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51402211: MAJOR: POLYMER SCIENCE AND ENGINEERING 
KEY WORDS:  BIODIESEL/ ACTIVATED CARBON/ HETEROGENEOUS CATALYST 

 CHAIWUT NAKWEANG: BIODIESEL FUEL PRODUCTION USING ACTIVATED 
CARBON AND CALCIUM OXIDE AS HETEROGENEOUS CATALYST. THESIS ADVISOR:  
NUTTHAWUT CHAIYUT, Ph.D. 107 pp. 

      Transesterification of palm stearin with methanol was investigated under a 
heterogeneous catalysis system. Activated carbon and calcium oxide were applied as solid 
catalysts. In this study various amount of metal loading on activated carbon (AC) surface. 
Catalyst was prepared via an impregnation method. The catalyst was activated at calcination 
temperatures at 450 oC for 4 h to metal oxides form and calcium carbonate was prepared by 
calcination with various temperature and time to calcium oxide form. The catalysts were 
characterized using thermogravimetric analysis (TGA), scanning electron microscope (SEM), 
X-ray diffraction (XRD) and surface area analyzer.  

The suitable conditions for transesterification over Ca(NO3)2/AC catalyst are the 
catalyst/oil mass ratio of 10.5 % (w/w), methanol/oil molar ratio of 15:1, reaction time of 4 h 
and temperature of 60 oC. When using Ca(NO3)2/AC (palm shell) catalyst ,the suitable 
conditions are the catalyst/oil mass ratio of 9 % (w/w), methanol/oil molar ratio of 10:1, 
reaction time of 4 h and temperature of 60 oC. And when using CaO catalyst, the catalyst/oil 
mass ratio of 6 % (w/w), methanol/oil molar ratio of 15:1, reaction time of 3 h and temperature 
of 55 oC are the suitable conditions. 

Some important fuel properties of the resultant biodiesel products meet the 
standards of diesel fuel and biodiesel so it can be use for diesel replacement. 
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H. Yuan  [31]  (Fatty Acid Methyl Ester, 
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  H2SO4/C  Impregnation 
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FAME  High-Performance Liquid Chromatography (HPLC) 
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 12:1  H2SO4  50 wt%  5% 

 60   94 wt%  
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B.H. Hameed  [32] 

 (WCO)           

 Central Composite Design    

  

  10 

   

        

 

 RSM 

   3 wt.%  

 175 oC  8.85  1  

 83 wt.%  

 

 

S. Benjapornkulaphong  [33] 

 

  

  LiNO3/Al2O3 NaNO3/Al2O3  
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3.1  (Materials) 

3.1.1  (Palm stearin) 
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3.1.2  (Activated carbon) 
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3.1.3   (Calcium nitrate) 

    Ajax Finechem Pty Ltd 
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3.1.4  (Potassium carbonate) 

 Activating agent 

   Ajax Finechem Pty Ltd  22 

 

 
 22  [36] 

3.1.5  (Calcium carbonate) 

   Sigma-Aldrich  23 

 

 
 23  [37] 

3.1.6  (Methanol) 
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3.1.8  (Propanol) 
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3.2  

3.2.1 Thermal Gravimetric 

Analysis (TGA)  Perkin Elmer  TGA7HT  

3.2.2   

Scanning Electron Microscopy (SEM)  JEOL technics LTD  JSM 5410 LV 

 

3.2.3  X-ray Diffraction (XRD)  JEOL technics 

LTD  JDX-3530     

3.2.4  (Surface Area Analyzer)  Quantachrome               

 Autosorb-1MP   

3.2.5  Gas Chromatography (GC)  Varian CP-3800 

3.2.6  (Digital Density Meter)  DMA 4500  

3.2.7  (Pensky Martens Closed Cup Tester)  Tanaka APM-7 

3.2.8  (Kinemetic Viscometer)  CAV-200  

 

3.3  

 

        

4    1   2 

  3  

  4 

   

 

3.3.1  

3.3.1.1  

    

Ball mill  3   1-2  

 1:1   

110   24   (  24) 

 800   2  
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 110   24   

 100 Mesh      

 

 
 24  (Tube furnace) 

3.3.1.2  

 

 

  4   120 

 24          

 TGA  450  

 (  26)  450   4  

  40-200 Mesh 

 
 25  Thermal Gravimetric Analysis (TGA) 

 
 26  (Muffle furnace) 
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 28  (XRD) 

 

 
 29  (Surface Area Analyzer) 
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 30  (SEM) 

3.3.2   

 

TGA  780  

3.3.2.1  800-900  

 1.5-4.5  

3.3.2.2  

3.3.2.3  

 

3.3.3   

     

   20 mmol/gsupport  450 

  4  

 800   4  30  

3.3.3.1  

      

   

   

 

3.3.3.1.1 

  250  
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3.3.3.1.2 

 

 
 32  

 

3.3.3.1.3   

 10   

 
 33 

   10  
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3.3.3.1.4  60 

 

  

 
 34  60        

 

 

3.3.3.1.5  

 30   2  

     

 

 
 35  30  

 

3.3.3.1.6 

 15   

 
 36  15  

 
 
 
 

 
 
 
 

 
 



 

39 

 

3.3.3.1.7 

 2        

 

 
 37  

 

3.3.3.2 

 

  

 

3.3.4 

-  Gas Chromatography (  38) 

     

-  ASTM D 445 (  39) 

-  ASTM D 4052 (  40) 

-  ASTM D 93 (  41) 

-  ASTM D 664 (  42) 
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 38  (Gas Chromatography) 

 

 
 39  (Kinemetic Viscometer) 

 

 
 40  (Digital Density Meter) 
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 41  (Flash Fire Point Tester) 

 

 
 42  (Acid value Test) 
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 4 

4.1  

4.1.1 

 

 Thermal 

Gravimetric Analysis (TGA)  (Nitrogen) 

  50  850   10  

 43  

 
 43 TGA thermogram  

 

  

2 Ca(NO3)2  2 CaO + 4 NO2 + O2  

 43  Non calcined Ca(NO3)2/AC 

 3   50  90  

 5 wt%   250  450 

   65 wt% 

 [35]   600  660  

  15 wt%   

 
 
 
 

 
 
 
 

 
 



 

43 

 

 (AC)   550  750 

  Non calcined 

Ca(NO3)2/AC 

  250   450     

 

 Calcined Ca(NO3)2/AC 

 

 

 XRD  CaO/AC 

 10 mmol/gsupport, 15 mmol/gsupport  20 mmol/gsupport  450 oC 

 4  

 

 
 44 XRD pattern  CaO/AC  Calcination  450 oC  

                        10 mmol/gsupport (a), 15 mmol/gsupport (b)  20 mmol/gsupport (c) 

 

 44 

  ( ) 

 ( ) 

 20 mmol/gsupport (  44 (c)) 

 

  

 [33] 

 
 
 
 

 
 
 
 

 
 



 

44 

 

 SEM  

CaO/AC  10 mmol/gsupport, 15 mmol/gsupport  20 mmol/gsupport 

 450 oC  4  

 

 
 

 

 

 

 

 

 

 45  SEM  CaO/AC  450oC  4       

 metal 10 mmol/gsupport (A), 15 mmol/gsupport (B), 20 mmol/gsupport (C) 

 

 45 

       

45 (A)  (B)    ( )  ( ) 

 [32] 

 20 

mmol/gsupport (  45 (C))  

 

  

 

A B 

C 
 
 
 
 

 
 
 
 

 
 



 

45 

 

4.2  

4.2.1  

 Thermal Gravimetric Analysis (TGA)  

(Nitrogen)   50  950  

 10   

 

 
 46 TGA thermogram  

 

  

CaCO3  CaO + CO2   

 46  

(One-step decomposition)  600  780  

 45  

 

 [18]  900 

   

 800  900  

 
 
 
 

 
 
 
 

 
 



 

46 

 

 XRD  

  CaCO3  (  47 (a)), CaCO3  

800 oC / 1.5  (  47 (b)), CaCO3  800 oC / 4.5  (  47 (c)), 

CaCO3  900 oC / 1.5  (  47 (d))  CaCO3  900 oC / 4.5 

 (  47 (e)) 

 

 47 XRD pattern  CaCO3  Calcination  CaCO3 (a),  

         800 oC / 1.5  (b), 800 oC / 4.5  (c), 900 oC / 1.5  (d)  

                        900 oC / 4.5  (e)  ( )  CaO  ( )  CaCO3  

 

 47  800 

  1  30   ( ) 

 ( ) 

 

 800   4  30  

  

 900   1  30   4  30   

 800   4.5   900   1   

30  

  

[38] 

 
 
 
 

 
 
 
 

 
 



 

47 

 

4.3  CaO/AC  

4.3.1  CaO/AC  

 SEM 

 800              

2   500  (  48 (A)), 1000  (  48 (B)), 2500  (  48 (C)) 

 (  48 (D)) 

             

4   

(  48 (C)) 

 [32] 

 

 
 

 48  SEM  500 (A), 

1000  (B), 2500  (C)  (D) 

 

 

A B 

C D 

 8 m  8 m 

 
 
 
 

 
 
 
 

 
 



 

48 

 

 XRD  CaO/AC (  49 (A))  CaO/AC 

 (  49 (B))  20 mmol/gsupport       

 450 oC  4  

 

 
 49 XRD pattern  CaO/AC (A)  CaO/AC  (B)  

         450 oC  20 mmol/gsupport 

 

 49  

 ( )  ( ) 

 (  49 (B)) 

 

  

(  3) [33] 

 

 

 

(A) 

(B) 
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 SEM  CaO/AC (  50 (A)), CaO/AC 

 (  50 (B))  450 oC  20 mmol/gsupport 

 (  50 (C  D))   

 

 

 
 50  SEM  CaO/AC (A), CaO/AC  (B), 

                                   1000  (C)  5000  (D) 

 

 CaO/AC 

 (  50 (A))  CaO/AC  (  50 

(B))  

 CaO/AC 

  (  50 (A)  

(B))  (  50 (C D)) 

 

 

 [38]  

A B 

C 

 4 m 

 20 m  20 m 

 20 m 

D  
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 3          

   

Sample names 
Multipoint BET 

(m2/g) 

Total pore 

volume (cm3/g) 

Average pore 

diameter (Ao) 

Activated carbon 829.68 0.9377 45.21 

Activated carbon (Palm shell) 61.36 0.0480 31.27 

CaO/AC 6.64 0.0921 554.3 

CaO/AC (Palm shell) 2.11 0.0152 288.6 

Calcium oxide 13.12 0.1077 328.3 

 3 

 

    

 [16] 

 CaO/AC  CaO/AC (Palm shell) 

 CaO/AC (Palm shell)  

 (Active Surface)   CaO/AC (Palm shell) 

 

 ( )  

  

 

 [19]  

 

 (  49)  
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4.4   

 

  4 

     

 

4.4.1  

 4        

  

 
 (oC) 

 

(min)  

 

(%wt) 

 

(%FAME) 

 

 

CaO/AC 

60 

60 

60 

60 

60 

240 

240 

240 

240 

240 

20    :   1 

20    :   1 

20    :   1 

20    :   1 

20    :   1 

7.5 

9 

10.5 

12 

15 

74.58 

85.06 

95.29 

96.28 

96.94 

 

CaO/AC 

(Palm shell) 

60 

60 

60 

60 

60 

240 

240 

240 

240 

240 

20    :   1 

20    :   1 

20    :   1 

20    :   1 

20    :   1 

4.5 

7.5 

9 

10.5 

12 

93.06 

93.84 

94.20 

94.40 

94.49 

 

 

CaO 

60 

60 

60 

60 

60 

240 

240 

240 

240 

240 

20    :   1 

20    :   1 

20    :   1 

20    :   1 

20    :   1 

3 

4.5 

6 

9 

12 

90.46 

93.78 

96.13 

97.27 

100.00 
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 4 

  51  

 

 
 51  

                             

  51 

 90.46 %  100 %   CaO  3 %wt  12 %wt 

 74.58 %  96.94%   CaO/AC  

7.5 %wt  15 %wt  93.06 %  94.49 %     

 CaO/AC (Palm shell)  4.5 %wt  12 %wt 

  4   60 °C 

 20:1 

 

 

 (Surface Reaction) 

 

 

    

 [19] 
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  CaO, CaO/AC  CaO/AC (Palm shell) 

  6, 10.5  9 %wt      

 

 

4.4.2     

 

 5            

 

 
 (oC) 

 

(min)  

 

(%wt) 

 

(%FAME) 

 

 

 

CaO/AC 

60 

60 

60 

60 

60 

60 

60 

240 

240 

240 

240 

240 

240 

240 

10    :   1 

12.5 :   1 

15    :   1 

17.5 :   1 

20    :   1 

22.5 :   1 

25    :   1 

10.5 

10.5 

10.5 

10.5 

10.5 

10.5 

10.5 

95.63 

96.91 

98.16 

96.02 

95.29 

85.45 

76.90 

 

CaO/AC 

(Palm shell) 

60 

60 

60 

60 

60 

240 

240 

240 

240 

240 

5      :   1 

10    :   1 

15    :   1 

20    :   1 

25    :   1 

9 

9 

9 

9 

9 

92.84 

96.64 

95.76 

94.20 

95.64 

 

 

CaO 

60 

60 

60 

60 

60 

240 

240 

240 

240 

240 

5      :   1 

10    :   1 

15    :   1 

20    :   1 

25    :   1 

6 

6 

6 

6 

6 

94.78 

94.99 

96.00 

96.13 

95.54 
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 5 

  52  

 

 
 52

 

 

 

 

 
 3           

1   3:1 

 3:1  

     

 

  52  

 (  95 %)  5:1  25:1 

 CaO/AC  CaO/AC (Palm shell) 

 15:1  4  

 
 
 
 

 
 
 
 

 
 



 

55 

 

 60 °C 

 2  

  

 [12] 

  CaO, 

CaO/AC  CaO/AC (Palm shell)   15:1, 15:1  10:1  

 

 

4.4.3  

 6  

 
 (oC) 

 

(min)  

 

(%wt) 

 

(%FAME) 

 

 

CaO/AC 

60 

60 

60 

60 

60 

180 

210 

240 

270 

300 

15    :   1 

15    :   1 

15    :   1 

15    :   1 

15    :   1 

10.5 

10.5 

10.5 

10.5 

10.5 

70.91 

95.69 

98.16 

98.42 

96.88 

 

CaO/AC 

(Palm shell) 

60 

60 

60 

60 

60 

120 

180 

240 

300 

360 

10    :   1 

10    :   1 

10    :   1 

10    :   1 

10    :   1 

9 

9 

9 

9 

9 

93.58 

93.53 

96.64 

94.48 

96.21 

 

 

CaO 

60 

60 

60 

60 

60 

120 

180 

240 

300 

360 

15    :   1 

15    :   1 

15    :   1 

15    :   1 

15    :   1 

6 

6 

6 

6 

6 

95.38 

96.26 

96.00 

96.41 

95.02 
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 6 

  53  

 

 
 53                        

 

  120  360  

 15:1  60 oC  6 %wt 

 10.5 %wt  CaO  CaO/AC   

 10:1  60 oC  9 %  CaO/AC (Palm shell) 

  53 

 (  96 %)  120  360  

 CaO/AC  CaO/AC (Palm shell)  

 

 

  [9] 

 CaO, CaO/AC  

CaO/AC (Palm shell)   180, 240  240  
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4.4.4  

 7  

                 

 

 
 (oC) 

 

(min)  

 

(%wt) 

 

(%FAME) 

 

 

CaO/AC 

50 

55 

60 

65 

70 

240 

240 

240 

240 

240 

15    :   1 

15    :   1 

15    :   1 

15    :   1 

15    :   1 

10.5 

10.5 

10.5 

10.5 

10.5 

87.25 

94.03 

98.16 

93.54 

95.34 

 

CaO/AC 

(Palm shell) 

50 

55 

60 

65 

70 

240 

240 

240 

240 

240 

10    :   1 

10    :   1 

10    :   1 

10    :   1 

10    :   1 

9 

9 

9 

9 

9 

94.34 

95.05 

96.64 

94.84 

95.45 

 

 

CaO 

50 

55 

60 

65 

70 

180 

180 

180 

180 

180 

15    :   1 

15    :   1 

15    :   1 

15    :   1 

15    :   1 

6 

6 

6 

6 

6 

93.01 

97.40 

96.00 

98.14 

97.17 

 

 7 

  54  
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 54                 

 

  3   

   ( ) 

  

 

  54   50 °C       

93.01 %  CaO, 87.25 %  CaO/AC   94.34 % 

 CaO/AC (Palm shell)  50 °C 

 

 50-60 °C 

  65-70 °C 

 

 

 [12] 

  CaO, CaO/AC  

CaO/AC (Palm shell)   55, 60  60 °C 
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 8  CaO/AC   

  

  

 (oC) 60  

 (h) 4  

 15:1 

 (%wt) 10.5 

 

 9  CaO/AC  

 (Palm shell)   

  

 (oC) 60 

 (h) 4 

 10:1 

 (%wt) 9 

 

 10  CaO          

  

  

 (oC) 55  

 (h) 3  

 15:1 

 (%wt) 6 

  CaO  

   

  CaO/AC (Palm shell)   CaO/AC  

 
 
 
 

 
 
 
 

 
 



 

60 

 

4.5  

 11                   

 

 
 

 

 

CaO/AC CaO 
CaO/AC 

(Palm shell) 

 (%) 96.5 % - 98.16 % 97.40 % 96.64 % 

 40 oC (Cst) 3.5-5 1.8-4.1 4.56 4.39 4.58 

  

  15 oC (kg/m3) 
860-900 810-870 871 872 873 

 (oC) >120 52 224 214 154 

 

(mg KOH/g) 
< 0.5 - 0.196 0.207 0.483 

 

   

   40 oC    15 oC  

  

   

 CaO/AC  4  

   

 40  oC     15  oC  

     15 oC  871 kg/m3 

 

 CaO/AC (Palm shell)  4     

   

 40 oC    15 oC  

     15 oC  873 kg/m3 
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  4  

   40 oC 

   15 oC  

     15 oC  872 kg/m3 
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 5 

 

 

5.1   

5.1.1  1 

 10 mmol/gsupport, 15 mmol/gsupport  20 mmol/gsupport 

  

 20 mmol/gsupport  450 

  4   

 

 

( )  ( )  CaO/AC 

 20 mmol/gsupport   

5.1.2  2 

  

 XRD  

 800    4 

 30   800   4.5 
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5.1.3  3  

  

 CaO/AC 

   10.5 % 

 15:1  4       

60  

 CaO/AC            

( )    9 % 

 10:1  4  

 60  

 CaO 

   6 %    

 15:1  3       

55  

  CaO 

   

   CaO/AC (Palm shell)  

CaO/AC  

 

5.1.4  4 
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5.2  
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 20            

112 100  

 20  129

100  

 236.15  

             

 

 

Impregnation ratio = 
shell palm ofweight 
solutionin  K2CO3 ofweight 

  

 

 Impregnation ratio  1  

  100   100  

 100/112 = 89.3   100  

  

  10, 15  20  

 10  

 1     10   

 1     236.15  

 1X10-2   
1

 236.150.01  = 2.36  

 1  2.36  
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 15  

 1     15   

 1     236.15  

 1.5X10-2   
1

 236.150.015  = 3.54  

 1  3.54  

 20  

 1     20   

 1     236.15  

 2X10-2   
1

 236.150.02  = 4.72  

 1  4.72  
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1.  891.48  

2.  32  

3.  0.7918  

 

 x    

 

 

  

332
y

5.891
x

  

 y    

   

v
mp  

 p  0.7918  

 (V)  =  
7918.0
y

  V  
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 x    a  wt% (%wt/wt) 

 (G)  = 
100

ax   

 

 x  

 V  

 G  

 

 

 

  7.5   :   20   :   300   :   60  

-  7.5  

-  20:1 

-  300  

-  60  

 

  ( y ) =  
5.891

203250  = 35.89  

 

 (V) = 
7918.0

8.35  = 45.33  

 

  (G) = 
100

5.750  = 3.75  

 

 

 50  
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 12   

  
 

( ) 

 

 

( ) 

 

 

Ca(NO3)2/AC 

7.5   :   20   :   300   :   60  

   9   :   20   :   300   :   60 

10.5 :   20   :   300   :   60 

12    :   20   :   300   :   60    

15    :   20   :   300   :   60 

3.75 

4.5 

5.25 

6 

7.5 

45.33 

45.33 

45.33 

45.33 

45.33 

 

 

CaO 

   3   :   20   :   300   :   60 

4.5   :   20   :   300   :   60 

   6   :   20   :   300   :   60 

   9   :   20   :   300   :   60 

12    :   20   :   300   :   60 

1.5 

2.25 

3 

4.5 

6 

45.33 

45.33 

45.33 

45.33 

45.33 

 

Ca(NO3)2/AC 

( ) 

 4.5  :   20   :   300   :   60 

 7.5  :   20   :   300   :   60 

   9   :   20   :   300   :   60 

10.5 :   20   :   300   :   60 

 12   :   20   :   300   :   60 

2.25 

3.75 

4.5 

5.25 

6 

45.33 

45.33 

45.33 

45.33 

45.33 
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 13       

   

  
 

( ) 

 

 

( ) 

 

 

Ca(NO3)2/AC 

 10.5  :   10   :   300  :  60 

 10.5  :  12.5 :   300  :  60 

 10.5  :   15   :   300  :  60 

 10.5  :  17.5 :   300   :  60 

 10.5  :   20   :   300   :  60 

10.5 :  22.5 :   300   :  60 

 10.5  :   25   :   300   :  60 

5.25 

5.25 

5.25 

5.25 

5.25 

5.25 

5.25 

22.67 

28.33 

34.00 

39.66 

45.33 

51.00 

56.66 

 

 

CaO 

     6   :    5    :   300   :  60 

     6   :   10   :   300   :  60 

     6   :   15   :   300   :  60 

     6   :   20   :   300   :  60 

     6   :   25   :   300   :  60 

3 

3 

3 

3 

3 

11.33 

22.67 

34.00 

45.33 

56.66 

 

Ca(NO3)2/AC 

( ) 

     9   :    5    :   300   :  60 

     9   :   10   :   300   :  60 

 9   :   15   :   300   :  60   

9    :   20   :   300   :  60 

     9   :   25   :   300   :  60 

4.5 

4.5 

4.5 

4.5 

4.5 

11.33 

22.67 

34.00 

45.33 

56.66 
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( ) 

 

 

( ) 

 

 

Ca(NO3)2/AC 

 10.5  :   15   :   180   :  60 

 10.5  :   15   :   210   :  60 

 10.5  :   15   :   240   :  60 

 10.5  :   15   :   270   :  60 

 10.5  :   15   :   300   :  60  

5.25 

5.25 

5.25 

5.25 

5.25 

34.00 

34.00 

34.00 

34.00 

34.00 

 

 

CaO 

     6   :   15   :   120   :  60 

     6   :   15   :   180   :  60 

     6   :   15   :   240   :  60 

     6   :   15   :   300   :  60 

     6   :   15   :   360   :  60 

3 

3 

3 

3 

3 

34.00 

34.00 

34.00 

34.00 

34.00 

 

Ca(NO3)2/AC 

( ) 

     9   :   15   :   180   :  60 

     9   :   15   :   210   :  60 

 9   :   15   :   240   :  60   

9    :   15   :   270   :  60 
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Sample ID:  Activated carbon 
Outgas Time:   7.0 hrs             Outgas Temp:   250.0 °C         Sample Weight: 0.0927 g 
Analysis gas:  Nitrogen            Molec. Wt:     28.0134 g          Non-ideality:  6.58e-05 1/mmHg 
Analysis Time: 279.0 min         Instrument:    Autosorb 1         Bath temp.:    77.3 K 
Adsorbate      Nitrogen             Temperature    77.350K 

                          Surface Area Data   
   

MultiPoint BET 8.30E+02 m²/g 
Langmuir surface area 1.25E+03 m²/g 
BJH method cumulative adsorption surface area 1.84E+02 m²/g 
BJH method cumulative desorption surface area 2.60E+02 m²/g 
DH method cumulative adsorption surface area 1.92E+02 m²/g 
DH method cumulative desorption surface area 2.71E+02 m²/g 
t-method external surface area 4.14E+02 m²/g 
t-method micropore surface area 4.15E+02 m²/g 
DR method micropore area 1.58E+03 m²/g 
NLDFT cumulative surface area 8.62E+02 m²/g 

                                                   Pore Volume Data 

Total pore volume for pores with Diameter   
less than 2998.11 Å at P/Po = 0.993572 9.38E-01 cc/g 
BJH method cumulative adsorption pore volume 5.85E-01 cc/g 
BJH method cumulative desorption pore volume 6.22E-01 cc/g 
DH method cumulative adsorption pore volume 5.79E-01 cc/g 
DH method cumulative desorption pore volume 6.19E-01 cc/g 
t-method micropore volume 2.18E-01 cc/g 
DR method micropore volume 5.61E-01 cc/g 
HK method cumulative pore volume 3.88E-01 cc/g 
SF method cumulative pore volume 3.92E-01 cc/g 
NLDFT method cumulative pore volume 7.12E-01 cc/g 

                                                          Pore Size Data 

Average pore Diameter 4.52E+01 Å 
BJH method adsorption pore Diameter (Mode Dv(d)) 3.66E+01 Å 
BJH method desorption pore Diameter (Mode Dv(d)) 3.60E+01 Å 
DH method adsorption pore Diameter (Mode Dv(d)) 3.66E+01 Å 
DH method desorption pore Diameter (Mode Dv(d)) 3.60E+01 Å 
DR method micropore Pore width 4.48E+01 Å 
DA method pore Diameter (Mode) 1.92E+01 Å 
HK method pore Diameter (Mode) 3.68E+00 Å 
SF method pore Diameter (Mode) 4.52E+00 Å 
NLDFT pore Diameter (Mode) 9.26E+00 Å 
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Sample ID:  Ca(NO3)2/AC
Outgas Time:   16.0 hrs            Outgas Temp:   250.0 °C         Sample Weight: 0.1665 g 
Analysis gas:  Nitrogen              Molec. Wt:     28.0134 g           Non-ideality:  6.58e-05 1/mmHg 
Analysis Time: 203.0 min          Instrument:    Autosorb 1          Bath temp.:    77.3 K 
Adsorbate      Nitrogen              Temperature    77.350K 

                                                            Surface Area Data 

MultiPoint BET 6.64E+00 m²/g 
Langmuir surface area 1.06E+01 m²/g 
BJH method cumulative adsorption surface area 3.41E+00 m²/g 
BJH method cumulative desorption surface area 4.86E+00 m²/g 
DH method cumulative adsorption surface area 3.46E+00 m²/g 
DH method cumulative desorption surface area 4.99E+00 m²/g 
t-method external surface area 6.40E+00 m²/g 
t-method micropore surface area 2.40E-01 m²/g 
DR method micropore area 1.68E+01 m²/g 
NLDFT cumulative surface area 5.64E+00 m²/g 

                                                                Pore Volume Data  

Total pore volume for pores with Diameter 
less than 2897.32 Å at P/Po = 0.993346 9.21E-02 cc/g 
BJH method cumulative adsorption pore volume 9.04E-02 cc/g 
BJH method cumulative desorption pore volume 9.10E-02 cc/g 
DH method cumulative adsorption pore volume 8.78E-02 cc/g 
DH method cumulative desorption pore volume 8.85E-02 cc/g 
t-method micropore volume 9.74E-05 cc/g 
DR method micropore volume 5.97E-03 cc/g 
HK method cumulative pore volume 2.71E-03 cc/g 
SF method cumulative pore volume 5.45E-04 cc/g 
NLDFT method cumulative pore volume 8.27E-03 cc/g 

                                                             Pore Size Data 

Average pore Diameter 5.54E+02 Å 
BJH method adsorption pore Diameter (Mode Dv(d)) 1.55E+03 Å 
BJH method desorption pore Diameter (Mode Dv(d)) 3.57E+01 Å 
DH method adsorption pore Diameter (Mode Dv(d)) 1.55E+03 Å 
DH method desorption pore Diameter (Mode Dv(d)) 3.57E+01 Å 
DR method micropore Pore width 6.58E+01 Å 
DA method pore Diameter (Mode) 2.64E+01 Å 
HK method pore Diameter (Mode) 3.68E+00 Å 
SF method pore Diameter (Mode) 3.66E+01 Å 
NLDFT pore Diameter (Mode) 1.19E+01 Å 
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Sample ID:  Calcium oxide    
Outgas Time:   20.0 hrs           Outgas Temp:   250.0 °C         Sample Weight: 0.3058 g 
Analysis gas:  Nitrogen            Molec. Wt:     28.0134 g           Non-ideality:  6.58e-05 1/mmHg 
Analysis Time: 265.0 min         Instrument:    Autosorb 1          Bath temp.:    77.3 K 
Adsorbate      Nitrogen             Temperature    77.350K 

                                             Surface Area Data 
  

MultiPoint BET 1.31E+01 m²/g 
Langmuir surface area 2.12E+01 m²/g 
BJH method cumulative adsorption surface area 8.89E+00 m²/g 
BJH method cumulative desorption surface area 1.15E+01 m²/g 
DH method cumulative adsorption surface area 9.16E+00 m²/g 
DH method cumulative desorption surface area 1.20E+01 m²/g 
t-method external surface area 1.31E+01 m²/g 
DR method micropore area 3.55E+01 m²/g 
NLDFT cumulative surface area 1.06E+01 m²/g 

                                             Pore Volume Data 

Total pore volume for pores with Diameter 
less than 2891.68 Å at P/Po = 0.993333 1.08E-01 cc/g 
BJH method cumulative adsorption pore volume 1.05E-01 cc/g 
BJH method cumulative desorption pore volume 1.06E-01 cc/g 
DH method cumulative adsorption pore volume 1.02E-01 cc/g 
DH method cumulative desorption pore volume 1.04E-01 cc/g 
DR method micropore volume 1.26E-02 cc/g 
HK method cumulative pore volume 5.14E-03 cc/g 
SF method cumulative pore volume 5.28E-03 cc/g 
NLDFT method cumulative pore volume 1.80E-02 cc/g 

                                                Pore Size Data 

Average pore Diameter 3.28E+02 Å 
BJH method adsorption pore Diameter (Mode Dv(d)) 3.66E+01 Å 
BJH method desorption pore Diameter (Mode Dv(d)) 3.57E+01 Å 
DH method adsorption pore Diameter (Mode Dv(d)) 3.66E+01 Å 
DH method desorption pore Diameter (Mode Dv(d)) 3.57E+01 Å 
DR method micropore Pore width 7.05E+01 Å 
DA method pore Diameter (Mode) 2.70E+01 Å 
HK method pore Diameter (Mode) 3.68E+00 Å 
SF method pore Diameter (Mode) 4.52E+00 Å 
NLDFT pore Diameter (Mode) 3.10E+01 Å 
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Sample ID:  AC from palm shell    
Outgas Time:   20.0 hrs            Outgas Temp:   250.0 °C         Sample Weight: 0.3058 g 
Analysis gas:  Nitrogen             Molec. Wt:     28.0134 g           Non-ideality:  6.58e-05 1/mmHg 
Analysis Time: 382.0 min          Instrument:    Autosorb 1          Bath temp.:    77.3 K 
Adsorbate      Nitrogen              Temperature    77.350K 

                                                      Surface Area Data 

MultiPoint BET 6.12E+01 m²/g 
Langmuir surface area 9.45E+01 m²/g 
BJH method cumulative adsorption surface area 7.36E+01 m²/g 
BJH method cumulative desorption surface area 1.17E+01 m²/g 
DH method cumulative adsorption surface area 7.73E+01 m²/g 
DH method cumulative desorption surface area 1.36E+01 m²/g 
t-method external surface area 5.63E+01 m²/g 
t-method micropore surface area 4.88E+00 m²/g 
DR method micropore area 1.04E+02 m²/g 
NLDFT cumulative surface area 5.43E+01 m²/g 

                                                        Pore Volume Data 

Total pore volume for pores with Diameter 
less than 2867.95 Å at P/Po = 0.993277 4.75E-02 cc/g 
BJH method cumulative adsorption pore volume 4.73E-02 cc/g 
BJH method cumulative desorption pore volume 1.59E-02 cc/g 
DH method cumulative adsorption pore volume 4.73E-02 cc/g 
DH method cumulative desorption pore volume 1.63E-02 cc/g 
t-method micropore volume 2.78E-03 cc/g 
DR method micropore volume 3.70E-02 cc/g 
HK method cumulative pore volume 2.63E-02 cc/g 
SF method cumulative pore volume 2.68E-02 cc/g 
NLDFT method cumulative pore volume 3.70E-02 cc/g 

                                                            Pore Size Data 

Average pore Diameter 3.11E+01 Å 
BJH method adsorption pore Diameter (Mode Dv(d)) 1.35E+01 Å 
BJH method desorption pore Diameter (Mode Dv(d)) 1.78E+01 Å 
DH method adsorption pore Diameter (Mode Dv(d)) 1.35E+01 Å 
DH method desorption pore Diameter (Mode Dv(d)) 1.78E+01 Å 
DR method micropore Pore width 4.02E+01 Å 
DA method pore Diameter (Mode) 1.82E+01 Å 
HK method pore Diameter (Mode) 3.68E+00 Å 
SF method pore Diameter (Mode) 4.52E+00 Å 
NLDFT pore Diameter (Mode) 1.54E+01 Å 
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Sample ID:  Ca(NO3)2/AC from palm shell 
Outgas Time:   20.0 hrs            Outgas Temp:   250.0 °C            Sample Weight: 0.1926 g 
Analysis gas:  Nitrogen             Molec. Wt:     28.0134 g             Non-ideality:  6.58e-05 1/mmHg 
Analysis Time: 184.0 min          Instrument:    Autosorb 1            Bath temp.:    77.3 K 
Adsorbate      Nitrogen               Temperature    77.350K 

                                                        Surface Area Data 

MultiPoint BET 2.11E+00 m²/g 
Langmuir surface area 3.36E+00 m²/g 
BJH method cumulative adsorption surface area 2.01E+00 m²/g 
BJH method cumulative desorption surface area 2.11E+00 m²/g 
DH method cumulative adsorption surface area 2.27E+00 m²/g 
DH method cumulative desorption surface area 2.40E+00 m²/g 
t-method external surface area 2.01E+00 m²/g 
t-method micropore surface area 9.71E-02 m²/g 
DR method micropore area 4.85E+00 m²/g 
NLDFT cumulative surface area 1.76E+00 m²/g 

                                                         Pore Volume Data 

Total pore volume for pores with Diameter 
less than 2943.26 Å at P/Po = 0.993451 1.52E-02 cc/g 
BJH method cumulative adsorption pore volume 1.52E-02 cc/g 
BJH method cumulative desorption pore volume 1.50E-02 cc/g 
DH method cumulative adsorption pore volume 1.49E-02 cc/g 
DH method cumulative desorption pore volume 1.47E-02 cc/g 
t-method micropore volume 5.62E-05 cc/g 
DR method micropore volume 1.72E-03 cc/g 
HK method cumulative pore volume 9.00E-04 cc/g 
SF method cumulative pore volume 3.38E-03 cc/g 
NLDFT method cumulative pore volume 2.39E-03 cc/g 

                                                             Pore Size Data 

Average pore Diameter 2.89E+02 Å 
BJH method adsorption pore Diameter (Mode Dv(d)) 1.54E+01 Å 
BJH method desorption pore Diameter (Mode Dv(d)) 1.77E+01 Å 
DH method adsorption pore Diameter (Mode Dv(d)) 1.54E+01 Å 
DH method desorption pore Diameter (Mode Dv(d)) 1.77E+01 Å 
DR method micropore Pore width 5.89E+01 Å 
DA method pore Diameter (Mode) 2.44E+01 Å 
HK method pore Diameter (Mode) 3.68E+00 Å 
SF method pore Diameter (Mode) 3.88E+01 Å 
NLDFT pore Diameter (Mode) 1.54E+01 Å 
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 A   C14  C 24:1 

AEI   Methyl heptadecanoate 

 CEI   (mg/ml)  Methyl heptadecanoate 

 VEI   (ml)  Methyl heptadecanoate  

 W   (mg) 
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Ca(NO3)2/AC (Palm shell)   9 :10 : 360 : 70   

 

 A = 7290093  

 AEI = 1272665  

 CEI = 10.83 

 VEI = 2 

 W = 107.3 
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