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Novel palladium nanoparticles supported on mesoporous
natural phosphate: Catalytic ability for the preparation of
aromatic hydrocarbons from natural terpenes
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Various ratios of palladium nanoparticles supported on mesoporous natural

phosphate (Pd@NP) were prepared using the wetness impregnation method.

The prepared catalysts were characterized by IR, XRD, CV, SEM, EDX, XRF,

TEM and BET analysis. The reduction and preparation of the palladium

nanoparticles afford a crystallite size of 10.88 nm. The performance of the syn-

thesized catalyst was investigated in the solvent-free dehydroaromatization of

α-, β- and γ-himachalene mixture from Cedrus atlantica oil as a model sub-

strate. In order to achieve an efficient and selective catalysis, the catalytic

dehydroaromatization of various terpenes such as limonene, limonaketone,

carvone, carveol and perillyl alcohol was studied. The Pd@NP catalyst per-

formed a high catalytic activity, selectivity and recyclability in the terpenes

dehydroaromatization reaction.
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1 | INTRODUCTION

The use of naturally occurring materials as heteroge-
neous catalysts or catalytic carriers has experienced rapid
progress in recent years, as recycling and low cost are
extremely important from both an industrial and envi-
ronmental perspective.[1–4] They have been presented as
renewable raw materials for producing biofuels and use-
ful products through green processes that are very impor-
tant in the context of sustainable development and
circular economy.

Away from the various used supported catalysts,
only a few works are devoted to natural phosphate
(NP) as support.[5–7] Furthermore, solid phosphates

such as NP, fluorapatite or hydroxyapatite have been
prepared and used as catalysts.[7–10] To the best of our
knowledge, NP has been used for the first time as a
support for metal nanoparticles.[7] Due to the impor-
tant feature of mesoporous materials that allows a
high distribution of active centers, mesoporous NP pro-
vides a high distribution and dispersion of palladium
nanoparticles.[7] Relying on NP is the first mining
industry in the Moroccan kingdom, as a natural and
low-cost material that exhibits interesting properties,
such as ionic substitution ability, structural stability
and high adsorption capacity, making it an attractive
and cost-effective catalyst or catalytic carrier for several
chemical transformations.
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Scientists are giving more focus on the use of readily
available and relatively cheap compounds of natural ori-
gin. This trend is perfectly suited with the design of a
clean process to transform terpenes, renewable raw mate-
rials into aromatic derivatives value-added products usu-
ally prepared from non-renewable fossil resources,
i.e. paracymene prepared by alkylation of benzene or
toluene.[11] Therefore, the catalytic dehydroaromatization
presents a sustainable and economical alternative to
selective aromatic terpenes starting from naturally occur-
ring terpenes.

Atlas Cedar or Cedarwood (Cedrus atlantica) belong-
ing to the family of Pinaceae is the principal species
in Moroccan forests, its oil consists of several products
such as insecticides, drugs, perfumes, etc.[12–16] Ar-
himachalene is an important intermediate in industrial
fine chemical synthesis of fragrances,[13,17] and the male-
produced pheromone component of the flea beetles
Aphthona flava and Phyllotreta cruciferae.[18,19] Moreover,
the aromatization of himachalenes derivatives slightly
increased the antibacterial activity, and confirmed that ar-
himachalene is widely represented in natural products
and pharmaceuticals.[20,21] Due to its benefits, various
studies have been reported on the synthesis of ar-
himachalene either by total synthesis or by
dehydroaromatization of himachalene derivatives.[19–32]

Different dehydroaromatization agents were used, such
as: lithium,[29] selenium,[28,30] chloranile,[23] Pd/C,[20,24]

Raney nickel,[31] bromine[32] or DDQ (2,3-dichloro-
5,6-dicyano-1,4-benzoquinone).[20]

It is noteworthy that different works are reported for
the p-cymene preparation in the presence of various
dipentene derivatives, such as carene, pinene or
limonene.[33–37] The conversion of limonene, a cheap by-
product of the citrus industry, into p-cymene represents a
promising green route.[38–46] Catalysts providing acid

sites for isomerization-disproportionation and metallic
sites for subsequent dehydroaromatization are more suit-
able.[40,41,47] Amongst the used metallic catalysts, palla-
dium has been demonstrated as the active center for
limonene dehydrogenation.[47–53] While heterogeneous
acid catalysts such as zeolites have been widely used, the
reaction is affected with the formation of by-
products.[54–58]

Herein, our attention focused on the preparation,
characterization and catalytic dehydroaromatization of
various palladium nanoparticles supported NP (Pd@NP
1%, 5% and 10%). To extend the scope of the catalytic
application, functionalized terpenes such as
limonaketone, carveol and perillyl alcohol were chosen
for the first time as exclusive substrates for
dehydroaromatization. The prepared nanocatalysts rep-
resent a good choice for dehydroaromatization product
selectivity under solvent-free conditions. To the best of
our knowledge, a relevant study is missing, which
leads us to believe that this method using mild condi-
tions may represent a valuable alternative to the exis-
ting procedures in order to replace the
present petroleum-based source of most of the aro-
matic hydrocarbons industry.

2 | EXPERIMENTAL

2.1 | Catalyst preparation

2.2 | Mesoporous natural phosphate
support

The used NP was obtained from ‘Khouribga’ region
(Morocco).[59] After being treated using several

FIGURE 1 Particle size distribution after first and second sieving
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techniques, involving attrition, sifting, calcinations
(900�C), washing and re-calcination, its chemical
composition was found to be: CaO (54.12%), P2O5

(34.24%), F (3.37%), SiO2 (2.42%), SO3 (2.21%), CO2

(1.13%), Na2O (0.92%), MgO (0.68%), Al2O3 (0.46%),

Fe2O3 (0.36%), K2O (0.04%) and several metals in the
range of ppm.

Prior to use, homogeneous mesoporous NP support
with particle size of < 45 μm was prepared by grinding
and sieving several times (Figure 1).

SCHEME 1 Method of Pd@NP catalysts (10%, 5% and 1%) synthesis

FIGURE 2 (a) UV–Vis spectra of H2PdCl4 reduction with and without CMCNa; and (b) X-ray diffraction (XRD) pattern of the as

synthesized CMCNa-Pd nanoparticles
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2.3 | Colloidal solution of palladium
nanoparticles

The colloidal solution of palladium nanoparticles was pre-
pared as described previously.[7] An aqueous solution of
H2PdCl4 (200 ml, 2.0 mM) was added to 70 ml of
water, 47 ml of ethanol and 0.22 g of sodium carboxymeth-
ylcellulose (CMC-Na). The mixture was refluxed for 3 hr
under air. The palladium nanoparticles preparation
was followed up by UV–Vis spectroscopy. The resulting
monodispersed palladium nanoparticles were used for the
preparation of different Pd@NP catalysts (10%, 5% and
1%).

2.4 | Deposition of Pd (0) metal
nanoparticles on mesoporous natural
phosphate

A solution of 200 ml of the prepared Pd (0) nanoparticles
(0.4 mmol) was added to 0.6, 1.2 and 6 g of the meso-
porous NP to prepare Pd@NP catalyst 1%, 5% and 10%,
respectively. The catalysts were synthesized by wetness
impregnation for 24 hr followed by calcination in a tube
furnace at 600�C for 3 hr (Scheme 1).

3 | CATALYST
CHARACTERIZATION

Spectrophotometric analysis was investigated using a
double-beam scanning spectrophotometer (Shimadzu
spectrophotometer, model biochrom). Fourier transform-
infrared (FT-IR) transmittance spectra were recorded in
the region of 400–4000 cm−1 using a FT-IR spectroscopy

model Perkin Elmer (FTIR-2000). Diffraction data were
collected at room temperature on a D2 PHASER diffrac-
tometer (BRUKER-AXS), with the Bragg–Brentano geom-
etry, using CuKα radiation (λ = 1.5406 Å) with 30 kV and
10 mA. The patterns were scanned through steps of
0.010142 (2θ) in the 2θ range 5–70�. Cyclic voltammetry
(CV) study was performed between 1500 mV/−500 mV
and 1200 mV/300 mV for carbon paste electrode (CPE)
modified by our samples in 0.5 M H2SO4 electrolyte at scan
rate 100 mV/s using PGZ 100 potentiostat in the presence
of platinum auxiliary electrode and Ag/AgCl (KCl 3 M) ref-
erence electrode. Textural characteristics of the prepared
samples such as Brunauer−Emmett−Teller (BET) surface
area and average pore diameter were determined by N2

adsorption–desorption technique using Micromeritics
3FLEX analyzer. Prior to measurements, all samples were
degassed at 120�C during 12 hr under vacuum. Scanning
electron microscopy (SEM) measurements were obtained
with TESCAN VEGA3-EDAX equipped with an energy-

FIGURE 3 Fourier transform-infrared (FT-IR) spectrum of

pure NP and Pd@NP (1%, 5% and 10%)

FIGURE 4 X-ray diffraction (XRD) patterns of NP and Pd@NP (10%, 5% and 1%) calcined at 600�C
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dispersive X-ray detector (EDX). Transmission electron
microscopy (TEM) observations were carried out at
100 kV (JEOL 1200 EXII). Samples were prepared by
embedding the hybrid material in AGAR 100 resin,
followed by ultramicrotomy techniques and deposition on
copper grids.

4 | GENERAL PROCEDURE FOR
THE SOLVENT-FREE CATALYTIC
DEHYDROAROMATIZATION

The prepared nanocatalysts Pd@NP (1%, 5% and 10%)
were studied over a solvent-free dehydroaromatization.

FIGURE 5 Cyclic voltammetry (CVs) of

carbon paste electrode (CPE) modified by PdCl2
and Pd@NP (10%, 5% and 1%) performed

between: (a) 1500 mV/−500 mV and

(b) 1200 mV/300 mV at scan rate 100 mV/s

FIGURE 6 Nitrogen adsorption isotherm and pore diameter distribution of NP and Pd@NP catalysts (1%, 5% and 10%) calcined

at 600�C
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The reaction was carried out in the presence of Pd@NP
and the freshly distilled natural α-, β- and γ-himachalene
mixture, i.e. the main components of Cedrus atlantica
oil, which together can make up almost 70% of the
composition. The mixture was refluxed in a solvent-free
media for 24 hr. The scope and limitation of the catalytic
system were examined by testing various parameters,
such as: catalyst amount, reaction time and catalyst
recyclability. Under the optimized conditions, the
dehydroaromatization of various monoterpenes [limo-
nene, natural limonaketone (distilled from Cedrus
atlantica oil), carvone, carveol and perillyl alcohol] was
studied. The reaction process was monitored by Shimadzu
gas chromatography (GC) equipped with FID using Rtx-5
capillary column (25 m × 0.25 mm) and nitrogen as a car-
rier gas. Dodecane was used as an internal standard for the
quantitative analysis of the reaction products. The GC
parameters are: injector 250�C; detector 250�C; oven 70�C
for 5 min then 3�C/min until 250�C for 30 min; column
pressure 20 kPa, column flow 6.3 ml/min; linear velocity
53.1 cm/s; total flow 138 ml/min. All products were con-
firmed by injecting the reaction mixture on an ISQ LT sin-
gle quadrupole mass spectrometer in positive EI mode
using a mass scan range of 50−400 Da. Isolated products
were subjected to NMR and GC–MS analysis.

5 | RESULTS AND DISCUSSION

6 | CATALYST
CHARACTERIZATION

6.1 | Colloidal solution of palladium
nanoparticles

UV–Vis spectra (Figure 2) of H2PdCl4 solution before and
after reduction (with and without CMC-Na) confirms
that the transition-metal precursor H2PdCl4 was totally
reduced to nano-Pd (0).[7] Previously, we have demon-
strated that the crystallinity of the as-synthesized face
centered cubic (fcc) structure of palladium nanoparticles
(CMCNa-Pd NPs) was examined by X-ray diffraction
(XRD) analysis with an average crystallite size of
10.88 nm (Figure 2).[7]

6.2 | Palladium nanoparticles supported
on natural phosphate (Pd@NP)

The prepared colloidal solution was used to synthesize
the palladium nanoparticles-supported mesoporous NP

catalysts using the wetness impregnation method followed
by calcination at 600�C.

FT-IR spectra (Figure 3) of NP and Pd@NP catalysts
(1%, 5% and 10%) showed for both samples many charac-
teristic bands of crystalline apatite (phosphate groups at
470, 560–600, 960, 1030–1120 cm−1).[60]

Recently, we have shown different XRD patterns of
the prepared Pd@NP 10% compared with the literature
due to the presence of palladium over the mesoporous
NP.[7] Consequently, Pd@NP catalysts (1%, 5% and
10%) showed the same result (Figure 4), and two oxi-
dation states Pd (0) and Pd (II) were observed. The
presence of Pd (II) is due to re-oxidation of Pd (0) dur-
ing the calcination. Depending on the intensity of Pd
(II) pics, the prepared Pd@NP 1% and 5% showed a
noticeable difference compared with Pd@NP 10%,
which confirms that re-oxidation of Pd (0) during cal-
cination is neglected for palladium catalyst content less
than 10%. Consequently, we can assume that oxidation
of Pd (0) in low content materials could be avoided
without excluding oxygen.

The CV experiments represent a good alternative for
the determination of the metal predominant oxidation
state.[7,61] A study of the prepared palladium species
supported over the NP (PdCl2 and Pd@NP 1%, 5% and
10%) was carried out (Figure 5).

Previously, we confirmed the predominance of
Pd (0) compared with Pd (II) by a comparison of Pd@NP
10% (before and after calcination) and PdCl2
voltammograms.[7] The study of the surface oxide zones
of all prepared catalysts (Pd@NP 1%, 5% and 10%) con-
firms the results of Pd (0) predominance (Figure 5). On
the other hand, the hydrogen zones (Figure 5b) demon-
strate the efficiency of the prepared catalyst and the
importance of palladium over the mesoporous NP for

TABLE 1 BET surface area, average pore diameter and pore

volume of NP and Pd@NP catalysts (1%, 5% and 10%)

Sample
BET surface
area (m2/g)

BET average
pore diameter
(nm)

Pore
volume
(cm3/g)

NP 14.893 7.327 2.728*10−2

Pd@NP
1%

2.082 4.806 2.502*10−3

Pd@NP
5%

2.821 8.731 6.185*10−3

Pd@NP
10%

3.754 7.236 6.792*10−3

BET, Brunauer−Emmett−Teller.
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FIGURE 7 Scanning

electron microscopy (SEM)

images and energy-dispersive

X-ray (EDX) analysis of: (a) NP

and (b, c and d) Pd@NP (1%,

5% and 10%)
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hydrogen transfer at the catalysts interface (NP was inert
in the CV study compared with the other samples).

The BET measurements of NP and the prepared
catalysts Pd@NP (1%, 5% and 10%) are reported in
Figure 6 and Table 1. The BET surface area values of
NP and Pd@NP 1%, 5% and 10% were, respectively,
14.893, 2.082, 2.821 and 3.754 m2/g. Consequently, the
decrease of SBET of all prepared Pd@NP catalysts is
caused by the deposition of Pd nanoparticles and
the agglomeration of metal species during calcination.
Furthermore, the average pore diameter and the pore
volume confirm that the support and the catalysts are
mesoporous materials.

The SEM images of the mesoporous NP and the
prepared Pd@NP (1%, 5% and 10%) calcined at 600�C
show that the surface morphology of the catalyst is
not identical to that of NP support (Figure 7). All the
prepared Pd@NP catalysts show the presence of Pd

(0) in nanoscale with good distribution, and present
good dispersion of Pd species that were proportional
to the Pd content over NP support. The EDX results
of NP indicate the presence of all elements of
fluorapatite structure in the mesoporous NP. The EDX
of Pd@NP catalysts (1%, 5% and 10%) confirmed the
presence of palladium and the fluorapatite composition
remains unchanged.

Element distribution in the hybrid has been carried
out for the prepared catalysts Pd@NP (1%, 5% and 10%;
Figure 8). The main elements representing the NP
[fluorapatite (Ca5(PO4)3F) and other elements] showed a
good distribution. Consequently, the same elements
allow a good dispersion and distribution of palladium
nanoparticles for all prepared Pd@NP catalysts (1%, 5%
and 10%; Figure 8a−c).

The TEM study of NP and Pd@NP catalysts was also
carried out (Figures 9 and 10). Mesoporous NP reveals

FIGURE 8 Energy-dispersive X-ray (EDX) elemental mapping analysis of: (a) Pd@NP 1%; (b) Pd@NP 5%; and (c) Pd@NP 10%
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irregular sphere-like particles (i.e. length/diameter) and
agglomerated superstructures (Figure 9). This was
consistent with the crystal size calculation according to
XRD analysis, which indicated that the crystallite size
of NP was found to be 63 nm. TEM images of NP pre-
sent approximately the same particle sizes compared
with those of synthetic ones.[62] Moreover, Figure 9
(a and b) reveals a lamellar aspect with a lamella size
less than 1 nm. On the other hand, the analysis
showed round bright patches (holes) distributed ran-
domly in all the particles (Figure 9c and e) with a
mean pore size of 28 nm (Figure 9d), explaining the

large surface area obtained by BET analysis compared
with the prepared catalysts.

The TEM study of the prepared Pd@NP catalysts
(1%, 5% and 10%) presents a slight difference in terms
of morphology compared with NP (Figure 10). All
samples reveal a different aspect of nano-sized grain
crystals consistent with well-defined rod-like particles
(Figure 10a, c and e). Furthermore, XRD crystal size
calculation indicated that the Pd@NP catalysts (1%, 5%
and 10%) crystallite sizes were found to be 67, 52
and 58 nm, respectively. The difference in shape
between NP and Pd@NP catalysts can result in the

FIGURE 9 Transmission electron microscopy (TEM) images of NP with pore size distribution
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preparation procedure (presence of CMC-Na during
the impregnation). The distribution and deposition of
the Pd nanoparticles were in a well-defined nano-
sphere shape (Figure 10 b, d and f), and the mean
sizes of Pd@NP 1%, 5% and 10% were 7.60, 20.42 and
11.81 nm, respectively (Figure 10g−i).

The X-ray fluorescence (XRF) measurements of palla-
dium in the prepared Pd@NP catalysts 10%, 5% and 1%
were found to be 4.028%, 3.523% and 0.991%, respectively
(Table 2).

The analysis results of all prepared Pd@NP catalysts
(10%, 5% and 1%) confirm the good choice of the

FIGURE 10 Transmission electron microscopy (TEM) images of Pd@NP catalysts with pore size distribution
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palladium nanoparticles wetness impregnation as a
simple advantageous method resulting particularly in a
good distribution and dispersion of Pd compared with
previous works.[5,6]

7 | CATALYTIC SOLVENT-FREE
DEHYDROAROMATIZATION

The catalytic ability of the Pd@NP nanoparticles catalysts
(10%, 5% and 1%) was evaluated for solvent-free
dehydroaromatization of the natural mixture α-, β-and
γ-himachalene chosen as a model substrate. The

mixture was refluxed in the presence of the prepared cat-
alysts for 24 hr (Scheme 2). In the presence of meso-
porous NP support as catalyst, no dehydroaromatization
was observed.

We have studied the effects of palladium content
catalyst, catalyst amount and reaction time on the
dehydroaromatization reaction (Figure 11a and b). Under
optimized conditions, all the prepared catalysts show a
high activity.

The catalyst/substrate (C/S: 5% weight) ratio was the
best optimum amount for the catalytic application in the
presence of Pd@NP 10% and Pd@NP 5%. However,
Pd@NP 1% catalyst presents C/S = 10% (weight) as the
optimum (Figure 11a).

The effect of reaction time on catalytic activity
is shown in Figure (11b). The catalytic
dehydroaromatization reaction was faster in the first
2 hr, and a maximum of ar-himachalene was reached
after 24 hr.

Under the optimized conditions, catalytic solvent-free
dehydroaromatization of various terpenic olefins has
been carried out (Table 3). As shown in Table 3, all ter-
penes were converted to the aromatic product in good
yields (Entries 1–6).

The reusability of Pd@NP 5% catalyst was carried
out in the dehydroaromatization of himachalene mix-
ture as a substrate. The catalytic performance was
evaluated in six consecutive runs (Figure 12). The cata-
lyst exhibited a high activity over the six runs, which
improved the stability of the catalytic performance
(Figure 12a). After the last run, the identity of the
recovered catalyst was checked by XRD analysis
(Figure 12b), which shows that the crystallinity
remains similar after six runs with a slight difference

TABLE 2 Palladium content in the Pd@NP catalysts by XRF

analysis

Sample Palladium (%)

Pd@NP 1% 0.991

Pd@NP 5% 3.523

Pd@NP 10% 4.028

Pd@NP 5% recycled 3.479

SCHEME 2 Dehydroaromatization of himachalene mixture

over Pd@NP catalysts

FIGURE 11 Optimization study of the catalytic dehydroaromatization: (a) palladium content catalysts and catalyst amount effect; and

(b) reaction time
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in peak intensity. In addition, the XRF study confirms
that the palladium leaching is neglected even after
six runs (Table 2). SEM images showed a stable
morphology and relatively dispersed nanoparticles even
after six runs (Figure 13a). Moreover, EDX indicated
the composition stability of the prepared catalyst

(Figure 13b). However, EDX elemental distribution of
the recovered catalyst confirmed the composition sta-
bility (Figure 13d), and indicated that Pd nanoparticles
remain stable in terms of distribution with a slight
difference in dispersion compared with the fresh one
(Figure 13e).

TABLE 3 Pd@NP catalytic performance for solvent-free dehydroaromatization of various terpenes[a]

Entry Substrate Product Conversion[b] (%) Isolated yield (%)

1 99% 95%

2 90% 88%

3 81% 80%

4 95% 94%

5 99% 90%

6 99% 91%

aReaction conditions: substrate and 5% weight of Pd@NP 5% refluxed for 24 hr in solvent-free conditions.
bConversion was determined by GC using dodecane as an internal standard.
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FIGURE 12 Recycling study of Pd@NP 5%: yields during recyclability (a) and X-ray diffraction (XRD) of recycled catalysts after six

runs (b)

FIGURE 13 Recycling study of Pd@NP 5% catalyst: scanning electron microscopy (SEM) images and energy-dispersive X-ray (EDX)

after six runs (a, b), and EDX elemental mapping analysis of recycled catalysts after six runs with (c) the studied area, (d) distribution of all

elements, and (e) palladium nanoparticles distribution
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8 | CONCLUSION

In summary, novel palladium nanoparticles Pd (0) with
a crystallite size of 10.88 nm were synthesized and
monitored by UV–Vis without using any reducing
agent. The palladium nanoparticles were supported on
mesoporous NP support leading to a different ratio
catalyst (Pd@NP 10%, 5% and 1%). The prepared
nanocatalysts were fully characterized using various
analysis techniques, and their performance was first
investigated in the solvent-free dehydroaromatization of
himachalene mixture (Cedrus atlantica oil) as a model
substrate before being extended to different natural
terpenic olefins. The Pd@NP exhibits marked selectiv-
ity, good reusability and high stability in solvent-free
dehydroaromatization of terpenes.
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