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Abstract

ZSM-5 zeolites with different Si/Al ratios (15, 25, 40) were impregnated with phosphorus (0.5–3 wt%) in form of H3PO4 or NH4H2PO4.
The samples were characterized before and after severe hydrothermal treatment by XRD, IR,27Al, 29Si, 31P MAS NMR, and their activity for
the cracking ofn-decane was measured. It was found that phosphorus impregnation increases the hydrothermal stability of framework
whatever the source of phosphorus used. The acidity and cracking activity of steamed samples reached an optimum for a P/Al molar ratio of ca.
0.5–0.7. A chemical model for the phosphorus–zeolite interaction is proposed in which the framework aluminum pairs are stabilized
framework cationic species formed by protonation of orthophosphoric acid. The influence of isolated versus pairs of aluminum on ac
selectivity after steaming is discussed. When P-impregnated ZSM-5 sample is used as an additive for cracking industrial feeds, se
propylene and butenes increases.
 2005 Elsevier Inc. All rights reserved.

Keywords:ZSM-5 Hydrothermal stability; Phosphorus stabilized ZSM-5; Zeolite cracking additive; Single isolated and Al pairs in zeolites
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1. Introduction

Zeolites are widely used as catalysts, and there is an in
tive to find new structures with differing pore dimensions a
topologies[1–8]. The hydrothermal stability of zeolite catalys
is especially important in fluid catalytic cracking (FCC). In th
process, the catalyst is subjected to regeneration tempera
above 800◦C in the presence of steam, and its activity stron
decays after several cycles of reaction–regeneration until re
ing an “equilibrium” state. This loss of activity is related to t
dealumination of the zeolitic framework and the correspond
decrease of Brönsted acidity. Preventing or decreasing this
lumination is a topic of continuous interest in the field of zeo
catalysts, specifically in FCC applications.

Synthesized in the sodium form, zeolites are hydrotherm
stable but have no acid properties; therefore, they are no
tive for hydrocarbon cracking. But acid zeolites tend to re
a state of minimum energy by expelling aluminum out of
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framework, producing pure silica zeolites and alumina. In z
lite Y, framework stabilization was first achieved by exchang
sodium ions with rare earth cations. It was found that L
thanum cations stabilize the unit cell at higher values, maint
ing more aluminum in framework positions[9–12]. Introducing
phosphorus to increase the attrition resistance of the cat
particles also increased the hydrothermal stability of the ZS
zeolite additive, with an Al content lower than Y, toward de
lumination[13–15]. Since then, the composition of most FC
and ZSM-5 catalyst additives includes phosphorus.

The interaction between phosphorus and zeolite Y[16],
and especially ZSM-5[17–27], has been investigated by se
eral groups. For zeolite Y, it was found that phosphorus ad
in the form of H3PO4 reacted with framework and extra
framework aluminum, forming different surface aluminoph
phates that change the acid properties of the resultant ze
[16]. In the case of zeolite ZSM-5[17–27], P compounds in
teract with bridged OH groups, decreasing zeolite acidity a
consequently, catalytic activity and modifying shape selectiv
Caro et al.[28] explained this acidity reduction by framewo
dealumination and formation of aluminum phosphate; howe
Seo et al.[29] observed no any dealumination after phospho
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treatment, and they attributed the reduction of Brönsted ac
to the formation of octahedral aluminum through its interact
with phosphorus. Lischke et al.[30,31]showed that more Brön
sted acid sites are preserved after hydrothermal treatme
phosphorus-impregnated ZSM-5. Moreover, additional Br
sted acid sites are recovered after hot water washing and el
of the phosphorus-treated zeolite[31]. More recently, Zhuang e
al. [32] proposed that P can occupy framework silicon positi
to form (SiO)xAl(PO)4−x species after hydrothermal treatme
of ZSM-5 stabilized with phosphorus and lanthanum. The
fore, although there is a general agreement on the stabiliz
of framework aluminum by phosphorus addition, controve
exists as to how P interacts with zeolite and as to whether o
P occupies framework positions. Moreover, some other fun
mental questions remain to be answered, including the na
of the phosphorus compounds responsible for the stabiliza
of framework aluminum, and the influence of catalyst variab
such as phosphorus content, initial Si/Al zeolite ratio, and the
presence of extra-framework aluminum, on the Brönsted a
ity remaining after hydrothermal treatment.

In this work we investigated the influence of the amount o
and the impregnated agent on the stabilization of the framew
aluminum in ZSM-5. The steam-equilibrated P-ZSM-5 samp
were tested as catalysts in the cracking ofn-decane and as a
FCC component in the cracking of a commercial gasoil.
postsynthesis conditions that give the optimum P-modified F
additive were optimized. The results from the spectrosc
characterization of phosphorus-treated and steam-equilib
ZSM-5 samples were correlated with the catalytic cracking
sults in an attempt to answer the aforementioned questions

2. Experimental

2.1. Materials

ZSM-5 samples with varying Si/Al ratios (Table 1) were
obtained from Zeolyst. Phosphorus was impregnated from
aqueous solution of either NH4H2PO4 (Aldrich, 99.8%) or
H3PO4 (Aldrich, 85% in water). The amount of phosphor
varied between 0.25 and 3 wt% in P. The impregnation meth
ology was as follows: 1 g of the parent ZSM5 was suspen
in a solution of milli-Q water containing the phosphorus co
pound with a liquid-to-solid ratio 10 (wt/wt). The amount of
phosphorus was calculated on the basis of the final weight
desired on the zeolite. The suspension was slowly evapo
(for 1 h) in a rotary vacuum evaporator at 80◦C until dry. Then
the samples were dried for another 2 h at 100◦C and calcined

Table 1
Nomenclature and physicochemical characteristics of parent ZSM-5 sam
used in this work

Commercial
code

Si/Al Crystal size
(µm)

BET surface area
(m2 g−1)

15-ZSM5 CBV3020 15 0.1 393
25-ZSM5 CBV5020 25 0.1 414
40-ZSM5 CBV8020 40 0.5–1 409
y
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for 1 h at 500◦C. Steaming was done at 750◦C for 5 h in 100%
steam.

The samples were identified as “ZSM5” preceded by
Si/Al ratio and followed by the P content, expressed in w
When the source of P was orthophosphoric acid, an “A” w
added. The steamed samples were identified by a final “St.

2.2. Sample characterization

Bulk Si/Al ratio was determined by atomic absorption sp
trophotometry using a SpectraA-Plus apparatus (Varian).
tural properties were measured by N2 adsorption at−196◦C
on a Micromeritics ASAP-2000 apparatus after the sam
were pretreated at 400◦C under vacuum overnight. Infrare
(IR) experiments were performed using vacuum cells. Wa
of 10 mg cm−2 thickness were degassed overnight under v
uum (10−3 Pa) at 400◦C. Then pyridine (6× 10−2 Pa) was
admitted, and, after equilibration, the samples were outga
for 1 h at increasing temperatures (150, 250, and 350◦C). The
spectra were recorded at room temperature before pyridin
sorption and after each desorption step, and the backgroun
subtracted. Relative determination of Brönsted and Lewis a
ity was derived from the area of the IR bands at ca. 1450
1550 cm−1, respectively, using the extinction coefficients giv
by Emeis[33] and considering the number of Brönsted a
sites adsorbed at 150◦C on the 15-ZSM5 sample to be 100.

Solid-state29Si NMR spectra were recorded under ma
angle spinning (MAS) at room temperature in a Varian Un
VXR-400WB spectrometer, with a spinning rate of 5 kHz
79.459 MHz with a 55◦ pulse length of 3.5 µs and repetitio
time of 40 s. Cross-polarization measurements were don
5 kHz, using a 90◦ pulse for protons of 9 µs, 3.0 ms of conta
time, and 3 s of recycle delay. Chemical shifts were reported
ative to tetramethylsilane. Solid State27Al NMR spectra were
recorded at 104.2 MHz with a spinning rate of 7 kHz and a◦
pulse length of 0.5 µs with a 0.5 s repetition time.27Al chem-
ical shifts were reported relative to [Al3+(H2O)6]. Solid-state
31P NMR spectra were recorded at 161.9 MHz with a spinn
rate of 7 kHz and a 67.5◦ pulse length of 4.9 µs with 15 s re
etition time. The chemical shifts were reported relative to 8
H3PO4.

2.3. Reaction procedure

n-Decane cracking experiments were performed at 50◦C
and for 60 s time on stream in a microactivity test unit as
scribed previously[34]. Zeolites were pelletized, crushed, a
sieved, and the 0.59- to 0.84-mm fraction was taken and
luted in 2.5 g of inert silica. For each catalyst, five experime
were performed, maintaining the amount of catalyst (cat) c
stant and equal to 0.5 g and varying then-decane amount (oil
between 0.77 and 1.54 g. Kinetic rate constants were calcu
by fitting the conversions (X) to a first-order kinetic equatio
for a plug flow reactor(1), assuming that the deactivation
enclosed in the kinetic constant and taking into account the
umetric expansion factor(2),

(1)K = −(
cat oil−1TOS

)−1[
εX + (1+ ε) ln(1− X)

]
,



T. Blasco et al. / Journal of Catalysis 237 (2006) 267–277 269

t
de
ve

r
py
th
e
idi
sa

%
lite

M5
res
ber

dine

im-
ups

s at
l
to

ion

d at
or-

n
–
dic
and

oc-
in
no

ec-

the

t up

rus
M5-
d
f

Table 2
Vacuum gasoil properties

Density (60◦C) (g ml−1) 0.916
Aniline point (◦C) 76
Sulfur (wt%) 2.7
Nitrogen (wt%) 0.15
Carbon conradson (%) 0.09
Na (ppm) <0.05
Cu (ppm) 30
Fe (ppm) 0.5
Ni (ppb) 30
V (ppb) <25
ASTM D-1160 (◦C)

10% 400
30% 411
50% 425
70% 449
90% 489

(2)ε =
(∑

molar selectivities of products
)

− 1.

The cracking of vacuum gasoil (Table 2) was performed a
520◦C and 30 s time on stream following the methodology
scribed previously[34], where ZSM-5 is tested as an additi
of USY zeolite (CBV760 from Zeolyst, unit cell 2.426 nm).

3. Results and discussion

3.1. Acidity measurements

The acidity of the ZSM-5 zeolites with varying Si/Al ra-
tios impregnated with NH4H2PO4 or H3PO4, before and afte
steaming, were measured using FTIR spectroscopy and
dine as a probe molecule. The results obtained for all of
samples, summarized inTables 3–5, demonstrate that befor
steaming, the incorporation of phosphorus reduces the ac
regardless of the starting phosphorus compound (see, e.g.,
ple 25-ZSM5 inTable 4). Even small amounts (e.g., 0.25 wt
of P in 25-ZSM5) decrease pyridine adsorption by 30%. Zeo
acidity decreases with P content, more so when H3PO4 instead
-

ri-
e

ty
m-

of NH4H2PO4 is used as phosphorus source (zeolite 25-ZS
in Table 4). The pyridine desorption at increasing temperatu
reveals that P impregnation preferentially reduces the num
of the stronger acid sites, that is, those that still adsorb pyri
at 350◦C.

The changes in zeolite acidity resulting from phosphorus
pregnation should be reflected in the bridging hydroxyl gro
of the zeolite. This is illustrated inFig. 1 for zeolite 25-ZSM5
impregnated with different amounts of NH4H2PO4. The FTIR
spectrum of phosphorus-free zeolite 25-ZSM5 shows band
3740, 3600–3610, and 3665 cm−1, corresponding to externa
silanols, bridged hydroxyls, and hydroxyl groups bonded
extra-framework alumina, respectively. After P impregnat
and subsequent calcination (Fig. 1A), the bands at 3610 cm−1,
accounting for the sample acidity, and at 3665 cm−1 de-
crease with increasing P content. Meanwhile, another ban
3676 cm−1, assigned to phosphorus hydroxyl groups in am
phous aluminum phosphates[19,35,36]and also appearing i
P-impregnated USY zeolites[16], arises. Some of these P
OH groups interact with pyridine showing a Brönsted aci
character. Similar spectral features are seen for 15-ZSM5
40-ZSM5 samples with varying amounts of P (not shown).

After steaming, a strong reduction of the overall acidity
curs (Tables 3–5), which is smaller at higher P content,
contrast to what it was observed after calcination. Again,
differences are observed when NH4H2PO4 or H3PO4 are used
to impregnate zeolite 25-ZSM5.Fig. 1B shows the hydroxyl IR
region of steamed P-containing 25-ZSM5-P samples. All sp
tra show an intense signal at 3740 cm−1 of isolated silanol
groups; however, the band at 3600 cm−1 of Brönsted acid
sites is absent in the P-free zeolite but still observed in
P-containing samples. The band at 3675 cm−1, assigned to P–
OH groups, increases progressively with P content, at leas
to 1 wt% P.

To gain further insight into the nature of the phospho
species formed on the zeolite impregnation, sample 25-ZS
1PSt was washed with NH4Cl or NH4F. This treatment restore
part of the zeolite acidity (Table 6), indicating the removal o
Table 3
Textural and acidity properties of 15-ZSM5 Si/Al = 15 impregnated with P in form of NH4H2PO4 fresh and steamed

Sample BET surface area
(m2 g−1)

Micropore volume
(ml g−1)

Brönsted acidity Lewis acidity

150◦C 250◦C 350◦C 150◦C 250◦C 350◦C

15-ZSM5 393 0.160 100 76 39 28 20 14
15-ZSM5-0.5P 372 0.152 80 65 21 17 14 8
15-ZSM5-1P 344 0.137 65 55 31 14 13 8
15-ZSM5-1.5P 328 0.130 51 39 24 8 8 7
15-ZSM5-2P 314 0.125 48 38 14 8 6 4
15-ZSM5-2.5P 288 0.115 54 32 7 10 6 4
15-ZSM5-3P 263 0.104 28 20 3 3 1 1
15-ZSM5-St 326 0.135 7 3 1 7 4 3
15-ZSM5-0.5PSt 332 0.142 8 4 0 6 4 1
15-ZSM5-1PSt 338 0.142 7 3 0 6 4 3
15-ZSM5-1.5PSt 334 0.140 8 3 1 4 4 3
15-ZSM5-2PSt 339 0.143 11 8 3 7 7 4
15-ZSM5-2.5PSt 334 0.139 12 7 1 6 3 3
15-ZSM5-3PSt 323 0.135 14 6 1 3 1 1
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Table 4
Textural and acidity properties of ZSM-5 Si/Al = 25 impregnated with P in form of NH4H2PO4 (P) or H3PO4 (A) fresh and steamed

Sample BET surface area
(m2 g−1)

Micropore volume
(ml g−1)

Brönsted acidity Lewis acidity

150◦C 250◦C 350◦C 150◦C 250◦C 350◦C

25-ZSM5 414 0.165 97 93 80 11 11 11
25-ZSM5-0.25P 410 0.163 83 80 68 10 8 7
25-ZSM5-0.5P 404 0.160 65 54 39 7 4 4
25-ZSM5-1P 373 0.147 48 41 31 6 4 4
25-ZSM5-2P 330 0.127 39 25 13 3 1 1
25-ZSM5-0.25A 412 0.164 89 80 66 4 3 3
25-ZSM5-0.5A 406 0.162 72 68 54 6 4 1
25-ZSM5-1A 376 0.155 28 20 17 3 1 1
25-ZSM5-2A 330 0.134 21 13 8 1 1 1
25-ZSM5-St 322 0.101 6 1 0 10 6 3
25-ZSM5-0.25PSt 328 0.110 8 3 1 10 7 4
25-ZSM5-0.5PSt 333 0.122 7 6 1 7 7 4
25-ZSM5-1PSt 330 0.138 8 8 3 7 7 6
25-ZSM5-2PSt 342 0.142 10 8 3 3 3 1
25-ZSM5-0.25ASt 322 0.108 7 3 1 6 4 3
25-ZSM5-0.5ASt 348 0.144 7 3 1 6 4 3
25-ZSM5-1ASt 338 0.138 10 8 3 6 6 6
25-ZSM5-2ASt 332 0.136 10 8 3 1 1 1

Table 5
Textural and acidity properties of ZSM-5 Si/Al = 40 impregnated with different amounts of P in form of NH4H2PO4 fresh and steamed

Sample BET surface area
(m2 g−1)

Micropore volume
(ml g−1)

Brönsted acidity Lewis acidity

150◦C 250◦C 350◦C 150◦C 250◦C 350◦C

40-ZSM5 409 0.174 68 55 30 11 11 11
40-ZSM5-0.25P 387 0.163 51 42 23 10 10 10
40-ZSM5-0.5P 378 0.159 45 34 17 6 6 6
40-ZSM5-0.75P 369 0.155 32 25 13 4 3 3
40-ZSM5-1P 367 0.154 41 31 20 4 3 1
40-ZSM5-1.5P 351 0.147 30 21 8 3 1 1
40-ZSM5-St 349 0.157 3 0 0 4 1 0
40-ZSM5-0.25PSt 354 0.162 3 1 0 1 0 0
40-ZSM5-0.5PSt 364 0.164 4 1 0 3 1 1
40-ZSM5-0.75PSt 371 0.164 7 3 1 3 1 1
40-ZSM5-1PSt 381 0.166 9 6 3 2 1 1
40-ZSM5-1.5PSt 389 0.166 10 6 1 1 1 1
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some species interacting with the bridging hydroxyl grou
Therefore, the diminution of the zeolite acidity observed a
P impregnation must not be due solely to framework dealu
nation.

We need to point out that we observed no pore blocking
least not to the extent where it significantly reduced N2 adsorp-
tion or kept pyridine from interacting with acid sites. Indee
a maximum reduction of∼20% in BET surface area and m
cropore volume was observed. Moreover, the disappearan
the IR band at ca. 3600 cm−1 after pyridine adsorption indicate
that this molecule has access to the bridged hydroxyls loc
in the zeolite channels.

Thus, from the textural and acidity characterization resu
we can conclude the following: (i) The introduction of P do
not produce any important pore blockage, at least for P con
�3 wt%; (ii) impregnation of ZSM-5 with P and subseque
calcination produces a reduction in the number of acid s
especially those with stronger acidity; and (iii) after steam
phosphorus-containing samples retain more acid sites tha
modified ZSM-5.
.
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3.2. Solid-state NMR results

Fig. 2 shows the29Si MAS NMR spectra of zeolites 25
ZSM5, 25-ZSM5-1P, and 25-ZSM5-2P, calcined and a
steaming. The spectra of the calcined samples show a b
peak at∼ −113 ppm and a shoulder at−115 ppm, both as
signed to Si(4Si) units, and another broad signal at a lo
field. The spectra decomposition into individual Gaussian li
indicates that the low field component is formed by two pea
at−105 and−102 ppm, attributed to Si(3Si1Al) and structur
defects of Si(3SiOH) type[34], respectively. The Si/Al ratio
estimated from the spectra simulation is in the range of 35
for the P-free and P-containing calcined samples. Therefor
important differences in framework dealumination during c
cination are appreciable by29Si NMR when zeolite ZSM-5 is
modified with P.

Different results are obtained with the steamed sample
shown inFig. 2. Whereas a drastic change is observed in
spectrum of the P-free 25-ZSM5, only a slight decrease in
intensity of the low field component is observed for samples
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t
Fig. 1. FTIR spectra of P-free and P-containing zeolite 25-ZSM5 degassed at 400◦C, prepared by impregnation with NH4H2PO4 (A) calcined and (B) subsequen
steaming at 750◦C 5 h.

Table 6
Acidity, chemical analysis and textural properties of 25-ZSM5-1PSt and 25-ZSM5-St, washed for 3 h at 100◦C in a solution of NH4Cl or NH4F

Sample BET surface area
(m2 g−1)

Micropore volume
(ml g−1)

Al
(wt%)

P
(wt%)

Si/Al Brönsted acidity Lewis acidity

150◦C 250◦C 350◦C 150◦C 250◦C 350◦C

25-ZSM5-1PSt 330 0.138 1.74 1 25 8 8 3 7 7 6
25-ZSM5-1PSt 352 0.140 0.81 0.06 54 27 24 7 11 10 6

(NH4F washed)
25-ZSM5-1PSt 337 0.134 1.14 0.59 38 23 17 7 10 10 7

(NH4Cl washed)
25-ZSM5-St 333 0.129 0.74 0 60 7 3 0 8 6 3

(NH4F washed)
25-ZSM5-St 324 0.124 1.24 0 36 7 1 0 8 6 3

(NH4Cl washed)
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ZSM5-1PSt and 25-ZSM5-2PSt. The spectrum of zeolite
ZSM5-St contains no signal of Si atoms with Al in its seco
coordination shell, and the Si(4Si) region is highly resolv
making it possible to distinguish at least eight peaks, whic
typical of ZSM-5 with a Si/Al ratio > 1000. These change
clearly indicate that large framework dealumination occur
the unmodified ZSM-5 after steaming, whereas only pa
framework dealumination occurs in the P-containing sampl

Fig. 3 shows the27Al MAS NMR spectra of the P-free an
P-containing zeolite 25-ZSM5 before and after steaming.
spectrum of the calcined parent zeolite consists of an int
signal at 54 ppm of tetrahedral Al at the zeolite framewo
and another, weaker signal at 0 ppm typical of extra-framew
octahedral aluminum. Similar spectra are obtained for the
cined P-containing 25-ZSM5 samples (from NH4H2PO4), but
the relatively weak signal of octahedral Al appears now
−14 ppm instead of 0 ppm, and a broad band becomes ev
at ca. 36 ppm. The latter signal is usually attributed to tetra
dral aluminum in a distorted environment at either framew
-

,
s

l
.

e
e

,
k
l-

t
nt
-

[37] or non-framework[38–40]positions. Moreover, we canno
discard the presence of penta-coordinated species appear
the same region in the one-dimensional27Al NMR spectrum
[32,37,38,40].

After the parent zeolite is steamed, the signal of fram
work Al decreases and a new broad band at ca. 30 ppm
distorted tetrahedral Al appears. A similar effect occurs a
the P-containing zeolites are steamed: a decrease in frame
Al and an increase in the signals of octahedral aluminum
the band in the intermediate region of 30–40 ppm. The m
imum of the later signal shifts to low fields as the P cont
increases, appearing at 30 ppm for sample 25-ZSM5-0.5PS
at 40 ppm for 25-ZSM5-2PSt. The two high field signals w
previously identified in ZSM-5 and Y zeolite modified wi
orthophosphoric acid[16,30,31]; however, its assignment re
mains controversial. The signals at 40 and−16 ppm have bee
attributed to tetrahedral and octahedral Al coordinated with
ter, respectively, in an extra-framework aluminum phosph
[28,31,32,41,42]. The signal at 40 ppm has also been ascri
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Fig. 2. 29Si MAS NMR spectra of P-free and P-containing zeolite 25-ZS
prepared by impregnation with NH4H2PO4, calcined (left), and then steame
at 750◦C 5 h (right).

Fig. 3. 27Al MAS NMR spectra of P-free and P-containing zeolite 25-ZSM
prepared by impregnation with NH4H2PO4, calcined (left), and then steame
at 750◦C 5 h (right).

to the formation of (SiO)xAl(OP)4−x sites by the substitutio
of some P by Si atoms at high temperature[32,43], and that
at −16 ppm has been attributed to octahedral aluminum c
dinated to phosphate groups arising from the reaction of p
phoric acid with extra-framework polymeric alumina[44]. We
must note that the overall intensity of the spectra of the stea
r-
s-

d

Fig. 4.31P MAS NMR spectra of and P-containing zeolite 25-ZSM5 prepa
by impregnation with NH4H2PO4 calcined (sample 25-ZSM5-1P) and steam
at 750◦C 5 h.

zeolites, especially the P-free at low P content, indicates
existence of “invisible” aluminum species in highly distort
environments.

The 31P MAS NMR spectrum of sample 25-ZSM5-1P a
ter calcination (Fig. 4) consists of an intense peak at−6 ppm
and three broad signals at−12, −32, and −40 ppm. The
peak at−6 ppm is attributed to P in pyrophosphoric ac
pyrophosphates, or terminal groups in short-chain polyph
phates, whereas the−12 ppm signal is related to intermed
ate groups in short-chain polyphosphates or pyrophosph
[28,30,31,45,46]. The signal at ca.−32 ppm is assigned t
amorphous aluminum phosphate[35], and the signal a
∼ −40 ppm is assigned to highly condensed polyphospha
polyphosphoric species[28,31,45]. P signals in the 30–40 ppm
region have also been attributed to (SiO)xAl(OP)4−x species
generated by the substitution of framework Si atoms b
[32]. Moreover, the formation of a silicon pyrophosphate ph
involving octahedral silicon appear improbable (29Si NMR sig-
nals< −200 ppm not observed)[42,47–49].

The 31P MAS NMR spectra of P-modified ZSM-5 afte
steaming at 750◦C for 5 h are shown inFig. 4. As shown
for 25-ZSM5-1PSt, the relative intensity of low field signa
decreases whereas that of the high field signals increase
ter steaming, indicating the transformation of less-conden
polyphosphates or polyphosphoric acid in others more c
densed. Another signal appearing at−46 ppm in the steame
sample containing 0.5% P has been assigned to interme
P4O10 groups[31,47]. The signal corresponding to aluminu
phosphate at ca.−30 ppm, seems to increase slightly with
content.

Although the interpretation of the NMR spectra of
containing zeolites is still being debated, the results prese
here allow us to state the following conclusions:
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Fig. 5. First order kinetic rate constants in the cracking ofn-decane of P-free
and P-containing zeolite 25-ZSM5 prepared by impregnation with NH4H2PO4,
after calcination (Q) 15-ZSM5-P, (") 25-ZSM5-P, (2) 40-ZSM5-P.

1. A clear increase in the Si/Al framework ratio after P im-
pregnation and calcination is not evident from the NM
spectra.

2. The presence of P prevents zeolite dealumination du
steaming to the same extent as on the unmodified ZS
zeolite.

3. The stability of framework Al increases with P content.
4. An amorphous extra-framework aluminophosphate is fo

ed during the dealumination process under steaming.
5. Various phosphorus-containing species, more conde

after steaming, are evident from the31P NMR spectra.

3.3. Catalytic activity:n-decane cracking

Now, taking into account all of the characterization resu
given earlier, we should be able to predict the catalytic beh
iour of the P-modified ZSM-5 zeolites. Because the acidity
the calcined samples, especially the stronger acidity that re
pyridine at 350◦C, decreases with P content, the same tr
is expected for the activity inn-decane cracking. However, th
opposite is expected for steamed samples: lower activity for
modified ZSM-5 and increased activity with P content.

Fig. 5 shows then-decane cracking constant rate as a fu
tion of the wt% of P for calcined P-free and P-containing ZS
5 catalysts. As predicted from the acidity measurements g
in Tables 3–5, the activity of the P-containing zeolites decrea
as the P content increases. The differences observed amo
zeolites with different Si/Al ratios suggest that a higher amou
of P is required to reach similar reductions in activity for sa
ples richer in aluminum.

The rate constants of the reaction on the steamed P-free
P-containing ZSM-5 are plotted as functions of the P con
in Fig. 6. The activity of the P-free zeolites is much lower a
ter steaming than in its calcined state (seeFig. 5), in agreemen
with the sharp acidity loss resulting from the strong zeolite d
lumination. The zeolite activity of steamed P-modified ZSM
first increases and then decreases as the P content incr
reaching a maximum at around 0.75, 1, and 2 wt% for
g
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Fig. 6. First order kinetic rate constants in the cracking ofn-decane of P-free
and P-containing zeolite 25-ZSM5 prepared by impregnation with NH4H2PO4,
and steamed at 750◦C 5 h: (Q) 15-ZSM5-P, (") 25-ZSM5-P, (2) 40-ZSM5-P,
and in form of H3PO4: (!) 25-ZSM5-A.

ZSM5, 25-ZSM5, and 15-ZSM5, respectively. This optimum
content corresponds to a P/Al molar ratio of 0.5–0.7 for the
three series of ZSM-5. For samples 25-ZSM5-P, similar
sults are obtained irrespective of the P source (NH4H2PO4 or
H3PO4).

The decrease in the catalytic activity at high P loading co
be due to diffusional problems of reactant and products wi
the pores because of the presence of non-framework spe
Indeed, a reduced effective pore diameter in sample ZSM
has been reported to enhancep-xylene selectivity in toluene
alkylation and xylene isomerization reactions[21,22]. But the
micropore volume of ZSM-5 at high P loading, shown inTa-
bles 3–5, is not sensibly reduced at high phosphorus load
suggesting that this is not the main reason for the obse
activity reduction. An alternative explanation could be the
crease in catalyst acidity (Tables 3–5). However, although it is
true that the medium and weak acidity of steamed P-contai
zeolites increase with P content, the evolution of the strong
sites is not clear, because of its low intensity.

As mentioned earlier, the acidity of the steamed P-contain
samples is partially restored by washing with NH4Cl or NH4F,
as shown for 25-ZSM5-1PSt inTable 6. The catalytic results
for 25-ZSM5-1PSt before and after washing are compare
Fig. 7. A sharp increase in catalytic activity is observed wh
the sample acidity is partially recovered by washing. A sim
experiment done with the P-free 25-ZSM5-St sample reve
that neither acidity (seeTable 6) nor cracking activity increase
after washing, even though an appreciable amount of alumi
was leached. From these experiments, it seems reasona
consider that phosphorus compounds interact with the acid
in ZSM-5, neutralizing the acidity in a reversible manner t
probably is not so different than the effect achieved by catio
exchange.

From the results presented above, it appears thatn-decane
cracking is a very sensitive reaction test for the presenc
strong acid sites in low concentrations, which are difficult
observe by other methods, such as the adsorption/desorpt
pyridine using IR spectroscopy.
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onium

1PSt
Fig. 7. First order kinetic rate constants in the cracking ofn-decane on zeolites 25-ZSM5, 25-ZSM5-St, 25-ZSM5-1PSt and the steamed samples amm
exchanged with NH4Cl or NH4F.

Table 7
Yields and ratios of interest interpolated at 40% of total conversion and first order kinetic rate constant in the cracking ofn-decane at 500◦C, 60 s TOS, on ZSM-5
steamed and P-ZSM5-steamed samples impregnated with the optimum amount of phosphorus. Influence of Si/Al ratio of parent ZSM-5 and phosphorus source

15-ZSM5-St 25-ZSM5-St 40-ZSM5-St 15-ZSM5-2PSt 25-ZSM5-1PSt 25-ZSM5-1ASt 40-ZSM5-

K (s−1) 0.55 0.38 0.25 3.96 2.97 3.21 1.99
Total C5+ (wt%) 7.2 7.6 5.9 11.6 11 9.2 10.5
Gases C1–C4 (wt%) 28.5 26.5 26.5 27.7 27.5 29.7 27.9
Coke (wt%) 4.3 5.6 7.6 0.7 1.5 1 1.7
Gases composition (wt%)

C1 + C2 2.96 2.95 3.51 1.60 2.13 2.08 2.01
Propane 4.56 3.99 2.94 5.79 5.56 6.33 5.15
Propylene 9.18 8.80 9.75 6.74 7.15 7.60 7.95
Isobutane 1.09 0.74 0.40 2.21 1.86 2.19 1.64
n-Butane 2.95 2.57 2.12 4.01 3.63 4.04 3.52
Total butenes 7.72 7.38 7.69 7.29 7.11 7.47 7.56
Isobutene 3.23 3.19 3.17 3.24 3.10 3.33 3.22

Ratios
Propylene/propane 2.01 2.21 3.31 1.16 1.29 1.20 1.54
Butenes/butanes 1.91 2.23 3.05 1.17 1.30 1.20 1.47
Isobutene/isobutane 2.95 4.31 9.20 1.47 1.67 1.52 1.97
C1 + C2/isobutane 2.71 3.99 8.71 0.73 1.15 0.95 1.23
C3/C4 1.17 1.20 1.24 0.93 1.01 1.02 1.03
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The modification of ZSM-5 with P has an effect not only
the cracking activity, but also on the selectivity of the steam
samples.Table 7gives the distribution ofn-decane cracking
products at constant conversion on steamed P-ZSM5 sam
with different Si/Al ratios and prepared with NH4H2PO4 or
H3PO4. It is evident that the formation of dry gas and co
is reduced on the P-containing samples. For the steame
free ZSM-5 zeolites, the propylene/propane, butenes/buta
and isobutene/isobutane ratios increase as the framework
of the starting zeolite decreases, diminishing sharply on th
containing samples. The lower olefinicity of P-ZSM-5 is fu
compensated for by this sample’s much higher activity
lower selectivity to dry gas. These results are consistent
the preservation of a larger number of acid sites on P-contai
samples.

Continuing to analyse the selectivity pattern summarize
Table 7, we see that the C1 + C2/isobutane ratio, accountin
for the protolytic versus beta-scission cracking mechanism
creases as the Si/Al ratio of the parent zeolite increases. T
d

s,

P-
s,

l
-

h
g

-

dramatic diminution for the P-containing samples agrees
their higher acidity. The C3/C4 ratio, representing a cracking
to-disproportionation ratio, depends on the channel’s siz
tortuosity. This ratio is lower in the P-free catalysts, indic
ing that adding P does not narrow the size of the channe
least to a point of restricting the formation of isobutyl cation

3.4. Hypothesis for the phosphorus stabilization effect

From catalyst characterization and activity results, we
try to rationalize the interaction of phosphorus with the z
lite surface and its effect on then-decane cracking reactivity
Characterization of the P-containing ZSM-5 zeolites reve
the coexistence of different species resulting from interac
with the zeolite. Although there is general agreement a
the formation of an extra-framework aluminophosphate ph
during framework dealumination, different models have b
proposed to explain the experimental results.Fig. 8A depicts
the species resulting from the interaction of phosphorus w
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Fig. 8. Models proposed for the interaction of phosphorus with the Brön
acid sites of ZSM-5 prepared by impregnation with orthophosphoric aci
ammonium phosphates and calcination, as proposed by (A) Védrine et al.[26],
Kaeding et al.[23], (B) Lercher et al.[27], (C), (D) this article.

zeolite Brönsted acid site, as suggested earlier by Védrine
[26] and Kaeding et al.[23]. Fig. 8B shows an alternative mod
involving a direct bond between a P atom and the oxyge
the Si–O–Al group by breaking the Al–O bond[27] and then
opening the zeolite framework. Zhuang et al.[32] suggested
substituting framework silicon by phosphorus atoms into
zeolite positions, leading to units of the type (SiO)xAl(OP)4−x

(x = 1–4), which would proceed up to the segregation of
aluminophosphate phase. Note that forx = 3, the resulting cen
ter is similar to those shown inFigs. 8A and B [27]. But the
species depicted inFigs. 8A and B require breakage of the S
O–Al bond and appear to be difficult to revert by single catio
exchange or hot-water washing. An alternative model involv
ionic interaction between phosphorus and the zeolite is ne
to explain our experimental results. Accordingly, phospho
could be incorporated into ZSM-5 through the formation o
tetrahydroxyphosphonium cation P(OH)4

+ via protonation of
the orthophosphoric acid by the zeolite Brönsted sites (Fig. 8C).
This ion has been proven to exist in HNO3 or H2SO4 solu-
tions[53–55], and it can be assumed that the acidity of ZSM
d
r

l.

f

d
s

is strong enough to protonate the orthophosphoric acid. O
the ion is formed, it could lose one molecule of water, g
ing the dihydroxyoxophosphonium cation PO(OH)2

+, or could
form dimmers or oligomers with one or more molecules of
thophosphoric acid (as in, e.g., the protonated pyrophosph
acid H5P2O7

+) (Fig. 8D).
According to our model (Figs. 8C and D), in calcined P

containing ZSM-5, phosphorus is mainly forming cationic p
rophosphate or short-chain polyphosphate (see31P NMR), par-
tially neutralizing the Brönsted zeolite acidity. Through e
change or neutralization of the acid sites, the correspon
aluminum is stabilized in the framework, as occurs when p
tons are exchanged by rare earth or other cations[56–58]. Af-
ter steaming, framework dealuminization proceeds (albeit
lesser extent than in the P-free zeolites), producing alumi
phosphate and forming more condensed pyrophospates
pyrophosphate or polyphosphate species (at least some of
will be cationic and removable by washing, leading to at le
partial recovery of zeolite acidity[31]. If all of the acid sites
were neutralized with P species, then zeolite acidity would
lost, making the acidity of the P–OH groups too weak to
tain pyridine at 350◦C or to crackn-decane. The resultin
zeolite would not have sufficient acidity to perform reactio
demanding high acid strength while still containing alumin
at framework sites. This is exactly what occurs in steamed s
ples containing an excess of phosphorus. Although framew
aluminum is present, the acidity and especially the cracking
tivity are very low. The acidity and catalytic activity are restor
after washing, however.

Now consider the stabilizing effect of phosphorus. Follo
ing the above reasoning, the acidity of the P-containing
olites must come from the framework aluminum atoms
“neutralized” by phosphorus. This means that not only the
minum atoms directly interacting with phosphorus, but a
other atoms, likely in close proximity, must be stabilized. In
hypothetical ideal situation, we can imagine an “Al-pair” [A
O–Si–O–Al or Al–O–(Si–O)2–Al] with one of the associate
Brönsted sites neutralized by phosphorus species, which h
stabilizing effect on the second aluminum. If this were the c
then we could expect an optimum in acidity for an overall P/Al
ratio of 0.5. According to this hypothesis, the stabilizing eff
of phosphorus would be greater in zeolites containing a la
number of Al pairs, as is frequently found in zeolite ZSM-5,
pecially at high Al content[50–52]. Experimentally, we observ
maximum cracking activity at a P/Al ratio of around 0.5, highe
for samples with a lower Si/Al ratio (seeFig. 6), which are
expected to have more Al pairs. Therefore, although we h
described an ideal situation, the general trends of our re
agree with those of the model and point out that the stabi
tion effect is enhanced in samples containing “Al pairs.”

3.5. Stabilization of zeolite ZSM-5 as fluid catalytic crackin
additive

The preservation of framework aluminum and acidity on c
cined P-impregnated ZSM-5 zeolite must necessarily ha
significant affect on their performance as FCC additives.
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Fig. 9. C3–C4 selectivities and ratios of interest in the cracking of gasoil at 520◦C and 30 s time on stream over (line) USY-2.426 nm as base catalys
(") 25-ZSM5-St and (!) 25-ZSM5-1PSt at 750◦C for 5 h at 13.3 wt% of additive level.
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tested the sample 25-ZSM5-1PSt (in the form of NH4H2PO4)
steamed as an additive of a USY zeolite (unit cell s
2.426 nm) for the cracking of a commercial vacuum gasoil (
the composition inTable 2). Comparing the results with thos
for steamed ZSM-5 without phosphorus indicates that ph
phorus has a much greater effect on product selectivity
onn-decane cracking (Fig. 9). In the case of vacuum gasoil, th
yields of propylene, total butene, and isobutene are higher w
the steamed ZSM-5 additive contains phosphorus. The olefi
ity ratios (especially the isobutene/isobutane ratio) are hig
when the P-stabilized ZSM-5 is used. It is clear that the acti
of ZSM-5 as an FCC additive is significantly increased wh
stabilized by the addition of the optimum amount of phosp
rus.

4. Conclusions

We have shown that phosphorus impregnation in the f
of either NH4H2PO4 or H3PO4 stabilizes the framework alu
minum of zeolite ZSM-5 against severe hydrothermal tre
ment. More Brönsted acidity is preserved, and the P-contai
,
e

-
n

n
c-
r

-

-
g

zeolites show higher activity for the cracking ofn-decane. The
proportion of acid sites preserved after steaming by P impre
tion depends on the amount of phosphorus added and re
an optimum for a P/Al molar ratio of around 0.5–0.7. Whe
phosphorus is added in excess of the optimum amount, m
framework aluminum is stabilized, but the acidity and activ
decrease significantly.

This behavior can be explained with a model involvi
a phosphorus–zeolite interaction in which cationic specie
phosphorus, formed by protonation of orthophosphoric a
neutralize one of the acid sites corresponding to a framew
Al pair, stabilizing this aluminum while its neighbor preserv
its acidity toward steaming. ZSM-5 stabilized with phosp
rus used after steaming as an FCC catalyst additive has s
markedly higher activity than the P-free ZSM-5 with high
yields of propylene and butenes.
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