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Introduction

Modern society faces great climate changes that affect both the environment and the
everyday lifestyle of individuals. One of the main issues is the greenhouse effect exerted by
different gases generated from human activity, most notably from burning of fossil fuels,
production and transport of coal, natural gas, and oil, during treatment of wastewater as well
as from livestock and agricultural practices. Of the greenhouse gases, carbon dioxide (CO>),
methane (CHa), nitrous oxide (N20), and fluorinated gases such as hydrofluorocarbons
(HFCs), perfluorocarbons (PFCs), sulfur hexafluoride (SFe), and nitrogen trifluoride (NFs3)
have the most pronounced effect, according to the United States Environmental Protection
Agency (EPA). CO: is the most abundant, representing approximately 76% of the total
greenhouse gases [1].

Studies have shown that for the 1959-2019 period, 19% of the total CO, emissions
were caused by land-use change while the rest of 81% came from fossil emissions. Global
fossil CO2 emissions have increased every decade, from an average 11 billion tons CO2 per
year in 1960s to an average of 35 billion tons CO, per year during 2010-2019, with a
maximum of 36.44 billion tons in 2019. The annual fossil CO2 emissions during this period
are presented in Figure 1. In contrast, CO2 emissions from land use, land-use change, and
forestry have remained relatively constant, at around 5 billion tons/year over the past half-
century [2]. In 2020, the values decreased, reaching approximately 34 billion tons from fossil

emissions, while for land-use change emissions it reached 5.8 billion tons [1].

Annual CO2 emissions
Carbon dioxide (CO:) emissions from the burning of fossil fuels for energy and cement production. Land use change is
not included.
35 billion t orld
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Fig.1. Annual fossil CO, emissions during 1960—2019
Source: https://ourworldindata.org
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To overcome the large amount of greenhouse gases emitted into the atmosphere, old
technologies have been updated and new methods are being developed to decrease the
amount produced during certain processes.

For CO. capture and storage, different physical, chemical and even biological
methods of sequestration have been implemented. The ocean and geological storage [3], as
well as direct mineral carbonation [4] are among the most used methods. The storage relies
on the injection of carbon dioxide into the ocean, at depths higher than 1000 meters and into
porous rock formations, while the mineral carbonation aims to create stable carbonates such
as magnesite (MgCQOz) and calcite (CaCO3). Biological methods focus around phytoplankton
and microalgae which utilizes dissolved CO: in photosynthesis for generation of storage
carbon sugars [5]. Besides these approaches, carbon dioxide can also be used as raw material
in the synthesis of new compounds such as porous coordination polymers, were it would be
fixed as carbonate linking different metal ions into an extended structure [6].

The present dissertation focus on the synthesis of Cu-based porous coordination
polymers with different bipyridine-based ligands through direct fixation of atmospheric
carbon dioxide into the structure and the characterization of the obtained compounds through
the use of single-crystal and powder X-ray diffraction, along with spectroscopic techniques,
such as FTIR and UV-Vis in solid state.

Our main aim is to obtain a series of compounds that would combine both physical
and chemical methods for carbon dioxide sequestration: the chemical fixation into the
structure and furthermore, the physical adsorption of carbon dioxide into the pores of the
obtained coordination polymers.

The thesis is structured into two main chapters, the former presenting a general
overview of porous coordination polymers, their structural features and physical properties,
as well as their applications in the fields of catalysis, gas storage and ion exchange. The
second chapter comprises the experimental results of the research and is divided into three
parts: the synthesis of Cu-based coordination polymers, their structural and spectral
characterization, where some unique features are revealed, and the possible applications of

these compounds in gas storage and anion-exchanges.
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Chapter I. Theoretical Aspects

I.1. Porous Coordination Polymers

Porous coordination polymers (PCPs), most commonly known as Metal-Organic
Frameworks (MOFs), are a class of porous materials formed by self-assembly of metal ions
or clusters and bridging ligands, whether it is an organic or organometallic ligand, or a
coordinative compound with free coordination sites, yielding to an infinite structure
characterized by high regularity, tunable pore sizes, large surface area and adjustable internal
surface properties [7-9].

A great advantage of these compounds is their diversity as there can be obtained a
large variety of coordination polymers depending on the nature of the building blocks and
their properties which have a major impact on PCPs topology, defining the final structure.
Thus, PCPs may be tuned for a targeted application from the synthesis stage.

Due to their structural characteristics, which lead to versatile architectures, porous
coordination polymers are used in different applications (Figure 1.1-1.), such as adsorption,
separation and storage of gases, heterogeneous catalysis, drug delivery and sensor
technology, magnetism, luminescence, water treatment, production of composite resins and
fuel cells [10,11]. As a result, the number of published articles related to MOFs has increased

greatly in the last 20 years, reaching almost 8000 publications in 2019 [11].
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Fig.1.1-1. (a) number of publications related to MOFs in the period of 2013 to 2020, (b) various
applications of MOFs

Source: Mashhadzadeh, A.H., Taghizadeh, A., Taghizadeh, M., Munir, M.T., Habibzadeh, S.,
Salmankhani, A., Stadler, F.J., Saeb, M.R., J. Compos. Sci., 4(2) (2020), 75:88.
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The general strategy of synthesis for MOFs is to use a divergent ligand that has at
least two donor atoms which can form a linking bridge between metal ions or clusters, as it
can be observed in Figure 1.1-2. Building blocks are brought together in liquid phase, using
the solvent as a medium to induce the self-assembly process that generates the framework,
the reaction usually taking place at room temperature or under hydro/solvothermal conditions
[10,12]. There are several factors which influences the synthesis, part of which derive from

the assembly units and are detailed in the following subchapter.

Metal ion/cluster Divergent ligand

Porous coordination polymer

Fig.1.1-2. Schematic representation of the strategy for synthesis of PCPs

1.2. Structural features and physical properties of PCPs
1.2.1. Building blocks for PCPs

The building blocks of coordination polymers are usually classified in connectors
(metal ions or clusters) and linkers or spacers (bridging ligands) [13]. Connectors have
different shapes and sizes, depending on the stereochemistry of the metal ion (e.g., linear,
angular, T-shape, trigonal-planar, tetrahedral), its size, chemical hardness/softness [14],
influencing the dimensionality and structural motifs of the obtained coordination polymer.
The tetrahedral and octahedral geometries are widely used because of their tendency to form
3D architectures, but also because they can generate other different geometries through the
use of blocking ligands.

Linking groups have to be multidentate exo-type ligands in order to obtain the
extended network of the coordination polymer. Important features of linkers include charge,
the most common being the neutral (Figure 1.2.1-1.) and anionic (Figure 1.2.1-2.) ligands, as
well as the shapes, lengths and sizes of the core, the overall rigidity of the ligand, and
orientation of the donor groups [13,14].

Besides the building blocks, auxiliary components such as counter ions, nonbonding

guests or template molecules are present in the structure of the final compound [12]. The void
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space within the structure is occupied by guest molecules, usually solvent molecules and/or
counter ions, provided by the metal salt which will also satisfy the charge balance. The
formation of weak non-covalent interactions within the final packing of the solid provides

further stability to the compound.
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4 4'-bipyridine 1,2-bis(4-pyridyl)etane 1,2-bis(4-pyridyl)ethylene  1,2-bis(4-pyridyl)acetylene  1.4-dicyanobenzene
(4.4-bpy) (bpe) (bpy) (bpac) (1,4-dcb)

Z

Fig.1.2.1-1. Common neutral ligands (adapted)
Source: Robin, A.Y., Fromm, K.M., Coord. Chem. Rev., 250(15-16) (2006), 2127:2157
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benzene-1,4-dicarboxylic acid  biphenyl-4,4-dicarboxylic acid benzene-1,3,5-tricarboxylic acid ~ azobenzene-4.4'-dicarboxylic acid
(BDC) (BPDC) (BTC) (ABDC)

Fig.1.2.1-2. Common anionic ligands (adapted)
Source: Robin, A.Y., Fromm, K.M., Coord. Chem. Rev., 250(15-16) (2006), 2127:2157

1.2.2. Dimensionality and structural motifs

The dimensionalities of the PCPs depend on how the building blocks are organized in
the structure, mainly on how the metal atoms coordinate the ligands considering that most
ligands have a rod-like structure. The stereochemistry of the metal atoms has an important
role in the formation of 1D or 2D coordination polymers or 3D frameworks and is a function
of the coordination number characteristic to the metal [13]. In certain coordination systems,

the counter anions, introduced additionally to the system or provided by the metal salt, have a
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higher influence on the arrangement of the building blocks and control the resulting
architectures [15,16]. Therefore, a way to control the dimensionality, as well as the structural
motifs of a coordination polymer is by using the proper metal salt.

Structural motifs describe the arrangement of metal atoms and organic ligands within
the structure of the coordination polymers, based on the stereochemistry of the metal and the
number of coordinated ligands. As such, for 1D motifs, the metal atom is coordinated by two
divergent ligands, leading to infinite chains, while in the 2D motifs there are three or four
ligand molecules coordinated to the metal ion which expand on two directions. 3D motifs are
formed using four or six ligands depending on the geometry of the metal which in most of the
cases is tetrahedral or octahedral [17]. As shown in Figure 1.2.2-1., the most common motifs
for 1D PCPs are: linear, zigzag, double chain, helix, ladder, fish bone, and railroad; for 2D —
honeycomb, brickwall, herringbone, bilayer; and for 3D — diamondoid, octahedral, and NbO
net.

AARA
|
|

Linear  Zigzag Double Helix Fish bone Ladder Rail road
chain chain chain

Honeycomb grid Brick wall Herringbone Bilayer

Diamondoid net Octahedral net NbO net

Fig.1.2.2-1. 1D (top), 2D (middle) and 3D (bottom) motifs of coordination polymers
Source: Ghosh, A., Hazra, A., Mondal, A., Banerjee, P., Inorg. Chim. Acta, 488 (2019), 86:119

Page 7



Mihai Bordeiasu - MSc Thesis

1.2.3. Porosity and Flexibility

Porosity is essential in designing high performance materials mainly for storage, due
to the empty space that is formed, but also for catalysis, because it provides a high surface
area which is important for the catalytic process. Another application determined by porosity
IS separation; coordination polymers can be used in separation processes in the same fashion
as zeolites. Due to its importance for previously mentioned applications, many studies have
focused on increasing the porosity limit while maintaining the robustness of the polymer [18].

The easiest control of the pore size can be obtained by varying the length of ligands
within the same type of network [9]. For large pore sizes however, it may be possible for the
structure to collapse in the absence of a guest molecule or at its removal. At the same time,
the catenation effect may occur, in which interpenetrating structures are formed in order to
minimize the free space in the packing of the constituent particles in solids. A selection of
pore structure in a series of different MOFs is illustrated in Figure 1.2.3-1.

Fig.1.2.3-1. Pore structures in HKUST-1 (a), MOF-5 (b), UiO-66 (c),
ZIF-8 (d), MIL-101 (e), DUT-6 (f)
Source: Bon, V., Senkovska, |., Kaskel, S., Chapter 6: Metal-Organic Frameworks in Nanoporous
Materials for Gas Storage, Green Energy and Technology, (2019), 137:172.

Flexibility is the property of porous coordination polymers to reversibly change their
structure upon applying external stimuli, such as: guest molecules, heat, an electro-magnetic
field, giving an advantage to these compounds over the other porous materials (zeolites and
activated carbon). Guest molecules are the main factor that influences flexibility of PCPs, and
can be classified into - rotation of bridging ligands (a), shape fitting response (b) or

interpenetration (c) [19], as can be seen in Figure 1.2.3-2.
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(a) Rotation of bridging ligands
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Fig.1.2.3-2. Schematic representation of PCPs flexible property
Source: Bureekaew, S., Shimomura, S., Kitagawa, S., Sci. Technol. Adv. Mater., 9(1) (2008), 014108

1.3. Applications of PCPs

Given their unique intrinsic properties, PCPs have found a wide variety of domains
were they can be applied. Starting from areas that rely on their porosity, such as adsorption
and separation, catalysis and even biomedical field, to applications focused on the metal ions
properties like magnetism and luminescence. The usage of PCPs in the fields of catalysis and

gas storage is presented below.

1.3.1. Catalysis

PCPs are used in catalysis due to their unique features and, although these compounds
do not expose many coordinatively unsaturated metal sites, which could act as active catalytic
sites, alternatives are used to prepare PCP-based type catalysts. Amongst these, the most
accessible are: the use of functional organic sites [20], incorporation of nanocatalysts [21], or
the structural modification in order to add unsaturated coordinative metal sites [22]. Also,
post-synthetic modifications may be used in order to tune coordination polymers for catalysis

or to create PCP-based catalysts.

Functional organic sites

Hasegawa et al. underlined the importance of functional organic sites in catalytic

processes by using a tridentate ligand containing amide groups to develop a Cd(ll) PCP-

Page 9



Mihai Bordeiasu - MSc Thesis

based catalyst for Knoevenagel condensation reactions [20]. The synthesized compound,
{[Cd(4-btapa)2(NOs)2]*6H.0<2DMF},, where 4-btapa = 1,3,5-benzene tricarboxylic acid
tris[N-(4-pyridyl)amide] , consists of octahedral Cd?* ions coordinated by six different ligand
molecules. The arrangement of connectors and linkers generates six-membered ring
composed of three octahedral Cd(Il) and three 4-btapa units which interpenetrates to form 3D
channels in the crystalline structure. The extended structure of {[Cd(4-
btapa)2(NO3)2]*6H20<2DMF}, is presented in Figure 1.3.1-1.

Fig.1.3.1-1. 3D crystal structure of {[Cd(4-btapa)2(NO3);]*6H.02DMF},
Source: Hasegawa, S., Horike, S., Matsuda, R., Furukawa, S., Mochizuki, K., Kinoshita, Y.,

Kitagawa, S., J. Am. Chem. Soc., 129(9) (2007), 2607:2614

The amide functional group has two types of hydrogen-bonding sites: the electron
acceptor —NH and the electron donor —C=0 parts which are working as interaction sites with
the substrate during the catalytic process. The Knoevenagel condensation reaction was
performed using the benzaldehyde and three methylene compounds (malononitrile, ethyl
cyanoacetate and cyano-acetic acid tert-butyl ester) with the Cd(Il) PCP-based catalyst. The
result revealed that the reaction takes place within the channels and not on the surface of the
catalyst. High conversion values are obtained for substrates close to the dimensions of the
channels, 4.7 x 7.3 A, as the substrate molecules have to fit into the channels for the reaction
to proceed [20].

Nanocatalysts
When incorporating metal nanoparticles, the coordination polymers act as support, but

also as a template because the walls of PCPs framework apply constrains, restricting the
growth and yielding to a uniform size distribution of the nanoparticles. El-Shall et al.

conducted a study in which they incorporated Pd, Cu and Pd-Cu nanoparticles, respectively,

Page 10



Mihai Bordeiasu - MSc Thesis

into MIL-101, a chromium-based metal-organic framework for the catalytic oxidation of
carbon monoxide [21].

MIL-101 supported nanocatalysts where obtained using two methods based on the
simultaneous activation of the pores and the rapid chemical reduction of the metal precursors
using hydrazine and microwave irradiation. The first method consists in addition of metal
nitrate to an aqueous dispersion of MIL-101, followed by the addition of hydrazine and
heating with microwave irradiation. In the second method, the MIL-101 was stirred in the
nitrate solution, separated by centrifugation, and then it was redispersed in water following
the addition of hydrazine and heating with microwave irradiation [22]. Higher loadings of
nanoparticles were obtained using the first method.

Unsaturated coordinative sites

To use unsaturated coordinative metal sites, supplementary anchor points are required
in the structure of the ligand that can coordinate to metal ions. The desired active metal site
must not be involved in the formation of the framework and should have space available for
interaction with the substrate molecules. In this regard, bridging ligands with acidic or basic
functional groups, such as carboxylic or sulfonic and amine group, respectively, are a good
choice in the synthesis of such compounds [22]. Chen et al. obtained a chromium-based
porous coordination polymer having unsaturated chromium ions by using an isophthalic acid
ligand modified with sulfonic groups. The compound was used as an acid catalyst to
transform glucose into 5-hydroxymethylfurfural (HMF) in a biomass recovery process due to
the fact that is representing a renewable and sustainable alternative to fossil resources. The
catalyst was prepared using a hydrothermal method by self-assembly of monosodium 5-

sulfoisophthalate with metal ions and high conversion values were reported [23].

1.3.2. Gas storage

Due to their adsorption properties, porous coordination polymers were rapidly
recognized as gas storage and separation materials. Kitagawa et al. were the first to report the
methane adsorption in 1997-2000, using three-dimensional frameworks build from 4,4°-
bipyridine linkers and M(Il) = Co, Ni, Zn connectors. In 2003, the first hydrogen storage
measurements performed on isoreticular MOF-5 and IRMOF-8 were reported by Yaghi et al
[9,24].

PCPs exhibit high gravimetric and volumetric storage capacity and also a stronger

interaction with the gas molecules [24], which gives an advantage to these compounds over
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other porous materials. However, the most important feature for a higher uptake of gas
molecules is the pores size, influencing the gas storage at both high and low pressures [9].
When the pore dimension is closer to the size of the gas molecules a stronger interaction will
be formed which will lead to a better adsorption of the guest into the pores.

On the background of heavy industrialization and chemicals production, which in turn
have negative effects on both the environment and society (i.e. high atmospheric pollution,
consumption of resources and the increase of the ever-present greenhouse effect) a better
control or even a decrease of these effects is mandatory. This can be achieved with the use of
metal organic frameworks to alleviate the greenhouse effect caused by the carbon dioxide, to
control the toxic gases, such as carbon monoxide, ammonia, and hydrogen sulfide and to
widespread the clean energy through the use of energy-related gases (hydrogen and low

molecular weight hydrocarbons) [25].

Carbon dioxide storage

Large amounts of carbon dioxide are released during the combustion of fossil fuels
for the energy production. PCPs separate and capture the carbon dioxide from the gas mixture
based on the different interaction of gas molecules with the frameworks.

CO2 capture using PCPs are performed in the following situation: post-combustion
capture, pre-combustion capture, oxy-fuel combustion, and direct capture from air. In the
post-combustion capture, carbon dioxide is absorbed at low pressure, usually atmospheric
pressure, while in the pre-combustion, captured of fuels must first undergo decarbonation and
the carbon dioxide is adsorbed at high pressures (5-40 bars) in order to obtain zero CO:
during the combustion step. Oxy-fuel combustion implies the use of nearly pure Oz and will
result in almost completely CO> generated gas, after the removal of water, thus facilitating
the capture step [25].

De et al. synthesized two isostructural porous coordination polymers using a linear
tetracarboxylic acid ligand, decorated with amino groups, and zinc or copper nitrates,
respectively. The Cu-based MOF proved to be more stable and allows the removal of the
solvent molecules leading to a high porous surface and thus, becoming a good candidate for
hydrogen, methane, and carbon dioxide adsorption. The porous structure of Cu-MOF is
illustrated in Figure 1.3.2-1. The CO: adsorption and desorption isotherms at 0 and 25 °C
revealed that the CO, adsorption capacity of Cu-MOF reaches the values of approximately 90
cm®g? and with the decrease of temperature the adsorbed CO2 volume increases reaching
almost 200 cm3g* at 0 °C [26].

Page 12



Mihai Bordeiasu - MSc Thesis

Fig.1.3.2-1. Structure of Cu-based MOF for CO- adsorption
Source: De, D., Pal, T.K., Neogi, S., Senthilkumar, S., Das, D., Gupta, S.S., Bharadwaj, P.K.,
Chem. Eur. J., 22(10) (2016), 3387:3396

Hydrogen storage

Hydrogen is an excellent alternative for coal and gasoline because of its ultrahigh
gravimetric combustion heat and benign combustion products. At the same time, hydrogen
could improve the environment if it would be used as fuel for automobiles. Two techniques
are exploited for the hydrogen storage with the use of porous coordination polymers: cryo-
temperature storage which implies the retaining of hydrogen in a tank filled with PCPs at
usually 77 K, relatively low pressure (below 100 bars), and room-temperature storage.
Because of the weak interactions of the PCPs with the surface at room temperature, hydrogen
adsorption does not work efficiently [25]. The structure of MOF-177, a compound used for

hydrogen storage, is presented in Figure 1.3.2-2.

Fig.1.3.2-2. Structure of MOF-177
Source: Saha, D., Deng, S., Tsinghua Sci. Technol., 15(4) (2010), 363:376.
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Hydrocarbons storage

Hydrocarbons adsorption by porous coordination polymers takes place via van de
Waals interactions between the hydrocarbons and the frameworks and also uses of the
flexibility of the PCPs for a better uptake depending on the hydrocarbon concentrations [25].
Besides hydrogen, methane is another fuel alternative due to its low carbon emission and
thermal efficiency and also because of its abundance, being the major component of natural
gas [28]. Due to its potential, many studies focused on the methane adsorption using different
PCP architectures.

Acetylene is the simplest alkyne and is widely used as gas for oxy-acetylene welding
and metal cutting and is a key starting material for electronic materials, as well as in
manufacturing of various fine chemicals, such as vinyl chloride and methyl acrylate [28].

Jiang et al.reported the synthesis of MOF materials based on the Zns;O cluster,
benzene-1,3,5-tri-B-acrylic acid (HsBTAC) ligand and a series of functionalized benzene
dicarboxylic acids (H.DBC) linkers. The structure of MOF-905, one of the compounds used
can be observed in Figure 1.3.2-3. These compounds were used for methane adsorption at
both low and high pressure and room temperature. The results shown methane uptake
between 7.7-11.0 cm®g? at low pressure (1.1 bar) and an increase of the loading capacity of
approximately 39 times at high pressure (80 bar), the highest value obtained being 310 cm?g™*
[29].

Fig.1.3.2-3. Structure of MOF-905 with the octahedral (yellow) and tetrahedral (green) cages
Source: Jiang, J., Furukawa, H., Zhang, Y.-B., Yaghi, O.M., J. Am. Chem. Soc.,
138(32) (2016), 10244:10251

Yuan et al. obtained a porous coordination polymer based on copper clusters and
isophthalate ligands that show high acetylene uptake at ambient conditions. An interesting

feature of this compound is the pore distribution which defines three types of nanocages with
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pore diameters of 15, 12 and 8 A, respectively. The acetylene adsorption test revealed a very
good uptake at room temperature, around 220 cm3g? and maximum uptake of 280 cm3g™
achieved at 0 °C [28].

Toxic gases storage

The separation and storage of toxic gases, such as carbon monoxide (CO), nitrogen
oxides (NO, NOz), ammonia (NHs), sulfur dioxide (SO2), and hydrogen sulfide (H.S) are
related to human health and chemical production [25].

Leroux et al. obtained a Cd-based porous coordination polymer with piridinium
carboxilate ligands (Figure 1.3.2-4.). The compound has tetrameric building blocks that
generate hexagonal channels in the final structure of the compounds. The adsorption tests had
shown a high ammonia uptake at room temperature, reaching a maximum of 22.8 mmol/g at

900 hPa that corresponds to 0.39 g of ammonia per 1 g of compound [30].

Fig.1.3.2-4. General view of Cd-based PCP showing hexagonal channels
Source: Leroux, M., Mercier, N., Allain, M., Dul, M.-C., Dittmer, J., Kassiba, A.H., Bezverkhyy, 1.,
Inorg. Chem., 55(17) (2016), 8587:8594

Belmabkhout et al. developed a series of isostructural metal-organic framework with
square-octahedral topology (soc-MOF), using azobenzene tetracarboxylic acid (ABTC)
linking groups and different oxo-centered trinuclear metal cluster (M = In®", Fe®*, Ga®*, AF").
The general structure of the {{MsO(ABTC)s]}» compounds can be seen in Figure 1.3.2-5. The
gas adsorption was performed for carbon dioxide, different hydrocarbons with low molecular
weight and hydrogen sulfide. The results revealed that H.S exhibits high affinity towards the
Ga-based compound, which can be explained by the favorable binding to the exposed and

coordinatively unsaturated M3 open metal sites [31].
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Fig.1.3.2-5. Structure of {{M3;O(ABTC)es]}» compounds
Source: Belmabkhout, Y., Pillai, R.S., Alezi, D., Shekhah, O., Bhatt, P.M., Chen, Z., Eddaoudi, M.,
J. Mater. Chem. A, 5(7) (2017), 3293:3303

1.3.3. lon exchange/sorption

This application relies on the MOFs property to interact with external chemicals,
notably ionic species, and is usually implemented in water treatment, as most pollutants are
heavy metals ions (Hg?*, Pb?*, Cd?*) or anionic species (CrO4%, CN-, NOs, ClO4™ etc).

Conventional material, such as organic resins and inorganic materials (zeolites and
layered double hydroxides — LDHSs), have been investigated for their ion-exchange properties
but each of them suffers from different drawbacks: in the case of organic resins - poor
regeneration, relatively low thermal and chemical stability and for LDHSs or zeolites - slow
sorption Kkinetics and limited selectivity. In this regard, MOFs that exhibit ion-
exchange/sorption properties may be considered as a next-generation of materials because it
combines a highly-ordered porous structure, which is not typical for organic resins, and a
large variety of binding groups that are not present in traditional inorganic ion exchangers
[32].

lon-exchanging MOFs are designed to work mostly as anion-exchangers and their
synthesis employs the use of neutral polytopic organic ligands like DABCO (1,4-
diazabicyclo[2,2,2]octane) and poly-pyridines [32], by combining these neutral ligands with
polycarboxylate compounds [33] or through the use of ligands that possess both neutral and
anionic points for coordination to metal ions. Other methods employ the post-synthetic ligand
or metal ion exchanges [34] which can be used for tuning neutral MOFs for ion-exchange or

enhancing MOFs that have an ionic framework.
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Chapter Il. Experimental Part

I1.1. Synthesis of Cu-based PCPs with Kagomé layers

Three-dimensional Cu-based porous coordination polymers were obtained using
Cu(BF4)2 * 6H20 or Cu(ClO4), * 6H20 salts and different exo-bidentate bipyridine-based
ligands, such as: 1,2-bis(4-pyridyl)ethylene (bpy), 1,2-bis(4-pyridyl)ethane (bpe), and 4,4’-
azopyridine (azopy).

In the first part of the synthesis, 1 mmol of bipyridine-based ligand was dissolved in a
mixture of methanol and water, then it was added over a methanolic solution containing 1
mmol of Cu(ll) salt. The resulting mixture was magnetically stirred for 30 minutes at room
temperature, forming a blue/purple suspension or orange in the case of azopyridine, due to
the intense color of the ligand.

During the second step, several drops of agueous ammonia (25%) is added dropwise
to the mixture yielding a clear dark blue solution (brown, when azopyridine is used) which is
then stirred for another 10 minutes at room temperature. The synthesis of Cu-based porous
coordination polymers is depicted in Figure 11.1-1.

The final solution undergoes a slow evaporation process during which atmospheric
carbon dioxide is directly fixed into the structure as carbonate (COs*) due to the basic
conditions provided by ammonia. After several days, small blue-purple crystals are formed

except in the case of azopyridine where brown crystals are formed after 2-3 weeks.

i X
N4 N—

bpe: X=CH,-CH,
+i bpy: X=CH=CH
azopy: X=N=N

( Cu(BF,),* 6H,0

Cu(Cl0,),* 6H,0

MeOH /H,0O + NH3(aq)
_—> e
30 min 10 min

stir O Temp ®

Fig.1.1-1. Synthesis of Cu-based porous coordination polymers
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11.2. Characterization of Cu-based PCPs with Kagomé layers
11.2.1. Structural characterization

Single crystal X-ray diffraction revealed that all compounds crystallize in a hexagonal
system, belonging to P-6 space group, and share the general formula {[Cu3(CO3)2(L)3](Y)2}n,
where L = bipyridine-based ligand and Y = ClO4 or BF4~ anions. In total, six isostructural
compounds were obtained: L = bpy, Y = ClO4 (1), L = bpy, Y = BF4 (2), L = bpe, Y =
ClOs (3), L = bpe, Y = BF4 (4), L = azopy, Y = CIO4s (5), L = azopy, Y = BF4 (6). The
crystallographic data of compounds 1, 2, 3, and 6 are given in Table 11.2.1-1.

Table 11.2.1-1. Crystallographic parameters for 1, 2, 3and 6

Compound @ 2 3 (6)
Formula C33H30C|2CU3N5014 CssHsoBzCUngNeOe C33H36C|2CU3N6014 C32H24BQCU3F8N1206
Formula 1056.20 1030.92 1062.25 1036.87

mass / gmol
Crystal Hexagonal Hexagonal Hexagonal Hexagonal
system

Space group P-6 P-6 P-6 P-6

alA 9.297(5) 9.275(3) 9.396(1) 9.279(6)
c/A 13.364(8) 13.371(4) 13.296(2) 12.961(7)
VIAZ 1000.4(1) 996.2(7) 1016.6(3) 966.6(1)
p/gem’ 1.753 1.718 1.735 1.781
T/IK 293(2) 293(2) 293(2) 293(2)
Z 1 1 1 1

Goodness of

fit (S) 1.105 1.105 1.106 1.604
R 0.0413 0.0422 0.0876 0.1064
wR 0.1068 0.1108 0.2323 0.3264

The Cu-based porous coordination polymers consists of 2D [Cus(CO3)2]%* layers in
the crystallographic ab-plane, which act as secondary building units (SBU) that are further
linked one to another by the bipyridine-based ligands along the c-axis, yielding to a 3D
pillared-layer framework of Cu atoms with mixed anionic and neutral ligands, as it can be
observed in Figure 11.2.1-1. Disordered ClO4™ or BF4 anions are positioned along the c-axis

and neutralize the remaining charge of the framework.
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Fig.11.2.1-1. Structure of {[Cu3(COs)2(L)3](Y)2}n
H atoms and counter ions were omitted for clarity.

Each Cu(ll) center has a coordination number of six, displaying an octahedral
geometry with disordered vertices as a result of the Jahn-Teller effect. The coordination
environment of Cu(ll) atoms (illustrated in Figure 11.2.1-2.) is satisfied by four oxygen atoms
from two crystallographically independent COs® anions, of which two occupy the apex
positions of the octahedron and the other two form the basis of the octahedron together with
two nitrogen atoms from two different bipyridine-based ligands. The specific bond lengths
between the metal ion and donor atoms are in the range of 1.959(7) — 2.739(8) A, while the
specific angles vary between 51.5(1) — 131.8(2) degrees. These values differ in each
compound and are detailed in Table 11.2.1-2 and Table 11.2.1-3.

CO3? anions act as tridentate tris-chelated ligands and connect three different Cu(ll)
atoms through po-o0xo bridges in a planar trigonal arrangement. These trigonal units build up
a perfectly planar Cu(COs) layer with hexagonal arrangement in the crystallographic ab-
plane, known in the literature as Kagomé layer, and is presented in Figure 11.2.1-2. The Jahn-
Teller axes of the Cu(ll) centers lie in the plane of the Kagomé layer, leading to a concerted
rotation of each carbonate unit from its regular orientation [6]. The angles have a slightly
variation in the synthesized compounds, being in the 171.0(1) — 175.3(3) degrees range for
Cu-O(1)-Cu angles and 172.2(3) — 179.1(2) for Cu—O(2)-Cu angles, respectively. The CIO4~
or BF4 anions are in symmetry-related disorder and occupy the hexagonal pores of the

Kagomé planes, as well as the void spaces between the bipyridine-based pillars.
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Fig.11.2.1-2. Coordination environment of Cu(ll) and Kagomé layer in
{[Cu3(CO3)2(L):](Y)2}n with counter anions in the hexagonal pores

Table 11.2.1-2. Specific bond lengths in compounds 1, 2, 3 and 6

Bond : ; Length (A) . -
Cu-0(1) 2.739(8) 2.721(6) 2.720(1) 1.995(3)
Cu-0(2) 1.959(7) 1.959(7) 1.974(1) 2.599(4)
Cu—-0(3) 2.655(8) 2.650(5) 2.643(1) 2.505(2)
Cu— O(4) 1.970(6) 1.968(7) 2.080(2) 2.505(3)

Cu-N 1.999(5) 1.998(5) 2.000(1) 1.965(8)
Table 11.2.1-3. Specific angles in compounds 1, 2, 3 and 6
Atoms 1 > Angle () 3 5
O(1) - Cu—0(2) 52.3(2) 53.1(2) 55.4(5) 59.1(1)
0(2) — Cu—0(3) 120.6(2) 120.5(2) 130.5(6) 123.1(1)
0(3) — Cu— O(4) 55.3(2) 54.9(2) 51.8(8) 51.5(1)
O(1) — Cu— O(4) 131.8(2) 131.4(2) 123.1(7) 126.2(1)
0O(2)—~Cu—N 89.8(1) 90.0(1) 90.0(3) 92.8(6)
O(4)-Cu—N 90.2(1) 90.0(1) 90.0(3) 87.4(4)
O(1)—-Cu—N 89.2(1) 89.2(1) 91.0(3) 89.7(5)
0(3)-Cu-N 90.8(1) 90.8(1) 89.0(3) 90.3(5)
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The overall size of the coordination polymers is determined by the sizes of the 2D
[Cus(COs3)2]?" layers as well as the distances between them. The size of the layer is a function
of the amount of CO> that is fixed into the structure as this is a key factor in obtaining the
Kagomé layers and may be correlated with the amount of connectors, since the SBU layers
have a ratio between Cu?* and CO3? ions of 3:2.

The interlayer distance (Table 11.2.1-4) provides information about the void space
within the channels and is directly dependent on the length of the linkers. As expected, the
distance increases from 12.960 A to 13.603 A with the increase of the spacer length between
the two pyridyl rings. The highest value is obtained in the case of 1,2-bis(4-pyridyl)acetylene
due to the linear arrangement of this molecule [6]. For 1,2-bis(4-pyridyl)ethylene and 1,2-
bis(4-pyridyl)ethane ligands, the variation is given by the flexibility/rigidity of the spacer

with the latter providing a shorter interlayer distance due to compression movements.

Table 11.2.1-4. Interlayer distances in {[Cu3(CO3)2(L)3](Y)2}n

Ligand Distance (A)

P

12.960 (for BF4)

4,4’-azopyridine

\ 72\

=

N 13.296 (for CIOy)

1,2-bis(4-pyridyl)ethane

N 7 N\ /N 13.365 (for CIO4)

M

13.371 (for BF4)
1,2-bis(4-pyridyl)ethylene

N - — / \N
N/ — 13.606 (for ClO4) [6]

1,2-bis(4-pyridyl)acetylene
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Powder X-ray diffraction (PXRD) analysis was employed for characterization of the
compounds in terms of crystalline phase purity. Each sample was grounded and then exposed
to Cu-Ka radiation at room temperature, in the 5 — 35 degrees range of 2. The X-ray powder
diffractogram of compound 2 is presented in Figure 11.2.1-3. All diffraction peaks observed in
the powder XRD pattern are well defined, indicating a good crystallinity of the probe. It can
be observed that the experimental pattern of diffraction corresponds with the theoretical one,
generated from the crystallographic information file (cif), thus showing the purity of the
crystalline phase. The intense peak obtained at 22 degrees of 26 is due to preferential
arrangement of crystallographic planes which occurs during the grounding of the sample.
This diffraction pattern was obtained in all synthesized compounds thus showing the phase
purity for this family of isostructural MOFs. Diffractograms of the other compounds are

attached in Appendix (section A, Figures A1 — A5).
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20 (deg.)

10)

0

Fig.11.2.1-3. Powder XRD pattern of compound 2

11.2.2. Spectral characterization

The infrared spectra (all IR spectra are included in the Appendix, section C, Figures
C1 — C6) were recorded in the 4000 — 400 cm™ range and it has been observed that all
synthesized compounds follow the same pattern of peaks with very few variations, which
explains the structural similarities of the compounds as well as the type of existing bonds.

Around 1450, 1032 and 871 cm™ one strong and two medium peaks appear and characterize
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the bridging carbonate within the Kagomé layers. The bipyridine-based ligands are described
by a series of peaks: two weak peaks in the 3100 — 3000 cm?, a medium one in the 1625 —
1610 cm™ range, two weak peaks in the 1350 — 1230 cm™ range, and a weak (in the case of
compounds 5 and 6) peak around 1426 cm™.

BF4 anions are characterized by a strong peak in the 1100 — 1050 cm™ range. The
infrared spectra of coordination complexes 1, 3, and 5 show two intense bands, at around
1100 and 630 cm attributed to the presence of the CIO4~ anions. These bands are assigned to
the anti-symmetric stretching and anti-symmetric bending vibration mode, respectively [35].
The former band is split with a poorly defined maximum showing the deformation from Td
symmetry [36]. At low wavenumbers metal — donor atoms bonds may be identified, in the
present compounds the stretching vibration modes of Cu—O and Cu—N bonds have a medium
peak around 560 cm™ and weak peaks around 440 cm™, respectively. The characteristic
vibrations for each compound are given in Table 11.2.2-1.

Table 11.2.2-1. Characteristic vibrations (cm™) of {[Cus(COs)2(L)3](Y)2}n

Bonds Compounds
1 2 3 4 5 6
3098 (w) 3101 (w)
3099 (w) 3102 (w) 3100 (w) 3103 (w)
v C—H 3050 (w) 3053 (w)
3051 (w) 3053 (w) 3049 (w) 3051 (w)

1235 (w) | 1236 (w)
vC=N | 1617(m) | 1617 (m) | 1619 (m) | 1620 (m) | 1609 (m) | 1609 (m)
1450 (s) | 1451(s) | 1443(s) | 1444(s) | 1450(s) | 1450 (s)
vCO; | 1032(m) | 1031(m) | 1034 (m) | 1033 (m) | 1031 (m) | 1030 (m)
871 (m) | 873(m-=s) | 840(m) | 875(m) | 862(m) | 862 (m)

v N=N — — — — 1426 (w) 1427 (w)
1354 (w) 1355 (w)

vC=C 1346 (w) 1347 (w) 1330 (w) 1331 (w)
1254 (w) 1255 (w)
1090 (s) 1087 (s) 1084 (s)

v ClOs~ — — —
623 (M) 669 (m) 623 (M-w)

v BF4s~ — 1056 (s) — 1054 (s) — 1064 (s)

vCu—O | 556(m) | 557(m) | 546(m) | 547(m) | 557(m) | 578 (m)
vCu—N | 437(w) | 435(w) | 447 (w) | 434(w) | 445(w) | 435(w)
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The UV-Vis spectra of the Cu(ll)-based compounds were recorded in solid state in the
200 — 850 nm range and are presented in Figure 11.2.2-1. As it can be observed, all
compounds share the same pattern of electronic transitions, with three main absorption
maxima. At higher energy values (250 — 270 nm range) are the = — 7™ transitions of the
bipyridine-based ligands. The ligand-to-metal charge transfer (LMCT) can be assigned to the
transition bands in the 360 — 385 nm range and probably involves the oxygen donor atoms of
the carbonate.
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Fig. 11.2.2-1. UV-Vis spectra of the obtained compounds
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The wide bands in the 550 — 580 nm range can be attributed to the specific d-d
transitions of Cu(Il) and the shoulder around 680 nm may be explained by the Jahn—Teller
distortion of the Cu(ll) octahedral geometry. The large width of the bands assigned to the d—d
d,z > dy2

transitions is due to the overlap of the absorption of d,, — d,: 2 and

x?=y? -y

dyz,yz = dy2_y2 transitions which are possible for the species with square-planar or distorted
octahedral stereochemistry [37].

The electronic spectra for compounds 5 and 6 are not well defined because of the
presence of coloured azopy ligand which determines a brown color of the crystals and,
therefore, a high absorption capacity exhibited by the compound, as can be seen in the last

two (5 and 6) spectra in Fig.11.2.2-1.

11.2.3. Thermal stability

The thermogravimetric analysis (TGA) was performed in order to determine the
thermal stability of the compounds and the results are presented in Figure 11.2.3-1. It can be
observed that, for compounds 1, 3, and 5, the thermal decomposition is carried out in one
major sharp process, similar to a total combustion, due to the presence of explosive
perchlorate anions and then is followed by a broader process that continues to 600 °C. The
weight loss for these compounds is 86.95%, 91.46%, and 89.12%, respectively, and the
residual mass corresponds to a mixture of CuO and Cu.

For the compounds with tetrafluoroborate anions (2, 4, and 6), the thermal
decomposition in carried out in two subsequent steps with a total weight loss of 65.75%,
77.07% and 61.77%, respectively. As the thermogravimetric analysis was performed in an
inert atmosphere (N2) the residual mass for these compounds could be a mixture of CuO, Cu
and carbon ash. The nature of the residual products will be investigated in the future.

The relatively high stability of these Cu-based MOFs is given by a series of weak
interactions that spam over the whole structure, hydrogen bonds and electrostatic interactions
established between counter anions and the cationic framework. The CH—nr interactions are
formed between the aromatic rings of the organic ligand, as presented in Figure 11.2.3-2.
(green dotted lines), and have distances in the 2.93 — 2.99 A range. Although these
interactions are quite weak, it provides an increased stability to the 3D framework through

their number and position, spreading throughout the structure.
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Fig.11.2.3-1. TGA and DTG curves of the obtained compounds

Fig.11.2.3-2. CH—n interactions in {[Cuz(COz)2(L)3](Y)2}n
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11.3. Applications of Cu-based PCPs with Kagomé layers
11.3.1. Anion-exchange studies

MOFs that contain guest anions in the pores can undergo ion exchange. By immersion
of the solids in the solution of other anion source, the guest anions of the MOFs can be
exchanged with external ones. In 1990 was first reported an anion-exchange process in MOFs
which happened at solid—liquid interface [38].

As revealed by crystal structure analyses, ClIO4~ and BF4~ counter anions in the
obtained MOFs are loosely bound, through weak noncovalent hydrogen bonds, to the cationic
structures of the Cu-based coordination polymers. Therefore, anion exchange properties of
the obtained compounds have been investigated in aqueous solutions of the appropriate salts
and monitored by FT-IR and UV-Vis spectroscopies. The position of the anions along the
hexagonal channel is illustrated in Figure 11.3.1-1.

In this study, to investigate the anion-exchange the following categories of anions
(which possess geometry and charge similarities or differences in comparison to ClO4~ and
BF4~ ions) were employed: 1) anions with the same geometry and charge (permanganate —
MnQ47), 2) anions with the same geometry and different charge (chromate — CrO4*>7), and 3)
anions with different geometry and the same charge (hexaflurophosphate — PFe™, nitrate —
NOs7). At the same time, the influence of the concentration of the anion solutions on the ion-

exchange process was monitored.

Fig.11.3.1-1. Hexagonal channels along c-axis in {[Cuz(COs)2(L)3](Y)2}n
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Low concentration of anions

Given the strong oxidizing power of MnO,~ and CrO4*~, low concentration solutions
of these anions were used in order to highlight both possible anion-exchanges and other
modifications that may occur in the compounds. In this regard, 5 mg of each synthesized
compound, in the solid state, were immersed in 0.1 mM aqueous solutions of MnO4~ and
CrO4*~, respectively. After three days, visual changes have been observed only in the case of
the compounds containing the bpy ligand, 1 and 2, where the pink MnO4~ solution turned to a
yellow-brown clear solution and the immersed blue-purple crystals have acquired a brownish
shade. In the CrO4>~ samples no changes occurred, the solution and crystals maintained the
initial colours.

FTIR spectra of 1 immersed in MnO4~ and CrO4*~ solutions were recorded and are
presented in Figure 11.3.1-2. These two spectra are identical to the spectrum of initial 1
(Figure 11.3.1-2.C). As it can be observed, there is no peak around 900 and 885 cm™ that
could be assigned to MnOs~ and CrO.*~ vibrations. Also, no major changes in the
wavenumbers of CIO4~ peaks (around 1100 and 620 cm™) are present, thus concluding that

no anionic exchange occurs at low concentrations.

2.0 |—1 2.0 —
A ——KMnOy B —K,C10,
1.6 1.6
o o
8 5]
] ]
£ 124 £ 124
z =
- -
54 o
2 o8 S 08
£ g
E E
z F
0.4 4 0.4
0.0 0.0
i T ¥ T v T ] T h T T ¥ T T T T T T
1800 1600 1400 1200 1000 800 600 400 1800 1600 1400 1200 1000 800 600 400
Wavenumber (em™) Wavenumber (ecm’)
204 C
1.8 o
1.6 4
B 1.4 4
5
£ 124
z J
< 104
=
i
= 084
E 0.6 4
4
0.4 4
0.2
0.0 4
T T T T ¥ T T T T T T T T
1800 1600 1400 1200 1000 800 600 400
Wavenumber (¢cm’™)

Fig.11.3.1-2. FTIR spectra of 1 immersed in 0.1 mM KMnO. (A)
and 0.1 mM K,CrO, (B) solutions and initial spectrum of 1 (C).
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The brown colour obtained for the KMnO4 samples may be explained by the presence
of colloidal manganese oxide [39] formed during the oxidation of bpy ligand with KMnOa.
Since no oxidation conditions were provided to the system (heat or high concentration of
oxidizing agent), the ligand was partially oxidized at the C-C double bond, probably forming
a vicinal diol. We assume that this oxidation step is a typical mild oxidation of alkenes with

Baeyer Reagent; the equation of the chemical reaction is presented in Figure 11.3.1-3.

/R1 H R1
3HC—CH + 2KMnQ, + 4H.O0 —> 3 R1u\>_<"'rH + 2MnO; + 2KOH
HO OH

R1

Fig.11.3.1-3. Oxidation of the ethylene derivate ligand to vicinal diol with Baeyer Reagent

The UV-Vis spectra were recorded for both solution and solid for complementary
characterization. In Figure 11.3.1-4 is presented the UV-Vis spectrum of the yellow-brown
solution of immersed 1 and compared with the spectrum of pure KMnO4 solution at the same
concentration. It can be observed that the characteristic region of Mn(VI11) in the 500-575 nm
range is missing in the probe. At the same time, an increase of the wide band absorbance in

the UV region is occurring.

1.0

——KMnO,

09 ——KMnO, + 1

0.8:
O.T—.
0.6—-
0.5—-

0.4+

Absorbance (a.u.)

0.3 4
0.2+

0.14

0.0 T T T T T T T T T T T T T T T
250 300 350 400 450 500 550 600 650

Wavelength (nm)

Fig.11.3.1-4. UV-Vis spectra on aqueous solutions of KMnO,4 (0.1 mM) and
1+KMnO4 (5 mg of 1 in 0.1 mM KMnO; solution)
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Fig.11.3.1-5. UV-Vis spectra on solid samples of KMnQ; (black), 1
(red), and 1+KMnOg (blue)

In the UV-Vis spectrum on solid samples of 1 immersed in KMnOg4 (Figure 11.3.1-5,
blue line) can be observed that the spectrum has slightly narrowed, with a bathochromic shift
from 372 nm to 380 nm and a hypsochromic shift from 570 nm to 560 nm compared to the
initial 1 compound (Figure 11.3.1-5, red line). The KMnO4 spectrum is the black line,
therefore, these two shifts can be assigned to a chemical modification of 1 due to the

influence of the MnO4~ on the system.

Variation of permanganate concentration

The influence of the permanganate anion was investigated using a series of 5
solutions with concentrations in the 0.1-10 mM range, prepared according to Table 11.3.1-1.

To these solutions, 5 mg of 1 were added and left for 24h.

Table 11.3.1-1. Concentrations and volumes used for preparation of KMnO4 solutions

No. Vkmno, (LL)* Vi,0 (1L) Ckmno,(MM)
1 50 9950 0.1
2 250 9750 0.5
3 500 9500 1.0
4 2500 7500 5.0
5 5000 5000 10.0

* [KMnO4] = 20 mM
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After 24h, the initial series changed the colours from shades of pink-purple to a
palette of yellow to red to purple, depending on the concentration of the solutions (Figure
11.3.1-6). Significant changes can be observed from 0.1 mM to 5 mM but not in the case of
the 10 mM probe because of the intense colour of the solution.

The probes were analyzed using the UV-Vis on solution and the results are presented
in Figure 11.3.1-7. It can be observed that the same pattern is followed, with the decrease in
intensity of the band in the visible region and increase of the band in the ultraviolet region.
The 5 mM and 10 mM solutions were too concentrated to measure, but a similar behaviour
was noticed from diluted samples of these solutions. This means that the oxidation of the
ligand occurs in the same manner as in the case of the 0.1 mM and the colour variation is
given from the different ratios of colloidal Mn(IV) and Mn(VIl) ions present in solutions.

Fig.11.3.1-6. Photographs of initial series of KMnQ, solutions at different
concentration (A) and after 24h of contact with 1 (B)
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Fig.11.3.1-7. Initial series of KMnQO4 solutions (straight lines) and
after 24h of contact with 1 (dotted lines)

High concentration of anions

To investigate the behaviour of the 3D systems in the presence of high concentration
of anions, the experimental part was adapted from [33], using a molar ratio of MOF to the
salt containing the exchange anions of 1:15. A 1 mL suspension containing 20 mg of
microcrystalline MOF (1 or 2, respectively) was added to 4 mL solutions of different salts,
namely: NH4PFs, KNO3, KMnQO4, K2CrOs4, and KCIO4. The final solutions were then left for
10 days at room temperature and without any stirring, after which were analyzed by FTIR
spectroscopy. The corresponding concentration of salt solution for this ratio is 58 mM.

The comparative FTIR spectra of 1 and 2 immersed in different anions solutions are
presented in Figures 11.3.1-8 and 11.3.1-9, respectively. As it can be observed, no significant
changes are present in the spectra, except in the case of MnO4~. For this solution the spectra
is slightly modified which may be caused by a mild oxidation of the ligand to a vicinal diol.

This concludes that for the given conditions: room temperature, atmospheric pressure,
no stirring and a high concentration of anions, no exchange occurred in these Cu-based
coordination polymers when NOs~, PFs~, CrOs>~, or ClOs~ were investigated for anion-

exchange, while in the presence of MnO4~a chemical modification occurred.
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Fig.11.3.1-8. FTIR spectra of 1 immersed in solutions of different anions
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Fig.11.3.19. FTIR spectra of 2 immersed in solutions of different anions

11.3.2. Adsorption properties

The adsorption properties of the compounds were evaluated based on the nitrogen
adsorption-desorption measurements performed at 77 K and a partial pressure (p/po) range of
103 — 1 bar. Samples of each compound were degassed under vacuum (< 1072 mbar) at 150

°C for 3 — 18h prior to measurement in order to free the pores of any guest molecules.
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In Figure 11.3.2-1 are presented the N adsorption-desorption isotherms on the

obtained compounds. It can be observed that for compounds 1-4 the adsorbed volumes are in

the range of 9 — 25 cm®g while for 5 and 6 the adsorbed volumes are 400 cm?/g and 150

cm?®/g, respectively. It had been noticed that higher uptakes are achieved in the case of the

compounds containing the perchlorate anions.
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Fig.11.3.2-1. N, adsorption-desorption isotherms on compounds 1-6
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The adsorption isotherms of 1 and 2 are similar to a type VI isotherm combined with a
H3 hysteresis loop. Usually, this type of isotherm describes a multilayer adsorption, but
taking into account the structure of the synthesized compounds it would rather suggest a
“breathing mechanism” with the steps associated to an expansion movement which allows a
higher uptake as the relative pressure increases [40]. Compounds 3 and 4 exhibit a type IlI
isotherm combined with a H3 hysteresis loop, which indicates a small adsorbed amount at
low pressures, probably due to relatively weak interactions between the adsorbate and the
adsorbent [41]. The higher adsorbed volume in the case of compounds 5 and 6 may be
explained by an aggregation of the microcrytallites at high relative pressures (p/po = 0.9)
which provide a high surface area.

The N2 adsorption measurements revealed that these compounds does not exhibit a
high porosity, which is expected for MOFs, but at the same time confirm the existence of
void space along the hexagonal channels. Powder X-ray diffractograms recorded before and
after N, adsorption revealed that the crystallinity of the probes remain intact when exposed to

pressure differences and are presented in Appendix (section D, Figures D.1 — D.6).
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Conclusions

In the present dissertation thesis we have proposed the synthesis of Cu-based metal-
organic frameworks capable of chemically fixing the atmospheric CO: into their structure and
which, subsequently, will be able to allow its further capture by adsorption into the pores.
The obtained compounds were characterized in solid state through single crystal and powder
X-ray diffraction, along with spectroscopic techniques (FT-IR and UV-Vis),
thermogravimetric analysis, and elemental analysis.

The single crystal XRD revealed the formation of 2D Cu(CO3) layers with a Kagomé
arrangement, through direct fixation of atmospheric CO,, which are further link via
bipyridine-based ligands yielding to a 3D cationic framework with hybrid structure. All six
compounds are isostructural and have the general formula {[Cus(COz3)2(L)3](Y)2}n, Where L =
organic ligand and Y = CIO4s~ or BF4~ anions. The influence of the organic linker on the
interlayer distance is directly proportional to the length of the linker. The purity of the
compounds was assessed based on the powder X-ray diffraction, which shown only one
crystalline phase. The thermogravimetric analysis revealed a relatively high thermal stability
for this class of compounds, approximately 300 °C, generated by the arrangement of the
building blocks as well as the non-covalent interactions established across the entire
structure: hydrogen bonds, electrostatic, and CH-x interactions.

Anion-exchange and adsorption properties of the obtained MOFs were investigated.
Different salts were employed for the anion-exchange, and the process was monitored with
spectroscopic techniques. The result concluded that no anion-exchange occurred at room
temperature and atmospheric pressure, regardless of concentration of the anion solutions
used. This may be explained by the fact that the anions are rather trapped within the structure
and does not allow any exchange. When MnO,™ anion was employed, with compounds 1 and
2, a post-synthetic chemical transformation on the surface of the crystals was most probable
taking place, namely a Bayer oxidation of the ethylene double bond.

Regarding the adsorption properties, the compounds do not exhibit a high porosity, as
most of the space is occupied by the counter anions. However, the compounds maintain their
structure at pressure variations. A higher uptake could be achieved by utilizing longer ligands
and/or metals salts with smaller anions (CuClz, Cu(NOzs)2, Cu(CN)2) or by recrystallizing the
compounds from a salt solution that has smaller anions.

In the future, we aim to fully investigate the adsorption capacity of the synthesized

compounds for water vapors, carbon dioxide and volatile organic compounds.
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Materials and Instrumentation

Reagents and solvents

The reagents used in this study were: 1,2-bis(4-pyridyl)ethane (bpe), 1,2-bis(4-
pyridyl)ethylene (bpy), 4,4’-azopyridine (azopy), Copper(ll) tetrafluoroborate hexahydrate
(Cu(BF4)226H20), Copper(ll) perchlorate hexahydrate (Cu(ClO4)226H20), and aqueous
ammonia (NH4OH, 25%), ammonium hexafluorophosphate (NH4PFs), potassium nitrate
(KNO3), potassium permanganate (KMnOg), potassium chromate (K>CrO4), and potassium
perchlorate (KCIO4). All reagents were procured from Sigma-Aldrich and used without any
further purification. The solvents used were methanol (CH3OH) and distilled water (obtained

in the laboratory).

Instrumentation
Weighing: Reagents and synthesized compounds were weighed on the analytical
balance Mettler Toledo XS204/M with 5 decimal places.

Spectral determinations:

The infrared spectra were recorded in the 4000 — 400 cm® range by the Fourier
Transformer Tensor 27 Spectrometer (FT-IR) using OPUS software. The processing of the
samples consisted in preparation of pellets from a pre-ground mixture of sample with KBr
using Grasebz Spec 15011 press. The graphical representations were realized with Origin 8.5

software.
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The UV-Vis spectra were recorded on solid and on solution in the 200 — 850 nm range
with the help of a JASCO V-670 spectrophotometer and with the use of Spectra Manager
software. The graphical representations were prepared with Origin 8.5 software.

X-ray diffraction:

Single crystal X-ray diffraction measurements were carried out using a Rigaku
XtaLAB Synergy-S diffractometer operating with Mo-Ko (A = 0.71073 A) micro-focus sealed
X-ray tube. Calculations were performed using ShelX crystallographic software and the
representations were achieved with the help of the Diamond 3.2.

The X-ray powder diffraction measurements (PXRD) were carried out on a Proto
AXRD Benchtop using the Cu-Ka radiation with a wavelength of 1.54059 A in the 5 - 35°
range of 26. The graphical representations were performed with Origin 8.5 software.

PXRD data before and after the nitrogen physisorption isotherms were collected at
room temperature on Rigaku Miniflex 600 powder diffractometer (Germany) using Cu-Ka
radiation (A = 1.5418 A) between 2° < 20 < 50° with a scanning rate of 1.5 deg/min (600 W,

40 kV, 15 mA). Analyses of the diffractograms were carried out with Origin 8.5 software.

Elemental analysis:
The elemental analysis was performed on a Euro EA Elemental Analyzer and the

collected data were integrated with Callidus 4.1 software.

TGA:

Thermogravimetric analysis (TGA) was performed on a Netzsch TG209 F3 Tarsus
(Netzsch, Selb, Germany) device under nitrogen conditions, ramping with 10 K/min from 30
°C to 600 °C.

N2 physisorption:

The nitrogen (purity 99.9990%) physisorption isotherms were carried out at 77 K
using a Quantachrome Autosorb 6 instrument within a partial pressure range of p/po = 103-1
bar. Each sample of ca. 30 mg was degassed under vacuum (< 102 mbar) at 150 °C for 3 —

18 h prior to measurement.
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Appendix

A. Powder X-ray diffractograms of compounds 1, 3-6
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Fig.A5. Powder XRD pattern of compound 6

B. Elemental analysis

Compound % C % N % H
calculated 43.21 7.95 2.86

1 found 42.41 7.87 2.79
calculated 44.27 8.15 2.93

2 found 44.08 8.44 258
calculated 42.96 7.91 341

3 found 42.40 7.99 3.40
calculated 44,01 8.10 3.50

4 found 45.27 8.37 3.39
calculated 36.18 15.82 2.27

S found 36.26 15.66 2.21
calculated 37.06 16.21 2.33

6 found 37.76 15.91 2.27
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C. FTIR spectra of compounds 1-6
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D. Powder X-ray diffractograms after N> sorption
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INTRODUCTION

Last decades confirmed catalysis as a strategic field of science representing the new way
to meet the challenges of sustainability. In this context, one of the big challenges is the
development of cleaner catalytic processes to convert biomass to multiple platform molecules
as strategic precursors for valuable products. At the same time, the production of chemicals
should be made in an economical, ethical and environmentally friendly way and this requires
complete and efficient valorization of non-edible feedstock. As an example, during the acid-
catalyzed dehydration of carbohydrates for the production of renewable bulk chemicals large
amounts of so-called humins, which are carbonaceous, insoluble by-products, are typically
formed. The commercial processes for the acid-catalyzed conversion are, therefore, seriously
hampered by the extensive formation of humins by-products that leads to great losses of the
feed (around 10-50% carbon loss) and, in this way, to great efficiency losses in biorefinery
operations. In order to improve the efficiency of acid-catalyzed conversions of sugars and, in
this way, to improve the economically value of the process, humins should be recovered and
valorized.

Photocatalysis is based on the use of photons to drive chemical reactions, thus enabling to
obtain several benefits simultaneously, such as: (1) the reactions can be carried out at lower
temperatures; (2) toxic substances can be easily degraded; (3) processes can be achieved in a
sustainable and environmentally friendly way. Among different UV-active materials titanium
dioxide (TiO>) is the benchmark photocatalyst, due to its strong oxidizing capacity, long-term
photostability, commercial availability and low cost. However, the large band gap (3.20 eV)
makes TiO inactive under visible light irradiation which largely restricts its practical
applications. Therefore, the development of visible light active photocatalysts and techniques
to shift the range of light absorption of UV active compounds towards the visible light range
has gained increasing importance in the photocatalytic research. In view of their attractive
optical properties and up-conversion in particular, a nanocomposite of carbon quantum dots
(CQDs) and TiO- is expected to realize the efficient usage of the full spectrum of sunlight.
However, even though the combination of CQDs with metal oxides can give a significant
increase in the photocatalytic activity comparing to the metal-oxides alone, there is still a lot
of work to be done in order to increase the lifespan of the as prepared catalysts and maintain

their catalytic activity throughout the time.



1. LITERATURE SURVEY

1.1 Biomass and its composition

Biomass (i.e., any renewable organic matter including agricultural food and feed crop
residues, energy crops and trees, wood and wood residues, aquatic plants and animal wastes)
is a very valuable feedstock, both for the production of chemicals and of novel fuels, which in
the future could replace crude oil and gas as the current major raw materials [1]. For such
processes a controlled de-functionalization is necessary rather than the functionalization used
in the chemical industry. Unfortunately, this means that most of the developed processes in
petrochemical and chemical industry are not suitable for converting biomass and alternative
pathways for the production of fuels and chemicals should be developed. Moreover, from
sustainable development and environment protection reasons, an efficient biorefinery unit
should provide a complete valorization of the biomass source by performing the overall
processes with a minimum loss of energy and mass and should maximize the overall value of
the production chain with the minimum formation of wastes. For the efficient utilization of
biomass, it will be crucial to create a similar comprehensive network of process chains.

Lignocellulose is the most abundant biomass feedstock, with an annual growth of 170
billion tons and it does not directly compete with food supplies because of its non-edible
nature. [2] Lignocellulose is mainly composed of three biopolymers: cellulose (28-50%,
polymer of glucose), hemicellulose (20-35%, polymer of C5 and C6 carbohydrates), and
lignin (15-28%, aromatic polymer), along with smaller amounts of pectin (generic term for a
polymer comprising galacturonic acid units of at least 65%), protein, extractives
(triglycerides, terpenes, pigments, waxes, etc.) and ash (Figure 1).

From the chemically point of view, cellulose is a non-branched long chain water-
insoluble polysaccharide consisting of several hundred up to tens of thousands of D-glucose
units linked to each other by f-(1,4)-glycosidic bonds. These long-chain cellulose polymers
are linked together by physical (i.e., hydrogen and van der Waals) bonds, which cause the
cellulose to be packed into microfibrils [3].Unlike cellulose, hemicellulose has easily
hydrolysable branches with short lateral chains consisting of C6-sugars (glucose, mannose
and galactose), C5-sugars (mainly arabinose and xylose) and uronic acids (e.g., 4-o-
methylglucuronic, D-glucuronic, and D-galactouronic acids), linked each other by B-(1,4)-

glycosidic bonds (predominantly) and by a-(1,3)-glycosidic bonds (occasionally) [3]. The



fourth component, which is present in a quite considerable amount and it is called lignin.
Lignin is acting as glue, holding together the cellulose microfibrils and hemicellulose fibers,
imparting structural support, impermeability, and resistance against microbial attack. It
comprises 15-28% of lignocellulosic biomass and is the only scalable renewable resource,
consisting of abundant aromatic chemicals derived from p-coumaryl, coniferyl, and sinapyl
alcohols. [3]

Hemicellulose

Microfibril

Hemicellulose

Cellulose

Lignin

Lignin

Figure 1. Composition of lignocellulose [3]

Hence, the efficient fractionation of lignocellulose into separated streams of these
three polymers is often the entry point for a fruitful bio-refinery as it opens the possibility of
subsequent transformations to high-value chemicals and fuels. In this context, reductive
catalytic fractionation (RCF) of lignocellulose has received tremendous attention, providing
stable lignin oil containing high-value phenolic mono-, di- and oligomers as well as a
vaporizable solid carbohydrate pulp that can be used for the production of paper, fine

chemicals, or biofuels. [4]

1.2 The biorefinery and biomass valorization

Due to the increasing pressure on the industries to step back from the fossil fuel based
processes, they needed a green alternative. What is required is a source of carbon analogous to
petrol, where a complex mixture of chemicals can be converted in several high-value
molecules, through the development of efficient refinement procedure including cracking,

chemical modification and separation in the so-called bio-refineries defined as “a facility or a



network of facilities that converts biomass including waste into a variety of chemicals,
biomaterials and energy, maximizing the value of the biomass and minimizing waste”
(National Renewable Energy Laboratory (NREL)). Advanced biorefineries are analogous in
many ways to today’s petrorefineries [5]. A comparison between these 2 types of refineries is
presented in the Figure 2:

Fossil resources : Products .
Petro-refinery P

v

» Crude oil = Energy (fuel, etc)
» Natural gas * Chemicals (speciality &
commodity)

» Materials (plastic, etc)

Biomass Products
> >

+ Trees, Crops «» Energy (fuel, etc)

+ Grass, Clover » Chemicals (speciality &
+ Waste commodity)

. ete » Materials (plastic, etc)

» Food & feed

Figure 2. Comparison between petrorefinery and biorefinery [5]

Similarly to oil-based refineries, where many energy and chemical products are
produced from crude oil, biorefineries produce many different industrial products from
biomass. These include low-value high-volume products such as transportation fuels (e.g.
biodiesel, bioethanol), commodity chemicals and materials and high-value low-volume
products or specialty chemicals such as cosmetics or nutraceuticals (i.e., food containing
health - giving additives and having medicinal benefit).

The obvious alternative to fossils is biological material (biomass) from living or
recently living organisms, not metabolized for thousands of years into petrol and coal, thus
not concurring to CO2 emissions. In principle, the biorefining concept has similar objectives
as today’s petroleum refineries, but the feedstocks are totally different. In chemical and
pharmaceutical industry are required molecules that serve as a source of carbon atoms. This is
necessary in order to be able to shape the compounds already existent, into the ones are
needed. Driven by this, multiple paths in order to provide the industry with the necessary
materials and molecules were taken, but the one more interested is the biomass valorization.

From other perspective, people realized that it is no easy job not only in finding
renewable sources of carbon for the chemical and pharmaceutical industries but also in getting
rid of the wastes generated by different industries. On one hand, the chemical industry does
not produce that much of carbon dioxide, but on the other hand, these industrial processes

produce a lot of other wastes, and in order to get rid of them, we have to use many different

4



procedures that sometimes can be even more expensive than the production process itself.
This fact, has led to an interest in other ways of getting rid of the wastes created by mankind,
and one of the most promising ones is the waste valorization. This procedure implies
transforming by-products of industrial processes into compounds that can serve as raw
materials or starting points for other transformations based on the molecules that we obtain.

1.3 Platform molecules and added-value products

A prime objective in the catalytic conversion of lignocellulosic feedstocks is the
improving of the catalyst’s efficiency and selectivity towards value-added products. However,
the incorporation of compatible catalytic processes in the actual infrastructure of
petrochemical industry plants requires as biomass feedstocks to be converted to building
block chemicals with fewer oxygenated groups. These building block chemicals (also known
as “platform molecules) are molecules with multiple functional groups that possess the
potential to be transformed into new families of useful chemicals. The most important 15
platform molecules that can be produced from sugars via biological or chemical conversions
and can be subsequently converted to a number of high-value bio-based chemicals or

materials are given in Table 1.

Table 1. Building blocks obtained from biomass [6]

Building Blocks

1,4 succinic, fumaric and malic acids
2,5 furan dicarboxylic acid
3 hydroxy propionic acid
aspartic acid
glucaric acid
glutamic acid

itaconic acid

levulinic acid

3-hydroxybutyrolactone
glycerol
sorbitol

xylitol/arabinitol

Some of building blocks were the subject of intense research and development during the past

few years (such as 5-hydroxymethylfurfural, furfural, levulinic, lactic and succinic acids, as



well as new industrial derivatives from sorbitol) while there was a comparatively modest

interest for organic acids (such as aspartic, malic, fumaric, glutamic and itaconic acids).

1.4 Humins: structure and applications

The synthesis of 5-hydroxymethylfurfural (HMF), 5-alkoxymethylfurfural and
levulinic acid (LA) by acid catalyzed fructose dehydration, is complemented with the
formation of substantial quantities of a black tarry by-product, a complex polyfuranic
polymer, called humins [7]. Humins are heterogeneous amorphous biomacromolecules,
considered to have the idealized morphology of spherical core-shell architecture [8]. The
chemical structure of humins consists of furfural and hydroxymethylfurfural moieties also
with carbohydrate, levulinate and alkoxymethylfurfural chains linked together into
macromolecules by ether, acetal bonds or aliphatic linkages. The nature of terminal groups
could be of carboxylic, ketone, aldehyde and/or hydroxyl nature. Also, the presence of certain
solvents such as acids or alcohols during the carbohydrate dehydration reactions could lead to
the appearance of other functional groups such as alkoxy and ester groups [9].

The mechanism of the humins formation is supposed to be an acid catalyzed
condensation between its formed intermediates but it is also possibly to be formed directly
from the starting carbohydrate during their transformation to HMF/MMF/LA, leading to a
network of furan rings [10] (Figure 3). The yield of humins is influenced by process
parameters such as the type of substrate, time, temperature, and type of acid catalyst. For
example, in the case of cellulose conversion to LA, humins yields range from 25-45 wt.%. In
the case of HMF production, 10-50 wt. % of sugar substrates are converted into humins.
Humins are thus a major waste fraction during sugar conversion [11]. However, despite
intensive investigation on the various conversion routes of polysaccharides, understanding of
the pathway of humins formation is poor. Furthermore, a clear description of the nature of
humins itself is lacking. Generally, humins consists of carbon-rich agglomerate particles. It is
composed of approximately 50-66 wt. % C, 25-46% wt.% O, and the remainder is H. [11]
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Figure 3. Mechanism of formation of humins [7]

Efforts have been made to suppress the formation of humins, for example, by co-
feeding alcohol to stabilize HMF by esterification and thus prevent its further conversion to
humins. However, the yield of humins is still 14-22 wt. %. Its main application is still limited
to energy and heat applications such as burning and gasification but its valorization into
higher added-value applications will be the key for making biomass conversion processes

economically feasible. [7]

1.5 Carbon Quantum Dots (CQDs)

Quantum dots are particles of size smaller than Bohr exciton radius (<10 nm), usually
made from semi-conductors. Carbon-based quantum dots consisting of graphene quantum
dots (QGDs) and carbon quantum dots (CQDs, C-dots or CDs) are a new class of carbon
nanomaterials with sizes below 10 nm. They were first obtained during the purification of
single-walled carbon nanotubes through preparative electrophoresis in 2004 [12] and then via
laser ablation of graphite powder and cement in 2006 [13]. While carbon is a black material,

with a low solubility in water and weak fluorescence, carbon-based quantum dots possess a
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good solubility and strong luminescence, for which they are referred to as carbon nanolights
[14].

Moreover, compared to traditional semiconductor quantum dots and organic dyes,
photo luminescent carbon-based quantum dots are superior in terms of high (aqueous)
solubility, robust chemical inertness, facile modification and high resistance to photo
bleaching. On one hand the superior biological properties of carbon-based quantum dots, such
as low toxicity and good biocompatibility, entrust them with potential applications in
bioimaging, biosensor and drug delivery. On the other hand, the outstanding electronic
properties of carbon-based quantum dots as electron donors and acceptors, causing
chemiluminescence and electrochemical luminescence, endow them with wide potentials in
optronics, catalysis and sensors. [15]

Since their discovery, Carbon Quantum Dots (Carbon QDs or CQDs) were heavily
studied in order to find the optimal method for their synthesis and viable methods for their
functionalization. Roughly, the methods of synthesis can be divided in two main groups — the
first one being the so called “bottom-up” and the other one being “top-down” [16]. Using both
of the methods, the nano-particles that are obtained can be modified either during the

synthesis itself or after the synthesis is done.

Table 2. Methods of synthesis for Carbon QDs with their advantages and disadvantages. [16]

Methods Merits Demerits

Top-down Laser ablation Controllable morphology and size Complicated operation, high cost
Electrochemical oxidation High purity, high yield, controllable size, Complicated operation
good reproducibility

Chemical oxidation Easy operation, large scale production, Non-uniform size distribution
no elaborate equipment

Ultrasonic treatment Easy operation Instrumental wastage, high

energy cost
Bottom-up Microwave synthesis Short reaction time, uniform size High energy cost

distribution, easy size control

Thermal decomposition Easy operation, solvent-free, low cost, Non-uniform size distribution
large scale production

Hydrothermal treatment High quantum efficiency, low cost, Low yield

non-toxicity

Nevertheless, there are also some issues that need to be considered prior the synthesis:
() carbonaceous aggregation during carbonization, which can be avoided by using electro-
chemical synthesis, confined pyrolysis or solution chemistry methods, (11) size control and
uniformity, which is important for uniform properties and mechanistic study, and can be
optimized via post-treatment, such as gel electrophoresis, centrifugation, and dialysis and (I11)

surface properties that are critical for solubility and selected applications, which can be tuned



during preparation or post-treatment. [15] In the Table 2 there are summarized the advantages
and disadvantages of several methods for obtaining Carbon QDs.

As in the cases of many other new materials to the world, CQDs are heavily studied in
order to figure out all the suitable applications for them. This part of their research is very
important due to the fact that without important application, CQDs will remain just a
demonstration of skill in the synthesis of advanced materials.

The most interesting application for us is the photocatalysis. The interest in photo
catalysis has been motivated in part by the realization that sunlight is effectively an
inexhaustible energy source. However, the high energy of UV and short wavelength visible
light may adversely damage organic compounds. The demonstrated capability of harnessing
long wavelength light and energy exchange with solution species of CQDs offers an excellent
opportunity for their use as photocatalysts in organic synthesis. Indeed, a recent study has
indicated that smaller CQDs (1-4 nm) are effective NIR light-driven photocatalysts for
selective oxidation of benzyl alcohol to benzaldehydes with good conversion efficiency
(92%) and selectivity (100%), due to their excellent catalytic activity for H.O> decomposition
and NIR light driven electron transfer property [17]. Further studies suggested that the photo
catalytic activity of CQDs can be effectively modulated by doping and by tailoring the surface
groups. On the other hand, larger CQDs (5-10 nm) synthesized by electro-chemical ablation
of graphite showed light-induced proton properties in solution, which can be used as acid
catalysts to catalyze a series of organic transformations in aqueous media under visible light.
[18]

1.6 TiO2 and photocatalysis

Photocatalytic reactions driven by sunlight represent a promising way to address the
increasing environmental and energy concerns. Therefore, developing and optimizing highly
efficient photocatalysts under visible light has attracted worldwide attention.

To date, various photocatalytic semiconductors were used, but undoubted, titanium
dioxide (TiO) is one of the most widely studied photocatalysts due to its abundance, low
cost, low toxicity, superior photostability, and high intrinsic catalytic activity under UV
illumination [18]. Among different TiO> powders, as called TiO> P-25 Degussa, with a
relatively large surface area and an anatase to rutile phases ratio of about 3 to 1 is the standard

material for photocatalytic reactions. However, in spite of all these advantages, the poor



responses to visible light caused by its wide band gap (3.0-3.2 eV), and the fast
recombination of photogenerated electron-hole pairs had significantly hindered the
application of TiO2 in photocatalysis [19].

The photocatalytic properties of TiO> depend on its intrinsic properties, such as
specific surface area, crystal phase and crystallinity [20]. Generally, large surface area
resulted from porous structure is favorable to improve photocatalytic activity, as demonstrated
for mesoporous TiO2 [21]. However, large surface areas, which often result not only from
porous structure but also from small particle size, usually correspond to the low anatase phase
crystallinity. Unfortunately, the high degree of defects in this phase further promotes the
recombination of photogenerated electrons and holes [22]. Thus, a preferred way to enhance
the photocatalytic activity is the synthesis of TiO, materials with simultaneously increased
anatase crystallinity and large surface area. Examples of such materials were reported in
literature and two of them refer to nanocrystalline TiO, photocatalysts synthesized by co-
modifying TiO2 with ammonia and cetyltrimethylammonium bromide [22] or by modifying it
with mesoporous SiO; [23]. Several other modifications have been made, such as carbon
modified TiO [24] and hydrothermal treatment at 400 °C in air [25].

In particular, modification of TiO, with carbon nanomaterials, such as carbon
nanotubes, fullerenes and graphene, have been used to produce TiOz/carbon composites with
promising photocatalytic activities in the visible region [26]. However, both carbon nanotubes
and graphene aggregate easily and are difficult to disperse in conventional solvents, which
limit their applications [27]. In connection with this, recently have been shown that the
conjugated structure of CQDs leads to the excellent electron transfer/reservoir properties,
which is the key factor in enhancing the semiconductors photocatalytic activity [28].

CQDs have the great advantage of having a band gap that can be adjusted by simply
changing the size of the nanoparticles. This allows them to easily absorb radiation from
different areas of the solar spectrum. Therefore, by introducing CQDs as electron
transfer/reservoir materials on the surface of TiO., the recombination rates of photogenerated
carriers can be modified, allowing the improvement of photocatalytic performance and
increasing photocatalytic activity in visible light. In this way, CQD@TiO2 nanocomposites
possess much improved photocatalytic activity, as Gray and co-workers [29] demonstrated. In

addition, problems induced by carbon and graphene nanotubes are avoided.
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OBJECTIVES

The main scope of the dissertation thesis was to extend the potential of humins
valorization to the synthesis of CQDs. To reach this scope worthless humins by-product,
generated in the glucose acid-dehydration, has been subjected to an environmentally friendly
low-temperature hydrothermal process. The synthesized CQDs with optimized size, brightest
blue fluorescence and highest QYs were then used as sensitizers in producing CQD@TiO>
heterostructured nanocomposites. The photocatalytic activity of the as prepared CQDs@TiO>
samples was evaluated in methylene blue (MB) dye degradation under the visible light

irradiation.

2. Experimental Section

2.1 CQDs preparation

2.1.1 Humins synthesis

Since the glucose conversion is one of the most studied routes for making HMF, due
to its commercial significance, in this study humins obtained from glucose dehydration were
chose for the CQDs design. Humins were prepared in agree with a recently reported
hydrothermal methodology applied in our laboratory [30] as follow: an aqueous solution
containing D-glucose (36.0 g D-glucose in 200 ml water, 1.0M) and H2SO. (1.078 g, 5.5 mM)
were added into an autoclave and heated at 180 °C, for 7 h. Obtained humins were isolated by
filtration, washed with water (300 mL), dried for 12 h at 80 °C, grounded and purified by

Soxhlet extraction (Scheme 1).
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Scheme 1. Preparation and purification of humins
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2.1.2 CQDs synthesis by hydrothermal treatment

CQDs were synthesized by applying the following hydrothermal treatment
methodology: 20 mg of humins were dispersed in 20 mL of water in an autoclave. To this
suspension 0.1 mL of glacial CHsCOOH was added and the obtained mixture was vigorously
stirred at temperatures of 160-200 °C, for 4-12 h. After reaction, the obtained mixture was
centrifuged at 8000 rpm for 40 min and the liquid phase was filtered through a Stericup
Durapore filter with the pores of 0.22 um on a polyvinylidene difluoride (P\VDF) membrane.
The obtained CQDs were denoted: CQDr.n, where T — represent the synthesis temperature and
h - represent the synthesis time.

For the CQD1sgo-12s synthesis a separation protocol similar to that described in [31] was
applied, as following: the obtained brown solution after the hydrothermal treatment of humins
at 180°C and 12 h was washed with dichloromethane to remove the adsorbed organic moieties
(i.e., acetic acid and other small organic moieties from humins) and the aqueous solution
phase was centrifuged at 8000 rpm for 40 min, filtered through a Stericup Durapore filter and

concentrated under vacuum at 80 °C for 2 h.
2.2 CQDs@TiO2 nanocomposites synthesis

For the synthesis of CQDs@TiO2 nanocomposites, two kinds of TiO, materials were
used: a commercial TiO2 P-25 Degussa powder (consisting of ca. 85% anatase and 15% rutile
in crystalline phase) and a modified TiO2 synthesized from P25 powder by its treatment with
NaOH. The two samples are denoted P-TiO; and M-TiOs.

For the synthesis of M-TiO, sample 0.3 g P-TiO2 powder was added to an aqueous
solution of 30 mL NaOH (10 mol/L) and stirring for 1 h, at room temperature. Then, the
mixture was slowly added into 40 ml autoclave and heated at 120 °C for 24 h under stirring.
After cooling to the room temperature, the aqueous solution was separated by centrifugation
and the sediment was washed with HCI solution (1 mol/L) until pH = 1, and subsequently
washed with distilled water until pH = 7. After drying for 4 h, the sample was calcined for 2
h, at 450 °C.

CQDs@TiO2 composites were obtained by a hydrothermal method, following a
reported methodology by Zhang and co-workers [32]. Typically, 20 mL distilled water and 6
mL ethanol were mixed together, and then 0.4 g TiO2 (P-TiO2 or M-TiO2) powder and 2 mL
of aqueous solution of CQDs (CQD1g0-2, CQD200-4, CQD1g0-12, CQD1g0-12s) Was added. The

mixture was kept stirring for 4 h at room temperature to obtain a homogeneous suspension.
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After that, the suspension was transferred into an autoclave with glass inner and maintained at
140 °C for 4 h. Resulted CQDs@TiO, composites were washed three times with water and
collected by centrifugation at 6100 rpm, for 15 minutes. Finally, the separated solid was dried
under vacuum at 60 °C for 6 h.

Eight samples were obtained and denoted as CQD1go4@P-TiO2, CQD200-4@P-TiO>,
CQD1g0-12@P-TiO2, CQD1g0-12s@P-TiO2, CQD1g0-4@M-TiO2, CQD200-4@M-TiO2, CQD1go-
12@M-TiO2 and CQDigo-12s@M-TiO2, where the subscript numbers represent the
hydrothermal parameters, i.e., temperature and time, respectively, used for the CQDs

synthesis from humins.
2.3 Characterization techniques

The prepared CQDs and CQD@TiO, materials were exhaustively characterized by
techniques as: X-ray diffraction (XRD), ATR- and DRIFT-IR spectroscopy, UV-Vis
spectroscopy, photoluminescence spectroscopy (PL), adsorption-desorption isotherms of
liquid nitrogen at 77K, elemental analysis, thermogravimetric-differential thermal analysis
(TG-DTA), transmission electron microscopy (TEM) and energy dispersive X-ray
spectroscopy in scanning transmission electron microscopy (STEM-EDS). .

Powder X-ray Diffraction patterns were collected at room temperature using a
Shimadzu XRD-7000 apparatus with the Cu Ko. monochromatic radiation of 1.5406 A, 40
kV, 40 mA at a scanning rate of 0.1 20 min, in the 20 range of 5°-80°.

ATR-FTIR spectra were recorded and collected by a Bruker Tensor-1l FTIR
spectrometer at room temperature at a 4 cm™! resolution in the range of 400-4000 cm™ 'and
the final spectrum was obtained averaging 32 scans.

DRIFT spectra were recorded with a Thermo spectrometer 4700 (400 scans with a
resolution of 4 cm™) in the range of 600—4000 cm™!.

UV-Vis spectra were recorded and collected by a JASCO V-350 spectrophotometer
equipped with tungsten and deuterium lamps for visible and UV light analysis, respectively.

Photoluminescence (PL) spectra were measured with a JASCO FP-8200 fluorescence
spectrometer equipped with of 150 W xenon lamp as the excitation source.

The relative quantum yields (QYs) of the CQDs were calculated according to a
literature method [33]. As reference standard fluorescein (1 x 107 M in 0.1 M aqueous NaOH

(pH 9.6)) was chosen. Fluorescein has a QY of approximately 86% at A = 366 nm and A =
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313 nm. The UV absorbance of the samples was adjusted to be below 0.02 to minimize the
inner filter effect.
The QY was calculated by the following equation:

QY. = Q(%)(E_)(E_)z

Where subscribers “r”” and “s” refer to the fluorescein (reference) and evaluated sample,
respectively. “QYs” stands for the quantum yield of the sample, “E” stands for the integrated

PL intensity, “A” stands for the absorbance, and “n”stands for the refractive index of the

solvent. Fluorescein (quantum yield: 86%) was dissolved in 0.1 M NaOH (refractive index:
1.33) and the C-dots were dissolved in water (refractive index: 1.33). The QY was measured
at an excitation wavelength of 366 nm.

Textural characteristics (surface area, pore volume and pore diameter) were
determined from the adsorption-desorption isotherms of nitrogen at -196 °C using a
Micromeritics ASAP 2020 Surface Area and Porosity Analyzer.

Elemental analysis was made with an elemental analyzer EUROVECTOR EuroEA
3000.

TG-DTA analyses were recorded using a Shimadzu apparatus in a Pt crucible. The
heating rate was of 10°C min™, respectively, starting from room temperature till 850 °C under
a nitrogen flow of 50 mL min.

Transmission electron microscopy (TEM) was performed on an electron microscope,
Titan G2 60-300 kV FEI Company, equipped with field emission gun (FEG),
monochromator, three condenser lenses system, the objective lens system, image correction
(Cs - corrector), HAADF detector. The EDS spectrometer (Energy Dispersive X-Ray
Spectroscopy) EDAX Company with Si (Li) detector was used to display the prepared
samples. Microscopic studies of the samples were carried out at an accelerating voltage of the
electron beam equal to 300 kV.

The mapping was carried out in the STEM mode by collecting point by point EDS
spectrum of each of the corresponding pixels in the map. The collected maps were presented
in the form of a matrix of pixels with the color mapped significant for element and the

intensity corresponding to the percentage of the element.
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2.4 Catalytic tests

The photocatalytic efficiency of the prepared CQD@TIiO. samples was evaluated in
methylene blue (MB) dye adsorption and degradation under visible light irradiation.
Photocatalytic activity tests were performed in a cylindrical quartz photoreactors and blue
LED lamps (112W), emitting at 445-465 nm, were used as light source.

In a typical experiment, 7.5-15 mg of photocatalyst was added to 10 ml of MB
aqueous solution (30 mg/L). Before the photocatalytic degradation, the suspension was
magnetically stirred in the dark, for 15 min, to establish the adsorption—desorption
equilibrium of MB. Subsequently, the solution was irradiated with blue or red LED lamp and
aliquots of 2.5 mL were collected from suspension at certain time intervals (10 min) and
filtered using a 0.22 um filter membrane. The concentration of MB after illumination was
determined by a UV-vis spectrometer (SPECORD 250 - 222P108). The intensity of the main
absorption peak (666 nm) of the MB dye was referred to as a measure of the residual MB dye
concentration. Control experiments with pristine P-TiO2 and M-TiO2 were also performed.

For calibration curve stock solution of 500 mL with a concentration of 30 mg/L was
prepared (15 mg MB dissolved in distilled water in a volumetric flask). The stock solution
was used to prepare other five different MB concentrations as: 5, 10, 15, 20 and 25 mg/L. For
each concentration the UV-vis spectra was registered (Figure 4A) and the corresponding
absorbance value for the 666 nm band was used to build the calibration curve (Figure 4B).
The calibration curve presents a linear relation and relationship coefficient was 0.9515
(Figure 4B).
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Figure 4. UV-vis band (665 nm) of MB at different concentrations (A) and

calibration curve (B)
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The MB conversion was defined as follows:
C,-C

0

Conversion (%) = x 100

where Co is the initial concentration of MB and C is the concentration of the MB at a certain

reaction time, respectively.

Chapter 3. RESULTS AND DISSCUTION

3.1 Characterization of CQDs

The reaction time and temperature are the key factors in the hydrothermal approach
preparation of CQDs. To probe the chemical composition of CQDs, prepared at different
reaction times and different reaction temperatures, ATR-IR measurements were performed.

As Figures 5 A, B and C show the chemical composition differs only slightly from sample
to sample. Therefore, for the as-prepared CQDs, the main bands identified in IR spectra can
be associated to C=0 stretching (1730 cm™) indicating the presence of acid, aldehyde, and
ketone groups in their composition. The absorption band at 1370 cm is attributed to the O-H
in-plane deformation vibration or CHx (x = 2, 3) bending vibration. The peaks at 2837 and
2939 cm™ are assigned to the CHyx (x = 2, 3) stretching vibrations. The absorption bands at
1230 and 1100 cm™ are ascribed to the C-O-C stretching of the furan ring deformation. The
wide strong absorption bands centered at 1640, 2062, and 3300 cm™ are mainly attributed to
the water molecules. However, the 1640 cm™ peak may also be partially contributed by the
C=C stretching vibration of numerous sp? structures that enriched the aromatic structure, in

agree with Weckhuysen and co-workers [10].
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Figure 5. IR spectra on 1000-4000 cm™ range of the CQDs synthesized at 160°C (A), 180°C (B) and
200°C (C) at different reaction times (insets: IR spectra on 1000-1800 cm™ range)

The infrared spectrum of the CQDs shows similar features, except that the C=0
absorption at 1730 cm? diminishes substantially when the hydrothermal temperature
increased at 200°C. Such a variation supports the aforementioned speculation of the
suppression of the C=0 bonds with the hydrothermal parameters or their post-treatment [34].
Nevertheless, all synthesized CQDs are well dispersed and stable in water for a long period of
time (several months) indicating the existence of a high concentration of the hydroxyl groups
on their surface, irrespective of the synthesis conditions, in agree with literature reports [34;
35].

In the XRD pattern of CQD200-4 (Figure 6) two diffraction lines centered at 22° and 42° are
evidenced, indicating that a graphite-like structure existed in their carbon core. However,
CQD1s0-12 displays a broad line centered at 24° that is attributed to highly disordered graphitic
carbons (JCPDS 26-1076) [35]. Moreover, the lower line intensity along with a relatively

higher full width half maximum, indicate a smaller size of the CQD1s0-12 Sample [34].
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Figure 6. XRD pattern of the humins

(A), CQD200-4 (B) and CQD1s0-12 (C)

In quest of exploring the spectral properties of the as-prepared CQDs, the UV-Vis

absorption and PL spectra were acquired. Figures 7-9 shows the PL spectra of as-prepared

CQDs aqueous solutions, excited at various Aex.
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Figure 9. PL spectra of CQD2go-4 With Aex 0f 310-420 nm (inset: PL spectra with normalized intensity,

Aex Of 220-450 nm)

The broad and irregular emission peaks suggest that the fluorescence of CQDs derived
from different surface functional groups or/and carbon core structure. The typical PL spectra
comprise two fluorescence emission centers: one indigo-blue centered at around 410 and
another blue peak centered at 444 nm. Also, some sharp violet peaks centered at below 400
nm are observed. The relative intensity of the indigo-blue emission (410 nm) decreases while
that of the blue emission (444 nm) increases with increasing excitation wavelength. These
contrary variation trends also suggest their different origins. However, both fluorescence
emission centers are located at 410 and 444 nm without any perceptible excitation
dependence when the Aex was less than 360 nm (inset Figures 7 and 9). When Aex moves from
360 to 450 nm a distinct red-shift in the emission wavelength of the CQD20o-4, from 445 nm to
530 nm, was observed (Figure 9). The same shifts were also observed in the case of CQD1so-12
sample (not shown in Figure 8).

The excitation-dependent PL behavior is usually attributed to the various size
distributions (quantum effect) [36] that make the difference in optical selection, and to the
presence of the oxygen-containing functional groups, which affected the band gap of CQDs
[37]. On the other hand, the excitation-independent PL behavior derived from the
homogeneous particle size, in agree with literature reports [38], but the high polarity of
nanosized cluster and the sp?-carbon networks is claimed as being responsible for excitation-
dependent PL behavior [39].
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Taking into account this information and on the base of the obtained results, we can
assume the formation of CQDs with preponderantly homogeneous particle with small size, for
which the emission is due to the intrinsic luminescence of the sp-carbon networks which is
responsible for the shorter wavelength part of emission (excitation-independent; Aex= 250-340
nm, Aem =445 nm). However, the excitation-dependent behavior of the longer wavelength part
(Aex = 340 - 450 nm, Aem = 445-530 nm) indicate the formation of some nanoclusters with
bigger size with a similar behavior as those formed by the aggregation of single CDs in high
concentrated solution, claimed by Yang et al. [40]. In both cases it results a larger number of
—CO and —OH get together, which leads to the higher polarity on the surfaces of nanoclusters.
This high polarity leads to electron rapid relaxation from excited states to substates, which
corresponds to longer wavelength. Then, the substates contribute to photo emission, which
eventually gives rise to longer wavelength emission [41].

The irregular shape of the PL spectra of the CQD1so-12 Sample may indicate either the
existence of different fluorophore or/and the presence of impurity states. In order to check the
origin of these emissions part of CQDs sample were washed with dichloromethane and the PL

spectra of the obtained sample (CQD1so-12s) Were again analyzed (Figure 10).
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Figure 10. PL spectra of the CQD1go-125 sample with Aex of 310-420 nm

Comparing the PL spectra of CQD1sgo-12 (Figure 8) and CQD1go-12s (Figure 10), some of
sharp violet peaks centered at below 400 nm vanished after washing with dichloromethane.
Remained peaks are similar with those observed in the other samples but with a higher
intensity indicating the presence of fluorophore oxygen-containing functional groups in a

higher amount on this sample, in agree with IR results.
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The highest fluorescence emission is obtained at around 444 nm for an excitation at
320 nm (Figures 7-9). Therefore, in order to display the effect of hydrothermal parameters on
the fluorescence characteristics of CQDs, their emission spectra (Aex = 320 nm), at

hydrothermal temperatures of 180-200°C and 4-12h, were compared (Figure 11).
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Figure 11. The PL spectra comparison for CQD1go-4 (black), CQD20o-4 (green), CQD1sgo.12s (blue) and
CQDago-12 (red) samples (Aex = 320 nm).

As Figure 11 shows both synthesis parameters affect the formation progress of
quantum dots and their fluorescence properties. The highest PL intensities are displayed for
CQD1go-12 followed by CQD1g0-125, CQD200-2 and CQD1g0-2 Sample.

Clearly enough, the fluorescence intensity is highly dependent by the reaction time
(Figure 11, CQDz1go-4 (black) and CQDzgo-12 (red)). This dependence suggests an increase in
the carbon dot concentration with reaction time. However, CQD2o-4 displays an increased
luminescence intensity than CQDago-4 but longer reaction time (i.e., in excess of 4 h) causes a
decrease in the luminescence intensity (not showed in Figure 11). This signifies that a long
reaction time for high temperatures result in the formation of carbon particles with larger size
due to the aggregation, which do not exhibit fluorescence.

On the other hand, it was shown that the surface status of CQDs markedly affects their
PL properties [42]. For amorphous CQDs, the surface status is mainly affected by the number
and type of the functional groups on the surface [43]. Hence, the PL properties of the
amorphous CQDz1go-12 Were mainly determined by their surface groups. Indeed, IR results
indicated that the CQD1s0-12 contained more carboxyl acids and hydroxyl groups, which could
act as radiative recombination centers and introduce more defects at their surface, leading to

stronger fluorescence emission. In comparison, the CQDa200-« had more epoxy and ether

21



groups, which acted as non-radiative recombination centers and resulted in the weaker
fluorescence emission.

Additionally, when Lex was 366 nm, the calculated QY's of these samples varies from
8% (CQD1go-4) to 15% (CQD200-4) to 21% (CQD1s0-12), respectively. The QY of the CQD1so-
12s slightly decreases to 20% by comparing with the CQDz1go-12. Zhu and co-workers [51]
showed not long ago that CQDs exhibit a higher PL intensity after surface reduction but no
obvious emission shift, which shows that the QY of CQDs is controlled by the surface
chemistry. Obtained values are in line with those reported in literature [38].

C-dots prepared by typical methods usually show strong ultraviolet (UV) absorption,
but the positions of UV absorption peaks of C-dots prepared by different methods are quite
different [44]. The UV-Vis absorption features of the CQDs produced in this work were
examined and the detailed results are given in Figure 12. The inset in Figure 12 shows the
images of the CQD2oo4 solutions taken under visible and ultraviolet light of 365 nm
wavelength, which demonstrate a faint yellow color under visible light and emit a distinct
blue light under UV light.
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Figure 12. The UV-Vis absorption spectra for CQD1go-12s (black), CQDago-12 (green),CQD1so-4
(blue), and CQD2go-4 (red) samples

Similar to the previous studies in CQDs and GQDs [48-56], the absorption peaks in
shorter wavelength can be ascribed to = -* transition of aromatic C=C bonds in sp? hybrid
domains while and the shoulders at longer wavelength are attributed to n— z* transition of
C=0 or C-OH bond in the sp® hybrid region. However, it is clearly the nature of C=C bonds
are different in CQD1go-12 and CQD2go-4 samples with a more disordered structure in the

CQD1go-12 sample. When samples are illuminated by 365 nm light, the CQDs solutions emit
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an intense blue color which indicates that the PL emission wavelength (Aem) was red-shifted
(the inset in Figure 12).

Based on the above results it can be stated that the CQDs structure retains the
spherical core-shell morphology of the humins raw materials. However, both the core and
shell have different structures as a function of the hydrothermal reaction conditions.
Therefore, for a high temperature and a short reaction time CQDs with a graphite-like
structure of the core and a shell which had more epoxy and ether groups along hydroxyl
groups (CQD20o-4) are obtained while for lower temperature and a longer reaction time CQDs
with an amorphous structure of the core and a shell which contained more carboxyl acids
along hydroxyl groups (CQDzigo-12). However, the difference in the core size is not high
enough both kinds of CQDs emitting in blue light. A general schematic illustration of the

spherical core-shell morphology of CQDs obtained in this work is given in Scheme 2.
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Scheme 2. Schematic illustration of the spherical core-shell morphology of CQDs obtained by

hydrothermal treatment of humins

3.2 Characterization of CQD@TiO2 nanocomposites

The XRD patterns of P-TiO2, M-TiO; and CQDs@TiO; are given in Figures 13A, B
and C. The lines at 25.3°, 37.8°, 48.1°, 54.0°, and 62.7° are attributed to (101), (004), (200),
(105), and (204) crystal planes of anatase TiO2 (JCPDS card 21-1272) [46], while the lines at
27.4°, 35.9, 54.9 and 68.8° are attributed to (110), (101), (211) and (301) reflection of rutile
TiO, respectively (Figure 13A) [47]. No diffraction lines at 29.8 and 44.4-, corresponding to
those of brookite TiO2 phase (JCPDS 74-1940) were identified [48].
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Figures 13. XRD patterns of P-TiO; and M-TiO; carriers (A), CQD@P-TiO; (B) and CQD@M-
TiO; (C) samples

Lines at 260 = 25.30° and 27.40° (indicated with arrows in Figures 13A-C) are often taken
as the characteristic lines of anatase (101) and rutile (110) crystal phase, respectively [49].
The mass percentage of anatase and rutile phases in the TiO2-based materials is estimated

from the respective integrated characteristic XRD lines intensities [50]:

Anatase (%) = 100 I

1+1.265-% ]
. Rutile (%) =100 — Anatase (%)

where Ir and Ia represent the lines intensities of (101) and (110) reflections for anatase
and rutile, respectively; 1.265 represent the quality factor ratio of anatase to rutile.
The average size of crystallites was determined from using the reflection (101) of anatase

and the Debye-Scherrer equation [49]:
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d - kA
pcosé

where d is the crystallite size in nm; k = 0.94; X is the wavelength of the X-ray (1.54178 A); 6
is the half-diffraction angle and f is the full width at half-maximum (FWHM) in radians for
the 260 value (25.3°).

As Figure 13A shows, the rutile content in the M-TiO; increased at the cost of anatase
phase. Therefore, if P-TiO. sample is composed of 84.5% anatase TiO2 and 15.5% rutile
TiO», the M-TiO2 is composed of 72% anatase and 28% rutile TiO».

However, the CQDs@TiO> samples exhibit identical patterns with the corresponding
TiO; carrier (i.e., P-TiO2 or M-TiOy) without diffraction lines shifting. This demonstrates that
the crystal structure of TiO2 was not modified by the CQDs (Figures 13B and 13C). In other
words, the CQDs were just well deposited on the surface of the TiO2 and not incorporated
into its lattice [50]. Moreover, the XRD patterns of the CQD@TiO2 samples (Figures 13B and
C) did not evidence diffraction lines characteristic to CQDs, indicating their small loading
weight, poor crystallinity, small size and/or their high dispersion in the CQD@TIiO>
composites [51]. The average crystallite sizes, calculated with Debye-Scherrer equation,
slightly vary in the range of 18.3 (M-TiO) - 20.0 (P-TiO2) nm with CQD@TIO inside these
limits, indicating that such composites powders are made up of nanocrystalline particles.

The presence of CQDs in the CQD@TiO2 nanocomposites was confirmed by the
elemental analysis (Table 3) and TG-DTA analysis (Figure 14).

As Table 3 shows, the contents of C and H, derived from CQDs, varies in ranges of
1.1-4.2% and 0.3-1.3%, respectively, indicating different weight loadings of CQDs on the

titania carrier.

Table 3. The C and H content in CQD@TIiO- determined by elemental analysis

. | CQD1so-4 CQD1go-125 CQD200-4 CQD1s0-125 CQD1s0-12
ampie

> @M-TiO @M-TiO2 @M-TiO2 @P-TiO2 @P-TiO2
C (%) 4,162 2.564 2.111 2.188 1.065
H (%) 1.329 0.878 1.127 0.638 0.334

The thermogravimetric/differential thermic analysis (TG/DTA) also confirms the
successful deposition of the CQDs. In Figure 14 the TG/DTA profiles for CQD1go-4@M-TiO>
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and CQD2004@M-TiO, sample are given for exemplification, together with the TG/DTA

profiles of M-TiO2 and humins, for comparison
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Figure 14. TG-DTA profiles of M-TiO, humins, CQD150-4@M-TiO; and CQD200-4@M-TiO2 samples

As Figure 14 shows the DTA profile of all samples showed an endothermic effect at
around 50-60°C, that is associated to a weight loss assigned to physically adsorbing water.
However, in the case of CQD@TiO, samples other two exothermic effects, with maxima at
300 and 385°C, respectively (CQD1g0-4@M-TiO2 sample) and at 310 and 400°C, respectively
(CQD2004@M-TiO2 sample) are observed. Even if the loss weight cannot be quantitatively
appreciated, the presence of these effects can be attributed to different decomposition
processes which take place at high temperature, such as dehydroxylation, decarboxylation,
and decarbonylation, indicating the presence of CQDs in CQD@M-TiO, samples. Such
processes lead to the formation of a relative stable polycyclic aromatic structure, in

accordance to previous literature reports [30].
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The structural modifications in the M-TiO2 sample were evidenced by TEM analysis
(Figure 16). For comparison, the TEM imagines for the P-TiO> sample, with a similar
magnification, are also presented in Figure 15.

TEM images of the P-TiO. powder (Figure 15) reveals lattice fringes of anatase and
rutile stacked in the direction (101) and (110), respectively, indicating that the anatase and
rutile particles exist separately, but in close proximity, by forming their agglomerates [25].
Also, the coexistence of (101) plane of anatase and (110) plane of rutile indicates the
formation of mixed-phase TiO2-based junctions. The combination of the anatase and rutile
phases of P-TiO> exhibits higher photocatalytic performance in the decomposition of various
organic pollutants than that of pure anatase or rutile phase due to the transfer of electrons
from rutile to anatase TiO2 across the junction interface, which inhibits the charge
recombination of anatase, leading to more efficient separation of the photogenerated electron—
hole pairs and greater photocatalytic activity [52]. However, photocatalytic activity of P-TiO>
is still restricted by the small specific surface area and limited surface reaction sites [25].

When P-TiO, was hydrothermal treated with concentrated aqueous NaOH solution,
followed by washing with HCI and subsequent calcination at 450°C, unexpected
nanoparticle/nanotube hybrid nanostructures were obtained, as TEM imagine shows (Figure
16). During the hydrothermal treatment of the P-TiO, sample with aqueous NaOH solution
some Ti-O bonds of the TiO2 precursor are broken, leading to the formation of lamellar
fragments, with a two-dimensional layered structure, that are the intermediate phase in the
formation process of the nanotube material [31; 32]. However, while some studies showed
that the condition of the post-treatment washing affected the formation, crystalline structure,
or even chemical composition of the final products [53], some other studies claimed that
nanotubes were formed during the NaOH treatment, and that the acidic post-treatment was not
essential in their synthesis [54]. Moreover, a comparison of the microstructures between the
products with and without a post-treatment with HCI indicated that the acidic treatment did
not enhance the formation of the nanotubes, but introduced many defects on the nanotubes
instead [55].
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Figure 16. TEM images of M-TiO, sample
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Considering the crystalline characteristics of anatase (a = b = 3.78 A; ¢ = 9.52 A) and
rutile (a = b = 4.59 A; c= 2:95 A) phase, Seok et al [56] deduced that anatase (with longer ¢
axis) rather than rutile one is preferred to form the nanotube. Also, theoretical studies [57]
suggested that the surface energy of anatase TiO. macroscopic crystal is smaller than that of
rutile phase. This can also explain the fact that TiO> nanotubes are preferred to have the
anatase structure. These findings are consistent with the increased diffraction line intensity of
rutile TiO2 in the XRD measurements (Figure 13A). Also, according with the TEM image of
M-TiO: (Figure 16), TiO.-based heterophase junction, with three mixed phases of anatase and
rutile nanoparticles but also anatase nanotubes has been successfully prepared. The existence
of these phases and their intimate contact is considered to facilitate interfacial charge transfer
in a higher degree than P-TiO,. Moreover, the acidic post-treatment and the subsequent heat-
treatment procedure will generate oxygen vacancies in the mixed-phase junctions enhancing
the adsorption and uniform dispersion of the reactant in photocatalytic degradation of dyes.
Due to the enhanced charge separation around heterophase interfaces and the decreased
charge transfer resistance, as-synthesized oxygen-deficient heterophase junctions should also
exhibit significantly improved activity for photocatalytic degradations.

The morphology of different samples was studied by STEM-EDS analysis. As shown
in Figures 15 and 16, in P-TiO2 (Figure 15) a large number of nanoparticles with the diameter
in a range of 27-30 nm are observed, while M-TIiO, (Figure 16) are composed of 1-D
nanostructures, which are further self-assembled into a 3D fibrous network with adhered
nanoparticles to the surface. Moreover, individual CQDs, with spherical-like shape
nanoparticles and the diameter of 2-8 nm, can be observed on the surface of TiO,. Obtained
results confirm the different CQDs sizes as a function of the hydrothermal parameters (i.e.,
temperature and reaction time). Therefore, CQDs synthesized at 180°C and 12 h, possess a
mainly size of 2 nm (Figure 17), while CQDs synthesized at 200°C and 4 h possess a main
size of around 8 nm (Figure 18). Also, very important, their size is mainly homogenous, in

agree with the PL results.
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Figure 17. STEM images of CQD@P-TiO, samples
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Figure 18. STEM images of CQD@M-TiO, sample
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To discuss the chemical nature of the interaction between CQDs and titania carriers,
CQDs@TiO, samples were further investigated by IR spectroscopy and obtained spectra were

compared with titania carrier spectrum (Figure 19).
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Figure 19. FT-IR spectra of the M-TiO, and CQD@TiO nanocomposites: a. CQD1go-12s@M-TiO; b.
CQD200.4@|\/|-Ti02; C. CQD180.4@M-Ti02; d. M-TiOZ; e. CQDlso.lz@P-TiOQ; f. CQD180.125@P-Ti02

The absorption bands at 3380 cm™ are ascribed to the stretching vibration of the Ti-
OH groups on the out-surface of the TiO2 [58] which can capture the photoexcited electrons
and holes to produce the reactive oxygen species in the photocatalytic process [59]. However,
new distinct peaks at 3690 and 3740 cm™ are evidenced after the decoration of TiO2 with
CQDs, which most probably belongs to CQDs.

The peak at 1620 cm ™! is corresponding to the surface adsorbed water molecules [60].
After surface modification with CQDs, the obvious change on the functional groups of TiO;
was the appearance of two peaks at around 1380 cm™ and 1270 cm™. These peaks were
conjectured to be —COOTIi— group, which originated from the esterification between the
carboxyl groups from CQDs and the hydroxyls groups from TiO2 (Scheme 3) [61]. In
addition, strong hydrogen bonds could form between the hydroxyl groups from the surface of
CQDs and TiOz. All these results confirm that the CQDs and TiO2 have a good chemical
connection, forming a heteroconjunction system which enables photoexcited charge carriers

to transfer through the contact interface.
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Scheme 3. Schematic representation of the esterification reaction between the carboxyl groups
from CQDs and the hydroxyls groups from TiO-

The Brunauer-Emmett-Teller (BET) surface area, pore volume, and pore size of the
CQD@TIiO2 nanocomposites were determined by N2 adsorption—desorption experiments. The
isotherms are shown in Figure 20, while the insets show the Barrett-Joyner-Halenda (BJH)

pore distribution.
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Figure 20. N, adsorption-desorption isotherms at 77 K for CQD@P-TiO2 and CQD@ M-TiO-

nanocomposites

The isotherm curves characteristic to samples presented in Figure 20 exhibit a distinct
uptake of N2 as a result of capillary condensation in a wide relative pressure (P/P0) range of
0.5-1.0 (H3 type hysteresis loop), which suggested the existence of a mesoporous structure
(2-50 nm). However, the high-pressure hysteresis loop (0.8 < P/PO < 1.0) characteristic for
CQD1go-12s@P-TiO- is associated with the larger pores formed between secondary particles

[42]. In the case of CQDigo-12s@P-TiO. there is also a bimodal pore size distribution
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consisting of intra-aggregated pores with a maximum pore diameter of 27.1 nm and larger
inter-aggregated pores with a maximum pore diameter of 49 nm (Table 4). According to
Kumar et al. [62], the bimodal pore size distribution arose from the hard aggregated in the
powders. In addition, there were two types of pores on the bimodal pore size distribution. One
is the intra-aggregated pore (represented by the hysteresis loop in the lower P/PO range) and
the other is the larger inter-aggregated pore (hysteresis loop in the higher P/P0 range). For M-
TiO2 based samples (Figure 20, Table 4), the maximum pore sizes of the intra-aggregated
pores shifted into larger mesopores regions (ca. 9.1 and 23.3 nm, respectively), indicating the
growth of pores.

Table 4. BET surface areas, pore volumes and pore sizes of the CQD@TiO, nanocomposites

Entry Sample Sget, M?/g Vp, cm®/g Dp, NM
1 P-TiO2 54 0.31 19.7
2 CQD180-12@P-TiO2 123 0.33 8.7
3 CQD180-12s@P-TiO> 59 0.54 27.1 and 49.0
4 M-TiO: 194 0.56 9.1
5 CQD150-12s@M-TiOz 203 0.45 23.3

As seen from Table 4 the BET surface areas of CQDs@P-TiO; (59 and 123 m?/g) are
larger than that of pure P-TiO, (54 m?/g). The applied modification strategy of P-TiO2
material also leads to an increased BET surface area of the obtained M-TiO, sample (194
m?/g) which further increased to 203 m?/g, as a result of the CQDs insertion (Table 4, entry 5,
CQD180-12s@M-TiO2 sample). These modifications are obviously due to both the structural
modifications of M-TiO2 and the presence of CQDs. The nanoparticles/nanotubes heterophase
junction obviously results in an increased surface area. Moreover, when coupling CQDs with
TiO2 nanospheres/nanotubes, the CQDs anchored on the surface of TiO2 increases its surface
roughness, resulting in the formation of a second interface between CQDs and TiO..

The wide application of titanate nanosheets [44] or titanate nanotubes [45] as
photocatalysts is limited by the fact that their band gaps are wider (3.87 eV for titanate
nanotubes and 3.84 eV for titanate nanosheets) than that of TiO; particles (3.2 eV). The high
increase is attributed to the quantization of electronic states in these materials and the
reduction of dimensionality from 3-D to 2D and/or 1D [45]. However, as we already showed,
in this work generated high surface and defects (oxygen vacancy) in synthesized M-TiO, may

play an important role in enhancing the photoactivity of heterophase conjunctions. Oxygen
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vacancy can act as electron donor to improve the electron transfer in the heterostructured
photocatalysts.

The photo-response ability of the of pristine P-TiO2, M-TiO; and CQD@TIiO samples
was measured by using UV-Vis spectrum. For the calculation of the band gap (Eg) values two
different methods can be used: the method based on Tauc graphs (conversion of spectra into
Kubelka Munk absorbance units) and the first order derivative method, applied to UV-VIS
spectra, recorded in reflectance mode.

Tauc plots are obtained by representing the function:
f(hv) = (a-hv)"

where: o - absorption coefficient; h - Planck' constant; v - the inverse of the A wavelength,
and n - the coefficient corresponding to the transition mode (direct transition allowed n = 1/2;
indirect transition allowed n = 2)

hy = 1240
A

The Kubelka-Munk transformation is applied by converting the reflectance into an absorption

a=R L

From the linear extrapolation of the Tauc graphs, followed by the determination of the

coefficient, according to the equation:

intersection points with the abscissa, the energy values of the band gap (Eg) are obtained [46].

It is well known that in the case of rutile, both direct (n =1/2) and indirect (n = 2)
transitions take place (Eg = 3.02 - 3.24 eV), while for anatase the electron transitions are
indirect (n = 2) (Eg = 2.3 - 3.59 eV) [63] (Figure 22).
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CBM

(a) Anatase (b) Rutile

Figure 22. Comparison of recombination processes of photogenerated electrons
and holes within indirect gap anatase (a) and direct gap rutile (b) (VBM - valence band maximum,
CBM - conduction band minimum) [63]

The interpretation of Tauc plots becomes problematic in the case of photocatalysts
consisting of several phases, such as P-TiO2 and M-TiO2. However, since TiO; is considered

an indirect band gap semiconductor (n = 2), the Eq was estimated by the x-intercept of linear

portion of Tauc's plot ((chv)Y? versus hv, at o = 0. (Figures 23 and 24).
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Figure 23. Plots of (oiv)Y? vs. hv for the P-TiO,  Figure 24. Plots of (akv)Y2 vs. hv for the M-TiO;

(@), CQD1g0-12@P-TiO; (b) and CQD1s0-12s@P- (@), CQD180-4@M-TIO (b),
TiOz (c) samples CQD200-4@M-TiO; (c) and CQD1s0-12s@M-TiO2
(d) samples

As Figures 23, 24 and Table 5 show that all determined band gap energies are smaller

than that found for the original P-TiO2 sample (3.15 eV).
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Table 5. The Eg values obtained from Tauc plots

Sample Eq£0.03, eV

P-TiO; 3.15
CQD1go-12@P-TiO2 2.70
CQD1go-12s@P-TiO2 2.40

M-TiO2 2.42
CQD180-4@M-TiO: 2.68
CQD2004@M-TiO: 2.50
CQD1go-12s@M-TiO: 2.38

In the visible light range of 400 to 800 nm, anatase TiO. with a band gap of 3.2 eV
shows no absorption, but the P-TiO; is a mixture of anatase TiO2, which accounts for 84.5%
and the rutile TiO2 which accounts for 15.5% (according to the XRD analysis), thus the
absorption edge expands from 387 nm to about 394 nm, with a band gap of 3.15 eV.

The M-TiO2 sample shows a strong adsorption in the UV region with the adsorption
edge at about 447 nm. Due to the high surface area and the formation of oxygen—deficient
structure, bandgap energy of heterophase junction highly decreases from 3.15 (Figure 23) to
2.42 eV (Figure 24).

The band gaps of Titania materials also varied due to the CQDs presence. Therefore,
in the series of P-TiO2 based samples, the band gap decreases from 3.15 eV (P-TiO2) to 2.70
eV (CQD180-12@P-TiO2) to 2.40 eV (CQD1so-12s@P-TiOz), respectively (Figure 23, Table 5).
Interesting enough, in the case of M-TiO; based samples, a comparison of the band gaps sizes
clearly shows that except the CQD1g0-12s@M-TiO2 sample, which possess a lower band gap
(2.38 V), the CQD1504@M-TiO2 and CQD200-4@M-TiO2 samples possess higher band gaps,
i.e., 2.68 eV and 2.50 eV, respectively (Figure 25, Table 5). However, the differences are low.
A schematically representation of these variations together with the % Carbon determined

from elemental analysis is given in Figure 25.
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Figure 25. Schematic band diagram of the synthesized CQD@TiO2 nanocomposites. Values

in blue represent the % Carbon measured in elemental analysis.

In the case of the P-TiO2 based samples there is a direct correlation between the CQDs
content and the corresponding band gap size (Figure 25). Therefore, as the CQD content
increased, the corresponding band gap decreased, which is expected to generate more
photoelectron-hole pairs in the visible light region.

However, for M-TiO; based samples, there are only slightly modifications in the band
gap size of the pristine M-TiO2 and CQDs-based nanocomposites. For the moment we have

any explanation for the increased Eq of CQD1g0-4@M-TiO2 sample.

4. Catalytic tests

Figure 26 shows the chemical structure of methylene blue and the photocatalytic
reaction pathway. N-dealkylation of dyes containing auxochromic alkylamine groups plays an
important role in photocatalytic degradation. The color of methylene blue solutions becomes
weaker when part of the methyl groups degrade, and hypochromic shift occurs. Hence, N-
demethylation (N(CHz)2, 666 nm) of MB occurs as described in the pathway at first, and
finally phenothiazine ring (292 nm) degredated into H>O, CO-, and other inorganic molecules
[64].
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Figure 26. Chemical structure of MB and the photocatalytic reaction pathway [64]

For preliminary tests in the MB adsorption and photocatalytic degradation we have
chosen two synthesized CQD-based materials with similar Carbon content and close Eg but
different titania phase (P-TiO. and M-TiO.), i.e. CQD1g0-12s@P-TiO2 and CQD2004@M-TiO».
Obtained UV-vis spectra are shown in Figures 27-28.
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Figure 27. UV-Vis spectra of MB Figure 28. UV-Vis spectra of MB
degradation versus reaction time in the degradation versus reaction time in the

presence of CQD1so-12s@P-TiO2 (7.5 mg cat)

presence of CQD1so-12s@P-TiO2 (15 mg cat)
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Figure 29. UV-Vis spectra of MB degradation versus reaction time in the presence of
CQD200-4@M-TiO2 (15 mg cat)

As UV-vis spectra shows, the dimethylated groups (666 nm) are faster decomposed by
comparing with phenothiazine ring (292 nm). Moreover, in the presence of the CQD200-4@M-
TiO, sample a new absorption peak appeared at 587 nm, which highly decreases in time.

The adsorption capacity of the P-TiO2 sample is low but the presence of the CQDs
highly improved it. Therefore, in the presence of the CQDigo-12s@P-TiO. sample the MB
adsorption was 60.7%, which increased to 74.95% on doubled amount of catalyst (Figure 30).

In the presence of the CQD2004@M-TiO2 (15 mg) the MB adsorption value was 90.65%.
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Figure 30. UV-Vis spectra of MB degradation (666 nm band) versus reaction time

High adsorption capacity of the samples can be associated with the presence of the

acidic groups on the CQDs surface, making it easier to chemisorb the basic groups of MB.
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Furthermore, the absorbance of MB at 666 nm [Car = N(CHs)2] and 292 nm
(phenothiazine ring) change as the reaction progress, indicating a gradually degradation of
MB, in agree with [65]. However, the level of the two entities degradation is slightly different,
as a function of the reaction condition (i.e., catalyst amount, reaction time) as Table 6 shows.

Table 6. The decomposition level of the N(CHs)2 and phenothiazine ring moieties as a function of the

catalyst nature, catalyst amount and illumination time

N(CHa)2 Phenothiazine ring
Catalyst o N
decomposition, % decomposition, %
CQD1go-12s@P-TiO2 (7.5 mg, 150 min) 96.7 97.0
CQD180-12s@P-TiO2 (15 mg, 60 min) 97.3 93.4
CQD2004@M-TiO2 (15 mg, 60 min) 98.1 95.3

Clearly enough the photocatalytic conditions should be improved for a total
mineralization of MB, more reaction conditions being necessary to be check. For the moment,
we can only admit the high adsorption capacity of the generated CQD@TiO2 heterostructures
and the discoloration of MB.

In agree with literature [65] a possible mechanism for the photocatalytic degradation
of MB in the CQD@TIO2 system can be illustrated as in Scheme 4, which includes the
following three features: i) the CQDs act as a photosensitizer to enlarge the absorption range
of TiO2 into the visible light region through electronic coupling between r states of CQDs
and conduction band (CB) states of TiO3, leading to transfer of excited electrons from CQDs
to the CB of TiO; ii) the electrons in the CB of TiO> react with O, to form -O>" and H.O/OH
is oxidized by holes at the surface of TiO- to produce -OH radicals. Meanwhile, the CQDs act
as an electron reservoir to trap photogenerated electrons from TiO, and promote separation of
photogenerated electron—hole pairs; iii) the -OH radicals react with MB and degrade it to
phenothiazine rings by demethylation. The phenothiazine rings are broken down to aniline,
phenol, and other intermediate aromatic ring species, which are further degraded into H20,
CO2, NH4*, HCOO-, and SO4** as the final products.
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Scheme 4. Proposed mechanism in the CQDs/TiO2 heterostructure

nanocomposites by adapted illustration from [65].
5. Conclusions

A facile method for the preparation of photo-luminescent CQDs based on a
hydrothermal carbonization process is presented in this work using humins as the carbon
precursor. The method has the advantage of being considerably cheaper than conventional
methods and absolutely “‘green’’.

The as-prepared CQDs possess different structures and size of the carbon core, but
also different composition in the shell, as a function of the hydrothermal synthesis parameters.
The best CQDs in view of their size, PL properties and QY were obtained at 180C and 12h
(CQDzgo-12) or at 200C and 4h (CQD2oo0-4). Also important, the produced CQDs were readily
soluble in water to form a stable, yellowish, and transparent aqueous solution without
precipitation for months.

When coupling CQDs with TiO., the CQDs anchored on the surface of TiOz increases
its surface roughness, resulting in the formation of a heterointerface between CQDs and TiO-
carrier. The CQDs play an important role in the visible light photocatalytic process, as
preliminary results obtained in the methylene blue degradation shows. First of all, the
electrons photogenerated from the TiO2 can be trapped by the CQDs and retard the
recombination of photoexcited electron-hole pairs. What’s more, these heterostructure formed
between the CQDs and the TiO> can greatly prolong the life of the photoexcited electron and

hole pairs.
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So, this work is of great interest to introduce a new and high efficiency way to
fabricate visible-light heterophases photocatalysts by using cheap inorganic oxide materials

and useless humins waste generated in saccharides dehydration.
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Our cells engage in protein production, and many of those proteins

are enzymes responsible for the chemistry of life.
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INTRODUCTION

The miraculous properties of the milk thistle have been made popular by the herbalist
Discorides since the time of ancient Greece. He wrote that the tea of milk thistle seeds could annihilate
the poison from the venomous snake bite. Pliney The Elder promoted that a mixture of plant juice
and honey helps the gallbladder. It was in 1534 that the milk thistle began to be given as treatment
for liver disease by Otto Brunfels. In the late sixteenth century, Culpepper claimed that the plant
infusions are excellent for obstructions of the liver and the spleen and also curative for jaundice and
for breaking and expelling stones. Rademacher popularized the ethanol extract from the seeds for
hepatosplenic disorders [1].

Over the past 25 years, the herbal industry of the U.S. exploded due to the increased interest
of the population for herbal products and remedies. In 1994, the Congress of the Dietary Supplement
Health and Education Act classified vitamins, minerals and herbs as dietary supplements rather than
drugs thus leaving the Food and Drug Administration without too much power over their
manufacturing protocols. Since then, the natural remedies market has registered huge profits [1].

Silymarin is a natural supplement and besides this, it has extraordinary medicinal properties,
whereas it is included in many phytochemical products. Its functionalization with hydrocarbon
radicals in the active hydroxyl positions could give compounds with much higher affinity for
lipophilic media. On one hand, these compounds introduced into creams or cosmetics products may
overcome the skin's barrier and may exhibit preventive effects on tissue degeneration. On the other
hand, they may be included in capsules and pills intended for oral administration, in order to
metabolize and to reach the affected target much more easily. The study of the following pages
engaged silybin, the main component of silymarin, and various fatty acids into a desired esterification
process mediated by cold-active lipases as enzyme biocatalysts. As the extension to uses is traced
down above, the novelty element stays beyond the biocatalyst material produced strating from a
particular cold-adapted bacterial strain and adjusted up to immobilized protein networks.
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THEORETICAL OVERVIEW

I.Silymarin and its constituents
1.1. Silybin and flavonolignan relatives

Silybum marianum is a very effective natural remedy which has been used since the ancient
times, known in the popular consciousness as the milk thistle. It originates from Southern and
Southeastern Europe, but due to the multiple colonization of the past, the milk thistle was also spread
in the warm areas of America, Asia and Australia along with its medicinal benefits and applications.
Thistle is the common name of a group of flowering plants characterized by spiked leaves with white
veins from which the milk is extracted. Silybum marianum belongs to the aster family, Asteraceae or
Compositae, as it could be found in daisies, artichokes and thistles. Reaching the maturity, the thistle
plant blooms with a large, purple flower, while its spikes extend to the stem. In a heraldic direction,
it is interesting to mention that the crowned thistle is the national emblem as well as a high chivalric
order of Scotland since 1249 and also, the official symbol of the city of Nancy, the former capital of
the Duchy of Lorraine [1].

From the biochemical point of view, Silybum marianum consists of a group of flavonolignans
colectively known as the silymarin mixture. Highest concentrations of silymarin are found in the fruit,
pericarp, seeds and leaves of the thistle plant with a range of 1.5%-3.5% flavonolignans in relation
to the fruit weight [2].

In other words, silymarin comprises silydianin, silychristine and silybin, being noticed that
the last compound shows more active biological properties. They fairly act as free radical scavengers
and stabilizers of plasma membranes. Silymarin preparations for clinical use became officially
adopted in 1969 [1], which has so far trigered an avalanche of studies on its flavonolignan components
that induce hepatoprotective effects, as well as antioxidative, antiinflammatory, hypolipidemic and
neuroprotective effects [2].

Nowadays, the term silymarin refers to the extract of S.marianum from milk thistle which is
rich in flavonolignan compounds. European Pharmacopeia claims that milk thistle extract contains
30% to 65% silymarin corresponding to 20-45% silydianin, 40-65% silybin A and B, 10-20%
isosilybin A and B. From a chemical point of view, flavonolignans are natural polyphenols,
biogenetically related to lignans due to their similar synthetic pathways [3]. They consist of two
phenylpropanoid units linked to another complex structural part that ensures the binding of the C¢C3
ring with that of the flavonoid nucleus in different positions. Due to their extended and complicated

structure, these compounds show multiple chirality which leads to the existence in nature of several
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stereisomers. The first known source of flavonolignans was isolated 2000 years ago from milk thistle
and as a consequence of multiple chirality, S.marianum contains 23 natural related components [4].

As previously noticed, silymarin is maily composed of individual flavonolignans and the
flavonoid taxifolin. The chemical composition analyzed by HPLC-MS [5] could be studied from the
following table (Tabel 1).

Silybin is the main component of silymarin and hence the most biologically active.
Structurally, the chromone ring is responsible for the weak acidic properties and the antioxidant
response is given by the phenolic hydroxyls from 3,4- and 4,5- suitable positions for the formation of
complexes with various metal ions. Very low water solubility (430 mg/L) restricts its therapeutic
efficacy even if it is clinically safe at high doses (>1500 mg/day for humans) [6]. Silybin exists in
two stereisomeric forms A (2R, 3R, 10R, 11R) and B (2R, 3R, 10S, 11S) having reduced solubility
both in water and in lipid medium [7]. All silymarin components’ structures are outlined in the figure

below (Figure 1).

Tabel 1. Characterization of silymarin mixture by HPLC-MS [5].

Compound Retention Time (min) Content (%)
SB A 6,41 16,34+/-1,60
SB B 6,99 21,64+/-1,53
ISB A 8,15 5,73+/-1,16
ISB B 8,44 2,90+/-0,65
SCA 3,1 13,73+/-1,20
SCB 3,82 1,83+/-0,15

SD 3,68 4,55+/-0,62
DHSB 12,47 0,33+/-0,07
DHSC 8,02 0,56+/-0,09

TA 1,99 2,09+/-0,41

In this direction there are many semisynthetic modifications to increase the bioavailability
while retaining its biological activity. It is the case of Legalon®, a common drug intended for liver
therapy, which contains bis-hemisuccinate derivated silybin with high affinity for aqueous
environment. There are also other modifications in order to increase the solubility in water, such as
phosphodiesterification and glyco-conjugation. At the opposite pole, silybin derived at 7-OH group
with palmitate or at 23-OH with acyl residues tends towards hydrophobic media [7]. Otherwise the
structural modifications are imperious because silybin undergoes intensive Phase Il metabolism and
is rapidly excreted in bile and urine, leading to low therapeutic efficacy. By all means, oral
administration of the drug is preferred, although in the case of silymarin extracts only 9 ng/mL

concentrations are absorbed into plasma. When an active agent is orally delivered, it must first
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dissolve in gastric and/or intestinal fluids in order to permeate the membranes of the gastrointestinal

tract to reach systemic circulation [8].

Figure 1. Structures of silymarin components: (1a)-silybin A, (1b)-silybin B, (1c)-isosilybin A, (1d)-
isosilybin B, (1e)-silychristin A, (1f)-silydianin, (1g)-taxifolin.

1.2. Medicinal benefits of silymarin

In the last decades, many hypotheses and studies on the miraculous properties of silybin and
silymarin have been stated. Silybin functions primarily as an antioxidant therefore this term must be
correctly understood. Generally, antioxidants exert protective effects on the biomolecules and
biocomponents which are subjected to oxidative stress. In the living organisms antioxidants associate
themselves in complex biological systems, often as redox tandems in order to prevent and repair
proteins, lipids and nucleotides from damage caused by reactive oxygen species (ROS, e.g., OHe , O3
., NO, ROO-, H20;, 102, HCIO, etc). Being inductory of oxidative stress, ROS are a cause of
autoimmune diseases through the interaction between the intact and the damaged proteins, involving
the so-called cross-immune reactivity [9]. It has to be mentioned that at larger concentrations,
antioxidants could also become harmful oxidative stressors. The most important antioxidants are
undoubtedly the vitamins (ascorbate, retinol and tocopherol), carotenoids and flavonoids. Recent
studies revealed that antioxidants could also play the role of mediators for some nuclear receptors
engaged in the production of intracellular enzymatic antioxidant systems. The combination of various
antioxidants results in the formation of hybrids with a pronounced antioxidant effect. There are useful
exemples described in the literature: tocopherol and procaine, flavonolignans and fatty acids,

improved ascorbic acid, iron chelator deferiprone [10].
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In the recent past, silymarin started to be introduced in dermatological and cosmetic
preparations for its antioxidant effect and its capacity to withstand the UVB- and chemically- induced
damages. There are various factors, both intrinsic (genetic) and extrinsic (environmental), leading to
a perpetual process of functional and structural modifications in skin tissue. Solar radiation caused
by UV (295-400 nm) wavelengths reaches the earth surface and initiates skin reactions that result in
reactive oxygen species formation (ROS). These free radicals drive to carbonylated proteins,
peroxidated lipids and enzyme activation, thus causing the remodeling of the extracellular matrix. It
is the first signal of collagen and elastan fibers destruction, of lowering the skin hydration and
increasing the inflammatory susceptibility. Collagenase and elastase hydrolyze the support and
integration networks of skin tissue, breaking down collagen and elastic fibers. Moreover,
hyaluronidases section the hyaluronic acid into smaller fragments, influencing the hydration capacity
of the skin [5].

As a consequence of the antioxidative effect proposed by silybin, a number of other properties
related to the antioxidative ones could be formulated. Reported activities include inhibition of lipid
peroxidation of hepatocyte, microsomal and erythrocyte membranes in rats, and protection against
genomic damages by suppression of hydrogen peroxide and super oxide anions and of lipoxygenase.
It is considered that silybin also influences hepatocyte synthesis by stimulating the activity of
ribosomal RNA polymerase, as well as protecting against radiation-induced suppression of hepatic
and splenic DNA and RNA synthesis [1]. Silymarin with anti-oxidative, anti-fibrotic,
antiinflammatory, membrane stabilizing, immunomodulatory and liver regenerating properties plays
an important role in experimental liver diseases. There are also significant responses of
flavonolignans to mushroom (Amanita sp.) poisoning, hepatitis, cirrhosis and liver fibrosis [3].
Moreover, silymarin increases the activity of anti-oxidant enzymes like superoxide dismutase,
catalase, gluthatione peroxidase, gluthatione reductase and gluthatione-S transferase. The molecular
mechanism of the antioxidant activity is based on the functions of each hydroxyl groups, these
offering the suitable positions for silybin derivatization without losing the biological activity of the
resulting conjugates [8].

Silymarin inhibits all stages of carcinogenesis, acting as a prophylactic and therapeutic agent
in the treatment of more advanced and agressive forms of cancer. It is highly recommended for
effective control of chemotherapy and radiotherapy-induced toxicity by inhibiting the expression and
the secretion of the growth factors that cause the formation of the tumor cell lines [8].
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1.3. Silymarin extraction from natural sources

Freudenberg was the first who built the hypothesis of naturally biosynthetical processes in
formation of flavonolignans in S. marianum (purple flowering plant): starting from (+)-taxifolin and
coniferyl alcohol in an oxidative environment provided for peroxidase enzyme catalytic activity.
Firstly, there are formed neutral phenoxy and quinone methide radicals, followed by O-coupling.
Finally, a thermodynamically controlled nucleophilic attack of the hydroxyl group on the quinone
methide system through an intermediate affords the 2,3-trans-substituted 1,4-benzodioxane skeleton.
The production of flavonolignans in the white-flowered variant is different, whereas instead of
taxifolin, the 3-deoxy derivative eriodictyolmay is involved in the biosynthesis [3].

Synthetically, silymarin is extracted from S. marianum fruits with amphipolar solvents
methanol, 80% methanol, ethanol and ethyl acetate by percolation or with the use of Soxhlet
apparatus. The fatty materials from the fruit extract are removed by extraction with n-hexane or
petroleum ether, beining obtained flavonolignan-containing extracts. Typically, the seeds of
S.marianum are partially defatted by pressing, which lowers the fat content from approximately 25
to 8 %. Then the seeds are extracted with acetone (alternatively ethanol, methanol or ethyl acetate).
Acetone extract is partially evaporated and the remaining fat is removed by hexane extraction. Crude
silymarin (complex) precipitates after further evaporation. Pure silybin is prepared by dissolving
silymarin in absolute ethanol followed by addition of about 10 % water. Crude silybin, which
precipitates could be further purified by recrystallization from ethanol [8].

At industrial level, the extraction of silymarin is performed with ethyl acetate and acetone.
Further, silymarin components are separated by solvent-solvent partition and different
chromatographic techniques such as OCC, TLC, LPLC, RP- and NP-MPLC, RP- and NP-HPLC. The
separation of diastereoisomers of silybin, isosilybin and silychristin and regioisomers (—)-silandrin
and (—)-isosilandrin was accomplished in the 2000s by RP-HPLC, MPLC and HPLC. Moreover, the
isolation process of the extracted fractions was monitored by analytical TLC or HPLC [3].

A greener method of extracting the silymarin mixture from the milk thistle proposes the use
of water that solubilizes natural compounds at high temperature and elavated pressure. Give the
physical parameters: dielectric constant, surface tension and viscosity of the water, which all are
absolutely dependent on the temperature, adjusting the temperature and the pressure could bring the
water in a strong solvent stage with similar properties to organic solvents. Unlikely organic solvents,
which require defatting of the milk thistle prior to extraction, water extraction did not require
deffating. This procedure assumes that 0.5 g of milk thistle seeds are milled to an average diameter
of 0.4 mm and then introduce into the extraction cell along with 2 g of washed sea sand. The cell is

installed in the GC oven and the water starts pumping into the cell with a constant flow. The pressure

10.
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is maintained above the water pressure at the desired temperature of 140°C. After collectinng the
fractions at well-defined time intervals, 1 mL of each sample is subjected to compressed nitrogen
drying, then redissolved in methanol, filtered and analyzed by HPLC. The results could be observed
in the next table (Tabel 2) [11].

Tabel 2. The efficiency of flavonolignan extraction by hot water procedure [11].

Maximum yield (mg / g seed)

Temperature(°C) Taxifolin Silychristin Silybinin A Silybinin B
100 0,6 2,3 1 1,6
120 0,7 2,5 1.2 2,2
140 0,5 2,4 1,2 2

Cold press method is proposed by Derya Duran et al. as being a more economical technique
compared to solvent extraction and hot press along with its simplicity and energy efficiency. It has
been reported to be the best way to produce high-quality oil. The popularity of the method increased
since no heat or chemical treatment is used during the cold press process and all beneficial nutritional
properties of the raw material are transmitted to the oils. These oils consist of natural phytochemicals
as tocopherols, fatty acids, sterols and antioxidant phenolic compounds. However, after the cold press
method two fractions are obtained: the oil and the waste and silymarin is completely passed into the

residue, so the problem arises in the light of the valorization of biomass waste [2].

I.4. Improvement of silymarin properties

It is undeniable that nowadays silymarin is a popular medicine due to its hepatoprotective,
antioxidant, antiviral and antitumoral properties, but there are also some drawbacks concerning its
water solubility, poor intestinal absorption as well as an elavated metabolism for each of its
flavonolignan components [12]. In this direction studies have been carried out in order to increase the
bioavailability of silymarin by developing new drug designs. These include drug modifications such
as salts, esters and complexes with hidrophilic excipients, complexation reactions with cyclodextrines
and phospholipid, formation of biocompatible polymer dispersions, lipid-based delivery systems,
nanoemulsions and encapsulation in biodegradable nanomaterials [6].

In the main area of pharmacological interest stays the self-emulsifying drug delivery technique
through which amphiphilic particles are formed, with the drug inside a surfactant molecules coat. The
gastrointestinal absorption is greatly facilitated due to the surface interactions of these amphiphilic
systems. The supersaturation of these systems could drive a faster absorption but thermodinamically,

it is an unstable state that tends to return to the equilibrium by drug precipitation. This inconvinient

11.
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can be overcome by precipitation inhibitors such as amorphous solid dispersions with PVP and PVA
polymers [12]. The following figure outlines several methods by which the higher bioavailability of
silymarine could be obtained (Figure 2).

Solid
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Figure 2. Silybin modification methods.

A demonstrative study of the bioavailability improvement is given to the scientific community
by S. Drouet et al. which achieved a selective acylation of silybin in 3-OH position to give 3-O-
palmitoyl-silybin in the presence of Lewis acid CeClz-7H20 as it could be oserved in the Figure 3.
The yield reached was around 60%, with 85% of palmitate linked in position 3-OH and 15% in
position 5-OH but with no negative change in antioxidant capacity of the derivative [7].
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Figure 3. 3-O-palmitoyl-silybin synthesis
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Two methods of radical scavenging were performed to demonstrate this: ferric reducing
antioxidant power (FRAP) used for hydrophilic antioxidants, and copper reducing antioxidant
capacity (CUPRAC) used for lipophilic and hydrophilic antioxidants. With FRAP assay the radical
scavenging of silybin was 1.74 times more effective than give 3-O-palmitoyl-silybin while the
derivative was 1.55 times more effective than silybin with the CUPRAC assay [7].

Besides the chemical modification methods, there are encapsulation variants of the compound
of interest in matrices much better accepted by the organism. In the following are outlined some
models. Silymarin could be included in natural B-cyclodextrines forming complexes often used
because of their solubilization potential in the body barriers and of their preventive effect on
metabolic degradation [6]. Other types of molecular complexes capable to enhance the bioavailability
of the active constituents of silymarin are represented by phytophospholipid complexes known as
phytosomes. The phytosome unit is a molecular complex between phospholipids and standardized
polyphenolic constituents in a 1:1 or 2:1 molar ratios. The literature promotes the silybin-phytosome
system as having a more intense therapeutic activity compared to that of the unmodified compound
[12]. Further, liposomes are hollow spherical nanoparticles with a closed shell of a lipid membrane
(mono- or multi-layer), inside of which an aqueous solution can be encapsulated. These
supramolecular aggregates owe their success as carriers of therapeutic drugs for many advantages
including the capability to encapsulate both hydrophilic and lipophilic drugs, having targeting and
controlled release properties, cell affinity, tissue compatibility, reduced drug toxicity and improved
drug stability. Moreover, liposomal systems are known to find an immediate access to the reticulo-
endothelial system (RES) rich sites like liver and spleen, and this self-targeted nature of liposomal
carriers can be exploited well for drug distribution to hepatic site. Thus being said, flavonolignan
components of silymarin could be integrated into liposomal systems in order to increase their

properties [6].

I1. The cold-active enzymes
11.1. Concept

The biotechnology is highly promoted because it is environmentally friendly and has a
valuable potential to take the place of the chemical industry based on the petrochemical refineries,
which use harsh reaction conditions. With the interest of the scientific world focused on renewable
resources and Green Chemistry, the bio-catalytic approach becomes highly appreciated in the new
generation of synthetic processes, where chemicals of industrial value are obtained under mild

conditions from renewable sources of biomass, in most cases [13]. Chemical syntheses based on
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enzymes used as biocatalysts are topical because of the reduction of the number of synthesis stages,
high efficiency of atoms, by avoiding the protection steps [14], to a good regio- / enantio-type
selectivity, which could be achieved under mild process conditions, in other words, green conditions.
New bio-catalytic concepts have been launched using enzymes, either solubilized in the reaction
medium (homogeneous bio-catalysis) or immobilized (heterogeneous bio-catalysis) [15].

This study brings in the spotlight the enzymes from organisms that live in extremely harsh
environmental conditions, which to some extent simulate the conditions available in industrial
processes. Extremophile microorganisms that live in cold environments represent a particularly
interesting source of living material adapted to abnormal conditions or considered extreme in
comparison to those confortable for human beings [16]. In contrast, organisms that live in moderate
environmental conditions may be termed mesophiles or neutrophiles. As previously mentioned,
microrganisms that adapted and colonized cold places on Earth may be divided into psychrophilic or
psychrotolerant depending on the optimal temperature of development. Psychrophilic organisms
grow onto significant low temperature range between -20 and 10°C being although unable to develop
at temperatures higher than 15°C. Meanwhile, psychrotolerants optimally grow between 20 — 25°C
and even register high metabolic activiy at values below 0°C. This behavior could be explained by
the fact that psychrophiles are usually found in marine ecosystems while psychrotolerants thrive in
terrestrial cold environments.These cold-adapted microorganisms mostly include bacteria, yeasts,
fungi and algae. Cold and frozen areas of the terrestrial biosphere include polar circles (Arctic and
Antarctic), deep water and frozen altitudes of mountains along with glaciers, ice sheets and
permafrost [17]. As a general information, the temperature recorded annually at the poles is always
below zero degrees, and during the winter, the thermometers reach -80°C [16]. The polar regions
represent 15% and the permafrost 20% of the total surface of the Earth, while the microorganisms
able to maintain their life throughout the geological evolution of these platforms are of
psychrotolerant type. The aquatic surface of the Earth represents 75% with an average temperature
of 3°C, but it is extraordinary to be notified that at the bottom of the seas and oceans the micro-
organisms of psychrophilic type coexist and develop in the absence of light, at high pressures and
without valid food. At the level of glaciers, they develop in the wires and films of liquid that spread

over the mineral grains to ensure their nutrient needs [16].

I1.2. Diversity of cold-active enzymes

Microorganisms inhabiting low-temperature environments have been adapted in order to
survive by the production of cold-active enzymes to ensure the minimum rate of chemical and
metabolic reactions and of ice-binding proteins, designed to control the growth of ice crystals thus

14.
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combating frost and membrane rigidity. Usually, the optimum temperatures for the activity of the
cold-adapted enzymes are in the range of 20 — 30°C, which can be considered close to that of the
thermophiles. The ability of these enzymes to incorporate a significant fraction of their activity at low
temperatures is based on their structural flexibility. It is worth mentioning that an increase in the
flexibility of the enzyme is not necessarily proportional to the decrease in their thermo-stability. There
are two strengths related to the active enzymes operating, one of them is for the manipulation of
thermo-labile and sensitive substrates at low temperatures and the other facilitates the inactivation of
the enzyme as the temperature increases [17].

One aspect that may be less well known is that microorganisms that live in very cold areas,
somehow avoid frost, rather than fight it. This contribution is due exclusively to proteins that mediate
the binding capacity of ice crystals. The ice-binding proteins are adsorbed on the ice surface leading
simultaneously to the decrease of the freezing point and to the slight increase of the melting point of
water. This dependence could be clearly observed following the analysis of thermal hysteresis, whose
width correlates with the concentration and functions of the protein [18].

Moreover, the adsorption of proteins on the ice crystals leads to their stabilization and inhibition of
the recrystallization process. Indeed, ice recrystallization inhibition is of utmost relevance in all
freezing processes involving living cells and food products, since large ice crystals damage cell

membranes and impair cell viability and food quality [18].

= Animal (1%) ® Ligases (1%)
m Archea (1%) ® |somerases (1%)
Plant (2%) Transferases (2%)
® Fungi (23%) ® Oxidoreductases (4%)
- Bacteria (72%) I Hydrolases (91%)

0 10 20 30 40 50 60 70 80 90 100 0 10 20 30 40 50 60 70 80 90 100
(%) (%)
Figure 4. Organism sources of cold- Figure 5. Distribution of cold-active
active lipases enzymes based on enzyme classes

The majority of cold-adapted enzymes have been expressed in heterologous hosts being
obtained from psychrophilic and psychrotolerant microorganisms, bacteria or fungi as it could be
observed in Figure 4. Distribution of cold-active enzymes based on enzyme classes could be analyzed
in Figure 5. To perform catalysis at low temperature demands high flexibility for proteins that

adversely alters the stability of the enzyme. However, there are very interesting examples of enzymes
15.
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with high thermostability, as is the case of the superoxide dismutase, DaSOD, isolated from a
psychrophilic organism, Deschampsia antarctica, whose optimum temperature is 20°C but it records
a catalytic response even at -20°C. At 0 degrees it retains up to 80% of its catalytic activity [16].

Most of the time, the catalytic properties of mesophilic organisms at reduced temperatures
are unusual, as is the case of Candida albicans lipase, with an optimal temperature of 15°C or
Arabidopsi B-amylase 3 with great residual activity at low temperatures. More surprising is to
discover a thermophilic enzyme with high activity at low temperatures. For instance, 3-galactosidase
isolated from Pyrococcus furiosus has optimal activity at 90°C, but retaining 8% of its activity at 0
degrees. Comparatively, the lactase activity of P. furiosus at 0°C was still 40% of the optimal activity
from the main B-galactosidase use in the food industry (28 U/mg at 50°C and pH 7.0) from K.
marxianus. In addition, the lactase activity of P. furiosus at 0°C was 31% of the optimal activity of a
cold-active B-galactosidase from Arthrobacter psychrolactophilus strain F2 (33 U/mg at 10-C and
pH 8.0) [16].

11.3. Gene cloning and protein engineering

The most convenient method to discover, even create new enzymes refers to the expression
of protein chains in different cell and microbial cultures. Many studies have revealed the heterologous
hosts used for the expression of cold-active enzymes as it could be observed in Figure 6. From the
existence of microbial diversity, only a minor fraction can be reproduced through laboratory
experiments in human handling conditions. Extremophile microorganisms depend upon drastic
conditions to grow and reproduce, nonetheless, cloning techniques suppress the obstacle by various
methods [17]. Metagenomics is the main culture-independent approach involving DNA extraction
from the environmental sample, isolation of targeted genes and cloning the material further to create
a genomic library. Novel enzymes could also be assembled by computational genomics using
available information in genome databases without the need of a natural sample. The discovery of
novel cold-adapted enzymes is a real challenge, because only a few genomes of psychrophiles have
been deposited in public databases [19].

16.
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Figure 6. Distribution of heterologous hosts used in the expression of cold-active enzymes

The first step is the isolation of the adapted microorganism, which stands out with good
enzymatic activity. The main cloning method is based on the creation of specific primers for gene
amplification that uses a DNA strand as a template [19]. This method is possible if the genome of the
species is completely sequenced and stored in the gene bank, so the microorganism can be cultivated.
There are several valid hosts for gene expression, but E. coli is the most popular in this case. Various
genotypes have been used but the preferred strain is BL21. Nevertheless, other expression hosts have
been researched, such as Halobacterium sp. for the expression of a cold-adapted hydrolase, and
Pichia pastoris, used as the expression host for 9 proteins including various fungal enzymes. Half of
the adapted genes were cloned into pET vectors and only 5 were integrated into pCold plasmids. The
enzyme purification process often calls for His tag fusion while optimal temperature is an important
parameter of enzyme characterization as a result of their complete or partial adaptation to cold [16].
By far the most preferred cold-active enzymes are from the hydrolase class, more specifically lipases
and esterases. This concentrates all the research efforts on solving their three-dimensional protein
structure. Several strategies have been suggested to promote proper expression and folding of cold-

active enzymes expressed in heterologous host, increasing their solubility, activity, and yield [19].

11.4. Applications of cold-active enzymes

Introduction of cold-adapted enzymes to traditional production schemes actually diminishes
the panorama of the energy consumed at each step of the process, which is explainable because no
thermal energy is needed, the reaction yields are appreciable, the enzymes retain their stereo-
specificity at low temperatures, which excludes secondary reactions. Moreover, their thermal lability

at higher values rapidly leads to the inactivation of enzymes, hanging up the process [20].
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The ability to heat-inactivate cold-active enzymes has particular relevance to the food industry
where it is important to prevent any modification of the original heat-sensitive substrates and
products. This is also of benefit in sequential processes (e.g. molecular biology) where the action of
an enzyme needs to be terminated before the next process is undertaken, easily by heat-inactivation
[20]. Examples of biotechnological applications of enzymes are provided further and the application
classes are listed in Figure 7.

Nonetheless, the industrial applications of cold-active enzymes are still in the early stages. As
far as concerns the food sector, cold-active amylases (EC 3.2.1.1) are of great interest for baking and
brewing products, since they could be easily inactivated during cooking. A patent developed from
Bacillus licheniformis with Novozymes improved the catalytic activity in a decreased temperature
range from 10 to 60°C. Another patent developed with ColdZYMES ApS was used to heterologously
express Clostridium a-amylase at lower temperatures than 10°C. The cold-active variants are
frequently exploited for milk processing or refrigerated storage as is the case of 3-D-Galactosidase
usage. Among proteases (EC 3.4.) from psychrophilic sources, that from Pseudoalteromonas strain
SM9913 might be used in tenderizing collagen-rich meat, while that from Flavobacterium balustinum
promises wider applications, due to its optimal temperature of 40°C and high thermolability (full
inactivation at 50 °C in ca. 10 min) [18].

Cold-active enzymes could be used in chemical manufacturing for organic compounds that
are highly volatile and can only be modified at low temperature. In other cases, low temperature may
make separations of the product easier and less expensive. Cold-active enzymes could be added to
detergents for low-temperature washes or to other solutions for cleaners. Some enzymes might
replace chemical preservatives in foods by depleting metabolites required by other organisms,
disrupting microbial cells, or degrading other enzymes. Psychrophilic microorganisms and their
enzymes are already crucial to nutrient cycling and biomass degradation and production. We can take
advantage of the natural role of psychrophiles and use ones producing useful enzymes in waste-water
treatment, biopulping and bioremediation in cold climates. Psychrophilic methanogens would be
useful in anaerobic digestors to increase methane production in Northern regions. In research,
reactions could be performed at low temperature and then the mixture heated to readily inactivate the
enzyme before proceeding to the next step. Other cold-active enzymes could substitute for currently
used enzymes that require higher temperatures than the cells or substrates require [17].

In the field of molecular biology, the enzymes are the main actors. Several in vitro reactions
necessite low temperature, a condition that could be fulfilled and enhanced by the cold-active
enzymes. Ligases (EC 6.5.1.1) catalyse the formation of phosphodiester bonds, joining DNA
fragments with protruding or blunt ends. For DNA with protruding ends, the optimal ligation

temperature is a compromise between the ligase Topt and the optimal temperature for annealing short
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DNA protruding ends, usually very low. For this reason, the reaction efficiency can be increased by
low temperatures (4 — 8°C) and by extending the incubation time over several hours. Proteases (EC
3.4.) are used to remove protein contaminants from nucleic acid preparations. The most popular is

Proteinase K, which retains relatively high activity at 20°C and is stable up to 95°C [18].

Molecular Biocatalysis/ Organic
biology Industry synthesis

Food industry Detergents

Figure 7. Application classes of cold-active enzymes.

I1.5. Lipases vs. Cold-active lipase

Carboxylesterases (EC 3.1.1.1) and true lipases (EC 3.1.1.3) are altogether called lipolytic enzymes.
Carboxylesterases (in the following text called esterases) usually act on water-soluble esters, while
true lipases (in the following document called lipases) can hydrolyze water-insoluble substrates, too.
The longer fatty acid chain in lipid is the less water-soluble it is; therefore, enzymes that hydrolyze
olive oil (triglyceride ester with long-chain (C16, C18) fatty acids) are called lipases and those that
hydrolyze tributyrin (triglyceride ester with short-chain (C4) fatty acids) are called esterases [21].
Essential characteristics of lipases must to be inserted, for the sake of structural complexity these
present [21]
= The active site clefts of these lipases are covered with a flexible and amphiphilic a-helix,
which functions as a “lid.” Upon binding to the surface of substrate micelles, the lid undergoes
structural changes resulting in the displacement of the a-helical lid from the active site cleft.
In this so-called “open” conformation, the hydrophobic surface area surrounding the catalytic
site increases allowing the four substrates to diffuse into the active site freely. However,
interfacial activation cannot be the property distinguishing between esterases and lipases as
some lipases do not follow interfacial activation Kinetics.
= Despite low amino acid sequence similarity among lipolytic enzymes, being very often even
below 20%, most of them share a conserved o/p-hydrolase fold and a canonical GXSXG-
pentapeptide around the catalytic serine. Later, a second sizeable structural family of lipolytic
enzymes with a GDSL catalytic site consensus motif and an o/B/a-fold was discovered.
Presently, only a few lipolytic enzymes with a B-lactamase like fold structurally unrelated to
a/B- and a/B/a-hydrolases were found.
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= The canonical a/B-hydrolase fold is characterized by a central hydrophobic sheet composed
of eight B-strands with the second one mostly antiparallel. The strands 33 to 8 are connected
by a-helical-loop structures organized at both sides of the sheet. This stable globular scaffold
is characterized by extraordinary plasticity as different structural elements and even whole
domains, e.g., the above mentioned “lid” or “cap” described for many lipases, can be inserted
into these loops connecting f-strands and a-helices without disturbing the fold itself.

= The active sites of lipolytic enzymes contain a catalytic triad consisting of a strictly conserved
nucleophilic serine and histidine and an aspartate or glutamate as acidic residues. The catalytic
serine is usually embedded within the conserved motif Sm-X-Ser-X-Sm, where “X” and “Sm”
denote any amino acid and small amino acid, respectively. For most lipolytic enzymes, a
GXSXG-consensus motif located in the middle of the sequence was reported. Glycine
residues of the GXSXG-pentapeptide account for the localization of the catalytic serine on
the top of a sharp turn preceded by an a-helix and followed by a B-strand. This structural
motif, named “nucleophilic elbow,” seems to be a steric prerequisite for substrate hydrolysis
and represents one of the best conserved structural motifs among o/p-hydrolases.

= The catalytic cycle of serine hydrolases involves deprotonation of the side chain hydroxyl
group of serine by a catalytic triad histidine, which is deprotonated by the acidic residue. The
deprotonated serine initiates the hydrolysis of an ester bond by a nucleophilic attack on the
carbonyl carbon atom of the ester substrate. After the corresponding alcohol is released, a
lipase—acyl complex is formed, which is subsequently hydrolyzed by water releasing the free
fatty acid and the enzyme. During the hydrolysis, the negatively charged intermediates with
the tetrahedral configuration at the oxygen atom of the ester bond are stabilized by the so-
called oxyanion hole (mostly formed by asparagine and glycine) varying in type but
structurally strictly conserved among o/B-hydrolases.

» The canonical o/B/a-hydrolase fold of the GDSL family of lipolytic enzymes is characterized
by a conserved hydrophobic core consisting of five B-strands and at least four a-helices. The
additional secondary structural elements and differences in the substrate-binding loops
inserted in the canonical o/p/a-fold are the cause of functional diversity among GDSL
hydrolases. This is reflected by the broad spectrum of substrates hydrolyzed by these enzymes,
including glycol esters, aryl esters, wax-like lipids, phospholipids, lysophospholipids, acyl-
CoA thioesters, peptides, and triacylglycerols.

= The GDSL-motif containing the active-site serine residue is part of a consensus sequence
designated as block I, which is positioned close to the N-terminus of the enzyme. The catalytic
triad residues, namely aspartate and histidine, were identified in blocks Il and V, respectively.

The glycine belonging to the oxyanion hole is a strongly conserved residue of block Il. This
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observation led to the proposal of the new name SGNH-hydrolase family that is now used as
a synonym to the GDSL-hydrolase family. Different from o/p-hydrolases, the catalytic
histidine and aspartate are part of a DXXH-motif. Furthermore, the nucleophilic elbow
strongly conserved among o/B-hydrolases is absent in GDSL-hydrolases. Despite notable
differences, the GDSL-hydrolase catalytic mechanism is similar to the general mechanism of

a/B-hydrolases, which all have a Ser-His-Asp catalytic triad.

Up to date, lipolytic enzymes are classified into nineteen families based on phylogenetic criteria,
conserved sequence motifs, and biological functions. For this particular study, there have been
identified two lipases out of the proteome of Psychrobacter sp. of Scarisoara Ice Cave (Romania),
as belonging to the fourth and fifth family of lipases.

Family IV of lipases constitutes several esterases from distantly related prokaryotes, including
psychrophilic, mesophilic, and thermophilic bacteria. The enzymes show a remarkable similarity to
the family of mammalian hormone-sensitive lipases (HSL). Here, three sequence blocks with
conserved motifs were identified, with blocks Il and I11 containing the catalytic triad residues. Block
I contain a conserved HGGG consensus sequence that is involved in hydrogen bonding interactions,
which stabilize the oxyanion hole and promote catalysis as deduced from the crystal structure of
Brefeldin A esterase from Bacillus subtilis [21].

Despite their homology to HSL, the substrate spectra of the enzymes of the bacterial HSL-family
differ significantly. While human HSL has a broad substrate specificity and hydrolyzes short-chain
esters as well as water-insoluble substrates like trioctanoin, vinyl laurate, and olive oil, the bacterial
HSL-family esterases show activity only towards short fatty acid chains length substrates like
tributyrin and vinyl propionate. Moreover, esterase enzyme kinetics was observed, while HSL
reactions show typical lipase kinetics.

Several family 1V esterase structures, among them, thermostable esterase from Alicyclobacillus
acidocaldarius (AaEst), were solved, which showed a unique structural feature: a “cap” which differs
from the lid found in true lipases is formed by two separate helical regions and covers the active site.
More recently, an oxadiazole inhibitor was identified, which covalently binds to the catalytically
active serine. Interestingly, inhibition was specific in that the activity of other carboxylesterases was
not affected, providing a promising option for quick discrimination among esterases.

From Familly V of lipases [22], esterases originate from different bacterial genera representing
mesophilic, cold-, or heat-adapted organisms as Pseudomonas, Haemophilus, and Moraxella. These
enzymes share significant homology with other bacterial proteins like epoxide hydrolases,

dehalogenases, and haloperoxidases that also possess the typical a/B-hydrolase fold.
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Conserved amino acids are located in three blocks with the catalytic triad residues Ser located
in block 11, Asp, and His in block I1l. The esterases Est2 of Acetobacter pasteurinanus and EstV of
Helicobacter pylori are the only enzymes of this family that has been cloned and characterized yet.
Both proteins revealed typical characteristics of carboxylesterases with EstV of H. pylori showing a
preference for short fatty acid chain lengths, p-nitrophenyl esters (C2-C6), and triglycerides (C4) and
typical Michaelis-Menten kinetics instead of interfacial activation. In the case of A. pasteurianus
Est2, triglyceride substrates with even shorter fatty acid chain lengths like triacetin and tripropionin
were hydrolyzed, preferably.

Starring cold-active lipases, extreme organisms develop in a reduced temperature range of
25 and 45°C, due to their adaptation to the inhabiting environment by producing enzymes, along with
other biomolecules, which possess specific bio-catalytic activity at low temperatures [23].

Their cold adaptation provides such flexibility around the active sites, along with low
enthalpy and affinity towards substrates, but high specific activity at low temperatures. Most of
lipases investigated so far have been isolated from psychrophilic and psychrotolerant microorganisms
of polar areas, deep water, or chilled food samples. However, these enzymes are slightly thermostable
because they have developed in the context of very low temperatures, so the improvement of their
thermal stability is obtained by immobilization, directed evolution, protein engineering, chemical
treatments. An extremely interesting observation is that the cold-resistant lipases extracted from
organisms of tropical areas show very good thermo-stability compared to the analogues of the alpine
areas [23].

Like all other lipases, the cold-resistant possess the canonical o/f hydrolase fold (central,
hydrophobic B-sheet that is covered by a-helices from both sides); the active site contains the catalytic
triad, Ser105(nucleophile)-His224(basic residue)-Asp/Glul87(acidic residue) and an oxyanion hole.
In most cases, the active site is covered by a lid which opens in the presence of an interface to facilitate
contact with the substrate [24].

Naturally, the conformational structure of the lipases is adapted to accommodate the
substrate at low temperatures. Their behavior is compared with those of mesophilic and thermophilic
enzymes by crystallographic studies or site-directed mutagenesis [23]. For instance is the case of
Pseudomonas immobilis and Pseudomonas fragi IFO 3458 lipases which compared with their
counterparts reveals that they have a very low content of arginine residues in comparison with the
lisine residues, weak hydrophobic core, very few salt bridges and few aromatic-aromatic interactions.
In addition, the arginine residues are distributed differently from mesophilic enzymes. Some of them
are at the level of salt bridges, but most cover the surface in the idea of increasing the conformational
flexibility. The high content and aggregation of glycine residues depict local mobility. Another

feature is associated with the production of trehalose and exopolysaccharides, acting like
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cryoprotectants for protein precipitation and denaturation. If glycine is substituted by proline, the shift
in the acyl chain length enhances the thermo-stability of the enzyme [23].

Cold-active enzymes, in general, inherit heat instability, which undergoes rapid inactivation
of the enzymes at moderate temperatures. For industrial applications, the needs of thermostability are
crucial. The psychriphilic yeast, Candida antarctica expresses two lipases, namely C. antarctica
lipase A and C. antarctica lipase B, with different physicochemical behavior. CAL-A is considered
to be the most thermostable enzyme (>90°C), while CAL-B is smaller in size and less thermostable.
The factors commonly considered to increase thermal stability are the hydrophobicity, number of
hydrogen bonds, amino acid composition, amino acid distribution and interactions in the protein.
Directed evolution with random mutagenesis based on error-prone PCR (epPCR) and iterative
saturation mutagenesis guided by rational design are more frequently employed nowadays to combat
the thermolability of these enzymes [25].

Lipase A from Bacillus subtilis after ep-PCR shows an increase of 15°C of the melting point
and of 20°C at optimal temperature, comparing with wild-type lipase. From P. fragi, a variant is
obtained after two rounds of evolution which displays a shift of 10 degrees in the optimal temperature.
The protein engineering strategy was adapted to enhance the thermostability where the disulphide
and other bonds are modified to decrease the entropy of the unfolded form of proteins or to decrease
the unfolding rate of irreversibly denatured proteins. CAL-B and Geobacillus zalihae T1 lipase were
successfully engineered by mutating five amino acid pairs to cysteine and by introducing an ion-pair
in the inter-loop [23].

As stated, lipases are structurally modified to accommodate the substrate at reduced
temperatures. The greatest advantage of cold-active enzymes is the consumption of a small amount
of energy associated with the high flexibility of their activity under low water conditions. They are
cost-advantageous, of wide variety, stable to organic solvents and specific in mild reaction conditions
[23].

I11. Cold-active enzyme-based esterification of silybin with fatty acids

I11.1. Esterification mediated by cold-active lipases

The lipase-mediated esterification reaction has come to prominence in recent decades, due
to the interest in organic esters for biotechnology and the chemical industry. The main difference
between lipases and esterases consists of the occuerence of non-polar residues clustered around the

active site at high accesibility values [26].
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The mechanism of the lipase esterification reaction is like the one proposed for the serine-based
protease-mediated reaction, involving two tetrahedral intermediates. The serine residue in the triad
attacks as the nucleophile of the reaction the acid, losing a water molecule. An acyl-enzyme complex
is formed. The alcohol molecule interacts through nucleophilic attack with the first tetrahedral
complex to form the second intermediate. Thus, finally the enzyme releases the ester and regains its
native form. The mechanism of the reaction could be analyzed in Figure 8. In nature, lipases are found
to be active at oil-water interface. In vitro, they are found to be active in aqueous as well as anhydrous
organic solvents. The interfacial activation was hypothesized to be due to a conformational change
resulting from the adsorption of the lipases onto a hydrophobic interface, where a significant role is
also held by the lid [24].
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Figure 8. Mechanism of esterification by lipase catalyst.

During the esterification reaction, lipase could be deactivated due to several factors
regarding temperature, exposure to interfaces, chemical denaturants, shear stress. The esterification
reaction is always performed in non-aqueous solvents, in which the stability of the enzyme depends
on the properties of the solvent. As Nakano et al have argued, lipase stability in organic solvent could
be enhanced by random mutagenesis. Thermal deactivation of enzymes is greatly reduced by
immobilization. Arroyo et al. and Moreno et al. have promulgated studies on the temperature
deactivation of immobilized enzymes, having as reference lipase B from Candida antarctica and
lipase from Candida rugosa. The deactivation in the case of the immobilized enzyme was much
slower. Studies on deactivation of lipids in Aspergillus oryzae and Candida cylindricea under shear
stress have shown that deactivation occurs due to energy consumption per unit volume and gas hold-
up [24].

Saturated fatty acids are mainly involved in the production and storage of energy, being the
first line of bio-components that by consuming 1 gram of lipids generates 9.3 kcal. Saturated fatty
acids are also engaged in lipid transport and phospholipid and sphingolipid synthesis ensuring the
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structural integrity of cellular membranes [27]. Stearic acid, the 18-carbon chain, is the most popular
saturated fatty acid found in foods, but palmitic acid, the 16-carbon saturated chain, is the most
prevalent in most nutrients, as well as in the body [28].

Monounsaturated fatty acids are key components due to their unsaturation, which confers a
slight fluidity in the membrane lipid bilayer. Thus, they accompany monounsaturated fatty acids,
displaying more structural properties [27]. Oleic acid is a major monounsaturated fatty acid, with the
Cis configuration of the double bond. It is normally found in olive oil, palm oil and canola, which are
promoted as monounsaturated oils. As mentioned earlier, polyunsaturated fatty acids contain two or
more double bonds. Because of the cis configuration, the hydrocarbons chain aims a slightly bending,
property with a special meaning in the physiological responses of fatty acids. The cis unsaturated
fatty acids with their bent chains would behave in a more disorderly fashion, while the saturated and
trans unsaturated fatty acids could stack together tightly exposing structural rigidity [28].

The term ‘essential’ for saturated and monounsaturated fatty acids are not commonly exploited, as
this term is intended for polyunsaturated bio-components introduced through food intake that fulfill
particular physiological functions [27].

Essential fatty acids are important constituents of cell membranes because the multitude of
double bonds ensuring fluidity and affinity at the binding sites of enzymes and membrane receptors.
They cannot be synthesized by the human or animal body, for which they are purchased from the diet.
There are a series of essential fatty acids omega-6 derived from cis-linoleic acid and omega-3 derived
from a-linolenic acid. For instance, the linoleic acid is polyunsaturated, having two double bonds,
which extends the tendency to bend the chain. The common linoleic acid is an omega-6 mostly
encountered in vegetable oils. There is also a-linoleic acid, a less widespread omega-3, found in
flaxseed oil, canola, soy and wheat germ oil. All the omega-3 polyunsaturated fatty acids are generally
considered to be essential [28]. The omega-9 series derived from oleic acid is considered not to be
part of the essential fatty acids’ category. However, all these series of polyunsaturated acids are
metabolized similarly due to the large hydrocarbon chains, which are degraded by the same enzymes.
These long-chain metabolites are of particular physiological importance in the brain, retina, liver,
kidneys, gonads, adrenal glands [29].

Further it will be presented some aspects concerning the applications and implications of
polyunsaturated fatty acids in the human body. The fluidity of the cell membrane is characterized by
the composition of constituent lipids. Incorporation of saturated acids and cholesterol molecules
increases rigidity. On the contrary, an advanced intake of unsaturated acids contributes to the
formation of the fluid mosaic of the membrane, as well as to the improved response of the receptors
to analogous hormones, growth factors or membrane proteins. A valuable example is insulin

resistance due to the rigid membrane unable to bind insulin receptors. Thus, the therapeutic
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implication of the lipid composition of the cell membranes on diabetes mellitus is outlined.
Polyunsaturated fatty acids are shown to inactivate encapsulated viruses. Since neutrophils,
macrophages and T cells stimulate the release of unsaturated fatty acids, it could be concluded that
they are involved in the body mechanism of defense. Furthermore, their beneficial actions also sum
up anti-fungal, anti-inflammatory, anti-viral and anti-bacterial responses. Studies have shown that
acids have a guaranteed impact on atherosclerosis by modulating the expression of uncoupled proteins

in vascular tissue [29].

111.2. Design of the biocatalyst

The immobilization technology was born in the 60s, aiming to improve the stability,
reusability, activity, specificity, and manipulation of the catalyst. Conventionally, there are 4 major
immobilization techniques: adsorption, covalent binding, cross-linking and entrapment, for each one
knowing both the advantages and the disadvantages [30]. In Figure 9, there are outlined the
immobilization possibilities, excepting the physical adhesion.

By adsorption on a solid support, a physical process itself, the enzyme retains its catalytic
activity unchanged, but weak interactions between the enzyme and support can easily lead to the
release of the biocatalyst. However, this method of adsorption immobilization is the most preferred
[31]. A relatively small number of cold-adapted enzymes have been immobilized on solid supports
such as diethyl-amino-ethyl-Sepharose or agarose-coated polyethylene-imine. For instance, cold-
adapted

B-galactosidase from Pseudoalteromonas sp. is responsible for lactose degradation during
storage of milk at low temperatures, was immobilized on DEAE-Sepharose. In this situation, the
storage stability at 4°C lasted one week, but no extensive measurements have been made at higher
temperatures [30].

A more modern approach refers to enzyme immobilization via covalent attachment to
stimulus-responsive or smart polymer and magnetic particles. The enzyme could be easily removed
from the reaction mix by applying a magnetic field for decantation or magnetically stabilized
fluidized bed reactors [31]. The disadvantage in this case is that the nanoparticles oxidize in air [30].
The case of lipase immobilization on magnetic nanoparticles, initially follows an activation step with

carbodiimide, the resulting suspension being sonicated and held at 4°C [32].
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Figure 9. Enzyme immobilization techniques.

Cold-active enzymes have been covalently immobilized on several carriers, including
agarose, chitosan, Sepharose, silica and graphene oxide. By covalent modifications generally the
catalytic activity is diminished. Immobilization leads to the improvement of the thermal stability of
the enzymes, which are markedly adapted to the temperatures considered critical, at which the
enzymes begin to disorganize and destabilize. A psychrophilic pullulanase (Exiguobacterium sp.)
starts losing its activity from 50°C, pointing no activity at 60°C. The immobilized enzymed on epoxy-
functionalized silica maintains its thermal stability up to 90°C for one hour of incubation [30, 31].

Cross-linking technique aims to covalently link the enzymes together by creating
aggregates. Firtly the enzymes are precipitated, then cross-linked using agents such as
glutaratealdehyde or aldehyde dextran.. Enzymes could also be encapsulated into a polymeric matrix.
Nonetheless, few attempts have been published on this topic. For instance, a cold-adapted cellulase
from Pseudoalteromonas sp. was covalently immobilized in sodium alginate gel beads for the ethanol
fermentation of kelp cellulose. After 7 cycles, the enzymes still show 58% activity [30, 31].

Another topic of particular importance is the use of organic solvent in enzymatic
environment. This intention is industrially supported for the ease of solubilization of water-insoluble
substrates, but the enzyme can be negatively denatured. Cold-adapted enzymes are more sensitive to
changes in temperature, outside the optimum range, and solvent. After the first identification of
organic solvent-tolerant lipase Lip9 from Pseudomonas aeruginosa LST-03 with increased activity
in n-decane, n-octane and DMSO, many enzymes were cloned, and the enzyme tolerance to an
organic solvent was improved by directed evolution. Recently, the polar organic solvents, methanol
and DMSO were shown to increase the conformational flexibility of the cold-adapted and organic
solvent-tolerant lipases PML (Proteus mirabilis) and LipS (P. mandelii). The armistice path for best
results could treat enzymes with organic solvent if they are properly immobilized on a solid support,

to maintain both their structure conformation and thermo-stability [30].
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MATERIALS AND METHODS

I. Structural analysis tools

The bioinformatics tools were used for the prediction of the secondary and tertiary (modeling)
structures of the putative enzymes and the analysis of their molecular weight, amino acid
composition, isoelectric point, hydrophobicity, etc., based on their primary structure.

Identification of genes coding for lipases/esterases in the genome of Psychrobacter sp. from
Scarisoara Ice Cave, and primary, secondary, and tertiary structure analyses of the putative encoded
enzymes were performed as preliminary investigations. To identify the putative lipases/esterases
encoding genes, screening of the genome sequence of Psychrobacter sp. from Scarisoara Ice Cave
using BLAST program of the NCBI web site ( http://www.ncbi.nlm.nih.gov/ ) was carried out using

previously reported bacterial lipases/esterases protein sequences as a template.

I.1. Primary structure analysis

The primary structure analysis of lipases was carried out using EXPASy proteomics tools
(https://www.expasy.org/) [33]. ProtParam software was used for determining the amino acid
composition, atomic composition, and the total number of positively/negatively charged residues, the

molecular weight (Mw), and isoelectric point (pl).

I.2. Homology and alignment of protein sequence

With the obtained putative lipases enzymes, it was performed a BLAST screening to search
for primary sequence homologs. As it comes to a newly identified species from the glacier of
Scarisoara Ice Cave, the need to examine the constitutive proteins properly is without a doubt.

The amino acid composition and sequence identity and similarity scores (%) between lipases'
primary structure of the target bacterium and other mesophilic, hyper-thermophilic, and psychrophilic
bacteria were calculated using Emboss needle online tool (http://www.ebi.ac.uk/Tools/psa/
emboss_needle/) [34].

To unravel the structural adaptation characteristics alongside the primary structure and to
evaluate modification in the conserved regions, primary structure alignment of various lipases
sequences was carried out using the CLUSTAL OMEGA EMBL-EBI multiple sequence alignment

software (http://www.ebi.ac.uk/Tools/msa/clustalo/) [35].
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1.3. Secondary and tertiary structure analyses

Predicted secondary structure of lipases/esterases was obtained using the online CFSSP (Chou
& Fasman Secondary Structure Prediction Server) tool ( http://www.biogem.org/tool/chou-fasman/ )
[36].

The theoretical model of lipases 3D structure was obtained using the I-TASSER (lterative
Threading ASSEmbly Refinement) server [37]. Model visualization was performed using the Pymol
software (PyMOL Molecular Graphics System, Version 1.2r3pre, Schrddinger, LLC).

I1. Bacterial strain culturing

Psychrobacters usually grow well on standard complex media such as infusion agar, tryptone-
yeast extract agar, or trypticase soy agar. These organisms may be found growing slowly as
contaminants on plates are stored at 4°C [38].

The bacterial strain used in this study belongs to Psychrobacter SC65A.3 isolated from
Scarisoara Ice Cave (Romania), which was extracted and completely analyzed in terms of taxonomic
affiliation and microbiological characteristics by V. Paun (manuscript in preparation).

The bacterial strain cultivation was properly performed at 15°C in Trypticase soy (Scharlau
Microbiology) (Table 3) and Reasoner’s 2 (Melford Biolaboratories Ltd.) (Table 4) culture media

(broth and agar).
Table 3. Composition of the Trypticase soy culture medium.
Composition Chemical ole
Assortment of peptides assuring the amino
Casein peptone 17¢g/I acids and nitrogenous substances as a
nutritious content
Tryptic soy Nutritious content of amino acids for bacterial
broth Soy peptone 3¢/l arowing
Sodium chloride 5g/I Maintain the osmotic equilibrium
Dipotassium phosphate 2.5 g/l Maintain pH
Dextrose 2.5g/1 Source of energy through carbohydrates cycle

The pH of the medium was adjusted to 7.3 at 25°C and further sterilized in the autoclave at
121°C for 15 minutes. For the corresponding solid medium, a suitable amount of agar was added to
accomplish a final concentration of 15 g/L.
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Table 4. Composition of Resoner’s culture medium.

Composition Chemical role
Assortment of peptides assuring the amino
Proteose peptone 0.5¢/I acids and nitrogenous substances as a

nutritious content

Magnesium sulphate 0.1g/1

Reasoner’s Sodium pyruvate 0.3g/I
Casein acid hydrolysate 0.5 g/l Amino acid source
Dipotassium phosphate 0.3g/I Maintain pH
Yeast starch 0.5g/l
Soble starch 0.5¢/I Glucose polymer as an energy source
Glucose 0.5g/I Carbon energy source

For Reasoner medium preparation, 3.2 g of the standard mixture will be dissolved into 1 liter
of distilled water and sterilized in the autoclave for 15 minutes and the agar medium containing 1.5%

agar as a final concentration.

I11. Biochemical methods
I11.1. Plate screening assays

For measuring the extracellular lipolytic activity of the Psychrobacter SC65A.3 strain, the
assays implied using different substrates such as: tributyrin 1%, Tween 80, Rhodamine B and,
calcium chloride (Sigma Aldrich, Germany), and olive and sun-flower vegetal oils for commercial
use.

The ability of Psychrobacter sp. strain to synthesize lipases was evidenced by cultivation on
TSA and R2A culture media supplemented with 1% olive oil and 0.001% rhodamine B. Rhodamine
solution was previously sterilized by filtration through a Millipore membrane of 0.22 um. VVolumes
of 150 pL of the bacterial culture in the logarithmic growth phase were plated on Petri dishes
containing solid media and incubated at 15°C for 96h. Lipase activity was detected by irradiating the
Petri dishes with ultraviolet light at a wavelength of 350 nm leading to the appearance of a red-orange
fluorescent halo, around the growth area of the bacterial strain [39]. The tests were performed in
duplicate. The oils were added to the culture media after the media sterilization [40].

The culture media containing 1% tributyrin was sterilized for 20 minutes at 121°C and
distributed in Petri dishes. The inoculation was performed as a spot on the surface of the culture
media. Petri dishes were incubated for 7 days at 15°C, and the positive reaction was indicated by the
appearance of a transparent halo around the bacterial culture. Similar manipulation applied for 1%

Tween 80 assay, where the culture medium supplimentary contains 0.01% CaCl2-2H20. The lipase

30.



Giulia Roxana Gheorghita, Dissertation thesis || NNEGEH

reaction was positive as off-white calcium oleate microcrystals were formed as a response to the
biocatalytic hydrolysis around the reaction zone.

Direct quantitation of lipase activity is difficult, presumably because of the low amounts of
lipase molecules released by a single colony. Quantification could be done, however, by filling culture
supernatants into holes punched into the agar. The logarithm of lipase activity is linearly related to

the zone diameter [39].

111.2. Extraction of the protein content

Psychrobacter cells cultured in Reasoner’s medium were centrifuged at 4800 rpm for 20
minutes at 4°C to separate the culture supernatant containing extracellular proteins, including the two
previously characterized lipases, from the cell debris. The culture medium was supplemented with
1% olive oil to increase extracellular lipase production as the literature specifies that the preferred
carbon source for extracellular lipolytic protein production comes from oils and not from
sugars/carbohydrates as usually expected for general microorganism culture [41]. The purification
was performed by extraction with organic solvent. It was used 80% acetone to precipitate extracellular
protein content from culture media using a 2/1 volumetric ratio. Adding drop by drop the solvent
solution, the protein precipitate was obtained on ice and left overnight to completely settle [42]. The
precipitate was then centrifuged at 10 000 rpm for 10 minutes and collected in Eppendorf tubes left
unlocked to assure acetone evaporation. In this way, the newly formed protein extract was
resuspended in 100 mM TRIS-HCI pH 7.5.

111.3. Determination of enzyme concentration

Aliguots of known concentrations, prepared from bovine serum albumin (Sigma Aldrich-
Merck) in distilled water were used to achieve the standard curve within 0.1-0.9 mg/mL linearity
range at 280 nm. The precipitate concentration was evaluated by interpolation within the standard

curve.

I11.4. Determination of enzyme activity

The following materials were used for the enzymatic activity: p-nitrophenyl
butyrate/palmitate, Triton100, TRIS-HCI buffer, sodium carbonate, all being purchased from Sigma
Aldrich-Merck, except for Triton100 which was kindly offered by Institute of Chemistry-Physics,
Bucharest. The standard method for determining lipase activity involves changing to yellow the color

of the newly formed phenol product and reading its absorbance at 347 and 410 nm, respectively as
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agreed in the protocol. UV-VIS analysis was performed on a standard spectrophotometer (Specord
250, Analytik Jena), using 1 cm path length cuvettes.

Stock solution of 1 M TRIS-HCI (tris(hydroxymethyl)aminomethane hydrochloride) buffer
was prepared by dissolving 6 g of TRIS base in 50 mL distilled water, while adjusting the pH value
to 7 with concentrated hydrochloric acid. Proper dilution was then achieved in distilled water for 100
mM TRIS-HCI buffer. All the reagents involved in buffer preparation were supplied by Sigma
Aldrich-Merck.

The reaction mixture was set as follows 0.25 mL protein extract, 0.65 mL 0.1 M TRIS-HCL
pH 7, 0.1 mL 0.025 M substrate (p-nitrophenyl butyrate and p-nitrophenyl palmitate) dissolved in
ethanol, and incubated for 30 minute at 25°C and 37°C. A blocking solution of 0.1 M Na,COs was
used to stop the reaction after 30 minutes. Meanwhile, the reaction mixtures were centrifuge at 8000
rpm for 2 minutes in order to allow the immobilized extract to settle. The absorbance values were
read at 347 nm, while plotted against the calibration curve realized on p-nitrophenol substrate of

known concentrations dilluted in ethanol solvent.

IVV. Chemical methods
1V.1. Enzyme immobilization

Two methods of immobilization were approached. Covalent immobilization via
glutaraldehyde (Sigma Aldrich-Merck) linker was performed on amino-C-methacrylate type resin,
using two buffers to mediate the reaction: PBS (phosphate buffered saline) and MES (2-(N-
morpholino) ethanesulfonic acid) buffer. The support, kindly offered by the Purolite Life Sciences
Company, is in the form of spherical beads (150-300 um of diameter) originally functionalized with
-NH2 groups using methacrylate crosslinker polymer. 0.1 g amino—-C>—methacrylate support reacted
with 0.1% glutaraldehyde and 100 uL protein extract in MES (pH 4.7) or PBS (pH 7.4) buffers for 2
hours under stirring [43]. The reaction mixture was centrifuged at 2000rpm for 10 minutes and the
supernatant containing the unattached protein extract was separated from the resin beads with the
immobilized proteins. Washing step and resuspension of resin beads was done in PBS pH 7.4 buffer
3 times.

MES buffer (pH = 4.7) used for modification of resin surface was prepared by dissolving MES
solid in distilled water to a final concentration of 10 mM, followed by the addition of NaOH for
adjusting the pH value of the solution to 4.7. Ten milli molars of PBS solution (pH = 7.4) was used

as aqueous buffer solution. Its composition consisted of: 8 g NaCl, 0.2 g KCI, 1.43 g NaoHPO4 x
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2H,0 and 0.34 g KH2PO4 in 1 L distilled water. All of the reagents used for the preparation of MES
and PBS buffers were purchased from Merck and Sigma-Aldrich, respectively.

Covalent immobilization on the functionalized surface of magnetite particles was
experimented on Chemicell beads. The carbodiimide method involved the use of EDC, PBS / MES
wash buffers and blocking and storage solution prepared in PBS with 0.1% bovine serum albumin
and 0.05% sodium azide, all purchased from Sigma Aldrich-Merck.

1 mL of comercial suspension of Si-MAG-amine, Si-MAG-carboxyl and Fmp-carboxyl
magnetic particles was washed and resuspended in MES buffer pH 6, proceeding further the same
protocol of immobilization on both supports through carbodiimide method. The magnetic beads were
gathered with a magnetic separator and foremost mixed with 0.25 M EDC in MES buffer. The
immobilization reaction happened for 2 hours at room temperature and gently shaking after the
addition of 200 uL of 6.6 mg/mL protein extract

Prior to the immobilization on Si-MAG-Hydrazine particles, 500 uL protein extract was
incubated with 5mg NalOs in the dark at room temperature for 30 minutes. Then, the magnetic beads
were placed to react with 0.25mL of newly oxidized protein extract for 6 hours at room temperature
(Figure 6.). The blocking and storage solution in all assays was PBS buffer pH 7 containing 0.1%
BSA and 0.05% NaNz. Gentle oxidation of the glycosidic groups within the protein extract was
accomplished with sodium periodate (Sigma Aldrich-Merck).

IV.2. Characterization of biocatalyst

FTIR spectra of bio-composites and simple/functionalized supports were recorded using Vertex
70 (Bruker, Ettlingen, Germany) spectrophotometer equipped with the Diffuse Reflectance Infrared
Fourier Trnasform cell. Sixty four scans were collected with a resolution of 4 cm™ in the wavenumber
range of 400-4000 cm™.

IV.3. Biocatalytic system

1 mg of silybin was weighted and dissolved in 1 mL THF solvent, while adding 10 uL of fatty
acid/ester. After throughly mixing the substrates, 100 pL of protein specimens, either free or
immobilized, were added to reaction, while incubating at 25°C for 24 h at 1000 rpm. The reaction
mixtures were then centrifuged for 15 minutes at 1500 rpm, allowing the enzyme extract or the
immobilized to settle, while collecting the supernatant. Reaction mixtures were passed through 0.22
pm milipore filters into HPLC vials and left in the oven at 70°C for complete evaporation of the
solvent. Final preparative step resumes at total solvation of the unreacted substrates and transformed

products into mobile phase of the chromatographic analysis.
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The catalytic performances of the above-mentioned system were analyzed by the HPLC-DAD
method using a 1260 Infinity HPLC modular system from Agilent Technologies equipped with a
Poroshell 120 EC-C18 column and a diode array-type detector (DAD). The experimental parameters
of the analysis were as follows: acetonitrile and water (41/59, v/v) mixture as mobile phase, 1 mL/min

flow rate and 25 uL injection volume, while the chromatogram was recorded for 30 minutes.
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RESULTS AND DISCUSSIONS
I. Structural analysis
I.1. Primary structure analysis

Sequence homology

A BLAST screening of the genome of Psychrobacter SC65A.3 isolated from the perennial
ice block of Scarisoare Ice Cave led to the identification of multiple genes encoding for lipases and
esterases. Among these, the deduced amino acid sequence of the putative Lipase 2_65A.3 and Lipase
3 65A.3 (Table 5) was selected for evaluating the structural elements related to a cold-adaptation

mechanism that necessities to be adequately elucidated.

Table 5. Protein sequences of the two lipases selected from Psychrobacter SC65A.3 proteome.

Protein sequence

MSNSTVLSVNTLLNKAVKTLNLMSFGQDKNPKSTDINLSDEIIDIEESALQDSREDKGLSIKEKILEHHLMTNYQP
HLLHYAIKSFGCLPTPILESLIKCLDGPTSKQYLHVDAHLRLILAVNSKLKTPLQLIEMSELRKRFATDAVAMQAP

Lipase 2 65A.3 KVWQQASDNLLSNLKQFHKKGDSAISWQDRTITNADDGDMTIRCYQNETSDNGFGFKKEQTSNPDETVLLFFH
- GGGFCIGDLNTHHEFCHAICEQTGWPVISVDYRLAPEHPAPAAVRDCISAYAWLAEHCEEFGALPSRIVLAGDS
AGGGLSTLMAQQIITPNKEAWLDLGDEGQKTFDILQGLPHPMAQMPLYPVTDIETDYPSWELYGEGLLLDHAD
VAIFDAACLENSPLPRQHILTSPMLGDNRQVCPSYVVAAELDVLRDEAFAYANQLKSFGIAVQTHTVLGAPHGF

IHFMSVHQRLGQETQHIITGFANFVREIIKTRALLSA

MLLKRLGLATLLSFSVVGCTTAPNTLAINTTQKIIQYERSKSDLTTQSFTLSSGDKIVYAENGNVAGEPLLLIHGF

Lipase 3 65A.3 GGNKDNFTRIARQLENYNLIIPDLLGFGDSSKPMAADYRSEAQATRLHELLQAKGLASNIHVGGNSMGGAISV
- AYAAKYPKEVKSLWLIDSAGFWSVGVPKSLESATLENNPLLVYDKKEDFYAMYDFVMSKPPYIPKSVKAVFAQE
RIANKAVESKILAQIVEDNVEQRAKVIAEYNIPTLVVWGEEDKVIKPETVTLIKEIPQSQVITMPKIGHVPMIEAV

KDTANDYKAFREGLKN

Pair alignment of deduced amino acid sequences using Emboss needle software provides the
identity and similarity scores of the two lipases from Psychrobacter SC65A.3 with homologs from
psychrophilic Psychrobacter sp. G, Glaciibacter superstes, and Moritella sp. PE36, mesophiles
Escherichia coli and, Pseudomonas aeruginosa and, hyperthermophile Strenothopomonas
maltophilia (Table 6). An alternating debate over their structure, composition, and the tendency will
be further taken. Reference codes for every bacterial strain above-mentioned will be found in the
ANNEX 1.

Both Lipase 2_SC65A.3 and Lipase 3_SC65A.3 showed the highest identity score (99%) with
one psychrophilic species, while much more reduced (28%) with the other two psychrophilic strains.
Interestingly, the identity and similarity scores of the two SIC originating lipases were somewhat
higher with the homologs from both mesophilic bacteria (29-33% / 43-48% and 26-37% / 43-58%,
respectively) and hyperthermophile (30% / 41% and 35 / 57%, respectively), suggesting a more

complex thermal-adaptation mechanism related to structural composition.
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Table 6. Identity and similarity scores for the two lipases of Psychrobacter sp. SC65A.3 with
homologous enzymes from psychrophilic, mesophilic, and thermophilic microorganisms.

Lipase 2_65A.3 Lipase 3_65A.3
Lipase homologs

Identity (%) Similarity (%) Identity (%) Similarity (%)

Psychrobacter 98.96 99.37 99.68 99.68
sp. G

Glaciibacter
i 28. 43.1 27.7 43.54
Psychrophiles superstes 8.88 3.10 5 3.5

Moritella sp.
PE36 28.24 43.92 27.67 42.76

Pseudomonas
) 32.78 48.96 36.92 58.06

Mesophiles aeruginosa
Escherichia coli 29.08 43.32 26.33 43.41

.. Stenotrophomonas
Hyperthermophile . 30.43 41.47 35.11 57.44
maltoflia

The highest identity score (98.96%) of Lipase 2__65A.3 was achieved with the o/p-hydrolase
from Psychrobacter sp. G (WP_020444543.1, identified in the literature as Lip-1452 [44]), along
with a considerable homology of 98.55% with Psychrobacter cryohalolentis K5 [45] (ABE76235.1)
(not shown in the table). While for Lipase 3_65A.3, the highest homology (99.68%) was achieved
with the o/p-hydrolase from Psychrobacter sp. G (WP_020442424.1, identified in literature as Lip-
948 [44]). By comparison with Psychrobacter cryohalolentis K5 proteome [45], it also reveals a high
homology of 98.10% (ABE73807.1) (not shown in the table).

Thus, a clear identity between lipases from Psychrobacter sp. of SIC and Psychrobacter sp.
G should be firstly stated, as the protein enzymes are established to be charged with the same
functionality in the cell.

Interestingly, the homology scores with the two cold-active lipases from Glaciibacter and
Moritella sp. were very different, showing the lowest identity and similarity and suggesting that
enzymes could have evolved a series of analogous cold modifications. Still, the habitat, nutrient
supplies, or other physicochemical parameters are the drivers of crucial structural thermal adaptation.
Even with the mesophilic P. aeruginosa, the scores are particularly low, but still the highest by
comparison with the overall homologous values, as the explanation sustaining that the species belong

to the same Pseudomonadacee family.
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Protein size and pl

Analysis of protein sequences of the two lipases using ProtParam software indicated that Lipase
2_65A.3 encounters a total number of 483 amino acids, a molecular weight of 53626.97 Da and the
theoretical pl of 5.33 (Table 7/a), while Lipase 3_65A.3 comprises a total number of 315 amino acids
corresponding to a molecular weight of 34606.86 Da and with a theoretical pl of 6.93 (Table 7/b). In
comparison, the total number of negatively charged residues of Lipase 3_65A is 60, while the total
number of positively charged residues is 38, and for Lipase 2_65A3 an equal number (35) of both

positively and negatively charged residues, indicating a distinct overall charge of the two lipases.

Table 3. Dimension, molecular weight and theoretical isoelectric point (pl) of homologous lipases
from psychrophilic, mesophilic and, hyperthermophilic strains.

a) Homologous lipases No. of amino acids Molecular weight (Da) Theoretical pl
Psychrobacter sp.

SC65A.3 483 53626.97 5.33
Lipase 2 65A.3
Psychrobacter sp. G 483 53527.84 5.33
Glaciibacter superstes 321 33908.18 4.75
Moritella sp. PE36 305 34088.98 6.13
Pseudomonas 321 34743.32 472
aeruginosa
Escherichia coli 322 35255.95 5.19
Stenotrophomonas 308 32737.20 4.78
maltoflia
b) Homologous lipases No. of amino acids Molecular weight (Da) Theoretical pl
Psychrobacter sp.
SC65A.3 315 34606.86 6.93
Lipase 3_65A.3
Psychrobacter sp. G 315 34650.96 7.72
Glaciibacter superstes 209 21844.94 4.74
Moritella sp. PE36 334 36512.78 4.96
Pseudomonas 315 34820.18 6.09
aeruginosa
Escherichia coli 301 34348.64 8.54
Stenotrophomonas 311 34898.25 6.00
maltoflia

The size of the psychrophilic enzymes corresponds to a larger protein chain as compared to
that of the mesophilic (E. coli or P. aeruginosa) and hyperthermophilic (Stenotrophomonas maltoflia)
homologous enzymes, with the general assumption of shortening the enzyme sequence at increasing
environmental temperatures. The largest protein chains were found for the cold-adapted enzymes,
while with the tendency of increasing heat, lower chains are expected for the hyperthermophilic

species (Table 7).
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On the values of the theoretical pl, it could not be assumed a particular tendency according to
data from the tables. Generally speaking, a more acidic pl suggests structural mechanisms for low-
temperature adaptation of the surface of the enzyme in psychrophilic bacteria. Lipase 2_65A.3, along
with its cold-active homologs, are represented by an acid pl, but no specific changes are observed for
the other enzymes [46]. While for Lipase 3_65A.3 and its cold-active series, a slight difference might
be agreed to the mesophilic counterparts.

It could be considered that for a protein with the same functionality, the molecular weight
would be oriented around equal value. A particularly exciting aspect stays at the level of the molecular
weight of Lipase 2_65A.3 as being a doubled value comparing to the other enzymes. The first

supposition is that this enzyme might be a homo-dimer and later on, the study will be sustained.

Amino acid composition

The values for the amino acid composition on each participant are listed in tables found in
the ANNEX 2 at the end of the thesis.

In the first instance, Lipase 2_65A.3 from Psychrobacter SC65A.3 is represented by a
lowered amount of bulky aromatic residues as many flexible nonpolar amino acids are responsible
for the structural flexibility of the enzyme in cold environments (Phe + Tyr + Trp = 7.4 % < Gly +
Ala + Val + Leu + lle + Met + Pro = 44.2%) [46].

Cysteine units cause the formation of interchain disulfide bonds intended for lower protein
flexibility providing higher stability [47]. Interestingly, cysteines are present in the structure of the
cold-active enzyme of Psychrobacter SC65A.3. In comparison with its counterparts, the considerable
high value of His and Met residues are established for structure stability at low temperatures; a slight
decrease of Glu content along with Asp proved the reduction of ionic interactions. Decreasing the
number of GIn residues along with a higher number of Lys residues and lower Pro content stand for
the overall thermal lability of the enzyme, which was also proved by the computed value of the
instability index: 44.26; this classifies the protein as unstable.

On behalf of Lipase 3_65A.3 from Psychrobacter sp. of SIC, flexible nonpolar amino acids
are widely spread along the protein chain, comparing with the aromatic ones (Phe + Tyr + Trp = 7.7
% < Gly + Ala + Val + Leu + lle + Met + Pro = 47.2%). An alternating discussion over amino acid
composition in all homologous enzymes reveals that the Cys content is comparable, while that of Met
is higher in Lipase 3_65A.3, and His and Pro contents are reduced. The number of Glu residues is
higher in comparison with the cold-active homologs but slightly small by evaluation with mesophilic
Pseudomonas aeruginosa. This concludes a reduced number of ionic interactions over the whole
protein. Considering the instability value for this lipase (35.91), it could be easily assumed that it is

more stable than Lipase 2_65A.3.
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Salt bridges

The (Arg / Arg + Lys) reports were calculated for each homolog (Table 8) to evaluate the salt
bridges’ impact on protein structure [48].

A typical cold-adaptation mechanism that supposes high-value reports in analogy with a
reduced formation of salt bridges is observed just in the case of homologous enzymes from
Glaciibacter superstes [47]. It was expected increased flexibility for the cold-active proteins [48], but
for lipases of Psychrobacter sp. SC65A.3 and Moritella sp., a rigid packing of the chains, stabilized
by a high number of salt bridges, probably prevents cold protein denaturation.

Unexpectedly large values for mesophilic and hyperthermophilic enzymes revealed that the small

number of salt bridges is not the main responsible for the lipase stability.

Table 8. Ratio of Arg and Lys residues to evaluate the presence of salt bridges.

Arg/ Arg/

Homologs (Arg +g Lys) Homologs (Arg +gLys)
Psychrobacter SC65A.3 0.39 Psychrobacter SC65A.3 0.96

Lipase 2 ' Lipase 3 '

Glaciibacter superstes 0.82 Glaciibacter superstes 0.86
Moritella sp. PE36 0.47 Moritella sp. PE36 0.43
Escherichia coli 0.89 Escherichia coli 0.81
Pseudomonas aeruginosa 0.88 Pseudomonas aeruginosa 0.72
Stenotrophomonas maltophilia 1 Stenotrophomonas maltophilia 0.84

1.2. Conservation and alignment of cold-active lipase sequences

Pair alignment of the cold-active lipases SC65A.3 with those of the Psychrobacter sp. G
homologs (Figure 10), indicated high conservation of their primary sequences with just one

replacement of conserved and one partially conserved residues.

Lipase 2_65A.3
The intensive study of the literature was based on the high homology between Lipase 2_65A.3
from Psychrobacter sp. SC65A.3 and Lip-1452 from Psychrobacter sp. G (Figure 11) [44], through
CLUSTAL OMEGA pair alignment, to determine the conserved characteristics of the Lip-1452 as
being overexpressed in Lipase 2_65A.3. Based on the conserved catalytic triad and overall identity
of the amino acid sequences, Lip-1452 was identified as a member of the hormone-sensitive lipase
(HSL) group, namely family IV of the bacterial lipases. Lip-1452 had the catalytic triad (Ser-His-

Asp) and contained an oxyanion hole to stabilize the tetrahedral intermediate.
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The two conserved motifs, HGGGF and GDSAG of lipases, could be identified in the amino
acid sequences of Lip-1452 and Lipase 2_65A.3. The pentapeptide GDSAG contained Gly297 and
Ser299 of the SIC enzymes. Perhaps Asp414 and His444 were the second and third members of the
triad, respectively. The conserved Asp414 in a consensus sequence LDXL and the His constituting
the triad was preceded by a Pro and followed by a Gly. All these characters indicated that Lip-1452
was a member of the HSL motif of bacterial lipases. These structural items are found in Lipase
2_65A.3 indicating that this enzyme belongs to Family IV of lipases.

Lipase 3_65A.3

Considerable sequence homology was also found between Lipase 3 65A.3 from
Psychrobacter sp. from Scarisoara Ice Cave and Lip-948 from Psychrobacter sp. G (Figure 12) [44].

In Lip-948, the two conserved motifs, HGFGG and GNSMG, were identified. Lip-948
belongs to family V, based on sequence alignment, especially for the two conserved regions HGFGG
and GNSMG. Moreover, Serl42, Asp264, and His292 composed the catalytic triad. It probably
contained a signal peptide (Met1-Ala27), which indicated that Lip-948 might be a secreted protein.
Lipase enzyme from Psychrobacter sp. SC65A.3 fulfills all the structural requests above by
overexpressing the same conserved motifs of Lip-948. It could be concluded that Lipase 3_65A.3

belongs to the Family V of lipases.
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CLUSTAL 0(1.2.4) multiple sequence alignment

CLUSTAL 0(1.2.4) multiple sequence alignment

LIP2_65A.3
WP_828444543.1

LIP2_65A.3
WP_@28444543.1

LIP2_65A.3
WP_228444543.1

LIP2 65A.3
WP_2828444543.1

LIP2_B5A.3
WP_828444543.1

LIP2_B5A.3
WP_©828444543.1

LIP2_655A.3
WP_828444543.1

LIP2 65A.3
WP_e20444543.1

LIP2 65A.3
WP_e20444543.1

MSNSTVLSVNTLLNKAVKTLNLMSFGODKNPKSTDINLSDEITDIEESALQDSREDKGLS

MSNSTVLSVNTLLNKAVKTLNLMSFGODKNPKSTDINVSAEIIDIEESALQDSREDKGLS
R R Rt

IKEKILEHHLMTNYQPHLLHYAIKSFGCLPTPILESLIKCLDGPTSKQYLHVDAHLRLIL

IKEKILEHHLMTNYQPHLLHYATKSFGCLPTPILESLITCLDGPTSKQYLHVDAHLRLIL
R AR RRCHOR o FORCR KR S ORI AR oK RO R R R K R

AVNSKLKTPLQLIEMSELRKRFATDAVAMQAPKVIWOQASDNLLSNLKQFHKKGDSATISHG
AVNSKLKTPLQLIEMSELRKRFATDAVAMQAPKVIWQQASDNLLSNLKQFHKKGDSAISHG

0B A B KB A O HE K B OF S BB OFC S U B B K 4 HE MO HC 0 HC K BB K 0 HE R K K0 R

DRTITNADDGDMTIRCYQNETSDNGFGFKKEQTSNPDETVLLFFHGGGFCIGDLNTHHEF
DRTIANADDGDMTIRCYQNETSDNGFGFKKEQTSNPDETVLLFFHGGGFCIGDLNTHHEF

ok ok ok kR ok b ok o 8o ok b of ok ok o of o 8 K8 ok o of o ke b o ok Kok ok ok e ok ok e R R ok ok ok

CHAICEQTGWPVISVDYRLAPEHPAPAAVRDCISAYAWLAEHCEEFGALPSRIVLAGDSA
CHAICEQTGWPVISVDYRLAPEHPAPAAVRDCISAYAWLAEHCEEFGALPSRIVLAGDSA

s ok b ok o oo b sk b ok o oo e ok b ok o sk SRk o ok o sk ke ok ok sk sl sk s b ok ok ok sk R ok ke ok sk skl RO R ok ok R oRok

GGGLSTLMAQQIITPNKEAWLDLGDEGQKT FDILQGLPHPMAQMPLYPYTDIETDYPSWE
GGGLSTLMAQQIITPNKEAWLDLGDEGOKT FDILQGLPHPMAQMPLYPYTDIETDYPSWE

s ok b ok ok oo b ok b ok o oo sk b ok o sk bRk of ok ok sk ke ok ob sk ke sk B of ok ok sk B ok ok sk sk ROk R sk Rk

LYGEGL LLDHADVAIFDAACLENSPLPROQHILTSPMLGDNRQVCPSYVVAAELDVLRDEA
LYGEGL LLDHADVATFDAACL ENSPLPROHILTSPMLGDNROQVCPSYVVAAELDVLRDEA

s ok b ok o oo b sk b ok o oo sk b ok o sk bRk of ok o sk b ok ob sk e sk b o ok ok kiR ok ke ok sk skl RO R sk Rk

FAYANQLKSFGIAVQTHTYLGAPHGFIHFMSVHORLGQETOHIITGFANFVREIIKTRAL
FAYANQLKSYGIAVQTHTYLGAPHGFIHFMSVHORLGQETOHIITGFANFVREIIKTRAL

sk ok o ROR < ok ok R Rk Rk Sk SRRk Kk 3 R R o ok sk s RO K RO K R ROk K kR R Rk

LSA 483
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LIP3_B65A.3

WP_08208442424 .

LIP3_65A.3

WP_028442424 .

LIP3_65A.3

WP_028442424 .

LIP3_65A.3

WP_028442424 .

LIP3_65A.3

WP_0208442424 .

LIP3_B65A.3

WP_020442424 .,

MLLKRLGLATLLSFSVVGCTTAPNTLAINTTQKIIQYERSKSDLTTQSFTLSSGDKIVYA

MLLKRLSLATLLSFSVWGCTTAPNTLAINTTQKIIQYERSKSDLTTOSFTLSSGDKIVYA
kK KRR R o ok sk R SRR KR R R R R R R R ROk R R R R ROk kR

ENGNVAGEPLLLTHGFGGNKDNFTRIARQLENYNLIIPDLLGFGDSSKPMAADYRSEAQA

ENGHNVAGEPLLLTHGFGGNKDNFTRIARQLENYNLIIPDLLGFGDSSKPMAADYRSEAQA
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Figure 10. CLUSTAL multiple sequence alignment of Lipase 2_65A.3 and Lipase 3_65A.3 from Psychrobacter sp. of SIC and Lip-1452 and Lip-948,

respectively, from Psychrobacter G. Legend:(*) identical residues; (:) conserved residues; (.) partially conserved residues.
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LIP2 MSNSTVLSVNTLLNKAVKTLNLMSFGQDKNPKSTDINLSDEIIDIEESALQDSREDKGLS 60
P.sp.G MSNSTVLSVNTLLNKAVKTLNLMSFGQDKNPKSTDINVSAEIIDIEESALQDSREDKGLS 60
Moritella = = =  =c-cememeemcecmmceeme e 0
G.superstes = =  sseemmeccccccccmcccemcceeceeeeccceecececececcccccmece e 0
S.maltophilia @ ~---mmcmmmmm e 0
P.aeruginosa = = - -emmmmmmmomeme e - (%]
I o 1 B R it e 0
LIP2 IKEKILEHHLMTNYQPHLLHYAIKSFGCLPTPILESLIKCLDGPTSKQYLHVDAHLRLIL 120
P.sp.G IKEKILEHHLMTNYQPHLLHYAIKSFGCLPTPILESLITCLDGPTSKQYLHVDAHLRLIL 120
Moritella = = =  ~---ecccmecccccecccccceme e ML------ N-sommcemnene 3
G.superstes = ~ec-cccccceccccccccccccccecccce e MSHTPA-KP---cececcum-" 8
S.maltophilia =~  ------cmmmmm e MQ---------mmmmeeee 2
P.aeruginosa = = =~--sesceeemcccemcecmcccec e MA---mmm e e - 2
E.coli = = = seeeeeememeemeeeceeeeee e MA----mmmmmme e - 2
LIP2 AVNSKLK TPLQLIEMSELRKRFATDAVAMQAPKV-- - --- WQQASDNLLSNLKQFHKKGD 174
P.sp.G AVNSKLKTPLQLIEMSELRKRFATDAVAMQAPKV-- - --- WQQASDNLLSNLKQFHKKGD 174
Moritella QIELGIR---ELVEGFVE- - - -AGCPCPSKQ-SVIQRREGYIDSV----- VL------ AG 44
G.superstes PYDPELTASLAAM--GDL- - --AYISVTLETLPAARA----SRPTQSVDELL------ AG 52
S.maltophilia -LEPALQQFVDAVAAHPL - - - -PEELRELRA--------- ISESALPQLQGA------ PQ 42
P.aeruginosa -LNPDIAAYLELVGNGRS- - - -SGKSLPMHQLTVQQAREQFDQSSALMDPGL - - - - - - DE 51
E.coli -LHPDLAAFLELVEFGRL - - - -TGRSLPMHAMDVAQARAEFEGSSQVLDPSP- - - - - - PG 51
LIP2 SAISWQDRTITNADDG-DMTIRCYQNETSDNGFGFKKEQTSNPDETVLLFFHGGGFCIGD 233
P.sp.G SAISWQDRTIANADDG-DMTIRCYQNETSDNGFGFKKEQTSNPDETVLLFFHGGGFCIGD 233
Moritella PSPKMHEEFEDEFD- - -GIRIKIFKPTS---------- E---KLLPLTIYFHGGCFVSGG 88
G.superstes RAVDHVEHTVPGQGGEPDVVLSVFTPRG---------- LAA- -PVPVVYHAHGGGMIMGD 100
S.maltophilia PVAHVIEHTVIARDGQ-ALDVRLYTPEG---------- LPDGP-APALLFAHGGGWFQCS 90
P.aeruginosa PLARVETLFVPARDGT -SLPARLYSPQG---------- LSASPSLPGVLYLHGGGYVVGS 100
E.coli NVT-ASELQITARDGT-RLAARLYRQG----------- DAGAALQPVILYLHGGGYVVGS 98
. . ¥ 3k %k
LIP2 LNTHHEF CHAICEQTGWPVISVDYRLAPEHPAPAAVRDCISAYAWLAEHCEEFGALPSRI 293
P.sp.G LNTHHEF CHAICEQTGWPVISVDYRLAPEHPAPAAVRDCISAYAWLAEHCEEFGALPSRI 293
Moritella FATHEQQMRQLAKLSNTIVVCIRYRLAPEYHYPAAHDDVYKASIHIHDHGYEYGGDPKRI 148
G.superstes RFANIGRVLDWVENLGIVAVSVEYRLAPEAPYPAAVEDCYAGLLWTVEHAADLGIDPERV 160
S.maltophilia LAVYDGPCRALANASGCVIVAVGYRLAPEHPFPVPLHDVADAWSWLQDNAERLGLDPQRL 150
P.aeruginosa LDSHDAL CASLAERAGCVVLSLAYRLAPEWRFPTAAEDAEDAWCWLAAEAERLGIDPQRL 160
E.coli LDSHDSVCRRLAALGEFAVLAADYRLAPEQQFPKALHDVLDAANWLAEQAASLGLDNRRV 158
%k ¥ % ok k¥ * * " " * *:
LIP2 VLAGDSAGGGLSTLMAQQIITPNKEAWLDLGDEGQK TFDILQGLPHPMAQMPLYPVTDIE 353
P.sp.G VLAGDSAGGGLSTLMAQQIITPNKEAWLDLGDEGQK TFDILQGLPHPMAQMPLYPVTDIE 353
Moritella SFVGDSAGAHLALVTSLRLK=======-cmmemmmmmam AKSNWLPRKQVLIYPMLDPQ 188
G.superstes IIGGGSSGGGITAGLALLLR-=====cccmmmcnccanann DRGGPKVAGQWLSSPMLDDR 200
S.maltophilia AIGGDSAGGNLAAACCLLLR-======ccmcmcmncuanxn DLGLPQPCHQLLLYPALDAG 190
P.aeruginosa AVAGDSVGGSLCAVLSRQLALR--======cccmmmcmnan GDASQPRLQVLIYPVTDAS 201
E.coli VLAGDSVGASLAAVLAITSVQQ----------=-=---- PEALAFKPLAQLLFYPVTDIS 201
= *‘* *. s z * * *
LIP2 TDYPSWE LYGEGL LLDHADVAIFDAACLENSPLP-RQHILTSPMLGDN-RQVCPSYVVAA 411
P.sp.G TDYPSWELYGEGL LLDHADVAIFDAACLENSPLP-RQHILTSPMLGDN-RQVCPSYVVAA 411
Moritella GKSDSYSQNGKDF ITTGGMLLSGFEMYLEGSNV-SNKHPEISLLLRNDFSGLPPTYIVTA 247
G.superstes DVTVSSKQYVDGAIWSGRSNDTAWRALLGDDFQTENVSIYAAPARATDLSNLPPAFIDVG 260
S.maltophilia MGSDSYRDYATGYYLSAELMQRCWQAYLGNLDQPS - - -SLASPAQATDLQGLAPASVLSC 247
P.aeruginosa RTRQSIERYAVGHLLEKDS LEWFYQHYQRSPEDRQ- -DPRFSPLLGAVPAELAPTLLLVA 259
E.coli CQRESHREHAEGYLLETPTLEWFYQHYAPQREQRL - -DWRVSPLLSTLRQPLPPAYLSVA 259
* . o Ke .
LIP2 ELDVLRDEAFAYANQLKSFGIAVQTHTVLGAPHGFIHFMSVHQRLGQETQHIITGFANFV 471
P.sp.G ELDVLRDEAFAYANQLKSYGIAVQTHTVLGAPHGF IHFMSVHQRLGQETQHIITGFANFV 471
Moritella ELDPLRDEGEELYKKLLSSGVDAYCDRYLGVIHGFFQLSAVSKSAVRCIE----NVARQI 303

Figure 11. Amino acid sequence alignment of Lipase 2_65A.3 with the homologous enzymes by
framing the common catalytic pocket and conserved motifs.
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Bleolil, e e e S S e MPMAEIPLCVWR 12
G.superstes = = secessccccmccccnece e cecescececc e ncc e e r e 0
Moritella MMTFRRPKILPFAVALAVTASLSLTGCSSMODAVSASPTISSVWGIGEMPIADLNALYAN 60 _ :
LIP3 e WNTTQKIIQYER"SKSD ------ L 44 Signal peptide
A MLLKRLSLATLLSFSVWGCTTAPNTLAINTTOKIIQYER --SKSD------ L 44
P.aeruginosa = -------- MKRFLLGLVLLLAVAAGILYFVPATL- - - -LASVRTVER - -GLAG- - - - - - L 40
S.maltophilia = -------- MKKALLCLLLLVLLAAATLYLFPATL- - - -LASLQWFDR - ~TRAG - - - - - - L 40
E.coli TRGQSFSFRGQSIRYWTAG - -QGEPLLLLHGFPTASWDWRYLWGPLAQRFRLIACDMLGF 70
G,superstes = =e-c-sceccmcccceccccncccecceccccrccc e MIVPVHPGF 9
Moritella EE SQWMD INGMRIHYRDEGNPNGQP IVLVHGILSSLHTWDEWHKGLTADYRIISLDVPGF 120 o
LIP3 TTQSFTLSSGDKIVYAENGNVAGEPLLLIHGFGGNKDNFTRIARQL- ENYNLIIPDLLGF 103 (CLrEAETBEGEEL M e
P.sp.G TTQSFTLSSGDKIVYAENGNVAGEPLLLIHGFGGNKDNFTRIARQL - ENYNLIIPDLLGF 103 e el Ay g e eEE
P.aeruginosa SEHSVQV-DNLEIAYLEGGSEKNPTLLLIHGFGADKDNWLRF ARPLTERYHVVALDLPGF 99
S.maltophilia TEKTLRV -DDLDIRYYEGGPQDAET ILLVHGFGADKDNWPRFARFLTSHYHVLAVDLPGF 99
. * %
E.coli GDSAKPVDHLYSLMEQ-ADLQQAL L AELKVDQPVHL LAHDYGGSVAQELLARHHEQRANI 129
G.superstes NGTPRPESLR- - TPRGLAELYVRMLDALGLE-DVTVIGNSIGGWIAAEIAALGSSRVSGV 66
Moritella GLTGGPENPDDYSETLLHSSFEQFVAQLQLD-DF ILVGNSLGGYISAQYAANNPGKIKKL 179
LIP3 GDSSKPMAADYRS EAQ-ATRLHEL LQAKGLASNIHVGGNSMGGAISVAYAAKYPKEVKSL 162 Motif with catalytic
P.sp.G GDSSKPMAADYRS EAQ-ATRLHEL L QAKGLASNIHVGGNSMGGAISVAYAAKYPKEVKSL 162 Ser 142
P.aeruginosa GDSSKPQQASYDVGTQ-AERVANFAAAIGVR - RLHLAGNSMGGHIAALYAARHPEQVLSL 157
S.maltophilia GDSSQPPSISYDVGTQ-AERLVDFTQALGIG-RLHLVGNSMGGHIVALFAARHPQQVFSL 157
. % & ‘ . . k% . * s
E.coli ASCVFLNSGLFPESCRMLL IQKLLLSRLG-WLVGRS FGRDDLVRS - - - - - VIQVYGSCTQ 183
G.superstes V- -LVDAVGLVVPGHPYVD -FYSLTP- - - - AEVAA- - -RS- - --YYDP- - -ERFGVDPSK 109
Moritella I--LIDPAGAPQEL-PFLL - SFASMPGINSLAA--- - - - NVFPPFIVAMGVKDVYGDPER 229
LIP3 W- -LIDSAGFWSVGVPKSL -ESA-TLENNPLLVDK - - -KEDFYAMYD - - - - - FVMSKPPY 210
P.sp.G W- -LIDSAGFWSVGVPKSL -ESA-TLENNPLLVDK - - -KEDF YAMYD - - - - - FVMSKPPY 210
P.aeruginosa A- -LIDNAGVMPARKSELF - EDLERG- ENPLVVRQ- - -PEDFQKLLD - - - - - FVFVQPPP 205
S.maltophilia A- - LFDNAGVEAPQRSVFF -QRLYAGQANPLVVSR - - - PEDFPPLLD - - - - - LVFHTRPP 206
. *
E.coli PSESVLDDFWSLIAAN-RGTRILHK LVGYMPERRVHRERWVGAMQHE GVPLRF INGVWWDP 242
G.superstes LPS-EVRAAMA- - -~~~ - GNRTALAVYGGDMTDPT - - LASRLPGVDVPVLVVWGAADR 157
Moritella ITKANMDRYIHLSLRPGAKQA-YANTIAMLAEKNDRH- -APLNFSSITAPTLLMWGEKDI 286 ———
LIP3 IPK-SVKAVFA- - QERIANKAVESK ILAQIVEDNVEQ- -RAKVIAEYNIPTLVVWGEEDK 265
P.sp.G IPK-SVKAVFA- - QERTANKAVESK ILAQIVEDNVEQ- -RAKVIAEYNIPTLVVWGEEDK 265
P.aeruginosa LPA-PLKRYLG- - ERAVAASAFNAQIFEQLRQRYIPL - - -EPELPKIEAPTLLLWGDRDR 259
S.maltophilia LPA-RLRDYLS- - ERAVERSGLNAAIFEQLRDRYIPL - - - EPELPRITAPTLLLWGDQDQ 260
» . . * . ok %
E.coli LSGAHMVERYRQLVPEPDTVOLQGIGHYPHTEAPVQVLRHYLAFREQPLSCFQKKVAWS 301
G.superstes IGDLEVGKAYAELVPGARLEVIPDAGHLPQIETPSRLIELVGSFTSTSV----SGS--- 209
Moritella WVPATLSEQWLANISGSTL ITYPKAGHVPMEEIPQQTLODAL TFIDLK- - - - == -~~~ 334 Catalvtic His 201
LIP3 VIKPETVTLIKEIIPQSQVITMPKIGHVPMIEAVKDTANDYKAFREGLKN-- - -~~~ 315 Y
P.sp.G VIKPETVTLIKEIIPQSQVITMPKIGHVPMIEAVKDTANDYKAFREGLKK- -~ -~~~ 315
P.aeruginosa VLDVSSIEVMRPL LKRPSVVIMENCGHVPMVERPEE TAQHYQAFLDGVRNAQVAGR--- 315
S.maltophilia 311
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ILDRSSIEVMKPLLRQPSVVVMEDCGHVPMIERPEETARHYLAFLAGLPRR----~----

*k kK -k

Figure 12. Amino acid sequence alignment of Lipase 3_65A.3 with the homologous enzymes by
framing the common catalytic pocket and conserved motifs.
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1.3. Secondary structure analysis

Secondary structure alignment of psychrophilic, mesophilic and hyperthermophilic
homologous chains (Table 9) indicated a variable distribution of helices and turns, with a relatively
high content of random coils in the amino acid sequence of the psychrophilic enzymes. The
temperature-dependent secondary structure appeared to be related to a decreased content of turns for
lipases 2_65A.3 and 3_65A.3 from Psychrobacter SC65A.3 compared to the P. aeruginosa homolog.

Table 9. Analysis of the secondary structure composition.

Secondary structure
composition (%)

Homologous proteins Helix ~ Sheet Coil Turn
Psychrobacter sp. SIC Lipase 2 50.1 31.9 114 6.6
Glaciibacter superstes 51.4 28.7 13.4 6.5
Moritella sp. PE36 40 37.4 15.7 6.8
P. aeruginosa 46.7 31.8 14.3 7.2
Escherichia coli 51.2 354 7.8 5.6
Stenotrophomonas maltophilia  47.1 34.4 12 6.5

Secondary structure

composition (%)

Homologous proteins Helix Sheet  Coil Turn
Psychrobacter sp. SIC Lipase 3 57.8 25.4 10.1 6.7
Glaciibacter superstes 345 37.3 19.1 9.1
Moritella sp. PE36 39.5 45.2 10.2 5.1
P. aeruginosa 64.8 21 7.9 6.3
Escherichia coli 39.5 37.2 17.3 6
Stenotrophomonas maltophilia  49.8 28.6 14.5 7.1

Interestingly, the coil content of Lipases 2_65A.3 is significantly higher than that in the
mesophilic E. coli, while for Lipase 3 65A.3 this particular assumption could be made with the
P.aeruginosa representative, suggesting that their position in the amino acid sequence could play a

critical role in the protein folding and flexibility to adapt the catalytic process to extremely low
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temperatures. A lower sheet content was also observed in lipases from Psychrobacter sp., confirming
the reduced ionic interactions [47] in comparison with the mesophilic and hyper thermophilic
enzymes, as described above. No major differences were observed in the case of helix structures that
are almost equally represented.

Meanwhile, the cold-active lipases preserved independent behaviors. Lipases from

Psychrobacter SC65A.3 showed high secondary structure conservation with the mesophilic enzyme.

I.4. Tertiary structure analysis

The 3D model of Lipase 2 _65A.3 from Psychrobacter sp. SIC was calculated using
metagenome-derived esterase Est8 as a template (PDB: 4YPV.A). The sequence identity is low (30%)
because of the homo-dimer structure prediction.

Figure 13. Tertiary structure of Lipase 2_65A.3 (yellow) and Lipase 3_65A.3 (green) predicted by
3D modeling.
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In the case of Lipase 3_65A.3 3D modeling, the closest tertiary structure was superimposed
with that of a cold-active esterase from Psychrobacter cryohalolentis K5T (PDB: 4NS4.A) used as
the template. The sequence identity emerged with 98.1% coverage and the oligo-state prediction

reveals a monomer.

I1. Lipolytic activity. Plate screening assays.
Il. 1. Lipolytic activity on tributyrin

The inoculation was performed as a spot on the surface of the culture media. Petri dishes
were incubated for 7 days at 15°C, and the positive reaction was indicated by the appearance of a
transparent halo around the bacterial culture. The diameter of the hydrolysis zone represents the
intensity of the enzymatic activity so that the larger hydrolysis zones, the more intense activity [16
40].
No activity was recorded in the presence of tributyrin (Figure 14). Although the bacterial

strain used the culture media to grow, being more visible in the case of TSA media.

Figure 14. Petri dishes with 1% tributyrin assay.

I1. 2. Lipolytic activity on Tween 80

The lipase reaction was positive as off-white calcium crystals were formed and visible on
the hydrolysis zones (Figure 15). After seven days of incubation at 15°C, the hydrolysis area was
clearly expended nearby the reaction spot.

Qualitative reactions in the presence of tributyrin and Tween 80 as substrates (Table 10)
revealed that the R2A medium is more suitable for the hydrolysis catalytic reaction of the extracellular
lipases secreted by Psychrobacter sp. strain.
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Table 10. Time dependent hydrolysis diameter

) The diameter of the hydrolysis zone (cm)
Culture media

3 days of incubation 7 days of incubation
TSA + Tween 1% 0 0,2 (Replicate!) 0,2 (Replicate?)
TSA+ Tributyrin 1% 0 0
R2+Tween 1% 0,2 (Replicate!) 0,2 (Replicate?) 0,7 (Replicate!) 0,6 (Replicate?)
R2+Tributyrin 1% 0 0

Figure 15. Petri dishes with Tween 80, bacterial strain, on R2A, respectively, TSA culture media.

11.3. Lipolytic activity on vegetal oils

Olive and sunflower oils, in concentrations of 0.5%, 1%, and 1.5% were added to the growth
media as a lipase substrate to determine the optimal conditions for extracellular lipase activity. The
oils were added to the culture media after the media sterilization. Lipase activity was detected
according to the described protocol as red-orange fluorescent halo occurrence due to Rhodamine B
input [40].

When using R2A culture media, the highest lipolytic activity of the bacterial strain was
observed for a concentration of 1% sunflower oil. However, in the case of TSA medium, a
significantly improved activity occurred in the presence of 1.5% sunflower oil (Figure 16), suggesting
that this cold-active bacterial strain has a higher lipase activity when using 1.5% sunflower oil
concentration. The same high lipolytic activity was appreciated for the highest concentration of the
olive oil (1.5%), with a considerable extension around the hydrolysis zone, regardless of the culture

media used (Figure 17).
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Figure 16. Bacterial growth on R2A (upward), and TSA (downward) media respectively,
supplemented with sunflower oil ( 0.5%, 1%, 1.5%).

Figure 17. Bacterial growth on R2A (upper) and TSA (lower) culture media supplemented with
olive oil (0.5%, 1%, 1.5%)
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I11. Biocatalyst preparation
I11.1.Biocatalyst precipitation

Sistematically, the Psychrobacter sp. strain was incubated for 3 days at 15°C and fully grown
cell colonies are able to produce and extracelullarly release proteins into the culture media. As for
that, to favour the production of lipases the culture media was initially supplimented with 1% olive
oil, as this provides the preferred carbon source for lipolytic hydrolysis.

The culture media is now enriched, assuming the feasible production of extracelular proteins
together with lipases of interest. Further, to exclud the intereferents of the media (e.g. nutrients, salts),
the total protein was precipitated with 80% acetone, that competes with water molecules linked to the
biomolecules, and triggered the precipitation stage. The total protein is obtained as a white powder
(Figure 18) and suspended in 100mM TRIS-HCI buffer pH 8.

Figure 18. Precipitation of extracellular protein content of Psychrobacter sp. culture medium

For the validation of partially purified protein content obtained after extraction with organic
solvent, the extract was measured at 280 nm, and the absorbance value was extrapolated on the
calibration curve with bovine serum albumin standards, to estimate the concentration (Figure 19).

Sample series of protein precipitate were obtained in the range of 5 — 8 mg/mL.
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Figure 19. Calibration curve on 0.1 — 1 mg/mL bovin serum albumin (BSA) standards in distilled
water.

111.2. Covalent immobilization
111.2.1. Immobilization on modified resin

Covalent immobilization of the enzyme on amino—C>—methacrylate with glutaraldehyde spacer
was firstly performed. The enzyme provides lateral amino groups for linking via—CHO groups, which
simultaneously captured the amino groups of the support. After the immobilization procedure, the
amount of protein extract left unattached to the support is discriminated by measuring the absorbance
of the reaction supernatant, which obviously contains the remained soluble protein fraction. The
following performances in Table 11. were obtained after the immobilization procedure:

Table 11. Immobilization capacity of protein extract on amino-Co-methacrylate.

Starting . ) ) )
) Immobilized Protein loading Protein recovery
concentration
4.382 mg/mL 41.73 mg protein/g support 88.35%
4.96 mg/mL
4.47 mg/mL 42.33 mg protein/g support 90.12%
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As the immobilization results revealed, the reaction in MES buffer was achieved with 90%
succes, while for PBS buffered reaction, with 88%. Therefore, good attachement of protein extract

on resin beads is accomplished through the above-mentioned protocol (Figure 20.).
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Figure 20. Mechanism of immobilization on amino-C2-metacrylate polymeric beads

111.2.2. Immobilization on magnetic particles

Coated magnetic particles that provide different functional groups on the outer face were tested
as supports for the immobilization of the protein extract obtained out of the bacterial culture. There
were performed different approaches in the case of the carbodiimide method (Figure 21), the
nanosized and microsized magnetic particles with lateral carboxyl groups were diectly treated with
EDC activator. A one pot immobilization reaction was also achieved by capturing enzyme carboxyl

groups via EDC and linking them further with microsized magnetic beads with lateral amino supply.
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Figure 21. Mechanism of immobilization via carbodiimide methods.
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Because the structural analysis agreed to the existence of glycosidic groups for bacterial lipases of
classes 1V and V, an oxidizing step was introduced prior to immobilization. Sodium periodate targeted the
glycosidic groups from lipases and added a plus reactivity by opening the cycle (Figure 22). Magnetic particles

providing hydrazine groups ended the immobilization reaction through imine bonds.

GSi-NH-NH2
CH,QOH | HO
CH,QH S N 8
@ & ) jé:g‘ +Na]0 JQ_ }0 ’P% O—Si-NH-NJ%CHon
o= O

HO OH

Figure 22. Mechanism of immobilization on Si-MAG-Hydrazine magnetic beads.

The immobilization performance was estimated using UV-analysis at 280 nm against the

calibration curve, while the values are listed in Table 12:

Tabel 12. Immobilization capacity of protein extract on different coated magnetic beads.

Starting Immobilized on
concentration Si-MAG-Amine Si-MAG-Carboxyl Si-MAG-Hydrazine Fluid-MAG-ARA
6.6 mg/mL 6.55 mg/mL 6.545 mg/mL 6.53 mg/mL 6.33 mg/mL

The performance of the immobilization is similar regardless of the working protocol chosen or
the particle matrix. It could be noted that on micro-sized particles the immobilization went with a few

percentages better.

IV. Biocatalyst characterization
IV.1. FT-IR analysis

Diffuse Reflectance Infrared Fourier Transform (DRIFT) spectra were measured for free and
immobilized support beads. A minimum amount of sample was dilluted with potassium bromide
matrix. Amide | band, corresponding to (CO) carbonyl stretching mode of the peptide is present in

the region of 1700-1600 cm™L. This band consists of a group of overlapped signals, which contain
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information on secondary protein structure of the enzyme. Bands centered at around 1550 cm ™ are
assignable to the amide Il band, which is a out-of-phase combination mode of the NH in plane bend
and the CN stretching vibration with smaller contributions from the CO in plane bend and the CC and
NC stretching vibrations. Additionally, the peak at 1600 cm™ can be assigned to the asymmetric
stretching. Finally, a set of bands can be distinguished in the region of 1400 — 1200 cm™* due to amide
I11 mode. This mode is assigned to the in-phase combination of the NH deformation vibration with
CN, with a minor contribution of CO and CC stretching. These polypeptide bands are complex and
do not allow a direct correlation with the protein structure mode of carboxylic groups, (COQ), of
aspartic acid (Asp A.) and/or glutamic acid (Glu A.) in side chain. a-Helices show a strong and
characteristic absorption band centered at 1660 cm™. Additionally, it is also possible to identify a
band at 1645 cm™, which can be assigned to random structures, such as turns and coil specific for
cold-active proteins. B-Sheets have two signals at ~1635 (intense) and ~1683 cm™ (weak), but not
distinguishable in this case. The splitting of the amide I mode in B-sheets structures is a consequence
of differences in hydrogen-bridged bonds and the dipole transition coupling. The band at 1683 cm ™
may also contain overlapping contributions (i.e. that could not be resolved in our spectra) due to turn
structures [49, 50].

It is clear that the immobilization was succesfully achieved via covalent linking of the
biomaterial to amino-Cz-metacrylate support given the interferogram (Figure 23). For the
immobilized specimen, the specific bands of amide | and Il around 1600 — 1700 cm™ are well
distinguished, as coming from the peptide bonds provided by the protein. The support, as being a
croslinking metacrylate polymer with amino- disposable groups, has a specific band at
1730 cm™ as C=0 stretching carboxyl for methacrylate, as well as 2 peaks between 3300 and
3500 cm™* signing for primary amino groups projecting out by the outer face of the polymer.

bioca{taly

Reflegtance

protein

wavenumber (cm)

Figure 23. DRIFT spectra of protein and MTC-NH2 biocatalyst.
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FTIR spectra of magnetite exhibit two strong infrared absorption bands at 570 and 390 cm™.
According to Ishii and Nakahira, these bands can be assigned to the Fe—O stretching mode of the
tetrahedral and octahedral sites (the band at 570 cm™ ) and to the Fe-O stretching mode of the
octahedral sites (the band at 390 cm™ ). Maghemite, a defective form of magnetite, has absorption
bands at 630, 590 and 430 cm™ [51]. The strong asymmetrical band at 578 cm™* characteristic to Fe—
O stretching vibrations includes also the Fe—OH vibration band located at 630 cm™ and possible Fe—
O vibration bands of maghemite (635 cm™) [51].

Important to be considered is that for the immobilization performance, the bands for amide 1, I
and 11l are evidenced, while specific sharp peaks are located in the low wavenumber region for the
support evidence (Figure 24 — 27). In biological materials and protein spectra, large bands in the
region of large wavenumbers are clearly related to OH streching groups, as the water trances could

not be overcome.
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IV.2. SEM analysis

The following micrographs were performed by Surface Electron Microscopy on biocatalyst
specimens to highlight the immobilization of the protein content on the functionalized surface of the
support particles. The appearance of magnetic particles is defined and characteristically crystallized
for magnetite and maghemite. In the case of the free support based on methacrylate polymer, the
beads have a clear, smooth aspect. The analysis of the immobilized specimen intervenes with the
change in the morphology of the magnetic crystals or in the smoothness of the resin beads. A lighter
contrast highlights the protein deposits that adhere covalently to the support surface. The analysis
involved a priori metallization with gold (Figure 28 — 32).
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Figure 28. A. Real evidence of sMP-COOH material. SEM micrographs: B. Free support,
C. Immobilized-protein support (50 um), D. Immobilized-protein support (10 pm).
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Figure 29. A. Real evidence of fMP-COOH material. SEM micrographs: B. Free support,
C. Immobilized-protein support (50 um), D. Immobilized-protein support (10 pm).
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Figure 30. A. Real evidence of sMP-NH2 material. SEM micrographs: B. Free support,
Immobilized-protein support (50 um), D. Immobilized-protein support (10 pum)
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Figure 31. A. Real evidence of SMP-NH- NH> material. SEM micrographs: B. Free support,
C. Immobilized-protein support (50 um), D. Immobilized-protein support (10 pum)
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Figure 32. A. Real evidence of MTC- NH2 material. SEM micrographs: B. Free support,
C. Immobilized-protein support (50 um), D. Immobilized-protein support (10 pum)
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IV.3. Enzyme activity

The system for lipase activity implies the formation of fatty acids in an aques solution, as in
other terms a not clear, but a dispersed solution is continuously formed during the enzymatic reaction.
For this reason, a discontinuous Kinetics is approved in the literature for measuring the lipase activity,
as the formation of acid product is measured after 30 minutes, and activity is reported in terms of
concentration per min against the calibration curve obtained with different known substrate
concentrations (Figure 33). Moreover, the classical pathway for hydrolysis happened at 37°C, while

in this study the reaction at 25°C was introduce to evaluate the cold-active character of lipases.
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Figure 33. Calibration curve on 0 — 0.5 mM p-nitrophenol standards in ethanol.

On the p-nitrophenol butyrate substrate of different concentrations, activity measurements were
performed according to the protocol. By plotting Lineweaver-Burk were calculated the Kinetic
constants Km and Vmax, and particularly kcat, for two reaction temperatures (Figure 34). According
to the Km values, the cold-active character of the lipases is maintained with the increase of the
temperature by up to 15 degrees in addition, compared to the optimum T estimated at 25°C, without
substantial changes of the characteristic lipolytic activity. In the case of the catalytic constant, similar
values are recorded for both temperatures.

Catalytic efficiency was calculated as the ratio between kcat / Km. The close values of the ratio
for both temperatures support the structural and functional stability of the proteinaceous material. An
at least interesting observation is in the case of the specimen immobilized on magnetic nanoparticles,

where the catalytic efficiency proves to be the most promising.

58.



Giulia Roxana Gheorghita, Dissertation thesis ||| [ lGEGN

CMCeNH; be | —— CoMCeNH; be - | —
sMPeNH-NH bc  [J® sMPeNH-NH, bc  [Jf™
sMPeNH; be  [m - smpenNH; be [
< g
= fmpecooH bc P fMPeCOOH bc |
sMPeCOOH be | sMpPeCOOH be |
preebc [ Freebc T
0 1 2 3 4 5 0 1 2 3 4 5
m37°C m25°C m37°C m25°C
C:MCeNH, be  [Jf™
sMPeNH-NH, bc | IIE®
% sMPeNH, be [
g fmpecooHbe NG
¥4
smpecOOH be  [J™
Freebc ™
0 1 2 3 4 5

H37°C m25°C

Figure 34. Lipolytic activity for all biocatalysts on p-nitrophenyl butyrate substrate.

V. Biocatalyst performance
V.1. Design of the biocatalytic system

The biocatalytic system was composed based on the main idea on which the thesis is founded,
namely, the valorization of silymarin. Starting from one of the most biologically active compounds
of silymarin, e.g., silybin, esterification reactions were directed to its hydroxyl groups of aromatic
and alcoholic origin. Experiments were performed both with fatty acids (octanoic acid, oleic acid) for
esterification reaction, but also with fatty acid esters (methyl decanoate, methyl laurate, methyl
myristate, methyl palmitate) via transesterification. A useful comparison could be outlined by using
the free and immobilized protein material involved in catalyzing the reaction. Given the origin of the
protein extract from the extremophilic strain of Psychrobacter sp., the reaction temperature was set
to 25°C.

Given the HPLC-DAD analysis, unreacted substrates were constantly identified against
standards as having the following retention times: silybin at 2.4 minutes, octanoic acid at 2.9 minutes,

oleic acid at 3.7 minutes, methyl decanoate at 3.1, methyl laurate at 3.3, methyl myristate at 3.7,
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methyl palmitate at 4.1 minutes, respectivly. The process performance was related to each calculated

value obtained in terms of substrate conversion for every synthesis, by using the well-know formula:

mass of converted silybin
C(%) = - 100

initial mass of silybin

V.2. Optimization of system parameters

Raw culture media vs. Protein precipitate

The culture medium contains multiple interferences that imprint nonspecific peaks on the
control chromatograms for the reaction of interest. At the same time, the culture medium was
supplemented with 1% olive oil to increase the extracellular lipase production, and this may work
towards side reaction of hydrolysis or synthesis from the oil supplement. The protein precipitate rises

to the desired performance, with a good differentiation of the product peaks and unreacted substrate.
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Silybin conversion (C, %)
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Figure 35. System performance in terms of silybin conversion by using raw culture media vs.
protein precipitate.

Free biocatalyst performance at 25°C or 40°C

Knowing that the biocatalyst is cold-active, its catalytic potential is expected to be at low
temperatures. However, the results in terms of substrate conversion involve higher values at 40°C.
One possible explanation is that the lipase biocatalyst is stable even with increasing temperature,
having considerable residual catalytic activity. At the same time, the esterification reaction may be
stimulated by the increase of temperature and esters could be formed uncatalyzed. For this reason and

for the evaluation of the biocatalyst at its potential, the system temperature remains settled at 25°C.
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Figure 36. System performance in terms of silybin conversion by using different temperature with
free biocatalyst

Immobilized biocatalyst at 25°C or 40°C

An increased performance of the biocatalytic system is desired to support the esterification of
silybin and to contribute to the improvement of the liposolubility properties of silymarin. Preliminary
testing of the immobilized biocatalytic material involved the use of the support based on polymer
resin at 2 temperatures. It is observed that the cold-active potential of the proteinaceous material is
supported by its immobilization, as lipases tend towards an increased catalytic activity when adhere
between two heterogeneous media, in this case the support and the liquid medium of the reaction. At
the same time, for the temperature of 25°C, the best conversion values are obtained, another evidence
of the cold-active catalytic character storage.

100
S 80
S
<
2 60
(2]
@
g
g 40
o
=
= 20
)
0
25°C 40°C 25°C 40°C 25°C 40°C 25°C 40°C 25°C 40°C 25°C 40°C
System I: | System Il: = System IIl:  System IV: = System V: System VI:
Octa Ole Me-deca Me-lau Meemir Meepalm

Figure 36. System performance in terms of silybin conversion by using different temperature with

MTC-NH2 immobilized biocatalyst.

61.



_ Lipase-designed biocatalysts for silymarin derivatization

V.3. Evaluation of the biocatalysts
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Figure 37. System performance in terms of silybin conversion for every biocatalyst specimen
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Following the screening performed on the biocatalytic systems proposed for the esterification

of silybin with different fatty acids, 3 questions arise:

a) Why does the free biocatalyst have a lower performance than the immobilized biocatalyst?

b) Why after immobilization the lipases adhering to the support show an improved catalytic activity?
¢) What is the most promising immobilized biocatalyst for the esterification process?

With these nuances in mind, one could evade very useful observations and information.

In the case of the free biocatalyst, the performance range in terms of substrate conversion varies
between 13 and 34%. The conversion values decrease in the case of the free biocatalyst, with the
increase of the hydrocarbon chain of the acylating agent: 34% for the oleic acid system, 13% for the
methyl palmitate system. It is true that being a total protein content embedded generically in the free
biocatalyst, steric hindrances are a risky factor in achieving the synthesis, the lipase catalytic lid being
restricted by the neighboring interactions.

In the case of the immobilized biocatalyst, the performance range varies between 41 and 66%.
There is no decisive trend for the behavior of immobilized biocatalysts, but a first important
observation is based on a catalytic activity improved by several tens of percent compared to the free
biocatalyst. Thus, by immobilization even though covalent, protein stability is sustained. It is
approved in the scientific community that lipases have an unusual behavior, but very beneficial when
they are found at the interface between two different environments. Most studies are based on
interfacial activation between organic and aqueous medium. In the present case, the heterogeneity of
the system is given by the immobilized form and the liquid reaction medium.

A second observation correlated with the immobilized biocatalyst is given by the increased
biocatalytic potential in a constant trend with the increase of the hydrocarbon chain coming from the
acylating agent. Basically, the protein conformation sustained by immobilization allows the facial
reception of the substrate at the catalytic site.

It is easy to notice that the immobilized catalysts have similar performance values, considering
the functionality of each support and the immobilization method used, for each individual biocatalytic
system. Thus, there is no major difference that can serve as a conclusion for a particular biocatalyst.
However, globalizing this study, values of 65% (excluding the octanoic acid system) were obtained

with the biocatalyst based on nanoparticle support.
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CONCLUSIONS
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ANNEX 1

The taxonomic codes corresponding to each protein sequence in each homologous microorganism,
according to GenBank.

Homologs Lipase 2 _65A.3 taxid Lipase 3 65A.3 taxid

Psychrobacter sp. G

WP_020444543.1

WP_020442424.1

Glaciibacter superstes

WP_026851928.1

WP_022887568.1

Moritella sp. PE36

WP_043994174.1

WP_006031208.1

Escherichia coli

WP_153671715.1

WP_153670496.1

Pseudomonas aeruginosa

WP_003148542.1

WP _070333250.1

Stenotrophomonas
maltophilia

WP_043400862.1

KAF1051810.1
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ANNEX 2

The proportion of amino acids for each protein sequence corresponding to each microorganism
homologous to the sequence of Lipase 2 from Psychrobacter SC65A.3.

Amino  Psychrobacter Glaciibacter Moritella Escherichia Pseudomonas Stenotrophomonas

acid (%) SC65A.3. superstes  sp. PE36 coli aeruginosa maltophilia
Lipase 2
Ala (A) 8.3 15.0 5.6 12.7 13.4 15.6
Arg (R) 3.1 5.6 4.9 7.1 6.9 4.9
Asn (N) 4.1 1.9 3.0 0.9 0.6 1.3
Asp (D) 6.6 6.9 5.2 5.9 7.2 5.8
Cys (C) 2.1 0.3 2.0 0.6 1.9 3.2
GlIn (Q) 5.2 2.2 3.6 5.6 5.0 7.5
Glu (E) 5.8 5.3 6.9 6.2 6.5 4.9
Gly (G) 6.0 9.7 8.5 8.1 7.5 8.4
His (H) 4.3 2.5 3.6 3.1 25 3.6
le (1) 6.4 3.7 6.9 1.9 2.2 2.6
Leu (L) 11.6 9.3 10.2 13.7 14.0 14.9
Lys (K) 4.8 1.2 5.6 0.9 0.9 0
Met (M) 2.3 1.9 2.0 1.6 1.9 1.3
Phe (F) 3.9 2.2 4.3 3.1 1.9 1.3
Pro (P) 5.0 6.2 5.2 5.6 6.5 7.8
Ser (S) 6.6 6.9 8.2 5.9 7.2 4.9
Thr (T) 5.8 4.7 2.6 3.7 2.5 1.9
Trp (W) 1.2 25 0.3 1.6 1.2 1.3
Tyr (Y) 2.3 2.8 4.9 3.7 3.4 3.2
Val (V) 4.6 9.3 6.6 8.1 6.9 5.5
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The proportion of amino acids for each protein sequence corresponding to each microorganism
homologous to the sequence of Lipase 2 from Psychrobacter SC65A.3.

Amino  Psychrobacter Glaciibacter Moritella Escherichia Pseudomonas Stenotrophomonas

acid (%) SC65A.3. superstes  sp. PE36 coli aeruginosa maltophilia
Lipase 3
Ala (A) 9.2 10.5 9.6 7.0 11.1 9.3
Arg (R) 2.9 6.2 2.7 8.3 7.6 8.4
Asn (N) 5.4 1.4 4.8 1.3 3.2 1.6
Asp (D) 4.4 5.7 5.7 4.3 4.4 6.4
Cys (C) 0.3 0.0 0.3 2.0 0.3 0.6
GIn (Q) 3.5 0.5 3.9 6.6 4.4 4.5
Glu (E) 6.7 5.7 4.5 5.0 7.3 5.1
Gly (G) 6.3 11.0 7.2 7.6 7.0 6.1
His (H) 1.3 1.4 2.4 4.3 2.5 2.9
le (1) 7.6 4.3 7.8 3.3 3.5 3.5
Leu (L) 9.5 10.0 10.8 13.3 14.0 15.8
Lys (K) 8.3 1.0 3.6 2.0 2.9 1.6
Met (M) 2.2 1.9 3.6 2.7 1.9 1.6
Phe (F) 3.2 1.9 3.6 4.0 4.1 5.1
Pro (P) 4.8 8.6 7.2 5.6 7.0 7.7
Ser (S) 7.0 7.7 7.8 6.6 4.4 4.8
Thr (T) 5.4 4.8 5.1 2.3 2.2 4.2
Trp (W) 1.0 1.0 2.1 3.0 0.6 1.0
Tyr (Y) 3.5 3.3 3.0 3.0 2.5 2.9
Val (V) 7.6 12.9 4.5 7.6 8.9 6.8
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Introduction

Multi-enzymatic reactions are processes composed of minimum two reactions steps catalyzed
by enzymes. There are some inherited advantages of such systems arising from the environmentally
friendly nature of biocatalysts, along with their high substrate specificity, high product chemo-, stereo-,
and enantioselectivity. Design of such eco-friendly systems proposes great advantages over typical
industrial processes.

Cascade reactions represent a minimum of two consecutive processes occurring in the presence
of enzymes. Commonly known as one pot processes, they provide an alternative for synthesizes of
various compounds that would be obtained in a series of different steps, because there is no need for
intermediate isolation and purification between each step. Therefore, making the cascade processes
advantageous for a facile way of producing various substances with higher yields.

Lipases are enzymes which catalyzes the reaction on ester bonds. These enzymes have a high
preference for water-insoluble substrates, and their most attractive feature is their inherit ability for
interfacial catalysis. One of the most studied is lipase B from Candida antarctica.

Epoxide hydrolases are another class of enzymes which directs the hydrolytic ring opening of
epoxides, resulting in the corresponding vicinal diols.

Enzyme co-immobilization is a process in which different enzymes are attached on a support,
matrix, or form a network. This approach in enzymatic catalysis provides better catalytic activity,
enhanced stability, and the possibility of reusing the biocatalyst over various reaction cycles, thus
overcoming the disadvantages imposed by free enzyme catalysis.

Monoterpenes are natural compounds widely occurring in plants. These compounds have a
typical hydrocarbon structure, however, their oxygenated derivates, known as monoterpenoids have a
wide range of applications for flavor and fragrance products, being employed as such from centuries.
There are various processes which are based on terpenes to terpenoid valorization, however, the
majority employs the use of whole cell biocatalyst, which attracts some disadvantages that would be
overcame by pure enzyme catalysis.

In this paper, we detail the steps performed to design a biocatalyst based on lipase and epoxide
hydrolase co-immobilization with applications for monoterpenes valorization to flavor and fragrance

products.



CHAPTER I: General notions
1.1.  Enzymes in biocatalysts

Biocatalysis represents a chemical transformation which occurs inside or outside of the cell
catalyzed by biological components, such as enzymes or antibodies. High catalytic efficiency, substrate
selectivity and reaction specificity are some of the properties that make biocatalysis an attractive field.
Those proprieties may be translated into the biocatalyst recognizing the substrate and obtaining the
desired product with little to no side reactions. Biocatalysis is considered a part of green chemistry
because of its eco-friendly nature [1].

Enzymes are biocatalysts that catalyze reactions in a living organism. They are proteins,
meaning that enzymes are composed of one or more polypeptide chains. The sequence of the
composing aminoacids is determined during the protein synthesis inside the living organism. As a
protein, the enzyme is composed of a primary structure — the sequence of the composing aminoacids —,
the secondary structure — the conformation of the aminoacid chain —, tertiary structure — the over-all 3D
structure of the polypeptide chain —, and sometimes the quaternary structure — made by multiple
proteins subunits [2].

Enzymes are molecules with complex proprieties, however, there are some misconceptions
about them. Some of those misconceptions arise from their complicated structure and mechanism of
action, and enzymes might be considered too sensitive, too expensive, or to be catalytically active only
with their natural substrates or only in their natural environment [3].

Overall, enzymes are very efficient catalysts and have some major advantages. A typical
reaction rate of enzyme-mediated processes is faster by a factor of 103-10'° the noncatalyzed reactions
and are far above the values achieved by chemical catalysts. For example, chemical catalysts are
generally employed in concentrations of a mole percentage of 0.1-1%, whereas most enzymatic
reactions can be performed at reasonable rates with a mole percentage of 107°~10*% of catalyst, which
clearly makes them more effective by some orders of magnitude. The high catalytic efficiency for
enzymatic reactions is explained by the close contact between the enzyme and substrate because the
substrate is located inside the protein structure, exactly on the catalytic site during the bioconversion
[4].

A general example of biocatalysis mediated by enzymes is the yeast-mediated transformation of
sugars into alcohol, commonly known as fermentation. Due to the protein nature of the enzymes, they

are very sensible to changes in the reaction medium, because it may conduct to changes in their



structure that could result in a modification of the active site and, therefore, the enzyme can lose its
catalytic activity [5].

Another downside of employing enzymes as biocatalysts is that for them to be used for a
specific substrate, the enzyme needs to be purified, which is a time-consuming and highly costly
process. An alternative would be the use of whole cells which represent a convenient strategy because
in this case the enzyme acts in its natural cellular environment, which provides protection against
destabilization and degradation [5]. However, the employment of whole cell catalysis is not without
disadvantages [6].

Some downsides of using whole cells to mediate transformations would be the restriction of
accessibility for the substrate to the catalytic site, which would result in low conversion degrees, and
interaction with other enzymes, which would result in possible side reactions. To overcome such
restrictions, surface displayed enzymes are usually used in whole cells reactions. Therefore, both whole
cell and pure enzyme catalysis have advantages and disadvantages, however, by making a compromise
between the two, enzyme catalysis is still the highly useful, especially in scientific research field,
providing promising possibilities for industrial applications [6].

Today, over 3700 enzymes have been recognized by the International Union of Biochemistry
and Molecular Biology. For identification purposes, every enzyme has a four-digit number in the
general form ‘EC a.b.c.d’, where EC stands for ‘Enzyme Commission’, and ‘a’ denotes the main type
of reaction, ‘b’ indicates the substrate class or the type of transferred molecule, ‘c’ shows the nature of
the co-substrate, and ‘d’ is the individual enzyme number. Enzymes have been classified into six
categories according to the catalyzed type of reaction in the following order: oxidoredictases,

transferases, hydrolases, lyases, isomerases, and ligases [3].

1.1.1. Lipases

Lipases are triacylglycerol acylhydrolases, with the code E.C. 3.1.1.3, and are catalyze reactions
on ester bonds with preference on water—insoluble substrates, such as monoterpenoids. They are
produced by microorganisms either alone or together with other hydrolases. Fungi microorganisms are
preferred as a source of lipase because they generally produce extracellular enzymes, facilitating the
enzyme recovery from fermentation broth [7].

Lipases have the ability of interfacial catalysis, meaning that the biocatalyst becomes more
active in presence of a substrate partially soluble in aqueous environment. They possess a wide range
of catalytic properties and are frequently used as a crude extract for synthesis of chiral building blocks

and enantiomeric compounds [7].



Lipase B from Candida antarctica (CALB) is one of the most studied biocatalysts due to high
selectivity and catalytic activity. CALB is highly enantioselective and efficient in various organic
reactions in a wide range of reaction environments, such as solventless or organic media. Its activity is
higher in water environment than in organic media, but in immobilized form, CALB shows improved
catalytic activity than the free enzyme, being able to withstand higher reaction temperatures. CALB
can be immobilized both by physical and chemical means. An example of immobilized CALB is the
commercially available Novozym® 435 [8].

1.1.2. Epoxide hydrolases

Epoxide hydrolases, abbreviated as EHs, having the code EC 3.3.2.9, are enzymes that catalyze
the hydrolytic opening of epoxide rings resulting in the corresponding vicinal diols. EHs have been
largely studied as biocatalysts for production of enantiopure epoxides and diols, two classes of chiral
building blocks useful in the pharmaceutical industry. Specifically, the applications of EHs are usually
favored because they possess the ability to transform a relatively large substrate spectrum with
excellent stereo-, regio-, and chemoselectivity without the presence of a cofactors. These enzymes are
very under operative conditions [9].

There is a family of atypical EHs named limonene-1,2-epoxide hydrolases (LEHs, EC 3.3.2.8)
according to the natural substrate of the first isolated member, limonene oxide. LEHs were discovered
after an interesting enzymatic activity from the bacteria Rhodococcus erythropolis DCL14 strain was
discovered. This particularly strain was able to grow in the presence of both (+)- and (-)-limonene as
the sole carbon and energy source [9].

Metagenomic investigations showed the existence of new thermophilic strains, such as CH55-
LEH, which shows increased optimal temperature and melting point compared to previously known
Re-LEH. Apart from the higher thermal stability, CH55-LEH maintained high substrate specificity on a
boarder pH range, achieving a maximum around the value of 8. CH55-LEH shows high affinity for
substrates related to limonene-1,2-epoxide resulting in enantio-conversion to corresponding vicinal
diols. This biocatalyst promises great results for hydrolytic ring opening applications due to its

increased stability [10].
1.2. Enzyme immobilization

Some of the drawbacks of enzymatic catalysis are overcame, such as the expensive process of
purifying and isolating the enzymes being replaced by recombinant DNA techniques able to produce
most enzymes for a reasonable price. Advances in protein engineering made possible to tailor

enzymatic characteristics, such as substrate specificity, activity, selectivity, stability, or optimum pH



values, making enzymes more available than ever for potential applications. However, when it comes
to possible industrial uses of enzymes as catalysts, it is clear that their lack of long-term operational
stability and the difficulty of their separation from the reaction environment and reuse, makes them
unfit [11].

Enzymatic immobilization is a technique that consists of confinement of protein molecules onto
a support or matrix by chemical or physical means, leading to enhanced stability of enzymes, easier
recovery from the reaction environment, improved catalytic performance and the possibility of reuse of
the biocatalyst. Therefore, by immobilization approach, the drawbacks of pure enzyme catalysis
compared to whole cell one are overcome, making enzymes suitable catalysts [11].

Enzyme immobilization is an important aspect of the biocatalytic process especially for
industrial biotechnology. Immobilized enzymes offer many advantages, as previously mentioned, and,
sometimes, as in the case of lipases, the enzyme is apparently activated after this immobilization step
[12]. Depending on the immobilization technique employed, the properties of the biocatalyst, such as
stability, selectivity, rate constant value, optimum pH or temperature, might be altered. The
immobilization approaches developed comprises different strategies: adsorption, covalent attachment,

cross-linking, entrapment, and encapsulation [13].

1.2.1. Immobilization on support surface

Support binding can be achieved both by physical and chemical means. The physical
attachment can be achieved by hydrophobic and van der Waals interactions. Immobilization on a
support can be done by ionic or covalent interactions, as well. Physical interactions between enzymes
and support are usually very weak and leaching of the biological material may occur, but this method is
highly cost effective. However, even thou the ionic and covalent interactions employ stronger forces
and prevent leaching, they can lead to the enzyme deactivation due to conformational changes of the
recognition site, preventing the interaction between the active site and substrate. The support material
can be synthetic resigns, biopolymers, or inorganic polymers [11].

The easiest, cheapest, and oldest method employed is the adsorption onto a water-insoluble
macroscopic carrier. It may be equally well applied to isolated enzymes as well as to whole cells [14].

The downside of this method is that forces employed in the support attachment are relatively
weak, such as London forces, ionic interactions, hydrogen bonding. As a result of the weak binding
forces, loss of catalytic activity is relatively low, but desorption from the carrier might occur. Also,
minor changes in the reaction parameters, such as a variation of substrate concentration, solvent

changes, temperature, or pH variations, could cause the leaching of the biological material [14].



However, the most appealing feature of this type of immobilization is the simplicity of the
procedure, and various supports might be used, such as activated charcoal, alumina, silica, cellulose,

controlled-pore glass, and synthetic resins [14].

1.2.2. Immobilization into a matrix

Some other immobilization approach for enzymes is entrapment, which refers to the inclusion
of the biomolecule in a gel-like polymeric matrix. The polymers used for this method are usually
organic polymers or silica sol-gel [11]. Encapsulation refers to the inclusion of an enzyme within a
semi-permeable membrane, such as lipid vesicles. These are by far the best approaches which avoid
any negative influence of the protein structure of the biocatalysts and prevent their aggregation and
denaturation [13]. However, physical restrains of an enzyme might be too weak and lead to leaching of
the biomolecules, therefore, the addition of covalent attachment might be necessary [11].

Cross-linking of the enzyme aggregates or crystals using a bifunctional reagent that result in
carrier less macroparticles. This method is worth mentioning, because the presence of a carrier leads to
a ‘dilution’ of catalytic activity due to the introduction of a large non-catalytic ballast [11]. The
disadvantage of cross-linked enzyme crystals is that enzyme crystallization is an extremely laborious
process and expensive. The other possible approach is cross-linked enzyme aggregates, which refers to
the precipitation of physical protein aggregates [13]. The most used linker is glutaraldehyde, and the
immobilization is based on the reaction between protein surface and amino group of the linker [15].

Overall, every immobilization method has its own downsides, meaning that there is not a
standard method suitable for every process. Depending on the structure of the enzyme and the

applications the biocatalyst is designed for, an immobilization method is chosen [13].
1.3. Multi-enzymatic reactions

Multi-enzymatic reactions represent a combination of several enzymatic transformations in a
continuous process. They offer considerable advantages, such as less time demand, costs and chemicals
for product recovery may be reduced, reversible reactions can be driven to completion and the
concentration of harmful or unstable compounds can be kept to a minimum. A particular case of multi-
enzymatic reactions is the bienzymatic ones, which refer to a series of reactions which use two
different enzymes with specificity for different substrates [16].

Multi-enzymatic reactions are of great importance for technology to succeed in industrial
process development, such as synthesis of pharmaceutical, cosmetic, and nutritional compounds.
Different strategies to construct multienzyme structures have been widely reported. Enzymes

complexes are designed by three types of routes: fusion proteins, enzyme scaffolds, or immobilization.



As a result, enzyme complexes can enhance cascade enzymatic activity through substrate channeling
[17].

Biocatalysis has made tremendous advances in the field of synthesis of industrially important
products and intermediates, especially by employing immobilized enzymes. By immobilization, the
biocatalysts show improved operational temperature, improved convenience in separation from the
reaction mixture, reducing costs. Therefore, immobilized multi-enzymatic biocatalysts gain an
increased interest for potential industrial applications due to economic and environmental

considerations [17].

1.3.1. Cascade processes in biocatalysis

Cascade reactions represent a chemical process that comprises at least two consecutive
reactions coupled in such a way that each subsequent reaction occurs only in virtue of the chemical
functionality formed in the previous step. It has the great advantage that the isolation of intermediates
is not required because each reaction composing the sequence occurs spontaneously. Another
advantage of cascade processes over others are that the reaction conditions do not change among the
consecutive steps of a cascade and no new reagents are added after the initial step. Cascade processes
are also known as one-pot procedures because the lastly mentioned similarly allow at least two
reactions to be carried out consecutively without any isolation of intermediates, but do not preclude the
addition of new reagents or the change of conditions after the first reaction. Although often composed
solely of intramolecular transformations, cascade reactions can also occur intermolecularly [18].

The concept of performing multi-step syntheses in one-pot has gained some attention in the past
period because from an environmental point of view, cascades represent a very promising approach.
There are, however, some technological and scientific challenges to be overcame to reach industrial
scale implementation of cascades. One of the most common challenges for the practicability of a
cascade reaction is the combination of biocatalysts from different sources, which often have different
optimal reaction conditions and show undesired side reactions [18].

Overall, multi-enzymatic cascade reactions offer considerable advantages: the demand of time,
costs and chemicals for product recovery may be reduced, reversible reactions can be driven to
completion and the concentration of harmful or unstable compounds can be kept to a minimum. They
can be employed for the asymmetric synthesis of chiral alcohols, amines and amino acids, as well as
for C-C bond formation [19]. As for example, the stereoselective three-enzyme cascade synthesis of

diasteromerically pure y-oxyfunctionalized a-amino acids [18].



1.3.2. Simultaneous biocatalytic reactions

On the other hand, a simultaneous reaction consists of any of two or more chemical reactions
occurring at the same time in the same system, independently of each other. These types of processes
are usually employed in industrial reactions, and are usually used in adjustment of the enzyme feed rate
which helps to maximize the value of the product less the cost of the enzymes [20].

In a multi-enzymatic system, simultaneous reactions are not preferred. This reasoning is due to
some factors intervening during the reaction. For example, competition of different substrates for the
same active site, a product of a reaction might act as an inhibitor for another enzyme present in the
system, or the presence of competitive inhibition phenomenon are just some aspects worth considering
if one is to develop a multi-enzymatic simultaneous process [20].

An example of a simultaneous multi-enzymatic reaction which overcomes the mentioned
drawbacks is the simultaneous multi-enzymatic hydrolysis and lactic fermentation, which would result
in low lactose yogurt. This is a single stage process, which couples the fermentation process with the

addition of B-galactosidase which would convert the lactose while it is produced [21].
1.4. Monoterpenes

Every year, large amounts of carbon dioxide are assimilated by plants, and part of this amount
is converted and released back into the environment. A significant part of those substances released are
volatile organic compounds, which include monoterpenes and sesquiterpenes [22].

Monoterpenes have the general formula C1oHis and are composed of two linked CsHg isoprene
units, therefore, represent a class of hydrocarbons [22]. They are known to act mainly as deterrent
agents against herbivores, as well as antifungal defenders and to attract pollinators. Higher terpenes are
present in mammals as well, and act as stabilizers of cell membranes, metabolic pathways, or
regulators of enzymatic reactions [23].

Two of the most encountered monoterpenes are pinene, present in the wood plants as a
constituent of their resign, and limonene, present in citrus plants. The term ‘terpene’ refers only to
hydrocarbons, whereas ‘terpenoids’ is the term which refers to the oxygenated derivates of terpenes,
and are manly produced by flowers, and are used as flavor and fragrance products [22].

Released monoterpenes are transformed in the atmosphere within hours in reactions with
molecular oxygen, ozone, hydroxyl radicals, nitrogen oxides, chlorine atoms by photolysis or chemical
reactions. The products resulting from these transformations constitute secondary aerosols that are

transported to the soil by rain. Therefore, it would represent a great advantage to be able to develop a
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method in which the widely occurring monoterpenes could be safely converted in flavor and fragrances
[22].

Due to their wide impact on the global market, terpenes valorization is an important topic.
Accounting for the need for a natural and sustainable approach for industrial processes, the
bioconversion of such compounds might have an added value. Therefore, biocatalytic approach in
monoterpenes conversion is an important aspect worth considering when developing a process.
However, any strategy which proposes the valorization of this class of compounds has some challenges
arising from the fact that this class of compounds is highly chemical instable, has low water solubility,
high volatility, high toxicity of both substrates and products, relatively low yields, and high
fermentation cost [24].

Most bioconversion processes of monoterpenes reported in the last years employed the use of
whole cell biocatalysts due to the use of microbial cell conversions is easier to apply than to use
purified enzymes. This might be advantageous in some cases due to low yield reported in enzyme
catalyzed processes due to enzyme high substrate specificity. However, the high toxicity of both
terpenes and terpenoids possess a high risk in affecting the cell catalytic activity [25]. Therefore, it
would be of great interest to develop a biocatalyst based on enzyme immobilization able to convert
monoterpenes into flavor and fragrance products, thus minimizing the disadvantages of using whole
cell catalysts, and maximizing the possibility of obtaining enantiopure products.

1.5.1. Limonene

Limonene is the most abundant monocyclic monoterpene and second most abundant volatile
organic compound indoors. It is the main component of citrus essential oil [22]. It has a precursory role
for some other monocyclic monoterpenes, such as carveol, carvone, a-terpineol, pulegone, or 1,8-

cineole [26].

a) R-(+)-limonene b) S-(-)-limonene

Image 1. Structure of a) R-(+)-limonene and b) S-(-)-limonene.
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Limonene is an optically active compound. It exists in two enantiomeric forms: S and R,
presented in image 1. The R-(+)-limonene isomer is known as d-limonene and it is the main component
in essential oils from citruses peels. The I-limonene is mainly found in essential oils from pine needles
and spearmint [26].

This monoterpene is widely used as flavor and fragrance additive in many products, such as
perfumes, beverages, detergents, soap, or other house cleaning products. In addition to its additive use,
limonene is also important as a starting material for the synthesis of other natural compounds, such as
p-cymene. This wide range of application combined with vulnerability to ozone aided oxidation make

limonene a highly commercially important molecule [26].

1.5.1. a-Phellandrene
a-Phellandrene is the main constituent of evergreen trees essential oils, but it might be also
found in other essential oils from eucalypt, menthe, citruses, pine needles in lower amounts. This
compound is often used in fragrances. a-Phellandrene is described as having a very distinctive citrus,

green, black pepper-like scent [27].

a) S-(+)—a-phellandrene  b) R-(-)—a-phellandrene
Image 2. Structure of a) S-(+)-a-phellandrene and b) R-(-)- a-phellandrene.

This monoterpene exist is the form of two enantiomers presented in image 2, the enantiomers
have different physicochemical and olfactive properties. Biological activity of a-phellandrene was
studies and it was reported to be inactive as an antimicrobial agent [27].

Chiral monoterpenes usually occur in nature as a single enantiomer, but the isomers possess
different olfactory properties. Therefore, a stereo- and enantioselective approach in their valorization is

of high interest for pharmaceutical and chemical industries large scale applications [27].
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1.5. Aim of this thesis

Due to the wide occurrence of monoterpenes, the chiral nature of these molecules and the most
used approach in their valorization being whole cell catalysis, we propose a bienzymatic biocomposite
designed by co-immobilization for cascade conversion of R-(+)-limonene to flavor and fragrance
products.

We based our study on literature reports of lipase-mediated epoxidation on limonene to
limonene oxide using fatty acids [28] using a cheap oxidizing agent, hydrogen peroxide [29], cupelled
with a thermophilic epoxide hydrolase able to withstand higher reaction temperatures [10]. Therefore,
we developed a biocomposite able to convert monoterpenes into monoterpenoids with potential
applications for industrial processes, being able to overcome potential drawbacks of using whole cell
catalysts, such as loss of catalytic activity due to high toxicity of substrates and products in large
amounts, or the presence of secondary mediated by other biocatalysts present in the system. The

reaction scheme is presented in scheme 1.

o) OH
OH
octanoic acid, H,0, hydrolase, H,O
Y o —_
lipase
limonene limonene-1,2-epoxide limonene-1,2-diol

Scheme 1. Proposed scheme for limonene bioconversion.

Our process is composed of a two-step cascade bienzymatic conversion of our substrate. In the
first step, uses an indirect lipase-mediated conversion of monoterpenes [28], meaning that the lipase
oxidized a fatty acid present in the system, which in our case is octanoic acid, to its corresponding
peracid by means of hydrogen peroxide as an oxidizing agent. The then formed octanoic peracid
converts the R-(+)-limonene substrate into limonene oxide. In the second step of our process, the
hydrolase directs the hydrolytic ring opening of the epoxide intermediate toward the formation of an
enantiopure vicinal diol, more exactly (1S,2S,4R)-limonene-1,2-diol.

The biocatalyst is based on the adsorption of CHS5-LEH hydrolase on the surface on
commercially available lipase B from Candida antarctica immobilized on the surface of a hydrophobic
acrylic resign in the form of Novozym® 435. Therefore, in our study we optimized the biocatalytic

process, characterized the obtained material, and propose possible applications for our biocatalyst.
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CHAPTER II: Experimental
2.1. Substances and solutions

For our study various substances and solutions were used. It is worth mentioning that the vast
majority of the substances used were provided by Sigma Aldrich, meaning octanoic acid, R-(+)-
limonene, a-phellandrene, limonene oxide, (1S, 2S, 4R)-(+)-limonene-1,2-diol, hydrogen peroxide
30%, ethyl acetate, pyridine, p-nitrophenyl palmitate, p-nitrophenol, the acid-trapping salts, as well as
the three lyophilized lipase A and B from Candida antarctica, and lipase from Aspergillus niger, and
two immobilized lipases from Candida cylindracea and Pseudomonas cepacia, both immobilized in a
sol-gel matrix. The few differently sourced substances and solutions are mentioned further.

The phosphate-buffered saline (PBS) with a pH around 8 contains sodium chloride (NaCl),
potassium chloride (KCl), disodium phosphonate (Na;HPO3), dipotassium phosphonate (K;HPO3) in
water, and the pH is adjusted using sodium hydroxide (NaOH).

The tris-HCI buffer used as the environment of choice for some of our studies due to its
relatively neutral pH. This buffer was prepared by mixing 0.1 M of tris(hydroxymethyl)aminomethane
with a concentration of 12.1 g/L with 44.2 mL of 0.1 M hydrochloric acid to obtain a pH of 7.2.

Some commercially available immobilized lipases were studied. Six different immobilized
enzymes provided by Strem Chemicals in collaboration with Novozymes®. From their range we
studied the behavior of Lipozyme® TL IM — lipase from Thermomyces lanuginosus immobilized on a
non-compressible silica gel carrier - , Novozym® 435 — lipase B from Candida antarctica immobilized
in hydrophobic acrylic resign -, Transenzyme — lipase from Geobacillus stearothermophilus
immobilized in acrylic resign -, Lipozyme® RM IM - lipase from Rhizmucor miehei which is
immobilized on an anionic exchange resin carrier. The immobilized lipases were all stored in the
fridge.

The hydrolases studied are not commercially available. These enzymes were provided by Dr.
Daniela Monti from Chemical Institute of Molecular Recognition, C. N. R., Milan, Italy, and her team.
The hydrolases were provided in the form of enzymatic solutions. For out studies we used Re-LEH,
which has the optimum temperature around room temperature, and Tomsk-LEH and CH55-LEH, both
thermophilic enzymes [10]. The solutions provided to us have the following concentrations: 1.81
mg/mL CH55-LEH, 1.27 mg/mL Tomsk-LEH, and 2.63 mg/mL Re-LEH. The hydrolase samples were

stored at -40 °C and defrost only when preparing samples.
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2.1.1. Sample preparation and pre-treatment

A sample contain the following components in order:

1. Octanoic acid — in a concentration of 1.6 M;

2. Substrate — with concentration of 1.59 M;

3. Phosphate-buffered saline (PBS ) with the pH of 8.00 and concentration of 0.04 M — it is
used to maintain a constant volume among all samples;

4. Lipase — 43.89 pg/mL is the concentration of the free lipases, and 9.66 mg/mL is the
concentration of immobilized lipases;

5. Hydrolase — with a concentration of 2.81% v/v in the final solution;

6. Hydrogen peroxide (H202) 30% - its concentration of 0.44 mM;

7. Acid-trapping reagent — 0.3 milimols of acid-trapping salt.

For the lyophilized lipases, an enzyme solution with a concentration of 1 mg/mL was prepared
beforehand by solubilizing the enzyme powder in PBS with pH 8.

The experimental procedure consists of sample reaction for 24 hours at temperatures between
25 °C and 50 °C, 1000 rotations per minute in a thermoshaker. The extraction step is 1:1 volume ratio
of sample and ethyl acetate, followed by 30 minutes of agitation at room temperature at 1500 rotation
per minute. Depending on our study goal, here might be an additional derivatization step consisting of
100 pL of sample previously extracted and agitated mixed with 150 pL pyridine, and 66 pL acetic
anhydride, 24 hours at 25 °C at 1000 rotations per minute in a thermoshaker reaction. The
derivatization step is usually employed for the bienzymatic system to increase the resolution of diol
detection.

The final solution is analyzed using gas chromatography. We developed a series of methods of

analysis using different chromatographic columns to better tailor the methods to our system.

2.1.2. Enzyme co-immobilization-based biocatalyst preparation

The immobilization procedure is based on the adsorption of the hydrolase on the surface of a
support already containing a lipase. Our biocomposite candidates were CHS55-LEH hydrolase and
Novozym® 435, and Re-LEH and Lipozyme® RM IM.

For both materials, the same procedure was followed. 32 pL of hydrolase solution with a
concentration of 2.63 mg/mL Re-LEH, or 1.81 mg/mL CHS55-LEH were added on 11 mg of
immobilized lipase. The samples were prepared in a 2 mL Eppendorf. The vials were left open in the
fridge for 4 to 5 days to dry. After completely drying the biocomposite was washed with 1 mL PBS pH

8. This step was repeated three times.
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2.2. Methods of analysis

2.2.1. Identification/ quantification of substrate/products

Gas chromatography (GC) was the method of choice for the sample analysis, giving their
volatile nature. We used different chromatographic columns for a proper detection, more exactly GC
with a polar chiral column and a flame ionization detector (GC*-FID) which provide a better detection
for the limonene-1,2-diol products. This method is used for the bienzymatic acetylated sample. The
other chromatographic methods use another GC with flame ionization detector (GC-FID) having a
different column than the previous, and GC with mass spectrometer detection (GC-MS). Both GCs use
the same non-polar separation column.

The GC*-FID analysis uses hydrogen as a carrier gas. The injector has a temperature of 230 °C.
Injection mode is split. Flow control mode is pressure. The carrier gas has the following parameters:
pressure of 0.74 bar, total flow 23.9 mL/min, column flow 1.90 mL/min, linear velocity 50.2 cm/sec,
purge flow 3.0 mL/min, split ratio 10. The temperature regime of the column starts from 50 °C with a
holding time of 20 minutes. The temperature increases with 10 °/min till 150 °C. The holding time at
this temperature is 10 minutes. The analysis time for a sample is 40 minutes. The column stationary
phase is a B-cyclodextrin modified with S-hydroxypropyl.

The GC-FID analysis aslo uses hydrogen as a carrier gas. The injector has a temperature of 230
°C. Injection mode is split. Flow control mode is linear velocity. The carrier gas has the following
parameters: pressure of 1.82 bar, total flow 20.5 mL/min, column flow 1.59 mL/min, linear velocity
45.0 cm/sec, purge flow 3.0 mL/min, split ratio 10. The temperature regime of the column starts from
50 °C without holding time. The temperature increases with 7 °/min till 250 °C. The holding time at this
temperature is 5 minutes. The analysis time for a sample is 34.57 minutes. The column stationary phase
is a (5%-phenyl)-methylpolysiloxane.

The GC-MS analysis uses helium carrier gas. The injector has a temperature of 230 °C.
Injection mode is split. The carrier gas has the following parameters: flow mode constant flow with
vacuum compensation, gas saver flow 10 mL/min, gas saver time 2 minutes, split flow 30 mL/min,
split ratio 30. MS transfer line has a temperature of 250 °C. The temperature regime of the column
starts from 50 °C with a holding time of 3 minutes. The temperature increases with 5 °/min till 230 °C.
The holding time at this temperature is 1 minutes. The analysis time for a sample is 40 minutes. The
column stationary phase is a (5%-phenyl)-methylpolysiloxane.

The GC*-FID method is used to quantify the ratio between the S and R isomers of the

limonene-1,2-diol. For sample analysis the sample is acetylated, this step increasing the resolution for
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the enantiomer separation, but might derivatize some unreacted substrate as well. Therefore, this
method cannot be reliably used to calculate the substrate conversion, but it is useful to determine the
yield of limonene-1,2-diol, and enantiomeric excess (ee%).

The other two methods of analysis are exclusively for extracted samples. Therefore, the
substrate can be properly quantified. GC-MS is used to identify the products of the enzymatic system.
Once the structures are attributed, the method of choice for analysis is GC-FID. Both methods use the
same stationary phase, meaning that the resulting chromatograms are relatively similar.

To properly calculate the conversion of limonene and the products yield, calibration curves
were constructed. For R-(+)-limonene quantification, eight solutions were prepared in ethyl acetate.
The concentration varied between 3.32 M and 0 M. The samples were homogenized by agitation at
room temperature in a vortex for 30 minutes at 1500 rotations per minute. The same procedure was
followed for limonene oxide, with a concentration range between 3.26 M to 0 M.

The procedure for the limonene-1,2-diols is the same for the most part, the concentration range
being between 3.32 M and 0 M. Homogenization done as well at room temperature in a vortex for 30
minutes at 1500 rotations per minute. The difference was that 100 uL of sample were derivatized with
150 puL pyridine, and 66 pL acetic anhydride, and reacted for 24 hours at 25 °C at 1000 rotations per
minute in a thermoshaker. The solutions were analyzed using the GC*-FID.

It is worth mentioning that the curve for (1S, 2S, 4R)-(+)-limonene-1,2-diol has a correction
factor equal to 0.30, because the calibration curve was obtained using a previously employed GC*-FID
method with a higher split ratio. Another calibration curve could not be prepared due to commercial
unavailability of (1S, 2S, 4R)-(+)-limonene-1,2-diol.

All mentioned calibration curves are presented in the supplementary information (figures A to
(), and have a correlation coefficient close to 1, therefore, they all present good linearity.

For the sample analysis, the formulas 1 to 4 were used to calculate the conversion degree of R-
(+)-limonene, the yield of limonene oxide intermediate, or limonene-1,2-diol products, and the

enantiomeric excess of (1S, 2S, 4R)-(+)-limonene-1,2-diol.

initial concentration of limonene—concentration of limonene from figures 1 or 3
*

1) C% = 100

initial concentration of limonene

concentration of epoxide from figures 2 or 4

2) epoxide yield% = * 100

initial concentration of limonene

concentration of diol from figure 5*correction factor

3) diol yield% = * 100

initial concentration of limonene

100

. . eak area S—pe areR
4) enantiomeric excess% = P L *
peak area S+pe areR
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2.2.2. Characterization of the biocatalyst

Fourier-transform infrared (FTIR) spectroscopy was used to characterize the prepared
biocomposites. FTIR spectra of the materials were recorded using Bruker Tenso-II FTIR spectrometer
with Diffuse Reflectance “Smart Accessory”. The absorption spectra were collected between 400 and
4000 cm™!, at room temperature. The registered spectra have an average of 64 scans with a resolution of
16 cm™!. The samples were not pre-treated before analysis.

The spectra were collected from solid samples by mixing a small amount with potassium
bromide (KBr). Besides the biocomposites, the hydrolase solutions, Novozym® 435 and Lipozyme®

RM IM beads, and lyophilized lipase B from Candida antarctica were analyzed as well.

2.2.3. Determination of enzyme loading

The loading of CH55-LEH hydrolase on the surface of the acrylic beads of Novozym® 435 was
determined employing a calibration curve for BSA. The curve was constructed by solubilizing the
protein in tris-HCI buffer, varying the protein concentration between 0.1 to 1 mg/mL. The liquid
samples were analyzed using UV-VIS spectrophotometer Specord 250, Analytik Jena, and the
absorbance was registered at 280 nm. The calibration curve is presented in the supplementary
information (figure G).

For the quantification of the amount of CH55-LEH hydrolase adsorbed on the Novozym® 435
beads, the absorbance of an initial enzymatic solution of CH55-LEH with a concentration of 1.81
mg/mL, as well as the absorbance of the washing solution after immobilization. This last solution is
composed of all three washing solutions mixed and homogenized before analysis. Both absorption

values were recorded at 280 nm.

2.2.4. Determination of enzymatic activity

The washing solution of the biocomposite and an enzymatic solution of 2.63 mg/mL Re-LEH
were analyzed using a UV-VIS spectrophotometer Specord 250, Analytik Jena between 214 and 400
nm. For a better comparison, 11 mg of Novozym® 435 and other 11 mg of Lipozyme® RM IM were
washed three times with 1 mL of PBS pH 8 following the same procedure as for the biocomposite. This
washing solution was analyzed as well between 200 and 400 nm.

The determination of the enzymatic activity is based on the conversion of p-nitrophenyl
palmitate catalyzed by the lipase to p-nitrophenol, which has an absorption peak in the near-UV region.

A calibration curve was prepared for the quantification of p-nitrophenol. The curve was
prepared by varying the amount of p-nitrophenol between 0.5 and 0 mM in ethanol. The absorption
was registered at 347 nm using a UV-VIS spectrophotometer Specord 250, Analytik Jena.
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The procedure employed to determine the enzymatic activity of immobilized lipases consists on
the construction of two calibration curves of the amount of formed p-nitrophenol by different amounts
of both Novozym® 435 and Lipozyme® RM IM. The amount of immobilized lipase was varied
between 1 and 11 mg. The enzymes were mixed with 900 pL of tris-HCI buffer 0.05 M with a pH of
7.2, and 100 pL of p-nitrophenol palmitate 0.025 M in ethanol. Then, were incubated for 30 minutes at
37 °C. After, the reaction was ceased by the addition of 250 puL of a solution of 0.1 M Na>COs. The
samples were then centrifugated at 12000 rpm for 2 minutes. The analysis was done on the liquid
sample at 410 nm using a UV-VIS spectrophotometer Specord 250, Analytik Jena.

All calibration curves are presented in the supplementary information (figures D to F).

For the determination of the enzymatic activity of our samples, the same procedure was
followed as for bare Novozym® 435 and Lipozyme® RM IM. The immobilized lipases were analyzed
before the immobilization of the hydrolase, as well as after. The activity of the resulting biocomposite
was determined before the washing procedure, as well as after each washing step, and after up to 3
reaction cycles.

The washing solution was analyzed as well, each washing solution separately, to determine if
the lipase might be lost during the procedure. The protocol is the similar, only the amounts are slightly
changed, 250 pL of washing solution is mixed with 650 pL of tris-HCI buffer 0.05 M with a pH of 7.2,
and 100 pL of p-nitrophenol palmitate 0.025 M in ethanol. Followed by incubation, reaction cessation,
centrifugation, and UV-VIS analysis.

The enzymatic activity of the CH55-LEH hydrolase was determine before and after the co-
immobilization. The determination was realized by preparing a sample containing 1.6 M limonene-1,2-
epoxide, 1.6 M octanoic acid, 0.04 M PBS pH 8, and 2.81% v/v hydrolase solution. The enzymatic
activity value before co-immobilization was determined using the calibration curve for limonene-1,2-
epoxide constructed using GC-FID method, presented in the supplementary information (figure B). The
value after the co-immobilization was determined from the percentage of hydrolase loading on the

Novozym® 435 surface.
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CHAPTER III: Results and discussions
3.1. Mono-enzymatic system

3.1.1. Comparison between free enzyme and immobilized enzyme

The behavior of lyophilized enzymes was compared with the one of immobilized enzymes. This
study focuses on how the system components influence parameters, such as limonene conversion and
epoxide yield, depending on lipase source and state (free or immobilized), and the effect of
immobilization on enzymatic activity.

For the study of lipases available in lyophilized form, solutions with the concentration of 1
mg/mL lipase in PBS pH 8 were prepared prior. We tested lipase from Aspergillus niger, and lipase A
and B, both from Candida antarctica.

The samples were prepared, pre-treated, and analyzed using the GC-FID method. The
conversions and epoxide yields were obtained using the calibration curves are presented in figures 1

and 2.
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Aspergillus niger Candida Candida Aspergillus niger Candida Candida
antarctica (A) antarctica (B) antarctica (A)  antarctica (B)
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Lipase enzyme Lipase enzyme
Figure 1. Conversion of R-(+)-limonene obtained ~ Figure 2. Yield of limonene oxide obtained with
with lyophilized lipases. lyophilized lipases.

(1.6 M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, and 43.89 pug/mL lipase.
Reaction: 24 h, 25 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room
temperature)

In figure 1 are presented the values for limonene conversion obtained using different
lyophilized enzymes. The conversion increases in the following order: lipase A from Candida
antarctica, lipase from Aspergillus niger, and the highest value is obtained for lipase B from Candida
antarctica. The lowest value for conversion is 5% in the case of lipase A, and the maximum one is
16% for lipase B. The conversion percent obtained for lipase from Aspergillus niger is 11%. Therefore,
there is only a 5% difference between the lipase from Aspergillus niger and lipase B from Candida

antarctica.
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In figure 2, there are represented the yield values for limonene oxide, the product of the
enzymatic transformation of limonene. The yield values are not as different as in the case of the
conversion. The values are contained between 3 to 4%. The lowest value is again obtained when lipase
A is used, and the highest in the presence of lipase B. The value for the yield obtained when lipase
from Aspergillus niger is employed is only 0.4% smaller than the maximum value obtained for lipase
B.

The highest values for conversion and yield were obtained for lipase B from Candida
antarctica. However, considering that we previously worked with liquid lipase from Aspergillus niger,
in our succeeding studies we chose to work with lyophilized lipase from Aspergillus niger, that would
provide a better understanding of the variation of efficiency of our system when other factors are
varied.

For the study of lipases available in immobilized form, we tested six different immobilized
lipases commercially available. We tested Lipozyme® TL IM which contains lipase from
Thermomyces lanuginosus immobilized on a non-compressible silica gel carrier, Novozym® 435
which is lipase B from Candida antarctica immobilized in hydrophobic acrylic resign, Transenzyme
which is lipase from Geobacillus stearothermophilus immobilized in acrylic resign, and Lipozyme®
RM IM which is lipase from Rhizmucor miehei immobilized on an anionic exchange resin carrier.

The sample preparation and pre-treatment before analysis, as well as analysis method employed
are the same as previously mentioned. The conversions and epoxide yields were obtained from the
corresponding calibration curves are presented in figures 3 and 4.

In figure 3, it can be observed how the conversion varies when different immobilized enzymes
are used. The lowest limonene conversions were obtained in when the sol-gel immobilized lipases were
employed. The conversion value obtained for Lipozyme® TL IM is also in the lower end. This is to be
expected because the lipase from Thermomyces lanuginosus is thermophilic, and its optimum
temperature is higher than our reaction temperature. From information available on Strem Chemicals,
the temperature range for this immobilized lipase is between 50 and 75 °C. We chose to use this lipase
in our succeeding studies because its optimum range is at very increased temperatures. This proposes
two problems. First, the hydrolase can become denatured at such increased temperatures, and second,
the remaining three immobilized lipases can convert higher amounts of limonene at lower

temperatures, therefore, there would not be a need to input higher energy in our system.
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Figure 3. Conversion of R-(+)-limonene obtained with immobilized lipases. (1.6 M R-(+)-
limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, and 9.66 mg/mL immobilized lipase.
Reaction: 24 h, 25 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room

temperature)

From the remaining three immobilized lipases we chose Novozym® 435 and Lipozyme® RM
IM because they provided high conversions of limonene at room temperature. Even thou Transenzyme
performed compared to Lipozyme® RM IM, we choose to go further with our tests with two lipases

immobilized on different supports for a proper comparison.
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Figure 4. Yield of limonene oxide obtained with immobilized lipases. (1.6 M R-(+)-limonene, PBS
pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, and 9.66 mg/mL immobilized lipase. Reaction: 24 h, 25
°C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room temperature)
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The yield values from figure 4 follow the same trend as the values for limonene conversion
from figure 3. This supports our choice to continue our studies using Novozym® 435 and Lipozyme®
RM IM.

As shown in figures 3 and 4, Novozym® 435 provided the most efficient in converting
limonene to limonene oxide. The conversion was 40% and the yield is around 17%. We previously
shown in figures 8 and 9 that lipase B from Candida antarctica performs better to indirectly convert
limonene, it was to be expected that its immobilized form in Novozym® 435 would provide higher
efficiency.

Therefore, we proposed for our next study to test the behavior of lipase from Aspergillus niger,
Novozym® 435 and Lipozyme® RM IM, along systems without hydrogen peroxide and without

biocatalysts, when the reaction temperature is varied between 25 and 50 °C.

3.1.2. Variation of reaction temperature
For the study of the influence of reaction temperature on R-(+)-limonene conversion in the
presence of the lipase as the only biocatalysts we varied the reaction temperature between 25 and 50
°C. This range of reaction temperatures would show best the influence it has on the process.
From the tested immobilized lipases, we chose Novozym® 435 and Lipozyme® RM IM,
because these two performed the best in the given conditions, and characteristic information about

these products is available on Strem Chemicals website.
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Figure 5. Influence of reaction temperature on samples containing lyophilized lipase from

Aspergillus niger. (1.6 M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, and
43.89 pg/mL free lipase. Reaction: 24 h, 25-50 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) —
30 min stirring at room temperature)
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The samples were prepared, pre-treated, and analyzed using the GC-FID method. The
conversions and epoxide yields were obtained using the calibration curves are presented in figures 5 to

9, each representing the influence of the reaction temperature on each type of sample.
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Figure 6. Influence of reaction temperature on samples containing Novozym® 435. (1.6 M R-(+)-
limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, and 9.66 mg/mL immobilized lipase.
Reaction: 24 h, 25-50 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room
temperature)

At room temperature, the sample containing Novozym® 435 had the most promising results,
having a conversion of 40%, and a yield around 17%. The second performance is also for an
immobilized lipase in the sample containing Lipozyme® RM IM. This result proves the better
efficiency of immobilized enzymes over the lyophilized one. The other two samples had lower
performances. The sample without a biocatalyst managed to produce a small amount of limonene
oxide, but the sample without hydrogen peroxide did not. This is explained by the role of hydrogen
peroxide in our system to oxidize limonene to its corresponding epoxide. Therefore, when no oxidizing
agent is present, no epoxide was detected in our extracted sample.

For the next samples set, we modified the reaction temperature with +5 °C, meaning a reaction
temperature of 30 °C. From the figures, it can be observed that the values for conversion of limonene
and epoxide yield did not visibly increase in the mono-enzymatic samples. As for the previous
samples, this set follows the same trend, meaning that the systems with immobilized lipases performed
better than the one containing lyophilized lipase from Aspergillus niger. From figures 14 and 15, there
can be observed that the behavior of the samples without biocatalyst and the one without hydrogen
peroxide behave differently than the ones realized at a reaction temperature of 25 °C. In both cases, the
conversion of limonene is increased visibly than in the previous set. The most interesting aspect is that

the conversion when no oxidizing agent is present is drastically increased, however, the substrate is not
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converted into limonene oxide. This means that by increasing the reaction temperature with as low as 5
°C, more R-(+)-limonene tends to transform, but taking into account that without hydrogen peroxide

the lipase cannot epoxidize limonene, the reaction is not directed toward our desired product.
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Figure 7. Influence of reaction temperature on samples containing Lipozyme® RM IM. (1.6 M
R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, and 9.66 mg/mL immobilized
lipase. Reaction: 24 h, 25-50 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at
room temperature)
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Figure 8. Influence of reaction temperature on samples without biocatalyst. (1.6 M R-(+)-limonene,
PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide. Reaction: 24 h, 25-50 °C, 1000 rpm. Liquid-liquid
extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room temperature)
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For the next samples set, we modified the reaction temperature with +5 °C, meaning a reaction
temperature of 30 °C. From the figures, it can be observed that the values for conversion of limonene
and epoxide yield did not visibly increase in the mono-enzymatic samples. As for the previous
samples, this set follows the same trend, meaning that the systems with immobilized lipases performed
better than the one containing lyophilized lipase from Aspergillus niger. From figures 14 and 15, there
can be observed that the behavior of the samples without biocatalyst and the one without hydrogen
peroxide behave differently than the ones realized at a reaction temperature of 25 °C. In both cases, the
conversion of limonene is increased visibly than in the previous set. The most interesting aspect is that
the conversion when no oxidizing agent is present is drastically increased, however, the substrate is not
converted into limonene oxide. This means that by increasing the reaction temperature with as low as 5
°C, more R-(+)-limonene tends to transform, but taking into account that without hydrogen peroxide

the lipase cannot epoxidize limonene, the reaction is not directed toward our desired product.
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Figure 9. Influence of reaction temperature on samples containing lyophilized lipase from

Aspergillus niger and no hydrogen peroxide. (1.6 M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, and
43.89 pg/mL free lipase. Reaction: 24 h, 25-50 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) —
30 min stirring at room temperature)

The next samples were reacted at a temperature of 40 °C, meaning a modification from the
initial temperature with +10 °C. from figures 5 to 9, it can be observed that the efficiency parameters
are drastically increased compared to the ones corresponding to a reaction temperature of 25 °C. As for
the previous sets, the trending is the same. The samples containing immobilized enzymes had the most
promising results.The best conversion degree was obtained for the sample containing Novozym® 435
as biocatalyst and its value is 68%, which is higher than we expected giving the ratio between lipase

and substrate, around 250 mg limonene to 11 mg immobilized lipase. This result may be due to a
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combination of factors, such as the increased enzymatic activity of the lipase in immobilized form,
which was proved by our previous study, and the higher energy input in the system. All the factors
combined result in more than half of the substrate quantity being converted. It is observed that the
highest amount of epoxide was also obtained in the presence of Novozym® 435. As expected, no
limonene oxide was found present in the sample without hydrogen peroxide.

The last sample set was reacted at a temperature of 50 °C. As before, the highest conversion
degree and the highest epoxide yield are registered for Novozym® 435. This establish Novozym® 435
as our preferred biocatalyst for the epoxidation of limonene. The sample containing lyophilized lipase
from Aspergillus niger has a drastic increase in the conversion value. The same can be observed for the
sample without biocatalyst and the one without hydrogen peroxide. In all these cases, the increase can
be attributed to the high energy input in the samples. Our substrate for those studies, limonene, is not a
very stable molecule and this combined with a high reaction temperature may explain the increase in
conversion.

In this study, the efficiency of the mono-enzymatic system was registered at different reaction
temperatures. Even thou when no enzyme is present there is some epoxide obtained due to the presence
of hydrogen peroxide, this result in low limonene oxide obtained and low substrate conversion. When
the enzyme is present, but there is no hydrogen peroxide, the biocatalytic process cannot take place.

In table 1 are presented the values obtained from the study on reaction temperature. From
conversion values of samples containing lipase from Aspergillus niger, it can be observed that as the
reaction temperature is increased also does the amount of substrate converted. This is explained by the
higher energy input that converts more limonene, because from yield variation is clear that the amount
of epoxide does not increase as well.

An interesting aspect is that the maximum conversion degree obtained for a reaction
temperature of 50 °C is only 39% which is comparable to the values obtained for Novozym® 435 at
lower temperatures of reaction, as it can be observed from table 1. This means that same amount of
product can be obtained with a lower energy input.

Table 1 . Values of substrate conversion and epoxide yield from the data presented in figures 5

to 9. (1.6 M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, and 9.66 mg/mL
immobilized lipase or 43.89 pug/mL free lipase. Reaction: 24 h, 25-50 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample
: ethyl acetate (v/v) — 30 min stirring at room temperature)

Conversion of R-(+)-limonene (%) Yield of limonene oxide (%)

25 C 30 °C 40 °C 50 °C 25 °C 30 °C 40 °C 50 °C
Lyophilised
lipase from 11 5 25 39 3 3 3 3
Aspergillus
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niger
Novozym®
435 40 35 68 52 17 22 9 9
Lipozyme®
RM IM 14 11 63 39 6 5 3 4

Form epoxide yields values of samples containing Novozym® 435, it can be observed that the
highest amount of limonene oxide is obtained at a reaction temperature of 30 °C. If the temperature is
increased further the amount of epoxide decreases. This is explained by the increase energy input
which provides a higher probability of limonene oxide to convert in side-reactions.

The results obtained for the two immobilized lipases is also sustained by the information
available on the website of Strem Chemicals. Novozym® 435 has its optimum temperature between 30
and 60 °C, and the pH range between 5 and 9. Lipozyme® RM IM has its optimum parameters between
30 — 50 °C, and pH between 7 and 10. This information supports the obtained results and explain why
when the temperature of reaction is 50 °C, the conversion degree when Lipozyme® RM IM is used
decreases more drastically than with Novozym® 435.

Overall, the drastic increase in R-(+)-limonene conversion at 40 °C reaction temperature
compared to room temperature means that a higher energy input settles the advantages of increasing the
reaction temperature. However, this increase comes with a downside, it also increases the possibility of
loosing limonene oxide in random side reactions. This could also affect the efficiency of the
bienzymatic system. Therefore, for our next quest in the optimization of the mono-enzymatic system,
we decided to manage a way of increasing the epoxide yield.

3.1.3. Testing acid-trapping reagents

The variation of reaction temperature showed that an increased energy input increases the
conversion degree to as high as 68% for Novozym® 435 at 40 °C, which was the goal of that specific
study. However, the limonene oxide yield registered for 40 °C is only 9%, which is not even
comparable to the valued obtained at 30 °C of 22%. This drastic decrease in the intermediate yield was
expected due to the relatively unstable nature of limonene oxide and the increased reaction
temperature. It was inevitable that a higher reaction temperature would increase the probability of side
reactions. Therefore, our new quest in optimizing our system was to increase the epoxide yield at 40
°C.

A possible solution to hopefully increase the yield toward the formation of the epoxide and

ceasing the cause of the side reactions would be the use of acid-trapping reagents. These are salts of
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weak acids which have a double role, to protect the lipase and to neuter the residual acid, in our case
the octanoic acid, which might cause the ring-opening of limonene oxide [30].

A study on lipase-mediated epoxidation of a-pinene shows that the corresponding epoxide
could be degraded by acidic conditions. The researching team tested the effect of some alkali
compounds that would constrain the acidic protons and, therefore, would increase the epoxidation
yield. They proposed different acid-trapping reagents, such as trisodium citrate (Na3zCsHsO7), sodium
bicarbonate (NaHCO3), sodium carbonate (Na2CO3), disodium phosphate (Na,HPO4). Their reasoning
was that trisodium citrate and disodium phosphate are usually components of pH buffers and, therefore,
would not have a negative effect on the lipase activity. The other two salts would theoretically be
converted in carbon dioxide and water by the acidic media [30].

The study also concluded that the best acid-trapping reagent is trisodium citrate. This one had
the best compatibility with the lipase. The other reagents tested, especially the carbonates, proved to be
highly alkaline and, therefore, would deactivate the lipase during the reaction resulting in a drastic
decrease of the conversion degree [30].

We decided to test the effect of their proposed trapping reagents on our mono-enzymatic
system. The samples were prepared, pre-treated, and analyzed using the GC-FID method. The results
are presented in figure 10. We tested trisodium citrate (Na3Ce¢Hs07), sodium bicarbonate (NaHCO3),
sodium carbonate (NaxCO3), and disodium phosphate (NaHPOy4).

Acid-trapping reagents

100
B Conversion of limonene (%)

80 H Yield of limonene oxide (%)

60

zgll-l_l_-_ .

Without acid- Na3C6H507 Na2HPO4 NaHCO3 Na2C0O3  Without acid- Na3C6H507
trap trap
Y Y

Lipozyme® RMIM Novozym® 435

(%)

[

Figure 10. Efficiency parameters for different acid-trapping reagents at 40 °C. (1.6 M R-(+)-
limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, 9.66 mg/mL immobilized lipase, and 0.26
M acid-trapping reagent. Reaction: 24 h, 40 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30
min stirring at room temperature)

Right off, it can be clearly observed that samples containing no acid-trap reagent registered the

highest R-(+)-limonene conversion. However, the limonene oxide yield is low, as shown previously
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when the influence of the reaction temperature was studied. This means that an increased energy input
converts a more of the substrate but it also increases the epoxide degradation during the reaction which
is undesirable.

In samples containing acid-trapping reagents, the highest conversions were registered for
trisodium citrate followed by disodium phosphate which was to be expected due to literature reports on
the good compatibility between it and lipases, especially Novozym® 435. The samples containing
sodium carbonate registered a drastic decrease in R-(+)-limonene conversion which was caused by its
high alkalinity which inactivates the lipase [30].

The epoxide yields registered clearly show that the trisodium citrate managed to preserve the
epoxide only when coupled with Novozym® 435. The yield was slightly increased in this case.
Trisodium citrate coupled with Lipozyme® RM IM did not affect the epoxide yield in a meaningful
way. However, the carbonates and the phosphate not only drastically decreased the conversion, but also
the limonene oxide yield, meaning that their action on the lipase activity is undesirable.

Overall, trisodium citrate had the best outcome of all trapping reagents employed in this study
managing to preserve the epoxide, and affecting the R-(+)-limonene conversion the least, meaning it
has a good compatibility with the lipase. Considering the effect of the on the enzyme activity and

limonene oxide yield, we decided to include trisodium citrate in our samples.
3.2. Bienzymatic system

3.2.1. Enzyme screening

From the the previously obtained data, the best reaction temperature is 40 °C, but the
temperature increase would also produce a decrease of limonene oxide yield which was managed to be
solved by the addition of trisodium citrate acid-trapping reagent. Therefore, we started the optimization
of the bienzymatic process by screening to find the best couple lipase-hydrolase for our system.
However, the presence of a second enzyme can affect the behavior of the samples unexpectedly,
therefore, samples containing lyophilized lipase from Aspergillus niger were prepared as a performance
reference. We decided to perform the enzyme screening without the acid-trapping reagent present in
the system to avoid any possible side effects of trisodium citrate on the enzymatic activity of the
hydrolase.

From the three hydrolases tested, CH55-LEH and Tomsk-LEH are thermophilic. From the data
provided by Ferrandi et all [1], the optimum temperature for Re-LEH is around 30 °C, for Tomsk-LEH
is around 40 °C, and CH55-LEH goes for as far as 60 °C. We tested the two immobilized lipases with
all three hydrolases, however, for lipase from Aspergillus niger, we chose only Re-LEH and CHS55-
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LEH. The reason for our choice was that the optimum temperature for Re-LEH is around room
temperature, and we also wanted to compare the performance of CH55-LEH at room temperature, due
to its high thermal stability.

The samples were prepared, pre-treated, and analyzed using both GC-FID, and GC*-FID
methods. The efficiency parameters are presented in figures 11 and 12 and the efficiency values are in
table 2

In the figure 11 are presented the values for R-(+)-limonene conversion among all combinations
between lipases and hydrolases. The samples containing lipases in immobilized form had a reaction
temperature of 40 °C because in our previous study at this reaction temperature we recorded the best

performance.
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Figure 11. Conversion of R-(+)-limonene among different bienzymatic systems. (1.6 M R-(+)-
limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, 43.89 pg/mL free lipase or 9.66 mg/mL
immobilized lipase, and 2.81 % v/v hydrolase. Reaction: 24 h, 25 or 40 °C, 1000 rpm. Liquid-liquid extraction - 1:1 =
sample : ethyl acetate (v/v) — 30 min stirring at room temperature)

Among the samples containing lipase Novozym® 435, the highest values for substrate
conversion were recorded for samples containing thermophilic hydrolases. This result was expected,
because CHS55-LEH and Tomsk-LEH have the optimum temperature range above room temperature.
The difference between the two conversion is only 5%.

The samples containing Lipozyme® RM IM behaved quite different compared to the ones
containing Novozym® 435. The conversion decreases from CHS55-LEH to Tomsk-LEH, which means

that the sample containing Re-LEH performed better than the one containing Tomsk-LEH. However,
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the sample containing Re-LEH has a conversion degree only 1% higher than the one containing
Tomsk-LEH.

Among samples prepared with lyophilized lipase from Aspergillus niger, the one containing
CHS55-LEH resulted in a higher conversion degree than the one containing Re-LEH. This means that
hydrolase CH55-LEH is more active even at room temperature than Re-LEH.

By comparing the samples with the reference couple of lipase and hydrolase, more exactly,
lipase from Aspergillus niger and hydrolase Re-LEH, every other combination converted more
substrate than this initial mixture. The samples containing immobilized lipase is that they performed
better in our previous studies. This combined with the increased reaction temperature used for this
sample sets may explain the increased conversion degree.

The drastic decrease in the conversion degree of R-(+)-limonene might be attributed to the free
hydrolase present in the system. This enzyme might adsorb randomly on the support of the
immobilized lipases resulting in blocking the reagents access to the active sites of the lipase.

Overall, the samples containing immobilized enzymes registered a higher conversion degree
than the ones containing free enzyme. Between the samples containing Novozym® 435 and the ones
containing Lipozyme® RM IM, the first ones performed better. The highest efficiency was recorder in

every set for samples containing hydrolase CH55-LEH.
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Figure 12. Yield values for limonene-1,2-epoxide and limonene-1,2-diol among different

bienzymatic systems. (1.6 M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide,
43.89 pg/mL free lipase or 9.66 mg/mL immobilized lipase, and 2.81 % v/v hydrolase. Reaction: 24 h, 25 or 40 °C, 1000
rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room temperature. Diol derivatization
- 100 pL extract, 150 pL pyridine, 66 pL acetic anhydride — 24 h, 25 °C, 1000 rpm)
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In the figure above are presented the results obtained for epoxide and diol yields. Our ideal
bienzymatic system has high yield for limonene-1,2-diol, and small yield value for limonene oxide.
However, this ideal case is highly unlikely, because it means that the hydrolase would convert most of
the amount of epoxide present in the system in diols. The de-cyclization reaction of epoxide
intermediate depends on more factors than the presence of hydrolase. Therefore, our goal for this study
is to obtain a bienzymatic system which favors the formation of limonene-1,2-diol.

From figure 12 can be observed that the majority of the bienzymatic systems tested favor the
formation of diol products over the formation of epoxide intermediates. In the samples containing
lipase from Aspergillus niger limonene-1,2-diol is preferentially obtained in both cases. The yield for
limonene oxide is as low as 3%, while the yield for diol is around 16%.

However, only the ratio between the two yields is favorable in the Aspergillus niger — hydrolase
couple, because higher diol yields were obtained in the bienzymatic systems Lipozyme® - Re-LEH,
and Novozym® - CH55-LEH. Both yields are around 30%, more exactly, 25% for Lipozyme® RM IM
- Re-LEH, and 27% for Novozym® 435 - CH55-LEH. Between these two bienzymatic couples, the
one that favors more the formation of limonene-1,2-diol over limonene oxide is Lipozyme® - Re-LEH,
which has an epoxide yield of only 8%. The other sample, Novozym® - CH55-LEH has a yield value
for epoxide of 14%, almost double.

The other samples containing the couple Novozym® 435 — hydrolase do not favor the
formation of either limonene-1,2-diol, nor limonene oxide. Both products have similar values for
yields. On the other hand, the other two samples containing Lipozyme® RM IM favor the formation of
diol products, but the yield values are lower than in the case when lipase from Aspergillus niger was
used.

One other factor to give consideration when choosing the best couple lipase — hydrolase is the
value of enantiomeric excess. The obtained values are presented below in table 2.

Table 2. Values of enantiomeric excess of (1S, 2S, 4R)-(+)-limonene-1,2-diol of the samples
presented in figures 11 and 12. (1.6 M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen
peroxide, 43.89 pug/mL free lipase or 9.66 mg/mL immobilized lipase, and 2.81 % v/v hydrolase. Reaction: 24 h, 25 or 40
°C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room temperature. Diol
derivatization - 100 pL extract, 150 uL pyridine, 66 uL acetic anhydride — 24 h, 25 °C, 1000 rpm)

. Enantiomeric excess of (1S,
Reaction

Lipase Hydrolase 2S, 4R)-(+)-limonene-1,2-
temperature (°C) P y )(gio)l (ee%)
CH55-LEH 96
40 Novozym® 435 Tomsk-LEH 89
Re-LEH 89
Lipozyme® RM IM CHS55-LEH 88
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Tomsk-LEH 89

Re-LEH o7
Lyophilized lipase CHS5-LEH 29

25 from Aspergillus
niger Re-LEH o1

The values of the enantiomeric excess obtained from our samples are in majority close to 90%,
meaning that our systems favor the formation of the S isomer of limonene-1,2-diol. However, just two
couples of lipases — hydrolases obtained values closer to 100%, meaning Lipozyme® RM IM - Re-
LEH and Novozym® 435 - CH55-LEH, with the values of 97% and 96%, respectively. Besides these
those two samples, the rest favors the S isomer as well, however, the combination of lipases with their
respective hydrolases are not as close to produce an enantiopure limonene-1,2-diol.

Overall, the systems containing lyophilized lipase from Aspergillus niger coupled with either
Re-LEH or CHS55-LEH, had an enantiomeric excess around 90%, and favored the formation of
limonene-1,2-diol over limonene oxide, however, the conversion of limonene substrate was low. From
the samples containing immobilized lipases, only Lipozyme® RM IM - Re-LEH and Novozym® 435 -
CHS55-LEH stood out, because the enantiomeric excess was closer to 100%, and they both favored the
formation of diol product while converting higher amounts of limonene.

3.2.2. Development of enzyme co-immobilization-based composite

After the optimization of the enzymatic cascade process for R-(+)-limonene valorization, we
decided to test the biocomposite candidates which had the most promising results in our enzyme
screening test in the presence of the acid-trapping reagent of choice. For a better comparison, we
decided to prepare samples containing both enzymes immobilized, in the form of a biocomposite, and
immobilized lipase coupled with free hydrolase. This would provide a better understanding of how the
system efficiency is affected in different conditions.

The samples were prepared, pre-treated, and analyzed using both GC-FID, and GC*-FID
methods. The analysis was done using GC-FID method for extracted samples, and GC*-FID for the
derivatized samples. The efficiency parameters are presented in figure 13 and table 3.

The bienzymatic cascade system in which the immobilized lipases were coupled with free
hydrolase registered low conversions degrees, even lower than the systems in which the immobilized
lipases were used alone. This drastic decrease cannot be attributed to the presence of trisodium citrate
acid-trap, because, as it can be observed in figure 13, the co-immobilized systems did not register a

decrease of the conversion degree, but the opposite.
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The Lipozyme® RM IM containing system appear to be more affected in both cases, converting
drastically low amounts of R-(+)-limonene each time. This might be due to the support choose for the
immobilization, because the anionic resign used for this biocatalyst has a tendency of aggregating in
liquid medium and this would block some active sites. This effect would explain only the results for the
free hydrolase system and its relatively high diol yield registered. For the Lpozyme® RM IM — Re-
LEH biocomposite additional testing needs to be done, because there is a possibility that the lipase
desorbs during the washing procedure, and therefore the conversion would be highly affected but not

the limonene-1,2-diol yield, as it can be observed.
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Figure 13. Efficiency parameters for different bienzymatic systems. (1.6 M R-(+)-limonene, PBS pH
8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, 9.66 mg/mL immobilized lipase or bienzymatic biocatalyst,
2.81 % v/v hydrolase, and 0.26 M trisodium citrate. Reaction: 24 h, 40 °C, 1000 rpm. Liquid-liquid extraction - 1:1 =
sample : ethyl acetate (v/v) — 30 min stirring at room temperature. Diol derivatization - 100 pL extract, 150 pL pyridine,
66 pL acetic anhydride — 24 h, 25 °C, 1000 rpm)

The Novozym® 435 coupled with free CH55-LEH registered low conversion degree and the
highest limonene oxide yield among all samples. At first sight, one might be tempted to assume this
might be due to the action of the trisodium citrate trapping salt. However, the other samples are not
affected in the same way, meaning that there might be another explanation.

By comparing the Novozym® 435 containing samples, it is obvious that the co-immobilization-
based composite performed the best. The only difference between the two samples is the state of the
hydrolase, free or immobilized. Therefore, we concluded that the reason for the poor performance of
the Novozym® 435 coupled with the free CH55-LEH hydrolase system is the tendency of the CHS55-
LEH to adsorb on the surface of the acrylic support during the reaction. This process taking place
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during the reaction time resulted in the blocking of the active sites of both enzymes which explains the
low conversion degree and high epoxide yield.

The hydrolase adsorption on support during reaction hypothesis might be applied for the
Lipozyme® RM IM coupled with free Re-LEH system. However, if the adsorption would have such an
important effect this would lead to an accumulation of epoxide during the reaction, because the
hydrolase active site would be blocked by random interactions with the support, and this is not the
case. The most affected parameter is the R-(+)-limonene conversion which sustains the aggregation
hypothesis previously mentioned.

In table 3 are presented the enantiomeric excess values for all the samples. It can be observed
that there is not a high difference between the values for the co-immobilized systems and immobilized
lipase coupled with the free hydrolase samples. This means that the hydrolase ability to convert the
epoxide to a preferential enantiomer of the limonene-1,2-diol is not affected.

Table 3. Enantiomeric excess of (1S, 2S, 4R)-(+)-limonene-1,2-diol values corresponding to
the data from figure 13. (1.6 M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide,
9.66 mg/mL immobilized lipase or bienzymatic biocatalyst, 2.81 % v/v hydrolase, and 0.26 M trisodium citrate. Reaction:
24 h, 40 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room temperature.
Diol derivatization - 100 pL extract, 150 pL pyridine, 66 pL acetic anhydride — 24 h, 25 °C, 1000 rpm)

Enantiomeric excess (1S, 2S, 4R)-(+)-limonene-1,2-

Biocatalyst diol (ee%)
Novozym® 435 — CH55-LEH composite 91
Lipozyme® RM IM — Re-LEH composite 91
Novozym® 435 and free CH55-LEH 89
Lipozyme® RM IM and free Re-LEH 89

The most promising results were obtained from the Novozym® 435 — CHS55-LEH
biocomposite, which managed to convert around 70% of the R-(+)-limonene present in the initial
system. Low amounts of epoxide were found during the analysis, meaning that most of it was
converted into the corresponding diol. The limonene-1,2- diol yield was as high as almost 40%, from
which 91% is the (1S, 2S, 4R)-limonene-1,2-diol isomer. Therefore, this biocomposite had the most
promising results, and was choose for further testing.

3.2.3. Testing of enzyme co-immobilization-based composite

As previously shown, from the two biocomposites developed, meaning Novozym® 435 —
CHS55-LEH composite and Lipozyme® RM IM — Re-LEH composite, only the first registered
promising results. Therefore, we chose to further test only the biocatalyst composed of Novozym® 435

and CH55-LEH co-immobilization for reusability in consecutive reaction cycles. Another possible
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application for the developed biocatalyst is the bioconversion of a-phellandrene. For this study we
tested both materials, for a better comparison.

The samples were prepared, pre-treated, and analyzed using both GC-FID, and GC*-FID
methods. The analysis was done using GC-FID method for extracted samples, and GC*-FID for the

derivatized samples. The efficiency parameters are presented in figure 14 and table 4.

M Conversion of R-(+)-limonene M Yield of limonene-1,2-epxide m Yield of limonene-1,2-diol

40
g
20
O I
1 2 3

Reaction cycle

Figure 14. Efficiency parameters of Novozym® 435 — CH55-LEH biocomposite recycling. (1.6
M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, 9.66 mg/mL immobilized lipase
or bienzymatic biocatalyst, and 0.26 M trisodium citrate. Reaction: 24 h, 40 °C, 1000 rpm. Liquid-liquid extraction - 1:1 =
sample : ethyl acetate (v/v) — 30 min stirring at room temperature. Diol derivatization - 100 pL extract, 150 puL pyridine,
66 pL acetic anhydride — 24 h, 25 °C, 1000 rpm)

In the figure 14 are presented the efficiency parameters of R-(+)-limonene conversion for the
three reaction cycles. The conversion degree varies among the cycles. It registered a decrease of around
8% between the first and second cycle, but it increases with around 17% in the third one. This shows
that our material conserved most of its activity among all reaction cycles. The average conversion
degree of R-(+)-limonene among all consecutive transformations is 39% =+9, meaning that the
biocomposite manages to convert most of the substrate in each process.

The formation of limonene-1,2-diol is favored over the one of limonene oxide. The diol yield
increases in the third cycle compared to the first two. By comparison, the epoxide yield increases from
the first cycle to the second, but drastically decreases in the third. However, after each process, the
formation of (1S,2S,4R)-limonene-1,2-diol isomer is favored, as it can be observed from the

enantiomeric excess of (1S, 2S, 4R)-(+)-limonene-1,2-diol values presented in table 4.
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Table 4. Values of the efficiency parameters of Novozym® 435 — CH55-LEH biocomposite
recycling presented in figure 14. (1.6 M R-(+)-limonene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM
hydrogen peroxide, 9.66 mg/mL bienzymatic biocatalyst, and 2.81 % v/v hydrolase. Reaction: 24 h, 40 °C, 1000 rpm.

Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at room temperature. Diol derivatization - 100
pL extract, 150 pL pyridine, 66 pL acetic anhydride — 24 h, 25 °C, 1000 rpm)

Average
Reaction cycle 1%t cycle 2" cycle  3rdcycle confidence
interval (%)
Conversion of R-(+)-limonene (%) 38 30 47 39+8
Yield of limonene-1,2-epoxide (%) 16 19 8 14+5
Yield of limonene-1,2-diol (%) 26 19 30 25+6
Enantiomeric excess of (1S, 2S, 4R)- 95+2

(+)-limonene-1,2-diol (ee%s) 93 96 95

The developed biocatalyst was tested for R-(+)-limonene conversion in up to three consecutive
reaction cycles. Overall, the material managed to conserve most of its activity after each cycle, the
formation of limonene-1,2-diol is favored over the limonene oxide, and the formation of (1S,2S,4R)-
limonene-1,2-diol isomer is favored after each cycle.

For another possible application of our developed materials, we tested the bioconversion of a-
phellandrene. The process is similarly to the one for R-(+)-limonene and it is presented in scheme 2.
The two-step process is based on the epoxidation of one of the double bonds on a-phellandrene cycle
with the formation of a-phellandrene epoxide indirectly catalyze by the lipase in the presence of

hydrogen peroxide and octanoic acid, followed by the selective hydrolytic ring opening in the presence

of the hydrolase.
0 OH
OH
hydrolase, H,O
octanoic acid, H,0,
- >
lipase
a-phellandrene a-phellandrene epoxide p-menth-5ene-1,2-diol

Scheme 2. Scheme of the a-phellandrene biotransformation.

The sample contents is the same, as previously mentioned, with the only difference being that
the R-(+)-limonene is replaced with the same amount of a-phellandrene. For this application we tested
both biocomposites Novozym® 435 — CH55-LEH and Lipozyme® RM IM — Re-LEH. The samples
were extracted and derivatized. The analysis was done using both GC-FID and GC*-FID methods for a

proper quantification of all reaction products.
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In table 5 are presented the registered efficiency parameter values for the substrate conversion,
and in figure 15 is a graphic representation of the substrate conversion and product yields. It can be
observed that both biocatalysts registered promising results in the valorization of a different
monoterpene.

In both cases, similar values of the conversion degree of a-phellandrene, a-phellandrene
epoxide and p-menth-5-ene-1,2-diol yields were registered, as well as similar enantiomeric excesses for
the (1S,2S,4R)-p-menth-5-ene-1,2-diol isomer.

100
B Conversion of a-phellandrene m Yield of a-phellandrene epoxide ™ Yield of p-menth-5-ene-1,2-diol

80

60

(%)

40

20

0 I

Lipozyme® RMIM - Re-LEH Novozym® 435 - CH55-LEH

Figure 15. Efficiency parameters of a-phellandrene biotransformation. (1.6 M a-phellandrene, PBS
pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, 9.66 mg/mL bienzymatic biocatalyst, 0.26 M trisodium
citrate. Reaction: 24 h, 40 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample : ethyl acetate (v/v) — 30 min stirring at

room temperature. Diol derivatization - 100 pL extract, 150 pL pyridine, 66 pL acetic anhydride — 24 h, 25 °C, 1000 rpm)

The formation of p-menth-5-ene-1,2-diol is favored over a-phellandrene epoxide, meaning that
most of the converted substrate is then transformed in the desired diol product. Is appears that the
biocomposite containing Lipozyme® RM IM lipase managed to yield a higher diol amount compared
to the Novozym® 435 containing one, with a difference of around 13%.

The conversion degree is again higher in the case of Lipozyme® RM IM — Re-LEH composite,
having a value close to 50%, compared to close to 40% in the case of Novozym® 435 — CH55-LEH
composite. However, the overall values presented in table 4 are close to each other, which offers
promising perspectives for future applications for a-phellandrene valorization using a bienzymatic

cascade process.
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Table 5. Values of the efficiency parameters of a-phellandrene biotransformation from figure
15. (1.6 M a-phellandrene, PBS pH 8 0.04 M, 1.60 M octanoic acid, 0.44 mM hydrogen peroxide, 9.66 mg/mL
bienzymatic biocatalyst, 0.26 M trisodium citrate. Reaction: 24 h, 40 °C, 1000 rpm. Liquid-liquid extraction - 1:1 = sample :

ethyl acetate (v/v) — 30 min stirring at room temperature. Diol derivatization - 100 pL extract, 150 pL pyridine, 66 pL
acetic anhydride — 24 h, 25 °C, 1000 rpm)

Novozym® 435 — CHS55- Lipozyme® RM IM —

Biocomposite LEH Re-LEH
Conversion of R-(+)-limonene (%) 41 47
Yield of limonene-1,2-epoxide (%) 9 8

Yield of limonene-1,2-diol (%) 31 44
Enantiomeric excess of (1S,2S,4R)-p- 96 95
menth-5-ene-1,2-diol (ee%)

3.3. Correlation between biocatalyst behavior and characteristics

3.3.1. FTIR analysis
The developed materials were characterized using FTIR spectroscopy. The samples were

analyzed between 400 and 4000 cm™' and the resulted spectra are presented in figures 16 and 17.

100
80
2
3
S 60
©
=
£
e
S 40
—_
=
20 = CH55-LEH
Novozym® 435
= CALB
Novozym® 435 — CH55-LEH composite
0

T T T T T T T T T T T T T T
500 1000 1500 2000 2500 3000 3500 4000

Wave number (cm™)

Figure 16. FTIR spectra of free and immobilized lipase and hydrolase components of Novozym® 435
— CH55-LEH composite.

A comparative FTIR analysis of the enzymes before and after immobilization provides

significant information about the effect of the immobilization on the protein secondary structure. Due
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to the polypeptide and protein repeating units which compose the backbone of enzymes, there are nine
characteristic IR bands arising from this type of structure, meaning amide A and B and I to VII. From
all these bands, only amide I and amide II have the most prominent vibrations. However, the most
sensitive to the protein secondary structure changes is amide I between 1600 and 1700 cm™ [31], and
this would be our band of interest.

In figure 16 is presented the FTIR spectra of Novozym® 435 — CH55-LEH composite along
with free CALB, bare Novozym® 435 and free CH55-LEH. Right off, the band registered between
2300 and 2400 cm™ corresponds to the asymmetric stretching mode of CO» [32], meaning it is an
interference and not a part of our materials. The same CO> characteristic vibration can be observed in
the figure 17. However, due to the protein nature of our samples, we would be focusing only on the

amide I region of our samples.
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Figure 17. FTIR spectra of free and immobilized lipase and hydrolase components of Lipozyme® RM
IM — Re-LEH composite.

By comparison between figure 16 and figure 17, it can be observed that the IR amide I bands of
Lipozyme® RM IM — Re-LEH composite and its components is less intense than the ones of
Novozym® 435 — CH55-LEH composite and its components. The spectra from figure 16 have bands
intense enough that it can be observed the presence of one in the 1000-1200 cm™' region, which

corresponds to carbohydrate content and glycoform distribution of protein [33]. This band is visible for
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free lipase B from Candida antarctica, bare Novozym® 435 and our biocatalyst, being more intense
for the lipase than for the CH55-LEH hydrolase.

By comparison between figure 16 and figure 17, it can be observed that the IR amide I bands of
Lipozyme® RM IM — Re-LEH composite and its components is less intense than the ones of
Novozym® 435 — CH55-LEH composite and its components. The spectra from figure 16 have bands

! region, which

intense enough that it can be observed the presence of one in the 1000-1200 cm”
corresponds to carbohydrate content and glycoform distribution of protein [33]. This band is visible for
free lipase B from Candida antarctica, bare Novozym® 435 and our biocatalyst, being more intense
for the lipase than for the CH55-LEH hydrolase.

Due to the more intense spectra and the fact that we managed to analyze both free lipase B from
Candida antarctica and CH55-LEH hydrolase, we chose to focus on the characterization of the amide I
region of the Novozym® 435 — CH55-LEH composite.

3.3.2. Deconvolution of FTIR data

Amide I band of the FTIR spectra of proteins is the most sensitive region to modifications in
the secondary structure. This band is situated between 1600 and 1700 cm™'. Its apparition is mostly
caused by the stretching vibration of C=O of the peptide chain, in proportion of 80%. The rest of
around 20% is due to the stretching of C-N bond. The exact position of this band is correlated to the
backbone conformation of the enzyme and the pattern of hydrogen bonds [31].

The structural component of amide I band are scattered within its region. We choose the
following spectral regions of the components from literature data, B-sheets between 1610-1640 cm™, a-
helix between 1640-1660 cm’!, turns between 1660-1690 cm™. The deconvolution of FTIR data results
in a semi-quantitative analysis, giving the percentage of each component [33].

The deconvoluted bands of the graph from figure 16 are presented in the supplementary
information in figures K to N. In table 6 are presented the wave numbers of the deconvoluted elements
of the amide I region of each enzyme, whereas in table 7 are the percentages of each component.

Table 6. Wave numbers corresponding to the structural elements of amide I region of the
developed biocatalyst.

Wave number (cm™)

B-sheet a-helix turns

Free CH55-LEH 1627 1650 1674
Free CALB 1616 1648 1681
Novozym® 435 1603 1649 1678
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Novozym® 435 —
CH55-LEH 1603 1649 1678
biocomposite

From the component positions, it can be observed that the lipase B from Candida antarctica
records a shift in the wave numbers of components bands after immobilization in the form of
Novozym® 435. This means that the adsorption on the acrylic support caused small conformational
changes in the secondary structure of the lipase.

The wave numbers of the components are the same in Novozym® 435 and our biocatalyst. Due
to the small ratio between lipase and hydrolase used for our system, the CH55-LEH hydrolase might be
present in such a small amount that the band positions are not visibly affected. However, the
percentage of each component is changed in the final biocatalyst, as seen in table 7.

The free CH55-LEH hydrolase has a preponderant percentage of turns elements and a more of
an a-helix structure than B-sheets, but the difference is around 8% between the last two. On the other
hand, the free CALB has a higher preference toward the a-helix structure. In the bare Novozym® 435,
CALB registers an increase of B-sheet conformation than in the free form, as well as a decrease in the
turn elements.

By comparing bare Novozym® 435 with Novozym® 435 — CH55-LEH composite, our material
registers a decrease in B-sheet and a-helix elements and an increase of the turn elements. This means
that the adsorption of the CH55-LEH hydrolase on the surface of the acrylic support already containing
the immobilized lipase determined a change in the conformational structure in the final material.

Table 7. Structural elements of amide I region of the developed biocatalyst.

B-sheet (%) a-helix (%) turns (%)
Spectral range (cm™) 1610-1640 1640-1660 1660-1690
Free CH55-LEH 24 32 44
Free CALB 8 57 35
Novozym® 435 23 60 17
Novozym® 435 —
CH55-LEH 17 49 34
biocomposite

The Novozym® 435 — CHS55-LEH composite maintained the preference for o-helix
conformation of CALB due to its abundance in the final material, but also registered an increase in the

proportion of turn elements from the adsorption of the hydrolase.
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3.3.3. Enzyme loading

The enzyme loading was determined only for the Novozym® 435 — CHS55-LEH composite,
giving the confirmation of the hydrolase immobilization by the FTIR analysis. The percentage of
loading was determined by UV-VIS measurement at 280 nm, because at this wavelength absorb two
aromatic amino acids, tryptophan (Trp) and tyrosine (Tyr) and, to a small extent, cystine of the
disulfide bonds of the protein tertiary structure [34].

The loading percentage was determined by the protein ratio of an enzymatic solution before
immobilization and the washing solutions collected after immobilization. The initial solution registered
a concentration of 0.29 mg/mL, and 0.23 mg/mL is the protein concentration after immobilization.
From this determination, it resulted that 21% of CH55-LEH hydrolase adsorbed on the surface of the
Novozym® 435 beads.

3.3.4. Enzymatic activity

The determination of the enzymatic activity is based on the reaction between the lipase and p-

nitrophenyl palmitate. The substrate is converted by the lipase in presence of water to form palmitic

acid and p-nitrophenol. The reaction is presented in scheme 3.

CHz 14CH;
Hzo lipase +  CHa(CHy);4,COOH
palmitic acid
NO, ON

p-nitropheny! palmitate p-nitrophenol
Scheme 3. Reaction scheme for determination of lipase Scheme 4. Tonized and non-lomzed
enzymatic activity. forms of p-nitrophenol [35].

For the determination of the enzymatic activity, the amount of p-nitrophenol is measured. The
quantity of the product detected after the ceasing of the reaction is proportional with the activity of the
enzyme. The enzymatic activity of Novozym® 435 — CH55-LEH composite was determined before
washing, after each washing step, and after each one, two and three consecutive reaction cycles. The
activity of Lipozyme® RM IM — Re-LEH composite was determine before washing, after each of the
tree washing steps, as well as after one reaction cycle.

It is worth mentioning, that the calibration curve for p-nitrophenol was constructed at 347 nm

where the non-ionized form is preponderant due to the acidic environment, whereas in our samples the
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ionized form is in higher amounts due to the relatively neuter pH, and it has an adsorption peak at 410
nm [35]. The equilibrium between the ionized and non-ionized form is presented in scheme 5.

Before the determination of the enzymatic activity of our materials, UV-VIS absorption spectra
were registered between 200 and 400 nm of an enzymatic solution of Re-LEH hydrolase. The resulted
graph is presented in the supplementary information (figure H). The absorption spectra of the hydrolase
has a peak at 280 nm, corresponding to aromatic aminoacids in its composition [34]. In figures 18 to 19
are presented the near-UV absorption spectra of the washing solutions of immobilized lipase, as well as
the ones of the resulting biocoposite.

Both Novozym® 435 — CH55-LEH and Lipozyme® RM IM — Re-LEH composites washing
solutions have a maximum absorption at 258 nm, which corresponds as well to aromatic aminoacids
within the protein chain [36]. However, the absorption peak does not correspond to the one of the
hydrolase enzymatic solution. Therefore, there might be a possibility of lipase desorption during the
washing procedure.

In figures 18 and 19 are presented the near-UV absorption graphs of bare Novozym® 435 and
Lipozyme® RM IM washing solutions. The procedure was the same as the one performed on the
developed biocatalysts, the only difference being that this time it was performed on bare immobilized
lipases. Because the immobilization approach used for the enzymes was based on adsorption on
support, it was to be expected that some enzyme would desorb due to weak interaction between the

protein and support material [11].

Novozym® 435 — CH55-LEH composite
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Figure 18. Near-UV absorption spectra of washing solutions of Novozym® 435 — CH55-LEH
composite.

From the graph in figure 19 it is clear the peak detected at 258 nm corresponds to some lipase
being desorbed during the washing step. It is worth mentioning that the highest amount of lipase CALB

desorbs during the first washing step and around the third step the amount becomes negligible in both
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cases. The same happens for the Lipozyme® RM IM — Re-LEH composite, the absorption decreases

with each washing, but in the third washing solution there is still some non-negligible amount of lipase.

the near-UV absorption spectra are in the supplementary information (figures I and J).
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Figure 19. Near-UV absorption spectra of washing solutions of Novozym® 435.

Concluding that the peak detected corresponds to the lipase and not the hydrolase, the

enzymatic activity was determined for the Novozym® 435 — CH55-LEH composite before washing,

after each washing step, and after each of the three consecutive reaction cycles. The results for both

composites are presented in table 8.

Table 8. Enzymatic activity values for the developed biocatalysts.

Novozym® Lipozyme® Lipozyme®
435 — CH55- Enzymatic RM IM - Re- Enzymatic RM IM - Re- Enzymatic
LEH activity (uM LEH activity (nM LEH activity (nM
composite p-NP/min/mg | composites p-NP/min/mg | composites p-NP/min/mg
(washed with ptotein) (washed with ptotein) (washed with ptotein)
PBS pHS8) PBS pH 8) PBS pH 6)
Before 0.8 Before 42 Before 9.8
washing washing washing
After I°' wash 0.7 After I° wash 6.4 After I° wash 7.5
After 2" wash 0.7 After 2" wash 4.0 After 2" wash 3.9
After 3" wash 0.8 After 3" wash 2.7 After 3" wash 2.5
I*" washing I*" washing
st
After I’ cycle 0.7 solution 12.0 solution 4.7
2" washin 2" washin
nd g g
After 2" cycle 0.8 solution 6.6 solution 1.6
3" washin 3" washin
rd 4 4
After 3" cycle 0.7 solution 1.5 solution 0.8
After I*' cycle 1.5

For the Novozym® 435 — CH55-LEH composite the activity is maintained constant even after

three consecutive reaction cycle. The biocatalyst manages to conserve more than 90% of its initial
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activity after each reaction cycle. The leaching of the lipase during the washing procedure is negligible,
the activity of the biocatalyst is not significantly affected, and the enzymatic activity value detected for
the washing solutions is below 0.003 arbitrary units. Therefore, the desorption of the lipase is not a
problem for the Novozym® 435 containing composite.

Table 8 results clearly show that the lipase leaching is a major problem of the Lipozyme® RM
IM — Re-LEH composite. The material was washed with PBS having a slightly basic or slightly acidic
pH to determine if this would influence the amount of enzyme desorbed during the washing procedure.
In both cases significant enzymatic activity is lost during the washing. Using a more acidic/ basic pH
for the washing solution is not an option because if could lead to the hydrolase deactivation prior to
reaction and would not prevent the lipase leaching in the reaction environment. After the first reaction
cycle, the biocatalyst manages to conserve only 53% of the enzymatic activity at the end of the
washing procedure.

The enzymatic activity of an enzymatic solution of CHS55-LEH (1.81 mg/mL) before the
immobilization is 11.14 TU. IU are expressed as pmols of substrate per minute per mL of enzymatic
solution. The value after immobilization is 53.06 IU. This increased value represents the enzymatic
activity apparently induced by the presence of the lipase in the co-immobilized bienzymatic

biocatalyst.

47



Conclusions

In conclusion, we developed a biocatalyst based on enzyme co-immobilization composed of the
couple CHS55-LEH hydrolase and Novozym® 435, which is commercially available lipase B from
Candida antarctica. The immobilization approach is based on the adsorption of the hydrolase on the
support surface of Novozym® 435 already containing the lipase in immobilized form.

Adsorption approach in immobilization, even if it is the cheapest and easiest method, comes
with disadvantages, such as weak enzyme-support interaction which would result in the enzyme
randomly desorbing from the surface. However, our enzymatic activity and near-UV absorption studies
show a good stability of both CALB and CH55-LEH on the surface of the acrylic polymer beads.

The biocatalyst had a hydrolase loading of 21% and was characterized using FTIR analysis. The
deconvoluted amide I region of the Novozym® 435 — CH55-LEH composite registered a change in the
conformation of the secondary structure of the proteins which was different compared to bare
Novozym® 435 beads. The absorption bands that the co-immobilization of the CH55-LEH hydrolase
did not cause major conformational changes which might have resulted in the loss of enzymatic
activity.

Our developed biocatalyst showed outstanding results in R-(+)-limonene conversion to (+)-
limonene-1,2-diol, the system even favors the formation of the (1S, 2S, 4R)-(+)-limonene-1,2-diol
isomer. Our Novozym® 435 — CH55-LEH composite managed to convert over 60% more substrate
than Novozym® 435 alone or coupled with free CH55-LEH hydrolase.

The biocatalyst reusability was tested for up to three reaction cycles. After each cycle the
material managed to conserve more than 90% of its initial activity. This proposes promising results for
potential industrial uses of the enzyme co-immobilization-based composite.

As another possible application for the developed Novozym® 435 — CH55-LEH composite is
the bioconversion of a-phellandrene to its corresponding vicinal diol. This opens the possibility of
applications of our developed biocatalyst for valorization of various monoterpenes candidates.

The results obtained from our studies propose great future perspectives for developing enzyme
co-immobilization-based biocatalysts for cascade valorization of monoterpenes to flavor and fragrance

products with possible applications for industrial processes.
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SUPPLEMENTARY INFORMATION

Calibration curve for (R)-(+)-limonene (GC-FID)
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Figure A. Calibration curve for R-(+)-limonene in ethyl acetate analyzed using GC-FID.
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Figure B. Calibration curve for limonene oxide in ethyl acetate analyzed using GC-FID.



Calibration curve for (1S,2S,4R)-(+)-limonene-1,2-diol
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Figure C. Calibration curve for (1S,2S,4R)-(+)-limonene-1,2-diol in ethyl acetate analyzed
using GC*-FID.
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Absorption spectra of Re-LEH (2.63 mg/mL)
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Figure H. Near-UV absorption spectra of an enzymatic solution of Re-LEH with a
concentration of 2.63 mg/mL.



Absorption spectra of Lipozyme® RM IM — Re-LEH
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Figure I. Near-UV absorption spectra of washing solutions of Lipozyme® RM IM — Re-LEH
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de chimicale fine sau molecule platforma care, mai departe, pot fi convertite in produse cu valoare
adaugatd pe piata de desfacere. Totodata, s-a realizat o ampla documentare pe problematica design-
ului catalizatorilor utilizati Tn astfel de procese si pe sinteza de aminoacizi. Importanta
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Introduction

Due to their versatility amino acids are valuable products for industry [1]. Amino acids are
primarily manufactured via microbial cultivation processes, which are costly, time consuming, and
require extensive separations processes. The development of efficient chemical methods to convert
abundant and renewable feedstocks into amino acids is, therefore, highly attractive but it have been
largely unsuccessful to date. As an alternative, chemocatalytic approaches could offer a rapid and
potentially more efficient means of amino acid synthesis, but efforts to date have been limited by the
development of facile chemistry and associated catalyst materials to selectively produce a-amino acids.

In our knowledge, only one recent report on the directly catalytic transformation of the
lignocellulosic biomass-derived a-hydroxyl acids into a-amino acids, including alanine, leucine, valine,
aspartic acid, and phenylalanine in high yields exist in literature [2]. The synthesis follows a
dehydrogenation-reductive amination pathway, with dehydrogenation as the rate-determining step.
Ruthenium nanoparticles supported on carbon nanotubes (Ru/CNT) exhibit exceptional catalytic
efficiency due to the unique, reversible enhancement effect of NH3z on Ru in dehydrogenation step.

The CNT application in heterogeneous catalysis is based on their specific important
characteristics such as: (i) resistance to acid/basic media, (ii) possibility to control, up to certain limits,
the porosity and surface chemistry and (iii) easy recovery of precious metals by support burning
resulting in a low environmental impact [3]. The combination of these properties makes CNT attractive
and competitive catalyst supports by comparison with activated carbons.

In the case of as-produced CNT’s it has to be noticed that such materials do not possess a high
amount of functional groups on their surface and mainly surface defects can be considered as anchoring
sites for metals. In order to evaluate the role of surface defects on the final metal dispersion, the
interaction between iron, cobalt or nickel and MWNT, SWNT, activated carbon or layered graphite has
been studied [4]. On SWNT and layered graphite, no coating was observed due to the low density of
surface defects. However, for MWNT and activated carbon, a better wetting has been achieved and, in
the case of iron on MWNT, a particle size of 5-15 nm has been measured. Several other metals were
deposited on MWNT by using the wetness impregnation technique. For instance, palladium, platinum,
gold and silver particles obtained presented a mean size of 7, 8, 8 and 17 nm, respectively, and were
mostly found on the outer surface of the CNT [5].

Like for classical carbon materials used in catalysis the possibility of chemical or thermal
activation, in order to modify the nature and concentration of surface functional groups, has been

studied in the case of CNT. Among the different techniques that have been applied for the more or less
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pronounced surface oxidation, nitric acid treatments are the most common and it has been shown that
surface oxygen functionalities like carboxylic groups can be introduced on the outer and possibly inner
walls of the CNT [6]. In the case of MWNT the main significant structural modification occurs on the
nanotubes tip and can result(s) in their opening. The formation of edges and steps on the graphene
sheets is also possible [7]. Deposition of different metals (i.e., silver, cobalt, cerium) on nitric-acid
treated MWNT showed the critical factor to well dispersed nanoparticles is the oxidation step [3].

On the other hand, magnetic nanoparticles (MNPs) have been gaining increasing interest in the
last years due to their valuable properties such as high surface area, low toxicity and super-
paramagnetic behavior [8]. This intrinsic property may allow an easier separation from reaction
mixtures by the use of an external magnetic field. In addition, the presence of a large number of
hydroxyl groups on the external surface affords both the deposition of inorganic shells containing
different catalytic active phases and the direct immobilization of a variety of catalytic functionalities
via covalent bonds [9]. In this context, not long ago an efficient Ru(4wt%)@MNP-SiO- catalyst for the
oxidation of levulinic acid (LA) to succinic acid (SA) (Ssa = 96-98% for X, = 59-79%) was reported
[10].

1. Theoretical aspects

Due to the rapid population growth and vast economic developments nowadays there is an
increase in global energy demand that is estimated to double between 2000 and 2035 [11]. Fossil fuel
sources, such as crude oil, coal and natural gas currently hold the major share of energy supply.
However, these sources are non-renewable and global petroleum production is predicted to peak by
2020 due to increasing demand for chemical industries, before decaying.

Another major concern of the 21% century is the increasing levels of greenhouse emissions (CO2
in special) caused by the enormous consumption of fossil fuels. The global CO, emissions reached an
all-time record of 41.5 + 4.4 billion tonnes in 2017, contributing to an atmospheric CO, concentration
of 408 ppm, the highest since the beginning of the industrial revolution. If this situation continues,
global average temperatures are estimated to increase drastically in the range of 2.5 — 5.4 °C [11]. In
the same manner, global warming is a major threat to humankind as well as to the biosphere if we think
at the increased rate and intensity of many climate catastrophes from recent time. Due to this situation
created worldwide the scientists from many countries try to find alternative pathways to replace the
actual industry which is based almost in totally on petroleum with an industry based on clean,

sustainable resources for the production of fuels and chemicals.
2



Various renewable resources are available for the production of energy and/or chemicals. Some
of these resources are: wind, geothermal, solar, hydropower and biomass. Although renewable energy
from wind and water holds considerable potential, it is insufficient and incapable to fill the entire
global energy demand. For a short and medium term solution to the deficit of both sustainable energy
and renewable carbon, most experts look to biomass as a most viable alternative source. As a highly
abundant natural carbon source, biomass is considered a promising renewable alternative to fossil fuels
that can be transformed into a wide range of value-added chemicals, clean solvents and biodiesel.
Several biomass resources such as animal waste, agricultural crops, wood and aquatic plants are
available for the production of sustainable chemicals. If we think at the fuels, which are of great
necessity in our society, we realize that the humankind is on the verge of collapse. Bearing this in
mind, we need to give it a chance to the biofuels with products derived from lignocellulosic biomass,
because this is the future.

Lignocellulosic biomass is the most abundant and bio-renewable resource, with great potential
for sustainable production of chemicals and fuels [12]. Lignocellulose functions as the most important
structural component in a majority of plants, making it widely available in much larger quantities than
starch, oils and fats, the source materials of first generation biofuels [13]. Any materials rich in
cellulose, hemicellulose and lignin are commonly referred to as lignocellulosic biomass. For example,
wood, bamboo, grass and their derived pulp and paper, and agricultural residues like corn cobs and
sugarcane bagasse are typical sources of lignocellulosic biomass. Generally, most of the lignocellulosic
biomass contains 35-50% cellulose, 20-35% hemicellulose and 10-25% lignin. Unfortunately, these
components are indigestible by humans, but are readily available in several industrial waste streams,
especially from the paper and agricultural industries. This severs to the direct competition between
lignocellulose valorization and human food supply.

Since cellulose is the main component of lignocellulosic biomass it is imperative to know more
about it. Cellulose is one of the most abundant compounds on earth because it is contained in almost all
woody materials. It has the same molecular formula as amylose, one of the main components of starch
(CeH100s), but between them is a fundamental difference: in amylose the glucose monomers are linked
by a-1,4-glycosidic bonds whereas in cellulose the glucose monomers are linked by B-1,4-glycosidic
bonds as shown in Figure 1. This seemingly trivial difference has important physico-chemical

consequences.
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Figure 1. Structure of cellulose and amylose (starch) [13]

In cellulose, the glucose monomers are forced into a *Ci chair conformation, while successive
monomers are rotated over 180° around the polymer axis, to satisfy the bond angle of the bridging
oxygen. This forces the hydroxyl and hydroxymethyl groups in an equatorial position, stabilizing the
chair conformation and decreasing the flexibility of the glycosidic bond. As a result, the cellulose chain
is linear, forming a rigid polymer, whereas amylose chains show more flexibility. Two intramolecular
hydrogen bonds per anhydroglucopyranose unit further increase its rigidity. Every cellulose crystal
phase exhibits a O3-H-O5 bond. In addition, another crystal phase dependent hydrogen bond is
formed. Finally, the B bond is intrinsically more stable than the o bond, presented in amylose.

The main utilization of cellulose in industry is currently limited to textiles and paper
manufacturing. In some biological processes such as fermentation and enzymatic catalysis, peculiar
enzymes, bacteria and other microorganisms are used to break down cellulose molecules and thus a few
commodity chemicals can be obtained. Nevertheless, such biological processes generally suffer from
unsolvable problems such as low efficiencies, narrow reaction conditions and limited scale of
production. Chemo-catalytic conversion of cellulose [12] has been around for some time, but it only
receives serious attention with the advent of a series of novel chemo-catalytic reaction routes since the
fossil oil crisis in the 1970s. Nowadays, researchers in the entire world try to find ways to break down
more easily cellulose and transform it in useful chemicals. Some typical chemicals and fuels which can
be produced by chemo-catalytic conversion of cellulose by different chemical processes as presented in
the Scheme 1.

Clearly, a variety of fuels, including ethanol, hydrogen, methane and chemicals such as glucose,
fructose, sorbitol, levulinic acid and lactic acid can be obtained from catalytic conversion of
lignocellulosic biomass. Lignocellulosic biomass can also be used to produce syngas (CO + H) which
can then be transformed into fuels and myriad chemicals. In many instances, depolymerization and
hydrolysis of cellulose to glucose monomer is regarded a necessary first step. Then glucose is further
catalytically degraded into various intermediates, chemicals and fuels, following the A route.
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Following the route B, it is desirable to obtain fine chemicals directly from cellulose, without having
one more step implying the formation of glucose.
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Scheme 1. Potential chemicals and fuels from the catalytic conversion of cellulose

Compared to cellulose, hemicellulose has a very diverse composition [13] containing several
pentoses (mostly xylose and arabinose), hexoses (mostly galactose, glucose and manose) and nonsugar
compounds as monomers. Furthermore, a typical hemicellulose chain is branched and shorter than that
in cellulose, inhibiting crystal formation and making hemicellulose much easier to hydrolyse than
cellulose. The utilization of the saccharides derived from hemicellulose is essential for its efficient
transformation to biofuels (mainly ethanol) or other high value-added chemicals. These two alternative
purposes for hemicellulose valorization can be attained by chemical or biological conversion of the
hemicellulosic monomers. Hemicellulose can be depolymerized into monomeric and oligomeric

components with high purity and yield by chemical, enzymatic or thermal processes [14].



Lignin is another major component of lignocellulose, mainly present in woody biomass. It is a
heavily branched and interconnected hydrophobic polymer consisting of three typical aromatic
monomers: p-coumaryl alcohol, coniferyl alcohol and sinapyl alcohol. These alcohols polymerize by
random coupling reactions, forming a very complex structure. Lignin is extremely resistant to
degradation. The reactivity of lignins is dominated by the substructures containing aryl esthers, biaryls,
phenols, benzyl and aliphatic alcohols.

Related to the activities connected to the biomass conversion, the biorefining concept was
introduced not long ago and defined as a “facility that integrates biomass conversion processes and
equipment to produce fuels, power and chemicals from biomass” [15]. In principle, the biorefining
concept is similar with today’s petroleum refineries, the difference being the feedstocks. Regarding the
polymeric components of lignocellulose, almost each carbon atom is connected to an oxygen atom.
Because of this, in biorefineries, is necessary a controlled defunctionalization (e.g. reducing the oxygen
content through efficient catalytic processes) rather than the functionalization used in the chemical
industry so far. Unfortunately, this means that most of the developed processes in the petrochemical
and chemical industry are not suitable for converting biomass, and alternative pathways for the
production of fuels and chemicals should be developed. Moreover, for sustainable development and
environmental protection reasons, an efficient biorefinery unit should provide a complete valorization
of the biomass source, by performing the overall processes with a minimum loss of energy and mass,
and should maximize the overall value of the production chain with the minimum formation of wastes.

Solid catalysts are in principle very suitable for the processing of biomass. However, the
requirements for biomass conversion are rather different, compared to the processing of hydrocarbon
feedstocks, which form the backbone of our current energy and raw materials supply. A large number
of technologies based on biological, thermal, and chemical processes have been developed for biomass
valorization. Among those, chemical processing of biomass is of paramount research interest as the
resulting products can exhibit relatively equating characteristics to petro-based products [11]. Various
kinds of chemical processes, such as fast pyrolysis, hydro-processing, oxidation, dehydration,
hydrolysis, transesterification, isomerisation, and many others have been reported, in which the
application of a catalyst is crucial to enhance reaction rates and to obtain high yields of desirable
products in a short time period. Indeed, catalysis is a key technology in modern chemical industry and
plays an essential role in the production of a vast majority of bulk and commodity chemicals. Catalysis

greatly contributes to the development of new, greener, and potential chemical processes, offering



feasible alternatives to stoichiometric reactions, thus acting as a driving force towards a more
sustainable chemical industry.

Homogeneous and heterogeneous catalysts are both used in petrochemical industry [11] as well
as in biomass upgrading. Homogeneous catalysts, where the active sites are in the same phase as the
reactants, can interact efficiently with the reaction substrates, typically resulting in higher turnover
frequency (TOF) rates compared to heterogeneous catalysts. However, homogeneous catalysts are
often associated with high toxicity, corrosivity, energy-intensive separation and purification
procedures, and inefficient reusability. Stringent government regulations have therefore directed
chemical industries to search for alternative catalytic materials. In this respect, heterogeneous catalysis,
where the catalyst exists in a different phase (typically solids) as the reactants (mostly liquids or
gasses), could offer tremendous potentials for several energy and environmental-related applications
including biomass upgrading. Availability of facile preparation methods, low production costs,
remarkable robustness, high resistance to common reaction conditions (moisture, air, pressure, and
temperature) and durable lifetime are some of the primary advantages of solid catalysts. More
importantly, solid catalysts can be efficiently recovered from reaction mixtures and can be readily
reused in multiple catalytic cycles, making the process cost-effective and more sustainable. Separation
processes represent more than half of the total investment in equipment for the chemical and fuel
industries [16]. It is not overstatement that the separation costs are a decisive factor in the final analysis
of a new process. So, the ease of separation of solid catalysts can be a crucial advantage. However, it is
necessary that these catalysts have high selectivities in order to guarantee the cost-effectiveness of the
process.

If we talk about the usage of solid catalysts (heterogeneous catalysis) we need to bear in mind
that are quite a few challenges face ahead in the design of these. Some of these challenges are: the
discovery of new reaction media, the optimum catalyst composition, the porosity of the catalyst and the
active sites presented by last. Carbon materials have emerged as promising catalyst supports as well as
metal-free active phase catalysts for various biomass transformation reactions [11]. They exhibit a
broad spectrum of crucial catalytic properties such as large specific surface area, tailorable porous
structures and surface chemistry, excellent chemical stability in acid or base media, remarkable
hydrothermal stability, and efficient functionalisation. Many types of conventional carbon materials,
such as activated carbon, carbon black, glassy carbon, pyrolytic carbon, and polymer-derived carbon
have been employed for stabilizing catalytic active phases. Owing to high specific surface area and rich

surface chemistry, these carbon materials allow the formation of highly dispersed metal particles (Pd,



Ru, Ni, Cu, Ag, Fe, etc.) throughout the catalyst matrix, resulting in enhanced resistance to sintering
even at higher metal loadings and elevated temperature conditions. Moreover, advances in materials
science and nanotechnology have provided several innovative strategies for the development of new
carbon materials, such as carbon nanotubes (CNTSs), graphene, and mesoporous carbons that can be
used as catalyst supports or active catalysts.

Carbon nanotubes (CNTS) are characterized by a hexagonal arrangement of sp? carbons with
well-controlled cavity geometries. CNTs can be classified as single-walled (SWCNTs) and multi-
walled CNTs (MWCNTSs) based on the number of carbon layers present in the tubular wall. SWCNTSs
are semiconductive with diameters of around 0.4-2 nm, whereas MWCNTSs are metallic. Interestingly,
the cavities of CNTs can prevent the aggregation of active metal nanoparticles (NPs) during catalyst
synthesis or catalytic reactions. Defect sites and surface chemistry are the key parameters that
determine the catalytic efficiency of carbon materials in biomass conversions. For example, defect sites
incorporated into the sp? framework of CNTSs, graphene or activated carbon can strongly influence
surface properties and catalytic functionalities. Heteroatom doping is an appealing strategy, which
exploits defect structures in carbon materials. Carbon nanotubes offer potential possibilities for
stabilising metal NPs, metal oxides, acid—base functional molecules, and even complex hierarchical
hybrids. CNTs exhibit defective sp? carbon surfaces and improved electron transport, which facilitates
the interaction of active phases with the CNTs. In addition to preventing particle aggregation, the
nanoscale confinement within CNTs can also control the diffusion of reactive species and their
interactions with the active phases. These fascinating characteristics have been exploited in the field of
biomass upgrading, in order to achieve improved conversion rates with high yields of desired products.

A prime objective in the catalytic conversion of lignocellulosic feedstocks is the improving of
the catalysts efficiency and selectivity towards value-added products. However, the incorporation of
compatible catalytic processes in the actual infrastructure of petrochemical industry plants requires
biomass feedstocks to be converted into building block chemicals with fewer oxygenated groups. These
building block chemicals, also known as “platform molecules”, are molecules with multiple functional
groups that possess the potential to be transformed into new families of useful chemicals. The most
important 12 platform molecules [17] that can be produced from sugars via biological or chemical
conversions and can subsequently be converted to a number of high-value bio-based chemicals or

materials are given in the Figure 2.



Cosmetics

o

Food and feed ”0/\@\0"' hoe— o

ingredients Pharmaceutical

3-hydroxy
o) Glycerol  proplonic acid
b
ot \[ 7 0 oo
Hh"JHzo H OH Explosives
Lubricants L-aspartic acid

=0
C)—Khydroxy
H butyrolactone = C4
2,5-fluran-di-
; :
Coatings 1,4-dl-acids /‘ &2 carboxylic acid Polymers
o ) ™ c5 OH oH
noJ\/AgOH Mo‘" \‘l Ho/\./'\(k/m
Il \_  ©OH OH Sorbitol Fuel

HH
Adhesives Fymaricacid L-malicacid ||
s

| S market

OH
Glucarinic acid
R o Fire foams
® Ceq HO” (‘o

[s} o
oH HO)WLOH H oH
NHp Herbicides

Healthcare  succinicacid  L-glutamic acid Itaconic acid

OH OH
OH 1
Resins
Emulsifiers (S.R,R)-xylitol Levulinic acid

Plasticizers
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Lactic acid (2-hydroxypropanoic acid, LA) is an encouraging renewable building block for
the development of biodegradable plastics and to substitute current petrochemical-based materials [18]
but it is also extensively employed in the food and pharmaceutical industries. New applications [19]
have been recently intensified in the field of commodity chemicals such as propylene oxide and
propanoic acid, liquid fuels and polymers. In Scheme 2 it can be seen some chemicals obtained starting

from lactic acid as well as the specific routes [20].
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Scheme 2. Lactic acid as a platform chemical [20]

LA and other hydroxy acids can also be used as raw materials in the catalytic synthesis of the
amino acids, which are the building blocks of proteins and the primary source of nitrogen for tissues in
the human body. Nowadays, amino acids are widely produced and used in many fields, their annual
production reaching about 6.5 million tons in 2014 [1].
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The literature for the use and transformation of amino acids is extremely diverse. In general,
however, these focus on the use of amino acids in nutrition, medicine, impact on physiological
function, along with their use as platform molecules. In particular, they promote health by several
actions, including reduction of the adiposity, regulation of the muscle protein metabolism and the
control of the growth and immunity of the organism. Also, it is well documented that amino acids
deficiency causes serious diseases, both in humans and animals [21]. Therefore, the interest in
investigating and developing new routes to produce them in a more cost-effective and sustainable way
has significantly increased in the last years.

In present, amino acids are produced through three different routes: microbial processes
(fermentation and enzymatic synthesis), chemical synthesis and extraction from protein-hydrolysates.
However, most of the current industrial processes for amino acids production are based on fermentation
route, under aerobic or anaerobic conditions, and several microorganism are used in order to convert
the sugars present in a substrate into a broad spectrum of amino acids [22]. Generally, the fermentation
takes place in an aqueous medium containing essential nutrients such as sources of carbon, nitrogen,
phosphorus and sulphur, vitamins and minerals. Identifying a suitable carbon source is a major
challenge of the process, because it should not only serve as an energy source for the microorganism,
but also as a precursor for the structural skeleton of the amino acid metabolite [1].

The second biological process in the production of amino acids is the enzymatic one or the
enzymatic conversion and is based on the action of an enzyme or a combination of enzymes to catalyze
the production of the desired amino acids [21].

Historically, chemical synthesis has been the classical pathway to produce achiral amino acids
like glycine or a racemic mixture of D,L-methionine or D,L-alanine [21]. In present, the chemical
synthesis refers to the Strecker synthesis (production of methionine), the Gabriel malonic ester
synthesis (when amino acids are obtained as secondary product) and the Miller synthesis (which aims
to obtain amino acids by reproducing the primitive conditions when organic compounds were formed
in an atmosphere rich in methane, ammonia, water and hydrogen) [23].

The Strecker synthesis was reported for the first time in 1850. According to this reaction the
conversion of an aldehyde or ketone and amine or ammonia to a-amino acids can be achieved by

means of an acid catalysts, metal cyanide and water, as shows in Scheme 3.

10



HiC o HsC OH

A N

% + HCN ——— /C N
H CN

H

Acetaldehyde Hydrocyanic acid Cyanohydrin
+ NH3 l - HQO
H5C NH +2H,0 HC__NH;

S, < oK
H COOH -NH3 H CN
Alanine Amino nitrile
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The Strecker synthesis of amino acids has been considered as one of the modes of formation of
amino acids in the primordial Earth [24]. In particular it consists in the reaction of an aldehyde with
hydrogen cyanide and D-a-methylbenzylamine in methanol, followed by the hydrolysis of the resulting
amino nitrile to yield the N-o-methylbenzyl amino acid. Finally, a catalytic hydrogenolysis is
performed to remove the metylbenzyl group from the amino acid molecule [21]. The main drawbacks
of the chemical synthesis are associated to the price of the catalyst as well as to the use of hazardous
cyanide sources. To overcome these problems new methods were developed in 1963 by K. Harada
[24], starting from the catalytic asymmetric Strecker-type reaction.

The most common industrial chemical process for the manufacture of racemic amino acids is
the so-called Bucherer-Bergs method [25] which is a variant for the Strecker synthesis. This method
proceeds via a hydantoin intermediate that is generated from an aldehyde, hydrogen cyanide and an
ammonium salt. However, the approach is far less attractive than fermentation or enzymatic catalysis
because an expensive optical resolution step is required to isolate the bio-active L-isomer from the
amino acid racemate [1]. This approach is therefore involved only in the production of achiral glycine
and D,L-methionine, since the adults and animals are able to convert D-methionine to the L-isomer by
transamination. Although the Bucherer-Bergs approach is the most common because of its simplicity
and effectiveness, the main drawbacks of this method are the long reaction time and the elevated
temperature.

Another method of producing amino acids is the Gabriel malonic ester synthesis. The reaction

takes place in two steps as shown in the Scheme 4.
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In the first step potassium phtalimide reacts with halogenoalkanes and with a variety of other
alkylating agents and leads to the N-alkylphtalimide. Furhermore, the N-substituted phtalimides may be
converted into the corresponding primary amine by hydrolysis or hydrazinolysis [26]. The importance
of the Gabriel synthesis lies in the absence of secondary or tertiary amine contamination of the primary
amine and the toleration of a very wide range of other functional groups in the molecule. In the same
time, the mild conditions are now available for accomplishing both stages so there is hope.

The last production method of amino acids is the Miller’s synthesis which is based on the idea
that organic compounds that serve as the basis of life were formed when the earth had an atmosphere of
methane, ammonia, water and hydrogen, instead of carbon dioxide, nitrogen, oxygen and water [23]. In
order to test this Miller built an apparatus (Figure 3) which circulated CH4, NH3, H>O and H>, past an
electric charge. Electrical discharge, according to Miller, may have played a significant role in the

formation of compounds in the primitive atmosphere.
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Figure 3. The apparatus used in Miller’s synthesis [23]

Collection
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Water is boiled in the flask and it is mixed with the gases in the 5 liters flask. Then, the water
circulates past the electrodes, condenses and empties back into the boiling flask. The U-tube is used
because it prevents circulation in the opposite direction. The acids and amino acids formed in the

discharge, not being volatile, accumulate in the water phase. In the condensed water phase, various

12



organic molecules were detected at the end of the experiment, including larger amounts of the amino
acids glycine and alanine. It is regarded to be certain that these were formed by Strecker synthesis with
the intermediate products hydrocyanic acid, formaldehyde and acetaldehyde, respectively [27].

In present are many attempts to transform lignocellulose biomass-derived a-keto acids and a-
hydroxy acids into a-amino acids. In this context W.Deng et al. [2] reported the catalytic synthesis of
a-amino acids, including alanine, leucine, valine, aspartic acid and phenylalanine, in high yields, in the
presence of ruthenium nanoparticles supported on carbon nanotubes (Ru/CNT). The reaction
mechanism is presented in the Scheme 5.

OH H, 0 NH, NH H, NH,
)\(OH Ay OH ey OH =y OH  pathway (1)
I (1) | (2) | (3) |
o o) o
OH
OH o o R R NH, N
/\( — N — TY — /'\( pathway (Il)
' NH,~ O HaN o '
o 3 0

Scheme 5. Two possible reaction pathways for amination of lactic acid to alanine [2]

The catalyst exhibits exceptional efficiency compared with catalysts based on other metals.
This happens due to the unique, reversible enhancement effect of NHz on Ru in dehydrogenation step.
Based on the catalytic system, a two-step chemical process was designed to convert glucose to alanine
in 43% yield, comparable with the well-established microbial cultivation process presented above. The
presented strategy enables a route for the production of amino acids from renewable feedstocks.

Another pathway of obtaining amino acids (in special alanine) was proposed by Y.Wang et
al.[17]. The procedure involves a one-step convertion of the crude glycerol from the biodiesel industry
into 43% yield alanine over a RuiNiz/MgO catalyst. The multifunctional catalytic system promotes

glycerol conversion into lactic acid, and then into alanine, as shown in Figure 4.
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Figure 4. An illustration of one-step conversion of waste glycerol to alanine [16]

They concluded, after performing X-ray absorption spectroscopy and scanning transmission

electron microscopy, that existent bimetallic RuNi species and Ni-doped Ru substantially decreases the
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Ea of C-H bond dissociation of the lactate alkoxide to form pyruvate, which is the rate determining
step. A plausible explanation for this behavior is that the unreacted glycerol inhibits lactic acid and
amination reaction.

An attempt of converting biomass to amino acids was made in 2020 by S. Song et al. [28] by
using CdS nanosheets, an efficient and stable catalyst which exhibits a higher activity in production of
alanine from lactic acid, compared to commercial CdS as well as to CdS nanoobjects bearing other
morphologies. The occurring reaction, presented in Figure 5 is a photocatalytic one, CdS representing

the only material able to promote the desired transformation under visible light.
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Figure 5. Photocatalytic amination of glucose or biomass-derived a-hydroxyl
acids to amino acids [28]

The unique properties of CdS nanosheets are attributed mainly to the preferential formation of
oxygen-centered radicals to promote a-hydroxyl acids conversion to a-keto acids and partially to the
poor H> evolution which is an undesired reaction. Encouragingly, a number of amino acids were
prepared using the proposed protocol, with high yields, and one-pot conversion of glucose to alanine
was also achieved, under mild conditions.

T.Fukushima and M. Yamauchi [29] made another attempt to transform biomass into amino
acids by electrochemical synthesis. They reported that seven amino acids were electrochemically
synthesized from biomass-derivable a-keto acids and NH.OH with faradaic efficiencies (FEs) of 77-

99%, using an earth-abundant TiO; catalysts.
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2. Objectives

The aim of this work was to develop efficient solid catalysts able to directly transform
lignocellulosic biomass-derived lactic acid (LA) into alanine (AL) through a dehydrogenation-
reductive amination pathway. For this a series of Ru-based catalysts with (1) as-received MWCNT, (2)
oxidised MWCNT and (3) magnetic nanoparticles (MNPs) carriers and 1wt%, 3wt% and 5wt%Ru were
prepared and characterised.

(1) As already specified, literature indicates that ruthenium nanoparticles supported on carbon
nanotubes (Ru/CNT) exhibit exceptional efficiency compared with catalysts based on other metals, due
to the unique, reversible enhancement effect of NHz on Ru in dehydrogenation step. However, the
authors claim the use of a catalyst with only 3wt%Ru, prepared by impregnation on as-received CNT.
Much more attention must be paid to the concentration of ruthenium which can lead to ruthenium
particles with varying degrees of dispersion and oxidation, these characteristics being able to decisively
influence the course of the reaction in which they are applied.

(2) Different oxidation processes were applied in the view of producing functionalized CNTs
and their use as carrier for ruthenium deposition, in the next step of the research. By using such type of
carriers (i.e., as-received CNT and oxidized CNT) Ru-based catalysts with different catalytic features
related to the metal dispersion, location (ruthenium in- and out-tubes) and reduction degree, can be
easily created.

(3) To overcome the catalysts separation issue, the use of magnetic nanoparticles emerge as a
viable solution; their insoluble and paramagnetic nature enables their easy and efficient separation from
the reaction mixture with an external magnet. That is why, a second kind of Ru-based catalysts used as
carrier magnetic nanoparticles (MNP) for the synthesis of cationic Ru(lll)/functionalized silica coated

magnetite nanoparticles.

3. Experimental part

All the chemicals and reagents were of analytical purity grade, purchased from Sigma-Aldrich
and used without further purification. Two kind of multi-walled carbon nanotubes (MWCNTS) were
purchased with the following features: (1) preparation method Catalytic Chemical Vapor Deposition
(CVD) (CoMoCAT®), over 95% carbon, O.DXL/6-9 nm x 5 um and armchair configuration, and (2)

preparation method Catalytic Chemical VVapor Deposition, over 90% carbon basis, DxL/110-170 nm x
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5-9 um and armchair configuration. Hydrated ruthenium chloride (RuClzxH>0O) had ~37% Ru basis.
PTFE membrane filters with 0.45 um pore size were purchased from Merck.

3.1. Materials preparation methodologies
3.1.1. Ru supported onto MWCNT (Ru/CNT)

The CNT-supported Ru nanoparticles were prepared by wet impregnation method. Typically,
0.5g CNT (CoMoCAT®) was added into the aqueous solution of RuClz (200mg/10 mL H20) and then
subjected to stirring for 1 h at room temperature. The solution was aged 2 h and after that the water was
evaporated at 80°C. The catalyst was calcined at 350°C, in static atmosphere, for 4 h. The calcination
temperature was established based on the TG analysis of CNT carrier (see Annex 1). The solid product
was reduced in Hz gas at 450°C for 2 h or using sodium borohydride (fresh aqueous solution) following
a procedure from literature [30]. The metal loadings were ~1 wt %, ~3 wt % and ~5 wt % and the
obtained samples were denoted 1%Ru/CNT, 3%Ru/CNT and 5%Ru/CNT.

3.1.2. MWCNTSs oxidation

The oxidation of MWCNTs has the scop of the opening up of carbon nanotubes, their
purification and fictionalization. Eight different oxidation procedures were performed in order to
establish the optimum oxidation conditions in the view of the synthesis of an optimal functionalized
CNTs structure. The prepared samples and the oxidation conditions are summarized in Table 1. For the
first seven procedures CoOMoCAT® MWCNT were used to produce the CNTox-1 - CNTox-7 samples
while the CNTox-8 sample was produced from MWCNTSs with 95% carbon, O.DxL/6-9 nm x 5 pm and
armchair configuration. In order to minimize the tube damage, a low power sonicating bath and a
relatively low acid exposure time were used. The oxidation processes were carried out either under
reflux, by using a sonication bath or by refluxing followed by sonication. Nitric acid (65 wt%) or a
mixture of HNOs and H2SO4 were used as oxidation reagents and the oxidation time was varied from
1h to 3h. Irrespective of the applied methodology the resulted solid was washed up to neutral pH and

dried at 80°C for 24 h. All procedures methodologies are detailed in Annex 2.
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Table 1. The oxidation conditions used for the synthesis of CNTox Samples

Entry Sample mmwent  VHnoz  VhHesos  VH202 Procedure
(9) (mL) (mL)  (mL) Ultrasonication Reflux
time (h) Time Temperature
(h) (°C)
1 CNTox-1 2 200 - - 3 - -
2 CNTox2 1 200 - - 3 2 80 (1h)
100 (1h)
3 CNTox-3 1 200 - - 3 2 80
4  CNTecd 03 14 42 : 2 15 min 60
5°  CNTo5 0.3 14 42 7.5 2 15 min 60
6 CNTox-6 0.1 7.5 - 7.5 3 15 min 60
7 CNTox-7 0.1 - - 12.5 - 72 65
8° CNTox-8 0.1 10 - - 3 24 r.t.

2 - 70 mL mixture of HNO3 (65Wt%) and H2SO4 (8M), mechanical stirring; - 70 mL mixture of HNO3
(65wt%) and H2SO4 (3M), mechanical stirring; ¢- distillation of CH,Cl>

3.1.3. Ruthenium based magnetic nanoparticles

The two steps preparation followed a literature reported procedure [31]: (a) the synthesis of the
magnetic carrier that is comprised of spherically amino functionalized silica-coated Fe3O4
nanoparticles. In a typical procedure, 7 g of sodium dodecylbenzenesulfonate (technical grade,
purchased from Acros Organics) was added in 60 mL dried xylene (purchased from Aldrich) and
ultrasounded for 20 minutes, then stirred in an oil bath at room temperature. The air was removed from
the reaction vessel by purging it with nitrogen. 3.23 g (8.0 mmoles) iron (111) nitrate nonahydrate and
0.8 g (0.4 mmoles) iron (Il) chloride tetrahydrate were dissolved in 3.6 mL deionized water purged
with nitrogen and added to the mixture of xylene and surfactant. The obtained mixture was stirred
overnight under inert atmosphere at room temperature till homogenization. The emulsion was heated at
90°C, for 1 h, and then 4 mL of hydrazine 35% solution was added and stirred for 3 h, at 90°C and 1 h
at 40°C, under inert atmosphere. Afterwards a mixture of 3 mL tetraethylortosilicate (TEOS, purchased

from Aldrich) and 3 mL 3-aminopropyltriethoxysilane (purchased from Aldrich) was added and the
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emulsion was stirred overnight in air atmosphere. The obtained black solution was transferred in a
Berzelius flask and the obtained particles were separated with the aid of a Fe-Nd-B magnet. The
separated particles were then washed five times with ethanol, recovered with a magnet, washed again
with acetone and dried under vacuum. (b) the impregnation of the magnetic nanoparticles carrier with
RuCls solution in basic medium as follow: 2 g of FesO4—SiO2/NH, were added to 200 mg RuCls
aqueous ruthenium (111) chloride (purchased from Aldrich) dissolved in 400 mL distilled water. The pH
was adjusted at 13 with the aid of a NaOH aqueous solution (1M). The mixture was kept under stirring
at 25 °C for 24 h. The solid was then magnetically collected from the solution, washed twice with

distilled water and acetone and dried in vacuum.

3.2. Characterization techniques

Prepared samples were characterized by adsorption-desorption isotherms of liquid nitrogen at -
196 °C, X-ray diffraction (XRD), temperature programmed desorption of H> and NH3z (H2-TPD and
NH3-TPD), IR diffuse reflectance with Fourier transform (DRIFT) and Raman spectroscopy,
thermogravimetric-differential thermal analysis (TG-DTA) and scanning transmission electron
microscopy (STEM).

Textural characteristics (surface area, pore volume and pore diameter) were determined from
the adsorption-desorption isotherms of nitrogen at -196 °C using a Micromeritics ASAP 2020 Surface
Area and Porosity Analyzer.

The morphology of the particles was analyzed using a scanning transmission electron
microscopy (STEM) system. Bright field scanning transmission electron microscopy (BF-STEM) and
dark field scanning transmission electron microscopy (DF-STEM) images were collected from Hitachi
S-5500 operating at 30 KV accelerating voltage.

Powder X-ray Diffraction patterns were collected at room temperature using a Shimadzu XRD-
7000 apparatus with the Cu Ko monochromatic radiation of 1.5406 A, 40 kV, 40 mA at a scanning rate
of 1.0 20 min™, in the 26 range of 10°-90°.

Hydrogen and NHs-temperature programmed desorption (Hz- and NH3z-TPD) were recorded
using a Micromeritics apparatus — Autochem Il (Chemisorption Analyzer). Approximately 20 mg
freshly reduced Ru/CNT was heated at 650°C under N2 for 0.5 h to remove the hydrogen adsorbed on
Ru atoms. After that, the temperature was reduced to 150°C and waited until baseline became stable.
Subsequently, successive doses of H2 gas (H2-TPD) or NHz gas (NH3-TPD) were provided. The NHa-

TPD measurements for CNTox samples were performed in the same manner.
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DRIFT spectra were recorded with a Thermo 4700 spectometer (400 scans with a resolution of
4 cm™) in the range of 400-4000 cm™.

Raman spectra were recorded using a microscope equipped triple monochromator. The spectra
were acquired in the back-scattering geometry, while for excitation the 514.4 nm line of an Ar™ laser
was focused on the sample by means of a 50 objective, measured directly.

TG-DTA analyses were recorded using a Shimadzu apparatus in a Pt crucible. The heating rate
was of 10°C min’, respectively, starting from room temperature till 850 °C under a nitrogen flow of 50

mL min™.

3.3. Catalytic tests

The catalytic experiments were carried out in a stainless steel autoclave (15 mL, HEL
Instruments). Briefly, to a solution of 25 mg lactic acid in 10 mL NHs.H2O (solution of 28 wt%), 5-50
mg of catalyst was added. The resulted mixture was stirred at 180-250°C, under 10 atm of H, and for
0.5-8h. After reaction the autoclave was quickly cooled at room temperature, the catalyst was
recovered by centrifugation and the products were separated by solvent distillation under vacuum. Two
blank reactions in which a solution of 25 mg of lactic acid in 2.5 mL NH3.H>O (solution of 28 wt%)
was maintained at 200°C, in the presence (10 atm of H>) or absence of hydrogen and for 2h were also
performed. Also, two reactions in which 25 mg of lactic acid in water or in 2.5 mL NH3.H2O (solution
of 28 wt%) was maintained under stirring, at 180°C for 2h.

The recovered products were silylated (200 uL of a derivatization agent (1% w/w of
trimethylchlorosilane in N,O-Bis(trimethylsilyl)-trifluoroacetamide) and 200 pL of pyridine, 80 °C for
4 hours), diluted with 1 mL of ethyl acetate and analyzed with a GC-MS Carlo Erba Instruments
(Waltham, MA, USA) QMD 1000 equipped with a Factor Four VF-5HT column (0.32 mm x 0.1 mm
x15mm).

The lactic acid conversion (X) and selectivities (Sn) to reaction products n were calculated from the
chromatographic analysis by using the follow equations:

n,—n, Yield

X%= x100 S, %= x100

Where: n; — initial moles of lactic acid; nt — moles of untransformed lactic acid at time “t”, determined

from chromatographic analysis
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4. Results and discussions

4.1. RU/CNT samples characterisation
Liquid nitrogen adsorption-desorption isotherms at -196°C
Figures 6-8 show the nitrogen adsorption-desorption isotherms at -196 °C and the

corresponding pore size distribution obtained through the Barret—Joyner—Halenda (BJH) method for the
1%, 3% and 5%Ru/CNT samples.
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Figure 6. Nitrogen adsorption-desorption Figure 7. Nitrogen adsorption-desorption
isotherm and pore size distributions (inset) for isotherm and pore size distributions (inset) for
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Figure 8. Nitrogen adsorption-desorption isotherm and pore size distributions (inset)

for 5%Ru/CNT sample
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The pore structure parameters of Ru/CNT sample determined by BET, t-plot and BJH methods
are summarized in Table 2. The specific surface area (Sger), the total pore volume (Vp) and the porosity
of the samples are presented in Table 2. The specific surface area (Sger) of the samples was calculated
following the BET (Brunauer—-Emmett—Teller) procedure with eight relative pressures (p/po) of
nitrogen in the range of 0.07-0.2. The t-plot method was used to determine the micropore and external
surface area and also the micropore volume. The Barret—Joyner—Halenda (BJH) method was used to

determine pore size distribution, considering the desorption curves.

Table 2. The pore structure parameters of Ru/CNT sample determined by BET, t-plot and BJH
methods

Entry Sample  Sger  Micropore External Total Micropore Mezopores Avarage pore

(m?/g) surface  surface  pore volume volume size (BJH,
area area  volume  (cm®Q) (cm®/g) nm)
(m*g) ()  (cm®lg)
1 1%Ru 584 56 527 3.82 0.02 3.80 3.3and 27.7
2 3%Ru 315 22 293 1.67 0.01 1.66 3.3and 31.9
3 5%Ru 310 20 291 1.88 0.01 1.87 3.3and 30.5

All the nitrogen adsorption-desorption isotherms (Figures 6-8) can be divided in four parts as
shown in Figure 9, indicating a multistage adsorption process.

In part | (around p/po of 0.01), the isotherm is normally of type | characteristic indicated by the
fact that the nitrogen adsorption amount increases at ultra-low pressure. Such a process occurs in pores
with molecular size, suggesting that in the samples there are micropores contributed by the opened
inner cavities in the CNT with very small diameter. Nitrogen molecules, whose diameter is about 0.364
nm, can fill in these pores under ultra-low adsorption pressure. However, as Figure 9 shows, in the case
of our samples, there is only a very slightly increased amount of nitrogen adsorption in this portion of
isotherms. Table 2 shows both very low micropores surface area and micropores volume. Part Il of the
isotherms (p/po = 0.01-0.4) shows a slowly increases of the nitrogen adsorption amount with the
formation of the surface monolayer.

A hysteresis loop is clearly visible in part 1ll and IV of the isotherm, associated with the
capillary condensation in mesopores [32]. These ranges show Type IV isotherm characteristics. Part 111

corresponds to capillary condensation occurring at medium relative pressure range (p/po = 0.4-0.85) in
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small mesopores with a size of 3.3 nm (Table 2, column 9), which is similar to the inner cavity
diameter of the pristine opened CNT [33]. As Table 2 shows this size remains constant, irrespective of
the ruthenium concentration, indicating a lack of ruthenium deposition during the impregnation process
in the inner hollow cavity of the CNT.
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Figure 9. Nitrogen adsorption-desorption isotherms of Ru/CNT samples

When the pressure nears to the saturation pressure (part 1V of the isotherm, p/po = 0.85-0.99),
the adsorption amount shows a great increase, indicating a strong capillarity in larger mesopores. In
MWCNTS these hysteresis loop (H3 type) correspond to pore size of about 20-40 nm which is likely to
be contributed by aggregated pores since there are not CNT with so large inner cavity diameter and,
accordingly, to form so big inner porosity [33]. Therefore, the so-called aggregated pores are formed by
the confined space among the isolated nanotubes of different orientation which interacts by inter-

molecular force creating a relatively stable aggregated structure (Figure 10).
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Figure 10. Schematic structural model for the aggregated pores in CNTs adapted from [13]

and the structural models of the Ru/CNT samples
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The corresponding pore sizes to aggregated pores in RU/CNT samples slightly vary in a range
of 27.7-31.9 nm (Table 2). This variation, along with the decreases of the external surface area clearly
indicates the deposition of the ruthenium take place on the outer side of the CNT tubes. Moreover, the
high difference between the Sger of the 1%RuU/CNT sample (Table 2, entry 1) and the Sger of the
3%RU/CNT and 5%RUu/CNT (Table 2, entries 2 and 3), respectively, indicates a high uniform
deposition, with a high dispersion degree, of the ruthenium particles for the 1%Ru/CNT sample and a
high agglomeration of the ruthenium particles in the case of the last two samples (Figure 10). These
results are in agree with Chu and co-workers which showed not long ago [34] that the main Ru particle
size is smaller if ruthenium is deposited on the inner surface of the carbon nanotubes (denoted Ru-in-
CNTs) than that of deposited ruthenium on the external surface of the nanotubes (denoted Ru-out-
CNTs), indicating that particle sintering is prevented in Ru-in-CNTs under the reduction condition due
to the spatial restriction of the CNT channels. The narrower size of the aggregated pores in the case of
the 1%Ru/CNT sample also indicates a slightly denser packaging of the CNT network, again
confirming the high uniform deposition of the ruthenium particles in the case of this sample. The
agglomeration of the Ru particles on the outer walls of CNT for high concentrations of ruthenium (i.e.,

3% and 5%, respectively) is also confirmed by XRD and STEM measurements.

X-Ray diffraction (XRD)

The X-ray diffraction (XRD) patterns of the as-synthesized Ru/CNT powders were recorded to
examine their phase purity and crystallinity. As shown in Figure 11, CNT has two characteristic
reflection lines at 26° and 43.9°, corresponding to the (002) and (100) facets, respectively, according
with literature data [35, 36]. The line from 26° indicates that the spacing between the sp?-C layers in
the multi-walls CNTs is 0.343 nm [35]. As the XRD pattern of the CNT carrier shows the impregnation
of the CNTs with different quantities of ruthenium salts and the activation steps does not damaged the
CNT structure.

In the case of 1%Ru/CNT sample no diffraction lines corresponding to ruthenium particles are
evidenced suggesting the formation of nanoparticles with narrow size and high dispersion for this
sample (Figure 11, spectrum in black). However, for the samples 3%Ru/CNT and 5%Ru/CNT, apart
from the lines characteristic to the CNT carrier, some characteristic lines corresponding to the Ru
(hexagonal phase; JCPDS Card No. 06-0663) at 38.3°, 42.8°, 58.4°, 69.6° and 78.7°, assigned to (100),
(101), (102), (110) and (103) reflections of metallic Ru are evidenced [37]. This indicates an
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agglomeration of the ruthenium species during the samples preparation with the formation of larger

ruthenium particles.
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Figure 11. XRD patterns of different Ru-based CNTSs catalysts

The average size of ruthenium crystallites was determined from the Debye-Scherrer equation taking
the (100) reflection of ruthenium particles [38]:

d - kA
pcosé

Where: d is the crystallite size in nm; k = 0.94; X is the wavelength of the X-ray (1.54178 A); 0 is the
half-diffraction angle and § is the full width at half-maximum (FWHM) in radians for the 20 value
(38.3°).

The ruthenium particles size diameter is 9.0 nm for the 3%Ru/CNT sample and 10.6 nm for the
5%Ru/CNT sample.

Scanning transmission electron microscopy (STEM)

Scanning transmission electron microscopy (STEM) was used in order to describe the
morphology of the ruthenium nanoparticles. Bright field and dark field images were collected at
different resolutions in order to see better the dispersion of metals onto the external surface of the
carbon nanotubes. For each loading (1wt%, 3wt%, 5wt%) were selected three images. The average
diameter of the particle was calculated using a graphical method, taking into account minimum 10

ruthenium nanoparticles.
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For the sample 1%Ru/CNT, as it can be seen from Figure 12, we observe that the distribution of
ruthenium nanoparticles is uniformly. The ruthenium particles, with an average size of 2.5 nm, are

deposed on the external surface of the carbon nanotubes and no agglomeration is present.

Nanolab 30.0kV x90.0k BFSTEM P 500nm Nanolab 30.0kV x450k BFSTEM 100nm

Nanolab 30.0kV x700k BFSTEM 50.0nm

Figure 12. BF-STEM images for the 1%Ru/CNT sample

For the sample 3%Ru/CNT, as can be seen from Figure 13, the distribution of ruthenium
nanoparticles in still uniform. The ruthenium particles are deposed on the external surface of the carbon
nanotubes and a slightly agglomeration is present. The average particle size is 5.0 nm this being
expected because it is well known that the particles aggregate as the metal loading increases.

For the sample 5%Ru/CNT, as can be seen from Figure 14, the distribution of ruthenium
nanoparticles is uniform until some extent. A few particles agglomeration was observed but the
deposition on the external surface of the carbon nanotubes is preserved. The average particle size is 7.0

nm.
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Figure 14. BF-STEM images for the 5%Ru/CNT sample
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NHs-TPD

Chen et al. [39] reported that the deviation of the CNT graphene layers from planarity causes p-
electron density shifting from the concave inner surface to the convex outer surface, leading to an
electron deficient internal surface and an electron-enriched external surface. This electron density loss
is partially compensated through the interaction with the encapsulated metal [40] which would
destabilize the metal nanoparticles and facilitate their reduction. In connection with this statement and
with the findings from the previously results obtained from the characterization techniques applied for
the elucidation of the structural and chemical characteristics of the Ru/CNT samples, temperature
programmed desorption of ammonia (NHs-TPD) was performed to assess the acid properties of the
CNTs support and corresponding Ru-based catalysts. It is well known the oxide form of the noble
metals display Lewis acid characteristics. The existence of the Brgnsted acidity should also does not be
excluded through the possibility of the -OH groups existence, anchored on the oxide particles.

The temperature of maximum desorption rate, i.e., the temperature of a TPD peak, is used as a
measure of the acid strength of the sorption sites. The method has the limitation that it can distinguish
sites by sorption strength but not Lewis (L) from Brgnsted (B) type sites. However, for zeolites there
are several literature reports which divide desorption regions in two, bellow and above 400°C, referring
to low-temperature (LT) and high-temperature (HT) regions, respectively [41]. The peaks in the HT
region are attributed to the desorption of NHs from strong B and L sites while the assignment of the LT
peaks is still controversial [41]. The possibility that weak L acid sites were responsible for the LT peak
was considered [42] but the release of NH3 hydrogen-bound to NH4* cations were also not excluded

[43]. The NHs-TPD profiles of the CNT and Ru/CNT samples are given in Figure 15.
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Figure 15. NH3-TPD profiles for the Ru/CNT samples
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As Figure 15 shows, the CNT carrier contains only an insignificant amount of acid sites,
situated in the LT region. However, their impregnation with ruthenium salt followed by calcination and
reduction leads to the appearance of acid sites, their highest concentration being in the HT region.
Moreover, the higher the ruthenium concentration the higher the concentration of the L and B acid
sites. Nevertheless, the level of the acid site concentration is very low and vary from around 0.4
pumol/g (1%Ru/CNT) to 2.2 umol/g (5%Ru/CNT).

As previously shown, the obtained results from the nitrogen adsorption-desorption isotherms,
XRD and STEM measurements clearly indicate that ruthenium particles are deposited on the external
surface of the CNT tubes. However, if in the case of 1%Ru/CNT sample, small ruthenium particles
with a high dispersion are formed, for samples with 3% and 5%Ru, the formation of larger particles
with a low dispersion is also observed. In agree with Wang et al. [44] such large particles are hardly
reduced. Therefore, the new peaks from the NHs-TPD profiles of Ru/CNT (Figure 15) could be
assigned to a partial reduction of Ru®* to Ru® species with the formation of some RuOx-OH species
alongside the metallic particles.

H2-TPD

The effect of reduction temperature on catalytic behavior has been the subject of many
investigations. Many studies have shown both reduced catalytic activity and reduced hydrogen
chemisorption capacity after reduction in hydrogen at high temperatures (> 500°C) but a clear
understanding of the phenomena involved is still lacking. Reduction at high temperatures may result in
strongly chemisorbed hydrogen, may cause loss of spillover hydrogen altering the local charge transfer
from the support to the metal at the particle boundary, may induce changes in morphology of the metal
crystallite and may affect reduction of the support leading to the formation of an alloy with atoms from
the support [45].

In this study the temperature-programmed desorption of hydrogen was performed in order to
check the strength of metallic ruthenium interactions with hydrogen. Therefore, the H2-TPD spectra of
previously reduced (450°C) Ru/CNT samples were measured. The maximum desorption temperatures
and corresponding desorbed amount of hydrogen are given in Table 3.

The maximum of the hydrogen desorption peak found in this study for CNT carrier is lower

than that for graphite (143°C versus 207°C) [46], suggesting a lower binding energy of the hydrogen
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adsorption in the case of CNT. Many authors claim that hydrogen molecules mostly adsorb on the outer
surfaces of CNT and the reduction in binding energy value is generally attributed to the surface

curvature [47].

Table 3. H>-TPD parameters for RuU/CNT samples and CNT carrier

Entry  Catalyst H> desorbed (mmol/g) Peak temperature (°C)
1 CNT 1.18 143
2 1%Ru/CNT 0.010 328

0.008 340
0.008 370
Total 0.026
3 3%Ru/CNT 0.003 290
0.005 310
0.008 390
0.004 520
Total 0.020
4 5%Ru/CNT 0.002 590

The hydrogen desorption begins at 200°C for all Ru-based catalysts. However, the maximum
desorption peak depends on the ruthenium concentration. For catalysts with 1% and 3%Ru the H.-TPD
profiles comprise three or more peaks (the maximum temperature for these peaks are given in Table 3)
owing to the formation of various active sites or to the effect of spillover hydrogen, while for
5%Ru/CNT sample, the only one maximum desorption peak was visible at 590°C. The peaks at the
desorption temperature lower than 500°C (1% and 3%Ru) can be attributed to the dissociative adsorbed
hydrogen and spillover hydrogen simultaneity, while the peak at above 500°C (3% and 5%Ru) can be
associated to the spillover hydrogen stabilized by hydroxyl groups from the ruthenium oxides surface.
A low temperature of the hydrogen desorption indicates, therefore, a weaker adsorption of H, and its
greater mobility on the catalyst surface while a high temperature for the hydrogen desorption indicates
a strongly chemisorbed hydrogen [48]. Based on H2-TPD results, the mobility of hydrogen on the
surface of catalysts can be ordered in the following sequence: 1%Ru/CNT > 3%Ru/CNT >

5%Ru/CNT. Moreover, the higher the ruthenium concentration the lower the hydrogen desorbed
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amount. These data are also in agree with the NH3-TPD results according to which the higher the

amount of ruthenium the lower the reduction degree of the agglomerated ruthenium particles.
DRIFT spectroscopy

It should be noted that the spectrum of the pristine CNT is quite similar to others presented in
the literature [49]. Some claimed MWCNT-specific infrared (IR) spectral features include peaks
associated with O—H vibrations (1600 and 3740 cm™), carboxylic groups (1740 cm™), -C=C-
stretching vibration (1523 cm™) and C—H stretching vibrations (close to 3000 cm™), even though they
correspond to defects and impurities rather than the MWCNT structure itself (Figure 16). The most
important use of infrared spectroscopy in MWCNT research is the characterization of surface
functionalization [50] and this will be discussed in the next section.

The infrared spectra of the CNT and Ru/CNT samples are given in Figure 16. Similar peaks
were identified for all samples. However, in the case of RU/CNT samples a new peak at 3630 cm™ was
identified into the corresponding spectra, associated with possible O-H vibrations from RuOx-OH
groups.
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Figure 16. IR spectra of the CNT and Ru/CNT samples

4.2. Oxidation of CNTs: Opening up of carbon nanotubes, purification and functionalisation

As the nitrogen adsorption-desorption isotherms of the Ru/CNT samples showed, the capillarity
mainly occurs in the small cylindrical mesopores (inner cavities) and the aggregated pores of CNT, the

latter being associated with the larger portion of the total nitrogen adsorption amount. The small
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fraction of the total nitrogen adsorption amount in the inner cavities (Figures 6-9) indicate that not all
ends of nanotubes are opened [33]. However, to improve the adsorption and capillarity of CNTs both
the opening-up of the nanotubes and the control of their aggregated pore texture is important.

The simplest method to open nanotubes is their oxidative treatment. It is well known that
graphite oxidizes primarily at defects of the hexagonal lattice to create etch pits. When such defect sites
are present in the wall of the nanotubes, they become the center of preferential etching. However,
nanotubes have additional structural features such as high curvature and helicity, and may contain five-
and seven-membered rings, which modify the initiation and also the propagation of oxidation.
Particularly for MWCNTSs, the oxidation tends to start near the tips, providing a mechanism for
opening the tubes.

Oxidative treatment of nanotubes results not only in nanotubes open at their tips, but also
nanotubes that are thinner in diameter [51]. The concentric layers of MWCNTSs do not react at the same
rate, since each shell has its own tip. It follows that the inner shells might persist longer than the outer
ones. Therefore, different oxidation rates are assumed for oxidation of an open MWCNTSs. The extent
of the thinning depends on the duration of treatment.

A further consequence of oxidative treatment is the partial functionalization of the tubes, i. e.,
the nanotubes become covered with carboxyl or hydroxyl groups at their ends. These functional groups
make the NTs partially soluble. The number or concentration of the inserted carboxyl groups can be
estimated by acid-base titration or NH3-TPD. The concentration of the surface acid groups on
nanotubes opened by various oxidants is in the range of 2x102°-10x10% sites per gram of nanotube
[52].

XRD

In case of carbon nanotubes, after some authors, the resolution of the XRD diffraction pattern is
a complex matter because of the extremely large variation in their size, curvature and the disorder in
the packing of the graphene sheets. [53] All these factors combined together affect the reflectance, as
well as diffraction line positions and widths from one sample to another.

The X-ray pattern for the pristine CNTs (Figure 17, inset) presents a sharp well defined
diffraction line at 20 = 25.8° and one smaller line at 43°, corresponding with (002) and (101) planes.
According to literature [55] the diffraction line from 25.8° correspond to the spacing between graphene

sheets. Besides these out-of-plane ordering reflectance, CNTs also show two lines at 26 values of 28°
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and 52° respectively, corresponding with (100) and (102) planes. However, in this case, the XRD
pattern does not present the out-of-plane reflectance and in-plane reflectance, thus implying the lack of
in-plane ordering in these specific directions. Subsequent to acid treatment, the XRD spectra show a
change in the magnitude and the 20 shifting position of the reflectance lines (Figure 17).

In the case of CNTox-1, CNTox-2 and CNTox-3 samples the intensity of the line at 20 = 25.8° is
higher than that of the pristine CNT, this increases being attributed to an increase in the number of
walls of the CNTs [56]. In the case of CNTox-4, CNTox-7 and CNTox-8 the intensity of the line at 26 =
25.8° is lower than that of the pristine CNT, being attributed to a decrease in the number of walls of the
CNTs. The lower intensity has also been related to a lower packing density or the presence of defects.
Not less important, the decrease in the intensity of the (002) plane (20 = 25.8°) is also attributed to the
disordered structure of the nanotubes. This disorder is the effect of the attachment of functional groups
at the surface and ends of the nanotubes, thus causing steric hinderance and impelling the individual
nanotubes to misalign. The comparatively greater height of the (002) plane (26 = 25.8°) in case of as-
received CNTs has also been explained in terms of the greater graphitic character of the tubes [53].
This may only be true if there are a large number of equidistant tubes in the MWCNT so that their

reflectances overlap to five a high intensity line.
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Figure 17. XRD pattern of as-received MWCNTSs and oxidised CNTs

The shifting of the (002) plane (26 = 25.8°) toward higher values of 28 angle from as-received
CNTs until CNTox-8 is a result of an decrease in the intertubular spacing, which in turn indicates a loss
in the ordered structure of the nanotubes.

The X-ray diffraction patterns of oxidized CNTs show a relatively greater broadness of the line

at 43.3° indicating a lower crystallinity and a greater curvature in the nanotubes surface. According to
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literature [54], the greater the diameter of CNTs the smaller is its curvature, thus resulting in a larger
value of the d-spacing which, in this case, implies a smaller diameter of the tubes.

The broader distribution of lines in CNTox-5 and CNTox-6 as compared to the as-received CNTs
reflects the turbostratic character of the nanotubes (Figure 18). This is because the debundling of CNTs
decreases the crystalline domains size, resulting in the increased amorphous character of the nanotubes.
It has also been reported that a broader distribution of d-spacing results in broader peaks [55] which is

also a direct consequence of over-oxidation and loss of graphitic character.

|
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Figure 18. XRD patterns of oxidized (5-6) MWCNTSs and

as-received MWCNTSs for comparison

NH3-TPD

It is known that the amount and type of oxygen-containing functional groups strongly depends
on the treatment methods and their process parameters. In case of nitric acid, the nitronium ion NO2" is
believed to be able to attack the aromatic compounds, which is assumed to be the first step in the
generation of oxygen-containing functional groups, followed by the formation of carbonyls and their
conversion into carboxylic groups and carboxylic anhydrides [56]. In addition, nitrogen-containing
groups can also be created by the nitric acid treatment.

Figure 19 shows the NHs-TPD profiles for the CNTox samples obtained by HNOs-treated

nanotubes in different conditions (for oxidation conditions see Table 1).
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Figure 19. The NH3-TPD profiles of the CNTox samples

The main ammonia TPD peak appeared at about 260-280 °C (Figure 19), indicating that most
of the ammonia molecules are chemisorbed with a medium strength. The shoulder at high temperatures
(cca 400°C, CNTox-1 and CNTox-2 samples) can be assigned to carboxylic structures, onto which
ammonia chemisorbs strongly presumably via the formation of ammonium carboxylates. Most of the
acidic groups act as primary adsorption centers, which bind additional ammonia molecules weakly
through hydrogen bonds [57].

The total desorbed ammonia (mmol/g) varied in order: 0.073 (CNTox-2) > 0.053 (CNTox-1)
>0.052 (CNTox-3) >> 0.004 (CNTox-4), which strongly depends on the oxidation procedure conditions.

IR spectroscopy

In Figure 20, IR spectra of the CNTs before and after the oxidation process (CNTox-1 - CNTox-
4) are presented. The presence of typical C=0 and O-H bonds are due to the formation of COOH
groups on the nanotubes after acid treatment. This is evident in the IR spectrum shown in Figure 20.
Different peaks at 3600-3900 cm™ are assigned to the O-H stretches of terminal carboxyl groups, the
peaks at 2800-2944 cm* can be assigned to the C-H stretch, and the peaks near 1742 cm™ correspond
to the carboxylic C=0 stretching vibrations. The peak at 1527 cm is attributed to the -C=C- stretching
mode of the CNTs [58]. IR spectra also indicates the presence of the carbonyl (C=0) (1223 cm™)
groups and the presence of the epoxide groups indicated by the presence of an absorption band in the
910-920 cm* range, related to the contraction of the C-C bond and the stretching of C-O bonds of the
epoxy ring [59].
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Figure 20. IR spectra of CNT and oxidised CNTs samples
(see procedures 1-4 from Annex 2).

The highest amounts of -COOH and carbonyl groups were generated on CNT5-7 (Figure 21).
Unfortunately, a too advanced oxidation lead to a structure collapse as XRD analysis show for the
CNTox-5 and CNTox-6 samples. Indeed, the IR spectra also shows a high increases of the bands
intensity corresponding to the C-H stretch (2800-2944 cm™) and of those corresponding to the

contraction of the C-C bond (910-920 cm™ range) in the detriment of the -C=C- stretching mode (1527
cm™).
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Figure 21. IR spectra of CNT and oxidised CNTs samples

(see procedures 5-7 from Annex 2).
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Raman spectroscopy

Raman spectroscopy is a very valuable tool for the characterization of carbon-based

nanostructures. The Raman spectrum of as-received CNTSs is shown in Figure 22.
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Figure 22. Raman spectra for as-received MWCNTS (i.e., CNT sample)

The Raman spectrum consists of three characteristic bands: D band, G band and D’ band. In the
as-received carbon nanotubes the D band appears at 1322 cm™, the G band appears at 1587 cm™ and
the D’ band appears at 1606 cm™. The D-band is a disordered induced feature, arising from double
resonance Raman scattering process from a non-zero centre phonon mode [60]. The D band is usually
attributed to the presence of amorphous or disordered carbon in the CNT samples. The carbon
structural disorder is due to the finite or nanosized graphitic planes and other forms of carbon such as
rings along with defects on the nanotube walls. The G band originates from in-plane tangential
stretching of the carbon-carbon bonds in graphene sheets [60]. The D’ band, which appears as a weak
shoulder in the G band at higher frequencies, is also a double resonance feature induced by disorder
and defects. Also, it should be underlined that the radial breathing modes are too weak to be observed
due to the large diameters of the tubes.

The Raman spectra obtained for some of oxidised CNT samples are shown in Figure 23. A
slightly up-shift for the G band, indicating an increases of the number of sp? carbons, is observed from
CNTox-1 toward the CNTox-7 sample. This effect usually indicates the strength of the oxidation
process: the greater the displacement the stronger the oxidative process. Therefore, CNTox-7 sample is
stronger oxidised than the CNTox-1 sample. This statement is in agreed with the results obtained from
DRIFT measurements (Figures 20-21).
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Figure 23. Raman spectra for as-received and oxidized MWCNTSs from 1-4 and 7

The Raman spectra of the CNTox-5, CNTox-6 and CNTox-8 samples are presented in Figures 24
and 25. As Raman spectra of CNTox-5 and CNTox-6 samples (Figure 24) shows an up-shift of the D
band and a slightly decrease in intensity for D and G bands takes place, most probably due to an over
oxidation of the CNTs according to Chernyak S.A. and al. [61]. This over oxidation also lead to an
increased amorphous character of the nanotubes, as corresponding XRD patterns showed (Figure 18).

In the Raman spectrum for CNTox-8 (Figure 25) a decrease in the wavenumber of the G band
accompanied by an increase in the wavenumber of the D band is visible. Moreover, the D’ band,
corresponding to the defects in the CNT structure is more visible. These new features of the Raman
spectra suggest a successful synthesis of an oxidized CNT with a concomitant increase in the number

of defects compared to pristine CNT.

——CNT

=
w M ,
MMW' ‘ :

T T M T T T
1100 1200 1300 1400 1500 1600 1700 1 100 1200 1300 1400 1500 1600 1700
. -1
Raman Shift (cm ) Raman Shift (cm™)

Raman Intensny (a.u.)

Raman Intensity (au.)

Figure 24. Raman spectra for as-received CNT  Figure 25. Raman spectra for as-received CNT
and CNTox-5 and CNTox-6 samples and CNTox-8 sample
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The intensity ratio of G to D band in the Raman spectra of oxidized samples is presented in the
Table 4.

Table 4. I6/lp intensity ratios for the treated CNTs

Sample Pristine CNTox-1 CNTox-2 CNTox-3 CNTox-4 CNTox-5 CNTox-6 CNTox-7 CNTox-8

le/lb 0.63 0.38 0.21 0.37 0.43 0.96 1.01 0.34 1.66

As Table 4 shows the intensity ratio G to D band (I¢/Ip) is almost the same indicating a similar
defect population for the CNTox-1, CNTox-3 and CNTox-7 samples. However, compared to the as-
received CNT, the Ic/Ip ratio of these samples is considerable lower, indicating a destruction of the
graphitic integrity and the subsequent formation of small graphitic fragments. A Ig/lp ratio of around
1.0 indicates a fully oxidation of the CNTox-5 and CNTox-6 samples, while the higher intensity ratio
le/lp for CNTox-8 compared with the pristine CNT indicate the highly increased of the defects

population.

TG-DTA

It is well known that different structural forms of carbon can exhibit different oxidation
behaviour depending on the available reactive sites. For instance, disordered or amorphous carbons
tend to be oxidised at around 500°C [53] because of their lower activation energies for oxidation or due
to the presence of a large number of active sites. On the other hand, a well graphitized structure starts
to oxidize at a relatively higher temperature, as a function of the type of CNTSs.

The thermogravimetric measurements conducted on the as-received CNTs and on the oxidized
samples CNTox 1-8 are presented in Figure 26. As expected, the thermal degradation of MWCNT is a
multistage process. The first step, up to a temperature of 150°C, shows a weight loss of 1-5% for the
highly hydrophilic nitric acid-treated CNTs samples and for the CNTox-4 (nitric acid/sulphuric acid),
which corresponds to the evaporation of the adsorbed water. The second step, from 150°C to 350°C is
attributed to the decarboxylation of the carboxylic groups present on the CNTs walls. This second step

appears in all the samples treated with nitric acid but do not appear in the samples treated with H20-.
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Figure 26. TGA profiles in N2 atmosphere for CNTox 1-8 and as-received CNTs for comparison

Thermal degradation in the range of 350-500°C may be explained by the elimination of
hydroxyl functionalities attached to the CNTs. This step is characteristic for the samples treated with
nitric acid, and is more evident for the CNTw-6 sample, indicating the highest population of -OH
groups. Finally, at a temperature higher than 500°C, the observed degradation corresponds to the
thermal decomposition of the remained disordered carbon. From these results it can be concluded that
the best procedure for the oxidation of multi-walled nanotubes implies nitric acid, in agree with

literature reports.

4.3.Ruthenium based magnetic nanoparticles carrier

Magnetite nanoparticles are very sensitive to oxygen, and in the presence of air some might
undergo oxidation to maghemite (y-Fe>O3) phase. Since both magnetite (Fe2O3) and maghemite (y-
Fe»O3) have a spinel structure, their diffraction lines are close and it is difficult to distinguish them
from one another by X-ray diffraction pattern. Moreover, depending on pH of the aqueous solution
containing Fe3* ions, it is also possible to form goethite, a-FeOOH by hydrolysis or by reaction with
OH- species [62]. The formation of hematite (a-Fe203) is more difficult than that of the maghemite
phase, occurring only under thermal dehydration conditions.

To quantify the proportion of iron oxide, formed in a mixture iron oxide-silica, the XRD
diffraction patterns were used. As visible in Figure 18, X-ray diffractogram (XRD) of the as
synthesized samples showed a diffraction pattern characteristic of dominant magnetite (FesO4) phase.

In particular, the peaks at 20 equal to 30.1°, 35.4°, 43.1°, 53.4°, 57.1°, and 62.6° can be indexed as
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(220), (311), (400), (511), and (440) lattice planes of cubic magnetite, respectively (JCPDS 19-629).
Nevertheless, the sharp diffraction lines indicate the presence of trace amounts of goethite phase
probably formed as contaminants during the preparation processes. Finally, the broad diffraction line at
around 26 = 20° is due to the amorphous silica shell on the surface of the magnetite nanoparticles. Very
important, no characteristic diffraction lines for ruthenium particles appeared after the magnetite
impregnation, indicating a well dispersion of these particles on the surface (Figure 27, spectrum in red).

2 Theta (degree)

Figure 27. The XRD paterns of FesO4—SiO2/NH: (blue) and Ru-Fez0s—SiO2/NH> (red) sample

In addition, the crystallite size was calculated through evaluation of the line broadening 3 and
the corresponding Bragg angle 0, by using the Scherrer Equation (Dna = 0.91/fcos6, in which g stands
for the half-width of the XRD diffraction line, @ is the peak position in angles, and 1 is the CuK,
radiation wavelength, that is 1.54056 A [63]. The average FesO4 crystallite size, calculated by applying
the Debye-Scherrer equation to the most intense reflection peak (311), was approximately of 18 nm.

The DRIFT spectrum (Figure 28) confirms the coating of the magnetite surface and the
existence of amino groups (—-NH2 bending) on the surface of the particles. The presence of magnetite
nanoparticles is signalled by the presence of two strong absorption bands at around 632 and 585 cm™,
resulted from the split of vl band at 570 cm™ corresponding to the Fe—O bond of bulk magnetite (not
shown in figure) [64]. The silica network is adsorbed on the magnetite surface by Fe-O-Si bonds
which were confirmed by the band at around 584 cm™. Moreover, the SiO—H and Si-O-Si groups are
present in the IR spectra with bands at 1113, 1048 and 989 cm™. The absorption bands at 922 and 862
cm? revealed the presence of Si—-O—H stretching and OH vibrations on the surface of magnetite, while

the two broad bands at 3417 and 1625 cm-1 can be ascribed to the N-H stretching vibration and NH>
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bending mode of free NH2 group, respectively [67]. The presence of the anchored propyl group was
confirmed by C-H stretching vibrations that appeared at 2930 and 2862 cm™ while the hydrogen-

bonded silanols were confirmed by the bands at around 3200 and 3470 cm™ [65].
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Figure 28. The DRIFT spectra of the Fes04—SiO2/NH. (spectra A) and Ru-Fez0s—SiO2/NH>
(spectra B) sample

The deposition of ruthenium species led to a reduction of the intensity bands of both 3417 and
1625 cm™ bands, ascribed to the N—H stretching vibration and NH, bending mode of free NH. group,
in the same time with the appearance of a new band at 1850 cm™ assigned to hydrochloride -C-NHs*CI
species (Figure 19, spectra B). This band confirms the docking of the Ru(OH)xClz.x ruthenium species
onto the silica-coated magnetite nanoparticles.

Not less important, the obtained catalyst still preserves its magnetic properties, the separation

from the aqueous solution being easily done with the aid of an external magnet (Figure 29).

Figure 29. The separation of the Ru-Fez0s—SiO2/NH2 sample
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4.4. Catalytic tests

According to literature [2] the catalytic conversion of lactic acid to alanine takes place through
two possible reaction pathways, an indirect (pathway 1) and a direct (pathway Il) one (Scheme 5,
Literature survey). The indirect pathway (1) includes the dehydrogenation of lactic acid to pyruvic acid
followed by its reaction with ammonia to afford the 2-iminopropionic acid, which next is hydrogenated
to alanine. The direct pathway (1) involves a SN2 substitution of the o.-OH group with an -NH2 group.

In this route the catalyst is crucial in the dehydrogenation step.
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On the other hand, some other authors claim the initial formation of the lactamide intermediate,
under the temperature effect, which becomes the raw material for the alanine formation [66] in the
presence of the catalyst. Not the last, the formation of the same amide is claimed by other authors [30].
However, in agree with these authors, the alanine is formed by the pathway (1) of dehydrogenation-

amination-hydrogenation, paralleling the formation of the lactamide (Figure 30).

OH
NHy O

oH ¥ ©
/Kn/NH:

o]
Hly ( NH NH, H,0
2 0 \ f o (o]
)\WOH R OH R\ﬂ)LOH e RWAOH
J [ ; H

= Hy NH;
NH;  H,0
Keto Acids Amino Acids

o NHs T . o + Hy
o OH
\ o éfr_.;g/ ‘*:._,_, N\ I ﬁ \\ + NHy
o 0
oé( €t ; +2H ” Mo Hydroxy Acids S o 0
H on ’ Y§° \ R0
Tr -
ET ONH,
H

R
H

Amides

Figure 30. Pathways for the synthesis of alanine from hydroxiacids [30, 66]

In order to confirm the catalytic character of the alanine synthesis the present study started with
blank experiments as described in “Experimental section, Catalytic tests”. Interesting enough, if in the

absence of the ammonia solution lactic acid was not converted in the used reaction conditions, in the
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presence of the ammonia solution lactic acid was converted to lactamide, irrespective of the presence or
the absence of the hydrogen. The slightly increases of the temperature, from 180 to 200°C, lead to a
slightly increases of the lactic acid conversion, from 10.2% to 12.6% with a total selectivity to the
observed compound. In agree with Tian et al. [66], lactamide is derived from the neutralization reaction
of the lactic acid with ammonia followed by its dehydration to amide under heating conditions.
However, in the presence of the Ru-based catalyst, the reaction follows a dehydrogenation-reductive
amination pathway. It worth mentioning here that ruthenium has superior catalytic performance over
other group VIII metals in the direct amination of hydroxyl group [2, 67]. Moreover, as already stated
in literature [30], ruthenium exhibit a high efficiency in the alcohol dehydrogenation which is claimed
as the rate-determining step in the amination of lactic acid.

The catalytic system was optimized for the hydrogen pressure (Table 5), the reaction
temperature (Table 6), the amount of the catalyst (Table 7) and the reaction time (Table 8) in the
presence of 1%Ru/CNT catalyst.

Table 5. The influence of hydrogen pressure upon the lactic acid conversion and alanine

selectivity
Entry Hydrogen Conversion (%) Selectivity (%)
pressure (atm) Lactamide | Intermediate/by- Alanine
product
1 0 1.6 100 - -
2 5 34 85.0 15.0 -
3 10 31.2 - 56.8 43.2
4 15 42.8 27.9 72.1 -
5 20 71.5 100 - -

Reaction conditions: 25 mg RU/CNT(1%), 2.5 mL NHs+OH, 25 uL lactic acid, 200°C, 2 h

As Table 5 shows the conversion of the lactic acid increased with the hydrogen pressure, while
at lower hydrogen pressure (5 atm) lactamide was the only formed compound. As the hydrogen
pressure is increased from 5 to 10 atm lactamide start to be converted to alanine. However, it is not
clearly why a higher hydrogen pressure seems to inhibit the alanine formation. An optimum hydrogen
pressure for the alanine synthesis can be explained if we assume the reaction mechanism involves the

hydrogenation of an imine intermediate formed through the condensation of ketone with ammonia, in
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agree with [30]. In this case a high hydrogen pressure may induce the reverse reaction of ketone
hydrogenation, inhibiting the desired amino acid production.

Lactic acid conversion gradually increased when temperature elevated from 180°C to 220°C
(Table 6). The catalytic selectivity to the reaction products also showed temperature dependence.
Therefore, alanine selectivity initially increased and then, with a further increasing of the temperature,
slightly decreased. In contrast, lactamide yield showed opposite trend. These results indicate that the
reaction pathway for lactamide formation via neutralization and dehydration was able to happen under
a lower temperature. These results also indicate that high reaction temperature may facilitate alcohol
dehydrogenation and further transformation to amino acid, underlying the fact that the reaction
pathway is the one which involves the imine intermediate. Too high temperature resulted in decreasing
the desired product selectivity probably because of alanine decomposition. In conclusion, the optimal
temperature choosed for further experiments was 200°C.

Table 6. The influence of reaction temperature upon the lactic acid conversion and alanine

selectivity
Entry Temperature Conversion Selectivity (%)
(°Q) (%) Lactamide | Intermediate/by- Alanine
product
1 180 18.3 100 - -
2 200 31.2 - 56.8 43.2
3 220 314 - 84.3 15.7

Reaction conditions: 25 mg Ru/CNT(1%), 2.5 mL NH4OH, 25 uL lactic acid, 10 atm Hz, 2 h

When a low amount of catalyst (5 mg) was used, the lactamide amount was dominant in the

reaction products (Table 7). With the increase of catalyst amount, the selectivity in alanine increased
and selectivity in lactamide decreased substantially, indicating that the Ru-based catalyst promote the
alanine formation. The optimal molar ratio between catalyst and substrate was found to be 100:1 (25

mg catalyst).
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Table 7. The influence of amount of catalyst upon the lactic acid conversion and alanine

selectivity
Entry Catalyst (mg) Conversion Selectivity (%)
(%) Lactamide | Intermediate/by- Alanine
product
1 5 3.87 100 - -
2 10 6.20 68.3 31.7 =
3 25 31.2 - 56.8 43.2
4 50 37.1 - 55.4 44.6

Reaction conditions: 2.5 mL NH4OH, 25 ulL lactic acid, 10 atm H>, 200°C, 2 h

Not the last, lactic acid conversion increased with elongated reaction time (Table 8). At the
beginning of the reaction, lactamide was obtained as a main product, in line with the blank
experiments, in the absence of the catalyst. These results show that lactamide formation is
thermodynamically favored and only with the help of a catalyst alanine is formed. However, the
alanine passes a maxim in selectivity. This behavior can be an indication of the formation of a by-
product which is continuously accumulated alongside the alanine. In Figure 31 the GC analysis and the
MS spectrum of alanine is presented.
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Figure 31. Identification of alanine by GC-MS

Table 8. The influence of reaction time upon the lactic acid conversion and alanine selectivity

Entry Time (h) Conversion Selectivity (%)
(%) Lactamide | Intermediate/by- Alanine
product
1 0.5 1.6 100 - -
2 1 3.19 100 - -
3 2 31.2 - 56.8 43.2
4 4 42.8 - 85.2 14.8
5 6 71.5 - 88.4 11.6
6 8 72.6 - 100 -

Reaction conditions: 25 mg Ru/CNT(1%), 2.5 mL NH4OH, 25 mg lactic acid, 10 atm H», 200°C
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In this stage of the research the pathway of the alanine formation is not very clearly, further
experiments being needed to elucidate it. However, based on the obtained results it is possible the
catalytic transformation to involves three steps: dehydrogenation of alcohol to ketone (starting from
lactamide which loses the ammonia), condensation of the formed ketone with ammonia to imine, which
acts like an intermediate and further hydrogenation to the desired product, in agree with the mechanism
proposed by Tian et al. [66]. The overall process is represented in Figure 31. The first two steps are
reversible reactions [68] and dehydrogenation is rate-determining step for the reported amination of
lactic acid.

Figure 32. Proposed pathway for converting lactic acid to alanine by amination

The optimum reaction conditions established for the amination of lactic acid into alanine (i.e.,
25 mg of catalyst, 10 atm Hz pressure, 2.5 mL NH4OH, 2.5 mL H20, 25 pL lactic acid, 200°C, 4 h)
were used for performing the synthesis in the presence of 3% and 5% Ru/CNT, 1%, 3% and 5%
RU/CNTox-1 and 5%Ru/MNP-SiO2-APTES. The obtained results are presented in the Table 9.

Table 9. The influence of the catalyst type on the lactic acid conversion and alanine selectivity

Entry Catalyst Conversion Selectivity (%)
(%) Lactamide | Intermediate Alanine
1 1%Ru/CNT 42.8 - 85.2 14.8
2 3%Ru/CNT 52.8 - 74.2 25.8
3 5%Ru/CNT 71.5 - 100 -
4 5%Ru/MNP-SiO,-APTES 25.2 - 100

Reaction conditions: 25 mg catalyst, 10 atm Hz, 200°C, 2.5 mL NH4OH, 2.5 mL H20 25 u Iactlc acid,
4h
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It worth noting that in the case of all catalysts the reaction mechanism remains unchanged due
to the use of ruthenium which is the key factor in the amination of lactic acid. However, the best
loading of ruthenium was 3wt%. Clearly enough the catalytic performance of Ru/CNT can be
attributed to the high dispersion of Ru nanoparticles, which was confirmed by STEM measurement.

However, it is also not excluded an influence of the reduction degree of the ruthenium nanoparticles.

Conclusions

In summary, we succeeded to synthesize four Ru-based catalysts with CNT and MNP particles
as carriers. The characterization of the obtained samples indicate the formation of different kind of
ruthenium active phase, as a function of the preparation method and the carrier nature. Therefore, in the
case of CNT-based samples, catalysts with ruthenium nanoparticles of different size and oxidation
degree were identified on the external side of the CNT tubes: the higher the ruthenium concentration,
the larger the nanoparticles; the larger nanoparticles, the higher the proportion of RuOx (the lower the
reduction degree). On the other hand, the MNP-based sample strictly contains cationic ruthenium
species with a high degree of dispersion.

CNT carrier was subjected to different oxidation procedures by using different oxidation agents.
As characterization results showed, different kind of functional groups (i.e., carboxylic, hydroxyl and
epoxy groups) were inserted on the external surface of the CNT, their nature and population highly
depending on the applied oxidation procedure. Is not also excluded the formation of -NH2 groups in the
case of CNT oxidized with nitric acid. A too aggressive oxidation process, by using mixtures of
nitric/sulphuric acids lead to a collapse of the CNT structure through its amorphization.

The preliminary results obtained from the catalytic synthesis of alanine from lactic acid showed
that the optimum reaction conditions for the highest selectivity to alanine are: 25 mg catalyst, 2.5 mL
NH:OH, 2.5 mL H20, 10 atm Hz, 200°C, 4h. All the catalyst follows the same mechanism which
involves three steps: dehydrogenation of alcohol to ketone, condensation of the formed ketone with
ammonia to imine, which acts like an intermediate and further hydrogenation to the desired product.

The best catalyst was found to be the one which has 3wt% loading of ruthenium.
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Annex 1. Thermogravimetric analysis of CNT carrier

In order to establish the optimum temperature for the calcination of samples 1%RUu/CNT,
3%Ru/CNT and 5%Ru/CNT the TG analysis of CNT was previously performed. According to the
TGA profile in the air atmosphere (Figure 1), the mass loss of the CNT starts slowly in the temperature
range 440-460 °C. However, after 500°C the CNT begins to be fast oxidized (a process possible
catalysed by the transition metals remained into the material from the synthesis of CNT) and the mass
of the sample quickly declines with the increase of temperature. Bearing in mind this, the calcination
step of the Ru-based catalysts was performed at 350°C in order to avoid the decomposition of the

support.
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Figure 1. TGA profile in air atmosphere for as-received CNT
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Annex 2. Detailed oxidation procedures for the synthesis of CNTox Samples.

CNTox-1: 2 g of the agglomerated MWCNTSs were dispersed in 200 mL nitric acid (65 wt%)
in a 500 mL round bottom flask. In order to minimize the tubes damage, a low power sonicating bath
and a relatively low acid exposure time were used. Therefore, the mixture was sonicated in a
conventional ultrasonic bath for 3 h, promoting CNT disentanglement within the acid solution. In order
to neutralize the strong acidity NaOH solution was added in the slurry. Then, the slurry was filtered and
thoroughly washed with distilled water, until a neutral pH. Finally, the slurry was filtered using PTFE
membrane filter with 0.45 um pore sized and then dried at 80°C for 24 h.

CNTox-2: 1 g of MWCNTSs were dispersed in 200 mL nitric acid (65 wt%) in a 500 mL round
bottom flask. The mixture was sonicated for 3 h, promoting carbon nanotubes disentanglement within
the acid solution. Next, the reaction flask equipped with reflux condenser, magnetic stirred and
thermometer was mounted in the preheated oil bath and the mixture was refluxed for 1 h at 80°C and
another hour at 100°C. After cooling at r.t., to the resulted slurry water was added and then filtered.

The resulted solid was washed up to neutral pH and dried at 80°C for 24 h.

CNTox-3: 1 g of MWCNTSs were dispersed in 200 mL of fresh nitric acid (65 wt%) in a 500 mL
round bottom flask. The mixture was sonicated for 3 h in order to promote the disentanglement of
CNTs within the acid solution. Next, the round bottom flask equipped with reflux condenser, magnetic
stirring and thermometer was mounted in the preheated oil bath. The mixture was refluxed for 2 h at
80°C. After cooling at r.t., to the resulted slurry water was added and then filtered. The resulted solid

was washed up to neutral pH and dried at 80°C for 24 h.

CNTox-4: 0.3 g of the agglomerated MWCNTSs were mixed with 70 mL mixture of HNO3 (65
wt%) and H.SO4 8M by mechanically stirring on a hot plate, for 15 min at 60°C and then sonicated for
2 h. Then, the slurry was filtered and thoroughly washed with distilled water, until a neutral pH. The
resulted solid was dried at 80°C for 24 h.

CNTox-5: 0.3 g of the agglomerated MWCNTSs were mixed with 70 mL mixture of HNO3 (65
wt%) and H.SO4 3M by mechanically stirring on a hot plate for 15 min at 60°C, and then sonicated for

2 h. The solid was separated, washed with distilled water, re-immnersed in H2O2 (30% v/v) and the
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procedure was identically repeated. Then, the slurry was thoroughly washed with distilled water, until a
neutral pH and filtered. The resulted solid was dried at 80°C for 24 h.

CNTox-6: 0.3 g of the agglomerated MWCNTSs were mixed with 7.5 mL mixture of HNOs (65
wt%) by mechanically stirring in a hot plate for 15 min at 60°C, and sonicated for 3 h. The solid was
separated, washed with distilled water, re-immersed in H2O> (30% v/v) and the procedure was
identically repeated. The subsequent treatment with H202 was given in order to complete the oxidative
process started by nitric acid, but in a gentler manner. Then, the slurry was thoroughly washed with

distilled water, until a neutral pH and filtered. The resulted solid was dried at 80°C for 24 h.

CNTox-7: 0.1 g of the agglomerated CNTs were mixed with 5 mL hydrogen peroxide (30%) by
mechanically stirring in a hot plate at 65°C for 72h. 2.5 mL of hydrogen peroxide was added at each
24h in order to keep a constant volume. After oxidizing the nanotubes the slurry was thoroughly
washed with distilled water until a neutral pH and filtered. The resulting solid was dried at 80°C for 24
h.

CNTox-8: 0.1 g of the agglomerated CNTs were dispersed in 10 mL nitric acid (65 wt%) in a 50
mL round bottom flask. The mixture was sonicated for 3 h in a conventional ultrasonic bath Bandelin
SONOREX™ SUPER with build-in heating, RK 103H, promoting CNT disentanglement within
the acid solution. Then, the slurry was filtered and thoroughly washed with distilled water until a
neutral pH. Recovered filter was immersed into distillated water and ultrasonated until the carbon
nanotubes redispersion (2 min). The redispersed carbon nanotubes were then centrifuged for 5
min at 4000 rpm. Remained nanotubes into the liquid phase were collected by adding 100 mL
dichloromethane (CH:Cl;) followed by filtration, whishing with additional amounts of CH2Cl>
and ultrasonication for 3h. The obtained solution was the subject of a slow evaporation (r.t. for 24

h). Finally, the obtained solid was completely dried at 80°C for 24 h.
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Introduction

The production of plastic dates back to 1950 and since then they have become one of vital
materials used in everyday life applications. The variety of plastics available and the cheap
production of those are the main reasons of the grow of plastic industry [1]. Although the plastic
industry consumed 6% of world oil production in 2014, from the 26% used in packaging
applications, only 5% was recycled causing a huge economic loss. By 2050 the plastic industry is
estimated to consume 20% of the world oil production [1].

The plastic wastes accumulation has been growing in the recent years and it became one of
the most severe environmental and social issue [2]. It is estimated that between 2010 and 2025 100
MT of plastic waste will enter in the ocean [1]. It is predicted that by 2025 for each three tons of
fish, there will be one tone of plastic in the ocean [3]. This will cause widespread contamination
of marine ecosystems since the microplastics (smaller fragments of plastics which was degraded)
can be ingested by zooplankton and phytoplankton which will have a negative impact on their
health. Since approximatevely 70% of the world’s oxygen is produced from the photosynthesizing
of marine plants, the plastic will have a huge impact in climate change and global warming [1].

Since the plastics with polymer structures are especially designed to mentain optimal
material properties, most of the plastics can not be attacked by microorganisms. The evolution
could not develop enzymes to degrade these man made materials and therefore usually the plastics
do not rot in the biological environment [4].

With the discovery of Tokiwa and Suzuki in 1977 of some lipases that are able to attack
the ester bonds in some aliphatic polyesters and can depolymerize such materials, more attempts
were made to design similar enzymes [4]. Also with the increasing problem of plastic waste, the

pursuing of making biodegradable plastics started [4].



Theoretical part

1. Synthetic plastics — general consideration

The term *’plastics’” generally refers to synthetic polymers that are omnipresent in modern
society. Plastics are that common in our everyday life, that it is estimated each person consumes
50 kg per year and European Union and 68 kg per year in the United States [5].

Plastics find applications in a different domains such as packaging, biomedical devices,
clothing and sport equipment, electronic components [5].

Unfortunately, the main problems of them are that they are obtained from the nonrenewable
sources of petroleum/natural gas and the deposition rate accelerated past the rate of production
[5][6].

The global production and consumption of plastics increased at an alarming rate over the
last few decades accumulating persistent in the landfills and the environment, only 9% of plastic

waste being successfully recycled in 2015 in the United States [5].

2. Types of synthetic plastics
Synthetic plastics like polystyrenes (PS), polyethylene (PE), polyurethane (PUR),
polypropylene (PP), polyvynyl chloride (PVC) and polyethylene teraphtahlate (PET) have a very

important role to almost every aspect of our lives [2].
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Figure 1. The main types of synthetic plastics [2]



2.1 Polystyrene (PS)

Polystyrene is the simplest aromatic hydrocarbon polymer based on the monomer styrene
having a hard texture, high tensile strength and excellent transparency [7][8]. Since it can be
monoextruded, coextruded with other types of plastics, injection molded or foamed, it can generate
a large range of products [7]. Polystyrene is generally used in the food industry having applications
like protective packaging (for eggs, meat, fish etc.) and disposable plastic silverware (lids, plates,
bottles, cups etc.) [7][8]. It is one of the most widely used plastics, mostly because it is an

inexpensive resin per unit weight [9].

PS is a clear, odorless, hard, tasteless, colorless material with outstanding properties
including thermal stability, mechanical strength, relatively low density and low production cost.
The particular reason for its highly stable structure and resistance to decomposition is its structure

of phenyl groups and single C-C bonds [10].
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Figure 2. Polymerization of styrene to polystyrene [10]

Naturally polystyrene is transparent, but it can be coloured with different colourants. Being
a thermoplastic polymer, polystyrene is in solid state at room temperature, but above 100°C it
starts to flow [11].

Polystyrene is rather chemically inert being waterproof and resistant to many acids and
bases, this being one of the reasons of its popularity in fabricating many objects of commerce. But
it can be easily attacked by organic solvents like acetone, aromatic hydrocarbon solvents and

chlorinated solvents [11].



Polystyrene can be used in either solid and expanded forms, both of which can be recycled.
Solid PS such as coffee cups, trays etc. can be recycled and transformed into office equipements,
videocassette cases etc [12].

PS is manufactured in three main commercial forms: expanded polystyrene (EPS), general
purpose polystyrene (GPPS) and high-impact polystyrene (HIPS). There is a fourth type of
fabricated PS with the name of syndiotatic polystyrene (SPS), but it has a relatively minor grade
[10].

2.2 Polypropylene (PP)

Polypropylene is one of the most popular plastics because of its low density and excellent
chemical resistance. It can be processed through many converting methods including injection
molding and extrusion [13].

Polypropylene is an olefin polymer, thermoplastic with a low melting poing. PP fiber is the
fourth largest volume artificial fiber, the 2014 worldwide production value being US$56.73
million. PP’s major use is in industrial applications like geotextiles, ropes, carpets, surgical sutures

and sanitary products [14].
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Figure 3. Polymerization of propylene to polypropylene [15]
Polypropylene is a transparent, free-color material and it is produced through a process of
monomer connection called addition polymerization [13]. PS is formed from propylene, a

liquefiable hydrocarbon gas [15].



Three stereoisometic forms of PP exist: isotactic, syndiotactic and atactic. Isotactic PP has
methyl groups on one side of the polymer chain, syndiotactic PP has methyl groups that alternate
along the chain and atactic PP has methyl groups arranged randomly. Between all three types of
PP, only the isotactic one has commercial importance [15].

Its high temperature resistantace makes polypropylene suitable for items such as funnels,
bottles, trays, pails and jars that have to be sterilized frequently [13]. The melting poing of PP is
around 165°C, but this can vary with the degree of chemical and steric purity [15].

2.3 Polyethylene (PE)

Polyethylene is the most common plastic in use today having the simplest molecular
structure of any polymer [16][17]. It is primarily used for packaging and it is the largest tonnage
plastic material [16][17]. Polyehylene represents 34% of the total plastic produced annually with

over 100 million tonnes [16].
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Figure 4. Polymerization of ethylene to polyethylene [17]

PE is an inert material and it is very difficult to degrade in the environment. In a study
made with a polyethylene sheet, only after 12-32 years it showed partial degradation and negligible
weight loss being kept in a moist soil. The particular reason for this circumstance is the water
insolubility, the hydrophobicity due to high molecular weight, presence of linear backbone of
carbon atoms and its degree of crystallinity [17].

PE is a mixture of similar polymers of ethylene. It can be low density or high density,
depending on the pressure and temperature applied when manufacured: the low density PE (LDPE)
is prepared at high pressure and high temperature and high density PE (HDPE) is prepared at low
pressure and low temperature [16].

LDPE is inert at room temperature, but it can be attacked by strong oxiding agents and

some solvents. LDPE is characterized by tear strength, tensile strength, opacity, rigidity and



chemical resistance due to its degree of crystallinity within the range of 50-60%. It is generally
used coating on paper, textiles, mulching agricultural fields and constructing polyhouse [17].

HDPE is produced during a catalytic process and has little branching. It provides stronger
intermolecular forces and greater tensile strength than LDPE. It is widely used industrial and day-
to-day applications like milk jugs, carry bags, margarine tubs, detergent bottles, water pipes etc.
due to its opacity, hardness and durability at higher temperatures [17].

2.4 Polyurethane (PUR)

Polyurethane is a very versatile polymer having the structure property relationship of
diisocyanates and polyols providing ample customization to the manufacture [18].

Polyurethane is formed by the reaction between di/poly isocyanate and a diol or polyol,

creating repeated urethane linkage in the presence of chain extender and other additives [18].
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Figure 5. Polyurethane formation [18]

The properties of polyurethane are diverse, these can range from soft touch coatings to very
hard rigid material used in construction. PUR has attracted not only the scientific community, but
also the industries due to its properties and ease of tailoring [18].

PUR has many different applications in different domains. Due to the advances in different
techniques of modern times, manufactures are able to produce this polymer in a wide range of
polyurethane apparel. Some applications of PUR in this department are: manmade skin and
leathers, sports clothes, and a variety of accessories [19].

PUR find other application in major appliances like rigid foams for refrugerator and freezer
thermal insulation systems, in household materials such as flexible foam padding cushions, floors,

in modern material science like composite woods [19].



2.5 Polyvinyl chloride (PVC)

Polyvinyl chloride is a widely used polymer and it is one of the most valuable products of
the chemical industry. PVC is produced from its polymer, vinyl chloride, and is a hard plastic that
it can be made softer with the help of plasticizers. Over 50% of PVC manufactured is used in

construction being inexpensive, hard and easy to assemble [20].
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Figure 6. Polymerization of vinyl chloride to polyvinyl chloride [21]

PVC with 57% of mass by chlorine is an ‘infrastructure thermoplastic’ material. Being
thermoplastic, PVC softens when heated and hardens when it cools. Because of this property, PVC
can be subjected to different techniques: extrusion, calendering, injection and blow molding [22].

Due to its low density, PVC provides low material cost on a volume basis [22]. Although
appearing to be an ideal bulding material, replacing in recent years the traditional building
materials as wood and concrete, concerns have been raised about the environmental and human
health costs of PVC [20].

2.6 Polyethylene teraphtahlate (PET)

Polyethylene teraphtahlate, commonly referred as polyester or PET, is a semiaromatic

polymer synthesized from ehylene glycol and terephtalic acid [23].
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Figure 7. Polymerization of terephthalic acid and ethylene glycol to PET [24]



PET is used in industrial applications due to its excellent moisture and fair oxygen barrier
characteristics having a glass transition temperature of around 67-81°C and a melting poing of
260°C [23].

The half life of the polymer at 37°C in a normal saline environment is of 700 years [25].
Due to its very important property to be colourless and transparent (if amourphous) or translucent
(if semi-crystalline), the consumers can see the content from the bottles [26].

PET is lightweight (compared to a 750 ml wine bottle, a IL PET bottle weights 335 less
grams), thermoplastics, semi-rigid to rigid, robust and mechanically resistant to impact. It is
extremelly inert compared with other plastics and it does not contain plasticizers (in the case of
PVC the use of plasticizers is essential), but it can be blended with other polymers to improve
certain properties [26].

Because all of these properties, PET is the third most commonly used plastic in the

packaging industry with a continuous growing demand [26].

3. Plastic waste
3.1 Methods of disposing plastic waste
The current methods for disposing of plastic wastes mainly include landfilling, producing
the same or similar product (primary recycling), mechanical recycling (secondary recycling),
chemical recycling (tertiary recycling) and incineration (quaternary recycling) [1][2]. Landfilling
is the major method due to its low cost and operability, especially in the developing countries [2].
Waste minimisation most preferred option
Recycling (reuse)
Resource recovery (materials recycling)
Energy recovery
Stabilisation
Landfill least preferred option
Figure 8. Generally accepted European Community Strategy for dealing with waste [27]
Primary recycling refers to either reusing the material or recycling the plastic to produce
products with the original structure. It is a closed loop recycling method and can be only used on

high quality plastic [1].



Secondary recycling indicates the conversion of waste plastic into a less demanding
product via mechanical tranformations. Mechanical recycling has various advantages over
chemical recycling (tertiary recycling): lower global warning potential, less acidification and
eutrophication, more renewable energy use and last, but not least, a lower processing cost [1].

Tertiary recycling describes the chemical reaction used to depolymerise and degrade plastic
waste into monomers or into other useful materials. There are many chemical recycling methos
and these depends on the polymer type and on tehniques used, each of them having advantages
and disadvantages. Although mechanical recycling presents some advantages over chemical
recycling, the tertiary recycling has also some advantages over the secondary one: the potention
of producting circular polymer since recovered monomers can be repolymerised and the
opportunity to achieve new materials with added value [1].

Quaternary recycling indicates the energy that is recovered via incineration of low grade
plastic waste. When plastics are burned, they result heat energy that is used to generate steam and
electricity. The quaternary recycling should only be used as a last solution since the imbedded
energy of the polymers molecular structure is lost and harmful chemicals and dioxins are released

into the atmosphere [1].
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Figure 9. Diferent plastic waste treatment options and associated plastic quality [1]

3.2. Methods of disposing PET wastes
3.2.1 Mechanical recycling



Because of the large amount of PET circulating, its mechanical recycling is well established
and the recycled PET has applications in a variety of domains. In the process of mechanical
recycling, PET usually suffers the process of yellowing discoloration, a nontoxic procedure.
Around 72% of recycled PET found its use in fibre applications. If the PET becomes so low grade
that it can not be mechanically recycled anymore, then chemical recycling should be used to
recover its monomers [1].

PET can be subjected to mechanical recycled via melt extrusion up to 40 cycles without a
significant chance to be observed in its mechanical properties. After this, the melting temperature
is dropping due to recuded crystallinity of the polymer. PET is highly stable to any type of
solvolysis [1].

3.2.2 Hydrolysis

PET can be hydrolysed into its monomers terephthalic acid (TA) and ethylene glycol (EG)
and the conditions are either acidic, alkaline or neutral. Hydrolysis has some disadvantages like
high temperature and pressure requirements in addition to long reaction times [1].
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Figure 10. Hydrolysis of PET [28]

Acidic hydrolysis takes place using concentrated acids like phorphoric, nitric or sulfuric

acid. The yields obtained from this methods are high, but the main disadvantage is that the



separation of EG from the highly acid solution is difficult. Additionally, the high amount of acid
needed to industralize this method poses economic and environmental problems [29].

Alkaline hydrolysis is typically carried out in aqueous solutions of 4-20 wt% NaOH. This
process has relatively good yields, but the longer reaction times and high temperatures are some
drawbacks of the method [29].

Neutral hydrolysis uses also high temperature and elevated pressures. Without the need for
stoichiometric acid or base, this type of hydrolysis would be the ideal one, but this process usually
proces low purity monomers and have a slow rate of reaction [29].

3.2.3 Glycolysis

Glycolysis is the most used chemical recycling method for PET and it consists in an
insertion of a glycol into the PET chains. The glycol breaks the ester linkages and it replaces with
hydroxyl terminals for producing Bis 2-Hydroxyethyl Terephthalate (BHET), oligomers and
dimers. For obtaining mostly BHET with a very little amount of oligomers the optimum parameters
for glycolysis are: a pressures of 0.1-0.6 Mpa, a temperature range of 180-240 °C, a
transesterification catalyst, between 0.5 and 8 h for completion and a high EG/PET ratio [1].
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Figure 11. Glycolysis of PET [30]



Glycolysis takes place using a very large variety of glycols such as EG, diethylene glycol
(DEG), propylene glycol (PG) and dipropylene glycol. Usually, the catalysts used are metal
acetates. The zinc acetate is considered the best among them. Although, these catalysts are often
used in industry, they have some disadvantages like: difficulty separating the catalyst from the
products, side reactions and product impurities. For more recyclable and simpler purification, ionic
liquid catalyst can replace the usual ones [1].

3.2.4 Pyrolysis

There are two major types of pyrolysis of PET: thermal pyrolysis and catalytic pyrolysis
[29]. The thermal pyrolisis of PET takes place at high preassure and temperature leading to the
formation of a solid char and a volatine fraction. Then, the fraction can also be separated into a
condensable hydrocarbon oil and a noncondensable gas. The hydrocarbon oil is composed of a
mixture of organic compounds like toluene, styrene, ethylbenzene etc [1].

Catalytic pyrolysis utilizes a catalyst for reducing the temperature and reaction time and
thus improving the selectivity and economic viability [29]. Although catalytic pyrolysis has a
narrower distribution of hydrocarbon products, it presents a higher market value. Catalysts like
silica alumina, ZSM-5 and zeolites are usually used and it was proven that some of them achieved
a higher conversion rate of valuable aromatic compounds in the oil compared with the thermal
pyrolysis [1].

3.2.5 Alcoholysis

PET can be depolymerised via methanolysis resulting a stoichiometric mixture of its
monomers N,N-Dimethyltryptamine (DMT) and ethylene glycol (EG). Methanolysis is carried out
at high temperatures and pressures using divalent metal catalysts. The methanolysis also generates
several byproducts like Bis(2-Hydroxyethyl) terephthalate (BHET), 2-hydroxyethyl methyl
terephthalate (MHET), oligomers, and dimers of DMT and BHET [1].
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Figure 12. Overall reactions for PET alcoholysis using supercritical methanol [1]

Although in this process the products obtained have high value, it has some major
problems. Firstly, it is a costly process because of the separation and refinement of the byproducts
produced. Secondly, the major product of this process is DMT and nowadays the majority of PET
is synthesis from terephthalic acid (TA). Therefore, an additional conversation of DMT to TA is

needed in order to complete the cycle [1] .

4. Additional steps for the PET degradation/decomposition

4.1 Pre-treatment and post-treatment of plastic waste

In order to improve the process performance for PET recycling (degradation/
fragmentation/ decomposition), PET samples are often pre-treated in different ways. PET fabrics
were cut into pieces of 0.5 - 1 g and only after that were incubated in glass vessels. [31, 32].
Another method involved to cut into pieces smaller than 20 x 20 mm. Then, the samples were
subjected of a solution of Tween-80 at 2% v/v at 50°C for 1 hr. The last step of the pre-treatment
consisted in washing of the samples with distilled water for 1 h and drying in an oven at 40°C for
24 h [33].

The PET can be designed as a film of size 1.0 / 0.5 cm which was washed with an aqueous
Na>COs solution (2g I'') at 37°C for 0.5 h followed by washing twice with distilled water [34].
Also, the PET films were prepared by melting in a heated hydraulic press. Then, each film was

washed with ethanol and placed in a 10 ml glass vial. The glass vials contained 5 ml of phosphate



buffer (Na;HPO4/KH,PO4, 100 x 107 M, pH 7) [4]. There was another alternative for which a
circular film (@ 64 mm) was punched out of the polyester films. It was cleaned with ethanol and
placed in a 300 ml glass beaker. Then 10 ml of 25 mM NaH>PO4-H>O buffer was added [35].

After degradation process, the plastic samples were often treated before analysis. So that,
they were simple washed with water and dried in air [32], or washed with 2g L' Na,COs at 60°C
for 1 h. Finally, these were double-washed with deionized water for 1 h [31]. Sometimes, the
samples were washed in a solution of 2g/L of NaxCOs3 for 2 h in order to stop the enzymatic
reaction. At the end, the polymers were washed firstly in 10g/L Tween-80 at 25°C for 1 h and then
in distilled water [33].

Other alternatives could be washing with water and ethanol and dried overnight at 50°C [4]
or only the ajustment of the solution pH to 5-6 with a small amount of 1 M HCI.

After the enzymatic treatment, until the HPLC analysys, the solution was stored at 4°C
[35].

Another type of treatment is the UV pre-treatment before enzymatic degradation. In this
case, amourphous PET films had a thickness of 250 pum. Then, UV irradiation of PET samples was
carried out over 14 days using a 1-kW xenon arc lamp. A water filter was applied to filter the IR
radiation and a water bath was used for further cooling during irradiation [36].

4.2 Analytical methods for monitorization of PET degradation (decomposition)

The samples after degradation process could be considered the pieces of PET and also the
solution resulted after degradation process. The solid samples samples were analysis in order to
identify any modifications of the surface morfology. In this case, the characterization techniqued
for solid surface were useful (FTIR, AFM, XRD, SEM/TEM, TSC-TGA, XPS) [31]. The second
direction of analysis was focused on the solution. In this case, HPLC and GC couled with MS for

identification and DAD/RID for quantification were performed [34, 35].

5. Derivatization of PET using biocatalytic methods

5.1 Surface modification of poly(ethylene terephthalate) (PET) fibers by a cutinase from
Fusarium oxysporum

Cutinases are serine esterases that have the role of hydrolysis of ester bonds in cutin and
belong to the hydrolase fold family. They have the capacity to hydrolyze the ester bonds of

synthetic polyesters and this makes them proper for the surface modification of PET [31].



The polyester fabrics were cut in pieces and incubated in glass vessels. It was applied the
enzymatic treatment and then the fabrics were washed with Na,COs for an hour. At the end, it was
double-washed with deionized water [31].

The whole enzymatic process was proved to be environmentally friendly and without
affecting the thermal and mechanical properties of the PET fabric. The changes were confirmed
by DSC-TGA analyses, tensile tests, FT-IR ATR analysis, XPS and SEM. The free hydroxyl and
carboxyl groups were detected with the help of FT-IR ATR and XPS analyses [31].

It was concluded that the enzyma F. oxysporum cutinase is capable of derivatization of
PET without compromising the polymer structure and properties [31].

5.2 Production of heterologous cutinases by E. coli and improved enzyme formulation for
application on plastic degradation

The aim of this work was to optimize the process of degradation of polyethylene
terephthalate using an enzyme from E. Coli. The hydrolytic action of the enzyme was applied to
the degradation of the plastic [33].

The enzyme used was cutinase. Two types of cutinase were prepared for this experiment:
one wild type form from Fusarium solani pisi and its C-terminal fusion to cellulose binding domain
N1 from Cellulomonas fimi. The cultures used were E. Coli CUT for the first type and E. Coli
CUT-NI for the second type [33].

Both cutinases were treated first with ampicillin and isopropyl [-D-1-
thiogalactopyranoside. The optimum pH of both cutinases was around 7.0 and they were stable
between 30 and 50°C. By addition of glycerol, PEG-200 and (NH4)2SO4 to the metabolic liquid,
followed by ultra filtration, the mixture became stable during 60 days at 28°C. Treating the PET
with the help of cutinase led to a weight loss of 0.90% [33].

In conclusion, recombinant microbial cutinases have advantages in the treatment of PET
using enzymatic treatments [33].

5.3 Rapid Hydrolyse of Poly(ethylene terephthalate) using a hydrolase from 7. Fusca

Due to the incresing problem of plastic waste at the end of 1980, there were attempts do
design biodegradable plastics. But most of the biodegradable plastics are based on aliphatic
polyesters which exhibit limited useful properties. Aromatic polyesters such as PET or
poly(butylene terephthalate) (PBT) which provide excellent properties can not be attacked by

hydrolytic enzymes and can not serve as biodegradable source of plastic [4].



But the reason of missing biodegradability of aromatic polyesters was found by Marten at
al.,: the mobility of the polymer chains in the crystalline part controls the biodegradability. This
can be correlated with the temperature difference between the melting point and the temperature
at which degradation takes place [4].

This work present the ability of a hydrolase isolated from the actinomycete Thermobifida
fusca to depolymerize the aromatic polyester PET at a higher rate than other hydrolases such as
lipases [4].

The experiment started with the characterization of the samples of PET. For the degradation
process, the materials were melted using a heated hydraulic press. The samples were washed with
ethanol and placed in a glass vial containing phosphate buffer. Degradation was started by adding
the enzyme solution. At the end, the vials were placed in a rotational shaker and thermostated [4].

The results of the experiment demonstrated that commercial PET can be hydrolized by an
enzyme. Within 8 weeks, microbial action resulted in an approx. 15% weight loss of the PET fibers
[4].

5.4 Degradation of Poly(ethylene terephthalate) Catalyzed by Metal-free 2 Choline-Based
Ionic Liquids

The glycolysis of PET is an expected way for degradation of PET to its monomer
bis(hydroxyethyl) terephthalate (BHET) since BHET can be polymerized again to form new PET
materials and provides possibilities for a permanent loop recycling. However, most of the used
glycolysis catalysts are metal-based which have a high cost and present a negative environmental
impact [37].

This study aims to develop a series of choline-based ionic liquids with a role in the
glycolysis of PET without using any metals [37].

The catalyst used was Choline acetate [Ch][OAc], a cheaper , more biologically compatible
and environmentally friendly substitute of the conventional imidazolium metal-based ionic liquids.
It was found that under the optimum conditions(PET (5.0 g), ethylene glycol (EG) (20 g),
[Ch][OACc] (5 wt %), 180 °C, 4 h, atmospheric pressure), the choline acetate can achieve even
better performance than the initial metal based catalyst, the yield of BHET reaching up to 85.2 %
[37].

6. The aim of the thesis



We proposed a detailed study for developing a technology for PET recycling. So that, our
study will be directed to set up and optimise an enzyme biocatalysis for PET degradation/
fragmentation/ decomposition. Screening of enzymes will allow to decide and choose the best
biocatalyst for process performance. Detailed optimization of the biocatalytic method will be
considered. The system performance will be monitored directed the analysis to the characterization
of the plastic surface and also looking for the composition of the process environment after
incubation time. For the determination of any modifications of the surface morphology, the
techniques such as FTIR, XPS, DSC-TGA, AFM, SEM/Tem will be used. HPLC-DAD/RID
and/or GC-MS/FID will be performed for the evaluation of the reaction phase containt after

incubation time.
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Experimental part

1.1 Substances and reagents

Commercial Bis(2-hydroxyethyl) terephthalate (BHET) was purchased from Sigma-
Aldrich and needed for optimizing the system for future use in PET degradation.

An attempt was made to build reaction systems based on different types of DES. Six
types of DES were created starting from the solubility of BHET in different solvents: DES 1 (one
part acetic acid, three parts ethylene glycol), DES 2 (one part acetic acid, three parts glycerol),
DES 3 (one part oleic acid, three parts ethylene glycerol), DES 4 ( one part oleic acid, three parts
glycerol), DES 5 (one part octanoic acid, three parts ethylene glycol) and DES 6 (one part octanoic
acid, three parts glycerol).

The system of BHET and DES was completed by adding free (lipase from Aspergillus
niger) and immobilized enzymes (Lypozime RMIM, Lypozime TLIM, Novozyme 425 and
Transenzyme) as catalysts.,. Lipozyme® TL IM —Thermomyces lanuginosus in silica gel,
Novozym® 435 — lipase B from Candida antarctica in PMMA, Transenzyme — lipase in PMMA
(no additional information found), Lipozyme® RM IM —Rhizmucor miehei in anionic exchange
resin.

PET from four different sources and with different durity was used in the experimental
processes and was noted with initials according to their origin: ST (PET from a bottle of juice),
TA (PET from a packing tray), CU (PET from an ice cream box) and CF (PET from a bottle of
Cif). The PET was cut into pieces of around 0.5 cm x 0.5 cm.

PET was subjected to the reaction with dimethyl carbonate (DMC) which was anhydrous,
>99%, of HPLC purity and purchased from Sigma-Aldrich.

The catalyst used in the degradation of PET was the enzyme Aspergillus niger.

PET was subjected to the reaction with dimethyl carbonate, thiols and aniline.

Dimethyl carbonate (DMC) was anhydrous, >99%, of HPLC purity and purchased from
Sigma-Aldrich. Aniline was also purchased from Sigma-Aldrich.

The reaction medium was the buffer Tris hydrochloride with the concentration of 10 mM
and a pH of 8.3.

The catalyst used in the reaction with DMC and thiols was an immobilized enzyme

Novozyme 425



1.2 Method for grinding/chopping PET

PET was subjected to grinding firstly using a Ultra centrifugal mill ZM 200 from Retsch.

The mill has been set at 400 rot/min and the PET was introduced multiple times until tiny pieces

resulted. For a better performance and for obtaining a powder texture, the PET was then introduced

in a Ball mill PM 100 from Retsch and was let for half an hour at 400 rot/min.

1.3 Methods of sample pre-treatment

Both PET pieces and PET powder were pre-treated using five different methods.

Table 1. Pre-treatment of PET samples

distilled water

temperature

distilled water

distilled water

Method 1 Method 2 Method 3 Method 4 Method 5
Immersion in Immersion in Immersion in
aqueous solution Immersion in 2% Tween 80 20% ethanol In In
2g/L Na;CO;s at 2% Tween 80 solution at aqueous distilled | hydrogen
37C (over the | solution at 50°C, 50°C, for 1 solution for 1 water peroxide
weekend) for 1 hour hour hour Simple | (AD) (AO)
Immersion in
distilled water
for 1 hour under Repeated
Washing with stirring at room | washing with | Washing with Exposure to UV lamp for

several days

Dry in the oven
at40C

Dry in the oven
at407C

Immersion in
aqueous
solution 2g/L
Na2CO3 at
377 for 1 hour

Dry in the oven
at40C

Dry in the oven at 40°C

Washing with

distilled water

Dry in the oven
at40C

Samples were washed with Na;CO; and distilled water in order to clean and remove

finishing agents.




1.4 Methods of sample preparation

1.4.1 Sample preparation for BHET hydrolysis

The experiment involved the hydrolysis of 0.001 g BHET with 1 mL of different types
of DES and 0.001 g of each type of enzyme mentioned above. The reaction was left in a
thermoshaker for 24 hours under agitation at 60°C.

1.4.2 Sample preparation for PET degradation

The PET was pretreated using five different methods. After the pre-treatment, the
PET pieces were put in vials with 500uL DMC, 500 uL Tris hydrochloride and 2 mg of the

Aspergillus niger enzyme. The vials were put in a thermoshaker at 60°C for three days.

1.5 Methods for modifying PET surface
1.5.1 Reaction of PET with DMC
PET was put in reaction with 500 uLL. DMC, 500 pL Tris hydrochloride and 1 mg of enzyme

Novozyme 425. The vials were left in a thermoshaker for different periods of time at 60° C.

1.5.2 Reaction of PET/ BHET with thiols

PET and BHET were put in reactions with thiols. The thiols used were 2-mercaptoethanol,
2-aminothiophenol and 4-acetamidothiophenol.

Firstly, 0.001 g of BHET (5 mM) reacted with 25 mM of each thiol, 1000 pL Tris
hydrochloride and 1 mg of enzyme Novozyme 425. The reaction was left in a thermoshaker at 60°
C for one day.

For PET reaction, 0.01 g of PET (45 mM) with 90 mM of thiols, 1000 pL Tris
hydrochloride and 1 mg of Novozyme 425 were put in vials. These were put in a thermoshaker at

60° C for 3 days.

1.5.3 Reaction of PET/ BHET with aniline
For the BHET reaction, all the peroxidases described at 2.1 Substances and reagents were
used. For each peroxidase, 100 pL were put in reaction with 894 pL Tris hydrochloride, 5 pL
H>O2, 1 pL aniline and 0.001 g BHET for 1 day at 40° C.



After the liquid phase from BHET reactions was analysed using HPLC and the results were
examined, the peroxidases with the best results were chosen: Lacase M 120, Peroxidase EP010 and
Versatile peroxidase 2-1B Variant 12,97 ABTS. These were put again in the reaction in the same
amount, but with 0.01 g PET (45 mM), 5 pL H2O», 9 pL anilina and 886 pL Tris hydrochloride
for 3 days at 40° C.

1.6 Method of pre-treatment before analysis
Sample was mixed with an equal volume of the mobile phase for removing the enzyme and
the salt content (provided by the buffer solution), and also for adjusting the polarity of the sample
comparing to the mobile phase. The resulted mixture was centrifugated and the supernatant was
collected and acidified with 1 pL HCI for neutralizing the potential acidic products from the

sample.

1.7 Method of sample PET characterization
1.7.1 FT-IR
FTIR spectra were recorded using a Spectrum Two FTIR spectromer (Perkin Elmer,
Hamburg, Germany) equipped with a total attenuated reflectance cell in the range of 8300-350
cm™.
1.7.2 Dinamic light scattering
The particle size was determined by the DLS method using a Mastersizer 2000 device
with Hydra 2000S accessory, equipped with two light sources: HeNe red laser (632 nm) and blue

LED (455 nm). Water was used as a dispersion medium.

1.8 Method of sample analysis after reaction

Monitorization of the content of the reaction phase was performed based on HPLC-DAD
analysis using a modular system (Agilent 1260) equipped with a C18 column (Poroshell 20) and
DAD detector. The HPLC-DAD system was set up for injecting 10 pL sample and the analysis
was performed at 25 C with a flow rate of 1 pL/min mobile phase (20 % acetonitrile and 20 %
H2S04 (10 mM) dispersed in distilled water). The detection was performed at 241 nm, ie the



specific wavelength for TPA and its derivatives. Retention time of the substrate and the products

are: 1 min for TA, 1. 14 for MHET and 1.31 min for BHET.

1.9 Method for the preparation of the enzyme entrapment
Carbohydrate biopolymers using Na-alginate and K-carrageenan were created for
entrapment of enzyme. A 4% Na-alginate solution of 3 mL was dropped with disposable pippete
in a 5% CaCl2 solution. For the K-carrageenan beads, a 1.4 wt% solution was made and dropped
ina 0.5 M KCl solution [9].

In some beads, PET was added to test if it influences the specific activity of the enzyme.

2. Results and discussions

2.1 The PET degradation

The degradation of PET was carried out in two steps: the first one being the
pretreatment of the PET surface and the second one the degradation reaction itself.

Five different methods of pre-treatment listed at 2.3 were used.
For each sample, the specific chromatograms have been recorded. It is not possible to
identified all the peaks from the chromatograms since most of them are small polymeric
fragments (oligomers) from PET structure. So that, the quantification of the system
performance involed the total sum of the peak area from the chromatograms which were not
present in the initial phase of the reaction. Relative area of these sum for each type of PET
and each pre-treatment method were calculated. The results for all the methods were plotted

as in the graphic below:
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Figure 13. Relative area calculated for each type of plastic that was pretreated with the

first method

Table 2. Sums of the relative areas
Sum of the relative areas
First method 334
Second method 251
Third method 346
Fourth method 265
Fifth method 214
Fifth method (AD) | 236
Fifth method (AO) | 239

It can be observed that first and third method have the biggest sums of relative areas, so the
degradation went better in these conditions. Although the second method had an error (the liquid
phase of the CF reaction evaporated), it can be considered a valid method.

The PET samples were weighed before the reaction and after. The masses were listed in
the tables below.

Table 3. The masses of PET samples before and after reactions

Method 1 Method 2 Method 3 Method 4

mE c e e N
Before
reaction
(mg) 0,0197 0,0420 0,0216 0,0276 0,0197 0,0321 0,0284




After

reaction

(mg) 0,0283

0,0194 0,0418 0,0216 0,0272
Difference
-0. -0.2 -04

Simple Distilled water Hydrogen peroxide

0.3 -0.3 -0.1

Method 5

II0,0194 0,0320
.. ) -0. 1

(mg)

CF CuU
0,0193 0,0255 ---0,0260 0,0555 0,0260

0

With red were listed the samples which had a mass increase after reaction, with green the
samples that had a mass decrease. after reaction and with grey the ones that had no mass change.
It can be observed that the samples which had a higher durability, CU and CF, were the only ones
with a decrease of the mass.

Pretreatment method 1,2 and 3 allowed to achieve the most degraded PET surface. Positive
difference between masses could be the effect of DMC attached on the PET surface (carboxy
methylation).

2.2 BHET system

BHET is one of the most useful substrate which can mime very well the PET
behavior. So that, BHET was mixed with free/immobilized lipase enzyme in DES
environment. DES composition of two substances (one as H donnor and the other as H acceptor)
was prepared and used as the reaction environment. The components were organic acids and
alcohol (see table 4). Both of them can interact with the products of BHET hydrolysis. In this way,
the equilibrium of hydrolysis could be shefted to the more products and finally the total conversion

of the process could be improved. BHET hydrolysis takes place according to the following scheme.
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Figure 14. BHET hydrolysis
Table 4. The compositions of DES

DES COMPOSITION
1 2 3 4 5
25% 75% 25% 75% 25% 75% 25% 75% 25% 75% 25% 75%
acetic | ethylene | acetic oleic | ethylene | oleic octanoic | ethylene | octanoic
acid | glycol | acid | glycerol | acid | glycerol | acid | glycerol acid glycol acid glycerol

After the HPLC analysis, the conversion for each type of DES and each type of enzyme
was calculated. Graphics were made to see which type of DES is the best system for each
enzyme.

In figure 10, experimental results for BHET system using free lipase from Aspergillus

niger are presented. DES5 and 6 exhibited maximum conversion of 17.7% and 16.6%. Low

conversion was noticed for DES3.
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Figure 15.Conversion according with each type of DES for the enzyme Aspergillus niger

Experimental results for BHET system using Immobilized lipase Transenzyme are

presented: DES 5 and 6 exhibited maximum conversion of 23.3% and 28.1%. Low conversion was
noticed also for DES3.




Experimental results for BHET system using Immobilized lipase Lypozime TL1M were:
DES 5 and 6 exhibited maximum conversion of 17.9% and 21.9%. Low conversion was noticed
also for DES3

Experimental results for BHET system using Immobilized lipase Novozyme 425 are given:
DES 5 and 4 exhibited maximum conversion of 26.9% and 18.5%. Low conversion was noticed
for DES 1, 2 and 3.

Experimental results for BHET system using Immobilized lipase Lypozime RMIM were:
DES 5 and 6 exhibited maximum conversion of 22.5% and 21.9%. Low conversion was noticed
for DES 2 and 4.

As a general remarks analysing the graphics, it can be seen that the best systems are:
DES 1, 3 and 5 with Transenzyme, DES 6 with Lypozime TLIM, DES 5 with Novozyme 425
and DES 5 and 6 with Lypozime RMIM. The reactions with these systems were repeated, but

varying the quantity of the enzyme: 2 mg and 5 mg were used instead.

1.3. Choosing the pre-treatment approach
Both pieces of PET and PET powder treated with all 5 pre-treatment methods were put in
reactions with DMC and had their liquid phase analysis by HPLC.
Using HPLC, the interest compounds solubilized in the liquid phase that results from the
reaction such as terephtalic acid (TA), Bis(B-hydroxyethyl) terephthalate (MHET) and Bis(2-
Hydroxyethyl) terephthalate (BHET) were identified.

In the graphs below all the areas of the interest compounds from HPLC have been noted.
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Figure 16. Influence of the pre-treatment approach on the PET derivatization. (A) PET
film and (B) PET powder

From the figure 1(A and B), it is obvious that the best results were for PET powder which
was pre-treated with method 5 (exposure to UV lamp for several days) in nothing (AS) and in
H>02 (AO). The research was continued using these two types of pre-treatment and only using

grinding PET.

2.4 Reactions of BHET with thiols
BHET has a structure very similar with PET, so it can mime very well the PET behavior.
Before the reaction with PET, a hydrolysis of BHET was tried.
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Figure 17. Reaction of BHET with 2-mercaptoethanol
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Figure 18. Reaction of BHET with 4-acetamidothiophenol
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Figure 19. Reaction of BHET with 2-aminothiophenol

BHET was subjected in a reaction with thiols. The liquid phase from the reaction was
analyzed using HPLC. For a better analysis of the results, control sample containing the same

compounds were also analyzed using HPLC.

(A)
Before reaction
o
3
[=>]
T T T T T T T T T T r T T T
8 10 12 14 min
After reaction
mAU
2000 -
1750 3 TA peak
1500 .
1250 - 1 —
1000 MHET peak
750 =
500 - ©
250 2
E | L ['+]
03 g T T T T T T —
0 6 8 10 12 14 min
(B) BHET peak Before reaction
T T T T i T T T T " T T T T T T ’ ' ! T !
4 6 8 10 12 14 mir

After reaction



mAU
2000
1500 *

1 MHET peak
1000 |

500

4.865
5.497

4 6 8 10 12 14 mir

(Q) Before reaction

BHET peak

| >~ 6.971
8.790

After reaction

—
<

TA peak

MHET peak

- 6.979

mir

o—11.973
2241
112515

1 2.870
3.299

T T . I . . I . . | . '
4 6 8 10 12 14

Figure 20. Reaction of BHET with (A) 2-mercaptoethanol, (B) 4-acetamidothiophenol
and (C) 2-aminothiophenol

From the control sample chromatograms, it can be observed the BHET peak disappears in
the chromatograms realized after the reactions. This has been replaced with the peaks for TA and
MHET, its products after the hydrolysis.

After analysing the HPLC chromatograms, it is clear that the hydrolysis of BHET takes

place in the presence of thiols so the research was continued with PET.

2.5 Reaction of PET with thiols

min



The liquid phase from the PET reaction with thiols was also analyzed using HPLC.
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Figure 21. Reaction of PET with (A) 2-mercaptoethanol, (B) 4-acetamidothiophenol and
(A) (C) 2-aminothiophenol using method AO of pretreatment
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Figure 22. Reaction of PET with (A) 2-mercaptoethanol, (B) 4-acetamidothiophenol and
(C) 2-aminothiophenol using method AS of pretreatment

Similar with the BHET reaction, peaks for TA and MHET were observed in the
chromatogram meaning the hydrolysis of PET took place. BHET peaks also appeared.

All the chromatograms were examined and the ones with the best results were chosen for
FTIR. The second one (the reaction with PET-AO and 4-acetamidothiophenol) due to the high
area of the TA, MHET and BHET peaks and the last one (the reaction with PET-AS and 2-
amicemidothiophenol) due to the interesting peak that appeared at the retention time of 12.2 min

were the one characterized by FTIR.
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Figure 23. Overlayed spectrums of PET before pre-treatment (blue), PET after pre-
treatment (red) and PET after reaction with 4-acetamidothiophenol (black)

New bands can be observed around the wave number 3000-3400 cm™'. These can
correspond to N-H stretching. The ones at the wave number 1500-1700 cm™ can be a new bound
C=0. The new bands appeared at 500-7000 cm! can be the bounds S-C that are formed after
PET reactioned with thiols.
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Figure 24. Overlayed spectrums of PET before pre-treatment (blue), PET after pre-
treatment (green) and PET after reaction with 2-aminothiophenol (purple)



New bands can be observed around the wave number 3000-3400 cm™'. These can

correspond to N-H stretching.

2.6 Reaction of BHET with aniline
The same method with BHET as in 3.4 was used, but this time different peroxidases and

aniline were put in the reaction. The liquid phase was analysed using HPLC.
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Figure 25. Reaction of BHET and aniline

From the chromatograms, using the area peaks of TA, MHET and BHET, the conversation

rate of obtaining TA and MHET was calculated for each peroxidase.
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Figure 26. Enzyme effect on the biocatalytic reaction between BHET and aniline.
Experimental conditions: 0.001 g BHET (5 mM), 5 uL H2O02, 1 uL anilina (10 mM), 100 uL
enzyme and 894 uL Tris hydrochloride for 24 hours at 40° C and 1000 rotation/min

Peroxidase/laccase are catalysts for oxi-polymerization of aniline attached on the PET
surface via o/0’ benzene positions of TPA or TPA derivatives. The peroxidase with the best

conversion rate (EP010, EP004 and Versatile Peroxidase) were chosen for reactions with PET.

2.7 Reaction of PET with aniline
As described previously aniline interacted with PET surface. the reaction was catalysed by
three different types of peroxidases. Both liquid phase of the reaction and PET surface were
evaluated. The liquid phase was again analyzed with HPLC.

Table 5. Abbreviation of aniline-peroxidase sample

Sample Abbreviation
Reaction of PET pretreated with method AS 9A-AS
with peroxidase EP010
Reaction of PET pretreated with method AO 9A-AO
with peroxidase EP010
Reaction of PET pretreated with method AS 14A-AS
with Versatile Peroxidase




Reaction of PET pretreated with method AO 14A-AO
with Versatile Peroxidase
Reaction of PET pretreated with method AS 4A-AS
with Lacase M120
Reaction of PET pretreated with method AO 4A-AO
with Lacase M120
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Figure 27. Evaluation of the liquid phase after the reaction between PET and
aniline(peroxidase enzyme as biocatalyst). Experimental conditions: 0.01 g PET (45 mM), 5 uL
H202, 9 uL anilina, 100 uL of peroxidase and 884 uL Tris hydrochloride for 72 hours at 40° C

All the areas from the chromatogram were calculated. Then, the relative area for each one
of the reaction was put in the graph from above. It can be seen that the reaction with Versatile
Peroxidase using the AO method of pre-tretment had the best results. The sample was

characterized with FTIR after.
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Figure 28. Overlayed spectrums of PET before pre-treatment (black), PET after pre-
treatment (blue) and PET after reaction with aniline-peroxidase (red)

The spectrum of PET before pre-treatment and the PET after pre-treatment (AO) was
overlayed with the one of the sample after reaction with aniline-peroxidase. Unfortunately, no

change can be observed in the spectrum.

2.8 Reaction of PET with DMC

PET reacted with DMC during different periods of time for studying if the reaction time
affect in a positive way the final products. The periods of time studied were: 5, 10, 15, 20 and 25
days.

At the end of the reactions, the samples were analyzed using HPLC.
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Figure 29. Area of peaks of interest for PET pre-treated using method AO and AS during
different periods of time

It can be seen that for the method of pre-treatment AS, the best results were for the reaction
left for 15 days and for the method of pre-treatment AQO, the best results were for the reaction left

for 10 days. FTIR characterization was succeeded by this analysis.
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Figure 30. Overlayed spectrum of PET before pre-treatment (gray) and PET after a 15
days reaction with DMC (green)

New bands can be observed around the wave number 2700-3000 cm™'. These can
correspond to new aldehydes, carbonyl groups and carboxyl groups that were formed after the

reaction with DMC.
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Figure 31. Overlayed spectrum of PET before pre-treatment (blue), PET after pre-
treatment (red) and PET after a 10 days reaction with DMC (purple)

New bands can be observed around the wave number 2700-3000 cm™ and a very large and
wide one around the wave number 3000-3400 cm.



The bands from 2700-3000 cm™ can correspond to aldehydes, carbonyl groups and

carboxyl groups that were formed after reaction similar to the previous FTIR spectrum.

2.9DLS

The PET before pre-treatment was subjected to a DLS characterizations for measuring the

dimension of the PET particles after grinding.
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Figure 32. DLS spectrum
Table 6. Results from DSL characterization
Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In % Size (um) | Volume In %
.02 1.002 7. .2 .
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ol ol | ow| | owl | ol | R ) T
: 0.00 ’ 0.00 ) 0.00 ’ 0.14 ’ 1.37 ’ 6.15
0.036 0.252 1.783 12.619 89.337 632.456
0.00 0.00 0.02 0.17 1.52 5.83
0.040 0.283 2.000 14.159 100.237 709.627
0.00 0.00 0.07 0.21 1.67 5.27
0.045 0.00 0.317 0.00 2.244 0.07 15.887 025 112.468 182 796.214 453
0.050 0100 0.356 0'00 2518 0l08 17.825 0'29 126.191 ‘ -98 893.367 3‘63
0.056 0-00 0.399 0-00 2.825 0'09 20.000 0'34 141.589 2-16 1002.374 2'71
0.063 O. 0 0.448 0' 00 3.170 0' 09 22.440 0. 9 158.866 2' 23 1124.683 1' %0
0.071 0,00 0.502 0,00 3.557 009 25.179 043 178.250 265 1261.915 089
0.080 0.564 3.991 28.251 200.000 1415.892
0.00 0.00 0.09 0.48 3.00 0.09
0.089 0.632 4477 31.698 224.404 1588.656
0.00 0.00 0.08 0.53 3.39 0.00
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The average dimension of the particles was around 500 um. The dimension range of all

particles started with 2 pm and ended with 1400 pm.

2.10 Enzyme entrapment




Using the method from 2.8, different types of beads were prepared. PET-AO derivatized with
4-acetamidothiophenol, PET-AS derivatized with 2-amicemidothiophenol, PET-AS after 15 days
in reaction with DMC and PET-AO after 10 days in reaction with DMC were the reactions with
the best results. The PET from these reactions was put in the entrapment formed.

Specific enzymatic activity was calculated for all types of beads, either containing PET or not

with the help of para nitrophenyl butyrate. The results from the enzymatic activity were listed in

the table below.
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Figure 33. Specific enzymatic activity for different enzyme entrapment

It can be seen that the enzymatic activity raised in most of the cases were Pet was added in
the enzyme entrapment. This it is possible due to the fact that the enzyme became more stable after
the addition of PET.

For testing the enzymes, these were used in a reaction between sylibin and methyl palmitate

with the enzyme cold active.
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Figure 34. Reaction between sylibin and methyl palmitate

The reaction took place at 25° C for 24 hours in tetrahydrofuran. After the reaction, the
liquid phase, after it was dried in an oven, was analyzed using HPLC. All the peaks were calculated

and the conversions were listed in the graph below.
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Figure 35. Conversion in reaction with sylibin

In the graph it can be seen that a better conversion rate was for the beads formed with K

carrageenan. The study was continued further using only K carrageenan in making the beads.

Another study made followed the changing of the conversion rate after adding three beads
in the reaction and not just one. The study also tracked the variation of the conversion rate

modifying the temperature.
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Figure 36. Conversion for one bead of enzyme
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Figure 37. Conversion for three beads of enzyme
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Figure 38. Conversion for one bead of enzyme
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Figure 39. Conversion for three beads of enzyme

As it can be seen from the graphs from above, the conversion rate has increased with the

increasing of number of beads in the reaction.

In the initial reaction, 8.1 mg of methyl palmitate, 988 pL tetrahydrofuran (THF), 1 mg of

sylibin and 1 bead of enzyme were used. For getting a better view of the perfect conditions for the

reaction, these reactants were changed as in the table from below. The beads with Pet-AO

derivatized with 4-acetamidothiophenol(2T) and Pet-AS derivatized with DMC for 15 days were

chosen to continue this study with.

Table 7. The name of the reacions when reactants were changed

Type of Pet Name of the reaction | Reactants

2T 2TA 8.1 mg of methyl palmitate, 988 pL THF, 1
mg of sylibin and 4 beads of enzyme

2T 2TB 8.1 mg of methyl palmitate, 988 pL THF, 1
mg of sylibin and 6 beads of enzyme

2T 2TC 8.1 mg of methyl palmitate, 988 uL THF, 1
mg of sylibin and 8 beads of enzyme

2T 2TD 4 mg of methyl palmitate, 988 uL. THF, 1 mg
of sylibin and 4 beads of enzyme

2T 2TE 12 mg of methyl palmitate, 988 pL THF, 1 mg

of sylibin and 4 beads of enzyme




2T 2TF 8.1 mg of methyl laurate, 988 uL THF, 1 mg
of sylibin and 4 beads of enzyme

2T 2TG 8.1 mg of methyl oleate, 988 uL THF, 1 mg

of sylibin and 4 beads of enzyme

2T 2TI 8.1 mg of methyl palmitate, 988 pL ethanol, 1
mg of sylibin and 4 beads of enzyme

15-AS 15-ASA 8.1 mg of methyl palmitate, 988 pL THF, 1

mg of sylibin and 4 beads of enzyme

15-AS 15-ASB 8.1 mg of methyl palmitate, 988 pL THF, 1

mg of sylibin and 6 beads of enzyme

15-AS 15-ASC 8.1 mg of methyl palmitate, 988 pL THF, 1

mg of sylibin and 8 beads of enzyme

15-AS 15-ASD 4 mg of methyl palmitate, 988 uL THF, 1 mg

of sylibin and 4 beads of enzyme

15-AS 15-ASE 12 mg of methyl palmitate, 988 uL THF, 1 mg

of sylibin and 4 beads of enzyme

15-AS 15-ASF 8.1 mg of methyl laurate, 988 uL THF, 1 mg

of sylibin and 4 beads of enzyme

15-AS 15-ASG 8.1 mg of methyl oleate, 988 uL THF, 1 mg

of sylibin and 4 beads of enzyme

15-AS 15-ASI 8.1 mg of methyl palmitate, 988 pL ethanol, 1

mg of sylibin and 4 beads of enzyme

All the liquid phases from the reactions was analyzed after using HPLC. The conversion

rates were calculated and listed in the graphs from below.



Conversion rates for the 2T reactions

100
90
80

0 I
2TA 2TB 2TC 2TD 2TE 2TF 27G 2TI

Figure 40. Conversion rated for the 2T reactions

B N W b U O
O O O O o o o

Conversion rates for the 15-AS reactions

100
90
80

0 I l I

6
15-ASA 15-ASB  15-ASC  15-ASD  15-ASE  15-ASF  15-ASG  15-ASl

o o

5
4

=N W
o O O O O

Figure 41. Conversion rated for the 15-AS reactions

From the graphs it can be concluded that after 4 beads, the conversion rate do not increase
with the increase of number of beads. It can be seen that the conversion rates start to decrease a
little with rising the number of beads. Also, it can be observe that methyl laurate has decent
conversion rate results can be used as a substituent for methyl palmitate. Good conversion were

also seen in the case when ethanol was used instead of tetrahydrofuran.



3. Conclusions
1. Reaction with thiols
4-acetamidothiophenol and 2-aminothiophenol offered best performance for PET(AO) and
PET(AS) derivatization, respectively. FTIR analysis confirmed the thiol insertion on the PET
surface.
2. Reaction with aniline
Enzyme screening was performed for BHET and aniline interaction. The best ones Laccase M 10,
EP010 and Versatile peroxidase were selected. Unfortunately, PET surface cannot be modified
using peroxidase biocatalysis.
3. Reaction with DMC
PET derivatization with DMC has been performed. The best results were obtained for PET(AS) at
15 days and for PET(AO) at 10 days. FTIR spectra confirmed the acyl insertion on PET surface.
Modified PET was used as stabilizer for polysaccharide (alginate/carageenan) cavity prepared
for enzyme immobilization. Cold active lipase was evaluated for silybin esterification. A solution
was the entrapment of the lipase in polysaccharide cavity protecting the proteinic structure against
solvent attack. The Pet used for the entrapment was chosen to be the one derivatized with 4-
acetamidothiophenol, 2-aminothiophenol and DMC at 10 and 15 days.

Multiple studies were made for seeing if the which were the best parameters and reactans for
the enzyme cold active trapped in beads with Pet. It was concluded that the bead with carageenan
had the best stability. We also examined if the number of beads that affect the reaction and we saw
that with the increasing of beads up to four, the reaction will have a better conversion rate. After

four beads, the conversion rate starts to drop.
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