CHAPTER 1V

RESULTS AND DISCUSSION

4.1 Materials Obtained from V yithesis Methods
In this report, three cthods of s & I-MCM-41 have been attempted:

__J

rature synthesis under basic
condition; (C) Two-te e s nder basic condition. Actually the first
method (A) was performed 2 = 10d® for synthesis of Al-
MCM-41 while the mgthod X ere ed from Huang’s method® for
synthesis of a compositg' ZSM E 4 b plates TPABr and CTAB. In
our methods (B) and (Q), th M r-j e @ined no TPABr, which was the
pore-directing agent for Z

. £

] < ik ang
o F
¢ ;2.;«-’

first step was formation of ' nters at the pH of 12 for mesoporous

structure of MCMI,Qt . of 1 2 days and the second
temperature of 12 Vf
ation of ZSN@ to quartz that was readily

reduced to 9.5 for gvention 0
Ho@aﬂr, formation of “MCM-41 continued at 125°C after the

at the high pH. :
nucleation ﬁql:::ulﬂ tglm meﬁe\ﬂaﬂ’lﬁISj was considered not
necess or formation of mesoporous MCM<41. Therefore, both’ one-temperature
syn%a:ﬁfll(@ ﬂ tl— um;] g lmﬂﬂha IEJ‘C were then
attempted” in parallel in this study.

XRD patterns of the as-synthesized products obtained from each synthesis

method are shown in Figure 4.1. The XRD pattern in Figure 4.1(A) shows no

reflection peaks at small Bragg’s angles between 1.5 and 10°. The result indicates that
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Al-MCM-41 can not be formed readily under acidic condition. This may be accounted
for the scarce report in synthesis of AI-MCM-41 under acidic condition. XRD patterns
in Figure 4.1(B) and (C) show the characteristic peaks of MCM-41 structure similar
to that of MCM-41 reported by Beck.*>** The observation of four peaks which can be

assigned to a hexagonal lattice. The sharp peak observed at 20 of 2.0° ascribes to the

reflection on (100) lattice plane and the rest of weak intensities at 20 of 3.68°, 4.22° and 5.54°

that there is a shift of (100) reflec -. n pe r value of 20, 2.00° compared to
> -of-pure silica ]@hc peak shift implies that in

t

\

wo-temperature synthesis is

much greater in peak i ple obtained from the one-

temperature synthesis. It As iéved fhat pH \ ed at 9.5 can accelerate the
e 4 . .
formation of the mesoporous str _d "€ VI-41 in the presence of aluminum.
%\‘t . - " \ p

According to the sharp fe ‘ 1e- (RD pat of the product obtained from

method (C), the synthesis condi e formation of structure with long-

range order. The pH of gel for Al-MCM-41 nation is_lower than that for pure

silica MCM-41 %"f :‘ he silicon content was

determined by XRFEad the as by Em XRF and ICP-AES. The
analysis results by XRF an d ICP-AES tec@ques both agree to each other that the

s REHSA 13 HEI T 0.

further study on synthesis of AI-MEM-41 was cargie ied out using the‘)wo-step synthesis

meiey W bk i) EJ IRINEAY
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Flgur 4.1 XRD patterns of the as-synthesized products obtained from three different
methods: (A) Synthesis under acidic condition; (B) one-temperature
synthesis under basic condition; (C) two-temperature synthesis under basic

condition.
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4.2 Al-MCM-41 with Various Si/Al Ratios
4.2.1 XRD Results
Using the two-temperature synthesis method (C) with pH adjustment
Al-MCM-41 with Si/Al ratios in gel of 17,20, 40,60 and 80 were prepared. XRD
patterns of all products are shown in Figure 4.2. It was found that all XRD patterns
are similar and they present four characteristic peaks of the MCM-41 structure. The

intensity of the (100) reflection pe s with the increase of Si/Al ratio in gel.

The result indicates that the t, the higher order of the structure

because the low aluminu ig in the structure.
. T —

- of the AI-MCM-41 are

compared in Table os in product are roughly

close to the Si/Al r the products obtained really

contain aluminum.

YT 11 d i

Table 4.1  SV/AI ratios in gél-and in produet of -Al-MCM-41 samples

Sample | Si/Alratioingel | ( l Si/Al ratio in product
analyzed by ICP-AES
Al-MCM-41-20 5 23.50
7-N—
s e i
4
AI-MCM-41-60 60 ¢ 60.41 s 64.48
L ReRTRMIInYNaY
CM-41- ‘Ild&”N 88.1 9.02
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Figure 42 XRD patterns of the as-synthesized products with different Si/Al ratio in

» gel: (A) 17; (B) 20; (C) 40; (D) 60; (E) 80.
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4.2.3  Solid-State ’AI-NMR Spectra

To determine whether the aluminum atoms are at the framework site
or non-framework site, solid-state *’Al-NMR spectra can provide such information.
Solid-state *’AI-NMR spectra of calcined AI-MCM-41 samples with different Si/Al
ratio are presented in Figure 4.3. The NMR spectra exhibit the presence of two
aluminum signals at the chemical shifts of 56 and 0 ppm. Typically, the former signal
signal ascribes to the non-framework site.’
At low aluminum content l / s to present only the framework
position. With increasing 'é= 20-40), the signals increase at

S —

both sites. All samples«e

refers to the framework site and the

the framework site is more
pronounced than tha sans aluminum atoms mainly
locate at the frame site. It should be noted
that the as-synthesiz e signal at the framework
site of aluminum atoms. g £ th plate leads to the appearance of the
signal at 0 ppm due to 't [ * the framework aluminum to the
octahedral coordinated alumingim -t the amework site. This is in accordance
with reported in hteratur _ port of successful synthesis of Al-

MCM 41 uslng t {*m!lnﬂk‘-llldllii ._
A )

!B 1
ﬂﬂﬁl?ﬂﬂﬂi‘ﬂﬂ’]ﬂ‘i
QW']&NT]‘?EU UAIINYA Y
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Figure 4.3 Solid-state ZTAI-NMR spectra of as-synthesized AI-MCM-41 with different

Si/Al ratio in gel: (A) 20; (B) 40; (C) 60; (D) 80.
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4.2.4 NH;-TPD Profiles
NH;-TPD profiles of calcined AI-MCM-41 samples with different Si/Al
ratios of 20, 40 and 60 are plotted in Figure 4.4. The results show only one
asymmetric broad ammonia desorption peak with a maximum at 200°C. This peak is
due to the presence of Brensted acid sites® that interacts with basic ammonia
molecules. The type of adsorbed ammonia is capable of releasing upon heating the

sample to the range of 200 to 265°C’":%® depending on the preparation methods.

Lack of a ammonia desorption re of 400°C indicates the absence
of stronger Lewis acid sitess This is in 2 with other reports for AI-MCM-41.
——

Increasing the alumin

f Si/Al ratio, causes the increase
in peak area corres onia. That is the number
of acid sites or aci ases with the aluminum
content in the cataly, degradation is known as
ples are expected to exhibit

their catalytic activity i iegradation. NH3;=TPD of calcined Al-MCM-41

AULINENTNEINS
RIANIUNRIINYIAY
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Figure 4.4 NH;-TPD profiles of calcined Al-MCM-41 samples with different Si/Al ratio in gel: (A) 20; (B) 40; (C) 60.
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4.2.5 Nitrogen Adsorption
Adsorption isotherms of nitrogen on AI-MCM-41 samples with different
Si/Al ratio at -196°C are shown in Figure 4.5. Each isotherm shows type IV
character, which is a typical feature for mesoporous MCM-41. The adsorbed amount
increases gradually with increasing relative pressure by multilayer adsorption. A steep
rise in the adsorbed amount is observed at a relative pressure of 0.3-0.4, being caused

by capillary condensation of nitrogen i

e mesopores. This rise become more gentle

/yncreasmg aluminum content, which

.6 This is in accordance with

and is shifted to lower re

suggests that the pore

reported in literature.? eller (BET) specific surface

area of samples an anged between 906.34 and
95433 m%g as sh amples still have very high

surface area over ot

Table 42 Some p ical propeftic MCM-41

Samples Average pore
diameter (nm)
ALMCM-41 920 9063 7 2.86
W s U
Al-MCM-41 ] 2.86

IR 1 B s s

nitrogen adso’pltlon measurements, Ehe Dolhmore-}gll (DH) methodqjvhlch considers
thea ﬁ’}@\ﬁlﬁ?w“%d’e—s‘ g}w Elu’n}a H the Barret,
Joyner and Halenda (BJH) method.®® Pore size distribution curves of Al-MCM-41
samples estimated by the DH plot applied on the adsorption branch of each isotherm
are shown in Figure 4.6. The pore size distribution curve of both samples had a

sharp peaic centered at the pore radius of 1.43 nm or diameter of 2.86 nm.
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Figure 4.6 Pore size distribution of AI-MCM-41 (Si/Al = 20) obtained by nitrogen

adsorption at -196°C.
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4.2.6 Template-free AI-MCM-41
XRD patterns of the samples measured after the removal of organic
template from the pores of AI-MCM-41 by calcination at 540°C were shown in
Figure 4.7. The XRD data reveal that the organic template affects the intensities of
the reflection peaks especially the parent one,in XRD patterns. In the absence of the
template, the peak intensity is twice that in the presence of the template in pores. The

less intensity in the latter case res screening of some diffracted radiation by

the template and the rest is e XRD. This effect is in common
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Figure 4.7 XRD patterns of the as-synthesized (A) and calcined (B) AI-MCM-41.



86

4.3 Catalytic Activity of AI-MCM-41 in Degradation of Polypropylene
4.3.1 Effect of Temperature on the Activity of AI-MCM-41
4.3.1.1 The Values of %conversion and Product Yield
The values of %conversion and product yield obtained from the
catalytic degradation of polypropylene using AI-MCM-41 with the Si/Al of 20 at
various temperatures of 350, 450 and 550°C are compared in Table 4.3. It is found

that the activity of AI-MCM-41 catalyst, in degradation of polypropylene is very high

even at as low temperat \ . e present study, conversions of
polypropylene are almos peratu ed from 350 to 550°C. At the

ainly in liquid phase which

lowest temperature of

decreases in amou re -x\-\~ the yield of products in
gaseous phase is this temperature and" increases with increasing

temperature. Formati alls in the range of 6.4 to

8.8%. Coke tends to i
Table 4.3 Valdes J0f" Foconvers product yield obtained in the

catalytic degradation of polypfopylene i /A -41 with Si/Al of 20 at various

temperatures

~d

]

‘l-_vf_

D

Temperature (°C)

‘o
FUEIY s
- (4
conversion.of propylene (% = 40
' q g M

‘ i oI IoT L

Yield 6f gas (% wt of propylene) 23 57 71
Yield of liquid (% wt of propylene) 68 31 21
coke (% wt of catalyst) 64 8.8 8.4
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Usually, zeolite catalysts are stronger acidic than MCM-41, and
even AI-MCM-41, therefore cracking of hydrocarbons such as LDPE is more readily
over stronger acidic zeolites than MCM-41 and weaker acidic AI-MCM-41."7 On the
contrary, the cracking of HDPE and PP took place over zeolitt HZSM-5 at much
lower %conversion®’ of polymer than that over the weaker acidic AI-MCM-41. Those
results are in agreement with that from this study. This is obviously not resulted from

the limitation of diffusion in the zeolite

///ogylene causes the inaccessibility to
-

the effect of strong acidity but rather fro

channels. The bulky high mole

the active Bronsted acid small channels but no steric

effect in mesoporous gel of 20 and very high
surface area the Al- h Brensted acid sites to
conduct the propyle

ater than that at high
temperature while the 4 temperatures. This can be
accounted by the %ol ing eas " B /o temperature  polypropylene
decomposes to degraded ; l

cracking may get involved a ' n, the external surface area of Al-

liquid fraction diffuse mto the hexagonal channels thls is the mean of removal

s 1 SN Y i e

the polymer. YAlthough liquid fractlon has greater mobility then that of degrade
& | W'Tﬂ’ﬁﬂﬁﬁu 9N BT -
temper&ure. With increasing temperature, secondary cracking can then take place in
the channels of AI-MCM-41 to yield smaller products such as aromatics and can go

further to as small products as gaseous olefins.



88

4.3.1.2 Product Distribution of the Gaseous Phase
Distribution of gaseous products obtained from catalytic
degradation of polypropylene over Al-MCM-41 with the Si/Al ratio in gel of 20 at
various temperatures was shown in Figure 4.8. Formation of each gas is not
significantly different at temperature of 450 and 550°C. Among gaseous products
formation of iso-butane is favored at 350°C while formation of propylene is favored

at high temperatures. Isomerization of 1-butene to its isomers is observed at 350°C

’Iy/among isomeric butenes. At higher

and isobutene is found as th
temperatures of 450 and ily converted to propylene and

— o ——

methane while iso-pent utenes and methane. Ethane,

ethylene, propane a nt due to cracking of
hydrocarbons at ele e. It is_nof thylene amount is greater

when the reaction t I ICrea ame gray in color after

from catalytic degradatlon of polypropylene over Al- MC -41 with the Si/Al ratio of

20 at varloﬂ uﬁﬂ Qﬂogj mw‘)ﬁfﬁ] ﬂﬁa:bon was identified

by a number ‘0f carbon atoms in a molecule mcludlng its isomers, for example, Co.i4
N C LA T
fourteén carbon atoms. The data show that the liquid fraction covers a broad range of
hydrocarbons. The Cs.j4 fraction is formed with the most selectivity in volatile liquid
products at each temperature. With increasing temperature, selectivity to Co.j4 increases
incredibly. with increasing temperature and at the same time, lighter hydrocarbons of

Cs to Co tends to be
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decrease. This phenomenon appears obvious at 550°C and is in agreement with that
observed by Aguado® that heavier liquid prc;ducts were formed in a greater amount
with increasing temperature. It was postulated that at high temperature,
oligomerization, a reverse reaction of cracking, took place at such a condition.

Formation of aromatics is also in a similar trend.

The 'w/n be related to the acid strength

and pore structure of th Thg’hea bon fractions can be formed
according to two patl(’ i \ .‘Me olefinic gaseous fractions

and random cracking at n. An increase in temperature

may promote the oligo causes significant change
in the product distri
d easier in section 4.3.1.3,
the reaction scheme ed to explain the catalytic
conversion of the polypropylene-over - ALMCM-4 catalyst. In the case of the Al-

MCM-41 catalyst, within the uniform mesoporous

structure, where sterfchindrances > - 7. through random cracking

reactions, yielding w&s as th easﬂn the initial cracking steps.

The mild acidity and.,l e pore size of .t ﬂls catalyst promotes a random scission

o S A G o e

that remain in the reactor. Further scracking of tha waxes yields &?oﬂ and gasoline
wapf{ TN IR TINE TR E
Accordingly, each type of catalyst leads to a different
prevailing’ polypropylene cracking mechanism : end-chain scission over ZSM-5 because
of its high acid strength and random scission over Al-MCM-41 as a consequence of
its mesoporosity and weaker acidity. Nevertheless, a certain contribution of the

alternative cracking pathway should not be completely neglected for each catalyst.
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Thus, random scission reactions can occur over the ZSM-5

zeolite, mainly on the external acid sites, whereas end-chain cracking reactions are also

present to some extent over the Al-MCM-41 material.> >’

End-chain
crecking  (Cr-Cs olefins) e »  Light paraffin
Oligomerization (C5-Cs)
Polyolefin —p» Cyclization Hetrunstes
Waxes Aliphatic Aromatic
Random hydrocarbon hydrocarbon
(Ce-Ci2) (Ce-Co)

cracking

Figure 4.10 Rea ‘the o he solypropylene.

a furthe kedly increased in aromatic

yield with increasing te 4 eac An increase in temperature may

promote the development rom the primary cracking products,

such as the oligomerization and- aseous olefins.”” The formation of

aromatics from olef drocarbon._fractions,<iavolves several sequential

i
e

steps : olefin oligomﬁa' 0 genation by hydrogen transfer.

From this result, the degree of oligomerization depends on the

oo 6 BB 5 i e

much of kmeﬂ: energies after craskmg takes place Then, the small products, have

YRR BT ) 112116



43.2 Effect of Si/Al Ratio on the Activity of AI-MCM-41
4.3.2.1 The Values of %conversion and Product Yield
Using the AI-MCM-41 with various Si/Al ratios in degradation
of polypropylene at the temperature of 550°C, results in a variation of product yields
as shown in Table 4.4. The conversion of propylene is not significantly affected by
the change in Si/Al ratio of the AI-MCM-41 catalyst. With increasing Si/Al ratio, the

yield of gas products slightly decre the yield of liquid fraction increases. The

////duced from 8.4% to 5.0%. This is
1& the Si/Al ratio was increased,

accounted by the decr I nun& co

Table 4.4 t yield obtained in the

catalytic degradation M-41 catalysts with various

Si/Al ratios at the tem

AL-MCM-41(80)

Conversion of propyl !l (%) 99 97

Yneldofgasﬁj |EJ’J ﬂﬂﬂd 65
Yield of hqul % wt) 2& 28
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4.3.2.2 Product Distribution of the Gaseous Phase
Product distribution of gas products obtained from using the Al-
MCM-41 with various Si/Al ratios in degradation of polyﬁropylene at the temperature
of 550°C is shown in Figure 4.11. For all cases in this study, the amount of product
is in the .order of propylene > iso-butene > coke. The product distribution in gaseous

phase is very slightly different upon changing the Si/Al ratio in the catalyst. However,

e and iso-butene can be observed with a
!y /lis observation is in similar to that

-

a trend of increasing selectivity to p

trend of decreasing the selecti

\

affected by increasing te

id fraction obtained from

catalytic degradation of one ith various Si/Al ratios at

the temperature of i _: \ . low Si/Al ratio in catalyst
Co.14 fraction is fav avored. With increasing the
Si/Al ratio in the cata selectivity to Co.j4 drastically
decreases from 68 to 47 d ely. In contrast, selectivity to smaller
component such as Cs is mfd&% 0 to 13,52 and 67%, respectively.
Owing to no chi' o eld of ligs t be converted to lighter
hydrocarbons, mainl)ﬁls and s - ens_- | as liquid products.

4.4 Regenerated (‘etﬂzts Y

ﬂ u E‘P’% °wS%JAW5§WaEI}§}ﬂ fﬁj Si/Al of 20 tums to

white after r%generation by calcina*ion at 540°C 'fno.r. 6 h. Coke de&),sited in the used

mﬂstw’n% Meﬂ@md%nwg}ﬁ}oﬁﬁ ﬁ-l})a E‘D patterns of
the ?reshly calcined unused and the regenemted catalyst samples are depicted in
Figure 4.13. There is not significant change in intensity of the reflection peaks that
are characteristics of Al-MCM-41 structure. This data prove that the structure of Al-

MCM-41 is stable at the cracking conditions used in this study.
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Figure 4.11 Composition of gaseous products from the catalytic degradation of polypropylene over the Al-MCM-41 catalysts with different Si/Al

ratios (A) 20; (B) 40; (C) 60; (D) 80 at 550°C.
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4.5 Proposed Mechanism for Catalytic Cracking of Polypropylene over Al-

MCM-41

A mechanism for the catalytic degradation of polypropylene using Al-MCM-41
as catalyst is believed to be similar to that proposed by Ishihara et al.”* The
mechanism is proposed as follows :

4.5.1 Mechanism of Oligomer Formation

first initiated by attack of low-molecular-

|

Molecular weight reducti

hed to the tertiary carbon atoms

ins (Eqé These ions are produced by

protonation of volati 1 oduct nf he polymer as impurities.

re to daylight and thermal

weight carbonium ions, R" ,

of the polypropylene b

Generally; impurites 0

degradation in extr

where R stands for vo i¢ "prodii R™ ean react furtl (22)

ma ¥ ﬁ%ﬁ}‘m}‘ﬁ 5 @
sl 'mﬁ ASHIRIA I PEIRED o

(Cy— —CHyCH—CH;~GH=CH, + CH—CH2 [ %H o0
| ta, |

CH, CH,

D) (E)
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Molecular weight reduction takes place through Eqauation (24). Saturated products
from the hydrogenation of chain-ends (D) and (E) are the main components of the

oligomer fraction.

'4.5.2 Mechanism of Gas Formation

Decomposition of a typical oligomer is as follows :

n-1 3
The chain-ends (D) and (G) pre y P-scission of on-chain tertiary carbonium
ions of the oligomer fraction correspon (B)- in Equation (24). The

protonation of vinylidene olefl fertiary carbonium ions as

shown in_Equation (26). : ﬁl

UuanEnangNng,
QRININTA TN

Gas formation may occur mainly from the ions (G) and (H). Ion (H) is mainly

transformed by hydride ion addition or B-scission:
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+H*
H) —— —CH;—CH—CH,— CH—CH; 27
H3 H3

(H —» —CHyCH—CH,—CH* + CH/~C—CH, @8
H3 H3 H3
)

Chain-ends (I) and m_‘"‘{_ e produce ing to Equation (28). Isobutene

Carbonium ion (K) als t hain tertiary hydrogen atoms of the oligomer

and liquid fractions, leading again—to the- iction of on-chain tertiary carbonium
ke AT
ions. The gas fraction m produced by 1 of dons (G), (H), and (I).

,mponents of gas cannot

The .CZ and ¢

be produced by the Bect B-scission of ions (G) and (H). Only the C; fraction may
be produced yia - cﬁoﬂ B-scission of ih¢ (1) requires a higher activation energy
(190kJ mor‘ﬁaﬁ rgnmﬂmg ﬂ’olcfr] ﬁa high temperature:
| ¢ = @
0 A VIRLMATNYY B
q H3 H3
@

H 30
CH, & $H3
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The propylene yield increased at high temperature and ion (I) is more easily

stabilized by isomerization. Possible reaction steps for isomerization are as follows:

(&) H CH
o NS
and — —CH3—?H C—CH;~ CH—CHs—
I
) CH, H,
?H_CHf— (1)
M — —CH 1~ CH— CH;/~C—CH,— CH—CH, (32)

H;

M 3

ﬂummﬁﬁ“ 930S
AMIANTUNNINLIAE

The isomerization of ions (G) and (I) proceeds by intramolecular rearrangement
via a six-membered transition state to inner tertiary carbon atoms (back biting
reaction). lons (M) are stabilized by Equations (32) and (33). In the case of Equation
(32), there is no gas formation from the chain-end olefins formed; consequently only

the yield of the Cs fraction should be important. The experiment results do not
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support the existence of Equation (32). The reactions usually proceed to produce more
stable products, and the process that mainly occurs is Equation (33).The Co fraction
was the main product in the liquid fraction. Fraction (O) produces reaction

intermediate (P) by protonation and then undergoes PB-scission as follows:

CH,

+H* N
0) — CHs—(|3Hz *C—CH,
I

(€LY

[sopentane is thus produce * isopentyl carbonium ions as

shown in Equation (35). entane was produced by hydride ion

addition to ion (N

N) — o C 3—CH2—(|2H— CH; (%)
‘ Jﬂ

ﬂuaawﬂﬂswawni
Y BN HRT Vb

polypropylene are isobutane and isopentane at low reaction temperature. At high

CH3

temperature, Equation (30) occurs to produce propylene. The catalytic gasification of
polyproleene proceeds primarily by means of the following steps: polymer

—degraded polymer—oligomer—liquid(gasification precursor, e.g. Cy fraction) —gas.
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