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Abstract  

 

Alternative catalysts for biomass valorization are presented, specifically, lignin model 

compounds conversion to aromatics. A set of five magnesia-alumina mixed oxides were 

screened in the hydrodealkylation of alkyl phenyl ethers (R−O−Ph). The typical 

selectivity to phenol is 30–75%. Interestingly, we see that the more basic the catalyst, 

the higher the selectivity to phenol. We envision a reaction mechanism with the 

formation of phenoxide PhO−	 and RH3
+ fragments on the catalyst surface. These can 

then react with H+ and H− species formed by heterolytic dissociation of dihydrogen on 

the MgO surface, yielding phenol and hydrocarbons.  

 

 

 

 

 

 

 

 

 

 

 

 

 

Part of this work has been published as: “Reductive dealkylation of anisole and 

phenetole: towards practical lignin conversion.” Z. Strassberger, S. Tanase and G. 

Rothenberg, Eur. J. Org. Chem., 2011, 5246-5249. 
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3.1. Introduction 

Thanks to government legislation and societal pressure, the use of biomass as a 

source of chemicals and fuels is spreading.1, 2 Changing the hydrocarbon feedstock from 

petroleum and coal to biomass also requires new types of catalysts. CoMo and NiMo are 

typically used for catalysing crude oil hydrodesulfurisation (HDS).3, 4 This catalytic 

process is widely used to remove sulfur from natural gas and fossil fuels to reduce the 

emission of sulfur dioxide from transportation fuel. But these refinery catalysts rely on 

feedstocks with high sulfur content. The lower sulfur content of biomass causes catalyst 

deactivation, via reduction of the sulfided Co or Ni followed by coking.5 It can be 

prevented by adding sulphur donor compounds to the feed,6, 7 which are then converted 

to H2S, but this is not a valuable solution. Thus, new catalysts are needed to convert 

these feedstocks.8 Moreover, lignin has a different intrinsic chemical nature than crude 

oils. Lignin is typically over-functionalized. Its polymeric structure must first be broken 

down to dimeric and monomeric components.3, 9 These must then be de-functionalized 

into the desired products. When looking at the aromatic structure of lignin, the most 

evident platform chemicals are benzene, toluene and xylene (BTX) as well as phenols. 

As once produced from biomass, they can be converted to a range of chemicals through 

the current refineries setup (see Figure 1). This means that the technologies and 

refineries are already suitable to convert them further on.10, 11  
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Fig. 1: Petrochemical platform chemicals: a) benzene, b) toluene and c) m-xylene (isomerization of 
mixed xylenes to p-xylene is commercially done today and could provide p-xylene for the polyester 

markets).12 
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3.1.1. Hydrodealkylation reaction of aromatics 

An important method to produce benzene is hydrodealkylation (HDA) of toluene or 

alkyl aromatic mixtures that are regarded as lower raw materials.13 In this process, the 

first major (irreversible) reaction is the production of benzene and methane from toluene 

(or other alkylated benzene) and hydrogen.14 The second minor product is the 

equilibrium reaction with benzene to produce dibenzyl at higher temperature (see eq 1 

and 2).  

H2 CH4

2

+ +

+ H2

(1)

(2)
 

 

Hydrodealkylation is a highly exothermic reaction. In thermal HDA, typical 

reaction conditions are pressures of 25-35 bar and temperatures between 620-720 °C. 

The process block diagram for a hydrodealkylation unit is similar to that of an 

isomerization unit. The feed can be toluene or a mixture of toluene and xylenes. It is 

heated and charged to an open non-catalytic reactor where thermal dealkylation of 

toluene and xylenes takes place (typical residence time of 25–30 s). The hydrogenation 

step in the dealkylation reaction is highly exothermic and, at higher temperature, 

aromatic conversion increases but the selectivity drops rapidly. Therefore, the 

temperature is controlled by injecting/dosifying of  hydrogen at several points along the 

reactor. The hydrodealkylation reaction results in the conversion of about 90% of the 

aromatic feed and 95% selectivity to benzene.15 To prevent coke formation, a large 

excess of hydrogen is used, typically a molar ratio of 5:1.  

3.1.2 Catalytic hydrodealkylation reaction  

Catalytic HDA works at 100 °C lower than the thermal processes.16, 17 The most 

widely used catalysts in industry are Cr2O3, Mo2O3 and CoO supported on Al2O3.18 

These catalysts have to activate hydrogen to remove the alkyl groups from the 

alkylbenzene. But this should not go too far to avoid hydrocracking of the benzene ring, 

which generates coke formation and hence deactivation.  The typical disadvantage of 
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HDA catalysts is their relatively low activity. Research has been focusing on two ways 

to enhance substrate conversion: bifunctional catalysts and support acidity. Karaduman 

et al. investigated the effect of several co-promoters such as Fe, Co, or Ni on the activity 

of a Cr/Al2O3 catalyst.13 The promoters and their concentrations were found to 

significantly influence hydrodealkylation activity. The effects of promoters on initial 

toluene conversion are arranged as follow Ni > Fe > Co.13  

 

Noble metals (such as rhodium and platinum) have also been studied over different 

supports.19, 20 The main objective was to evaluate the role of the metallic acidic phases 

on the HDA reactions. Toppi et al. studied the conversion of propylbenzene using 

Pt/SiO2 and Pt-Sn/SiO2 catalysts to study the effect of the metallic function on the 

aromatic distribution.21 Surface reaction of the adsorbed phenyl propene species have to 

be considered to explain the hydrogenolysis of C–C bonds of the alkyl chain. Depending 

on the number and location of adsorption sites, different selectivities are observed. The 

elementary sequence of steps in the hydrogenolysis of propylbenzene involves one or 

two adjacent adsorption sites and they are illustrated in Figure 2. 1 wt% Cl-Al2O3 was 

used to understand the acidity of the support, Al2O3.21 Three independent pathways of 

cracking reactions have been postulated for acid sites: protolysis (carbonium ions), 

classical chain mechanism (carbenium ions) and a radical process (radical 

intermediates). Cracking by protolysis occurs through a monomolecular mechanism 

involving pentacoordinated intermediates22 and requires very strong protonic sites such 

as those found in zeolite-type catalysts. This is unlikely to happen with Al2O3 as the 

protonic sites are not acid enough to lead to this type of mechanism. Therefore either a 

carbenium ion chain cracking mechanism or a radical process is more likely over Al2O3. 

Cracking through a carbenium ion chain mechanism involves strong Brønsted acid sites, 

which are found on Al2O3.21, 23, 24  
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Fig. 2: Elementary steps for the hydrogenolysis of propyl benzene to benzene (3) toluene (4) and 
ethylbenzene (5). A double arrow represents a global step, single arrow an elementary step and 

stars represent adsorption sites.21 

To conclude, Toppi et al. found that on Al2O3, benzene is formed via a 

carbocationic pathway, and toluene and ethylbenzene via a radical pathway. For 

metallic sites, two types of reaction sequences are proposed: through adsorption on a 

single site for the formation of benzene, and through a two adjacent sites for the 

formation of toluene and ethylbenzene.  
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3.2. Reductive dealkylation of anisole and phenetole 

3.2.1. Catalytic screening of anisole and phenetole 

As lignin model compounds, we chose two simple alkyl-phenyl ethers, namely 

anisole (methoxybenzene) and phenetole (ethoxybenzene). These are also two important 

breakdown products of the lignin structure. As catalysts we used five different mixed 

alumina-magnesia oxides (catalysts A–E, see Table 1).  

 
Table 1. Catalysts tested in hydrodealkylation. 

Entry Catalysts MgO 
wt% 

Al2O3 
wt% 

Surface area 
[m2/g] 

Pore volume 
[cm3/g] 

1 A 0 100 193 0.46 
2 B 60 40 175 0.45 
3 C 66 34 167 0.41 
4 D 75 25 164 0.34 
5 E 80 20 159 0.33 
 

In a typical reaction (eq 6), a solution of the alkyl phenyl ether was reacted with 40 

bar H2 at 350 °C for 3 h in the presence of 10 wt% catalyst.  

OHO
R

OH
RR

3 + ++

OH

R (6)+H2 RH

350 °C, 3h
40 bar

catalyst,
decaline  

The main reactions observed were hydrodealkylation and alkyl rearrangement (eqs 

7−9). The latter is a very interesting reaction, as it leads to the formation of new C–C 

bonds. Until now, only acidic heterogeneous catalysts have been reported to achieve this 

result, including cation-exchanged montmorillonites,25 Nafion,26 and zeolites. We have 

not found any reports using heterogeneous basic catalysts. To investigate the effect of 

basic sites, we used MgO27 and MgO-Al2O3 mixed oxides at various Mg/Al ratios. In 

the latter case, the presence of Al3+ ions is expected to change the acidic character of 

MgO. 
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Both anisole and phenetole converted readily over pure alumina. For anisole, the 

main products of the demethylation were phenol, o-cresol and 2,6-xylenol (Table 2). O-

cresol is obtained by the isomerization of anisole (eq. 8). We did not observe any m-

cresol. This is expected if we consider that the meta- position is thermodynamically the 

most favoured for the substitution in phenol rings, whilst the ortho- position is 

kinetically preferred due to its reactivity towards electrophilic substitution. The 

formation of 2,6-xylenol can be explained by the disproportionation reaction between 

two o-cresol molecules (eq 9).28 

 

The high selectivity towards phenol can be interpreted by considering the 

adsorption of the anisole, a weak Lewis base, on the acidic Al2O3 sites. This makes the 

anisole prone towards nucleophilic attack. The most reactive nucleophilic site is the 

oxygen bound to magnesium, which can attack the methyl group of the anisole 

molecule. This gives phenoxide (PhO−) and CH3
+ fragments on the surface (Figure. 3). 

These fragments can then react with H+ and H− species formed by the heterolytic 

dissociation of dihydrogen on the MgO surface, giving phenol and methane (eq 7). 

Participation of H+ and H− is well documented in base-catalysed hydrogenation.29  

O CH3

Al+
O MgO

O
O Al O

+
Mg

O
CH3

O
 

Fig. 3. Proposed interaction of phenol with Al2O3-MgO support. 
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Our studies show, however, that anisole can be converted with good selectivity 

towards phenol also in the absence of hydrogen. Therefore, we do not rule out the 

possibility of a nucleophilic interaction between CH3
+ cations and an O2- anion from the 

MgO surface.29 This would give a formate surface species, which may decompose to 

CO and H2 at high temperatures.30  

 

Recent studies have shown that Lewis acid sites play a key role in the formation of 

CH3
+ fragments.31 Indeed, we also see that Al2O3 is necessary for activating anisole. 

Table 2 shows that lowering the Al2O3 content decreases anisole conversion. MgO alone 

does not catalyse the conversion of anisole. We also studied the rearrangement of 

phenetole. As seen in Table 2, phenetole is less reactive than anisole. Nevertheless, we 

see a similar trend for both substrates  in terms of conversion and product distribution. 

Table 2 also shows a definite synergistic behavior in the anisole conversion. The more 

basic the catalyst, the higher the selectivity to phenol. However, this happens at the 

expense of a sharp lowering of the anisole conversion. Such a decrease can be explained 

by considering that anisole molecules bind to the Lewis acid sites. When the number of 

these sites (Al2O3 sites) decreases, they are rapidly saturated and subsequent anisole 

molecules can interact only via hydrogen bonding.31 Therefore, less anisole molecules 

will be activated, lowering the conversion.  

 

Studies on the effect of temperature and hydrogen pressure were carried out using 

catalyst A (Table 2, Entry 2). The conversion of anisole decreased at lower temperature 

and lower hydrogen pressure. However, the selectivity towards phenol remained 

unchanged, although less methylated and dimethylated products were observed. 
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Table 2. Product distribution for anisole and phenetole conversion using catalysts A–E. 

Reaction conditions: 1 mL (9.2 mmol) anisole or 7.9 mmol phenetole in 20 mL decaline mixture of cis and 
trans; 40 Bar of H2; 350 °C; 3h.  
a) Reaction conditions: 1 mL (9.2 mmol) anisole substrate in 20 mL decaline mixture of cis and trans; 15 bar of 
H2; 300 °C; 3 h. 
b) Yields determined by GC analysis, using n-octane as external standard. 

 

Hydrogen impacts product distribution when using both decaline and hexadecane as 

solvents (Figure 4). The yields of o-cresol and xylenol are higher compared with those 

obtained under argon. However, the selectivity towards phenol is lower in hexadecane 

compared with decaline. This suggests the involvement of decaline as hydrogen donor. 

Using decaline as solvent gives similar anisole conversion for both argon and hydrogen 

atmosphere. Higher yields of o-cresol and xylenol are achieved. 

 

Entry Catalyst Reactant Conversion 

% Yields b) 

OH

 

 

OH

R1/R2  

R1=Me, 
R2=Et 

OH
R1/R2R1/R2

 

R1=Me, 
R2=Et 

1 A 

 

100 55.4 29.5 15.1 
2 A a) 54.5 31.1 14.7 8.7 
3 B 29.0 18.1 9.3 1.9 
4 C 26.9 17.1 7.7 2.0 
5 D 16.5 11.0 4.1 1.2 
6 E 10.7 7.1 2.1 0.8 
7 A  99.0 48.7 35.1 15.1 
8 B 8.9 6.7 1.4 0.7 
9 C 7.2 5.4 1.7 0.1 
10 D 3.7 2.8 0.9 0 

O

O



Reductive dealkylation of anisole and phenetole 

 49 

 

Fig. 4. Effect of the solvent on the anisole conversion. 

In another set of experiments, we studied the role of the pre-treatment temperature 

on the 2:1 MgO-Al2O3 (catalyst C). We expected that the molecules covering the 

surface will desorb successively according to their interaction strength with the surface 

sites. The evolution of water and carbon dioxide continues up to 800 K for MgO. 29 

Consequently, stronger basic sites should form at higher temperatures. Table 3 shows 

indeed that anisole conversion increases with pretreatment temperature but the product 

distribution remains unchanged. 

 
Table 3. Temperature pre-treatment effects on conversion and yield. 

Entry 
Activation 

Temperature 

Anisole 

Conversion 

% Yield a) 

Phenol o/p-Cresol 2,6-Xylenol 

1 RT  23.6 15.0 6.8 1.9 

2 200 26.9 17.1 7.7 2.1 

3 400 29.8 19.6 8.1 2.0 

4 600 29.5 19.1 8.1 2.3 

Standard reaction conditions: 1 mL (9.2 mmol) anisole in 20 mL decaline mixture of cis and trans; 40 Bar of 
H2; 350 °C; 3h.  
a) Yields determined by GC analysis, using n-octane as external standard. 
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3.3. Conclusion 

Magnesia-alumina mixed oxides are attractive candidates to catalyse lignin-model 

compounds. These catalysts are highly stable, inexpensive, and readily available. Pure 

alumina is not the preferred catalyst because it gives low selectivity to phenol, but 60:40 

magnesia-alumin gives high selectivity to phenol at reasonable conversion. These mixed 

oxides can be used as alternative catalysts in the conversion of biomass and bio-oils. 

3.4. Experimental Section 

3.4.1. Materials and Instrumentation  

The Al2O3-MgO mixed oxides were provided by Eurosupport.32 Gas 

chromatography (GC) analysis was performed using an Interscience GC-8000 gas 

chromatograph equipped with a flame ionization detector (FID), 14% 

cyanopropylphenyl and 86% dimethyl polysiloxane capillary column (Rtx-1701, 30 m; 

25mm ID; 1µm df). Samples for GC analysis were diluted in 1 mL pentane. Reactants 

and products were quantified using octane as external standard. GC conditions: isotherm 

at 50 ºC (2 min); ramp at 2 ºC min-1 to 70 ºC; ramp at 70 ºC min-1 to 140 ºC; ramp at 10 

ºC min-1 to 260 ºC; isotherm at 260 ºC (2 min). Unless otherwise specified, all 

chemicals were purchased from commercial sources and used as received. All products 

were identified by comparison of their GC retention times to those of authentic samples.  

3.4.2. Procedure for alkyl transfer of anisole and ethyl benzene ether 

All reactions were performed under 40 bar of hydrogen using a 40 mL stainless 

steel autoclave. Screening of the different supports (0.1 g) was performed with a 

solution of 1 mL (9.2 mmol) anisole or (7.9 mmol) phenetole substrate in 20 mL 

Decahydronaphtalene (mixture of cis and trans) was charged in the reactor. The 

pressure was increased to 40 bar with pure H2 after which the reactor was heated at the 

desired reaction temperature (300–350 °C). All the supports were tested at 350 °C for 3 

h. The effect of the reaction temperature and pressure (300 °C and 15 bar H2) was 

studied only on catalyst A and using anisole as substrate. After reaction, the reactor was 

cooled down to room temperature using an ice bath. Liquid samples were analyzed by 

GC.  
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3.4.3. Procedure for catalyst activation 

Each catalyst sample was heated at 200 °C under N2 flow for 2 h prior catalytic 

tests. This precaution was taken to avoid any differences on the catalyst surface related 

to water or other species deposition that could interfere. Different temperatures of 

activation were also tested, from RT to 600 °C always under N2. 

3.4.5. Calibration of the products 

For every chemical present in our experiments, we prepared 10 stock solutions of 

each with different concentration using pentane as a solvent. From each stock solution 

prepared, 70 µL were taken, diluted in 1 mL pentane and then injected in the GC. A 

minimum of 6 points/samples were kept in order to obtain a significant trend line with a 

minimum R2 of 0,99 to reduce any experimental error and to close the mass balance. 
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Fig. 5: Calibration curves of anisole and phenetole 
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