
RESULTS AND DISCUSSION
CHAPTER IV

In this chapter, the catalysts were characterized using many methods, and 
the results are shown in Sections 4.1 to 4.4. Moreover, the activities of catalysts were 
tested for the dehydration of bio-ethanol. The set of catalysts and abbreviations are 
shown in Table 4.1.

Table 4.1 Catalysts and abbreviation in experiments

บ, scope
# of run Catalysts (Si/AU) Abbreviation

1 H-Beta (27) B27
2 H-Beta (37) B37
3 H-Beta (300) B300
4 5wt%Ge02/H-Beta (27) 5Ge'B27
5 5wt%Ge02/H-Beta(37) 5Ge'B37
6 5wt%Ge02/H-Beta (300) 5Ge'B300
7 5wt%Ga20 3/H-Beta (27) 5Ga'B27
8 5wt%Ga20 3/H-Beta (37) 5Ga'B37
9 5wt%Ga20 3/H-Beta (300) 5Ga'B300

2nd scope
10 MSU-S/Hbea MSU
11 5wt%Ge02/ MSU-S/Hbea 5Ge’MSU
12 5wt%Ga20 3/ MSU-S/Hbea 5Ga’MSU

4.1 Effect of Acid Density and Acid Strength of H-Beta Zeolites

4.1.1 Characterization of Catalysts
X-ray Diffraction (XRD), Surface Area Analyzer (SAA), Temperature 

Programmed Desorption of Ammonia (TPD-NH3), and Temperature Programmed
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Desorption of Isopropylamine (TPD-IPA) were used to identify the specific 
characteristics of zeolites and the physical properties of catalysts as discussed in 
details later.

The XRD results are shown in Figure 4.1. The specific peaks of Id- 
Beta zeolite consist of 2 theta at 7.6°, 14.6°, and 22.4° (Omegna et al. 5 2004).

0 10 20 30 40 50 60 70 80 90 100
2 Theta

Figure 4.1 X-ray diffraction patterns of FI-Beta catalysts.

The physical properties of catalysts are presented in Table 4.2. Surface 
area, pore volume, and pore diameter were determined by the Braunaer-Emmet- 
Teller (BET) and Elorvath Kawazoe (HK) technique. The increasing Si/AB ratio 
extremely reduces the surface area and pore volume of zeolites. B27, B37, and B300 
have surface area 554.9 m2/g, 502.7 m2/g, and 425.9 m2/g respectively, and they have 
pore volume 0.27 cm2/g, 0.26 cm2/g, and 0.20 cm2/g respectively. However, the pore 
diameter of all catalysts in the experiment did not show clearly tendency but had 
value in the range of 7.68 Â to 8.67 Â.

Figure 4.2 shows the TPD-NH3 results obtained from the zeolites with 
various ratios of Si/AB- The area of each peak represents the amount of acid sites. It 
can be observed that the area under curves and then the total acidity decrease with
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the increasing Si/Al2 ratio. Furthermore, the NH3 desorption temperature also 
indicates the acid strength of zeolites; therefore, B27 has the highest acid strength, 
followed by B37 and then B300. From Figure 4.3, propylene desorption from TPD- 
IPA testing displays the acid density and acid strength in the same trends as observed 
from TPD-NH3. In addition, the desorption of NH3(m/z = 17), C3pl6(m/z = 41), and 
C3H7-NH2(m/z = 44) from the TPD-IPA experiment can distinguish between lewis 
acid and bronsted acid in zeolites. The IPA was pulsed in the reactor and adsorb on 
acid sites, but only bronsted acid sites are strong enough to break IPA molecules to 
ammonia and propylene, which subsequently desorb as probes indicating Bronsted 
acid sites. From Figures 4.3 and 4.4, ammonia or propylene peak, which exhibits 
around 300 °c to 500 °c, represents strong bronsted acid sites. Bronsted acid sites 
and Lewis acid sites are indicated by IPA desorption. The density of bronsted acid 
sites was calculated from propylene area. The strong bronsted acid density of B27, 
B37, and B300 are 2,367, 698.8, and 112.9 pmol/g catalysts, respectively. Strong 
bronsted acid density is ranked as follows; B27 > B37 > B300, and acid strength is 
ranked as follows; B27 > B37 > B300. B27 does not only have the highest strong 
bronsted acid density, but also have the highest weak acid density as shown in Figure
4.4. So, B27 has the highest acid density that is active for many reactions.

Table 4.2 Physical properties of catalysts

Catalysts Si/Al2a Surface Area 
(m2/g) b

Pore Volume
(cm3/g )c

Pore Diameter
(A )c

B 27 27.20 - 554.9 0.27 7.68
B 37 33.06 502.7 0.26 7.93
B 300 350.7 425.9 0.20 8.67

’ Determined by XRF technique 
b Determined by BET method 
c Determined by H.K. method

4.1.2 Activity on Catalytic Dehydration of Bio-ethanol
3 g of catalyst was packed into the U-tube reactor, and bio-ethanol 

was fed at 450°c. 97 % ethanol conversion was achieved over all Si/Al2 ratio of Id- 
Beta. Ethylene is produced from ethanol dehydration, and then ethylene is converted
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into various hydrocarbon products, which is governed by various Si/AB of H-Beta 
zeolite.

Figure 4.2 TPD-NH3 of unloaded H-Beta zeolites with different Si/AB ratio.

200 300 400 500
T e m p e r a t u r e  (c°)

Figure 4.3 Propylene desorption profile of unloaded H-Beta zeolite with different 
Si/AB ratio from TPD-IPA.
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Figure 4.4 TPD-IPA profiles of unloaded H-Beta zeolite with different Si/Al2 ratios.

Table 4.3 Strong Bronsted Acid amount over different Si/Al2 ratios zeolites.

B27 B37 B300
Strong Bronsted Acid (pmol/g of catalyst) 2,367.5 698.8 112.9

From Table 4.4, 75.8 % gas is produced using B27. The major 
gaseous component is ethylene, which is 85.9 % in the gas product. Ethylene is first
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produced from ethanol dehydration, and then ethylene is converted into various 
hydrocarbon products, which is governed by acidity or Si/Ab of H-Beta zeolite. 
Nevertheless, 5.05% of oil is attained from secondary reactions in the reaction path 
way previously shown in Figure 2.5. As shown in Figure 4.6, the oil consists of
82.4 % BTEX, 14.4 % C9 aromatics and a little amount of other hydrocarbons 
products. Moreover, among mixed xylene, B27 selectively produces only /7-xylene, 
which exists 44.2 % in the oil product. Ethylene, which is the major component in" 
the gaseous phase, can be further converted to benzene via oligomerization and 
aromatization reactions. After that, the alkylation of benzene with ethylene generates 
ethylbenzene, C9 aromatics, and C |0+ aromatics, as exhibited in Figure 4.6. A large 
amount of benzene, C9 aromatics, and C10+ aromatics over a large number of acid 
sites on B 27 leads to dispropotionation and transalkylation reactions, as shown in 
Figure 4.8. Those reactions can give the large amount of /7-xylene as shown in Figure 
4.6.

In case of B37, the results show that only 63.0 % gas yield is 
achieved; hence, it decreases and contains a lower ethylene content than what 
observed from B 27. Table 4.4 shows that the oil yield is enhanced to 7.27 % higher 
than that of the other two zeolites because of the moderate acidity of B 37. Hence, 
only about 80 % ethylene is produced from B 37 because some ethylene might be 
converted to larger hydrocarbons in the oil range, resulted in the lowest gas yield. 
The oil content from B 37 mainly consists of 40 % BTEX (mainly composed of 
26.7 % mixed xylenes), 38.8 % C9 aromatics, and 24.8 % Cio+ aromatics. For this 
Si/AB ratio, C9- and Cio+ aromatics are produced in very large amounts when 
compared with those from the other Si/Al2 ratios. The results show the decreases of 
ethylene and benzene, but C9- and C]0+ aromatics are enhanced. A large of c 9- and 
Cio+ aromatics may be formed by alkylation reaction as shown in Figure 4.9. 
Nevertheless, the moderate acidity of B 37 suppresses disproportionation and 
transalkylation reactions. So, toluene and xylenes are produced in a low amount, but 
C9- and Cio+ aromatics still are present plenty. B 37, which have moderate acidity, 
has a tendency to convert bio-ethanol into heavy hydrocarbons. Therefore, B 37 
should be a good catalyst for producing heavy hydrocarbons.
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Using B 300, as high as around 81.5 % gas in the product, is achieved. 
The major component of gaseous compounds is ethylene existing in a very high 
content of around 94.6 % in gas. Thus, 5.43 % oil yield is obtained as shown in Table
4.4. The oil components obtained from B 300 are comprised of oxygenate 
compounds (4.08 %), non-aromatic compounds (17.2 %), benzene (36.2 %), xylenes 
(25.5 %), ethylbenzene (2.05 %), บ9 aromatics (12.3 %), and Cio+ aromatics 
(2.72 %). It can be noticed that oxygenate compounds, non-aromatics and benzene 
are enhanced over the low acid density of B 300. Some of ethylene may convert to 
non-aromatics and benzene. However, scant acid density is not enough for 
alkylation, dispropotionation and transalkylation reaction, resulting in a little quantity 
of xylenes, ethylbenzene, บ9 aromatics, and Cio+ aromatics.

Therefore, the moderate acid density and acid strength of B37 tends to 
convert ethylene to larger hydrocarbons; whereas the lower acid density of B300 
produces ethylene mostly.

C3 C4

B300

Figure 4.5 Composition of gases from (a) B 27, (b) B 37, and (c) B 300.



31

Table 4.4 Product distribution over B27, B37, and B300

Catalyst B27 B37 B300
Bio-ethanol Conversion (°/n) 97.4 97.4 97.4
Product Distribution (wt %)

Gas 75.8 63.0 81.5
Oil 5.05 7.27 5.43
Water 19.2 29.7 13.1

Gas Composition (wt %) _

Methane 0.99 1.65 0.00

Ethylene 85.9’ 80.4 94.6
Ethane 5.61 6.29 1.69
C3 5.85 8.88 2.82
C4 1.66 2.80 0.91
C02 0.00 0.00 0.00

Data were taken at the eighth hour o f  tim e-on-stream

Xylenes are valuable petrochemicals that have high costs. Both Si/Al2 ratios 
of H-beta catalysts (B27 and B300) prefer to produce p-xylene around a half of 
overall xylenes selectivity, except B37 that mainly produpes AM-xylene as shown in 
Figure 4.7. Table 4.5 shows that B27 can provide the highest amount /A-xylene in oil 
and the large amount /7-xylene in mixed xylenes because disproportionations of large 
hydrocarbons occur from a high acid density of B27.

4.2 Effect of Gallium Oxides Loaded on Beta Zeolites

This part focuses on the effect of metal oxides loaded on Beta zeolites. The 
product distribution can be changed when the modified zeolites are used. 5 % of 
gallium oxide was loaded into the zeolites using the incipient wetness impregnation 
technique.
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Figure 4.6 Composition of extracted oils from (a) B 27, (b) B 37, and (c) B 300.
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Figure 4.7 Selectivity of xylene isomers from (a) B27, (b) B37, and (c) B300 

Table 4.5 /7-Xylene amount in different components

Catalyst B27 B37 B300

Mixed Xylenes (พt %) 44.2 26.4 25.5

/7-Xylene in Oil (wt %) 21.3 7.81 12.6
/7-Xylene in Mixed Xylenes (พt %) 48.2 29.6 49.6
/7-Xylene in Mixed Aromatics (wt %) 21.6 7.89 16.1
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Figure 4.8 Reaction pathways of aromatic compounds (Das e t a l . , 1994).
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Figure 4.9 Alkylation reaction of benzene with ethylene (Jan et a l, 2007).

4.2.1 Characterization of Catalysts
The specific peaks of H-Beta zeolites, shown in Figure 4.10 (a), are 

located at the 2 theta of 7.6°, 14.6°, and 22.4° (Omegna et al., 2004). Moreover, 
Figure 4.11 shows the gallium oxide’s characteristic peaks at 52.3 ๐, 56.1 °, 61.9 ๐, 
and 68.1°. However, the specific peaks of H-Beta zeolite are still present in the XRD 
patterns after loading with gallium oxides, meaning that the metal oxide loading does 
not destroy the zeolite structures.

The physical properties of catalysts are presented in Table 4.6. 
Surface area, pore volume, and pore diameter were determined using the Braunaer- 
Emmet-Teller (BET) and Horvath Kawazoe (H.K.) techniques. Gallium oxide 
loading reduces the surface area and pore volume of unloaded zeolites because of 
pore blocking by the oxide as shown in Table 4.6. Moreover, the increasing Si/AE 
ratio extremely reduces the surface area and pore volume of zeolites. 5GaB27, 
5GaB37, and 5GaB300 have the surface area of 495.7 m2/g, 354.0 m2/g, and 236.8 
m2/g, respectively, and the pore volume reduces with the same trend.
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Figure 4.10 XRD characteristic peaks of H-Beta.

40 45 50 55 60 65 70 75 802 theta

Figure 4.11 XRD characteristic peaks of gallium oxide loaded H-Beta catalysts.

The acidity of modified zeolites with various ratios of Si/Al2 was 
analysed using TPD-NH3. The area under each peak represents the amount of acid 
sites as shown in Figure 4.12. Total acidity is ranked as follows: 5GaB37 > 
5GaB27 > 5GaB300. Moreover, the NH3 desorption temperature also indicates the 
acid strength of zeolites; that is, 5GaB27 has the highest acid strength, followed by 
5GaB37 and then 5GaB300. Figure 4.13 displays Lewis and Bronsted acid sites of 
zeolite after gallium oxide loading. The acid density and acid strength intensely 
decrease with gallium oxide loading as shown in Figures 4.13 and 4! 14, and Table 
4.7.
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Table 4.6 Physical properties of H-Beta supports and 5 wt % gallium oxide loadved 
H-Beta catalysts

Catalysts B27 5GaB27 B37 5GaB37 B300 5GaB300
Surface Area3 (m'Vg) 554.9 495.7 502.7 354.0 425.9 236.8

Pore Volumeb (cm2/g) 0.27 0.24 0.26 0.18 0.20 0.13
Pore Diameterb (À) 7.68 7.75 7.93 8.02 8.67 '  7.52

“Determined by BET method 
b Determined by H.K. method

T e m p e r a t u r e  (C °)

Figure 4.12 TPD-NH3 profile of 5% wt gallium oxide loaded H-Beta catalysts.

Table 4.7 Density of Bronsted acid sites over unloaded H-Beta and 5 wt % gallium 
oxide loaded H-Beta

Catalysts B27 5GaB27 B37 5GaB37 B300 5Ga
B300

Strong Bronsted Acid 
(pmol/g of catalyst) 2368 733.9 698.8 448.1 112.9 84.17
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Figure 4.13 TPD-1PA profiles of H-Beta and gallium oxide-modified II-Beta 
catalysts with different Si/Af ratio.

4.2.2 Activity on Catalytic Dehydration of Bio-ethanol
More than 97% ethanol conversion is achieved over all Si/Al2 ratio of 

modified H-Beta. Ethylene is first produced from ethanol dehydration, and then 
ethylene is converted into various hydrocarbon products, which is governed by 
acidity or Si/Al2 of H-Beta zeolite. From Table 4.8, all modified H-Beta catalysts 
produce gas as the main product. Only 6.48 % oil is obtained from 5GaB37, that is 
the highest among those obtained from the other gallium oxide modified catalysts.
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Figure 4.14 Propylene desorption profiles of 5% wt gallium oxide-loaded H-Beta 
catalysts (a) 5GaB27, (b) 5GaB37, and (c) 5GaB300 from TPD-IPA.

For the gas composition, the major gaseous component in all catalysts 
is ethylene, which is 73.8 % to 95.5 % in the gas product. 5GaB37 gives a noticeable 
larger gas composition; that is, 13.4 % C3 and 5.40 % C4. The lower acid density of 
5GaB300 produces ethylene mainly. So, the moderate acid density and acid strength 
of 5GaB37 prefers to convert ethylene to large hydrocarbons in gas.

For the oil phase, 3.11 to 6.48 % of oil is attained from secondary 
reactions in the reaction pathway (Inaba et al., 2006). 5GaB27 produces the oil that 
consists of 66.5 % BTEX, 26.9 % C9 aromatics, and a little amount of other 
hydrocarbons products as shown in Figure 4.16 (a). However, the oil composition 
from 5GaB37 shows that 15.6 % C9 aromatics, 39.0 % Cio+ aromatics, and 18.8 % 
non-aromatics are mainly produced, but BTX are produced in a low amount.
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Table 4.8 Product distribution over all Ga2C>3-modified catalysts

Catalyst B 27 5Ga
B27 B 37 5Ga

B37 B 300 5Ga
B300

Bio-cthanol conversion 97.4 97.4 97.4 97.4 97.4 97.4
Product distribution
(wt %) -

Gas 75.8 83.7 63.0 75.4 81.5 78.6
Oil 5.05 3.92 7.27 6.48 5.43 3.11
Water 19.2 12.4 29.7 18.1 13.1 18.3

Gas composition (wt %)
Methane 0.99 1.34 1.65 1.28 0.00 0.00
Ethylene 85.9 87.1 80.4 73.8 94.6 95.5
Ethane 5.61 5.27 6.29 6.16- 1.69 1.53
C3 5.85 5.10 8.88 13.4 2.82 2.27
C4 1.66 1.22 2.80 5.40 0.91 0.41
c o 2 0.00 0.00 0.00 0.00 0.00 0.99

Data were taken at the eighth hour o f  time-on-stream

The acid density and acid strength of 5GaB27 and 5GaB37 are 
compared in Figure 4.12. 5GaB27 has lower acid density, but higher acid strength, 
whereas 5GaB37 has higher acid density, but lower acid" strength. So, the protons on 

' 5GaB27 can more easily protonate small hydrocarbons to short chain aromatics than 
those on 5GaB37; however, a less acid density on 5GaB27 does not allow long-chain 
aromatic hydrocarbons to grow as much as on 5GaB37 that has a higher acid density. 
That is the reason why 5GaB27 produces more BTX, less oil yield, and less long- 
chain aromatics (Cç>+). For 5GaB37, the larger amount of weaker acid sites protonates 
ethylene, and allows longer chain hydrocarbons to grow. It can be explained that 
ethylene, which is the major component in the gaseous phase, can be further 
converted to benzene via oligomerization and aromatization reactions. After that, the
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alkylation of benzene with ethylene generates ethylbenzene. A large amount of 
benzene, Cçr and Cio+ aromatics are formed from dispropotionation and 
transalkylation reactions. On the other hand, 5GaB300, which has the lowest acid 
density and acid strength, produces 83.7 % gas and only 3.11 % oil. Moreover, it 
produces a large amount of 45.1 % oxygenates (cyclopropanenonanoic acid, methyl 
ester, tridecanoic acid, methyl ester, 2-pentanone, and 10-undecyn-l-ol) and a low 
amount of hydrocarbons.

The true boiling point curves (TBPs) of the extracted oils are cut 
based on the boiling point ranges of petroleum fractions. 5GaB37, which produces 
the highest amount of oil and heavy products, gives 33.1 % kerosene, which is the 
highest among the other catalysts. The oil from 5GaB27 has a high boiling point in 
gas oil range because the catalyst has the highest acid strength. 5GaB300 produces
84.4 % gasoline that is the fraction containing BTEX and oxygenate compounds.

4.3 Effect of Germanium Oxides Loaded on Beta Zeolites

4.3.1 Characterization of Catalysts
For XRD results, the specific peaks of germanium oxide are shown at

52.2 ๐ and 61.6 ๐. However, the specific peaks of H-Beta zeolite are still present in 
the XRD pattern after loading with both metal oxides, meaning that the germanium 
oxide loading does not affect the zeolite structures.

Germanium oxide further reduces the surface area and pore volume 
from those of unloaded zeolites because of pore blocking from metal oxide; for 
example, the surface area of B37 reduces from 502.7 m2/g to 432.2 m2/g after 
germanium oxide loading, and the pore volume of modified catalysts decreases with 
the same trend.

For TPD-IPA, Figure 4.20 indicates obviously decreasing acid density 
and acid strength of catalysts after germanium oxide loading, except 5GeB300. 
Additionally, germanium.oxide tends to significantly reduce the acid strength of 
catalysts as shown in Figure 4.21.
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Figure 4.15 Composition of gaseous products from using Ga203-modified catalysts



Figure 4.16 Composition of extracted oils from using Ga203-modified catalysts.
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Figure 4.17 Petroleum fractions in oils derived from using Ga203-modified catalysts
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Figure 4.18 XRD characteristic peaks of H-Beta.
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Figure 4.19 XRD characteristic peaks of germanium oxide-loaded H-Beta catalysts. 

Table 4.9 Physical properties of germanium oxide-loaded catalysts

Catalysts B27 5GeB27 B37 5GeB37 B300 5GeB300
Surface Area3 (m2/g) 554.9 494.7 502.7 432.2 425.9 395.0

Pore Volumeb (cm2/g) 0.27 0.24 0.26 0.22 0.20 0.19
Pore Diameterb (Â) 7.68 8.11 7.93 7.82 8.67 7.36

a Determined by BET method 
b Determined by H.K. method
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Table 4.10 D e n s ity  o f  B ro n s te d  a c id  s ite  o v e r  un lo aded  H -B e ta  and  5 w t % 

ge rm a n iu m  o x id e  loaded  H -B e ta

C a ta ly s t s B27 5 G e
B27 B37 5 G e

B37 B300 5 G e
B300

S tron g  B ro n ste d  A c id  
(p m o l/g  o f  ca ta lys t)

2 3 6 7 .5 6 1 6 .9 6 9 8 .8 6 3 9 .3 1 1 2 .9 1 1 9 .6

4.3 .2  A c t iv i t y  on  C a ta ly t ic  D e h yd ra t io n  o f  B io -e th an o l

B io -e th a n o l c o n ve rs io n  u s ing  u n m o d if ie d  z e o lite s  and G e C >2 m o d if ie d  

z e o lite s  is  around  97 %. It in d ic a te s  that G e C >2 m o d if ic a t io n  does not s ig n if ic a n t ly  

a ffe c t the b io -e th ano l co n ve rs io n . T h e  p roducts  fro m  G e 0 2 -m o d if ie d  z e o lite s  con ta in  

a p p ro x im a te ly  70 %  to 80 % gas and 5%  o i l  as show n  in  T a b le  4.11. F ig u re  4 .22 

illu s tra te s  that e thy lene  is  a m a in  gas co m po nen t in  a ll ca ta lysts, and its  am ount 

depresses w hen  G e 0 2  is  used to  m o d ify  B 2 7  and B 3 0 0 . H o w eve r, 5 G e B 3 7  sh o w s  the 

o p p o s ite  trend fro m  5 G e B 2 7  and 5 G e B 3 0 0 . M o re o v e r , the o ther gaseous p roducts  

are p ro du ced  at an in s ig n if ic a n t ly  d iffe ren t lo w  am ount. H o w eve r, 5 % G e C >2 loaded  

on  H -b e ta  ze o lite s  g iv e s  the p ro du c t d is tr ib u t io n  in  the ex tracted  o ils  as show n  in  

F ig u re  4 .23 . O n  B 2 7  and B 3 7 , G e 0 2 tends to p rodu ce  lo w e r B T X  co m ponen ts  in  

o ils ;  h ow eve r, C ) 0+ a rom a tics  are increased . In a d d it io n , C io + a rom a tics  s e le c t iv ity  is 

enhanced  to 41 .0  %  u s ing  g e rm a n iu m  o x id e -m o d if ie d  B 3 7 . 5 G e B 3 0 0  e x h ib its  the 

p ro du c t d is tr ib u t io n  in  the ex tracted  o i l  in  a d is s im ila r  trend; that is, benzene , C 9- and 

C io +a ro m a tic s  decrease, but oxygena te  co m po u nd s  is  ex trem e ly  enhanced.

F ig u re  4 .24  sh ow s that the true b o ilin g  p o in t cu rves  ( T B P s )  o f  

ex tracted  o ils  are cu t based on  the b o il in g  p o in t  ranges o f  p e tro leum  fra c t io n s . A l l  

ca ta ly s ts  m a in ly  p rodu ce  m ore  than  60 %  g a so lin e , but o n ly  B  300  p ro du ce s  as h igh  

as a round  80 % gaso lin e . F ig u re  4 .24  d isp la y s  the redu ction  o f  g a so lin e  and the 

in creases  in  ke rosene  and gas o i l  w ith  g e rm a n iu m  o x id e  load ing . T he se  resu lts  

in d ica te  that g e rm an ium  o x id e  m ay  ass ist to im p ro v e  the a c id ity  o f  H -be ta  zeo lite s . 

A d d it io n a lly ,  it  can  be co n c lu d ed  that g e rm an ium  o x id e  m o d if ic a t io n  enhances the 

p ro d u c t io n  o f  h eavy  h yd ro ca rbon s  in  the ranges o f  kerosene and gas o il.
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Figure 4.20 T P D - I P A  p ro f ile s  o f  P i-B e ta  and g e rm a n iu m  o x id e -m o d if ie d  H -B e ta  

zeo lite s  w ith  d iffe ren t S i / A f  ratio .
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Figure 4.21 P ro p y le n e  de so rp tion  p ro f ile s  o f  5%  พ t ge rm an iu m  o x id e - lo a d e d  Id- 
Beta  ca ta ly s ts  (a) 5 G e B 2 7 , (b) 5 G e B 3 7 , and (c) 5 G e B 3 0 0  from  T P D - I P A .

Table 4.11 P rodu c t d is tr ib u t io n  o v e r  a ll G e 0 2 -m o d if ie d  ca ta lysts

Catalyst B 27 5Ge
B27 B 37 5Ge

B37 B 300 5Ge 
B 300

Bio-ethanol conversion (%) 97 .4 97.4 97.4 97 .4 97.4 97 .4

Product distribution (wt %)
G a s 75.8 80.0 63.0 68.5 81.5 70.2
O i l 5 .05 5.04 7.27 4 .62 5.43 4.81

W a te r 19.2 14 .E 29.7 26 .8 13.1 25 .0

Gas composition (wt %)
M e th an e 0 .99 5.57 1.65 1.44 0 .0 0 0 .16
E th y le n e 85.9 77.4 80.4 85 .7 94.6 81.7

E thane 5.61 7.16 6.29 4 .62 1.69 1.43

C 3 5.85 7.72 8 .8 8 6 .70 2.82 2 .6 8
C 4 1 .6 6 2.19 2.80 2.55 0.91 1.27

c o 2 0 . 0 0 0 .0 0 0 .0 0 0 .0 0 0 .0 0 0.30

Data were taken at the eighth hour o f  time-on-stream
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Figure 4.22 C o m p o s it io n  o f  gaseous p roducts  fro m  u s ing  GeC>2-m o d if ie d  ca ta ly s ts



Figure 4.23 C o m p o s it io n  o f  ex tracted  o ils  from  u s in g  G e 0 2 -m o d if ie d  ca ta lysts .
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Figure 4.24 P e tro le u m  fra c t io n s  in  o i ls  d e r ived  fro m  u s in g  G e 0 2 -m o d if ie d  ca ta ly s ts
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T h e  m esopo rou s  ca ta lyst w ith  hexagona l po re  structu re  ( M S U )  w as 

syn thes ized , fo l lo w in g  the p ro cedu res  in  a paper (T r ia n ta fy ll id is  e t  a l ,  2007). T h u s , 

th is  ca ta ly s t re qu ire s  m an y  ch a ra c te r iza tio n s  to c o n f irm  the structu re  be fo re  use in  

ca ta ly t ic  a c t iv it y  testing . X R D  (sm a ll ang le ), X R F ,  S A A ,  and T P D - I P A  are used  fo r 

ch a ra c te r iz in g  the ca ta lysts.

4.4.1 C h a ra c te r iza t io n  o f  C a ta ly s ts

T h e  sm a ll ang le  X R D  pattern  o f  M S U  is  p resented in  F ig u re  4 .25  (a). 

M S U  d isp la y s  a strong  p eak  o f  [100] and the tw o  o the r peaks  that c le a r ly  in d ica te  the 

h ig h ly  o rde red  h exagona l po re  structu re  ( L iu  e t a l ,  2 001 ). F ig u re  4 .25  (b) d is p la y s  

the w id e  ang le  X R D  pattern o f  M S U  that in d ica te s  its  n o n -c ry s ta llin e  structure.

4.4 Activity of Mesoporous Catalyst (MSU-S, Hexagonal Pore Structure) on
Catalytic Dehydration of Bio-ethanol

0 2 4 6 8 10
2 theta

mi

«kJ . —  B37
MSU

0 20 40 60 80 100
2 theta

Figure 4 .25  X - r a y  d if f ra c t io n  patterns o f  (a) M S U  at sm a ll ang les, and  (b) H -B e ta  

and M S U  at w id e  angles.

A  S i/ A l2 ra t io  o f  M S U  is  81 .1 , w h ich  w as ch a rac te r ized  u s ing  X R F .  A  

la rge  am oun t o f  s i l ic a  is  p resen t in  M S U  to m a in ta in  a m esopo rou s  structure.

T h e  S A A  p ro v id e s  the N 2 ad so rp tio n -d e so rp tio n  iso the rm , po re  

d iam ete r (m ic ro -  and m eso  pore), po re  s ize  d is tr ib u t io n , su rface  area, and pore
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vo lu m e . In F ig u re  4 .26 , the N 2 ad so rp tio n -d e so rp tio n  iso th e rm  presents sudden  step 

at the p /p 0 o f  a round  0.3, w h ic h  is  v e ry  s im ila r  to that o f  c la ss ic a l h exagona l A l -  

M C M -4 1  (T r ia n ta fy ll id is  e t  a l ,  2007). P o ro u s  M S U  co n ta in s  m ic ro -  and m eso  pores, 

w hose  s ize s can  be ca lcu la ted  by u s in g  H .K .  and B .J .H .  m ethod , re sp e c tiv e ly  as 

show n  in  T a b le  4 .12 . F ig u re  4 .27  show s that the m a x im u m  m eso po re  s ize  is  nea rby  

30 A ,  w h ich  is  s im ila r  to the po re  s ize  repo rted  in  the lite ra tu re .

F o r  m o d if ie d  M S U  ca ta lys ts , the X R D  pattern and ad so rp tio n - 

deso rp tion  iso th e rm  are sam e as that o f  M S U .  F ro m  T a b le  4 .12 , the su rfa ce  area and 

po re  v o lu m e  o f  m o d if ie d  M S U  ca ta lysts  are enhanced; on  the o ther hand , the m eso  

po re  d iam ete r decreases because  those m e ta l o x id e s  m ay  be depos ited  in  the m eso  

po re  o f  ca ta lysts.

Figure 4.26 N 2 a d so rp tio n -d e so rp tio n  iso th e rm  o f  the M S U  cata lyst.

T h e  I P A - T P D  o f  any M S U  ca ta lys t illu s tra te s  a la rge  area o f  I P A  

deso rp tion  that rep resen ts a h ig h  L e w is  a c id  d en s ity  o f  the e x tra -fram ew o rk  

a lu m in u m , w hereas  the p ro p y len e  d e so rp tio n  is  present in  a sm a ll am ount. G a ll iu m  

o x id e  lo ad in g  s ig n if ic a n t ly  decreases L e w is  and B ro n ste d  a c id  den s it ie s  as show n  in
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F ig u re  4.28. O n  the o ther hand, F ig u re  4 .29  p resen ts o b v io u s ly  d ive rse  a c id  stranght 

o f  M S U  and g e rm an ium  o x id e - lo a d ed  M S U  ca ta lyst.

EEto

Q
■o
>
T3

Figure 4 .27  Pore  s ize  d is tr ib u t io n  o f  M S U  u s in g  B .J .H . m ethod .

Table 4.12 P h y s ic a l p rope rtie s  o f  M S U  and m o d if ie d  M S U  ca ta ly s t

Catalysts Surface Area 
(m2/g)a '

Pore Volume
(cm3/g) b

Micro-Pore
Diameter

( A ) b

Meso-Pore
Diameter

( A ) c
M S U 579.9 0.23 10.4 27 .6

5 G a M S U 652.1 0.28 9.41 26 .9

5 G e M S U 664.7 0 .29 9 .44 26 .9

“ Determined by BET method 
b Determined by H.K. method 
c Determined by B.J.H. method

4.4.2 B io -e th a n o l D e h yd ra t io n  A c t iv i t y

T he  p ro du c t d is tr ib u t io n  o f  M S U  is  not s tro n g ly  d iffe ren t fro m  that o f  

H -B e ta  zeo lite s , w h ic h  g ive s  4 .47  %  o il.  93 .6  %  e thy lene is  the h ighest con ten t in  the 

gas p roduct. M o re o v e r , a ll m o d if ie d  M S U  ca ta ly s ts  g ive  in s ig n if ic a n t ly  d iffe re n t gas 

co m p o s it io n s  as sh ow n  in  T a b le  4.14.

A  la rge  am ount o f  xy len es , C 9- and C io + a ro m a tics  are fo rm ed  u s ing  

M S U  m esopo rous ca ta lysts  because the la rge  m eso  pore s ize  im p ro ve s  the d if fu s io n



55

o f  la rge  h yd roca rbon s. F rom  F ig u re  4 .30 , the germ an ium  o x id e -m o d if ie d  M S U  

ca ta ly s t has s im ila r  p roduc ts  that are p roduced  by  u s ing  M S U  ca ta lyst, e x cep t C | 0+ 

that is  s ig n if ic a n t ly  enhanced. O n  the o ther s ide , the d is tr ib u t io n  o f  co m po u nd s  in  o il 

from  g a ll iu m  o x id e - lo a d ed  M S U  is  m a rked ly  changed; that is , 92 .4  %  oxygena te s 

(87.5 %  2-butanone) are p roduced .

F o r  the pe tro leum  fra c t io n s  as show n  in  F ig u re  4 .31 , M S U  and 

5 G e M S U  ca ta lysts can  p roduce a h ig he r am oun t o f  kerosene than  F l-B e ta  ca ta lysts  

because o f  the m esopo re . H o w eve r, a lm ost the o i l com ponen ts  from  5 G a M S U ,  

w h ic h  have  oxygena te s as a m a in  p roduct, are in  the gaso line  range.

T fc )
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Figure 4 .28  T P D - I P A  p ro f ile s  o f  M S U  and m o d if ie d  M S U  ca ta lysts .
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Figure 4 .29  P rop y jene  d eso rp tion  p ro f ile s  o f  M S U  and m o d if ie d  M S U  ca ta ly s ts  

from  a T P D - I P A  techn ique .

Table 4.13 D e n s ity  o f  B ro n s te d  a c id  s ite s  o ve r M S U  and m o d if ie d  M S U  ca ta lys ts

Catalysts MSU SGaMSU 5GeMSU
S tro n g  B ron sted  A c id  
(p m o l/g  o f  ca ta lys t)

177.5 49.44 155.0

Table 4.14 P rodu ct d is tr ib u t io n  o ve r G a 20 3 -a n d  G e 0 2-m o d if ie d  M S U  ca ta lysts

Catalyst MSU SGaMSU 5GeMSU
Bio-ethanol Conversion f%l 97.3 97.3 97.3Product Distribution (wt %)

G as 77.4 79.6 75.3
O il 4 .47 5.17 6.95
W a te r 18.2 15.2 17.7Gas Composition (wt %)
M eth an e 0.44 0.65 0.25
E th y le n e 93.6 92.8 94.4
E thane 1.38 1.36 1.52
C 3 2 .6 6 2.23 1.91
C 4 1.71 1.67 1.62
C 0 2 0.17 1.26 0.29

Data were taken at the eighth hour o f  time-on-stream
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Figure 4.30 C o m p o s it io n  o f  ex tracted  o i ls  fro m  u s ing  M S U  and M S U -m o d if ie d  

ca ta lysts.
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Figure 4.31 P e tro le u m  fra c t io n s  in  o ils  d e r iv e d  from  u s in g  M S U  a n d -m o d if ie d  

ca ta lysts.
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