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Abstract

Dependence of the cracking activity on solid acidity was studied on HZSM-5 with different concentrations of Na cation. The IR intensity
of the hydroxide bond ascribable to Brgnsted acid site decreased gradually with increasing degree of exchange of Na cations, and disappearec
at an exchange degree of about 80%. Cracking of octane was studied in order to examine the dependence on the number of Brgnsted acid sit
at 773 to 823 K. It was found that the rate of cracking was related to the number of Brgnsted acid sites in a more than first-order dependence
at 773K, but was clearly first-order at 823 K. Therefore, the catalytic cracking activity of the HZSM-5 was simply related to the number of
Brgnsted acid sites only at high temperatures. The rate of cracking was related simply in a first-order with respect to the partial pressure of
octane at a temperature as high as 823 K. Solid acidity as measured by temperature programmed desorption of ammonia could not be relatec
simply to the catalytic activity, because the method could not discriminate between Lewis and Brgnsted acid sites.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction mechanism, the proton was regarded to be a mobile species,
and only a small amount of Na cations disturbed the mobil-

Catalytic cracking of hydrocarbons is a working reaction ity completely. Their conclusion was also supported by their
in the petroleum refinery process, and seems to be a simpleNMR study for the protong3]. Kotrel et al. also studied
reaction, but difficult problems about the reaction remain this problem from a viewpoint of solid acidity, and found a
unsolved. In particular, there is still a controversy concerning strong relation between the activity and IR band intensity of
the mechanism of cracking and the active acid site. Brgnsted hydroxide on zeolites ¥, and ZSM-5[4].

Lombardo et al. first reported an interesting experimen-  In our previous study on zeolite acidity using temperature
tal finding that the activity for cracking of neopentane was programmed desorption (TPD) of ammonia, we identified
suppressed strongly by loading a small amount of a basicthe acid site as simply related to the Al in the tetrahedral site
compound on HZSM-§1]. Only about 10% of the basic  of zeolite, and a 1:1 relation is clearly observed between the
molecule perincluded aluminum atom was sufficient to inac- number of acid sites and the amount of AlI-{$& The acid
tivate the zeolite completely. They proposed some possiblesites on the NaH-zeolites behaved independently, and the
explanations for the finding, e.g. only a small portion of acid long-range interaction between them was not confirmed. It
sites active for the reaction, a physical effect on the zeolite, is found in the recent study that the acidity of zeolite often
etc. Baba et al. then studied this problem, and reported thatchanges depending on the procedure of preparation and the
the activity for cracking of hexane was deactivated by ex- storage conditions. Particularly, the fully protonated form
changing 50% of the protons for Na iof§. They proposed  with a high concentration of Al is readily dealuminated by
a long-range interaction among acid sites; in their proposed humidity [6]. This means that the zeolite acidity is not related

to the chemical composition simply, and a comprehensive
~ Corresponding author. Tel;81-857-31-5256; ch'ar'acterlza'tlon of the acidity is requw'ed to understand solid
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the careful characterization of the acid site in the HZSM-5 mercially installed equipment (TPD-1-AT(N${ Bel Japan
in order to determine the relationship between the catalytic Inc.). The detailed procedure for the TPD experiment was
activity and zeolite acidity. described elsewhei&].
Cracking of octane was performed using a continuous-flow
technique. Nitrogen carrier gas (flow rate, 60 ml/min) was
2. Experimental methods fed into liquid octane chilled with an ice bath or heated
with water warmed at 313K, and the vapor of octane was

HZSM-5 was synthesized under hydrothermal conditions. fed into the catalyst packed in a Pyrex glass tube reactor at
Tetran-propyl ammonium bromide was used as an organic 673 or 723K. Products and octane were analyzed by gas
template. Ludox HS-40 (Dupont) was used as a silica source,chromatography (Shimadzu 14A) with a silicone capillary
and mixed with Ab(SOs)3, NaOH and the organic template. column and an FID detector directly through a sampling
The mixture was put into a Teflon-sealed autoclave, which valve.
rotated vertically at a rate of 16 rpm. The hydrothermal syn-
thesis was carried out at 443K for 72 h. After the synthe-
sis, the obtained gel was thoroughly washed with de-ionized 3. Results and discussion
water, followed by drying overnight. In order to remove the
organic template molecule, the sample set in a glass tube3.1. Characterization
was calcined at 813K in a flow of Nand & mixture for
12h. The sample thus produced was then ion-exchanged Chemical composition of the zeolites was measured by
in a solution of NHNO3 to finally obtain the NH-type ICP, and the determined Na exchange degree is shown in
ZSM-5. The NHZSM-5 was ion-exchanged in a solution Table 1 The NH4ZSM-5 and HZSM-5 also contained a
of NaCl to obtain the NaNEZSM-5, where the concentra- small amount of Na as an impurity. XRD of the samples
tion of NaCl was adjusted to obtain the degree of exchangewas measured (not shown), and the structure of MFI was
of Na, 5-100%. The NaNZSM-5 was calcined in air to  retained after the ion exchange.
remove ammonia to obtain the NaH-ZSM-5. 27Al MAS NMR was measured, as shown Fig. 1 Sig-

The chemical composition of zeolite was measured us- hals at 55 and 0 ppm were ascribable to Al in the tetrahedral
ing inductively coupled plasma (ICP) after digestion in HF; and octahedral configurations, respectively. The ratio of the
hereafter, the degree of Na ion exchange was shown as 100wo kinds of Al was not simply related to the degree of Na
x (Na/Al), as shown irrable 1 exchange. From the intensity, it was estimated that about

A powder X-ray diffraction pattern was recorded by a 10% of Al existed out of the framework of zeolites. Some
Rigaku Miniflex Plus diffractometer with a 0.45kW CwK  of the Al were therefore identified as dealuminated from the
X-ray source (30kV, 15 mA). Infrared spectra were collected framework, during the steps of preparation and/or the ion
on a self-supporting disk of 10 mm diameter molded from exchange process. However, the NMR2OAI could not be
10 mg of the zeolite powder in an in situ cell by a JASCO
FT/IR-5300 spectromete?’Al MAS NMR spectra were
measured at 78.2 MHz with 5000 Hz spinning frequency and
1 s pulse width, and scans were made 100 times at inter-
vals of 5s. Prior to the measurements, zeolite samples were
stored in a container with water saturated with ammonium
chloride for at least 48 h to fully adsorb water, because it was

difficult to detec?’Al MAS NMR spectra clearly under the (75%)
dried conditions. TPD of ammonia was measured by com- (49%)
21%)
Table 1 (16%)
Zeolite samples used in this study and the chemical composition of Al o
(11%)
and Na
0,
Al (molkg—1) Na (molkg3) (10%)
NH4ZSM-5 (3%} 0.59 0.02 ©%)
HZSM-5 (5%) 0.57 0.03 (5%)
NaHZSM-5 (9%) 0.56 0.05 0,
NaHZSM-5 (10%) 0.58 0.06 (3%) .
NaHZSM-5 (16%) 0.58 0.09 100 0
NaHZSM-5 (21%) 0.53 0.11 . .
NaHZSM-5 (49%) 0.53 0.26 Chemical shift/ppm
NaHZSM-5 (75%) 0.52 0.39

Fig. 1. 27Al NMR of the samples containing the amount of Na cation
a@Exchange degree of Na, shown in a parenthesis as (Na/Alp0%. shown in the parenthesis.
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Fig. 2. TPD of ammonia on the samples, NHH-, Na (10%)-, Na
(49%)-, and Na (75%)-HZSM-5.
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used for the quantitative measurements, because it has been
reported that some aluminum species was invisible by NMR Wavenumber/cm’’
spectroscopy.

TPD of ammonia was measured for the characterization
of acidity. As shown irFig. 2, TPD of ammonia on HZSM-5
showed three desorptions, and these were ndméd and
h*-peaks at low, high and higher temperatyigsAs previ-

ously identified, thé-peak is not ammonia directly adsorbed

Fig. 3. Infrared spectra of the hydroxide band for the samples containing
Na 3-75%.

on the acid site, and thie-peak is ascribable to ammonia g 100 T ]

desorbed from the acid site. However, in this case, relatively § 20 |

large intensity was observed for th&-peak. A recent study Z I .

on the identification of théa"-peak has shown that it is ei- B2 60

ther ascribed to the enhanced Brgnsted acid site, or to acid T )

sites that show strong acidity but are inactive for the reaction é ; 40 )

[7]. TPD of ammonia however cannot differentiate between ,:%Kl) -

these two possibilities. < = 20 _
Infrared spectroscopy of HZSM-5 showed that the hy- <

droxide band at 3610 cnt is ascribable to the Brgnsted acid
site, as shown ifrig. 3. The integrated intensity was quan-
titatively measured, and plotted against the exchange level
of Na, as shown irFig. 4 The band intensity decreased Fig. 4. Plot of the intensity of the Bransted hydroxide band against the
gradually with increasing exchange level of Na, and disap- ion exchange level by Na cation.
peared at about 80%. Therefore, a non-linear dependence of
the Brgnsted acidity on the exchange level of Na cation was
therefore confirmed.

Fig. 5shows the plots of the TPD intensities of tieand
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<
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h*-peak against the relative intensity of the Bransted acid e

site as measured above. The peak intensity forntpeak 3 h-peak -4
was linearly plotted against the Brgnsted acid site, while % 0.2- o o
theh™-peak intensity was not. Therefore, thggeak can be @ g
preferably regarded as the Brgnsted acid site. However, the § A
TPD experiment has shown the desorption of ammonia even 5 0IF ¢ - h*-peak
on the zeolite without the hydroxide band at 3610¢m % %

This would be understood either as the presence of the g . L ,

(=]

Lewis acid site to accommodate ammonia, or as the pres- 20 40 60 80 100

ence of extra-framework species such as alumina to retard Rel. Bronsted acid conc.

th,e free V|br§1t|on of C_)H bands. The extra-framework all,J' Fig. 5. Relation of the amount of acid sites foundhasand h*-peaks in
minum species and SiOH defect seems to be formed duringihe TPD of ammonia to the relative intensity of the Bronsted acid site
the preparation procedure, resulting in affecting the inten- measured by IR spectroscopy.
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sity of the Bransted hydroxide band. However, at present, it [x107] . . [6 Nes%0ZK)
is difficult to decide which mechanism should be accepted. 6L 8 Nas7a673K)
Using TPD of ammonia, the HZSM-5 prepared in this [ Nal6%(723K)
study has been characterized to be a material with complex %0 ]
acidity. In the following description, therefore, the relative 24 /,»"‘Nam/"((ﬁm
IR intensity of the Brgnsted hydroxide band will be corre- g P
. ; . 3 P
lated with the catalytic activity. g 2 / ’ S ST
3.2. Dependence of the catalytic activity on the solid acidity _ T 7—"“—
0 10 20 30
Catalytic activity of octane cracking was then measured Partial pressure (Torr)

using the continuous-flow method at conditions of different

partial pressure of octane and temperatures of 673 and 723 K
The activity of the catalyst kept an almost constant level of

conversion with time-on-stream. The conversion obtained at
15 min was therefore used to show the activity. Because the
activity often exceeded 10%, the integrated rate equation o 703 K. r=kP" ()",
was used to determine the rate constant.

The rate constant of octane cracking was measured usingHaag and Dessau reported that the mechanism of hydrocar-
samples with different Na concentration at octane partial bon cracking is dependent on the reaction temper§8jirén
pressure of 266-3192Pa. The rate constants measured ahis literature, the mechanism of cracking is divided into the
673 and 723 K were shown #Rig. 6. Non-linear and linear ~ monomolecular and bimolecular reactions at high and low
relations were observed at 673 and 723 K, respectively. Thistemperatures, respectively. At relatively high temperature,
means that the relationship of the rate constant with the the cracking proceeds in a monomolecular reaction mecha-
Bransted acid site depends on the temperature, and a simpl@ism through the formation of penta-coordinated carbonium
linear relation is obtained at a high temperature such asion. On the other hand, at low temperature, it proceeds via
723K. a bimolecular mechanism. The finding in the present study,

Fig. 7 shows the plots of the rate constant against the therefore coincides well with the temperature-dependent
partial pressure of octane using the same experimental datanechanism, proposed by Haag and Dessau.
in Fig. 6. These mean that the rate of octane cracking has Kotrel et al. found a strong relationship between the ac-
a first-order dependence with respect to partial pressure oftivity for hexane cracking and the Brgnsted OH intensity
octane at 723 K, but it has more than first-order dependencemeasured by IR on Y3, and ZSM-5 zeolites. The present
at 673 K. Therefore, the mechanism of cracking depends onstudy agrees with their conclusion, and shows a more pre-
the temperature of reaction. cise quantitative dependence of the activity on the Brgnsted

From these experimental data, we can write the cracking acidity, depending on the reaction temperature.
rate equation with parameters of partial pres$uesd con-
centration of the active site

Fig. 7. Rate of octane cracking measured at 673 and 723K on three kinds
of NaHZSM-5, plotted against the partial pressure of octane.

where m,n =1

Lo 4. Conclusions
At 673K, r=kP"(®", where m,n>1

Based on the comparison between the catalytic activity
and characterization data, the following conclusions can be

X
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[

/et ] drawn.
oL ;
'_ (1) Catalytic activity is related strongly with the Brgnsted
C j OH band intensity on the NaH-ZSM-5.
@ ar ,_ (2) The mechanism of catalytic cracking depends on the re-
g o action conditions, and a simple first-order reaction oc-
g 2k . curs at a high temperature of 773K, resulting in the
& simple correlation between the activity and acidity.
/ - (3) Solid acidity measured by the TPD of ammonia is not
0 20 40 60 80 100 simply related to the catalytic activity, but tliepeak
Rel. Bronsted acid site conc. intensity is more profoundly related to the catalytic ac-

(NH ,ZSM-5=100) tivity of cracking.

Fig. 6. Rate of octane cracking measured at 673 and 723K by varying (4) C_arerI conS|d.era_t|on'|nto re,aCtlon mechanism ?nd Z€-
the partial pressure, plotted against the relative intensity of the Bransted olite CharaCter_'zanon IS rgquwed for understanding the
acid site. catalytic cracking on zeolites.
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