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Nanostructured Carbon-Metal Oxide Hybrids as
Amphiphilic Emulsion Catalysts
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Nanohybrids composed of “onion-like” carbon, single-walled
(SWCNTs) or multi-walled carbon nanotubes (MWCNTs) fused
to silica or alumina particles have been compared as stabilizers
of water/oil emulsions and interfacial catalysts. The amphiphilic
character of these nanohybrids makes them effective in stabi-
lizing emulsions (up to 85% of total volume) comprising of
small droplets (less than 40 pm). Furthermore, these nanohy-
brids have been used as supports for transition metal particles
(palladium and copper) to catalyze reactions at the water/oil

Introduction

Since the discovery of the carbon nanotube (CNT),"” extended
efforts have been made to understand their outstanding
physical, chemical, mechanical, and electrical properties,>” to
develop applications, and to expand production scale.** The
controlled synthesis of both single-walled (SWCNTs) and multi-
walled carbon nanotubes (MWCNTs) has generated a vast
number of studies dedicated to the development of applica-
tions in many fields, including nanocomposites, sensors, elec-
tronics, field emission, thin films, catalysis, and energy stor-
age.'"™ Specifically, in the field of heterogeneous catalysis,
CNTs have been used as catalytic materials,">'® catalyst sup-
ports," and catalyst promoters.”” Nanotubes exhibit several
promising features for catalysis including very high surface
area, high resistance to temperature in non-oxidizing
environments, and acidic and basic environments, as well
as surface reactivity and chemical tunability, achieved by
functionalization.

We recently reported a study on the application of amphi-
philic nanohybrid particles, based on CNTs fused to metal
oxides, as recoverable emulsion stabilizers and catalyst sup-
ports to use in water/oil interfaces.”” The amphiphilic charac-
ter of these nanohybrids, which derives from the combination
of hydrophobic CNTs and hydrophilic metal oxides, favored the
stabilization of Pickering emulsions in water/oil systems.??
Similar studies have been conducted by other research
groups.'”

Pristine CNTs are known to be hydrophobic,”?! but, at the
same time, they cannot be effectively suspended in organic
solvents, so they have been considered amphiphobic” As a
result, they tend to be displaced from the bulk of either phase
and become adsorbed at the water/oil interface.”® At the
same time, metal oxide nanoparticles, such as SiO,, have been
found to be effective in stabilizing Pickering emulsions. Since
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interface. Three different reaction systems have been conduct-
ed in the emulsions to demonstrate the principle: 1) hydroge-
nation of phenanthrene; 2) hydrogenation of glutaraldehyde
and benzaldehyde; 3) oxidation of tetralin. Comparison of the
maximum conversions achieved in emulsions as opposed to
the single phase, together with much better control of
selectivity in the two-phase system shows the benefits of
using these nanohybrid catalysts.

oxide particles are inherently hydrophilic, the interfacial
contact angle bends the interface concave towards the oil,
producing oil-in-water emulsions.?-3"

In the case of recently developed nanohybrids, we demon-
strated that the hydrophilic/lipophilic balance (HLB) can be
modified by tailoring the composition and structure of the
CNT-metal oxide nanoparticle. This fine control of the HLB
allowed us to systematically change the type of emulsion, the
droplet size, and the volume fraction of the emulsion in the
water/oil mixture.”?

Additionally, by anchoring metal particles on the surface of
these nanohybrids, as well as by using nanohybrids composed
of CNTs fused to basic metal oxides (e.g., MgO), metal-cata-
lyzed, as well as base-catalyzed, reactions were performed at
the water/oil interface in emulsion systems.”” These reactions
have potential applications in many fields of the chemical and
fuel industry, such as the upgrading of bio-oils. For instance,
we used Pd particles supported on SWCNT-SiO, as a catalyst
in the hydrodeoxygenation of heavy oxygenated molecules
(vanillin) and hydrogenation/etherification of aldehydes
(glutaraldehyde and octanal), whereas SWCNT-MgO acted as a
basic catalyst for cross-condensation reactions of ketones and
aldehydes.”"

In conventional phase-transfer catalysis,®**>* a liquid surfac-
tant is typically used to enhance the transfer of molecules be-
tween phases, but this emulsion stabilizer cannot be recovered
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after the reaction. In contrast, with the utilization of solid CNT-
metal oxide nanohybrid particles the valuable emulsifier/cata-
lyst can be readily recovered by filtration. Similar studies have
been performed using solid catalysts at the interface of liquid
biphasic systems; however, these studies did not include the
formation of emulsions.®™ Several major advantages of using
emulsions with the catalyst at the interface are immediately
apparent. For example: 1) an enhancement in the rate of mass
transfer between phases due to the generation of a higher in-
terfacial area; 2)the possibility of maximizing the selective
conversion of molecules present in each of the phases (a con-
cept that we have termed phase-selectivity); 3) the direct parti-
tioning and separation of molecules (phase-migration), simply
based on differences in relative solubilities, which leads to a
substantial simplification of the purification stage.

Phase-selective catalysis is a desirable approach for any
chemical reaction conducted in a biphasic system. Differences
in solubility between reactants and a valuable intermediate
would facilitate the removal of the intermediate product from
the initial phase, while the reactant continues reacting. An ex-
ample of such a process is the hydrodeoxygenation of heavy
oxygenated molecules, typically found in the pyrolysis oil
derived from the lignin fraction, which are partitioned in both
phases. In a phase-selective process the catalyst that hydro-
deoxygenates the water-soluble reactant is present in the
aqueous phase. After reaction, the deoxygenated intermediate
migrates to the oil phase, in which it could be alkylated by
short olefins if an appropriate acid catalyst is present in this
phase. As the reactants are consumed in the water phase,
more reactant could migrate into this phase and continue
reacting.

We previously demonstrated both aqueous and organic
phase-selective catalysis.”">® Very high selectivity of the reac-
tion on the catalyst facing the aqueous phase was accom-
plished by taking advantage of the very low density of defects
present on the SWCNT walls fused to silica.?” That is, after the
impregnation and calcination of the transition metal on the
nanohybrids, the metal particles were preferentially anchored
onto the oxide support, leaving the surface of the pristine
SWCNTs essentially free of metal due to a much stronger
metal-support interaction with the oxide than with the
low-defect-density nanotubes. Conversely, we developed
oil-phase-selective catalysis by preparing Janus silica particles
in which the metal clusters were selectively deposited on the
hydrophobic side of the particles.”®

Herein, we report a study of different carbon structures to
be incorporated as the hydrophobic side of the nanohybrids.
They include SWCNTs, MWCNTs, and micrographitic platelets
(known as “bucky-onions” or “onion-like” carbon).?” The char-
acteristics of the different emulsions stabilized by these carbon
structures, their ability to selectively anchor metal clusters, and
the resulting catalytic performance (conversion and phase
selectivity) have been compared.

Several reactions of importance in the area of energy pro-
duction have been used to illustrate this comparison. The first
is the hydrogenation of polyaromatics (phenanthrene), which
may have an impact in the field of underground (in situ) up-
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grading of heavy oils by injection of water and nanohybrids
into the oil reservoir. The second reaction illustrates the con-
cept of phase-selective catalysis in the organic phase during
the simultaneous hydrogenation of glutaraldehyde (water-solu-
ble) and benzaldehyde (oil-soluble) by using physical mixtures
of amphiphilic nanohybrids (SWCNT-SiO,) and pure hydropho-
bic SWCNTs loaded with Pd clusters. Selective reactions in bi-
phasic systems may have a significant impact in the upgrading
of biomass-derived fuels and other chemicals from renewables.
The third reaction is the aerobic oxidation of tetralin using Cu
catalysts supported on MWCNT-ALO;, demonstrating that the
generation of an emulsion improves the catalytic performance
compared to the single-phase system. This reaction may have
importance in the underground oxidation of aromatics for
enhanced oil recovery.

Results and Discussion
Characterization of carbon nanotube/metal oxide hybrids
Carbon structure characterization

The core of this study is the comparison of a series of nanohy-
brids with different carbon structures. The nanohybrids chosen
for this comparison include SWCNT-SiO,, “onion-like” carbon-
Si0,, MWCNT-ALO,, and nitric acid-oxidized MWCNT-AI,O,
(Figure 1). High-resolution TEM (HRTEM) images of the catalysts

NI

SWCNT/Si0, “Onion-like” carbon/SiO,

MWCNT/AIL,O,

Oxidized MWCNT/ALLO,

Figure 1. Structures of the nanohybrids.

prepared using these nanohybrids loaded with Pd clusters
illustrate the different morphologies of the nanohybrids
(Figure 2). The carbon content is also quite different among
the samples; the carbon content of SWCNT-SIO, is around 7 %,
that for “onion-like” carbon-SiO, is 17 %, and for MWCNT-AI,O,
it is around 30%. It is worth noting that for “onion-like”
carbon-SiO, the SiO, surface is not totally covered by carbon;
X-ray photoelectron spectroscopy (XPS) showed a Si/C ratio
(atomic surface concentration) of 2.9. This partial coverage is
what imparts the amphiphilic character to the nanohybrid.
Raman spectroscopy has been used to characterize the
carbon structure on the various nanohybrids. This technique
has been widely employed to evaluate the purity and quality
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Figure 2. HRTEM images of the catalysts composed of 5 wt% Pd supported
on different nanohybrids: a) SWCNT-SiO,; b) “onion-like” carbon-SiO, (top;
Pd on the nanohybrid; bottom; closer view of the “onion-like” carbon in the
nanohybrid); c) MWCNT-ALO;; d) oxidized MWCNT-AI,O;. The average size
of the Pd clusters are: a) 4.9, b) 4.6, c) 3.0, and d) 2.1 nm, for the corres-
ponding nanohybrids.

of CNT products.®®* The relative density of defects in differ-
ent CNT samples has been typically evaluated in terms of two
characteristic bands; the Gband, which appears at about
1590 cm™, is ascribed to sp? ordered carbon atoms and the
D band, which appears at about 1350 cm™, is commonly as-
cribed to sp® carbon atoms associated with defects.*'™*
Figure 3 shows the normalized Raman spectra for the different
nanohybrids, together with the calculated D/G intensity ratios.
SWCNT-SiO, has the smallest D/G ratio (0.09), consistent with

D/G ratios b

a) SWCNT/Si0,: 0.09

b) "Onion-like" carbon/Si0,: 1.1
) MWCNT/ALLO,: 2.3
d)MWCNT/ALO,: 2.7

Intensity

0 500 1000 1500 2000

Wavenumber/cm™

Figure 3. Raman spectra of the nanohybrids: a) SWCNT-SiO,, b) “onion-like”
carbon-SiO,, c) MWCNT-AI,O;, and d) oxidized MWCNT-AI,O.
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a low density of defects. “Onion-like” carbon-SiO, has an
intermediate value (1.1), whereas the most defective carbon
structures are MWCNT-ALO; and oxidized MWCNT-AIO; (D/G
ratios of 2.3 and 2.7, respectively). A small, but noticeable
change in the intensity of the D band is observed upon
oxidation.

The effect of nitric acid oxidation on MWCNT-AIL,O; was
evaluated by using XPS. Figure 4 shows the C1s spectra for
MWCNT-AL0,, before and after oxidation. Again, a slight but
noticeable difference can be seen in the region of 286 eV,

XPS intensity

277 282 287 292

Binding energy / eV

Figure 4. XPS spectra (C 1s) of MWCNT-AI,O; and oxidized MWCNT-AI,O,.
—— MWNT/ALO;; @ oxidized MWNT/AL,O;. The arrow shows the region of
functionalized carbon where the most significant difference is observed.

which can be ascribed to the formation of carboxylic groups
upon the nitric acid oxidation treatment. To quantify these
changes, a conventional acid-base titration method was used
to determine the concentration of acid sites on these nanohy-
brids. The results showed concentrations of 3.3 and 6.5 mmol
acid sites per gram of nanohybrids on MWCNT-ALO; and
oxidized MWCNT-ALO;, respectively, in accordance with the
results obtained by XPS.

DFT calculations

To understand the ability of wall defects in stabilizing Pd
nanoclusters, density functional theory (DFT) calculations were
conducted to compare the strength of the metal-carbon
interaction on an oxidized defect site to that on a pristine
carbon wall. In a recent study,*” we used ONIOM (DFT:MM)
calculations to show that the binding energy of Pd clusters
was significantly enhanced when the SWCNT surface was
oxygen functionalized, compared to that on a pristine SWCNT
surface. The electronic interaction of Pd atoms with oxygen at
the defect sites resulted in stronger bonding (4.6eV in
comparison with 2.6 eV).
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In this study, the adsorption of Pd nanoclusters on MWCNTs
was also theoretically investigated. Three layers of graphene
sheets were used as a representative of the MWCNT surface
(Figure 5). The interlayer distance and a typical C—C bond

Terrace sites

Step sites

Figure 5. Models for Pd cluster adsorption on terrace sites (left) and step
sites (right) of MWCNTs.

length are approximately 3.4 A and ca.1.41 A, respectively.*

Each C dangling bond at the edges of the step sites was termi-
nated with a carboxyl functional group. Adsorption energies of
Pd nanoclusters on terrace sites and step sites were examined
to elucidate the role of defects containing the functional
group.

Spin-polarized periodic DFT calculations were performed
using the Vienna ab initio simulation package (VASP)“% in
which the Kohn-Sham equations are solved by self-consistent
algorithms. The dimensions of the unit cells are: a=9.769 A,
b=29.160 A, c=30.00 A, and a=B=y=90°. A cutoff energy
of 300 eV was used. Brillouin zone sampling was restricted to
the T point. Pd nanoclusters were freely optimized and a
quasi-Newton forces-minimization algorithm was employed for
the forces-minimization algorithm. Convergence was assumed
to be achieved when forces were below 0.05eVA~". The
adsorption energy, E,q, is given by Equation (1):

Eads = EPd/MWCNT_EMWCNT_EPd (1 )

in which, Epgmwent is the total energy of the MWCNTs with Pd
clusters, Eywenr is the energy of the MWCNTs, and Eyq is the
energy of the Pd clusters in gas phase.

Based on the calculation, the binding energy on the step
sites is 1.36 eV higher than that on the terrace sites of
MWCNTs. This demonstrates the preferential adsorption of Pd
nanoclusters on oxidized defects of MWCNTs, which is
consistent with our previous study on SWCNTs"¥ and the
experimental results of this study.

www.chemsuschem.org

KRR These are not the final page numbers!

© 2010 Wiley-VCH Verlag GmbH & Co. KGaA, Weinheim

D. E. Resasco et al.

Nanohybrids as emulsion stabilizers
Emulsion structures

The ability of the different nanohybrids (SWCNT-SiO,, “onion-
like” carbon-SiO,, MWCNT-AI,O;, and oxidized MWCNT-AI,O,)
to stabilize water/decalin emulsions was compared. lllustrative
microscope images of the different emulsions are shown in
Figure 6. There are clear differences in the emulsion character-
istics upon changing the type of nanohybrids. Figure 7 shows

Figure 6. Microscope images of the water/decalin emulsions stabilized with
a concentration of 1 wt% of nanohybrids: a) SWCNT-SiO,; b) “onion-like”
carbon-SiO,; ¢) MWCNT-AI,0;; d) oxidized MWCNT-AI,O;.

the changes in emulsion volume fraction and the average
droplet size obtained with the different nanohybrids. The
effect of changing the concentration of nanohybrids was also
investigated, as we have shown previously that the particle
concentration strongly affects both the emulsion volume stabi-
lized and the droplet size.?>*">? |n general, for all of the nano-
hybrids, an increase in particle concentration led to an increase
in the fraction of emulsion stabilized and a decrease in the size
of the emulsion droplets. The higher viscosity of the medium
when increasing the particle concentration may play a role in
stabilizing smaller droplets.?? Comparing the behavior of the
different nanohybrids, it can be concluded that the most effec-
tive nanohybrid in stabilizing interfacial area in emulsions is
oxidized MWCNT-AL0,, since for a given concentration it gave
the highest values of emulsion fractions (up to 0.85) with the
smallest droplet sizes (less than 2 pm). Accordingly, the
effectiveness in stabilizing emulsions follows this sequence:
oxidized MWCNT-AI,O; > MWCNT-ALO; > “onion-like” carbon-
SiO, > SWCNT-SIO,.

Depending on the HLB in the composition of the nanohy-
brids, it is possible to stabilize either water-in-oil or oil-in-water
emulsions. We have previously shown that when the particles
were more hydrophilic, the wettability of the particles in water
was enhanced, making the interface bend concave towards
the oil, producing oil-in-water emulsions. In contrast, more hy-
drophobic particles tended to form water-in-oil emulsions.”
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Figure 7. a) Emulsion volume fraction and b) droplet size versus particle con-
centration for the water/decalin emulsions prepared with the nanohybrids.
@ SWCNT-Si0,;*? 1 “onion-like” carbon-SiO,; o MWCNT-AL0;; m oxidized
MWCNT-ALQ;.

Under the conditions studied here, the more hydrophobic
SWCNT-SiO, and MWCNT-AI,O; produced water-in-oil emul-
sions. In contrast, “onion-like” carbon-SiO, and oxidized
MWCNT-AIO; stabilized oil-in-water emulsions owing to their
higher hydrophilic character, caused by their higher density of
oxidized defects.

Emulsion interface characterization

The interface of the emulsion stabilized by the nanohybrids
was characterized by taking TEM images of a freeze-fractured
surface replica of a water-in-decalin droplet stabilized by
SWCNT-SIO, (Figure 8). The TEM images clearly show how the
CNTs are generally oriented towards the oil phase, whereas the
silica particles remain near the water phase.

Further characterization of the interface was performed
using XPS. A catalyst composed of Pd anchored on SWCNT-
SiO, was analyzed before and after being used to stabilize an
emulsion. In the first case, the catalyst was analyzed directly
after its preparation, whereas in the second case it was first
used to stabilize a water-in-oil (decalin) emulsion, and then
vacuum-dried and the remaining catalyst particles were ana-
lyzed. Figure 9 illustrates the expected morphology of the cata-
lyst aggregates in both cases. When the catalyst was used to
stabilize the emulsion, we expected that the CNTs on the
nanohybrids particles preferentially orient towards the oil
phase (Figure 8), with more metal particles facing the surface
than in the absence of the interface. This is in accordance with
the results obtained by XPS (Table 1), that show a higher inten-
sity ratio of C/Si and Pd/Si when the catalyst has been used to
stabilize the emulsion (20.8 and 15.4x107% respectively), in
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Figure 8. TEM images of the interface in a water-in-oil emulsion droplet
stabilized by SWCNT-SiO,, together with a general reaction scheme.

Pd/SWCNT-Si0, (before emulsion)

Pd/SWCNT-Si0, (after emulsion)

Figure 9. Pd/SWCNT-SiO, structure before and after emulsion.

Table 1. C/Si and Pd/Si intensity ratios obtained from the XPS analysis of
dried Pd/SWCNT-SiO, and Pd/SWCNT-SiO, in emulsion.

C/Si Pd/Si
Pd/SWCNT-SiO, (dried) 6.9 52x1072
Pd/SWCNT-SIO, (in emulsion) 20.8 15.4% 1072

comparison with the initial catalyst (6.9 and 5.2x107%
respectively).

Reactions at the water/oil interface in emulsion systems

The use of nanohybrids as supports of metal particles to per-
form reactions at the water/oil interface has allowed us to take
advantage of an enhanced interfacial area, an easier product
separation by differences in solubility, as well as a method for
simple catalyst recovery. The process of interfacial catalysis fol-
lowed by phase-transfer is summarized in Figure 8, together
with a generic reaction scheme. In the generic example, we
show the conversion of a water-soluble compound A that
when it reaches the interface is catalytically converted into B,
which has a lower solubility in water. Compound B would par-
tition between the two phases, and could react further in the
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oil phase to produce C. The differences in solubility

of the products and reactant facilitate their separa- § 90 -
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The first reaction system investigated was the hydro-
genation of phenanthrene, which is a solid under at-
mospheric conditions, but is highly soluble in organic
compounds. Therefore, in this system, the phenan-
threne was present only in the oil phase dissolved in
decalin. Not all the solubility values of a given com-
pound in a given medium are readily available.
Therefore, a parameter that can help to predict the
solubility behavior of a given molecule in water/oil systems is
the octanol-water partition coefficient log P. This value has
been widely used in rational drug design and other quantita-
tive structure-activity relationship (QSAR) property prediction
studies as a measure of the hydrophobicity/hydrophilicity ratio
of a given molecule. High log P values are indicative of a
higher affinity of the molecule for the organic phase, and vice
versa. The log P values can be calculated by using an interac-
tive logP calculator (www.molinspiration.com/services/
logp.html). For example, the log P of phenanthrene is 4.304.

To perform the hydrogenation reactions, catalysts composed
of 5wt% Pd supported on the different types of nanohybrids
(SWCNT-SiO,, “onion-like” carbon-SiO,, MWCNT-AI,0;, and oxi-
dized MWCNT-AI,0;) were used. The aim of this study was to
compare the performance of different carbon structures as a
support for the metal clusters, as well as stabilizers for the
emulsion system. Some HRTEM images of the final catalysts
are shown in Figure 2. A simple analysis of the Pd cluster size
distribution indicates that the resulting Pd dispersion is rather
low on SWCNT-SiO, and “onion-like” carbon-SiO,, with an
average Pd cluster size of approximately 5 nm, but there is sig-
nificantly higher dispersion on oxidized MWCNT-ALO; (Fig-
ure 2d), with an average Pd cluster size of less than 1 nm. It
appears that the oxidation of MWCNT-AI,O; with nitric acid
has created a high number of oxidized defects on the nano-
tubes, as demonstrated by the Raman and XPS results
(Figure 3 and 4), which, according to the DFT calculations, en-
hance the interaction and favor the dispersion of the Pd clus-
ters.*” The non-oxidized MWCNT-ALQ; resulted in a Pd cluster
dispersion that was not as good as that observed with the oxi-
dized ones, but was still better than those obtained on
SWCNT-SiO, and “onion-like” carbon-SiO, nanohybrids.

As shown in Figure 10, the conversion of phenanthrene in-
creases in the following order: SWCNT-SiO, < “onion-like”
carbon-SiO, < MWCNT-AI,O; < oxidized MWCNT-ALO;. It is
clear that, for a given set of reaction conditions, the conversion
is influenced by two phenomena, which are different in nature
but both improve conversion. One effect is the dispersion of
the Pd clusters on the surface of the nanohybrids, which in-
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Pd/“onion” Pd/MWCNT-AI,0; Pd/Oxidized
carbon-Si0, MWCNT-AI;03

Pd/SWCNT-Si0,

Figure 10. Conversion obtained in the hydrogenation reactions of phenanthrene over
catalysts comprising 5 wt% Pd supported on different nanohybrids. Reaction conditions:
Semi-batch reactor, catalyst (30 mg), water/decalin (30 mL, 1:1 v/v), T=200°C, H,

(6.21 MPa), t=24 h.

creases with the density of oxidized defects. The second effect
is the higher effectiveness of the nanohybrids for the stabiliza-
tion of the emulsion as the density of defects increases; for ex-
ample, a shift in the HLB to higher hydrophilicity enhances the
total interfacial area created by the nanohybrid. Both effects, a
higher interfacial area and a better dispersion of the metal
clusters, result in higher conversions (Figure 10).

The most active catalyst was that supported on acid-oxi-
dized MWCNT-ALO,, which, for the same solid concentration,
exhibited the highest fraction of emulsion and the smallest
droplet size among the series of different nanohybrids
(Figure 7). In addition, the dispersion of Pd clusters on oxidized
MWCNT-ALO; was higher than on other supports, as a result
of a stronger metal-support interaction.®¥ A final, albeit very
important, consideration is the tendency of the carbon nano-
hydrids to aggregate when placed in the liquid phase. The
nitric acid oxidation treatment greatly enhances the repulsion
between the MWCNTs, which increases their emulsification
efficiency (Figures 6 and 7).

The second most active catalyst was the non-oxidized
MWCNT-ALO;, which stabilized a high interfacial area and
metal dispersion. The conversion of phenanthrene with this
material was relatively high (56%; Figure 10). Whereas the
other two nanohybrids SWCNT-SiO, and “onion-like” carbon-
SiO, showed similar Pd dispersion, the emulsion droplet stabi-
lized by the latter was significantly smaller than that stabilized
by the former, and led to a slightly higher phenanthrene con-
version (43% with “onion-like” carbon-SiO, versus 37 % with
SWCNT-SIO,).

The reaction pathway for the phenanthrene hydrogenation
is shown in Scheme 1. It must be noted that all the products
from the hydrogenation of phenanthrene are highly soluble in
the organic phase (log P> 4). The two main products from the
hydrogenation of phenanthrene were 9,10-dihydrophenan-
threne and 1,2,3,4-tetrahydrophenanthrene (Table 2). However,
when high levels of conversion were reached (83 %, in the case
of oxidized MWCNT-ALQ,), formation of 1,2,3,4,4a,9,10,10a-
octahydrophenanthrene and 1,2,3,4,5,6,7,8-octahydrophenan-
threne readily occurred. This sequential hydrogenation has pre-
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9,10-
dihydrophenanthrene

N\

1,2,3,4,4a,9,10,10a-
octahydrophenanthrene

phenanthrene

AN

O//
0

1,2,3,4-
tetrahydrophenanthrene

12,3,4,5,6,7,8-
octahydrophenanthrene

Scheme 1. Phenanthrene hydrogenation mechanism.

Table 2. Product yields (%) obtained in the hydrogenation of phenan-
threne with catalysts composed of 5 wt% Pd supported on nanohybrids.
Reaction conditions: Semi-batch reactor, catalyst (30 mg), water/decalin
(30 mL, 1:1 v/v), T=200°C, H, (6.21 MPa), t=24 h.

p1t p2t! p3© P4 pstel
Pd/SWCNT-SiO, 59.6 19.3 6.3 1.2 3.6
Pd/"onion-like” carbon-SiO, 68.8 16.8 25 10.0 2.0
Pd/MWCNT-AI,0, 62.5 22.8 54 6.9 25
Pd/oxidized MWCNT-ALO, 67.2 73 8.7 15.6 12

[a] P1=9,10-dihydrophenanthrene. [b] P2=1,2,3,4-tetrahydrophenan-
threne. [c] P3=1,2,3,4,43,9,10,10a-octahydrophenanthrene. [d] P4=
1,2,3,4,5,6,7,8-octahydrophenanthrene. [e] P5 =tetradecahydrophenan-
threne.

viously been observed and is an indication of the important
role of the adsorption-site competition, in which the more aro-
matic compound always dominates on the surface. That is,
conversion of the one-ring aromatic species does not happen
until most of the 3- and 2-ring compounds have been hydro-
genated.”

Simultaneous hydrogenation of glutaraldehyde and
benzaldehyde

The simultaneous hydrogenation of glutaraldehyde (water-
soluble) and benzaldehyde (oil-soluble) has been studied in an
emulsion system. Two different catalysts have been used as
stabilizers/catalysts in these reactions to test the concept of
phase-selectivity. One of the catalysts was 5 wt% Pd/SWCNT-
SiO, and the other was a physical mixture of metal-free nano-
hybrids (SWCNT-SiO,) and silica-free 10 wt% Pd/SWCNT
(1:1 w/w). In this mixture, the hydrophobic Pd/SWCNT remains
in the oil side, but the strong tube-tube interaction keeps
them at the water/oil interface, connected to the amphiphilic
nanohybrids. Therefore, this system results in efficiently dis-
persed Pd catalyst, albeit located only in the organic phase. On
the contrary, in the Pd/SWCNT-SiO,, the metal is deposited
over the entire support, that is, on the hydrophobic as well as
hydrophilic sides. Therefore, this catalyst should be able to cat-
alyze reactions in both phases of the emulsion. However, we
cannot expect that the amount of Pd on the SWCNTs will be
as high as on the silica, since, during the incipient wetness im-
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pregnation, the metal precursors
tends to deposit more on the
oxide support than on the pris-
tine (unfunctionalized) SWCNTs.
The conversions of glutaralde-
hyde and benzaldehyde ob-
tained with the two different
catalysts after 3 h of reaction at
100°C and 1.38 MPa of H,, are
shown in Figure 11. First, it is
noted that the conversion of the
organic-soluble benzaldehyde is

100 -
0.} 82.7
X
t 60 - Glutaraldehyde
G
‘@ (Water phase)
$ a0 = Benzaldehyde (Oil
S phase)
207 269
0 T
Pd/SWCNT + SWCNT-Si0,  SWCNT-Si0,

Figure 11. Conversion of glutaraldehyde and benzaldehyde obtained in the
hydrogenation reactions over two different catalysts; the former composed
of a mixture of SWCNT-SiO, nanohybrids and Pd deposited on purified
SWCNTs (Pd present only in the oil phase), and the latter composed of Pd
deposited on SWCNT-SiO, nanohybrids (Pd present in both phases). Reac-
tion conditions: Semi-batch reactor, catalyst (30 mg), water/decalin (30 mL,
1:1v/v), T=100°C, H, (1.38 MPa), t=3 h.

100% when Pd is only in the oil phase and 55% when Pd is
present in both phases. As mentioned above, a larger fraction
of Pd deposits on the oxide than on the SWCNTs (Figure 2a),
which explains the lower conversion obtained when Pd is dis-
tributed among the two parts of the nanohybrid.

The behavior observed with the water-soluble glutaralde-
hyde under the same conditions was, as expected, opposite to
that of benzaldehyde. That is, the conversion was 83% when
the catalyst with Pd deposited on the two sides of the nanohy-
brids was employed, but less than 3% when the catalyst with
Pd only deposited on the hydrophobic side was present. The
phase-selective catalysis in the organic phase is clearly demon-
strated in these experiments. In our previous study, we demon-
strated the water phase-selectivity using nanohybrids®" and
Janus silica particles.®

The final composition of both phases after these reactions is
summarized in Table 3. The reaction network and correspond-
ing products for the hydrogenation of glutaraldehyde cata-
lyzed by Pd can be found in our previous report.®® The hydro-
genation of benzaldehyde only produced benzyl alcohol
(Table 3). It is worth noting that, whereas benzaldehyde only
appeared in the organic phase, benzyl alcohol was partitioned
between the two phases (log P values were 1.740 and 1.270,
respectively).

Different products were obtained from the hydrogenation of
glutaraldehyde (Table 3). When Pd was present on the hydro-
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H, (1.38 MPa), t=3 h.

Table 3. Product composition (%) obtained in the hydrogenation reactions over two different catalysts; the
former composed of a mixture of SWCNT-SiO, nanohybrids and Pd deposited on purified SWCNT (Pd present
only in the oil phase), and the latter composed of Pd deposited on SWCNT-SiO, nanohybrids (Pd present in
both phases). Reaction conditions: Semi-batch reactor, catalyst (30 mg), water/decalin (30 mL, 1:1), T=100°C,

Pd/SWCNT4-SWCNT-SIO,

be a crucial intermediate. This
hydroperoxide appears to be in-
volved even in the thermal oxi-
dation reaction. However, where-
as in the thermal reaction the

Pd/SWCNT-sio, |  distribution of products is about

water phase glutaraldehyde 69.6
d-valerolactol 1.9
1,5-pentanediol 0.0
5-(tetrahydro-2 H-pyran-2-yloxy)pentan-1-ol 0.0
benzyl alcohol 28.5
oil phase benzaldehyde 0.0
benzyl alcohol 100.0
5-(tetrahydro-2 H-pyran-2-yloxy)pentan-1-ol 0.0

equimolar in a-tetralone and a-

1.8 L5 in th ¢

206 tetralol,*” in the presence of a
356 catalyst is greatly varied.”” For
0.1 example, we see here that in the
319 case of Cu, the tetralone/tetralol
70.0 ratio is much greater than one. It
29.1 is possible that the presence of
0.9 an emulsion may have an effect

philic side (high conversion of glutaraldehyde), the cyclic hemi-
acetal d-valerolactol was observed as the main product, to-
gether with the fully hydrogenated 1,5-pentanediol. Another
product, formed in lower yields when Pd was present in the
hydrophilic side, was the ether 5-(tetrahydro-2H-pyran-2-
yloxy)pentan-1-ol. Our group recently showed that alcohols
and aldehydes react on Pd to form ethers.*® In this case, it
seems that d-valerolactol and 5-hydroxypentanal in the aque-
ous phase readily form the ether, which tends to partition be-
tween the organic and aqueous phases (log P=1.578).5% In
contrast, both d-valerolactol and 1,5-pentanediol remained in
the aqueous phase due to their high solubility in water (log P
values were 0.547 and 0.095, respectively).

Partial oxidation of tetralin

The third reaction used as an example for the interfacial cataly-
sis concept was the partial oxidation of tetralin in both emul-
sion and single organic phase (tetralin) to evaluate the effect
of the formation of the emulsion on conversion and selectivity.
The catalyst used for this reaction was 10 wt% Cu/MWCNT-
AlLO;. The two main products obtained upon the oxidation of
tetralin (1,2,3,4-tetrahydronaphtalene) were a-tetralone (3,4-di-
hydronaphtalen-1(2 H)-one) and a-tetralol (1,2,3,4-tetrahydro-
naphtalen-1-ol). Under the reaction conditions investigated, a
small fraction of a-tetralol further decomposed to form 1,2-di-
hydronaphtalene with yields less than 1%. Figure 12 compares
the different levels of conversion obtained after reaction times
of 3 and 6 h. It is clear that higher tetralin conversion is ob-
tained in the emulsion than in the single phase (0.1 versus
26 %, respectively, after 3 h, and 14 versus 42 %, respectively,
after 6 h). This difference could be attributed to the higher
level of aggregation of the catalyst in the single-phase system
and to the decreased oxygen concentration in the medium,
due to the lower solubility of oxygen in tetralin compared to
that in water. In addition, in the emulsion system, the en-
hanced water/oil emulsion interfacial area improves mass
transfer of molecules between the phases.

The widely accepted pathway of this reaction is depicted in
Scheme 2.57°8 A tetralin hydroperoxide species is believed to
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on the concentration of the hy-

Single phase

® Emulsion

Conversion of tetralin/%

3h 6h
Reaction time

Figure 12. Conversion of tetralin obtained in oxidation reactions performed
in single phase and in emulsion, both at two different times (t=3 and 6 h).
Reaction conditions: Semi-batch reactor, catalyst in tetralin (2 mgmL™),
T=80°C, air (1.38 MPa).

OO0H / a-tetralone
C C o :/\: \ OH

tetralin tetralin
hydroperoxide

~ (0

a-tetralol  1,2-dihydronaphthalene

Scheme 2. Tetralin oxidation mechanism.

droperoxide intermediate. For example, a long induction
period is clearly noticeable when the reaction is conducted in
the single phase, but this induction period disappears when it
is conducted in the emulsion system. It is possible that a
higher concentration of the crucial hydroperoxide intermediate
is built up much more rapidly.

Conclusion

A series of different amphiphilic nanohybrids based on
SWCNTs and MWCNTs (hydrophobic side) fused to different
metal oxide particles (hydrophilic side) have been investigated
as stabilizers of water/oil emulsions, as well as supports for
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metal clusters that catalyze reactions at the water/oil interface
in emulsion systems. The catalytic performances of the differ-
ent nanohybrids (SWCNT-SiO,, “onion-like” carbon-SiO,, and
MWCNT-AI,0;) doped with palladium were compared in three
different reactions: 1) Hydrogenation of phenanthrene; 2) hy-
drogenation of glutaraldehyde and benzaldehyde; 3) partial
oxidation of tetralin. The nanohybrids have a dual purpose, as
stabilizers of emulsion and as supports for anchoring catalytic
species. They present the following advantages: Higher interfa-
cial area, enhanced mass transfer of compounds between the
two phases, effective product separation by differences in solu-
bility, and most importantly, recoverability and recyclability
after reaction.

The main conclusions of the study can be summarized as
follows:

1) The comparison of the performance of the Pd-loaded nano-
hybrids with different carbon morphology in the hydrogena-
tion of phenanthrene demonstrated that the observed activity
is directly related to the nature of the emulsion that is stabi-
lized and the dispersion of Pd clusters. Both characteristics can
be controlled by varying the nanohybrid structure. It is clear
that the nanohybrids found to be most effective for stabilizing
emulsions and dispersing metal clusters are also the most
active catalysts.

2) The concept of phase-selective catalysis occurring in the
emulsion system with a two-faced catalyst has been demon-
strated in the simultaneous hydrogenation of glutaraldehyde
(aqueous) and benzaldehyde (organic), by keeping the Pd clus-
ters only facing the organic phase and, thus, results in selective
conversion only on that side.

3) The study of the partial oxidation of tetralin, using Cu de-
posited on MWCNT-ALO; as a catalyst, showed a higher con-
version in the emulsion system than in the single-phase (oil)
system and the reduction of the induction period due to a
more effective confinement of the hydroperoxide intermediate
in the emulsion system.

Experimental Section
Materials

The nanohybrids SWCNT-SiO,, MWCNT-AL,0;, and purified SWCNTs
were provided by SouthWest NanoTechnologies. The SWCNT-SiO,
preparation is based on the CoMoCAT synthesis process developed
by our group and is capable of consistently producing SWCNTs of
high quality.’®*-¢2

Oxidized MWCNT-AL,O; nanohybrids were prepared by treating
MWCNT-AIO; with nitric acid as follows. MWCNT-ALLO; (1 g) was
treated with HNO; (16 m, 50 mL) and stirred for 3 h at 110°C. The
final product was filtered and washed with deionized water until
neutral pH was reached, and then dried overnight at 100°C.

For the preparation of “onion-like” carbon-SiO,, silica Aerosil 200
(from Evonik-Degussa) was impregnated with an aqueous solution
of Co(NO,),6H,0 and (NH,)sMo,0,,4H,0 (provided by Sigma Al-
drich), reaching a final metal loading of 2 wt%, with a Co/Mo
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molar ratio of 1:3. The powder was then calcined in air following
this sequence: 1 h at 100°C, 1 h at 200°C, 1 h at 300°C, and 2 h at
500°C. After cooling to room temperature, the catalyst (1 g) was
placed in a reactor where it was first reduced under H,
(300 mLmin~" flow rate) at 500°C for 30 min, then heated up to
700°C in He (300 sccm), and finally exposed at that temperature to
C,H, (400 sccm) in He (1:3 molar ratio) for 20 min. The final product
(“onion-like” carbon-SiO,, as shown by TEM) was then allowed to
cool to room temperature in He.

Characterization techniques

The nanohybrids were characterized by HRTEM, Raman spectrosco-
py, and XPS. The HRTEM images were obtained on a JEOL JEM-
2100 scanning transmission electron microscope system. The
Raman spectra were acquired on a Jovin Yvon-Horiba Lab Ram
equipped with a charge-coupled detector and a He-Ne laser (1=
632 nm) as excitation source. The XPS spectra were recorded on a
Physical Electronics PHI 5800 ESCA system, equipped with an Al KR
X-ray anode operated at 350 W and 15 kV. The base pressure of
the main chamber was kept at about 1.33 pPa.

The acid-base titration method used to determine the concentra-
tion of acid sites on both MWCNT-AL,O; and oxidized MWCNT-
Al,0,, was previously described by Hu et al.®® It consisted of three
main steps: First, nanohybrids (100 mg) were stirred in NaOH
(0.05 N, 50 mL) for 48 h in an inert atmosphere; then, the nanohy-
brids were filtered and washed with deionized water, and the fil-
trate together with the washing water were mixed with HCl
(0.05 N, 50 mL). Finally, the excess of acid was titrated with a solu-
tion of NaOH (0.05 N) until neutral pH was reached. From the
volume of NaOH used in the last step and the initial volumes of
NaOH and HCI employed, it was possible to calculate the concen-
tration of acid sites in the nanohybrids.

Preparation of emulsions using different nanohybrids

To prepare the water/oil emulsions for characterization of the prop-
erties (type of emulsion and droplet size) with the different nano-
hybrids, deionised water and decalin were used as the aqueous
and organic phases, respectively. The nanohybrids were first dis-
persed in the water phase by sonication with a Horn sonicator
(Fisher Scientific 600 W, 20 kHz) at 25% of amplitude for 30 min.
Then, decalin was added (water/decalin, 1:1) and the final mixture
sonicated for 1 h. The amount of nanohybrids was varied as de-
scribed above. A green water-soluble dye (fluorescent Na salt) and
a red oil-soluble dye (Sudan Ill) were added to the respective
phases to identify the corresponding emulsion fractions.

Hydrogenation of phenanthrene

The hydrogenation reactions were carried out in a semi-batch Parr
4843 reactor of 50 mL. A detailed description of the reaction
system can be found in a previous publication.?"*% In each experi-
ment, deionised water (15 mL) and decalin (15 mL) were placed
into the reactor vessel with the catalyst (30 mg). The mixture was
sonicated for 15 min using a Horn sonicator to produce the emul-
sion in situ. Then, the reactor vessel was assembled in the reaction
system.

After purging with N,, a flow of pure H, (110 sccm) was passed
through the reactor for 3 h at 100°C and 1.38 MPa. Then, the tem-
perature and pressure were adjusted to 200°C and 6.21 MPa, re-
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spectively, before the reactant (a solution of phenanthrene (0.03 m)
in decalin) was injected. During the entire reaction period the flow
of gases was kept constant at 110 sccm, while the liquid mixture
was kept in the reactor with the use of a condenser that returns
the vapors back to the vessel and minimize liquid loss. After 24 h,
the reaction was stopped by turning off the heater and switching
H, to N,. Once the reactor reached RT, it was taken apart and the
contents filtered, which allowed the full recovery of the catalysts
and the breaking of the emulsion into two clear liquid phases
(aqueous and organic). The composition of each phase was
analyzed independently by GC-MS and GC with a flame-ionization
detector (FID).

To prepare the 5 wt% Pd catalysts on the various nanohybrid sup-
ports (SWCNT-SiO,, “onion-like” carbon-SiO,, MWCNT-AI0,, and
oxidized MWCNT-ALLO,) the incipient wetness impregnation
method was followed, using an aqueous solution of the metal
precursor [Pd(NO,),-xH,O (provided by Sigma Aldrich)]. After im-
pregnation, the catalysts were dried overnight at 100°C and then
calcined in He at 300°C for 2 h.

Hydrogenation of glutaraldehyde and benzaldehyde

The hydrogenations of glutaraldehyde and benzaldehyde were car-
ried out in the same system as the hydrogenation of phenan-
threne. The reduction of the catalysts was performed under the
same conditions. However, the reaction conditions in this case
were 100°C and 1.38 MPa H,, and 3 h of reaction time. The initial
concentration of reactants was glutaraldehyde (0.3 m) in the water
phase and benzaldehyde (0.3 m) in the oil phase (decalin).

In this case, the performance of a catalyst composed of 5 wt% Pd
on SWCNT-SiO, was compared with another a physical mixture (wt
ratio 1:1) of metal-free SWCNT-SiO, and pure SWCNTs doped with
10 wt% Pd. In the former, the Pd was deposited on the entire sur-
face of the nanohybrids (on both the SWCNTs and silica) whereas
in the latter the Pd particles were only deposited on the SWCNTs.
To deposit Pd, both SWCNT-SiO, and purified SWCNTs were im-
pregnated with the same procedure as described above for the
catalysts used in the hydrogenation of phenanthrene. The drying
and calcination conditions were also the same.

Oxidation of tetralin

The partial oxidation of tetralin was performed in a 4590 Parr
stirred micro bench top reactor in semi-batch mode (continuous
gas flow and liquid batch). The operation of the system is similar
to the one used in the hydrogenation reactions. The conditions
chosen for these reactions were 80°C and 1.38 MPa with continu-
ous bubbling of air (200 sccm). For the reaction in the emulsion
phase, an emulsion with deionized water and tetralin was pro-
duced upon sonication with a Horn sonicator. In this reaction, the
total liquid volume was 20 mL, at a water/tetralin ratio of 1:1 v/v.
For the single-phase reaction, the total volume of tetralin was kept
at 20 mL. The amount of catalyst in each reaction was 2 mgmL™’
with respect to tetralin.

The catalyst studied in these reactions was composed of 10 wt%
Cu on MWCNT-AL,Q;. It was prepared by incipient wetness impreg-
nation of the support with an aqueous solution of the metal
precursor (Cu(NO,);:3H,0, provided by Sigma Aldrich). Then, the
catalyst was dried overnight at 100°C and calcined in air at
250°C for 2 h.
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Nanostructured Carbon-Metal Oxide
Hybrids as Amphiphilic Emulsion
Catalysts

The amphiphilic character of nano-
structured carbon supported on metal
oxides favors the stabilization of emul-
sions. At the same time these nanohy-
brid nanoparticles act as a support for
active species to catalyze reactions at
the water/oil interface. The conversion
and selectivity of these reactions are
strongly influenced by the intrinsic
properties of the nanohybrids to both
stabilize emulsions and anchor the
catalytic species.
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