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Abstract. Cellulose and natural rubber (NR) are two widely commercialized natural polymers.
The combination of them in a composite material has the potential to further expand their
application capabilities. In this study, the preparation and characterization of composites formed
by deproteinized natural rubber graft copolymerization with styrene (DPNR-graft-PS) and
regenerated cellulose (RC) were investigated. In which DPNR-graft-PS was employed as the
matrix. The RC was employed as a reinforcing phase or discontinuous phase. The combination
of these two polymers was made by coprecipitating from a mixture of modified natural rubber
and RC with different RC/DPNR-graft-PS ratios. The characterization of the new biocomposite
materials was investigated by Fourier transform infrared spectroscopy (FTIR) and X-ray
diffraction (XRD). The morphology was analyzed by scanning electron microscopy (SEM). The
enhancement in thermal properties was examined through thermogravimetric analysis (TGA)
and differential scanning calorimetry (DSC). The findings obtained showed that the novel
structure of RC/DPNR-graft-PS exhibited excellent properties.
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1. INTRODUCTION

Natural rubber (NR) is a natural polymer, known for many outstanding mechanical
properties such as excellent elasticity, high strength, and good abrasion resistance [1, 2]. NR is
widely used in various applications [3, 4]. However, the usage conditions of NR are limited due
to its physical, chemical and especially thermal properties. Previous research has shown that
vulcanization with a curing system can enhance NR's heat aging resistance [5 - 7]. Nevertheless,
the disadvantage of sulfur is its toxicity to people’s health and the environment [8]. A
recommended alternative is cellulose, the most abundant natural polymer, which is renewable,
biodegradable, and non-toxic [9 - 11]. Using cellulose protects human health and the
environment while also improving the thermal properties of NR.
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Regenerated cellulose (RC) was used as a reinforcing agent in our work. The RC
is usually formed by dissolving cellulose, however the solubility of cellulose in common
solvents is difficult [12]. There are some special solvents that can dissolve cellulose
such as Cu-ethylenediamine, Cadmium-ethylenediamine, and N-methylmorphine N-oxide.
However, these solvents are harmful to the environment and human health. Therefore, studies
on solvent systems that can dissolve cellulose and are environmentally friendly are being
developed [13]. The solvent system consisting of alkaline/additive/water was chosen so that
cellulose could be easily and effectively dispersed in the modified NR [14 - 17].

The combination of RC and NR meets expected properties and protects people’s health
and the environment[11]. However, the heat resistance of RC-reinforced NR is lower than that
of sulfur-vulcanized NR, specifically 360 °C [18] compared to 380 °C [19]. Polystyrene (PS)
copolymerized from styrene monomer is known to have high heat resistance besides polyvinyl
alcohol (PVA) [20], polycaprolactone (PCL) [21], polylactic acid (PLA) [22, 23], and
poly(butylene succinate) (PBS) [24, 25]. For this reason, the graft copolymerization of
deproteinized natural rubber (DPNR) with styrene (DPNR-graft-PS) using RC as a
reinforcement was studied to obtain a novel biocomposite material with similar or even higher
heat resistance compared to the use of sulfur for vulcanizing NR. A report on the use of RC
reinforcement for modified rubber is not currently available.

This study focuses on the preparation and characterization of RC/DPNR-graft-PS. We
first dissolved cellulose in an NaOH/urea aqueous solution. The resulting cellulose solution was
then co-precipitated with DPNR-graft-PS using ethanol to form the new RC/DPNR-graft-PS
material. Excess polymers were removed via Soxhlet extraction to ensure purity. The final
material's structure, morphology, and thermal properties were then characterized using Fourier
transform infrared spectroscopy (FT-IR), X-Ray diffraction (XRD), scanning -electron
microscope (SEM), thermogravimetric analysis (TGA) and differential scanning calorimetry
(DSC).

2. MATERIALS AND METHODS
2.1. Materials

Highly ammoniated natural rubber (HANR) with a dried rubber content of about 60 wt.%
was provided by Merufa Company (Ho Chi Minh City, Viet Nam). Sodium dodecyl sulfate
(SDS, > 97.0 %) and styrene (ST, > 99 %) were obtained from Tokyo Chemical Industry Co.
(Tokyo, Japan). Urea (> 99 %) was supplied by Nacalai Tesque, Inc (Kyoto, Japan). Sodium
hydroxide (NaOH, reagent grade, > 98 %, pellets), ethanol (ACS reagent) and microcrystalline
cellulose (MCC, 20 pm, powder) were purchased from Sigma-Aldrich.

2.2. Methods

2.2.1. Preparation of DPNR-graft-PS by graft-copolymerization between styrene and DPNR

The DPNR-graft-PS fabrication process involves three steps. First, natural rubber (NR) is
deproteinized with urea and SDS to prevent side reactions. Next, the DPNR-graft-PS is
synthesized through graft-copolymerization of the deproteinized rubber (DPNR) and styrene,
using a TBHPO/TEPA redox initiator system. Finally, unreacted styrene monomers are removed
via a vacuum rotary evaporator to purify the final product. These procedures were presented in
our previous studies [26, 27].
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2.2.2. Preparation of a homogenous cellulose solution

To dissolve microcrystalline cellulose (MCC), a homogenous mixture of 20 um MCC,
sodium hydroxide, urea, and water (in a 7/12/81 mass ratio) was stirred for an hour. The mixture
was then frozen at -12 °C for 24 hours. After defrosting at room temperature, it became a
transparent 4 wt.% MCC solution.

MCC (Avicel PH102): 20
Micrometter.
NaOH/Urea/H,0:
1.Continuous stirring in an hour. * ] 7/12/81. 2

Cellulose suspension

1. Storing at -12°C in freezer.
Time: 24 hours.
2. Stirring at room temperature.

v
Transparent MCC 4%
solution

Figure 1. Scheme for the preparation of a homogenous cellulose solution.
2.2.3. Reinforcement of grafted DPNR by RC

The RC/DPNR-graft-PS synthesis process is summarized in Figure 2. In detail, the
obtained cellulose solution (4 wt.%) was slowly dropped into the DPNR-graft-PS latex under
stirring condition. Then, the coprecipitation between DPNR-graft-PS and RC was performed by
gradually dropping the homogenous solution into pure ethanol, followed by washing with water
to eliminate the remaining of NaOH until the pH of solution became neutral. Finally, Soxhlet
extraction was performed to remove the remaining homopolymer, and then the samples were
dried at 50 °C for a week to obtain the RC/DPNR-graft-PS composite. RC/DPNR-graft-PS
samples were synthesized with RC and DPNR-graft-PS with ratios of 0:10, 0.5:10, 1:10, 1.5:10
and 2:10 by weight.

DPNR-graft-PS latex.

1. Dripping slowly. Transparent MCC 4%
2. Continuos stirring. solution.
v
1. Dripping slowly. Homogenous mixture.

2. Continuos stirring.
3. Washing with water. | Pure Ethanol.
4. Soxhlet extraction.

5. Drying at 50°C for a week. v
6. Press at 1452C Flat RC/DPNR-graft-PS films |

Figure 2. Scheme of blending RC with DPNR-graft-PS.

2.3. Characterizations methods

2.3.1. Fourier transform infrared spectroscopy (FT-IR)
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Fourier transform infrared spectroscopy was used to determine the functional groups of
DPNR-graft-PS and RC/DPNR-graft-PS. The infrared absorbance peaks of these samples were
recorded on a Nicolet iS50 FTIR (Thermo Fisher Scientific) spectrometer in Attenuated total
reflectance (ATR) mode. Samples were measured directly with a scan range from 400 cm ™' to
4000 cm . The RC/DPNR-graft-PS sample with a ratio of 1:10 was used for this measurement.

2.3.2. X-ray diffraction (XRD)

The crystalline parameters of samples were confirmed by X-ray diffraction measurement.
XRD powder patterns were recorded on an X'Pert Pro instrument (PANalytical) under Cu ka
radiation (40 kV, 35 mA). For this measurement, the RC/DPNR-graft-PS 1:10 was employed.

2.3.3. Scanning electron microscopy (SEM)

The morphology of the obtained samples was determined by SEM method. The RC/DPNR-
graft-PS materials were pressed by a hydraulic press machine at 145 °C to obtain flat films.
Cross-sectional specimens were prepared by breaking the samples in liquid nitrogen, then, the
cross-sectional morphology of the samples was investigated using Hitachi TM4000Plus.

2.3.4. Thermal gravimetric analysis (TGA)

The thermogravimetric analysis (TGA) was used to analyze thermal properties of samples
of DPNR-graft-PS and RC/DPNR-graft-PS. The measurements were made on a Linseis STA
PT1600 analyzer from 25 °C to 600 °C, with a heating rate of 10 °C/min under a nitrogen
atmosphere.

2.3.5. Differential scanning calorimetry (DSC)

DSC measurements were carried out to investigate the thermal characteristics of samples.
Samples were packed into an aluminum pan and taken into a DSC 7020 (SII Nano Technology
Inc.), the measurements were taken over a temperature range from -90 °C to 150 °C with liquid
nitrogen as the coolant. The glass transition temperature (T,) was determined following the
ASTM E 2602 [28]. To determine T, from a heat flow curve, tangents are drawn to the baselines
before and after the transition. A third tangent is drawn at the inflection point of the transition
curve. The intersection points of this third tangent with the two baseline tangents are labeled T;
(pre-transition) and T, (post-transition). The T, is then calculated as the average of these two
temperatures: T, = (T + T,)/2. This method is visually represented in Figure 3.

o
>
w

Heat flow

Temperature (°C)

Figure 3. Method for determining T, via DSC.
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3. RESULTS AND DISCUSSION
3.1. Characterization of RC/DPNR-graft-PS

The functional groups of DPNR-graft-PS and RC/DPNR-graft-PS were determined by FT-
IR (Figure 4). The appearance of peaks at 2963, 1447, 1380, and 845 cm’' confirmed the
characteristic structure of NR [29 - 32]. The out-of-plane bending vibration of aromatic C=C of
polystyrene at 700 cm™ along with the decrease in the absorbance of C=C bond at 845 cm™ in
RC/DPNR-graft-PS compared with DPNR-graft-PS owing to the breaking of C=C bond during
the graft-copolymerization proves that styrene was successfully grafted onto NR [33, 34]. The
appearance of the peak at 3375 cm™ exhibits O(3)H-O(5) hydrogen bonding of RC [35], and C-
O-C pyranose ring vibration is typical for the peak at about 1036 cm™ [36, 37]. On the other
hand, the decrease in the absorbance at 1447 cm™ of RC/DPNR-graft-PS compared with DPNR-
graft-PS due to the formation of interpenetrating polymer network between RC and DPNR-graft-
PS limits the fluctuation of the links. This, along with the new peak at 3375 cm™ !, confirms the
successful incorporation of RC into the DPNR-g-PS blend.
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Figure 4. FT-IR spectrum of (a) DPNR-graft-PS and (b) RC/DPNR-graft-PS.
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Figure 5. XRD of MCC, RC, DPNR-graft-PS and RC/DPNR-graft-PS.
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The XRD method was utilized to determine the crystal structure of the studied samples, as
illustrated in Figure 5. The result of XRD spectrum points out that RC was successfully
synthesized from MCC because of the disappearance of the crystal construction of cellulose I of
MCC, specifically at diffraction angles of 15.09°, 22.52° and 34.65° [38]. Conversely, the
presence of diffraction angle peaks at 12.7° and 20.2° is attributed to the crystal structure of
cellulose II in RC [38, 39]. Besides, the formation of a new diffraction angle at 19.53° of
RC/DPNR-graft-PS compared with RC and DPNR-graft-PS demonstrates that the crystal
construction of cellulose II was broken during the dispersion process to form the interpenetrating
polymer network indicated by the distance between the two layers of RC/DPNR-graft-PS being
smaller than that of DPNR-graft-PS. Based on these findings from the XRD analysis, it can be
confirmed that the synthesis of RC and RC/DPNR-graft-PS was successful.

3.2. Morphology of RC/DPNR-graft-PS

P\ A
e 1 e dll T TR

RC/DPNR-graft-PS phase Scale bars: 100pm

Figure 6. SEM images of analyzed samples with different RC : DPNR-graft-PS ratios.

The morphology of RC/DPNR-graft-PS samples was investigated by SEM (Figure 6). The
SEM findings show that RDP, has a smooth and flat surface in the absence of RC. The surfaces
of RDPys5, RDP;, RDP,5 and RDP, become rough and uneven when RC components are
introduced, among which RDP, has the most uniform surface. This is due to the fact that when
the content of RC increases, RC particles tend to interact more with each other than with the
DPNR-graft-PS phase, leading to the agglomeration and deposition of RC particles during the
drying process. The results show that the formation of RC/DPNR-graft-PS phase of RDP; is
greater than the others. Therefore, the SEM method can specify the best ratio of RC and DPNR-
graft-PS (1:10).

3.3. Thermal properties of RC/DPNR-graft-PS

3.3.1. Thermogravimetric analysis (TGA) and first derivative thermogravimetric analysis
(DrTGA)
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The thermal properties of DPNR-graft-PS and RC/DPNR-graft-PS are presented by TGA and
DrTGA in Figures 7 and 8, respectively.
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Figure 7. TGA of DPNR-graft-PS and RC/DPNR-graft-PS with different ratios.
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Figure 8. DITGA of DPNR-graft-PS and RC/DPNR-graft-PS with different ratios.

Figure 7 shows that the decomposition of RC/DPNR-graft-PS at Tsq, increases when
increasing the RC content. It can be explained by the low thermal stability of RC leading to an
increased decomposition rate of RC/DPNR-graft-PS composites [30]. Based on the DrTGA
curves (Figure 8), the maximum thermal decomposition of DPNR-graft-PS is 377.84 °C. This
thermal decomposition is higher when DPNR-graft-PS is co-precipitated with RC. The
maximum thermal decomposition is highest when the ratio between RC and DPNR-graft-PS is
1:10 because the interpenetrating polymer network has formed between RC and DPNR-graft-PS.
When the ratio between RC and DPNR-graft-PS is 2:10, the thermal decomposition is lower
than that for 1:10. It can be explained that the interpenetrating polymer network density
decreases due to the agglomeration of RC particles. As a result, the composite material
synthesized from RC and DPNR-graft-PS with the ratio of 1:10 gives the best thermal stability
compared with other ratios. This is completely consistent with the results demonstrated above.
Besides, the tendency of decomposition temperature change is also in complete agreement with
the studies by Peng Yu ef al. [40] and Visakh P. M. et al. [18] on the combination of RC and
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NR. However, the decomposition temperatures of RC/DPNR-graft-PS samples are all higher
than theirs (about 378 °C compared to 377 °C and 360 °C from Peng Yu and Visakh P.M.’s
studies). This verifies that the heat resistance of RC/DPNR-graft-PS is higher than RC/NR due
to the presence of polystyrene segments. In addition, at a ratio of 1:10, a signal with high
intensity appears at a temperature of 320 °C, which is a characteristic signal for the
decomposition temperature of cellulose (cellulose II) with DPNR-graft-PS segments. This is also
in complete agreement with the study of Peng Yu [40], where the signal of RC was obtained at
320 °C.

3.3.2. Differential scanning thermal analysis (DSC)

Exo

T 61270

Heat flow

DPNR-graft-PS

-70 -60 -50 -40 -30 -20
Temperature (°C)

Figure 9. DSC curves of DPNR-graft-PS and RC/DPNR-graft-PS.

The glass transition temperature (T,) of DPNR-graft-PS and RC/DPNR-graft-PS based on
different RC contents were specified by DSC method (Figure 9). After co-precipitation of RC
with DPNR-graft-PS, the T, of RC/DPNR-graft-PS materials increases continuously by -61.15
°C, -60.89 °C, -61.27 °C, -61.47 °C for the ratios between RC and DPNR-graft-PS of 0.5:10,
1:10, 1.5:10, 2:10, respectively, compared with -61.4 °C of DPNR-graft-PS. The reason for this
phenomena is the interference of RC segments with the mobility of DPNR-graft-PS segments
owing to the formation of an interpenetration polymer network between the RC segments and
the DPNR-graft-PS segments via the coprecipitation process [11]. It can be seen that the T, of
RC/DPNR-graft-PS 1:10 is the highest due to the absence of agglomeration as in the case of
1.5:10 and 2:10 ratios, and this result is consistent with the results of SEM. Therefore, it can be
concluded that the synthesis of RC/DPNR-graft-PS composites via the coprecipitation method is
successful, and the ratio between RC and DPNR-graft-PS of 1:10 gives the best result.
Comparing the T, of RC/DPNR-graft-PS in all ratios with that of NR/RC, the tendency of
change in glass transition temperature is the same as in the study of Peng Yu [40]. Moreover, the
T, of RC/DPNR-graft-PS samples is higher than that of NR/RC because the presence of PS
increases the rotational potential energy, which leads to the restriction of motion of DPNR-graft-
PS segments under the impact of heat flow. This proves that the hardness of RC/DPNR-graft-PS
samples is higher than that of the NR/RC samples.
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4. CONCLUSIONS

In conclusion, the synthesis of composites from deproteinized natural rubber by graft
copolymerization with styrene and regenerated cellulose was successfully carried out. The
structures of RC/DPNR-graft-PS were verified by the change in the intensity of signal peaks and
the appearance of new signal peaks from FT-IR and XRD. The ascending of glass transition
temperature of RC/DPNR-graft-PS when increasing the ratios between RC and DPNR-graft-PS
from 0.5:10 to 2:10 in an increment of 0.5 corresponding to -61.15 °C, -60.89 °C, -61.27 °C, and
-61.47 °C compared with T, of DPNR-graft-PS was attributed to the combination between RC
and DPNR-graft-PS. On the other hand, based on the results of SEM and DSC, it can be
concluded that the ratio between RC and DPNR-graft-PS of 1:10 is the best ratio with which the
properties of the material can be improved.
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