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A B S T R A C T   

The catalytic wet air oxidation (CWAO) of p-hydroxybenzoic acid (p-HBA) was conducted in a 
batch reactor at 140 ◦C, and at a total air pressure of 50 bar over Ru-based catalysts. Four ma-
terials were selected as supports – TiO2, CeO2–TiO2, ZrO2–TiO2, and La2O3–TiO2 – all of which 
had mesopores in their texture and pollutant adsorption capacities. The supports were prepared 
by the sol-gel method, and then impregnated with 3 wt% of Ru precursor. Such characterization 
techniques as N2-sorption, XRD, XPS, H2–TPR, NH3-TPD, TEM, and HAADF-STEM were used to 
analyze the different solids. The correlation between catalytic activities and physicochemical 
properties was discussed. A significant specific surface area (SBET), a large amount of surface- 
active oxygen, and Lewis acidity sites were observed on cerium-containing catalysts (Ru/CeTi). 
Fresh Ru catalysts containing cerium showed higher activity than Ru/TiO2, Ru/ZrTi, and Ru/LaTi 
catalysts. It is assumed that the acidic sites and surface oxygen trap the p-HBA molecule, thus 
increasing the catalytic properties of the Ru particles which interact with the surface oxygen 
through the cerium redox process (Ce3+/Ce4+). As the presence of cerium increases surface-active 
oxygen, it inhibits the deposition of carbon on the surface of the Ru catalyst. The pseudo-second 
order (PSO) model adequately described the kinetic data of the p-HBA oxidation reaction using 
Ru catalysts.   

1. Introduction 

One of the major global issues of our times is the decline in the quantity and quality of freshwater. The demand for freshwater is 
increasing as the world’s population grows, making it a challenge for many countries to obtain an adequate supply. In addition, the 
distribution of water is geographically highly unequal, and some regions are near-desert, while a large proportion of water resources 
are relatively polluted [1]. 

Of the existing technologies that are currently available for wastewater purification, conventional biological treatment is the most 
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widely used, even though it requires large volumes and long residence times and is not feasible for wastewater containing growth- 
inhibiting microbial compounds. Meanwhile, wet air oxidation (WAO) is emerging as an effective technology for eliminating toxic, 
hazardous, and non-biodegradable industrial effluents into CO2, H2O, and N2, under conditions of high temperature (125–320 ◦C) and 
pressure (50–200 bar), with air or oxygen as oxidant [2]. However, the implementation of this technology for industrial wastewater 
treatment is limited by its operating conditions and its high investment costs. Alternatively, the catalytic wet air oxidation (CWAO) 
process is a particularly suitable approach [3] because, among other advantages, it can treat extremely concentrated effluents in just a 
few hours without releasing hazardous gases or sludge. A catalyst, however, can effectively reduce the required operating conditions, 
increase the oxidation rate of the organic compounds and shorten the reaction time. Studies have shown that most of the catalysts used 
are based on precious metal. Indeed, supported noble metals (Pd, Pt, Ru, Ir and Rh) have proven effective for the removal of organic 
contaminants by catalytic wet air oxidation given their stability in aqueous medium [4,5]. These catalysts have the potential to be both 
stable and efficient for a wide variety of polluted effluents, including organic compounds [6]. However, most supported metal catalysts 
developed for CWAO show serious deactivation problems, because of (i) the leaching of the active phases, (ii) the deposition of 
carbonaceous species, which limit the accessibility of the reactants to the active phases, or (iii) the oxidation of the metallic phases, 
which become less active. One of the most active metals for this purpose is ruthenium, which has received considerable attention 
because it performs so well in the CWAO of compounds such as phenol, carboxylic acid and industrial wastewaters [7], but its activity 
seemed to be dependent on the nature and the texture of the support [8]. The most commonly used supports for these metals are CeO2, 
TiO2 and ZrO2, used separately or in combination [9–11]. 

For industrial applications, much attention has been paid to the use of CWAO as an alternative technique for degrading the organic 
compounds generated by various industries that produce a range of harmful pollutants in wastewater. The following review focuses on 
p-hydroxybenzoic acid (p-HBA) taken as an industrial pollutant model molecule. p-HBA is the monomeric source of parabens, and is 
extensively used in pharmaceuticals and personal care products (PPCPs), varnishes, tobacco and animal feeds at industrial scale. In 
addition, it is very abundant in a wide variety of agro-industrial wastewaters (olive oil and table olive industries, distilleries, etc.). 
However, p-HBA is a non-biodegradable, widespread organic pollutant that is extremely toxic and poses a huge threat to aquatic 
organisms and human health, and is difficult to remove through conventional methods. Several studies have confirmed that p-HBA can 
have adverse effects on human health such as infertility in males and breast cancer in females [12,13]. 

In our earlier studies, p-HBA CWAO was investigated in a batch reactor using ruthenium catalysts supported by mixed oxides, 
namely CeO2–TiO2 [8,14] and CeO2–Al2O3 [15]. The sol-gel method with the use of supercritical autoclave drying was employed to 
synthesize these mixed oxides. Indeed, this technology makes it possible to better control the metal particle size and catalyst porosity, 
and leads to considerable homogeneity among the various precursors [8]. As one of the most active metals for CWAO, Ru’s activity 
remains dependent on support type and texture. In this study, ruthenium catalysts supported on TiO2, ZrO2–TiO2, La2O3–TiO2, and 
CeO2–TiO2 were systematically investigated and compared in the CWAO of p-HBA in a batch reactor, with the objective of under-
standing how they are affected by the structural and textural properties of the mixed oxide. The CWAO was studied by adding different 
amounts of Ce, Zr and La to the TiO2 reference, with the optimum ratio between the two oxides being 16/74. These materials have the 
advantage of providing active sites for the adsorption and activation of organic compounds and facilitating their interaction with 
oxygen. 

Thus, this study focuses on the interesting catalytic systems TiO2, ZrO2–TiO2, La2O3–TiO2, and CeO2–TiO2 in combination with the 
metal Ru. These supports were prepared by the sol–gel method and ruthenium nanoparticles (3.0 wt%) were impregnated to give 3Ru/ 
TiO2, 3Ru/Zr–Ti, 3Ru/La–Ti, and 3Ru/Ce–Ti catalysts. All the solids were characterized by nitrogen adsorption, XRD, H2-TPR, NH3- 
TPD, XPS, TEM and HAADF–STEM and their catalytic activities were evaluated in the CWAO of p-HBA in a batch reactor at 140 ◦C, and 
at a total air pressure of 50 bar. This study also intends to outline the oxidation kinetics of p-HBA acid. 

2. Experimental section 

2.1. Materials 

Titanium (IV) isopropoxide (Ti[OCH(CH3)2]4, 99.9 %), cerium(III) nitrate hexahydrate (Ce(NO3)3.6H2O, 99 %), lanthanum (III) 
nitrate hexahydrate (La(NO3)3.6H2O, 99 %), zirconium(IV) propoxide solution (Zr(OCH2CH2CH3)4, 70 wt % in 1-propanol), ethyl 
acetoacetate (C6H10O3, 99 %), nitric acid (HNO3, 65 %) and absolute ethanol (C2H5OH) were purchased from Sigma-Aldrich. 
Ruthenium (III) nitrosyl nitrate solution (Ru(NO) (NO3)3, 31.3 %) was purchased from Alfa Aesar. These reagents were used 
without further purification. 

2.2. Preparation of supports and catalysts 

In this study, TiO2, CeO2–TiO2, La2O3–TiO2 and ZrO2–TiO2 supports were synthesized by the sol-gel method as follows: 
To prepare pure TiO2, 3.8 ml of titanium (IV) isopropoxide was dissolved in 12.5 ml of anhydrous ethanol at room temperature. 

After stirring the solution for 20 min, 1.6 ml ethyl acetoacetate was added in order to control hydrolysis and condensation reaction 
rates. Once 30 min of magnetic stirring had elapsed, 2.25 ml of 0.1 M HNO3 aqueous solution was added dropwise according to the 
molar ratio h = H2O: Ti equal to 10. Agitated for 15–20 min, a transparent, homogeneous yellow gel was formed. Subsequently, the 
resulting gel was placed into an autoclave, dried under supercritical conditions of ethanol (P = 63 bars, T = 243 ◦C) to obtain aerogels, 
then calcined under oxygen at 500 ◦C for 3 h. 

The binary oxides CeO2–TiO2, La2O3–TiO2 and ZrO2–TiO2, with molar ratios Ce: Ti, La: Ti and Zr: Ti equal to 1:5, were prepared by 
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sol-gel method as follows. In the first preparation step, Cerium (III) nitrate hexahydrate (0.762 g), Lanthanum (III) nitrate hexahydrate 
(0.601 g) and Zirconium (IV) isopropoxide isopropanol (0.5 ml) were separately dissolved in absolute ethanol (8.7, 8 and 9.5 ml 
respectively). 

Ru catalysts containing 3 wt% on various supports were prepared by incipient-wetness impregnation method. Ru(NO) (NO3)3 was 
dissolved in absolute ethanol and stirred for 60 min. A small amount of support (about 1 g support to 1 ml ethanol) was added to the 
solution. Once stirred vigorously for 3h, the impregnated solids were (i) dried at 90 ◦C for 12h under air, (ii) reduced under H2 flow (30 
ml min− 1) at 300 ◦C for 2 h and (iii) finally, passivated at room temperature under N2 flow (30 ml min− 1) for 15 min. The treated 
catalysts were labelled as Ru/TiO2, Ru/CeTi, Ru/ZrTi, and Ru/LaTi. 

2.3. Catalyst characterization 

The prepared solids were characterized by means of N2 adsorption, XRD, H2-TPR, NH3-TPD, XPS, TEM and HAADF–STEM tech-
niques. Nitrogen sorption measurements were performed using an ASAP 2020 Micromeritics instrument. The samples were outgassed 
under high vacuum at 200 ◦C for at least 5 h prior to measurement. The specific surface area was calculated by applying the BET 
(Brunauer, Emmett, and Teller) method, and the pore size distribution (measured from the desorption branch of the isotherm) was 
determined according to the BJH (Barrett, Joyner and Halenda) model. X-ray diffraction (XRD) analyses were performed using a 
Philips PW1050 diffractometer. The average crystallite size of the samples was estimated using the Debye-Scherrer equation. 
Hydrogen temperature-programmed reduction (H2-TPR) profiles were obtained using a Micromeritics Autochem 2920 analyzer TPD/ 
R/O linked to a thermal conductivity detector. The catalyst was treated under O2(5 %)/He at 300 ◦C for 1 h and then reduced from 
40 ◦C to 700 ◦C with H2(5 %)/Ar (30 ml/min). High-angle annular dark-field scanning transmission electron microscopy (HAADF–-
STEM) and energy dispersive X-ray analysis (EDX) were carried out at 200 kV with a Tecnai G2 F20 S-TWIN instrument equipped with 
a field emission electron source. The point-to-point resolution was 0.24 nm and the resolution between lines was 0.10 nm. X-ray 
photoelectron spectroscopy (XPS) was performed on a SPECS system equipped with an Al anode XR50 source operating at 150 mW and 
a Phoibos MCD-9 detector. The pass energy of the hemispherical analyzer was set at 25 eV and the energy step was set at 0.1 eV. The 
pressure in the analysis chamber was kept below 10− 7 Pa. 

2.4. Catalytic oxidation 

CWAO of p-HBA acid was carried out in a 300 ml autoclave equipped with a magnetically driven stirrer to avoid any mass transfer 
limitation. A given mass of catalyst (500 mg) and 150 ml of p-HBA solution (10 mM) was used for each experiment [8,14]. After the 
reactor had been purged at least three times with N2 to remove any trace of oxygen, it was heated to the desired reaction temperature 
(140 ◦C), and then synthetic air (20 vol% O2 in N2) or pure oxygen was introduced into the reactor to reach a total pressure of 50 bar. 
The stirrer was then switched on again. This time was considered as zero time for the reaction. Samples were collected regularly from 
the reactor to monitor the reaction. High-performance liquid chromatography (HPLC) was used to track the concentration of the 
starting reagent and reaction by-products. The HPLC system was equipped with a Hypersil Gold column and a UV-detector set at 254 
nm. The mobile phase was an aqueous solution of ultra-pure water, acetonitrile and sulfuric acid (70/20/10) and the flow rate was set 
at 0.7 ml min− 1. 

The turnover frequency (TOF) was calculated according to the Eq. (1): 

TOF
(
s− 1)=

[R0] − [Rx]

[R0] ∗ tx
(1)  

where [R0] is the starting concentration of the reactant and tx is the reaction time at x% consumption. 
The pseudo-first-order (PFO) and pseudo-second-order (PSO) models were applied to depict the kinetic data in order to study the 

kinetic proprieties of p-HBA oxidation reaction. The non-linear forms of PFO and PSO models are given by the following Eq. (2) and Eq. 
(3) 

qt = qe

(
1 − e− K1 t

)
(2)  

qt =
q2

ek2t
1 + qek2t

(3)  

where, qt and qe (mmol/g) are the calculated and experimental values of oxidation capacity. k1 and k2 (L/min) are the rate constants. 

3. Results and discussion 

3.1. Characterization of catalysts 

3.1.1. N2-Physisorption measurements 
The textural properties of the powdered samples were investigated by nitrogen physisorption at 77 K. Corresponding isotherms and 

BJH pore size distributions of the supports are presented in Fig. 1A(a-d) and 1B(a-d). According to the IUPAC classification [16], all the 
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samples show type IV isotherms, indicating the mesoporous structure of the samples. This type of isotherm is characterized by capillary 
condensation accompanied by an H2 type hysteresis loop, for TiO2, CeTi and ZrTi supports [Fig. 1A(a-d)], which is attributed to 
complex pore structures due to strong network effects. The LaTi support isotherm [Fig. 1A(d)] does not reach a plateau near P/P0 = 1, 
which indicates larger mesopores. The Ru catalysts showed textural properties similar to those of the supports. Table 1 summarizes the 
main textural parameters of all samples. Pure TiO2 exhibits a specific surface area of 82 m2/g. The addition of Ce, La and Zr to the TiO2 
reference significantly increases the SBET to 183, 160 and 131 m2/g, respectively. The impregnation of 3 wt % of Ru on TiO2, CeTi, LaTi 
and ZrTi supports shows a decrease in surface area, probably due to the blocking of mesopores by Ru particles. 

3.1.2. X-Ray diffraction analysis 
The XRD pattern results of the supports are depicted in Fig. 2(a–d). The pure TiO2 XRD pattern [Fig. 2(a)] showed typical 

diffraction peaks indexed to the anatase phase (JCPDS no.: 88–1175), while no rutile phase was discernible. Intense diffraction peaks 
appearing at about 2θ (◦) = 25.34, 37.9, 48.11, 54.02, 55.10, and 62.57 correspond to orientations (101), (004), (200), (105), (211), 
and (204), respectively. The ZrTi XRD pattern [Fig. 2(b)] uniquely reveals the TiO2 phase. No crystalline phase of pure ZrO2 was 
recorded in the spectrum of ZrTi support. The addition of zirconia stabilizes the anatase phase, as the rutile form could not be affected. 
Thus, indicating a homogeneous mixing of the Zr and Ti components in this sample. For the CeTi support [Fig. 2(c)], the diffraction 
peaks noted at 2θ (◦) = 28.52 and 33.45 were attributed to the cubic CeO2 but were broader and weaker than those of pure TiO2, 
suggesting probably a good dispersion of its crystal phases. In the spectrum of the LaTi sample [Fig. 2(d)], the La2O3 phase was 
detected, and there was a single weaker signal at 2θ (◦) = 30.37. The rest of the peaks belong to the TiO2 phase. The XRD patterns of 
catalysts are not affected by the impregnation of ruthenium, as the diffraction peaks of metallic Ru and ruthenium oxide (Ruthenium, 
syn, PDF 06–0663: 2θ (◦) = 38.39, 42.15 and 44.01) were not observed, which might be the result of the presence of highly dispersed 
ruthenium nanoparticles and the fact that the accessibility of Ru is poor on Ru (3.0 wt%) catalyst. There is a presence of rather large 
and discrete Ru particles on the surface of synthesized catalyst, as determined by HAADF-STEM measurements [Fig. 5], which reveals 
the presence of Ru particles in the range of 15–62 nm. A similar observation was noted by other researchers in the case of Ru/ 
TiO2–CeO2 catalysts [14,17]. Table 1 displays the average TiO2 crystallite size of all the investigated samples, determined by 
Debye-Scherrer relation (Eq. (4)) using 2θ and the full width at half maximum (FWHM) of the (hkl) peaks, 

D=
kλ

β cos θ
(nm) (4)  

where D is the average crystallite size (nm), K is the shape factor (0.9), λ is the wavelength of X-ray (1.5406 Å) Cu Kα radiation, θ is the 
Bragg angle, and β is the corrected line broadening of the nanoparticles [18]. As shown in Table 1, ZrTi solid had the largest crystallite 
size of anatase TiO2 (30 nm), which was consistent with XRD intensity. 

Fig. 1. (A) N2 -sorption isotherms and (B) BJH pore distribution of (a) TiO2, (b) CeTi, (c) ZrTi, and (d) LaTi supports.  

Table 1 
Physical properties and total H2 consumptions of prepared catalysts.  

Samples SBET (m2.g− 1) Pore diameter (nm) TiO2 crystallite size (nm) Total H2 Consumption (μmol/g) 

TiO2 82 13 10.7 85 
CeTi 183 9.2 7.3 438 
LaTi 160 15 7.7 243 
ZrTi 131 13 30 293 
Ru/TiO2 80 14 11 230 
Ru/CeTi 175 11 6.3 744 
Ru/LaTi 101 9.3 8.5 260 
Ru/ZrTi 105 15.5 25.2 313  
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3.1.3. H2-TPR profiles 
Temperature programmed reduction (H2-TPR) analyses were performed for supports and Ru fresh catalysts to investigate their 

reducibility and possible metal-support interactions (SMSI) as displayed in Fig. 3A and B. Between 40 and 500 ◦C, no reduction peak 
was observed for pure TiO2 [Fig. 3A(a)]. A broad weak peak at 540 ◦C with a H2 consumption of 85 μmol/g could be associated to the 
reduction of bulk oxygen of TiO2 as reported by Zhang et al. [19], suggesting that TiO2 is difficult to reduce. In the TPR spectrum of the 
LaTi [Fig. 3A(b)] and ZrTi [Fig. 3A(c)] samples, the reduction behavior is similar, with only one reduction peak shifted to higher 

Fig. 2. XRD patterns of (a) TiO2, (b) ZrTi, (c) CeTi and (d) LaTi supports.  

Fig. 3. H2-TPR profiles of A: (a) TiO2, (b) LaTi, (c) ZrTi, and (d) CeTi supports; and of B: (a) Ru/TiO2, (b) Ru/ZrTi, (c) Ru/LaTi, and (d) Ru/ 
CeTi catalysts. 
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temperatures (625 ◦C and 605 ◦C, respectively). The ZrTi and LaTi samples consumed 293 and 243 μmol/g of H2, respectively. Notably, 
in the case of CeTi mixed oxides, the H2-TPR profile was characterized by a narrower intense reduction peak at 350–550 ◦C, with a 
maximum at 455 ◦C and a H2 uptake of 438 μmol/g, which can be attributed to the reduction of the surface oxygen species of ceria, 
indicative of relatively high lattice oxygen mobility [20–22]. Moreover, the CeO2 bulk did not reduce in the temperature range 
300–600 ◦C, only above 750 ◦C [23]. This meant that the interaction between Ce and Ti mixed oxides could have an important effect on 
the reducibility of the sample. This was followed by a change in the amount of easily reducible surface oxygen species of Ce4+. In 
correlation with the SBET and XRD results, CeTi may be reduced more easily because of its better dispersion of ceria and higher surface 
area. Fig. 3B shows H2-TPR profiles for fresh Ru-supported catalysts. Similar behavior is observed for all the fresh Ru/TiO2, Ru/CeTi, 
Ru/LaTi, and Ru/ZrTi catalysts. The addition of Ru to these mixed oxides facilitates the surface shell reduction step. Furthermore, the 
ruthenium particle reduction peaks are shifted toward lower temperatures. The lower the temperature reduction is, the stronger the 
reducibility of the catalyst. In the H2-TPR spectrum of Ru/CeTi catalyst [Fig. 3B(d)] two reduction peaks were observed, with the 
maximum at a temperature of 60 and 120 ◦C, which corresponds to a total H2 consumption of 744 μmol/g, as listed in Table 1. The 
origin of this spectrum can be linked to the ruthenium particle reduction process. It is well known that the small Ru particles are 
reduced at lower temperatures than the larger particles. The redox behavior studied by H2-TPR demonstrates that Ru/CeTi has the best 
redox ability of the four catalysts. This is an indication that the average ruthenium particle in the Ru/CeTi catalyst is smaller than in the 
Ru/ZrTi, Ru/LaTi ~ Ru/TiO2 catalysts. The trend is similar in the catalytic activities of these catalysts in the CWAO of p-HBA, which 
implies that ruthenium particles interacted with these mixed oxides and then increased the redox reaction. It was noted that the in-
crease in the redox abilities of fresh Ru catalysts after the impregnation of Ru particles was in accordance with the results of STEM, 
TPD-NH3, XPS, and the activity tests. According to Table 1, the total H2 consumption of fresh Ru catalysts is greater than the H2 
consumed by the reduction of supports alone. The amount of the total H2 consumption for the reduction of Ru interacting with the 
support is given in Table 1 and the results were found to be in the order Ru/CeTi > Ru/ZrTi > Ru/LaTi > Ru/TiO2. 

3.1.4. TEM and HAADF-STEM measurements 
TEM images of supports are presented in Fig. 4(a–d). The TiO2 sample [Fig. 4(a)] shows spherical titanium oxide particles of around 

9 nm. The TEM images indicate that the addition of Ce, Zr, and La to TiO2 seems to influence the morphology and size of mixed oxides. 
The TEM micrographs of the CeTi and LaTi solids [Fig. 4(b)–(d)] revealed well crystallized mixed oxide grains of approximately ~ 8 
and 8.11 nm, respectively, while for the ZrTi support [Fig. 4(c)] the grain size increased to ~ 30 nm. Furthermore, the mean grain sizes 
of TiO2 for the four supports were very close to those calculated using the Scherrer equation (see XRD results). 

HAADF-STEM micrographs and the size distributions for three selected catalysts are presented in Fig. 5(a–f). The samples comprise 
support particles that are very homogeneous in size and Ru particles. The support particles mostly measure about 8–30 nm. These 
results are in good agreement with those shown by TEM. The representative EDX spectrum shown in Fig. 5(a) shows the occurrence of 
Ru in the bright area inside the black square in the image. The Cu signal is due to the TEM grid. As seen in Fig. 5(a), the Ru particles are 
present throughout the samples. The size distribution of the Ru particles on the Ru/CeTi catalyst [Fig. 2(a-b)] was 15–40 nm, most of 

Fig. 4. TEM images of the sol-gel prepared supports (a) TiO2, (b) CeTi, (c) ZrTi, and (d) LaTi.  
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which were 20–30 nm, and on the Ru/ZrTi catalyst [Fig. 5(c-d)] 35–65 nm, most of which were 40–50 nm. The sizes of ruthenium 
particles on the Ru/LaTi catalyst [Fig. 5(e-f)] ranged from 30 to 65 nm, most of which were 45–55 nm, and their size distribution was in 
a broader range. The mean size of ruthenium particles on the CeTi support is smaller than those on the ZrTi and LaTi supports. The 
results suggest that the smallest Ru particles of 25 nm of the Ru/CeTi catalyst were the most active in the CWAO of p-HBA, which was 
also more acidic, as demonstrated by NH3- TPD. 

3.1.5. Ammonia thermodesorption 
NH3-TPD profiles of fresh Ru-supported catalysts are presented in Fig. 6. Temperature-programmed desorption of ammonia showed 

a broad desorption curve for Ru/LaTi [Fig. 6(a)] and Ru/ZrTi [Fig. 6(b)] catalysts, indicating that these samples have a broad acid site 
distribution. The maximum desorption peak for Ru/LaTi occurs at around 160 ◦C, whereas for Ru/ZrTi it occurs at around 230 ◦C. On 
the other hand, the high temperature desorption peak for Ru/CeTi [Fig. 6(c)] appears at 237 ◦C and is characteristic of materials with 
sharp acid site distribution. The highest peak of the NH3-TPD spectra of the Ru/CeTi catalyst was higher than the peak of the other two 
catalysts, which indicated that the acid and base sites for this catalyst were strong. It is well-established that NH3 adsorbs on strong acid 
sites (Brønsted or Lewis) and desorbs at high temperatures in a TPD experiment [24]. 

3.1.6. XPS results 
XPS analysis was applied to study the chemical state of the surface of fresh Ru-supported catalysts. Table 2 lists the surface atomic 

Fig. 5. HAADF-STEM images of (a) Ru/CeTi, (c) Ru/ZrTi, and (e) Ru/LaTi. Size distributions of (b)Ru/CeTi, (d)Ru/ZrTi, and (f) Ru/LaTi catalysts.  
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ratio of various fresh Ru catalysts. The surface atomic composition of Zr, Ce and La is somewhat different from that of Ti. The Ce/Ti 
ratio in the Ru/CeTi sample (about 0.73) is higher than in the Zr/Ti sample (about 0.55) and the La/Ti sample (about 0.44). After the 
addition of Ce, Zr, and La to TiO2, the changes in the concentration of Ru on the catalyst surface depended on the nature of the element 
loading. The Ru/Ti atomic ratio of the Ru/CeTi catalyst is generally higher than the Ru/Ti atomic ratio in the other three catalysts. The 
presence of Ce species created vacancies and unsaturated chemical bonds on the catalyst surface, thereby increasing adsorbed surface 
oxygen vacancies on the Ru/CeTi catalyst, perhaps because the higher surface oxygen of Ru/CeTi resulted in better catalytic activity in 
p-HBA degradation. 

The O 1s XPS spectra of various catalysts are presented in Fig. 7(a–d). It should be noted that, after deconvolution of the O 1s peak, 
two oxygen species are identified for each catalyst, which is attributed to the surface oxygen vacancies (denoted by Osur) with a binding 
energy of 532.32–532.53 eV, and lattice oxygen (denoted by Olatt) with a binding energy of 530.06–530.76 eV [22,25,26]. The 
addition of Ce, La and Zr to TiO2 enhanced the peak intensities of Osur. According to Table 2, the calculated Osur ratio (62.66 %) of 
Ru/CeTi is much higher than that of Ru/TiO2, Ru/LaTi and of Ru/ZrTi (37.63 %, 33.74 % and 50.30 %, respectively). However, the 
low activity over Ru/TiO2 and Ru/LaTi in the CWAO of p-HBA might be associated with the low Osur ratio. Surface adsorbed oxygen 
(Osur) is reported to be more reactive in oxidation reactions because it is more mobile than lattice oxygen (Olatt) [25,27]. Consequently, 
the high surface adsorbed oxygen is beneficial for the CWAO reaction of p-HBA, and improves the activity of the catalysts. It should be 
mentioned that the results of the activity tests were consistent with this conclusion. 

3.2. CWAO of p-hydroxybenzoic acid (p-HBA) 

The catalytic performance of the synthetized catalysts was explored by using the catalytic wet air oxidation of p-HBA in aqueous 
medium at 140 ◦C and at a total air pressure of 50 bar with an HPLC apparatus. The complete oxidation of p-HBA produces only CO2 
and H2O. However, if mineralization is not fully complete, some intermediates may be formed, as reported in our previous studies 
using similar catalysts [14,28]. The main by-products detected are phenol, hydroquinone and maleic acid. 

The p-HBA conversions are plotted over time in the presence of supports and fresh Ru catalysts in Fig. 8(a–b). Before their catalytic 
efficiency was tested, a blank experiment (without a catalyst) was performed under the following reaction conditions: a temperature of 
140 ◦C, a total air pressure of 50 bar and a time interval of 7 h. Fig. 8(a) shows that the conversion of p-HBA in the absence of a catalyst 
was very low (around 10 %) throughout the test. As for the catalytic activities of the supports, summary results for p-HBA conversion 
are shown in Fig. 8(a) and Table 3. The incorporation of ceria and zirconia into titania resulted in a higher catalytic activity as the p- 
HBA conversions gradually increased from 2.5 % (TiO2 sample) to 19.2 and 19.6 % after 7 h for the ZrTi and CeTi samples, respec-
tively. This means that the mixed oxide samples play a more significant role in enhancing activity than the corresponding TiO2 single 

Fig. 6. NH3-TPD of the (a) Ru/LaTi, (b) Ru/ZrTi, and (c) Ru/CeTi catalysts.  

Table 2 
XPS results of the fresh Ru-supported catalysts.  

Catalysts Atomic ratios Binding Energy (eV) O/Ot (%) 

Ce, Zr, La/Ti Ru/Ti Osur Olatt Osur/Ot Olatt/Ot 

Ru/TiO2 – 0.07 532.32 530.28 37.63 62.36 
Ru/CeTi 0.73 0.16 532.40 530.06 62.66 37.33 
Ru/LaTi 0.44 0.06 532.42 530.62 33.74 66.25 
Ru/ZrTi 0.55 0.12 532.53 530.76 50.30 49.69 

Ot: denotes the atomic concentration of the total oxygen. 
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oxide. 
Fresh ruthenium catalysts showed higher p-HBA conversions than the supports [Fig. 8(b)]. Table 3 reports p-HBA conversions at 1 h 

and 7 h of reaction. As indicated, the conversion of p-HBA was considerably enhanced after Ru was added, and catalytic activity was 
high. The conversion of p-HBA on ruthenium supported on titania (Ru/TiO2 catalyst) was 78 %, which is considerably higher than the 
10 % conversion of the blank run (catalyst-free), [Fig. 8(b)]. Differences in catalyst/support activity at 7 h are around 30–50 %. Pre- 
reaction activity and conversion of p-HBA after 1 h and 7 h of reaction for the different Ru catalysts are summarized in Table 3. The Ru/ 
ZrTi catalyst has a relatively high initial activity, with an initial reaction rate of 0.027 mmol min− 1gcata− 1 compared with the Ru/CeTi 
catalyst, whose initial rate is 0.016 mmol min− 1gcata

− 1 . Moreover, the activity of Ru/CeTi catalyst is higher and a quasi-total p-HBA 
conversion is obtained after 6 h of reaction time. The Ru/TiO2 and Ru/LaTi catalysts were less active than the Ru/CeTi and Ru/ZrTi 
catalysts, and the p-HBA conversion was 25 % and 27 % at 1 h of reaction, and then increased to 78 % and 74 % at 7 h of reaction, 
respectively. It was found that the addition of Ce and Zr to TiO2 improves the activity of Ru catalysts. Thus, the catalytic activity of the 
samples was found in the following order when reacted for 7h: Ru/CeTi > Ru/ZrTi > Ru/LaTi ≈ Ru/TiO2. Our results were consistent 
with those found by other authors. Triki et al. [15] studied the effect of Ru-supported on CeO2–Al2O3, Al2O3, and CeO2 on the catalytic 
oxidation of p-hydroxybenzoic acid, and the catalytic order was: Ru/Ce–Al > Ru/Al2O3 > Ru/CeO2. Similarly, Minh et al. [29] studied 
the catalytic activities of Ru catalysts supported on commercial TiO2 and ZrO2 towards the CWAO of p-hydroxybenzoic acid. In their 
study, Ru/TiO2 was the low activity catalyst at 140 ◦C and 50 bar of total air pressure. In our study, the fresh Ru-supported on mixed 
oxide CeTi was the most active catalyst in the CWAO of p-HBA: this means that catalytic activity may be influenced by the SBET (180 
m2/g) and the synergic effect of the metal-support on the surface structural properties. Additionally, a larger catalyst surface (SBET) 
promotes oxygen adsorption on its surface, which improves catalytic activity. Thus, the presence of ceria in the Ru/CeTi catalyst favors 
oxygen transfer and promotes a metal–support specific interaction, which is of great interest for CWAO applications. Besides, the 
interaction of Ru with the CeTi support creates labile oxygen species and has a strong influence on the catalytic activity of the catalyst. 
Previous studies [30,31] have shown that the metal-ceria interaction is a key factor in controlling catalyst performance, mainly in 
oxidation reactions. The results are confirmed by XPS data, which reveal that higher amounts of oxygen species were formed on the 
surface of Ru/CeTi because of its textural properties (mesoporous structure and large surface area), which could be another factor 
contributing to its enhanced activity for p-HBA CWAO. 

Particle size may also have an effect since the results in Fig. 5(b)–(d) show that the Ru particle sizes of the Ru/CeTi and Ru/ZrTi 
catalysts are about 25 and 43 nm, respectively, and that Ru/CeTi is the most active for p-HBA CWAO. The small particle size obtained 

Fig. 7. XPS spectra of O 1s for (a) Ru/TiO2, (b) Ru/CeTi, (c) Ru/ZrTi, and (d) Ru/LaTi catalysts.  
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on the CeTi support could be due to the high SBET. Besides, the catalytic properties may be correlated with the acidic properties. It 
appears that the Ru/CeTi catalyst is the most acidic, as demonstrated by NH3-TPD. Lewis acid sites minimize polymer formation and 
hence carbon deposition. 

The variation in turnover frequency (TOF) during p-HBA CWAO in the presence of the prepared materials is shown in Fig. 8(c)–(d). 
The TOF decreases as a function of reaction time. Its values reveal that Ru/CeTi and Ru/ZrTi are the most active catalysts, which is in 
good agreement with the evolution (over time) of p-HBA conversion. 

The observed catalytic properties for the oxidation of p-HBA can be explained by the orientation of the p-HBA molecules on the 
catalyst surface. This orientation is determined by the redox and acid properties of the solid. Two main reasons can be proposed for 
correlating catalyst surface properties with p-HBA molecule orientation and, thus, the selectivity. These are presented in Fig. 9. 

3.3. Kinetic behaviors 

The effect of stirring time on the evolution of the p-HBA oxidation reaction was investigated in order to select the best model to 

Fig. 8. CWAO of p-HBA. (a) Supports alone, (b) Fresh Ru-supported catalysts, and turnover frequency of (c) supports alone, (d) Fresh Ru-supported 
catalysts. [Reaction conditions (batch reactor): 140 ◦C, 50 bar of air, 150 ml of aqueous solution, p-HBA concentration: 10 mM (5 g L− 1), catalyst: 
500 mg]. 

Table 3 
Activity of fresh Ru-supported catalysts in CWAO of p-HBA acid.  

Samples Initial activity (mmol min¡1gcata
¡ 1) p-HBA conversion (%) at 

1h 7h 

TiO2 0.001 2.5 23 
CeTi 0.011 19.6 54 
ZrTi 0.009 19.2 51 
LaTi 0.004 8.26 26 
Ru/TiO2 0.013 25 78 
Ru/CeTi 0.016 36 100 
Ru/LaTi 0.009 27 74 
Ru/ZrTi 0.027 42 91  
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describe the kinetic data for this reaction, performed in the presence of the prepared supports and Ru catalysts. The pseudo-first-order 
(PFO) and pseudo-second-order (PSO) models were widely applied to represent the data time-dependence experiments. The relevant 
parameters determining the kinetics of p-HBA oxidation using the studied catalysts are summarized in Tables 4 and 5. 

According to the correlation coefficient (R2) and chi-square test (χ2) calculation, the PFO [Fig. 10A] fit the experimental data better 

Fig. 9. Schematic representation of the adsorption mode of p-HBA acid depending on the surface oxygen species and the acid sites of the catalyst.  

Table 4 
Relevant parameters of the oxidation kinetics of p-HBA acid contaminants using the different mixed oxide supports.  

Models Catalyst qe exp (mmol/g) qe cal (mmol/g) K1 (L/min) R2 Chi-square test (χ2) 

PFO TiO2 0.61 1.14 0.002 0.981 0.001 
LaTi 0.76 0.81 0.004 0.941 0.004 
ZrTi 1.50 1.53 0.006 0.979 0.006 
CeTi 1.58 1.59 0.007 0.987 0.004     

K2 (g/min. mg)   
PSO TiO2 0.61 0.322 0.001 0.083 0.057 

LaTi 0.76 0.390 0.001 0.187 0.046 
ZrTi 1.50 2.079 0.002 0.964 0.006 
CeTi 1.58 2.118 0.003 0.971 0.004  

Table 5 
Relevant parameters of the oxidation kinetics of p-HBA acid contaminants using Ru catalysts.  

Models Catalyst qe exp (mmol/g) qe cal (mmol/g) K1 (L/min) R2 Chi-square test (χ2) 

PFO Ru/TiO2 7.43 8.18 0.005 0.984 0.114 
Ru/LaTi 6.74 7.58 0.005 0.985 0.090 
Ru/ZrTi 8.94 9.06 0.009 0.977 0.250 
Ru/CeTi 9.79 10.44 0.007 0.991 0.110     

K2 (g/min. mg)   
PSO Ru/TiO2 7.43 11.48 3.4 × 10− 4 0.989 0.078 

Ru/LaTi 6.74 10.76 3.5 × 10− 4 0.989 0.067 
Ru/ZrTi 8.94 11.34 8.5 × 10− 4 0.987 0.148 
Ru/CeTi 9.79 14.03 4.2 × 10− 4 0.994 0.081  

Fig. 10. (A) Fitting plots of the PFO kinetic model of p-HBA oxidation using the supports and (B) Fitting plots of the PSO kinetic model of p-HBA 
oxidation using the fresh Ru catalysts (m = 500 mg, V = 150 ml, pH ≈ 3.25). 
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than the PSO (Fig. not shown) model for supports alone. Furthermore, the oxidation rate results (qe; mmol/g) show that the theoretical 
values (qe cal) are in good agreement with the experimental ones (qe exp) when the PSO model equation is used. However, in the case of 
Ru catalysts, the PSO equation gives the best fit for the kinetic data [Fig. 10B]. 

4. Conclusion 

Ru catalysts successfully prepared by sol-gel and impregnation approaches have shown excellent catalytic activity in the CWAO 
reaction of p-HBA, with the following order of catalytic activity: Ru/CeTi > Ru/ZrTi > Ru/LaTi ≈ Ru/TiO2. In addition, the conversion 
of p-HBA reached 100 % with Ru/CeTi after 6 h of reaction. The physicochemical characterization of the solids has revealed many 
interesting properties that explain their catalytic performances. However, mesoporous structure, acidic sites and high surface adsorbed 
oxygen are the most important factors that affect Ru/CeTi efficiency. Indeed, the presence of Ce species could create vacancies and 
unsaturated chemical bondings on the catalyst surface, resulting in increased adsorbed oxygen vacancies on the Ru/CeTi catalyst 
surface. 
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