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Highlights 

 Effect of  carburization temperature on ReC was investigated on guaiacol conversion 

 

 Different carbide was obtained according to the carburization temperature 

 

 Re2C is first obtained and upon increasing temperature transformed into RexC and ReC 

 

 RexC is the most active for guaiacol conversion  and promote benzene formation 

 

 Hydrogenolysis of phenol into benzene is inhibited over ReC 

 

 

Abstract 

 

Rhenium supported over activated carbon (AC) was carburized under different temperatures 

(from 500-700ºC) under a mixture of H2/C2H4 (75/25). Resulting catalysts were characterized by 
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N2-sorption, CO chemisorption, temperature programmed reduction (TPR), ammonia 

temperature programmed desorption (TPD-NH3), STEM, and XPS and catalytic properties were 

measured in a batch reactor at 350ºC, 5.0 MPa for the hydrodeoxygenation (HDO) of guaiacol. 

Results have shown that Rhenium was gradually reduced and carburized upon increasing the 

temperature. From 650ºC, a RexC phase was obtained and transformed into ReC at 700ºC. RexC 

was the most active phase obtained and maximum yield in benzene of 51% was reached at 

complete conversion. ReC phase showed to inhibit the hydrogenolysis of phenol into benzene.   

Keywords Rhenium carbide; guaiacol; hydrodeoxygenation; carburization; biomass conversion 

Introduction 

 

Biomass is a promising renewable feedstock for producing sustainable fine chemicals such 

as benzene, toluene, and xylenes, also known as BTX, essential for polymer synthesis, 

currently generated from the petrochemical industry [1, 2]. Lignin, cellulose and 

hemicellulose are the three fractions that composed biomass. Lignin is a polyphenolic 

macromolecule that can be depolymerized and upgraded through thermochemical, 

catalytic or biological treatment [3-5].  

The resulting bio-oil holds high content in oxygen that needs to be removed in order to 

improve the thermal stability,  viscosity, etc. and for obtaining the products of interest [6]. 

Hydrodeoxygenation (HDO) is one of the alternatives for bio-oil upgrading [7-10]. As lignin 

is a complex molecule, its study needs the implementation of several analytical tools [11]. 

Thus, the study of model compounds is more often employed instead of real feedstock. 

Furthermore, the study of model compounds provides a better understanding of the 

conversion pathway [4]. 

Several catalytic systems have been extensively studied for the HDO of model compounds. 

Noble metal-based catalysts show to be highly active in obtaining saturated products [12-

14]. Non-noble metals such as Ni [15, 16], Fe [17], Co [18], and Re [19] showed to be 

efficient in producing mono-oxygenated compounds such as phenol and cyclohexanol. 

Inspired by traditional HDS catalysts, supported Co(Ni)Mo ulfided catalysts resulted in 
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highly useful for the synthesis of aromatics [20]. Nevertheless, the addition of sulfur is 

required for preventing the deactivation. An alternative to sulfide catalysts is to use 

nitride, phosphide, or carbides of transition metals [21]. Among the phosphide family, 

Ni2P has shown to be better HDO catalysts than other phosphides (Fe, Co, Mo and W) [22], 

although Ni2P led to saturated compounds. Nitride catalysts have been barely explored, 

and have shown improvement of the catalytic activity compared to sulfided homolog 

material and led mainly to the formation of phenol and catechol [23-25]. Over carbide 

catalysts, in the case of guaiacol conversion, phenol was the primary product obtained 

[26-34], and benzene as a major product could also be achieved [35, 36]. BTX could be 

obtained in the case of anisole, phenol and cresol conversion [37-44]. A comparison 

between Mo-phosphides, nitride and carbide supported over TiO2, Bollousa et al. have 

observed that carbides were the most active in phenol conversion toward benzene [45]. 

Transition metal carbides have attracted attention lately as they have shown versatile 

properties in different catalytic reactions such as hydrogenolysis, hydrogenation, 

isomerization, and HDO of other biomass model compounds [46-66]. Such properties can 

be tuned during the synthesis or post-synthesis by controlling the oxygen content at the 

surface [38, 44, 67]. Carbides can be generally prepared by temperature programmed 

reduction (TPR) or the carbothermal hydrogen reduction (CHR). In the case of TPR 

method, the metal gets carburized by heating with a mixture of hydrogen and a light 

hydrocarbon (as the carbon source) while in the case of the CHR, the heat is carried out 

in pure hydrogen and the carbon source is generally obtained from the support or by using 

a carbon-based metal precursor such as methane, ethane, etc. [63, 68]. Several studies 

have reported the effect of different synthesis parameters on Mo carbide based-catalysts 

and it has been observed that the carburization degree could be controlled by adjusting 

synthesis parameters such as carburization temperature [31, 69, 70], time [69-71], 

heating rate [31, 69, 70] and the gas mixture composition [70]. 

In previous studies, rhenium sulfide or oxide has presented better activity towards HDO 

products than Molybdenum based catalysts [19, 72]. Recently, Re2C has shown to be a 

promising material for hydrogen production  from biomass [73]. In previous work, it has 
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been found that metallic rhenium was carburized by using a mixture H2+C2H4 at 700°C 

[26]. Qi et al. observed that graphite was first formed and then decomposed/dissolved to 

form rhenium carbide species [74]. Hence, with the aim of studying the effect of the 

carburization degree on HDO properties, the present work investigates the impact of the 

carburization temperature, from 500 to 700°C, on rhenium carbide. 

Experimental 

Synthesis  

Metal carbides were prepared by incipient wetness impregnation of a commercial 

activated carbon (Type CO-850, Petrochil S.A) followed by carburization treatment. 

Support was first ground, sieved (< 150 µm), and dried for 2h at 110ºC. An aqueous 

solution of NH4ReO4 (99% from Aldrich) was then impregnated on the support (8 %wt), 

left for maturation for 6 h, and dried overnight at 80°C. The carburization was conducted 

under different temperatures (500, 550, 600, 650, and 700ºC) for 90 min under the 

following atmosphere composition: 75/25 of H2/C2H4 (%vol). Finally, the catalyst was 

passivated at ambient temperature for 1 h with 5% O2/N2 mixture (30 mL.min-1). Resulting 

catalysts will be labeled according to the carburization temperature. 

Characterizations  

Textural, chemical properties, and temperature programmed experiments were 

performed using the 3Flex instrument from Micromeritics. 

Textural properties were measured from the sorption isotherm of N2 at -196°C. Sample 

(10 mg) were previously degassed at 4 h at 300°C under vacuum using a SmartVacPrep 

instrument from Micromeritics. The surface area was calculated from the adsorption 

branch in the range 0.02 ≤ p/p0 ≤ 0.25 using the Brunauer-Emmett-Teller (BET) theory. 

Total pore volume was defined as the single-point pore volume at p/p0=0.99. Micropore 

volume was calculated from the t-plot equation, and pore size distribution was obtained 

by applying the Horvath-Kawazoe equation. CO uptakes were measured at 35°C. The 

catalyst was first degassed at 110°C (10°C/min) for 30 min and then reduced at 350°C at 

60min. All the temperature programmed experiments were carried out using the 3Flex 
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(Micromeritics) combined with a mass spectrometer (Cirrus 2, MKS Spectra Product). For 

temperature programmed reduction (TPR), the sample was heated at a rate of 10 °C/min 

until 1050 °C with a mixture of 5% H2-Ar (100 mL/min). For temperature programmed 

desorption  of NH3 (TPD-NH3), the sample was first pretreated 30 min at 350˚C (10°C/min) 

under He (50 mL.min-1), then adsorption of NH3 was carried out at 100˚C for 15 min (30 

mL.min-1) prior desorption under He (100 mL.min-1) at 10°C/min until 500°C. Products 

formed during the TPR and TPD-NH3 treatments were identified by a mass spectrometer 

by following specific fragments, m/z 15, 17, 18, 28, 44 correspondings to the main masses 

of methane, ammonia, water, carbon monoxide and carbon dioxide, respectively. 

Scanning transmission electron microscopy (STEM) images were obtained in a FESEM 

instrument Quanta FEG 250 (from FEI), the sample was previously dispersed over a copper 

grid using ethanol (analytical grade from Aldrich). 

X-ray photoelectron spectra of catalysts were recorded on a VG Escalab 200R electron 

spectrometer using an Mg Kα (1253.6 eV) photon source. Passivated catalysts were 

reduced in situ for 1h at 350°C with H2 in order to remove the passivation layer. The 

binding energies (BE) were adjusted according to the C 1s level of the carbon support at 

284.8 eV. Fitting of experimental data was obtained from a sum of Gaussian and 

Lorentzian lines (90G-10L) using a least-squares minimization procedure. For the 

obtention of semi-quantitative data (Re/C atomic ratio), the peak area of each element 

(Re4f for Re and C1s for C) was divided by the tabulated sensitivity.  

 

Catalytic properties  

Catalytic properties were measured in a stirred-batch reactor (Parr Model 4590) of 100 

mL for four 4 h. Typically, 200 mg of catalyst, 1.7 g of guaiacol, 32 g of dodecane, and 700 

µL of hexadecane (all reagent grade purchased from Merk) were mixed. Prior heating at 

350ºC with stirring (645 rpm), the reactor was purged with nitrogen. Once the 

temperature was reached, the reactor was charged with hydrogen to 5 MPa. Under these 

conditions, the reaction rates are not limited by internal or external mass transfer [75]. 

The beginning of the reaction was assumed to be the time when the H2 was introduced 
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into the reactor. During the reaction, hydrogen was added to keep the pressure constant. 

Small aliquots of less than 0.1 ml were periodically collected during the reaction and 

quantified by gas chromatograph Nexis GC-2030 (Shimadzu) equipped with an Elite-1 

column (Perkin Elmer, 30 m × 0.32 mm, film thickness of 0.25 μm). The initial temperature 

was held at 37ºC for 6 min, then heated up to 80ºC at 8ºC/min and finally up to 270ºC at 

15ºC/min for 1 min. All the compounds detected were quantified by using a calibration 

curve of external standards and using hexadecane as an internal standard. Conversion and 

product selectivity were defined according to the equations as reported elsewhere [26]: 

 

 

The initial reaction rate r0 (mol g-1.s-1) was calculated from the initial slope (b) of the 

conversion (≤30%) vs. time plot (s−1) according to the formula: 

where 𝑛𝐺𝑈𝐴
0  (mol) is the initial guaiacol mol in the reactor; m (g) is the mass of the catalyst.  

TOF (s-1) was deduced by considering that active sites chemisorb CO (µmol.g-1) according 

to the following formula: 

Mass balance was about 90% in all the reactions and was determined by comparison of 

the conversion calculated from guaiacol disappearance to that from product formation. 

 

Results and discussion 

Characterization results  

The evolution of the physicochemical properties as a function of carburization temperature was 

measured, and results are summarized in Table 1. The table shows that the surface areas 

decrease gradually with the increasing of carburization temperature. The similar SBET of the 
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sample carburized at 500˚C compared to that of the bare support (ca. 950 m2 g-1) suggests that 

after impregnation/carburization at 500°C, no pore blocking occurs. This is also confirmed by the 

micropore volume that is quite similar to the bare support (ca. 0.32 mL/g). On the contrary, the 

diminishing in the surface area upon increasing the carburization temperature can be ascribed to 

a partial pore-blocking, which could be generated by carbon growth during the carburization 

process and/or the metal nanoparticles [74] or to partial gasification of the support [76].  

Table 1: Physico-chemical properties obtained for Re/AC carburized at different temperature 

Carburization 

temperature 
500˚C 550˚C 600˚C 650˚C 700˚C 

SBET (m2/g) 926 876 864 771 668 

Micropore volume (mL/g) 0.27 0.27 0.26 0.26 0.23 

CO uptake (µmol/g) 103 104 107 95 56 

H2 consumption in TPR 

experiment (mmol/g) 
1.8 1.6 1.5 1.5 1.2 

CO MS signal  in TPR 

experiment (a.u/g) 
52 54 46 48 14 

Re 4f7/2 BE (eV) [%] 
40.3 [83] 40.3 [88] 40.4 [86] 

40.4 [100] 
40.8 [85] 

44.4 [17] 44.5 [12] 44.4 [14] 43.4 [15] 

Re/C Atomic surface ratio 

(from XPS) 
0.0090 0.0092 0.0089 0.0090 0.0520 

 

To investigate if the particle size was affected by the carburization temperature, STEM was 

carried out. Average particle size distributions were calculated from the images and are 

presented in Figure 1; an example of the images obtained is also provided in Fig. S1. Figure 1 

shows that carburization of the catalyst at 500°C resulted in a very heterogeneous particle size 

distribution with an average centered at around 13 nm. The histogram obtained by counting at 

least 200 particles indicates that particle sizes were mainly below 50 nm of diameter. When 

carburization temperature was increased to 550°C, particle size distribution seems more 
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homogenous, but the particle size was bigger (average centered around 33 nm) than when the 

catalyst was carburized at 500°C. A similar trend was observed when carburization was carried 

out at 600°C, and particle size increased compared to the sample carburized at 550˚C. 

Interestingly, when the catalyst was carburized at 650°C, particle size became much smaller 

(average around 13 nm) than when the catalyst was carburized at 600°C. Finally, after 

carburization at 700°C, the average size distribution of the particle slightly decreases to 10 nm 

compared to the size of the sample carburized at 650°C. The CO chemisorption uptake, shown in 

Table 1, displayed similar values with carburization temperature from 500 to 600°C, then a slight 

decrease was observed at 650°C, which is much more pronounced after carburization at 700˚C. 

The CO uptake depends on the particle size, the nature of metal surface species (metallic, oxides, 

oxycarbides, or carbides) and the presence of some polymeric carbon on the metal surface that 

can inhibit CO chemisorption [77-79]. 

 

Figure 1 Average particle size distribution obtained from STEM images for each carburization 

temperature. 

For the sample carburized at 700˚C, a higher CO uptake could be expected merely considering its 

smaller particle size. Thus, the higher and similar CO uptake of the samples carburized in the 

range 500-650˚C compared to that of the sample carburized at the highest temperature points 

to other reasons. A higher ratio of carbide in the sample treated at 700˚C could explain this 

behavior since it is well known that carbides are less sensitive to CO chemisorption, as already 
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observed in tungsten carbides [77-79]. For that reason, particle size from CO uptake was not 

calculated as it might not be representative of the actual particle size as observed by microscopy.  

In order to get more insight into the surface species, XPS analyses were performed. The Re 4f 

region displays the characteristic doublet of Re 4f 7/2 and Re 4f 5/2. Re 4f 7/2 was used to estimate 

the relative proportion of each species which is included in parenthesis in Table 1, and the 

deconvolution curve is provided in Fig. S2. Table 1 shows that two contributions were identified 

at the surface of all the catalysts, except when the catalyst was carburized at 650°C that displayed 

only one. The main contribution obtained in all the cases presented a BE between 40.3-40.8 eV. 

The BE at 40.8 eV was ascribed previously to Re+ in Rhenium carbide [74], while BE at 40.3 eV 

can be assigned to metallic Re [74] or carbide [80]. Other species were observed at a BE of 44.5 

eV (carburized at 500, 550 and 600 °C) and 43.4 eV (carburized at 700°C) and could be associated 

with oxide species [19, 81, 82]. According to the observed B.E at 40.3 eV, when the catalyst was 

carburized at 500°C and 550°C, Re0 is the main specie present at the surface of the catalyst. When 

the temperature was raised to 600 and 650°C, a shift to higher BE, i.e., 40.4 eV, was observed 

that further shifted to 40.8 eV after carburization at 700°C. According to the work of Qi et al. [74], 

graphene started to get formed between 630-680°C over Re (0001) when submitting under 

vacuum to C2H4. Therefore, the observed shift of 0.1 eV could indicate that rhenium was getting 

partially carburized. A similar shift (ca. 0.14 eV) was already reported during graphene growth in 

UHV conditions and was ascribed to surface carbide formation and carbon dissolution into the 

bulk [83]. The B.E of the maximum for the sample treated at 700°C, at 40.8 eV, can be ascribed 

to fully carburized rhenium ReC [74, 83]. On the other hand, in the case of tungsten carbide, 

several phases were reported like W2C, WxC and WC and the corresponding W 3d BE shifted from 

lower to higher BE respectively [28]. Thus, XPS results indicate that after formation of metallic 

Rhenium at lower temperatures, different carbides species could be formed at 600, 650°C and 

700°C. At this point, only the formation of ReC can be assessed from the data available in the 

literature and we cannot distinguish between the other rhenium species obtained. 

Moreover, the Re/C ratio also in Table 1 is very similar for all the catalysts and in the range 0.0089-

0.0092, except for the sample carburized at 700°C that displays a significantly higher value of 

0.052. While the larger Re/C ratio of the sample carburized at 700°C is in quite good agreement 
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with the smaller particle size of this sample, as estimated from CO chemisorption and 

microscopy, the similar Re/C ratio of the other samples is likely due to several opposed effects 

such as their different dispersion and the Rhenium being encapsulated inside the carbon.  

 In order to get information on the nature of chemical species of the catalyst, we performed 

temperature programmed reduction followed by mass spectroscopy (TPR-MS) of the passivated 

catalysts. Several MS fragments were recorded, but for more clarity, only m/z=28 corresponding 

to CO formation, which is the most relevant fragment, will be presented. This fragment is formed 

at a higher temperature, i.e. 600-850˚C when the metal starts to get carburized by the carbon of 

the support structure [26, 31, 68, 69], but it could also be associated to the remaining oxygen at 

the surface and/or incomplete carburization [84]. A comparison of the TCD signal representative 

of the reducibility is presented in figure 2.a., while the evolution of CO formation is given in figure 

2.b. The respective integrations are also shown in Table 1. 

  

 Figure 2 Evolution of a. TCD signal and b.  CO MS signal during TPR with the carburization 

temperature. 

The TPR profiles of Re/AC catalysts present a well-resolved peak at around 300°C and a broad 

feature under the well-resolved peak that can be associated with the reduction of different ReOx 

species [72]. The amount of H2 consumed during the TPR, in Table 1, shows that it decreases by 

increasing the carburization temperature that could be indicative of incomplete carburization 
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during the preparation, or to the reduction of the passivation layer. Compared to the catalyst 

that was not subjected to the carburization process (4 mmol.g-1 of H2 consumed), at least half of 

the ReOx initially present was reduced and/or carburized. These species could be either reduced 

into metallic Rhenium and/or to oxycarbide/carbide. However, it is also possible that ReOx results 

from the passivation step. To evaluate the carburization extent, the formation of CO during the 

TPR of the passivated samples was studied. Table 1 shows that while for the samples carburized 

at 500-650ºC the CO formed is in the range 54-46 a.u/g, the sample carburized at 700ºC displayed 

a much lower value of 14 a.u/g. Furthermore, TPR of the catalyst that has not been subjected to 

carburization does not show any CO formation. This indicates that contribution from the support 

on m/z 28 is negligible and that the CO observed post-carburization could be associated with the 

formation of oxycarbides and/or carbides from the Rhenium oxides of the surface and solid 

carbon. The higher CO production in the samples treated at temperatures in the range 500-650˚C 

can be explained by the higher concentration of oxygen at the surface, in agreement with XPS 

results.  

Figure 2.a. shows that by increasing the carburization temperature from 500 to 600°C, there is a 

slight shift to a higher temperature of the reduction profile. This shift cannot be attributed to the 

larger particle size displayed by the samples carburized at 600 and 550˚C, as observed by 

microscopy since bigger particles should be easier to get reduced. However, as previous 

characterization suggested, there might be some carbon formed over the particles which would 

make it more difficult to reduce, or some bulk composition changes to a phase harder to reduce 

despite the bigger particle size. When catalyst was carburized at 650°C, the TPR band shifted to 

lower temperature while according to the microscopy, particle size started to decrease. 

Furthermore, as observed by CO chemisorption and XPS, some changes in surface composition 

were observed and, textural analysis evidenced that partial gasification of the support occurs 

from this temperature. Thus, there could be generation of defects that would avoid sintering of 

the particles. Hence, from 650°C it seems that the carbon formed has partially get dissolved over 

the particle to form rhenium carbide as proposed by Qi et al. [74]. Finally, when catalyst was 

carburized at 700°C, the band shifted to higher temperature, which seems to indicate that the 
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average particle size decreases. This is in agreement with the results obtained by STEM that 

showed an average particle size of 10 nm.  

TPD of NH3 was carried out to probe the acidity of the catalysts and the desorption signal 

measured by MS spectroscopy is presented in Figure 3.  

 

Figure 3 Effect of the carburization temperature over the catalyst acidity by TPD-NH3. 

As it can be observed, all the catalysts displayed one single contribution with maxima in the range 

156-176˚C. Moreover, the maximum shifted to lower temperatures as the carburization 

temperature increases. This contribution corresponds to weak acid sites [85] which are the only 

ones detected and, by increasing the carburization temperature, the density of acid sites 

increases. Acid sites can be located on the metal center (Lewis acid site), some defective carbon 

and/or on some OH groups (Brønsted acid site) that may remain on the support [86]. By 

increasing the synthesis temperature, it was observed that the metal was getting carburized and 

the CO formation during the TPR decreased, this suggesting that there was less oxygen content 

on the metal surface. Hence, since the density of acid sites increases with the carburization 

temperature, this suggests that acid sites are more likely located on the metal center. 

To summarize, Figure 4 depicts the different phases proposed upon changing the carburization 

temperature. After carburization at 500˚C, rhenium was present as metal, oxide, and oxycarbide 

phase. By increasing the carburization temperature to 550˚C, a similar surface composition was 

observed by XPS, while the oxide phase decreased and particle size increased. Furthermore, it 
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was proposed that from this temperature, some carbon started to be generated over the particle, 

affecting the reduction temperature. From 600˚C, some Re began to get fully carburized and 

particle continued to grow. At 650˚C, it was proposed that carbon started to decompose, leading 

to a decrease of the reduction temperature and and increased dispersion of the particles. Finally, 

at 700˚C, the surface composition significantly changed and another carbide phase was proposed 

to be formed resulting in a change in the CO sensitivity during CO-chemisorption. The carbides 

obtained exhibited weak acid sites that were suggested to be located on the metal center. 

 

Figure 4 Proposed transformation of Re state upon changing the carburization temperature 

 

Catalytic properties  

Table 2 summarizes the initial rate and turnover frequency (TOF) as a function of carburization 

temperature. The TOF was calculated considering that the active sites in the reaction were 

probed by CO chemisorption. 

Table 2: Effect of the carburization temperature on the initial rate at 350˚C, 50 bar in a batch 

reactor, and the respective TOF calculated. 

Carburization 

 temperature 
500˚C 550˚C 600˚C 650˚C 700˚C 

r0 15.3 14.9 12.8 18.1 5.7 

AC

AC

ACAC

AC

Re0

RexC
ReOxCy

ReOx

ReC

500ºC

550ºC

600ºC 650ºC

700ºC
C 
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(10-6 mol.g-1.s-1) 

TOF (s-1) 0.15 0.14 0.12 0.19 0.10 

 

Table 2 shows that the catalyst carburized at 650°C displayed the highest initial rate and TOF, 

followed by those at 500, 550, and 600˚C and finally, the lowest was obtained for the one 

carburized at 700˚C. It appears that the initial rate and TOF first decreases from 500 to 600˚C; 

such behavior could be explained by the changes observed in the average particle size 

distribution by STEM. On the other hand, as already exposed above, during the carburization 

process, carbon formation was observed. Hence the formation of carbon could also explain the 

decrease of the initial rate from 500 to 600˚C, since it may block some of the active sites of the 

catalysts. After carburization at 650˚C activity increased and, as the average particle size 

distribution obtained at 650˚C was similar to the one at 500˚C, the enhancement of the catalytic 

activity can be assigned to the formation of another active phase as suggested in the previous 

part (Figure 4). Finally, after carburization at 700˚C, despite having a smaller average particle size 

compared to the catalyst carburized at 650˚C, 10 nm vs. 13 nm, it displayed significantly lower 

initial rate and TOF that could be attributed to the formation of a new carbide phase less active 

than the one obtained at 650˚C. 

Guaiacol can be converted through several pathways according to the nature of the active sites. 

An overview of the different main products observed under our reaction conditions and a 

possible path is presented in Figure 5.  
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Figure 5 Different possible pathways for guaiacol conversion 

Comparison of the product selectivities at similar conversion (around 30%) was carried out 

(Figure 6) in order to study the effect of the carburization temperature on the active site. 

 

 

Figure 6 Comparison of the product selectivities obtained at different carburization temperature 

near iso-conversion and the corresponding initial rate of guaiacol conversion. 
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Figure 6 shows that the main product obtained, whatever the carburization temperature, was 

phenol in agreement with all other works on carbides [27, 29-31, 34, 71, 87-89]. The highest 

phenol selectivity was obtained after carburization at 500˚C followed by catalyst carburized at 

700˚C, while the selectivity to phenol obtained over catalysts carburized at 550, 600, and 650 ˚C 

was similar. The second main product obtained depended on the carburization temperature. For 

the catalyst carburized at 500˚C, benzene and cresols were obtained. In the case of the catalyst 

carburized at 550, 600, and 650˚C, the second main product obtained was labeled as others and 

assigned to methylated compound (see Figure 5) followed by benzene, cresol, anisole, and 

methyanisole. Finally, in the case of the catalyst carburized at 700˚C, the second main product 

observed was cresol, followed by methylanisole and catechol. Small amounts of anisole and 

benzene were also found. 

The product distributions obtained in the case of the catalysts after carburization at 550, 600, 

and 650˚C were very similar, which could indicate that the same active phase was formed under 

such conditions. On the other hand, the product distribution differs when the catalyst was 

carburized at 500 and 700˚C, suggesting that different active phase was formed.  

From the characterization results, after carburization at 500˚C, metallic Re, ReOx, and/or 

oxycarbide phase were identified. According to the literature review, metallic Re is poorly active 

for HDO of guaiacol compared to ReOx,[19, 90, 91] and leads mainly to phenol, cresol and 

catechol, while in the case of ReOx, phenol was also the primary product observed followed by 

cresol and/or BTX, depending on the support [19, 90]. Consequently, it appears that when the 

catalyst was carburized at 500˚C, the oxide phase reactivity predominates over the metallic one 

leading to the formation of benzene, while no catechol was identified. On the other hand, 

Ghampson et al. reported over ReOx/CNF, after analysis of the spent catalyst, the formation of 

an oxycarbide phase during guaiacol conversion [72]. Hence, it is possible that active site on ReOx 

is similar to the one on ReOxCy and could lead to similar product distribution. The same 

observation was made by Murugappan et al., where the active phase identified on MoO3 and 

Mo2C was in both cases an oxycarbide, although with different electronic properties [92]. 
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When the catalyst was carburized at 550, 600, and 650˚C, the characterization results have shown 

that Re/AC catalyst started to get carburized, and new products were formed such as anisole 

methylanisole and others methylated compounds. Then, it can be proposed that carbide and/or 

oxycarbide can activate the hydrogenolysis (HYL) and transalkylation (TRA) reactions.  

Finally, when the catalyst was carburized at 700˚C, another carbide was postulated to be formed, 

i.e. ReC and lower selectivity to “others,” anisole and benzene were observed at the benefit of 

phenol, cresol and catechol.  

According to the work of Iglesias et al., over tungsten carbide catalysts in the case of alkane 

conversion, two kinds of active sites were identified [77-79]. WCx sites that were able to catalyze 

HYL reaction and WOx sites generated by chemisorbed oxygen on WCx sites that lead to the 

formation of Brønsted acid sites that catalyze isomerization reactions. Furthermore, more 

recently, Fang et al. were able to control the surface composition of tungsten carbide during the 

preparation and showed that different reaction pathways for guaiacol conversion could be 

achieved [28]. Over metal W, catechol was the main product obtained, while WC showed to favor 

DMO leading to phenol, and W2C enhanced benzene formation. WC presented a lower activity 

than W2C and WxC. Additionally, a correlation between C/W surface atomic ratio and phenol 

formation was established. This was also confirmed by Bhan et al. over Mo2C catalysts, where 

the presence of oxygen on the surface showed to change in the reactivity on anisole conversion 

[38, 93]. Based on these results and making parallelism between W and Re, we can postulate that 

Re2C carbide could be first formed from 500-650˚C together with some oxycarbide, and would 

favor phenol and benzene formation. By increasing the carburization temperature up to 700˚C, 

the carbide phase transition occurred from Re2C to ReC passing through RexC. This would be in 

agreement with Qi et al. that have concluded, using DFT calculation, that ReC phase was the most 

probable phase obtained after heating at 710˚C under C2H4 and consistent with our XPS results, 

where BE at 40.8 eV was assigned to ReC [74]. Finally, it is also coherent with the activity 

measured where ReC showed to be less active than the other catalysts, as observed in the case 

of WC [28]. 
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To further investigate, the evolution of the product yields was plotted versus the reaction time, 

and the results are presented in Figure 7. 

The figure shows that at low conversion/reaction time, phenol is the main product obtained, 

suggesting that guaiacol is first converted into phenol through the direct demethoxylation 

pathway (see DMO in Figure 5). At higher conversion, the yield of phenol reaches a maximum 

and then started to decreases at the benefit of benzene indicating that phenol hydrogenolysis 

(see HYL in figure 5) is favored at high conversion. This can be attributed to competitive 

adsorption between phenol and guaiacol on the active sites. Similar observations can be made in 

the case of the transformation of cresol to toluene. When the catalyst was carburized at 650˚C, 

the higher conversion was reached after 4 h and it was observed that benzene could get 

converted into other products. Interestingly, in opposition with the work on rhenium-based 

catalyst hydrogenation reactions that would lead to cyclohexane were inhibited under our 

reaction condition (ca. 300˚C vs. 350˚C in the present work) [19, 90],  probably because the 

hydrogenation reaction became thermodynamically unfavorable [36, 94].  
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Figure 7: Evolution of the guaiacol conversion and product yield during the reaction at 350˚C, 50 

bar for catalyst carburized at different temperatures. 

The main difference between those catalysts was the final conversion reached (associated with 

the different initial reaction rates) and the evolution of the secondary products. For instance, the 

yield of “others” was not changing with time in the case of the catalyst carburized at 500 and 

550˚C. In the case of the catalyst carburized at 600˚C, it decreases with time, while it increases 

gradually with time when the catalyst was carburized at 650˚C. Anisole formation was observed 

in all the cases but only the catalyst carburized at 650˚C was able to convert it further. Finally, in 

the case of methylanisole formation, the yield obtained was higher when catalyst carburized at 

650˚C, consistent with the TPD-NH3 results. It was proposed that methylanisole was achieved 

according to a bimolecular transalkylation reaction [95, 96], and recently over 2-D Mxene 

nanosheet, acid-base pair was intended to catalyze such reaction [97]. Thus, the slights changes 

observed can be ascribed to the differences in the different ratios between uncarburized and 

carburized Rhenium (Re+ReOx/RexC+ReOxCy). As exposed above, from 550˚C Re started to get 
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carburized, the density of ReOx sites decreases at the benefit of oxycarbide sites that appears to 

be less active but enhanced HYD and TRA reactions (see figure 5). 

In the case of the catalyst carburized at 700˚C, the evolution of the products with time differs 

from the other catalyst, this confirming the proposal exposed above that a different active phase 

was formed and on such phase HYL reaction was inhibited.  

Finally, Table S1 provides a small sample of reaction conditions employed for guaiacol conversion 

over carbides. It shows that our catalytic results could only be compared with the work of 

Jonguerius et al. and Cai et al. [29, 98]. Results indicate that high yield in benzene could be 

reached over Re-650ºC (e.g., 51%) while over Mo-based carbide and W2C/CNF, phenol was the 

main product obtained at similar conversion. Therefore, the RexC phase could be promising 

catalysts for the obtention of BTX. 

 

Conclusions 

The present work gives some insight into the carburization process of rhenium during the TPR 

method using a mixture of H2 + C2H4. Rhenium metal was first obtained, which lead to carbon 

growth upon increasing the temperature. Then carbon started to dissolve over Rhenium particle 

leading to partially carburized Rhenium. From 700˚C, ReC was formed, and between 500-600˚C a 

mixture of metal, oxide, oxycarbide and carbide was obtained and at 650˚C only one phase of 

rhenium carbide, RexC, was prepared. Catalytic guaiacol conversion was investigated and it was 

observed that RexC presented the highest rate of conversion, while over ReC, the lowest rate was 

obtained. The main product obtained for all the catalysts was phenol, however, at high 

conversion (ca from 80%), phenol started to further convert into benzene, suggesting that the 

same site undergo the DMO and the HYL. The highest yield of benzene (51%) was reached for the 

catalyst presenting only RexC at the surface, while benzene formation seems to be inhibited over 

ReC. 
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