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A b s t r a c t  

Biogas plays a vital role in the emerging renewable energy sector and its efficient utilization 

is attracting significant attention as an alternative energy carrier to non-renewable fossil 

fuel resources. Since biogas consists mainly of CH4 and CO2, dry reforming of methane 

arises as an appropriate process enabling its chemical conversion to high-quality synthesis 

gas (syngas: H2 and CO mixtures). In this study, we synthesized via a direct "one-pot" 

method following an evaporation-induced self-assembly approach, ordered mesoporous 

Fe10%, Ni5% and Fex%Ni(1-x) (x: 2.5, 5 or 7.5%) in Al2O3 as catalysts for syngas production via 

dry reforming of a model biogas mixture (CH4/CO2 ¼ 1.8, at a temperature of 700 o C). 

Monometallic Fe10%Al2O3 catalyst presented lower reactivity levels and slightly deactivated 

during catalysis compared to stable Ni5%Al2O3. According to physico-chemical character- 

ization techniques, the incomplete reduction of Fe2O3 into Fe3O4 rather than Fe0 nano- 

particles (catalytically active) coupled with the segregation of Fe3O4 oxides were the main 

factors leading to the low performance of mesoporous Fe10%Al2O3. These drawbacks were 

overcome upon the partial substitution of Fe by Ni (another transition metal) forming 

specifically bimetallic Fe5%Ni5%Al2O3 displaying reactivity levels close to thermodynamic 

expected ones. The formation of Fe-Ni alloys stabilized iron inside alumina matrix and 

protected it from segregation. Along with the confinement effect, spent catalyst charac- 

terizations showed high resistance towards coke deposition. 

Introduction 

The decline in non-renewable fossil fuel energy reserves and associated environmental 

regulations regarding uncontrolled CO2 emissions stress on the consideration of sustainable 

alternatives for energy production purposes. Biogas, produced from the anaerobic digestion 

of organic waste, is a gaseous mixture of CH4 (50e70 vol%), CO2 (30e50 vol%) along with 

small amounts of impurities such as NH3, H2S, organic sulphur and water vapour, that is 

recently gaining significant industrial attention as a renewable source of carbon [1,2]. 

Conventionally, after purification, biogas can be directly combusted for heat and electricity 

generation yet, the heat value of such combustion processes is low due to the high 



 

concentration of CO2 in the feed gas [3]. From an efficiency point of view, biogas can be 

either converted into synthesis gas (syngas, H2 and CO mixtures) for versatile industrial ap- 

plications. Depending on the molar H2:CO ratio in the reformed bio-syngas, it can be directly 

applied as a feedstock for the production of methanol, dimethyl ether (DME), long 

hydrocarbon chains via Fischer-Tropsch (FT) process [4] or NH3 synthesis by the Haber route 

[5]. Steam reforming of methane (SRM) produces a hydrogen- rich synthesis gas (H2:CO ¼ 

3:1), suitable for downstream ap- plications such as NH3 production. In contrast, dry 

reforming of methane (DRM), where CO2 re- places water, generates a syngas with an 

equimolar content of H2 to CO (H2:CO ¼ 1) appropriate for FT process. Combining the two 

processes allows tuning syngas combinations with H2:CO molar ratios ranging from 1 till 3, 

which becomes important for methanol and DME syntheses [6,7]. 

As recently reviewed by Kawi et al. [8], reforming reactions involving CO2 as a main reagent 

(notably DRM) are regarded as a basis for research studies aiming to upgrade the calorific 

value of hydrocarbons for most of the procedures centered around reforming of natural gas. 

Adding to these energetic advantages, dry reforming appears as the most suitable path for 

biogas transformation into bio-syngas because of its composition (mainly CH4 and CO2) that 

makes it an interesting feedstock for this process [9]. Therefore, the production of syngas 

mixtures from renewable energy resources, typically biogas, is a favorable route in order to 

decrease the emissions of carbon dioxide [10]. CO2 gas, the most problematic green- house 

gas, will be consumed by the reforming reaction instead of being released to the 

atmosphere [11] thus, curbing the global climate change issue and providing an avenue for 

exploring technologies contributing to carbon cycles establishments [12]. 

Typically, the design of a biogas dry reforming catalyst (inlet ratio of CH4/CO2 greater than 1) 

should be based on all of the reported tactics that constitute low cost, selective and stable 

DRM (inlet ratio of CH4/CO2 ¼ 1) catalysts with an added focus on the deactivation modes 

that could result from excess CH4 in the gas feed. Along with the main biogas reforming 

reaction, secondary reactions such as the reverse-water gas- shift (RWGS), methane 

decomposition (MD) and Boudouard reaction (BR) could amend the overall performance of 

the catalyst. Actually, selectivity towards an equimolar product ratiois altered by the RWGS 

due to the production of excess CO leading to a decrease in the H2:CO ratio in the product 

steam. Another important problem encountered in the course of biogas dry reforming is 

coke formation through MD and/or BR where; the former is most pronounced at high 

reaction temperatures (close to those required for the main DRM) whereas the latter 

generally occurs at lower temperatures. The development of solid C(s) carbonaceous 

deposits on the inner and/or outer catalytic surfaces contribute in catalyst deactivation and 

plugging of the reactor [13]. Besides, due to the high endo- thermic character of the 

reforming reaction, sintering (or agglomeration) of nanoparticles and loss of active surface 

area is an additional drawback towards the industrialization of the dry reforming process 

[14]. 



 

As for typical DRM catalysts, supported catalysts contain- ing noble metals such as Ru and 

Rh are active catalysts in biogas reforming reaching high CH4 and CO2 conversions with a 

stable reactivity on stream even at temperatures exceeding 640 o C [8,15,16]. However, 

their substitution by non-noble (i.e. Ni, Fe or Co) metals [9,17] is nowadays a popular 

approach from both environmental and economical perspectives. Despite their potential 

deactivation on stream (due to coke deposition and/or nanoparticles agglomeration), Ni-

based catalysts remain the most preferred choice among the non- noble family of metals 

due to their good intrinsic activity levels being comparable to those of noble metals 

[18,19]. 

To increase catalytic performance and decrease carbon deposition and sintering effects on 

Ni-based catalysts in the course of biogas dry reforming; several parameters have been 

lately studied such as: addition of promoters [9,20e23], sup- port type [24] and, alteration 

of synthesis techniques [10,25]. For instance, Moura-Nickel at al [21]. developed effective 

Ni- Y2O3-Al2O3 catalysts for biogas dry reforming and reported performances significantly 

higher than those obtained on unprompted Ni-Al2O3 catalyst. The high activity was 

attributed to a decrease in coke formation in presence of yttrium oxide by promoting a 

higher degree of interaction between Ni and the alumina matrix. Similarly, Charisiou et al. 

[22] ascribed the enhanced performance of their CeO2 or La2O3 promoted Ni/Al2O3 to a 

higher dispersion of nickel nanoparticles resulting in an enhanced metal-support 

interaction and thus, a higher resistance to carbon formation upon facilitating the 

activation of CO2 to gasify C(s) deposits [26e29]. Besides alumina, mixed TiO2-Al2O3 like-

materials decomposing into mixed oxides stand out as promising supports for Ni species 

with high activity and selectivity as compared to Ni impregnated on pure Al2O3 [24]. In 

addition to the incorporation of promoters with specific properties, some of the newest 

strategies for the development of stable biogas reforming catalysts involve the application 

of “original” synthesis approaches, such as equilibrium deposition filtration EDF, compared 

to traditional post-impregnation ones (wet and incipient wetness impregnations) [25]. It 

was shown that upon depositing Ni via the EDF method; an improved overall dispersion 

was achieved reflecting positively on reactivity and selectivity levels for inlet CH4/CO2 feed 

stream of 1.5 (molar composition).  

Another promising approach is the confinement of well- dispersed nanoparticles 

within standard oxides having ordered channels for encapsulation reasons, such 

as porous silica [30e34] or alumina [35e39]. Such porous frameworks can not only 

exert a spatial restriction on Ni0 species to hamper their sintering and coke 

formation but also offer a high surface area for the dispersion of these 

nanoparticles. Accordingly, we have developed catalytic systems based on Ni 

impregnated on natural macroporous diatomite silica [40] and synthesized 

mesoporous SBA-15 [30,31,33] as catalysts for DRM. Better performances were 

measured for Ni/SBA-15 compared to Ni/diatomite due to 1) an enhanced 

dispersion of Ni0 nanoparticles over the mesoporous support and 2) an improved 



 

confinement effect of Ni0 active phases within the well-ordered mesoporous 

arrangement of SBA-15. However, metal particles supported in silica-based 

channels could still migrate from the mesopores to the external surface at high 

temperatures due to weak metal-support interaction (MSI) where; sintering of 

nanoparticles is inevitable in these silica- based catalysts. On the contrary, 

ordered mesoporous alumina was shown to have a greater tendency to interact 

with metal particles. Nanoparticles are anchored in their frameworks with strong 

MSI resulting in prominent anti- sintering property especially when the catalyst is 

prepared following active phase introduction directly during the syn- thesis ("one-

pot" synthesis allowing solid solution formation). Indeed, we recently designed a 

mesoporous Ni-containing alumina catalyst by adopting the "one-pot" technique 

following an evaporation-induced self-assembly (EISA) method in presence of a 

structuring agent [41,42]. The "one- pot" catalyst, with nickel nanoparticles highly 

dispersed and stabilized inside the Al2O3 matrix was found significantly more 

active and stable in combined methane reforming than impregnated catalysts 

[43]. 

More recently, testing the reactivity of transition, non Ni- based, metals specifically 

iron is becoming desirable due to its high availability and extremely low price that is 

approximately 250 times lower than that of Ni or Co [44,45]. The utilization of Fe 

dispersed on either ZrO2 [46], MgAl2O4 [47] or Al2O3 [48,49] oxides have been 

reported for methanation re- actions and exhibited promising performances. 

Moreover, Fe- based catalysts have been also studied for standard methane dry 

reforming (equimolar inlet feed) [50], reforming of ethylene [51], CO methanation 

[52] and, CO2 hydrogenation [53]. The catalytic data over Fe containing catalysts 

were encouraging. The usage of Fe in the reforming of model biogas mixtures in still 

scarcely reported in literature despite their highly attractive economical advantage. 

Nevertheless, monometallic Fe catalysts deactivate on stream and deactivation 

reasons are vaguely discussed in literature. Reported data scarcely address the 

parameters leading to the deactivation of iron but promotes enhancement 

strategies that lie on coupling Fe to either noble (Ru) [49] or non-noble (mainly Ni) 

[46e48,50,51] metals in bimetallic catalytic systems. It is worth mentioning that all 

of the reported tactics involving bimetallic catalysts deal with the probable 

promotional effect of Fe on the other metal whereas, focusing on the enhancement 

of the reactivity of Fe by the secondary metal could be of great interest for the 

development of low-cost iron-based materials (predominately composed of Fe) for 

industrial applications. 

Based on this state of the art, the present work aimed at developing "one-pot" 

synthesized ordered mesoporous Fe in Al2O3 catalysts for testing in dry reforming of 

a model biogas (CH4/CO2 ¼ 1.8) in order to obtain an understanding on the 

reactivity of Fe towards syngas production upon emphasizing on the factors that 

affect reactivity and selectivity levels. Despite the particular properties of ordered-

structured materials and the expectation of promising performances even under 



 

biogas dry reforming conditions [21], studies dealing with the direct preparation of 

such oxides housing nanoparticles in their porous walls for their application in the 

dry reforming of model biogas mixtures is still very limited. In addition, there exists 

to our knowledge no work establishing correlation between the catalytic 

performances, the physicochemical properties and, deactivation behaviors of “one-

pot” synthesized iron in alumina under harsh biogas reforming conditions (T ¼ 700 

oC, excess CH4 in inlet feed potentially results in heavy C(s) deposition). For the sake 

of completion, low cost Ni2þ salts were also introduced, based on their high 

reactivity levels in methane reforming reactions [16,17,49,50], in the design of 

"one-pot" bimetallic Fe-Ni-Al2O3 catalysts upon varying Fe:Ni molar content (range 

from 0.33 till 3). The “one-pot” synthesis method along with metal contents were 

chosen based on recent works [29e33,43] displaying catalysts with promising 

performances for dry (inlet CH4/CO2 ¼ 1) and combined dry and steam (inlet 

CH4/H2O/CO2 ¼ 1/0.8/0.4) reforming reactions. 

 

Experimental procedures 

 

Preparation of mesoporous "one-pot" alumina based- materials 

Monometallic mesoporous Fe10%Al2O3 and Ni5%Al2O3 (refer- ence material) and 

bimetallic Fex%Ni(1-x)%Al2O3 (y ¼ 2.5, 5 or 7.5%, total metal content fixed at 10 wt%) 

samples were synthesized following a well-established "one-pot" EISA method 

[41,42] with some minor modifications [29,43]. Typi- cally, the synthesis consisted 

in dissolving, at room temper- ature (RT), 1.0 g of P123 Pluronic triblock copolymer 

((EO)20(PO)70(EO)20, Mn ¼ 5800, Sigma Aldrich, 43546-5) in 20 ml of absolute ethanol 

(CH3CH2OH, Sigma Aldrich, 64-17-5) under vigorous stirring. After complete 

dissolution of the structuring agent, 1.6 ml nitric acid (65.0 wt% aqueous HNO3, 

Johnson Matthey S.A., extra pure) was added, still under stirring, together with A 

mmol of aluminium isopropoxide (Al(OPri)3, C9H21AlO3, 98þ%, Sigma Aldrich, 

220418), B mmol of iron (III) nitrate nanohydrate (FeN3O9. 9H2O, Sigma Aldrich, 

216828) and/or C mmol of nickel nitrate hexahydrate (Ni(NO3)2.6H2O, Sigma 

Aldrich, 13478-007). All the chemicals were used as received, without further 

purification. For each synthesis, the total molar composition was always kept 

constant, equal to 10 mmol (i.e. [A þ B (or C)] ¼ 10 mmol for Fe10%Al2O3 and 

Ni5%Al2O3 samples and [A þ B þ C] ¼ 10 mmol for Fex%Ni(1-x)%Al2O3 ones). This final 

mixture was covered with a polyethylene (PE) film, continuously stirred at RT for at 

least 7 h until complete dissolution, and finally transferred into a double-layer 

jacketed beaker supplied by a flow of distilled water regulated at 60 oC to undergo 

slow evaporation (ethanol, acid) for 48 h straight. The obtained brown (or greenish) 

xerogels, which color depending on Fe (or Ni) amount, were slowly calcined in air 

at 600 oC for 5 h (heating rate  0.5  o C  min-1)  to  give  calcined  "one-pot"  alumina-

based materials. 



 

 

Characterization methods 

Textural properties were determined from N2-sorption (adsorption and desorption) 

isotherms recorded on an ASAP 2020 Micromeritics apparatus. Prior to 

measurements, calcined samples were degassed under vacuum for 3 h at 300 o C 

then cooled down to RT before being placed at -196 o C (liquid nitrogen 

temperature). The Brunauer-Emmett-Teller (BET) surface areas were calculated 

from the BET equation for a relative pressure (P/P0) range between 0.05 and 0.25. 

The single point pore volume was calculated from the adsorption isotherm at a 

relative pressure of 0.990 and pore size distri- bution (PSD) was calculated using the 

Barrett-Joyner- Halenda (BJH) method for the adsorption branch of the isotherm. 

Structural characteristics were studied at RT by conducting powder X-ray diffraction 

(XRD) at wide and small angles. The wide-angle measurements were performed on a 

PANalytical XPert3 diffractometer using Cu Ka radiation (l ¼ 1.5405 nm). The 

acquisitions were recorded for 2q values between 20.0o and 90.0o at a voltage of 

30 kV, a current of 10 mA and a step size of 0.04o (with 2s duration at each step). A 

comparison with standard powder XRD files published by the International Center 

for Diffraction Data (ICDD) helped in the identification of present crystalline phases. 

Crystalline domain sizes were estimated  using  the  Scherrer  equation. The small-

angle data were obtained from 2 theta of 0.5o to 4.0o (time per step: 1 s) on a 

BRUKER type D8 ADVANCE diffractometer applying a Cu Ka irradiation source 

(1.5418 nm)  and  operating  at  40  kV  and  30  mA.  The observed diffraction peaks 

correspond to families of planes indexed by hkl values (Miller indices) where the 

distance d separating two parallel plans is calculated according to Brag's law Eq. (1). 

These data were used to calculate the lattice parameter (a). 

The reducibility of iron and nickel species in the prepared (calcined) alumina-

based materials was studied by tempera- ture programmed reduction (TPR), 

carried on an Autochem 2920 (Micromeritics) apparatus equipped with a thermal 

conductivity detector (TCD) for a constant record of the overall H2 consumption. 

The powder (100 mg) was heated on a quartz wool in a U-shaped quartz sample 

tube from room tempera- ture to 900 o C at a constant rate of 7 o C min-1 using a 

gaseous mixture of 5 vol% H2/Ar (30 ml min-1). A cold trap of ice and salt bath 

(NaCl) was used to condense any water generated during the reduction process 

before the arrival of the dry gas flow to the TCD detector. This guarantees that the 

obtained signal (difference in thermal conductivity between reference and 

analysis gases) is integrally associated with H2 consumption. 

The number of surface Fe and Ni sites per unit mass of the catalyst (dispersion, 

D%) was determined by means of tem- perature programmed desorption 

(TPD) using the same apparatus and reactor adopted for TPR experiments. For 



 

H2- TPD, 300 mg of calcined powder was first in-situ reduced at 700 o C for 2 h 

(heating rate of 7 oC min-1) under similar flowing medium  as  H2-TPR  (5  vol%  

H2/Ar,  30  ml  min-1).  Then,  the reduced sample was allowed to cool to 60 o C, 

under the same H2-flow, to ensure complete saturation with hydrogen. Phys- 

ically adsorbed H2 (on the material surface) was flushed by a flow of Ar (30 ml 

min-1) for 2 h before re-heating the sample, still under Ar, to 900 o C (10 o C min-1) 

for TPD measurements. The volume of desorbed H2 was continuously monitored, 

as a function of temperature increase, by means of the TCD detector. The 

dispersion of Fe and Ni was calculated, based on reported literature [54,55], for 

an adsorption stoichiometry factor of H/Fe (or Ni) ¼ 1:1, using Eq. (3) below 

where: Vad (ml) represents the volume of desorbed H2 at standard temperature 

and pressure (STP) conditions measured during TPD procedure, M is (i) for 

monometallic samples the molecular weight of Fe (55.84 g mol-1) or Ni  (58.69 g 

mol-1)  and (ii) for bimetallic samples it is calculated with respect to the weight 

percent of Fe and Ni used in the preparation, SF is the stoichiometric factor 

(H:Fe (or Ni) taken as 1), m is the sample weight (0.3 g), P is the total weight 

fraction of Fe and/or Ni in the sample (5 or 10%) and Vm is the molar volume of 

H2 (22.414 ml mol-1) at STP. 

Scanning electron microscopy (SEM) images were registered on a Hitachi SU-70 

SEM-FEG microscope with a 7 kV electron acceleration tension. Transmission 

electron microscopy (TEM) observations were performed on ultrathin sec- tions of 

solids to properly visualize the dispersed iron and nickel nanoparticles and their 

localization inside or outside alumina grains. The preparation of the sections was 

done as follows: EPON 812 embedding resin was fixed with the powder (few 

milligrams) and then placed in a beam capsule. The mixture is polymerized at 60 o 

C for 48 h straight following the cutting of the blocks into thin slices (50e70 nm in 

thickness). After that, the blocks were deposited on copper grids covered by an 

inert material (membrane of carbon). TEM images, with main axis cut parallel 

(longitudinal) or perpendicular (trans- versal) to the electron beam, were recorded 

on a JEOL-JEM 200 electron microscope operating at 200 keV (LaB6 gun) and 

equipped with an energy dispersive spectroscopy (EDS) probe. The “Comptage de 

Particules” LRS software was used to assess average particle sizes upon considering 

at least 500 particles for each sample. The obtained values were compared to 

those estimated from XRD analyses. 

Carbon deposition on spent catalysts was quantified using thermal gravimetric 

analysis (TGA)/differential scanning calorimetry (DSC). TGA/DSC were 

performed on a TA SDT Q600 thermal analyzer instrument from RT to 900 o C 

(heating rate of 10 o C min-1) in an air flow of 50 ml min-1. The qualification of 

carbonaceous deposits was determined via Raman spectroscopy. Spectra were 

collected on a KAISER (RXN1) optical system operating at a resolution of 4 cm-1, 10 



 

mW laser intensity, a total of 30 accumulations per spectrum (with 10s acquisition 

time). The spectrometer con- sists on a laser with l ¼ 785 nm, a microscope with an 

X50 long working distance (W.D. ¼ 8.0 mm) lens along with a charge-coupled 

detector (CCD). 

 

Catalytic measurements 

The catalytic tests were conducted at atmospheric pressure (P ¼ 1 atm) in a 

Microactivity Effi (PID Eng and Tech) vertical fixed-bed continuous flow  stainless  

steel  (SS310)  reactor (9 mm i.d.). Prior to each reaction, 100 mg of calcined (non- 

diluted) powder were in-situ reduced at 700 o C/2 h under a flow (30   ml min-1) of 5 

vol% H2/Ar. The choice of reduction temperature was based on the reducibility 

behavior of the samples deduced from H2-TPR profiles along with the state of Fe 

and Ni species detected from wide-angle XRD patterns. The flow was then switched 

to the reactant mixture composed of CH4/CO2/Ar ¼ 1.8/1/14, chosen to mimic 

typical biogas mixtures [20e25,56,57]. Reforming reaction was carried out at 700 

oC/13 h for a total gas hourly space velocity (GHSV) of 36 L g-1  hr-1.  The  reaction  

temperature  was  controlled  using  a thermocouple placed in the middle of the 

catalyst bed. Before analysis (quantification of gas concentrations), the effluent was 

passed through a gas/liquid separator for condensing water (potentially generated 

from side-reactions) prior to the arrival of reactant and product flow to the online 

gas chromatography. The latter Agilent 490 on-line Micro-GC apparatus was 

equipped with a TCD and two columns placed in parallel for detection of CH4, H2 and 

CO (molecular sieve column) and of CO2 (plot U column). Reproducibility of the 

catalytic measurements has been checked. Conversions of CO2 (XCO2), CH4 (XCH4) 

and H2/CO molar ratio were calculated based on Eqs. (4)e(6): cf published article. 

And compared to expected thermodynamic ones under the applied reaction 

conditions (molar ratio of reactants, diluent, temperature and pressure), using the 

HSC 7.1 Chemistry software (where H, S, and C stand for the enthalpy, entropy and 

heat capacity, respectively). 

 

Results and Discussion 

 

Porosity and structure of in-situ reduced Al2O3-based materials 

The textural and structural properties of in-situ reduced ma- terials were evaluated 

by N2-sorption measurements (Fig. 1A, Table 1), small angle X-ray diffraction (Fig. 

1B) and high- resolution SEM observations (Fig. 2). 

Fig. 1A reveals type IV isotherms for all in-situ reduced samples with H1-type 

hysteresis loops, suggesting the pres- ence of uniform cylindrically shaped channels 

[41,42,58]. All the capillary condensation steps are steep, indicating excel- lent 

uniform mesopores among the alumina frameworks even after high-temperature 



 

reduction. In addition, their PSD curves (inset fig.) are relatively sharp having one 

narrow peak present within the conventional range for uniform meso- porous 

materials (diameter between 8 and 13 nm, Table 1). Moreover, all Fe, Ni and Fe-Ni 

alumina-based samples possess relatively high  specific surface areas  (range 

100e200 m2 g-1, Table  1)  and  large  pore  volumes  (range  0.22e0.39  cm3  g-1, 

Table 1) in accordance with previous studies on similarly structured materials [52]. 

Compared to their calcined forms, in-situ reduced materials present smaller textural 

features (Table 1) that are attributed to thermal shrinkage and/or pore surface 

condensation of the Al  O   matrix by dihydroxylation and/or dehydration under 

reduction medium [59]. 

It is worth noting that the textural properties, for a metal content of 10 wt%, are 

slightly different depending on the presence of either Fe or both Fe and Ni-nitrates 

in the synthesis batch. Upon increasing Fe content from 2.5 up to 7.5 wt%, the 

adsorption branch of the hysteresis loop gradu- ally shifts to higher relative 

pressures, revealing larger pores (Table 1), the phenomenon being emphasized upon 

comparing monometallic Fe10%Al2O3 (curve a, Fig. 1A) to Fe- free Ni5%Al2O3 sample 

(curve e, Fig. 1A) displaying respec- tively the largest and smallest pores (Table 1). 

Such textural changes could not derive from neither calcination (in air) nor the H2-

reduction procedures since all the materials have un- derwent the same exact 

thermal treatments. Basically, this increase in pore diameter could be related to the 

nitrates- baring water molecules (nanohydrate for Fe-precursor and hexahydrate for 

Ni precursor, mentioned in Section Preparation    of    mesoporous    "one-pot"    

alumina    based-materials) which can hydrolyze and produce Hþ cations (via 

dissociation of H2O) acidifying, therefore, the ethanol solution with successive  

widening of pores, as  proposed in literature [58]. Such pH variations influence the 

balance at the organic/ inorganic interface and disturb the assembly process that 

contributes as well to the slight loss of surface area and pore volume seen in highly 

loaded Fe-samples (Fe10%Al2O3 and Fe7.5%Ni2.5%Al2O3) compared to Fe5%Ni5%Al2O3 and 

Fe2.5%- Ni7.5%Al2O3 and highlighted upon comparing to Ni5%Al2O3. Despite these minor 

differences between samples, their textural values are sustaining for structured 

materials treated at elevated temperatures (700 o C) revealing high thermal 

resistance and emphasizing on their potential application for the high-temperature 

biogas reforming reaction. 

Complementary to N2-sorption analysis, the small-angle XRD patterns of in-situ 

reduced samples (Fig. 1B) give a further evidence of the presence of ordered 

mesoporous structures. For all samples, there is a strong peak at circa 0.94o and a 

weak one at 1.4o, which can be respectively ascribed to the (100) and (110) plane 

reflections of a well-organized 2D hexagonal structure (p6mm symmetry) [41,42]. A 

slight decrease in peak intensities is observed when going from 

Fe2.5%Ni7.5%Al2O3Ni5%Al2O3 (patterns d and e, Fig. 1B) to Fe10%Al2O3 (pattern a, Fig. 



 

1B), in direction of the improvement in the structuration degree of the alumina 

matrix, which is in harmony with nitrogen adsorption and desorption results. 

The representative SEM images of in-situ reduced Fe10%Al2O3 (Fig. 2A) and 

Fe5%Ni5%Al2O3 (Fig. 2B) catalysts reveal that the grains appear as a bulk mass having a 

smooth ho- mogenous external morphology, without any cracks or de- fects, and a 

noticeable (porous) periodic organization. In agreement with porosity and 

diffraction data, the ordered hexagonal arrangement of pores along the [001] 

direction displaying honeycomb structure of mesopores (Fig. 2A’) and the linear 

porous channel along the [110] direction (Fig. 2B’) are clearly detectable. Besides, 

there is no evidence of exter- nally deposited iron or nickel metallic nanoparticles 

since there were no brilliant (light) colors on the gray alumina sur- face resulting 

from the diffusion of these higher electronic density elements. Their absence by 

SEM observations in- dicates the predominant presence of small metallic nano- 

species embedded inside the alumina framework (as will be discussed in upcoming 

sections) and therefore, a high sin- tering resistance even after in-situ reduction at 

700 o C. 

 

Reducibility of calcined Al2O3-based materials 

The TPR profiles of calcined mono- and bimetallic samples are presented 

respectively in Fig. 3A and B and overall experi- mental H2-uptakes (200e900 o C 

range) estimated from these reduction profiles along with the relative contribution 

(in terms of consumed H2) of each peak are stated in Table 2. 

Fig. 3A shows that Fe and Ni species have different reducibility behaviors depending 

on their state of oxidation and their degree of interaction with the alumina matrix. 

For Fe10%Al2O3 (curve a, Fig. 3A), there is a main reduction peak at 450 o C 

(accounting for 91% of the overall H2-uptake, Table 2), that is according to literature 

[52,60e62], in a temperature range between the reduction of Fe2O3 to Fe3O4 

occurring around 300 o C, and of Fe3O4 to Fe taking place at temperatures above 

600 oC. The total H2-consumption at 450 o C is around 800  mmol  g-1  (Table  2),  

being  larger  than  the  stoichiometric value (expected for an Fe content of 10 wt%) 

for the reduction of Fe2O3 to Fe3O4 (600 mmol g-1) while much smaller than that of 

Fe3O4 to Fe (2090 mmol g-1). Thus, this peak may be ascribed to the reduction of 

Fe2O3 into Fe3O4 where part of Fe3O4 could be further reduced into Fe0 [61,62]. This 

means that the Fe- species in the 700 o C in-situ reduced catalyst are mostly in an 

oxidized form rather than the Fe0 form. Liu et al. [52] studied the real state of the 

surface elements species by XPS (X-ray photoelectron spectroscopy) for similarly 

prepared and acti- vated Fe-Al2O3 catalysts and noted complete absence of peaks 

corresponding to Fe0 species in the total Fe 2p3/2 XPS spectra suggesting that no 

metallic Fe is formed on the surface of reduced materials. This could be associated 

to a strong interaction with the alumina substrate, induced from the preparation 



 

method, that stabilizes the oxide phase and suppresses its reduction to metal Fe0 

[60e62]. The absence of metallic Fe-sites, as will be confirmed by wide-angle XRD 

patterns (section Dispersion , size and morphological aspects of supported Fe and 

Ni species), will have an impact on the catalytic activity of Fe10%Al2O3 catalyst 

(Section Catalytic performance in biogas dry reforming of Al2O3 based catalysts) 

since metallic sites are the active sites for catalyzing reforming reactions involving 

activation of C-H and C-O bonds [63]. 

The TPR profile of calcined Ni5%Al2O3 sample shows a main reduction peak at a rather 

high temperature (760 o C, curve e, Fig. 3A). Such type of profile, already described 

for "one-pot" synthesized Ni-alumina materials [29,43], is typical of the reduction of 

oxidized Ni strongly interacting with the support, as in spinel mixed phases, 

generating small, catalytically active, Ni0 sites (Sections Catalytic performance in 

biogas dry reforming of Al2O3 based catalysts and Section Dispersion , size and 

morphological aspects of supported Fe and Ni species). 

Conversely to monometallic samples, the TPR profiles of the bimetallic Fex%Ni(1-

x)%Al2O3 ones (Fig. 3B) display two main reduction peaks with recognizable H2-

contributions (Table 2). For all these samples, the reduction peaks of both Fe 

(lower temperature peak, maxima in the 400e450 o C range) and Ni species 

(higher temperature peak, maxima in the 655e760 o C range) shift to lower 

temperatures compared with the corre- sponding peaks of Fe10%Al2O3 and 

Ni5%Al2O3. The integral area of the low-temperature peak increases linearly with 

the in- crease in Fe loading (or decrease in Ni loading) from 20% for 

Fe2.5%Ni7.5%Al2O3 to 38% for Fe7.5%Ni2.5%Al2O3 (Table 2). Even if expected, this 

observation emphasizes that (some) Fe-species in bimetallic materials are present 

in the same oxidation state as those in the single component Fe10%Al2O3 catalyst 

that undergo a subsequent (incomplete) reduction from Fe2O3 to Fe3O4 then to 

Fe0. Interestingly, the higher temperature reduction peak accounts for the 

majority of consumed H2 (60e80%, Table 2) even for the Fe-richest 

Fe7.5%Ni2.5%Al2O3 sample. This indicates that in these Fe-Ni materials, the ma- jority 

of species are reduced at a temperature exceeding that noted in the Fe10%Al2O3 

catalyst. Therefore, the high reduction temperature peak could not be fully 

ascribed to the reduction of Ni with strong MSI but rather to the reduction of 

mixed iron-nickel spinel phases with composition depending on the content of 

incorporated Fe and Ni elements [64]. The shift of the high-temperature peak 

towards lower temperatures with increase in Ni content (peak maxima around 

750 o C for Fe7.5%Ni2.5%Al2O3 compared to maxima around 655 oC for 

Fe2.5%Ni7.5%Al2O3) suggests some weakening of the Ni and Al2O3 interaction. This is 

mainly due to the presence of Fe that induces potential competition between 

nickel in the interac- tion with the alumina substrate because of the formation of 

iron-nickel alloys [52]. Also, an effect of accessibility of reducible species with 



 

changes of the chemical composition could be involved especially that the total 

H2-uptake was larger for Fe5%Ni5%Al2O3 as compared to Fe7.5%Ni2.5%Al2O3 and 

Fe2.5%Ni7.5%Al2O3 (Table 2). This ultimately suggests an enhanced dispersion of 

metallic species in the equimolar (molar Fe:Ni ¼ 1) composed sample (Section H2-

TPD and dispersion analysis in reduced AL2O3-based materials) and consequently a 

positive impact on catalysis (Section Catalytic performance in biogas dry reforming 

of Al2O3 based catalysts). 

 

H2-TPD and dispersion analysis in reduced Al2O3-based materials 

The H2-TPD experiments were performed over reduced cata- lysts to obtain 

information on the interaction between hydrogen molecules and metallic active 

sites as well as to quantitatively determine the amount of chemisorbed H2 that 

will provide a good estimate of metal dispersion (D%). The related profiles for 

mono- and bimetallic catalysts are dis- played in Fig. 3A’, B’ and the calculated 

dispersion is mentioned in Table 2. 

Compared to the H2-desorption profiles of monometallic Ni5%Al2O3 (curve e, Fig. 

3A’) that of the Ni-free Fe10%Al2O3 catalyst (profile a, Fig. 3A’) displays a broad 

signature that accounts for a low dispersion value (Table 2) with weak desorption 

peaks at around 540 and 820 o C. According to literature [61,65], the former peak 

could be attributed to H2- desorption from surface exposed iron oxide-derived 

species and the latter corresponds to a desorption from subsurface layers of iron 

oxides incorporated in the alumina matrix. The low intensity of these peaks 

indicates a negligible reactivity of reduced iron species with H2 which in turn will 

influence catalytic reactivity (Section Catalytic performance in biogas dry reforming 

of Al2O3 based catalysts). A similar desorption classification could be adopted for the 

reduced nickel atoms in alumina with characteristic temperature ranges depending 

upon the type of reduced species. Over the monometallic Fe- free sample (curve e, 

Fig. 3A’), hydrogen atoms are being desorbed from (i) the exposed surfaces of highly 

dispersed Ni0 nanoparticles with high capacity of hydrogen dissociation at 

temperatures below 450 o C [54] and from (ii) the surfaces of Ni0 particles immersed 

in an alumina layer (subsurface species) at temperatures above 600 o C [66,67]. The 

relative surface area of the high temperature desorption peaks  (maxima  at  

880e890 o C) is much larger than that at low temperatures (maxima around 200 o C) 

indicative of a population of metallic Ni species that is occluded within the alumina 

matrix (in the porous arrangement of the support), as will be verified on TEM images. 

Concerning the TPD profiles of the Fex%Ni(1-x)%Al2O3 series of catalysts, there is a 

significant change of the overall desorption behavior where several additional peaks 

especially at low (140e350 o C range) and intermediate (520e660 oC range) 

temperatures are observed (Fig. 3B’). For these catalysts, the identification of 



 

species with respect to their reactivity to H2 is more complex than for monometallic 

samples. It is catego- rized as a function of the desorption temperature peak where: 

(i) peaks with maxima at very low temperature ranges (140e300 o C) correspond 

to the desorption of H2 from exposed surfaces of highly reactive Ni particles, (ii) 

peaks at interme- diate range (300e550 oC) represent H2 desorbed from surfaces of 

Ni-rich Fe-Ni alloys, (iii) peaks within the 550e660 o C range are attributed to the 

desorption of H2 from Fe-rich Fe-Ni alloys and, (iv) desorbing peaks having maxima 

above 700 o C char- acterize a more difficult desorption from the surface of less- 

accessible (covered by alumina layers) Fe or Ni-species [60,66,67]. Indeed, for the 

mostly loaded Fe sample (curve b, Fig. 3B’), peaks at temperatures below 350 o C 

are non-visible compared to Fe2.5%Ni7.5%Al2O3 (curve d, Fig. 3B’) and Fe5%- Ni5%Al2O3 

(curve c, Fig. 3B’) due to the low amount of highly reactive Ni species. The presence 

of Ni in Fe7.5%Ni2.5%Al2O3 is rather attested by the desorption of H2 from Ni-rich 

alloys at 340 and 530 o C and even from the desorption from Fe-Ni alloys at 660 o C. 

As could be expected, the lack of Fe-rich alloys is clearly manifested for the Ni-

richest Fe2.5%Ni7.5%Al2O3 catalyst (curve d, Fig. 3B’) by the absence of desorption 

peaks between 550 and 660 o C, following a trend similar to that of mono- metallic 

Ni-based samples (curves e-f, Fig. 3A’). Remarkably, the Fe5%Ni5%Al2O3 catalyst 

(curve c, Fig. 3B’) presents H2- desorption peaks, with close relative surfaces, in all 

temperature ranges. In this equimolar Fe:Ni catalyst, several types of species with a 

very high dispersion (Table 2), interfere in H2 adsorption (uptake being the highest 

amongst all catalysts, Table 2) and subsequent desorption. This highlights the fact 

that a proper amount of Fe and Ni is mandatory to generate different types of 

reactivity sites with improved dispersion (particularly when compared to 

Fe2.5%Ni7.5%Al2O3); factors being highly beneficial for enhanced catalytic 

performances. 

 

Catalytic performance in biogas dry reforming of Al2O3- based catalysts 

Prior to catalytic evaluation, calcined mesoporous materials were in-situ reduced at 

700 o C/2 h to generate metallic sites for methane reforming. The flow was then 

switched to that of reactants  (GHSV  of  36 L  g-1  h-1)  and  the catalytic  measure- 

ments were performed at 700 oC for 13 h. The obtained con- version values (XCH4, 

XCO2) and product ratios (H2:CO) are plotted as a function of time-on-stream in Fig. 

4. Thermody- namic reactivity values evaluated using the HSC 7.1 Software for Cs 

(carbon in solid phase)-assisted and Cs-free biogas dry reforming operations are 

also drawn on Fig. 4 (straight and straight-lines). Both types of simulations were 

performed in order to account for Cs deposition that is likely to occur especially 

when excess CH4 is present in the inlet feed. Ac- cording to thermodynamics, a 

much higher CO2 than CH4 conversion value (difference of 43.2%) and an H2:CO ratio 



 

cat 

close to 1.0 is expected when Cs is not introduced as a possible product. This 

implies that under such conditions, the reforming reaction is highly selective 

towards methane dry reforming yielding an equimolar product ratio. When Cs is 

considered, close CO2 and CH4 conversion values are antici- pated with an H2:CO 

ratio greater than 1.0 (around 2.0) sug- gesting the high occurrence of secondary 

reactions involving methane consumption and subsequent H2 production. At high 

reaction temperatures of 700 o C, methane decomposition re- mains the most 

(thermodynamically) favorable carbon pro- ducing reaction responsible for 

conversion and selectivity variations.  

Catalytic results of monometallic "one-pot" synthesized catalysts (Fig. 4A,B and C) 

show that Ni incorporated in mes- oporous alumina (curve e) is more active than Fe 

(curve a), even for a metal content that is twice less (Ni5%Al2O3 compared to 

Fe10%Al2O3). Respective intrinsic XCH4 and XCO2 values over Ni5%Al2O3 are 39 and 

64% compared to 12 and 29% over Fe10%Al2O3. With respect to bimetallic "one-pot" 

synthe- sized catalysts (Fig. 4A’,B0  and C0), performances are found to be stable 

with time-on-stream with reactivity and selectivity levels differing with respect to 

catalyst composition. It is important to note that a substitution of only 2.5 wt% 

Fe by 2.5 wt% Ni is significantly capable of ameliorating the reac- tivity and the 

stability of Fe-species (curve b, Figs. A0 ,B0) where; more than the double in the 

conversion values of Fe10%Al2O3   are measured over Fe7.5%Ni2.5%Al2O3. The amelioration 

in reactivity levels is significantly noted when 5 wt% Fe is substituted  by  5  wt%  Ni  

(curve  c,  Figs.  A0 ,  B0).  The  Fe5%Ni5%- Al2O3 catalyst recorded the highest performance 

of all  cata- lysts and the closest to the maximum thermodynamically expected one 

(curve e, Fig. 4A and B). The co-presence of 5 wt% Ni along with 5 wt% Fe is beneficial 

to both CH4 and CO2 conversions compared to the catalyst with  same  Ni  content but 

without Fe incorporation (curve e, Fig. 4A and B). The reactivity of Fe5%Ni5%Al2O3 even 

exceeded that of Fe2.5%- Ni7.5%Al2O3  (curve  d,  Fig.  4  A0,B0)  in  spite  of  a  higher  nickel 

content. Moreover, it is surprising to note that  the  most  reactive Fe5%Ni5%Al2O3 

catalyst displays performances that follow the same trend (higher CO2 than CH4 

conversions) as that predicted thermodynamically for a  Cs-free  simulation  (Fig. 4, 

dashed-lines). This designates that this catalyst is operating a dry reforming reaction in 

absence of severe Cs deposition, as will be verified in the carbon characterization 

section over spent catalysts. Indeed, from a selectivity perspective  (Fig.  4C,C0 ),  the  

product  ratio  is  close  to  1.0  for Fe5%Ni5%Al2O3 (curve c, Fig. 4C’) all along the 13 h 

of test. 

Thus, the performances of our Fe5%Ni5%Al2O3 catalyst appear highly promising, and 

this stands also when compared to literature performances obtained by other 

research teams over Al2O3-based catalysts, even at higher Ni loadings. By 

comparison, addition of 11 wt% NiO and 20 wt% CeO2 on impregnated TiO2 on 

Al2O3 mixed oxide [24] was found beneficial when conducting the same reaction 



 

but under less drastic operation conditions (CH4/CO2 molar ratio of 1.5 compared 

to 1.8 used in our study). In addition, high CH4 and CO2 conversions were reported 

over a Ni (8 wt%) impregnated on combined CeO2-Al2O3 catalyst but, isothermal 

stability measurements showed slight deactivation, even over the most reactive 

Ni/CeO2-Al2O3 catalyst, in spite of mild biogas reforming conditions (CH4/CO2 inlet 

ratio of 1.5) [22]. Besides, biogas reforming performances as good as ours were 

attained on Ni8%/Al2O3 catalyst featuring an equilibrium deposition filtration 

synthesis method [25], but the preparation routes were quite complex with 

extensive energy and time- consuming (several steps) pre- and post-synthesis 

catalyst treatments. Therefore, the above “one-pot” Fe5%Ni5%Al2O3 catalyst, 

obtained by direct (one-step) synthesis and by using a mono-metallic standard type 

of support (alumina), represents a highly effective candidate for biogas dry 

reforming, offering the advantage of avoiding the usage of post-synthesis 

treatments and expensive secondary metal incorporation. 

The importance of incorporating Ni along with Fe for an enhanced performance of 

Fe species upon considering appropriate amounts of Ni to Fe is illustrated in Fig. 5. 

This figure shows on the same graph the levels of methane con- version (average 

values from stability tests) and dispersion values (calculated from TPD experiments) 

as a function of Fe:Ni molar content in bimetallic catalysts. The correlation 

combining dispersion and reactivity levels obtained by increasing Ni content from 

2.5 up to 5 wt% is in fact predict- able since an enrichment of Ni, with a highly 

maintained dispersion, generates Ni0 sites that are more important for catalysis 

(than Fe sites) resulting in higher reactivity levels. An additional substitution of Fe by 

Ni till reaching a Fe:Ni ratio of 0.33 results in an opposite trend where; the 

dispersion de- creases and consequently methane conversion declines (Fig. 5). 

Recalling TPD curves (Fig. 3B’), the reduced Fe5%Ni5%- Al2O3 catalyst retains the 

larger amount (than any other mono or bimetallic catalyst) of strong hydrogen-

binding sites characterized by H2-desorption peaks with maxima in the 

temperature range of 140e350 o C. It has been reported that such sites of nickel 

species are favorable for facilitating chemisorption of hydrogen atoms 

generated from dissociative adsorption of hydrogen molecules [56,66,68]. 

Moreover, the stable adsorption of hydrogen atoms on such strong H2-binding sites 

will tentatively promote the dissociative adsorption of methane on reduced 

metallic Ni sites, known as the rate- determining step for reforming reactions 

involving methane [69]. Thus, Fe5%Ni5%Al2O3 with many strong hydrogen-binding 

sites shows a faster (and higher) methane adsorption capacity due to an easier 

accessibility of methane towards these, particularly active sites. Therefore, a 

stable performance of Fe species with reactivity levels higher than those achieved 

over Fe-free and Ni-free samples is possibly realized by combining Fe to an 

equimolar amount of Ni. 

 



 

Dispersion, size and morphological aspects of supported Fe and Ni species 

Structural information on the deposited metal species in calcined, in-situ reduced 

and spent catalysts was gained from wide-angle X-ray diffraction. The patterns are 

presented in Fig. 6 and the estimated particle sizes at the various succes- sive stages 

of samples preparation are listed in Table 3. 

With respect to structures, all calcined materials present a comparable XRD pattern 

(Fig. 6B) with weak broad diffraction peaks characteristic of a g-Al2O3 phase (ICDD 

file # 10e0425) with small crystalline domains. The patterns are similar, 

independently on the Fe and/or Ni content. The notable absence of apparent 

diffraction peaks attributable to iron or nickel crystalline phases reveals an 

amorphous character and an extremely high dispersion of species in the 

mesoporous alumina skeleton. Even if their presence is not detectable in the 

calcined materials, it was indeed confirmed by their cor- responding TPR profiles 

(discussed previously in Section Reducibilty of calcined AL2O3-based materials). 

Upon heating at 700 o C in H2, weak peaks attributable to metallic nickel become 

identifiable in all Ni-containing sam- ples (patterns b-e, Fig. 6B). The stability of the 

fully reduced Ni0 with face centered cubic (FCC) unit cell (ICDD file # 65e0380) is 

verified even after catalytic run (patterns b-f, Fig. 6C) due to (i) the preserved 

reduction state of nickel nanoparticles and to (ii) the scarcely modified peak 

intensities of crystalline Ni0. Accordingly, the mean sizes of the crystalline domains 

esti- mated from peak widths are small (a slight increase is noted with the increase 

in Ni content independently on Fe content, Table 3) after in-situ reduction and their 

sizes remain very close to those found after catalysis. This reveals a high Ni0 

resistance to sintering owing to the special advantages of the "one-pot" preparation 

method. Comparable stability effects were recently claimed in the case of "one-pot" 

synthesized oxide-based catalysts tested in dry [36e38], steam [70] and in 

combined methane reforming [29,43] but such types of ma- terials were never 

considered yet in biogas dry reforming operated under excess methane at a high  

temperature  of  700 o C. 

Moreover, in the XRD signatures of Ni-containing catalysts (patterns b-f, Fig. 6), 

additional diffraction peaks correspond- ing to the phase transition of the alumina 

skeleton from amorphous (Fig. 6A) to (at least partial) crystalline g-Al2O3 are visible 

(Fig. 6B) resulting from the high temperature applied in the course of reduction. 

The crystallization phenomenon is slightly accentuated after biogas dry reforming 

(Fig. 6C), due to longer exposure to heating, yet no major change is apparent 

(particularly, thin XRD peaks demonstrating the formation of bulky crystalline 

phases are not noted) despite severe catalytic conditions. This is an evidence of the 

excellent structural resistance of the organized alumina-based networks. It is 

noteworthy that XRD peaks of crystalline metallic Fe0 are not visible in neither in-

situ reduced nor in spent Ni-free Fe10%Al2O3 catalyst (pattern a, Fig. 6B and C) 

where; only peaks of magnetite Fe3O4 oxide (FCC unit cell, ICDD file # 19e0629) 



 

are detected. This absence of Fe0 diffraction peaks confirms the TPR reducibility 

behavior of Fe10%Al2O3 (Section Reducibilty of calcined AL2O3-based materials) 

attesting on the difficult reduction of Fe2O3 to Fe0 (ending at the stage of Fe3O4 

phase) owing to strong iron-alumina interaction. Moreover, g-Al2O3 peaks are also 

not detectable in the pattern of the Ni-free Fe10%Al2O3 catalyst even after 13 h on 

stream at 700 o C. Observations similar to ours were already mentioned in the 

literature for monometallic Fe-Al2O3 samples [56]; yet not clearly addressed. We 

tentatively associate it to the for- mation, during synthesis, of a phase consisting of 

Fe2O3 and g- Al2O3 (recently mentioned in literature in the form of amor- phous 

Fe2O3.Al2O3 [67]) from the incorporation of Fe ions within the alumina substrate. 

Under high-temperature reduction, some of the Fe2O3 species detach from  the 

alumina then undergo the reduction (yet incomplete) into Fe3O4 whereas, the 

excess Fe2O3 remaining strongly attached to Al2O3 hampers the crystallization of 

alumina into well- defined crystalline g-Al2O3, a phase clearly detected in all  our 

Ni-containing catalysts (Fig. 6B and C). Regarding XRD patterns, an increase in Ni 

content causes an absence of magnetite diffraction peaks and an increase in the 

intensity of the g-Al2O3 peaks (patterns b-f, Fig. 6B and C). This could be explained 

based on TPR and TPD analyses identifying the formation of Fe-Ni alloys. The co-

presence of both Fe and Ni reduces the formation of free Fe3O4 due to the alloying 

of Fe with Ni and simultaneously limits the interaction of Fe with Al2O3 allowing, 

therefore, alumina to crystallize. The absence of XRD signals linked to Fe-Ni alloys 

over bimetallic Fex%Ni(1- x)%Al2O3 catalysts in an indication of their high dispersion 

as was indeed verified based on dispersion results (Table 2) showing an 

enhancement of overall dispersion upon addition of Ni (in place of Fe) until 

reaching the optimum content in the equimolar Fe5%Ni5%Al2O3 catalyst. 

The high stability of the alumina matrix along with the preservation of well-

dispersed nanoparticles at high- temperature biogas dry reforming is also 

confirmed by microtome TEM images (Fig. 7). It is obvious that the ordered 

hexagonal arrangement of the porous network and its uni- form channel system is 

preserved, both perpendicular to [001] (Fig.  7A,B,C)  and  along  [110]  (Fig.  7A’,B0,C’)  

grain  directions. The average sizes obtained from TEM observations are close to 

those estimated from XRD peaks (Table 3), enlightening once more on the high 

resistance of Ni0 to sintering even after 13 h on stream at 700 o C. The excellent 

thermal resistance of all spent catalysts is also attested by the persistence of small 

angle XRD peaks in the patterns of all spent catalysts (Fig. 8). A direct comparison 

between lattice parameters (Table 4) shows only slight shifts in values upon 

passing respectively from in- situ reduced to spent materials (i.e. from 11. 5 Å to 

11.7 0A for Fe5%Ni5%Al2O3). Such shift in the d spacing and subsequently in the 

lattice parameter to higher values (Table 4) suggests a small enlargement in the 

pore diameter after catalysis. This could be ascribed to an additional 



 

crystallization of the alumina matrix, into the g-Al2O3 phase (Fig. 6C), in line with 

longer heating treatment. 

In the search of stable Fe-based catalysts, the major challenge to confront, 

especially when the catalyst is subjected to high-temperature treatments, is the 

limitation of segregation for  maintaining  active  surface  areas  [57,58].  Our  

partially reduced (detected by XRD) yet detached from alumina Fe O species could 

be subjected to such a problem. To enhance the segregation resistance, we have 

tried to introduce the active phase (Fe) and the structuring agent (P123 Pluronic 

triblock copolymer) in a same synthesis batch to provide a confine- ment effect. 

Such a preparation method was found to be a key parameter for ensuring the 

stability of Ni-based catalysts [29,43], a technique to our knowledge, never 

considered for Fe- based catalysts as an approach to limit segregation. In spite of the 

preservation of the porous arrangement of the alumina matrix in the spent Fe-

loaded catalyst (Fig. 7A and B); the segregation of Fe3O4 species manifests and 

contributes (in part) to the deactivation of Ni-free Fe10%Al2O3 catalyst (Fig. 9A,A0 ). 

Iron enriched zones clearly appear on microtome images as localized dark stripes 

(Fig. 9A) constituted of iron aggregates embedded inside the porous network of the 

solid (Fig. 9A’). Such observations confirm those regarding the porous network of 

Fe10%Al2O3 (high resolutions images, Fig. 7A,A0) that appear empty of small dark dots 

representative of non-homogeneously distributed particles. As expected, the 

segregation of Ni0 nanoparticles in spent Ni5%Al2O3 is not evident but regardless a 

bright homogenous morphology of the catalyst is  seen  instead  (Fig.  7C).  The 

analysis  of  the localization of species in the highly active and time-on-stream stable 

Fe5%Ni5%Al2O3 catalyst highlights again on the deacti- vation mode of Fe species that 

becomes limited in presence of Ni. The segregation encountered in Fe10%Al2O3 is no 

longer a deactivating factor when 5 wt% Fe was substituted by an equivalent Ni 

amount. The segregation of iron becomes limited in spent Fe5%Ni5%Al2O3 and 

surprisingly the shape of the (few) remaining Fe2O3-based stripes is  also  affected  

(Fig. 9B). Rather than having core-full chain-like segregates as those seen in spent 

Fe10%Al2O3 (Fig. 9A,A’), the iron stripes in the bimetallic catalyst have hollow core 

chain forms resulting from less segregated free iron species that preferentially alloy 

with Ni when both metals are co-introduced in the same preparation batch and 

treated to high temperatures. Contin- uous work is in progress to complete these 

results. 

 

Study of carbon deposition over spent biogas dry reforming Al2O3-based 

catalysts 

The spent catalysts were characterized by several techniques to notify coke 

deposits. Combined TGA and DSC (Fig. 10A and B) carried out in the air, between 

300 o C and 900 o C, was applied to recognize the type of deposited carbonaceous 



 

spe- cies based on their oxidation temperatures (principally sp2 (grapheme, 

nanotubes) and sp3 (graphite) carbon types) [71,72]. 

The first significant information provided by TGA is the overall C(s) content over all 

spent catalysts that is not exceeding 10 wt% even over the most C(s)-loaded 

sample (maximum amount is 6 wt%). This is in accordance with the above-

discussed   reactivity   data   showing   a   selective dry reforming of methane 

behavior (H2:CO close to 1) over the most performing catalysts. Besides high 

reactivity levels, our "one-pot" synthesized mesoporous catalysts show very high 

carbon resistance along with high-temperature biogas dry reforming, at least as 

high or even better than those described in the few existing reports on actual 

simulated biogas reforming catalysts. Carbon content exceeded 12 wt% over a 

mesoporous Ni modified by tungsten Ni5%W5%Al2O3 catalyst even when operated 

under less drastic biogas reforming conditions (inlet molar feed CH4/CO2 ¼ 1:1) 

[73]. Similarly, for an equimolar gaseous inlet feed, carbon contents exceeded 

15 wt% over spent mesoporous Ni-Fe (Co or Cu)-CaO-ZrO2 catalysts [74]. For a 

biogas reforming operation (CH4/CO2 ¼ 1.5) close to that  adopted  in  this  study,  

a  Ni8%Al2O3  catalyst prepared via standard post-impregnation over commercial 

alumina support displayed a 7 wt% C(s) content after a short exposure to 

reaction medium [25]. Such resistance to carbon deposition could be related to 

the advantages of the preparation methods enabling a high dispersion of 

metallic nano- particles inside the mesoporous structure of the support 

protecting them from heavy C(s) accumulation, as confirmed by XRD and TEM 

data. Secondly, the coke content is directly proportional to Fe content (or 

inversely proportional to Ni content) where the highest amount is recorded 

over spent Fe10%Al2O3 (curve a, Fig. 10A) and the lowest one (almost ab- sent) 

over the Fe-free catalyst (curve e, Fig. 10A). This difference in the overall 

amount of carbonaceous deposits is dependent on the type of the site over 

which the dissociation of CO2 can occur. The formation of oxygen atoms, 

subsequently to CO2 activation, is a key to generate an oxidation path of C(s) 

(originating from CH4 decomposition) into CO reducing, therefore, carbon 

accumulation [75]. Due to the predominance of oxide-based iron species in 

Fe10%Al2O3 (Fig. 6), CO2 activation is totally inhibited (compared to a slight 

activation of CH4) on the surfaces of oxide species whereas, all reactions rates 

(CH4, CO2 and C(s) gasification) would be of the same order on (active) reduced 

Ni0 sites. The reason why CO2 is affected more than CH4 could be linked to its 

activation that should occur over reduced metallic sites whereas CH4 could 

undergo a partial activation on oxidized surfaces [76]. In view of that, a 

compromise be- tween Fe and Ni contents appears essential to design a low 

cost and highly reactive catalyst with low carbon deposition especially that the 

latter effect is important from an industrial point of view since carbon deposition 

is known to potentially lead to reactors blockage with time. 



 

Concerning DSC profiles (Fig. 10B), the peaks disclose two main types of coke-

derived species described as (i) weakly stable amorphous Ca (sp2 C-atoms, 

graphene-like species, peak 300e450 o C) and (ii) Cb (C-nanotubes, peak 450e550 o 

C) [72]. The absence of exothermic peaks with maxima above 550 o C dictates that 

no carbon in these samples is present in the form of crystalline Cg graphite, known 

to be the most harmful to catalytic stability due to encapsulation of active metallic 

sites [71]. DSC peaks are almost absent over spent Ni5%Al2O3 (curve e, Fig. 10B), in 

accordance with their very small C(s) content. For spent monometallic Fe10%Al2O3 

cata- lyst, the single DSC peak at 415 o C corresponds to a population of 

carbonaceous graphene deposits with a sponge-like morphology,  shown  on  SEM  

images  in  Fig.  11A,A0,  and  the two peaks over spent bimetallic catalysts reveal the 

co- existence of both sp2 C-atoms and C-nanotubes. Indeed, on the SEM images of 

spent Fe5%Ni5%Al2O3 (Fig. 11B,B’), small C- like sponges domains and short-carbon 

filaments are clearly identified on the external surface of the alumina-based grains, 

some grains appearing more covered than others. Particularly, the DSC peaks of Ni-

rich Fe2.5%Ni7.5%Al2O3 are centered above 

500 oC (curve d, Fig. 10B) being close to those of Fe-rich Fe10%Al2O3 and 

Ni2.5%Fe7.5%Al2O3 (curves a-b, Fig. 10B) rather than those noted for the oxidation of 

carbon from Ni5%Al2O3 catalysts taking place at around 300 o C (curve e, Fig. 10B). 

This is most probably due to some hindrance in the accessibility to active Ni0 sites 

potentially caused by some (unfavorable) iron deposition over nickel during 

preparation and thermal activation. The majority of carbon originating from CH4 

decom- position over accessible Fe-sites retards the maximum of the dynamic 

oxidation process to higher temperatures. This could also provide an explanation for 

the decrease in reactivity levels and dispersion values (D%) noted upon comparing 

Fe2.5%Ni7.5%Al2O3 to optimally composed bimetallic Fe5%Ni5%- Al2O3 catalyst (Fig. 5). 

Even if they exist in trivial amounts, the coke deposits over Ni-free and bimetallic 

spent catalysts are only present as non-deactivating graphene and some nano- 

tubes are shown on external surfaces  of  alumina  grains (Fig. 11). 

The amorphous state of carbon deposits in spent catalysts is also confirmed by 

Raman spectroscopy. Signals were only obtained for the spent C(s) richest Fe10%Al2O3 

and bimetallic Fex%Ni(1-x)%Al2O3 catalysts, where spent Ni5%Al2O3 catalysts with lower 

amounts of C(s) deposition have a widely exposed (poorly covered by carbon) 

alumina surface which causes, during Raman experimentation, a strong 

fluorescence back- ground that hampers correct data detection [77]. The main 

bands in the spectra (Fig. 12) are characteristic of C atoms in sp2 carbon networks 

with high degree of order (graphitic carbon,  G-band,  1601  cm-1)  and  of  a  

disordered  structural mode  of  carbon  species  (D-band,  1312  cm-1)  [77e79].  The 

signal strength of the D-band compared to the G-band (in- tensity ratio: ID/IG) is an 

indicator of the crystalline degree and/ or presence of defects in the carbon species, 



 

the smaller the ratio (less than 1), the higher the degree of structural ordering 

[77,79]. The ratio higher than unity for all Fe10%Al2O3 and Fex %Ni(1-x)%Al2O3 spent 

catalysts (range from 1.33 to 1.21 passing from patterns a till d, Fig. 12) coordinates 

with the assumption of the disordered character of the carbon deposits rather than 

well-ordered crystalline graphitic. Finally, the absence of XRD signal attributable to 

graphitic deposits (expected around 2Q~29o), even for C(s) richest Fe10%Al2O3 

(pattern a, Fig. 6C) concludes on the negligible content of crystalline carbon 

deduced from TGA/DSC and Raman data. 

 

Conclusions 

The aim of this work was to evaluate and enhance the performance of cost-

efficient iron based-catalysts in dry reforming of a model biogas mixture (CH4/CO2 

¼ 1.8) via simple approaches without adopting extensive preparation routes or 

applying noble metals. Fe, Ni and Fe-Ni in alumina catalysts were designed 

following a straightforward "one-pot" evaporation-induced self-assembly method 

in presence of both structuring agent and active phase. After preparation of 

samples and in-situ H2-reduction, all the solids presented 2D hexagonal 

arrangement of pores and a successful incorporation of metals within the 

structured alumina matrix. Ni nanoparticles showed more reactive performances 

towards biogas reforming than Fe at 700 o C for 13 h on stream. Respective CH4 

and CO2 conversions over Ni5%Al2O3 were 4 and 2.3 times higher than those 

recorded over monometallic Fe10%Al2O3. The deactivation of the latter (Ni-free) 

catalyst attributed to a strong interaction of iron with alumina that lead to an 

incomplete reduction into metallic Fe0 (preferred phase for catalysis) but rather to 

Fe3O4 oxides that tend to segregate, under high temperature effects, into poorly 

dispersed iron-like strips inducing losses in the total active surface area. A partial 

substitution of Fe by Ni yielded bimetallic catalysts, specifically Fe5%Ni5%Al2O3, 

having improved dispersion and  catalytic  performance  compared  to   mono-

metallic Fe     - and Ni    Al O . Indeed, a 10% increase in CH4 conversion and a 20% 

increase in CO2 conversion were obtained over the optimum bimetallic 

Fe5%Ni5%Al2O3 catalyst compared to Fe-free Ni5%Al2O3. The formation of Fe-Ni alloys 

in the bimetallic, Fe5%Ni5%Al2O3, catalyst acted as barriers towards the segregation 

of Fe species where the majority of nanoparticles remained confined within the 

pores of the support after 13 h of testing. The stabilization of iron species by Ni 

together with the beneficial effect of confinement in the structured alumina 

support are found to be key factors in protecting   against   segregation   and   

coking   due   to steric constraints. In light of their textural, structural and catalytic 

performances, "one-pot" mesoporous Fe, modified by Ni catalysts, represent good 

candidates for catalyzing syngas for diverse simulated biogas mixtures. 
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Tables 

 
Table 1: Textural properties of calcined and in situ reduced samples 

Samples 
Metal 
weight % 

BET surface area (m2 
g-1) 

Pore volume (m3 g-1) 
Average pore 

diameter (nm)c 

calc.a red.b calc.a red.b calc.a red.b 

Fe10%Al2O3 10.0 Fe 166 99 0.33 0.22 9.9 ± 6 12.8 ± 7 

Fe7.5%Ni2.5%Al2O3 
7.5 Fe, 

2.5 Ni 
172 107 0.38 0.23 9.2 ± 5 11.1 ± 6 

Fe5%Ni5%Al2O3 
5.0 Fe, 

5.0 Ni 
198 138 0.40 0.31 9.2 ± 5 9.4 ± 5 

Fe2.5%Ni7.5%Al2O3 
2.5 Fe, 

7.5 Ni 
244 164 0.47 0.39 9.0 ± 4 8.4 ± 5 

Ni5%Al2O3 5.0 Ni 185 121 0.37 0.27 9.5 ± 6 9.6 ± 5 

a Textural values of synthesized (calcined) samples (600 o C/5 h). 

b Textural values of calcined samples after in-situ H2-reduction (700 o C/2 h). 

c Average pore diameter ± standard deviation from the maxima. 

 

Table 2: H2-chemisorption properties of calcined samples. 

Samples 

H2-TPR analysis 

H2-TPD 

analysis 

Dispersion 

(D%)c 

Pea

k 

temp. 

(o C) 

Relative 

contribution 

(%)a 

Total 

H2-

uptake 

(mmol 

g-1)b 



 

Fe10%Al2O3 

4

50 
91 

80

4 
5.2 

7

74 
9     

Fe7.5%Ni2.5%Al2

O3 

4

50 
38 

99

5 
18.1 

7

50 
62     

Fe5%Ni5%Al2O3 

4

30 
30 

11

36 
17.4 

7

10 
70     

Fe2.5%Ni7.5%Al2

O3 

4

00 
20 

95

1 
10.8 

6

55 
80     

Ni5%Al2O3 
7

60 
100 

82

8 
17.0 

a    H2-uptake associated to each peak relatively to the overall H2-uptake after complete 

reduction.  b H2-uptake determined experimentally from TPR profiles after complete reduction at T 

¼ 900 o C. c Ni dispersion calculated based on H2-TPD results. 

 

Table 3: Average particle size of nickel species in in-situ reduced (700 o 

C/2 h, H2/Ar) and spent (700 o C/13 h, CH4/ CO2/Ar ¼ 1.8/1/14, P ¼ 1 atm, 
GHSV ¼ 36 L g¡1 h¡1) catalysts.  

 

Spent, Ø 

Ni0(nm)

XRDa XRDa TEM

Fe10%Al2O3 e e e

Fe7.5%Ni2.5%Al2O3 e 3.2 e

Fe5%Ni5%Al2O3 4.5 4.7 5.4

Fe2.5%Ni7.5%Al2O3 5.0 5.0 e

Ni5%Al2O3 3.4 3.5 3.2

a Calculated using Scherrer's equation at 2Q ¼ 51.8o for the [200] indexed plane.

Reduced, Ø Ni
0
(nm)

Samples

 cat 
 

 

  



 

Figures 
 
 
 

 
 
Fig. 1: (A) N2 adsorption-desorption isotherms along with pore size 
distributions (insets) and (B) small angle XRD patterns    of in-situ 

reduced (700 oC/2 h, H2/Ar) materials: (a) Fe10%Al2O3, (b) 
Fe7.5%Ni2.5%Al2O3, (c) Fe5%Ni5%Al2O3, (d) Fe2.5%Ni7.5%Al2O3   and (e) 
Ni5%Al2O3. For XRD patterns, an offset was applied along the Y-axis for 
the sake of clarity. 
  



 

 
 

  
 

Fig. 2:  SEM micrographs of in-situ reduced (700 o C/2 h, H2/Ar) (A-A′) 
Fe10%Al2O3 and (B-B′) Fe5%Ni5%Al2O3 materials. 
  



 

 

 
 
Fig. 3:  (A,B) H2-TPR and (A′,B′) H2-TPD profiles of alumina based-
materials: (a) Fe10%Al2O3, (b) Fe7.5%Ni2.5%Al2O3, (c) Fe5%Ni5%Al2O3, (d) 
Fe2.5%Ni7.5%Al2O3 and (e) Ni5%Al2O3. 
  



 

cat 

 
 

 
 
Fig. 4: (A,A′) CH4 conversions, (B,B′) CO2 conversions and (C,C′) H2:CO 

molar product ratios during biogas dry reforming (700 o C/13 h, 
CH4/CO2/Ar ¼ 1.8/1/14, P ¼ 1 atm, GHSV ¼ 36 L g¡1 hr¡1) as a function of 
time-on-stream over: (a) Fe10%Al2O3, (b) Fe7.5%Ni2.5%Al2O3, (c) 
Fe5%Ni5%Al2O3,  (d)  Fe2.5%Ni7.5%Al2O3  and  (e)  Ni5%Al2O3.  Straight-lines  
and  dashed-lines  are thermodynamic values calculated respectively, 
with the HSC 7.1 Chemistry software, for Cs-assisted and Cs-free 
operations. 
  



 

 

 
Fig. 5: Correlation between metal dispersion and reactivity levels 
(mean methane conversion) as a function of the molar Ni:Fe ratio 
introduced during preparation of bimetallic Fe-Ni mesoporous 
samples. 
 
  



 

cat 

 
 

Fig. 6 :  XRD patterns of (A) calcined (B) in-situ reduced (700 o C/2 h, 

H2/Ar) and (C) spent (700 o C/13 h, CH4/CO2/Ar ¼ 1.8/1/14, P ¼ 1 atm, 
GHSV ¼ 36 L g¡1 hr¡1) catalysts: (a) Fe10%Al2O3, (b) Fe7.5%Ni2.5%Al2O3, (c) 
Fe5%Ni5%Al2O3, (d) Fe2.5%Ni7.5%Al2O3 and (e) Ni5%Al2O3. 
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Fig. 7: TEM micrographs of spent (700 oC/13 h, CH4/CO2/Ar ¼ 1.8/1/14, P ¼ 
1 atm, GHSV ¼ 36 L g¡1 hr¡1) (A-A′) Fe10%Al2O3, (B-B′) Fe5%Ni5%Al2O3 and (C-
C′) Ni5%Al2O3 catalysts. Insets in Figs. B and C show zooms on the 
specified grain zones. 
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Fig. 8 : Small angle XRD patterns of spent (700 oC/13 h, CH4/CO2/Ar ¼ 
1.8/1/14, P ¼ 1 atm, GHSV ¼ 36 L g¡1 hr¡1) catalysts: (a) Fe10%Al2O3, (b) 
Fe7.5%Ni2.5%Al2O3, (c) Fe5%Ni5%Al2O3, (d) Fe2.5%Ni7.5%Al2O3 and (e) Ni5%Al2O3. An 
offset was applied along the Y-axis for the sake of clarity. 
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Fig. 9: TEM micrographs of spent (700 o C/13 h, CH4/CO2/Ar ¼ 1.8/1/14, P ¼ 
1 atm, GHSV ¼ 36 L g¡1 hr¡1) (A-A′) Fe10%Al2O3, (B) Fe5%Ni5%Al2O3 and (C) 
Ni5%Al2O3 catalysts. Inset in Fig. A′ shows zoom on the specified grain 
zone. 
 
 
 



 

 
Fig. 10: (A) TGA and (B) DSC profiles of spent (700 o C/13 h, CH4/CO2/Ar ¼ 
1.8/1/14, P ¼ 1 atm, GHSV ¼ 36 L g¡1 hr¡1) catalysts: (a) Fe10%Al2O3, (b)  
Fe7.5%Ni2.5%Al2O3,  (c) Fe5%Ni5%Al2O3, (d) Fe2.5%Ni7.5%Al2O3 and (e) Ni5%Al2O3 Fig. 

10 e (A) TGA and (B) DSC profiles of spent (700 o C/13 h, CH4/CO2/Ar ¼ 
1.8/1/14, P ¼ 1 atm, GHSV ¼ 36 L g¡1 hr¡1) catalysts: (a) Fe10%Al2O3, (b)  
Fe7.5%Ni2.5%Al2O3,  (c) Fe5%Ni5%Al2O3, (d)  
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Fig. 11: SEM micrographs of spent (700 o C/13 h, CH4/CO2/Ar ¼ 1.8/1/14, P ¼ 
1 atm, GHSV ¼ 36 L g¡1 hr¡1) (A-A′) Fe10%Al2O3 and (B-B′) Fe5%Ni5%Al2O3 
catalysts. Some carbon deposits are marked with arrows. 
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Fig. 12:  Raman spectra and of spent (700 o C/13 h, CH4/CO2/ Ar ¼ 
1.8/1/14, P ¼ 1 atm, GHSV ¼ 36 L g¡1 hr¡1) catalysts: (a) Fe10%Al2O3, (b) 
Fe7.5%Ni2.5%Al2O3, (c) Fe5%Ni5%Al2O3, (d) Fe2.5%Ni7.5%Al2O3 and (e) 
Ni5%Al2O3. An offset was applied along the Y-axis for the sake of 
clarity. 
 
 


