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Abstract: 
 Pyruvates are important intermediates for various bioactive and pharmaceutical molecules. 
Synthesis of pyruvates is challenging due to low selectivity, as the pyruvates are prone to 
polymerisation. In the present work, oxidative dehydrogenation of ethyl lactate to ethyl pyruvate was 
carried out under very mild conditions using vanadium-based homogeneous and heterogeneous 
catalysts in the presence of aqueous t-butyl hydroperoxide as an oxidant. Homogenous vanadium-based 
catalyst, VO(acac)2 in acetonitrile solvent, gave excellent conversion (upto 83%) with100% selectivity 
to ethyl pyruvate at room temperature. However, the heterogeneous catalyst V2O5 exhibited very high 
activity for oxidative dehydrogenation of ethyl lactate only at higher temperature (80 ºC). At higher 
temperature, significant TBHP decomposition was observed if all TBHP was added in one lot. In case 
of ethyl lactate dehydrogenation using V2O5 catalyst at 80 ºC with two equivalents TBHP, 60% ethyl 
lactate conversion with 100% TBHP conversion were observed after 5 h when all TBHP was added 
initially in the reaction mixture. However, the ethyl lactate conversion at 80 ºC, after 5 h increased to 
72% when the same amount of TBHP was added batch wise over a period of 4 h, indicating improved 
conversion of TBHP to ethyl pyruvate. The heterogeneous catalyst V2O5 exhibited up to 98% 
conversion with 100% ethyl pyruvate selectivity at 80 ºC after 10 h with 3 equivalents TBHP added 
batch wise. The homogeneous catalyst could not be reused whileV2O5 could be successfully recycled 
five times without catalytic performances loss. Oxidation proceeds by radical mechanism, as proved 
by experiment with radical scavenger. 
 
Key word– Ethyl lactate, Ethyl pyruvate, Vanadium, TBHP, Oxidative dehydrogenation 
 
1. Introduction 
 
 Decreasing availability of fossil fuel is forcing researchers to develop alternate routes for 
production of fuels and chemicals using renewable resources. Biomass is one of the renewable 
resources, abundantly available and rich in hydrocarbons. Biomass can be converted to some valuable 
products. Fermentation processes give access to various platform molecules, which can be further 
converted to value added products using bio/chemical routes [1,2,3,4]. Lactic acid, one of the very 
important fermentation products of sugar, has been identified as a platform chemical in biorefineries. 
The bifunctional nature of lactic acid due to the presence of alcoholic OH and carboxylic group, makes 
it a very important raw material for conversion to a large number of commodity chemicals including 
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pyruvic acid, acrylic acid and its esters for a wide range of applications. They find uses as intermediates 
in various industrial products such as perfume, food additives, pharmaceuticals and electronic 
materials. They are also attractive as raw materials for various bioactive substances such as antivirus 
and anticancer drugs [5]. Pyruvates are also used in dietary supplements, in food industry. However, 
the production of pyruvic acid is still based on the conventional reaction scheme through dehydrative 
decarboxylation of tartaric acid. Although this reaction provides pyruvic acid in good yield, it has a 
major disadvantage due to the use of excess KHSO4 as the decarboxylation agent leading to an 
expensive process with environmental hazards along with high energy consumption [6]. Pyruvic 
acid/pyruvates are also produced by microbial process using stains of yeast and E. Coli. However 
typical limitations of bioprocesses like very high dilutions and critical control of process parameters 
during fermentation make those less attractive [7]. Therefore, designing a new process with high atom 
efficiency for the production of pyruvic acid is essential [8]. Pyruvic acid or esters can be synthesized 
via catalytic oxidative dehydrogenation of lactic acid/esters, e.g., ethyl lactate to ethyl pyruvate. In this 
case, the whole process would be based on biomass-derived feedstock, and the reaction could in theory 
proceed directly from lactic acid to pyruvic acid. As a possible candidate for the synthesis of pyruvic 
acid, oxidative dehydrogenation of lactates to the corresponding pyruvates in both gas and liquid 
phases on solid catalysts has received significant attention. Oxidative dehydrogenation of ethyl lactate 
to ethyl pyruvate either in liquid or gas phase using various binary oxides containing molybdenum such 
as Fe2O3-MoO3, TeO2-MoO3 and MoVNbOx, vanadium oxide species, and iron phosphate have been 
investigated by various research groups [1,9,10]. These processes achieve high yields of pyruvate from 
lactate. In the case of vapor phase dehydration of lactates, besides the requirement for vaporizing lactate 
at high temperature, a reaction temperature above 473 K is also needed, which increases the running 
cost of the process. High reaction temperatures may lead to product decomposition and then to low 
productivity along with high energy demand. There are several reports on liquid phase oxidative 
dehydrogenation (ODH) of lactates to pyruvates. Kazuhiro et al. have reported VOCl3 catalyst in the 
presence of various oxidants with almost 50% conversion and <50% selectivity to pyruvate. Water is 
the by-product of this reaction and the catalyst was not stable in the presence of water. VOCl3 is known 
to be highly sensitive to hydrolysis in presence of water/moisture leading to the formation of V2O5. 
Hence it is essential to remove water formed in the reaction to maintain the activity of the catalyst [11]. 
Zhou and others have used TS-1 as a catalyst and peroxide as an oxidant with excellent conversion 
(~100%) and maximum 98.6 % selectivity to pyruvate [12]. Shiju and co-workers have reported 
titanium-based catalysts for ODH using oxygen as an oxidant, but this reaction requires high pressure 
(1 MPa) and temperature (130 ºC). However, selectivity to pyruvate was an issue: Only at lower 
conversions (~20%) high selectivity (~70%) to pyruvate was reported; with an increase in conversion 
to 60%, pyruvate selectivity dropped drastically (~25%) due to polymerisation of pyruvate [13]. In a 
recent work reported by Shiju et al. on the use of mesoporous vanadia-titania catalysts for atmospheric 
pressure ODH at 130 ºC using diethyl succinate as a solvent, a pyruvate selectivity of >90% at ~20% 
lactate conversion was observed. However, in this case also the selectivity dropped to 60% at 70% 
conversion [14]. The same group has again reported vapor phase ODH of ethyl lactate using vanadia 
supported on different oxides as catalysts in a fixed bed reactor at 180 ºC with a maximum 48% yield 
of ethyl lactate [15]. The liquid phase ODH of lactic acid using solid catalysts such as Pd/C modified 
by Te and Pb has been reported by Hayashi et al.[16]with maximum 80% conversion and 50% pyruvic 
acid yield at 90 ºC. However, high cost of precious metal is a matter of concern due to high Pd loading 
(5wt.%) essential for the reaction. Wang et al. have reported ethyl lactate ODH using carbon nanotubes 
as catalysts and TBHP as an oxidant with maximum yield of 40% at 90 ºC [17]. Hence, development 
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of a catalytic system for efficient oxidative dehydrogenation of lactate to pyruvate under mild reaction 
conditions using simple and inexpensive catalysts is still highly desired. 

 
 Vanadium-based catalysts have been extensively studied for selective oxidation of various 
organics including ethyl lactate. Various vanadium-based homogeneous catalysts including VOCl3 

have been studied for the oxidation of ethyl lactate to ethyl pyruvate using gas-liquid micro flow system 
[11,14]. A maximum yield of 31% has been reported at room temperature using oxygen as an oxidant. 
Molecular sieves were essential to remove water generated during the reaction as a by-product to avoid 
hydrolysis of the sensitive catalyst, VOCl3. 
 

Considering the importance of pyruvate and recognizing the previous efforts in this area, we 
have attempted oxidative dehydrogenation of ethyl lactate to ethyl pyruvate using vanadium-based 
catalysts in the liquid phase using t-butyl hydroperoxide as an oxidant. Interestingly, very high 
conversion with nearly 100% selectivity to ethyl pyruvate was observed, and the results are presented 
herein. 
 
2. Experimental section 
 
2.1. Materials and instrumentation 
 

Ethyl lactate, vanadyl acetylacetonate VO(acac)2, ethyl pyruvate (Aldrich Chemicals), FeCl3, 
copper acetate (Avra Chemicals India), V2O5, tert-butyl hydroperoxide (TBHP, 70% aqueous) (Avra 
Chemicals India) and 5.5 M in decane(Aldrich Chemicals), acetonitrile (Finar Chemicals India) were 
used as received without further purification. MoO2Cl2(DMSO)2 and MoO2Cl2(DMF)2 were prepared 
using literature method [18]. 
 
2.2. Typical reaction procedure 
 
 In a typical ODH reaction, a two-necked round bottom flask (50 ml) was charged with ethyl 
lactate (0.23 g, 2 mmol), 70% aqueous or organic (5.5 M in decane) TBHP (4 mmol), catalyst (0.04 
mmol, 2 mol%), and 6 g CH3CN as a solvent. The reaction mixture was stirred at desired temperature 
for specified time. The reaction was monitored by GC. The samples were taken periodically and 
analyzed using a GC-Hewlett Packard 6890 equipped with an HP-5 column (50 m length, 0.25 mm 
internal diameter and 1 µm film thickness) and a flame ionization detector (FID). Conversion of ethyl 
lactate was calculated based on GC-FID results, where substrate conversion (%) = [moles of substrate 
reacted]/[Initial moles of substrate used] × 100, and selectivity (%) to products was calculated by [total 
moles of the product formed]/[total moles of substrate converted] × 100. The produced ethyl pyruvate 
was quantified using external calibration curve plotted using commercial ethyl pyruvate. Individual 
yields were calculated and normalized with respect to the GC response factors. The product 
identification was carried out by injecting commercial samples in the GC. 
 
3. Results and discussion  
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 Oxidative dehydrogenation of ethyl lactate (Scheme 1) was carried out using various 
commercial metal salts like vanadyl acetylacetonate, copper acetate, iron chloride as well as simple 
complexes like MoO2Cl2(DMSO)2, MoO2Cl2(DMF)2 as catalysts in the presence of organic TBHP (5.5 
M in decane) as an oxidant in acetonitrile as a solvent at 80 ºC. The results are reported in Table 1S. 
The acetonitrile solvent was chosen based on our previous experience in oxidation reactions using Mo-
based complexes as homogeneous catalyst and H2O2 or TBHP as oxidant, where better activity was 
obtained in acetonitrile compared to other solvents. 

O

O

O
O

O

OH RT,TBHP(aqua.)

VO(acac)2

ACN  
Scheme 1. Oxidative dehydrogenation of ethyl lactate to ethyl pyruvate 

 
 Oxidative dehydrogenation of ethyl lactate without catalyst at 80 ºC using organic TBHP as an 
oxidant in acetonitrile solvent did not show any conversion even after 11 h. Under the same conditions, 
various Mo-, Cu-, and Fe-based catalysts yielded moderate to excellent conversion of ethyl lactate (31-
92%) with 100% selectivity to ethyl pyruvate. It is interesting to note that in all cases ethyl pyruvate 
was formed as a sole product and no other by-products were observed. Mo-based complexes showed 
92% ethyl lactate conversion with organic TBHP, however, under identical conditions no reaction was 
observed with aqueous TBHP, due to catalyst deactivation in the presence of water. All the Mo 
complexes in presence of water formed blue complexes which were found to be inactive for ODH 
reaction. It is well documented in the literature that molybdenum blue are the complexes with dimeric 
structure with very facile electron transfer between both molybdenum centers [19]. Note that, attempts 
to use hydrogen peroxide as an oxidant were not successful with all the tested catalysts. 
 VO(acac)2 did not deactivate when using aqueous TBHP as an oxidant. Almost similar ethyl 
lactate conversion was obtained (82%) in the presence of aqueous TBHP at 80 ºC after 16 h (Table 1 
entry 1) compared to organic TBHP (80%) under similar reaction conditions, in both cases at 100% 
selectivity to ethyl pyruvate. Hence, the use of VO(acac)2 was subsequently explored for optimizing 
different reaction parameters in order to maximize the ethyl pyruvate yield. Initially, reaction was 
carried out at different temperatures, and, to our surprise, very high ethyl lactate conversion was 
obtained even at lower temperatures (40 ºC), and even at room temperature though it needed longer 
reaction times for achieving maximum conversion. After 16 h, the ethyl lactate conversion was 79% 
and 72% at 40 ºC and room temperature, respectively (Table 1 entry 2 & 3) which underlines very high 
efficiency of VO(acac)2 for ethyl lactate dehydrogenation even at room temperature. 
 
Table 1. Effect of temperature on ethyl lactate dehydrogenation using VO(acac)2 as a catalyst 
 

Entry Temperature 
(ºC) 

Time 
(h) 

Conversion 
(%) 

Selectivity 
(%) 

TON 

1 80 16 82 100 41 
2 40 16 79 100 40 
3 RT 16 72 100 36 
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Reaction conditions: Ethyl lactate 2 mmol; aqueous TBHP 4 mmol; catalyst VO(acac)2 0.04 mmol, 
CH3CN 10 g. 
 

Ethyl pyruvate is prone to polymerization. Hence, there is a need to use solvent in order to 
avoid this undesired side reaction [13]. When a solvent is used for the reaction, it reduces the 
concentration of pyruvate in the reaction medium and in turn reduces the interaction between pyruvate 
molecules reducing the extent of polymerisation leading to very high selectivity to pyruvate. We thus 
studied the effect of the amount of solvent on the kinetics of the reaction by varying the amount of 
acetonitrile with respect to ethyl lactate (Table 2). When ethyl lactate dehydration was carried out 
without solvent (Table 2 entry 1), 91% conversion was obtained after 16 h, however the selectivity for 
ethyl pyruvate was only 80% leading to partial polymerization. When one weight equivalent (0.236 g) 
solvent was used (Table 2 entry 2) the conversion increased to 97% after 16 h with 80% selectivity for 
ethyl pyruvate. Even with 2 weight equivalent of solvent (Table 2 entry 3) the conversion (98%) and 
selectivity (80%) remained almost same with partial polymerization. However, when 10 weight 
equivalents of solvent (Table 2 entry 4) was used; very high conversion (83%) was obtained with 100% 
selectivity to ethyl pyruvate. With further increase in the solvent amount to 20, 30 and 50 weight 
equivalents (Table 2 entry 5-7), the conversion gradually decreased to 72% still with 100% selectivity 
to ethyl pyruvate. These results clearly indicate the need for the use of a solvent to avoid polymerization 
and to obtain 100% selectivity to ethyl pyruvate. With a substantial excess of solvent, the conversion 
decreased as expected without decrease in the selectivity. The decrease in the conversion in very dilute 
reaction mixture is due to low probability of contact of catalyst, substrate and oxidant. Hence 10 weight 
equivalent of solvent was used for further optimizations. 

 
Table 2. Effect of amount of solvents on ethyl lactate dehydrogenation using VO(acac)2 as a catalyst 
 
Entry Amount of 

CH3CN, g 
Time (h) Conversion (%) Selectivity (%) TON 

1 without solvent 16 92 80 46 
2 0.236 g 16 97 80 49 
3 0.472 g 16 98 80 50 
4 2 16 83 100 42 

5 4 16 81 100 41 
6 6 16 72 100 36 
7 10 16 72 100 36 

Reaction conditions: Ethyl lactate 2 mmol; aqueous TBHP 4 mmol; catalyst 0.04 mmol (2 mol%) ; 
room temperature   
 
 The effect of the catalyst loading on the ethyl lactate conversion was studied by varying the 
catalyst loading from 0.5 to 2 mol% with respect to ethyl lactate and the results are given in Table 3. 
As expected, when the catalyst loading increased, the reaction was faster and higher conversion was 
obtained in a shorter time. After 16 h, the ethyl lactate conversion increased from 32 to 83% with an 
increase in the catalyst loading from 0.5 mol% to 2 mol%, respectively, with 100% selectivity to ethyl 
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pyruvate. After 28 h, the conversion increased to 67, 76 and 100% respectively for 0.5, 1 and 2 mol% 
catalyst loading with corresponding TON values of 134, 76 and 50, respectively. 
 
Table 3. Effect of catalyst loading on ethyl lactate dehydrogenation using VO(acac)2 as a catalyst 
 

Entry Catalyst loading Time(h) Conversion (%) Selectivity (%) TON 
1 0.5mol.% 16 32 100  

28 67 100 134 
2 1 mol.% 16 39 100  

28 76 100 76 
3 2 mol.% 16 83 100  

24 100 100 50 
Reaction conditions: Ethyl lactate 2 mmol; aqueous TBHP 4 mmol; solvent CH3CN 2 g, room 
temperature 
 
 It is well known that peroxides get decomposed in the presence of metal catalysts. The 
decomposition rate gets accelerated at higher temperature leading to non-availability of sufficient 
oxidant quantities for the targeted reaction if used in stoichiometric amounts. Hence, excess of oxidants 
are typically used in catalytic oxidation reactions using metal-based catalysts involving peroxides as 
oxidants. In the present work, we thus studied as well the effect of the amount of oxidant (TBHP) on 
ethyl lactate conversion (Table 4). Obviously, for ethyl lactate ODH one molar equivalent of peroxide 
is needed. However, with 1 equivalent oxidant only 72% conversion was observed indicating partial 
decomposition of the TBHP. With 2 equivalents TBHP very high conversion of 83% was obtained 
actually underlining the need for an excess of oxidant to compensate for its parallel undesired 
decomposition. The conversion of ethyl lactate as well as TBHP were recorded with time (Fig. 1). The 
results indicated higher conversion of TBHP than ethyl lactate confirming TBHP decomposition. After 
16 h TBHP conversion was 100%; however, the corresponding ethyl lactate conversion was only 83 
% indicating 58.5% decomposition of TBHP even at room temperature.       
 
Table 4. Effect of oxidant on ethyl lactate dehydrogenation using VO(acac)2 as a catalyst 
 

Entry Oxidant, 
(mmol) 

Time(h) Conversion 
(%) 

Selectivity 
(%) 

TON 

1 0 16 0 - - 
2 2 16 72 100 36 

3 4 16 83 100 42 

Reaction conditions: Ethyl lactate 2 mmol; solvent CH3CN 2 g, room temperature, catalyst 0.04 mmol 
(2 mol%), oxidant aq. TBHP 
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Fig. 1. Ethyl lactate and TBHP conversion with time using VO(acac)2 catalyst 

Reaction conditions: Ethyl lactate 2 mmol; solvent CH3CN 2 g, room temperature, catalyst 0.04 mmol 
(2 mol%), oxidant aq. TBHP 4 mmol 
 
 As aforementioned, among the various metal complexes and salts used herein for ethyl lactate 
ODH, VO(acac)2 has shown very high efficiency with upto 83% conversion and 100% selectivity to 
ethyl pyruvate under very mild reaction conditions, and with performances still excellent in the 
presence of water. However being homogeneous catalyst, VO(acac)2 could not be recycled efficiently 
[20,21]. As vanadium complex has shown efficient oxidation, very simple heterogeneous version of 
vanadium-based catalyst,V2O5 was used for the same transformation. 
 
 Initially, the effect of temperature was studied to compare the activities of homogeneous and 
heterogeneous V-based catalysts using 10 wt.% catalyst loading (Table 5). While at room temperature 
VO(acac)2 showed very high ethyl lactate conversion, no conversion was observed using 
heterogeneous V2O5 catalyst, which confirms the lower activity of heterogeneous catalyst compared to 
homogeneous catalyst. With increasing the temperature to 40 and 80 °C the heterogeneously catalyzed 
ethyl lactate conversion after 5 h increased to 26 and 60%, respectively. Thus, 80 °C was used for 
further performances’ optimization. 
 
 
 
 
 



8 
 

Table 5. Effect of temperature on ethyl lactate oxidative dehydrogenation using V2O5 catalyst 
 

Entry Temperature, 
°C 

Time, h Conversion, 
% 

Selectivity, % 

1 
 

RT 5 
a16 

0 
a72 

- 

2 
 

40 5 
a16 

26 
a79 

100 

3 
 

80 5 
a16 

60 
a82 

100 

Reaction conditions: Ethyl lactate 4 mmol; solvent CH3CN 4 g, oxidant aq. TBHP 8 mmol, catalyst 
V2O5 10wt.% (w.r.t. substrate); acatalyst VO(acac)2 2 mol.% 
 
 The effect of the V2O5 catalyst loading on ethyl lactate conversion and ethyl pyruvate selectivity 
was studied (Table 6). When the catalyst loading was varied from 2 to 10 wt.% with respect to ethyl 
lactate, conversion after 1 h showed significant difference. The ethyl lactate conversion after 1 h was 
12% for the 2wt.% catalyst loading, which increased to 25 and 35% for 5 and 10wt.% loading, 
respectively. Surprisingly, the conversion after 5 h was almost similar (~60%) for all the catalyst 
loadings. This indicated the unavailability of sufficient oxidant during the reaction limiting the 
maximum conversion to ~60%. This may be due to the relatively high temperature (80 °C) needed for 
the reaction leading to faster decomposition of TBHP. It is well known that peroxides decompose faster 
at higher temperatures in presence of metal-based catalysts [22,23]. To confirm this observation, the 
conversion of TBHP was monitored during the reaction along with ethyl lactate conversion and the 
results are plotted in Figure 1. 
 
Table 6. Effect of catalyst loading on ethyl lactate oxidative dehydrogenation using V2O5 
 

Entry Catalyst Loading 
(wt %) 

Time 
(h) 

Conversion 
(%) 

Selectivity 
(%) 

1 2 1 12 100 
5 57 

2 5 1 25 100 
5 60 

3 10 1 35 100 
5 60 

Reaction conditions: Ethyl lactate 4 mmol; solvent CH3CN 4 g, 80°C temperature, oxidant aq. TBHP 
8 mmol catalyst 10wt.% (w.r.t. substrate) 
  
 The results showed almost complete conversion of TBHP in 5 h with only ~60% ethyl lactate 
conversion indicating TBHP decomposition under reaction conditions due to higher temperature. To 
control the TBHP decomposition at higher temperature, addition of TBHP was carried out batch wise 
(Table 7) until quasi-full conversion. 
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Fig. 2.Ethyl lactate and TBHP conversion with time using V2O5 catalyst 

Reaction conditions: Ethyl lactate 4 mmol; solvent CH3CN 4 g; oxidant aq. TBHP 8 mmol; catalyst 
10wt.% w.r.t. substrate 
 
Table 7.Change in ethyl lactate conversion using V2O5 catalyst with batch wise addition of TBHP 

Entry. TBHP addition, 
mmol 

Time, h Ethyl lactate 
conversion, % 

1 2 1 24 
2 2 2 31 
3 2 3 49 
4 2 4 54 
5  4.5 67 
6  5 72 
7 2 6 75 
8 1 7 84 
9 1 8 86 
10  10 98 

Reaction condition: Ethyl lactate - 0.502g (4 mmol), Catalyst V2O5 0.05g, CH3CN 4 g, Temp. 80°C 
 
 It is very clear from the results (Table 7) that adding TBHP batchwise enabled better control of 
the reaction, by limiting its decomposition with an increase in ethyl lactate conversion from 60% 
(Figure 2) to 72 % after 5 h after addition of 2 equivalents aq. TBHP. Further, addition of 1 equivalent 
TBHP in small portions led to 98% ethyl lactate conversion with 100% ethyl pyruvate selectivity after 
10 h with total 3 equivalents of TBHP. The results showed very high efficiency of the V2O5 catalyst 
for oxidative dehydrogenation of ethyl lactate to ethyl pyruvate. 
 
3.1 Catalyst recycling 
 The main aim of the heterogeneous catalyst (V2O5) for oxidative dehydrogenation was efficient 
recycle of the catalyst. Indeed, the catalyst could be recycled five times (Fig. 3) without losing activity 
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in terms of both ethyl lactate conversion and ethyl pyruvate selectivity. For this study TBHP (total of 
2 equivalents) was added batchwise over a period of 4 h and the reaction was continued further till 5 
h, like in the procedure used for Table 7. After reaction, the mixture was decanted leaving behind the 
catalyst which was dried at 100 ºC before next run. Thus, the catalyst was recycled efficiently five 
times with 72% ethyl lactate conversion and 100% ethyl pyruvate selectivity. 
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Fig. 3. Catalyst recycle study for ethyl lactate dehydrogenation over V2O5. 

Reaction conditions: Ethyl lactate 8 mmol; solvent CH3CN 8 g; oxidant aq. TBHP 16 mmol; catalyst 
10wt.% (w.r.t. substrate); time 5 h. 
 
 To confirm the integrity of the catalyst during the reaction, FTIR of the fresh and used catalyst 
was recorded (Fig. 4). The FTIR spectra showed similar pattern with characteristics bands at 481,534 
and 597 cm-1 for symmetric and asymmetric V-O-V stretching vibrations of V2O5  as well as at 832 cm-

1 for V-O vibrations. The characteristics band at 1017 cm-1 can be attributed to symmetric stretching 
of V=O bond [24, 25]. The similar FTIR patterns before and after reaction suggested no change in 
structural characteristic of the catalyst after reaction. 
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Fig. 4. FTIR spectra of V2O5catalyst before and after ethyl lactate dehydrogenation 

 
The structural integrity was further confirmed by XRD analysis of fresh as well as used catalyst (Fig. 
5). 
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Fig. 5. XRD pattern of fresh and used V2O5 catalyst 

 
 XRD pattern of V2O5 showed reflections at 2θ 20.2, 26.24, 30.98, 15.42 and 34.38° 
corresponding to the 001, 110, 301, 200 and 310 planes, respectively, which matched well with JCPDS 
data file no.77-2418 for orthorhombic V2O5 phase. In the used catalyst, additional peaks at 2θ of 26 
and 37.5 ° were observed. However, these additional peaks also corresponded to orthorhombic phase 
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of V2O5. The XRD pattern of used catalyst showed significant increase in the intensity of the peaks 
compared to the fresh catalyst indicating increase in the crystallinity. Due to the increased crystallinity 
of used catalyst, very weak peaks at 2θ of 26, 37.5° of orthorhombic V2O5 which were not detected in 
fresh catalyst, could be observed in used catalyst. Hence no change in the crystallographic phase of the 
catalyst after catalytic reaction was observed.  
 
3.1.1 Hot filtration Experiment 
 In heterogeneous catalysis, leaching of active component may be a cause of the catalytic 
activity. Hence to confirm the heterogeneous nature of the catalyst hot filtration experiment was carried 
out. Initially, the reaction was carried out for 2 h (Table 8, entry 1) with catalyst after which the catalyst 
was separated from the reaction mixture by centrifugation followed by decantation. The same reaction 
was continued further without catalyst for next 3 h. Initially with catalyst after 2 h, 31% conversion 
was obtained which increased only marginally to 37% after separating the catalyst even after 3 h 
reaction time indicating no leaching of catalytically active species in the reaction medium.  The metal 
leaching was additionally confirmed by ICP analysis and the results showed the presence of <1 ppm V 
in the reaction solution confirming no leaching of metal during the reaction.  
 
Table 8. Hot filtration experiment for metal leaching test 

Entry Time (h) Conversion (%) Selectivity (%) 
1 2# 31 100 
2 1 37 100 
3 2 37 100 
4 3 37 100 

Reaction Conditions: Ethyl lactate 2 mmol; solvent CH3CN 6 g; oxidant aq. TBHP 4mmol; catalyst 
10wt.% w.r.t. substrate. #Before filtration 
 
3.2 Plausible reaction mechanism 
 Typically, oxidation using peroxides proceeds via radical mechanism. To confirm whether this 
statement applies to our reaction system, one experiment was carried out by adding TEMPO as a radical 
quencher after 35% conversion. As expected, the reaction did not proceed further after addition of 
TEMPO, which confirmed the radical mechanism operating as well in the present case. In the literature, 
various mechanisms have been proposed for oxidative dehydrogenation of ethyl lactate to ethyl 
pyruvate [12-14,26]. As per the previous reports by Sheldon et al [27], initially peroxide reacts with 
metal oxo center generating metal peroxide as catalytically active species which further drives the 
catalytic cycle for formation of the product.  Based on the reaction results and literature support, the 
following mechanism is proposed.  
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Fig. 6. Plausible reaction mechanism for oxidative dehydrogenation of ethyl lactate to ethyl 
pyruvate using V2O5catalyst 
 
 After addition of TBHP to V2O5 (A), it forms vanadium peroxy species on the surface (B) (Fig. 
6). Then, it forms radical via homolytic cleavage (C) and generates t-butyl peroxy radical, which leads 
to regeneration of catalyst to its original form. Radical of t-butyl hydroperoxide initiates the oxidation 
of ethyl lactate and form ethyl pyruvate with tert-butanol and water as a side product. 
 
 The obtained results with the present catalytic system for ODH of ethyl lactate to ethyl pyruvate 
under mild reaction conditions are promising. The comparison of the results with the literature is shown 
in Table 9.  
 
Table 9. Comparative results of ethyl lactate conversion with respect to literature 
 
 Catalyst Substrate Reaction 

conditions 
Conversion 

% 
Selectivity 

% 
Ref. 

1 MoVNbOx/TiO2 Ethyl 
Lactate 

170-190°C, O2 50 80 10 

2 VOCl3 Ethyl 
Lactate 

Room temperature, 
O2 

50 31 11 
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3 TS-1 Ethyl 
Lactate 

60°C, H2O2 100 97# 12 

4 TiO2 Ethyl 
lactate 

130°C, 1MPa O2, 70 80 13 

5 NH4VO3/VO3-
TiO 

Ethyl 
Lactate 

130°C, 1MPa O2 90 60 14 

6 V2O5/TiO2 Ethyl 
Lactate 

160-180 ºC, O2, 62 78 15 

7 MoO3/TiO2 Lactic 
acid 

190 ºC , Air 80 80 28 

8 V2O5 
 

Ethyl 
Lactate 

TBHP, 80 ºC 98 100 Present 
work 

9 VO(acac)2 Ethyl 
Lactate 

TBHP, RT, 100 100 Present 
work 

#yield 
 
 It is obvious that the results obtained in the present work using homogeneous and heterogeneous 
vanadium-based catalysts are promising in terms of ethyl lactate conversion as well as ethyl pyruvate 
selectivity. 
 
4. Conclusion 
 Very efficient protocol for the oxidative dehydrogenation of ethyl lactate to ethyl pyruvate 
using aqueous TBHP as an oxidant and V2O5 as a very simple and recyclable catalyst was developed. 
Very high ethyl lactate conversion (upto 98%) was obtained with 100% selectivity to ethyl pyruvate. 
Homogeneous VO(acac)2 complex also showed very high efficiency for ethyl lactate dehydrogenation 
at room temperature with ~83% conversion and 100% selectivity for ethyl pyruvate though the 
complex could not be recycled. The main highlight of this work is almost complete conversion and 
100% selectivity for ethyl pyruvate under mild reaction conditions. 
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Supplementary Material 

 
Table 1S. Oxidative dehydrogenation of ethyl lactate 

Sr. 
No. 

Catalyst Conversion, 
% 

Pyruvate 
selectivity, % 

TON 

1 Blank - - - 
2 MoO3 31 100 7 
3 Cu(OAc)2 46 100 43 
4 FeCl3 68 100 58 
5 VO(acac)2 74 100 39 
6 CoCl2 82 100 42 
7 MoO2Cl2(DMSO)2 92 100 46 
8 MoO2Cl2(DMF)2 85 100 42 
9 MoO2Cl2bipy 11 100 5.4 

Reaction conditions: Ethyl lactate 4mmol; organic TBHP 8 mmol; catalyst 0.08 mmol, CH3CN 10 g; 
temperature 80 ºC, time 11 h. 
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Highlights of the paper 

1. Vanadium-based homogenous and heterogeneous catalysts for efficient oxidative 
dehydrogenation of ethyl lactate to ethyl pyruvate under mild conditions 

2. Very high ethyl lactate conversion with 100% ethyl pyruvate selectivity using aqueous TBHP 
as an oxidant at room temperature 

3. V2O5 serves as an efficient and recyclable heterogeneous catalyst without compromising the 
activity with almost 98% conversion and 100% ethyl pyruvate selectivity 
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