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Abstract 24 

 Three amphiphilic carbon nanotube-supported Ni catalysts have been prepared and tested 25 

regarding their emulsifying properties for the hydrogenation of furfural. The solid catalysts and emulsions 26 

were systematically characterized by different high-resolution techniques. The catalytic hydrogenation of 27 

furfural was evaluated in a mixture of two immiscible solvents under mild conditions. The wettability of 28 

the catalysts was tuned by adjusting the severity of the acid treatments during the catalyst’s synthesis. It 29 

was found that the catalysts wettability played a crucial role in enhancing the catalytic activity. The lowest 30 

furfural conversion observed over Ni/CNTox2 and Ni/CNTp were attributed to the missing possibility to 31 

form stable emulsion droplets due to their either extreme hydrophilic or hydrophobic character, 32 

respectively. In contrast, the highest catalytic activity verified for Ni/CNTox1 catalyst was traced back to 33 

an improved dispersion of the nickel nanoparticles as well as the possible formation of stable emulsion 34 

droplets due to its amphiphilic character. All catalysts were selective towards cyclopentanone. However, 35 

the highest yield of cyclopentanone was found over the Ni/CNTox1 catalyst, which migrated towards the 36 

organic phase after its formation. This result highlights the simultaneous reaction and separation of key 37 

reaction products in emulsion, which greatly simplifies the isolation stages of target products. 38 

 39 

Keywords: emulsion, furfural, hydrogenation, cyclopentanone, biomass, carbon nanotubes. 40 

 41 

 42 

 43 

  44 
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1. Introduction 45 

 The conversion of lignocellulosic biomass to biofuel and add-value chemicals is one of the most 46 

promising routes to decrease the dependency on fossil fuels thus potentially reducing greenhouse 47 

emissions [1,2]. Derived from pyrolysis of renewable biomass, bio-oil is a complex liquid, which is only 48 

partially soluble in either water or hydrocarbon solvents. It contains more than 400 organics compounds 49 

such as phenols, guaiacols, furan and their derivatives [3,4]. Due to the unstable composition of bio-oil, 50 

an upgrading process is required to improve their fuel properties and to obtain add-value chemicals [5]. 51 

Among several strategies, catalytic hydrogenation (HY) is considered as a promising route for bio-oil 52 

upgrading [6,7]. It has been reported that a wide range of biomass derivates such as phenol, sorbitol, anisol 53 

and furfural can be hydrogenated to obtain liquid fuels for the transportation sector. In this regard, catalytic 54 

conversion of furfural represents one of the most important routes for the production of fuel additives, 55 

high value-added chemicals and biofuels [8]. Several research papers have been published in the past 56 

decade dealing with homogeneous and heterogeneous catalytic processes to upgrade furfural to relevant 57 

drop-in fuel candidates (such as 2,5-dimethylfuran (DMF) and 2-methylfuran (2-MF)) and value-added 58 

chemicals such as furfuryl alcohol (FUR-OH), levulinic acid (LA) and cyclopentanone (CPO) [9,10]. A 59 

summary of previous studies regarding the catalytic conversion of furfural over heterogeneous catalysts 60 

can be found in Table S1 (supplementary information). Special attention has been laid on studies reporting 61 

on the formation of cyclopentanone and cyclopentanol. These studies include the usage of different 62 

catalysts based upon noble metals [11–14] and non-noble metals [10,15]. Cyclopentanone is a versatile 63 

compound used for the synthesis of fungicides, pharmaceuticals, rubber chemicals, and flavoured 64 

fragrance chemicals [16]. It can be potentially used for the preparation of polyamides, C15-C17 diesel or 65 

jet fuels and polyolefin stabilizers [17]. 66 
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  Liquid phase conversion of furfural has been only studied over a variety of catalysts in 67 

monophasic systems [18,19]. Catalytic conversion in single-phase hinder the separation of target products 68 

from the reaction medium thus transforming them in undesired intermediaries’ reactions. Moreover, in 69 

case of refining bio-oils for which the system is a biphasic mixture of water (30 %) and non-polar 70 

molecules, the most efficient way to catalyze a reaction is to disperse an amphiphilic catalyst at the 71 

liquid/liquid interface and maximize the interfaces extent by forming stable emulsion droplets [20]. 72 

Therefore, the catalytic transformation of biomass and its derived compound (such as furfural) toward 73 

value-added chemicals requires the development of new proper catalysts that are capable to act as both 74 

emulsifiers and catalysts.  75 

 Recently, it has been proven that solid particles with amphiphilic character can be utilized to 76 

stabilize water-oil emulsions (Pickering emulsions) [21]. In literature, it has been reported that different 77 

parameters such as the hydrophilic/hydrophobic character, droplet size, amphiphilic solid concentration, 78 

pH reaction medium and sonication time can affect the resulting emulsion properties. For instance, the 79 

average droplet size decreases with sonication time and amphiphilic particles’ concentration, thus 80 

improving the emulsion stability [22]. The main characteristic of the amphiphilic catalysts is their ability 81 

to enhance the liquid-liquid interfacial area, which facilitates the simple separation of molecules based 82 

upon solubility differences [23]. One strategy used to synthesize an amphiphilic material is surface 83 

functionalization. It has been shown that faujasite HY zeolites tend to become hydrophobic by 84 

functionalization with organosilanes thus enabling the zeolites to stabilize water/oil emulsions and 85 

catalyze reactions of importance in biofuel upgrading, i.e., alkylation of m-cresol and 2-propanol in the 86 

liquid phase at high temperatures [24]. Another approach to elaborate a nanohybrid catalyst is the fusion 87 

of two solids with opposite properties. Crossley et al. synthesized an amphiphilic material consisting of 88 
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hydrophobic carbon nanotubes fused to hydrophilic metal oxide (silica). They found that these materials 89 

had a remarkably high affinity to the liquid-liquid interface, which allowed them to stabilize emulsions 90 

with small droplet sizes [22]. Moreover, by incorporation of Pd nanoparticles to the nanohybrids, the 91 

authors reported their application in the hydrodeoxygenation (HDO) of vanillin [25]. Nevertheless, despite 92 

of the positive results reported in biomass-derived conversion, the use of theses nanohybrids as emulsion 93 

stabilizer and catalysts has been limited to hydrogenation of vanillin (biomass-derived polyol compounds) 94 

[26,27] and C-C coupling reactions (such as aldol-condensation and alkylation reaction) [28,29]. There is 95 

no report available dealing with the application of amphiphilic catalysts in the conversion of furfural 96 

(biomass-derived furanic compounds) in emulsion systems.  97 

 The conducted literature review indicates that the catalysts’ wettability plays an important role in 98 

the conversion of bio-oil model molecules and needs be designed carefully to obtain a desirable catalytic 99 

performance. Different carbon materials such as carbonaceous microspheres, functionalized graphene and 100 

graphene oxide have been reported as effective emulsifiers due to the possibility to chemically 101 

functionalized them. Furthermore, these materials can be decorated with metallic nanoparticles (NPs) to 102 

enable novel catalytic activity [26,30]. It is well known that carbon nanotubes (CNT) exhibit several 103 

promising features as catalytic support due to their surface reactivity and chemical tunability achieved by 104 

functionalization [31]. Moreover, different functionalization parameters such as temperature, time, 105 

concentration and oxidizing agent can be adjusted to modify their surface properties and wettability 106 

[32,33]. In this work, the chemical oxidation of CNTs by two reagents that possess different degrees of 107 

oxidation power was studied to reduce the hydrophobic character of the nanotubes. Then, their 108 

amphiphilic properties and ability to be used as emulsifier were investigated. Additionally, by doping the 109 

as-functionalized CNTs with Ni nanoparticles, their catalytic behavior in the hydrogenation of furfural, as 110 
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a model biomass-derived upgrading reaction, in biphasic medium was studied. The optimum experimental 111 

functionalization conditions for the formation of a stable emulsions has been derived, which can be used 112 

as a guide for further materials functionalization in this context in the future.  113 

 114 

2. Experimental 115 

 116 

2.1. Synthesis of the catalysts 117 

 The Ni-based catalysts were supported over CNTs with different degrees of surface 118 

functionalization. Prior to usage, 1.0 g of pristine CNT (CNTp) was oxidized with 10.0 mL of HNO3 119 

solution (65%, Merck) during 24 h at 130 °C under stirring (denominated CNTox1). Furthermore, 3.0 g 120 

of CNTp was refluxed in a mixture of HNO3 (68%, 168.75 mL, Merck) and H2SO4 (97%, 56.25 mL, 121 

Merck) at 130 ℃ for 24 h under stirring (denominated CNTox2). Then, the solids were filtered and washed 122 

with deionized water until reaching a neutral pH. Finally, the supports were dried at 110 °C for 12 h. The 123 

nanohybrid Ni/CNTs catalysts were prepared by incipient impregnation of an aqueous solution of nickel 124 

(II) nitrate hexahydrate (≥ 99%, Ni(NO3)2 x 6H2O, Merck) with 10 wt.% Ni over CNTp, CNTox1 and 125 

CNTox2 supports. The catalysts were then dried overnight at 110 ℃ and calcined in air for 1 h at 300 °C. 126 

Finally, the catalysts were reduced in H2 flow (60.0 mL min-1) for 4 h at 400 °C and passivated in 1% 127 

O2/N2 flow (60.0 mL min-1) for 1 h with the reactor immersed in liquid nitrogen/isopropanol bath, and 128 

then passivated for an additional 1.5 h at room temperature. The obtained catalysts were denominated as 129 

Ni/CNTp, Ni/CNTox1 and Ni/CNTox2. 130 

 131 
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2.2. Catalysts characterization 132 

 Temperature-programmed decomposition (He-TPD/MS) of CNT supports and Ni/CNTs catalysts 133 

was carried out using a Micromeritics 3Flex equipment. In each experiment, 0.035 g of sample were 134 

heated up to 800 ºC with a rate of 10 ºC min -1 under a constant helium flow of 100 mL min-1. The acidity 135 

of the Ni/CNTs catalysts was determined by temperature-programmed desorption of ammonia (TPD-NH3) 136 

using the same apparatus. The sample was first dried under He (50 mL min−1) at 110 °C for 30 minutes, 137 

reduced under H2 (50 mL min−1) at 400 °C for 4 h, and cooled to 110 °C under He. The sample was then 138 

saturated with NH3 using He (50 mL min−1) as a carrier gas, purged with He for 0.5 h to remove 139 

physisorbed NH3, and, subsequently, cooled to ambient temperature under He. Once the TCD baseline 140 

was restored, NH3-TPD was performed at a heating rate of 10 ºC min−1 up to 80 °C in flowing He (50 mL 141 

min−1). BET Surface area (SBET) and textural properties of CNT supports, and Ni/CNT-based catalysts 142 

were determined by N2 physisorption at -196 °C using a Micromeritics 3Flex equipment. Temperature-143 

programmed reduction (H2-TPR) were obtained using a Micromeritics 3Flex equipment with a thermal 144 

conductivity detector. In each experiment, 0.035 g of the sample was heated under 5% H2/Ar with a flow 145 

of 100 mL min-1. The sample was heated up to 1050 ºC at a rate of 10 ℃ min-1. High-resolution 146 

transmission electron microscopy (HR-TEM) was performed using a JEOL 2000FX TEM microscope at 147 

200 kV to characterize the average particle size, distribution and microstructure of the reduced-passivated 148 

Ni/CNTs catalysts. The average particle size was calculated using the DigitalMicrograph by analyzing 149 

more than 300 individual particles. Metal dispersion was estimated from CO chemisorption using a 150 

Micromeritics 3Flex apparatus. The catalysts (0.05 g) were reduced in-situ under H2 flow during 4h at 400 151 

°C. Ni dispersion was calculated by assuming a CO:Ni stoichiometry of 1:1.  X-ray photoelectron 152 

spectroscopy (XPS) of in-situ reduced catalysts were recorded on a VG Escalab 200R electron 153 
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spectrometer using a Mg Kα (1253.6 eV) photon source. The binding energies (BE) were referenced to 154 

the C1s level of the carbon support at 284.8 eV. An estimated error of ± 0.1 eV can be assumed for all 155 

measurements. The intensities of the peaks were calculated from the respective peak areas after 156 

background subtraction and spectrum fitting by the standard computer-based statistical analysis, which 157 

included fitting the experimental spectra. The wettability of the catalysts was investigated by measuring 158 

the static contact angles (θ) with distilled water (volume of 2 µL). The static contact angles were measured 159 

under ambient conditions using a self-supporting pressed sample (drop shape analyzer DSA-25-E, Krüss 160 

GmbH). The optical/fluorescent micrograph was obtained in an Axiostar plus Carl Zeiss microscope 161 

equipped with an HBO 50 mercury vapor lamp.  162 

2.3. Preparation of emulsion using different nanohybrid catalysts 163 

 To prepare the water/oil emulsion with different nanohybrid catalysts, deionized water and 164 

dodecane were used as aqueous and organic phases, respectively. In each experiment, 50 mg of catalyst 165 

was initially dispersed in the water phase (25 mL) by sonication with a horn sonicator (UP50H, Hielscher) 166 

at 25% of amplitude for 15 minutes. Subsequently, 25 mL of dodecane volume was added (water:dodecane 167 

ratio equal to 1:1) and the final mixture was sonicated at 50% of amplitude for 15 minutes. 168 

 169 

2.4. Hydrogenation of furfural 170 

 The hydrogenation reaction was carried out in a Batch Parr 4561 reactor. In each experiment, 0.232 171 

mol L-1 of furfural was added to the sonicated mixture of water, dodecane and catalyst. Prior to reaction, 172 

the vessel reactor was purged with N2 flow during 15 minutes to remove the oxygen content inside of the 173 

reactor. Then, the reactor was heated up under speed stirred (500 rpm) to the reaction temperature (200 174 
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°C) and the H2 pressure was adjusted (2.0 MPa). After each reaction, the reactor was cooled down and the 175 

H2 flow was replaced by N2 flow. Once the reactor had reached room temperature, the emulsion was 176 

broken by filtering out the catalyst. The liquid phases were separated and analyzed individually by GC 177 

with flame-ionization detector (FID) and an Elite-1 column (Perkin Elmer, 30 m x 0.53 mm x 3.0 m film 178 

thickness). The products were also identified by their column retention time compared to available 179 

standards. The carbon mass balance was estimated as the sum of the yields of products determined and 180 

unconverted furfural. According to this, all catalysts show a mass balance over 90%. Conversion of 181 

furfural and selectivity are defined as follows: 182 

 183 

𝑐𝑜𝑛𝑣𝑒𝑟𝑠𝑖𝑜𝑛 𝑜𝑓 𝐹𝐴𝐿 =  
𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐹𝐴𝐿 𝑟𝑒𝑎𝑐𝑡𝑒𝑑

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐹𝐴𝐿 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 𝑥 100               (1)184 

               185 

 186 

(𝑌𝑖𝑒𝑙𝑑 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)𝑖 =  
(𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝑝𝑟𝑜𝑑𝑢𝑐𝑡)𝑖

𝑚𝑜𝑙𝑒𝑠 𝑜𝑓 𝐹𝐴𝐿 𝑖𝑛𝑖𝑡𝑖𝑎𝑙
 𝑥 100                     (2) 187 

  188 
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3. Results and discussion 189 

 190 

3.1. Characterization of the catalysts 191 

 The He-TPD/MS profiles of the pristine and oxidized CNTs are shown in Fig. 1. The CO signal 192 

evolution (Fig. 1a) of the untreated CNTp displays a broad band in the range of intermediate/high 193 

temperatures (550-800 °C), whereas the oxidized CNTox1 shows two overlapping bands at intermediate 194 

(450-600 °C) and high decomposition temperatures (600-750 °C). In contrast, the oxidized CNTox2 only 195 

reveals an increased signal at high temperatures (700-800 °C). According to previously published work 196 

[32,33], these peaks typically arise from the decomposition of carboxylic anhydrides (527-677 °C), 197 

phenols/ethers (677-727 °C) and carbonyls/quinones (800-877 °C) groups [34,35]. Moreover, the 198 

evolution of CO2 signal (Fig. 1b) of the untreated CNTp displays a broad band at intermediate (450-750 199 

°C) decomposition temperatures, while the CNTox1 sample demostrates a broad band over the entire 200 

temperature range (between 200 to 750 °C). Moreover, the more intensely oxidized CNTox2 support 201 

presents two peaks at low (300-380 °C) and intermediate temperatures (400-650 °C) and a signal increase 202 

at high decomposition temperatures (650-800 °C). The peaks appearing in the CO2-MS profile can be 203 

assigned to carboxylic acids (peaks below 450 °C), carboxylic anhydrides (between 527-677 °C) and 204 

lactones (627-827 °C) [33]. These results demonstrate the effective formation of surface oxygen groups 205 

over functionalized CNTox1 and CNTox2 supports during both nitric acid and acid mixture treatments. 206 

However, the last process produces the highest concentration of surface oxygen groups, thus leading to a 207 

release of larger amounts of CO and CO2. 208 

  209 
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 210 

 211 

 212 

 213 

 214 

 215 

Fig. 1. He-TPD/MS profile of pristine and modified CNT samples, a) CO-MS and b) CO2-MS signals. 216 

 The TPD-MS profiles of the CNT-supported Ni catalysts provide valuable information on the 217 

influence of the surface oxygen groups on nickel grafting. The CO-MS and CO2-MS profiles of the 218 

Ni/CNTs catalysts are displayed in Fig. 2a and b, respectively. The CO-MS evolution (Fig. 2a) of the 219 

Ni/CNTp displays a narrow peak at 452 °C, whereas the Ni/CNTox1 catalyst shows a narrow peak in the 220 

range of intermediate decomposition temperature around 487 °C. In contrast, Ni/CNTox2 displays two 221 

narrow peaks at 426 and 541 °C. The presence of theses peaks indicates that the nickel incorporation (and 222 

subsequence reduction) over these three supports modified the composition of oxygen-containing surface 223 

groups, favoring a narrow distribution in the region of carboxylic anhydride groups [36]. Furthermore, 224 

Fig. 2a shows that after the incorporation of Ni on CNTp, CNTox1 and CNTox2 supports, no signs of 225 

decomposition of surface oxygen groups high temperatures (650-900 °C), such as phenols/ethers and 226 

carbonyl groups are observed. In Fig. 2b, the CO2-MS profile demonstrates that Ni/CNTp catalyst presents 227 

a narrow peak at 448 °C, while the Ni/CNTox1 catalyst displays a narrow peak at 484 °C. In the case of 228 

the Ni/CNTox2, two peaks appeared at 261 and 414 °C. These observations suggest that the incorporation 229 
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of Ni on CNTp, CNTox1 and CNTox2 produces a narrow distribution of surface oxygen groups (such as 230 

carboxylic anhydride) that release CO2 at intermediate temperatures. Furthermore, the additional 231 

decomposition peak observed at lower temperature (261°C) over Ni/CNTox2 catalyst points towards the 232 

presence of carboxylic acids. Moreover, for all Ni/CNTs catalysts, the surface oxygen groups that release 233 

CO2 in the temperature range of 550-900 °C disappear after Ni metal deposition. A similar behavior was 234 

reported by Machado et al. [33] over Ru/CNTs catalysts. These authors observed that the ruthenium 235 

deposition on CNTox surfaces led to the disappearance of most of the carboxylic acid (peak at 292 °C), 236 

 237 

 238 

 239 

 240 

 241 

 242 

Fig. 2. He-TPD/MS profile of CNT-supported Ni catalysts, a) CO-MS signal and b) CO2-MS signal. 243 

anhydride (peak at 462 °C), and lactone groups (peak at 677 °C) inducing the formation of new CO2 244 

releasing groups. Furthermore, under experimental conditions of Ni reduction, surface oxygen groups 245 

could be reduced to a certain extent. 246 

 Temperature-programmed desorption of ammonia (NH3-TPD/MS) were conducted to evaluate the 247 

acidity of the CNTs supports and the CNT-supported Ni catalysts. The corresponding profiles are depicted 248 
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in Fig. 3. Although ammonia desorption does not allow to discriminate between Brønsted and Lewis acid 249 

sites, the amount of desorbed NH3 is an indirect measure of the material overall acidity. According to 250 

previous reports, the strength of the acid sites can be classified as weak acid sites (T < 300°C), medium 251 

acid sites (300 °C < T < 500 °C) and strong acid sites (T > 500 °C) [37]. As can be seen in Fig. 3, the 252 

ammonia amounts desorbed decrease in the following order CNTox2 > Ni/CNTox2 > CNTox1 > 253 

Ni/CNTox1 > CNTp > Ni/CNTp. This trend indicates that an increase of oxidation severity results in an 254 

increase of the surface acid sites density, which can be related to the generation of surface oxygen groups, 255 

which is in good agreement with He- TPD/MS results. Furthermore, the comparison of ammonia desorbed 256 

profiles between each supports and their respective CNT-supported Ni catalysts (e.g. CNTp and Ni/CNTp) 257 

shows that the amount of ammonia desorbed decrease after Ni incorporation. This implies that the Ni  258 

 259 

 260 

 261 

  262 

 263 

 264 

 265 

 266 

Fig. 3. NH3-MS profiles of CNTs supports and CNT-supported Ni nanohybrid catalysts.  267 
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nanoparticles were anchored and dispersed over the surface oxygen groups. In terms of acid strength, all 268 

Ni/CNTs catalysts profiles show ammonia desorption mainly in the lower-intermediate temperature range 269 

thus indicating the presence of weak and medium acid sites. However, it is worth pointing out that the 270 

Ni/CNTox2 displayed the highest density of medium acid sites. This result suggests that acid mixture 271 

treatment favors the formation of medium acid sites rather than the formation of weak acid sites, which 272 

are promoted by nitric acid treatment. 273 

 274 

 275 

 276 

 277 

 278 

 279 

 280 

  281 

 282 

 283 

Fig. 4. N2 physisorption isotherms and BJH calculations (inset) for a) calcined CNT supports; b) 284 

Ni/CNTp; c) Ni/CNTox1 and d) Ni/CNTox2 catalysts.  285 
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 Fig. 4a shows the N2 adsorption-desorption isotherms at -196 °C of the calcined and oxidized 286 

CNTs. It can be observed that the CNTp support exhibits a type IV isotherm, typical for mesoporous 287 

materials, while the CNTox1 and CNTox2 supports display a type II isotherm, being typical for 288 

macroporous solids according to the IUPAC classification [38]. Additionally, their BJH plots are shown 289 

in Fig. 4a (inset in the graphs). In these insets, the CNTp support demonstrate an average pore diameter 290 

centered at 11 nm corresponding to mesoporous structures, whereas the CNTox1 and CNTox2 supports 291 

display an increased average pore diameter of 62 and 58 nm, respectively. These results suggest that these 292 

acid-functionalization treatments favor the formation of macroporous structures thus destroying the initial 293 

mesoporous structure [36]. Fig. 4b-d show the N2 adsorption-desorption isotherms of the Ni-supported 294 

catalysts. After the deposition of Ni nanoparticles over the CNTs, the type of the isotherm and the amount 295 

of N2 adsorbed have not been modified. The surface area (SBET), theoretical surface area (S*BET), total 296 

pore volume (Vp), mesoporous volume (Vm) and pore diameter (dp) of the supports and calcined Ni/CNTp, 297 

Ni/CNTox1 and Ni/CNTox2 catalysts are summarized in Table 1. It can be seen that the BET surface area 298 

significantly decreased after oxidation with both nitric acid and acid mixtures. However, it has been 299 

reported that impregnation with concentrate HNO3 for 4 h slightly increased the surface area of multi-wall 300 

CNTs due to CNT tip opening [33]. Therefore, long impregnation times (24 h) with HNO3 induce a loss 301 

of the graphitic structure thus decreasing SBET. Additionally, CNT tip opening can not be ruled out. The 302 

comparison of SBET with the S*BET values of Ni/CNTp, Ni/CNTox1 and Ni/CNTox2 (Table 1) shows 303 

similar surface area values (considering an error of 10-15% in SBET), thus suggesting no pore blockage.  304 

 305 

 306 
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Table 1. Textural properties of CNTs support and calcined Ni/CNT-functionalized catalysts measured by 307 

N2 physisorption. 308 

a Theoretical specific surface area calculated based upon support contribution (SBET value of CNTs 309 

support). 310 

b Recorded at a relative pressure of 0.96.   311 

c Estimated by 4V/A from BET, where V refers to total pore volume and A to surface area, respectively. 312 

 313 

 H2-TPR profiles of the Ni/CNT-functionalized catalysts are shown in Fig. 5. All Ni-based catalysts 314 

show a reduction peak at 380 °C and a broad band at a higher reduction temperature centered at 487 °C. 315 

An additional reduction peak at 291 °C has been observed for Ni/CNTox1 and Ni/CNTox2 catalysts. 316 

Catalysts SBET  S*
BET

a Vp
b dp

c 

(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 
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According to a previous study [39], it has been reported that the nature of the support used and the 317 

synthesis conditions affect the reducibility of the Ni species. Suhong et al. reported that for nickel 318 

supported CNTs catalysts, different TPR profiles have been observed depending on the surface chemistry, 319 

particle size and/or location of the metal particles [40]. Therefore, the first reduction peak observed at 380 320 

°C can be assigned to the reduction of NiO nanoparticles located in the exterior wall of the CNT [32]. The 321 

reduction peak observed at a lower temperature centered at 291 °C can be assigned to the reduction of 322 

NiO nanoparticles with different strengths of interaction with the support or to the reduction of NiO 323 

dispersed inside of the CNTs [41]. A similar behavior has been reported for Ru/CNTox catalysts [33]. 324 

These results suggest that the metal nanoparticles located inside of the tubes can be reduced more easily 325 

than those on the external surface [42] due to the reduced activity of the CNT inner surface compared to 326 

the defective outer surface. Considering that the previous oxidation step may have opened the ends of the 327 

CNTs to some extent, this may explain the presence of the peak observed at lower reduction temperature, 328 

which is in good agreement with results reported by Ding et al. [43].  329 

 330 

 331 

 332 

 333 

 334 

 335 

Fig. 5. H2-TPR profiles of the calcined Ni/CNTs nanohybrid catalysts. 336 
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Furthermore, while a decrease reduction signal at 380 °C can be seen, an increase reduction signal at 291 337 

°C over the Ni/CNTox1 and Ni/CNTox2 catalysts can be detected. This behavior is associated to 338 

preferential deposition of Ni nanoparticles inside of the nanotubes due to capillary forces of the tubes [43]. 339 

Additionally, it has been reported that the H2 consumption peak observed at higher temperatures around 340 

487 °C is associated with the reduction of supports CNTs since supported transition metals can act as 341 

catalysts for the formation of methane via a reaction of hydrogen with the CNTs at higher temperatures 342 

[44].  343 

 HR-TEM micrographs of the Ni/CNTs catalysts with their respective histograms of their size 344 

distribution of the Ni nanoparticle are depicted in Fig. 6. As can be seen in Fig. 6a-b, the pristine CNTp 345 

consists of long straight graphitic walls with barely any defects or amorphous carbon on the surface. 346 

Furthermore, most of the ends of the pristine CNTs are closed and display an inner diameter of about 5 347 

nm (see Fig. 6b). Moreover, it can be clearly observed that the majority of Ni nanoparticles are deposited 348 

in the exterior wall of CNT (see Fig. S1), which agrees with the single Ni reduction peak observed at 349 

higher temperatures by H2-TPR. Based upon Fig. 6c-f, it can be observed that both oxidized CNTs have 350 

a higher number of defects in their graphitic walls.  Some bundles appear exfoliated and curled, 351 

suggesting that both acid treatments favor the creation of defects through the formation of surface oxygen 352 

groups, which goes hand in hand with the He-TPD/MS results. Furthermore, this process leads to the 353 

formation of additional amorphous carbon nanoparticles covering the remaining smaller bundles of CNT 354 

(see Fig. 6f) after extended exposure to acid treatments, in agreement with Bower et al. [45]. Moreover, 355 

the majority of the CNT ends are opened, which enabled the deposition of Ni nanoparticles in the interior 356 

of CNTs. These results agree well with the H2-TPR results. Moreover, the histograms of Ni particle size 357 

distribution of the Ni/CNTp, Ni/CNTox1 and Ni/CNTox2 catalysts show a distribution centered at 6.3 ± 358 
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0.3, 3.7 ± 0.2 and 2.8 ± 0.1 nm, respectively. These results imply that Ni particle size decreases with an 359 

increasing severity of the oxidative functionalization thus highlighting that surface oxygen groups 360 

formation improves the dispersion of Ni nanoparticles. 361 

 362 

 363 

 364 

 365 

 366 

 367 

 368 

 369 

Fig. 6. HR-TEM micrographs of the different reduced catalysts: a) and b) Ni/CNTp, c) and d) Ni/CNTox1 370 

and e) and f) Ni/CNTox2.The insets show the particle size distribution of the nickel nanoparticles.  371 

 In order to estimate the metal dispersion of Ni nanoparticles, CO chemisorption was performed. 372 

The respective results are summarized in Table 2. When Ni metallic particles were deposited over 373 

oxidized CNTox1 and CNTox2, a pronounced increase of the CO uptake has been detected. In Table 2, 374 

the dispersion expressed as CO/Ni atomic ratio is given. Compared to the Ni/CNTp catalyst, the CO/Ni 375 

atomic ratio increase by 5.7 and 14.8 times for the Ni/CNTox1 catalyst the Ni/CNTox2, respectively. This 376 

suggests that there is an improvement of Ni nanoparticles dispersion due to the generation of surface 377 

b) 
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functional groups over the supports after both nitric acid and acid mixture functionalization. This is in 378 

agreement with previously published research work [46] and with the presented He-TPD/MS results. 379 

Additionally, the Ni crystal particle size decreases with an increase in the severity of the oxidative 380 

treatment, which is in concordance with the observed tendencies in HR-TEM. These results confirm that 381 

the increase of surface oxygen groups, achieved by acid functionalization, improves the Ni dispersion over 382 

the support. 383 

Table 2. Metal dispersion of the Ni/CNTs catalysts obtained by CO chemisorption. 384 

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 

  385 

 Fig. 7a-c shows the XPS of Ni 2p3/2 region of the different catalysts with 10 wt. % Ni loading. 386 

Curve fitting of the spectra revealed three partially overlapping contributions for all catalysts. Table 3 387 

summarizes the binding energies (BE) of the most intense Ni 2p3/2 component, their relative proportion 388 

(shown in parentheses) and the Ni/C and Ni/O atomic surface ratio. All catalysts display a BE at 852.8 ± 389 

0.1 eV assigned to Ni0 and a BE at 855.9 ± 0.1 eV corresponding to NiO species [41]. Additionally, all 390 

catalysts show a satellite peak with a BE of 860.0 ± 0.1 eV, thus confirming the presence of Ni2+ [46]. 391 

Fig. 7 also shows that the relative proportion (shown in parenthesis) of Ni0 is much higher than the Ni2+ 392 
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for all catalysts, suggesting that some Ni species strongly interact with the support. Furthermore, Table 3 393 

also summarizes the BEs of the C1s and O1s regions of the catalysts (spectra not shown). It can be observed 394 

for all catalysts that the C1s peak had three contributions located at 284.8, 286.2 and 287.8 ± 0.1 eV, while 395 

the O1s peak had four contributions located at BEs of 530.4, 531.4, 532.6 and 533.8 ± 0.1 eV. In this 396 

regard, the contribution of the C1s with a BE at 284.8 eV represents graphitic carbon [32,34]; while the 397 

C1s contribution located at 286.2 eV and the O1s signal at 532.6 eV correspond to the C–O bonds in the 398 

phenolic and/or ether groups [46]. Carboxyl/carbonyl groups can be correlated with the contribution 399 

located at 287.7 eV (C1s signal) as well as 530.4 and 531.4 eV (O1s signal) [47]. The contribution at 533.8 400 

eV of the O1s signal can be assigned to the C-O bonds in carboxylic anhydride groups. 401 

 402 

 403 

  404 

 405 

  406 

 407 

 408 

 409 

Fig. 7. XPS spectra of the Ni2p region for the reduced a) Ni/CNTp, b) Ni/CNTox1 and c) Ni/CNTox2 410 

catalysts. 411 
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Table 3. Binding energies (eV) of core levels and atomic ratios of the catalysts. 412 

 413 

 Additionally, the relative ratios (C1s region, shown in parentheses) indicate the predominant 414 

existence of graphitic carbon on the surface of all samples. Moreover, it can be deduced that the relative 415 

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

(atom/atom) 

O/C 

(atom/atom) 

Ni/CNTp 284.8 (80) 

286.2 (15) 

287.8 (5) 

530.4 (19) 

531.4 (28) 

532.6 (34) 

533.8 (19) 

852.8 (88) 

855.9 (12) 

0.005 0.036 

Ni/CNTox1 284.8 (82) 

286.1 (14) 

287.9 (4) 

530.4 (17) 

531.4 (18) 

532.6 (34) 

533.8 (31) 

852.9 (87) 

856.0 (13) 

0.007 0.035 

Ni/CNTox2 284.8 (83) 

286.2 (13) 

288.0 (4) 

530.4 (12) 

531.4 (23) 

532.6 (27) 

533.8 (38) 

852.9 (89) 

856.1 (11) 

0.008 0.053 
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ratios (O1s region) associated with carboxylic acid, carbonyl groups and phenolics/ethers species decrease 416 

compared to the untreated catalyst. However, it must be mentioned that the relative proportion of oxygen 417 

species associated to anhydride carboxylic groups (BE at 533.8 ± 0.1 eV) of the Ni/CNTox1 and 418 

Ni/CNTox2 catalysts increased compared to the Ni/CNTp catalyst. These results suggest that the oxidative 419 

treatment favors the anhydride carboxylic formation in CNTs, which is in good agreement with He-420 

TPD/MS results. The Ni/C and O/C atomic surface ratios of the catalysts are also presented in Table 3. 421 

In case of Ni/CNTox1 and Ni/CNTox2 catalysts, a slight increase of the Ni/C atomic surface ratio can be 422 

observed. According to the CO chemisorption results, a remarkable increase in the dispersion was 423 

obtained (the dispersion increases by a factor of 5.7 and 14.8 for Ni/CNTox1 and Ni/CNTox2, 424 

respectively). As mentioned before, a loss in the graphitic structure can be seen after acid treatments thus 425 

increasing the number of carbon atoms. At the same time, the number of Ni nanoparticles increased over 426 

the surface, which leads to the conclusion that the increase of the Ni/C atomic surface ratio is not 427 

significant. The same behavior has been observed over the O/C atomic surface ratio over the Ni/CNTox1 428 

catalyst, for which the increase was not significant compared to Ni/CNTp catalyst. However, it can be 429 

seen that the O/C atomic surface ratio over the Ni/CNTox2 catalyst increases despite of the loss of the 430 

graphitic structure, which implies a significantly increased of the number of oxygen atoms. These results 431 

agree well with N2 physisorption and He-TPD/MS results, and confirm the improvement of Ni 432 

nanoparticles dispersion due to the increased amount of oxygen containing surface groups. 433 

 To evaluate the wettability of the Ni/CNTs catalysts, the static contact angle was measured on the 434 

catalysts’ surfaces. Some images are exemplarily depicted in Fig. 8. It has been reported that hydrophilic 435 

nanoparticles with a contact angle below 90 ° tend to form oil-in-water emulsion (o/w), while hydrophobic 436 

nanoparticles with a contact angle above 90 ° are likely to form water-in-oil emulsion droplets (w/o) [29]. 437 
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As can be seen in Fig. 8, the Ni/CNTp catalyst shows a contact angle of 143 °, which is characteristic for 438 

materials with a strong hydrophobic character. The nitric acid-functionalized catalyst (Ni/CNTox1) shows 439 

a reduced contact angle of about 127 °. In contrast, after acid mixture treatment, the Ni/CNTox2 catalyst 440 

only displayed a contact angle of 25 °. These results indicate that the oxidative treatment using HNO3 441 

reduced the hydrophobic character of the CNTs in a controlled way thus making them more amphiphilic. 442 

An increased in the severity of the functionalization treatment (HNO3 and H2SO4 mixture) drastically 443 

decreases the contact angle thus ending up in a considerably hydrophilic material. These results combined 444 

with He-TPD/MS and XPS results point to the fact that the increase of surface oxygen groups produces a 445 

reduction of the hydrophobic character to obtain an amphiphilic solid. Nevertheless, a further increase of 446 

the amount of surface oxygen groups leads to a rather hydrophilic wetting behavior. 447 

 448 

 449 

 450 

 451 

 452 

 453 

 454 

Fig. 8. Static contact angle for the Ni/CNTs catalysts. The photos were immediately captured after having 455 

reached equilibrium conditions on the surface of the self-supporting pressed discs. 456 
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In Pickering emulsions, fine amphiphilic solid particles adsorbed at the water/oil interface 457 

sterically hinder the coalescence of droplets and effectively stabilize the emulsion [21]. In order to 458 

investigate the emulsifier properties of the different Ni/CNTs catalysts, optical/fluorescent micrographs 459 

were obtained. Their results are shown in Fig. 9 and Fig. S2a. 460 

 461 

 462 

 463 

 464 

 465 

Fig. 9. a) Optical and b) fluorescent microscope images of w/o emulsion droplets stabilized over 466 

Ni/CNTox1 catalysts. Water-soluble dye and fluorescent (green color, fluorescent Na salt) were added to 467 

identify the emulsion’s type.  468 

  469 

All emulsions were prepared under similar experimental conditions while keeping the water/oil 470 

ratio and the mass of catalysts constant. When the mixture of water-dodecane was sonicated in presence 471 

of the Ni/CNTox1 catalyst, the amphiphilic particles were dispersed at the liquid-liquid interface and an 472 

effective formation of emulsion droplet was observed (Fig. 9a). Moreover, it can be seen that the emulsion 473 

displays a homogeneous droplets size with an average size of 34.5 μm. After having added a fluorescent 474 

and water-soluble dye, it was possible to identify the type of emulsion formed over Ni/CNTox1 catalyst. 475 

In Fig. 9b, it can be observed that the internal area of the emulsion droplets presented fluorescence thus 476 

a) b) 

50m 
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proving that the amphiphilic Ni/CNTox1 particles are capable to effectively form w/o emulsion droplets. 477 

It has been reported that completely hydrophilic (or hydrophobic) particles may show the tendency to be 478 

solely in one of the phases thus reducing the stability of the emulsions [48]. In Fig. S2a, the optical 479 

micrographs of emulsion droplets formed by the other Ni/CNTs catalysts are summarized.  480 

It can be clearly observed that after sonication of water-dodecane mixture with both Ni/CNTp and 481 

Ni/CNTox2 catalysts no emulsion droplets were observed. This result suggests that if the particles are very 482 

hydrophobic (Ni/CNTp, high θ = 143 °) or very hydrophilic (Ni/CNTox2, low θ = 25 °), they tend to 483 

remain dispersed in either the organic or the aqueous phase (Fig. S2b). This result in unstable droplets 484 

that quickly coalescence after their formation. This, in turn, implies that, if the surface of solid particles 485 

presents either a low or high concentration of oxygen groups (Ni/CNTp or Ni/CNTox2, respectively), 486 

stable emulsions cannot be formed. Therefore, the tailored wettability of the catalyst adjusted by the 487 

severity of acid treatments plays a key role with respect to the formation of stable emulsions. 488 

 489 

3.2. Hydrogenation of furfural 490 

 Since the biomass-derived bio-oil is a complex liquid that is partially soluble either in water or 491 

hydrocarbon solvents, the hydrogenation reaction in water–oil systems are more desirable from a practical 492 

view. Therefore, catalytic conversion of furfural, as a preliminary reaction, in water–dodecane Pickering 493 

emulsions stabilized by Ni/CNTs catalysts was investigated. The corresponding results are shown in Fig. 494 

10. It is observed that when the reaction takes place over the Ni/CNTp catalyst, the conversion of FAL 495 

reaches 63% after a reaction of 4 h.  496 

 497 
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 507 

Fig. 10. Catalytic activity and yield of products in the hydrogenation of furfural over Ni/CNT-508 

functionalized catalysts. Reaction conditions: temperature 200 °C, 2.0 MPa of H2 and reaction time of 4h.  509 

 510 

 Under identical reaction conditions, the oxidized Ni/CNTox1 catalyst showed the highest 511 

conversion of FAL (94%), while the Ni/CNTox2 catalyst only reached a decreased FAL conversion of 512 

55%. The increase in FAL conversion up to 94% for the Ni/CNTox1 catalyst can be attributed to an 513 

improvement of the Ni metal dispersion due to an increased amount of surface oxygen groups, which 514 

agrees well with results obtained by CO chemisorption, HR-TEM, XPS and He/TPD-MS. Nevertheless, 515 

the decrease of FAL conversion over Ni/CNTox2 cannot be correlated with metal dispersion. This implies 516 

that there are other parameters affecting the catalytic activity, such as the wettability of the solid 517 

nanoparticles. The lowest and highest amount of surface oxygen groups over the Ni/CNTp and Ni/CNTox2 518 



28 

 

catalysts induce a rather hydrophilic and hydrophobic character, respectively, thus avoiding the formation 519 

of stable emulsion droplets as confirmed by the static contact angle measurements and optical micrographs 520 

analysis (Fig. S2a). Therefore, the lower FAL conversion observed over Ni/CNTp and Ni/CNTox2 can be 521 

related to the lack of the formation of stable emulsion droplets. Catalytic reactions performed in biphasic 522 

media tend to be slower compared to the conversion in emulsion droplets as reported by Jimaré et al. [49]. 523 

They reported that the formation of stable emulsions remarkably increases the value of the volumetric 524 

global mass transport coefficients due to the increased interfacial area. By increasing the mass transport 525 

coefficients by solid-particle stabilized emulsification, the reaction rate can be greatly enhanced. 526 

Therefore, the catalytic activity results and the amphiphilic properties of the Ni-based catalysts suggest 527 

that the conversion of FAL over Ni/CNTp and Ni/CNTox2 catalysts was carried out in a biphasic medium 528 

rather than an emulsion system. This procures several issues related to the diffusion of reactants to active 529 

sites, thus lowering the resulting catalytic activity. In conclusion, all results indicate that the highest FAL 530 

conversion reached over Ni/CNTox1 catalyst is achieved by two phenomena: an overall improvement of 531 

the Ni metal dispersion together with the possibility to form stable emulsion droplets, which was achieved 532 

by a controlled increase of surface oxygen groups during the HNO3 functionalization. Fig. 10 shows the 533 

yield of the reaction products obtained during FAL conversion over the different Ni-based CNT catalysts 534 

after a reaction time of 4 h. It can be seen that the main product over Ni/CNTp is cyclopentanone (CPO, 535 

54%), followed by levulinic acid (LA, 5.3%) and furfuryl alcohol (FUR-OH,1.5%) as secondary products. 536 

When FAL was converted over Ni/CNTox1, an increase of CPO selectivity (69%) was observed. As 537 

secondary products, cyclopentanol (CPOL, 10%), tetrahydrofurfuryl alcohol (THF-OH, 7%) and LA (6%) 538 

have been detected. For the reaction over Ni/CNTox2, two mains products can be verified: LA (22%) and 539 

CPO (28%). Traces of furfuryl alcohol (FUR-OH, 1%) have been measured.  540 
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 It has already been reported in the literature that furfural can be converted to fuel additive as well 541 

as value-added chemicals through different reactions [50]. Fig. 11 shows the main products obtained in 542 

aqueous hydrogenation of furfural in the presence of hydrogen and metal/acid-functional catalysts [51,52].  543 

 544 

 545 

 546 

 547 

 548 

 549 

 550 

Fig. 11. Main products during the hydrogenation of furfural in water under hydrogen atmosphere and 551 

metal-acid catalysts [1,4], showing direct hydrogenation and hydration reactions.  552 

 553 

It can be seen that FAL can be converted to FUR-OH by direct C=O hydrogenation over metallic sites 554 

[53]. Then, FUR-OH can be transformed by three principal routes: (1) hydrogenation of C=C ring bond 555 

to obtain THF-OH; (2) under reduction conditions and aqueous medium, Piancantelli ring rearrangement 556 

[52] can occur to form cyclopentanone, which can be hydrogenated to cyclopentanol and (3) direct ring 557 

opening through hydrolysis in acid medium to obtain LA. Bradley et al. [54] have shown that the relatively 558 

strong adsorption of furfural observed on metals (groups 8-10) is due to the interaction of the π orbitals 559 
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with the metal d orbitals. This interaction weakens the C-O bond, helping to stabilize a di-sigma complex 560 

ƞ2-(C-O) aldehyde [55]. This behavior may explain the ring opening and rearrangement of furfural to 561 

cyclopentanone over Ni/CNTp, Ni/CNTox1 and Ni/CNTox2 catalysts. Furthermore, it has been reported 562 

by Hronec et al. that when the reaction of furfural was performed under N2 or H2 atmosphere without 563 

catalysts, no CPO or other products were detected, which indicated that the rearrangement of the furan 564 

ring does not occur directly from furfural [56]. Furthermore, during the catalytic conversion of FAL in 565 

aqueous phases different reaction intermediates can be formed. For example, 4-hydroxy-2-cyclopentenone 566 

(HCP) and its hydrogenation product, 2-cyclopentenone, are two important intermediates in the formation 567 

of CPO [16].  568 

 However, during the catalytic conversion of FAL over all Ni/CNTs nanohybrid catalysts, these 569 

intermediates have not been observed. In a control reaction of HCP over NiCu/SBA-15 catalyst, Yang et 570 

al. stated that when a limited amount of H2 was charged, 38 % of 2-cyclopentenone was obtained after 4h, 571 

besides a 4% yield of CPO. Nevertheless, after excess of H2 was introduced into the reactor, 2-572 

cyclopentanone disappeared, while the total yield of CPO and CPOL significantly increased to 39% [15]. 573 

Therefore, under H2 excess (2.0 MPa of H2), the formation of these intermediate occurs faster, and only 574 

CPO can be observed. Additionally, it has been reported that furfuryl alcohol in presence of very strong 575 

acids sites rearranged to levulinic acid (4-ketopentanoic acid) [57]. Thus, the increase of medium acid 576 

sites observed over Ni/CNTox2 could favor the formation of levulinic acid, which is in concordance with 577 

NH3-TPD analysis.  578 

 In order to emphasize the advantages of performing a catalytic reaction in an emulsion system, the 579 

FAL conversion was performed in both single aqueous and organic media over the amphiphilic 580 

Ni/CNTox1 catalyst. The respective results are displayed in the Fig. 12.  581 
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 590 

Fig. 12. Catalytic conversion of furfural and yield of products in aqueous, organic and emulsion phases 591 

over Ni/CNTox1 amphiphilic catalyst. Reaction conditions: 200 °C, 2.0 MPa of H2, 0.232 mol L-1 of FAL, 592 

reaction time of 1h. 593 

 It can be observed that a low FAL conversion was obtained in both phases (3% and 18% in aqueous 594 

and organic phase, respectively). The highest FAL conversion in the emulsion phase was observed (34%) 595 

after 1h of reaction. According to these results, the lack of the possibility to form stable emulsion droplets 596 

makes the reactant’s diffusion to active sites more difficult thus producing a decrease in FAL conversion. 597 

Also, a catalyst deactivation produced by the irreversible water adsorption on active sites can not be ruled 598 

out [58]. In contrast, the highest FAL conversion obtained in an emulsion system could be attributed to an 599 

increase of the interfacial area through the creation of stable emulsion droplets, which enables the diffusion 600 

of reactant to active sites. Fig. 12 also shows the yield of the reaction products obtained during FAL 601 

conversion in different reaction media over the Ni/CNTox1 catalyst after 1h of reaction. It is observed that 602 

when the reaction was carried out in the organic phase, the main products were furfuryl alcohol (FUR-603 
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OH) and 2-methylfuran (2-MF), while tetrahydrofurfuryl alcohol (THF-OH) was obtained in the fewest 604 

amount. This suggests that, in the absence of water, only FAL hydrogenation products are obtained. When 605 

the reaction is carried out in aqueous medium, the main product observed was cyclopentanone (CPO), 606 

while only traces of FUR-OH were obtained. This implies that the presence of water inhibits the 607 

hydrogenating capacity of the catalyst to a certain extent. In contrast, when the catalytic conversion of 608 

FAL was carried out in an emulsion system, the yield of CPO and LA is increased by a factor of two 609 

compared to the obtained yield in the single phases. In addition, the hydrogenation products of FAL 610 

decreased considerably. The results from this study displayed a better catalytic performance (greater 611 

activity and high selectivity to cyclopentanone) in comparison to others catalytic systems reported in the 612 

literature (Table S1) for liquid phase conversion of furfural, which is a clear indication of the potential of 613 

this catalytic system. 614 

 One of the main focus of the catalytic emulsion systems is to isolate target products from the 615 

reaction medium due to differences in the relative solubilities. However, not all the solubility values of a 616 

given compound are available. Therefore, a parameter that can help to predict the solubility behavior of a 617 

given molecule in a water/oil system is the octanol-water partition coefficient (log P). This value has been 618 

widely used as a measure of the hydrophobicity/hydrophilicity ratio of a molecule. High log P values 619 

indicate a higher affinity of the molecule to the organic phase, and vice versa. Fig. 13 shows the partition 620 

of the reaction products between both organic and aqueous phases over different Ni/CNTs catalysts. It can 621 

be seen that when FAL conversion was carried out over Ni/CNTp, the reaction products CPO and LA 622 

were mostly solubilized in the aqueous phase. When FAL is converted over Ni/CNTox2, CPO is 623 

partitioned in equal amounts between the aqueous and organic phase, while LA was mostly solubilized in 624 

the organic phase. Adsorption of solid particles at the water-oil interface requires the partial wetting of 625 
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the solid by both water and oil. In fact, highly hydrophilic solid particles could be totally wetted by water, 626 

whereas highly hydrophobic solid particles could be totally wetted by oil. This characteristic hinders that 627 

the solid particles can be adsorbed at the interface, thus avoiding the formation of stable emulsion droplets 628 

since they remain dispersed either in the aqueous or the oil phase of the biphasic system [59]. Because of 629 

that, Ni/CNTp (hydrophobic particles) and Ni/CNTox2 (hydrophilic particles) may convert mainly FAL 630 

in a biphasic system rather than in an emulsion system, in concordance to contact angle measurement and 631 

 632 

 633 
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 640 

 641 

 642 

 643 

 644 

Fig. 13. Partition of the products in the organic and aqueous phase after 4 h of reaction over a) Ni/CNTp 645 

b) Ni/CNTox1 and c) Ni/CNTox2 catalysts. Reaction conditions: FAL (0.232 mol L-1), Ni/CNTs (Ni: 10 646 

wt%), solvents (dodecane 25 mL, water 25 mL), 200 °C and 2.0 MPa of H2. 647 
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optical micrograph analysis. Furthermore, the lack of stable emulsion droplets disfavors the diffusion of 648 

the formed products towards the phase of higher solubility. In fact, the log P value of LA is about -0.35 649 

thus indicating that this species should be solubilized in the aqueous phase. However, over the Ni/CNTox2 650 

catalyst, the opposite behavior observed, which confirms the mentioned diffusion problem of the formed 651 

products in a biphasic system. Moreover, the Ni/CNTox1 catalyst shows that LA was mostly soluble in 652 

the aqueous phase and the target product CPO was highly soluble in the organic phase, in agreement with 653 

log P values (log P CPO, 0.89; log P LA, -0.35). This result implies that Ni/CNTox1 catalyst allowed for 654 

the formation of stable emulsion droplets, which enables the migration of CPO to the organic phase after 655 

its formation. In contrast, LA remains in the aqueous phase. This behavior is shown in Fig. 14, in which 656 

a water-oil emulsion droplet is schematically depicted. These results for the Ni/CNTox1 catalyst illustrate 657 

the simultaneous reaction and separation of reaction products in Pickering emulsions, thus drastically 658 

simplifying the isolation stages and the purification of the target products. 659 

 660 

 661 

 662 

 663 

 664 

 665 

 666 

 667 

Fig. 14. Schematic illustration of catalytic reaction taking place at the water-oil interface in the solid-668 

stabilized emulsion droplet over the Ni/CNTox1 catalyst. 669 
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4. Conclusions 670 

 Amphiphilic CNT-supported Ni particles have been prepared and their emulsifying properties for 671 

the hydrogenation of furfural (biomass-derived furanic compounds) have been tested at the water-oil 672 

interface. Prior to their usage, the wettability of the catalysts was tuned by adjusting the severity of acid 673 

treatments during the catalysts’ synthesis. In order to do so, pristine CNTs were modified either by nitric 674 

acid (CNTox1) or impregnated with a mixture of nitric and sulfuric acid (CNTox2). It was found that the 675 

wettability of the catalyst played an essential role in forming stable emulsions and the enhancement of 676 

catalytic activity. The catalytic activity increased when the conversion of FAL was carried out over 677 

Ni/CNTox1, which can be traced back to an improved Ni metal dispersion together with the possible 678 

formation of stable emulsion droplets due to a gradual increase of the amount of surface oxygen groups 679 

and its amphiphilic character. In contrast, the lower FAL conversion observed over both Ni/CNTp (highly 680 

hydrophobic particles) and Ni/CNTox2 (highly hydrophilic particles) catalysts, although having a good 681 

dispersion of Ni nanoparticles achieved over Ni/CNTox2 catalyst, was attributed to the missing possibility 682 

form stable emulsion droplets. In terms of the yield of reaction products, Ni/CNTp and Ni/CNTox2 683 

catalysts displayed a yield to CPO formation with high solubility in the aqueous phase. In contrast, the 684 

Ni/CNTox1 catalyst demonstrated the highest selectivity regarding the formation of CPO with high 685 

solubility in the organic phase. The results obtained over the amphiphilic Ni/CNTox1 catalyst highlight 686 

the simultaneous reaction and separation of the target product in Pickering emulsion, thus simplifying the 687 

isolation stages of the key products. This offers an excellent strategy to overcome the conventional phase-688 

transfer catalysis limitation for biomass and its-derived compounds (such as furfural) conversion. 689 

 690 
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