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Abstract 

An alumina-supported vanadium oxide catalyst (13.9 wt. % of vanadium oxide) has been 

tested on the gas phase oxidation of furfural and characterised by different techniques. These 

studies have showed that catalyst unavoidably deactivates by deposition of maleates and resins 

over the surface. Full regeneration is accomplished by burning off these deposits at 773 K. The 

studies have also demonstrated that if the primary contact occurs at temperatures at which 

furfural conversion is low and then the temperature is increased in a low to high temperature 

mode, an intense deposition of maleates and resins takes place and the catalyst is rapidly 

deactivated. The increasing of the temperatures does not result in removal of deposits but 

accelerates the deposition. Under this protocol the yield of maleic anhydride never exceeded 30 

%, irrespective of the reaction conditions (temperature and O2/furfural mol ratio). On the 

contrary if the catalyst first contacts the reaction mixture at high oxidising potential, then the rate 

of maleate and resins deposition is much slower and so is the deactivation rate and the catalyst 

can display a higher yield of MA for longer period of time. A high oxidizing potential can be 

accomplished at high reaction temperature (close to full conversion). Higher oxidising potential 
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at a given high temperature can be accomplished by increasing the O2/furfural mol ratio. Thus, 

for example, first contacting the catalyst at 593 K (full conversion), 1 vol. % of furfural and an 

O2/furfural mol ratio = 10, maleic anhydride yield of 68 % was initially obtained and was still 

greater than 50 % after 15 h on stream. When contacting at 573 with 1 vol. % furfural and 29 

vol. % of O2, the maleic anhydride yield was initially close to 75 % and above 60 after 15 h.  

 

Introduction 

Maleic anhydride (MA) is a commodity chemical with multiple applications ranging from 

production of unsaturated polyester resins, 1,4 butanediol, vinyl copolymers, curing agents for 

epoxy resins to lubricant additives, pharmaceuticals and agrochemicals [1, 2]. MA is a 

petrochemical with a market volume currently above 1,800 kton/year and is produced primarily 

by selective oxidation of n-butane (the benzene route became obsolete for environmental 

reasons) [1, 2]. 

Renewable routes based on the oxidation of furfural (FUR) in either gas [3-5] or liquid phase 

[6-8] have been technically demonstrated by different research groups. Gas phase oxidation 

presents the advantage of using low-cost air at atmospheric pressure instead of either high-

pressure O2 [6, 7] or more expensive H2O2 [8, 9] practiced for liquid phase oxidation of furfural. 

Recently, other renewable chemical platforms have also been reported to yield MA via 

oxidation, e.g., gas phase oxidation of bio-butanol, 5-hydromethylfurfural (HMF) and levulinic 

acid. Thus far, the yield of MA from biobutanol is lower than that obtained from furfural [10]. 

From HMF an overall yield of MA and maleic acid of 80 % has been reported by liquid phase 

oxidation and at relatively high O2 pressure (1 MPa) [11]. A high yield of MA (ca. 70 %) has 
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also been demonstrated by gas phase oxidation of levulinic acid conducted at atmospheric 

pressure [12]. 

However biobutanol, HMF and levulinic acid are not yet commercially available at the scale 

required for replacement of MA production from oil. In contrast, FUR is one of the few 

commodities currently produced from biomass and is perfectly coupled with the production of 

human and animal feed because it is produced from agricultural residues [13]. FUR has been 

identified as one of the top value-added chemicals derivable from biomass [14] because a 

number of chemicals are already produced from furfural, and a wide variety of other biofuels, 

commodities and fine chemicals can also be derived from it [15, 16]. The latter reason makes the 

gas phase oxidation of furfural highly attractive. 

Gas phase oxidation of furfural is conducted using catalytic fixed bed reactors at 

temperatures ranging from 473-673 K and using dilute furfural fed in O2-N2 mixtures (below 5 

% vol.) and notably short contact times (few seconds). In addition, different vanadium oxide-

based catalysts (V oxide, V-Mo and V-Bi mixed oxides) supported on a variety of supports 

(pumice, asbestos, and alumina) have been tested. [3-5, 17-20]. Unfortunately, most of the 

reports lack experimental and technical details, and a few of them date back to the first half of 

the 20
th

 century. Fundamental insights on the reaction mechanism, the effect of different 

operational variables, and the deactivation processes are still needed. 

This work shows that the catalytic properties V2O5/-Al2O3 depend on the thermal protocol to 

which the catalyst has been subjected. Moreover, it is shown that the effect can be efficiently 

used to obtain a greater yield of MA. A frequent practice in conducting a reaction is to initially 

contact the catalyst with the reaction mixture at a temperature at which conversion is low, and 
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eventually increase the temperature to achieve higher conversion and larger yields of the targeted 

products. The results reported in this work demonstrate that the catalytic properties depend on 

the thermal history, i.e., substantial higher yields of MA can be attained at full conversion if the 

catalyst initially contacts the gas reaction mixture at the temperature required for full furfural 

conversion. In contrast, if the more frequent protocol is adopted, namely, the catalyst first 

contacts the gas reaction mixture at temperatures giving rise to low conversion (lower than 40 %) 

and then the temperature is increased to achieve full conversion, a much lower yield of MA is 

obtained. The characterization study of the fresh and used catalyst by TGA, DRIFT and XPS 

techniques was conducted aiming at finding an explanation for this effect. 

 

1. Experimental Methods 

1.1. Catalyst preparation 

 In vanadium oxide supported on Al2O3 catalysts, surface V2O5 crystallites have been 

identified as intrinsically less active than well-dispersed VOx species [5]. The best alumina-

supported vanadium oxide catalyst is that with the largest amount of well-dispersed vanadium 

oxide species. The maximum surface concentration of well-dispersed vanadium oxide species is 

attained in the range of 8-10 atoms of V per nm
2
 of alumina support.  

Al2O3-supported vanadium oxide with a surface V loading of 8 V atoms·nm
-2

 (equivalent to a 

V2O5 loading equivalent of 13.9 wt. %) was prepared via incipient wetness impregnation of -

Al2O3 (134 m
2
·g

-1
) at 298 K using an aqueous solution of ammonium metavanadate (NH4VO3, 

Alfa Aesar, 99.0%). Oxalic acid (C2H2O4, Alfa Aesar, 99.5%) was added (NH4VO3/oxalic acid = 

0.5, molar ratio) to ensure the complete dissolution of NH4VO3 in H2O. The impregnated solids 
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were dried in ambient air at 393 K for 12 h and subsequently treated in ambient air at 773 K 

(heating rate of 0.167 K·s
-1

). This V loading is representative of the range at which the surface 

concentration of well-dispersed V oxide species is maximized [5]. The catalyst is referred to as 

8VA. 

1.2. Measurement of catalytic activity 

 Furfural oxidation was performed in a tubular fixed-bed stainless steel reactor. The catalytic 

bed (1.5 mL) was prepared by mixing the catalyst (0.2 g, 300-425 μm pellet size) with low 

surface area SiO2 (2 g, < 1 m
2
·g

-1
, 300-425 μm pellet size). First, the catalysts were pretreated in 

a 21 vol.% O2/He flow (250 mL·min
-1

·gcat
-1

) at 623 K for 1 h. The temperature was set to the 

desired value, and the furfural/O2/N2 mixture was passed through the catalytic bed 

(approximately 43 mL/min was always fed, which is equivalent to an overall contact time of 2.1 

seconds or GHSV = 1720 h
-1

). The concentration of furfural in the gas phase was controlled 

using a double saturator submerged in a thermostatized silicone oil bath at the required 

temperature. N2 was used as a carrier gas by bubbling through the furfural present in the 

saturators. Heavy oligomers (brownish colored) are unavoidably present dissolved in furfural due 

to oligomerization reactions [15]. The feeding of these much less volatile heavy products that 

may cause plugging and deactivation issues are prevented by using this bubbling feeding system. 

The O2 required to set the gas phase concentration was incorporated in the feed line downstream 

of the saturator and prior to the reactor. The N2 and O2 flows were controlled by mass flow 

controllers. Furfural was purchased from Aldrich (99%). Concentrations of organics in the inlet 

and effluent streams were measured online via gas chromatography (Agilent 6820). A capillary 

column (HP-5, 30 m x 0.32 mm x 0.25 m) connected to a flame ionization detector was used to 

analyze furfural and maleic anhydride, and HP-PLOT Q (30 m x 0.32 mm x 0.20 m) and 
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molecular sieve (30 m x 0.32 mm x 0.25 m) capillary columns connected to a thermal 

conductivity detector were used to determine the O2, N2 (internal standard), CO and CO2 

concentrations. All transfer lines were held at 393 K to prevent condensation of water and MA. 

Furfural conversion and MA yield are calculated as follows: 

Furfural conversion:  𝑋𝐹 =  
(𝐹)𝑖𝑛−(𝐹)𝑜𝑢𝑡

(𝐹)𝑖𝑛
   (1) 

where (F)in and (F)out are the inlet and outlet furfural molar flow rates, respectively. 

MA yield:  𝑌𝑀𝐴 =  
𝑀𝐴𝑜𝑢𝑡

(𝐹)𝑖𝑛
                          (2) 

where MAout is the outlet molar flow rate of MA. 

The CO2 yield formed by total oxidation of furfural was calculated in furfural molar basis as 

follows: 

 

CO2 yield: 𝑌𝐶𝑂2 =  
(𝐶𝑂2)𝑜𝑢𝑡−𝑀𝐴𝑜𝑢𝑡

5∗(𝐹)𝑖𝑛
  

where (CO2)out is the outlet molar flow rate of CO2 and MAout accounts for the CO2 released to 

form MA (formation of a MA molecule implies the release of a CO2 molecule by decarboxilation 

of furoic acid)  

1.3. Catalyst characterization techniques 

Thermogravimetric analysis (TGA) under a controlled atmosphere (synthetic air) was 

performed on Mettler Toledo TGA/SDTA 851e unit at a rate of 0.167 K·s
-1

 in the 300-1000 K 

range. 

X-ray photoelectron spectra (XPS) were acquired with a VG Escalab 200 R spectrometer 

equipped with a hemispherical electron analyzer and a Mg Kα (1253.6 eV) X-ray source. The 
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solids were outgassed at 393 K for 1 h at 10
−5

 mbar to remove water before transfer to the ion-

pumped analysis chamber. The O1s, V 2p5/2, C1s and Al 2p core levels were scanned a sufficient 

number of times to obtain high signal-to-noise ratios. The static charge of the samples was 

corrected by referencing the binding energies (BEs) to that of Al 2p peak in Al2O3 (74.4 eV). 

The accuracy of the BE was ±0.1 eV. The areas of the peaks were computed by fitting the 

experimental spectra to Gaussian/Lorentzian curves after background removal (using the Shirley 

function). Surface atom ratios were calculated from peak area ratios normalized by the 

corresponding atomic sensitivity factors [21].  

Diffuse reflectance infrared Fourier transform (DRIFT) spectra were obtained with a 

Nicolet 5700 FT spectrophotometer equipped with an in situ reaction chamber, a diffuse mirror 

system (Praying Mantis) and a high-sensitivity Hg-Cd-Te cryodetector. Spectra were obtained at 

a resolution of 4 cm
-1

 with an accumulation of 128 scans. Typically, the finely ground samples 

(ca. 50 mg) were placed in the cup of the in-situ DRIFT reaction chamber, and different gas 

flows were passed through the catalytic bed in an attempt to mimic the situation on the real fixed 

bed catalytic reactor. Furfural (Aldrich, 99%) was fed by flowing N2 through a saturator at room 

temperature. The O2 required to set the gas phase concentration was incorporated in the feed line 

upstream of the saturator and prior to the DRIFT cell. Mass flow controllers were used to set the 

N2 and O2 flows. The DRIFT spectrum at room temperature of KBr loaded in the cell was used a 

background spectrum. 
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3. Results and Discussion 

3.1. Catalytic activity 

Figure 1. Catalytic behavior of the 8VA catalyst upon increase of the reaction temperature. 

Reaction conditions: 1 % vol. furfural and 5 % vol. O2 (O2/furfural molar ratio = 5), balance N2. 

Symbols: () furfural conversion; () maleic anhydride yield; () CO2 yield; () resins yield. 

 

Figure 1 represents the catalytic behavior of the 8VA catalyst in the temperature range of 513-

633 K. The catalyst is first contacted with 1% furfural/5% O2/N2 mixtures (O2/furfural molar 

ratio of 5) at 513 K, and the reaction temperature is increased in a stepwise manner (15 K at each 

step). At the initial temperature (513 K), the early maleic anhydride yield is close to 10 %, but in 

less than 2 h, the yield rapidly decreases to nearly zero. The furfural conversion is initially close 

to 50 % but also rapidly decreases to ca. 20 %. The carbon dioxide yield remains close to nil 

throughout the period at which the catalyst is held at 513 K. The lack of carbon balance is 

ascribed to the formation of heavy organics that cannot be analyzed by GC. It is well known that 

furfural is highly prone to polymerization, thus forming furanic resins [15, 16]. Most of these 
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products are condensed and stack in the catalytic bed as a consequence of its high boiling point. 

As a matter of fact, when the catalyst is under stream for an extended period, both the volume 

and the weight of the discharged catalytic bed are visibly greater than those initially loaded, 

indicating that certain products have been formed and retained in the catalytic bed during the 

course of the reaction. A minor fraction of these heavy products ends up retained by the solid 

catalyst deposited at its surface (as it will be shown later by TG analysis of the used catalyst). 

The lack of carbon balance is hereafter accounted for by the term “resins”. At 513 K, initially the 

resins yield is close to 35 %, but once steady state is reached, it accounts for nearly the entire 

conversion. A hypothesis of the chemical nature of these heavy products will be given later 

based on the DRIFT results discussed below. 

When the temperature was increased, the conversion increased as expected. No deactivation 

could be observed at the different temperatures. Between 528-588 K, the rate of formation of 

MA and CO2 increased faster than that of the resins, and consequently, the increase in the yields 

of MA and CO2 account for a large fraction of the increase in furfural conversion. Beyond 588 K 

the yield of resins still raises but the yield of MA remarkably decreases because MA becomes 

overoxidized to CO2; at 633 K is almost fully oxidized to CO2. Summarizing, there are basically 

two routes of furfural transformation: furfural resinification and furfural oxidation to either the 

formation of MA or CO2. The highest yields of MA (close to 30 %) is attained between 588-603 

K, beyond these temperatures MA is overoxidized.  
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- Effect of O2/furfural mol ratio: 

Figure 2. Catalytic behavior of 8VA catalyst under different O2/furfural mol ratio and upon 

increasing the reaction temperature. Furfural conc.: 1 vol. %. Symbols: () furfural conversion; 

() maleic anhydride yield; () CO2 yield; () resins yield. 

 

The same procedure was followed with different O2/Furfural molar ratios for two different 

furfural concentrations (1 and 0.5 vol. % furfural), see Figure 2 for the 1 vol. % results. Those 

from of 0.5 vol. % experiments are in Figure S1 of Supplementary Content. The same 

experimental procedure for Figure 1 was again followed: temperature was increased from low to 

high temperatures and kept constant for 10 hours at a given temperature. Each data represents the 

average for 10 hours on stream. Initial transient data were not considered for calculating the 

average value because the catalyst rapidly deactivated during the first hours. No treatment 

between each temperature step was carried out, but for each new series of O2/Furfural ratio the 

catalyst was calcined under air flow at 773 K for 1 hour prior to measuring the catalytic behavior 

at the new O2/Furfural mol ratio. It has previously been verified that this calcination step 

completely regenerated the catalyst.  
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For experiments conducted with 1 vol. % of furfural and for the stoichiometric O2/Furfural 

mol ratio required to obtained MA (2 mol of oxygen per mol of furfural), the highest MA yield is 

is 17.3 % at 618 K, equivalent to a TOF number of 0.19·10
-3

 s
-1

. When O2 concentration 

becomes larger, the maximum achieved MA yield is increased. Thus for the experiment 

conducted at 1 vol.% of furfural and 10 vol.% of O2 the maximum yield of MA was 30.8 % at 

583 K, equivalent to a TOF number of 0.33·10
-3

 s
-1

. On the other hand, for all the experiments 

conducted at 0.5 vol. % of furfural (see Figure S1), the yields of MA is around 22-24 %. For this 

series of experiments the maximum MA yield was 24 % (equivalent to a TOF number of 

0.13·10
-3

 s
-1

) obtained at 588 K and 10 vol.% of O2. A simple inspection to the complete set of 

results also indicates that the temperatures at which the maximum yields are achieved becomes 

smaller upon increasing the O2/Furfural mol ratio (618, 588, 583 and 583 K for 1 vol.% of 

furfural and O2/furfural mol ratio of 2, 5, 10, 20, respectively) but no remarkable differences in 

the MA yield exist between the different reaction conditions. The same behavior can be observed 

for experiments conducted with 0.5 vol. % of furfural.  

- Exploring the effect of O2/furfural mol ratio and of furfural concentration when starting 

the reaction at temperatures with complete furfural conversion. 

A new protocol was adopted to conduct the reaction. Rather than starting at 513 K, the 

catalyst was directly contacted with the gas reaction mixture at the lowest temperature required 

to be practically at full conversion (the latter was selected based on the results of the previous 

protocol used in Figures 1 and 2). This procedure was applied in practice by flowing only 

oxygen through the reactor for 1 h at 573 K, and the temperature was subsequently set to the 

selected value and then the reaction mixture was let through the reactor. 
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Figure 3 shows the time evolution of the product yield for three different O2/furfural molar 

ratios with a constant concentration of furfural (1 vol. %). The catalyst was regenerated by 

calcination at 773 K in air for 1 hour before proceeding with each new O2/furfural mol ratio. It 

was previously verified that the catalyst is completely regenerated by this reactivation protocol. 

Figure 3. Time evolution of the catalytic properties when the 8VA catalyst first contacts the 

reaction mixture at temperatures at which furfural conversion is complete. Constant reaction 

conditions: furfural concentration = 1 vol. %. Variable reaction conditions: O2 concentration = 

5, 10 and 20 vol. % and reaction temperatures set at 603, 593 and 573 K, respectively. Symbols: 

() maleic anhydride yield; () CO2 yield; () resins yield. 

 

Throughout the period of time investigated and for all the experiments the conversion was 

always above 99.5 % (the conversion is therefore not included in the Figure) and the CO2 yield 
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the MA yield was 60, 70 and 75 % for O2/furfural mol ratios of 5, 10 and 20, respectively, and 

became 45, 50 and 60 % after 15 h on stream. Yield of CO2 did not change substantially with 

time on stream, and consequently the yield of resins behaves in the opposite manner to MA and 

increases with time on stream. It is worth noticing that, no matter the reaction conditions and the 

time of reaction, the MA yield were higher than the best MA yield found for the low to high 

temperature protocol experiments shown in Figure 2 (initiating the reaction at 513 K and then 

rising the temperature up to close to full conversion). This demonstrates that when the gas 

mixture initially contacts the catalyst at full conversion, substantially larger MA yields are 

obtained. Finally it must also be borne in mind that when using the protocol of Figures 1 and 2, 

an intense deactivation takes place during the first hour. On the contrary when using this high 

temperature protocol, the deactivation is less severe. 

The highest yield of MA is obtained at higher O2 concentrations and consequently, because 

the CO2 yield is not greatly affected by O2/Furfural ratio, the yield of resins is lower. At an 

O2/furfural mol ratio of 20, the MA yield is always greater than 60 % throughout the time on 

stream investigated (the yield of resins is less than 20 %). For the last time on stream 

investigated (14 h), the MA yield was 63.7%, equivalent to a TOF number of 0.69·10
-3

 s
-1

. The 

latter values were double than those obtained when operating in a low to high temperature 

protocol (30.8 % and 0.33*10
-3

 s
-1

), respectively. It is likely that even greater MA yields could 

have been obtained at an O2/furfural ratio greater than 20, although in a hypothetical industrial 

application, this would have implied the use of air enriched in O2. It is quite remarkable that 

increasing the O2/furfural ratios results in depletion of the resins formation. It is well known that 

furfural is slowly oligomerized in the presence of O2 at room temperature [15], and extensive 

formation of resins would be expected at larger O2/furfural ratios. This observation indicates that 
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under these conditions, the formation of resins is not thermally driven but catalyzed by surface 

sites. Formation of resins cannot be prevented, but it can be remarkably minimized at complete 

conversion using an O2/furfural ratio ≥ 20 and the protocol used for this set of experiments. 

Figure 4. Time evolution of the catalytic properties when the 8VA catalyst first contacts the 

reaction mixture at temperatures at which furfural conversion is complete. Constant reaction 

conditions: O2 concentration = 10 vol. %. Variable reaction conditions: furfural concentration 

= 1, 0.5 and 0.25 vol. % and reaction temperatures set at 593, 593 and 583 K, respectively. 

Symbols: () maleic anhydride yield; () CO2 yield; () resins yield. 
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new reaction condition. Similar to the experiments described in Figure 3, very high MA yield 

were obtained for all the experiments and higher O2/furfural ratio results in notably high MA 

yield and low resins yield. Remarkably, negligible formation of resins was observed for several 

hours when O2/furfural = 40 (furfural concentration = 0.25 vol. %). The possibility that the lower 

formation of resins is due to a dilution effect of furfural when going from high to low furfural 

conversion can be discarded because this diluting effect was not  observed in Figure 2 and Figure 

S1 (no significant differences in the resins yield was observed in the figure when changing from 

1 to 0.5 vol.%). 

Deactivation was again evident in all experiments but the MA yield remained well above that 

observed in Figs. 1 and 2. Thus for the experiment conducted at 0.5 vol.% of FUR, 10 vol. % of 

O2 and 593 K the MA yield and TOF number were, respectively, 63.2 % and 0.34 ·10
-3

 s
-1

, 

almost three times larger than the maximum MA yield achieved with the same O2 and FUR 

concentration but under the low to high temperature protocol (which were 24 % and 0.13·10
-3

 s
-1

,
 

respectively). And for the experiment conducted at 0.25 vol.% of FUR, 10 vol. % of O2 and 583 

K, the MA yield was initially close to 86.0 % (TOF = 0.23·10
-3

 s
-1

) and after 20 h on stream, it 

was 70.2 % (TOF = 0.19·10
-3

 s
-1

). 

The reason behind the improvement of the MA yield when using larger O2/furfural ratio is not 

clear. The possibility that it is just a thermal effect and due to the lower temperatures needed to 

conduct the reaction at larger O2/furfural ratio cannot be fully ruled out. But it seems that this is a 

secondary effect and that other mechanistic aspects must be involved. Thus in the figure 4 it is 

clearly observed that the same temperature (593 K) was used for both O2/furfural of 10 and 20 

and the largest yield of MA was obtained with the O2/furfural of 20 (for the whole time on 

stream investigated). We will come back to this point at the end of the discussion section.   
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Summarizing, notably higher yield of MA can be achieved at full furfural conversion if the 

fresh catalyst is initially contacted with the gas phase reaction mixture at temperatures required 

for complete furfural conversion. In contrast, a much lower MA yield is obtained if the more  

low to high temperature protocol of increasing the temperature from low to high conversion is 

followed.  

 

3.2. Characterization of the used catalyst 

Figure 5. Thermogravimetric analysis (TGA) of the used 8VA catalyst under a flow of 20 vol. % 

O2/N2 flow and a heating ramp of 10 K
-1

·min. (see text for a description of the aging conditions). 

 

Figure 5 shows the TG and DTG analysis obtained after the catalyst was in contact with a 

reaction mixture consisting of 0.5 vol.% of furfural and 2.5 vol.% of O2 (balance N2) at 633 K 
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downloaded and the grains of the used catalysts (grayish) were easily picked out from the inert 

silica (white) and from resins particles (black). Two weight loss processes can be observed, first 

one identified in the DTG as peaking at 370 K is assigned to the removal of physisorbed water. 

Another weight loss process is peaking at 720 K, representing near 5 wt. % of the weight of the 

used catalyst. This corresponds to the burning off of C-containing products. These products are 

compatible with the formation of heavy hydrocarbons (resins) described when discussing the 

activity data. TGA results evidences that part of these resins-like products remains deposited 

over the catalyst and, moreover, that they can be removed by calcination at 773 K. 

 

Figure 6 shows the relevant core levels obtained by XPS analysis of fresh 8VA catalyst and 

used 8VA catalyst. The used sample corresponds to that studied by TGA technique. XPS studies 

were also extended to the effect that calcination at 773 K (regenerated catalyst) has on the 

chemical surface properties. Table 1 summarizes the XPS data obtained for the different core 

levels. The Al2p core level for Al2O3 was chosen as a reference (74.4 eV) to compensate for the 

charge effects and accurately determine the BE of the different XPS signals.  
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Figure 6. Al2p, C1s, O1s and V2p core levels of fresh 8VA catalyst, used 8VA catalyst and 

used 8VA catalyst after calcination under air at 773 K (regenerated). 

 

Table 1: Summary of XPS results obtained with fresh, used and fresh and calcined 

8VA catalyst 

 
BE (eV)

a
 XPS at. ratios

a
 

V2p3/2 Al2p O1s C1s V/Al O/Al C/Al 

Fresh 517.6 74.4 531.2 
284.8 (61%) 

287.5 (39%) 

0.17 

(0.09)
b
 

2.10 0.12 

Used 517.5 74.4 
531.3 (86%) 

533.1 (15%) 

284.8 (37%) 

286.2 (18%) 

288.5 (45%) 

0.16 

(0.09)
b
 

2.39 1.09 

Used and 

calcined 

at 773 K 

517.7 74.4 531.3 
284.8 (72%) 

287.8 (28%) 

0.13 

(0.09)
b
 

2.10 0.17 

a
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Comparison of the intensities of the C1s signals of fresh (the adventitious carbon signal in the 

fresh catalyst arises from ubiquitous organic chemicals contamination present in ambient air) and 

used catalysts indicates that a remarkable deposition of hydrocarbonaceous species took place 

over the surface of the catalyst as a consequence of the reaction environment (the XPS C/Al at. 

ratio went from 0.12 to 1.09, ca. 10 times greater). This observation is in agreement with the 

conclusions of the TGA results. Besides a very intense peak at 284.8 eV from hydrocarbon-like 

species, the presence of oxygenated species in the used catalyst is clear in the C1s signals at 

286.2 and 288.5 eV (C-O and C=O species) [22]. The latter peaks are almost absent in the fresh 

catalyst and the signals are so weak that a single peak at an average position of around 287.5 eV 

was used for a correct simulation of C1s in the fresh sample. The presence of these oxygenated 

hydrocarbons in the used catalyst is also evident in the O1s peak at 533.1 eV accompanying the 

contribution at 531.2 ± 0.1 eV from oxygen in alumina. The former O1s core level was not 

present in the fresh sample and confirms the presence of oxygenated species [23]. Moreover, the 

XPS O/V at. ratio of the used catalyst is greater than that of the fresh catalyst (2.39 and 2.10, 

respectively) as a consequence of the deposition of such oxygenated hydrocarbons. The 

calcination of the used catalyst at 773 K results in a remarkable decrease in the XPS C/Al and 

O/Al at. ratio (from 1.09 to 0.17 and from 2.39 back to 2.10, respectively) and the disappearance 

of the O1s signal at 533.1 eV. All previous results prove the substantial removal of these resins-

like deposits. 

 For the V analysis, the V2p3/2 core level was selected to monitor the vanadium species 

because the highly intense O1s peak overshadows the V2p1/2 contribution. In this region of the 

spectrum, two O1s satellite lines from Mg K3 and Mg K4 emission lines appear (because a 

monochromator was not used), which interferes in straightforward analysis of the V2p1/2 line 



 20 

[24]. These two satellite lines occurred at 8.4 and 10.2 eV lower BE than the main O1s core level 

(from the Mg K1,2 line) and possess the relative intensities of 0.08 and 0.041, respectively. The 

deconvolution of this region was accomplished by considering all of the above signals and 

considering that the area and BE of the V2p1/2 core level is half and at 7.4 eV higher BE than 

those of V2p3/2. 

The BE of the V2p3/2 core level for all the samples here investigated is at 517.6 ± 0.1 eV, 

indicating that V(V) species species predominate. The presence of V(IV) or V(III) species cannot 

be discarded, especially in the used catalyst, but the presence of such reduced V species could 

not be confirmed. When conducting the overall deconvolution of the O1s and V2p core levels in 

this region, the presence of those species were not required for a statistically good deconvolution, 

indicating that if they are present, they must be at much lower concentration than V(V) species. 

What it is more relevant is that the V/Al at. ratios in all samples are above the nominal value, in 

agreement with the presence of well-dispersed polyvanadates species covering the surface of the 

support [5]. This ratio for the fresh and used catalyst are very much alike but the reaction 

environment and the further calcination of the catalyst at 773 K might affect this dispersion 

because the XPS V/Al at. ratio of the calcined used catalyst is slightly less than that of fresh 

catalyst (0.17 vs. 0.13). 

 In-situ DRIFT studies conducted under relevant reaction conditions are quite helpful in 

identifying the hydrocarbonaceous species present over the surface of the catalyst at those 

conditions [25] and, as shown below, will offer clues to understand why the thermal protocol is 

critical for defining the potential yield of MA. Two different experiments were conducted by 

flowing a reaction mixture containing furfural and O2 at vol.% of 0.25 and 10, respectively 

(O2/furfural mol ratio = 40) through the catalyst bed placed in the in-situ DRIFT cell (these 
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conditions are those used in the last graph of Figure 4). In a first set of experiments, the catalyst 

was contacted directly with the gas mixture at 573 K aiming at simulating a very high furfural 

conversion. DRIFT spectra were recorded after different times on stream (Figure 7). Although 

the contact mode used in DRIFT cell (flowing through the catalyst bed) is not exactly that taking 

place in the fixed bed reactor, it is still valid to identify species at the catalyst surface and to draw 

relevant conclusions. In a second set of experiments, the catalyst initially contacted the gas 

mixture at 523 K (representative of a situation in which the conversion is low and after 120 min 

on stream, the temperature was increased to 573 K. All these latter results are collected in Figure 

8. These two experiments are representative of two different reaction mixture. The first 

experiments obviously correspond to those that produce the maximum MA yield, whereas the 

second series illustrates those used under the protocol of initially contacting the catalyst with 

reaction conditions at low temperature and then to increase the temperature to get higher 

conversion. Finally, in both cases, after remaining on stream for a given period of time, the feed 

was switched to pure N2 (Figures S2 and S3). The spectra collected at different times after the 

switching convey information on the surface species involved in the reaction. 

 Figure 7 represents the spectra collected by contacting the fresh catalyst with the reaction 

mixture directly at 573 K. Each spectrum represented in the Figure 7 is the average obtained 

during the period of spectrum collection (approximately 4 min) and is the result of subtracting 

the spectrum of the catalyst before contacting with the reaction mixture from that obtained at a 

given time on stream. Fortunately, IR techniques have been extensively used for the study of the 

chemisorption of furfural on different metal oxides and for MA production from butane on 

different vanadium catalysts [26-34]. Those studies are very helpful when identifying the 

different species present in our DRIFT studies. Table 2 summarizes the assignments of the 
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DRIFT bands and the corresponding references on which the assignment of the band has been 

previously done. 

Figure 7. DRIFT spectra obtained under flow of the furfural/O2/N2 mixture (0.25 vol. % furfural, 

10 vol. % oxygen and balance of N2) at 573 K. Fresh 8VA catalyst is contacted directly at 573 K 

for different times on stream (from top to bottom t = 5, 10, 15, 30, 60 and 120 min). F, Mal and 

MAc stands for furfural, maleates and malic acid, respectively. 

 

The DRIFT features in the 2000-1200 cm
-1

 region are first discussed, and in this region, 

relevant C=O, C-H, C=C and C-C functionalities are IR active. If none of the bands prevail over 

the rest, the overall spectrum is quite featureless. Indeed, in the first spectrum recorded after 5 

min on stream, bands at 1786, 1714, 1473 and 1430 cm
-1

 are observed and superimposed over a 

notably wide feature that peaks near 1540 cm
-1

. As time on stream increases, other bands at 

1853, 1671, 1393, 1340, 1280 and 1258 cm
-1

 are revealed. The bands at 1540 and 1430 cm
-1

 

have been previously assigned to the formation of carboxylate (maleate) species in a bidentate 
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configuration [30, 31, 34]. The consensus is that the separation between these bands () 

(asymmetric and symmetric C-O stretching band) depends on the type of carboxylate. Thus  

of 350-500 cm
-1

 is expected for unidentate carboxylate and 150-180 cm
-1

 and 60-100 cm
-1

 for 

bridging and chelating bidentate carboxylates, respectively [31]. In this case  is around 110 

cm
-1

, what suggests a chelating bidentate carboxylate, although the bridging configuration 

cannot be ruled out. The bands at 1853 and 1786 cm
-1

 have been assigned to the presence of 

maleic anhydride species [30, 34]. The remaining bands at 1714, 1671, 1473, 1393, 1340, 1280 

and 1258 cm
-1

 can be better assigned by investigating the spectra that appear when furfural and 

O2 were removed and only N2 flushes the catalyst at 573 K. These results are explained and 

discussed in more details in Supplementary Content section (Figure S2) but summarizing this 

experiment concluded that the bands not assigned in Figure 7 at 1671, 1473, 1393 and 1280 cm
-1

 

arise from furfural and that at 1714 cm
-1

 from maleic acid. The bands at 1340 and 1258 cm
-1

 

remain elusive. Stretching C-C and bending C-H vibrations frequently appear in this region of 

the spectrum and they must arise from other species different to those mentioned above because 

they remain deposited over surface when switching to N2. 

Figure S2 also demonstrates that furfural, maleic anhydride and maleic acid, that were present 

at the surface of the catalyst when contacted with the furfural-O2-N2 stream, are desorbed by 

switching to N2. This indicates that these adsorbed species are involved in the reaction 

mechanism. On the contrary the bands arising from maleate species (1540 and 1430 cm
-1

) were 

absent in the spectra of Figure S2 and this means that maleate species remain adsorbed at the 

surface of the catalyst when switching to N2. Therefore they are not directly participating in the 

reaction mechanism. As we will see below, these species are very likely involved in deactivation 

of the catalyst. 
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Table 2. Assignments of the DRIFT bands of spectra represented in Figures 7-

10. 

Wavenumbers (cm
-1

) Assignment Reference 

3133  
C-H stretching in C=C in 

furfural, MA and MAc 
[26-29] 

3125 and 3080 
C-H stretching in C=C in 

furfural, MA and MAc 
This work 

2980, 2942 and 2882 

C-H stretching in strongly 

chemisorbed C-C 

containing species 

This work 

2843 and 2811 
C-H stretching in aldehydic 

group of furfural 
[27, 28, 35] 

1853 

1786 

C=O symmetric str. 

C=O asymmetric stretching 

in maleic anhydride 

[30, 34] 

1724 and 1714 C=O str. in maleic acid [30] 

1693 and 1671 C=O stretching in furfural [26-28] 

1640-1650 
C=C stretching in maleic 

acid or in maleate 
[31] 

1568 
Furfural ring stretching 

mode 
[26-28, 32, 33] 

 1540 or 1570 

1430 or 1473 

 

C=O asymmetric stretching 

C=O symmetric stretching 

in maleate 

[30, 31, 34] 

1473 and 1464 
Furfural ring stretching 

modes 
[26-28, 32, 33] 

1393 and 1367 
Furfural ring stretching 

modes 
[26-28, 32, 33] 

1340 and 1258 

st. C-C and/or bending C-H 

vibrations of strongly 

chemisorbed species  

This work 

1303 Bending C-H in maleate [31] 

1280 and 1241 
In plane C-H deformation 

modes in furfural ring  
[26-28, 32, 33] 
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Returning to the Figure 7, the 4000-2600 cm
-1

 region displays C-H stretching vibrations at 

3125, 3080, 2980, 2942, 2843 and 2811 cm
-1

. The negative peaks at 3719, 3672 and 3605 cm
-1

 

indicate that the OH groups of the alumina support are involved in the adsorption of different 

species. The bands at 3125 and 3080 cm
-1

 arise from H-C stretching vibrations in C=C bonds, 

and therefore, they are compatible with the presence of furfural, MA and MAc and maleate 

species. The bands at 2843 and 2811 cm
-1 

are C-H stretching vibrations of aldehydic group of 

furfural [27, 28, 35]. The bands at 2980 and 2942 cm
-1

 are typical of H-C stretching vibrations in 

C-C bonds, and therefore, they indicate the presence of other species different from any of those 

mentioned thus far because none of these species possess C-C bonds. We revisit these two bands 

later when discussing Figures 8 

Summarizing the DRIFT studies conducted by contacting the fresh catalyst with the reaction 

mixture at 573 K, it can be said that maleate species, furfural, maleic anhydride and maleic acid 

are present at the surface of the catalyst. The three latter species are desorbed once furfural and 

O2 are removed from the feed. In contrast, the maleate species and other spectator species do not 

desorb and extensively remain over the surface sites after switching to N2. 
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Figure 8. DRIFT spectra obtained under flow of the furfural/O2/N2 mixture with 0.25 vol. % 

furfural and 10 vol. % oxygen (balance N2) at two different temperatures of 523 and 573 K. 

Fresh 8VA catalyst is first contacted with the reaction mixture at 523 K for different times on 

stream, the temperature is subsequently raised at 573 K and a new spectrum is recorded after 

150 min on stream. F, Mal and MAc stands for furfural, maleates and malic acid, respectively. 

 

 Figure 8 represents the spectra recorded by contacting the fresh catalyst with the reaction 

mixture first at 523 K. After 120 min on stream, the temperature was increased to 573 K. The 

presence of maleic anhydride is evident from the bands at 1853 and 1786 cm
-1

 [30, 34] and that 

of maleic acid from the shoulder at 1714 cm
-1

 [30]. A simple comparison of the intensity of the 

bands arising from maleate species (now at 1570 and 1430 cm
-1

) in Figs 7 and 8 (both at quite 

the same scale) reveals that these bands in the Figure 8 are much more intense than those in the 

Figure 7 experiments. The different position of the bands with respect to the carboxylate species 

of Figure 7 suggests that the new reaction conditions in Figure 8 have changed the exact nature 

of the carboxylate species. On the contrary those at 1853 and 1786 cm
-1

 from MA are less 
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intense. The C=C stretching vibration at 1640 cm
-1

 and the C-H bending mode of maleate and 

maleic anhydride at 1303 cm
-1

 [31], which are difficult to detect in Figure 7, are now more 

clearly observed. The maleate bands experience a continuous and intense growth with time on 

stream, which means that these species are rapidly built up over the surface of the catalyst at 523 

K.  

 Another intense band at 1473 cm
-1

 is clearly detected. Assignation of this band to one of 

the stretching modes of the furfural ring, although reasonable, must be ruled out because the 

most intense band from furfural at 1673 cm
-1

 could not be observed. Therefore, this band at 1473 

cm
-1

 must be due to a different species rather than furfural. It is well known that the position of 

carboxylate bands derived from dicarboxylic acids depends highly on the type of carboxylate 

(unidentate, bridging bidentate and chelating bidentate), but also on the metal oxide on which the 

carboxylate is adsorbed (for instance on V oxide or on alumina), and on the geometry (length 

and angle defined by the C-O-metal bonds) [31, 36]. We tentatively assigned this band to the 

symmetric stretching band of another carboxylate species; the antisymmetric counterpart is now 

at 1570 cm
-1

 or overshadowed by this intense peak. Again this carboxylate species is very likely 

a chelating bidentate carboxylate because  is around 100 cm
-1

. Another assignment is also 

possible for this 1473 cm
-1

 band but it will be proposed later when discussing the 4000-2600 cm
-

1
 region. Finally, the weak band at 1360 cm

-1
 that appears only at shorter time on stream (from 0-

15 min) and is subsequently overshadowed by the most intense bands is assigned to furfural, the 

remaining bands of furfural were overshadowed by the bands from maleates, maleic anhydride 

and maleic acid. 

 After 120 min on stream, the temperature was increased to 573 K, and the spectrum after 

150 min at this temperature is included in Figure 8. This spectrum is similar to those previously 
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described at 523 K, except that the bands are now much more intense (the intensity was divided 

by 5 for inclusion in the figure). This result indicates that maleic anhydride and maleate species 

are also present at the surface of the catalyst but with a concentration nearly 5 times larger than 

those at 523 K. At this point is also very important to notice by a simple comparison of the scale 

of both figures, that when the fresh catalyst was directly contacted with furfural/O2/N2 mixture at 

573 K (Figure 7), the bands from maleate and maleic anhydride were much less intense than 

when contacted previously at 523 K and then increasing to 573 K. This indicates that maleates 

do not decompose when reaching higher temperatures but, on the contrary, the rate of deposition 

increases. 

Examining the region of C-H stretching vibrations, bands at 3125, 3080, 2980, 2942, 2882, 

2843 and 2811 cm
-1

 are observed, and their intensity increases with time on stream. The features 

at 3125 and 3080 cm
-1

 are characteristic of C-H stretching vibrations in C=C bonds and are in 

principle assigned to furfural. Maleic anhydride or maleic acid cannot be ruled out either. The 

presence of furfural also explains the bands at 2843 and 2811 cm
-1

 assigned to the C-H bond of 

the aldehyde group of furfural [27, 28, 35]. The negative peaks at 3719, 3672 and 3605, cm
-1

 

denote the perturbation of OH groups at the surface of the alumina by the chemisorption of 

different species. 

The features at 2980, 2942 and 2882 cm
-1

 arise from stretching C-H vibration in C-C bonds. 

The first two bands were previously observed in Figure 7, but now they are much more intense 

(it is likely that the band at 2880 cm
-1

 was too weak to be observed in Figure 7). As indicated in 

the discussion of Figure 7 none of the species so far detected by DRIFT (furfural, maleic 

anhydride/acid or maleate) have saturated C-C bonds, and consequently, new species with 

saturated C-C bonds must be present. It is reasonable to assign these bands to the resins-like 
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products that are produced in the course of the reaction. These bands are more intense in the 

spectra of Figure 9 collected at 523 K because, as demonstrated in the catalytic experiments, at 

this temperature, the production of resins is much faster than under the conditions of Figure 7, 

and therefore, the bands from these resins species must also be more intense. In principle, 

saturated C-C bonds are not present in furfural resins but in the Supplementary Content section a 

route that explains its formation is proposed. In this context, the presence of CH2 units in the 

resins deposits is compatible with the assignment of the band at 1473 cm
-1

 to the C-H scissoring 

bending mode of CH2 [37]. The band was attributed above to chelating bidentate carboxylate 

species. Irrespective the real assignment is (both assignments can be correct), the outcome is 

always the same: maleate and resins deposition. 

The spectra after switching to N2 flow at 573 K were also collected (Figure S3). The results 

indicate that (a more detailed discussion is given in the Supplementary Content) maleic 

anhydride, maleic acid and furfural are desorbed. No negative band indicating maleate 

desorption was detected, even if a much higher concentration of surface maleates have been built 

up during the time on furfural/O2/N2 stream.   

Summarizing all the results of the DRIFT figures, it can be concluded that when the fresh 

catalyst is initially contacted with the reaction mixture at 523 K (a temperature representative for 

very low conversion), surface maleates and resins-like products are deposited at a considerably 

higher rate than if contacted directly at 573 K (a temperature representative for close to full 

conversion). If after being at 523 K the temperature is increased to 573 K, this effect is even 

more remarkable. On the contrary if the fresh catalyst initially contacts the  reaction mixture at 

high temperatures at which the conversion is close to completion, the deposition rate of maleates 

and resins is significantly decreased. 
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Maleates and resins must be involved in the deactivation of the route of formation of MA 

either by poisoning of the active sites or by restricting the access of the reactants (fouling). If the 

reaction is initiated at low temperatures, these species are rapidly deposited and they quickly 

deactivate the catalyst. Actually less than 1 hour is needed to deeply deactivate the catalyst as 

stressed earlier when discussing Figure 1: the conversion at 513 K was initially 50 % and the 

MA yield was 10 % but they rapidly decrease and after one hour these values were 20 and 3 %, 

respectively. The increase in the temperature reinforces the deactivation because, as shown by 

DRIFT, the deposition rate of those species accelerates. Once these products have been 

deposited, the only way to regain a fresh surface and remove these species is to burn them off 

under air at 773 K.  

 An estimation of the activation energy for MA and resins formation conducted using 1 

vol. % of furfural and 10 vol. % of O2  shows that the value for MA formation is significantly 

larger than that of resins (98.3 ± 9.9 kJ·mol
-1

 vs. 16.2 ± 0.5 kJ·mol
-1

, respectively). Similar 

values were found for other reaction conditions. The difference in the activation energy for MA 

and resins formation implies that as the temperature increases, the rate of MA formation is 

relatively enhanced over that of resins. Very likely, this is also the situation for maleates. 

Consequently the rapid accumulation of heavy resins and/or maleates over the surface is 

relatively retarded if catalyst is contacted with the reaction mixture at high temperatures (at 

which conversion is full). Then the deactivation rate is less intense and the catalyst can display 

its full potential to selectively oxidize furfural to MA for a longer period of time.  

 In an attempt to gain more evidences of the importance of initially contacting the catalyst 

with the reaction mixture at either high temperature (close to full conversion) or low temperature 

(below 40 %) an additional experiment was conducted. Instead of using the low to high 
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temperature protocol depicted in Figures 1 and 2 (increasing the temperature from low to high 

conversion), the catalyst was directly contacted with the gas reaction mixture initially at 593 K 

under the conditions the conversion was close to 100 %. Then the temperature was decreased in 

20 K steps down to 473 K (low conversion) and then back again to 593 K (full conversion). 

Figure 9. Hysteresis behavior of the 8VA catalyst evidenced by cycling the temperature from 

high to low temperatures and back to high temperatures in the 593-493 K range. Reaction 

conditions: 1 vol. % furfural and 10 vol. % O2 (balance N2). Symbols:  and , furfural 

conversion;  and , maleic anhydride yield; open symbols: decreasing temperature; closed 

symbols: increasing temperature. 

 

In practice only oxygen was flowed through the reactor for 1 h at 573 K, and then temperature 

was increased to 593 K. Subsequently, the furfural/N2 stream was incorporated in the O2 stream 

as to have a 1 vol. % of furfural and 10 vol. % of O2 (balance N2). After 10 h on stream, the 

temperature was decreased down to 493 K in 20 K steps and increased again back to 593 K. The 

catalyst was 10 h on stream at each temperature. The points represented in the figure are the 
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average of catalytic activity for 10 hours (steady state), except for the first measurement 

conducted at 593 K during which continuous deactivation was observed. For this result, the value 

represented was the average for the last five hours. In the remainder of the results, no sign of 

deactivation was noted and the values were averaged for the complete 10 hours period. Figure 9 

represents the catalytic properties obtained. 

Although the values for conversion of furfural are quite similar for the cooling and the heating 

ramps, the yield of MA show a clear hysteresis behavior and depends on the manner in which the 

temperature has been set. Thus, an average MA yield close to 54 % was reached when catalyst 

was first contacted with the reaction mixture at 593 K (more precisely, as reported in Figure 3, 

an initial yield of 67 % of MA was obtained at the beginning, but as stated above, the catalyst 

suffered from progressive deactivation and was near 50 % yield after 10 h on stream; the value 

represented in the figure was an average for the last 5 hours). In contrast, when 593 K was 

reached in the low to high temperature mode once the catalyst had been at low temperatures 

(closed symbol), the MA yield was only ca. 42 % (this value is still higher than that presented in 

Figure 2 (close to 30 %), but this again stresses the importance of the selection of the initial 

temperature of contacting with the reaction mixture to define the effective MA yield). The same 

can be concluded for the yield of MA at 573 K although the differences in the MA yield between 

the down and up ramps are, at this temperature, smaller. At 553 K and below, the cooling and 

heating MA curves overlap. Therefore, the thermal protocol is of paramount importance to 

achieve a higher performance especially for maleic anhydride and catalyst stability: contacting 

the fresh catalyst directly with the reaction mixture at temperatures high enough to have furfural 

conversion close to 100 % results in promotion of selective conversion of furfural to MA. 

Besides it is worth noticing that once the catalyst contacts the reaction mixture at lower 



 33 

temperatures it gets deactivated in terms of MA yields. At the conditions of Figure 9, this 

temperature threshold is that giving rise to conversions below 80 % but at other furfural and O2 

concentrations this threshold may change.  

It seems reasonable to assume that contacting at high temperature (full conversion) is not the 

key parameter to reach high MA yields but that the catalyst is subjected to a reaction mixture 

with high oxidizing potential. A high oxidizing potential can be accomplished at high 

temperatures but also by working at high O2/furfural ratios. A Mars van Krevelen mechanism is 

operative in this reaction [19, 20]. Consequently O atoms from the surface vanadium oxide 

species are involved in the selective oxidation. In the course of the reaction the V(V) sites are 

reduced, providing the O atoms to furfural and/or to an intermediate. The capacity of oxidizing 

back the reduced vanadium to V(V) is essential to heal the O vacancy. The oxidation of the 

reduced catalyst by gas O2 is the rate determining step. In this context a high oxidising potential 

of the reaction mixture means a rapid and efficient restoration of the V(V) sites, the promotion of 

the selective route to MA and, consequently, the lessening of the unselective formation of resins 

and maleates. The deactivation by resins and/or maleate deposition, although unavoidable, is 

substantially slow down at high oxidising potential of the reaction mixture. 

 

Conclusions 

 When using V2O5/-Al2O3 catalysts in the gas phase oxidation of furfural to maleic 

anhydride, the catalyst is unavoidably deactivated by deposition of maleates and/or resins-like 

products. The regeneration of the catalyst is entirely achieved by burning off these deposits at 

773 K.  
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When the fresh catalyst initially contacts reaction mixture at low temperatures, an intense 

deposition of maleates and resins takes place and the catalyst is rapidly and deeply deactivated. 

The increasing of the temperature from low to high temperatures (from low to full conversion) 

does not result in removal of deposits but accelerates their deposition. Consequently catalyst 

remains in a deactivated state and in practice the yield of MA never exceeded 30 %, irrespective 

the reaction conditions. 

On the contrary, when the fresh catalyst initially contacts the reaction mixture at high 

temperature (close to full conversion) the rate of deposition of maleates and resins is severely 

slowed down. Consequently the yield of MA is remarkable enhanced and the deactivation rate is 

greatly diminished. Under this high temperature contact protocol, the MA yield can also be 

further improved by increasing the O2/furfural mol ratio. Therefore, the high oxidising potential 

of the reaction mixture seems in practice the key parameter to favor the selective transformation 

to MA and to prevent the resins and maleate formation and subsequent deactivation.  
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