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Abstract

By using the solid-state MAS NMR techqie, the hydrothermal stiities (under 100% steam at 1073 K) BZSM-5 zeolites modified
by lanthanum and phosphorus have bstardied. They are excellent zeolite catalysts foicdhasl oil selective catalytic cracking (RSCC)
processes. It was indicated thag ihtroduction of phosphorus to the zeolite via impregmawith orthophosphac acid led to dealumination
as well as formation of different Al species, which were well distinguishe@’8y 3Q MAS NMR. Meanwhile, he hydrotherral stabilities
of the zeolites (P/HZSM-5, La-P/HZSM-5) were enhanced even diftesamples were treated underesevconditions for a prolonged time.
It was found that the Si-O—Al bonds were broken under hydrothecoralitions, while at the santene the phosphorous compounds would
occupy the silicon sites to form (Si@AI(OP)4 _ . species. With increasing time, maosilicon sites around the tetrahedral coordinated Al in
the lattice can be replaced till the aluminum is completely expelled franiramework. The existence of lanthanum can partially restrict the
breaking of the Si-O—Al bonds and the replaesmof the silicon sites by phphlorus, thus preventing dealimation under hydrothermal
conditions. This was also proved B{P MAS NMR spectra.
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Keywords: Solid-state MAS NMR; Hydrothermal stability; Zeolites

1. Introduction for light alkenes can be obtained. Normally, catalysts are
regenerated in a steam environment at temperatures higher
The upgrading of residual oil into light alkenes has at- than the reaction temperature, and this makes steam stabil-
tracted increasing interest siathe market demand for ethyl- ity an important factor in the catalysts used in the petroleum
ene, propylene, etc. is steadily growing, on the one hand, andindustry[3-6]. Therefore, the preservation of good activity
more and more heavy fractions were exploredin crude oil on and selectivity in the highly severe reaction and regenera-
the other hanil]. This situation promoted the development {jon processes of RSCC requires the catalysts to maintain
ofa n_ovel technology, namely, resiqlual oil seleqive Cata!ytic good thermal and hydrothernsthbilities. The HZSM-5 ze-
cracking (RSCC)2]. Compared with the traditional fluid  gjite shows unique shape-selective properties and moderate
catalytic grackmg (FCC), the RSCC process 1S carrled_qut acidity, and is usually used as catalyst additives in gas oll
under a higher temperature (953 K), and higher selectivity cracking, and plays a key role in enhancing the gasoline oc-

tane rating[7]. It has rather small (intermediate size) pore
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) §}?§";n?d§3ﬁsxshb§f\gﬁiiﬁ’(}fﬁcgjﬁ)'D-67056 L dwicshaen CYCliC hydrocarbons from the matrix of the catalysts into its
Germany, ' 9 ’ 9 ' pores where the active sites are located, but allows straight
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zeolite is not very stable under severe hydrothermal condi- 2.2. Physicochemical characterizations

tions for a long period of time. Incorporation of multivalent

cations, such as rare-earth elements, or modification of the The structure of the commercial zeolite was checked by a
HZSM-5 zeolites by impregnation with4®Q, [3,8—10] is D/max-yb-type X-ray diffractometer (Rigaku) using mono-
normally used to enhance the hydrothermal stability of the chromatic CiK« radiation (40 kV and 100 mA), with a
framework, as well as to preserve the activity and selectivity scan speed of gmin in 29. The crystallinity was deter-
for cracking[11,12] It has been found that HZSM-5 zeo- mined by using HZSM-5 zeolite as the reference material
lites modified with both lanthaum and phosphorus exhibit ~and the total intensity of the strongest reflections in the re-
higher hydrothermadtabilities and excellent selectivities for  gion 15< 26 < 36° [20]. Chemical analysis was performed
light alkenes in the RSCC procg&$. However, owing tothe ~ Using a Philips Magix 9148 X-ray fluorescence spectrome-
complexity of the catalystsystem, little is known about the  ter.

interaction of the additivewith the zeolite under hydrother-

mal conditions, which limited further improvement of the 2-3. NMR measurements

catalysts.

Solid-state MAS NMR is a powerful tool in the struc-
tural analysis of zeolites, especially for getting informa-
tion of local structure, geometry, and coordination of the " i
building atoms such as Si and O or the hetero-substitute 1'9n-power proton decoupling were recorded at 79.5 MHz

atoms[13,14] Particularly, with the application of the 2D ggsir)g 1.6 ps pulse, 4 sdreé)etition tirlne, and ZOiiacansd AI]Ic
2TAl MQ (multiple-quantum) MAS NMR, the distribution Slspectrawggz rlecor ed on samples spun at Zanhre i
of different Al sites in the configuration within the zeo- erenced to DSS-AIMAS NMR spectra were recorded wit

lite lattice can be well resolved from the broadened spectrah'gh'po"ver proton decoupling at 104.3 MHz using 2 0.75 us

caused by the second-order quadrupole interaction of thepUIset’ 2s repettl)ttlo.n t'(;net’ Zgg iol\flArH scsﬂ’ht.MAS N']:AR |
central transitionf15-19] It permits an unambiguous as- speclra were obtained a ' Z by means of singie-

signment of the aluminum coordinations in the spectra. The gﬂfigg iigr:: nf@ﬁfg% ?H“iﬂiglssiw?qSsgi%frtglsvlrtéme’

aim of the present paper is to investigate the interaction be- N . :

tween the additives (La and P) and HZSM-5 zeolite, as well recorded with samples spun at 8 kHz, and chemical shifts
! 0,

as the hydrothermatabilities of these catalysts by means of were referenced to 1% aqueous Al(j}and a saturated

. . aqueous solution of DSS, respectively.
the solid-state MAS NMR techniques. The 2’Al MQ MAS NMR spectra were used to deter-

mine the coordinations of the aluminum species present in
the modified zeolite HZSM-5 samplg48,19] The sam-

All NMR spectra were obtained at room temperature on
a Bruker DRX-400 spectrometer with a BBO MAS probe
head, using 4 mm Zrg&xotors.2°Si MAS NMR spectra with

2. Experimental ple spinning rate was controlled at 9—10 kHz. To produce
pure-absorption lineshapes, a three-pulse sequence was used
2.1. Preparation of samples and the phase cycling was designed to select the coherence

pathway of (0) — (3) — (0) — (—1). The first and sec-

The HZSM-5 zeolites studied in the present work are ond pulses were individually optimized to give maximum
commercial products. The sample with exchanged La was efficiencies for the 0Q> £3Q coherence creation and the
obtained from HZSM-5 by ion exchange with a La(@ +3Q — 0Q conversion steps, respectively. The first and the
solution. The ion-exchange procedure was as follows: a cal-second pulse lengths were optimized to be 4 and 1.8 ps,
culated amount of La(N§)s was dissolved in deionized wa- ~ respectively. The last conversion step (6Q—-1Q) to the
ter, and the HZSM-5 was then mixed with this solution and Observed central transition was achieved by using a selec-
kept at 343 K with stirring for 10 h. The sample was then tive pulse of 20 us duration. The spectra were recorded with
filtered, washed with deionized water, and dried in air at 1024 x 256 data points and the frequency matrixes were
383 K. The sample modified with phosphorus was carried ;I.024x 256 before the 2D Fourier transform. For gach t1
out by impregnation with an aqueous solution of phosphoric Increment, 48 scans were aséo accumulate the signals
acid (pH= 1). The impregnated sample was washed with with a recycle delay of 2 s. A shearing transfor.matlon.was
deionized water, subsequently dried at 393 K, and then cal-Performed after the 2D transforf@1]. The chemical shift
cined at 813 K for 3 h. The La-P/HZSM-5 zeolitic catalyst Was referenced to an Al(Ngs aqueous solution at 0 ppm.
was prepared by adding the P/HZSM-5 catalyst to a solution The isotropic shﬁ and the second-order quadrupolar effect
of La(NOs)s. Hydrothermal treatment of the samples was (SOQE) were estimated from the spectrum with the follow-
carried out in a quartz reactdube. The temperature was :
increased at a rate of 10/Knin to the treatment tempera- Sisoli) = %510) — %32(1-)7 (1)
ture under dry nitrogen. Steam treatments were carried out 2 2 2
at 1073 K for various durations of time, under a water vapor SOQH)"= Cq(0) (L+n@)%)/3
pressure of 0.1 MPa. = [isoli) — 82(i)]v§/600Q 2)
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Table 1
The XRF results of the HZSM-5 and modification zeolites
Zeolite SiQ (%) Al,03 (%) P,05 (%) LayOs3 (%) Fe03 (%) Si/Al
HZSM-5 95.360 4.556 - - 0.084 17.5
La/HZSM-5 94.662 4,513 - 0.734 0.091 17.5
P/HZSM-5 92.174 4.277 3.467 - 0.081 18.0
La-P/HZSM-5 90.608 4.294 4.041 0.972 0.084 17.6
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Fig. 1. 29Si MAS NMR spectra of zeolites treated with 100% steam at 1073 K for different times: (a) HZSM-5, (b) La/HZSM-5, (c) P/HZSM-5,

(d) La-P/HZSM-5.

whereiso(i) is the isotropic chemical shift angi (i) and
82(i) are the coordinates for the center of gravity of signal
i in the F, and F> dimensions, respectivel\Gq(i) is the
quadrupolar coupling constani(i) is the asymmetry para-
meter; andy is the Larmor frequency 6f’Al.

3. Resultsand discussion

3.1. Physicochemical characteristics of the samples

Table 1lists the XRF results of the samples. Totaf Sli

ratios, including both the framework and the extraframe-

phoric acid, and this might be due to the dealumination of
the zeolites. When located under conditions of 100% steam
at 1073 K for different times, the crystallinity of all the
samples decreased, but those samples modified with addi-
tives showed a slower decrease under severe conditions, as
compared to the parent HZSM-5 zeolite. The La-P/HZSM-5
sample could retain its stability for a long time despite the
decrease in crystallinity during the first 2 h.

3.2. 23 MASand 'H MASNMR spectra of the samples

The 2°Si MAS NMR spectra are shown iRig. 1 for
HZSM-5 zeolite as well as the samples modified with ad-

work species, were around 18. The structural and crystallineditives before and after hydrothermal treatment at 1073 K. It

characteristics of the samples were studied by XRD. All

the samples were well crystallized as the MFI structure,

as deduced from the XRD spectiable 2shows the rel-

exhibits an intense and broad signal&t14.8 ppm, which
is assigned to ®[Si(OSiy] species, while the shoulder at
—117.4 ppm is attributed to the presence of crystallographi-

ative crystallinity of the samples as compared to the parentcally inequivalent sites in the zeolif22]. The peak centered

HZSM-5 zeolite. No observable reduction in crystallinity of

at —107.4 ppm is assigned to the silicon atoms in the4sSiO

the HZSM-5 can be seen after the addition of lanthanum. On tetrahedral surrounded by three silicon atoms (3Si, 1Al). An
the other hand, the relative crystallinity decreased to a cer-unobvious resonance at103.0 ppm could be recognized,
tain extent for those samples impregnated with orthophos-which is related to the &[Si(OSi)z(OH)] silicon atoms of
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Fig. 2. 1H MAS NMR spectra of zeolites treated with 100% steam at 1073 K féferént times: (a) HZSM-5, (b) La/HZSM-5, (c) P/HZSM-5,

(d) La-P/HZSM-5.

Table 2

Physicochemical characteristics of HZSM-5 and modification samples
Sample Crystallinit§ (%) Si/AIP (NMR)
HZSM-5 100 21

HZSM-5 (2 hf 88 -

HZSM-5 (10 h) 84 -
La/HZSM-5 (0 h) 100 21
La/HZSM-5 (2 h) 98 135
La/HZSM-5 (10 h) 92 -
P/HZSM-5 (0 h) 87 33
P/HZSM-5 (2 h) 85 53
P/HZSM-5 (10 h) 80 60
La-P/HZSM-5 (0 h) 84 33
La-P/HZSM-5 (2 h) 73 48
La-P/HZSM-5 (10 h) 72 57

@ Based on XRD spectra.
b Calculated by9Si MAS NMR spectra.
¢ Represents the time of hydrothermal treatment at 1073 K.

silanol group$22]. Van Bokhoven has reported that with the
addition of La into the NaY zeolite, the silicon atoms in the

lattice shown inTable 2can be obtained from thHéSi MAS
NMR spectra by using the equation

Si_ Yaol
Al 4 s,

where I, is the intensity of the peak associated with
Q*(nAl). It was calculated that the framework/®il ratio of
both the parent HZSM-5 and the La/HZSM-5 was 21. This
value is just a little bit higher than that from XRF analysis,
owning to the existence of nonframework aluminum in the
lattice, which is evidenced in the followirfdAl MAS NMR
spectra. It indicates that the addition of lanthanum did not
lead to dealumination of the lattice. On the other hand, the
Si/Al ratio in the framework increased from 20 to 33 when
the zeolite was modified by impregnation with orthophos-
phoric acid, in which about 37.5% of the total framework
Al was removed from lattice (shown iRig. 1c). It is ob-
vious that the dealuminatioof zeolite proceeds under an
acidic environment. The SAl ratio of the framework of

direct vicinity of the lanthanum ions would feel its presence the zeolite modified with both phosphorus and lanthanum,
and undergo a large shift due to the very strong electrosta-i.e., La-P/HZSM-5, was similar to that of the /@il ratio

tic interaction of the lanthanum with the zeolite framework.

zeolite modified only by phahorus (P/HZSM-5). After

The overall spectrum also showed a small gradual change inthe parent zeolite HZSM-5 treated under 100% steam at
peak position to a higher field with higher weight percentage 1073 K, it is clear that a new peak centered-dt10.0 ppm

of lanthanuni23]. However, there was no shift observed in
our 2°Si MAS NMR spectrum of the parent zeolite mod-
ified with lanthanum, and this might be due to the lower
lanthanum loading (shown iRig. 1b). Based on Loewen-
stein’s rule[24], the SyAl ratio in the framework of the

appeared in thé®Si MAS NMR spectra Fig. 1a), which
has been well recognized as the amorphous Si spgsés
The remaining signal became narrowed owing to a marked
decrease in intensity of the signal-aL07.4 ppm, which in-
dicated dealumination of the zeolif26]. Compared with
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Fig. 3. 2’Al MAS NMR spectra of zeolites treated with 100% steam at 1073 K for different times: (a) HZSM-5, (b) La/HZSM-5, (c) P/HZSM-5,
(d) La-P/HZSM-5.

the parent sample, more aluminum species were still main-which indicated that dealumation occurred. On the other
tained in the framework of the modified zeolites after hy- hand, the nonframework aluminum species condensed to the
drothermal treatment, as illustrated in #F#Si MAS NMR polymeric aluminum species, which caused the decrease of
spectra (se€ig. 1). The framework SfiAl ratios of the sam- nonframework AIOH at 2.2 ppr81]. Moreover, the vici-
ples, especially for those impregnated with orthophosphoric nal hydroxyl groups (SiOH) can also dehydrate to form an
acid, still maintained about 57 even after severe hydrother-intact Si—-O-Si, which resulted in the decrease of silanols.
mal treatment for 10 h, which implied that the addition of Nevertheless, the remaining Brgnsted acid sites still can be
phosphorus and lanthanum can efficiently retard the dea-distinguished in théH MAS NMR spectra of the samples
lumination process under hydharmal conditions. In their ~ modified by orthophosphoric acidrigs. Z and d), which
correspondingH MAS NMR spectra (shown irFig. 2), implied the higher hydrothermal stability of the modified
dealumination is also reflecteafter the samples treated at samples than parent zeolite.

high temperature with steaming. Before hydrothermal treat-

ment, four signals can be well distinguishedlid MAS 3.3. 27Al MASNMR and 2’Al 3Q MASNMR spectra of the
NMR spectrum of HZSM-5Kig. 2a). The peaks at 1.6 and samples

4.0 ppm are normally assigned to the nonacidic hydroxyl

groups and bridging hydroxyl groups, respectively. The res-  Fig. 3 shows the?’Al MAS NMR spectra of the parent
onance at 2.2 ppm is related to hydroxyl groups bonded to and modified samples before and after hydrothermal treat-
the extraframework aluminum. The broad peak at 6.0 ppm ment. It exhibits an intense and sharp signal at 54.0 ppm
is ascribed to a second Brgnsted acid site in HZSM-5 zeo-in the 2’Al MAS NMR spectrum of the parent zeolite
lite, which has an additional electrostatic interaction with the (seeFig. 3a), which is due to aluminum species in tetra-
zeolite framewor27-29] As a result of orthophosphoric  hedral coordination (FAY). An additional and weak peak
acid impregnation, the intensity of the Brgnsted acid de- centered at 0 ppm is also observed, which is normally
creasedKigs. Z and d), which can be explained exclusively assigned to octahedrally coordinated extraframework Al
by a framework dealuminatid80], which is in good agree-  species (NFA(') [32]. No changes were observed in the
ment with the results ot°Si MAS NMR spectra. It should ~ 27Al MAS NMR spectrum of the La/HZSM-5 compared
be noted that POH from orthophosphoric acid can also con-with that of parent zeolite (shown iRig. 2b). It can be
tribute to the signal centered at 2.2 ppm in th¢ MAS deduced that the framework of the sample modified with
NMR spectra. Whereas the steaming treatment at 1073 Klanthanum was not changed, which is well in agreement
results in a fatal decrease in the intensity of all the signals, with the results 0#°Si MAS NMR and XRD. The spec-
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tra of the samples, P/HZSM-%¥ig. ) and La-P/HZSM-5  Table 3

(Fig. 3d) show a relatively narrow resonance at 54 ppm, but The parameters and assignment of different aluminum species

very broad resonances in 10-40 ppm range. Their assign-signal Coordination  8iso SOQE (MHz) Framework
ment is confusing because of the overlapping. The peaks ata

4 60.4 3.26 Yes
0-10 ppm are generally contributed to the octahedrally co- B 4 637 6.83 Yes
ordinated nonframework Al species and the AlP<pecies. c 6 —172 3.94 No
In order to remove the effect of second-order broadening P 4 520 775 Yes
from the central transition of half-integer quadrupolar nuclei i ;%é g:fé :\(lgs
to obtain pure absorption-mode lineshapes, the multiple- g 4 625 7.38 Yes
guantum magic-angle-spinning (MQMAS) NMR technique H 4 395 1.23 No

was used in our experiments. THel 3Q MAS NMR spec-
trum of P/HZSM-5 is presented ifig. 4a. At least three Al
species marked as A to C can be identifigdble 3sum- ent zeolite after hydrothermal treatment, which is assigned
maries the assignment of the peaks to the corresponding AIt0 penta-coordinated or disomgel tetrahedral coordinated
species. Signal A is attributed to tetrahedral Al sites cor- €xtraframework Al species. From tA6Al MAS NMR spec-
responding to the peak at 54 ppm in ZPAI MAS NMR tra of the zeolite modified with La under the hydrother-
spectra (shown iffig. 4c), which is well known in the skele- ~ mal treatment condition (shown iRig. 3b), we can de-
ton of the zeolite. The contourgtl (signal B) corresponding duce that the addition of lanthanum can patrtially resist the
to the isotropic chemical shift of 63.7 ppm is related to dealumination of the zeolite under severe conditions de-
disordered tetrahedrally coordinated framework aluminum- spite a lower lanthanum loading. From density-functional
oxygen specief3,33]. The larger SOQE of this signal indi- ~ calculations, we found that the interaction between the Al
cates that the electronic environment about the Al is highly and O atoms increased when the*tdon was introduced
distorted owing to the very close interaction of P with frame- into the zeolite, thus enhancing the stability of the frame-
work Al. The signal C §iso 2’Al = —17.2 ppm, SOQE= work [38]. For the zeolite modified with orthophosphoric
3.94 MHz) is characteristic of thoctahedrally coordinated ~ acid, the degree of dealumination was partially restrained
nonframework Al nuclei in aluminum phosphatg2]. It after hydrothermal treatment. However, the ®Abpecies
is obvious that dealumination of the HZSM-5 zeolite oc- (related to 54 ppm) in the sample of La-P/HZSM-5 were
curred under acidic conditions,hich led to the formation  better preserved at the first 2 h under steam conditions. Af-
of nonframework aluminum phosphates. Compared with ter further stepwise steamingeaitment, the peak intensity
the sample P/HZSM-5, two new signals appeared, markedfor the signal at 40 ppm increased, while that at 54 ppm
as D @iso 2’Al = 52.0 ppm, SOQE= 7.75 MHz) and E decreased in both samplegdHZSM-5 and La-P/HZSM-5
(8iso 2’Al = —9.1 ppm, SOQE= 3.81 MHz), in the?Al zeolites, and the intensity of octahedral Al was affected to a
3Q MAS NMR spectrum of the La-P/HZSM-5 (shown in much lesser exterfigs. £—f show the?’Al 3Q MAS NMR
Fig. 4b). The peak position of signal D falls within the Al spectra of the samples P/HZSM-5 and La-P/HZSM-5 under
chemical shift region for tetrahedral framework Al Itis very 100% steam at 1073 K. It is obvious that two identical sig-
likely that these Al species might experience a substantial nals F @iso 2’Al = 56.6 ppm, SOQE= 8.16 MHz) and G
electrical field gradient due tthe nearest lanthanum and  (Siso 2’Al = 62,5 ppm, SOQE= 7.38 MHz) appeared. Very
phosphorus. Signal E is also related to the octahedrally co-likely, the F and G signals are tetrahedrally coordinated Al
ordinated nonframework Al nuclei in aluminum phosphates. species connected to the zeolite framework, with both P and
The signal of the remaining octahedrally coordinated Al in Si as the nearest neighbors. It might be due to that one or
aluminum-oxygen species at 0 ppm was not identified, al- two Si—O-Al bonds in the (SiQAI species were broken
though it appeared in tffAl MAS NMR spectrum of the under severe conditions, and then the phosphorus occupied
parent zeolite shown iRig. 3a. This implies that the interac-  the silicon sites to coordinate with aluminum, leading to the
tion of H3POy with extraframework aluminum of the zeolite  formation of the (SiOQ)AI(OP)4_ , species. With increas-
might lead to the formation of different types of aluminum ing time, another identicalgak appeared (H), the isotropic
phosphate, which can be well distinguished in fhal 3Q chemical shift of which was centered at 39.5 ppm, and the
MAS NMR spectra, but they just exhibited as broad reso- value of SOQE was 1.23 (shown kig. 4e). More Si-O—
nances in 13’Al MAS NMR spectra. Al bonds around Al had broken and the silicon sites were
After hydrothermal treatment at 1073 K for 2-10 h, the replaced by a phosphorus compound, until the framework
2TAl MAS NMR spectra of all the samples indicate re- Al was removed from lattice positions absolutely. From the
duced intensities to various degrees for all signals, especially?’Al 3Q MAS NMR spectra of the samples treated for 10 h,
for those of the parent zeolite. These findings can be ex-we can observe a lowering tendency of this replacement
plained by the invisibility of the aluminum species in the when the parent zeolite was modified with both lanthanum
NMR spectrum due to larger quadrupole couplifi2®,34— and phosphorus. This means that the existence of lanthanum
37]. A new broad resonance centered around 30 ppm iscan restrict the replacement of silicon by phosphorus due to
also observed in thé’Al MAS NMR spectra of the par-  the enhancing of the interaction between the Al and O atoms.
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Fig. 5.31p MAS NMR spectra of zeolites treated with 100% steam at 1073 K for different times: (a) P/HZSM-5, (b) La-P/HZSM-5.

3.4. 3P MASNMR spectra of the samples sults from the?’Al 3Q MAS NMR spectra. In other words,
there might be concerted intation between lanthanum and

Fig. 5a illustrates the®P MAS NMR spectra of the  Phosphorusin the zeolite to limiedlumination from the lat-
P/HZSM-5 sample, which consesi of three identical peaks  tice.
and a broad resonance. The peak at 0 ppm is associated
with the excess phosphorus compound, which did not react
with the framework aluminur{80,39] The peak at-6 ppm 4. Conclusions
is due to the phosphorus atoms in pyrophosphoric acid
or due to the terminal [P£° groups in polyphosphoric By employing XRD and solid-state MAS NMR tech-
species[30,33,40,41] The resonance at12 ppm repre-  niques, we have investigated the hydrothermal stabilities of
sents the chemical shift usually obtained for middle groups zeolite catalysts for residual oil selective catalytic cracking.
in pyrophosphates or other short-chain polyphospHatds It indicated that lanthanum can partially resist the dealumi-
The remaining broad resonance-a20 to —40 ppm nor- nation of the HZSM-5 zeolite under 100% steam at 1073 K
mally contains signals of longer polymeric phosphate chains even at lower loading. 1B’Al and 3Q MAS NMR spec-
and extraframework aluminum phosphate as well as highly tra showed that partial framework dealumination took place
condensed polyphosphate spedit-44] After the sample  when the parent zeolite was impregnated by orthophosphoric
was hydrothermally treated at 1073 K for 2 h, the inten- acid, while the hydrothermal stability was enhanced even
sity of the low-field signals (0 ppm and6 ppm) decreased, under severe conditions for a long time. It displayed that or-
whereas that of the broad high field signal increased with thophosphoric acid interacted with the framework Al to form
a maximum at about-30 ppm, relating to extraframework  different Al species. Part of the Si-O—-Al bonds in the tetra-
aluminum phosphate. The broad resonance is attributed tohedral coordinated framework Al species were broken in-
(SiO), Al(OP)4 _, which has been well distinguished by stead such that phosphorus occupied the silicon sites to form
the2’Al 3Q MAS NMR spectra. With increasing treatment the (SiO)AI(OP)4_ , species. With increasing time under
time, the linewidth of the broad resonance was reduced, re-hydrothermal conditions, more silicon sites were substituted
flecting that more silicon sites were replaced by phosphorus,by phosphorous, till all the AI-O-Si bonds were broken to
until the aluminum had escaped from the lattice completely form extraframework Al species. Lanthanum played an im-
to form extraframework aluminum phosphate. In compari- portant role in protecting more silicon sites around Al to be
son to the sample P/HZSM-5, there was no new resonancefurther replaced by phosphorous, which was also proved by
observed in théP MAS NMR spectrum of the sample La-  the 3P MAS NMR spectra. It has been shown that there
P/HZSM-5 (shown irFig. 5b), except that no excess phos- €exXists concerted interaction between lanthanum and phos-
phorus compounds corresponding to 0 ppm were observed phorous atoms to resist dealumination from the lattice.
After hydrothermal treatmerfor 2 h, there was just a little
change observed in tféP MAS NMR spectrum of the sam-
ple La-P/HZSM-5. When the sample was treated for 10 h, Acknowledgments
the preserving of the linewidth in the broad resonance shown
in Fig. Sb implies that there still existed different AlI-O-P We are grateful for the support of The Foundation
species. It indicates that the addition of lanthanum can ef- of Chinese Academy of Sciences (No. KGCX2-208-3)
fectively resist the Si—O—Al bond to be broken as well as the and The Ministry of Science and Technology of China
replacement of the silicon sites bounded to framework Al (2003CB615806). The authors thank Mr. J. Jiao, Mr. H.
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