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A B S T R A C T   

In this work the catalytic behaviour of Ru supported on mixed oxides derived from non-commercial hydrotalcites 
in phenol hydrogenation was studied in a batch reactor working at 30 bar and 200 ◦C. To this end, a set of 
catalysts with 2 wt% Ru and a Mg/Al molar ratio of 1, 2, 3 and 4 was synthesized. The catalysts were tested in 
phenol hydrogenation to assess the influence of Mg/Al ratio on the catalytic performance in terms of conversion 
and selectivities to cyclohexanol and cyclohexanone. Physicochemical characterization was performed by X-ray 
Diffraction (XRD), N2 adsorption-desorption isotherms, dispersive X-ray spectroscopy in scanning transmission 
electron microscopy (EDS-STEM), CO chemisorption at 35 ◦C, CO2 and NH3 thermoprogrammed desorption 
(TPD) and X-ray Photoelectron Spectroscopy (XPS). The Mg/Al molar ratio employed determined the catalytic 
response of the resulting catalysts, obtaining the best catalytic performance (95.9 % conversion and 47.4 % 
cyclohexanone selectivity) with the sample with the lowest Mg/Al ratio, RuMA1. XRD results showed that in 
RuMA1 catalyst the hydrotalcite structure was completely transformed into the corresponding mixed oxide after 
thermal treatment and was also the only one in which MgAl2O4 spinel was not formed. In addition, RuMA1 
presented the highest specific surface area, the greatest Ru dispersion, as evidenced by CO-chemisorption and 
EDX-STEM analysis, as well as a good balance between basic and acid sites and a greater proportion of Bronsted 
acid sites that also explain it greater selectivity to cyclohexanol.   

1. Introduction 

Cyclohexanone and cyclohexanol are high value-added products 
widely used in polymer and chemical industry as organic solvents in oil 
paints or varnishes [1] or as intermediates in nylon, oxalic acid and 
caprolactam and adipic acid syntheses [2]. Cyclohexanone can be ob
tained through several synthetic approaches, such as cyclohexene hy
dration [3], phenol hydrogenation [4,5] and cyclohexane oxidation [6]. 
The latter has been the most used one traditionally, giving as main 
product KA oil, which is a mix of cyclohexanone (K) and cyclohexanol 
(A) of which more than one million tons are annually produced by this 
procedure [7]. However, this process is energy intensive and yields to 
low selectivity and a wide range of by-products which are usually 
difficult to separate, which has motivated the search for more efficient 
synthetic approaches [8]. In this context, the phenol hydrogenation 
arises has a promising alternative for several reasons. On the one hand, 
this process presents greater atomic efficiency and can be carried out in 

one or two steps, as well as in gas or liquid phase, being the latter the 
preferred option in terms of cost savings [9–11]. On the other hand, 
phenol can be obtained from the degradation of biomass-derived lignin, 
which is a sustainable, and widespread carbon neutral precursor. 

It has been reported that in phenol hydrogenation, hydrogen is added 
to the aromatic ring by a spillover mechanism. The spill-over process 
could be defined as the synergy between the sites with acid-base char
acter and metal sites that promotes the surface migration of activated 
hydrogen from the metal site to acid-base sites, thus, spill-over is more 
likely to occur with the involved sites in close proximity and the 
adsorption configuration is strongly related to the number of acid and 
basic sites around the metal sites [3,12]. Reaction pathways reported for 
this reaction are depicted in Fig. 1 and state that phenol can be totally 
hydrogenated to cyclohexanone or partially hydrogenated to the enolic 
intermediate, cyclohexenol, which in turn can undergo either hydro
genation to form cyclohexanol or isomerization to cyclohexanone. Be
sides, cyclohexanone can be reduced to cyclohexanol [5]. 
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Taking into consideration the importance of hydrogen activation in 
this reaction, noble metals like Pd or Ru are benchmark hydrogenating 
agents [4] given their outstanding ability not only to absorb hydrogen 
but also to activate it and promote hydrogen spill-over. However, the 
intrinsic high costs associated with these elements have promoted the 
development of catalysts’ synthesis approaches that lower the metallic 
load used in the catalyst formulation without decreasing its activity and 
selectivity. Supporting the noble metal on a high specific surface area 
solid with certain acid-base and textural properties is one of the most 
used strategies in catalysis to attain catalysts with a high metallic 
dispersion and very low metal loading [13]. In addition, it is known that 
supports with acid-base properties and moderate specific surface area 
improve both thermal stability and metallic phase dispersion [14]. 
Regarding phenol hydrogenation, the reaction mechanism proposed by 
Neri et al. [15] suggests that basic sites could ease phenol chemisorption 
with a non-planar configuration, hindering the complete hydrogenation 
of phenol to cyclohexanol. Likewise, acid sites favour the isomerization 
of cyclohexenol to cyclohexanone and the strong interaction between 
the latter and the acid site inhibits further the hydrogenation to cyclo
hexanol [16,17]. 

Carbon supports have resulted more effective in phenol hydrogena
tion when acid-treated, demonstrating the importance of acid-base 
properties in this reaction. Li et al. [18] studied Pd supported on 
basic- and acid-treated carbon catalysts in the phenol hydrogenation at 
10 bar and 100 ◦C in a stainless-steel autoclave, reporting a worsening 
in the catalytic activity after the basic treatment of the carbon support 
due to the formation of phenolate, which suppressed the reaction, and 
also in the cyclohexanone selectivity due to α-H abstraction in cyclo
hexanone as a consequence of the hydroxyl groups presence, which 
accelerate cyclohexanone’s hydrogenation to cyclohexanol. 

Metal oxides have also been tested as supports for phenol hydroge
nation. In fact, Al2O3 is one of the most used supports for hydrotreating 
reactions, but its acidity leads to catalyst deactivation. The study carried 
out by Scirè et al. [19] using Pd supported on Al2O3, CeO2 and La2O3 
catalysts demonstrated a close relation between acidity and cyclohexa
none selectivity, since acid-base properties have a strong influence on 
the adsorption-desorption equilibrium of reactants and products. Vono 
et al. [9] reported that titania enhances the activity and selectivity in Pd 
and Ru supported on titania-modified silica catalysts in phenol hydro
genation at 6 bar and 75 ◦C thanks to the weak acidity provided by 
titania that favours phenol interaction with the support and, hence, in
creases the selectivity to cyclohexanol. 

Hydrotalcites have been thoroughly investigated as supports for 
noble metals thanks to their compositional and structural properties, 
like lamellar porous structure or tuneable metal composition [20–22]. 
The octahedral layers allow a uniform distribution of M2+ and M3+

cations, leaving the charge compensation anions in the intermediate 
layer that will eventually be removed during the thermal treatment in 
which the collapse of the lamellar structure occurs and highly dispersed 

mixed MgO and Al2O3 oxides are formed. When noble metals are 
incorporated, this collapse of the hydrotalcite structure can lead to a 
high dispersion of stable noble metal particles with close interaction 
with the support [23,24]. Moreover, the synthesis approaches are likely 
to influence the catalytic activity of the supported catalysts since the 
tuning of Mg and Al contents can modify the acid-base properties, which 
have a crucial role in catalysis. Narayanan and Krishna [25] studied the 
influence of calcination temperature and alumina content of hydro
talcites with Zn2+ and Li+ as brucite layer cations, reporting that Pd 
dispersion followed opposite trends. For calcination temperature over 
450 ◦C, Pd dispersion decreased whereas it increased with alumina 
presence, but the latter also favoured catalyst deactivation. Calcination 
has also shown a strong effect on the acid-base properties of hydro
talcites, since at certain temperatures (400–600 ◦C) the formation of 
mixed metal oxides with an abundance of Lewis base sites is promoted 
[26]. Moreover, when calcined over 600 ◦C, acid sites contribution has 
been reported to be minimal due to sintering [27]. Besides, the M2+/M3+

ratio used in the hydrotalcite formulation greatly influences the basicity. 
For example, in Mg/Al hydrotalcites, the highest relative concentration 
of strong, resistant basic sites is associated with MgO, while that of 
medium to weak basic sites is enhanced with higher Al content [28]. 

The use of mixed oxides derived from non-commercial hydrotalcites 
containing different Mg/Al molar ratio represents a novel and promising 
approach in the phenol hydrogenation, since the control of the acid-base 
properties through the synthesis strategy and the compositional flexi
bility in hydrotalcite-like materials offer challenging new opportunities 
for the development of active catalysts for phenol hydrogenation with 
high selectivity for high-value products such as cyclohexanone or 
cyclohexanol. In this context, mixed oxides derived from non- 
commercial hydrotalcites with different Mg/Al molar ratio and con
taining 2 wt% ruthenium were prepared and tested in the hydrogenation 
of phenol at 200 ◦C and 30 bar. The aim of this work is to shed light on 
the influence of Mg and Al content in the relationship between activity 
and both structure and acid-base properties of the prepared materials 
and provide insights on the development of efficient and selective cat
alysts for phenol hydrogenation for high added value products. 

2. Experimental 

2.1. Synthesis of the catalysts 

Hydrotalcites with different Mg/Al molar ratios (1, 2, 3, 4) were 
prepared following a co-precipitation method by dropwise addition of 
1 M NaOH and 0.25 M Na2CO3 mixture, as precipitating agent, to a 
solution containing the proper amounts of Mg(NO3)2⋅6H2O and Al 
(NO3)3⋅9H2O) in deionized water. The amounts of these two chemicals 
were adjusted to obtain the desired Mg/Al molar ratios. The pH was 
maintained at 10 during the procedure. After precipitation, the obtained 
solid was recovered by filtration and washed several times with deion
ized water, dried at 120 ◦C for 24 h and calcined at 550 ◦C for 4 h. The 
hydrotalcites were denoted as MA1, MA2, MA3 and MA4, corresponding 
to the Mg/Al molar ratios of 1, 2, 3 and 4, respectively. Finally, the 
hydrotalcites were calcined at 550 ◦C for 2 h at a heating rate of 
5 ◦C min-1 to obtain the corresponding mixed oxides. 

Ruthenium was incorporated into the obtained mixed oxides 
following incipient wetness impregnation method, where well-known 
volumes of an aqueous RuCl3 solution were added to the hydrotalcite- 
derived mixed oxides to obtain 2 wt% Ru supported catalysts. After 
drying at 120 ◦C for 24 h, the samples were calcined at 500 ◦C for 2 h 
(5 ◦C min-1) and named RuMA1-c, RuMA2-c, RuMA3-c and RuMA4-c. 

Prior to the catalytic test, the catalysts were reduced at 450 ◦C for 2 h 
at a heating rate of 5 ◦C min-1 and with an hydrogen flow of 60 mL min- 

1. The reduced catalysts were named RuMA1-r, RuMA2-r, RuMA3-r y 
RuMA4-r. Lastly, the catalysts after reaction were identified as RuMA1- 
u, RuMA2-u, RuMA3-u y RuMA4-u. 

Fig. 1. Proposed reaction pathways for phenol hydrogenation [5].  
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2.2. Characterization techniques 

XRD analysis were carried out in a PANalytical EMPYREAN 
diffractometer equipped with a rotating sample holder and an automatic 
loader. Measurements were registered using CuKα1,2 (1.5406 Å) radia
tion, 45 kV and 40 mA with the sample rotating at 10 rpm during the 
measurements. The diffractograms were collected in the range of 4–80◦

of 2θ, with a step size of 0.0167◦. 
N2 adsorption-desorption isotherms at − 196 ◦C were performed 

with an ASAP 2020 Micromeritics apparatus. Prior to N2 adsorption, all 
samples were degasified at 200 ◦C and 2.7 MPa for 12 h. 

CO chemisorption analyses were carried out at 35 ◦C in an ASAP 
2020c Micromeritics equipment. Prior to CO chemisorption, the samples 
were reduced at 450 ◦C for one hour with a heating rate of 5 ◦C min-1. 

Thermoprogrammed CO2 and NH3 desorption (CO2-TPD and NH3- 
TPD) were performed in a AutoChem III apparatus from Micromeritics. 
Prior to the analysis, the samples were cleaned using flowing He at 
500 ◦C and further reduced at 450 ◦C with a heating rate of 5 ◦C min-1 

for 1 h. Afterwards, the samples were cooled up to 100 ◦C before satu
ration with CO2 or NH3. 

XPS measurements were performed with a PHI 5700 spectrometer 
(Physical Electronics) with non-monochromatic MgKα radiation and 
equipped with a multichannel detector. Spectra were registered with 
PHI ACCESS ESCA-V 6.0F software and constant pass-energy mode at 
29.35 eV. 

High resolution TEM images were collected with a TALOS F200x, 
working at 200 kV and 5.5 A for TEM images. STEM analyses were 
performed with a HAAD detector working at 200 kV and 200 nA. Local 
composition analyses were carried out with an EDX Super-X system with 
four X-ray detectors and a X-FEG beam. Image J software was used for 
particle size measurements. 

Collected reaction samples were analysed by gas chromatography in 
a Shimadzu GC-14B chromatograph equipped with a flame ionization 
detector and a TRB-14 capillary column. 

2.3. Catalytic test 

The hydrogenation of phenol was carried out in a batch reactor 
(PID&Tech and Iberfluid) with semi-automatic sample collection 
working at 30 bar, 200 ◦C and 800 rpm. The reaction medium consisted 
of 100 mL of 2 wt% phenol in decalin and 200 mg of powder reduced 
catalyst. Prior to reaction, the reaction system was purged with nitrogen. 
Liquid sample collection was carried out every hour for 5 h. 

3. Results and discussion 

3.1. Characterization results 

In order to identify the crystalline phases present in the catalysts 
before and after reduction, high angle X-ray diffraction measurements 
were carried out. Fig. 2(a) displays diffractograms for calcined catalysts, 
where the characteristic diffraction peaks of the MgO periclase phase at 
2θ = 44◦ and 63◦ (PDF no. 04-014-0288) were present in all samples. 
Moreover, the samples with a Mg/Al molar ratio higher than 1 showed 
the diffraction peaks of MgAl2O4 spinel phase at 2θ = 32◦, 37◦, 45◦ and 
65◦ (PDF no. 01-084-0377) and those attributed to Mg0.83Al0.17(
CO3)0.08(OH)2(H2O)0.75 (PDF no. 04-015-1683) at 2θ = 11◦ and 22◦, 
which is typical of hydrotalcite-like materials, indicating that the 
structure was not completely collapsed during the thermal treatment at 
higher Mg/Al ratios [29]. Diffractions peaks related to aluminium as 
Al2O3 were not detected, probably due to a high dispersion of this phase 
with low crystallinity together with the formation of the spinel phase. 
Besides, diffraction peaks associated to ruthenium(IV) oxide were pre
sent at 2θ = 28◦, 35◦ and 54◦ (PDF no. 00-040-1290) whose particle 
size, calculated by using the Scherrer equation were 143.6, 81.9, 303.3 
and 314.9 nm, for samples with a molar ratio of 1, 2, 3 and 4, respec
tively. With respect to reduced catalysts, the high angle diffractograms 
were registered and collected in Fig. 2(b). As expected after reduction, 
the RuO2 diffraction peaks disappeared and a diffraction peak at 
2θ = 43.8◦ is noticeable between the main diffraction signal of MgO at 
2θ = 43.0◦ and the second diffraction peak of MgAl2O4 at 2θ = 44.8◦, 
which is related to the (101) diffraction peak of hexagonal metallic Ru 
(PDF no. 03-065-7645). As for calcined samples, the MgO and MgAl2O4 
diffraction peaks are well defined for Mg/Al ratios higher than 1. In the 
case of RuMA1-r sample, besides the Ru diffraction signal, only a broad 
diffraction peaks corresponding to MgO are present, i.e, for this sample 
the crystallinity of the phases formed was poor. No peaks related to 
non-collapsed hydrotalcites phases were found after reduction. 

Textural parameters were assessed by N2 adsorption-desorption 
isotherms at − 196 ◦C and displayed in Fig. 3 for calcined catalysts 
and the corresponding textural values in terms of BET surface area 
values and pore volume summed up in Table 1. 

As observed, calcined catalysts presented type IV isotherms accord
ing to IUPAC classification (see Fig. 3) [30], characteristic of meso
porous materials. Adsorption at high relative pressures suggests the 
presence of wide mesopores as well as macroporosity, probably due to 
nitrogen filling in the interparticle space. When Mg content increased, a 

Fig. 2. High angle X-ray diffractograms for (a) calcined and (b) reduced catalysts.  
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decrease in the quantity of adsorbed nitrogen at these relative pressures 
was evidenced, suggesting a decrease in macroporosity for samples with 
Mg/Al > 1. Type H2(b) hysteresis loop due to capillary condensation is 
evidenced in all samples, indicating the existence of complex pores, as 
well as pore blockage. In fact, the minimal desorption at relative pres
sures between 1 and 0.7, together with the abrupted closure of the 
hysteresis loop (especially in samples with Mg/Al = 1) is typical of 
bottleneck-type materials [31]. It is worth mentioning that in RuMA1-c 
sample, the onset of the isotherm presented a sharp knee, which is 
indicative of a considerable contribution of microporosity. 

Considering the textural values, which depend to a large extent on 
the Mg/Al ratio present, calcined catalysts suffered a decrease in these 
values at higher Mg/Al ratios, which has been previously reported and 
could be justified considering the larger atomic radius of Mg [32]. Pore 
width distribution (calculated using DFT method) in Fig. 3(b) showed a 
unimodal distribution, with average pore size of 15 nm (see Table 1). As 
expected, RuMA1-c presented the smallest average pore size, due to the 
greater contribution of microporosity in comparison with its 
counterparts. 

The reducibility of Ru in the catalyst was evaluated by H2-TPR and 
the registered curves are plotted in Fig. 4. It is observed that all samples 
were completely reduced at 450 ◦C therefore this was the reduction 
temperature used. Hydrogen consumption profiles presented two peaks: 
a relatively sharp, smaller one between 190 ◦C and 210 ◦C, associated 
with the reduction of RuOx and RuO2 segregated species [33]; and the 
main one at ca. 350 ◦C, attributed to strongly interacted ruthenium 
oxide species in the metal-support interface [34]. In the case of the 
RuMA1-c catalyst, the low-temperature signal is shifted to higher tem
perature (240 ◦C), and the proportion of this reduction peak is much 
higher than for the other three samples, and also indicating a better 
reducibility. The different behaviour in this sample is assigned to two 
important facts: a larger interaction with the non-spinel Mg- 
Al-containing species of the support that shifts the main reduction peak 
to higher temperatures; and the greater interaction of Ru with Mg spe
cies as previously observed in literature, favouring its reduction [34]. 

The distribution of ruthenium on the surface of reduced catalysts was 
evaluated from STEM coupled to EDX analysis and collected in Fig. 5. In 
all cases, a homogeneous distribution of Ru species was clearly observed 
regardless the Mg/Al ratio employed. Although some agglomerates were 
evidenced in some cases. 

Further information about the exposed metallic surface and therefore 
the dispersion of metallic ruthenium was obtained from CO- 
chemisorption measurements and the results are included in Table 2. 
It can be clearly observed how the dispersion and the metallic surface 
decreased with the Mg/Al ratio, playing, as expected, an important role 
in ruthenium exposure. Again RuMA1-r sample shows the higher values. 

Due to the importance of acid and basic sites in this type of reaction, 
thermoprogrammed desorption of probe molecules was carried out. In 
this sense, the basicity of the reduced catalyst was studied by means of 
CO2 thermoprogrammed desorption and the registered curves plotted in  
Fig. 6(a). Besides, basicity values, standing for the total amount of 
adsorbed CO2 per gram of catalyst and the normalized basicity, are 
collected in Table 2. According to Debecker et al. [28], the adsorption of 
CO2 probe molecule could lead to the formation of monodentate, 
bidentate and bicarbonate anions, depending on whether the basic site is 

Fig. 3. N2 adsorption-desorption isotherms (a) and pore size distribution (b) of calcined catalysts.  

Table 1 
Textural properties of calcined catalysts.  

Sample SBET (m2 g-1) Pore volume (cm3 g-1) Pore size (nm) 

RuMA1-c 170  0.27  11 
RuMA2-c 55  0.16  17 
RuMA3-c 22  0.06  14 
RuMA4-c 16  0.05  16  

Fig. 4. H2-TPR profiles of the calcined catalysts.  
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strong, medium or weak, respectively. While monodentate carbonate 
anions are related to low-coordinated oxygen atoms, bidentate ones 
require acid-base pairs such as Al3+-O2- or Mg2+-O2- [35]. All samples 
presented a main desorption peak centred at ca. 160 ◦C, which indicates 
a weak nature basicity in these samples due to weakly basic hydroxyl 
groups [36]. Nonetheless, the broadness and slow decay of the peak 
suggest the coexistence of both weak and medium-strength basic sites, 
mainly from Mg2+, as well as the contributions of hydroxyl and car
bonate groups in the catalysts, as evidenced by XPS results. Although an 
increase in the amount of adsorbed CO2 was expected with Mg content, 
the observed trend was the opposite due to the formation of MgAl2O4 
spinel, as previously reported by other authors [37] and linked to the 
decrease in the surface area. In fact, if the normalized basicity is 
considered, the expected trend is observed: the greater the Mg amount, 
the higher the normalised basicity. 

On the other hand, the acidity of reduced catalysts was assessed by 
means of ammonia thermoprogrammed desorption. Acidity values, as 
µmol NH3 per gram of catalyst and normalized acidity as well, are 

collected in Table 2. The registered curves for NH3 desorption are 
plotted in Fig. 6(b), in which an asymmetric, broad peak is observed for 
all samples, starting at 100 ◦C and with a maximum at 190–210 ◦C, 
indicating the mainly weak nature of the acid sites, although some 
contribution of medium strength acid sites is evidenced with ammonia 
desorption from 250 ◦C to 400 ◦C. Mg-Al hydrotalcite-derived materials 
contain both Brønsted and Lewis acid sites. The latter are attributed to 
Al-O-Mg species located inside de MgO structure in which Al3+ is pref
erentially located in octahedral sites, whereas Brønsted sites, weaker 
ones, are associated with surface proton [38], which suggests that the 
acidity of the samples mainly comes from Brønsted acid sites given their 
weak nature. Zhao et al. [39] reported that the desorption at low tem
peratures is attributed to hydrogen bond adsorption at Bronsted acid 
sites, while desorption at higher temperatures is attributed to coordi
nation adsorption on Lewis acid sites. Moreover, the deconvolution of 
the desorption profiles indicates that Mg content diminished the 
contribution of the deconvoluted peak at lower temperature, from 60 % 
to 55 %, indicating that the lower the Mg/Al ratio employed, the higher 
the desorption at low temperatures and therefore the amount of 
Bronsted acid sites. 

The acidity of the samples followed the same trend as the basicity, 
decreasing as the Mg content increased, which suggest that the avail
ability of acid sites also decreases with the formation of the MgAl2O4 
spinel and directly related with the surface area. In this regard, as 
observed for basicity, normalized acidity increased with Mg content. If 
basicity and acidity values are compared, acidity is significantly higher, 
as previously reported by other authors [38,40]. 

Finally, the surface chemical composition as well as oxidation states 
of the elements in the catalysts’ formulation were studied by XPS 
analysis. The Al 2s core level spectrum was registered instead of the Al 
2p due to an Auger signal of Mg overlapping. Likewise, considering that 
the Ru 3d spectrum overlaps with the main signal associated with the 
adventitious carbon at 248.8 eV, Ru 3p signal was analysed. 

Fig. 5. EDX-STEM Ru mapping of (a) 2RuMA1-r, (b) 2RuMA2-r, (c) 2RuMA3-r and (d) 2RuMA4-r.  

Table 2 
Quantification of CO2 and NH3 TPD experiments and metallic information from 
CO chemisorption analyses.  

Sample µmol 
CO2 g- 

1 

µmol 
CO2 m- 

2 

µmol 
NH3 g- 

1 

µmol 
NH3 m- 

2 

Ru 
dispersion 
(%) 

Metallic 
area (m2 g- 

1) 

RuMA1- 
r 

134  0.79  575  3.4  6.0  0.44 

RuMA2- 
r 

96  1.75  382  6.9  3.9  0.29 

RuMA3- 
r 

89  4.05  379  17.2  3.4  0.25 

RuMA4- 
r 

79  4.94  318  19.9  3.3  0.24  
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The Al 2s signals in Fig. 7(a) for all samples presented a main broad 
peak at ca. 118.8 eV for RuMA1-r and RuMA2-r related to Al3+ [41], 
which indicates well-dispersed Al-O-Mg domains without phases 
segregation, as supported by XRD results [42,43]. A light shift to higher 
binding energy values was observed as the Mg/Al ratio increased, until 
119.2 eV, supported the formation of MgAl2O4 spinel [44] that modifies 
Al electronic environment. Chloride presence was also confirmed (graph 
not shown) coming from the Ru salt precursor used for the catalysts’ 
synthesis. 

With respect to Mg 2s core level spectra in Fig. 7(b), the catalysts 
presented a broad peak that was deconvoluted into three contributions. 
The one between 86.8 and 87.3 eV is associated with magnesium oxide, 
obtained from the thermal treatment of the hydrotalcites [45]. That at 
88.4 eV is assigned to MgAl2O4 spinel [44,46] and lastly the one at ca. 
90.1 eV is attributed to superficial Mg(OH)2 species [47]. In addition, 
given that mixed oxides derived from thermal treatment of hydrotalcites 
are prone to carbonation, specially MgO for its basic nature, the pres
ence of MgCO3 with a binding energy value close to 90.0 eV was also 
considered, since in the C 1s core level spectra (not shown) the presence 
of carbonates was evidenced [47]. Moreover, this deconvoluted signal’s 
contribution was increased in samples with greater Mg/Al ratio. 

The O 1s core level spectra for all reduced catalysts (Fig. 8(c)) were 

decomposed into three main contributions: at 529.8 eV attributed to 
lattice oxygen in metal oxides M-O; that at 531.1 eV due to MgAl2O4 and 
Mg(OH)2 entities [44,47] and at ca. 532.2 eV, associated with carbon
ates from hydrotalcite [48]. Although the latter contribution is usually 
found at higher binding energy around 533 eV, water molecules could 
be crystallized and bonded to interlayered carbonate or hydroxyl groups 
through strong hydrogen bonds therefore decreasing the expected 
binding energy value, as previously reported by several authors 
[49–51]. Interestingly, it is observed that, as the Mg/Al molar ratio in
creases, so does the contribution of MgO phase, as observed from XRD 
patterns. 

Lastly, for the Ru 3p3/2 core level spectra of fresh, reduced catalysts 
(Fig. 8(a)), all signals were deconvoluted into three contributions: the 
contribution at the lowest binding energy 460.8 eV is related to metallic 
Ru; the intermediate one at ca. 462.8 eV is associated with Ru (IV) oxide 
species and the one at highest binding energy of 464.5 eV is character
istic of oxychloride species from the metal precursor used for the syn
thesis and observed previously [52,53]. It is worth to mention the fact 
that the Ru0 contribution decreased with the Mg/Al molar ratio in 
accordance with TPR results and CO chemisorption studies and, where a 
lower Ru0 dispersion is observed at higher Mg/Al ratios. 

In order to investigate potential changes in surface composition after 

Fig. 6. (a) CO2 and (b) NH3 thermoprogrammed desorption for reduced catalysts.  

Fig. 7. (a) Al 2s, (b) Mg 2s and (c) O 1s core level spectra for reduced catalysts.  
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catalysis, XPS analysis of used catalysts were also carried out. Regarding 
the constituent elements of the supports, no significant changes were 
observed in the Al 2s signal (not shown), registering a main peak related 

to Al3+ species at 119 eV [41]. Mg 2s core level signals (not shown) did 
not change either showing the coexistence of MgO, Mg(OH)2/MgAl2O4 
and carbonates at binding energy values of 87.7, 88.4 and 88.8 eV, 

Fig. 8. Ru 3p3/2 core level spectra for reduced (a) and used (b) catalysts.  

Fig. 9. (a) Conversion; (b) Selectivity to cyclohexane (CH), benzene (B), cyclohexanol (CH-ol) and cyclohexanone (CH––O); and (c) Yield to cyclohexane (CH), 
benzene (B), cyclohexanol (CH-ol) and cyclohexanone (CH––O) for all catalysts at 5 h of reaction. 
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respectively, as previously stated for reduced catalysts [46,47] and with 
similar proportion of each contribution. In line with this, O 1s core level 
spectra evidenced the same three contributions with minimal changes as 
for reduced samples. The Ru 3p3/2 core level signal in Fig. 8(b), showed 
the same three contributions but a greater contribution of metallic Ru 
(~ 461 eV) is observed in the samples with Mg/Al molar ratios 2, 3 and 
4, as expected due to the reducing reaction environment. To note is that 
the RuMA1-r, which is the most active catalyst does not show this ten
dency, a similar spectrum is observed after testing, pointing to a great 
stability of Ru particle during testing. 

3.2. Catalytic results 

The reduced catalysts were tested in the selective hydrogenation of 
phenol at 30 bar and 200 ◦C to assess the influence of Mg/Al ratio on the 
catalytic performance, i.e., activity and selectivity. Fig. 9(a) displays the 
conversion at 5 h of reaction for all prepared catalysts, reaching con
version values higher than 80 % in all cases. The catalyst that achieved 
the highest conversion, 95.9 %, was RuMA1-r, suggesting that 
increasing the Mg/Al ratio may have a worsening effect on the catalytic 
activity. The ever-increasing tendency may be related to the hydrogen- 
rich environment activating Ru in the catalyst. As observed in Fig. 9(b), 
all the catalysts were selective to cyclohexanol and cyclohexanone as 
main reaction products, indicating that over these catalysts the reaction 
is likely to undergo via complete hydrogenation to form cyclohexanol, 
but also through a partial hydrogenation and further isomerization to 
give rise to cyclohexanone, as reported by other authors [5]. 

Liu et al. [55] studied phenol hydrogenation over Pd-Lewis acid 
catalyst, reporting that the reaction mechanism involved the coopera
tion of two activation works simultaneously: on the one hand, the 
activation of the hydrogen molecule on metallic active sites and, on the 
other hand, the eased attack of an incipient electrophile on one carbon of 
the benzene ring that became highly nucleophilic thanks to Lewis acid 
sites of the support. Moreover, in their work, the interaction of cyclo
hexane and AlCl3 was studied by means of Fourier transform infrared 
spectroscopy, demonstrating that in the presence of Lewis acid sites the 
hydrogenation of cyclohexanone was suppressed. The selectivity to
wards cyclohexanol increased with Mg content, suggesting that the Mg 
content favoured the complete hydrogenation of the aromatic ring. This 
fact could be justified considering that Mg decreases the Lewis acidity of 
the support since this acidity is mainly due to aluminium sites [56], 
which are responsible for inhibiting complete hydrogenation, in fact, 

samples with lower Mg content, RuMA1-r and RuMA2-r, were the cat
alysts with the best selectivity to cyclohexanone, attaining values close 
to 45 %. 

Thus, considering the product distribution in Fig. 9(b), the proposed 
reaction pathways are depicted in Fig. 10, and Table 3 collects the se
lectivities for each reaction route for all catalysts. It is observed that 
route 3 of hydrodeoxygenation is almost negligible in all catalysts, but 
not absent since cyclohexane and benzene were detected as products. In 
all case, route 2 involving the complete hydrogenation of the aromatic 
ring is preferred, especially in catalysts with high Mg content, which are 
the ones with the highest normalised acidity (see Table 2). The high 
selectivity to this reaction route could be explained considering that in 
acid sites, phenol is adsorbed in a co-planar configuration that ensures a 
strong interaction between the aromatic ring and the support [31], 
therefore favouring the complete hydrogenation to form cyclohexanol. 
On the other hand, route 1 is competitive with route 2 on catalysts with 
lower Mg content. In this route, the reaction mechanism involves a 
partial hydrogenation of the aromatic ring to form an enol intermediate 
that quickly isomerizes to form cyclohexanone [32]. The weaker inter
action between the aromatic ring and the benzene ring in these samples 
favours the cyclohexanone desorption and therefore inhibits its subse
quent hydrogenation. 

Finally, reusability tests were carried out for the most active catalyst, 
RuMA1-r. After the reaction, the catalyst was dried and reduced before it 
was reused. The catalyst was tested for three runs. After each run, the 
reaction medium was removed, keeping the catalyst in the batch reactor, 
and adding a new feed solution. The conversions at 5 h for three cycles 
are plotted in Fig. 11. A decrease in the conversion value to 70.6 % was 
found in the first run, but the catalyst showed a good stability after 3 
runs, as previously reported for RuRh-containing catalysts [54], and 
highlighting the stability of the monometallic catalysts prepared and 
studied in the present study. 

The presented results evidence the important role of Mg/Al molar 
ratio present in the hydrotalcite in the properties of the resulting catalyst 
and, therefore, in the catalytic activity in the selective phenol hydro
genation. Although all samples were prepared following the same syn
thesis conditions, X-ray diffraction proved that RuMA1-c sample was the 
only one in which hydrotalcite phase was not detected after calcination, 
demonstrating that the lamellar structure of the hydrotalcite completely 
collapsed, while in the rest of the samples with greater Mg/Al ratio, 
some diffraction peaks related to hydrotalcite were present, which in
dicates that the Mg content had a great influence on the calcination 

Fig. 10. Proposed reaction pathways based on products distribution.  
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temperature required to completely collapse the hydrotalcite to form the 
mixed oxides. Likewise, neither RuMA1-c nor RuMA1-r show any 
diffraction peaks related to MgAl2O4 spinel phase, even after the 
reduction process. As previously mentioned, spinel phases have been 
reported to be responsible for the decrease of the textural properties and 
in the availability of acid-base sites [35,37]. In fact, CO2-TPD mea
surements pointed out that RuMA1-r was the sample with the highest 
basicity and acidity (the amount of adsorbed CO2 and NH3 per grams of 
sample, respectively), which progressively decreased with Mg content in 
the catalysts. Also, this sample contains the greatest proportion of 
Bronsted acid sites. Regarding the specific surface area, it was found that 
the increase of the Mg/Al molar ratio provoked a decrease in the specific 
surface area. RuMA1-c was the sample with the highest BET value 
which, taking into consideration the macroporous nature of the sample, 
could be related to the interparticle space in this sample. Since the 
RuMA1 sample was the one without presence of hydrotalcite nor 
MgAl2O4 spinel phase, Mg and Al was present as MgO and Al2O3, thus 
the porosity may be attributed to N2 filling in the space between adja
cent MgO and Al2O3 particles. On the contrary, in samples with Mg/Al 
molar ratio greater than 1, the formation of the spinel diminished the 
number of particles, which together with the increased crystallinity 
observed in XRD measurements, decreased the amount of N2 that can 
condense in the interparticle space, which was reflected in BET values. 
With respect to the metallic dispersion, RuMA1-r catalyst again showed 
the greatest values. Lastly, the catalytic tests indicated that the RuMA1-r 
sample was the one with the highest conversion (95.9 %) and also the 
greatest selectivity to cyclohexanone (47.4 %). The higher specific sur
face area and the dispersion of the Ru active phase in the RuMA1-r 
catalyst and the absence of both hydrotalcite and MgAl2O4 spinel 
phase are responsible for the better catalytic performance on this cata
lyst in the selective hydrogenation of phenol. 

4. Conclusions 

In this work, a set of catalysts with 2 wt% ruthenium supported on 
mixed oxides derived from non-commercial hydrotalcites with different 
Mg/Al molar ratios (1, 2, 3 and 4) was synthesized. The catalytic test 

showed that the RuMA1-r catalyst was the most active catalyst attaining 
95.9% conversion with 47.4 % selectivity to cyclohexanone, for which 
both the Mg/Al molar ratio and Ru are responsible. On the one hand, 
Mg/Al ratio was demonstrated to have an impact on the catalysis, which 
was supported by characterization results. A higher Mg loading gave rise 
to the formation of MgAl2O4 spinel phase, diminishing the specific 
surface area and the normalised acidity and basicity of the catalysts, as 
evidenced by N2 physisorption and NH3- and CO2-TPD analyses, 
respectively. Moreover, samples with Mg/Al molar ratio over 1 also 
presented a hydrotalcite-like lamellar structure that suggested an 
incomplete collapse of the hydrotalcite after thermal treatment that 
governs the catalyst structure, Ru surface exposure, acidity and basicity 
and therefore the catalytic response of the prepared samples. 
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