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Carbon nanotubes-supported Ni catalysts were investigated for the hydrogenation of furfural as a biomass-de-
rived furanic model compound at the liquid-liquid interface of Pickering emulsions in a batch reactor at 200 °C
and 2.0 MPa of H, pressure. The catalysts were characterized by N, physisorption, He-TPD/MS, NH3-TPD/MS,
TEM, CO chemisorption, H,-TPR, contact angle and optical/fluorescent microscopy. It was found that an in-
crease of surface oxygen groups allows for the formation of amphiphilic particles. The amphiphilic 10%Ni/

CNTox particles were homogeneous dispersed at the water-oil interface of the emulsion droplets thus enhancing
the catalytic activity in furfural conversion.

1. Introduction

The reducing availability of petroleum reserves and emerging en-
vironmental concerns have generated interest in developing econom-
ically efficient and environmentally friendly technologies to transform
biomass-derived molecules into fuels and chemicals [1]. Pyrolytic li-
quid of renewable biomass called bio-oil is a biphasic complex liquid,
which is only partially soluble in either water or a hydrocarbon solvent,
and contains 30% of water and more than 400 organics compounds
such as phenols, guaiacols, furan and their derivatives [2,3]. Biomass-
derived furanic compounds are considered as a potential platform for
biofuels and chemicals thus generating notable interest regarding their
upgrade possibilities. Furfural hydrogenation in the liquid phase with
high H, pressure has been studied in monophasic systems over a variety
of mono- and bimetallic catalysts on various supports [3,4]. 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 catalyst at the liquid/liquid in-
terface and maximize the extent of the interface by the formation of

emulsion droplets [5]. Therefore, the catalytic transformation of bio-
mass and its derived compound (such as furfural) towards add-value
chemicals requires the development of proper catalysts that act as both
emulsifiers and catalysts. Recently, it has been reported that solid
particles with amphiphilic character can be utilized to stabilize water-
oil emulsions, which are known as Pickering emulsions [6,7]. Different
parameters can affect the resulting emulsion properties [8]. 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 [9]. One strategy used to
synthesize an amphiphilic material is surface functionalization. It has
been reported that functionalization of faujasite HY zeolites with or-
ganosilanes make able 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 [10]. Never-
theless, despite of the positive results reported in biomass-derived
conversion, the use of theses nanohybrid materials as simultaneous
emulsion stabilizer and catalyst has been limited to hydrogenation of
vanillin (biomass-derived polyol compounds) [11,12] and C—C
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coupling reactions (such as aldol-condensation and alkylation reaction)
over supported-Pd catalysts [13,14]. There is no report available
dealing with the application of supported amphiphilic-Ni catalysts in
the conversion of furfural (biomass-derived furanic compounds) in
emulsion systems.

Different carbon materials such as carbonaceous microspheres,
functionalized graphene and graphene oxide have been reported as
effective emulsifier due to their possibility to be chemically functio-
nalized [15]. Furthermore, these materials can be decorated with me-
tallic nanoparticles (NPs) to enable novel catalytic activity [11,15]. It is
well known that carbon nanotubes (CNT) exhibit several promising
features as catalytic support due to their surface reactivity and chemical
tunability achievable by functionalization [16]. In this work, the che-
mical oxidation of CNTs to increase their hydrophilicity was in-
vestigated followed by the study of their amphiphilic and emulsifier
properties. Additionally, by doping the pristine and as-functionalized
CNTs with Ni nanoparticles, their catalytic behavior in the hydro-
genation of furfural, as a model biomass-derived upgrading reaction, in
biphasic medium was studied.

2. Experimental section
2.1. Synthesis of catalysts

The Ni-based catalysts were supported over pristine (CNT) and
functionalized CNTox. The nanohybrid catalysts were prepared by in-
cipient impregnation of an aqueous solution of Ni(NO3), x 6H,0 with a
loading of Ni (10 wt%)

2.2. Characterization of catalysts

The Ni-based catalysts were characterized by N, physisorption,
temperature-programmed decomposition, temperature-programmed
desorption of ammonia, temperature-programmed reduction, trans-
mission electronic microscopy, CO chemisorption, static contact angles
and optical/fluorescent microscopy.

2.3. Preparation of emulsion using nanohybrid catalysts

To prepare the water/oil emulsion with the 10%Ni/CNTs nanohy-
brid catalysts, deionized water and dodecane were used as the aqueous
and organic phases, respectively.

2.4. Hydrogenation of furfural

The catalytic conversion of furfural was carried out in a Batch Parr
4561 reactor at 200 °C and 2.0 MPa of H, pressure. In each experiment,
0.232 mol L.~ ! of furfural, 50 mg of 10%Ni/CNTs catalyst and 16 mL of
water and dodecane mixture were used. More experimental details can
be found in suplementary data.

3. Result and discussion
3.1. Characterization of supports and Ni-catalysts

Table S1 (suplementary data) summarizes the BET surface area
(Sger), the theoretical surface area (S*ggr), total pore volume (V;,) and
pore diameter (d,) of the supports and calcined Ni/CNTs catalysts. The
surface area of CNTox support slightly increases after acid functiona-
lization, suggesting that the oxidative treatment may have opened the
end of CNTs [17]. Additionally, the comparison of Sppr and S*pgr
(S*ger, Was calculated from the initial surface area of the support
multiplied by the weight percentage of the support in each catalyst) of
the 10%Ni/CNT and 10%Ni/CNTox catalysts indicates that there is no
partial pore blockage after Ni incorporation. The decrease of V,, and d,
is consistent with the Ni deposition over the support.
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He-TPD/MS profiles are depicted in Fig. Sla-c. Fig. Sla demon-
strates that nitric acid functionalization generates an increase of the
concentration of surface oxygen groups (SOG). According to CO-MS
profile (Fig. S1b) these groups correspond to aldehyde (230-430 °C),
carboxylic anhydride (530-680 °C), phenol/ether (600-730 °C) and
carbonyl/quinone (700-900 °C) groups (weak acid and basic char-
acter). Meanwhile, the pristine CNT support presents a lower con-
centration of SOG, which according to CO»-MS profile (Fig. Slc) cor-
respond to carboxylic acid (200-430 °C), carboxylic anhydride
(530-680 °C) and lactone (630-830 °C) groups (medium and strong
acid character) [18].

Fig. S2 shows the NH3-TPD/MS profile of CNT supports. It can be
observed that the pristine CNT support displays a greater acidity over
the entire range of NH3 desorption temperatures compared to CNTox.
This result indicates that the nitric acid modified the acidity nature of
pristine CNT. The functionalization decreased the presence of medium-
strong acid sites (such as lactone and carboxylic acids) of pristine CNT
and favored the formation of weak and/or basic sites (such as ether and
carbonyl/quinone groups) of CNTox support, which is in agreement
with CO,-MS and CO-MS profiles.

H,-TPR profiles of calcined Ni/CNTs catalysts are shown in Fig. S3.
The first reduction peak observed at 270 °C can be attributed to the
reduction of NiO nanoparticles located inside of the CNTs, whereas the
reduction peak registered at 360 °C can be assigned to the reduction of
NiO nanoparticles dispersed in the exterior wall of CNTs, which is in
agreement with the results published by Ma et al. [19]. Additionally, it
has been reported that the H, consumption peak observed at higher
temperature around 487 °C is associated with the reduction of CNTs by
the formation of methane pathway [17].

TEM micrographs of the Ni/CNTs catalysts and their respective
histograms of the size distribution of the Ni nanoparticles over the
different CNTs supports are depicted in Fig. S4. As can be seen in Fig.
S4c, some bundles appear curled after the acid treatment in the CNTox
support. This suggest the effective generation of surface oxygen groups
(defects), which goes hand in hand with the He-TPD/MS results [20].
Moreover, the majorities of ends of CNT are opened, which enables the
deposition of Ni nanoparticles inside of the CNTs, which agrees with
H,-TPR results. However, it is important to note that both 10%Ni/CNT
and 10%Ni/CNTox catalysts show deposited Ni particles inside of and
onto the CNTs (see Fig. S4a,c), suggesting that the pristine CNTs had
already could have opened ends naturally. The histograms of Ni particle
size distribution (Fig. S4b,d) show that there is an increase of Ni na-
noparticles sizes over the 10%Ni/CNTox catalyst. This result suggests
that SOG with weak acidity strength such as aldehyde, carboxylic an-
hydride, phenol/ether and carbonyl/quinone groups promotes the in-
crease of the sizes of the Ni nanoparticles due to weak interactions of
these groups with Ni metal compared to the strong acidity of SOG
present at the CNT support.

In order to estimate the metal dispersion of Ni nanoparticles, CO
chemisorption was performed, and their results are summarized in
Table 1. When Ni nanoparticles were deposited over CNTox a sig-
nificant decrease of the CO uptake was detected. In Table 1, the dis-
persion expressed as CO/Ni atomic ratio is given. It can be observed
that in comparison to the 10%Ni/CNT catalyst, the CO/Ni atomic ratio
decreased by 2.4 times for the 10%Ni/CNTox catalyst. These results
suggest that after nitric acid functionalization there is a decrease of Ni
nanoparticles dispersion, which is associated to the weak acid strength

Table 1
Metal dispersion of Ni-based catalysts calculated from CO chemisorption (Ni
stoichiometry of 1:1).

Catalysts CO uptake (cm® g™ 1) CO/Ni Particle size (nm)
10%Ni/CNT 5.73 0.225 4.5
10%Ni/CNTox 2.44 0.096 10.6
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Fig. 1. Optical (left)/fluorescence (right) micrographs of emulsion droplets formed over the a) 10%Ni/CNT and b) 10%Ni/CNTox catalyst.

displayed for SOG over the CNTox support [21]. Furthermore, an in-
crease of Ni particle size can be seen with an increasing functionali-
zation degree of the support, in agreement with TEM results.

Static water contact angle measurements have been used to evaluate
the wettability of the Ni/CNTs catalysts (Fig. S5). It has been reported
that hydrophilic nanoparticles with contact angles below 90° tend to
form oil-in-water emulsion (o/w), while hydrophobic nanoparticles
with contact angles above 90° tend to form water-in-oil emulsion dro-
plets (w/0) [13]. As can be seen in Fig. S5, the 10%Ni/CNT catalyst
shows a contact angle of 141°, characteristic for materials with strong
hydrophobic character, meanwhile the 10%Ni/CNTox catalyst shows a
reduced contact angle of about 127°. These results indicate that the
oxidizing treatment reduces the hydrophobic character of the CNTs
making them more amphiphilic. Therefore, this result combined with
He-TPD/MS points to the fact that the increase of SOG produces a re-
duction of the hydrophobic character to obtain an amphiphilic solid.

In Pickering emulsions, amphiphilic solid particles dispersed at the
liquid-liquid interface are able to stabilize emulsion droplets [6]. To
investigate the emulsifier properties of the Ni/CNTs catalysts, optical/
fluorescent micrographs were obtained, and their images are shown in
Fig. 1. When the mixture of water-dodecane was sonicated in presence
of the 10%Ni/CNTox catalyst, the amphiphilic particles were dispersed
at the liquid-liquid interface and an effective formation of emulsion
droplets (droplet size, 29 pm) was observed (Fig. 1b, left). After having
added a fluorescent and water-soluble dye (Fig. 1b, right), it was pos-
sible to prove that 10%Ni/CNTox catalyst forms w/o emulsion droplets,
in concordance with contact angle results. In contrast, the emulsion

droplets (droplet size, 37 pm) formed in presence of the 10%Ni/CNT
catalyst are less stable and tend to form agglomerates of solid nano-
particles at the aqueous-organic interface (red circle, Fig. 1a), thus
making the catalytic system less stable [22]. Therefore, this result
highlights the key role of SOG over the surface of CNT support to im-
prove the stability of small emulsion droplets.

3.2. Hydrogenation of furfural

Fig. S6a-b shows the conversion furfural and yield of products as a
function of time over the 10%Ni/CNT and 10%Ni/CNTox catalysts,
respectively. The main product obtained over both catalysts was cy-
clopentanone (CPO), while levulinic acid (LA) and tetrahydrofurfuryl
alcohol (THF-OH) were the second major products. Trace amount of
cyclopentanol (CPOL) and 2-methyltetrahydrofuran (2-MTHF) were
observed. Based upon literature and the observed products, the main
products produced during the hydrogenation of furfural are depicted in
Fig. 2. Furfural can be converted to FUR-OH by direct C=0 hydro-
genation over metallic sites [23]. Then, FUR-OH can be transformed by
four routes: (1) hydrogenation of C=C ring bond to form THF-OH; (2)
under reduction conditions and aqueous medium, Piancantelli ring re-
arrangement [24] can occur to form cyclopentanone, which can be
hydrogenated to cyclopentanol; (3) direct ring opening via hydrolysis to
obtain LA in acid medium; and (4) dehydration to form 2-methylfuran
(2-MF), which can be further hydrogenated to produce 2-MTHF.
Bradley et al. [25] have shown that the relatively strong adsorption of
furfural observed on metals (groups 8-10) is due to the interaction of
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Fig. 2. Main products during the hydrogenation of furfural in water under hydrogen atmosphere and metal-acid catalysts.

the m orbitals with the metal d orbitals. This interaction weakens the
C—O0 bond, helping to stabilize a di-sigma complex n2-(C—O0) aldehyde.
This behavior may explain the ring opening and rearrangement of
furfural to cyclopentanone over Ni/CNTs catalysts. Furthermore,
Hronec et al. have reported that when the reaction of furfural was
performed under N, or H, atmosphere without catalysts, no CPO or
other products were detected, which indicated that the rearrangement
of the furan ring does not occur directly from furfural [26]. Moreover, it
has been demonstrated that furfuryl alcohol in presence of very strong
acids sites rearranged to levulinic acid (4-ketopentanoic acid) [58].
Thus, the increase of medium and strong acid sites observed by NHj-
TPD/MS over 10%Ni/CNT could favor the formation of levulinic acid at
high FAL conversion, which can be further converted to 2-MTHF.

Fig. 3 shows the specific catalytic activities based upon the initial
reaction rates (x 10~ ® molpap, gcae ' s~ 1) obtained from Fig. $6 and the

s
o

turnover frequency (TOF) over the Ni-based catalysts. It can be ob-
served that the initial rate over the 10%Ni/CNT catalyst is higher
compared to the initial rate obtained over the 10%Ni/CNTox catalyst.
This result can be attributed to an improvement of Ni nanoparticle
dispersion over the CNT favored for the presence of strong SOG (such as
carboxylic acids), which agrees with results of TEM, CO chemisorption
and NH;-TPD/MS. Nevertheless, TOF results show that the 10%Ni/
CNTox has a catalytic activity 1.8 times greater than that obtained over
the 10%Ni/CNT catalyst suggesting better activity, which is contrast to
the result of the initial rate. The lower TOF obtained for the 10%Ni/
CNT catalyst was attributed to the agglomerated emulsion droplets thus
inducing a loss of active sites exposed, and a lower global mass trans-
port coefficient. Jimaré et al. [27] reported that the formation of stable
emulsions remarkably increases the value of the volumetric global mass
transport coefficients due to the growth of the interfacial area. By

o]
L

Vinitial (x108 mol g1 s71)

10%NiI/CNT 10%Ni/CNTox

10%NI/CNT

Fig. 3. Initial rate (left) and turn over frequency (TOF, right) of furfural conversion over 10%Ni/CNT and 10%Ni/CNTox catalysts, respectively.

10%Ni/CNTox



C. Herrera, et al.

increasing the mass transport coefficient with solid-particle stabilized
emulsification the reaction rate can be greatly improved. The TOF in-
crease indicates that significantly more FAL molecules were converted
over the active sites of the 10%Ni/CNTox catalyst compared to the
active sites present over the 10%Ni/CNT catalyst, although showing a
lower dispersion. Therefore, this result implies that the formation of
stable emulsion droplets plays a key role in enhancing the catalytic
activity.

4. Conclusion

Effective catalytic hydrogenation of furfural has been investigated,
in which carbon nanotube-supported nickel nanoparticles function as
recoverable emulsifying agents and efficient catalysts at the same time.
According to the optical/fluorescence micrographs of the reaction
system, the amphiphilic 10%Ni/CNTox catalyst particles were homo-
geneously dispersed at the w/o interface of emulsion droplets due to the
system high stability. It was found that the formation of stable emulsion
droplets, achieved by the increase of SOG, plays a key role in enhancing
the catalytic activity. This result offers an excellent strategy to enhance
the catalytic activity in water-oil systems, which are more desirable
from a practical point of view to overcome the conventional catalysis
limitation for biomass and its-derived compounds (such as furfural)
conversion.
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