CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of Sup;

XRD is an im - phase@nal ' the characteristic structure
of a crystalline materi en ‘ d | s work, Synthesized supports are pure
silica HMS, aluminum-c i ‘ -der e & MS, and zeolite ZSM-5. The
characteristic peak of hexagona l slica in HMS, and AI-HMS can be

observed at the small-apgleégion whilé zéol n berdetected at the large angle

range. The effect of mgts Sugports is also investigated
i | i
using the X-ray diffrac I eter. ‘

AugAl &!m WEN3
PAINIUNMIINGA

XRD patterns of mesoporous supports that are pure silica HMS and AI-HMS are
shown in Figure 4.1 It indicated that all of as-synthesized materials show typical long-
range order hexagonal lattice corresponding to only one characteristic peak of HMS at the
(100) lattice plane. After calcination the structure of each support was remained with

increasing peak intensity, resulting from the removal of template from the mesopores.
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] (a) as-synthesized AI-HMS
| (b) as-synthesized HMS
(c) calcined AI-HMS

(d) calcined HMS

(d)
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9.2

Figure 4.1 XRD patterng

When tungsted was loaded to HMS an d AI-HMS rpports by incipient-wetness

impregnation method, 'l . e /Al-HMS are obtained. The
w

crystallinity of the loaded supports decreases whlch can be observed by the decrease of

XRD peak mﬁuaﬂhga ‘w Eg ﬂzﬁ% a‘N%jf] ﬂc‘§s that there was an

interaction betwun tungsten and suppgrt. The crystaknty of HMS an%l-HMS supports

<o A RGN N1 INE TR E
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tungsten oxide.

XRD patterns of WO3/Al-HMS catalysts at various loading amounts of




(b) ZSM-5 Support
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XRD patterns of tungsten loaded and unloaded ZSM-5 are shown in Figure 4.4.

Both the as-synthesized and the template-free ZSM-5 show the characteristic pattern of

MFTI structure without any phase of other materials. XRD patterns of WO,/ZSM-5

showed that the MFI structure is not affected and no tungsten oxide crystallite is observed

although the metal loading reached 9%

2theta (degreg), o/

= (d)
3 Mo
EE
2
z (c)
2 Mo
£
(b)
M
TG (a)
_ | pilsameans., @ 4
5 10 . CRAL AL 35 40 45

Figure 4.4 XRD patterns of as-synthesized ZSM-5 (a) calcined ZSM-5 (b),

1%WO3/ZSM-5 (c), and 9% WO;/ZSM-5 (d).
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4.1.2  Solid-State *’AI-NMR Spectra

To investigate the position of the incorporated aluminum atoms in the structure of
aluminum containing support, solid-state >’ AI-NMR spectra can provide the information.
Generally, the presence of aluminum atoms in the framework or tetrahedral position was

preferable due to the fact that non-framework aluminum oxides will cause the lost of

(@)

The  AI-NMR speftr \ LHMS in Figure 4.5(a) exhibits

two signals at the chemica red ominant peak at the chemical

shift of 56 ppm typically bglo minum and the peak at chemical

shift of 0 ppm can be assigned ,—-v gonsframework aluminum. It can be

concluded that aluminum ato 7 W o ed into silica framework mainly in

iy

tetrahedral position anti<partially in octahedra | position fitSr galcination, partial of the
5 - L)

tetrahedral aluminu |"§ : . d‘f‘lh', Figure 4.5(b), therefore a

| L

percentage amount of tetra.lhedral aluminum content is 41.4% of total aluminum content.

ﬂUEJ’JVlEJVI?WEJ’]ﬂ‘i

ZSM-5
. Al-NMR spectra of as-synthesized and calcined ZSM-5 support are shown in
Figure 4.6. There is the only one predominant peak at the chemical shift of 56 ppm which
belongs to the tetrahedral aluminum atoms in the framework position. This type of

aluminum retained its position after calcination.
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Figure 4.5 *'AI-NMR spectra of as-synthesized Al-HMS (a), and calcined AI-HMS (b).
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4.1.3 ICP-AES Data

The Si/Al ratio in gel for preparing AI-HMS and ZSM-5 was fixed to 40. This
value in obtained products can be determined using ICP-AES analysis. From Table 4.1,

the Si/Al in AI-HMS product is 43.24 while this ratio in ZSM-5 product is 37.89.

L J
Table 4.1 Determination of Si/Alratiosfigfupporting materials.
-' '-,’H _

Support SUALLE ﬁ@““ /Al'inproduct .| Si/Alin product®

ALV r' /7/‘\\ s

ZSM-5 /// ) E ' \ 37.89

* mole silicon compared

* mole silicon compared to,

Using the incipient wetngssAnipresne hod, it is accepted that all tungsten

in solution can be adYOrbecoR-the-bHP ROt Rettaretitammel? 2l

L cessary to perform the

analysis of tungsten co I nt.

g

ﬂ‘lJEl’J‘VIEWlﬁWH’]ﬂ'i
ammn‘:mum'mmaﬂ



82

4.1.4 BET Specific Surface Area

To determine the specific surface area of bared supports and supported tungsten

catalysts, the BET method is applied for this purpose. The results are shown in Table 4.2.

of bared supports and supported tungsten

Table 4.2 BET specific surface argz

catalysts at variolis tungsten Jofdifi glamount.

<1|l /
L —

Sample i ; k‘n. . specific surface area

ey

— 7 //fi S PNNT

Bared HMS v A4 \\ 06.21

&)

Oa

Bared AILHMS WAAE 870.50

1%WO5/ALL0O; 160.35

1%WO,/SiO-ALO

: vl.
1%WOy/HMS ™=

1%WO/Al- HMS | " 714.52
%Wﬂ%ﬂ Phl EJ 113 WEI 39

9%WO3/AIZO3 . & 15260 QO

9%WOy/HMS 122.14
9%WO5/Al-HMS 170.04
9%WO5/ZSM-5 444 .20°

*Value from the manufacturer

®Value based on Langmiur not BET calculation for micropores
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According to Table 4.2. the BET specific surface areas of the bared mesoporous
supports like HMS and AI-HMS were higher than those of ZSM-5 and amorphous
supports. Upon loading with tungsten, the surface areas of all supports was reduced,
corresponding with the XRD results. At low tungsten loading, the remaining of hexagonal
structure, the surface areas of calalysts were extremely higher than those of at high

tungsten loading.

415 DR-UVS

In the reference g ‘ igurend.7 sodium tungstate refers to

tetrahedrally monomeric ectes; g tungstate shows characteristic of
'

octahedrally polymeric t of specjcs, and cpfesent the bulk tungsten oxide.

Figure 4.8 and 4.9 show ¥ sspectratof We upported tungsten catalysts at
E '11, l

1%WO; and 9%WO; loading, ﬁ; 3) nparing the spectra of various

supported tungsten catalysts wi ra, it is concluded that all of samples

have both charactesist and pe “tungstate species on the supports.

)
5 “ sly observed in case of high

iF |

The characteristic of pe

AU Ineninenns
ARIANTAUNNING A Y
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(a) Na;W0,4.2H,0
(b) (NH4):WO4
(c) WOs
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4.1.6 Laser Raman Spectra

Laser Raman spectroscopy has been widely used for phase identification of metal
oxides in supported metal catalysts. Table 4.3 shows Raman scattering of some tungsten
oxide reference compounds. The Raman Scattering at wavenumbers about 400 cm’” was

assigned to W-O stretching mode. The

ortest W-O bond was assigned to the highest
githan 800 cm™. The W-O bonds of
intermediate length which 3 Seharacteristi W-O bonds are assigned to

Raman stretching mode at'V in the 600 "ﬁr‘\ region.

Table 4.3 Raman shy Straedrall ‘and,oc edrally coordinated tungsten

W

Compound Codrdinaion - - = Ah Shifts (em™)

Na,WO, | tetrahedeat- =
Na, W0 940,835~
2 Wal)g i i““
AL(WOy); |Jtetrahedrz 060, 103041002, 905, 838, 810
WO, 8ctahedral @ 808, 719, 625, 604, 580, 520
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In Figure 4.10 shows Laser Raman spectra of supported tungsten oxide on
various supports at high loading amount of tungsten. Raman shift of all supported

catalysts were listed in Table 4.4.

Table 4.4 Raman shift of various supported tungsten oxide catalysts

Catalyst. ™ N\ i”//’f "hift (cm™)

9% WO5/Si0=Ads D67 =84 wd( ]
r

-
9%WO3/A120 \?:\\4

9%WO5/ZS I I ﬂ “&\

1% WO/ HMS E% é 401

r“:-& s 'J

Raman Shift of all suppg _n:,,-_ W’é fisbe correlated with the tungsten oxide

monohydrated pha «cept the band near 200 em "1 ealitbe due to the interaction

unsupported tungstate compound
&

between tungsten and I..
i i¥ |

references. From Raman ?ectrum of l%WO S as shown in Figure 4.11, intensity of

the Raman shlﬂ uc%}()ran% EJhW% w ﬂ’]\rﬂ@s The dispersion of

tungsten specnes in case of low loadiglg is better thag that of high loading, resulting in

nore A LGN B Aok WL G- Bbes s

However, in case of 1% WO;/Al-HMS, the repeatable Raman spectrum was not observed

any phase of tungsten oxide.
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4.2 Catalytic Activities of Various Supported Tungsten-Based Catalysts

4.2.1 Effect of Supporting Materials on Catalytic Activity of 1-Hexene

Conversion

Percentage conversion

of 1-hexene catalyzed by supported tungsten-

based catalysts at different loading f tungs ; (WO;3) at the temperature of 500°C
ith acidi ortedveatalysts age showmein® able 4.5. At the low loading of

1%wt WQO;, the activi determined by e conversion is affected by

type of supports in the ord Al 7 HMS > Al,O; >> HMS. At the

high loading of 9% g it s dith e sequence changes to SiO,-
ALOs; > AI-HMS > SM- > KLO. t erature as high as 500°C it is
known that not only métath€sis om| osition, pyrolysis and catalytic

"\

0% conversion), intermediate activity

cracking of 1-hexene can These catalyst activities can be
divided into three levels: the high®st
(30-90% conversio )81 egnversion). AI-HMS, Al-

ZSM-5, and amorph Y is a very weak acid and

) , | 'li

Al O; is amphoteric. W 3 1S the active site for metathesns of 1-hexene while the strong

st O AR B G e

is the cause of cmckmg process. It seeps that crackin of 1-hexene is vdommant at the
low loa w/\.*](a\&aﬂ %hmb%!r% r}@mﬂ't&] ;;]ra &ijg At low
WO; content 1-hexene preferably undergoes the cracking process catalyzed by strongly
acidic supports. With increasing the WO; loading from 1 to 9%wt, the pure silica HMS
supported catalyst becomes much more active for conversion of 1-hexene. This indicates
that metathesis of 1-hexene is promoted by the increase in the active metathesis site, i.e.
WOs. Under the test condition, the appropriate catalyst support for metathesis alone is

then the silica support but not the coexistence of silica and alumina. Conversion of 1-
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hexene is not affected in case of using strongly acidic mesoporous aluminosilicate
supports like SiO,-ALLO; and AI-HMS. This is accounted by the occurrence of cracking
step prior to the metathesis step. The microporous ZSM-5 achieves some effect from the
increase in WOj5 loading due to the small pore opening and that gives rise to the further
reduction of the pore size, resulting in a decrease of the catalyst activity. As increasing

the WO; loading on Al,Os, a sudden dimi

tion of the catalytic activity was found and
this is caused by the very low urfa the least acidity compared to other
supports. Alumina has the 1@ ile HMS has the largest one. A

complete coverage of the"efa 'v Uigsten species is possible and

prevents the alumina s’p' / \\\\ rackmg of 1-hexene at all.

Conversion of 1-hexene oyef thé / \}"\

4.5. Only the 1% WOs/ZSM-5 catal ',J ducts in less yield of liquid than that

atalyst at high loading is due

to metathesis alone.

The yields ¢ ! conversion of 1-hexene over

various supported tungsten oxij adings are also reported in Table

of gas. For all other,sup the products are formed as | quid phase in a remarkably
— ..‘-' P
greater amount than ': ding of WO, the yield of gas

"I ‘ " uJ

phase reduced while the yleld of liquid phase i mcreases for all supported catalysts except

e o B ST e

supports. This m%‘ be affected by the dafference in ac &ty of these supp@rk
AAARATHURIIRDNBL e

decreases with increasing the WO; loading. The effect of i increasing the WOj; loading is a

proof of reducing cracking activity, resulting in less amount of coke which is a common

by product of cracking.
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Product distribution in gas phase obtained from the reaction of 1-hexene
over the supported WO; catalysts at different loadings is shown in Figure 4.12 and 4.13,
respectively. From Figure 4.12, at low loading of 1% WO;, ethylene and propylene are
mainly formed in almost equal amount for most supported catalysts except the cases of
Si0,-Al,05 and AI-HMS where propylene becomes a major product.

In addition, C3-Cs alkanes are detected in a quite little amount for all

the latter case C3-Cs alkanes are the

major group of gas products Phis-is-an eyi ' racking process is more favored

caction condition. Methane is

Stis! n e \-\ MS and AL, O;. The results

described above indicatedfhaf s oly -acidic can diminish the methane

formation which is an undg8iredl pfodu A L dndust; ~ ethane formation is favored

for the catalyst supported onfthefpu --: sih Jyalone. Butenes are detected at
a low content in all cases. It i metathesis product is olefins and
the common cracking product is, deed, rather difficult to compare the
metathesis activity ’_--_\ -_-, 1s high as 500°C. One
LY

alterative way is to in —?; 3¢ "ﬁ: in significant amount.

||l iF |
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hexene conversion catalyzed by various supported tungsten catalyst.

Gas product distribution of 1-

Figure 4.12
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500°C, catalyst weight = 0.35 2).

500h", T

(1%wt of WO;, GHSV
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With increasing the loading of WO5 from 1% to 9% WO;, the selectivity
to propylene considerably increases in cases of ZSM-5 and HMS supports as shown in
Figure 4.3. The selectivity to ethylene drastically decreases over the WO; catalyst
supported on HMS. The ethylene consumption is a confirmation of the metathesis activity
of the WO; catalyst supported on HMS. This is resulted from the ethylene dimerization

1esis between excessive ethylene and butanes as

\ 5, df L€ results shown in Table 4.5 indicating
ng MS. It is interesting that the
selectivity to undesired me ot eereased as well by increasing the WO,

to form butenes followed by cross me g

shown in Scheme 4.1. This is i &

the preferable metathesis at !

loading.

= o | |
AUEINENINYINT
|
Scheme 4.1 ql’roduction of propylefie via cross metathesis of ethylefg and butene.

ARIRNNIUARINER Y
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422 Effect of Temperature on Catalytic Activity of 1-Hexene Conversion

Decreasing temperature is an alternate way to reduce the formation of
methane and other light alkanes from cracking of the heavier alkane. The results of
catalytic activities of the supported 1% WO,/HMS catalyst at different temperatures (200-

500°C) are shown in Table 4.6. By decreasing temperature from 500 to 300 and 200°C,

the conversion of 1-hexene dSCreases IrowlF "L 12.99 and 4.85%, respectively.

caterandithe yield of liquid product is less
\\\‘ \\ sngn of improvement of the
\\\:‘\\\ is formed up to 4% at the

\ e of 300°C.

However, the yield of gas-prodt
at low temperature than
catalytic efficiency of _
temperature of 200°C 1300 and 500°C, respectively.

Thus the amount of coke 4

Table 4.6 Catalytic ac#ivi ' catalyst in 1-hexene conversion at
various tempesé ‘ﬂ‘q ed o -hexene in nitrogen, time on stream
of Mleee—e—e————— -

V. AY J

Iri
|
i¥ |

w eaction temperatures
5 500°C
Conversi ‘ ‘ ( 1jﬁ ' ﬁ Lﬂ_gﬁa"—g} 29.40
Yield & Gas products (%ewt) 85.13 50.74 20.95
Yield of Liquid products (Yowt) 10.74 47.37 76.33
Coke (%wt) 4.13 1.89 2.72
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Considering the product distribution in gas phase obtained from using
supported 1% WOs/HMS catalyst at different temperatures as shown in Figure 4.14, a
drastic increase in the selectivity to propylene is found from 24.52 to 90.40 and 98.18%
as a result of decreasing the temperature from 500 to 300 and 200°C, respectively.
Methane formed at the selectivity of 25.78 % at 500°C is found to be vanished upon the

decrease of temperature to 300°C and 200°C as well. Therefore, it indicates that there is

—

°

based catalysts at 500

\

%selectivity

100 -
B 500°C
90 - O 300°C
200°C
80 -
70 A
60 -
50 -
40
30 A
\iE
\
N\
N
0 - NN ';‘L.' [ s
[ ] . L] \
ethane ethylene propylene  Cs-Cs alkanes C, alkanes

product distribution

Figure 4.14  Gas product distribution in 1-hexene conversion using 1%WO3;/HMS as a
catalyst at various reaction temperatures (GHSV 500h™, time on stream

30 min, catalyst weight = 0.35 g)
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The temperature of 300°C is selected for comparison with other
supported catalysts because of the achievement of moderate conversion of I-hexene with
very high selectivity to propylene and small coke deposited on the WO3/HMS catalyst.
The activities of various supported catalysts at 1%wt WO; loading in conversion of -
hexene at the temperature of 300°C are compared in Table 4.7. It is found that the 1-

hexene conversion is affected by the suppo

and descending in the order of AI-HMS >

to the trend observed for the same

/éill plays an important role on

Si0,-ALO; > ZSM-5 > ALO; >

catalysts at the temperature ‘ofsg

the activity of the suppo .gas product is also affected by the

-

support and the increase of of AI-HMS ~ Si0,-ALO; <

AlLO; < HMS < ZSM-5, ° %, yield of liquid is observed.

However, coke is formed t @ ’\\\\ d about 2% or less on other

supports. Formation of gas isghoge {aveted-thanili e cases of using HMS, ZSM-5

and ALO; as supports but the - ;, ducts: p.90% yield is found for AI-HMS and
SiO,-ALL0s. ' 7
Table47  Catal f—zﬂ talyst (1%wt of WO5)
in conve :l of 1-he , feed 30‘ o of 1-hexene in nitrogen,
&TSV 0 mi P
28 N3
Catalyst Y %Conversion %Liquid %Coke
ARIANN I AR RBIQ E
—
1%WO5/AlL,0; 54.06 47.60 51.66 0.74
1%WO;,/Si0,-Al,05 80.88 7.64 90.13 2,23
1%WO3/HMS 12.99 50.74 47.37 1.89
1%WO;/Al-HMS 89.75 8.88 89.71 1.41
1%WO5/ZSM-5 64.56 52.13 42.89 4.98
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Gas product distribution from 1-hexene conversion over various
supported WOj catalysts at the temperature of 300°C is shown in Figure 4.15. In contrast
to high temperature, the gas production distribution obtained from catalysis over Al-
HMS, SiO,-Al,O; and ZSM-5 supports indicates the significant selectivity to not only
propylene but also butenes and C3-Cs alkanes while ethylene and ethane are found in

quite a few percents. HMS and ALO; exhibit in different manner from others, ie.

f in the gas phase but ethylene and

butenes are very rare. Thémselectiv pr& found as 90 and 78% over
| —

WOs/HMS and WO3/A ely. lIn_spite-o. :
7\ \“?

propylene is the only olefin found:

the very high selectivity to

propylene, Al,O; provides ' ane and ethane compared to

other supported catalysts. @onsids g Lot Cor selectnvnty to gas products,

\

WO5;/HMS is found bg or conversion of 1-hexene to

propylene at the highestAsel vity-at.ihe temperature o 'v.\u 300°C.
At the same [§ading’s" and tested at the temperature of 300°C
e /

other catalysts can make higher cefive gxene than the WO5;/HMS catalyst but

much lower selectiviyAto propylene resultin @wof the mixture of propylene,
< —— -
)
dx
r

C3-Cs alkanes and bu —»| on, i.e. the temperature of

ll ‘ ' uJ

500°C, Thermal crackm%’ process without the use of any catalyst seems to be a

competitive reﬂ Ju)ﬁfgg WgV]ﬁ Wﬂﬁfﬂﬁand no difference in

product dlstrlbua'l)n by comparing to gae results obtamed from using Al O} and HMS as

o] H AN 7 SREUIIIYHIF B «

condmon Only product distribution obtained from the cases of SiO,-Al,O; and AI-HMS

are different from that in the absence of catalyst.
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Gas product distribution of 1-hexene conversion catalyzed by various supported tungsten catalyst.

Figure 4.15
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0.35g)

=300°C, catalyst weight =

500h", T

( 1%wt of WO3, GHSV



103

4.2.3  Effect of WO, loading on Catalytic Activity of 1-Hexene Conversion

A variation of WO, loadings (1, 3, and 6% WOs) was compared to find the
optimal loading in the tungsten based catalyst supported on the mesoporous HMS
material on the purpose of providing the most efficiency of the catalyst in conversion of
I-hexene to light olefins, or more preferable propylene. The percentage conversions of 1-

hexene over the supported WQ,.catal yst atidigcanigloadings at temperatures of 300 and

500°C are compared in Fi b 16 the tein £ 300°C, the conversion of 1-
hexene increases fromy Wi «, WO; loading from 1 to 3%,
respectively. The decrease ' 0 \.\ 03 loading of 6%. At the

Veend \\\ the WO; loading are almost
£2 PN\,

4 The dhat both temperatures are in
agreement with each othier tigat ¢ \ \

i 9 ~ AL .,... :
the WO; loading of 3%. The r LEoRveTSIO | e is increased upon an increase

b

I-hexene can be achieved at

of temperature. =
"n_-—-"r' -, ' / é

As ’;_—-————_:.;‘:u phase at the reaction

\F= le‘-‘
" : > o the yield of gas phase

temperature of 300°

decreases from 50.74 to 89% with mcreasmélthe WO; loading from 1 to 3% but no

significant dnffﬂ !weﬂq U8 ST G A FodilFmount especiatty at

the WO; loading He%. When the tempgrature of reactign reach to 500°@yshe yield of gas
productQ ﬁf}ﬁ ﬁ“f] ilm uwﬂlafnuaﬁ Elrease from
76.30 to 5 -712% with increasing the loading of WO; from 1 to 3% as shown in Table
4.9. However when the loading of WO; was higher than 6%, the yield of gas phase

decrease.
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Figure 4.16  Effect of tungste s ‘ ities 0f WO,/HMS catalyst in 1-hexene
conversion at 30 _0,»*" 5 "!'J_"T
Table 4.8 Catalytitl FWO30n HMS support in 1-hexene
A iv}
conversmn,pt‘&()OT feed of 30,570 1-hexene in mtrogen time on stream
o Wl AN
q ety 6.0
Conversion of 1-hexene (%) 12.99 39.60 34.52
Yield of Gas products(%wt) 50.74 25.89 26.53
Yield of Liquid products (%wt) 47.37 72.43 72.62
Coke (%owt) 1.89 1.68 0.85
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Table 4.9  Catalytic activities of various loading of WO; on HMS support in 1-hexene

conversion at 500°C, feed of 30.5% 1-hexene in nitrogen, time on stream

of 30 min.

Tungsten loading (Yowt)

Conversion of 1-hexene (%)

Yield of Gas product (%o

Yield of Liquid produc

Coke (%owt)

Product dist n
catalyst at different loadi el
and 4.18, respectively. It isfou
selectivity to propylene u

while the selectivi

3 and 6% WOs, respectively. In

3.0 6.0 9.0

0 44.48 89.63

36.54 11.99

62.02 87.61

1.44 0.40
a ) d over the supported WOs

0°C are shown in Figure 4.17

on temperature of 300°C, the highest
Os/HMS catalyst of 1% loading

to 86% at the loading of

catal the conversion is found in

some extent (Figure 4.1‘)ﬁth the major gal.product as methane with 82% selectivity

and little am s“ﬂr’;-mﬂo iﬂlﬂn’lnﬁ 4.17. This confirmed
propylene with the consi erably high produc Selecti ty overthe 3 catalyst. The

optimal condition for conversion of 1-hexene to propylene over the WO3/HMS catalyst is

the 3% WO, loading, and the temperature of 300°C. In case of the high reaction

temperature of 500°C, cracking is competitive reaction because methane was observed as

shown in Figure 4.18. However, with increasing loading of WOs;, methane decreased.
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Figure 4.18  Gas product distribution in 1-hexene conversion at 500°C using

WOi/HMS catalyst at various tungsten loading.
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