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 Abstract: Hydrogenated liquid natural rubber (HLNR) was synthesized from liquid 
natural rubber (LNR) by thermolysis of p-toluenesulfonyl hydrazide (TSH). The HLNR 
structure was characterized by Fourier-transform infrared (FTIR) and nuclear magnetic 
resonance (NMR) spectroscopies. Thermogravimetric analysis (TGA) showed that the 
HLNR had higher decomposition temperature compared to LNR. A response surface 
methodology (RSM) based on a central composite rotatable design (CCRD) with five-
level-three-factors was used to optimize the main important reaction parameters, such as 
the TSH:LNR weight ratio (1–3), reaction temperature (110–150 °C), and reaction time 
(1–8 h). A quadratic model was developed using this multivariate statistical analysis. 
Optimum conditions for the non-catalytic hydrogenation of LNR using TSH were 
obtained; an LNR hydrogenation percentage of 83.47% at a TSH:LNR weight ratio of 
1.41, a reaction temperature of 118.11 °C, and a reaction time of 3.84 h were predicted. 
The R2 value of 0.9949 indicates that the model provides data that are well matched with 
those from the experiment. 

Keywords: response surface methodology; central composite rotatable design; 
optimization; liquid natural rubber; hydrogenation 

 
■ INTRODUCTION 

Rubbers are elastomers obtained from either natural 
or non-natural resources. Most natural rubbers (NRs) are 
synthesized by members of the Euphorbiaceae or 
Compositaceae families of plants, and by some fungi [1]. 
Generally, NR consists of isoprene units (C5H8), each 
containing a single cis-configured double bond [2-3]. The 
natural polymer derived from the rubber tree, Hevea 
brasiliensis, is composed of cis-1,4-polyisoprene chains. 
This polymer is well known because of its elastic properties 
and high mechanical strength and has been used for a 
wide range of applications including transportation, 
agriculture, and insulation. However, NR has a low 
resistance to heat, weather, and chemical reagents. By 

increasing the level of saturation in the polymer, the 
stability of NR against thermal and oxidative degradation 
can be enhanced [4]. 

Depolymerization of the polyisoprene chains in 
NR can generate a more useful material that is referred 
to as “liquid natural rubber” (LNR). Generally, LNR has 
shorter polyisoprene chains and lower molecular 
weights (𝑀𝑀𝑤𝑤 < 105) than NR [4]. The Institut de 
Recherches sur le Caoutchouc has defined LNR to be a 
modified NR that can be pumped or poured without the 
assistance of any external medium as a solvent [5]. Nor 
and Ebdon also reported that LNR is able to flow at room 
temperature, thereby facilitating mixing and lower 
processing costs compared to NR [6]. LNR is considered  
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Scheme 1. Thermolysis of TSH and hydrogenation of unsaturated polymer by diimide 

 

to be an important modified NR because the structure of 
the main polyisoprene chain is unaltered. LNR is mainly 
produced to lower the viscosity of NR so that the energy 
required for subsequent processes is reduced. LNR can be 
synthesized by thermal oxidation, photodegradation, 
redox chemistry, ozonolysis, and sonochemistry, after 
which it is easily processed to produce a variety of 
products [7]. LNR has two major advantages over 
synthetic rubbers. Firstly, the synthetic route for the 
preparation of LNR is greener, more renewable, and 
energy efficient compared to other technologies such as 
metathesis, degradation, or cleavage by periodic acid/lead 
tetraacetate [8-10]. Secondly, NR has a natural origin; it is 
synthesized by the H. brasiliensis tree.  

Hydrogenation is a simple method for polymer 
modification and reduces the degree of unsaturation 
present in the polymer. Saturated moieties in the polymer 
lead to improved physical properties, such as stability 
against thermal, oxidative, and radiation-induced 
degradation [11-13]. The saturation of NR by 
hydrogenation can be carried out either by catalytic or 
non-catalytic methods. Catalytic hydrogenation is costly 
because it uses rare transition-metal catalysts. In addition, 
it often requires a special reactor such as an autoclave 
reactor or a Parr hydrogenator. Saturation by non-
catalytic hydrogenation can easily be carried out using 
diimide that provides hydrogen atoms to the C=C bonds 
(Scheme 1). In addition, non-catalytic hydrogenation uses 
less expensive reagents and milder conditions (e.g., lower 
pressures) compared to catalytic hydrogenation, and 
requires only simple apparatus [14-15]. Mahittikul et al. 
reported the hydrogenation of natural rubber latex (NRL) 
by thermolysis in the presence of p-toluenesulfonyl 
hydrazide (TSH) [16]. Recently, the hydrogenation of 

LNR using diimide sources (TSH and 2,4,6-
trimethylbenzenesulfonyl hydrazide) has also been 
studied by Azhar et al. and Jamaluddin et al. [4,17]. 

Traditionally, the optimization of a reaction is 
carried out by varying one variable at a time. The major 
deficiency of this approach is that it does not reveal 
correlations among the studied variables. As a result, this 
technique does not reflect the full effects of each variable 
on the response [18]. This technique also leads to the 
high consumption of reagents and materials due to its 
single-factor optimization pathway. In order to 
overcome this problem, the optimization procedure 
needs to be carried out using the most relevant 
multivariate statistical technique, which is the response 
surface methodology (RSM). It is especially appropriate 
for analyzing and modeling multi-factor experiments 
because it can assess both single and interaction effects 
of specific factors [19]. The main advantage of RSM is 
the reduced number of experiments needed to provide 
sufficient information for a statistically acceptable result 
[20-21]. Azhar et al. and Jamaluddin et al. optimized the 
production of hydrogenated liquid natural rubber 
(HLNR) using conventional methods and concluded 
that the optimum TSH:LNR weight ratio is 3:1, leading 
to over 90% LNR hydrogenation after 4–6 h of reaction 
time at 130 °C [4,17]. 

The objective of this work was to determine the 
optimum conditions for the production of HLNR by the 
thermolysis of LNR in the presence of TSH using RSM. 
The novelty of this work was the interactive effects of all 
parameters and the optimum conditions for the 
hydrogenation of LNR were determined statistically. 
The parameters used in this study were selected based on 
previous studies [17]. 
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Table 1. Independent variables and their actual coded values 

Variable 
Levels 

-2 -1 0 +1 +2 
TSH:LNR weight ratio, A 1.00 1.41 2.00 2.59 3.00 
Reaction temperature, B (°C) 110.00 118.11 130.00 141.89 150.00 
Reaction time, C (h) 1.00 2.42 4.50 6.58 8.00 

■ EXPERIMENTAL SECTION 

Materials 

In this work, natural rubber was supplied by the 
Rubber Research Institute of Malaysia (RRIM). Reagent 
grade toluene (> 99%), methanol (> 99.8%) and ethanol 
(95%) were purchased from R&M Chemicals (Himachal 
Pradesh). Reagent grade methylene blue (≥ 95%), rose 
bengal (95%), and p-toluenesulfonyl hydrazide (TSH) 
(97%) were purchased from Sigma Aldrich (Missouri). 

Instrumentation 

Fourier-transform infrared (FTIR) spectroscopy 
(Agilent Cary 630 FTIR) was employed to monitor any 
changes in the main LNR spectral bands upon 
hydrogenation. 1H Nuclear Magnetic Resonance (NMR) 
spectroscopy was performed in CDCl3 at 400 MHz on a 
Bruker AVANCE III HD instrument. The 1H NMR 
signals were integrated in order to determine the 
hydrogenation percentage. The decomposition 
temperature of the products was determined using 
differential thermal analysis (DTA) (TGA/SDTA 851e, 
Mettler Toledo). 

Procedure 

Preparation of LNR 
The LNR used in this study was prepared by the 

photosensitized degradation of NR as follows [22]. About 
1 kg of natural rubber (NR) was soaked in toluene until it 
was completely swollen. Methanol (10 mL), rose bengal 
(0.100 g), and methylene blue (0.066 g) were added to the 
swollen NR, and the mixture was stirred with a 
mechanical stirrer at 10–30 rpm for 12 days under visible 
light at room temperature. The product was then 
centrifuged at 6000 rpm to separate the gel formed during 
photodegradation. 

Hydrogenation of LNR 
A solution of LNR with 10% dried rubber content 

was prepared [23]. Different amounts of TSH were added 
to fixed amounts of LNR (3.00 g) such that TSH:LNR 
ratios between 1:1 and 3:1 were obtained. The mixtures 
were stirred at 650 rpm at different temperatures (110–
150 °C) and reaction times (1–8 h). The products were 
filtered and coagulated with ethanol to remove residual 
TSH, after which they were dried in a vacuum oven to 
remove the remaining solvent. 

Experimental design and statistical analysis 
In this study, RSM with a five-level-three-factor 

CCRD was used, which required 20 experiments. The 
fractional factorial design was composed of eight factorial 
points, eight axial points, and six center points. 
Correlations between independent variables were 
determined by variance analysis (ANOVA). The 
sufficiency of the final model was determined from the 
differences between the experimental values and the 
predicted values. The proposed model was verified by 
validation experiments. Reactions were carried out with 
different reaction conditions, as described above. Table 
1 lists the independent variables in terms of their actual 
coded values. The range of variables was selected on the 
basis of the studies of Jamaluddin et al. [17]. 

■ RESULTS AND DISCUSSION 

Model Fitting and ANOVA 

An appropriate model with three parameter levels, 
including the TSH:LNR weight ratio, reaction 
temperature, and reaction time was selected for the 
optimization of HLNR via CCRD. The experimental and 
predicted hydrogenation percentages are listed in Table 
2. Model-fitting was required to ensure that the 
predicted hydrogenation percentages correlated 
sufficiently with the experimental data. 
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Table 2. CCRD of LNR hydrogenation percentages 
Run 
no. 

TSH:LNR weight ratio, 
A 

Reaction temperature, 
B (°C) 

Reaction time, 
C (h) 

Hydrogenation (%) 
Actual Predicted 

1 2.00 (0) 130.00 (0) 4.50 (0) 97.00 95.69 
2 2.00 (0) 130.00 (0) 8.00 (+2) 99.41 98.69 
3 2.00 (0) 130.00 (0) 4.50 (0) 96.24 95.69 
4 1.41 (-1) 118.11 (-1) 6.58 (+1) 95.61 95.10 
5 2.00 (0) 110.00 (-2) 4.50 (0) 90.09 90.74 
6 1.41 (-1) 141.89 (+1) 6.58 (+1) 96.93 97.39 
7 1.00 (-2) 130.00 (0) 4.50 (0) 81.26 82.20 
8 2.00 (0) 130.00 (0) 4.50 (0) 94.72 95.69 
9 1.41 (-1) 141.89 (+1) 2.42 (-1) 72.53 71.14 
10 1.41 (-1) 118.11 (-1) 2.42 (-1) 67.80 67.12 
11 2.59 (+1) 141.89 (+1) 2.42 (-1) 85.39 85.21 
12 2.59 (+1) 118.11 (-1) 6.58 (+1) 98.72 99.43 
13 2.00 (0) 130.00 (0) 4.50 (0) 95.55 95.69 
14 2.00 (0) 130.00 (0) 4.50 (0) 95.46 95.69 
15 2.00 (0) 150.00 (+2) 4.50 (0) 96.70 97.03 
17 3.00 (+2) 130.00 (0) 4.50 (0) 97.65 97.68 
18 2.00 (0) 130.00 (0) 1.00 (-2) 58.59 60.28 
19 2.00 (0) 130.00 (0) 4.50 (0) 95.35 95.69 
20 2.59 (+1) 118.11 (-1) 2.42 (-1) 81.16 80.01 

Table 3. ANOVA data for the quadratic model developed for hydrogenation of LNR 
Source Sum of Squares Degrees of Freedom Mean Square F-value P-value 
Model 2484.14 9 276.02 196.00 <0.0001 
TSH:LNR weight ratio, A 236.76 1 236.76 168.12 <0.0001 
Reaction temperature, B 39.18 1 39.18 27.82 0.0005 
Reaction time, C 1457.11 1 1457.11 1034.71 <0.0001 
AB 0.51 1 0.51 0.36 0.5640 
AC 26.59 1 26.59 18.88 0.0019 
BC 1.09 1 1.09 0.78 0.4012 
A2 57.85 1 57.85 41.08 0.0001 
B2 5.70 1 5.70 4.05 0.0750 
C2 459.19 1 459.19 326.08 <0.0001 
Residual 12.67 9 1.41 - - 
Lack-of-fit 9.52 4 2.38 3.78 0.0887 
Pure error 3.15 5 0.63 - - 
Corrected total 2496.81 18 - - - 

 
The experimental data were fitted to several models 

including a linear model, a two-factorial-interaction 
model, a quadratic model, and a cubic model; ANOVA 
revealed that the hydrogenation of liquid natural rubber 
is most suitably described by a quadratic polynomial 
model. The fitted quadratic polynomial is expressed as: 

( )

2 2 2

Hydrogenation  %  95.69 4.60A 1  .87B
                                     11.42C 0.30AB 2.14AC
                                      0.43BC 2.03A 0.64B 5.73C

= + + +
+ + −

− − − −

  

where A is the TSH:LNR weight ratio, B is the reaction 
temperature, and C is the reaction time. A positive sign 
indicates a synergistic effect, whereas a negative sign 
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indicates an antagonistic effect. A negative coefficient 
indicates that the associated parameter has a negative 
influence on the percentage of hydrogenation. This 
quadratic model was found to have a coefficient of 
determination (R2) of 0.9949, which means that 99.49% of 
the total variation in the observed findings is attributable 
to the independent variables. Normally, a regression 
model with an R2 value above 0.9 is considered to be 
highly correlated [24]. Furthermore, previous studies 
found that empirical models better fit the actual data 
when R2 is close to unity [25]. Therefore, the high value of 
R2 obtained in our regression model indicates excellent 
agreement between the predicted and actual percentages 
of HLNR hydrogenation. 

The ANOVA data for the model are tabulated in 
Table 3. The computed F-value of the model (196.00) 
indicates that the model is significant, while the lack-of-
fit F-value of 3.78 shows that lack-of-fit is not significant 
relative to pure error. The model F-value had an 
associated P-value (< 0.0001) less than 0.05, indicating 
and there is only a 0.01% chance that a model F-value this 
large could have occurred due to noise present in the 
experiments. A model is considered to be well-fitted to the 

experimental data if it displays significant regression and 
a non-significant lack-of-fit [26]. A, B, and C are the 
main linear terms, while AB, AC, and BC are the 
interaction terms, and A2, B2, and C2 are the quadratic 
response terms. In this study, A, B, and C are significant 
(p < 0.05), the interaction term AC is significant (p < 
0.05), while quadratic terms A2 and C2 are also 
significant (p < 0.05). Fig. 1 displays the good 
relationship between the actual and predicted LNR 
hydrogenation percentages. The linear distribution is 
indicative of a well-fitted model. The generated model 

 
Fig 1. Correlation of actual and predicted value of 
hydrogenation of LNR 

 
Fig 2. Three-dimensional response surface plots. (a) The weight ratio of TSH:LNR versus reaction time (h), (b) The 
weight ratio of TSH:LNR versus reaction temperature (°C), and (c) reaction time (h) versus reaction temperature (°C) 
on the percentage of hydrogenation as a response 
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was subsequently employed to study the effect of various 
parameters and their interactions on the LNR 
hydrogenation percentage. 

Effect of Parameters 

The correspondence among all variables and 
response can be known by reviewing the three-
dimensional (3D) response surface plots. Fig. 2(a) 
displays the response surface as functions of the TSH:LNR 
weight ratio and reaction temperature over the 1.41–2.59 
and 118.11–141.80 °C ranges, respectively, with the 
reaction time fixed at 4.50 h. The percentage of 
hydrogenation increases with increasing reaction 
temperature; a reaction temperature of 141.89 °C and 
TSH:LNR weight ratio of 2.59 led to the maximum 
hydrogenation percentage (over 98%). Based on the 
response surface plot (Fig. 2(a)), increasing the TSH:LNR 
weight ratio increases the hydrogenation percentage 
while increasing the reaction temperature has little effect. 
We conclude that the reaction temperature has a smaller 
effect on the LNR hydrogenation percentage compared to 
the TSH:LNR weight ratio. Jamaluddin et al. reported that 
TSH decomposes at about 100 °C [17]. Therefore, 
increases in reaction temperature contribute less to 
increases in hydrogenation percentage. 

Fig. 2(b) illustrates the effect of varying the 
TSH:LNR weight ratio and reaction time over the 1.41–
2.59 and 2.42–6.58 h ranges, while the reaction 
temperature was fixed at 130 °C, and reveals that the 
maximum hydrogenation percentage (over 98%) was 
obtained at a TSH:LNR weight ratio of 2.30 and at 6.50 h. 
Hydrogenation cannot occur if the diimide is not 
generated by the thermolysis of TSH. In addition, longer 
reaction times lead to higher hydrogenation percentages 
as long as the diimide source remains in the reaction 
mixture. Once the TSH has been completely decomposed 
by thermolysis, hydrogenation cannot continue due to 
diimide deficiency. The TSH:LNR weight ratio also plays 

an important role in the hydrogenation of LNR. Azhar 
et al. and Jamaluddin et al. demonstrated optimum 
TSH:LNR weight ratios of 3:1 [4,17]. The conversion of 
the unsaturated bonds in LNR requires the optimum 
amount of TSH [4,17], and this amount depends 
considerably on the total weight of the LNR. The HLNR 
hydrogenation percentage produced remains fixed, even 
with prolonged reaction times, once all of the 
unsaturated bonds in LNR have reacted. 

Fig. 2(c) shows the response surface as functions of 
reaction temperature (118.11–141.89 °C) and reaction 
time (2.42–6.58 h) at a fixed TSH:LNR weight ratio (2.0). 
The highest LNR hydrogenation percentage was 
obtained at 141.89 °C and 6.58 h of reaction time, 
whereas the lowest HLNR yield was obtained at 118.11 
°C and 2.42 h. As mentioned previously, the reaction 
temperature has a smaller effect on the hydrogenation 
percentage because the reaction temperature is above 
100 °C (the temperature for TSH decomposition). From 
the surface plot, the hydrogenation percentage is 
observed to increase with increasing reaction time. This 
is because the conversion of the unsaturated bonds in 
LNR is mostly dependent to reaction time. 

Optimum Condition 

The optimum conditions for the hydrogenation of 
LNR were predicted using the optimization function of 
the Design Expert Software, which reveals the most 
desirable (optimum) conditions for the hydrogenation 
of LNR, as shown in Table 4. The highest LNR 
hydrogenation percentage is predicted to be 83.47%. The 
optimum reaction parameters are 3.84 h, a TSH:LNR 
weight ratio of 1.41, and a reaction temperature of 
118.11 °C. The response surface can determine the 
optimal combination of parameters that provides the 
highest percentage under minimal reaction conditions; 
all parameters were assigned minimum values that 
achieved the maximum LNR hydrogenation percentage. 

Table 4. Optimum conditions for the hydrogenation of LNR 
Run 
no. 

TSH:LNR weight ratio, 
A 

Reaction temperature, 
B (°C) 

Reaction time, 
C (h) 

Hydrogenation (%) 
Deviation 

Actual Predicted 
1 1.41 118.11 3.84 83.47 81.83 1.64 
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Table 5. Validation of the quadratic model 
TSH:LNR weight 

ratio, A 
Reaction temperature, 

C (°C) 
Reaction time, 

B (h) 
Hydrogenation (%) 

Difference 
Actual Predicted 

1.50 120.00 6.00 95.58 95.38 0.20 
1.50 135.00 3.00 78.96 78.58 0.38 
1.90 115.00 5.00 93.79 94.17 0.38 
2.20 145.00 2.00 77.84 78.02 0.18 

 
Fig 3. FTIR spectra of LNR and HLNR (99.41%) 

 
The quadratic model for the optimization of LNR 

hydrogenation was also validated, the results of which are 
listed in Table 5. Inspection of Table 5 reveals that different 
reaction conditions provide hydrogenation percentages 
that are still acceptable. A comparison of the predicted 
and actual data reveals a good correspondence between 
them, indicating that the empirical model derived by RSM 
can be used to adequately describe the relationship between 
the variables and their impact on the LNR hydrogenation 
percentage. 

Comparison of Parameter Study Techniques 

Based on the study conducted by Azhar et al., HLNR 
with hydrogenation percentage exceeding 90% was 
obtained at TSH:LNR weight ratio of 3:1, a reaction 
temperature of 130 °C and reaction time of 4 h. Then, 
Jamaluddin et al. stated that the ratio of TSH:LNR at 3:1 
would produce HLNR with hydrogenation percentage 
above 90% after 6 h of reaction at 130 °C. In this study, the 
optimum condition of the hydrogenation reaction has 
been determined by setting all parameters in the minimum 
state for the maximum hydrogenation percentage. Such a 
situation cannot be done if it is carried out conventionally. 

Additionally, the RSM method is also capable of 
providing 3D empirical models that allow researchers to 
understand the effect of each response parameter in depth. 

Identification of LNR and HLNR 

The product was characterized by FTIR and NMR 
spectroscopies. The formation of HLNR was confirmed 
by comparing its FTIR spectrum with that of LNR. The 
spectra of LNR and 99.41%-hydrogenated HLNR are 
displayed in Fig. 3 and show characteristic absorption 
bands at 3000–2850, 1664, and 834 cm–1, which 
correspond to sp3 C–H stretching, C=C stretching, and 
olefinic C–H bending, respectively. The intensity of the 
sp3 C–H stretching band (3000–2850 cm–1) increases as 
a result of LNR hydrogenation, while the intensities of 
the other two peaks decrease due to the reduced levels of 
C=C (1664 cm–1) and olefinic C–H (834 cm–1) groups. 
Several bands between 1500 and 900 cm–1 in the 
spectrum of HLNR are more intense than those in the 
spectrum of LNR. The stronger signals in this region 
originate from paraffinic C–H bending vibrations owing 
to the increased number of alkane groups following 
hydrogenation. 
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Fig 4. 1H NMR spectra of LNR and HLNR (99.41%) 

 
The 1H NMR spectra of LNR and HLNR are 

displayed in Fig. 4. The spectrum of LNR displays signals 
for allylic methyl (R–CH3) and methylene (R–CH2–R) 
protons, and olefinic (R–CH=C–R2) protons at 1.73, 2.02, 
and 5.12 ppm, respectively. These three signals are 
reduced in intensity in the spectrum of HLNR, and new 
signals appear in the 0.85–1.39 ppm region that 
corresponds to the saturated hydrocarbon groups 
(methylene (–CH2–), and methyl (–CH3)). The NMR 

signals of 99.41% HLNR were broader than those of LNR 
because the rate of spin-lattice relaxation increases with 
increasing numbers of alkane groups upon 
hydrogenation. The ratio between the integrated olefinic 
proton signal and the signals in the range of 0.8–2.1 ppm 
was used to calculate hydrogenation percentages [17]. 
The signals in the 2.3–2.5 ppm range correspond to 
benzylic protons from toluene and TSH. In conclusion, 
the FTIR and NMR spectra  show that microstructural  
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Fig 5. Thermograms of (a) LNR; (b) HLNR at 58.59% and 
(c) HLNR at 99.41% 

changes had occurred during the hydrogenation process. 

Thermal Behavior of LNR and HLNR 

Thermogravimetric analysis (TGA) was carried out 
to investigate the thermal properties of LNR and HLNR. 
Fig. 5 shows the thermograms of LNR and HLNR based 
on decomposition temperature. Thermogram of LNR 
shows a decomposition temperature at 380 °C. However, 
thermogram of HLNR shows a two-step decomposition. 
The first stage of the decomposition is due to the side 
product of TSH decomposition at around 245 °C. It shows 
an increment in decomposition temperature of HLNR 
upon hydrogenation. Thermograms of HLNR at 58.59 
and 99.41% hydrogenation show maximum 
decomposition temperature at 427 and 451 °C, 
respectively. Based on the comparison between both 
HLNR thermograms, a higher percentage of conversion 
of HLNR also increased the decomposition temperature. 

■ CONCLUSION 

The conditions for the formation of hydrogenated 
liquid natural rubber from liquid natural rubber were 
successfully optimized using response surface 
methodology (RSM) instead of conventional methods. 
The high coefficient of determination (R2 = 0.9949) 
indicates that the predicted and experimental values are 
well correlated. ANOVA reveals that the model effectively 
describes the relationship between the liquid natural 
rubber hydrogenation percentage and three factors, the 
TSH:LNR weight ratio, the reaction temperature, and the  
 

reaction time. This model can be used to predict the 
percentage of LNR hydrogenation under any given set of 
conditions within the experimental range. The optimum 
conditions determined in this manner can be used to 
scale-up the process, minimize costs, and reduce 
reaction times. We have demonstrated that the optimum 
LNR hydrogenation percentage can be successfully 
predicted by RSM. 
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