CHAPTER IV

RESULTS AND DISCUSSION

4.1 Investigation of the Sy

4.1.1
With an attempt in iZzing! W-M( V-4 L in c condition as claimed by Zhang
et al.*®, the method was: i - Only.amorphou ase was obtained and its XRD

cak of the MCM-41 structure.

acidic condition.

4.1.2 For 'jf

With an a cmpt m'%ﬂe condltlon as rted b etal®, it in turn yields a very
nice product of iﬂﬂ: ﬁﬂ ure 4.1b. The XRD of
the tun ﬁaﬂ nding to four
charactat.ﬁli ﬁMﬁﬁ ﬁm ﬁ jyo and ( ) lattice pﬂ:s from left to

right, respectively. This has been suggested that the MCM-41 structure is more stable in basic
condition although it was claimed that incorporation of tungsten in the MCM-4structure is

preferential in acidic condition. The ICP analysis indicates that quite small amount of tungsten
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was found in the product. Using the gel with Si/W of 100 results in the MCM-41 with the
SU/W of 1600. Therefore, it is very challenging to practice for the direct method of
synthesizing W-MCM-41 in basic condition with higher tungsten content.

Considering the XRD pattern shown in Figure 4.1b the intensity of the parent peak is
quite sharp. Thus it may be due to the very small amount of tungsten incorporated so that

makes it highly disperse in the MCM-4 re and does not affect the order of the

structure and/or due to the tungstel e | ifs the latter means the solubility of

ammonium tungstate is not as reac ium ever, it was reported that the
presence of sodium reduce( ion of metal. in CM-41 structure.®® Both
effects have also been studied i . \
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4.1.3  Effect of Tungsten Sources on Formation of W-MCM-41

W-MCM-41 samples with the same Si/W ratio in gel of 100 were synthesized in
basic condition using the similar gel composition but varying the tungsten source from
" ammonium tungstate to sodium tungstate. The XRD patterns of both samples are shown in

Figure 4.2. Assuming the same product o -41 was obtained from both sources, the

ﬁularity of the MCM-41 structure
2 0 w the corresponding reflection

t with the wall of MCM-41
\Y“

i i 1a5€. \\ wall thickness of MCM-41
and results in the shift of Brag ole (26 mmomum tungstate is thus

more appropriate than sodium giingsts des higher ordered structure

NH," and Na* cations must have s

. considered from higher intensi . el al.% reported that tungsten
. | 9 - d l’ -
{rom ammonium metatungstate cg |_bé-incorpor  the final product more than that
from sodium tungstate. However, the i t neglected. Therefore, the further
L

study of this research f: -,—____ TOm ammoRium tungstate and basic

condition for synthesis o Ui,

ﬂﬁﬂ’l‘i’lﬂﬂ‘ﬁﬂﬁnﬂ‘i
Q‘W’Wﬂ\‘iﬂiﬁ“ﬂlﬂﬂﬂiﬂﬂﬂ
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Figure 4.2 XRD patte ‘f_ : : i nium tungstate (a),

T
and sodium tuﬂtate (b), as the tungsten source. i
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XRD patterns of W-MCM-41 with different Si/W ratios were presented
~in Figure 4.3. The peak intensities of catalysts were not different because the quantity

of incorporated metal tungsten into the framework was in the vicinity, which was very
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little as confirmed by ICP. The decrease of Si/W ratio or the increase in tungsten
content of the samples affected the d-spacing of the (100) peak by decreasing from
ca. 4.1-4.2 nm of the purely siliccous MCM-41 to 3.94 nm of W-MCM-41 with Si/W
ratio in gel of 4, as shown in Table 4.1. The decrease of the interplanar spacing might
be explained by the decrease of the wall thickness of W-MCM-41 sample on the

basis of replacing longer Si-O bonds with er W-O bonds. Besides, the increasing

@ffraction peak broader and less

: dé i'pcorporation of tungsten in

i \\\ g-range ordering of the
t/ \ the (110) and (200)

Si/W ratio in gel of the

in tungsten content of the sample
intense. The change of the T
the framework structure r(‘
hexagonal mesoporous struct

diffractions. This distortion i

starting mixture was lower to @4 a§ s Wﬂg- ! \ us the maximum content

Wil

of tungsten that could be ‘incofpo od.into- th H'sa ples without destruction
ST

of the mesoporous structure is about ~" addition, the preparation of a gel
& e

mixture with Si/W <4 resulted in an Amorphous Siructure.

Tabled.l The values ORI 0 acing of W-MCM-41

samples synthesized from the gel with various Si/W ratios

[ ? o/
A8
Si/W moldr ratio i (A) Bragg’s angle, 20 (°)
A RIQNNPUNRIINEIAE
9 50 41.25 2.14
8 42.43 2.08
4 39.40 2.24
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(b) Catalyst Porosity

In order to evaluate the porosity of the materials, N, adsorption analysis
was carried out. Figure 4.4 shows the N, adsorption-desorption isotherms of the W-
MCM-41 samples. All samples exhibit a well-expressed hysteresis loop of type IV and

have similar isotherms with an inflection : d P/Po = 0.3, which is the characteristic

behavior of mesopore materials.% ver, as st} ratio decreases, the hysteresis
loop becomes broaden, re g ~from t} m formation of mesoporous
structure when the tungst( ‘hig g re 3 _shows a narrow pore size

distribution of W-MCM-41, digated) that W-MCM=41 synthesized has uniform

structure.

BET specific ' and} pe e \siz ameter of the W-MCM-41
catalysts were also obtained ..: itrogen’ phy n method, and the data were
summarized in Table 4.2. Th area and the pore volume in the
mesopores decrease with the increase in the ¢ )_content. These can be explained
by the destruction of | the/pore structure of W-M "M-41 “caialysts. Thke higher the

= — )
tungsten content in the' str xagonal crystalline materials

J

~ obtained, which was in aement with the XRD results.
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Figure 4.5 Pore-size distribution of W-MCM-41 with the Si/W ratio in gel of 50.



72

Table 4.2 The values of BET specific surface area and pore diameter of W-MCM-41

samples synthesized from the gel of various Si/W ratios

Si/W ratio BET specific Pore diameter
in gel surface area (m%/g) @
120 28.6
100 30.0
80 27.4

60

ratios > 50 in gel, which

Y |

have almost no tungsten '5’_ ‘with the wall of MCM-41

in the step of 'mesostmctum formation and they were releasB easily by washing with

water. An attempt ﬁcgrﬁ ?Tﬂ /‘Tﬂvﬁoadmg the excess
~amount of tungstcﬂa € been performed successfully in this study using ammonium
¢ o @/
tungstate aqlqulTa ﬁlﬂ 5 m ﬂm ?WBﬁﬁﬁorated in
W-MCM-41 samples was determined by ICP analysis after they were digested in HF
and HCI solutions. The output data were calculated in terms of Si/W ratio and
presented in Table 4.3. It has been observed that with increasing the tungsten content
in gel, tungsten incorporated -into the MCM-41 structure would be increased and the
maximum tungsten content with Si/'W in gel of 4 gave the Si/W in product of 84. In

addition, the maximum of tungsten content corresponds to the XRD results.
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Table 4.3  Analysis data of W-MCM-41 samples synthesized from the gel of various

Si/W ratios =

Si/W ratio in gel Si/W ratio in product

120 2668

(d) FT-IR spectx

The

s

h :;‘ﬁ in Figure 4.6, were

N

performed upon the Wi : a-based mesostructure. The
[

1' attributed to the W-O-Si linkage. The lack of absorption

s o - 309 1 ) g gy o v e wo

stretching vibration’ql] suggests the absence of Keggin units in the W-MCM-41 samples.

However, a Wnrawﬂi ﬂm r‘saweﬂ«ﬁ] ta?' ﬂv ratio in

gel of 4, thé vibrations at 929, 880 and 774 ascribed to the WOg group still remain

==

vibration at ca. 960 c¢cm™

unseen. The IR data indicates no formation of the WOg units outside the framework;
however it cannot be taken as a reliable evidence for metal incorporation into pure
- siliceous MCM-41. The reason is that the region is very sensitive to any kind of

metal-O vibration and it is still present a strong absorption band even in the pure silica

MCM-41.
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Figure 4.6 FT-IR sp&étra of W-MCM-41 w:th various SI/W ratios in gel of (a) 50, (b) 8
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75

(e) Laser Raman Spectra

Laser Raman spectroscopy has been widely used to identify the
condensed transition metal oxide phases in the characterization of various transition
metal-containing composites. In Figure 4.7 showing the Laser Raman spectra of WO,

pure silica-MCM-41 and W-MCM-41 with Si/W ratios of 50 and 4, it has been found

that the Laser Raman spectra of W- nples resemble to those of pure silica
MCM-41, as reported by Zhang tungsten atoms are isolated in
the quasi-crystalline silica b works. l@he Raman spectra of W-

MCM-41 and pure silica MC i study a fied at ca. 400 cm” and more
intense than the correspo fed b ang. This might be due to the
differences in MCM-41 p i hods.” Besides, 'no scattering due to crystailine
WO; particles”’ at 272, 3 ed for the W-MCM-41
samples. This indicates that t the MCM-41 framework. For
the sample W-MCM-41 with S¥W. -,;_: of less intense spectra at the Raman
s -1 oA TTodhc Jirk : . | . :
shift 802 cm™ may be represe s . i ation of tungstic oxide on the
surface or it is the ymaximum Si/W ratio for the W-MC L"""‘ structure not being
Ag mxent with  XRD and DR

destroyed, as shown in Flme :
AULININTNEINS
AWM TUNRIININE

UV-Vis results.
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Figure 4.7 Laser Raman spectra of samples (a) WOs, (b) Si-MCM-41 and

(c) W-MCM-41 with the Si/W ratio in gel of 50.
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Figure 4.9 is 'sp eir- 200 and 600 nm for
the W-MCM-41 sample 260/ nm can be observed

for all samples. Reference ectra, belo olid sodlurnm.mgstate (d) exclusively
constituted of tetrah ral tun sﬂ; ammonlum te (e ungsten oxide (f)
both mainly consti ta d l mi] ’lﬂ e also present as
~terminal t I\T ,T El reference
spectra, ﬁﬁ:iua ﬁ'ﬁafg!;’l m ﬂeﬁ @slgned to the

tetrahedral W(VI) species while the band at 260 nm could be assigned to the distorted
tetrahedral W species. Besides, W-MCM-41 samples do not present the band at 375 nm
which belongs' to WO; crystallites. When the tungsten loading increases, the
absorption band around 310 nm becomes broader. This indicates the subsequent

formation of distorted tetrahedral tungsten species.
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Figure 4.9 DR-UV-Vis spectra of calcined W-MCM-41 with various Si/W ratios in gel

of (a) 60, (b) 80 and (c) 100 (d) Na,WO, (e) (NH,)sH, W 1,04 (f) WO;.
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From the spectroscopic studies, it has been confirmed that all W-MCM-41 have some
tungsten in tetrahedral coordination, as monotungstate species (WO,> group) in the
MCM-41 framework structure, Figure 4.10, and some tungsten, only in the high

loading samples as distorted tetrahedral tungsten in extra framework.

N\

ic W specics in the

4.1.5 Effect of Template Re¢ woval

The tem ;pj—

1"})' of the as-synthesized

sample in air. Figture 4.lmhows’ ¢ ult of pe: intens&s of as-synthesized and
calcined samples. The difffaction peaks becdme sharper and more intense upon
calcination, that uﬂg ﬁ}l}mlggmﬁﬂ nnjthe liquid crystal
mechanism__ of M4 tion, _t m i ﬁj p q‘(E'jvsurfactant
molecules %ﬁ:jﬁﬁﬁﬁ) m. ﬁmaa, e organic
. template was burnt off, leaving inorganic hollow in a'hexagonal regular arrangement

and resulted in the increasing in intensity of hexagonal characteristic peaks.”’
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Figure 4.11 XRD patterns “ with-the S gel of 100, (a) before

4.2 Characterization of WO

(3) XRD Result®h £

y y
The XRD ﬁnu ﬂ‘ ﬁﬂaﬂ ﬂﬁfmlﬂﬁshown in Figure

4.12. When comparéd with the S|—MCM-4I sample, the dieo peak was less intense
0 B VTR PV
Sodium tung‘tate, a tungsten -source, coated on the mesophase was transformed to
tungstic oxide after calcination at the temperature of 500°C. These condensed tungstic
oxide on the surface might use oxygen atoms of the framework MCM-41 as supports,
that cause the structure to collapse after impregnation. Besides, MCM-41 structure is

itself not stable in aqueous solution.
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* Figure 4.12 XRD patterns of (a) WOs/MCM-41 with the Si/W ratio in product of

84 and (b) pure silica MCM-41 before impregnation.
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(b) Specific Surface Area

The values of BET specific surface area of impregnated samples were 500-600
m%g, which less than the surface area of W-MCM-41 at the same Si/W ratio. This
result is in accordance with Rana er al.®® It was reported that the decrease in surface

area for the impregnated molybdenum o on MCM-41 samples was attributed to

the loss in crystallinity seen in the XRD

covered by metal oxide s by e bandsat 315 nm of DR-UV-Vis
spectra. /

Table 4.4 Nitrogen pily I

m,_; d
- § \
WO,/MCM-41 Spe = i diameter
T =
(Si/W) Yt ) 2y 2 A
1615

654.43

[ .
ﬂUEl’J'VIEW]

43 Catalytic Aéfivities of W-MCM-41 and

Waﬂnsmumwmaﬂ

4.3.1 Effect of Temperature on Catalytic Activities

The catalytic results for conversion of 1-hexene over W-MCM-41 (Si/W =
84) at various reaction temperatures are tabulated in Table 4.5 and Figure 4.14. With

increasing reaction temperatures from 300 to 400 and 500°C, conversions of l-hexene
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increase from 88.31 to 93.98 and 98.49%, respectively. The conversion of 1-hexene to
gaseous products is considerably predominant to liquid products at all temperatures.
Formation of propylene is not signiﬁcantly.different at each temperature. Among gaseous
‘ products formation of butenes is favored at 300°C while formation of ethylene as well as
methane is favored at high temperatures. Isomerization of I-butene to its isomers is observed

at 300°C and isobutene is found as the maj uct among isomeric butenes. At higher

y)ened to ethylene as the metathesis

temperatures of 400 and 500°C, bute

product in the presence of the inw ne and coke are formed due

to cracking of hydrocarbons mpe at

hat ethylene is not further

converted to methane as foundgift other reactic : ~ lysts The catalyst became
4 - ‘.:" ) )
gray after utilization at 300°C but'b ighe \ tumed to white again after
regeneration at elevated tempegaturg. B -boé' gt \ t selectivity to ethylene and
"dn 2als

" the lowest selectivity to butenev hg r . 9\ 0 is preferred for further
‘ ?"‘J’"

studies of variations in metathesis

metathesis of 1-hexene at

Table 4.5 Catalytic activity of
various tempefaiures, feed of ropen, the GHSV of 500 b,

time on stream of 30 min.
‘o o/

) Reﬂtion Temperaturai’
AR R R
Conversion f 1-hexene (%) 88.31 - 9398 98.49
Yield of gas product (% wt) 70.80 69.52 68.40
Yield of liquid product (% wt) 11.62 234 1.99
Coke (% wt of catalyst) 11.23 18.20 18.57
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Figure 4.13 -MCM-41 (Si/W = 84) at

432 Catalytic Activity of'iy%M 41 with Various Si/W Ratios

B L iR o=
v
A
The catalytic res jor conversion o M-41 catalysts with the
' i)

- Si/W ratio of 84, 383, and 1613 at the reaction temperature of 560°C are shown in Table 4.6

and Figure 4.14. ﬂl TIEIS? ;ﬂhﬂwﬁ? w E] q-.lﬂajxene and the major

product is a mixturglof methane, ethylene and propylene Increasing the tungsten content
Ll R Ritheuis ey o ﬁ‘ﬂ e
98.49%, res%ectlvely. Liquid product amounts are reverse to the conversion extents. This
implies that increasing the tungsten content in W-MCM-41 results in the greater number of
active sites which can efficiently convert the liquid phase to gas. The highly dispersion of
tungsten on the catalyst makes the infrastructure tungsten highly active for the metathesis

reaction as well.



85

have a strong effect on type and amount of products. Selectivity to propylene increases in the
order of Si/W in catalyst of 1613 > 84 > 383. The increase in selectivity to ethylene is in the
reverse order: W-MCM-41 with the Si/W of 383 gives the best selectivity to ethylene along
with the lowest selectivity to butenes. Besides, methane is formed in a significant amount for
all cases while propane and butenes are rather scarce. Formation of coke on the used catalysts

increases in amount when the ratios of Si . All catalysts become black after the

single run and turn to white again a , ) temperature.
-—‘.

" Table 4.6 Catalytic activity o ratios in metathesis of

1-hexene at the tempe % 1 -hexene in nitrogen, the

GHSV of 500 h™', &

e CM-41
Si/W ratio in catalyst 84
WO; content (% wt) TR I - 4.59
Conversion of 1-hexene u'r_—_ — __— 430/ 9§.49
Yield of gas product (% 68.40
Yield of liquid product (% W%Li 7 1.99
Coke (% wt of cataﬁ) L 1 R Y5 36)7] 1857
h ¢ o v/
FWIANNIUNAIINYINE
3 |
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The resultsﬂ rﬁtﬁj‘lﬁawrﬁ] Wi‘,eWrW with various Si/W

ratios at 500°C are sfiéwn in Table 4.7 and Figure 4.15. Increasing tungsten content results in
¢ o v/

B LALLM

The conversion is not much affected by the tungsten conteh_t when the WO; loading is above

1%. This is because only the catalytic amount is necessary. The activities of WO/MCM-41

are much less than those of W-MCM-41 at all the same tungsten contents. This indicates that

the tungsten containing MCM-41 prepared by direct synthesis method is more active than the

catalyst prepared by the incipient wetness impregnation method.
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Formation of liquid product by WOs/MCM-41 does not get along with the tungsten
contents in contrast to the catalysis over W-MCM-41. Coke formation on WO;/MCM-41
decreases when increasing tungsten at low loading but decreases again at high loading of
tungsten. Thus the results may indicate that the tungsten in WOy/MCM-41 does not highly

disperse in the structure of MCM-41. The excessive tungsten in WOy/MCM-41 is not

!’/&m of isobutene is greater than all

|th the increase in tungsten

essentially active for metathesis of 1-hexene.

WOi;/MCM-41 at low qudi

other hydrocarbons. The sel 7
content. [sobutene and its iso(

. tungsten content. The behavio onversion at 500°C at low

ene and methane with increasing

loading of tungsten is similar t

These results show thag ‘ onta i have different activities in

_ surface area and activity of the supported tungsten catalyst The extremely high activity and

sy Mﬁﬁmdwﬂ“ﬂ A RLLE Bl

unique high surface &rea of uniform pore-system W-MCM-41 over others. Whlle the species
@RI e ﬂ"iﬁd 4 PR R [
tungsten cata%'sts, the isolated tetrahedral WO, and/or penta-coordinate O=WO, species in
which W atoms are coordinatively unsaturated, are formed in the W-MCM-41 catalyst. The
framework tungsten species can readily form active metal carbene which is required for the

olefin metathesis. The catalysis results are in agreement with the XRD and DR-UV-VIS data.
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Table 4.7 Catalytic activity of impregnated WOs/MCM-41 with various Si/W ratios in
metathesis of 1-hexene at the temperature of 500°C, feed of 30.5% 1-hexene

in nitrogen, the GHSV of 500 h™', time on stream of 30 min.

WO/ MCM-41

Si/W ratio in catalyst , 1613 383 84

WO; content (% wt) :\\&\ 24 1.01 4.59

Conversion of 1-hexene (%) 7 (W 13500 mte58.73 61.28

Yield of gas product (% wt) / ‘26.12 43.59
Yield of liquid product (% //// 2800 N 33,07 6.23
Coke (% wt of catalyst) Ill s -3 31.89

%Selectivity
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Product distribution

- Figure 4.15  Product distribution in 1-hexene metathesis over impregnated WO;/MCM-41

with various Si/W ratios at 500°C.
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