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Abstract 

Vapor-phase air oxidation of lactic acid has been carried out using an iron phosphate catalyst 
with a P / F e  atomic ratio of 1.2. It was found that lactic acid is selectively converted to form 
pymvic acid by oxidative dehydrogenation. The one-pass yield reached 50 mol-%. The effects of 
the reaction variables on the formation of  pyruvic acid were studied. 
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1. Introduction 

Pyruvic acid is the simplest homologue of the a-keto acids, which were 
recently reviewed by Cooper et al. [1]. Established procedures for synthesis of 
pyruvic acid are the dehydrative decarboxylation of tartaric acid in the presence 
of potassium hydrogen sulfate and the hydrolysis of acetyl cyanide. Vapor-phase 
contact oxidation of alkyl lactates to corresponding pyruvates has already been 
attempted in patents using V205-based mixed oxide catalysts [2,3]: 

CH3-CH(OH)-COOR + 0.502 ~ CH3-CO-COOR + H20 

where R is generally a methyl or ethyl group. The selectivity to pyruvates is 
about 90 mol-% at a lactic acid conversion of above 95%. Hayashi and 
co-workers [4,5] have studied the catalytic performances of various MoO3-based 
mixed oxides for the reaction of ethyl lactate to form ethyl pyruvate. They 
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proposed TeO2-MoO 3 catalysts as the best; the selectivity to ethyl pyruvate 
reached more than 90 mol-% at an ethyl lactate conversion of about 80%. 

This method requires two additional processes besides the oxidative dehydro- 
genation process, that is, esterification of lactic acid and hydrolysis of produced 
alkyl pyruvate. It is naturally favorable to produce pyruvic acid by an oxidative 
dehydrogenation process only. However, it still seemed to be difficult to obtain 
pyruvic acid directly from lactic acid, because the major part of lactic acid is 
converted to form acetaldehyde and CO 2 by the oxidative C - C  bond fission 
rather than to form pyruvic acid by oxidative dehydrogenation over V205- or 
MoO3-based mixed oxide catalysts [4]: 

CH3-CH(OH)-COOH + 0 . 5 0 2  ---> CH3-CO-COOH + H20 

CH3-CH(OH)-COOH + 0 . 5 0 2  ----) CH3CHO + CO 2 + H20 

Indeed, no attempt has yet been reported concerning the oxidative dehydro- 
genation of lactic acid. 

It was found in our previous studies [6-8] that iron phosphate catalysts with a 
P / F e  atomic ratio of 1.0 to 1.3 are effective for oxidative dehydrogenation of a 
compound in which the carbon atom at the a-position of an electron-attracting 
group such as -COOH or -CHO is tertiary, but that they are inactive for 
oxygen insertion reactions. 

These findings led us to study the catalytic performance of iron phosphate 
catalysts in the oxidative dehydrogenation of lactic acid to pyruvic acid. 

2. Experimental 

An iron phosphate with a P / F e  atomic of 1.2 was prepared according to the 
procedures described in the previous studies [6-8]. The BET surface area was 
about 15 m2/g.  A V - P  oxide catalyst with a P / V  atomic ratio of 1.06 (surface 
area of 22.8 m2/g )  and a pumice supported 12-molybdophosphate 
(H3PMo12040) catalyst (surface area of 2.0 m2/g)  used in this study were the 
same ones as used in a previous study [9]. 

The contact oxidation of lactic acid was carried out with a continuous-flow 
system. The reactor was made of a stainless steel tube, 50 cm long and 1.8 cm 
i.d., mounted vertically and immersed in a lead bath. Air was fed in from the top 
of the reactor and an aqueous solution containing 10.0 wt.-% of lactic acid was 
introduced into the preheating section of the reactor by means of an injection 
syringe pump. The feed rates of lactic acid, water, and air were 19.2, 962, and 
350 m m o l / h  (1.44, 72.26, and 26.30 mol-%), respectively, and the reaction 
temperature was kept at 230°C, unless indicated otherwise. The extent of the 
reaction was varied by changing the amount of catalyst used from 1.2 to 20 g 
while fixing the feed rates. The effluent gas from the reactor was led succes- 
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sively into four chilled scrubbers to recover the water soluble compounds. The 
analysis was performed by GC. 

3. Results 

3.1. Product distributions 

The main products obtained with the iron phosphate catalyst were pyruvic 
acid, acetaldehyde, acetic acid, and CO 2. The formation of a small amount of an 
unidentified compound was observed, when the conversion of lactic acid was 
higher than 50%. No other product was detected. The selectivities to pyruvic 
acid, acetaldehyde, and acetic acid were defined as 100 X (product)/[pyruvic 
acid + acetaldehyde + acetic acid + (CO2-acetaldehyde-acetic acid)/3]. The 
selectivity to CO 2 was defined as 100 x (CO2)/3[pyruvic acid + acetaldehyde 
+ acetic acid + (CO2-acetaldehyde-acetic acid)/3]  

In Fig. 1 the selectivities to each product are shown as a function of the 
conversion of lactic acid. The selectivity to pyruvic acid is about 87 tool-% at a 
lactic acid conversion of 17.5%. However, it falls gradually as the conversion of 
lactic acid increases. It reaches 66 mol-% at the conversion of 76%; the one-pass 
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Fig. l. Product distributions obtained over iron phosphate catalyst. (O)  pyruvic acid; (zx) acetaldehyde; ( [ ] )  
acetic acid; ( 0 )  CO 2. 
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Fig. 2. Product distributions obtained over vanadium phosphate catalyst. The symbols are the same as for Fig. 
1. 

yield (conversion × selectivity) reaches about 50 mol-%. The results shown in 
Fig. 1 indicate also that the produced pyruvic acid is consecutively decomposed 
to acetic acid and CO 2, and that the main part of acetaldehyde is formed from 
lactic acid in parallel with pyruvic acid. 

The reaction was also tested with a vanadium phosphate catalyst consisting of 
vanadyl pyrophosphate and a pumice supported H3PMo]204o catalyst. The 
results obtained from the vanadium phosphate catalyst are shown in Fig. 2. The 
yield of pyruvic acid is clearly lower than that obtained from the iron phosphate 
catalyst. The selectivity to pyruvic acid was about 37 mol-% at a lactic acid 
conversion of 76%; one-pass yield reached 28 mol-%. The main by-products 
were acetaldehyde and CO 2. Very similar catalytic performances were obtained 
with the H3PMo12040 catalyst. 

3.2. Effect of reaction temperature 

The reaction was conducted by changing both the amount of iron phosphate 
catalyst used from 1.2 to 20 g and the reaction temperature from 200 to 260°C, 
while fixing other conditions. In order to compare the selectivities at the same 
level of lactic acid conversion, both the amount of catalyst used and the 
temperature were adjusted so as to achieve a lactic acid conversion of about 
50%. The selectivities to pyruvic acid are plotted in Fig. 3 as a function of the 
reaction temperature. 
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Fig. 3. Effect of temperature on the selectivity at the lactic acid conversion of 50% over iron phosphate 
catalyst. The symbols are the same as for Fig. 1. 

By raising the temperature, the selectivity to pyruvic acid decreases, while 
that to acetaldehyde plus CO 2 increases. That is, the C - C  bond fission is 
promoted in preference to the dehydrogenation, as the temperature is raised. 

3.3. Effect of oxygen concentration 

The effect of the oxygen concentration was studied by changing both the 
initial concentration of oxygen in the feed gas from 1.20 to 26.30 mol-% and the 
amount of catalyst used from 1.2 to 20 g, while fixing the other conditions; the 
concentration of lactic acid was fixed at 1.44 tool-% and the sum of the feed 
rates of oxygen and nitrogen was fixed at 140 m l / m i n  (350 mmol/h) .  As the 
oxygen concentration increased, the conversion of lactic acid increased. For 
example, at a contact time of 1.6 s (amount of catalyst used of 10 g), the 
conversions were 54, 64, and 85% at oxygen concentrations of 1.33, 5.26, and 
26.3 mol-%, respectively. Fig. 4 shows the selectivities to pyruvic acid at 
oxygen concentrations of 1.33, 5.26, and 26.3 mol-% as a function of the 
conversion of lactic acid. As the oxygen concentration increases, the selectivity 
is independent of the oxygen concentration. 

3.4. Effect of lactic acid concentration 

The reaction was conducted by changing both the initial concentration of 
lactic acid from 1.44 to 7.20 mol-% and the amount of catalyst used, while 
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Fig. 4. Effect of oxygen concentration on the selectivity to pyruvic acid over iron phosphate catalyst. Initial 
concentration of lactic acid = 1.44 tool-%. Initial concentration of oxygen in the feed gas: (C)) 1.33; ( ( ) )  5.26; 
(Q)  26.30 tool-%. 
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Fig. 5. Effect of lactic acid concentration on the selectivity over iron phosphatecatalyst. Initial concentration of 
oxygen = 5.26 tool-%. Initial concentration of lactic acid in the feed gas: (O ,  zx ) 1.44; ( ~ ) 2.88; ( 0 ,  • ) 7.20 
mol-%. Pyruvic acid (O ,  ~ ,Q);  acetaldehyde ( r ,  • ). 
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fixing the other conditions. Fig. 5 shows the selectivities to pyruvic acid and to 
acetaldehyde plus CO 2 at the initial lactic acid concentrations of 1.44, 2.88, and 
7.20 mol-%. The selectivity to pyruvic acid at the initial lactic acid concentra- 
tion of 2.88 mol-% is almost the same as that obtained at the concentration of 
1.44 mol-%. However, the selectivity at the concentration of 7.2 mol-% is 
clearly lower and the selectivity to acetaldehyde plus CO 2 is higher than those 
obtained at concentrations of 1.44 and 2.88 mol-%. 

3.5. Effect of operating without water vapor 

The reaction was performed in the absence of water vapor. The conversion of 
lactic acid decreased markedly as the time-on-stream increased. It was also 
found that the catalyst was covered with carbon and viscous brownish com- 
pounds during the reaction. It is therefore considered similarly to the case of 
oxidative dehydrogenation of isobutyric acid to form methacrylic acid [ 10] that 
water vapor plays a role in removing the carbon and oxygenated compounds 
from the surface of the catalyst. 

4. Discussion 

Pyruvic acid can be produced by a vapor-phase air oxidation of lactic acid 
over iron phosphate catalyst with a P / F e  atomic ratio of 1.2. One of the main 
side reaction is the formation of acetaldehyde plus CO 2 by C - C  bond fission of 
lactic acid. When the conversion of lactic acid is low (about 20%) the selectivity 
to pyruvic acid is about 90 tool-% and that to acetaldehyde plus CO 2 is about 10 
mol-%. As the conversion increases, the selectivity to pyruvic acid gradually 
falls and that to acetic acid plus CO 2 increases. This means that the produced 
pyruvic acid is converted to form acetic acid and C O  2 by the C - C  bond fission: 

CH3-CO-COOH + 0.502 ~ CH3COOH + CO 2 

The one-pass yield of pyruvic acid is about 50 tool-%. Therefore, it is 
concluded that acetaldehyde is formed from lactic acid, while that acetic acid is 
formed from pyruvic acid. The reaction is presented in Scheme 1. 

Over vanadium- and molybdenum-based compounds such as vanadyl pyro- 
phosphate and molybdophosphoric acid, the C - C  bond fission of lactic acid 

0.50~ 
CH3CH(OH)COOH ~ 0 . 5  onCH3COCOOH 

CH3CHO + CO 2 

Scheme 1. 

0.50 e 
" Cl-t~COOH + CO z 
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cannot be suppressed effectively. This is the reason why these catalysts are 
ineffective for this reaction. 

These findings also support the view that the characteristic of the iron 
phosphate catalyst is a lack of function for promoting oxidative C - C  bond 
fission [6]. 

Even over the iron phosphate catalyst, the degradation of produced pyruvic 
acid is promoted as the reaction temperature is raised. This finding means that 
the activation energy for the C - C  bond fission reactions is much larger than that 
for the oxidative dehydrogenation reaction. 

The selectivity is scarcely affected with a large variation in the initial 
concentration of oxygen in the feed gas. Similar results were obtained in the 
oxidative dehydrogenation of isobutyric acid [11], isobutyraldehyde [7], and 
isobutyronitrile [8]. 

On the other hand, the selectivity falls when the initial concentration of lactic 
acid is more than 7 mol-%. As in the case of oxidative dehydrogenation of 
isobutyric acid to methacrylic acid [10], the presence of water vapor is indis- 
pensable to achieve the reaction of lactic acid to pyruvic acid. We consider at 
present that water vapor plays a role in promoting the removing of reaction 
products from the catalyst surface and, as a result, in stabilizing and regenerat- 
ing the active sites, moreover, in suppressing the catalytic activity for the C - C  
bond fission. 
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