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ABSTRACT: Hydroisomerization of linear paraﬃns to branched isomers is an
important petrochemical process, which commonly uses a microporous zeolite
catalyst supported with Pt metal nanoparticles. Although attempts were made in the
past to ﬁnd an alternative to costly Pt, replacement with low-cost metals was not
successful for conventional bulk zeolites, due to the low metal dispersion resulting in
poor catalytic performance. Here, we demonstrate that Ni can replace Pt when it is
supported on zeolites with uniform mesopores. Ni-supported MFI-, *MRE-, and
TON-type zeolites possessing mesopores showed the same or even better catalytic
performance in comparison to that of Pt-supported conventional MFI, *MRE, and
TON zeolites, respectively. The Ni-supported zeolites exhibited even better branched isomer yields, despite low Ni loading.
This result is ascribed to the conﬁnement or sandwiching eﬀect of Ni nanoparticles by the mesopore walls in the zeolites, which
stabilizes the highly dispersed Ni nanoparticles.
KEYWORDS: mesoporous zeolites, zeolite nanosponges, supported Ni nanoparticles, bifunctional catalysts, hydroisomerization
for catalytic n-alkane hydroisomerization.20−25 However, due
to the low hydro-/dehydrogenation activity of Ni relative to
that of Pt, nickel still cannot compare to Pt when the overall
process economics is considered. Seemingly the problem of
low catalytic activity could be easily overcome by increasing
the Ni loading on the zeolite, since nickel is about 1000 times
cheaper than Pt. However, achieving a high dispersion of Ni on
the zeolite support at an increased Ni loading is challenging.
Since platinum is a heavy element with high atomic volume
and polarizability, it has good van der Waals interactions with
the zeolite pore walls. As a result, the Pt atoms can be
supported in the form of tiny nanoparticles inside the zeolite
pores. In comparison, the lighter element Ni has low
polarizability and weak interactions with the pore walls.26
The Ni atoms have a tendency to easily migrate to the external
surfaces of the zeolite crystal. Since the conventional zeolite
has a very low external surface area, the supported Ni forms
large agglomerates exhibiting very poor dispersion. Furthermore, the supported Ni particles become located far from the
internal acid sites of the zeolite. For these reasons, replacing Pt
with a non-noble-metal catalyst in the hydrocarbon isomerization process presents a signiﬁcant challenge.
In the present study, mesoporous MFI zeolites with a
nanosponge morphology were examined as a support to
achieve a high Ni dispersion. A zeolite nanosponge was
recently synthesized in our laboratory using a multiammonium
surfactant as a meso-/micropore dual structure-directing

1. INTRODUCTION
Hydroisomerization is a key reﬁnery process that converts
linear paraﬃns to more valuable branched isomers. For
example, hydroisomerization of light naphtha feedstock
increases the content of branched isomers to produce highquality gasoline with improved octane number. Another
example is the conversion of long-chain linear paraﬃns into
branched isomers, which is useful for the production of jet/
diesel fuels and lubricant oils with improved cold ﬂow (i.e.,
low-temperature freezing) properties and viscosity index.1,2
Typically, hydroisomerization processes use porous solid acids
(e.g., zeolite and sulfated zirconia) supported with platinummetal nanoparticles as a catalyst.3,4 The catalyst is bifunctional
with metal and acid: the Pt metal catalyzes hydro-/
dehydrogenation of the hydrocarbons, while the solid acid
catalyzes skeletal isomerization. The condition for metal
loading (i.e., the metal content) on zeolite is chosen properly
to achieve a balance between the two catalytic functions for
high isomerization selectivity.4−10 The conventionally used
catalyst is a zeolite-type microporous crystalline material (e.g.,
ZSM-5, ZSM-22, ZSM-48, SAPO-11, or SAPO-31) supported
with 0.5−1 wt % Pt.11−17 The narrow micropores of the
zeolites can provide molecular shape selectivity toward
monobranched paraﬃn products.
The Pt content of the hydroisomerization catalyst often does
not exceed 1 wt %, but the cost of the noble metal nevertheless
is a signiﬁcant portion in the overall catalytic process.4,18 There
have been many attempts to use inexpensive non-noble
transition metals that could lower the cost of the catalyst.18−25
Thus far, among the non-noble metals, nickel has exhibited the
best catalytic activity as a hydro-/dehydrogenating component
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agent.27 The nanosponge zeolite is built with a 2.5 nm thick
crystalline MFI zeolite framework, which is disordered to form
a spongelike morphology. Despite the disordered arrangement
of the framework, the zeolite possesses slit-shaped mesopores
of highly uniform diameters, which are comparable to those of
MCM-41 mesoporous materials.28 The mesoporous zeolite can
support small metal nanoparticles with high stability inside the
mesopores, due to the sandwiching contact eﬀect of two pore
walls. Furthermore, the metal catalysts can perform catalytic
functions even on metal surfaces contacting mesopore walls,
because the metal surfaces are still accessible through the
zeolitic micropore apertures.29 To our surprise, only 2 wt % Ni
loading was required to obtain suﬃcient catalytic performance,
comparable with that of 1 wt % Pt-containing MFI zeolite.
Moreover, high isomer yields (∼70%) were achieved with Nisupported zeolite catalysts through the generation of
mesopores in *MRE and TON zeolite supports, which are
currently used in industrial hydroisomerization processes.30,31
The one-dimensional zeolite frameworks of *MRE and TON
with supported Ni provided high molecular shape selectivity
toward the monobranched isomers. The detailed results of the
Ni-supporting process and the hydroisomerization reactions of
Ni-supported MFI nanosponge, *MRE nanosponge, and
mesoporous TON zeolites are presented in this paper.

(40 kV, 30 mA). Scanning electron microscopy (SEM) images
were taken by a FEI Verios 460 SEM instrument with a circular
backscatter (CBS) detector at 1.0 kV using a beam
deceleration mode. Transmission electron microscopy
(TEM) and scanning TEM (STEM) images were obtained
with a FEI Titan G2 ETEM F30 microscope using an
operating voltage of 300 kV. High-resolution scanning TEM
(HR-STEM) images were taken with a Titan cubed G2 60-300
instrument operated at 300 kV and equipped with a spherical
aberration corrector. Argon adsorption−desorption isotherms
were measured at liquid argon temperature with a Micromeritics ASAP 2020 instrument. The speciﬁc surface area was
calculated by the Brunauer−Emmett−Teller (BET) equation
using the adsorption isotherm data in the range P/P0 = 0.05−
0.2. The external surface area was calculated by the t-plot
method.32 The micropore volume was calculated by the
nonlinear density functional theory (NLDFT) method.
The Si/Al ratios and metal content were determined by
inductively coupled plasma−atomic emission spectroscopy
(ICP-AES) with an OPTIMA 4300 DV instrument (PerkinElmer). Temperature-programmed desorption of ammonia
(NH3-TPD) proﬁles were taken with a BEL-CAT instrument
equipped with a thermal conductivity detector (TCD). The
acid site density was estimated by the NH3-TPD proﬁles in a
range of 300−500 °C.33 The concentration of Brønsted and
Lewis acid sites was determined using Fourier transform
infrared spectroscopy (FT-IR) after adsorbing pyridine
molecules as probe molecules. FT-IR spectra were acquired
using a JASCO FTIR-6100 (see details in section S1 in the
Supporting Information). Hydrogen chemisorption isotherms
were taken at room temperature by a volumetric method using
a laboratory-made glass rig. Prior to the H2 chemisorption
measurement, metal-loaded samples were reduced under a H2
ﬂow (at 300 °C for Pt and 480 °C for Ni). Subsequently, the
reduced samples were treated at 400 °C under vacuum for the
desorption of hydrogen. Hydrogen per metal atom in the
chemisorption measurement was calculated by extrapolation of
the adsorption isotherm to zero pressure.
2.4. Catalytic Reaction Measurements. Prior to catalyst
loading on a reactor, the catalyst was shaped into selfsupporting pellets of 0.200−0.350 mm diameters, by pressing
the powder. Then, 0.2 g of the shaped catalyst was diluted by
silicon carbide (0.2−0.4 mm particle size, Alfa Aesar) to
achieve a volume of 2.0 cm3. The diluted catalyst was loaded
into a stainless steel reactor (inner diameter 13 mm) for the
catalytic reaction of n-dodecane hydroisomerization. Before
the reaction was started, the catalyst was activated under a H2
ﬂow (50 cm3 min−1) at a proper temperature (480 °C for Ni
and 300 °C for Pt). The catalytic reaction was performed at
1.0−3.0 MPa of total pressure, WHSV = 1.5−3 h−1, and H2/
HC = 10−20 at various reaction temperatures. The reaction
products were analyzed by an online gas chromatography
(GC) instrument (Agilent, 7980B), which was equipped with a
ﬂame ionization detector and a HP-1 capillary column (Agilent
J & W, 60 m length, 0.25 μm inner diameter).

2. EXPERIMENTAL SECTION
2.1. Zeolite Synthesis Procedure. The MFI zeolite
nanosponge, *MRE zeolite nanosponge, mesoporous TON
zeolite, bulk MFI zeolite, and conventional *MRE zeolite were
hydrothermally synthesized using structure-directing agents
(SDAs), by following the procedures described in previous
literature (see details in section S1 in the Supporting
Information). The obtained zeolite samples were calcined at
550 °C in air to remove the SDAs. The calcined zeolite was
ion-exchanged three times with an aqueous 1 M NH4NO3
solution and was subsequently calcined once more at 550 °C
to obtain the H+ form of zeolites. The conventional TON
zeolite was used in H+ form, as purchased from ACS Material.
2.2. Metal-Loading Procedure. Nickel was supported by
an incipient wetness impregnation technique on zeolite
samples. Nickel nitrate hexahydrate (Ni(NO3)2·6H2O, 97%,
Sigma-Aldrich) was used as a nickel source. In brief, 0.4 g of
zeolite was cooled to room temperature after being fully
dehydrated in a furnace at 550 °C. A proper concentration and
volume of aqueous nickel nitrate solution was then slowly
added to the dehydrated zeolite powder, followed by rigorous
mixing by a Teﬂon-coated spatula. The resultant mixture was
dried at 100 °C, and the obtained sample was treated under an
O2 ﬂow at 400 °C for 2 h (ramping rate of 2 °C min−1). The
sample was then treated under a H2 ﬂow again at 480 °C for 2
h (ramping rate of 2 °C min−1). The resultant Ni-loaded
sample was carefully passivated at room temperature with 2 vol
% O2 gas with He balance before exposure to air for catalyst
characterizations and catalytic measurements.
Platinum was also supported by the incipient wetness
impregnation technique. The Pt source was Pt(NH3)4NO3
(99.995%, Sigma-Aldrich). After impregnation of the Pt
source, the zeolite sample was treated with O2 and
subsequently with H2 in the same manner used to support
Ni, except that the H2 treatment temperature was 300 °C.
2.3. Catalyst Characterization. Powder X-ray diﬀraction
(PXRD) patterns were collected by a Rigaku Multiﬂex
diﬀractometer using a nickel-ﬁltered Cu Kα radiation beam

3. RESULTS AND DISCUSSION
3.1. Structure of MFI Zeolite Nanosponge. In the
present work, two MFI zeolite samples were synthesized to
investigate the catalytic performance for n-dodecane hydroisomerization when Ni and Pt metals were supported. The ﬁrst
sample was synthesized following the conventional method
using tetrapropylammonium hydroxide as an SDA.30 The
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Figure 1. (a) SEM image of bulk crystal MFI zeolite. (b) SEM image, (c) TEM image, (d) Ar adsorption−desorption isotherm, and (e) pore size
distribution of MFI zeolite nanosponge.

Table 1. Physicochemical Properties of MFI Zeolites
zeolite
a

B-MFI
N-MFIb

SBETc (m2 g−1)

Sextd (m2 g−1)

Vmicroe (cm3 g−1)

Vtotf (cm3 g−1)

Si/Alg

NAh (mmol g−1)

390
641

85
380

0.12
0.10

0.14
0.57

42
45

0.17
0.15

a

Bulk crystal MFI. bMFI zeolite nanosponge. cBET surface area. dExternal surface area by t plot. eMicropore volume by NLDFT method. fTotal
pore volume. gThe Si to Al molar ratio. hAcid site number by NH3-TPD proﬁles.

capillary condensation in slit-shaped mesopores between the
zeolite nanosheets. Figure 1e shows the pore size distribution
determined using the NLDFT method. The sharp peak at 0.56
nm is assigned to the micropores in the MFI-type zeolite, and
the second peak near 5 nm represents the presence of
mesopores directed by the surfactant micelle. Table 1 shows
the BET surface area, external surface area, micropore volume,
and total pore volume of the N-MFI zeolite. The hierarchically
nanoporous N-MFI sample exhibited a high BET surface area
as well as high external surface area due to the mesoporous
structure. In contrast, the microporous B-MFI sample with a
bulk crystal morphology possessed much less external surface
area and negligible mesopore volume.
The chemical properties of the two zeolite samples,
including Si/Al ratio and acid site concentration, are presented
in Table 1. As characterized by ICP-AES, both B-MFI and NMFI had similar Si/Al ratios close to 45. The concentrations of
strong acid sites calculated from the desorption peak at 300−
500 °C in the NH3-TPD proﬁles were also similar for both
samples. Additionally, the concentrations of diﬀerent types of
acid sites (internal/external and Lewis/Brønsted acid sites)
was determined by Fourier transform infrared (FT-IR)
spectroscopy using pyridine and 2,6-di-tert-butylpyridine
(DTBP) as probe molecules. The N-MFI sample exhibited a

zeolite product showed a well-deﬁned bulk crystal morphology
with approximately 1 μm crystal diameter, as shown in Figure
1a. For brevity, the bulk crystal zeolite is hereafter designated
as “B-MFI”. The second sample was synthesized using a
diquaternary ammonium surfactant with a formula of [C18H37N+(CH3)2-C6H12-N+(CH3)2-C4H9]Br2, following our previous
work to synthesize mesoporous zeolites.27 Figure 1b−e shows
SEM and TEM images, the argon adsorption−desorption
isotherm, and the pore size distribution of the surfactantdirected zeolite sample. According to the electron microscope
images, the surfactant-directed zeolite exhibited a nanospongelike morphology, which was composed of 2.5 nm thick
nanosheets interconnected in a disordered manner. The zeolite
nanosheets were rigidly self-supported in a highly mesoporous
structure. The MFI framework structure was conﬁrmed by the
powder XRD pattern (Figure S1). This nanosponge zeolite
sample is designated as “N-MFI”.
The pore textural properties of the N-MFI sample were
examined from the argon adsorption−desorption isotherm
shown in Figure 1d. The isotherm is of type IV, exhibiting a
sharp increase in the low-pressure region of P/P0 < 0.1 and
another jump with hysteresis in 0.4 < P/P0 < 0.7. The lowpressure jump reﬂects a micropore ﬁlling in the zeolite
framework, while the mid-pressure jump can be attributed to
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Figure 2. STEM images of 2Ni/bulk crystal MFI zeolite samples after (a) impregnation, (b) O2 calcination, and (c) H2 reduction and 2Ni/MFI
zeolite nanosponge samples after (d) impregnation, (e) O2 calcination, and (f) H2 reduction. The bright portions in STEM images correspond to
supported nickel, and the dark portions between nickel species represent the zeolite nanosheets.

xNi/B-MFI and xNi/N-MFI, where x indicates the weight
percent of Ni loaded.
Figure 2 shows STEM images of the 2Ni/B-MFI and 2Ni/
N-MFI samples, which were taken after various steps of Ni
loading: Ni(NO3)2 impregnation, O2 calcination, and H2
reduction. As presented in Figure 2a, the 2Ni/B-MFI sample
after the initial impregnation step already exhibited a large
agglomeration of Ni species on the external crystal surfaces. In
this bulk crystal sample, the Ni species continued to exist as
large agglomerates on the crystal surfaces after O2 and H2
treatments (Figure 2b,c). The supported Ni on the H2-treated
2Ni/B-MFI exhibited a wide distribution of particle size in a
range of 3−50 nm. On the other hand, the impregnation of
Ni(NO3)2 on the zeolite nanosponge exhibited a homogeneous distribution of Ni species inside the mesopores, as
shown in Figure 2d. The Ni species remained in the zeolite
mesopores even after treatments in O2 and H2. The STEM
image of the 2Ni/N-MFI sample taken after H2 treatment
indicated that the Ni metal was supported as small nanoparticles inside the mesopores (Figure 2f).
The temperature-programmed reduction (TPR) proﬁles in
Figure 3 were taken from the 2Ni/B-MFI and 2Ni/N-MFI
samples after the O2 calcination treatment. The two samples
exhibited very diﬀerent TPR characteristics of Ni oxide species.
A broad reduction peak over a range of 400−600 °C was
present for 2Ni/N-MFI, whereas a sharp peak centered at 250
°C was shown for 2Ni/B-MFI. The TPR peak at 250 °C can
be interpreted as the reduction of unsupported NiO,37
suggesting that the Ni species had no signiﬁcant interactions
with the B-MFI support. In the case of 2Ni/N-MFI, the peak
at 250 °C did not appear in the TPR proﬁle. The hightemperature peak at 400−600 °C can be interpreted as the
reduction of Ni oxide species having a very strong interaction
with the support, which may result from Si−O−Ni bond

slightly higher number of Lewis acid sites and a slightly lower
number of Brønsted acid sites in comparison to those of the BMFI sample (Table S4). Furthermore, the N-MFI sample
possessed a signiﬁcant amount of external Brønsted acid sites
resulting from the high external surface area of N-MFI,
whereas the B-MFI sample did not have any external acid sites.
3.2. Supporting Ni Nanoparticles on MFI Zeolite
Nanosponge. The Ni-supporting method used in the present
study is known as “incipient wetness” impregnation. This
process uses a minimum amount of metal precursor solution
that can ﬁll the entire pore volume of the support for
impregnation. The incipient wetness method results in a more
homogeneous distribution of metal precursors throughout the
pores, whereas the ordinary impregnation method involving a
large amount of precursor solution and subsequent evaporation
of the solvent can often lead to undesirable heterogeneous
deposition of the precursors. In this work, the preparation of
Ni-supported catalysts was performed in three steps: incipient
wetness impregnation of Ni(NO3)2 aqueous solution, calcination to convert Ni(NO3)2 into nickel oxide, and reduction
under a H2 ﬂow to produce metallic Ni particles. The metal
reduction by H2 after O2 calcination is a common method for
supporting various group 10 metal nanoparticles, such as Pt,
Pd, and Ni, on porous alumina, mesoporous silica, and
zeolites.34−36 The O2 calcination step is often employed to
prevent agglomeration of supported metals into large
particles.34 According to a previous report, this metal-loading
method is eﬀective for supporting 15 wt % of Ni on MFI
zeolite nanosponge, which has a large surface area of
mesopores.29 Here, Ni supported MFI zeolite catalysts were
prepared by loading various amounts of Ni ranging from 1 to 4
wt % on B-MFI and N-MFI samples to search for the lowest
possible metal loading for n-C12 hydroisomerization. For
brevity, we designated the Ni-supported B-MFI and N-MFI as
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Table 2. H2 Chemisorption Results of Ni-Loaded Zeolite
Samples
catalyst

metal loading(wt %)a

H/Nib

Dchem (nm)c

1Ni/N-MFI
2Ni/N-MFI
4Ni/N-MFI
1Ni/B-MFI
2Ni/B-MFI
4Ni/B-MFI

1.01
1.98
3.89
0.95
2.05
4.03

0.18
0.18
0.16
0.08
0.06
0.04

5.4
5.4
6.1
12.1
16.2
24.2

a
The metal loading amount determined by ICP-AES. bThe ratio of
moles of chemisorbed H to moles of Ni loaded, representing Ni
dispersion. cThe calculated average particle diameter.

Figure 3. Temperature-programmed reduction proﬁles for Ni oxide
loaded on bulk crystal MFI zeolite (black line) and MFI zeolite
nanosponge (blue line).

increased from 1 to 4 wt %. On the other hand, Ni/N-MFI
samples exhibited only a minor decrease of H/Ni values from
0.18 to 0.16 as the Ni loading was increased from 1 to 4 wt %.
The average Ni particle diameter in Table 2 was calculated
from the H/Ni ratio, using the equation Dchem (nm) = 97.1/
dispersion (%). The particle sizes derived from chemisorption
were in good agreement with those from HR-STEM images
(Figure 4 and Figure S5). Both H chemisorption and TEM
results conﬁrmed that the Ni dispersion was much better when
the zeolite nanosponge was used instead of bulk zeolite. This
high dispersion of small Ni nanoparticles in the mesopores is
attributed to the conﬁnement eﬀect by two adjacent mesopore
walls, which can sandwich a nanoparticle.
3.3. n-Dodecane Hydroisomerization on Pt/MFI.
Hydroisomerization of n-alkanes requires a bifunctional
catalyst consisting of metal sites and acid sites, which are
responsible for hydro-/dehydrogenation and skeletal isomerization, respectively. At the metal sites, alkanes are converted
to alkenes. These alkenes are then transformed into
alkylcarbenium ions and undergo a number of consecutive
reactions, including isomerization and C−C bond cracking (β
scission) by the Brønsted acid sites. It is generally accepted
that the metal catalytic function should exceed the acid
function to achieve high overall catalytic activity and
isomerization selectivity. An insuﬃcient amount of metal
sites can lead to increased cracking reactions of mono- and
multibranched isomers at the acid sites. Therefore, a balance
between metallic and acidic properties is important for the
design of hydroisomerization catalysts.
Pt is the best-known metal catalyst for the n-alkane
hydroisomerization reaction due to its high hydro-/dehydrogenation activity.3,4 As described in this section, 1 wt % of Pt
was loaded on two MFI zeolites, B-MFI and N-MFI, and their

formation by the reaction of Ni species with surface Si−OH
groups on the mesopore walls upon calcination.
Figure 4 shows high-resolution STEM (HR-STEM) images
of Ni/N-MFI samples with various Ni loading amounts of 1, 2,
and 4 wt %. These results showed that the Ni particle size
remained almost the same after the Ni loading was increased
from 1 to 2 wt %. When the Ni loading was further increased
to 4 wt %, the Ni particle size was slightly increased. The size
of observed Ni particles was still less than the mesopore
diameter (ca. 5 nm). Therefore, we assumed that Ni particles
were located inside the zeolite mesopores in the form of small
nanoparticles. On the other hand, when 1, 2, and 4 wt % of Ni
was loaded on B-MFI, all samples exhibited a wide distribution
of Ni particle diameters ranging from 3 to 50 nm (Figure S4).
Most of the Ni particles were located on the external surfaces
as large agglomerates.
The dispersion of the supported Ni was investigated by
hydrogen chemisorption. The metal dispersion is deﬁned as
the fraction of the surface-exposed atoms among the total
number of metal atoms. In general, Ni atoms exposed on
particle surfaces can be assumed to chemisorb hydrogen with a
stoichiometry of one H atom per surface Ni atom.38 On the
basis of this assumption, the Ni dispersion becomes the molar
ratio of chemisorbed H atoms to the total Ni atoms (H/Ni).
Table 2 presents the measured chemisorption data and the
calculated average Ni particle diameters on the basis of the
stoichiometry. The H/Ni values of the Ni/N-MFI samples
were much higher than those of the Ni/B-MFI samples having
the same Ni loading. For Ni/B-MFI, the H/Ni chemisorption
value decreased from 0.08 to 0.04 as the Ni loading was

Figure 4. High-resolution STEM images of Ni-supported MFI zeolite nanosponge samples with various Ni loading amounts of (a) 1, (b) 2, and (c)
4 wt %, after H2 reduction treatment.
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catalytic performances for n-C12 hydroisomerization were
evaluated. The STEM images of the resultant 1Pt/B-MFI
and 1Pt/N-MFI samples showed the presence of tiny
nanoparticles about 1 nm in diameter within the microporous
framework of zeolite (Figure S6) in both cases. The hydrogen
chemisorption on these catalyst samples gave high values of
1.16 H/Pt for 1Pt/B-MFI and 1.2 H/Pt for 1Pt/N-MFI,
conﬁrming a high Pt dispersion. Unlike in the case of Ni, the
supported Pt atoms existed as highly dispersed, tiny nanoparticles. This is attributed to the high atomic polarizability of
Pt. The 1 wt % Pt loading on B-MFI and N-MFI was high
enough to provide suﬃcient hydro-/dehydrogenation activity.7
Figure 5a shows the n-C12 conversion plotted as a function of

3.4. n-Dodecane Hydroisomerization on Ni/MFI. The
possibility of using nickel-loaded zeolite catalyst for ndodecane hydroisomerization was investigated. As shown in
section 3.2, using the zeolite nanosponge as a support, an
exceptionally high dispersion of Ni could be achieved when Ni
loading was varied over a range of 1−4 wt %. In this section,
we investigated whether the highly dispersed small Ni
nanoparticles could exhibit catalytic activity comparable to
that of Pt.
The catalytic performance of the zeolite nanosponges
supporting 1−4 wt % Ni was evaluated for n-dodecane
hydroisomerization and compared to that of a Pt-loaded
zeolite nanosponge. Figure 6a shows the n-C12 conversion

Figure 5. (a) Conversion of n-dodecane as a function of reaction
temperatures and (b) isomerization yields against conversion on 1Pt/
B-MFI and 1Pt/N-MFI samples. Reaction conditions are as follows:
total pressure 1.0 MPa, H2/HC = 10, WHSV = 3 h−1.

Figure 6. (a) Conversion of n-dodecane as a function of reaction
temperatures and (b) isomerization yields against conversion on 1Ni/
N-MFI, 2Ni/N-MFI, 4Ni/N-MFI, 2Ni/B-MFI, and 1Pt/N-MFI
samples. Reaction conditions are as follows: total pressure 1.0 MPa,
H2/HC = 10, WHSV = 3 h−1.

reaction temperatures for 1Pt/B-MFI and 1Pt/N-MFI. The
two catalysts exhibited well-matched S-shaped conversion
curves in a temperature range from 190 to 250 °C. The
catalytic activities of 1Pt/N-MFI and 1Pt/B-MFI were very
similar. Their almost identical hydroisomerization activities
could be attributed to the similar size of ﬁnely dispersed Pt
nanoparticles, as well as their similar acid site concentrations.4,7
Although the n-C12 conversion rates were similar, the
isomerization yields by 1Pt/B-MFI and 1Pt/N-MFI were
markedly diﬀerent. In Figure 5b, the yield of n-dodecane
isomerization products (referred to as “i-C12 yield” hereafter) is
plotted against n-C12 conversion. As n-C12 conversion was
increased from 0 to 100%, i-C12 yield gradually increased to
reach a maximum value and then decreased as a result of the
enhancement of hydrocracking reactions at high reaction
temperatures. The maximum i-C12 yield for 1Pt/N-MFI was
46%, which was much higher than that of 1Pt/B-MFI (8%).
This result is in good agreement with an earlier report by Kim
et al. on hydroisomerization of n-heptane using zeolites with
various wall thicknesses.39 They reported that a decrease in
zeolite wall thickness resulted in an increase in i-C12 yield.
They attributed this result to the shortened diﬀusion path
lengths in the zeolite, which could allow branched products to
escape before further cracking. In addition, the distance
between Pt sites and zeolite acid sites was diminished, and the
isomerization reaction process could proceed rapidly. Similarly,
in our case, the 1Pt/N-MFI sample having a mesoporous
structure composed of 2.5 nm thin zeolite nanosheets could
facilitate the diﬀusion of product molecules and thereby inhibit
further cracking reactions, resulting in a high i-C12 yield.
Therefore, the 1Pt/N-MFI sample exhibited a 5-fold higher
isomer yield, in comparison with that of 1Pt/B-MFI.

plotted as a function of reaction temperature. The conversion
curves for 2Ni/N-MFI and 4Ni/N-MFI were very similar,
whereas the conversion curve of 1Ni/N-MFI was shifted
slightly to the right, indicating that 1 wt % loading of Ni was
insuﬃcient. There was a signiﬁcant change when the loading
was increased from 1 to 2 wt %. However, upon a further
increase to 4 wt %, the catalytic activity remained the same.
This signiﬁes that 2 wt % of Ni was suﬃcient to achieve a
balance between the metal catalytic function and acid function
when Ni is supported on the mesoporous zeolite. Furthermore,
the catalytic activity of 2Ni/N-MFI was suﬃciently high, even
in comparison with that of 1Pt/N-MFI. The comparable
catalytic activity of Ni/N-MFI catalysts is ascribed to the high
dispersion of Ni nanoparticles, which could provide a large
number of metal catalytic sites that can balance the acid sites.
Figure 6b shows the i-C12 yield of the Ni- and Pt-loaded NMFI zeolites plotted against n-C12 conversion. The maximum
i-C12 yield was very similar (about 45%) for the 1Pt/N-MFI,
2Ni/N-MFI, and 4Ni/N-MFI catalysts. This result again
conﬁrms that 2 wt % of Ni was suﬃcient to fulﬁll the metal
catalytic function of the hydroisomerization. In the case of
1Ni/N-MFI, the maximum i-C12 yield was somewhat
decreased (37%), in comparison to the other catalysts. The
decrease in isomer selectivity appears to result from the
insuﬃcient amount of Ni loading. Nevertheless, the isomer
selectivity of 1Ni/N-MFI was still 3 times greater than that of
1Pt/B-MFI, which underwent severe cracking. As mentioned
earlier in section 3.3, the mesoporous structure of N-MFI has a
dramatic inﬂuence on the selectivity of the hydroisomerization.
The branched isomer products can diﬀuse out of the zeolite
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appropriate amount of Ni to achieve high selectivity toward nC12 hydroisomerization.
In addition to the catalytic activity and selectivity, the
durability of the catalyst is another important factor. To
conﬁrm the stability of the catalyst, the catalytic activity of
2Ni/N-MFI was monitored for 200 h of reaction time under
ﬁxed reaction conditions (Figure S8). The 2Ni/N-MFI sample
showed no sign of deactivation even after 220 h. The catalytic
conversion and isomerization selectivity were retained. The
high stability of 2Ni/N-MFI was due to rapid decoking by the
dehydrogenation reaction at Ni sites.
3.5. n-Dodecane Hydroisomerization on Ni/Zeolites
with 1D Pore Channels. For industrial hydroisomerization
processes, MFI-type zeolites with a three-dimensional pore
channel structure are not preferred due to their relatively high
hydrocracking activity and low isomerization selectivity. The
large voids at channel intersections in MFI zeolite facilitate the
formation of multibranched isomers, instead of monobranched
isomers. The resultant multibranched isomers tend to undergo
cracking reactions, and this results in a low isomerization
selectivity. Instead, *MRE- and TON-type zeolites (also
known as ZSM-48 and ZSM-22, respectively) are widely
used for industrial processes.30,31 Due to their narrow
micropore diameter (ca. 0.5 nm) and one-dimensional
micropore channel structure, these zeolites can eﬀectively
inhibit the formation of multibranched isomers. As a result of
the shape selectivity, the *MRE and TON zeolites exhibit low
secondary cracking reactions and thereby high i-C12 yield
(mostly monobranched isomers). In this section, we evaluated
the possibility of further improving the isomerization
selectivity when Ni was supported on *MRE and TON
zeolites possessing mesopores.
For this purpose, an *MRE zeolite nanosponge sample
(designated as N-*MRE hereafter) was synthesized using a
multiammonium surfactant with a formula of [C22H45N + (CH3) 2-C6H12-N+ (CH3 )2 -CH2-(C6 H4)-CH2 -N +(CH3) 2C 6 H 12 -N + (CH 3 ) 2 -CH 2 -(C 6 H 4 )-CH 2 -N + (CH 3 ) 2 -C 6 H 12 N+(CH3)2-C22H45][Br−]2[Cl−]4, as described in the Supporting Information. The N-*MRE zeolite sample consisted of
rodlike nanocrystals with diameters of 6 nm. The nanocrystals
were rigidly interconnected in a disordered manner, forming
intercrystalline mesopores, as shown in Figure 7a. The
mesopores displayed a narrow distribution of diameters in a
range of 4−6 nm (Figure S9). It was notable that the onedimensional micropore channels of N-*MRE zeolite were
aligned perpendicular to the (100) plane, as shown in Figure
7a, providing a very short diﬀusion path length. On the other
hand, the mesoporous TON zeolite (designated as “M-TON”
hereafter) was prepared by postsynthetic desilication and
dealumination of a commercially available TON zeolite. The
desilication step was performed using a 1.6 M KOH solution
containing a multiammonium surfactant with a formula of
[C 18 H 37 -N + (CH 3 ) 2 -C 6 H 12 -N + (CH 3 ) 2 -C 6 H 12 -N + (CH 3 ) 2 C18H37][Br−]3, followed by the dealumination step with a 0.1
M HCl solution, as described in the Supporting Information.
These steps were developed in the present work on the basis of
previous studies on postsynthetic methods to generate
mesopores in TON zeolites. As shown in Figure 7b, the MTON zeolite exhibited a rodlike morphology, which was
inherited from the commercial TON zeolite that was used. The
mesopores were randomly generated within the zeolite crystals
to give intracrystalline mesopores, which were diﬀerent from
the intercrystalline mesopores of N-*MRE. Due to the

through the mesoporous channels in N-MFI. This signiﬁcantly
reduces the likelihood of cracking reactions at the zeolite acid
sites. Once enough metal sites are present to provide suﬃcient
hydro-/dehydrogenation activity, high catalytic activity and
high isomer selectivity could be achieved simultaneously in the
case of the MFI nanosponge catalysts.
The detailed product distributions of Ni/N-MFI catalysts
were investigated and compared to those of 1Pt/N-MFI and
1Pt/B-MFI. The comparison was made at a similar n-C12
conversion level of about 50%. As shown in Table 3, the 2Ni/
Table 3. Product Distribution at About 50% n-C12
Conversion over 2Ni/N-MFI, 4Ni/N-MFI, 1Pt/N-MFI, and
1Pt/B-MFI catalysts
catalyst

n-C12 conversion (%)
i-C12 yield (%)
monobranched i-C12 yield (%)
multibranched i-C12 yield (%)
mono i-C12/multi i-C12
cracking product yield (%)
(C1 + C2) yield (%)
[(C1 + C2)/(cracking products)]
× 100

2Ni/NMFI

4Ni/NMFI

1Pt/NMFI

1Pt/BMFI

54.7
37.8
33.5
4.3
7.8
16.9
0.2
1.1

52.1
34.8
31.0
3.8
8.2
17.3
0.3
1.7

54.8
38.0
34.0
4.0
8.5
16.8
0.1
0.3

51.2
6.8
6.3
0.5
12.6
44.4
0.1
0.1

N-MFI, 4Ni/N-MFI, and 1Pt/N-MFI catalysts exhibited very
similar product distributions. Their yields of branched C12
isomers were much higher than that of the 1Pt/B-MFI catalyst.
The yield of cracking products was much lower in the case of
the zeolite nanosponge supported catalysts. Another notable
point was that the selectivity to monobranched isomers was
dominant over the selectivity to multibranched isomers for all
MFI-supported catalysts. The mono i-C12/multi i-C12 ratio was
particularly high in the case of bulk zeolite. This result can be
explained by the molecular shape selectivity of the zeolite
micropores. As proposed in many studies, the large space at an
intersection of straight and sinusoidal micropore channels of
the MFI-type zeolite could allow the formation of multibranched isomer products.40 The multibranched isomers
would not easily escape from the bulk zeolite when they
become too bulky to pass the micropore apertures. The
trapped isomers would then be cracked into smaller molecules,
considering that highly branched hydrocarbons can undergo
cracking reactions more easily than less branched molecules.
On the other hand, the ultrathin zeolite framework in the
nanosponge catalyst could allow facile diﬀusion of i-C12
reaction intermediates and products. As a result, the zeolite
nanosponge supported catalysts could exhibit a high yield of iC12 products with a low yield of cracking byproducts.
It is also notable that 2Ni/N-MFI and 4Ni/N-MFI samples
showed slightly higher yields of methane and ethane, which
could be produced by hydrogenolysis reactions at the Ni sites.
It has been reported that Ni catalysts can generate C1 and C2
cracking products through hydrogenolysis.4 When too much
Ni is present, the hydrogenolysis reaction can be promoted to
yield C1 and C2 cracking products. Similarly, in our case, in
comparison to 2Ni/N-MFI, 4Ni/N-MFI exhibited higher
yields of C1 and C2 cracking products. Therefore, for Nisupported zeolite catalysts, an optimum amount of Ni should
be loaded. In our case, 2 wt % of Ni appears to be the most
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Figure 7. TEM images of (a) *MRE zeolite nanosponge and (b)
mesoporous TON zeolite and STEM images of (c) 1 wt % Nisupported *MRE zeolite nanosponge and (d) 4 wt % Ni-supported
mesoporous TON zeolite.

Figure 8. (a) Conversion of n-dodecane as a function of reaction
temperature and (b) isomerization yields against conversion (b) on
(a) 1Ni/N-*MRE, 0.5Pt/C-*MRE, and 1Ni/C-*MRE samples. (c)
Conversion of n-dodecane as a function of reaction temperature and
(d) isomerization yields against conversion on 4Ni/M-TON, 1Pt/CTON, and 4Ni/C-TON samples. Reaction conditions are as follows:
total pressure 3.0 MPa, H2/HC = 20, WHSV = 1.5 h−1.

mesopore-directing properties of the surfactant, the size of the
mesopores was quite uniform (3−6 nm) and close to the size
of the surfactant micelle (∼4 nm), as judged by Ar sorption
results (Figure S10).
Nickel was supported to the N-*MRE and M-TON zeolite
samples in the same manner as for Ni/N-MFI. The Ni loading
was 1 wt % on N-*MRE and 1 and 4 wt % on M-TON. The Ni
loadings were chosen to balance the acidity of the zeolite
frameworks, on the basis of acid site characterization using FTIR (Table S4). Figure 7c,d present STEM images of the Niloaded zeolite samples. As the STEM images show, the Ni
particles on these zeolites were similar to or slightly smaller
than the diameters of the mesopores. The Ni particle size
estimated by STEM agreed well with the Ni particle diameters
calculated from hydrogen chemisorption (Table S2). This
result was similar to the case of the N-MFI zeolite discussed
above. For the purpose of comparison, 0.5 wt % Pt loaded on
conventional *MRE zeolite (designated as 0.5Pt/C-*MRE
hereafter) and 1 wt % Pt loaded on conventional TON zeolite
(designated as 1Pt/C-TON hereafter) were also prepared.
Figure 8a present the results of catalytic conversion of n-C12
by the 1Ni/N-*MRE catalyst plotted against the reaction
temperature, in comparison with 0.5Pt/C-*MRE and 1Ni/C*MRE. As the results show, the 1Ni/N-*MRE catalyst
provided high conversion of n-C12 and isomer yield, in
comparison with not only 1Ni/C-*MRE but also 0.5Pt/C*MRE. The 1Ni/N-*MRE catalyst gave a maximum value of iC12 yield at 73%, whereas the maximum yield from 1Ni/C*MRE was 49% and that from 0.5Pt/C-*MRE was 63% (Figure
8b). These results are quite remarkable for a Ni-supported
catalyst. According to NH3-TPD proﬁles (Figure S2 and Table
S3), the N-*MRE zeolite had a rather lower concentration of
acid sites (0.68 mmol g−1) relative to that (0.79 mmol g−1) of
C-*MRE. Hence, the superior catalytic performance of the
1Ni/N-*MRE catalyst was diﬃcult to explain on the basis of

the acidity of the zeolite. We attribute this result to the
nanosponge-like morphology of the N-*MRE zeolite, in which
the short 1D zeolite channels appeared to allow facile diﬀusion
of long-chain hydrocarbons.
Figure 8c shows the n-C12 conversion of TON zeolite based
catalysts plotted against the reaction temperature. Similar to
the case of the *MRE zeolite based catalysts, the 4Ni/M-TON
catalyst exhibited similar catalytic conversion and higher
isomerization selectivity in comparison to those of the 1Pt/
C-TON catalyst. The maximum i-C12 yield for 4Ni/M-TON
was 70%, whereas the i-C12 values of 1Pt/C-TON and 4Ni/CTON were 58% and 50%, respectively (Figure 8d). In addition
to the activity and selectivity, 1Ni/N-*MRE and 4Ni/M-TON
retained most of their catalytic activity and isomerization
selectivity even after 120 h of time on stream, similar to the
case of Ni/N-MFI catalysts (see Figure S14). On the basis of
these results, we conﬁrmed the promotive eﬀect of
mesoporosity on the catalytic hydroisomerization of n-C12
hydrocarbon even when mesopores were generated in a
postsynthetic manner.

4. CONCLUSION
In the present work, the light transition metal Ni was
supported on a mesoporous zeolite nanosponge in the form
of tiny nanoparticles with diameters in a range of 3−5 nm. The
high dispersion of Ni into small nanoparticles was attributed to
a conﬁnement (or sandwiching) eﬀect between the two
adjacent mesopore walls, preventing further agglomeration of
Ni into large particles. As a catalyst for n-dodecane
hydroisomerization, the MFI zeolite nanosponge with Ni
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loading higher than 2 wt % exhibited a conversion−
temperature curve very similar to that of 1 wt % Pt-supported
MFI zeolite catalysts. The isomerization yield over the Ni/MFI
zeolite nanosponge was superior to that of Pt/bulk MFI
zeolite, as the intermediate products could easily escape
through the mesopore channels to avoid consecutive hydrocracking reactions. The high catalytic activity of the Nisupported zeolite nanosponges was due to the high Ni
dispersion. The high isomer selectivity resulted from the short
distance between Ni and zeolite acid sites, due to the thin
mesopore-wall structure of the zeolite nanosponges. Furthermore, we conﬁrmed that the mesopore-generating strategy
could be extended to *MRE and TON zeolites, which are
currently used in hydroisomerization processes in industry.
The mesopores in these 1D-channel zeolites could be
generated either by direct synthesis using surfactants or
through postsynthetic treatments. We believe that the present
strategy of loading metal nanoparticles into zeolite mesopores
could be useful for designing low-cost, metal supported
catalysts for various hydrogenation and hydrotreating reactions.
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