Mona Alleshagh 
  
Samahe Sadjadi 
email: s.sadjadi@ippi.ac.ir
  
Hassan Arabi 
  
Naeimeh Bahri-Laleh 
  
Eric Monflier 
  
Pd on ligand decorated chitosan as an efficient catalyst for hydrofinishing of polyalphaolefin: combination of experimental and computational study
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As hydrofinishing of polyalphaplefins is a crucial step for improving their features and expanding their industrial applications, in this research a novel chitosan-based catalyst was designed for this purpose. To synthesize the catalyst, chitosan was first modified with a ligand. In this regard, computational study has been employed for devising an efficient ligand from a series of possible candidates. Then, chitosan was functionalized with the selected ligand, palladated and used as a heterogeneous catalyst for hydrofinishing of polyalphaplefin. The reaction variables, including reaction temperature, pressure and catalyst loading were optimized and it was found that 5 wt.% catalyst could promote the hydrofinishing reaction under hydrogen pressure of 6 bar at 130 ºC to give the hydrogenated oil in 98% yield. Moreover, the nature of catalysis was heterogeneous and the catalyst could be recovered and reused for five runs with slight loss of its catalytic activity and Pd leaching.

Introduction

Chitosan, CS, is a natural polymer [START_REF] Hajipour | Magnetic chitosan-functionalized cobalt-NHC: Synthesis, characterization and catalytic activity toward Suzuki and Sonogashira cross-coupling reactions of aryl chlorides[END_REF][START_REF] Jiao | Recyclable copper catalyst on chitosan for facile preparation of alkyl/aryl mixed phosphates via deaminated esterification between diphenylphosphoryl azides and aliphatic alcohols[END_REF][START_REF] Anbu | Knoevenagel-Doebner condensation promoted by chitosan as a reusable solid base catalyst[END_REF][START_REF] Maleki | Green multicomponent synthesis of four different classes of six-membered N-containing and O-containing heterocycles catalyzed by an efficient chitosan-based magnetic bionanocomposite[END_REF] that has vast range of applications [START_REF] Sahu | Chitosan: An Efficient, Reusable, and Biodegradable Catalyst for Green Synthesis of Heterocycles[END_REF][START_REF] Sahu | Correction for "Chitosan: An Efficient, Reusable, and Biodegradable Catalyst for Green Synthesis of Heterocycles[END_REF][START_REF] Vincent | Chitosan-Supported Palladium Catalyst. 1. Synthesis Procedure[END_REF] in various research domains [START_REF] Torkaman | Modification of chitosan using amino acids for wound healing purposes: A review[END_REF][START_REF] Araujo | Chitosan-based systems aimed at local application for vaginal infections[END_REF][START_REF] Cavallaro | Chitosan-based smart hybrid materials: a physico-chemical perspective[END_REF][START_REF] Baran | Pd/CoFe2O4/chitosan: A highly effective and easily recoverable hybrid nanocatalyst for synthesis of benzonitriles and reduction of 2-nitroaniline[END_REF][START_REF] Hussein | Effect of TiO2 nanoparticles on the structural configurations and thermal, mechanical, and optical properties of chitosan/TiO2 nanoparticle composites[END_REF]. This carbohydrate that can be achieved through deacetylation of chitin [START_REF]Heterogeneous catalysis on chitosan-based materials: a review[END_REF][START_REF] Bodhak | An efficient and recyclable chitosan supported copper (II) heterogeneous catalyst for C-N cross coupling between aryl halides and aliphatic diamines[END_REF][START_REF] Shen | A highly active and easily recoverable chitosan@ copper catalyst for the C-S coupling and its application in the synthesis of zolimidine[END_REF], has been extensively applied for the catalytic purposes [START_REF] Anbu | Chitosan as a biodegradable heterogeneous catalyst for Knoevenagel condensation between benzaldehydes and cyanoacetamide[END_REF][START_REF] Koohestani | Polyionic liquid decorated chitosan beads as versatile metal-free catalysts for catalyzing chemical reactions in aqueous media[END_REF][START_REF] Macquarrie | Applications of Functionalized Chitosan in Catalysis[END_REF]. The main advantage of CS is the presence of ample functionalities, both -OH and amine groups, in its backbone [START_REF] Sadjadi | Ionic liquid decorated chitosan hybridized with clay: A novel support for immobilizing Pd nanoparticles[END_REF][START_REF] Wu | EDTA modified βcyclodextrin/chitosan for rapid removal of Pb (II) and acid red from aqueous solution[END_REF] that allows functionalization of CS and incorporation of further functionalities [START_REF] Zeng | N-doped mesoporous carbons supported palladium catalysts prepared from chitosan/silica/palladium gel beads[END_REF][START_REF] Zeng | Novel macroporous palladium cation crosslinked chitosan membranes for heterogeneous catalysis application[END_REF][START_REF] Dhanavel | Preparation and characterization of cross-linked chitosan/palladium nanocomposites for catalytic and antibacterial activity[END_REF][START_REF] Xie | A chitosan modified Pt/SiO2 catalyst for the synthesis of 3-poly (ethylene glycol) propyl ether-heptamethyltrisiloxane applied as agricultural synergistic agent[END_REF][START_REF] Akpomie | Mechanism on the sorption of heavy metals from binary-solution by a low cost montmorillonite and its desorption potential[END_REF]. On the other hand, Similar to many supports [START_REF] Maleki | Pumice-modified cellulose fiber: An environmentally benign solid state hybrid catalytic system for the synthesis of 2,4,5triarylimidazole derivatives[END_REF][START_REF] Maleki | Green oxidation protocol: Selective conversions of alcohols and alkenes to aldehydes, ketones and epoxides by using a new multiwall carbon nanotube-based hybrid nanocatalyst via ultrasound irradiation[END_REF], multiple heteroatoms in CS structure provide electrostatic interactions with other species, such as metallic nanoparticles (NPs). This characteristic can be exploited for efficient stabilization of catalytic species and development of bio-based heterogeneous catalysts [START_REF] Zeng | Microstructure-stability relations studies of porous chitosan microspheres supported palladium catalysts[END_REF][START_REF] Zeng | Chitosan microspheres supported palladium heterogeneous catalysts modified with pearl shell powders[END_REF][START_REF] Zeng | Novel chitosan-based/montmorillonite/palladium hybrid microspheres as heterogeneous catalyst for Sonogashira reactions[END_REF][START_REF] Zhao | Chitosan supported Pd0 nanoparticles encaged in Al or Al-Fe pillared montmorillonite and their catalytic activities in Sonogashira coupling reactions[END_REF][START_REF] Leonhardt | Chitosan as a support for heterogeneous Pd catalysts in liquid phase catalysis[END_REF][START_REF] Shuo | Applications of Chitosan and Its Derivatives Supported Transitional Metal Catalysts in Organic Reactions[END_REF].

Low-viscosity lubricants can impressively reduce friction loss in engines, thereby making them energy efficient, which will impart to global energy consumption saving. One of the major lubricant families of synthetic oils type, used to reach the so-called goal is polyalphaolefins (PAO type) lubricants. PAOs belong to the group IV of American Petroleum Institute (API) category.

They are hydrogenated α-olefin (primarily C8-C12) oligomers [START_REF] Gharajedaghi | Experimental and DFT study on titanium-based half-sandwich metallocene catalysts and their application for production of 1-hexene from ethylene[END_REF][START_REF] Hanifpour | 1-Decene oligomerization by new complexes bearing diamine-diphenolates ligands: Effect of ligand structure[END_REF][START_REF] Hanifpour | Group IV diamine bis(phenolate) catalysts for 1-decene oligomerization[END_REF], used as base oil in highperformance engine lubricants [START_REF] Hanifpour | Coordinative chain transfer polymerization of 1-decene in the presence of a Ti-based diamine bis(phenolate) catalyst: a sustainable approach to produce low viscosity PAOs[END_REF]. In fact, PAOs have all hydrocarbon structure, without double bonds, ring structures, S and N containing components or waxy hydrocarbons [START_REF] Fallah | Interaction of common cocatalysts in Ziegler-Natta-catalyzed olefin polymerization[END_REF]. The non-polar nature of PAOs, together with their high viscosity index (VI, >125), good oxidation stability, low pour point and good compatibility with mineral oils make them prominent candidates in engine oil topic, at both low and high temperature applications [START_REF] Zhang | Preparation, characterization and tribological properties of polyalphaolefin with magnetic reduced graphene oxide/Fe3O4[END_REF].

The current industrial process to get final PAO product, involves a 3-stages process consisting of oligomerization, hydrogenation and distillation. In fact, crude PAOs bear C=C double bonds, which are susceptible to the oxidation at high temperature of usage [START_REF] Hanifpour | Kinetic and microstructural studies of Cp2ZrCl2 and Cp2HfCl2-catalyzed oligomerization of higher α-olefins in mPAO oil base stocks production[END_REF]. To overcome this drawback, hydrofinishing of crude PAO is accomplished, usually at high pressures and temperatures (> 30 bar and >200 °C). This extremely increases the risk and cost of PAO production. Therefore, industry is always looking for developed and efficient catalytic systems operate at mild reaction conditions in the hydrogenation process. One of the mostly utilized catalyst is Pd catalyst [START_REF] Bahri-Laleh | Pd immobilized on dendrimer decorated halloysite clay: Computational and experimental study on the effect of dendrimer generation, Pd valance and incorporation of terminal functionality on the catalytic activity[END_REF][START_REF] Maleki | Palladium-decorated ophenylenediamine-functionalized Fe3O4/SiO2 magnetic nanoparticles: A promising solid-state catalytic system used for Suzuki-Miyaura coupling reactions[END_REF][START_REF] Maleki | Novel Leaking-Free, Green, Double Core/Shell, Palladium-Loaded Magnetic Heterogeneous Nanocatalyst for Selective Aerobic Oxidation[END_REF]. This catalyst can be used for promoting various reactions, including hydrogenation reactions [START_REF] Dehghani | Study of the effect of the ligand structure on the catalytic activity of Pd@ ligand decorated halloysite: Combination of experimental and computational studies[END_REF].

We are interested in using natural compounds for the catalytic purposes [START_REF] Sadjadi | Halloysite-based hybrids/composites in catalysis[END_REF][START_REF] Sadjadi | Halloysite nanoclay decorated with 2-amino pyrimidine functionalized poly glycidyl methacrylate: An efficient support for the immobilization of Pd nanoparticles[END_REF][START_REF] Sadjadi | Pd nanoparticles immobilized on the poly-dopamine decorated halloysite nanotubes hybridized with N-doped porous carbon monolayer: A versatile catalyst for promoting Pd catalyzed reactions[END_REF]. In this regard, we disclosed use of CS as a potential support for the stabilization of various catalytic species [START_REF] Sadjadi | Functionalized chitosan polymerized with cyclodextrin decorated ionic liquid: Metal free and biocompatible catalyst for chemical transformations[END_REF][START_REF] Esmaeilzadeh | Pd immobilized on hybrid of magnetic graphene quantum dots and cyclodextrin decorated chitosan: An efficient hydrogenation catalyst[END_REF].

On the other hand, the importance of industrial processes motivated us to design our catalysts for these types of processes. In this context, we proved the efficiency of natural clays for hydrofinishing of PAO under mild reaction condition [START_REF] Tabrizi | Efficient hydro-finishing of polyalfaolefin based lubricants under mild reaction condition using Pd on ligands decorated halloysite[END_REF][START_REF] Sadjadi | Combined experimental and computational study on the role of ionic liquid containing ligand in the catalytic performance of halloysite-based hydrogenation catalyst[END_REF]. In fact, in our previous works on the hydrogenation of PAOs, we applied halloysite nanoclay as a supporting material for the immobilization of Pd NPs. In the following of our research in this domain, we wish to report design and synthesis of a new CS-based catalyst for PAO hydrogenation. To approach high interaction of Pd nanoparticles (NPs) with support, CS, a ligand, selected from a series of appropriate ligand candidates by molecular simulation via Density-Functional Theory (DFT) method, was grafted on CS. Subsequently, the catalyst was synthesized, characterized and then applied for hydofinishing of PAO under relatively mild reaction condition. Compared to our previous reports [START_REF] Tabrizi | Efficient hydro-finishing of polyalfaolefin based lubricants under mild reaction condition using Pd on ligands decorated halloysite[END_REF][START_REF] Sadjadi | Combined experimental and computational study on the role of ionic liquid containing ligand in the catalytic performance of halloysite-based hydrogenation catalyst[END_REF], in which the ligand was synthesized on the support via multi-step procedures, in this work, the ligand was separately synthesized and then attached on CS. Moreover, the synthesis of the ligand was very facile and realized via a one-step procedure. Furthermore, in our previous reports we utilized clay as a support, while in this work we used CS that is more available and less expensive. In fact, in this new catalyst we aimed to benefit from the abundant heteroatoms of CS for improving stabilization of Pd NPs. Notably, in one of our previous works [START_REF] Karimi | Pd on nitrogen rich polymer-halloysite nanocomposite as an environmentally benign and sustainable catalyst for hydrogenation of polyalfaolefin based lubricants[END_REF], we prepared a composite of halloysite-polymer and then palladated it to achieve a catalyst. However, in this work we do not use composite and only make a chemical modification on CS via grafting of a ligand.

The justification for using CS is that CS is the most abundant biopolymer with outstanding features, such as low cost, biocompatibility, availability and abundant functionalities on its backbone that can be further functionalized.

Experimental

2.1.Reagents

The used reagents for the preparation of the catalyst were as follow: CS (Mw = 50000-190000, with deacetylation degree ≥ 75%, viscosity 20 cP for 1 wt.%, in 1% acetic acid), (3isocyanatopropyl) triethoxysilane (IS), 2-aminopyrimidine, Pd(OAc)2, toluene, NaBH4 and methanol (MeOH). All of the mentioned reagents were provided from Sigma-Aldrich and applied as received. For conducting hydrofinishing test and examining the activity of the as-prepared catalyst, PAO was first prepared by using 1-decene and AlCl3. These reagents were purchased from Merck Co. Germany and used without further purification.

2.2.Instruments and apparatus

PERKIN-ELMER-Spectrum 65 spectrometer, with KBr pellets was applied for conducting Fourier transform infrared (FT-IR) spectroscopy with scan time of 1 s and spectral resolution of 2 cm -1 .

To prepare the KBr pellets, 1 wt. % of the sample was used. Philips CM30300Kv instrument was used for recording Transmission electron microscopy (TEM) images of Pd/CS-IS-Py. To perform this analysis, the catalyst was deposited onto a carbon coated copper grid. Metal NPs size distribution has been estimated from the measurement of around 120 NPs found in arbitrarily chosen area of the images using Image J program. Energy dispersive spectroscopy (EDS) and mapping analysis were performed by MIRA 3 TESCAN-XMU. X-ray diffraction (XRD) pattern of the as-prepared catalyst was obtained over the range of 2θ = 5-80° via Siemens, D5000 diffract meter using Cu-Kα radiation as the X-ray source. To carry out Inductively Coupled Plasma (ICP-AES), Vistapro was applied.

To characterize the as-prepared PAO and measure the hydrofinishing yield, the following analyses were performed: 1 HNMR spectroscopy (Bruker DRX 400 MHz NMR spectrometer in deuterated chloroform at 25 °C), kinematic viscosimetry at 40 and 100 ℃ and viscosity index (KV 40 , KV 100 and VI were measured according to the ASTM D445 and ASTM D 97 test methods respectively), gel permeation chromatography (GPC Agilent 1100) using PS standards. To prepare IS-Py, IS (2 mL) and 2-aminopyrimidine (0.76 g, 0.8 mmol) were mixed under argon flow at 60 °C for 12 h. Then, the resultant ligand, IS-Py, was washed repeatedly with diethyl ether and dried in oven at 40 °C.

Decoration of CS with IS-Py ligand

To incorporate IS-Py ligand on CS, CS (2.1 g) was suspended in dry toluene (50 mL) under ultrasonic irradiation (power 150 W). Then, IS-Py (1.7 g) was added to the reaction media and the mixture was refluxed under Ar atmosphere at 110 °C overnight. At the end of the reaction, the precipitate was separated via centrifuge and washed with toluene several times. At the end, the synthesized support, CS-IS-Py, was dried in oven at 70 °C overnight.

Stabilization of Pd NPs on CS-IS-Py

To stabilize Pd NPs on CS-Py, Pd(OAc)2 (0.06 g) was dissolved in EtOH and gently dropped in stirring suspension of CS-IS-Py (2 g) in EtOH (60 mL). Stirring was continued for 120 min under Ar atmosphere. Then, NaBH4 solution (20 mL, 0.2 N in methanol) was prepared and introduced in a drop wise manner to the aforementioned mixture. After 2 h, the black precipitate was filtered and the obtained product, Pd/CS-IS-Py, was washed with methanol and dried in oven at 80 °C for 12 h, Figure 1. To determine Pd loading on Pd/CS-IS-Py, ICP analysis was conducted. The result confirmed low Pd content, ~ 1 wt.%, in the catalyst structure. 

2.4.PAO synthesis

Synthesis of PAO through oligomelization of 1-decene was conducted according to our reported procedure [START_REF] Sadjadi | Rationalizing chain microstructure in the polyα-olefins synthesized by cationic AlCl3/H2O catalytic system[END_REF]. Prior to oligomerization, the reactor was purged with Ar at elevated temperature (75 °C) for 1 h. For oligomerization reaction, AlCl3 (5 g) was added to the reactor and then 1decene (500 mL) mixed with 0.3 mL deionized water (as electron donor, H2O/AlCl3 = 0.5 mol/mol) was fed and the reaction mixture was kept under stirring at 100 °C for 1 h. At the end of the reaction, the reactor was discharged and the obtained product was rinsed with a solution of 5 wt. % NaOH repeatedly. Then, the mixture was heated under -0.8 bar vacuum up to 250 °C to separate the obtained oil from the unreacted monomer, residual water and low molecular weight byproducts. Notably, the yield of the process was 86 %. According to the performed analysis (Figure 2), the synthesized PAO had Mn=1710 g/mol, PDI=1.4, KV 40 =245.5 cSt, KV 100 =32.1 cSt and VI=132. 

2.5.Hydrofinishing of PAO

Hydrofinishing of PAO was carried out under relatively mild reaction condition. Briefly, PAO (10 g) and Pd/CS-IS-Py (0.5 g) were placed in a stainless steel reactor that was purged with dry nitrogen at 100 °C for 1 h. Subsequently, the reactor was sealed, the temperature was elevated to 130 °C and H2 gas with pressure of 6 bar was purged. The reaction mixture was stirred under the aforementioned condition for 6 h. Upon completion of the reaction, the reactor was cooled and discharged. Then, Pd/CS-IS-Py was separated via centrifuge and the yield of hydrofinishing was evaluated via 1 HNMR spectroscopy.

2.6.Computational details

All molecular simulations were undertaken using Gaussian 16 package [START_REF] Frisch | Gaussian 16[END_REF]. In this line, geometry optimizations were accomplished without any constraints via the BP86 functional of Becke and Perdew [START_REF] Becke | Density-functional exchange-energy approximation with correct asymptotic behavior[END_REF][START_REF] Perdew | Density-functional approximation for the correlation energy of the inhomogeneous electron gas[END_REF]. To describe the electronic configuration of the system, the split-valence basis set, defined as Def2-SVP keyword in Gaussian, [START_REF] Weigend | Balanced basis sets of split valence, triple zeta valence and quadruple zeta valence quality for H to Rn: Design and assessment of accuracy[END_REF] was employed for all studied atoms. The Pd atom was treated without pseudopotentials. To approve the nature of the stationary points as global minima, frequency calculations were also done. In all calculations, a 6-member ring with one dangling NH2 and two OH groups was utilized as support model. The designed ligand was lodged on this single ring.

The polarizable solvation model (SMD) variation of IEFPCM, developed by Truhlar et al. [START_REF] Marenich | Universal Solvation Model Based on Solute Electron Density and on a Continuum Model of the Solvent Defined by the Bulk Dielectric Constant and Atomic Surface Tensions[END_REF], was used to define solvent effects in toluene, acetonitrile, ethanol, and tetrahydrofuran (THF) media, employing the same calculation level used in geometry optimizations.

Result and discussion

Simulation Results

reaction of some commercially available NH2 containing aromatic compounds with (3isocyanatopropyl) triethoxysilane (IS). In this regard, the type of aromatic cycle, either as heterocyle or not, the number of N atoms in the aromatic ring and the number of NH2 functionals in the compound were surveyed (see Figure 1). In the molecular simulations, the energy of Pd adsorption of the functionalized CS with designed ligands was computed and compared, since proper stabilization of catalyst moiety on the support structure is a fundamental issue in the evaluation of a heterogeneous catalyst [START_REF] Bahri-Laleh | Computational modeling of heterogeneous Ziegler-Natta catalysts for olefins polymerization[END_REF]. In fact, the higher adsorption energy is a sign of less catalyst leaching during targeted reaction. Adsorption energy of Pd stabilization on the designed supports containing 12 different amine compounds (Figure 1) is gathered in Table 1. It is clear that ΔEads and ΔGads have a similar trend. Notably, 6-member rings demonstrated higher adsorption energies (ΔEads <-37.5 kcal/mol) than 5-member ring counterparts (ΔEads > -36.3 kcal/mol), even with less N heteroatom in the cycle. Furthermore, we could not find a clear relationship between the number of N atoms in the amine structure and adsorption energy. Among the designed compounds, the combination of A7 amine, with a six member aromatic ring containing two N heteroatom and one NH2 group, with IS gave the best result with the highest ΔEads and ΔGads of -39.9 and -31.5 kcal/mol, respectively. Followed with this catalyst, the designed ones with A2, A6 and A10 amines beard the next highest ΔEads of -38.5 kcal/mol, which was close to it in A7 containing catalyst. Therefore, catalysts with A2, A6, A7 and A10 amines were selected as the next most proper ones, from energy point of view, and further investigation on the free volume calculation of the final catalysts was performed on these systems. To determine quantitatively the amount of free volume at the first sphere around catalyst center (Pd, where hydrogenation process takes place), SambVca2.1 package of Cavallo et al. [START_REF] Falivene | SambVca 2. A Web Tool for Analyzing Catalytic Pockets with Topographic Steric Maps[END_REF][START_REF] Falivene | Towards the online computer-aided design of catalytic pockets[END_REF] was employed to get steric map of the catalysts having high amount of ΔEads (<-38.0 kcal/mol). According to Figure 3 and Table 1, a free volume of 51.7 % was obtained around Pd centre for Pd/CS-IS-Py catalyst with A7 ligand, which was slightly higher than it in other catalysts. Indeed, this amount of Vfree renders good accessibility to the big PAO chains to approach catalyst active site and take part in the hydrogenation process. Concluding adsorption energy and free volume sections, catalyst with A7 amine was selected as the catalyst of choice, with the highest ΔEads and Vfree, which will impart a high efficiency to the designed catalyst. Next, to determine the effect of solvent type on the ΔEads and ΔGads of Pd(0) adsorption onto the selected ligand, the one containing A7 amine, structure optimizations were performed in toluene, acetonitrile, ethanol, and THF solvents. The obtained results of Table 2 emphasized the better performance of polar solvents, especially ethanol in stabilizing Pd metal on the designed catalyst.

Therefore, ethanol was selected as impregnation solvent in the catalyst synthesis section. 

Catalyst characterization results

To verify incorporation of ligand and Pd NPs, EDS analysis was carried out. As shown in Figure FTIR spectroscopy was also exploited for confirming structure of Pd/CS-IS-Py. In this regard, FTIR spectra of CS and Pd/CS-IS-Py were recorded and compared, Figure 7. As known [START_REF] Esmaeilzadeh | Pd immobilized on hybrid of magnetic graphene quantum dots and cyclodextrin decorated chitosan: An efficient hydrogenation catalyst[END_REF], CS characteristic bands appear at 3396 cm -1 , 2918 cm -1 1114 cm -1 and 1645 cm -1 . Comparing the two spectra, it can be concluded that the absorbance bands of CS can also be observed in the FTIR spectrum of Pd/CS-IS-Py. Moreover, the new band, observed at 1730 cm -1 , can be assigned to the -C=O functionality in the structure of the ligand. It is worth noting that other characteristic bands of ligand, i.e., the representative bands of -Si-O and -C=N functionalities that are supposed to appear at 1114 cm -1 and 1645 cm -1 overlapped with the characteristic bands of CS. In Figure 9, the comparison of TG curves of CS and the catalyst are presented. As shown, CS TG curve exhibits two weight losses due to the loss of water (at temperature about 130 ºC) and degradation of CS at about 320 ºC. Regarding the TG curve of the catalyst, the loss of water and degradation of CS can also be observed. Moreover, the comparison of the two curves indicated slightly higher stability of the catalyst that can originate from the presence of silane-containing ligand (18 wt.%). 

Hydrofinishing of PAO with Pd/CS-IS-Py

Performance of Pd/CS-IS-Py catalyst was appraised for hydrofinishing of PAO. The reason for selecting this chemical transformation is that it is an industrially attractive process, essential for improving the features of PAO. Mostly, harsh condition (high temperature and pressure) is required for hydrofinishing of PAO. Hence, we aimed to design a catalytic process for promoting this reaction under relatively mild condition. To this purpose, the main reaction variables, i.e.

hydrogen gas pressure, reaction temperature and catalyst dosage were first optimized, Table 3. To initiate the experiments, hydrofinishing has been performed under relatively low hydrogen pressure (6 bar) at 130 ºC with use of different Pd/CS-IS-Py loading (3-6 wt.%), Table 3. It was inferred that by increasing the dosage of the catalyst from 3 to 5 wt.%, higher yield of the desired product was achieved in lower reaction time. However, further increase of Pd/CS-IS-Py loading had no effect of the yield of the reaction. Hence, 5 wt.% Pd/CS-IS-Py was considered as the optimum catalyst amount. Motivated by this promising result, the effect of reaction temperature 
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was also appraised by performing the reaction at different temperatures (110-150 °C), Table 3.

The results indicated that reaction temperature could also affect the reaction yield and time.

Hydrofinishing at 110 °C furnished the hydrogenated product in lower yields, while increase of this parameter to 130 °C improved the yield of the reaction. Notably, further increase of the reaction temperature was not beneficiary for the process. Therefore, 130 ºC was selected as the optimum reaction temperature. Finally, it was investigated whether use of lower hydrogen pressure could promote hydrofinishing efficiently. Unfortunately, the results established that decreasing of the hydrogen pressure led to the decrease of the hydrofinishing yield. Therefore, the optimum hydrogen pressure was selected as 6 bar. Notably, hydrofinishing of PAO under optimum condition (T= 130 °C, t =6 h and P =6 bar) led to the hydrogenated PAO in 98% yield. TON and TOF for this reaction were 195 and 32 (h -1 ) respectively. The yield of the reaction was measured using 1 HNMR. As seen in Figure 10, in the 1 HNMR spectrum of the hydrogenated PAO, no vinylic and allylic peaks was observed, implying the hydrogenation of unsaturated bonds. Moreover, the color of the PAO changed from yellow to white. To check whether introduction of ligand on CS can improve its catalytic activity, a control catalyst, Pd/CS was prepared through immobilization of Pd nanoparticles on CS via the exact procedure used for the palladation of the catalyst. Afterwards, the catalytic performance of Pd/CS for the hydrogenation of PAO oil under the optimum reaction condition was appraised and compared with that of Pd/CS-IS-Py. According to the results, Pd loading of Pd/CS (0.08 wt.%) was lower than that of the catalyst (1 wt.%). Furthermore, the catalytic activity of Pd/CS was also lower than that of Pd/CS-IS-Py. In fact, using Pd/CS, hydrogenated PAO was achieved in 83%. The lower catalytic activity of this control catalyst can be attributed to its lower Pd loading, confirming the contribution of IS-Py ligand for anchoring Pd nanoparticles.

3.3.Reaction mechanism

According to the previous reports [START_REF] Tabrizi | Efficient hydro-finishing of polyalfaolefin based lubricants under mild reaction condition using Pd on ligands decorated halloysite[END_REF], the plausible mechanism for PAO hydrogenation can be depicted as Figure 11. In this process, -C=C double bond is first complexed to the Pd (0) center to form a π-complex. Notably, computational studies, reported by our group [START_REF] Tabrizi | Efficient hydro-finishing of polyalfaolefin based lubricants under mild reaction condition using Pd on ligands decorated halloysite[END_REF], suggested that in this step H-H bond is not cleaved. In the next step, hydrogen transfer occurs to form ethyl ligand on Pd. Finally, second hydrogen transfer from the metallic center happens to furnish the saturated PAO. 

3.4.Comparative study

To appraise whether the performance of Pd/CS-IS-Py for PAO hydrogenation is comparable with other catalysts, its activity and recyclability were compared with some other catalysts that have been used for hydrogenation of 1-decene-derived PAO, Table 4. As shown, the activity and recyclability of the tabulated catalysts are almost similar. However, the merit of Pd/CS-IS-Py is its facile synthetic procedure and use of abundant and low-cost starting materials for the preparation of the support. Although halloysite nanoclay is also a natural compound, it is significantly more expensive than CS. On the other hand, as mentioned in the Introduction section, the synthetic protocols used for the preparation of the listed catalysts in Table 4 were multi-step and more complicated. aggregation was observed upon repeated use of the catalyst. In fact, the average particle size of Pd NPs in the reused catalyst (after five runs) was 5.5±0.3 nm, which is slightly larger than that of the fresh catalyst (5.4±0.1 nm).

To evaluate the stability of Pd/CS-IS-Py upon recycling, the FTIR spectrum of the reused catalyst after fifth run was compared with that of the fresh one, Figure 13. As shown, the FTIR spectrum of the reused Pd/CS-IS-Py is similar to that of fresh catalyst and showed all of the absorbance bands, approving the stability of Pd/CS-IS-Py. 

Fresh catalyst

Reused catalyst

Hot filtration test was conducted. In detail, the hydrofinishing reaction was stopped after 1 h, Pd/CS-IS-Py was separated via centrifuge and yield of the reaction was estimated via 1 HNMR.

Then, that reaction was continued under catalyst-free condition. After 5 h, the reaction was halted and the yield of hydrofinishing was measured. Comparison of the yield of the reactions after 1 and 5 h established that in the absence of Pd/CS-IS-Py no reaction progress was observed. This result indicated that Pd NPs did not leach in the course of hydrofinishing and catalysis was heterogeneous.

Conclusions

In attempt to increase the utility of CS in industrial processes, CS was applied as an efficient and biocompatible support for the immobilization of Pd NPs and devising a catalyst for hydrofinishing of PAO. Prior to stabilization of Pd NPs, CS was decorated with a proper ligand, IS-Py, that has been prepared from reaction of IS and 2-aminopyrimidine. In this regard, computational study was used for selecting the most efficient amine compound among twelve potential candidates. Then, the ligand-decorated CS was palladated and utilized as a heterogeneous catalyst for hydrofinishing of PAO under relatively mild reaction condition. The results implied that under hydrogen pressure of 6 bar at 130 ºC, hydrogenated PAO has been achieved in 98% yield. Gratifyingly, the present catalyst could be easily recovered and reused for at least five consecutive runs with only slight loss of its catalytic activity and insignificant Pd leaching. Furthermore, hot filtration test approved heterogeneous nature of catalysis.
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Table 1 .

 1 Vfree and binding energy, in terms of ΔEads and ΔGads, of Pd adsorption onto the functionalized CS with different amine compounds of A1 to A12, at BP86/def2-SVP level of theory. Reported energies unit is kcal/mol.

	Amine compound	ΔEads 1	ΔGads 2	Vfree (%)
	A1	-30.7	-24.5	-
	A2	-38.5	-29.9	49.5
	A3	-36.2	-26.7	-
	A4	-35.1	-27.2	-
	A5	-36.2	-26.7	-
	A6	-38.5	-28.9	50.0
	A7	-39.9	-31.5	51.7
	A8	-37.9	-28.1	-
	A9	-37.8	-28.0	-
	A10	-38.5	-29.9	51.2
	A11	-38.1	-29.5	49.6
	A12	-37.5	-27.8	-

1

ΔEads =ECatalyst-EPd-ELigand,

2 

ΔGads =GCatalyst-GPd-GLigand

Table 2 .

 2 Binding energy, in terms of ΔEads and ΔGads, of Pd adsorption onto the CS-IS-Py ligand in different solvents, at BP86/def2-SVP level of theory. Reported energies unit is kcal/mol.

		Ethanol	Acetonitrile	Toluene	THF
	ΔEads	-41.0	-40.6	-39.5	-40.4
	ΔGads	-33.5	-32.9	-31.3	-32.6

Table 3 .

 3 Optimization of reaction variables for hydrogenation of PAO under Pd/CS-IS-Py catalysis.

	Run	Catalyst	Temp.	Pressure	Time (h) Yield (%)
		(w/w %)	(°C)	(bar)		
	1	3	130	6	8	86
	2	4	130	6	8	91
	3	5	130	6	6	98
	4	6	130	6	6	98
	5	5	150	6	6	98
	6	5	110	6	8	90
	7	5	130	5	8	80
	8	5	130	4	9	78

Table 4 .

 4 Comparison of hydrogenation of PAO (derived from 1-decene) in the presence of

	various catalysts.
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