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1 Abstract 


A new on-line redox derivatization technique using double separation columns and one redox 


derivatization unit was presented for enhancement of separation selectivity of HPLC. This 


on-line redox derivatization HPLC system consisted of two separation columns and one redox 


derivatization unit placed between them. The redox reaction proceeds in the derivatization 


unit so that an analyte compound migrates as its original form in the first column, while as its 


oxidized or reduced form in the second column. The retention of the analytes is controlled by 


the lengths of the two separation columns in this system. We adopted a small column packed 


with porous graphitic carbon (PGC) as a redox derivatization unit and two C18 silica columns 


treated with hexadecyltrimethylammonium chloride as separation columns. The redox activity 


of PGC and the efficiency of the on-line redox derivatization HPLC system for enhancement 


of separation selectivity were investigated using ethylenediaminetetraacetate (EDTA) 


complexes of some metal ions. Original untreated PGC and PGC treated with hydrogen 


peroxide completely oxidized Co(II)-EDTA and converted it to Co(III)-EDTA, while the other 


metal complexes eluted as their original oxidation states throughout the system. Selective 


separation and determination of cobalt in a reference copper alloy by the developed method 


was demonstrated. 
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2 Introduction  


High performance liquid chromatography (HPLC) is known as one of the powerful separation 


methods and is widely used for separating a variety of chemical substances. However, HPLC 


is always demanded to acquire new separation selectivity in order to achieve better separation 


and determination of trace levels of compounds in complex matrix samples. The use of a 


chemical reaction specific for analyte compounds as secondary chemical equilibrium (SCE) 


or derivatization reaction is one of the efficient ways to enhance the separation selectivity of 


HPLC. In the SCE technique an analyte participating in SCE exists in more than one chemical 


form during elution [1]. The retention of the analyte is determined not only by the retention 


factor of the each chemical form but also by the equilibrium constants of the reactions and the 


concentrations of reaction reagents added to the mobile phase. Therefore, the SCE technique 


enables one to fine-tune the retention of the target analyte compound. 


 


We recently presented a new type of the SCE technique, on-column redox derivatization 


method for enhancement of separation selectivity of HPLC using catalytic redox activity of 


porous graphitic carbon (PGC) packing materials [2]. PGC is known to be one of the very 


stable packing materials for reversed-phase liquid chromatography [3] and has been used for 


the separation of compounds of a wide range of polarity and positional and optical isomers 


[3-8]. On the other hand, we found out that PGC has catalytic activity for redox reactions [2, 


9]. We used PGC packing materials not only as the stationary phase but also as the solid redox 


agents, and investigated their redox activities using trans-1,2-diaminocyclohexanetetraacetate 


(DCTA) complexes of some metal ions as probe compounds. It was found that the redox 


property of PGC was modified by treating them with a solution containing a reducing agent. 
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The original PGC packings oxidized Co(II)-DCTA to Co(III)-DCTA during elution, while the 


PGC treated with a reducing agent showed reduction activity converting Co(III)-DCTA to 


Co(II)-DCTA. These two cobalt complexes do not form their individual chromatographic 


zones but migrate as a single zone of their mixture on the PGC column contrary to the 


chromatographic behavior on a C18 bonded silica, on which Co(II)-DCTA and Co(III)-DCTA 


can be separated. The redox activity of PGC and, accordingly, the retention of Co-DCTA 


complexes can be modified by treatment of the PGC column with a reducing agent solution. 


Therefore the retention of the cobalt complex can be adjusted so as to obtain the optimum 


separation from the other metal complexes. 


 


We also found that treatment of the PGC column by passing the solution of reducing agent 


through it gradually converts the oxidative activity of PGC inside the column to the reductive 


one from the upper part of the column [2]. This means that the upper part of the PGC column 


has reduction activity, whereas the bottom part oxidation activity. The concentrations or the 


fractions of Co(II)-DCTA and Co(III)-DCTA depend on the distance from the column inlet in 


column, that is, Co-DCTA migrates mostly as Co(II)-DCTA on the upper part of the column 


and as Co(III)-DCTA on the bottom. The retention factor of Co-DCTA in this on-column 


redox derivatization LC system is given by 


∫∫ +=−


LL


C dllf
k


dllf
k


k Ox
Co(III)


Red
Co(II)


TADCo )()(
LL 00


   (1) 


where L is the column length, l is the distance from the column inlet, fRed(l) and fOx(l) are the 


fractions of the two cobalt complexes as a function of l, and kCo(II) and kCo(III) are the retention 


factors of Co(II)-DCTA and Co(III)-DCTA, respectively. Equation 1 indicates that the 
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on-column redox derivatization LC can be regarded as one of the SCE technique.  


 


These results described above suggest that “on-line” redox derivatization of an analyte 


compound with an appropriate derivatization unit between two separation columns would 


give the same result as that obtained by the on-column redox derivatization HPLC regarding 


to modification of retention and separation for oxidizable and reduciable compounds. In the 


“on-column” derivatization technique, both of derivatization and separation proceed on the 


same column, while they are performed in different parts in “on-line” derivatization.  We 


have thus assembled an on-line redox derivatization HPLC system consisting of two 


separation columns and one redox derivatization unit placed between them. The redox 


reaction proceeds in the derivatization unit so that an analyte compound migrates as its 


original form in the first column, while as its oxidized or reduced form in the second column. 


Therefore the retention of the analyte is expected to be controlled by the lengths of the two 


columns in this system. 


 


In the present paper, we adopted a small column packed with PGC as a redox derivatization 


unit and evaluated the efficiency of the system for enhancement of separation selectivity using 


ethylenediaminetetraacetate (EDTA) complexes of several metal ions as model compounds. 


Ion-exchange chromatography as well as other related chromatographic methods such as 


ion-pair chromatography is very useful for the separation of ionic compounds. However, it 


may be difficult to separate analytes of which structures and charges are similar to one another. 


It will be shown that the on-line redox derivatization HPLC presented enables one to 


accomplish a highly selective separation of an analyte compound that can undergo redox 
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reactions to give a derivative of different charge. 


 


3 Experimental 


3.1 Apparatus 


The HPLC system used consisted of a SI-1/2001 pump, a SI-1/2014 column oven with a 


manual injector and SI-1/2002 UV-VIS detector (all from Shiseido, Tokyo, Japan). A mobile 


phase was degassed through a DEGASYS DG-1310 on-line degassing system (UNIFLOWS, 


Tokyo, Japan) in order to keep dissolved oxygen in the mobile phase at a low concentration. 


The column temperature was maintained at 25 or 35℃. The detection wavelength was set at 


230 nm. Data analysis was carried out by means of CDS4 or CAC4 chromatographic software 


(Nihon Filcon, Tokyo, Japan). 


 


3.2 Reagents 


All reagents used in this study were of analytical reagent grade unless otherwise stated. 


Disodium ethylenediaminetetraacetic acid (Na2EDTA), Fe(III)-EDTA, Co(II)-EDTA, 


Ni(II)-EDTA, Cu(II)-EDTA and Bi(III)-EDTA were from Dojindo Laboratories (Kumamoto, 


Japan). Hexadecyltrimethylammonium chloride (HDTMA) was from Kanto Chemicals 


(Tokyo, Japan). A standard solution of Co(II) for atomic absorption use (1000 ppm) was 


obtained from Kanto Chemicals (Tokyo, Japan). Distilled and deionized water was further 


purified via passage through a Millipore Milli-Q purification system.  


 


Co(III)-EDTA complex was prepared according to literature [10]. Na2EDTA, sodium acetate, 


cobalt(II) acetate, and active charcoal were added to water, to which hydrogen peroxide was 
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added. Air was passed through the mixture overnight at room temperature. Then, the solution 


was filtered and the filtrate evaporated to a small volume on a boiling water bath. The reddish 


violet crystals of Co(III)-EDTA deposited upon cooling the solution in an ice bath. The 


compound was re-crystallized from water by the addition of ethanol.  


 


A reference material of copper alloy, C7701, was obtained from the Japan Copper and Brass 


Association. 


 


3.3 Procedure for Preparation of Copper Alloy Sample Solution 


About 1 g of C7701 sample was accurately weighed out into a beaker. To the sample, 5 mL of 


concentrated nitric acid, 5 mL of concentrated hydrochloric acid, and 10 mL of water were 


added, and the mixture was heated gently at 70 ℃. When the sample has decomposed, the 


solution was evaporated to dryness by heating at 100 ℃, When the sample has dried, 10 mL 


of concentrated hydrochloric acid and 10 mL of water were added, and the solution was 


evaporated to dryness by heating again; this step was repeated twice in order to remove nitric 


acid completely. To the residue, 10 mL of hydrochloric acid and 10 mL of water were added. 


The solution was then transferred into a volumetric flask and diluted to 100 mL with water. 


 


An excess amount of Na2EDTA, 300 μL of 0.1 M Na2EDTA solution, was added to 1 mL of 1 


M acetate buffer of pH 5.0. Then a 100-μL aliquot of the stock C7701 sample solution 


prepared as above was added to the solution. The resulting solution was finally diluted with 


water to 10 mL in a volumetric flask. The concentrations of the metal ions calculated from the 


recommended values were 55 ppm for Cu, 18 ppm for Ni, 0.26 ppm for Mn, 11 ppb for Fe, 
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2.8 ppb for Pb and 43 ppb for Co. The solutions of Co(II)-EDTA used for constructing 


working curves were prepared from the standard cobalt solution in a similar manner as 


describe above. 


 


3.4 Chromatographic Conditions 


The PGC column used was a BTR Carbon Column (3.5 μm, 4.6 x 10 mm) obtained from 


BioTech Research (Kawagoe, Japan). C18 silica columns, Capcell Pak C18 UG120 (3 μm, 4.6 


x 50 mm) purchased from Shiseido (Tokyo, Japan) were also used. The mobile phase used 


was 50 or 100 mM acetate buffer of pH 5.0. The acetate buffer solutions were prepared from 


acetic acid and sodium acetate. Sample solutions were prepared by dissolving the 


metal-EDTA complexes in a solution of which the composition was the same as that of the 


mobile phase. The mobile phase was delivered isocratically at a flow rate of 0.50 or 0.60 mL 


min-1. All solutions were filtered through a 0.45 μm membrane filter before use. Sample 


volume injected was 20 μL. The treatment of the C18 silica column was performed by passing 


300 mL of the mobile phase containing 1 mM HDTMA through the column in order to retain 


negatively charged metal-EDTA complexes on the column. 


 


4 Results and discussion 


4.1 Redox derivatization efficiency of PGC column 


Figure 1 shows three HPLC systems we used in this study.  Figure 1a represents an ordinary 


HPLC system (system A) and Figure 1b does the system that we used for evaluation of the 


efficiency of the redox derivatization by the PGC column (system B). The on-line redox 


derivatization HPLC system (system C) is shown in Figure 1c; the small PGC column is 
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placed as an on-line redox derivatization unit between the two C18 columns. 


 


We have shown that PGC displays catalytic redox activity, which can be modified by treating 


it with a solution of a suitable reducing agent [2, 9]. The original PGC exhibited oxidation 


activity and converted Co(II)-DCTA to Co(III)-DCTA, while the PGC treated with a reducing 


agent showed reduction activity converting Co(III)-DCTA to Co(II)-DCTA. This result 


indicates that a column packed with PGC can be used as an on-line oxidation or reduction 


derivatization unit. The panels a and b of Figure 2 show the chromatograms obtained when a 


solution containing Co(II)-EDTA and Co(III)-EDTA were injected into the system A and B, 


respectively. It can be seen from Figure 2a that the C18 silica column does not show any effect 


on the equilibrium and kinetics of the redox reaction and the retention time of the 


Co(II)-EDTA complex is much larger than that of the Co(III)-EDTA complex on the C18 


column treated with HDTMA. As the charges on the Co(III)-EDTA and Co(II)-EDTA 


complexes are -1 and -2 respectively, the difference in the retention of these cobalt complexes 


of different oxidation states can be ascribed to the ion-exchange interaction with cationic 


charges on the C18 silica treated with the cationic surfactant. 


 


On the other hand, Co(II)-EDTA complex exhibited the retention approximately the same as 


that of Co(III)-EDTA complex in the system B as shown in Figure 2b when an original PGC 


column was equipped. As described above, original untreated PGC columns have catalytic 


oxidation activity. Therefore this result reveals that Co(II)-EDTA injected into the system B is 


converted to the Co(III) complex in the PGC column and migrates in the C18 column as 


Co(III)-EDTA. Hydrophilic metal-EDTA complexes exhibited little retention on the PGC 
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column under the elution conditions used in this study. These results indicate that an original 


untreated PGC column can be used as an effective on-line oxidation derivatization unit.  


 


It is expected that the PGC column may also be used as a reduction derivatization unit 


because the redox activity of PGC can be modified by treating it with a solution of a suitable 


reducing agent [2, 9]. We thus investigated the redox behavior of the cobalt-EDTA complexes 


using the system B equipped with the PGC column treated with 60 mL of the mobile phase 


solution containing 10 mM sodium sulfite. Figure 3 shows chromatograms obtained when a 


Co(II)-EDTA or Co(III)-EDTA solution was subjected to the analysis with the system B using 


the reduced PGC column. As can be seen from Figure 3, the chromatograms obtained by an 


injection of Co(II)-EDTA and that of Co(III)-EDTA are almost identical. This indicates that 


the redox reaction proceeds so fast in the PGC column that it approximately reaches the 


equilibrium state. However the peak area of the Co(III)-EDTA complex increased while that 


of Co(II)-EDTA decreased with increase in the volume of the mobile phase passing through 


the column. Figure 4 shows the dependence of the fraction of Co(II)-EDTA or Co(III)-EDTA 


on the volume of the mobile phase passing through the system B. The fractions of these two 


cobalt complexes were estimated from their individual peak areas. This result suggests that 


the PGC gradually loses its reduction activity with increase in the volume of the mobile phase 


passing through it. This phenomenon is probably caused by oxygen slightly dissolved in the 


mobile phase. 


 


We recently investigated the effect of treatment of PGC columns with hydrogen peroxide and 


with sodium sulfite on the retention behavior of benzene, aromatic sulfonate ions, and 
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benzyltrialkylammonium ions and showed that the redox treatment of the PGC columns 


drastically changed the retention of these ionic compounds and the modification of the 


retention selectivity of the PGC stationary phases with redox treatment was attributable to the 


change of the surface charge [11]. Furthermore, we also reported that the retention property of 


the original PGC column can be recovered by treating the reduced column with the oxidizing 


agent and the oxidized one with the reducing agent, respectively [11]. Therefore, it is expected 


that the oxidation activity of the PGC column can also be recovered by treating the reduced 


PGC column with an oxidizing agent. Figure 5 shows the chromatograms obtained when 


Co(II)-EDTA or Co(III)-EDTA complex was injected into the HPLC system B equipped with 


the PGC column treated with 60 mL of the mobile phase containing 0.5 mM hydrogen 


peroxide, which had originally been treated with sodium sulfite. It can be seen from Figure 5 


that only one peak for the trivalent complex was observed and the peak area was constant 


independent of the volume of the mobile phase passing through the column. This result 


clearly indicates that the oxidation activity of PGC can be easily recovered by treating the 


column with a dilute solution of hydrogen peroxide and the oxidation activity can be 


maintained for a long time in contrast with the reduction activity. 


 


4.2 Selective separation of cobalt by on-line redox derivatization HPLC 


Figure 6 shows chromatograms obtained when a sample solution containing EDTA complexes 


of Bi(III), Fe(III), Ni(II), Cu(II), Co(III), and Co(II) was subjected to HPLC using the system 


A. The divalent metal complexes are completely separated from the trivalent ones, whereas 


the complexes of the same charges exhibit almost the same retention and cannot be separated 


from one another. However, selective separation of cobalt from the other metal-EDTA 
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complexes is expected to be accomplished by the on-line oxidation derivatization technique 


with the HPLC system C shown in Figure 1c if cobalt in the sample solution to be injected 


exists exclusively as the divalent complex. 


 


The results we obtained in the preceding section indicate that the original or oxidized PGC 


column is useful as an on-line oxidation derivatization unit. Figure 7 shows a chromatogram 


obtained when a sample solution containing EDTA complexes of Bi(III), Fe(III), Ni(II), 


Cu(II), and Co(II) was analyzed by the on-line redox derivatization HPLC system equipped 


with the oxidized PGC column. As expected, Co(II)-EDTA eluted between the trivalent and 


divalent metal complexes and was selectively separated from the other metal complexes. This 


result indicates that the Co(II)-EDTA complex injected migrates as its original form in the 


first C18 column, while as its oxidized form (Co(III)-EDTA) in the second C18 column. The 


retention factor, kCo-EDTA of the cobalt complex in this on-line derivatization HPLC system is 


given by 


21


2Co(III)1Co(II)
EDTACo LL


LkLk
k


+


+
=−    (2) 


where kCo(II) and kCo(III) are the retention factors of Co(II)-EDTA and Co(III)-EDTA, and L1 


and L2 denote the lengths of the first and the second separation columns, respectively.. 


 


This result demonstrates that the on-line derivatization HPLC presented in this study enables 


one to accomplish a highly selective separation of analyte compounds that can undergo redox 


reaction. Figure 8 clearly shows that this technique would allow the separation and 


determination of trace amount of cobalt without interference of co-existing metal elements; 
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the concentration of Co in the sample solution injected is 50 ppb, whereas those of the other 


metal ions are 50 ppm. 


 


We have found that the redox potential of the PGC varies in the range of approximately -0.2 


to 0.5 V versus Ag/AgCl reference electrode [2]. Ogino and Ogino reported the redox 


potentials of some metal (II/III)-EDTA redox couples [10, 12]. According to their data, the 


redox potential of Co-EDTA is ca. 0.2 V, while those for the other metal-EDTA complexes (V, 


Cr, Fe, Mn, Ru) are less than -0.1 V or higher than 0.6 V. These results reveal that only 


chemical compounds which have redox potentials corresponding to that of the PGC can 


undergo redox reactions on the PGC column. 


 


We have thus applied this technique to the separation and determination of cobalt in a copper 


alloy. We selected the reference material C7701 as a target sample. C7701 is a copper alloy 


containing Cu, Ni, and Zn at high concentrations as well as other minor metal elements 


including Co. Figure 9 shows a chromatogram obtained for a C7701 sample solution. It can 


be seen from this figure that Co was completely separated from the other metal ions. When 


the sample solution containing uncomplexed excess Na2EDTA was injected, we obtained a 


chromatogram with a distorted baseline. This was probably caused by the complexation with 


metal ions such as Fe(III) dissolved into the mobile phase from the metal parts of the 


equipment. The addition of Na2EDTA to the mobile phase completely suppressed this 


undesirable distortion of chromatograms. The calibration plot of the peak area against the 


concentration for the standard cobalt solution showed good linearity (r2 = 0.999) over the 


range of 25 ppb – 10 ppm.  
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The results of the quantification of cobalt in a C7701 sample obtained by the present method 


are shown in Table 1 together with the recommended value reported by the Japan Copper and 


Brass Association. The cobalt concentration determined by the present method is in good 


agreement with the recommended value. This result demonstrates that the on-line redox 


derivatization technique presented in this study is very useful for selective separation and 


determination of compounds that can be converted to different species through redox reaction. 


 


5 Concluding remarks 


In this paper, we presented an on-line redox derivatization technique for enhancement of 


separation selectivity of HPLC. The HPLC system we adopted consists of two separation 


columns and one redox derivatization unit placed between them. The separation efficiency of 


this method was evaluated using a small oxidized PGC column as an oxidation derivatization 


unit and EDTA complexes of Co(II) and Co(III) ions as model compounds. The PGC column 


treated with hydrogen peroxide selectively oxidized Co(II)-EDTA to Co(III)-EDTA. The 


oxidation reaction completely proceeded in the derivatization unit so that the Co(II)-EDTA 


complex injected migrated as its original form in the first column, while as its oxidized form 


(Co(III)-EDTA) in the second column. Co(II)-EDTA thus eluted between the trivalent and 


divalent metal complexes and was selectively separated from the other metal complexes. We 


also demonstrated a successful application of this method to the separation and determination 


of cobalt in a copper alloy.  


 


This result indicates that the on-line redox derivatization technique presented in this study is 
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very useful for selective separation and determination of compounds that can be converted to 


different species through redox reaction. The retention factor of a target compound subject to 


the derivatization can be changed by the relative lengths of the two separation columns, 


whereas those of the other compounds are independent of the column lengths. This technique 


may find applications in analysis not only of inorganic compounds but also of organic or 


biomolecules as well as the on-column redox derivatization HPLC that we have previously 


presented. 
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Figure legends 
 
Figure 1. Schematic diagram of the system used (a) for investigation of retention behavior of 
EDTA complexes in ordinary HPLC, (b) for evaluation of the efficiency of the redox 
derivatization by the PGC column, and (c) for selective separation of cobalt by on-line redox 
derivatization HPLC. See text for discussion. 


 


Figure 2. Chromatograms of Co(II)-EDTA and Co(III)-EDTA obtained using the HPLC 
system A (a) and B (b) shown in Figure 1. Conditions: mobile phase, 0.1 M acetate buffer 
solution (pH = 5); flow rate, 0.6 mL min-1; column temperature, 25℃; amount of sample 
injected, 0.8 nmol. See text for discussion. 


 


Figure 3. Variation of chromatograms of Co(II)-EDTA and Co(III)-EDTA with the volume of 
the mobile phase passing through the column in the system B accommodated with the PGC 
column treated with 10 mM sodium sulfite solution. Conditions: mobile phase, 50 mM acetate 
buffer solution (pH 5.0); amount of sample injected, 2.0 nmol; column temperature, 35℃; 
flow rate, 0.5 mL min-1. 


 


Figure 4. Dependence of fraction of Co(II)-EDTA and Co(III)-EDTA on the volume of the 
mobile phase passing through the column in the system B shown in Figure 1b accommodated 
with the PGC column treated with sodium sulfite solution. For other experimental conditions, 
see Figure 3. 


 


Figure 5. Chromatograms of Co(II) and Co(III)-EDTA complexes obtained by the system B 
accommodated with the PGC column treated with 0.5 mM hydrogen oxide solution, which 
had originally been treated with sodium sulfite. For other experimental conditions, see Figure 
3. 


 


Figure 6. Chromatogram of metal-EDTA complexes obtained using the HPLC system shown 
in Figure 1a. Amount of sample injected: 0.8 nmol for each metal-EDTA complex. For other 
experimental conditions, see Figure 2. 


 


Figure 7. Chromatogram of metal-EDTA complexes obtained using the on-line redox 
derivatization HPLC system shown in Figure 1c. Amount of sample injected: 0.8 nmol for 
Bi(III)-EDTA, Fe(III)-EDTA, and Co(II)-EDTA; 8.0 nmol for Cu(II)-EDTA and Ni(II)-EDTA. 
For other experimental conditions, see Figure 2. 


 


Figure 8. Separation of trace amount of cobalt from large amounts of co-existing metal ions 
using the on-line redox derivatization HPLC system shown in Figure 1c. Concentrations of 
metal ions injected: 50 ppb for Co(II); 50 ppm for Bi(III), Fe(III), Cu(II) and Ni(II). For other 
experimental conditions, see Figure 2.  
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Figure 9. Separation of cobalt in C7701 reference sample using the on-line redox 
derivatization HPLC system shown in Figure 1c. Mobile phase: 0.1 M acetate buffer solution 
(pH = 5) and 0.1 mM EDTA. For other experimental conditions, see Figure 2. 


 








Table 1. Quantification Results of the Reference Copper Alloy Sample C7701 for Cobalt


 determined value [μg/g] recommended value [μg/g] 


 436±6.1a (n = 3) 423±14b 
a) Values are mean ±SD.  
b) Mean of six reported by five different laboratories. Analytical methods used for 
determination were atomic absorption spectrometry and absorption photometry. 


 





