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Graphical abstract 

 

Highlights 

 ESR studied on Ni and Rh catalysts supported on (CeO2)-ZrO2-La2O3 mixed oxides. 

 Dehydrogenation reactions favoured on Rh catalysts, leading to zero CH4 production. 

 Steam dissociation on ZrO2 enhances activity and selectivity versus inert supports. 

 High oxygen mobility in CeO2 containing supports promotes water gas shift reaction. 

 Rh/CeO2-ZrO2-La2O3 exhibits the highest performance and lowest carbon deposition. 
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Abstract 

Hydrogen production via steam reforming of biomass derived oxygenates is a promising environmental 

alternative to the use of fossil fuels. The ethanol steam reforming reaction is investigated over Ni and Rh 

based catalysts supported on ZrO2-La2O3 and CeO2-ZrO2-La2O3 mixed oxides, aiming at the elucidation of the 

role of the metal and the support in the reaction mechanism. Rh versus Ni is shown to be highly active and 

more selective with no methane production under all conditions studied. CeO2-ZrO2-La2O3 versus ZrO2-La2O3 

is shown to promote efficiently the water gas shift reaction, enhancing hydrogen production substantially. 

Time on stream studies show that the catalysts on ceria containing supports are highly stable, whereas a 

gradual deactivation was more evident on the ZrO2-La2O3 supported catalysts. TPO analysis of spent catalysts 

revealed extremely low amounts of graphitic coke deposited on the Rh catalysts. On Ni, and particularly the 

ZrO2-La2O3 supported catalyst, larger peaks corresponding to both amorphous and graphitic coke were 

evident, amounting to higher coke production. The combined effects of metal and support make the catalysts 

on CeO2-ZrO2-La2O3 most suitable for the reaction, with Rh/CeO2-ZrO2-La2O3 showing particularly high 

activity, selectivity and stability, with minimal CH4 and CO production resulting at the highest H2 yield. 

Keywords: Ethanol steam reforming; Nickel; Rhodium; Ceria-Zirconia-Lanthana; Mixed oxides; Support effect 

1. Introduction 

The increasing energy demand along with the finite supply of fossil fuels and pollution problems, stemming 

from the extensive use of the latter, have intensified research on alternative renewable energy sources [1]. 

Hydrogen is a clean energy carrier with high energy density that can be used for the production of electricity 

in fuel cells or heat. Most of the hydrogen originates currently from fossil fuels, resulting in high CO2 emissions 

with well-known negative impacts on the environment [2]. Biomass conversion to hydrogen has the potential 

to accelerate the latter’s realization as a major, carbon neutral, energy carrier [3]. Out of various liquid 

sources for hydrogen, bio-ethanol is a sustainable candidate with low toxicity and easy handling [4]. 

Ethanol steam reforming is an endothermic reaction producing CO2 and H2, with its reaction pathway shown 

to strongly depend on the catalyst [5–9] and operating conditions [10,11]. Several parallel reactions take 
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place on the surface of the catalyst along with reforming, resulting in the generation of different by-products, 

such as acetaldehyde, ethylene, methane, carbon monoxide, acetone and carbon deposits [12]. 

Dehydrogenation, dehydration, decomposition and polymerization reactions, as presented in various kinetic 

studies [13], contribute to the formation of these by-products. Due to the complexity of the reaction pathway 

H2 production is affected by the operating conditions, with maximum ethanol conversion and H2 yield being 

achieved at high temperatures, S/C ratios and contact times [14]. 

Both transition [15–17] and noble [18–20] metals have been extensively examined as catalysts for ESR 

reactions, indicating that ethanol activation pathways depend on the metal nature. Rh based catalysts are 

considered as the most active due to their excellent C-C and C-H bond scission affinity, high water gas shift 

(WGS) activity and high resistance towards carbon deposition [21,22]. The reaction pathway over Rh based 

catalysts is primarily steered by the metal’s oxophilicity leading to the dehydrogenation of ethanol to 

acetaldehyde, followed by decomposition reactions to yield CHx and CO species [23]. The CHx fragments 

further dehydrogenate on the metal active sites to C species which are most likely to be oxidized to COx, thus 

low CH4 and high COx selectivities are observed [24]. However, the high cost of noble metals has shifted the 

attention to transition metals such as Ni, with various studies suggesting the latter metal as active for ESR 

given its effectiveness in catalysing C-C and C-O bond scissions. Ethanol adsorbed on Ni active sites can 

dehydrogenate towards acetaldehyde, followed by decomposition reactions for the formation of CH3 and CO 

species [25–27]. These methyl groups at lower temperatures desorb as CH4, with nickel’s methanation 

activity also contributing to higher methane selectivities. Over all metals, acid sites on the support can 

promote in parallel ethanol’s dehydration towards ethylene [28], while carbon deposition remains a major 

issue for the long term stability of Ni catalysts [29,30]. 

The study of supports based on CeO2-(ZrO2) has received particular interest on account of ceria’s redox 

properties that facilitate the formation of surface and bulk oxygen vacancies, the latter effectively 

replenished by water from the feed [31]. The well-known oxygen storage capacity of CeO2 and the associated 

supply of O species to the metal can enhance the oxidation of carbonaceous fragments on the surface of the 

catalyst and promote the WGS and reforming reactions [32]. Conversion and the H2 yield are enhanced, while 
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by-products such as CH4 and coke precursors are largely eliminated [33]. Zirconia supports are of interest 

independently, due to the oxide’s ability to dissociate water molecules and provide hydroxyl species to the 

metal [34]. Lastly, among used modifiers, La2O3 is known to enhance the stability of Ni catalysts through 

strong metal–support interactions (SMSI), that lead to an enhancement of the dissociation of water [35] and 

the mobility of O species in CeO2 supports [31]. The enhanced catalytic stability during ESR over Ni catalysts 

with the addition of La2O3 has also been reported, attributed to the formation of thin overlayers of La2Ox on 

top of Ni particles [36]. Upon reaction with CO2 the formed lanthanum oxycarbonate reacts with surface 

carbon cleaning the Ni surface from carbonaceous deposits. 

Recently [37], Ni and Rh catalysts supported on ZrO2-La2O3 or CeO2-ZrO2-La2O3 showed high activity at short 

contact times in methane and biogas steam reforming at the 400-550oC range, with the CeO2-ZrO2-La2O3 

supported ones further exhibiting notably stable behaviour at extended 90 h stability tests. The present study 

reports on the steam reforming of ethanol over these catalysts at a wide range of experimental conditions in 

a fixed bed reactor, focusing on the investigation of the effect of both the metal and the support on the 

catalytic activity and selectivity, but also stability and coke formation. The CeO2-ZrO2-La2O3 supported 

catalysts are revealed to be particularly stable and active for the reaction, achieving very high H2 yields at 

400oC. Turnover frequencies over the Ni sample outperform most literature reported values on Ni catalysts, 

approaching those of the much more expensive noble metal Rh, highlighting the promise of this catalyst for 

industrial application. 

2. Experimental procedures 

2.1. Catalysts preparation and characterisation 

The preparation procedures of catalyst samples and their characterisation has been reported in detail in 

previous studies relating to methane steam reforming [37]. Nickel and Rhodium catalysts supported on ceria 

and lanthana doped zirconium oxide (0% or 17% CeO2 and 5% La2O3) provided by Mel Chemicals were 

prepared via the wet impregnation method using Ni(NO3)2·6H2O and RhCl3·3H2O as precursors for Ni (10 wt%) 

and Rh (1 wt%). N2 adsorption at 77 K, using the multipoint BET analysis method with an Autosorb-1 

Quantachrome flow apparatus was used to measure the surface area of prepared catalysts. X-ray diffraction 
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(XRD) patterns were obtained using a Siemens D500 diffractometer, with Cu Kα radiation, in order to identify 

the crystalline phases apparent. Temperature programmed reduction (TPR) and desorption (TPD) were 

performed in a gas flow system using a U-tube reactor connected online with a quadrupole mass analyzer 

(Omnistar) to study the reducibility and the metal dispersion of the catalysts. Coke deposits on spent catalyst 

samples were characterised by means of Temperature Programmed Oxidation (TPO) analysis conducted on 

a Thermo Scientific TPDRO 1100 instrument with a TCD detector. In all TPO experiments, spent catalyst 

samples were pre-treated in a He flow at 250oC for 30 min and then allowed to cool to 40oC. The temperature 

was subsequently increased to 800oC at a rate of 5oC min-1 under a flow of 20 cm3 min-1 of 10% O2 in He. 

2.2. Reactor setup 

The study took place in a fully automated reaction system by PID Eng & Tech (Micro Activity-Effi unit). An 

HPLC pump (Gilson 307) delivered the ethanol/water feed, the latter channelled through an evaporator in 

the hot box of the unit, operating at 150oC, and further mixed with N2, fed via a mass flow controller 

(Bronkhorst El-Flow Select). Reaction products were fed into a Gas/Liquid separator, operated at 0oC, to 

separate and collect condensables. Analysis of the gas products took place on-line in a HP 5890 GC equipped 

with a TCD detector and MS–5A and HS–T columns, using N2 as the internal standard, while liquids were 

analysed off-line in a Thermo Scientific TRACE 1300 GC using an FID detector and a TG WAXMS A column. 

A quartz fixed bed reactor (10 mm i.d. and total length 370 mm) was used for all experiments, heated by a 

single-zone furnace, able to provide an isothermal region of 5 cm. A fitted porous plate ensured that the 

catalyst bed remained in the furnace's isothermal zone. A thermocouple inside the reactor in a fixed position 

of 5 mm above the porous plate was used for temperature measurement and control. The catalyst was 

diluted with α-Al2O3 granules while quartz wool was placed at both ends to support the bed in the tube.  

2.3. Experimental conditions and parameters 

Prior each experiment the catalyst was reduced using a flow of 5% H2 on N2 for 1 h at 550oC (determined via 

TPR to be a sufficient reduction temperature for all catalysts). Reaction temperature was varied over a range 

of 300-600oC at an inlet molar Steam/Carbon (S/C) ratio of 3 and a GHSV of 2.78 s-1 (calculated at NTP 

conditions as total gas equivalent flow). The effect of partial pressure of ethanol was studied varying the 
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latter from 0.06 to 0.37 bara at 400oC and a GHSV of 1.78 s-1, keeping the partial pressure of water constant 

at 0.74 bara. Similarly, the effect of partial pressure of water was studied over a range of 0.26 to 1.56 bara at 

400oC and a GHSV of 2.36 s-1, at a constant partial pressure of ethanol of 0.13 bara. In both cases, these 

ranges were equivalent to a S/C variation of 1 to 6, while a N2 flow was used to maintain constant the 

volumetric flow rate. The space time effect was studied at 400oC at a S/C ratio of 3, varying the ratio of the 

catalyst mass over the mass flow rate of ethanol, W/FEth,t0, from 58 to 349 gcat s gEth
-1, by changing the ethanol 

and water feed over a fixed mass of catalyst and flow of N2 resulting in variation of the GHSV from 3.89 to 

0.64 s-1. Stability runs were carried out in the same reaction system at a temperature of 500oC and S/C of 3, 

at a space time of 358 gcat s gEth
-1 (GHSV = 1.08 s-1). A mass of 80 mg of catalyst was used in all experiments.  

A minimum of three replicate experiments were carried out for most conditions to verify the repeatability of 

results, while at the start and end of every experimental session the performance of the catalyst was 

evaluated at reference conditions (temperature of 400oC and S/C of 3) to ensure significant deactivation had 

not occurred. Atomic C, H and O mass balance closure in all tests was in the order of 100 ± 5%. The results 

presented in following sections are the average values from the replicate experiments and are expressed in 

terms of the parameters shown below, whereas in Table S2 of the Supporting Information the respective 

standard deviations are also provided in tabular form. 

Conversion: 𝑋𝐸𝑡ℎ =
𝐹𝐸𝑡ℎ

𝑖𝑛 − 𝐹𝐸𝑡ℎ
𝑜𝑢𝑡

𝐹𝐸𝑡ℎ 
𝑖𝑛 × 100 

Carbon selectivity of compound 𝑦 with 𝑛 carbon atoms: 𝑆𝑐(𝑦) =
0.5𝑛𝐹𝑦

𝑜𝑢𝑡

𝐹𝐸𝑡ℎ
𝑖𝑛 − 𝐹𝐸𝑡ℎ

𝑜𝑢𝑡 × 100 

Hydrogen yield: 𝑌𝐻2
=

𝐹𝐻2
𝑜𝑢𝑡

6𝐹𝐸𝑡ℎ 
𝑖𝑛 × 100 

Turnover Frequency: 𝑇𝑂𝐹 =
𝐹𝐸𝑡ℎ

𝑖𝑛 − 𝐹𝐸𝑡ℎ
𝑜𝑢𝑡

𝑁𝑆𝑢𝑟𝑓,𝑁𝑖
 

with 𝑁𝑆𝑢𝑟𝑓,𝑁𝑖 being the moles of surface Ni as obtained from Η2-TPD and 𝐹𝑖
𝑥 being the molecular flowrate of 

compound 𝑖. 
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Results are also compared with thermodynamic equilibrium at equivalent conditions, calculated via Gibb’s 

free energy minimisation using the Aspen Plus software with the Peng-Robinson equation of state; 

considering ethanol, water, carbon monoxide, carbon dioxide, methane, hydrogen and acetaldehyde as 

compounds.  

3. Results and Discussion 

3.1. Catalyst characterisation 

The characterization of the catalysts used in this work has been reported in previous studies [37,42], hence 

in the present section only a summary of main results is presented. Table S1 in the Supporting Information 

presents the specific surface area and metal dispersion of the catalysts, while diffraction patterns are shown 

in Figure S1. Crystalline phases identified in the supports were Zr0.84Ce0.16O2 for CeO2-ZrO2-La2O3 and ZrO2 for 

ZrO2-La2O3. In both cases, no La2O3 peaks were observed most probably due to the latter’s amorphous state 

or fine dispersion. The characteristic peaks of the respective supports and those of NiO are present in the 

XRD patterns of the Ni-based catalysts. In the case of the Rh-based catalysts, no peaks for Rh2O3 were 

detected, most likely due to its low content. The TPR profiles of the catalysts and the supports are shown in 

Figure S2. Relatively mild conditions are sufficient for the reduction of all catalysts, with approximately 180oC 

and 480oC needed for the Rh-based and the Ni-based catalysts, respectively. A low intensity peak at 340oC 

was also observed in the TPR profile of the CeO2-ZrO2-La2O3 support, ascribed to the partial reduction of ceria, 

whereas no reduction peak was visible in the case of the ZrO2-La2O3 support. 

3.2. Effect of temperature 

The effect of temperature on ESR over all catalysts tested is presented in Figure 1, where ethanol conversion 

and H2 yield are both seen to increase with the rise of temperature. Different conversions are achieved 

depending on the support and metal used, evidencing an effect of both on the obtained performances. In all 

cases, results are far from thermodynamic equilibrium, which predicts the conversion of ethanol even at 

300oC to be complete. CeO2-ZrO2-La2O3 supported catalysts are the most active, with the Rh one being clearly 

the most performant. Comparing the current results with equivalent obtained over Ni supported on inert 
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SiO2 from our previous work [25], the beneficial effect of the supports used is clear, particularly at the lower 

temperatures. Indicatively, at 300oC ethanol conversion was as low as 5% on Ni/SiO2, whereas it reached 

values of 18 and 23% over the ZrO2-La2O3 and the CeO2-ZrO2-La2O3 supported Ni catalysts, respectively. This 

comparison becomes even more favourable for the current catalysts when the respective surface areas 

(37.17 and 45.07 m2/g for the ZrO2-La2O3 and CeO2-ZrO2-La2O3 versus 105.32 m2/g for the SiO2 one) are taken 

into account. The promoting effect of CeO2 on the performance of the Ni catalysts is further underlined upon 

consideration of the lower surface area and dispersion of the CeO2-ZrO2-La2O3 supported catalyst in 

comparison to the ZrO2-La2O3 supported one. Over Rh, performance enhancement was even larger, with the 

CeO2 containing catalyst achieving a comparatively much higher conversion of 36% at the same temperature 

of 300oC. Moreover, this catalyst remained visibly more active in relation to all others across the entire 

temperature range studied, whereas differences for the rest were not as large at higher temperatures.  

Further evidence on the effect of the support and metal on performances obtained are provided by the 

products carbon selectivities presented in Figure 2. For all catalysts, acetaldehyde is identified as a major 

intermediate, derived from the dehydrogenation of ethanol, aligning well with both experimental 

observations [31,43] and theoretical predictions [44]. CeO2 has been reported to also be able to dissociate 

ethanol towards ethoxy species, the latter dehydrogenating to acetaldehyde or reacting with available O 

species on the support’s surface towards acetate [31,45]. However, the overall similar selectivities of 

acetaldehyde observed over SiO2 supported Ni [25] suggest that its formation is primarily driven by metal 

catalysed ethanol dehydrogenation. 

Notable, are also the very low CH4 selectivities achieved (Figure 2c) for all catalysts across the entire 

temperature range investigated. On Ni based catalysts the selectivity of methane never exceeded 6%, with 

the lowest values being consistently obtained over the CeO2-ZrO2-La2O3 supported catalyst. The values 

compare particularly favourably to those over inert SiO2 supported Ni that approached 30% below 450oC 

[25]. As discussed in various studies [46,47] and evidenced by the TPR results, CeO2 is characterised by its 

reducibility and ability to provide lattice oxygen species to the metal. These O species can promote the 

oxidation of CHx fragments on the metal, while the resulting oxygen vacancies on the support are replenished 
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by steam. ZrO2 supported catalyst have also been shown to facilitate steam’s dissociation, providing hydroxyl 

groups to the metal that can similarly promote reforming reactions [48–50]. For both Rh supported catalysts, 

CH4 selectivity, within the detection limits of the analytics used, was zero, indicative of the role of the metal 

in addition to the discussed support effects. Indeed, DFT calculations have shown that on Rh the C-C bond 

cleavage takes place most likely at the CHCO surface intermediate, in contrast to the more oxophilic Ni where 

the same scission was predicted to occur mainly at CH3CO [44]. As a result, with the promotional effect of O 

or OH species originating from the support, the resulting CH species are oxidised towards CO more efficiently 

rather than hydrogenating up to CH4 on Rh in comparison to CH3 on Ni. Furthermore, as was shown in the 

work of Angeli et al. during ethane steam reforming [42], the methanation activity of Ni/CeO2-ZrO2-La2O3 was 

higher than that over Rh/CeO2-ZrO2-La2O3, and could potentially further contribute to the observed methane 

selectivity differences between Ni and Rh catalysts. 

The combined promotional effects of metal and support are further demonstrated by the observed COx 

selectivities. CO2 selectivity (Figure 2b) over both the Ni and Rh catalysts supported on CeO2-ZrO2-La2O3 is 

much higher to that obtained over the ZrO2-La2O3 catalysts, especially at the lower temperatures, in very 

good agreement with the well-recognised high activity of ceria in the water gas shift reaction [51–53]. ZrO2, 

on the contrary, as also evidenced from the TPR profiles, has insignificant reducibility. Any oxygen vacancies 

on ZrO2 have been shown to originate mainly from metal-support interactions and be much lower in number 

in comparison to ceria [54]. Clearly, the much higher oxygen mobility of the later is able to drive the oxidation 

of CO towards CO2 even at 300oC for both metals, effectively promoting the water gas shift activity. The 

combined favourable selectivity trends on Rh and on CeO2-ZrO2-La2O3 in combination with the higher activity 

obtained are evident on the achieved H2 yield for that catalyst (Figure 1b). 

3.3. Effect of partial pressure of reactants 

3.3.1. Variation of ethanol partial pressure 

The effect of ethanol partial pressure on ESR over Ni and Rh based catalysts is presented in Figure 3. For 

these experiments the total pressure (1.9 bara), the partial pressure of water (0.74 bara) and GHSV (1.78 s-1) 

were kept constant, while ethanol’s partial pressure was varied from 0.06 bara (S/C = 6 molH2O molC-1) to 0.37 
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bara (S/C = 1 molH2O molC-1). The plots are presented in terms of S/C variation, with the equivalent values of 

ethanol partial pressure being also annotated. Ethanol conversion and H2 yield are clearly enhanced with the 

increase of the S/C ratio (and decrease of ethanol’s partial pressure), as this effectively corresponds to a 

reduction of the ethanol being fed. In line with the discussion in the previous section the CeO2-ZrO2-La2O3 

supported catalysts showed the higher activity in terms of ethanol conversion and H2 yield, with Rh reaching 

95% conversion at the highest S/C, closely followed by Ni at 91% conversion. For the ZrO2-La2O3 supported 

catalysts the activity was lower but again Rh was better performing than Ni. Various studies have reported 

Rh based catalysts to have higher activity than Ni for ESR, however the beneficial effects of the ceria support 

enhance Ni performance reaching an almost comparable level to Rh [55]. Comparison with Ni/SiO2 [25] is 

again indicative of this enhancement, with conversion over that catalyst at a S/C of 6 being approximately 

only 50%. The turnover frequencies (TOF) obtained in these runs as a function of ethanol’s partial pressure 

(Figure 3c) show a positive partial reaction order for ethanol on all catalysts. Consistent with previous works 

on various catalysts, an ethanol derived surface intermediate is believed to participate in the rate 

determining step [20,25,56,57], the latter typically suggested to be one of the first dehydrogenation steps 

[44]. For all catalysts, partial reaction orders smaller than unity are obtained, ranging from 0.16 to 0.35, 

indicative of a Langmuir-Hinshelwood reaction mechanism being active. For each type of support, the largest 

TOF values are achieved with the Rh catalysts, in line with the metal’s well recognised higher activity in 

comparison to Ni [58–60], although as discussed the ceria promoting effect leads to the Ni/CeO2-ZrO2-La2O3 

catalyst outperforming the Rh/ZrO2-La2O3. 

Figure 4 presents the carbon selectivities of ESR in terms of S/C ratio for these experiments. The observed 

trends are overall similar for all catalysts, with CO2 selectivity increasing and those of CH3CHO and CO 

decreasing as the S/C ratio increases, in agreement with the expected promotion of reforming and WGS 

reactions the abundance of steam would incur. In line with the temperature variation experiments, no CH4 

was observed on either of the Rh catalysts, while only small CH4 amounts were detected on the Ni catalysts 

at S/C ratios less than 4. Considering that the lowest S/C of 1 tested is sub-stoichiometric for ESR, these 

results further support that the CH4 selectivity differences over the two metals are primarily due to the 

degree of dehydrogenation of the surface species at which C-C cleavage occurs, as discussed above. 
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Nonetheless, the higher activity of Rh versus Ni in CH4 steam reforming is also expected to be contributing to 

observed trends to some degree, particularly at high conversion where evolution of CH4 in the gas phase is 

possible [61]. Moreover, the O species from the ceria support enhance clearly the oxidation of formed CHx 

surface species on the metal [62], as indicated by the lower CH4 selectivities obtained on Ni/CeO2-ZrO2-La2O3 

against Ni/ZrO2-La2O3. Support mediated delivery of OH species from ZrO2 should also be noted, as, over 

Ni/SiO2 [25], CH4 selectivity averaged almost 40% at the same conditions, whereas on Ni/ZrO2-La2O3 it never 

exceeded 7%. COx selectivity profiles for these runs agree with the already discussed trends, with the CO/CO2 

ratio being consistently the lowest over the Rh/CeO2-ZrO2-La2O3 and the highest over the Ni/ZrO2-La2O3 for 

all conditions tested. 

3.3.2. Variation of water partial pressure 

The effect of water partial pressure on ESR over Ni and Rh based catalysts is presented in Figure 5. During 

these experiments the total pressure (1.9 bara), ethanol’s partial pressure (0.13 bara) and GHSV (2.36 s-1) 

were kept constant while varying water’s partial pressure from 0.26 bara (S/C = 1 molH2O molC-1) to 1.56 bara 

(S/C = 6 molH2O molC-1). The ethanol conversion is plotted against S/C variation, with the equivalent water 

partial pressure values being also annotated. In these runs, the rise of the S/C ratio is linearly correlated to 

the increase of the partial pressure of water. For all the catalysts, ethanol conversion presents a negative 

trend as water’s partial pressure increases, although for the CeO2-ZrO2-La2O3 supported ones it is milder in 

comparison to that over the ZrO2-La2O3 ones. This is more noticeable on the TOF plot (Figure 5c), where a 

clearly negative reaction order in respect to water is obtained for the latter catalysts, whereas on the ceria 

containing ones the slope is still negative but much closer to zero. Various studies, including our previous 

work on Ni/SiO2 [25], have suggested that a negative partial reaction order for steam indicates the 

competitive adsorption of ethanol and water for the same active sites, with the metal surface being gradually 

saturated by adsorbed water species [63,64]. Clearly, the high oxygen mobility and large oxygen storage 

capacity of CeO2 allows for an efficient dissociation of steam across its entire surface and a fast delivery of O 

species to the metal that prevents to a large degree the latter’s saturation by steam, as carbon-containing 

surface intermediates are effectively oxidised. On ZrO2-La2O3 supported catalysts, steam adsorbs and 

dissociates mostly across the metal-support interface, where the oxidation reactions also take place, so the 
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increase in water’s partial pressure potentially impacts in a more pronounced manner the availability of 

metal active sites [65] resulting in a more negative slope for the water partial reaction order. 

The influence of water’s partial pressure on the carbon selectivities is shown in Figure 6. Selectivity trends 

follow those presented on Figure 4 during ethanol partial pressure variation, even though the conversion 

trend is opposite, indicative of selectivity being mainly driven by the availability of steam derived 

intermediates [66]. For all the catalysts, increasing water partial pressure enhanced the production of CO2 at 

a concurrent decrease of CH3CHO and CO (and CH4 where present). CH4 selectivity again follows previously 

discussed trends, being effectively zero over the Rh catalysts. For the Ni catalysts much higher CH4 

selectivities are obtained over these runs for S/C2 in comparison to the previous section, particularly for 

the ZrO2-La2O3 supported catalyst. This is most likely linked to the lower partial pressure of water during 

these experiments ranging from 0.26 to 0.52 bara versus 0.74 bara used previously throughout all conditions 

and evidences that the availability of OH or O species on the metal depends primarily on the applied partial 

pressure of water, rather than the effective S/C ratio in the feed. COx selectivities similarly follow previously 

discussed trends, with the CeO2-ZrO2-La2O3 supported catalysts showing again the best performance in terms 

of promoting the WGS reaction through the oxidation of CO by ceria delivered O species. At the highest water 

partial pressure and S/C tested, the selectivity to CO2 both for the Ni and Rh on CeO2-ZrO2-La2O3 catalysts is 

approximately 95%. The CO/CO2 ratio in the product gas is for both catalysts equal to 0.05, comparing well 

with the thermodynamically predicted value of 0.02, and indicating that the water gas shift reaction has 

approached equilibrium. In combination with the high conversions achieved at these conditions, maximum 

hydrogen production is obtained. 

The selectivity of CH3CHO is seen to decrease while increasing the water partial pressure, possibly linked and 

discussed in more detail by Zhurka et al. to the ethanol conversion trend [25]. CH3CHO is a primary product 

of ESR, derived from ethanol’s dehydrogenation, and, as such, its formation should be independent of steam 

derived species. In these experiments the partial pressure of ethanol is kept constant while increasing the 

water partial pressure, leading to a saturation of the metal surface and a drop in ethanol conversion and, as 

such, in the production of CH3CHO. As commented on previous sections, an alternate pathway through 
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acetaldehyde’s oxidation by O species to acetate species, the latter decomposing to CHx and COx, is possible 

[67] and could link to the lower CH3CHO selectivity on CeO2-ZrO2-La2O3 supported catalysts. Nonetheless, as 

discussed, this is believed to be a relatively minor contribution to the overall results obtained. 

Overall, H2 yield (Figure 5b) remains relatively constant with water partial pressure, even though conversion 

decreases for all catalysts due to the beneficial selectivities brought about by the excess of water. Specifically, 

a slightly decreasing trend is observed for Rh, while for Ni, the mild variation of the values lies within the 

experimental error, so no clear trend can be discerned. Comparatively, the difference between the two 

metals can be attributed to the substantial drop in CH4 selectivity attained with S/C increase on the Ni 

catalysts. 

3.4. Effect of space time 

The effect of space time on ethanol conversion and H2 yield at 400oC and S/C = 3 is presented in Figure 7. The 

space time was varied from 69.80 to 348.98 gcat s gEth
-1 by changing the reactants flow over a fixed mass of 

catalyst. As expected, ethanol conversion increases with space time, with the H2 yield following this trend. 

The higher activity of the CeO2-ZrO2-La2O3 supported catalysts on conversion is evident, which translates to 

these two catalysts achieving remarkably higher H2 yields at the higher space times tested in comparison to 

the ZrO2-La2O3 supported catalysts. At a space time of 348.98 gcat s gEth
-1 conversion over both the CeO2-ZrO2-

La2O3 supported catalysts exceeded 80% with H2 yield being 75 and 83% of the stoichiometrically possible for 

Ni and Rh, respectively. Conversion and H2 yield over ZrO2-La2O3 supported catalysts reached 61 and 47%, 

and 67 and 61%, for Ni and Rh respectively. For both supports, though, and in line with discussions in previous 

sections, Rh consistently performed better to its equivalent Ni catalyst, whereas the worse performing Ni 

catalyst (supported on ZrO2-La2O3) still showed marginally higher conversion to Ni/SiO2 (discussed elsewhere 

[25]). At the largest space velocity tested (GHSV = 3.89 s-1, W/FEth,t0 = 69.80 gcat s gEth
-1), TOF values obtained 

ranged from 2.76 s-1 and 3.04 s-1 for the Ni and Rh on ZrO2-La2O3 to 4.37 s-1 and 6.33 s-1 for the Ni and Rh on 

CeO2-ZrO2-La2O3. Rh showed higher activity than Ni for each support, however the presence of ceria allows 

for higher turnover frequencies to be attained on Ni versus the non-ceria containing Rh sample, which 

evidences its substantial promoting effect on the reaction kinetics. Notwithstanding the difficulties in 
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comparing turnover frequencies with literature given the differences in conditions and supports employed 

and the overall high conversions in this work, Table S3 in the Supporting Information provides a summary of 

values reported in literature for Ni and Rh catalysts with those in the current work. Those obtained on Ni 

catalysts compare well with published, e.g. as summarised in Kubacka et al. [68] and Chen et al. [69], as most 

reported do not exceed 1 s-1. On Rh TOF values in the order of 10 s-1 have been reported [39,70], but, 

accounting again for the variable conditions, etc. these have been obtained at, the current results appear 

competitive. 

Figure 8 presents the product selectivities plotted against ethanol conversion, whereas Figure S3 in the 

Supporting Information provides the selectivity trends against space time. The conversions achieved over 

these space time variation runs, particularly for the CeO2-ZrO2-La2O3 supported catalysts are higher than what 

would typically allow a kinetic evaluation of the reaction pathway and the identification of primary and 

secondary products. Nonetheless, the comparison of obtained performances reveals noteworthy trends that 

can be linked to the underlying pathway. The selectivity of CH3CHO evolves similarly over all catalysts, namely 

decreasing up to a value of zero with the increase of space time, in agreement with acetaldehyde being a 

primary product of ESR over both Rh and Ni resulting from ethanol’s dehydrogenation [31,43]. The very 

similar selectivity values for all catalysts at each conversion level further support that the formation of 

acetaldehyde is primarily metal driven and not affected by the availability of steam derived intermediates. 

CH4 selectivity, interestingly, exhibits diverging profiles at the studied conditions. For the Rh catalysts, as 

consistently observed in all experiments of this work, no CH4 production was observed, consolidating our 

observations on the role of Rh in promoting the dehydrogenation of surface intermediates, prior the cleavage 

of the C-C bond. On the Ni/ZrO2-La2O3, CH4 selectivity is seen to increase with space time, a trend consistent 

with methane being identified as a secondary product of ESR [25]. For the Ni/CeO2-ZrO2-La2O3 catalyst, 

though, CH4 selectivity is observed to decrease as space time increases, which would imply CH4 is a primary 

product over this catalyst. Nonetheless, this trend is attributed to the high conversions in these experiments 

and the abundance of reactive O species from the support that lead to an effective oxidation of CHx species. 

It would most probably require measurements at much lower conversions for CH4 to be able to be identified 
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as a secondary product for this catalyst. In all cases, the considerably lower selectivities for CH4 obtained over 

these catalysts in comparison to Ni/SiO2 [25] needs to be highlighted. At the highest conversion achieved 

over the silica supported catalyst (60%), CH4 selectivity was as high as 35%, while for the current catalysts it 

ranged from 6 to 0% depending on the metal and support. 

The above observation is consistent also with the obtained COx selectivities in these experiments. CO 

selectivity over both ZrO2-La2O3 catalysts increases gradually with space time, while the opposite trend is 

seen over the CeO2-ZrO2-La2O3 catalysts. Even though for Rh it has been discussed based on DFT calculations 

that CHCO formation, leading eventually to CO, can take place also via surface pathways that do not involve 

CH3CHO [44], for Ni and the low temperature tested this is considered less likely. In our previous work it was 

discussed both based on experimental results [25] and via microkinetic modelling [64] that even over Ni/SiO2 

it is possible that a primary pathway towards the formation of CO can exist, but that was shown to be 

primarily active only at temperatures over 500oC. Considering the opposite CO trends over the ZrO2-La2O3 

supported catalysts, it is believed that it is the high oxygen mobility of the ceria, leading to a very efficient 

oxidation of CO over these catalysts, that results in CO appearing as a primary product. The decisive role of 

the ceria support in promoting secondary CO conversion reactions is further evident by the almost identical 

CO selectivities over the two CeO2-ZrO2-La2O3 catalysts across the range of conversions studied. At the 

highest conversion achieved, a CO/CO2 ratio of 0.04 and 0.09 on Rh and Ni, respectively, approached the 

thermodynamically predicted value of 0.02, indicative again of the water gas shift reaction being almost 

quasi-equilibrated. Over the ZrO2-La2O3 catalysts the lower activity and participation of the support in the 

reaction mechanism allows for the role of the metal to become more evident with Rh seen to outperform Ni. 

CO2 selectivity, finally, displays a rising trend for all catalysts, although more pronounced over the CeO2-ZrO2-

La2O3 catalysts, that agrees with CO2 being a secondary product from the, primarily support-mediated, 

oxidation of CO. The comparison with Ni/SiO2 [25] is again revealing of the much higher performance of the 

current catalysts. A very high CO2 selectivity of 85% was achieved over both Ni and Rh CeO2-ZrO2-La2O3 

supported catalysts at a conversion of 60%, whereas for Ni/SiO2 the same metric did not exceed 25% at this 

conversion. The ZrO2-La2O3 catalysts performed still favourably to Ni/SiO2 with CO2 selectivities of 70 and 

47% for Rh and Ni, respectively. 
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3.5. Time-on-stream performance 

Figure 9 presents the evolution of ethanol conversion and H2 yield with time, to investigate the stability of 

the catalysts at 500oC and S/C = 3 (GHSV = 1.08 s-1), conditions where thermodynamic equilibrium predicts 

the conversion of ethanol to be complete. For all catalysts, an overall stable behaviour was observed 

regarding the conversion and H2 yield for the duration of 240 min tested. The CeO2-ZrO2-La2O3 supported 

catalysts exhibited much higher performance, almost approaching equilibrium, with conversion averaging 

90% for Ni and over 95% for Rh. ZrO2-La2O3 supported catalysts were less active with respective conversions 

of approximately 60% and 70% for Ni and Rh being measured. Moreover, these catalysts appeared to 

deactivate slowly with time, with the gradual decrease in conversion and H2 yield being more evident on the 

Ni catalyst. The same catalysts, when used in simulated biogas steam reforming at very similar conditions of 

500oC temperature and S/C = 3, showed analogous behaviour with again the CeO2-ZrO2-La2O3 supported 

catalysts being the most stable over extended time-on-stream experiments of up to 90 h [37]. Clearly, the 

oxygen species delivered by ceria contribute actively to the oxidation of coke precursors and any formed 

carbonaceous deposits. Moreover, as all catalysts have been exposed to a temperature of 500oC during their 

reduction prior each experiment, sintering is considered less likely to be the main cause for the observed 

slow deactivation of the ZrO2-La2O3 supported catalysts.  

The evolution of total carbon selectivities with time-on-stream is presented in Figure 10. Acetaldehyde’s 

selectivity is very low at roughly 2 and 1% for the ZrO2-La2O3 and CeO2-ZrO2-La2O3 supported catalysts, 

respectively, and very stable over time, indicating that the main activation pathway of ethanol proceeds 

unhindered over all catalysts. Interestingly, there was no CH4 detected over any of the catalysts for the 

duration of these time-on-stream experiments. It appears that at the conditions tested of high operating 

temperature and relatively large space time the beneficial effects of the supports are able to supress 

completely the formation of CH4, not only for the Rh catalysts, but also on Ni. This can further be observed 

from the very high CO2 selectivity which surpassed 90% on all catalysts, reaching as high as 95% on the CeO2-

ZrO2-La2O3 supported ones. Evidently, at this high temperature the O and OH species that spillover from the 

supports are abundant enough to effectively promote the water gas shift reaction. Nonetheless, a gradual 
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increase of CO selectivity at the expense of CO2 is observed with time, mainly on the ZrO2-La2O3 supported 

catalysts, indicating that the slow catalyst deactivation impacts first on the water gas shift reaction 

progression [25,29]. This effect is rather minor with the overall performance, particularly on the CeO2-ZrO2-

La2O3 supported catalysts being very stable resulting in high H2 yield at high conversions. For the most active 

catalyst, the Rh/CeO2-ZrO2-La2O3 a very high H2 yield of approximately 90% of the stoichiometrically possible 

was achieved and remained constant for the duration of these TOS runs, indicative of the potential of this 

catalyst for ESR.  

3.6. Temperature-programmed oxidation of spent catalysts 

Carbon deposits on the spend catalysts, collected after the TOS experiments, were characterized via TPO. 

The CO2 evolution profiles for the four catalysts are presented in Figure 11, while Table 1 presents the amount 

of carbon deposited on the catalyst bed in terms of catalyst weight mass and carbon fed. Two peaks are 

visible on the TPO profiles of Ni catalysts suggesting the existence of carbon deposits of different nature on 

both catalysts. Specifically, the Ni/ZrO2-La2O3 catalyst showed an intense peak at 503oC and a broader peak 

at 611oC, while on Ni/CeO2-ZrO2-La2O3 lower in magnitude peaks were observed at 491oC and 610oC. The 

peaks around 500oC could be attributed to amorphous carbon produced through polymerization reactions, 

while those around 610oC would suggest the formation of filamentous or whisker carbon [71]. The different 

types of coke deposited on Ni during steam reforming of various compounds have been widely reported 

[72,73], suggesting amorphous carbon, covering active sites, to result in catalytic activity decrease, while 

filamentous carbon, diffusing through Ni and leaving active sites still accessible, to not lead to pronounced 

deactivation [74]. The overall higher amount of coke deposited, particularly of amorphous carbon, on 

Ni/ZrO2-La2O3 is in agreement with the TOS results where that catalyst was shown to exhibit a relatively 

higher deactivation compared to Ni/CeO2-ZrO2-La2O3. Correspondingly, the high and stable performance of 

Ni/CeO2-ZrO2-La2O3 and the graphitic nature of coke formed has been previously reported by Vagia et al. [75] 

examining acetic acid steam reforming. On the CeO2-ZrO2-La2O3 supported Ni catalyst only 0.25% of the 

carbon fed was deposited as coke after the 4 h TOS run, comparing favorably to 0.63% on the ZrO2-La2O3 
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supported catalyst, both values being particularly lower to the approximately 3% measured after equivalent 

experiments over Ni/SiO2 [25]. 

Rh based catalysts presented only one minor peak and exhibited clearly lower carbon formation in relation 

to the Ni catalysts, agreeing well with their overall higher catalytic activity and stability. Rh/ZrO2-La2O3 

catalyst showed a low CO2 peak at 626oC during TPO indicating the presence of filamentous carbon. The 

displacement of the TPO peak on Rh/ZrO2-La2O3 at higher oxidizing temperature in comparison to Ni/ZrO2-

La2O3 aligns well with the findings of Chiodo et al. during glycerol steam reforming [76] and Angeli et al. 

during methane steam reforming [37], who both observed filamentous coke on Rh being slightly more 

difficult to oxidize than on Ni. Considering the very low amounts of coke on Rh/ZrO2-La2O3 (0.09% of carbon 

fed) in comparison to both Ni samples, the slight deactivation on this catalyst could indicate the possibility 

of a gradual change in the oxidation state of Rh, in line with the discussion by Angeli et al. [37]. On 

Rh/CeO2-ZrO2-La2O3 only a very minor peak was detected, amounting a minimal carbon deposition of 0.01% 

of carbon fed, underlining again the synergetic effect of the noble metal and the ceria support. The high 

catalytic activity and coke resistance of Rh/CeO2-ZrO2-La2O3 on methane, ethane and propane steam 

reforming has been examined by Angeli et al. [42] presenting always low intensity TPO profiles with nearly 

no carbon formation.  

Conclusively, CeO2-ZrO2-La2O3 supported catalysts exhibited higher coke resistance and lower carbon 

formation in comparison to the respective ZrO2-La2O3 supported catalysts, due to ceria’s OSC and increased 

oxygen mobility which participated in the oxidation of carbon precursors and deposits. Regarding the active 

metal, Rh catalysts showed lower carbon formation due to their high resistance towards carbon formation. 

Overall, the Rh/CeO2-ZrO2-La2O3 catalyst displayed the best catalytic performance with minor carbon 

formation.  

4. Conclusions 

In this study the catalytic activity of Ni and Rh based catalysts supported over (CeO2)-ZrO2-La2O3 mixed oxides 

was examined, focusing on discriminating the effect of the metal and the support on the ESR reaction. All 
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catalysts showed higher activity compared to Ni/SiO2, on account of the ability of ZrO2 to promote the 

dissociation of water and supply OH species to the metal, as evidenced by both the higher conversions and 

favourable selectivities obtained. CeO2 containing catalysts were clearly the most active due to ceria’s high 

oxygen mobility that enhanced oxidation reactions, particularly of CO towards CO2, effectively promoting the 

water gas shift reaction. Furthermore, CeO2 enhanced the coke resistance of the catalysts, demonstrated 

during stability runs and via TPO analysis of spent samples. Rh based catalysts were respectively the most 

active with noteworthy being the absence of CH4 in the products even at low contact time. This was attributed 

to the Rh metal favouring the dehydrogenation reactions over the C-C bond cleavage, resulting in highly 

dehydrogenated surface species that can be effectively oxidised. The latter characteristic further contributed 

to the coke resistance of Rh versus Ni catalysts, shown in the minimal coke deposits measured. The combined 

support and metal effects resulted in Rh/CeO2-ZrO2-La2O3 exhibiting the highest performance and stability, 

closely followed by Ni/CeO2-ZrO2-La2O3. 
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Figure 1. Temperature effect on ethanol conversion (a) and H2 yield (b) over Ni and Rh based catalysts 
supported on (CeO2)-ZrO2-La2O3 (W/FEth,t0 = 91.88 gcat s gEth

-1, P = 1.7 bara, S/C = 3). 
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Figure 2. Temperature effect on carbon selectivities of CO (a), CO2 (b), CH4 (c) and CH3CHO (d) for ESR over 
Ni and Rh based catalysts supported on (CeO2)-ZrO2-La2O3 compared with equilibrium (W/FEth,t0 = 91.88 gcat 

s gEth
-1, P = 1.7 bara, S/C = 3). 
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Figure 3. Partial pressure effect of ethanol on ethanol conversion (a) and H2 yield (b) at 400oC over Ni and 
Rh based catalysts supported on (CeO2)-ZrO2-La2O3 presented as S/C variation with numbers on plots 
annotating the equivalent partial pressures of ethanol in bara, and ln reaction rate of ESR with respect to 
ln ethanol partial pressure (c) (P = 1.9 bara, GHSV = 1.78 s-1). 
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Figure 4. Partial pressure effect of ethanol on carbon selectivities of CO (a), CO2 (b), CH4 (c) and CH3CHO (d) 
for ESR at 400oC over Ni and Rh based catalysts supported on (CeO2)-ZrO2-La2O3 compared with 
equilibrium, presented as S/C variation with numbers on plots annotating the equivalent partial pressures 
of ethanol in bara (P = 1.9 bara, GHSV = 1.78 s-1). 
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Figure 5. Partial pressure effect of water on ethanol conversion (a) and H2 yield (b) at 400oC over Ni and Rh 
based catalysts supported on (CeO2)-ZrO2-La2O3 presented as S/C variation with numbers on plots 
annotating the equivalent partial pressures of water in bara, and ln reaction rate of ESR with respect to ln 
water partial pressure (c) (P = 1.9 bara, GHSV = 2.36 s-1). 
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Figure 6. Partial pressure effect of water on carbon selectivities of CO (a), CO2 (b), CH4 (c) and CH3CHO (d) 
for ESR at 400oC over Ni and Rh based catalysts supported on (CeO2)-ZrO2-La2O3 compared with 
equilibrium, presented as S/C variation with numbers on plots annotating the equivalent partial pressures 
of water in bara (P = 1.9 bara, GHSV = 2.36 s-1). 
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Figure 7. W/FEth,t0 effect on ethanol conversion (a) and H2 yield (b) at 400oC over Ni and Rh based catalysts 
supported on (CeO2)-ZrO2-La2O3 (P = 1.8 bara, S/C = 3). 
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Figure 8. W/FEth,t0 effect on carbon selectivities of CO (a), CO2 (b), CH4 (c) and CH3CHO (d) at 400oC over Ni 
and Rh based catalysts supported on (CeO2)-ZrO2-La2O3, with the equivalent equilibrium values being CO: 
1 %, CO2: 38 %, CH4: 61 % and CH3CHO: 0 % (P = 1.8 bara, S/C = 3). 
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Figure 9. Ethanol conversion (a) and H2 yield (b) against time-on-stream at 500oC over Ni and Rh based 
catalysts supported on (CeO2)-ZrO2-La2O3 (W/FEth,t0 = 358.57 gcat s gEth

-1, S/C = 3). 
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Figure 10. Carbon selectivities of CO (a), CO2 (b) and CH3CHO (c) against time-on-stream at 500oC over Ni 
and Rh based catalysts supported on (CeO2)-ZrO2-La2O3. Selectivity to CH4 was zero for these experiments 
(W/FEth,t0 = 358.57 gcat s gEth

-1, S/C = 3). 
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Figure 11. Temperature programmed oxidation profiles of spend catalysts following 4 h TOS experiments 
as described in Section 3.5. 
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Table 1. Mass based percentages of coke deposited on catalyst samples in terms of total carbon fed and of 
catalyst mass after 4 h TOS experiments as determined from the TPO analysis. 

 Ni/CeO2-ZrO2-La2O3 Ni/ZrO2-La2O3 Rh/CeO2-ZrO2-La2O3 Rh/ZrO2-La2O3 

Coke/Carbon fed 0.25% 0.63% 0.01% 0.09% 

Coke/Catalyst mass 7.95% 24.57% 0.39% 3.51% 
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