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Abstract

Inorganic anion retention on a porous graphitic carbon (PGC) stationary phase is investigated by electrochemically modulated liquid
chromatography (EMLC). Through various combinations of the potential apfigg {o the PGC packing and/or changes in the composition
(sodium salts of tetrafluoroborate, sulfate, and fluoride) and concentration (10, 25, and 50 mM) of an aqueous mobile phase, conditions for
the separation of two different inorganic anion mixtures (iodate, bromide, nitrite, and nitrate or iodate, bromate, and chlorate) are developed.
Results show that retention was affected by both variables, with the analyte retentiorkfack@nging in a few cases by as much as a factor
of ca. six. Moreover, plots of Ik are linearly dependent on bdi,,and In [SE], where [SE] is the supporting electrolyte concentration. Based
on these findings, insights into the retention mechanism are briefly discussed by drawing on the theory for ion exchange chromatography.
© 2004 Elsevier B.V. All rights reserved.
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1. Introduction of a “mirror-charge” at the packing surface, which lead to
retention by a charge-induced dipde5]. The separation
Several reports have described the use of carbonaceousf the oxo-anions Tcg and ReQ~ was proposed to arise
packings like porous graphitic carbon (PGC) for the sepa- from this mechanisrf6,7]. A recent report has extended this
ration of inorganic aniongl—9]. One set of strategies takes concept by the use of electronic competitf8k This study
advantage of the hydrophobic character of PGC to control re- found that adsorptive competition between carboxylic acids
tention by either the dynamic modification of the stationary and inorganic anionsfor PGC dictated analyte retention. Inor-
phase or the addition of ion-interaction reagents to the mo- ganic anions were also separated on PGC with dilute aqueous
bile phase. In the former, modification of PGC with the weak sodium sulfate as the elud®f, work that also demonstrated
anion exchanger polyethyleneimine enabled the separationa retention mechanism with ion exchange characteristics.

of several inorganic aniorj§]. With the latter, tetrabutylam- This paper examines the separation of inorganic anions
monium hydroxidg2] and alkylamine§3] were addedtothe by electrochemically modulated liquid chromatography
mobile phase to affect the separation. (EMLC) [10]. In EMLC, a conductive stationary phase, such

Another pathway to these separations exploited the semi-as PGC, is packed into an LC column that is also configured
metal character of PGC. This strategy relied on the formation to function as a three-electrode electrochemical cell. Thus,
the packing acts as both a chromatographic stationary phase
_— and a high surface area working electrode. Through changes
* Corre'sponding author. Tel.: +1 515 294 6433; fax: +1 515 294 3254. i applied potential Eapp), the donor—acceptor properties
E-mail addressmporter@porterl.ameslab.gov (M.D. Porter). (e.g., surface charge density) of the conductive packing can

1 Present address: Chemistry Department, Elon University, Elon, NC . . .
27244, USA. be manipulated, which subsequently alter analyte retention.

0021-9673/$ — see front matter © 2004 Elsevier B.V. All rights reserved.
doi:10.1016/j.chroma.2004.10.004



104 L.M. Ponton, M.D. Porter / J. Chromatogr. A 1059 (2004) 103-109

EMLC can therefore be viewed as an approach for fine- distributed among phenol, carbonyl, carboxylic acid, lactone,
tuning separations by controlling the effective composition and quinone groug85].
of the stationary phase.
Utilizing this dimension for affecting retention, re- 2.2. Instrumentation
ports from several laboratori¢$1—-17] including our own
[18-26] have shown that changesHapp can be exploited The design and construction of the EMLC column has
for the separation a wide range of mixtures. Early reports been described in detail elsewhgg®]. In brief, the PGC
examined the effect dfappon the separation of monosubsti-  stationary phase is packed inside a Nafbr(Perma Pure
tuted benzengd 9], aromatic sulfonatelR2], and pyridines Inc., Toms River, NJ) cation-exchange membrane in tubu-
and anilineg26]. More recent studies explored the effec- lar form that has been inserted into a porous stainless steel
tiveness of EMLC for manipulation of the retention of cor- column (Mott Corp., Farmington, CT). The Nafith tub-
ticosteroid418], benzodiazeping21], short-chain alkanoic  ing (2.8-mm internal diameter) functions as: (1) a container
acids[16], and metal ion complexg47]. An investigation for the PGC stationary phase, (2) an electronic insulator be-
that evaluated the ability to enhance performance by opera-tween working and auxiliary electrode, and (3) a salt bridge
tion at elevated temperatures has also appe@#d along for ion transport. The porous stainless steel housing (11 cm
with efforts to detail the mechanistic basis of EMLC separa- length) also serves as a high surface area auxiliary electrode.
tions[15,22,23,25,26] An Ag/AgCI (saturated NacCl) electrode acts as the refer-
The work presented herein explores the effectEgf, ence electrode and was placed in an electrolyte-filled reser-
and different aqueous electrolytes in the mobile phase on thevoir surrounding the auxiliary electrode; all valuesEap
separation of various inorganic anion mixtures (iodate, bro- are reported with respect to this electrode.
mide, nitrite, and nitrate or iodate, bromate, and chlorate) by  The columnwas attachedto an Agilent Technologies (Palo
using an EMLC column packed with PGC. The following Alto, CA) model 1050 HPLC equipped with an autosampler,
sections therefore examine: (1) the abilityEf, to manip- quaternary pump, and a diode array detector. The samples
ulate retention for optimization of such separations and (2) were injected at a volume of 1. The elution profiles
the dependence of retention on the identity and concentra-were monitored at 200 nm. The valueE{,,was controlled
tion of sodium tetrafluoroborate, sodium sulfate, and sodium by an Amel high power potentiostat (Milan, Italy) 6l mV.
fluoride as supporting electrolytes. Both sets of findings are All data were collected at 24 1°C. A water blank was em-
then examined to gain insights into the retention mechanism, ployed to determine the void time in calculations of the re-
drawing in particular on the theoretical underpinnings of ion tention factor k'). The resolutionRs) was estimated based
exchange chromatograpfgi7—-33] on the 5 sigma method resident in the Chemstation software.
By way of a working definition, a separation of neighboring
components that has &% value of 1.5 or greater is termed
2. Experimental “baseline resolution”, whereas “effective resolution” is used
to describe values d%s in the range of 1.0-1.[36].
2.1. Chemicals and reagents

The analytes, i.e., the potassium salts of iodate, bromate,3. Results and discussion
chlorate, bromide, and nitrate and the sodium salt of nitrite
were purchased from Aldrich Chemical (Milwaukee, WI). 3.1. Retention as a function offp
All were used at a concentration of 20 mM after dissolution
in Milli-Q purified water (Millipore, Bedford, MA). Most of The change in retention as a functionEyj,, for a large
these analytes were chosen due to their compatibility with number of aromatic sulfonates at carbon packings follows
UV absorbance detectid34]. Chlorate ion, however, was predictions based on electrostatic for¢28]. In line with
detected because of a change in the refractive index of thethese earlier studies, the retention of the inorganic anions
mobile phase, which gave rise to a very weak pseudo peak inis also dependent oBapp Fig. 1 presents an example of
the absorbance signal. these findings, using a mixture of iodate, bromide, nitrite,
The mobile phase consisted of varied concentrations of and nitrate, four different values &hpp (0, +200, +400, and
either sodium fluoride, sodium sulfate, or sodium tetrafluo- +600 mV), and 25 mM aqueous sodium fluoride as the sup-
roborate (Aldrich), which were dissolved in Milli-Q purified  porting electrolyte. As is evident, increasesGg, result in
water. The mobile phases were passed through au@5- longer retention times, which is consistent with the increase
filter (GE Osmonics, Minnetonka, MN) prior to use. The in the positive surface charge density on the PGC packing.
PGC particles, fxm diameter (Hypercarb), were obtained Elution requires-2.5 min at the lowest value &app (0 mV),
from Thermo Hypersil (Bellfonte, PA). Characterizations of and~4.7 min at the highest value &pp (+600mV). The
the as-received PGC by X-ray photoelectron spectroscopyelution bands are also characterized by a notable level of tail-
agreed with previous resulf®?], which showed a very ing, which is occasionally observed with PGC as a stationary
low surface oxygen content (0.14 at.%) that was largely phasd3].
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composed of 25 mM aqueous NaF at a flow rate of 0.5 mL/min. As before., the movement ﬁa_pp to more positive values
gradually increases the retention and resolution of the three

In addition to affecting retention, the changeSigyp also components in the mixture. Baseline resolution is realized for
improves the resolution of the separation. At 0 mV, the first iodate and bromateR(=1.9), with near baseline resolution
three analytes (iodate, bromide, and nitrite) are poorly re- for bromate and chloratd(=1.3) at +600 mV.
solved from one anotheR¢< 1.0), with only nitrate effec- Fig. 3summaries the retention dateHiys. 1 and 2hrough
tively resolved Rs=1.2). IncreasingEapp to more positive  Plots of Ink” versusEgpp As observed for several sample
values gradually improves the resolution of the separation. typesin EMLC[20], each plothas alinear dependence. These
Allfour anions are effectively resolve®{> 1.0)at+400mVv  dependencies can be qualitatively understood by applying
and elute in less than 3.5 min. Near baseline resolution is re-the ion distribution law26], which details the influence of a
alized at +600 mV with the smallest resolution between bro- potential difference on the equilibrium concentration of ions

mide and nitrite Rs=1.1) at an elution time of-4.7min.  Within the region between the potential differerj26,38}
Higher values oEappwere not examined to avoid triggering The results inFig. 3 also reveal that the EMLC-based
the rapid oxidation of the PGC surfafz2,37] retention sensitivityS, which is defined as the slope of the

We also examined the separation of a mixture composedPlot, for the six analytes is comparable. This conclusion is
of the oxo-anions iodate, bromate, and chlorate. These re-Supported by the data presentedrable 1 which includes
sults are shown iffig. 2 and were obtained under the same theR? value of each plot. The table shows an average slope of
set of conditions used fﬁ|g 1 Again, retention undergoes for all the analyteS of 2.32, with a relative standard deviation

an increase aBapp becomes more positive. At 0mV, iodate  16%. This agreement lends support to the argument that the
dependence of inorganic anion retention with resfiggh

is controlled primarily by the change in the stationary phase

- BrO; . . .
105 s surface charge density. In other words, ions with the same
omv charge should be affected in the same manner via the ion
] st [ 400 mau distribution law{26]. The slight variations in the sensitivities
% for ions of the same charge are attributed to differences in
+200 mV Cloy
105 Table 1
BrOs Sensitivitie$ (S of retention for a series of inorganic anions to changes in
+400 mV ClOg Eapp’
105 Analyte S(x10°%) R2
BrOs clos NO,~ 2.34 (0.05) 0.996
+600 mV Os Clos 1.98 (0.04) 0.997
b o5 v 15 2 %5 5 5 & ks 105 2.89 (0.12) 0961
Time (min) NO3z~ 2.10 (0.05) 0.994
BrOz~ 2.03(0.03) 0.997
Br- 2.59 (0.06) 0.992

Fig. 2. Chromatograms for a mixture of iodate, bromate, and chlorate as — -
a function ofEapp Using a PGC stationary phase. The mobile phase was ~ * The sensitivity is defined as the slope of a plot dt'luss. In [SE].

composed of 25mM aqueous NaF at a flow rate of 0.5mL/min. Atomv, > Data fromFigs. 1 and 2
ClOs~ elutes in the tail of the Brgr band. ¢ Standard error from the linear regression listed in parentheses.



106 L.M. Ponton, M.D. Porter / J. Chromatogr. A 1059 (2004) 103-109

their specific (i.e., chemical) interactions with PGC (see last ing anion than sulfate, with fluoride being much weaker than
section). Experiments using 50 mM NaF as the eluent (dataeither tetrafluoroborate or sulfate. Third, analyte retention in
not presented) also showed a linear dependence, though witlall three electrolytes increases with decreasing concentration.
much shorter retention times. The next section examines the  With respect to resolutiorfig. 4shows that three (iodate,

importance of the supporting electrolyte in more detail. bromide, and nitrite ions) of the four analytes co-elute with
sodium tetrafluoroborate; only nitrate is effectively resolved

3.2. Retention as a function of electrolyte identity and (Rs=1.0). With sodium sulfate, the separation approaches,

concentration but does not quite reach baseline resolution for the four ana-

lytes. The mixture is effectively resolved when carrying out
Three different salts were examined as mobile phase addi-the separation with fluoride as the eluegRg £ 1.0 for all con-
tives: sodium tetrafluoroborate, sodium sulfate, and sodium centrations). Unfortunately, tailing is particularly evident in
fluoride. These salts served as the supporting electrolyte inthese separations. We attribute this observation to the weaker
the mobile phase for control &,ppand were tested for their  elution strength of fluoride relative to the other two anionic
ability to function as an electronic competitor for retention eluents. These results also suggest that running separations at
manipulation. Each electrolyte was used at a concentrationlower supporting electrolyte concentrations may further im-
of 10, 25, and 50 mMFig. 4 shows the chromatograms for  prove sample resolution. However, too low of an electrolyte
the separation of iodate, bromide, nitrite, and nitrate as a concentration may compromise the ability to contigy,
function of the identity and concentration of the different which may degrade the repeatability of the observed reten-
supporting electrolytes. These data were collected B4 tion times.
set at +600 mV, as guided by the dataFig. 1 These re-
sults yield three immediate observations. First, fluoride is the 3.3. Mechanistic insights
most effective of the three anionic eluents in resolving the
mixture. Second, tetrafluoroborate is a slightly stronger elut-  In addition to serving as a basis for the design of pro-
tocols for manipulating the separation, the data in the last

B two sections provide mechanistic insights into the retention
10; [\@ 50 mM NaEF, of these analytes at PGC. At a conventional anion exchange
NO» column [9], the elution order is 1@ <NO;~ <Br~
Br- . <NOs3~. The elution order, for example, ifrig. 4 is
;%;M“ [500 mAU 25 mM NaBF, |03~ <Br~ <NO;~ <NO3~. Although, not in complete
agreement, a comparison of elution orders suggests that the
Br retention of these analytes at PGC has mechanistic similari-
NO; NO; 10 mM NaBF, ties to that in ion exchange chromatography.
S Takeuchi et al]9] also recently concluded that the re-
Br- [| NO;

tention of inorganic anions by PGC exhibits ion-exchange
10; NO; 50 mM Na, SO, characteristics. This assertion was based on an investigation
of the dependence of ki on In[SE], where [SE] is the con-
centration of an ionic eluent added to the mobile phase. A plot
of Ink versus In[SE] at a resin-based ion exchange packing
generally follows a linear dependence with a slope that often,
but not always, correlates with the ratio of the analyte-to-
eluent charg§29,34] A classic example of this dependence
was reported by Rocklin et g39] Rocklin and co-workers
50 mM NaF investigated the effect hydroxide ion concentration has on
Isoo mAU inorganic anion retention at an anion exchange resin, and
NO: o found slopes for plots of Ik versus In[SE] for chloride, ni-
10; K 25 mM NaF trate, sulfate, and fumarate equal-+d.03, —0.95, —2.10,
Br and—2.03, respectively. Takeuchi et §9] determined that
105 NO; 10 mM NaF the elution of iodate and iodide at PGC versus sulfate con-
S . .
_—_— centra_tlon resulted in slopes close to tr_le _expected value of
0 2 4 6 8 10 —0.5, i.e.,—0.58 for iodate and-0.50 for iodide.
Time (min) An analysis of the data iRig. 4also shows the existence
of a linear relationship between khand In[SE] for each
oo S i ool i 3 s iy SN2 luent combinaion. The resuis of this analysis are
phase aEapp of +600mV. They mobile phase was comgposed of aqueousy presented ifFig. 5 with each pl_Ot having & Val_ue grea'Fer
sodium tetrafluoroborate, sodium sulfate, or sodium fluoride at either 10, than 0.99. These dependencies further confirm the impor-
25, or 50 mM. The flow rate was 0.5 mL/min. tance of electrostatic interactions to the EMLC-based sepa-

[ 500 mau 25 mM Na, SO,

10 mM Na, SO,
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2- First, one of the singly charged analyte—eluent combinations
- (A) (iodate—fluoride) has a slope that is experimentally identical
to the analyte—eluent charge ratio. The other slopes for fluo-
ride as the eluent, the bromide—, nitrite—, and nitrate—fluoride
combinations, deviate by as much a81%. The iodate—,
bromide—, and nitrite—tetrafluoroborate combinations also
_ have slopes within +10% of expectations; the deviation for the
2 nitrate—tetrafluoroborate combination, however1¥%. In-
terestingly, the data with the doubly charged sulfate as the
. . eluent shows both significant positive (+26% with iodate)
8 ' . and negative (e.g-58% for nitrite) deviations. Takeuchi et
al.[9] also found a positive deviation (+16%) for iodate with
. sulfate as the eluent.
2 e Second, the magnitude of the deviation in the plots &f In
TR versus In [SE] largely correlate with the extent of analyte re-
-3 tention. For example, nitrate is the most strongly retained
analyte when fluoride is used as the supporting electrolyte.
Nitrate also has the largest departure from the slope based
on the analyte—eluent charge ratio. Nitrite follows nitrate in
Fig. 5. Dependence of ki vs. In[SE]. Plot A: iodate §), bromide @), elution order with fluoride as the eluent, and ranks second in
nitrite (), and nitrate @) with NaF; and iodate({)), bromide (1), nitrite terms of the departure from the charge ratio expectation. An
E\?)éénd Fr)‘ligt""g? (%L;Vt';h Na;z‘:n(iiggate' 2:3:2“3' a;:dnir::itr:\t?:lu\:;t\r,]mh examination of the data for bromide and iodate completes the
N;Séz;.. All eluént conc’e)r’\trations ar:)r’nolar. Ef’rczly' bars are smal)lerthan the trend. Most of the data with th_e Ot_her two elu?n_ts exhibit the
size of the data points. Data frofiig. 4 same trends. Only the data with nitrate and nitrite as the ana-
lytes and sulfate as the eluent falls outside of this correlation,
ration of these compounds. Interestingly, the slopes with fluo- but only by an amount slightly greater than the uncertainty
ride and tetrafluoroborate, the two singly charged eluents, arein the data.
roughly the sameHig. 5A). Moreover, the slopes for bromide, Deviations from charge ratio expectations in plots d€In
nitrite, and nitrate with the doubly charged sulfate as the elu- versus In[SE] can in some cases be accounted for by the
ent are all notably lower than those the tetrafluoroborate anddependence of the activity coefficients of ions in the mobile
fluoride eluents, and can also be loosely grouped togetherphase on eluent concentratif@8,39] An analysis to correct
(Fig. 5B). lodate, however, has a much steeper slope thanfor this effect uses the slope from a plot of mqngA/ZE)
those for bromide, nitrite, and nitrate. Importantly, the slopes versus In[SE], whergza and yg are the respective activity
in Fig. 5A are generally steeper than thosd-ig. 5B, which coefficients for the analyte and eluent, amdandz: are the
is qualitatively consistent with the correlations expected for respective analyte and eluent chaf§8% Nevertheless, the
analyte—eluent charge ratios. These results support the claintesults from corrections to the data fig. 5 which used
that the EMLC-based separation of these analytes has ionliterature activity coefficient§40], only marginally improve
exchange characteristics. the correlations between the expected and observed slopes.
Two additional observations develop from a more exact- For example, the activity coefficient correction calculated for
ing analysis of the data iRig. 5. This analysis is presented fluoride as the eluent equals0.07 and that with sulfate as
in Table 2as the slope of the plots, which are listed in in- the eluentis-0.10. Thus, the slopes corrected for differences
creasing analyte elution order for each supporting electrolyte. in activity coefficients with fluoride as the eluent continue
to show large negative deviations (e.g24% for nitrate),

somp »
.
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0 my
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Table 2 whereas both large positive (+44% for iodate) and negative
Slopes from plots of Ik’ vs. In [SE] withEapp set at +600 m¥ (—30% for nitrate) deviations persist in the data with sulfate
Supporting electrolyte/eluent as the eluent.

Analyte NaF NaSOs NaBF: _The_re is, however, an important difference in separations
— using ion-exchange resins and those based on EMLC that

105 ~101(0.02f  ~063(0.03) -10%(0.03) should be considered in this analysis. In ion exchange chro-

Br _077(0.01) —0.31(0.01) —1.0% (0.03) : ysIS. nange

NO,~ —072(0.01) —0.21(0.01) —1.09 (0.03) matography, the fixed charge groups on the resin define the

NO3~ —0.69(0.01) —0.25(0.01) —0.83(0.01) surface charge density, which dictates the surface potential,

Theoretical prediction —1 _05 _1 and therefore the potential gradient within the interphase

= Data fromFig. 4 between the resin and bulk solution. Importantly, the fixed
b Standard error from the linear regression listed in parentheses. Charge den5|ty limits Changes in the activity coefficients of

¢ Since all three analytes coelutétiwas calculated based on peak height both the eluent and analyte in the stationary phase when
of the combined peak. the eluent concentration in the mobile phase is low (less
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than ~100 mM) [29] with respect to the concentration of composition and th&,p,, of the stationary phase is demon-
fixed charges+0.006—0.06 meqg/g for low-capacity resins strated. The choice of an electronic competitor and its con-
and 0.8—-2.4 meg/g for high capacity resif83] on mostion centration in the mobile phase has a profound impact on the
exchange resins. resolution of the separation, with fluoride proving the most

The surface charge density of the packing in EMLC de- effective eluent of the three electronic competitors tested. Re-
velops differently. In EMLC, it is the potential applied to the sults also showed that these separations could be manipulated
packing, and not the surface charge density, that is directly by changes itfEapp From a mechanistic perspective, plots of
controlled by the potentiostat. The charge density on the pack-Ink’ were found to be linearly dependent on b&p, and
ing surface and the gradient in the potential in the interphaseln [SE]. This behavior can be described in the context of an
reflect the response of the interphase to the applied potentialion-exchange mechanism between analyte ions in the mobile
Estimates to be reported elsewh§?8], which extract the  phase and eluentions in the interphase formed on the surface
surface charge density at PGC as a functioBgf between of PGC. Deviations from the expectations for the slopes of
+50 and—150 mV, yield a value of~1.3uC/cnt when ex- the Ink’ versus In [SE] plots were attributed to effects spe-
trapolated to +600 mV. Based on the surface area of PGCcific interactions, in addition to electrostatic interactions, on
(~120 nt/g) [4] this charge density translates+@0weq/g. retention. Efforts to test this conclusion are presently being
Thus, the charge density of the packing in EMLC is compa- designed.
rable to that of low-capacity ion exchange redB3].

The difference in the two modes of separation, however,
becomes apparentwhen considering thatthe charge density oAcknowledgements
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