JOURNAL OF
CHROMATOGRAPHY A

Journal of Chromatography A, 956 (2002) 139-145

www.elsevier.com/locate/ chroma

Determination of total acidity and of divalent cations by ion
chromatography with n-hexadecylphosphocholine as the
stationary phase

Wenzhi Hu® Kyoshi Hasebe®, Kazuhiko Tanaka®, James S. Fritz*™*
®Division of Chemistry, Graduate School of Science, Hokkaido University, Sapporo 060-0810, Japan
®Division of Material Science, Graduate School of Environmental and Earth Science, Hokkaido University, Sapporo 060-0810, Japan
“National Institute of Advanced Industrial Science and Technology at Seto, Seto 489-0884, Japan
“Ames Laboratory, US Department of Energy and Department of Chemistry, lowa State University, 332 Wilhelm Hall, Ames, 1A, USA

Received 11 September 2001; received in revised form 15 December 2001; accepted 2 January 2002

Abstract

An ion chromatographic (1C) method is reported for simultaneous determination of total acidity (H*), Ba®*, Ca®", and
Mg>" in agueous samples. A standard ODS silica column modified by coating with n-hexadecylphosphocholine was used as
the separation column. Water alone was used as the eluent, with conductivity detection of the sample ions. An excess of
sodium iodide was added to each sample so that both H™ and divalent cations were always eluted with iodide as the
counterion. The elution order was Ba®*, Mg®*, Ca®", and H" with H" being eluted much later than the divalent cations.
Acetic acid and severa other weak acids could also be separated because all the protons were transposed from acetic acid
(HAC) to HI by the sodium iodide. Detection limits for 100 wl injection, S/IN=3 were in the low micromolar range for the
divalent cations and approximately 0.3 mM for H* /1 ~. This method was used successfully for simultaneous determination
of total acidity, magnesium and calcium in HCI-type of hot-spring water. [0 2002 Elsevier Science BV. All rights reserved.
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1. Introduction other means, the total acidity must be determined by

titration [1,2]. The essentia principle of acid—base

The acidity or basicity of solutions plays a critical
role in biological, physiological, environmental and
chemical industrial processes. While the pH of a
sample is typically sensed by electrochemical or
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titration has remained largely unchanged since its
inception more than 150 years ago.

DeBorba et al. recently reported a method for
determining acidity of analytical samples by using
cation-exchange chromatography with conductivity
detection [3]. The chromatographic column was
packed with a cation-exchanger containing strongly
acidic sulfonic acid groups. Such a resin should be
ideal for separating H' from other cations but
carboxylate or phenolic exchange sites formed dur-
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ing the sulfonation process made it necessary to
protonate these weakly acidic groups by operating at
a lowered eluent pH. As with any separation by
cation-exchange chromatography, the eluting ions
gave the eluent a relatively high background con-
ductance. Nevertheless, a linear range between 0.05
and 1.00 mM was reported for the hydronium ion
concentration.

Another form of ion chromatography (I1C) uses an
ordinary reversed-phase silica column that has been
coated with a zwitterionic surfactant that contains
both a fixed positive group (usually a quaternary N ™)
and a negative group (such as SO,) in close proximi-
ty. A column of this type has the unique property of
taking up ions in pairs; a sample anion is attracted to
the N* atom and a sample cation is attracted
simultaneously to the negative sulfonate group.
Retention of sample ions is usually much weaker
than with a conventional cation- or anion-exchange
column. This means that water alone can often be
used as the mobile phase, a situation that is ideal for
detection of sample ions by conductivity. Methods in
which either anions or cations are separated on a
column containing a zwitterionic stationary phase
have been given the name electrostatic ion chroma-
tography (EIC) [4] or zwitterionic ion chromatog-
raphy (ZIC) [5].

Most applications of this type have involved the
separation of anions using a column material coated
with a sulfobetaine surfactant. Recently Hu et al.
[6,7] reported that cations can be separated with
water alone as the mobile phase by using a column
coated with zwitterionic micelles of a phosphocho-
line type as the stationary phase. However, the
possibility of separating and determining hydrogen
ions was not investigated.

We have now found that a zwitterionic column of
the phosphocholine type retains hydrogen ions much
more strongly than most mono- and divalent cations.
This is the basis of a completely new, simple and
highly useful IC system for simultaneous determi-
nation of total acidity and several divalent cations.
The separations are achieved without the need of
competing ions in the eluent, as is required in
conventional IC. Although a mobile phase of water
can produce multiple peaks by different combina-
tions of anions and cations, this phenomenon can be
avoided simply by adding an excess of a salt such as
sodium iodide to the sample.

2. Experimental
2.1. Apparatus

The high-performance liquid chromatography
(HPLC) system used throughout this study was a
Shimadzu (Kyoto, Japan) LC-10A IC system. It
consisted of a LC-10AT pump, a SIL 10A auto-
injector (injectable range, 5-400 pl), a CTO-10A
column oven (room temperature), a CDD-6A con-
ductivity detector, and a CR-6A Chromatopac data
system. An auto-titrator (ATU-501) obtained from
TOA-DKK (Tokyo, Japan) was used to perform the
titrations.

2.2. Reagents

n-Hexadecyl phosphocholine (HDPC, C,,H,NO,-
P) used to establish the zwitterionic micellar station-
ary phase was obtained from Anatrace (Maumee,
OH, USA). Its purity was better than 99% (rec-
ommended by the manufacturer). Other chemicals
used to prepare the samples and the eluent were
analytical grade and were obtained from Wako
(Osaka, Japan). Water was obtained from a WG261
Autostill water purification system (Yamato, Tokyo,

Japan).
2.3, Column preparation

The column used was L-column (250x4.6 mm
I.D.; 5 wm particle size, 120 A pore size, 17% C/Si,
340 m® g~ ') obtained from Chemicals Evaluation
and Research Ingtitute, Tokyo, Japan). This column
was modified by passing 50 ml of 30 mM HDPC
solution through the column at a flow-rate of 1.0
ml/min. After a water rinse the column was found to
contain 0.716 mmol of HDPC [8]. To maintain a
constant amount of the zwitterionic surfactant on the
stationary phase, the eluents used throughout this
study aways contained approximately 10 pM
HDPC.

3. Results and discussion
3.1 Principles

Virtually al methods employing a zwitterionic
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surfactant have used a reversed-phase silica column
coated with a surfactant of the sulfobetaine type.
Anions are generally retained more strongly than
cations on this type of column. As stated by Okada
and Patil [9], EIC is essentialy a method for
separation of anions. The rules for this type of anion
separation are distinctly different from conventional
ion chromatography. In EIC sample ions are taken
up in pairs and are also eluted in pairs. The sample
anion is attracted to the positively charged nitrogen
of the surfactant and the counter cation is simul-
taneoudly attracted to the negative sulfonate group. A
plot of logk’ (k' is the retention factor) vs. the ionic
concentration of the mobile phase tends to be very
flat [5]. This means that strongly retained anions
such as thiocyanate and perchlorate take a long time
to elute. Mori et a. [10] addressed this difficulty by
using a column coated with a mixture of zwitterionic
and cationic surfactants.

In the present research a reversed-phase silica
column coated with a phosphocholine zwitterionic
surfactant (HDPC) is used to separate H' and
several divalent metal cations. Again, sample cations
and anions are taken up and eluted in pairs. The
cation (C") is attracted to the negative phosphate
group and the anion (A™) pairs up with the positive
nitrogen, as shown below.

(o)
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CH;—(CH,)5-0 _IP —0—(CH,),—N(CH3)s

0O

With a column coated with a phosphocholine
surfactant sample ions are retained more weakly than
with sulfobetaine columns. Now, water alone can be
used as the mobile phase and sensitive detection is
possible with a conductivity detector. We also found
that H™ is retained much more strongly than 1+ and
2+ meta ions, athough trivalent metal ions such as
AI®* and La>" are retained more strongly than H™.
With this new system it is feasible to separate and
determine both H' and severa 2+ metal ions in
sample mixtures.

Since sample ions are both taken up and eluted in
pairs with water as the eluent, the chromatographic
peak for a sample cation (C") will actually be a
cation—anion pair (C*A"). The retention time for
such a peak will be a function of how tightly A, as
well as C, is retained by the phosphocholine. It is

expected that the retention time for C* can be either
increased or decreased by the choice of the accom-
panying anion, A" .

When a sample contains more than one anion,
multiple cation—anion peaks can result when water
alone is the eluent. For example, cations C, and C,
can combine with anions A, and A, to form four
peaks. C, A;,C, A,,C, A, and C, A,. In order to
obtain only one peak for each sample cation, the
sample must be made to contain only a single anion
or an excess of the sodium salt of a strongly-retained
anion must be added to the sample. Since al sodium
salts are eluted very rapidly by water, this extra peak
will not interfere with the later sample peaks.

3.2 Separation of H” and metal cations

A significant advantage of the new system is its
ability to separate ions using water as the mobile
phase. This leads to excellent sensitivity using
conductivity detection. Another very striking proper-
ty of the HDPC-coated column is that hydrogen ions
are eluted after mono- and divalent metals cations.

Cations such as Na*, Ba*", Mg*", Mn*", Co*"
and Zn*" are eluted with chloride as the counter ion
within ~4 min, whereas a sharp pesk for H" /Cl was
obtained much later at ca. 14 min. It is also possible
to separate H" from a much higher concentration of
some inorganic salts. This is shown in Fig. 1 where
10 mM HCI is separated from 1.0 M NaCl.

The strong retention of H" appears to be a unique
property of the alkylphosphocholine. Zwitterionic
surfactants of the sulfobetaine type, such as 3-(n-
dimethylmyristylammonio)propanesulfonate, gave a
retention time for H" that was much too short for a
practical separation. In the new 1C system with only
water as the mobile phase, the sample cations and
anions aways elute as cation—anion pairs. The
retention time of each ion combination is determined
both by the cation and the anion. The retention time
for H" has a very strong dependence on the counter
anion. Thus it is feasible to separate different species
of acids. This is demonstrated in Fig. 2 where five
acids are eluted in the order: H,PO,, HCl, HNO,,
H,SO, and HCIO,.

3.3 Control of analyte ion partitioning

With water as the mobile phase, partitioning of the
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Fig. 1. Separation of 10 mM hydrochloric acid and 1.0 M sodium
chloride on a silica C,; column (250X4.6 mm) coated with
HDPC. Mobile phase was water aone at a flow-rate of 1.0
ml/min; 100 pl sample, conductivity detection.

anions and cations needs to be controlled in order to
avoid cross distribution of the various species.
Without control of the partitioning, cations of ana-
Iytical interest may combine with several different
anions and therefore appear on the chromatogram as
a multiplicity of cation—anion peaks. In previous
studies this undesirable phenomenon was prevented
by the addition of a controlling salt to the sample
[11,12] or by use of a short ion-exchange column
inserted between the sample injector and the sepa-
ration column [13].

If H" is to be determined in a solution containing
three different anions using only water as the mobile
phase, the H" will be divided among three different
peaks: H' /A, H'/A, and H"/A,. The fraction of
the total H" in each peak will depend on the relative
affinity of each ion pair for the stationary phase, with
the greatest fraction of the H' occurring in the
latest-eluting peak. By adding at least a 5-fold excess
of the sodium salt of a more strongly retained anion
to the sample, the sample acidity can be forced to
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Fig. 2. Separation of a 20 pl sample containing 10 mM con-
centrations of each of five acids. Conditions were the same as Fig.
1

elute in a single chromatographic peak. This princi-
pleisillustrated in Fig. 3 which shows the chromato-
graphic peak for HCI aone (left), after addition of
sodium iodide (right).

Addition of an excess of sodium salt such as Nal
also permits quantitative measurement of total acidi-
ty when the sample contains weaker acids. Suppose
we have a weak acid HA which is incompletely
ionized and add Nal which is completely ionized:

HA=H" +A"
Nal - Na" +1"~

Of the four possible ion pairs, H' /1~ is by far the
most tightly held by the HDPC stationary phase.
This fact, together with the addition of a higher
concentration of Nal, shifts the various equilibria so
that all of the H" is contained in a single peak as
H"l . The other ion pairs Na" /A~ and Na' /I~ are
more weakly held by the HDPC and elute well
before the H' /1~ peak.
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Fig. 3. Chromatograms of 2.0 mM HCI (left trace), 2.0 mM HCI
with a 5-fold excess of sodium nitrate added to the sample (center
trace), and 2.0 mM HCI with a 5-fold excess of sodium iodide.
Eluent was water containing 10 wM HDPC; conductivity de-
tection.

Experimental evidence is shown in Fig. 4 where
Nal was added in excess (approximately 1 M) to a
sample of 2.0 mM oxalic acid (left), 2.0 mM tartaric
acid (center) and 2.0 mM ascorbic acid (right). In
each case the peak was H'| ~, which was confirmed
using a pH meter, an anion-exchange IC, and the
EIC retention time for a known HI solution. By
comparing the pesk areas of the H" /1~ peak with a
standard 4.0 mM HI sample, it was calculated that
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Fig. 4. Chromatograms of oxalic acid (left trace), tartaric acid
(center trace) and ascorbic acid (right trace) with a 5-fold excess of
sodium iodide added to the sample. Other conditions as in Fig. 1.

the protons of oxalic acid and tartaric acid were
completely converted to H' /1, but the protons of
ascorbic acid were only about 39% converted. Ex-
periments with other weak acids (formic, acetic,
pyruvic, malonic, propionic and phthalic acid) led to
the conclusion that many weak acids can be con-
verted quantitatively to H'|~ by this technique.

34. Smultaneous determination of total acidity
(H"), Ba®", Mg®" and Ca®”

The elution behavior of other cations in this IC
system were studied. Fig. 5 shows two typical
chromatograms for separation of divalent cations
together with H' using iodide (left trace) and
thiocyanate (right trace) as the counterions. These
model divalent cations (Ba’", Mg®" and Ca’*) were
base-line separated and were eluted much faster than
H". The effluents for the divalent cations were
identified by connecting this IC system to an induc-
tively coupled plasma atomic emission spectrometry
(ICP-AES) detector (chromatograms are not shown).
Ba™" was eluted first, followed by Mg®", Ca®" and
then H'. This order of cation elution was quite
different from that observed in conventional cation-
exchange IC. No separation was observed for the
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Fig. 5. Simultaneous determination of total acidity, Ba®", Mg*"
and Ca’" using iodide (left trace) and thiocyanate (right trace) as
the counterions. Sample: 1.0 mM each of Ba®*, Mg®" and Ca”";
3.0 mM H* (HCI). Other HPLC conditions as Fig. 1. Peaks: 1,
1=H"; 2, 2=Ca’"; 3, 3=Mg""; 4, 4=Ba’".



144 W Hu et al. / J. Chromatogr. A 956 (2002) 139-145

Conductivity
32 uS/cm

J L

T I ] T T T I ]
0 10 20 30 0 10 20 30
Retention Time (min)

Fig. 6. Simultaneous determination of total acidity, Ca’" and
Mg®" in hydrochloric acidic hot-spring water. The actual sample
(left trace) and the sample after addition of 0.2 mM each of HCI,
CaCl,, MgCl, and BaCl, (right trace). Peaks: 1=H"; 2=Ca’";
3=Mg®’"; 4=Ba"". Other HPLC conditions as Fig. 3.

monovalent cations which were eluted near the void
volume of this IC system.

As a practica demonstration of the practical
applicability of this method, an acidic (HCI-type) hot
spring water was analyzed five times and the results
were compared to those from a conventional cation-
exchange IC and an auto-titration system. A typical
chromatogram obtained from this sample is shown in
Fig. 6. Comparative analytical data (Table 1) show
the new method to be very simple and reliable for
the simultaneous determination of total acidity and
the divalent cations.

Table 1

3.5. Analytical data

Aqueous solutions of severa inorganic and or-
ganic acids were prepared and analyzed by the new
Zwitterion system to study the reproducibility, de-
tection limits and analytical performance of the
system. Plots of theH" /I, H"/CIO, or H"/SCN~
peak areas vs. concentration of the sample acid gave
linear calibration curves with an average correlation
factor r>=0.9992. The slopes and intercepts for HC,
HNO, and acetic acids were almost identical, where-
as the slopes for diprotic acids (oxalic and tartaric)
were essentially twice those of the monoprotic acids.

The detection limit (100 wl) injection, S/IN=23)
for the H'l~ system was 0.32 mM and the cali-
bration curve was linear up to 6.8 mM H'. Some-
what higher detection limits were obtained for
H"ClO, and H"SCN . The detection limit for H"
was not as low as might be expected. A low
concentration (10 wM) of HDPC must be added to
the agueous mobile phase to maintain the HDPC
coating on the column. It seems likely that a small
portion of the sample H™ may combine with the
micro-molar concentrations of HDPC in the mobile
phase. A higher concentration of HDPC in the
mobile phase was found to decrease the H" peak
area.

Identical standard samples (0.50, 0.70 and 1.0 mM
oxalic acid agueous solutions) were analyzed 30
times under the same HPLC conditions as described
in Fig. 4 (left trace). The relative standard deviations
(RSDs) of retention time, peak areas and peak
heights were smaller than 0.78% for these model
samples. Small amounts of HCI (0.10, 0.50, and 1.0
mM, respectively) were added to a standard sample
of 1.0 mM oxalic acid solution. Recoveries of added
HCI between 99.2 and 100.8% were obtained from
these spiked samples.

Detection limits for Ba’", Mg®" and Ca’" using

Results of determination of total acidity, magnesium ions and calcium ions obtained using the present method (EIC), auto-volumetric

titration, and conventional cation-exchange IC

Total acidity (mM) ca’™ (mM) Mg®" (mM)
EIC 1.86+0.04 0.33+£0.01 0.13+0.01
Volumetric titration 1.87+0.05 - -
Cation-exchange IC - 0.32+0.01 0.14+0.01
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iodide as the counterion were also examined. The
detection limit for Ba*" was 1.5, 1.8 pM for Mg®",
and 2.1 uM for Ca®" (100 pl injection volume,
SIN=3).

4. Conclusions

The phosphocholine stationary phase (HDPC)
used here, in contrast to the more commonly used
zwitterion phases of the sulfobetaine type, has a
much greater affinity for H* than for most other
inorganic cations. Unlike conventional ion chroma-
tography where the mobile phase must contain a
sufficiently high ionic concentration to move the
sample ions along the column, the proposed method
uses water alone as the as the eluent. This means that
sample ions can be detected with excellent sensitivity
with a conductivity detector. The new method pro-
vides a simple and reliable way to simultaneously
determine total acidity and several divalent cationsin
agueous samples.

With HDPC as the stationary phase and water as
the mobile phase, sample cations elute as ion pairs
with a counter anion. However, multiple peaks may
be obtained for each sample cation when the sample
contains more than one type of anion. This situation
is avoided and only a single pesk obtained for H*
and for each divalent cation by adding a 5-fold
excess of sodium iodide to the sample while continu-
ing to use only water as the eluent. Most weak acids,
as well as strong acids, elute quantitatively asH™ 1~

under these conditions. In this way the total acidity,
and not merely the equilibrium concentration of H™,
can be measured.

The retention time of H' is influenced by the
counter anion. This phenomenon makes it possible to
separate the acids in a mixture.
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