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Abstract
Burning rice straw particles is a problem for generating atmospheric particulate matter (PM2.5) in Thailand. Increase in 
value-added rice straw such as production of rice straw particle board is an attractively promising product. The prevul-
canized natural rubber-bonded rice straw particles using bis-(3-triethoxysilylpropyl)tetra sulphide (Si-69) acting as silane 
coupling agents were used to produce rice straw particle board. The effect of Si-69 concentrations of 2, 5, 7, and 10%w/v on 
the properties of rice straw particle board was investigated. The surfaces of treated rice straw particles were characterized 
by attenuated total reflectance Fourier transform infrared spectroscopy (ATR-FTIR), and X-ray photoelectron spectroscopy 
(XPS). In addition, modulus of rupture (MOR), modulus of elasticity (MOE), internal bonding (IB) thickness swelling (TS) 
and water absorption (WA) of the prepared samples were measured. The result illustrated that the rice straw particle board 
was successfully manufactured using prevulcanized natural rubber and Si-69 coupling agent. The rice straw surface was 
fully covered by Si-69 and the amount of silicon and sulphur elements were increased with increasing Si-69 concentration. 
Consequently, the IB, MOR and MOE of the rice straw particle tended to increase with increasing Si-69 concentration. This 
is possibly due to good interfacial adhesion and reasonable stress transfer between rice straw particles and prevulcanized 
natural rubber as well as higher crosslink density of prevulcanized natural rubber. On the other hand, TS and WA of the rice 
straw particle were sharply decreased with increasing Si-69 concentration because the rice straw surface may be partially 
covered by the hydrophobic parts of Si-69.
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Introduction

Rice is an economic crop of Thailand and the most resi-
due rice straw has been used for feed animal, scattered in 
the field and burned after harvest season. The rice straw 

management after harvest time is currently urgent issues. 
Due to burning of rice straw and agro-wastes, this is inten-
sive one of problem for generating atmospheric particu-
late matter (PM), especially PM2.5 [1, 2]. The government 
gives rise to address this cause in numerous ways and one 
of solution is that biomass investigation to increase value-
added rice straw is promising investigation. Rice straw 
particle board is an attractively promising product to rise 
value-added because it can be used as raw material in 
the replacement of wood which thanks to lignocellulosic 
resources containing cellulose, hemicellulose, lignin, wax 
and other inorganic elements, especially silica [3]. Silica 
was deposited on the external surface of rice straw in the 
form of inorganic compounds such as Si(OR)x, Si–O–Si, 
Si–Ox, and Si–C, respectively [3]. According to silica and 
wax deposited on the outer surface of rice straw, therefore, 
they prevent to archive good mechanical strength of the 
particle board. There are many reports dealing with these 
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effects. Binderless board made from rice straw [4, 5] can 
be produced by grinding and hot-pressing method. How-
ever, the internal bonding (IB), modulus of rupture (MOR), 
and modulus of elasticity (MOE) of the final products were 
lower than that of diphenylmethane diisocyanate (pMDI) 
resin-bonded boards [6]. The crucial parameters influenc-
ing the properties of both binderless and binder board sys-
tems were mainly due to wax, ash (silica), particle sizes, 
and morphology of rice straw. The improvements of binder 
wettability and bond ability between rice straw and adhe-
sive have been investigated in many methods such as etha-
nol–benzene extraction before coating by epoxide silane, 
applied urea formaldehyde (UF) [7] stream pretreatment, 
oxalic acid treatment before applying UF resin [8], and the 
effect of amino ethoxy and methoxy silane as coupling agent 
[9–11]. According to the advantage of using readily silane 
coupling agent together with conventional binders, they are 
still based on synthetic thermosetting resins [12], phenol 
formaldehyde (PF), urea formaldehyde (UF), melamine–for-
maldehyde (MF), and polymeric diphenylmethane diisocy-
anate (pMDI) resin. These binders have been classified as 
a carcinogenic and toxic material. Therefore, the develop-
ment of environmentally friendly binders from renewable 
resources for rice straw particle board has been investigated 
to be a promising way for replacing petroleum resources 
such as epoxidized sucrose soyate and chemical modified 
soy protein [13]. The natural rubber (NR) is the alterna-
tive natural binder for producing bio-based wood adhesive 
due to its good mechanical properties, water resistance, and 
high tack [14]. However, it has poor compatibility with polar 
material such as silica reinforcing filler and lignocellulose 
material. Thus, the chemical modification of NR has been 
explored to improve the compatibility with those materials 
[15, 16]. However, this method is more difficult than using 
silane coupling agent. Si-69 acting as silane coupling agent 
has been frequently used for improving interfacial adhesion 
between NR and polar silica because it has ethoxy group 
that can bond with polar silica and sulphur atom can bond 
with rubber [17, 18].

The aim of this research was to investigate the mechani-
cal strength of prevulcanized natural rubber-bonded rice 
straw particle board using bis-(3-triethoxysilylpropyl)tetra 
sulphide (Si-69) acting as silane coupling agent. The effect 
of silane concentration to mechanical strength of rice straw 
particle board was evaluated and discussed in more detail.

Materials and methods

Materials

Prevulcanized natural rubber latex was purchased from 
Chemical and Material Co. Ltd. Bis-(3-triethoxysilylpropyl)
tetra sulphide (TESPT or Si-69 was supplied by JJ-Degussa 
(Thailand) Co., Ltd., and its chemical structure was shown in 
Fig. 1. Rice straw was obtained from Faculty of Agriculture, 
Ubon Ratchathani University, Ubon Ratchathani, Thailand.

Manufacture of rice straw particle boards

The whole rice straw was cut using scissor and was then 
dried in oven at 50 °C for 24 h. The small pieces of rice 
straw were grinded by a blender machine until they passed 
through 3-mm screen to make whole powder. These raw 
materials were mixed into the Si-69 solutions, prepared by 
dissolution in ethanol solvent, at different concentrations of 
2, 5, 7 and 10%w/v for 10 min and were then dried in an 
oven at 50 °C for 24 h. The dried samples were subsequently 
sprayed with prevulcanized NR latex in a rotating drum 
equipped with paddle mixers at a weight ratio of rice straw 
ratio to prevulcanized NR latex, 70:30 (wt%). The rice par-
ticles were then dried in a hot air oven for 2 h at 50 °C and 
finally compressed with a hot-press machine at 150 °C for 
10 min. The samples size was 150 mm × 150 mm × 5 mm.

Determination of rice straw particle board 
properties

The mechanical properties of rice straw particle board were 
measured following the Kurokochi and Sato [5] Modulus of 
rupture (MOR), modulus of elasticity (MOE) and internal 
bonding (IB) of rice straw particle board were also investi-
gated. In addition, thickness swelling (TS) and water absorp-
tion (WA) were performed following ASTM D 570. Before 
testing, the weight and dimensions, i.e., length, width and 
thickness, of each specimen were measured. Conditioned 
samples of each type of samples were soaked in distilled 
water at room temperature for 40 days. Samples were then 
removed from the water, patted dry and measured again. 
Each obtained value represents the average of six samples. 

Fig. 1   Chemical structure of 
bis(3-triethoxysilylpropyl)
tetrasulfide (Si-69) [17]
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Water absorption was calculated according to the following 
equation:

where WA is the water absorption in percentage, and M1 
and M2 are the sample weights before and after immersion 
(g). The values of the thickness swelling (TS) in percentage 
were calculated following Eq. (2):

where T1 and T2 is thickness (mm) of the dried and wetted 
sample, respectively.

Investigation by attenuated total reflectance 
Fourier transform infrared (ATR‑FTIR) 
spectroscopy

The chemical compositions of modified rice straw particle 
were determined by FTIR 2000 Perkin Elmer with ATR-
FTIR mode. The spectra were recorded with the resolution 
of 4 cm−1 in the range of 4000–400 cm−1 and a diamond 
crystal was used.

Investigation by synchrotron X‑ray photoelectron 
spectroscopy (XPS)

The amount of chemical element was determined using 
synchrotron XPS. The experiment was investigated at the 
beamline BL3.2Ua, photoemission spectroscopy (PES) of 
the Siam Photon Laboratory. X-ray photoelectron spectrum 
was obtained from an X-ray photoelectron spectrometer 
(PHI5000 Versa Probe II, ULVAC-PHI, Japan). The mono-
chromatic Al Kα X-ray (1486.6 eV) was used as an excita-
tion source.

Results and discussion

Effect of surface treatment

ATR-FTIR was used to determine the chemical composi-
tions of modified rice straw surface. Figure 2 shows ATR-
FTIR spectra of rice straw surface treated by Si-69 at various 
concentrations. The broad absorption band of rice straw was 
observed around 1000 cm−1, assigned to C–OH stretching of 
cellulose and C–O–C of lignin [19]. In addition, the board 
absorption band detected at 3320 cm−1 was attributed to OH 
stretching due to hydrogen bonding [19]. The two peaks at 
2920 and 2844 cm−1 were assigned to -CH2 asymmetric and 
symmetric stretching comprising of the majority of the ali-
phatic fractions of waxes [19]. After treatment with various 
Si-69 concentrations, the absorption band of rice straw was 

(1)WA(%) = 100(M2 −M1)∕M1,

(2)TS(%) = 100(T2 − T1)∕T1,

decreased whereas the absorption bands of Si-69 coupling 
agent were clearly observed at 1075 and 1102 cm−1, attribut-
ing to the Si–O–C stretching [9].

In addition, the amount of Si-69 on rice straw surface 
was determined using synchrotron XPS and the results 
are listed in Table 1. The surface of treated and untreated 
rice straw surface possessed carbon, oxygen, and silicon. 
The proportion of Si and S of the treated rice straw surface 
was increased by varying Si-69 concentrations. It could be 
claimed that rice straw surface was successfully covered by 
Si-69 and its amount was varied with its concentration.

Effect of surface treatment to mechanical properties

The effect of Si-69 concentration to internal bonding is 
shown in Fig. 3. It was found that internal bonding (IB) 
sharply increased with increasing Si-69 concentration. This 
is due to good adhesion between rice straw particles and 
natural rubber which was contributed by Si-69. According 
to ATR-IR and XPS results, the outer surface of rice straw 
particles was mainly consisted of carbon oxygen and silicon. 
These compositions were in the form of Si-(OR)x, Si-Ox [3] 
and C–OH, C–O–C of cellulose and lignin [19]. Therefore, 
both cellulose and silica compounds in the external surface 
of rice straw could be hydrolyzed and then condensed to 
create chemical bonding with Si-69 coupling agent. After 
that, the chemical bonding between Si-69 and natural rub-
ber was further created by a chemical reaction as shown in 
Fig. 4 [17]. In addition, the chemical bonding points were 
possibly increased with increasing the Si-69 concentration. 
The influences of Si-69 on the MOR and MOE of the treated 
rice straw particle board to are also presented in Figs. 5 and 
6. It is seen that both MOR and MOE increase with increas-
ing Si-69 concentration. These effects are possible due to the 
increase in crosslink density of vulcanized natural rubber. 
Actually, rice straw was bonded together using the prevul-
canized natural rubber and the Si-69 coupling agent. The 
Si-69 coupling agent plays a key role in the good interfacial 
adhesion as described in previous section. Under applied 
loading, stresses could transfer from the rice straw particles 
to the rubber phases due to the good interfacial adhesion. 
Therefore, high crosslink density rubber is more resistant 
deformation than low crosslink density one. The Si-69 con-
sists of 4 sulfur atoms on its molecule and these sulfur atoms 
can be attributed to the rubber phase during vulcanization. 
This phenomenon is widely known as “sulfur contribution 
effect” [20], as displayed in Fig. 4b.

Effect of surface treatment to water absorption 
and thickness swelling

The effects of surface treatment on the water absorption 
(WA) and thickness swelling (TS) are shown in Fig. 7. 
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Fig. 2   ATR-IR spectra of 
treated and untreated rice straw 
surface by using bis(3-triethox-
ysilylpropyl)tetrasulfide (Si-69)
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The capacity of water absorption and thickness swelling is 
directly related to the density, the presence of voids and the 
bonds between the rice straw and the matrix [21]. It was 
found that the thickness swelling and water absorption were 
sharply decreased after treatment and slightly decreased with 
increasing Si-69 concentration. This resulted from the good 
adhesion between rice straw particle and rubber, which was 
supported by Si-69 coupling agent. The chemical structure 
of Si-69 consists of both ethoxy groups and methyl as well 
as sulphur group which is a hydrophobic part. Therefore, 
some parts of the rice straw particle surface might be cov-
ered by the hydrophobic fraction. This leads to the decrease 
in the polar fraction of hydroxyl groups of silica compound 
and cellulose, resulting in a decrease in water absorption. 
In addition, the increase in crosslinking density obtained 
by vulcanization of natural rubber with sulphur moiety in 
the Si-69 can also improve dimension stability and water 

Table 1   Atomic concentration 
of the respective element from 
XPS measurements (%)

Samples C1s Ca2p O1s Si2p S2p K2p N1s Si/C S/C O/C

Rice straw 81.65 0.02 15.27 2.78 – 0.28 – 0.03 0.00 0.19
2_Si-69 79.51 – 16.09 3.43 0.97 0.04 0.01 0.20
5_Si-69 77.20 1.27 15.00 3.45 2.22 0.86 – 0.04 0.03 0.19
7_Si-69 74.65 – 16.27 3.50 5.58 – – 0.05 0.07 0.22
10_Si-69 72.92 0.14 14.60 3.67 6.25 1.98 0.44 0.05 0.09 0.20

Fig. 3   Internal bonding (IB) of treated and untreated rice straw sur-
face by using bis(3-triethoxysilylpropyl)tetrasulfide (Si-69), note xx_
Si69: x means concentration (%w/v)

Fig. 4   Bonding of rice straw particles to Si-69 (a), to rubber (b) at 150 C [17]
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absorption of these particle boards by reduction of thickness 
swelling [18].

Conclusions

The rice straw particle was successfully manufactured using 
natural rubber latex and Si-69, which acted as bio-adhesive 
and coupling agent. The mechanical properties (IR, MOR, 
and MOE) and water absorption as well as thickness swell-
ing of particle board were improved. These properties 
increased with increasing Si-69 concentration up to 10 wt%. 
The Si-69 gave strong interfacial adhesion between rice 

straw particle and natural rubber during compression into 
particle boards. can improve crosslinked density of natural 
rubber adhesive. Therefore, the Si-69 coupling agent can be 
used for replacing synthetic binder adhesive such as urea 
formaldehyde melamine and formaldehyde.
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