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ARTICLE INFO ABSTRACT

Keywords: Tailoring the local coordination environment of acid sites in amorphous silica-alumina (ASA) catalysts remains a
Naphthalene critical challenge for controlling reactivity and product selectivity in the isopropylation of naphthalene. Here, we
Alkylation

demonstrate that a systematic co-precipitation strategy, specifically controlling the precursor-mixing phase and
the pH-adjustment sequence, profoundly dictates the specific surface area and macroscopic acid-site distribution
of ASA catalysts. By correlating these macroscopic properties with atomic-scale insights from advanced 2D 2”Al
Double Quantum-Single Quantum (DQ-SQ) MAS NMR, we reveal that direct mixing of Si and Al precursors at pH
8.7 selectively creates proximate Al(IV)-Al(V) pairs. We identify that these proximate pairs are closely associated
with the strong acidity and the resulting performance enhancement. However, this strongly acidic environment
promotes extensive over-alkylation into tri- and tetra-isopropylnaphthalene (PIPN). Conversely, when mixing is
performed and the pH is subsequently adjusted to 9.7, it yields an ASA catalyst with a unique structural motif
characterized by two proximal, distinct A1(VI) centers. This catalyst features a higher density of weak acid sites,
which effectively suppresses over-alkylation to favor di-isopropylnaphthalene. These findings provide a clear link
between macroscopic synthesis conditions and the atomic-level structural motifs of acid sites, enabling the
rational design of ASA catalysts for targeted aromatic alkylation.

Solid acid catalysts

Amorphous silica—alumina

Solid-state nuclear magnetic resonance
spectroscopy

1. Introduction using liquid-phase naphthalene and gas-phase propylene over an

amorphous silica-alumina catalyst (Fig. 1a) [9,10]. The isopropylation

Alkylated naphthalenes find their applications in multiple industries
[1,2]. Among the alkylated naphthalenes, 2,6-di-isopropylnaphthalene
(2,6-DIPN) plays a pivotal role in the food industry as a plant growth
regulator, as well as in advanced polymer applications [1,3-8]. For
example, polyethylene naphthalate (PEN) is a high performance ther-
moplastic polyester, showing its greater mechanochemical properties
compared to polyethylene terephthalate (PET), such as higher glass
transition temperature (122°C and 80°C for PEN and PET, respectively),
higher Young’s modulus (5200 MPa and 3900 MPa), lower oxygen
permeability (20 and 56 cm® m~2 day~! atm™!), and lower thermal
shrinkage (0.6 % and 1.3 %) [6-8]. The market estimates the growing
demand of PEN as 4000-7000 tons per year as packaging materials and
flexible film in electronics [6,7].

Industrially, DIPN is produced by Riitgers Kureha Solvents process,
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of naphthalene initiates with the formation of propylene carbocation
over acid catalysts [11]. The carbocation can then attack naphthalene at
the a-positions (1,4,5 and 8 on the naphthalene double ring) or the
B-positions (2,3,6 and 7 on the naphthalene double ring) (Fig. 1b). The
a-isopropyl naphthalene is kinetically preferred, resulting from an
electrophilic substitution of the alkylating agent at the electron-rich
a-position of naphthalene [12-14]. The p-isopropyl naphthalene can
be formed with a more stable secondary carbocation at the B-position of
the ring [11]. Given the thermodynamic preference for DIPN products,
particularly 2,6- and 2,7-DIPN, the industrial-scale isopropylation of
naphthalene is executed in four consecutive reactors, and this process
involves longer reaction times and higher reaction temperatures to favor
the desired DIPN isomers (Fig. 1a) [11,14]. Additionally, to maximize
DIPN yield, the mixture of wunreacted naphthalene and
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mono-isopropylnaphthalene (MIPN) is recycled back to the alkylation
reactors, while the heavier PIPN products undergo trans-alkylation in
separate reactors. The resulting mixture is then subjected to three vac-
uum distillation columns to separate fractions, including unreacted
naphthalene, MIPN, DIPN, and tri- and tetra-isopropylnaphthalene
(PIPN) (Fig. 1a).

Meanwhile, H-Mordenite zeolite (MOR) has been extensively studied
in the literature due to its shape-selective catalysis during naphthalene
isopropylation [12,14-27]. The restricted pore structures within the
MOR zeolite channels induce steric hindrance to the transition states
during DIPN formation, and consequently, the variation in diffusion
rates between 2,6- and 2,7-DIPN leads to the selective formation of 2,
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6-DIPN [17,23]. Despite the advantages of zeolites, the resulting prod-
ucts remain complex mixtures containing MIPN, various DIPN isomers
(including the thermodynamically dominant 2,7-DIPN), and PIPN, all of
which require extensive fine separation by distillation, crystallization, or
adsorption to achieve high purity [28] In this sense, amorphous
silica-alumina could provide a more "open" framework that achieves
high activity, using tailored aluminum coordination to prevent the for-
mation of heavy byproducts.

In this study, a series of amorphous silica—alumina catalysts were
prepared for naphthalene isopropylation, and their catalytic perfor-
mances were tested under conditions resembling the industrial process
with gaseous propylene. We also compared the catalytic performance of
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Fig. 1. (a) Reactor scheme for the industrial naphthalene isopropylation. (b) The reaction pathways of naphthalene isopropylation via carbocation formation over an

acid catalyst.



S. Chung et al.

the prepared amorphous silica—alumina catalysts with that of zeolite-
based catalysts. The amorphous silica—alumina catalysts were charac-
terized by multiple techniques such as n-butylamine titration, X-ray
diffraction, nitrogen physisorption, and solid-state nuclear magnetic
resonance (NMR) spectroscopy. Our results highlight that the coordi-
nation of aluminum species in amorphous silica-alumina catalysts,
influenced during the coprecipitation of silica and alumina precursors,
significantly impacts the catalytic performance in naphthalene
isopropylation.

2. Experimental
2.1. Materials

The chemicals such as sodium water glass (SiO2 26.5 %), sodium
aluminate (Alo03 53 %), HNOg3 (70 %), NH4NO3 (98 %), NaOH (98 %),
n-butylamine (99.5 %), acetonitrile (99.8 %), naphthalene (99 %),
decalin (mixture of cis and trans, 99 %), ethanol (99.5 %), acetone (99.5
%), toluene (99.8 %), 1-methyl naphthalene (99.5 %) were purchased
from Sigma Aldrich and used without further purification. Mordenite
catalysts in the protonic form such as H-MOR (silicon-to-aluminum ratio
(SAR) = 15, Tosoh) and H-MOR (SAR = 40, Sud Chemie) were provided
by University of Bologna, Italy (F. Cavani group). NH4-ZSM-5 (SAR =
50) and H-Y (SAR = 5.1) were purchased from Zeolyst.

2.2. Catalyst preparation

Four amorphous silica—alumina catalysts were prepared by co-
precipitation [29], by changing the mixing phases and the final pH of
the mixture solution (Fig. 2a). Two aqueous solutions of sodium water
glass and sodium aluminate in a total volume of 100 mL, were separately
prepared as silicon and aluminum precursors, respectively, to obtain the
amorphous silica-alumina catalysts with the silicon-to-aluminum ratio
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of 6 (SAR 6). ASA1 and ASA3 samples were prepared by direct mixing of
the two precursors (mixing phase 1). It should be noted that the fast
gelation occurred during the direct mixing of the silicon and aluminum
precursors, resulting in a considerably thick mixture. Meanwhile, the
viscosity of the gel can be greatly reduced by adding silicon and
aluminum precursors to the DI water (mixing phase 2), and the two
additional mixture gels were prepared. The pH of the mixture gel was
adjusted to 8.7 or 9.7, adding 0.5 M HNOs solution dropwise. To obtain
the homogenous mixture, the solutions were mixed with vigorous stir-
ring using a drill mixer for 24 h. The precipitants were filtered and
ion-exchanged with 0.5 M NH4NOs three times (8 h per exchange), using
a tube roller mixer. After ion-exchange, the mixture was finally treated
with DI water using a tube roller mixer for 2 h. After filtration, the
resulting solids were thoroughly rinsed with DI water, dried at 120°C for
15 h, and calcined at 550 °C for 5 h with a heating ramp of 2.5 °C min .

Commercial ZSM-5 (NH4 form) was converted into proton form (H-
ZSM-5) by calcination at 550 °C for 5 h in a static oven (heating ramp of
2.0 °Cmin!). The H-ZSM-5 samples were post-treated by desilication in
aqueous NaOH solutions at different concentrations (0.1 or 0.5 M, 30 mL
per gram of zeolite) [30]. The desilication was performed at 65 °C and
the suspensions were quenched in an ice-bath after 30 min. The resulting
solids were filtered, washed thoroughly with DI water, and dried at 120
°C for 15 h. The desilicated samples were then converted into the NH4
form by ion-exchange in 0.1 M aqueous NH4NOj3 solution (100 mL per
gram of zeolite) at 23 °C for 12 h. After three consecutive ion-exchange
treatments, the proton form of desilicated zeolites was obtained by
calcinlation at 550 °C for 5 h in a static oven (heating ramp of 2.0 °C
min~ ).

2.3. Characterization

Powder XRD patterns of the catalysts were recorded with Ni-filtered
Cu Ka radiation (. = 1.54 10\) on a Rigaku Miniflex II. X-ray
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Fig. 2. (a) Preparation methods, (b) Powder X-ray diffraction (PXRD) patterns, and (c) N, isotherms for amorphous silica-alumina. The PXRD patterns are offset

for clarity.
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diffractometer was equipped with a secondary curved graphite-crystal
monochromator. The samples were analyzed in the 26 range of 5 to
80° with a scan rate of 0.05° s~ L.

The acidity and the number of acidic sites of the catalysts were
measured by a potentiometric titration method [31]. A suspension of the
calcined powder catalyst in acetonitrile was titrated with 0.05 n-buty-
lamine/acetonitrile solution at a flow rate of 0.05 mL min ! [32,33].
The variation of electric potential during the titration was measured
with a digital pH meter (Eutech Instruments, PC2700) equipped with a
standard calomel electrode.

Pyridine adsorption FTIR was performed in a Nicolet 6700 spec-
trometer using a lower spectral cutoff mercury cadmium telluride (MCT-
B) detector. A self-pressed pellet of each ASA sample was prepared using
approximately 15-20 mg of sample. The pellet was then dehydrated
under 107® mbar vacuum at 450°C for 3 h. After this, three pulses of
pyridine at its vapor pressure under ambient conditions were intro-
duced. After saturation, excess pyridine was removed by evacuation at
150 °C for 1 h. All spectra were collected in the 1000-5000 cm ™! range at
aresolution of 4 cm™ and with 64 scans co-added. The concentrations of
Brgnsted (BAS) and Lewis (LAS) acid sites were determined from the
integrated areas under the maxima at 1545 and 1456 cm™!, using
extinction coefficients of 1.67 and 2.22 cm’l, respectively [34].

Transmission Electron Microscopy (TEM) was employed to investi-
gate the morphological properties of the commercial and desilicated
ZSM-5. The TEM analysis was conducted using a Thermo Fisher Scien-
tific Talos F200X G2 microscope, equipped with a high-brightness
Schottky field emission gun. The measurements were performed at an
accelerating voltage of 200 kV with a probe current of 10 nA. The in-
strument provided a spatial resolution of 1.2 A, and TEM images were
acquired using a Ceta CMOS camera.

Nitrogen physisorption was measured at -196 °C using a Micro-
meritics ASAP 2420 high-throughput analysis system. Samples were
outgassed at 300 °C under vacuum for 8 h. The specific surface areas
were estimated according to the Brunauer-Emmett-Teller (BET) method
in the relative pressure range (p/po) of 0.05-0.25.

29Si magic angle spinning (MAS) nuclear magnetic resonance (NMR)
experiments were performed on a Bruker 900 MHz (21.1 T) wide-bore
magnet with an AVANCE-III console equipped with a Bruker 3.2 mm
HXY MAS probe. Samples for the solid-state NMR experiments were
ground and transferred to a 3.2 mm zirconia rotor. 2°Si /2 pulses were
applied with a field strength of 125 kHz, a 20 s recycle delay and an
accumulation of 128 scans. 2’ Al MAS NMR experiments were performed
on a Bruker 600 MHz (14.1 T) wide-bore magnet with an AVANCE-III
console. The one-dimensional (1D) %”Al direct excitation spectrum was
recorded with accumulations of 2048 scans, using a 2”Al 1/6 hard pulse
with a field strength of 170 kHz and 0.5 s recycle delay. The two-
dimensional (2D) 2771 g-filtered triple quantum (3Q) MAS NMR
spectra were recorded using a 0.5 s recycle delay with 7200 scans with
50 ps t1 (where t1 denotes time-domain increments). The optimized
pulse widths for excitation, conversion and central-transition selective
pulses were 3.7, 1.1 and 20 ps, respectively. The z-filter delay between
the conversion and the selective pulse was 20 us. Before Fourier trans-
formation, the 1D and 2D NMR spectra were processed using an expo-
nential window and a n/3-shifted squared sine-bell window in the F1
dimension, respectively. The 3Q MAS data were processed with a
shearing transformation available in Bruker Topspin software (v3.6.3).
The isotropic shift (8;,), the quadrupole products (Pg) and the quad-
rupolar coupling constant (Cqcc) were determined by the center of the
gravity of the projected resonances along the isotropic and anisotropic
dimensions from the sheared 3Q MAS spectra (8jso0= (178p1 + 10852)/27
and Py = Coce (1 + #%/3)%5 = 1y [(8500/81)(Bp1 — r2)1%°x1073),
where the asymmetry parameter of the electric field gradient tensor (1)
was set to be 0.5 [35-37]. 2D 2’ Al-?’ Al double-quantum single-quantum
(DQ-SQ) spectra were recorded using four cycles of BR23 recoupling
sequence to reintroduce the dipolar interactions [38]. The excitation
and reconversion periods were 400 ps and the amplitude of radio
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frequency applied during the BR2} sequence was 8.7 kHz, which cor-
responds to a nutation frequency of 13 kHz for the central transition of
27A1. The 2D DQ-SQ spectra were acquired with 8192 scans with the
recycle delay of 0.1 s and the phase-sensitive detection was performed
using the states-TPPI method. The experiments were performed at room
temperature with a MAS frequency of 20 kHz. 'H, 2°Si, and %Al
chemical shifts were referenced externally to adamantane, hexame-
thylcyclosiloxane, and 1.0 M aluminum chloride aqueous solution,
respectively.

2.4. Activity test

The naphthalene isopropylation with gaseous propylene as the iso-
propylation source was carried out in a fixed-bed quartz reactor. Satu-
rated solutions of naphthalene in decalin and gaseous propylene were
introduced using a syringe pump (Teledyn Isco 100DX) and mass flow
controller (Brooks 5850 E-series), respectively. The catalytic evaluations
were performed using 1.0 g of catalyst (particle size: 250-425 pm) at a
reaction temperature of 150 °C. The molar feed composition was
maintained at a ratio of naphthalene:propylene:decalin = 7.6:19.5:72.9,
corresponding to specific flow rates of 9.74 mL min~' (naphthalene),
25.00 mL min ! (propylene), and 93.46 mL min~! (decalin), with a total
flow rate of 128.20 mL min~!. Furthermore, all catalyst samples un-
derwent standardized drying and calcination procedures before the re-
action to ensure consistent catalytic activity and structural integrity.

Then, the sieved catalysts were sandwiched with quartz wool and
placed at the middle of the quartz reactor, and the silicon carbide was
added above the catalyst bed to achieve uniform profile of the liquid
naphthalene feed to the catalyst bed. A control experiment confirmed
that the silicon carbide is inactive, and no naphthalene conversion was
observed in the absence of the catalyst. The reaction temperature was
measured by placing a thermocouple on the catalyst bed. The reaction
products were collected in a cold trap and then analyzed by gas chro-
matography (GC) [9,39]. Before the GC analysis, the liquid samples
were diluted in toluene, with a precise quantity of the internal standard
(1-methyl naphthalene). The GC analyses were performed with an
Agilent Technologies 7820A machine equipped with a CP-Wax 52 CB
column and an FID detector, using helium as a carrier gas. This opti-
mized chromatographic method, which has been previously demon-
strated in the literature to effectively resolve DIPN isomers [9], provided
clear baseline separation and definitive identification of the respective
products, specifically including the 2,6- and 2,7-DIPN pair. The naph-
thalene conversion and product yields were determined using the
following equations with the stoichiometric coefficient of a product
mixture with known concentration.

converted cocentration of naphthalene (mol)

100
initial concentration of naphthalene (mol) X

Conversion =

@

moles of products/stoichiometric coefficient

Yield = — - —
moles of reactant/stoichiometric coefficient

100 (2)

YYields of naphthalene and reaction products

bon bal =
Carbon balance Conversion of naphthalene

3
3. Results and discussion
3.1. Synthesis and morphology

Amorphous silica-alumina catalysts can be synthesized using various
methods, such as co-precipitation, aluminum grafting, and deposition-
precipitation of Si or Al on AlyOs; or SiOg, respectively [40-45].
Among these approaches, co-precipitation is reported to produce a ho-
mogeneously dispersed mixture of silicon and aluminum species within
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the catalyst [29]. The synthesis parameters for amorphous silica-
—alumina catalysts by co-precipitation include variations in the mixing
phase of the two precursor solutions and in the mixture pH [29,42,46].
We synthesized four different amorphous silica—alumina catalysts using
co-precipitation, manipulating the mixing phases of precursors and DI
water, and adjusting the final pH of the resulting gel mixtures to control
the coagulation and hydrolysis rates (Fig. 2a).

Fig. 2b shows the powder XRD patterns of the prepared amorphous
silica—alumina catalysts. All samples show a broad peak at around 20
15-30° (Fig. 2b), which is a characteristic feature for amorphous silica
without long-range ordering [47,48]. The absence of the diffraction
patterns related to y-alumina domains (20 36°, 46° and 66°) suggests
homogeneous incorporation of aluminum species in the amorphous
silicon oxide network as amorphous silica—alumina catalysts [49,50].

We analyzed the textural properties of the prepared amorphous sil-
ica—alumina catalyst using nitrogen physisorption (Fig. 2c, Table 1). The
catalysts prepared by mixing phase 1 (ASA1 and ASA3) displayed type
IV adsorption isotherms with an H3-type loop characteristic of a gel
containing mesopores [29,51,52]. The catalysts with mixing phase 2
(ASA2 and ASA4) showed type IV adsorption isotherms with H2b-type
hysteresis loops, suggesting large-pore networks in their structure
[53]. The textural properties of the prepared amorphous silica-alumina
catalysts are summarized in Table 1. Although diluting the precursors in
DI water (mixing phase 2) can ease mechanically mixing during the
preparation (Fig. 2a), it did not contribute to achieving a higher surface
area for amorphous silica-alumina catalysts. The average pore size of
these catalysts was also influenced by the variations in the mixing
phases. For instance, the mixing phase 1 produced catalysts with pores
of approximately 10 nm, while mixing phase 2 yielded larger pores
exceeding 20 nm. Meanwhile, the catalysts prepared with a greater
quantity of nitric acid (final pH at 8.7, ASA1 and ASA2) exhibited a
two-fold increase in specific surface area compared to ASA3 and ASA4,
attributed to the intensified hydrolysis processes (Table 1).

3.2. Acidity measurements

3.2.1. Potentiometric titration of n-butylamine

Various gas-phase techniques are commonly used to determine the
acidity of catalysts, such as temperature-programmed desorption (TPD)
technique to measure the amount of ammonia [54] adsorbed by the acid
sites and Fourier Transform Infrared spectroscopy (FTIR) with pyridine
as probe molecule [55,56]. However, it has been reported that the acidic
properties determined by gas-phase techniques might not necessarily
correlate with those in liquid-phase catalytic reactions [29,57]. The
industrial-scale isopropylation of naphthalene involves the use of
liquid-phase naphthalene and gas-phase propylene over heterogeneous
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acid catalysts (specifically, amorphous silica-alumina) in trickle-bed
reactors (Fig. 1). To characterize the catalyst’s acid sites in a manner
more relevant to the operational conditions in the industrial DIPN pro-
cess, we employed the liquid-phase potentiometric titration of n-butyl-
amine [31,58] to assess the acidity of the synthesized catalysts (Fig. 3).

In comparison to other zeolites, H-Mordenite (MOR) zeolites
exhibited a lower total acid amount due to the restricted accessibility to
the acid sites in the 8 membered-ring (8 MR, 2.6 x 5.7 A) as opposed to
the 12 MR channels (6.5 x 7.0 10\). The acid sites located in the 8 MR side-
pockets are not accessible to n-butylamine, which has a molecular size
similar to that of n-hexane [59,60]. With the lower aluminum content,
the H-MOR catalyst (SAR40) displayed a reduced amount of acid sites
compared to H-MOR-15 [61]. The large-pore H-Y zeolite (7.4 A) showed
the highest total amount of acid sites among the prepared catalysts,
attributed to its higher aluminum content accessible for n-butylamine
(Fig. 3).

Similarly, the acid sites in pristine ZSM-5 are accessible to n-butyl-
amine (~5.5 A), indicating a dominant distribution of the strong acid
sites. However, given that the kinetic molecular size of naphthalene is

1.6 Bl Weak acid sites

Medium acid sites
Strong acid sites

Total acid amount (mmol/g)

RN b'\\ 60\
&K T

@ \\
Sl \4\ .\\fl?\ 4°
@ @ ‘3‘1/ bevc" 666

Catalyst

Fig. 3. Acidity of catalysts measured by potentiometric n-butylamine titration.
The strength of acid sites was categorized by the changes of the electrode po-
tential (E) [58]: E > 100 mV (strong acid sites), 100 > E > 0 mV (medium acid
sites), 0 > E > —100 mV (weak acid sites).

Table 1
Summary of the results of nitrogen physisorption and solid-state 1D 2’Al and 2D 2”Al MQMAS NMR spectroscopy.
Catalyst SET Viotal Viicro Vineso d AI(IV): Al(V): AI(VI) ratio ( %) Al species Biso Cocc (MHz)
m>g™ (em® g1y (em®g™) (em®g™ (nm)” (ppm)
ASA1 179.4 0.52 0.004 0.52 9.8 36: 27: 37 Al(IV) 57.2 1.7
Al(V) 33.4 4.0
Al(VD) 8.3 3.3
ASA2 80.6 0.42 - 0.42 20.4 29: 40: 31 Al(IV) 57.7 2.1
Al(V) 33.9 4.3
Al(VD) 7.2 4.2
ASA3 155.6 0.43 0.006 0.42 11.6 33:25: 42 Al(IV) 55.9 1.7
Al(V) 34.1 4.9
AL(VD) 6.2,12.2¢ 3.8, 4.2¢
ASA4 59.8 0.28 - 0.28 24.8 35:34: 31 Al(IV) 58.7 2.2
Al(V) 33.7 4.2
Al(VD) 6.6 4.2

# The total volume of amorphous silica—alumina catalysts were calculated at p/po = 0.99.

b pore diameter (d) was calculated using Barrett-Joyner-Halenda (BJH) desorption branch.

© The ratio between aluminum species (Al(IV):Al(V):Al(VI)) was calculated after deconvolution, based on 1D ?’Al NMR using n/6 hard pulse.
4 For ASA3 sample, two types of Al(VI) species were observed and denoted in Fig. 5d
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approximately 6.5 A, it implies that naphthalene and alkylated naph-
thalenes cannot penetrate the ZSM-5 pores [62-65]. To address this
limitation, we employed desilication as a post-treatment to modify the
ZSM-5 pore structure, aiming for hierarchical pore structures [66,67].
TEM images of the desilicated ZSM-5 sample (0.5 M aqueous NaOH
solution, 30 min) exhibit pronounced internal contrast heterogeneity,
including lighter intracrystalline regions and partially hollowed do-
mains, which are indicative of selective silicon extraction and the for-
mation of intracrystalline mesoporosity upon desilication, while largely
preserving the external crystal morphology (Fig. S1). In contrast, the
parent ZSM-5 sample shows a homogeneous contrast consistent with a
purely microporous structure. The powder XRD results for desilicated
ZSM-5 samples indicated that the overall structure was maintained after
desilication (Fig. S2). We attribute the increase in total acid amounts to
the increase of the actual aluminum content resulting from silicon
dissolution [66,67].

The amorphous silica-alumina catalysts predominantly exhibited
weak acidic sites, whereas the zeolite-based catalysts displayed a
significantly higher proportion of strong acidic sites (Fig. 3). Among the
amorphous silica—alumina catalysts, the catalysts prepared with mixing
phase 1 (ASA1 and ASA3) demonstrated a higher total acid content
compared to the ones with mixing phase 2 (ASA2 and ASA4). The pro-
posed mechanism for the formation of the acid sites in the amorphous
silica—alumina involves the interaction of the surface silanols with
nearby aluminum sites, identified as pseudo-bridging silanol groups [68,

ASA4
ASA3
ASA2
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69]. This interaction requires hydrogen bonding of the silanol group to
an external proton receptor, such as tetrahedral (AI(IV)) or pentahedral
(A1(V)) coordinated aluminum species. This implies that the coagulation
and the hydrolysis of silicon and aluminum species during the catalyst
preparation is pivotal for determining not only the total amount, but also
the strength of acid sites (Table 1, Fig. 3).

3.2.2. Pyridine-FTIR

To identify the nature of these acid sites, pyridine-FTIR was per-
formed on the four ASA samples. In accordance with the n-butylamine
titration results, ASA1 and ASA3 exhibited the highest total acidity
(Brgnsted and Lewis acid sites) after pyridine desorption at 150 °C, with
values of 77.8 ymol g ! and 72.0 ymol g}, respectively (Fig. 4c and d).
As previously mentioned, the acidic properties determined by gas-phase
probe techniques (such as pyridine-FTIR) do not necessarily correlate
quantitatively with liquid-phase titration methods. Therefore, one of the
reasons for the higher acid site density measured by potentiometric n-
butylamine titration is the much stronger basicity of n-butylamine
compared to pyridine. Because n-butylamine is a stronger Brgnsted base,
it can neutralize very weak acid sites that pyridine may not be able to
protonate or interact with strongly enough. In addition, pyridine-FTIR
measurements are performed after evacuation at elevated tempera-
tures (150 °C) to remove physisorbed species, resulting in a significantly
lower apparent acid concentration. Mass-transfer limitations can be
excluded, as the mesoporous structure of ASA (pore size sizes > 100 10\) is
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orders of magnitude larger than the kinetic diameter of pyridine (~6 A),
ensuring unrestricted access of the probe molecule to internal sites. As
expected for amorphous silica—alumina catalysts, all samples showed a
higher concentration of Lewis rather than Brgnsted acid sites. Upon
pyridine desorption at 150 °C, the Brgnsted (BAS) to Lewis acid (LAS)
sites ratios were found to be 0.4 (ASA1), 0.5 (ASA2), 0.7 (ASA3) and 0.8
(ASA4).

Further insight into the strength of Brgnsted (BAS) and Lewis (LAS)
acid sites was obtained by pyridine desorption at higher temperatures
(Fig. 3c and d). At 150 °C, ASA1 exhibited the highest LAS concentration
(54.4 umol g~1). However, this value decreased sharply with increasing
desorption temperature, dropping to 25.9 umol g ! at 250 °C and to 17.3
pmol g ! at 350 °C (32 % of the initial value), indicating relatively weak
LAS. In contrast, ASA3 showed a lower initial LAS concentration at 150
°C (42.4 umol g1) but significantly higher thermal stability. Its LAS
concentration decreased by only ~20 % at 250 °C and 350 °C, reaching
24.8 umol g™ at 350 °C (42 % of the initial value). Consequently, ASA3
retained the highest LAS concentration at the highest desorption tem-
perature, indicating stronger LAS. Regarding BAS, ASA3 showed the
highest concentration at 150 °C, but these sites were weaker than those
in ASA1, as evidenced by a more pronounced loss at higher desorption
temperatures (Fig. 4d).

These results indicate that catalysts prepared using mixing phase 1
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exhibit higher total acidity. Along this preparation route, adjusting the
pH to 8.7 favors the formation of weaker LAS and stronger BAS, whereas
increasing the pH to 9.7 favors the formation of stronger LAS and weaker
BAS.

3.3. Catalytic performance

We evaluated the catalytic performance of the prepared catalysts for
the isopropylation of naphthalene using gaseous propylene as the iso-
propylation source (Fig. 5, Fig. S2,S3). Despite the zeolite-based cata-
lysts exhibiting a higher total amount of acid sites, the conversion of
naphthalene for these catalysts is low compared to the amorphous sili-
ca—alumina catalysts (Fig. 2, Fig. 5a). This suggests the possibility of
mass transfer limitations for zeolite-based catalysts [70,71], given that
the pore sizes of zeolites typically range from 4 to 8 A, while the kinetic
diameter of naphthalene is approximately 6.5 A [62,63]. This is further
supported by the higher naphthalene conversion of H-Y zeolite (with a
pore size of 7.4 A) compared to MOR (12 MR, 6.5 x 7.0 A) and the
pristine ZSM-5 (5.3 x 5.6 A), which showed the lowest naphthalene
conversion. Additionally, desilication of ZSM-5 via post-treatment was
found to be effective in improving naphthalene conversion, likely due to
the improved accessibility of acid sites and hierarchical textural prop-
erties [72] (Fig. S1).
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isopropylnaphthalene (PIPN). (c) Product selectivity plot as a function of naphthalene conversion, calculated from all the prepared catalysts. The dotted lines are
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The amorphous silica—alumina catalysts showed significantly supe-
rior catalytic performances in isopropylation of naphthalene (Fig. 5a).
We expect that the pore windows larger than 9 nm in the amorphous
silica—alumina catalysts can facilitate the access of naphthalene to the
acid sites without the mass transfer limitations. These large pores can
also accommodate large reactants, such as MIPN and DIPN, facilitating
the formation of PIPN in the consecutive reactions (Fig. 1b, Fig. 5b,c).
For instance, the amorphous silica—alumina catalysts demonstrated the
capability to yield 10-50 % of PIPN, while the reported PIPN yield for H-
Y zeolite was below 10 % (Fig. 5b,c) [15]. Among the amorphous sili-
ca-alumina catalysts, ASA1 and ASA3 displayed similar naphthalene

Chemical Engineering Journal Advances 26 (2026) 101137

conversion rates but contrasting product distributions. We expect that,
compared to the ASA3, the increased number of strong acid sites of ASA1
contributes to its higher selectivity toward more alkylated products
(PIPN), taken together with its larger surface area. In contrast, the ASA3
catalyst exhibited higher selectivity towards DIPN, which can be
attributed to the higher content of total weak acid sites (Fig. 2) and weak
Brgnsted acid sites (Fig. 4d).

In addition to the naphthalene conversion, extensive studies in the
literature have investigated the product selectivity of naphthalene iso-
propylation [12-24,26-28,73-78], which can yield seven different iso-
mers of DIPN (Fig. 1b). The shape-selectivity towards 2,6-DIPN over
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MOR zeolites has been mainly discussed due to its spatial restrictions of
the transition states and hindrances during diffusion of the reaction
product [16-19,39,73-75]. In other words, MOR zeolites have unique
pore structures that specifically facilitate the diffusion of 2,6-DIPN after
the reaction, enabling the high selectivity of 2,6-DIPN over 2,7-DIPN
[17,39,74,79,80]. We also observed a notable selectivity of 2,6-DIPN
over 2,7-DIPN for MOR zeolites (Fig. 4d, Fig. S4). However, despite its
higher selectivity toward 2,6-DIPN, it should be highlighted that the
overall catalytic performance of MOR zeolites is much lower than that of
other catalysts, particularly compared to the amorphous silica—alumina
catalysts (Fig. 4a,d). For the amorphous silica—alumina catalysts, the
relatively low selectivity for 2,6-DIPN can be addressed by combining
with a series of trans-alkylation reactor and vacuum distillation, as
outlined in the practical industrial reactor scheme (Fig. 1a).

3.4. Structural characterization by solid-state NMR

Due to its amorphous nature, the characterization of the chemical
structure of amorphous silica-alumina catalysts is rather limited
[43-45]. We used solid-state NMR spectroscopy to gain detailed insights
into the structure of the prepared amorphous silica—alumina catalysts
(Fig. 6). The 2°Si NMR resonances can be assigned to the silicon species
as Q4_"[(4—n—m)Si, mAl, n(OH)], where n refers to the number of hy-
droxyl groups and m refers to the number of Al atoms substituting Si
atoms at the central silicon atom [81]. The 295i chemical shifts can be
attributed to the silicon species in the amorphous silica-alumina cata-
lysts as the substitutions of silicon atoms by aluminum or OH groups in
the first layer, such as Q*(2Si, 2A1), Q3(28i, 1Al, 10H) and Q*(2Si, 20H)
at approximately —90 ppm, Q*(3Si, 1Al) and Q(3Si, 10H) at around
—100 ppm, and Q4(4Si) at around —110 ppm [81-84]. In the series of
our amorphous silica—alumina catalysts, the 2°Si NMR resonances at
—100 and —110 ppm are dominant, while no resonance at —80 ppm was
observed (Fig. 6a). As reported in literature, the 293i NMR resonance at
—80 ppm is the evidence of the silanol groups attached to more than one
aluminum species [85]. Considering the silicon-to-aluminum ratio of the
samples (Si/Al = 6), the 295i MAS NMR results once again indicate the
homogeneous dispersion of Si and Al species in the amorphous silica-
—alumina catalysts.

The effect of the preparation of amorphous silica-alumina catalysts
on the aluminum species was also investigated by Al MAS NMR. The
27A1 NMR spectra of the amorphous silica-alumina catalysts showed
three resonances at ca. 50, 25, and 5 ppm, assigned to tetrahedral (Al
(IV)), pentahedral (Al(V)), and octahedral (AI(VI)) aluminum species,
respectively (Fig. 5b). It should be noted that, although the aluminum
species are well-dispersed in the network of amorphous silicon species
(Fig. 2b, Fig. 6a), the coordination of aluminum species are different
between the prepared catalysts (Table 1). Similar to the generation of
Brgnsted acid sites in zeolites due to the replacement of Si by aluminum
and the compensation of the consequent charge imbalance by a proton,
Al(IV) species incorporated into the amorphous silica network are able
to generate BASs on ASA [85-87]. Additionally, the pseudo-bridging
silanol group interacting with AI(IV) and AI(V) can behave as
Brgnsted acid sites and, due to their similar structures, they can show
comparable acidity [88]. The AI(IV) and AI(VI) species are
well-developed for the amorphous silica—alumina catalysts prepared by
mixing phase 1 (ASA1 and ASA3), while the Al(V) species are the major
species for the catalysts prepared by mixing phase 2 (ASA2 and ASA4)
(Fig. 1, Fig. 6b). Therefore, the distribution of aluminum species are
primarily influenced by the mixing phase, and secondarily by the pH
adjustment.

Subsequently, we probed the coordination environment of our
amorphous silica—alumina catalysts using 2’ Al triple quantum (3Q) MAS
NMR. In the 2Al 3Q MAS spectrum, different Al species can be identified
based on their isotopic chemical shifts along F1 dimension, and the
variations in the geometry distortions of the aluminum species can be
discerned through the quadrupole interactions Cqcc (Table 1).
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Compared to ASA1, the ASA3 catalyst exhibited an additional Al(VI)
species at 8i5,12.2 ppm (Cqcc 4.2 MHz). This observation suggests that,
in the coagulation process with reduced nitric acid, the aluminum spe-
cies tend to coordinate with their environments in octahedral configu-
rations. Furthermore, the penta-coordinated aluminum species in the
ASA3 catalyst displayed larger quadrupolar couplings (4.9 MHz)
compared to ASA1 (4.0 MHz), suggesting the distortion of Al(V) species
in ASA3 induced by the additional AI(VI) species. We infer that the
distortion of the AI(V) species in ASA3 induced by the additional Al(VI)
species contributes to the higher amount of weak acid sites (Fig.s 3 and
4).

The distribution of aluminum species significantly influences the
acid sites in amorphous silica-alumina catalysts [89,90]. We employed
2D ?7Al double-quantum single-quantum homonuclear correlation NMR
experiment (¥’Al-*’Al DQ-SQ) to analyze the aluminum species distri-
bution (Fig. 5e,f). For ASA1 and ASA3 catalysts, several correlations
were observed, including self-correlations of AI(IV), Al(V), and Al(VI),
as well as cross-peaks of AI(IV)-Al(V), Al(V)-Al(V), and Al(V)-Al(VI).
These correlations in the 2Al->’Al DQ-SQ experiments indicate that
different aluminum species are in close proximity, approximately 5 A
[91,92]. Although the local environment of acid sites in amorphous
silica—alumina catalysts is still under discussion, pseudo-bridged silanols
are considered responsible for acid sites [42,45,46,88-90,93-98], and
the presence of aluminum atoms in the silica network enhances the
Brgnsted acidity of silanols compared to the pristine silica [96]. Silanols
bonded to low-coordinated aluminum atoms by a Si-O-Al bridge are
proposed as the most acidic Brgnsted sites on ASA surfaces, depending
on the number and coordination of aluminum atoms [93]. In this regard,
we expect that the higher amount of strong acid sites in ASA1 catalyst
correlated with the interactions between AI(IV) and Al(V) species in
close proximity. On the contrary, for ASA3 catalyst, two different types
of Al(VI) species exhibit a rather intense cross-correlation (along the F2
dimension), suggesting their spatial proximity, leading to the formation
of weak acid sites. Similarly, the formation of alumina-like clusters (Al
(VI) species) in the amorphous silica-alumina catalyst exhibited lower
catalytic performance than AI(IV) and Al(V) during the Diels-Alder
cycloaddition [99]. The solid-state MAS NMR results thus indicate that
the coordination of aluminum species in amorphous silica-alumina
catalysts is of relevance for the catalytic performance in naphthalene
isopropylation.

Conclusions

In this study, we explored various heterogeneous acidic catalysts,
including zeolites and amorphous silica-alumina (ASA), for naphthalene
isopropylation. While MOR zeolites exhibit superior shape selectivity
towards 2,6-DIPN, their intrinsically low naphthalene conversion rate
critically hampers their practical viability in industrial applications. For
ASA catalysts, which inherently provide high conversion, we demon-
strated that a systematic co-precipitation strategy, specifically control-
ling the precursor mixing phase and the sequence of pH adjustment, is
pivotal in determining the macroscopic acid site distribution and
aluminum coordination to control product selectivity. Atomic-scale in-
sights from advanced solid-state NMR revealed that direct mixing at pH
8.7 results in a higher abundance of strong acid sites, attributed to the
close proximity of Al(IV) and Al(V) species. While these proximate pairs
enable significantly higher naphthalene conversions up to 80 %, they
promote silanol groups to strong acid sites that inevitably lead to
extensive over-alkylation. Therefore, to precisely control the reaction
pathways, when mixing is performed and the pH is subsequently
adjusted to 9.7, it yields an ASA catalyst featuring a unique structural
motif characterized by two proximal, distinct Al(VI) species. This
structural arrangement exhibits stronger Lewis acidity originating from
distorted Al(V) species, but its integration within the Al(VI) clustered
framework provides a higher density of mild Brgnsted acid sites. This
tailored weak acidic environment effectively suppresses over-alkylation
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to favor the selective formation of di-isopropylnaphthalene (DIPN).
These findings establish that selective tuning of aluminum coordination
through sequence-controlled macroscopic synthesis provides a direct
link to the atomic-level structural motifs of acid sites, effectively acting
as a catalytic switch to selectively govern aromatic alkylation pathways.
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