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Chapter 1   Introduction 
 

 

1.1  Significance of studies on trace elements in natural water 
 

The total natural water system surrounding the Earth is called the hydrosphere.  

It includes freshwater masses (river, pond, lake, etc.), oceans, atmosphere vapor, and 

biological waters.  The Arctic, Atlantic, Indian, and Pacific oceans cover 

approximately 70% of the Earth surface, and contain 97% of all natural water resource 

on the Earth.  The rest 3% is fresh water, including ice caps and glaciers.  These 

natural waters not only dominate the weather and climate on the Earth but also affect 

our daily lives directly and indirectly. 

The natural water are constantly moving among reservoirs, for example, from a 

river to a lake or to an ocean through surface runoff, from an ocean to the atmosphere 

through evaporation, to the atmosphere through precipitation, etc..  Because the 

natural water contacts with the environment during its movement among reservoirs, it 

gets a variety of elements from the environmental media, such as soil, rock, and so 

on.1  The elements in the natural water might exist as various chemical species, such 

as cation, anion, complex, colloidal, and suspended particles.2-5  At the same time, 

human activities discharge waste water, solid waste, and aerosol into the environment, 

which influences the elemental component of the natural water. 

Concentrations of the elements in the North Pacific Ocean water6 and Lake Biwa 

water7, 8 are plotted in Fig. 1-1.  It can be seen in Fig. 1-1 that the concentrations of 

the elements in the natural water cover a wide range from 10-5 to 105 µg L-1.  It is 

noted that the concentrations of Na, Mg, K, and Ca in both kinds of natural water were 

significantly higher than the concentrations of other elements.  Cations of the 

above-mentioned four elements are dominant ones in natural water.  Consequently, 

they are called “major elements” or “matrix elements” in the natural water. 9  It is 

noted that the concentrations of matrix elements in seawater are significantly higher 

than those in lake water.  In fact, the total concentration of Na, Mg, K, and Ca in 

seawater exceeds 1%, which causes significant interferences with the measurement of 

trace elements.  Therefore, removal of matrix elements from seawater is commonly 

necessary prior to the measurement of trace elements in seawater.  On the one hand, 



 2

the concentrations of Na, Mg, K, and Ca in seawater of every area on the earth are 

almost constant, which is one of the characteristics of seawater.  The reason could be 

attributed to the fact that their concentrations in seawater are too high to be affected 

either by chemical properties of the local crust or by anthropogenic inputs.  On the 

other hand, their concentrations in fresh waters depend on the geochemical properties 

of drainage basin. 

In Fig. 1-1, the concentrations of other elements except for Na, Mg, K, and Ca 

were generally below 103 µg L-1; they are trace elements in the natural water.  

Because of their extremely low concentrations, the variations of their concentrations 

are sensitive to the anthropogenic inputs and the change of physico-chemical 

conditions in natural water.  As a result, research on trace elements in natural waters 

attracted much attention from the researchers.  They are investigated as the sensitive 

indicator of the natural water qualities and as probe of monitoring the water cycles. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 1-1 The distribution of the elements in Lake Biwa water 7,8 and North Pacific 

Ocean 6 
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Thanks to the rapid development of analytical atomic spectrometry, there are 

many analytical atomic spectrometry methods available for element determination, 

such as flame atomic absorption spectrometry (FAAS), glow discharge atomic 

absorption spectrometry (GD-AAS), graphite furnace atomic absorption spectrometry 

(GF-AAS), flame atomic emission spectrometry (FAES), glow discharge atomic 

emission spectrometry (GD-AES), inductively coupled plasma atomic emission 

spectrometry (ICP-AES), glow discharge atomic fluorescence spectrometry 

(GD-AFS), inductively coupled plasma atomic fluorescence spectrometry (ICP-AFS), 

glow discharge mass spectrometry (GD-MS), and inductively coupled plasma mass 

spectrometry (ICP-MS). 

In the above mentioned methods, ICP-MS is the most popular one 7-10 because of 

its high sensitivity (exceed 100,000 counts per second when 1 µg L-1 of a 

mono-isotope solution was used for measurement), wide linear dynamic range (up to 

nine orders of magnitude), and ability to determine multiple elements (approximately 

60 elements) simultaneously.   

However, direct determination of most trace elements in natural water is still 

difficult even by ICP-MS, especially for seawater.  One of the reason is the 

extremely low concentration of some trace elements, which are too low to be 

determined directly by ICP-MS.  Another reason is the high-concentration of matrix 

elements in the samples, which not only cause spectral and non-spectral interferences 

with trace element measurement but also cause clogging of the introduction system of 

ICP-MS.  In order to overcome these difficulties, preconcentration of trace elements 

and separation of them from the matrix elements are commonly necessary prior to the 

determination by ICP-MS. 

 

 

1.2 Techniques for preconcentration of trace elements in natural 

water 
 

Preconcentration techniques are required for measuring trace elements in natural 

water.  Enrichment of trace element and removal of matrix elements are the major 

purposes of preconcentration. 11-13  For highly-precise quantification, trace elements 
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need to be enriched with a higher recovery (R) and a higher preconcentration factor 

(P).  The R and P can be defined with the Eqs. (1) and (2), respectively. 

 

R  =  ([M]spiked - [M]nonspiked) / [M]added × 100%               (1) 

P  =  Vi / Va                                             (2) 

 

where [M]spiked and [M]nonspiked are the concentrations of element M observed in spiked 

sample and in nonspiked sample, respectively; [M]added is the known concentration of 

element M added to the spiked sample; Vi and Va are the volume of the initial sample 

used for preconcentration and that of the analysis solution after preconcentration, 

respectively. 

Based on the chemical mechanism, preconcentration techniques used for 

determining trace elements in natural water can be classified into three major types: 

coprecipitation 14-26, solvent extraction 27-32, and solid phase extraction 33-51. 

 

1.2.1 Coprecipitation 

 

Coprecipitation is one of the classical techniques for preconcentration of trace 

elements, in which trace elements are collected with precipitates formed in the sample 

solution after adding a small amount of coprecipitant reagent.  The major 

mechanisms of coprecipitation are surface adsorption, occlusion, inclusion, mixed 

crystal formation, and post precipitation.  Coprecipitation has been widely applied to 

preconcentration of trace element in natural water after the work by Bonner and 

Kahn14.  Coprecipitation techniques can be classified into inorganic coprecipitation 

and organic coprecipitation according to the chemical properties of precipitate 

collector.  Some examples of coprecipitation for preconcentration of trace elements 

in natural water are summarized in Table 1-1. 

In inorganic coprecipitation, trace elements are collected by hydroxides 15-20,21, 

oxide 19, or phosphates 20, etc..  It is noted that coprecipitation using hydroxides as 

the carrier of trace elements is the most often used one in inorganic coprecipitation, 

for example Fe(OH)3, Mn(OH)3, Al(OH)3, La(OH)3, Zr(OH)3, Th(OH)3, Mg(OH)2, 

and Ni(OH)2.  The reason can be attributed to two major facts.  One is that the 

hydroxides of most metals are insoluble in neutral pH solutions, which indicate that 



 5

the hydroxide carriers can preconcentrate most metals.  The other is that anion matrix 

is not generated from the carrier after dissolution of hydroxides with an acid solution, 

which benefit the measurement of trace elements.  

In organic precipitation, trace elements are collected as metal complex with 

organic reagents, which usually have better selectivity for metals ion than inorganic 

reagents.11-13  The organic reagents, which often cause interferences with the 

measurements of trace elements, in the preconcentrated sample can be removed by 

combustion. 

 

Table 1-1  Example of preconcentration of trace element by co-precipitation 

 
Precipitated elements Precipitant pH condition 

and operation 
Method of 
determination 

Sample Ref. / 
year 

Inorganic 
Se (IV) 
 
V, Mo, U 

 
Fe (III) 
hydroxide 

 
pH 5-6 
 

 
Spectrometry 
 

 
Seawater 
 

15 / 
1965 
16 / 
1966 

 
As, Sb, Bi, Se, Te  
V, Cr(III), Mn, As(III/V), 
Se(IV), Y, Sn, Sb(III), 
Sb(V), W, Bi, U 

 
 
La - 
hydroxide 

 
pH 9 
 
pH 9.5 

 
Hydride generation 
 
ICP-MS 

 
River water 
 
Seawater 

 
17 / 
1981 
18 / 
2000 

 
As III, As V- 
 

 
Hf (IV) 
hydroxide 

 
pH 9 

 
Hydride generation 
AAS 

 
Spiked 
water 

 
20 / 
1992 

 
Al, Ti, Cr, Mn, Fe, Co, 
Ni, Cu, Zn, As, Y, Zr, Sn, 
La, Pb, Th, U 

 
Gallium 

 
pH 10 

 
ICP-MS & 
ICP-AES 

 
Seawater 

 
21 / 
1995 

Mo Mn (IV) 
oxide 

pH 5-6 Electrothermal- 
AAS 

River water 19 / 
1999 

Fe(III), Pb La- 
phosphate 

pH 3 ICP-AES Spiked 
water 

22 / 
2001 

 
 

 
Organic 

Cu, Ni, Cd Co-PDTC  Flameless - AAS Seawater 24/ 
1977 

 
Cu, Fe, Pb, Mn, Zn, Cd, 
Ni 

 
Co-DDTC 

 
pH 6 

 
AAS 

 
Seawater 

 
23/ 
1997 

 
Se, Cu, Pb, Zn, Fe, Co, 
Ni, Mn, Cr, Cd 

 
Na-DDTC 

 
pH > 4.5 

 
ICP-AES 

 
River water 

 
25 / 
1998 

 
As (III), As (V) 

 
Ni-PDTC 

 
pH 2-3 

 
Electrothermal - 
AAS 

 
Seawater 

 
26 / 
2004.
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1.2.2 Solvent extraction 

 

Solvent extraction, also known as liquid-liquid extraction, is another technique 

used for preconcentration of trace elements in natural water.  Preconcentration of 

trace elements using solvent extraction is based on the relative solubilities of trace 

elements in water and in an organic solvent that is immiscible with water. 11-13  The 

organic solvent by itself cannot extract trace elements from the water since trace 

elements exist as ionic species, which are highly electrostatic.  Therefore, chelating 

reagents, such as dithizone27, 8-hydroquinoline28, APDTC29-31, and DDTC31, are 

commonly added into the organic solvent for extraction of trace elements.  Table 1.2 

summarized some examples of researches on solvent extraction for preconcentration 

of trace elements in natural water. In most cases, trace elements extracted into the 

organic solvent are re-extracted into an acid solution so that the measurements can be 

easily performed with an atomic spectrometer. 30, 31 

 

Table 1-2 Example of preconcentration of trace elements by solvent extraction 

 
Elements to 
concentrate 

Complexes agent and 
solvent 

Experiment condition 
and operation 

Method of 
determination

Sample Ref. / 
year

 
Co, Cu, Pb, 

Ni, Zn 

 
APDC 

MIBK 

 
pH 4 - 5 

 
Flame AAS 

 
Seawater 

 
29 / 
1967

 
Cu, Ni, Fe, 
Mn, U, Co 

 
8-hydroquinoline 
CH3OH–CHCl3 

 
A kinetic clamp 
pump and a ring over 
were used in 
deposition step. 

 
X ray 

fluororesence 
spectrometry 

 
Seawater 

 
28 / 
1971

 
Cd, Cu, Fe, 
Ni, Pb, Zn 

 
APDC-DDTC 

CHCl3/Freon/MIBK 

 
pH 4.5 
Bach extraction by 
using HNO3 

 
Flame AAS 

 
Seawater 

 
31 / 
1981

 
Cd, Co, Cu, 

Fe, Ni, Pb, Zn 

 
APDC 

DIBK 

 
pH 4.5 
Bach extraction by 
using Hg solution 

 
Graphite 

Furnace AAS 

 
Seawater 

 
30 / 
1996

 
Zn, Cd, Cu 

 
Dithizone- 

MIBK 

 
pH 4.3 

 
Graphite 

Furnace AAS 

Artificial 
water 

sample 

 
27 / 
2005

MIBK = methyl-isobutyl ketone.  DIBK = di-isobutyl ketone. 
 

 

1.2.3 Solid phase extraction 
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The principles of solid phase extraction (SPE) are similar to those of solvent 

extraction, except for that the organic solvent phase was replaced by a solid phase.  

The solid phase could be cation-exchange resin, anion-exchange resin, chelating 

resin,33-42 or silica and activated carbon,43-50 or organic porous polymers such as 

styrene-divinylbenzene, polyurethane, cellulose, chitin and chitosan.51,52  The most 

common base of the resins used in SPE is the synthetic copolymers of polystyrene and 

divinylbenzene (PV-DVB), to which ion exchange or chelating functional groups were 

introduced.11  Generally, nitrogen (as amines, amides, nitriles), oxygen (as carboxylic, 

hydroxyl, phenolic, ether, carbonyl) and sulfur (as thiols, thiocarbamates, thioethers) 

are the key atoms of functional groups in SPE.53,54   

By avoiding the use of harmful organic solvent, SPE techniques are 

environmentally unfriendly alternative approaches compared with solvent 

extraction.54,55  Nowadays, SPE techniques are often applied for determinations of 

trace elements in natural water, 33-52 which can be attributed to the advantages of 

simpler operation, higher concentration factor, less sample volume requirement, and 

more convenient to automation.  In SPE techniques, chelating resins are the most 

preferred solid phase because of their high selectivity to trace elements, 33-35 most of 

which are transition metals.  Chelating resins also have the merits of high exchange 

velocity and capacity, high physical and chemical stability, and reusability. 11  

Another merit of chelating resins is that they form extremely weak complexes with Ca 

and Mg and do not form complexes with Na and K, which benefit to the effective 

removal of matrix elements during preconcentration of trace elements in seawater.  

Some researches on development of SPE methods for preconcentration of trace 

elements in natural water are summarized in Table 1-3. 

In SPE operations for preconcentration of trace elements in natural water, the 

samples were adjusted to an optimum pH condition and passed through the solid 

phase so that trace elements can be retained.  These trace elements were then eluted 

from the solid phase by an appropriate solvent and subjected to measurement.54,55  

Fig. 1-2 illustrates a representative procedure of SPE method for preconcentration of 

trace elements in natural water.  It is noted that the first step in Fig. 1-2 is washing 

and conditioning of the solid phase.  The reason is that commercial available resins 

often have impurities of trace elements, which are not negligible compared with the 

concentrations of trace elements in natural water sample. 
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Table 1-3 Example of preconcentration of trace element in natural water by solid 

phase extraction 

 
Sorbent Adsorbent elements Operation  

/ exp. condition 
Method of 
determination 

Sample  Ref. / 
year 

Silica Cu, Co, Ni, Fe Glass column X ray 
fluorescence 

Lake water 43 / 
1976 

Silica – 8-HQ Cd, Pb, Zn, Cu, Fe, 
Mn., Ni, Co 

Glass column  
/ pH 8 

GF-AAS Seawater  44 / 
1981 

Silica – APDTC Cd C18 column  
/ pH 2 

On-line 
GF-AAS 

Seawater 45 / 
1998 

Silica - PT a Cu, Cd, Co C18 column-  
/ pH 5-6 

FI-on-line 
FAAS 

Seawater 46 / 
1999 

Chelex 100 Mn, Fe, Zn, Al, Ti, 
Cd, Co, Ni, Cu, Ag, 
Ta, Bi, Ba, Sc, Mg 

Glass column  
/ pH 7.6 

AAS Seawater 33 / 
1968 

 
Chelex 100 

 
REEs 

 
Polyethylene bag 
/ pH 6 

 
Neutron - 
activation 

 
River water 

 
34 / 
1978 

Chelex 100 MN, Fe, Co, Zn, Ni, 
Cu, Cr 

Bath  
/ pH 5.5 – 6.6 

ICP-AES Seawater 35 / 
1984 

 
Amberlite XE-305 
- 8-HQ 

 
Cd, Zn, Pb, Cu, Fe, 
Mn, Ni, Cr, Co 

 
Glass column 
/ pH 8 

 
ET-AAS 

 
Seawater 

 
36 / 
1983 

 
TSK - 8-HQ 

 
Al, Mn, Fe, Co, Cu, 
Zn, Cd 

 
Glass column  
/ pH 7 

 
AAS 

 
Seawater 

 
37 / 
1986 

 
MAF - 8-HQ 

 
V, Co, Ni, Ga, Y, Mo, 
Cd, REEs, W, U 

 
PFAb Column  
/ pH 5 

 
HR-ICP-MS 

 
Seawater 

 
38 / 
1998 

PAN c – 8-HQ REEs Glass column  
/ pH 6 

ICP-MS Seawater  52 / 
1999 

Muromac A-1 Al, V, Mn, Co, Ni, 
Cu, Zn, Mo, Cd, Pb, 
U 

PFA b column  
/ pH 5 

On-line 
ICP-MS 

Seawater 39 / 
2001 

 
Activated alumina 

 
Cr (III), Cr (VI) 

 
PTFE column  
/ pH 7 for Cr 
(III), pH 2 for 
Cr (VI) 

 
FI- FAAS 

 
Lake water 
and tap 
water 

 
47 / 
1992 

Activated carbon  
- PV c 

Cu, Mn, Co, Cd, Ni, 
Cr 

Column  
/ pH 4 - 8 

AAS  Drinking 
water 

48 / 
2000 

 
NTA d 

 
Mn, Co, Ni, Cu, Zn, 
Cd, Sb, Pb, U, REEs, 

 
PEEK e  
-chromatographi
c column  
/ pH 5.28 

On-line 
IC-ICP-MS 

Seawater 40 
/1998

AAPTC f REEs Column / pH 3-6 ICP-MS Seawater 50 / 
1998 

AF Chelate 650M REEs  Column  
/ pH 5.5 

FI-on-line-ICP
-TOF-MS 

Seawater 41 / 
2001 

Chromosorb-103  
- 8-HQ 

Fe, Pb SCM g  
/ pH > 6 

FAAS River water 42 / 
2005 

APAR h REEs Column (4.6 mm 
x 50 mm) / pH 6 

FI-ICP-MS Seawater 49 / 
2007 

a 1,10 phenanthroline.  b Polyethylene low dencity.  c Polyacrylonitrile  d Nitriloacetate   
e Polyether ether ketone  f Poly(acrylaminophosphoric dithiocarbamate)   
g Syringe connected minicolumn.  h Alkyl phosphinic acid resin 
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Fig. 1-2  Step process of solid phase extraction 

 

 

It is also noted that, in Fig. 1-2, the chelating resins were packed in a syringe 

body.  This kind of devices is convenient for multi-sample processing and on-site 

pretreatment.  Another kind of devices is chelating resins packed in a column 

mountable to and removable from a syringe, which permits both the on-site treatment 

and the on-line connection and on-line measurement of trace elements. 

 

 

1.3 Proposal of monolithic chelating adsorbent for preconcentration 

of trace elements in natural water 

 
Over the last decade, monolithic columns have emerged as an alternative to 

traditional particle packed-columns, and have steadily gained acceptance due to the 

novel characteristics such as high permeability and efficient mass transfer, allowing 

high-speed separation with minimum loss of column efficiency. 56-62 

Monolith is a continuous unitary porous material with a bimodal pore structure.  

Washing & 
Conditioning

Sample 
Loading Washing Elution

Trace element 
Matrix element 
Adsorbent 
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The concept and prototype development of monolithic separation media had already 

been reported at the end of the 1960s 63-66, but nearly two decades were required 

before Hjerten et al. developed compressed soft polyacrylamide gels called 

“continuous beds” and successfully applied them to the chromatographic separation of 

proteins in 1989. 67  Subsequently, Svec and Frechet in 1992 introduced rigid 

macroporous organic polymer monoliths and afforded distinct procedure and vision 

for the preparation. 68  By virtue of their systematic studies on the control of porous 

properties, various novel organic polymer monoliths have been produced and 

extensively applied to chromatographic and electrophoretic separations mainly for 

large biomolecules such as proteins and DNA. 69-73  Shortly afterward, in 1996, 

practically useful silica-based monoliths were also produced by Minakuchi et al. 74, 

and became commercially available in 2000. 56-59, 75-80 

These silica-based and organic polymer-based monoliths have their own 

advantages and disadvantages.  Silica monoliths produced by a sol–gel process have 

quite regularly controlled pore structures and enable highly efficient separations 

especially for small molecules.  However, silica-based monoliths suffer from its 

weak resistance to high pH.  Side effects from silanol, which often cause irreversible 

adsorption, may also be a serious problem, especially in the analysis of biological 

samples.  In contrast, organic polymer monoliths may be a little bit inferior to silica 

monoliths in terms of mechanical strength and fine control of the skeletal and 

through-pore sizes.  But substantially, organic polymer monoliths have several 

potential advantages and promising future.  In addition to wide pH stability and 

absence of deleterious silanol effect, the flexibility and versatility of organic polymer 

in modification including molecular imprinting may be particularly beneficial for 

further advancement.  Then, the applications are now extended from the original 

separation media to solid-phase extractors and microreactors. 81-83 

 

 

1.4 Objectives of the present research 
 

The main objective of the present research is to develop simple and practically 

useful preconcentration tools and techniques for trace elements in natural water 

samples.  In particular, the attention was focused on the development of practical 
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procedures with minimal complications and minimum sample consumption.  

Throughout the present work, sample handling for preconcentration was manually 

carried out with a syringe and a syringe-mountable filter tip.  Therefore, it can be 

used for on-site pretreatment of natural waters.  The use of a monolithic adsorbent in 

SPME of trace metals in another main subject and is reported in the latter part. 

In Chapter 2, the downsizing of a chelating resin-packed minicolumn is 

described, where two commercially available syringe filters and a small amount 

(0.088 g in wet weight) of chelating resin (Chelex 100, 200-400 mesh, Bio Rad 

Laboratories) are used.  The preconcentration conditions, such as sample solution pH 

for metal adsorption, sample loading flow rate, rinsing solution for eliminating matrix 

elements, and eluent HNO3 concentration and volumes for elution of target trace 

metals, were optimized, in order to obtain higher recoveries.  The optimized method 

was applied to the preconcentration of trace elements in seawater certified reference 

materials (CRMs ; CASS-3, NASS-4, and NASS-5).   

In Chapter 3, a tandem preconcentration method using a chelating resin-packed 

minicolumn and La-coprecipitation is attempted for the determination of as many 

elements as possible by ICP-MS.  After the optimization, 56 elements in Lake Baikal 

water could be determined.   

In Chapter 4, an in-syringe La-coprecipitation method with a low sample 

consumption was exploited for preconcentration of oxo-anion forming elements prior 

to measurement by ICP-MS.  The importance of La removal from the analysis 

solution using a cation-exchange column is discussed in this chapter.   

In Chapter 5, a syringe-based sample preconcentration tool, named “tip-in 

chelating monolith” is proposed for simple and facile solid phase microextraction 

(SPME) of trace elements in natural waters.  The tip-in monolith was directly 

prepared inside a commercially available syringe filter tip by a two-step process: 1) in 

situ polymerization of glycidyl methacrylate (GMA) with ethylene glycol 

dimethacrylate (EDMA) and 2) subsequent modification with iminodiacetate (IDA) 

via ring opening reaction of epoxide.  The composition of porogenic solvent was first 

optimized to make a rigid-porous material that has high permeability and ample 

surface area as much as possible.   Then, the pH and concentration of the IDA 

modification solution were examined to obtain higher chelating capacity.   The metal 

adsorption properties of the obtained chelating monolith were evaluated through an 

adsorption/desorption experiment.  After optimization of some parameters such as 
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sample solution pH, eluent concentration and the volume, good recoveries of more 

than 80% were obtained for 28 elements including REEs, Fe, Co, Ni, Cu, Zn, Ga, Pb 

and Th in a single extraction step.  The proposed SPME method was validated 

through the analysis of two river water certified reference materials (CRMs: JSAC 

0301-1 and NMIJ 7201-a).   

Finally, summary of the present research and future prospects are described in 

Chapter 6. 
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Chapter 2 Multielement Determination of Trace metals in 

Seawater by ICP-MS with Aid of Down-sized 

Chelating Resin-packed Minicolumn for 

Preconcentration 
 

 

2.1 Introduction 
 

Nowadays, inductively coupled plasma mass spectrometry (ICP-MS) has 

become one of the most powerful analytical techniques for trace element analysis with 

high sensitivity as well as with wide linear dynamic range and simultaneous 

multielement detection capability. 1,2  However, weak tolerance to dissolved salts and 

polyatomic interferences is the principal disadvantage of ICP-MS, and makes it 

difficult to perform direct injection analysis of seawater containing ca. 3% of 

dissolved salts.  Furthermore, the concentrations of most trace metals in seawater are 

extremely low at pg mL-1 levels. 1  In order to overcome these difficulties, various 

methods such as solvent extraction 3,4, coprecipitation 5-8, and chelating resin 

adsorption 9-21 have been developed for preconcentration of trace metals in seawater.  

Among them, the chelating resin adsorption technique is the most promising approach 

because of no use of harmful organic solvent and low risk of contamination. 

Recently, our research group have reported a chelating resin-packed 

minicolumn for preconcentration of trace metals in seawater 22, where trace metals in 

50 mL of original seawater sample were concentrated into 2.5 mL of 2 M nitric acid 

(final solution).  It has been proved that the minicolumn is a convenient 

preconcentration device for trace metals in seawater as well as in mineral waters prior 

to the determination by the ICP-MS instrument equipped with a conventional 

concentric nebulizer. 22,23 

A Micro Mist nebulizer is now commercially available as a micro-sampling 

device, which can be operated efficiently at very low solution uptake rates (down to 

sub-mL min-1). 24  Then, the simultaneous multielement determination may be 

performed using only 0.1-0.2 mL of sample solution with the Micro Mist nebulizer.  

Thus, the combined system of ICP-MS with a Micro Mist nebulizer is expected to be a 
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next generation analytical method for the multielement determination of trace metals 

in seawater, if a proper preconcentration technique is established. 

In the present paper, hence, a downsized syringe-driven chelating resin-packed 

minicolumn was developed to obtain the large preconcentration factors for trace 

metals in seawater, i.e. from 50 mL of original seawater to 0.5 mL of analysis solution.  

Then, the experimental parameters were optimized for the multielement determination 

by micro-sampling ICP-MS.  The present analytical method was validated by 

analyzing seawater certified reference materials (CRMs; CASS-3, NASS-4, and 

NASS-5) issued by the National Research Council of Canada (NRCC). 

 

 

2.2 Experimental 
 

2.2.1 Instrumentation 

 

An ICP-MS instrument (Agilent HP 4500, Yokogawa, Tokyo, Japan) was used 

for the multielement determination of trace metals in seawater, which was equipped 

with a MicroMist nebulizer (AR35-1-FM01E, Glass Expansion Pty Ltd, West 

Melbourne, Australia). This micro-sampling ICP-MS system allowed us to determine 

40 trace metals with less than 0.5 mL of analysis solution.  The operating conditions 

for micro-sampling ICP-MS are summarized in Table 2-1, all of which were 

optimized for each instrumental parameter.  For comparison, the operating conditions 

for conventional ICP-MS with a concentric nebulizer (Conikal, AR35-1-FC1E, Glass 

Expansion Pty Ltd) are also given in Table 2-1.  A syringe pump (KDS200, KD 

Scientific, MA, USA), which could flow the solution at the adjustable flow rate 

automatically, was used for on-line monitoring of the signal profiles for trace metals 

and matrix elements with ICP-MS as well as for passing the rinsing solutions through 

the column.  

 
 
2.2.2 Chemicals and samples 

 

Nitric acid, acetic acid and aqueous ammonia solutions of electronics industry 

grade were purchased from Kanto Chemicals (Tokyo, Japan).  The multielement 
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standard solutions for making the working calibration curves were prepared by 

diluting the single-element standard stock solutions (1000 µg mL-1) for atomic 

absorption spectrometry (Wako Pure Chemicals, Osaka, Japan).  The multielement 

standard solutions were prepared in three groups, as is shown in Table 2-2, in which 

Ge, In, Re, and Tl were added as the internal standard elements to be 10 ng mL-1 each.  

The Chelex 100 resin in 200-400 mesh was purchased from Bio-Rad Laboratories 

(Richmond, CA, USA).  Before packing the chelating resin into the minicolumn, the 

resin was cleaned by soaking in fresh 5 M HCl, which was changed daily for five days.  

The resin was collected on a G4 glass filter, and after rinsing with 2 M nitric acid and 

pure water, it was kept in a 0.1 M of ammonium acetate at pH 6.0.  Pure water used 

throughout the present experiment was prepared by a Milli-Q purification system 

(Element A-10, Nihon Millipore Kogyo, Tokyo, Japan). 

Three kinds of seawater CRMs (CASS-3, NASS-4, and NASS-5) were 

purchased from NRCC.  Coastal seawater sample collected from the shore near the 

Take Island (Gamagori, Aichi Prefecture, Japan) was used for optimizing the 

experimental conditions of the present preconcentration method.  It was filtered with 

a membrane filter (pore size 0.45 µm) and acidified to pH 1 with conc. nitric acid. 

 

2.2.3 Design of a down-sized chelating resin-packed minicolumn 

 

The structure of the down-sized chelating resin-packed minicolumn is shown in 

Fig. 2-1, where the previous minicolumn 22 is also shown for comparison of size.  

The minicolumn was constructed with three components, i.e. two syringe filters (a: 

DISMIC-13HP, Advantec, Tokyo, Japan; and b: Millex-LH; Nihon Millipore Kogyo, 

Tokyo, Japan) and a Chelex 100 resin (c: 200-400 mesh, Bio-Rad Laboratories, 

Richmond, CA, USA).  As is shown in Fig. 2-1, the size of the minicolumn was 34 

mm×17 mm, while that of the old one was 39 mm×29 mm, as a result, the bed volume 

(c) for packing the chelating resin could be reduced from 0.08 mL in the previous 

minicolumn to 0.01 mL in the present one.  The pore sizes of built-in membrane 

filters (d) in both syringe filters were 0.45 µm.  After the Chelex 100 resin was 

soaked in 0.1 M of ammonium acetate buffer (pH 6.0) overnight, the slurry of Chelex 

100 resin was packed into the space from the outlet of the syringe filter (a), and then a 

smaller syringe filter (b) was capped to construct the minicolumn.  The amount of 
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Chelex 100 resin in the column was (0.088 ± 0.004) g (n = 10) in wet weight.  All the 

sample, rinsing, and eluent solutions were loaded automatically, using the KDS200 

syringe pump, into the minicolumn with different single-use plastic syringes of 

Terumo series (Terumo Corporation, Tokyo, Japan). 

 
 
 

Table 2-1  Operating conditions with micro-sampling and concentric 
nebulization for ICP-MS instrument 

 
Operating parameters Operating conditions 

 Micro-sample 
Nebulization 

Conventional 
concentric nebulization 

Plasma conditions:   
incident power 1.3 kW 1.3 kW 
coolant gas flow rate Ar 15.0 L min-1 Ar 15.0 L min-1 
auxiliary gas flow rate Ar 1.0 L min-1 Ar 1.0 L min-1 
carrier gas flow rate Ar 1.0 L min-1 Ar 1.0 L min-1 
sampling depth 5.5 mm from load coil 9 mm from load coil 

Nebulizer: MicroMist Conikal 
sample uptake rate 0.1 mL min-1 1 mL min-1 

Data acquisition:   
measurement mode Peak hopping Peak hopping 
dwell time 50 ms/point 50 ms/point 
data point 3 points/peak 3 points/peak 
number of scans 100 100 

 
 

 

 

 

Table 2-2  Multielement standard solutions for calibration a 

 

Group Element Concentration / ng mL-1 
 

Group I 
 
V, Co, Pb 

 
50 

 Dy, Ho, Er, Tm, Lu 5 
Group II Cu, Zn, Cd  50 

 La, Ce, Pr, Nd, Yb 5 
Group III Mn, Ni, Mo 50 

 Y, Sm, Eu, Gd, Tb, U 
 

5 

a Each of the multielement standard solutions contains Ge, In, Re, and Tl (10 ng mL-1 

each) as internal standard elements. 
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Fig. 2-1  A schematic structure of the chelating resin-packed minicolumn. (a) 
prefilter tube (DISMIC-13HP, ADVANTEC); (a’) prefilter tube 
(DISMIC-25HP, ADVANTEC); (b) prefilter tube (Millex-LH, Nihon 
Millipore Kogyo); (c) Chelex 100 resin, 200-400 mesh, 0.088 g; (c’) 
Chelex 100 resin, 100-200 mesh, 0.40 g; (d) built-in membrane filter 
(pore size 0.45 μm) 

 

 

2.2.4 Preconcentration procedure for trace metals in seawater 

 

The procedure for preconcentration of trace metals in seawater was almost 

similar to that in previous work 22.  First, the seawater sample was adjusted to pH 6.0 

with ammonia solution and acetic acid, and 50 mL of pH-adjusted seawater sample 

was loaded into the minicolumn at the flow rate of 1.0 mL min-1 with a 50 mL volume 

syringe.  Second, 3 mL of 1 M ammonium acetate buffer (pH 6.0) was passed into 

the minicolumn at the flow rate of 1 mL min-1 to rinse matrix elements, such as Mg 

and Ca, which were partly adsorbed on the resin.  Then, trace metals adsorbed on the 

chelating resin were eluted with 0.45 mL of 2 M HNO3 into a test tube, in which 0.05 

mL of internal standard solution (Ge, In, Re, and Tl; 100 ng mL-1 each) was added for 

correction of matrix effects.  The final analysis solution was subjected to the 

determination of trace metals by ICP-MS equipped with the MicroMist nebulizer. 

In the recovery test, trace metals were spiked in the coastal seawater sample, 
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taking into consideration their concentrations in seawater.  The same 

preconcentration procedure as described above was carried out to estimate the 

concentration recoveries for trace metals by the calibration method. 

 

 

2.3 Results and Discussion 
 

2.3.1 Optimization of sample-loading flow rate 

 

Since the present down-sized chelating resin-packed minicolumn was packed 

with less amount of chelating resins, compared to the previous one 22, the operating 

parameters such as sample-loading flow rate, matrix element elimination, and trace 

metal elution were carefully optimized for the present minicolumn.  The pH 

dependence of the recoveries for trace metals in seawater obtained with the Chelex 

100 resin was almost the same as that reported in detail in the previous paper 22, in 

which pH 6.0 was recommended as the compromised pH condition to obtain the better 

recoveries for most elements.  In the present experiment, thus, the preconcentration 

was carried out at pH 6.0. 

Using the coastal seawater sample adjusted to pH 6.0, the sample-loading flow 

rate was optimized in the range from 0.2 to 1.4 mL min-1 at the interval of 0.2 mL 

min-1, where the syringe pump (KDS200) was used for loading the seawater samples 

into the column.  When the flow rate was larger than 1.0 mL min-1, the recoveries for 

analyte elements decreased significantly, where the recoveries were estimated in a 

similar manner to the procedure described in Experimental Section.  Then, the 

sample-loading flow rate of 1.0 mL min-1 was chosen as the optimum condition to 

obtain the better recovery. 

 

2.3.2 Elution profile of matrix elements from the minicolumn 

 

Matrix elements such as Na, K, Mg, and Ca in seawater often cause 

instrumental drift, isobaric polyatomic interferences, and signal suppression in the 

determination of trace metals by ICP-MS.  In order to reduce such interferences, 

matrix elements adsorbed on the resin are usually eliminated by rinsing the chelating 
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resin with ammonium acetate buffer solution. 9-11,15,22  However, the use of excessive 

amount of rinsing solution often results in losses of analyte metals.  Therefore, the 

optimization for the amount of ammonium acetate buffer solution (1 M, pH 6.0) 

should be carefully performed in the sample pretreatment.  In the present experiment, 

thus, the elution signal profiles for matrix elements after the sample loading were 

on-line monitored by ICP-MS with passing ammonium acetate buffer solution through 

the minicolumn at the flow rate of 0.9 mL min-1 with the KDS200 syringe pump.  

The elution signal profile of Ca is shown in Fig. 2-2, as a typical example.  It is seen 

from Fig. 2-2 that more than 95% of Ca was eluted from the minicolumn when 3 mL 

of ammonium acetate was passed.  After this rinsing process, the concentrations of 

Na, K, Mg, and Ca in the residual solution were 20, 3, 39, and 37 µg mL-1, 

respectively.  As a result, the total concentration of Na, K, Mg, and Ca in the analysis 

solution was less than 100 µg mL-1, which was low enough to correct matrix effects by 

the internal standard correction method. 11  Consequently, 3 mL of ammonium 

acetate buffer solution was chosen as the optimum volume for rinsing the chelating 

resin-packed minicolumn. 

 

 

 

 

 

 

 

 

 

 

 

 

 
Fig. 2-2  Elution signal profile of Ca2+ from the 

minicolumn with 1 M ammonium acetate 
(pH 6.0) 

 

 

2.3.3 Elution profiles of trace metals from the minicolumn 
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In the present experiment, trace metals adsorbed on the chelating resin were 

eluted with 2 M nitric acid.  It is apparent that the larger concentration factor can be 

obtained when the eluent of 2 M nitric acid is used as less as possible.  Then, after 

loading the sample, the elution signal profiles of trace metals were on-line monitored 

by ICP-MS, with flowing 2 M nitric acid solution into the minicolumn at the flow rate 

of 0.9 mL min-1 with the KDS200 syringe pump.  The signal profiles for Zn, Cu, and 

Y are shown in Fig. 2-3, as the representatives.  When 0.45 mL of 2 M nitric acid 

was passed through the minicolumn, all of these trace metals were eluted almost 

completely.  Therefore, 0.45 mL of nitric acid was found to be enough to elute trace 

metals from the minicolumn.  It was also enough for the determination of more than 

40 trace metals by the ICP-MS equipped with a MicroMist nebulizer. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-3  Elution signal profiles of trace metals from 
the minicolumn  with 2 M nitric acid   
a, Zn;  b, Cu;  c, Y 

 

 

 

2.3.4 Analytical figures of merit 
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First, the recoveries for trace metals in the present preconcentration procedure 

were evaluated by spiking certain amounts of trace metals in the seawater samples.  

The results for the recoveries of 24 trace metals are summarized in Table 2-3, 

although 35 elements were examined in total.  They were selected as the elements 

whose certified, information or reference values were available.  The recoveries for 

Co, Ni, Cu, Zn, Y, Cd, rare earth elements (REEs), Pb, and U were better than 85% 

with good reproducibility less than 2% (RSD).  The recoveries for V, Mn, and Mo 

were smaller than 50% with their RSDs less than 2%, which indicate that the 

analytical results for these elements should be treated carefully because of their poor 

recoveries. 

The analytical detection limits obtained by the present method were 

summarized in Table 2-3, along with those obtained using the old-type chelating 

resin-packed minicolumn.  They were calculated from the instrumental detection 

limits, taking into account the concentration factor (100) and the recovery values for 

trace metals.  The instrumental detection limits were defined as the concentrations 

corresponding to 3-fold the standard deviation of the background signal intensities, 

which were estimated from the 10-times duplicated measurements of the blank 

solution (2 M nitric acid solution) containing internal standard elements (Ge, In, Re, 

and Tl; 10 ng mL-1 each).  The analytical detection limits for 24 elements were in the 

range from 0.001 ng mL-1 of Ni to 0.000006 ng mL-1 of Pr, Tb, and Lu.  The present 

analytical detection limits were significantly better than the previous ones, because the 

concentration factors for trace metals in the present method was 5-fold larger than 

those obtained in the previous work. 22  

The blank values were also estimated using 50 mL of 0.1 M nitric acid as a test 

solution, for which the same preconcentration and measurement procedures as those 

for seawater samples were performed.  The blank values for Pb and Zn were 

observed to be 0.0080 and 0.06 ng mL-1, respectively, which might be originated from 

the impurities in the reagents.  They were not negligible compared to the 

concentrations in seawater samples, and then the analytical results for Pb and Zn were 

obtained by subtracting the blank values.  The blank values for V, Co, Ni, Cu, La, 

and Ce were observed, but they were negligibly small compared to the concentrations 

of these elements in seawater. 

In the ICP-MS measurements, major and trace elements in the sample solution 
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often cause polyatomic interferences. 24  In the present experiment, the polyatomic 

interferences due to 44Ca1H+, 43Ca16O, 43Ca16O1H+, 48Ca16O1H+, and 141Pr16O with 
45Sc, 59Co, 60Ni, 65Cu, and 157Gd, respectively, were observed and corrected by the 

interference correction coefficient method reported by Yabutani et al. 11  In the 

present experiment, however, the polyatomic interferences were less than 5% of the 

observed values. 

 

 

Table 2-3  Recoveries and analytical detection limits for trace metals 
 
Element m/z Spike 

/ ng mL-1 
Recovery, a % ADL / ng mL-1 

Present work b Previous work c

Co 59 1.00  96.3 ± 0.4 0.00003  0.0004 
Ni 60 1.00 95.2 ± 0.2 0.001  0.002 
Cu 65 1.00  95.4 ± 0.9 0.0003  0.001 
Zn 68 1.00  89.9 ± 0.8 0.0007  0.009 
Y 89 0.100  85 ± 1  0.000008  0.0001 
Cd 111 1.00  89 ± 1  0.0006  0.003 
La 139 0.100  85.9 ± 0.5 0.00001  0.0001 
Ce 140 0.100  86.8 ± 0.7 0.00001  0.0001 
Pr 141 0.100  86.7 ± 0.6 0.000006  0.00007 
Nd 143 0.100  92 ± 2  0.00006  0.0003 
Sm 147 0.100  85.3 ± 0.9 0.00003  0.0005 
Eu 153 0.100  85.3 ± 0.2 0.00001  0.0001 
Gd 157 0.100  86.4 ± 0.4 0.00005  0.0004 
Tb 159 0.100  85.9 ± 0.7 0.000006  0.00008 
Dy 163 0.100  87.2 ± 0.3 0.00002  0.0003 
Ho 165 0.100 85.6 ± 0.1 0.00001  0.00007 
Er 166 0.100 87 ± 1  0.00003  0.0002 
Tm 169 0.100 87.1 ± 0.5 0.000008  0.00008 
Yb 172 0.100 86 ± 1  0.00003  0.0003 
Lu 175 0.100 87.5 ± 0.4 0.000006  0.00006 
Pb 207 1.00 89.3 ± 0.4 0.0001  0.001 
U 238 10.0 97.6 ± 0.5 0.00002 0.00008 
V 51 10.0 39.5 ± 0.4 0.0001  0.0007 

Mn 55 10.0 40.3 ± 0.5 0.0006  0.02 
Mo 98 10.0 28 ± 1  0.0005 0.001 

a Mean ± standard deviation, n = 3. 
b Analytical detection limit, calculated from instrumental detection limits, taking into account 

the concentration factor (100) and recovery values. 
c Cited from Ref. 22.
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Table 2-4  Analytical results for trace metals in seawater CRMs 
 

Element m/z Observed value a 
/ μg L-1 

Certified value 
/ μg L-1 

CASS-3        
(V) b 51 (1.4 ± 0.2) 1.43 ± 0.04 c 

(Mn) b 55 (2.8 ± 0.3) 2.51 ± 0.36 
Co 59 0.038 ± 0.002  0.041 ± 0.009  
Ni 60 0.38  ± 0.03  0.39  ± 0.06  
Cu 65 0.48  ± 0.03  0.52  ± 0.06  
Zn 68 1.4  ± 0.2 1.24  ± 0.25  

(Mo) b 98 (9.0 ± 0.5) 8.95 ± 0.26 
Cd 111 0.031 ± 0.003  0.030 ± 0.005  
Pb 207 0.010 ± 0.005 0.012 ± 0.004 
U 238 3.0  ± 0.2  2.84 d 
        

NASS-4        
(V) b 51 (1.3 ± 0.3) 1.18 ± 0.16 

(Mn) b 55 (3.0 ± 0.3) 2.78 ± 0.19 
Co 59 0.010 ± 0.002  0.009 ± 0.001  
Ni 60 0.22  ± 0.02  0.228 ± 0.009  
Cu 65 0.21  ± 0.01  0.228 ± 0.011  
Zn 68 0.12  ± 0.03  0.12  ± 0.02  

(Mo) b 98 (8.5 ± 0.6) 8.78 ± 0.86 
Cd 111 0.018 ± 0.001  0.016 ± 0.003  
Pb 207 0.012 ± 0.004 0.013 ± 0.005 
U 238 3.0  ± 0.2  2.68  ± 0.12  
        

NASS-5        
(V) b 51 (1.0 ± 0.3) 1.2 d 

(Mn) b 55 (0.88 ± 0.6) 0.919 ± 0.057 
Co 59 0.011 ± 0.001  0.011 ± 0.003  
Ni 60 0.24  ± 0.00  0.25  ± 0.03  
Cu 65 0.27  ± 0.01  0.30  ± 0.05  
Zn 68 0.07  ± 0.04  0.10  ± 0.04  

(Mo) b 98 (9.3 ± 0.7) 9.6 ± 1.0 
Cd 111 0.024 ± 0.001  0.023 ± 0.003  
Pb 207 0.006 ± 0.003 0.008 ± 0.005 
U 238 2.8  ± 0.1  2.60 d 

a Mean ± standard deviation, n = 5.  b Recovery values were less than 85%.   
c Reference value, cited from Ref. 11.  d Information value issued by NRCC. 
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Table 2-5  Analytical results for REEs in seawater CRMs 
 

Element m/z Concentration a/ ng L-1 
CASS-3 NASS-4 NASS-5 

Y 89 23.3 ± 0.9 18 ± 1 20.7 ± 0.7 
La 139 13.9 ± 0.6 9.9 ± 0.6 11.8 ± 0.4 
Ce 140 5.6 ± 0.2 3.9 ± 0.2 5.23 ± 0.05 
Pr 141 1.9 ± 0.1 1.5 ± 0.1 1.84 ± 0.06 
Nd 143 7.8 ± 0.4 7.2 ± 0.3 7.5 ± 0.1 
Sm 147 6.6 ± 0.4 3.0 ± 0.1 4.5 ± 0.3 
Eu 153 0.33 ± 0.03 0.24 ± 0.02 0.29 ± 0.02 
Gd 157 1.7 ± 0.1 1.4 ± 0.1 1.59 ± 0.08 
Tb 159 0.27 ± 0.03 0.21 ± 0.03 0.24 ± 0.02 
Dy 163 1.8 ± 0.1 1.6 ± 0.1 1.8 ± 0.2 
Ho 165 0.48 ± 0.04 0.39 ± 0.02 0.43 ± 0.02 
Er 166 1.4 ± 0.1 1.2 ± 0.2 1.36 ± 0.08 
Tm 169 0.22 ± 0.02 0.18 ± 0.02 0.18 ± 0.01 
Yb 172 1.3 ± 0.1 1.1 ± 0.1 1.13 ± 0.07 
Lu 175 0.23 ± 0.02 0.17 ± 0.01 0.20 ± 0.02 

a Mean ± standard deviation, n = 5. 
 
 
 
 

Table 2-6  Compiled data for the concentrations of REEs in seawater CRMs 
 
Element m/z Concentration a/ ng L-1 

CASS-3 a NASS-4 b NASS-5 c 

Y 89 23.6 d   18.7 e  20.7 f   
La 139 13 ± 2 9 ± 1 12.2 ± 0.5 
Ce 140 5.4 ± 0.9 3.9 ± 0.4 4.6 ± 0.6 
Pr 141 1.9 ± 0.2 1.54 ± 0.07 1.8 ± 0.3 
Nd 143 8.3 ± 0.5 7.4 ± 0.2 9 ± 1 
Sm 147 6.7 ± 0.1 3.2 ± 0.3 4.3 ± 0.3 
Eu 153 0.36 ± 0.03 0.26 ± 0.03 0.27 ± 0.02 
Gd 157 2.3 ± 0.7 1.7 ± 0.7 1.57 ± 0.04 
Tb 159 0.32 ± 0.06 0.24 ± 0.05 0.25 ± 0.04 
Dy 163 2.0 ± 0.1 1.63 ± 0.06 1.71 ± 0.09 
Ho 165 0.50 ± 0.02 0.40 ± 0.03 0.39 ± 0.04 
Er 166 1.6 ± 0.2 1.4 ± 0.1 1.35 ± 0.03 
Tm 169 0.23 ± 0.02 0.18 ± 0.01 0.16 ± 0.02 
Yb 172 1.5 ± 0.2 1.2 ± 0.1 1.14 ± 0.05 
Lu 175 0.25 ± 0.02 0.18 ± 0.02 0.19 ± 0.01 

a Mean ± standard deviation, n = 3, calculated from the data in the present work, Refs. 11 and 21. 
b Mean ± standard deviation, n = 4, calculated from the data in the present work, Refs. 21, 31, and 32.
c Mean ± standard deviation, n = 3, calculated from the data in the present work, Refs. 16, and 32. 
d Mean, n = 2, calculated from the data in the present work and Ref. 11. 
e Mean, n = 2, calculated from the data in the present work and Ref. 31. 
f Single data, cited from the present work. 
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2.3.5 Analytical results for trace metals in seawater CRMs (CASS-3, NASS-4, 

and NASS-5)  

 

Trace metals in one coastal seawater CRM (CASS-3) and two open seawater 

CRMs (NASS-4 and NASS-5) were determined by the analytical method proposed in 

the present experiment.  The analytical results for V, Mn, Co, Ni, Cu, Zn, Mo, Cd, Pb, 

and U, whose certified or information values have been issued by NRCC, are 

summarized in Table 2-4.  It is seen in Table 2-3 that all the observed values for 

trace metals examined agreed quite well with the certified values.  This agreement 

indicates that the present method was accurate enough for the determination of trace 

metals in seawater.  It should be noted here that large relative standard deviations 

(RSD > 25%) were found for the observed values of Pb in all the three seawater 

CRMs and those of Zn in NASS-4 and NASS-5.  Such large RSDs for Pb and Zn 

may be attributed to their low concentrations close to the blank values.  The 

analytical results for REEs are summarized in Table 2-5.  Although all of REEs in 

seawater CRMs examined were extremely low, they were determined with fairly good 

reproducibility in the present experiment.  However, the certified or information 

values for REEs have not been issued by NRCC yet. 

As stated above, the certified or information values for REEs in seawater CRMs 

are not available even now.  However, REEs in seawater have been widely 

investigated as the tracers of water masses and ocean circulation as well as a valuable 

probe for investigating the scavenging processes of particulate matter in the ocean. 
25-30  Therefore, the reliable reference values for REE concentrations in seawater 

CRMs are necessary to promote further development of marine chemistry.  Then, 

the complied data for REEs in seawater CRMs were proposed in the present paper.  

Such compiled data were estimated as the mean values of their reference values 
11,16,21,31,32 including the data obtained in the present work. The results are shown in 

Table 2-6.  As is seen in Table 2-6, the compiled data for all seawater CRMs were 

within fairly small standard deviations.  Thus, the compiled data summarized in 

Table 6 may be available as the tentatively certified reference values for REEs in 

seawater CRMs. 

In addition, the shale-normalized REE distribution patterns plotted against 

atomic number, which are usually shown as the relative concentrations of REEs 

normalized to their concentrations in shale, were examined in order to evaluate the 
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reliability of the compiled data for REEs in seawater CRMs.  The REE distribution 

patterns for seawater CRMs are shown in Fig. 2-4, in which the compiled data for 

the concentrations of REEs were normalized to those in post-Archean average 

Australian shale (PAAS). 33  It is seen in Fig. 2-4 that the REE distribution patterns 

show the typical characteristic pattern for seawater 10, i.e., smooth curves as well as 

slight enrichment of heavy REEs and clear negative anomalies of Ce in all seawater 

CRMs.  However, it should be noted here that the significantly higher 

concentrations of Sm were observed for all seawater CRMs, which were seemingly 

due to the possible contamination caused during preparation process of these CRMs. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2-4  Shale-normalized REE distribution patterns for seawater CRMs, based on 
their complied data. ○, CASS-3; △, NASS-4; □, NASS-5 

 

 

 

2.4 Conclusion 
 

A down-sized chelating resin-packed minicolumn was developed as the efficient 

preconcentration tool for trace metals in seawater.  The optimized preconcentration 
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procedure was proposed for 100-fold preconcentration of trace metals using only 50 

mL of seawater.  The recoveries for most trace metals were larger than 85% with 

good reproducibility (standard deviation ≤ 2%).  The analytical results for V, Mn, Co, 

Ni, Cu, Zn, Mo, Cd, Pb, and U in seawater CRMs were consistent with their certified 

or information values from NRCC.  In addition, based on the observed and reference 

values for REEs in these CRMs, the compiled data for the concentrations of REEs in 

CASS-3, NASS-4, and NASS-5 were estimated which may be available as the 

information values of REEs in seawater CRMs. 
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Chapter 3 Determination of 56 Elements in Lake Baikal 

Water by High-Resolution ICP-MS with the 

Aid of a Tandem Preconcentration Method 
 

 

3.1 Introduction  
 

Efforts to preserve the ecological environment of Lake Baikal, which is the 

deepest and most voluminous freshwater lake on the Earth,1-3 were stimulated by 

increasing industrial activities around the surrounding area since the last few decades 

of the 20th century. 2,3  Determining the elements in Lake Baikal is a primary 

requirement for drawing a baseline for an examination of future anthropogenic 

perturbations.3,4  In the past few years, the distributions of approximately 30 

elements in Lake Baikal were reported by some researchers.3-7  Falkner et al. 

investigated the distribution of Ca, Mg, Na, K, Cl, S, Sr, Li, Ba, Rb, Al, Si, Be, Zn, Cu, 

Ni, Cd, Ge, Cs V, Cr, Hg, and U in Lake Baikal water.3-4  Sugiyama et al. carried out 

studies on Al, Ba, Ca, Fe, K, Mg, Mo, Na, P, Si, Sr, V, and W in Lake Baikal water and 

suspended particles.7  These studies provided a great deal of valuable information 

about the above-mentioned elements in Lake Baikal.  Taking into consideration the 

fact that increasing numbers of trace elements are being used in modern industry, 

anthropogenic inputs of various trace elements to Lake Baikal are expected to be 

observed in the near future.  To date, nevertheless, trace elements other than the 

above-mentioned ones in Lake Baikal water have rarely been reported.  One of the 

reasons for a lack of trace-element data in Lake Baikal water is the extremely low 

concentrations of trace elements, which could not be measured directly by analytical 

instruments.  

On the other hand, the developments of analytical instruments and 

preconcentration techniques have made it possible to determine at least 60 elements in 

natural water samples.8  In our research group, inductively coupled plasma atomic 

emission spectrometry (ICP-AES) and inductively coupled plasma mass spectrometry 

(ICP-MS) were successfully applied to a multielement determination of environmental 

samples and bio-samples.9,10  Furthermore, coprecipitation and chelating resin 
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adsorption techniques were successfully developed to concentrate trace elements in 

natural water samples.11,12 

Our research group are trying to investigate the distributions of as many 

elements as possible in Lake Baikal.  In the present experiment, Lake Baikal water 

samples were first subjected to a direct multielement determination by high resolution 

ICP-MS (HR-ICP-MS), where analytical results for 24 elements were obtained.  

Furthermore, a tandem preconcentration method integrating chelating resin adsorption 

and La-coprecipitation was applied to the pretreatment of lake water samples.  In the 

tandem preconcentration, trace elements in the sample were first concentrated with a 

chelating-resin packed minicolumn, where trace elements were adsorbed on the 

iminodiacetate-based resin.  Thereafter, some elements (in the effluent sample) those 

had passed through the minicolumn without being retained were subjected to 

La-coprecipitation, where trace elements were captured by a La(OH)3 precipitate, and 

subsequently dissolved with nitric acid.  In addition to the above-mentioned 24 

elements directly determined, another 32 elements were determined by HR-ICP-MS 

with the aid of this tandem preconcentration.  

A discussion on the analytical results was carried out by a comparison with 

reference data of elemental concentrations in Lake Baikal. 

 

 

3.2 Experimental 
 

3.2.1 Instrumentation 

 

A double-focusing single-collector HR-ICP-MS instrument of model Finnigan 

Element2 (Thermo Fisher Scientific, Germany), which was equipped with a 

concentric-type nebulizer (Conikal, AR35-1-FC1E, Glass Expansion Pty. Ltd., West 

Melbourne, Australia), was used to measure trace elements in Lake Baikal water 

directly and after tandem preconcentration.  The operating conditions of the 

HR-ICP-MS instruments were generally similar to those reported elsewhere.13  These 

operating conditions were chosen after optimization of each instrumental parameter. 

A non-contact type pH meter (Twin pH meter B212; Horiba, Kyoto, Japan) was 

used for pH adjustment in the chelating resin preconcentration, where the sample 
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solution was being stirred with a magnetic stirrer of model SR100 (ADVANTEC, 

Tokyo, Japan).  A laboratory-made 8-port syringe pump was used to load 

multi-samples simultaneously.   

Two kinds of syringe filters (DISMIC-25HP from ADVANTEC, Tokyo, Japan, 

and Millex-LH from Nihon Millipore Kogyo, Tokyo, Japan) were used to construct 

minicolumns (i.d., 2.5 mm; l, 13.6 mm); the pore sizes of built-in membrane filters in 

both syringe filters were 0.45 µm.   The DISMIC-25HP syringe filter was also used 

to collect La(OH)3 precipitate.  Single-use syringes of Terumo series (Terumo 

Corporation, Tokyo, Japan) were used throughout the present experiment. 

 

3.2.2 Chemicals and samples 

 

Nitric acid, acetic acid and an aqueous ammonia solution of electronic 

industry-grade were purchased from Kanto Chemicals (Tokyo, Japan).  Multielement 

standard solutions for making working calibration curves were prepared from 

single-element standard stock solutions (1000 µg mL-1) for atomic absorption 

spectrometry (Wako Pure Chemicals, Osaka, Japan).  Chelex 100 resin in 200 - 400 

mesh was purchased from Bio-Rad Laboratories (Richmond, CA, USA).  The resin 

was purified according to a previously reported method.11  Lanthanum nitrate 

[La(NO3)3] of extra-pure-grade was purchased from Wako Pure Chemicals.  It was 

dissolved in 0.1 M HNO3, and used as a coprecipitant for trace elements.  The pure 

water used throughout the present experiment was prepared by a Milli-Q purification 

system of model Element A-10 (Nihon Millipore Kogyo).   

The present water samples were collected in August, 2003, at two sampling sites 

(A, N51°42’02”, E104°35’43”; B, N52°08’46”, E105°54’52”) located in the southern 

basin of Lake Baikal.  The samples were collected with a go-flow sampler at the 

surface of site A, and at the surface, 20 m depth, 600 m depth, and 1200 m depth of 

site B, respectively.  The above-mentioned samples will be referred to as Surface-A, 

Surface-B, 20-B, 600-B, and 1200-B, respectively, in the following text.  The 

samples were acidified to pH 1 with conc. nitric acid, and were then preserved in 

polypropylene bottles, which were pre-cleaned by soaking in 6.0 M HNO3 for more 

than one week, and rinsed with pure water before use.  In order to avoid 

contamination, filtration was not carried out for the present samples. 
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3.2.3 Procedure for the tandem preconcentration of trace elements 

 

In order to determine as many elements as possible, Lake Baikal water samples 

were subjected to a pretreatment by a tandem preconcentration method, which 

integrated a chelating resin-packed minicolumn method by Zhu et al.11 and a La 

coprecipitation method by Yabutani et al..12 

At the first preconcentration stage, the sample was subjected to preconcentration 

using a chelating resin-packed minicolumn, which was constructed with two syringe 

filters (DISMIC-25HP and Millex-LH) in the same manner as that reported by Zhu et 

al..11 Chelex 100 resin of 200 - 400 mesh was employed as the adsorbent, which 

permitted high-recovery preconcentration for trace elements at a sample loading 

flow-rate of approximately 10 mL min-1.  The operation procedure was as follows.  

First, the sample was adjusted to pH 5.0, and taken into a 50 mL syringe.  Second, 

the sample was loaded into a minicolumn at 7.0 mL min-1, where trace elements were 

adsorbed on the resins packed in the minicolumn.  Meanwhile, the sample effluent 

solution that passed through the minicolumn was collected in a glass beaker, and 

subjected to the second step of preconcentration.  Third, 5 mL of pure water was 

passed through the minicolumn for rinsing.  Fourth, 1.8 mL of 2 M nitric acid was 

passed through the minicolumn to elute trace elements, which were collected and 

subjected to measurements by HR-ICP-MS.  Before each measurement, 0.2 mL of an 

internal standard solution (Ge, In, Re, and Tl, 10 ng mL-1 each in 2 M nitric acid) was 

added to the analysis solution for the purpose of an instrumental signal drift correction 

and a matrix effect correction.  The concentration factor for trace elements was 

25-fold. 

Some trace elements, such as As, Zr, and Hf, were obtained with quite low 

recovery values in the preconcentration using a chelating resin-packed minicolumn, 

because of their abilities to form oxyanions or hydroxide complexes in natural water.  

In order to overcome this difficulty, La coprecipitation was carried out on a sample 

solution collected at the sample loading step of the first preconcentration stage. 

The procedure for the second preconcentration stage was as follows.  First, 1 

mL of a La(NO3)3 solution (10 mg mL-1 of La, 0.1 M HNO3) was added into the 

sample solution as a coprecipitant.  Second, the sample solution was adjusted to pH 

9.5 with NH4OH, and then aged for 30 min to form a La(OH)3 precipitate, in which 

trace elements were enriched.  Third, the sample was passed through a syringe filter 
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to collect the precipitate.  Fourth, the precipitate was dissolved using 1.8 mL of 2 M 

nitric acid, which was collected in a 5 mL test tube and subjected to a measurement of 

trace elements by HR-ICP-MS.  Here, 0.2 mL of an internal standard solution (Y and 

Re, 10 ng mL-1 each in 2 M nitric acid) was added to the analysis solution.  The 

concentration factor for trace metals in the second pretreatment stage was also 

25-fold. 

A trace-element spiked lake-water sample and a 0.1 M nitric acid solution were 

used for a recovery test and a blank test, respectively, which were subjected to tandem 

preconcentration in the same manner as the Lake Baikal water sample.  

 

 

3.3 Results and Discussion 
 

3.3.1 Analytical figures of merit 

 

The detection limits, the recovery values and the blank values for the elements 

are summarized in Tables 3-1 and 3-2, respectively, as analytical figures of merit of 

the present method.  In the present work, the numbers in parentheses are lower digits 

of the standard deviations.  For example, 17900(900) and 7.91(5) mean 17900 ± 900 

and 7.91 ± 0.05, respectively. 

The detection limits of 24 elements determined directly by the HR-ICP-MS are 

summarized in Table 3-1.  The analytical detection limits for these elements were 

equal to the instrumental detection limits (IDL), which were defined as the 

concentrations corresponding to 3-times the standard deviations (n = 10-times 

measurements) of signal intensities in a 2 M nitric acid solution.  Table 3-1 gives the 

analytical detection limits for these elements, from 8 ng mL-1 of Ca to 0.0001 ng mL-1 

of Cs. 

At the same time, the analytical detection limits, the recovery values and the 

blank values for 32 elements determined after tandem preconcentration are 

summarized in Table 3-2.  The recovery values and the blank values for the elements 

listed in Table 3-2 are the mean values estimated from 3-times repeated experiments.  

Lake-water samples spiked with a certain amount of trace elements were used as the 

recovery test solution, while 50 ml of 0.1 M nitric acid was used as the blank test 
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solution.  The same preconcentration and measurement procedures as those for 

lake-water samples were performed for the test solutions.  It can be seen in Table 3-2, 

the recovery values for the elements were near to, or higher than, 70%, except for Cr 

(VI) (50 ± 8%).  It is noted that the standard deviations of the recovery values were 

generally less than 5%.  All of the following analytical results for these elements 

were corrected with the recovery values.  The blank values for most of these 

elements shown in Table 3-2 were not detected, or were almost negligible, because 

they were much lower than the concentrations of analyte elements in lake-water 

samples.  The analytical detection limits for the elements listed in Table 3-2 are 

shown as method detection limits (MDL), which were calculated from the 

instrumental detection limits, while taking into account the concentration factor (25) 

and the recovery values.  The analytical detection limits for these elements were in the 

range from 7 pg mL-1 of Se to 0.005 pg mL-1 of Lu. 

 

3.3.2 Analytical results for elements in Lake Baikal water 

 

The analytical results for elements in Lake Baikal water samples are also 

summarized in Table 3-1 (determined directly) and Table 3-2 (determined after 

preconcentration), respectively.  It is seen that the analytical results of the elements in 

Lake Baikal covered a range of nine orders of magnitude, from approximately 17 µg 

mL-1 of Ca to less than 50 fg mL-1 of Tm.  Variations of the concentrations of Fe, Zn, 

Cu, Pb, and Cd among different samples can be observed in Tables 3-1 and 3-2.  

However, the variations are still in the range of those reported by Falkner et al.,3,4 

Suturin et al.,5 Grosheva et al.6 and Sugiyama et al..7 

 A comparison of the present results with reference data is summarized in Table 

3-3.  It can be seen in Table 3-3 that the present results for most of the elements were 

coincident with reference data.  However, the present results concerning the 

concentrations of Al, Pb, and Se were much higher than all of the reference data, while 

those of Cs, Zr, and Th were much lower than the results report by Grosheva et al.. 6 

It is noted that the results concerning Al by Suturin et al.5 were higher than those by 

Falkner et al.4 and Sugiyama et al.7; however all of the reported data were lower than 

those observed in the present work.  The differences could be attributed to the 

different pretreatments of water samples.  Falkner et al. 4 measured Al after filtration 

with a filter of 0.2 μm pore size (no filtration for determination of other elements), 
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while Suturin et al. 5 used a filter of 0.45 μm pore size for filtration; filtration was not 

performed on the present samples.  At the same time, the data of Sugiyama et al.7 

showed that the concentration of Al in suspended particles was quite high.  On the 

other hand, according to Itoh et al.,14 the distribution of Al in a pond water was as 

follows: < 0.05 μm fraction (ca. 2.0%), 0.05 - 0.2 μm fraction (ca. 1.6%), 0.2 - 0.4 μm 

(ca. 5.2%), 0.4 - 1.2 μm (ca. 30.8%), 1.2 - 3.0 μm (ca. 31.8%), > 3.0 μm (ca. 28.6%).  

Therefore, it indicates that the pretreatment of filtration with different pore-sized 

filters influenced the analytical results of Al in natural water.   Similar influence may 

also be observed for Fe, Ag, rare earth elements (REEs, 15 lanthanides), Pb, and Bi. 

The reasons for the differences of Cs, Se, Zr, and Th between the present results 

and the references are not clear, because there are not sufficient references for such a 

discussion.  However, the present results concerning Th were lower than that 

reported by Grosheva et al.6 by a factor of almost two orders of magnitude, which 

indicates that the result of Grosheva et al.6 might be affected by some contamination 

of Th.  On the other hand, the maximum concentration of Cd observed by Falkner et 

al.4 was much higher than the minimum and those observed by other researchers.  

This could be attributed to the Cd contamination of some samples in the experiment 

by Falkner et al.,4 as mentioned in their paper. 

It is noted that only 32 elements are given in Table 3-3, because the remaining 

24 elements determined in the present experiment had rarely been reported.  

Therefore, further studies on such elements in Lake Baikal are necessary to provide 

basic data concerning elemental chemistry in Lake Baikal, and for assessing the future 

environmental status of pollutants in Lake Baikal. 

 

 

3.4  Conclusion 
 

Lake Baikal water samples were analyzed by HR-ICP-MS directly and after a 

tandem preconcentration integrating chelating resin adsorption and La coprecipitation.  

Analytical results of 56 elements were acquired with a single instrument.  A 

comparison of the present results and reference data indicate that the present results 

were generally in the ranges of those reported by other researchers.  Some 

differences between the present results and the reference data were also observed and 
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discussed.  However, data concerning the multi-elemental distribution in Lake Baikal 

are still scarce, which has limited further discussion.  Therefore, further studies on 

Lake Baikal are needed in order to assess the lake environment, and to provide more 

information for future assessments of the environment of Lake Baikal. 

 

 

 

 

Table 3-1  Detection limits and analytical results obtained by direct measurementsa 

 
Element Ca Na Mg K Si Sr B Li 

m/z 44 23 24 39 28 88 11 7 
Resolutionb medium medium medium high medium low low medium

IDLc 4 2 0.5 0.5 8 0.02 2 0.4 
Surface-A 17900(900) 4800(600) 4000(400) 1050(10) 490(10) 107(1) 10.1(1) 7.91(5) 
Surface-B 17200(600) 4600(200) 3800(200) 910(10) 400(10) 94.8(3) 8.82(4) 6.9(2) 

20-B 15100(700) 4000(300) 3300(100) 910(40) 390(10) 93.0(2) 8.85(3) 6.23(3) 
600-B 17000(900) 4600(300) 3800(200) 990(60) 480(20) 97.7(3) 9.29(7) 6.33(3) 
1200-B 15100(800) 4000(300) 3303(200) 900(10) 430(10) 92.9(4) 8.83(3) 6.02(2) 
Element Ba P Fe Al Mo Zn Mn Rb 

m/z 135 31 56 27 95 66 55 85 
Resolutionb low medium medium medium low medium medium low 

IDLc 0.03 0.6 0.07 0.06 0.02 0.01 0.005 0.0002 
Surface-A 8.4(2) 4.8(1) 4.8(3) 2.5(4) 1.4(2) 1.35(1) 0.89(4) 0.590(3)
Surface-B 8.6(3) 2.47(3) 2.7(3) 2.1(1) 1.1(1) 1.15(1) 0.37(2) 0.484(2)

20-B 12.0(4) 3.8(4) 11.7(3) 1.8(4) 16.5(3) 1.13(1) 0.47(1) 0.474(2)
600-B 12.3(7) 2.1(1) 4.4(2) 2.2(1) 2.3(2) 1.19(1) 0.30(1) 0.499(3)
1200-B 11.9(3) 2.30(5) 2.3(1) 2.1(4) 1.2(1) 1.11(1) 0.25(1) 0.503(1)
Element U As V Cu Pb W Y Cs 

m/z 238 75 51 63 206 182 89 133 
Resolutionb low medium medium medium low low low low 

IDLc 0.0002 0.002 0.0006 0.008 0.004 0.001 0.0003 0.0001 
Surface-A 0.52(1) 0.501(2) 0.41(1) 0.311(2) 0.33(1) 0.062(2) 0.0064(2) 0.0039(1)
Surface-B 0.50(1) 0.437(2) 0.27(2) 0.163(1) 0.283(7) 0.050(1) 0.0051(1) 0.0035(2)

20-B 0.46(1) 0.435(3) 1.95(7) 3.02(1) 0.272(4) 0.073(1) 0.0063(1) 0.0032(2)
600-B 0.49(1) 0.456(1) 0.415(7) 0.335(3) 0.287(8) 0.052(2) 0.0052(2) 0.003(2)
1200-B 0.45(4) 0.431(2) 0.32(3) 0.143(2) 0.269(4) 0.048(3) 0.0051(1) 0.0028(1)

a. The analytical results were given as mean (standard deviation).  Concentration unit: ng mL-1. 
b. Resolution: high, m/Δm= 10000; medium, m/Δm= 4000; low, m/Δm = 300. 
c. Instrumental detection limits. 
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Table 3-2  Detection limits and analytical results obtained after tandem preconcentrationa 

 

Element Se Cr Ni Ti Sb Zr Sn Co 
m/z 82 52 60 47 121 90 119 59 

Resolution b low medium Medium medium low low low medium 
Recovery c , % 97(4) 50(8) 87(6) 86(3) 95(2) 107(7) 73.2(4) 108(1) 
Blank value d 38(2) 27(2) 31(3) n.d.f 3.6(1) 9.1(4) n.d.f 3.1(4) 

MDLe 7 4 1 5 0.04 0.2 1 0.1 
Surface-A 340(21) 178(21) 143(3) 28(1) 27(3) 22.0(8) 9(1) 8.9(9) 
Surface-B 220(20) 110(10) 450(90) 40(10) 37.4(2) 48(8) 12(2) 7(2) 

20-B 240(20) 130(10) 780(10) 90(10) 79.4(2) 4.9(4) 32(3) 14(3) 
600-B 250(20) 90(10) 500(90) 20(1) 41.2(1) 30(1) 11(2) 7(1) 
1200-B 200(20) 70(1) 460(70) 20(1) 40.4(7) 37(1) 13(1) 6(1) 
Element Cd Rh Ce Te La Nd Hf Nb 

m/z 111 103 140 125 139 143 177 93 
Resolution b low low Low low low low low low 

Recovery c , % 100(5) 81(8) 86(6) 83(6) 94(5) 104(1) 91(8) 87(7) 
Blank value d n.d.f 0.4(2) n.d.f n.d.f n.d.f n.d.f 2.5(1) n.d.f 

MDLe 0.2 0.02 0.1 0.4 0.09 0.07 0.1 0.5 
Surface-A 8.8(5) 7.4(9) 7.33(4) 6.2(1) 5.16(4) 3.4(2) 3.1(5) 2.3(2) 
Surface-B 19(4) 4.9(9) 4.00(8) 91(2) 3.1(6) 2.2(7) 6(1) 1.3(2) 

20-B 99(10) 3(1) 12(3) 90(10) 9(2) 5.9(1) 4.6(6) 1.4(1) 
600-B 23(4) 2.3(2) 5.0(2) 110(2) 3.8(2) 3.1(3) 0.7(3) 1.2(2) 
1200-B 120(20) 17(9) 3.0(1) 140(10) 2.8(2) 1.9(3) 0.8(4) 0.9(1) 
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Table 3-2  (Continued) 

Element Ru Ga Pr Sm Sc Dy Gd Yb 
m/z 101 69 141 149 45 163 157 172 

Resolution b low medium Low low medium low low low 
Recovery c , % 72(2) 76(4) 95(1) 82.0(7) 76.7(5) 81(2) 103(8) 109(2) 
Blank value d 0.44(2) n.d.f n.d.f n.d.f n.d.f n.d.f n.d.f n.d.f 

MDLe 0.03 0.2 0.02 0.009 0.08 0.009 0.003 0.05 
Surface-A 1.22(2) 1.1(1) 0.91(3) 0.80(5) 0.7(3) 0.50(4) 0.47(4) 0.38(1) 
Surface-B 18(1) 1.5(1) 0.56(9) 0.42(2) 1.4(4) 0.37(8) 0.3(1) 0.16(5) 

20-B 6.0(1) 1.2(3) 1.6(2) 0.84(7) 1.1(2) 0.67(6) 0.5(1) 0.27(6) 
600-B 6.2(1) 1.4(4) 0.75(7) 0.5(1) 0.95(8) 0.49(7) 0.43(6) 0.23(8) 
1200-B 42(3) 1.4(2) 0.47(4) 0.33(9) 0.85(9) 0.42(5) 0.36(9) 0.22(5) 
Element Er Th Bi Ho Eu Tb Lu Tm 

m/z 167 232 209 165 151 159 175 169 
Resolution b low low Low low low low low low 

Recovery c , % 81(3) 68(3) 78.0(5) 75(1) 93(4) 86(1) 107(2) 92.0(4) 
Blank value d n.d.f n.d.f n.d.f n.d.f n.d.f n.d.f n.d.f n.d.f 

MDLe 0.06 0.04 0.03 0.01 0.02 0.007 0.005 0.009 
Surface-A 0.30(1) 0.29(4) 0.19(4) 0.16(1) 0.12(1) 0.084(7) 0.058(8) 0.05(1) 
Surface-B 0.18(4) 0.28(4) 0.68(9) 0.10(5) 0.08(2) 0.06(2) 0.03(1) 0.020(9) 

20-B 0.35(8) 0.40(1) 1.2(2) 0.06(3) 0.18(2) 0.10(3) 0.07(1) 0.05(1) 
600-B 0.27(5) 0.30(1) 1.0(1) 0.06(2) 0.14(4) 0.055(7) 0.048(7) 0.039(3) 
1200-B 0.21(5) 0.22(1) 0.9(1) 0.11(2) 0.06(1) 0.051(9) 0.04(1) 0.033(4) 

a The analytical results were given as mean (standard deviation).  Concentration unit: pg mL-1.  b Resolution: high, m/Δm = 10000; 
medium, m/Δm = 4000; low, m/Δm = 300.  c Mean (standard deviation), n = 3.  d Mean (standard deviation), n = 3. 
e Method detection limits were calculated from instrumental detection limits taking into consideration the concentration factor (25) and 
recovery values.  f Not detected.
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Table 3-3  Concentration of the elements in Lake Baikal water reported by different researchers (units: ng mL-1) 

Element  Ca Na Mg K Si Sr P Ba B Fe Al 
Falkner et al. 

(1991) 
Mina 15600 3490  3010  907  113  9.23    
Maxb 18500 4540  3100  1110  137  12.3    

Falkner et al. 
(1997) 

Mina     750    9.1   0.04  
Maxb     2014    10.5   0.18  

Suturin et al.  
(2003) 

Mina 14800 2800 2600 770 300 87 6.52 8.0 3.4  0.20  
Maxb 16600 3800 3600 1120 1040 112 9.78 13.3 20  0.67 

Grosheva et al. (2000)       42.6    6.3  
Sugiyama

 et al. 
 (2001) 

<0.2 µm Mina 14500 3290  2840  899 146  99.9 0.09 9.2  0.0017 n.d.d 
Maxb 16400 3950  3180  958 1350  117 14.4 10.9  0.0039 0.0003  

>0.2 µm Mina 0.81 0.36  0.25  2.92 0.02  0.004 0.11 0.006  0.79  0.67  
Maxb 8.66 0.97  1.91  4.97 0.14  0.050 7.50 0.126  3.22  4.42  

Present work  Avgc 16500 4400 3641 952 438 97.1 10.6 9.19 6.67  3.55  3.11  
Element  Li Zn Mo U As Ni Mn Rb Cu V Se 

Falkner et al. 
(1991) 

Mina 1.99   0.34    0.53    
Maxb 2.13   0.47    0.65    

Falkner et al. 
(1997) 

Mina      0.05   0.10  0.32   
Maxb      0.16   0.36  0.48   

Suturin et al.  
(2003) 

Mina 1.49 0.64 1.0  0.28 0.30  0.31 0.05 0.40 0.54 0.30   
Maxb 2.35 6.48 1.5 0.89 0.63 0.96 0.33 0.58 1.11 0.72  

Grosheva et al. (2000)   2.9 0.14 0.16 0.08  1.3 0.24 0.31 0.1 0.04 
Sugiyama

 et al. 
 (2001) 

<0.2 µm Mina   1.19        0.33   
Maxb   1.26        0.35   

>0.2 µm Mina  n.d.d    n.d.d 0.14  n.d.d n.d.d  
Maxb  0.22     0.065 0.29  0.076 0.061  

Present work  Avgc 2.15 1.5 1.19  0.51 0.48  0.47 0.46 0.45 0.35  0.29  0.25 
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Table 3-3  (Continued) 
Element  Pb Cr Sb Cd Ti Zr Co W Cs Th  

Falkner et al. 
(1991) 

Mina            
Maxb            

Falkner et al. 
(1997) 

Mina  0.06   0.03        
Maxb  0.09   2.52        

Suturin et al.  
(2003) 

Mina 0.028 0.034 0.08 0.003   0.02     
Maxb 0.064 0.062 0.22 0.01   0.07     

Grosheva et al. (2000)  0.12 0.06 0.11 0.03  0.39 0.02  0.02 0.02  
Sugiyama

 et al. 
 (2001) 

<0.2 µm Mina        0.040    
Maxb        0.048    

>0.2 µm Mina  n.d.d   n.d.d       
Maxb  0.099   0.247        

Present work  Avgc 0.24 0.12  0.045  0.043 0.033 0.028 0.009 0.0047 0.003 0.0003  
a Minimum.   b Maximumu.   c Average.   d Not detected. 
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Chapter 4 An in-syringe La-coprecipitation Method for the 

Preconcentration of Oxo-anion Forming 

Elements in Seawater Prior to an ICP-MS 

Measurement 
 

 

4.1 Introduction 
 

Inductively coupled plasma mass spectrometry (ICP-MS) has excellent 

analytical features, such as simultaneous multielement detection capability, extremely 

high sensitivity, and a wide linear dynamic range.1-5  However, the direct analysis of 

seawater by ICP-MS is still a difficult task, not only because the concentration levels 

of trace elements are quite low, but also because a high salt matrix interferes with the 

determination.  Thus, a variety of pretreatment techniques, such as preconcentration 

and matrix elimination have been exploited, which include solid phase extraction 

(SPE), solvent extraction, and coprecipitation.  Among them, SPEs using chelating 

resins are most widely employed due to their simplicity, high concentration factor, 

small sample requirement, and no need for a harmful organic solvent.  Recently, the 

present authors have reported on a simple and practical syringe-based column method 

for the SPE of trace metals in seawater 4 using a laboratory-made minicolumn packed 

with a Chelex 100 resin, where trace metals in 50 mL of the original seawater sample 

were concentrated into 0.5 mL of 2 M nitric acid (final solution).  From the results, it 

was proved that the minicolumn is a convenient preconcentration device for trace 

metals in seawater as well as in mineral water samples prior to determination by 

ICP-MS.   

The chelating-resin adsorption method is not suitable for the preconcentration of 

oxo-anion forming elements, such as V, As, Sb, W and so on.  For highly sensitive 

measurements of As and Sb, the hydride generation method is one of the most popular 

approaches, but a special experimental set-up is a requisite.  The coprecipitation 

method is another promising approach.  This coprecipitation method has a potential 

to overcome the limitation of SPEs due to the different mechanism of extraction, 

although it is tedious, and time-consuming, and involves several steps.   
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A syringe-based sample manipulation system has recently attracted much 

attention in the field of sample pretreatment because of its simplicity and practicality.  

Therefore, in the present work, coprecipitation was attempted in a 25-mL syringe to 

simplify the manipulation, where lanthanum hydroxide was employed as a collector of 

oxo-anion forming elements.  In the case of multielement analysis by ICP-MS, a 

high concentration of the precipitant (in this case, La) raises new problems of serious 

memory effects and interferences in the measurements of other samples for different 

analytical purposes.6,7  Then, in the present experiment, a high level of La was 

removed by passing the analyte solution (i.e., “target elements-enriched” lanthanum 

hydroxide precipitate dissolved in HNO3) through a cation-exchange resin-packed 

minicolumn prior to an ICP-MS measurement.  Under the optimized conditions, the 

recoveries for V, As, Sb, and W exceeded 80%, and the observed values were in good 

agreement with the certified or information ones.  Also, as a result of the present 

study, the concentration value of Sb in NASS-5 was provided for the first time.   

 

 

4.2 Experimental 
 

4.2.1 Apparatus 

 

An ICP-MS instrument (Model Agilent HP4500, Yokogawa Analytical Systems, 

Tokyo, Japan) equipped with a quadrupole mass filter was used.  The operating 

conditions for the ICP-MS instrument are given in Table 4-1.  A pH meter of a 

model TWIN pH meter from Horiba (Kyoto, Japan) was used for pH adjustment.  A 

HSW plastic syringe was used as a vessel and reactor.  A DISMIC-25HP membrane 

filter (ADVANTEC, Tokyo, Japan) with a pore sizes of 0.20 µm was used for 

collecting the lanthanum hydroxide precipitate.  A minicolumn for lanthanum 

removal was laboratory-made, consisting of two commercially available syringe filters 

(DISMIC-25HP and Millex-LH) and cation-exchange resin, according to our previous 

paper. 3  A syringe pump (model KDS200, KD Scientific, MA) was used for 

pumping the sample solution into the minicolumn. 
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Table 4-1  Operation conditions the for ICP-Q-MS instrument 

 
ICP-Q-MS Agilent HP4500  
Plasma conditions:  
          Incident power 1.3 kW 
          Coolant gas flow rate Ar 15.0 L min-1 

          Auxiliary gas flow rate Ar 1.0 L min-1 
          Carries gas flow rate Ar 1.1 L min-1 
          Sampling depth 9 mm from load coil 
Nebulizer: Concentric-type 
          Sampling uptake rate 0.7 mL min-1 

Data acquisition:  
          Measurement mode Peak hopping 
          Dwell time 50 ms/point 
          Data point 3 points/peak 
          number of scans 100 

 

 

4.2.2 Reagents and chemicals 

 

Nitric acid, acetic acid, and an aqueous ammonia solution of electronic industry 

grade were purchased from Kanto Chemicals (Tokyo).  Standard stock solutions for 

V(V) and W(VI), Mo(VI), U(VI) were prepared from single-element standard stock 

solutions (1000 µg L-1) for atomic absorption spectrometry (Kanto Chemicals, Tokyo).  

The standard stock solutions for As(III), As (V), Sb(III) and Sb(V) were prepared as 

follows:  The As(III) and As(V) solutions were prepared by dissolving potassium 

arsenite and potassium arsenate of chemical grade (Wako Chemicals, Osaka, Japan) in 

pure water, while Sb(III) and Sb(V) solutions were prepared by dissolving 

dipotassium bis(tartrato)diantimonate(III) and potassium hexahydroxoantimonate(V) 

of guaranteed reagent grade (Nacalai Tesque, Kyoto, Japan) in a 3 M HCl solution, 

respectively.  A lanthanum solution as a coprecipitation carrier was prepared by 

dissolving La (NO3)3 6 H2O (Wako Chemicals) in 0.1 M HNO3. 

AG® 50W-X8 resin was purchased from Nippon Bio-Rad Laboratories.  This 

resin was purified by soaking in 5 M HCl for 5 days, and then in pure water.  After 

that, the purified resin (0.42 ± 0.01 g wet weight) was filled into a minicolumn 

consisting of two syringe filters.  Pure water used throughout the experiments was 

prepared by a Milli Q purification system (model Element A-10, Nihon Millipore 

Kogyo).  
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4.2.3 Samples 

 

Seawater reference materials of CASS-4 and NASS-5, which were issued from 

National Research Council of Canada, were used to evaluate the analytical procedure.   

 

4.2.4 Pretreatment procedure 

 

The procedure is mainly composed of two steps: La-coprecipitation (Step 1) and 

La-removal from the preconcentrated sample (Step 2).  

Step 1. Twenty-mL of a sample adjusted to pH 9.5 was filled into a 25-mL 

volume syringe.  Then, 0.2 mL of a 5 g L-1 La solution was added into the syringe.  

The solution was shaken vigorously for 3 min, and allowed to stand for 1 h at room 

temperature for complete precipitation.  Afterward, the precipitate was collected on a 

0.2 µm membrane filter by filtration.  The precipitate was dissolved with 2 mL of 2 

M HNO3. 

Step 2. The solution in Step 1 was diluted 2-fold with pure water to a final 

concentration of 1 M HNO3.  Then, this solution was passed through a La-removal 

minicolumn packed with an AG® 50W-X8 cation-exchange resin at a flow rate of 0.2 

mL min-1. 

 

 

4.3 Results and Discussion 
 

4.3.1 Effect of the amount of lanthanum added into a seawater sample on the 

recoveries for oxo-anion forming elements 

 

Coprecipitation efficiencies are influenced by various parameters, such as pH, 1,6 

temperature, aging time, and the amount of precipitant (i.e., La) added into the 

sample.  Among them, the concentration and amount of La added as a precipitant 

precursor may be the most important parameter: for example, because an excess of 

high concentration La causes a memory effect in an ICP-MS measurement, and is 

hence prone to analytical errors.  Thus, first of all, the effect of the amount of La on 

the coprecipitation of V(V), As(III+V), Sb(III+V), and W(VI) into La(OH)3 was 
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examined.  So far, more than 200 mg L-1 of La(NO3)3 was employed to definitely 

obtain lanthanum hydroxide, 1,2,6,7  but in the present work La(NO3)3 solutions with 

lower concentrations of 25, 50, 100, and 150 mg L-1 were used to reduce the risk of 

instrument damage and signal interference as much as possible. 

Figure 4-1 shows the dependence of the recoveries of V(V), As(III+V), 

Sb(III+V), and W(VI) (10 µg L-1 each of target analytes) on the amount of La added 

to a 20 mL seawater sample, into which a known amount (10 µg L-1 each) of the target 

elements were also preliminarily added, and the sample solution was subjected to La 

coprecipitation in the same manner as that of a non-spiked sample.  As can be seen 

from Fig. 4-1, all of the target elements were quantitatively recovered by adding more 

than 1 mg of La (corresponding to 50 mg L-1) to the 20 mL seawater sample.  It was 

found that 1.0 mg of La was sufficient for the coprecipitation and preconcentration of 

the target 5 oxo-anion forming elements from seawater samples, and thus 1.0 mg of 

La was selected for the following experiments. 

 

Fig. 4-1  Recoveries of a elements after the addition of various amount of La to 20 
mL of samples. ○, V(V) ; ●, As(III+V) ; △, Sb(III+V) ; ▲: W(VI). 
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4.3.2 Redissolution of the lanthanum hydroxide precipitate and La removal 

from the analysis solution  

 

The collection of a target elements enriched in the precipitate is another 

important step in the coprecipitation method.  According to a previous paper, nitric 

acid was chosen for redissolution of the coprecipitate, and the concentration and 

volume of HNO3 were optimized for quantitative collection.  As a result of some 

preliminary experiments, it was found that the coprecipitate could be fully dissolved 

by using HNO3 of more than 1 M, and that more than 2 mL of HNO3 was needed.  

Thus, 2 mL of 1 M HNO3 was concluded to be optimum, and was used in following 

experiments.   

Under these conditions, the target elements and La in a 20 mL sample were 

collected into a one-tenth volume of nitric acid (2 mL of HNO3), leading to 10-fold 

concentration.   This means that the concentration of La in the final analysis solution 

is ca. 500 mg L-1 (1 mg in 2 mL).  The direct introduction of such a La-rich solution 

imposes a heavy burden on the ICP-MS instrument.  Besides, the residual 

La-memory effect in the ICP-MS instrument adversely affects the following 

experiments of other colleagues, where a trace amount of La might be one of the 

target analytes.  Thus, prior to a measurement by ICP-MS, a cation-exchange 

minicolumn was employed in the present work to remove La from the analysis 

solution, where the target analytes forming stable oxo-anions were passed through the 

minicolumn without any interaction.  Therefore, the La concentration in the analysis 

solution passed through the minicolumn was expected to be less than 1 μg L-1, which 

is low enough for introduction into the ICP-MS. 

The results for the recoveries of oxo-anion forming elements in the present 

in-syringe coprecipitation method are summarized in Table 4.2, together with the data 

obtained by a chelating resin preconcentration method. 3  The recoveries of the target 

elements (V(V), As (III+V), Sb (III+V), and W (VI)) was apparently higher than those 

by a chelating resin-column method, which exceeded 80% with good reproducibility 

(RSD ≤ 5%).  As previously reported,1 the recoveries of As and Sb were about 100%, 

regardless of their oxidation states.  The recoveries of the present method were high 

enough for quantitative preconcentration and determination.  The recoveries of Mo 

and U were ca. 9.7 and 40%, respectively.  At pH 9.5, Mo and U may be in the 

chemical forms of MoO4
2- and UO2

2+ in the sample solution, while V, As, Se, Sb, and 
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W may be in the chemical forms such as H2VO4
-, As(OH)4

-, HSeO3
-, Sb(OH)3, and 

HWO4
-, respectively.  Oxoacids possessing hydroxyl groups in them may be 

efficiently adsorbed on hydroxide colloids.8-10  As a result, V, As, Se, Sb, and W were 

completely coprecipitated with lanthanum hydroxide colloids.  In contrast, Mo and U 

were hardly coprecipitated with lanthanum hydroxide colloids. 

 

 

Table 4-2  Recoveries (%) of trace elements obtained after in-syringe 
La-coprecipitation preconcentration 

 

Element m/z 

Recovery, % a 

Present work  
Chelating resin-column 

preconcentration a) 
V(V) 51 80 ± 5 43 ± 5 

As(III+V) 75 96 ± 5 1.8 ± 0.6 
Mo(VI) 95 9.7 ± 0.1 63 ± 4 

Sb(III+V) 121 85 ± 3 0.3 ± 0.1  
W(VI) 184 81 ± 4 23 ± 3 
U(VI) 238 40 ± 6 95.2 ± 0.3 

Mean ± standard deviation, n = 3.  
a ) The recoveries from SPE on Chelex 100 resin at pH 6. 

 

 

 

4.3.3 Analytical results of oxo-anion forming elements in seawater samples 

 

Two seawater CRMs (NASS-5 and CASS-4) were analyzed to verify the 

effectiveness of the present method.  NASS-5 is open seawater, while CASS-4 is 

coastal seawater.  The analytical results are summarized in Table 4-3.  The 

observed values and blank values listed in Table 4-3 were the mean values and 

standard deviations (SDs) of three independent experiments.  It can be seen in Table 

4-3 that the analytical results of V(V) and As(III+V) in both CRMs were in good 

agreement with the certified values or information values, which indicate that the 

present method was effective for the analysis of V(V) and As(III+V) in open seawater 

and coastal seawater.  It’s difficult to assess the accuracy of the analytical results of 

Sb(III+V) and W(VI) in the present CRMs because of there were neither information 

values nor certified values issued for these elements.  Although a certified values are 

not available, the analytical results of Sb(III+V) in CASS-4 and W(VI) in NASS-5 
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were coincident with the reference data.3,11  The observed value of W(VI) in CASS-4 

was apparently lower than the reference data, which might be attributed to the 

different recovery value of W(VI) obtained in the present work and the chelating resin 

adsorption technique. 12 

On the other hand, the blanks used in the present method are also summarized in 

Table 4-3.  As can be seen, the blank values were much lower than the abundances 

of the analyte elements in seawater, and thus they were almost negligible. 

In order to evaluate the lower limit of determination by the present method, the 

analytical detection limits (ADLs) were estimated from the instrumental detection 

limits, while taking into consideration the concentration factor and the recovery values, 

where the instrumental detection limits were calculated as the analyte concentration 

corresponding to three-times the standard deviation of the blank signals.  The ADLs 

of V(V), As(III+V), Sb(III+V) and W(VI) were 0.001, 0.001, 0.04, and 0.0003 µg L-1, 

respectively. 

 

 

4.4 Conclusions 
 

La coprecipitation preconcentration method was exploited for the determinations 

of V(V), As(III+V), Sb(III+V), and W(VI) in seawater samples. The La in the analysis 

solution was removed by passing through a cation-exchange resin-packed minicolumn, 

which effectively lowered the La matrix burden on the ICP-MS.  The recoveries of 

the oxo-anion forming elements were better than 80%.  The effectiveness of the 

present method was verified by the analysis of two seawater CRMs and a real 

seawater sample.
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Table 4-3  Analytical results for trace elements in seawater CRMs (NASS-5 and CASS-4) 
 

Element m/z
NASS-5/µg L-1 CASS-4/µg L-1 

Blank value/µg L-1 
ADLa  
/µg L-1 Observed valueb Certified value Observed valueb Certified value 

V(V) 51 1.20 ± 0.05 1.2c   1.15 ± 0.08 1.18 ± 0.16 0.040 ± 0.007 0.001 
As(III+V) 75 1.30 ± 0.12 1.27 ± 0.12 1.13 ± 0.09 1.11 ± 0.16 0.031 ± 0.008 0.001 
Sb(III+V) 121 0.076 ± 0.008    0.215 ± 0.004 0.240d ± 0.018 0.0035 ± 0.0008 0.0006 

W(VI) 184 0.0095 ± 0.0001 0.010e ± 0.001 0.016 ± 0.001 0.042f ± 0.004 n.d.g 0.0003 
a  The analytical detection limit (ADL) was calculated from instrument detection limit, with taking into account the concentration factor (5) and 

recovery values.   
b  Mean ± standard deviation, n = 3.  
c  Information value, issued by National Research Council Canada.  
d  Literature value, cited from Ref. 11. 
e  Literature value, cited from Ref. 3. 
f  Literature value, cited from Ref. 12. 
g  Not detected. 
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Chapter 5 Preparation of Monolithic Chelating Adsorbent 

inside a Syringe Filter Tip for Solid Phase 

Microextraction of Trace Elements in Natural 

Water prior to their Determination by ICP-MS 
 

 

5.1 Introduction 
 

Inductively coupled plasma mass spectrometry (ICP-MS) has been accepted as 

the most powerful and sophisticated atomic spectrometric technique, because of its 

excellent features such as high sensitivity, wide dynamic range, and simultaneous 

multielement detection capability, and so on. 1-3  However, direct analysis of natural 

water samples by ICP-MS is still a difficult task, not only because the concentration 

levels of trace elements are quite low, but also because high salt matrix often 

interferes with their determination. 4-10  Thus, an enrichment/separation has become 

an essential part of spectrometric analysis, including solvent extraction 11,12, 

coprecipitation 13-15, and solid phase extraction (SPE) 16-24.  Among them, SPE on 

chelating resin has attracted the most attention due to its simplicity, high concentration 

factor, small sample requirement, and no need for harmful organic solvent, and has 

widely been used in both batch and column modes.  This SPE technique has 

continued to undergo improvement, and recently syringe connected-minicolumn 

(SCM) method has emerged as a hybrid technique combining the characteristics of 

batch and column methods. 25-27 

In chromatographic separation and purification, over the past several years, a 

single piece of porous material so-called “monolith” has gained popularity as an 

alternative to particle-packing configuration. 28-31  Due to the novel characteristics 

such as low flow resistance, efficient mass transfer, and high reaction efficiency, their 

applications are now extended from the original separation media to extraction media 

and catalyst supports.  Monoliths can be classified into two categories; silica-based 

and organic polymer-based monoliths, each with their own advantages and 

disadvantages.  The major advantages of polymer-based monoliths include wide pH 

stability and less irreversible adsorption of biomolecules, and we have so far tried to 



 56

prepare well-ordered porous polymer monoliths for high-throughput and 

high-efficiency separations. 32-35 

Organic polymer monoliths have also the advantage of facile synthesis and 

modification, and they have great potential in solid phase microextraction (SPME) of 

trace elements (metals and metalloids) in natural water samples. 36-39  However, little 

work has been reported on the use of monolithic materials in such a chelating resin 

adsorption.  In the present work, thus, the preparation of a monolithic adsorbent has 

been attempted for SCM-mode SPME.  Glycidyl methacrylate (GMA), which has a 

reactive epoxy group for further derivatization, was copolymerized with ethylene 

glycol dimethacrylate (EDMA) inside a commercially available syringe filter tip.  

Subsequently, the epoxides at the monolith surface were reacted with one of the most 

popular chelating ligands, iminodiacetate (IDA) [40].  The metal adsorption 

properties of the obtained chelating adsorbent, named herein “tip-in monolith”, were 

evaluated through an adsorption-desorption experiment, where the effect of sample 

solution pH on the adsorption of a total of 53 elements was systematically examined 

to obtain higher recoveries for as many elements as possible in a single extraction step.  

In addition, the accuracy of the proposed SCM-mode SPME tool and technique was 

tested by analyzing two river water certified reference materials.   

 

 

5.2 Experimental 
 

5.2.1 Apparatus 

 

A syringe filter tip for HPLC (model DISMIC-3JP from Advantec, Tokyo, 

Japan) was used as a vessel and chamber for SPME.  A conventional Termo-syringe 

(Terumo Corporation, Tokyo, Japan) was used for loading the samples solution, 

rinsing the tip-in monolith with Milli-Q water, and eluting the analytes with nitric acid.  

A model LC-10Ai pump (Shizuoka, Kyoto, Japan) was used for the measurement of 

pressure drop across the tip-in monolith.  For parallel multi-sample pretreatment, a 

gravity-driven 8-port syringe pump was laboratory-made and used. 42 

A high resolution ICP-SFMS instrument of model Finnigan Element 2 (Thermo 

Fisher Scientific, Bremen, Germany) equipped with a single collector and a 
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concentric-type nebulizer (Conikal, AR35-1-FC1E, Glass Expansion Pty. Ltd., West 

Melbourne, Australia) was used for the measurement of trace elements.  The 

operating conditions for ICP-SFMS are summarized in Table 5-1.  An ICP-AES 

instrument of model IRIS intrepid II XPS DUO (Thermo Fisher Scientific) was also 

used for the measurement of high concentrations of elements.  The morphology of 

GMA-based monoliths formed inside the filter tip was examined using a scanning 

electron microscope (model S-3000N, Hitachi High-Technologies Corporation, Tokyo, 

Japan). 

 

 

Table 5-1  Operating conditions for the HR-ICP-MS instrument 

 

 

 

 

 

 

 

 

 

 

 

 

5.2.2 Chemicals 

 

Glycidyl methacrylate (GMA), ethylene glycol dimethacrylate (EDMA), and 

2,2`-azoisobutyronitrile (AIBN) were purchased from Wako Pure Chemicals (Osaka 

Japan).  Solvents (1-propanol, 1,4-butandiol, cyclohexanol, toluene) and inorganic 

salts (NaCl, Na2CO3, Cu(NO3)2)  were also obtained from Wako Pure Chemicals.  

Iminodiacetic acid (IDA) was obtained from Sigma-Aldrich (Steinheim Germany).  

Nitric acid, acetic acid and aqueous ammonia solution were of electronic industry 

grade from Kanto Chemicals (Tokyo, Japan).  Multielement standard solutions for 

calibration were prepared from single-element standard stock solutions (1000 µg 

HR-ICP-MS   Element2 
Plasma conditions:  

incident power 1.0 kW 
coolant gas flow rate Ar 16.0 L min-1 
auxiliary gas flow rate Ar 0.8 L min-1 
carrier gas flow rate Ar 0.9 L min-1 

Nebulizer: Concentric-type 
sample uptake rate 0.2 mL min-1 

Data acquisition:  
mass window 150% 
integration window 80% 
sampling points per peak 15 points 
integration times (runs × passes) 3 × 3 times 
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mL-1) for atomic absorption spectrometry (Wako Pure Chemicals).  Pure water used 

throughout the present experiment was prepared by a Milli-Q purification system of 

model Element A-10 (Nihon Millipore Kogyo).  Two river water CRM samples, 

JSAC 0301-1 issued by the Japan Society for Analytical Chemistry and NMIJ 7201-a 

issued by the National Metrology Institute of Japan, were purchased from Tama 

Chemicals (Kawasaki, Japan) and Seishin Trading Co., Ltd, respectively. 

 

5.2.3 Preparation of tip-in chelating monolith for SPME 

 

The procedure for preparation of tip-in chelating monolith was almost the same 

as that for monolithic capillary column. 33  Briefly, GMA, EDMA and a porogenic 

solvent were mixed at an appropriate ratio in a bottle, into which AIBN (1 wt.% with 

respect to the amount of total monomers) was added.  After stirring and degassing, 

an aliquot of the mixture was drawn into a syringe and was immediately poured into 

the gap space confined between the DISMIC-3JP filter tip and the syringe.  The filter 

tip filled with the monomer solution was sealed with tape, and then was put into a 

water bath for thermal polymerization.  After the polymerization was completed, the 

tip-in monolith was washed with ethanol and then pure water to remove any unreacted 

reagents.  Subsequently, the coupling of IDA to the monolith surface was carried out 

by reacting with an aqueous sodium iminodiacetate solution.  Schematic illustration 

of the tip-in monolith is shown in Fig. 5-1.  As can be seen in Fig. 5-1, diameter and 

length of the cylindrical monolithic adsorbent were 4 mm and 3-4 mm, and its volume 

was 40-50 μl (ca. 20 μg).   

 

5.2.4 Measurement of chelating capacity 

 

A chelating capacity of the tip-in monolith was estimated from the amount of 

Cu2+ adsorbed on the monolith in the following manner.   First, a plenty amount (10 

mL) of 0.5 M Cu(NO3)2 aqueous solution (pH around 4.3) was passed through the 

tip-in monolith at a flow rate of 0.3 mL min-1.  Secondly, the tip-in monolith was 

rinsed with 10 mL pure water to eliminate Cu2+ ions remaining in the through-pores of 

the monolith.  Thirdly, the Cu2+ ions adsorbed on the monolith were eluted with a 

plenty amount (5 mL) of 2 M HNO3.  Finally, the concentration of Cu2+ in the eluate 

solution was measured by ICP-AES. 
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The chelating capacity was calculated from the following expression: 

 

Q  =   (C × V) / W 

 

Where Q (mmol g-1) is the adsorption capacity of the chelating polymer, C 

(mmol L-1) is the concentration of Cu2+ in the eluate.  V (L) and W (g) are the 

volume of the eluate and the dry weight of chelating polymer monoliths, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-1  Schematic illustration of tip-in chelating monolith 
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Table 5-2  Composition of the test solution used for the addition-recovery 

experiment 

 

Elementa) m/z Amount spiked b) 
/ µg L-1 Element m/z Amount spiked b) 

/ µg L-1 
Al  [Al(NO3)3] 27 10 Te  [TeCl4] 125 0.1 
Sc  [Sc(NO3)3] 45 1 Cs  [CsNO3] 133 0.1 
Ti  [Ti(SO4)2] 47 1 Ba  [Ba(NO3)2] 138 10 
V  [NH4VO3] 51 1 La  [La(NO3)3] 139 0.1 
Cr  [K2Cr2O7] 52 10 Ce  [Ce(NO3)3] 140 0.1 
Mn  [Mn(NO3)3] 55 1 Pr  [Pr(NO3)3] 141 0.1 
Fe  [Fe(NO3)3] 56 10 Nd  [Nd(NO3)3] 143 0.1 
Co  [Co(NO3)2] 59 1 Sm  [Sm(NO3)3] 147 0.1 
Ni  [Ni(NO3)2] 60 10 Eu  [Eu(NO3)3] 151 0.1 
Cu  [Cu(NO3)2] 63 10 Gd  [Gd(NO3)3] 157 0.1 
Zn  [Zn(NO3)2] 64 10 Tb  [Tb(NO3)3] 159 0.1 
Ga  [Ga(NO3)3] 69 1 Dy  [Dy(NO3)3] 163 0.1 
As  [As2O3] 75 1 Ho  [Ho(NO3)3] 165 0.1 
Rb  [RbCl] 85 0.1 Er  [Er(NO3)3] 167 0.1 
Sr  [SrSO4] 88 10 Tm  [Tm(NO3)3] 169 0.1 
Se  [SeO2] 82 10 Yb  [Yb(NO3)3] 172 0.1 
Y   [Y(NO3)3] 89 0.1 Lu  [Lu(NO3)3] 175 0.1 
Zr  [ZrO(NO3)2] 91 1 Hf  [HfCl4] 178 1 
Nb  [NbF5] 93 1 Ta  [TaF4] 181 1 
Mo [(NH4)6Mo7O24] 95 10 W  [Na2WO4] 182 10 
Ru  [RuCl3] 99 0.1 Pt  [H2PtCl6] 195 0.1 
Rh  [RhCl3] 103 0.1 Au  [AuCl] 197 0.1 
Pd  [Pd(NO3)2] 105 0.1 Pb  [Pb(NO3)2] 208 1 
Ag  [AgNO3] 109 1 Bi  [Bi(NO3)3] 209 1 
Cd  [Cd(NO3)2] 111 1 Th  [Th(NO3)4] 232 1 
Sn  [SnCl2] 118 1 U  [UO2(NO3)2] 238 1 
Sb  [SbCl3] 121 0.1    

  
 

 

 

 

5.2.5 Procedure for SCM-mode SPME 

 

The effect of sample pH on the extraction of trace elements from water samples 

was examined through the following experiment.  First, 50 mL of a pH-adjusted test 

solution containing 0.1, 1 or 10 μg L-1 each of metals and metalloids (as shown in 

Table 5-2) was loaded into the tip-in monolith at a flow rate of 0.3 mL min-1 by using 

a 50 mL-volume syringe.  Then, 1 mL of Milli-Q water was passed through the 

a) Chemical form of metal/metalloid in parenthesis denotes the reagent used for the element standard 
solution. 

b) The concentration in the final solution.  Each element standard solution was added to 0.1 M 
HNO3. 
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monolithic adsorbent at a flow rate of 1 mL min-1 to eliminate matrix elements 

remaining on the monolith to as low as possible level.  After that, trace elements 

adsorbed on the monolith were eluted with 0.9 mL of 2 M HNO3 and collected  in a 

test tube, into which 0.1 mL of internal standard solution (Ge, In, Re, and Tl; 10 μg 

L-1 each) was added for interference correction.  Finally, the eluate solution was 

subjected to the determination of trace elements by ICP-SFMS. 

 

 

5.3 Results and discussion 
 

5.3.1 Effect of porogenic solvent on porous property of monolith 

 

Support material bearing reactive epoxide groups in its matrix permits further 

modification with functional molecules and/or ligands.  To form such a reactive 

epoxide-containing polymer matrix, GMA was chosen and polymerized with EDMA 

as a cross-linker for forming a 3-dimensional network structure.  In general, there are 

several parameters that influence the porous properties and the resulting extraction 

performance, including the type and concentration of porogenic solvent, 

polymerization temperature and time, and the percentage of cross-linker and initiator. 
34  Among them, porogenic solvent in the polymerization mixture play the most 

important role in monolithic morphology.  Thus, the composition and ratio of 

porogenic solvent were first adjusted, taking into account the following points: low 

flow resistance and high surface area.  Low flow-resistance monoliths are preferable 

to reduce working pressure as low as possible, resulting in making manual operation 

easy, but such highly-permeable monoliths usually have low surface area and low 

adsorption capacity, leading to poor extraction performance.  According to previous 

papers and our preliminary results, in the present paper, two kinds of porogenic 

solvents, (1) a ternary mixture of 1-propanol, 1,4-butanediol, and water (P/B/W) and a 

binary mixture of cyclohexanol and toluene (C/T) were examined, where total 

monomer concentration (%T) and the proportion of cross-linker (%C) were fixed at 

30 (w/v) and 25% (w/w), respectively. 33,34 

The recipes of the polymerization mixtures used in this experiment are 

summarized in Table 5-3.  As in the case of monoliths in the capillary format, both 
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the ternary and the binary porogenic solvent systems gave rigid and macroporous 

monolithic materials.  The permeabilities of the monoliths were evaluated through 

the relationship between the flow volume (flow rate) and the pressure drop.  For the 

purpose, the flow volume in Milli-Q water was examined at a constant pressure of 5 

atm across the monolith.  As can be seen in Table 5-3, the flow volumes ranged from 

2 to 4 mL min-1 at 5 atm.  It was also found that the monoliths obtained from P/B/W 

ternary porogenic solvent were a little bit better than those from C/T binary porogenic 

solvent in terms of preparation reproducibility.    

 

 

 

Table 5-3  Compositions of polymerization reaction mixtures and characteristics of 
the monoliths 

 
In-tip 

Monolith 
Composition of monomers Composition of porogenic 

solvent 
Permeability (c)

(n=3) 
GMA EDMA %T %C C/T(a) P/B/W(b)

I 22.5 7.5 30 25 40:60, v/v - 3.4±0.4 
II 22.5 7.5 30 25 50:50, v/v - 3.2±0.5 
III 22.5 7.5 30 25 60:40, v/v - 2.1±0.4 
IV 22.5 7.5 30 25 - 30:60:10, v/v 3.4±0.3 
V 22.5 7.5 30 25 - 40:50:10, v/v 3.0±0.3 
VI 22.5 7.5 30 25 - 50:40:10, v/v 2.7±0.3 
VII 22.5 7.5 30 25 - 60:30:10, v/v 2.2±0.2 

a) Cyclohexanol/Toluene  b) 1-Propanol/1,4-Butanediol/Water   
c) Flow volume at 5 atm in Milli-Q water ( mL min-1)  

 

 

 

Figure 5-2 shows the mechanical strength of the produced monoliths.  Linear 

relationship was observed between the flow rate and the pressure drop in the range of 

up to at least 10 atm.  The SEM photos are also shown in Fig. 5-2.  Heterogeneous 

polymer globules with diameters of 3-8 μm were observed, and the globules were 

interconnected to form a monolithic structure.  There are no significant differences in 

morphology.  

As a result of the best balance of low-flow resistance, high surface area, and 

good preparation reproducibility, in the present paper, the ternary porogenic solvent of 

1-propanol, 1,4-butandiol, and water at the volume ratio of 5:4:1 was selected and 

used for further experiments .   
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Fig. 5-2  Relationship between flow rate and pressure drop 
□  monolith IV ○  monolith VI 

 

 

 

5.3.2 Coupling of IDA to monolith surface 

 

Iminodiacetate (IDA) is one of the most popular ligands with the ability to bind 

a variety of metal/metalloid ions. 40  Therefore, as the next step, the optimization of 

the coupling of IDA to GMA-based monolith was carried out.  The scheme for 

covalent attaching of IDA to epoxy group is shown in Fig. 5-1.   

The preparation of chelating monoliths with higher capacities is the most 

important subject.  The chelating capacity is dependent on many parameters such as 

the IDA concentration, reaction pH, reaction temperature, and reaction time.  In the 

present experiment, IDA concentration and reaction pH were optimized to obtain 

higher chelating capacity.  The prepared IDA solution was filled into the flowthrough 

pores of the tip-in monolith.  According to our preliminary experiments, reaction 

temperature and reaction time were set at 80°C and 20 h, respectively.  IDA 

modification solution was prepared by dissolving IDA and NaCl at a weight ratio of 

5:1 into 50 mL of 2 mol L-1 Na2CO3, and the solution pH was adjusted to the 

intended value with NaOH or HNO3.   

The effect of IDA concentration on the chelating capacity was first examined in 

0 1 2 3 4 5 6
0

2

4

6

8

10

Flow rate (mL min-1)

Pr
es

su
re

 d
ro

p 
(a

tm
) 



 64

the concentration range of 0.1 to 2 M.  Figure 5-3 shows the chelating capacity of 

the adsorbent as a function of the IDA concentration, where the reaction was carried 

out at pH 10.  It was found that maximum chelating capacity could be obtained at 

IDA concentrations higher than 1 M.  Figure 5-4 shows the variation in the chelating 

capacity with the pH of the 1 M IDA solution.  As the solution pH increased from 6 

to more alkaline pH values, the capacity increased and reached maximum value of 1.6 

μmol/tip for Cu(II).  According to these results, the optimum conditions of IDA 

concentration and reaction pH were found to be 1 M and pH 10, respectively. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-3  Chelating capacity as a function of IDA concentration 
Reaction time, temperature, and pH were fixed at 
20 h, 80°C, and 10, respectively 

 

 

 

5.3.3 Effect of sample solution pH on the recoveries of trace elements 

 

For quantitative recoveries of as many elements as possible from the 

IDA-bonded chelating monolith, the procedure for SPME was optimized with respect 

to sample pH, eluent type and its volume, as described in experimental section.  In 

order to obtain higher concentration factors, minimum requirement of the eluent was 

first examined.  Referring to previously reported data 41-43, nitric acid was used as an 

eluent, and the recovery of Cu2+ from the tip-in monolith was measured at different 

eluent conditions.  It was found from the experiment that over 85% of Cu2+ adsorbed 
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on the monolith was eluted only with 0.5 mL of 2 M HNO3, and that the adsorbed 

Cu2+ was almost completely (more than 95%) recovered under the elution condition 

of 0.9 mL of 2 M HNO3.  Thus, 0.9 mL of 2 M HNO3 was used for subsequent 

studies. 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 5-4  Variation in chelating capacity with the ring-opening 
reaction pH of epoxide with IDA. 
IDA concentration, reaction time, and temperature 
were fixed at 1 M, 20 h, and 80°C, respectively. 

 

 

 

Sample solution pH has significantly influenced both the chemical forms of 

ligand (IDA) and analytes (metals/metalloids) and the resulting adsorption of trace 

elements on the chelating monolith.  Then, the effect of sample pH on the recoveries 

for different elements was systematically examined in the range of pH 3 to pH 9.  

For the addition-recovery (adsorption-elution) experiment, a test solution shown in 

Table 2 was prepared and employed.  The solution pH was adjusted to the intended 

value just before passing through the tip-in monolith for SPME.   

The pH-dependent recoveries for 53 elements are summarized in Fig. 5-5.  As 

can be seen in Fig. 5-5, the produced IDA-bonded GMA-EDMA monolith provided 

different recovery characteristics for each element.  The recovery characteristics 

were essentially similar to those obtained with commercially available Chelex-100 

resin, which has IDA groups in a styrene-divinylbenzene matrix.   
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Fig. 5.5  pH-dependent recoveries for different metals and metalloids 
 

a. ●:Cu ○:Ni △:Zn ▲:Cd □:Mn ■: Sr ▽:Ba  
b. ▲:Th △:Pb ●:Co ○:Al  
c.  ○:Y ●:La △:Ce ▲:Pr  □:Nd ■: Sm ▽:Eu ▼:Gd
 ◇:Tb ◆:Dy ◎:Ho +:Er ×:Tm /:Yb /:Lu 
d. ○:Sc □:Ga ●:Ti ▲:Fe ▽:Bi ■:Sn  
e. ▲:V △:Hf ○:Zr ●:Mo □:W 
f. ■:U ○:Cr △:Ru ▲:Rh □:Te ●:Nb /:Ta \:Pt  

▽:As ◎:Au ■:Pd ◆:Ag +:Sb ▼:Se ◇:Rb ×:Cs 
 

 

In general, IDA-metal complex has higher stability constant at higher pH values, 

and then it is expected that the recovery (adsorption) would be enhanced by increasing 

the sample pH.  But, at pH values higher than 5, the hydrolysis of metals may have 
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an adverse effect on the recovery.  In the pH range of 4-6, therefore, maximum 

recoveries were obtained for a large majority of transition metals.  In the case of 

some elements such as V, Mo, W, Hf, and Zr, higher recoveries were obtained at the 

lower pH, and their recoveries exceeded 80% at pH 3.  The recoveries for several 

elements such as Au, Pd, As, Ag, Sb, Se, Rb and Cs were poor and did not exceed 

30% in the pH range examined.  The recoveries are strongly dependent on the 

chemical form of the element in the sample, and now a more detailed examination is 

in progress.  In any case, it was found that good recoveries exceeding 80% could be 

obtained for 28 elements at the pH value of 5.  Thus, further experiments were 

carried out at pH 5. 

 

5.3.4 Application to analysis of river water samples 

 

In order to validate the proposed SPME method, two river water CRMs, JSAC 

0301-1 and NMIJ 7201-a, were analyzed.  The analytical results are given in Table 

5-4, where 50 mL of river water sample was passed through the tip-in monolith.  The 

elements adsorbed on the monolith were eluted with 0.9 mL of 2 M HNO3, and into 

which 0.1 mL of internal standard solution was added, resulting in concentration 

factor of 50.  As can be seen in Table 5-4, the experimental values for JSAC 0301-1 

were in good agreement with the certified or information values.  The experimental 

values for NMIJ 7201-a were also in good agreement with the certified values, and the 

concentration levels of a total of 27 elements were provided.  

 

 

5.4 Conclusion 
 

A syringe filter tip fitted with a monolithic chelating adsorbent, tip-in chelating 

monolith, was prepared by in-situ copolymerisation of GMA and EDMA in the 

presence of a ternary porogenic solvent (1 propanol, 1,4 butanediol, water) and 

subsequent modification with IDA via epoxide opening reaction.  Extraction 

conditions were optimized to measure as many trace elements as possible with a 

minimum effort required for sample preparation.  As a result, adequate recoveries 

exceeding 80% for 28 elements were obtained at pH 5.  The proposed SPME method 
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was applied to the analysis of two certified reference materials, and good agreement 

was obtained between experimental values and certified or information values. 

 

 

Table 5-4  Analytical results for trace elements in CRMs  
(JSAC 0301-1 and NMIJ 7201-a) 

 
Element m/z JSAC 0301-1 / µg L-1 NMIJ 7201-a / µg L-1 

Observed valuea) Certified or referencec) value Observed valuea) Certified value 
Al 27 19.5  ± 0.1  19.0  ± 0.9  6.1 ± 0.2 6.1 ± 0.4 
Sc 45 (0.0036 ± 0.0002) b) 0.0025c) ± 0.0002 0.0042 ± 0.0001    
Ti 47 0.152  ± 0.011  0.148c) ± 0.005  0.072 ± 0.008    
Fe 56 4.2  ± 1.4  4.7  ± 0.3  2.04 ± 0.12 2.02 ± 0.14 
Co 59 0.0078  ± 0.0005  0.0080c) ± 0.0003  0.004 ± 0.001    
Ni 60 0.040  ± 0.002  0.032c) ± 0.002  0.047 ± 0.004 0.048 ± 0.002 
Cu 63 0.49  ± 0.01  0.57 ± 0.07  0.130 ± 0.002 0.137 ± 0.015 
Zn 64 0.22  ± 0.04  0.19 ± 0.03  0.278 ± 0.065 0.294 ± 0.013 
Ga 69 0.015  ± 0.001  0.013c) ± 0.003  0.0018 ± 0.0001    
Y 88 0.0042  ± 0.0003  0.0041c) ± 0.0001  0.0074 ± 0.0002    
Cd 111 0.0023  ± 0.0007  0.0023 ± 0.0007  0.0020 ± 0.0004 0.0018 ± 0.0002 
Sn 118 0.0057  ± 0.0009  0.0060c)  ± 0.0030  0.0132 ± 0.0006    
La 139 (0.00316  ± 0.00020)b) 0.00090c) ± 0.00003  0.015 ± 0.008    
Ce 140 0.00148  ± 0.00008  0.00112c) ± 0.00006  0.0058 ± 0.0002    
Pr 141 0.00029  ± 0.00001  0.00025c) ± 0.00002  0.00167 ± 0.00007    
Nd 143 0.00155  ± 0.00010  0.00147c) ± 0.00008  0.0065 ± 0.0002    
Sm 147 0.00041  ± 0.00003  0.00039c) ± 0.00006  0.00124 ± 0.00002    
Eu 151 0.00015  ± 0.00002  0.00013c) ± 0.00002  0.000338 ± 0.000007    
Gd 157 0.00067  ± 0.00004  0.00056c) ± 0.00004  0.00186 ± 0.00004    
Tb 159 0.000084 ± 0.000006  0.000076c) ± 0.000008  0.000204 ± 0.000005    
Dy 163 0.00061  ± 0.00002  0.00059c) ± 0.00002  0.00104 ± 0.00003    
Ho 165 0.00016  ± 0.00001  0.00014c) ± 0.00001  0.00024 ± 0.00001    
Er 167 0.00063  ± 0.00003  0.00053c) ± 0.00001  0.00071 ± 0.00007    
Tm 169 0.000115  ± 0.000007  0.000080c) ± 0.000006  0.000110 ± 0.000004    
Yb 172 0.00086  ± 0.00003  0.00068c) ± 0.00006  0.00074 ± 0.00005    
Lu 175 0.000226  ± 0.000008  0.000186c) ± 0.000003  0.000129 ± 0.000002    
Bi 209 0.000455  ± 0.000114  0.000053c) ± 0.000009  0.00127 ± 0.00007    

a) Mean ±standard deviation, n = 3.   
b) The value in the parentheses was close to the blank value.   
c) Reference 42 
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Chapter 6 Conclusion and Future Prospect 
 

 

6.1 Summary of the Present Research 

 
In the present research, the preconcentration techniques and tools for highly 

sensitive multielement analysis were developed.  In order to preconcentrate trace 

levels of elements as well as to eliminate a large amount of matrix elements, a 

down-sized chelating resin-packed minicolumn, tandem preconcentration, a syringe 

La-coprecipitation and tip-in chelating monolith were explored for determination of 

trace elements in natural water by ICP-MS. 

The down-sized chelating resin-packed minicolumn was constructed with two 

syringe filters (DISMIC 13HP and Millex-LH) and an iminodiacetate chelating resin 

(Chelex 100, 200-400 mesh).  The trace metals in 50 mL of original seawater 

sample were concentrated into 0.50 mL of 2 M nitric acid (100-fold 

preconcentration) and followed by multielement determination with ICP-MS.  The 

preconcentration and elution parameters such as the sample-loading flow rate, the 

amount of 1 M ammonium acetate for elimination of matrix elements, and the 

amount of 2 M nitric acid for eluting trace metals were optimized to obtain good 

recoveries and analytical detection limits for trace metals.  After optimization, the 

recoveries for most trace metals were larger than 85% with good reproducibility 

(standard deviation < 2%).  The analytical results for V, Mn, Co, Ni, Cu, Zn, Mo, 

Cd, Pb, and U in three kinds of seawater certified reference materials (CRMs; 

CASS-3, NASS-4, and NASS-5) agreed well with their certified values.  The 

observed values of rare earth elements (REEs) in the above seawater CRMs were 

also consistent with the reference values.  Therefore, the compiled reference values 

for the concentrations of REEs in CASS-3, NASS-4, and NASS-5 were proposed 

based on the observed values and reference data for REEs in these CRMs. 

A tandem preconcentration method integrating chelating resin adsorption and La 

coprecipitation was developed for the determination of as many elements as possible 

with a limited volume of sample, and applied to an analysis of Lake Baikal water by 

high-resolution ICP-MS.  As a result, a total of fifty-six elements were determined 

in Lake Baikal water: Ca, Na, Mg, K, Si, Sr, B, Li, Ba, P, Fe, Al, Mo, Zn, Mn, Rb, U, 
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As, V, Cu, Pb, W, Y, Cs, Se, Cr, Ni, Ti, Sb, Zr, Sn, Co, Cd, Rh, Te, Hf, Nb, Ru, Ga, 

Sc, Th, Bi, and all-rare earth elements (all-REEs), except for Pm.  The 

concentrations of these elements covered a range of nine orders of magnitude, from 

approximately 17 µg mL-1 of Ca to less than 50 fg mL-1 of Tm.   

A lanthanum (La) coprecipitation method with low sample consumption was 

explored for the preconcentration of oxo-anion forming elements prior to a 

measurement by inductively coupled plasma mass spectrometry (ICP-MS).  The 

preconcentration procedure was composed of two main steps: (1) the formation of a 

coprecipitate with the lowest possible La and (2) the redissolution of target analytes 

with a minimal use of nitric acid, and the elimination of a high concentration La from 

the analysis sample.  Each step was performed in a 25 mL-volume syringe to reduce 

the sample consumption and to avoid contamination from the experimental 

environment.  The thus-obtained method was evaluated through the analysis of 

seawater reference materials (CASS-4 and NASS-5).  The recoveries exceeded 80%, 

and the observed values were in good agreement with the certified values. 

A tip-in chelating monolith has been developed for simple and facile SPME of 

trace elements in natural waters.  The tip-in monolith was prepared by two-step 

processes: 1) in situ polymerization of glycidyl methacrylate (GMA) with ethylene 

glycol dimethacrylate (EDMA) and 2) subsequent modification with iminodiacetate 

(IDA) via ring opening reaction of epoxide within confines of a commercially 

available syringe filter tip.  In order to make a rigid-porous material that has high 

permeability and ample surface area as much as possible, the composition of 

porogenic solvent was first optimized.  After that, to obtain higher chelating capacity, 

the pH and concentration of the IDA modification solution were examined.  Good 

recoveries of more than 80% were obtained for 28 elements including REEs, Fe, Co, 

Ni, Cu, Zn, Ga, Pb and Th in a single extraction step.  The proposed SPME method 

was validated through the analysis of two river water certified reference materials 

(CRMs: JSAC 0301-1 and NMIJ 7201-a). 

 

 

6.2 Future Prospects of Preconcentration Techniques for Trace 

Elements in Natural Water 
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The information on the concentration levels and the distributions of trace 

elements is required to understand their behavior in aquatic environment including 

geochemical background, bioavailability and toxicities.  However, direct 

determination of trace elements in natural water is still difficult even, because the 

concentration of trace element in natural water are very low and the high 

concentration of matrix element.  In the present research, quite simple and 

practically useful preconcentration tools and techniques were developed.  In the 

down-sized chelating resin-packed minicolumn method, only 50 mL of sample was 

used for 100-fold preconcentration of trace elements.  The advantages of this method 

include small sample requirement and no needs for special apparatus.  Then, the 

methods developed might be applied to on-site pretreatment.  

Iminodiacetate-type chelating resin has low affinities for elements in anionic 

forms in the sample solution.  Then, it is difficult to preconcentrate oxo-anion 

forming elements such as As, Se, Mo, and W and chloride complex forming elements 

such as Pd, Pt, Ag, and Au.  In the present paper, tandem preconcentration technique 

was exploited.  Development of element-selective chelating resin or monolith will be 

another important research subject.  In the present research, a GMA-EDMA polymer 

monolith was modified with iminodiacetate as a functional group for preconcentration 

of transition metals in natural water.  Organic polymer monolith has more potential 

in further modification with a variety of functional groups for element 

selective-chelating.  There are many functional groups such as 

iminodiacetonitrile-hydroxylamine (IDAN), α-amino pyridine (AP) and 

8-hydroxyquinoline (8-HQ), etc.   

Speciation of trace elements in natural water samples is another important and 

challenging subject, because the geochemical cycles of trace elements are strongly 

dependent on their chemical forms.  At the next step, thus, I would like to develop a 

hyphenated system for the separation of chemical species and the inorganic trace 

analysis. 
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