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Graphical abstract 

Highlights 

 

 SiO2 stabilizes monoclinic ZrO2, restricts sintering, strengthens Ni-support interaction  

 Ni/SiZr reveals increased H2 yield (close to thermodynamic) and CO2 selectivity 

 High H2/CO ratio and a negligible CO/CO2 can be achieved by the Ni/SiZr  

 At 750oC acetone, acetaldehyde main products for Ni/Zr and allyl alcohol for Ni/SiZr  

 Ni/SiZr (half of carbon) more resistant to deactivation in comparison with the Ni/Zr  
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ABSTRACT 

 

The glycerol steam reforming (GSR) reaction for H2 production was studied comparing the 

performance of Ni supported on ZrO2 and SiO2-ZrO2 catalysts. The surface and bulk properties 

were determined by ICP, BET, XRD, TPD, TPR, TPO, XPS, SEM and STEM-HAADF. It was 

suggested that the addition of SiO2 stabilizes the ZrO2 monoclinic structure, restricts the sintering 

of nickel particles and strengthens the interaction between Ni2+ species and support. It also 

removes the weak acidic sites and increases the amount of the strong acidic sites, whereas it 

decreases the amount of the basic sites. Furthermore, it influences the gaseous products’ 

distribution by increasing H2 yield and not favouring the transformation of CO2 in CO. Thus, a 

high H2/CO ratio can be achieved accompanying by negligible value for CO/CO2. From the liquid 

products quantitative analysis, it was suggested that acetone and acetaldehyde were the main 

products for the Ni/Zr catalyst, for 750oC, whereas for the Ni/SiZr catalyst allyl alcohol was the 

only liquid product for the same temperature. It was also concluded that the Ni/SiZr sample 

seems to be more resistant to deactivation however, for both catalysts a substantial amount of 

carbon exists on the catalytic surface in the shape of carbon nanotubes and amorphous carbon. 

 

Keywords: Hydrogen production, glycerol steam reforming, silica-modified zirconia, nickel 

catalysts, carbon nanotubes, deactivation 
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1. INTRODUCTION 

 

The reasons behind the need to move from fossil-based energy towards renewable sources are 

well understood and include the finite nature of the resources, issues relating to accessibility and 

affordability and the far reaching, long-lasting and devastating consequences that global warming 

will have on our planet. Biodiesel, which is derived from renewable biological sources, is 

increasingly gaining importance as an alternative transportation fuel [1,2]. However, the process 

also yields substantial amounts of crude glycerol (approximately 10 wt. % of the weight of oil 

undergoing the transesterification reaction is generated in glycerol), which has low commercial 

value and cannot be disposed directly to the environment due to its toxicity [3,4].  

Nonetheless, the specific physical and chemical properties of glycerol make it an attractive 

platform molecule, from which a large number of high-value chemicals can be obtained, such as, 

ethylene glycol and propylene glycol (by hydrogenolysis) or glyceric acid and dihydroxyacetone 

(through selective oxidation) [5,6]. However, glycerol could also be used for the production of 

hydrogen, a fuel that is carbon-free and possesses the highest energy content compared to any 

known fuel [7,8]. Hydrogen can be produced from glycerol by catalytic reactions, such as, 

oxidative steam reforming (OSR) [9,10], auto-thermal reforming (ATR) [11,12], aqueous phase 

reforming (APR) [13,14], supercritical water (SCW) reforming [15,16] and steam reforming 

(GSR) [17,18].  

GSR (Eq. 1), which can theoretically produce 7 moles of hydrogen per mole of glycerol, is a 

combination of glycerol decomposition (Eq. 2) and the water-gas shift reactions (Eq. 3). 

Depending on the operating conditions, it may also be accompanied by a number of possible side 

reactions, such as, methanation (Eq. 4), methane dry reforming (Eq. 5), methane steam reforming 

(Eq. 6) and a series of reactions for carbon formation (Eqs. 7-9) [19,20]. 

 

C3H8O3(g) + 3H2O(g) → 3CO2(g) + 7H2(g)  (ΔΗΘ = 123 kJ/mole) (1) 

C3H8O3(g) → 3CO(g) + 4H2(g)     (ΔΗΘ = 245 kJ/mole) (2) 

CO(g) + H2O(g) ↔ CO2(g) + H2(g)   (ΔΗΘ = -41 kJ/mole) (3) 

CO2(g) + 4H2(g) ↔ CH4(g) + 2H2O(g)    (ΔΗΘ = -165 kJ/mole) (4) 

CH4(g) + CO2(g) → 2H2(g) + 2CO(g)    (ΔΗΘ = 247 kJ/mole) (5) 

CH4(g) + H2O(g) ↔ 3H2(g) + CO(g)    (ΔΗΘ = -206 kJ/mole) (6) 

2CO(g) ↔ CO2(g) + C(s)     (ΔΗΘ = 172 kJ/mole) (7) 

CH4(g) → 2H2(g) + C(s)     (ΔΗΘ = 75.6 kJ/mole) (8) 

CO(g) + H2(g) → H2O(g) + C(s)    (ΔΗΘ = 131 kJ/mole) (9) 
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Although noble metal based catalysts are highly active and selective [e.g., 21-23] their high cost 

restricts their use on an industrial scale, which means that efforts focus on the use of cheaper 

transition metals such as Ni, Co or Cu. Nickel is known to have good intrinsic activity especially 

when it is highly dispersed on to the support [24-27], but systems that are based on Al2O3 - the 

support most commonly used - identify as major drawbacks catalyst deactivation due to carbon 

deposition and metal particle sintering [28-42]. ZrO2 exhibits surface acidic, basic, oxidizing and 

reducing properties [43], along with high thermal stability, which make it attractive as a 

supporting material [44]. Moreover, the properties of ZrO2-based catalysts can be influenced by 

dopants [45] such as SiO2, that retards surface area loss and structure transformations, which 

would normally occur upon heating [46]. Since oxygen vacancies are not expected to exist in 

SiO2–ZrO2 catalytic systems, the observed thermal stabilization is caused by silica restricting the 

growth of ZrO2 particles [47,48].  

Previous published works investigating the performance of Ni catalysts supported on SiO2 or ZrO2 in 

glycerol steam reforming are rather limited [31,49-52]. Moreover, and to the best of our knowledge, 

no work exists in the literature that performs an investigation of nickel catalysts based on zirconia 

modified with silica supporting material for the GSR. Reddy et al. [53] studied CH4 reforming with 

CO2 reaction under severe conditions (high temperature and space velocity) using Pt catalysts 

supported on ZrO2/SiO2 mixed oxides with different ratios (2:1 to 4:1). Excellent reforming 

activity was observed for Pt/ZrO2/SiO2 (4:1) sample among the various tested catalysts and was 

explained by higher Pt dispersion due to the absence of remaining free silica and the presence of 

amorphous ZrSiO4 in higher amount. Wang et al. [54] reported on CO methanation over Ni 

supported on SiO2 aerogel promoted with 10 wt% ZrO2 and suggested that the formation of Si–

O–Zr bond results in stronger acid strength and larger amounts of acid of the ZrO2–SiO2 support. 

The changes of acidity lead to the increase of the interaction between NiO species and the ZrO2–

SiO2 support and then enhance the dispersion degree and the reduction degree of NiO species. 

Thus, the Ni/ZrO2–SiO2 catalyst possesses smaller Ni crystallite size, higher Ni dispersion, more 

active Ni species and stronger adsorption ability for H2, which may contribute to its higher 

catalytic activity for CO methanation. Zhang et al. [55] synthesized ZrO2–SiO2 mixed oxides with 

different Si/Zr ratio, and used these to prepare a series of Ni/SiO2–ZrO2 catalysts with different 

Ni loading that were tested on the HDO process using phenol and guaiacol as model compounds. 

The effects of Si/Zr ratio, Ni loading and reaction temperature on conversion of phenol, guaiacol 

and distribution of HDO products were investigated. 
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In a previous work by our group [56] we came to the conclusion that ZrO2 is a promising support due 

to its enhanced basic character and its high capability in stabilizing the nickel active phase, which 

leads to catalysts with strong metal-support interactions that are resistant to deactivation. Also, as 

ZrO2 is known to possess the ability to first adsorb and then dissociate water, it can enhance the 

adsorption of steam on its surface and activate the gasification of hydrocarbons in the SR and the 

water–gas shift reactions [57-59]. In the work presented herein we further expanded our studies in the 

glycerol steam reforming reaction by comparing the catalytic activity and time on stream stability of 

nickel catalysts (nickel loadings of 8 wt. %) based on zirconia and zirconia modified with silica. To 

achieve this goal the catalysts’ surface and bulk properties, at their calcined, reduced and used forms, 

were determined by applying several characterization techniques (ICP, BET, XRD, TPD, TPR, TPO, 

XPS, SEM and STEM-HAADF). The catalytic performance of the catalysts was studied in order to 

investigate the effect of the reaction temperature on: (i) Glycerol total conversion, (ii) Glycerol 

conversion to gaseous products, (iii) Hydrogen selectivity and yield, (iv) Selectivity of gaseous 

products, (v) Selectivity of liquid products, and (vi) Molar ratio of H2/CO and CO/CO2 in the gaseous 

products mixture. Notably, quantitative results of the liquid products are reported. 

 

2. EXPERIMENTAL 

2.1 Catalyst preparation 

Commercially available pelletized zirconia (labelled Zr) and silica-zirconia (SiZr) supports were 

supplied by Saint Gobain NorPro; their properties are presented in Table 1. The carriers were 

crashed and sieved to 350-500 μm followed by calcination at 800 oC for 4 h. The catalysts were 

prepared via wet impregnation of the aforementioned powders in a Ni(NO3)26H2O (Sigma 

Aldrich) aqueous solution of appropriate concentration in order to result at catalysts with a Ni 

loading of about 8 wt. %. After water evaporation of the slurries under continuous stirring at 75 

oC for 5 h, suspensions were dried at 120 oC for 12 h and calcined in air at 800 oC for 4 h; these 

samples will hereafter be denoted as “calcined” catalysts. Reduced counterparts were also 

produced by reduction for 1 h at 800 oC in pure H2 flow; these will be hereafter denoted as 

“reduced” catalysts. The catalysts are labelled as Ni/Zr and Ni/SiZr. 

 

2.2 Catalyst characterization 

Inductively Coupled Plasma Atomic Emission Spectroscopy (ICP-AES) was used for the 

determination of the total metal loading (wt. %) of the calcined catalysts. The instrument used 

was a Perkin-Elmer Optima 4300DV, while the detailed methodology has been described 

previously [42].  
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The 3Flex (Micromeritics, USA) accelerated surface area and porosimetry analyzer, equipped 

with a high-vacuum system, and three 0.1 Torr pressure transducers, was used to obtain the N2 

adsorption/desorption isothermal curves (recorded manometrically up to 1 bar at -196 oC). Total 

Specific Surface Area (SSA) was calculated by the multi-point Brunauer-Emmet-Teller (BET) 

method in the relative pressure range 0.05 < p/p0 < 0.20. Pore Size Distribution (PSD) was 

estimated by the BJH Theory. The detailed methodology followed has been described in [53]. 

The crystalline structure of supports and catalysts was determined by applying the X-ray 

diffraction (XRD) technique, using a ThermoAl diffractometer (40 kV, 30 mA, Cu Kα radiation, 

λ= 0.154178 nm). Diffractograms were recorded in the 2θ=2-70ο range at a scanning rate of 0.04o 

over 1.2 min-1. The identification of the diffraction pattern was undertaken by comparing with 

known structures in the International Centre for Diffraction Data database. The determination of 

the particle size of different phases was done using the Scherrer equation.  

CO2-TPD and NH3-TPD experiments were conducted using Autochem 2920, (Micromeritics, 

Atlanta, USA). In particular, a gas mixture (30 NmL/min) of 5 vol.% CO2/Ar and 1 vol.% 

NH3/He respectively, was passed over ~0.15 g of the pre-calcined (20 vol.% O2/He, 500 oC, 2 h) 

using a temperature ramp of 30 oC/min, while the TCD signal was recorded continuously. 

Temperature programmed reduction (H2-TPR) was performed by loading 100 mg of the calcined 

catalysts or supports in a U-type quartz tube adapted to a continuous flow TPR/TPD apparatus 

coupled with mass spectrometry. A total flow of 16 mL min-1 was employed as feed, with a H2 

content of 1 % (v/v) in He. Sample temperature was varied from ambient temperature up to 950 

oC, at a ramp rate of 10 oC min-1. The main m/z fragment registered was H2=2. Samples were pre-

treated at 200 oC for 1 h under He flow and then cooled down to room temperature under the 

same atmosphere before the TPR spectra acquisition.  

XPS analyses were performed on a ThermoFisher Scientific Instruments (East Grinstead, UK) K-

Alpha+ spectrometer. XPS spectra were acquired using a monochromated Al Kα X-ray source 

(hν = 1486.6 eV). An X-ray spot of ~400 μm radius was employed. Survey spectra were acquired 

employing a Pass Energy of 200 eV. High resolution, core level spectra for all elements were 

acquired with a Pass Energy of 50 eV. All spectra were charge referenced against the C1s peak at 

285.0 eV to correct for charging effects during acquisition. Quantitative surface chemical 

analyses were calculated from the high resolution, core level spectra following the removal of a 

non-linear (Shirley) background. The manufacturers Avantage software was used, which 

incorporates the appropriate sensitivity factors and corrects for the electron energy analyzer 

transmission function.  
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Scanning Electron Microscopy (SEM) was employed for the examination of the morphology of 

both fresh and used catalysts, using in a JEOL 6610LV. The elemental analysis was carried out 

by Energy Dispersive Spectroscopy (EDS) using a large area (80mm2) silicon drift detector (X-

Max 80 Oxford Instruments). Images, elements maps and spectra were acquired and analyzed 

with the AZtech Nanoanalysis software (Oxford Instruments).  

Ηigh angle annular dark field scanning transmission electron microscopy (STEM-HAADF) were 

performed on a Tecnai G2-F30 Field Emission Gun microscope with a super-twin lens and 0.2 

nm point-to-point resolution and 0.1 nm line resolution operated at 300 kV. The HAADF detector 

enables the acquisition of STEM-HAADF images with atomic number contrast for high scattering 

angles of the electrons (Z-contrast). To prepare the samples for transmission electron microscopy 

studies, catalyst powder was dispersed in milli-Q water. After 30 s in an ultrasonic bath, a drop of 

this suspension was applied to a copper grid (200 mesh) coated with carbon film, and allowed to 

dry in air. To prepare the sample, the nanoparticle suspension was diluted with ethanol and 

sonicated for 30 s before the casting of 5 μL on a carbon TEM grid. 

The carbonaceous deposits on the spent catalysts were measured by Temperature Programmed 

Oxidation (TPO). For the procedure, the catalyst samples were heated linearly (10 °C min-1) from 

RT to 750 °C under 20 v/v % O2/He flow. The signals of O2, CO and CO2 were continuously 

monitored by an MS detector (FL-9496 Balzers). Calibration of MS signals was performed with 

the use of self-prepared gas mixtures of known concentration.  

 

2.3 Catalytic tests 

The GSR was carried out in a continuous flow fixed-bed reactor at atmospheric pressure, using a 

set up that allowed the feeding of both liquid and gaseous streams. The system contained two 

vaporizers and a pre-heater (held at 350oC to make sure that glycerol was in the gas phase) before 

the reactor and a condenser after it. The glycerol/ water mixture was fed to the system using an 

HPLC pump with a pulse dampener (the glycerol used was supplied by Sigma Aldrich and had a 

99.5% purity). 

Catalytic performance was assessed using two different experimental protocols. The first protocol 

was designed with the aim of investigating catalytic activity and selectivity at steady state 

conditions in the temperature range of 400-750oC. The aqueous solution consisted of 20 % 

C3H8Ο3 diluted in H2O (total liquid flow rate of 0.12 ml/min) and He. The Weight Hourly Space 

Velocity (WHSV) was 50,000 mL g-1 h-1. Thus, the gas feed at the reactor’s inlet consisted of a 

gas mixture of 73% H2O, 4% C3H8O3 and 23% He. Following activation, the catalyst was purged 

with helium, while the temperature was reduced to 750oC. Then the reaction feed was introduced 
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into the catalysts bed and in order to ensure operation at steady state conditions, approximately 50 

minutes were spent at each step (50oC steps). This allowed obtaining three measurements for 

gaseous products at each temperature, helping to ensure the reproducibility of the results. Liquid 

products were obtained at the end of this 50 min period.  

The second protocol aimed at investigating catalytic stability during time on stream experiments 

and in order to help provoke catalyst deactivation (and carbon deposition), more severe 

conditions were chosen. Thus, the glycerol concentration in the liquid stream was increased to 31 

v.v. % C3H8Ο3 (63% H2O, 7% C3H8O3, 30% He, WHSV = 50,000 mL g-1 h-1). The temperature 

after activation was reduced at 600oC (under a flow of He), the reaction feed was introduced into 

the catalysts bed and measurements for gaseous products were taken at hourly intervals and for 

liquid products every 4 hours.  

Regardless of the experimental protocol used, catalyst activation was done in situ, in a pure 

hydrogen flow (100 ml/min) at 800oC for 1 hr. The catalyst weight was 200 mg.  

The analysis of the gaseous products was carried out on-line using a gas chromatographer 

(Agilent 7890A) that had two columns connected in series (HP-Plot-Q (19095-Q04, 30 m length, 

0.530 mm I.D.) and HP-Molesieve (19095P-MSO, 30 m length, 0.530 mm I.D.)) and was 

equipped with TCD and FID detectors. The analysis of the liquid products was carried out using a 

combination of Gas Chromatography (Agilent 7890A, with a 5MS column, equipped with an FID 

detector) and Mass Spectroscopy (Agilent 5975C). Detailed information regarding liquid product 

analysis have been reported previously [42]. 

 

2.4 Reaction metrics 

Catalytic performance is reported in terms of H2 yield, H2, CO, CH4 and CO2 selectivity, glycerol 

conversion into gaseous products, and total glycerol conversion. The performance of the catalysts 

for the liquid phase products is reported in terms of acetol (C3H6O2), acetone [(CH3)2CO], allyl 

alcohol (CH2=CHCH2OH), acetaldehyde (C2H4O), acetic acid (C2H4O) and acrolein (C3H4O) 

selectivity. Performance parameters were calculated based on Equations (10)-(15): 

 

 
% 100in out

global conversion

in

Glycerol Glycerol
glycerol conversion

Glycerol

 
  
 

  (10) 

 

s
% 100

s
gaseous products

C atom in the gas products
glycerol conversion

total C atom in the feedstock

 
  
 

 (11) 
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2
2

H moles produced
H yield

moles of glycerol in the feedstock
      (12) 

2
2

1
% 100

H moles produced
H selectivity

C atoms produced in the gas phase RR

   
     

  
  (13) 

where, RR is the reforming ratio (7/3), defined as the ratio of moles of Η2 to CO2 formed. 

% 100
C atoms in species i

selectivity of i
C atoms produced in the gas phase

 
  
 

   (14) 

where, species i  refers to CO, CO2 and CH4. 

 

'
% ' 100

C atoms in species i
selectivity of i

C atoms produced in the liquid phase

 
  
 

  (15) 

where, species i΄  refers to acetol, acetone, allyl alcohol, acetaldehyde, acrolein and acetic acid. 

 

3. RESULTS AND DISCUSSION  

3.1 Characterization results 

3.1.1 Physicochemical, structural and textural properties of catalytic samples 

The ICP results indicate that the desired metal loading was achieved for both catalysts. It is noted 

that a nickel loadings of 8 wt. % was chosen as according to Garbarino et al. [60] for a number of 

oxide-supported on oxide systems, when the support is well dispersed (e.g., for alumina, zirconia, 

titania carriers) and loading is low with respect to the carrier surface area, impregnation 

procedures produce atomically dispersed species (“monolayers”), whereas above a certain 

loading limit, bulk supported oxide nanoparticles start to form. It has also been proposed that low 

nickel content helps disperse Ni particles over the catalyst surface; in contrast, at high nickel 

contents the surface of the catalyst’s support can be saturated with nickel, and bulk nickel oxide 

can be observed [17]. In fact, it was found that a 5-10 wt. % Ni loading showed the highest 

activity, even at lower reaction temperatures (~550 oC), while higher loading affect the 

performance adversely [33,40,50,61]. The decrease in glycerol conversion at higher nickel 

loadings is most probably due to agglomeration of nickel particles, which inhibits catalyst’s 

activity and stability [62]. Furthermore, Mazumder and de Lasa [63] revealed that increasing the 

Ni loading from 10 to 20 wt. % decreased the total basicity due to the partial blocking of 

support’s basic sites by the impregnated nickel species. As it was also suggested by Dieuzeide et 

al. [64] the Ni(II) species present on the catalysts are strongly dependent on Ni(II) loading; at 

high Ni(II) contents the NiO nanocrystal size increases and as a consequence the intrinsic 
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catalytic activity decreases. Moreover, according to Gallegos-Suárez et al. [65] the initial loading 

of nickel on to the catalyst can affect the average particle size of the metallic active phase during 

the reaction.   

Table 2 presents information on the physicochemical, structural and textural properties of the 

calcined and reduced catalytic samples. For both samples, the drop of the specific surface area 

from its initial values (Table 1) to those after calcination of the support and the introduction of the 

Ni species (calcined samples) and the values obtained after the activation procedure (reduced 

samples) is similar. 

The isotherm of the Ni/Zr catalyst (inset of Fig. 1) is type IV with an H4-type hysteresis which is 

indicative of a rather mesoporous material. This is corroborated by the pore size distribution, 

which shows that the majority of the population of pores is in the meso-range. In contrast, the 

Ni/SiZr exhibits a Type IV isotherm with an H2-type hysteresis, which is more typical of 

mesoporous material with some macroporosity; this is further confirmed by the corresponding 

pore size distribution. 

The diffractogram of the calcined zirconia support (Fig. 2) showed mainly monoclinic (2θ= 24.0o, 

28.2o, 31.5o, 34.4o) and tetragonal polymorphs (2θ= 30.0o, 33.9o, 50.0o, 59.4o and 62.8o), but after 

the introduction of the active species and the subsequent calcination procedure, a transformation 

from the monoclinic to the cubic phase (2θ= 30.5o, 50.5o and 60.4o) was observed. In addition, 

NiO was identified only on the calcined catalyst (2θ=37.2o and 43.2o) and Ni0 (2θ= 44.5o) on the 

reduced sample. The calcined SiZr support exhibited a more complex diffractogram and peaks of 

all three zirconia polymorphs, namely monoclinic (2θ= 17.4o, 24.0o, 28.2o, 31.5o, 34.4o, 38.5o, 

40.7o, 44.8o, 45.6o, 49.2o, 54.6o, 55.3o, 57.2o, 58.0o, 65.8o), tetragonal (2θ= 30.0o, 33.9o, 50.0o, 

60.4o, 62.7o) and cubic (2θ=30.5o, 50.5o, 60.4o) were identified. These phases were maintained 

even after the catalytic calcination and reduction procedures. It should be noted however that the 

reflections of tetragonal and cubic structures are very close and hence it is often difficult to 

differentiate between them [66]. Similar to the Ni/Zr sample, NiO was identified only on the 

calcined catalyst and Ni0 on the reduced sample. The above results also suggest that addition of 

SiO2 stabilizes the ZrO2 monoclinic structure. Regarding the impact of the crystalline phase of 

zirconia on catalytic performance, it has been reported that tetragonal zirconia yields a higher 

activity in the water gas shift reaction, but a lower activity in steam reforming in comparison with 

monoclinic zirconia [67]. It has also been suggested that monoclinic zirconia exhibits a lower 

density of acid sites and a higher degree of hydration, which contributes to lower carbon 

formation [68]. 
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The XRD spectra were also used to calculate the Ni0 species mean crystallite size, using Scherrer 

analysis (Table 2). The lower value obtained after the reduction procedure for the Ni/SiZr catalyst 

indicates an absence of sintering. The opposite is true for the Ni/Zr catalyst, were agglomeration 

of Ni particles deposited on Zr is notably affecting its estimated Ni0 dispersion value. This is in 

accordance with the literature, as it has been reported that the presence of SiO2 in the support can 

restrict the sintering of the Ni particles [69,70]. It has also been reported that zirconia enhances 

the resistance of silica to steam significantly and increases the interaction between nickel and the 

support, and furthermore, prevents the growth of nickel oxide species during the calcination 

process through the formation of a ZrO2-SiO2 composite structure [71]. 

 

3.1.2 Surface acidity-basicity estimation 

The NH3-TPD profiles for the Ni/Zr and Ni/SiZr catalysts are presented in Fig. 3(a). The Ni/SiZr 

catalysts shows a lower peak (Tmax <225oC) in comparison to the Ni/Zr, suggesting that the weak 

acid strength is decreased. Another desorption peak also appears in the range of 225-350oC, 

whereas the peak at around the 450oC suggests the existence of medium and strong acid sites. 

According to the literature [72] ZrO2 is dominated from Lewis acid sites primarily due to the 

higher ionic character of the Zr-O bond. The doping of ZrO2 with SiO2 greatly increases the 

amount and decreases the density of acidic sites of pure ZrO2 [73]. It has been also reported that 

the addition of low amounts SiO2 in ZrO2 can increase the density of acidic sites [54,74]. These 

findings are corroborated by the results presented herein showing that the doping of ZrO2 with 

SiO2 seems to remove the weak acidic sites and to increase the amount of the strong acidic sites. 

In Fig. 3(b) the CO2-TPD profiles for the Ni/Zr and Ni/SiZr catalysts (after pre-treatment in 

oxygen atmosphere) are presented. A broad CO2 desorption peak appeared in the case of the 

Ni/Zr catalyst suggesting that CO2 was weakly adsorbed on the catalyst and only a kind of 

adsorption state was formed [75]. In the case of Ni/SiZr, the TPD profile shows at least three CO2 

desorption peaks: the first peak centred at lower temperature (100-200oC) can be assigned to low 

strength basic sites, the second peak centred at 350oC (300-450oC) can be ascribed to medium 

strength basic sites and the third peak centred at 600oC (500-675oC) can be ascribed to high 

strength basic sites. The above results are in accordance with the literature, as it has been reported 

that the basicity of SiO2–ZrO2 is lower than that of ZrO2 [76]. This is due to the fact that the 

surface of SiO2–ZrO2 consists of low number of Zr4+–O2- acid–base centers and large amount of 

acidic Zr4+ centers, whereas on ZrO2 mainly Zr4+–O2- acid–base centers can be observed [73]. 

 

3.1.3 Ni species reducibility  
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The H2-TPR profiles of both catalysts (Fig. 4) show three broad peaks that can be ascribed to the 

reduction of NiO interacting with ZrO2 (low and middle temperature reduction peaks) and to the 

reduction of NiO-ZrO2 solid solutions. The Gaussian-type deconvolution shows that the reduction 

peak at the lowest temperature is formed by the sum of two peaks and can be associated to NiO 

species interacting with tetragonal (≈440oC) and cubic zirconia (≈500oC), respectively. The 

reduction peak at the middle temperature is formed by the sum of two peaks for the Ni/Zr catalyst 

(at 567 and 609oC) and one peak for the Ni/SiZr sample (614oC) and can be ascribed to NiO 

species bound to monoclinic zirconia [77-79]. Finally, a slight shift to higher temperatures (by 

about 30oC) is observed for the higher temperature reduction peaks evidenced for the Ni/SiZr 

catalyst, indicating a strengthening of the interaction between the nickel species and the support. 

It has been suggested that the reduction band at higher temperatures (>700oC) might be due to the 

reduction of nickel silicate species [80]. Such reduction behavior could probably be associated 

with silica migration resulting in NiO particles covered partially by silica islands during H2 pre-

treatment, as it has been reported in the literature [81]. 

 

3.1.4 XPS 

The XPS high-resolution spectra of Ni 2p for the Ni/Zr and Ni/SiZr catalysts are shown in Fig.5. 

The main Ni 2p3/2 peak occurs at a binding energy of ≈ 856 eV for both the calcined and reduced 

Ni/Zr and Ni/SiZr catalysts. Considering that there are a number of possible nickel 

oxide/hydroxide species present with relatively similar binding energies and complex peak 

shapes, specific identification of the oxidised species is not possible, but the peak position and 

shape would suggest  a mix of Ni2+/Ni3+ oxides and hydroxides present at the surface [82-84] (a 

chemisorbed hydroxide layer typically forms on the surface of the oxide as a result of 

environmental exposure, as seen for both the calcined and reduced catalysts). A low binding 

energy shoulder corresponding to Ni0 ( ≈ 853.0 eV) can be observed for both reduced catalysts, 

which is absent on the calcined samples, as expected. The higher intensity Ni0 peak for the Ni/Zr 

catalyst compared to the Ni/SiZr catalyst may indicate that the nature of the support is having an 

effect on the reducibility of the Ni cations, thus the ZrO2 support may be enabling a greater 

reduction of the Ni cation species into Ni0 upon calcination compared to the SiZr support. 

 

3.2 Catalytic performance 

3.2.1 Total conversion and conversion to gaseous products 

Conversion of glycerol to H2 by steam reforming is a combination of pyrolysis of glycerol and 

WGS (CO generated by pyrolysis is converted by WGS) [19]. Regardless of the operating 
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conditions, even in the absence of catalyst, glycerol can decompose into a mixture of H2, CO, 

CO2, CH4, C2H4 and C2H6 at values close to those measured in catalytic experiments [85]. The 

use of catalyst, however, is found to shift the product distribution in favor of H2 and reduce the 

concentration of C1–C2 hydrocarbons [86]. In other words, with the absence of catalyst only the 

reaction of glycerol’s cracking could be possible and as a result the liquids’ production is higher. 

Thus, as with all oxygenates molecules, both thermal decomposition and catalytic reforming 

reactions take place during the GSR. In fact, it can be suggested that decomposition and thermal 

cracking reactions occur prior to entering the catalyst bed and the acid-base catalyzed reactions at 

the acidic and basic sites of the catalyst support [38,42,56,87]. 

The influence of reaction temperature (T, oC) on total glycerol conversion (X %) and glycerol 

conversion to gaseous products (Xgaseous, %) values is shown in Fig. 6. To test the reproducibility 

of the experimental results presented herein, the experiments concerning the Ni/Al catalyst were 

repeated three times and 95% confidence intervals for the mean value were calculated (results 

depicted in Fig. 1S). It was found that individual experimental values lay well within the 

corresponding confidence intervals showing a very good reproducibility of the experimental 

results.  

An almost total conversion of glycerol (~90%) can be observed for the whole temperature range, 

in the case of the Ni/SiZr catalyst. On the contrary, for the Ni/Zr catalyst and the supports (Zr, 

SiZr) the XC3H8O3 values started from 70-75% at low reaction temperatures (400oC) and reached 

90% at the higher ones (600-750oC). As for the conversion to gaseous products, the catalytic 

samples seem to exhibit an almost identical performance, revealing higher values comparing to 

the supports for the whole reaction range temperature. Furthermore, a drastic increase to the gases 

production can be observed with temperature increasing from 400oC (20%) to 500oC (80%). A 

more gradual raising trend to the Xgaseous values can be seen for the supporting materials, reaching 

a plateau for higher reaction temperatures (T>600oC). Interestingly, the SiZr sample seems to 

produce higher amount of gaseous products in comparison to the Zr one, at lower (400-450oC) 

and higher (500-750oC) temperatures.  

The above results are in accordance with the literature, as it has been reported that an increase in 

temperature from 400 to 700 °C provokes an increase in the gaseous and decreases the liquid 

products [88]. It is also known that at low temperature the steam reforming reaction and feed’s 

vaporization are not favoured, which causes the vast majority of the organics present in the 

solution to form carbonaceous deposits on the catalytic surface [89]. It has also been reported that 

glycerol’s decomposition (taking place simultaneously with the steam reforming) involves both 

thermal cracking reactions prior to entering the catalyst bed and the acid-base catalyzed reactions 
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at the acidic and basic sites of the catalyst’s supporting material [24,87]. Thus, control of metal–

support interactions is essential in order to achieve a good dispersion of the active metal in the 

form of small nanoparticles, which can enhance the catalytically active surface. The nature of the 

support is also important in terms of accomplishing most adequate acid-base characteristics for 

the process. On the whole, it is typically the interface between metal and support, rather than the 

individual components themselves, which features the active region and presents new specific 

characteristics itself, which are different from those of the metal and the support [90]. 

 

3.2.2 Gaseous products selectivity 

The influence of reaction temperature on H2 selectivity (SH2) and yield (YH2), selectivity to 

carbonaceous gaseous products’ (SCH4, SCO2 and SCO), and H2/CO and CO/CO2 molar ratios for all 

samples is presented in Fig. 7. As can be observed, the Ni/SiZr catalyst exhibits a higher 

production of H2 in comparison to the Ni/Zr one for the whole temperature range, with its SH2 and 

YH2 (Fig. 7a) taking values very close to those predicted by thermodynamics, i.e. 85% and 5.5, 

respectively. This improved performance can be also observed for the SiO2-ZrO2 support in 

comparison to the pure ZrO2 for the lower temperature range (400-600oC), whereas for the higher 

range (600-750oC) hydrogen production seems to be rather identical. However, H2 production is 

significantly lower for the supports (50% and 3.0) in comparison to the catalytic samples.  

Concerning SCO2 and SCO values (Fig. 7b), it can be observed that the Ni/SiZr sample is more 

selective towards CO2 and less selective towards CO for the whole temperature range. The same 

observation is valid for the Ni/Zr sample but only for the lower temperature range (400-550oC), 

whereas for T>550oC a drastic decrease (increase) to CO2 (CO) selectivity values can be 

observed. As for the supports, they are both more selective towards CO and less selective towards 

CO2 for the entire range of temperature. In regards to the CH4 production (Fig. 7c) both catalysts 

exhibit low values (~10%) for the whole temperature range. In contrast, SCH4 increases with 

temperature for the supports with the increase more pronounced for pure ZrO2. 

The influence of reaction temperature on the H2/CO and the CO/CO2 molar ratios in the gaseous 

products’ mixture can be seen in Fig. 7d. For the Ni/SiZr catalyst, the CO/CO2 molar ratio is 

close to zero for the whole temperature range, while the H2/CO molar ratio value initially 

increases with temperature reaching its maximum (about 8) at 500oC; at higher temperatures it 

declines reaching a value of about 6 at 750oC. For the Ni/Zr catalyst, on the other side, the H2/CO 

ratio value descends with T, ranging between 5 and 3, whereas the CO/CO2 ratio value remains 

lower than unity for the entire range of temperature. As for the supports, the CO/CO2 ratio 

decreases for the lower temperatures, increases from 500 to 650oC and decreases again for 
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650oC<T<750oC (it ranges from 9 to 4 for the Zr and from 5 to 3 for the SiZr). Moreover, the 

H2/CO molar ratio equals to unity for both supports for the higher temperatures (T>600oC) and 

remains constant for the SiZr, whereas it increases with decreasing temperature (up to the value 

of 4) for the Zr sample. 

The above findings are consistent with thermodynamic predictions, as at low reaction 

temperatures, a great amount of the glycerol fed forms carbon deposits, lowering the amount of 

gaseous products; resulting in decreasing (increasing) of the H2 (CO2) concentration, respectively. 

[88]. With increasing temperature, thermodynamic CO selectivity increases as the WGS reaction 

is favoured in a back-ward direction (i.e. reverse WGS reaction is favoured), which leads to an 

increase in CO concentration in the products. Besides the WGS reaction, the methanation reaction 

is also favoured in backward direction as the reaction temperature increased, which finally leads 

to increased CO selectivity [91]. Additionally, at high temperatures (>650oC), the formation of 

CH4 is inhibited due to the methane steam reforming reaction, as it has been reported for high 

water to glycerol feed ratios, as in our case [92]. 

It can be concluded that with increasing temperature, both the production of gaseous products 

increases and the reforming process is more favoured, helping the production of H2, whereas at 

temperatures higher than 500°C a high conversion to gaseous products (~80%) can be achieved 

with the H2 content of the gas reaching its thermodynamic value (for the Ni/SiZr catalyst). It is 

also clear that the addition of SiO2 to the ZrO2 support influences the gaseous products’ 

distribution mainly by increasing H2 production and not favouring the transformation of CO2 in 

CO, via the reverse WGS reaction. Thus, a high H2/CO ratio can be achieved accompanying by 

negligible value of the CO/CO2 one. 

 

3.2.3 Liquid products selectivity 

The influence of reaction temperature on the liquid products selectivity for the catalysts and the 

supports is presented in Fig. 8. Acetaldehyde, acrolein, acetone, allyl alcohol, acetic acid and 

acetol were the main liquid products that were identified; these products were also quantified. 

Trace amounts of propylene glycol; 2-Cyclopenten-1-one; 2-Cyclopenten-1-one, 2-methyl; 

Propanoic Acid; Phenol; 2,3-Butanedione; 1,2-Ethanediol; 1,3-Dioxan-5-ol; 2-Cyclohexen-1-one; 

and Phenol,2-methyl were also identified. As can be seen in Fig. 8(a), acetone and acetaldehyde 

were the main products for the Ni/Zr catalyst, for temperature as high as 750oC; with selectivity 

values 61% and 39%, respectively. As for the Ni/SiZr catalyst (Fig. 8b) allyl alcohol was the only 

liquid product for the same temperature. In contrast the corresponding supports (Figs. 8c & 8d) 

produce a variety of liquid effluents even at high reaction temperatures. Specifically, for T equals 
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to 750oC, acetone, acetol, acetaldehyde and acetic acid were the liquid products for the Zr sample, 

whereas allyl alcohol and acetic acid the ones for the SiZr sample.  

According to the pathway proposed by Lin [93], alcohols and carboxylic acids are intermediate 

compounds in the glycerol steam reforming reaction. Specifically, at low temperatures alcohols 

and carboxylic acids have been suggested to be the main products, whereas by increasing the 

temperature from 400 to 550 °C the reforming of both compounds is favoured, diminishing their 

proportion in the liquid phase. At temperatures of 580°C and above, 1-2 propanediol is the most 

abundant alcohol, while carboxylic acids are made up of acetic and propionic acids. A high 

increase in the proportion of 1-2 propanediol is observed as the temperature increases up to 

700°C. This compound can be formed by a dehydration followed by a hydrogenation of glycerol 

[94]. These same tendencies are observed for the relative amount of carboxylic acids in the liquid, 

i.e., the proportions of acetic and propionic acids increase between 550 and 700 °C. Considering 

the reforming route for glycerol, acetic acid is thought to be a final compound. This increase takes 

place together with an increase in gas production, indicating that the temperature shifts the 

process towards final liquid intermediates and gaseous products [95]. Hydroxyacetone can be 

obtained from the dehydration of glycerol during one of the first steps in glycerol reforming. In 

addition, the lower the excess of water, the greater is the shift of the dehydration reactions of 

glycerol. These two effects might lead to a high proportion of hydroxyacetone in the condensate. 

At temperatures higher than 550 °C, the reforming reactions are favoured and this compound can 

be transformed into gases and/or other final liquid products such as alcohols, carboxylic acids and 

phenols [93].  

It is clear from the above that the formation of condensable products is favoured at low 

temperatures, whereas at higher temperatures these liquid products form intermediates that lead to 

carbon oxides and hydrogen. According to the literature, catalysts’ GSR selectivity and stability 

depends on a balanced distribution of basic strength [96], however this is not necessarily achieved 

by the use of basic materials, as acetaldehyde may also be produced via partial decomposition of 

3-hydroxypropanal or through acetol formation [97,98]. Moreover, hydrogen can be produced via 

the dehydrogenation of the adsorbed glycerol molecules and the reaction of adsorbed organic 

fragments with the hydroxyl groups, which migrate from the support’s surface to the active phase 

crystallites/support interfaces [27]. 

 

3.3 Catalytic stability 

The time on stream results, which as explained above were undertaken at more severe conditions, 

are presented in Fig. 9. It can be observed (Fig. 9a) that both the Ni/Zr and Ni/SiZr catalysts 
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deactivate with the same slow rate, as values for glycerol total conversion drop from 80% to 65% 

and from 83% to 68%, and values for conversion into gaseous products drop from 45% to 39% 

and 49% to 38%, respectively. The variation of H2 yield and selectivity with reaction time is 

shown in Fig. 9(b). It can be seen that H2 selectivity decreases with time for both catalysts, 

following a sharper decline curve for the Ni/Zr (from 74% to 56%). The decline was smoother for 

the Ni/SiZr catalyst starting from the value of 88% and reaching the value of 77% after 20 hours. 

The same trend can be observed for the H2 yield, with the Ni/SiZr catalyst being the more stable 

one with a final value of 2.1 moles H2/moles glycerol. From Fig. 9(c) it can be seen that the CO2 

and CO selectivity values were quite constant with reaction time for the Ni/SiZr catalyst ranging 

from 68% to 58% and from 30% to 40%, respectively. On the contrary, for the Ni/Zr catalyst, the 

SCO2 and SCO reveal a variation through reaction time as the CO2 selectivity decreases from 51% 

to 40% and the CO increases from 45% to 52%.  

In Table 3 the catalytic performance of the Ni/Zr and Ni/SiZr samples described by the reaction 

metrics at 600 oC, at the beginning (1st measurement) and the end (after 20 h) of the time on 

stream experiments can be seen. As can be seen, the Ni/Zr catalyst exhibited lower values at the 

end of the stability testing experiments for almost all the reaction metrics, except of the CO, CH4 

and acetaldehyde selectivity, as well as the CO/CO2 molar ratio (values of 52%, 8.2%, 16% and 

1.3, respectively). As for the Ni/SiZr sample, it can be seen that after 20h time on stream it 

exhibits the highest value for total glycerol conversion (68%), glycerol conversion to gaseous 

products (38%), H2 yield (2.8) and H2 (77%), CO2 (58%), allyl alcohol (24%), acetic acid (11%) 

selectivities, as well as for the H2/CO molar ratio (4.5). On the other side, it exhibits the lowest 

values for the CO (40%), CH4 (2.3%), acetaldehyde (13%) and for the CO/CO2 molar ratio (0.7).  

It can be concluded that Ni/SiZr catalyst seems to be more resistant to deactivation in comparison 

with the Ni/Zr, mainly due to its stronger-metal support interactions (TPR), confirming the high 

capability of silica to stabilize the active phase, most probably by preventing the sintering of 

metallic nickel particles during the reaction, through the formation of a SiO2-ZrO2 composite 

structure [70,79]. 

 

3.4 Characterization of used catalysts 

The morphology of the carbonaceous deposits on to the spent catalysts tested under experimental 

protocol #2 was examined using SEM (Fig. 10). This initial examination shows that carbon is 

evenly spread on the surface of the catalysts (carbon mapping) while tiny whiskers can be spotted 

on the images included herein. Fig. 11 the STEM-HAADF images obtained for the same samples 

(i.e., spent catalysts tested under experimental protocol #2). Frοm the images it is clear that a 
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quite substantial amount of carbon exists on the catalytic surface that takes the form of crystalline 

carbon allotrope structures in the shape of carbon nanotubes, as well as co-existent amorphous 

carbon. In both cases also the encapsulated Ni particles (bright contrast) are depicted by red 

dashed circles. 

The temperature programmed oxidation (TPO) results for the spent catalysts tested under 

experimental protocol #2 are presented in Fig. 12(a,b). The total amount of deposited carbon over 

the catalytic surface was estimated by integrating the respective TPO curves and was found about 

half for the Ni/SiZr sample (0.24 gcoke/gcatalyst) in comparison to the Ni/Zr (0.51 gcoke/gcatalyst), 

confirming that substantial coke deposition occurred during the reaction. According to the 

literature [99] there are at least three types of coke-derived species, currently described as (i) 

weakly stable amorphous Cα (sp2C-atoms, superficial C or graphene-like species, peak 300–

450◦C), (ii) Cβ (C-nanotubes, peak 450–550◦C) and (iii) stable crystalline Cγ graphite (sp3C-

atoms, peak above 550◦C) [100]. From the predominant high temperature signal seen for both 

spent catalysts, it could be tempting to conclude that carbon is mainly present in the form of Cγ 

graphite. On the other side, it is also known that such type of carbon is the most inert one and it 

strongly contributes to the catalyst’s deactivation by encapsulating the active sites and making 

them no longer accessible to the reactants [101]. Having evidences of the high catalytic stability 

of both samples, such effect seems rather unlikely. Thus, in accordance with the literature [102-

104], it could be suggested that the high temperature oxidation peak corresponds to the less toxic 

transitory intermediate carbon species formed during gradual transformation of reactive Cα and/or 

Cβ into Cγ. These species could be analogous to carbon multi wall nanotubes (MWN) previously 

reported to form on Ni supported catalysts [105,106], without necessarily leading to catalyst 

deactivation, corroborating the STEM-HAADF results presented above. It has been also proven 

[107-109] that supports doped with CeO2 and/or La2O3 (as Al2O3 or ZrO3) show a tendency to 

form less crystalline (graphitized) and more defective carbon (defects such as oxygen containing 

groups, cracks, dislocations, etc.). Defects introduced in the crystalline lattice of carbon are the 

favoured sites of attack by oxidizing gases and may help avoid the fatal encapsulation of the 

catalytic metal nanoparticles [110,111]. It is generally accepted that the formation of carbon 

species within these routes starts with formation of nickel carbide phases, either as bulk or more 

probably as a carbide-type shell at the surface of nickel particles [112]. Encapsulation and 

irreversible deactivation of the catalysts typically occurs when the rate of formation of carbon 

species at the surface of the carbide is higher than the diffusion or elimination rates, leading to 

production of irregular, mostly amorphous, carbon phases covering the nickel particles. When the 
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formation rate is lower, graphitic filaments occur with variable degree of order and lower 

problems of deactivation [113-115]. 

 

4. CONCLUSIONS  

 

In the work presented herein, the glycerol steam reforming (GSR) reaction for H2 production, by 

comparing the performance of Ni (8 wt. %) supported on ZrO2 and SiO2-ZrO2 catalysts was 

studied. The catalysts’ surface and bulk properties, at their calcined, reduced and used forms, 

were determined by a variety of characterization techniques such as, ICP, BET, XRD, TPD, TPR, 

TPO, XPS, SEM and STEM-HAADF. It was suggested that the addition of SiO2 stabilizes the 

ZrO2 monoclinic structure, restricts the sintering of the Ni particles and strengthens the 

interaction between the nickel species and the supporting material. Moreover, the doping of ZrO2 

with SiO2 seems to remove the weak acidic sites, to increase the amount of the strong acidic sites 

and to lower the basicity.  

From the catalytic testing experiments it was concluded that at temperatures higher than 500°C a 

high conversion to gaseous products (~80%) can be achieved; for the Ni/SiZr catalyst, the H2 

content of the gas reaches its thermodynamic value. It is also clear that the addition of SiO2 to the 

ZrO2 support influences the gaseous products’ distribution by increasing H2 production and not 

favouring the transformation of CO2 in CO, via the reverse WGS reaction. Thus, a high H2/CO 

ratio can be achieved accompanying by negligible value of the CO/CO2 one, providing a gaseous 

mixture suitable for direct feeding of fuel cells infrastructures for energy production.  

From the liquid products quantitative analysis it was suggested that acetone and acetaldehyde 

were the main products for the Ni/Zr catalyst, for temperature as high as 750oC, whereas for the 

Ni/SiZr catalyst allyl alcohol was the only liquid product for the same temperature indicating a 

different reaction pathway. It was also concluded that Ni/SiZr catalyst seems to be more resistant 

to deactivation, as the total amount of deposited carbon )carbon nanotubes and co-existent 

amorphous carbon) was found to be about half (0.24 gcoke/gcatalyst) to that of the Ni/Zr (0.51 

gcoke/gcatalyst).  
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Figures captions 

 

Fig 1. Pore size distribution and N2 adsorption-desorption isotherms (inset) of the reduced 

catalysts. 

 

Fig 2. XRD patterns of the supports and calcined and reduced catalysts (a) Zr and Ni/Zr, and (b) 

SiZr and Ni/SiZr. 

 

Fig 3. (a) NH3-TPD and (b) CO2-TPD profiles of the Ni/Zr and Ni/SiZr catalysts. 

 

Fig 4. TPR profiles of Ni/Zr and Ni/SiZr catalysts. 

 

Fig 5. XPS spectra for Ni/Zr and Ni/SiZr calcined and reduced catalytic samples. 

 

Fig 6. Total glycerol conversion and glycerol conversion into gaseous products for all samples 

[Results obtained for samples tested under experimental protocol #1]. 

 

Fig 7. (a) H2 selectivity and H2 yield, (b) CO2, CO selectivity, (c) CH4 selectivity, and (d) H2/CO 

and CO/CO2 molar ratio [Results obtained for samples tested under experimental protocol #1]. 

 

Fig 8. Liquid products selectivity for the supports and catalysts tested herein [Results obtained for 

samples tested under experimental protocol #1]. 

 

Fig 9. Time on stream experiments for the Ni/Zr and Ni/ SiZr catalysts: (a) Total glycerol 

conversion and glycerol conversion into gaseous products, (b) H2 selectivity and H2 yield, and (c) 

CO2, CO and CH4 selectivity [Results obtained for samples tested under experimental protocol 

#2]. 

 

Fig 10. SEM images and carbon mapping of the spent catalysts: (a) Ni/Zr, and (b) Ni/SiZr 

[Results obtained for samples tested under experimental protocol #2]. 

 

Fig 11. STEM-HAADF images of: (a) Ni/Zr, and (b) Ni/SiZr catalysts [Results obtained for 

samples tested under experimental protocol #2]. 
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Fig 12. TPO profiles and total amount of deposited carbon obtained for the spent catalytic 

samples [Results obtained for samples tested under experimental protocol #2].  
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Tables 

 

Table 1. Properties of untreated catalyst carriers 

 

Support ZrO2 SiO2-ZrO2 

Pellet size  3.0 mm 3.0 mm 

Packing density, kg/m3 n/a 1179.9 

Median pore diameter, nm n/a 13.4 

SSA, m2/g 77 81.8 

Vp, ml/g 0.30 0.33 

ZrO2  92.0 

HfO2  1.6 

Al2O3  0.2 

SiO2  5.0 

TiO2  0.2 

Fe2O3  0.1 

Zirconium’s Phase Monoclinic Monoclinic 

 

Note: n/a = not available 

ACCEPTED M
ANUSCRIP

T



Table 2. Physicochemical, structural and textural properties of calcined and reduced 

catalysts  

 

Cataly

st  

Calcined samples Reduced samples 

Metal 

loading 

(Ni, wt. 

%) 

SSA 

(m2g-1) 

NiO 

mean 

crystalli

te size 

(nm)1 

NiO 

dispersi

on 

(%)2 

SSA 

(m2g-

1) 

Pore 

volume 

(cm3/g) 

Av. 

pore 

width 

(nm) 

Ni0 mean 

crystallite 

size (nm)1 

Ni0 

dispersi

on 

(%)2 

Ni/Zr 7.65 50 15.7 4.2 44 0.05 19.9 23.0 2.9 

Ni/SiZr 7.29 59 18.0 3.7 51 0.14 22.2 15.0 4.4 

 

Note: 1Calculated by XRD measurements (Scherrer analysis), 2Calculated by the Vannice 

method  
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Table 3. Catalytic performance of the Ni/Zr and Ni/SiZr catalysts at 600 oC, during 20 hr 

of stability tests (1st and last measurement) 

 

Reaction Metric Ni/Zr Ni/SiZr 

1st measure. Last 

measure 

1st measure. Last 

measure 

X(C3H8O3), % 80.25 64.90 83.10 68.16 

X(C3H8O3),into gaseous products, 

% 

44.88 38.60 48.59 37.89 

Y(H2) 2.33 1.50 2.88 2.08 

S(H2), % 74.25 55.72 87.88 76.67 

S(CO2), % 50.89 39.48 67.94 57.67 

S(CO),% 45.44 52.31 30.05 39.98 

S(CH4),% 3.66 8.20 1.99 2.33 

S(acetol),% 43.37 39.96 45.27 40.48 

S(acetone),% 11.84 11.11 11.63 11.35 

S(allyl alcohol),% 19.65 22.96 18.55 23.58 

S(acetaldehyde),% 14.96 15.77 11.93 13.41 

S(acetic acid),% 10.17 10.19 12.62 11.18 

H2/CO 3.81 2.48 6.82 4.59 

CO/CO2 0.89 1.32 0.44 0.69 

 

ACCEPTED M
ANUSCRIP

T


