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Abstract
Hydrodeoxygenation (HDO) of isoeugenol was carried out at 200 °C and 30 bar of H2 in a batch reactor using a series of 
bifunctional catalysts consisting of platinum supported on zeolite H-Beta-25 or H-Beta-300 and Bindzil as a binder. The 
purpose of the matrix was to understand the effect of the binder on the reaction, emulating the components of industrial 
catalysts and therefore facilitating catalyst scale-up. The effect of the supports acid strength, the location of metal nanopar-
ticles, and their proximity to acid sites was also studied. The catalysts were characterized by N2 physisorption, inductively 
coupled plasma atomic emission spectrometry, Fourier transform infrared spectroscopy of adsorbed pyridine and scanning 
and transmission electron microscopy. It was found that platinum supported only on the zeolite was more active compared 
to platinum located on the binder. High levels of isoeugenol conversion (ca. 100%), propylcyclohexane yield (56%) and the 
liquid-phase mass balance (68%) were obtained for the catalyst consisting of Pt supported on both zeolite H-Beta-25 and 
Bindzil.

Keywords  Hydrodeoxygenation · Bifunctional catalyst · Platinum · Zeolite · Bindzil · Binder · Isoeugenol

1  Introduction

An interest in developing alternative and renewable fuels has 
increased recently in a quest to reduce contaminant emis-
sions and dependence on fossil fuels, as well as to meet 
climate regulations [1]. Currently, one of the main chal-
lenges for the energy transition of the aviation industry is 
that the fuels used in commercial planes cannot be replaced 
by batteries, mainly due to their low energy to weight ratio 
[2]. A viable alternative would be to obtain hydrocarbons 
from renewable sources, thus lowering their environmental 
impact [3, 4].

Among many renewable energy sources, lignocellulosic 
biomass is considered as an attractive source for biofuels, 
materials, and chemicals, due to its abundance and availabil-
ity. Consisting of cellulose, hemicellulose, and lignin, it can 
be converted through thermochemical or chemical processes 
into highly desired compounds. While cellulose, hemicel-
lulose and extractives are employed extensively within the 
pulp and papermaking industry and to produce fine chemi-
cals [5, 6] respectively, lignin is yet to make a commercial 
breakthrough.

Recent research has focused on the valorization of lignin, 
a complex biopolymer rich in aromatics and oxygenated 
moieties. Pyrolysis of lignin results in a mixture of smaller 
oxygenated compounds commonly called lignin-derived bio-
oil, which displays low heating value, high viscosity and 
corrosiveness caused by its oxygen content, thereby limiting 
its use as a fuel [7].

These oxygen moieties need to be removed to obtain 
hydrocarbons that can be utilized in modern combustion 
engines, which can be done through hydrodeoxygenation 
(HDO). Two types of active sites are required to carry out 
HDO: metal (to activate hydrogen) and acid sites or oxygen 
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vacancies (to activate the oxygen moieties in biomass-
derived compounds) [8].

HDO of model phenolic compounds is commonly studied 
instead of bio-oil per se due to the complexity of the latter. 
Among the most commonly used molecules are phenol [9], 
guaiacol [10, 11] anisole [27] and vanillin [12]. Isoeugenol 
is of particular interest as it resembles the phenylpropane 
units constituting lignin and the molecules obtained from its 
pyrolysis; its HDO product being propylcyclohexane [13], 
which is within the hydrocarbon range utilized in jet fuel.

Renewable jet fuel must exhibit similar properties as 
conventional jet fuel in order to be used within existing 
infrastructure. In general, fossil-derived jet fuel consists of 
hydrocarbons in the range of C8–C16, with alkanes, alkenes, 
cycloalkanes, and aromatics being the main components [14, 
15].

Recent development of HDO catalysts has shifted towards 
transition metals such as: Ni, Mo and Co [16, 17]. However, 
also noble metals such as Pt, Ru and Pd, deposited on a vari-
ety of supports including zeolites, metal oxides [18–20], dif-
ferent types of carbon [21–25], and nanostructured materials 
[26–28], have been investigated.

Zeolites are structured aluminosilicates of considerable 
interest, as they are one of the most extensively used sup-
ports and catalysts, mainly due to their inherent acidity 
(essential for HDO), large surface area and porosity [29]. 
Often used in petroleum refining and petrochemical industry 
(e.g., isomerization, alkylation, and cracking reactions [30]), 
they can be found either as naturally occurring minerals or 
synthesized ones, allowing to tune their acidity by varying 
their Si:Al ratio [31] depending on the desired use or tar-
get reaction. Research on the scaling-up of zeolite-based 
catalysts has recently become an attractive topic not only 
in industry, but also in academia [34, 36]. Catalysts used 
in industry need to be shaped to reduce pressure drops and 
resist the conditions used in continuous systems [32], which 
requires fundamental understanding of shaping processes 
such as extrusion, for example. Commercial catalyst extru-
dates are composed of a mixture of materials (a matrix), 
containing not only a metal and a support, but also a binder 
(10–35 wt%), as well as a number of other components [33]. 
Binders, usually alumino-silicate clays, are added to aid with 
the catalysts shaping and to provide mechanical strength. 
However, their effect on catalytic activity or other physical 
properties has been scarcely studied in academic research.

The importance of active site proximity for bifunctional 
catalysts containing a binder has been studied in several 
works in the literature, namely for hydroconversion reac-
tions. It was found that close proximity between Pt and Beta 
zeolite resulted in higher conversion and C6 selectivity for 
the hydroisomerization of n-hexane when using Pt supported 
on H-Beta-25 and Bentonite extrudates [34]. In contrast, 
close proximity between Pt and acid sites was detrimental 

for selectivity in the hydroisomerization of n-heptane when 
using catalysts comprised of zeolite ZSM-22 and mordenite 
and γ-alumina binder, as it resulted in undesired cracking 
reactions [35]. These results highlight the necessity of study-
ing the effects of the intimacy between the sites for particular 
systems.

Our previous studies on the HDO of lignin-derived model 
compounds have focused on metal-support systems with-
out considering the addition of a binder [44]. In a recent 
work [44], bifunctional Pt- and Ir-modified Beta zeolites 
and mesoporous materials (SiO2, Al2O3 and MCM-41) were 
tested for the deoxygenation of isoeugenol in a batch reactor 
at 200 °C, 30 bar of total pressure and 4 h of the reaction 
time. While studying the effect of the support on the reac-
tion, it was found that complete conversion of isoeugenol 
and up to 89% selectivity was achieved using Pt/H-Beta-300 
in 240 min. The other supports tested displayed conversions 
of < 10%, highlighting the importance of support acidity. 
An additional benefit of the zeolite-supported catalysts over 
other supports, such as activated carbon, is that it can be 
regenerated through calcination, while retaining similar 
catalytic activity.

In the present work, hydrodeoxygenation of isoeugenol 
over a bifunctional matrix consisting of Pt supported on zeo-
lite Beta and Bindzil as a binder was studied. The former 
(zeolite Beta) was chosen due to its commercial availability 
and relatively big pore size, while the latter (Bindzil), a type 
of colloidal silica without impurities, allows easy shaping of 
the zeolite-based catalysts [36].

Several catalyst parameters were modified to better under-
stand their effect on the reaction. First, a binder (Bindzil) 
was used in the matrix to observe its effect on the reaction. 
Two types of zeolites (H-Beta-25 and H-Beta-300) were 
used to determine the effect of acidity. Similarly, the loca-
tion of Pt was also varied to determine the importance of 
the proximity between the active sites. Pt was alternatively 
loaded on Bindzil or on zeolite or on both. The results show 
that Pt location and the selection of catalyst preparation 
method have a large impact on the catalyst performance.

2 � Experimental

2.1 � Reagents

Zeolites NH4-Beta-25 and H-Beta-300 were obtained 
from Zeolyst International (SiO2/Al2O3 = 25 and SiO2/
Al2O3 = 300, respectively) while Binder Bindzil-50/80 
(50% colloidal SiO2 in H2O) was obtained from AzkoNo-
bel. Zeolite NH4-Beta-25 was transformed into the proton 
form by calcination at 400 °C [37]. The platinum precur-
sor, [Pt(NH3)4](NO3)2, (≥ 50.0% Pt basis) was acquired 
from Sigma-Aldrich. For the reactions, n-dodecane (Acros 
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Organics, 99%) and isoeugenol (Sigma Aldrich, 98%, mix-
ture of cis and trans) were used.

2.2 � Catalyst Synthesis

The location of the metal deposition was varied for both 
series of catalysts in order to modify the proximity between 
the metal and acid sites. Platinum was deposited by the 
evaporation-impregnation method. The nominal metal load-
ing for all catalysts was 2 wt%. All catalysts have the same 
ratio of the zeolite-to-Bindzil of 70:30. The catalysts were 
denoted as either PtB300ZX or PtB25ZX, depending on the 
zeolite used as a support. Z was used to denote the presence 
of Bindzil while X corresponds to the location of the metal; 
A was used for Pt supported on both zeolite and the binder, 
B for Pt supported only on the zeolite, and C for Pt sup-
ported only on the binder. The preparation method has been 
thoroughly described in previous publications [37, 38]. The 
following is a brief summary:

Type A—Pt located on both: A mixture of 70% zeo-
lite and 30% Bindzil in water (80% water to 20% mixture) 
was stirred for 24 h, followed by evaporation of water and 
calcination at 500 °C. After deposition of platinum from 
[Pt(NH3)4](NO3)2, the catalyst was reduced under hydrogen 
flow (40 mL/min) at 350 °C for 3 h with a heating rate of 
2 °C/min.

Type B—Pt located on zeolite: First, platinum was 
deposited on the zeolite by evaporation-impregnation from 
[Pt(NH3)4](NO3)2 followed by reduction under hydrogen 
flow (40 mL/min) at 350 °C for 3 h with a heating ramp of 
2 °C/min. Pt/zeolite was mixed afterwards with Bindzil in 
water for 24 h. After water was evaporated, the catalyst was 
calcined at 500 °C.

Type C—Pt located on binder: Bindzil was dried and 
sieved to a size of 45–63 μm prior to deposition of Pt. After 
deposition of platinum, Pt/Bindzil was reduced under hydro-
gen flow (40 mL/min) at 350 °C for 3 h with a heating ramp 
of 2 °C/min. Thereafter, it was mixed in water with the cor-
responding amount of the zeolite, followed by calcination of 
the catalyst at 500 °C.

All catalysts were sieved to a particle size of 45–63 μm 
to avoid internal mass transfer limitations.

A summary of the catalysts used in the current work is 
presented in Table 1.

2.3 � Catalytic Tests

The catalysts were reduced ex-situ under continuous hydro-
gen flow (40 mL/min, 350 °C for 180 min, 10 °C/min) in a 
glass reactor. The system was flushed with argon (50 mL/
min, 10 min) prior and after the reduction procedure to 
remove air and hydrogen, respectively. Dodecane, the sol-
vent used in the reaction, was added to avoid reoxidation of 
the catalyst.

HDO reactions were performed in a stainless-steel batch 
reactor (PARR, 300 mL) equipped with a heating jacket and 
mechanical stirring, as well as a sampling, gas inlet and out-
let valves. The following quantities were used for the reac-
tion: 0.1 g of isoeugenol, 0.05 g of the catalyst, and 50 mL 
of dodecane.

After the reactant, the catalyst and the solvent were 
loaded into the reactor, it was purged with 7 bar of argon 
first (AGA, 99.999%) for 10 min and afterwards with 10 bar 
of hydrogen (AGA, 99.999%) for 10 min. The reactor was 
pressurized to an initial pressure of 20 bar with hydrogen. 
The reactor was heated to 200 °C with a heating ramp of 
10 °C/min without stirring. When the reaction temperature 
was reached, hydrogen was added to reach 30 bar of total 
pressure and stirring was started with a speed of 900 rpm to 
avoid external mass transfer limitations. Reaction conditions 
we chosen based on our previous work [44].

The time zero was set when the reaction temperature 
and stirring speed were reached. Samples taken at regular 
time intervals were analyzed by GC (Agilent Technologies 
6890N, 7683 Series Injector) and GC/MS (Agilent Tech-
nologies 6890, 7683 Series Injector) both equipped with 
a DB-1 capillary column (Agilent 122-103e, 30 m length, 
250 μm internal diameter and 0.5 μm film thickness) using 
the following temperature program: 60 °C (5 min), 3 °C/min 
to 135 °C, and 15 °C/min to 300 °C. Helium was employed 
as a carrier gas (flow rate of 1.7 mL/min).

Table 1   Denomination and 
characteristics of the catalysts 
used for HDO of isoeugenol

Catalyst denomination Metal deposition 
location

Zeolite Binder Metal Nominal 
Pt loading 
(wt%)

PtB25ZA On both H-Beta 25 Bindzil Platinum 2
PtB25ZB On zeolite H-Beta 25 Bindzil Platinum 2
PtB25ZC On binder H-Beta 25 Bindzil Platinum 2
PtB300ZA On both H-Beta 300 Bindzil Platinum 2
PtB300ZB On zeolite H-Beta 300 Bindzil Platinum 2
PtB300ZC On binder H-Beta 300 Bindzil Platinum 2
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Conversion of dihydroeugenol (X) was calculated using 
Eq. (1), where C0 is the initial concentration of dihydroeuge-
nol and CDH is the concentration of dihydroeugenol at a 
given time:

The yield of propylcyclohexane (YPCH) was determined 
using the concentration of propylcyclohexane at a certain 
time (CPCH) and the initial concentration of dihydroeugenol 
(C0) as shown below:

Selectivity towards propylcyclohexane (SPCH) was cal-
culated using Eq. (3), where CPCH is the concentration of 
propylcyclohexane at a certain time and Σprod is the sum of 
concentrations of all products at the corresponding time:

Gas chromatography liquid phase analysis (GCLPA) was 
used to determine the mass balance of products remaining 
in the liquid phase:

In Eq. (4) Σall is the sum of the concentrations of reactants 
and products at a specific time while C0 is the initial concen-
tration of dihydroeugenol.

Rate constants were determined using numerical data fit-
ting of the dihydroeugenol concentrations throughout all the 
reaction duration, employing Eq. (5) for a zero-order reac-
tion implemented in Origin 2019 software:

The zero-order reaction kinetics was used as it most ade-
quately described the experimental data. In Eq. (5) CDH is 
the concentration of dihydroeugenol at a given time, C0 is 
the initial concentration of dihydroeugenol, k0 is the zero-
order rate constant and t is time.

2.4 � Materials Characterization

Determination of the catalyst metal loadings was performed 
by inductively coupled plasma atomic emission spectrom-
etry (ICP-AES, Goffin Meyvis Spectro Cirusccd).

Textural characteristics of the catalysts were determined 
by nitrogen physisorption (Micromeritics 3Flex-3500). For 
all catalysts containing zeolites, the Dubinin–Radushkevich 
method was used to determine the specific surface area while 

(1)X =
C
0
− CDH

C
0

∗ 100

(2)YPCH =
CPCH

C
0

∗ 100

(3)SPCH =
CPCH

Σprod.

∗ 100

(4)GCLPA =
Σall

C
0

∗ 100

(5)CDH − C
0
= −k

0
t

the density functional theory (NL-DFT) method was used 
to determine pore size distributions. For pure Bindzil the 
surface area and pore volumes were determined, respec-
tively, using the BET and the BJH method for the desorption 
branch. The samples underwent a two-stage pretreatment. 
Ex-situ outgassing was done in a Micromeritics VacPrep 061 
Sample Degas System under vacuum at 200 °C for 20–24 h, 
followed by in-situ degassing for 5 h at 250 °C.

Metal particle sizes of the reduced catalysts were meas-
ured by transmission electron microscopy (JEM-1400Plus, 
JEOL, Japan). The samples were suspended in ethanol and 
mounted on a copper grid prior to the analysis. Determi-
nation of the average metal particle size was performed 
by measuring the diameter of over 200 particles using the 
ImageJ software. On average 8–10 images per sample have 
been evaluated.

Scanning electron microscopy (Zeiss Leo Gemini 1530) 
was utilized to observe the morphological differences 
between the supports.

Quantification of the Brønsted and Lewis acid sites of 
the catalysts was done by Fourier transform infrared spec-
troscopy of adsorbed pyridine (ATI Mattson FTIR Infin-
ity Series) using molar extinction coefficients reported in 
the literature [39]. Desorption of pyridine at 250, 350, and 
450 °C was done to determine the weak, medium, and strong 
acid sites, respectively; measurements were taken at 100 °C.

3 � Results and Discussion

3.1 � Catalyst Characterization

Morphological differences among the zeolites, Bindzil and 
the mixture of the zeolite and Bindzil can be observed using 
scanning electron microscopy (Fig. 1). H-Beta-25 particles 
are much smaller (ca. 20–250 nm, Fig. 1a) than those from 
H-Beta-300 (ca. 300–1000 nm, Fig. 1b). On the other hand, 
Bindzil displays mostly spherical particles (ca. 50–200 nm, 
Fig. 1c). For zeolite and Bindzil mixtures (Fig. 1d,e), it can 
be observed that the zeolitic particles are surrounded by the 
spherical Bindzil particles.

A summary of the metal loadings, metal particle sizes 
and textural properties of the catalysts and pure supports is 
presented in Table 2.

The catalyst metal loadings obtained by ICP were close 
to the nominal value of 2 wt%.

Transmission electron microscopy images (Fig. 2) were 
used to determine the metal particle sizes; a summary is 
presented in Table 2. All catalysts exhibited an average 
metal particle size in the range of 4–5 nm, indicating that 
the metal dispersion was 20–25%. Particle size histograms 
can be consulted in the supporting information, Fig. S1. 
Dispersion was calculated based on [40] using the formula 
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dPt = 108/D(%). Dispersion values were similar between 
samples given their similar metal particle sizes. The pres-
ence of bigger particles (up to 50 nm) was observed in 
the case of both PtB300ZC and PtB25ZC, where Pt was 
deposited on Bindzil. This could be caused by the prepa-
ration of these materials; namely deposition of platinum 
only on a lower amount of the support (29 wt% corre-
sponding to Bindzil) and different point zero charges (pzc) 
of zeolites and Bindzil. The latter difference implies also 

differences between the zeta potential of these materials at 
the pH of deposition and pzc, resulting in different degree 
of Pt agglomeration on the zeolite and the binder.

TEM micrographs of spent PtB300ZX catalysts are 
shown in Fig. 3 and the corresponding average metal par-
ticle sizes are presented in Table 2. A slight increase in 
metal particle size was observed for spent catalysts, indi-
cating that agglomeration occurred during the catalytic 
reactions.

Fig. 1   SEM images of a H-Beta-25, b H-Beta-300, c Bindzil, d H-Beta-25 + Bindzil and e H-Beta-300 + Bindzil

Table 2   Metal loadings, metal 
particle sizes and textural 
properties of supports and 
catalysts

n.d. not determined

Catalyst Pt loading 
(wt%)

Metal particle 
size (nm)

Textural characteristics

SSA (m2/g) VΣ (cm3/g) VMP (cm3/g)

H-Beta-25 – – 638 0.36 0.31
H-Beta-300 – – 617 0.29 0.19
Bindzil – – 154 0.30 –
PtB25ZA 1.9 4.2 490 0.31 0.13
PtB25ZB 1.8 4.3 466 0.29 0.11
PtB25ZC 1.9 4.7 493 0.32 0.14
PtB300ZA 1.7 4.4 459 0.23 0.15
PtB300ZB 1.8 4.2 443 0.22 0.14
PtB300ZC 1.8 4.6 467 0.26 0.15
PtB300ZA (spent) n.d 4.7 432 0.20 0.12
PtB300ZB (spent) n.d 4.8 421 0.18 0.11
PtB300ZC (spent) n.d 5.3 425 0.21 0.13
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According to the nitrogen physisorption measurements, 
the catalysts exhibited high specific surface (SSA) areas 
(ca. 450 m2/g), as well as total pore volume (VΣ) of 0.2–0.3 
cm3/g and a pore diameter of 0.6 nm.

A decrease in the surface area and the micropore vol-
ume (VMP) can be observed when comparing the catalysts 
to the corresponding pure zeolitic supports, which could be 
explained by the presence of Bindzil with a lower surface 
area (154 m2/g), in addition to the blockage of the micropo-
res during metal deposition. Among the catalysts, those sup-
ported on H-Beta-25 displayed higher SSA and higher total 
pore volume (VΣ) than those supported on H-Beta-300. The 
pore diameter for all zeolitic-based catalysts was ca. 0.6 nm, 

indicating microporosity. On the other hand, neat Bindzil 
displayed a pore size of 12 nm due to its mesoporosity.

The textural properties of the spent H-Beta-300 catalysts 
were also measured after being washed with 100 mL of ace-
tone. The same degassing procedure as for the fresh catalysts 
was followed. A slight decrease in the textural properties can 
be observed when comparing with the corresponding fresh 
catalysts; this could be caused by coke formation during the 
reaction.

Adsorption–desorption isotherms and the pore size dis-
tributions are presented in Fig. 4.

Figure 4a illustrates the difference in isotherm pro-
files between zeolites and the colloidal silica (Bindzil). 

Fig. 2   TEM images of fresh a PtB25ZA, b PtB25ZB, c PtB25ZC and d PtB300ZA, e PtB300ZB, f PtB300ZC catalysts

Fig. 3   TEM micrographs of spent a PtB300ZA, b PtB300ZB and c PtB300ZC



1302	 Topics in Catalysis (2023) 66:1296–1309

1 3

Both zeolites display type I isotherms, characteristic of 
microporous materials [41]. Zeolite H-Beta-25 exhibits 
an H3 hysteresis type, while Bindzil displays a type IV 
isotherm and hysteresis H2, due to mesoporosity. The main 
pore contribution obtained by NL-DFT (Fig. 4b) was ca. 
0.6 nm for pure zeolites and all catalysts. The catalysts 
maintained similar adsorption–desorption isotherms 
to their corresponding zeolite support (Fig. 4c) and no 
changes in microporosity were observed after addition of 
the binder.

A noticeable difference in the adsorption isotherms 
could be observed in Fig. 4d between fresh and spent 
PtB300ZX catalysts, which also resulted in decreased tex-
tural properties of spent catalysts (Table 2). This could 
be due to the formation of carbon deposits during the 
reaction.

Pyridine FTIR was used to measure the acid site amount 
and strength of the catalysts and pure supports, results are 
presented in Table 3.

As expected, pure H-Beta-25 displayed the highest acid-
ity, over 4 times higher than H-Beta-300. On the other hand, 
Bindzil contained the lowest amount of acid sites. Addition 
of Bindzil to the catalyst mixture resulted in a decrease in 
overall acidity, as expected, being also in line with changes 
in the textural properties obtained from nitrogen phys-
isorption. The catalysts containing H-Beta-25 were more 
acidic than those with H-Beta-300. A trend was observed 
for both series of catalysts. The most acidic catalyst was 
type C, where Pt was located on the binder, indicating that 
deposition of the metal affected zeolite acidity, as previously 
reported in the literature [42]. The catalyst with the high-
est amount of acid sites was PtB25ZC. All catalysts from 
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the PtB300ZX series based on beta-300 with a high ratio of 
silica to alumina lacked strong acid sites.

3.2 � Hydrodeoxygenation of Isoeugenol

Hydrodeoxygenation (HDO) of isoeugenol (IE) was per-
formed in a batch reactor at 200 °C.

The transformation of isoeugenol into dihydroeugenol 
(DH) occurred almost instantaneously, reaching 100% con-
version within 1 min of reaction time. Subsequently, con-
version of dihydroeugenol was followed [43]. The steps 
comprising the reaction network (Scheme 1) that follow are 
hydrogenation of the aromatic ring, dehydration, and dem-
ethoxylation, resulting in formation of the propylcyclohex-
ane (PCH) desired product. A comparison of the catalytic 
results for HDO of isoeugenol using Pt/zeolite without the 
binder and both series of catalysts with the binder, under the 
same conditions, is presented in Table 4. The correspond-
ing graphs for the catalytic activity; dihydroeugenol (DH) 
conversion, propylcyclohexane (PCH) yield and gas chro-
matography liquid phase analysis (GCLPA) for both series 
of catalysts are displayed in Fig. 5.

Catalysts Pt/H-Beta-25 and Pt/H-Beta-300 without a 
binder (Pt/B25 and Pt/B300, respectively) were included in 
entries 1 and 2 as a comparison. These values were obtained 
from a previous publication [44]. Entries 3–5 correspond to 
the catalysts containing zeolite H-Beta-25, while entries 6–8 
correspond to those containing H-Beta-300.

Overall, activity was higher for catalysts without a binder 
(entries 1 and 2). For the binder-containing catalysts, the rate 
constant (k) values were the highest for catalysts PtB25ZB 
and PtB300ZA in their corresponding series (3.8·10–2 
and 1.6·10–2 M h−1 gcat

−1, entries 4 and 6, respectively). 
Although these values are in the same order of magni-
tude as those obtained for Pt/B25 and Pt/B300 [44], they 
are 2–4 times lower, indicating that when using catalysts 

containing a binder, activity is lower than when using only 
Pt on zeolite. Such differences in catalytic activity could 
be attributed to addition of the binder, which resulted in 
considerable changes in acidity and the surface area. This 
is especially noticeable when comparing acidity of Pt/B300 
(TAS = 52 µmol/g, [44]) and Pt/B25 (TAS = 406 µmol/g, 
[44]) and the series of catalysts containing Bindzil. Acidity 
for Pt/B300 is more similar to acidity of PtB25ZX series 
(TAS = 76–113 µmol/g) than of PtB300ZX series in the cur-
rent work. Additionally, the zeolite fraction for the binder-
containing catalysts is lower due to the addition of Bindzil, 
which is not the case for Pt/B300 and Pt/B25 used in [44].

Activity of the different catalysts towards DH transforma-
tion varies very much, as can be seen in Fig. 5a and Table 4. 
Dihydroeugenol (DH) conversion was higher for catalysts 
without a binder (entries 1 and 2), reaching 100% for both 
at 4 h of the reaction time, thus highlighting the effect of 
Bindzil addition on the catalytic activity. For both series of 
catalysts containing Bindzil, it can be observed that DH con-
version is higher for the PtB25ZX series (78–53%) than for 
PtB300ZX (61–25%). Deactivation could also be observed 
for PtB300ZC catalyst, as DH conversion did not increase 
considerably after the initial period, which was not the case 
for all other catalysts. While the results further indicate that 
acidity plays a crucial role, its impact is not straightforward.

The most active catalysts for both Bindzil-containing 
series were those of type A and B (DH conversion of about 
80% for PtB25ZA and PtB25ZB, entries 3 and 4; and 61% 
for PtB300ZA, entry 6).

In contrast, catalysts of the type C displayed the lowest 
conversions, almost half of that of type B (DH conversion of 
53% for PtB25ZC, entry 5; and 25% for PtB300ZC, entry 8). 
This indicates that proximity between the acid sites and the 
metal particles is beneficial for the reaction giving improved 
activity. In these catalysts, Pt is located on the non-acidic 
Bindzil; therefore, further from the acid sites of the zeolites. 

Table 3   Support and catalyst 
acidity determined by Pyridine 
FTIR

*Desorption of pyridine at 250, 350, and 450 °C was done to determine the weak, medium, and strong acid 
sites, respectively; measurements were taken at 100 °C

Catalyst Brønsted acid sites 
(µmol/g)*

Lewis acid sites (µmol/g)* Total acid sites (µmol/g)

W M S W M S BAS LAS Total

H-Beta-25 67 33 129 26 5 6 229 37 266
H-Beta-300 7 29 19 4 1 1 55 6 61
Bindzil 12 0 0 3 0 0 12 3 15
PtB25ZA 44 10 4 12 4 2 58 18 76
PtB25ZB 51 4 8 7 2 4 63 13 76
PtB25ZC 61 4 28 8 1 11 93 20 113
PtB300ZA 9 2 0 5 3 0 11 8 19
PtB300ZB 6 2 0 6 0 0 8 6 14
PtB300ZC 10 8 0 13 2 0 18 15 33
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Additionally, the metal particle sizes for catalysts of type C 
were larger than for other types, contributing to a decrease 
in activity. The catalysts of type A displayed a slightly lower 
DH conversion than the catalysts of type B, which can be 
explained by a lower amount of Pt located on zeolites, as 
platinum was deposited on both the zeolite and the binder.

Gas Chromatography Liquid Phase Analysis (GCLPA) 
is a mass balance approximation for the reactants and prod-
ucts remaining in the liquid phase, as gaseous and heavy 
products (dimers, trimers, etc.…) have not been quantified. 
As presented in Table 4, GCLPA values decreased with 
the increase of DH conversion. This is generally due to the 

formation of products in the gas phase, such as water or 
methanol, which were not analyzed. The differences that 
are observed when comparing the GCLPA of catalysts 
with similar DH conversion, such as PtB25ZC (DH con-
version = 53%, GCLPA = 66 entry 5) and PtB300ZA (DH 
conversion = 61%, GCLPA = 78%, entry 6) can be caused by 
formation of the oligomerization products, such as dimers, 
or by cracking/isomerization of the reactant, both of which 
were not measured, but have been reported in the literature 
[44].

The yield of propylcyclohexane (75%) and the reaction 
rate constant (8.0·10–2 M h−1 gcat

−1) were the highest for Pt/

Scheme 1   A general reaction network for hydrodeoxygenation of isoeugenol

Table 4   Catalytic activity 
of PtB300ZX and PtB25ZX 
series of catalysts in 
hydrodeoxygenation of 
isoeugenol, performed in a 
batch reactor at 200 °C and 
30 bar of H2

n.d. not determined
a Values determined at 4 h of the reaction time
b Values for the rate constant (k) have been determined using a curve fitting method, considering the time 
dependent dihydroeugenol concentration
c Gas chromatography liquid phase analysis (GCLPA) is a mass balance approximation for the liquid phase
d Selectivity estimated at 40% DH conversion
e Values obtained from Ref. [44]

Entry Catalyst IE conver-
sion (%)a

DH 
conversion 
(%)a

k ·102 (M 
h−1 gcat

−1)b
GCLPA (%)a,c PCH yield (%)a PCH 

selectivity 
(%)d

1 Pt/B25e 100e 100e 6.4e 45e 55e 93e

2 Pt/B300e 100e 100e 8.0e 61e 75e 96e

3 PtB25ZA 100 78 3.7 68 56 82
4 PtB25ZB 100 82 3.8 62 53 81
5 PtB25ZC 100 53 2.8 66 21 79
6 PtB300ZA 100 61 1.6 78 45 84
7 PtB300ZB 100 46 1.5 85 37 92
8 PtB300ZC 100 25 0.8 83 6 n.d
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B300. It is important to note that in entries 1 and 2, the sec-
ondary products formed were 1-methyl-4-ethylcyclohexane 
and 1-methyl-2-propyl-cyclohexane, which are isomeriza-
tion products. Zeolite H-Beta-25 has more total and strong 
acid sites than H-Beta-300, which could explain its lower 
selectivity to PCH due to secondary reactions.

On the other hand, the secondary product obtained 
when using the catalysts containing Bindzil was 2-meth-
oxy-4-propylcyclohexanol, an oxygenated intermediate 
determined by GC–MS. This indicates that lower amounts 
of isomerization or cracking products for the Bindzil-con-
taining catalysts could be due to their overall lower acidity. 
As observed from Pyridine FTIR results (Table 3), addi-
tion of the binder decreased the amount of total and strong 
acid sites. Such sites can lead to secondary reactions and 

deactivation of the catalyst, resulting in lower activity and 
selectivity [44].

While the catalysts containing more acidic zeolite 
H-Beta-25 display higher activity and yield of propylcy-
clohexane, the catalysts with H-Beta-300 zeolite exhibited 
higher selectivity (> 84%). Additionally, the PtB300ZA 
catalyst afforded a relatively high PCH yield (45%, entry 
6), comparable to that of catalysts containing H-Beta-25. 
These results are in accordance with our previous publi-
cation when Pt/B25 displayed lower selectivity towards 
propylcyclohexane [44].

Interestingly, propylcyclohexane (PCH) yields were 
higher in both series for catalysts of type A (PCH yield of 
56% for PtB25ZA, entry 3; and 45% for PtB300ZA, entry 
6), which could also be caused by a higher dispersion of the 
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metal particles, i.e. their smaller cluster size, as in this type 
of catalyst, Pt was located on both zeolite and Bindzil.

Selectivity towards PCH was estimated for 40% DH 
conversion to be able to compare the values for different 
catalysts. As mentioned previously, higher PCH selectivi-
ties were obtained for PtB300ZA and PtB300ZB catalysts 
(> 84%, entries 6 and 7) which follows the same trend as 
observed for catalysts without Bindzil (entries 1–2). Fur-
thermore, PCH selectivity for PtB300ZB (92%, entry 7) is 
comparable to that displayed by Pt/B25 and Pt/B300 (ca. 
95%, entries 1–2). In the PtB300ZX series of catalysts, the 
lowest PCH selectivity was obtained for the catalyst of type 
A (PCH selectivity of 84%, entry 6).

From Fig. 5 it can be inferred that proximity between 
Pt particles (metal sites) and acid sites of the zeolites 
is important for hydrodeoxygenation. Additionally, the 
PtB25ZX series displayed higher DH conversion and PCH 

yield, indicating the effect of higher acidity on the catalytic 
activity. A clear difference in the GCLPA for both series of 
catalysts can also be observed in Fig. 5c, pointing out the 
formation of side products when using more acidic catalysts, 
as previously discussed. The effect of metal location and 
acidity on activity can be better observed in Fig. 6.

In Fig. 6a it can be observed that while dihydroeugenol 
conversion is higher for catalysts supported on H-Beta-25, 
the yield of propylcyclohexane for PtB300ZA catalyst is 
similar despite having almost four-fold fewer acid sites, 
which indicates that such high acidity is not necessary to 
obtain the same amount of the desired deoxygenation prod-
uct. This conclusion is further illustrated in Fig. 6b,c. When 
comparing the rate constants to the total amount of acid sites 
(Fig. 6b) it can be observed that the PtB25ZX series (higher 
acidity) displays higher conversion. However, the PtB300ZX 
series displays similar yields of propylcyclohexane (Fig. 6c). 
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In Fig. 7 the relationship between the rate constants and the 
total amount of different acid sites (Brønsted and Lewis) is 
displayed.

Figure 7 seems to indicate that there is an optimum level 
of acidity for the hydrodeoxygenation of isoeugenol under 
the conditions and catalysts tested. In this case, the PtB25ZB 
catalyst displayed intermediate acidity among the tested cat-
alysts and thus higher values for the rate constant.

Dispersion of Pt was similar for all catalysts (20–25%); 
therefore, we cannot attribute worse behavior of C catalysts 
to worse dispersion of Pt. In this case, acidity of the zeolites 
is necessary for HDO to activate the oxygen moieties on 
acid sites and carry out dehydration and demethoxylation 
reactions.

Our findings suggest that proximity between two types 
of active sites is necessary for catalytic performance. It has 
been documented in the literature [25] that acid sites or oxy-
gen vacancies, provided by the support or oxophilic metals, 
are required to carry out the deoxygenation (hydrogenolysis 
of C-O bond) in HDO.

4 � Conclusions

A catalytic matrix comprising 2 wt% of platinum sup-
ported on 69 wt% of zeolite H-Beta-300 or H-Beta25, 
and 29 wt% of Bindzil as a binder, displayed high activ-
ity for the hydrodeoxygenation of isoeugenol at 200 °C 
and 30 bar of hydrogen pressure. The effects of the binder 
addition, acidity of the zeolite and the metal location, 
were studied. Addition of Bindzil resulted in a decrease 
of the surface area and the total amount of acid sites when 
compared to the unmodified zeolite. The location of the 

platinum was varied depending on its deposition, whether 
it was on the zeolite, the binder or both. The deposition 
of platinum on the zeolite also resulted in a decrease in 
acidity. These changes reflected considerably the catalytic 
activity. Overall, the catalysts where Pt was located closer 
to the acid sites (being deposited on only zeolite or both 
zeolite and the binder) displayed higher dihydroeugenol 
conversion and propylcyclohexane yield, while deposition 
of platinum on the binder gave the lowest activity. Fur-
thermore, while catalysts containing a more acidic zeolite 
(H-Beta-25) displayed higher activity, catalysts with Pt on 
the binder and H-Beta-300 displayed a similar propylcy-
clohexane yield. Results suggest that an optimum acidity 
is required for complete deoxygenation of isoeugenol. The 
highest selectivity to propylcyclohexane of 92% with 85% 
mass balance closure in the liquid phase was achieved for 
the catalyst when platinum was located only on the H-Beta 
zeolite with silica to alumina ratio of 300, while the high-
est conversion of dihydroeugenol of 82% and the yield of 
propylcyclohexane of 53% was obtained for the catalyst 
where platinum was located on both zeolite H-Beta with a 
silica to aluminum ratio 25 and the binder.
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