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Simultaneous separation of nine metal ions and ammonium
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Abstract

A simple and fast method for simultaneous separation of nine metal cations Ni2+, Cu2+, Co2+, Zn2+ Cd2+, K+, Na+, Mg2+ and Ca2+,
and NH4

+ in methanol is reported. The optimization for separation these 10 cations was achieved by using 0.5% acetic acid and 10 mM
imidazole as electrolyte. The effects of water and ionic strength in the sample are discussed. The sensitive detection of transition metal ions
was accomplished at 191 nm. The optimized method demonstrated high efficiency and good reproducibility, and was applied successfully to
the qualitative and quantitative determination of transition metal ions in water samples, chemical reagents, oral zinc gluconate solution and
human plasma.
© 2003 Elsevier B.V. All rights reserved.
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1. Introduction

Determination of inorganic cations such as alkali, alkaline
earth, NH4

+ and transition metal ions is of great importance
for environmental, medical and pharmaceutical analysis. A
simple, rapid and reliable method that can determine these
cations in real samples is needed. Ion chromatography (IC)
is a popular analytical technique for metal ions analysis in
the last two decades. However, IC requires different sepa-
ration and detection systems for routine cations and transi-
tion metal ions, such as different stationary, mobile phases,
post-column suppressors and post-column chelating reagent
mixing systems[1].

Capillary electrophoresis (CE) is an analytical technique
which has developed rapidly during the last ten years. Be-
cause of its speed, resolving power, minimal sample and
reagent requirements, greater simplicity in operation com-
pared to IC and adaptability to a variety of applications
using different separation conditions, it has been applied
extensively to many analytes in a variety of areas. Many pa-
pers were published on the analysis of alkali, alkaline earth
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and NH4
+ [2–5] in the early 1990s. Crown ethers have

been applied to CE to improve the separation of K+ and
NH4

+ [3,5]. Since then, the separation of many transition
metals by CE[6–9] or micellar electrokinetic chromatog-
raphy (MEKC) [10,11] have been reported. This process
is mainly carried out by using complexing agents, which
are either added to the electrolyte or to the sample before
introduction to the capillary. Janos et al. has reviewed this
application in detail[12–14]. The most frequently used
complexing agents for most di- and trivalent metal ions are
hydroxycarboxylic acids[15], such as�-hydroxyisobutyric
acid (HIBA), and other complexing agents pyridylazoresor-
cin (PAR), hydroxyquinoline sulfonic acid (HQS), EDTA,
nitrilotriacetic acid (NTA) and crown ethers.

In addition, organic solvents have also been added into
electrolyte to improve the selectivity of metal ion separa-
tions [5,13]. The use of pure nonaqueous systems offers
potential for adjustment of relative migration rates via
change in solvation–ion interaction. Evidence for such
analyte–electrolyte interaction was reported for the separa-
tion of inorganic anions[16]. A limited number of studies
reported the separation of cations[6] and transition metal
ions in pure nonaqueous systems[7].

In this paper, a rapid and reliable method for the sepa-
ration of ten cations is introduced. Methanol and a weak
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complexing agent, acetic acid, were used for optimizing
proper selectivity. The electrolyte produced lower current,
thereby allowing the use of a wider internal diameter cap-
illary (100–150�m i.d.). The sensitive detection of these
transition metal ions was obtained at 191 nm. Moreover, the
electrolyte was stable and very easy to prepare, avoiding
problems associated with adjusting pH and pH error between
experiments. The method discussed here is very simple and
is less time-consuming and labour intensive than many sepa-
ration methods. It has been applied successfully to the deter-
mination of transition metal ions in water samples, chemical
reagents, oral zinc gluconate solution and human plasma.

2. Experimental

2.1. Instrumentation

Experiments were performed with a Beckman P/ACE
MDQ system (USA), which comprises a CE unit with diode
array detector and workstation. Separations were carried out
on fused–silica capillaries of 57 cm (50 cm effective length)
× 100 and 150�m i.d. (Yongnian Optical Fibre Factory,
Heibei, China).

2.2. Chemicals

All reagents were of analytical grade. Metal salts and
glacial acetic acid were purchased from Beijing Chemi-
cal Company (Beijing, China). Imidazole was produced by
Kanto Chemicals (Tokyo, Japan). Methanol was of chro-
matographic grade, purchased from Siyou Biology Medical
Company (Tianjin China). Metal ion standard stock solu-
tions were prepared by dissolving metal salts in methanol
of a concentration of 500�g/ml.

2.3. Electrophoretic procedures

The new capillary was rinsed with methanol, water, 1 M
HCl and water for 5 min, and then activated with 1 M NaOH
and water for 30 min, respectively. Between injections the
capillary was rinsed with carrier electrolyte for 3 min. The
separation was run at a constant temperature of 25◦C and
the voltage applied was 20 kV. The detection wavelength
utilized was 191 nm. Pressure injection was performed us-
ing 0.5 p.s.i. for 5 s (1 p.s.i. = 6894.76 Pa). Electrokinetic
injection was performed using 10 kV for 30 s.

2.4. Sample preparation

2.4.1. Water samples
Two deionized water samples from different laboratories

and a deep-ground well water sample were collected freshly,
and then injected by electrokinetic injection.

2.4.2. Chemical reagents
Organic solvents ethanol, methanol (Fluka),N,N-dime-

thylformamide methanol (Fluka) and concentrated hy-
drochloride acid diluted 1:1,000,000 (v/v) were injected by
electrokinetic injection.

2.4.3. Zinc gluconate solution
Oral zinc gluconate solution was purchased on market,

whose ingredients contain sugar, essence and zinc glu-
conate compound. The labelled concentration of zinc is
3.53 mg/10 ml unit. The solution was diluted 100 times
before pressure injection.

2.4.4. Plasma
One hundred microliter human plasma was treated by

adding 400�l trichloride acetic acid (50 mg/ml) to remove
protein. The mixture was thoroughly mixed and then cen-
trifuged at 4000 rpm for 10 min. The supernatant was diluted
by 10 times with methanol before pressure injection.

3. Results and discussion

3.1. Effect on cations mobilities

In aqueous solution, K+ and NH4
+ could not be sepa-

rated without adding crown ether to the electrolyte. Ni2+,
Cu2+, Co2+, Zn2+, Cd2+, Mg2+ and Ca2+ are divalent ions
with similar mobilities. Weak complexing agents, such as
HIBA, are commonly used[5–7,12]to improve their separa-
tion. However, organic solvents offer the potential for adjust-
ing relative migration rates. In pure methanol, NH4

+, K+,
Na+, Mg2+, Ca2+, Ni2+, Cu2+, Co2+, Zn2+, Cd2+ can be
separated simultaneously using an even weaker complexing
agent, acetic acid.
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Fig. 1. Dependence of cation mobilities on acetic acid concentration.
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As the acetic acid concentration increased, the mobilities
of the cations decreased obviously (Fig. 1). The resolution
and migration order of Ni2+, Cu2+, Co2+, Mg2+ and Ca2+
were changed. When using 0.5% acetic acid, all 10 cations
were separated completely. With 1% acetic acid, the sepa-
ration efficiency and sensitivity for Ni2+, Cu2+, Zn2+ and
Cd2+ reached the highest level, but Co2+ overlapped with
Mg2+ and Ca2+.

Fig. 2 shows the change in cation mobilities with in-
creasing imidazole concentration. When the imidazole con-
centration was lower than 5 mM, Co2+ could no longer be
detected. When the imidazole concentration became higher
than 10 mM, the peaks for Ni2+ and Cu2+ partially over-
lapped. In addition, as the imidazole concentration increases,
the mobilities of Mg2+ and Ca2+ decreased faster than the
other di-valent ions. The migration order of Co2+, Mg2+,
Ca2+ and Zn2+ was different in the 10–20 mM imidazole
concentration range. An amount of 10 mM imidazole was
chosen as the optimal concentration for this experiment.
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Fig. 3. Electropherogram of 5�g/ml cations. Electrolyte: 0.5% acetic acid and 10 mM imidazole in methanol; 20 kV; 191 nm; pressure injection, 0.5 p.s.i.;
5 s. Peak (1) NH4+; (2) K+; (3) Na+; (4) Ni2+; (5) Cu2+; (6) Co2+; (7) Mg2+; (8) Ca2+; (9) Zn2+; (10) Cd2+. PDA: photodiode array detection.

Table 1
Efficiency, linear range, detection limit and relative standard deviation

Cations Theoretical plates number (N) Linear range (r2) (�g/ml) Detection limit (�g/ml) R.S.D. (%)a

100�m i.d. 150�m i.d. 100�m i.d. 150�m i.d. 100�m i.d. 150�m i.d. Migration time Peak area

Ni2+ 95377 26800 1–80 (0.9975) 0.2–40 (0.9988) 0.25 0.1 0.93 9.79
Cu2+ 102800 37800 1–80 (0.9990) 0.1–40 (0.9991) 0.25 0.05 1.09 3.10
Co2+ 99800 34400 1–20 (0.9978) 1–20 (0.9975) 0.25 0.1 1.12 7.19
Zn2+ 94200 38000 1–80 (0.9998) 0.1–40 (0.9998) 0.15 0.05 1.41 10.7
Cd2+ 116300 42100 5–80 (0.9984) 1–20 (0.9990) 1 0.5 1.75 16.5
Mg2+ 39800 1.11 11.4
Ca2+ 41000 1.04 22.8
K+ 28800 0.35 18.8
Na+ 17800 0.46 5.71
NH4

+ 7800 0.37 5.87

Conditions: 0.5% acetic acid and 10 mM imdazole.
a 5�g/ml of 10 cations,n = 5.
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Fig. 2. Dependence of cation mobilities on imidazole concentration.
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Fig. 4. Samples analysis. (A) Water sample analysis: (a and b) deionized water from different lab; (c) deep-ground well water. (B) Chemical reagent analysis: (a) ethanol; (b) concentrated hydrochloride
acid diluted 1:1,000,000; (c) methanol (Fluka); (d) N,N-dimethylformamide (Fluka). (C) Oral zinc gluconate solution diluted 1:100. (D) Human plasma spiked with 2.5 �g/ml Cu2+ and Zn2+.
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The influence of water content in sample was investigated
considering that most samples are in aqueous solution. When
samples were dissolved in water, the migration times of the
cations were slightly shorter than in pure methanol, and the
efficiency did not change. However, the peak area for Ca2+
increased and the resolution between Ni2+ and Cu2+ was
improved, both characters has being beneficial to real sample
analysis.

The effect of ionic strength on the migration time of these
cations was investigated by adding increasing concentration
of KCl to the mixture of nine cations in standard solution.
When the KCl concentration was higher than 0.5 mM, the
NH4

+ peak disappeared. There were no obvious effects on
migration time and efficiency for the other nine cations as
the KCl concentration was increased from 0.01 to 1 mM.

3.2. Method validation

With 20 kV applied, the electrolyte gave currents of 9.4
and 15.2 �A, respectively, with 100 and 150 �m i.d. capil-
lary. The detection sensitivity with a 150 �m i.d. capillary
was 2–5 times higher, but the linear range was shorter and
efficiency was 2–3 times lower (Table 1). Therefore, all fur-
ther experiments were carried out using a 100 �m i.d. cap-
illary. Fig. 3 shows the electropherogram for the complete
separation of ten cations.

Table 1 details the efficiency, linear range, detection limit
and relative standard deviation (%) for migration time and
peak area. The theoretical plates (N) attained for transi-
tion metal ions were between 94,200 and 116,300, while
other cations were between 7800 and 41,000. The calibra-
tion graphs were linear for five transition metal ions us-
ing pressure injection mode. The relative standard deviation
(R.S.D.) values of five successive injections of a 10 cation
mixture were between 0.35 and 1.75% for migration time
and 3.1 and 22.8% for peak area.

Electrokinetic injection mode could be used to accumulate
cations when their concentration was lower than the detec-
tion limit. By using electrokinetic injection of 10 kV for 30 s,
the detection limits for Ni2+ and Co2+ reached 0.8 ng/ml,
Cu2+ and Zn2+ reached 0.2 and 0.5 ng/ml, respectively.

3.3. Sample analysis

The method developed here can be applied to real sam-
ple analysis. The potential for qualitative and quantitative

analysis of cations in various water samples, organic and in-
organic chemical reagents, oral zinc gluconate solution and
human plasma was investigated (Fig. 4). Fig. 4A shows the
analysis of deionized water from different laboratories and
a deep-ground well water source. In Fig. 4B, cations in var-
ious organic solvents (a, c, d) and mineral acid (b) were de-
tected. Trace levels of Cu2+ and Zn2+ could be detected by
enrichment with electrokinetic injection. This method can
also be applied to pharmaceutical and plasma analysis. The
analysis of zinc in gluconate solution was in good agreement
with the labelled amount (Fig. 4C). The recovery of spiked
levels of Zn2+ and Cu2+ in human plasma was satisfactory,
as well (Fig. 4D).
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