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Fig. 1 Plots of log k of aromatic sulfonate ions on a Hypercarb column versus concentration of
hydrogen peroxide or sodium sulfite in the solution used for treatment of the column. Mobile
phase: 5 %(w/v) acetonitrile-water containing 0.1 M LiClO4. Analytes: 1 = 1,3-DBS, 2 = HBS, 3
=MBS, 4 =EBS, 5 =CBS, 6 = VBS, 7=1,5-NDS, 8 =2,6-NDS.
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Fig. 2 Plots of log k of benzene and benzyltrialkylammonium ions on a Hypercarb column versus
concentration of hydrogen peroxide or sodium sulfite in the solution used for treatment of the
column. Mobile phase: 20 %(w/v) acetonitrile-water containing 0.1 M LiClIO4. Analytes: 9 = BZ,
10 =BTMA, 11 = BTEA.
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Fig. 3 Plots of log k of aromatic sulfonate ions on a BTRcarbon column versus concentration of
hydrogen peroxide or sodium sulfite in the solution used for treatment of the column. Mobile

phase: 5 %(w/v) acetonitrile-water containing 0.1 M LiClO4. For other details, see Fig. 1.
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Fig. 4 Plots of log £ of benzene and benzyltrialkylammonium ions on a BTRcarbon column
versus concentration of hydrogen peroxide or sodium sulfite in the solution used for treatment of
the column. Mobile phase: 20 %(w/v) acetonitrile-water containing 0.1 M LiClO4. For other
details, see Fig. 2.
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Fig. 5 Dependence of the retention volumes of some aromatic sulfonate ions on the volume of the
mobile phase passed into the Hypercarb column treated with sodium sulfite (a) and with hydrogen
peroxide. Solution used for the treatment of the column: (a) 60 mL of 5 %(w/v) acetonitrile-water
containing 0.1 M LiClO4 and 10 mM Na,SOs; (b) 60 mL of 5 %(w/v) acetonitrile-water containing
0.1 M LiClO4 and 0.5 mM H,0,. Mobile phase: 5 %(w/v) acetonitrile-water containing 0.1 M
LiClO4. The dotted straight lines denote the retention volumes of the analyte compounds on the
original untreated column. Analytes: 3 = MBS, 5 =CBS, 7 =1,5-NDS.
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Fig. 6 Dependence of the retention volumes of some aromatic sulfonate ions on the volume of the
mobile phase containing hydrogen peroxide passed into the Hypercarb column treated with sodium
sulfite (a) and on the volume of the mobile phase containing sodium sulfite passed into the column
treated with hydrogen peroxide (b). Solution used for the treatment of the column: (a) 60 mL of
5 %(w/v) acetonitrile-water containing 0.1 M LiClO4 and 10 mM Na,SOs3; (b) 60 mL of 5 %(w/v)
acetonitrile-water containing 0.1 M LiClO4 and 0.5 mM H,0,.. Mobile phase: (a) 20 %(w/v)
acetonitrile-water containing 0.1 M LiClO4 and 0.3 mM H,0O,; (b) 5 %(w/v) acetonitrile-water
containing 0.1 M LiClO4 and 0.1 mM Na,SOs.  For other details, see Fig. 5.






Table 1. Anion exchange capacities of the PGC columns

Anion exchange capacity
Redox agent used for treatment

of the PGC columns (heqmL™)
Hypercarb BTR carbon
0.5 mM H,0, 13.0 11.9
0.3 mM H,0; 12.1
Untreated 10.2 10.0
1 mM Na,SOs 2.7
5 mM Na,SO; 2.5
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The retention selectivity of porous graphitic carbon stationary phases for ionic compounds is drastically
changed by treating them with suitable redox agents. This can be interpreted in terms of change in the

surface charge of the graphitic carbon packings.

Abstract

The effect of treatment of porous graphitic carbon (PGC) stationary phases with hydrogen peroxide and
with sodium sulfite on the retention behavior of analyte compounds has been investigated using
benzene, aromatic sulfonate ions, and benzyltrialkylammonium ions as model compounds. It is
shown that the retention times of the cationic analytes are increased by treating the PGC column with
the reducing agent, while decreased by treating it with the oxidizing agent. On the other hand, the
retention times of the anionic analytes are decreased by treating the column with the reducing agent,
while increased by treating it with the oxidizing agent. The effect of the redox treatment on the
retention of benzene is negligibly small. The investigation on ion-exchange property of the PGC
packings have shown that PGC has anion-exchange property and the anion-exchange capacity is
decreased by treating PGC with the reducing agent, whereas it is increased by treatment with the
oxidizing agent. This means that the modification of the retention selectivity of the PGC stationary
phases with redox treatment can be interpreted in terms of the change of the surface charge. The
mechanism of chemical modification of the PGC stationary phase with redox treatment is discussed on

the basis of the experimental results obtained on the ion-exchange capacity and the redox activity.





Introduction

Porous graphitic carbon (PGC) has usually been used as a chemically stable and inert reversed-phase
sorbent compared with silica-based sorbents such as Cg silica. This packing material can be used in
much wider pH range than the silica-based reversed-phase packings and does not suffer from the
effects of the underivatized silanol groups.' In addition, it has been revealed that PGC has unique
adsorption properties mainly owing to electronic interaction and can be used for the separation of polar
solutes,'™® inorganic compounds’? and positional and optical isomers."*"

It has also been reported that the surface characteristics of PGC can be modified chemically or
electrochemically.  Porter and his coworkers developed -electrochemically modulated liquid
chromatography (EMLC), which enables one to electrochemically manipulate the retention of solute

18-21
compounds.'®

They used PGC both as a chromatographic stationary phase and as a working
electrode for this technique as PGC has the conductive property. By changing the potential applied to
a PGC column, the retention of analyte compounds can be altered because the interfacial properties of
PGC such as surface charge are changed.

We have found out a strong redox activity of PGC in a study of the reversed-phase liquid

chromatography of metal complexes with a PGC stationary phase.”” >

The redox property of PGC
can be modified by treating PGC with a solution containing a reducing agent. The original PGC
packings oxidized Co(II)-trans-1,2-diaminocyclohexanetetraacetate (DCTA) complex to Co(III)-DCTA
during elution, while the PGC treated with a reducing agent showed reduction activity converting
Co(IlT1)-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. The

treatment of the PGC column with a reducing agent solution transforms the oxidative activity of the
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original PGC packing to reductive one from the upper part of the column, so that the retention time of
the cobalt complex can be controlled by changing the volume of the reducing agent solution to be used
for treatment of the PGC column.

On the other hand, it was also found that as well as the retention of Co-DCTA complex, the retention
of other metal-DCTA complexes, which did not undergo redox reactions, changed by treatment of the

-2 This suggests that the solute retention selectivity of PGC

PGC column with a reducing agent.
may be changed by redox treatment of the PGC column. Tornkvist et al.>* has also shown that the
retention of dopamine, 3.,4-dihydroxyphenylacetic acid, and heparin disaccharide is significantly
changed by the oxidation of a PGC column with potassium permanganate. All the findings described
above indicate that the redox treatment alters the surface characteristics of PGC particles and thus
modifies the retention selectivity of the PGC column.

The aim of this work is to evaluate the effect of redox treatment of the PGC column on its retention
selectivity. We studied the retention behavior of a neutral compound (benzene), anionic compounds
(aromatic sulfonate ions), and cationic compounds (benzyltrialkylammonium ions) on two kinds of
PGC columns treated with oxidizing and reducing agents. It will be shown that the retention of

analyte compounds, especially that of ionic analytes, drastically changes by redox treatment of the

column and this phenomenon can be ascribed to the change in the surface charge properties of PGC.

Experimental

Apparatus

The liquid chromatograph consisted of a Waters (Milford, MA, USA) Model 600 controller, a Model
600 pump accommodated with a low-pressure mixing system, a Model ILD in-line degasser, a

Rheodyne (Cotati, CA, USA) Model 7725(i) sampling valve with 20-puL sample loop, and a Shiseido
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(Tokyo, Japan) Model NANOSPACE SI-1 photodiode array detector or a Tosoh (Tokyo, Japan) Model
RI-8020 differential refractometer. Data analysis was carried out by means of Shiseido ArrayGet or

Smc chromatographic software on a Compaq (Tokyo, Japan) Prosignia Desktop 300 computer. The

columns were thermostated at 25 °C using a Waters Model CHM column oven.

Chemicals

All reagents used in this study were of analytical reagent grade unless otherwise stated. Disodium
1,3-benzenedisulfonate (1,3-BDS), sodium p-toluenesulfonate (MBS), disodium
1,5-napthalenedisulfonate (1,5-NDS), sodium 4-styrenesulfonate (VBS), 2,6-naphthalenedisulfonate
(2,6-NDS), lithium perchlorate trihydrate, sodium nitrate, sodium sulfite, hydrogen peroxide (30 %),
perchloric acid (70%), and acetonitrile-d; were obtained from Wako Pure Chemical Industries (Osaka,
Japan). Sodium 4-chlorobenzenesulfonate (CBS) and 4-ethylbenzenesulfonic acid (EBS) were obtained
from Tokyo Kasei Kogyo (Tokyo, Japan). Sodium 4-hydroxybenzenesulfonate (HBS), benzene (BZ),
benzyltrimethylammonium chloride (BTMA), benzyltriethylammonium chloride (BTEA), potassium
bromide and HPLC-grade acetonitrile were obtained from Kanto Chemicals (Tokyo, Japan). Water
was purified using an Auto Still Model WG202 and an Auto Pure Model WR600A (Yamato Scientific,

Tokyo, Japan).

Chromatographic Conditions

The PGC columns used were a Hypercarb (100 mm x 4.6 mm i.d., particle size 7 um) from Hypersil
(Runcorn, UK) and a BTRcarbon (100 mm X 4.6 mm i.d., particle size 3.5 um) from Biotech Research
(Kawagoe, Japan). The redox treatment of the PGC columns was performed by passing 60 mL of the

mobile phase containing hydrogen peroxide or sodium sulfite through the columns. The redox agent
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concentration was adjusted by mixing the mobile phase containing the redox agents at 1 or 10 mM with
the mobile phase free from the redox agent by means of the low-pressure mixing system. The mobile
phase containing the redox agents was reserved in a commercially available glass syringe with a
200-mL capacity.

The mobile phases used were 5 or 20 % (w/v) acetonitrile-water containing 0.1 M lithium perchlorate.
All the mobile phases were filtered through a JHWPO 4700 membrane filter (0.45 pm, Nihon Millipore,
Tokyo, Japan) and degassed with an aspirator in a Yamato Scientific Model 2510J-MT ultrasonic bath
before use. Nitrogen gas was bubbled through the mobile phase during elution in order to remove
dissolved oxygen in the mobile phase. The flow rate of the mobile phase was 0.5 mL min™. Values
of the volumetric flow rate were determined by measuring the time until a dried 5-mL volumetric flask
was filled to the mark with the effluent from the column.

Analyte solutions were prepared by dissolving the compounds with the mobile phase to be used and
were filtered through a 0.45 um DISMIC-13CP filter from ADVANTEC (Tokyo, Japan). Each
elution on an analyte was carried out at least in triplicate after the redox agents had been washed off the

column with the mobile phase solution.

Results and discussion

Modification of Retention Selectivity of PGC Column by Treatment with Redox Agents

At first, we investigated the effect of the redox treatment of the PGC columns on the retention behavior
of cationic, anionic and neutral compounds. Figure 1 shows the dependence of the retention factors,
log k, of the aromatic sulfonate ions on the Hypercarb column on the concentrations of the reducing
and oxidizing agents used for treatment of the column. The mobile phase used was 5%(w/v)

acetonitrile-water containing 0.1 M LiClO4 and the k& values were calculated using the V;, values
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determined by the method presented by Shibukawa and Ohta.> As is evident from this figure, the
treatment of the PGC column with the reducing agent decreased the & values of all the aromatic
sulfonate ions. The higher the concentration of the reducing agent in the solution, the decrease in the
k values of the anionic compounds was larger. On the other hand, the treatment of PGC with H,0,
gave opposite effect on the retention for these anionic compounds. The k values of all the analytes
increased with increase in H,O, concentration. It can also be seen from Fig. 1 that the variation of log
k of doubly charged anions, 1,3-BDS, 1,5-NDS, and 2,6-NDS, was approximately twice as large as that
of singly charged ions. As a result, the reversal of elution order for several analytes was observed.

Figure 2 shows the dependence of the logk values of BZ, BTMA, and BTEA on the concentrations of
Na,SO; and H;0O; used for treatment of the Hypercarb column. These compounds retained more
strongly than the aromatic sulfonates so that we used 20%(w/v) acetonitrile-water containing 0.1 M
LiClOy4 as the mobile phase. It can be seen from this figure that the reduction treatment of the PGC
column increases the retention times of the cationic analytes, while oxidation treatment decreases their
retention. This result indicates that the redox treatment of the PGC column gives the effect on the
retention of cationic compounds opposite to that on anionic ones. On the other hand, the retention of
BZ was scarcely affected by the redox treatment.

The treatment of the BTRcarbon column with the redox agents exhibited a similar effect on the
retention of the analyte compounds to that of the Hypercarb column as shown in Figs. 3 and 4.
Hypercarb was prepared from phenol-formaldehyde polymers via a template method, whereas

®  The results shown in

BTRcarbon was prepared from petroleum pitch without using a template. > 2
Figs. 1-4 indicate that the effect of the redox treatment of PGC does not depend on the original material

of the PGC.





Duration of Retention Property of PGC Column Treated with Redox Agents

The repeatability of the retention volume of an analyte was examined by injecting three probe anions,
CBS, 1,5-NDS, and MBS, at regular time intervals into the Hypercarb column treated with the reducing
and oxidizing agents. Figure 5(a) shows the dependence of the retention volumes of these probe
anions on the volume of the mobile phase that has passed through the column when the Hypercarb
column treated with 10 mM Na,SO; solution was used. The retention volume of the each solute
compound gradually increased and finally reached the corresponding retention volume on the original
column when 2400 mL of the mobile phase passed the column. This is probably caused by oxygen,
which may slightly remain in the mobile phase. Contrary to the effect of the treatment with the
reducing agent, the effect of oxidation of PGC lasted much longer. Figure 5(b) shows the variation of
the retention volumes of the probe anions with the volume of the mobile phase passed into the column
when the Hypercarb column treated with 0.5 mM H,O, solution was used. As can be seen from this
figure, the retention volumes of these anions did not change even after 3000 mL of the mobile phase
had passed through the column.

On the other hand, 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.
Figure 6(a) shows the variation of the retention volumes of CBS, 1,5-NDS, and MBS with the volume
of the mobile phase containing 0.3 mM H,O; passing through the column when the Hypercarb column
treated with 10mM Na,SOs3 was used. The retention volumes of the analyte compounds reached the
values for the original column when 360 mL of the mobile phase passed the column. Figure 6(b) also
shows that the retention property of the Hypercarb column treated with 0.5 mM H,O, reverts to that of

the original column when or before 30 mL of 0.25 mM Na,SOs solution has passed through the column.





These results reveal that the retention property of the original PGC can easily be recovered by treating

the column with redox agent solutions of suitable concentration.

Effect of Redox Treatment on the Surface Charge of PGC
The results shown in Figs. 1-6 reveal that the treatment of PGC with redox agents modifies the surface
properties of PGC particles and thus changes the retention selectivity of the column packed with this
material. In particular, it should be noted that the retention of ionic compounds on the PGC columns
is strongly influenced by the redox treatment of PGC, whereas the effect of the redox treatment on the
retention of nonionic compounds is relatively small. This suggests that the treatment of PGC with
redox agents causes a change of the surface charge of PGC. We have thus tried to determine
ion-exchange capacities of the PGC columns and examine the effect of the redox treatment on the
values.

At first, we tried to measure the cation exchange capacity of PGC. However, we could not
determine the value because the cation exchange capacity of PGC was negligibly small.

The anion-exchange capacity was then determined by the following indirect method. The retention
volume of analyte anion, A’, in anion-exchange chromatography is given by

Vy =V, +KV, (1)

where V), is the retention volume of the analyte ion, V;, is the mobile phase volume, and Vj is the

stationary phase volume, respectively. K is the distribution coefficient and is represented by

) 2)

where [A']s and [A'],, are the concentrations of the analyte ion in the stationary phase and the mobile
phase, respectively. The ion-exchange equilibrium constant, Kj., between the analyte ion and the

eluting ion, E’, in the mobile phase can be represented as
9.
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Combining eqs 1, 2, and 3, we obtain

v, =v, + LRl ) 4
E 1,

Under the conditions where the concentration of analyte ion is much smaller than that of eluting ion,

the anion exchange capacity, O, can be written by

0, =—> )

where V7, is the volume of the column. Substituting eq 4 into eq 5, we obtain

_ (W =VIE ],

Qv K ie Vc

(6)

Therefore the anion-exchange capacity can be calculated from the retention volume of the analyte ion
and the mobile phase concentration of the eluting ion provided that the values of V;, and K. are known.

We adopted nitrate ion and bromide ion as the analyte and eluting ions, respectively, because the
retention volumes of these ions are very close to each other so that Kj. can be regarded as
approximately unity if only ion exchange is involved in the retention. Table 1 shows the
anion-exchange capacities obtained for the PGC columns treated with the redox agent solutions of
various concentrations as well as those for the original columns. These Q, values tabulated in Table 1
were calculated from eq 6 assuming that K;. = 1 and V, = 1.66 mL. When the mobile phase
containing 0.1 mM bromide ion was used, the peak of nitrate ion showed severe tailing. On the other
hand, the use of the mobile phase containing 10 or 100 mM bromide ion gave rather irreproducible
results because the retention time of nitrate ion was too small. Therefore we calculated the anion

exchange capacity from the retention volume of nitrate ion obtained by using 1 mM KBr aqueous
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solution as the mobile phase. As is evident from the table, the anion exchange capacity of the PGC
column decreases with increase in the concentration of the reducing agent in the solution used for the
treatment, while it increases with increase in the concentration of the oxidizing agent. This suggests
that the PGC particles may have positive surface charge and the charge is altered by treatment with
redox agent.

The treatment of PGC with the oxidizing agent increases the surface positive charge. This may
cause the enhancement of the ion exchange interaction of anions with the PGC surface and the ion
exclusion exerted on cationic analytes. On the other hand, when PGC is treated with the reducing
agent, the surface charge decreases so that the ion exchange adsorption of anions may be weakened and
the ion exclusion of cations is supposed to be decreased. As a result, the retention volumes of anions
are increased and those of cations are decreased by treating the PGC column with the oxidizing agent,
whereas the retention volumes of anions are decreased and those of cations are increased by treatment
with the reducing agent.

. 19, 2
Porter and his co-workers!® °

studied the relationship between the log k values of the aromatic
sulfonates and the applied potential to the EMLC column packed with a Hypercarb. They reported
that the log k values of the anions decreased as the applied potential became more negative. The
changes of the retention behavior observed in EMLC are very similar to those shown in Figs. 1-4; the
mobile phase adopted in this study is the same as that Porter et al. used. This means that the
application of electric potential to PGC shows a similar effect to that of the treatment of PGC with
redox agents. In their studies, Porter et al. assumed that the potential was applied uniformly through
the endfitting with the stainless steel frit to the whole PGC stationary phase. On the other hand, the

results we obtained in this study as well as in the previous study on the redox property of PGC*

indicate that the charge that the PGC particles have gained by treatment of redox agents is not
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distributed through the PGC particles over the whole column. It may be reasonable to conclude that
there are some functional groups having cationic charges on the surface of the PGC, of which the
structures and then the charges are altered by redox reactions.

We have already demonstrated that PGC displays catalytic redox activity and the activity can be

2223 The redox reactions that

modified by treating PGC with a solution of a suitable reducing agent.
occur in the PGC column are also assumed to be caused by some functional groups on the surface of
the PGC. Tornkvist et al.** showed the presence of approximately 0.1 mole% of oxidizable groups in
Hypercarb particles on the basis of the results obtained by redox titration with potassium permanganate.

In order to compare the amount of ion-exchange groups with that of the redox groups, we estimated the
mass of Hypercarb particles packed in the column, m, according to the following equation:
m=V,=V,)pg ()

where V. is the value for the liquid phase volume in the column and pg is the density of graphite. VL
was determined to be 1.27 mL by measuring the retention volume of deuterated acetonitrile in the
system where pure acetonitrile was used as mobile phase and pg was assumed to be 2.2 g/mL.' From
the m value (= 0.86 g) obtained by substituting the V. and pg values into eq 7, we calculated the
mass-based anion-exchange capacity, On, for the Hypercarb oxidized with 0.5 mM hydrogen peroxide
to be 25 peq/g. This O, value corresponds to 0.030 mole% of charges in the PGC. Tornkvist et al.
obtained the value of the amount of redox groups on Hypercarb assuming a 1:1 redox reaction between
the surface groups and permanganate ion. Although the amount of ion-exchange groups cannot be
compared directly with that of the redox groups, we infer from these results that the redox sites and the

anion-exchange sites may be identical with each other.
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Conclusions

It was shown that the retention selectivity of the PGC packings in particular for ionic compounds was
drastically changed by treatment of the packings with redox agents such as hydrogen peroxide and
sodium sulfite. Treating the PGC columns with a reducing agent increased the retention of cationic
compounds, while decreased that of anionic compounds. On the other hand, the treatment of the
columns with an oxidizing agent decreased the retention of cations and increased that of anions. The
effect of the redox treatment was larger on the change in the retention of doubly charged ions than on
that of singly charged ions. The investigation on the ion-exchange property of the PGC has shown
that the PGC has anion-exchange property and the variation of the retention selectivity of this packing
material by treatment with redox agents can be interpreted in terms of the change in the surface charge
of the PGC.

The PGC stationary phase can keep its retention selectivity modified by treatment with redox agents
for relatively long time provided oxidizing and reducing components contained in the mobile phase is
carefully removed. However, the use of a redox buffer as a component of the mobile phase may be
effective for obtaining more reproducible results in retention time as Tornkvist et al. have indicated.
The modification of the surface charge as well as of the redox property of the PGC stationary phase by
treatment with redox agents may have great potential as a technique for enhancement of separation

selectivity of HPLC.
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