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a b s t r a c t

Cobalt–iron magnetic composites prepared by the thermal treatment of an iron oxide-rich soil in the
presence of sucrose and cobalt(II) sulfate are efficient heterogeneous catalysts for the liquid-phase aero-
bic oxidation of thiols into disulfides. The materials have been characterized by Mössbauer spectroscopy,
XRD, N2 adsorption–desorption, and elemental analysis. It has been shown that the isomorphic substi-
tution of iron by cobalt occurs preferentially in the framework of the wüstite (FeO) phase and strongly
eywords:
obalt
agnetic catalysts
xidation
xygen
hiols

affects the catalytic behavior of the material. The choice of a solvent is critically important for the effi-
ciency of the reaction. In weakly basic solvents, such as dimethylformamide and dimethylacetamide,
disulfides can be obtained in near-quantitative yields at low catalyst loading (0.008 mol%). A significant
practical advantage of this environment-friendly process is the use of inexpensive magnetically recover-
able materials as catalysts and oxygen as a final oxidant as well as mild alkali free conditions. Of particular
note are the stability of the catalyst toward leaching and the possibility of catalyst recycling without any

special treatment.

. Introduction

Oxidative coupling of thiols (mercaptans) into disulfides is an
mportant reaction in the chemical and petroleum industries [1].
isulfides are used as key intermediates in a broad range of organic

yntheses. They also find various direct industrial applications, e.g.
n the vulcanization of rubbers and elastomers. On the other hand,
lkyl and aromatic thiols are widely distributed in petroleum prod-
cts causing foul odor, corrosiveness, and environmental pollution.
hiols should be removed from petroleum before its processing in
rder to avoid the degradation of metal catalysts; these processes
re usually referred to as “sweetening”. The oxidation of thiols into
nnocuous disulfides is the most widely employed procedure in the
etroleum refining industry for the removal of thiols (the Merox
rocess) [1].

Due to the weakness and high reactivity of the sulfur–sulfur
ond in disulfides, thiols can be easily over-oxidized giving thio-

ulfinates, thiosulfonates, and sulfonic acids. For this reason, many
tudies have been focused on the development of adequate con-
itions for the oxidations of thiols. Most methods reported for
he synthesis of disulfides use stoichiometric oxidants, such as
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dichromates [2,3], permanganates [4], and metal peroxides [5,6].
These processes generate large amounts of undesirable, often toxic,
waste by-products and involve complicated work-up procedures.
To eliminate such problems, the catalytic oxidation of thiols using
molecular oxygen as a final oxidant has been intensively studied in
recent years.

The compounds of various elements, such as manganese [7,8],
copper [9], vanadium [10], cerium [11], and nickel [12], have been
reported to catalyze the aerobic oxidation of thiols into disulfides.
However, the most studied catalysts for this reaction are cobalt
phthalocyanine complexes. Cobalt phthalocyanines are used in
both the petroleum industry for the removal of mercaptans and
the commercial-scale syntheses of disulfides [1,13]. Besides the dis-
advantage of using relatively high price catalysts, these reactions
require strongly alkaline conditions to be efficient. For example, in
the Merox process, the mercaptans present in petroleum are oxi-
dized with air to disulfides in the presence of water-soluble cobalt
phthalocyanines and caustic soda.

Many studies have been directed to the improvement of the
homogeneous cobalt phthalocyanine systems [14–16] as well as
to the immobilization of cobalt phthalocyanines on solid supports
[13,17–21]. In particular, various solid basic materials, such as mag-

nesium containing oxides [17–20] and surface-modified carbons
[13], have been tested as supports for these catalysts. Although
solid basic catalysts are usually easy to deactivate, it is a valu-
able approach to avoid the addition of strong soluble bases into
the systems and to overcome environmental problems [17].

dx.doi.org/10.1016/j.apcata.2010.11.004
http://www.sciencedirect.com/science/journal/0926860X
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A conventional heterogenization of homogeneous redox sys-
ems for using in liquid-phase oxidations usually involves
mpregnation methods. A main drawback of impregnated catalysts
s known to be a solubility of active components in reaction mix-
ures, i.e. metal leaching. One of the most promising approaches to
evelop truly heterogeneous catalysts for liquid-phase reactions is
he immobilization of redox-active metals in the crystalline struc-
ures of inorganic matrices by isomorphic substitution [22]. Besides
igher stability towards leaching, these techniques can result in
ite-isolation of active metal ions in solid matrices, which prevents
heir aggregation to less reactive species. Such advanced immobi-
ized solid catalysts can show even better catalytic performance
han their homogeneous counterparts.

Another important challenge for green chemistry is the devel-
pment of new technologies for catalyst separation and recycling
o substitute traditional time- and solvent-consuming procedures.
n this context, the use of magnetic materials as supports in het-
rogeneous catalysis represents a great advantage providing a
onvenient route for the catalyst recovery by the application of an
xternal permanent magnet [23–26]. Recently, we have developed
agnetic materials through the incorporation of cobalt and man-

anese ions into framework positions of synthetic ferrites [23,25].
hese catalysts were successfully used in the liquid-phase aerobic
xidation of olefins and were stable to leaching.

The aim of the present work was to use an inexpensive iron
xide-rich soil for the preparation of cobalt containing magnetic
aterials and to study the behavior of these materials as hetero-

eneous catalysts in liquid-phase oxidation reactions. As a typical
tarting material, we have chosen a well-characterized red soil
ample available in our laboratory. However, in principle, any
ematite-rich natural source, such as widespread dark-red geoma-
erials (soil, rock, or the material from iron ore mines), can be used
s a precursor to produce these magnetic catalysts.

We report herein a simple and efficient process for the aero-
ic oxidation of thiols into disulfides under mild conditions in the
bsence of alkaline co-catalysts. In this process, cobalt–iron com-
osites easily prepared from low cost cobalt and iron precursors
re used as heterogeneous magnetically recoverable catalysts.

. Experimental

All reagents were purchased from commercial sources and used
s received, unless otherwise indicated.

.1. Catalyst preparation

The iron oxide-rich soil (itabirite) (ca. 1 g) was impregnated with
ater (10 mL) containing sucrose (2.5 g) alone or together with
oSO4·7H2O (0.05, 0.10, or 0.20 g). Then, an aqueous solution of
2SO4 (0.5 mL, 1:1, vol/vol) was added to accelerate the formation
f charcoal and the mixture was heated at 110 ◦C to evaporate the
olvent. The obtained solid was ground and thermally treated for
0 min at 800 ◦C in air. The resulting samples were denoted as Co0%,
o0.5%, Co1%, and Co2%, in accordance with the determined cobalt
ontent (see below).

.2. Catalyst characterization

The cobalt content was determined by fusing the sample with
Na2CO3–K2CO3 mixture, dissolving the fused beads in distilled

ater, and analysing the solutions on a Spectro Modula ICP-OES

nstrument.
The chemical analysis of total iron and Fe2+ contents was car-

ied out by a photochemical method described by Stucki [27].
he method determines the Fe2+ concentration by measuring the
General 392 (2011) 151–157

Fe(phen)3
2+ (phen = 1,10-phenantroline) complex after the HF-

H2SO4 digestion of the material. To measure the Fe2+ concentration
accurately in the presence of Fe3+, a sample digestion and analy-
sis were performed under red light to prevent the photochemical
reduction of ferric-phenantroline species. A total iron content was
measured by photochemical reduction using a fluorescent lamp
after the conversion of all Fe3+ ions in the digestate to Fe(phen)3

2+.
This procedure avoids the problems associated with the addition
of chemical reducing agents to the Fe-phen solutions. Calibration
curves were linear up to 8 �g Fe/mL with a lower detection limit of
0.011 �g/mL. The Fe3+ content in the composites was calculated as
the difference between the total iron content and the Fe2+ content.

Surface areas were determined from N2 adsorption isotherms
by the BET method using a Autosorb 1 Quantachrome gas sorption
analyzer.

X-ray diffraction (XRD) was carried out using Co-K� radiation
with a Rigaku Geigerflex diffractometer equipped with a graphite
diffracted-beam monochromator. Data were collected from 10◦ to
90◦ 2� in 2� steps of 0.02◦ per 5-s step.

Mössbauer spectra were collected in a constant acceleration
transmission mode with a 25 mCi 57Co/Rh gamma-ray source. The
spectra of the materials were registered at 25 ◦C. The Doppler
velocities ranged between ±10 mm s−1. The data were stored in a
512-channel MCS memory unit and fitted using the Lorentzian line
shapes with a least-squares fitting procedure using the NORMOS
program. Isomer shifts were calculated relatively to �-Fe.

2.3. Catalytic oxidation experiments

Reactions were carried out in a glass reactor open to air, which
was equipped with a condenser and magnetic stirrer. In a typical
run, a mixture of the solvent (5 mL), thiol (1–5 mmol), dodecane
(0.5 mmol, internal standard), and the catalyst (5 mg, ca. 0.1 wt%)
was intensively stirred at 25–50 ◦C for the indicated time. Reactions
were followed by gas chromatography (GC) using dodecane as an
internal standard (Shimadzu 17 instrument, Carbowax 20 M capil-
lary column). To take the aliquots for the GC analysis at appropriate
time intervals, stirring was stopped and the catalyst was quickly
settled by the application of an external permanent magnet. The
structures of the products were confirmed by GC/MS (Shimadzu
QP2010-PLUS instrument, 70 eV).

Catalyst recycling experiments were performed as follows: after
the reaction, the catalyst was magnetically fixed at the bottom of
the reactor, then the solution was taken off with a pipette, and the
reactor was recharged with the fresh substrate. To control metal
leaching, the catalyst was removed at the reaction temperature
after the reaction was completed; the solution was recharged with
the fresh substrate and allowed to react further.

3. Results and discussion

3.1. Characterization of the catalysts

The soil used for the preparation of the catalysts is a non-
magnetic material with a low surface area (14 m2 g−1) extremely
rich in iron (57 wt%), that exists exclusively as Fe3+ ions. The pow-
der XRD and room-temperature Mössbauer spectroscopy methods
indicated that soil mineralogy is dominated by the hematite phase
(�-Fe2O3). This phase accounts for 72% of the mass balance, from
which 29% is the aluminium substituted hematite. Goethite (�-

FeOOH) has been found as an ancillary component (11 wt%) along
with several siliceous- and/or aluminium-containing phases: kaoli-
nite (12 wt%), quartz (4 wt%), and gibbsite (1 wt%).

In an attempt to transform the soil in the magnetic material
suitable for the preparation of magnetically separable catalysts,
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Table 1
Data on the amount of iron and iron-containing phases in the catalysts.

Sample Iron content (wt%) Phase content (wt%)

Fetotal Fe3+ Fe2+ Hematite Magnetite Wüstite

Co0% 29 23 6 10 29 0
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Co0.5% 30 22 8 8 31 0
Co1% 32 21 11 8 28 4
Co2% 32 19 13 7 24 8

e have treated the soil at 800 ◦C in the presence of sucrose. The
ntention was to reduce Fe3+ ions and generate magnetically active
hases, such as magnetite (Fe3O4) or maghemite (�-Fe2O3). The
roducts of the oxidation of sucrose – carbon monoxide and/or
harcoal – are expected to act as reducers during the thermal treat-
ent. To incorporate a catalytically active cobalt into the material,

oSO4 was added into the aqueous solution of sucrose in different
mounts. Thus, four samples with different contents of cobalt have
een prepared: Co0% (no cobalt), Co0.5% (0.5 wt% of cobalt), Co1%
1.0 wt% of cobalt), and Co2% (2.0 wt% of cobalt).

It was found that these materials can be easily recovered from
heir suspensions by means of an external magnetic field. Thus,
ematite and/or goethite have been converted during the treat-
ent, at least partially, into magnetic phases. All other compounds

resent in the material, such as charcoal and (alumina) silicates,
re physically agglomerated with these magnetic particles. In other
ords, none of the Co0%, Co0.5%, Co1%, and Co2% samples can be
agnetically separated into the magnetic and non-magnetic frac-

ions. The whole material (both as-synthesised and after the use
everal times in the catalytic reaction) can be fixed at the wall of
he flask in the proximity of the external permanent magnet leaving
ehind a transparent liquid.

The total iron content is near 30 wt% in all samples. However, a
e3+/Fe2+ ratio in the samples is different, with the relative amounts

f Fe2+ being gradually increased with the increase in the cobalt
ontent (Table 1).

The powder XRD (Fig. 1) and room temperature Mössbauer
Fig. 2) analyses indicated the co-existence of two or three crys-
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ig. 1. Powder X-ray diffraction patterns of the catalysts. Hm: hematite; Mt: mag-
etite and Wt: wüstite.
Fig. 2. Room temperature Mössbauer spectra of the catalysts.

tallographic iron-containing phases in the samples. All materials
were found to contain the hematite and magnetite phases. In con-
trast to Co0%, Co0.5%, the samples with higher cobalt content, i.e.
Co1% and Co2%, also contained a non-magnetic phase of wüstite
(FeO). None of the samples revealed the phase of goethite. Thus,
the treatment of the original soil resulted in the partial reduction
of the Fe3+ ions and partial transformation of the hematite phase
into the magnetite and/or wüstite phase as well as in the com-
plete disappearance of goethite. Preliminary studies carried out
with iron-rich soils from other natural sources indicated that the
treatment described above resulted in the magnetic materials with
a similar phase composition.

No formation of individual cobalt oxides was detected in all
samples. The incorporation of cobalt seems to occur through the
isomorphic substitution of iron in the crystalline structure of the
material (as discussed below). The amorphous behavior of all sam-
ples observed within the 24–34◦ 2� region should be due to the
presence of amorphous charcoal.

In a stoichiometric magnetite, Fe3O4, all Fe2+ ions typically
occupy octahedral positions, whereas Fe3+ ions are distributed
equally between tetrahedral and octahedral sites. Thus, a typi-
cal formula for a stoichiometric magnetite can be presented as
[Fe3+]{Fe2+ Fe3+}O4, where [ ] and { } denote tetrahedral and octa-
hedral coordination sites, respectively. Fast electron hopping at
room temperature, which is known to be a pair-localized phe-
nomenon in octahedral sites of magnetite, results in Fe2.5+ from
equal amounts of octahedral Fe2+ and Fe3+, yielding the following
formula for the material: [Fe3+]{Fe2

2.5+}O4.
The room temperature Mössbauer spectra for all samples (Fig. 2)

showed the presence of one sextet corresponding to hematite,
two sextets assignable to Fe3+ in tetrahedral and Fe2.5+ in octa-
hedral sites of magnetite, and Fe3+ doublets that can be assigned
to hematite with small particle size (Table 2). In addition to these
phases, wüstite (FeO) was observed in the Co1% and Co2% samples
as an internal Fe2+ doublet.

It is well reported in the literature that cobalt preferentially
replaces iron in the octahedral sites of the magnetite spinel struc-
ture [23,25]. However, for the cobalt-containing materials obtained
in the present work, the isomer shift (�) for iron in the octahe-
dral sites of magnetite was practically the same as that for the

non-doped sample (Table 2). Moreover, no significant changes in
the magnetic hyperfine field and in the ratio between the octahe-
dral and tetrahedral sites occupancies (Roct/tetr) were verified. The
Roct/tetr values varied between 1.3 and 1.4 in all samples regardless
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Table 2
Mössbauer parameters obtained from the fit of the room temperature spectraa.

Sample 57Fe site ı (mm s−1) 2ε, � (mm s−1) Bhf (T) � (mm s−1) RA (%)

Co0% Fe3+ 0.38 0.96 0.45 4
Fe3+ 0.35 0.50 0.45 4
{Magnetite} 0.66 0.02 46.0 0.50 40
[Magnetite] 0.28 0 49.2 0.40 29
Hematite 0.37 −0.19 51.6 0.26 23

Co0.5% Fe3+ 0.40 0.86 0.45 4
Fe3+ 0.38 0.50 0.45 6
{Magnetite} 0.67 −0.02 45.9 0.53 43
[Magnetite] 0.28 0 49.1 0.36 29
Hematite 0.39 −0.19 51.5 0.32 18

Co1% Fe3+ 0.31 0.54 0.65 12
Wüstite 1.02 0.43 0.55 8
{Magnetite} 0.66 0.01 45.9 0.55 36
[Magnetite] 0.28 −0.01 49.2 0.34 26
Hematite 0.37 −0.19 51.6 0.32 18

Co2% Fe3+ 0.31 0.58 0.60 11
Wüstite 1.00 0.51 0.65 17
Fe2,5+ 0.74 0.95 0.45 2
{Magnetite} 0.67 −0.02 46.0 0.50 31
[Magnetite] 0.28 0 49.1 0.34 23
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Hematite 0.38 −
a ı – isomer shift with respect to �Fe; ε – quadrupole shift; � – quadrupole sp

ub-spectral area; [ ] and { } – representations for tetrahedral and octahedral coord

f the cobalt content. This parameter was calculated taking into
ccount that recoilless fractions for octahedral sites were 6% lower
han those for tetrahedral sites [28]. These results indicated that
ron in the magnetite phase of our material was not replaced by
obalt to an appreciable extent.

The powder XRD results are consistent with the Mössbauer data.
o significant changes in the cubic lattice parameter of magnetite

obtained by the Rietveld structural refinement) occurred in the
resence of cobalt. The values were 8.3945, 8.3938, and 8.3920 Å
or Co0.5%, Co1%, and Co2%, respectively, vs. 8.3920 Å for Co0%.

The Mössbauer parameters of the hematite phase in all sam-
les have not also been influenced by the presence of cobalt
Table 2). On the other hand, significant changes were observed
n the wüstite phase (Table 2). The values of quadrupole splitting
or wüstite in Co1% and Co2% (0.43 and 0.51 mm s−1, respec-
ively) were strongly higher than that expected for non-substituted
üstite (0.21 mm s−1 [29]). This could be explained by the struc-

ural distortions caused by the isomorphic substitution of Fe2+ by
o2+ in the framework positions of wüstite. Thus, we believe that

n our materials cobalt has replaced the Fe2+ ions mainly in the
üstite phase, at least in the Co1% and Co2% samples.

Although wüstite itself is a non-magnetic compound, it seems
o be firmly attached to magnetite-containing particles as it can be
emoved by an external magnet together with the whole material.

e believe that our composites contain the particles of hematite
oated by magnetite and wüstite, which are formed due to the sur-
ace reduction of Fe3+ during the thermal treatment of the original
oil.

BET surface area measurements have revealed that all samples
resent the adsorption isotherms characteristic of macroporous
aterials and show a similar surface area of ca. 40 m2 g−1. The

istribution of iron-containing phases was estimated using the
hemical analysis and Mössbauer spectroscopy data (Table 1). The
on-doped Co0% material contains 29 wt% of magnetite and 10 wt%
f hematite; whereas the Co2% sample contains 24 wt% of mag-

etite, 7 wt% of hematite, and 8 wt% of wüstite. The wüstite phase
as found to be unstable below 570 ◦C due to the decomposition

nto the metallic iron and magnetite [30,31]. However, it has been
hown that the presence of calcium can stabilize the wüstite struc-
ure and prevent its decomposition [32]. Cobalt seems to exert a
51.6 0.34 16

g; Bhf – magnetic hyperfine field; � – full width at half maximum; RA – relative
n sites in the spinel structure of magnetite, respectively.

similar stabilizing effect in our materials as the higher the cobalt
content in the sample the larger amounts of the wüstite phase it
contains (Table 1).

3.2. Catalytic studies

The oxidation of thiophenol (1a), 4-methylthiophenol (2a),
4-methoxythiophenol (3a), and 4-fluorthiophenol (4a) was per-
formed in various solvents in the presence of the Co0%, Co0.5%,
Co1%, and Co2% composites. In all experiments, these materials
alone were utilized as catalysts under one atmosphere of air with-
out the addition of alkaline co-catalysts, which are usually used in
the cobalt catalyzed oxidation of thiols. Results are presented in
Tables 3–5.

In blank reactions in dimethylformamide (DMF) with no catalyst
added, thiophenol underwent a slow oxidation with air (Table 3,
runs 1 and 2). In the presence of the non-doped Co0% mate-
rial, the conversions of thiophenol were virtually as low as in
blank reactions (Table 3, runs 3 and 4). On the other hand, the
cobalt-containing samples effectively catalyzed the oxidation of
thiophenol and some other thiols (see below) in DMF. The selectiv-
ities for corresponding disulfides were virtually 100% with no even
trace amounts of other products being detected by GC (Scheme 1).
The GC mass balance was based on the substrate charged using
dodecane as an internal standard.

The materials can be re-used several times without a signifi-
cant loss of activity and selectivity. It is important that there is no
need to remove the catalyst from the reactor: it can be fixed on the
glass walls using an external hand magnet. Then, the solution can
be taken off with a pipette and the reactor can be recharged with
the fresh substrate dissolved in a suitable solvent. Such a simple
handling represents an attractive feature of the developed process.

The oxidation of thiophenol (1a) in DMF in the presence of
Co.0.5% occurred smoothly at 50 ◦C resulting in a complete conver-
sion for 4 h to give exclusively diphenyl disulfide (1b) (Table 3, run

5). The result of this run corresponded to a turnover number (TON)
of 2360 with respect to the total amount of cobalt in the mate-
rial. However, a real efficiency of the surface cobalt species was
much higher as most of the cobalt ions were obviously located in
the bulk solid and were not accessible to the substrate. The kinetic
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Table 3
Cobalt-catalyzed oxidation of thiophenol (1a) into diphenyl disulfide (1b) in DMFa.

Run Catalyst Temperature (◦C) Time (h) Conversion (%) TONb TOFb (min−1) Disulfide yield (%)

1 None 25 5 <5 <5
2 None 50 4 18 18
3 Co0% 25 5 <5 <5
4 Co0% 50 4 15 15
5 Co0.5% 50 4 100 2360 9.8 100
6 Co1% 50 3 98 1156 6.4 98
7 Co2% 50 1 100 590 9.8 100
8 Co2% 25 3 100 590 3.3 100
9c Co2% 50 1 100 3540 49.2 100

1 100 6490 49.2 100
1.5 100 9440 33.3 100
2 100 12,390 24.6 100

10d Co2% 50 1 100 590 9.8 100
11e Co2% 25 3 <3% <3%

a Conditions: C6H5SH (0.2 M, 1 mmol), catalyst (0.1 wt%), 1 atm (air). Conversion, selectivity, and yield were determined by GC. In all runs, selectivity for diphenyl disulfide
was nearly 100%.

b TON – moles of the substrate converted/moles of Co. TOF – the average turnover frequency. TON and TOF were calculated with respect to the total amount of cobalt.
c After run 7, four fresh portions of the substrate (5 mmol each) were added consequently, each one after the complete conversion of the previous portion. Total TON is

given.
d The catalyst was re-used after run 9; TON is given for the second reaction cycle.
e After run 8, the catalyst was removed, the solution was recharged with the fresh substrate (1 mmol) and the reaction was allowed to proceed further.

Table 4
Cobalt-catalyzed oxidation of thiols in DMFa.

Run Substrate Temperature (◦C) Time (h) Disulfide Yield (%)

1 C6H5SH (1a) 25 3 1b 100
2 C6H5SH (1a) 50 1 1b 100
3 4-MeC6H5SH (2a) 25 1 2b 100
4 4-MeC6H5SH (2a) 50 0.5 2b 100
5 4-MeOC6H5SH (3a) 25 1 3b 100
6 4-MeOC6H5SH (3a) 50 0.5 3b 100
7 4-FC6H5SH (4a) 50 2.5 4b 100

a Conditions: substrate (0.2 M, 1 mmol), catalyst Co2% (0.1 wt%), solvent DMF, 1 atm (air). Yield was determined by GC.

Catalyst
R

1a R = H
2a R = CH3

SH + 1/2 O2 H2O+R S RS2

1b R = H
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iols 1a

c
p
n
F
a
q
t
i

i
d

T
C

1

3a R = OCH3
4a R = F

Scheme 1. Oxidation of th

urves for the oxidation of thiophenol over different catalysts are
resented in Fig. 3. The increase in the cobalt content resulted in a
ear-proportional increase in the reaction rate (Table 3, runs 5–7,
ig. 3). With Co2%, the reaction was completed in 1 h with the aver-
ge turnover frequency (TOF) of nearly 10 min−1 and resulted in the
uantitative yield of disulfide. The catalyst was active even at room

emperature as the complete conversion of the substrate occurred
n 3 h (Table 3, run 8).

In some experiments, the reactor was connected through a cap-
llary tube to a gas burette filled with pure oxygen to avoid a rapid
iffusion. An oxygen uptake was observed in these runs in the

able 5
obalt-catalyzed oxidation of thiophenol (1a) into diphenyl disulfide (1b) in various solv

Run Solvent ε Conjugated aci

1 DMF 36.7 DMF·H+

2 DMA 37.8 DMA·H+

3 CH3CN 37.5 CH3CNH+

4 Iso-octane 1.9 –
5 C2H5OH 24.5 C2H5OH2

+

a Conditions: C6H5SH (0.2 M, 1 mmol), catalyst Co2% (0.1 wt%), 50 ◦C, 1 atm (air). Conver
00%. Dielectric constants (ε) are given for the solvents and approximate pKa values for t
3b R = OCH3
4b R = F

–4a into disulfides 1b–4b.

amounts corresponding to stoichiometry shown in Scheme 1. On
the other hand, no reaction occurred under argon, as expected.

It is important to note that the kinetic curves for the reaction are
nearly straight lines from 0% to almost 100% conversion. This indi-
cates that the substrate competes successfully for catalyst sites with
all other species present in the reaction mixture. In other words, the

substrate reacts with cobalt quite readily and most surface cobalt
centers, even at high conversions, are bound to thiol or to the frag-
ments derived from thiol. The linearity of the kinetic curves also
indicates that the catalysts maintain their activity during the whole
reaction course.

entsa.

d pKa Time (h) Conversion (%)

−0.5 1 100
−0.5 8 97

−10 4 10
– 6 0

−2 4 95

sion was determined by GC. In all runs, selectivity for diphenyl disulfide was nearly
he corresponding conjugated acids (relative to water [33]).
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ig. 3. The oxidation of thiophenol in DMF over different catalysts. Conditions:
6H5SH (0.2 M, 1 mmol), catalyst (0.1 wt%), 50 ◦C, 1 atm (air).

To evaluate the catalyst stability and improve its efficiency in
erms of TONs, we increased 20 times the amounts of the sub-
trate charged (Table 3, run 9). After the reaction with 1 mmol of
he substrate (Table 3, run 7), four 5 mmol substrate portions were
dded sequentially into the reactor, with each portion being added
fter the complete conversion of the previous one. The first and the
econd portions were consumed for 1 h with the average TOF of
early 50 min−1. Thus, each one of these reactions was completed

or about the same time as the original reaction with 1 mmol of the
ubstrate (Table 3, run 7). Then, the reaction became slower: for
h, in the third reaction it was consumed 80% of the substrate and

n the fourth reaction 65%. However, even the fourth portion was
onsumed for 2 h which corresponds to the average TOF of nearly
5 min−1. Overall, the catalyst converted 12,390 mol of the sub-
trate per mol of cobalt, without the separation or any additional
reatment.

In run 9 (Table 3), the final product was obtained in the con-
entration of ca. 30 wt%, which is also one of the technological
dvantages of the method. On the other hand, such a high con-
ent of disulfide in the reaction mixture seems to make the catalyst
ites less accessible for the substrate as the reaction slows down.
owever, the catalyst can be re-used after the removal of the super-
atant solution without any further specific treatment or washing.
fter run 9, the catalyst was magnetically fixed at the bottom of the
eactor and the solution was taken off with a pipette. A behavior of
he spent catalyst with the fresh substrate was nearly the same as
hat in the original reaction (Table 3, cf. runs 7 and 10).

To control leaching of the active metal, the catalyst after run
was removed; the transparent solution was recharged with the

resh substrate and allowed to react further (Table 3, run 11).
ractically no conversion of thiophenol was observed after cat-
lyst removing. This result supports heterogeneous catalysis, i.e.
he reaction solution contains no significant amounts of the dis-
olved cobalt species so that cobalt ions immobilized in the solid
atrix are responsible for the substrate oxidation. Thus, the cata-

yst releases no cobalt to the medium and can be easily recovered
ither magnetically or by centrifugation and re-used.

The reactivity of various aromatic thiols was examined to
valuate a substrate scope (Table 4). Thiophenols having elec-
ron donating groups, such as 4-methylthiophenol (2a) and

-methoxythiophenol (3a), underwent oxidation at high rates,
ven higher than thiophenol itself (Table 4, runs 1 and 2 vs. runs
–6). On the other hand, the reaction with 4-fluorthiophenol (4a),
hich has an electron withdrawing substituent, occurred slower

han that with thiophenol (Table 4, run 2 vs. run 7). All these
+ +2 RSH 1/2 O2 RSSR H2O

Scheme 2. Suggested mechanism of the oxidation of thiols over cobalt catalysts.

reactions gave corresponding disulfides 2b–4b in near-quantitative
yields and occurred under mild conditions and atmospheric air
pressure.

Further studies revealed a remarkable effect of solvent on the
reactivity of thiols in the presence of cobalt–iron composites and
brought some light on understanding the reaction mechanism. The
results of the oxidation of thiophenol in various solvents are pre-
sented in Table 5. The data on polarity (dielectric constants) of the
solvents and approximate pKa values for corresponding conjugated
acids are also given in Table 5.

In dimethylacetamide (DMA), the reaction proceeded similarly
to that in DMF, albeit slower (Table 5, runs 1 and 2). Both, DMF
and DMA, are highly polar solvents with a relatively high basic-
ity (pKa ≈ −0.5 for both DMF·H+ and DMA·H+ [33]). In acetonitrile,
the solvent with a similar dielectric constant but much less basic
(pKa ≈ −10 for CH3CNH+ [33]), the oxidation of thiophenol pro-
ceeded very slowly (Table 5, run 3). Thus, the activity of the
cobalt–iron composites in the oxidation of thiols depends on sol-
vent basicity rather than its polarity. The reaction did not occur
in nonbasic solvents, either polar (acetonitrile) or nonpolar (iso-
octane, run 4 in Table 5). On the other hand, in amphiprotic ethanol,
which is less polar but much more basic than acetonitrile (pKa ≈ −2
for C2H5OH2

+ [33]), thiophenol reacted rather smoothly, though
at a lower rate than in DMF (Table 5, cf. runs 1 and 5). It should
be mentioned that no products of the solvent oxidation have been
observed in all experiments.

It is generally accepted that the mechanism of the oxidation of
thiols into disulfides over cobalt phthalocyanines (the Merox pro-
cess) consists of three major steps [16,18,20]. First, thiol (RSH) is
converted into a thiolate anion (RS−) via the interaction with a
basic catalyst (OH−). Then, the one-electron oxidation of RS− by
Co3+ gives thiyl radicals (RS•), whose further dimerization results in
disulfides. As the RS− anion coordinates with cobalt more strongly
than RSH, the first step should be of a critical importance for the
whole process.

Within this approach, it becomes clear why the solvent nature
affects so profoundly the reactivity of thiol in our system. A sug-
gested mechanism for the oxidation of thiols over the cobalt–iron
composites is presented in Scheme 2. Basic solvents, such as DMF
and DMA, favor the deprotonation of the substrate owing to their
relatively strong proton-acceptor properties. The protons are then
captured at the oxidation of Co2+ into Co3+ by molecular oxy-
gen to form water. The reduction of the thiolate anion by Co3+

regenerates the catalyst and gives RS• radicals. Finally, the recom-
bination of the RS• radicals results in disulfide. The weak basicity
of acetonitrile and iso-octane strongly prejudices the substrate
activation by deprotonation, which seems to be a key step of
the whole process. The reaction virtually does not occur in those
solvents.

DMA is expected to be more basic than DMF due to the elec-
tron donating effect of the additional methyl group. Therefore, the

fact that the reaction is much faster in DMF than in DMA is sur-
prising. A possible explanation might be a less steric difficulty for
RSH to interact with DMF than with DMA, which would result
in more facile deprotonation of RSH in DMF. Anyway, the use of



ysis A:

D
l
h
a
l

i
g
p
s

4

p
A
p
a
o
v
b
e
a
v
t
e
s
i
p
a
a
b

A

(
C

[

[
[
[

[
[
[

[
[

[
[
[

[
[

[

[

[

[
[
[

L. Menini et al. / Applied Catal

MF and DMA as solvents for the oxidation of thiols is an excel-
ent practical proposition for applications due to the advantage of
igh boiling points of these solvents (152 and 166 ◦C, respectively)
nd possibility to obtain high product yields at very low catalyst
oadings.

Considering the importance of the substrate activation step,
t also becomes clear why the substrates with electron donating
roups react faster than thiophenol itself. On the other hand, the
resence of electron withdrawing substituents in the aromatic ring
lows down the reaction.

. Conclusions

We have developed a simple and environment-friendly catalytic
rocess for the oxidation of thiols under mild alkali free conditions.
significant practical advantage of the process is the use of inex-

ensive cobalt-containing materials derived from the iron-rich soil
s heterogeneous catalysts, high-boiling solvents, and molecular
xygen from air as a final oxidant. The choice of a suitable sol-
ent is critically important for the efficiency of the reaction. Weakly
asic solvents seem to participate in the activation of the substrate
liminating the need for alkaline co-catalysts, which are corrosive
nd waste generating. The catalysts provide high product yields at
ery low loadings and undergo no metal leaching. After the reac-
ion, the catalyst can be easily recovered by the application of an
xternal permanent magnet and re-used several times without any
pecial treatment. We believe that our work contributes to open-
ng the perspectives for the use of abundant natural iron oxides as
recursor materials to produce magnetic catalysts. Further studies
re targeted towards the applications of the developed materials
s catalysts for the aerobic oxidation of other substrates, such as
iomass-based olefins.
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