PEER-REVIEWED ARTICLE b | oresources.com

Alumina-Supported Cu(ll), Co(ll), and Fe(ll) Complexes
as Catalyst for Esterification of Biomass-derived
Levulinic Acid with Trimethylolpropane (TMP) and
Pentaerythritol (PE) and Upgrading via Hydrogenation
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A polyol-based ester was synthesized from biomass-derived bio-oil for
application as a biolubricant. The bio-ester is biodegradable, non-toxic, and
does not require mineral oil usage. Levulinic acid (LA), a major component
obtained from bio-oil, was used for the catalytic esterification with two types
of polyols, i.e., trimethylolpropane (TMP) and pentaerythritol (PE), in the
presence of alumina-supported Cu(ll), Co(ll), and Fe(ll) complexes as
catalysts. Alumina-supported Cu(ll), Co(ll), and Fe(ll) complexes
[Cu(Tyr)(GA)ICI-alumina, [Co(Tyr)(Amp)]Cl-alumina, and [Fe(Tyr)(Amp)]CI-
alumina were synthesized by the reaction of ligands [L-tyrosine (Tyr), Gallic
acid (GA), and 2-aminopyridine (Amp)] with metal chloride salts. The
catalysts were characterized by elemental analyses (CHN), magnetic
susceptibility, Fourier transform infrared spectroscopy (FTIR), thermo-
gravimetric analysis/differential thermal analysis (TGA/DTA), powder X-ray
diffraction (XRD), scanning electron microscopy (SEM), and energy-
dispersive X-ray (EDX) techniques. Catalytic performances of the
synthesized complexes were investigated via esterification of levulinic acid
with trimethylolpropane and pentaerythritol. In addition, the two best
catalysts, [Cu(Tyr)(GA)ICI and [Co(Tyr)(Amp)]Cl-alumina, were further
employed for the in situ hydrogenation of levulinate esters at 120 °C to 130
°C and 7 bar to 8 bar Hz pressure for upgrading in a specially designed
reactor. The alumina-supported catalysts were active, reusable, and
exhibited their efficiency as heterogeneous catalysts for esterification and
hydrogenation reactions for synthesizing ester-based oils.
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INTRODUCTION

Sustainable and efficient biomass conversion processes are now being studied
extensively to overcome the world’s energy crisis for future generations (Serrano-Ruiz et
al. 2011, 2012; Climent et al. 2014). The utilization of biomass as a renewable, inclusive
carbon resource to produce biolubricants and useful chemicals is one of the most important
alternatives for current petroleum-based technologies. Biomass (e.g., wood, corn, soybean,
grass, straw, algae), through pyrolysis or hydrotreating processes, are able to produce
various types of organic compounds, which include biochar and bio-oil (Bridgwater 2012;
Gallezot 2012). The bio-oil contains approximately 400 organic compounds, including
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carboxylic acids, e.g., acetic acid, levulinic acid, and propionic acid (Oliveira and da Silva
2014; Ji et al. 2015). Levulinic acid (LA), having five carbon atoms with carboxyl and
ketone functional groups, can also be derived from glucose, fructose, starch, and
lignocellulosic residues (Nandiwale and Bokade 2016). This acid has been identified by
the U.S. Department of Energy as a top platform chemical, and it is regarded as one of the
12 most promising molecules derived from biomass, since it can be transformed into a
variety of other important compounds in the chemical industry (Nandiwale et al. 2014).
Levulinic acid can easily react with polyols, e.g., neopentyl glycol (NPG),
trimethylolpropane (TMP), and pentaerythritol (PE), in the presence of acid catalysts via
esterification reaction to give levulinate polyol esters (leda et al. 2008). These polyol ester-
base oils are used for lubricant formulation, plasticizers, fragrant chemicals, and
perfumery. In this study, TMP and PE levulinate esters were synthesized, for they are
expected to have analogous lubricant properties to other polyol esters, having the same
viscosity index, pour point, flash point, and biodegradability. Hence, there may be wider
applications for LA to produce biolubricants comparable to vegetable oils in economic
perspectives.

The reduction/hydrogenation of unsaturated esters to highly stable hydrocarbon-
based esters is one of the most promising reactions in organic chemistry, and therefore it
is applied in a large number of chemical processes. Generally, there are two main ways to
carry out such a reduction (Zhang et al. 2010) process. The first is the conventional hydride
process, where silyl or metal hydride salts, e.g., LiAIH4 and NaBHys, are used, and the other
is the hydrogenation process, in which molecular hydrogen (H2) is applied. In fact, the
hydrogenation reaction can be operated using small amounts of catalyst and lesser
amounts/absence of solvents. Several catalysts have been used effectively in hydrogenation
processes using homogeneous and heterogeneous catalytic systems, e.g., alumina-
supported Mn(Il), Co(ll), Ni(Il), and Cu(ll) Schiff base complexes (Salavati-Niasari and
Banitaba 2003); vanadyl (1) complexes (Salavati-Niasari et al. 2004), Mn(111) and Co(ll)
salen complexes (Chaube et al. 2005; Yang et al. 2011), and Mn(l1l) and Fe(lll) Schiff
base complexes (Adhikary et al. 2015).

Hydrogenation of esters using homogeneous catalysts has rarely been explored and
is mostly limited to activate esters. By contrast, heterogeneous catalysts have been widely
used in the hydrogenation of esters. For instance, Cu(ll)-based catalysts show high activity
and selectivity for hydrogenation (Yin et al. 2009), although the use of catalysts requires
harsh reaction conditions at 200 °C to 250 °C and approximately 50 bar to 60 bar H;
pressure. Some transition metals-based catalysts, e.g., Pd, Ru, Pt, Rh, and Re, are also
analyzed to be useful for the hydrogenation of esters.

The application of transition metal complexes has received great attention from
modern researchers in the last few years due to their ability to act as a catalyst or catalyst
precursor. The thermal stability and tenability of mixed ligand complexes make them truly
suitable for a wide range of catalytic and stoichiometric transformations. These comprise
many reactions, including bond activation (Choi et al. 2009; Huang et al. 2009), carbon-
carbon bond formation (Goldman et al. 2006; Castonguay et al. 2008), polymerization
(Mdller et al. 2002), conversion of ammonia from nitrogen and hydrogen (Arashiba et al.
2011), organic synthesis (Chakraborty et al. 2009), and supramolecular chemistry
(Morales-Morales and Jensen 2007).

The simplest approach to transform a homogeneous catalyst into a heterogeneous
catalytic system comprises of immobilization or encapsulation of active metal complexes
onto a solid support. The grafting of well-defined soluble homogeneous organometallic
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catalysts onto a suitable insoluble inorganic solid support has been demonstrated to be a
promising and stable method for recycling (Swennenhuis et al. 2009; Abbott et al. 2014;
Karakhanov et al. 2014; Goni et al. 2017).

Encapsulation eases separation of metal complex catalysts by simple filtration. In
addition, the impregnation method enhances catalyst stability and selectivity (Karakhanov
et al. 2014) towards organic reactions. Many useful methods have been adopted for grafting
of metal complexes onto solid support, including ion pairing and encapsulation (Jones et
al. 2005), physisorption, and covalent ligand binding. However, immobilization of metal
complexes by covalent attachment onto a solid support gives the best recovery process for
homogeneous catalysts (del Pozo et al. 2010).

Current studies have revealed the methods of immobilizing metal complexes on a
solid support, including inorganic materials (e.g., silica, alumina, silica-alumina, SBA-15,
MCM-41, MCM-48) and functionalized organic polymers (Bergbreiter et al. 2001; Chase
et al. 2004). Porous alumina support materials seem to be most useful and versatile solids
for immobilization of organometallic complexes (Mehendale et al. 2007). Under these
backgrounds, the authors have chosen acidic alumina as support material because neither
neutral nor basic alumina are able to adsorb the metal complexes on its surface uniformly.
More importantly, the adsorbing tendency of alumina might arise from the presence of
oxygen on its structures (Salavati-Niasari et al. 2004), which can coordinate to the metal
ion (Fig. 1). Indeed, this mesoporous structural integrity enhances the uniform loading of
organometallic complexes onto the supports and facilitates catalytic activity of reaction
substrates.
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Fig. 1. The probable structure of metal complexes grafted by alumina support

It is well known that 3™ row transition metals are cheaper than Pd, Pt, Rh, and Ru,
and their complexes are widely used for the hydrogenation of organic compounds. The
physicochemical properties of these complexes are characterized using various techniques.
However, the two potential catalysts are used for the hydrogenation of levulinate ester to
corresponding reduced esters.

Herein, the authors report the full detailed synthesis of [Cu(Tyr)(GA)]Cl-alumina,
[Co(Tyr)(Amp)]Cl-alumina, and [Fe(Tyr)(Amp)]Cl-alumina catalysts. Their catalytic
performance is studied via esterification reaction of levulinic acid (LA) with
trimethylolpropane (TMP) and pentaerythritol (PE), respectively. Notably, the proposed
hydrogenation reaction pathways for levulinate ester over Cu complex and alumina-
supported Co-based catalysts are also investigated.
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EXPERIMENTAL

Materials

All the chemicals and solvents were of analytical grade and used without further
purification. L-tyrosine was obtained from Sigma-Aldrich (St. Louis, MO, USA), while
gallic acid and 2-aminopyridine were purchased from Merck (Mumbai, India). The metal
salt Cu(ll), Co(ll), and Fe(ll) chlorides were received from Fluka Chemica (Buchs,
Switzerland). Acidic alumina was also purchased from Merck and activated by calcination
at 450 °C for 8 h before use. For catalytic reactions levulinic acid and polyols e.g.,
trimethylolpropane (TMP) and pentaerythritol (PE), were also obtained from Merck.

Physical Measurements

Fourier-transform infrared spectroscopy (FTIR) analyses were scanned at the range
of 4000 cm™ to 400 cm™ with pressed KBr pellets using an IR-8400/8900 Shimadzu
spectrophotometer (Kyoto, Japan). Magnetic susceptibility measurements were carried out
using a magnetic susceptibility balance (Sherwood Scientific, Cambridge, UK). The
elemental analysis (carbon, hydrogen, and nitrogen) and metals were recorded by using a
Yanaco CHN-corder-MT-5.

The physical structure of catalysts, compositional analysis, and surface morphology
observation were measured by scanning electron microscopy (SEM) (JEOL, JSM-6360
LV, Tokyo, Japan) coupled with energy-dispersive x-ray spectroscopy (EDS) (JEOL, JED-
2300). The thermal decomposition behavior of residual hydrocarbons on the spent catalysts
was performed using thermogravimetric and differential thermal analysis (TGA/DTA 60,
Shimadzu) at a heating rate of 10 °C/min from room temperature to 800 °C under nitrogen
flow.

Powder x-ray diffraction (XRD) analysis was performed using Rigaku RINT 2200
equipment (Tokyo, Japan) with Cu-Ka radiation operated at 40 kV and 40 mA. Data were
collected over a 260 range of 10 ° to 90°, and phases were identified by matching
experimental patterns to entries in the Version 6.0 indexing HighScore Plus software
(Kotrak, London, UK).

Synthesis of Metal Complexes

The syntheses of complexes followed the following reaction pathways shown in
Fig. 2. The reaction with Al>Osz at 40 °C to 50 °C for 8 h gave the following supported
complexes: alumina-supported Cu(ll), Co(ll), and Fe(ll) complexes (Fig. 1).

Preparation of [Cu(Tyr)(GA)]CI-Al203

This complex was prepared with a water:methanol (1:3) solution of gallic acid
(Taha et al. 2016) (1 mmol) and L-tyrosine (1 mmol) that was previously prepared via
deprotonation by alkali (NaOH, 0.05 mmol), to the copper(1l) chloride solution (1 mmol)
in methanol-water solution, and continuously stirred at 70 °C to 80 °C for 2 h. Upon cooling
the solution, a blue powdered compound obtained was filtered, washed with methanol,
dried under vacuum condition, and purified by recrystallization from ethanol. Selected IR
data (KBr pellet, cm™): 3334, 3324, 3146, 2945, 1594, 1571, 1448, 1358, 1349, 1245, 1056,
532, and 496. Magnetic susceptibility; et = 1.81(Paramagnetic).
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Fig. 2. Synthetic route of preparing metal complexes using L-tyrosine, gallic acid, and 2-
aminopyridine ligands (A), and Al2O3 supported complexes (B)

A solution of the [Cu(Tyr)(GA)]CI in CH30H was added to a suspension of Al2O3
in methanol at a ratio of 1:6. The resulting suspension was stirred at 40 °C to 50 °C for 8
h. The blue solid was filtered, and then it was washed with methanol. The
[Cu(Tyr)(GA)]CI-Al>O3 catalyst was dried at 60 °C under vacuum overnight prior to use.
Selected IR data (KBr pellet, cm™): 3504, 3134, 2845, 1584, 1573, 1445, 1355, 1351, 1252,
1058, 529, and 493.

Preparation of [Co(Tyr)(Amp)]CI-Al203

The same procedure for the preparation of [Cu(Tyr)(GA)]CI-Al>O3 was repeated
by substituting gallic acid ligands with 2-amino pyridine and Cu(ll) metal center with
Co(Il). The violet solid was obtained on slow evaporation of the concentrated solution.
Selected IR data (KBr pellet, cm™): 3348, 3157, 3131, 2942, 1605, 1568, 1441, 1353, 1353,
1236, 1080, 545, and 487. Magnetic susceptibility; pes = 4.26 (paramagnetic).

Alumina powder was added to a solution of [Co(Tyr)(Amp)]Cl in methanol (1:6)
and heated at 40 °C to 50 °C for 8 h with constant stirring. The solid was filtered, washed
with methanol, and dried at 60 °C. Selected IR data (KBr pellet, cm™): 3503, 3135, 2941,
1603, 1565, 1351, 1234, 1080, 548, and 485.

Preparation of [Fe(Tyr)(Amp)]CI-Al203

The method for synthesizing [Co(Tyr)(Amp)]CI-Al20s was repeated by
substituting Co(Il) metal salt with Fe(ll) (Jana et al. 2009; Santoro et al. 2015). The green
solid obtained on slow evaporation of concentrated solution was suitable for powder x-ray
diffraction. Selected IR data (KBr pellet, cm™): 3324, 3146, 2945, 1594, 1571, 1358, 1448,
1349, 1245, 1056, 532, and 496. Magnetic susceptibility; per = 3.65 (Diamagnatic)
(Santoro et al. 2015).

Porous alumina was added to the solution of [Fe(Tyr)(Amp)]CI in methanol (1:6)
and heated at 40 °C to 50 °C for 8 h with constant stirring. The solid compound was filtered,
washed with methanol, and dried at 60 °C. Selected IR data (KBr pellet, cm™): 3505, 3324,
2948, 1592, 1573, 1450, 1032, 535, and 491.
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Catalytic Activity Experiments
Esterification

The catalytic activity experiments were conducted via esterification of levulinic
acid (LA) with polyols (i.e., TMP and PE) under reflux condition at reaction temperature
of 110 °C to 130 °C in a silicone oil bath with continuous magnetic stirring. The activities
of catalysts were measured by varying different parameters involved (e.g., reaction time,
% of catalyst loading, and polyols to LA molar ratios). Prior to reaction, the complex
catalysts were dried at 70 °C to 80 °C for 6 h. Preliminary studies using sulfuric acid as a
homogeneous catalyst were performed in an esterification reaction to estimate the range of
reaction conditions. Blank experiments were carried out to validate the activity of the
catalyst complexes. The applied reaction conditions were such that there was no external
mass transfer; hence, the experiments were conducted under the same kinetic regime. After
completion of reaction, the products were collected and analyzed by Gas Chromatography-
Mass Spectrometer (GC-MS, Shimadzu-QP 5000) equipped with RTX-5-MS column (30
m x 0.25 mm x 0.25 pm) in split mode. The fraction peaks obtained from mass spectra
were identified using the National Institute of Standards and Testing (NIST) library
matching. Further, catalytic activity of the catalysts towards esterification (total product
yield and product selectivity) was determined by comparing the peak area % of obtained
spectra. It is known that the GC-MS analyses do not provide exact quantitative analytical
results of compounds. However, it is possible to compare the product yield and selectivity
by comparing the peak areas since the chromatographic peak area of compounds is
proportional to its quantity and the relative content of the product (Egs. 1 and 2) (El Khatib
et al. 2015; Yi Lian et al. 2017). In order to confirm the reproducibility of the results, the
experiments were performed three times, where the average of the peak area and peak area
% was calculated.

Total area of product—area of reactant

Product Yield (%) =

x 100% 1)
x 100% )

Total area of product
Area of desired product

Product Selectivity (%) =

Total area of product

Hydrogenation

Hydrogenation of TMP and PE-levulinate esters was carried out using a closed
system pressure reactor with mechanical stirring. The reactor was initially purged with
nitrogen gas flow for 3 min to 5 min to eliminate any traces of oxygen in the system.
Approximately of 7 bar to 8 bar of hydrogen was then introduced to the reactor before the
reaction began. The reaction temperature was set at 120 °C to 130 °C with a heating rate
of 10 °C/min and holding time of 2 h. The stirring speed was maintained around 120 rpm
to 130 rpm. At the end of reaction time, the reactor was cooled and the gases were liberated.
The reduced ester products were collected and sent for gas chromatography mass
spectrometry (GC-MS) and FT-IR analysis.

RESULTS AND DISCUSSION

The complexes [Cu(Tyr)(GA)]Cl-alumina, [Co(Tyr)(Amp)]Cl-alumina, and
[Fe(Tyr)(Amp)]Cl-alumina were successfully synthesized for the first time by reacting
Cu(ll), Co(ll), and Fe(ll) chlorides with aromatic bidentate ligands L-tyrosine, 2-
aminopyridine, and gallic acid as mixed ligands in water-methanol solution at 70 °C to 80
°C. Afterwards, the complexes were impregnated with solid inorganic supports (alumina)
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to prepare the tethered complexes. The thermal stability, magnetic susceptibility, and
spectroscopic and X-ray diffraction studies were described in the Experimental section. All
the analytical and spectroscopic features were consistent with six coordinated complexes
in all the cases, and they were insoluble to the common organic solvents. The relevant IR
spectroscopic and GC-MS analysis for ester products were interpreted herein.

IR Spectra Analysis

The solid-state IR spectra of the ligand metal complexes with or without
immobilization on alumina were in the range of 4000 cm™ to 400 cm™ (Figs. 3A, 3B, and
3C). Absorption peaks at 2930 cm™ to 2870 cm™ were attributed to C-H stretching
vibrations in methylene (-CH2—) groups (Dholariya et al. 2013) of the complexes, while in
impregnated molecules, the peaks disappeared. In fact, the spectra of porous alumina
showed a broad band between 3600 cm™ to 3200 cm, assigned to the hydroxyl vibration
of the hydrogen-bonded internal alumina groups. A sharp peak at about 1080 cm™ to 1060
cm™ may be attributed to AI-O-Al bonds in the spectrum of all supported complexes
(Tungel and Serin 2006; Urus et al. 2010; Pan et al. 2013). Furthermore, the presence of
weak bands around 3300 cm™* in the NH2-M molecule were attributed to the N-H stretching
of the amino groups. After grafting with alumina, the band due to N-H vibration
disappeared with the formation of a new band at 1640 cm™, assigned to the vibration of C-
N band, which indicated the participation of amino ligands in bonding with the metal ions
(Salavati-Niasari et al. 2004; Ozdemir 2014). The peaks at 1636 cm™ to 1594 cm™ and
1366 cm™ to 1352 cm™ are the characteristic absorptions for asymmetric and symmetric
stretching frequencies of >C=0 groups from L-tyrosine ligands (Salavati-Niasari et al.
2006; Gorner and Wolff 2008). The peaks at about 496 cm™ to 478 cm™ and 598 cm™ to
532 cm? are assigned to M—N and M—O stretching (Chandra and Kumar 2005; Salavati-
Niasari et al. 2006; Karipcin and Kabalcilar 2007), respectively, in the complexes. The
coordination modes of both Namp , N1yr, and Otyr atoms or Oga atoms to metals are in
agreement with the bands observed at 600 cm™ to 480 cm™ (Silva et al. 2011; Urus et al.
2013; Ozdemir 2014).

A B C

g ” Aumics
Alumina Alumina umina

d
m [Fe(Tyr)(Amp)ICW
[Cu(Tyr)(GA)]|Cl-alumina

[Co(Tyr)(Amp)]Cl-alumina

Transmittance (a.u.)
Transmittance (a.u.)
Transmittance (a.u.)

— e —— -~ - T Ay — TN A
N \ [V s N\ VAT B e "
vy W 1 ' \rr, |
v || v (Cortyrampyct || |\ Pl lal
[Cu(Tyr)(GA)ICI \ [Fe(Tyr)Amp)Cl ||
H |l I
[
T T T T T T T T T T T T T T
T T T T T T T 4000 3500 3000 2500 2000 1500 1000 500
4000 3500 3000 2500 2000 1500 1000 500 4000 3500 3000 2500 2000 1500 1000 500

Wavenumber (cm™) Wavenumber (cm')

Wavenumber (cm™)

Fig. 3. The FTIR spectra of [Cu(Tyr)(GA)]CI and [Cu(Tyr)(GA)]Cl-alumina (A), [Co(Tyr)(Amp)]CI
and [Co(Tyr)(Amp)]Cl-alumina (B), and [Fe(Tyr)(Amp)]Cl and [Fe(Tyr)(Amp)]Cl-alumina(C) in
comparison with pure alumina support.
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Elemental Analysis

The elemental analysis (carbon, hydrogen, and nitrogen) and metals were recorded
by using a Yanaco CHN-corder-MT-5 at 550-950 °C after combustion and reduction
process. Table 1 clearly shows the contents of various elements (C, H, and N) and metals
of the three complexes. Here, Calcd. represented as calculated value.

Table 1. Elemental Analysis of Various Catalysts

Compound % Found (Calcd.)

(Molecular Formula) C H N Metal2
[Cu(Tyr)(GA)ICI 42.91 3.38 3.15 14.25
(42.85) (3.34) (3.12) (14.18)

[Co(Tyr)(Amp)]CI 35.89 4.37 9.01 16.04
(35.86) (4.349) (8.97) (15.99)

[Fe(Tyr)(Amp)]CI 46.03 4.41 11.53 15.31
(45.99) (4.38) (11.49) (15.28)

aMetals detected are Cu, Co, Fe, and Cl.

Powder X-ray Diffraction Studies

The powder XRD patterns for [Cu(Tyr)(GA)]CI and [Cu(Tyr)(GA)]Cl-alumina,
[Co(Tyr)(Amp)]CI and [Co(Tyr)(Amp)]Cl-alumina, and [Fe(Tyr)(Amp)]CI and
[Fe(Tyr)(Amp)]Cl-alumina are shown in Fig. 4. The observed interplanar d-spacing values
were determined from the diffractogram of the complexes. Furthermore, the Miller indices
h, k, and | values were attributed to each d-spacing along with 26 angles. The results
indicated that [Cu(Tyr)(GA)]CI belonged to the monoclinic crystal system of space group
C12, having unit cell parameters of a = 23.54, b = 14.23, and ¢ = 19.71; and « = 90, f =
112, and y = 90 at the wavelength of 1.540598. For [Co(Tyr)(Amp)]ClI, results revealed the
monoclinic crystal system of space group C12 of unit cell parameters, with a = 10.03, b =
10.54, ¢ =14.96; and . = 90, = 110, y = 90. For complex [Fe(Tyr)(Amp)]Cl, space group
P12 of unit cell parameters a = 11.71, b = 16.30, ¢ = 11.79; and o = 90, = 102, y = 90 at
the wavelength of 1.540598 with maximum deviation of 20 = 0.025, suggested that the
metal complexes were crystalline (Li et al. 2016; Puskari¢ et al. 2016). However, metal
complexes impregnated with alumina exhibited a sharp diffraction peak at around 26 = 2.5,
corresponding to the (1 0 0) reflection of native hexagonal mesoporous alumina lattices
(Do Van et al. 2015). Furthermore, low intensity peaks of alumina phases were observed
at (20 =15° t0 40°) due to (1 1 0), (20 0), and (2 0 0) reflections, which suggested that the
metal complexes were uniformly incorporated within the alumina matrix. These results
also imply that the metal complexes formed a hexagonally-packed mesoporous structure
during the immobilization process (Didgikar et al. 2010; Payawan Jr. et al. 2010).

Thermogravimetric Analysis (TGA)

The thermal behaviour of ligand metal complexes and their corresponding alumina-
tethered complexes were predicted by using thermogravimetric analysis (TGA) (Fig. 5).
The TGA curves revealed that both homogeneous and heterogeneous metal complexes
were thermally stable. In general, metal complexes had four endothermic peaks in the TGA
diagrams. Physically adsorbed type water molecules on complexes were isolated at 50 °C
to 90 °C with an endothermic peak in the TGA curves of complexes.
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Fig. 4. The powder XRD patterns for (A) [Cu(Tyr)(GA)]Cl and [Cu(Tyr)(GA)]Cl-alumina;
(B) [Co(Tyr)(Amp)]Cl and [Co(Tyr)(Amp)]Cl-alumina; and (C) [Fe(Tyr)(Amp)]Cl and
[Fe(Tyr)(Amp)]Cl-alumina in comparison with pure alumina support
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Fig. 5. TGA curves for (A) [Cu(Tyr)(GA)]CI and [Cu(Tyr)(GA)]Cl-alumina; (B) [Co(Tyr)(Amp)]CI
and [Co(Tyr)(Amp)]Cl-alumina; and (C) [Fe(Tyr)(Amp)]Cl and [Fe(Tyr)(Amp)]Cl-alumina

The elimination of coordinated water and solvent molecules (Yang et al. 2011),
from the metal complexes were determined at 100 °C to 240 °C. The peaks at about 260
°C to 350 °C were the degradations of coordinated chloride ions and one ligand group. The
highest peaks were attributed between 400 °C to 800 °C when the elimination of another
ligand group occurred and metal oxides finally formed. Generally, ligand groups with
lower molecular masses were eliminated first, followed by the ligands with higher
molecular masses, and the sequence of eliminating ligands were in the order of
Amp>GA>Tyr (Dholariya et al. 2013). The same degradation patterns were also observed
for all three impregnated complexes, where there was gradual weight loss followed by their
corresponding complexes and finally the formation of metal oxide.

The alumina-supported mixed ligands do not allow a 1:2 ratio for metal-ligand
complexation due to bulky structure of alumina. These proposed structures were according
to the authors’ previous reports and other literature that compared to FTIR, TGA, and other
chemical or physical characterizations (Shchur et al. 2007; Tangestaninejad et al. 2009).

Scanning Electron Microscopy (SEM) Study
SEM imaging of the samples was performed to observe the surface morphology
and physical structures before and after impregnation.
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Fig. 6. The SEM images of (A) [Cu(Tyr)(GA)]CI; (B) [Cu(Tyr)(GA)]Cl-alumina; (C)
[Co(Tyrn)(AmPp)]CI; (D) [Co(Tyr)(Amp)]Cl-alumina; (E) [Fe(Tyr)(Amp)]CI; and (F)
[Fe(Tyr)(Amp)]Clalumina at X50 magnification
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The morphological differences between metal complexes and alumina-impregnated
complexes in SEM images exhibited an important demonstration of loading of the
complexes onto the alumina particles that formed clusters. These micrographs also showed
a wide range of shapes and particle sizes after immobilization. Metal complexes diffused
on the Al>O3 mesoporous channels that fitted perfectly with the pores. In general, the SEM
micrograph displayed single-phase formation with well-defined, grain-like shapes which
were particles sized in the range of 0.5 um. Besides, different characteristic shapes of
samples were identified, and these SEM images were quite different from other complexes.
Additionally, the well-dispersed alumina-supported Cu(ll), Co(ll), and Fe(ll) complexes
exhibited good catalytic activity because they had large surface areas on the alumina
particles and had cavities as an internal and external surface (Figs. 6(a), 6(b), and 6(c))
(Chaube et al. 2005; Salavati-Niasari et al. 2006; Islam et al. 2010). The EDX results
further confirmed that metal ions were well-dispersed on the alumina-supported complexes

(Fig. 7).

Energy Dispersive X-ray (EDX) Study

After immobilizing, the metal content of alumina-supported complexes was
investigated by using energy dispersive X-ray spectroscopy (EDX). The EDX spectra at
different points of the image (Fig. 7) confirm the presence of Cu, Co, and Fe in the surface
alumina matrix. The atomic percentage of all elements of the complexes are given in
Table 2. It is observed that the peaks corresponding to every elements were contributed in
forming alumina tethered complexes.

Table 2. EDX Analysis of Various Catalysts

Compound Atomic % of elements found
C N 0] Al Metal2
[Cu(Tyr)(GA)]Cl-alumina 18.41 0.92 51.24 29.03 0.39
[Co(Tyr)(Amp)Cl]-alumina 42.01 2.93 36.04 14.49 4.52
[Fe(Tyr)(Amp)]Cl-alumina 23.03 1.40 47.84 27.38 0.34

aMetals are Cu, Co, and Fe, respectively.

Fig. 7. EDX spectra of [Cu(Tyr)(GA)]Cl-alumina (A), [Co(Tyr)(Amp)]Cl-alumina (B), and
[Fe(Tyr)(Amp)]Cl-alumina (C)

Catalytic Activity Study
Esterification

The catalytic performances of the complexes were determined via esterification
reactions of levulinic acid (LA) with two polyols, which were trimethylolpropane (TMP)
and pentaerythritol (PE) (Table 3). Before investigating the activity of complexes,
preliminary studies using sulfuric acid as a liquid acid catalyst were conducted to estimate
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the range of reaction parameters (i.e., reaction time, catalyst loading, and polyols to LA
molar ratios). The molar ratio of LA to polyol was selected according to the stoichiometric
ratio for the esterification reaction, where molar ratio of LA:TMP was 3:1 and the molar
ratio of LA:PE is 4:1. The reaction temperature was optimized at 115 °C and 125 °C for
TMP and PE esterification based on the ester yield and selectivity. A reaction duration of
2 h and catalyst loading of 2 wt.% with respect to LA were also optimized for all the
complexes.

For all three complexes, the esterification of LA with TMP gave higher yields
compared to PE. The trimethylolpropane had three (-OH) groups, resulting in LA-mono,
LA-di, and LA-tri esters. On the other hand, pentaerythritol had four alcoholic groups and
was less active, probably due to bulkiness of the molecule and higher melting point (533
K), so no tetra-ester product (Kotwal et al. 2013) was detected in this study. To compare
the catalytic performances of these catalysts, similar reactions were conducted using H2SO4
as a catalyst (Ji et al. 2015), and observed alumina-tethered complexes (Table 4) had more
potential than H2SO4 as the selectivity was higher for di- and tri- esters.

Table 3. Esterification of Levulinic Acid with (TMP) and (PE) over Cu(ll), Co(ll),
and Fe(ll) Complexes, H2SO4 and without Catalyst

Ester yield (%)
Polyols Catalysts Mono Di T
[Cu(Tyr)(GA)]CI 57.24 7.31 11.17
I a
Trimethylolpropane [Co(Tyr)(Amp)]CI 58.97 10.24 4.14
HO™™\ OH [Fe(Tyr)(Amp)]CI 48.24 7.41 4.92
\ H2S04 51.00 15.0 1.50
HO CHs
Blank experiment 14.86 2.00 0.85
[Cu(Tyr)(GA)]CI 49.30 10.14 5.58
Pentaerythritol2-¢
[Co(Tyr)(Amp)]CI 50.13 8.88 3.07
HO=\ OH [Fe(Tyr)(Amp)]CI 46.22 10.15 2.03
\ H2S04 50.00 13.00 0.70
HO OH
Blank experiment 8.78 2.40 0.70

aReaction conditions: Catalyst loading = 2% w/w of LA; LA: TMP= 3:1 at 115 °C, LA: PE= 4:1 at
125 °C; reaction time =2 h

bCalculated using Equation 1

°No tetra-ester product was detected for PE
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Table 4. Esterification of Levulinic Acid with (TMP) and (PE) over Alumina-
Supported Cu(ll), Co(ll), and Fe(ll) Complex Catalysts

Ester Yield (%)

Polyols Catalysts Mono Di Tn
[Cu(Tyn)(GA)]Cl-alumina 33.89 33.00 8.83

TMPa
[Co(Tyr)(Amp)Cl]-alumina 16.51 60.14 5.05
[Fe(Tyr)(Amp)]Cl-alumina 21.55 47.14 3.24
[Cu(Tyr)(GA)]Cl-alumina 31.28 28.23 4.23

PEac
[Co(Tyr)(Amp)]Cl-alumina 23.89 41.83 5.08
[Fe(Tyr)(Amp)]Cl-alumina 31.55 25.71 3.81

aReaction conditions: Catalyst loading = 2% w/w of LA; LA: TMP= 3:1 at 115 °C, LA: PE= 4:1 at
125 °C, reaction time = 2 h (reflux condition)

bCalculated using Equation 1

°No tetra-ester product was detected for PE

The present study also revealed that the ligand metal complexes impregnated with
alumina were highly active for esterification of LA with TMP and PE, producing
significant amounts of levulinate-di and levulinate-tri esters compared to their metal
complexes. This might possibly have been complete immobilization of metal complexes
onto alumina support which produced more Lewis acidic sites, and therefore produced
more LA-di and LA-tri esters. As is known, no research paper is available yet for the
esterification reaction of LA with TMP and PE over these complexes as catalyst. Currently,
Masood et al. (2012) explained the suitability of heterogeneous Ca-methoxide catalyst to
these chemical reactions. However, efficient purification methods are still essential as there
is a tendency of metallic soap formation with catalyst to the fatty acids. Thus, impregnated
complex catalysts in this study were highly active and selective for lubricant base oil
production.

)Ok i
" o CoH4COCH
N\ Catalysts H3COCH,C, Oyo 2Hgq 3
N ch, / \ coccn ot N\,
TMP
CH3COC,H,COOH 3H,0 I (CA-TMP Ester

Levulinic acid

(0]

OH OH
H;COCH,C, O_\ o C2H4COC|'|3 (//\ *
/ H(P)=7-8 bar at 120°C H3COCH,C; O‘f O C2H4COCHg

H3COCH,Cy O \—CH3 [Cu(Tyr)(GA)ICI, 2h \
HsCOCH,Gy O CHs
(LA-TMP Ester )

0 (LA-TMP Reduced ester)
OH

Fig. 8. Proposed synthetic route of LA-TMP ester and LA-TMP reduced ester, respectively
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Catalytic activity via esterification revealed that the most active homogenous
catalyst was [Cu(Tyr)(GA)]CI, which yielded 75.72% TMP-LA ester and 65.02% PE-LA
ester. Among the homogeneous complexes, Cu complex exhibited the highest activity with
a majority of LA-tri esters. The most active alumina-supported metal complex was
[Co(Tyr)(Amp)]Cl-alumina, which yielded 81.70% TMP-LA and 70.80% PE-LA ester.
Among the supported complexes, Co complex after impregnation with alumina support
generate more acidic sites, which favoured for the LA-di and LA-tri ester products. The
mechanism for synthesizing esters and reduced esters (Figs. 8 and 9) is proposed.

Hydrogenation of Esters

Two active catalysts, [Cu(Tyr)(GA)]CI and [Co(Tyr)(Amp)]Cl-alumina, were
further investigated for the in situ hydrogenation of levulinate esters at 120 °C to 130 °C
and 7 bar to 8 bar H pressure in a closed reactor in the absence of air. The activity and
selectivity of catalytic hydrogenation of LA-TMP and LA-PE esters to corresponding
reduced esters over [Cu(Tyr)(GA)]CI and [Co(Tyr)(Amp)]Cl-alumina catalysts is shown
in Table 5. According to the esterification-hydrogenation reaction stoichiometry, one mol
TMP/PE reacted with three/four mol LA, producing corresponding esters and reduced
esters, respectively. Of the two cases, the authors used five mol LA (excess of polyol) with
one mol TMP and PE, for completeness of the reaction in order to obtain maximum ester

yield with highest selectivity.
(@] (@]

HO = OH H;COCH,C, ©O O C,H4COCH
/ Catalysts 3 4=z N\ 2 3
HO ¥OH / \ H3;COCH,C o ¥OH
L.

A-PE Ester
CH3;COC,H,COOH 3H,0 o
Lewvulinic acid
o 0 OH OH

H3COCH4<:{k 0

O C,H4COCHg C)\ *
™\ H;COCH,C, © O CH4COCHS3
/ Ho(P)=7-8 bar, 130°C, 2h 3 #-2 Y
HyCOCH, 0 \—OH [Co(Tyr)(Amp)]Cl-alumina HsCOCH, o \_

OH

LA-PE Ester (LA-PE Reduced esteﬂ
o)

OH
Fig. 9. Proposed synthetic route of LA-PE ester and LA-PE reduced ester, respectively

Table 5. Comparison by Yield of Ester and Reduced Ester Product after
Esterification-Hydrogenation of LA with TMP and PE

) Reduced ester yield (%)
Polyol | Catalyst Reaction type : :
Mono Di Tri
TMP | [Cu(Tyr)(GA)]ICI Esterification? 14.65 39.90 13.25
TMP | [Cu(Tyr)(GA)]ICI Hydrogenation® 11.62 34.52 12.38
PE [Co(Tyr)(Amp)]Cl-alumina Esterification? 15.09 38.07 9.50
PE [Co(Tyr)(Amp)]Cl-alumina Hydrogenation® 13.45 35.52 8.58

aReaction conditions: Catalyst loading = 2% w/w of LA; LA: TMP= 5:1 at 115 °C, LA: PE= 5:1 at
125 °C; reaction time = 2 h, product =ester (reflux condition)

bReaction conditions: Catalyst loading = 2% w/w of LA; LA: TMP= 5:1 at 115 °C, LA: PE= 5:1 at
125 °C; reaction time= 2 h, Hz(P)= 7 bar to 8 bar, T= 120 °C for LA-TMP ester, and T= 130 °C for
LA-PE ester with stirring speed 120 rpm to 130 rpm, product= reduced ester
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Results from the experiment indicated that the significant amounts of LA-TMP and
LA-PE esters were reduced after hydrogenation reaction. The reduction of LA-TMP and
LA-PE esters was also confirmed by the analysis of IR spectra. GC-MS analysis revealed
58.52% reduced ester was isolated in the case of [Cu(Tyr)(GA)]CI catalyst, whereas it was
reduced by 57.55% for [Co(Tyr)(Amp)]Cl-alumina. Herein, [Co(Tyr)(Amp)]Cl-alumina
was an efficient catalyst for the hydrogenation of LA-PE ester to corresponding reduced
ester.

Chemical Modification of Levulinate Ester via Hydrogenation

Based on the results, hydrogenation of the levulinate ester was able to enhance its
property as a biolubricant. Reduction of the ketone group from the levulinate chain can be
carried out by employing H; at elevated temperature and pressure with the aid of a catalyst.
Such modification significantly reduced side reactions such as polymerization, which can
happen with the elevated working temperature of lubricating systems. Compared to the
commercial vegetable oil-based biolubricants which are unsaturated, hydrogenized polyol
esters enhanced fluid lubrication, boundary lubrication, and extreme pressure lubrication.

Catalyst Regeneration and Product Purification

The authors employed homogeneous as well as heterogeneous catalysts in the
esterification-hydrogenation reaction. Results revealed that heterogeneous catalysts
rendered higher activity compared to the corresponding homogeneous analogues. The
higher yield was due to the availability of sufficient acidic sites in/on the cavities of
immobilized complexes, which produced higher esters and hydrogenated esters,
respectively.

The products containing di- and tri-esters were highly viscous and were resistant to
separation of the catalyst. The heterogeneous catalyst could be separated via a repeated
centrifugation method, from which the liquid product at the upper layer was collected. The
process had to be repeated at least 3 times due to the high viscosity of product, in order to
ensure maximum recovery of the product. The catalyst was then recovered by washing with
methanol and water mixture, centrifuged, and vacuum-dried.

The homogeneous catalyst can be separated from the product via washing the
product with cold methanol. The product was then heated at the low temperature of 65 °C
to evaporate the methanol, while the metal complexes were recovered via recrystallization.
Unfortunately, a reusability test was not carried out due to poor recoverability of the metal
complexes.

Overall, results indicated that the selectivity of ester products contained significant
amounts of monoester, which can be used for lower working temperature conditions in the
petroleum industry as fuels and lubricants, as well as in cosmetic and food industries
(Jackson 2003).

IR Spectra Analysis for Hydrogenated Esters (Reduced Esters)

Figures 10(a) and 10(b) represented the IR spectra for the ester product and
hydrogenated product in comparison with LA for TMP ester and PE ester, respectively.
Pure LA showed four characteristic bands in IR region: for C-H stretching at 2860 cm™ (s),
C=0 stretching at 1708 cm™ (s), C=0 bending at 1170 cm™ (s), and O-H stretching for
carboxylic group at 3300 cm™ to 2800 cm™ (b).
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After esterification with TMP, LA-TMP ester experienced a shift to a higher
wavenumber for C-H vibration at 2880 cm™* (w), C=0 bending at 1180 cm™* (w), and C=0
stretching at 1725 cm™ (w) (Arbain and Salimon 2011). The disappearance of O-H stretch
indicated that the carboxylic acid group was converted into ester form. After
hydrogenation, the C=0 stretching vibration appears at 1735 cm™, shifted to a 10 cm™
higher wavenumber, indicated that C=0 bond was likely converted into a C-O bond
(Chakraborty et al. 2014).

After esterification with PE, LA-PE ester exhibited characteristic bands to higher
wavenumber, therefore, for C-H stretching at 2890 cm™ (w), C=0 stretching at 1730 cm™
(w), and C=0 bending at 1185 cm™ (w). After hydrogenation, the C=0 experienced a little
shift about 9 cm™ to a higher wavenumber at 1739 cm™, representated that C=0 bond was
likely converted into C-O bond.

LA + TMP_Ester_Hydrogenated \
— LA + PE_Ester_Hydrogenated

- LA
———

C-O ester stretching ) —

C-O ester strelching"

C-O ester bending| C-O ester bending

LA + TMP_Ester LA + PE_Ester

C=0 ester stretching—=—_

Transmittance (a.u.)

-
— C=0 ester stretching

h\
C=0 ester bendind
- 7 RW\/\/\M‘

- -
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Fig. 10. IR spectra of (a) LA, LA + TMP ester, and hydrogenated LA + TMP ester; and (b) LA, LA
+ PE ester, and hydrogenated LA + PE ester

CONCLUSIONS

1. The polyol esters (i.e., LA-TMP and LA-PE ester) had been successfully synthesized
using bio-oil model compounds with the aid of metal complexes and alumina-supported
metal complex catalysts.

2. Biomass-derived bio-oil model compound (levulinic acid) was considered as acid
feedstock where levulinic acid was found as a major composition that could be
extracted from crude bio-oil through molecular distillation process.

3. The polyol based-ester synthesized from non-food feedstock via esterification and
upgraded through hydrogenation process had potential application as lubricant base oil
with the aid of blending and formulation method.

4. The catalytic performances of the synthesized catalysts were evaluated via
esterification of levulinic acid with trimethylolpropane (TMP) and pentaerythritol (PE).
Results revealed that the most active homogenous catalyst was [Cu(Tyr)(GA)]CI,
which yielded 75.72% TMP-LA ester and 65.02% PE-LA ester.

5. The most active alumina-supported metal complex was [Co(Tyr)(Amp)]Cl-alumina,
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which rendered 81.70% TMP-LA and 70.77% PE-LA ester, respectively.

6. The two catalysts were further examined for the hydrogenation of levulinate esters, and
GC-MS analysis revealed 58.52% reduced ester was isolated in the case of
[Cu(Tyr)(GA)]CI catalyst and 57.55% for [Co(Tyr)(Amp)]Cl-alumina.
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