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Abstract

Boro-silico-zirconio-aluminophosphate molecular sieves (BSiZrAPO-5) with the structure similar tgq-AlR@re syn-
thesized using the hydrothermal synthesis method. Substitutions of Al and P atoms in thexAia@ework with Si, B and
Zr atoms were demonstrated by the variation in unit cell volume, chemical analysis, IR spectrdflaiéP MAS NMR
data. The IR spectrum of adsorption of pyridine and temperature programmed desorptiogiofidte that BSiZrAPO-5
contains more Brgnsted and Lewis acid sites than AIBOBSIZrAPO-5 possesses a significant catalytic activity, a high
selectivity of 2-phenylalkane (2-LAB) and 3-phenylalkane (3-LAB) and a long life period in the alkylation of benzene

with linear olefins. BSiZrAPO-5 may replace HF as an environmentally benign catalyst in linear alkylbenzene production.
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1. Introduction

The synthesis of a large number of new micro-

symmetry (cell constants = » = 1.373nm,c =
0.848nm andy 120°; unit cell composition
12AIPQOy-nH,0) and contains Al@+ and PQ~ struc-

porous molecular sieves based on the aluminophos-tural units as lattice constituents and one-dimensional

phate framework (AIP@n) was first reported 19 years

ago by researchers at the Union Carbide [1,2]. Later,

Lok et al. [3] reported the synthesis of silicon sub-

channels (pore diamete= 0.8nm) parallel to the
c-axis. AIPGy-5 has a neutral framework with no
extra framework cations and a weak acidity. The

stituted aluminophosphate molecular sieves denotedsubstitution of metals in AIP@n may cause nega-

as SAPOn. The metal substituted crystalline micro-
porous aluminophosphates (MeARQin which the
substituent metal is one of the divalent metals of Mg,
Fe, Co, etc. was reported by Flanigen et al. [4].

The crystal structure of AIP£5 has been well
established [5]. It has a novel three-dimensional mi-
croporous crystal framework structure with hexagonal

* Corresponding author.
1 Co-corresponding author.

tive charges on the framework of MeAR®-which
exhibits ion-exchange and/or catalytic properties sim-
ilar to the prior known aluminosilicate and SARD-
molecular sieve compositions, and have stronger
Brgnsted and Lewis acid.

Zirconia is an important material as catalyst and
catalyst support [6,7]. The presence of Zr in the
catalyst enhances the life of the catalyst in reac-
tions like skeletal isomerization of linear butanes [8]
and isomerization of toluidines [9]. Because of the
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Table 1

Properties of BSiZrAPO-5

Sample Surface area Amount of Amount of Amount of Amount of Amount of Amount of
(m?/g) Al>03 (%) P205 (%) SiO (%) B>03 (%) ZrO; (%) acid (mmol/g)

1 171 48.59 40.27 1.40 0.73 0.32 0.63

2 162 47.28 40.30 131 0.89 0.33 0.69

3 150 47.16 40.32 1.04 1.59 0.35 0.64

difficulty in preparation as highly dispersed state with to pH = 7, then filtered and dried at 12C, and then
high surface area, it has limited industrial applica- heated at 873K for 1.5h. The obtained product was

tions. Dongare et al. [10] have studied the synthesis named as sample 1.

and physico-chemical properties of Zr incorporated
AIPO4-5 molecular sieves (ZrAPO-5), which show
increased activity and stability im-xylene isomer-
ization reaction.

In this work, we present a novel class of MeAPO-5
molecular sieves, which are crystalline microporous
boro-silico-zirconio-aluminophosphate molecular sie-
ves (BSiZrAPO-5) in which the substituent metals are
Zr, Si and B. Replacing HF catalyst, the BSiZrAPO-5
catalysts show a significant catalytic activity and a
high selectivity for the linear alkylbenzene synthesis.

2. Experimental

The BSIZrAPO-5 molecular sieves were syn-
thesized hydrothermally according to Ref. [11].
A solution was prepared by combining 85% or-
thophosphoric acid (kPQ4) with deionized water
and ZrO(NQ@)2 or ZrOCb, and then mixed with a
hydrated aluminum oxide (pseudo-boehmite), 4.5%
H3BO3 solution and 4.5% silica sol, and to the re-
sulting mixture triethylamine was added. The mixture

The samples treated repeatedly with HCI solution
for two and three times were named as sample 2 and
sample 3, respectively. Some properties of sample 1,
2 and 3 are listed in Table 1.

The powder XRD measurement was carried out us-
ing D/max-rb X-generator with the Ni-filtered CucK
radiation.

IR spectra of chemisorbed pyridine and temper-
ature programmed desorption of NHNHs3-TPD)
were used to determine the acidic sites at different
temperature. Framework vibration of BSiZrAPO-5
was detected by IR spectra using Nicolet 5DX FT-IR
spectrometer.

The magic-angle spinning nuclear magnetic res-
onance (MAS NMR) spectra of the samples were
obtained using Bruker DRX400 NMR spectrometer.
The 3P chemical shifts were referred to 85% or-
thophosphoric acid aqueous solution and #HaAl
chemical shifts to external Al(}0)3t derived from
an Al(NOzg)3 aqueous solution.

The catalytic activity of BSiZrAPO-5 in the alkyla-
tion of benzene with linear {g—C; 3 olefins was deter-
mined in a small fixed bed reactor (diameter: 10 mm)

was placed in a sealed stainless steel pressure vessetonnected to the gas chromatograph under the follow-

lined with an inert Teflon material and crystallized

ing conditions: catalyst, 3 ml; reaction temperature,

in an oven at autogeneous pressure at 438K for 518K; reaction pressure, 4.8 MPa; WHSV, 1tand

44 h. After the vessel was cooled, the solids were
recovered by filtration, washed with deionized wa-

molar ratio of benzene to olefins 8:1.
A mixture of linear Go—Cy3 olefins directly from

ter three times and dried at 373K overnight. The an industrial process was used as reactants which
product was calcined in an oven at 873K for 3h in contained alkenes 10.7%, alkanes 82.5% and isomer-
order to remove the organic template. The calcined ous alkanes 6.8%. The products were analyzed by
sample denoted as BSiZrAPO-5 was stored at room Br-index method to measure conversion of the olefins.
temperature. The selectivity of products of linear alkylbenzenes
A part of the sample was treated by 3% HCl solution was measured by gas chromatograph.
at 353 K for 40 min with agitation, and then filtrated. Chemical compositions of BSiZrAPO-5 were ana-
The filter cake was washed with deionized water up lyzed by the chemical analysis method.
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Table 2

XRD data for AIPQ-5 and BSiZrAPO-5

AlIPO4-5 BSiZrAPO-5

d A 1o (%) d @A) 1o (%)
11.8 100 11.9 100
6.82 15 6.85 27
5.93 9 5.94 11
4.50 34 4.50 39
4.24 44 4.21 61
3.96 65 3.96 85
3.57 3 3.59 12
3.43 24 3.44 26
3.07 13 3.07 22
2.97 17 2.97 21
2.66 4 2.66 12
2.60 11 2.59 16
2.42 3 2.37 13

3. Results and discussion

Table 2 gives the X-ray powder diffraction data
of BSiZrAPO-5. For the purpose of comparison, the
XRD pattern of AIPQ-5 [12] is also listed. It can be
seen that BSiZrAPO-5 has AFI (AIREb) topology.

Its X-ray powder diffraction pattern is essentially simi-
lar to that of AIPQ3-5, but great differences in the rela-
tive intensities of some diffraction peaks are observed.
The intensities of the (002) and (2 1 1) reflections for
BSiZrAPO-5 are higher than those for AIRB. This
effect indicates the occurrence of preferred orientation
of the crystals. The isomorphous substitution of one
framework atom for another atom of different size can
be judged by studying the unit cell parameters. The av-
erage Al-O and P-O bond are 1.75 and 1.54 A, Si-O
and B-O bond are 1.61 and 1.47 A. Substitution of Al
or P should show a change in the unit cell dimensions.
The unit cell parameters were obtained from the (4 0 0)
and (220) reflectionsaj and the (002) and (211)
reflections €). In all the cases, the peak at 2 28.4°

of silicium (hkl = 111) was taken as reference.
The results are listed in Table 3. The data in Table 3

Table 3

Unit cell parameters of AIPE5 and BSiZrAPO-8

Sample a=b@A) c(A) V(A%  Composition
AIPOy4-5 13.64 8.43 1358.8 AbP12
BSiZrAPO-5 13.71 8.47 1378.7 AlsPios

aThe parameters of AIP5 from Ref. [13].
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indicate that all of the unit cell parameters of
BSiZrAPO-5 are basically similar to those of AIRG
(from Ref. [13]).

According to the chemical analytic results, we can
determine by calculation that there are 13.96 alu-
minum atoms, 8.46 phosphorus atoms and 1.58 atoms
of Si, B and Zr in unit cell of the sample 1 if all of
the atoms are located in the framework. It is obvious
that this will break the rule in the zeolite sieve frame-
work, which is that AlQ cannot directly connect with
AlO4. This implies that quite a few Al atoms locate
out of the framework. In order to confirm this result,
solid-state MAS NMR has been used to investigate
the chemical characteristics and coordination of P
and Al in the samples. Fig. 1 illustraté$Al MAS
NMR spectra of samples 1 and 2. The spectra show a
strong peak with a 38 ppm chemical shift. This shift is
consistent with tetrahedral Al in Al(4P) environment.
Al(nP) denotes Al atom linked via oxygen bridging
atoms tonP atoms, where = 1, 2, 3, 4. The data are
in agreement with those reported in previous stud-
ies on AIPQ-5 [14]. The samples show additional
resonances near 8 ardl2 ppm. Fyfe et al. [15] con-
sidered that the 8 ppm chemical shift can be assigned
to fivefold coordinated Al arising from the coordi-
nation of two water molecules into a tetrahedrally
coordinated Al site in the framework. This Al site is
produced due to incomplete hydration and may be an
intermediate between tetrahedrally and octahedrally

38ppm

0 -20 -40

d/ppm

20

Fig. 1. 2’Al MAS NMR spectra of BSiZrAPO-5: (1) sample 1;
(2) sample 2.
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coordinated Al. A—16 ppm chemical shift is assigned
to octahedrally coordinated Al arising from the coor-
dination of two water molecules into a tetrahedrally
coordinated Al site in the framework [15]. However,
from the integration of the peak areas in Fig. 1, it
can be seen that about 37% of Al sites in sample 1
and sample 2 are in 8 and12 ppm. AIPQ-5 has a
high water adsorption capacity (up to 28% of its dry
weight) and it was found that up to 40% of the Al
sites in hydrated AIP@5 could be octahedrally co-
ordinated [14]. But the present samples had adsorbed
merely a small amount of water during the MAS
NMR measurements. Therefore, we consider that the
peaks near 8 and12 ppm are probably assigned to
non-framework Al sites. According to the amount of
Al in the framework, it can be deduced that the com-
position of unit cell is 11.5 Al atoms, 10.8 P atoms
for sample 1 and 11.4 Al atoms, 10.9 P atoms for
sample 2. This is a logical result. The BSiZrAPO-5
framework was formed by the replacement of Al and
P atoms in AIPQ@-5 framework with Si, Zr and B
atoms. The variation of cell volume is observed (see
Table 3), which could be taken as evidence for the re-
placement of P and Al atoms with Si, Zr and B atoms.
Fig. 2 presents®’lP MAS NMR spectra for
BSiZrAPO-5. It can be seen that BSiZrAPO-5 shows

P Lian et al./Catalysis Today 74 (2002) 137-143
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Fig. 3. IR spectra of pyridine adsorbed on sample 2 obtained at
different temperatures.

The IR spectra of pyridine chemisorbed BSiZr-
APO-5 at 433, 523, 623 and 723K (see Fig. 3)
show significant absorbance at 1447 and 1543%m
which are close to the usual values for Lewis and
Bransted acid sites. They should be assigned to those
species. The small band near 1438¢ncorresponds
to weakly acidic sites, since it disappears after evac-

a single broad asymmetric resonance centered atuation between 433 and 523 K. The bands of 1560,

—27 ppm similar to AIP@-5 [15]. The2’Al and 31P
MAS NMR spectra indicate that BSiZrAPO-5 has a
similar structure to AIP@-5 and the substitution of
Al and P with Si, B and Zr does not obviously affect
the2’Al and 3P NMR spectra.

-27ppm
2
1
L) L] L ) L) ] ]
40 20 0 -20 -40 -60 -80
3/ppm

Fig. 2.31P MAS NMR spectra of BSiZrAPO-5: (1) sample 1; (2)
sample 2.

1572 and 1578cmt correspond to strong protonic
acidic sites, since they do not disappear in the range
of experiment temperatures. From Figs. 3 and 4, it
can be found that all Brgnsted acidic sites in the sam-
ple are strong acidic sites. Their amounts do not vary
with temperature, but the Lewis acid sites decrease
with the increase in temperature.
The IR spectrum of BSiZrAPO-5 (see Fig. 5) shows

that the surface hydroxyl group peaks at 3678 and
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Fig. 4. Effect of temperature for B acid and L acid of BSiZrAPO-5.



P. Lian et al./Catalysis Today 74 (2002) 137-143 141

3690
3625
3750
3819 3678
708630
3800 3700 3600 3500 4748
-1
cm 1113
Fig. 5. IR spectra of BSiZrAPO-5 at 433 K. + t
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3819cnt! are assigned to P-OH and Al-OH, respec- Fig. 7. The IR spectrum of framework vibration of BSiZrAPO-5.
tively. However, peaks of 3750, 3690 and 3625¢m
may be related to Zr, Si and B incorporated into the
framework [10]. After adsorption of pyridine, all of
the bands disappeared, which indicates that all of the
OH groups are acidic. Effect of acid treatment on the
acidity of BSiZrAPO-5 is given in Fig. 6. Fig. 6 shows
that with the increase in the number of times of acid
treatment for BSiZrAPO-5, the acid capacities of L
acid and B acid increase remarkably. The IR spectrum
of framework vibration of the sample is given in Fig. 7.
The peaks of 1113 and 630 cthwhich are different
from those of AIPQ-5 indicate the possibility of re-
placement of P or Al in AIP@5 with B, Zr and Si. It

is noteworthy that the IR spectrum of BSiZrAPO-5 is
basically similar to that of ZrAPO-5 [10], which in-
dicates that Zr was isomorphously substituted in the
AlIPQOg4-5 structure.

Temperature programmed desorption of ammo-
nia has been proposed as a measure of total acid-
ity and acidic strength distribution in solids. Fig. 8
shows the profiles of NETPD of BSiZrAPO-5.
From Fig. 8, it can be seen that the BHAPD pat-
terns of BSiZrAPO-5 give two desorption peaks at
about 523K and at about 800K and the ARD
has merely a desorption peak at about 470K, which
indicates that the acidity of BSiZrAPO-5 is higher
than that of AIPQ-5. The 523 and 800K peaks can
be assigned to acid sites with medium acidic strength
and strong acidic strength respectively, and related
to Zr, Si, B atoms incorporated into the framework.
Fig. 8 also shows that the intensity of the second
peak for BSiZrAPO-5 increases via acid treatment.
The sample 2 treated with HCI solution for two times

0.8 l|.r"'_"'\

—4—L-acid .

<

o 0.6 —e—B-acid s
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5 &
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Fig. 6. Effect of acid treatment on B acid and L acid of Fig. 8. The profiles of Ng-TPD of BSiZrAPO-5 and AlP@5:
BSiZrAPO-5. (1) sample 1; (2) sample 2; (3) sample 3; (4) ARP®
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Table 4

Catalytic activity, selectivity and longevity for BSiZrAPO-5

Catalyst Conversion of Selectivity of Life period (h) Selectivity of 2-
alkenes (%) LAB (%) and 3-LAB (%)

Sample 1 99.0 >908 >480 95.0

Sample 2 99.5 >98 >480 95.4

Sample 3 99.1 >908 >480 95.2

possesses the most medium strong acid sites in theTable 4, it can be seen that BSiZrAPO-5 molecular
three samples. sieve treated with HCI solution for two times (sample
The catalytic activity in the alkylation of benzene 2) shows a significant catalytic activity (conversion of
with linear olefins and its variation with the tempera- linear olefins 99.5%) and a high selectivity for linear
ture are presented in Table 4 and Fig. 9. alkylbenzenes (>98%) in the alkylation of benzene
Linear alkylbenzenes (LABSs) are used in detergent with linear olefins. Especially, the catalysts exhibit
production. Currently, linear alkyloenzenes are pro- a very high selectivity for 2-phenylalkane (2-LAB)
duced by alkylation of benzene with lineagdSCi3 (>60%) and 3-phenylalkane (3-LAB) (>30%) and the
olefins in the presence of HF catalyst following the alkylation activity did not decrease in the period of
UOP process. It is of great interest in relation to en- the reaction experiment. The catalytic activity and
vironment, industrial hazard and corrosion problems selectivity of the samples varies with reaction tem-
to replace HF catalyst by non-corrosive solid acid perature. Higher reaction temperature will cause coke
catalysts. To find out environmentally benign cata- formation and catalyst deactivation. Although the sur-
lysts is always an important aim for researchers in face area of BSiZrAPO-5 decreases with the increase
many countries. However, until now the aim does not of acid treatment times (see Tables 1 and 4), its cat-
come true. Many solid acids possess catalytic activ- alytic activity does not decrease. The medium strong
ity in the alkylation of benzene with linear olefins, acid sites are 39.3% of all its acid sites for sample
but these catalysts are easily deactivated because ofl, 53.6% for sample 2 and 51.2% for sample 3. The
coke formation in the surface of the catalyst. From sample 3 also shows higher catalytic activity. There-
fore, it was assumed that the medium strong acid sites
120 mainly are the active centers with higher stability.

100 +

4. Conclusion

A novel class of crystalline microporous boro-silico-
zirconio-aluminophosphate molecular sieves (BSiZr-
APO-5) has been synthesized using the hydrothermal
synthesis method. Physico-chemical characterization
40 1 by XRD, MAS NMR, FT-IR and TPD of NH in-
dicates that Zr, B, and Si were incorporated into the
AIPO4-5 structure. BSiZrAPO-5 has a similar crystal
framework structure to AIP@5 molecular sieve and
contains Brgnsted and Lewis acid sites. Its Brgnsted
0 ’ ’ ’ and Lewis acidity is higher than that of AIRG.

373 423 473 523 573 Therefore, BSiZrAPO-5 shows a significant catalytic
activity, a high selectivity of 2-LAB and 3-LAB

Fig. 9. Effect of temperature on conversion of alkenes for and high stability in the alkylation of benzene with
BSiZrAPO-5: (1) sample 1; (2) sample 2. linear olefins. BSiZrAPO-5 may replace HF as an

60 T

20 +

Conversion ratio of alkene, %
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environmentally benign catalyst in linear alkylben-
zene production.

Acknowledgements

The authors are grateful to Prof. Min Enze of
Research Institute of Petroleum Processing for his
long term guidance and contribution in this work.
The project is supported by National Science Foun-
dation of China (NSFC) and China Petrochemical
Corporation (SINOPEC).

References

[1] S.T. Wilson, B.M. Lok, C.A. Messina, T.R. Cannan, E.M.
Flanigen, J. Am. Chem. Soc. 104 (1982) 1146.

[2] S.T. Wilson, B.M. Lok, E.M. Flanigen, US Patent 4,310,440
(1982).

[3] B.M. Lok, C.A. Messina, R.L. Patton, R.J. Gajeh, T.R.
Cannan, E.M. Flanigen, J. Am. Chem. Soc. 106 (1984) 6902.

143

[4] E.M. Flanigen, B.M. Lok, C.A. Messina, R.L. Patton, S.T.
Wilson, Proceedings of the Seventh International Zeolite
Conference, Kodansha/Elsevier, Tokyo/Amsterdam, 1986,
p. 103.

[5] 3.M. Bennet, J.P. Cohen, E.M. Flanigen, J.J. Pluth, J.V. Smith,
ACS Symp. Ser. 218 (1983) 109.

[6] K. Tanabe, T. Yamaguchi, Catal. Today 20 (1994) 185.

[7] T. Yamaguchi, Catal. Today 20 (1994) 199.

[8] P. Meriaudeau, V.A. Tuan, L.N. Hung, F. Lefebvre, H.P.
Nguyen, J. Chem. Soc., Faraday Trans. 93 (23) (1997)
4201.

[9] K. Eichler, E.I. Leupold, H. Arpe, H. Baltes, US Patent
4,720,583 (1988).

[10] M.K. Dongare, D.P. Sabde, R.A. Shaikh, K.R. Kamble, S.G.
Hegde, Catal. Today 49 (1999) 267.

[11] P. Lian, W. Gao, H. Wang, G. Sun, F. Yan, G. Li, W. Liu,
CN Patent 001,033,808 (2000).

[12] V.R. Choudhary, D.B. Akolecar, J. Catal. 103 (1987) 115.

[13] W.L. Shea, R.B. Borade, J. Clearfleld, J. Chem. Soc., Faraday
Trans. 89 (1993) 3143.

[14] R.H. Meinhold, N.J. Tapp, J. Chem. Soc., Chem. Commun.
11 (1990) 308.

[15] C.A. Fyfe, K.C. Wong-Moon, Y. Huang, Zeolites 16 (1996)
50.



	Study on physico-chemical properties and catalytic activity of BSiZrAPO-5 catalysts in linear alkylbenzene synthesis
	Introduction
	Experimental
	Results and discussion
	Conclusion
	Acknowledgements
	References


