CHAPTER IV

RESULTS AND DISCUSSION

Uy,

ed Catalysts and

The characteristics cir catalytic activity on methanol

conversion to olefins were j 3 results ion are shown as follows.

4.1 Characterization

d Fe-MFI (Si/Fe ratio in gel of 90)

prepared at different pH are 8 .0 in the small-scale preparation

are shown in Figure .r' The ¢ istic vl e is comparable to those of
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all catalysts without anymmer impurity phase. The intensity afithe highest XRD peak (2 theta

of 23.1) slightly ase fﬁs?rﬁ% §$ﬁl E,fﬁél fT 11,421, and 10,231 for
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Figure 4.1 XRD patterns of as-synthesized Fe-MFI (the Si/Fe ratio in gel of 90) prepared
at the small scale and different pH gel value, (A) pH = 8.0, (B) pH = 9.0, (C)

pH = 9.5, (D) pH = 10.0, (E) pH = 10.5, and (F) pH = 11.0.
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4.1.1.2 SEM Images
SEM images of as-synthesized Fe-MFI (the Si/Fe ratio in gel of 90)
prepared at different pH are 8.0, 9.0, 9.5, 10.0, 10.5, and 11.0 in the small-scale preparation
shown in Figure 4.2. The particle size and morphology are affected by the pH of gel. All six
catalysts have in general varied uniform size distribution, and no amorphous matter is
observed on external surface. Specifically, polycrystals with cylindrical shape are observed at

the pH value of 8.0. When the pH of g to 9.0 and 9.5, the particle size decreases

s of them are inflated and become

reases walue increases to 10.0. Large

and uniform twinned plus-lik
tomato-like, and the partic
particle size and regulari Iy tained at the pH value of 10.5.
At the pH value of 11. ition, fan-like polycrystals are
formed and the particl y be due to more nuclei are

formed in the higher al i | sis ofutl ¢ catalyst.”” The relation of the

the crystal size ﬁzﬁv ?‘lw'ﬁ ‘Iﬂﬁ mixture. Moreover, the
twinned crystals ghrinked and became cu ic-shape at the pH value of 11.0. The results are
"‘ff“e'ﬂ“‘ﬁ"iﬂ“ﬁ‘ﬂﬁmﬂﬂﬂ L 17 T 1

this work}!sodium silicate was used as Si source for the synthesis of Fe-MFI with the Si/Fe
ratio in gel of 90, while tetraethylorthosilicate (TEOS) was used as Si source for the synthesis
of Fe-MFI with the Si/Fe ratio in gel of 300. Similar study regarding the pH of gel in case of

galloaluminosilicate (Ga-MFI) was also reported.”
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Figure 4.2 SEM images of as-synthesized Fe-MFI (the Si/Fe ratio in gel of 90) prepared
at the small scale and different pH gel value, (A) pH = 8.0, (B) pH = 9.0, (C)

pH=9.5, (D) pH = 10.0, (E) pH = 10.5, and (F) pH = 11.0.
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Table 4.1 The relation of the pH of gel on the mean particle size and morphology of as-

synthesized Fe-MFI with the Si/Fe ratio in gel of 90 in the small-scale

preparation
Mean particle size
pH of gel Morphology
(pm)
8.0 297 Cylindrical shape
9.0 Twinned plus-like

9.5 Twinned plus-like
10.0 F R inned plus-like (tomato-like)
10.5 // // AR\\\\\ Spherical shape

11.0

/ / / a ncal shape and fan-like

The mean particle size oficatg -' % 1 u‘\ tmages
" The mean particle size of catlyst. , rticle size analyzer.

20.0 A
15.0 1
10.0 -

Pras

T : T T T T

8.0 8.5 9.0 95 10.0 10.5 11.0
pH of gel

mean particle size(micrometer)

Figure 4.3  Effect of the pH of gel on the particle size of as-synthesized Fe-MFI with the

Si/Fe ratio in gel of 90 in the small-scale preparation.
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4.1.1.3 ESR Results and Chemical Analysis
ESR spectra recorded at room temperature for calcined Fe-MFI with the
Si/Fe ratio in gel of 90 prepared at different pH of gel in the small-scale preparation are
revealed in Figure 4.4. Two signals appeared at the g value of 1.9 and 5.3 for all cases of the
catalysts. These signals have been commonly accepted as Fe’* in cationic sites located at non-

framework iron sites, and Fe’" framework iron sites, respec’tively.”"”'68 ESR data and Si/Fe

ratio in catalyst of the Fe-MFI catalyst ratio in gel of 90) prepared at the small scale

ﬂ)re is no significant difference in the
ork*iron chesis at the pH value of 9.0 to

sult in the lower relative intensity.

obtained from different pH ar:
ESR peak relative intensi
10.5, while the synthesis a
It indicates that the inco cate is affected by the pH of gel.
This results are differen al.” who studied the effect of
pH (pH = 8.0 to 11.0) of aration of Fe-MFI with the Si/Fe ratio of
300. They found that the E WO Sig q\ ith a broad signal at g =2.0 (non-
framework) and sharp signal‘at -" 3 (fra and the intensity of the ESR signal for

framework iron site decrease ] of the synthesis gel. The relative

-PJ found in this work can be

intensity of the two \t;,-—vf—-—_—«m;_

explained by the dlffere 'of the SI/FET d 'St sources entloned in Section 4.1.1.2.
ﬁ ti s less than that in the starting

materials and 1@11‘ ﬁﬁﬂﬁmﬁ ;je t on at pH 8.0. This indicates

TN TR AT IV
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Figure4.4  ESR spectra recorded at room temperature of calcined Fe-MFI (the Si/Fe ratio

in gel of 90) prepared at the small scale and different pH gel value, (A) pH =

8.0, (B) pH = 9.0, (C) pH = 9.5, (D) pH = 10.0, (E) pH = 10.5, and (F) pH =

11.0.
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Table 4.2 ESR data and Si/Fe ratio in catalyst of the Fe-MFI catalyst (the Si/Fe ratio in

gel of 90) prepared at the small scale obtained from different pH of gel

enF g Relative intensity of framework | Si/Fe ratio in
pH of gel ,
value’ | value iron sites‘ (%) catalyst

8.0 1.9 53 17.4 84

9.0 1.9 53 22.1 87

9.5 1.9 s sl 22 84

o
10.0 19 _[eesa !&_/2] 9 82
| N —
11.0 ,// ‘ .o 68
7 //RRN
“ The g value of the ESR sigutl ) / ;(.; \\
* The g value of the ESR signalfo, f’,‘ york'iron site
¢ Compared to total no of irgh sifesfiFe,, + Fegy™
ety
Although th &y@f 7ation i initiated from the reactants with the same

et N

Si/Fe ratio in the gel composition, the.content of ework iron in Fe-MFI is different.

This is due to the different synthesis'¢o t , §-employed, mainly pH of the starting gel.”

The pH of gel need Regssary to promote molecular

sieve crystailization. Hoﬂver, he b as a crit%l effect on the framework iron

in Fe-MFI. Szostak et al‘issuggested that ahe pH for the successful preparation by

hydrothermal cr@fuﬂ gfenlﬂnﬁl:ﬂﬂ t;] ﬂnjork sites was necessary
to be adﬁtﬁpﬁe ’ %o .‘ —y 7”
q a:e crfyjl:‘ﬁ1 gg)uhjal u:]sgctzl i‘!ﬂn@inﬂrystallinity and

particle size, is affected by some parameters during the synthesis such as pH, gel composition,
temperature, time, aging, and stirring. For the catalytic purpose, formation of small crystals is
needed. Therefore, the pH value of 9.0 was selected for the synthesis of Fe-MFI at different
Si/Fe ratios. Moreover, it gives rise to high crystallinity of the Fe-MFI product and rather

small particle size. However, such a condition may suppress the formation of MFI structure at
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the high iron content. Therefore, the synthesis at higher pH, i.e. 10.5 has been also attempted

and they will be discussed in a different section.

4.1.2 Effect of Si/Fe Ratio on Formation of Fe-MFI at the pH Value of 9.0
4.1.2.1 XRD Results

The preparation of Fe-MFI with various Si/Fe ratios was firstly carried

patterns are similar to the typical'one of MF strme Si/Fe ratio of 10, the phase of
MFT structure is not obseryed®®y XRiD ax \u\n- phase. The relative crystallinity

peak, decreases with increasing
the iron content in gel, i gl ilg the Sv/F 0. This indicates that the crystallinity of Fe-
1 and crystallinity of Fe-MFI are
not much affected by the s€ale : +H 7 ! aring between 76 g and 179 g of total
weight of the reactant mixture fér small- ant 7 ge-scale preparation, respectively. The

ct formed in the small-scale

.f eparation. This is accounted

by a preferred orientatm

indicated by theﬂaﬂ ﬁlﬁ
As mentlonZ]eagljer pH 1s an lmportanﬂactor to control the crystal
R LG NI

was suppressed, as a result, small crystal and particle sizes are formed. In addition, the

of crystal arrangement in aggﬂates formed in the latter as

nucleation centers are formed more difficult than at other pH that allows formation of large
crystal size. This effect may be stronger with increasing iron content because heteroatom

addition is known to cause less order of the zeolite crystal structure.
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Flgure4 XRD patterns of as-synthesized Fe-MFI prepared at the pH of 9.0, at the

large-scale preparation and with various Si/Fe ratios in gel, (A) Si/Fe = 90, (B)

Si/Fe = 30, and (C) Si/Fe = 10.
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4.1.2.2 SEM Images
SEM images of Fe-MFI with the Si/Fe ratios in gel of 90 and 30,
prepared at small and large scales at the pH value of 9.0 are depicted in Figure 4.6 and 4.7,
respectively. Iron content and scale of preparation play important roles on the particle size
and morphology. The higher iron content, the smaller the particle size is. In the small-scale
preparation, the uniform twinned plus-like crystals as shown in Figure 4.6(A) are formed for

the Si/Fe ratio of 90. In contrast, irregulat sif.e; of Fe-MFI are obviously found for the Si/Fe

ratio in gel of 30 as shown in Figure 4.6(3@& magnification, it reveals that the

spheres consist of small reetangular rod 'Z‘.erstals With™a 0.2 pm cross section, lying in a

preferred orientation

B
pm RIB202 1Sk K1S.000 ltum 2LIB2H3

(B) ©

Figure4.6 ~ SEM images of as-synthesized Fe-MFI prepared at the small scale, at the pH
of 9.0 and with different Si/Fe ratios in gel, (A) Si/Fe = 90, (B) Si/Fe = 30,

and (C) Si/Fe = 30 at high magnification.
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From Figure 4.7 SEM images present spherical aggregates with highly
uniform size are observed in case of the Si/Fe ratio in gel of 90 as shown in Figure 4.7(A). At
higher magnification, the number of intergrowth of crystals (1.4 to 3.1 um in size), arranging
in random direction are observed as noticed from Figure 4.7(B). At the Si/Fe ratio in gel of
30, quite smaller particles with random orientation in spherical aggregates are obtained as

shown in Figure 4.7(C and D). The results are in agreement with those for the small-scale

preparation at the same pH value of 9,0 that t'b?a gregate size and shape depends on the iron

content in gel. The large-scale preparation

q .}the crystal arrangement at random
S
orientation while the smallS€ale_pieparation gives Tise to the crystal arrangement at a

preferred orientation. Th .

ted for the relatively higher intensity of the reflection

peak in the XRD patte sdale Fe-MFI sample.
| 4 i:l

©)
Figure 4.7 SEM images of as-synthesized Fe-MFI prepared at the large scale, at the pH

of 9.0 and with different Si/Fe ratios in gel, (A), (B) Si/Fe = 90, (C) and

(D) Si/Fe =30 at different magnification.
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The particle size, morphology and BET surface area of Fe-MFI with the
Si/Fe ratios in gel of 90 and 30 prepared at the pH value of 9.0, at the small and large scale
can be summarized in Table 4.3. Major part of the particle size of Fe-MFI in the small-scale is
smaller than that at the large-scale preparation. In addition, the particle size also decreases
with an increase in iron contents in both scale of preparation. This indicates that the iron
contents and scale for preparation affect the particle size. The particle deteriorated to

irregularly-shaped aggregates when thi tent increases in both scales of synthesis.

These results are in agreeme 'th and Handreck.*’” They found that

the morphology and partic 1ta atalysts. The samples with low iron

content (Si/Fe ratio of racteriz by sphericall particle, consisting of large

rof e aréa of Fe-MFI catalysts ranges

from 303 to 364 m*/g. T l s is in accordance with the value iaorted in the literature.*’*?*'%

Moreover, the sﬁxﬂsﬂawﬂww BneTﬂ j(he small scale is higher

than that achievedlat the large-scale preparatlon The smaller particle snze of Fe-MFI in the
small- s& wﬁm ﬂ ‘§ m %1% GTQ ﬁallaq a E] the large-scale
preparatlo%. Moreover, the surface area decreases with increasing iron content in both scales.
This suggests that the intra-crystal pore surface of low iron-content Fe-MFI is greater than

that of high iron-content Fe-MFI.*
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Table 4.3 Particle size, morphology and BET specific surface area of Fe-MFI with the
Si/Fe ratio in gel of 90 and 30 prepared at the pH value of 9.0 in the small and

large-scale preparation

Mean BET
Scale for Si/Fe | Particle size | Population pattigle Morphology specific
: . size surface
reparation ratio
=l (um) %) )
(pm area
(m’/g)
Twinned 364
plus-like
Small Spherical 358
shape
Spherical 347
shape
Large Spherical 303
-::: shape
£

“ The particle size and pmulation of catalysts are measured m particle size analyzer.
® The particle size and popz‘laﬂtxien of catalysts aﬁe’estimated from SEM images.

AUSANENINGINT

general, to obtain the small and uniform crystal for the large-scale
¢ o v

preparaﬁn w ﬂe‘)la Qeﬂﬁxmnﬁ ﬁ% tﬂrﬁ!’aqﬂ E]stirring mode.”’
However,in this work Fe-MFI catalysts in the large-scale preparation were crystallized in a
static condition. The particle size distributions of Fe-MFI with the Si/Fe ratio in gel of 90 and
30 at the pH of 9.0 in the large-scale preparation are exhibited in Figure 4.8. The former
shows a narrow particle size distribution curve, whereas a broad particle size distribution
curve is observed in the latter. The low iron content the more uniform particle size appears.

This indicates that the iron content plays an important role the particle size distribution.
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Particle sm distribution of Fe-M preparemt the pH of 9.0, at the large
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Figure 4.9 shows ESR spectra recorded at room temperature for calcined

Figure 4.8

Fe-MFI with Si/Fe ratios in gel of 90 and 30 prepared at the pH value of 9.0, either in the
small- or large-scale preparation. Two signals appeared at g value of 1.9 and 5.3 for all
catalysts, similar to the results in section 4.1.1.3. Intensity of framework iron site decreases
with increasing the iron content at both scales, whereas intensity of non-framework irons site
increases. This indicates that high iron loading leads to non-framework iron sites. ESR data of

the Fe-MFI catalyst with different Si/Fe ratios obtained from different scales of preparation at
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the pH value of 9.0 are concluded in Table 4.4. The relative intensity of framework iron site

decreases when the Si/Fe ratio decreases in both preparation scale and for the Si/Fe ratio of 30

prepared at the small scale, the relative intensity is lower than that at the large scale. The

Si/Fe ratios in gel are close to those in catalyst for all cases, except the Si/Fe ratio in gel of 90

prepared at the large scale.

Framework iron site Non-framework iron site

;‘7’ . NN (D)

V¥
(G
. ©)
g=p ===
LI T
ST e Large scale

RN IURHAINAY
(A)

HANANTNYINT @

Small scale

Figure 4.9

ESR spectra recorded at room temperature of calcined Fe-MFI with different
Si/Fe ratios in gel, (A), (C) Si/Fe = 90, (B) and (D) Si/Fe = 30 at the pH value

of 9.0 and at different scale preparations.
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Table 4.4 ESR data of the Fe-MFI catalyst with different Si/Fe ratios obtained from

different scales of preparation at the pH value of 9.0

Scale for | Si/Fe ratio ENF gr Relative intensity of Si/Fe ratio
preparation in gel value’ | value’ | framework iron sites® (%) | in catalyst
Small 90 1.8 53 22.1 87

30 1.9 53 9.0 26
Large 90 1.9 22.1 76
30 b 27

“ The g value of the ESR siguaife
* The g value of the ESR signaifor ji
 Compared to total no of* yite

4.1.3 Effect of SI/F at the pH Value of 10.5
4.1.3.1
ssed at low pH as described in
Section 4.1.2.1, the preparation f; | 50 atte pted at the pH value of 10.5. XRD
patterns of resulting as-synthesﬁi | | i/Fe ratios in gel of 90, 30 and 10 are
shown in Figure 4.1 _ ---------------------------------- structure and no impurity

content. This indicates thét‘thgron content hasd'.r‘x’ﬂuence on the crystallinity of Fe-MFI such

~ color becomes %‘urg is’ﬂl %Enwﬁ w)ng a ﬂr@t al.'® They found that

with the decrease of the Si/Fe ratio (th€ Si/Fe ratio imsgel of 100 to 15),sthe crystallinity of
zeolites@cﬂeﬁ] a aﬁoﬂuﬁ meuumg’lgrxllﬂti’ol arﬂed and solution

color became yellow. Moreover, this result is similar to that in section 4.1.2.1 and there is not

phase is observed. How: . dmreases with increasing the iron

significantly different in the crystallinity of the catalysts at the pH gel of 9.0 and 10.5 in the
small-scale preparation. The highest peak (2theta of 23.1) intensity of catalysts with the Si/Fe
ratio in gel of 30 and 10, respectively, are 58 and 23% compared to that of 90 in the small-

scale preparation.
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various Si/Fe ratios in gel, (A) Si/Fe = 90, (B) Si/Fe = 30, and (C) Si/Fe = 10.

4.1.3.2 SEM Images
SEM images of Fe-MFI with the Si/Fe ratios in gel of 90, 30 and 10 at
the pH of 10.5 prepared at the small scale are shown in Figure 4.11. The polycrystals with
spherical shape are observed in all catalysts, but the particle size is different. This indicated

that the particle size is affected by the iron content. In case of Fe-MFI with the Si/Fe ratio in
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gel of 90, the image of rough surface of the uniformly spherical shape is obtained and
amorphous matter is not found on its external surface as shown in Figure 4.11(A).
Furthermore, regular square-ended intergrowth of crystals (0.88 um in size) at preferred
crystal orientation as observed in Figure 4.11(B). Nevertheless, there is the different in
morphology of Fe-MFI with the Si/Fe in gel of 90 at the pH value of 9.0 twinned plus-like

and 10.5 (spherical shape). It indicates that the morphology of Fe-MFI with the Si/Fe in gel of

square-ended intergrowt otates the head into the outside

position as exhibited i al shape are observed in Fe-
MFI with the Si/Fe ratio L their crystals prefer a specific
orphology of high iron content

Fe-MFI (the Si/Fe in gel 030 ! higt ing (the Si/Fe ratio in gel of 10), the

own in Figure 4.11(F) and (G). In ad

matters are detﬁtﬁ ﬂs%ew Enfﬂ 4%_1; Wﬁ q ﬁ?orphous matters in the

Si/Fe ratio in gel'u“ 10 have a similar sgape to that of Fe203 as shown in Flgure 4.11(J). This

VR TR AR b0

detected by XRD. Particle size and morphology of Fe-MFI with the Si/Fe ratios in gel of 90,

random in direction as s dition, a number of amorphous

30 and 10 are summarized in Table 4.5. The smallest particle size is observed with low iron
content (the Si/Fe in gel of 90). Nonetheless, the particle size of Fe-MFI with the Si/Fe ratio

in gel of 90 and 30 at the pH of 9.0 is smaller, compared to that at the pH of 10.5.
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(A)

Figure 4.11 SEM images of as-synthesized Fe-MFI prepared at the small scale, at the pH
of 10.5 and with different Si/Fe ratios in gel, (A), (B) Si/Fe =90, (C), (D), (E)
Si/Fe = 30, (F), (G), (H), (I) Si/Fe = 10, and (J) Fe,O; at different

magnification.
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Figure 4.11 (continued).
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Table 4.5 Particle size and morphology of Fe-MFI with various Si/Fe ratios in gel at the

pH value 10.5 in the small-scale preparation

Si/Fe ratio in | Mean particle size”
Morphology
gel (um) '
90 16 Rough surface of spherical shape
30 28 Smooth surface of spherical shape
10 rough surface of spherical shape

._J

? The mean particle size

4.1.3.4 ESR ]iesults and Chemical nalys1s

A% ik m@ww Aol natyss e e

in gel of 90, 30, and 10) synthesized at@ pH value 10&.were studied and.compared to that at
the pH \%m ;1 aeﬂni mhusm:l’l;gmétﬂ ;liaﬂﬁlbe compared to
Figure 4.9. Two signals appear at g value at 1.9 and around 5.0 for Fe-MFI with the Si/Fe
ratio in gel of 90 and 30, while a catalyst with the Si/Fe ratio in gel of 10 shows g value at 1.9
and 4.4. Intensity of framework iron decreases, while intensity of non-framework iron
increases when the iron content increases. This indicates that high iron loading leads to higher
non-framework iron sites. Thus, under the synthesis condition of low Si/Fe ratio, that is, high

iron content, excessive amount of iron both inhabits the formation of MFI type zeolite and
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SEM image X-ray mapping of Si  X-ray mapping of Fe

ok 5

SE. 55 LI I

Figure 4.12 ?@a‘j{' méppiﬁgf| imagés ofsilicontlandtiron disttibuted in calcined Fe-MFI

pfbi)ared at the small scale, at pH valug of 10.5 with different Si/Fe ratios in

| el @ Sk 8 siderbolond @i 1)
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restricts the amount of iron ion that can be incorporated into the framework of MFIL. This is
due to the reason that the Fe species are not fully combined with the Si species during
crystallization.'” The free Fe species both influence the normal crystallization of MFI type
zeolite and induce the formation the impurities such as ferric oxide amorphous at low Si/Fe
ratio, which observed in ESR results and SEM images, Figure 4.11(H) and (I). Table 4.6
reveals ESR data of the Fe-MFI catalyst with different Si/Fe ratios obtained from the small-

scale preparation at the pH value of 10.5. tio of framework to non-framework irons site

/these results in accordance with the
an@e preparation. Consequently, the

decreases with increasing the iror
ESR results in section 4.1:

Si/Fe ratios in catalysts are

4.2 Preparation of H-

The ESR spectra of FI are exhibited in Figure 4.14.

There are two signals appe all catalysts, but the intensity of

framework iron sites decreas by Method B in Section 3.6. This

indicates that some of the framewe Y d.to non-framework iron sites during

NH, ion exchange "f;,; sult of thre f1on of Fe-MFI(B). Calcination

causes the breakdown o oe
aggregates.'”' T g eated by Method A (not
shown) becauseﬁrﬂ ﬁﬁﬂﬂﬁjﬂi Ej ﬂ ﬁ ﬁ4 7 reveals ESR data of
dlfferenq mcﬂtw ﬁl\ﬁlm ﬁ WrTjg ﬁ EIuTﬁgﬂ the small-scale

preparatioh at the pH value of 9.0. The relative intensity of framework iron sites of H-Fe-MFI

O bonds and mjuces formation of iron oxide

(B) is lower than the parent NaH-Fe-MFI.
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Qs
Figure 4.13 Eq specgaj recoan! a room gnp rature :Jcalcmed Fe- MFI with different
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pH value of 10.5 in the small-scale preparations.
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Table 4.6 ESR data of the Fe-MFI catalyst with different Si/Fe ratios obtained from the
small-scale preparation at the pH value of 10.5
Si/Fe ratio ENF ol Relative intensity of framework Si/Fe ratio in
in gel valhie® value’ iron sites® (%) catalyst
90 1.9 5.0 21.6 80
30 1.9 5.1 10.5 25
10 1.9 4.4 0.44 9.9
“ The g value of the ESR signai
* The g value of the ESR signal'fo
 Compared to total no ofi
Framework iro t
(B)
A (A)
¢ a -
AU INYWINY
U

- AROAININHNAY,

s
'ﬂci:lﬁ-ﬂl with the Si/Fe

ratio 87 and with different hydrogen content, (A) NaH-Fe-MFI and (B) H-

Fe-MFI(B).
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Table 4.7 ESR data of different hydrogen content Fe-MFI with Si/Fe ratio of 87

obtained from the small-scale preparation at the pH value of 9.0

P Relative intensity of framework
Catalysts gnr value’ gr value )
iron sites® (%)
NaH-Fe-MFI 1.9 5.3 2ok
H-Fe-MFI(B)“ 1.9 5.3 11.7

* The g value of the ESR signal for fram:
“ Compared to total no of iron '~
! H-Fe-MFI(B) was preparcd-usiig the Method B

43 Test of the Fe—M

According to the he values of GHSV and TOS

for MTO catalysis has mized at a GHSV of 2000 h™!
and TOS of 40 min. The s2 is work.

43.1 Effect of Na ions on MT¢
.-l"'

43.1.1 Vield and Coke Deposited

anol,” yield of products and the

amount of coke deposited obtained from methanol conversion over various catalysts: NaH-

Fe-MFI, H-Fe-l\ﬂ(wﬁ-ﬂ IEJ Wm‘%:wlﬁﬂ ﬂd‘ﬁ catalyst of 87 prepared

at the gel pH of 910 in the small-scale %reparatlon are complled in Table 4.8. H-Fe-MFI(A)
and H-FQ/[%Q a'm%lﬂ %’W M% ’}@ﬂﬂoH{Ieﬂ:xﬂermm becomes
markedly decreased using NaH-Fe-MFI as catalyst. Moreover, the highest yield of gas
product and the lowest yield of liquid product are obtained in the case of H-Fe-MFI(B). The
amount of coke deposited on each catalyst was found in order: NaH-Fe-MFI > H-Fe-MFI(A)
> H-Fe-MFI(B). This result is in agreement with the results reported by Tsoncheva and
Dimitrova® who studied the methanol conversion over H-MCM-41 and Na-MCM-41 (Na’

exchanged H-MCM-41). They found that about two times decrease of yield of hydrocarbons
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was observed using Na-MCM-41 as catalyst compared to H-MCM-41. This indicated that a
part of Brensted acid sites, which are well known as the active sites in MTO process, was
blocked by Na" ions. Similarly, NaH-Fe-MFI has low activity than H-Fe-MFI(A) activity of
which is still lower than H-Fe-MFI(B), suggesting that the number of acid sites increases as
follows: NaH-Fe-MFI < H-Fe-MFI(A) < H-Fe-MFI(B). The reasons, schematically shown in
Scheme 4.1, could be due to the fact that increasing a refluxing time together with calcination

promotes the efficiency in ammonium joi nge. Method B in Section 3.6 leads toward

MFI channels. The migration of the
q-‘.

Na ions remaining in a zeoliteseanbe actiy wmperature above 500°C before

repeated ammonium |0M o . lower number of acid sites

than H-Fe-MFI(B), the r.

the higher amount of Na™ ions u\{:;‘

ramework to non-framework

iron site for NaH-Fe-MF

.;:"51’:.

PRI

ion,ytelds of prod cts and coke content after the methanol
i -"l

Table 4.8 Percentage

conversion ov ‘;.:‘i‘.‘i..- ‘Fe-M] alysts with the same Si/Fe ratio of 87

. ‘:m} -.- =1 S °
- (Conditions: .0 catalyst, GHSV' ek, T, alyst = 500°C, Tymeon = 30°C,

and lfy}

L

ﬁ u;ﬂjj 4 )* | H-Fe-MFI(B)®
%Conversion omethanol ¢ 82 99 99
o BFAGAN I II ) NETA
Yield of hqu1d product (%wt.) 55 72 58
Coke (% wt. of catalyst) 2.6 24 0.44

“ H-Fe-MFI(A) was prepared using the ammonium exchange Method A
® H-Fe-MFI(B) was prepared using the ammonium exchange Method B
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Na* Na™*
Sodium form \ / \ / g / \ / \ / \ /
ot Fe-MFI / \ /\ /\o /\ / \O / \

Ammonium ion exchange
followed by heating at 500°C

H* H

! |
Acidic hydrogen \ / \ / S / e / \ / N /
form of Fe-MFI o/ \ / \ / \ 0/ \O / \ o/ \O

Scheme 4.1

iouse® 154 .1\ ts distribution obtained from
methanol conversion at.500° g *' \ \ ., x . Si/Fe ratio of 87) prepared at

the pH value 0f 9.0 in t .g para \\ ; H" content. Methane content
and coke formation decr i b SE Ont 1ce *‘ H-Fe-MFI(A) > H-Fe-MFI(B),

while propylene and C, ole ecuE IS¢ in order: Na-Fe-MFI < H-Fe-MFI(A) < H-
Fe-MFI(B). Moreover, selectmty 8 ..,;.- - :
P .-“‘Il L}f A

o

MFI(A) < H-Fe-MFI(B)yw tal selectiv £fifs decreases.

NS increases in order: Na-Fe-MFI < H-Fe-

7 X

43.1.3 Promct Distribution of Volatile Liqmm?hase

B AP ey g o e s

by GC-MS. The 8dta prove that reactlog mechanism for MTO process is via dehydration of
protonaQ ‘Wr})laﬂa ﬂ1‘§ Mt%%r}n}% g:q ﬁ Hted in turn with
other methanol to form a dimethyloxonium ion (DMO").” Deprotonation of the latter yielded
dimethyl ether and H', as shown in Scheme 4.2. Product distributions of volatile liquid
obtained form the MTO over Fe-MFI catalysts with various H" contents are exhibited in
Figure 4.16. Considering the relation between the amount of unreacted methanol and
%conversion of methanol, which shows that it decreases with increasing %conversion of

methanol. The highest amount of Cs alkanes is obtained from using H-Fe-MFI(A) as catalyst.
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Scheme 4.2  Formation of dime '. of MTO process.”
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Figure 4.16  Product distribution of volatile liquid phase obtained from the methanol

conversion over various Fe-MFI catalysts corresponding to the condition in

Table 4.8 ( M = methanol; A= C; alkanes).
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From these results, H-Fe-MFI(B) gives not only a highest yield of gas
products, a lowest amount of coke deposited and a lowest yield of liquid products, but also a
highest selectivity to C; to C, olefins and the lowest total selectivity to paraffins. Although it
has a lower intensity ratio of framework to non-framework iron sites compared to NaH-Fe-
MF]I, it gives a higher catalytic activity for methanol conversion. Therefore, Method B is

chosen as the optimal method for preparing the H-Fe-MFI catalysts for methanol conversion

to olefins. The notation B will be omi

4.3.2 Effect of Tem
4.3.2.1 The . 7 on, Product.Yield and Coke Deposited

sthanol, yield of products and
coke deposited obtain ising - Section 4.3.1.2 at various
e temperature of 350°C, the
%conversion of methanol eomple ¢ while irec icing the temperature to 300°C
decreases the methanol conversi '7 onifl antly. The amount of coke deposited decreases
when the temperature incre xcept at the te 0 °C. The explainable reason
of the data at high t ‘\‘" :J perature increases, thermal
cracking of heavy hydrmarbons increases, resulting in a miucing of the yield of liquid

[
products as welﬁ ﬁﬂ aww%fwgqm activity is found at the

temperature as loW as 300°C as a result of lowermg methanol conversmn In all cases, the

s QR ENIRIIN TN A 8
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Percentage conversion, yields of products and coke content after the methanol

conversion over H-Fe-MFI with the Si/Fe ratio in catalyst of 87 (Conditions:

0.3 g catalyst, GHSV = 2000 ki, Teatayst = 300-500°C, Typeon = 30°C, and TOS

=40 min)
Temperature (°C)

300 350 400 450 500
%Conversion of methanol : 8 99 99 99
Yield of gas product (%owt.) 36 20 21 40
Yield of liquid product ( ;‘} e, 78 71 58
Coke (% wt. of catalyst j29 .76 0.62 0.44

4.3.2.2 ProduciDistributi se

oducts are olefins rather than

;”j‘

by the competitive cracking of
hydrocarbons over the amd Fe-MFI catalyst to smaller- molecules. In addition, this

phenomenon reﬂs ulﬂ.’g %E}%? w&} ’1 ﬂa%r Cs to Cs paraffins and

Cs to C4 olefins. ﬂe results are similar go that previously observed by OWS.”’IB’"B When the
temperaaeﬁ;ila)ﬁ a ﬁm,u ua‘/’la thﬂ aoanﬂ almost higher,
whereas t}?e highest selectivity to propylene, 59 %, is obtained at the temperature of 450°C.
Considering the methanol conversion to olefins at the temperature of
350 and 450°C, the latter gives not only the higher yield of gas products and the lower yield
of liquid products, but also the highest amount of propylene. Although the selectivity to
methane slightly increases at the temperature of 450°C compared to that of 350 and 400°C, it
becomes markedly decreased in comparison with that of 300 and 500°C. Therefore, the

temperature of 450°C is chosen for the rest of the catalytic test.
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4.3.2.3 Product Distribution of the Volatile Liquid Phase
Product distributions of volatile liquid obtained form MTO over H-Fe-MFI
catalysts (Si/Fe = 87) at various temperatures are shown in Figure 4.18. Amount of unreacted
methanol decreases with increasing %conversion of methanol. With increasing in amount of Cs

alkanes, the temperature increases from 300 to 400°C, while above 400°C it decreases.

1.20E-03 3.00E-06

1.00E-03 4 + 2.50E-06

8.00E-04 + 2.00E-06
<« —

2 &
g 6.00E-04 + 1.50E-06 g
4.00E-04 - + 1.00E-06
2.00E-04 + + 5.00E-07
0.00E+00 T 0.00E+00
250 500 550
AY J

"y

¥

] .
Figure 4.18 Producﬁsﬁtﬁ:awtﬂﬁwgﬂ ﬂr?e methanol conversion

over varigus Fe-MFI catalysts corresponding to the condition in Table 4.9 ( B =

WINATDI UM INYAE
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4.3.3 Blank Test on MTO
4.3.3.1 The Values of %Conversion, Product Yield and Product Distribution of
Gaseous Phase
To study the effect of thermal cracking of methanol on MTO, the blank
catalytic test using only quartz wool instead of catalyst is investigated at the temperature of 300 and

450°C as shown in Table 4.10. In both cases, the lower %conversion of methanol and the higher

yield of liquid products are observed comp ng H-Fe-MFI as catalyst. Only one type of gas

product, methane, is detected whic mposition of methanol. It should be note
_‘

from Table 4.10 that methanol posed twout any catalyst. Moreover, the

Table 4.10 Percentage con i ieldss 7 i ucts and coke content after the methanol

2000 h™, Treaction = 300 and 450°C,

450

%Conversi .V : E, 28

Yield of gas piyduct (%wt)

Yneldﬂ MMt%\E] f‘!‘l W1E_J”| ’r'] iw

Producﬂ)lstnbutlon (%mol) ¢

PRAAINTUNABN IR
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4.3.4 Effect of Si/Fe Ratio on MTO
4.3.4.1 The Values of %Conversion, Product Yield and Coke Deposited
Considering Table 4.11, the conversion of methanol is nearly complete at the
Si/Fe ratios in catalyst of 25 and 80. The conversion of methanol decreases with increasing iron

content or decreasing the Si/Fe ratio in a catalyst. Similar results are reported by Martin et al.>* The

explainable reason of the result could be due to the fact that the number of acid sites of the high iron

Table4.11  Percentage conversion, P and coke content after the methanol

conversion over ' ‘ ios in catalyst (Conditions: 0.3 g
catalyst, GH 30.C, and TOS = 40 min)
~ Si/Fe ratio
‘. -
AUHINSNINYING|  *
%Conversion of meﬂanol ‘91 . 96 e 97
Yield of gd8 product (¢ 'im& ’]w r]aﬂ 50
Yield of liquid product (%wt.) 60 66 46
Coke (% wt. of catalyst) 2.6 0.97 0.35
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4.3.4.2 Product Distribution of the Gaseous Phase
Figure 4.19 shows distribution of gaseous products obtained from methanol
conversion on H-Fe-MFI with various Si/Fe ratios at the pH gel of 9.0 in the small-scale preparation
at 450°C. C, to C4 olefins are major products distribution in comparison with the total paraffins.
Methane selectivity decreases with decreasing iron content, whereas propylene and C, to C, olefins
selectivities increase. The reason may be due to cracking of Cs; and C, olefins at high iron content,

the number of acid sites is too high. These dataindicates that the optimal Si/Fe ratio providing the

highest selectivity to propylene and .~ ) RS e lowest selectivity to total paraffins

Y Sm——
43.4.3 Product7_ '

is 80.

\s nase
?\\ \ liquid obtained form MTO using

t of unreacted methanol from

Figure 4.
,
.e., low amount when the conversion

is high. The highest amount of Cs alkant bt g H-Fe-MFI with the Si/Fe ratio of

&3,

ﬂ‘lJEJ’J‘i’IEJVlﬁWEJ’]ﬂ‘i
QW']Nﬂ‘iﬂJﬂJW]’JﬂEI']ﬂEI
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4.3.5 Effect of Catalysm/lorphology on MTC

4351 T ﬁ “ Wir ﬂqﬁke Deposition
jvalues of 9 oconversxon of met yield products and coke content

I L GA L A L NOT M

compiled in Table 4.12. For images see Figure 4.6(A), 4.11(A), and 4.7(A) for twinned plus-like

shape (gel pH value of 9.0, the small-scale preparation), spherical shape (gel pH value of 10.5, a
small-scale preparation), and spherical shape (gel pH value of 10.5 in the small-scale preparation)
Fe-MFI, respectively. There is no significant difference in either the %conversion value of methanol
or the amounts of coke deposited. Considering the relation between the conversion of methanol and
mean particle size, however, it is found that it gradually increases with decreasing the particle size.

Particle size slightly affects the catalytic activity. Nevertheless, the morphology dramatically affects
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the yield of gas and liquid products. The higher yield of gas products and the lower yield of liquid
products are obtained from using spherical shape compe;red to twinned plus-like shape of Fe-MFI
catalysts. The data prove that the spherical shape provides the highest yield of gas products.
Moreover, there is no significant difference in either the yields of gas or the yields of liquid
products using spherical shape Fe-MFI in either the small-scale or large-scale preparation. This

indicates that the product yields does not dramatically depend on the scale of preparation Fe-MFI

v

Y,

catalyst although it depends on the morpholo

Table 4.12  Percentage conv

conversion over ious morphologies of aggregates (Conditions:

0.3 g catalyst, N, Ty = 400 > Tnikon = 30°C, and TOS = 40 min)

, | Spherical shape®,

39 pm
%Conversion of methanol 95
Yield of gas product (‘V'ﬁi A ) ‘ 44
Yield of liquid product (Awt) | 50

Coke (% wt. of catalyst) 0.62 0.

oy — i
BET specific sudﬂ %ﬂ H/ﬁ)} w HW i w EJ '3Fﬂ ‘i 347
* Fe-MFI with the Si/F }l’atio in gel of 90 at ﬁ%éel of 9.0 incthe small-scale-peparation.

M R kbrer b St S0ai et 50 e etk i

4.3.5.2 Product Distribution of the Gaseous Phase

0.58

Considering Figure 4.21, the lowest amount of methane and the highest
amount of propylene are obtained from using twinned plus-like morphology. In addition, there is no
significant difference in either ethylene selectivity or C, olefins selectivity among the three

catalysts. This indicates that selectivity to propylene and methane depends on the morphology of
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these catalysts, but that of ethylene and C, olefins does not. The selectivity to propylene is not
dramatic (59, 53 and 51 % using twinned plus-like shape at pH gel value of 9.0 in the small-scale
preparation, spherical shape at pH gel value of 10.5 in the small-scale preparation, and spherical
shape at the pH value of 9.0 in the large-scale preparation, respectively). A spherical shape Fe-MFI

exhibits similar activity with regardless of the scale for preparation.

with various Si/Fe ratios at 450°Care"illust igure 422" Considering the relation between
amount of unreacted methanol ses when the amount of unreacted
methanol decreases. The amo; ticle size of these catalysts. It

increases when the particle siz
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