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R – COOH          +         R’ OH                                              R – COO – R’        +         H2O   
 Free Fatty Acid (FFA)      Alcohol                                                    FAME                          Water    

Esterification

Hydrolysis

Synthesis of Fatty Acid Methyl Ester (FAME)

H+

SAC 13 Amberlyst 15

acidity

4.4 mmol g−1

acidity

0.6 mmol g−1

Commercial Heterogeneous Acid Catalyst

Homogeneous acid catalyst (H2SO4, (p-TsOH)
Disadvantages : Corrosion of reactor, 
 Difficulty of separation, Difficulty of recovery etc.

Advantages : High acidity with sulfonic acid gr.,
Hydrophobicity and Reusability etc. 3



Pathway for formation of NR/WMS-SO3H composite

NR/WMS-SO3H nanocomposite

Esterification of FFA and alcohol 

using NR/WMS-SO3H as acid catalyst 

NR/WMS-SO3H
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Surface modification of NR/WMS-SO3H nanocomposite

Co-Condensation

Different Acid Strength

The objective of this study is to prepare a natural rubber/wormhole-like mesostructured silica 

nanocomposite functionalized by different sulfonic acid groups via the co-condensation method. 

The NR/WMS–SO3H catalysts will be examined for their catalytic activity to produce FAME for 

biodiesel production. 5



WMS-Pr-SO3H

Experimental : Preparation WMS-SO3H 

TDA   +  THF

Drop H2O and TEOS

(stirring 40 °C, 30 min.) 

(stirring 40 °C,1 h.) 

Aging 18 h

Refluxed 

NR/HMS (as synthesis) with 0.05 

H2SO4 /EtOH 70 °C, 4 h

Drop MPTMS and H2O2

WMS-Ar-SO3H 

TDA   +   THF

Aging 95 °C, 24 h

Refluxed 

NR/HMS (as synthesis) with 0.05 

H2SO4 /EtOH 70 °C, 4 h

Drop CSPTMS

(stirring 35 °C, 20 h.) 

Filtration and dry @60 °C, 24 h

Drop H2O and TEOS

(stirring 40 °C, 30 min.) 

Filtration and dry @60 °C, 24 h

*3-mercaptopropyltrimethoxysilane 

(MPTMS) 

*2-(4-Chlorosulfonylphenyl) 

ethyltrimethoxysilane

(CSPTMS)

*Tetraethoxysilane (TEOS)

 *Tetradecylamine (TDA) 

 *Tetrahydrofuran (THF) 
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NR/WMS-Pr-SO3H 

NR 0.5 g   +  TEOS 10 g

*Natural Rubber
(swelling 16 h.) 

Swollen NR

Adding THF

(stirring 24 h.) 

Drop TDA, TEOS and H2O

(stirring 40 °C,1 h.) 

Aging 40 °C, 3 d

(filtration and dry 100 °C, 30 min.) 

Refluxed 

NR/HMS (as synthesis) with 0.05 

H2SO4 /EtOH 70 °C, 4 h

Precipitation in EtOH

Drop MPTMS and H2O2

NR/WMS-Ar-SO3H

NR 0.5 g   +  TEOS 10 g

(swelling 16 h.) 

Swollen NR

Adding THF

(stirring 24 h.) 

Drop TDA, TEOS and H2O

(stirring 35 °C, 20 h.) 

Aging 95 °C, 24 h

(filtration and dry 100 °C, 30 min.) 

Refluxed 

NR/HMS (as synthesis) with 0.05 

H2SO4 /EtOH 70 °C, 4 h

Precipitation in EtOH

Drop CSPTMS

(stirring 1 h.) 

Experimental : Preparation NR/WMS-SO3H nanocomposite 
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Sampling

%conversion = 
𝒎𝒐𝒍𝒆 𝒐𝒇 𝒄𝒂𝒓𝒃𝒐𝒙𝒚𝒍𝒊𝒄 𝒊𝒏𝒊𝒕𝒊𝒂𝒍 −𝒎𝒐𝒍𝒆 𝒐𝒇 𝒄𝒂𝒓𝒃𝒐𝒙𝒚𝒍𝒊𝒄 𝒓𝒆𝒎𝒂𝒊𝒏 

𝒎𝒐𝒍𝒆 𝒐𝒇 𝒄𝒂𝒓𝒃𝒐𝒙𝒚𝒍𝒊𝒄 𝒊𝒏𝒊𝒕𝒊𝒂𝒍
x100

Gas chromatography = analyzed productivity

Experimental : Esterification study

120 °c

Palmitic acid + methanol + Catalyst 

8

Condition: 120 ºC, molar ratio of palmitic acid: methanol at 1:20 , 3% wt. of catalyst loading 

and reaction time at 3 h.



Results & Discussion

WMS-Pr-SO3H NR/WMS-Pr-SO3H

NR/WMS-Ar-SO3H
WMS-Ar-SO3H
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Fig. 1. XRD patterns of (A) WMS, WMS−SO3H and (B) NR/WMS, 

NR/WMS−SO3H composites
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Results & Discussion
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Fig. 2. FTIR spectra of (A) WMS, WMS−SO3H and (B) NR/WMS, NR/WMS−SO3H composites.
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Results & Discussion Samplea
SBET

b Dp
c Vt

d Aciditye S contentf

(m2 g-1) (nm) (cm3 g-1) (mmol H+ g-1) (wt.%)

WMS 529.7 4.66 1.28 n.d. n.d.

WMS-PrSO3H 534.2 2.71 0.85 1.35 2.38

WMS-ArSO3H 179.3 2.65 0.55 1.78 3.62

NR/WMS 465.8 4.22 1.69 n.d. n.d.

NR/WMS-PrSO3H 374.1 2.53 1.34 1.18 2.54

NR/WMS-ArSO3H 222.6 2.46 1.20 1.61 4.42

Table 1 Physicochemical properties of WMS, WMS−SO3H, NR/WMS and NR/WMS−SO3H

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3. N2 adsorption-desorption isotherms and BJH pore size distribution of the 

(A) WMS, WMS−SO3H and (B) NR/WMS, NR/WMS−SO3H composites.

  

 

(A) (B) 

Fig. 4. SEM images (80,000 x magnification) of the (A) NR/WMS−PrSO3H and 

(B) NR/WMS −ArSO3H composites.
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Results & Discussion
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Fig. 5. Esterification of palmitic acid with methanol over WMS−SO3H materials and 

NR/WMS−SO3H composites. 

Esterification

Hydrolysis

Heterogeneous acid catalyst
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Conclusions

28

• Physical characterization techniques indicated that organosulfonic acids affected the structural 

characteristics of the parent mesoporous silica materials manifested by decreasing the order of 

mesostructured, BET surface area and changes in pore size distribution. 

• The −ArSO3H functionalized mesoporous silica materials exhibited a higher acidity and acid 

strength than the −PrSO3H group. 

• The NR/WMS−ArSO3H with hydrophobicity and high acidity showed the highest conversion 

of palmitic acid at 89.3%. 

• Therefore, the NR/WMS−ArSO3H catalyst was a potential solid acid catalyst for biodiesel 

production.
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HMS

Contact angle = 19o

Averaging from 5 droplet data at 5 sec.  

NR/HMS

Contact angle = 80.8o

Averaging from 5 droplet data at 5 sec.  



Supplementary Information

17

HMS-SO3H

Contact angle = 106o

Averaging from 5 droplet data at 5 sec.  

NR/HMS-SO3H

Contact angle = 128.5o

Averaging from 5 droplet data at 5 sec.  



Supplementary Information

18

Steps in heterogenous catalysis 
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  Si−OC2H5 + H2O       Si−OH       + C2H5OH (2.7) 
 

  Si−OC2H5 +      HO−Si     Si−O−Si   + C2H5OH (2.8) 
 

  Si−OH +      HO−Si     Si−O−Si   +  H2O  (2.9) 
Overall reaction 
Si(OC2H5)4 + 2H2O     SiO2        +  4C2H5OH 

Hydrolysis 

Water Condensation 

Alcohol Condensation 

Hydrolysis and condensation of TEOS to form silica.
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❖ High acidity
❖ Hydrophobicity
❖ Long lifetime 
❖ Reusability

 

Amberlyst®

= SO3H
+

R – COOH  +     R’OH                                      R – COO – R’  +      H2O   
   Acid                    Alcohol                                                       Ester                         Water        

 

Acid catalysts
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