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A complex cation, diNOsarcobalt(IIl), [Co(diNOsar)]**, (diNOsar = 1,8-dinitro-3,6,10,13,16,19-hexaazabicyclo-[6.6.6]eicosane),
was synthesized and immobilized in the cavities of a Y zeolite by the reaction of precursor species in the pores of the zeolite. The
encapsulated material was compared to the compound diNOsarcobalt(IIT) chloride, [Co(diNOsar)]Cl,. Both diNOsarcobalt(III)
chloride and the zeolite-encapsulated complex, [Co(diNOsar)]**/zeolite, were obtained in high yield and characterized by ultraviolet-

visible and infrared spectroscopy. X-ray diffraction demonstrated the incorporation of the complex cation into the pores of the

zeolite. The catalytic production of hydrogen peroxide from oxygenated water confirmed the successful synthesis of the complex

diNOsarcobalt(IIT) immobilized in the zeolite.
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INTRODUCTION

Hydrogen peroxide (H,0,) is considered an inorganic compound
of elevated consumption in the chemical industry; this compound is
used as a raw material in numerous production processes, and as a
powerful oxidizing agent in several reactions of environmental im-
pact.!® Several studies demonstrate the importance of understanding
the reactions and applications of this compound.*” Among different
conventional applications, hydrogen peroxide is used in place of
bleach in textile factories and in paper production, as a disinfectant
for the cleaning of implements (bottles, cans and machines) that are
used in the food industry, and in the production of a broad variety
of organic and inorganic chemicals. In organic synthesis, hydrogen
peroxide is used to prepare organic peroxides and perform polyme-
rization reactions. Furthermore, hydrogen peroxide is employed to
clean metals and electronic devices,? to design new fuel cells,” and to
purify wastewater via Fenton and Fenton-type processes.'?

The earliest method for hydrogen peroxide production was
proposed by L. J. Thenard in 1818, based on the reaction of barium
peroxide with nitric acid; slightly modified, this method became an
industrial procedure sixty years later and persisted until the middle
of the twentieth century. Successive procedures were later developed
(e.g., electrolytic methods or those employing oxidation of 2-propa-
nol), but most of the industrial processes in use today produce H,0,
via the anthraquinone/anthrahydroquinone system.' This procedure,
known as “the anthraquinone process”, is chemically based on
the reaction described in Figure 1, and provides a higher yield of
hydrogen peroxide at lower costs than the previously mentioned
procedures. However, the anthraquinone process has a number of
known difficulties that have focused attention toward its optimization,
and motivated the development of new synthetic approaches.' For
example, the anthraquinone method produces organic byproducts
generated from secondary transformations of anthraquinone; thus it
requires additional separation procedures. Furthermore, anthrahydro-
quinone requires aromatic solvents, while anthraquinone requires
polar solvents such as alcohols and esters. This situation leads to the
use of frequently expensive and complex mixtures of solvents, and
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the recovery operations can also be complicated. The hydrogenation
step of the anthraquinone process furthermore uses Pd catalysts
(Figure 1), which are expensive and can be deactivated by interaction
with organic byproducts formed in the reaction.! Organic byproducts
of H,0, synthesis can also have a detrimental effect on the stability
of hydrogen peroxide solutions. Raney nickel catalysts, which
are sometimes used in place of palladium catalysts, require more
stringent safety procedures for handling because of their extremely
pyrophoric behavior.!
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Figure 1. Schematic representation of the fundamental reactions involved in
the anthraquinone method for producing hydrogen peroxide

Sargeson et al.’ proposed the synthesis of hydrogen peroxide
from oxygen dissolved in water, using as a homogeneous catalyst a
cobalt-containing coordination compound known as an “‘encapsulated
complex” or “cage compound”. The water-soluble cobalt cage com-
pound (1,8-dinitro-3,6,10,13,16,19-hexaazabicyclo-[6.6.6]eicosan)
cobalt(IIl) chloride, abbreviated as diNOsarcobalt(III) chloride or
[Co(diNOsar)]Cl,, (Figure 2) has excellent catalytic properties for
this reaction, and its synthesis has been widely published in the
literature.!®!! However, the use of this catalyst in homogeneous
medium requires additional complex separation procedures for iso-
lation before a possible distillation for concentrating the hydrogen
peroxide solutions. The present work investigates the synthesis of
the complex cation, known as diNOsarcobalt(IIT) ([Co(diNOsar)]**),
inside a water-insoluble porous solid that allows separation from the
reaction medium (Figure 2).

Zeolites are insoluble solids that can exhibit the required characte-
ristics and appropriate pore size to contain the [Co(diNOsar)]** cation,
without releasing the cation after synthesis. These solids are alumi-
nosilicates (tectosilicates), whose structure comprises tridimensional
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Figure 2. Structures of the complex diNOsarcobalt(Ill) ([Co(diNOsar)[**),
(1,8-dinitro-3,6,10,13,16,19-hexaazabicyclo-(6.6.6)eicosan)cobalt(IlI),
Zeolite Y, and the complex cation inside the zeolite (“ship in a bottle”-type
immobilization)

frameworks of SiO, and AlO, groups linked through shared oxygen
atoms. This structure has channels and cages of molecular dimensions
that form a microporous network.'? Zeolite Y exhibits a microporous
structure with “supercages” that are large enough to accommodate
spheres with 13 A diameter; the supercages are connected by small
cages of 8 A diameter.'2'3 The present work is aimed at the synthesis of
the complex cation [Co(diNOsar)]** “in situ” (inside the zeolite cages)
to make a “ship in a bottle”-type immobilized system (Figure 2).!
This study advances the development of heterogeneous catalysts for
hydrogen peroxide production. The sizes of the molecules involved in
the synthesis are known to be 8 A for diNOsarcobalt(IIT) chloride and
4.8 A for the precursor, tris(ethylenediamine)cobalt(III) chloride.'s

EXPERIMENT
Synthesis of free diNOsarcobalt(III) chloride

The precursor tris(ethylenediamine)cobalt(III) chloride, [Co(en);]
Cl,, was first prepared. The synthesis of this compound is widely
recognized in inorganic chemistry.'*'” A 30 g sample of CoCl,.6H,0
(Merck, analytical grade) was dissolved in 87.5 mL of distilled water
(solution A). Meanwhile, a solution B was prepared by adding 22.5
mL of concentrated HCI, under continuous stirring and cooling in
an ice bath, to a mixture of 22.5 mL ethylenediamine (Merck) in
62.5 mL distilled water. The solution A was slowly added to the
solution B and then mixed with 25.0 mL of 30% hydrogen peroxi-
de (Panreac). After 10 minutes under continuous stirring, the final
mixture was heated to gentle boiling. After the volume had reduced
to 150 mL, an equal volume of concentrated hydrochloric acid was
added, followed by addition of 300 mL ethanol. The mixture was
cooled in an ice bath, and the solid was vacuum-filtered. The resulting
solid, tris(ethylenediamine)cobalt(IIl) chloride, was washed with two
portions of ethanol and two portions of diethyl ether.

The complex [Co(diNOsar)]Cl, was synthesized according to the
literature.”!" All of precursor [Co(en),]CL, (12.5 g) was dissolved in
distilled water (125 mL) with 6.0 g of Na,CO,. To this mixture, 90
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mL of a40% aqueous formaldehyde solution (Merck) and 14.7 mL of
nitromethane (Merck) were added. This mixture was incubated at 40
°C for 90 minutes, and the resultant precipitate was vacuum-filtered.
A hot solution of 3 M HCI (60 mL) was added to dissolve and re-
-crystallize the precipitate. The solution was cooled in ice water, and
100 mL of ethanol was added. The [Co(diNOsar)]Cl, was obtained
as a re-crystallized solid and isolated by vacuum filtration.

Synthesis of immobilized [Co(diNOsar)]** cation

This synthesis was performed by initial incorporation of the
precursor cation [Co(en),]* in the cavities of Zeolite Y, and the
subsequent synthesis of the complex diNOsarcobalt(IIl) (Figure 3).
The incorporation of the precursor inside the zeolite cages is based
on the cationic exchange capacity of this zeolite (78 meq/100 g).
According to this value, 2 g of zeolite should be able to incorporate
0.12 g of precursor. The zeolite (2 g) was exchanged with a precursor
solution (25 mL, containing 5 x 10*moles of [Co(en),]**) for 24 hours
under continuous stirring. After this time, the solid was removed by
centrifugation and washed with deionized water. To ensure higher
incorporation of the cation, the resultant solid was subjected to a se-
cond cationic exchange. The solid was washed with deionized water
until all of the chloride was removed. Next, the [Co(diNOsar)]** was
synthesized in the zeolite according to the procedure described above.
After each reactant addition, the system was left for 5 hours under
continuous stirring to allow inclusion of the chemical species in the
zeolite pores. Finally, the solid was separated by centrifugation and
washed with deionized water until all of the chloride was removed.
Washing the solid removes chemical species retained outside the
zeolite cages.
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Figure 3. Scheme of reactions to synthesize the complex diNOsarcobalt(I1)
([Co(diNOsar) **) inside the pores of Zeolite Y by a “ship in a bottle”-type
immobilization

Analytical techniques

Cobalt was quantified, and the ultraviolet-visible (UV-Vis)
absorption profiles were obtained, using a VARIAN Cary 50 (UV-
Vis) spectrometer. Cobalt determination was performed at 520 nm
after dissolution of the coordination compound ([Co(diNOsar)]Cl,)
in concentrated sulfuric acid. For the immobilized coordination
complex, the solid was previously treated with hydrofluoric acid to
dissolve the zeolite.
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IR spectroscopy was performed using a Perkin Elmer (FT-IR)
Paragon 500. For each analysis, the sample was mixed with KBr (2
mg of sample in 200 mg of KBr) and was compressed to form a trans-
parent tablet. X-ray powder diffraction was carried out on an X-Pert
Pro MPD PANalytical diffractometer (Cu Kot = 1.54060 A) with 26
geometry and Bragg-Brentano configuration at room temperature
using a step size of 0.01° and a step time of 10 s. The apparent density
of the solids was measured using a 5 mL pycnometer (DIN) with ether.

Hydrogen peroxide formation

The formation of H,0, from oxygen dissolved in water was
monitored according to the procedure described by Sargeson et al.’
with slight modifications. Solid catalyst (0.1 g) was added to 50 mL
of distilled/deionized water (resistivity: 14.2 MQ.cm) at room tem-
perature (20 °C, controlled with a thermostat) with constant stirring.
Sodium borohydride, NaBH,, (0.3 g, Sigma-Aldrich, 98%) was added
to reduce Co(III) to Co(II) in the complex cation diNOsarcobalt(I1I).
Next, the solution was acidified with 0.5 mL of 1 M HCI. Finally, O,
(2 mL/min) was bubbled into the aqueous suspension for 2 hours. Itis
worthwhile to mention that the structure of the complex is maintained
despite the change in the oxidation number of the metal ion from
Co(I1II) to Co(II), so that diNOsarcobalt(III) is a stable precursor and
the active species contains Co(II). The catalytic cycle comprises the
oxidizing of a coordination complex that contains a metal ion capable
of existing in at least two oxidation states, said coordination complex
being sufficiently stable for the metal ion to be oxidized and reduced
without decomposition of the complex; the cycle begins with said
metal ion in its lower oxidation state.’

Hydrogen peroxide produced during the reaction was quantified
by the production of oxygen from the catalyzed decomposition of
hydrogen peroxide with potassium iodide (KI). The reaction suspension
(water and catalyst) was filtered, and the resulting solution was placed
in a sealed and temperature-controlled (20 °C) container of 100 mL
volume. KI (0.1 g) was then added, and the oxygen produced over
several minutes was quantified using a differential pressure sensor
(MPX 2010), assuming that an increase of pressure in this system arises
entirely from the oxygen produced by the catalyzed decomposition of
H,0,. This sensor was connected to a multimeter (UT60E RS232C)
and a computer (software UT60E Interface Program_ver 2.02).'8

RESULTS AND DISCUSSION

Figure 1S shows the visual characteristics of diNOsarcobalt(I1I)
chloride (Figure 1S-b) and tris(ethylenediamine)cobalt(III) chloride
(Figure 1S-a). The characteristic color of these compounds has been
reported in the literature.*!! Figures 1S-c and 1S-d show that the initial
color of the zeolite is white, and its change to yellow results from the
incorporation of the complex cation [Co(diNOsar)]**.

Two characteristic signals, corresponding to the coordination
of cobalt ions with ethylenediamine ligands in the complex cation
[Co(diNOsar)]**, are visible in the UV-Vis spectra of diNOsar in the
free coordination compound, diNOsarcobalt(IIl) chloride, and the
complex/zeolite system in aqueous solution (Figure 2S). Absorption
bands measuring approximately 475 nm and 340 nm correspond to
Co* coordinated with six atoms of nitrogen, which belong to the
three ethylenediamine ligands in the structure of the complex cation
[Co(diNOsar)]3+.2-11:1

The percentage of cobalt was determined to be 10% for both
the free diNOsarcobalt(III) chloride and the fraction of immobilized
complex. This is in good agreement with the cobalt percentage ex-
perimentally determined for diNOsarcobalt(IlI) chloride in previous
works, which is 10.6%.%'°

Quim. Nova

The apparent density of the [Co(diNOsar)]**-containing zeolite
is higher than that of free diNOsarcobalt(I1I) chloride and Zeolite Y
considered separately (Table 1). Such an increase can be attributed
to the incorporation of the cation [Co(diNOsar)]** into the zeolite
pores. Along with the UV-Vis spectra, these results provide the first
indication of the successful incorporation of the complex cation into
the zeolite.

Table 1. Apparent density of the studied solids

Material Density (g/cm?)
[Co(en),]Cl; 1.5
[Co(diNOsar)]Cl, 1.7*
Zeolite Y 1.4
[Co(diNOsar)]**/zeolita Y 2.1

*Density value reported by Geue et al.'’ is 1.6 g/cm’.

IR spectroscopy (Figure 4) shows the characteristic signals for
the prepared materials and for the zeolite used as support. Figure 4c
shows the spectrum of Zeolite Y. A band at approximately 1050 cm'!
results from the stretching vibrations of Si—O bonds in this alumino-
silicate, and the bands that appear between 400 and 900 cm™! result
from several vibrations of Si—O and Al-O bonds in the SiO, and AlO,
tetrahedra.? Signals at approximately 3448 and 1629 cm in all of
the IR spectra are attributed to the stretching and bending modes
of —OH groups in adsorbed water.?'?> DiNOsarcobalt(IIl) chloride
exhibits a stretching band corresponding to N-H bonds, at 3033
cm’,”® as well as bands attributed to symmetrical and asymmetrical
stretching vibrations of methylene groups (-CH,—) at 2855 and 2925
cm!,?22 respectively (Figure 4b). IR signals at 1384 and 1460 cm!
correspond to the bending vibrations of methylene groups.?'?? Peaks
at 1345 and 1560 cm™ are attributed to symmetrical and asymmetri-
cal stretching vibrations, respectively, of nitro (-NO,) groups in the
[Co(diNOsar)]** complex,'*!>?! confirming the successful synthesis
of this compound.!®!13

Figure 4a shows the IR spectrum of the cation [Co(diNOsar)]**
immobilized in Zeolite Y. Characteristic bands of both the
diNOsarcobalt(III) complex cation and the microporous solid (zeolite)
were observed, showing the joint existence of these structures in the
as-prepared material. The signals at 1340 and 1560 cm™ correspond
to—NO, groups of the coordination complex. These results, along with
those in Figures 4b and 4c, confirm the successful incorporation of the
complex cation into the zeolite. The greater intensity of IR vibrations
for the zeolite, compared to those of the complex cation alone, arises
from the low quantity of the coordination complex in the material.

Figure 5 shows the crystalline profiles of diNOsarcobalt(III)
chloride, the microporous support, and the zeolite containing the
immobilized complex. X-ray diffraction (XRD) peaks of the im-
mobilized complex within the zeolite (Figure 5c) are the same as
those previously verified for Zeolite Y (Figure 5a) '* indicating that
the aluminosilicate structure was maintained after the preparative
procedures and washing steps. Although diNOsarcobalt(III) chloride
displays a crystal structure on its own (Figure 5b), [Co(diNOsar)]*
does not exhibit the characteristic XRD signals when incorporated
into Zeolite Y, probably because the small size of the zeolite pores
limits the assembly of [Co(diNOsar)]** into crystal structures with
long-range order. Considering that several washes were performed
during purification of this mixed solid, and that the characteristic IR
signals of diNOsarcobalt(III) complex were observed, the absence
of XRD peaks for this complex confirms the successtul synthesis
of [Co(diNOsar)]* into the pores of the zeolite to yield a “ship in a
bottle” system.
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Figure 4. IR spectra of the studied solids. a) Complex cation [Co(diNOsar) **
immobilized in Zeolite Y. b) Free diNOsarcobalt(Ill) chloride. ¢) Zeolite Y
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Figure 5. X-ray powder diffraction patterns of the obtained materials and the
microporous solid used as support. a) Zeolite Y. b) DiNOsarcobalt(Ill) chlori-
de. ¢) Zeolite Y containing the immobilized complex cation [ Co(diNOsar) ]**
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Leaching of the complex cation from the zeolite was investi-
gated by stirring this material in abundant 2 M hydrochloric acid
solution for 24 hours at room temperature. The results showed no
leaching for the [Co(diNOsar)]** cation and for the cobalt soluble
species, which further verifies the effective inclusion of complex
cation in the zeolite.

Catalytic tests showed successful production of hydrogen
peroxide from oxygen-saturated aqueous solution using either
diNOsarcobalt(IIT) chloride or the complex [Co(diNOsar)]* sup-
ported in the zeolite as catalysts. Figure 3Sa displays the assessment
of H,O, produced through a catalytic experiment using the complex
diNOsarcobalt(III) immobilized in Zeolite Y; the heterogeneous
system contains 0.02 millimoles of complex cation. Stoichiometric
correlation indicated a maximum H,0, concentration of 0.15 mol/L.
However, nearly twofold higher levels of H,0O, were produced using
free diNOsarcobalt(III) chloride, a homogeneous system with 0.2
millimoles of complex cation, versus the heterogeneous system
(Figure 3Sb), probably because the quantity of coordination cation
available in the zeolite/[Co(diNOsar)]** mixed material is only 10%
of that available in the homogeneous catalyst. The bare zeolite
exhibited no catalytic activity towards the production of hydrogen
peroxide. The catalyzed production of hydrogen peroxide confirms
the successful synthesis of both diNOsarcobalt(IIl) chloride and the
complex [Co(diNOsar)]* immobilized in the Y zeolite.

CONCLUSION

UV-Vis and IR spectroscopy demonstrated the synthesis of both
diNOsarcobalt(IIT) chloride and the complex cation [Co(diNOsar)]**
incorporated into Zeolite Y. X-ray powder diffraction revealed inclu-
sion of the complex cation into the zeolite pores, and demonstrated the
stability of this microporous support (Zeolite Y) under the chemical
and physical treatments performed during the synthesis. Additionally,
the catalytic activity of the as-prepared materials towards the produc-
tion of hydrogen peroxide from dissolved oxygen in water verifies the
successful synthesis of the diNOsarcobalt(IIT) complex, both free as
chloride and immobilized in the porous solid. These results advance
the design of efficient heterogeneous catalytic systems for the clean
production of hydrogen peroxide.

SUPPLEMENTARY MATERIAL

Available at http://quimicanova.sbq.org.br, in PDF file, with
free access. Photographs of the synthesized solids (Figure 1S),
UV-Vis spectra of the complex cation [Co(diNOsar)]** in aqueous
solution compared to the UV-Vis spectrum of tris(ethylenediamine)
cobalt(IIT) chloride (Figure 2S), and the assessment of hydrogen
peroxide production catalyzed by the complex diNOsarcobalt(III)
([Co(diNOsar)]**) immobilized in Zeolite Y versus the free
diNOsarcobalt(III) chloride (Figure 3S).

ACKNOWLEDGMENTS

The authors gratefully acknowledge the Universidad Nacional
de Colombia (UNAL-Bogotd) for supplying the resources for this
scientific investigation. This work was developed at the 125-Lab
(Lab-DRES: Laboratorio de Disefio y Reactividad de Estructuras
Sélidas) of the UNAL-Bogota.

REFERENCES

1. Jones, C. W.; Applications of hydrogen peroxide and derivatives, The
Royal Society of Chemistry: Cambridge, 1999.



1322

Carriazo et al.

. Carriazo, J. G.; Moreno-Forero, M.; Molina, R. A.; Moreno, S.; Appl.

Clay Sci. 2010, 50, 401.

. Catrinescu, C.; Arsene, D.; Teodosiu, C.; Appl. Catal., B 2011, 101, 451.

4. Pérez-Benito, J.; J. Phys. Chem. A 2004, 108, 4853.

. Song, W.; Cheng, M.; Ma, J; Chen, C.; Zhao, J.; Environ. Sci. Technol.

2006, 40, 4782.

. Paternina, E.; Arias, J. M.; Barragan, D.; Quim. Nova 2009, 32, 934.
. Lennon, E.; Burke, A.; Ocampo, M.; Besser, R.; J. Power Sources 2010,

195, 299.

. Luan, G.Y.; Gao, W. P; Yao, P. J.; J. Ind. Eng. Chem. 2007, 13, 1047.

9. Sargeson, A. M.; Herlt, A. J.; Harrowfield, J. M.; US Pat. 4,497,737,

10.

11.

13.

1985.

Geue, R. J.; Hambley, T. W.; Harrowfield, J. M.; Sargeson, A. M.; Snow,
M. R.; J. Am. Chem. Soc. 1984, 106, 5478.

Harrowfield, J. M.; Lawrence, G. A.; Sargeson, A. M.; J. Chem. Educ.
1985, 62, 804.

. Satterfield, C. N.; Heterogeneous Catalysis in Industrial Practice, 2"

ed., McGraw-Hill: New York, 1991.
Carriazo, J. G.; Barrera-Vargas, M.; Almanza, O.; Revista Colombiana
de Quimica 2007, 36, 361.

14.
15.

16.
17.

18.

19.

20.

21.

22.

23.

Quim. Nova

Herron, N.; Inorg. Chem. 1986, 25, 4714.

Kaneyoshi, M.; Yamagishi, A.; Tanaguchi, M.; Aramata, M. A.;
Clays Clay Miner. 1993, 41, 1.

Krause, R.; Megargle, E. A.; J. Chem. Educ. 1976, 53, 667.

Angelici, R. J.; Técnica y sintesis en quimica inorgdnica, Reverté: Bar-
celona, 1979.

Carriazo, J. G.; Bossa-Benavides, L. F.; Castillo, E.; Quim. Nova 2012,
35, 1101.

Gahan, L. R.; Healy, P. C.; Patch, G. J.; J. Chem. Educ. 1989, 66, 445.

Karge, H. G.; Hunger, M.; Beyer, H. K. In Catalysis and Zeolites:
Fundamentals and Applications; Weitkamp, J. Puppe, L., eds.; Springer-
Verlag: Berlin, 1999, pp. 211.

Skoog, D. A.; Leary, J. J.; Andlisis Instrumental, 4" ed., McGraw-Hill:
Madrid, 1994.

Giinzler, H.; Gremlich, H. U.; IR Spectroscopy: An introduction, Wiley-
VCH: Weinheim-Germany, 2002.

Diaz, J. F.; Balkus, K. J.; Chem. Mater. 1997, 9, 61.



