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A B S T R A C T

Three amphiphilic carbon nanotube-supported Ni catalysts have been prepared and tested regarding their
emulsifying properties for the hydrogenation of furfural. The solid catalysts and emulsions were systematically
characterized by different high-resolution techniques. The catalytic hydrogenation of furfural was evaluated in a
mixture of two immiscible solvents under mild conditions. The wettability of the catalysts was tuned by ad-
justing the severity of the acid treatments during the catalyst’s synthesis. It was found that the catalysts wett-
ability played a crucial role in enhancing the catalytic activity. The lowest furfural conversion observed over Ni/
CNTox2 and Ni/CNTp were attributed to the missing possibility to form stable emulsion droplets due to their
either extreme hydrophilic or hydrophobic character, respectively. In contrast, the highest catalytic activity
verified for Ni/CNTox1 catalyst was traced back to an improved dispersion of the nickel nanoparticles as well as
the possible formation of stable emulsion droplets due to its amphiphilic character. All catalysts were selective
towards cyclopentanone. However, the highest yield of cyclopentanone was found over the Ni/CNTox1 catalyst,
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which migrated towards the organic phase after its formation. This result highlights the simultaneous reaction
and separation of key reaction products in emulsion, which greatly simplifies the isolation stages of target
products.

1. Introduction

The conversion of lignocellulosic biomass to biofuel and add-value
chemicals is one of the most promising routes to decrease the de-
pendency on fossil fuels thus potentially reducing greenhouse emissions
[1,2]. Derived from pyrolysis of renewable biomass, bio-oil is a complex
liquid, which is only partially soluble in either water or hydrocarbon
solvents. It contains more than 400 organics compounds such as phe-
nols, guaiacols, furan and their derivatives [3,4]. Due to the unstable
composition of bio-oil, an upgrading process is required to improve
their fuel properties and to obtain add-value chemicals [5]. Among
several strategies, catalytic hydrogenation (HY) is considered as a
promising route for bio-oil upgrading [6,7]. It has been reported that a
wide range of biomass derivates such as phenol, sorbitol, anisol and
furfural can be hydrogenated to obtain liquid fuels for the transporta-
tion sector. In this regard, catalytic conversion of furfural represents
one of the most important routes for the production of fuel additives,
high value-added chemicals and biofuels [8]. Several research papers
have been published in the past decade dealing with homogeneous and
heterogeneous catalytic processes to upgrade furfural to relevant drop-
in fuel candidates (such as 2,5-dimethylfuran (DMF) and 2-methylfuran
(2-MF)) and value-added chemicals such as furfuryl alcohol (FUR-OH),
levulinic acid (LA) and cyclopentanone (CPO) [9,10]. A summary of
previous studies regarding the catalytic conversion of furfural over
heterogeneous catalysts can be found in Table S1 (supplementary in-
formation). Special attention has been laid on studies reporting on the
formation of cyclopentanone and cyclopentanol. These studies include
the usage of different catalysts based upon noble metals [11–14] and
non-noble metals [10,15]. Cyclopentanone is a versatile compound
used for the synthesis of fungicides, pharmaceuticals, rubber chemicals,
and flavoured fragrance chemicals [16]. It can be potentially used for
the preparation of polyamides, C15-C17 diesel or jet fuels and polyolefin
stabilizers [17].

Liquid phase conversion of furfural has been only studied over a
variety of catalysts in monophasic systems [18,19]. Catalytic conver-
sion in single-phase hinder the separation of target products from the
reaction medium thus transforming them in undesired intermediaries’
reactions. Moreover, in case of refining bio-oils for which the system is
a biphasic mixture of water (30%) and non-polar molecules, the most
efficient way to catalyze a reaction is to disperse an amphiphilic cata-
lyst at the liquid/liquid interface and maximize the interfaces extent by
forming stable emulsion droplets [20]. Therefore, the catalytic trans-
formation of biomass and its derived compound (such as furfural) to-
ward value-added chemicals requires the development of new proper
catalysts that are capable to act as both emulsifiers and catalysts.

Recently, it has been proven that solid particles with amphiphilic
character can be utilized to stabilize water–oil emulsions (Pickering
emulsions) [21]. In literature, it has been reported that different
parameters such as the hydrophilic/hydrophobic character, droplet
size, amphiphilic solid concentration, pH reaction medium and soni-
cation time can affect the resulting emulsion properties. For instance,
the average droplet size decreases with sonication time and amphiphilic
particles’ concentration, thus improving the emulsion stability [22].
The main characteristic of the amphiphilic catalysts is their ability to
enhance the liquid–liquid interfacial area, which facilitates the simple
separation of molecules based upon solubility differences [23]. One
strategy used to synthesize an amphiphilic material is surface functio-
nalization. It has been shown that faujasite HY zeolites tend to become
hydrophobic by functionalization with organosilanes thus enabling the
zeolites to stabilize water/oil emulsions and catalyze reactions of

importance in biofuel upgrading, i.e., alkylation of m-cresol and 2-
propanol in the liquid phase at high temperatures [24]. Another ap-
proach to elaborate a nanohybrid catalyst is the fusion of two solids
with opposite properties. Crossley et al. synthesized an amphiphilic
material consisting of hydrophobic carbon nanotubes fused to hydro-
philic metal oxide (silica). They found that these materials had a re-
markably high affinity to the liquid–liquid interface, which allowed
them to stabilize emulsions with small droplet sizes [22]. Moreover, by
incorporation of Pd nanoparticles to the nanohybrids, the authors re-
ported their application in the hydrodeoxygenation (HDO) of vanillin
[25]. Nevertheless, despite of the positive results reported in biomass-
derived conversion, the use of theses nanohybrids as emulsion stabilizer
and catalysts has been limited to hydrogenation of vanillin (biomass-
derived polyol compounds) [26,27] and C–C coupling reactions (such
as aldol-condensation and alkylation reaction) [28,29]. There is no
report available dealing with the application of amphiphilic catalysts in
the conversion of furfural (biomass-derived furanic compounds) in
emulsion systems.

The conducted literature review indicates that the catalysts’ wett-
ability plays an important role in the conversion of bio-oil model mo-
lecules and needs be designed carefully to obtain a desirable catalytic
performance. Different carbon materials such as carbonaceous micro-
spheres, functionalized graphene and graphene oxide have been re-
ported as effective emulsifiers due to the possibility to chemically
functionalized them. Furthermore, these materials can be decorated
with metallic nanoparticles (NPs) to enable novel catalytic activity
[26,30]. It is well known that carbon nanotubes (CNT) exhibit several
promising features as catalytic support due to their surface reactivity
and chemical tunability achieved by functionalization [31]. Moreover,
different functionalization parameters such as temperature, time, con-
centration and oxidizing agent can be adjusted to modify their surface
properties and wettability [32,33]. In this work, the chemical oxidation
of CNTs by two reagents that possess different degrees of oxidation
power was studied to reduce the hydrophobic character of the nano-
tubes. Then, their amphiphilic properties and ability to be used as
emulsifier were investigated. Additionally, by doping the as-functio-
nalized CNTs with Ni nanoparticles, their catalytic behavior in the
hydrogenation of furfural, as a model biomass-derived upgrading re-
action, in biphasic medium was studied. The optimum experimental
functionalization conditions for the formation of a stable emulsions has
been derived, which can be used as a guide for further materials
functionalization in this context in the future.

2. Experimental

2.1. Synthesis of the catalysts

The Ni-based catalysts were supported over CNTs with different
degrees of surface functionalization. Prior to usage, 1.0 g of pristine
CNT (CNTp) was oxidized with 10.0 mL of HNO3 solution (65%, Merck)
during 24 h at 130 °C under stirring (denominated CNTox1).
Furthermore, 3.0 g of CNTp was refluxed in a mixture of HNO3 (68%,
168.75 mL, Merck) and H2SO4 (97%, 56.25 mL, Merck) at 130 ℃ for
24 h under stirring (denominated CNTox2). Then, the solids were fil-
tered and washed with deionized water until reaching a neutral pH.
Finally, the supports were dried at 110 °C for 12 h. The nanohybrid Ni/
CNTs catalysts were prepared by incipient impregnation of an aqueous
solution of nickel (II) nitrate hexahydrate (≥99%, Ni(NO3)2·6H2O,
Merck) with 10 wt% Ni over CNTp, CNTox1 and CNTox2 supports. The
catalysts were then dried overnight at 110 ℃ and calcined in air for 1 h
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at 300 °C. Finally, the catalysts were reduced in H2 flow
(60.0 mL min−1) for 4 h at 400 °C and passivated in 1% O2/N2 flow
(60.0 mL min−1) for 1 h with the reactor immersed in liquid nitrogen/
isopropanol bath, and then passivated for an additional 1.5 h at room
temperature. The obtained catalysts were denominated as Ni/CNTp,
Ni/CNTox1 and Ni/CNTox2.

2.2. Catalysts characterization

Temperature-programmed decomposition (He-TPD/MS) of CNT
supports and Ni/CNTs catalysts was carried out using a Micromeritics
3Flex equipment. In each experiment, 0.035 g of sample were heated up
to 800 °C with a rate of 10 °C min −1 under a constant helium flow of
100 mL min−1. The acidity of the Ni/CNTs catalysts was determined by
temperature-programmed desorption of ammonia (TPD-NH3) using the
same apparatus. The sample was first dried under He (50 mL min−1) at
110 °C for 30 min, reduced under H2 (50 mL min−1) at 400 °C for 4 h,
and cooled to 110 °C under He. The sample was then saturated with
NH3 using He (50 mL min−1) as a carrier gas, purged with He for 0.5 h
to remove physisorbed NH3, and, subsequently, cooled to ambient
temperature under He. Once the TCD baseline was restored, NH3-TPD
was performed at a heating rate of 10 °C min−1 up to 80 °C in flowing
He (50 mL min−1). BET Surface area (SBET) and textural properties of
CNT supports, and Ni/CNT-based catalysts were determined by N2

physisorption at −196 °C using a Micromeritics 3Flex equipment.
Temperature-programmed reduction (H2-TPR) were obtained using a
Micromeritics 3Flex equipment with a thermal conductivity detector. In
each experiment, 0.035 g of the sample was heated under 5% H2/Ar
with a flow of 100 mL min−1. The sample was heated up to 1050 °C at a
rate of 10 ℃ min−1. High-resolution transmission electron microscopy
(HR-TEM) was performed using a JEOL 2000FX TEM microscope at
200 kV to characterize the average particle size, distribution and mi-
crostructure of the reduced-passivated Ni/CNTs catalysts. The average
particle size was calculated using the DigitalMicrograph by analyzing
more than 300 individual particles. Metal dispersion was estimated
from CO chemisorption using a Micromeritics 3Flex apparatus. The
catalysts (0.05 g) were reduced in-situ under H2 flow during 4 h at
400 °C. Ni dispersion was calculated by assuming a CO:Ni stoichiometry
of 1:1. X-ray photoelectron spectroscopy (XPS) of in-situ reduced cat-
alysts were recorded on a VG Escalab 200R electron spectrometer using
a Mg Kα (1253.6 eV) photon source. The binding energies (BE) were
referenced to the C1s level of the carbon support at 284.8 eV. An esti-
mated error of ± 0.1 eV can be assumed for all measurements. The
intensities of the peaks were calculated from the respective peak areas
after background subtraction and spectrum fitting by the standard
computer-based statistical analysis, which included fitting the

experimental spectra. The wettability of the catalysts was investigated
by measuring the static contact angles (θ) with distilled water (volume
of 2 µL). The static contact angles were measured under ambient con-
ditions using a self-supporting pressed sample (drop shape analyzer
DSA-25-E, Krüss GmbH). The optical/fluorescent micrograph was ob-
tained in an Axiostar plus Carl Zeiss microscope equipped with an HBO
50 mercury vapor lamp.

2.3. Preparation of emulsion using different nanohybrid catalysts

To prepare the water/oil emulsion with different nanohybrid cata-
lysts, deionized water and dodecane were used as aqueous and organic
phases, respectively. In each experiment, 50 mg of catalyst was initially
dispersed in the water phase (25 mL) by sonication with a horn soni-
cator (UP50H, Hielscher) at 25% of amplitude for 15 min.
Subsequently, 25 mL of dodecane volume was added (water:dodecane
ratio equal to 1:1) and the final mixture was sonicated at 50% of am-
plitude for 15 min.

2.4. Hydrogenation of furfural

The hydrogenation reaction was carried out in a Batch Parr 4561
reactor. In each experiment, 0.232 mol L-1 of furfural was added to the
sonicated mixture of water, dodecane and catalyst. Prior to reaction,
the vessel reactor was purged with N2 flow during 15 min to remove the
oxygen content inside of the reactor. Then, the reactor was heated up
under speed stirred (500 rpm) to the reaction temperature (200 °C) and
the H2 pressure was adjusted (2.0 MPa). After each reaction, the reactor
was cooled down and the H2 flow was replaced by N2 flow. Once the
reactor had reached room temperature, the emulsion was broken by
filtering out the catalyst. The liquid phases were separated and ana-
lyzed individually by GC with flame-ionization detector (FID) and an
Elite-1 column (Perkin Elmer, 30 m × 0.53 mm × 3.0 μm film thick-
ness). The products were also identified by their column retention time
compared to available standards. The carbon mass balance was esti-
mated as the sum of the yields of products determined and unconverted
furfural. According to this, all catalysts show a mass balance over 90%.
Conversion of furfural and selectivity are defined as follows:
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Fig. 1. He-TPD/MS profile of pristine and modified CNT samples, a) CO-MS and b) CO2-MS signals.
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3. Results and discussion

3.1. Characterization of the catalysts

The He-TPD/MS profiles of the pristine and oxidized CNTs are
shown in Fig. 1. The CO signal evolution (Fig. 1a) of the untreated
CNTp displays a broad band in the range of intermediate/high tem-
peratures (550–800 °C), whereas the oxidized CNTox1 shows two
overlapping bands at intermediate (450–600 °C) and high decomposi-
tion temperatures (600–750 °C). In contrast, the oxidized CNTox2 only
reveals an increased signal at high temperatures (700–800 °C). Ac-
cording to previously published work [32,33], these peaks typically
arise from the decomposition of carboxylic anhydrides (527–677 °C),
phenols/ethers (677–727 °C) and carbonyls/quinones (800–877 °C)
groups [34,35]. Moreover, the evolution of CO2 signal (Fig. 1b) of the
untreated CNTp displays a broad band at intermediate (450–750 °C)
decomposition temperatures, while the CNTox1 sample demostrates a
broad band over the entire temperature range (between 200 and
750 °C). Moreover, the more intensely oxidized CNTox2 support pre-
sents two peaks at low (300–380 °C) and intermediate temperatures
(400–650 °C) and a signal increase at high decomposition temperatures
(650–800 °C). The peaks appearing in the CO2-MS profile can be as-
signed to carboxylic acids (peaks below 450 °C), carboxylic anhydrides
(between 527 and 677 °C) and lactones (627–827 °C) [33]. These re-
sults demonstrate the effective formation of surface oxygen groups over
functionalized CNTox1 and CNTox2 supports during both nitric acid and
acid mixture treatments. However, the last process produces the highest
concentration of surface oxygen groups, thus leading to a release of
larger amounts of CO and CO2.

The TPD-MS profiles of the CNT-supported Ni catalysts provide
valuable information on the influence of the surface oxygen groups on
nickel grafting. The CO-MS and CO2-MS profiles of the Ni/CNTs cata-
lysts are displayed in Fig. 2a and b, respectively. The CO-MS evolution
(Fig. 2a) of the Ni/CNTp displays a narrow peak at 452 °C, whereas the
Ni/CNTox1 catalyst shows a narrow peak in the range of intermediate
decomposition temperature around 487 °C. In contrast, Ni/CNTox2
displays two narrow peaks at 426 and 541 °C. The presence of theses
peaks indicates that the nickel incorporation (and subsequence reduc-
tion) over these three supports modified the composition of oxygen-
containing surface groups, favoring a narrow distribution in the region
of carboxylic anhydride groups [36]. Furthermore, Fig. 2a shows that
after the incorporation of Ni on CNTp, CNTox1 and CNTox2 supports, no
signs of decomposition of surface oxygen groups high temperatures
(650–900 °C), such as phenols/ethers and carbonyl groups are ob-
served. In Fig. 2b, the CO2-MS profile demonstrates that Ni/CNTp
catalyst presents a narrow peak at 448 °C, while the Ni/CNTox1 catalyst
displays a narrow peak at 484 °C. In the case of the Ni/CNTox2, two
peaks appeared at 261 and 414 °C. These observations suggest that the

incorporation of Ni on CNTp, CNTox1 and CNTox2 produces a narrow
distribution of surface oxygen groups (such as carboxylic anhydride)
that release CO2 at intermediate temperatures. Furthermore, the addi-
tional decomposition peak observed at lower temperature (261 °C) over
Ni/CNTox2 catalyst points towards the presence of carboxylic acids.
Moreover, for all Ni/CNTs catalysts, the surface oxygen groups that
release CO2 in the temperature range of 550–900 °C disappear after Ni
metal deposition. A similar behavior was reported by Machado et al.
[33] over Ru/CNTs catalysts. These authors observed that the ruthe-
nium deposition on CNTox surfaces led to the disappearance of most of
the carboxylic acid (peak at 292 °C), anhydride (peak at 462 °C), and
lactone groups (peak at 677 °C) inducing the formation of new CO2

releasing groups. Furthermore, under experimental conditions of Ni
reduction, surface oxygen groups could be reduced to a certain extent.

Temperature-programmed desorption of ammonia (NH3-TPD/MS)
were conducted to evaluate the acidity of the CNTs supports and the
CNT-supported Ni catalysts. The corresponding profiles are depicted in
Fig. 3. Although ammonia desorption does not allow to discriminate
between Brønsted and Lewis acid sites, the amount of desorbed NH3 is
an indirect measure of the material overall acidity. According to pre-
vious reports, the strength of the acid sites can be classified as weak
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Fig. 2. He-TPD/MS profile of CNT-supported Ni catalysts, a) CO-MS signal and b) CO2-MS signal.

Fig. 3. NH3-MS profiles of CNTs supports and CNT-supported Ni nanohybrid
catalysts.
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acid sites (T < 300 °C), medium acid sites (300 °C < T < 500 °C)
and strong acid sites (T greater than 500 °C) [37]. As can be seen in
Fig. 3, the ammonia amounts desorbed decrease in the following order
CNTox2 > Ni/CNTox2 > CNTox1 > Ni/CNTox1 > CNTp > Ni/
CNTp. This trend indicates that an increase of oxidation severity results
in an increase of the surface acid sites density, which can be related to
the generation of surface oxygen groups, which is in good agreement
with He- TPD/MS results. Furthermore, the comparison of ammonia
desorbed profiles between each supports and their respective CNT-
supported Ni catalysts (e.g. CNTp and Ni/CNTp) shows that the amount
of ammonia desorbed decrease after Ni incorporation. This implies that
the Ni nanoparticles were anchored and dispersed over the surface
oxygen groups. In terms of acid strength, all Ni/CNTs catalysts profiles
show ammonia desorption mainly in the lower-intermediate tempera-
ture range thus indicating the presence of weak and medium acid sites.
However, it is worth pointing out that the Ni/CNTox2 displayed the
highest density of medium acid sites. This result suggests that acid
mixture treatment favors the formation of medium acid sites rather
than the formation of weak acid sites, which are promoted by nitric acid
treatment.

Fig. 4a shows the N2 adsorption–desorption isotherms at−196 °C of
the calcined and oxidized CNTs. It can be observed that the CNTp

support exhibits a type IV isotherm, typical for mesoporous materials,
while the CNTox1 and CNTox2 supports display a type II isotherm,
being typical for macroporous solids according to the IUPAC classifi-
cation [38]. Additionally, their BJH plots are shown in Fig. 4a (inset in
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Fig. 4. N2 physisorption isotherms and BJH calculations (inset) for a) calcined CNT supports; b) Ni/CNTp; c) Ni/CNTox1 and d) Ni/CNTox2 catalysts.

Table 1
Textural properties of CNTs support and calcined Ni/CNT-functionalized cata-
lysts measured by N2 physisorption.

Catalysts SBET S*BETa Vp
b dpc

(m2 g−1) (m2 g−1) (cm3 g−1) (nm)

CNTp 634 – 0.98 11
Ni/CNTp 550 571 0.88 14
CNTox1 115 – 1.06 62
Ni/CNTox1 119 104 0.75 57
CNTox2 126 – 1.05 58
Ni/CNTox2 119 113 0.91 63

a Theoretical specific surface area calculated based upon support contribu-
tion (SBET value of CNTs support).

b Recorded at a relative pressure of 0.96.
c Estimated by 4 V/A from BET, where V refers to total pore volume and A to

surface area, respectively.
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the graphs). In these insets, the CNTp support demonstrate an average
pore diameter centered at 11 nm corresponding to mesoporous struc-
tures, whereas the CNTox1 and CNTox2 supports display an increased
average pore diameter of 62 and 58 nm, respectively. These results
suggest that these acid-functionalization treatments favor the formation
of macroporous structures thus destroying the initial mesoporous
structure [36]. Fig. 4b-d show the N2 adsorption–desorption isotherms
of the Ni-supported catalysts. After the deposition of Ni nanoparticles
over the CNTs, the type of the isotherm and the amount of N2 adsorbed
have not been modified. The surface area (SBET), theoretical surface
area (S*BET), total pore volume (Vp), mesoporous volume (Vm) and pore
diameter (dp) of the supports and calcined Ni/CNTp, Ni/CNTox1 and
Ni/CNTox2 catalysts are summarized in Table 1. It can be seen that the
BET surface area significantly decreased after oxidation with both nitric
acid and acid mixtures. However, it has been reported that impregna-
tion with concentrate HNO3 for 4 h slightly increased the surface area
of multi-wall CNTs due to CNT tip opening [33]. Therefore, long im-
pregnation times (24 h) with HNO3 induce a loss of the graphitic
structure thus decreasing SBET. Additionally, CNT tip opening can not
be ruled out. The comparison of SBET with the S*BET values of Ni/CNTp,
Ni/CNTox1 and Ni/CNTox2 (Table 1) shows similar surface area values
(considering an error of 10–15% in SBET), thus suggesting no pore
blockage.

H2-TPR profiles of the Ni/CNT-functionalized catalysts are shown in
Fig. 5. All Ni-based catalysts show a reduction peak at 380 °C and a
broad band at a higher reduction temperature centered at 487 °C. An
additional reduction peak at 291 °C has been observed for Ni/CNTox1
and Ni/CNTox2 catalysts. According to a previous study [39], it has
been reported that the nature of the support used and the synthesis
conditions affect the reducibility of the Ni species. Suhong et al. re-
ported that for nickel supported CNTs catalysts, different TPR profiles
have been observed depending on the surface chemistry, particle size
and/or location of the metal particles [40]. Therefore, the first reduc-
tion peak observed at 380 °C can be assigned to the reduction of NiO
nanoparticles located in the exterior wall of the CNT [32]. The reduc-
tion peak observed at a lower temperature centered at 291 °C can be
assigned to the reduction of NiO nanoparticles with different strengths
of interaction with the support or to the reduction of NiO dispersed
inside of the CNTs [41]. A similar behavior has been reported for Ru/
CNTox catalysts [33]. These results suggest that the metal nanoparticles
located inside of the tubes can be reduced more easily than those on the
external surface [42] due to the reduced activity of the CNT inner
surface compared to the defective outer surface. Considering that the
previous oxidation step may have opened the ends of the CNTs to some
extent, this may explain the presence of the peak observed at lower
reduction temperature, which is in good agreement with results re-
ported by Ding et al. [43].

Furthermore, while a decrease reduction signal at 380 °C can be
seen, an increase reduction signal at 291 °C over the Ni/CNTox1 and Ni/
CNTox2 catalysts can be detected. This behavior is associated to pre-
ferential deposition of Ni nanoparticles inside of the nanotubes due to
capillary forces of the tubes [43]. Additionally, it has been reported that
the H2 consumption peak observed at higher temperatures around
487 °C is associated with the reduction of supports CNTs since sup-
ported transition metals can act as catalysts for the formation of me-
thane via a reaction of hydrogen with the CNTs at higher temperatures
[44].

HR-TEM micrographs of the Ni/CNTs catalysts with their respective
histograms of their size distribution of the Ni nanoparticle are depicted
in Fig. 6. As can be seen in Fig. 6a-b, the pristine CNTp consists of long
straight graphitic walls with barely any defects or amorphous carbon on
the surface. Furthermore, most of the ends of the pristine CNTs are
closed and display an inner diameter of about 5 nm (see Fig. 6b).
Moreover, it can be clearly observed that the majority of Ni nano-
particles are deposited in the exterior wall of CNT (see Fig. S1), which
agrees with the single Ni reduction peak observed at higher

temperatures by H2-TPR. Based upon Fig. 6c-f, it can be observed that
both oxidized CNTs have a higher number of defects in their graphitic
walls. Some bundles appear exfoliated and curled, suggesting that both
acid treatments favor the creation of defects through the formation of
surface oxygen groups, which goes hand in hand with the He-TPD/MS
results. Furthermore, this process leads to the formation of additional
amorphous carbon nanoparticles covering the remaining smaller bun-
dles of CNT (see Fig. 6f) after extended exposure to acid treatments, in
agreement with Bower et al. [45]. Moreover, the majority of the CNT
ends are opened, which enabled the deposition of Ni nanoparticles in
the interior of CNTs. These results agree well with the H2-TPR results.
Moreover, the histograms of Ni particle size distribution of the Ni/
CNTp, Ni/CNTox1 and Ni/CNTox2 catalysts show a distribution cen-
tered at 6.3 ± 0.3, 3.7 ± 0.2 and 2.8 ± 0.1 nm, respectively. These
results imply that Ni particle size decreases with an increasing severity
of the oxidative functionalization thus highlighting that surface oxygen
groups formation improves the dispersion of Ni nanoparticles.

In order to estimate the metal dispersion of Ni nanoparticles, CO
chemisorption was performed. The respective results are summarized in
Table 2. When Ni metallic particles were deposited over oxidized
CNTox1 and CNTox2, a pronounced increase of the CO uptake has been
detected. In Table 2, the dispersion expressed as CO/Ni atomic ratio is
given. Compared to the Ni/CNTp catalyst, the CO/Ni atomic ratio in-
crease by 5.7 and 14.8 times for the Ni/CNTox1 catalyst the Ni/CNTox2,
respectively. This suggests that there is an improvement of Ni nano-
particles dispersion due to the generation of surface functional groups
over the supports after both nitric acid and acid mixture functionali-
zation. This is in agreement with previously published research work
[46] and with the presented He-TPD/MS results. Additionally, the Ni
crystal particle size decreases with an increase in the severity of the
oxidative treatment, which is in concordance with the observed ten-
dencies in HR-TEM. These results confirm that the increase of surface
oxygen groups, achieved by acid functionalization, improves the Ni
dispersion over the support.

Fig. 7a-c shows the XPS of Ni 2p3/2 region of the different catalysts
with 10 wt% Ni loading. Curve fitting of the spectra revealed three
partially overlapping contributions for all catalysts. Table 3 summarizes
the binding energies (BE) of the most intense Ni 2p3/2 component, their
relative proportion (shown in parentheses) and the Ni/C and Ni/O
atomic surface ratio. All catalysts display a BE at 852.8 ± 0.1 eV
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Fig. 5. H2-TPR profiles of the calcined Ni/CNTs nanohybrid catalysts.
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assigned to Ni0 and a BE at 855.9 ± 0.1 eV corresponding to NiO
species [41]. Additionally, all catalysts show a satellite peak with a BE
of 860.0 ± 0.1 eV, thus confirming the presence of Ni2+ [46]. Fig. 7
also shows that the relative proportion (shown in parenthesis) of Ni0 is
much higher than the Ni2+ for all catalysts, suggesting that some Ni
species strongly interact with the support. Furthermore, Table 3 also
summarizes the BEs of the C1s and O1s regions of the catalysts (spectra
not shown). It can be observed for all catalysts that the C1s peak had
three contributions located at 284.8, 286.2 and 287.8 ± 0.1 eV, while
the O1s peak had four contributions located at BEs of 530.4, 531.4,
532.6 and 533.8 ± 0.1 eV. In this regard, the contribution of the C1s
with a BE at 284.8 eV represents graphitic carbon [32,34]; while the

C1s contribution located at 286.2 eV and the O1s signal at 532.6 eV
correspond to the C–O bonds in the phenolic and/or ether groups [46].
Carboxyl/carbonyl groups can be correlated with the contribution lo-
cated at 287.7 eV (C1s signal) as well as 530.4 and 531.4 eV (O1s
signal) [47]. The contribution at 533.8 eV of the O1s signal can be

Fig. 6. HR-TEM micrographs of the different reduced catalysts: a) and b) Ni/CNTp, c) and d) Ni/CNTox1 and e) and f) Ni/CNTox2.The insets show the particle size
distribution of the nickel nanoparticles.

Table 2
Metal dispersion of the Ni/CNTs catalysts obtained by CO chemisorption.

Catalysts CO uptake CO/Ni Crystal size

(cm3 g−1) (nm)

Ni/CNTp 3.73 0.098 7
Ni/CNTox1 21.5 0.563 2
Ni/CNTox2 55.13 1.44 0.7
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Fig. 7. XPS spectra of the Ni2p region for the reduced a) Ni/CNTp, b) Ni/CNTox1 and c) Ni/CNTox2 catalysts.

Table 3
Binding energies (eV) of core levels and atomic ratios of the catalysts.

Catalysts C1s (eV) O1s (eV) Ni 2p3/2
(eV)

Ni/C (atom/
atom)

O/C (atom/
atom)

Ni/CNTp 284.8 (80) 530.4 (19) 852.8 (88) 0.005 0.036
286.2 (15) 531.4 (28) 855.9 (12)
287.8 (5) 532.6 (34)

533.8 (19)
Ni/CNTox1 284.8 (82) 530.4 (17) 852.9 (87) 0.007 0.035

286.1 (14) 531.4 (18) 856.0 (13)
287.9 (4) 532.6 (34)

533.8 (31)
Ni/CNTox2 284.8 (83) 530.4 (12) 852.9 (89) 0.008 0.053

286.2 (13) 531.4 (23) 856.1 (11)
288.0 (4) 532.6 (27)

533.8 (38)
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assigned to the C-O bonds in carboxylic anhydride groups.
Additionally, the relative ratios (C1s region, shown in parentheses)

indicate the predominant existence of graphitic carbon on the surface of
all samples. Moreover, it can be deduced that the relative ratios (O1s
region) associated with carboxylic acid, carbonyl groups and phenolics/
ethers species decrease compared to the untreated catalyst. However, it
must be mentioned that the relative proportion of oxygen species as-
sociated to anhydride carboxylic groups (BE at 533.8 ± 0.1 eV) of the
Ni/CNTox1 and Ni/CNTox2 catalysts increased compared to the Ni/
CNTp catalyst. These results suggest that the oxidative treatment favors
the anhydride carboxylic formation in CNTs, which is in good agree-
ment with He-TPD/MS results. The Ni/C and O/C atomic surface ratios
of the catalysts are also presented in Table 3. In case of Ni/CNTox1 and
Ni/CNTox2 catalysts, a slight increase of the Ni/C atomic surface ratio
can be observed. According to the CO chemisorption results, a re-
markable increase in the dispersion was obtained (the dispersion in-
creases by a factor of 5.7 and 14.8 for Ni/CNTox1 and Ni/CNTox2, re-
spectively). As mentioned before, a loss in the graphitic structure can be
seen after acid treatments thus increasing the number of carbon atoms.
At the same time, the number of Ni nanoparticles increased over the
surface, which leads to the conclusion that the increase of the Ni/C
atomic surface ratio is not significant. The same behavior has been
observed over the O/C atomic surface ratio over the Ni/CNTox1 cata-
lyst, for which the increase was not significant compared to Ni/CNTp
catalyst. However, it can be seen that the O/C atomic surface ratio over
the Ni/CNTox2 catalyst increases despite of the loss of the graphitic
structure, which implies a significantly increased of the number of
oxygen atoms. These results agree well with N2 physisorption and He-
TPD/MS results, and confirm the improvement of Ni nanoparticles
dispersion due to the increased amount of oxygen containing surface
groups.

To evaluate the wettability of the Ni/CNTs catalysts, the static
contact angle was measured on the catalysts’ surfaces. Some images are
exemplarily depicted in Fig. 8. It has been reported that hydrophilic
nanoparticles with a contact angle below 90° tend to form oil-in-water
emulsion (o/w), while hydrophobic nanoparticles with a contact angle
above 90° are likely to form water-in-oil emulsion droplets (w/o) [29].

As can be seen in Fig. 8, the Ni/CNTp catalyst shows a contact angle of
143°, which is characteristic for materials with a strong hydrophobic
character. The nitric acid-functionalized catalyst (Ni/CNTox1) shows a
reduced contact angle of about 127°. In contrast, after acid mixture
treatment, the Ni/CNTox2 catalyst only displayed a contact angle of
25°. These results indicate that the oxidative treatment using HNO3

reduced the hydrophobic character of the CNTs in a controlled way thus
making them more amphiphilic. An increased in the severity of the
functionalization treatment (HNO3 and H2SO4 mixture) drastically de-
creases the contact angle thus ending up in a considerably hydrophilic
material. These results combined with He-TPD/MS and XPS results
point to the fact that the increase of surface oxygen groups produces a
reduction of the hydrophobic character to obtain an amphiphilic solid.
Nevertheless, a further increase of the amount of surface oxygen groups
leads to a rather hydrophilic wetting behavior.

In Pickering emulsions, fine amphiphilic solid particles adsorbed at
the water/oil interface sterically hinder the coalescence of droplets and
effectively stabilize the emulsion [21]. In order to investigate the
emulsifier properties of the different Ni/CNTs catalysts, optical/fluor-
escent micrographs were obtained. Their results are shown in Fig. 9 and
Fig. S2a.

All emulsions were prepared under similar experimental conditions
while keeping the water/oil ratio and the mass of catalysts constant.
When the mixture of water-dodecane was sonicated in presence of the
Ni/CNTox1 catalyst, the amphiphilic particles were dispersed at the
liquid–liquid interface and an effective formation of emulsion droplet
was observed (Fig. 9a). Moreover, it can be seen that the emulsion
displays a homogeneous droplets size with an average size of 34.5 μm.
After having added a fluorescent and water-soluble dye, it was possible
to identify the type of emulsion formed over Ni/CNTox1 catalyst. In
Fig. 9b, it can be observed that the internal area of the emulsion dro-
plets presented fluorescence thus proving that the amphiphilic Ni/
CNTox1 particles are capable to effectively form w/o emulsion droplets.
It has been reported that completely hydrophilic (or hydrophobic)
particles may show the tendency to be solely in one of the phases thus
reducing the stability of the emulsions [48]. In Fig. S2a, the optical
micrographs of emulsion droplets formed by the other Ni/CNTs

Fig. 8. Static contact angle for the Ni/CNTs catalysts. The photos were immediately captured after having reached equilibrium conditions on the surface of the self-
supporting pressed discs.
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catalysts are summarized.
It can be clearly observed that after sonication of water-dodecane

mixture with both Ni/CNTp and Ni/CNTox2 catalysts no emulsion
droplets were observed. This result suggests that if the particles are very
hydrophobic (Ni/CNTp, high θ = 143°) or very hydrophilic (Ni/
CNTox2, low θ = 25°), they tend to remain dispersed in either the or-
ganic or the aqueous phase (Fig. S2b). This result in unstable droplets
that quickly coalescence after their formation. This, in turn, implies
that, if the surface of solid particles presents either a low or high con-
centration of oxygen groups (Ni/CNTp or Ni/CNTox2, respectively),
stable emulsions cannot be formed. Therefore, the tailored wettability
of the catalyst adjusted by the severity of acid treatments plays a key
role with respect to the formation of stable emulsions.

3.2. Hydrogenation of furfural

Since the biomass-derived bio-oil is a complex liquid that is partially
soluble either in water or hydrocarbon solvents, the hydrogenation
reaction in water–oil systems are more desirable from a practical view.
Therefore, catalytic conversion of furfural, as a preliminary reaction, in
water–dodecane Pickering emulsions stabilized by Ni/CNTs catalysts
was investigated. The corresponding results are shown in Fig. 10. It is
observed that when the reaction takes place over the Ni/CNTp catalyst,
the conversion of FAL reaches 63% after a reaction of 4 h.

Under identical reaction conditions, the oxidized Ni/CNTox1 cata-
lyst showed the highest conversion of FAL (94%), while the Ni/CNTox2
catalyst only reached a decreased FAL conversion of 55%. The increase
in FAL conversion up to 94% for the Ni/CNTox1 catalyst can be at-
tributed to an improvement of the Ni metal dispersion due to an in-
creased amount of surface oxygen groups, which agrees well with re-
sults obtained by CO chemisorption, HR-TEM, XPS and He/TPD-MS.
Nevertheless, the decrease of FAL conversion over Ni/CNTox2 cannot
be correlated with metal dispersion. This implies that there are other
parameters affecting the catalytic activity, such as the wettability of the
solid nanoparticles. The lowest and highest amount of surface oxygen
groups over the Ni/CNTp and Ni/CNTox2 catalysts induce a rather
hydrophilic and hydrophobic character, respectively, thus avoiding the
formation of stable emulsion droplets as confirmed by the static contact
angle measurements and optical micrographs analysis (Fig. S2a).
Therefore, the lower FAL conversion observed over Ni/CNTp and Ni/
CNTox2 can be related to the lack of the formation of stable emulsion
droplets. Catalytic reactions performed in biphasic media tend to be
slower compared to the conversion in emulsion droplets as reported by
Jimaré et al. [49]. They reported that the formation of stable emulsions
remarkably increases the value of the volumetric global mass transport
coefficients due to the increased interfacial area. By increasing the mass
transport coefficients by solid-particle stabilized emulsification, the

reaction rate can be greatly enhanced. Therefore, the catalytic activity
results and the amphiphilic properties of the Ni-based catalysts suggest
that the conversion of FAL over Ni/CNTp and Ni/CNTox2 catalysts was
carried out in a biphasic medium rather than an emulsion system. This
procures several issues related to the diffusion of reactants to active
sites, thus lowering the resulting catalytic activity. In conclusion, all
results indicate that the highest FAL conversion reached over Ni/
CNTox1 catalyst is achieved by two phenomena: an overall improve-
ment of the Ni metal dispersion together with the possibility to form
stable emulsion droplets, which was achieved by a controlled increase
of surface oxygen groups during the HNO3 functionalization. Fig. 10
shows the yield of the reaction products obtained during FAL conver-
sion over the different Ni-based CNT catalysts after a reaction time of
4 h. It can be seen that the main product over Ni/CNTp is cyclo-
pentanone (CPO, 54%), followed by levulinic acid (LA, 5.3%) and
furfuryl alcohol (FUR-OH,1.5%) as secondary products. When FAL was
converted over Ni/CNTox1, an increase of CPO selectivity (69%) was
observed. As secondary products, cyclopentanol (CPOL, 10%), tetra-
hydrofurfuryl alcohol (THF-OH, 7%) and LA (6%) have been detected.
For the reaction over Ni/CNTox2, two mains products can be verified:
LA (22%) and CPO (28%). Traces of furfuryl alcohol (FUR-OH, 1%)
have been measured.

It has already been reported in the literature that furfural can be
converted to fuel additive as well as value-added chemicals through
different reactions [50]. Fig. 11 shows the main products obtained in

Fig. 9. a) Optical and b) fluorescent microscope images of w/o emulsion droplets stabilized over Ni/CNTox1 catalysts. Water-soluble dye and fluorescent (green
color, fluorescent Na salt) were added to identify the emulsion’s type. (For interpretation of the references to color in this figure legend, the reader is referred to the
web version of this article.)
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Fig. 10. Catalytic activity and yield of products in the hydrogenation of furfural
over Ni/CNT-functionalized catalysts. Reaction conditions: temperature 200 °C,
2.0 MPa of H2 and reaction time of 4 h.
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aqueous hydrogenation of furfural in the presence of hydrogen and
metal/acid-functional catalysts [51,52].

It can be seen that FAL can be converted to FUR-OH by direct C = O
hydrogenation over metallic sites [53]. Then, FUR-OH can be trans-
formed by three principal routes: (1) hydrogenation of C = C ring bond
to obtain THF-OH; (2) under reduction conditions and aqueous
medium, Piancantelli ring rearrangement [52] can occur to form cy-
clopentanone, which can be hydrogenated to cyclopentanol and (3)
direct ring opening through hydrolysis in acid medium to obtain LA.
Bradley et al. [54] have shown that the relatively strong adsorption of
furfural observed on metals (groups 8–10) is due to the interaction of
the π orbitals with the metal d orbitals. This interaction weakens the C-
O bond, helping to stabilize a di-sigma complex ƞ2-(C-O) aldehyde [55].
This behavior may explain the ring opening and rearrangement of
furfural to cyclopentanone over Ni/CNTp, Ni/CNTox1 and Ni/CNTox2
catalysts. Furthermore, it has been reported by Hronec et al. that when
the reaction of furfural was performed under N2 or H2 atmosphere
without catalysts, no CPO or other products were detected, which in-
dicated that the rearrangement of the furan ring does not occur directly
from furfural [56]. Furthermore, during the catalytic conversion of FAL
in aqueous phases different reaction intermediates can be formed. For
example, 4-hydroxy-2-cyclopentenone (HCP) and its hydrogenation
product, 2-cyclopentenone, are two important intermediates in the
formation of CPO [16].

However, during the catalytic conversion of FAL over all Ni/CNTs
nanohybrid catalysts, these intermediates have not been observed. In a
control reaction of HCP over NiCu/SBA-15 catalyst, Yang et al. stated
that when a limited amount of H2 was charged, 38% of 2-cyclopente-
none was obtained after 4 h, besides a 4% yield of CPO. Nevertheless,
after excess of H2 was introduced into the reactor, 2-cyclopentanone
disappeared, while the total yield of CPO and CPOL significantly in-
creased to 39% [15]. Therefore, under H2 excess (2.0 MPa of H2), the
formation of these intermediate occurs faster, and only CPO can be
observed. Additionally, it has been reported that furfuryl alcohol in
presence of very strong acids sites rearranged to levulinic acid (4-ke-
topentanoic acid) [57]. Thus, the increase of medium acid sites ob-
served over Ni/CNTox2 could favor the formation of levulinic acid,
which is in concordance with NH3-TPD analysis.

In order to emphasize the advantages of performing a catalytic re-
action in an emulsion system, the FAL conversion was performed in
both single aqueous and organic media over the amphiphilic Ni/
CNTox1 catalyst. The respective results are displayed in the Fig. 12.

It can be observed that a low FAL conversion was obtained in both

phases (3% and 18% in aqueous and organic phase, respectively). The
highest FAL conversion in the emulsion phase was observed (34%) after
1 h of reaction. According to these results, the lack of the possibility to
form stable emulsion droplets makes the reactant’s diffusion to active
sites more difficult thus producing a decrease in FAL conversion. Also, a
catalyst deactivation produced by the irreversible water adsorption on
active sites can not be ruled out [58]. In contrast, the highest FAL
conversion obtained in an emulsion system could be attributed to an
increase of the interfacial area through the creation of stable emulsion
droplets, which enables the diffusion of reactant to active sites. Fig. 12
also shows the yield of the reaction products obtained during FAL
conversion in different reaction media over the Ni/CNTox1 catalyst
after 1 h of reaction. It is observed that when the reaction was carried
out in the organic phase, the main products were furfuryl alcohol (FUR-
OH) and 2-methylfuran (2-MF), while tetrahydrofurfuryl alcohol (THF-
OH) was obtained in the fewest amount. This suggests that, in the ab-
sence of water, only FAL hydrogenation products are obtained. When
the reaction is carried out in aqueous medium, the main product ob-
served was cyclopentanone (CPO), while only traces of FUR-OH were
obtained. This implies that the presence of water inhibits the hydro-
genating capacity of the catalyst to a certain extent. In contrast, when
the catalytic conversion of FAL was carried out in an emulsion system,
the yield of CPO and LA is increased by a factor of two compared to the

Fig. 11. Main products during the hydrogenation of furfural in water under hydrogen atmosphere and metal–acid catalysts [1,4], showing direct hydrogenation and
hydration reactions.
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Fig. 12. Catalytic conversion of furfural and yield of products in aqueous, or-
ganic and emulsion phases over Ni/CNTox1 amphiphilic catalyst. Reaction
conditions: 200 °C, 2.0 MPa of H2, 0.232 mol L-1 of FAL, reaction time of 1 h.
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obtained yield in the single phases. In addition, the hydrogenation
products of FAL decreased considerably. The results from this study
displayed a better catalytic performance (greater activity and high se-
lectivity to cyclopentanone) in comparison to others catalytic systems
reported in the literature (Table S1) for liquid phase conversion of
furfural, which is a clear indication of the potential of this catalytic
system.

One of the main focus of the catalytic emulsion systems is to isolate
target products from the reaction medium due to differences in the
relative solubilities. However, not all the solubility values of a given
compound are available. Therefore, a parameter that can help to predict
the solubility behavior of a given molecule in a water/oil system is the
octanol–water partition coefficient (log P). This value has been widely
used as a measure of the hydrophobicity/hydrophilicity ratio of a mo-
lecule. High log P values indicate a higher affinity of the molecule to the
organic phase, and vice versa. Fig. 13 shows the partition of the reac-
tion products between both organic and aqueous phases over different
Ni/CNTs catalysts. It can be seen that when FAL conversion was carried
out over Ni/CNTp, the reaction products CPO and LA were mostly so-
lubilized in the aqueous phase. When FAL is converted over Ni/CNTox2,
CPO is partitioned in equal amounts between the aqueous and organic
phase, while LA was mostly solubilized in the organic phase. Adsorption
of solid particles at the water–oil interface requires the partial wetting
of the solid by both water and oil. In fact, highly hydrophilic solid
particles could be totally wetted by water, whereas highly hydrophobic
solid particles could be totally wetted by oil. This characteristic hinders
that the solid particles can be adsorbed at the interface, thus avoiding
the formation of stable emulsion droplets since they remain dispersed
either in the aqueous or the oil phase of the biphasic system [59]. Be-
cause of that, Ni/CNTp (hydrophobic particles) and Ni/CNTox2 (hy-
drophilic particles) may convert mainly FAL in a biphasic system rather

than in an emulsion system, in concordance to contact angle mea-
surement and optical micrograph analysis. Furthermore, the lack of
stable emulsion droplets disfavors the diffusion of the formed products
towards the phase of higher solubility. In fact, the log P value of LA is
about −0.35 thus indicating that this species should be solubilized in
the aqueous phase. However, over the Ni/CNTox2 catalyst, the opposite
behavior observed, which confirms the mentioned diffusion problem of
the formed products in a biphasic system. Moreover, the Ni/CNTox1
catalyst shows that LA was mostly soluble in the aqueous phase and the

Fig. 13. Partition of the products in the organic and aqueous phase after 4 h of reaction over a) Ni/CNTp b) Ni/CNTox1 and c) Ni/CNTox2 catalysts. Reaction
conditions: FAL (0.232 mol L-1), Ni/CNTs (Ni: 10 wt%), solvents (dodecane 25 mL, water 25 mL), 200 °C and 2.0 MPa of H2.

Fig. 14. Schematic illustration of catalytic reaction taking place at the wa-
ter–oil interface in the solid-stabilized emulsion droplet over the Ni/CNTox1
catalyst.
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target product CPO was highly soluble in the organic phase, in agree-
ment with log P values (log P CPO, 0.89; log P LA, −0.35). This result
implies that Ni/CNTox1 catalyst allowed for the formation of stable
emulsion droplets, which enables the migration of CPO to the organic
phase after its formation. In contrast, LA remains in the aqueous phase.
This behavior is shown in Fig. 14, in which a water–oil emulsion dro-
plet is schematically depicted. These results for the Ni/CNTox1 catalyst
illustrate the simultaneous reaction and separation of reaction products
in Pickering emulsions, thus drastically simplifying the isolation stages
and the purification of the target products.

4. Conclusions

Amphiphilic CNT-supported Ni particles have been prepared and
their emulsifying properties for the hydrogenation of furfural (biomass-
derived furanic compounds) have been tested at the water–oil interface.
Prior to their usage, the wettability of the catalysts was tuned by ad-
justing the severity of acid treatments during the catalysts’ synthesis. In
order to do so, pristine CNTs were modified either by nitric acid
(CNTox1) or impregnated with a mixture of nitric and sulfuric acid
(CNTox2). It was found that the wettability of the catalyst played an
essential role in forming stable emulsions and the enhancement of
catalytic activity. The catalytic activity increased when the conversion
of FAL was carried out over Ni/CNTox1, which can be traced back to an
improved Ni metal dispersion together with the possible formation of
stable emulsion droplets due to a gradual increase of the amount of
surface oxygen groups and its amphiphilic character. In contrast, the
lower FAL conversion observed over both Ni/CNTp (highly hydro-
phobic particles) and Ni/CNTox2 (highly hydrophilic particles) cata-
lysts, although having a good dispersion of Ni nanoparticles achieved
over Ni/CNTox2 catalyst, was attributed to the missing possibility form
stable emulsion droplets. In terms of the yield of reaction products, Ni/
CNTp and Ni/CNTox2 catalysts displayed a yield to CPO formation with
high solubility in the aqueous phase. In contrast, the Ni/CNTox1 cata-
lyst demonstrated the highest selectivity regarding the formation of
CPO with high solubility in the organic phase. The results obtained over
the amphiphilic Ni/CNTox1 catalyst highlight the simultaneous reac-
tion and separation of the target product in Pickering emulsion, thus
simplifying the isolation stages of the key products. This offers an ex-
cellent strategy to overcome the conventional phase-transfer catalysis
limitation for biomass and its-derived compounds (such as furfural)
conversion.
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