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Abstract: Oxidative cleavage of unsaturated fatty acids involves the
rupture of carbon-carbon double bonds to produce carbonyl
compounds of high added value. This reaction is mainly performed
using homogenous catalysts which are pollutant and cannot be
recovered while current heterogeneous catalysts display poor
activity. To solve this issue, an active catalyst was prepared by
impregnating Ru ions on carbon spheres synthesized by
hydrothermal carbonization of a glucose solution. Carbon spheres
were calcined under air atmosphere to create porosity and
functionalized with polydopamine to improve their ability to complex
Ru ions. The catalyst was fully characterized and completed the
oxidative cleavage of oleic acid within 7 h of stirring at room
temperature using NalO, as oxidizing agent. The addition of N-
Methylmorpholine N-oxide, a green oxidizing agent, allowed >99%
conversion in only 5 h. Therefore, it was possible to conceive an
eco-friendly carbon catalyst for the valorization of oleic acid under
mild conditions.

Introduction

Unsaturated fatty acids (UFAs) have become an interesting
source of chemical base materials due to their abundance and
low cost.¥1 These molecules possess a carboxylic site and one
or several unsaturations along their aliphatic chains.*% Most of
the reactions carried out on UFAs are focused on their
carboxylic groups (e.g. decarboxylation, esterification, reduction)
while around 10% of industrial applications are targeted to their
unsaturations.*®7 In this regard, the oxidative cleavage of
carbon-carbon double bonds arises as an alternative for the
production of  value-added products from renewable
feedstock.[®®! For instance, oleic acid can be transformed into
pelargonic (PA) and azelaic (AA) acids which are valuable as
herbicides and skin cancer treatment respectively.*%4 So far,
oxidative cleavage of UFAs is mainly performed by ozonolysis
(high energy demanding) or with homogenous catalysts which
are not reusable and are polluting.*>*%1 Moreover, current
heterogeneous catalysts display a poor activity as a result of the
poor contact amid the UFA and the active phase. In addition,
bad performances of heterogeneous catalysts are related as

well to loss of activity because of leaching issues.['68 In this
matter we explored (i) the possibility to develop our own carbon
supports and (ii) the modification of their textural properties by
simple thermal treatments. To avoid polluting methodologies and
to conceive a greener catalytic system, a hydrothermal eco-
friendly carbonization procedure was selected to synthesize
carbon submicrometric particles. This methodology uses
different biomass derivatives (e.g. glucose, xylose, maltose,
fructose, hydroxymethylfurfural) diluted in aqueous solutions
which are heated under autogenous pressure inside sealed
recipients. 920

The most common and simple example is the hydrothermal
carbonization of glucose which isomerizes into fructose during
the autogenous heating process.??4l The latter decomposes
into different organic derivatives such as levulinic acid, formic
acid among others.?>281 Fructose and glucose molecules may
also undergo dehydration reactions followed by C-C bond
breaking producing several soluble products like 1,6-
anhydroglucose, erythrose, 5-hydroxy methylfurfural, or
acetaldehyde.?”?  The next stage of the hydrothermal
carbonization process involves a polymerization of the previous
intermediates via aldol condensation. These reactions produce a
great amount of oligomers with different oxygenated groups.9
Finally, an aromatization process takes place by means of
intermolecular dehydration of the growing oligomers. During this
step, various carbonyl groups (e.g. quinones, Kketones,
aldehydes) as well as C=C bonds arise due to the dehydration of
hydroxyl groups along the monomer units. %34

Next, a burst nucleation takes place when the concentration of
aromatic oligomers in the aqueous solution attains the critical
point of saturation. These nuclei grow outwards incorporating
different species dissolved in the solution through stable oxygen
bonds (i.e. ether or quinone bonds).**3U Throughout the whole
carbonization process, these nuclei grow in the form of spheres
with several aromatic layers increasing their particle size. When
the heating stops, the outer surface of these carbon spheres
exposes several oxygen groups (such as hydroxyls, aldehydes
or carboxylic acids) while the inner layers possess less reactive
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oxygenated species.'®31 Hence, the particle size of these
carbon spheres can be controlled by adjusting the hydrothermal
carbonization time. Longer residence times lead to an extensive
polymerization of the aromatic units which produces carbon
spheres with bigger particle sizes.

Other parameters that influence the synthesis of carbon
nanoparticles are the substrate concentration in the aqueous
solution and the carbonization temperature.? The former is
related to the vyield of carbon spheres. The higher the
concentration of the substrate in the aqueous solution, the
higher the amount of produced carbon particles. As regards the
carbonization temperature, it can also influence the size of
carbon spheres. Higher carbonization temperatures contribute to
extensive polymerization which leads to bigger carbon
particles.’2331 |n order to modify the textural properties of these
carbon particles, a calcination step under oxygen atmosphere
can be applied. Joula and Farbod demonstrated that a post-
calcination treatment at 350-420 °C can remove the outer layers
of carbon particles through their combustion.?® Then, the CO,
generated during this combustion process can react with
superficial carbon layers producing CO as well as porosity
(which increases the specific surface area) in carbon
nanoparticles.®43! Therefore, by combining a hydrothermal
carbonization technique and a post-calcination treatment, it
would be possible to easily synthesize nanoscale carbon
particles with high surface area and a great amount of oxygen
groups suitable for the complexation of metal cations.

Keeping the environment in mind, the possibility to replace
NalO,4 by a softer and greener oxidizing agent was explored in
the oxidative cleavage of oleic acid. Although NalO4 is an
efficient oxidizing agent in this reaction, it is also polluting for the
environment. It has been reported that NalO, is toxic for the
aquatic life.®837 In this matter, amine oxides specifically N-
methyl morpholine N-oxide (NMO), appear as greener
alternatives. This organic compound is a heterocyclic amine
oxide and morpholine derivative which is used in organic
chemistry as a co-oxidant along with osmiates and
perruthenates.l*83% From the chemistry of osmium, it is known
that NMO can give its oxygen atom to regenerate H,Os(VI)O4
into Os(VII1)O4 during the dihydroxylation of olefins. The ability of
NMO to oxidize this osmium species could also be used in the
oxidation of Ru species during oxidative cleavage reactions. %40
Moreover, NMO is not bioaccumulative nor toxic for the aquatic
life. 144

Therefore, in this work we propose the synthesis of our own
carbon supports by submitting a glucose agueous solution to a
hydrothermal carbonization under autogenous pressure to
produce carbon particles. The latter will be calcined under air
atmosphere to create porosity and therefore to increase the
specific surface area. To enhance the support capability to form
Ru complexes, polydopamine (PDA) will be added on calcined
carbon particles surface (CCN). PDA is a polymer formed by
indole ring units with amine and catechol groups suitable for Ru
complexation. Thus, carbon particles with Ru (CN-Ru), CCN-Ru
and CCN-PDA-Ru were assessed in the oxidative cleavage of
oleic acid using NalO4 and NMO as oxidizing agents.

10.1002/cctc.202201134
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Results and Discussion

Characterization results

TEM images displayed in Figure 1 demonstrate that the
hydrothermal carbonization method produced very regular
carbon spheres with a mean diameter of 336 nm. After the
calcination treatment, the mean particle size of CNs decreased
down to 221 nm confirming that combustion of CNs outer layers
led to smaller carbon particles. As onion layers, the external
films of CNs are removed during the calcination process under
air. On the other hand, when PDA was added to calcined carbon
particles (CCNs), the mean particle size increased by about
20 nm. Figure le shows a layer of polymer that glues the carbon
spheres confirming the adherence capability of this polymer on
carbon materials.

‘ (b) 2 CN mean particle size = 366 + 35 nm
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Figure 1. a) TEM image and b) particle size distribution of carbon particles
(CNs); c) TEM image and d) particle size distribution of calcined carbon
particles (CCNs) and e) TEM image and f) particle size distribution of CCN-

PDA.

As regards the textural properties obtained through N
physisorption tests, CNs displays a type Il isotherm which is
characteristic of macroporous/non porous materials (Figure 2a).
As a consequence, CNs present a low surface area as well as a
low pore volume (Table 1). The means pore size (~25 nm)
should be understood as the spaces between carbon spheres.
On the contrary, CCNs display a type | isotherm which is
assigned to microporous materials. Moreover, the specific
surface area increased greatly (668 m?/g) with respect to carbon
particles without calcination. The CO, generated after the
combustion of the outer layers on CNs surface can react with
external carbon atoms that remained after the combustion. 942
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Figure 2. N2 adsorption-desorption isotherms and pore size distribution of: a) CN; b) CCN and c) CCN-PDA.

In consequence, CO is generated while oxygen atoms can be
incorporated on the carbonaceous matrix yielding surface
oxygenated complexes represented by C(O) as follows:

C) +CO,, = CO+C(0),q [Eq. 1]

(s) 2(9)

Then the adsorbed oxygen C(O) may evolve into C-O bonds or
they can be gasified in the form of CO. Therefore, the most
reactive and disorganized carbons are gasified generating
spaces in the carbon matrix. Thus, the loss of carbon atoms due
to this gasification creates porosity in the treated material.[#24l

Table 1. Textural properties of carbon particles.

Specific External Pore
Carbon Mean Pore
. surface surface Volume .
Material size (nm)
area (m?/g) area (m?/g) (cm3/g)
CN 14 12 0.03 24,90
CCN 668 37 0.33 1.201
CCN-PDA 328 38 0.25 1.101

[a] Barrett-Joyner-Halenda method. [b] Horvath-Kawazoe method

This asseveration was confirmed after estimating the mean pore
size of CCNs. The pore size distribution of CCNs displayed
mostly micropores (1.0-1.5 nm) which could be an impediment
for oleic acid diffusion due to its similar lengths (Figure S1).
These micropores are smaller than the gaps between carbon
spheres observed during TEM microscopy which confirm that
CO, created ruptures in the carbonaceous matrix through
carbon gasification (i.e. creation of porosity). The most important
fact of the calcination process is related to the increase of
external surface area which is the real surface that can be
exploited for the deposition of PDA and the further impregnation
of Ru. As is shown in Table 1, the external surface area of CCNs
increased by a factor of 3 with respect to CNs.

Finally, PDA deposition on CCNs decreased their specific
surface area as a consequence of micropores blocking. Polymer
layers covered the surface of carbon nanoparticles filling the
spaces between particles as well as blocking most of their
micropores created after calcination. It is important to note that
despite this event, the external specific surface area was

3

maintained, preserving the benefit of CCNs on CNs. It is
important to mention that after Ru impregnation; no significant
changes were observed on the textural properties of the three
carbon supports.

About the chemical properties of the synthesized carbon
materials, Figure 3 shows the main functional groups
determined by FTIR spectroscopy. Carbon particles shows a
broad peak at 3426 cm™ which is assigned to the stretching
vibration of hydroxyl groups. Two more peaks at 1726 cm™ and
1612 cm?® were also detected. The former is ascribed to
carbonyl groups on CNs surface while the latter is characteristic
of aromatic compounds.?*¥ Finally, a broad peak at 1220 cm™ is
also detected and can be attributed to stretching vibrations in
ethers.*l These findings agree with the dehydration and
aromatization processes ongoing during the hydrothermal
carbonization.

The same characteristic peaks were also observed in the CCNs
infrared spectrum. The presence of hydroxyl and carbonyl
groups on CCNs confirms the fact that oxygen atoms can be
incorporated on carbon particles during the calcination treatment.
On the other hand, PDA deposition contributed with three
additional peaks along a decrease in intensity of the band
associated to carbonyl species (1726 cm™). Two bands at 1505
and 1435 cm™ are ascribed to stretching vibration modes from
N-H in the indole ring and O-H in aromatic rings respectively.5!
The peak at 1268 cm? is related to the stretching vibration of
C-N bond in the same indole ring of PDA units.[*>4 Hence,
these spectroscopic findings confirm the deposition of the
polymer on CCNs surface. Moreover, there were not new peaks
during FTIR analyses when CN-Ru, CCN-Ru and CCN-PDA-Ru
were analyzed.

(@ (®) 100

2| g & % N

; H CCN 1505\ 126 )

e ; \/\N-H . N o .

c ¥ 1435 £ 70 \

g1 o 1ot OH =) \\ 645

g // i = ggN 58.8

g | ! L 1220 [— ~_

S L6 coc %0 CCN-PDA 482
3500 30b0 2500 2600 1500 1600 560 40 260 460 660 860 1600
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Figure 3. a) FTIR spectra of CN, CCN and CCN-PDA; b) TGA of CN, CCN

and CCN-PDA.
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Boehm'’s titration results summarized in Table 2 confirm the
findings in FTIR spectra. CNs showed the highest total acidity of
all carbon materials employed in this research work.

Table 2. Boehm'’s titration results of carbon particles.

Carboxylic Total
Carbon Phenols Lactones
acids Acidity
material (mmol/g) (mmol/g)
(mmol/g) (mmol/g)
CN 1.30 0.80 1.05 3.15
CCN 0.88 0.67 0.83 2.38
CCN-PDA 1.23 0.05 0.24 1.52

This outcome is due to the presence of oxygenated groups on
carbon particles surface generated during the hydrothermal
carbonization. Therefore, this green and simple method allowed
to produce a carbon material with a great number of oxygenated
groups suitable for transition metals complexation without using
hazardous reagents which are detrimental for the environment.
On the contrary, calcination treatment diminished the total
acidity of carbon nanoparticles due to the gasification of carbon
implying the elimination of oxygenated functional groups. After
the deposition of PDA, the amount of hydroxyl groups increased
because of the extra catechol groups provided by the polymer.

It is worth to mention that the presence of oxygenated groups on
carbon surface will not be detrimental for PDA deposition but at
the same time these functional groups may provide another way
to interact with the polymer. Actually, PDA chains can interact
with a carbon support by means of hydrogen bonds, 1-stacking
interactions or covalent bonds through Michael addition.
Therefore, because of the different ways by which PDA can
interact with several supports, the polymer chains will be
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deposited on a carbon surface regardless it possesses
oxygenated groups or not.

On the other hand, oxygenated groups are essential for Ru
complexation. Previous tests were performed with activated
carbon and carbon black as supports to impregnate this
transition metal by wet impregnation method. ICP analyses
demonstrated that Ru complexation was not efficient to develop
a catalyst with a Ru loading of 2 wt% and therefore, both carbon
supports were functionalized to enhance their capability to
complex Ru ions during the impregnation method. Oxidation
treatment with HNO3z was applied to both carbon supports and
both of them with a higher amount of oxygen groups were able
to complex Ru ions. In the present case, CN and CCN possess
a high amount of oxygenated groups (Table 2), so forming
complexes with Ru was not a problem. However, one must keep
in mind that the calcination process contributed to the
gasification of carbon along with several oxygenated functional
groups. In fact, the hydrothermal carbonization method was
responsible to generate all functionalities on carbon spheres
surfaces. These asseverations were demonstrated by Boehm’s
titration on Table 2.

Thermogravimetric analyses displayed in Figure 3b indicated
that the thermal stability of carbon particles increased after the
calcination treatment. Most likely, tar and unpolymerized
moieties produced after the hydrothermal carbonization were
eliminated by combustion during the calcination treatment. In
addition, by subtracting the weight loss of CCN-PDA from the
weight loss of CCN, it was possible to estimate that about 6% of
polydopamine was deposited on CCN surface. According to the
values presented in Table S1, around 56% of the dopamine
incorporated in the deposition was polymerized.
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Figure 4. a) XPS survey spectra of CN, CCN and CCN-PDA; C 1s high resolution spectrum of b) CN, c) CCN and d) CCN-PDA.
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PDA layers can interact with CCNs functional groups or with
their aromatic layers by tr-stacking interactions. XPS survey
spectra displayed in Figure 4a show the main characteristic
peaks at 284.8 and 532 eV which correspond to
C 1s and O 1s respectively. As regards CCN-PDA, it is possible
to observe a small contribution at 399 eV assigned to N 1s peak.
The presence of the latter in the CCN-PDA XPS spectrum is
attributed to nitrogen atoms within the indole ring of
polydopamine which is deposited on CCN surface.

The deconvolution of the C 1s peak of carbon particles
displayed in Figure 4b was performed assuming 5 contributions.
The main sub-peak at 284.8 eV is attributed to aromatic carbons
on the graphene layers and carbon contamination while the
contribution at 286.4 eV is assigned to carbon bonded to
hydroxyl groups. Three sub peaks at 287.6, 288.9 and 291.3 eV
were also estimated which are ascribed to carbonyl compounds
(C=0), carboxylic acids (COOH) and the shake-up peak typical
of aromatic structures respectively. The same carbon species
were detected in the C 1s high resolution spectrum of CCNs
(Figure 4c); however, the amount of oxygenated groups was
lower than the that found for CNs. These findings agree with
Boehm’s titration results and with the explanation provided by
literature (i.e. losses of carbon and oxygenated groups are
caused by carbon gasification during the calcination treatment).

The deposition of PDA on CCN surface broadens the C 1s peak
displayed in Figure 4d. The contribution at 286 eV is attributed to
catechol groups and/or C-N bonds from secondary amines
within the indole ring of the polymer. This contribution was
greater than carbonyl compounds or carboxylic acids confirming
that the deposition of PDA provided supplementary catechol
groups on CCNs surface. This contribution was also evidenced
in the elemental surface composition recapitulated in Table S2
where the oxygen/carbon ratio increased from 0.29 (CCNs) to
0.48 (CCN-PDA). To sum up, PDA provided suitable functional
groups for Ru complexation.

This assumption was verified by measuring the amount of Ru
incorporated on the abovementioned carbon materials by ICP-
AES spectrophotometry analyses. Indeed, Table 3 shows that
Ru nominal value matched with ICP values confirming that
functional groups of CN, CCN and CCN-PDA managed to
chelate Ru ions from the aqueous medium during the wet
impregnation process. On the other hand, Ru surface
concentration obtained by XPS spectroscopy was higher than
the nominal value because all the transition metal is distributed
on the surface of each carbon support.

Table 3. Ru loading on carbon catalysts.

Nominal Superficial Ru loading
Catalyst
Ru (wt%)(al Ru (Wt%)[b] (Wt%)lel
CN-Ru(2%) 2.0 10.4 17
CCN-Ru(2%) 2.0 11.0 1.8
CCN-PDA-Ru(2%) 2.0 25 1.8

[a] Nominal composition corresponding to 2 wt%. [b] Ru superficial content
determined by XPS. [c] Ru loading determined by ICP-AES.

As regards Ru oxidation state on CCN-PDA surface, the
deconvolution of the O 1s peak from CCN-PDA-Ru(2%) in

5
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Figure 5a shows a contribution at 528.9 eV which is attributed to
Ru-O bonds. The same contribution was also observed in the
cases of CN-Ru(2%) and CCN-Ru(2%) shown in Figures S3a
and S3b respectively. On the other hand, the Ru 3p core level of
CCN-PDA-Ru(2%) presented a doublet at 463.3 and 485.5 eV
which corresponds to an oxidation state of Ru(lll) (Figure 5b).
Since no Cl 2p was detected during the XPS analyses, it is
proposed that the transition metal is forming a Ru(lll)-
catecholate complex with catechol groups of PDA on calcined
carbon nanoparticles surface.
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Figure 5. a) O 1s high resolution spectrum of CCN-PDA-Ru(2%); b) Ru 3p

high resolution spectrum of CCN-PDA-Ru(2%).

Catalytic tests

First, tests were performed by putting in contact oleic acid with
the functionalized carbon supports in the solvent mixture without
NalO.. The idea was to determine if oleic acid can be adsorbed
on the surface of these carbon materials (i.e. to prove if
oxygenated groups of carbon spheres may interact with oleic
acid). In all cases no adsorption of oleic acid was detected
demonstrating that oxygen groups of carbon supports do not
interact with the substrate during the reaction.

The synthesized carbon catalysts were assessed in the
oxidative cleavage of oleic acid using 8 equivalents of sodium
periodate as oxidizing agent. Figure 6a shows that CCN-Ru(2%)
displayed a greater catalytic activity than CNs. This fact is
important because in our previous work it was demonstrated that
the oxidative cleavage reaction with Ru-carbon black catalysts
took place mostly in the reaction medium.*" Thus, it would not
matter what type of support was used for this reaction since the
catalytic activity should have been the same. However, in this
case, it was observed that CN-Ru(2%) (the catalyst with the
lowest specific surface area) has the lowest conversion requiring
24 h to complete the reaction. On the other hand, the catalyst
with a higher specific surface area completes the oxidative
cleavage reaction in only 7 hours. This allows to conclude that
the textural properties of the support (mostly the external surface
area and pore size distribution) play a role in the oxidative
cleavage of large UFAs such as oleic acid. Moreover, the
addition of PDA on CCNs was not detrimental for the
performance of the functionalize catalyst. Actually, CCN-PDA-
Ru(2%) completed the oxidative cleavage of oleic acid after 7 h
of agitation as well.

The same trend was also observed in the production of
pelargonic (PA) and azelaic (AA) acids. Figure 6b demonstrates
that yields and selectivities towards both desired oxidative
cleavage products are improved when a carbon support with
higher surface area than CNs is employed. It is important to
remind that oleic acid evolves into PA and AA through different
intermediates during the oxidative cleavage reaction.
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in the oxidative cleavage of oleic acid with 8 equiv. of NalOs; b) Yields and
selectivity towards pelargonic (PA) and azelaic acid (AA) achieved with carbon

catalysts.

Briefly, oleic acid is transformed into 9,10 dihydroxystearic acid
which is cleaved into nonanal and 9-oxononanoic acid. Both
intermediates are over-oxidized into PA and AA by means of the
oxidizing agent or by Ru(VII)O4.[*"1 These intermediates were
still present after 24 h of stirring when CN-Ru(2%) was
employed as catalyst (Figure S4). This was not the case when
CCN-Ru(2%) or CCN-PDA-Ru(2%) were used in the catalytic
tests suggesting that the textural properties of the carbon
support may also intervene in the transformation of oleic acid
into the desired carboxylic acid products.

(a) (b)
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The latter asseveration was also confirmed when CCN-Ru(2%)
was compared with activated carbon (surface area = 1000 m?/g)
impregnated with the same Ru loading (i.e. 2 wt%). The as
denoted ACO-Ru(2%) catalyst with a large surface area and
extended microporosity (Table S3) did not achieve a complete
conversion even after 24 h of stirring (Figure S5). Hence, the
carbon spheres prepared by hydrothermal carbonization and
calcined at low temperature (420 °C) display a greater
performance than conventional catalysts prepared with supports
such as activated carbon. However, it is important to point out
that surface area of supports is not the main feature that
influence the catalytic activity. Surface functional groups is the
main factor since both XPS and FTIR analyses showed that CN,
CCN and CCN-PDA have different profiles of oxygenated
groups. These functional groups can prevent Ru leaching from
each support surfaces and can affect the catalytic performance
during oxidative cleavage tests. Thus a developed surface area
along with several oxygen groups (that form complexes with Ru)
are required for a good performance in the oxidative cleavage of
oleic acid.

The influence of Ru loading was assessed on CCN-PDA
supports since the latter displayed the greatest catalytic
performance of all tested carbon catalysts. Figure S6 shows that
the complete transformation of oleic acid into PA and AA was
not possible when Ru loading was decreased to 1 wt% on the
carbon support. On the other hand, doubling the Ru loading (i.e.
4 wt%) did not increase neither conversion nor yields and
selectivities obtained with CCN-PDA-Ru(2%). In fact, the
catalyst with 4 wt% reached 99% of conversion at 7 h which was
the same with CCN-PDA-Ru(2%). Therefore, the Ru loading of 2
wt% was maintained for the following of the catalytic
assessments.

The stability of the synthesized carbon catalysts was also
evaluated by means of recycling tests. Figure 7a shows that CN-
Ru(2%) loses catalytic activity after each oxidative cleavage test.
The same trend was observed in the case of CCN-Ru(2%)
where the conversion after 24 h of agitation diminished down to
72% at the fifth recycle (Figure 7b). On the other hand, the
carbon catalyst functionalized with polydopamine maintained its
catalytic activity almost intact after five recycling tests (Figure 7c).
Only a slight decrease in conversion (about 5%) was registered
when CCN-PDA-Ru(2%) was used.
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Figure 7. Recycling tests of: a) CN-Ru(2%); b) CCN-Ru(2%) and c) CCN-PDA-Ru(2%).
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This small drop in catalytic activity can be ascribed to losses of
the solid material due to attrition or because of the extensive
sampling carried out during the consecutive catalytic tests.

The reason why CN-Ru(2%) and CCN-Ru(2%) lost their catalytic
activity after each recycling test is attributed to the leaching of
Ru. Since Ru(VIII)Oy4 is the only species capable of transforming
oleic acid into PA and AA, it is believed that a continuous loss of
Ru was the main reason for the poor performances of both Ru-
carbon catalysts during the last recycling tests. This assumption
was confirmed by ICP-AES analyses which showed a reduction
of Ru loading on the mentioned solid catalysts after performing
the subsequent catalytic tests (Table 4). This was not the case
for CCN-PDA-Ru(2%) since the functionalized catalyst with
polydopamine maintained almost the same Ru loading as before
performing the successive oxidative cleavage runs. From our
previous experiences with oxidized carbon black functionalized
with PDA, we know that the polymer has the capability to
recover Ru ions instead of keeping attached Ru during the
whole catalytic test.7]

Table 4. Ru loading on spent carbon catalysts.

Nominal . .
Superficial Ru loading
Catalyst Ru
Ru (wt%)t°] (wt9o)lel
(wt9o)lal
Spent CN-Ru(2%) 2.0 15 0.9
Spent CCN-Ru(2%) 2.0 1.8 1.1
Spent CCN-PDA-Ru(2%) 2.0 2.1 1.7

[a] Nominal composition corresponding to 2 wt%. [b] Ru superficial content
determined by XPS. [c] Ru loading determined by ICP-AES.

This asseveration was confirmed by Hot-filtration tests (Figure 8)
where conversion increased after the extraction of the three
different solid catalysts tested in this work. In addition, UV-
Visible spectrophotometry analyses from the organic phase
showed the presence of Ru(VIII)O4 and H.Ru(VI)O4 confirming
that Ru was detached from the carbon surface (Figure S7).
Therefore, it is demonstrated that CCN-PDA-Ru(2%) behaves in

the same manner as our previous carbon black-PDA-Ru catalyst.

The oxidizing agent transforms the Ru(lll)-catecholate complex
into Ru(VIII)O4 which reacts in the liquid phase with oleic acid
via a pericyclic [3+2] reaction. The UFA evolves into
9,10 dihydroxystearic acid while the Ru species is reduced into

10.1002/cctc.202201134
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H2Ru(VI)O4. The latter can be re-oxidized by means of NalO4 to
maintain the catalytic cycle. Characterization on CCN-PDA-
Ru(2%) surface was performed by XPS spectroscopy at different
time intervals of the reaction. NalO4 reacted with PDA functional
groups during the catalytic tests yielding guinones (Figure S8a).
At the same time, quinones can form complexes with reduced
Ru to recover the active species (i.e. boomerang catalysis).[*"]

The driven force involved in Ru recapture can be explained by
considering the consumption of NalO4. Results in Figure S8b
confirms that NalO, is totally consumed after 24 h of agitation
when CCN-PDA-Ru(2%) is present in the reactor. Conversely,
NalO, was still present in the liquid phase when CN-Ru(2%) or
CCN-Ru(2%) were used as catalysts. Thus, NalO4 can still
oxidize Ru species in the liquid phase avoiding their recapture
by oxygen groups from CN or CCN. On the other hand, in the
absence of NalO4 (the 8 equivalents of NalO4 are consumed by
the oxidation of catechol groups) the resulted quinone groups
can form complexes with Ru species acting as a redox ligand.
By this way it is possible to maintain almost the same catalytic
activity throughout several catalytic tests.

Although carbon particles before and after the calcination
treatment possessed a greater amount of oxygenated groups
than CCN-PDA, the former supports did not manage to re-
incorporate Ru species as the one with polydopamine did. This
shows that a random distribution of several oxygenated
functional groups was not enough to re-capture Ru ions once
the oxidative cleavage test ended. On the contrary, a periodic
distribution of catechol groups within PDA monomers ensured
the recovery of Ru species to maintain the catalytic activity of
the synthesized catalyst. Hence the real benefit of the polymer is
related to its capability to complex Ru through its well organized
functional groups.

Influence of NMO in the oxidative cleavage reaction
CCN-PDA-Ru(2%) was selected to verify the influence of N-
methylmorpholine N-oxide (NMO) as a green oxidizing agent in
the oxidative cleavage of oleic acid. When NalO, was
completely replaced by NMO no catalytic activity was detected
at all (Figure 9a). The reason is related to NMO capacity to only
regenerate H,Ru(VI)O,4 into Ru(VIII)O4 as is depicted in Figure
S9. This means that NMO cannot oxidize the Ru(lll)-catecholate
complex on CCN surface to transform it into the Ru active
species.
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Figure 8. Hot-filtration tests of: a) CN-Ru(2%); b) CCN-Ru(2%) and c) CCN-PDA-Ru(2%).
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As a consequence, the oxidative cleavage reaction does not
take place with only NMO. This fact was confirmed during UV-
visible analyses (Figure S10) where Ru(VIII)Os was not
produced after the addition of NMO in the reaction medium.
Hence, it is not possible to completely replace sodium periodate
as the main oxidizing agent in the oxidative cleavage reaction
with our Ru-carbon catalysts.

When 4 equivalents of NMO were combined with 4 equivalents
of NalO,, the catalytic activity was greater than with
8 equivalents of sodium periodate. Actually, with the NMO/NalO4
combination the greatest catalytic activity was achieved which
led to a total conversion after 5 h of reaction. To understand
these results it is necessary to keep in mind at what stages of

the oxidative cleavage reaction the oxidizing agent can intervene.

According to the pathway already explained and detailed in our
previous publication”], the oxidizing agent reacts with: 1) the
Ru(lll)-catecholate complex on the carbon support surface for its
transformation into Ru(VIII)O4; 2) in the liquid phase, it can also
take part in the oxidation of H;Ru(VI)O, into Ru(VII)O4 to
maintain the catalytic activity of Ru in the oxidative cleavage of
UFAs; and 3) it can also intervene in the oxidation of nonanal
and 9-oxononanoic acid towards pelargonic and azelaic acids. It
was already demonstrated that NMO cannot transform the
Ru(lll)-catecholate complex into Ru(VIII)O4 while it is well known
from the literature the ability of NMO to re-oxidize Ru(VI) species
into Ru(VI1)0,.B3240
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Figure 9. a) Catalytic activity of CCN-PDA-Ru(2%) in the oxidative cleavage of
oleic acid with different combinations of oxidizing agents. b) Yields and

selectivity achieved with different combinations of oxidizing agents.

Then, to verify if NMO can transform oxidative cleavage
intermediates into carboxylic acids, nonanal oxidation was

8
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carried out with this amine oxide. Nevertheless, NMO cannot
perform the oxidation of nonanal into pelargonic acid either
(Figure S11). Hence, NMO is only useful for the re-oxidation of
reduced Ru(VI) species into Ru(VIII)O, which is the active
species responsible for the transformation of oleic acid into 9,10
dihydroxystearic acid.

Based on these results and explanations, it is possible to affirm
that there is a synergistic effect when NMO and NalO, are used
in equal amounts. While NalO4 can intervene in the oxidation of
the Ru(lll)-catecholate complex on CCN surface as well as the
oxidation of nonanal and 9-oxononaoic acid into PA and AA,
NMO can focus in the re-oxidation of the Ru(VI) active species
to improve the catalytic activity during the oxidative cleavage
reaction. On the contrary, NalO4 by itself is distributed among
the abovementioned stages of the oxidative cleavage reaction.
Thus, with less NalO, (i.e. 4 equivalents) the production of PA
and AA is not complete as observed in Figure 9b, and only with
a greater amount of this oxidizing agent (i.e. 8 equivalents),
yields and selectivity of both oxidative cleavage products are
almost complete.
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Figure 10. a) Recycling tests with CCN-PDA-Ru(2%) along with 4 equiv.
NalO4/4 equiv. NMO; b) Hot-filtration test with CCN-PDA-Ru(2%) along with 4

equiv. NalO4/4 equiv. NMO.

Although NMO mixed with NalO4 completely transformed oleic
acid within 5 h of stirring, yields and selectivity of PA and AA
were 10% lower than the test with 8 equivalents of NalO,4. This
reduction in selectivity is ascribed to the lesser amount of NalO4
and the inability of NMO to oxidize intermediates into the desired
oxidative cleavage products. Nevertheless, with the addition of
NMO, it was possible to diminish the excess of NalO,4 (which has
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detrimental effects on the environment) without ostensibly
sacrificing the catalytic activity of the designed carbon catalyst.

Finally, recycling tests were carried out using 4 equivalents of
NalO4 mixed with 4 equivalents of NMO in the reaction medium.
Figure 10a shows that CCN-PDA-Ru(2%) catalyst was still
active even after 5 consecutive catalytic tests as when
8 equivalents of NalO4 was used. The Hot-filtration test (Figure
10b) confirmed the presence of Ru species in the reaction
medium due to the increase of conversion after the removal of
the solid catalyst. In the same way as with NalO4, the
functionalized support can recapture Ru species from the liquid
phase and maintain the catalytic activity of the solid catalyst.
Hence, the addition of NMO was not an impediment for
polydopamine functional groups capability to recover Ru species
from the reaction medium.

Conclusion

Hydrothermal carbonization of an aqueous glucose solution led
to the production of very regular carbon spheres which possess
a great number of different functional groups a priori suitable for
transition metals complexation. TEM analyses confirmed the
spherical shape of the as synthesized carbon particles while
Boehm’s titration determined the total acidity of this carbon
support. By means of this simple and eco-friendly methodology,
it was possible to generate several oxygenated groups on
carbon nanoparticles surface in a greater amount than with other
dangerous and polluting procedures such as oxidations with
HNO; or KMnO4/H,0,. Hence, hydrothermal carbonization is a
green alternative for the development of new carbon supports
suitable for various applications including catalysis.

The post-calcination treatment was beneficial for the reduction of
carbon particles size and for the increase of their specific
surface area. The oxygen inside the oven reacted with the outer
layers of the carbon particles producing CO,. The latter in turn
reacts with carbon atoms on the outer surface producing CO
and oxygenated groups. The loss of carbon atoms during this
gasification process led to the creation of porosity (mostly
micropores) which increases the specific surface area of the
support. This aspect was verified by N2 physisorption which
confirmed that CCNs possessed a type | isotherm characteristic
of microporous materials with pores sizes from 1.0-1.5 nm. Our
work thus demonstrates that it was possible to modify the
textural properties of carbon spheres through a simple
calcination treatment in a short period of time (i.e. 20 minutes).

After the impregnation of Ru on carbon particles with and
without calcination, the oxidative cleavage reaction of oleic acid
was carried out. The catalytic tests demonstrated that the
textural properties of the carbon support have an important
impact in the catalytic activity of the as prepared solid catalysts.
Although in our previous publication it was demonstrated that
the reaction is mostly carried out in the liquid phase, the results
reported in this article confirm that a carbon material with higher
surface area possessed a greater catalytic activity than a
macroporous/non porous material. This was determined that the
textural properties of the support play an important role in the
oxidative cleavage of UFAs.

10.1002/cctc.202201134
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The deposition of polydopamine on calcined carbon particles
surface was demonstrated by FTIR, TGA and XPS analyses.
The real benefit of the polymer coating was observed during the
oxidative cleavage tests. After performing 5 recycling tests, the
functionalized catalyst maintained its catalytic activity almost
intact. Although Ru species were dissolved in the reaction
medium, functional groups of polydopamine manage and re-
adsorb Ru to regenerate the solid catalyst. By this way, the
CCN-PDA-Ru(2%) catalyst remained active up to five catalytic
tests with great yields and selectivity towards pelargonic and
azelaic acids.

Finally, the possibility to completely replace NalO4 as oxidizing
agent in the oxidative cleavage reaction by N-Methylmorpholine
N-oxide (NMO) was explored. The latter is a green oxidant
which is active in the re-oxidation of H,Ru(VI)O4 into Ru(VIII)O4
species. Although it was not possible to perform the oxidative
cleavage reaction with only NMO, a combination of NalO4 and
NMO (4 equiv./4 equiv.) increased the catalytic activity of CCN-
PDA-Ru(2%) by reducing the reaction time needed to achieve
complete conversion. While NMO focused in the re-oxidation of
Ru species, NalO4 can intervene at other stages of the oxidative
cleavage reaction (i.e. oxidation of the Ru(lll)-catecholate
complex as well as the intermediates). Hence, the synergistic
effect of the NalOs/NMO combination allowed to reduce the
excess of NalO,4 (which is detrimental for the environment) used
in previous catalytic tests without losing the catalytic activity in
the oxidative cleavage of oleic acid.

Experimental Section

Synthesis of carbon submicrometric particles by hydrothermal
carbonization

In a typical procedure, 100 mL of a 0.2 mol/L D(+)-glucose (CsH120s,
>98% anhydrous from Carl Roth) solution was prepared and introduced
in a 120 mL Teflon lined stainless steel autoclave. The latter was sealed
and heated inside an electric MEMMERT GmbH oven at 180 °C for 24
hours. Carbon particles (CNs) were recovered by vacuum filtration using
Whatman® PTFE membrane filters (diameter 47 mm, pore size = 0.22
um) after the autoclave reached the room temperature. All organic
residues were removed from CNs through several washings with warm
distilled water (~80 °C) and ethanol (C2HeO, 95% from VWR) until the
recovered solution was colorless. Next, CNs were dried at 100 °C for
three hours followed by a calcination stage under air in a Vecstar furnace
already preheated at 420 °C for 20 minutes in order to produce calcined
carbon particles (CCNs).

Polydopamine deposition on calcined carbon particles

First, 100 mL of a 10 mM tris(hydroxymethyl)aminomethane (TRIS,
C4H11NOs, >99.0% from TCI chemicals) solution was prepared to obtain
a buffer solution at pH = 8.5. Then 110 mg (amount of dopamine from
calculations using measures in Figure S2) of dopamine hydrochloride
(CsH11NO2, >98% from TCI chemicals) was dissolved in the TRIS
solution which was magnetically stirred for 15 minutes under air
atmosphere. After the transparent solution became pale brown (i.e.
polymerization of dopamine begins), 1 g of dried CCNs was introduced in
the reactor. The suspension was magnetically agitated for 24 h under air
atmosphere at room temperature to promote a complete deposition of the
polymer on the support. Afterwards, the modified carbon particles,
denoted from now on as CCN-PDA, were recovered through
centrifugation at 14 000 rpm (26 200 g) in a Heraeus MultifugeX1R
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Centrifuge for 40 minutes. Finally, the functionalized support was washed
with distilled water and dried overnight under air atmosphere at room
temperature.

Catalysts preparation

Ruthenium(lll) chloride hydrate, 99.9% (PGM basis), (RuClz.H20, Ru
38%) from Alfa Aesar was employed for catalysts preparation. Prior Ru
impregnation on 500 mg of activated carbon (ACO), CNs, CCNs and
CCN-PDA, the mentioned supports were submitted to ultrasound
treatment inside 20 mL of distilled water for 15 minutes. Then, 10 mL of a
RuClz.H20 solution (10 mM) was added to the suspension of each
carbon support in order to attain a Ru load of 2 wt% (Scheme 1). The
suspensions were magnetically stirred for 24 h before the catalyst was
separated from the solution by centrifugation at 14 000 rpm (26 200 g) in
a Heraeus MultifugeX1R Centrifuge. In addition, the synthesized
catalysts were washed with distilled water and dried in air ambient at
room temperature. From now on the catalyst synthesized with CNs and
CCNs are denoted as CN-Ru(2%) and CCN-Ru(2%) respectively. The
carbon support functionalized with polydopamine and Ru is named as
CCN-PDA-Ru(2%).

Carbon particles (CN)
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HO' 0o
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Calcination treatment
420 °C for 20 minutes
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24hat180 °C
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Scheme 1. Carbon particles synthesized by hydrothermal carbonization
followed by a calcination treatment and functionalized with PDA and Ru.

CCN-PDA-Ru(2%)

< NH

Characterization

The morphology of the synthesized carbon materials was assessed
through transmission electron microscopy (TEM) in a LEO 922
microscope with an acceleration voltage of 200 kV and equipped with a
LaB6 thermal cathode. In addition, the diameter of 20-25 spheres from
each carbon material was measured to build a frequency distribution
histogram with the aim to determine the mean particle size of each
sample. Textural properties of carbon particles were evaluated through
Nz physisorption at -196 °C in a Micromeritics Tristar 3000 equipment.
About 60 mg of each sample was degassed for 12 h under vacuum
(~10.7 Pa) at 150 °C. The Brunauer-Emmet-Teller (BET) method was
employed to measure the total surface area using the adsorption
isotherm in the partial pressure (P/Po) range from 0.05 to 0.30. As
regards microporous carbon materials, a lower P/Po range from 0.004 to
0.08 was employed for the BET method application.8! In addition, the
t-plot method was used to estimate the external surface area by the
slope of the line drawn in the linear portion of 0.3 < P/Po < 0.8. The
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micropore volume was determined after multiplying the intercept of the t-
plot (in mol/g) by the density conversion factor = 34.53496 cm®mol. Then,
micropore specific surface area was estimated after calculating the
difference between the total surface area and the external surface area
while the total pore volume was measured at P/Po = 0.98. Pore size
distribution was estimated by Barrett, Joyner and Halenda method (BJH)
using the data from the desorption isotherm branch.84% For microporous
materials the micropore volume was estimated with the Dubinin-
Radushkevich (DB) method in a P/Po < 0.1 range whereas micropore
size distribution was estimated by means of the Horvath-Kawazoe (HK)
method.[%51 The thermal stability of carbon materials was evaluated by
means of thermogravimetric analysis (TGA). About 2 mg of each sample
was introduced into 70 pL Al2O3 crucibles and submitted under N2
atmosphere from 50 °C to 900 °C in a Mettler Toledo TGA/SDTA851e
Thermogravimetric Analyzer. The heating ramp was kept at 10 °C/min
and the N2 flow rate was adjusted to 40 mL/min. In addition, the amount
of PDA deposited on CCNs surface was calculated by subtracting the
weight loss of CCN-PDA from the weight loss of CCNs.

Chemical characterization of carbon particles was performed by Fourier
transform infrared spectroscopy (FTIR). In a typical analysis 15 mg of
sample was mixed with 300 mg of potassium bromide (KBr, >99% from
Acros Organics) dried overnight at 110 °C. Wafers were prepared after
compacting the samples in a press. Samples were analyzed in a Bruker
Equinox 55 FTIR spectrometer in transmission mode. FTIR spectra were
recorded after performing 100 scans in the range of 4000 to 400 cm
with 4 cm? of resolution. In addition, Boehm’s titration was conducted to
quantify the amount of oxygenated groups on all synthesized carbons
supports. For each carbon material, three samples of 0.5 g were added
to three 50 mL solutions of 0.05 M NaOH, Na2COs and NaHCOs (reagent
grade from Sigma-Aldrich). After degassing all suspensions for 1 h, they
were magnetically stirred for 23 h under argon atmosphere. On one hand,
the solids were separated by vacuum filtration with the aid of a filter
paper (pore size: 0.2 ym). On the other, 10 mL of each filtered solution
was acidified with 20 mL of a 0.05 M HCI (37 v/v% from Sigma-aldrich)
solution. The new solutions were agitated and continuously degassed for
2 hours under argon atmosphere. Afterwards, all samples were titrated
with a 0.05 M NaOH solution using phenolphthalein as indicator.%? The
three basic solutions allow to measure different oxygenated groups on
carbon surfaces. Precisely, NaOH neutralizes all acidic functional groups
(i.e. phenols, lactones and carboxylic acids) while Na.COs neutralizes
lactones and carboxylic groups. Finally, NaHCOz neutralizes only
carboxylic groups so by subtracting the results obtained with each base,
the amount of phenols, lactones and carboxylic groups on each carbon
material were estimated.[525

Ru loading on each carbon catalyst was determined through ICP-AES
spectrophotometry in a ICP 6500 Thermo Scientific Instrument. About
100 mg of each carbon material was calcined under air in a Vecstar
furnace already preheated at 550 °C. Then, 1g of NaOH and Na202 (97%
from Sigma-Aldrich) were added to the calcined samples melted on the
flame of a Bunsen burner. ICP analyses were conducted after 1000 mL
of a 10 v/iv% HCI solution dissolved the melted samples. The chemical
environment of Ru as well as its oxidation state was verified by X-ray
photoelectron spectroscopy (XPS). The analyses were performed in 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). For this purpose, 10 mg of
each sample was pressed in small stainless steel troughs with 4 mm
diameter. Then, all samples were placed on a ceramic carousel covered
with a Ni grid required for charge stabilization. Samples inside the
carousel were degassed in a vacuum chamber (107 Pa) overnight. Then,
samples were transferred to the analysis chamber (10° Pa) to start the
analyses. The flood gun was set at 8 eV while the angle between the
surface and the axis of the analyzer lens was set at 55°. The analyzed
area was ~1.4 mm? with a pass energy of 150 eV. The full width
measured at half maximum (FWHM) of the Au 4f72 peak for a clean gold
standard sample was about 1.6 eV. For each sample, the following
sequence of spectra was recorded: survey spectrum, C 1s, O 1s, N 1s,
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Cl 2p and Ru 3p. In addition, an additional C 1s spectrum was recorded
to check the stability of charge compensation with time. Calibration of the
binding energy scale was performed by fitting the C1s peak at 284.8 eV.
The CasaXPS program (Casa Software Ltd, UK) was employed for the
data treatment. The Ru 3p core level was used for the identification and
quantification of Ru in order to avoid overlapping issues of C 1s and Ru
3d peaks.5

Catalytic tests

All tests were carried out by adding 0.5 mmol of oleic acid (OA, C18Hz402,
>09.9% GC from TCI chemicals) into a solvent mixture of
H20/MeCN/AcOEt (4/2/1) (MeCN, C2H3N >99.98% GC and ethyl acetate
(ACcOEt, C4HsO2 > 99.9% GC from Carl Roth) along with 8 equivalents of
sodium periodate (NalO4, >99% from Sigma-aldrich) and heptanoic acid
as internal standard (IS, C7H14O2, >98% GC from TCI chemicals).
Afterwards, 100 mg of catalyst was introduced in the reactor and the
suspension was magnetically stirred at 1500 rpm for 24 h at room
temperature. The influence of 4-Methylmorpholine N-oxide monohydrate
(NMO, CsH11NO2.H20, 98+% from Alfa Aesar) was also evaluated by
adding a mixture of 4 equivalents of NalO4 and 4 equivalents of NMO.
The monitoring of the reaction was conducted by injecting 1.5 mL
samples (0.1 mL organic layer + 1.4 mL of AcOEt) in a Varian 3800 Gas
Chromatograph equipped with a Flame lonization Detector (FID) and a
Stabilwax-DA Restek column (crossbond acid-deactivated Carbowax
polyethylene glycol). The procedure of conversion and yields calculation
is detailed in the supporting information. It is important to mention that
three subsequent extractions from the aqueous phase were conducted
after a catalytic test ended. These extractions were conducted with 2 mL
of fresh AcOEt in order to recover all the pelargonic (PA) and azelaic acid
(AA) that could have formed an emulsion.

The oxidative cleavage of oleic acid was monitored by UV-Vis
spectrophotometry in a UV-3600 Plus Shimadzu spectrophotometer
equipped with a deuterium lamp (light source for the ultraviolet range)
and a WI halogen lamp (light source for the visible and near infrared
range). Samples from organic phase were extracted separately at
different time intervals and placed in quartz cells to be analized by UV-
Visible spectroscopy in absorbance configuration. The idea was to verify
the presence of Ru species during the reaction and after it was
completed. In addition, the consumption of NalOs4 was determined by
measuring the absorbance of the peak at 222 nm corresponding to the
oxidizing agent.®® All tests were carried out from 600 to 200 nm range
and spectra were recorded with a resolution of 0.5 nm.

Recycling tests were conducted to verify the catalytic stability of the
carbon catalysts. The recovered catalyst was thoroughly washed with
warm distilled water (~80 °C) and dried overnight under air atmosphere
at room temperature. Then, it was re-incorporated in a fresh reaction
mixture to start again a new oxidative cleavage test. Five recycling tests
were conducted to evaluate the same catalytic activity remained or not.
In addition, hot-filtration tests were performed to verify if the reaction is
taking place on catalysts surface. When conversion during a catalytic test
arrived around 50%, the carbon catalyst was removed from the reaction
medium by centrifugation in a Heraeus MultifugeX1R Centrifuge at
14 000 rpm (26 200 g) for 30 minutes. The stirring of the reaction mixture
continued up to 24 h with sampling at different time intervals. The
purpose of this procedure was related to verify if an increase in
conversion after the catalyst removal was observed. The latter would
suggest that Ru has moved into the liquid phase diminishing the catalytic
performance of the carbon catalysts in subsequent catalytic tests.
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Carbon spheres were synthesized by hydrothermal carbonization of a glucose solution. This carbon support was calcined under air
atmosphere to create porosity and functionalized with polydopamine (PDA) to improve their ability to complex Ru ions. The catalyst
completed the oxidative cleavage of oleic acid within 7 h of stirring at room temperature with NalO, and N-methyl morpholine as

oxidizing agents.
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