introduced in the
molecular structure of MCC. Compared with MCC, the crystallinity of DIMMCC was dramatically
decreased and the diffraction peak positions were unchanged. Additionally, Ti of DIMMCC decreased,
but the residual carbon (600°C) increased significantly. With the dosage of DIMMCC/PR increased, the
mechanical properties and flame retardancy of DCPF were increased. When the dosage of DIMMCC/PR
was 10%, the comprehensive properties of DCPF was better than others.
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