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Abstract

A monolithic ODS-silica gel column modified by saturating it with lithium dodecylsulfate (Li-DS) was used to
1 1 1 1 21demonstrate the high-speed separation of H from other mono- and divalent cations, such as Na , NH , K , Mg and4

21 1Ca using ion chromatography (IC). Using a 5 mM EDTA-2K solution containing 0.10 mM Li-DS (pH 4.80) as eluent, H
21was eluted with a sharp and symmetrical peak within 1.0 min before other cations at a flow-rate of 1.5 ml min . The rapid

1 22 1elution of H and its conductimetric detection could be attributed to the presence of EDTA (HY ), which can convert H
1 22 2ions as anions, i.e. H1H Y →H Y . The acidity of rainwater and deionized water samples was determined using this IC2 3

system with satisfactory results.
   2003 Elsevier Science B.V. All rights reserved.
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1 . Introduction common inorganic anions within 160 s on a short
octadecylsilyl (ODS)-silica column permanently

Recently, some studies have been carried out in coated with didodecyldimethylammonium bromide.
the field of high-speed separation by liquid chroma- Hu et al. [5] used an electrostatic ion chromatog-
tography (LC). Advantages are not only being raphy method to achieve rapid and direct determi-
gained from reduced chromatographic run times but nation of iodide in seawater using an ODS column
also by maintaining chromatographic efficiency and modified by coating it with Zwittergent-3-14 mi-
resolution. Within the field of LC, most attention has celles.
been focused on the reversed-phase separations of Monolithic materials have become useful station-
pharmaceuticals [1], biomolecules [2] and environ- ary materials for high-speed analysis in HPLC [6].
mental contaminants [3]. This kind of LC method The preparation of monolithic columns is usually
has also been applied to the field of ion chromatog- based on a sol–gel process for the preparation of
raphy (IC). Connolly and Paull [4] separated nine monolithic porous silica rods using highly pure

metal-free alkoxysilanes. The silica rod possesses a
biporous structure typically consisting of macropores*Corresponding author. Tel.:181-562-82-2141; fax:181-562-
and mesopores in the skeleton providing a high82-2946.
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fore, this kind of column can be operated at higher detection limit (0.372mM) and wider linear range
flow-rates without much loss of performance and (from 10.0 mM to 0.955mM).
limitations due to column backpressure. The mono-
lithic materials have already been applied successful-
ly to bioseparations [7–12], organic homologue 2 . Experimental
analysis [13] and common inorganic anion separation
[14] by HPLC. In this study, what we were interested

2 .1. Reagents
in was its application to high-speed separation of

1hydrogen ions (H ) to overcome some of the
All reagents were of analytical reagent-grade,

remaining limitations of the IC methods projected for
purchased from Wako (Osaka, Japan) and were1H determination. 21dissolved in deionized water (0.48mS cm ) for the

Some researchers have tried to use the IC method
preparation of standard solutions and eluents. Stock

to overcome the disadvantages, such as low detection
standard solutions of cations were prepared by

limit, low sensitivity and/or complicated operating
dissolving appropriate amounts of hydrochloric acid,

steps, of the two frequently used methods, acid–base
potassium chloride, sodium nitrate, ammonium chlo-

titration and potentiometry [15–17], and others
ride, calcium chloride and magnesium sulfate at a

methods, i.e. NMR (nuclear magnetic resonance) 21concentration of 0.10 mol l . They were diluted as
[18,19] and spectrophotometry [20,21] for the de-

necessary (using boiled deionized water stored in a1termination of H . De Borba et al. [22] demon-
closed container to prepare standard solutions with

strated the ability of sulfonated styrene–divinylben-
different pH values). Lithium hydroxide solution was1zene stationary phases to separate H from other
used for adjusting the pH value of the eluent.

cations using a dilute solution of a neutral salt as
Ethylenediaminetetraacetic acid, dipotassium salt

eluent. The method was highly sensitive to small
dihydrate (EDTA-2K), and ethylenediaminetetra-1changes in H concentration; however, its ultimate
acetic acid, disodium salt dihydrate (EDTA-2Na)1H detection limit was down to the low mM level.
were used as components of the eluent, respectively.

Hu et al. [23–26] developed the ion chromatographic
Lithium dodecylsulfate (Li-DS) was used for1method for determining H . They used an ODS
modifying the monolithic column.

column modified with dodecylsulfate as stationary
phase and acidified LiCl [24] and EDTA-2K [25]

1 2 .2. Equipmentsolutions as eluents to determine H directly down
to mM levels. Although the detection limits have

All experiments were carried out on a Tosohbeen significantly improved, the retention times of
1 HPLC system (Tokyo, Japan) with a data processingH , as have been reported, were over 10 and 4 min,

system and including a non-metallic eluent deliveryrespectively, which demonstrated the inadequacy for
pump (DP-8020), a conductimetric detector (CM-actual applications.
8020), a column oven (CO-8020), a degasser (SD-In this work, the aim was to establish an effective

1 8022) and an injector equipped with a 100-ml sampleIC system to determine H with characteristics of
loop. A HM-14P TOA pH meter (TOA Electronics,being rapid, sensitive and practical. A monolithic
Tokyo, Japan) was used for determining pH valuesODS-silica gel column has first been used for the
of samples.high-speed ion chromatographic determination of

acidity of real water samples. This monolithic-type
column was modified with lithium dodecylsulfate 2 .3. Stationary phase preparation

1(Li-DS), where H could be eluted with a sharp and
highly symmetrical peak within 1 min using an The modification of the Merck Chromolith column
acidified solution containing EDTA-2K and Li-DS as (5 cm34.6 mm I.D., Merck, Darmstadt, Germany)
eluent. Compared to the previously reported IC was achieved by passing about 50 ml of a 40 mM

21methods, the merits of this method are high-speed Li-DS solution through the column at 0.50 ml min
analysis (retention time less than 1 min), lower flow-rate.
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1 1 12 .4. Chromatographic conditions log [K ] against logk9 of H and Na , respectively
were both straight lines with slopes greater than

The eluent was composed of 5.0 mM EDTA-2K 0.9985, which shows that these cations were sepa-
1and 100mM Li-DS using LiOH solution to adjust the rated by cation-exchange. [K ] denotes the molar

1pH value to 4.80. The gain of the conductimetric concentration of K in the eluent andk9 is the
21detector was 0.1mS cm , the response was STD retention factor of the cations.

(response time 1 s) and the polarity was negative. As for the exceptional elution order of the com-
21 1 1 21The eluent flow-rate was 1.5 ml min . The baseline mon mono- and divalent cations (H,Na ,Ca ,

21drift was minimized by keeping the column tempera- Mg ) using EDTA-2K solution as eluent, the
ture at 358C, and the instrument was equilibrated for reasons were the same as have been discussed by Hu

22about 30 min prior to use. et al. [25]. The presence of EDTA (H Y ) in the2
1eluent could accelerate the elution of H as the

22 .5. Sample analysis anionic form (H Y ) based on the reaction,3
22 1 2H Y 1H àH Y ; and form a more stable com-2 3

21Rainwater samples were collected at The National plex with Ca .
Institute of Advanced Industrial Science and Tech-
nology (AIST) at Seto, Aichi, Japan using 1000-ml

3 .2. Selection of eluent
polyethylene bottles with wide polyethylene funnels.
Replicate samples were collected and quality control 1H was the species of analytical interest, which
procedures were employed [27]. All sampling ves-

could be retained by dodecylsulfate (DS) on the
sels were washed with detergent, soaked with acid

stationary phase by protonation [28]. Therefore, we
and then rinsed thoroughly with deionized water and 1 1used monovalent cations, K and Na , as the
oven dried at 408C. The installations were placed on 1species for cation exchange. Although H could be
the ground at a height of about 1.2 m. The sampling

well separated using an EDTA-2Na or EDTA-2K
time was 2 h and sample volume was about 20 ml.

solution as eluent, the latter was still selected. Its
Three replicate samples were collected throughout. 1advantages were: (i) the retention time of H
Then, each sample was poured into a 50-ml poly- 1decreased because the elution power of K is greater
ethylene bottle. After collection, the pH value of 1than that of Na [25]; (ii) the effect of co-exiting
each sample was measured using a conventional pH 1 1cations, NH and K , could be eliminated complete-4meter, and then the sample was filtered through a

ly using EDTA-2K solution as eluent, since the
0.30-mm Nylon-66 membrane filter prior to direct 1equivalent conductance of NH is almost the same4analysis. Deionized water samples were collected in 1 21 21 1as that of K (73.55 cmV mol for NH and4our laboratory. Subsequently, all the samples were 21 21 173.50 cm V mol for K ) [29]. When using
analyzed according to the chromatographic condi-

EDTA-2Na, what could be eliminated was only the
tions specified. 1effect of Na .

3 . Results and discussion 3 .3. Effect of eluent

3 .1. Retention behavior of cations To optimize the separation and detection, the
effects of EDTA-2K concentration, pH value and

Coating a reversed-phase ODS with dodecylsulfate flow-rate on the retention time and/or peak area of
1(DS) is a commonly used method to create a H were investigated.

1sulfonated stationary phase for separating cations in Experiments showed that the retention time of H
IC based on a cation-exchange mechanism. When an decreased and background conductivity of the eluent
aqueous solution of EDTA-2K is used as eluent, it is increased with increasing EDTA-2K concentration in

1the K ions that bind –DS groups on the stationary the eluent. However, higher background conductivity
phase. Experimental results showed that the plots of of eluent decreases the detection sensitivity. There-
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fore, 5 mM EDTA-2K was chosen as optimum based
on a compromise among the resolution of the test
cation achieved, run time and detection sensitivity.

It is necessary to maintain a certain amount of acid
1in the eluent so that there is a reservoir of H

available in the system to re-protonate any silanol
1group in case H was dissociated and leached them

1into solution [24]. Because H was the test ion,
extremes of pH value of the eluent were avoided.
Therefore, the pH value of the eluent was simply
varied from pH 3.00 to 6.26 using HCl and concen-
trated LiOH solutions to adjust the pH value. As
shown in Fig. 1, when pH.5.22, the response (peak

1area) of H decreased significantly; when the eluent
pH value was between 4.38 and 5.22, the response
changed slightly; and when pH,4.21, the response

1decreased dramatically. So, the pH value of eluent Fig. 2. Chromatograms of H with different flow-rates. 15dip;
1 21 21 21was chosen as pH 4.80, the central value in the 25H . (a) 3.0 ml min , (b) 2.5 ml min , (c) 2.0 ml min , (d)

21 211.5 ml min , (e) 1.0 ml min . Eluent, EDTA-2K (5 mM)–Li-range.
DS (100mM)–water. Other chromatographic conditions as in Fig.Flow-rate was also important for high-speed chro-
1.

matographic analysis. Fig. 2 shows the chromato-
1grams of H and Table 1 shows the changes in

1response of H and eluent dip (peak area) with
different flow-rates. We observed that both resolution
and response decreased with flow-rate increase. The
decrease in resolution could be attributed to high
flow-rate. There was not enough time for eluent dip
(containing anions and water from the sample) to be

1eluted completely when the H was eluted. The
decrease in response was attributed to the ‘‘penetra-
tion effect’’ of Mou et al. [30]. At different flow-

1rates, the amount of H ions that could come into
‘‘the zone of chromatographic peak’’ was different.

1The ‘‘lost’’ H ions were eluted together with the
eluent dip, because the area of dip peak decreased
with increasing flow-rate (shown in Table 1). In this

21study, the flow-rate was chosen as 1.5 ml min ,

Table 1
1Changes in responses (peak area) of H ion and eluent dip with

different flow-rates
21Flow-rate (ml min )

1Fig. 1. Effect of pH value of eluent on the response of H ion 1.0 1.5 2.0 2.5 3.0
(peak area). Column, a Merck Chromolith column (5.0 cm34.6 1H ion 412 288 221 196 132
mm); column temperature, 358C; Eluent, EDTA-2K–Li-DS (100

Eluent dip 9739 7807 6693 5206 402721 1
mM)–water; flow-rate, 1.5 ml min ; sample, 0.100 mM H
solution; injection volume: 100ml. Values are means of five determinations.
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1which not only separated H rapidly, but also not be neglected. As specified in Section 3.2, we
retained high sensitivity of the determination. have reported that using EDTA-2K solution as eluent

1 1could eliminate the effects of NH and K . As for4

3 .4. Elimination of co-exiting ions the effects of divalent cations with much longer
21 21retention times, Ca and Mg , they could be

1Because H could be eluted first, other mono- and eliminated by injecting 100ml of 75 mM EDTA-2K
1divalent cations did not interfere in the separation. solution after elution of H . The elimination result is

However, in high-speed analysis their effects could shown in Fig. 3. Another dip appeared within 2 min

1 1 1 1 1 21 21Fig. 3. Chromatograms of (A) injection of a sample solution mixture of 0.08 mM H , Na , Li , NH , K , Ca and Mg . Peaks:4
1 1 1 21 21 115eluent dip, 25H , 35Li and Na , 45Ca , 55Mg ; (B) injection of 75 mM EDTA-2K solution after elution of H . Peaks: 15eluent

1 1 1dip 1; 25H ; 35Li and Na ; 45eluent dip 2; and (C) is an enlarged part of (B). Column, a Merck Chromolith column (5.0 cm34.6 mm);
21column temperature, 358C; eluent, EDTA-2K (5.00 mM)–Li-DS (100mM)–water with pH 4.80; flow-rate, 1.5 ml min ; injection volume:

100 ml.
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1 1 1 1Fig. 4. Chromatograms of (A) rainwater sample, (B) rainwater sample A1standard solution (mixture of 0.075 mM H , Na , NH , K ,4
21 21 1 1 1Ca and Mg ) and (C) injection of 75 mM EDTA-2K solution after elution of H . Peaks: for (A) and (B), 15eluent dip; 25H ; 35Na ;

21 1 145Ca ; for (C), 15eluent dip 1; 25H ; 35Na ; 45eluent dip 2. Chromatographic conditions as in Fig. 3.



Q. Xu et al. / J. Chromatogr. A 997 (2003) 183–190 189

after the injection of EDTA-2K solution. Therefore,
1the high-speed analysis of H in real water samples

1 1 1 21 21containing Na , NH , K , Ca and Mg ions4

could be completed within 2 min.

3 .5. Reproducibility and stability of the modified
column

The reproducibility was estimated by making
replicate injections (n55) of a mixture of a rainwater

1 1sample and a standard solution containing H , Na ,
1 1 21 21NH , K , Ca and Mg ions. The relative Fig. 5. Chromatograms of deionized water made in our labora-4

11 tory. Peaks: 15eluent dip; 25H . Chromatographic conditions asstandard deviation (RSD) of the peak area of H
in Fig. 3.was,1.34%. The column-to-column reproducibility

of the modified column was estimated by modifying
1the column three times and injecting a H standard 3 .7. Application

solution five times. The RSDs of chromatographic
peak areas of these cations were,1.89%. This IC method was applied to the determination

The column modified with Li-DS was stable for at of acidity of rainwater and deionized water samples.
least 2 months of operation with no evidence of peak Typical chromatograms of rainwater are shown in
area/height changes in these cations, which was Fig. 4, and the chromatogram for deionized water is

1tested using a 0.10 mM H standard solution. The shown in Fig. 5. The analysis was carried out
RSDs of these cations were,1.88%. according to the procedure specified above. The

recoveries obtained with this method were tested by
analysis of a spiked rainwater sample and replicate

3 .6. Linearity and detection limits injections (n57). Comparing the data for rainwater
and deionized water samples determined by this

1To determine the linearity for H by this method method with that using a potentiometric pH meter,
with conductivity detection, a series of standard the results were consistent, which demonstrated that

1solutions of H from 30.00 mM to 0.642mM were this method was reliable for the determination of
tested. The range of linear relationships observed acidity of real water samples. The results are given
between conductivity and concentrations was from in Table 2.

110.00 mM to 0.955 mM for H . Its correlation
coefficient was more than 0.9992 and the detection
limit calculated using 3s was 0.372mM (s repre- 4 . Conclusions
sents the standard deviation of the blank solution,
n57). This work demonstrates the high-speed determi-

Table 2
1Content of H ion in rainwater and deionized water

Sample Detection by the proposed IC method Detection by pH meter

pH RSD Added Found Recovery Mean RSD
(%) (mM) (mM) (%) (mM) (%)

Rainwater 4.716 1.02 100 102 102 4.72 1.96
Deionized water 5.564 1.03 100 97.8 97.8 5.56 2.13

Values are means of seven determinations.
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