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periodate oxidation

a a , a b c*Masaki Torimura , Kenji Kano , Tokuji Ikeda , Masashi Goto , Teruhisa Ueda
aDepartment of Agricultural Chemistry, Faculty of Agriculture, Kyoto University, Sakyo-ku, Kyoto 606, Japan

bGifu Pharmaceutical University, 5-6-1 Mitahora-Higashi, Gifu 502, Japan
cInternational Marketing Department, Chromatographic Instruments Division, Shimadzu Corporation, Nakagyo-ku, Kyoto 604, Japan

Received 14 April 1997; received in revised form 23 June 1997; accepted 26 June 1997

Abstract

A new concept of an amplified electrochemical detection of carbohydrates is proposed, where carbohydrates are oxidized
2 2by periodate ion (IO ) in acidic solutions to yield iodate ion (IO ) which would be electrochemically reduced into iodide4 3

2ion (I ) under suitable conditions. This scenario allows highly sensitive detection of carbohydrates, for example, as 30
2electrons per aldohexose molecule. Our cyclic voltammetric study revealed that IO is reduced at much lower overpotentials3

2 2 2than IO at gold, platinum and carbon-based electrodes despite the fact that the standard redox potential of the IO /I4 3
2 2 2 2couple is more negative than that of the IO /I couple. In the electrochemical reduction of IO , I is considered to4 3

2 2function as a mediator. Stable flow-through detection of IO in the presence of IO was realized at glassy carbon electrodes.3 4
2This method was coupled with the IO oxidation of carbohydrates and the experimental conditions were partially optimized4

2on a flow injection system. The IO oxidation-coupled electrochemical detection of carbohydrates was applied to4

ligand-exchange high-performance liquid chromatography in a post-column mode. Sub-nanomole order of carbohydrates
were successfully detected on this system.  1997 Elsevier Science B.V.
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1. Introduction tive species in pre- or post-column modes for
constant-potential amperometric detection [4–7]. The

Electrochemical detection in high-performance methods, however, were only applicable to reducing
liquid chromatography (HPLC) has been one of the carbohydrates due to the reaction specificity in the
most active and successful developments in elec- derivatization. On the other hand, direct amperomet-
troanalytical chemistry [1,2]. However, carbohy- ric detection methods for carbohydrates in alkaline
drates, of which highly selective and sensitive de- solutions have been recently developed. One of the
tection is an attractive subject in analytical chemistry strategies concerns the convenient constant-potential
[3], are not generally electroactive at common elec- amperometric detection at copper [8–12] or nickel
trodes. Thus, several efforts have been devoted to electrodes [13,14] and the other is the pulsed am-
derivatization of carbohydrates into some electroac- perometric detection at gold or platinum electrodes

[15,16]. At copper electrodes glucose could be
*Corresponding author. oxidized into formate with the transfer of 12 elec-
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trons under suitable conditions [10]. Such large hydrates. In the case of aldohexose, for example, the
numbers of electrons allows the highly sensitive apparent number of the electrons could be enhanced

2amperometric detection of carbohydrates and thus to be 30 (55 mol of IO per mol of aldohexose33
2 2these direct electrochemical detection methods have 6e per mol of IO ) in the amperometric detection,3

been successfully utilized in practical HPLC [11,14– considering the reactions written by Eqs. (1) and (2).
16] or capillary electrophoresis systems [17,18]. In this work, we attempted to investigate voltammet-

2 2 2Periodate (IO ) oxidation of carbohydrates is well ric behavior of IO and IO at several electrodes4 3 4
2known and is used in determination and structural and amperometric detection of IO in flow-through3

2analysis of carbohydrates [19–21]. Glucose, for analysis. The IO detection method has been cou-3
2 2example, is oxidized by IO with the transfer of 10 pled with the IO oxidation for the determination of4 4

electrons, as shown by carbohydrates in a flow injection analysis (FIA)
system and a post-column ligand-exchange HPLC

2 2C H O 1 5IO → 5HCOOH 1 HCHO 1 5IO6 12 6 4 3 system.
(1)

2In conventional determination based on the IO4
2 2. Experimentaloxidation, the quantities of IO consumed by carbo-4

hydrates are frequently determined by iodimetric
2.1. Reagentstitration [22,23] or spectrophotometry [24]. Some

2reports deal with the utilization of the IO oxidation4

All carbohydrate samples used were obtained fromin on-line [25] and off-line flow-through determi-
Wako and/or Aldrich. All other chemicals were ofnation [26–29] of carbohydrates using potentiometry
analytical grade quality and used as received. All[25,26] or spectrophotometry [27–29]. The on-line
sample and reagent solutions were prepared withpotentiometric determination was based on the mea-

2 triple-distilled water just before each experiment.surement of the IO consumption, but iodate ion4
2(IO ) as the product is inherently detected simul-3

taneously. Therefore, the sensitivity was not satisfac- 2.2. Apparatus and measurements
tory in spite of the large number of the transferred
electrons in the reaction (Eq. (1)) as in the case of Cyclic voltammetry was performed on a
iodimetry. The spectrophotometric detection would Bioanalytical Systems (BAS) 50W electrochemical
be limited in sensitivity due to the low absorption analyzer or a Hokuto Denko HA-501 potentiostat

2coefficient and the spectrum overlapping of IO and4 combined with a Hokuto Denko HB-104 function
2IO . Although the spectrum overlapping was over-3 generator and a Graphtec WX-2400 x–y recorder

come by combination of some techniques for the with a three-electrode system. The potentials were
2 2separation of IO and IO [28,29], it would be4 3 referred to the Ag/AgCl /KCl(sat) electrode. A

difficult to utilize such off-line detection methods in coiled platinum wire was used as the counter-elec-
HPLC systems. trode. The materials of working electrodes evaluated

2Selective determination of IO generated in the3 in cyclic voltammetry were gold (Au), platinum (Pt),
2IO oxidation might be an alternative for carbohy-4 glassy carbon, carbon paste (CP) and basal-plane

2drate analysis, which is the subject of this work. IO3 pyrolytic graphite (BPG). These electrodes except
2would be reduced electrochemically into iodide (I ) BPG were purchased from BAS (3 mm in diameter)

with the uptake of six electrons at suitable electrode and polished with alumina powder (0.05 mm, Union
potentials. Carbide, USA) and then sonicated in distilled water

2 2 1 2 before use. BPG electrodes with a diameter of 5 mmIO 1 6e 1 6H → I 1 3H O (2)3 2 were fabricated according to the literature [30] and
Therefore, development of a selective amperometric the surface was just cleaved with a razor blade

2 2 21determination of IO in the presence of IO will before use. The scan rate was fixed at 100 mV s .3 4

allow an extremely sensitive determination of carbo- All the voltammetric measurements were done in 5%
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Fig. 1. Schematic diagram of an apparatus for HPLC. 1: Mobile
phase (water), 2: reagent solution, 3: HPLC pump, 4: peristaltic
pump, 5: injector, 6: separation column, 7: reaction coil, 8:
column oven, 9: cooling coil, 10: water bath, 11: electrolytic
thin-layer flow cell, 12: potentiostat and 13: recorder.

H SO solution as the electrolysis solution at room2 4
Fig. 2. Cyclic voltammograms of KIO and KIO in 5% H SO at3 4 2 4temperature without deaeration. 21Au and glassy carbon electrodes at a scan rate of 100 mV s .2FIA of IO was carried out using a Gilson3 Solid line: 1 mM KIO at bare Au and glassy carbon electrodes,3

Minipuls 2 peristaltic pump, Rheodine 7125 sample broken line: 1 mM KIO at bare Au and glassy carbon electrodes4

and dotted line: 1 mM KIO at a KI-treated Au electrode.injector with a 20-ml loop, a Yanagimoto VMD-101 3

amperometric detector and a Yokogawa 3056 chart
recorder. A PTFE tube with an inner diameter of 0.5 electrochemical reduction started to arise at ca. 0.3 V
mm was used as the solution guide line. A thin-layer (vs. Ag/AgCl) and the reduction current increased
cell with a glassy carbon or Au working electrode, exponentially with the potential scan. In the reversed
an Ag/AgCl /KCl(sat) reference electrode and a positive-going scan, two reduction waves appeared at
stainless-steel counter-electrode was purchased from ca. 0.05 V and 0.35 V and the reduction current was
BAS. much larger than that of the cathodic wave. This

2In the HPLC system for the detection of carbohy- means that the reduction of IO is accelerated with3

drates, a Shimadzu LC-6A pump and a Shimadzu the electrolysis time. Such an electrolysis time-de-
CTO-6A column oven were combined with the pendent increase in the reduction current was ob-
above FIA system in a post-column mode. The served when the electrode potential was held at 0 V.
schematic diagram of the HPLC system is given in These results suggest that the electrochemical reduc-

2Fig. 1. A Shimadzu Shim-pack SCR-101C HPLC tion of IO is catalyzed by some electrode reaction3

column (10 mm packing, 30 cm37.9 mm) was used product.
for the ligand-exchange HPLC separation of carbo- The mechanism for the electrochemical reduction

2hydrates, the mobile phase being distilled water. A of IO was initially proposed as follows [31].3
2post-column reaction coil for the IO oxidation was4 2 1IO 1 H → HIO (fast) (3a)3 3heated in the column oven and the reaction solution

was cooled down within a coil immersed in a
2 2laboratory-made water-jacket type cooling bath in HIO 1 e → HIO (slow) (3b)3 3

the front of the electrochemical cell.
2 2 1 2HIO 1 5e 1 5H → I 1 3H O (fast) (3c)3 2

3. Results and discussion The electrochemical reduction is strongly irreversible
and requires large overpotentials, as compared with

2 2 2 23.1. Voltammetric response of IO and IO the standard redox potential of the overall IO / I3 4 3

system (1.09 V vs. NHE, NHE520.197 V vs. Ag/
2Iodate ion (IO ) exhibited a characteristic ir- AgCl) [32]. The slow reaction of Eq. (3b) would be3

reversible voltammogram at an Au and a glassy responsible for the large overpotential. We consid-
carbon electrode in 5% of H SO as shown by the ered the following mechanism for the electrolysis2 4

2solid lines in Fig. 2. In the negative-going scan, the time-dependent acceleration of the IO reduction.3
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2 2 2Once I is generated according to Eq. (3c), IO near the sensitive detection of IO to realize diffusion-3 3
2the electrode surface is easily reduced by I to yield controlled reduction. In order to increase the

2 2I (or strictly speaking I ), which is reversibly heterogeneous reduction rate constant of IO , we2 3 3
2 2reduced at electrodes to regenerate I . attempted to modify Au electrodes with I or I2

2considering the role of the I / I couple in the22 2 1 2IO 1 5I 1 6H → 3I 1 3H O (4a) electrode process of IO described above. It is3 2 2 3

generally accepted that relatively stable Au–I bond-
2 2 ing is formed between Au and iodine species (I or→I 1 2e 2I (4b) 2←2

2I ) under appropriate conditions [35–38]. Thus, we
2That is, I serves as a mediator. It can be reasonably fabricated potassium iodide (KI)-treated Au elec-

assumed that the electrochemically generated amount trodes: a well-polished Au electrode was dipped into
2of I increases with the elapse of the electrolysis a 1 mM KI solution for 30 min and then rinsed

time, which causes an increase in the reduction rate thoroughly with distilled water. The KI-treated Au
2of IO . electrode exhibited a drastic change in cyclic volt-3

2 2On the other hand, IO was found to be electro- ammograms of IO , as shown by the dotted line in4 3

chemically inactive at Au and glassy carbon elec- Fig. 2. The cathodic wave shifted by ca. 0.3 V in the
trodes within the potential range examined, as shown direction of the positive potential and gave a reduc-
by the broken lines in Fig. 2. Votammetric behavior tion peak around 0.15 V. We also performed an

2 2of IO and IO at a Pt electrode was very similar to I -vapor treatment of Au electrodes: a bare Au3 4 2

that at the Au electrode, while voltammetric behavior electrode and I powder were left standing under2

observed at CP and BPG electrodes was similar to reduced pressure in a closed vessel for overnight at
that at a glassy carbon electrode. The behavior is in room temperature and then the electrode was rinsed
marked contrast with that observed at a dropping with distilled water. The I -treated Au electrode gave2

2mercury (Hg) electrode, where IO gave well-de- voltammograms very similar to those at the KI-4
2fined two reduction waves: the first one at 0.35 V (vs. treated electrode. In contrast, IO remained inert at4

SCE, SCE50.045 V vs. Ag/AgCl) was assigned to KI- and I -treated Au electrodes in the potential2
2 2the two-electron reduction of IO into IO and the range investigated. Similar KI- and I -treatment was4 3 2

second one at 20.25 V was assigned to the sub- attempted for glassy carbon electrodes. However,
2 2sequent six-electron reduction of IO to I [33]. such treatments were not effective for glassy carbon3

2Such sequential reduction of IO might be expected electrodes: practically no change was observed in4
2 2considering the fact that the standard redox potential cyclic voltammograms of IO and IO . On the other3 4

2 2 2 2 2 2of the IO /IO (or strictly speaking H IO /IO hand, I in solution reacted with IO as well as IO4 3 5 6 3 4 3

[34]) couple (ca. 1.6 V vs. NHE [32]) is much more to yield I (cf., Eq. (4a)). These results indicate that2
2 2positive than that of the IO /I couple (1.09 V), the Au–I species on the electrodes plays an im-3

although the large overpotentials are required even at portant role in selective facilitation of the electro-
2 2Hg electrodes for the reduction of IO . It is notewor- chemical reduction of IO . In addition, the appear-4 3

thy that Hg electrodes require much larger over- ance of the cathodic peak at the iodine-modified Au
2 2potential for the reduction of IO than noble metal electrode suggests that the reduction of IO is close3 3

(Au and Pt) or carbon electrodes. Therefore, we can to diffusion-control in nature at potentials more
conclude that the heterogeneous electron transfer rate negative than 0.1 V.

2constants of IO are relatively large at the noble3
2metal and carbon electrodes in comparison with Hg 3.2. Flow-through detection of IO and3

2electrodes, while those of IO are negligibly small. carbohydrates4
2 2Such kinetic properties of IO and IO at the3 4

2 2noble metal or carbon electrodes are suitable for Electrochemical behavior of IO and IO was3 4
2selective determination of IO in the presence of also investigated on an FIA system using the thin-3

2 2IO , which is the case of the IO oxidation of layer cell with glassy carbon and Au electrodes. A4 4

carbohydrates. However, it would be important for 20 ml portion of 5 mM KIO solution was subjected3
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to FIA, in which 5 mM of KIO solution containing4

20% H SO solution was used as the reagent solu-2 4
21tion at a flow-rate of 0.1 ml min , while the carrier

phase (water) was pumped at a flow-rate of 0.5 ml
21min (the final concentrations of KIO and H SO4 2 4

being 0.83 mM and 3.3%, respectively). KIO gave3

stable response at the bare glassy carbon electrode.
In contrast to the cyclic voltammetric results, how-
ever, the background current due to the reduction of

2IO was also observed on the FIA system. Similar4

behavior was observed at the bare Au electrode, but
the ratio of the peak height to the background current
(P/B ratio) was smaller than that of the glassy carbon

2 Fig. 3. Peak current of 5 mM KIO (20 ml injection) (d) and3electrode. We also attempted FIA of IO at iodine-3 background currents (j) as function of the electrode potential in
modified Au electrodes, where the bare Au electrode FIA method using a glassy carbon electrode as the working
was treated with KI solution or I vapor as described electrode. The reagent solution: 5 mM KIO in 20% H SO at a2 4 2 4

21flow-rate of 0.1 ml min ; the carrier phase: water at a flow-ratein Section 3.1. As expected from the above vol-
21of 0.5 ml min . The peak current was measured after subtractiontammetric results, the intensity of the reductive

2 of the background current. The inset represents the electrodedetection of IO at the iodine-modified Au electrode3 potential dependence of the peak current ratio against the back-
was initially larger about 100-times than that at the ground current (P/B ratio).
bare glassy carbon electrode at 0.1 V. However, the
current intensity at the iodine-modified Au electrode
was not reproducible in run-to-run analysis and several factors on the current signal were investi-
decreased with time. Most probably, the Au–I gated, where the flow-rate of the reagent solution
bonding would not be so stable under the present (KIO in 20% H SO solution) for the post-column4 2 4

21conditions, although such instability was not ob- reaction was fixed at 0.1 ml min . The results are
served in the cyclic voltammetric experiments. depicted in Fig. 4. With decreasing the flow-rate of
Therefore, the bare glassy carbon electrode was used the mobile phase (water), the signal intensity in-
in the following experiments at the sacrifice of the creased (Fig. 4, panel a). The increase in the peak
sensitivity. height at low flow-rates is ascribed to the reduced

Fig. 3 shows hydrodynamic voltammograms of 5 factor of the dilution by the mobile phase volume
mM KIO at the glassy carbon electrode, in which and the increased resident time in the reaction coil3

2the peak current reflecting the reduction of IO was and the electrochemical cell. All these changes are3
2measured by subtracting the background current. The suitable for the IO oxidation and/or the electro-4

2peak height of KIO as well as the background chemical detection of IO . However, the decreasing3 3

current increased with the negative shift of the in the flow-rate causes an increasing of the analytical
electrode potential. Judging from Fig. 3, the reduc- time and the peak broadening. Then the flow-rate of

2 21tion of IO did not attain the diffusion-limiting until the mobile phase was limited to 0.5 ml min3

20.4 V. The P/B ratio exhibited the highest value at considering practical separation in HPLC. In order to
2ca. 0.2 V, at which the electrode potential was set in increase the rate of the IO oxidation, the con-4

the following (Fig. 3, inset). centration of KIO in the reagent solution was4

Next, FIA analysis of carbohydrates was per- increased. Although increased concentrations of
2formed by the combination of the IO oxidation and KIO resulted in an increase in the peak height, the4 4

2the flow-through detection of IO . The FIA system background current also increased. The maximum3

used was identical with that illustrated in Fig. 1 P/B ratio was attained at 5 mM in KIO (Fig. 4b)4

except the separation column, which was removed in and then we selected 5 mM as the KIO con-4

order to minimize the analytical time. Using glucose centration in the reagent solution. Although higher
(0.1 mM, 20 ml) as a model sample, effects of concentrations of H SO are also useful to accelerate2 4
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Fig. 4. Peak current of glucose (0.1 mM, 20 ml) as functions of (a) the flow-rate of the mobile phase (water), (c) the temperature of the
column oven and (d) the length of the reaction coil and (b) the P/B ratio as a function of the concentration of KIO in the reagent solution,4

detected at 0.20 V vs. Ag/AgCl by the FIA method on the system illustrated in Fig. 1 except the separation column which was removed.
21Other conditions are as follows unless otherwise noted; the flow-rate of mobile phase (water): 0.5 ml min , the reagent solution: 5 mM

21KIO in 20% H SO ; the flow-rate of the reagent solution: 0.1 ml min , the column oven temperature for reaction: 708C and the length of4 2 4

reaction coil: 7 m.

Table 1
2

athe rate of the IO oxidation [39], 20% of H SO Relative intensities of responses for various carbohydrates in FIA4 2 4

was used as the maximum in the present on-line bSpecies Compounds Relative intensity
system. The peak height was exponentially increased

c cExperimental Expectedwith elevating temperature of the column oven (Fig.
Aldopentose Xylose 58 804c). However, bubble was evolved above 808C

Arabinose 61 80within the guideline tube. Thus, the column oven
was kept at 708C. Elongation of the reaction coil was

Aldohexose Glucose 58 100
effective in improving the signal intensity up to Mannose 49 100
about 7 m (Fig. 4d), at which the length was fixed in Galactose 84 100
the following.

Ketohexose Fructose 39 80Under the optimized conditions, the amperometric
responses for various carbohydrates (2 nmol each)

Deoxysugar Rhamnose 66 80
were measured. The result is summarized in Table 1 Sorbitol 100 100
as relative values of the response compared with the Mannitol 70 100
sorbitol response. Table 1 also shows relative ex-

Disaccharide Lactose 25 100pected values, which were calculated by assuming
2 Maltose 46 220the complete IO oxidation of the carbohydrates.4

The ratios of the experimental values to the expected Trisaccharide Raffinose 109 360
ones would reflect the reactivity of carbohydrates a All conditions are the same as those given in Fig. 4.2toward IO . Sorbitol was the most reactive among b4 2 nmol each (0.1 mM320 ml).

cthe samples examined, while di- or trisaccharides Relative value of the response against the sorbitol response,
exhibited relatively low reactivity. which is defined as 100.
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23.3. Application to HPLC or off-line FIA methods utilizing the IO oxidation4

reported so far [26,28,29].
Finally, we constructed a post-column mode

HPLC system as illustrated in Fig. 1 under the
conditions optimized in the above FIA analysis. A 4. Conclusions
separation of a carbohydrate mixture is depicted in
Fig. 5. The shape of the peaks was somewhat In this work, we have proposed a new concept of
broadened, most probably due to the long reaction the reductive amperometric determination of carbo-

2coil. The pump pulsation due to the peristaltic action hydrates based on the IO oxidation, in which the4
2 2was also observed, which might be reduced by using product IO is electrochemically reduced into I .3

pulse damper. The linearity between the peak height The advantage of this concept is the current amplifi-
and the sample concentration was guaranteed in the cation: aldohexose, for example, could be detected as
total concentration range at least from 0.4 to 20 nmol a 30-electron reduction as the maximum. In order to

2at a 20-ml injection. The relative standard deviation realize the concept, selective detection of IO in the3
2of the analysis was 0.82% in run-to-run analysis of presence of excess amount of IO is essential.4

2 210 nmol glucose (n510). The detection limit of Although the standard redox potential of the IO /I3
2 2glucose on this HPLC system was 250 pmol at a couple is more negative than that of the IO /I4

signal-to-noise ratio of three and it is more than couple, our cyclic voltammetric experiments sug-
2one-order in magnitude lower than the other on-line gested that selective reduction of IO in the presence3

2of IO is possible utilizing the preferable kinetic4
2 2property of IO over that of IO at some electrodes,3 4

especially at iodine-modified Au electrodes. Unfor-
tunately, the iodine-modified Au electrode fabricated
here was not acceptable for use in the stable flow-
through detection. Our proposed idea was in part
realized using glassy carbon electrodes and the
method was applied to the carbohydrate analysis in
ligand-exchange HPLC separation. This is the first

2case of the utilization of the IO oxidation in HPLC4

analyses of carbohydrates. However, we could not
2 2attain complete selectivity of IO against IO and3 4

2diffusion-controlled detection of IO under the flow-3
2through conditions. In addition, the IO oxidation of4

carbohydrates did not go to completion under the
present conditions. These would be responsible for
the result that the present HPLC detection method
for carbohydrates was inferior in sensitivity to the
direct oxidation method in alkaline conditions
[11,14–16]. Further improvement of the sensitivity is
expected by further investigation concerning de-

2velopment of stable IO -selective electrodes and3

improvement of the devices and/or optimization of
the post-column reaction conditions. Related study is
in progress.

Fig. 5. Ligand-exchange chromatogram of a sample mixture of
Acknowledgementscarbohydrates (1 nmol each) detected on the post-column HPLC

system illustrated in Fig. 1 under the conditions given in Fig. 4.
Peaks: (1) maltose, (2) glucose, (3) fructose and (4) sorbitol. This work was supported in part by a Grant-in-Aid
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