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ABSTRACT
The development of hydrogenation processes for polyalphaolefin (PAO) lubricants, which hold commercialization potential, is 
a challenging endeavor. Here, we synthesized and characterized rod-shaped γ-alumina supported Pd catalyst for PAO hydrof-
inishing, comparing it with γ-alumina supported Ni catalyst. Results indicated that Pd/Al2O3 catalyst efficiently promoted PAO 
hydrofinishing, whereas Ni-based catalyst exhibited lower activity. Optimization of reaction variables using the one-factor-at-a-
time method revealed that hydrogenated polyalphaolefin could be achieved with a 90% yield using a 5 wt.% catalyst, a hydrogen 
pressure of 12 bar, at 130°C after 7 h. The superior performance of the fabricated catalysts, coupled with the use of rod-shaped 
alumina suitable for large-scale hydrogenation reactors, suggests the versatility of the process for potential commercialization. 
Additionally, the higher performance of Pd/alumina compared to Ni/alumina catalyst was computationally assessed at the mo-
lecular level using DFT methods.

1   |   Introduction

Base oils are obtained by refining crude oils. A large number 
of crude oils are used around the world to produce base oils. 
In this field, fluids based on polyalphaolefins (PAOs) have re-
ceived great attention in recent years due to their outstanding 
properties. Compared to mineral oils, PAOs benefit from low 
pour points, high viscosity index (VI), low toxicity, compatibil-
ity with mineral oils, better oxidation stability, low corrosion, 
high shear, and thermal and hydrolytic stability [1–5]. In gen-
eral, a three-stage process is necessary to obtain final PAOs, 
including oligomerization, hydrogenation, and distillation to 

achieve different grades. Crude PAOs from oligomerization 
contain olefinic bonds in their backbone (−C=C) that are 
prone to oxidation at high temperatures. Therefore, the hy-
drogenation process is highly important to complete the sat-
uration of the oligomeric chains. On the other hand, crude 
PAO hydrofinishing usually needs harsh conditions (> 30 bar, 
> 200°C) under precious metals catalysis. This issue enhances 
the risk and cost of PAO production. Like other hydrogenation 
processes, there are two essential factors for the hydrogenation 
of PAO base oils, hydrogen source, and a catalyst. Due to the 
importance of economic issues in large-scale processes, choice 
of an efficient catalytic system is imperative to operate under 
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mild reaction conditions with low precious metals loading in 
the hydrofinishing reaction and use of low hydrogen pressure 
[6, 7]. Palladium-catalyzed reactions have received increasing 
attention in the last decades [8–11]. Because of more facile re-
covery and superior recyclability, the heterogeneous catalysts 
have attracted great attention in many industrial operations. 
In these catalysts, the type of support and support synthesis 
could affect the catalyst performance [12]. Different kinds of 
materials, such as clays, silica, and polymers, could be used as 
catalytic supports [13, 14]. One of the extensively utilized cata-
lytic supports in chemical reactions is alumina (Al2O3), which 
benefits from appealing features, such as high mechanical re-
sistance, reasonable stability, and low cost. Among different 
types of aluminas, γ-alumina is a fascinating material, which 
has found extensive use as a commercial catalyst and catalyst 
support in the chemical and petrochemical industries [15, 16]. 
This may probably be related to its improved properties, such 
as high thermal stability, moderate wear resistance, specific 
surface area, pore size, and pore volume. In order to control 
the stability and textural features of a catalyst, the wise choice 
of support and its shaping are essential [17]. Catalyst based on 
extruded supports [18, 19], instead of the powder forms, could 
be an excellent choice for many industrial applications. These 
catalysts with different geometrical forms are charming due 
to ease of transport, good mechanical properties, and easier 
recyclability [20–22].

In the pursuit of our study on PAO hydrogenation catalysts 
[23, 24], herein we wish to report the synthesis of a hetero-
geneous Pd-based catalyst using extruded γ-alumina support, 
Pd/γ-Al2O3 catalyst. The catalytic performance of Pd/γ-Al2O3 
catalyst in hydrotreating of PAO was studied and compared 
with that of Ni/γ-Al2O3 catalyst, and the reaction variables 

were optimized to achieve the highest yield of hydrogenated 
PAO (H-PAO). Density functional theory (DFT) calculations 
provide a mechanistic understanding of why Pd exhibits sig-
nificantly superior performance compared to Ni. This insight 
could guide future experimental studies [25, 26], leverag-
ing predictive catalysis approaches before conducting the 
calculations.

2   |   Experimental

γ-Alumina, boehmite, and polyethylene glycol 400 (PEG 400) 
were supplied from Merck Co., Germany. Nitric acid (HNO3), 
Pd(OAc)2, NiN2O6.6H2O, NaBH4, methanol, and toluene were pur-
chased from Sigma-Aldrich and used with no further purification. 
To synthesize PAO, the following reagents were utilized: AlCl3, 
1-decene (94%), and NaOH, provided by Merck Co., Germany.

2.1   |   Characterization

To ensure the formation of the desired catalyst, the following 
characteristic techniques were used: ICP-AES, wide-angle x-ray 
scattering (WAXS), Fourier transform infrared (FTIR), Brunauer–
Emmett–Teller (BET), TGA, SEM, energy-dispersive spectroscop 
(EDS), and elemental mapping analyses. More precisely, to mea-
sure the Pd loading of the catalyst, ICP-AES (Varian, Vista Pro) 
was carried out.

The FTIR spectrum of the catalyst was scanned by PerkinElmer 
Spectrum 65 using the KBr pellet technique. WAXS was accom-
plished on a D5000 Siemens apparatus using Cu-Kα radiation 
to survey the structural properties of the catalyst. The catalyst 

FIGURE 1    |    Scheme of the catalytic synthetic procedure.

 10990739, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aoc.7730 by U

niversitat de G
irona, W

iley O
nline L

ibrary on [09/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



3 of 12

was examined at room temperature between 10° and 80° with 
0.02° intervals. To investigate the thermal properties of the cata-
lyst, its thermogravimetric (TG) curve was recorded via Mettler 
Toledo apparatus. For this purpose, the catalyst was heated from 
room temperature to 800°C with a heating rate of 10°C·min−1 
under O2 atmosphere. BET was applied to study the surface 
properties of the catalyst. A Santam STM-20 machine was used 
to determine the crushing strength of the catalyst. The morphol-
ogy of the catalyst was investigated using the VEGAII TESCAN 
scanning electron microscope (SEM). EDS and mapping analy-
ses were also performed. Molecular weights and polydispersity 
index (PDI) of the synthesized oil were determined by gel perme-
ation chromatography (GPC Agilent 1100). Viscosity index (VI) 
and kinematic viscosities at 40°C and 100°C (KV40 and KV100) 
were also obtained using ASTM D 97 and ASTM D445, respec-
tively. To estimate the degree of hydrogenation yield, 1HNMR 
spectroscopy was performed using Bruker DRX400MHz NMR 
spectrometer in deuterated chloroform at 25°C.

2.2   |   Catalyst Preparation

2.2.1   |   Synthesis of Support

Alumina extrudates were synthesized according to the previ-
ous known procedures [27–29]. In a typical synthesis, the target 
support was prepared by reacting boehmite powder (3.04 g) with 
γ-alumina (0.16 g), followed by the addition of nitric acid solu-
tion (3 wt.%), as a peptizing agent, and the aqueous solution of 
PEG 400 (15 wt.%) at room temperature. The mixture was then 
kneaded to obtain a homogeneous paste. After extortion of the 
prepared paste, the extruded products were dried at ambient tem-
perature and then at 110°C for 12 h. The formed samples were 
also calcined in air for 5 h at 500°C (Figure 1). The mechanical 
strength of this material was studied, and the crushing strength 
of the as-prepared support was determined as ~422 N.cm−2. 
According to the surface properties of the synthesized extruded 
γ-alumina, the values of the specific surface area, average pore 
diameter, and pore volume were 240.3 m2.g−1, 8.45 nm, and 
0.512 cm3.g−1, respectively.

2.2.2   |   Synthesis of Catalyst

In this step, immobilization of Pd nanoparticles on the ex-
truded Al2O3 support was carried out by utilizing the incipi-
ent wet impregnation technique [24, 30, 31]. All experiments 
were carried out at room temperature. After the introduction 
of toluene into the extruded Al2O3, a solution of Pd (OAc)2 
(0.03 g) in toluene (15 mL) was added dropwise, and the re-
sulting mixture was gently stirred overnight. In order to re-
duce Pd(II) to Pd(0), a solution of NaBH4 (0.11 g) in methanol 
(15 mL) was slowly added under stirring to the aforesaid mix-
ture. The solution was allowed to mix slowly overnight. The 
solvent was then removed to afford the catalyst (Figure 1). The 
loading of Pd was 1.3 wt.%, which was confirmed by ICP anal-
ysis. It is worth mentioning that the extruded Al2O3 did not FIGURE 2    |    GPC chromatograms of synthesized PAO and H-PAO.

TABLE 1    |    Hydrotreating of PAO using Pd/γ-Al2O3 catalyst.a

Run Catalyst (w/w. %) Pressure (bar) Temperature (°C) Time (h) Yield (%)

1 2 8 100 5 48

2 3 8 100 5 55

3 5 8 100 5 65

4 6 8 100 5 65

5 5 5 100 5 59

6 5 10 100 5 73

7 5 12 100 5 81

8 5 15 100 5 81

9 5 12 130 5 86

10 5 12 150 5 84

11 5 12 130 7 90

12 5 12 130 9 90
aPAO = 10 g.
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demonstrate any deformation in the palladation process. As 
expected, the surface properties of the catalyst, the specific 
surface area (220 m2.g−1), and the pore volume (0.42 cm3.g−1) 
declined after the introduction of Pd nanoparticles, which 
confirmed the infiltration of metallic species into the pores.

Similarly, the Ni/γ-Al2O3 catalyst was also synthesized by the 
same procedure, except with NiN2O6.6H2O (deionized water 
solution), instead of Pd (OAc)2 as a metal center during the cat-
alyst preparation.

2.3   |   Synthesis of PAO

2.3.1   |   Oligomerization

The PAO-based lubricant was synthesized according to known 
procedures reported [32–34]. All experiments were performed 
under dry nitrogen atmosphere in a 250 mL stainless steel me-
chanically stirred (1000 rpm) pressure reactor coupled to an 
oil bath to adjust the temperature. Prior to the oligomerization 
experiments, the reactor was connected to a high pressure line 
and degassed. The pressure vessel was heated to 90°C using the 
oil bath for 1 h. The reactor was charged with the AlCl3 catalyst 
(5 g), and then monomer solution (500 mL 1-decene in 0.3 mL 
deionized water) was injected into the oligomerization system 
via a syringe. After that, the reaction mixture was continued at 

100°C for 1 h. Eventually, the volatiles were removed, and the 
residue was washed with NaOH solution (5 wt.%) several times. 
According to the GPC chromatogram (Figure 2), the character-
istics of the synthesized PAO were as follows: Mn = 672 g.mol−1, 
Đ = 1.34. KV40 = 23.0, KV100 = 4.8, and VI = 129.

2.3.2   |   Hydrofinishing Process

Like the oligomerization step, the desired reactor was purged 
under dry nitrogen. Catalyst (5 wt.%) as well as synthetic oil 
was introduced to the reactor, and the reactor was sealed. 
Afterwards, hydrogen gas was injected, and the hydrogena-
tion reaction was performed with continuous stirring for 7 h. 
The hydrogenation experiments with variable reaction condi-
tions can be shown in Table  1. At the end, the reactor was 
discharged, and the catalyst was filtered. The yield of the hy-
drogenation was evaluated via 1HNMR spectroscopy of hydro-
genated PAO oil.

2.4   |   Computational Details

The Gaussian 16 package was used to perform all the DFT cal-
culations [35]. Geometry optimizations were carried out using 
the pure GGA functional of Becke and Perdew, known as BP86 
[36, 37], with explicit dispersion corrections applied through the 

FIGURE 3    |    (a) FTIR spectrum, (b) thermogravimetric analysis, and (c) XRD pattern of Pd/γ-Al2O3 catalyst.
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Grimme D3 method [38]. For non-metal atoms (i.e., C, H, N, O, Al, 
and Si), the split-valence basis set (Def2SVP keyword in Gaussian) 
[39, 40] was employed. For Pd, the small-core quasi-relativistic 
Stuttgart/Dresden effective core potential, with an associated va-
lence basis set (standard SDD keyword in Gaussian16), was used to 
address relativistic effects [41–43]. Geometry optimizations were 
performed without symmetry constraints. Additionally, the γ-
alumina fragment was optimized as it is known to be non-rigid. A 
single Pd atom was used to simulate the Pd content on the support 
system. Analytical frequency calculations were conducted to con-
firm the nature of the stationary points, whether minima or tran-
sition states. Any overestimation of the entropy was investigated 
using the model by Martin et al. [44] and the implementation by 
Poater et al. [45–47], applying a pressure of 1354 atm. Furthermore, 

single-point energy calculations using the hybrid GGA functional 
of Becke–Lee, Parr, and Yang, specifically B3LYP [48–50] and the 
cc-pVTZ basis set for the non-metal atoms were performed [51]. The 
reported Gibbs energies in this work include values obtained at the 
B3LYP-D3/cc-pVTZ+SDD//BP86-D3/Def2SVP + SDD level of the-
ory, corrected for zero-point energies, thermal corrections, and en-
tropy effects evaluated with the BP86-D3/Def2SVP + SDD method.

3   |   Results and Discussion

The as-prepared Pd/γ-Al2O3 catalyst was characterized via var-
ious characterization techniques. In the following section, the 
results will be discussed in detail.

FIGURE 4    |    SEM micrographs of the catalyst at different magnifications.

FIGURE 5    |    EDS and elemental mapping analyses of catalyst.

 10990739, 2024, 12, D
ow

nloaded from
 https://onlinelibrary.w

iley.com
/doi/10.1002/aoc.7730 by U

niversitat de G
irona, W

iley O
nline L

ibrary on [09/12/2024]. See the T
erm

s and C
onditions (https://onlinelibrary.w

iley.com
/term

s-and-conditions) on W
iley O

nline L
ibrary for rules of use; O

A
 articles are governed by the applicable C

reative C
om

m
ons L

icense



6 of 12 Applied Organometallic Chemistry, 2024

3.1   |   FTIR Spectrum

To survey the structure of the Pd/γ-Al2O3 catalyst, an FTIR 
analysis was performed. According to Figure  3a, the bands, 
which appear at 852, 751, and 574 cm−1, are indicative of the 
Al-O vibration of the γ-form of alumina. The absorption bands 
at 1652 and 1435 cm−1 can be attributed to the stretching and 
bending vibrations of Al-O, respectively. The broad band at 
3400 cm−1 is attributed to the Al–OH stretching vibration due 
to the hydroscopic generation of alumina and hydrogen bond-
ing with water molecules. These observations are in good 
agreement with the literature and support the formation of 
γ-Al2O3 [52–55]. Notably, the stabilization of Pd nanoparticles 
on γ-Al2O3 cannot be confirmed by FTIR spectroscopy, as the 
characteristic bands of Pd nanoparticles overlap with those of 
γ-Al2O3.

3.2   |   Thermogravimetric Analysis

According to the TG thermogram (Figure 3b), the weight loss at 
100°C is attributed to the loss of adsorbed water on the alumina 
surface. The weight loss between 300°C and 500°C could be as-
sociated with the breaking of Al–OH bonds, which confirmed 
the loss of structural stability and dehydration at elevated tem-
peratures [56, 57]. These results confirm a high thermal stability 
of the Pd/γ-Al2O3 catalyst.

3.3   |   XRD Pattern

The XRD pattern of Pd/Al2O3 is depicted in Figure  3c. 
According to the previous studies, the observed peaks in the 

XRD pattern confirmed the γ-alumina structure  [52, 56, 58]. 
As expected, characteristic peaks at 2θ of 32.10°, 37.10°, 39.43°, 
45.90°, 60.72°, and 66.98° are detected, which ae assigned to 
the (220), (311), (222), (400), (511), and (440) planes of the or-
thorhombic crystal cell, respectively. Remarkably, the char-
acteristic peaks of Pd nanoparticles were not observed in the 
XRD pattern of Pd/Al2O3, which is due to the low amount of 
Pd nanoparticles.

3.4   |   SEM-EDS

The SEM images of the catalyst are illustrated in Figure 4. As 
shown, the catalyst exhibited an aggregated-like morphology. 

TABLE 2    |    Methyl type of the synthesized PAO and H-PAO.

CH3 type
Chemical 

shift (ppm) PAO H-PAO

CCH2CH3 10.9 1 1

(CH3)CHCH2CH3 11.3 1 1

CHCH2CH2CH3 14.5 4 3

CH (CH3)
CH2CH2CH3

14.4 2 2

(CH2)
nCH2CH2CH3 n > 1

14.1 41 41

CH2CH(CH3)CH 15–17 6 6

CH2CH(CH3)CH2 19.7 7 7

CH3CH(CH3)CH2 22.7 39 37

FIGURE 6    |    1HNMR spectra of PAO before and after hydrogenation.
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To appraise the surface composition of the catalyst and the 
dispersion of Pd nanoparticles on γ-Al2O3 support, EDS and el-
emental mapping analyses have also been performed. The exis-
tence of Al, O, and Pd atoms in the catalyst structure approves a 
successful impregnation of Pd species on the support (Figure 5). 
Moreover, the high dispersion of Pd atoms indicates a uniform 
palladation of γ-Al2O3.

3.5   |   Hydrofinishing of PAO

3.5.1   |   Effect of Catalytic Species

To determine which catalyst has supperior performance, the 
activity of the two as-prepared catalysts was studied. In all 
experiments, the hydrogenation conditions were kept con-
stant, and the degree of hydrofinishing was investigated 
using 1HNMR. According to the results, the palladium-based 
catalyst revealed higher performance compared to nickel 
catalyst in PAO hydrogenation under identical condition 
(PAO = 10 g, loading catalyst = 5 wt.% of PAO, temp = 130°C, 
time = 7 h, and H2 pressure = 12 bar). More precisely, hydro-
genation yield of 90% was obtained in the presence of Pd/γ-
Al2O3, whereas the nickel system, Ni/γ-Al2O3, showed the 
lowest catalytic activity and provided a moderate degree of 
hydrogenation (58%).

3.5.2   |   Optimization of Reaction Variables

As mentioned above, hydrofinishing of PAO oils is highly 
important in many industrial processes. To optimize the 
reaction variables of hydrofinishing, the reaction was con-
ducted under the different reaction conditions, and the 
reaction variables including catalyst loading, hydrogen pres-
sure, temperature and reaction time were optimized. These 
factors were separately investigated to shed light on their 
performance in the hydrogenation process, and the results 
were illustrated in Table 1. To optimize the catalyst loading, 
the hydrogenation of PAO was accomplished in the differ-
ent amounts of catalyst (2–6 wt.%) under H2 pressure of 8 bar 
at 100°C for 5 h. The reaction yield increased with catalyst 

dosage up to 5 wt.% and revealed a decline to higher levels. 
Hence, 5 wt.% of Pd/γ-Al2O3 was considered enhancing the ef-
ficiency up to 65%.

The effect of the hydrogen pressure on the reaction efficiency 
was also studied for 5 wt.% of Pd/γ-Al2O3 at 100°C for 5 h. More 
precisely, the hydrogenation yield at the different pressures 
followed the order of 15, 12 bar (81%) > 10 bar (73%) > 8 bar 
(65%) > 5 bar (59%). Therefore, the ideal value for this parameter 
was 12 bar.

In order to further investigate effectiveness of the process, the 
hydrofinishing was also conducted using 5 wt.% Pd/γ-Al2O3 
and hydrogen pressure of 12 bar in various temperatures and 
times. As tabulated, increasing the reaction temperature to 
130°C led to an increase in the hydrogenation yield up to 86%. 
However, the further increase in temperature was not impres-
sive. Similarly, the highest efficiency (90%) was observed when 
the hydrogenation was prolonged for 7 h rather than 5 h. On the 
other hand, further increase of this parameter did not have any 
appreciable change.

As a final result of the optimization experiments, the highest 
degree of hydrogenation (90%) was obtained in the presence of 
5 wt.% of catalyst at 130°C and 12 bar hydrogen pressure for 7 h 
(Run 11). As observed, these results are in good agreement with 
the 1HNMR spectrum of the hydrogenated PAO oil shown in 
Figure 6.

3.5.3   |   Characterization of PAO and H-PAO

At the end of this work, to investigate the microstructure of 
PAO before and after hydrogenation, its molecular weight and 
type of branching were evaluated. As seen in Figure 2, no sig-
nificant change in the molecular weight and PDI was observed 
after the hydrotreating process, Mn = 665 g.mol−1, Đ = 1.33. On 
the other hand, the branching type of the as-synthesized H-
PAO was also investigated using 13CNMR spectroscopy and 
gathered in Table  2. By investigation of the structural anal-
ysis, the methyl type did not change considerably after hy-
drofinishing reaction, which confirmed the absence of any 

FIGURE 7    |    13CNMR spectra of left:PAO and right:H-PAO.
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isomerization. Concluding this part, the results corroborated 
the high performance of designed catalyst in PAO hydrofin-
ishing (Figure 7).

3.6   |   DFT Results

To shed light on why the system with nickel shows minimal 
or no activity, a study was conducted using DFT. The hydroge-
nation mechanism with molecular hydrogen was examined in 
Figure 8, with the metal center that bears three oxygen atoms 
of the support in a facial way, starting with the simple ole-
fin ethylene. Beginning with the neutral species I, either with 
Pd(0) or Ni(0), the olefin is first incorporated, forming inter-
mediate II, with clear thermodynamic stabilization reaching 
up to 26.2 and 15.9 kcal/mol for Pd and Ni, respectively. Next, 
molecular hydrogen coordinates with an energy cost exceed-
ing 10 kcal/mol to form intermediate III. This intermediate 
is likely partially fictitious, as the adduct where the diatomic 

molecule is not coordinated to the metal but exists as a co-
ordination intermediate has energy nearly isoenergetic to the 
preceding intermediate II.

Although the order of olefin and molecular hydrogen coordi-
nation can vary, this does not improve the process, as it leads 
to an alternative intermediate II that is even less stable than 
intermediate III. Both strategies ultimately guide to this inter-
mediate III. From here, via transition state III–IV, one of the 
hydrogen atoms from the former molecular hydrogen migrates 
to the nearest methylene group, with an energy barrier of 21.7 
and 28.9 kcal/mol for Pd and Ni, respectively. This already in-
dicates a preference for Pd. Using Kozuch and collaborators' 
rate-determining state (rds) criterion, which considers the en-
ergy of the rate determining intermediate (rdi), instead of the 
relatively unstable intermediate III, the energy barriers are 
35.9 and 49.1 kcal/mol for Pd and Ni, respectively, further high-
lighting the higher kinetic cost for Ni. And to close the catalytic 
cycle, following the hydrogen migration in intermediate IV, the 

FIGURE 8    |    Reaction pathway for the hydrogenation of ethylene, showing relative Gibbs energies in kcal/mol (the cube represents the truncated 
γ-alumina, energies in black and blue for Pd and Ni, respectively).
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second hydrogen must also migrate to form the ethane mole-
cule, transferring the remaining hydride in intermediate IV to 
the alkyl moiety CH2CH3. This transition state IV–V requires 
4.9 kcal/mol for Pd and is barrierless for Ni. Interestingly, it ther-
modynamically leads to an over-stabilized adduct of the M(0) 
species, with stabilization of 33.4 and 29.6 kcal/mol for Pd and 

Ni, respectively. This aligns perfectly with the exergonic trans-
formation of ethylene and hydrogen to ethane, releasing up to 
28.9 kcal/mol. On the other hand, because the 13CNMR spectra 
did not reveal chain walking [59, 60], we excluded this alterna-
tive reaction with Pd, knowing that the hydrogenation barriers 
should be higher to promote to it [61].

FIGURE 9    |    For the computed TS III–IV for Ni (left) and Pd (right). (a) Optimized structures at the BP86-D3/Def2SVP-SDD level of theory 
with selected distances in Å. (b) Steric maps of the xy plane, featuring the H that is transferred at the center, with a radius of 3.5 Å, the metal atom 
providing it at the xz axis, and the C atoms where the H atom is transferred in the xz plane; curves are indicated in Å; and NCI plots (see Figure S1 
for the NCI plots of the rdi II). (c) 2D and (d) 3D plots of the reduced density gradient (s) versus sign (λ2)ρ, in a.u.
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Kinetically, the energy difference between the two metals is dis-
proportionately large [62], and we must ensure this is not an arti-
fact. Simply replacing Pd with Ni, thereby moving from the second 
to the first series of transition metals, should result in a smaller 
difference. Structurally, the rate-determining step (rds) appears to 
hinge on the TS III–IV. Here, we observe an unexpected structural 
transformation. For Pd, the metal center exhibits almost perfect 
octahedral symmetry, whereas for Ni, we surprisingly see a trigo-
nal bipyramidal structure (see Figure  9a). In this structure, the 
base includes two oxygen atoms and the previously olefinic ligand, 
whereas the two apical positions are occupied by the remaining ox-
ygen atom and in trans a molecular hydrogen moiety. This distor-
tion is so pronounced that the H···H distance, which is 2.080 Å for 
Pd, drops to 1.228 Å for Ni. Consequently, several other distances 
and angles differ significantly, making Ni kinetically disadvan-
taged. Cavallo et al.'s steric maps [63] further confirm the challeng-
ing situation for Ni, showing a %VBur index of 74.1% at the hydrogen 
transfer position, compared to just 66.3% for Pd (see Figure  9b) 
[64]. The quadrant analysis reveals one particularly hindered 
quadrant for Ni at 97.8%, underscoring the complete redistribution 
of ligands that hinders H transfer. For comparison, this highly hin-
dered quadrant is only 63.1% for Pd, although another quadrant 
reaches 79.8%, whereas for Ni, it is only 69%. This indicates a total 
distortion of the metal center based on the steric map orientation.

Shifting the focus to natural population analysis (NPA) charges, 
for Ni, we see charges of 1.007, 0.794, and 0.610 e for intermedi-
ates I–III and 0.294 e at TS III–IV, finishing at 0.563 and 0.958 e 
for IV and V and 0.634 e for TS IV–V. For Pd, the situation is 
entirely different, with charges of 0.867, 0.661, 0.526, 0.567, and 
0.726 e for I–V and 0.310 and 0.611 e for the two transition states, 
respectively. The key difference is that for Ni, the reaction in-
volves a much greater charge redistribution, with a range of 
0.713 e, compared to only 0.557 e for Pd.

Finally, a non-covalent interaction (NCI) analysis, de-
picted in Figure  9c for the 3D NCI plots of TS III–IV 
[65, 66], reveals a slightly higher number of non-covalent in-
teractions in the case of Ni. This is further illustrated in the 
2D NCI plots in Figure  9d, where there is a notably greater 
presence of favorable interactions in the range of 0.00 to 
−0.02 a.u. for Pd.

4   |   Conclusions

To motivate the need for a catalytic system in the hydrotreat-
ing of PAO with higher efficiency, a family of extruded hetero-
geneous Pd catalysts were synthesized and fully characterized. 
In summary, we have successfully attained the regio-controlled 
hydrogenation of PAO using Pd catalyst on the extruded ℽ-Al2O3. 
For this purpose, we prepared extruded ℽ-Al2O3 with moderate 
surface areas and porosities. It is also necessary to point out that 
these alumina extrudates were found as a suitable support for the 
preparation of catalysts without changes in the surface chemi-
cal properties. According to the result, palladium/ℽ-Al2O3 cata-
lyst was active in PAO hydrofinishing, compared to Ni/ℽ-Al2O3 
catalyst under identical condition. It should be noted that we 
achieved a high degree of hydrofinishing (90%) in the presence of 
this catalyst by optimizing the hydrogenation conditions includ-
ing catalyst loading = 5 wt. %, p = 12 bar, T = 130°C, and t = 7 h.

DFT analysis was conducted to understand why the Ni system 
performs worse in hydrogenation reactions. The Pd system 
showed a significantly lower energy barrier for hydrogen mi-
gration compared to Ni, indicating a kinetic preference for Pd. 
Structural analysis highlighted that the Pd center maintains 
an almost perfect octahedral symmetry, whereas Ni adopts a 
distorted trigonal bipyramidal structure, resulting in kinetic 
disadvantages for Ni. Steric and NPA further confirmed these 
findings, showing greater charge redistribution and steric hin-
drance for Ni.
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