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Preface 

The work in this thesis was performed during two periods of time. The first 
period between 1993 and 1999 was ended by a licentiate degree and it in-
cludes Paper I and Paper II. The name of the Licentiate thesis is Analytical 
properties of an Agarose-Iminodiacetate Chelating Adsorbent Used for the 
Preconcentration of Trace Metal Ions in Water Prior to the Determination 
by ICP-AES. During those years I was married and gave birth to my two 
lovely children. The second period was between 2007 and 2011 and ended 
up with this doctorial thesis and in addition to Paper I and Paper II, also Pa-
per III and Paper IV are included. During 2007 to 2009 I was, beside my 
PhD studies, teaching in Analytical Chemistry at Mälardalen University in 
Eskilstuna, Sweden. In fact, starting with my second period of PhD studies 
was a long lasting dream coming true, and also an opportunity to raise my 
competence as a lecturer at Mälardalen University, where I had been teach-
ing in analytical chemistry since 2000. 

In Paper I and II my name Noresson is my name by marriage and in the 
other papers I have my maiden name Kollander.  

Since the work in this thesis is written during two periods of time span-
ning over almost two decades, development of the analytical instruments 
have proceeded. So what were “high tech” applications in 1990 are today 
rather old techniques. Therefore I have tried to put some effort on explaining 
the differences between the analytical instruments that I have used.    
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Abbreviations 

8-HQ 8-hydroxy quinoline 

CAP binding capacity 

CCD charge coupled device detector 

CL confidence limit 

EDTA ethylene diamine tetra acetic acid 

GEC Glass Expansion concentric nebulizer 

i.d. inner diameter 

ICP-AES inductively coupled plasma atomic emission spectrometry 

ICP-MS inductively coupled plasma mass spectrometry 

IDA iminodiacetate 

IEC inter element correction 

IS internal standard 

L ligand 

LOD limit of detection 

LOQ limit of quantification 

M metal ion 

M-L metal ion - ligand complex 

M-R metall ion - sorbent complex 

NIST National Institute of Standards and Technology, USA 

OBAS on line buffering of acidified samples 

PBS phosphate buffer saline 

PMT photo multiplier tube 

PS-DVB polystyrene divinyl benzene 

R sorbent 

RSD relative standard deviation 

sd standard deviation 

SRM standard reference material 

TEWB trace element in whole blood 

TOFMS time of flight mass spectrometry 

UV ultraviolet 
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Introduction 

Analysis of the elemental composition of all kind of materials is needed in 
every existing field in the modern society today. The information is needed, 
not only for developing industrial processes, but also for better understand-
ing of the chemical reactions going on in nature and in the every day life of 
mankind. An increased knowledge of the elemental composition and the 
natural variations could help us to make more sustainable decisions about 
dealing with the resources of this earth.  

In the early nineteenth century, the Swedish chemist and scientist Jacob 
Berzelius describes, in his book “Föreläsningar i Djurkemien” (eng: “Lec-
tures in Animal Chemistry”) [1], the occurrence of Na, K, ammonia, lime, 
talcum, phosphoric acid, and Fe in “animal substances” (swe: djurämnen) in 
body fluids. Ever since the knowledge about different elements and their 
function in living beings has increased enormously, and today the K, Na 
among other constituents in blood are checked routinely in hospitals world 
wide [2] where their concentrations help to give an estimate of the health 
status of the individual. More thorough analysis of blood including trace 
elements could reveal information of life style, food intake and possible poi-
soning [2-4]. Other body fluids that also reveal important information in 
medicine are urine and cerebrospinal fluid [5-7]. Additionally, the elemental 
composition in various organs more and more shows to be important when 
understanding the development of diseases [8] like, for example, Alz-
heimer’s [9-11], Parkinson’s [5, 7], breast cancer [12], and asthma [13]. 

The cause of a disease could be both of individual origin but also caused 
by environmental factors and history has given us a long list of toxic ele-
ments that have caused medical harm. There are numbers of stories where 
mankind has discovered new applications of elements that by first sight seem 
only promising, and later turn out to end up at toxic levels in nature and in 
our bodies [14]. Therefore knowledge of both natural and anthropogenic 
concentrations of different elements in nature and in living beings, is, and 
will be of utmost importance for a very long period of time. 

Among the analytical instruments most commonly used for multi element 
analysis are ICP-AES (inductively coupled plasma atomic emission spec-
trometry) and ICP-MS (inductively coupled plasma mass spectrometry), and 
the number of analytical applications is tremendously large. The simplicity 
to obtain almost total elemental information from pg/g to mg/g of a sample 
at the same time is the advantage of these instruments. The ICP-AES is not 
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as sensitive as ICP-MS, but is instead much more tolerable against heavy 
sample matrices. When a sample is introduced into the ICP instrument there 
are many physical parameters and chemical reactions that will influence the 
emission signal, and both sample characteristics and properties of the in-
strumental parts in the ICP play major roles [15, 16]. Sample properties like 
viscosity, surface tension, composition and concentration of elements, ho-
mogeneity, and amount of any suspended particles alter the emission signals 
in different ways [17-21], and “since sample introduction is the principal 
means by which the analyst can tailor the performance of ICP-AES or ICP-
MS to particular analytical tasks”[16], this is a large area for research. 

The analyses with ICP-AES and ICP-MS are for many liquid samples 
straightforward and only dilution might be needed if the concentrations are 
too high, which is more common for ICP-MS. However, for measurements 
of low concentration elements in difficult matrices, such as trace metals in 
seawater, both preconcentration of analytes and elimination of matrix ele-
ments can be needed [17-25]. Sometimes there is also an interest for speci-
ation [31-35], and then some kind of separation of the species must be per-
formed prior to the measurement with the ICP.  

For elemental analysis of non liquid samples there is traditionally some 
kind of digestion or dissolution step included [5-7, 11, 12, 36-42] prior to 
analysis with ICP-AES or ICP-MS. These sample preparation methods could 
in the worst case last for several hours or days. By excluding this step not 
only the time of the total analysis is reduced substantially, but also, it leads to 
less risk for contamination of the sample from digestion reagents, and re-
duced consumption of destructive chemicals, which is of concern both envi-
ronmentally and for occupational health. Moreover, losses of analytes espe-
cially volatile ones are minimized by using a softer sample preparation tech-
nique. Analysis of non-digested material, i.e. slurries, of both inorganic and 
organic materials by different plasma techniques, is of great concern due to 
additional reasons. The limited dilution in slurry analysis is beneficial be-
cause it enables analysis of elements present at low concentrations in the 
sample, which after a digestion procedure would have ended up in concentra-
tions below the detection limit of the instrument. It is also advantageous when 
the amount of sample is limited, which could be important in analysis of 
samples with, for example, medical or forensic origin.  

The success for an analytical method regarding accuracy and reproduci-
bility depends highly on the possibility to correlate the analyte signals in the 
sample to calibration measurements. If the sample is simple to mimic the 
calibration is straightforward since the analytes are affected in the same way 
in sample and calibration solutions [26-32]. In the case for more complex 
samples, some of the differences in the analyte signal that might occur due to 
matrix effects from the sample, could be compensated for by evaluation with 
internal standard [33-44], standard addition, or sometimes with inter element 
correction (IEC). 
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In this thesis two different approaches of sample preparation are presented 
and evaluated regarding multi element quantification in complex samples. 
Sensitivity, repeatability, reproducibility and accuracy were investigated. 
The aim was to increase the over all efficiency, the speed of analysis, and/or 
the sensitivity of the analytical method. An efficient analytical method is 
able to quantify as many elements as possible with concentrations ranging 
from below ng/g to mg/g at the shortest time achievable with as few steps as 
possible. The aim was also to study chemical and physical processes occur-
ring during the sample preparation, the sample transport to the plasma, and 
the atomization therein.  

In the first sample preparation method presented, a sorbent with special 
characteristics was used for preconcentration of analytes, and matrix elimi-
nation in natural water samples (Paper I and II). The sorbent, Novarose™, is 
a hydrophilic highly cross linked agarose gel that tolerates higher pressures 
than other adsorbents, and thus higher flow rates through the column is pos-
sible. It can be synthesized with different functional groups, and in this work 
iminodiacetate (IDA), which has a high selectivity towards the transition 
metal ions, was investigated. This sorbent had not been tested for these ap-
plications earlier. The sorbent was synthesized with different capacities 
(µmole/ml), and the effect of capacity on preconcentration, matrix elimina-
tion, and speed was studied. A relationship between the sorbent capacity and 
quantitative uptake is described and used for estimating the optimum capac-
ity for each analyte regarding preconcentration and matrix elimination in a 
specific water sample. 

In Paper III and IV a method for sample preparation of non digested bio-
logical samples before multi element analysis by ICP-AES, is presented and 
applied on different organs from animals. This “mix and measure method” 
consists of a simple homogenization of the sample with a mixing rod in a 
small amount of neutral media, followed by dilution and direct measurement 
with ICP-AES. The total time of analysis is only a few minutes and to my 
knowledge, the fastest reported for these kinds of samples. The ability for 
this fast method to accurately quantify some elements of toxic, environ-
mental, and/or physiological concern with the lowest possible sample dilu-
tion and the highest possible plasma load was evaluated. Quantification with 
matrix matched calibration solutions, with and without internal standard, was 
investigated, as well.  
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The Analytical Instrument 

A schematic picture of an ICP-AES (Spectro Ciros CCD) is presented in 
Figure 1. In the figure the passage of the sample trough the analytical in-
strument could be followed, from the sample vessel to the read out on the 
computer. 

The sample, often a liquid, is sucked into the system by a peristaltic pump 
and the sample solution is transformed to a mist by a nebulizer. The size of 
the droplets and the amount of droplets formed depends on the characteris-
tics of the sample, as well as on the kind of nebulizer used [15]. The nebuliz-
ers used in this work are presented in Figure 2. The glass concentric nebu-
lizer (of Meinhard type later referred to as GEC) is known to be one of the 
most sensitive [16] and is also the most frequently used for aqueous solu-
tions. For coarser samples with a large fraction of non dissolved material 
nebulizers like, for example, Burgener and Cross Flow are more often used 
[16]. The main differences are the inner diameter of the sample inlet tube 
and how the spray is formed when the sample mixes with argon. 

Larger droplets are filtered away in the spray chamber and only the finest 
droplets follow the argon flow to the plasma. The properties of the spray 
chamber also have an impact on how much sample that enters the plasma. 
The different spray chambers used in this thesis are the two most commonly 
used, Scott double pass (in Figure 1) and Cyclonic. Generally, the double 
pass type provides the finest aerosol, whereas the cyclonic design offers 
higher efficiency, but with a broader particle size distribution [16]. If many 
large droplets enter the plasma the temperature drops and the emission sig-
nals are affected.  

The torches, of Fassel type, are the most common in modern instrumenta-
tion. Slight differences in the injector tube inner diameter are used to opti-
mize the performance by selecting smaller inner diameters for particle free 
solutions and somewhat larger inner diameters for samples with high particle 
contents or slurries. A torch commonly used for particle free solutions was 
used in all the works of this thesis. 

In the plasma atomization and ionization of the elements in the sample 
depends on the temperature, power, number density of free electrons, radia-
tion by photons, kinetics among other things [45]. The emission is therefore 
indirectly also dependent on all of those parameters. Moreover the contin-
uum part of the spectra is also influenced and proper background corrections 
are of outmost importance. 
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Figure 1. Schematic picture of an ICP-AES with axial plasma (Spectro Ciros CCD). 
Published with the kind permission of Spectro Analytical Instruments, Kleve, Ger-
many. 

 
 

Glass Concentric Nebulizer
200 µm I.D, sample flow rate 1.8 ml/min

Cross Flow
500 µm I.D, sample flow rate 1.5 ml/min

Burgener T2100
750 µm I.D, sample flow rate 1.5 ml/min
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Figure 2. Schematic pictures of nebulizers used. The differences between the nebu-
lizers are the inner diameter and how the spray is formed when the sample mixes 
with argon. The picture of Burgener T2100 is published with the kind permission of 
John Burgener, Burgener Research Inc, Ontario, Canada. 

 
 
Axial sampling of the photons gives a more inhomogeneous light pass ac-

cording to temperature compared to a radial light path. The radial light path 
is known to give a more interference free determination of many elements 
from complex samples while the axial gives a higher sensitivity.  
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The detection of the photons could be performed in several different ways 
and below the techniques in the instruments used in this work are discussed. 
In the beginning of the 1990’s the instruments for inductively coupled 
plasma emission most often used photomultiplier tubes (PMT) as detectors 
and each wavelength was directed to the detector either by a polychromator 
or a monochromator. The number of wavelengths that could be measured 
simultaneously was determined by the number of photomultiplier tubes that 
could be mounted inside the spectrometer. Although there is a possibility to 
mount many PMT:s in the spectrometer with the help of mirrors, the PMT is 
quite expensive and the price of a multi element instrument is high. 

In the end of 1990’s a new type of detector entered the ICP instruments, 
the charge coupled device (CCD). Since this detector was much smaller than 
the PMT (and cheaper), many more CCD:s could be mounted in the spec-
trometer and thus collection of an almost infinite number of wavelength 
simultaneously became possible. However, due to its small size the CCD is 
not as sensitive as the PMT which collects photons on a larger surface. On 
the other hand, resolution becomes better if the photon collecting area is 
smaller, at least as long as the optical resolution is superior. Building a CCD 
is thus a compromise between sensitivity and resolution. For example, in our 
CCD instrument (Spectro Ciros CCD), the resolution is 20 pm instead of 8-9 
pm in our PMT instrument (Spectroflame Modula P). Also the time for pho-
ton detection is of importance. To collect a measureable amount of photons 
on its smaller surface area the CCD needs more time than the PMT, and time 
is also needed to “empty” the CCD. With a CCD the whole spectra could be 
measured in about 0.1 to 1 s. This should be compared with several thou-
sands of measurements per second with the PMT. That means - with its cur-
rent performance, the CCD:s is not the best choice when measuring fast 
changes in intensity, like from an eluting column in high performance chro-
matography [46]. 

Nowadays the development moves towards faster CCD detectors and 
there are also instruments based on this technique available with higher reso-
lution, for example Spectro Arcos which has a resolution of around 8 pm. 
The challenge is to collect enough photons to achieve high resolution and 
faster measurements of all wavelengths (126 to 800 nm) simultaneously. 

In addition to the introduction system, torch, sampling and detection of 
the photons also the instrumental settings influence the emission signals. 
There are many reports published where plasma power, argon flow rates for 
plasma and nebulization, sample flow rate etc have been studied [33, 34, 47-
53]. In some reports different elements are affected in dissimilar ways of 
changes in the instrumental settings. In the water analyses performed in Pa-
per I and II the manufacturer’s recommendations were followed. In Paper III 
and IV multi element analysis in complex matrices was the goal, and thus a 
compromise was required in the selection of instrumental settings in order to 
be able to sufficiently well analyze as many elements as possible. Some ini-
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tial studies of the affect of plasma power on the analyte signal when increas-
ing the sample load was performed. From there all settings were optimized 
by maximizing the signal for Mn 257.611 nm.   

The instruments used in this thesis 
Spectroflame ICP-AES (Paper I and II) 
The Spectroflame Model P ICP-AES was introduced in 1990 and it allowed 
the use of both polychromators and a monochromator. Our instrument had a 
total of 32 fixed wavelengths mounted in three separate polychromators and 
one monochromator with a scanning option from 210 to 465 nm. The light 
was transported from the radial plasma to the polychromators by optical 
fibres except for the vacuum UV- polychromator. At that time Spectroflame 
was a modern and advanced instrument. The acquisition time was very fast 
and transient measurement could easily be performed. Most of the 32 wave-
lengths were chosen due to their sensitivity and there lack of interferences. 
For some elements that naturally occur in high concentrations in many sam-
ples, like Ca, the second or third most sensitive line was chosen. The ele-
ments and wavelengths measurable are listed in Table 1.  

Spectro Ciros CCD ICP-AES (Paper III and IV) 
The Spectro Ciros CCD was introduced in 1999 and it simultaneously meas-
ures the whole spectra from 126 to 766 nm with a resolution of 20 pm. For 
each run the software saves the whole spectrum, making it easy to at a later 
occasion, look at other lines of interest. This is really advantageous in an 
analytical point of view, both for detection of unknown analytes in the sam-
ple, and for the evaluation of known analytes. Analytes can be evaluated 
with several emission lines simultaneously and different internal standards 
with accompanying emission lines can be used either in real time or at a later 
occasion. Plasma conditions can also be studied by following intensity 
changes for both atomic and ionic lines [47, 48, 50] of the analytes when 
introducing samples of different character (Paper III). The shortest integra-
tion time is around 3 s and that is to slow for doing transient measurements 
which is one of the drawbacks with this instrument. In this instrument the 
plasma is axial. 
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Table 1. Properties of emission wavelengths measurable with Spectroflame ICP-
AES (bolded figures) together with a selection of commonly used lines with Ciros 
CCD. 

Element Atomic (I) 
or Ionic 
(II) line

Element Atomic (I) 
or Ionic 
(II) line

eV eV

Al 167.078 II 32016 13.5 Mo 202.032 II 640000 13,2

396.153 I 936 3.1 Na 589.592 I 640000 2,1

Ar 430.010 I 400 2.9 Ni 231.603 II 8000 13,0

356.4 221.648 II 48000 13,2

As 193.696 I 3200 6,4 Pb 220.353 II 20 13.1

B 182.64 I 1200 6.8 168.215 II 20 14.8

208.889 I 140 5.9 P 177.495 I 2400 7,0

Ba 455.404 II 1000000 8,0 178.287 I 2000 7,0

233.257 II 16000 10,6 213.618 I 1600 5.8

Bi 223.1 I 10800 5,6 S 180.731 I 6400016 6.9

C 193.091 I 8000 6.4 182.034 I 4360016 6.8

Ca 396.847 II 840 9.3 Sb 217.581 I 10000 14,3

317.933 II 560 10.1 Sc 361.384 II 476 10,0

422.673 I 100 2.9 335.373 I 471 10.3

Cd 214.438 II 8000 14.8 Se 196.026 I 2000 6,3

228.802 I 10000 5.4 203.985 I 2000 6,1

Co 228.616 II 8000 13.7 Si 251.612 I 2000 4.9

238.892 II 2000 13.8 Sn 189.989 II 22 13,9

Cr 267.716 II 11200 11,4 Te 214.281 I 224000 5,8

205.552 II 23200 12,8 Sr 407.771 II 688000 8.8

Cu 324.754 I 100000 3.8 460.733 I 496000 2.7

327.396 I 160000 3,8 Ti 334.941 II 176000 10.6

Fe 259.94 II 16000 12.71 334.187 I 42800 3,7

238.204 II 8000 13.1 Tl 190.86 II 45 12,6

K 766.491 I 45 1.6 V 311.071 II 18400 10,7

404.721 I 27 3,1 W 207.911 II 74800 13,9

La 433,373 II 34400 8,4 Y 371.029 II 184000 9.6

Li 670.78 I 123000 1,9 324.228 II 48800 10,1

Mg 279.553 II 476 12.1 Zn 213.856 I 3200 5.8

280.27 II 456 12.1 206.191 II 2000 15,5

285.213 I 2016 4.4 Zr 343.823 II 34800 10,5

Mn 257.611 II 176000 12.3

259.373 II 48800 12,3

Energy sumEmission 
wavelength 

nm

Ciros CCD 
Relaitve 
Intensity

Emission 
wavelength

nm

Ciros CCD 
Relaitve 
Intensity

Energy sum
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Sample pretreatment 

The Samples 
This thesis deals with two kinds of sample types, water (Paper 1 and II) and 
physiological samples (Paper III and IV), and in Table 2 the concentrations 
of various kinds of elements is listed for lake water, seawater (not analyzed 
but interesting for comparison), whole blood and liver. Interestingly, there 
are more similarities between these samples than one might expect. Firstly 
the concentration of so called toxic elements Pb, Cd, and Hg are fortunately 
very low, below µg/l, with the exception of liver where the concentration 
could be 500 µg/l and higher. Analysis of these elements demands high sen-
sitivity methods and for both sample types it is “a search for the needle in the 
haystack”. Secondly the concentration of alkali and alkaline earth metal ions 
are much higher and readily can affect the determination of the low concen-
tration elements [49-51, 54]. The water content in mass % of blood and liver 
are approximately 80 and 70% respectively, meaning that water is the major 
constituent just like in lake water or sea water. Regarding differences in the 
elemental composition the carbon content leap out in the physiological sam-
ples, and of course this is due to proteins and other organic molecules in the 
physiological samples. In seawater the organic carbon content is low but in 
some lake waters, especially forest lakes [55], it could be raised due to hu-
mic substances. Inorganic carbon is present mostly as the carbonic acid sys-
tem (CO2, H2CO3, HCO3

-, CO3
2-). In physiological samples the carbonic acid 

system is a part of the cell breathing and in lake waters the concentration 
depends on geological composition in the area.  The concentration of Zn, Cu, 
Fe and P are much lower in water than in the physiological samples, whereas 
Mg is higher.  

In Paper III a whole blood reference material (Seronorm™ Trace Element 
Whole Blood L-3, Sero AS, Billingstad, Norway) was used as a test sample. 
The whole blood was suitable since analytical values of the elements of in-
terest were available, and the fact that whole blood contains a lot of cells, 
cell-membranes and other ingredients that are expected in a physiological 
sample. Others have analysed whole blood by ICP-AES or ICP-MS but for 
digested [5, 7, 32, 56-59] or more diluted samples [3, 4, 35, 39, 60, 61].  
Initially analysis of a bovine liver standard reference material (NIST SRM 
1577a Bovine Liver, NIST, Boston, MA, USA) was performed. However, 
the suggested sample preparation method did not manage to homogenize 
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some of the crystal like aggregates in the freeze dried liver sample. These 
aggregates caused frequent clogging in all the sample introduction systems 
tested and only a few results were obtained. In Paper IV the NIST SRM 
1577a Bovine liver was used for checking the accuracy of the conventional 
acid digestion method.  

Fresh liver is analyzed both in Paper III and Paper IV and it is a good 
choice of sample for method development of multi element analysis for sev-
eral reasons. There are plenty of samples available, and since the liver is one 
of the “cleaning factories” of the body, many toxic elements are enriched, 
which make the quantification slightly easier. The analysis of liver samples 
is also of importance for liver as food [62] and for liver as medical sample in 
biopsies or autopsies [63]. Liver is also used as an environmental indicator 
due to the enrichment of toxic elements like Pb and Cd and thus the elemen-
tal composition reveals information on the bioavailability of the elements in 
nature [64].  

The analyses of different kinds of organs, not only liver, are of major in-
terest in medical studies, and in Paper IV several organs from mice were 
analyzed. The mice organs were unused parts from a medical study of a new 
medical substance (not published). The mice were kept at similar conditions 
and got the same food, and the only thing that differed was if the mouse got 
the new substance or not (unknown for the author). The reason for analyzing 
the mice organs in this study was solely to present the abilities of a new 
method for multi element analysis in various organs, and not to draw any 
medical conclusions. 
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Table 2. Approximate concentration ranges for elements in samples analyzed in this 
thesis; lake water, whole blood and liver. Seawater is added for comparison. 

Element Lake waterab Seawaterb Whole bloodc Liverc (fresh) 

mg/l mg/l mg/l mg/kg

Al 0.044-0.306 0.001 0.1 - 0.72 1.6 - 2.6
Br 67.3 1.3 - 8.1 2
Ca 0.5 - 15 411 57.5  -78 33 - 60
Cd 0.000005 - 0.0001 0.0001 0.001 - 0.007 0.52 - 4.94
Co < 0.0002 - 0.0012 0.0004 0.0003 - 0.099 0.15 - 0.8
Cr 0.0001 - 0.00035 0.0002 0.0065 - 0.107 0.005 - 0.27
Cl 0.06 - 2 19400 2590 - 3290 838 - 1560
Cu 0.0003 - 0.001 0.0009 0.64 - 1.28 3.2 - 7.4
Fe 0.05 - 2.2 0.003 301 - 530 90 - 185
Hg 0.00003 0.00015 < 0.005 - 0.02 0.0005 - 0.25
I 0.064 0.015 - 0.072 0.2
K 0.3 - 0.8 392 1450 - 1920 1740 - 2450
Mg 0.5 - 10 1290 27.1 - 45.5 0.09 - 0.12
Mn 0.008 - 0.553 0.0004 0.0016 - 0.075 1.91
Na 0.5 - 2.3 10800 1710 - 2050 564 - 1700
Ni < 0.0009 - 0.0012 0.0066 0.0048 - 0.11 0.009 - 0.32
P 0.01 - 0.1 0.088 311 - 510 2020 - 3030
Pb 0.0003 - 0.0011 0.00003 0.088 - 0.40 0.8 - 2.3
Rb 0.12 1.17 - 5.98 7 - 12.6
S 904 1680 - 1930 2000  -3000
Se < 0.00002 0.0009 0.057 - 0.320 0.1 - 0.68
Si 2.9 1.2 - 8.9  7- 34
Sr 8 0.016 - 0.095 0.018- 0.06
Zn 0.004 - 0.025 0.005 4.8 - 9.3 31-81

C 4 - 16 0.3 104000 144000

N 0.3 - 5 15.5 31000 28000

H20 97% 80% 70%

a Hans Borg, Hydrobiologia, 101 (1983) 27
b Stumm et al., Aquatic Chemistry: An introduction Emphisizing Chemical Equilibria in Natural Waters, 2ed, 

John Wiley and Sons, Inc., USA 1981
c Iyengar et al., The Elemental composition of human tissues and Body Fluids, Weinheim 1978, Verlag Chemie
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Preconcentration and matrix elimination in analysis of 
water 
In analysis of water samples the concentration of some elements are to low 
to be measured directly while other elements have a concentration high 
enough to interfere with the analysis. Different kinds of sorbents, mostly 
packed in a column, have been used for preconcentration of the analyte, 
elimination of major cations or anions from the matrix [18-25], and speci-
ation [65-69]. The efficiency of a sorbent in removal of the analytes from the 
matrix ions is determined by its selectivity towards the ions of interest and 
its total capacity. A high capacity sorbent with low selectivity will also cap-
ture matrix elements that can co-elute with the analytes and cause interfer-
ences. A low capacity sorbent will enrich less matrix ions but will demand a 
higher specific capacity to the analytes since both the equilibrium constant, 
and its kinetics will determine the extent of the uptake of the analyte from 
the percolating solution. Hence, arguments can be raised both in favour of 
large and of low capacity sorbents in trace element preconcentration. The 
capacity, the equilibrium constant and the kinetcis will also determine the 
highest flow rate possible for quantitative enrichment, which is of interest if 
large sample volumes are to be enriched.  

In Paper I, the performance of a cross-linked agarose iminodiacetate ad-
sorbent (IDA-Novarose™) of different capacities was synthesized and 
tested. The effect of the specific capacity and matrix composition on the rate 
of uptake and recovery of two metal ions was studied, Cu2+ with a high affin-
ity to the adsorbent, and Cd2+ with a moderate affinity. In Paper II Co2+, Cr3+, 
Fe3+, Mn2+, Ni2+, and Zn2+ also were included and their adsorption properties 
were also elucidated in the presence of humic acid or EDTA (ethylene dia-
mine tetra acetic acid). To further investigate the performance of IDA-
Novarose, the concentrations of these eight transition elements were deter-
mined in three different natural waters after column enrichment. 

The IDA-Novarose™ adsorbent 
Novarose™ is a patented highly cross-linked agarose gel available in differ-
ent particle sizes and with different exclusion limits. The hydrophilic Nova-
rose™ has a high and well distributed porosity and tolerates solutions with 
pH from 1 to 14. The bromohydrine activated adsorbent makes it possible to 
attach different functional groups to the adsorbent via a spacer arm, prefera-
bly by an amino linkage. The spacer arm consists of a hydrocarbon chain of 
4 to 16 carbon atoms and holds the functional group away from the surface 
of the Novarose bead. The Novarose™ is manufactured by Inovata AB, 
Stockholm, Sweden.  

In this work iminodiacetate (IDA) has been used as the functional group. 
IDA is the same chelating group as in the commonly used chelating agent 
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EDTA which has two “IDA-groups”. The selectivity towards transition 
metal ions is due to the combination of nitrogen and oxygen donors [70] and 
it forms 1:1 complexes with divalent and trivalent metal ions. Since IDA-
Novarose is negatively charged in the medium pH range it also function as 
an cation exchanger. In that case the cations are easily bounded and easily 
displaced, for example, by the ammonium ion in an ammonium acetate-
acetic acid buffer solution. The synthesis of IDA-Novarose of different ca-
pacity is readily performed [71] and in Paper I, adsorbents of different ca-
pacities were synthesized. Generally, the capacity of sorbents ranges from 
µmol/ml of bed volume in low capacity sorbents to mmol/ml in high capac-
ity sorbents [72], and in this work capacities from 6 to 140 µmol/ml were 
used. The adsorbents are named by their functional group, IDA, followed by 
their capacity in µmol/ml. For example, IDA45 refers to the IDA-Novarose 
adsorbent with a capacity of 45 µmol/ml.  

IDA-Novarose is normally intended for separations of proteins, especially 
those containing histidine [73]. The application of IDA-Novarose to the 
preconcentration of metal ions was new at the time of the work of Paper I 
and II. From 1999 a few more articles have been published using Novarose 
sorbents for preconcentration of metal ions [69, 74, 75]. 

IDA-Novarose compared to other adsorbents 
Compared to a commercially available IDA-adsorbent, Chelex®-100 (Bio-
Rad Laboratories, USA), IDA-Novarose was remarkably faster in the uptake 
of many metal ions [76-80], and thus higher flow rates through the enrich-
ment column can be used. Furthermore IDA-Novarose does not have the 
problems with shrinking and swelling at different pH as Chelex-100 has [28, 
77]. Chelex-100 has much higher capacity (~ 3 mmole/ml) than IDA-
Novarose and for some applications this could be advantageous. With a 
higher capacity only a small amount of resin is needed and thus the elution 
volume could also be very small [81]. 

Another common chelating agent used in the preconcentration of trace 
metal ions and matrix elimination is 8-hydroxyquinoline (8-HQ) [17], which 
is known to be more selective towards the transition metal ions. As support 
material silica has been used [17, 82] but also polystyrene-divenylbenzene 
(PS-DVB) [83-85]. Silica supports offer advantages of good mechanical 
strength, resistance to swelling, and rapid overall exchange rates in column 
applications [17]. A disadvantage is instability at high pH and, compared to 
PS-DVB based adsorbents, silica based adsorbents are more difficult to pre-
pare [83]. On the other hand PS-DVB adsorbents show slower overall ex-
change kinetics but are more tenable at extreme pH [84]. Since the kinetics 
of silica based 8-HQ adsorbents is much faster, a higher flow rate through 
the enrichment column (80 ml/min [17]) is allowed than with PS-DVB based 
adsorbents (16 ml/min [83]). The capacities reported vary a lot depending on 
the manufacturer. For silica based 8-HQ capacities between 60 to 200 
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µmole/ml are reported [17, 82] and for 8-HQ PS-DVB, 2.8 µmole/ml [85] to 
7.1 meq/g [84]. 

Effects of binding capacity on preconcentration and matrix 
elimination 
The total amount of ligand (moles) in a preconcentration column is generally 
chosen to largely exceed the amount of analytes. The excess of ligand will 
be free to bind matrix ions such as Ca2+ and Mg2+ by complexation or ion 
exchange, and thus matrix ions will be concentrated as well. Fortunately, 
most of the matrix ions are weakly bound and can be replaced by non-
interfering ions if necessary, i.e. washing of the column. By lowering the 
capacity of the adsorbent the amount of enriched matrix ions will decrease 
and thus also the interferences created by these ions in the measurement. 
However, since the affinity of the analyte to the adsorbent plays a major role 
in the enrichment, care must be taken not to loose analytes when lowering 
the capacity. To be able to predict which IDA capacity to be used for en-
richment of specific metal ions from a certain sample with a certain matrix, 
theoretical retention volumes (VR) were estimated by batch experiments and 
calculations of the conditional constant ´. 

A method for estimating the optimum adsorbent capacity required for 
quantitative preconcentration and maximal matrix removal 
The suggested method for estimating the capacity needed for analyte reten-
tion starts from the expression for retention volume, VR, used in conven-
tional chromatography. The analytes, in this case metal ions, are regarded as 
moving along the column during the enrichment and the retention volume is 
the volume passed through the column when initially captured ions reach the 
end of the column. The relationship for this volume is 

 
V V k V kR M M( )1    (1) 

 
where the capacity factor, k´, must be much larger than 1 if the analytes are 
to be trapped by the adsorbent.  In conventional chromatography, on the 
contrary, the capacity factors must not be to large since the analytes are sup-
posed to elute from the column in a reasonable time << 30 min [86]. VM 
symbolises the volume of the mobile phase, i.e. the pore volume of the ad-
sorbent. The expression for k  can also be written 
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The volume of the stationary phase, VS, equals the bed volume as concen-
trations in this phase are expressed with reference to unit bed volume. The 
concentration of the analyte in the mobile phase, CM, is equal to [M2+]t . 

The conditional constant, ´, for the equilibrium between the metal ion, 
[M2+]t , and the sorbent at a constant pH could be written as 
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where the total concentration of ligand, R H
t2 , is replaced by CAP, the 

specific capacity expressed in µmole/ml, since for divalent ions, CAP is the 
same as the concentration of IDA-groups. By combining Eq. (1), (2), and 
(3), the resulting expression for the estimated retention volume, VR, is 

 
V V CAPR S   (4) 

 
If VR is roughly equal to the sample volume which can be enriched before 
any breakthrough of analytes occurs, it would according to Eq. (4) be pro-
portional to the total capacity, VS  CAP, of the column under equilibrium 
conditions. As long as the sample volume for enrichment, V0, is less than 
VR, the column capacity can be diminished. The ratio between the analyte 
and interferent concentrations will thereby be increased and use of a low 
capacity sorbent advantageous. Any improvement in the above ratio can no 
longer be achieved when VR, approaches V0. A low CAP value has to be 
compensated for by a longer column in order to reach the total capacity 
needed for quantitative recovery, i.e. to keep VR, larger than the sample vol-
ume V0. 

Experimentally VS is given by the bed volume and CAP is determined as 
described in Paper I. ´ is determined from batch experiments in the present 
matrix where a known volume of adsorbent is placed in a beaker containing 
known concentrations of the analytes in the matrix. The equilibrium concen-
trations for the different analytes are measured and then the conditional sta-
bility constants ´ are calculated. Initially two elements were tested, Cu2+ 
with a high affinity to the adsorbent, and Cd2+ with a moderate affinity. The 
experiments were performed at pH 5.5 held by ammonium acetate-acetic 
acid buffers, 0.1 or 0.005 mol/l. The metal ions were enriched at different 
flow rates by two IDA-Novarose columns with different capacities, IDA6 
and IDA10. The calculated retention volumes for Cu2+ in both matrices were 
> 2000 ml and quantitative recovery was obtained even on IDA6 at the high-
est flow rate tested, 80 ml/min. The recoveries for Cd2+ were also quantita-
tive in 0.005 mol/l buffer at 80 ml/min (Table 3). However, in the stronger  
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Table 3.  Recovery of Cd2+ from enrichment of 100 ml of 10 ppb Cd2+ in ammonium 
acetate-acetic acid buffers, pH 5.5, at different specific capacities and flow rates 
(n=3, RSD=2-3%). Column: 6.5 (i.d.) × 9 mm. Paper I. 

 
 
 
 
 
 
 
 
 
 
 
 
 

 
 

 
 
 
 

 
buffer losses of Cd2+ occurred for IDA10 at flow rates above 60 ml/min and 
for IDA6 at all flow rates. The increased losses of Cd2+ at higher flow rates 
indicate that the kinetic aspects of the enrichment must also be considered. 
Further experiments performed (Paper I) at the same pH with different ace-
tate concentrations, and different ion strengths showed that the binding of 
Cd2+ to IDA-Novarose was influenced by the complex formation between 
cadmium and acetate, as well as the ion strength in the solution. For Cu2+ the 
formation constant of the IDA-Novarose - Cu2+-complex is large enough not 
to be affected by the concentration of acetate or the ion strength. In solutions 
of low ionic strength and low concentration of acetate buffer (0.005-0.010 
M) the adsorption rates were quite similar for Cd2+, Co2+, Cu2+, Mn2+, Ni2+, 
and Zn2+ (Paper I and II) which indicates that the rate of adsorption is most 
likely determined by mass transfer for these ions. For Cr3+ and Fe3+, the rate 
of adsorption was considerably lower than for the other ions and seemed to 
be limited by chemical reaction rates, probably due to their extensive hy-
drolysis at pH 5.5 [87].  

In the different solutions tested in Paper I and Paper II the calculated re-
tention volumes were able to predict the sample volume that could be en-
riched before any losses of analytes occurred. However, some precautions 
must be taken if the sample flow rate through the column is high. For exam-
ple, it was shown that if the sample flow rate was 100 ml/min the sample 

ml/min 0.1 mol/l 0.005 mol/l 0.1 mol/l 0.005 mol/l 

10 67 96 94 99 

30 61 93 95 98 

60 47 97 89 99 

80 42 96 73 98 

  
Recovery (%)

IDA10Flow rate 

 

IDA6
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volume must not be more than 1/10 of the calculated retention volume to 
avoid losses of Cd2+. For a sample flow rate of 10 ml/min it is possible to use 
a sample volume of half the estimated retention volume. These results show 
that quantitative recovery could be obtained even if the capacity of the IDA-
Novarose is lowered. 

Matrix elimination 
The effect of the specific capacity of the IDA-Novarose on its capability to 
reduce the amount of matrix ions is illustrated in Figure 3. The figure show 
calcium (upper line) and cadmium (lower line) signals during washing and 
elution from columns (0.20 ml) initially in equilibrium with a 0.005 mol/l 
Ca2+ solution at pH 5.5. Washing was performed with 0, 2, and 4 ml of 0.1 
mol/l acetate buffer, followed by elution with 1 ml of 1 mol/l HCl. No dis-
turbance of the cadmium line (228.802 nm) after washing with 2 ml 0.1 
mol/l acetate buffer was observed when the lowest capacity, IDA10 was 
tested. For the higher capacity adsorbent, IDA45, substantial amount of cal-
cium is still present after washing with 4 ml of acetate buffer. It is estimated 
that the maximum concentration of calcium in the eluate that does not cause 
a distortion of the cadmium base line is 1 mmol/l or about 40 ppm. Distur-
bances were also recorded for another cadmium line, 226.502 nm, and for Zn 
(213.856 nm), Ni (231.604 nm) and Co (238.892 nm). This suggests that the 
disturbances are most likely due to changes in the spray formation and in the 
plasma. No significant effect on Cu (324.754 nm) was seen, however. 

A similar comparison of the washing and elution profiles for sorbents 
with the more selective 8-HQ, one on silica (home made [88]) and one with 
metacrylate as support (Spheron oxine, LaChema, Brno, The Chech Repub-
lic) showed that 8-HQ indeed was more selective and did not enrich Ca to 
the same extent. The metacrylate sorbent only required 2 ml of washing be-
fore Ca was below the disturbing concentration. However, the much faster 8-
HQ on silica enriched enormous amounts of Ca, and after 8 ml of washing a 
disturbing signal from Ca was still seen. The enrichment of Ca is probably 
caused by ion attraction to negatively charged silanol groups in the silica at 
pH 5.5. The less selective IDA-Novarose enriched some Ca but less than the 
8-HQ on silica. 
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Figure 3. Calcium signal (317.933 nm) and the disturbance on the cadmium signal 
(228.802 nm) from the solution leaving a calcium saturated enrichment column 
during washing and elution. Washing was performed with different volumes of 0.1 
mol/l acetate buffer; 0 (---), 2 (—), and 4 ( ) ml. Elution with 1 ml 1 mol/l HCl. 
Paper I. 
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Application of IDA-Novarose to Natural Waters 
To apply IDA-Novarose for preconcentration of metal ions from natural 
waters additional parameters are to be considered, namely naturally occur-
ring complexing agents, such as humic substances [89]. Some lake and river 
waters contain humic substances which form strong, complexes with the 
analytes and thereby prevent their capture by an adsorbent. These metal-
humate complexes normally dissociate when the water is acidified for con-
servation until analysis but the metal-humate complexes recombine when the 
water samples are buffered to a pH around 5 needed for quantitative uptake 
on IDA-Novarose (Paper II). To suppress the recombination of complexes, 
buffering of the sample is preferably performed on-line, immediately before 
the enrichment column. By this procedure only complexes which recombine 
very fast have time to do so and cause losses of the analytes. 

It should be noted that not all metal ions in natural waters need large 
sample volumes to be concentrated for a determination with ICP-AES. The 
large volumes are necessary only for metal ions with the lowest concentra-
tion, usually Cd, Co and Pb. When a multi element determination is re-
quired, the advantage of a determination of all elements simultaneously is 
obvious, and thus a large volume will be needed and then an adsorbent that 
tolerate high flow rates is advantageous. In Paper II the performance of IDA-
Novarose in the presence of humic acids or EDTA was tested, and analyses 
of three natural water samples (tap water, lake water, and a riverine reference 
water) were performed.  

A model study of preconcentration in the presence of chelating agent 
To mimic the chelating humic substances in natural waters, EDTA and hu-
mic acid (L) were added as model chelating agents to test solutions. Enrich-
ment of metal ions (M) was performed in a flow system (Figure 4) and buff-
ering of the samples were performed both off line (ordinary) and on-line 
(OBAS). The highest sample flow rate applied was 40 ml/min since the up-
per limit was restricted by the maximal flow of the piston pump (4 ml/min) 
that delivered the buffer flow. A higher sample flow would result in a lower 
sample pH, and the option to raise the concentration of the base added (1 
mol/l ammonium acetate) was not tested.  

With the OBAS system, the mean time spent for the sample between the 
pH adjustment and the column was 0.1 s at a flow rate of 40 ml/min. Hence 
the half time for the re-formation of a dissociated complex, M-L, should not 
be less than 3 s, since otherwise more than 2 % of M-L would be reformed. 
This is exemplified by measurements of the recoveries of Cd2+, Cu2+, and 
Ni2+ in the presence of 5 µM EDTA. With an on-line pH adjustment from 
1.5 to 5 the recoveries were only a few percent for Cd2+ and Cu2+, whereas 
the recovery for Ni2+ was 85 %. From kinetic data [90] the conditional half 
time for the formation of NiEDTA can be estimated to 5-10 s, while the half 
times for CuEDTA and CdEDTA are several orders of magnitude shorter. 
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The NiEDTA complex is decomposed at pH 1.5 and the time after buffering 
the sample on-line is to short for re-establishing the complex at pH 5 before 
the samples reach the column, which then captures Ni2+. For CdEDTA and 
CuEDTA the time is sufficient to re-establish the complexes before the sam-
ple reaches the column and the metals are therefore not taken up.  

In a case where the ion is captured on the column, the time it is in contact 
with the percolating solution is between 0 to 150 s for a sample volume of 
100 ml. When the thermodynamic stability of the adsorbent - metal ion com-
plex, M-R, is substantially larger than the stability of M-L there is little risk 
of elution of adsorbed M by L passing through the column. On the other 
hand, any adsorbed M would be more or less completely eluted when M-R is 
a weaker complex than M-L. In this case, the kinetics of the exchange reac-
tion M-R + L = M-L + R will be decisive for the recovery obtained. 

In the above case with Ni2+in EDTA the slow exchange reaction on the 
column prevents Ni2+ from eluting during sampling time, even though the 
thermodynamic stability of the NiEDTA is stronger than Ni-R. This was also 
seen in batch experiments where Ni2+, Cd2+, and Cu2+ were initially adsorbed 
on IDA140 in a suspension. EDTA was then added and the release of the 
metal ions from the adsorbents was followed. For Ni2+ and Cu2+ about 15 % 
of the adsorbed metal ions were released after 13 hours while Cd2+ was com-
pletely desorbed after only 3 hours. This would imply that if the metal ions 
could be captured on the column, the chances are good that Cu2+and Ni2+ 
would not be eluted due to slow exchange kinetics. On the other hand, when 
IDA140 was added to a solution containing the metal ions and 5 µM EDTA 
in an otherwise similar batch experiment, very little or no adsorption was 
observed. Hence M-L is a stronger complex than M-R, and as a consequence 
no accumulation of the metal ions from this solution was observed in column 
experiments. 

Measurements were performed on test solutions to which humic acid had 
been added and increased recoveries were seen with buffering on line for 
elements known to form humate complexes, Cu2+, Fe3+, and Ni2+, while little 
effects were seen for the weaker complex formers Cd2+, Co2+, and Zn2+.  

Analysis of natural waters 
In Paper II IDA-Novarose was used for preconcentration of metal ions from 
real samples. The buffering of the sample was performed on-line, immedi-
ately before entering the IDA-Novarose column. Analysis of eight transition 
elements (Cd2+, Co2+, Cr3+, Cu2+, Fe3+, Mn2+, Ni2+, and Zn2+) in tap water 
from Uppsala, Sweden, one lake water from Uppsala, and a riverine water 
reference material (NIST SLRS-3) were performed with both the OBAS and 
the ordinary system. The retention volumes were estimated in advance ac-
cording to Paper I and problems of quantification of Cr3+, Fe3+, and Mn2+ 
were predicted through their low retention volumes in the presence of Ca2+. 
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Figure 4. The flow system with four pumps, four 7 ports valves, a 1 ml eluent loop 
and the IDA-Novarose column. Pump-B was only used in the on-line buffering 
system (OBAS). Its flow rate was set to zero in the ordinary system. 

The results were calculated from triplicate determinations on sample vol-
umes of 125 and 250 ml for Cu, Fe, Ni, and Zn, and from triplicate determi-
nations on 250 ml for Cd and Co. For Mn a sample volume of 20 ml was 
used since the breakthrough volume is about 50 ml. With few exceptions the 
results from the ordinary and OBAS determinations agreed well with one 
another. The results are presented in Table 4. 

The measured concentration of Fe and Co fall outside the 95 % confi-
dence limits of the SLRS-3 reference sample. In case of Fe this definitely 
indicates the presence of iron species, which pass the adsorbent without be-
ing retained. The substantial improvement observed with the rapid adjust-
ment in the OBAS system suggests that pH dependent equilibria are in-
volved. The discrepancy for Co (238.892) is not surprising considering the 
large overlap from a Fe line (238.204). The correction was calculated ac-
cording to the manual for the Spectroflame ICP-AES for inter element cor-
rection for additative interferences and amounted to about 0.1 µg/l. In Paper 
III and IV, when using Spectro Ciros CCD, another emission line for Co 
(228.616) was chosen due to the Fe interference. 
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At the time for this work, our laboratory did not have an ICP-MS so for 
obtaining accurate concentrations of the low concentration analytes for com-
parison with our method, the samples were sent to former Svensk Grundäm-
nesanalys (SGAB), today ALS Scandinavia AB, in Luleå Sweden, where 
they were analyzed directly by ICP-MS. Again the agreement was good and 
showed the capability of IDA-Novarose to sequester very low metal ion 
concentrations at high flow rate also from natural waters. A notable excep-
tion is Cu. For this metal, the total concentration measured directly by ICP-
MS on the lake water sample was significantly larger than the concentrations 
obtained by the ordinary system. The OBAS system yielded an intermediate 
value. It has been repeatedly observed that the OBAS system, yields higher 
results for Cu than the ordinary system on specimens of natural waters and 
indicates that Cu is the element most strongly complexed by humic sub-
stances.  

 
 

Table 4. Results from analysis of three natural waters after preconcentration by 
an IDA-Novarose column (IDA140) by the ordinary system (buffering off line) 
or OBAS (buffering on line). The results are presented as % agreement with the 
certified values (SLRS-3) or with concentrations determined by ICP-MS at 
SGAB. Luleå, Sweden (Tap water and Lake water).  

Sample

Flow system Ordinary OBAS Ordinary OBAS Ordinary OBAS

Element % % % % % %

Cd 108 115 113 103 115 96

Co 156 94 114

Cu 102 105 112 107 61 78

Fe 52 77 94 89 98 90

Mn 102 99 95 87 96 101

Ni 95 95 121 115 101 102

Zn 112 106 116 106 95 87

SLRS-3 Tap water Lake water
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Slurry introduction in analysis of physiological samples 
In analysis of biological samples the sample preparation mostly includes 
some digestion or dissolution of the sample. This is one of the most time 
consuming parts in the analysis. There are several options described in the 
literature to avoid the tedious digestion and still bring a solid sample into a 
sprayable liquid. Some have chosen a short semi digestion procedure includ-
ing adding nitric acid followed by ultra sonication [26, 27, 41, 91] whereas 
others have tried grinding followed by dilution by dilute nitric acid (1-2%) 
[28] [29, 92] with varying success on different types of samples. Moreover, 
carbonisation (ashing) of the organic part of the sample prior to slurry analy-
sis have been reported [27, 30]. Most of these methods still require several 
minutes (6-15) and in some cases hours for successful homogenisation to a 
particle size that is possible to transport to the plasma and to be atomized 
properly.  

When it comes to calibration procedure the calibration solution matrix is 
in most cases closely matched to the samples. According to the literature 
published, nitric acid seems to be the preferable choice probably because the 
slurry samples often are treated or diluted with nitric acid and due to the fact 
that an acidic matrix prevents precipitation and adsorption of the analytes 
onto the walls of vessels and tubing. There are however some indications of 
precipitation of proteins in the slurry sample when using nitric acid [41]. 
Also some reports are published using alkaline [93] or neutral matrices [42]  
and then EDTA is added to prevent metal ions to precipitate or to adsorb 
onto container walls. When working with slurries of organic materials, the 
general approach seems to be dilution of samples and carrying out quantifi-
cation without internal standard [26-32]. However, internal standards men-
tioned in the literature of slurry analysis by ICP-AES are Y [40], Sc [37, 38, 
41] and Lu [42].  

A fast and simple method for homogenising cell pellets or biological 
samples prior to direct measurement by ICP-AES and ICP-MS, was earlier 
tested in our laboratory [94]. In this method a Polytron mixer was used for 
fast homogenization of the fresh biological sample followed by dilution with 
phosphate buffered saline (PBS) to prevent precipitation of proteins. The 
slurry was then immediately introduced into the ICP-AES and evaluated 
with aqueous calibration solutions. Total analysis time was only a few min-
utes. Since this method seemed promising for fast and simple sample prepa-
ration of biological samples further development and investigations of the 
limits of the method was initiated. 

 In Paper III extremely high sample loads of non digested biological ma-
terial is introduced into the plasma. The aim was to investigate the possibili-
ties for this simple “mix and measure” method to accurately quantify some 
elements of toxic, environmental, and/or physiological concern with the 
lowest possible dilution and with the highest possible plasma load. By in-
creasing the sample load, both the inorganic and organic content are in-
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creased at the same time, giving rise to many possible influences on the 
emission signals of the analytes. The samples also contain fragments of cells 
that may affect the plasma conditions. The behaviour of the plasma when 
increasing sample load was studied by measuring the ratio of Mg 280.270 
nm and Mg 285.213 nm lines [47, 48, 50] and the effect on emission lines 
with different ionisation and/or excitation energies (energy sum) was inves-
tigated [33, 48, 50]. Also the signal precision [51] of repeated measurements 
was followed when increasing the sample load.  Three different nebulizers 
were tested; one that are frequently used for liquids, the Glass Expansion 
concentric of Meinhard type (GEC), and two used for coarser samples, Cross 
flow and Burgener T2100, but otherwise the aim was to use the equipment 
most commonly used in ICP-AES with ordinary settings. 

In Paper IV the performance of the mix and measure method for simulta-
neous multi element quantification of liver samples from different animals 
were evaluated, and the results were compared to results obtained from con-
ventional acid digestion of the samples. The mix and measure method was 
also used for screening the elemental distribution in whole blood and organs 
of five mice (brain, heart, kidney, liver, lung, and spleen).  

The mix and measure method 
Principle 
The sample preparation method used for physiological samples in this thesis 
is called “the mix and measure method” and the name declares its simplicity. 
After weighing the fresh or thawned sample, a so called “mixing solution” is 
added, followed by decomposition by a mixing rod (Polytron PT 1200 
mixer, Kinematica, AG, Lucerne, Switzerland) which is able to decompose 
the sample down to 20 µm particles. After mixing the sample is diluted to 
the desired volume, blended, and then ready to be measured by ICP-AES 
during continuous stirring. Sample preparation and measurement take only 
four minutes. 

The Mixing solution 
The mixing solution in the final method contains phosphate buffer saline 
(PBS), Triton X-100, EDTA, and Y as internal standard. By blending all the 
ingredients in one solution before the addition to samples and standards sim-
plifies the sample preparation. It also keep possible errors to a minimum 
since only one addition is needed. 

PBS is used to resemble a physiological environment regarding concen-
tration of salts and pH [95]. In this method 10 % of the original PBS is used 
in samples and calibration solution which corresponds to a final concentra-
tion of 13.7 mM NaCl, 0.28 mM KCl and 1 mM phosphate buffer, and a pH 
of 7.4. Retaining the physiological environment as far as possible, prevents 
reformation and precipitation of the proteins in the sample [96], which oth-
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erwise could lead to clogging in the introduction system of the ICP. Severe 
clogging from acidic slurries of non digested physiological samples in ICP 
measurements is experienced by the author, as well as others [32, 41]. 

The detergent Triton X-100 is commonly used in slurry introduction [27, 
29, 31, 41, 97, 98] and prohibits formation of too large aggregates in the 
slurry mixture, and thus smoothing the sample introduction. Triton also 
solves fatty tissue and thus functions as a real-time washing on tubings and 
glass ware in contact with the slurry sample. The Triton concentration in the 
mix and measure method is 0.05 to 0.1 % with the larger concentration to be 
preferred. The upper limit of the Triton concentration is limited by increased 
problems with foaming. 

In Paper III some instability of Y as internal standard were seen, probably 
due to hydrolysis and some precipitation. To keep Y and other metal ions 
more stable in solution the well known chelating agent EDTA was included 
in the mixing solution, and in Paper IV the performance of Y as internal 
standard was further improved. Initially both Y and Sc were used as internal 
standards, but since Y worked sufficiently well for all analytes Sc was ex-
cluded to simplify the method. 

The Multi element calibration solution 
In this work matrix matched multi element calibration solutions were used. 
The intention was to include as many elements as possible around their ex-
isting concentration level, in order to mimic the sample. As long as the solu-
tion is enough acidic, problems with precipitation of hydroxides (Fe, Cr), 
phosphate salts (Cu, Co, Ca, Cd, Ni, Al) and sulphate salts (Pb) are sup-
pressed, but upon addition of the mixing solution the pH is raised and al-
though EDTA is present some precautions must be taken. The pH is never 
higher than 4 and for most calibration solutions much lower due to the acidic 
single element standards used. Calibration solutions with all analytes in-
cluded were prepared freshly on the day of analysis. Comparisons were per-
formed between newly prepared calibration solutions and two days old solu-
tions, and no difference could be seen in the emission signals for neither the 
low concentration elements nor the high. However, if the calibration solu-
tions were left for several days or a week some white precipitates were seen. 
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Exploring the limits of the method 
The aim with Paper III was to investigate the possibilities for quantification 
of several elements with high sample loads of non digested biological sam-
ples using the mix and measure method. It was also to explore how large 
amounts of non digested sample the plasma could tolerate before being ex-
tinguished, and surprisingly it was possible to introduce 100 % whole blood 
(Seronorm TEWB L-3) as well as 10 % bovine liver. 10 % liver slurry is 
rather sluggish and therefore no attempt to further increase the amount of 
bovine liver was performed since problems with pumping the slurry into the 
ICP could be expected.  

By increasing the sample load, both the inorganic and organic content are 
increased at the same time, giving rise to many possible influences on the 
emission signals of the analytes. The samples also contain fragments of cells 
that may affect the plasma conditions. As can be calculated from Table 2, 70 
% whole blood contains more of all major elements than 10 % liver with the 
sole exception of P. Despite the heavy load of elements it was possible to 
quantify several elements, with concentrations from below µg/l to g/l in both 
70 % whole blood and in 10 % liver samples of different animals (Table 5). 

Effect on the plasma by increasing the sample load 
The behaviour of the plasma when increasing sample load was studied by 
measuring the ratio of Mg 280.270 nm (II) and Mg 285.213 nm (I) lines [47, 
48, 50]. This ratio gives a measure of the energy available for ionisation and 
excitation in the plasma and a value of around 8 is reported to indicate a 
robust plasma [43, 47]. No obvious change in the ratio was seen for any of 
the three nebulizers tested when increasing the whole blood concentration 
from 20 to 100 % (v/v). The average ratios were 6.6, 7.3 and 8 with the high-
est value received for GEC and the lowest for Cross flow. Obviously the 
energy available in the plasma does not change with increased concentration 
of whole blood. Similar results for elements evaluated both with an ionic and 
an atomic line, further supported that the energy in the plasma is not altered 
by the sample matrix with the instrumental settings used.   

The trend with no divergence in the results is also seen when comparing 
analytes with different energy sums, as well as different concentration levels 
in the whole blood. In Figure 5 the agreement in % from the certified value 
are given as a function of increased amount of whole blood for Sr, Zn and 
Fe. Open markers show results without internal standard and filled markers 
with internal standard. The similarity between all the diagrams is striking, 
despite differences in energy sums, concentrations or whether an atomic or 
ionic line is measured. Since the decrease in recovery for all elements are 
about the same when increasing the blood content in the sample, regardless 
of their energy sum and/or whether atomic or ionic lines are considered, the 
decrease could not be explained by reduction of the energy available in the 
plasma caused by the heavy sample load. This has also been seen by others 
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in dissolved matrices when increasing the concentration of Na, Ca or nitric 
acid [36, 44, 51]. More likely, decreased nebulization and transport effi-
ciency of the sample to the plasma [33, 54] contribute to the declining re-
coveries. 
 
 
 
 

Table 5. Results from multi element analysis of fresh liver (10 %) and Seronorm 
TEWB L-3 whole blood (70 %) by slurry introduction to ICP-AES. The results are 
given in % agreement with results from acid digestion for the liver and with certified 
values for the blood. Yttrium 371.030 nm was used as internal standard (IS). For 
liver slurries Burgener nebulizer (Bu) was used and for the blood also results for 
Cross Flow (CF) and Glass Expansion Concentric (GEC) nebulizers are included.  

Element Cattle Pig Elk Lynx1 Lynx2 Lynx3 Hare1 Hare2 Hare3
(bovine liver)

Replicates slurry/acid 16a/4 3/3 4/1 2/2 2/2 2/5 2/1 2/2 2/2 GEC CF B

Al 396.152 <LOD <LOD 110 <LOQ <LOD <LOD 90 92 87 117 113 112

Ca 317.933 84 84 96 106 90 85 99 92 91 103 114 112

Cd 214.438 84 <LOQ 81 118 94 94 91 100 83 83 72 74

Co 228.616 97 <LOD 87 <LOQ <LOQ <LOQ 82 96 <LOQ not measured

Cu 324.754 73 83 66 95 74 86 83 78 82 96 97 99

Fe 259.941 88 83 89 79 79 88 87 87 96 110 107 107

K 404.721 70 91 96 not measured 160 176 173

Mg 285.213 87 83 - 96 88 90 88 88 95 92 87 89

Mn 257.611 94 82 (220) 107 105 106 103 108 107 <LOD <LOD <LOD

P 178.287 93 75 101 90 61 72 93 93 89 130 104 103

Pb 220.353 <LOD <LOD <LOD 97 <LOD <LOD <LOD <LOD <LOD 109 87 89

S 182.034 59 53 67 57 49 57 61 62 55 84 63 66

Sr 407.771 93 101 78 185 211 114 91 94 81 102 106 104

Zn 213.856 85 82 81 94 85 88 87 85 90 101 85 87

a For Al, Cd, Co and Pb the number of replicates is 8.

Whole blood SRMICP-AES 
line/nm
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Figure 5. Recovery (%) of analytical value for Sr (205 ±7 µg/l (±sd)), Zn (8032 
±512 µg/l (±95%CL))  and Fe (468 ±11 mg/l (±sd)),) in different dilutions of Sero-
norm Trace Element in Whole Blood L-3 for Glass Expansion concentric (GEC), 
Cross flow and Burgener T2100  nebulizer respectively. The behavior is the same 
for all three elements despite large concentrations range and differences in energy 
needed for emission. From Paper III. 
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The need of internal standard 
It is clearly demonstrated in Figure 5 that the higher the volume percent of 
whole blood in the sample the more severe are the matrix effects and using 
internal standard is more important for accurate results. However, the high 
recoveries without internal standard for the analytes in 5 to 10 % whole 
blood, also illustrate the possibility to quantify elements in more diluted 
whole blood samples. This has been routinely performed in many laborato-
ries [3, 4, 35, 39, 60, 61] for years. With such a high dilution of the whole 
blood quantification of trace elements must be performed with ICP-MS 
rather than with ICP-AES, which is used in this work. 

In Paper III, Y (371.030 nm) and Sc (361.384 nm) were used as the main 
internal standards. Both these lines have been reported to work well for 
analysis of digested [99] or diluted [32, 38] serum and digested whole blood 
[32, 100]. Several other emission lines for Y (324.228, 360.073 and 224.306 
nm) and Sc (335.374 nm) were also studied when increasing the concentra-
tion of whole blood, but they all showed the same behaviour as the com-
monly used lines mentioned above. Some elements showed a few % better 
recoveries with Sc but since evaluation with Y also were quantitative (within 
± 10 %), Y was selected for further studies. The difference in energy sum 
could not be correlated to differences in results obtained with Sc and Y. 

Interestingly no difference was observed between elements distributed in 
the cellular fraction of the whole blood or in the blood plasma. This were 
seen in the results for Fe, Mg, Zn, and P which predominantly exist in the 
cellular fraction of whole blood [101]. The atomisation and excitation is thus 
not affected by whether the element exists inside or outside a cell. 

However, it must be mentioned that in addition to the homogenisation of 
the blood sample by the Polytron, the tested reference blood has been freeze 
dried, which could contribute to the disruption of the blood cells and thus 
facilitate the atomisation of elements coming from within the cells. 

In 5 % liver slurry (Paper III) the results evaluated with Y as internal 
standard was varying and not consistent. The standard deviation of the signal 
was slightly larger for Y than for the analytes. The signal precision also var-
ied more between the samples for Y than for the analytes, which indicate 
that Y was not uniformly distributed in the liver slurry samples. However, 
after addition of EDTA to the mixing solution (Paper IV), the signal preci-
sion was the same for Y and analytes (RSD = 2-3%) which means that the 
larger standard deviation in Paper III probably was caused by non uniform 
precipitation of the internal standard. In 70 % whole blood the relative stan-
dard deviation for the signal for Y was equal to the ones for the analytes, 
averaging around 1%, indicating that the whole blood, not surprisingly, is a 
more homogeneous sample than the liver slurry, and probably more easily 
forms a finer mist when nebulised.  

In all experiments the Ar (430.010 nm) signal was monitored to follow 
any changes in the plasma during the introduction of different sample loads. 
Ar 430.010 nm has also been used as internal standard, and generally for the 
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evaluation of analytes in whole blood, the results are either improved or 
unchanged with Ar compared to evaluation without internal standard. Inter-
estingly some differences between the nebulisers could be seen, and these 
are further discussed in the section about nebulisers below. 

Effects of using different nebulisers 
Three different nebulizers were tested; one that are frequently used for liq-
uids, the Glass Expansion concentric of Meinhard type (GEC), and two used 
for coarser samples, Cross flow and Burgener T2100.  

The GEC nebulizer gave superior sensitivity (larger slope from calibra-
tion curve) for all elements, while Cross flow and Burgener T2100 gave 
about the same with the instrumental settings used. Compared to Burgener, 
GEC gave from 1.4 to 2.5 times higher sensitivity with the highest diver-
gence for lines in the UV-region from 167 nm for Al up to 280 nm for Mg. 

GEC nebulizer is known to create a very fine mist with small droplets 
while Burgener, due to its wider inner diameter, allows larger droplets to 
form. Some of these larger droplets are filtered by the spray chamber and 
thus less analyte reaches the plasma which could explain the lower sensitiv-
ity in general. The lower Mg 280.270/Mg 285.213 ratio obtained for Cross 
Flow indicates a higher matrix plasma load than for GEC and Burgener. A 
more heavily loaded plasma has a lower temperature and thus decreased 
sensitivity due to decreased atomization and excitation. Also the ability of a 
certain nebulizer to form a well shaped spray of as much sample as possible 
influences the sensitivity [51] and Cross Flow is not known for having a high 
sensitivity but for being suitable for slurry analysis [102].   

The need for evaluation with internal standard in slurry analysis is dem-
onstrated above, and Y serves well for most elements with all the three 
tested nebulisers. However, some interesting differences between the nebu-
lisers were seen when using Ar 430.010 nm as internal standard. For Cross 
Flow and Burgener the results were in almost all cases improved by using 
Ar, while for GEC much smaller, if any, improvements were seen compared 
to evaluation without internal standard. In other words, this means that a 
variation in the Ar signal reflects the changes in the analyte signals rather 
well in Cross Flow and Burgener. For GEC the results without internal stan-
dard are for many elements better than for the other two nebulisers, verifying 
that the spray formation in GEC is much more efficient in creating a finer 
mist with smaller droplets, almost equally well for the blood sample as for 
the aqueous calibration solutions. Thus an evaluation with Ar does not im-
prove the results as it does for the poorer spray generators, Cross Flow and 
Burgener. The plasma is more heavily loaded by the larger droplets coming 
from Cross Flow or Burgener and obviously the variations in Ar are inti-
mately coupled to the variation in the emission of the analytes in the sam-
ples. Ar (794.8 nm) has successfully been used as internal standard for sev-
eral elements in environmental samples [103] with an ultra sonic nebulizer. 
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Analysis of real samples 
Liver samples 
In Paper III the analysis of bovine liver included elements with medium (>1 
to 1000 µg/g) and high (>1000 µg/g) concentrations. In Paper IV the aim 
was to further examine the possibilities of this “mix and measure” method to 
also analyse elements below 1 µg/g in the sample, referred to as “low con-
centration”. Often the concentrations of these elements in these kinds of 
samples are near the detection limits of ICP-AES. Therefore the slurry con-
centration must be kept high, although the determination of elements at 
higher concentration levels could be influenced (Paper III), and in Paper IV a 
slurry concentration of 10 % liver was used. 

The elements that have a concentration below 1µg/g in the liver samples 
in this study were Al, Co, Cd, Pb, and Sr. The sensitivity of Sr is very good 
in ICP-AES, and the limit of quantification (LOQ, 10×s for blank signal) is 
about ten times better than for Cd and Co, and 100 times better than for Pb 
and Al. Sr is thus readily determined in the liver slurry samples and gener-
ally the agreement compared to acid digestion results is good, 92 ± 14 % 
(average ± standard deviation).  

Bovine liver was consequently spiked with the remaining low concentra-
tions elements, Al, Cd, Co, and Pb, at different levels near previously esti-
mated LOQ-values of each element. Cd and Co showed excellent recoveries 
with an average of 104, and 97 % respectively. For Al and Pb the average 
recovery was 103 % for both elements in those cases where the spiked sam-
ple exceeded the present LOQ. 

The results from analysis of liver samples from elk, hare, lynx, pig and 
cattle (sample from the same bovine liver that was spiked) are presented as 
agreement with acid digested values in Table 5. The concentration of Al was 
only high enough to be determined in the elk and hare samples and the 
agreement was 95 ± 10 %. For Pb only Lynx1 had a concentration above 
LOQ and the agreement between slurry analysis and acid digestion was 97 
%. The LOQ values for Cd and Co are about ten times lower than for Al and 
Pb for the evaluated lines, and the concentration of Cd could be quantified in 
most of the liver samples. The average agreement for Cd was 94 ± 12 % and 
for Co 88 ± 7 %. A reason for the lower result for Co could be that the risk 
of contamination is much larger than for Cd, especially since stainless steel 
bombs were used in the acid digestion. 

The simultaneous quantification of medium and high concentration ele-
ments in the liver samples showed analogous agreements with a few excep-
tions. There was a slight bias in the results of Cu, Fe, Mg and Zn giving av-
erage results of 82 to 89 %. Similar RSD values, i.e. between 3 and 9 %, for 
the quantified elements (within 10%) and the semi quantified (within 20%), 
indicate that the analysis of the different livers is stable in the 10 % slurry 
matrix, and correction factors for the bias could be calculated if needed.  
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Figure 6. High and medium concentration elements in different organs and in whole 
blood B, from five mice presented as normalised concentrations against average. 
The organs are brain (cerebellum C, right cerebrum RC and left cerebrum LC), lung 
Lg, spleen S, liver Lr, heart H, and kidney K. A normalised concentration of one 
equals the average concentration in all organs together. An approximate average 
concentration is given for each element in their respective diagram. From Paper IV. 
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Figure 7. Medium and low concentration elements in different organs and in whole 
blood B, from five mice presented as normalised concentrations against average. 
The organs are brain (cerebellum C, right cerebrum RC and left cerebrum LC), lung 
Lg, spleen S, liver Lr, heart H, and kidney K. A normalised concentration of one 
equals the average concentration in all organs together. An approximate average 
concentration is given for each element in their respective diagram. From Paper IV. 
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The concentrations of P, K and S in the liver samples were roughly be-
tween 1500 and 3000 µg/g, and the 10 % slurry needed to measure low con-
centration elements, gave high concentrations of 150 to 300 mg/L in the 
samples measured. For P and K (which are also present in the PBS added to 
samples and calibration solutions) quantification was possible, but for S 
lower slurry concentrations of around 2 % would be needed for quantitative 
results (Paper III). However, since the low results reported were about the 
same for all samples, 58 ± 5 % (average ± standard deviation), it is neverthe-
less possible to evaluate the S concentration as mentioned above. 

The results presented clearly show that it is possible to quickly evaluate 
the approximate concentration of a number of elements, differing in concen-
trations of several orders of magnitude, by this mix and measure method. 

Mice organs 
The purpose of this study was solely to show the ability of the applied “mix 
and measure” method to easily and very fast, screen the elemental distribu-
tion in the different organs, and not to draw any medical conclusions. The 
elemental composition in different organs and blood samples of five labora-
tory mice was studied. The mouse organs were prepared according to the 
mix and measure method, and the amount of organ used was between 0.1 
and 0.2 g (the entire organ in all cases except for the liver). The organs ana-
lyzed were brain (cerebellum, left cerebrum, and right cerebrum), heart, kid-
ney, liver, lung, and spleen. The screening included P, K, S, Mg, Ca, Zn, Fe, 
Cu, Mn, Sr, Al, Co, Pb, and Cd. For a quick comparison, normalized concen-
trations were calculated by dividing the average of each element. Some re-
sults are presented in Figure 6 and 7 with the normalized concentration as a 
function of element, organ, and mouse. A normalized concentration of one 
corresponds to the average concentration in µg/g, which is also given ap-
proximately for each element in each figure. 

The high concentration elements P, K and S (Figure 6) are quite uni-
formly distributed in the organs and very few differences are seen between 
the mice. For the medium concentration elements, Mg, Zn, and Cu the dis-
tribution seem to vary in a similar pattern as for P, K, and S, except for the 
absence of Cu in spleen. The distribution of Fe in the organs and blood leaps 
out (Figure 7), with 2.5 times more in blood and 4 to 6 times more in spleen.  

For the lower concentration elements in Figure 7 also Mn follows the pat-
tern of P, K, S, Mg, Zn, and Cu except raised levels in liver and kidney. Lar-
ger differences are seen between the mice for the other low concentration 
elements, Cd and Co. Also, Al, Pb, and Se were measured and but since the 
average concentration for Pb and Al are close to the detection limits, and Se 
only could be detected in some samples (blood, liver, heart and kidney), 
these are not presented here (See Paper IV for details).  
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Conclusions 

The time needed for sample pretreatment in ICP-analysis could be substan-
tially reduced compared to conventional techniques without compromising 
with sensitivity, selectivity or accuracy.  

For the analysis of trace metals in waters the preconcentration and matrix 
elimination could be performed at least 4 times faster per sample, by using 
the suggested sorbent, IDA-Novarose, which quantitatively accumulate Cd, 
Co, Cu, Ni, Fe, Zn, Mn at flow rates of 40 ml/min and even higher in some 
samples matrices. The relative standard deviation for triplicate measure-
ments was around a few % but varied between analytes and samples. The 
accuracy was within ± 10 % with a few exceptions. Recoveries were lower 
for Cu and Fe in waters containing humic substances due to formation of 
strong complexes. By using a flow system for on line buffering of acidified 
water samples, not only time was saved, but also the reformation of any 
complexes of analytes and humic substances was suppressed and further 
improvements of quantitative accumulation were made. The high selectivity 
for transition metal ions makes the use of an IDA-Novarose with lower ca-
pacity possible which reduces the amount of matrix elements to be enriched, 
for example Ca, and thus prevents interferences caused by co elution with 
the analytes. The optimum sorbent capacity (CAP, µmole/ml) for a special 
analyte in a special sample could be estimated by a simple batch experi-
ments. 

For multi element analysis of some physiological samples the suggested 
“mix and measure method” reduces the time of sample preparation 50 times 
or more, compared to conventional acid digestion. After homogenizing the 
sample with a mixing rod in a neutral buffer solution during one minute, 
followed by dilution to desired volume, the sample is ready to be measured 
in the ICP. Sample preparation and measurement take four minutes only and 
that is, to my knowledge, the fastest reported for these kinds of samples. By 
keeping the dilution to a minimum, analytes with concentrations below 
1µg/g could be measured simultaneously with analytes at 1000 µg/g by ICP-
AES. The large dynamic range, the ICP plasma robustness, together with the 
low dilution made it possible to measure Cd, Co, and Sr, at concentration 
levels around 0.05 µg/g with P and K around 2000 µg/g in fresh liver sam-
ples. For accurate evaluation of the analyte concentration an internal stan-
dard is required, and Y served well for most elements. The relative standard 
deviation of repeated measurements of samples of 10 % bovine liver slurry 
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was around 5 - 6 % for low concentration elements like Co as well as for 
high concentrations elements like P. Generally, the accuracy was within ± 10 
%, but for some elements a bias was seen, compared to results from acid 
digestion. The bias was, however, rather constant for the respective element 
and thus correction factors can be used if needed. The mix and measure 
method was also used for other organs like brain, heart, kidney, lung, and 
spleen. Fast screening of the distribution of the elements in organs was easily 
performed. 
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Future aspects 

Water analysis will always be of interest and both faster and more selective 
methods are desirable. The Novarose sorbent has shown excellent properties 
for coping with fast flow rates and with the selective chelating agent imino-
diacetate (IDA), it is a good alternative for preconcentration of trace metal 
ions from water samples. Further information on speciation could be per-
formed by using IDA-Novarose in the OBAS flow system in parallel with 
the ordinary system. The ordinary system would give the amount of free or 
loosely bounded metal ions in the sample, while the total concentration, with 
reservation for very strongly complex bounded elements, is found by the 
OBAS system. The difference between the two results would supply infor-
mation about the amount of strong but labile complexes. By varying the 
enrichment flow rate in the OBAS method the labile complexes could, in 
principle, be divided into kinetic subgroups.  

The excellent properties of the Novarose sorbent make it interesting to 
use with other chelating agents. Other chelating agents has been tested for 
the preconcentration of metal ions in water [75, 104] but adsorbents with 8-
HQ attached to Novarose are still unexplored. Some preliminary experi-
ments showed difficulties in the synthesis and the material showed severe 
leaking of 8-HQ. Further development of the synthesis to make a tenable 
chelating adsorbent with the excellent qualities of Novarose combined with 
the high selectivity for transition metal ions and ability to form strong com-
plexes of 8-HQ, would be of interest for fast selective preconcentration and 
matrix elimination of waters. 

The proposed method for optimizing the capacity for quantitative recov-
ery and matrix elimination for a certain sample type is a valuable tool. The 
data required can be obtained from a single multielement batch experiment. 
The method can be applied to any chelating adsorbent and provides a guide 
of the performance in the sample type at hand. 

The improved detection limits of the ICP-MS instrumentation have made 
preconcentration of the sample less important. Adsorbent is, however, useful 
for both ICP-MS and ICP-AES determinations since elimination or suppres-
sion of disturbing elements in the matrix are of interest. 

 
Analysis of the elemental composition of all kind of materials is needed 

in every existing field in the modern society today and faster methods saves 
time and money. With the suggested mix and measure method fast multi 
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element screening of any sample sufficiently homogenisable with the mixer 
rod could probably be analyzed. Sample dilution can be held on a minimal 
level and make it possible to measure elements with concentrations ranging 
from ng/g to mg/g simultaneously if ICP-AES is used, instead of the more 
sensitive and less tolerable ICP-MS. 

The method could be used in medical studies for screening investigations 
in general [8, 9], or for more specific applications where an induced change 
in the elemental composition is studied [7, 18, 19]. When such a simple and 
straightforward analytical method is at hand, it is really a big waste if sam-
ples are not also analyzed regarding their total elemental composition, re-
gardless what the intention with the study is. Collecting these data may in 
the future reveal new correlations between one or more elements in specific 
diseases, making progress towards better medication easier and faster.  

With the suggested method also examinations of different kinds of food 
could be performed. The method could easily be adjusted for multi element 
analysis of different kinds of fruits, vegetables, diary products, and maybe 
even cereal products. 

Today not only the elemental composition is of interest, also in which 
chemical form the element exists in the sample is valuable, i.e. speciation.  
The mix and measure method is easily adjusted to fit that purpose. By divid-
ing the mixed sample in portions, different extraction solutions could be 
used and the extracts could be analyzed separately. The residual slurry could 
be analyzed as well revealing information about non extractable elements. 
Any kind of sample could be analyzed by this method before going to waste. 
In that way data bases could be built for investigations on longer terms. 

Generally the concentrations of the elements regarded as low concentra-
tion elements in these kinds of samples are near the detection limits of the 
ICP-AES. For example, only one sample in this study contained a concentra-
tion of Pb above the limit of quantification. Ongoing studies in our labora-
tory using the presented mix and measure method prior to analysis by ICP-
TOFMS show that it is possible to quantify Pb in bovine liver (0.7 % slurry) 
which contains 10 times less Pb than determined in this work, i.e. 0.03 µ/g. 
Further investigations will reveal the usefulness of slurry introduction of 
these kinds of samples to ICP-TOFMS.  
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Svensk sammanfattning för icke naturvetare 

Under den här våren (2011) har det varit mycket skriverier i tidningarna om 
bly i kaffe från vissa kaffeautomater. För att ta reda på hur mycket bly som 
finns i kaffet behöver man göra en kemisk analys. Den här avhandlingen 
handlar om sådana kemiska analyser. Innan man mäter på sitt prov (t ex kaf-
fet) med själva analysinstrumentet måste man ofta behandla det på något sätt 
för att mätningen ska ge så bra resultat som möjligt. Kaffet bör man t ex 
filtrera innan analysen, för det innehåller mycket partiklar och dessa kan ge 
stopp i analysinstrumentets slangar. 

I mitt arbete har jag studerat provbehandlingsmetoder för att förbättra och 
snabba upp analyserna. Jag har också tittat på kemiska reaktioner och fysika-
liska processer som sker under provbehandlingen och under själva mätning-
en i analysinstrumentet. Genom att förstå de kemiska reaktionerna och de 
fysikaliska preocesserna så kan man få reda på hur man ska göra för att för-
bättra metoderna ännu mer. 

De prov som jag analyserat är mestadels olika vattenprover och leverpro-
ver från olika djur och analysinstrumentet jag använt heter ICP-AES (induk-
tivt kopplat plasma - atomemissionsspektrometer). 

I en ICP-AES använder man ett så kallat ”plasma” av argon. Ett plasma är 
ett gasflöde som innehåller joner och elektroner. Solen är till exempel ett 
plasma. Precis som solen är ett ICP-plasma varmt, 6000 till 10000°C, vilket 
gör att provet sönderdelas helt i atomer och joner. Värmen gör också att 
elektronerna i atomerna flyttas mellan olika energinivåer i atomen. Då bildas 
ljus med olika våglängder (typ olika färger). Olika atomer sänder ut olika 
”färger” och på så vis kan man veta vilka ämnen som finns i provet. Ett ex-
empel på detta fenomen finns i ljuslyktorna ovanför våra motorvägar. Det 
orangefärgade ljuset i dessa lampor har våglängden 589 nm och kommer 
från grundämnet natrium. 

Man kan också se hur mycket det finns av en speciell atom i provet efter-
som ljusets intensitet vid en viss våglängd påverkas av antalet atomer som 
sänder ut just den våglängden. Eftersom varje prov ofta innehåller många 
grundämnen så blir det många olika våglängder att mäta. Till sin hjälp har 
man en spektrometer som delar upp ljuset i olika våglängder. I bild 1 visas 
ett exempel på en sådan spektrometer. Med det instrument jag har använt så 
kan våglängderna delas in i intervaller på 0.020 nm. Ljuset för varje vågängd 
fångas upp av en egen detektor. På bilden så sitter detektorerna monterade i 
en ring. 
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Kalium 766nm

Här går ljuset 
från plasmat in i 
spectrometern

Litium 670nm

Natrium 589nm 

Zink 214 nm

Koppar 324 nm

120nm

460nm

 
Bild 1. En spektrometer som visar hur ljuset från plasmat delas upp i olika våläng-
der. Bilden kommer ursprungligen från Spectro Analytical  instruments och visar 
spektrometern som finns i instrumentet Spectro  Ciros CCD (Cirular mounted optic). 

Jag har bland annat arbetat med analyser av kranvatten och sjövatten (artikel 
I och II). I dessa vatten finns det mycket lite av de metaller man är intresse-
rad av att mäta, så lite att analysinstrumentet inte klarar av att mäta dem. Det 
finns också andra ämnen i vattnet som stör mätningen. Därför kan man be-
höva behandla vattenprovet innan analys. Ett vanligt sätt är att man ”filtre-
rar” av metallerna genom att använda ett rör med ett material som fångar upp 
metallerna (kan liknas med en jonbytarkolonn). I mitt arbete har jag använt 
ett nytt material (IDA-Novarose) som kan fånga upp metallerna i vattnet 
mycket snabbare än många andra material. Det gör att man kan ”filtrera” 
stora volymer vatten fortare. IDA-Novarosen är också bra för att den inte 
fångar upp alla metaller utan nästan bara de man är intresserad av. Problemet 
är att några av de oönskade metallerna som fastnar finns det mycket av i 
naturliga vatten. Kalcium är en av dessa. Detta kan man lösa på flera sätt. Ett 
vanligt sätt är att tvätta bort kalcium, medans de andra stannar kvar i IDA-
Novarosen. Ett annat sätt är att se till att inte lika mycket kalcium fastnar 
från början. Jag har tillverkat olika IDA-Novaroser med lägre upptagnings-
förmåga (bindnings kapacitet) och sedan studerat hur det påverkar upptaget 
av de viktiga metallerna vid olika flödeshastigheter och i olika vattenprov. 
Jag har också räknat på hur man kan förutsäga vilken upptagningsförmåga 
IDA-Novarose måste ha för att detta ska fungera och sedan provat om det 
stämde. Det stämde bra om flödeshastigheten inte var för hög. 
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Jag har också arbetat med en annan typ av prover, främst leverprover från 
olika djur (artikel III och IV). Leverproverna kom från ko, gris, älg, hare och 
lodjur. Det är intressant att veta hur mycket giftiga metaller som finns i le-
vern om man ska äta den, men också om man vill veta hur mycket giftiga 
metaller som finns i naturen eftersom levern lagrar dessa. Om man vill veta 
hur mycket bly och kadmium det finns i en lever så brukar man först koka 
den i salpetersyra så att allt organiskt material försvinner. Lösningen med 
levern blir då en helt klar vätska som kan pumpas in i analysinstrumentet. 
Eftersom detta tar några timmar och är ganska otrevligt med stark syra och 
höga temperaturer så vore en annan metod att föredra.  

I den metod som jag arbetat med hackar man sönder provet i små delar, 
mindre än 0.02 mm med en mixerstav. Vid mixningen tillsätter man en väts-
keblandning som gör att provet blir lättare att analysera. Sedan är provet 
klart för att mäta på. Alltihop tar bara några minuter. Problemet är att man 
måste ha mycket leverprov i lösningen, ca 10 %, för att kunna mäta på t ex 
bly. Innan jag började arbeta med detta visste vi inte om det skulle fungera 
att pumpa in så höga halter av färsk lever. Därför fick jag börja med prover 
med mindre halt lever och studera vad som hände i analysinstrumentet och 
om det över huvud taget gick att bestämma koncentrationen av något ämne. 
Resultaten visade att analysintrumentet klarade av mycket mer än vad vi had 
trott och det gick bra att analysera många ämnen i levern. Till exempel alu-
minium, kalcium, kobolt, järn, kalium, magnesium, mangan, fosfor, stronti-
um och zink.  Koncentrationen av bly var bara tillräckligt hög för att gå att 
mäta i ett leverprov från lodjur, de andra levrarna hade för låga halter bly. 
Kadmium koncentrationen var mätbar i alla levrar utom i gris. Mest kadmi-
um fanns det i lever från en älg från Falun.  
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