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The effects of Ce (Ceat/Mnat, 0–1) and Fe addition ((Ceat + Feat)/Mnat, 0.3) on the texture, structure and 

redox properties of MnOx systems have been investigated. Irrespective of their loading, the Ce and Fe 

promoters lead to nanostructured composite systems with a much larger surface area than the oxide com- 

ponent alone. Both Ce and Fe ions improve catalyst reducibility because of structural effects enhancing 

the surface availability of high oxidation number Mnn+ (n ≥ 4) sites. At variance with the inactivity of the 
CeO2 and Fe2 O3 promoters, the bare and promoted MnOx catalysts drive the liquid phase oxidation of 

benzyl alcohol with oxygen in the range of 323–353 K with total aldehyde selectivity. The dependence 

of activity level on MnOx loading and unchanging activation energy barrier (52 ± 5 kJ/mol) substantiate 

the lack of electronic effects attributable to both Ce and Fe promoters. Although a marked activity loss 

recorded after the 1st reaction cycle, calcination at T ≥ 473 K fully restores the catalyst functionality. 

. 

 
 

 
 

1. Introduction 

 
Benzaldehyde is an important fine chemical, finding extensive 

uses in the pharmaceutical, dyestuff, agrochemical and perfume 

industries, which is currently produced by the liquid phase 

hydrolysis of benzyl chloride or by the selective oxidation of 

toluene [1]; harmful reagents, complicated manufacturing steps, 

Cl-contamination and low product yields are yet severe drawbacks 

for environmental impact and process economics [1,2]. This 

stimulates a big research interest for new cleaner synthesis routes 

mostly based on the selective oxidation of benzyl alcohol [3–36]. 

Despite the fact that  stoichiometric  transition-metal  reagents 

result in high product yields when applied in the oxidation of 

numerous alcoholic substrates, their use is restricted by costs and 

the co-generation of toxic waste that deserve special disposal treat- 

ments [4]. On the other hand, problems of corrosion, plating out on 
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reactor walls, handling, recovery and reuse of the catalysts impede 

large-scale applications of homogeneous processes [2–4,30–36]. In 

fact, according to guidelines of Green Chemistry, the heterogeneous 

catalytic selective oxidation of benzyl alcohol with oxygen is the 

most environmentally and economically attractive option for ben- 

zaldehyde manufacture [2]. Supported noble-metal catalysts (e.g., 

Pt, Pd, Au, Ru, Rh) display good performance under mild reaction 

conditions [5–15] but high costs and deactivation phenomena by 

over-oxidation and/or fouling of active sites hinder their industrial 

exploitation [3,37]. On the other hand, research on transition 

metal-oxide catalysts documents that bare and promoted MnOx 

systems feature high  activity  and  selectivity  to  benzaldehyde 

in the liquid phase oxidation of benzyl alcohol with oxygen in 

the range of 303–433 K; this has been attributed to a high redox 

functionality favoring an enhanced mobility of surface-oxygen 

species [3,4,14,20–29]. In this respect, several oxide promoters 

have been reported to improve the redox functionality of MnOx 

materials in both gas and liquid phase catalytic reactions [38]. 

Therefore, this work is aimed at assessing the effects of Ce 

(Ceat/Mnat, 0–1) and Fe ((Ceat + Feat)/Mnat, 0.3) addition on struc- 

ture, redox properties and reactivity of MnOx catalysts in the 

liquid phase selective oxidation of benzyl alcohol with oxygen (T, 
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Table 1 

List and physico-chemical properties of the studied catalysts. 
 

 

Catalyst Chemical composition (wt%)a Atomic ratio SA (m2 /g) PV (cm3 /g) APD (nm) 
 

 MnOx CeOx FeOx KOx  (Ce/Mn) (Fe/Mn) (K/Mn)  
M1C1 34.4 65.3 0.0 0.2  0.98 0.0 0.01 190 0.46 25 

M3C1 59.9 36.9 0.0 3.3  0.31 0.0 0.10 184 0.57 27 

M5C1 66.9 28.4 0.0 4.8  0.21 0.0 0.13 159 0.56 30 

M9C1 77.0 17.6 0.0 5.4  0.11 0.0 0.13 136 0.49 31 

M 93.5 0.0 0.0 6.5  0.0 0.0 0.13 94 0.34 31 

C 0.0 100 0.0 0.0  0.0 0.0 0.0 128 0.10 3 

F 0.0 0.0 100 0.0  0.0 0.0 0.0 33 0.10 15 

M6C1F1 65.0 21.6 9.7 4.5  0.16 0.16 0.13 135 0.26 27 

M3F1 74.6 0.0 20.9 4.7  0.0 0.31 0.12 136 0.38 27 

a  Expressed as MnO2 , CeO2 , Fe2 O3 and K2 O. 

 

323–363 K). A systematic analysis of activity data sheds lights onto 

the factors controlling the oxidation functionality of MnOx cat- 

alysts, disclosing the lack of electronic effects in both Ce and Fe 

promoted systems. 

 
2. Experimental 

 
2.1. Catalysts  preparation 

 
Cerium (MxCy) and iron (MxCyFz) promoted MnOx catalysts 

with different atomic ratios (Mn/Ce/Fe, x/y/z) were prepared via a 

redox-precipitation route [39–41], according to the following proce- 

dure [41]. Deionized water (150 mL) at pH ≈ 4.5 (adjusted by HNO3 

addition) was heated at 343 K under stirring and nitrogen flow to 

remove oxygen. Then, appropriate amounts of the Mn(NO3)2·4H2O 

(>97%, Carlo Erba) and FeSO4·7H2O (>99.5%, Carlo Erba) precur- 

sors were solubilized therein and titrated by the dropwise addition 

of an aqueous solution (0.2 L) of KMnO4 (≥99%, Carlo Erba) and 

Ce(NH3)2(NO3)6 (>98.5%, Aldrich) precursors (pH ≈ 1). During titra- 

tion, the pH of the solution was kept constant (4.5 ± 0.5) by addition 

of KOH solution (0.1 M), forcing the following redox-precipitation 

reactions 

MnO4
– + 3e– + 2H2O → MnO2⇓ + 4HO– (1) 

Ce4+ + 2H2O → CeO2⇓ + 4H+ (2) 

Mn2+ + 2H2O → MnO2⇓ + 4H+ + 2e– (3) 

2Fe2+ + 3H2O → Fe2O3⇓ + 6H+ + 2e–. (4) 

After titration, the solids were digested for 1 h, filtered, and 
repeatedly washed with hot distilled water, dried at 373 K (16 h) 
and further calcined in air at 673 K (6 h). Bare CeO2 and Fe2O3 

samples were prepared by the reflux method [42] and addition of 

Fe2+ precursor to a H2O2 solution (pH ≈ 4.5), respectively. The list 
of the catalysts with the relative code and main physico-chemical 
properties is given in Table 1. 

 
2.2. Catalyst characterization 

 
X-ray fluorescence (XRF) analyses were performed using a Bruker 

AXS-S4 Explorer spectrometer taking the Ka1 transitions emission 

values of Mn (5.9 keV), Ce (4.8 keV) and Fe (6.4 keV) to determine 
the analytical composition of the catalysts. 

N2-physical adsorption isotherms (77 K)  were  obtained  using 

an ASAP  2010 static adsorption device (Micromeritics Instrument). 

Surface area (SA), pore volume (PV) and average diameter (APD) 

data were obtained from the elaboration of the isotherms by the 

standard BET and BJH methods, respectively. 

X-ray diffraction (XRD) analyses were performed using a Philips 
X-Pert diffractometer, operating with Ni 13-filtered Cu Ka radiation 

(40 kV; 30 mA) at a scan rate of 0.05◦/min. 

Temperature programmed reduction (TPR) measurements in the 
range of 293–1073 K were carried out using a linear quartz microre- 
actor (dint = 4 mm) heated at the rate of 12 K/min. The reactor was 

loaded with a catalyst sample of ca 25 mg and fed with either 5% 
H2/Ar (H2–TPR) or 5% CO/He (CO–TPR) carriers (F, 60 stp mL/min). 

The consumption of H2 and CO was monitored by a TCD, water and 

carbon dioxide being fully removed by a “chemical trap” containing 

Mn(ClO4)2  and ascarite, respectively. 

 
2.3. Catalyst testing 

 
A 3-necked pyrex glass flask reactor, equipped with a Hg- 

thermometer and a reflux condenser, was loaded with a suspension 

of 49 mL of toluene, 0.5 mL of ethyl benzoate as internal standard 

and 0.5 mL (4.8 mmol) of benzyl alcohol (std conditions). The reac- 

tor was heated at 343 K under vigorous stirring and oxygen flow 

(60 stp mL/min) adding, then, (t0) 0.45 g of powdered catalyst sam- 

ple (dp < 200 µ,m). Constant conversion rates (±5%) at different 

catalyst and benzyl alcohol concentrations (wcat/wAlc, 0.9) con- 

firmed the lack of significant external mass transfer resistances on 

reaction kinetics [37]. The reaction was monitored by withdraw- 

ing ca 0.1 mL samples from the reactor and analyzing them using 

a GC (Agilent Technologies, GC System 7890A) equipped with a cap- 

illary column (Restek, Rxi-1ms) connected to a FID detector. The 

reproducibility of conversion–concentration data was within ±5%. 

 
3. Results and discussion 

 
3.1. Textural and structural properties 

 
Composition data in Table 1 show a good agreement between 

design and experimental Mn/Ce/Fe atomic ratios [39,41] and the 

presence of significant amounts of potassium in all the catalysts, 

despite a careful solid washing at the end of the synthesis process. 

In fact, the K content parallels the MnOx loading, as documented 

by the asymptotic growth of the atomic K/Mn ratio from 0.01 to a 

maximum value of 0.12–0.13 (Fig. 1). Considering that the synthe- 

sis of the various catalysts implies an almost unchanging (0.4–0.5) 

MnVII/MnII molar ratio, the significant retention of K+ ions could 

be a consequence of a strong “K–MnOx” interaction, especially for 

Mn/promoter atomic ratios larger than 0.3 [26,27,43,44]. On the 

other hand, the addition of the promoters has a very positive impact 

on surface exposure as indicated by larger surface area (SA) values 

of the composite catalysts in comparison to bare oxides (Table 1). 

The positive structural effect of cerium is probed by the asymp- 

totic SA increase with the Ce/Mn ratio (Fig. 2A) from ca 90 (M) to 

190 m2/g (M1C1) [45], although a comparable growth of pore vol- 

ume (PV) mirrors minor changes in the average pore diameter (APD, 

25–30 nm). Replacement of Ce with Fe ions ((Ceat + Feat)/Mnat, 0.3) 

causes a drop in SA from 185 to 135 m2/g, with no differences 

between M6C1F1 and M3F1 catalysts being observed (Fig. 2B). 
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Fig. 1. Influence of the loading on the atomic K/Mn ratio of bare and promoted MnOx 

catalysts. 

 

Notably, also in this case a concomitant PV decrease (Table 1) 

reflects an unchanging APD (27 nm), indicating that catalyst com- 

position affects the surface area without altering the intra-particle 

transport properties. In fact, a systematic decrease in both SA and 

PV with MnOx loading could depend on a sort of “cement effect”, 

perhaps enhanced by K+ ions (Fig. 1), causing an incipient sticking 

of the catalyst grains. 

Remarkable effects of Ce and Fe addition on the structure of 

the MnOx  phase are also evident from the XRD patterns, shown in 

Fig. 3. The bare M sample shows several peaks in the 2() range of 

10–80◦ attributable to sparse crystalline domains of the pyrolusite 
(JCPDS 24-735) and vernadite (JCPDS 15-604) phases, although 
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Fig. 3. XRD patterns of: (A) Ce-promoted catalysts; (B) M3C1, M6C1F1 and M3F1 

catalysts. For reference the position of the main reflections of the cerianite habit are 

indicated. 

 
 
 
 
 
 
 
 

 
 
 

  
 

 
 

Fig. 2. (A) Influence of the atomic Ce/Mn ratio (x/y) on surface area (SA) and average 

pore diameter (APD) of Mx Cy catalysts; (B) Influence of the Ce and Fe content on SA 

and APD of the M3C1, M6C1F1 and M3F1 catalysts. 
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Fig. 4. H2–TPR and CO–TPR profiles of the M3C1 catalyst. 
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Fig. 5. CO–TPR profiles of: (A) bare C, F and M oxides; (B) Ce-promoted catalysts; and (C) M3C1, M6C1F1 and M3F1 catalysts (profiles in (B) and (C) normalized to the MnOx 

content). 

 

birnessite-like structures cannot be excluded [46]; the width and 

low intensity of diffraction peaks (e.g., noise-to-signal ratio) are 

consistent with a rather small size and concentration of crystalline 

structures in the bare M system. All those diffraction lines are com- 

pletely lost in the XRD patterns of Ce-promoted systems although 

small and broad reflections at ca 37 and 66.5◦ indicate some incipi- 

ent crystallization of the active phase in the M3C1, M5C1 and M9C1 

catalysts. In addition, the broad peak at ca 29◦ and the smaller peaks 

at ca 47 and 57◦ (Fig. 3A) indicate the presence of crystalline ceria 

nanoparticles in Ce-promoted catalysts (Fig. 2A) [39–41,45,47]. 

Accordingly, the replacement of Ce with Fe causes an evident 

decrease of such signals (Fig. 3B), while the comparable intensity 

and shape of the peaks at 37 and 66.5◦ indicate an incipient crystal- 

lization of the active phase also in the M6C1F1 and M3F1 catalysts 

despite MnOx loadings higher than M3C1 sample (Table 1). 

Overall, the fact that the addition of very low amounts of Ce 
and Fe ions hinders any “long-range” ordered MnOx structures cou- 

pled to the similar structural characteristics of promoted catalysts 

(Fig. 2) confirm that the redox-precipitation synthesis route favours 

a quasi-molecular dispersion of MnOx, CeOx and FeOx phases, 

irrespective of composition [39–41,45]. However, because of the 

presence of K+ ions [22,27,43,44]; the similar diffraction patterns 

of the various MnOx [27,43,44,48], CeO2 [39–41,45] and Fe2O3 [48] 

phases; and the very small size of the oxide domains, the struc- 
ture of bare and promoted MnOx systems be more complex than 

ascertained from XRD analysis. 

 

3.2. Redox pattern 

 
We previously established that the structure, dispersion and 

oxide-interaction effects determine the reduction pattern of MnOx 

catalysts [49], although this also depends on the intrinsic reactivity 

of the reducing species [50,51]. Therefore, a comparative TPR study 

using either H2 (H2–TPR) or CO (CO–TPR) was carried out first. In 

fact, the reduction profiles of the M3C1 catalyst in Fig. 4 show a 

marked downward shift of the CO–TPR pattern, explainable by the 

fact that the reducing action of H2 molecules comes across a pre- 

liminary activation step that is the splitting of H  H bonds and the 

consequent generation of “reactive” atomic species. This accounts 

for the marked upward shift of both To,red and TM1 under H2, while 

the constant TM2 values (Fig. 4) rule out significant effects of the 

reducing molecule at T > 473 K. In fact, a lower mobility and acces- 

sibility of CO molecules across the catalyst structure (i.e., spillover) 

explain the broader shape of the TM2 peak recorded by the CO–TPR 

measurement (Fig. 4). Apart from such peculiar differences linked 

to the reactivity of H2 and CO, the H2–TPR and CO–TPR profiles of 

the M3C1 catalyst essentially exhibit the same characteristics, with 

two main peaks accounting for reduction (H2/Mn ≈ CO/Mn ≈ 1) of 

surface MnIV sites (TM1) and MnOx clusters (TM2) to MnO [49]. 

Since CO–TPR analysis provides a more reliable overview of the 
catalysts reducibility in the temperature range of benzyl alcohol 
oxidation tests (323–363 K), the CO–TPR profiles of the studied 
catalysts are compared in Fig. 5, while To,red, TM1, TM2, and CO con- 

sumption data are summarized in Table 2. Among bare systems 
(Fig. 5A) manganese oxide (M) is the most reducible one with a To,red 

of ca 335 K and two main peaks at ca 530 and 650 K accounting for 
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Fig. 6. Selective oxidation of benzyl alcohol on the bulk M, C and F systems: con- 

version vs. reaction time (T, 343K; V, 50 mL; VAlc , 0.5 mL (4.86 mmol); wcat , 0.45 g; FO2 , 

60 mL/min; P, 1 atm). 
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Table 2 

CO–TPR data of bare and promoted MnOx catalysts. 
 

 

Catalyst To,red (K) TM1 (K) TM2 (K) CO consumption 

  (mmol/gcat ) CO/Mn 
 

M1C1 280 452 616 3.60 0.92 

M3C1 293 477 614 6.30 0.94 

M5C1 300 482 615 6.70 0.87 

M9C1 297 490 612 8.07 0.91 

M 337 552 647 11.52 1.03 

M6C1F1 303 476 629 6.84 0.92 

M3F1 299 474 604 6.90a
 0.80a

 

a  In the range of 273–673 K (see Fig. 4C). 

 
 
 

 
1.0 

the stepwise reduction (MnIV → MnIII → MnII) of MnO2 nanoparti- 

cles to MnO (CO/Mn ≈ 1) [49]. The bulk C and F systems feature 

much higher To,red values (Table 2) and one resolved peak centred 

at 550 and 630 K, accounting for an incipient reduction of surface 

CeIV and FeIII ions, respectively. 

The promoting effect that Ce has on the reducibility of the MnOx 

phase (Fig. 5B) is evident from a systematic downward shift of the 

TM1 with the Ce/Mn ratio (Table 2), although minor To,red variations 

(280–337 K) suggest that the higher reducibility depends mostly 

on structural effects of ceria promoter, enhancing the exposure of 

very reducible Mnn+(n ≥ 4) sites. The intensity and sharpening of 

the TM2 peak mirror an increasing concentration of MnOx clusters 

at lower Ce/Mn ratios (Fig. 5B), while the concomitant reduction 

of surface CeIV ions (Fig. 5A) accounts for the broad shape of the 

TM2 component, mostly in the M1C1 catalyst. Analogous To,red and 

TM1 values (Table 2) disclose that a partial or total replacement 
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C-M ASS BALANCE  
 Aldehyde A) of Ce with Fe (Mnat/(Ceat + Feat), 3) has no significant effects on 

catalyst reducibility at T < 673 K (Fig. 5C), while the subsequent CO 

consumption monitors the incipient reduction of Fe2O3  clusters 
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(Fig. 5A) in the M3F1 catalyst. Normalized to the MnOx content, the 

peaks area indicates small differences in CO consumption (CO/Mn, 

0.9–1.0). Therefore, despite an incipient reduction of the CeO2 and 

Fe2O3 phases hinders a definitive assessment of the Mn average 

oxidation number (AON), the CO–TPR features at T < 473 K indicate 

the prevailing presence of easily reducible Mnn+ (n ≥ 4) sites on 

both bare and promoted MnOx  catalysts [49]. 
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Fig. 8. Selective oxidation of benzyl alcohol on Ce (A) and Fe (B) promoted MnOx 

catalysts: conversion vs. reaction time (T, 343K; V, 50 mL; VAlc , 0.5 mL (4.86 mmol); 

wcat , 0.45 g; FO2 , 60 mL/min; P, 1 atm). 
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3.3. Activity pattern could be explained considering that the alcohol → aldehyde oxida- 

tion consists of an oxidative dehydrogenation 

The reactivity of the bare MnOx (M), CeO2 (C) and Fe2O3 (F) sys- C H CH OH 1/2O C H CHO H O, (5) 
tems in the selective oxidation of benzyl alcohol with oxygen is 6   5 − 2 + 2 →   6    5 − +   2 

compared in Fig. 6. Both the C and F systems are not active under 

std reaction conditions (T, 343 K; wcat/wAlc, 0.9), while the MnOx 

material exhibits a remarkable performance leading to a complete 

conversion of alcohol to benzaldehyde (S > 99%) in ca 3 h. Disclosing 
a direct relationship between activity and reducibility (vide supra), 

these results indicate that MnOx plays the role of active phase 

[3,4,14,20–29] while minor would be the contribution of promoters 

to the functionality of composite catalysts [52,53]. 

The concentration profiles of benzyl alcohol and benzaldehyde 

of bulk and promoted (M3C1, M3F1) MnOx catalysts (Fig. 7) depict 
similar specular exponential-like trends, resulting in a satisfactory 

C mass balance throughout reaction time (±5%). This discloses a 
minor influence of adsorption phenomena on alcohol conversion 

and also confirms that benzaldehyde is the sole reaction prod- 
uct. In fact, carrying out a benzaldehdye oxidation test on the 

M3C1 catalyst under std conditions a conversion lower than 5% 

was recorded after 5 h. This poor aldehyde oxidation functionality 

at variance of the (consecutive) oxidation of benzaldehyde to ben- 

zoic acid 

C6H5 − CHO + 1/2O2 → C6H5 − COOH, (6) 

which involves the insertion of oxygen onto C-atom of the carbonyl 

group [50]. Therefore, the high selectivity of MnOx catalysts could 

depend on their poor ability to drive a nucleophilic oxidation of 

benzaldehyde. In turn, this infers that the active oxygen species for 

alcohol oxidation should be electrophilic rather than nucleophilic, 

according to the fact that either O2
− [20] or O2

2− [26] species have 

been claimed forming on OMS-2 type materials under comparable 

reaction conditions. A poor benzoic acid selectivity (<20%) in pres- 

ence of H2O2 as oxidant [32,33] could support the thought that 

different mechanisms leads to aldehyde and acid. 

Despite having no effects on selectivity, the promoters influ- 

ence the reactivity of the MnOx  phase as shown in Fig. 8. In 

particular, among the Ce-based catalysts, M1C1 (Ce/Mn, 1) has the 
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influence of the Ce and Fe content on the reactivity of M3C1, M6C1F1 and M3F1 catalysts. 
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Table 3 -2 
Initial reaction rates in the selective oxidation of benzyl alcohol on M, M3C1 and 

M3F1 catalysts in the range of 333–363 K. 
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lowest activity leading to a final (5 h) conversion value of only 50%, 

while the reactivity level of the M3C1, M5C1 and M9C1 samples 

(Ce/Mn < 0.3) compares to that of the bare system, ensuring a com- 

plete alcohol conversion in 3–4 h (Fig. 8A). Replacement of Ce with 

Fe has a positive effect on activity since both M6C1F1 and M3F1 

catalysts show conversion rates higher than M3C1 catalyst (Fig. 8B). 

In view of the lack of a formal kinetic law analysis, the spe- 

cific catalytic activity was probed by the calculation of the initial 
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M3C1 (Eapp, 571 kJ/mol) 

M3F1 (Eapp, 522 kJ/mol) 

reaction rates by the method of the tangent to the conversion 

curve for XAlc → 0. The effect of catalyst composition on the spe- 

cific reaction rate per catalyst (rcat) and MnOx (rMnOx ) weight 

and SA (rSA) units are shown in Fig. 9. The reactivity of Ce- 
promoted systems decreases regularly with the Ce/Mn ratio (rcat, 
0.019–0.0045 mol/(gcat h)), resulting in an exponential decay of 

the specific surface activity (rSA, 2.0–0.2 E-04 mol/(mcat
2/h)) also 

because of the SA increase (Fig. 2A). This substantiates an unprece- 
dented negative effect of cerium on the oxidative functionality of 
the MnOx system, although a fairly constant MnOx rate rules out 
significant electronic effects of on the functionality of the active 
phase (Fig. 9A) [53]. 

The substitution of Ce with Fe has a positive influence on the 

reactivity of the M3C1 catalyst, as indicated by a specific rate 

increasing from ca 0.012 to 0.018 mol/gcat/h (Fig. 9B). This accounts 

for a specific surface activity rising linearly with the Fe content, 

while a constant MnOx  rate (rMnOx , 0.019–0.023 mol/(gMnOx 
h)) 

indicates an unchanged functionality of the active phase; in fact, 
these trends mirror the higher MnOx content of M6C1F1 and M3F1 

catalysts than for the M3C1 sample (Table 1) suggesting the absence 

of significant chemical effects also in Fe-promoted catalysts. This 

was definitively ascertained  by  comparing  the  energetic  barrier 

of benzyl alcohol oxidation on M, M3C1 and M3F1 catalysts from 

the initial reaction rate values in the range of 333–363 K listed in 

Table 3. For all the catalysts, the temperature dependence of the 

reaction rates provide fairly reliable Arrhenius plots, which on anal- 

ysis gave analogous values of the activation energy barrier (Eapp), 

namely between 52 and 57 kJ/mol (Fig. 10), that is diagnostic of an 

unchanging catalytic functionality due to a negligible, if any, influ- 

ence of oxide promoters on the chemical (electronic) properties of 

the active MnOx  phase. 

Furthermore, despite  the  general  trends  discussed  earlier 

(Fig. 9), the M3C1 and M3F1 catalysts show similar slightly higher 

MnOx reaction rates (Fig. 10) than the bulk M sample, probably 

because of the aforesaid structural effects of Ce and Fe promoters 

enhancing MnOx dispersion and exposure and catalyst reducibility 

as well (vide supra). On the other hand, the Arrhenius plots in Fig. 10 

show a reverse order in the specific surface activity, resulting higher 

for the bulk M than M3C1 and M3F1 catalysts; this depends on the 

negligible, if any, contribution of the surface CeO2 and FeO2 sites 

to the catalytic functionality of the composite systems. A slightly 

higher surface activity seems consistent with a higher MnOx disper- 

sion of the M3F1 sample than counterpart M3C1 one (Fig. 10). Then, 

0.0027 0.0028 0.0029 0.0030 0.0031 

1/T (K-1) 

 
Fig. 10. Arrhenius plot of the initial specific reaction rates of the M, M3C1, and M3F1 

catalysts in the range of 333–363 K. 

 
 

despite the redox-precipitation synthesis route promoting the dis- 
persion of the oxide and favouring the interaction of the various 
oxide phases in composite catalysts, the reactivity data are consis- 

tent with the lack of electronic effects attributable to the CeO2 and 

Fe2O3 promoters, substantiating only a structural improvement 

favouring the exposure of active sites [53]. 

Although the reusability of MnOx-based catalysts after wash- 

ing and thermal regeneration treatments has been ascertained 

[14,20,22,29], Schurz et al. documented the occurrence of strong 

activity decay phenomena carrying out consecutive benzyl alcohol 

oxidation tests on amorphous MnO2 and K-OMS-2 materials [27]. 

The marked activity loss of the M3C1 catalyst in the 2nd reaction 

cycle (Fig. 11), similar to that observed for all bare and promoted 

systems, confirms an unstable behaviour of MnOx-based catalysts 

and the lack of steady-state conditions throughout the 1st reac- 

tion cycle. Hence, even if it is generally accepted that the oxidation 

of benzyl alcohol on MnOx catalysts proceeds via the Mars–van 

Krevelen path, catalyst deactivation hinders any reliable assess- 

ment of reaction kinetics [22,27,54]. The mechanistic aspects of the 
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Fig. 11. Activity data of the M3C1 catalyst in the 1st and 2nd reaction cycles, and 

after calcination of the used sample (from 1st cycle) at 473 K. 
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M 333 8.6E − 03 8.6E − 03 9.0E − 05  
 343 1.9E − 02 1.9E − 02 2.0E − 04  
 363 4.3E − 02 4.3E − 02 4.6E − 04  

M3C1 333 8.0E − 03 1.3E − 02 4.4E − 05  
 343 1.5E − 02 2.4E − 02 7.9E − 05  
 363 4.3E − 02 7.2E − 02 2.4E − 04  

M3F1 333 1.2E − 02 1.6E − 02 9.0E − 05  
 343 1.8E − 02 2.3E − 02 1.5E − 04  
 



 

 

 

activity–selectivity–stability pattern of bare and promoted MnOx 

catalysts in the selective oxidation of benzyl alcohol will be fully 
addressed in a forthcoming study [54]; however, an almost full 

activity recovery after calcination of the used catalysts at T ≥ 473 K 
(Fig. 11) indicates that the activity decay depends on the inhibi- 
tion of active sites by slow rates of product(s) desorption and/or 
re-oxidation steps [27,54]. 

 
4. Conclusions 

 
The effects of Ce and Fe addition on textural, structural and redox 

properties of MnOx  systems have been addressed. 

The redox-precipitation synthesis route leads to nanostructured 

systems with much higher surface area and dispersion of the oxide 

phases promoting the catalyst reducibility. 

Both the bare and promoted MnOx systems drive the liquid- 

phase selective oxidation  of  benzyl  alcohol  to  benzaldehyde 

(S > 99%) with oxygen under mild conditions (323–363 K). 

The dependence of the catalytic activity on the MnOx loading 

and unchanging energy barrier values indicate the lack of electronic 

effects of Ce and Fe promoters on the functionality of the active 

phase. 

Despite a loss in catalytic activity, catalyst regeneration follow- 

ing a soft calcination treatment (T ≥ 473 K) has been ascertained. 
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