CHAPTER IV

RESULTS AND DISCUSSION

4.1 Characterization of the

4.1.1 Degree of

The TOSO, sa ) * Si// was ammonium exchanged by

three different methods as MOR(A) H-MOR(B), and H-

MOR(C) were obtained fr TGN Y " \ ¢ e . The analysis results of the

IOR samples are compiled in

\ Y

Table 4.1. The small amount of v ior esponds to the large extent to the sodium
\

ions in Na-MOR that was repl ced-—by exchanging ammonium ions, called degree of

ammonium exchang 0 j ions or protons produced
-

after the removal of V Iz bit 4.1 shows that among the

dealuminated mordenite amples obtained from Method C mta.ms the least remained Na’

ions, or the i .W sults in the only ion

exchange in larwpores of the mﬂ‘lﬂ X'lte For ﬂw co A‘iNa" ions remaining in

a zeo]ﬁ w«g‘aﬂ\q m gurﬂsﬂbpiwg ?T ﬁrpl t readily even
Y

by sevefal-time repeated ion exchange. However, such a migration can activated at a high

S

temperature above 500°C before repeated ion exchange. Method C is thus chosen as the

optimal method for preparing the dealuminated mordenite samples for the rest of this study.
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Table4.1  Analysis results of the sodium ions remaining in the dealuminated mordenite and

the corresponding values of degree of ammonium exchange

Sample Remained Na Amount Degree of NH; Exchange
Code (%)
Na-MOR -
H-MOR(A) :’l"' 32
H-MOR(B/ 66
H-MOR( 92
| f
“ H-MOR(A) pared by ;) 2 ange Method A.
" H-MOR(B) wasprepared by 1éing!l hange Method B.
“ H-MOR(C) was prepa Fod-bi _'rg' onium exchange Method C.

LT\ I
| o e o
...'.*”*' —

4.1.2 XRD R
BRI A0 IS BT e et o

U
shown in Figure 4.1. All three sample§, Na-MOR, I&/IOR(A) and HMOR(C) show the

chara@ism(a)atﬂlﬂ tﬁ meu m:t:l]e’Jitmt&L’;]haﬂg. H-MOR(B)
q

sample is exchanged in less aggressive condition more than H-MOR(C). Therefore, the H-

MOR(B) should have intact XRD pattern resulted, and structure as its H-MOR(C). This

indicates that the mordenite structure is very stable and intact by any ion exchange process.
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Intensity (arbitrary unit)

(b)
A
©
40.00
—= i
Figure 4.1 XRD patte :l of the H-MOR samples correspo l 1g to those in Table 4.1, (a)

PERi a‘“ﬂ INEINT
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4.2.1 Effect of Temperature on Dealumination of Mordenite

After the treatment of the H-MOR(C) sample with the HCI solution of 1 M
for 3 h at various temperatures, some aluminum contents were removed from the mordenite

sample depending on the temperatures. The result of chemical analysis for aluminum contents
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in the dealuminated mordenite samples was shown in Table 4.2. The Si/Al molar ratios in the
samples increase with increasing temperatures. However, the aluminum contents remaining in

the treated samples are not much different.

Table 4.2 The Si/Al ratios in the mordenite zeolite treated with the HCI solution of 1 M for

3 h at various temperature W
"“H x\ /

Figuke /4 .r‘ yrogrammed desorption of

ammonia (NH;-TPD) m H-MOR treated with the HCI solmm of 1 M for 3 h at various
temperatures, ﬁ ﬂ {ﬁ ﬁ two types of acid sites
in the treated Vﬂ ﬁiﬂvg‘ln E];jd ﬁweaker acid sites (the
desorﬁi ﬁl e to Bronsted
acidity qME acndﬂejlgg:m ammoun aﬂaj temperature with a

maximum at 430°C) due to Lewis acidity. Similar to other reports,3 ¥ increasing temperature
for the acid treatment results in the decrease of the number of Lewis acid sites. This indicates
that the lowering of the number of Lewis acid sites is directly proportional to the aluminum
content remained in H-MOR. Usually, an Al atom in the zeolite framework is a four-

coordination center bound to bridging oxygen atoms and thus the tetrahedral AlO,” or
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empirically AlO, needs a cation (H") to balance the negative charge. This is known as the
Bronsted acid site. The four-coordinated aluminum can transfer reversibly to a three-
coordination type that 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

Bronsted acid and plays an important role on acid catalytic activity of the zeolite.

4.2.2 Effect of Acid' tra e ination of Mordenite
The Si/Al ratios i dealuminated H-MOR obtained from the acid leaching
at 100°C using HCI of vazieiis coice bet €e 10.1'andi6.0 M are shown in Table 4.3
and Scheme 4.1.
Table 4.3 The Si/Al rati the HCI solution of various

concentrations

AULINENTNYINS
RINNTUNRIINYAY

6.0 89
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Increasing the concentration of the HCI solution causes obviously the
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 of 2.0-6.0 M. A linear equation is

represented by

concentrations deviates_fiforr linéar line and has a behavior as a dashed curve shown in
Scheme 4.1. This indica extrapola of inear line is used, a mistake will be

made. The H-MOR sampl€s AT | e prepared by direct synthesis rather

100

90 -

80 - e~ i)
\"o Y}

70 : =

Z;ﬂuggp 1IN

rwmmmummmaﬂ

60 |

Si/Al Ratio

30

g

=

0 : :
2 3 4 k] 6
conc. HCI (M)

Scheme 4.1 A relation between the Si/Al ratios in the dealuminated mordenite and the HCI

concentrations in the treatments at 100°C for 3 h.
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XRD patterns of the H-MOR samples treated with the HCI solutions of 4 and
6 M were measured to ensure that the MOR structure is not affected by the mineral acid

treatment. The XRD results shown in Figure 4.3.

Intensity (arbitrary unit)

2theta (degree)

Figure 4.3 XRD patterns of the H-MOR samples, (a) untreated H-MOR with Si/Al =11, (b)
the H-MOR treated with 4.0 M of HCI at 100°C for 3 h, and (¢) H-MOR treated

with 6.0 M of HCI at 100°C for 3 h.
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The XRD results have proven that the MOR structure is not affected by the
strong acid treatment. Therefore, to obtain a dealuminated H-MOR with a required Si/Al
ratio, the HCI concentration can be calculated from the equation described above. For
example, the H-MOR with Si/Al ratio of 20, 40 and 80 may be prepared by using the HCI

solution of 0.1, 2.3 M and 5.5 M, respectively.

The YAlI-NMR spectrum of the dealuminated H-MOR (Si/Al = 39) was
shown in Figure 4.4. The most 2 &ical shift of 56 ppm belongs to the
tetrahedral aluminum atomss : strly-tﬂ\'IOR.”‘41 There is only a little

signal of the octahedral M ' \\ shlft is 0 ppm, located on the

ak height of the framework Al

and non-framework Al is 84" | tés that the amotnt f the framework Al is 90 % and

h (Tefrahedral)

o
AY )

2
ﬂ‘lJEl’J‘VIEI INYINT

awwmnim AN

& T i T L T T

200 150 100 50 0 -50 -100 nom

Figure 4.4 The 7AI-NMR spectrum of the dealuminated H-MOR (Si/Al = 39) prepared by

the acid leaching using a HCI solution of 2.3 M at 100°C for 3 h.
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4.3 The Dealuminated Mordenite Catalysts

The Na-MOR catalyst with the Si/Al ratio of 11 was dealuminated by hydrochloric
acid solution with the concentration of 0.1, 2.3 and 5.5 M. XRD patterns of those samples are
shown in Figure 4.5. All samples have intact structure of mordenite. In addition, they were

analyzed for the Si/Al ratio in catalysts by [CP-AES and the results are shown in Table 4.4.

|

J)Ji/i

b)

Intensity (arbitrary unit)

1

10.00W 20.00 30.00 40.00
2theta (degree)
Figure 4.5 XRD patterns of the H-MOR samples, a) untreated H-MOR with Si/Al =127, b)

treated with 5.5 M of HCI at 100°C for 3 h, ¢) H-MOR treated with 2.3 M of HCI

at 100°C for 3 h, and d) untreated H-MOR with Si/Al = 11.
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Table 4.4 Analysis results of the Si/Al ratio in catalysts by ICP-AES

Concentration of HCI Remaining Al Amount Si/Al ratio

solution (M) (% by weight)

P

4.4 Catalytic Activity of

44.1 \t A\ h Various Si/Al Ratios
Values o 0N’ j : ct yield obtained from polypropylene
i : \
degradation over H-MOR with various-: 2 1t the temperature of 450°C are shown in

:
Table 4.5. From Tablé rsi

-

QU 0% for all S¥/Al ratios in
catalyst and coke fo V ‘J ation of gas products and
liquid products as well Ecoke is not affected by different Si/Alratios in catalyst.

ﬁﬂtgj:j:ﬂ; ﬂ:ﬂp%(?v ﬂnﬁd ¢ 4.6. At lower S/Al

qlinum G es of products a significant amount.

T g (S g e e s s

by a varfation in Si/Al ratio in catalyst. With increasing the Si/Al ratio, or reducing aluminum

ratio, or high

content, the selectivity to propylene increases from 19.1 to maximum at 30% at the Si/Al ratio
of 127 in catalyst. At the same time, catalyst with high Si/Al ratio can inhibit formation of
propane. It is interesting that methane formation is very rare at the Si/Al ranged from 19 to
127. This is an advantage of zeolite catalysts over non-zeolite catalysts that often provide

significant amount of methane at a high value of conversion.
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Figure 4.6 Product distributions in gas phase for polypropylene degradation using the mordenite catalysts with various Si/Al ratios at the

33

temperature of 450°C.
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Product distributions in volatile liquid obtained from the catalytic degradation
of polypropylene over the H-MOR catalyst with various Si/Al ratios are shown in Figure 4.7.
Each hydrocarbon was identified by a number of carbon atoms in a molecule including its
isomers, for example, Co+ where Cy represents for a combination of aliphatic molecules
containing nine carbon atoms and the positive sign is noted for other products larger than C.

The data show that the liquid fraction

'rs broad range of hydrocarbons. Aromatic

nd p-xylene etc. The Cot fraction

is formed with the most : wts at each Si/Al ratio. With
increasing Si/Al ratios in ¢ vity. to Cg+ and aromatics change in the opposite

direction to values of sel

results in formation of C | seems that the selectivity is not consistent with

——Si/Al =11
—8—Si/Al= 19
—a—Si/Al = 47
—u- Si/AI=90
|——Si/Al = 127,

NN W W
S L © W

selectivity (%)

—_—
W

-
(=)

ﬂﬁﬂJﬂJ ?ﬂiﬂ

c5 C8 C9+  Aromatics
component

Figure 4.7 Product distributions in volatile liquid obtained from the catalytic degradation of
polypropylene over the H-MOR catalysts with various Si/Al ratios at the

temperature of 450°C.
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The mordenite catalyst with the Si/Al of 127 gives propylene the most among

other catalysts. Hence, it is used in polypropylene degradation at various temperatures.

4.4.2 Polypropylene Degradation at Various Temperatures

Values of conversion and product yield obtained from polypropylene

polypropylene increases frga )89 spectively. This indicates that temperature
has strong effect on cony, thetemperature ranged from 350 to 450°C. There is no
difference in conversio;l | perafy i tic change in coke formation as
oeas 76% at 350°C but drastically

decreases to 13 and 15% at 13 0 a °C, respectively.

7]
Mmperature °O)

| ¢ o Qs 350 450 550
1] | i IN"AS
Conversion of,propylctic Il QS 98

Y‘@"ﬁ‘iﬂ‘ﬁﬂim N‘MTW]EI'T&I 4

Y1e1d of volatile liquid fraction (% wt) 12

Yield of non-volatile liquid fraction (% wt) 7.6 1.2 0.1

Coke (% wt of catalyst) 76 13 15
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In addition the significant change in yields of gas products and liquid
products are also found between 350 and 450°C rather than between 450 and 550°C. It is
observed that the yield of gas is inversely related to the coke content. However, both are not
consistent with the yield of liquid products.

Product distributions in gas phase fraction obtained from the catalytic
degradation of polypropylene over the,H (C lyst with various temperatures are shown
in Figure 4.8. With increasing,temperatu % 450°C, selectivity to propylene

- utene slightly change from 17

to 19%. Selectivity to isgs0uta 7 dses i 23% and selectivity to methane

'\

in Figure 4.9. The dataﬂo '- : road range of hydrocarbons.

With increasing temperature, selectivities to aromancs and Cot+ fractions increase while
g p ﬂf

v o B B YT W D oo

effect. At high ymperatures the smallycracking products having high kmetlc energy may
B AR IHHAHINEAE

The data at various temperatures indicate that catalytic cracking of
polypropylene takes place readily even at 350°C but with high content of coke in the catalyst.
This is accounted by the strong acidity of mordenite similar to other zeolite c.atalysts. Running
the catalytic cracking of polypropylene at the temperature of 450°C can diminish coke
amount. It appears that degraded polypropylene can access to active acid sites located in large

pore of 12-member ring in mordenite rather than in small pore of 8-member ring. The reason
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Figure 4.8 Product distributions in gas phase fraction obtained from the catalytic degradation of polypropylene over the H-MOR(127) catalyst with

various temperatures.
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is the polypropylene degradation is not favored in ZSM-5 owing to limited diffusion through
a medium pore 10-member ring.""** This is an advantage of large pore zeolite like

mordenite over smaller pore zeolite such as ZSM-5.
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off) the catalytic degradation of
polypropy e th various temperatures.
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Figure 4.9 Product diét
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4.5 Catalytic Activity of Mordenite in Polyethylene Degradation

4.5.1 Polyethylene Degradation over H-MOR with Various Si/Al Ratios
Values of conversion and product yield obtained from polypropylene

degradation over H-MOR with various Si/Al ratios at the temperature of 450°C are shown in

Table 4.7. Similarly to degradation of | 1 s e, conversion and product yield obtained
g1ve very high activity of 98-99%
-15%wt of catalysts. There is no
doubt for high activity ofethe : thylene degradation because its

degraded polymer is r¢ allef. tha [ ene. Thus there is enough

n Figure 4.10. At lower Si/Al
ratio, or high aluminum contenty y 5+ s are formed significantly (more than
10mol%). They are propane, props ﬂw y0-by and iso-butene. With increasing Si/Al

ratio in catalyst, selectivity to p ropyiens 16 ) decrease except for the Si/Al of 127 that it

jumps to the highest -";’-,;.;---..-__-._.; ....... ene, 1S scieciivily E‘ ases with increasing Si/Al
from 11 to 127. In co@st, tt putane %reases. Propane composition
seems unaffected except for EE.SVAI ratio of 12&,& decreases to about one half.

ol ¥ 3 bR i s

as shown in Flgure 4.11. Composition§ of Cy+ and asomatics have the highest selectivity

s SO bl o Gl UIAAIELDE Lo s

to each llquld product does not correspond to Si/Al ratios in catalyst.
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Figure 4.10 Product distributions in gas phase for polyethylene degradation using the mordenite catalysts with various Si/Al ratios at the

temperature of 450°C.
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(=)

selectivity (%)
NN W
wn

0 -
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10 |
0
Aromatics
Figure 4.11 Product distriuti e fiqu ained from the catalytic degradation

catals \ various Si/Al ratios at the

The mordenite catal r""" A1 of 127 gives propylene the most among

WA SN

other catalysts. Hence us temperatures.

Y

Y 3

e

4.5.2 Polyetlmene Degradation at Various Tem yeratures

E[ ﬂoﬁﬁ? ﬁhylene degradation at
various temperagres are shown in Table e results are in similar trends at observed for
@R TRIN ?m T M B

value oficonversion is changed from 85% to 98%. Conversions at temperatures of 450 and
550°C are not different. Coke is formed at high amount of 90% at 350°C and drops to 14% at
the temperature of both 450 and 550°C. Yield of Gas products increases from 26 to 62 and
76% with the increase in temperature. Liquid fraction is formed in similar yield at 350 and

450°C. It reduces to only one half at the temperature of 550°C.
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Table 4.8 Values of conversion and product yield obtained from polyethylene degradation

over H-MOR with the Si/Al ratio of 127 at various temperatures

Temperature (°C)
350 450 550

Conversion of ethylene (%) 85 98 98
Yield of gas fraction (% wt) 62 76
Yield of volatile liquid ft 20 13

Yield ofnon-volatilg/ owWh) SONG, e 11 4

Coke (% wt of catal 15 14

hage obta ned from polyethylene degradation at

various temperatures are shown in Fig temperature of 350°C, gas composition

is 17% methane, 1.5°th ane10% trans-butene, 16% iso-
N — <

butene, and 9% 1s0' s 15 ne, and butenes decrease

while the rest increaseﬁt 450°C propylene has highest sel@vity of 31%, iso-butane has

selectivity of 23, et ﬂ ivi 2% thane has selectivity of 2%. Instead
of ethylene, p lﬂ ﬁcﬂrﬁ]cﬁoﬁ:ﬂﬂg f;ajtion. This may be the
shapeqeﬁig«Tf gq)ﬁ ﬁlf t‘f ﬁw@ﬂoﬁeﬁte like ZSM-5
is selectq'e to form Qyiene from pmhg\ﬁ::jng. ‘
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Similarly to polypropylene cracking at various temperatures, polyethylene
cracking gives the C9+ as a major fraction that was shown in Figure 4.13. The composition of
each fraction is not much different except aromatics decrease from 30 to 20 and 15% with
increasing temperature from 350 to 450 and 550°C, respectively. Indeed, aromatics are

important fraction in liquid fuel because they are correspondent to octane number in gasoline.

highest selectivity to propylene formation wit thm end methane formation st (e

temperature of 450°C.

50
45
40
35
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