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ABSTRACT: High-performance amorphous silica−aluminas (ASAs) were prepared prior to the formation of the 10-membered
ring (10-MR) ZSM-5 zeolite by regulating the hydrothermal processing time. Their structures, morphologies, acidity properties, and
Si−Al coordination were well studied. Particularly, a facile FTIR method of in-situ adsorbing bulky 2,6-dimethlypyridine followed by
pyridine adsorption was innovatively utilized to quantify the Brønsted acid sites in micropores. All the ASAs samples were
transformed into catalysts by loading with 0.5 wt % Pt. The structure−activity relationship, especially from the strength, density, and
location of Brønsted acid sites, was investigated by Fischer−Tropsch synthesis (FTS) wax hydrocracking. The evaluation results
showed that the medium strong Brønsted acid sites located on the external surface played a crucial role in the activity. Contrary to
the general belief that larger pores favor the production of heavy cracking fractions, the ASAs with a 10-MR microporous structure
proved to be more effective for diesel production than those with a 12-membered ring (12-MR). Strong Brønsted acid sites in
micropores were less conducive to diesel production mainly due to stronger adsorption at these sites and steric hindrance from the
microporous system. Furthermore, the Pt/AS-20 catalyst with few intramicropore Brønsted acid sites exhibited high diesel selectivity
(83.3%) at 50.5% conversion under industrially relevant reaction conditions, which provides a significant opportunity to develop
FTS wax hydrocracking catalysts more rationally.

1. INTRODUCTION
Fischer−Tropsch synthesis (FTS) is a technology of great
potential to produce clean n-alkanes (>90%) from syngas,
while the latter can vary from various fossil sources (natural gas
or coal) to renewable biomass.1 As the main product of the
large-scale industrial application of FTS (accounting for over
50%), FTS wax is highly paraffinic (C20−C80) and virtually free
of nitrogen, sulfur, and aromatics, making it ideal to produce
environmental friendly clean diesel fractions through hydro-
cracking.2,3 This reaction is achieved using a bifunctional
catalyst characterized by the presence of metal sites with
(de)hydrogenation function and acidic sites with isomer-
ization-cracking function.4−6 Solid acid supports, for example,
amorphous oxides or/and zeolites, loaded with noble metal
(e.g., Pt) have emerged as some of the most promising

hydrocracking catalysts.7,8 For converting the easily cracking
and bulky FTS wax, amorphous silica−aluminas (ASAs) as
catalyst supports become more prominent in providing
moderate acid sites and facilitating molecular diffusion.9,10

ASAs-based hydrocracking catalysts have achieved signifi-
cant attention for both scientific and practical application.
Pölczmann et al.11 evaluated Pt/Al-SBA-15 as a catalyst for the
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paraffin (C15−C57) conversion, and reported that mesoporous
supports Al-SBA-15 supports were more effective than SAPO-
11 zeolite-type materials in producing gas oil (C11−C20) and
base oil (C21−C29). Moreover, the spacious pore system in Pt/
Al-SBA-15 catalyst favored the production of branched
paraffins, achieving up to 70% selectivity for iso-paraffin at
623 K. Liu et al.12 investigated the FTS wax hydrocracking
over Pt-modified polyoxocation-pillared montmorillonites,
revealing that the moderate or “appropriately weak” acid
sites, which promote olefin desorption, are ideal to produce
diesel-grade hydrocarbons. Lee et al.8 elucidated the influence
of the density (concentration) and types of acid sites in ASAs
on the paraffin (C21−C34) hydrocracking, revealing that the
catalytic performance was mainly dependent on the Brønsted
acid sites instead of Lewis acid sites. Another similar study
noted that the wax (C21−C34) conversion increased with the
total acid sites density, while the yield of middle fractions
(C10−C20) exhibited a volcano-shaped curve. Furthermore,
Pd/SA-40 with moderate acidity showed the highest middle
distillate yield (45.1%) at 76.0% conversion.13 Although
numerous studies have explored the preparation and
application of ASAs-type catalysts, few have investigated the
prospects of ASAs from the perspective of acid site location
and type using industrialized FTS wax (C20−C80) as
feedstock.14−16 In previous work, we reported a facile method
for synthesizing high diesel selective ASAs support from a
precursor before the formation of 12-member ring (12-MR)
BEA topological zeolite.17 The catalytic evaluation results
showed that the primary cracking products (<C40) from initial
FTS wax hydrocracking can penetrate into the three-dimen-
sional 12-MR micropores, which increases the potential for
multicracking to produce naphtha or liquefied petroleum gas
(LPG), causing a decrease in diesel selectivity.17 Therefore,
minimizing the diffusion of these products to micropores and
reducing multicracking occurrence is crucial for maximizing
diesel selectivity. Inspired by this, the ASAs obtained from the
mother liquid of 10-MR MFI zeolite before the long-range
crystal order formation not only meet the aforementioned
requirements but also enrich the understanding of FTS wax
hydrocracking catalyst development.

Appropriate characterization of the acidity details is a
prerequisite for this work. Fourier transform infrared spectros-
copy (FTIR) of adsorbing substituted alkylpyridine is
commonly used method to provide information on acidic
sites systems.18,19 To obtain the desired information, the acidic
sites at different position must be accessible to the basic probe
molecules used, guiding the selection of alkylpyridines with
appropriate dynamic sizes.18,19 Some authors have charac-
terized the acidity of 10-MR zeolite applying pyridine (Py)-
FTIR and 2,6-dimethlypyridine (DMPy)-FTIR, to collect the
densities of total Brønsted acid sites and those on the external
surface, respectively.20−22 However, the quantified acidic
information calculated from the Lambert−Beer Law varies
with the integrated molar extinction coefficients (IMEC) of
alkylpyridines.23,24 Additionally, due to the difference in the
units of quantification between Py-FTIR (μmol Py/g) and
DMPy-FTIR (μmol DMPy/g) spectra, the variation of the
Brønsted acidity in micropores was not available. This limits
the understanding of the acidic nature and structure−activity
relationships for the solid-acid catalyst containing 10-MR pore
topology.

In this work, a series of ASAs were synthesized from a 10-
MR ZSM-5 zeolite precursor solution after a variable

hydrothermal synthesis time. Their physicochemical properties
were studied using an array of multicharacterization
techniques. Particularly, a facile FTIR method of in-situ
preferentially adsorbing DMPy probe molecules followed by
Py adsorption was innovatively utilized to quantify the
Brønsted acid sites in micropores. After all of the protonic
ASAs were impregnated with a required Pt-containing solution,
the structure−activity relationship between ASAs supports and
catalytic performance was studied using FTS wax hydro-
cracking to diesel as a model reaction, highlighting a direction
for designing efficient hydrocracking catalysts for the FTS wax
feedstock.

2. EXPERIMENTAL SECTION
2.1. Chemicals and Reagents. All reagents were used

without further purification, and their detailed descriptions are
available in the Supporting Information.
2.2. Catalysts Preparation. The ASAs samples were

prepared by a static hydrothermal method, and the theoretical
molar ratio of the initial gel was 1.0 Al2O3/50 SiO2/5.1
NaOH/10.7 TPAOH/2000H2O. Sodium hydroxide and
TPAOH were orderly added into distilled water with stirring.
After sufficient dissolution, sodium aluminate was added into
the solution and then silica sol, under vigorous stirring at 25 °C
overnight. Subsequently, the resulting well-mixed gel was
transferred to 800 mL autoclaves for static crystallization at
115 °C with hydrothermal synthesis times varying between 20
and 96 h. The resulting solid samples were filtered, washed
with distilled water, dried overnight at 100 °C and then
calcined for 5 h at 550 °C. Finally, the proton ASAs samples
were ion-exchanged by 0.5 M NH4Cl solution, then dried and
calcined in a muffle furnace at 550 °C for 3 h. The as-prepared
ASAs samples were labeled as AS-x (AS-20, AS-40, AS-47, AS-
55, AS-62, AS-96), where x denotes hydrothermal synthesis
times of 20, 40, 47, 55, 62 and 96 h, respectively.

The obtained ASAs samples were shaped into 20−40 mesh.
And the nominal platinum content was 0.5 wt % by wet
impregnation of Pt(NH3)4Cl2·XH2O solution. After impreg-
nation, the ASAs samples were dried for 6 h at 100 °C, and
calcined for 3 h at 420 °C. The resulting catalysts supported on
AS-20, AS-40, AS-47, AS-55, and AS-62 were labeled as Pt/AS-
20, Pt/AS-40, Pt/AS-47, Pt/AS-55, and Pt/AS-62 respectively.
2.3. Samples Characterization. X-ray diffraction (XRD)

patterns of the powdered material were obtained by using Cu
Kα radiation (λ = 0.154059 nm) on a Bruker D8 ADVANCE
diffractometer with an X-ray source operating at 40 kV and a
current of 40 mA.

Scanning electron microscopy (SEM) measurements were
carried out on an FEI QUANTA 400 microscope. Trans-
mission electron microscopy (TEM) measurements were
performed on an FEI Talos F200A electron microscope with
a finite line resolution of 1.4 Å and an accelerating voltage of
200 kV.

The textural properties of the ASAs supports were measured
by using a Micromeritics ASAP 2420 analyzer. First, samples
were degassed at 350 °C for 6 h and then analyzed at liquid
nitrogen temperature (−196 °C). The total surface area (SBET)
was calculated using the adsorption data by the Brunauer−
Emmett−Teller (BET) equation. The total pore volume
(VPore) was calculated via the single-point method based on
the adsorption at P/Po = 0.9736, whereas the micropore
surface area (SMic) and mesoporous surface area (SExt) were
derived by the t-plot method.
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Ammonia temperature-programmed (NH3-TPD) desorp-
tion measurements were carried out on a Micromeritics ASAP
2920 analyzer. Prior to analysis, the sample was heated in
helium flow for 1 h at 600 °C to remove any possible
impurities and then cooled down to 100 °C. Afterward, the
sample was treated in a stream of NH3 for 20 min before
switched to helium for 30 min to remove physically adsorbed
NH3. The desorption process was conducted ranging from 100
to 600 °C with a ramp rate of 10 °C/min, and the desorbed
NH3 was recorded and analyzed using a mass spectrometer.

Fourier transform infrared (FTIR) spectra were obtained
with a Bruker Vertex 70 spectrophotometer, to quantitatively
study the Brønsted and Lewis acid sites distribution. In terms
of Py-FTIR, the test sample was first pressed into a self-
supporting wafer, followed by pretreating under vacuum for 1.0
h at 350 °C, and then cooled down to 30 °C. Afterward, the
sample was saturated with Py vapor molecules, followed by
evacuated for 30 min. The sample was desorbed at 200 and
350 °C, respectively, and the corresponding spectra were
recorded. The peaks at 1548 and 1450 cm−1 were fitted as the
Brønsted and Lewis acid, respectively.25,26 And quantitative
acidity information was calculated based on Lambert−Beer law
and eqs 1 and 2.23,26 A facile FTIR method of in situ adsorbing
DMPy followed by adsorption of Py (DMPy-Py-FTIR) was
utilized to quantify the acid sites in micropores and weaken the
effect brought by IMEC. The pretreated self-supporting wafer
samples were first saturated with DMPy vapor molecules
instead of Py, and then evacuated for 1.0 h. The tested sample
was then saturated with Py vapor, and the physically adsorbed
one was removed by evacuation. Subsequently, the Py
adsorption on the sample was measured by FTIR spectroscopy
following the Py-FTIR evaluation procedure described above.
The detailed procedures are referred to in refs 17 and 23.

= × ×
×

C

R IA

(alkylpyridine on Brønsted)

(B)
IMEC(alkylpyridine, on Brønsted) W

2

(1)

= × ×
×

C

R
W

(alkylpyridine on Lewis)

IA(L)
IMEC(alkylpyridine, on Lewis)

2

(2)

where C is the molar concentration (μmol alkylpyridine/g);
IA is the integrated absorbance of Brønsted or Lewis band
(cm−1); W is the weight of sample disk (g); R is the radius of
sample disk (cm); IMEC (Py on Brønsted) = 1.67 cm/μmol,
IMEC (Py on Lewis) = 2.22 cm/μmol, as referred to in refs 23
and 24.

27Al and 29Si magic angle spinning (MAS) nuclear magnetic
resonance (NMR) measurements were carried out on a Bruker
AVANCE III 600 WB spectrometer to analyze the
coordination states of aluminum and silicon species in ASAs
samples. 1H DQ MAS NMR spectra were collected via a
POST-7 pulse sequence with indirect dimensional incremental
intervals of 83 μs.
2.4. Catalyst Test. Catalytic performance was evaluated in

a fixed-bed reactor at 4.0 MPa. The properties of the raw
material for the reaction, FTS wax, are shown in ref 17. For
each evaluation reaction, 2.8 g of 20−40 mesh catalyst was
loaded into a stainless−steel reaction tube. Before formal
sampling, the loaded catalyst was activated in situ with H2 at
380 °C for 4 h at a flow rate of 100 mL/min, and then cooled

to 200 °C. The melting raw material FTS wax was
continuously pumped into the reactor at a set flow rate. In
each catalyst test, 6 to 8 points were sampled. During the
sampling period, the temperature was held constant for 24 h.
The reaction off-gas was analyzed by an online gas chromato-
graph (Agilent 7890N) equipped with a flame ionization
detector (FID), while the liquid products were analyzed by an
off-line gas chromatograph (Agilent 7890B). The FTS wax
conversion and products (C10−C22, as an example) selectivity
were calculated based to the following two formulas 3 and 4

=

×

+ +

+

wax conversion (%)
wt % of C in feed wt % of C in product

wt % of C in feed

100

23 23

23

(3)

=

×
+ +

(C C ) selestivity (%)
wt % of C C in product wt % of C C in feed

wt % of C in feed wt % of C in product

100

10 22

10 22 10 22

23 23

(4)

3. RESULTS AND DISCUSSION
3.1. Structure and Morphology. Figure 1 shows the

powder XRD patterns of the as-synthesized samples. AS-20,

AS-40, and AS-47 samples obtained after 20, 40, and 47 h of
hydrothermal treatment respectively, showed only one broad
hump at 2θ = 15−30°, characteristic of amorphous silica
(PDF#79-1910).27 No crystalline alumina phases were
detected, indicating that the aluminum element was uniformly
incorporated throughout the amorphous silicon oxide.28,29

Upon hydrothermal treating, this broad hump slightly shifts to
a higher angle (Figure 1 inset), indicating the formation of a
smaller aluminosilicate ring structures.29 As the induction
period increases to 55 and 62 h, weak diffraction peaks start to
gradually appear at 2θ = 7.9, 8.8 and 23.1°, indicating the
presence of partial crystallization. Particularly, characteristic
diffraction peaks of the MFI structure were observed at 2θ =
7.9, 8.8, 23.1, 24.0, and 24.4° after extending the hydrothermal
treatment time to 96 h, indicating the crystal formation of
ZSM-5 zeolite.7

The morphology of these ASAs samples was evaluated by
using SEM and TEM (Figure 2). The SEM examination
(Figure 2a) shows that the amorphous samples consist of
nanoparticles with irregular shapes. As shown in Figure 2a-2,

Figure 1. Powder XRD patterns of the as-prepared carrier samples.
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no aluminum or alumina phase was detected on the sample
surface, confirming its amorphous nature. Energy dispersive X-
ray (EDX) atom mapping images characterized by STEM
(Figure. 2a-3,4) further confirm the homogeneity of the
samples on the nanoscale, in agreement with XRD analysis.30

Although there is no visible lattice in the samples of AS-20, AS-
47 (Figure 2a-5,b), the different planar distances observed in
EDX spectroscopic imaging demonstrates the existence of
molecularly ordered framework atoms.30 Upon heating, typical
selected-area electron diffraction patterns of AS-62 contain
discrete diffraction spots (Figure 2c), strongly suggesting the
presence of zeolite periodic structure.31

The N2 adsorption−desorption isotherms and pore size
distribution for all samples are depicted in Figure 3. Obviously,
the N2 uptake in the low-pressure region (P/P0 < 0.01) is quite
low, demonstrating few micropores in the as-synthesized ASAs
samples.32 The subsequent rise in N2 uptake at higher
pressures could put down to the multilayer adsorption,
indicating the presence of many mesopores.32 From the pore
distributions shown in Figure 3b, well-distributed mesopores
(about 20 nm) are presented in the ASAs samples, likely
formed by the ordered framework atoms, secondary structure
units and nanoparticles.20 The detailed textural properties are
shown in Table 1. As indicated in the column 3 of table, the
BET surface area of the as-prepared ASAs samples is mainly
from the external surface, since the mixed oxide nanoparticles
observed in SEM organized themselves into mesoporous
structures.33 With increasing hydrothermal synthesis time, the
microporous area and pore volume gradually increase, while
the external surface area and mesoporous pore volume tend to
decrease. The average pore size of ASAs samples was larger
than 14 nm, further illustrating their high external surface area
and significant porosity characteristics.9

3.2. Acidic Properties. The NH3-TPD profiles of ASAs
samples are depicted in Figure S1 of the Supporting
Information. The peaks observed can be divided into two
groups of acid sites with varying acidic strengths. Generally, the
temperature range of weak acid sites is set at 200−250 °C, and
that of strong acid sites is 350−400 °C.32 Apparently, the NH3-
TPD desorption peak gradually increased from AS-20 to AS-
62, indicating an increase in the acidic sites with prolonged
hydrothermal treatment. Previous studies have reported the
preparation of ASAs using beta and Y precursors, but their
focus was on physicochemical properties rather than the
structure−activity relationship.34,35 The unique acidic and
textural properties of ASAs are attributed to the SiO4 and AlO4
tetrahedra structural units and the zeolite-like connectivity in
assembling into the mesoporous structures.34,35

The type, strength, and density of acid sites were further
analyzed by conventional Py-FTIR, with relevant results shown
in Table 2. The total medium strong and strong Brønsted acid
sites density obtained at desorption temperatures of 200 and
350 °C respectively, follow a decreasing trend in AS-62 > AS-
55 > AS-47 > AS-40 > AS-20. It is well-known that the
Brønsted acid properties including their location and
accessibility, are crucial for catalytic performance, especially

Figure 2. (a-1) SEM image of AS-20, TEM images of (a-2−5) AS-20, (b) AS-47, and (c) AS-62.

Figure 3. (a) N2 adsorption−desorption curve and (b) BJH adsorption mesopore size distribution of different ASAs supports.

Table 1. Textural Properties of a Series of ASAs Samples

samples BET surface area (m2/g)
pore volume

(cm3/g) Dpore (nm)

micropore external total VMeso VMic

AS-20 37 159 196 0.762 0.0157 14.2
AS-40 38 154 192 0.785 0.0159 15.6
AS-47 44 144 188 0.740 0.0189 15.2
AS-55 61 139 200 0.683 0.0280 14.5
AS-62 87 142 230 0.664 0.0409 14.6
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in acid-catalyzed bulky molecular processes.36 Hence, a facile
DMPy-Py-FTIR method was utilized to quantify the acid sites
inside and outside the micropore. As plotted in Figure 4, the
band at 1548 cm−1 can be attributed to the C−N stretching of
Py ions at Brønsted acid sites.18,37 Notably, probe molecule
DMPy with a kinetic diameter of 0.67 nm is too large to enter
the pore channel of 10-MR ZSM-5 (0.51 × 0.55 nm and 0.53
× 0.56 nm).18,37 The macromolecules DMPy adsorbed in situ
occupy all and only the Brønsted acid sites located on external
surfaces. Consequently, the amount of Py detected after
desorption treatments at 200 and 350 °C in the subsequent Py-
FTIR test is defined as medium-strong Brønsted acid and
strong Brønsted acid within the micropores, respectively. As
listed in columns 6 and 7 of Table 2, the density of the strong
Brønsted acid sites inside microporous (Micropore Brønsted,
350 °C) obeys following sequence: AS-62 > AS-55 ≈ AS-40 >
AS-47 > AS-20. Both Py-FTIR and DMPy-Py-FTIR tests
provide quantified Brønsted acid site density information with
a unit of μmol Py/g, thus allowing the calculation of acid site
density on the external surface. The corresponding results are
presented in the column 8 of Table 2 (External Brønsted, 200
°C), showing a decreasing trend: AS-62 > AS-55 ≈ AS-20 >
AS-40 > AS-47.
3.3. Coordination Properties. First, 1H DQ NMR was

used to directly obtain hydroxyl group information on ASAs
samples to discover the reasons for differences in their
physicochemical properties, as shown in Figure 5. A weak
autocorrelation peak at (4.3, 8.6) ppm is visible in the AS-20
sample, indicating the presence of zeolitic bridging Si−OH−Al
structures as well as Brønsted acid sites.38 An additional
autocorrelation peak at (2.6, 5.2) ppm verifies the strong
spatial proximity between oxoaluminum cations [such as AlO+,
Al(OH)2+, and AlOH2+] and terminal SiOH groups, a source
of Brønsted acid sites.38 Upon hydrothermal treating, a strong
signal at (4.3, 8.6) in both AS-47 and AS-62 samples provides
evidence for the Brønsted acid sites in the super cage,
suggesting the presence of zeolitic secondary building units as
well as a ZSM-5-like periodic structure.38 A peak at (2.0, 4.0)

ppm is visible, indicative of the spatial proximity of terminal
SiOH groups.39,40 Moreover, the autocorrelation peak at (2.9,
5.8) can be attributed to different types of AlOH groups
associated with neutral species, such as AlOOH and Al(OH)3,
or extraframework aluminum (EFAL) species, such as AlO+, Al
(OH)2+ and AlOH2+, normally contributing to the Lewis acid
sites.40

27Al combined with 29Si MAS NMR measurements were
carried out to gain insights into the atomic-scale coordination
environment of these samples. Typically, the resonance signals
of octahedrally coordinated aluminum (AlVI) are present
within −10 to 20 ppm, the tetrahedrally coordinated aluminum
(AlIV) are in the range of 40−60 ppm, and the penta-
coordinated aluminum (AlV) are from 20 to 45 ppm. As shown
in Figure 6, most aluminum species are in the form of AlIV,
suggesting that the aluminum source reacted with silicates, and
then become aluminosilicates with AlVI.29 It is widely accepted
that the chemical shift in NMR signals is highly sensitive to
Al−O−Si bond angles.29 Upon heating between 47 and 96 h,
the observed low-field shift of NMR peak (see Figure 7, left
axis) indicates a decrease in the average Al−O−Si angles.29

Figure 7 (right axis) illustrates the variation in full width at
half-maximum (fwhm) of the AlIV peak. The fwhm clearly
decreased when the hydrothermal treatment time was
extended from 20 to 55 h, indicating that aluminosilicates
became more structurally ordered, reflected by narrower
distributions of Al−O−Si angles.41 With prolonged hydro-
thermal treatment over 55 h, the fwhm further decreased
rapidly, suggesting the formation of well-ordered aluminosili-
cates (Figure 7, right axis).

Figure 8 shows 29Si MAS NMR spectra of all of the as-
prepared ASAs samples. The main peak signal appears at
around δ = −100 ppm corresponds to Q4(1Al) or Q4(2Al)
silicon species, hinting at a substitution of the silicon sites by
aluminum species, even in the vicinity of silanol groups.29 This
aluminum incorporation resulted in a homogeneous mixing of
Si and Al atoms at the nanoscale, which aligns well with the
findings from XRD, TEM spectroscopy, and 1H DQ NMR

Table 2. Acidity Properties of the Different Samples Obtained by Py-FTIR and DMPy-Py-FTIR

samples total Brønsteda total Lewisa micropore Brønstedb external Brønstedc

200 °C 350 °C 200 °C 350 °C 200 °C 350 °C 200 °C 350 °C
AS-20 16.7 1.6 23.3 22.4 1.3 0.7 15.3 0.8
AS-40 18.9 6.0 24.9 17.9 8.7 5.9 10.3 0.1
AS-47 22.9 7.3 23.4 17.6 17.2 5.0 5.7 2.3
AS-55 32.1 10.5 28.2 21.3 16.1 6.2 15.9 4.3
AS-62 44.9 25.3 46.4 26.3 20.1 16.0 24.8 9.2

aDetermined by Py-FTIR characterization. bDetermined by in situ 2,6-dimethlypyridine/pyridine sorption for FTIR (DMPy-Py-FTIR).
cCalculated from total Brønsted minus micropore Brønsted.

Figure 4. FTIR spectra of AS-47 adsorbed Py and DMPy, Py after desorption at (a) 200 and (b) 350 °C.
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analysis. Additionally, the signal intensity at approximately
−110 ppm shows a tendency to increase with prolonged
hydrothermal treatment, suggesting an increase in Q4(0Al)
species, evidence for the enhanced structural well-ordered
aluminosilicates as well as the formation of ZSM-5 zeolite
crystals.11

3.4. Catalytic Performance. For hydro-conversion
catalyzed by a bifunctional metal/acid catalyst, the rate-
determining step is the formation of β-scission of carbenium
ions and the skeletal rearrangement at Brønsted acid sites,
when the metal function is sufficient.42,43 It is widely accepted
that a 0.5 wt % Pt loading could provide adequate
(de)hydrogenation activity to match the acidic isomerization-
cracking function.10,44

The FTS wax conversions for the as-synthesized catalysts are
plotted as a function of the reaction temperature in Figure 9.
The conversion rates of all catalysts increase gradually with
rising reaction temperatures, a typical behavior in n-alkane
hydrocracking.28 The temperature required to achieve 50%
conversion for the Pt/AS-x catalysts decreases in the following
trend of Pt/AS-47 > Pt/AS-40 > Pt/AS-20 ≈ Pt/AS-55 > Pt/

Figure 5. 1H DQ NMR spectra of the several as-synthesized ASAs
samples.

Figure 6. 27Al MAS NMR spectrum of ASAs samples.

Figure 7. NMR peak position changes of AlIV (left axis; filled black
symbols) and maximum half-width changes (right axis; empty red
symbols) in the as-synthesized ASAs samples.

Figure 8. 29Si MAS NMR spectrum of different ASAs supports (a)
AS-20, (b) AS-40, (c) AS-47 (d) AS-55, (e) AS-62, and (f) AS-96.
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AS-62. It is well-recognized that for a bifunctional catalyst with
sufficient metal functionality, the acidic nature of the carriers,
particularly the Brønsted acidity, is critical for catalytic
performance.8,45 To systematically investigate the acidity-
activity performance relationship, Figure 10 plots the temper-

ature required to achieve 50% conversion versus total and
external medium-strong Brønsted acid density. As shown, the
activities of all catalyst samples correspond to the density of
external medium strong Brønsted acid sites (Ex-Brønsted, 200
°C). And the higher the number of these acidic sites, the lower
the reaction temperature required for the corresponding
catalyst, validating the utility of the Py-FTIR and DMPy-Py-
FTIR techniques. It is a consensus that the effective active sites
have to be accessible.46 Although FTS wax could penetrate the

micropores, significant free-energy diffusion barriers must be
overcome to reach the accessible active sites due to inevitable
skeletal isomerization and steric hindrance from the micro-
porous system.2,47 Accordingly, in our reaction system, these
bulky FTS wax compounds tend to react on the external
surfaces, facing a smaller free energy barrier than diffusing into
the micropores.2,48 The more Brønsted acid sites located on
external surfaces, the faster the olefin intermediates are
protonated, the easier the cracking reaction can occur, and
the higher the corresponding catalytic activity.

Figure S2 of the Supporting Information exhibits the
selectivity of diesel as a function of the corresponding
conversion obtained at different reaction temperatures.
Throughout the test interval, the diesel selectivity decreases
with increasing conversion, which is common in the hydro-
treating of n-alkanes.44 A more detailed analysis of FTS wax
hydrocracking for the five representative catalysts is given in
Table 3. As shown, the selectivity to diesel decreases in the
trend of Pt/AS-20 > Pt/AS-40 ≈ Pt/AS-55 > Pt/AS-47 > Pt/
AS-62. It has been proven that the selectivity behavior
generally correlates with the strength of the carrier acidic
sites as well as the diffusion of reaction intermediates for the
bifunctional catalysts with sufficient metal functionality. At this
point, the relationship between the density of strong Brønsted
acid sites inside and outside the micropores and the products
selectivity is plotted in Figure 11. As shown, the strong

Brønsted acid sites in micropores were negative to diesel
selectivity, and the higher the density, the lower the selectivity
for diesel. FTS wax compounds are prone to cracking and

Figure 9. Hydrocracking of FTS wax over Pt/AS-x catalysts at
different temperatures.

Figure 10. Relationship between the reaction temperature required to
achieve about 50% conversion and the Brønsted acid state in ASAs
supports.

Table 3. Comparison of Hydrocracking of FT Wax at about 50% Conversion over Different Catalystsa

Pt/AS-20 Pt/AS-40 Pt/AS-47 Pt/AS-55 Pt/AS-62

temperature (°C) 345 353 363 346 325
conversion (%) 50.5 49.3 51.1 52.6 51.5
selectivity (wt %) dry gas 0.06 0.14 0.15 0.14 0.25

LPG 2.5 4.0 6.9 5.8 26.1
naphtha (<150°C) 14.2 18.3 25.4 16.7 50.9
diesel (150−280 °C) 38.3 37.0 34.0 36.6 15.3
diesel (280−370 °C) 45.0 40.6 33.6 40.8 7.5
diesel 83.3 77.6 67.6 77.4 22.8

diesel yield (%) 42.1 38.4 34.6 40.7 11.7
liquid yield (%) 97.4 93.5 92.7 88.9 76.3

aCondensates at 4.0 MPa, LHSV = 1.0 h−1, and H2/oil = 1000 (volume ratio).

Figure 11. Relationship between the selectivity for diesel and the
properties of Brønsted acid in the supports at a conversion rate of
about 50%.
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often undergo secondary cracking to produce diesel fractions.17

Moreover, compared to the longer carbon-chain FTS wax, the
primary cracking products (<C40) from first hydrocracking
could diffuse into the micropores easier.48,49 Due to the steric
hindrance from microporous system and the stronger
adsorption at strong acid sites, these primary cracking products
may be trapped inside once diffused in micropores, causing
prolonged retention times as well as excessive formation of
light fractions such as naphtha and LPG.17,50 Hence, the strong
Brønsted acid sites in micropores were not conducive to diesel
production. Among the tested catalysts, the Pt/AS-20 with few
intramicropore Brønsted acid sites shows the highest diesel
selectivity (83.3%), higher than that of Pt/SA-10 (78.7%)
obtained from a precursor of Beta zeolite in our previous work,
surpassing the general view that larger pores favor the heavy
cracking fractions production.17 Given the larger pore size of
the 12-MR channels, the 10-MR from ZSM-5 zeolite effectively
inhibits the diffusion of primary cracking products into
micropores due to steric hindrance, reducing the likelihood
and extent of multicracking. These ASAs samples obtained
from the mother liquid of 10-MR MFI zeolite are generally
more selective for heavy diesel and less selective for naphtha.
This not only demonstrates their superiority but also validates
the importance of the relatively small 10-MR channels in
maximizing diesel selectivity by preventing the multicracking of
primary cracking products.

4. CONCLUSIONS
High-performance ASAs were synthesized prior to the
formation of the 10-MR ZSM-5 zeolite by regulating the
hydrothermal processing time. The special acidic and textural
properties are attributed to the SiO4 and AlO4 tetrahedra
structural units and the zeolite-like connectivity maintained
during their assembly into mesoporous structures. A facile
FTIR method of in situ adsorbing DMPy followed by Py
adsorption was utilized to quantify the Brønsted acid sites in
the micropores. This method effectively minimized the
influence of IMEC, and enhanced the accuracy of the acid
characterization results. The structure−activity relationship,
particularly regarding the strength, density, and location of
Brønsted acid sites, was investigated by using hydrocracking of
FTS wax to diesel as a model reaction. The evaluation results
showed that the external medium strong Brønsted acid sites
rather than the total ones played an important role in FTS wax
hydrocracking activity. Contrary to the general view that larger
pores favor the production of heavy cracking fractions, the as-
synthesized ASAs with a 10-MR microporous structure were
more positive for diesel production than those with a 12-MR
structure. The strong Brønsted acid sites in micropores were
not conducive to diesel production mainly due to the stronger
adsorption and the steric hindrance from the microporous
system. Among the catalysts tested, the Pt/AS-20 catalyst with
few intramicropore strong Brønsted acid sites exhibited high
diesel selectivity (83.3%) at 50.5% conversion under
industrially relevant conditions, which provided a good
opportunity to develop hydrocracking catalysts more rationally
for industrial FTS wax feed.
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