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Abstract

To enhance the gasoline octane number, low-octane linear n-alkanes should be converted into their high-octane di-branched
isomers via n-alkane hydroisomerization. Therefore, hierarchical SAPO-11-based catalysts are prepared by adding differ-
ent contents of sodium dodecylbenzene sulfonate (SDBS), and they are applied in n-nonane hydroisomerization. When
n(SDBS)/n(S10,) is less than or equal to 0.125, the synthesized hierarchical molecular sieves are all pure SAPO-11, and
as the SDBS content increases, the submicron particle size decreases, and the external surface area (ESA) increases. Addi-
tionally, these hierarchical SAPO-11 have smaller submicron particles and higher ESA values than conventional SAPO-
11. When n(SDBS)/n(Si0,) is greater than 0.125, with increasing SDBS content (n(SDBS)/n(S10,) =0.25), the synthe-
sized SAPO-11 contains amorphous materials, which leads to a decline in the ESA; with the further increase in SDBS
content (n(SDBS)/n(Si0,) =0.5), the products are all amorphous materials. These results indicate that in the case of
n(SDBS)/n(510,) =0.125, the synthesized SAPO-11 molecular sieve (S—S;) has the most external Brgnsted acid centers
and the highest ESA of these SAPO-11, and these advantages favor generation of the di-branched isomers in hydrocarbon
hydroisomerization. Among these Pt/SAPO-11 catalysts, Pt/S—S; displays the highest selectivity to entire isomers (83.4%),
the highest selectivity to di-branched isomers (28.1%) and the minimum hydrocracking selectivity (15.7%) in n-nonane
hydroisomerization.

Keywords SAPO-11 molecular sieve - n-Nonane hydroisomerization - External surface area - External Brgnsted acid
centers - Selectivity to di-branched isomers

1 Introduction

Hydroisomerization is a technique to convert linear
n-alkanes to their isomers, and it is a crucial component
of the petroleum processing industry (Jin et al. 2009; Qin
et al. 2011; Chi et al. 2013; Wen et al. 2017; Giileg et al.
2019; Jaroszewska et al. 2019). The hydroisomerization of
n-alkanes can improve the quality of oil, such as decreas-
ing the diesel pour point, enhancing the lubricant cold flow
property and increasing the octane number of gasoline
(Gomes et al. 2017; Belinskaya et al. 2019). Di-branched
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alkane isomers have high-octane numbers, and thus, increas-
ing the number of di-branched alkane isomers during hydroi-
somerization can effectively enhance the octane number of
gasoline (Fan et al. 2012; Guo et al. 2013).
Silicoalminophosphate-11 (SAPO-11) is a microporous
molecular sieve with an elliptical ten-membered ring chan-
nel structure (3.9%x6.3 10%) and possesses mild acidity (Guo
etal. 2012; Song et al. 2012). SAPO-11 is extensively used
in long-chain n-alkane hydroisomerization, and it is consid-
ered a good support for hydroisomerization (Fan et al. 2012;
Yang et al. 2019a). However, conventional SAPO-11 has
large submicron particles and a small external surface area
(ESA), and it shows a good selectivity to mono-branched
isomers but a poor selectivity to di-branched isomers in
long-chain n-alkane hydroisomerization (Hochtl et al. 2001;
Chen et al. 2017). Compared with mono-branched isomers,
di-branched isomers with higher octane numbers can effi-
ciently improve the gasoline quality (Chica and Corma 1999;
Zhang et al. 2017; Han et al. 2020). The diameter of the
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di-branched isomers, such as 2,6-dimethylheptane (7.1 A), is
larger than the pore openings of SAPO-11 (6.3 A) (Akhme-
dov and Al-Khowaiter 2007). As a result, the di-branched
isomers fail to be produced inside the pores of SAPO-11.
According to “pore mouth” theory (Taylor and Petty 1994),
the di-branched isomers are generated on Brgnsted acid cent-
ers (BAC), which are situated on the external surface (ES) of
SAPO-11. Therefore, SAPO-11 with a high ESA provides
more active sites for the generation of the di-branched alkane
isomers, thereby enhancing the selectivity to di-branched
isomers during hydroisomerization.

The synthesis of SAPO-11 with a high ESA has attracted
substantial attention. Yang reported a seed-induced steam-
assisted method to synthesize mesoporous SAPO-11 using
cetyltrimethylammonium bromide and F127 as the tem-
plates (Yang et al. 2019b). Sheng reported that mesoporous
SAPO-11 with a high ESA was synthesized via a solvent-
free method (Sheng et al. 2019). Kim reported a method to
obtain mesoporous SAPO-11 using carbon materials as the
templates (Kim et al. 2014). Liu et al. reported a method to
synthesize hierarchical SAPO-11 by adding glucose (Liu
et al. 2015). The above methods slightly enhance the ESA
of SAPO-11. A new method to synthesize SAPO-11 with
a higher ESA should be proposed. Anionic surfactants are
widely used in the preparation of mesoporous silica mate-
rials, the preparation of highly dispersed catalysts and the
preparation of active carbon with a high capacity of heavy
metal ions (Che et al. 2003; Ahn et al. 2009; Huang et al.
2018). To date, the synthesis of hierarchical silicoalmi-
nophosphate molecular sieves using anionic surfactants as
dispersants has not been reported.

Herein, hierarchical SAPO-11 was synthesized via add-
ing various amounts of sodium dodecylbenzene sulfonate
(SDBS). The properties of these hierarchical samples were
characterized. The n-nonane hydroisomerization perfor-
mance of these samples was investigated. The hierarchical
SAPO-11 synthesized at n(SDBS)/n(SiO,) =0.125 has more
external Brgnsted acid centers (EBAC) and a higher ESA
than conventional SAPO-11 and other counterparts. The pre-
pared P/SAPO-11 catalyst shows a higher isomer selectivity
and a lower hydrocracking selectivity in the hydroisomeriza-
tion of n-nonane.

2 Experimental
2.1 Materials

Pseudoboehmite (73.0 wt%, Al,05) was purchased from
Tianjin-Hengmeilin company. Di-n-propylamine (99.5
wt%, CcH,;sN, DPA), chloroplatinic acid (37.0 wt%,
H,PtCl), phosphoric acid (85.0 wt%, H;PO,), sodium
dodecylbenzene sulfonate (SDBS, C,3H,,NaO;S, 95.0

wt%), tetraethoxysilane (99.0 wt%, CsH,,0,Si, TEOS) and
n-nonane (CyH,,, 98.0 wt%) were supplied by Aladdin. All
of the reagents were adopted without further purification.

2.2 Synthesis of SAPO-11
2.2.1 Synthesis of conventional SAPO-11

Conventional SAPO-11 was synthesized in accordance with
a procedure described in the literature (Wen et al. 2017,
2019). The obtained gel was composed of 0.4 TEOS: 0.95
P,0s: 1.2 DPA: 1.0 Al,05: 40 H,0O, and it was placed into a
100 mL reactor and then treated at 473 K for 24 h. The final
product was produced by water washing, drying and calcin-
ing at 873 K for 6 h, and it was named S—C.

2.2.2 Synthesis of hierarchical SAPO-11

First, 12.2 g of H;PO, was added to 40.0 g of water. After-
ward, 8.1 g of PB, 4.7 g of TEOS and 6.8 g of DPA were
mixed with the solution in sequence under stirring for 6 h.
Finally, different amounts of SDBS were added to the sus-
pension, and it was stirred for 1 h. The final gel had a com-
position of 0.4 TEOS: 0.95 P,05: 1.2 DPA: 1.0 Al,O5: x
SDBS: 40 H,O (x=0.01, 0.025, 0.05, 0.1 and 0.2, respec-
tively), and then it was placed into a 100 mL reactor and
treated at 473 K for 24 h. The series of hierarchical SAPO-
11 were obtained by water washing, drying and calcining at
873 K for 6 h. These obtained hierarchical SAPO-11 were
labeled S-S, (x=1, 2, 3, 4 and 5), and they are collectively
named S-S..

2.3 Preparation of catalysts

The Pt/SAPO-11 catalysts were prepared with the Pt load-
ings of 0.5 wt%. First, S-C, S-S, S-S, and S-S; were
pressed into tablets and sieved to 20-40 mesh. Afterward,
these samples were impregnated with H,PtCl, solutions, and
then they were dried and calcined at 723 K for 4 h. Finally,
these catalysts were labeled Pt/S—C, Pt/S-S,, Pt/S-S, and
Pt/S-S;, respectively.

2.4 Characterization

X-ray diffraction (XRD) analyses were employed on a D8
ADVANCE apparatus with a rate of 4°/min and a range from
5° to 50°. A HITACHI SU8010 scanning electron microscope
(SEM) was used to measure the particle sizes and morpholo-
gies of samples. The pore properties of samples were obtained
by the nitrogen adsorption—desorption analysis using an ASAP
2010 instrument. First, 0.1 g of the sample was heated at
673 K for 3 h under vacuum and followed by the physical
adsorption measurement using nitrogen as the adsorbate at
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77 K. The BET surface area (BSA) and ESA of these samples
were obtained by the Brunauer—-Emmett—Teller method and
the t-plot method, respectively. The pyridine infrared (Py-IR)
measurement was performed to obtain the acidic properties of
all samples using a NICOLET-750 infrared spectrometer. A
sample disk with a diameter of 12 mm and a mass of 20 mg
was treated under vacuum at 673 K. Afterward, the adsorp-
tion of pyridine on the disk was performed for 0.25 h, and the
spectra were recorded at room temperature after the Py des-
orption at 473 and 573 K, respectively. The number of EBAC
on all samples was determined by means of a 2,6-dimethyl-
pyridine adsorption infrared (2,6-DMPy-IR) experiment, and
its measurement steps were in accordance with those of the
Py-IR experiment. After the desorption of 2,6-dimethylpyri-
dine at 473 and 573 K, respectively, the spectra were obtained
at room temperature. The adsorption instrument of Auto Chem
112920 was used to measure the Pt dispersions of all samples.
The calculation methods of pore volume, acid amounts and Pt
dispersion were presented in the supplementary information.

2.5 Catalyst assessment

The hydroisomerization of n-nonane on these prepared cata-
lysts was investigated in a microreactor. 2.0 mL of quartz was
blended with the catalyst (2.0 mL), and the mixture was loaded
in the microreactor. The reduction of catalysts was performed
at a pressure of 1.5 MPa and a temperature of 673 K in H,
for 4 h. Afterward, n-nonane hydroisomerization over these
catalysts was performed at 613 K, a v(H,)/v(n-nonane) of 400,
a pressure of 1.5 MPa and different weight hourly space veloci-
ties (WHSVs).

The products of n-nonane hydroisomerization were deter-
mined by an SP 3420 gas chromatograph instrument, which
has an HP-PONA column (50 m X 0.25 mm) and a flame
ionization detector. The hydroisomerization conversion of
n-nonane (Conversion), the selectivity to entire isomers (Sg),
the selectivity to di-branched isomers (Spp) and the hydro-
cracking selectivity (Sy) were calculated by the following
formulas:

Conversion = - P % 100% (1)
Sg = c —Ecp x 100% )
Spp = chBBCp x 100% 3)
Sy = CfC;HCp % 100% 4)

@ Springer

where Cy, C,,, Cy, Cg and Cpy are the n-nonane concentra-
tion in the feedstock and the concentrations of n-nonane,
hydrocracking products, entire isomers and di-branched iso-
mers in the products, respectively.

The hydroisomerization of n-nonane was expected to be a
pseudo-first-order reaction. The following formula was used
to calculate its rate constant (k) (Campelo et al. 1995).

(L)

In the formula, F, g and c are the n-nonane feed rate (mol
s~1), the mass of the catalyst (g) and the n-nonane conver-
sion, respectively.

The following formula was used to calculate the value
of the turnover frequency (TOF) for the catalyst (Guo et al.
2013):

n
where Cy and n are the number of medium and strong BAC
(MSBAC) per gram of catalyst (mol g~!) and the number of
reacted n-nonane per second per gram of the catalyst (mol
g~ s71), respectively.

3 Results and discussion
3.1 XRD

The XRD spectra of the uncalcined S-S, (x=1, 2, 3, 4 and
5) and S—C molecular sieves are shown in Fig. 1. The rela-
tive crystallinities of S-S, (x=1, 2, 3, 4 and 5) and S—C are
98.4%, 97.6%, 97.1%, 32.5%, 0% and 100%, respectively
(Table S1). S-S, (x=1, 2, 3 and 4) and S—C present char-
acteristic peaks assigned to SAPO-11 (Zhao et al. 2014;
Lyu et al. 2019). S-S, shows characteristic peaks with a
lower intensity than S—C and S-S, (x=1, 2 and 3), indicat-
ing the lower crystallinity of S-S, (32.5%). S-S5 does not
show characteristic peaks attributed to SAPO-11, indicat-
ing that SAPO-11 fails to be synthesized. The above results
show that when n(SDBS)/n(Si0,) is less than or equal to
0.125, SAPO-11 molecular sieves are successfully syn-
thesized; when n(SDBS)/n(S10,) is greater than 0.125, as
the SDBS content increases (n(SDBS)/n(Si0,)=0.25), the
synthesized SAPO-11 molecular sieve presents a lower
crystallinity; with a further increase in the SDBS content
(n(SDBS)/n(S10,) =0.5), amorphous materials are obtained
without the SAPO-11 molecular sieve.
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Fig. 1 XRD spectra of the uncalcined S—C and S-S, (x =1, 2, 3, 4
and 5) molecular sieve

3.2 SEM

The SEM pictures of S—C (a) and S-S, (x=1, 2, 3, 4 and
5) (b—f) are displayed in Fig. 2. S-C and S-S, (x=1, 2 and
3) present spherical particles, which are composed of many
small SAPO-11 submicron particles. The submicron par-
ticle sizes of S—-C, S-S, S-S, and S-S5 are 500, 300, 250
and 110 nm, respectively. S—Ss shows irregular polyhedral
particles (Fig. 2f), and according to the XRD results, they
are amorphous materials. S—S, has both spherical particles
of SAPO-11 (marked with squares) and irregular polyhedral
particles (marked with circles) (Fig. 2e), which is the same
morphology as that of S—Ss (Fig. 2f). Therefore, the irregu-
lar polyhedral particles of S-S, are amorphous materials.
Compared with S-C, S-S, (x=1, 2 and 3) molecular sieves
possess smaller submicron particles, and as the SDBS con-
tent increases, the submicron particle sizes of S-S;, S-S,
and S—S; gradually decrease. With a further increase in the
SDBS content, S-S, develops an amorphous component,
and S-S5 becomes completely amorphous.

The synthesis principles of S—-C and S-S, molecular
sieves are presented in Fig. 3. During synthesis, molec-
ular sieve precursors are first generated, and then they
polymerize to form the molecular sieve crystal nuclei;
finally, the molecular sieve is obtained via the growth
of these crystal nuclei (Cundy and Cox 2005; Ikuno
et al. 2015). The critical micelle concentration (cmc) of
SDBS is 3.0 mmol L~! at 308 K, and as the tempera-
ture increases by 5 K, it increases by ca. 0.1 mmol L~}
(Hait et al. 2003). During the syntheses of S—S;, S-S,
S-S5, S-S, and S-S;, the concentrations of SDBS are
14.0, 34.9, 69.9, 139.7 and 279.4 mmol L™, respectively,
which are much higher than the cmc of SDBS. Therefore,
the micelles of DBS™ can be formed during the synthesis

of these hierarchical samples, and they play a role in dis-
persing the reactants and the molecular sieve precursors
and inhibiting the growth of the molecular sieve (Sak-
thivel et al. 2009; Wang et al. 2012). During the synthesis
of S—C, large SAPO-11 submicron particles are easily
obtained by the polymerization and growth of the SAPO-
11 crystal nuclei because the SAPO-11 crystal nuclei
show poor dispersion in the absence of SDBS (Fig. 3a).
During the synthesis of molecular sieves, addition of an
anionic surfactant can shorten the molecular sieve nuclea-
tion period (Myatt et al. 1994). Thus, S-S, (x=1, 2 and
3) with small submicron particles is obtained due to the
addition of SDBS to the synthetic raw materials, which
shortens the SAPO-11 nucleation period and results in
production of more SAPO-11 crystal nuclei. Therefore,
S-S, (x=1, 2 and 3) molecular sieves have smaller sub-
micron particles than S—C. SAPO-11 is one of the sili-
coalminophosphate molecular sieves, and it possesses
negative charges due to the substitution of Si in the neu-
tral AIPO, framework (Jahn et al. 1990). The low SDBS
content leads to a minimum number of DBS™ micelles,
and it is difficult to achieve a good dispersion of the
SAPO-11 precursors. In addition, the SAPO-11 crystal
nuclei are poorly dispersed because of their weak elec-
trostatic repulsive interaction with the DBS™ micelles
during the nucleation process. Thus, the obtained SAPO-
11 has relatively large submicron particles (Fig. 3b). As
the SDBS content increases, more DBS™ micelles are
formed, and they better disperse the SAPO-11 precur-
sors. Furthermore, during the nucleation process, the
electrostatic repulsive interaction between the SAPO-11
crystal nuclei and the DBS™ micelles increases, result-
ing in a better dispersion of the SAPO-11 crystal nuclei.
The DBS™ micelles as a hydrophobic layer cut off the
supply of active reactants to SAPO-11 submicron par-
ticles, thereby limiting the growth of the SAPO-11 sub-
micron particles. Consequently, the SAPO-11 submicron
particle size decreases (Fig. 3c). When n(SDBS)/n(S10,)
is greater than 0.125, as the SDBS content increases
(n(SDBS)/n(Si0,) =0.25), extensive DBS™ micelles are
formed, which leads to excessive dispersion of some
SAPO-11 precursors and makes these precursors diffi-
cult to polymerize, thereby preventing the Formation of
SAPO-11 crystal nuclei. As a consequence, the synthe-
sized SAPO-11 contains amorphous materials, and thus,
it exhibits a low crystallinity (Fig. 3d). With a further
increase in the SDBS content (n(SDBS)/n(Si0,) =0.5),
the number of DBS micelles continues to increase, which
makes all the SAPO-11 precursors excessively dispersed,
leading to a failure to nucleate. As a result, the products
are all amorphous materials (Fig. 3e). The amorphous
materials decrease the amount of BAC (Li et al. 2013),
the crystallinity and the BSA of the molecular sieves

@ Springer
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Fig.2 SEM pictures of S-C (a), S-S, (b), S-S, (¢), S-S, (d), S-S, (e) and S-S (f)

(Chen et al. 2013), thus disfavoring hydrocarbon hydroi-
somerization (Kuchar et al. 1993). Considering that S-S,
with a low crystallinity contains amorphous materials and
S—S5 is completely amorphous, S-C, S-S, S-S, and S-S,
are selected for further study.

@ Springer

3.3 Nitrogen adsorption-desorption

The nitrogen adsorption—desorption isotherms of S-S,
(x=1,2, 3 and 4) and S—C are shown in Fig. 4, and they are
classified as type IV isotherms. S-S, (x=1, 2, 3 and 4) and
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S—C display both the characteristic of microporous materials
at a low relative pressure (P/P,<0.001) and the type H3 hys-
teresis loops at a high relative pressure (P/P,=0.50-0.96).
The pore distributions of S-S, (x=1, 2, 3 and 4) and S-C
are displayed in Fig. 5. S-S, (x=1, 2, 3 and 4) and S-C
show peaks at 3.8 nm because of the tensile strength effect
(Danilina et al. 2010; Sun et al. 2020). S-S;, S-S,, S-S,
and S-S, present peaks at 15, 15, 10 and 30, 15 and 20 nm,
respectively. The results indicate that there are mesopores
in S-S, (x=1, 2, 3 and 4). S—C shows a broad peak with a
very low intensity at 9-30 nm, and it indicates that there is
an extremely small number of mesopores in S—C.

The texture properties of S-C, S-S;, S-S,, S-S;
and S-S, are presented in Table 1. The BSA and ESA
of S-C, S-S,, S-S,, S-S; and S-S, are 221 and 80,
243 and 117, 257 and 132, 275 and 165, 203 and 111
m? g~!, respectively. The ESA and mesoporous volume
of S-S, (x=1, 2 and 3) molecular sieves are larger than

Fig.4 N, adsorption—desorption isotherms of S—C and S-S, (x=1, 2, those of S—C, owing to the smaller submicron parti-

3 and 4)

cles and greater number of mesopores. As the SDBS
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Fig.5 Pore diameter distributions of S—-C and S-S, (x= 1, 2, 3 and 4)

Table 1 Texture properties of S—C and S-S, (x=1, 2, 3 and 4)

Sample  Sppr.m* g™ Seyemarm> g Vmi3crop_0re’ Vme}sopi)re’
cm’ g cm’ g
S-C 221 80 0.07 0.06
S-S, 243 117 0.07 0.15
S-S, 257 132 0.07 0.21
S-S, 275 165 0.06 0.34
S-S, 203 111 0.05 0.14

content increases, the ESA of S-S, (x=1, 2, 3 and 4) first
enhances and then reduces with a maximum of 165 m* g~!
at n(SDBS)/n(Si0,) =0.125 (S-S;). This is because the
submicron particle size of S-S, (x=1, 2 and 3) follows
the order S-S, > S-S, > S-S;. The gradual increase in the
ESAs of S-S, S-S, and S-S, results from their decreased

(a)

S-81

Absorbance, a.u.

1600 1550 1500 1450 1400

Wavenumber, cm-"

SAPO-11 submicron particle sizes. S-S, has a relatively
low ESA because of the amorphous materials in S-S,,.

3.4 Py-IRand 2,6-DMPy-IR

The Py-IR spectra of S-C, S-S;, S-S, and S-S; at 473
(a) and 573 (b) K are shown in Fig. 6, and they have three
adsorption bands from 14001600 cm™. The bands at 1455
and 1545 cm™' represent the adsorption of pyridine on the L
and B acid centers, respectively (J.A.Z. Pieterse et al. 1999;
Zholobenko et al. 2020). The number of total acid centers
and moderate and strong acid centers on these samples is
determined from the spectra at 473 and 573 K, respectively.

Table 2 shows the number of L and B acid centers on
S-C, S-S, S-S, and S—S;. All the samples show almost the
same number of total BAC and MSBAC. This result indi-
cates that the BAC and MSBAC of these synthesized SAPO-
11 molecular sieves are hardly affected by the addition of
SDBS. The *Si solid-state nuclear magnetic resonance
results of S—C and S—S; are shown in Fig. S1 and Table S2,
which are consistent with the obtained Py-IR results.

The 2,6-DMPy-IR spectra of S-C, S-S,, S-S, and S-S,
at 473 (a) and 573 (b) K are displayed in Fig. 7, and an
adsorption band is observed at 1600-1675 cm™', which is
attributed to the adsorption of 2,6-DMPy-IR on the BAC
(Morterra et al. 2001; Lercher and Jentys 2007). 2,6-DMPy-
IR can only be connected with the BAC located on the ES of
SAPO-11 because the diameter of 2,6-DMPy-IR (6.7 A) is
larger than the pore openings of SAPO-11 (6.3 A) (Thiba-
ult-Starzyk et al. 2009). The numbers of total EBAC and
external medium and strong BAC (EMSBAC) of S-C, S-S,
S-S, and S-S, are calculated according to the 2,6-DMPy-
IR spectra at 473 and 573 K, respectively. The numbers of
total EBAC and EMSBAC on S-C, S-S, S-S, and S-S;
are presented in Table 3. The numbers of total EBAC and
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Fig.6 Py-IR spectra of S—C, S-S;, S-S, and S-S5 at 473 K (a) and 573 K (b)
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Table 2 Acidities of S-C, S-S,, S-S, and S-S; determined from the
Py-IR spectra

Sample B acid centers (umol Pyri- L acid centers (pmol
dine g7 Pyridine g7!)
473 K 573K 473 K 573K
S-C 72.1 31.9 36.9 28.2
S-S, 72.5 32.7 36.2 27.0
S-S, 72.0 32.0 36.5 242
S-S, 74.1 333 353 24.1

EMSBAC on these samples both follow the order S—S;>
S-S,> S-S, >S-C. This is because SAPO-11, with a
high ESA, exposes a large number of EBAC (Guo et al.
2012), and the ESA of S-C, S-S,, S-S, and S-S; gradu-
ally increases. S—S; has the greatest numbers of EBAC and
EMSBAC among these SAPO-11 samples.

3.5 Catalytic performance

The results of n-nonane hydroisomerization over Pt/S-S,
(x=1, 2 and 3) and Pt/S—C at different WHSVs, a v(H,)/v(n-
nonane) of 400, a pressure of 1.5 MPa and a temperature
of 613 K are exhibited in Fig. 8. As the WHSV increases,
the n-nonane conversions for all catalysts decrease. As the
n-nonane conversion increases, the selectivity to entire iso-
mers (Sg) decreases, and the hydrocracking selectivity (Sy)
and the selectivity to di-branched isomers (Spp) increase.
The conversions of n-nonane at the same WHSYV follow the

(a)

Absorbance, a.u.

S-C

1500 1550 1600 1650 1700

Wavenumber, cm-'

sequence Pt/S-C <Pt/S-S, <Pt/S-S, < Pt/S—S;. In addition,
Pt/S—S; presents the highest Sg and Spp, and the minimum
Sy at the same n-nonane conversion among these catalysts.
The product distribution of hydroisomerization of n-non-
ane on these catalysts (n-nonane conversion of approxi-
mately 88%) is displayed in Table 4. The main products of
n-nonane hydroisomerization are 2,4-dimethylheptane (2,4-
DMC?7), 3,4-dimethylheptane (3,4-DMC7), 4-methyloctane
(4-MC8), 2,2-dimethylheptane (2,2-DMC7), 4-ethylheptane
(4-EC8), 2,3-dimethylheptane (2,3-DMC7), 3-methyloctane
(3-MC8), 3,5-dimethylheptane (3,5-DMC7), 2-methyloctane
(2-M(C8), 2,6-dimethylheptane (2,6-DMC7), 2-methyl-
3-ethylhexane (2-M-3-EC6) and 2,5-dimethylheptane (2,5-
DMCT7). Pt/S—S; presents higher S (83.4%) and Spg (28.1%)
values and lower Sy (15.7%) values than Pt/S-S, (81.7%,
24.7% and 17.4%), Pt/S-S, (82.7%, 26.3% and 16.4%) and
Pt/S—C (76.5%, 22.4% and 22.6%) at the n-nonane conver-
sion of approximately 88%. Furthermore, Pt/S—S; has the
highest k value and the largest TOF among these catalysts.

Table 3 Acidities of S-C, S-S,, S-S, and S-S; determined from the
2,6-DMPy-IR spectra

Sample B acidity (pmol 2,6-DMPy-IR g~")
473 K 573K

S-C 41.5 13.5
S-S, 46.2 15.7
S-S, 52.5 19.2
S-S, 56.9 23.3
(b)
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Fig.7 2,6-DMPy-IR spectra of S-C, S-S, S-S, and S-S5 at 473 K (a) and 573 K (b)
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Fig.8 Conversion versus WHSV (a), selectivity to entire isomers (b), selectivity to di-branched isomers (¢) and hydrocracking selectivity (d)

versus n-nonane conversion for Pt/S-C, Pt/S-S,, Pt/S-S, and Pt/S—S;

The explanation of the results of n-nonane hydroisomeri-
zation on these catalysts is shown as follows. The Pt loadings
of these catalysts are 0.5 wt%, and the Pt dispersions for
Pt/S-C, Pt/S-S,, Pt/S-S, and Pt/S-S; are 58%, 59%, 59%
and 60%, respectively. These almost identical Pt dispersions
indicate that the pore structure, the ESA and the acidities of
the supports chiefly decide the n-nonane hydroisomerization
performance.

The principles of hydroisomerization of n-nonane on
Pt/SAPO-11 with different submicron particle sizes are
displayed in Fig. 9. The di-branched nonane isomers
are unable to be produced inside the pores of SAPO-11
because its diameter (7.1 A) (Akhmedov and Al-Khowaiter

@ Springer

2007) is larger than the pore openings of SAPO-11 (6.3 A).
According to “pore mouth” theory (Taylor and Petty
1994), di-branched nonane isomers are produced on the
EBAC of SAPO-11. n-Nonane undergoes the dehydroge-
nation reaction at the Pt sites to afford an n-nonene inter-
mediate. Then, the n-nonene intermediate is isomerized at
the BAC to afford a mono-branched nonene intermediate.
Afterward, the methyl of the intermediate is adsorbed at
one pore mouth, and the opposite side of the intermedi-
ate is adsorbed at a next pore mouth. The isomerization
of the mono-branched nonene intermediate occurs at the
BAC to produce a di-branched nonene intermediate. The
di-branched isomer is obtained by hydrogenation of the
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Table 4 Results of n-nonane hydroisomerization over Pt/S—-C, Pt/S—
S,, Pt/S-S, and Pt/S—-S;

PY/S-S; PYS-S, PyS-S, P#/S-C
K (10%molg's™) 15 13 12 10
TOF* (10257 35.7 33.0 31.1 27.7
Sg (%) 83.4 82.7 81.7 76.5
Spp (%) 28.1 26.3 24.7 224
PS°

2-MC8 52 55 5.9 5.0
3-MC8 21.8 224 21.6 20.9
4-MC8 27.0 27.3 284 27.2
4-EC7 1.3 1.2 1.1 1.0
2,2-DMC7 0.7 0.6 0.6 0.6
2,3-DMC7 1.2 1.0 0.9 0.6
2,4-DMC7 4.1 3.8 32 2.9
2,5-DMC7 12.1 11.6 11.1 10.0
2,6-DMC7 5.4 5.1 49 4.7
3,4-DMC7 29 2.7 26 24
3,5-DMC7 0.8 0.7 0.7 0.7
2-M-3-EC6 0.9 0.8 0.7 0.5
Others 0.9 0.9 0.9 0.9
Sy (%) 15.7 16.4 17.4 22.6

4 Obtained at 613 K, 1.5 MPa, a v(H,)/v(n-nonane) of 400 and n-non-
ane conversion of ca. 20%

b PS represents products selectivity

di-branched nonene intermediate at the Pt sites. As shown
in Fig. 9, SAPO-11 with large submicron particles has a
low ESA and a small number of EBAC, which provides
fewer active sites at the pore mouths, thereby yielding a
small number of di-branched nonane isomers (Fig. 9a); in
contrast, SAPO-11, with small submicron particles, has a
high ESA and a large number of EBAC, which offers more
active sites at the pore mouths, thereby generating more
di-branched nonane isomers (Fig. 9b).

Compared with the microporous molecular sieve, the
reactant molecules are more easily adsorbed on the BAC
of the hierarchical molecular sieve with a high ESA (Zhou

et al. 2014), and thus, Pt/SAPO-11 with a high ESA and
a large number of EBAC exhibits high n-nonane hydroi-
somerization activity. Pt/S—C displays the lowest conver-
sion of n-nonane, Spp and S and the highest Sy of all the
catalysts. It is because S—C has the lowest ESA (Table 1)
and the smallest number of EMSBAC (Table 3) among
these samples, thus offering the fewest active sites at the
pore mouths for n-nonane hydroisomerization. Addition-
ally, S—C has large submicron particles, which makes the
n-nonane branched isomers difficult to diffuse, thereby
promoting hydrocracking reactions.

Compared with Pt/S—C, Pt/S-S, (x=1, 2 and 3) shows a
higher n-nonane conversion at the same WHSV and displays
higher S and Spy values and a lower Sy at the same n-non-
ane conversion. This is because S-S, (x=1, 2 and 3) pos-
sesses a higher ESA (Table 1) and a larger number of EMS-
BAC (Table 3) than S—C, thus providing more active sites
at the pore mouths for n-nonane hydroisomerization. Fur-
thermore, S-S, (x=1, 2 and 3) has smaller submicron par-
ticles than S—C, making diffusion of the n-nonane branched
isomers easy and reducing the hydrocracking reactions.

The n-nonane conversions for Pt/S-S, (x=1, 2 and 3)
follow the order Pt/S—S; <Pt/S-S, <Pt/S-S; at the same
WHSV. In addition, the S and Sy values for Pt/S-S, (x=1,
2 and 3) sequentially increase, and the Sy; values gradually
decrease at the same n-nonane conversion. This is because
the ESA (Table 1) and the number of EMSBAC (Table 3) of
S-S, (x=1, 2 and 3) follow the order S-S, < S-S, < S-S,,
and SAPO-11, with a higher ESA and a larger number of
EMSBAC, has more active sites at the pore mouths for
n-nonane hydroisomerization. Furthermore, the submicron
particle sizes of S-S, (x=1, 2 and 3) are in sequence S-S, >
S-S, > S-S; (Fig. 2), and SAPO-11, with small submicron
particles, provides a short residence time for n-nonane
branched isomers and their intermediates and promotes
their diffusion, thereby reducing the hydrocracking reac-
tions. Consequently, Pt/S—S; shows the highest Sg (83.4%),
the highest Spp (28.1%) and the lowest Sy (15.7%) among
these catalysts.
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4 Conclusions

To convert the low-octane n-alkanes to their high-octane
di-branched isomers, a variety of hierarchical SAPO-11
are synthesized by adding different amounts of the anionic
surfactant (sodium dodecylbenzene sulfonate, SDBS), and
their corresponding catalysts are applied in n-nonane hydroi-
somerization. In the case of n(SDBS)/n(Si0,) is less than
or equal to 0.125, as the SDBS content increases, the sub-
micron particle sizes of the obtained hierarchical SAPO-11
gradually decrease, and the ESA increase. Compared with
conventional SAPO-11, these hierarchical SAPO-11 molecu-
lar sieves have smaller submicron particles and larger ESA.
In the case of n(SDBS)/n(Si0O,) is greater than 0.125, as

@ Springer

the SDBS content increases (n(SDBS)/n(Si0,)=0.25), the
synthesized SAPO-11 molecular sieve develops amorphous
materials, thereby decreasing its ESA; with a further increase
in the SDBS content (n(SDBS)/n(Si0,) =0.5), the products
are all amorphous materials. At n(SDBS)/n(Si0,)=0.125,
the synthesized hierarchical SAPO-11 molecular sieve
(S-S5) possesses the smallest submicron particles (110 nm),
the largest ESA (165 m? g~!) and the maximum number
of EMSBAC (23.3 pmol 2,6-DMPy-IR g~') among these
SAPO-11 samples. Pt/S-S; displays the best selectivity to
entire isomers (83.4%), the best selectivity to di-branched
isomers (28.1%) and the minimum hydrocracking selectivity
(15.7%) of all the catalysts in n-nonane hydroisomerization.
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