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A B S T R A C T   

Hydroconversion is a key step in the production of ultraclean fuels from renewable sources. This reaction is 
carried out using a bifunctional catalyst consisting of a base metal sulfide or a noble metal and a solid acid. 
Recently, we have shown that for Pt/Al2O3/ZSM-22 catalysts with low Pt loadings (≤0.01 wt%) it is advanta-
geous – to both the activity as well as the isomer selectivity - to emplace the Pt on the zeolite crystallites instead 
of on the Al2O3 binder. When these low loadings of Pt were on the alumina binder, small clusters or even single 
atoms were present which were hard to reduce leading to inactivity of the catalysts. Herein, we explore the 
replacement of alumina by silica, and the performance of catalysts with ultralow Pt loadings on the conversion of 
longer-chain hydrocarbons. A series of Pt/SiO2/ZSM-22 catalysts with varying Pt weight loadings (0.001, 0.005, 
0.01, 0.05, 0.1 and 0.5 wt%) and location (on silica or on ZSM-22) was prepared and characterized using ICP, 
NH3-TPD, HAADF-STEM and XAS. Their hydroconversion performance was evaluated using n-heptane and n- 
hexadecane as model feedstocks. As for the Pt/Al2O3/ZSM-22 catalysts systems, for Pt/SiO2/ZSM-22 catalysts 
with low Pt loadings (≤0.01 wt% for n-heptane conversion) it was beneficial to have the Pt nanoparticles on the 
ZSM-22 crystals. Hydroconversion of n-hexadecane over Pt/SiO2/ZSM-22 and Pt/Al2O3/ZSM-22 catalysts 
showed that for feedstocks with a higher molecular weight, higher Pt loadings (≥0.05 wt%) are required for 
sufficient catalytic performance. For the conversion of n-hexadecane it was beneficial to locate these higher 
amounts of Pt on the binder.   

1. Introduction 

Platinum group metals (PGMs) are indispensable for several 
emerging and established technologies. Platinum, for example, is uti-
lized in fuel cells [1,2], electrolyzers [3], catalytic converters [4], and 
refinery catalysts [5]. Although their applicability is large, their reserves 
are not and supply of PGMs is considered to be at risk [6,7]. Therefore, it 
is necessary to look into ways to improve recycling and to maximize 
their utilization. 

One refinery process requiring PGMs is the hydroconversion of 
alkane feedstocks. This is a key step in the production of ultraclean fuels 
and lubricants from renewable sources, such as Fischer–Tropsch waxes 
[8,9], biobased fatty acids [10], or plastic waste [11–13]. 

Hydroconversion is performed with a bifunctional catalyst consisting of 
a metal (sulfide) function and an acid function, for 
dehydrogenation-hydrogenation and isomerization-cracking, respec-
tively [14,15]. These roles are typically fulfilled by base metal sulfides 
or Pt, in combination with amorphous silica-aluminas, zeolites, or zeo-
types [16]. Previous research regarding hydroconversion focused on the 
ideal distance between these two functions [17–20], and their respective 
ratio, known as the metal-to-acid-site (nM/nA) ratio. [21–23]. 

To optimize PGM utilization in hydroconversion catalysts, we pre-
viously studied the optimal Pt weight loading as a function of the Pt 
location [24]. At regular weight loadings of 0.1–0.5 wt%, it is beneficial 
to have the metal function on the alumina binder, at nanoscale distance 
from the zeolite acid sites [19,24–27]. However, for Pt/Al2O3/ZSM-22 
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catalysts the loading could be reduced to 0.01 wt% Pt when the Pt 
nanoparticles were placed on the zeolite crystals, without compromising 
catalytic activity, selectivity towards isomers, or stability during the 
hydroconversion of n-heptane. For hydroconversion of longer chain 
hydrocarbons, e.g. n-hexadecane, the nM/nA ratio has to be higher for an 
optimal performance [28,29]. Although the reactivity of these longer 
hydrocarbons differs from the shorter ones [29–31], optimal Pt weight 
loading as function of the Pt location has not been studied for feedstocks 
with higher molecular weight yet. 

Additionally, characterization of the low (0.01 wt% Pt) loaded cat-
alysts in our previous study [24] – after reduction – revealed the pres-
ence of Pt-O species when Pt was on the alumina binder. These Pt-O 
species are most probably inactive as (de)hydrogenation catalysts. This 
was confirmed by the assessment of the performance of bifunctional 
catalysts containing Pt single atoms. It was concluded that reduced Pt 
nanoparticles are required for (de)hydrogenation and hence hydro-
conversion activity. 

Another, albeit less often utilized inorganic binder is silica. It is used 
in both industrial and academic research [32–36]. Although extrudates 
prepared with silica have been shown to undergo solid ion exchange, 
decreasing the Brønsted acidity of the zeolites [37–39], silica is also 
known to aid in the retainment of zeolite structural stability [40]. 
Another possible advantage is that metal nanoparticles supported on 
silica are typically more readily reduced than nanoparticles of the same 
composition on alumina [41,42]. 

In this work, we explored the replacement of the alumina binder 
material by a silica binder material and we assess the optimal Pt location 
for the conversion of longer chain hydrocarbons when ultralow Pt 
loadings are used. 

2. Materials and methods 

2.1. Materials 

ZSM-22 (H+-form, SiAl = 32.5–40 at/at) was purchased from ACS 
Material. Aerosil 380 silica was purchased from Evonik. Boehmite (70 
wt% Al2O3) was supplied by Shell Technology. Tetraamine platinum (II) 
nitrate (Pt(NH3)4(NO3)2, 99.995% pure), chloroplatinic acid (H2PtCl6⋅6 
H2O, ≥37.5 wt% Pt) and acetic acid were purchased from Sigma- 
Aldrich. n-Heptane (99+%, pure) and n-hexadecane (99%, pure) were 
obtained from ACROS Organics. Ammonia solution (NH4OH, 25%) was 
obtained from Emsure. Silicon carbide (SiC, SIKA ABR I F70, grain size: 
220 µm) was supplied by Fiven. H2 6.0, He 5.0 and N2 5.0, were obtained 
from Linde gas. 

2.2. Catalyst preparation 

2.2.1. Preparation of Pt/SiO2/ZSM-22 catalysts 
ZSM-22 was calcined in a flow of synthetic air (N2/O2, 80/20, vol/ 

vol) at 500 ◦C (ramp 5 ◦C min− 1) for 5 h. Solutions containing 6.0 mM 
and 0.6 mM of tetraamine platinum nitrate (PTA) were prepared by 
dissolving in Milli-Q water. Pt-SiO2/ZSM-22 catalysts were prepared 
using an electrostatic adsorption method adapted from Regalbuto et al. 
[43]. 500 mg of silica was dispersed in 300 mL Milli-Q water by me-
chanical stirring at 400 rpm for 1 h. Subsequently, the required volume 
of the 6.0 mM or 0.6 mM PTA solution was further diluted with 50 mL 
Milli-Q water and added dropwise to the dispersion, after which the pH 
was increased to 7 using a 0.15 M aqueous ammonia solution. The 
resulting dispersion was stirred for 3 additional hours. This dispersion 
was then filtered over vacuum. The filter cake was dried overnight in a 
static oven at 120 ◦C. Once dried, it was crushed and transferred to a 
tubular reactor. The dried catalyst precursor was then calcined in a total 
flow of 100 mL min− 1 of synthetic air (N2/O2, 80/20, vol/vol) at 350 ◦C 
(ramp: 0.2 ◦C min− 1) for 2 h and reduced in a H2 rich atmosphere 
(H2/N2, 80/20, vol/vol) at 600 ◦C (ramp: 5 ◦C min− 1) for 3 h. After 
cooling down to room temperature the resulting powder was mixed with 

calcined ZSM-22. For this, the ZSM-22 was first mixed with 100 µL of a 
1.5 mM aqueous ammonia solution and 250 µL Milli-Q water using a 
mortar and pestle for 15 min. After this the Pt/SiO2 powder was added 
and mixed for an additional 15 min. The resulting paste was dried in a 
static oven at 120 ◦C overnight and calcined (N2/O2, 80/20, vol/vol) at 
500 ◦C (ramp: 5 ◦C min− 1) for 2 h. 

Pt-ZSM-22/SiO2 catalysts were prepared via ion exchange (IE). First, 
500 mg of calcined ZSM-22 was dispersed in 300 mL Milli-Q water by 
stirring mechanically at 400 rpm for 1 h. Meanwhile, the required vol-
ume of 6 mM PTA solution was further diluted with Milli-Q water to 
obtain a PTA solution of 50 mL with the desired concentration. This 
solution was added dropwise to the dispersion, and stirred for an addi-
tional 3 h. The dispersion was filtered over vacuum and the resulting 
filter cake was dried in a static oven at 120 ◦C overnight. The powder 
was then transferred to a tubular reactor and calcined in a flow (100 mL 
min− 1) of synthetic air (N2/O2, 80/20, vol/vol) at 350 ◦C (ramp: 0.2 ◦C 
min− 1) for 2 h. This was followed by reduction in a H2 rich atmosphere 
(H2/N2, 80/20, vol/vol) at 600 ◦C (ramp: 5 ◦C min− 1) for 3 h and cooling 
down to room temperature. 500 mg of Aerosil 380 was then mixed with 
100 µL of a 1.5 mM aqueous ammonia solution and 250 µL Milli-Q water 
using a mortar and pestle for 15 min, after which the Pt/ZSM-22 catalyst 
was added to the mortar. The powders were stirred for additional 15 
min. The resulting paste was again dried in a static oven at 120 ◦C 
overnight and calcined (N2/O2, 80/20, vol/vol) at 500 ◦C (ramp: 5 ◦C 
min− 1) for 2 h. 

2.2.2. Preparation of Pt/γ-Al2O3/ZSM-22 catalysts 
Pt/γ-Al2O3/ZSM-22 catalysts were prepared as previously reported 

[24]. ZSM-22 was calcined in a flow of synthetic air (N2/O2, 80/20, 
vol/vol) at 500 ◦C for 5 h with a ramp of 1 ◦C min− 1. Zeolite-alumina 
composite (1/1, wt/wt) material was prepared by mixing using acetic 
acid for the deagglomeration of boehmite. In order to obtain 10 g of 
composite, firstly, 7.14 g of boehmite was mixed with 6 mL Milli-Q H2O 
and 0.21 mL acetic acid using mortar and pestle. When wetting of the 
boehmite was complete, 5 g of ZSM-22 was added to the mortar. Then, 
the mixture was mixed for 10 min using a mortar and pestle and addi-
tional Milli-Q H2O was added until a homogeneous paste was obtained. 
The resulting paste was dried overnight in an oven at 120 ◦C. The dried 
powder was crushed and calcined for 2 h at 500 ◦C using a ramp of 5 ◦C 
min− 1. 

Pt-γ-Al2O3/ZSM-22 catalysts with varying Pt weight loadings (0.005 
– 0.5 wt%) were prepared via electrostatic adsorption [24,43]. For this, 
1.5 g of the composite material was dispersed in 450 mL Milli-Q H2O and 
stirred for 30 min. The pH of the dispersion was adjusted to 2.6 using a 1 
M aqueous solution of hydrochloric acid. At this pH value, the surface of 
the Al2O3 is positively charged. A given volume of an aqueous solution 
of chloroplatinic acid (0.17 mgPt mL–1) was added dropwise. The 
dispersion was stirred for 3 h, after which it was filtered and washed 
with 500 mL Milli-Q H2O. The filter cake was dried overnight in an oven 
at 120 ◦C. The resulting catalyst powder was reduced in a flow of H2/N2 
(20/80, vol/vol) at 500 ◦C for 3 h using a heating ramp of 1 ◦C min− 1 and 
calcined for 2 h at 500 ◦C in a flow of synthetic air (N2/O2, 80/20, 
vol/vol). 

For the preparation of Pt-ZSM-22/γ-Al2O3, firstly, 0.75 g of ZSM-22 
was dispersed in 225 mL Milli-Q H2O and stirred for 30 min. Then a 
given volume of the PTA solution was added dropwise and the mixture 
was stirred for 3 h. The dispersion was filtered without further washing 
and both the filtrate and the filter cake were collected. The filter cake 
was dried in an oven at 60 ◦C and reduced (H2/N2, 20/80, vol/vol) at 
500 ◦C for 3 h with a ramp of 1 ◦C min− 1. When cooled to room tem-
perature the resulting powders were redispersed in the filtrate that still 
contained PTA. The IE procedure including stirring, filtration, drying 
and reduction was performed a second time. The Pt-ZSM-22/γ-Al2O3 
composite catalyst was then prepared by mixing the Pt/ZSM-22 catalyst 
with boehmite, using acetic acid as peptizing agent, followed by drying 
and calcination as described for the preparation of ZSM-22/γ-Al2O3 
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composite, but now with a heating ramp of 1 ◦C min− 1 during 
calcination. 

2.3. Catalyst characterization 

2.3.1. Quantification of metal and acid sites 
Analysis of the elemental composition of the catalysts was performed 

at Mikroanalytisches Laboratorium Kolbe, Germany, using an induc-
tively coupled plasma optical emission spectrometer (ICP-OES). Prior to 
measurements, samples were dissolved according to their standard in- 
house procedures. 

Temperature programmed desorption of ammonia (NH3-TPD) was 
performed to quantify the number of acid sites in each catalyst. The 
measurements were performed on a Micromeritics AutoChem II equip-
ped with a thermal conductivity detector (TCD) calibrated for ammonia. 
For a typical measurement 80–110 mg of catalyst was dried in a helium 
flow for 1 h at 600 ◦C with a ramp of 10 ◦C min− 1. This was followed by 
lowering the temperature to 100 ◦C after which ammonia (10 vol% in 
He) was introduced in a pulse-wise manner until oversaturation was 
accomplished. After this, the physisorbed ammonia was removed by 
flushing He for 2 h at 100 ◦C. Subsequently, the desorption of ammonia 
up to 600 ◦C with a ramp of 10 ◦C min− 1 was monitored. 

2.3.2. Nitrogen physisorption 
Measurements of N2 physisorption isotherms were performed at 

− 196 ◦C on a Micromeritics Tristar II Plus apparatus. Prior to the 
measurement, the samples were dried in a nitrogen flow at 300 ◦C. The 
accessible surface areas of the catalysts were determined with the Bru-
nauer–Emmett–Teller (BET) method. A Harkins-Jura thickness curve 
fitted between 0.32 and 0.40 nm thickness was used to determine 
micropore (<2 nm) volumes. Total pore volumes were derived from the 
volume of N2 adsorbed at P/P0 = 0.95. 

2.3.3. Electron microscopy 
Prior to studying the samples with electron microscopy, the samples 

were ultramicrotomed. Firstly, the samples were embedded in EpoFix 
resin, and then left to harden in an oven at 60 ◦C overnight. To obtain 
slices with a thickness of 70 nm, the resin-embedded samples were cut 
using a Reichert–Jung Ultracut E ultramicrotome and a Diatome Ultra 
35◦ diamond knife. The resulting sections were deposited on glow- 
discharged carbon-formvar-coated copper grids (200 mesh). High- 
resolution high-angle annular dark-field scanning transmission elec-
tron microscopy (HAADF-STEM) was performed on a Thermo Fisher 
Scientific Spectra 300 S/TEM operating at 300 kV. The number average 
particle size (dn) of the Pt nanoparticles was determined by measuring 
the nanoparticle diameter using ImageJ software, followed by a calcu-
lation using Eq. (1). Furthermore, the surface average particle size (ds) in 
each catalyst sample was calculated using Eq. (2). 

dn ± σdn =
1
N

∑N

i=1
di ±
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3
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√

(2)  

2.3.4. X-ray absorption spectroscopy 
X-ray Absorption Spectroscopy was performed at the Advanced 

Photon Source (APS), Argonne National Lab, USA, at the Insertion De-
vice of sector 10. Measurements were performed at the Pt L3 edge 
(11.563 keV) in fluorescence mode, using a double monochromator 
with direct drive air bearings and two sets of crystals: Si (111) and Si 
(311). To filter out the higher harmonics present in the X-ray beam, a 
60 cm long flat harmonic rejection mirror was used. Approximately 
100 mg of sample was pressed into a pellet and placed in a sample holder 
at 45◦ to the beam direction. The holder was placed in an in situ tem-
perature programmable sample cell operated under ambient pressure. 

The samples were reduced for 1 h in a gas flow of 100 mL min− 1 con-
taining 3.5 vol% H2/He at 400 ◦C, after which they were cooled to room 
temperature. Fluorescence data were collected with an ion chamber 
Lytle detector with a step size of 0.5 eV and an acquisition time of 0.1 s 
per point. XANES spectra were processed using Athena software 
(Demeter 0.9.26) by averaging 12 scans for each sample [44,45]. For the 
0.01Pt-SiO2/ZSM-22 sample 58 scans were averaged to improve the low 
Pt signal/noise. Normalization of the XANES data was done by dividing 
the absorption intensities by the height of the absorption edge and 
subtracting the background using cubic spline routines. The oxidation 
state of Pt was determined from Linear Combination Fitting (LCF) from 
Athena in the derivative space of µ(E). For this, PtO2 Pt(NH3)4(NO3)2 
and Pt foil were used as reference standards for Pt4+, Pt2+ and Pt0, 
respectively. The data was fitted to the references in the range of 20 eV 
below and 30 eV above the Pt L3 edge energy. EXAFS fitting was per-
formed by converting the spectra in k-space with k-weight 2 and in the 
range of 2.0–11 Å− 1, dk of 0.5, R range of 1.3–3.0 Å, dr of 0.5, and a 
Hanning window. Multiple shell fitting was performed involving Pt-Pt 
and Pt-O paths in R space. Data for back scattering amplitudes were 
obtained with the built-in FEFFIT calculation using the Artemis software 
[45]. Prior to fitting of the acquired EXAFS data, the amplitude reduc-
tion factor (S0

2) was calculated by fitting a Pt0 reference foil using a Pt 
FCC.cif file taken from an online source (Materials Project, mp-126), 
yielding a value of 0.7 applied to all fitted Pt L3 edge datasets. 

2.4. Hydroconversion of n-heptane and n-hexadecane 

The hydroconversion performance of the catalysts was assessed 
using an Avantium Flowrence 16 parallel fixed bed reactor setup with n- 
heptane (n-C7) and n-hexadecane (n-C16) as feedstock. Stainless steel 
reactors (inner diameter = 2 mm) were loaded with SiC (220 µm) until it 
reached a bed height of 2 cm. On top of this SiC bed, 30 mg of sieved 
catalyst (75–212 µm) was loaded. This was followed by adding more of 
the SiC, leaving 2 cm of free space at the top of the reactor. Analysis of 
the products was performed using an online GC (Agilent Technologies 
7890B) equipped with an Agilent J&W HP-PONA column. The hydro-
carbon products were analyzed using an FID. Prior to the catalytic tests 
with n-heptane the catalysts were reduced in H2/He (90 vol% H2) at 
400 ◦C for 2 h. When n-hexadecane was studied, activation was caried 
out in pure H2 at 400 ◦C for 3 h. Experiments with n-heptane feedstock 
were performed with the following reaction conditions: H2/n-heptane 
molar ratio of 10, total pressure of 10 bar and WHSV of 2.4 gn- 

C7⋅gcat
− 1⋅h− 1. When n-hexadecane was used as a feedstock, the following 

reactions conditions were applied: H2/n-hexadecane molar ratio of 10, 
total pressure of 5 bar and WHSV of 2.9 gn-C16⋅gcat

− 1⋅h− 1. These pressures 
were chosen to prevent alkane condensation during reaction. 

The conversion of n-heptane or n-hexadecane (Xn-alkane) was calcu-
lated using: 

Xn-alkane =

(

1 −
FCwt.n− alkane,out

FCwt.n− alkane,in

)

• 100% (3)  

Where FCwt.n-alkane,out and FCwt.n-alkane,in are the flows based on carbon 
weight of n-alkane going out or in the reactor, respectively. The isomer 
yield (Yi-alkane) was calculated using: 

Yi− alkane =

(
FCwt.i− alkane,out

FCwt.n− alkane,in

)

• 100% (4) 

Similarly, the yield of any cracked product was calculated using: 

YCm =

(
FCwt.Cm,out

FCwt.n− alkane,in

)

• 100% (5) 

In which Cm is a hydrocarbon molecule with m carbon atoms (m =
1–6 during n-heptane conversion and m = 1–14 during n-hexadecane 
conversion). 

For n-hexadecane, the yield in mol-% of a product with m carbon 
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atoms was calculated as follows: 

YCm (mol − %) =

(
FCwt.Cm,out

FCwt.n− alkane,in

)

• (
16
m
) • 100% (6) 

The selectivity towards i-heptane (i-C7), i-hexadecane (i-C16), or 
cracked products (Cm) during hydroconversion was calculated with the 
following two equations: 

Si− C7 =

(
FCwt.i− C7,out

FCwt.n− alkane,in − FCwt.n− alkane,out

)

• 100% (7)  

Si− C16 =

(
FCwt.i− C16,out

FCwt.n− alkane,in − FCwt.n− alkane,out

)

• 100% (8)  

SCm =

(
FCwt.Cm,out

FCwt.n− alkane,in − FCwt.n− alkane,out

)

• 100% (9) 

It should be noted that the C15 peaks overlap with i-C16 peaks in the 
chromatogram, and therefore it is assumed that YC1 (mol-%) = YC15 
(mol-%). This holds when hydrogenolysis activity is low, which is the 
case for the Pt based catalysts. The signals for ‘C15′ and i-C16 peaks are 
ascribed to i-C16 products. 

3. Results and discussion 

3.1. Quantification of metal and acid sites 

The platinum weight loadings and number of acid sites are summa-
rized in Table 1. The actual Pt weight loading was close to the intended 
weight loading resulting in a series of Pt-SiO2/ZSM-22 (Pt-on-silica) and 
Pt-ZSM-22/SiO2 (Pt-on-ZSM-22) catalysts with weight loadings of 
0.005, 0.01, 0.05, 0.1, and 0.5 wt%. The number of acid sites as deter-
mined by temperature programmed desorption of ammonia (NH3-TPD) 
was in all cases between 0.14 and 0.19 mmol g− 1 with no clear corre-
lation with Pt loading. 

The Pt weight loadings were similar to the weight loadings on the Pt/ 
Al2O3/ZSM-22 catalysts as previously reported [24]. The numbers of 
acid sites in the Pt/SiO2/ZSM-22 were slightly higher compared to those 
of the Pt/Al2O3/ZSM-22 catalysts, which might have been caused by 
using a different batch of ZSM-22 or by effects caused by the binder [35, 
37]. It is not expected that these differences were caused by 

dealumination of the zeolite as has been observed with silica binders 
before [34,38], since the number of acid sites per gram of composite 
(50/50 zeolite/binder by mass) material was approximately half of the 
number of acid sites in pristine ZSM-22 (0.280 mmol g− 1, Table S1). 

3.2. Location and size of Pt nanoparticles 

The location and size of Pt nanoparticles were determined by high 
resolution HAADF-STEM. Prior to the measurement, most of the cata-
lysts were ultramicrotomed to sections with a thickness of 70 nm. This 
allowed for looking “inside” the catalyst grains and distinguishing Pt 
nanoparticles on the ZSM-22 from Pt nanoparticles on the silica binder 
(Fig. 1). The resolution and contrast for Pt-SiO2/ZSM-22 catalysts with a 
weight loading ≤0.01 wt% were not high enough to distinguish Pt 
nanoparticles unambiguously, due to a combination of a high Pt 
dispersion, ultralow Pt loadings, and the use of a resin. The 0.01Pt-SiO2/ 
ZSM-22 was imaged without performing ultramicrotomy, with the 
sample deposited onto a TEM grid by dipping the grid into a small sieve 
fraction (<75 µm) of the sample (Fig. 1f). This ensured the deposition of 
a very thin layer. 

Based on the HAADF-STEM images the average Pt particle diameter 
was determined and the corresponding dispersion was calculated 
(Table 1). All samples displayed well dispersed Pt nanoparticles on 
either the ZSM-22, both in and on the zeolite crystals (Fig. 1a, c and e), 
or on the silica binder (Fig. 1b, d and f). However, in several images, a 
few larger Pt nanoparticles with a diameter up to 10 nm were observed 
as illustrated in Fig. 1c and as inferred from the standard deviations in 
the average Pt particle diameters (Table 1), in particular for 0.1Pt-SiO2/ 
ZSM-22. This may have been caused by redissolution of platinum by the 
NH3 peptizing agent, followed by rapid drying and calcination of the 
paste. HAADF-STEM on a physical mixture of 0.4Pt/SiO2 + ZSM-22, 
prepared without the use of a peptizing agent (Fig. S1), was performed 
to investigate the impact of the use of NH3. The images that were ob-
tained showed well-dispersed Pt nanoparticles, confirming that the 
larger Pt nanoparticles have formed in the peptizing and (re-)calcination 
process. During the preparation of 0.1Pt-SiO2/ZSM-22 there might have 
been a temporary higher concentration of NH3 if the additional Milli-Q 
water was not added immediately afterwards, causing increased redis-
solution leading to a larger increase of particle size compared to the 
other catalysts. Since the few larger particles were outnumbered by 

Table 1 
Results of quantification of metal and acid sites; Pt weight loading, particle size and dispersion, and number of strong acid sites.  

Catalyst Intended Pt weight loading 
(wt%) 

Pt weight loadinga (wt 
%) 

Number of strong acid sitesb (mmol 
g− 1) 

dn ± σn
c 

(nm) 
ds ± σs

d 

(nm) 
Dispersione 

(%) 
nPt/ 
nA 

0.005Pt-SiO2/ZSM- 
22  

0.005  0.004  0.160 n.d. n.d. 100f  0.001 

0.01Pt-SiO2/ZSM- 
22  

0.01  0.012  0.139 ~0.8g ~1.3g 100  0.004 

0.05Pt-SiO2/ZSM- 
22  

0.05  0.041  0.142 1.2 ± 1.1 4.0 ± 1.6 94  0.014 

0.1Pt-SiO2/ZSM-22  0.1  0.13  0.182 2.6 ± 3.6 12.3 ± 4.5 43  0.016 
0.5Pt-SiO2/ZSM-22  0.5  0.46  0.158 1.1 ± 0.9 4.1 ± 1.5 100  0.15 
0.005Pt-ZSM-22/ 

SiO2  

0.005  0.004  0.166 1.1 ± 0.4 1.3 ± 1.1 100  0.001 

0.01Pt-ZSM-22/ 
SiO2  

0.01  0.009  0.154 0.9 ± 0.4 1.6 ± 1.0 100  0.003 

0.05Pt-ZSM-22/ 
SiO2  

0.05  0.054  0.136 1.3 ± 1.9 10.1 ± 2.3 86  0.018 

0.1Pt-ZSM-22/SiO2  0.1  0.11  0.145 1.4 ± 1.7 7.4 ± 2.3 82  0.032 
0.5Pt-ZSM-22/SiO2  0.5  0.41  0.189 1.1 ± 0.3 1.3 ± 1.2 100  0.11  

a Determined by inductively coupled plasma optical emission spectroscopy on digested samples. 
b Determined by deconvolution of NH3-TPD profiles and integration of the peak at T ≥ 300 ◦C. 
c Number average size of Pt nanoparticles as determined using HAADF–STEM, based on at least 150 counts. 
d Surface average particle size as determined using HAADF–STEM followed by calculation using Eq. (2). 
e Dispersion = 1.13/dPt [46]. Dispersion of Pt with dTEM <1.13 nm was estimated to be 100%. 
f Based on the absence of observable Pt nanoparticles or clusters in HAADF–STEM and the lower weight loading than the 0.01Pt-SiO2/ZSM-22 catalyst. 
g Average diameter of Pt nanoparticles based on 3 nanoparticles. 
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smaller particles and because they were mainly present in samples with 
higher weight loadings, their overall impact on the nPt/nA ratios is 
limited. Furthermore, the textural properties of the zeolite-binder mix-
tures, also when Pt was included, were all very alike as observed with 
N2-physisorption (Table S2). The bifunctional catalysts therefore differ 
in platinum particle location and platinum weight loading, whereas the 
acidic properties are similar in all cases. 

3.3. X-ray absorption spectroscopy to study the nature of Pt sites 

X-ray absorption spectroscopy was performed in order to obtain 
more information on the nature of the Pt sites after reduction. Linear 
Combination Fitting (LCF) of the Pt L3 edge X-ray absorption near edge 
structure (XANES, Fig. S1) was used to determine the average Pt 
oxidation state for the various catalysts (Table 2). 

Interestingly, the XANES LCF results of the Pt-on-SiO2 catalysts all 
show that the Pt was predominantly present as Pt0 (Table 2), unlike that 
of the Pt-on-Al2O3 catalysts prepared previously [24]. This is in 

Fig. 1. HAADF STEM images of ultramicrotomed samples of (a) 0.5Pt-ZSM-22/SiO2, (b) 0.5Pt-SiO2/ZSM-22, (c) 0.1Pt-ZSM-22/SiO2, (d) 0.1Pt-SiO2/ZSM-22, (e) 
0.01Pt-ZSM-22/SiO2, (f) (not ultramicrotomed, mind the different scale) 0.01Pt-SiO2/ZSM-22. 
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agreement with the fact that silica supported nanoparticles are more 
readily reduced than similar particles supported on alumina [41,42]. 
Also for the samples with Pt on ZSM-22, the majority of Pt is zero-valent. 
In particular for the ZSM-22 series, decreasing the metal loading led to 
an increase in Pt4+ in these samples. 

Based on the Extended X-ray Absorption Fine Structure (EXAFS) in  
Fig. 2, qualitative information about the average local environment of 
the absorbing Pt atoms was derived. 

When Pt was deposited on silica, both Pt-Pt (scattering paths at 2.4 
and 2.9 Å) and Pt-O (scattering path below 2.0 Å) scattering [24,47] 
were observed at a weight loading of 0.1 wt%. At a loading of 0.05 wt%, 
Pt-Pt scattering became less apparent and a greater magnitude of Pt-O 
scattering was observed. This is in line with the results obtained with 
Linear Combination Fitting (Table 2) of the XANES (Fig. S2), showing 
that increased amounts of Pt4+ are present when decreasing the weight 
loading from 0.1 to 0.05 wt%. Decreasing the Pt weight loading to 
0.01 wt% resulted in the absence of clear similarity with the reference 
spectra, and only a scattering path at a radial distance of 2.1 Å was 
observed. This could be indicative for the presence of Pt dimers [48], a 
hypothesis which is supported by the presence of small Pt clusters and 
low density of Pt nanoparticles in this sample (Fig. 1f). 

Strong Pt-Pt scattering was observed for all catalysts with Pt on ZSM- 
22, regardless of the weight loading, proving the presence of metallic Pt 
nanoparticles in all of these catalysts, which can be seen in the HAADF- 
STEM images (Fig. 1a, c, e). At loadings <0.05 wt%, a Pt-O scattering 
was observed, which can indicate covalently bound oxygen, or the 
interaction of Pt0 with support oxygen, or a combination thereof [49, 
50]. This is likely a result of the presence of small clusters or even some 
single atoms of Pt. 

3.4. Catalytic performance in n-heptane hydroconversion 

The performance of all Pt/SiO2/ZSM-22 catalysts for the hydro-
conversion of n-heptane is summarized in Fig. 3 and Fig. S3. At 330 ◦C 
the n-heptane conversion in all cases was higher at higher Pt weight 
loadings. The selectivity towards isomers, however, displayed a 
maximum with Pt loading, also when the catalysts were compared at the 
same conversion level. At weight loadings of 0.1 wt% or higher it was 
beneficial to the isomer selectivity to have the Pt nanoparticles on the 
binder, in line with previous research [19,25–27]. At a weight loading of 
0.01 wt% or lower, placing the Pt on the silica greatly lowered the 
selectivity and conversion, whereas Pt-ZSM-22/SiO2 maintained 
reasonable activity and even outperformed its Pt-on-SiO2 counterpart in 
terms of isomer selectivity. Most likely this is caused by the shortage of 
Pt nanoparticles in 0.01Pt-SiO2/ZSM-22, as evidenced by the low den-
sity of metal nanoparticles in HAADF-STEM images and absence of Pt-Pt 
scattering in EXAFS, and not by the chemical state of the Pt as inferred 
from XANES. On the contrary, the 0.01Pt-ZSM-22/SiO2 catalysts con-
tained a sufficient number of Pt nanoparticles to balance (de)hydroge-
nation with the acid-catalyzed isomerization and cracking. 

For the production of dibranched isomers of n-heptane, it was 
beneficial to place Pt on the binder. This can be rationalized by shape 
selectivity of the zeolite and very low inward diffusivity of bulky hy-
drocarbons inside of the 10 MR zeolites. In Pt-SiO2/ZSM-22 the 
dibranched intermediates were likely formed in the pore mouth 
[51–53], allowing for enhanced outward diffusion to the metal sites, 
preventing cracking. In other words, when formed too deep inside the 
zeolite pores, these intermediates cannot diffuse rapidly out of the 
zeolite, enhancing the formation of smaller hydrocarbons via cracking. 

3.5. Catalytic performance in n-hexadecane hydroconversion and 
comparison with Pt/Al2O3/ZSM-22 catalysts 

To study the effect of the location and loading of the Pt nanoparticles 
in Pt/SiO2/ZSM-22 in more detail, their catalytic performance was also 
assessed using n-hexadecane as a feedstock. Furthermore, the effect of 
the silica binder was investigated by comparing the results to those 
obtained with Pt/Al2O3/ZSM-22 catalysts prepared previously [24]. In 
general, the conversion of n-hexadecane requires lower temperatures 
than the conversion of n-heptane when the metal loading is sufficient 
(Fig. S3 and S4), which is a result of the enhanced adsorption of the 
heavier molecule onto the catalyst. In Fig. 4 the temperature to reach 
50% n-hexadecane conversion (T50) is shown as a function of Pt weight 
loading. These T50 values were acquired by interpolation of n-hex-
adecane conversions as function of the temperature (Fig. S4). 

When Pt was on the binder (either silica or alumina), the T50 of the 
low loaded catalysts was significantly higher than the T50 for catalysts 
with higher Pt loadings. When Pt was on the ZSM-22, the T50 does not 
further decrease at loadings higher than 0.01 wt% (Fig. 4). This finding 
is in line with what was observed with n-heptane hydroconversion, 
where Pt loadings of 0.01 wt% were sufficient to maintain catalytic 
activity, when the Pt was located on the ZSM-22 (Fig. 3 and ref. [24]). 

The type of binder and/or support also seems to play a key role in the 
hydroconversion activity of catalysts with low loadings. When Pt was 
located on the silica, the T50 increased and the activity of the catalyst 
was drastically lower when the Pt loading was lowered from 0.5 wt% to 
0.05 wt% (Fig. S4). Contrary to this, the 0.05Pt-Al2O3/ZSM-22 had a T50 
that is comparable to that of the 0.5Pt-Al2O3/ZSM-22 catalyst in terms of 
activity (Fig. 4). Since nPt/nA ratios for the SiO2 and Al2O3 catalysts were 
similar, the cause of this difference should be ascribed to another phe-
nomenon. A possible explanation is that, although oxidized to an extent, 
the XAS of 0.01Pt-Al2O3/ZSM-22 catalyst showed Pt-Pt scattering and in 
HAADF-STEM the Pt particles were clearly present. Conversely, the 
0.01Pt-SiO2/ZSM-22 catalyst exhibited no clear Pt-Pt scattering with 
very few Pt particles present in the HAADF-STEM images acquired. The 
combination of the very high dispersion and very low loading of Pt can 

Table 2 
Quantification from XANES Linear Combination Fitting (LCF) and correspond-
ing Rfactor.  

Sample Pt0 (%) Pt4+ (%) Rfactor 

0.1Pt-SiO2/ZSM-22 100 0  0.0007 
0.05Pt-SiO2/ZSM-22 93.2 ± 2.2 6.8 ± 2.2  0.014 
0.01Pt-SiO2/ZSM-22 97.6 ± 0.8 2.4 ± 0.8  0.0077 
0.1Pt-ZSM-22/SiO2 95.1 ± 1.8 4.9 ± 1.8  0.0088 
0.05Pt-ZSM-22/SiO2 95.7 ± 1.0 4.3 ± 1.0  0.0035 
0.01Pt-ZSM-22/SiO2 88.7 ± 3.9 11.3 ± 3.9  0.037 
0.005Pt-ZSM-22/SiO2 87.0 ± 4.2 13.0 ± 4.2  0.043  

Fig. 2. Fourier Transforms of Pt L3 edge EXAFS spectra in R space of reduced 
bifunctional catalysts with different Pt weight loadings and Pt nano-
particle locations. 
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explain the low activity. This, in turn, also leads to a decrease in isomer 
selectivity at lower conversion levels and maximum isomer yield (Fig. 5, 
Fig. S5). 

In Fig. 5a and b the selectivity of the catalysts at a conversion level of 
20–32% is compared. At these conversion levels, catalysts with low Pt 
loadings (≤0.01 wt%) on a silica or alumina binder displayed poor 
isomer selectivities compared to most of their counterparts in which the 
Pt was placed on/in ZSM-22. Therefore, at low loadings and at relatively 
low conversion levels (20–32%) it was typically beneficial for the isomer 
selectivity to have the Pt deposited on the zeolite. 

Nevertheless, maximum yields (attained at different temperatures, 
Table S3) of branched hexadecane (Fig. 5c,d) required relatively high 
weight loadings of ≥0.1 wt% with Pt on the binder. When alumina was 
used as binder, a Pt weight loading of 0.05 wt% (Fig. 5b) did not 
significantly compromise the isomer yield compared to higher loadings. 
At lower loadings (<0.05 wt%), however, it was beneficial to have the Pt 
on ZSM-22. Generally speaking, catalysts with Pt on ZSM-22 maintained 
relatively high isomer yields when the Pt weight loading was decreased. 
When Pt was on the binder, particularly on SiO2, low Pt loadings were 
detrimental to the isomer yield. In combination with the decreased ac-
tivity of Pt-on-binder catalysts with low loadings with respect to the Pt- 
on-ZSM-22 catalysts (Fig. 4), it is concluded that it is beneficial to locate 

Pt on the zeolite when ultralow (≤0.01 wt%) loadings of Pt are used. In 
terms of overall catalytic performance, a loading of 0.05 wt% or higher 
was required to sustain decent catalytic performance. This is a higher 
weight loading than for the n-heptane hydroconversion reaction, which 
is in line with the fact that generally higher nPt/nA ratios are required for 
adequate catalytic performance during the hydroconversion of longer 
hydrocarbons [29]. However, the experiments with the n-hexadecane 
feedstock were conducted at a total pressure of 5 bar, whereas n-heptane 
hydroconversion experiments were performed at 10 bar. Both the 
heavier hydrocarbon feedstock and the lower hydrogen partial pressure 
with hexadecane experiments are expected to increase the required 
metal loading [29,54] and the effects could not be disentangled based on 
these experiments. 

Looking at the catalysts with Pt loadings ≥0.05 wt% for the alumina 
binder and ≥0.1 wt% for the silica binder, it was preferred to keep the Pt 
located on the binder. This can be rationalized by the lower diffusivities 
of longer and bulkier hydrocarbons within the zeolite micropores 
[51–53,55]. Decreasing the nPt/nA ratio resulted in catalysts that 
favored overcracking of the feedstock (Fig. S6) and the carbon distri-
bution started to deviate substantially from a distribution that would be 
obtained during “ideal” hydrocracking [56]. The minimum Pt weight 
loading and preferred nanoparticle location in bifunctional metal-acid 
catalysts are affected by both the process conditions and the molecular 
weight of the hydrocarbon feedstock. 

4. Conclusions 

A set of Pt/SiO2/ZSM-22 catalysts with differing Pt weight loadings 
and nanoparticle locations were prepared and characterized. Pt weight 
loadings of 0.01 wt% and lower led to fewer visible Pt nanoparticles (HR 
HAADF-STEM) and limited Pt-Pt coordination (XAS) when located on 
the silica binder, while at the same loading of Pt on the ZSM-22, the 
catalysts had abundant observable Pt nanoparticles. Their catalytic 
performance during the hydroconversion of n-heptane was assessed and 
at low loadings (0.01 wt%) the catalytic activity and selectivity 
benefited from Pt being present on the ZSM-22 crystals, which is likely a 
result of the presence of Pt nanoparticles in sufficient numbers at that 
location. The hydroconversion of longer-chain hydrocarbons (n-hex-
adecane) over catalysts with ultralow amounts of Pt at different loca-
tions was assessed for the first time and the performance of Pt/SiO2/ 
ZSM-22 catalysts was compared to that of Pt/Al2O3/ZSM-22 catalysts. 
For the hydroconversion of n-hexadecane a Pt weight loading of 
≥0.05 wt%, preferentially placed on the binder, was desired. Decreasing 
the Pt loading led to a decrease in catalytic activity, regardless of the Pt 
location. Pt-on-SiO2 catalysts displayed very low activity at loadings of 

Fig. 3. Hydroconversion of n-heptane over Pt/SiO2/ZSM-22 bifunctional catalysts with different Pt loadings and locations at (a) similar conversion levels of 24–30% 
and (b) at the same temperature of 330 ◦C. Reaction conditions: P = 10 bar, H2/n-C7 = 10/1 mol/mol, and WHSV = 2.5 gn-C7⋅gcat

− 1⋅h− 1. Mono-C7 indicates mono-
branched i-heptane, Di-C7 indicates dibranched i-heptane, and Cracking indicates the products that have fewer than 7 carbon atoms in their molecular structure. 
Error bars indicate standard deviations. 

Fig. 4. Temperature to reach 50% n-hexadecane conversion as function of the 
Pt weight loading of Pt-SiO2/ZSM-22 (blue), Pt-ZSM-22/SiO2 (green), Pt-Al2O3/ 
ZSM-22 (red), and Pt-ZSM-22/Al2O3 (orange) catalysts. 
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0.01 wt% or lower, whereas Pt-on-Al2O3 catalysts still show activity and 
selectivity at these loadings. Based on the XAS and STEM results for 
0.01Pt-SiO2/ZSM-22 catalysts, although predominantly present as Pt0, 
the Pt dispersion appeared to be too high and the loading too low on 
these catalysts leading to a poor catalytic performance. Silica therefore 
was not a better binder and support for bifunctional hydroconversion 
catalysts with ultralow platinum loadings. 
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