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Direct synthesis of shaped MgAPO-11 molecular
sieves and the catalytic performance in n-dodecane
hydroisomerizationt
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and Zhijian Tian (&) *a¢

In industrial application, molecular sieves are usually used in a certain shape. This requires the addition of
binder and causes the reduction of both the molecular sieve content and catalytic performance. Herein,
pseudo-boemite was mixed with deionized water at room temperature, followed by the drop-wise
addition of phosphoric acid, magnesium acetate solution, hydrofluoric acid, di-n-propylamine and 1-
ethyl-3-methyl  imidazolium  bromide  with  vigorous stirring. The  molar ratio of
Al,Osz : P,Os : MgO : HF : DPA : [EMIMIBr : H,O in the gel was 1:1:0.03:0.18: 0.4 : 1: 45. Then the gel
was dried, extruded and directly crystallized to form a shaped MgAPO-11 molecular sieve. X-ray
diffraction, scanning electron microscopy, N, adsorption, ammonia temperature programmed
desorption, pyridine adsorption infrared spectroscopy and nuclear magnetic resonance spectroscopy
were used to investigate the physicochemical properties of the samples. X-ray diffraction, scanning
electron microscopy and N, adsorption tests show that the shaped MgAPO-11 molecular sieve is fully
crystallized and possesses hierarchical porosity. Mg is incorporated into the molecular sieve framework
and the Pt catalyst supported by the obtained shaped MgAPO-11 exhibits excellent catalytic performance
with n-dodecane conversion of 94% and isomer selectivity of 95% at 280 °C. Such a method for the

direct synthesis of shaped molecular sieves shows potential for the green synthesis of molecular sieves

rsc.li/rsc-advances in industry.

Introduction

Hydroisomerization of n-alkanes is an important process to
improve the octane number of gasoline and the low tempera-
ture fluidity of petrochemical diesel and lubricating oil.*”® At
present, catalysts used in hydroisomerization are mainly the
bifunctional ones with functions of hydrogenation/
dehydrogenation and isomerization/cracking.” The
isomerization/cracking function is usually provided by molec-
ular sieves with a one-dimensional medium pore structure and
moderate acidity, such as MgAPO-11,** SAPO-11 (ref. 6 and 7)
and ZSM-22.%°

In industrial applications, most of the catalysts based on
molecular sieves must be manufactured into specific shapes
and sizes to alter the pressure drop and activity. The expectation
is that performance optimization will eventually be achieved
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while maintaining sufficient strength to withstand typical
operational events. Generally, a process to prepare a shaped
catalyst is complex, including the synthesis of molecular sieve
powder, forming of a shaped support and impregnation of
noble metal.’ Molecular sieve powder is usually synthesized by
a hydrothermal method followed by washing; the whole process
could lead to a lot of waste liquid. In the shaping process, silica,
alumina, attapulgite, kaolin etc. are usually required as binders.
The use of binders usually can bring a significant impact upon
catalyst behaviour. This impact may be beneficial or deleterious
to the performance. Recently, Lakiss et al.™ reported that, in the
dealkylation of 1,3,5 tri-isopropyl benzene, the bound FAU-type
zeolite systematically displayed catalytic performance superior
to the parent powder. They investigated the mechanism and
found that, with the addition of binder, new catalytic sites are
created and located on the external or mesoporous surface of
the zeolites, i.e. at the zeolite-binder interface. In some cases,
these binders are catalytically inert.”> The addition of binders
may partially block the micropores, dilute the active compo-
nents and affect the catalytic performance of the catalysts.*
Dorado et al. studied the effect of binder on shaped Pd/HZSM-5
and Pd/HBeta catalysts and demonstrated that the presence of
binder decreased strong acid site density and reduced n-butane
conversion.” Extrusion with silica or boehmite adversely
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affected both the catalyst lifetime and selectivity to light olefins
in methanol-to-hydrocarbons.* Therefore, a green route for the
direct synthesis of shaped molecular sieves, which can not only
simplify the preparation process, but also eliminate the nega-
tive impact of binders on the catalytic performance, is impera-
tive for the industrial application of molecular sieves.

To directly synthesize shaped molecular sieves, two strate-
gies have been reported. One strategy is the synthesis of
molecular sieve-coating on a shaped substrate. For this method,
shaped silicon dioxide, ceramic or aluminum foam is used as
the substrate, and then the substrate is crystallized under
a certain condition, so that the molecular sieve is attached to
the surface of the substrate, and the shaped molecular sieve is
directly obtained."'® For example, Bauer et al.*® used aluminum
foam as the active support, made the support crystallized and
partially converted the support into molecular sieves to prepare
shaped SAPO-34, SAPO-18 and AIPO,-5 molecular sieves.
Although the obtained shaped molecular sieves contain partial
substrates, the post-processing step after synthesis can be
avoided by using this method.

The other strategy is to convert the non-molecular sieve
component in the shaped body into molecular sieves, so as to
solve the binder problem. For this strategy, shaped precursors
are extruded or molded into a desired shape. Through crystal-
lization, the shape of the precursor was kept and non-molecular
sieve components in the shaped precursor are transformed into
crystalline molecular sieves. The shaped precursors can be
extruded from the mixture of molecular sieve and binder'’-** or
from active amorphous gel.>*** For example, Schumann
et al.'”*® mixed 13X or LTA molecular sieve with the binder and
extruded the mixture, then made the extrudates crystallize
under hydrothermal condition to produce shaped molecular
sieves. The binder in the shaped body was converted into
molecular sieves, so the content of molecular sieve could be
improved. Wang et al.>*> mixed zeolite B, sodium aluminate,
fumed silica, silica sol, NaOH, tetrapropylammonium bromide
to form an active amorphous gel and extruded the gel. Under
hydrothermal conditions, shaped ZSM-5 molecular sieve was
directly produced without the shape change.

Recently, we reported a method for direct synthesis of sha-
ped AlPO,-11 molecular sieve,* which can be regarded as an
improved SAC method. The phosphorus source, aluminum
source, organic amine, hydrofluoric acid, and ionic liquid were
mixed, extruded and crystallized to form columned support
without the addition of any other reagent. Ionic liquid acts as
a lubricant to facilitate the extrusion process and can retain
water in the gel during the heating. Water promoted columned
support crystallization. It is worth noting that the columned
support was composed of 100% molecular sieves and have
a high mechanical strength of 69 N cm ™. This method not only
simplifies the preparation process, but also overcomes the
binder-covering problem and mechanical problem simulta-
neously. From an economic and environmental standpoint,
such method shows potential for the green synthesis of
molecular sieves in industry.

In AIPO,-11 molecular sieve, the strict alternation of AlO,
and PO, tetrahedra makes the framework electrically neutral.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Therefore, if AEL type molecular sieve is used as a support in the
isomerization reaction, the introduction of Lewis or Brgnsted
acid site into the inactive framework by isomorphous substi-
tution is a solution.”® Several studies have focused on the
incorporation of heteroatoms like Al,>***” Ce,*® Ga* and Ti* into
the electronically neutral framework via direct synthesis. The
coordination of heteroatoms in the electronically neutral
framework can affect the catalytic properties because the
incorporation of heteroatoms allows creation of Lewis and
Bronsted acid sites.** In this way, a potential catalyst for many
catalytic reactions could be found. Recently, Azhagapillai et al.
synthesized the aluminium substituted mesoporous KIT-6
material and examined its catalytic performance in iso-
butylbenzene acylation reaction. The density of Brgnsted acid
sites increases with the decrease in Si/Al ratio and aids iso-
butylbenzene conversion.**

In this work, we further promoted the method for direct
synthesis of shaped molecular sieve to synthesize the shaped
MgAPO-11 through the addition of magnesium acetate in the
initial material, extrusion of the mixture and crystallization.
The Pt catalyst supported by the obtained shaped MgAPO-11
showed good -catalytic performance in n-dodecane hydro-
isomerization. The incorporation of magnesium and the crys-
tallization process of molecular sieve were also studied in detail.

Experimental
Chemicals and reagents

Pseudo-boemite (78.6 wt% Al,0;) was supplied from Sasol Co.,
Ltd. Hydrofluoric acid (40 wt%) and orthophosphoric acid
(85 wt%) were supplied from Tianjin Kermel Chemical Reagent
Co., Ltd. 1-Ethyl-3-methyl imidazolium bromide ([EMIm]Br)
was produced by ourselves. Magnesium acetate (99%) and di-n-
propylamine (DPA, 98 wt%) were supplied from China Phar-
maceutical Group Chemical Reagent Co., Ltd. n-Dodecane
(99%) and chloroplatinic acid (99.9%) were supplied from Fluka
Co., Ltd. All chemicals and reagents were used directly without
secondary purification.

Synthesis of shaped MgAPO-11 molecular sieve

The synthesis process of shaped MgAPO-11 molecular sieve
includes two steps: the preparation of gel extrudates and the
crystallization. The gel extrudates were typically prepared as
follows: pseudo-boemite, phosphoric acid and deionized water
were mixed and subjected to vigorous agitation at room
temperature for 3 h. A separate solution of magnesium acetate
solution, hydrofluoric acid, DPA and [EMIm]|Br was added to
above mixture. Stirring of the resulting slurry at room temper-
ature for 3 h produced a uniform and viscous gel. The molar
ratio of Al,O3 : P,Os : MgO : HF : DPA : [EMIm]Br : H,O in the
mixture 1:1:0.03:0.18:0.4:1:45. The obtained
mixture was dried at 80 °C with a weight loss of ~60% to obtain
a malleable solid. The malleable solid was directly extruded by
an extruding machine. The malleable solid was extruded
though the template with holes of 2 mm diameter, and the
obtained cylindrical extrudates possess a diameter of 2 mm.

was
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Then, the cylindrical extrudates were measured and cut
manually with a length of 5-7 mm. The cylindrical extrudate of
initial gel was denoted as IG-Mg (initial gel containing Mg).

The crystallization process was as follows: the IG-Mg was put
into the autoclave without adding any other reagent. After
crystallization at 200 °C for 4 h, IG-Mg was transformed into
molecular sieve and the shaped MgAPO-11 molecular sieve was
obtained, denoted as SM-Mg (shaped molecular sieve MgAPO-
11). The template was removed by calcination for 11 h in air
at 550 °C.

Shaped AIPO,-11 molecular sieve was prepared by this
method according to the procedure reported elsewhere for
comparison, denoted as SM (shaped molecular sieve AIPO,-
11).>

The industrial catalyst support SAPO-11-ind was purchased
from AOS Catalyst (Dalian) Co., Ltd. for comparison of
mechanical strength.

Preparation of Pt/SM-Mg and Pt/SM catalysts

The calcined SM-Mg and SM were impregnated with H,PtCls
aqueous solution via incipient wetness impregnation method
and the Pt loading amount is 0.5 wt%. After impregnation, the
samples were dried at 120 °C for 2 h and reduced under H, (100
ml min~") at 400 °C for 4 h to obtain the catalysts. According to
the support, the catalysts were labeled as Pt/SM-Mg and Pt/SM,
respectively.

Characterization

X-ray diffraction (XRD) patterns of the shaped gel and shaped
molecular sieves were measured on PANalytical X'Pert PRO X-
ray diffractometer. Taking the sample crystallized for 4 h as
reference, the sum intensity of the peaks at 26 of 8.2°, 9.6°,
13.3°,15.8°,20.6° and 21.1° for each sample was compared with
that of the sample crystallized for 4 h to obtain the relative
crystallinity. Micromeritics ASAP 2420 was used to measure the
surface area and pore volume of the samples. The morphology
of the samples was observed by JSM 7800F field emission
scanning electron microspore (SEM). Ammonia temperature
programmed desorption (NH;-TPD) was tested on a Micro-
meritics AutoChem II 2920 instrument. Firstly, 0.1 g sample
(20-40 mesh) was treated at 350 °C with He for 1 h and cooled to
100 °C. Secondly, 5 vol% NH;/He was injected for adsorption
until saturation was reached. The temperature was then raised
to 600 °C at a rate of 10 °C min~*, and the desorption process
was monitored with a thermal conductivity detector. Pyridine
adsorption infrared (Py-IR) spectrum was measured on a Bruker
Tensor27 spectrophotometer. The sample was vacuumed at
400 °C for 60 min and cooled to room temperature, and then the
spectra were recorded as blank. After adsorption of pyridine and
vacuum treatment at 150 °C and 300 °C, respectively, the cor-
responding spectrograms were recorded at room temperature.
The nuclear magnetic resonance (NMR) spectrum of solid
samples was performed on Agilent DD2-500 MHz NMR spec-
trometer. The radial mechanical compressive strength was
evaluated on DL II intelligent particle strength tester. The
sample was placed in the center of the sample table. After the
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instrument was started, the force was applied automatically.
When the sample is touched, the display would have real-time
data output. With the force continued to increase until the
sample was broken, the maximum value of the force was locked,
that is, the compressive strength value of the sample. 20 spec-
imens were tested and the average value was taken. A Bruker
Multi Ram spectrometer was used to record the Raman spectra
of the samples. The Fourier-transform infrared (FT-IR) spectra
of the samples were recorded by the Bruker TENSOR27 FT-IR
spectrometer. The sample and KBr were mixed and ground
with a weight ratio of 1 : 50. Prior to FT-IR characterization, the
samples were grinded, washed with deionized water three times
and then dried at 80 °C overnight.

Catalyst testing

n-Dodecane hydroisomerization was used as a model reaction
to evaluate the isomerization performance of catalysts Pt/SM-
Mg and Pt/SM. The reaction was carried out in a fixed-bed
reactor with an inner diameter of 8 mm at atmospheric pres-
sure. The mass of catalyst was 0.76 g in each reaction. The
reaction temperature ranged from 210 to 310 °C, the molar ratio
of hydrogen-to-hydrocarbon was 15, and the liquid hourly space
velocity (LHSV) was 1.0 h™". The products were analyzed online
by Agilent 7890A gas chromatography with HP-PONA capillary
column and FID detector.

Results and discussion

Structure and morphology analysis

The photograph and XRD patterns of IG-Mg and SM-Mg are
presented in Fig. 1. As shown in Fig. 1A, IG-Mg is a cylindrical
extrudate with a length of 5-7 mm and a diameter of 2 mm. The
crystallized SM-Mg keeps well the shape of IG-Mg. In Fig. 1B, IG-
Mg shows a broad peak at around 15-30° and four sharp
diffraction peaks at 10.2°, 22.5°, 23.5° and 25.6° over the broad
peak. The broad peak at around 15-30° can be attributed to
amorphous phase, indicating the amorphous nature of IG-Mg.
The peaks are attributable to dipropylammonium bromide
(JCPDS: 00-050-2274), which was produced by the reaction of
protonated di-n-propylamine with bromide ions during the
drying process. In the XRD pattern of SM-Mg, both the diffrac-
tion of the amorphous phase and dipropylammonium bromide
disappear and the characteristic diffraction of the AEL-type

(A) ()] AEL: 00-043-0563

T

lllllnlll Il

SM-Mg

1G-Mg
5 10 15 20 25 30 35 40 45
2 theta (degree)

Intensity (a.u.)

Fig. 1 (A) Photographs and XRD patterns of IG-Mg and SM-Mg. The
JCPDS of AEL-type molecular sieve was also given in (B).

© 2021 The Author(s). Published by the Royal Society of Chemistry
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molecular sieve appear clearly (JCPDS: 00-043-0563). This indi-
cates the sample is well crystallized.

Morphology of IG-Mg and SM-Mg was observed by SEM. As
seen from the surface and cross section images shown in
Fig. 2(A-D), IG-Mg is smooth and compact, and contains mac-
ropores. The macropores were formed by the removal of water
in IG-Mg. The SEM images also show that IG-Mg extrudates are
non-crystallized gel monolith. The crystallized SM-Mg is
completely composed of crystallites with uniform morphology
(Fig. 2E-H). Furthermore, SM-Mg possesses the diffraction
pattern of AEL-type molecular sieve with high intensity. These
results suggest that SM-Mg is entirely composed of AEL-type
molecular sieve.

Texture properties of SM-Mg were studied by N, phys-
isorption. As Fig. 3 shows, the physisorption isotherm of SM-Mg
is a combination of the types I and IV. In the range of p/p, < 0.01,
the isotherm rises rapidly with a large uptake, which was caused
by the filling of micropores. In the range of 0.4 < p/p, < 0.99, the
isotherm exhibits a H3 type hysteresis loop, which is attributed
to the capillary condensation of N, in the mesopores.**** The
mesopores might be formed by the accumulation of molecular
sieve crystallites. As shown in Table 1, the BET surface area and
micropore volume of SM-Mg are 177.1 m* g " and 0.07 cm® g,
respectively. Additionally, enriched macropores can be
observed among the intergrown crystallite clusters in the SEM

Fig. 2 SEM images of the gel extrudate and the product. (A and B)
Surface of IG-Mg; (C and D) cross section of IG-Mg (E and F) surface of
SM-Mg; (G and H) cross section of SM-Mg.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 3 N physisorption isotherm of SM-Mg.

images (Fig. 2E-H). This phenomenon suggests that SM-Mg has
a hierarchical porosity composed of micropores, mesopores
and macropores. The radial compressive strength of SM-Mg was
further tested and the result is 66 N cm ' (Table 1). As
a comparison, the mechanical strength of industrial catalyst
support SAPO-11-ind was measured and the value was 78
N cm ™. Although the mechanical strength of SM-Mg is slightly
lower than that of SAPO-11-ind, such mechanical strength can
still ensure that SM-Mg meet the requirement of being used as
an isomerization catalyst support.

To study the thermal stability of SM-Mg and SM, TG
measurement were performed. As shown in Fig. S1,} the weight
losses in the range of 40-800 °C is mainly the decomposition of
[EMIm|Br and organic amines, except for the desorption of
a small amount of physisorbed water. From the TG analysis, it
can be known that both SM-Mg and SM have good thermal
stability.

Based on the results of XRD, SEM, N, physisorption, TG and
mechanical strength test, it can be deduced that SM-Mg is
composed of molecular sieve crystallites, possesses hierarchical
porosity and good thermal stability, exhibits excellent
mechanical strength. This makes SM-Mg a promising support
for industrial catalysts.

Incorporation of Mg

The incorporation of Mg can bring about the acidity change in
the molecular sieve framework and the acidity is characterized
by NH;-TPD and Py-IR.

Fig. 4 shows the NH;-TPD profiles of SM and SM-Mg. SM
shows only one desorption peak, while SM-Mg shows two
obvious desorption peaks. The peak at round 180 °C is observed
on the profiles for both SM and SM-Mg. This peak belongs to the
desorption of weakly adsorbed NH3, such as these adsorbed at
the defect sites and on the weak acid P-OH.*** The peak at
round 350 °C appears only on the NH;-TPD profile of SM-Mg.
This peak may be caused by the desorption of NH; adsorbed
at strong acid sites formed by replacing framework AI** with
Mg>".* Compared with SM, the acidity of SM-Mg was increased
significantly. This was caused by the incorporation of Mg into
the molecular sieve framework.

To distinguish the type of acid sites, Py-IR spectra were
recorded for SM-Mg at 150 °C and 300 °C. As shown in Fig. 5, the

RSC Adv, 2021, N1, 25364-25374 | 25367
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Sample Sper® (m* g ™) Sext” (m? g7 1)

Viotal (cm® g71)

Viiero” (cm® g71) Vineso” (em® g7%) Str’ (N em ™)

SM-Mg 177.1 38.3 0.16

0.07 0.09 66

@ BET surface area.  t-plot external surface area. ¢ t-plot micropore volume. ¢ BJH desorption cumulative volume of pores. ¢ Mechanical strength.

—— SM-Mg
——SM

Signal (a.u.)

100 200 300 400 500 600
Temperature (°C)

Fig. 4 NHs-TPD curves of SM-Mg and SM. Samples underwent
temperature-programmed desorption under NHsz with detailed
parameters shown in sample characterization.

1450 cm™!

o 1545cm™
150 C

Absorbance (a.u.)

300 °C

1600 1575 1550 1525 1500 14'715 1450 1425
Wave number (cm™)

Fig. 5 Py-IR spectra of SM-Mg with pyridine desorption temperatures
of 150 °C and 300 °C.

peak at 1545 cm ™" should be assigned to the Brensted acid sites
and the peak at 1450 cm™ " is associated with Lewis acid sites.*
The peak areas decrease markedly with the increasing of
temperature, which is due to desorption of weakly adsorbed
pyridine at elevated temperatures. The quantitative results of
Bronsted and Lewis acid sites are given in Table 2. These results
indicate that the SM-Mg contains both Brensted and Lewis acid
sites. AIPO4-11 possesses a neutral framework that is built up

Table 2 Acidity of SM-Mg measured by Py-IR at different
temperatures

Bronsted (pmol Py

g N Lewis (umol Py g™ )
Sample 150 °C 300 °C 150 °C 300 °C
SM-Mg 15.3 14.1 45.2 16.7

25368 | RSC Adv, 2021, 11, 25364-25374

from strict alternation of AlO, and PO, tetrahedra.’” Therefore,
it is not suitable to be used in isomerization reaction. With the
isomorphous substitution of Mg>* for AI**, electrically negative
framework is produced. The negative framework charges are
balanced by H' and then Bregnsted acid sites are formed.?® In
this way, SM-Mg has the catalytic acidity and can be used as
a support in isomerization reaction.

To further investigate whether Mg is incorporated into the
molecular sieve framework, >’Al and *'P MAS NMR experiments
were carried out and the changes of local chemical environment
of P and Al atoms were studied.

As Fig. 6 shows, the amorphous IG-Mg has one weak reso-
nance at 42.5 ppm and two strong resonances at 8.0 and
—13 ppm in *’Al NMR spectrum. The weak broad resonance at
42.5 ppm can be ascribed to four-coordinated Al in the amor-
phous aluminium phosphate.*®**° The resonance at 8 ppm
should arise from six-coordinated Al in the unreacted pseudo-
boemite.** The resonance at —13 ppm can be assigned to six-
coordinated Al in the amorphous aluminium phosphate,
which arises from AlO, sites that are additionally coordinated
by OH /H,0 species.***° Since the six-coordinated Al atoms are
dominant, IG-Mg is not in a crystalline state. Meanwhile, the *'P
NMR spectrum of IG-Mg exhibits a broad peak at around
—11 ppm, which can be attributed to P connected with less than
four AlO, in amorphous aluminum phosphate.?****>* These P
species include P(OAl)(OH);, P(OAl),(OH), and P(OAl);(OH).***
The *’Al and *'P NMR results indicate the amorphous nature of
1G-Mg.

SM-Mg shows one dominant resonance at 37.5 ppm and two
weak resonances at 13.0 and —6 ppm in the >’Al MAS NMR
spectrum. For MgAPO-11, the resonance at 37.5 ppm is caused
by four-coordinated Al. Akolekar et al.** found a sharp *’Al
signal at 30-40 ppm in the NMR study of MgAPO-11. They

-29.7

37.5

Intensity (a.u.)
Intensity (a.u.)

0
6.0 SM-Mg
8.0

-13.0
425  J\ N\ IG-Mg

80 60 40 20 0 -20-40-60-80 40 20 0
Chemical shift (ppm)

1G-Mg

20 -40 -60 -80
Chemical shift (ppm)

Fig. 6 2’Al(A) and *!P (B) MAS NMR spectra of IG-Mg, SM-Mg and SM.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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attributed this signal to four-coordinated Al in crystallized
aluminophosphate. The weak resonance at 13.0 ppm should be
assigned to five-coordinated Al, which is caused by the inter-
action of framework Al with F~ or OH /H,0.*® The other weak
resonance at —6 ppm arises from six-coordinated Al in
Al(OP),F,.* After crystallization, the six-coordinated Al signal of
unreacted pseudo-boemite and amorphous aluminium phos-
phate disappears. The four-coordinated Al signal becomes
dominant and only a little five- or six-coordinated Al signals
appeatr. Such five- and six-coordinated Al signals associate with
the species interacted with fluoride ions or water and are often
observed in the NMR spectra of molecular sieves synthesized in
F-containing system.**** The coordination environment of Al
changed during crystallization, and the framework is mainly
composed of four-coordination Al. This result evidently proves
that SM-Mg is completely crystallized.

The *'P MAS NMR spectrum of SM shows a strong peak at
—29.7 ppm and a weak shoulder peak at —19.9 ppm. The weak
shoulder peak at —19.9 ppm is assigned to tetrahedral P in
-CLO type aluminiophosphate molecular sieves.* According to
the previous work,> when the crystallization time was between
1 h to 24 h, the product always contains intermediate molecular
sieve phase (-CLO). After 48 h, AEL-type molecular sieve was
obtained. Fig. S21 displays the *'P NMR spectra of SM crystal-
lized for different time. The weak peak at —11.0 ppm is attrib-
uted to the structural P-OH groups in the framework, while the
intense peak at —19.9 ppm is assigned to tetrahedral P. For SM-
Mg, the *'P MAS NMR spectrum shows an asymmetric line-
shape for the signal at around 20-35 ppm, which consists of
complex multiplets of overlapping peaks. This signal could be
divided into two peaks, namely a strong peak at —29.7 ppm and
a shoulder peak at —23 ppm. In general, the *'P signal is
sensitive to the change of chemical environment. For AIPO,
molecular sieve, the *'P NMR spectrum exhibits only one single
symmetric resonance at around —30 ppm.***® The incorpora-
tion of Mg into the framework of aluminophosphate molecular
sieves has obvious effect on *'P chemical shift. For example,
Deng et al® found that the *'P spectrum of MgAPO-5 has
a broad and asymmetric signal. Though deconvolution, four
peaks at —29.2, —22.2, —17.2 and —11.3 ppm were obtained,
which were assigned to P(4Al, 0Mg), P(3Al, 1Mg), P(2Al, 2Mg)
and P(1Al, 3Mg), respectively. Prasad and Haw** found that the
*1p signal of MgAPO-20 could be deconvolved into four peaks at
—33.9, —28.0, —21.3 and —14.8 ppm, which were assigned to P
atoms connecting with 0, 1, 2 and 3 Mg atoms, respectively.
Wang et al.*® characterized MgAPO-11 by *'P NMR and assigned
the peaks at —29 and —23 ppm to P(4Al) and P(3Al, 1Mg) units
in the framework, respectively. The above NMR results indicate
that Mg can substitute for Al in the framework, leading to the
formation of four P coordination modes: P(4Al), P(3Al, 1Mg),
P(2Al, 2Mg), and P(1Al, 3Mg). Except the P(4Al) peak at
—29.7 ppm, only one peak at —23 ppm was detected in the *'P
MAS NMR spectrum of SM-Mg. Because of the low Mg content
(Al,O3 : MgO = 1:0.03) and the well dispersion of the magne-
sium source in the reaction gel, P(1Al, 3Mg) and P(2Al, 2Mg)
unit would not appear. Accordingly, the peak at —23 ppm

© 2021 The Author(s). Published by the Royal Society of Chemistry
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should be attributed to P(3Al, 1Mg) unit formed by Mg
substituting for Al

As the above results show, Mg was successfully incorporated
into the molecular sieve framework and Brensted acid sites
were formed. Thus, the corresponding SM-Mg is endowed with
catalytic acidity.

Formation process of SM-Mg

XRD is employed to follow the crystallization process of SM-Mg.
Fig. 7 shows the XRD patterns of samples crystallized for
different time. The relative crystallinity curve is exhibited in
Fig. 8. As Fig. 7 shows, the XRD pattern of IG-Mg presents the
diffraction peaks of dipropylammonium bromide and a broad
weak reflection related to amorphous phase. After crystallized
for 0.5 h, the dipropylammonium bromide peaks disappear and
only the broad weak reflection can be seen. This indicates that
the structure was rearranged and the sample was completely
composed of amorphous phase. As shown in Fig. 8, the relative
crystallinity is 0 at this time. As the crystallization time
increasing to 4 h, the diffraction peaks of AEL-type molecular
sieve appear, and the relative crystallinity increase rapidly.
Further increase of the crystallization time causes no significant
increase of the relative crystallinity. These results indicate that
the sample was completely crystallized after 4 h.

Furthermore, the evolution process of micropores is also
shown in Fig. 8. When the crystallization time is 0.5 h, the
micropore volume reaches 0.01 m® g~ '. This indicates that
molecular sieve structure has appeared in the product. The
amount of micropore volume can reflect the crystallization
degree of molecular sieves. When the crystallization is
completed, the micropore volume reaches the maximum value
of 0.07 m* g,

In our previous work, shaped AlIPO,-11 was directly synthe-
sized though this method.> It took a long crystallization time (2
d) and an intermediate (-CLO type AIPO,) appeared during
crystallization. In this study, it takes only 4 h to get fully crys-
tallized shaped MgAPO-11. No intermediate was detected
during the crystallization process. Compared with the synthesis
of shaped AIPO,-11, Mg significantly accelerated the crystalli-
zation of shaped MgAPO-11. In the ionothermal synthesis of
MgAPO-11, Wang et al.>® also found that the addition of Mg
accelerated the molecular sieve crystallization and inhibited the

+ AEL
ot 8h
LA A AAM_A,A.L A ]
3 ot 4h
&
2 I 1h
2
@ e l, 0.75h
T A
= 0.5h
I N IDE-Mg

2 theta (degree)

Fig. 7 XRD patterns of the samples crystallized for different time.
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transition to dense phase. Perez-Pariente et al.** pointed out
that the synthesis of metal-incorporated aluminophosphates is
strongly correlated to the presence of the hetero-metal atoms. A
typical example is the synthesis of AFI- and CHA-type molecular
sieves.”® Only the AFI-type molecular sieve was obtained from
hetero-metal-free gel, while CHA-type molecular sieve was ob-
tained from Zn-containing gel. Similar phenomena were also
observed in the synthesis of AEL- and CHA-type molecular
sieves.’* When V or Ti was added into the starting gel, the CHA-
type molecular sieve was more likely to occur in the product
than the AEL-type one. Furthermore, Lewis et al.®” found that
strong interaction can be formed between metal species and
template. The interaction between the metal species and the
template lead to the formation of a specific molecular sieve. The
metal species play a cooperative framework-template role in the
synthesis of molecular sieve. In our work, the addition of Mg
favored the rapid formation of MgAPO-11 without any inter-
mediate formation. This indicates that the Mg species may
contribute a cooperative structure-directing effect along with
DPA. The mechanism of such effect would be further studied.
FT-IR and Raman spectra were used to investigate the crys-
tallization process of SM-Mg. The results are presented in Fig. 9
and 10, respectively. The FT-IR and Raman peaks of the samples
can be divided into two groups: the peaks of adsorbed/
embedded [EMIm] and DPA in the samples and the peaks of
Al-O-P species. It should be emphasized that, before FT-IR or
Raman characterization, the as-synthesized sample was ground
into powder, washed with deionized water for three times, and
then dried at 80 °C. Therefore, the signals of organics detected
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Fig. 9 FT-IR spectra of samples crystallized for different time.
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Fig. 10 Raman spectra of samples crystallized for different time.

in the FT-IR and Raman spectra should be assigned to [EMIm]/
DPA that did not be washed out.

As shown in Fig. 9, the FT-IR peaks at 1570, 1465 and
1170 cm™ " are belonging to [EMIm]Br and DPA®® and the peaks
gradually weaken and disappear with the progress of crystalli-
zation. This indicates that the interaction between the [EMIm]
Br/DPA and phosphorus species is strong at the beginning. As
the crystallization proceeds, molecular sieve is formed, the
interaction between the [EMIm|Br/DPA and phosphorus
becomes weak, and the [EMIm|Br/DPA is easily washed out. It is
because at the beginning, acid-base reaction occurs between
[EMIm]Br/DPA and phosphoric acid to form a salt, there is
a strong interaction between them, so [EMIm]Br/DPA cannot be
washed out. As the crystallization proceeds, the molecular sieve
framework is formed though the connection of phosphorus,
aluminum and magnesium by sharing a common oxygen vertex.
Therefore, phosphorus, aluminum, magnesium and oxygen
bond together, while [EMIm]Br and DPA are free and exist in the
cavity acting as either a space filler or structure directing agent.
In this way, the interaction between [EMIm]|Br/DPA and
molecular sieve framework becomes weak and can be washed
out of the sample. In the Raman spectra (Fig. 10), the peaks
assigned to [EMIm]Br at 600 and 704 cm™ ' (ref. 58) decrease
significantly during the crystallization. This result further
confirms that the strong acid-base interaction between [EMIm]
Br/DPA and phosphorus species in amorphous phase is trans-
formed into the weak host-guest interaction of [EMIm]|Br/DPA
with the molecular sieve framework. Because of the weak-
ening of the interaction, [EMIm]Br can be gradually washed out
of the sample.

During the crystallization, the peak position and type of the
Al-O-P bonds have also changed. As shown in Fig. 9, the FT-IR
spectrum of the initial gel (IG-Mg) exhibits the peaks at 500 and
1091 cm~'. The peak at 500 cm™ ' is attributed to Al-O-P
bending vibration.***® The intensity of this peak increases with
crystallization time. Redshift occurs and leads to the peak
shifting to 465 cm ™' when the crystallization is completed (4 h).
This indicates that the structure of the sample is gradually
rearranged. At the same time, the peak assigned to the asym-
metric stretching vibrations of the tetrahedra (TO4)**® shifts
form 1091 cm™" to 1123 em ™', This result indicates that the
amorphous gel is gradually transformed to molecular sieve.

© 2021 The Author(s). Published by the Royal Society of Chemistry
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As shown in Fig. 10, the Raman spectrum of IG-Mg exhibits
peaks at 245, 360 and 496 cm ™ '. The intensity of the peak at
360 cm ™', which is assigned to isolated octahedral AlOg (ref. 61
and 62), gradually decreases and disappears. During the crys-
tallization, most of the octahedral AlOg species in the initial gel
would be consumed, and then tetrahedral AlO, species would
appear. In this process, phosphoric ions connect Al atoms by
replacing hydroxyl groups and the Al-O-P bond could be
formed.®® As the peak corresponding to the AlOg species
disappears, the peak of 4-membered rings (4-MR) gradually
shifts from 496 cm™ " to 492 cm ™, possibly due to the increase
in the number of 4-MR.** Moreover, the vibration peak of 10-
member ring shifts from 245 cm ™' to 259 em ™! and the peak
intensity is enhanced. This indicates that the 10-membered ring
is becoming more and more regular and finally the AEL-type
framework is formed.*>%®

Water is essential for the synthesis of molecular sieves.
Matsukata et al.*”*® found that the formation of a pseudo-*BEA
structure required an exposure of the dry gel to steam for a few
hours, and nanoparticle intermediates containing a pseudo-
*BEA structure can be transformed into highly ordered *BEA
molecular sieve. They presumed that the dehydration of silanols
in the precursor during the thermal treatment in the presence
of a minimum amount of water possibly promoted the crystal-
lization. In the ionothermal synthesis of AIPO,-5 and AlPO,4-11,
Ma et al.® found that both the induction and growth time of
crystallization curves were dramatically reduced after the
addition of reagent quantities of water. As a nucleophilic
reagent, the added water would improve hydrolysis reactions
and thereby facilitate the formation of solution active species.
Furthermore, the added water could also promote the synthesis
kinetics by promoting both the production and the transport of
H' and OH™ hydrates. In this work, [EMIm]Br in the gel extru-
dates plays a role of retaining water. Water promoted the
depolymerization and repolymerization, participated in the
bond breaking and rebonding in the six- and five-coordination
species to form the four-coordination species. Under the
direction of the structure-directing agent (DPA), the gel struc-
ture was rearranged to form the molecular sieve framework.
During the crystallization, there is no liquid in the system and
no dissolution occurs. The crystallization process may follow
the solid phase transformation mechanism.

Superior performance in hydroisomerization of n-dodecane

The isomerization properties of catalysts Pt/SM-Mg and Pt/SM
were evaluated using n-dodecane hydroisomerization as
a model reaction. The results are shown in the Fig. 11. Gener-
ally, n-alkanes hydroisomerization is carried out on a bifunc-
tional catalyst. The bifunctional catalyst should contain
metallic sites for hydrogenation-dehydrogenation and acid
sites for isomerization.” The hydroisomerization of n-alkanes
follows the following steps:*> (1) n-alkanes are adsorbed on
metallic sites and converted to n-alkenes by dehydrogenation.
(2) n-Alkenes are transferred from the metallic sites to acid sites.
(3) m-Alkenes are adsorbed at acid sites and transform into
carbenium ions are through the protonation reaction, followed

© 2021 The Author(s). Published by the Royal Society of Chemistry
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Fig. 11 Catalytic performance of catalysts Pt/SM-Mg and Pt/SM in n-
dodecane hydroisomerization. (A) n-Dodecane conversion, (B)
isomers selectivity, (C) multi/(multi + mono) ratio against conversion.
Multi and mono represent the multi-branched and mono-branched i-
dodecanes, respectively. Reaction conditions: LHSV = 1 h™%, atmo-
sphere H,, Hy/n-dodecane (mol) = 15.

by the isomerization/cracking reaction. (4) The isomerized
carbenium ions deprotonate at acid sites to form i-alkenes. (5) i-
Alkenes are transferred from acid sites to metallic sites. (6) On
metallic sites, i-alkenes are converted to i-alkanes by hydroge-
nation and then desorbed. Therefore, to improve the selectivity
of isomerization catalysts, it is necessary to effectively control
the balance between metal and acid functions. The isomeriza-
tion performance of metal catalysts without acidity is always
poor.

With the increase of reaction temperature in the range of
210-310 °C, the n-dodecane conversion of Pt/SM-Mg and Pt/SM
gradually increase. For catalysts based on AIPO,-11 molecular
sieves, namely Pt/SM, the n-dodecane conversion increases
slowly. When the temperature reaches 310 °C, the conversion is
only 7%. In addition, the isomerization selectivity of Pt/SM is
less than 80%. These results should be mainly attributed to the
lack of acidity in SM. Reaction occurred on Pt/SM is mainly the
thermal cracking of C-C bonds. As a result, both activity and
selectivity of the hydroisomerization reaction are low. In
contrast, with the incorporation of Mg, the acidity of SM-Mg
increases obviously. The acid and metal functions on Pt/SM-
Mg are well balanced, so SM-Mg exhibits higher improved
activity and selectivity. With the increase of reaction tempera-
ture, the conversion increases rapidly. When the temperature is
280 °C, the conversion reaches 94%. Moreover, in the range of
210 °C to 280 °C, the selectivity is above 95%. Even if the
temperature is increased to 310 °C, the selectivity can still be
over 81%. Such high activity and selectivity is due to the suitable
Mg incorporation, which increases the number of acid sites and
guarantees the moderate acidity of the molecular sieve.

i-Alkanes, especially the multi-branched i-alkanes are desir-
able for both increasing the octane number of gasoline and
improving the low-temperature flow property of diesel and
lubricant. Therefore, maintaining a high content of multi-
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branched isomers in the isomer fractions (multi/(multi +
mono)) is important for achieving a high isomerization
performance. The multi/(multi + mono) ratio against the
conversion is shown in Fig. 11. With the increase of conversion,
the multi/(multi + mono) ratio of both Pt/SM-Mg and Pt/SM
increase gradually. However, the multi/(multi + mono) ratio of
Pt/SM is always at a very low level, with a maximum of only
0.073, which is caused by the low catalytic activity of Pt/SM. In
contrast, the multi/(multi + mono) ratio of Pt/SM-Mg is rela-
tively higher. Before the conversion increases to 80%, the multi/
(multi + mono) value increases slowly. As the conversion
exceeds 80%, the multi/(multi + mono) value increases rapidly,
reaching a maximum of 0.63. This is because at a low conver-
sion, due to the good diffusion performance, the mono-
branched olefin intermediate is easy to desorb from the acid
site and diffuse to the metal center, where hydrogenation
reaction occurs and the mono-branched isomers are obtained.
At a high conversion, the mono-branched olefin intermediate
undergoes a further skeleton isomerization to form multi-
branched olefin intermediate, and then hydrogenation occurs
on the metal center to generate multi-branched isomers.

It has also been reported that MgAPO-11 and SAPO-11 was
used as the support for n-dodecane hydroisomerization. Yang
et al.* synthesized MgAPO-11 and SAPO-11 powder by hydro-
thermal method and Wang et al.>® synthesized MgAPO-11
powder by ionothermal method. Then the powder was shaped
into particles for Pt/MgAPO-11 catalyst support. Table 3 shows
the results of n-dodecane hydroisomerization on Pt/MgAPO-11
and Pt/SAPO-11 catalysts prepared by different methods. For
Pt/SM-Mg catalyst, the superior catalytic performance with n-
dodecane conversion of 94% and isomers selectivity of 95% is
obtained at 280 °C. For Pt/MgAPO-11-hydr catalyst, the conver-
sion and isomers selectivity were up to 81% and 78%, respec-
tively. The Pt/MgAPO-11-iono catalyst had a catalytic
performance with a conversion of 93% and a selectivity of 94%.
The Pt/SAPO-11 catalyst exhibited a conversion of 94% and
a selectivity of 81% at 300 °C. Comparing with that of SAPO-11,
the higher acid strength of the MgAPO-11 was probably the
reason for its higher activity and isomer yield.* The above as-
synthesized molecular sieves are all in powder. The molecular
sieve powders usually need to be extruded with binders to make
them more suitable for practical applications. However, with
the addition of binder, the acid sites are easily covered and the
micropores may be blocked, leading to dilution of the active
species. In this work, the shaped MgAPO-11 molecular sieve
support is completely composed of molecular sieve without
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binder, which can be directly used in industrial reactions. The
preparation of shaped support composed of molecular sieve can
make the external surface and pore mouth of molecular sieve
uncovered, so the catalytic performance shaped support can be
well played. The result suggests that the direct synthesis of
shaped molecular sieves is not only simple, but also can
produce molecular sieve with high catalytic performance, which
is worthy of further promotion.

Conclusions

In summary, shaped MgAPO-11 molecular sieve with high
relative crystallinity, excellent mechanical strength and hierar-
chical porosity has been synthesized directly. Mg is successfully
incorporated into the molecular sieve. Crystallization of the
shaped MgAPO-11 molecular sieve is investigated in detail, and
it is considered that the crystallization process follows solid
phase transformation mechanism. In the hydroisomerization of
n-dodecane, the Pt/SM-Mg catalyst exhibits the excellent cata-
Iytic performance with n-dodecane conversion of 94% and
isomers selectivity of 95% at 280 °C. The directly synthesis of
shaped molecular sieve has proven to be a high-yield, high-
safety and low-pollution methodology. As these features show,
this method is an eco-friendly route and has potential signifi-
cance in industrial applications.
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