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A B S T R A C T   

A new composite heterogeneous catalytic system is proposed for the transformation of cheap unsaturated fatty 
acids into value-added molecules through their oxidative cleavage. The valorization of oleic acid to azelaic and 
pelargonic ones (which are demanded in pharmacology) is specifically studied. The reaction is efficiently per
formed with a novel composite catalyst inspired from metal recovery technology, namely Ru species supported 
on a carbon black that was previously oxidized and then functionalized with polydopamine. Being a polymer 
with hydroxyl and amine groups polydopamine provides moieties acting as tweezers able to complex Ru species. 
A representation of this novel composite catalyst is built from its characterization by FTIR, TGA, N2 physisorption 
TEM and XPS. Using NaIO4 as oxidizing agent in a biphasic system at room temperature the conversion of oleic 
acid, and selectivity towards pelargonic and azelaic acids, reached around 95% after 3 h. The reaction mecha
nism is explored by UV–Vis spectrophotometry, ICP elementary analysis and NMR spectroscopy, together with 
recyclability and hot centrifugation tests. The occurrence of a boomerang mechanism is demonstrated. The solid 
catalyst is indeed recyclable at least 5 times without activity loss, but at the same time Ru species are shown 
performing the reaction in homogeneous phase namely in a dissolved state. Actually, polydopamine is confirmed 
to recover Ru species once the reaction ends, guarantying the recyclability of the catalyst. The composite catalyst 
therefore combines the advantages of homogeneous and heterogeneous catalysis in the investigated reaction.   

1. Introduction 

Since the beginning of the new millennium, oils and fats have 
become a novel source of raw materials for non-food applications 
[1,2,6]. These renewable raw substrates have been employed in several 
reactions related to organic synthesis, polymers and pharmaceutical 
applications [1-3]. Among these reactions, oxidative cleavage of un
saturated fatty acids (UFAs) arises as a promising route for the pro
duction of carbonyl compounds that are not found in nature. Oxidative 
cleavage consists in the rupture of carbon–carbon double bonds of UFAs 
[1-3]. 

In this work we focus on the oxidative cleavage of cheap and abun
dant oleic acid to pelargonic and azelaic ones, which because of their 
odd number of carbon at-oms and/or being a diacid are much demanded 
molecules in the pharmacology for skin disease treatments, but yet 
scarcely available in Nature [4,5]. Depending on the reaction conditions 
and the nature of the substrates, the oxidative cleavage of UFAs gives 
various products such as alcohols, ketones, aldehydes, carboxylic and 

dicarboxylic acids [6,7] Generally, ozonolysis is the most common 
method for the oxidative cleavage of various kinds of olefins. In this 
procedure, ozone may form a cyclic ester with the carbon–carbon double 
bond. After a rearrangement, the ester is broken and the two products 
are formed. However, ozonolysis is not recommended be-cause of the 
toxicity of ozone and because the process is highly energy consuming 
[8,9]. 

As alternatives, catalytic systems based on transition metals have 
shown to be effective in the oxidative cleavage of UFAs. Their high 
catalytic activity results in high conversions and yields of the desired 
products. Mainly, ruthenium, tungsten and osmium are the most used 
transition metals [10-13]. They have been employed as oxides or as 
complexes. Among the few works carried out so far, catalytic systems 
have been developed with ruthenium and tungsten, while it is important 
to point out that with tungsten catalysts, undesired side reactions such as 
epoxidation, dihydroxylation or allylic oxidation are very common [12- 
17]. 

In the specific case of ruthenium, the abovementioned side reactions 
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have not been observed. In addition, ruthenium in the form of Ru(VIII) 
O4 can achieve fast conversions with high selectivity toward the desired 
products. The oxidative cleavage mechanism with ruthenium involves 
the in situ formation of Ru(VIII)O4 after the addition of a strong 
oxidizing agent (e.g. sodium periodate or sodium hypochlorite) to a 
precursor like RuCl3 or RuO2. Then, a pericyclic reaction [3 + 2] takes 
place between the Ru(VIII)O4 and the carbon–carbon double bond of the 
UFA [17,18] The resultant product is a cyclic perruthenate ester which is 
broken after its interaction with water (Scheme 1). 

The UFA is transformed into a diol after the rupture of the per
ruthenate ester, and then the diol is cleaved by the oxidizing agent to 
form aldehydes. It is believed that these aldehydes can be oxidized by Ru 
(VIII)O4 and give carboxylic acids. Finally, once the perruthenate ester is 
broken, the Ru(VIII)O4 is reduced to Ru(VI)O4. This last Ru species is 
then oxidized by the oxidizing agent keeping the oxidative cleavage 
reaction ongoing [17,18]. 

Most of the works related to this subject have focused on the 
oxidative cleavage of oleic acid via homogenous catalysis approach, 
because it is easier to obtain complete conversions in short periods of 
time along with high selectivity [12,18]. For instance, Zimmerman and 
co-workers found that the solvent system H2O/MeCN/AcOEt in a pro
portion (3/2/2) along with RuCl3 and NaIO4 can perform completely the 
oxidative cleavage of oleic acid with a selectivity toward azelaic acid 
(AA) of 73% [18,24]. Rup and co-workers found that a non-desired 
product (9,10-dihydroxystearic acid) is obtained as a result of an 
incomplete cleavage of the perruthenate intermediate. According to the 
authors, ethyl acetate may retain the 9,10-dihydroxystearic acid which 
prevents its cleavage by the excess of oxidizing agent in the aqueous 
layer [18,25]. However, the main drawback of homogeneous catalysis is 
to recover the dissolved catalysts after the reaction, and separate them 
from the products that need to be washed intensively to get purified. 

Heterogeneous catalysts have the potential to circumvent these is
sues; however, poor results in terms of conversion and selectivity have 
been obtained [19-23]. For example, Ho et al., immobilized Ru nano
particles on hydroxyapatite, and performed the oxidative cleavage of 
several alkenes, mostly methyl oleate. Under the conditions they used, 
despite yields of pelargonic and azelaic acids were high (84% and 79% 
respectively), only 16% of conversion was achieved after 12 h due to 

diffusional issues and likely limited metal accessibility. Still the work of 
Ho and co-workers shows that Ru, in form of nanoparticles, is a prom
ising alternative for the oxidative cleavage of alkenes that worth to be 
further explored [26]. 

Therefore, the principal aim of our work consists in the conception 
and application of a heterogeneous catalytic composite system for the 
oxidative cleavage of UFAs using ruthenium as transition metal. Carbon 
black was selected as support for its resistance to acidic and basic con
ditions. In addition, its surface chemistry can be modified by several 
treatments which allow to obtain functional groups with great affinity 
for transition metal species [27-29]. 

In order to improve the interaction between the support and ruthe
nium, carbon black was covered with polydopamine (PDA). It is known 
that PDA functional groups can interact with metallic ions in order to 
distribute them on the surface support [30-32]. For instance, Chen et al., 
deposited Ag nanoparticles on PDA spheres in order to catalyze the 
reduction of Cr(VI) to Cr(III) [33]. Bimetallic deposition of Pd and Ag on 
PDA was accomplished as well for the reduction of nitrophenol 
(pollutant) in the environment [34]. Various researches are focused to 
medical areas like the impregnation of gallium on PDA which in turn 
covered SrTiO3 nanotubes. This latter was used to increase osteogenic 
and antimicrobial activity [35]. The key point of using PDA as a 
complexation material is to avoid aggregation of metallic ions by the 
complexation of them. By this mean, it is possible to reduce the coor
dination sites and increase surface area of metallic ions which drive to 
high catalytic activity [36]. 

Thus, the idea consisted in fixing Ru ions on carbon black surface 
using PDA as an anchoring system. This new heterogeneous catalyst was 
then implemented in the oxidative cleavage of oleic acid with sodium 
periodate (NaIO4) as oxidizing agent within a biphasic solution formed 
by H2O/MeCN/AcOEt. 

2. Experimental procedures 

2.1. Materials 

Heptanoic acid (Internal standard, C7H14O2, >98% GC), Nonanal 
(NA, C9H18O, >95% GC), pelargonic acid (PA, C9H18O2, >98% GC), 

Scheme 1. Oxidative cleavage of olefins with Ru(VIII)O4 and NaIO4 (inspired from [23]).  
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azelaic acid (AA, C9H16O4, >98% GC), tris(hydroxymethyl)amino
methane (TRIS, C4H11NO3, >99.0%) and 3-hydroxytyramine hydro
chloride (DA, C8H11NO2, >98%), were obtained from TCI chemicals. 
Ruthenium(III) chloride hydrate, 99.9% (PGM basis), (RuCl3⋅H2O, Ru 
38%) was purchased from Alfa Aesar. Sodium metaperiodate (NaIO4, 
>99%) was obtained from Sigma-Aldrich. Oleic acid (OA, C18H34O2, 
>99.9% GC), Acetonitrile (MeCN, C2H3N > 99.98% GC), nitric acid 
(HNO3 > 65%) and ethyl acetate (AcOEt, C4H8O2 > 99.9% GC) were 
purchased from Carl Roth. 9-oxononanoic acid (Oxo, C9H16O3, 95%) 
and 9,10-dihydroxystearic acid (diol, C18H36O4, 95%), were obtained 
from abcr GmbH. Deuterated chloroform (99.8%), deuterated acetoni
trile (99.9%) and deuterium oxide (99.9%) were obtained from Euri
stop. Potassium bromide for spectroscopy (≥99%) was obtained from 
Acros Organics. Carbon black (CB) was purchased from Degussa (spe
cific surface area 154 m2/g and pore volume 0.76 cm3/g). 

2.2. Preparation of CBO-PDA-Ru 

First, 10 g of carbon black (CB) were added to a 5.0 M HNO3 solution 
at 80 ◦C. The black suspension was stirred for 8 h under reflux. After
wards, the solid was removed by centrifugation at 14 000 rpm (26 200 g) 
in a Heraeus MultifugeX1R Centrifuge, washed with warm distilled 
water until water pH arrived to 6.5. Then, the solid was dried in air at 
110 ◦C overnight [37]. For the impregnation of PDA on CBO surface, 
100 mL of a 10 mM buffer solution of TRIS was prepared in an open 
vessel and stirred for 15 min. Afterwards, 200 mg DA was dissolved in 
the buffer solution at a pH of 8.5. Dopamine started to self-polymerize 
when the solution passed from colorless to pale brown. At this 
moment, 1 g of dried CBO was added to the solution and stirred for 24 h 
at room temperature in order to ensure a complete deposition of PDA on 
the support. Next, the CBO-PDA composite was removed by centrifu
gation, washed 3 times with distilled water and dried overnight at room 
temperature (see Scheme 2) [32,38]. 

500 mg of CBO-PDA was added into 20 mL of distilled water in order 
to disperse the particles by ultrasonic treatment for 15 min. Afterwards, 

10 mL of RuCl3⋅H2O solution (10 mM) was added to the above solution, 
and then stirred for 24 h. The amount of ruthenium was varied in order 
to obtain Ru loads of 1%, 2% and 4% on the composite. Then, the solid 
was separated from the solution by centrifugation at 14 000 rpm for 20 
min. The solid catalyst was washed with distilled water 3 times, and 
dried at room temperature [39,40]. 

2.3. Polydopamine synthesis 

As a reference material, pure polydopamine was prepared. First, 
0.24 g of tris(hydroxymethyl)aminomethane (TRIS) were dissolved in 
200 mL of distilled water (10 mM) and stirred for 15 min. Then, 1.00 g of 
3-hydroxytyramine hydrochloride (DA) was dissolved in the TRIS so
lution at a pH of 8.5. At the beginning the solution is transparent, then it 
turns pink and finally it becomes dark brown which means that dopa
mine self-polymerized. The solution was stirred for 24 h at room tem
perature to allow a complete polymerization of PDA. Afterwards, PDA 
particles were separated by centrifugation, washed 3 times with distilled 
water and dried overnight at room temperature [41]. 

2.4. Characterization 

The morphology of carbon black (CB) as well as particle size distri
bution before and after polydopamine (PDA) deposition was determined 
by transmission electron microscopy (TEM) in a LEO 922 microscope 
with an acceleration voltage of 200 kV and equipped with a LaB6 
thermal cathode. From each image, the diameter of 25 particles were 
measured in order to obtain the mean particle size and the standard 
deviation from a frequency distribution graphic (histogram). The in
fluence of PDA on CB textural properties were determined by N2 phys
isorption at − 196 ◦C in a Micromeritics Tristar 3000 equipment. Before 
the analysis, 50 mg of sample was degassed overnight under vacuum 
(~10.7 Pa) at 150 ◦C. The total surface area was calculated by the 
Brunauer-Emmet-Teller (BET) method using the adsorption isotherm in 
the partial pressure range from 0.05 to 0.30. Pore volume and pore size 

Scheme 2. Preparation of Ru heterogeneous catalyst based on oxidized carbon black with polydopamine (CBO-PDA-Ru).  
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distribution were estimated by Barrett, Joyner and Halenda method 
(BJH) using the data from the desorption isotherm branch [42]. 

Infrared spectroscopy was performed to identify the characteristic 
peaks of PDA deposited on the support. For this purpose, wafers were 
prepared by mixing 15 mg of sample with 300 mg of KBr beforehand 
dried overnight at 110 ◦C. All analyses were carried out in a Perkin 
Elmer equipment Spectrum One. One hundred scans were carried out in 
the range of 4000 to 400 cm− 1 with a 4 cm− 1 resolution. Thermogra
vimetric analysis was employed to determine the amount of PDA 
deposited on carbon surface. All tests were carried out under a nitrogen 
atmosphere from 50 ◦C to 900 ◦C in a Perkin Elmer STA 8000 thermo
balance. The heating ramp was kept at 10 ◦C/min and the N2 flow rate 
was adjusted to 40 mL/min. With this technique it was possible to 
calculate the amount of PDA deposited on carbon black surface by 
estimating the difference in the weight loss during the heating process. 

The amount of functional groups on CBO-PDA composite was 
determined by Boehm’s titration. Samples were put in contact with 50 
mL of 0.05 M solutions of NaOH, Na₂CO3 and NaHCO3 under magnetic 
stirring and nitrogen atmosphere. After filtrating the solid, 10 mL of 
each sample was acidified with 20 mL of 0.05 M HCl solution. The new 
solutions were degassed for 2 more hours with nitrogen under agitation 
and titrated with 0.05 M NaOH in order to determine the amount of 
phenols, lactones and carboxylic groups [43,44]. 

Ruthenium load on each composite was measured by ICP-AES in a 
ICP 6500 Thermo Scientific Instrument. For this matter, samples were 
mixed with 1 g of NaOH and Na2O2 and melted on the flame of a Bunsen 
burner. The samples were analyzed after they were acidified with HCl 
and diluted with distilled water. Ruthenium dispersion was measured by 
CO chemisorption in a Micromeritics PulseChemiSorb 2705. For this 
latter, samples of 0.25 g were reduced at 200 ◦C for 2 h under hydrogen 
atmosphere (Air liquid; Purity > 99.999%) with a heat ramp of 10 ◦C/ 
min. After reduction, helium (Air liquid; Purity > 99.999%) was passed 
through for 1 h until the temperature decreased to 35 ◦C. Under these 
conditions, CO pulses (20% of CO in Helium as carrier gas) were 
introduced. A TCD detector was employed to estimate the CO moles not 
adsorbed by Ru and thereafter to estimate Ru dispersion. Under the 
analysis conditions, metallic ruthenium on the surface adsorbs CO 
molecules with a stoichiometric ratio of Ru:CO = 1:1 [45]. 

X-ray photoelectron spectroscopy (XPS) analyses were carried out in 
a SSX 100/206 photoelectron spectrometer from Surface Science In
struments (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 10–6 Pa and the flood gun was set at 8 eV. The 
angle between the surface and the axis of the analyzer lens was 55◦. The 
analyzed area was approximately 1.4 mm2 and the pass energy was set 
at 150 eV. Under these conditions, the full width measured at half 
maximum (FWHM) of the Au 4f7/2 peak for a clean gold standard sample 
was about 1.6 eV. Samples were prepared by pressing the powder in 
small stainless steel troughs of 4 mm diameter and placed on a ceramic 
carousel with a Ni grid set above the sample surface for charge stabili
zation. The following sequence of spectra was recorded: survey spec
trum, C 1 s, O 1 s, N 1 s, Cl 2p, Ru 3p. For all samples, C 1 s spectrum was 
recorded again to check the stability of charge compensation with time. 
The aromatic C-(C,H) component of the C1s peak of carbon was fixed at 
284.8 eV to set the binding energy scale. Data treatment was performed 
with the CasaXPS program (Casa Software Ltd, UK). Carbon 1 s peaks 
were decomposed with the least squares fitting routine provided by the 
software with a Gaussian/Lorentzian (85/15) product function and after 
subtraction of a non-linear baseline. The identification and quantifica
tion of Ru was performed with the 3p3/2 peak in order to avoid decon
volution problems associated with the C 1 s peak (C 1 s and Ru 3d5/2 
peaks have similar binding energies) [46]. XPS was employed to verify 
Ru chemical environment after PDA deposition on CBO and to estimate 
Ru oxidation state on catalyst surface. 

2.5. Catalytic tests 

All tests were carried out in 20 mL closed vessels with magnetic 
agitation at room temperature. Two different amounts of NaIO4 were 
tested in this study: 4.1 equivalents (430 mg) and 8.2 equivalents (870 
mg). The oxidant was dissolved in 8 mL of distilled water followed by 4 
mL of acetonitrile and 2 mL of ethyl acetate. Next, 1 equivalent (0.5 
mmol) of oleic acid along with heptanoic acid (internal standard) was 
dissolved in the biphasic solvent system. After adding 0.1 g of CBO-PDA- 
Ru, the reaction mixture was agitated at 1 500 rpm for 24 h (see Scheme 
3). 

At different time intervals, 0.1 mL of the organic layer was extracted 
through a syringe and diluted in 1.4 mL of ethyl acetate. All samples 
were analyzed by Gas Chromatography (GC) in order to separate, 
identify and quantify the reaction products and unreacted oleic acid. 
The analyses of each sample were performed in a Varian 3800 Gas 
Chromatograph equipped with a Flame Ionization 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 from the organic layer 
without performing any derivatization process. Once an oxidative 
cleavage test ended, three subsequent extractions from the aqueous 
phase were performed with ethyl acetate in order to recover all the 
pelargonic and azelaic acids that could have formed an emulsion. The 
yields reported in the following are calculated by summing the quanti
ties of PA and AA found in the reaction organic phase with those found 
in the three extracts from the aqueous phase. 

Isolated yield was obtained as well by separating pelargonic and 
azelaic acids employing Rup et al., protocol [18]. Once the products are 
isolated in ethyl acetate after three extractions, the acids were concen
trated using a rotary evaporator at 50 ◦C. The paste obtained was pu
rified twice with hot distilled water (90 ◦C) in order to dissolve azelaic 
acid. Pelargonic acid, which is not soluble in water, was dissolved in 
petroleum ether, stirred for 2 h and dried in order to obtain the product. 
Azelaic acid precipitated once hot water reached room temperature. 

In addition, oxidative cleavage of oleic acid with CBO-PDA-Ru was 
monitored by UV–Vis spectrophotometry in a UV-3600 Plus Shimadzu 
spectrophotometer. Samples from the aqueous and organic phases were 
extracted separately at different time intervals in order to verify the 
presence of Ru species in both phases during the reaction and after it was 
concluded. In the case of the aqueous phase, a solution of NaIO4 was 
used as reference; ethyl acetate was used as reference for the organic 
phase. 

The same procedure was performed with deuterated solvents (D2O, 
acetonitrile‑d3 and CDCl3) in order to verify the intermediates and 
products throughout the oxidative cleavage of oleic acid with CBO-PDA- 
Ru composites. At the same interval times, samples were extracted from 
the organic phase to analyze them in a Liquid-state Nuclear Magnetic 
Resonance (NMR) spectroscopy Bruker Avance II 300 MHz equipped 
with a BBFO 5 mm NMR probe z-gradient coil. For each experiment 16 
scans were recorded; the spectral window was set at 16 ppm with a 
relaxation delay of 3 s. All data was treated with Spinwork 4 software. 

2.6. Recyclability tests 

Once a catalytic test was finished, the catalyst was separated from 
the biphasic solution by centrifugation in a Heraeus MultifugeX1R 
Centrifuge at 14 000 rpm (26 200 g) for 20 min. The solid catalyst was 
washed three times with warm distilled water (~80 ◦C) and dried 
overnight at room temperature. Afterwards, the catalyst was re-inserted 
in a fresh reaction mixture to start the oxidative cleavage of oleic acid 
with the procedure explained above. These steps were repeated five 
times in order to verify the possibility of re-use the synthesized catalyst 
by assessing conversion after each recycle test. 

S. Gámez et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 427 (2022) 131820

5

2.7. Hot-centrifugation tests 

In these tests, once the conversion in a standard test described above 
was approximately 50%, the catalyst was removed from the reaction 
medium by centrifugation. Then, the reaction continued to be monitored 
(without the solid catalyst) by injecting samples of the organic layer in 
the chromatograph. The idea was to verify if there was catalytic activity 
after the removal of the solid catalyst. An increase in conversion after 
the catalyst removal would suggest that the active sites (ruthenium 
species) have moved in the liquid phase leaving the composite and were 
exerting a catalytic effect therein. 

2.8. Boomerang catalysis assessment protocol 

The possibility that Ru ions could be released from the CBO-PDA 
support and return to it once the oxidative cleavage reaction ended, 
was verified by following the protocol depicted in Fig. 1. After an 
oxidative cleavage test finished, the solid catalyst was removed by 
centrifugation. The organic phase was separated from the aqueous layer 
by a syringe. Then, a fresh support (CBO-PDA) was added to the aqueous 
phase in order to adsorb the eventually leached Ru ions from the original 
solid catalyst. After 24 h of adsorption, the solid was removed from the 

aqueous solution by centrifugation. The aqueous phase before and after 
adsorption was analyzed by ICP to determine the presence of Ru ions. 
Finally, both the CBO-PDA that has been used to recover the eventually 
leached Ru, and the aqueous layer were respectively submitted to one 
more oxidative cleavage test. 

3. Results and discussion 

Characterization of synthesized CBO-PDA-Ru catalyst TEM images 
(Fig. 2) demonstrate that oxidized carbon black (CBO) appears as ag
gregates of particles with average particle size of 27.8 ± 10.7 nm. On the 
other hand, PDA appears as a layer that covers CBO nanoparticles, 
increasing their average particle size to 41.2 ± 7.3 nm. 

All carbonaceous composites showed a quasi-type 2 isotherm with a 
narrow hysteresis loop H3 which is characteristic of materials displaying 
big mesopores (Fig. S1). In the case of the CBO-PDA composite, the 
specific surface area diminished as compared to CBO from 154 to 80 m2/ 
g. The pore volume also decreased by a factor 2, due to the filling of the 
gaps in between particles by the PDA. Comparatively, CBO specific 
surface area and pore volume only slightly decreased after Ru impreg
nation (Table S1). 

FTIR analysis was carried out to verify PDA deposition on oxidized 

Scheme 3. Oxidative cleavage of oleic acid with Ru catalyst and NaIO4.  

Fig. 1. Boomerang catalysis assessment protocol.  

S. Gámez et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 427 (2022) 131820

6

carbon black (Fig. S3). After PDA deposition on CBO, the characteristic 
peaks of PDA appear at 1604 and 1502 cm− 1 which correspond to the 
stretching vibration modes of the N–H bond located in the indole ring. 
The broad peak at 3446 cm− 1 and a small peak at 1263 cm− 1 are also 
observed which corroborates the presence of the polymer on the 
oxidized carbon black aggregates [38,40,41]. Therefore, it is possible to 
affirm that PDA was successfully deposited on oxidized carbon black 
nodules. 

Boehm’s titration results in Table S2 demonstrated that the amount 
of phenol groups increased from 0.04 to 0.18 mmol/g after PDA depo
sition. The amount of phenol groups available on CBO-PDA surface is in 
principle higher than the amount of Ru atoms required to obtain a load 
of 4%, and more than enough to chelate Ru atoms corresponding to Ru 
loads of 1% and 2%. 

As regard to TGA, the amount of PDA was possible to determine by 
subtracting the weight loss of CBO from the weight loss of CBO-PDA 
composite. In this latter, the additional weight loss observed is attrib
uted to the thermal decomposition of PDA (Fig. S3). From 50 ◦C to 
250 ◦C, humidity is evaporated and then PDA starts to decompose 
through the entire range of temperature up to 900 ◦C. Thus, a 15% PDA 
content on CBO surface was estimated. 

After ruthenium impregnation on CBO and CBO-PDA, Ru loading 
and dispersion on each composite were measured. The wet impregna
tion method was efficient in Ru deposition since ICP results agreed with 
the nominal values (Table 1). 

As regards CO chemisorption results, PDA apparently induced a 

marked decrease of Ru dispersion on the sup-port. However, this could 
be related to the chelation of Ru atoms by functional groups of PDA, as if 
Ru atoms are interacting with catechol groups it is less probable that CO 
could form a covalent bond with Ru during chemisorption analysis, thus 
the apparent decrease of Ru dispersion. Therefore, the values reported in 
Table 1 may correspond to only Ru ions that did not form a complex with 
PDA, and formed clusters on CBO surface instead. 

By TEM analysis (Fig. 3) of CBO-PDA-Ru (2%), it was very difficult to 
visualize Ru nanoparticles on CBO-PDA surface which might suggest 
that there was not Ru at all. However, since ICP confirmed the presence 
of Ru on each synthesized composite, it can be concluded that Ru is 
ideally dispersed, presumably atomically bonded to functional groups of 
PDA. On this basis, CO chemisorption results must thus be understood as 
telling that a main part of the nominal Ru is effectively complexed by 
PDA as desired. 

X-ray photoelectron spectroscopy (XPS) spectra were performed to 
estimate the chemical composition of PDA and the oxidation state of Ru 
on the synthesized composites. For PDA (Fig. S5a), the presence of C, N 
and O was observed. In addition, the peak corresponding to C 1 s was 
decomposed. Four contributions were found corresponding to CH-CH 
bonds (284.8 eV), C-N bonds in the aromatic ring (286.3 eV), C-OH of 
catechol groups (288.4) and a shake-up peak at 290.1 eV which is 
characteristic of aromatic structures (π → π*) (Fig. S4c) [36,37]. 

The same peaks were observed for PDA-Ru (Fig. S4b and Fig. S4d) 
with the addition of Ru 3p and 5d peaks. The Ru 3p doublet (Fig. S4e) 
was employed to estimate the oxidation state of Ru on PDA. Therefore, 
Ru 3p3/2 and Ru 3p1/2 were decomposed into four sub-peaks. The con
tributions at 463.0 eV and 485.2 eV could be interpreted as Ru(IV), 
while those at 466.1 eV and 488.5 eV are satellite peaks of the former 
[47-50]. 

As regards CBO (Fig. 4a), C 1 s and O 1 s appear at 284.8 eV and 
532.8 eV respectively, and the presence of N was confirmed by the N 1 s 
peak at 400.0 eV in the CBO-PDA spectrum (Fig. 4b). The presence of 
nitro-gen along with the increase of oxygen content (because of catechol 
groups) confirms the deposition of PDA on CBO surface. 

Table 2 recaps the elemental composition of the analyzed samples. 
The presence of nitrogen in CBO-Ru (2%) could be due to the presence of 
impurities while the presence of Cl can be attributed to the nature of the 
Ru precursor salt (RuCl3⋅H2O). 

Fig. 2. TEM images of a) CBO; b) particle size distribution of CBO; c) CBO-PDA; 
d) particle size distribution of CBO-PDA. 

Table 1 
Ru loading and dispersion on carbon black composites.  

Catalyst Ru loading (Nominal 
value) (%) 

Ru loading (ICP 
value) (%) 

Ru dispersion 
(%) 

CBO-Ru(2%)  2.0  1.7  47.8 
CBO-PDA-Ru 

(1%)  
1.0  1.0  8.4 

CBO-PDA-Ru 
(2%)  

2.0  1.9  7.8 

CBO-PDA-Ru 
(4%)  

4.0  3.8  4.8  

Fig. 3. TEM image of CBO-PDA-Ru (2%).  

S. Gámez et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 427 (2022) 131820

7

For CBO-Ru (2%) and CBO-PDA-Ru (2%), the doublet peaks of the Ru 
3p core level was observed. In the case of CBO-Ru (2%), the Ru 3p 
doublet at 464.1 eV and 486.6 eV corresponds to Ru (III) while in CBO- 
PDA-Ru (2%) peaks at 463.4 eV and 485.6 eV correspond to Ru (IV) 
[35,38]. Therefore, the conclusion is that Ru forms a complex with PDA 
functional groups on CBO-PDA surface. 

3.1. Elucidating oxidative cleavage mechanism of oleic acid with CBO- 
PDA-Ru 

First, the oxidative cleavage of oleic acid was carried out only with 
NaIO4 (entry 1, Table 2) in order to determine to what extent the oxidant 
agent could perform the reaction by itself without catalyst. Then, the 
same catalytic tests were performed with CBO, PDA and CBO-PDA 
(entries 2, 3 and 4, Table 3) to evaluate the possibility of oxidative 
cleavage without ruthenium. Conversions resulted to be lower than 1% 
and the products did not appear on the chromatograms. This demon
strates that it is not possible to perform the reaction with only the 
oxidant agent and the supports, i.e. without catalyst. 

Afterwards, CBO-Ru (2%) was assessed in the oxidative cleavage 
reaction but with hydrogen peroxide in-stead of NaIO4. The idea was to 
probe if it was possible to perform the reaction with a softer oxidant 
since ac-cording XPS results, Ru was already oxidized. However, results 
were as poor as in the previous cases (entry 5, Table 3). This is in line 
with the fact that only a strong oxidant agent such as NaIO4, can 

Fig. 4. XPS spectra of: (a) CBO; (b) CBO-PDA; (c) CBO-Ru (2%); (d) CBO-PDA-Ru (2%); (e) Ru(3p) core level of CBO-Ru (2%); (f) Ru(3p) core level of CBO-PDA- 
Ru (2%). 

Table 2 
Superficial chemical composition (from XPS) of carbon black composites.  

Catalyst C (%) O (%) N (%) Ru (%) Cl (%) 

CBO  93.6  6.4 — — — 
CBO-PDA  70.8  22.4 6.8 — — 
CBO-Ru (2%)  89.6  8.0 1.4 0.8 0.1 
CBO-PDA-Ru (2%)  68.8  21.6 7.7 1.7 0.3  

S. Gámez et al.                                                                                                                                                                                                                                  



Chemical Engineering Journal 427 (2022) 131820

8

transform the ruthenium precursor into Ru(VIII)O4 whereas softer oxi
dants (as H2O2) cannot produce this active species [13,18,24,51]. 

It is important to mention that Ru at high oxidation state is required 
to trigger the pericyclic reaction with the carbon–carbon double bond of 
oleic acid. After the addition of NaIO4 to CBO-Ru (2%) and CBO-PDA-Ru 
(2%), conversions increased to 95.5% and 96.4% respectively (entries 6 
and 7, Table 3). About selectivities to PA and AA, it is important to 
remind that the cleavage of oleic acid should generate equal amounts of 
pelargonic and azelaic acids (50:50). Selectivities of PA and AA resulted 
to be higher with the catalysts that contain PDA. 

Isolated yields of pelargonic and azelaic acids are reported in 
Table 4. Results demonstrate that both catalyst are efficient towards the 
production of carboxylic and dicarboxylic acids from oleic acid. The 
results obtained in this work are similar to those reported by Rup et al. 
[18] (88% PA and 78% AA; homogeneous catalysis), and better than 
those obtained by Ho and co-workers [26] (conversion 16%, 84% PA 
and 79% AA; heterogeneous catalysis). 

In addition, three more products were detected during the oxidative 
cleavage tests (Figs. S5 and S6a). At the end of catalytic tests with CBO- 
Ru (2%) and CBO-PDA-Ru (2%), nonanal (NA, namely the aldehyde of 
PA), 9-oxononanoic acid (Oxo, namely the aldehyde of AA) and 9,10- 
dihydroxystearic acid (Diol, namely the corresponding diol of oleic 
acid) were additionally detected which agrees with the reaction mech
anism explained in Scheme 1. The selectivities to each of them were 
respectively 8.5, 8.2 and 0.8 % when CBO-Ru (2%) was used as catalyst. 

In the case of CBO-PDA-Ru (2%), nonanal and 9-oxononanoic acid 
were not detected after 24 h of agitation. On the other hand, only 1.2% 
of 9,10-dihydroxystearic acid was found. Fig. S5 illustrates the chro
matogram with the peaks of all products involved in this reaction. In 
addition, all products were characterized by Nuclear magnetic reso
nance spectroscopy (Figs. S7–S12). In order to better understand the 
behavior of the system, the kinetics of the oxidative cleavage of oleic 
acid was then monitored with CBO-PDA-Ru (2%) at different time in
tervals (Fig. S6a). After 3 h of agitation, the presence of the aldehydes 
and the diol in the reaction medium was confirmed. At the fifth hour, 
aldehydes concentration reaches its maxi-mum and then their concen
tration started to decrease. The same trend was observed for 9,10-dihy
droxystearic acid but in lower concentration than the aldehydes. At 24 h, 
pelargonic and azelaic acids are the most abundant products while oleic 
acid along with the aldehydes and 9,10-dihydroxystearic acid were 
found in lower concentrations in the reaction medium. These findings 
confirm that 9,10-dihydroxystearic acid is formed when the 

perruthenate ester is broken. As a result, two aldehydes (nonanal and 9- 
oxononanoic acid) are formed, which in turn are transformed into car
boxylic acids either by means of NaIO4 or by Ru(VIII)O4. 

In order to elucidate which one of the above oxidants may oxidize the 
aldehydes, the following experiment was performed. First, 0.5 mmol of 
nonanal was dis-solved in the absence of any Ru species in the biphasic 
system along with 430 mg of NaIO4. Second, the same procedure was 
performed but in this case 5 mg of RuCl3⋅H2O was added in order to form 
Ru(VIII)O4 in the reaction medium. The results plotted in Fig. 5 
demonstrate that both NaIO4 and Ru(VIII)O4 can oxidize aldehydes to 
carboxylic acids under the same conditions of oxidative cleavage. 

A difference is however observed in the kinetics of the respective 
oxidizing agents. While Ru(VIII)O4 completely oxidizes nonanal in 5 h, 
NaIO4 requires more time, with 24 h not being enough to completely 
oxidize nonanal. 

Additionally, UV–Vis analysis of the evolution of the Ru oxidation 
state along the reaction was performed. Fig. 6 shows UV–Vis spectra of 
the organic (ethyl acetate) and aqueous phases after 3 h and 24 h of 
agitation. At three hours, three defined peaks at 295, 375 and 455 nm 
were observed. According to literature, Ru(VIII)O4 characteristic peaks 
are at 300 and 380 nm whereas peaks at 380 and 455 nm correspond to 
Ru(VI)O4 [40]. Therefore, both Ru species are present during the 
oxidative cleavage tests. Ru(VIII)O4 performs the pericyclic reaction in 
first, and after the perruthenate ester is bro-ken, the Ru species is 
reduced to Ru(VI)O4. Then, Ru(VI)O4 is oxidized again by means of 
NaIO4. 

In addition, at 24 h all the characteristic peaks disappear indicating 
that Ru species were no longer pre-sent in the organic phase. In the 
aqueous phase, it is possible to observe a small peak at 325 nm at 3 and 
24 h of agitation. This peak is characteristic of RuCl3 which may be 
present in the aqueous phase when it is reduced from the oxidative 
cleavage in the organic phase. In the aqueous phase, no Ru at high 
oxidation state was never detected. These results suggest that Ru(IV) is 
released from the CBO-PDA support once the oxidative cleavage 

Table 3 
Catalytic test results for carbon black catalysts.[a]  

Entry Catalyst Conversion (%) OA (%) PA (%) AA (%) NA (%) Oxo (%) Diol (%) 

1 Blank  0.5 — — — — — — 
2 CBO  0.4 — — — — — — 
3 PDA  0.6 — — — — — — 
4 CBO-PDA  0.7 — — —— — — — 
5 CBO-Ru(2%)[b]  0.4 — — — — — — 
6 CBO-Ru(2%)  95.5 2.8 40.0 39.8 8.5 8.2 0.8 
7 CBO-PDA-Ru(2%)  96.4 2.0 48.1 48.7 — — 1.2 

[a]All experiments were performed with: 0.5 mmol of Oleic acid, 8.2 eq (870 mg) NaIO4, 8 mL H2O, 4 mL Acetonitrile, 2 mL Ethyl Acetate and 0.1 g of catalyst (2% Ru) 
at room temperature during 24 h of agitation. 
[b]CBO-Ru (2%) with 3 mL of H2O2 instead of NaIO4. 

Table 4 
Isolated yield of pelargonic and azelaic acids.  

Entry Catalyst Conversion 
(%) 

Isolated Yield 

Pelargonic acid 
(%) 

Azelaic acid 
(%) 

1 CBO-Ru(2%) > 99  84.5  78.3 
2 CBO-PDA-Ru 

(2%) 
> 99  88.7  84.2  

Fig. 5. Oxidation of nonanal with NaIO4 and Ru(VIII)O4/NaIO4.  
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reaction begins. Then Ru is oxidized by NaIO4 and performs the oxida
tive cleavage as a homogeneous catalyst. 

3.2. CBO-PDA-Ru towards oxidative cleavage of oleic acid 

A kinetic study was carried out during 24 h in order to determine the 
required time to reach the highest conversion with the synthesized 
catalysts. Fig. 7a demonstrates that at the first 7 h, the reaction proceeds 
faster than the next 17 h. In the specific case of CBO-Ru (2%), 24 h are 
required to achieve 95.5% conversion with 870 mg of NaIO4 whereas 
about the same conversion (96.4%) was accomplished in no>8 h when 
CBO-PDA-Ru (2%) was employed as catalyst. About the selectivity, 
comparing CBO-PDA-Ru (2%) and CBO-Ru (2%), the presence of PDA on 
the support led to increase the amount of pelargonic and azelaic acids. 
From this comparison, the interaction between PDA functional groups 
and Ru turns not to be detrimental for the oxidative cleavage of oleic 
acid, on the contrary. 

Next, the influence of higher Ru loads on CBO-PDA support along 
with 870 mg of NaIO4 was assessed on the conversion and selectivity in 
the oxidative cleavage of oleic acid. Fig. 8a indicates that the higher the 
quantity of Ru on catalyst surface, the higher is the con-version. Fig. 8b 
demonstrates that not>3 h is required to obtain a complete conversion 

when CBO-PDA-Ru (4%) is employed. 
On the other hand, both conversion and selectivity resulted to be 

poor with the CBO-PDA-Ru (1%) composite. Although conversion was 
95%, after 24 h of agitation, there was still 9-oxo nonanoic acid and 
nonanal present in the reaction medium. Therefore, the selectivities 
towards PA and AA were lower compared to that obtained with the 
composites with higher Ru loads. Even an excess of 870 mg of NaIO4 was 
not enough to oxidize the corresponding aldehydes to pelargonic and 
azelaic acids. In terms of selectivity, the best compo-sites resulted to be 
with 2% and 4% of Ru load. 

Recyclability tests were performed with CBO-Ru (2%) and CBO-PDA- 
Ru (2%) catalysts in order to verify their reusability. CBO-Ru (2%) 
maintained the same catalytic activity after 2 recycles (Fig. 9a). 
Nevertheless, con-versions decreased ostensibly at the 3rd, 4th and 5th 
recycle, which suggests that CBO-Ru loses Ru in the reaction medium. 
On the contrary, conversions plotted in Fig. 9b demonstrate that CBO- 
PDA-Ru (2%) can be re-used without major loss of catalytic activity 
even after 5 recycles. 

Only in the last two recycles, at the first 7 h of the reaction the cat
alytic activity of the composite was slightly lower than in the three first 
runs. The reason can be the progressive physical loss of support (and 
therefore also of Ru) accumulating at each recyclability test or during 

Fig. 6. Oxidative cleavage reaction with CBO-PDA-Ru (2%) monitored by UV–Vis spectrophotometry: a) Organic phase at t = 3 h, b) aqueous phase at t = 3 h, c) 
Organic phase at t = 24 h, b) aqueous phase at t = 24 h. 

Fig. 7. a) Kinetics of CBO-Ru (2%) and CBO-PDA-Ru (2%); b) Selectivity of CBO-Ru (2%) with different amounts.  
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the extraction of samples for monitoring the reaction by GC. Beside this 
this set of experiments shows the crucial role played by PDA in the 
recyclability of the composite catalyst. 

The results of the recyclability tests apparently contradict those from 
UV–Vis spectrophotometry. Indeed, on one hand the later confirmed the 
presence of Ru species in the reaction medium, which correspondingly 
should induce (as for CBO-Ru) major losses in catalytic activity along the 
successive recycles of CBO-PDA-Ru. 

In addition, both catalysts (CBO with and without PDA) were char
acterized after the recycle tests. XPS analysis shows that Ru was leached 
after several catalytic tests in the case of CBO-Ru(2%) catalyst (Table 5). 
On the other hand, Ru concentration on CBO-PDA surface did not 
decreased during the oxidative cleavage of oleic acid. The presence of 
PDA was confirmed with the peak of N 1 s in the XPS spectrum of 
Fig. S13. The presence of Na 1 s and I 3d peaks in the spectrum of spent 
CBO-Ru(2%) catalyst, indicate that the composite was contaminated 
after several recycles (Fig. S13 c). 

On the other hand, NaIO4 did not contaminate CBO-PDA-Ru(2%) 
since Na nor I were detected by XPS. It is believed that NaIO4 can oxidize 
PDA catechol groups; therefore, this phenomenon was verified by FTIR 

after fresh synthesized PDA was submitted to oxidative cleavage test. 
Fig. S14 shows how a small peak at 1722 cm− 1 appears during and after 
the oxidation reaction [52]. This peak agrees to the stretching vibration 
mode of carbonyl groups, which in this case, correspond to the presence 
of quinones. It is possible to affirm as well that quinones are not the 
majority functional group of PDA chemical structure. 

ICP analysis were performed as well and the results summarized in 
Table 6 confirm the findings observed in XPS analysis. Ru loading 
decreased as a consequence of several catalytic tests. The loss of Ru is 
higher in the case of CBO-Ru(2%) composite than in CBO-PDA-Ru(2%) 
catalyst. ICP and XPS results confirm that PDA functional groups allow 
to retain Ru on composités surface in order to maintain the catalytic 
activity. Ru dispersion diminished in the composite without PDA as a 
consequence of Ru aggregation and leaching after oxidative cleavage 
tests. 

Clearly, the synthesized composite behaved better in the oxidative 
cleavage of oleic acid than CBO without PDA. In order to understand 
better the mechanism associated with CBO-PDA-Ru(2%) catalyst, we 
first evaluated in what extent the dissolved Ru in the reaction medium 
contributed to the oxidative cleavage of oleic acid. Therefore, a hot- 

Fig. 8. a) Catalytic activity of CBO-PDA-Ru with different Ru loads at NaIO4 = 870 mg; b) Selectivity of CBO-PDA-Ru with different Ru loads.  

Fig. 9. Recyclability tests of: a) CBO-Ru (2%) and b) CBO-PDA-Ru (2%).  

Table 5 
Chemical characterization by XPS of fresh and spent catalysts.  

Catalyst C 
(%) 

O 
(%) 

N 
(%) 

Ru 
(%) 

Cl 
(%) 

Na 
(%) 

I 
(%) 

Fresh CBO-Ru 
(2%)  

89.6  8.6 —  1.8 — — — 

Fresh CBO-PDA-Ru 
(2%)  

68.8  21.6 7.7  1.7 0.3 — — 

Spent CBO-Ru 
(2%)  

75.0  20.0 —  0.9 — 2.7 1.2 

Spent CBO-PDA- 
Ru (2%)  

71.3  19.3 7.6  1.6 — — —  

Table 6 
Ru loading and dispersion fresh and spent catalysts.  

Catalyst Ru loading (Nominal 
value) (%) 

Ru loading (ICP 
value) (%) 

Ru dispersion 
(%) 

Fresh CBO-Ru 
(2%)  

2.0  1.7  47.8 

Fresh CBO-PDA- 
Ru(2%)  

2.0  1.9  7.8 

Spent CBO-Ru 
(2%)  

2.0  1.1  36.1 

Spent CBO-PDA- 
Ru(2%)  

2.0  1.8  7.4  
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centrifugation test was performed (Fig. 10). 
When conversion reached approximately 50%, the solid catalyst was 

removed from the reaction mixture by centrifugation. Afterwards, the 
reaction mixture (with-out the solid catalyst) was agitated and samples 
were extracted from the organic layer in order to monitor the reaction 
up to 24 h. Fig. 10 demonstrates that the oxidative cleavage of oleic acid 
proceeded after the catalyst removal with an increase of 14% in terms of 
conversion for CBO-Ru (2%) and 10% for CBO-PDA-Ru (2%) 
respectively. 

This finding corroborates the understanding reached from UV–Vis 
spectra that a leaching occurred, since Ru species are the only capable to 
perform the reaction. The only way to reconciliate the facts that a 
leaching of active Ru species occurred, but still that the catalyst main
tained the same catalytic activity after 5 recycles, is to evoke the pos
sibility that the CBO-PDA-Ru system behaves along a boomerang 
catalytic mechanism. 

3.3. Boomerang catalysis 

This kind of catalytic system combines the benefits of heterogeneous 
and homogeneous catalysis [53-56]. The strategy of the boomerang 
catalysis consists in the development of a support that allows the release 
of the active species in the liquid reaction medium and once the reaction 
is completed, these active species should be recaptured by the support in 
order to re-use them in subsequent catalytic cycles [54-57]. Thereby, on 
one hand, it is possible to obtain the advantages of a homogenous 
catalyst (high catalytic activity and selectivity) and the advantages of a 
heterogeneous catalysts (easy separation and recycling) on the other 
hand [54-59]. 

In order to assess this possibility with our catalytic system, the pro
tocol explained in the experimental section and depicted in Fig. 11a was 
performed. 

After performing an oxidative cleavage test with 100 mg CBO-PDA- 
Ru (2%) for 24 h, the solid catalyst was re-moved by centrifugation. 
Therefore, initially there was 2 mg of Ru on the composite surface. Then, 
the organic layer was removed along with three subsequent extractions 
with fresh ethyl acetate in order to ensure that all the products were 
removed from the aqueous phase. The ICP analysis determined that 
0.043 mg of Ru remained in the aqueous phase after the oxidative 
cleavage reaction which means a loss of Ru of 2.2% from the original 
catalyst. Next, a fresh support CBO-PDA was added to the aqueous layer 
to adsorb the leached Ru for 24 h. 

The new composite CBO-PDA-(Ru recovered) adsorbed 75% of the 
Ru left in the aqueous layer. The catalytic test results shown in Fig. 10b 
confirms that the residual amount of Ru that remained in the aqueous 
phase after the first oxidative cleavage test was not enough to perform 
the oxidative cleavage of oleic acid (only 3% of conversion was 
reached). The composite CBO-PDA-(Ru recovered) achieved only a 14% 
of conversion. These findings clearly demonstrate that the synthesized 

composite recovered its Ru ions once the oxidative cleavage test ended 
since almost all Ru ions remained on its surface. These evidences explain 
how the composite can complete subsequent catalytic tests reaching 
conversions of 95% without losing catalytic activity. In addition, it is 
possible to affirm that the real benefit of PDA lies in its capacity to 
chelate Ru species after an oxidative cleavage test finishes. Thus, func
tional groups of the polymer may form complexes with Ru ions (̈catcḧ of 
the active species) in order to ̈releasë them in subsequent catalytic tests 
as a Boomerang system. The synthesized CBO-PDA-Ru composites 
combine the benefits of homogeneous catalysis (high catalytic activity) 
with those of heterogeneous catalysis (recycling of the solid catalyst). 
Finally, after considering all the findings shown and discussed in this 
section, the mechanism for the oxidative cleavage of oleic acid with 
CBO-PDA-Ru is illustrated in Scheme 4. 

After the composite is put in contact with NaIO4 in the reaction 
medium, Ru is released and oxidized to Ru(VIII)O4. Then, a pericyclic 
reaction takes place between the carbon–carbon double bond of oleic 
acid and Ru(VIII)O4 in order to form a cyclic perruthenate ester. The 
cyclic ester is broken by water and ruthenium is reduced to Ru(VI)O4 
whereas at the same time 9,10-dihydroxystearic acid is formed. NaIO4 
trans-forms the resulted diol into nonanal and 9-oxo nonanoic acid. 
Simultaneously, ruthenium is oxidized again to Ru(VIII)O4 which in turn 
oxidizes the aldehydes to pelargonic and azelaic acid. It is important to 
remind that NaIO4 can perform the latter reaction only in a minor 
extent. When the reaction ends, Ru is readsorbed by PDA functional 
groups which maintains the catalytic activity of the catalyst in subse
quent reactions. 

4. Conclusion 

A novel Ru heterogeneous composite catalyst suitable for the 
oxidative cleavage of oleic acid was synthesized using carbon black as a 
support and polydopamine as an anchoring system for the complexation 
of Ru ions. The deposition of PDA on CBO surface was confirmed by 
FTIR, TGA, N2 physisorption, TEM and XPS and Ru load was determined 
by ICP. The synthesized catalyst resulted to be active in the oxidative 
cleavage of oleic acid reaching conversions of 95% after 3 h of agitation 
at room temperature. 

PDA was not detrimental for this kind of reaction and higher Ru loads 
increased the selectivity towards pelargonic and azelaic acid. NMR and 
GC analysis demonstrated the presence of intermediates such us 9,10- 
dihydroxystearic acid, nonanal and 9-oxo nonanoic acid. In this work, 
100 mg of CBO-PDA-Ru with a Ru load of 2% along with 870 mg of 
NaIO4 was required to transform the mentioned intermediates in the 
desired products. 

UV–Vis analysis confirmed the presence of Ru(VIII)O4 and Ru(VI)O4 
in the reaction medium during catalytic tests. However, once the reac
tion ends, the presence of Ru species was not detected anymore. On the 
other hand, recyclability tests demonstrated that CBO-PDA-Ru (2%) 

Fig. 10. Hot-filtration test results of: a) CBO-Ru (2%) and b) CBO-PDA-Ru (2%).  
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Fig. 11. a) Boomerang catalysis assessment of CBO-PDA-Ru (2%) after an oxidative cleavage test; b) Catalytic activity of CBO-PDA after adsorption of Ru within 
reaction media with 2% and 4% of Ru loading. 

Scheme 4. Proposed mechanism for the oxidative cleavage of oleic acid with CBO-PDA-Ru.  
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catalyst did not lose catalytic activity even after 5 recycles. GC and ICP 
results confirmed that almost all Ru is recovered by PDA functional 
groups once the reaction ends. Hence, these findings suggest that the 
synthesized composite functions as a boomerang catalyst combining the 
advantages of homogeneous and heterogeneous catalysis in order to 
produce high value products from renewable raw materials like oleic 
acid. 
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