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The paper  deals with the anodic  oxida t ion  of  diacetone-L-sorbose (DAS) to diacetone-2-keto-L- 
gulonic acid ( D A G )  at  a peroxidized nickel foam electrode. A stirred cell and  a flow cell were used 
at  290-30 ° C and /o r  60 ° C with 1 M aqueous  K O H  conta in ing  nickel ions and  0.9 to 9 wt % o f  pure 
DAS as the electrolyte. High  conversions o f  DAS to D A G ,  a m a x i m u m  chemical  yield o f  90% and 
a faradaic  yield o f  abou t  only  20% were obtained.  

1. Introduction 

Many tens of thousands of tons per year of vitamin-C 
are produced globally from glucose. One step in the 
process is the oxidation of DAS (diacetone-L-sorbose) 
to DAG (diacetone-2-keto-L-gulonic acid). By 
electrochemically generating hypobromide in situ as 
an oxidation agent, Borisov et al. [1] effected the 
indirect electrolytic oxidation of DAS to DAG; using 
platinum or graphite electrodes, they reached a 85- 
87% DAS chemical yield and a 32% current yield. 

For the electrooxidation, authors like Meller et al. 
[2] obtained a 96% chemical yield with graphite elec- 
trodes, while Vertes e? al. [3], who were among the first 
using nickel plates from Ni-Cd accumulators, 
obtained a 91-96% chemical yield. On a more indus- 
trial scale, Pesheva et al. [4] used a porous anode made 
of Ni-Cr steel alloy and obtained a chemical yield 
higher than 70%, with an energy consumption of 
2 kWh kg -1 of DAG. More recently, Witmann et al. 
[5] and Reiff et al. [6] obtained a 92% chemical yield 
and a conversion of 77%. However, the most import- 
ant work at the pre-industrial scale was that of 
Robertson et al. [7]; with Swiss-Roll cells in series, 
they were able to produce 2 tons of DAG daily with 
a conversion of 99%, a faradaic yield of 70% and an 
energy consumption of 1.2 kWh kg 1 of DAG. 

As indicated by the authors in a previous paper [8], 
the following overall mechanism was proposed for the 
anodic oxidation of DAS at a nickel electrode in an 
alkaline medium: 

NiOOH + DAS ,... "Ni(OH)2 + DAG (1) 

Ni(OH)2 + OH-  . " NiOOH + H20 + e (2) 

In [8] the anode potential conditions for the nickel 
peroxidation (Reaction 2) and for the DAS to DAG 
transformation (Reaction 1) were determined in 1 M 
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KOH alone and in 1 M aqueous KOH containing 
DAS and nickel ions, respectively. 

As the kinetic aspects of both the above reactions 
are unknown, it was important, according to Robert- 
son et al. [7], to use sufficiently high OH-  concen- 
trations in order to avoid a controlling effect of Reac- 
tion 2 through the limited diffusion of OH-  to the 
electrode. With 1 ta KOH, it was demonstrated in [8] 
that the overall current was proportional to the DAS 
concentration. 

The aim of the present paper is to present and 
discuss the experimental results obtained in exper- 
iments for DAG production including conversion, 
chemical yield and faradic yield, in two types of 
cells. 

2. Experimental details 

2.1. Cells 

The two cells used are shown in Fig. 1. 
The first cell (Fig. la) was used previously [8]. It was 

a batch stirred cell in which a rectangular sheet 
(3cm x 5cm) of 0.21 cm thick nickel foam (100p.p.i,) 
was submerged between two rectangular sheets of 
expanded stainless steel. This cell was operated at two 
temperatures (29°C and 60 ° C). 

The second cell (Fig. lb) was a two-compartment 
cell containing a flow-by nickel foam anode. This cell, 
made of Altuglas, was parallelepipedic. The anodic 
compartment was defined by the inner part of a nickel 
frame to which a rectangular sheet (0.21 cm thick; 
3cm wide and 3.7cm high) of 100p.p.i. nickel foam 
was electrically soldered. The nickel frame itself was 
0.1 cm thick, with a rectangular aperture of dimen- 
sions 6 cm × 3 cm; the parts of this frame which con- 
tacted the electrolyte were painted with M-COAT D 
(Vischay-Micromesures). The cathodic compartment 
was a rectangular aperture (6 cm × 3 cm) made of 
Altuglas 1 cm thick, situated between the separator 
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Fig. 1. Cells used: (a) batch stirred cell; (b) flow cell with a porous anode. 

and a rectangular sheet of nickel acting as the cathode. 
The separator was a sheet of  Vyon, 0.1 cm thick, with 
100#m mean pore diameter, a porosity between 33 
and 40%, and an ionic conductivity factor of  6 [9]. 

Rubber joints were used to guarantee the water tight- 
ness between the different elements of  the cell which 
was operated only at 30 ° C. 

A schematic view of  the cell cross-section is given in 
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Fig. 2. Cyclic voltammograms obtained in the cell of Fig. l(a): (a): supporting electrolyte along; (b) with DAS (9 wt %). (from [8]). 
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Fig. 3. Variations of the instantaneous relative DAS concentration with time in the batch stirred cell. Temperature: (o)  29 ° C, ( + )  60 ° C. 

Fig. 1 (b). As indicated, the anodic potential was con- 
trolled at x = 0 in the entrance plane (y  = 0); a glass 
Luggin capillary introduced through a cylindrical tap 
was used for this control. 

The flow circuit for the cell of  Fig. 1 (b) was a closed 
loop. It included a magnetically stirred double-wall 
reservoir and a small pump, with a direct partial 
recirculating flow to the reservoir. The electrolyte 
entered the cell by the anodic compartment, then 
flowed through the cathodic compartment and 
returned to the reservoir. The temperature was main- 
tained at 30 ° C by continuously recirculating water at 
30 ° C through the double-wall. The flow-rate was con- 
trolled with a valve and was measured by weighing at 
the cell exit. The total volume of  electrolyte in each 

Table 1. Experiment results obtained for the DAS to DAG transfor- 
mation in the cell of Fig. l(b). 

Time/s C(t)/C o X(t) l(t)/A RF(t ) 

Run 1 0 1.0 0 0 
u = 0 .084ms i 

3600 0.88 0.12 1.10 0.2 

7200 0.80 0.20 1.10 0.19 
I0800 0.66 0.34 1.10 0.22 
14400 0.51 0.49 1.10 0.23 

Run 2 
u = 0 ,096ms -1 

0 1.0 0 0 

3600 0.86 0.14 1.5 0.19 
10800 0.76 0.24 1,5 0.17 
14400 0.68 0.32 1.5 0.15 

experiment was 450 cm 3. The mean flow velocity, u, 
across the empty cross-section (0.21 cm × 3cm) of 
the anodic compartment was varied between 0.057 
and 0.13 ms -1 . 

2.2. Electrolytes, electrical circuit and D A S  titration 

The anode activation, i.e. the formation of  NiOOH on 
the nickel electrode, was performed using 1 M KOH, 
as in [8], and according to the technique proposed by 
Briggs et al. [10]. The DAS transformation to DAG 
was made using aqueous solutions containing 0.9 to 
9wt% of  pure DAS (i.e. 1 to 10wt % of the DAS 90% 
purity prepared as reported in [8]) in 1 m KOH; also 
nickel (1.4 g Ni dm -3) ions, which may act as catalysts 
[1, 7], were introduced as nickel sulphate into the 
solutions. The pH of the electrolyte was maintained at 
14 throughout the experiments. 

Each of the two cells of  Fig. 1 was associated with 
a reference calomel electrode in a classical three- 
electrode potentiostatic circuit including a Tacussel 
PRT 20-2 potentiostat, a recorder, a voltmeter and an 
ammeter. The experiments were performed potentio- 
statically and the variation of the DAS concentration 
with time was monitored. All potentials are quoted 
with reference to SCE. 

The DAS concentration was measured by u.v. spec- 
trophotometry [11] by a technique adapted from that 
used in [12] for the titration o fm o n o  and diacetone-L- 
sorbose in a mixture of both. By measuring the 
absorbance as function of the wavelength, for three 
solutions (supporting electrolyte alone; supporting 
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Fig. 4. Variations of  the relative DAS concentration with the total residence time in the flow-by porous anode of  Fig. 1 (b). u: (zx) 0.084 m s-~, 
(o)  0.096 m s -  1. 
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electrolyte with DAS; supporting electrolyte with 
DAG) it was shown that a wavelength of  490 nm 
corresponds to the maximum absorbance of DAS [11]. 
This value of 490 nm was chosen for the determination 
of the DAS concentration. A Pye-Unicam u.v. Philips 
spectrophotometer was used for the measurements. 
The solution samples were taken at regular intervals 
(generally every hour); all were titrated immediately 
after the end of the experiment. 

3. Results 

3.1. Experiments with the stirred cell 

Current-potential  sweeps, such as those of Fig. 2 and 
previously given in [8], were obtained using a nickel 
foam electrode submerged in the same stirred cell as in 
the present case. In [8], it was deduced that stable 
nickel peroxide exists at an anodic potential higher 
than 350mV, while an anodic potential of 500mV 
may be adequate for the transformation of  DAS to 
DAG. For  DAS concentrations higher than 5% (Fig. 
2), the 'camel back' curve corresponding to the 
NiOOH formation (curve A of Fig. 2) is not apparent 
(curve B of  Fig. 2). In the present experiments it was 
decided to apply a constant anodic potential of  
approximately 500mV for the DAS to DAG  trans- 
formation. It was observed that for such an anodic 
potential, the current intensity did not depend on the 
agitation intensity, as it would be in the case of a 
kinetically controlled process. Each electrolysis was 
followed for 24 h; the total disappearance of DAS was 
verified by thin layer chromatography [13, 14]. 

Figure 3 gives, for the two temperatures, the 
experimental variations of  the relative DAS con- 
centration with time. It is seen that high values of  the 
conversion were obtained (around 60-65% after 8 h; 
90% after 24 h). A semi-logarithmic plot of the instan- 
taneous relative concentration against operating time 
gives a straight line [11] according to the theoretical 
behaviour of  a batch electrochemical reactor in which 
an irreversible first order electrochemical reaction is 
performed potentiostatically. Such a plot is shown 
inset in Fig. 3. After the experiments, the DA G  was 
precipitated from the solution; the method used [11] 
was similar to that used by Vertes et al. [3]. The values 
obtained for the overall chemical yield (83% at 29 ° C 
and 90% at 60 ° C) confirmed the influence of tem- 
perature as outlined by Amjad et al. [7]; indeed, if 
these authors observed a temperature increase during 
the electrolysis, they did not give details of such an 
increase. 

The melting point of the D A G  crystals obtained 
was 77-78? C, a value not very different from that 
[78-79 ° C] indicated in the literature for the product 
purified by TLC. The elementary analysis of the crys- 
tals gave [C51.64%; H6.92%] while the values corre- 
sponding to the DAG formula C~2 H~8 07 are 
[C52.55%; H6.57%]. Using N M R  for carbon-13, the 
presence of 12 atoms of carbon was confirmed, together 
with that of a carbonyl group which results from the 

oxidation of the alcohol group localized on the first 
atom of carbon. N M R  for hydrogen revealed the 
presence of  18 atoms of  hydrogen. 

3.2. Experiments with the f low cell 

In the flow-by porous anode of  Fig. l(b), the more 
anodic potential is localized at (x = 0.21 cm; y = 
3.7 cm) while the less anodic potential is situated at 
(x = 0; y = 0) where the control was made. For  the 
DAS transformation to DAG, the anode was first 
activated in a batch stirred cell and then installed in 
the parallelepipedic cell. A control potential of 480 mV 
was imposed; it was hoped that such a potential at the 
less anodic position would be adequate for the opti- 
mum conversion, on the condition that the maximum 
anodic potential would be less anodic than the poten- 
tial for oxygen evolution. 

Table 1 summarizes the results of 2 h experiments, 
starting from a solution having a DAS concentration, 
Co, of 173molm 3, i.e. 4.5wt%. The mean flow vel- 
ocity, u, was 0.084 m s- ~ for run 1 and 0.096 m s ~ for 
run 2. The values of the relative DAS concentration 
C(t)/Co at the time t, are given as function of  this 
operating time t; the corresponding current flowing 
through the cell, I(t), the conversion X(t) = 1 - 
C(t)/Co, and the mean faradic yield between t = 0 
and t, Rf(t), are also given in this Table. The conver- 
sions were approximately 49 and 32%, respectively. 
According to the definition: 

Amount of DAS transformed at t 
RF(t) = Amount of DAS theoretically transformed at t 

the mean faradaic yield is calculated as: 

Rv(t) - 1 - C(t)/Co VzFCo (3) 

fot I( t) dt 

where V is the total volume of electrolyte 
( g  = 450 cm 3), F the Faraday number, and z (z = 1 
according to Reaction 2) the number of electrons in 
the reaction. As seen in Table 1, I(t) does not change 
during the experiment [I(t) = I]; this allows a sim- 
plification of Equation 3 as follows: 

X( t) VzFCo 
R F ( t  ) - -  (4) 

/t  

Table 1 shows that RF(t) varies between 15 and 25%. 
The latter value, which corresponds to the first hour of 
operation in experiment 1, agrees with the values of 
Borisov et al. [1]. However, the observed range 15- 
25% disagrees with the value RF = 70% obtained by 
Robertson et al. [7] using a series of two Swiss Roll 
cells. In experiment 2, the current intensity was higher 
than in experiment 1, and the faradaic yield decreased 
during the operation. This last point may be explained 
by the fact that the 'camel back' region attributed to 
the DAS/DAG reaction in the current-potential curve 
moves towards cathodic potentials when the DAS 
concentration decreases, as shown in [8]. As a conse- 
quence, the relative contribution of the oxygen evo- 
lution reaction to the total current is higher as the 
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DAS concentration decreases, thus reducing the fara- 
daic yield of  the DAS disappearance. 

4. Discussion 

In Fig. 4, the data conversion of  Table 1 are plotted as 
C(t)/Co against the total residence time, ~s, of  the 
liquid in the porous electrode of  Fig. l(b). This par- 
ameter vs, which is given by: 

Y0 Qv 
Zs - t 

where Qv is the volumetric flow rate, VR the reservoir 
volume and Y0 the electrode height, is physically more 
easy to relate with the instantaneous conversion than 
the operating time t. A single straight line describes 
both sets of  results. By extrapolating such a line to 
z~ = 100 s, a conversion of 50% is obtained. 

It  is now clear that a high DAS conversion can be 
obtained using a nickel foam anode, but the faradaic 
yield observed (approximately 20%) is between two 
and three times smaller than the value indicated by 
Robertson et al. [7]. A satisfactory explanation of  this 
disagreement has not been found. 

Also a doubt subsists concerning the overall kinetics 
of  the anodic process. Fleischmann et  al. [16], and 
Amjad et al. [15] considered that the electrooxidation 
of  pr imary alcohols is kinetically controlled. By con- 
trast, for the particular case of  the direct DAS electro- 
oxidation, Robertson et al. [7] concluded that the 
process was diffusion-controlled at small O H -  con- 
centrations and kineticaUy controlled at high O H -  
concentrations, a conclusion which was surprising to 
them. 

In order to clarify this question of the reaction 
control, cyclic vol tammetry experiments similar to 
those made in [8] were undertaken. These were per- 
formed using a nickel rotating disc electrode sub- 
merged in a 1 M K O H  electrolyte containing 1.8 wt% 
of DAS and maintained at 30 ° C. The rotating disc 
velocity was between 500 and 2000 r.p.m. In Fig. 5, 
where the current-potential  sweeps are given, it is seen 
that the current corresponding to the peak does not 
vary within the rotating velocity range. This conclu- 
sion from Fig. 5 also agrees with the observation made 
using the batch stirred cell (Section 3.1). This suggests 
that the overall reaction is not diffusion controlled, a 
conclusion in agreement with Robertson et al. [7] for 
a similar O H  concentration. 

5. Conclusions 

The experimental conditions determined in [8] for the 
DAS to D A G  transformation at a nickel foam elec- 
trode previously peroxidized were applied. The results 
showed that, in agreement with the literature, a chemi- 
cal yield of  about  90% can be obtained, and also a 
high conversion. The faradaic yield appears to be only 
of about  20%, a value which disagrees with the unique 
reference work on the question [7]. Finally this last 
point appears to be the unique point of  disagreement 
with work concerned with the DAS to D A G  transfor- 
mation at other materials than nickel foam. This point 
merits further attention owmg to its consequence on 
the energy consumption per kg of DAG.  

Acknowledgements 

F. Coeuret particularly thanks J. Nanzer  and S. Lang- 
lois who made possible this contractual experimental 
work which received its financial support  from the 

Di rec t ion  des l~tudes et Recherches d'Electricit6 de 
France. 

References 

[1] A. Borisov, I. Aurutskaya and M. Fioshin, Electrokhimya 6 
(9), (1970) 1397. 

[2] M. Meller, L. Seleznev, F. Luknitskii, L. Sukhmaneva and 
M. Veskler, Novosti Elektrokhim. Org. Soedin., Tezisy 
Dokl. Vses. Soveshch. Electrokhim. Org. Soedin, 8th 
meeting (1973). (edited by L. G. Feoktistov "Zinatne"), 
Riga, URSS. 

[3] G. Vertes, G. Horanyi and F. Nagy, Tetrahedron 28 (1972) 
37. 

[4] I. Pesheva, M. Dolapchieva and D. Merdzhanova, Farmat- 
siya (Sofia) 35 (1), (1985) 1. 

[5] R. Witmann, W. Wintermeyer and J. Butzke, Get. Often. DE 
3 019 321 A1, 26 Nov. (1981). 

[6] F. Rieff, W. Wintermeyer, R. Witmann, J. Butzke and P. 
Mueller, Get. Often. DE 3 020 104 A1, 3 Dec. (1981). 

[7] P. Robertson, P. Berg, H. Reimann, K. Schleich and P. 
Seiler, J. Electrochem Soc. 130 (1983) 591. 

[8] J. Nanzer, S. Langlois and F. C~euret J. Appl. Electrochem., 
23 (1993). 

[9] F. Goodridge and C. King, in 'Techniques of Electro- 
organic Synthesis', Part I, Experimental methods and 
Equipments (edited by N. L. Weinberg), John Wiley & 
Sons, New York (1974) Chapter 2, p. 41. 

[10] G. Briggs, E. Jones and W. Wynne-Jones, Trans. Faraday 
Soc. 51 (1955) 1433. 

[11] J. Nanzer, Th~se de l'Universit6 de Rennes 1, Rennes, 
France (1990). 

[12] V. Devyatnin, Pharm. Chemistry J. 1 (1967) 268. 
[13] E. Illner, Pharmazie 39 (12), (1984) 861. 
[14] E. Illner, Pharmazie 40 (9), (1984) 654. 
[15] M. Amjad, D. Pletcher and C. Smith, J. Electrochem. Soc. 

124 (2), (1977) 209. 
[16] M. Fleischmann, K. Korinek and D. Pletcher, 3". Chem. Soc. 

Perkins Trans 11 (1972) 1396. 


