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The hydrogenation of naphtha is critical to producing stable, clean gasoline, yet
current catalysts often lack selectivity and stability. In this work, a novel palladium-mag-
nesium oxide (Pd/MgO) nanocatalyst was developed to address these challenges. The
catalyst was prepared by reduction of Na,PdCl, on MgO support using sodium borohy-
dride, resulting in well-dispersed Pd nanoparticles with an average size of 1.7 nm and a
Pd loading of 0.9 wt.% (nominally 1 wt.%). The size, composition, and dispersion of the
nanoparticles were confirmed using transmission electron microscopy, X-ray diffraction,
X-ray photoelectron spectroscopy, hydrogen pulse chemisorption, inductively coupled
plasma atomic emission spectroscopy, and hydrogen temperature programmed reduction
measurements. Catalytic tests showed great activity of quinoline hydrogenation at 150
°C and 40 atm Ha, with a corrected turnover frequency (TOF_ ) of 6400 h™', which was
almost fourfold higher than Pd/SiO- and Pd/Al-Os commercial catalysts (TOF = 1600—
1800 h™'). Linear alkenes were hydrogenated with the catalyst at mild conditions (25 °C
and 10 atm H). Moreover, during biodiesel upgrading, the conversion of polyunsaturated
fatty acid methyl esters to stable monounsaturated products was achieved at (100 °C, 1
atm of H> with >80 % conversion). Recyclability tests proved that the alkene hydrogena-
tion activity was stable in three cycles, and only slight deactivation in quinoline hydro-
genation occurred. This work shows that the Pd/MgO nanocatalysts are promising for
enhancing the quality of gasoline, minimizing the formation of gums, and increasing the
stability of biodiesel because of their nanoscale dispersion, high selectivity, and recy-
clability.
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Introduction

Catalytic hydrogenation remains a topic of sig-
nificant research interest due to its importance in
many industrial processes. One of the important re-
actions that is commonly used in the removal of ni-
trogen impurities in the feedstock of refinery is re-
ferred to as hydrodenitrogenation (HDN). The
reaction is applicable since N-heteroaromatic com-
pounds may be partially or completely saturated
during HDN', N-heterocycles are hydrogenated to
store hydrogen and quinoline is hydrogenated to
form valuable 1,2,3,4-tetrahydroquinoline interme-
diate®. In turn, alkene hydrogenation plays an im-
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portant role in conversion of catalytically cracked
naphtha to gasoline. The storage durability of bio-
diesel is significantly improved through selective
partial hydrogenation of methyl esters obtained
from polyunsaturated fatty acids’s, to their monoun-
saturated equivalents, which increases biodiesel
storage stability®'¢.

Despite the wide variety of catalysts available
for these reactions, many lack the required activity
and selectivity, operate under severe reaction condi-
tions or are prone to deactivation by feed and prod-
uct impurities. Consequently, there has been a con-
stant demand for new catalysts that do not only
have the ability to hydrogenate a broad range of
unsaturated substrates under moderate reaction con-
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ditions, but are also not easily poisoned by typical
contaminants. Owing to their remarkable selectivi-
ty, which are largely related to their small and typi-
cally uniform particle size, metal nanoparticles
(NPs) constitute an attractive option for developing
new catalyst systems'’""”. In particular, palladium
nanoparticles have been used in catalysis in ionic
liquids, liquid suspensions, and on solid sup-
ports**2. Pd NPs supported on poly (vinylpyrroli-
done) have been employed to convert alkynes into
alkenes* and reduce nitrotoluenes to their respec-
tive anilines®*2%. Similarly, Pd NPs supported on
polymers have been used to reduce acetophenone to
ethylbenzene through phenylethanol. Cascade reac-
tions involving Heck-type coupling subsequent to
carbon-carbon hydrogenation of the resulting transi-
tional product have been observed using Pd/TiO,”,
Pd/C?, and with Pd NPs stabilized by ionic liquids,
which are either unsupported” or dispersed over
functionalized multiwalled carbon nanotubes®’. Pal-
ladium nanoparticles supported on hyperbranched
aramids have been shown to hydrogenate benzene,
phenylacetylene, diphenylacetylene, and quinoline,
whereas palladium nanoparticles immobilized on
aminomethyl polystyrene bearing hyperbranched
dendritic polyamidoamines are capable of reducing
five-membered N/O/S heterocycles®'*?. Palladium
nanoparticles supported on silica have been used to
hydrogenate phenanthrolines®’, while Pd supported
on magnesium oxide has been used as a catalyst to
convert phenol primarily to cyclohexanone®**>.

Previously, it was shown that combining fine
metal particles possessing basic properties on the
support surface generates NPs capable of facilitat-
ing heterolytic H, cleavage and ionic hydrogenation
of N-heterocycles, as demonstrated for Ru nanopar-
ticles dispersed on poly (4-vinylpyridine) (Ru/PVPy)?.
While ionic hydrogenation and heterolytic activa-
tion of hydrogen are widespread in solution’’, they
are rarely observed on solid surfaces. These outer-
sphere methods may help prevent catalyst poison-
ing since neither the feed nor the products need to
bind to the reactive metal sites**-*.

Existing hydrogenation catalysts used for naph-
tha upgrading and biodiesel stabilization exhibit
limited selectivity, are prone to deactivation, and
may require harsh operating conditions. Conse-
quently, there remains a critical need for more effi-
cient and sustainable fuel processing. The novelty
of this study lies in the development of a palladi-
um-magnesium oxide (Pd/MgO) nanocatalyst con-
taining ultra-small, uniformly dispersed nanoparti-
cles (~1.7 nm) that exhibit high selectivity in the
hydrogenation process under mild conditions. It
was also intended to design a catalyst with the abil-
ity to saturate reactive olefins and diolefins to re-
cover precious aromatics within naphtha, and si-

multaneously enhance biodiesel stability through
controlled partial hydrogenation. Unlike conven-
tional Pd/Si0, and Pd/Al,O, catalysts, the strong af-
finity to metal and basicity of the surface of MgO
enhance catalytic activity while suppressing unde-
sirable over-hydrogenation of aromatics. The cata-
lyst offers a flexible platform for naphtha olefin sta-
bilization and biodiesel (FAME) upgrading,
contributing to the production of cleaner and more
stable fuels.

Materials and methods

Materials

Commercially available Na,PdCl, precursor
(Pressure Chemicals, Inc.), as well as reference cat-
alysts (5 % Pd/AlO,, and 5 % Pd/SiO,) were used
in this experiment. Sigma-Aldrich analytical-grade
solvents were deoxygenated under nitrogen and pu-
rified before use. Substrates and reagents were puri-
fied by standard procedures when needed. Magne-
sium oxide (MgO, 325 mesh, 99 % trace metals
basis, Sigma-Aldrich) was pre-calcined in air for
two hours at 500 °C before metal loading. Biodiesel
was prepared following a conventional protocol.
Commercial soybean oil (250 cm?®) was added to a
solution of KOH (0.875 g) in methanol (50 cm?),
and the mixture was maintained under stirring for
75 min at 60 °C. After phase separation, the bio-
diesel layer was heated at 80 °C for 15 min to evap-
orate the remaining methanol. The product was
washed, dried at 110 °C for 20 min, and stored over
Na:SO4 overnight.

Preparation of Pd/MgO catalyst

For catalyst preparation (1 wt.% Pd/MgO), 2.0
grams of magnesium oxide was placed in a three-
neck round-bottom flask that was purged with nitro-
gen. After adding 10 cm?® of dry O:-free methanol,
the suspension was stirred. The flask was equipped
with two pressure-equalizing dropping funnels, one
of which contained Na.PdCls (0.055 g, 0.02 g Pd)
in dry, degassed methanol (10 cm?), within a few
minutes. Na,PdCl, solution was added, followed by
NaBH, at ~1 drop s™'. The resulting dark gray sus-
pension was stirred for 4 h at room temperature un-
der nitrogen. Following filtration under nitrogen,
washed three times with methanol (100 cm®) and
left to dry overnight under vacuum at ambient tem-
perature. The same procedure was repeated to pre-
pare 5 wt.% and 10 wt.% palladium on magnesium
oxide (Pd/MgO) catalysts using proportionately
more Na,PdCl, (0.275 g and 0.55 g, respectively).
Metal analysis was performed by ICP-AES on Agi-
lent 5110 spectrometer (Agilent Technologies, USA).
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Transmission electron microscopy

TEM analysis was performed using a JEOL
TEM-2010 high-resolution microscope. The accel-
erating voltage of this microscope was 200 kV and
the resolution between points was 0.19 nanometers.
The samples were prepared by adding a drop of cat-
alyst suspension in hexane to a copper grid and let-
ting it drip dry in the air. Images were recorded us-
ing a Gatan OneView digital camera (Gatan, USA),
which was attached to TEM.

X-ray diffraction

XRD patterns were recorded using a Philips
X’Pert MPD diffractometer with monochromatic
Cu Ko radiation (45 kV, 40 mA) in the 26 range of
20°-90°. Measurements were performed in air at
ambient temperature. Prior to analysis, the samples
were ground using a mortar.

X-ray photoelectron spectroscopy

XPS measurements were conducted on an
Omicron spectrometer fitted with a multichannel
hemispherical analyzer and a dual AI/Mg X-ray
source using Mg Ka radiation (1253.6 eV). Overall,
the sample was placed in powder form on sticky
tape. Shirley background had been removed and
XPS peaks were then convoluted with curve fitting
using XPSPEAKS 4.1. Lorentzian-Gaussian func-
tions (20 % L and 80 % G) were used. The O 1s
peak at 529.9 eV of MgO was used as a reference to
modify the charging effect*.

BET surface area analysis

Surface areas of the catalysts, namely the cal-
cined MgO support and Pd/MgO, were assessed us-
ing the nitrogen adsorption-desorption technique at
77 K with a Micromeritics ASAP 2020 surface area
analyzer (Micromeritics Instrument Corp., USA).
The samples were preemptively subjected to vacu-
um to eliminate physisorbed species.

Hydrogen pulse chemisorption

Chemisorption analysis was conducted using a
Micromeritics ChemiSorb 2750 fitted with a TPx
controller. After 30 min exposure of the fresh cata-
lyst, following 10 % H2/Ar treatment at 150 °C, the
sample was Ar-purged at 150 °C for another 30 min
to eliminate impurities. Once cooled to room tem-
perature, successive pulses of 10 % H,/Ar were in-
jected until no further H, uptake was detected. The
gas composition was analyzed using a thermal con-
ductivity detector (TCD). Metal dispersion was cal-
culated using the instrument software assuming 1
atom of H corresponds to 1 atom of Pd*'.

Hydrogen temperature-programmed
reduction analysis

H>-TPR analysis was performed using a Chemi-
sorb 2750 instrument. Approximately 120 mg sam-
ple was pretreated in Ar (25 cm® min') at 200 °C,
following cooling to room temperature, the carrier
gas was changed to 9.9 % H_/Ar. A linear heating of
the sample to 700 K, at a rate of 10 °C min!, was
initiated after 10 minutes upon TCD baseline stabi-
lization.

Catalytic tests

Hydrogenation of quinolines

The hydrogenation of quinoline, 2-methylquin-
oline, 3-methylquinoline, and 8-methylquinoline
was carried out in a 100 cm?® glass-lined Parr 5500
reactor equipped with a sampling valve, internal
stirrer, thermocouple, and dip tube, and connected
to a 4843 controller. Typically, the catalyst, which
weighed 100 mg, and the required amount of sub-
strate were mixed with 10 cm® of hexane solvent
before charging the mixture into the reactor. The
mixture was deoxygenated by three separate flushes
with H, at 20 atm. Subsequently, the reactor was
pressurized with hydrogen to 33 atm at ambient
temperature, heated to 150 °C under continuous
stirring, after which the H, pressure increased to 40
atm; the reaction time was set to zero. Reaction
progress was monitored by measuring the reacted
hydrogen. The end point of the reaction was ana-
lyzed by GC-MS, using a Varian 3900 GC coupled
to a VF-5ms capillary column and a Saturn 2100T
MS. Initial turnover frequencies (TOF, ) were esti-
mated from the linear slope of the turnover number
(TON) versus ¢ plots. The variation of the individu-
al measurements was not more than 10 percent on
average in at least three separate tests that were
used to produce the average values of TOF_ .

Hydrogenation of alkenes

Experiments were conducted utilizing a 75 cm?
5000 Parr multireactor attached to a 4871 control-
ler. The multireactor was also fitted with a thermo-
couple and a magnetic stirrer. After loading the re-
actor with the catalyst (100 mg) and 10 cm?® of
C5—C6 olefins (1-pentene and 1-hexene (1:1, v/v)),
it was flushed three times with hydrogen at 5 atm,
and then pressurized with hydrogen to 10 atm at
ambient temperature. Mixing was applied at that
moment and a zero reaction time was assigned at
the end of the process. Gas analysis was performed
using a Shimadzu 2010 GC with an Agilent
HP-AI/S capillary column and a flame ionization
detector (FID). The experiments were carried out at
least in triplicate.
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Partial hydrogenation of biodiesel

A 160 cm?® Parr 5100 low-pressure glass reactor
was used to perform the partial hydrogenation of
biodiesel. The reactor was also fitted with a stirrer
and thermocouple, and interfaced with a 4848 con-
troller. After adding the catalyst (100 mg) and bio-
diesel (75 cm?®) to the reactor, it was flushed three
times with hydrogen at 1 atm. The mixture was
brought to the desired temperature under stirring;
the event was assigned as a zero reaction time. Un-
der constant H. pressure (1 atm), hydrogenation
was monitored by periodic sampling at regular in-
tervals of ten minutes. The reaction products were
analyzed by GC using the same system as previous-
ly described; however, the column and temperature
program were adjusted according to the nature of
the analyzed products. Conversion and selectivity
were determined from GC peak area normalization.

Results and discussion

Catalyst characterization

The 1 wt.% Pd/MgO catalyst that was em-
ployed in this study was developed by decreasing
Na PdCIl, with an addition of NaBH, in methanol
under ambient temperature. This was done with
MgO pre-calcined at 500 °C in the presence of air
for 2 h. After the reaction, the initially white solid
developed a grayish coloration. After purification,
the catalyst was stored in an inert environment.
Analogous materials comprising about 5 and 10
wt.% Pd/MgO were obtained by following an iden-
tical procedure, with the only variation being the
quantity of Na.PdCls employed. These materials
were used primarily for characterization and com-
parison purposes. ICP-AES analysis revealed actual
Pd loading in each of the three catalysts of 0.9
wt.%, 4.4 wt.%, and 9.7 wt.%, respectively. These
values were used to determine TOF during cataly-
sis. For simplicity, the samples are referred to
throughout this study as Pd/MgO catalysts contain-
ing 1, 5, and 10 wt.% Pd.

Transmission electron microscopy

TEM investigation of the fresh 1 wt.% Pd/MgO
sample (Fig. 1) showed the existence of Pd particles
uniformly distributed on the support surface. The
particles had a mean size of 1.7 nm, whereas TEM
investigation of fresh samples containing 5 and 10
wt.% Pd/MgO also revealed small palladium
nanoparticles, averaging 1.7 and 1.8 nm in diame-
ter, respectively. The 1 wt.% sample was analyzed
after it had been used in a run of quinoline hydroge-
nation at 150 °C and 40 atm H,, and the result

o1 W g

Fig. 1 — TEM micrographs of 1 wt.% Pd/MgO: (a) fresh cat-
alyst, (b) used catalyst after quinoline hydrogenation at 150 °C
and 40 atm H:

showed that the mean Pd particle size remained
largely unchanged; 1.6 nm. These findings suggest
minimal catalyst sintering or aggregation, and no
significant Pd leaching was observed under the
harshest conditions®.

X-ray photoelectron spectroscopy

The XPS survey spectrum of 1 wt.% Pd/MgO
is presented in Fig. 2. Contrary to a comparable cat-
alyst obtained by impregnation, there are no peaks
detected =200 eV (CI 2p), indicating a Cl-free cata-
lyst surface that was introduced during the produc-
tion process*. Due to the very low Pd loading, the
high-resolution Pd 3d spectrum of 1 wt.% Pd/MgO
exhibited very weak signals.

On the other hand, XPS 3d spectra of 10 and 5
wt.% Pd/MgO showed Pd(0) peaks at 335.1 and
339.2 eV (3d5/2, 3d3/2), indicating the existence of
metallic palladium on both surfaces*; The spectra
of both materials showed no other Pd species. It
seemed plausible to assume that the surface compo-
sition of 1 wt.% Pd/MgO would be comparable,
given that all synthesis parameters, except the Pd
precursor amount, were the same. In addition,
H,-TPR measurements (which will be discussed
further) provide evidence that Pd(0) is either the
sole or the predominant species on the surface.
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Fig. 2 — X-ray photoelectron spectroscopy spectrum of the
Pd 3d from 10 % Pd/MgO region showing two char-

acteristic peaks
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Fig. 3 — X-ray diffraction patterns of Pd/MgO catalysts
showing the characteristic diffraction peaks of me-
tallic Pd at ~40° (111) and 46-47° (200)

X-ray diffraction

PXRD patterns of the three solids with varying
amounts of metal were produced to support the XPS
findings on the Pd crystalline phase in the catalyst.
As a result of the low metal loading, the Pd diffrac-
tion signal of 1 wt.% Pd/MgO material was almost
undetectable, similar as in XPS. All 5 peaks were
attributed to the MgO phase. For the 5 wt.%
Pd/MgO sample, a tiny diffuse peak at 26 = 40° was
observed. This reflection was assigned to Pd(111);
nevertheless, the remaining diffraction features of 5
wt.% Pd/MgO could not be distinguished from
those of MgO. XRD scans of the 10 wt.% Pd/MgO
sample revealed fcc Pd reflections at 26 = 40.2°,
46.8°, and 68.3°, which were attributed to (111),
(200), and (220) planes, respectively, matching the
standard Pd diffractogram, which are 40.0°, 46.8°,
and 68.2°. The dominant MgO (200) reflection at
20 = 43.0° was used as the internal reference for
signal attribution, as shown in Fig. 3.

BET surface area

The physisorption and chemisorption results
are provided in Table 1. The specific surface area of
the MgO support was 89 m? g! after calcination at
500 °C for 2 h, and this value was practically main-
tained following surface deposition of 1 wt.% Pd
NPs, i.e., 91 m? g'. The results of hydrogen pulse
chemisorption experiments performed on the 1
wt.% Pd/MgO showed that there was about 5 %
metal dispersed on the surface. The same 5 wt.%
Pd/SiO:z and 5 wt.% Pd/Al:Os catalysts were tested
for comparison of their catalytic performance. This
resulted in greater metal dispersion of 11 % and 18
% for the 5 wt.% and 10 wt.% Pd/MgO catalysts,
respectively.

The values of the H: chemisorption—derived
metal dispersion were used in the calculation of the
catalytic activities. The dispersion of Pd was esti-
mated by hydrogen pulse chemisorption. To enable
a fair comparison between catalysts with different
Pd loadings (1 wt.% vs 5 wt.%), catalytic perfor-
mance was evaluated using dispersion-corrected
turnover frequencies (TOF_ ) obtained through H,
chemisorption. Consequently, the discussion focus-
es on the high catalytic activity observed at low Pd
loading, rather than claiming superiority of any spe-
cific catalyst. Experiments using H.-TPR were car-
ried out for 1, 5, and 10 wt.% Pd/MgO, as well as
for the MgO support, to assess the reducibility of
surface species on Pd/MgO. None among the four
samples exhibited positive peaks in their TPR pro-
files (as shown in Fig. 4), which would indicate hy-
drogen consumption. The desorption of H, that had
been adsorbed at room temperature at the beginning
of the examination from the surface of metallic Pd
results in the negative peaks that are noticed ap-
proximately 360 K. Peak intensities paralleled the
surface Pd level in each sample. While with the cat-
alyst containing 10 wt.% exhibiting the strongest H-
desorption peak.

TPR profiles revealed no major reduction pro-
cesses derived from linear H> uptake over the first
1.5-2 h, occurring within a temperature range of
400-700 K. In contrast, the Pd/MgO sample created
by impregnation revealed a positive TPR feature at

Table 1 — Observations from tests of chemical and physical

adsorption
Material BET(smugfgie; area Metal Eiozs)g)erswn
MgO 89 N/A
1 % Pd/MgO 91 50,
5 % Pd/SiO, _ 1%
5 % Pd/ALO, _ 18 %
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Fig. 4 — Temperature-programmed reduction (TPR) profiles of MgO and Pd/MgO

catalysts with varying Pd loadings

~450 K linked to PdO, and the three Pd/MgO sam-
ples showed TPR behavior corroborated by XRD
and XPS. Thus, Pd in these catalysts was predomi-
nantly metallic.

Catalytic hydrogenation of quinolines

Hexane or THF may be used as the medium for
converting quinoline into 1,2,3,4-tetrahydroquino-
line under mild conditions (150 °C, 40 atm); after a
few hours, the conversion approaches 100 % with
no sign of catalyst deactivation or inhibition caused
by the substrate or product. Calculations were de-
rived from linear H> uptake over the first 1.5-2 h,
giving an initial TOF, . = 300 h™'. The value was
then dispersion-corrected using H2 pulse chemisorp-
tion (which was estimated to be 5 % in the case of
1 wt.% Pd/MgO). The calculated TOF__ value hit
6400 h™'. This value was used as a measure of cata-
lytic activity. Table 2 summarizes the main hydro-
genation results.

As seen in Fig. 5, the values of TOF___ steadily
increased with the H, pressure within the range of
2040 atm. This indicates that metal sintering or
other forms of catalyst deactivation were negligible
at 40 atm H, pressure, which aligns with the find-
ings of the TEM study. In the temperature range of
100-150 °C, the catalytic activity similarly in-
creased with temperature. TOF values evaluated
across this range were considered adequate, al-
though hydrogenation rates may be boosted even
further using greater pressures and temperatures.

The 1 wt.% Pd/MgO catalyst demonstrated
high efficiency and selectivity for hydrogenating
substituted quinolines under analogous conditions.
The presence of a methyl group introduced at the
3-position or 8-position of quinoline slightly de-

creased the hydrogenation rate, whereas a methyl
substituent at the 2-position had no noticeable ef-
fect. In all the experiments, hydrogenation was con-
fined to the heterocycle, with no evidence of hydro-
genation of the carbocycle.
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4000 y ; v
20 25 30 35 40
H, pressure (atm)

() 6000
5500
5000
4500
4000
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Fig. 5— (a) Dependence of corrected turnover frequency
(TOF, ) for quinoline hydrogenation using 1 wt.% Pd/MgO on

cori

H, pressure (20-40 atm), (b) Dependence of TOF, _ for quino-

corr

line hydrogenation using 1 wt.% Pd/MgO on reaction tempera-
ture (100150 °C)



Buthaina Sultan Aziz et al., Palladium—Magnesium Oxide Nanocatalyst..., Chem. Biochem. Eng. Q., 40 (1) 1-10 (2026) 7

Table 2 — Summary of representative hydrogenation results using 1 wt.% Pd/MgO and commercial reference catalysts

Reaction system Catalyst

Temperature

(°C)

H, pressure

(atm)

Main reported outcome

Quinoline hydrogenation 1 wt.% Pd/MgO
5 wt.% Pd/SiO2 (commercial)

5 wt.% Pd/Al-Os (commercial)

Quinoline hydrogenation
Quinoline hydrogenation

Naphtha relevant olefin
hydrogenation

Biodiesel (FAME) partial
hydrogenation

1 wt.% Pd/MgO

1 wt.% Pd/MgO

150
150
150

25

40
40
40

10

Nearly complete conversion
Nearly complete conversion
Nearly complete conversion

Effective hydrogenation of the tested linear

olefins

Product mixture enriched predominantly
(>80 %) in C18:1 monounsaturated FAMEs

Commercial catalysts with 5 % Pd/SiO, and 5
% Pd/AlL,O, showed activities that were approxi-
mately fourfold below that of our 1 wt.% Pd/MgO
catalyst under similar conditions and identical Pd
loading. This resulted in TOF__ of 1800 h™', 1600
h!, respectively, with respect to quinoline hydro-
genation to 1,2,3 4-tetrahydroquinoline. Only one
Pd NP catalyst for quinoline hydrogenation on hy-
perbranched aramids is reported’'. In the literature
scenario, an uncorrected TOF of 350 h™! was reached,
on par with ours. There are no studies on substituted
quinolines in the literature. Table 2 shows the main
hydrogenation results. The Pd/MgO catalyst is high-
ly active at mild conditions, especially in quinoline
hydrogenation, and the TOF values are expressed to
account for the Pd dispersion. The excellent selec-
tivity that was obtained for the heterocycle satura-
tion may potentially be useful in the production of
useful tetrahydroquinoline intermediates.

Catalytic hydrogenation of alkenes

Excess alkenes in naphtha may be reduced by
hydrogenation, which is carried out concurrently
during the HDS process over regular catalysts.
However, if there is an excessive reduction in the
amount of olefin present, the fuel’s octane rating
may see a significant drop as a consequence’®. The
octane rating is largely determined by highly substi-
tuted, preferential hydrogenation of linear and un-
substituted components primarily. This will result in
a higher overall octane rating.

Accordingly, 1 wt.% Pd/MgO was examined
for mild hydrogenation of naphtha-representative
C5-C6 olefins at 25 °C and 10 atm Ho. Fig. 6 illus-
trates the olefin hydrogenation conversion profile
with time. The catalyst was found to be rapid in the
initial activity, and the conversion rate increased
steadily at the beginning of the reaction after which
it became flat at longer reaction times. This behav-
ior denotes effective hydrogen activation and pro-
longed catalytic operations in the mild conditions
applied (25 °C, 10 atm H,). Under the same reac-
tion conditions as previous studies, it was shown

100

80

60

40 1

Conversion (%)

201

0 20 40 60 80 100 120
Time (min)
Fig. 6 — Variation in olefin hydrogenation conversion with

reaction time over 1 wt.% Pd/MgO at 25 °C and 10
atm H:

that the TOF values for C6-alkene hydrogenation
over silica-supported Pd NPs were found to range
from 4000 to 38,000 h™' 4>43,

Catalytic hydrogenation of biodiesel

Given the high activity of 1 wt.% Pd/MgO cat-
alyst, its effectiveness was also evaluated in the par-
tial hydrogenation of biodiesel prepared via
KOH-catalyzed methanolysis of soybean oil*. The
catalyst rapidly and selectively converted the FAME
mixture to mainly (>80 %) the desired C18:1 at
conditions (100 °C, 1 atm Ha), after preliminary
screening at optimal conditions (25-100 °C, 1-7
atm Hz). Table 3 presents the biodiesel (FAME) hy-
drogenation conditions and the obtained results.
The data have demonstrated the mild optimized
conditions and selective enrichment with C18:1
monounsaturated FAMEs.

Recyclability of the catalysts

Three successive hydrogenations of cyclohex-
ene and quinoline were run with the same 1 wt.%
Pd/MgO catalyst to determine the longevity of our
catalyst, as well as its capacity to be recycled. The
cycle-specific TOF values are shown in Fig. 7,
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Table 3 — Partial hydrogenation of soybean biodiesel (FAME
mixture) using a 1 wt.% Pd/MgO catalyst

Item Value
Feedstock Soybean biodiesel (FAME mixture)
Catalyst 1 wt.% Pd/MgO

25-100 °C/1-7 atm H.
100 °C/1 atm H.

Screening range
Optimized conditions

Polyunsaturated FAMEs —
mono-unsaturated (C18:1)

C18:1 product >80 %

Target

Main outcome

based on normalized hydrogenation activities for
each cycle. The hydrogenation activity toward cy-
clohexene showed approximately a 10 % variation,
which is within TOF measurement uncertainty. This
indicates that the catalyst remained stable over at
least three alkene hydrogenation cycles without ex-
periencing a significant decline of catalytic perfor-
mance. On the other hand, the activity of quinoline
hydrogenation catalyst decreased by around 30 %
after the third run. In quinoline hydrogenation recy-
cling, commercial catalysts of 5 % Pd/SiO, and 5 %
Pd/AlO, produced results that were comparable to
one another in terms of catalytic performance.
However, 1 wt.% Pd/MgO showed markedly higher
catalytic performance under the same recycling
conditions.

(@) 60000

50000
—~ 40000
L 30000
L
O 20000
[

10000

0

L 2
Cyclohexene cycle

(b) 6000
5000
4000
3000

TOF_ . (h™)

2000
1000

2
Quinoline cycle

Fig. 7 — (a) Recyclability of 1 wt.% Pd/MgO in the cyclohex-
ene hydrogenation over three cycles; (b) Recyclability of 1
wt.% Pd/MgQO in quinoline hydrogenation over three cycles

Post-recycling ICP-AES showed negligible Pd
loss from the catalyst after quinoline runs (0.9 wt.%
used; 0.9 wt.% fresh), with only trace Pd in the or-
ganic liquid phase, which may indicate limited but
measurable leaching. Consequently, loss in activity
was not due to metal leaching. TEM images of the
spent catalyst revealed no substantial aggregation of
smaller Pd NPs into bigger ones, which would be
expected to accompany a decline in catalytic perfor-
mance. This eliminates the notion that the product
1,2,3,4-tetrahydroquinoline may be inhibiting the
reaction. Since a deactivation impact of this kind
was not observed during the alkene hydrogenation
process, the detected mild drop in activity was
probably caused by an unidentified trace impurity
in quinoline.

Conclusion

In order to achieve selective hydrogenation un-
der mild conditions, this study proposes a new pal-
ladium magnesium oxide (Pd/MgO) nanocatalyst
with dispersed Pd nanoparticles (~1.7 nm). The ma-
jor objective was to develop a useful, stable, and
recyclable catalyst to enhance naphtha, quinoline,
and biodiesel properties without interfering with
fuel quality and over-hydrogenation of aromatics.
Some of the key findings of this study include:

— Nanostructure control: TEM analysis was used to
control the homogeneous Pd dispersion with an
average particle size of 1.7 nm and a high cata-
lytic surface activity.

— Improved quinoline hydrogenation: Under the
conditions of 150 °C and 40 atm H_, the catalyst
obtained close to 100 % conversion with a TOF
of 6400 h!, which is approximately four times
higher compared with commercial Pd/SiO. and

Pd/ALO:s.

— Selective hydrogenation of olefins: The catalyst
selectively hydrogenated the linear alkenes at 25
°C and 10 atm H..

— Biodiesel upgrading: The monounsaturated FAMEs
at 100 °C and 1 atm of H, were produced in more
than 80 % of the polyunsaturated FAMEs, there-
by markedly enhancing oxidative stability.

— Recyclability: Three cycles of alkene hydrogena-
tion were run with stable activity less than 10 %
of activity loss; however, quinoline runs experi-
enced a loss of about 30 % which was most like-
ly due to impurities in the substrate.

— Stability: XRD, XPS, and TPR analyses favored
the stability of the catalyst in the long run and

proved the presence of mainly metallic Pd with-
out PdO formation.
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These findings demonstrate that Pd/MgO nano-

catalysts provide a stable platform for selective hy-
drogenation, enhance the stability of gasoline, pre-
serve the quality of fuels, and enhance biodiesel
efficiency. The high activity, recyclability, and con-
trol at the nanoscale are the characteristics that
make them promising for clean fuels.
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