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In an attempt to move towards single metal atom catalysis, the functionalization of halloysite with
amino-based ligands, where palladium atoms are complexed, is evaluated here as a pathway. The effect
of the nature of the aromatic amine is first evaluated by DFT calculations to find the best one. From a ser-
ies of ten aromatic amine ligands it is discernible which one has the most complexation capacity to the
palladium species, analyzing the structural and electronic properties. After this small exercise of predic-
tive catalysis, the catalyst of choice was then synthesized and characterized experimentally, in addition
to conducting catalytic studies. Specifically, its efficiency for polyalphaolefin hydrogenation was investi-
gated in different process conditions. Results demonstrate that the synthesized catalyst could promote
polyalphaolefin hydrofinishing at optimum catalyst loading, reaction temperature and hydrogen pressure
of 5 wt%, 130 �C and 7 bar, respectively to furnish the final product with bromine index of 55 Br/100 in 96
% yield.

� 2022 The Author(s). Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).
1. Introduction

Halloysite (Hal) is a clay of the Kaolin group with the formula of
Al2(OH)4Si2O5�nH2O The most common morphology of this diocta-
hedral 1:1 clay is tubular [1,2,3]. Actually, halloysite nanotubes
(HNTs) drive to the formation of tubular micelles [4,5]. HNTs are
unique 1D natural nanofillers with a hollow tubular shape and high
aspect ratio [6]. The large hollow lumen of Hal can potentially be
used to load functional molecules [7], such as drugs and catalysts.
On the other hand, the –OH functionality of Hal surface can be
readily applied for the introduction of functional groups and sur-
face modification [8]. Interestingly, the oppositely charged inner
and outer Hal surfaces provide an opportunity to tune the surface
properties of Hal. These features, as well as high thermal and
chemical stability of Hal, and its availability and bio-
compatibility [9,10], resulted in rapid growth of Hal-based cata-
lysts for various chemical reactions [11,12], including hydrogena-
tion, oxidation, synthesis of organic compounds [13,14,15,16].

Ionic liquids (ILs) are well-known organic salts that have been
extensively studied for various scientific fields [17,18,19]. The syn-
theses of conventional ILs are relatively simple and many organic
cations, including aliphatic and aromatic ones can be applied to
design new ILs [20,21,22,23,24]. One of the interesting uses of ILs
is catalysis. These compounds can not only be used as homoge-
neous catalysts, but can also be supported and applied for hetero-
geneous catalysis [25].

Polyalphaolefins, PAOs, are synthetic oils with high oxidation
resistance and viscosity index (VI, >125) and low pour points
[26]. These oils are extensively employed for high-performance
engine lubricants [27,28]. In the field of polymerization
[29,30,31], conventionally, PAOs are prepared through oligomer-
ization of monomers, such as 1-decene [32,33]. Notably, the
obtained PAOs contain–C = C double bonds in their backbones,
resulting in their low stability at elevated temperatures [34]. One
solution for improving the properties of PAO for high temperature
applications is hydrofinishing. In this process the olefinic bonds of
PAO are reduced and consequently, the stability of PAO will
increase. Similar to all hydrogenation processes [35], the use of a
hydrogen source and a catalyst is imperative for the hydrogenation
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of PAO. Unfortunately, this process frequently requires harsh reac-
tion conditions that make it high risk and costly.

Continuing our efforts to develop hydrogenation catalysts
[1,36], we recently focused on the combined experimental and
computational studies to shed light into the effective parameters
on the design and synthesis of the catalysts [38,54,48]. In this pro-
ject, we intend to report a novel heterogeneous catalyst for the
hydrogenation of PAO under mild reaction conditions. The palla-
dium is complexed on amine based ligands supported on halloysite
[37]. To synthesize the catalyst, Pd/Hal-Py, Hal was surface modi-
fied by multi-nitrogen and IL containing functional group by suc-
cessive reactions with (3-chloropropyl)triethoxysilane (CPTES),
imidazole, 1,2-dichloroethane and an aromatic amine. To appraise
the effect of the nature of the aromatic amine and find the best one,
ten aromatic amines included in Fig. 1 have been selected and their
performance was studied by the computational study. The catalyst
A

B
Fig. 1. a) The structure of ligands surveyed in molecular modelling studies

2

of the choice was then synthesized, characterized and investigated
for PAO hydrogenation.
2. Experimental

2.1. Materials

In this project, PAO has been prepared and then hydrogenated
by a new heterogeneous catalyst. 1-decene, AlCl3 and NaOH were
used (provided from Merck Co. Germany) to synthesize PAO. Cata-
lyst synthesis was conducted using the following chemicals and
solvents: Hal, CPTES, potassium carbonate (K₂CO3), imidazole,
1,2-dichloroethane, acetonitrile, 2-aminopyrimidine, toluene,
NaBH4 and methanol (MeOH), all purchased from Sigma-Aldrich
and used without further purification.
and b) schematic synthetic route of the final hydrogenation catalyst.
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2.2. Apparatus and equipment

To verify the formation of Pd/Hal-Py, the following analyses
were conducted: transmission electron microscopy (TEM, Philips
CM30300Kv instrument), thermogravimetric analysis (TGA, MET-
TLER TOLEDO apparatus, heating rate of 10 �C min�1, under O2

atmosphere), X-ray diffraction (XRD, Siemens, D5000 apparatus),
Fourier transform infrared (FTIR, BRUKER, EQUINOX 55 using KBr
pellet), inductively coupled plasma (ICP, Vista-pro apparatus),
Brunauer–Emmett–Teller (BET, Belsorp Mini II device, with pre-
heating of the samples for 3 h at 150 �C), energy dispersive spec-
troscopy (EDS, TESCAN instrument), and elemental mapping
analysis.

Gel permeation chromatography of the synthesized PAO was
performed using GPC Agilent 1100, including PS standards for
molecular weight calibration and THF as solvent. Bromine index
of the hydrogenated PAO was measured according to the ASTM
D2710 procedure.

The NMR spectrometer used to measure of the hydrogenation
yield (by 1H NMR test) and branching type (by 13C NMR test)
was Bruker DRX400MHz NMR spectrometer (in deuterated chloro-
form at 25 �C).

2.3. Preparation of the catalyst

Synthesis of the catalyst consists of five consecutive steps, the
detail of each is as follows:

2.3.1. Synthesis of Hal-Cl
In the first step of the synthesis of the catalyst, pristine Hal was

reacted with CPTES. To this purpose, Hal (3 g) was suspended in
dry toluene (60 mL) and sonicated for 20 min. CPTES (2.5 mL)
was then added to the aforesaid suspension and the mixture was
refluxed for 24 h under Ar atmosphere at 110 �C. At the end of
the reaction, the reaction vessel was cooled to 25 �C and the solid
was separated via centrifugation. The obtained solid (Hal-Cl) was
used for the next step after washing with toluene (2 � 5 mL) and
dying at 80 �C overnight.

2.3.1.1. Synthesis of Hal-Im. In the next step, the as-prepared Hal-Cl
(2.7 g) and potassium carbonate (1.36 g) were mixed in acetonitrile
(50 mL). Subsequently, a solution of Im (0.01 mol) in acetonitrile
(15 mL) was added and the resulting mixture was refluxed over-
night. Upon completion of the reaction, the precipitate was col-
lected via centrifugation, washed repeatedly with deionized
water and dried at 80 �C overnight.

2.3.1.2. Synthesis of Hal-DCl. A mixture of Hal-Im (2.3 g) and 1,2-
dichloroethane (2.15 mL) in acetonitrile (50 mL) was refluxed over-
night. At the end of the reaction, the obtained precipitate was sep-
arated and washed with acetonitrile several times, and dried at
50 �C in a vacuum oven.

2.3.1.3. Synthesis of Hal-Py. The as-prepared Hal-DCl (2 g) was sus-
pended in dry toluene (50 mL) and then 2-amino pyrimidine
(0.01 mol) was added and the resulting mixture was refluxed at
110 �C for 24 h under argon atmosphere. At the end, the solid
was collected, washed with toluene, and dried in oven at 80 �C
overnight.

2.3.1.4. Synthesis of Pd/Hal-Py. In the last step of the synthesis of the
catalyst, palladium nanoparticles were stabilized on Hal-Py via
wet-impregnation method. Briefly, a solution of Pd(OAc)2
(0.051 g) in acetonitrile (5 mL) was slowly introduced to the stir-
ring mixture of Hal-Py (1.7 g) in acetonitrile (20 mL). The mixture
was stirred at room temperature under argon atmosphere for 1 h.
3

Afterwards, a fresh solution of NaBH4 in MeOH was prepared and
gradually (within 15 min) added to the aforesaid suspension. Stir-
ring was continued under argon atmosphere for 1 h. Upon comple-
tion of the reaction, the black solid was separated via
centrifugation and dried at 40 �C overnight, Fig. 1b. The Pd content
of Pd/Hal-Py was measured to be 2 wt%.

2.4. PAO synthesis

PAO has been synthesized by using the procedure developed in
our laboratory [38]. Briefly, the reaction vessel was first prepared
by purging Ar gas at 80 �C for 1 h. Subsequently, the oligomeriza-
tion catalyst, AlCl3 (5 g), was placed in the reactor and the mixture
of 1-decene monomer (500 g) with 0.3 mL deionized water (as
electron donor) was introduced. The ratio of H2O/AlCl3 was 1:2.
After stirring the reaction mixture for 50 min at 100 �C, the as-
prepared PAO was separated and rinsed with sodium hydroxide
solution (5 wt%) several times. The obtained viscose oil was then
heated under �0.8 bar vacuum up to 250 �C to furnish the pure
PAO. The yield of the oligomerization process was 86 %.

2.5. Hydrogenation of PAO

Hydrogenation of PAO was accomplished in a stainless steel
reactor. First, the humidity of the reactor was removed by purging
dry nitrogen at 100 �C for 1 h. In the next step, Pd/Hal-Py (0.4 g)
and PAO (8 g) were placed into the reactor, H2 gas with pressure
of 7 bar was applied and the reactor was heated to 130 �C. Using
a magnetic stirrer, the reaction mixture was vigorously agitated
(700 rpm) for 8 h. At the end of the reaction, the reactor was cooled
and the catalyst was separated. To recover and reuse the catalyst, it
was rinsed with hexane three times and dried at 80 �C overnight.
The yield of the hydrogenated PAO was measured using 1H NMR.

2.6. Computational details

Gaussian 16 package was applied for conducting molecular
modelling simulations [39]. The geometry optimizations were per-
formed using B3LYP, i.e. the hybrid GGA functional of Becke-Lee,
Parr, and Yang [40,41,42]. In the case of non-metal atoms (i.e. C,
H, N, O, Al, Si and Cl) the split-valence basis set (Def2SVP keyword
in Gaussian) [43,44] was used, whereas for Pd the small-core
quasi-relativistic Stuttgart/Dresden effective core potential, with
an associated valence basis set (standard SDD keywords in Gaus-
sian16) was adopted [45,46,47].

The geometry optimizations were carried out without symme-
try constraints, including the Hal fragment because of its flexibility
[48], and the characterization of the stationary points was per-
formed by analytical frequency calculations.

To approve the nature of the stationary points, frequency calcu-
lations were carried out. The effect of the solvent on the wet-
impregnation process for the stabilization of Pd nanoparticles on
the support was surveyed according to the polarizable solvation
model (SMD), variation of IEFPCM of Truhlar and co-workers
[49], applying toluene, acetonitrile, methanol, using the B3LYP
functional and the Def2TZVP basis set, including explicit dispersion
corrections to the energy through the Grimme D3 method [50]. For
the sake of consistency, the latter calculations were also performed
without including the SMD model. The reported free energies in
this work include energies obtained at the B3LYP-D3/Def2TZVP �
sdd//B3LYP-D3/Def2SVP level of theory corrected, with zero-
point energies, thermal corrections and entropy effects evaluated
at 25 �C with the BP86/Def2SVP � sdd method in the gas phase,
omitting corrections of entropy and standard state of 1 M concen-
tration in solution [51].
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Steric maps and free volume, %VFree, of the designed catalysts
were obtained using the SambVca2 package of Cavallo and cowork-
ers [52,53].

3. Results and discussion

3.1. Simulation results

To fulfill the requirements of an efficient catalyst in PAO hydro-
genation process, suitable inorganic carriers should possess appro-
priate sites for the absorption of active metal (here Pd), in order to
minimize its leaching during the experiment. In this regard,
organic ligands undoubtedly play an important role in Pd grabbing.
To get a competent wrapper around the active metal, the 10 new
ligands in Fig. 1 were designed that benefit from N atoms and an
ionic liquid (IL) moiety, first in silico tested. All of these structures
play a prominent role in nitrogen atoms together along with IL to
minimize catalytic leaching in heterogeneous catalysis [1,48,54].
They actually differ in the structure of the anchor fragment as i)
the size of the aromatic ring (5- or 6-member), ii) the number of
N atoms in the aromatic ring and iii) the position of N relative to
the anchor point.

To decrease the immensity and cost of laboratory experiments,
all ligand candidates designed for Pd binding, which is frequently
used in hydrogenation catalysis, were analyzed computationally.
According to the energy results in Table 1, we could not find a clear
correlation between the ring size and the number of N atoms of the
anchoring ring structure with GBind (corresponding to the binding
energy of the palladium center on the model of halloysite with
the amine ligand). In fact, the designed ligands almost rendered
large binding energies (>20 kcal/mol) with the maximum effi-
ciency of ligand 6 revealing GBind of 32.9 kcal/mol. Notably, a sim-
ilar trend was also observed in the GBind values including solvent
effects, in which ligand 6 exhibited again the highest efficiency.
The closest ligands, in terms of absorption energy, were 1, 4 and
9, with Gbind of �30.8, �31.9 and �30.6 kcal/mol, respectively.
However, the next favored ligands, in terms of binding energy,
were all the other systems, with an energy difference of about only
2–3 kcal/mol, except for systems 7 and 10, placed 6.8 and 6.0 kcal/-
mol above in energy, respectively. Thus, the ten systems range in
narrow window of 6.8 kcal/mol. In the next step, the adsorption
of Pd(0) on the designed ligands was surveyed in different solvents
as reaction media. The solvents chosen were among the most pop-
ular ones, i.e. acetonitrile, ethanol and toluene. GBind energies in
acetonitrile were larger than in toluene and in ethanol.

Structurally, Fig. 2 includes the structural shapes of systems 6–8
bearing the interaction of Pd on the amine-based ligands (see Fig-
ure S1 for the complete series of systems 1–10). The interaction of
the palladium with imidazole takes place in all cases through the
backbone, i.e. the unsaturated C = C bond. And on the other hand,
there is a Pd-C or Pd-N interaction, even multiple and/or combined,
but in cases where the binding energy is greater it is through a sim-
Table 1
Binding energies (in kcal/mol) of Pd adsorption on ligands designed in gas and solvent ph

Cat No GBind (gas) GBind (toluene)

1 �30.8 �28.9
2 �29.7 �30.2
3 �29.7 �28.6
4 �31.9 �26.5
5 �29.0 �26.9
6 –32.9 �28.3
7 �26.1 �26.0
8 �27.0 �27.1
9 �30.6 �29.7
10 �26.9 �26.8

4

ple Pd- N link. In fact, for the best system, 6, the distance is 2.211 Å
and it might seem worse than system 8 where it even decreases to
only 2.155 Å. But this is compensated in the system 6 by a lower
tension of the angles. Thus, the Pd-N link of system 8 presents as
the worst angle with a Pd-C link of 115.1�, angle clearly lower than
122.5� by 6. Analyzing the %VBur of Cavallo et al. in Table 1 [52,53],
it has been verified that they cannot be correlated with the binding
energies of the palladium. This contrasts with previously used
ligands [55,56], but the reason must be found in the similarity
between systems 1–10, with great differentiation with respect to
ligands with one or two nitrogen atoms capable of bonding to
the metal [57]. Fig. 3 shows that the corresponding steric maps
for systems 6–8 do not allow to distinguish clearly between them
(see Figure S2 for the complete series of systems 1–10).

Due to the bulky structure of a PAO chain, and the position of
the C = C bond somewhere in the middle of the chain, its availabil-
ity at the Pd is very important in a successful hydrogenation reac-
tion. To account further for this effect, the extended model of Hal
was further explored for system 6. The %VBur goes up to 69.7%.
Thus, even though the sterical hindrance difference is significant,
it is not conclusive [58], and it is in the range of %VBur for the sys-
tems 1–10 without this extended model of the Hal.

From both Pd adsorption energy and free volume point of view,
catalyst 6 exhibited the best efficiency. In particular, calculations
showed the largest binding energy in acetonitrile solvent. Thus, it
was synthesized, with the corresponding Pd impregnation, and
employed in PAO hydrofinishing experiments in the laboratory
experiments.

3.2. Analysis and characterization of Pd/Hal-Py

TEM images of Pd/Hal-Py were recorded to assess whether Hal
retains its tubular morphology and to investigate the dispersion of
Pd nanoparticles on Hal-Py [59,60]. As presented in Fig. 4, the tubes
of Hal are detectable. As displayed, fine particles of Pd nanoparti-
cles (average particle size of 3.49 ± 0.14 nm) with high dispersion
are deposited on Hal-Py.

EDS analysis of Pd/Hal-Py in Fig. 5 confirmed the presence of the
expected atoms, C, N, O, Si, Al, Cl and Pd, in the structure of the as-
prepared catalyst. In fact, the presence of C, O, N and Cl is indicative
of the grafted organic functionality on Hal. Using elemental map-
ping analysis, the dispersion of the atoms present in the structure
of the catalyst has been investigated. As shown, Pd nanoparticles
are uniformly dispersed. Moreover, high dispersion of C, N and Cl
atoms is representative of uniform functionalization of Hal with
the organic moiety.

To approve the conjugation of the functional groups in each
step, Hal-Im, Hal-DCl and Pd/Hal-Py were characterized via FTIR
spectroscopy and the recorded spectra were compared with that
of Hal. According to the literature [61], the absorbance bands of
Hal are the bands at 3696 cm�1 and 3626 cm�1 (inner –OH),
1033 cm�1 (Si-O stretching), 797 cm�1 (symmetric stretching of
ases, and the corresponding %VBur values.

GBind (ethanol) GBind (acetonitrile) VBur (%)

�28.6 �29.5 67.1
�30.1 �29.8 67.4
�28.3 �28.8 66.4
�26.2 �28.7 61.5
�27.0 �28.1 61.9
�28.1 �30.1 61.4
�25.8 �25.9 65.1
�28.3 �29.0 59.4
�29.6 �30.1 64.4
�26.9 �27.3 65.3



Fig. 2. Systems 6–8, interaction of Pd on the amine-based ligands (selected distances given in Å, Hal has been cut for the sake of clarity).

Fig. 3. Steric maps of a-c) catalysts 6–8 and d) the extended model of system 6 (xy plane, with the metal placed in the centre and the z axis crossing between both C atoms of
the imidazole ring, that are part of the xz plane. Curves are given in Å).

Fig. 4. TEM image (left) and Pd particle size distribution curve of Pd/Hal-Py (right).
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Si–O–Si), 691 cm�1 (stretching vibration of Al–OH), and 536 cm�1

(Al-O-Si vibration). In the FTIR spectrum of Hal-Im, the new bands
at 1650 and 2946 cm�1 can be ascribed to –C = N and –CH2 func-
tionalities, confirming grafting of Im. FTIR spectrum of Hal-DCl
and Pd/Hal-Py are similar to that of Hal-Im. In fact, the character-
istic bands of 1,2-dichloroethane and 2-aminopyrimidine over-
lapped with those of Hal-Im (Fig. 6).

As discussed above, FTIR spectroscopy approved stability of Hal
structure upon grafting of the organic functionalities. To further
affirm this issue, XRD analysis of Pd/Hal-Py and Hal was carried
out. Fig. 7 clearly confirms the similarity of the two XRD patterns.
In more detail, the presence of all of the characteristic peaks of Hal
(2h = 12�, 19.9�, 24.7�, 26.6�, 35.0�, 38.3�, 55.0� and 62.4� (JCPDS No.
5

29–1487) [62,63]) in the XRD pattern of the catalyst without any
change in their positions can establish that Hal is structurally
stable upon chemical modification. According to the literature, no
additional peaks are expected for Pd nanoparticles, as they are very
fine and well-dispersed [64].

Specific surface area of Pd/Hal-Py was measured via BET analy-
sis and compared with the value of pristine Hal. It was found that
the specific surface area of Hal (48 m2g�1) significantly decreased
upon introduction of the functional group and Pd nanoparticles
and reached to 29 m2g�1.

TG curves of Hal and Pd/Hal-Py are presented in Fig. 8. As
depicted, the TG curves of Hal and the as-prepared catalyst are dis-
tinguishable. More precisely, in the TG curve of the catalyst three



Fig. 5. EDS and elemental mapping analysis of the catalyst.
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weight loss steps can be observed, while Hal TG curve showed only
two weight loss steps due to the loss of water (�120 �C) and dehy-
droxylation (at a temperature of 480 �C). In fact, in the TG curve of
Pd/Hal-Py, the two weight loss steps of Hal, as well as an additional
weight loss at 360 �C that can be assigned to the degradation of the
grafted functionality can be detected.
3.3. Activity of Pd/Hal-Py for PAO hydrogenation

Because the use of high hydrogen pressure and reaction tem-
perature can affect the economy and safety of PAO hydrogena-
tion, it was aimed to design a heterogeneous catalyst that
could promote this process under mild reaction conditions. In
this regard, Pd/Hal-Py, which contains a very low Pd loading,
was prepared and characterized. First, the activity of Pd/Hal-Py
(5 wt%) for the hydrogenation of PAO at 130 �C and hydrogen
pressure of 7 bar was investigated. The result implied that under
the aforementioned conditions, hydrogenation yield was 96%. To
elucidate the effect of hydrogen pressure, the hydrogenation
reaction was repeated under lower hydrogen pressures (6 and
5 bar). It was found that decrease of hydrogen pressure led to
the decrease of the yield of PAO hydrogenation. The effect of
6

the reaction temperature was also studied by conducting the
hydrogenation reaction at different temperatures (110, 120 and
130 �C) and comparing the results. The results demonstrated
that the decrease of the reaction temperature had a detrimental
effect on the reaction yield and the highest yield was achieved at
130 �C. Finally, the optimization of Pd/Hal-Py loading was car-
ried out. To this purpose, the yields of PAO hydrogenation in
the presence of different loadings of Pd/Hal-Py were measured.
It was found that decreasing the catalyst content could also
decrease the yield of the reaction. These experiments confirmed
that the optimum catalyst loading, reaction temperature and
hydrogen pressure were 5 wt%, 130 �C and 7 bar, respectively.
Under these conditions, hydrogenated PAO was furnished in
96% with bromine index of 55 Br/100 g. These results established
the efficiency of Pd/Hal-Py for promoting PAO hydrogenation
under mild reaction conditions.
3.4. Recyclability of Pd/Hal-Py

Motivated by the high catalytic activity of the catalyst under
mild reaction conditions, the recyclability of Pd/Hal-Py was also
investigated. In fact, recyclability of the catalyst is an important



Fig. 6. FTIR spectra of Hal, Hal-Im, Hal-DCl and Pd/Hal-Py.

Fig. 7. XRD patterns of Pd/Hal-Py and Hal.
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feature of the catalyst that can affect its usefulness. In this regard,
the recovered Pd/Hal-Py after the first run of hydrogenation of PAO
was used for the second run of the reaction and the yield of the
reaction was measured. This cycle, recovery and re-use, was
repeated for four runs. For the sake of comparison, all of the reac-
tions have been accomplished under exactly similar reaction con-
ditions, the optimum reaction conditions. Comparison of the
yield of the hydrogenated PAO in Fig. 9 demonstrated that Pd/
Hal-Py was recyclable and the decrement of the yield of the reac-
tion after each run was negligible.

To appraise the leaching of Pd nanoparticles upon recycling,
the recovered Pd/Hal-Py after fifth run was subjected to ICP
analysis. Gratifyingly, ICP analysis approved that the Pd loading
of the recycled Pd/Hal-Py (after fourth run) was 1.5 wt% of the
initial content.
7

3.5. Hot filtration test

Two passes are conceivable for the catalysis under Pd/Hal-Py. In
one rout, denoted as true heterogeneous, Pd nanoparticles are sta-
bilized on the support in the course of hydrogenation. In the sec-
ond one, denoted as leaching-redeposition, Pd nanoparticles are
leached through the reaction and deposited on the support at the
end of the reaction. To verify which pass is followed by the catalyst,
hot filtration test was conducted. According to the standard
method [65], the hydrogenation reaction of PAO under the opti-
mum conditions was halted after 2 h and then Pd/Hal-Py was sep-
arated. The reaction was then followed in the absence of Pd/Hal-Py
and the reaction progress was monitored via 1H NMR. The results
established that upon removal of the catalyst the reaction did
not precede, ruling out the leaching-redeposition pass.



Fig. 8. TG curves of Hal and Pd/Hal-Py.
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Fig. 9. Comparison of the yield of hydrogenated PAO upon reusing of the catalyst (Reaction conditions: Catalyst: 5 wt%, T = 130 �C and P = 7 bar).
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3.6. Structural features of PAO before and after hydrogenation

In the last part of this research, to shed light on the microstruc-
tural variation of the as-synthesized PAO by hydrofinishing pro-
cess, its molecular weight and branching type was surveyed
Figs. 10 and 11. The results were gathered in Table 2. In the struc-
tural analysis, each CH3 share was quantified from its related peak
intensity to the total peak surface area in 13C NMR spectra. Notably,
no considerable change was found in the methyl type quantity
8

before and after hydrofinishing. In both cases, a long chain branch-
ing value (sum of CHCH2CH2CH3 and (CH2)nCH2CH2CH3, n > 1 moi-
eties) of 42–43 % was obtained for the synthesized PAO.
Furthermore, no considerable change in the molecular weight
was observed after hydrogenation process. These achieved results
acknowledge well the absence of any isomerization, which deteri-
orate PAO properties, specially its pour point characteristic. This is
another confirmation on the ability of designed catalyst in the PAO
hydrofinishing process.



Fig. 10. 13C NMR spectra of the as-synthesized PAO a) before and b) after hydrogenation process.
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4. Conclusions

In an attempt to screen the most suitable ligand for the decora-
tion of Hal and designing a suitable catalyst for the hydrogenation
of PAO, computationally the insertion of the Pd atom in designed
series of catalysts was streamlined using DFT methods, and steric
maps. Among the studied catalysts, catalyst 6 revealed the largest
binding energy among the designed systems. Here, the flexibility of
9

the proposed ligand unveils that the sterics are not the most
important characteristics, but how it can allocate the metal center.
Then, the chosen catalyst, 6, was successfully synthesized and
employed in PAO hydrogenation reaction. The values of H2 pres-
sure, reaction temperature and catalyst dosage were optimized
to achieve the highest catalytic performance of 96 % with PAO bro-
mine index of 55 Br/100. No alteration of PAO microstructure,
towards molecular weight and branching type, praised the



Fig. 11. GPC curves of the synthesized PAO before and after hydrogenation.

Table 2
CH3 type and molecular weight of the synthesized PAO before and after hydrogena-
tion process.

Before hydrogenation After hydrogenation

CCH2CH3 1 2
(CH3)CHCH2CH3 1 1
CHCH2CH2CH3 2 3
CH(CH3)CH2CH2CH3 2 2
(CH2)nCH2CH2CH3 n > 1 40 40
CH2CH(CH3)CH 6 6
CH2CH(CH3)CH2 7 4
CH3CH(CH3)CH2 41 42
Mn (g/mol) 921 907
Mw (g/mol) 1158 1140
PDI 1.3 1.3
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employed strategy (i.e. the combination of DFT tool with proper
synthetic routes for catalyst synthesis) in designing efficient
hydrogenation catalyst for PAO oils.
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