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Abstract : 

The catalytic activity of supported V2O5-alkali metal sulfate (Li2SO4, Na2SO4, K2SO4) catalysts was studied by 

oxidizing n-butanol to corresponding butyraldehyde. Silica supported V2O5-alkali metal sulfate catalysts 

containing up to 83% of the total active phase, calcined at 550°C for 6 hours, was used. An isothermal fixed 

bed plug flow reactor operating at atmospheric pressure and temperatures of 240°C, 260°C, 280°C and 

320°C enabled to obtain the activity data. 

 

Introduction : 

For the manufacture of cellulose acetate butyrate (CAB), butyric anhydride is required. This item is 

presently imported. Butyric anhydride can be manufactured from butyric acid, however, butyric acid is not 

available on a manufacturing scale in India. Since butyl alcohol is readily available; it can be readily used to 

prepare butyric acid by oxidation over a suitable catalyst. 

In the literature, two different routes have been followed for the oxidation of n-butanol to butyric acid. 

(a)  Low temperature liquid phase oxidation : 

The oxidation of n-butanol to n-butyric acid is carried out over silver acetate dissolved in acetic acid as 

studied by Hull. The reaction was carried out at 30-35°C introducing air at the bottom of reactor in 

presence of acetal hydride. The yield was reported to be 4.32%.  The butanol oxidation was also conducted 

as patented by Celanese Corporation of America. The reaction was carried out at 30-33°C using nitric acid 

as an oxidizing agent. The reaction temperature was kept at 30°C followed by stirring for five hours. The 

reported yield was 96.9%. 

The butanol oxidation using sodium hypochlorite as an oxidizing agent, was studied by Edward, over cobalt 

chloride catalyst. The reaction was carried out at 45-50°C in alkali medium. The solution was filtered, 

extracted with ether and was evaporated to give butyric acid. In this process, 7 g  n-butyl alcohol yielded 

6.5 g butyric acid, where as when used cobalt oxide instead of cobalt chloride, yielded 5.7 g butyric acid. 

The studies of its oxidation over cupric oxide and cupric hydroxide were also made by Dynamit. The 

reaction was carried out in alkali medium in presence of 1-10 mole% of noble metals, their oxides or 

hydroxides. The butanol oxidation over cobalt acetate has also been reported by Hull.  The reaction was 
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carried out in a stainless steel reactor at 60-115°C and 15-50 psi. A yield of around 90% has been reported. 

Sudo et al have studied the oxidation of diacetone –L– sorbose to diacetone –2–oxo- gluconic acid over 

cupric chloride and nickel chloride catalyst at 60°C, using sodium hypochlorite as an oxidizing agent. They 

further indicated that the same catalyst can be used for the oxidation of butanol and other alcohols to the 

corresponding acids.  

Pandey1 studied the direct liquid phase oxidation of n-butanol to butyric acid where sodium hypochlorite 

was used as an oxidizing agent. 

(b) High temperature vapour phase oxidation : 

The catalytic oxidation of n-butanol over cadmium oxide catalyst was first patented by Chitwood. The 

reaction was carried out at 230-240°C for 3.5 hours in copper lined Adkin-bomb at 500-1000 psi hydrogen 

pressure. The yield based on alcohol actually consumed was reported to be 50%. Comparative studies with 

CuO, Cu, NiO, Ag2O, Ag, Pb(OH)2, PbO2 and ZnO have also been made and it was found that CdO catalyst 

materially lowered the time and temperature required and increased the yield in the reaction. Sauanc et al 

carried out the oxidation of n-butanol over copper and manganese catalyst in two stages. In the first stage, 

n-butanol was oxidized to was oxidized to butyraldehyde over copper U tubes to get 68% yield. The 

products of the first stage were then passed over manganese butyrate with three-fold excess of air at 

65°C.  The yield of butyric acid was reported to be 80%. 

Supported V2O5–M2SO4 (M = Li, Na, K) catalysts have been shown to be suitable for the oxidation of 

alcohols and hydrocarbons2-13. Srivastava and Sharma14 have studied the oxidation of n-butanol to 

butyraldehyde over silica supported V2O5-K2SO4 catalyst in a reactor operated differentially. In their 

kinetics investigation increased emphasis was placed on model discrimination and parameter estimation. 

The work was however limited to a single catalyst composition using K2SO4. There is no prior activity study 

where selective oxidation of n-butanol to butyraldehyde was performed over a series of supported V2O5 – 

alkali metal sulfate catalyst. 

In this investigation, air oxidation of n-butanol was studied over silica supported V2O5-M2SO4 (M = Li, Na, K) 

catalysts in an isothermal fixed bed flow reactor operating at atmospheric pressure and temperatures of 

240°C, 280°C and 320°C. It is expected that the present study results will constitute to overall process 

development programme of butanol to butyric acid. 

Experimental :  

Catalyst Preparation by impregnation technique :  

The V2O5 was prepared by the calcinations of ammonium meta vanadate at 450°C for 4 hours. A series of 

silica supported catalysts were prepared vacuum dried at 70°C and then calcined at 550°C for 6 hours. 

M2SO4 content in all the samples of the series ranged from 10 to 20% (where M = Na, Li, K).  Reference to 
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various samples will be made giving their composition as weight percent V2O5 and M2SO4.  Hence, V-20-Li-

15 means a sample of 20% of active component as V2O5, 15% of alkali metal sulfate Li2SO4 as promoter and 

balance silica as support. 

Apparatus and Procedure : 

Reactions were carried out in a fixed bed continuous flow reactor operating at atmospheric pressure and 

at temperatures 240°C, 260°C, 280°C and 320°C. A schematic diagram of the experimental equipment is 

shown in Figure 1 below. Compressed air was passed through the drier and purifying columns containing  

 

Figure 1 : Schematic view of Laboratory fixed bed plug flow reactor assembly 

fused calcium chloride and potassium hydroxide pellets and metered through a flow meter to the pre-

heater. The feed n-butanol was vapourised in ½ inch o.d. 6 inch long stainless steel tube wrapped with 

insulating heating tape. These vapours are carried by an incoming through a preheating section. 

The reactor was immersed in the eutectic salt bath. A wire mesh (-80+100 mesh size) was welded at the 

bottom of the reactor for the catalyst support. Temperature at various points in the reactor, including the 

catalyst bed and pre-heater were measured with the help of iron-constantan thermocouples. The 

thermocouples were calibrated against a 25 ohm Leeds and Northrup platinum resistance thermometer 

and Mueller bridge assembly. The average temperature was controlled within ±0.5°C of the desired value.   
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The experimental data were taken under steady state conditions in which 4 samples were collected after 

steady state was achieved. The average value of these was used for the estimation of conversion, activity 

and selectivity. In the case of n-butanol oxidation, the reaction products were passed through a water trap 

and ice water condensers. The lighter gaseous products analyzed intermittently.  

Analytical Techniques : 

The liquid products of n-butanol oxidation were analyzed by employing a C.I.C.A.C gas chromatograph, 

provided with a hydrogen flame detector, thermo-stated temperature control of oven and injector along 

with temperature programming facilities and an output response-recorder. The chromatographic column 

was a 2 meter long, 1/8 inch stainless steel tubing containing 10% SE-30 on chromosorb-W (-80+100 mesh 

size). The position of the injector knob was kept at 4 throughout and the oven temperature was 95°C 

sample size of 1 μl was used. Temperature of injector port and oven were 315°C and 95°C respectively.  

Light gaseous products viz. carbon monoxide, carbon dioxide and oxygen were measured on orsat 

apparatus. The product analysis indicated that there was always some amount of unreacted n-butanol 

present in the final products. 

Results and Discussion : 

The activity series of supported V2O5–alkali metal sulfate (Li2SO4, Na2SO4, K2SO4) catalysts for n-butanol 

oxidation was investigated in the temperature range of 240C-320°C with mole ratio of  n-butanol to air I 

the feed mixture,  Ṝ  = 0.18; W/F = (weight of catalyst / flow rate of feed ) =  120 gm.hr/mole. The catalytic 

activity was defined as the number of moles of butyraldehyde formed/hr per mole of n-butanol fed/hr. 

The oxidation of  n-butanol to butyraldehyde is given by reaction equations (1) 

Main Reaction :  

n-C4H9OH    +   ½ (O2)    ……………….>  C3H7CHO   +    H2O   (1) 

Side Reactions : 

    n-C4H9OH     +   6 O2     …………………>      4 CO2      +     5 H2O   (2) 

    n-C3H7CHO   +   7/2  (O2)  …………….>      4 CO        +    4 H2O   (3) 

 Lithium Series :  

Fig. 2 shows the variation of activity as a function of feed fraction Li2SO4 in total active phase per 100 g 

support  Li2SO4 as promoter, and for the reaction temperatures of 240°C, 280°C and 320°C. It is clear from 

the plot that the activity is maximum at a total active phase concentration of about 65 g per 100 g of the 



International Journal of Advanced Scientific and Technical Research                                           Issue 6 volume 1, Jan. –Feb. 2016 

Available online on   http://www.rspublication.com/ijst/index.html                                                                          ISSN 2249-9954 
 

©2016 RS Publication, rspublicationhouse@gmail.com Page 453 
 

   

Fig 2 : Effect of Li2SO4 concentration Fig.3 : Effect of Li2SO4 concentration Fig.4 : Effect of Li2SO4 concentration  on 

activity     on Conversion    on selectivity                              

support (V-20-L-15). Also it is found that, in this case the activity starts decreasing after 280°C. 

Fig. 3 describes the effect of Li2SO4 concentration (in active phase) on conversion at 240°C, 280°C and 

320°C. Again the maximum conversion is observed at an active phase concentration of about 65 g per 100 

g of the support V-20-Li-15 composition catalyst. It is evident that conversion starts decreasing after 280°C 

as activity did in previous plot (where conversion was defined as the moles n-butanol reacted/hr, per 

moles n-butanol fed/hr). 

Table 1 : Product distribution of catalytic oxidation of n-butanol on silica supported V2O5-Na2SO4  catalyst 

at different temperatures  (Basis : 1 mile butanol  ) 

Run Catalyst Composition Temp, °C Butyraldehhde Oxygen CO +CO2 n-butanol Water Conversion Activity Selectivity 

1 V-20-Li-20 240°C 0.010 0.400 0.059 0.445 0.085 0.0.33 0.020 0.604 

2  V-20-Li-20 280°C 0.039 0.323 0.219 0.104 0.314 0.112 0.064 0.571 

3  V-20-Li-20 320°C 0.023 0.656 0.089 0.096 0.135 0.049 0.029 0.582 

4 V-20-Li-15 240°C 0.058 0.609 0.009 0.254 0.069 0.089 0.088 0.977 

5 V-20-Li-15 260°C 0.077 0.680 0.001 0.165 0.077 0.107 0.106 0.990 

6 V-20-Li-15 280°C 0.061 0.234 0.168 0.265 0.272 0.150 0.118 0.784 

7 V-20-Li-15 320°C 0.064 0.389 0.108 0.239 0.199 0.133 0.110 0.828 

8 V-20-Li-10 240°C 0.036 0.228 0.227 0.188 0.320 0.115 0.067 0.583 

9 V-20-Li-10 280°C 0.037 0.287 0.227 0.127 0.321 0.112 0.062 0.558 

10 V-20-Li-10 320°C 0.049 0.172 0.247 0.173 0.359 0.144 0.094 0.655 

 

Fig. 4 shows the variation of selectivity as a function of fraction Li2SO4 as promoter and for reaction 

temperatures of 240°C, 280°C and 320°C.  (Selectivity of butyraldehyde = moles of butyraldehyde formed 

per hour per mole of n-butanol reacted per hour). Selectivity may be roughly taken as a ratio of activity to 

its corresponding conversion. Selectivity decreases at 280°C, but a slight increase is shown at 320°C. A 

complete product distribution is given in Table 1. 
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Sodium Series :  

Fig. 5 gives a variation of activity as a function of Na2SO4 concentration in active phase per 100 g support. 

In this case at 240°C, the activity is maximum corresponding to V-2-=Na-10 catalyst composition and it has 

decreased as Na2SO4 concentration increased. This may be due to side reactions as shown by reaction 

equations (2) & (3). In Fig. 5, at 320°C the activity is maximum for V-20-Na-15 composition catalyst. 

    

Fig 5 : Effect of Na2SO4 concentration Fig.6 : Effect of Na2SO4 concentration Fig.7 : Effect of Na2SO4 concentration  

on activity    on  conversion    on selectivity 

Fig. 6 illustrates the effect of Na2SO4 concentration on conversion. Conversion plots follow similar trend to 

that of activity.  Fig. 7 shows the effect of Na2SO4 concentration on selectivity at different temperatures. At 

240°C & 280°C, V-20-Na-10 shows higher selectivity. It decreases with the increase in Na2SO4 

concentration. But at 320°C, V-20-Na-15 catalyst has shown maximum selectivity.  Table 2 narrates the 

product distribution of air oxidation of n-butanol over silica supported V2O5 –Na2SO4 catalysts at different 

temperatures. 

Table 2 : Product distribution of catalytic oxidation of n-butanol on silica supported V2O5-Li2SO4  catalyst at 

different temperatures  (Basis : 1 mile butanol) 

Run Catalyst Composition Temp, °C Butyraldehhde Oxygen CO +CO2 n-butanol Water Conversion Activity Selectivity 

11  V-20-Na-20 240°C 0.008 0.148 0.191 0.406 0.247 0.055 0.018 0.334 

12  V-20-Na-20 280°C 0.071 0.123 0.232 0.212 0.361 0.186 0.144 0.776 

13  V-20-Na-20 320°C 0.052 0.188 0.219 0.217 0.325 0.143 0.099 0.699 

14 V-20-Na-15 240°C 0.018 0.187 0.168 0.398 0.228 0.070 0.039 0.548 

15 V-20-Na-15 260°C 0.074 0.672 0.001 0.178 0.075 0.104 0.104 0.990 

16 V-20-Na-15 280°C 0.062 0.199 0.215 0.195 0.330 0.159 0.117 0.735 

17 V-20-Na-15 320°C 0.099 0.383 0.129 0.128 0.261 0.189 0.162 0.858 

18 V-20-Na-10 240°C 0.077 0.141 0.255 0.131 0.395 0.195 0.147 0.754 

19 V-20-Na-10 280°C 0.092 0.321 0.210 0.148 0.229 0.172 0.148 0.864 

20 V-20-Na-10 320°C 0.066 0.266 0.156 0.127 0.386 0.174 0.124 0.713 
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Potassium Series :  

Figs. 8, 9, 10 describe the effect of K2SO4 concentration on activity, conversion and selectivity at 240°C,  

   

Fig.  8 : Effect of K2SO4 concentration Fig. 9 : Effect of K2SO4 concentration Fig. 10 : Effect of K2SO4 concentration  

on activity    on  conversion    on selectivity 

280°C & 320°C respectively. The experimental runs (Table 3) were made with Ṝ = 0.18, and W/F= 120 

gm.hr./mole, mainly for comparison of activity, conversion & selectivity data. These results are in line with 

those by Sharma9, 14, 16 on butanol, methanol and toluene oxidation using supported V2O5-K2SO4 catalysts.  

Table 3 : Product distribution of catalytic oxidation of n-butanol on silica supported V2O5-K2SO4  catalyst at 

different temperatures  (Basis : 1 mile butanol  ) 

Run Catalyst Composition Temp, °C Butyraldehhde Oxygen CO +CO2 n-butanol Water Conversion Activity Selectivity 

21  V-20-K-20 240°C 0.054 0.614 0.003 0.272 0.057 0.042 0.042 0.992 

22  V-20-Na-20 280°C 0.065 0.049 0.001 0.219 0.066 0.095 0.039 0.416 

23  V-20-K-20 320°C 0.069 0.607 0.044 0.164 0.125 0.038 0.026 0.684 

24 V-20-K-15 240°C 0.026 0.546 0.003 0.396 0.030 0.046 0.045 0.987 

25 V-20-K-15 260°C 0.054 0.679 0.010 0.192 0.066 0.075 0.073 0.969 

26 V-20-K-15 280°C 0.080 0.531 0.058 0.177 0.153 0.125 0.082 0.656 

27 V-20-K-15 320°C 0.060 0.145 0.277 0.112 0.407 0.103 0.083 0.806 

28 V-20-K-10 240°C 0.010 0.368 0.071 0.453 0.099 0.035 0.019 0.551 

29 V-20-K-10 280°C 0.058 0.151 0.277 0.108 0.405 0.080 0.055 0.690 

30 V-20-K-10 320°C 0.058 0.062 0.316 0.110 0.453 0.817 0.076 0.926 

 

Comparison of alkali metal sulfates  : 

For comparison, the activity & conversion of V2O5-M2SO4 ( M = Li, Na, K ) catalysts have been plotted 

together in Figures 11 and 12 respectively. Despite the uncertainty associated with the runs for Na series 

at 240°C, the results here do indicate a pattern which can be used to characterize the alkali metal sulfate. 

Generally, sodium sulfate showed increased catalytic activity for butanol oxidation. 
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Fig 11 : Comparison of conversion using supported            Fig 12 : Comparison of activity using supported                        

V2O5-M2SO4(M= Li, Na, K)catalyst at different temperatures        V2O5-M2SO4(M= Li, Na, K)catalyst at different temperatures 

The activity series for n-butanol oxidation was Na2SO4 > Li2SO4 > K2SO4 in contrast to Sharma’s prediction as 

K2SO4 > Na2SO4 > Li2SO4 for methanol & toluene oxidation. We do not yet have a satisfactory interpretation 

for these activity data for oxidation of toluene, methanol, and n-butanol. However, the experiments were 

identical to those of Sharma. His electron microscopy work for K–catalyst series indicated the presence of 

needle type V2O5 crystals. These needle structures, which depend upon K2SO4 concentration appear to be 

more active for the methanol & toluene oxidation. Simultaneous to the present work, Gopichand15 studied 

the electron microscopy of supported V2O5-M2SO4 (M = Li, Na) catalysts used in both the series V-20-M-15 

and V-20-M-10 (M = Na, Li). However, only in the case of V-20-M-20 ( M = Li, Na), the V2O5 phase was 

identified. In his investigation, except for V-20-M-20, it was observed that the catalyst constituents 

interacted forming bronzes. These interacted species might be responsible for higher activity for butanol 

oxidation. 

Effect of Temperature on Conversion : 

The plots for conversion against temperature are given in Figures 13, 14 and 15 for V-20-M-10; V-20-M-15;  

     

Fig 13 : Effect of temperature on   Fig 14 : Effect of temperature on   Fig 15 : Effect of temperature on  

conversion ( for V-20-M-10 catalyst) conversion ( for V-20-M-15 catalyst) conversion ( for V-20-M-20 catalyst) 
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and V-20-M-20 respectively. Additional runs were made at 260°C for V-20-M-15 catalyst with Ṝ = 0.18 and 

W/F = 120 gm.hr./mole. From the plots it is evident that sodium series, in general gives better conversion 

than potassium and lithium. The temperatures 280°C appears to give the optimum performance for 

potassium and lithium series. For V-20-Na-15 catalyst at 320°C, maximum conversion was observed. 

Reason for this might be the side reactions (2) & (3) taking place. 

Spent Catalyst :  

Since V-20-Na-15 composition catalyst showed optimum performance at 280°C; attention was focused on 

this to study the effect of regeneration  of spent catalyst after 16 hours continuous use. An experimental 

run was made for 16 hours at 280°C, with conditions remaining the same as in normal runs. Products were 

analyzed after steady state was achieved. Fresh catalyst gave conversion = 15.47%, activity = 13.5% and 

selectivity = 87.2% (Table 4). 

Table 4 : Product distribution of catalytic oxidation of n-butanol using fresh, catalyst used for 16 hours   

and regenerated supported V-20-Na-15 catalyst at 280C ( Basis : 1 mile butanol  and nitrogen free basis) 

      Run Catalyst Composition Temp,°C Butyraldehhde Oxygen CO +CO2 n-butanol Water Conversion Activity Selectivity 

      31 (fresh) V-20-Na-15 280°C 0.117 0.696 0.088 0.021 0.123 0.155 0.135 0.872 

 32 (used 16 hrs) V-20-Na-15 280°C 0.082 0.656 0.013 0.149 0.098 0.117 0.114 0.974 

    33  (Regenerated) V-20-Na-15 280°C 0.080 0.670 0.006 0.150 0.098 0.112 0.110 0.986 

 

Activity for n-butyraldehyde    = (moles of n-butyraldehyde formed/hr/moles of n-butanol fed/hr) x 100. 

Conversion of n-butyraldehyde = (moles of n-butyraldehyde reacted/hr/moles of n-butanol fed/hr) x 100. 

Selectivity for n-butyraldehyde        = (moles of n-butyraldehyde formed/hr/moles of n-butanol reacted/hr) x 100. 

The products analysis were made after 16 hours run to compare conversion, activity and selectivity 

obtained from fresh  catalyst vs catalyst after 16 hours use (spent catalyst). Conversion = 11.7%; activity  = 

11.4% and selectivity = 97.4%.  After 16 hours, feed flow to reactor was stopped and the spent catalyst was 

regenerated by passing air ( free from moisture and CO2) at 550°C for 6 hours.  A normal one hour run was 

made on  regenerated catalyst and reaction products were collected after steady state was attained and 

product analysis showed conversion = 11.2%; activity = 11%; and selectivity = 98.6%. 

From Table 4, it may be observed that in 16 hours run there was fall in activity by about 15% ( 0.135 to 

0.114) and thereby on regeneration, he activity was not gained back. Where as, the selectivity for spent 

catalyst (97.4%) and for regenerated catalyst (98.6%) were observed to be higher than that of fresh 

catalyst.   In the spent catalyst, yellow, black and white coloured particles were observed.    
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The increase in selectivity for spent and regenerated catalyst might be due to the morphological changes 

occurred in the  catalyst. In a fresh catalyst atom V is fully saturated with O and H atoms. Eventually when 

reaction occurs, H atoms get detached due to its weaker bonding with V; which may react with O atom 

forming water. When n-butanol is adsorbed on he catalyst, probably the oxygen atom available may 

combine to form CO and CO2. Hence it may result in to low selectivity as shown in Table 4. 

Conclusion 

Activity data are reported for the oxidation of n-butanol over a series of V2O5 – alkali metal sulfate catalyst. 

The additive activity series was Na2SO4 > Li2SO4 > K2SO4, in contrast to K2SO4 > Na2SO4 > Li2SO4 reported for 

the oxidation of toluene and methanol.  

The interpretation of the results appear to be complex, however, the interaction between the constituents 

in the case of sodium sulfate and lithium sulfate might be responsible for higher activity for butanol 

oxidation as against the needle structures obtained in the case of  potassium  additive. 

A full characterization of the catalyst system used in these runs perhaps enables to correlate the catalytic 

and solid properties. To acquire these facts, the combined use of several analytical techniques, which 

complement one another is needed. This kind of approach will provide a good insight into the complicated 

structure of silica supported V2O5 – alkali metal sulfate and its effect on the activity for butanol oxidation. 
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Nomenclature :  

F    =     feed flow rate         moles/hr 

M   =    represents alkali metal  Li, Na or K 

R   =     mole ratio of n-butanol to air in the feed  mixture 

W  =     weight of the sample                gm. 

 

 

 

 

 


