Dear Author,
Here are the proofs of your article.

*  You can submit your corrections online, via e-mail or by fax.

* For online submission please insert your corrections in the online correction form. Always
indicate the line number to which the correction refers.

*  You can also insert your corrections in the proof PDF and email the annotated PDF.

* For fax submission, please ensure that your corrections are clearly legible. Use a fine black
pen and write the correction in the margin, not too close to the edge of the page.

* Remember to note the journal title, article number, and your name when sending your
response via e-mail or fax.

e Check the metadata sheet to make sure that the header information, especially author names
and the corresponding affiliations are correctly shown.

*  Check the questions that may have arisen during copy editing and insert your answers/
corrections.

*  Check that the text is complete and that all figures, tables and their legends are included. Also
check the accuracy of special characters, equations, and electronic supplementary material if
applicable. If necessary refer to the Edited manuscript.

* The publication of inaccurate data such as dosages and units can have serious consequences.
Please take particular care that all such details are correct.

* Please do not make changes that involve only matters of style. We have generally introduced
forms that follow the journal’s style.
Substantial changes in content, e.g., new results, corrected values, title and authorship are not
allowed without the approval of the responsible editor. In such a case, please contact the
Editorial Office and return his/her consent together with the proof.

* If we do not receive your corrections within 48 hours, we will send you a reminder.

* Your article will be published Online First approximately one week after receipt of your
corrected proofs. This is the official first publication citable with the DOI. Further changes
are, therefore, not possible.

* The printed version will follow in a forthcoming issue.
Please note

After online publication, subscribers (personal/institutional) to this journal will have access to the
complete article via the DOI using the URL: http://dx.doi.org/[DOI].

If you would like to know when your article has been published online, take advantage of our free
alert service. For registration and further information go to: http://www.link.springer.com.

Due to the electronic nature of the procedure, the manuscript and the original figures will only be
returned to you on special request. When you return your corrections, please inform us if you would
like to have these documents returned.


http://www.link.springer.com

Metadata of the article that will be visualized in

OnlineFirst

ArticleTitle

Synthesis and Characterization of Aluminophosphates Type-5 and 36 Doubly Modified with Si and Zn and
Its Catalytic Application in the Reaction of Methanol to Hydrocarbons (MTH)

Article Sub-Title

Article CopyRight

Journal Name

Springer Science+Business Media, LLC, part of Springer Nature
(This will be the copyright line in the final PDF)

Topics in Catalysis

Corresponding Author

Family Name

Ruiz

Particle

Given Name Misael Garcia

Suffix

Division Doctorado en Ciencia de Materiales de La Facultad de Quimica

Organization Universidad Auténoma del Estado de México

Address Paseo Colon Esquina Paseo Tollocan S/N, C.P. 50000, Toluca Estado de
México, Mexico

Phone

Fax

Email misagr89@gmail.com

URL

ORCID

Author Family Name Casados

Particle

Given Name Dora A. Solis

Suffix

Division

Organization Universidad Auténoma del Estado de México, Centro Conjunto de
Investigacion en Quimica Sustentable UAEM-UNAM, Personal Académico
Adscrito a La Facultad de Quimica, UAEMex

Address Toluca, Mexico

Phone

Fax

Email

URL

ORCID

Author Family Name Pliego

Particle

Given Name Julia Aguilar

Suffix

Division

Organization Area de Quimica Aplicada, Departamento de Ciencias Basicas, UAM-A

Address San pablo 180, C.P. 02200, Mexico, Mexico

Phone



Fax
Email
URL
ORCID

Author

Family Name
Particle
Given Name
Suffix
Division
Organization
Address
Phone

Fax

Email

URL
ORCID

Alvarez

Carlos Marquez

Instituto de Catalisis Y Petroleoquimica, CSIC
C/Marie Curie 2, Campus Cantoblanco, 28049, Madrid, Spain

Author

Family Name
Particle
Given Name
Suffix
Division
Organization
Address
Phone

Fax

Email

URL
ORCID

Andrés
de

Enrique Sastre

Instituto de Catalisis Y Petroleoquimica, CSIC
C/Marie Curie 2, Campus Cantoblanco, 28049, Madrid, Spain

Author

Family Name
Particle
Given Name
Suffix
Division
Organization
Address
Phone

Fax

Email

URL
ORCID

Tartalo

Diana Sanjurjo

Instituto de Catalisis Y Petroleoquimica, CSIC
C/Marie Curie 2, Campus Cantoblanco, 28049, Madrid, Spain

Author

Family Name
Particle
Given Name
Suffix

Division

Sanchez-Sanchez

Manuel



Organization Instituto de Catalisis Y Petroleoquimica, CSIC

Address C/Marie Curie 2, Campus Cantoblanco, 28049, Madrid, Spain
Phone

Fax

Email

URL

ORCID

Author

Family Name Casas

Particle

Given Name Marisol Grande

Suffix

Division

Organization Instituto de Catalisis Y Petroleoquimica, CSIC
Address C/Marie Curie 2, Campus Cantoblanco, 28049, Madrid, Spain
Phone

Fax

Email

URL

ORCID

Schedule

Received
Revised

Accepted

Abstract

This paper presents a study of the synthesis of AIPO4-5 and AIPO,-36 materials doubly substituted by Si
and Zn, as acid function and aromatizing function, respectively. The physicochemical properties of the
zeotypes were studied by XRD, adsorption of N,, Temperature Programmed Desorption with NH;, 3'P
MAS NMR and SEM. The incorporation of Zn and Si has shown an important effect on the acidic, textural
and morphological properties of the samples. The particle size has a significant effect on the catalytic
activity in the reaction of methanol to hydrocarbons in terms of methanol conversion and selectivity. It was
observed that as the particle size decreases, the methanol conversion increases causing the catalyst to
deactivate in a shorter time. The incorporation of Zn improved the selectivity to total aromatics by the
aromatizing effect of Zn. The SAPO-5 (S5) material having a smaller particle size showed complete
conversions of methanol. In contrast, the ZnAPO-5 (Z5) material showed low conversions but a high
selectivity to total aromatics (41%). On the other hand, the material S36-2 presented a high selectivity to
aromatics (58%) due to the high amount of Zn and Si. Both metals provided a certain acidic character to
the materials.
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materials
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Abstract
This paper presents a study of the synthesis of AIPO,-5 and AIPO,-36 materials doubly substituted by Si and Zn, as acid
function and aromatizing function, respectively. The physicochemical properties of the zeotypes were studied by XRD,

adsorption of N,, Temperature Programmed Desorption with NH;, *'P MAS NMR and SEM. The incorporation of Zn and [Xll

Si has shown an important effect on the acidic, textural and morphological properties of the samples. The particle size has
a significant effect on the catalytic activity in the reaction of methanol to hydrocarbons in terms of methanol conversion

and selectivity. It was observed that as the particle size decreases, the methanol conversion increases causing the catalyst to
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deactivate in a shorter time. The incorporation of Zn improved the selectivity to total aromatics by the aromatizing effect
of Zn. The SAPO-5 (S5) material having a smaller particle size showed complete conversions of methanol. In contrast,
the ZnAPO-5 (Z5) material showed low conversions but a high selectivity to total aromatics (41%). On the other hand, the
material S36-2 presented a high selectivity to aromatics (58%) due to the high amount of Zn and Si. Both metals provided
a certain acidic character to the materials.

Keywords Methanol conversion - Zeotypes - Aromatics - BTX fraction - AIPO doubly substituted - MeAPSO materials

Abbreviations MTO Methanol to olefins
MTH Methanol to hydrocarbons AIPO,-n  Microporous crystalline aluminophosphate
MTA Methanol to aromatics MeAPO  Microporous crystalline aluminophosphate

containing a transition metal ion
MeAPSO Microporous crystalline aluminophosphate
doubly substituted by two transition metal
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TGA Thermogravimetric analyses
DTG Derivate thermogravimetric
SDA Structure-directing agent
MR Member rings

1 Introduction

Methanol can be produced via syngas from multifarious
carbon resources such as coal, natural gas and biomass, the
conversion of methanol to hydrocarbons (MTH) over acidic
zeolite catalysts has studied as into an increasingly important
alternative to petroleum processing to get various fuel and
chemical products [1]. The conversion of methanol to hydro-
carbons (MTH) over acidic zeolites has drawn considerable
attention since its discovery in 1970s by Mobil Corporation
[2]. Depending on the product of reaction selectivity, this
process was named as MTG (methanol to gasoline), MTO
(methanol to olefins), MTP (methanol to propene) and MTA
(methanol to aromatics). In this last process, aromatic com-
pounds, especially benzene, toluene and xylene (BTX frac-
tion) are mainly produced from the oil-based route to this
date, the gradual depletion of oil reserves has resulted in a
sustained tight supply and high cost of aromatics [3]. How-
ever, methanol can be expediently produced via syngas from
multifarious carbon resources such as coal, natural gas and
biomass [4]. The MTH chemistry and its commercial poten-
tial have been known for decades. In the late 1970s, New
Zealand build the world’s first facility for producing gasoline
from natural gas via methanol using synthetic zeolites called
ZSM-5 [2]. Several authors been studied HZSM-5 zeolite as
a catalyst for MTH reaction because of its shape selectivity,
high activity, and excellent hydrothermal stability [5].

Aluminophosphates (AIPOs), first reported by Wilson
in 1982 [6], constitute a large class of molecular sieves or
zeotypes. Zeotypes are extensively investigated and applied
in the field of catalysis because of their intrinsic properties
such as high micropore areas, narrow micropore distribution,
high thermal stability and capacity of being doped by dif-
ferent heteroatom ions, which generate heterogeneous active
sites within structures with shape-selective ability [7]. These
materials not only exhibit characteristics of zeolites but also
show novel physicochemical properties that are linked to
their unique composition and have potential applications in
catalysis, adsorption, and ion-exchange [8].

Isomorphic substitution of framework AI** and P°*
ions by metal cations (V, Co, Mg, Ga, Fe, Zn, etc.) or
silicon produces the MeAPO and SAPO family materi-
als, respectively. The incorporation of cations can lead
to Bronsted acid sites, which make these materials useful
in acid-catalyzed reactions [9, 10]. This acid property of
SAPO is strongly dependent on the Si content, sitting and
ordering in the lattice. When Si atoms are incorporated

@ Springer

into the framework of an AIPO, at the phosphorous sites
(mechanism SM2), a potential Bronsted site per Si atom
would be generated. Simultaneous replacement of a pair
of Al+P atoms by two Si atoms (mechanism SM3 in
combination with mechanism SM2), according to the
model SM3 + SM2 proposed by Dwyer et al. [11] thus
creating silicon islands. Depending on the relative rates
of the SM3 and SM2 mechanisms, the size and terminat-
ing environment of the Si islands vary. when the SM2
mechanism dominates, the silicon islands grow to smaller
sizes terminating with a Si(OAl), environment that render
the edge a negative charge which can host a proton, thus
forming a Brgnsted acid site [12]. Regarding zinc, tak-
ing into account its oxidation state, zinc is expected to be
incorporated into the framework by the SM1 replacement
mechanism (occupying an aluminum position).

On the other hand, there are other materials denomi-
nated MeAPSO, where Zn and Si are incorporated, replac-
ing Al and P, respectively. These materials were studied
in the present work where it is proposed that Zn acts as
aromatizing agent and Si as an acidic agent. These materi-
als were evaluated in the reaction of methanol to hydro-
carbons (MTH).

MeAPSO materials can be considered potential catalysts
for the MTA reaction, due to the presence of Zn and Si in the
structure. In this study, the catalytic activity of two types of
structures named MeAPSO-5 (AFI) and MeAPSO-36 (ATS)
are compared. We will work with structures with channels of
12 members with large pores such as AIPO,-5 or AIPO,-36.

In this context the P or Al atoms of the network can easily
be replaced by Si or Zn, respectively, generating acidity. In
the present work, the aim is the synthesis of doubly substi-
tuted AIPOs, by Zn as aromatizing function and Si as an acid
function. The amount of silicon and zinc incorporated in the
materials was varied systematically, so that the composition
of the synthesis gels can be directly related to the properties
of the materials obtained. It is important to note that these
types of materials have not been studied in the MTH process
previously.

2 Experimental
2.1 Materials

The reagents used for the preparation of zeolites are tetra-
ethyl orthosilicate (TEOS, 98%, Aldrich), aluminum
hydroxide hydrated (Al(OH);, Sigma-Aldrich), zinc acetate
dihydrate (Zn(CH;COO), 2H,0, 99% Sigma Aldrich),
tripropylamine (TPA, 99%, Aldrich), N-methyldicyclohex-
ylamine (MCHA, 99%, Aldrich), Phosphoric acid (H;PO,,
85 wt% in H,O, Aldrich).
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2.2 Synthesis of MeAPSO-36 Materials

MeAPSO-36 was synthesized according to the reported
procedure [10]. The gels were prepared using phosphoric
acid (H;PO,, 85% in water, Aldrich), Hydrated aluminum
hydroxide (Al(OH);-xH,O, Aldrich) and tripropylamine
(TPA, 99%, Aldrich) with a composition of 1.0 P: y Zn:
I-y Al: x Si: 0.8 TPA:10 H,0.

In a typical synthesis H;PO, and Al(OH);-xH,O were
dissolved in deionized H,O under continue stirring for
15 min. Upon dissolution, zinc diacetate (Zn(CH;-COO),-
2H,0) was slowly added to the solution under vigorous
stirring until a homogeneous gel was achieved. Finally,
the SDA was added to the gel dropwise and then rapidly
with vigorous stirring by 1 h. Gels were then placed in
Teflon (PTFE) lined stainless steel autoclaves and heated
for 18 h at 160 °C. Then products were filtered, washed
with distilled water, and dried at 100 °C for one night. As-
prepared samples were calcined at 550 °C for 6 h under
an air flow. Previously, the sample has been heating with
arate of 1 °C/min under a N, flow and maintained for 1 h
at 550 °C under this atmosphere.

First, the molar ratio of zinc (y) was modified between
0 and 0.15, keeping the amount of silicon constant in the
gels (x). Complementarily in a second stage, the amount
of zinc that was incorporated in the synthesis gels (y=0.1)
was kept constant and the silicon content (x) of them was
modified between 0 and 0.25. The gel composition and
synthesis conditions are presented in Table 1.

2.3 Synthesis of MeAPSO-5 Materials

MeAPSO-5 samples were synthesized by hydrothermal
treatment using N-methyldicyclohexylamine (MCHA) as
SDA according to the reported procedure [13]. The gel
composition was 1.0 P: y Zn: 1-y Al: x Si: 0.8 MCHA: 25
H,0. The molar composition of the reaction mixtures and
the synthesis conditions for the different Me APSO-5 materi-
als obtained are given in Table 4. Samples were synthetized
over similar condition to MeAPSO-36, however the syn-
thesis temperature was 175 °C and 4 h. Finally, the sam-
ples were calcined under the same conditions mentioned
previously. The gel composition and synthesis conditions
are presented in Table 2.

2.4 Catalyst Characterization

Powder X-ray diffraction (PXRD) patterns were collected
with an XPert Pro PANalytical diffractometer (CuKo1 radia-
tion =0.15406 nm). Scanning electron microscopy (SEM)
images were recorded on a Hitachi S-3000 N microscope.
Transmission electron microscopy (TEM) study was carried
on aJEOL 2100F microscope opering to 200 kV. Nitrogen
adsorption/desorption isotherms were measured at— 196 °C
in a Micromeritics ASAP 2020 device. Before the meas-
urement, the previously calcined sample was degassed at
350 °C under high vacuum for at least 10 h. Surface areas
were estimated by the BET method whereas microporous
and external surface areas were estimated by applying the
t-plot method.

Table 1 Synthesis of SAPO-

i Sample Denoted Amount of Zn in Amount of Si in Product phase
5. Molar composition of gel: moles (y) moles (x)
1.0P:y Zn: 1-y Al: x Si: 0.8
MCHA: 25 H,0 A5-0.02 Zn-0.15 Si S5-1 0.02 0.15 AFI+TRI
A5-0.05 Zn-0.02 Si S5-2 0.05 0.02 AFI+TRI
A5-0.05 Zn-0.05 Si S5-3 0.05 0.05 AFI+TRI
A5-0.15 Zn-0.15 Si S5-4 0.15 0.15 AFI+TRI
A5-0.15 Si (SAPO-5) S5 - 0.15 AFI
A5-0.04 Zn (ZnAPO-5) 75 0.04 - AFI
Table2 Synthesis of SAPO-36 Sample Denoted Amount of Zn in Amount of Si in Product pase
moles (y) moles (X)
A36-0.01 Zn (ZnAPO-36) 736 0.01 - ATS
A36-0.05 Zn-0.15 Si S36-1 0.05 0.15 ATS + AFL
A36-0.1 Zn-0.05 Si S36-2 0.1 0.05 ATS + AFL
A36-0.1 Zn-0.15 Si S36-3 0.1 0.15 ATS + AFL
A36-0.1 Zn-0.25 Si S36-4 0.1 0.25 ATS + AFIL
A36-0.15 Zn-0.15 Si S36-5 0.15 0.15 ATS
Molar composition of gel: 1.0 P: y Zn: 1-y Al: x Si: 0.9 TPA:10 H,0O
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Solid-state magic-angle spinning (MAS) NMR experi-
ments were conducted on a Bruker Avance 300 (11.75 T)
spectrometer operated with frequency at 130.32 MHz
and spinning rate at 10 kHz. The 27A1 NMR spectra were
recorded using a pulse width of 0.5 ps (n/12 flip angle), 2400
scans and a recycle delay of 1 s.

The Al, Si, P and Zn concentrations of samples were
obtained by inductively coupled plasma-optical emission
spectroscopy (ICP-OES) with a Optima 3300 DV Perkin
Elmer. Temperature programmed desorption of ammonia
(NH;-TPD) was conducted using a Micrometrics Autochem
II chemisorption analysis equipment. Typically, 100 mg of
sample pellets (30—40 mesh) were pretreated at 550 °C
for 1 h in helium flow (25 mL/min) and then cooled to the
adsorption temperature (177 °C). A gas mixture of 5.0 vol%
NH; in He was then allowed to flow over the sample for 4 h
at a rate of 15 mL/min. Afterwards, the sample was flushed
with a 25 mL/min helium flow for 30 min while maintain-
ing the temperature at 177 °C to remove weakly adsorbed
NHj;, and finally the temperature was increased to 550 °C
at a rate of 10 °C/min. Thermogravimetric analysis (TGA)
were carried out at a heating of 30 °C to 900 °C with a rate
of 20 °C/min under air flow and registered in a PerkinElmer
TGAT instrument.

2.5 MTH Catalytic Testing Conditions

Zeotypes materials were tested as catalysts in the conversion
of methanol at 400 °C in a Microactivity reaction set (PID
Eng & Tech) consisting of a fixed bed reactor completely
automated and controlled from a computer. The reactor
outlet is connected to a gas chromatograph to analyze the
reaction products. N, was used as a stripping gas under a
controlled flow. The methanol was fed as a liquid using an
HPLC pump (Gilson 307). The methanol was converted to

a
MW
. S$36-1
5 $36-2
s
>
£ - $36-3
S __A____,A__LAA\/\_J'MJL_A\—__
8
=« * * $36-4
i l A “ n S$36-5
236
5 10 15 20 25 30 35 40
2theta (degree)

the gas phase and mixed with the N, stream in a preheater
at 180 °C to generate a gas mixture with a constant molar
ratio of methanol/N, of 4. Before the reaction, the catalysts
were activated at 550 °C for 1 h low air flow to remove any
trace of organic molecules or moisture adsorbed within the
pores of the catalyst. The weight of the catalyst (sieved in a
20-30 mesh, corresponding to a particle size between 0.84
and 0.59 mm) and the flow of methanol were optimized to
achieve different values of space velocities (WHSV).

The reaction products were analyzed online by gas chro-
matography with a VARIAN CP3800 chromatograph. The
device is equipped with two columns: (i) a Petrocol DH50.2
capillary column connected to an FID detector, and (ii) a
HayesepQ packed column (2 m length, 3.17 mm (1/8”)
diameter external and 2 mm internal diameter) connected
to a TCD detector, to analyze hydrocarbons and oxygenated
products, respectively.

3 Results and Discussion
3.1 X-Ray Diffraction

The XRD pattern of the substituted MeAPSO-36 material
with different amounts of Si and Zn are show in Fig. la. In
all the samples, the peaks position and the intensities are
identical to those reported for SAPO-36 [14], however, there
are minor differences in the XRD patterns in each sample
depending on the Zn and Si content of the samples. ATS
structure is favored by the presence of zinc in the structure
of MeAPSO-36, as well as low silicon content and high syn-
thesis temperature, the S36-5 XRD pattern contains only
ATS-type structure, due to the high amount of moles of Zn
present in the sample. Wilson et al. [6] reported that the
synthesis of MeAPO-36 the high concentration of metals

Intensity (a.u.)

-
y

5 10 15 20 25 30 35 40
2theta (degree)

Fig.1 XRD patterns of a MeAPSO-36 and b MeAPSO-5 materials synthetized
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such as zinc favors the crystallization of the MeAPSO-36
over that of its competitive co-phase structure type 5 (AFI).
It is observed that as the amount of Zn increases in the peak
samples corresponding to the AFI structure (marked with
asterisks) it disappears, which indicates that the stability of
the crystalline structure increased with the Zn content. Sam-
ple S36-4 has a low Zn content and a high Si content, so it
showed an increase in the appearance of co-phase structure
AFIL.

For the other hand, the XRD patterns of the MeAPSO-5
samples are show in Fig. 1b, S5 (SAPO-5) material shows a
pattern of AFI structure without any impurity. In particular,
the use of MCHA as the SDA for synthesis SAPO-5 samples,
can forming AFI structure without any additional impurity
phases. The other samples showed a small amount of impu-
rity identified as the tridymite phase [15] coexisting with the
AFI-type structure. The impurity phase was also observed
by Chen et al. [16] when loading a higher amount of metal
onto the AFI framework of AIPO,-5. As high amount zinc
the intensity of those diffraction peaks attributed to tridymite
and berlinite significantly increase. The ratio of 0.9 mol of
SDA is enough to form an AIPO,-5 phase. It is known that
AFI structure increases with an increase of pH or the SDA
content [17].

3.2 N, Adsorption-Desorption

All as-prepared MeAPSO samples were studied by N,
adsorption/desorption isotherms at 77 K in order to deter-
mine their textural properties. Isotherms of MeAPSO-5 and
MeAPSO-36 samples are showed in Fig. Sla and S1b (mate-
rial supplementary la and 1b), respectively. All the samples

present type I isotherms (according to the ITUPAC classifi-
cation [18]), corresponding to microporous materials. The
steep uptake at low relative pressures in MeAPSO-36 sam-
ples is due to adsorbent-adsorptive interactions in narrow
micropores and the subsequent formation of a monolayer
(Fig. Sla). The shape of the isotherm at higher relative
pressures (up to p/po=1) is due to unrestricted monolayer-
multilayer adsorption. At higher relative pressures, the N,
adsorption—desorption curve of MeAPSO-36 samples exhib-
its hysteresis H4-type, which is characteristic of molecular
sieves with formation of inter or intracrystalline mesopores
as will be observed by SEM analysis later [19, 20].

Figure S1b presents the N, adsorption—desorption iso-
therm of MeAPSO-5 samples. Similarly, the N, adsorp-
tion capacity of all materials is high at low relative pres-
sures, indicating the presence of a microporous structure
with an H4-type hysteresis loop formed almost throughout
the P/Po range although to a lesser extent compared to the
MeAPSO-36 samples [21, 22]. It may be considered that.

MCHA structure-directing agent constrained in the uni-
dimensional 12-ring pore channels generated larger pores,
giving mesoporous AIPO,-5 [22].

The micropore volumes and BET areas for the samples
prepared using different silicon and zinc contents are sum-
marized in Table 3. It can be observed that all the samples
have surface area in the range 550-650 m?/g for MeAPSO-5
materials. However, the Me APSO-36 materials presented
smaller areas in the range 200 and 320 m%/g. These differ-
ences can be explained in base to the longer crystal size and
the higher intercrystalline porosity in MeAPSO-36 materi-
als in addition show very low non-microporous (external)
surface, values characteristic of this type of materials. High

Table 3 Elemental composition  _caparyst ¢ wt P/Znratio P/Znratio  Sggr (mYg) S (MY2)

measugt}ed by ICP-OES and ' . (ICP)* (NMR)P

NMR “'P and textural properties %Al %P % Zn % Si

of the samples
S5-1 16.2 23.7 1.4 2.4 343 - 268.6 264.4
S5-2 21.6 19.2 2.5 0.4 16.3 8.3 176.5 114.5
S5-3 17.7 22.4 2.2 0.5 21.9 10.2 198.4 104.8
S5-4 7.7 18.9 3.3 2.7 11.9 11.4 148.2 55.6
S5 19.4 18.3 - 4.7 - - 300.5 174.6
75 12.3 27.2 5.1 - 11.1 11.6 140.9 71.8
736 14.3 26.8 6.9 - 8.1 6.8 124.2 110.5
S36-1 11.6 21.1 29 3.6 15.4 11.3 326.5 249.4
S36-2 12.4 21.4 6.4 1.2 7.1 6.4 164.2 139.7
S36-3 17.1 222 7.3 0.7 6.4 4.6 153.7 120.2
S36-4 12.8 26.9 6.9 2.8 8.2 8.0 175.6 129.6
S36-5 13.9 20.8 6.5 2.8 6.7 6.5 74.7 13.8

#P/Mg ration derived from chemical analysis

°P/Mg ration of original samples derived from *'P-MAS NMR using dmfit program for convolution pro-

cess

“Using t-plot method
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silicon content led to a distinct decrease of BET surface
area and microporous volume due to the existence of amor-
phous SiO, [23], however, our obtained BET surface area of
SAPO-5 materials are larger than the literature reported val-
ues 286 m?/g and [22]. This is mainly caused by the higher
external surface areas, which may be attributed to mesopore
formation. Therefore, the coexistence of micropores and
mesopores in our sample leads to high BET surface area.

3.3 Scanning Electron Microscopy (SEM)

Figures S2 and S3 (material supplementary) show SEM
selected images of MeAPSO-36 and MeAPSO-5, respec-
tively. The amount of Si and Zn had influences in a consider-
ate way distribution of crystals sizes and shapes of MeAPSO
materials. MeAPSO-36 materials selected (samples Z36,
S36-1, S36-2 and S36-4 in Table 1) presented crystals par-
ticles with irregular spheres larger of size 16-22 um range
(Figure S2) formed in turn by small crystals in the form of
thin needles [8]. In this study, the crystal size decreased in
the order Z36 > S36-1 > S36-4 > S36-2 which is also in
agreement with the observed relative stability. The intercrys-
talline space of these crystals is the cause of the formation
of an H4 hysteresis cycle visualized in the N, isotherms.
Figure S3 shows SEM pictures for the MeAPSO-5 mate-
rials selected. Solid only silicon content (S5) presented
homogeneous distribution of spherical particles, which have
a diameter of ca. 1.5 um. Sample Z5 (only zinc content)
consists of homogeneously distributed large porous spherical
particles with an approximate diameter of ca. 15 pm [20].
S5.1 presented the same size of particles. However, the S5-2
material presented a different morphology, particles in the
form of 3D hexagons with approximately 10 um sizes are
observed, this can be attributed to a higher content of Zn

Weight loss (%)
[(e]
o
1

41/

$36-3
I

Deivate weight (%/min)

100 200 300 400 500 600 700 800
Temperature (°C)

(0.15 mol) incorporated in the material. In this study, the
crystal size decreased in the order S5 > Z5 > S5-1 > S5-2.

3.4 TGA y DTG Analysis

Thermogravimetric analyses (TGA) were performed aim-
ing to verify the incorporation of the SDA molecules in the
structure of the as-made samples and their subsequent com-
plete elimination after and before calcination. The TGA/
DTG curves of selected material MeAPSO-36 y MeAPSO-5
not calcined selected are shown in Fig. 2a, b, respectively.
TGA profiles are strongly influenced by the Zn and Si incor-
poration. In both figures, three weight losses are observed.
The first weight loss, at temperatures below 150 °C (step
I), can be attributed to desorption of adsorbed water. The
second weight loss, between 400 and 550 °C (step II) is due
to the decomposition of the template in each case (TPA and
MCHA) and, finally, the third weight loss at temperatures
higher than 600 °C (step III) has been associated with the
further removal of organic residues occluded in the channels
and cages of the MeAPSO materials caused by combustion
[24]. The rest of the TGA/DTG curves of the MeAPSO-5
and MeAPSO-36 materials are shown in the complementary
material S4a and S4b, respectively.

It can be observed that the decomposition of the template
occurs in a different way for sample S36-3. The fact that the
template decomposition began at lower temperature in this
sample could be possibly attributed to its smaller particle
size and the lesser diffusional problems derived from it. On
the other hand, in Figures S5 (supplementary material S5)
presented the curves TGA and DTG, of some MeAPSO-36
and MeAPSO-5 selected after calcining. In all cases, a single
loss of mass less than 100 °C is observed, which corresponds
to the physisorption of water retained in the samples. No

Weight loss (%)

SN

z5

Derivate weight (%/min)

300 400 500 600 700 80

Temperature (°C)

100 200

Fig.2 Thermal analysis of the MeAPSO uncalcined materials selected TGA (top) and DTG (bottom) a MeAPSO-36 and b MeAPSO-5 selected
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other significant weight losses are observed at higher tem-
perature which indicates that the SDA was eliminated.

3.5 ICP-OES Chemical Composition Analysis

The elemental compositions of the molecular sieves are
presented in Table 3. The content of Al, P, Si and Zn was
determined, the correct incorporation of zinc and silicon is
verified, as already mentioned above, zinc is incorporated
according to the substitution mechanism SM1 (occupying
an aluminum position), while silicon can be incorporated
isolated occupying a phosphorus position or in pairs replac-
ing a pair Al +P (mechanisms SM2 and SM3 respectively).
With these values, the P/Zn molar ratio was determined and
compared with that calculated by *'P NMR spectrum using
Eq. 1 reported by Barrie and Klinowski [25].

4 4
P/Zn= ) I,(nAD/ Y 0.25(4 — m)l,(nAl) (1)
n=0 n=0

where Ip(nAl) being the area of the peak due to the P (n
Al, 4-n Zn) structural units calculated by *'P MAS NMR
shows later. The value of Ip was calculated using the spec-
trum convolution process using the dmfit program created
by Massiot et al. [26].

3.6 Solid State NMR Spectroscopy of >'P MAS

The incorporation of Zn to the MeAPSO framework was
studied by *'P MAS NMR. The 3'P spectrum of MeAPSO-36
and MeAPSO-5 materials are showed in Fig. 3a, b, respect-
ably. The 3'P resonance peak is asymmetrically broad-
ened, which points out a wide distribution of phosphorous
sites with different chemical environment [25]. It has been

described that when the amount of zinc incorporated to the
MeAPSO-5 framework (Fig. 3a) is low, P atoms are located
in a unique P(4Al) environment resulting from the substi-
tution of phosphorous by silicon in the aluminophosphate
framework (in their second coordination sphere) [27, 28] as
case of S5 (SAPO-5). However, if the zinc content is higher
(S5-4), multiple phosphorous environments can occur. The
31P spectrum has a peak at 28 ppm (attributed to P(4A1)
sites) and a broad shoulder at 23 ppm indicative of phos-
phorus having a neighbor other than aluminum, i.e. P(3A1,
1Zn) site in the ATS framework [14, 25].

Similarly, the *'P spectrum of MeAPSO-36 materials
(Fig. 3b) presented the signal at 28 ppm attributed to the P
(4Al) sites [29], followed by a shoulder at 23 ppm (3 Al, 1
Zn) and another signal in the case of material S36-5 (higher
content of Zn) at 18 ppm corresponding to 2 Zn as neighbors
of the phosphorous denoted as P(2 Al, 2 Zn) [14].

The P/Zn ratio of the materials determined by chemi-
cal analysis and *'P NMR spectrum are showed in Table 3.
The difference observed between both values indicates that
a significant amount of Zn is not occupying the framework
sites [30]. This technique is a useful tool to demonstrate the
correct incorporation of Zn, because the coordination of P is
sensitive to the incorporation in the second sphere of coordi-
nation by Zn measured by NMR. However, in materials with
low zinc content, such as S5-1, only the signal belonging to
P (4Al) is observed, so Eq. 1 cannot be applied.

3.7 Temperature-Programmed Desorption (NH,;-TPD)

The acidity of the calcined samples has been evaluated by
TPD-NH;. TPD profiles of the MeAPSO-36 and MeAPSO-5
samples are showed in Fig. 4a, b, respectably. In principle,
the increase in the molar ratio of zinc and silicon in gels

a P(4Al) b P (4Al)
P(3Al, 1Zn)
P (3Al1,1Zn)

§541

—-_——___——____,—-———,————"'——~\\\\\\\-EEEZ

S§5-3

S§5-4

S5

Z5

r T T T T T T T T T T 1
0 10 20 30 -40 -10 -20 -30 -40

(ppm) (ppm)
Fig. 3. P MAS NMR spectra of double modified AIPO, materials a MeAPSO-36 and b MeAPSO-5
@ Springer

Journal : Large 11244 Article No : 1266 Pages : 14

MS Code : 1266

Dispatch : 20-4-2020 |

418
419
420
421
422
423
424
425
426
427
428
429
430
431
432
433
434
435
436
437
438
439
440
441
442
443
444

445

446
447
448
449



Author Proof

450
451
452
453
454
455
456
457
458
459
460
461
462
463
464
465
466
467
468
469
470
471
472
473
474
475
476
477
478
479
480
481
482
483
484

Topics in Catalysis

TCD Signal (a.u.)
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Fig.4 TPD-NHj profiles of double modified AIPO, materials a MeAPSO-36 and b MeAPSO-5

implies a greater incorporation of both metals in solids,
which causes a greater density of weak acid sites. It can
be observed that all samples show a maximum at around
270 °C, indicating that these acid sites are relatively weak
characteristic of this type of materials. This signal could
be tentatively assigned to desorption of ammonia on Brgn-
sted acid sites originated by isomorphic substitution of AI**
by Zn*" and P*" by Si’* in the MeAPSO structures [31,
32]. However, it is well known that this technique does not
allow distinguishing between Bronsted and Lewis acid sites.
Therefore, it cannot be excluded that some Lewis acid cen-
tres able to adsorb ammonia at moderate temperature are
present in the MeAPSO material, probably formed during
the calcination treatment [33]. MeAPSO samples with dif-
ferent zinc and silica content show slightly different TPD
profiles. The incorporation of zinc species in MeAPSO
materials exhibits a significant influence on the distribution
of acid sites, when the amount of Zn is increased and if the
density of acidic sites increases, it is intuited that the substi-
tution of both metals in the structure provides certain acidic
character to the materials, especially for samples S5-4 and
S36-5, which have high amounts of substituted Si. The acid
property of MeAPSO materials is strongly dependent on the
Si content, sitting and ordering in the lattice. SM2 substitu-
tion leads to more acid centers while SM2 + SM3 combina-
tion lead to less acid centers but higher strength than the one
arising from only the SM2 substitution [34].

The specific peak area is proportional to the number of
acid sites in the sample and can be determined by integration
by convolution of the area under the curve of the spectra.
The amounts of strong and weak acid sites of the samples
are listed in Table 4. The acids sites density total is higher in
MeAPSO-5 samples indicating that MeAPSO-36 possesses
weaker acid sites. These results indicate that the proportion
of acid sites increased in the order S5 <Z5 <S5-2<S5-1<S

@ Springer

Table 4 Acidity properties of materials

Catalyst Temperature (°C) Acidity (umol NH/g)
Weak acid (LT)
S5-1 280 273.45
S5-2 2717 261.85
S5-3 272 325.41
S5-4 273 337.18
S5 274 144.83
Z5 2717 191.93
736 271 151.63
S36-1 263 230.93
S36-2 275 149.56
S36-3 272 31291
S36-4 268 291.12
S36-5 261 259.78

5-3 < S5-4 for MeAPSO-5 materials and S36-2 <Z36 < S36-
1<S36-5 < S36-4 <S36-3 for MeAPSO-36 materials. It has
been shown that substitution of both metals can alter the acid
sites properties of materials and therefore is led to change in
selectivity of catalysts to different products.

3.8 Catalytic Evaluation
3.8.1 Catalytic Evaluation of MeAPSO-5

A range of catalytic studies have been few undertaken to
establish the performance of these metal doubly substituted
systems. However, from a catalytic point of view, topologies
with 1D pore systems (as MeAPSO materials) possess inher-
ent drawbacks when compared with the 3D ones (zeolites),
due to both the diffusional problems of chemicals and the
quicker deactivation of the catalysts found in the former [35,
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36]. As demonstrated by some authors where they report the
activity of zeolites in the MTO and MTA reactions using
ZSM-5 catalysts [37, 38]. They reported the high activ-
ity due to the 3D topology of zeolitic materials with high
selectivities to aromatics compared to zeotype materials.
Furthermore, the particle size is a strongly important fac-
tor for improving the catalyst life like the acid density; the
decrease in the crystallite size leads to the increase in the
catalyst life [39].

Figure 5 shows the methanol conversion of MeAPSO-5
materials under conditions of a space velocity (WHSV)
4.24/h, 400 °C and 0.5 g of catalyst. Among the different
parameters that influence the stability of these catalysts,
especially the particle size and the acid strength of the active
centres have been considered the most important factors
affecting the deactivation during the reaction. The S5 mate-
rial (only silicon, aluminum and phosphorus) showed higher
conversion levels during the 9 h reaction due presented a
smaller particle size (1.5 um) and by the generation of Bron-
sted type acid sites due to the combination of SM2 + SM3
mechanisms. The Z5 material (constituted of zinc, aluminum
and phosphorus) showed very minor methanol conversions
compared to the other catalysts, due it had a larger particle

100
] —=—S5-1
. 90+ —e— S5-2
S gl —A—35-3
E ] —v—55-4
S 70 S5
s ] ——75
S 60
g 4
g 50-
g ]
g 40
9 30-
£ ]
£ 20
O ]
= 104
04
T T T T T T T T T T T T T T T T T T T

0 1 2 3 4 5 6 7 8 9 10
Time on stream (h)

Fig.5 Results of methanol conversion in MTH reaction over
MeAPSO-5 catalyst Conditions reaction: WHSV of 4.24/h, 400 °C,
0.5 g of catalyst

size (20 um diameter), which causes rapid deactivation.
Some authors mentioned [40, 41] that particle size and acid
properties of the catalyst have influence on catalyst lifetime
in MTH reaction. In general, a smaller particle size improves
the diffusion efficiency and accessibility of acid sites for
high catalytic activity obtaining higher methanol conversion
values [42, 43].

Table 5 shows distribution of reaction products of
MeAPSO-5 materials at short reaction times (TOS 5 min)
and 400 °C with similar conversion values It is observed
that as the amount of Zn increases, the selectivity increases
to total aromatics and therefore the BTX fraction, stating
the aromatizing effect of Zn when it is incorporated by iso-
morphic substitution. All the catalysts showed a selectivity
to olefins close to 50% mol, which may be related with acid
properties of the materials (weak acid).

In the MTH reaction, the product distribution is strongly
dependent on the acid strength of zeotype catalysts. In par-
ticular, the S5-1 material presented a low aromatic selectiv-
ity (26.9%) due a low zinc amount, however, the selectiv-
ity to olefins was high (49.6%). These results were with a
low methanol conversion value (18%) at 5 min of reaction,
this can be associated with a large particle size measured
by SEM. these materials have a selectivity to light olefins
(ethylene and propylene) around 50% in all cases, which
may indicate that Si can provide acidity necessary to form
olefins as mentioned by some authors. SAPO-5 catalyst used
above has the 12-ring pores with 0.73 nm straight chan-
nels and more alkane molecules can be adsorbed and react
with acid centers in SAPO-5 channels due to its large chan-
nels and more pore-mouth exposed [44]. The Z5 material
composed of Zn, Al and P had the highest selectivity to
total aromatics and therefore to BTX selectivity, due to the
high content of the aromatizing agent. The total aromatic
selectivity increased in the following order, with respect to
the table shown: Z5 > S5-1 > S5-2. As mentioned above,
these types of materials have not been studied in the MTH
reaction, however, materials of the SAPO-5 type have been
studied by some authors. Terasaka et al. [45] synthesized
SAPO-5 samples with different morphologies and sizes and
they demonstrated the high catalytic activity of the SAPO-5
exclusively in the MTO process. They demonstrated the high
catalytic activity of the SAPO-5 exclusively in the MTO

Table 5 Distribution of reaction

Sample % Methanol Selectivity (%mol) Particule
products of MeAPSO-5 conversion size SEM
catalysts in the similar Olefins Total aromatics BTX fraction (um)
conversion of methanol level

S5-1 20.5 49.6 26.9 22 20

S5-2 38.6 53.6 16.0 2.1 10

z5 18.3 339 41.0 2.0 20

Reaction conditions: TOS 5 min, WHSV 4.24/h, 400 °C, 0.5 g catalyst
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process with complete methanol conversions and selectivity
to light olefins (C2 to C4) c.a. 60%.

3.8.2 Catalytic Evaluation of MeAPSO-36

Figure 6 shows the methanol conversion of MeAPSO-36
materials with a spatial velocity (WHSV) 2.12/h, 400 °C and
1 g of catalyst. The deactivation process of the MeAPSO-36
catalysts is slower than the MeAPSO-5 catalysts, resulting
in conversion curves vs reaction time up to 25 min due to
smaller channels and acidity. The deactivation of the catalyst
was thus ascribed to the formation of the bulky aromatic
coke in the structure [46]. The fast deactivation could be
explained by the shorter size ring in AIPO,-36 materials
(7.4%6.5 A) that favor of the formation of bulkier organic
compounds that cause deactivation. Additionally, it is
observed that again the particle size (measured by SEM)
had a significant influence on the conversion of methanol.
The material S36-3 (green line) has higher conversion levels,
generating a complete conversion of methanol at 5 min of
reaction reaching deactivation after 25 min of reaction. On
the contrary, the sample S36-4 (blue line) showed the lowest
conversion level at 5 min (40% mol) reaching deactivation

= S36-1

Methanol conversion (% mol)

. ; . ; .
5 10 15 20 25
Time on stream (min)

Fig.6 Results of methanol conversion in MTH reaction over
MeAPSO-36 catalyst Conditions reaction: WHSV of 2.12/h, 400 °C,
1 g of catalyst

at 10 min, should be attributed to the larger particle size
of this catalyst (20 um). Additionally, the lower methanol
conversion over this material is because of the partial trans-
formation of the active catalyst (ATS) phase to less active
phase (tridymite).

Regarding the distribution of reaction products, Table 6
shows the catalytic activity of MeAPSO-36 materials. Sim-
ilarly, all the catalysts produced aromatics compounds as
the main-product followed by olefins, at the expense of the
S36-1 material due to the low amount of zinc (0.05 Zn mol)
a large particle size (20 um). Selectivity to total aromatics is
related to the amount of Zn incorporated into the structure
and to the particle size, a higher molar concentration of Zn,
greater selectivity to aromatics and therefore greater selec-
tivity to the BTX fraction. Specifically, the material Z36
(MeAPO-36) presented a high selectivity to aromatics due to
aromatizing effect of Zn. On the other hand, S36-2 material
presented a total aromatic selectivity of 46.3%, this is due
to the fact that it has the high amount of Zn and 0.05 mol of
Si, providing both an acidic (Si) effect and a Zn aromatizing
effect isomorphic substitution.

3.8.3 Distribution of Reaction Products for MeAPSO-5
Materials

Selectivities to the different type of products detected in the
effluent stream as a function of time are showed in Fig. 7 for
MeAPSO-5 materials tests carried out at WHSV =4.24/h
and 400 °C. The formation of aromatics (top) and light ole-
fins (bottom) increases with time on stream in most cases.
Sample S5-4 presented selectivities greater than total aro-
matics (blue line) with a value of approximately 60% at 9 h
of reaction, which could be attributed to the presence of
high amounts of Zn and Si and the high acidity generated
for both metals.

The selectivity to light olefins remains constant during
the 9 h of reaction even at low conversion rates, this could be
ascribed to the growing blockage of the pores in the materi-
als at low conversion rates, hindering the diffusion of the
heavier reaction products and enhancing the release of less
bulky hydrocarbons [46]. For example, material S5-3 was
selective for light olefins (green line), due to low amounts of
the aromatizing metal, followed by SAPO-5 material, which

Table 6 Distribution of reaction

4 FMeA Sample % Methanol Selectivity (% mol) Particule size
products of MeAPSO-36 conversion . . SEM (um)
catalysts in the similar Olefins Total aromatics BTX fraction
conversion of methanol level

736 404 36.2 57.2 4.25 20

S36-1 527 522 28.1 4.54 15

S36-2 51.8 429 46.3 2.07 15

S36-4 41.7 46.6 44.0 3.65 20

Reaction conditions: TOS 5 min, WHSV 2.12/h, 400 °C, 1 g catalyst
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Fig.7 % Selectivity to total
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is highly selective for olefins until 9 h reaction, as some
authors report it [47]. These results could be attributed to
the wider channels of MeAPSO-5 or might be also caused by
a higher ratio of external acid sites, considering the higher
microporous surface area of this material.

Time on stream (h)

3.8.4 Distribution of Reaction Products for MeAPSO-36 632
Materials 633

Finally, selectivities to the different type of products of 634
MeAPSO-36 are showed in Fig. 8 at WHSV =2.12/h and 635
400 °C. It is notorious that the Z36 material is selective to 636
the formation of aromatics (black line), because it is only 637
composed of Zn, Al and P. Similar to MeAPSO-5 materials, [Xoekil§s
it can be observed for all catalysts that the production of ole- 639
fins and aromatics compounds is favored at low conversion 640
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rates. As discussed in the TPD-NHj; analysis (Fig. 7b), the
incorporation of Zn into the framework increases the density
and strength of the acid sites. Thus, the increased density of
active centers is more likely to influence the promotion of
selectivity to aromatics compounds.

Regarding olefin selectivity, it is observed that the pro-
duction of olefins remained constant during the reaction
period except for sample S36-2 where olefin selectivity
increased up to 60% after 15 min of reaction. The high activ-
ity of MeAPO-36 materials (Me**, Al and P) for obtaining
aromatics has been previously studied by some authors [48].
However, doubly substituted materials have not been evalu-
ated in this type of reaction. Finally, it was verified that the
effects of acidity, particle size, pore structure, and crystal
size of the zeotype, as well as effect of operation reaction
conditions upon product selectivity.

4 Conclusions

Double-substituted AIPO,-5 and AIPO,-36 materials were
synthesized with Si as an acid function and Zn as aromatiz-
ing function. The incorporation of Si and Zn by isomorphic
substitution influenced the textural, as well as the morphol-
ogy and catalytic performance of the zeotypes. The incorpo-
ration of Zn in MeAPSO-36 materials facilitated the forma-
tion of the ATS structure, since this structure is related to
the incorporation of divalent metals such as Zn. TPD-NH,
results further proved the incorporation of Si and Zn in the
framework resulting in improved acidity and therefore had
an influence on the catalytic activity for the formation of
olefins and aromatic compounds.

The total aromatic selectivity increased as the amount of
Zn in the MeAPSO materials increased, stating the aroma-
tizing function of the divalent metal. The particle size had
an important effect on the catalytic activity, as the particle
size decreases, the methanol conversion increases causing
the catalyst to deactivate in a shorter time. Specifically, the
S5 material showed high conversions during the 9 h reac-
tion when presenting a small particle size, however, the
aromatic selectivity was lower because the material is only
composed of Si, Al and P. Contrarily, the material repre-
sented a high selectivity to total aromatics at 5 min (41%)
with low methanol conversions. Regarding the MeAPSO-36,
the material S36-5 presented a high selectivity to aromat-
ics due to the same amount of Zn and Si (0.15 mol). Both
metals provided a certain acidic character to the materials.
MeAPSO-36 suffered from fast deactivation because of the
formation of coke favored by its shorter channels compared
to MeAPSO-5 materials.
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