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Improved Cyclohexane Oxidation Catalyzed by a
Heterogenized Iron (II) Complex on Hierarchical Y Zeolite
through Surfactant Mediated Technology

Vanmira Van-Ddnem,” Ana P. Carvalho,*® Luisa M. D. R. S. Martins,* and

Angela Martins*®®!

The hydrotris (pyrazol-1-yl) methane iron (ll) complex [FeCl,
(Tpm)] [Tpm=HC(C;N,H;);] was successfully immobilized, by
the incipient wetness impregnation method, in parent and
hierarchical Y zeolite modified through surfactant mediated
methodology using different bases (NH,OH, NaOH or TPAOH).
The catalytic performance and recyclability of supported Fe
complex was evaluated in the oxidation of cyclohexane with
hydrogen peroxide to cyclohexanol and cyclohexanone under
mild conditions and two distinct behaviors were observed:

Introduction

Efficient catalytic oxidation of alkanes into high value function-
alized products under sustainable conditions remains challeng-
ing.'"™ Limitations of the usage of alkanes as raw materials, in
view of their inert character, are harsh reaction conditions, low
product yield and/or low selectivity. Therefore, the develop-
ment of efficient catalytic systems under environmentally
benign conditions for selective oxidation of alkanes is highly
demanding.

An exemplary large-scale building block industrial produc-
tion is the oxidation of cyclohexane. Although economically
very important in view of the significance of the oxidized
product [KA oil,the cyclohexanol (A) and cyclohexanone (K)
mixture] for the manufacturing of adipic acid and caprolactam
(precursors to polyamides widely used in several industries), the
current industrial process for cyclohexane oxidation is ineffi-
cient (ca. 10% conversion; 85% selectivity).”’ Therefore, there is
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using commercial Y and modified Y with NaOH the complex is
anchored mainly at the outer surface of the zeolite supports,
resulting in high lixiviation after the first catalytic cycle. When
NH,OH and TPAOH are used during the zeolite treatments the
particular textural parameters exhibited by these two supports
are able to effectively retain the complex molecules, resulting in
a high recyclability observed after three consecutive cycles,
especially when NH,OH treated zeolite was used as support.

an urgent need to develop selective and energy efficient direct
alkane oxidation chemistry that could lead to environmental
and economically superior catalytic processes and allow natural
resources to be used more efficiently as feed-stocks for
chemicals.

Like the active centers of some enzymes (e.g. particulate
methane monooxygenase), transition metal complexes can
potentially activate and functionalize the inert C—H bonds of
hydrocarbons with high atom economy and low energy under
mild reaction conditions.®” Lately, bio-inspired catalysts with
available, non-toxic and inexpensive first row transition metal
centers were designed to act as selective and effective
homogenous catalysts in C—H activation reactions at r.t. and
using the environmentally benign hydrogen peroxide as
oxidant.®'? However, the above homogeneous catalysts lack in
reusability.

Thus, the knowledge that immobilization of such catalysts
on solid supports could be a strategy to combine the high
catalytic activity of homogeneous catalysts with the easy
separation and recycling ability of the heterogeneous ones,
prompted us to follow such approach. Several materials were
already used as supports to anchor homogeneous catalysts,
particularly C-scorpionate complexes, such as functionalized
silica™ carbon materials, ™' polymers,"® and zeolites."” The
zeolite materials present some advantages over other supports
due to their mechanical stability, high porosity and controlled
acidity, which makes them particularly attractive as hosts for
encapsulation of metal complexes."®*” However, the purely
microporous nature of these materials can be a drawback when
large molecules are involved, or the immobilization of large
homogeneous catalysts is pretended.”” One of the strategies to
overcome the limitation inherent to zeolites is the introduction
of mesoporosity through several methods that can be applied
during or post-synthesis, leading to the creation of hierarchical
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zeolites.”>* Desilication is one of the most common and simple
methods to create mesoporosity and was successfully applied
to several zeolite structures, such as MFI,**** MOR,***” BEA®®
or MWW to explore their action as catalysts or catalyst
supports.”” The catalytic behavior of [FeCl,(Tpm)] [Tpm=
HC(C5N,H,;);]1 immobilized on desilicated MOR zeolite for the
peroxidative oxidation of cyclohexane to KA oil was studied by
us in a previous work!” It was found that the complex
immobilized on desilicated MOR is more efficient (higher TON,
yield values and lower loading of oxidant) when compared to
the same catalyst anchored on commercial MOR, or to the
homogeneous C-scorpionate iron catalyst.”"” However, it was
also found that after the first catalytic run a loss of 54% of
catalysts occurs, attributed to lixiviation. In fact, the textural
analysis of MOR supports before and after immobilization
pointed out that at least a fraction of the complex must be
located at the external surface of the crystals. Indeed, it was
already reported that one of the disadvantages of conventional
desilication is the poor control of the mesoporosity, namely the
size, shape, connectivity and the location of the mesopores,
especially when strong bases, like NaOH, are used.” One of
the current trends in the research of hierarchical zeolites
consists in provide different methods aiming at controlling
hierarchical porosity, such as the combination of a based (e.g.
NaOH) with a surfactant. This methodology was deeply ex-
plored by Garcia Martinez et al.,®** who reported a surfactant-
templating process for introducing highly-controlled meso-
porosity. Under adequately selected experimental conditions
(e.g. concentration, temperature, time and pH) the silica
dissolution takes place just locally and the surfactant micelles
lead to the rearrangement of the released zeolite subunits into
an ordered mesostructure. The global result is the appearance
of ordered mesopores within the zeolite crystals. Garcia-
Martinez group applied this strategy to produce hierarchical Y
zeolite using NH,OH base solution and cetyltrimethylammo-
nium bromide (CTAB) surfactant, followed by a thermal treat-
ment under autogenous pressure.”” According to the authors,
the treated Y zeolite exhibits not only a higher mesoporosity
but its mesopore size distribution was much more uniform, and
the crystal size and morphology were preserved after treat-
ment. In this work we prepared a hierarchical Y zeolite based
on the above methodology®**” using experimental conditions,
namely base concentration, used in our previous work.”® The
objective was to study the influence of other bases such as
NaOH and tetrapropylammonium hydroxide (TPAOH) on the
textural properties of the treated samples, explore the
application of such hierarchical Y materials as supports for the
heterogenization of the C-scorpionate iron (Il) [FeCl,(Tpm)]
catalyst and evaluate the performance of the heterogenized
species for the peroxidative oxidation of cyclohexane to KA oil.
We aim at taking advantage of the regular mesoporosity of
mesostructured Y zeolite which, desirably, prevents the ex-
tended lixiviation of the active species and allows a large
number of catalytic cycles when compared to commercial and
conventionally desilicated zeolites.
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Results and Discussion

The hydrotris (pyrazol-1-yl) methane iron (Il) complex [FeCl,
(Tpm)] [Tpm=HC(C;N,H;);] (Fe) was promptly synthesized by
reaction of iron chloride with Tpm scorpionate, according to a
known procedure,®” and immobilized, by the incipient wetness
impregnation method, in parent Y zeolite and hierarchical
mesoporous Y pretreated with different bases, Fe@Y_B (B=
NH,OH, NaOH or TPAOH), as depicted in Scheme 1.
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Scheme 1. Samples preparation methodology.

Physicochemical Characterization

The X-ray diffraction patterns of parent and treated samples
(see Figure S1 in Supplementary Information) reveal a long-
range crystal ordering in all the cases, since there are no
important changes in peak positions. To quantify structural
modifications, the degree of crystallinity Cyzp was estimated
following the procedure described in ASTMD 3906-03"* j.e. by
performing the ratio between the areas of the diffraction peaks
corresponding to the crystallographic planes (331), (333), (440),
(533), (648), (660), (555) and (664) of the treated samples and
parent Y, the later been used as reference. Peaks integration
was made using the “Peak-fit” software. All the samples present
a degree of crystallinity above 90%, independently of the base
used, pointing out that the surfactant mediated methodology
followed allows to preserve the structural properties of the
materials in a large extend. Sample Y_NaOH_P, treated in
identical experimental conditions as sample Y_NaOH, but in the
absence of CTAB, also retained a high degree of crystallinity
(89%), showing that, from the structural point of view, the two
procedures lead to similar results. On the contrary, when the
structure is modified under autogenous pressure created in the
autoclave, the lack of CTAB in the reaction mixture (sample HY_
NaOH_A) resulted in an amorphous material.

Upon the complex immobilization on the zeolitic supports
no significant changes in the X-ray patterns were observed
when compared with the correspondent supports.

2 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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SEM micrographs for parent and treated zeolite supports
are displayed in Figure 1. For the parent material the image
shows crystals with shape and size typical of Y zeolite. Upon
treatments the crystals maintain the characteristic shape and
size, however, some fragmentation and accumulation of debris
at the crystal surface is visible, especially in the case of Y_
TPAOH and Y_NaOH. In this later case it is clearly visible some
degradation and perforation of the crystals, as expected, since
NaOH is a stronger base. On the other hand, the micrograph of
sample Y_NH,OH seems to demonstrate that the treatments
did not damage the crystals.

Figure 2 shows TEM images of parent and treated supports.
The parent Y zeolite seems to present already some degrada-
tion of the crystals borders as denoted by the lighter zones,
which can be attributed to the acid washing with citric acid
prior to the alkaline + surfactant treatment. When comparing
the three treated materials it is clear that Y_NaOH sample
presents a higher density of lighter zones, suggesting that the
crystals were more damaged by the stronger NaOH base.

However, when comparing the lighter patterns of this
sample with the ones that can be visualized on, for example,
MOR samples desilicated using NaOH with the same concen-
tration”'”, it appears that, in the present work the patterns are
more homogeneous, which denotes the role of the surfactant
molecules to control the mesopore size distribution. In the case
of Y_NH,OH and Y_TPAOH the crystals are denser when
compared with Y_NaOH sample, denoting a more controlled
extension of crystals deterioration by the bases. This can be
explained by the softener character of these compounds in
comparison with NaOH, but also to a more effective role of the
surfactant molecules. In fact, the lighter zones present on the
crystals, exhibit some homogeneous round shapes that may
evidence the crystal rearrangement around CTAB micelles,
originating the mesopores.

The N, adsorption-desorption isotherms at —196°C of the
parent Y zeolite and the materials obtained after alkaline
treatment and immobilization are shown in Figure3 and
Figure S2. All the curves can be classified as type |+IV

— 100 nm

Figure 1. SEM images of parent and treated zeolitic supports.
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Figure 2. SEM images of parent and treated zeolitic supports.

isotherms®® denoting a marked microporous nature typical of
zeolitic structures, along with a mesopore network.

The presence of some mesoporosity in the starting material
may result from the aggregation of the crystals, although some
structural changes promoted by the citric acid treatment
cannot be disregarded, as suggested by TEM micrographs.
From the analysis of the isotherms configuration it turns clear
that, under the experimental conditions studied, the base used
influences the textural changes since, in the case of samples
treated with NH,OH and TPAOH, a smooth step is observed in
the p/p° range of around 0.3 and 0.5, which is not observed in
the isotherms of the NaOH treated material. Lastly, as expected,
a significant impact of the treatments on the mesoporosity
development is demonstrated by the accentuated upward
deviation of the curves at high p/p® values, and by the H4
hysteresis loops.

Although the X-ray diffraction results shown no benefit of
the surfactant mediated process in comparison with the more
conventional methodology, the results presented in Figure S3
show that the presence of CTAB in the reaction medium lead to
a different textural evolution, namely to a more extensive
mesoporosity development.

The quantitative analysis of the microporosity was made
applying the as method using as reference the isotherm
obtained on non-porous silica.?” In the case of samples Y and
Y_NaOH, the ag curves present two consecutive linear regions,
the first defined by the experimental points determined at
0.02 > p/p°> 0.4, and the second by data obtained at p/p°> 0.4,
i.e. multilayer region. These are the usual features of zeolites’ ag
plots® which are interpreted as pointing out the presence of a
large volume of narrow micropores, i.e. ultramicropores (V,.—
$<0.7 nm) characteristic of the zeolite framework, and also
larger micropores, i.e. supermicropores (V,,,—0.7 nm>¢>
2 nm). The volume of the latter are determined through the
expression Voer=Vinico—Vurrar 0€ING Viiero the total micropore

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 3. N, adsorption desorption isotherms (left) and mesopore size distributions (right).

volume obtained by back extrapolation of the multilayer
region.

Due to the differences in the isotherms configuration
previously discussed, the ag plots of samples Y_NH,OH and Y_
TPAOH are more complex exhibiting three linear regions. The
first region extends up to os values ca. 0.90 (p/p°~0.35),
followed by a steeper linear region up to as ca. 1.1 (p/p°~0.5)
after what the linear branch of the multilayer region is observed
(see Fig S4). Taking into account that the supermicropores
filling process occurs in the relative pressure range of 0.1-
0.158% we may conclude that in these cases the difference of
the volumes obtained by back extrapolation of the first and the
multilayer linear regions will correspond the volume of super-
micropores and also narrow mesopores. To distinguish this
situation, in Table 1 the values are written in bold.

Table 1. Textural parameters, expressed in cm? g~', estimated from the
analysis of the N, isotherms. For parameter’s symbol designation see text.

Sam ple Vultra Vsuper Vmeso
Y 0.24 0.02 0.06
Y_NaOH 0.22 0.02 0.13
Y_NH,OH 0.23 0.11 0.07
Y_TPAOH 0.22 0.1 0.05
Fe@Y 0.19 0.02 0.04
Fe@Y_NaOH 0.17 0.02 0.13
Fe@Y_NH,OH 0.18 0.09 0.05
Fe@Y_TPACH 0.19 0.09 0.06

ChemCatChem 2018, 10, 1-10 www.chemcatchem.org

These are not the final page numbers! 77

The volume denoted as V., was calculated from the
difference between the total pore volume, considered as the N,
uptake at p/p°=0.95, and the volume corresponding to the
positive intercept of the multilayer region. No mass correction
was made in the case of immobilized catalysts due to the very
small amount of complex retained.

The values reported in Table 1 demonstrate that upon the
alkaline treatment the volume of the narrower micropores, Vas
presents always a small decrease, showing that the micropore
network was preserved in a large extend, what is in accordance
with the high crystallinity values determined by XRD data. The
development of larger porosity seems to be dependent of the
base used since while for Y_NaOH there is a clear increase of
Vi esor fOr the other two samples the results indicate that the
most important change corresponds to the increase of the
wide micropores and small mesopores (values in bold in
Table 1). This different evolution is also pointed out by the
mesopore size distributions obtained by the DFT method
(Figures 3 and S2). The results reveal that while for sample Y_
NaOH the mesoporosity corresponds mainly to pores of width
higher than 10 nm, for samples Y_TPAOH and, especially Y_
NH,OH a clear bimodal distribution is observed with a large
volume of pores in the range of 4 to 10 nm and a second less
intense peak at corresponding to pores with widths larger than
10 nm.

The complex immobilization resulted in all the cases in a
small decrease of the microporosity characteristic of the zeolitic
structure, V.. On the other hand, when considering the effect
of the immobilization on larger porosity we observe that in the

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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case of samples Fe@_Y and Fe@Y_NaOH the values of V., and
Vieso are practically the same of those presented by the
supports pointing out that the complex must be dispersed on
the crystals outer surface resulting in the blockage of some
pore apertures, thus leading to the decrease of V,, values. The
comparison of the predicted dimensions of the complex
(maximum width 0.8 nm)"” and the micropore diameter of the
Y zeolite is 7.4 A (12 member oxygen ring apertures) supports
this hypothesis.

The other two catalysts, Fe@Y_NH,OH and Fe@Y_TPAOH
were obtained from supports where the volume corresponding
to supermicropores and narrow mesopores is very important. In
this case the results indicate that, at least a fraction of the
complex will be located in this porosity (compare the values in
bold in Table 1 for samples before and after complex immobili-
zation).

Catalytic Oxidation of Cyclohexane

The catalytic activity of the C-scorpionate iron () complex
[FeCl(Tpm)] [Tpm=HC(C;N,H;);] immobilized at the above
hierarchical mesoporous Y zeolite pretreated with different
bases, Fe@Y_B (B=NH,OH, NaOH or TPAOH), was evaluated for
the oxidation of cyclohexane, by aqueous H,0,, to KA oil
(cyclohexanol and cyclohexanone), at room temperature, in a
slightly acidic (pyrazine carboxylic acid, Hpca) acetonitrile
medium, according to the Scheme 2.

OOH OH O
Fe@Y_B
- = > + +
aqg. H202

PPh, T

- O=PPh,

Scheme 2. Oxidation of cyclohexane to cyclohexanol and cyclohexanone
catalyzed by Fe@Y_B (B=NH,OH, NaOH or TPAOH).

The hybrid materials act as efficient reusable catalysts for
the above oxidation, leading to a maximum KA oil yield of 34%
and to turnover numbers (TONs) up to 271 (Table 2, entries 3
and 5). Their catalytic performances were compared, in terms of
products yield, turnover number (TON) and selectivity as a
function of the support and reaction conditions (e.g., time,
temperature, type and amount of oxidant or catalyst loading).

No cyclohexane oxidation by hydrogen peroxide took place
in the absence of Fe (Table 2) or the oxidant. The use of
hydrogen peroxide revealed to be preferable (besides environ-
mental issues) to, e.g., tert-butylhydroperoxide, TBHP since the
latter, under identical conditions, affords much lower KA oil
yields (e.g., 13.8% for Fe@Y_NaOH) with low selectivity (e.g.,
diols were detected by GC-MS analysis of the final reaction
mixture). Moreover, the amount of hydrogen peroxide used
affects the overall yield of products: 50% aq. H,0, proved being
more effective than the 30% aqg. solution.

ChemCatChem 2018, 10, 1-10 www.chemcatchem.org
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Table 2. Selected data® for the optimized oxidation of cyclohexane with
hydrogen peroxide catalyzed by Fe@Y_B (B=NH,OH, NaOH or TPAOH).

Entry  Catalyst Yield [%]® Total

Cyclohexanol ~ Cyclohexanone Total TONY

1 Fe@Y 13.6 4.5 18.1 45

2 Fe@Y_TPAOH 235 4.2 27.7 69

3 Fe@Y_NaOH 26.6 7.6 342 86

4 Fe@Y_NH,OH 19.9 5.7 256 64

5 Fe@Y_NaOHY  20.9 6.2 271 271

6 YorY_B 0 0 0 0

7 - 0 0 0 -

Reaction conditions: cyclohexane (5 mmol), catalyst (20 umol, based on
the iron complex Fe, 0.4 mol% vs. cyclohexane), H,0, (50% aq., 10 mmol)
n(Hpca)/n(catalyst) =12.5, 24 h, in acetonitrile (3 mL) at rt. Amounts of
cyclohexanone (K) and cyclohexanol (A) were determined by GC analysis
after reduction of the aliquots with solid PPh,®% using MeNO, as standard.
klpercentage molar yield [(mol of product)/(mol of cyclohexane)l. “Total
turnover number, defined as mol of A and K/mol of Fe. /5 umol of catalyst.

Increasing the temperature from r.t. to 75°C, a drastic KA oil
yield decrease is observed (e.g., for Fe@Y_NaOH the 34.2%
yield reached at r.t. dropped to 6.0% at 75 °C, while maintaining
all the other reaction conditions), conceivably on account of
the decomposition of H,0,.

The effect of the amount of catalyst was also investigated.
The total yield was enhanced by increasing the load of catalyst
until a Fe amount of 20 umol.

At the optimized reaction conditions (Table 2), no traces of
by-products were detected by GC analysis of the final reaction
mixtures, indicating the high selectivity towards the formation
of cyclohexanol and cyclohexanone, easily controllable in our
catalytic systems.

The vyields obtained at the optimized conditions are
comparable to those achieved by the same iron complex
heterogenized on mesoporous mordenite, desilicated by the
conventional method (MOR-D),"” although a longer reaction
time is requested in the present study.

The primary advantage of Fe@Y_B catalysts, in particular of
Fe@Y_NH,OH and Fe@Y_TPAOH, relative to Fe@MOR-D is their
stability under the reaction conditions, allowing their recovery
at the end of the catalytic cycle and re-use in a consecutive
one. In fact, as mentioned above, after the first catalytic run,
54% of FeE@MOR—D undergone lixiviation.!'”

The re-usability in consecutive cycles of Fe@Y_B is depicted
in Figure 4.

In the 2™ cycle, whereas Fe immobilized at the commercial
Y, Fe@Y, loses ca. 57% of its initial activity, Fe@Y_NH,OH and
Fe@Y_TPAOH, advantageously, present much higher stability
(maximum activity loss of 11%). On the other hand, Fe@Y_
NaOH exhibits a stability trend similar to Fe@Y.

The observed recycling behavior of Fe@Y_B appears to be
resulting from the porosity differences found in the samples
modified template mediated basic treatment. Actually, the
textural characterization results previously discussed, pointed
out that, in the case of catalysts Fe@Y and Fe@Y_NaOH the
complex must be located mainly in the crystals’ outer surface,
thus more prone to leaching, especially in the case of the Fe@Y.
The results also indicated that in the other two catalysts (Fe@Y_

© 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim
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Figure 4. Effect of Fe@Y_B (B=NH,OH, NaOH or TPAOH) recycling on the
products yield of cyclohexane oxidation with hydrogen peroxide.

NH,OH and Fe@Y_TPAOH) at least a fraction of the complex is
located on the porosity formed by the wider micropores and
narrow mesopores. Considering the performance of these two
catalysts in the re-use assays and bearing in mind that the
maximum width of the scorpionate complex is 0.8 nm"”, we
may hypothesize that most probably it is immobilized in the
wider microporosity where the interaction with the support is
enhanced.

To rationalize the catalytic behavior of Fe@Y_NH,OH, fresh
and recovered (after the 1° and 3™ catalytic cycles) catalysts
were characterized by XPS. The survey spectra of the fresh
catalyst (Figure 5) exemplifies the results obtained showing

O1s

N1s
C1s
Si2s
Al2s
Si2p
Al2p
o 02

4
4

Figure 5. XPS survey spectrum of sample Fe@Y_NH,OH.

that, as expected, oxygen, silicon and carbon are the main
elements detected. Small peaks also show the presence of
nitrogen and aluminum. Iron is also detected as a very low
intensity peak. Survey spectra of re-used catalyst are presented
in Figure S4.

The comparison of the surface composition of the various
samples (Table 3) shows that, after use, the catalysts present a
significant decrease of silicon and oxygen content along with
an important increase of carbon and nitrogen contents. This
evolution may be due to the presence adsorbed species on the
catalysts surface, i.e., either reagents or products molecules, or

ChemCatChem 2018, 10, 1-10 www.chemcatchem.org
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Table 3. Surface contents of fresh Fe@Y_NH,OH catalysts and samples
recovered after the 1 and 3" catalytic cycles, and Fe global amount
determined by ICP (numbers in bold).”’

Element [mmolg ] Fresh 1% cycle 3" cycle
Si 1.7 6.3 4.8

(0] 30.1 23.0 19.7

Al 26 20 14

C 7.7 20.2 25.2

N 0.6 2.0 25

Fe 0.17 0.20 0.1

Fe 0.09 0.11 0.09

ESurface contents determined from XPS atomic percentages:
mmol X/g=atomic % X /(Z[ atomic % (i) x Ar(i)].

acetonitrile (used as solvent) or nitromethane (used as internal
standard for the chromatographic analysis). The almost absent
adsorption capacity observed in both re-used samples (data
not shown) supports this explanation hypothesis, as well as the
dark color of the samples after the catalytic assays.

In the case of Fe, the results gathered allow the comparison
of the global and surface composition. The data obtained with
the fresh catalyst demonstrate that the complex is not
homogenously dispersed in the solid matrix being preferentially
located in the external surface of the crystals, what is in
accordance with the decrease of the textural parameters
previously discussed. The use of the sample in the catalytic
reaction resulted only on a small decrease of the surface Fe
content in the case of the sample obtained after the 3" catalytic
cycle. Moreover, the results from the hot filtration test (see
experimental) have shown that after removal of Fe@Y_NH,OH,
the reaction did not proceed indicating that no catalytically
active iron compound remained in the filtrate.

To gather deeper information on the iron oxidation states
Fe 2p XPS spectra were performed.

The results are depicted in Figure 6, showing that, as a
consequence of the catalytic use, a broad peak at ca. 730 eV is
perceptible. This peak, that is absent in fresh catalyst spectrum,
corresponds to Fe**M*1 The other two peaks common to all
spectra are much more defined and are assigned to Fe?™
(722 eV) and Fe’*+Fe** (709eV and 711 eV, respectively,
resulting in a broad peak).***' The predominance of the Fe?"
oxidation state is in accord with the regeneration of the initial
(before the catalytic reaction) oxidation state of the catalyst
through the known redox Weiss reactions involved in the
cyclohexane oxidation mechanism (Scheme 3)® and explains
the catalytic performance of this material.

Conclusions

This study contributed to the development of stable and
reusable heterogenized catalytic systems based on the immobi-
lization of a transition Fe complex on hierarchical Y zeolite
modified through template mediated methodology. For the
preparation of the supports it was demonstrated that, under
the experimental conditions used, the base type (NaOH, NH,OH
or TPAOH), in association with the surfactant molecules,
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Figure 6. Fe 2p XPS spectra of fresh and used Fe@Y_NH,OH catalysts.

strongly affected the textural properties of the materials, which
influenced the immobilization of Fe complex in the supports. In
the case of Fe@Y and Fe@Y_NaOH the complex is immobilized
mainly at the crystals external surface which resulted in some
blockage of pore apertures and significant complex leaching
upon the first catalytic cycle. On the other hand, for Fe@Y_
NH,OH and Fe@Y_TPAOH the particular textural properties of
these samples, comprising a large volume of wider micropores
and narrow mesopores, allowed a more effective interaction
between the complex and the support which resulted in the
reusability of the catalyst for three consecutive cycles, especially
in the case of Fe@Y_NH,OH, where no significant product yields
were lost after the third cycle. Finally, this study demonstrates
that a fine tuning of the support textural properties can have a
strong influence on the interaction between the catalyst and
the support with important consequences on the catalytic

ChemCatChem 2018, 10, 1-10 www.chemcatchem.org
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[Fe]+ H,0; — HO« + [Fe(] + HO" (1)
[Fe")]+ H,0; — HOO- + H* + [Fe("] ()
HO- + CyH — H,0 + Cy* (3)
Cy=+ Oz — CyOO- (4)
CyOO- + H,0,— CyOOH + HOO- (5)
CyOOH + [Fe'] — CyO« + HO™ + [Fe] (6)
CyOOH + [Fe'']—» CyOO- + H* + [Fe'] (7)
CyOs+ + CyH— CyOH + Cy» (8)
2Cy00+ — CyOH + Cy.4=0 + O (9)

Scheme 3. Proposed oxidation mechanism for the oxidation of cyclohexane
catalyzed by immobilized Fe.

behavior and recycling. In this sense, in a following study the
influence of the base concentration on the support textural
properties, as well as the effect of the support acidity on the
complex immobilization and catalytic behavior will be ad-
dressed.

Experimental Section

Preparation of the Iron Complex [FeCl{i*>-HC(C;N,H,),}]

The hydrotris (pyrazol-1-yl) methane [HC(C;N,Hs);, Tpm] as well as
the iron complex [FeCl,{x>-HC(C;N,H,);}] were prepared according
to the literature.®"*

Preparation of the Zeolitic Supports

The parent material used as support was a faujasite structure (FAU),
supplied by Zeolyst International (CBV500; lot 5000 N00322B), that
according to the technical report has a SiO,/Al,0;=5.2. The zeolites
samples were modified through an alkaline treatment assisted by
surfactant under autogenous pressure, according to the procedure
described by Garcia-Martinez et al.**Prior to the treatments, 1 g of
the parent zeolite was submitted to an acid wash with 1 mmol of
citric acid (Sigma-Aldrich, 99.5% purity), using a suspension
10wt.% for 1h at 25°C. The washed material was stirred with
64 mL of a 0.37 M solution of NH,OH (Sigma-Aldrich, >25% NH; in
H,0) and 0.70 g of cetylmethylammonium bromide, CTAB, (Sigma,
99%) during 20 min at 25°C. During this procedure the pH was
measured and, if needed, a 2 M HCI (Aldrich, 37%) solution was
added in order to keep the pH=10. The mixture was then placed
in stainless steel PTFE lined autoclaves and heated at 150°C under
autogenous pressure for about 10 h. The solid was recovered by
centrifugation, washed and dried overnight at 80°C. To remove the
occluded surfactant the material was calcined at 550°C under dry
air atmosphere with a heating ramp of 5°C/min during 2 h. The
same procedure was used to prepare other two samples but using
different bases: tetrapropylammonium hydroxide, TPAOH 0.2 M,
(Sigma-Aldrich, 1 M in H,O solution) and NaOH 0.2 M (Aldrich, p.a).
In this later case the solid was submitted to an ion exchange with
2 M NH,NO; (Sigma-Aldrich, >98%) solution for 6 h at 80°C in
order to remove some Na® exchanged during the treatment with

7 © 2018 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

These are not the final page numbers! 77


https://doi.org/10.1002/cctc.201800921

& ChemPubSoc

NaOH. The following was used to name the supports: Y_B (B=used
base).

For comparison purposes two samples were treated with NaOH
under experimental conditions similar to those described above,
using the same concentration and duration of the treatment, but in
the absence of surfactant. The materials will be designated as Y_
NaOH_P and Y_NaOH_A to highlight the heating methodology
followed: P - heating plate at 80°C; A - autoclaved at 150°C.

Immobilization of the Iron Complex [FeCl,{x*-HC(C;N,H,);}]

The iron complex [FeCl,{x>-HC(C;N,H;);}l, designated as Fe, was
immobilized by the incipient wetness impregnation method. Fe
(0.018 g, 0.053 mmol) was dissolved in a previously determined
amount of water needed to wet the support. The solution was
slowly added and constantly mixed with 0.3 g of the support until
a homogeneous paste was obtained, then the paste was dried,
firstly at ambient temperature overnight and then at 50°C in an
oven for ca. 4 h. The samples will be designated as Fe@_Y_B (B=
used base).

Physicochemical Characterization

The structural characterization of the supports and Fe loaded
samples was carried out by powder X-ray diffraction (XRD) using a
Pan’Analytical PW3050/60X'Pert PRO (6/260) equipped with X'Cele-
rator detector and with automatic data acquisition (X'Pert Data
Collector (v2.0) software using a CuKa radiation as incident beam,
40 kV-30 mA. Diffractograms were obtained by continuous scan-
ning from 5° to 40° 20, with a step size of 0.02° 20 and a time step
of 0.4s. Far infrared spectra (400-200 cm™') were recorded on a
Vertex70 spectrophotometer, in Csl pellets. In selected samples, the
metal content present on the immobilized complexes were
analyzed by ICP using a ICP-AES Horiba Jobin-Yvon model Ultima
equipment at Laboratério de Andlises, IST Lisbon, Portugal. XPS
analysis was performed at CEMUP on a Kratos AXIS Ultra HAS
equipment, with VISION software for data acquisition and CASAXPS
software for data analysis. The effect of the electric charge was
corrected by reference to the carbon peak (284.6 eV). Scanning and
transmission electron microscopy (SEM and TEM) of parent and
treated supports support were carried out in a Hitachi, models
S400 (SEM) and H-8100 (TEM) microscopes. Textural character-
ization of the supports and Fe loaded samples was performed by
N, adsorption isotherms at —196°C in an automatic apparatus
Micromeritics ASAP 2010. Before the isotherms acquisition the
samples (~50 mg) were outgassed at 150 °C, under vacuum better
than 1072 Pa for 2 h, in the case of supports and fresh catalysts, and
for 17 h when used catalysts were analyzed.

Catalytic Tests of Fresh and Re-Used Samples

In a typical experiment, acetonitrile (3mL), cyclohexane
(5.00 mmol), Fe or Fe@Y B (5-20 umol based on the iron complex,
0.1-0.4 mol % vs. substrate) and nitromethane (as internal standard,
50 ub) were introduced into a 25 mL Pyrex tube of a 10-way
OmniStation Electrothermal MKII reactor. The promoter (if any) was
then added and the reaction started with the addition of H,0,
(50% aqueous solution, 10.0 mmol) in a portion. The reaction
mixture was stirred (800 rpm) at 25°C for the desired times (4.5-
72 h). After the reaction, the obtained mixture was centrifuged to
separate the catalyst and a sample (4 ul) was taken from the
organic phase and analyzed by GC or GC—MS.

Chromatographic analyses were undertaken by using a Fisons
Instruments GC 8000 series gas chromatograph with a DB-624
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(J&W) capillary column (DB-WAX, column length: 30 m; internal
diameter: 0.32 mm), FID detector, and the Jasco-Borwin v.1.50
software. The temperature of injection was 240°C. The initial
temperature was maintained at 100 °C for 1 min, then raised 10°C/
min to 180°C and held at this temperature for 1 min. Helium was
used as the carrier gas. The products were identified by comparison
of their retention times with known reference compounds. The
internal standard method was used to quantify the organic
products. The obtained values of conversion are the result of two
concordant assays. GC-MS analyses were performed using a Perkin
Elmer Clarus 600 C instrument (Helium as the carrier gas), equipped
with two capillary columns (SGE BPX5; 30 mx0.32 mmx25 mm),
one having an EI-MS (electron impact) detector and the other one
with a FID detector. Reaction products were identified by
comparison of their retention times with known reference com-
pounds, and by comparing their mass spectra to fragmentation
patterns obtained from the NIST spectral library stored in the
computer software of the mass spectrometer.

Blank tests were performed, in a Fe-free system and no conversion
of cyclohexane was detected.

Catalysts Fe@_Y_B recyclability was investigated for up to 3
consecutive cycles. After the first cycle, the supported catalyst was
separated from the reaction mixture centrifugation followed by
filtration, carefully washed with acetonitrile and dried at 80°C
overnight. Each consecutive cycle was initiated after the preceding
one upon addition of new typical portions of all other reagents.
After completion of each run, the products were analyzed as
above-mentioned and the catalyst was recovered by centrifugation
followed by filtration, thoroughly washed with acetonitrile, and
dried in oven at 80°C.

Hot filtration test: At an essay under the best reaction conditions,
the immobilized Fe catalyst was removed from the reaction mixture
by filtration using a hot frit, and the filtrate was monitored for
continued activity. The results show that after removal of the
catalyst, the reaction did not proceed, indicating that no catalyti-
cally active Fe compound remained in the filtrate.
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