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Magnesium-aluminate spinels were introduced into the matrix of typical propylene additives (ZSM-5 as
the active component) to obtain a series of novel bifunctional additives for enhancing the production
of propylene and removal of SO2. Their performance as additives to a commercial equilibrium USY FCC
catalyst for VGO (vacuum gas oil) cracking and activity in oxidative adsorption of SO2 under similar FCC
regenerator conditions were investigated. The bottleneck of the novel bifunctional additives is that the
substitution of MgAl2O4 for Kaolin clay in propylene additives causes the migration of Mg2+ into ZSM-5
SM-5
ropylene
agnesium–aluminate spinel

O2 adsorption
hosphorus

zeolite, which evidently lowers the activity of ZSM-5 as an FCC additive. However, pretreating MgAl2O4

with phosphoric acid either by extraction or by impregnation method which weakened the interaction
between MgAl2O4 and ZSM-5 during the steaming and calcination processes, respectively, was proved
to be effective in enhancing the efficiency of ZSM-5 for increasing propylene yield. Concurrently, the
unusally high hydrogen transfer activity of MgAl2O4 in VGO cracking, which also contributed to the

ty, w
take
decrease in ZSM-5 activi
also promoted the SO2 up

. Introduction

With the propylene demand continuously growing in recent
ears, fluid catalytic cracking (FCC) process has made efforts both
n process and catalyst side as a major source of incremental propy-
ene. The addition of ZSM-5 containing additives to FCC catalysts is
ne of the effective means for improving propylene yield [1–14].
t has been found that the performance of ZSM-5 as an FCC cata-
yst additive in improving propylene yield is dependent on many
actors. For example, it has been proposed that combining ZSM-

addition with high severity operation would be an attractive
ption for increasing light olefins [9]. Triantafillidis and Evmiridis
ave investigated the effects of the total ZSM-5 acidity and the
ize of ZSM-5 particles on LPG increase [2]. Besides, an important
roposition that has been proved is that the effectiveness of ZSM-
decreases with increasing the hydrogen transfer activity of the

ase catalyst or increasing naphthenes in the feed [5,12]. Wallen-
tein and Harding have demonstrated that gasoline olefinicity is
he dominant contributor to ZSM-5 performance by testing with

EUSY catalysts of different rare-earth contents and different feeds
3]. Apart from the above factors, a suitable matrix is also an impor-
ant parameter affecting performance of these propylene additives.
o make better use of ZSM-5, inert matrices such as clays and sil-

∗ Corresponding author. Tel.: +86 532 86981862.
E-mail addresses: muzixxl@163.com (X. Xu), chyli@upc.edu.cn (C. Li).

381-1169/$ – see front matter © 2011 Elsevier B.V. All rights reserved.
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as sharply reduced by P doping. Moreover, the phosphorus modification
capacity of bifunctional additives.

© 2011 Elsevier B.V. All rights reserved.

ica and/or alumina binder are generally used in typical propylene
additives [2,7].

On the other hand, the removal of SOx from FCC units has been
the subject of a considerable amount of attention over the past
few years. To date, the least costly means is the use of a so-called
sulfur-transfer technique, which is to mix the FCC catalyst with
sulfur-transfer agent. The sulfur-transfer agent can fix SOx as a sul-
fate in the regenerator under oxidation atmosphere [15–24]. Since
1980s, magnesium-aluminate spinel materials have been commer-
cially used as sulfur-transfer agent in FCC units for reduction of SOx
emission [15–22]. Considering the high melting point (2135 ◦C),
chemical inertness and good thermal stability of MgAl2O4 [25–28]
as well as the fact that the matrix of a typical propylene additive
is basically inert, an assumption of incorporating magnesium-
aluminate spinel into the matrix of a propylene additive was put
forward. It should be noted that some rare earth metal oxides
and/or transtion metal oxides are usually introduced into MgAl2O4
to improve the De-SOx activity in practice [15,17,18,21]. But for
convenience of investigation, only MgAl2O4 was employed to sim-
plify the study system.

In our study, attempts were made to introduce MgAl2O4 as
partial matrix of propylene additives, expecting to achieve dual

functions in FCC units, i.e. maximization of propylene yield and
removal of SO2. In this way the synthesis of bifunctional additives
which combine the two functions in a single particle can greatly
cut the cost down and attach the significance of environmental
protection with economic benefits.

dx.doi.org/10.1016/j.molcata.2011.03.014
http://www.sciencedirect.com/science/journal/13811169
http://www.elsevier.com/locate/molcata
mailto:muzixxl@163.com
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Previously we have investigated the performance of the bifunc-
ional additives including MgAl2O4 prepared via citrate–nitrate
oute [29]. It was clarified that the existence of magnesium though
n the form of stable spinel would interact with ZSM-5 during cal-
ination and severe hydrothermal conditions, resulting in lower
SM-5 activity. There the negative effect was counteracted by mod-
fying ZSM-5 with La and P. However, the MgAl2O4 prepared via
itrate-nitrate route had a very low surface area (20.9 m2/g) which
as not favorable to the adsorption of SO2. In this paper, MgAl2O4
as prepared by acidic sol–gel method in order to obtain spinels
ith a relatively large surface area. It should be expected that the

ifunctional additive containing MgAl2O4 thus prepared is also less
ctive in increasing propylene yield. In the present work, some
easures were taken on the side of MgAl2O4 to improve the activity

f ZSM-5.
It has been reported that the surface of MgAl2O4 powder could

e passivated against hydrolysis with H3PO4 and Al(H2PO4)3 solu-
ion [30]. The monolayer coverage of phosphate formed on the
urface of MgAl2O4 particle could effectively protect the powder
rom reacting with water. Thus the modification of MgAl2O4 with
hosphorus was adopted, expecting that the formed phosphate

ayer could inhibit the hydrolysis of spinel and weaken the inter-
ction of spinel with ZSM-5 under hydrothermal conditions. The
esults showed that the modification of MgAl2O4 with P was effec-
ive in promoting both ZSM-5 activity and SO2 uptake capacity for
ifunctional additives.

It should be pointed out that the introduction of P was supposed
o indirectly affect the ZSM-5 zeolite by modulating the interaction
etween MgAl2O4 and ZSM-5 via modification of the spinel sur-
ace. With the aim of analyzing the effect of P on the interaction,
he zeolites which were separated after premixing with spinels
nd undergoing the calcination and steaming processes were char-
cterized by XRD, NMR and XRF methods. Simultaneously, the P
pecies which were initially anchored on the spinel surface could
lso diffuse into the ZSM-5 zeolites and modify the ZSM-5 acid-
ty during the calcination and steaming processes. As regards this
ffect, many studies in the literature have already verified that
doping induces a stabilization of ZSM-5 framework during the

teaming treatment [31–38]. Moreover, the catalytic properties of
pinels would probably be changed with P modification which may
n turn have an impact on the catalytic behavior of ZSM-5. To the
est of our knowledge, few previous papers have addressed toward
he effect of matrices in propylene additives on the ZSM-5 effi-
iency in improving propylene yield. On the whole, the role of P on
he catalytic performance of bifunctional additives for improving
ropylene yield is more complicated and worthy of further explo-
ation.

. Experimental

.1. Preparation of catalysts

MgAl2O4 was prepared by sol–gel method as follows [39]:
seudo-boehmite powder was suspended in distilled water in a
essel, and then a suitable amount of HCl solution was added
ropwise under vigorous stirring at 80 ◦C until the pH value fell

nto the range of 3–4. The magnesium nitrate solution was pre-
ared by dissolving the desired amounts of metal nitrate in the
istilled water. Then the nitrate solution was added slowly into the
seudo-boehmite gel under vigorous stirring for a further 2 h. The

el obtained was then dried at 120 ◦C overnight. Finally they were
alcined at 800 ◦C for 4 h.

The formula of a novel bifunctional additive which is denoted
s M was: 30 wt% of HZSM-5, 6 wt% of SiO2 (silica sol as binder),
0 wt% of MgAl2O4 and 44 wt% of Kaolin clay. And a typical propy-
is A: Chemical 340 (2011) 99–107

lene additive containing 30 wt% of HZSM-5 and 6 wt% of SiO2 and
64 wt% of Kaolin clay was used as a reference and labeled as K.

Moreover, two methods were employed to modify the surface
of magnesium-aluminate spinel. One was mixing the suspension of
MgAl2O4 powder with a dilute solution of phosphoric acid at 70 ◦C
for 4 h. Then the suspension was filtered and dried. The extrac-
tion procedure was repeated twice. Afterwards the obtained solid
was calcined at 700 ◦C. The other was the impregnation method,
which invovled impregnating 12.5% of P2O5 on the surface of
MgAl2O4 powder followed by calcinating at 700 ◦C. The spinels
modified by extraction and impregnation methods were denoted
as MgAl2O4-P1 and MgAl2O4-P2, respectively. Then the treated
MgAl2O4 powder was added into the matrix of propylene additive
with the same concentration as that of M based on the anhy-
drous weight of pure MgAl2O4. The prepared bifunctional additives
containing MgAl2O4-P1 and MgAl2O4-P2 were marked as M-P1
and M-P2, respectively. The obtained fresh M-P1 was further ion
exchanged with NH4Cl solution twice at 80 ◦C for 2 h, which was
marked as M-P1-i.e.

The additives were all hydrothermally treated at 800 ◦C under a
100% steam flow for 4 h before catalytic evaluation.

For verifying the interaction between MgAl2O4 and ZSM-5 zeo-
lite during the calcination and steaming processes, the ZSM-5
zeolite and parent and P-modified MgAl2O4 powder of differ-
ent particle sizes (smaller than 0.054 mm for ZSM-5 zeolite and
0.106–0.2 mm for spinel powder, w(ZSM-5)/w(MgAl2O4) = 3/2)
were physically mixed and treated under two conditions: one
was obtained by calcining the mixture at 700 ◦C for 2 h after
being placed in the moisture air for 24 h; the other was treating
the above calcined mixture at the same hydrothermal condi-
tion as mentioned above. The particles of ZSM-5 zeolites smaller
than 0.054 mm were obtained by screening the mixture. The
resulting ZSM-5 zeolites after the above treatments were reck-
oned as the fresh and aged zeolites, respectively. The ZSM-5
zeolites premixing with MgAl2O4, MgAl2O4-P1 and MgAl2O4-P2
were labeled as ZSM-5-M, ZSM-5-MP1 and ZSM-5-MP2, respec-
tively. The compositions of these zeolites were characterized
by XRF.

2.2. Evaluation of additives

The experiments concerning catalytic cracking performance
were carried out in a fixed microreactor unit based on ASTM D
3907-80. The feedstock was preheated before injecting into the
stainless steel reactor. The products were quenched using ice bath
and separated into liquid and gas products. After injecting the feed-
stock, the catalyst bed and the gas products were purged with a
stream of 30 ml/min N2 for 600 s to a total gas volume that was
determined by the amount of displaced water. The mass of feed-
stock was 1 g and the oil was injected for 75 s. All MAT runs were
performed at a temperature of 540 ◦C and a C/O ratio of 6. The
feedstock used in the tests was Daqing VGO.

The FCC catalyst ZC-7300 (marked as B) which comprises USY
zeolites as active components was employed as the base catalyst
to evaluate the catalytic performance of propylene additives. Cat-
alytic performance was evaluated for the USY catalyst and USY
catalyst/ZSM-5 mixtures with VGO feed on MAT units.

The properties of ZC-7300 catalyst and Daqing VGO feedstock
were described earlier in reference [29].

The compositions of gaseous products were analyzed by a Var-
ian 3800 Gas Chromatograph (GC) with a FID detector coupled with

an Al2O3 PLOT capillary column. The liquid products were exam-
ined using a simulated distillations gas chromatogram as described
by the ASTM D2887 standard to obtain the percentage weight of
gasoline, diesel oil (LCO) and heavy oil (HCO). The amount of coke
deposited on the catalysts after cracking was determined by ana-
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Fig. 1. Compositions of dry gas (a), LPG (b) and liquid products (c) over USY or
X. Xu et al. / Journal of Molecular C

yzing the amount of CO2 obtained from the burning of coke in situ
sing the chromatogram.

The SOx uptake tests were made on a self-assembled apparatus
s in reference [22]. The SO2 concentration of gases at different
eaction time was detected by a flue gas analyser Testo 350EPA.
he typical composition of flow gas before reaction was: 0.3 vol% of
O2, 17.86 vol% of O2, and N2 as the balance. The temperature of SO2
dsorption was settled at 700 ◦C. The evaluation for SO2 removal of
ach additive was repeated for three times.

.3. Characterization

XRD was performed using the X’Pert PRO MPD (DANalytical Co.)
iffractometer with Cu-K� radiation (45 kV, 40 mA).

BET surface area was measured by nitrogen adsorption at
196 ◦C using the TRIS-TAR3000 porosimeter made by Micromerit-

cs Co. The pore size distribution was calculated from the desorption
ranches of the isotherms using BJH method.

The acidity of samples and the FT-IR spectra of the spinels were
ecorded using a Nexus Model Infrared Spectrophotometer. The
cidity was measured by pyridine adsorption. First the samples
ere evacuated in situ in an IR cell at 300 ◦C for 4 h. After the tem-
erature decreased to room temperature, the IR spectra were then
ecorded. Next pyridine was introduced into the cell and allowed
o saturate the sample surface for 4 h. Finally, the FT-IR spectra
ere taken at 200 ◦C and 350 ◦C respectively to discover the relative

mount of acid sites with different strength. The FT-IR spectra were
easured at room temperature with a normal resolution of 4 cm−1

nd averaging 64 spectra. Prior to analysis, thin cylinders (diame-
er ∼1 cm) were prepared by uniaxial pressing a powder mixture
f sample powder with KBr.

Acid amounts of the aged zeolites were measured by
emperature-programmed desorption of ammonia (NH3-TPD)

ethod. 0.1 g samples with 20–60 mesh were pretreated in helium
t 500 ◦C for 2 h, cooled to100 ◦C and adsorbed NH3 for 45 min.
fter flushing by pure helium gas at 100 ◦C for 1 h, temperature-
rogrammed desorption was started at a heating rate of 10 ◦C/min
rom 100 ◦C to 600 ◦C, and the signal was monitored with a TCD.

Nuclear magnetic resonance (NMR) experiments were carried
ut on a Brucker Advance III 400 equipped with a 4 mm magic
ngle spinning probe. 27Al NMR was carried out with Al(H2O)6

3+ as
he reference at 104.0 MHz, with the pulse of 0.3 �s (�/20◦), 5000
ransients separated by a 0.3 s delay.

. Results and discussion

.1. Performance of ZSM-5 containing additives for VGO cracking

.1.1. The comparison of the bifunctional additive M with the
ypical propylene additive K

MAT tests were carried out for the cracking of VGO over the
ase catalyst and catalyst mixtures (10 wt% of propylene addi-
ives + 90 wt% of ZC-7300).

As seen from Fig. 1(a) and (b), the addition of the typical propy-
ene additive K brought slight increases in the yields of ethylene and
ry gas and distinct increases in LPG and propylene and butylene
ields. But for the additive M, the replacement of 20% Kaolin clay by
gAl2O4 lowered the efficiency of ZSM-5, obviously reducing the

ncremental yields of propylene and butylene. Concurrently, the
ields of ethylene and dry gas were practically unchanged with the

ddition of M. This should be ascribed to the ion exchange between
g2+ and zeolite as clarified earlier [29].
Fig. 1(c) shows that the loss in gasoline yield was much higher

or K than that for M. It should be mentioned that the addition of
boosted the LCO yield compared to the base catalyst, while the

mixtures of USY and different aged additives. (The letters M, M-P1, M-P2, M-P1-i.e.
are indicative of mixtures of B and corresponding additives.).



1 atalysis A: Chemical 340 (2011) 99–107

y
l
a
i
5
o
t

3
a

l
w
i

t
e
i
o
t
t
s
z

i
i
f
i
M
o
a
c

L
g
t
c
w
i
a

3

t
a
M
t
P
t
S
M
o

M
s
a
t

T
T

02 X. Xu et al. / Journal of Molecular C

ield dropped with the addition of K. It has been proved in RIPP’s
aboratory that higher LCO yield can be achieved by introducing
lkaline earth metal oxides into the zeolite component [40]. Hence
t should be proposed that some interaction of MgAl2O4 with ZSM-

zeolite was present in the additive M. Besides, the introduction
f the two additives caused minor influence on the conversion and
he yields of HCO and coke.

.1.2. Effect of P on the catalytic performance of bifunctional
dditives

Since the activity of ZSM-5 for improving propylene yield was
owered by introducing MgAl2O4 into the matrix, the orientation

as focused on modifying MgAl2O4 with P in order to reduce the
nteraction between MgAl2O4 and ZSM-5.

The results with the two additives M-P1 and M-P2 showed
hat the ethylene, propylene, butylene and LPG yields were clearly
nhanced after treating MgAl2O4 with phosphoric acid, implying
mproved ZSM-5 activity in both M-P1 and M-P2. But the change
n the propylene selectivity in LPG can be hardly observed. Besides,
he incremental yields of light olefins (C2-C4) were still lower
han those with the addition of K. The possibility may be that
ome Mg2+ ions were still remained free to enter the pores of the
eolite.

For checking out whether migratory Mg2+ ions were present
n the additive M-P1, the additive M-P1-i.e. prepared by exchang-
ng the fresh M-P1 with ammonium ions was also tested. It can be
ound that the yields of light olefins and LPG were further enhanced
n comparison with M-P1. Moreover, those yields for the additive

-P1-i.e. were comparable to those for the additive K that is free
f MgAl2O4, suggesting that the migratory Mg2+ remained in the
dditive M-P1 can be further removed through ion exchange pro-
ess.

The variation in gasoline yield was consistent with that of
PG yield. In general, the more loss in gasoline yield, the more
ain in LPG yield. Concerning the LCO yield, much different from
he case of M, the yield dropped for all bifunctional additives
ontaining P. It may indicate that the interaction of MgAl2O4
ith ZSM-5 zeolite was attenuated by the presence of P. Sim-

larly, the conversion and coke yield changed little with their
ddition.

.2. The SO2 adsorption activity of the bifunctional additives

As expected, it can be observed (Fig. 2) that all of the bifunc-
ional additives containing MgAl2O4 revealed notable capacity in
dsorption of SO2. Evidently, the additives containing P (M-P1 and
-P2) had higher activity and stability in adsorption of SO2 than

he additive M. When comparing the SO2 adsorption activity of M-
1 with M-P2, it can be inferred that the acitivity was lower for
he additive with higher P content. Nevertheless, the capacity of
O2 oxidative adsorption was declined and became close to that of

when the additive M-P1 was further ion exchanged with NH4
+

btaining M-P1-i.e.
In summary, it should be identified that the modification of

gAl2O4 with P either by extraction or impregnation method could
ignificantly enhance the SO2 pick-up activity of the bifunctional
dditives. But the additional ion exchange process was unfavorable
o the uptake of SO2.

able 1
he crystallinity of the ZSM-5 zeolites by direct impregnation with different contents of M

Sample ZSM-5 ZSM-5-0.5Mg

ZSM-5 crystallinity (%)
Fresh 100 91.8
Aged 79.8 70.5
Fig. 2. The adsorption activity of SO2 over different novel bifunctional additives.

3.3. Effect of P on the structure of the zeolites interacting with
MgAl2O4

On the basis of the XRD patterns for the zeolites, the sum of the
reflection intensities at 2� of 23.1◦, 23.3◦, 23.9◦ and 24.3◦ for the
other zeolites divided by the sum of these peak intensities for the
fresh ZSM-5 was referred to as the relative crystallinity.

With regard to the fresh samples, ZSM-5-M presented relative
crystallinity of 96.8%, indicating that the interaction of ZSM-5 with
MgAl2O4 had little effect on the zeolite structure. This was con-
sistent with the previous result that the structure and crystallinity
of the zeolites were not much changed after the solid-state reac-
tion of ZSM-5 with MgC12 [41]. A similar conclusion was made in
the case of solid-state exchange of ZSM-5 with In3+ [42]. They both
attributed this behavior to the high thermal and chemical stabil-
ity of ZSM-5 zeolite. On the other hand, the relative crystallinity of
ZSM-5-MP1 and ZSM-5-MP2 were 93.2% and 95.6%, respectively. It
may be explained by the interaction of P with ZSM-5, in accordance
with the effect of P modification on the ZSM-5 zeolite [31–33].

After hydrothermal treatment, the crystallinity of ZSM-5 zeolite
for all samples was greatly decreased. Relative to the crystallinity
of 79.8% for the aged ZSM-5, the aged ZSM-5-M had lower crys-
tallinity of 73.8%. However, slightly higher crystallinity of 74.6%
and 76.0% were obtained for the aged ZSM-5-MP1 and ZSM-5-MP2,
respectively.

For comparison, the ZSM-5 zeolites with different contents
of Mg by direct impregnation method were also prepared. The
samples were identified as “ZSM-5” followed by the Mg content,
expressed in wt%. The crystallinity of these fresh and aged zeo-
lites was shown in Table 1. Whether for the fresh zeolites or the
aged ones, the ZSM-5 crystallinity decreased with increasing Mg

content. And the preservation of the crystallinity during steaming
was lower in the case of higher Mg content. Since the Mg content
that entered the zeolite during the interaction between ZSM-5 and
MgAl2O4 was less than 0.1% (Table 2), it should be reasonable to

g.

ZSM-5-1Mg ZSM-5-2.5Mg

88.0 85.6
65.4 57.2
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Table 2
The compositions of the zeolites interacting with MgAl2O4 determined by XRF.

Sample Content (wt%)

Mg Al Si O P

ZSM-5 fresh – 2.768 44.084 52.814 –
ZSM-5-M fresh 0.040 2.716 43.999 52.759 –
ZSM-5-M aged 0.078 2.803 43.829 52.696 –
ZSM-5-MP1 fresh 0.062 2.759 43.974 52.776 0.015

d
i
t

b
w

a
w
d
o
a
M
s

F
Z

ZSM-5-MP1 aged 0.074 2.797
ZSM-5-MP2 fresh 0.026 2.730
ZSM-5-MP2 aged 0.061 2.803

educe that the structure of zeolite was scarcely damaged by the
nteraction either during the calcination or steaming process. And
his was well confirmed by the former XRD results.

To make clear the role of P in modulating the interaction
etween MgAl2O4 and ZSM-5, the 27Al MAS NMR spectra (Fig. 3)
ere shown to illustrate the framework of the zeolites.

The spectrum of the fresh ZSM-5 consisted of an intense signal
t 54 ppm assigned to the framework tetrahedral Al and a much
eaker signal at about 0 ppm typical of extra-framework octahe-
ral aluminum. As shown in the spectrum of ZSM-5-M, the signal

f tetrahedral Al in the framework (54 ppm) decreased appreciably
fter the ZSM-5 zeolites were contacted with MgAl2O4 materials.
oreover, the fresh ZSM-5-MP1 and ZSM-5-MP2 exhibited very

imilar spectra to that of ZSM-5-M.

ig. 3. 27Al MAS NMR spectra of the zeolites: (a) fresh ZSM-5 and ZSM-5-M, (b) aged
SM-5, ZSM-5-M, ZSM-5-MP1 and ZSM-5-MP2.
43.846 52.732 0.039
44.007 52.769 0.010
43.867 52.749 0.039

After steaming, as expected, all of the samples exhibited sig-
nificant decreases for the signal at 54 ppm and increases for the
signal at 0 ppm, identifying the dealumination process during the
hydrothermal treatment. The spectra displayed that the intensity of
tetrahedral Al for the aged ZSM-5-M was mildly lower than that of
the aged ZSM-5. Furthermore, the corresponding zeolites obtained
by contacting with P-modified MgAl2O4 did not exhibit improved
intensity at 54 ppm.

The band in the intermediate region of 46–13 ppm related to the
intermediate Al species existed in all the steamed samples. How-
ever, its assignment remains controversial. Menezes and coworkers
[34,35] proposed that the intermediate species could be divided
into two types: one at 45–36 ppm could be attributed to tetrahedral
Al in a distorted environment; the other intermediate species at
30–13 ppm were more likely to be correlated with the pentacoordi-
nated species attached to P. But these intermediate species cannot
be unambiguously assigned by the common 27Al MAS NMR spec-
tra. The signal at 40–30 ppm has also been attributed to tetrahedral
Al in an extra-framework aluminum phosphate or the formation
of (SiO)xAl(OP)4−x sites by substitution of some P by Si atoms
[32,36,37]. Here the intermediate species at 46–13 ppm were not
further divided. And it can be observed that the proportion of these
intermediate species was especially higher for the aged ZSM-5-MP1
and ZSM-5-MP2. In addition, the proportion of the intermediate Al
was the largest when P was introduced by impregnation.

The amounts of P in the aged samples ZSM-5-MP1 and ZSM-5-
MP2 were approximately the same as determined by XRF (Table 2),
although MgAl2O4-P1 and MgAl2O4-P2 contained 9.15% and 12.48%
of P2O5, respectively. It could be concluded that this minor amount
of P in the zeolites greatly increased the amount of the intermediate
Al species, which can also contribute to the zeolite acidity [34,38].

The XRF results (Table 2) showed that the mixing of MgAl2O4
with ZSM-5 at high calcination temperature caused the integra-
tion of Mg into the ZSM-5 zeolite. Meanwhile, when the mixture
of MgAl2O4 and ZSM-5 first calcined at 700 ◦C was then steamed
at 800 ◦C, the concentration of Mg in the ZSM-5 zeolite was further
increased. This indicated that the hydrothermal treatment further
promoted the interaction between MgAl2O4 and ZSM-5. As to the
role of P, the higher Mg content of the fresh zeolite ZSM-5-MP1
than the fresh ZSM-5-M and the approximately equal Mg content
for both aged zeolites demonstrated that extracting MgAl2O4 with
phosphoric acid was more effective in suppression of the interac-
tion between ZSM-5 zeolite and MgAl2O4 during steaming. But the
lower Mg content of the fresh ZSM-5-MP2 than the fresh ZSM-5-
M suggested that the impregnation method was more helpful in
restraining the interaction during calcination.

As presumed by Sulikowski et al. [43], some oxides could diffuse
into the pores of the zeolite lattice when the mixtures of zeolite

and oxides are calcined within certain temperature and composi-
tion ranges. However, for oxides with extremely high melting point
and low solubility in hot water, the presence of small amounts of
water (vapor) may be even an indispensable prerequisite for the
occurance of solid-state interaction between zeolite and oxides. In
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Table 3
Amount of B and L acid sites determined by FTIR of pyridine adsorption for the fresh zeolites and additives at different desorption temperatures.

Sample Total acidity (�mol g−1) (200 ◦C) Strong acidity (�mol g−1) (350 ◦C)

B L L/B B L L/B

ZSM-5 633.39 90.03 0.14 568.22 38.05 0.07
ZSM-5-M 334.91 118.02 0.35 323.46 42.92 0.13
ZSM-5-MP1 318.68 79.68 0.25 302.26 25.67 0.08
ZSM-5-MP2 366.65 86.57 0.24 340.47 32.60 0.10
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K 140.67 55.40
M 55.80 22.11
M-P1 53.85 47.00
M-P2 97.19 45.03

iew of the properties of MgAl2O4, such as extremely high melting
oint and hydrophobic character [44], the solid-state ion exchange
etween ZSM-5 zeolite and MgAl2O4 would be highly difficlut to
ccur. Nevertheless, the XRF and the acidity (as disscussed in Sec-
ion 3.4) results indicated that MgAl2O4 could be transported into
he zeolite and substituted for some acidic sites of ZSM-5 during cal-
ination. This may be correlated with the purity of spinel prepared
ere. It should be reminded that not all of Mg and Al atoms were
ransformed into the spinel phase and some amorphous phases
ere present. During steaming, i.e., in the presence of water vapor

nd high temperature, the solid-state interaction between ZSM-5
nd MgAl2O4 would be further reinforced.

.4. Effect of P on the acidity of zeolites and additives

Infrared spectra using pyridine as probe molecule are widely
dopted to probe the surface acidity of zeolites. The band around
540 cm−1 is assumed to be characteristic for pyridinium ions
Brønsted acid sites), while the band at about 1450 cm−1 is
ttributed to coordinatively adsorbed pyridine (Lewis acid sites)
45]. The adsorption amount of pyridine degassed at the temper-
ture of 200 ◦C corresponds to the total acid amount, while the
dsorption amount of pyridine degassed at relatively higher tem-
erature of 350 ◦C represents the acid amount of strong strength.
he acidity of the ZSM-5 zeolites and additives before and after
teaming was characterized by FTIR of pyridine adsorption after
esorption at 200 ◦C and 350 ◦C, respectively. The acid amounts of
resh and aged samples determined by FTIR of pyridine adsorption
ere summarized in Tables 3 and 4, respectively.

As observed in Table 3, the total and strong Brønsted acid-
ty of ZSM-5-M showed remarkable decreases relative to those of
SM-5, whereas the amount of Lewis acid sites and L/B ratio were
ncreased as MgAl2O4 was contacted with ZSM-5. But almost all
f the changes in the acidity caused by the interaction between

gAl2O4 and ZSM-5 were retarded with the introduction of P

especially for ZSM-5-MP2), except that the Brønsted acidity of
SM-5-MP1 was even lower than ZSM-5-M. The exception may
robably be related to the higher Mg content in the fresh ZSM-
-MP1 than fresh ZSM-5-M.

able 4
mount of B and L acid sites determined by FTIR of pyridine adsorption for the aged zeol

Sample Total acidity (�mol g−1) (200 ◦C)

B L L/B

ZSM-5 59.68 33.86 0.57
ZSM-5-M 46.25 46.26 1.00
ZSM-5-MP1 48.44 42.25 0.87
ZSM-5-MP2 50.44 46.61 0.92
K 27.12 23.66 0.87
M 23.34 27.68 1.19
M-P1 23.16 21.90 0.95
M-P2 23.88 21.75 0.91
.39 128.55 25.35 0.20

.40 55.35 12.12 0.22

.87 50.32 24.30 0.48

.46 89.99 28.17 0.31

The Brønsted acidity of different additives changed similarly
to that of zeolites. However, the variation in Lewis acidity of the
additives was quite different from that of zeolites. Concerning the
zeolites, the Lewis acidity for ZSM-5-M was higher than ZSM-5 and
the weak acid sites dominated in the increased Lewis acidity, which
was in line with previous results when Mg2+ was incorporated into
ZSM-5 by solid-state reaction [41]. While the contrary changes in
Lewis acidity for the additives may be explained in the aspect of
matrix, such as the different acidity of Kaolin clay and MgAl2O4.

As for the aged samples (Table 4), ZSM-5-M showed obviously
lower Brønsted acidity and higher Lewis acidity and a much larger
value in the ratio of weak acid sites/strong acid sites than those
of ZSM-5. The Brønsted acid sites for the two zeolites interacting
with P-modified MgAl2O4 were only slightly larger than that of
ZSM-5-M. But the ratio of weak acid sites/strong acid sites was evi-
dently reduced with the incorporation of P. Likewise, the variation
in Brønsted acidity for the additives was similar to that of the zeo-
lites despite the large difference for the changes in strong Lewis
acidity. As for the zeolites, the strong Lewis acid amount decreased
due to the interaction with MgAl2O4 but increased by P doping,
whereas the opposite trend was found for the additives.

Previous literature has demonstrated that the Brønsted acid-
ity of the aged ZSM-5 samples could be obviously improved by P
modification [36,38]. However, it should be stressing that P indi-
rectly interacted with the ZSM-5 zeolite in this case, resulting in
a minor amount of P in the zeolite and not so pronounced effect
in improving the hydrothermal stability of the zeolite. For further
verifying the effect of P, a series of bifunctional additives including
spinels impregnated with different P contents were prepared. This
series of aged bifunctional additives were characterized by XRD,
nitrogen adsorption and Pyridine-FTIR (Supplementary data). The
results indicated that the increase in the P content of spinel could
slightly increase the ZSM-5 crystallinity and micropore area of the
aged additives, accompanied by enhancement in Brønsted acidity.

As the number of acid sites for the aged zeolites was difficult to

detect accurately only by Py-FTIR characterization at a low density
level, the NH3-TPD profiles of the aged ZSM-5 samples interacting
with parent and P-modified MgAl2O4 were present in Fig. 4. It can
be seen that only one desorption peak existed in all of the aged
samples. The integration area of desorption curves below 300 ◦C

ites and additives at different desorption temperatures.

Strong acidity (�mol g−1) (350 ◦C) Weak/strong

B L L/B B + L

42.89 19.21 0.45 0.50
33.67 11.12 0.33 1.07
34.52 17.43 0.50 0.74
34.89 22.57 0.65 0.69
19.67 9.77 0.50 0.73
15.71 13.40 0.85 0.75
16.07 10.70 0.67 0.68
17.58 9.20 0.52 0.70



X. Xu et al. / Journal of Molecular Catalysis A: Chemical 340 (2011) 99–107 105

i
i
a
a
i
s
M
P
a
i

z
w
(
c
r
M
a
o
n
b
o
t
M
M

a
i
o
i
f
a
T
w
s
s

Z
B
p
i
Z
o

Fig. 4. NH3-TPD profiles of the aged ZSM-5 samples.

s assigned to the weak acid amount, whereas that above 300 ◦C
s related to the amount of strong acid sites [46]. Detailed acid
mount data (not shown here) showed that the ratio of weak acid
mount to the strong acid amount dramatically increased with the
ntroduction of MgAl2O4. However, the percentage of strong acid
ites greatly increased when ZSM-5 was contacted with P-modified
gAl2O4. The overall trend was accordant with that observed from

y-FTIR results. Also it should be pointed out that the change in
cidity was in a larger extent when introduced P by impregnation,
n conformity with the NMR results.

Additionally, the NH3-TPD experiments of the aged ZSM-5
eolites by direct impregnation with different contents of Mg
ere also carried out. The acidity calculated by NH3-TPD profiles

Supplementary data) suggested that the acid amount decreased
onsecutively with increasing Mg content. More noticeably, the
atio of weak acid amount to the strong acid amount was raised as
g content increased. However, the increase in the ratio of weak

cid amount to the strong acid amount induced by the introduction
f MgAl2O4 was much larger than that in the case of direct impreg-
ation despite the lower Mg content in the former case. This could
e originated by the difference in properties (especially acidity)
f MgAl2O4 and MgO. But generally speaking, the effect of Mg on
he ZSM-5 acidity caused by the interaction between ZSM-5 and

gAl2O4 was similar to that created by direct impregnation with
g precursor.
Aside from the acidity, the micropore area of the additive was

lso an important indicator for evaluating the effect of P in stabiliz-
ng the MFI structure. For the aged additive K without the presence
f MgAl2O4, the micropore area was about 115 m2 g−1. And the
ntroduction of MgAl2O4 reduced the micropore area to 69 m2 g−1

or the aged additive M. However, the micropore areas of the aged
dditives M-P1 and M-P2 were 105 and 107 m2 g−1, respectively.
he results indicated that the presence of MgAl2O4 in the additives
as detrimental to the microporous structure of the zeolite during

teaming, whereas the introduction of P stabilized the microporous
tructure during the hydrothermal treatment.

Taking into account the activity ranking for VGO cracking with
SM-5 as an FCC additive, it could be presumed that the decreased

rønsted acidity and micropore area, increased Lewis acidity and
opulation of weak acid sites for the zeolite, orginating from the

nteraction of ZSM-5 with MgAl2O4, contributed to the decline in
SM-5 activity for increasing propylene yield. While the reversion
f the acidity change and restoration of the micropore area as a
Fig. 5. FT-IR spectra of the parent and P-modified spinels.

result of P modification should account for the higher ZSM-5 activ-
ity of M-P1 and M-P2.

3.5. Effect of P on the properties of MgAl2O4

As mentioned before, the initial intention of incorporating P into
MgAl2O4 was to reduce the extent of interaction during steaming
via suppressing the hydrolysis of MgAl2O4. The FTIR spectra of par-
ent spinel and spinel extracted or impregnated with P recorded
between 4000 and 400 cm−1 for checking the formation of phos-
phate layer were shown in Fig. 5. All of the three powders exhibited
a major transmittance band at 3443 cm−1, two medium bands at
510 and 700 cm−1, and a minor band at 1645 cm−1. The bands at
3443 cm−1 and 1645 cm−1 were associated with the –OH strech-
ing and H–O–H bending [47], respectively. And the signals at 510
and 700 cm−1 were both ascribed to the streching vibration of
AlO6 groups. According to Olhero [30], the transmittance band at
1092.5 cm−1 for the spinel powder treated with P suggested the
formation of phosphate coating on the surface of the powder. And
here for the two spinel powders modified with P, the presence of a
new band at 1110 cm−1 indicated that the phosphate coating was
formed on the surface of the spinel either by impregnation or by
extraction method.

In combination with the proposal that was drawn from the XRF
results of zeolites, it should be deduced that the phosphate layer
formed on the surface of MgAl2O4 by extraction method was more
effective in suppressing the hydrolysis of MgAl2O4, resulting in
the weaker interaction between MgAl2O4 and ZSM-5 during the
steaming process.

Moreover, the textural and catalytic properties of P-modified
MgAl2O4 would certainly be changed along with the formation of
phosphate layer on the surface of MgAl2O4.

The N2 adsorption–desorption isotherms of the aged parent and
P-modified MgAl2O4 samples (not shown here) exhibited a typical
mesoporous type IV isotherm shape with a H2 hysteresis loop. As
seen from Table 5, the surface area and pore volume and mean

pore size were all reduced by the P modification, in which the
impregnation method brought about larger changes.

The performance of VGO cracking over different aged matrices
was listed in Table 6 for better understanding the role of matrix in
the ZSM-5 containing additives in improving propylene yield.
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Table 5
Surface areas and pore properties of the aged parent and P-modified MgAl2O4 samples.

Sample BET (m2/g) Micropore area (m2/g) Volume (cm3/g) Micropore volume (cm3/g) Mean mesopore diameter (nm)
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MgAl2O4 62.33 8.19 0.217
MgAl2O4-P1 47.88 10.43 0.144
MgAl2O4-P2 39.45 9.90 0.124

As to the conversion under the same C/O ratio, it decreased as the
ollowing order: Kaolin > MgAl2O4-P1 > MgAl2O4-P2 ≥ MgAl2O4. It
evealed that the extraction method could evidently increase the
racking ability of spinel. Regarding the selective hydrogen transfer
oefficient HTC ((iC0

4 + nC0
4)/(iC=

4 + nC=
4 )) [3,48], a markedly larger

alue was observed for MgAl2O4 than that for Kaolin clay. Another
ydrogen-transfer indicating parameter C=

3 /LPG also confirmed the
igher hydrogen transfer activity of MgAl2O4 than Kaolin clay. But
odifying the spinel with P either by extraction or impregnation
ethod could substantially decrease the hydrogen transfer activ-

ty. As for the non-selective hydrogen transfer activity represented
y the selectivity of coke and the sum of H2 and CH4, MgAl2O4
as also much higher than Kaolin clay. But both of the P-modified
gAl2O4 showed remarkably lower values of coke selectivity and

lightly lower values of selectivity of H2 and CH4 relative to the
arent MgAl2O4.

When ZSM-5 is added to the FCC base catalyst, it is generally
ccepted that the exchange of reaction products between the base
atalyst and the ZSM-5 additive is embodied in two aspects [6,7]:
SM-5 cracks the linear olefinic products in the gasoline range pro-
uced by the base catalyst into light olefins; on the other hand,
he olefins formed by ZSM-5 can be converted to paraffins by
ydrogen transfer with the base catalyst. Formerly, the effects of
arying cracking and hydrogen transfer activity of the base FCC cat-
lyst on ZSM-5 performance have been investigated [3,4,12]. The
ffectiveness of ZSM-5 additive to enhance lighter olefins was evi-
ently decreased by hydrogen transfer activity increment of the
ase cracking catalyst. But few have touched upon the effect of
he matrices of propylene additives on the ZSM-5 efficiency. In
his paper, as the addition amount of the ZSM-5 containing addi-

ives was low, the activity of the matrices of the additives hardly
ffected the cracking ability of the base catalyst. But the hydrogen
ransfer activity of the matrices would be influential in improving
ropylene yield. If the matrix of the additives holds high hydrogen

able 6
he selective and non-selective hydrogen transfer coefficients as well as conversion
f the different aged matrices for the cracking of VGO under different C/O ratios.

C/O Catalyst

Kaolin MgAl2O4 MgAl2O4-P1 MgAl2O4-P2

Conversion (wt%)
2 20.69 17.61 21.86 17.12
3.5 32.27 24.75 30.63 26.87
5 42.96 30.74 40.75 30.80

HTC
2 0.1485 0.3395 0.1959 0.1804
3.5 0.1727 0.3805 0.1766 0.1657
5 0.1792 0.3749 0.1421 0.1787

C=
3 /LPG
2 0.3707 0.3291 0.3636 0.3600
3.5 0.3671 0.3249 0.3404 0.3617
5 0.3787 0.3274 0.3611 0.3538

Coke selectivity (%)
2 3.77 11.81 8.05 8.71
3.5 3.97 8.48 5.22 5.32
5 3.07 8.59 4.42 3.90

H2 + CH4 selectivity (%)
2 2.27 3.36 2.81 3.30
3.5 2.54 3.71 3.42 3.06
5 3.02 4.33 3.42 3.75
0.0038 9.3
0.0049 8.5
0.0047 8.9

transfer activity, the intimacy of ZSM-5 and matrix in the additives
would confer the gasoline range olefins produced by the base cata-
lyst and the olefins formed by ZSM-5 better chances to be saturated
by hydrogen transfer reactions with the matrix of the additives.

Therefore, for the ZSM-5 containing additives, matrix with low
acidity and hydrogen transfer activity is the most suitable for
improving propylene yield. In this case, both the gasoline range
olefins generated by the base catalyst available for the cracking
of ZSM-5 and the olefins produced by ZSM-5 would be mostly
retained. Thus the high hydrogen transfer activity of MgAl2O4 may
probably be another reason for the decrease in the effectiveness of
the additive M for enhancing propylene yield. And the decrease in
the hydrogen transfer activity of spinel via P modification should
also be responsible for the increased ZSM-5 activity of the bifunc-
tional additives.

What’s more, the coke selectivity is another factor that needs to
be emphasized. As the lower amount of coke is formed, the blockage
to the acid sites of the ZSM-5 zeolite during the reaction would be
diminished, outcoming with the improvement in the efficiency of
ZSM-5.

3.6. Effect of P on the adsorption activity of SO2

Unexpectedly, treating MgAl2O4 powder with phosphoric acid
through the two methods increased the uptake capacity of SO2 in
spite of the lower surface areas of the P-modified spinels than that
of the parent spinel.

Some researchers suggested that the addition of P into the Al2O3
support, which was employed as sulfur transfer agent in FCC units,
can diminish the activity loss in the alumina as a result of migra-
tion of Si from the base catalyst especially during steaming [49].
Concerning the Si poisoning, the loss of activity for sulfur-transfer
agents comprised of magnesium-aluminate spinel due to Si migra-
tion from FCC catalysts during the steaming was also documented
[50]. But few addressed on the direct positive effect of P on the
sulfur transfer agent in eliminating SO2. Hence the effect of P on
the removal of SO2 is not fully understood and needs to be further
discussed.

The following are some explanations suggested. Firstly, the pre-
vention of Si poisoning to the spinel owing to the presence of P may
be responsible for the enhancement in SO2 adsorption. Secondly,
it can be suggestively proposed that the increased SO2 adsorption
activity may be also due to the restrain of outflow of Mg2+ into the
zeolite. In this way, more Mg2+ was fixed on the surface of spinel,
resulting in the promotion of SO2 uptake capacity. And the decrease
in the adsorption activity of SO2 for M-P1-i.e. may arise from the
regression in the role of P because some P species would be rinsed
out during the additional ion exchange process.

4. Conclusions

When MgAl2O4 substituted for part of Kaolin clay, matrix of a
typical propylene additive with ZSM-5 as the active component,

the solid-state ion exchange between MgAl2O4 and ZSM-5 led to
distinct decrease in Brønsted acidity. For the aged additives, the acid
distribution in acid type and strength of the zeolite significantly
altered and the micorpore area decreased due to the incorporation
of MgAl2O4, which was mainly responsible for the decrease in the
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ctivity of ZSM-5 as an FCC additive. Besides, the notably higher HTC
alue and coke selectivity of MgAl2O4 than those of Kaolin clay also
ontributed to the reduction in the efficiency of the bifunctional
dditive for increasing propylene yield.

However, the modification of MgAl2O4 with P either by extrac-
ion or by impregnation method not only inhibited the acidity
hange of ZSM-5 and the reduction in micropore area arisen by
nteracting with MgAl2O4 but also decreased the selective and
on-selective hydrogen transfer activities of MgAl2O4, resulting in
artial restoration of ZSM-5 activity for improving propylene yield.

Furthermore, it has been found that the introduction of P by
xtraction and impregnation method acted differently in weak-
ning the interaction between ZSM-5 zeolite and MgAl2O4. The
mpregnation method was more helpful in restraining the inter-
ction during calcination, whereas the phosphate layer formed on
he surface of MgAl2O4 by extraction method was more effective
n supressing the hydrolysis of MgAl2O4 and depressing the inter-
ction during steaming.

On the other hand, the bifunctional additives all presented
rominent effectiveness in the oxidative adsorption of SO2. Inter-
stingly, the P modification also had a positive impact on the
emoval of SO2, possibly attributed to the restraint of silica migra-
ion during steaming and the confinement of Mg2+ within the

atrix.
Consequently, the bifunctional additives containing P-

odifiedMgAl2O4, which can both efficiently improve propylene
ield and absorb SO2 as FCC additives, are very promising in the
uture.
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