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Abstract 27 

Catalytic activity at mild (235 ºC/3.5 MPa) and severe (260 ºC/5.0 MPa) APR conditions was 28 

investigated over catalysts based on cobalt aluminate spinel synthetized by coprecipitation. Co/Al 29 

ratio was varied and physicochemical characteristics were assessed by N2 adsorption, H2 30 

chemisorption, XRD, H2-TPR, DRS-UV, FTIR, CO2-TPD, NH3-TPD and XPS. Formation of cobalt 31 

aluminate produced strong Co-O-Al interaction in the catalyst precursor leading to improved Co 32 

dispersion upon activation. Co/Al ratio could be used to tune catalyst characteristics, thus selectivity 33 

towards the desired reaction pathway. Overall, Co/Al above the stoichiometric value produced 34 

smaller and more stable metallic Co, which allowed best APR performance. For instance, at 235 35 

ºC/3.5 MPa glycerol conversion and conversion to gas of 0.625CoAl (88% and 22%) were notably 36 

higher than those of bare Co3O4 (23% and 5%). At severe conditions, 0.625CoAl catalyst produced 37 

231 µmolH2/gcat·min (60% H2). Statistical analysis of data collected from long-term run was used to 38 

investigate reaction mechanism. Long-term run revealed that sintering and oxidation were main 39 

mechanisms for catalyst deactivation whereas some leaching of Co nanoparticles, and carbonaceous 40 

deposition was also detected. 41 

 42 

  43 
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1. Introduction 44 

The mitigation of the global warming has been the main driving force of the current research and 45 

development of hydrogen-based energy systems, more environmentally advantageous and efficient 46 

than fossil fuels. Hydrogen can be produced from various feedstocks, among them, the biomass-47 

derived feedstocks are carbon neutral, since the CO2 produced in the process is consumed for the 48 

biomass growth [1]. The huge increase in the worldwide production of biodiesel, a biomass-derived 49 

fuel [2] leads to large amount of surplus glycerol (about 10 wt.% of the produced biodiesel), which 50 

must be converted into higher value-added chemicals to guarantee the economic viability of biodiesel 51 

industries. The highly functionalized glycerol molecule makes it prone to different processes such as 52 

oxidation, hydrogenolysis or dehydration [3]. Also, it can be used to produce fuels such as hydrogen 53 

by catalytic steam reforming (SR), pyrolysis and gasification [4-7]. However, these processes involve 54 

high temperatures and many side reactions, which decrease hydrogen selectivity [4]. 55 

Aqueous-phase reforming (APR) of biomass-derived oxygenated compounds for H2 production [8] 56 

represents several advantages in comparison to SR, such as lower energy demand and lower operation 57 

temperature. The later makes APR thermodynamically more favorable towards the formation of 58 

hydrogen with low CO content, due to the Water-Gas Shift (WGS) equilibrium, water reacting from 59 

liquid phase [9]. In addition, the undesirable decomposition reactions and deactivation by coke are 60 

minimized. APR of biomass-derived oxygenated compounds is typically carried out at moderate 61 

temperature (200-260 ºC) and elevated pressure (2-5 MPa), the later necessary to keep the reactants 62 

in the liquid phase. 63 

The glycerol APR involves, ideally, the following two parallel reactions, which produce hydrogen: 64 

 C3H8O3 (l) →  3CO + 4H2  ∆H0= +338.0 kJ/mol (1) 65 

 CO + H2O (l)  CO2 + H2  ∆H0= +3.38 kJ/mol (2) 66 

The overall APR reaction is the sum of reactions (1) and (2): 67 

  C3H8O3 (l) + 3H2O (l) → 7H2 + 3CO2    ∆H0= +348.1 kJ/mol (3) 68 

In the ideal glycerol APR, 7 moles of hydrogen are obtained from each mole of reacted glycerol, 69 

together with 3 moles of CO2. However, a number of parallel reactions can also occur, such as CO 70 

and CO2 methanation, Fischer-Tropsch or hydrogenations, which are undesirable because hydrogen 71 

is consumed. Dehydration reactions are also detrimental, because the subsequent hydrogenation to 72 

alkanes decreases selectivity to hydrogen [10]. 73 
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An active catalysts for the APR must have high catalytic activity for C–C and C–H bonds cleavage 74 

and WGS reaction, and inhibit C–O bond cleavage, Fisher-Tropsch and methanation reactions [11]. 75 

High H2 and CO2 yields are favored by the C–C and C–H bonds cleavage, which occur in the metallic 76 

sites of the catalysts. The C–O scission, which occur in the acid sites, leads to alkane production [12]. 77 

Therefore, tuning the catalysts metallic and acid properties, the APR process could be ideally focused 78 

to hydrogen or to alkanes production. 79 

Supported Pt catalysts have emerged as benchmark catalyst for hydrogen production by APR of 80 

oxygenated hydrocarbons. Pt has been extensively investigated as either monometallic [13-18] or 81 

bimetallic [19-25] catalytic system. However, due to the high cost of Pt, more cost-effective metals 82 

are seek [26-28]. Cobalt is characterized by a high C–C bond cleavage [29] and WGS activity [30] 83 

and has been reported as a good choice for steam reforming [31-37]. It is scarce, however, the number 84 

of studies carried out concerning APR of oxygenated hydrocarbons with cobalt-based catalysts [38-85 

40]. The main drawbacks of cobalt based catalysts in liquid phase reactions are related to the oxidation 86 

and leaching of metal phase [41]. As a result, rapid deactivation of the catalysts can occur [40]. In 87 

addition, conventional supports such as γ-alumina show low stability under APR hydrothermal 88 

conditions, as it transforms through hydration into more acidic bohemite (AlOOH) phase, leading to 89 

catalyst deactivation [42]. 90 

Based on the above aspects, we hypothesize that cobalt aluminate, a transition metal spinel, could be 91 

a promising alternative as precursor of cobalt-based catalyst, which conjugates the catalytic 92 

advantages of a highly active metal supported onto a stable structure. Mesoporous cobalt aluminate 93 

spinel (CoAl2O4) has low surface acidity, high thermal and pH stability [43]. After reduction at high 94 

temperature metal particles can be rearranged within the aluminate matrix with a relatively high 95 

dispersion of metal crystallites in the surface [44]. So far, cobalt aluminates have been studied for 96 

methane dry reforming [45], methanol SR [46] or propane dehydrogenation [47]. Catalysts obtained 97 

from cobalt aluminate precursors have shown good stability in methane dry reforming [45] and alkane 98 

dehydrogenation. To the best of our knowledge, glycerol APR with cobalt aluminate catalysts has not 99 

been yet investigated. 100 

In the present work, cobalt aluminate spinels were synthesized by coprecipitation. The effect of the 101 

Co/Al atomic ratio on the physico-chemical characteristics was investigated by a wide number of 102 

techniques such as N2 adsorption/desorption, XRD, H2-TPR, H2-chemisorption, FTIR, DRS UV–vis-103 

NIR, XPS, NH3-TPD and Raman. Catalytic performance in the glycerol APR was evaluated in a 104 

continuous up-flow plug reactor.  105 
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2. Experimental 106 

2.1. Catalysts preparation 107 

Spinel-type cobalt aluminates (with Co/Al molar ratio 0.25, 0.5 and 0.625) and bare Co3O4 were 108 

prepared as follows: a proper amount of an aqueous solution of Co(NO3)2·6H2O (99.999% trace metal 109 

basis, Sigma Aldrich) and Al(NO3)3·9H2O (98% trace metal basis, Fluka) was added dropwise into a 110 

beaker containing an aqueous solution of Na2CO3 under stirring, for around 2 hours, at room 111 

temperature at constant pH 10, adjusted with NaOH solution (2M). The resulting suspension was 112 

aged at room temperature for 24 h, filtered, washed several times with de-ionized water and dried at 113 

110 ºC for 17 h. The solid was ground to fine powders and then calcined in a muffle furnace at 500 114 

ºC (heating rate 5 ºC/min) for 5 h in a static air atmosphere. During calcination, the maximum 115 

temperature in the solid did not surpass 505 ºC. The as-prepared solids were denoted as XCoAl, where 116 

X is the nominal Co/Al molar ratio. For comparative purposes, γ-Al2O3 was also prepared by simple 117 

calcination in air (at 500 ºC) of aluminium nitrate. Commercial CoO (Sigma Aldrich) was also used 118 

as reference. Reduction of samples (ex situ) was carried out in a quartz reactor at 600 ºC for 2 h 119 

(heating rate 5 ºC/min) in 50% H2-He flow (50 mL/min).  120 

2.2. Characterization techniques 121 

Bulk composition of the samples was measured by inductively coupled plasma atomic emission 122 

spectroscopy (ICP-AES). Textural properties of the solids were obtained from the nitrogen 123 

adsorption-desorption isotherms determined at 77 K in a Micromeritics TRISTAR II 3020 equipment. 124 

Prior to the adsorption, the samples were outgassed at 300 ºC for 10 h. The specific surface area and 125 

the main pore size were determined with the BET and BJH methods, respectively. 126 

The reduction behavior was studied by hydrogen temperature-programmed reduction (H2-TPR) in a 127 

Micromeritics AutoChem 2920 apparatus. About 50 mg of the calcined sample was initially flushed 128 

in He stream at 500 °C for 1 h (heating rate 10 °C/ min) and then cooled to room temperature in Ar. 129 

Then, a 5% H2-Ar flow was passed through the bed containing the sample while temperature was 130 

increased up to 950 ºC (heating rate 10 ºC/min) and hold for 1 h. The H2 consumption rate was 131 

monitored in a thermal conductivity detector (TCD).  132 

The exposed cobalt surface area was determined by H2 pulse chemisorption in a Micromeritics 133 

AutoChem 2920 apparatus. The sample was reduced at 600 °C for 30 min under 5% H2/Ar flow and 134 

cooled down to 35 ºC under Ar flow. Then, H2 pulses (loop volume 0.5312 mL) were injected until 135 

the eluted peak area of consecutive pulses remained constant. The number of exposed Co atoms was 136 
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calculated from the volume of H2 chemisorbed by assuming a H/Co stoichiometry of 1/1 [48] and a 137 

cross-sectional area of 0.0662 nm2 per Co atom [49]. 138 

The identification of crystalline phases and the morphological study was carried out by powder XRD. 139 

The XRD diffractograms were obtained on a PANalytical X´pert PRO diffractometer with Cu Kα 140 

radiation (λ = 1.5406 Å) and graphite mocochromator. Each sample was scanned from 10 to 80° (2θ), 141 

with a step size of 0.026° (2θ) and a counting time of 2 s. Phase identification was conducted by 142 

comparison with JCPDS database cards. Lattice parameters were calculated by Fullprof software. 143 

The crystallite average size of each species was calculated from its most intense peak broadening 144 

applying the Scherrer equation. 145 

The speciation of cobalt cations (coordination and oxidation states) was determined by Diffuse 146 

Reflectance UV-vis NIR spectroscopy (DRS UV-vis NIR) in a Cary 5000 equipment coupled to 147 

Diffuse Reflectance Internal 2500 within a range of 200-2500 nm. The reflectance data were 148 

converted into absorption by the Kubelka-Munk transformation. Fourier transform infrared 149 

spectroscopy (FTIR) transmittance spectra were recorded in the 400-4000 cm-1 range in a Cary 600 150 

Series FTIR apparatus by employing KBr pellet technique. 151 

The total acidity/basicity of the reduced samples was evaluated by means of pulse NH3/CO2 152 

adsorption followed by subsequent temperature programmed desorption (TPD) of NH3/CO2, 153 

respectively. Experiments were carried out in a Micromeritics AutoChem 2920 equipment coupled 154 

to Mass Spectroscopy (MKS, Cirrus 3000). Each sample was initially pretreated in a He stream at 155 

550 °C for 1 h (heating rate 10 °C/ min) and cooled down to room temperature. Then, it was reduced 156 

at 600 ºC in 5% H2/Ar flow (heating rate 10 ºC/min), hold for 2 h and cooled down in helium flow 157 

(to 90 °C for NH3 adsorption and to 40 ºC for CO2 adsorption). For acidity measurements, a series of 158 

10% NH3-He pulses were introduced at 90 ºC. For basicity measurements a series of 5% CO2/He 159 

pulses were introduced at 40 ºC. Subsequently, the sample was exposed to He flow for 60 min at the 160 

corresponding temperature of adsorption stage in order to remove reversibly and physically bound 161 

NH3/CO2 from the surface. Finally, the temperature was raised to 950 °C (heating rate 5 °C/min) and 162 

the resultant signal was followed by MS (m/z = 17 and 44, for NH3 and CO2, respectively). The total 163 

acidity and basicity of the samples was calculated from the integration of the pulses, and the strength 164 

of the acid and basic sites was evaluated from the corresponding TPD curves.  165 

X-ray photoelectron spectroscopy (XPS) was used to detect the electronic state of Co and Al in the 166 

prepared samples. The spectra were measured using a SPECS spectrometer with Phoibos 150 167 

1D-DLD analyzer and monochromatized Al Kα (1486.7 eV) X-ray radiation in ultrahigh vacuum. 168 

The binding energies were calibrated by taking C 1s peak (284.6 eV) of adventitious carbon as 169 
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reference. The peaks were deconvoluted after background subtraction, using a mixed Gaussian-170 

Lorentzian function. 171 

Raman analysis of the spent catalysts was carried out in a Renishaw InVia Raman spectrometer, 172 

joined to a Leica DMLM microscope, using a laser of 514 nm (ion-argon laser, Modu-Laser). The 173 

power of the laser was reduced in order to avoid the photo-decomposition of the samples by using 174 

neutral density filters. In order to improve the signal to noise ratio, 40 seconds were used for each 175 

spectrum and 10 scans were accumulated at 10% of the maximum power of the 514 nm laser, in the 176 

100 cm-1 to 1800 cm-1 spectral window. 177 

2.3. Catalytic performance  178 

A bench-scale fixed-bed up-flow reactor (Microactivity Effi, PID Eng&Tech), with an internal 179 

diameter of 5.1 mm and a height of 305 mm was used. In a typical catalytic test, about 0.5 g of catalyst 180 

(particle size 0.04 - 0.16 mm) was placed on a stainless steel frit and covered with a quartz wool plug, 181 

giving a bed volume of 0.6 cm3. Before the reaction, the catalyst was reduced in situ under 10 %H2/He 182 

flow at 600 ºC for 1 h (heating rate 10 ºC/min) at atmospheric pressure. When the desired pressure 183 

was reached, the He was switched to bypass and 0.2 mL/min of a 10 wt.% glycerol aqueous solution 184 

was pumped into the reactor while the temperature was raised at 5 ºC/min. Two temperatures were 185 

tested, 235 ºC/3.5 MPa and 260 ºC/5.0 MPa at a Weight Hourly Space Velocity (WHSV) of 24.5 h-1 186 

(determined as the ratio between feed mass-flowrate and mass of fresh catalyst). The reaction 187 

products were cooled down to 5 ºC by the Peltier cell and the two phases separated. The non-188 

condensed gas was online analyzed by a gas chromatograph (µGC Agilent) equipped with four 189 

parallel columns (Al2O3-KCl 10 m, PPQ 10 m, MS5A 10 m, He as carrier, and MS5A 10 m, Ar as 190 

carrier), while the liquid products were collected every 30 min and analyzed by either off-line gas 191 

chromatograph (GC-MS Agilent, CP-Wax 57CB column) or HPLC (Waters 616, Hi-Plex H column) 192 

equipped with Refraction Index Detector. The total organic carbon (TOC) was measured off-line on 193 

a Shimadzu TOC-5050A apparatus. The carbon balance was above 97% for all the experiments.  194 

The total glycerol conversion (XGly) was calculated on the basis of glycerol molar flow, as follows:   195 

 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺(%) = 100 ×
𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑖𝑖𝑖𝑖 −𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

𝐺𝐺𝑜𝑜𝑜𝑜

𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑖𝑖𝑖𝑖  (4) 196 

The carbon conversion to gas (Xgas) was calculated on the basis of carbon atoms molar flow, as 197 

follows: 198 

 𝑋𝑋𝐺𝐺𝐺𝐺𝐺𝐺(%) = 100 ×
𝐹𝐹𝐶𝐶𝑎𝑎𝑜𝑜𝐺𝐺𝑎𝑎𝑎𝑎
𝑖𝑖𝑖𝑖 −𝐹𝐹𝐶𝐶𝑎𝑎𝑜𝑜𝐺𝐺𝑎𝑎𝑎𝑎,𝐺𝐺𝑖𝑖𝑙𝑙𝑜𝑜𝑖𝑖𝑙𝑙

𝐺𝐺𝑜𝑜𝑜𝑜

𝐹𝐹𝐶𝐶𝑎𝑎𝑜𝑜𝐺𝐺𝑎𝑎𝑎𝑎
𝑖𝑖𝑖𝑖   (5) 199 
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Selectivity to gas (Sgas) was defined as the fraction of carbon moles converted into gas phase per 200 

converted glycerol moles:   201 

 𝑆𝑆𝑔𝑔𝐺𝐺𝐺𝐺(%) = 100 ×
𝐹𝐹𝐶𝐶𝑎𝑎𝑜𝑜𝐺𝐺𝑎𝑎𝑎𝑎
𝑖𝑖𝑖𝑖 −𝐹𝐹𝐶𝐶𝑎𝑎𝑜𝑜𝐺𝐺𝑎𝑎𝑎𝑎,𝐺𝐺𝑖𝑖𝑙𝑙𝑜𝑜𝑖𝑖𝑙𝑙

𝐺𝐺𝑜𝑜𝑜𝑜

𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺
𝑖𝑖𝑖𝑖 −𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺

𝐺𝐺𝑜𝑜𝑜𝑜 × 1
3
 (6) 202 

Hydrogen selectivity (SH2) was defined as the ratio between the moles of hydrogen produced and 203 

moles of glycerol reacted, multiplied by 1/7 (inverse of the reforming glycerol:hydrogen ratio, 204 

according to reaction 3):  205 

 𝑆𝑆𝐻𝐻2(%) = 100 ×
𝐹𝐹𝐻𝐻2
𝐺𝐺𝑜𝑜𝑜𝑜

𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑖𝑖𝑖𝑖 −𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

𝐺𝐺𝑜𝑜𝑜𝑜 × 1
7
   (7) 206 

The selectivity of the C-containing gas phase product i was calculated as follows: 207 

 𝑆𝑆𝑖𝑖(%) = 100 × 𝐹𝐹𝑖𝑖
𝐺𝐺𝑜𝑜𝑜𝑜

𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑖𝑖𝑖𝑖 −𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺

𝐺𝐺𝑜𝑜𝑜𝑜 × 𝐶𝐶𝑎𝑎𝑜𝑜𝐺𝐺𝑎𝑎𝑎𝑎,𝑖𝑖 
3

 (8) 208 

Finally, hydrogen yield (YH2) was defined as the ratio between the moles of hydrogen produced and 209 

moles of glycerol fed to the reactor, multiplied by the stoichiometric factor 1/7:  210 

 𝑌𝑌𝐻𝐻2(%) = 100 ×
𝐹𝐹𝐻𝐻2
𝐺𝐺𝑜𝑜𝑜𝑜

𝐹𝐹𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺𝐺
𝑖𝑖𝑖𝑖 × 1

7
   (9) 211 

3. Results and discussion 212 

3.1.  Materials characterization 213 

3.1.1. Chemical composition and textural properties 214 

Figure 1A and 1B show the nitrogen adsorption-desorption isotherms and pore size distribution for 215 

the calcined (solid lines) and reduced (dashed lines) samples. Textural properties are detailed in Table 216 

1 and Table S1 (Supporting Information). The experimental Co/Al atomic ratio was very close to the 217 

nominal value for all the samples. 218 

FIGURE 1 219 

The calcined samples, irrespective of Co/Al, showed type IV isotherms characteristic of mesoporous 220 

solids (IUPAC classification) and H2 type hysteresis loop at high relative pressures, characteristic of 221 

disordered porous materials. Micropore volume was negligible (t‐plot method) indicating that only 222 

mesopores were developed in the prepared samples. The specific surface area (SBET) of the binary 223 

XCoAl oxides was markedly larger than Co3O4 and moderately larger than γ-Al2O3 (117.9 m2/g). 224 

This was due to the mutual protective effect, that is, the presence of one oxide hinders the 225 

crystallization of the other, preventing the formation of large particles. It has been reported that the 226 
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incorporation of aluminium can hinder the crystallization of the Co3O4, and vice versa, preventing 227 

the formation of large particles [50]. This phenomenum was more marked as Al loading increased 228 

(Co/Al decrease), as deduced from the SBET increase from 125.3 m2/g for 0.625CoAl to 136.2 m2/g 229 

for 0.25CoAl (9% increase), as reported by others [51]. Accordingly, pore volume increased and pore 230 

size decreased with Al doping (see Table S1, Supporting Information). 231 

The corresponding pore size distribution curves, obtained from the adsorption branches (Figure 1B), 232 

displayed a similar unimodal distribution for all aluminium-containing samples, with peaks centered 233 

at around 6.5 nm. On the other hand, Co3O4 had a much broader distribution, with an average pore 234 

diameter of 27.7 nm.  235 

TABLE 1 236 

Reduced XCoAl samples displayed type IV isotherms and a combination of H1-H2 type hysteresis 237 

(Figure 1A). As shown in Figure 1B, after reduction, the pore size distribution shifted to larger values 238 

(around 70% increase) and, consequently, SBET declined up to 30% (for 0.25CoAl), caused by the 239 

migration of the metallic cobalt from the CoAl2O4 lattice to the surface [52] and the dilution effect 240 

[53]. Interestingly, similar SBET values were measured for all the reduced samples (96.6 - 102.8 m2/g 241 

range), that is, samples with higher amount of cobalt suffered the lesser SBET decrease, suggesting 242 

that cobalt ions could have stabilized the structure.  243 

3.1.2. Metallic surface area and H2-TPR 244 

As could be expected, the number of exposed metallic cobalt atoms increased with the Co/Al ratio 245 

(Table 1). Upon reduction, cobalt atoms diffused towards the crystal surface agglomerating on the 246 

solid surface. It is noteworthy, however, that the exposed atoms exponentially increased with cobalt 247 

content of binary oxides, and a ten-fold increase was observed from sample 0.25CoAl to 0.625CoAl 248 

(2.28·1018 to 23.0·1018 Co atoms per gram, respectively). Contrarily, bare Co3O4 showed the least 249 

exposed cobalt atoms, as a consequence of sintering (see XRD data).  250 

The H2-TPR profiles are shown in Figure 2A. γ-Al2O3 had no H2 consumption in all the analysed 251 

temperature range (not shown). CoO exhibited a relatively broad reduction signal in the 250 ºC to 252 

750 ºC range, with two peaks, first at 400 °C and a second intense and broad peak at 610 ºC [54]. 253 

Hydrogen consumption (13.5 mmolH2/g) was slightly above the stoichiometric value (13.3 254 

mmolH2/g), what could be ascribed to the complete reduction of Co2+ ions to metallic Co and the 255 

coexistence of trace amounts of fully oxidized cobalt species on the surface of CoO, as also observed 256 

by FTIR (discussed below). 257 

FIGURE 2 258 
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The reduction profile of Co3O4 shows two well defined peaks, the low temperature peak at 300 ºC, 259 

related to the reduction of surface Co3+ to Co2+, and the second broad peak, at higher temperatures 260 

(maxima at about 425 ºC), attributed to the reduction of Co2+ species to metallic cobalt [55]. For 261 

stoichiometric Co3O4, the ratio between the low and high temperature peak is 0.33. Experimentally, 262 

a ratio of 0.37 was measured for sample Co3O4. This corresponds to a bulk Co2+/Co3+ molar ratio of 263 

0.35, somewhat lower than the stoichiometric value (Co2+/Co3+ = 0.5), which indicates it relative 264 

enrichment in Co2O3 (42% excess) in detriment of CoO. This would explain its higher than 265 

stoichiometric (16.6 mmol/g) hydrogen consumption. 266 

H2-TPR of Co/alumina calcined at 500 ºC (prepared by wet impregnation at Co/Al = 0.5) was carried 267 

out for comparison purposes. The low temperature peak (355 ºC) was attributed to Co3+ → Co2+ while 268 

the Co2+ → Co0 reduction stage showed the contribution of three peaks (at 474 ºC, 585 ºC and 670 269 

ºC) depending on the interaction with the support. It is noteworthy that no CoAl2O4 was formed in 270 

this sample, although it was detected after calcination at 800 ºC (Figure S2, Supporting Information). 271 

This suggests that the counter diffusion of Co and Al ions, necessary to form cobalt aluminate, was 272 

promoted by the calcination temperature.     273 

The reduction of all the XCoAl samples started at around 135 ºC and showed four peaks. The two 274 

low temperature peaks, at around 300 and 400 °C (peak I and II), were ascribed to the reduction of 275 

Co3+ to Co2+. The former was related to the surface cobalt cations without any interaction with the 276 

alumina or cobalt aluminate phase. Kung et al. [56] found that Al3+ ions polarize the Co–O bonds in 277 

the spinel-like mixed oxide thus increasing its reduction temperature. Therefore, it could be 278 

reasonably assumed that peak II corresponded to the reduction of Co3+ species in close interaction 279 

with alumina or cobalt aluminate. The reduction peak at around 580 ºC (peak III) was assigned to 280 

Co2+ → Co0.  281 

Peak IV was assigned to the reduction of cobalt ions in the cobalt aluminate (CoAl2O4) phase [57]. 282 

In order to confirm the assignment, the stoichiometric sample (0.5CoAl) was calcined at 800 ºC and 283 

submitted to H2-TPR analysis (Figure S1A, Supporting Information). Calcination at 800 ºC notably 284 

decreased the hydrogen consumption at below 600 ºC whereas it was increased at high temperature 285 

(peak IV). Indeed, formation of CoAl2O4 phase is favored at high calcination temperature [58], thus 286 

it could be reasonably assumed that peak IV reflects the reduction of cobalt in the cobalt aluminate 287 

phase.  288 

It is interesting to note that peak III was significantly shifted to higher temperatures in the XCoAl 289 

samples (by about 150 ºC) as compared with bare Co3O4. The interaction between the cobalt ions and 290 

the support (mixture of alumina and cobalt aluminate) notably hindered both reduction steps, Co3+ to 291 
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Co2+ and Co2+ to Co0. The later occurred at the highest temperature for catalyst 0.625CoAl. Indeed, 292 

this strong Co-support interaction probably led to an elevated Co dispersion (Table 1) and might be 293 

attributed to the high cobalt aluminate content of this sample. Co/alumina samples prepared by wet 294 

impregnation contained more free cobalt (peak I) than those prepared by coprecipitation. 295 

In general, the formation of free Co3O4 and cobalt aluminate phase increased with Co loading (Table 296 

2). For instance, weight percent of Co3O4 accounted for 16.4% in 0.25CoAl and reached up to 34.2% 297 

for catalyst 0.625CoAl, while CoAl2O4 increased from 19.3% to 24.1%, respectively. However, the 298 

fraction of cobalt that was incorporated to the alumina matrix to form cobalt aluminate followed the 299 

opposite trend. As a result, the Co mole ratio as CoAl2O4 to Co3O4 significantly decreased from 1.6 300 

to 0.96 with increasing Co/Al. Note that regardless of the Co/Al ratio, the fraction of easily reducible 301 

Co3O4 particles at the surface remained constant (around 6%), as inferred from similar contribution 302 

of peak I to total hydrogen consumption. 303 

Based on the H2-TPR results, XCoAl catalysts were reduced at 600 ºC for 1 h prior to catalytic runs. 304 

It was confirmed (see Figure S1B, Supporting Information) that all Co3O4 in samples was completelly 305 

reduced, and also around 10% of the cobalt aluminate spinel phase. 306 

The overall Co/Al atomic ratio was calculated from Co 2p to Al 2p peak intensities (Table S2, Figure 307 

S5, Supporting Information). In line with the above results, the ratio between Co and Al atoms was 308 

lower in surface than in the bulk. This surface enrichment on Al3+ ions was attributed to the lower 309 

surface free energy of Al as compared to Co [59]. It is interesting to note, however, that the surface 310 

Co/Al increased in parallel to bulk Co/Al. TPR data amounted to around 6% of the cobalt loaded that 311 

existed as surface Coδ+ species in all the prepared XCoAl samples.  312 

 313 

3.1.3. XRD analysis 314 

All the diffraction peaks of calcined samples (Figure 3A) matched with the reference cobalt aluminate 315 

(PDF 00-044-0160) and cobalt oxide (PDF 00-042-1467) spinel. It should be noted that both Co3O4 316 

and CoAl2O4 crystallize in the same Fd-3m spatial group and cubic system, which makes difficult to 317 

distinguish between both phases by XRD technique (the peaks were ascribed to either Co3O4 or 318 

CoAl2O4, Figure 3A). Characteristic peaks of CoO and Co2O3 were not observed in sample Co3O4. 319 

H2-TPR data suggested these could be formed, thus, it is likely they formed as small crystals (below 320 

detection limit 2-5 nm) or amorphous phase. 321 

FIGURE 3 322 
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As deduced from data in Table 3, the size of CoAl2O4 nanocrystals increased with Co/Al. Also, lattice 323 

parameter (a) clearly shifted towards higher values, thereby suggesting a progressive formation of 324 

CoAl2O4. The incorporation of Co2+ ions to the CoAl2O4 lattice brought about its expansion due to 325 

the difference in the ionic radii between Co2+ (0.74 Å) and Al3+ (0.53 Å) [59]. Also, it seems 326 

interesting to note that Co3O4 sample showed smaller lattice parameter (0.8059 nm) than that of pure 327 

cobalt oxide (0.80837 nm, PDF 00-042-1467), which supports our sample is non-stoichiometric 328 

cobalt oxide,  as previously deduced from its reduction behavior. 329 

Reduced Co3O4 showed no diffraction peaks related to oxidized cobalt species (Co2O3, Co3O4 and 330 

CoO), what implies that all cobalt was reduced, in line with H2-TPR. Instead, diffraction lines of 331 

metallic cobalt (Co0) were clearly visible, either in face-centered cubic (fcc) (51.8º, PDF 00-015-332 

0806) or hexagonal closed packed phase (hcp) (41.8º, 47.6º, PDF 00-005-0727). Simultaneous 333 

presence of both phases was confirmed at the highest Co/Al ratio (0.625CoAl). However, only hcp 334 

Co0 was identified in the rest of reduced samples. It has been reported that hcp Co0 crystallites are 335 

stable at above 40 nm. However, smaller fcc metallic cobalt crystallites were measured, what suggests 336 

that mixed phases of hcp and fcc could be present in our catalysts. It has been reported that hcp to fcc 337 

phase transition of metallic cobalt can occur upon reduction above 400 ºC [60].  338 

The occurrence of various diffraction peaks at low Co/Al could be ascribed to gibbsite (PDF 033-339 

0018) and γ-alumina (PDF 01-079-1558). Indeed, water vapor is released during the reduction of 340 

cobalt oxide which may partially hydrate the γ-Al2O3 to gibbsite at high aluminium loading (i.e. high 341 

γ-Al2O3 content) [61]. 342 

It is noteworthy to point out the notably smaller Co0 particle size obtained after reduction of XCoAl 343 

precursors (around 40-60% smaller). Indeed, Co/Al ratio could be used to tune the Co3O4 to CoAl2O4 344 

ratio (see Table 2), and therefore, the environment in which cobalt species are reduced. Our results 345 

suggest that the strong interaction between Co species and the support in the prepared XCoAl 346 

catalysts can effectively improve dispersion of the metallic active phase upon catalysts activation 347 

[62]. Growth of the metallic Co nanoparticles, as compared to the parent calcined spinel was 348 

observed, as due to the coalescence in the surface of cobalt particles migrated from the bulk.  349 

3.1.4. DRS UV-vis NIR analysis 350 

Figure 4A shows the UV-vis-NIR spectra of the prepared catalyst and CoO, used as reference. The 351 

spectrum of CoO consisted of two absorption maxima centered at 1265 and 544 nm, with a shoulder 352 

at 730 nm. The strong absorption band at 430 nm can be attributed to metal to ligand charge transfers. 353 

Accordingly, these bands were assigned to Co2+ ions in octahedral (Oh) coordination [63]. 354 

Co3O4 crystallizes in the cubic normal spinel structure with Co2+ ions occupying tetrahedral (Td) 355 
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coordination while the Co3+ ions hosted an octahedral surrounding. The observed broad absorption 356 

band at 670 nm was attributed to ν2 (4A2 → 4T1(P)) transition of tetrahedral Co2+. Additional evidence 357 

concerning the presence of the latter comes from a set of bands in the NIR region (1200-1500 nm) 358 

which are characteristics of the ν1 (4A2 → 4T1(F)) transition [63] (not shown). Characteristic bands of 359 

octahedral Co3+ ions are more difficult to distinguish. According to crystal-field theory Co3+ (Oh) 360 

shows two bands, at 714 nm and at 434 nm, of comparable intensity associated with ν1 (1A1g → 1T1g) 361 

and ν2 (1A1g → 1T2g), respectively. The presence of octahedral Co3+ ions could be deduced from the 362 

presence of the broad band, described above, which enclosed the bands of the two Co species (Co2+ 363 

(Td) and Co3+ (Oh)). 364 

The spectra of the calcined XCoAl samples was very similar to Co3O4. It is interesting to note from 365 

Figure 4A that an appreciable blueshift is noticed in the tetrahedrally coordinated Co2+ ions charge 366 

transfer transitions (from 670 nm to 556 and 620 nm) and ascribed to the interaction of such ions with 367 

alumina [64]. Two features can be noted at increasing Al content (decreasing Co/Al): (i) The intensity 368 

ratio of bands at 1330 to 1210 nm increased, and (ii) the ratio 1420 to 1501 nm decreased. Both 369 

features could be assigned to the increase in the Co-Al interaction.  370 

A more careful analysis of the UV-vis DRS spectra of the calcined XCoAl samples evidenced that 371 

the relative intensity of transitions bands in the UV-vis region with respect to NIR bands decreased 372 

with Co/Al ratio. According to [65] tetrahedral cobalt structure (which lacks center of symmetry) 373 

exhibits stronger absorption in NIR region than the octahedral cobalt structure (with center of 374 

symmetry). These results indicate an increase in the amount of tetrahedral Co2+ sites with Co/Al, in 375 

line with previously shown TPR data.  376 

FIGURE 4 377 

The DRS UV-vis NIR spectra of reduced samples (Figure 4B) confirmed the existence of metallic 378 

Co (characteristic absorption band at 274 nm) and the absence of any Coδ+ ionic species 379 

(characteristic absorption bands above 300 nm) on Co3O4 catalyst surface. The later species were, 380 

however, evident in reduced XCoAl samples, in agreement with XRD. In the visible region, all 381 

samples showed the characteristic triplet of Co (Td), though, much less intense than for the calcined 382 

counterparts. Additionally, a new band, ascribed to Co3+ (Oh), arose at 750 nm [66]. It is interesting 383 

to note that the intensity of NIR region bands corresponding to Co in tetrahedral structure decreased 384 

considerable for the reduced samples. This could reflect that the tetrahedral coordination is more 385 

easily reducible [67]. 386 
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3.1.5. FTIR analysis 387 

The FTIR spectra of calcined samples are shown in Figure 5. The presence of Co2+ in tetrahedral (570 388 

cm-1) and Co3+ in octahedral (665 cm-1) coordination [68] were confirmed in sample Co3O4. Sample 389 

CoO showed its characteristics broad transmittance band between 400 and 600 cm-1, with a minimum 390 

at 465 cm-1 [69]. Additional weak band at 660 cm-1 was ascribed to Co3O4 formed by oxidation of 391 

surface CoO. Spectra of XCoAl were significantly attenuated in the 400-800 cm-1 region, indicating 392 

lessening of Co3O4. The sharp bands at around 570 and 660 cm-1, characteristics of the spinel phase 393 

[70] became more intense as Co/Al ratio increased.  394 

FIGURE 5 395 

FTIR spectra of reduced XCoAl samples confirmed the absence of CoO and Co3O4 (not shown). As 396 

previously shown by XRD data, upon reduction at 600 ºC, only metallic Co and cobalt aluminate 397 

coexisted. Moreover, a sort of well defined bands at 3622, 3529, and 3460 cm-1 were detected for 398 

sample 0.25CoAl (Figure S3A, Supporting Information), corresponding to the (OH) stretching 399 

vibrations of gibbsite [71].  400 

3.1.6. Surface acidity and basicity 401 

Glycerol aqueous phase reforming can follow different paths, among them, dehydration reactions are 402 

involved [72] which are very sensitive to catalysts surface acid-base properties [73]. The acid and 403 

basic characteristics of the catalysts were evaluated after reduction at 600 ºC (Figure 6) and results 404 

are summarized in Table 1. The negligible acidity of sample Co3O4 reflects the loss of surface 405 

hydroxyls upon reduction. In the case of XCoAl series, surface density of acid sites decreased with 406 

Co loading, from 0.784 mmolNH3/m2 for 0.25CoAl to 0.508 mmolNH3/m2 for 0.625CoAl. This might 407 

be related to the formation of Co3O4 and cobalt aluminate species instead of alumina. It should be 408 

noted that XRD and FTIR analyses revealed the presence of gibbsite at the lowest Co/Al (catalyst 409 

0.25CoAl), which is characterized by large amounts of surface hydroxyl groups that favor acidity 410 

[61]. 411 

The strength of acidic and basic sites was assigned as indicated in Figure S4 (Supporting 412 

Information). Overall, the prepared catalysts contain mainly weak and medium acidity (Figure 6). 413 

Lewis type acidity could be expected for the prepared catalysts, as these are characteristic of both γ-414 

alumina [74] and cobalt aluminate [47]. The general trend suggests that Co loading increased the 415 

number of weak acid sites, at the expense of intermediate and strong sites, which significantly 416 

decreased as Co/Al ratio increased (specially the medium strength site density). This was probably 417 
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due to the increased presence of cobalt on surface (the number of exposed cobalt atoms increased 418 

with Co/Al, Table 1) which would shield the bare alumina.  419 

The density and nature of surface basic sites was studied by CO2-TPD (Table 1). γ-Al2O3 and Co3O4 420 

contained the lowest amount of basic sites. Co3O4 hardly adsorbed CO2 (14.8 µmolCO2/g); however, 421 

due to its very low surface area (7.36 m2/g), surface density of basic sites amounted 2.01 µmolCO2/m2. 422 

The surface density of basic sites decreased as Co/Al increased. It is interesting to note the 423 

predominance of surface basic functionalities in the prepared XCoAl catalysts, as compared to acid 424 

ones (sites density ratio basic/acid is around 4:1) [75]. XCoAl catalysts contain mainly weak basic 425 

sites (>45%), and a small fraction of strong sites (< 22%). Contrarily to acid sites, the formation of 426 

medium strength basic sites was favored by the Co/Al ratio.  427 

FIGURE 6 428 

3.2. Catalytic performance experiments 429 

An aqueous solution of 10 wt.% glycerol (pH 6.6) was fed into the tubular reactor. Data on catalyst 430 

performance, in terms of glycerol conversion (XGly), carbon conversion to gas (Xgas) and selectivity 431 

to gas (Sgas), are shown in Figure 7. The activity of bare γ-alumina and the homogeneous APR reaction 432 

were negligible (not shown) suggesting that neither of them contributed to the activity observed for 433 

Co-containing catalysts. In case of γ-alumina, traces of hydroxyacetone were observed at the most 434 

severe conditions, owing to its acid property (surface acid sites density 0.55 µmolNH3/m2, surface 435 

basic sites density 0.17 µmolCO2/m2). 436 

FIGURE 7 437 

At 235 ºC/3.5 MPa, the most active catalyst was 0.625CoAl (XGly = 88.4%; Xgas = 21.7%). Glycerol 438 

conversion decreased as follows: 0.625CoAl > 0.5CoAl > 0.25CoAl > Co3O4. Similar order for 439 

conversion to gas was observed: 0.625CoAl > 0.5CoAl ≈ 0.25CoAl > Co3O4. At 260 ºC/5.0 MPa, the 440 

activity of Co rich catalysts (0.625CoAl, 0.5CoAl, Co3O4) increased while performance of catalyst 441 

0.25CoAl hardly varied. Sgas varied in the 18-27% range for all the catalysts and both reaction 442 

conditions. It seems interesting to note that although the high bulk Co content of catalyst Co3O4, its 443 

APR performance was much lower than optimum cobalt-aluminate spinel catalyst. The low number 444 

of surface exposed Co0 atoms of Co3O4 (i.e. twenty times lower than 0.625CoAl, Table 1) could be 445 

responsible. Moreover, Co3O4 showed negligible acidity, which is known to facilitate glycerol 446 

conversion through the dehydration mechanism [76]. Indeed, it produced the least amounts of 447 

hydroxyacetone, which is formed through the dehydration mechanism [72].  448 
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Conversion to gas was below 30% for the prepared catalysts, thus it can be concluded that XCoAl 449 

catalysts decomposed glycerol mainly into liquid oxygenated products. High conversion to gas has 450 

been related to favorable textural properties [77]. Large surface area would facilitate the adsorption 451 

of intermediate molecules onto highly dispersed active phase nanoparticles, facilitating their further 452 

conversion into gaseous products. The moderate specific surface area (around 100 m2/g) of the 453 

prepared catalysts could limit their gasification potential.  454 

It is interesting to note that conversion to gas proportionally increased with the glycerol conversion. 455 

That is, the higher the glycerol molecules decomposed, the higher the fraction of C atoms in the feed 456 

that were converted into gaseous products. The prepared XCoAl catalysts converted around 24% of 457 

the glycerol into gaseous products, regardless of the used catalyst and operation conditions (Figure 458 

S6A, Supporting Information).  459 

3.2.1. Gaseous products 460 

The main components of the gaseous products were: H2, CO2, CH4, CO and C2+ (which includes 461 

alkanes and alkenes of two or more carbons). Hydrogen concentration in the gaseous stream varied 462 

in the 52-63% and 60-75% ranges, under moderate and severe conditions, respectively (Table 4). The 463 

second main product was CO2 (10-30%), followed by CH4 (8-14%), CO (0.6-2.3%) and small C2+ 464 

hydrocarbons (<6%). Traces of ethane, ethylene, propane, and butane were also detected. The main 465 

carbon-containing product was CO2. Regarding hydrogen selectivity, it varied in the 12-40% and 12-466 

30% under moderate and severe conditions, respectively.   467 

Data in Table 4 revealed that the amount of gas and hydrogen flow produced under both experimental 468 

conditions was maximum by catalyst 0.625CoAl (e.g. 322 µmol/gcat·min; 168 µmolH2/gcat·min at 469 

lowest temperature). It is interesting to note that Co-rich catalysts (0.5CoAl, 0.625CoAl and Co3O4) 470 

were more sensitive to APR operation conditions. This way, the gasification capability and hydrogen 471 

production significantly increased under severe conditions (260 ºC/5.0 MPa), while for Co-lean 472 

catalysts, the influence of operation conditions was limited. 473 

Catalysts Co3O4 gave the highest hydrogen selectivity (SH2=40.2% and 26.8%, Table 4). Indeed, 474 

metal property is known to induce dehydrogenation reactions [78] and catalyst Co3O4, with the 475 

highest cobalt content, favored dehydrogenation route. In fact, selectivity towards methane was also 476 

highest (SCH4=21.0%), as could be expected from the high methanation activity of Co [79] and the 477 

high surface concentration of strong basic sites of sample Co3O4, which facilitate methanation [80]. 478 

Moreover, methane is the thermodynamically most favored compound under APR conditions, 479 

specially under low temperature APR conditions [81]. This would explain the high selectivity to 480 

methane measured for Co3O4 and also the increase in the H2/CH4 ratio by increasing operation 481 
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temperature observed for these catalysts (Table 5). Acidic sites or media can promote dehydration 482 

reactions and undesired Fisher-Tropsch [82], which reduce hydrogen yield in APR. Our results 483 

supported that the absence of acidic sites and the abundance of surface basic sites of Co3O4 facilitated 484 

the dehydrogenation of the glycerol.  485 

Although the high SH2, the glycerol conversion and conversion to gas were lowest for sample Co3O4 486 

(at 235 ºC/3.5 MPa: XGly = 23.4%; Xgas = 5.2%) due to its larger Co particle size (Table 3) which 487 

conferred the lowest amount of surface Co0 atoms, with 1.22·1018 atoms/g (Table 1). Catalyst 488 

0.625CoAl, which contained the highest number of exposed Co atoms (23·1018 surface Co0 atoms/g, 489 

Table 1), gave the highest hydrogen yield under both moderate and severe conditions, 10.8% and 490 

14.9%, respectively. The high Co dispersion and the low ratio of acid to basic sites of 0.625CoAl 491 

(0.51/1.90) facilitated the initial dehydrogenation of the substrate and somewhat limited the side 492 

reactions. It is interesting to note that the CH4 selectivity decreased from 21% for catalyst Co3O4 to 493 

6% for 0.635CoAl, what suggest that the formation of cobalt aluminate spinel also inhibited the 494 

methanation activity of cobalt [83]. 495 

As previously noted, the production of H2 (Table 4) increased with operation temperature. However, 496 

as conversion increased, the selectivity to hydrogen was compromised (Figure S6B, Supporting 497 

Information). Methanation and Fischer–Tropsch reactions take place under similar reaction 498 

conditions to APR. Moreover, there is evidence on the similar reaction intermediates [84, 85]. Indeed, 499 

the observed behavior suggests that cobalt can be active for the above two reactions under APR 500 

conditions. If WGS occurred, a ratio H2/CO2 of 2.33 could be expected at the APR reactor outlet. 501 

However, it was 1.73 for 0.625Co/Al what supports H2 consumption through the above mentioned 502 

side reactions. 503 

TABLE 4 504 

3.2.2. Liquid products 505 

Product distribution in the condensable phase is shown in Figure 8A and Figure 8B. The most 506 

abundant liquid product was 1,2-propylene glycol, followed by hydroxyacetone and ethylene glycol. 507 

In addition, trace amounts of ethanol, methanol, acetone, acetaldehyde, propionaldehyde, 1-propanol 508 

and 2-propanol were also detected for all the catalysts. Overall, there is a clear predominance of 509 

oxygenated C3 compounds as compared to C2 or C1 compounds, what would reflect a moderate to 510 

weak capability of cobalt aluminate catalysts for direct C-C bond cleavage. 511 

The wide variety in the obtained liquid products confirmed the complexity of the glycerol APR 512 

process, where reactions of dehydration, dehydrogenation and hydrogenolysis take place, together 513 
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with the reforming of the intermediate compounds. Based on the obtained product distribution, a 514 

possible reaction pathway for our bifunctional catalysts is depicted in Scheme 1, which comprises 515 

two main routes: dehydrogenation to glyceraldehyde (route A), preferably on metal sites, and 516 

dehydration to hydroxyacetone (route B), mainly on acid sites. The comparatively higher yield to 517 

hydroxyacetone and 1,2-propylene glycol of all the assayed catalysts indicated that the dehydration 518 

route was dominant. This can be seen in Figure 8C, where the ratio between direct dehydration (1,2-519 

propylene glycol and hydroxyacetone) and dehydrogenation (ethylene glycol) products in the liquid 520 

phase clearly exceeded unity (varied in 4-10 range). Moreover, a linear correlation was found between 521 

this ratio and the density of surface acid sites. It is accepted that hydroxyacetone is formed by 522 

elimination of primary hydroxyl group of glycerol while 3-hydroxypropanal is formed by elimination 523 

of the secondary. 3-hydroxypropanal was not detected among the condensable phase products, what 524 

implies a higher reactivity of the primary hydroxyl by our catalysts. Also, as previously noted, 525 

majority of Lewis sites was expected in these catalysts, which were reported to favor dehydration 526 

towards hydroxyacetone rather than to 3-hydroxypropanal [86]. This could explain the absence of the 527 

later among the condensable phase products. Also, the very scarce acidity of Co3O4 (Table 1), would 528 

explain the much lower production of hydroxyacetone and 1,2 propylene glycol by this catalyst.  529 

According to Scheme 1, 1,2-propylene glycol is formed by the hydrogenolysis of hydroxyacetone. 530 

Since hydrogen is consumed for the formation of 1,2-propylene glycol, high yield to this by-product 531 

could be directly related to a high hydrogenolytic capacity accompanied by limited hydrogen 532 

production. However, 0.625CoAl still presented the highest hydrogen yield what reflects that both 533 

routes of dehydration/hydrogenolysis and dehydrogenation were present. The moderate concentration 534 

of ethylene glycol in liquid products, which is produced from dehydrogenation/decarbonylation of 535 

glycerol, would support the above idea. It also points out the high C-C, C-H cleavage activity of 536 

catalyst 0.625CoAl, accompanied by an increased production of hydrogen. As previously noted, 537 

0.5CoAl and 0.625CoAl catalysts were characterized by the lowest total acidity but the largest surface 538 

density of weak and medium strength acid sites. Indeed, these catalysts led to the formation of 539 

moderate amounts of oxygenated hydrocarbons in the liquid phase, what suggests a predominant role 540 

of weak and medium strength acid sites (i.e. Lewis sites) in C-O cleavage mechanism rather than 541 

strong sites. 542 

SCHEME 1 543 

For the most active catalyst 0.625CoAl, at 260 ºC/5.0 MPa, the yield to hydroxyacetone and 1,2-544 

propylene glycol decreased as compared to that at 235ºC/3.5 MPa (1,2-propylene glycol: 0.37 vs 545 

0.43; hydroxyacetone: 0.11 vs 0.14). This behavior coincided with an important increase in the 546 
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hydrogen yield of 0.625CoAl with the increase of reaction temperature (Table 4: 10.8% vs. 14.9%) 547 

what suggests that dehydrogenation, which competes with dehydration route, was significantly 548 

favored under severe conditions. Overall, our experimental results show that catalyst that promote 549 

dehydration reactions lead to low hydrogen selectivity as oxygenated intermediates can be 550 

hydrogenated to form alkanes.  551 

FIGURE 8 552 

3.3. Long-term catalytic study 553 

A long-term catalytic run was carried out over the most active catalyst (0.625CoAl) under the so-554 

called severe conditions (at 5.0 MPa/260 °C). Results, shown in Figure 9 and Figure 10, revealed a 555 

significant loss of catalytic performance with reaction time. During the first 3 hours of reaction, 556 

glycerol conversion remained high, at around 98%, with conversion to gas and selectivity to gas, both 557 

showing values of around 30%. Afterwards both XGly and Xgas values gradually decreased. After 30 558 

hours of time on stream (TOS), both parameters dropped to 27% and 7%, respectively, while Sgas 559 

remained around 23%. Consequently, the gas outflow decreased from 11 mL (STP)/min, during the 560 

first 3 hours, to around 4.7 mL (STP)/min at the end of the test. It is interesting to note that H2/CO2 561 

ratio remained very close to the theoretical value (H2/CO2 = 2.3) at the initial stages of APR reaction 562 

and markedly increased (up to H2/CO2 = 12) with TOS, indicating that secondary reactions have taken 563 

on a greater role.  564 

Regarding the condensable phase, 1,2-propylene glycol was the main species among the liquid 565 

products throughout all the reaction period (30 h). It is accepted that hydroxyacetone is produced 566 

directly from glycerol through the dehydration route. Subsequent hydrogenation of hydroxyacetone 567 

molecule can yield 1,2-propylene glycol [87]. Thus, it suggests that hydroxyacetone was readily 568 

hydrogenated over the metallic active sites of 0.625Co/Al catalyst. It was found that concentration of 569 

1,2-propylene glycol and hydroxyacetone, increased during the first hours of reaction (i.e. 1,2-570 

propylene glycol increased up to 38% during the initial 7 h of TOS) and at prolonged TOS, dropped 571 

off. Other liquid products such as ethylene glycol, ethanol (dehydrogenation route A in Scheme 1) 572 

and acetone (dehydration route B in Scheme 1) progressively declined throughout all reaction period. 573 

This behavior reflects that predominant reactions during the initial stages of reaction were different 574 

from those measured at prolonged TOS values. It could be interpreted as the hydrogenation reactions 575 

(i.e. of hydroxyacetone in Scheme 1) occurring more rapidly than dehydration (i.e. of 1,2-propylene 576 

glycol, glycerol) on the acid functionalities on catalyst surface. However, this trend changed as 577 

reaction proceeded, and 1,2-propylene glycol dropped off to around 8%. Such a loss of hydrogenation 578 

activity was likely caused by the loss of metallic active sites. The intense decrease with TOS of Xgas 579 
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and the continuous downward trend in the ethylene glycol concentration, which is formed through 580 

the dehydrogenation route, support the above idea.  581 

It seems interesting to note that dehydrogenation rate (that is C-C and C-H cleavage capacity) was 582 

more affected by catalyst deactivation as suggested by the progressive decrease on the levels of 583 

ethylene glycol, and its derivate ethanol in the liquid phase. Moreover, the stable profile of 584 

hydroxyacetone within all the reaction time, suggests that catalyst still preserved surface acidity. 585 

Contrarily, as previously pointed out, 1,2-propylene glycol and hydroxyacetone increased with time 586 

during a part of reaction. We hypothesize that this could be due to enhanced acid property on the 587 

catalyst surface and oxidation and leaching of cobalt [40]. It has been reported that a part of γ-alumina 588 

in the support can be transformed into boehmite as APR reaction proceeds [88]. The surface hydroxyl 589 

groups of the later would increase acidity [42], what would drive reaction mechanism towards the 590 

dehydration mechanism. The formation of ethylene glycol requires the formation of glyceraldehyde. 591 

However, the later was not detected in the liquid stream. It could be due to its rapid decarbonylation 592 

to yield ethylene glycol favored by the high C-C cleavage activity of Co [89]. 593 

The variability of the gaseous phase composition also evidenced these alterations on the reaction 594 

mechanisms. Hydrogen concentration continuously increased throughout the long term APR reaction. 595 

C1 and C2 gaseous products (i.e. CO, ethylene, ethane), resultant of high C-C cleavage activity, 596 

initially increased and at around 12 h of TOS, leveled off (Figure 10D). Contrarily, methane showed 597 

the inverse trend, and decreased with TOS. Considering these dynamic conditions, data collected 598 

during the first 12 h of TOS were used to calculate the partial correlation matrix (IBM SPSS Statistics 599 

24) (Pearson coefficients and p values shown in Table S3, Supporting Information) and seek for 600 

correlations between the formation/consumption of the oxygenated hydrocarbons. 601 

FIGURE 9 602 

FIGURE 10 603 

A strong and significant correlation was observed between 1,2-propylene glycol and hydroxyacetone 604 

(r: 0.877, p<0.001) which supports that both are intermediate products of same decomposition route 605 

(i.e. dehydration of glycerol, route B in Scheme 1). There is also an alternative route in which the 606 

glycerol molecule undergoes dehydrogenation/decarbonylation (Route A) to yield ethylene glycol. 607 

Significant and strong correlation existed between ethylene glycol and ethanol/acetone (r: 608 

0.984/0.954, p<0.001) suggesting all of them participate in this reaction chain. Moreover, from Table 609 

S3 (Supporting Information) it can be observed that correlation between 1,2-propylene glycol, 610 

hydroxyacetone and the later species was low and statistically not significant (1,2-propylene glycol r 611 
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-0.274 and r -0.197; hydroxyacetone r -0.495 and r -0.449 for ethanol and acetone, respectively). This 612 

lack of correlation could be interpreted as that both dehydration and dehydrogenation mechanism 613 

occurred simultaneously, and independently, in our catalytic system.   614 

Finally, the correlation between liquid products and those in the gas phase was also analyzed. There 615 

existed a significant correspondence between levels of the main gaseous products and ethylene glycol, 616 

ethanol and acetone in the liquid phase. On the contrary, no correlation existed with respect to 617 

hydroxyacetone and 1,2-propylene glycol levels, suggesting that contribution of the dehydration route 618 

to production of small gas products was marginal. Indeed, dehydrogenation of glycerol was the main 619 

route that produced gas flow.  620 

Regarding the species in the gaseous stream, it is worth pointing out the strong correlation observed 621 

between H2 and CO2 (r -0,988, p<0.001). The negative value implies the existence of an opposite 622 

trend, where selectivity to H2 increased at the time CO2 in the gas phase was reduced. This behavior 623 

suggests that WGS reaction, which simultaneously produces H2 and CO2, did not pose a relevant role 624 

in this catalytic system. The increase with time of CO levels, would support the idea of WGS activity 625 

decay of the catalyst. As could be expected, a positive and significant correlation between H2 and 626 

alkanes and alkenes (ethane, ethylene, propylene) was found as the later are formed through hydrogen 627 

reforming reaction of intermediate compounds.   628 

3.4. Characterization of spent catalysts 629 

Spent catalysts discarded from the APR unit (260 ºC/5.0 MPa, TOS: 1 hour) were characterized by a 630 

sort of techniques. The specific surface area and pore volume notably increased after usage (Table 1), 631 

whereas the average pore size decreased (Tables S1, Supporting Information). Increase in the specific 632 

surface area was more pronounced for samples prepared at low Co/Al (SBET increased by 194% for 633 

0.25CoAl, and about 70% for 0.5CoAl and 0.625CoAl samples). On the contrary, specific surface 634 

area decreased by around 21% for sample Co3O4. This behavior suggests that aluminium-based 635 

compounds could be involved in such a surface area increase (Figure S7, Supporting Information). It 636 

is well known that γ-alumina could be hydrated to either boehmite or gibbsite phase under 637 

hydrothermal conditions, as hydroxides are thermodynamically more stable than γ-alumina [90]. 638 

Moreover, hydration of γ-alumina is enhanced in acidic medium, as occurred in our catalytic system 639 

(liquid product stream initial pH: 6.6; final pH: 2.6) due to the presence of soluble oxygenated 640 

compounds and dissolved CO2. In addition, the aluminium hydroxide can leach from catalysts 641 

surface, assisted by acid media [4], which would generate extra porosity in the solid and, thus, 642 

increase its specific surface area.  643 



22 

 

XRD diffraction lines of fcc metallic cobalt were observed in all spent catalysts (Figure 3C). Note 644 

that both fcc and hcp phases were detected in fresh samples what supports the idea of the fcc phase 645 

being thermodynamically more stable than hcp [91]. Sintering notably increased the cobalt crystallite 646 

size of all samples (largest value for Co3O4, with dCo = 43 nm). It occurred by coarsening of large 647 

particles at the expense of smaller ones [92]. This phenomenum has been reported to be favored at 648 

high pressures and by the support hydrolysis which breaks the metal-support anchoring [93]. The 649 

formation of CoO (PDF 042-1300) and gibbsite was clearly observed for the cobalt aluminate based 650 

catalysts. Under hydrothermal conditions, water can act a strong oxidizing agent, even in presence of 651 

high hydrogen concentration in the gas stream [42].  652 

H2-TPR analysis after reaction are shown in Figure 2B. Spent Co3O4 catalyst showed a single 653 

reduction peak, centered at 272 ºC, which can be ascribed to Coδ+ species with very weak interaction 654 

with the support, product of the re-oxidation of the metallic cobalt [94]. It is known that oxidation of 655 

cobalt by water may occur, as anticipated by the low values of the Gibbs free energy [40]. The 656 

observed H2 consumption suggests that around 10% of total cobalt was re-oxidised in this sample. 657 

Regarding spent XCoAl catalysts, the amount of easily reducible Coδ+ species, formed as due to the 658 

re-oxidation of metallic cobalt during APR of glycerol [95], was notably lower. For instance, in the 659 

case of catalyst 0.625CoAl, it accounted for around 3% of cobalt oxide measured in the fresh sample. 660 

For catalyst 0.25CoAl, these species were undetected, probably caused by its limited formation, due 661 

to low Co loading and leaching favored by such an acid media.  662 

It seems interesting to note the increased H2 consumption of spent catalyst at high temperatures (at 663 

above 600 ºC) as compared to fresh samples. Integration of the TPR profile allowed quantifying the 664 

cobalt aluminate enrichment at around 31-35% for the exhausted XCoAl catalysts. Moreover, 665 

reduction peaks shifted to higher temperatures. We hypothesize that the lessening of surface cobalt 666 

species due to leaching, could have limited the spillover phenomena. Also, the observed reduction 667 

profile reflects that re-oxidation of metallic cobalt occurred in close contact to aluminum species to 668 

form cobalt aluminate. Based on the significant differences in the catalytic performance of Co3O4 and 669 

XCoAl catalysts, it seems reasonable to assume that alumina species could also have a significant 670 

role in the reaction mechanism.   671 

H2 chemisorption analyses revealed a decrease of around 80-95% in the exposed Co metallic area. 672 

Such a significant loss of active sites would imply a sound re-oxidation of Co particles accompanied 673 

by leaching. However, the amount of Co leached was not very significant, and remained in the 1.6-674 

3.2% range (Table 1). Moreover, TPR analyses showed that hydrogen consumption of spent catalyst 675 

was not reduced to a large degree. In hot-compressed water, where solubility of inorganic oxide 676 
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materials is low, it can be expected that hydroxylated alumina that leached off can be re-deposited on 677 

the catalyst surface [88]. Indeed, this could have diminished the number accessible metallic cobalt 678 

atoms. For practical application, regeneration of our catalyst, essentially by a reduction treatment 679 

[96], would be required to overcome cobalt re-oxidation.  680 

Deposition of carbonaceous materials onto catalyst surface was investigated by Raman (Figure 11). 681 

Two bands at around 1340-1400 cm-1 and 1540-1600 cm-1 were observed which are related to the 682 

defect/amorphous (D-band) and graphite (G-band) modes of carbon, respectively [97]. According to 683 

literature, D-band can be associated to non-deactivating carbon, whereas G-band corresponds to 684 

deactivating graphitic carbon [98]. In the Raman spectra of the spent catalysts, both D and G bands 685 

of the deposited coke at 1340 cm-1 and 1604 cm-1, respectively, were clearly observed. This was in 686 

agreement with XRD data of spent catalysts which confirmed the formation of graphitic carbon 687 

(2θ=26.4º) on 0.25CoAl and 0.5CoAl catalysts. FTIR analysis of the spent 0.625CoAl (after 30 h 688 

TOS) also confirmed the presence of coke precursors (Figure S3B, Supporting Information). Raman 689 

bands were very broad, which indicates that the coke was highly inhomogeneous in nature. The 690 

intensity ratio of D/G (ID/IG) bands was used to obtain the coke distribution profiles. The fact that 691 

ID/IG value was in all cases lower than unity (0.18-0.88 range), suggests deposition of mainly graphitic 692 

carbon. Moreover, this ratio decreased with Co/Al. This would also help understanding the observed 693 

strong deactivation during the long-term run. As shown in Table 1, density of total surface acid sites 694 

decreased with Co/Al, being very low for the reduced Co3O4 sample. It could be reasonably 695 

hypothesized that carbon deposits were more readily formed during dehydration reactions over the 696 

acid sites, with some contribution of metallic cobalt, being the later the unique contribution to carbon 697 

deposits on Co3O4. Coke formation in APR occurs to a much lesser extent than in gas phase 698 

reforming, due to higher H2O/carbon and lower operation temperatures. Carbon deposits were 699 

detected in our catalysts, probably formed by polymerization of reaction intermediates on acidic sites.  700 

FIGURE 11 701 

4. Conclusions 702 

Cobalt aluminate spinels were synthetized by coprecipitation at varying Co/Al ratios (XCoAl) and 703 

tested for their activity and stability in the aqueous phase reforming of glycerol. Specific surface area 704 

of solids was moderate (around 130 m2/g), which slightly decreased through reduction at 600 ºC (to 705 

around 100 m2/g for all the samples).  706 

The formation of spinel structure in the XCoAl series was confirmed by XRD, DRS UV-Vis and 707 

FTIR analyses. Incorporation of aluminium hindered the crystallization of the Co3O4, preventing the 708 
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formation of large particles. Also, the reduction of cobalt species in the mixed spinel shifted to higher 709 

temperatures as compared to the Co3O4 alone reflecting an strong Co-O-Al interaction in the mixed 710 

spinels. XPS revealed that that surface CoAl2O4 to Co3O4 molar ratio was about 2-3 times larger than 711 

bulk composition. Consequently, improved Co dispersion was achieved in the spinel based catalysts, 712 

with the maximum number of exposed Co atoms in catalyst 0.625CoAl (ten fold that of Co3O4). 713 

Cobalt aluminate system has the potential to display high APR performance if the 714 

methanation/Fischer-Tropsch activity can be inhibited. Our catalytic results suggest that XCoAl 715 

catalysts maintained the surface basicity of metallic cobalt, while strong acidity of alumina was 716 

attenuated. Resultant acid sites were mainly weak and medium strength sites, what inhibits undesired 717 

dehydration and other side reactions. Catalyst 0.625CoAl showed the most promising results with 718 

high XGly and Xgas and also high hydrogen formation rate (231 µmolH2/gcat·min at 260 ºC/5.0 MPa). 719 

We could conclude that reduction of the Co species on XCoAl catalysts prepared at a Co/Al ratio 720 

above the stoichiometric value produced smaller and more stable metallic Co which was more 721 

resistant to sintering and coke formation. Remarkable deactivation was reported, which was mainly 722 

attributed to sintering and re-oxidation of active phase with some leaching of Co nanoparticles, 723 

favored by the acidity of the media, and carbon deposition, mainly on acid sites. 724 
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Figure 1.  Nitrogen adsorption-desorption isotherms (A) and pore size distribution (B) of the 
calcined (c, solid lines), reduced (r, dashed lines) and used (u, dotted lines) samples. 
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Figure 2.  H2-TPR profiles of (A) fresh samples and (B) samples used in APR reaction. 
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Figure 3.  XRD patterns of (A) calcined samples, (B) reduced samples and (C) used catalysts. 
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Figure 4.  DRS spectra of (A) calcined samples and (B) reduced samples. 
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Figure 5.  FTIR spectra from calcined samples.  
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Figure 6.  (A) Surface acid sites density and (B) surface basic sites density. 
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Figure 7.  Effect of Co/Al ratio on glycerol APR activity (conversion to gas and glycerol total 

conversion) at 235 ºC/3.5 MPa and 260 ºC/5.0 MPa. Reaction conditions: Wcat = 0.5 g, 

FTot = 0.2 mL/min, 10 wt.% glycerol/water, WHSV = 24.5 h-1. 
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Figure 8.  Liquids products distribution of glycerol APR at 235 ºC/3.5 MPa (A) and 
260 ºC/5.0 MPa (B). Ratio of dehydration to dehydrogenation in the liquid products  
in function of surface acid sites density (C). Reaction conditions: Wcat = 0.5 g, 
FTot = 0.2 mL/min, 10 wt.% glycerol/water, WHSV = 24.5 h-1. 
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Figure 9. Evolution of XGly and Xgas with TOS for 0.625CoAl catalysts at 260 ºC/5.0 MPa. Reaction 

conditions: Wcat = 0.5 g, FTot = 0.2 mL/min, 10 wt.% glycerol/water, WHSV = 24.5 h-1. 
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Figure 10. Evolution with TOS of (A) SH2, YH2, SCH4 and FH2; (B) molar H2/CO2 and H2/CH4 in the gas phase; (C) liquid phase composition; (D) gas phase composition. 

Data for 0.625CoAl catalysts at 260 ºC/5.0 MPa. Reaction conditions: Wcat = 0.5 g, FTot = 0.2 mL/min, 10 wt.% glycerol/water, WHSV = 24.5 h-1.  
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Figure 11.  Raman spectra of spent catalysts. 
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Scheme 1. Reaction pathways for glycerol APR on XCoAl catalysts. 
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Table 1. Textural and surface properties of the investigated catalysts.  

  SBET 
(m2/g) 

Surface acid 
sites density 

Surface basic 
sites density 

Number of exposed 
Co atoms (atoms/g) b Leached metals (wt.%) c 

Sample Co/Al a 
(at./at.) calcined reduced spent (µmolNH3/m2) (µmolCO2/m2) reduced spent Al  Co  

0.25CoAl 0.267 136.2 96.6 284.4 0.78 2.20 2.28·1018 4.08·1017 2.2 2.1 
0.5CoAl 0.498 132.3 102.8 172.6 0.60 1.95 3.92·1018 7.71·1017 13.7 3.2 

0.625CoAl 0.634 125.3 101.7 178.2 0.51 1.90 23.0·1018 9.92·1017 1.5 1.6 

Co3O4
 ∞ 37.7 7.36 5.8 0.06 2.01 1.22·1018 9.4·1017 - 0.3 

a from ICP-AAS. 
b From H2 chemisorption (H:Co=1:1). 
c from ICP-AAS in the condensable products at the end of run expressed as percentage of the amount of metal present in the 

parent catalyst 

  



Table 2. Results from H2-TPR studies of the XCoAl samples. 

 

In parenthesis the temperature of the peak (in ºC). 
a weight fraction in catalyst as Co3O4 or CoAl2O4 (from H2-TPR). 
b Co distribution as bulk CoAl2O4/Co3O4 mole ratio (from H2-TPR). 
c at 600 ºC.  
d Total hydrogen consumption of spent catalyst.  

  

Sample 

H2 uptake 
(mmolH2/g) Bulk composition a 

Co distribution b 

H2 uptake(mmolH2/g) 

Total Peak I Peak II Peak III Peak IV Co3O4
 CoAl2O4 

Total 
spent catalysts d 

0.25CoAl 3.81 0.190 (291) 0.492 (398) 2.038 (570) 1.090 (780) 0.164 0.193 1.60 3.19 

0.5CoAl 5.73 0.348 (297) 0.723 (403) 3.484 (572) 1.175 (766) 0.274 0.208 1.03 4.90 

0.625CoAl 7.04 0.392 (292) 0.881 (413) 4.407 (594) 1.360 (783) 0.342 0.241 0.96 4.98 

Co3O4 17.40 4.70 (300) 12.70 (425) 0 0 1.0 0 0 1.81 



Table 3. Results from XRD studies of the calcined and reduced samples. 

 Calcined samples Reduced samples Spent  

Sample dspinel 
(nm) 

aspinel 
(nm) 

dCo(hcp) 

(nm) 
dCo(fcc) 

(nm)
 

dCo(both) 

(nm) 
dCo(fcc) 

(nm) 
 

0.25CoAl 3.8 0.7993 ±0.00584 21.0 n.d. n.d. n.d.  

0.5CoAl 4.1 0.8031 ±0.00081 27.6 n.d. 18.2 34.4  

0.625CoAl 5.0 0.8040 ±0.00135 22.8 11.6 16.5 25.7  

Co3O4 19.7 0.8059 ± 0.00086 36.4 20.1 28.3 43.0  

 

  



Table 4. Glycerol conversion rate and gas products stream characteristics.  

         Gaseous products (%) 
H2/CO2 H2/CH4 Reaction 

conditions Catalysts Fgas 
(µmol/gcat·min) 

FH2 
(µmolH2/gcat·min) 

Sgas 
(%) 

SH2 
(%)  YH2 

(%) 
SCH4 
(%) H2 CO2 CH4 CO 

235 ºC/ 
3.5 MPa 

0.25CoAl 243 148 27.0 18.0  9.5 5.3 61.0 25.8 7.7 1.4 2.36 7.95 

0.5CoAl 193 105 19.2 11.9  6.8 6.5 54.5 27.6 12.8 0.64 1.98 4.27 

0.625CoAl 322 168 24.6 12.2  10.8 6.0 52.2 30.1 11.1 0.93 1.73 4.71 

Co3O4 122 77 22.5 40.2  9.4 21.0 62.6 17.0 14.0 2.3 3.69 4.47 

260 ºC/ 
5.0 MPa 

0.25CoAl 224 169 18.0 29.9  10.9 8.1 75.4 9.5 8.8 2.0 7.96 8.57 

0.5CoAl 257 162 19.8 12.5  10.4 4.6 63.0 22.8 10.0 1.8 2.76 6.29 

0.625CoAl 388 231 26.4 15.3  14.9 7.2 59.6 24.9 12.0 0.92 2.39 4.98 

Co3O4 323 207 33.3 26.8  13.3 12.4 64.1 17.4 12.7 1.9 3.69 5.06 
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1.1. Textural properties 

Table S1. Pore characteristics of the calcined, reduced and used catalysts. 

 Pore volume 
(cm3/g) 

Average pore 
diameter (nm) 

Sample calcined reduced spent calcined reduced spent 

0.25CoAl 0.309 0.309 0.455 6.0 10.1 5.7 
0.5CoAl 0.283 0.336 0.524 6.6 10.8 10.4 

0.625CoAl 0.280 0.375 0.411 6.8 11.8 8.0 

Co3O4 0.272 0.032 0.021 27.7 140.2 13.0 

 

1.2. H2-TPR 

In order to quantify the amount of cobalt reduced after reduction at 600 ºC, the samples were  

subjected to a double H2-TPR: first, at the reduction conditions (600 ºC for 1 hour, TPR-a); thereafter, 

it was brought to room temperature in He stream, and was subjected to a second reduction ramp up 

to 950 ºC, at a heating ramp of 10 ºC/min (TPR-b). As an example, the obtained profiles for 0.5CoAl 

shown in Figure 1SA evidenced that the TPR-b, only showed the presence of a single reduction peak, 

centered at 770 °C, corresponding to the reduction of remanent cobalt aluminate spinel. The amount 

of hydrogen related to this peak was 1.065 mmolH2/g (reduction degree of 81.4%) which means that 

about 10% of the peak IV, (i.e. that corresponding to CoAl2O4), is readily reduced with the reduction 

protocol carried out prior to the catalytic runs.  

  



 

Figure S1. (A) H2-TPR profiles for 0.5CoAl calcined at 600 and 800 ºC. (B) H2-TPR for the sample 

0.5CoAl up to 600 ºC (TPR-a) and the subsequent at 950 ºC (TPR-b).  
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Figure S2. H2-TPR profiles for Co/Alumina prepared by wet impregnation (Co/Al=0.5) calcined at 

500 and 800 ºC. 
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1.3. FTIR 

                  

Figure S3. (A) FTIR spectra from calcined samples. (B) FTIR spectrum from 0.625CoAl spent 

catalysts (30 h TOS). A strong band emerged at 985 cm-1 (indicated with asterisk), corresponding to 

C=C bending vibration, probably due to acrolein (precursor of coke). 
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1.4. NH3-TPD and CO2-TPD patterns 

The strength of surface acidic sites was assigned as follows: weak acidity (<300 ºC), intermediate 

acidity (300-650 ºC) and strong acidity (> 650 °C). In the case of γ-alumina different temperature 

ranges were used, and NH3-TPD profile (Figure S4A) was deconvoluted into three desorption peaks 

(i.e. weak, intermediate and strong), with maxima at 185 ºC, 280 ºC and a large peak at 640 ºC. 

The strength of surface basic sites was studied by CO2-TPD (Figure S4B). The assignment of basic 

sites was as follows: weak basicity (<300 ºC), intermediate basicity (300-650 ºC) and strong basicity 

(> 650 °C). The low temperature desorption peak of γ-Al2O3 (152 ºC, 0.173 µmolCO2/m2) was 

assigned to decomposition of bicarbonates, while the peak at 670 ºC was due to decomposition of 

unidentate carbonate species formed on strong basic sites [1-3]. 

 

 
Figure S4. NH3-TPD profiles (A) and CO2-TPD profiles (B). 
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1.5. XPS analysis of the fresh solids 

The normalized Co 2p3/2 and Co 2p1/2 XPS spectra are shown in Figure S5, and the Co 2p and Al 2p 

core level binding energy (BE), the spin-orbit separation (∆E) and other properties are reported in 

Table S2. BE of Co 2p and Al 2p shifted to higher values with increasing Co loading (Co/Al). The 

maximum shift observed for 0.625CoAl catalyst confirms the strong interaction between Co and Al 

[4] likely favored by its high CoAl2O4 content (as deduced from TPR data, Table 2). The spin-orbit 

separation between Co 2p3/2 and Co 2p1/2 increased from 15.25 eV for Co3O4 to around 15.5 eV for 

XCoAl samples (Table S2), thus confirming parallel decrease of Co3+ [5]. This may be explained by 

substitution of Co3+ ion by Al3+ to form cobalt aluminate on catalyst surface, and the fact that it would 

result in Co2+ enrichment.  

The asymmetric peak centered at 780.5 eV was split into two components [6]. The peak around 779.5 

eV was attributed to Co3+ and that occurring at higher BE, around 781.6 eV, was ascribed to Co2+ 2p 

[5]. The satellite features at ~788 eV supported the presence of Co2+ [7]. From XPS peak integration 

a value for Co3+/Co2+ of 2.03 was calculated for catalyst Co3O4 which reflects a close to stoichiometric 

composition. This ratio decreased to around 0.50 for XCoAl catalysts and is another evidence of the 

surface enrichment in Co2+ due to increased content of CoAl2O4 in detriment of Co3O4. Also, the 

surface cobalt distribution (Table S2) reflected that CoAl2O4 to Co3O4 molar ratio was about 2-3 

times larger than bulk composition (Table 2). It seems interesting to note that contrary to bulk 

composition, where the CoAl2O4 to Co3O4 ratio decreased with Co loading, on the catalyst surface, 

it hardly varied among all the prepared XCoAl catalysts.  



 

Figure S5. XPS spectra corresponding to Co 2p for calcined catalysts. 
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Table S2. XPS results of the calcined samples.  

 Co2p 3/2 Al 2p 3/2   

Catalysts BE (eV) ∆E (eV) Co3+/Co2+ a BE (eV) Co/Al b 
Surface Co 

distribution c 

0.25CoAl 780.7 15.47 0.52 74.2 0.12 2.9 

0.5CoAl 781.4 15.45 0.48 74.8 0.19 3.2 

0.625CoAl 781.6 15.45 0.48 75.6 0.27 3.2 

Co3O4 780.5 15.25 2.03 - - - 

a calculated from the contribution of each deconvolution bands to main Co 2p3/2 band. 

b calculated from integrated intensity of Co 2p3/2 (with satellite) and Al 2p peaks. 

c as CoAl2O4/Co3O4 mole ratio. Calculated from Co3+/Co2+ assuming formation of stoichiometric 

Co3O4 and normal CoAl2O4 spinel on catalyst surface. 

  



1.6. Catalytic performance experiments 

 
Figure S6. (A) Correlation between conversion to gas and glycerol conversion. (B) Correlation 

between selectivity to hydrogen vs. glycerol conversion. 

  

0 20 40 60 80 100
0

5

10

15

20

25

30

 @ 235 ºC/3.5 MPa

Xgas(%)=0.239·XGly(%)

X ga
s(%

)

XGly(%)

r2=0.82

(A)

0

5

10

15

20

25

30

 @ 260 ºC/5.0 MPa

0 20 40 60 80 100
0

5

10

15

20

25

30

35

40
 @ 235 ºC/3.5 MPa

S H2
(%

)

XGly(%)

0

5

10

15

20

25

30

35

40

(B)
 @ 260 ºC/5.0 MPa



Table S3.. Pearson correlation matrix of glycerol APR intermediate products 

  H2 CH4 CO CO2 Ethylene Ethane Propane Propylene C4+ Ethylene glycol 1,2-Propylene glycol Hydroxyacetone Ethanol 

CH4 r -0.913**                         

p value 0.000                         

CO r 0.946** -0.914**                       

p value 0.000 0.000                       

CO2 r -0.988** 0.934** -0.975**                     

p value 0.000 0.000 0.000                     

Ethylene r 0.967** -0.948** 0.944** -0.974**                   

p value 0.000 0.000 0.000 0.000                   

Ethane r 0.862** -0.951** 0.924** -0.907** 0.925**                 

p value 0.000 0.000 0.000 0.000 0.000                 

Propane r 0.546* -0.751** 0.690** -0.626* 0.675** 0.889**               

p value 0.035 0.001 0.004 0.013 0.006 0.000               

Propylene r 0.833** -0.906** 0.891** -0.896** 0.904** 0.924** 0.846**             

p value 0.001 0.000 0.000 0.000 0.000 0.000 0.001             

C4+ r 0.836** -0.922** 0.901** -0.891** 0.893** 0.983** 0.886** 0.873**           

p value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000           

Ethylene glycol r -0.903** 0.956** -0.947** 0.933** -0.930** -0.917** -0.835** -0.845** -0.843**         

p value 0.000 0.000 0.000 0.000 0.000 0.000 0.001 0.001 0.001         

1,2-Propylene glycol r 0.255 -0.223 0.133 -0.141 0.241 0.020 -0.111 0.010 -0.127 -0.368       

p value 0.423 0.486 0.681 0.661 0.451 0.950 0.731 0.976 0.695 0.239       

Hydroxyacetone r 0.431 -0.451 0.417 -0.368 0.448 0.326 0.256 0.220 0.190 -.592* .877**     

p value 0.162 0.141 0.177 0.240 0.144 0.301 0.423 0.491 0.554 0.043 0.000     

Ethanol r -0.941** 0.972** -0.975** 0.971** -0.975** -0.954** -0.864** -0.900** -0.895** 0.984** -0.274 -0.495   

p value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.389 0.102   

Acetone r -0.883** 0.952** -0.969** 0.943** -0.955** -0.962** -0.892** -0.940** -0.905** 0.954** -0.197 -0.449 0.978** 

p value 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.540 0.143 0.000 
**  Significant at p < 0.01 (two-tailed) 
*  Significant at p < 0.05 (two-tailed) 



1.7. Characterization of spent catalysts  

  

Figure S7. Effect of Al/Co mole ratio on the variation of surface area of spent catalysts.  
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