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Abstract

We introduced an approach to the ion chromatographic determination of common mono- and divalent cations including hydrogen ion
and demonstrated the ability of agtolumn dynamically coated first with dodecylsulfate and then with 18-crown-6 ether to separate the
cations by ion-exchange mechanism. Using an ethylenediamine solution containing a small concentration of 18-crown-6 ether and lithium
dodecylsulfate at pH 6.2 as eluent, the cations were eluted in the order Na* < NH} < H* < KT < Mg?" < C&" with symmetrical
peaks. The conductivity vs. concentration plots were linear about three orders of magnitude, from millimolar to micromolar; and the detection
limits were all<0.6 .M. Rainwater was analyzed directly using this ion chromatographic system with satisfactory results.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction octadecylsilyl-silica (ODS) stationary phases coated with
dodecylsulfate using acidified Li¢10] and EDTA-2K[11]

lon chromatography (IC) can provide a convenient means solutions as eluents, respectively, to separate monovalent
to separate cations, and there have been a number of papemations, H, Li*, Na", NHs™ and K", with detection lim-
showing the usefulness of IC on the simultaneous determi-its of HT down to wM-levels. The same authors reported
nation of lithium (Li™), sodium (N&), ammonium (NH™), an IC method for separating Htogether with divalent
potassium (K), magnesium (M§g') and calcium (C&") cations, M@+, C&* and B&*, on an ODS stationary phase
ions[1-8]. Recently, some studi¢8—14] have been carried coated with a phosphor-betaine type zwitter ionic surfactant,
out in the field of ion chromatographic determination of n-hexadecyphosphocholine, using pure water as e[@&ht
hydrogen ion (H), the ordinary but very important cation, The aim of this study was to establish an effective IC
to be as a supplemental means for the two most frequentlymethod to complete the separation of kbgether with other
used detection methods, acid—base titration and potentiom-mono- and divalent cations. Since first introduced by Sander
etry [15-17] Dasgupta and co-workel®] demonstrated  and Wise[18] in 1987, Go column has been widely used
the ability of sulfonated polystyrenedivinylbenzene-based in the determinations of carotenoids, retenoids, tocopherols,
stationary phases to separaté” Hind other monovalent  phosphatidylserine molecular species and inorganic anions
cations (Li", Na™, NH4™ and K") using a neutral salt solu- by liquid chromatography (LC) based on its better sensitivity
tion containing a small concentration of the corresponding and selectivity]19—-22] Our interest was its application to
acid, e.g. sodium ethanesulfonate, as eluent based on catiothe analysis of the mono- and divalent cations includirig H
exchange with high sensitivity to small changes i H We modified a Gy column by saturating it with lithium
concentration down to low mM-levels. Hu et al. employed dodecylsulfate (Li-DS) and 18-crown-6 ether solutions, on

which the simultaneous separation of |.Na", NH4™, HT,

* Corresponding author. Tel81-561-82-2141, K+_’ Mgz+ and CéJr seven catiqns Was aCh?eved regdily
fax: +81-561-82-2946. using a weak acidified ethylenediamine solution containing
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2. Experimental collected with the volume of 20 ml, and a pH meter was used
to measure their pH values directly. The collected rainwater
2.1. Chemicals samples were filtered through 0.2t nylon-66 membranes

prior to direct analysis. They were analyzed under the opti-

All reagents were of analytical-reagent grade, pur- mized chromatographic conditions: the eluent was an aque-
chased from Wako (Osaka, Japan) and were dissolved inous solution containing 4.0 mM ethylenediamine, 0.1 mM
house-distilled water>18 M2 cm) deionized through an  18-crown-6 ether and 0.05 mM Li-DS, and its pH value was
Aquarius GS-500 system (Advantec Toyo Kaisha, Ltd., adjusted to 6.2 by using HCI solution; the gain of the con-
Japan). Stock standard solutions of the cations were pre-ductimetric detector was 0idS/cm and the response was
pared by dissolving appropriate amounts of hydrochloric STD (response time 15s); the flow-rate was 1.0 ml/min; the
acid, lithium chloride, potassium chloride, sodium nitrate, baseline drift was minimized by keeping the column tem-
ammonium chloride, calcium chloride and magnesium sul- perature at 30C, and the instrument was equilibrated for
fate at a concentration of 0.10 M. These were diluted as about 30 min prior to use.
necessary (using boiled deionized water stored in a closed
container to prepare the standard solutions with different
pH values). Lithium dodecylsulfate (Li-DS) and 18-crown-6 3. Results and discussion
ether were used for coating the columns and as the com-
ponents of eluents. The reason for adding a low concentra-3.1. Principles of separation and determination
tion of 18-crown-6 ether and dodecylsulfate to the eluent
was to replenish some that are lost due to poor binding Dynamic coating a reverse-phase ODS with ionic surfac-
stability on the Gp surface. Ethylenediamine, ethylenedi- tant, e.g. dodecylsulfate, is a well-established and conve-
aminetetraacetic acid-dilithium salt dihydrate (EDTA-2Li) nient way to create stationary phases with sulfonated groups
and lithium chloride were used for preparing the eluents. for separating cations. An acidified ethylenediamine solu-
Hydrochloric acid was used for adjusting the pH value of tion was chosen as eluent to separaté,Na®, NH4™,

eluent. K+, Ht, Mg®" and C&" because it could supply diva-
lent eluent cations with stronger elution ability. When the
2.2. Instrumentation eluent was passing by the column, the ionized ethylene-

diamine ions became bound to the sulfonated groups on
Experiments were carried out on a Tosoh HPLC System the stationary phase and an electric double-layer (EDL)
(Tokyo, Japan) consisting of a data processing system, awas formed. As a sample was injected into the column,
DP-8020 eluent delivery pump, a CM-8020 conductimetric the cations in the sample displaced a corresponding num-
detector, a CO-8020 column oven, an SD-8022 degasser ander of the ionized ethylenediamine ions from the EDL, that
an SIL-6B injector equipped with a 10 sample loop. A was to say, they were retained by the stationary phase.
HM-14P pH meter (TOA Electronics, Tokyo, Japan) was for The retained cations were then eluted by further ionized
determining pH values of solutions used in the experiments ethylenediamine ions supplied by the eluents. To verify the

and rainwater samples. separation of Ff on the DS-coated £ stationary phase,
a series of distilled water samples with different pH val-
2.3. Preparation of stationary phases ues adjusted using HCI solution were injected. As shown
in Fig. 1, the height and area of peak 1 increased when
The column used in this study was a Develosip@G-5 the pH values of the injected samples decreased, which

column (15 cmx 4.6 mm i.d., Nomura Chemical Co., Seto, demonstrated that peak 1 was the responseofFig. 2A
Japan). Two types of stationary phases coated with dodecyl-was a chromatogram of the cations separated in the order
sulfate (DS) and 18-crown-6 ether were prepared. The firstLi™ < Nat < NH} = K+t < H* < C&" < Mg?* on

was a DS-(18)crown(6)-coatedsgstationary phase pre- the DS-coated g stationary phase using only an acidified
pared by first passing about 100 ml of 40 mM Li-DS solu- ethylenediamine solution as eluent. The dodecylsulfate was
tion through the column, and then passing about 100 ml of partly protonated by H ions and therefore a stronger re-
10 mM 18-crown-6 ether solution; the second was DS-coatedtention of H" ion could be obtained, which could result in
Cso stationary phase prepared by only passing only aboutthe separation of H from other monovalent catiorfd.0].

100 ml of 40mM Li-DS solution. In the preparation, the NH4* was eluted together with Kbecause of their similar
flow-rate was 0.50 ml/min and the column temperature was ionic radius[24].

maintained at 25C. To separate Niit and K+, DS-(18)crown(6)-coated 45
stationary phase was employed based on that 18-crown-6
2.4. Rainwater analysis ether could react with K to form complex cation because

of its selective complexation of potassiligb], which could
Quality control procedurg®3] were employed inthe col-  result in the good resolution between™kand NH;™. As
lection of rainwater samples. Three replicate samples wereshown inFig. 2B, K+ was eluted after Nii™ and H'.
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Fig. 1. Chromatograms of distilled water samples with different pH values on the DS-cogfesta@onary phase using only a 2.0 mM ethylenediamine
solution (pH 6.2) as eluent. (A) pH 5.00; (B) pH 4.02; (C) pH 3.02. Peaks: pl, eluent dipgagancy peak; and 1, Hpeak. Column, a Develosil
C30-UG-5 column; column temperature, 30; flow-rate, 1.0 ml/min; injection volume: 1QQ.

The limiting molar ionic conductivitiesA®, cmA2 mol,
25°C) of the interested analytes are as folld@8,27} Li T,
38.7; Na, 50.1; NH,*, 73.5; K+, 73.5; H", 350; Mg,
53.3; C&t, 59.8. In conductivity detection of ion chro-
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Fig. 2. Chromatograms of the ions on (A) the DS-coateg €ationary
phase and (B) the DS-(8)crown(6)-coategh Gtationary phase using only
a 2.0mM ethylenediamine solution (pH 6.2) as eluent. Peaks: pl an

matography, the peak direction (polarity) of analytes is re-
lated to then® value of eluent, and it is irrespective of their
concentration. As could be seen kig. 2 the chromato-
graphic peaks of Lfi, Nat, Mg?t and C&" were nega-
tive and that of NH™, K and H" were positive, which
demonstrated the° value of ethylenediamine (En) was be-
tween 59.8 and 73.5 (as re1‘erencle§,,+3NH3+ = 587 and
A‘ECH3)2NH2+ = 51.9). The significant difference between
Afy+ and A°gn should result in the response (peak areas)
of H* to be much larger in the chromatograms than that
of other cations when equal molar amounts were injected;
however, we did not observe this. This could be explained
by the ionization equilibriums between the target knd
the weak acidified ethylenediamine solution used as eluent,
En+H* < EnH* and EnH + H* < EnH3'; The peak
detected by conductivity or shown in chromatograms did not
represent the total Hions.

A positive vacancy peak {pwith the same retention time
as Lit (negative peak) could be observed and verified by the
experiments when injecting some samples containing only
cations of Li" or Na" with different concentration and a
deionized water sample without adding any reagent, respec-
tively, under the same chromatographic conditidrig/(3).
Because it was superimposed upon the analytical peak for
lithium, and because its magnitude was dependent upon the
cation composition of the sample, quantitative analysis of
lithium in such a system was affected. Its effect on the deter-
mination of Li™ will be discussed in the following section
of analysis performance.

3.2. Selection of eluent and column
Some different salts in the acidified eluent have been

used to separate tj Na", NHs™, Kt, HT, MgZ" and
C&t ions. When using LIN@, NaNO; and KNQ; solu-

4 tions (*pH 4.1) as eluents, Mg and C&" could not be

p2, eluent dips; sample, a standard solution mixture of 0.25mM the 7 €luted because of the weak elution ability offLiNa"

cations. Others as iRig. 1

and Kt ions and strong retention of €aand Mg ions.
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Fig. 3. Chromatograms of (A) #D; (B) 0.10mM Li*; (C) 1.00mM Li"; (D) 0.10mM Na'; and (E) 1.00mM N& on the DS-(8)crown(6)-coatedsg
stationary phase using a 4.0 mM ethylenediamine solution containing 0.05 mM Li-DS and 0.1 mM18-crown-6 ether (pH 6.2) as eluent. Peaks: p1 and p2,
eluent dips; and § vacancy peak. Others as kig. 1

When using an EDTA-2Li solutiors{pH 4.8) as eluent, six In order to get a satisfactory Hpeak, we tried the sep-
cations were eluted in the order of'H< Na* < NH} < aration on the DS-(18)crown(6)-coated stationary phase us-
Kt < Cca&t < Mg?". The special order (H was first ing only an acidified ethylenediamine solution as eluent.

eluted, and C& was eluted before Mg ) was attributed to  As shown inFig. 4B, the separation of Ni# and Kt was
the presence of EDTA (4¥27) in the eluent, which could  improved, moreover, the shape of Hbeak was sharp and

accelerate the elution of Has the anionic form (kY ™) symmetric. The reason could be attributed to the weak in-
based on the reaction,,M2~ + H* < H3Y~, and form a teraction between hydrogen ion (analyte) and 18-crown-6
more stable complex with & [28]. However, both C& ether with low concentration on the stationary phase. Ad-

and Mgt gave asymmetrical peaks, which demonstrated ditionally, the unknown peak, p3, iRig. 4A disappeared
that this eluent was not optimal. In this work, an acidified when using DS-(18)crown(6)-coatecdCstationary phase.
ethylenediamine solution was chosen as the eluent in or-However, as shown ifig. 5 the retention time of K de-
der to elute divalent cations within a reasonable amount of creased over time, which meant some 18-crown-6 ether on
time. the stationary phase had been lost from the column. There-
When using an acidified ethylenediamine eluent the al- fore, it was necessary to maintain a certain concentration of
kali metal ions and ammonium ion however co-eluted due 18-crown-6 ether in the eluent to replace any 18-crown-6
to their weak retention on some stationary phases, i.e. usingether lost from the column. Experiments on the effect of
DS-coated monolithic silica ODS columns. To increase the concentration of 18-crown-6 ether in the eluent, on reten-
retention of the alkali metal ions and ammonium ioggC  tion time of Kt and responses (peak height) of ldhowed
columns were used in this work. Under the specified con- that, when the concentration was more than 0.05mM, the
ditions the seven cations were separated with symmetricalrelative change of retention time oftkwas small; when the

peak shapes as shownhig. 2B. concentration was<0.25 mM the peak height response of
H* was stable. Hence 0.1 mM 18-crown-6 ether was used
3.3. Roles of 18-crown-6 and Li-DS in this work.

A certain concentration of DS was maintained in the elu-

Addition of 18-crown-6 ether to the eluent could resultina entto replace any -DS lost from the column. Choosing Li-DS
significantimprovement in the resolution between potassium was because of the low ion-exchange ability of Lit was
and ammonium. HoweveFig. 4A showed that when using  only as a supplement to the stationary phase. The effects of
an acidified ethylenediamine solution containing mM-grade its concentration on the response (peak area) of the cations
of 18-crown-6 ether as eluent, although NHand K+ were were estimated, and the results showed that these peak ar-
separated well on the DS-coatedpGtationary phase, the eas remained almost unchanged when the Li-DS concentra-
shape of H peak was poor, possibly from the stationary tion was between 0.02 and 0.2 mM. Consequently, 0.05 mM
phase not being in equilibrium with the eluent under the Li-DS was selected as an optimum concentration in this
operating conditions. study.



Q. Xu et al./Journal of Chromatography A, 1023 (2004) 239-245

B_ [NHi (A)

0.00 '20.00 '40.00
Time, min
h P B
40.000{ | 2 (B)
[mV] || nu;

1 Ca?*
1P lIna* mMg?*
-20.000+5-5———— ——
.00 10.00 20.00

Time, min

Fig. 4. Chromatograms of the separation of the cations on (A)
DS-coated Gy stationary phase using a 2.0mM ethylenediamine solu-
tion containing 1.0mM 18-crowm-6 ether (pH 6.2) as eluent; and (B)
DS-(8)crown(6)-coated £ stationary phase using a 4.0 mM ethylenedi-
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3.4. Effects of ethylenediamine concentration, eluent pH
value, flow-rate and column temperature

With increasing the concentration of ethylenediamine in
the eluent, the retention time oftHLi+, Nat, NHs+, KT,

Mg?+ and C&* ions all decreased and background con-
ductivity of the eluent increased. When the concentration
exceeded 4.5 mM, the resolution between peaksofaHd
NH4 became declined, and higher background conductiv-
ity of eluent decreased the detection sensitivity. Therefore,
4.0 mM ethylenediamine was chosen as optimal, based on a
compromise between the resolution, run time and detection
sensitivity.

The effect of eluent pH value on the determination was
investigated. The detection responses for a series of these
cations as analytes when the eluent pH value was varied
over the range 4.0-6.8. For the detector responseof H
it increased slightly from pH 5.3 and up to pH 6.5 with a
maximum between 6.2 and 6.5, after which a decrease in re-
sponse was observed; for the detector responses of divalent
cations Mgt and C&*, they decreased from pH 4.0 and
remained small changes between 5.6 and 6.2, after which
they decreased again; for the detector responses of monova-
lent cations L, Na™, NHs™ and K*, they were relatively
constant over the eluent pH range of 4.0-6.8. An eluent pH
of 6.2 was selected, at which satisfactory responses of these
mono- and divalent cations were obtained.

Compared to other types of liquid chromatographic sep-
arations, ion-exchange separations often exhibit unique de-
pendence on separation efficiency on eluent flow-rate since
the ion exchange process often exhibits slow kinetics. Al-
though increasing the flow-rate could shorten the run time,

amine solution (pH 6.2) as eluent. Peaks: pl and p2, eluent dips; p3, experiments showed that peak tailing became larger when
unknown peak; sample, a standard solution mixture of 0.25mM the seven flow rate was increased and the Separation efﬁciency was

cations. Others as ifig. 1

25
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Fig. 5. Changes in retention time of the cations with the run time go-
ing on the DS-(8)crown(6)-coatedsg stationary phase using a 4.0mM
ethylenediamine solution (pH 6.2) as eluent. Serial number: (1) ()
Nat, (3) NHst, (4) Ht, (5) KT, (8) Mg?" and (7) C&t. Others as in
Fig. 1

therefore decreased. Here, a flow-rate 1.0 ml/min was cho-
sen, at which all of the target ions could be separated effi-
ciently with sharp and symmetric peak shape.

Since exchange kinetics improves with temperature, the
retention time of cations decreased when column temper-
ature increased. However, the DS-(18)crown(6)-coatgd C
stationary phase was unstable at a relative high column tem-
perature. Column temperature was therefore kept aC30

3.5. Analysis performance

Analyses were carried out under the optimized chro-
matographic conditions and reproducibility was estimated
by making replicate injections:(= 7) of a mixture of rain-
water sample and a standard solution containinig H™,
Na®, NHst, KT, Mg?t and C&* ions. The relative stan-
dard deviation (R.S.D.) of peak area of these cations were
all <1.2%. The column-to-column reproducibility of the
DS-(18)crown(6)-coated4g stationary phase was estimated
by coating the column three times and injecting a mixture
of the seven cations five times. The R.S.D. of peak area of
these cations were alt1.3%. The DS-(18)crown(6)-coated
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Table 1 P2
Linearity and detection limits of the cations with conductimetric deteétion (A)
Cation Correlation Linear range Detection limiP 20.00 NH;
coefficient ¢2) (uM) (uM)

Lit 0.9998 60-4000 0.2
Na* 0.9995 30-4000 0.5 10.00
NH,* 0.9979 5.0-4000 0.1
H* 0.9963 10-2000 0.2 [mV] H*
K+ 0.9978 5.0-4000 0.1 Ps K*
Mg+ 0.9997 5.0-5000 0.1
cat 0.9960 5.0-5000 0.1 0.0001"

a Chromatographic conditions as Fig. 6. Mg Caz

b Calculated using & (o represents the standard deviation of a blank Na*
solution,n = 7). P

-1 0'OG(:.OO 10.00 ' 20.00

stationary phase was found to be stable during at least Time, min
1-month (operated daily for about 8 h), with R.S.D. for peak Sa—
area and peak height all beirg3.3%. * (B)

Calibration linearity for conductivity detection of H
Lit, Na, NHs, KT, Mg?* and C&* ions was found to 20.00
extend over about three orders of magnitude, from millimo-
lar to micromolar; the correlation coefficient was better than
0.9960 for each plot; and the detection limits calculated by 10.00 H K
using & were all <0.9uM (o represents the standard de- [mV]
viation of a blank solutiony = 7). The details were shown
in Table 1 The relatively high detection limits and narrow
linear relationship ranges of tiand Na were caused by 0.0001™
the effects of the vacancy peak; powever, its existing did Mgz Ca?*
not affect the determination of others cations. -

-10.00 Na*
3.6. Applications o.ooP1 10.00 720,00
Time, min

Fig. 6 shows chromatograms of a spiked rainwater sam- _ _ _

le. The recoveries obtained with this method were tested b Fig. 6. Chromatograms of (A) rainwater sample and (B) rainwater
ple. . . . . o ysampleirstandard solution (mixture of 0.10 mM the seven cations) on the
t_he analysis of a spiked rainwater sample and replicate injec-ps_(g)crown(6)-coated 4 stationary phase using a 4.0mM ethylenedi-
tions 2 = 7); and they were between 96 and 103P4ble 2 amine solution containing 0.05mM Li-DS and 0.1 mM 18-crown-6 ether
compares the data obtained by this method with those ob-(pH 6.2) as eluent. Peaks p1 and p2, eluent dipsygcancy peak. Others
tained using a potentiometric pH meter and the traditional 2 I"Fig- 1
IC method[1]. Good agreement was obtained between the

methods. 4. Conclusions

Table 2 This work described an IC system for determining,H

Content of the cations ions in rainwater (mean values of seven determi- Lit Nat, NHs T, KT, Mg2Jr and C&* ions simultaneously

nations) and sensitively on the DS-(8)crown(6)-coateg) €tationary

Sample Detection by Detection by phase USing a4.0mMm ethylenediamine solution with pH 6.2
this method other methods containing 0.1 mM 18-crown-6 ether and 0.05 mM Li-DS as
Detected R.S.D. Mean R.S.D. eluent. The approach resulted in a separation of the seven
(M) (%) (M) (%) cations in real water samples within 22 min wjtM-levels

Lit 0.00 2.4 0.00 25 of detection.

Na* 97.0 2.5 2100 2.7

NH,* 123 21 a121 1.9

Ht 113 2.4 b110 4.1

K+ 18.6 2.4 algo 2.7 ACknOW|edgementS

Mg+ 15.4 2.3 a15.6 2.1

cet 19.0 25 a18.7 29 The authors are grateful to the Japan Society for the Pro-

a Determined by a traditional cation-exchange IC. motion of Science (JSPS), for the award of a postdoctoral

b Determined by a potentiometric pH meter. fellowship (PB01097) and financial support. They would
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