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1 State of the art

1.1 Context

Since the last century petrochemical raw materials have been used for the production
of adhesives, cosmetics, fertilizers, paint , rubbers, polymers among other industrial products
!.Unfortunately petrochemical stocks are shrinking. In addition, they are toxic and
polluting?.0n the other hand, oils and fats are promising renewable feedstocks because they
are abundant in nature, biodegradable and they are not toxic. These renewable raw materials
are mainly formed of triglycerides (Figure 1) which consist of a glycerol molecule with three
fatty acids. The latter, also known as fatty acids, are long hydrocarbon chains with a carboxylic
acid site and possible olefinic bonds. Fatty acids are called saturated when they do not contain
a carbon-carbon double bond (unsaturation) and unsaturated fatty acids (UFAs) when they
possess one or more olefinic bonds. Fatty acids from animal fats are mostly composed by
saturated fatty acids and those from vegetable oils are mostly unsaturated?.The
decomposition of triglycerides releases fatty acids which may evolve into fatty acid methyl
esters, fatty amines or fatty alcohols?.There are two functional groups which can be exploited
in UFAs : the double bond and the acidic group. Most of the industrial applications use the
carboxylic group as a reactive site to carry out further reactions while only 10 % of the
industrial reactions are involved with the carbon-carbon double bond (unsaturation)?.
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Figure 1:Structure of a given triglyceride.

In this regard, epoxidation and hydrogenation reactions are the most common
examples involving olefinic bonds. For instance, the epoxidation of oleic acid at an industrial
scale is produced by the Prileshajev epoxidation procedure which uses a peracid (O3) to



transfer its oxygen to the double bonds3.At industrial level, the hydrogenation of oleic acid,
uses Cu-Cr based catalysts at 250-350°C and 10-20 MPa*.

In this work, the oxidative cleavage of the carbon-carbon double bonds from UFAs has
been explored since it is possible to obtain high value products from cheap feedstock and
because this reaction has been less documented in literature. Most of the works published so
far employ homogeneous catalysts to perform this kind of reaction but they are not applicable
at industrial scale. On the other hand, heterogeneous catalysts have been scarcely explored
because of their poor results obtained in this regard. Diffusional issues and poor contact are
just some of the few reasons why heterogeneous catalysis remains underdeveloped in the
oxidative cleavage of UFAs2.To propose an alternative, herein we propose a new catalytic
system based on the functionalization of alumina with polydopamine (a polymer coating)
towards the heterogenization of Ru. In combination with a strong oxidizing agent (e.g. NalOa4)
the heterogeneous catalyst can produce RuQg, the active species responsible for the scission
of the carbon-carbon double bonds in UFAs and the corresponding production of carboxylic
and dicarboxylic acids®.

1.2 Oxidative cleavage of UFAs

Oxidative cleavage corresponds to the rupture of carbon-carbon double bonds and the
formation of different carbonyl compounds. Different products are therefore possible as
alcohols, aldehydes, ketones or carboxylic acids?. Most of the examples related to this reaction
use oleic acid (OA),formerly called cis-9-octadecenoic acid, because it is the most abundant
mono-UFA. OA can be found in olive, pecan, peanut, macadamia, sunflower, grape seed,
rapeseed or in animal fats such as chicken, turkey and lard. As shown in Figure 2, oleic acid
gives a ratio of one mole of azelaic acid (AA), HOOC(CH,);COOH, for one mole of pelargonic
acid(PA), HOOC(CH)7CHs, through its oxidation. Both oxidative cleavage products can be used
in several applications. For instance, azelaic acid is used in the pharmaceutical, cosmetic and
polymers industry. It can also serve as a lubricant or as a plasticizer. In fact, the market size of
azelaic acid is expected to reach 140 million USD by 2025 ©.0n the other hand, pelargonic acid
is mainly used in pesticides and herbicides®.
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Figure 2: Oxidative cleavage of oleic acid into pelargonic acid and azelaic acid. Inspired from”

Oxidative cleavage of oleic acid is usually performed by ozonolysis. Ozone(Os) can be
added to carbon-carbon double bonds and then the ozonide is split by oxidation with ozone-
free oxygen to form azelaic and pelargonic acids followed by a purification process®. This
process possesses several drawbacks such as the risk of explosivity and toxicity. It is also highly
energy demanding and requires sophisticated equipment?.

On the other hand, osmium and ruthenium have attracted the attention for the
oxidation of unsaturated hydrocarbons because these transition metals are quite active in this
reaction.? As regards Ru, it is known that RuOg is quite active in this reaction showing a better
selectivity than osmium (OsQa). Actually, the latter tends to form undesirable intermediates
such as diols. Moreover, osmium is more toxic than ruthenium?.

With this in mind, the next section presents some examples of ruthenium in the
oxidative cleavage of UFAs.

1.3 Ruthenium in the oxidative cleavage of UFAs

In homogeneous catalysis, ruthenium is initially present in the reaction medium in the
form of RuCls or RuO,. Nevertheless, RuOs is the active species and therefore RuCls or RuO;
need to undergo an oxidation by means of a strong oxidizing agent such as NalOas. According
to literature, the mechanism presented in Figure 3 begins with the coordination of RuO4 and
the UFA to form a metal-diester. The metal-dioxyethane is formed via a [3+2] pericyclic
reaction. After hydrolysis, a diol is formed with consequent reduction of RuO4 to RuO,. The
diol is cleaved by NalO4 yielding two carbonyl products (mainly aldehydes). To complete the
cycle RuO; is re-oxidized to RuO4 by means of NalO4°. The aldehyde which is formed can either
be oxidized by RuO4 or by NalQO..
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Figure 3:Mechanism of the oxidative cleavage of an alkene catalyzed by ruthenium tetroxide in the homogeneous
phase.

1.4 Homogeneous catalysis using ruthenium in the oxidative cleavage of UFAs

Most of the works related to the oxidative cleavage of UFAs with Ru belong to
homogeneous catalysis®.For instance, Flogia and co-workers®performed the oxidative
cleavage of potassium oleate with RuO2 and NaClO as a second oxidant. RuO, was oxidized in
situ into RuO4 by NaClO. The potassium oleate was soluble in water and its oxidation was
conducted in aqueous solution. The ruthenium dioxide is insoluble in aqueous solutions unlike
potassium oleate so it can be recovered by filtration and reused. The conversion was complete
and the yield of azelaic acid was 94%. The addition of NaOH was mandatory to keep the
solution at pH 10. The active species is RuO4 and the addition of NaOH transform RuO; into
RuOq4 10,

Zimmerman'’s and co-workers used the catalytic ruthenium system (2.2% RuCls, 4.1 eq.
NalO4 solvent H,0/MeCN/CCls in ratio of (3/2/2) developed by Sharpless and co-workers with
the replacement of the toxic CCls with ethyl acetate (AcOEt) as organic solvent. They compare



3 solvents resistant to oxidation: ethyl acetate, acetone and cyclohexane. They found that
(H20/MeCN/AcOEt) in ratio of (3/2/2) was the best option to obtain yield of 73% for the azelaic
acid!l,

Rup et al used RuOa4 for the oxidative cleavage of oleic acid under ultrasonic irradiation.
When ultrasound and aliquat ®336 were combined, a complete oxidative cleavage of oleic acid
took place with azelaic yield of 62% and pelargonic acid yield of 99%. They also find that with
a mixture of solvent of (H.O/AcOEt, ratio 1/1) 9,10-dioxostearic acid was produced as
intermediate 12,

In order to make the oxidative cleavage reaction greener, Behr et al used the [Ru(2,6-
dipicolinate);] complex with hydrogen peroxide instead of NalOs. The solvent was a mixture
of water and alcohol. The reaction was performed at 80°C for 24 hours. The yield of PA was
59%, which is significantly lower than the yield obtained by Rup et al. These results are
ascribed to the higher number of side reactions found in the catalytic tests performed by Behr
et al 3.

1.5 Heterogenous catalysis using ruthenium in the oxidative cleavage of UFAs

The major interest in using solid catalysts in liquid phase reaction is the possibility of
recovering the active species after the reaction ends to reuse it. As regards reactions with oils
and fats, limited research on heterogeneous catalysis is found in the literature. This is mainly
due to poor results of this approach in terms of conversion and selectivity because of the poor
contact between the substrates and the solid catalyst?.

Nevertheless, few examples are targeted to the oxidative cleavage of UFAs. For
instance, Ho et al. report the oxidative cleavage of methyl oleate with Ru nanoparticles
immobilized on hydroxyapatite. The Zimmerman’s solvent system (H,O/MeCN/AcOEt) and
NalO4 were used and led to conversions around 12% with 84% of yield for PA 4.

The oxidative cleavage of 9,10-dihydroxystearic acid methyl ester was also achieved
with a Ru(OH)x/y-Al,03 solid catalyst. The reaction was carried out under O; atmosphere in
H,0 at 130 °C for 5 hours. The yields of PA and AA were 45 % and 43% respectively. In the
recycling tests, a drop of activity after four runs was observed due to adsorption of by-
products at the surface of the catalyst®.

Papafotiou and co-workers!®,have designed a catalyst for the oxidation of various
olefins. A biomimetic [Ru-( 2,2’;6’,2“-terpyridine)-( 2,2’-bipyridine);](Cl). complex was
attached to silica by aminopropyl functionalization of the silica surface then amide coupling
to a bipyridine carboxylic acid and after complexation with Ru-(2,2’;6’,2“-terpyridine)Cls, tert-
butylhydroperoxide was used as oxidant and tert-BuOH was used as organic phase. The
reaction was carried out under air. The yield obtained with the heterogenous catalyst was
compared to its analogous homogenous catalyst. The oxidation of cyclohexene, cyclooctene
and cis-stilbene presented higher yields in the case of heterogenous system. The grafting
process preserved the catalytic activity and may also in some cases increase its reactivity.



Following the idea of anchoring ruthenium on suitable surface support !/, the use of a
polymer coating to functionalize a macroporous alumina will be examined to anchor Ru for
the synthesis of a new heterogeneous catalyst suitable for the oxidative cleavage of UFAs.
Therefore, we proposed to use polydopamine (PDA), a natural coating found in nature such
as mussels, able to chelate several metal cations like Ru. The chelating ability of PDA is related
to the capacity of mussels to adhere to any surface under water. The study of mussel foot
proteins shows an important concentration of 3,4-dihydroxy-L-phenylamine so called
dopamine (DA)*® 19, Lee et al have reported a facile approach to surface modification in which
self-polymerization  of dopamine for the production of an adherent
polydopamine(PDA)coating on a wide variety of materials?®. The chemical structure of PDA
presents a catechol and amine groups (Figure 4) which can form complexes with several
transition metals.

Amine groups —_

/ NH / NH

Figure 4: Linear representation of polydopamine and its functional groups
Herein, the main characteristics of this novel polymer coating are detailed.

1.6 General aspects of polydopamine and its polymerization

It is well known that the adhesion of PDA to virtually all types of surfaces is one of its
best interesting properties. However, up to now, the exact adhesion mechanism remains
elusive. This arises from the lack of understanding of the polymerization mechanism which is
controversial. Understanding the polymerization of PDA can provide valuable data on how this
polymer can interact with several materials or transition metals for catalytic applications.
Several models of the polymerization of dopamine have been proposed. The different
pathways give rise to different theorical structure of polydopamine. The first proposed model
explained that the polymer is formed by 5,6-dihydroxyindole( DHI) units linked between each
other?%. A presentation of some models is reported below (Figure 5).

As shown in Figure 5, the 5,6-dihydroxyindole can either follow the physical self-
assembly pathways to create a physical polymer or undergo the covalent oxidative
polymerization route to create a chemical polymer. The mechanism of polymerization



proposed in Figure 5 starts with the oxidation of dopamine to dopamine quinone which
undergoes a Michael-type intramolecular cycloaddition reaction forming leukodopamine-
chrome. Its oxidation and subsequent rearrangement form 5,6-dihydroxyindole (DHI). In a
covalent pathway two or three monomers of DHI are connected by covalent bonds. In the
physical self-assembly (pathways b) several DHI units physically interact with each other by m-
T stacking 2.

In contrast to this model, a recent study has reported limited degree of DHI
oligomerization. Okuda et al. assuming the chemical disorder model of DHI-melanine, solved
an equation based on the ratio of two DHI-melanine degradation products, pyrrole-2,3,5-
tricarboxylic acid (PTCA) and pyrrole-2,3-dicarboxylic acid (PDCA), showing that the degree of
oligomerization is limited up to eight units of DHI oligomers coexisting as tetramers and
pentamers?2, Other studies propose in the same way as Okuda et al. a covalent polymerization
model where PDA is mostly constituted by tetramer units? %4,

10
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Figure 5:Polydopamine synthesis occurs via two pathways: A) a pathway of covalent bond forming oxidative
polymerization and B) a newly proposed pathway of physical self-assembly of dopamine and DHI?.,

Liebscher et al.?*demonstrated that PDA cannot be only a physical polymer but
consists of a mixture of different oligomers. The chain contains indole units with different
degrees of (un)saturation as well as open chain dopamine units.

Dreyer and co-workers proposed that PDA consist of a supramolecular aggregate
composed mainly of 5,6-dihydroxyindoline and dopaminochrome. The bonds between units
are believed to be a combination of charge transfer, n-1t stacking and hydrogen bonds?>.Hong,
Seonki, et al describe a physical trimer (dopamine), / DHI?.

Della Vecchia et al. presented that polydopamine consists of three main building
blocks, uncyclized catecholamine/quinones, cyclized DHI units and pyrrolecarboxylic acid
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moieties. It has been pointed that the Tris buffer used is incorporated in the polymerization
26

Moreover, the conditions of polymerization have a major impact on the potential
mechanism of the dopamine polymerization. Some of these parameters will be mentioned
below.

1.7 The coating of polydopamine

The first PDA coating method was developed by Lee et al., where dopamine
hydrochloride was dissolved in a 10 mM tris(hydroxymethyl)aminomethane (Tris) buffer
solution in order to attain a dopamine concentration of 2mg/mL at pH=8.5%°. Tris buffer is
incorporated into the polymer (Figure 6) and particularly during the oxidation of dopamine at
low concentration?®, Moreover, the incorporation of Tris to the polymer has an impact on the
thickness of the film coating?’.

NH, HO
0 OH\/i\\,OH
OH
o TRIS buffer HO NH
OH

OH

OH

Figure 6: Tris buffer incorporation into dopamine-quinone?.

Other buffer compounds such as phosphates and bicarbonates are not incorporated
in the polymer. Phosphate buffers favor the aggregation of DHI units giving rise to large size
PDA particles. At a pH of 8.5 the dopamine is positively charged on the uncyclized side chains
and may interact electrostatically with the negatively charged buffer. Therefore, the
electrostatic interactions serve as the primer to direct further stacking and charge-transfer
interactions between the aromatic moieties. On the other hand, bicarbonate buffers at pH 8.5
are mainly present as monoanion and therefore the effect described above is weaker than
with the dianion form of phosphate. Another interesting point is the higher ionic strength in
phosphate buffer than Tris and bicarbonate. This phenomenon promotes aggregation when
oligomers become hydrophobic?®. To control PDA particle size ammonia or sodium hydroxide
can be employed3®-32,

It has been shown that the polymerization of dopamine in alkaline solution in the
presence of Oz introduced via exogenous ways lead to faster deposition on the support with
a smoother morphology than polymerization with only O present in ambient air33.The kinetics
of the polymerization reaction is thus pH dependent. Using weak oxidants like oxygen result
in a slow polymerization under neutral conditions; the polymerization rate increases with the
pH between pH 8.5-10. To obtain a faster polymerization, ozone and sodium periodate can be
used®.V.Ball et al. have studied the kinetic deposition of dopamine3. Tris buffer was used and
the oxidant was endogenous oxygen. They have found that the deposition at pH 6 was very
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slow. They observed a significant increase in film thickness between pH 8.5 and 10.2 as well
as with higher concentrations of dopamine. The roughness of the film increased also with
dopamine concentration.

In another study conducted by Alfieri et al. 3 it has been shown that using a 1mM of
dopamine did not lead to detectable film deposition neither with carbonate buffer, Tris nor
phosphate. Even with the addition of 1 mM sodium periodate which should induce the fast
formation of o-quinone no deposition of dopamine was detected with UV-Visible
spectrophotometry. However, when hexamethylenediamine (HMDA), or other amines were
added to 1 mM dopamine solution at pH=9, variable levels of coating formation were
observed. Long aliphatic chain and two amine groups helped the deposition of
polydopamine'®3>, The incorporation of multiamine compound into the polymerization of
PDA on the surface influences the surface charge. The diamine was incorporated into the
coating by Michael addition and Schiff base reaction'®. The incorporation of long and flexible
aliphatic chains into the PDA via amine groups would:

e provide hydrophobic component, which is critical for underwater adhesion

e inhibit intramolecular cyclization by occupying specific position or via Schiff-base
formation

e inhibit the formation of aggregate which is critical for adhesion®

The PDA film formation counts two phases: film deposition and film growth34. It has
been shown on mica that the adsorption and coating of PDA can be explained by a Wolmer-
Weber growth model. First PDA molecules adsorb on the mica surface and serve as the
seeding materials, then other PDA particles adsorb around the seeding material to form
island-like PDA particles, after other available PDA particles deposit in the gaps between the
island-like particles or on the surface of the native particles3®.

To prove that the film formation properties are specifically associated with early
intermediates in dopamine autoxidation, the support was introduced at different times after
the oxidation has started. The formation of a film is most efficient in the early hours®>.

The polymerization mechanism has an impact on adhesion strength to the surface. In
the next section some examples of PDA interaction with several materials are presented.

1.8 Polydopamine interactions with different materials

A strong adhesion is observed in the presence of amine group and catechol. A study
was performed to prove it. Three groups were compared: one group with both catechol and
amine, another one with catechol removed while maintaining amine, and a group without
amine but with catechol. The results showed weak adhesion when one compound was
missing, suggesting that a combination of them and the proximity in space of catechol and
amine groups are important to initiate strong adhesion?’.

The adhesive property of dopamine related to its capacity to displace water molecules
from the surface of surface supports!®8The variability of the adhesion comes from the
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capacity of dopamine to form covalent, hydrogen, m-it interaction and coordination bonds
with different materials.

For instance, the adhesion of dopamine on TiO is in part covalent( 40%) and in part
ionic(60%)3°.The strength of the bond has been measured via atomic force microscopy in
contact mode?°. The strength is due to a ligand-to-metal charge transfer complex between the
Ti* at the surface and the oxygens in the catechol group?®4!.The effect of pH has been studied.
At pH < 5.5, dopamine forms two hydrogen bonds with the O of the surface. At pH >8 the
hydroxyl groups are partially dissociated, and the O atoms form two coordination bonds with
the Ti** at the surface. At an intermediate pH, there is a combination of one hydrogen bond
and one coordination bond*!.Catechol adhesion to wet SiO; surfaces occurs by bidentate
hydrogen bonding between catechol and Si023%42, Finally, the adsorption of catechol on
boehmite has been studied*?. A binuclear complex between catechol group and aluminum ion
is possible but only at the surface edge therefore only a small fraction of the surface is
concerned.

As regards PDA complexation of metal ions, it is known that PDA can absorb
multivalent cations via semiquinone, quinone-imine or carboxylic acid groups?®.PDA can bind
metal ions like Au3t, Mn?*,Ni?* Fe3*, Pt*, Pd?*,Cu?* #* or Ru3*#>. The pH has an impact on the
bond. For example Fe3* forms a mono-complex with polydopamine under pH 4, a bis-complex
between pH 4 and pH 7.5 and a Tris-complex above pH 7.5. %6 In the case of Cu®* below pH 5,
Cu?* ions form a complex with carboxyl groups and bidentate nitrogen-carboxyl groups. At pH
7, binding of Cu?* ions occurs at phenolic hydroxyl groups and, at pH above 7, binding of Cu?*
ions can be with either three or four nitrogen ligands*’.

2 Objectives and strategy

As reported before, heterogeneous catalysts including ruthenium for the oxidative
cleavage of OA into AA and PA is poorly documented. Therefore, the main objective of this
work is to synthesize a ruthenium-based heterogenous catalyst for the oxidative cleavage of
OA. This catalyst must be recyclable and achieve high conversion and selectivity towards PA
and AA.

To reach this objective the following sub-objectives are set:

Optimization of conditions required for dopamine polymerization on alumina
Synthesis of Ru-based catalysts via functionalization of alumina with polydopamine

Evaluation of the synthesized catalysts in the oxidative cleavage of oleic acid

Optimization of conditions required for dopamine polymerization on alumina

In order to gain a better knowledge about PDA deposition on alumina, two supports
were selected:a-Al,03 and y-Al;03.To understand the deposition of polydopamine on alumina,
the possibility that the PDA could be partly in the pores and partly on the surface of the
support has been eliminated by choosing the non-porous a-Al,03*.1n addition, the incertitude
on whether the ruthenium will diffuse in the pores (without knowing whether PDA will be
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present therein or not) is avoided, as for the question on the ability on the ability that oleic
acid has to go in the pores or not. However, due to the very small specific area of a-Al,03 the
amount of PDA required to cover the totality of the surface was too small. To overcome this
problem, another alumina with a larger specific surface area but still no porosity was selected;
v-Al,03The physico-chemical and morphological properties of both supports were
determined by: Nitrogen physisorption, thermogravimetric analysis (TGA), FTIR spectroscopy,
X-ray photoelectron spectroscopy (XPS) and X-ray diffractometer (XRD). To understand how
the dopamine deposits on a-Al;0s and y-Al,O3, several conditions are going to be tested. The
impact of the presence of oxygen and the pH will be examined on the deposition of PDA. The
optimal pH for a rapid deposition and polymerization of dopamine is between 8.5 and 10%°,
The pH will be then adjusted by the addition of Tris buffer. The decomposition of HMTA in
water release NH3 which is expected to help the polymerization and therefore the Tris buffer
will be replaced by HMTA%. The deposition of PDA on alumina is expected to be achieved by
one homogeneous monolayer covering the surface of the support. It is currently accepted that
Tris incorporates via its primary amine groups during the polymerization of PDA?8 which would
lead to a thicker film. HMTA does not contain primary amine so it is expected that it will not
be incorporated during the polymerization. By doing so, it is expected that the best conditions
of the polymerization of dopamine will be found. The term “alumina compound” will now
refer to the alumina on which PDA has been deposited.

Like said before, the following protocol has been followed to see the influence of the
oxygen, pH and the replacement of tris buffer by HMTA. The denomination used for each solid
is reported in the following diagram (Figure 7). The same denomination is used also used for
v-Al>03. The following characterization techniques will be performed: Nitrogen physisorption
will be used to known the specific surface area, thermogravimetric analysis (TGA) will give the
amount of PDA on the support, FTIR spectroscopy serves to identify the characteristic peaks
of PDA deposited on the support, X-ray photoelectron spectroscopy (XPS) serves to determine
the presence of PDA on the surface and X-ray diffractometer (XRD) is performed to ensure
that the presence of PDA does not affect the integrity of the support.
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Figure 7: lllustration of the conditions applied to a-Al,03 and their final denomination.

e Impregnation of Ru on alumina compounds and evaluation of the performance of
the synthesized composite in the oxidative cleavage of OA including recycling tests
and hot filtration tests.

The impregnation of ruthenium using RuCls is achieved through wet impregnation on
the following eventually modified supports:

-a-Al;03 - y-AlLO3
- 0-Al;03-PDA-O;(Tris ) - y-Al,03-PDA-O; (Tris )
- a-Al,03-PDA-O2(HMTA) -y-Al,03-PDA-O; (HMTA)

Then, we are going to analyze by XPS the chemical environment after PDA deposition
on alumina and to estimate Ru oxidation state on the catalyst surface. In addition, ICP-AES
spectrophotometry will serve to determine the amount of ruthenium effectively deposited on
the supports in the different synthesized catalysts also called composites:

-a-Al,03-Ru(2%) - y-Al;0s3- Ru(2%)
- y-Al;,03-PDA-O;(Tris )- Ru(2%)
-y-Al,03-PDA-O,(HMTA)- Ru(2%)

e Evaluation of the synthesized catalysts in the oxidative cleavage of oleic acid

Catalytic tests will be performed during 24 hours in order to determine from when the
highest conversion with the synthesized catalysts is achieved in the oxidative cleavage of pure
oleic acid. Recycling tests will be conducted to verify the stability of the synthesized catalysts
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while hot-centrifugation tests will be carried out to verify if the oxidative cleavage is
performed on the catalyst’s surface or not. This are important information to verify the
possibility of reusing the synthesized catalyst.

3 Materials and methods

Heptanoic acid ( Internal standard, C7H1402, >98% GC),nonanal, (NA, CoH150, >95 %
GC), pelargonic acid (PA, CoHi302, >98% GC),azelaic acid (AA, CoH1604, >98 % GC),
tris(hydroxymethyl)aminomethane (TRIS, CsH11NOs, >99.0 %) and 3-hydroxytyramine
hydrochloride (DA, CsH11NO2,>98 %) were purchased from TCI Chemicals. Ruthenium (lll)
chloride hydrate, 99.9%(PGM basis), (RuClz.H,0, Ru 38 %) , Aluminum oxide, gamma-phase,
99.97% (metals basis) 3-micron APS powder,S.A.80-120 m?/g and Aluminum oxide, alpha-
phase, 99.9% (metals basis) 20-50 micron APS, S.A. 5-6 m?2/g,
Hexamethylenetetramine(ACS,99+%) were obtained from Alfa Aesar. Sodium metaperiodate
(NalO4,>+-99%) was obtained from Sigma-Aldrich. Oleic acid (OA, CigH3402, >99.9 % GC),
Acetonitrile (MeCN, C2H3N>99.9 % GC) were purchased from Carl Roth. 9-oxononanoic acid (
0OXO0, CoH1603, 95 %) and 9,10-dihydroxystearic acid ( diol, C1gH3604, 95 %) were obtained from
aber GmbH. Potassium bromide for spectroscopy ( 299%) was purchased from Acros Organics.

3.1 Explanation and hypothesis

The catechol groups can form a complex on alumina surface only if the O-O distance
in catechol and OH present at the surface are about the same length which is 2.8 A%3.The
compatible 0O-O distance that allows covalent bond with PDA is not present on a-Al,05°.
Therefore, only physical interactions between PDA and a-Al,Os are expected.

Dopamine is expected to have a planar orientation with respect to the support>?.
Following this hypothesis, the section occupied by one dopamine molecule can be calculated
as a rectangle area, length*width. Here the length is 8.82 A which corresponds to (b) in Figure
8 B and the width is 5.85 A which corresponds to (a) in Figure 8B52.
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Figure 8: (A) Maximum length of single DA molecule and (B) unit cell length of four DA molecules. a: 5.8528(3) A,
b: 8.8263(5) A, c: 14.6185 A, calculated using the Cambridge Crystallographic Data software>?

Figure 9 shows the interaction between 4 dopamine monomers. Hydrogen bridges will
encourage the planar formation of “dopamine sheets” and therefore encourage the dopamine
to have a planar orientation with respect to the support.
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Figure 9: Representation of hydrogen bridges between 4 dopamine monomer2.

3.2 Calculation of the amount of dopamine required to form a monolayer of
PDA on a-Al;03

Under the hypothesis that dopamine will have a planar orientation with respect to the
support>!,the surface area occupied by one dopamine molecule therefore can be calculated
as rectangle area, length*width. Here the length is 8.82 A and the width is 5.85 A52.

Area occupied on the support by one dopamine molecule:

S=Width x length=5.8528 x 8.8263 = 51.65 A2 = 5.165 101 m?
Al>03 Spet= 5.8 % the surface area developed by 1 gis 5.8 m?.

The number of dopamine molecules required to cover the surface of 1 g of a- Al;Os:

5.8

—————=1.2294 10%°
5.16510°-19

Number of molecules =
Knowing that My(dopamine) = 153.17 %
For one dopamine molecule

Muw(dopamine) = 153.17 / 6.022 1023 = 2.54344 1022 g

molecule dopamine
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Therefore, the mass of dopamine can be calculated as follow to cover 1 g of a-Al,03
Masse (dopamine) = 1.2294 10'%x 2.54344 1022=2.85 103g
To cover 4 g of a- Al;03, 0.0114 g is required.

3.3 Calculation of the amount of dopamine required to form a monolayer on y-
Al,O3

V-Al203 Sper= 70 % the surface area developed by 1 g is 70 m?.

The number of dopamine molecules required to cover the surface of 1 g of y-Al;Os:

70

————=1.3553 10%°
5.16510°~19

Number of molecules =

Mass of dopamine= 1.3553 10%° x 2.54344 1022=0.03447 g
To cover 4 g of y- Al,03 0.13788 g is required.

3.4 Solution 1

The solution 1 is used for the deposition of PDA on a-Al,0s. First, 200mL of deionized
water was added to a beaker and purged with a N3 flow in order to eliminate the presence of
0. Then, 0.014 g of dopamine hydrochloride was dissolved by magnetic stirring. The pH and
the O, concentration were monitored by pH paper and an OXY-4 mini fiber optic oxygen meter
connected to an optical oxygen sensor (PreSens GmbH, Germany) glued on the inner side of a
closed reaction vessel equipped with a magnetic stirrer. The dopamine at neutral pH is in its
cationic state®3.

o o O

HO™ =&

— Y ¢ hic:
Magnetic
Purge of O, stirred

_ =

e pH'? _— e

:(_ — pH:7 #_:___ : =
U L_J = -

Figure 10: Preparation of the solution 1

3.5 a-Al,03-PDA-N;

4 g of a-Al,03 was added at the solution 1. The solution was kept under magnetic
stirring under nitrogen atmosphere for 1 hour. Then the pH was registered. Finally, the solid
was obtained by vacuum filtration (MF-Millipore, pore size = 0.025 um) and dried in a furnace
during 3 hours at 105°C.
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Filtration
0-Al,0,-PDA-N,

_—

Figure 11: Preparation of the a-Al,O3-PDA-N;

3.6 a-Al;03-PDA-N>(TRIS)

First,4 g of a-Al,03 was added at the solution 1. Then 0.242 g of Tris (10 mM) was
added. The solution was kept under magnetic stirring under nitrogen atmosphere for 1 hour
at a pH of 8. Then the pH was registered. Finally, the solid was obtained by vacuum filtration
(MF-Millipore, pore size = 0.025 um) and dried in a furnace during 3 hours at 105°C.

° o o

Filtration
———+ 0-AlL,O,-PDA-N,(TRIS)

Figure 12:Preparation of the a-Al;03-PDA-N3(TRIS)

3.761’—A/203—PDA—02

4 g of a-Al,03 was added at the solution 1. The flow of nitrogen was then replaced by
a flow of air. The solution was kept under magnetic stirring for 1 hour at a pH of 7. Afterwards
the pH was registered. Finally, the solid was obtained by vacuum filtration (MF-Millipore, pore
size = 0.025 um) and dried in a furnace during 3 hours at 105°C.

Filtration
- . a-Al,O,-PDA-O,

Figure 13: Preparation of the a-Al,03-PDA-O,
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3.8 a-Al,03-PDA-O4(TRIS)

First, 4 g d’ a-Al,O3was added at the solution 1. The flow of nitrogen was then replaced
by a flow of air. Afterwards 0.24228 g of Tris (10 mM) was added. The solution was maintained
under magnetic stirred for 1 hour at a pH of 8. Then the pH was registered. Finally, the solid
was obtained by vacuum filtration (MF-Millipore, pore size = 0.025 um) and dried in a furnace
during 3 hours at 105°C.

o

Filtration
. o-Al,0,-PDA-O,(TRIS)

Figure 14: Preparation of the a-Al,03-PDA-O(TRIS)

3.9 a-Al,03-PDA-O2(HMTA)

4 g of a-Al,03 was added at the solution 1. The flow of nitrogen was then replaced by
a flow of air. Afterwards 0.28 g of HMTA (10 mM) was added. Thanks to pH paper we checked
that the solution is at pH 8. The solution was maintained under magnetic stirred for 1 hour.
The pH was registered. Finally, the solid was obtained by vacuum filtration (MF-Millipore, pore
size = 0.025 um) and dried in a furnace during 3 hours at 105°C.

o

Filtration
, 0-Al,0,-PDA-O,(HMTA)

Figure 15: Preparation of a-Al,03-PDA-O,(HMTA)

3.10 Solution 2

First, 200mL of deionized water was added to a beaker and purged with a N; flow in
order to eliminate the presence of O,. Then, 0.138 g of dopamine hydrochloride was dissolved
by magnetic stirring. The pH and the O; concentration were monitored by pH paper and an
OXY-4 mini fiber optic oxygen meter connected to an optical oxygen sensor (PreSens GmbH,
Germany) glued on the inner side of a closed reaction vessel equipped with a magnetic stirrer.
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3.11 y-Al203-PDA-O3(TRIS)

4 g of y -Al,O3 was added at the solution 2. The flow of nitrogen was replaced by a flow
of air. Then 0.242 g of Tris (10 mM) was added. Thanks to pH paper we have checked that the
solution was at pH 8. The solution was maintained under magnetic stirred for 1 hour. The pH
was registered. Finally, the solid was obtained by vacuum filtration (MF-Millipore, pore size =
0.025 pum) and dried in a furnace during 3 hours at 105°C.

o

Filtration
. y-AlLO,-PDA-O,(TRIS)

Figure 16: Preparation of y-Al,03-PDA-O,(TRIS)

3.12 y-Al:03-PDA-O2(HMTA)

First, 4 g of y -Al,03 was added at the solution 2. The flow of nitrogen was replaced by
a flow of air. 0.28 g of HMTA (10 mM) was added. Thanks to pH paper we have checked that
the solution was at pH 8. The solution was maintained under magnetic stirred for 1 hour. The
pH was registered. Finally, the solid was obtained by vacuum filtration (MF-Millipore, pore size
=0.025 um) and dried in a furnace during 3 hours at 105°C.

o o o

Filtration
—————+ y-Al,0,-PDA-O,(HMTA)

Figure 17:Preparation of y-Al,03-PDA-O;(HMTA)

3.13 Impregnation of ruthenium

For solids y-Al,Os-PDA(TRIS), y-Al,03-PDA(HMDA), a-Al,03-PDA(TRIS) and a-Al,Os-
PDA(HMDA), 1 g of solid was put into 20 mL of distilled water. The suspension was dispersed
by ultrasonic treatments for 15 minutes. Then 10 mL of RuCl3.H,0 (10mM;0.045g) was added
drop by drop in order to obtain a Ru load of 2 wt.% and the mixture was stirred for 24 hours.
The separation of the synthesized catalysts denoted as y-Al,03-PDA(TRIS)-Ru(2%), a-Al;0s-
PDA(TRIS)-Ru(2%),y-Al,03-PDA(HMTA)-Ru(2%) and  a-Al;03-PDA-(HMTA)-Ru(2%) was
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achieved by centrifugation at 14 000 rpm (26 200 g) in a Heraeus MultifugeX1R Centrifuge for
20 minutes. Finally, the catalysts were dried in ambient air at room temperature overnight.

4 Characterization

4.1 Nitrogen physisorption

The textural properties were obtained through N physisorption at -196°Cin a
Micromeritics Tristar 3000. The specific surface area was calculated thanks to the Brunauer-
Emmett-Teller (BET) model using the data in the range of partial pressure {0.05-0.3}. The
pore volume and the average pore diameter are calculated with the Barrett-Joyner-Halenda
(BJH) method. Samples were weighted (about 200 mg while using a filler rode) before and
after degassing for 6 hours with a Micromeritics VacPrep 061 instrument at 150°C and ~10.7
Pa.

4.2 Fourier-transform infrared spectroscopy (FTIR)

25 mg of sample was mixed with 250 mg of KBr. The mixture was pressed as a wafer
at 10 Tin a Graseby Specac hydraulic press and analyzed with an Equinox 55 FTIR spectrometer
(Bruker) in the transmission mode. The outgoing beam was detected by a dielectric DTGS with
an iris aperture of 5000 um. KBr pastille was recorded and used as background. One hundred
scans were performed in the range of 4000 to 400 cm™ with a 4 cm™ resolution.

The same instrument equipped with a Platinum ATR cell was used also in the
attenuated total reflectance (ATR) mode. One hundred scans were performed in the range of
4000 to 400 cm™® with a resolution of 4cm™.ATR correction and data processing were
performed using the OPUS Software from Bruker.

4.3 X-ray diffractometer (XRD)

The samples were analyzed in a Bruker-D8 Advance diffractometer with a Bragg-
Brentano geometry. The X-ray source is a copper anode under 40 kV, 30 mA (Ka=0.154 nm).
The detection was achieved with a LynxEye XE-T technology. The angle (26) was scanned from
5° to 80 ° at a speed of 6 °/min (5051 steps of 0.015°). Nivea cream was gently applied on the
sample-holder to fix the powder which is then deposited homogeneously. The identification
of phases was realized by the comparison of the experimental diffractograms and those in the
database (ICDD-PDF2-2004) using the EVA software from Bruker.

4.4 X-ray photoelectron spectroscopy (XPS)

Samples were analyzed with a SSX 100/206 photoelectron spectrometer from Surface
Science Instruments (USA) equipped with a monochromatized micro focused Al X-ray source
(powered at 20 mA and 10 kV). The pressure in the analysis chamber was around 10 Pa. The
angle between the surface and the axis of the analyzer lens was 55°. The analyzed area was
approximately 1.4 mm? and the pass energy was set at 150 eV. With these above parameters
the full width measured at half maximum (FWHM) of the Au 4f;,; peak for a clean gold
standard sample was about 1.6 eV. The samples powders were pressed in small stainless-steel
troughs of 4 mm diameter and placed on a ceramic carousel. A flood gun set at 8 eV and a Ni
grid placed above the sample surface are applied for the charge stabilization. The following
sequence of the spectra was recorded: survey spectrum, C 1s, O 1s, N 1s, Cl 2p, Ru 3p, Al 2p.
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For all the samples, Cls spectrum was double recorded to verify the stability of the charge
compensation with time. The aromatic C-(C,H) component of the C 1s peak of carbon has not
been set has at 284.8 eV to serve as a reference scale because PDA, HMTA and tris contains
carbon. So, Al 2p has been set at 74 eV and serves as a reference scale. Data treatment was
performed with the CasaXPS program (Casa Software Ltd, UK). All spectra were decomposed
with the least squares fitting routine with a Gaussian/Lorentzian (85/15) product function and
after subtraction of a non-linear baseline.

4.5 Thermogravimetric analysis (TGA)

About 20 mg of the solids was introduced into 70 pL Al;Os clean crucibles. A Mettler
Toledo TGA/SDTA851e Thermogravimetric Analyzer is used. All analyses are performed under
a nitrogen atmosphere at a flow rate of 40 mL/min from 50°C to 900°C with a heating ramp at
10°C/min.

4.6 Inductively coupled plasma-atomic emission spectroscopy (ICP-AES)

Ruthenium load on each carbon catalyst was measured by inductively coupled plasma
- atomic emission spectrometry (ICP-AES) in an ICP 6500 Thermo Scientific Instrument. For this
matter, about 100 mg of each sample was placed in a vitreous carbon crucible and calcined
overnight at 500 °C in an oven to remove the organic matter. Then, 50 to 100 mg of the
calcined sample was mixed with 2 g of sodium peroxide (Na;0:) along with 1 g of sodium
hydroxide tablet (NaOH) and transferred to another vitreous carbon crucible. This solid
mixture was molten under the flame of a Bunsen burner and after cooling, the crucible was
immersed in 100 mL of HCI 11 % (v/v) solution to dissolve all Ru along the carbonaceous
matrix. Finally, the crucible was rinsed with distilled water and the obtained solution was
diluted to 1000 mL prior analysis.

4.7 Catalytic test

In a closed 20 mL vessel 438 mg of NalO4 was dissolved in 8mL of H,O with magnetic
agitation at room temperature. After 4 mL of acetonitrile, 2 mL of ethyl acetate, 196 uL of
oleic acid and 81.5 pL of heptanoic acid (Internal standard) were added. An aliquot of 0.2 mL
from the organic phase was extracted and diluted in 1.3 mL of ethyl acetate. Afterwards 100
mg of the catalyst was added. The reaction was monitored by taking aliquots of 0.2 mL from
the organic phase after 2, 4, 6 and 24 hours.

Every extraction was done with a 1mL Injekt®-F Luer Solo syringe from B Braun and
filtrated (MF-Millipore, pore size= 0.25um). All samples were analyzed in a Varian 3800 Gas
Chromatograph (GC) equipped with a Flame lonization Detector (FID). In this study, a
Stabilwax-DA Restek column, formed by a crossbond acid-deactivated Carbowax polyethylene
glycol as stationary phase, was employed in order to inject directly the samples without
performing any derivatization process. The GC has a split ratio of 35:1 with a pressure of 10
psi. The FID temperature was set at 300°C and the injector at 285°C. The oven was first hold
at 100 °C for 2 minutes and then it was increased until 240°C (8°C/min).

Conversions were calculated with the following equation:

C= Noat=0 — NoA t=tx

Noat=0
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where Cis the conversion, noat=ois the initial quantity in mole of OA before adding the
catalyst and noa =t is the quantity of OA at a given time t*.

Selectivities were calculated with the following equation:

G Ny t=ts _ mol of desired product

Noat=0 — N0A t=tx mol of converted OA

where np -+ is the number of moles of product produced at a given time t*. The
number of moles is calculated based on the calibration curves (Appendices). AA is slightly
soluble in the aqueous phase; the concentration is therefore corrected by the partition
coefficient Kaa which is calculated via:

C
Koy = —299 _ 0175 + 0.003
Adorg

where Caa aqis the concentration of AA in water and Caa org is the concentration of AA
in AcOEt. Kaa was calculated by Sebastian Gamez, using the data he obtained during his PhD
thesis. The total quantity of products is then the sum of the amount of AA dissolved in each
phase.

n,(tot) = ny,(aq) + n,(org)

4.8 Recycling tests

After 24 hours of catalytic test, the catalyst was separated from the solution by
centrifugation. The centrifugation was performed in a Heraeus Multifuge X 1R Centrifuge from
Thermo Scientific at 14 000 rpm (26200 g), 25 °C and during 20 minutes. After removing the
solution, the solid was dried under ambient temperature in ambient air during the night. Then
the catalyst was re-injected in a fresh reaction mixture to perform the oxidative cleavage of
oleic acid with the same procedure as mentioned above. This procedure was repeated 5 times
to check the possibility to re-use the catalysts. Conversion and selectivity were calculated after
each recycling test.

4.9 Hot centrifugation tests

In these tests, once the conversion in a test described above was approximately 50 %,
the catalyst was removed from the reaction medium by centrifugation. The centrifugation was
performed in a Heraeus Multifuge X 1R Centrifuge from Thermo Scientific at 14 000 rpm
(26200 g), 25 °C and for 20 minutes. Then, the reaction continued to be monitored (without
the solid catalyst) by injecting samples of the organic layer in the chromatograph. This test
was performed to verify whether the oxidative cleavage kept ongoing after the removal of the
solid catalyst. An increase in conversion after the catalyst removal would suggest that the
active sites (ruthenium species) are in the liquid phase instead of on the composite surface.
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5 Results and discussion

5.1 Validation of best conditions for the deposition of PDA

FTIR and XPS spectroscopy were performed to verify the presence of PDA on a-Al,03
and y-AlbOs. For a-Al,03 a broad band is displayed at 3443 cm™ which may correspond to
hydrogen-bonded surface hydroxyl groups. The broad band in the range of 600-800 cm™ and
the peak at 463 cm™ correspond to Al-O stretching vibration. The peak at 1639 corresponds
to H,0. These results are in accordance with previous research >*.For y-Al,0s the 2 broad bands
at 3393 cm™ may be attributed to O-H stretching vibration of H20. The 3111 cm™ peak may
correspond to stretching vibration in AIOOH. The peak at 1105 cm™ corresponds to plane-
bending scissoring vibration of OH in AIOOH>>(Figure 18).
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Figure 18:FTIR spectra of a-Al,03 and y-Al;03,

After PDA deposition on y-Al,03, a peak appears at 1508 cm™ which can be due to N-
H bending (Figure 19a), the 2 peaks at 1539 cm™ and 1472 cm™ could be attributed to N-H
stretching and scissoring because of the indole or indoline structure of PDA, 1389 cm™ can be
associated to C-H bending and 1350 cm™ to C-N stretching (Figure 19b). The amount of
dopamine added to a-Al,03 was too small to be seen in FTIR (Figure 20).
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The deposition of polydopamine was successful for a-Al,03-PDA-O2(TRIS), a-Al,03-
PDA-O2(HMTA), y-Al,03-PDA-O(TRIS) because nitrogen is detected in their survey spectra XPS
and also in the survey (Tablel). The high-resolution N1s spectrum shows a well-defined peak
for a-Al,03-PDA-O(TRIS) (Figure 21d). The high-resolution N1s spectrum of a-Al,O3-N;(Figure
21e) and a-Al;03-Oy(Figure 21g) present a small peak which is due probably due to skin
contamination because the certificate of Analysis (ICP) provided by Alpha does not reveal the
presence of nitrogen and the solid was not put in presence of any nitrogen compounds (other
than the flux of Ny for a-Al,03-N;). For a-Al,03-PDA-N,(Tris) (Figure21b), a-AlOs-N2(TRIS)
(Figure 21f) and for a-Al,03-0,(TRIS) the peak detected is due to the deposition of TRIS on the
support. In appendices (Figure 32), the deposition of HMTA is also observed. In conclusion the
deposition of PDA requires oxygen and alkaline conditions. In addition, the nitrogen comes
from PDA and either TRIS or HMTA which are adsorbed on the support.
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Figure 21: High resolution N1s spectrum of{a) a-Al:03-PDA-N,, (b) a-Al;03-PDA-N3(TRIS), (c) a-Al;03-PDA-O, (d) a-
A/zO_;-PDA-Oz(TR/S), (e) a-A/203-N2, (f) a-AI203-N2(TRIS), (g) a-Al;03-0; and (h) a-A/203-Oz-(TRIS).

The deconvolution of N1s spectra for y-Al,03-PDA-O;(TRIS)-Ru (Figure 22a) and of y-
Al;03-PDA-O2(HMTA)-Ru (Figure 22b) shows the presence of primary amine (R-NHz) which can
be the consequence of an incomplete cyclization. In the case of y-Al,03-PDA-O3(TRIS)-Ru this
may be due to the incorporation of tris during polymerization (Figure 6). The species R-NH-R
and R=N-R are corresponding to secondary amines and imine on the indole ring of
polydopamine.
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Figure 22: Deconvoluted N1s spectra of (a) y-Al,03-PDA-O,(TRIS)-Ru and (b) y-Al;03-PDA-O,(HMTA)-Ru.

Table 1: Superficial chemical composition (from XPS) of a-Al,03, a-Al,03-PDA-N;, a-Al,03-PDA-N,(TRIS), a-Al;03-
PDA-OZ, a-A/203-PDA-Oz(TRIS), O(-A/zOg-Nz, O(-Alzog-Nz(TR/S), a-A/203-02,a-A/203-Oz-(TR/S) V-A/zOg, , ]/-A/zOg-PDA-Oz(TR/S), V-
Al,03-0,(TRIS), y-Al,03-PDA-O,(HMTA) and y-Al;03-0O,(HMTA).

Sample O1ls Cls Al2p N1s
a-AlO3 62.5 8.9 28.5 -
a-Al,03-PDA-N; 68.4 12,1 19,5 -
a-Al;03-N3 65.8 8.8 25.3 -
a-Al,03-PDA-N3(TRIS) 65.9 12.6 21.5 -
a-Al,03-N»(TRIS) 68.8 9.6 21.5 -
a-Al,03-PDA-O; 56.5 15.7 27.7 -
a-Al;03-0; 69.8 10.7 19.4 -
a-Al,03-PDA-O,(TRIS) 57.9 16.4 24.78 0.9
a-Al,03-0(TRIS) 68.1 10.8 21 -
a-Al;,03-PDA-O2(HMTA) 52.7 13.2 33.84 0.3
a-Al,03-02(HMTA) 66.5 7.2 26.33 -
y-Al203 55.9 13 30.97 -
v-Al,03-PDA-O;(TRIS) 56.4 9.5 33.7 0.3
y-Al203-O>(TRIS) 58.6 7.3 33.8 0.3
y-Al,03-PDA-O,(HMTA) 57 7.6 35.3 -
y-Al203-02(HMTA) 66.5 7.2 26.3 -
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5.2 Evaluation of the impact of the deposition of PDA on the support

Textural properties of a-Al,03, a-Al,03-PDA-O;(TRIS), y-Al203 and y-Al,03-PDA-O,(TRIS)
using the N; physisorption isotherms (Figure 23) were calculated (Table 2). The four isotherms
present a type |l shape with a weak hysteresis starting after above P/Po=0.9 but hystereses are
considered too weak to consider a type IV isotherm.Type Il isotherm are typical of
macroporous or non-porous solids*®.The particles are non-porous, the porosity arises from
macropore between particles. There are no significant differences when PDA is deposed on a-
Al,Os3. However, when PDA is deposited on y-Al,0s3 the specific surface area is decreasing
because PDA is recovering in one layer every particle and therefore fill the defect present at
the surface. The pore volume and the pore diameter are increasing because the particles are
bigger due to the monolayer of PDA and therefore the space between the particles are bigger.

Table 2: Textural properties of a-Al,03, a-Al,03-PDA-O(TRIS), y-Al203 and y-Al;03-PDA-O5(TRIS)

Sample Pore Specific Pore volume
diameter (nm) surface area (m?/g) | (cm3/gSTP)
a-Al>03 27 6 0.021
a-Al,03-N; 25 7 0.024
a-Al>03-PDA-N; 21 8 0.025
0-Al,03-N2(TRIS) 24 7 0.025
a-Al;03-PDA-N3(TRIS) 25 8 0.028
a-Al;03-0; 36 7 0.02
a-Al>03-PDA-O; 25 7 0.029
a-Al,03-0,(TRIS) 22 8 0.029
a-Al,03-PDA-O,(TRIS) 28 8 0.029
0-Al,03-02(HMTA) 16 6 0.015
a-Al,03-PDA-02(HMTA) 28 8 0.031
v-Al>03 19 70 0.225
y-Al,03-0,(TRIS) 20 65 0.217
v-Al,03-PDA-O;(TRIS) 36 58 0.392
y-Al,03-02(HMTA) 27 56 0.249
y-Al,03-PDA-O2(HMTA) 31 60 0.421

As reported in the literature®’, a-Al>Os is thermally stable. There is no weight loss
(Figure 23c).

The total weight loss for y-Al,03 is 6 % (Figure 23d). The first weight loss for y-Al,Os
below 200 °C corresponds to the loss of adsorbed water. The decomposition of PDA begins at
250 °C8. The weight loss due to PDA can be calculated by taking the weight loss of a-Al,0s-
O2(TRIS) after 250 °C and the weight loss of a-Al,03-PDA-O,(TRIS) after 250 °C. The difference
is due to PDA and is about 0.2 % for a-Al,03-PDA-O,(TRIS) and 0.9 % for y-Al,03-PDA-O;(TRIS).
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The XRD pattern for a-Al,03 (Figure 24) is in concordance with the literature®?. The so
called y-Al,Os (Figure 24) is in fact part y-Al,03 and part of boehmite(AIOOH)®. PDA does not
affect the integrity of the support because the diffractogram are the same with PDA or

without.
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Figure 24: Diffractogram of y-Al;03-PDA-O(TRIS), y-Al;03, a-Al,03-PDA-O5(TRIS) and a-Al;0s. (*) y-Al,03 (°)
boehmite.

To summarize this section, the deposition of PDA on y-Al,0; is decreasing the specific
area while pore volume and pore diameter are increasing. This may be due to the covering by
PDA molecules of the surface of the support in homogeneous layer. In addition, the deposition
of PDA on the support leads to a more marked weight loss in TGA analysis due to the thermal
degradation of the polymer on the surface support. Finally, the PDA deposition does not affect
the integrity of the support as demonstrated shown by XRD.

5.3 Verification of the impregnation of ruthenium and its interaction

between Ru and PDA

The XPS survey spectra present a peak Ru3p (Figure 25a). The high resolution Ru 3p
spectrum of y-Al,03-Ru (Figure 25d) shows that Ru3p3/2 is at 462.1 eV which corresponds to
a oxidation state of Ru(IV) ®.For y-Al,03-PDA-O>(TRIS)-Ru the Ru3p3/2 position is at 462.4
eV(Figure 25e) and for y-Al,03-PDA-O2(HMTA) Ru3p3/2 is at 462.2 eV which corresponds also
to an oxidation state of Ru(lV). The deconvolution of Cls spectra of y-Al,03-PDA-O3(TRIS)-Ru
(Figure 25g) and of y-Al,03-PDA-O2(HMTA)-Ru (Figure 25h) shows that the ruthenium is
present as Ru[lll] and as Ru[IV].
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Figure 25:Survey spectra of (a) y-Al,03-Ru, (b) y-Al,03-PDA-O,(TRIS) and (c) y-Al,O03-PDA-O(TRIS)-Ru. Deconvoluted
Ru3p spectra of (d) y-Alz0s-Ru, (e) y-Al,03-PDA-O5(TRIS)-Ru and (f) y-Al,03-PDA-O,(HMTA)-Ru. Deconvoluted C1s of (g) y-
Al,03-PDA-O5(TRIS)-Ru, (h) y-Al,03-PDA-O>(HMTA)-Ru.

The impregnation of ruthenium on a-Al;Os and on y-Al,03 was successful but it leads
to a low bulk concentration of ruthenium on the support. But when PDA was deposited on the
support before the impregnation it allows to retain ruthenium more abundantly (Table 3).
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Table 3: Ru content of y-Al,03-Ru, y-Al,03-PDA-O,(TRIS)-Ru and y-Al,03-PDA-O,(HMTA)-Ru measured by ICP-AES.

Sample Ru loading Ru loading (ICP
(Nominal value) (% ) value) (%)
a-Al,03-Ru 2 0.26
v-Al;03-Ru 2 0.29
y-Al,03-PDA-O,(TRIS)-Ru 2 1.96
y-Al,03-PDA-O,(HMTA)-Ru 2 1.97

5.4 Catalytic tests

The comparison of a-Al,03 and y-Al,Os as support for ruthenium was examined. The
evaluation of the catalytic performances of both catalysts was assessed by monitoring the
conversion (Figure 26a) until 24 hours and the product distribution (and oleic acid) was
calculated at t=24 hours (Figure 26b). Catalysts based on y-Al,03 shows better catalytic activity
than those based on a-Al,O3 because its specific area is 10 times bigger (Table 2) and a slightly
higher Ru loading (Table 3).

The addition of PDA (synthesized either with TRIS or HMTA) improved greatly the
catalytic activity in this reaction as making the catalysts reaching 98% of conversion in 24 hours
vs 67 % for y-Al,03-Ru(2%) (Figure 26a). Before reaching 98% at 24 hours y-Al,03-PDA-O(TRIS)
has a better conversion than y-Al,03-PDA-O; (HMTA) this is due to a better deposition of PDA
with Tris. The addition of PDA whenever it was produced with TRIS or HMTA improved greatly
the amount of PA and AA which are the target products. The product distribution of y-Al,Os-
PDA-O; (TRIS) and y-Al,03-PDA-0, (HMTA) are quite similar.
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Figure 26:Conversion curves of (a) a-Al,0s-Ru(2%), y-Al,Os3-Ru(2%), y-Al,03 —PDA-O; (TRIS)-Ru(2%) and y-Al,O3-
PDA-O; (HMTA)-Ru(2%) and products distribution of a-Al,0s-Ru, y-Al;O3-Ru(2%), y-Al,03 —PDA-O; (TRIS)-Ru(2%) and y-

Al;,03-PDA-O5 (HMTA)-Ru(2%)

Table 4: yields and selectivities of a-Al,03-Ru(2%), y-Al,O3-Ru(2%), y-Al,03 —PDA-O; (TRIS)-Ru(2%) and y-Al;,03-

PDA-0, (HMTA)-Ru(2%)

Yield Selectivity
PA(%) AA (%) PA(%) AA (%)
a-Al203-Ru(2%) 9.4 9.9 20.02 21.13
y-Al203-Ru(2%) 15.2 14.3 22.9 21.5
y-Al,03-PDA-O; (TRIS)-Ru(2%) 95.9 96.2 97.7 98
y-Al,03-PDA-O, (HMTA)- 97 97.3 99.6 99.8
Ru(2%)

5.5 Post-catalytic test characterization

ICP and XPS was performed before and after the catalytic test. After the catalytic test
v-Al203-Ru(2%) shows no more the XPS ruthenium peak ( Figure 27 b) and ICP result shows
that there is almost no more ruthenium (Table 5). On the other hand y-Al,03-PDA-O;(TRIS)-
Ru(2%) and y-Al;03-PDA-O, (HMTA)-Ru(2%) still present a XPS peak for ruthenium after the
catalytic test (Figure 27 d,f). Moreover, ICP results show the ability of PDA to retain Ru during
the impregnation and avoid a great part of leaching during the catalytic test (Table 5).
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Figure 27: Deconvoluted Ru3p spectra of y-Al,03-Ru (a) before catalytic test (b) after catalytic test, of y-Al,03-
PDA-O,(TRIS)-Ru (c) before catalytic test (d) after catalytic test, of y-Al,03-PDA-O,(HMTA)-Ru (e) before catalytic test (f) after

catalytic test

Table 5:Ru contents before and after catalytic test measured by ICP-AES

Sample Catalytic test Ru(% wt.)
a-Al;03-Ru(2%) Before 0.26
After 0.02
v-Al,03-Ru(2%) Before 0.29
After 0.02
y-Al,03-PDA-O,(TRIS)-Ru(2%) Before 1.96
After 1.91
v-Al203-PDA-O2(HMTA)-Ru(2%) Before 1.97
After 1.82

The conversion decreased significantly at the first recycle run for a-Al,03-Ru(2%) and
v-Al203-Ru(2%)(Figure 28a,b).This can be explained because of the leaching of ruthenium
during the catalytic test as ICP results have shown.
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For y-Al,03-PDA-O3(TRIS)-Ru(2%) and y-Al,03-PDA-O2(HMTA)-Ru(2%), the conversion
curve was quite similar at least until the 3 recycle tests. (Figure 28c,d) y-Al,03-PDA-O,(TRIS)-
Ru(2%) shows a better robustness than y-Al,03-PDA-O2(HMTA)-Ru(2%) for the 4 and 5 recycle
tests. This may be due to a better deposition of PDA and thus a better capacity than y-Al,Os-
PDA-O2(HMTA)-Ru(2%) to retain Ru longer on the composite.

y-Al,03-PDA-O;(TRIS)-Ru(2%) and y-Al,03-PDA-O2(HMTA)-Ru(2%) have an increase of
conversion even when the solid catalyst is removed. This results from active Ru species
dissolved in the reaction medium because of the leaching of ruthenium (Figure 28). The
recycling tests show that y-Al,03-PDA-O»(TRIS)-Ru(2%) and y-Al,03-PDA-O2(HMTA)-Ru(2%) are
keeping their activity at least during the first 3 cycles but the “Hot-centrifugation” test shows
that there are some leaching of ruthenium during the catalytic test. This result can be
explained by the fact that the catalyst when PDA is present behaves in fact as a boomerang
catalyst®2. The actives species, in this case ruthenium[lll], on the support ( y-Al.0s3) will be
released when put in contact with NalO4 and become RuOa. After the oxidative cleavage of
oleic acid, the composite recovered its Ru ions thanks to PDA which can chelate Ru species by
forming a complex with them.
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6 Conclusion and future works

For a-Al;03 and y-Al,Os the deposition of PDA was successful when oxygen was present
in alkaline solution. The presence of PDA was difficult to detect on a-Al,0s because the amount
of dopamine required to form a monolayer was very small due to the low specific surface area.
The Tris buffer led to a higher deposition of PDA on the support than HMTA because Tris
adjusts the pH at 8. It was expected that the decomposition of HMTA, which releases ammonia
would trigger the polymerization, but it was no sufficient to reach a pH of 8. For further work
it will be interesting to see the impact of the deposition of PDA with Tris and HMTA.

The support which contains PDA shows a higher content of ruthenium after the
impregnation due to the ability of PDA to form a complex with Ru ions. Therefore, there are
very active with high conversion and selectivity towards PA and AA.

The “hot centrifugation” tests demonstrated the presence of active ruthenium species
dissolved in the reaction medium. Indeed, the conversion kept increasing even after removing
the solid catalyst. The leaching of Ru was confirmed by ICP.

Surprisingly, the recyclability test displays that y-Al,O3-PDA-O2(TRIS)-Ru(2%) retains its
activity during 4 recycle tests and y-Al,03-PDA-O2(HMTA)-Ru(2%) during 3 recycle tests. This
leads to the conclusion that the catalyst is in fact a boomerang catalyst which combines the
benefits of heterogenous and homogeneous catalysis. 6

During this work, the benefit of PDA has been clearly demonstrated. However,the
nature of the interactions between PDA and the alumina, and between PDA and ruthenium
remains unclear and would need to be further examined.
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Figure 30: Fourier-transform spectrum of a-Al,03-PDA-N;, a-Al;03-N;, a-Al;03-PDA-N3(TRIS) , a-Al,03-Ny(TRIS), a-
A/203-PDA-02, a—A/203-02, a-A/203-PDA-Oz(TR/S), a-Al203-Oz(TRIS), a-AIZO_:g-PDA-Oz(HMTA) and a—A1203—02(HMTA).
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Figure 31: FTIR spectra of y-Al,03-O5(TRIS), y-Al203-PDA-O(TRIS), y-Al;03-O2(HMTA ) and y-Al;03-PDA-O2(HMTA)
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Figure 32: High resolution spectra N1s of( a) a-Al,03-PDA-O,(HMTA), (b) y-Al;03-PDA-O4(TRIS),(c) y-Al,03-PDA-

O2(HMTA), (d) a-Al:03-O2(HMTA), (e) y-Al:05-0(TRIS) and (f) ) y-Al205-0:(HMTA,).
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Figure 33: XRD pattern of a-Al,03 and of a-Al,03-PDA-N;, a-Al;03-N;, a-Al;03-PDA-N3(TRIS) , a-Al,03-Ny(TRIS), a-
A/zOg-PDA-Oz, a—A1203—02, C(-A/zOg-PDA-Oz(TR/S), a-A1203—02(TRIS), a-A1203—PDA-02(HMTA) and d-A/zO3-Oz(HMTA).
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Figure 34: XRD pattern of y-Al,03 and y-Al,03-0,(TRIS) , y-Al,03-PDA-O,(TRIS), y-Al,03-O,(HMTA ) and y-Al,03-PDA-
0,(HMTA)y-Al203-PDA-O2(TRIS), y-Al203-02(HMTA ) and y-Al203-PDA-O2(HMTA).
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Figure 35: Nitrogen physisorption isotherms of a-Al,03-PDA-N,, a-Al;03-N;, a-Al;03-PDA-N3(TRIS) , a-Al;03-
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Figure 36: Nitrogen physisorption isotherms of y-Al,03-O2(TRIS) , y-Al;03-PDA-O(TRIS), y-Al,03-O2(HMTA ) and y-

Al;03-PDA-O5(HTA).
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Figure 37: TGA analysis of a-Al;03-PDA-N;, a-Al,03-N,, a-Al;03-PDA-N(TRIS), a-Al,03-N5(TRIS), a-Al,03-PDA-O;, a-
A/zOg-Oz, (X-A/zOg-PDA-Oz(TRIS), a—Al203—02(TRIS), (I-A/203-PDA-02(HMTA) and a-A/203-Oz(HMTA).
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Oxidative cleavage of oleic acid with alumina-ruthenium
composites
Presented by Odile Malburny

In a near future, the world will have to face the shortage of petrochemical
molecules which are currently the most important raw material for the chemical
industry. In addition to the scarcity which leads to economic concern, the pollution
that arises from petroleum materials is also a big concern. Therefore, a lot of effort
has been paid to find new renewable, biodegradable, harmless feedstocks which
can replaced petrochemical molecules. Oils and fats have similar structure as
petrochemical molecules and are abundant in the nature which makes them
promising as new renewable feedstocks. Oleochemistry is the process by which
vegetable oils and animal fats are transformed into value-added products. Lipids
are built from triglycerides. The decomposition of these triglycerides will produce
fatty acids (FA), either saturated (without carbon-carbon double bond) or
unsaturated (with carbon-carbon double bond) ones.

Oleic acid (OA) is the most abundant mono-unsaturated fatty acid (UFA) present
in Nature. OA is currently used industrially to produce azelaic acid (AA) and
pelargonic acid (PA). AA is a linear saturated dicarboxylic acid with 9 carbons. AA
is used in pharmaceutical, cosmetic and polymers industry and can also serve as a
lubricant or as a plasticizer. In addition, the market price of AA is expected to reach
140m USD by 2025. PA is mainly used in pesticides and herbicides. The production
of PA and AA is usually performed via ozonolysis of OA, the oxidative cleavage of
the double carbon bond is done with O3 as oxidant agent. On the other hand, the
use of ozone present safety risk and pollution issues. Despite the issue of using
ozone, the alternative of heterogeneous catalysts for the oxidative cleavage of
UFA'’s are poorly documented.

In this work, a novel Ru heterogeneous composite catalyst for the oxidative
cleavage of oleic was synthesized. As a matter of fact, Ru in its oxidation state +VIII
(RuO4) can perform the oxidative cleavage of OA into PA and AA, at room
temperature and atmospheric pressure. Alumina was used as support and
polydopamine was used as an anchoring system for the complexion of Ru ions. The
best catalyst resulted to be active in the oxidative cleavage of oleic acid reaching
conversion of 98% after 7 hours and retains its activity during 4 recycles with high
selectivity towards PA and AA.

During this work, the benefit of PDA has been clearly demonstrated. However, the
interactions between PDA and the alumina, and between PDA and ruthenium,
remain unclear and would deserve to be further examined.
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