CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of t nite

: bﬁﬁwm Tons
——

¢ sodium ions remained in the dealuminated

4.1.1 Degree of

mordenite, H-MOR sample: iled in Table 4. | "he small content of sodium ions
remained means that t e nt of ( .‘ \: in Na-MOR was replaced by
oniut xchange. This results in the large
amount of hydrogen ions C jd ced afte mova] of NH; from the NH4;-MOR
' shows that among the dealuminated
mordenite samples H—MOR( .. ------- ount of remained Na ions than H-MOR(A)
while H- MOR(C) onta . : ' ‘ ‘ s, 1. e. the ion exchange by
Method C in Sectl‘ : it\: ge of Na ions in mordenite by
NH, ions. This is ac ‘ nted by the difficult accessibility to

For the low ﬂtﬂﬁaﬁw8%1%’w Ei ﬁ]ng?f the Na ions from small

pores to largefjpores is not readily even by several-tlme repeated ion exchange However,

QTR TE SATA N 1 e v

exchafige. Therefore, Method C is chosen as the optimal method for preparing the

a ions located in small pores.

dealuminated samples for the rest of this study.
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Table 4.1 - The analysis results of the sodium ions left in the dealuminated mordenite and

the corresponding degree of ammonium exchange in MOR samples

Sample Remained Na Amount Degree of NH; Exchange
Code (% by weight) (%)

Na-MOR 1.09 -
H-MOR(A)“ .74 32
H-MOR(B)"* sa%\ 1 66
H-MOR(C)¢ "I+ 0.0 ‘,A 92

e H-MOR(M

® H-MOR(B) 7,

ange Method A.
ange Method B.
ange Method C.

The X-ray : R 'l TOR(A » d H-MOR(C) which are shown
in Figure 4.1 show the cl a;l:; 2 £ DR structure without any other phase of
materials. This indicates t —34 O ic ntact by any mean of ammonium ion

exchange.

4.2 Factors Invol‘m 1
4.2.1 Effect of Tgmperature on Sl/Al Ratio of Mordenite

ﬂd%ﬁ H}%&I ‘H‘ﬂ@ Rt ihek fabd o increase the Si/A ratio

in the zeolite &'e high aluminum-coptent H-MOR was dealuminated @.acnd leaching. The
sudpp | QN G AR B 1.«
temperatures were shown in Table 4.2. The acid treatment of the H-MOR (Si/Al = 11)
between 90-120°C gives a relation that the higher the temperature is, the more the aluminum

can be removed and thus the zeolite contains more Si/Al ratio.
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c)

b)
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Figure 4.1 The X-ray patterns of H-MOR samples, a) Na-MOR, b) H-MOR(A) and c¢)

H-MOR(C).
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Table 4.2 The Si/Al ratios in the mordenite treated with the HCI solution of 1 M for 3 h at

various temperatures

Temperature ( °C) Si/Al ratio

90 24

100 30

1 33

36

3

Figure 4.2 shg res ilts of 1 . bgrammed desorption of ammonia
(NH;-TPD)_ for the ORgtreated ‘~ p of 1 M for 3 h at different

temperatures from 90-120°C TPD profile sent two types of acid sites in the
(v '
acid treated H-MOR s S. h'%/a to weaker acid sites (the
daﬂd I
desorbed ammonia peak at 1g ture witl ximum at 180°C) due to Brensted
' J—.rs-ﬂf::‘.‘. /
acidity and stronger acid sifes . the desorbed ammor peak at higher temperature with a

maximum at 430°C) due to Lewis fto other reports,” increasing temperature
for the acid treatmei ‘~-_-¢-~--m«g:} is acid sites. This indicates
that the lowering of the nur ¢ Tf proportional to the aluminum

content remained in H‘MOR Usually, an Al atom in the zeolite framework is a four-

coordmano.ﬂ H@ ’J q'(;l %i%}% wrﬂaﬂ ﬂ ‘§e tetrahedral AIO,* or

empirically A%z needs a cation, herg is H' to balan&the negative chﬂe This is known as
the aamr] aﬁlﬂ ﬁnm:ulmasg ﬂ &l’la & reversibly to a
three- coordmatlon type which is electron deficient and accounted for Lewis acid sites.
However, in the case of low aluminum content or high Si/Al ratio, the Lewis acid is
predominant to Brensted acid and plays an importa;lt role on acid catalytic activity of the

zeolite.
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4.2.2 Effect of HCI Concentration on Si/Al Ratio of Mordenite
The Si/Al ratios in the dealuminated H-MOR obtained from the acid leaching at
100°C using HCI of various concentrations ranging from 0.1 to 6.0 M are shown in Table 4.3
and Figure 4.3. Increasing the concentration of the HCI solution causes in obvious increase
in the Si/Al ratios in the product. The Si/Al ratios in the dealuminated H-MOR is in linear
proportional to the HCI concentrations within a range from 2.0-6.0 M. The linear relation is

represented by

shown in Figure 4.3.
i'\ JH it

n:": & ,- '

mistake will be made.

by the strong acid tréatment. Therefore, to obtain a dealﬁﬂnated H-MOR with a required

Si/Al ratio, tﬁl‘ﬂrﬂ‘ﬁm ﬂ W%fw E‘W‘Tﬁ\ﬁion described above. For

example, the H-MOR with Si/Al ratlo of 40 and 80 may be prepared by using the HCI
solﬂ W?VﬂrﬁSﬂ?emt WWsﬂeﬂ 510& lﬂthe actual Si/Al
ratios 'of the H-MOR catalysts are 39 and 73, respectively. The results are quite close to the
expected ratios especially the one with Si/Al = 39. The XRD (not shown) of H-MOR

(Si/Al= 39 and 73) are still unchanged.
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Table 4.3 The Si/Al ratios in the mordenite treated with the HCI solution of various

concentrations at 100°C for 3 h

HCI Concentration Si/Al ratio
(M)

I
7/ ERN :&\
aﬂﬂ;ﬂN@\

100
o _ ¥
. (AT
80 - . . : ;
57 e '
70 e Uy
g 60 (7 Y
<
‘_i_: so{ - m T
7 40
ﬂ‘uﬂﬁ'ﬂﬂwﬁw El']ﬂi
2o~‘
’agi F-
%o 1 2 3 4 5 6 7

conc. HCI (M)

Figure 4.3 The relation between Si/Al ratios in the dealuminated mordenite and the HCI

concentrations for the acid leaching of H-MOR at 100°C for 3 h.
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b)

2Theta (deg.)

AATANNIUARTINEINE

Figure 4.4 The X-ray diffractograms of H-MOR samples, a) as untreated H-MOR with
Si/Al = 11, b) the H-MOR treated with 4.0 M HCI at 100°C for 3 h, and

¢) H-MOR treated with 6.0 M HCI at 100°C for 3 h.
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4.3 YAI-NMR of the Dealuminated H-MOR (Si/Al = 39)

The AI-NMR spectrum of the dealuminated H-MOR (Si/Al = 39) was shown in
Figure 4.5. The most predominant peak at a chemical shift of 56 ppm belongs to the
tetrahedral-aluminum atoms in the framework structure of H-MOR. There is only a weak
signal of the octahedral aluminum atoms located on the surface of the H-MOR. The ratio of

peak height of the framework Al to non-framework Al is 8.2:1. This indicates that 90% of

]
)

)
chemlc ift (ppm)

ﬂHEJ’JVlEJVITWEJ’]ﬂ‘E

I-NMR spectrum of the dealuminated H-MOR (SI/A] 39) prepared by
q Wﬁﬂﬂﬂﬁﬁﬂ*ﬁfﬁﬁ VIR TRY

4.4 Catalytic Activity Tests of the Mordenite Catalysts

Figure 4.5.

4.4.1 Effect of Time on Stream on Methanol Conversion
Methanol conversion and gas product distribution using H-MOR (Si/Al=11) as
the catalyst at various time on stream (TOS) of 20, 40 and 60 min are shown in Table 4.4.

Time on stream has no effect on the conversion of the methanol which is 1002% for all cases.
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It affects the selectivity to C,+C; olefins, which becomes the highest at TOS of 40 min,
along with the least amount of alkanes (C,-Cs). An amount of methane increases markedly
with a longer exposure of the catalyst to the methanol feed. The reasons may be owing to the
cracking of propane can occur at 500°C and the catalyst deactivation by hydrocarbon pool,
namely coke. The formation of CO or CO, is in doubt due to the oxidation of hydrocarbon
was suppressed by nitrogen atmosphere and the immiscible phase of water was formed

obviously in a significant amount. Thu of 40 min is chosen for the rest of the catalytic

test.

Table 4.4 Methanol d gas$ pi "' bution using H-MOR (Si/Al =11) as
the catalyst 2 ons 0.2 g of catalyst, feed at a

GHSV of 2000

'\\~ e on stream (min)

40 60
% ConversiOn At - ) 100 100
Product Distribution:{(% mol) -
- (R L [73.9 79.1
S The | -

- et@ene 15.6 6.6
prop%pe 0.7
mmww WEJ 1713 |
w ta . 0.9

- n-butane 0.2
QRSP NN Y-
9 |- I-butylene 0.1 0.2 1.0
- iso-butylene 0.2 0.3 4.0
- cis-2-butylene 0.1 0.1 1.3
- iso-pentane 0.2 0.2 0.4
C,+C;5 olefins (% mol) 173 21.2 11.0
Alkanes (C,-Cs) (% mol) 82.4 - 782 81.1
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4.4.2 Effect of Temperature on Methanol Conversion
Methanol conversion and gas product distribution using H-MOR (Si/Al =11) as
the catalyst at various catalyst temperatures (300, 350, 400, 450 and 500°C) are shown in
Table 4.5. The conversion of methanol is complete at the temperatures from 350°C to 500°C.
The methanol conversion becomes markedly decreased at the temperatures below 350°C. At
elevated temperatures especially at 500°C, methane is formed in a significant amount due to

the competitive cracking of hydrocarbons over the acid H-MOR catalyst to smaller

thanol Conversion

4.4. -I Effect of Si/Al Ratio at High Ten&rature

. lﬁjl €N i ﬂp%wgﬁlﬂﬁg H-MOR with various
Si/Al ratios ﬁl 38, ﬂng;ﬂtggo C are shown in Table 4.6 and Figure 4.6. At 500°C,
TR SO T TN VY oo

H-MOR (Si/Al = 11) provides the highest methane content and coke formation which
obviously decreases when Si/Al ratio in the catalysts increases. Ethylene and propylene
(Cy+GC;5 oleﬁn) increase with increasing the Si/Al ratio in H-MOR but the total content of
alkanes decreases. The yields of alkanes, liquid products and coke are distinctly decreased

with increasing Si/Al ratio of H-MOR.



54

Table 4.5 Methanol conversion and gas product distribution using H-MOR (Si/Al =11)
as the catalyst at various temperatures of the catalyst (Conditions: 0.4 g of

catalyst, feed at GHSV of 2000 h™', Tyeon = 29°C, time on stream = 40 min)

Temperatures (°C)

300 350 400 450 500
% Conversion 89.7 100 100 100 100
Product Distribution (% mol)
- methane 41.2 64.7
- ethane 33 34
- ethylene 142 12.9
- propane 292 11.7
- pro;;ylene 4.0 34
- iso-butane 4.8 5
- n-butane 23 0.7
- trans-2- butyleng 0.2 0.1
- I-butylene 0.1 0.1
- iso-butylene 0.0 03
- cis-2-butylene 0.5 0.1
- iso-pentane 0.1 0.2
C,+C; olefins (% mol 182 | 163
C,-Cs olefins (Youie 189 | 169
C,-Cs alkanes (% @l) 81.1 83.2
Yield of gas product (%awt.) 2540 359 | 118 | 143 | 102
WWW ﬁﬁ ; 6| |J664 | 703
Coke (% withf catalyst) 101 [ 197 [ 113
‘QW'\@Qﬂ'ﬁﬁNWWﬁ! e L
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Table 4.6 Methanol conversion and gas product distribution using various the Si/Al ratios
of H-MOR as the catalyst at 500°C of catalyst (Conditions: 0.4 g of catalyst,

feed at GHSV of 2000 h™', Tyeon = 29°C, time on stream = 40 min)

Si/Al ratio of H-MOR

11 39 73 120
% Conversion 100 100 100
Product Distribution (% mo
- methane 6.5 6.0
- ethane 0.8 0.6
- ethylene 28.1 26.9
- propane 19.4 14.1
- propylene 23.1 32.4
- iso-butane 15.9 14.0
- n-butane 23 1.5
- trans-2- butylene 0.7 0.8
- I-butylene 0.5 0.7
- iso-butylene 1.5 1.9
- cis-2-butylene 0.5 0.5
- iso-pentane ; 0.6 0.5
Cy+C5 olefins (% m 512 593
C3-Cy olefins (% mol)” 16.9 : 54.4 632

LN
Ci-Cs alkanﬁ@tf | ’J 0{ EJ&H iM ?5.5 36.8
Yield of gas product (%wt.) 102 32.6 43.0 52.8
. f_

Yielabf liguid produet/(% M‘M

Coke (% wt of catalyst) 11.5 6.5

TR E

3.7

From Figure 4.6 on H-MOR with the Si/Al ratio of 120, the selectivity to
olefins is the highest while the yields of alkanes, liquid product and coke are the least. The
removal of the framework aluminum and the reaction of the number of strong acid sites

permits the mordenite to be a very good catalyst for conversion of methanol into light olefins
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with a very high selectivity as well as with overcoming the problem of coke formation on the

used catalyst.

100
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Product distribution (% mol)
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ﬂ-lr_i-l.L g 1
Gas-product distribution in me N ion using various Si/Al ratios of
H-MOR at 500°C, GHSV 2 H : nd time on stream = 40 min.
(a2

+C5 0 ..,1 = Yselectivity to alkanes (C,-Cs),

Figure 4.6
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Consﬂring Figure 4.7, the selectivity t(ﬂympylene increases while the

selectivity ttﬁ(ﬂﬂﬁsﬂwﬂ ﬂ%’wﬂmliﬂ?mem in H-MOR. The

explainable redson of the result mvolves Bronsted acnd sites in the catalyst At the low Si/Al
ratlcﬂ W@T ﬁ@ﬂﬁlgﬂaﬂﬁ qq%ﬂ q ah%n transfer from
the BrBnsted acid sites occurs in the final step of the reaction as the conversion of light
olefins to paraffin. The gradual reduction of number of acid sites decreases the probability
of the interaction of light olefin molecules with protons. Therefore, the conversion of light

olefins into alkanes is decreased while the Si/Al ratio of catalyst is increased.
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50

40

% Selectivity
8

[
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!

10 1

100 120 140

f SifAl Ratioat Low Temperature
distribution using H-MOR with

various Si/Al ratio %s as und that catalytic activity is

nearly complete in allmses, except at the S1/Al ratio of 12% The activity of H-MOR (Si/Al

g
=120) is thﬁy Hlﬁcyrﬂtﬁf W EJ”TTT? aluminum content, the
|
: olefin tends to increase but the selectivity to alkanes tends to decrease.

selectivity to Q*‘ 3

T TR P BT T ) 85 g o o e

selectiVity to alkanes is higher than that to olefins. iso-Butane is a major gas product. The

amount of liquid product and coke deposited are slightly reduced when the Si/Al ratio is

increased from 11 to 120.
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Table 4.7 Methanol conversion and gas product distribution using H-MOR with various the

_ Si/Al ratios as the catalyst at 300°C of catalyst (Conditions: 0.4 g of catalyst,

feed at GHSV of 2000 h™', Tyeon = 29°C, time on stream = 40 min)

Si/Al ratio of H-MOR

11 39 73 120
% Conversion 88.8 88.7 78.8
Product Distribution (%
- methane 10.8 9.1
- ethane 0.1 -
- ethylene 22.0 23.1
- proﬁane 4.8 3.0
- propylene 11.4 16.1
- iso-butane 43.6 44.6
- n-butane 1.0 0.4
- trans-2- butylene 0.5 0.7
- I-butylene 0.2 0.3
- iso-butylene 1.0 1.3
- cis-2-butylene 4.6 0.4
- Iso-pentane __ : - 1.2
Cy+Cy olefins (Youfiol) 334 39.2
C,-C4 olefins (% niof) 39.7 419

— -
C-Cs alk 6[mdl) EJ m Ejs" ‘560.3 58.3
Yield of gadiproduct (%wt.) | 254 219 25.7 31.8
¢ o o

@Wﬂ“ﬂ’@“ﬁ@m AN IFIE @Y wo
Cok (% wt of catalyst) 9.6 7.7 6.8 4.7

4.4.4 Lifetime of the Catalysts

Methanol conversion was carried out at a GHSV 2000 h',

temperature of

500°C, feed of 20% methanol vapor balanced with nitrogen and atmospheric pressure. The

conversions of methanol are compared using H-MOR catalysts with Si/Al ratio of 11 and
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120. The initial conversion of methanol is complete and not different in both cases as shown
in Figure 4.8. At time on stream of 100 min, the catalyst with Si/Al ratio of 11 is slightly
deactivated. Methanol conversion on the other catalyst is complete and remained constant
on 480 mip (8 h). Catalyst lifetime of dealuminated H-MOR can be estimated from the
conversion in the same duration of time on stream. Catalyst lifetime increases gradually
with the decrease of number of Bronsted acid sites. Similarly, in a study conducted by

lyst showed that the dramatically longer catalyst

Campbell er al.,** MTO over H-ZS

lifetimes of H-ZSM-5 with hi uch longer than H-ZSM-5 with lower

._{'_-_

: "4-.._,._

Si/Al ratio after repeated
The rapi 0

formation on the externa

11) may be explained by coke
y blocked pores of the catalyst,
which can block the entfangé of fthe one-di . annels That leads to a drastic

decrease of the concentgatio, ers available for reacting with the

\

substrate molecules.

110

100 A
90 A
80 -
70

60 -

o ﬂUEJ’JVlEJVI?WEJ’]ﬂ‘E
}ﬁ’]ﬁﬂﬂ‘iﬁ”ﬂ%’]’mﬁﬂﬂﬂ

T T T T

% Methanol conversion

100 150 200 250 300 350 400 450 500

Time on stream (min)

Figure 4.8 Methanol conversion on H-MOR with Si/Al ratio = 11 and 120, at 500°C

and GHSV 2000h": A=Si/Al of 11, m = Si/Al of 120.
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4.4.5 Catalytic Deactivation
4.4.5.1 Effect of Temperature on Coke Formation on Catalyst
Table 4.8 shows the relation of coke formation and the methane
content with various reaction temperatures. Coke formation and the methane content slightly
increase with increasing the reaction temperature. The catalyst rapidly deactivates.
Enhancement in methane selectivity during the deactivation of zeolite catalysts in the

methanol conversion reaction has been

ented previously and is considered to be due to
intermediate. The loss of activity is

n&he active sites. Deactivation and
E——

ct to the reaction mechanism in

enhanced hydride donation t 2
considered to be associa
methane formation w
Scheme 4.1. There was thoxy groups was an important
first step of the methanol it \ er interaction of these methoxy

he acid sites might cause not only a

C-C bond formation but alsé tions leading to desorption of methane in the gaseous

+H
" % + CH, + CH,0

SN, - oo
.

si Al s

m CO +H, or Coke

S°"“"‘*“Frﬂﬂ""3*ﬁﬂ'w%‘mwn'ﬁ
Ta“armcm AT YT N e e

(Conditions: 0.4 g of catalyst, feed at a GHSV of 2000 B Toen = 29°C.

time on stream = 40 min)

Temperatures (°C)
350 400 450 500
Methane (% mol.) 20.6 242 | 412 64.7
Coke (% wt.) - 9.7 10.1 10.7 11.5
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4.4.5.2 Effect of Si/Al Ratio on Coke Formation on Catalysts
Amounts of coke deposited on the H-MOR catalyst with various
Si/Al ratios at 300 and 500°C are shown in Figure 4.9. In both cases, coke formation
distinctly decreases with increasing the Si/Al ratio of catalyst which the coke content on the
catalyst with Si/Al of 120 is the least. The result is in agreement with the decrease of
methane content (Tables 4.6 and 4.7) and the increase of catalyst lifetime (Figure 4.8). The

rate of coke formation for a number ¢ thanol conversion is found to decrease with the

reduction in aluminum content. The results ilar to those previously observed by

M‘nordenite on coke formation is in

-ZSM 57 catalysts. The amounts

fd
line with using dealum ated

of coke deposited on the \ n that at 300°C.

The dey ong influence on coke forming

\

reactions, particularly i ; Y€ roger trz 59 that overall catalyst performance

was improved when the s decreased. Coke formation in methanol

\

conversion had been show occur i ages: initial formation of internal coke

poisoning acid sites within th yowed by coke deposition on the external

-

X'

2
ﬂUEJ"JVlEJVl?WEJ"]ﬂ‘E

QW’]&Nﬂ‘iﬂJ UAIINYIAY

surface. It was only-during this latter stage of coke formatio,.the methanol conversion was

completely suppres .r
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