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1. Introduction 

It is well known that, except for methanol and benzyl 
alcohol, alcohol oxidation is not easy in the absence of 
a redox mediator since direct oxidation of alcohols at 
platinum and carbon anodes is limited because of the 
requirement of high oxidation potentials. In earlier 
work, nickel in aqueous potassium hydroxide was 
used as the anode to cause the oxidation of primary 
alcohol to form carboxylic acid in current yields in 
excess of 90% [1]. Nickel oxide hydroxide NiO(OH), 
is continuously produced by the electrooxidation of 
nickel hydroxide. The application of NiO(OH), pre- 
pared by chemical methods, to alcohol oxidation has 
been well studied [2-4]. Recently, a nickel hydroxide 
electrode was used for alcohol oxidation through 
indirect electrochemical oxidation [1, 5-10]. Many 
papers have reported that the oxidation of alcohol 
has both high current efficiency and yield using a 
nickel or nickel hydroxide plated electrode as anode. 
However, when oxidation takes place in such a sys- 
tem, the current at the cathode does not contribute 
to the electrolysis process. Therefore, paired electroly- 
sis is examined in this study with a view to increasing 
the total current efficiency. In paired electrolysis, 
hydrogen peroxide is produced at the cathode to oxi- 
dize the reactant, here n-butanol. Thus, oxidation 
occurs at both anode and cathode. Several papers 
have reported the idea of paired electrolysis [11, 12]. 
In these papers, oxidation did not occur by direct 
electrooxidation at the cathode but required indirect 
oxidation through redox mediators, such as, Mn3+/ 

3+ 2+ 2 2 Mn 2+, V5+/V 4+, Ce /Ce ,8208-/SO4-. These redox 
mediators are expensive and require separation from 
the electrolyte. Some authors have carried out catho- 
dic reduction of oxygen to produce hydrogen peroxide 
[13-16]. Some papers have reported using H202 com- 
bined with metallic redox mediators for cathodic 
oxidation [17, 18]. But paired electrolysis by simul- 
taneous oxidation through peroxide compounds gen- 
erated both at anode and cathode has not been 
reported. In this study, the combination of anodic 
and direct cathodic oxidation without redox medi- 
ators was carried out and paired electrolysis was 
examined at different controlled current values in 
divided and undivided cells. Though n-butanol cannot 
be easily oxidized, very high current efficiency was 
obtained. The reactions in the paired electrochemical 

oxidation of n-butanol to n-butyric acid may be 
expressed as follows. 
Anodic reaction [8-10]: 

Ni(OU)2 + OH- > NiO(OH) + H20 + e- (1) 

Chemical reaction in anodic compartment by 
NiO(OH) as oxidation agent: 

CH3 (CH2)2CHzOH + NiO(OH) 

, > CH3(CH2)2COOH q- Ni(OH)2 (2) 

Cathodic reactions: 

02 q- 2H20 + 2e ~ H202 q- 2OH- (3) 

Chemical reactions in cathodic compartment by both 
H202 and 02 as oxidation agents: 

H 2 0 2  ~ 2OH" (4) 

CH3(CH2)2CH2OH + OH' + 02 

~ C H 3 ( C H z ) z C O O H  + o t h e r s  (5) 

Oxidation mechanisms by peroxide compounds at 
both anode and cathode are also examined in detail. 

2. Experimental details 

Nickel electrode was polished with fine emery paper 
and then washed with 0.5M nitric acid followed by 
washing with distilled water. The d.c. current was 
supplied by an EG&G 273A potentiostat/galvanostat 
with a 270 electrochemical analysis system. All poten- 
tials are quoted relative to the reference electrode, Ag/ 
AgC1/saturated KC1 aqueous solution prepared in 
house. When paired electrolysis was carried out, a 
flow of oxygen, of 3 ml s 1 was purged into the reac- 
tor. The controlled current electrolysis was performed 
in a divided or an undivided cell. The products of 
electrolysis were analyzed using a Varian 3300 gas 
chromatograph with a DB-1 capillary. The samples 
were injected into a DB-1 capillary. The column, 
injector and detector temperatures were 180, 200 
and 250 ~ respectively. 

3. Results and discussion 

3.1. Current efficiencies for n-butanol oxidation in the 
paired electrolysis 

The gas chromatographic analysis revealed that the 
only detectable product was n-butyric acid in the 
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Table 1. Effect of current density on current efficiency for n-butyric 
acid in a divided cell 
Anode, 6 cm 2 nickel; cathode, 21 cm 2 graphite; electrolyte solution, 
1.0 M K O H  containing 0.1 M n-butanol; charge passed, 0.6 Faraday 
rnol-1 n-butanol; oxygen purge rate, 3 ml s- l ;  agitation rate, 700 rpm. 

Current/mA Current CE/% 
density/mA cm -2 

Anode Cathode 
Anode Cathode Total 

10' 1.67 0.71 86.9 84.9 171.9 
10 1.67 0.48 86.1 89.0 175.2 
15 2.50 0.71 83.0 85.3 168.3 
20 3.33 0.95 70.1 70.7 140.8 
30 5.00 1.43 43.0 30.1 73.2 
40 6.67 1.90 32.0 14.4 46.4 

* Cathode: 14cm 2 graphite. 

paired electrolysis of n-butanol in both divided and 
undivided cells. The other possible oxidation product, 
n-butyl aldehyde was not found, as shown in Tables 1 
and 2. To obtain the best current efficiency for n- 
butyric acid at anode and cathode, the desired current 
density at anode and cathode can be adjusted by 
changing the surface area of the electrodes. As shown 
in Table 1, when 10mA was applied, the cathodic 
current efficiencies of n-butyric acid were 84.9 and 
89.0% for areas of 14 and 21 cm 2, respectively. This 
indicates that the higher the current density, the lower 
the current efficiency for H202. The amount of n- 
butyric acid is proportional to the amount of H20 2 
produced at the cathode. Thus, low current density 
is preferred; at the cathode, oxygen is reduced to 
hydrogen peroxide at low current density but to water 
at high current density [13, 14, 19, 20]. In Do and 
Chen's study [13, 14], the best current density using 
graphite as cathode to produce the highest current 
efficiency of H 2 0  2 is about 0.5mAcro 2. At the 
anode, the extent of water decomposition increases 
when the current density increases [9, 10]. Thus, the 
higher the current density, the lower the current effi- 
ciencies in both anolyte and catholyte. As shown in 
Table 1, increasing the anodic current density from 
1.67 to 6.67mAcro -2, reduces the current efficiency 
from 86.1 to 32.0%, and increasing the cathodic cur- 
rent density from 0.48 to 1.90mAcro 2, reduces the 

Table 2. Effect of current density on current efficiency for n-butyric 
aeid in an undivided cell 
Anode, 6 can 2 nickel; cathode, 21 cm 2 graphite; electrolyte solution, 
1.0 M K O H  containing 0.1 M n-butanol; charge passed, 0.6 Faraday 
mo1-1 n-butanol; oxygen purge rate, 3 ml s -1; agitation rate, 700 rpm. 

Current/mA Current Total CE/% 
density/mA cm -2 

Anode Cathode 

10 1.67 0.48 165.8 
15 2.50 0.71 162.5 
20 3.33 0.95 132.8 
30 5.00 1.43 67.1 
40 6.67 1.90 39.3 

Table 3. Effect of current density on power consumption in divided and 
undivided cells 
Anode, 6 cm 2 nickel; cathode, 21 cm 2 graphite; electrolyte solution, 
!.0 M K O H  containing 0.1 ra n-butanol; charge passed, 0.6 Faraday 
mol q n-butanol; oxygen purge rate, 3 ml s -1; agitation rate, 700 rpm. 

Current/mA Current density/ Power consumption/kWhmol-1 
mA crn -2 n-butyric acid 

Anode Cathode Divided Undivided 

Anode Cathode Total Total 

10" 1.67 0.71 0.26 0.27 0.13 - 
10 1.67 0.48 0.26 0.25 0.13 0.07 
15 2.50 0.71 0.29 0.28 0.14 0.10 
20 3.33 0.95 0.35 0.35 0.18 0.15 
30 5.00 1.43 0.65 0.93 0.38 0.31 
40 6.67 1.90 1.02 2.26 0.83 0.37 

* Cathode: 14cm 2 graphite. 

current efficiency from 89.0 to 14.4%. That is, the 
total current efficiency of the paired electrolysis 
reduces from 175.2 to 46.4% as the controlled current 
increases from 10 to 40 mA in a divided cell. The total 
current efficiency is over 100% when the current is 
lower than 30mA in this system. Paired electrolysis 
was also carried out in an undivided cell as shown in 
Table 2. As the controlled current increased from 10 
to 40mA in the undivided cell, i.e., current density 
increased from 1.67 to 6.67mAcm -2 at the anode 
and from 0.48 to 1.90mAcro -2 at the cathode, the 
total current efficiency decreased from 165.8 to 
39.3%. Both in the undivided cell and divided cell, 
low current density is preferred to achieve high cur- 
rent efficiency. The total current efficiencies in an 
undivided cell are almost equal to the total current 
efficiencies in a divided cell. The divided cell is not 
really necessary in such a paired electrolysis system. 
Paired electrolysis of n-butanol using an undivided 
cell is convenient in practical operation. 

3.2. Power consumption for n-butanol oxidation in 
paired electrolysis 

The power consumption per mole n-butyric acid in 
paired electrolysis using an undivided cell is lower 
than that using a divided cell. As shown in Table 3, 
the total power consumption increases from 0.13 to 
0.83 kWh tool-1 n-butyric acid as the current increases 
from 10 to 40mA in the divided cell. However, the 
total power consumption increases from 0.07 to 
0.37kWhmo1-1 n-butyric acid as current increases 
from 10 to 40 mA in the undivided cell. The divided 
equipment causes increased cell voltage at the same 
current. 
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