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Abstract  

Charles University in Prague 

Faculty of Pharmacy in Hradec Králové 

Department of Analytical Chemistry 

Candidate: Kateřina Fikarová 

Supervisor: Burkhard Horstkotte, Ph.D., M.Sc. 

Consultant: Doc. PharmDr. Hana Sklenářová Ph.D.  

Work title: Set-up and optimization of automated in-syringe extraction of trace metals 

for ICP measurement 

The pollution of the environment by transition metals has to be monitored by sensitive 

methods due to the possible accumulation in humans and toxicity with respect to human 

health. For the first time, dispersive liquid-liquid extraction followed by back-extraction 

using the automation technique Lab-In-Syringe has been studied for the determination 

of Cd, Cu and Pb by inductive coupled plasma atomic emission spectrometry (ICP-AES).  

The method was automated using the void of a syringe pump of a sequential injection 

analysis (SIA) system as extraction vessel. A magnetic stirring bar was used for mixing 

the syringe's content and to disperse the extraction solvent. A motor holding 

neodymium magnets was used to force stirring rotation. Controlled by software, stirring 

could be stopped for phase separation.  

After setup and adjustment of the system and the operation procedure for automated 

extraction, preliminary experiments were done to evaluate the appropriate reagents. 

Ammonium pyrrolidindithiocarbamate (APDC) was chosen as chelating reagent and 

toluene as an extraction solvent for the pre-concentration of the complexes of APDC 

and the metal analytes formed in-syringe. Ammonium-acetate and formic-acetate 

buffers were used to adjust a moderately acidic pH in the system.  

The parameters of the extraction method were optimized using a Box-Behnken 

experimental design including the pH value of buffer, the extraction time, and the 

volume of extraction solvent. All experiments were evaluated by off-line measurement 

of the extracts transferred to the aqueous phase by ICP-AES. 

In the second configuration, in-system back-extraction followed immediately after 

extraction. For this, the aqueous mixture was dispensed to the waste while the organic 

phase remained in the syringe. The instrumentation for back-extraction was rebuilt in 

https://is.cuni.cz/studium/dipl_st/redir.php?id=7f3a920745d2529843421a469baecdc2&tid=1&redir=detail&did=160751
https://is.cuni.cz/studium/dipl_st/redir.php?id=7f3a920745d2529843421a469baecdc2&tid=1&redir=detail&did=160751


 
 

such way that syringe pump was placed upside-down. Back-extraction was tested with 

two concentrations and volumes of nitric acid as a back-extraction solution. A stripping 

agent (Pd2+) was added to accelerate the back-extraction kinetics.  

The optimized extraction time was 8.9 min and back-extraction time was set to 3 min 

allowing to perform the entire procedure including the cleaning steps within 17 min. 

Complete recovery was achieved using 3.5 mL of back-extraction solution for Cd and 

Pb. 

Potential improvements such as on-line coupling of extraction system with 

spectrometric techniques or correction of the data by internal standard addition are 

critically discussed. 

  



 
 

Abstrakt  

Univerzita Karlova v Praze 

Farmaceutická fakulta v Hradci Králové 

Katedra analytické chemie 

Kandidát: Kateřina Fikarová 

Školitel: Burkhard Horstkotte, Ph.D., M.Sc. 

Konzultant: Doc. PharmDr. Hana Sklenářová Ph.D. 

Název práce: Sestavení a optimalizace automatické „in-syringe” extrakce stopového 

množství kovů pro ICP detekci. 

Znečištění životního prostředí těžkými kovy musí být monitorováno citlivými metodami, 

kvůli jejich možnému nahromadění v lidském těle a toxickému efektu na lidské zdraví. 

Disperzní kapalinová mikroextrakce následována zpětnou extrakcí byla poprvé 

studována s použitím automatické techniky „Lab-In-Syringe“ pro stanovení kadmia, 

mědi a olova pomocí emisní spektrometrie s indukčně vázaným plazmatem (ICP-AES). 

Metoda byla automatizována pomocí systému pro sekvenční injekční analýzu, 

konkrétně obousměrné pístové čerpadlo bylo použito jako extrakční jednotka. 

Magnetické míchadlo bylo použito pro míchání obsahu pístového čerpadla a 

k vytvoření disperze extrakčního činidla ve vodné fázi. Motor, který byl opatřen 

neodymovými magnety, byl použit jako zdroj otáčivého magnetického pole a byl 

ovládán softwarem, proto mohl být zastaven během oddělování fází.  

Po sestavení a nastavení systému následovalo předběžné testování a výběr činidel. 

Pyrolidin dithiokarbamát amonný (APDC) byl vybrán jako chelatační činidlo a toluen 

jako extrakční činidlo pro zakoncetrování vytvořených komplexů APDC s analytem 

uvnitř pístového čerpadla. Acetát amonný a methanoát amonný byly použity jako pufry 

pro udržení mírně kyselého prostředí. 

Byl vytvořen program pro extrakci a byly provedeny předběžné testy. Dále byly 

optimalizovány parametry extrakční metody pomocí Box-Behnken experimentálního 

designu. Vybrané parametry byly pH pufru, objem extrakčního činidla a extrakční čas. 

Vyhodnocení experimentů bylo provedeno off-line ICP-AES měřením extrakčních 

vzorků převedených do vodné fáze. 

Dalším cílem bylo sestavení optimalizace systému pro zpětnou extrakci, která 

následovala hned po extrakci v pístovém čerpadle. V tomto uspořádání byla po extrakci 

vodná fáze odstraněna, zatímco organická fáze zůstala v pístovém čerpadle. To bylo 

umožněno díky přestavění systému, kdy pístové čerpadlo bylo otočeno o 180°. V rámci 



 
 

optimalizace systému byly testovány 2 koncentrace kyseliny a 2 objemy činidla pro 

zpětnou extrakci. Do tohoto činidla byl přidán takzvaný „stripping agent“, který pomohl 

urychlit kinetiku zpětné extrakce.  

Extrakční čas byl optimalizovaný na 8,9 min, doba zpětné extrakce byla nastavena na 

3 min, takže metoda i s čištěním trvala kolem 17 min. Kompletní výtěžnosti se dosáhlo 

u kadmia a olova za použití 3,5 mL činidla pro zpětnou extrakci. 

Potenciální vylepšení systému jako je on-line spojení extrakčního systému 

se spektrofotometrickou technikou nebo použití vnitřního standardu pro korekci 

výsledků jsou diskutovány v závěru práce. 
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1. Introduction 

Transition metals at trace concentration level can be found naturally in plants or 

animals. Some of them, such as Cu, Fe, or Zn, are essential and play an important role 

in physiological processes. However, when the concentrations of these metals exceed 

certain limits, they can be harmful to the organism, e.g. human beings. Therefore, 

sensitive methods for the detection of very low concentrations (microgram per liter) in 

natural samples (water, soil etc.) are required. As a detection technique for these 

analytes, atomic spectrometry, such as inductively coupled plasma atomic emission 

spectrometry (ICP-AES), inductively coupled plasma mass spectrometry (ICP-MS), or 

electrothermal atomic absorption spectrometry (ETAAS) are often used due to their 

capability of multi-elementary and sensitive quantification [1]. 

The reliable operation can be complicated due to matrix effects i.e. interferences of 

other components in the sample such as salts or organics compounds. Also, the 

concentration to be measured could be below the detection limit of the used 

quantification technique. Therefore, automated separation and pre-concentration of the 

analytes is of high interest for the quantification of transition metals for certain types of 

samples. 

Automation of pre-concentration and separation methods by flow-based techniques is 

advantageous in terms of increasing reproducibility, saving of time, and decreasing the 

risk of contamination compared to methods performed manually. Sequential injection 

analysis (SIA) is a useful tool for sample pre-treatment including analyte pre-

concentration. Outstanding advantages such as a low consumption of the reagents, 

sensitivity, and reliability allow their versatile use for many analytical tasks [2]. 

The in-syringe analysis technique also denoted Lab-In-Syringe (LIS) is a novel 

approach using the syringe pump of a SIA system as a chamber in which reactions or 

analyte extraction are performed. A stirring bar inside the syringe’s void enables 

homogenous mixing of the solution content. This technique can be used for the 

automation of stirring-assisted dispersive liquid-liquid microextraction (DLLME) [3] or 

single-drop microextraction (SDME) [4]. 

LIS was tested as a new automation flow technique, which allows using large volumes 

of the sample compared to extractions performed in tubing systems and overcomes 

flow-batch analysis by e.g. faster and more efficient cleaning [3]. 

By coupling a SIA system with an atomic absorption detector, the advantages of 

automated sample pre-treatment for improvement of the sensitivity and multi-

elementary detection are combined.  

In this work, in-syringe DLLME followed by off-line ICP-AES detection of the analytes 

cadmium, copper and lead were studied for the first time. Three system assemblies 
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and two extraction modes were tested and all chemical and physical parameters were 

studied. The work served as a feasibility study for the on-line coupling of in-syringe 

automated DLLME with ICP-AES detection.  
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2. Objectives 

The main objectives of this work were: 

1. Set-up of a system and operation method for in-syringe DLLME of the transition 

metals cadmium, copper, and lead including preliminary tests of operation. 

2. Optimization of the parameters: pH value of buffer, extraction time, and volume of 

the extraction solvent of the extraction method and quantification of the recovery of 

all three analytes using off-line performed ICP-AES measurement for evaluation. 

3. Comparison of the two chelating reagents ammonium pyrrolidindithiocarbamate 

(APDC) and diethyl dithiophosphate (DDTP) 

4. Set-up and optimization of LIS system DLLME and DLLME – back-extraction for 

automated sample extract transfer to the aqueous phase, which can be measured 

on ICP-AES. 

5. Discussion on the results and findings as well as on possible improvements so that 

the long term aim of on-line coupling of the in-syringe extraction system with an ICP-

AES detection system would be feasible for the determination of heavy metals in 

the soil samples. 
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3. Theoretical part 

3.1 The analytes of interest 

3.1.1 Cadmium 

Cadmium (Cd) is a soft silvery-white transition metal. With zinc and mercury, it belongs 

to the group II B of the periodic table, therefore some of the properties are similar to 

these elements. Cadmium occurs mainly in oxidation state +II. For its physical 

properties such as low melting point, high ductility, corrosion resistance, and high 

electrical and thermal conductivity is widely used in industry. Cadmium is or was used 

among others for nickel-cadmium batteries, pigments, semi-conductors including solar 

cells, anticorrosive coatings for steel, soldering material, alloys or stabilizers for 

plastics. Cadmium also occurs as an impurity in phosphate fertilizers, fossil fuels, other 

metals especially zinc, copper, and lead, and cement [5,6]. 

Cd is very toxic. Moreover, inhaled Cd is classified into Group 2A materials of the 

International Agency for Research on Cancer, i.e. “probably carcinogenic to human“, 

because a risk of lung cancer development has been found. In the human body Cd has 

long half-life (10–35 years) and besides lungs, the accumulation is mainly in the 

kidneys. According to the World Health Organization (WHO), the recommended limit of 

Cd in drinking-water is 3 µg/L [7]. Chronic exposure to Cd may cause besides cancer 

also lung emphysema and proteinuria [5]. A disease “Itai-Itai” originated from Japan 

manifests as osteomalacia is probably caused by cadmium poisoning by contaminated 

rice. This is associated with kidney malfunction (low reabsorption of calcium) [6]. 

The main source of environmental cadmium pollution is human activity. Cadmium 

emission from industry and transport is mainly through the air. By deposition and 

adsorption, it gets accumulated in the water or soil. Contaminated fertilizers for the plant 

is an alternative way of Cd incorporation to the food chain. Tabacco plants easily absorb 

Cd, so that smoking cigarettes is an additional way of Cd uptake to the human body. 

Cadmium may also accumulate at high levels in shellfish (crabs, oysters) even if their 

environment contains a low concentration of Cd. Drinking-water contamination can by 

caused by Cd impurities of the pipe material or coating, e.g. galvanized pipes [5,6]. 

 

3.1.2 Copper 

Copper (Cu) is a soft red-orange metal. It is in the I B group (transition metal) of the 

periodic table with silver and gold and has similar properties such as relative inertness. 

The common oxidation states are +I (solutions are colourless) and +II (blue solutions). 

A Bunsen burner flame becomes green in the presence of copper or its compounds. 

The slow corrosion of Cu is given by a protective surface layer of oxides and basic 
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salts, which are stable against environmental influences. Cu has a very high thermal 

and electrical conductivity. Therefore, it is widely used for electrical cables and wires 

as well as all heat conductors such as in air-conditioning and vehicle radiators. It is 

used to produce water pipes not to the end because of its malleability and ductility. Cu 

is also part of many alloys especially bronze (Cu-Sn) and brass (Cu-Zn) [8]. 

Cu is an essential element for human beings. It is the centre atom of cytochrome 

oxidase as well as other proteins. The daily intake of copper is 1–2 mg. However, a 

long-term exposure to a high dose (10–20 mg per day) may cause liver disorders or 

other gastrointestinal problems. The main source of copper in drinking-water is its use 

as pipe material; the concentration can be increased by acid pH or highly-carbonated 

waters. The normal concentration of Cu in tap water, which should not exceed 2 mg/L 

according to the WHO, is nevertheless potentially dangerous for individuals with 

genetic disorders such as Wilson disease or Menkes disease [7,9]. 

 

3.1.3  Lead 

Lead (Pb) is a heavy post-transition metal, which belongs to IV A group of the periodic 

table. A cut surface has at first metallic cluster, which disappears on air contact by the 

creation of a PbO layer. In nature, Pb occurs as Pb(II) or Pb(IV) in many minerals. Pb 

has a very high density and a low melting point and is also a good thermal and electrical 

conductor. Lead is also soft ductile and malleable. In consequence, it has been used 

for centuries for construction work including roof covering, water pipes, but also ship 

ballast, bullets, and x-ray and gamma radiation protection. It has been used also to 

produce white colour and as a gasoline additive and is used in lead - acid batteries and 

for solder alloys. 

The main source of Pb in tap water is from the lead plumbing system, typically in the 

old houses. Slow corrosion is caused by oxygenate water and is influenced by water 

pH. In hard water Pb2+ carbonates form a protective layer but in soft water, lead and 

lead carbonate can dissolve. Nowadays, lead pipes are widely replaced by PVC or 

copper pipes [10]. In soil, lead contamination originates from the former use in gasoline 

or dust deposition from industry. Usage of unleaded fuels decreased the level of 

contamination. Lead also occurs naturally in the soil [5]. 

Children are the most sensitive to the concentration of lead in drinking water. It has 

been proven that the exposure to Pb can cause neurodevelopmental defects in young 

children. Increased systolic blood pressure or kidneys and fertility disorders can be the 

consequences of exposure to an over-limit concentration of Pb in adults. The 

recommended limit of lead in tap water by WHO is 10 μg/L [7]. 
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Lead accumulates also in the human body by taking the place of calcium, so higher 

concentrations can be found in bones. Biological half-life in the skeleton is 17–27 years. 

Acute intoxication symptoms are among others irritability, restlessness, headaches, 

muscle tremor and hallucination. On the other hand, signs of chronic lead toxicity are 

tiredness, join pain, gastrointestinal problems, and headaches. The carcinogenicity of 

lead has been studied, but evidence according to The International Agency for 

Research on Cancer are insufficient [5]. 
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3.2 Analysis of transition metals by atomic spectroscopy 

3.2.1 Atomic spectroscopy techniques 

Apart from electrochemical techniques and selective reagents for colour reactions, 

atomic spectroscopic techniques are widely used for the determination of most metallic 

analytes at trace level. A common characteristic for all these techniques is the 

atomization of a sample by intense heat.  

In the atomized state, the analytes absorb an element characteristic spectrum or emit 

light at a very characteristic wavelength at leaving an excited state. Emitted wavelength 

can be calculated from the difference between upper and lower energy states as follow:  

ʎ = hc / E2  - E1 

where ʎ is wavelength, h is Planck’s constant, c is the velocity of the light, and E2 and 

E1 are upper and lower energy state of the electron [11]. 

The spectral lines of atoms are very thin and are therefore given with up to 3 digits and 

high-resolution spectrophotometers or/and special lamps are required for sensitive 

detection. The advantage of all these techniques is that most elements of the periodic 

table can be quantified selectively and with high sensitivity [12]. 

Atomic Absorption Spectrometry (AAS) uses a fact that atoms in the ground state 

absorb characteristic wavelengths of electromagnetic radiation for the element of 

interest in the ultraviolet and visible ranges. As a light source, a hollow cathode lamp is 

generally used, which is made of the respective elements and by this, emits the exactly 

same wavelength which can be adsorbed by the analyte atoms. The amount of 

absorbed light corresponds to the concentration of the analyte in the sample (Beer-

Lambert law). 

Flame atomic absorption spectrometry (FAAS) is an AAS technique, which uses a 

flame for the vaporization and atomization of the sample, as an atomizer and as an 

absorption volume. Prior to the process of atomization (dissociation of molecules in a 

gaseous state to free atoms), aerosol from the nebulizer is dried (solvent is removed) 

by flame and resulting particles are volatilized. Therefore, the chemical composition 

and characteristics of the flame are crucial. The flame has to have sufficient energy for 

atomization but not to ionize the analyte. Ionization is not desirable, because, the 

amount of atoms in the ground state, which can absorb the light, is reduced. Typically, 

premix burner composed of the nebulizer and burner head is used. In the mixing 

chamber of the burner head, the sample aerosol is mixed with the fuel gas and auxiliary 

oxidant. This mixture then continues to the flame above burner slot. The flame has to 

be 5–10 cm long and few millimeters wide. The sufficient length of the flame is important 

to ensure high sensitivity because light beam goes through the entire length of the 

flame. A slow burning velocity is beneficial because the atoms remain in the absorption 
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volume (flame) for a longer time. An air – acetylene flame (maximum temperature 

2250°C) or a nitrous oxide – acetylene flame with a temperature of up to 2800°C are 

most commonly used. 

Graphite furnace atomic absorption spectrometry (GFAAS, also electrothermal AAS - 

ETAAS) uses an electrically heated graphite tube as a source of thermal energy for 

atomization. A drop of the sample is introduced into the graphite tube and gradually 

heated to the atomizing temperature. Graphite tube is made of polycrystalline 

electrographite composed of graphite grains bonded together with amorphous carbon. 

The structure contains micropores and macropores, which make it reactive, therefore 

a pyrolytic graphite coating is used due to its low permeability and thus reduced 

reactivity. 

The entire procedure is divided into several steps. Each step requires a different 

temperature to remove sample constituents before atomization. The first step is drying 

(removing the solvent), which is done at a temperature usually 10°C lower than the 

boiling point of the solvent. Then the temperature is slowly raised to 20°C above the 

solvent boiling point. The temperatures of the pyrolysis and atomization step are 

estimated from a pyrolysis and atomization curve. This curves express the temperature-

absorbance dependency and have to be established for each analyte or taken from 

literature. The cleaning step is carried out at a temperature of 2600–2650°C and is 

needed to remove residues from the graphite tube and to prevent a memory effect. The 

last step is the cooling of the instrument for the next measurement and should be long 

enough for safe injection of another sample. The entire procedure takes generally a 

few minutes. 

The tube should be as long as possible for high sensitivity and with a small inner 

diameter to prevent dilution. The dimensions are usually 30 mm in length and 6–7 mm 

id. GFAAS is more sensitive than FAAS because of the longer residence time in the 

absorption volume (graphite tube) and that the sample is quantitatively atomized inside 

the light path. For the heating, high current and low voltage supplies are used. 

Longitudinally or transversely heated graphite tubes can be used. Electric contacts are 

also from graphite to avoid contamination with metals. Generally, a platform of graphite 

is inserted into the graphite tube onto which the drop of sample is deposited and where 

the sample is atomized after stabilization of the temperature and gas atmosphere to 

increase the reproducibility. Around the tube, a protective gas flow is applied, which 

prevents the contact of the tube with air (burning). For removing of volatilized sample 

matrix from the tube, purge gas flow is used. To achieve a longer residence time in the 

absorption volume, the purge gas flow is turned off during the atomization step. 

Atomic Emission Spectrometry (AES, also Optical emission spectrometry–OES) is a 

technique, in which the light is detected, which is emitted from the excited atoms at 

leaving the excited state. So, a thermal source with enough energy for the atomization 

followed by excitation and ionization (plasma-state) of the sample atoms is required. 
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Identification of the element is possible due to the element-specificity of the emitted 

wavelengths. By the intensity of light emission, the concentration of the analyte of 

interest in the sample is determined.  

ICP is a sufficient thermal source for the atomization and excitation. A plasma is an 

ionized gas, i.e. it contains the atoms separated into electrons and ions. It is typically 

created using argon. The temperature of the plasma is 6000–10 000 K. It can be used 

for the detection of almost all elements and simultaneous detection of several analytes 

is possible (the technique is described in detail in section 3.3. 

Atomic fluorescence spectrometry (AFS) is based on the atomization by a thermal 

source as in the previous techniques but for light, emitted from a hollow cathode lamp 

or a laser, is used for the excitation of atoms. The excited atoms emit luminescent 

radiation at returning to the ground energy state, which can be detected. The technique 

is selective because only a few certain molecules use emission of luminescence 

radiation for de-excitation (molecules with free π electrons). For each element, a 

specific light source must be used, so simultaneous analysis in a single run requires 

several lamps. 

Atomic mass spectrometry (MS) is based not on radiation absorption or emission by 

atoms as in the previously described methods but on the separation of ions by a 

quadrupole or sector field mass analyzer according to their mass to charge ratio (m/z). 

The ions can be created among others in an ICP. The detection of the ions is performed 

by electron multiplier, which enhances the electric signal resulting from an ion hitting 

the surface of the detector [11]. 

  



 

12 
 

3.2.2 Comparison and problems of the techniques 

AAS techniques are in principal less expensive than both ICP techniques (AES, MS). 

Better sensitivity in lower concentration is found for AAS techniques while ICP-AES has 

wide dynamic concentration range. AAS techniques are typically used for determination 

of one or two elements at the same time whereas ICP techniques are used for 

simultaneous multi-elementary detection. AAS are relatively slower techniques than 

ICP. The disadvantage of AAS methods is a requirement on hollow cathode lamp, 

which has to be made of the element of interest. On the other hand, ICP techniques 

consume more electric power. Problems of all the methods are interferences. Spectral 

interferences are caused by incomplete isolation of the radiation absorbed or emitted 

by the analyte and other matrix components. Non-spectral interferences (matrix effects) 

can change parameters of the instruments or decrease the height of the signal in 

presence of matrix compounds [1]. 

A FAAS instrumentation is relatively cheap and easy to manipulate. The disadvantage 

is the low efficiency of atomization and observation against a relatively large noise level. 

In FAAS, spectral interference occurs rarely and can be easily controlled by background 

corrections. Transport interferences are typical for FAAS, in which the analyte is 

transported to the flame during measurement. These interferences affect the mass flow 

passing through the flame. Aspiration rate is influenced by viscosity and surface tension 

of the solution. If these parameters are not constant, standard addition technique can 

be used to reduce the error. Solute volatilization interferences affect the rate of 

volatilization of the aerosol particles. Matrix compounds can form refractory oxides with 

incorporated analyte, which are the source of interference. The solution is to use nitrous 

oxide-acetylene flame, which has a higher temperature and creates reducing atmosphere [11]. 

GFAAS is ten to one hundred times more sensitive than FAAS. For the measurement, 

few microlitre of the sample is sufficient while FAAS needs several milliliters of the 

sample [1]. It is further possible to measure solid samples directly or as a suspension. 

In this technique, matrix interferences occurred. GFAAS is free of transport 

interferences because the sample is injected into atomizer prior to atomization but 

reproducible drop deposition can be affected e.g. by solvents or surfactants. Solute 

volatilization and gas phase interferences are most often dealt with. Solute volatilization 

interferences affect volatilization temperature or time. When the dissociation of the 

gaseous molecule of the analyte is not complete during atomization step, gas phase 

interferences occur [11]. 

ICP-AES is a fast technique for multi-elementary detection. Compared to ICP-MS or 

GFAAS, it is less sensitive especially to some elements such as lead, which have weak 

emission lines. ICP-AES can detect most elements of the periodic table except Ar, 

which is used as a carrier gas and for plasma generation. Problems exist also with the 

detection of H, N, O, and C. Halogens, which have very high excitation energies, cannot 
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be detected at trace level. A wide linear dynamic range allows using only a blank and 

a high standard to produce a reliable calibration curve but the linear range of the 

emission line has to be known in advance. Also, dilution of the sample in the routine 

analysis is not necessarily required. In ICP-AES, spectral interferences are the biggest 

source of imprecision, i.e. that another element present in the sample emits on a very 

similar, overlapping wavelength. To overcome this problem, often more than one 

wavelength is used for each element and intelligent use of a correction software can 

eliminate most of the interferences [11]. Matrix effects are reduced due to the high 

temperature in the plasma. However, easily ionized elements (Na, K) can cause 

changing of the signal height due to affecting nebulization, the plasma temperature 

excitation efficiency, and other ICP parameters. Correction of these interferences 

includes sample dilution, matrix matching or using an internal standard and method of 

standard addition [13]. 

The advantage of ICP-MS is the higher sensitivity and possibility to measure multiple 

ions simultaneously. The main disadvantage is the lower robustness of the system, 

which can be easily contaminated e.g. by salts and carbon deposition. This 

contamination affects plasma temperature, electron density, nebulization or analyte 

transport [14]. 

Spectral interferences of ICP-MS are either polyatomic caused by plasma or by matrix 

components (acid, solvents, salts) or isobaric, which are caused by atoms with the 

same m/z ratio as the analyte of interest (e.g. 58Fe+ and 58Ni+). These interferences can 

be overcome by respective sample pre-treatment (e.g. precipitation, solid-phase 

extraction, chromatographic separation or liquid-liquid extraction) or by changes of the 

instrumentation configuration such as a modified plasma (e.g. addition of oxygen) or 

connection with special sample introduction devices (e.g. electrothermal vaporization) 

[11,15]. 

A comparison of the detection limit of the atomic spectral techniques is given in Figure 

1 and overall comparison of all the techniques is given in Figure 2. 

 

Figure 1: Detection limits of atomic spectral techniques [16]. 
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Figure 2: Overall comparison of spectrometric techniques. [17]. 

 

3.3 The used ICP-AES detection technique  

ICP-AES is a reliable sensitive method, typically used for multi-elementary 

determination of the analytes. Matrix effects caused e.g. by easily ionized elements 

presented in the sample can be problematic. These and other matrix components can 

affect nebulization stage (size of droplets), the height of an analytical signal or thermal 

properties of a plasma. The matrix effects can be overcome among others by extraction 

methods mentioned in section 3.4 [13]. 

A scheme of an ICP-AES instrument is given in Figure 3. The system can be divided 

into the nebulizer, spray chamber, and the plasma torch where the analyte ionization 

and detection is done.  

First, the sample is introduced to a nebulizer e.g. by a peristaltic pump. In the nebulizer, 

a liquid sample is converted into an aerosol. Several types of nebulizers can be used 

in ICP-AES differing in the efficiency of aerosol formation and by this the amount of 

sample, which can reach the plasma.  

A pneumatic nebulizer uses a high-speed flow for nebulizing. The first kind of the 

pneumatic nebulizer is a concentric nebulizer, which is popular for its sensitivity and 

stability (efficiency of 1–2%). A disadvantage of this nebulizer is a high risk of clogging 



 

15 
 

by solid particles. A cross-flow nebulizer is the second kind of pneumatic nebulizer, 

which is less prone to clogging than the concentric nebulizer, due to larger capillary id. 

It produced potentially larger drops, but efficiency is similar to the pneumatic nebulizer. 

Argon gas flow is perpendicular to the sample injector in contrast to the parallel 

arrangement of the concentric nebulizer.  

An ultrasonic nebulizer uses a piezoelectric oscillator for the generation of an aerosol 

of very fine droplets. Therefore, an efficiency of 10–20% is achieved. Therefore, 

ultrasonic nebulizer reaches ten to fifty-times more sensitivity than pneumatic 

nebulizers, however, the dead volume and delay time is far larger than with the 

pneumatic systems.  

For dividing the small and thus usable droplets from larger ones, a spray chamber is 

employed, which is placed between the nebulizer and the plasma torch. Fine droplets 

with a diameter of 10 µm or smaller continue to the plasma, which is often only 1 – 5% 

of the sample while the rest is drained to waste. 

The plasma torch is generated with argon. The torch generator is composed of three 

tubes leaving an inner channel for the aerosol and two outer concentric one for a 

cooling gas and argon, respectively. A high power radio frequency supply at the top of 

the torch provides the energy for “seed electrons”, which initiate argon ionization, which 

continues in a chain reaction. Plasma contain argon atoms, electrons and ions form 

ICP discharge with a temperature of 6000–10 000 K. The ICP discharge has regions 

with different temperatures. The pre-heating zone is at the bottom of the torch, where 

solvent removal, vaporization, and atomization of the sample take place. Initial radiation 

zone and normal analytical zone are areas, where atoms are excited and ionized prior 

to emitting element-characteristic electromagnetic radiation (Figure 4), which is 

detected. 

For the dispersion of the emitted light, monochromators or polychromators are used. A 

monochromator is used to scan over a wavelength range by a change of the angle of 

the diffraction grating or by movement of the detector or exit slit. A polychromator uses 

for the dispersion one grating and several exit slits and detectors – each slit for a 

specific element emission line. A polychromator is limited by space for a large number 

of channels (maximum 64) but it can scan more elements in a shorter period of time. 

The monochromator is, on the other hand, more flexible because it can scan any 

wavelength of an element, which can be measured by the technique.  

As a detector, a photomultiplier tube can be used, which provides electron multiplication 

by photocathode and collecting anode in the vacuum. More recently developed are 

solid-state devices such as photodiode-array, charge-injection device and charge-

coupled device, which operate in photoconductive or photovoltaic modes [11]. 
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Figure 3: Scheme of ICP-AES instrumentation and operation. RF-Radio frequency [18]. 

 

 

Figure 4:Schematic picture of ICP discharge with different zones and temperatures [19]. 

ICP-AES can be used for wide variety of applications such as geoanalysis, 

determination of metallurgical, agricultural, biological or environmental samples. 

However, a direct use of organic solvents or samples with high organic load requires a 

special equipment and operation parameters. For example, higher RF power and a 

lower nebulizer gas flow rate for quantification from an organic solvent sample were 

recommended than are required for aqueous samples. A stream of oxygen might be 

necessary to be introduced into the plasma to prevent carbon accumulation. Further, 

there are developments of special torch generators, nebulizers, spray chambers, and 

solvent-resistant pump tubing to enable stable and reliable ICP operation [11]. 
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3.4 The used and related extraction techniques 

Real samples contain besides analytes of interest also other matrix compounds, which 

can interfere. The concentration of analytes of interest can be below limit of detection 

of used spectrometric technique. These problems can be solved by sample pre-

treatment. Several analytical tools can be used for this task such as sample dilution, 

precipitation, or extraction techniques, which separate as well as concentrate the 

analyte from the matrix. 

 

3.4.1 Conventional liquid-liquid extraction 

Analytes can be easily extracted from aqueous samples by liquid-liquid extraction 

(LLE). The method is based on the distribution of the analyte between two immiscible 

phases (usually aqueous and organic). Sample compounds, which are polar preferably 

dissolve in the aqueous phase while non-polar get extracted to a certain degree into 

the organic solvent. 

The distribution equilibrium of an analyte is described by the distribution coefficient Kd, 

which is formulated by the activities of the analyte X in organic and aqueous phase as 

follows:  

Kd = [X]org / [X]aq 

When the activities are not known, it is more useful to use the concentrations and giving 

the fraction of extracted analyte (E), which can be expressed as a percentage: 

E = C0·V0 / (C0·V0 + Caq·Vaq) 

where C0 and Caq are concentrations of the analyte in the organic and aqueous phases, 

respectively, while V0 and Vaq are volumes in these two phases.  

For the quantitative extraction of the analyte, two or three repetitions of the extraction 

with fresh organic solvent are required. Equation expresses multiple extractions: 

E = 1 - [1 / (1 + Kd·V)]n 

where V is V0 / Vaq ratio and n is a number of extractions. 

Factors effecting the extraction equilibrium can be for example the pH value, reagents 

to form hydrophobic complexes (e.g. ion-pairs), matrix components leading to 

competing complexes or analyte stabilization in the aqueous phase, or the ionic 

strength of the sample (leading to a salting-out effect by reducing the solubility of the 

analyte and solvent in the aqueous phase).  
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Selection of an appropriate extraction solvent is crucial for the LLE efficiency. General 

characteristics are a low solubility in the aqueous phase (below 10%), high volatility if 

posterior solvent evaporation is aimed, high purity, compatibility with the detection 

technique if not back-extraction or solvent evaporation is intended, and good solubility 

properties for the analyte, e.g. appropriate polarity, hydrogen-bonding possibility etc. to 

improve the extraction of the analyte. Typically used solvents for LLE are hexane, 

diethyl ether, dichloromethane, chloroform, toluene, or xylene [20]. 

For an extraction of the polar charged metals chelating reagent is needed for formatting 

non-polar complexes, which can be easily extracted to the organic solvent such as 

dithiocarbamates (e.g. APDC; diethyl dithiocarbamate DDC), dialkyl dithiophosphates 

(e.g. DDTP), dithizone and others [21,22]. 

LLE using a separating funnel, where sample and extraction solvent are mixed. Then 

the mixture is shaken several minutes manually or by using an automated “bed-shaker”. 

After phase separation, the organic solvent is collected and the process is repeated 

with the fresh organic solvent twice. The concentration of the analyte is determined 

from combined three extracts. The range of used volumes is from several milliliters to 

one litre. 

The advantage of LLE is the requirement of only low-cost instrumentation (glassware) 

and wide applicability e.g. to samples containing solids.  

An important problem of LLE can be the emulsification of both phases, which can be 

caused by the presence of a surfactant or fatty acids. A possible solution is phase 

separation by centrifugation, filtration, change of the temperature (heating or cooling), 

salting-out assistance, or the addition of a small volume of a different organic solvent 

to break the emulsion. Other disadvantages are the long-lasting process, a large 

consumption of solvent and by this generation of a significant amount of potentially 

toxic waste [20]. 

Therefore, miniaturized liquid-liquid extraction methods were developed to follow the 

trend of green analytical chemistry [23]. 

 

3.4.2 Miniaturized liquid phase extraction 

Miniaturized methods have rapidly reduced volumes of extraction solvent, sample, and 

reagents from several mL used in conventional LLE to several µL. Single drop 

microextraction (SDME) and dispersive liquid-liquid microextraction (DDLME) are 

widely used in the inorganic ultra-trace analysis. These methods (described in section 

3.4.2.1 and 3.4.2.2) were performed at first manually, however, an automation of whole 

procedure is a task for researchers nowadays (see section 3.6) [23]. 
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3.4.2.1 Single drop microextraction 

SDME is a method using only one drop of extraction solvent for analyte pre-

concentration. Advantageous is a great reduction of the organic solvent, high extraction 

factors, simplicity, and rapidness, also because the extraction does not have to be 

complete. Two main types of SDME can be differentiated namely direct-immersion 

single-drop microextraction or head-space single-drop microextraction.  

Direct-immersion SDME (Figure 5, A) uses a micro-syringe to form and support a drop 

of 1–10 µL of organic solvent, which is directly immersed in the aqueous sample. After 

the extraction time, the drop is aspirated back into the microsyringe and then injected 

to a detection instrument e.g. a gas chromatograph. The disadvantage is that the drop 

is not stable at high stirring rates or temperatures. Only solvents with a very low 

solubility in water and the high boiling point should be used to prevent dissolution or 

evaporation of the drop. For analytes, which are not well-soluble in the extraction 

solvent, there is the possibility to use complexing agents (mentioned in section 3.4.1) 

in the drop or in the sample [23]. 

Head-space SDME (Figure 5, B) is the method for the pre-concentration of volatile 

analytes. The drop is separated from the sample by a gap of air, the “head-space”. The 

analyte is transferred first to the gas phase and then to the acceptor phase. The mass 

transfer rate can be improved by agitation and by a temperature increase of the sample. 

The drop can be both of organic or aqueous nature, however, it should have a high 

boiling point and low vapor pressure. The drop can also contain a derivatization agent. 

The method is selective and distinguished by very clean extracts because non-volatile 

compounds including particles, surfactants etc. remain in the sample [4,23]. 

  

Figure 5: Scheme of the performance of direct immersion SDME (A) and HS-SDME [24]. 
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3.4.2.2 Dispersive liquid-liquid microextraction 

DLLME was presented for the first time by Rezaee et al. in 2006 [25] as a simple and 

fast miniaturized extraction and pre-concentration method. The conventional mode 

requires an extraction solvent with higher density than water, a dispersive solvent 

miscible with both phases (solvent and water) such as methanol, ethanol, or acetone. 

As extraction solvents, chloroform or tetrachloromethane are frequently used. 

A mixture of the extraction and dispersion solvents is rapidly injected by a microsyringe 

into the sample and a cloudy solution of fine droplets of the extraction solvent is formed. 

After an extraction period, centrifugation is generally required for phase separation and 

collection of the solvent at the bottom of the extraction vial. (Figure 6). The advantage 

of the technique is the very fast extraction by the enormous increase of the interfacial 

area between sample and solvent.  

One drawback of the method is the usage of halogenated solvents, which are very toxic 

and which cannot be used for GFAAS detection due to the formation of volatile 

chlorides of analytes, which caused significant loss of analytes. Organic solvents, in 

general, are hardly removed from graphite, in which can penetrate [23]. Also, 

centrifugation step can be time-consuming, and the dispersive solvent can complicate 

the phase separation. 

Few works deal with these problems by using a lighter than water solvents such as 

toluene, amyl-acetate or 1-octanol. Special home-made vessels were designed for the 

application e.g. to facilitate the collection of the low-density solvent after phase 

separation [26]. 

Several alternative approaches for forming the dispersion without dispersion solvent 

were published. Sereshti et al. [27] introduced ultrasound-assisted emulsification 

microextraction for determination of heavy metals in water samples. Heavy metals 

formed chelates with APDC and were extracted to carbon tetrachloride (CCl4) using 

sonication for forming droplets and detected on ICP-OES. 

Zhang et al. [28] introduced for the first time DLLME with magnetic stirring for 

determination of UV-filters in water samples in combination with HPLC. A special flask 

with two narrow open tips was used for microextraction. The dispersion solvent was 

omitted and centrifugation was replaced by self-separation based on different densities. 

Psillakis et al. [29] presented for the first time vortex-assisted liquid-liquid 

microextraction for determination of phenols in water. A vortex agitator was used for 

the dispersion of the extraction solvent (octanol).  

Farajzadeh et al. [30] published a new approach denoted air-assisted liquid–liquid 

microextraction for pre-concentration of phthalate esters. The technique was based on 
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rapid aspiration of the sample with the extraction solvent from a centrifuge tube into the 

syringe followed by back-injection into the tube. 

Compared to the former technique, DLLME is faster because an extraction equilibrium 

between both phases is reached rapidly due to a much larger contact surface produced 

by the fine droplets. Also, a fast stirring rate in stirring assisted DLLME yields a faster 

mass transfer. However, in DLLME method consumes more organic solvent than in 

SDME especially when employing a dispersive solvent [23]. 

 

Figure 6: Schematic picture of DLLME procedure [31]. 

 

3.4.3 Liquid-liquid extraction combined with the back-extraction 

The combination of conventional or miniaturized LLE with back-extraction is a useful 

tool in trace metal analysis, when detection techniques incompatible with organic phase 

are used (e.g. FAAS, GFASS, ICP-AES). The procedure is based on the extraction of 

neutral complexes of metals and a chelating reagent into an organic phase followed by 

back-extraction into the aqueous phase. Typically, nitric acid (HNO3) is used to break 

the complex and thus allow that the released metal ion can be back-extracted. A 

stripping agent can be added to accelerate the back-extraction kinetics. Back-extraction 

can be performed manually (described in this section) as well as automated by 

appropriate techniques (see section 3.7). 

Lo et al. [32] introduced in 1982 a method for the extraction and back-extraction of trace 

metals from seawater and their determination by both FAAS, and GFAAS techniques. 

The authors used chloroform as an extraction solvent and a mixture of APDC and 

NaDDC as chelating reagents. The back-extraction solution contained HNO3 and Hg2+ 

as a stripping agent to enhance the kinetics of back-extraction. Extraction was carried 
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out by shaking of the sample with 20 mL of chloroform in the Erlenmeyer flask for 20 

minutes, while back-extraction to a 4 mL of back-extraction solution took only 3 min.  

Carasek et al. [33] introduced novel approach of microvolume back-extraction 

procedure for pre-concentration of Pb and Cd with FAAS determination. They used 3.5 

mL of xylene containing complexing agent (dithizone) for extraction. Complexes were 

back-extracted into 600 µL of 1 mol/L HNO3. Extraction was carried out in modified 

Murray flask. Sample extract was then transferred to the microvial and back-extracted.  

Liquid-liquid-liquid microextraction is a miniaturized method based on microextraction 

from aqueous sample to the low-density organic layer with simultaneous back-

extraction to the aqueous drop holding at the tip of a microsyringe. Back-extraction can 

be achieved by pH adjustment of the sample and drop. In the sample should be pH in 

which is analyte in neutral form to be extracted on the other hand drop should have pH 

in which is analyte ionized [23]. 
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3.5 Used automated flow techniques 

3.5.1 General features of flow techniques 

Flow techniques belong to a non-separative group of techniques. The manifold is made 

of flexible tubing, which has typically an inner diameter (id) of 0.5–1.5 mm id and are 

made of polytetrafluoroethylene (PTFE). Flow techniques are based on the insertion of 

an exact volume of the sample and optionally a reagent into a carrier stream with mixing 

occurring by controlled dispersion and constant experimental conditions. These 

characteristic ensure reproducibility of a performed chemical reaction even if the 

equilibrium of the reaction between sample and reagent is not reached. The full 

process, i.e. mixing and reaction timing and product detection, is automated and 

nowadays mostly computer controlled. Flow techniques allow performing classical 

laboratory tasks such as mixing or extraction in an automated fashion and miniaturized 

format. For these reasons, flow technique applications are generally faster, more 

reproducible and consume fewer reagents compared to the respective manual 

procedures [2]. 

 

3.5.2 Sequential injection analysis (SIA) 

3.5.2.1 Description of instrumentation 

The technique Sequential injection analysis (SIA) was introduced by Růžička and 

Marshall in 1990. SIA is based on a different operation scheme and among others, a 

bidirectional and discontinuous flow of carrier.  

The conventional instrumentation (Figure 7) consists of a bidirectional peristaltic pump 

or syringe pump, a multi-position selection valve, and a detector, all connected by 

flexible tubing. Certain volumes of the sample and reagents are aspirated sequentially 

through the ports of the multi-position valve into the holding coil using the syringe pump. 

Mixing of the sample and reagent is ensured by reversing the flow forward to the 

detector (see Figure 8). The kind of the detector is selected according to the used type 

of chemical reaction. The entire SIA system is controlled by a computer, therefore, 

reliable software is required, which can also process the data [2,34]. 
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Figure 7: Schematic representation of a Sequential Injection Analyzer instrumentation [2]. 

 

 

Figure 8: Reversal flow in SIA system. A: Sample injection, B: Reagent injection, C: The 

beginning of the reaction, D: Reversal flow promote the mixing and product is formed, E: 

Detection of the product [2]. 

 

3.5.2.2 Applications of SIA technique 

The versatility and variability of SIA technique consist in the possibility of carrying out 

different analytical tasks without the requirement of reconfiguration of the 

instrumentation. Another advantage is a generally reduced consumption of sample and 

reagent solutions compared to FIA. Therefore, it is used in a wide range of applications. 

SIA has been used in biotechnology for monitoring fermentation processes, 
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immunology, environmental analysis, and many applications have been reported also 

in the field of pharmaceutical analysis. 

SIA can be used not only for the determination of an analyte by mixing the sample with 

a reagent but also for the automation of sample pre-treatment procedures such as 

sample dilution of highly concentrated samples. Such dilution can be done directly in 

the reaction coil, in a coupled mixing chamber or using an additional dilution coil. Gas 

diffusion and dialysis are used in SIA for analyte separation via a special semi-

permeable membrane, which allows the analytes of interest to pass through and 

separate from the sample matrix components.  

Solid-phase extraction is another sample pre-treatment method frequently automated 

by SIA. As solid phase (sorbent) for retention of the analytes ion-exchange resins, 

surface-modified beads, or hydrophobic polymers are used. Solid phase material can 

be used in column format or packed inside the system, a technique denoted bead-

injection analysis.  

Because SIA, as well as other flow techniques, is not separative, it is mostly used for 

inorganic analytes where specific reagents are easy to be found. However, organic 

compounds can be also analyzed e.g. by using immobilized enzymes or antibodies. 

Resulting products can be determined by optical techniques such as spectrophotometry 

or luminescence and electrochemical techniques e.g. amperometry [35]. 

SIA is also a useful tool for the automation of LLE for pre-concentration and analyte 

separation to enable determination at trace levels. One possibility is using the so-called 

wetting film extraction method. It is based on the formation of a thin film of organic 

solvent on the surface of a PTFE extraction coil. The analyte is extracted into the 

organic layer from the sample, which passes through the extraction coil. The extracted 

analytes are eluted by passing an eluent through the coil and towards the detector.  

Another possibility is to use an extraction chamber on one port of the selection valve. 

In this case, the extraction chamber is filling and emptying automatically by the flow 

system while the extraction is performed in stopped-flow mode (flow-batch) [36]. 

 

3.5.3 Lab-In-Syringe (LIS) 

Recently, a method for automated DLLME was presented by Maya et al., who used the 

syringe of the syringe pump of the SIA manifold as an extraction chamber [37]. The 

method was based on the formation of a solvent-in-sample emulsion by aspiration of 

the sample at a high flow rate to the mixture of extraction and dispersion solvent, which 

was aspirated into the syringe in the previous step. This sequence was inverse to 

manual DLLME performance to compensate the lower flow rate during the “injection 

step” because the syringe inlet is wider than the normally employed needle of a 
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microsyringe. An extraction solvent lighter than water was used and was separated 

after the extraction at the head of the syringe by passive droplet floatation. 

This work was followed by several papers reporting in-syringe performance of DLLME 

including prior reactions or posterior in-syringe detection [38], which has led to the 

statement of a new flow technique denoted Lab-In-Syringe (LIS) [39].  

LIS analysis has the advantage over using an external extraction chamber in the easy 

and fast cleaning of the syringe, which is wiped by the piston from the inner side. In 

addition, it is not necessary to clean the entire syringe but only the dead volume 

compared to the cleaning of an extraction chamber, which has to be filled with 

a cleaning solution.  

Horstkotte et al. [3] performed for the first time in-syringe magnetic stirring-assisted 

dispersive liquid-liquid microextraction (MSA-DLLME). By this approach dispersion of 

the extraction solvent even without the requirement of dispersion solvent was possible 

as well as mixing of the solution and efficient cleaning of the syringe, which prevents 

memory effect and cross-over of the analyte. The syringe also enables on-line dilution 

of the sample, integration with additional devices (e.g. heating) and direct 

spectrophotometric or fluorimetric detections. A drawback of the instrument can be the 

dead volume especially caused by the presence of the stirring inside the syringe. On 

the other side, the technique is evenly versatile as SIA and LIS has been used even for 

automation of (in-syringe) head-space SDME [4]. 
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3.6 Automation of dispersive liquid-liquid microextraction 

3.6.1 Approaches based on flow or flow-batch analysis techniques 

Anthemidis and Ioannou [40] presented in 2009 for the first time DLLME automated in 

the SIA system for the determination of copper and lead in water samples. 

Microextraction took place in a reaction coil by injecting a mixture of dispersing and 

extraction solvents into the sample. Droplets of organic solvents were retained after 

extraction on a microcolumn and eluted by methyl isobutyl ketone to the detector 

(FAAS). 

Škrlíková et al. [41] accomplished air-assisted LLE for determination of copper in 

pharmaceuticals material. The instrumentation consisted of two SIA units. The first SIA 

system was used as a mixing unit for aqueous solutions, the second one as a detection 

unit for the organic phase. The extraction was done in a vial, which was connected to 

both SIA systems and enhanced by controlled aeration and mixing. 

A similar work was published by Andruch et al. [42] but performing DLLME with 

acetonitrile as dispersion solvent of thiocyanate ions with spectrophotometric detection. 

An auxiliary solvent (CCl4) enabled to sediment an extraction solvent less dense than 

water (amyl acetate) because the resulting mixture was denser than water.  

3.6.2 Approaches based on Lab-In-Syringe technique 

Henríquez et al. [43] applied in-syringe MSA-DLLME for determination of Cr4+ in natural 

waters by reduction to Cr3+ diphenyl carbazone coloured complex, which were 

extractable to the organic phase (n-hexanol). The system was coupled with a 

spectrophotometric detector.  

Later, Horstkotte et al. [44] reported about MSA-DLLME for the determination of 

cationic surfactant from water samples. In this case, syringe pump was turned for the 

first time upside-down, which enabled using an extraction solvent with higher density 

than water. Advantageous was the possibility to empty syringe completely due to an air 

cushion remaining inside the syringe. 

Suarez et al. [45] presented a determination of UV filtres in water samples by coupling 

of LIS with the liquid chromatography. LIS was in upside-down mode and as an 

extraction solvent ionic liquid was used to follow green chemistry requirements. 

In-syringe MSA-DLLME was also used by González et al. [46] for determination of 

estrogens in wastewaters. Microextraction was followed by derivatization and gas 

chromatography. Stirring and using a disperser solvent approaches were combined for 

forming a dispersion. As an extraction solvent chloroform and as a disperser solvent 

acetone were used. 
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3.7 Automation of back-extraction 

Melwanki and Fuh [47] presented a new approach of manual DLLME but combined 

with semi-automated in-syringe analyte back-extraction followed by their separation 

using liquid chromatography. This method was used for the determination of a polar 

organic compound (Clenbuterol). As extraction and dispersion solvents, 

tetrachloroethylene and acetone were employed, respectively. After extraction and 

centrifugation in a test tube, the organic phase was aspirated into the micro-syringe so 

that an organic film was created on the inner side of the syringe. The analyte was then 

back-extracted to 10 µL of formic acid, enhanced by moving of the plunger back and 

forth using an automated syringe pump. 

Wang and Hansen [48] introduced an extraction and back-extraction procedure using 

a sequential injection instrumentation for the determination of cadmium by GFAAS. 

Extraction and back-extraction took place in extraction coils while phases were 

separated in newly designed dual-conical gravitational phase separators. APDC was 

used as a chelating reagent and isobutyl methyl ketone as the extraction solvent. The 

back-extraction solution was constituted by HNO3 and Hg2+ ions as a stripping agent. 

In the experimental work of this diploma thesis, the possibility of automation of back-

extraction by the lab-in-syringe technique and automated DLLME was studied. 
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4. Experimental part 

4.1 Reagents 

For all the experiments were used reagents of analytical grade. All solutions were 

prepared with ultrapure water provided by a Milli-Q® purification system (Millipore Bedford 

MA, USA). 

All the glassware was soaked in a 10% nitric acid bath overnight and afterwards rinsed 

with ultrapure water several times. 

4.1.1 List of chemicals 

In the following Table 1 and Table 2, the used chemicals, content and company 

of purchase are given in alphabetic order. 

Table 1: Used chemicals as reagents 

Substance Content 
Company name 

and location 

Acetic acid 96% 
Sigma-Aldrich, Madrid, 

Spain 

Ammonium hydroxide 28.6% 
Sigma-Aldrich, Madrid, 

Spain 

Ammonium pyrrolidine 

dithiocarbamate 
99% 

Sigma-Aldrich, Madrid, 

Spain 

Diethyldithiophosphate 

ammonium salt 
95% 

Sigma Aldrich, Madrid, 

Spain 

Ethanol 96% 
Sigma-Aldrich, Madrid, 

Spain 

Formic acid 98.2% 
Sigma-Aldrich, Madrid, 

Spain 

Methylisobutylketone – 
Sigma-Aldrich, Madrid, 

Spain 

Methyl red – 
Sigma-Aldrich, Madrid, 

Spain 

Nitric Acid 65% Merck, Madrid, Spain 

2-Propanol 99.5% 
Sigma-Aldrich, Madrid, 

Spain 

Toluene 99.5% Merck, Madrid, Spain 
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Table 2 : Chemicals used as standards 

Substance Content 
Company name 

and location 

Cadmium standard 

solution 

1000 mg/L Cd as 

Cd(NO3)2 in 0.5 mol/L 

HNO3 

Scharlab, Barcelona, 

Spain 

Copper standard solution 

1000 mg/L Cu as 

Cu(NO3)2 in 0.5 mol/L 

HNO3 

Scharlab, Barcelona, 

Spain 

Cobalt standard solution 
1000 mg/L Co as 

Co(NO3)2, 2%HNO3 

Scharlab, Barcelona, 

Spain 

Indium standard solution 
1000 mg/L In as In(NO3)3, 

2% HNO3 

Scharlab, Barcelona, 

Spain 

Lanthanum nitrate  as La(NO3)3 .6H2O 
Sigma-Aldrich, Madrid, 

Spain 

Lead standard solution 
1000 mg/L Pb as 

Pb(NO3)2 in 0.5M HNO3 

Scharlab, Barcelona, 

Spain 

Multi-elementary standard 

Ag, Al, Ba, Be, Bi, Cd, Co, 

Cr, Cs, Cu, Ga, In, Pb, 

Rb, Sr, Tl, V, Zn 10 mg/L 

Ca, Fe 100 mg/L in 10% 

HNO3 

Sigma-Aldrich, Madrid, 

Spain 

Palladium standard 

solution 

1000 mg/L Pd as 

Pd(NO3)2, in 2% HNO3 

Scharlab, Barcelona, 

Spain 

Rhodium standard 

solution 

1000 mg/L Rh as 

Rh(NO3)3 2% HNO3 

Scharlab, Barcelona, 

Spain 

Yttrium nitrate 99.8% as Y(NO3)3 . 6H2O 
Sigma-Aldrich, Madrid, 

Spain 

 

4.1.2 Solutions 

4.1.2.1 Standard preparation for extraction 

A combined stock solution of cadmium, copper, and lead (Solution A) of each 10 mg/L 

was prepared by mixing and diluting of 1 mL of commercial standard solutions of 

cadmium, copper, and lead (1000 mg/L, as nitrate salts in 0.5 mol/L HNO3) in a 100 mL 

volumetric flask with water. The final concentration of the acid in the stock solution was 

0.15 mol/L. This stock solution was prepared once per week and stored in the fridge at 4°C. 

A diluted standard solution A of a concentration 0.25 mg/L of each analyte was 

prepared by diluting 2.5 ml of the Solution A in a 100 mL volumetric flask. For testing 
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internal standards, the studied ion was added from stock solutions (see chapter 

4.1.2.5). For adjusting the sample to pH 1.7, 160 µL of 65% (w/v) HNO3 was added. 

The final concentration of acid in the standard solution was 20 mmol/L. The sample 

solution was prepared fresh every working day. 

A multi-elementary standard solution (Solution B, composition is given in Table 2) was 

used for initial tests. A diluted standard solution B with the concentration 0.25 mg/L of 

each analyte was prepared by diluting 2.5 mL of a Solution B in 100 mL volumetric 

flask. Solution B had a concentration of 10 mg/L of each analyte except Ca and Fe, 

which had an initial concentration of 100 mg/L, the concentration in the standard 

solution was then 2.5 mg/L). 

 

 

4.1.2.2 Standard preparation for ICP measurement 

Calibration solutions for ICP measurements were obtained by the dilution of the stock 

solution to the required concentrations with 2% (v/v) HNO3. The required amount of 

stock solution was pipetted to a 10 mL sample vial of polyethylene and 2% (v/v) HNO3 

was added by weight to 10 g. These solutions were prepared new before every ICP 

measurement. The concentrations are shown in Table 3. 

Table 3: Concentration of calibration solutions 

Standard 

number 

Concentration 

of analytes 

[mg/L] 

Volume of 

Stock solution 

[µL] 

1 0 0 

2 0.01 10 

3 0.05 50 

4 0.1 100 

5 0.15 150 

6 0.2 200 

7 0.25 250 
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4.1.2.3 Buffer solutions 

An ammonium formate buffer of 160 mmol/L formic acid (HCOOH) was prepared by 

first diluting 615 µL of 98.2% HCOOH in approximately 50 mL of water in a beaker. 

Afterwards, ammonium hydroxide solution (NH4OH) was added drop by drop to adjust 

the pH to 4.0 (or 4.75) while the content of the beaker was stirring constantly. The 

content of the beaker was then transferred to a 100 mL volumetric flask and filled up to 

the mark. 

A buffer of 160 mmol/L acetic acid (CH3COOH) and (NH4OH) was prepared by first 

diluting 918 µL of 99% CH3COOH in approximately 50 ml of water in a beaker. 

Afterwards, the pH was adjusted to 5.5 as explained above the solution made up 

to 100 mL. 

A combined buffer was made from 320 mmol/L CH3COOH adjusted with NH4OH 

to pH 9.5 following the procedure explained above. This buffer was used to adjust 

the acidic standard solution (pH 1.7) to a final pH of 5.5. 

 

4.1.2.4 Back-Extraction solutions 

A solution of 0.42 mol/L HNO3, used for analyte Back-Extraction, was prepared 

by diluting 148 µL 65% HNO3 in water to a final volume of 5 mL and adding 150 µL of a 

commercial palladium standard solution (1000 mg/L Pd, as nitrate salt) to a final 

concentration of 30 mg/L Pd.  

A second back-extraction solution of a concentration of 1.5 mol/L HNO3 was prepared 

by diluting 524 µL 65% HNO3 in 5 mL volumetric flask containing the same 

concentration of Pd as the first one. 

For further experiments with a larger volume of back-extraction solution explained 

in chapter 5.4.2, back-extraction solutions with the same concentration of HNO3, but 

4.3 mg/L of Pd were prepared to reach the same absolute amount of Pd for back-

extraction. 

 

4.1.2.5 Internal standards 

As an internal standard, 5 elements (In, Rh, Co, Y, La) were tested and solutions were 

prepared as following: Indium, rhodium and cobalt stock solutions were prepared from 

1000 mg/L standard solutions as nitrate salts in 2% nitric acid. Firstly, stock solutions 

were prepared with a concentration of 10 mg/L by diluting 125 µL required standard 

solution in a 10 mL volumetric flask with 2% HNO3. An yttrium standard solution 
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1000 mg/L was prepared by dissolving 0.205 g Y(NO3)3 · 6 H2O in 50 mL of 2% HNO3. 

Lanthanum standard solution 1000 mg/L was prepared by dissolving 0.156 g 

La(NO3)3 · 6 H2O in 50 mL of 2% HNO3. From this initial solutions, individual stock 

solutions with a concentration of 10 mg/L were prepared. The tested internal standard 

was added to the calibration solutions with a concentration of 0.125 mg/L to each 

solution. The internal standard was also added to the standard solution with a 

concentration of 0.25 mg/L (In, Rh) or 0.5 mg/L (Co, La, Y). Stock solutions were stored 

in the fridge. 

 

4.1.2.6 Other solutions 

A. Diluted acid for cleaning and blank measurements 

Nitric acid (HNO3) 20 mmol/L was prepared by the dilution of 5 mL 65% HNO3 into the 

water to a final volume of 250 mL.  

B. Ammonium hydroxide solution 

A solution of ammonium hydroxide (NH4OH) 0.757 mol/L was prepared by the dilution 

of 5 mL of 28.6% NH4OH in a 100 mL volumetric flask.  

C. Methylene red solution 

A methylene red solution 0.05% was prepared by dissolving 0.005 g of methylene red 

into 10 ml of 96% ethanol. 

D. Chelating reagents 

An APDC solution of 10 mmol/L was prepared by dissolving 0.0164 g APDC in 10 mL 

of ultrapure water.  

A DDTP solution 5 mmol/L was prepared by dissolving 0.0093 g DDTP into 10 mL of 

ultrapure water.  

Both chelating reagents were prepared fresh daily. 

 

4.1.3 Storage and treatment of extracts 

For off-line analysis on ICP-AES, all extracts were collected into glass vials. The metal 

analytes had to be dissolved in nitric acid because the used ICP-AES system was not 

compatible with organic solvents but only aqueous solutions could be measured.  

As a first option, solvent evaporation under nitrogen flow over approximately 5 min was 

tested. The dry pellets were dissolved in 2% HNO3 while sonicated in an ultrasonic bath 
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for 5 minutes. Finally, the solutions were poured into plastic vials used for ICP 

measurements and closed. 

The second way of processing the organic solvent extracts was manual liquid-liquid 

back-extraction. For this, 4 mL of 20% HNO3 were added to the organic solvent extract 

and the mixture was shaken for 5 minutes. After phase separation over 3 min, 3.7 mL 

of the aqueous phase was transferred into a plastic vial and diluted to a final volume 

of 6.4 mL yielding 10% HNO3.  

Performing back-extraction in the automated system, the aqueous back-extraction 

solutions, ideally containing the analytes, were collected. In order to get rid of any rests 

of the organic solvent, they were passed through Teflon filters of 0.45 µm pore size 

using the disposable plastic tube for the task. 

The final aqueous extracts were stored in the closed plastic vials in the fridge until 

measurement by ICP-AES. 
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4.2 Instrumentation and software 

Three configurations of the system were tested, following denoted configuration 1, 2 

and 3. In configurations 1 and 2, the syringe was used in a normal orientation in 

configuration 3, the syringe pump was used in upside-down. 

4.2.1 Configuration 1 and Configuration 2 

The configuration 1 of the system used for extraction is given in Figure 9. For all 

configurations a MicroSIA instrument (FIAlab Instruments Inc., Seattle, WA) was used, 

which included a Cavro XCalibur 30mm Stroke OEM Syringe Pump (Tecan Group Ltd., 

Männedorf, Switzerland) with a 5 mL glass syringe Carvo XP/XC (30 mm lift, 1.45 cm 

id, Tecan Group Ltd., Männedorf, Switzerland). The syringe pump was used for 

execution of the extraction and back-extraction procedures including the cleaning 

procedures. A low pressure 8 port selection valve (Vici Valvo, Schenkon, Switzerland) 

was used for the aspiration of all reagents.  

The head-valve of the syringe pump showed three ports (IN, OUT, TOP), which allowed 

handling with the content of the syringe. Port OUT joined the head-valve with the 

selection valve by the 25 cm long holding coil (PTFE tube 0.8 mm id). Port IN was used 

for syringe emptying to waste reservoir. Port TOP with a short tube (8 cm length, 

0.8 mm id) was used for collection sample extracts. All tubes were made from PTFE 

tubing with an inner diameter (id) of 0.8 mm. The lateral ports 1-8 of the selection valve 

were connected to the standard solution, the required cleaning and reagent solutions, 

and the extraction solvent. 

For the mixing the solution content and creating dispersion inside the syringe, a PTFE 

coated magnetic stirring bar of 1.5 cm in length and 4.5 mm in diameter was placed 

inside the syringe void (Figure 10, A). Its shape was modified with sandpaper to flatten 

it to a height of 3.5 mm. The main aim of the modification was a reduction of the 

resulting dead volume in the emptied syringe. Using the flattened stirrer, it was 

approximately 0.13 mL. Its length was adjusted to 14 mm so that it fitted snugly into the 

syringe Figure 10, B). The piston of the syringe was flattened with a knife and 

sandpaper to allow easy rotation Figure 10, C). 
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Figure 9: A schematic picture of the configuration 1 and 2 for extraction and back-extraction: 

HC – holding coil (25 cm length, 0.8 mm id); HV – head valve; SV – selection valve; TOP tube (8 

cm length, 0.8 mm id); M – motor. 

 

 

 

Figure 10: Modification of the stirrer A: Stirrer before modification, B: stirrer after modification, 

C: Piston before and after modification. 
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A rotating magnetic field, which was needed to force the rotation of the stirring bar 

inside the syringe, was created by neodymium magnets (pile of 7 disks of 3 mm x 5 mm 

Ø) outside the syringe. The magnets were glued onto a motor made from a commercial 

cooling ventilator for PC graphic chips by removing the wings and protection frame. 

The resulting motor part had a diameter of approximately 2.5 cm. The motor was 

powered by the 12 V supply port of the MicroSIA instrument. Activation and deactivation 

were controlled by software. The motor speed was regulated using a self-made 

analogue circuit, given in Figure 11. It ensured a step response current, which is high 

in the first moment to enable the start of the motor but then drops and increases slowly 

to a stable level. This was done to enable a fast final stirring rate but to overcome slowly 

the inertia of the liquid being forced to rotate. Otherwise, the stirrer would bounce inside 

the syringe chaotically. The final speed of the stirrer was approximately 1600 rpm. 

Configuration 2 for back-extraction is the same as for the extraction (Figure 9). The 

small differences in the used reagents and ports are described in section 4.3.3. 

For pH measurement of the buffers and content of the syringe pH meter Eutech 

PC 2700 (Thermo Fisher Scientific, Waltham, MA USA) was used. 

 

 

Figure 11: A schematic picture of the analogue circuit used for the system and principle voltage 

behaviour on voltage application. 
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4.2.2 Configuration 3  

The system configuration 3 and instrumentation for back-extraction are given in Figure 

12.The main difference of the configuration of the back-extraction system was in the 

position of the syringe pump (upside-down). The piston of the syringe was on the upper 

part and the syringe barrel and the head valve was on the lower part of the system, 

which allowed keeping the solvent (lighter than water) inside the syringe during the 

discharge of the standard solution after the first extraction. IN and OUT ports were 

inverted. The motor was fixed on the system, i.e. not as in configuration 1 and 2 on the 

syringe piston support) and thus, did not move with the piston but remained always in 

the same position. 

The positions of the solutions on the lateral ports were the same as in the first 

configuration with one exception: Port 1 was available because of using a combined 

buffer solution (buffer + additional ammonium hydroxide – see section 4.1.2.3). Then 

the free port 1 was used as a “waste 2” but simultaneously allowed the aspiration of air 

because tubing was made from 2 parts: A short Poly(ether-ether-ketone) (PEEK) tube 

was placed on the selection valve port, which pierced the second tube of silicone of 

approximately 8 mm id, which was open on the both sides.  

 

Figure 12: A schematic picture of the configuration 3 for the back-extraction: HC – holding coil 

(25 cm length, 0.8 mm id); HV – head valve; SV – selection valve; M – motor; SP – syringe pump, 

A – PEEK tube (5 cm length, 0.5 mm id), Top tube (8 cm length, 0.8 mm id). 



 

39 
 

4.2.3 Control software for analyzer system 

Instrumental control of the extraction system was done via USB using the commercial 

software FIAlab for Windows version 5.9 from company FIAlab Inc. The software is able 

to control the FIAlab instrument according to an operation protocol, written prior to 

execution. The used methods are given in section 4.3. The software enables among 

others the use of variables, loops, routines, and conditionals and serial communication 

with manifold devices.  

 

4.2.4 ICP-AES 

4.2.4.1 Instrumentation 

Measurements of aqueous sample extracts were done by ICP-AES using an Optima 

5300 DV Optical Emission Spectrometer from PerkinElmer (Waltham, Massachusetts, 

US). All measurements were carried in axial torch mode. 

A GemCone High Dissolved Solids Nebulizer followed by a baffled cyclonic spray 

chamber was employed. An AS 93 Plus Autosampler (Perkin Elmer) was used to load 

a sample to a 1 mL injection loop (1 mm id) on a six-port rotary injection valve. After 

valve switching to inject, a read delay time of 15 s was counted before the signal 

acquisition. Each sample solution was measured three times by repeated loading and 

injection. The maximum reading time for replicates after delay time was 20 s. Further 

parameters referring to the ICP-AES measurement are given in Table 4. 

Table 4: Parameters of the ICP-AES detector 

Parameter Value with units 

Sampler flow rate 1.5 mL/min of 2% HNO3 

RF generator power 1300 W 

Plasma gas (Ar) flow rate 15 L/min 

Nebulization flow rate 0.7 L/min 

Auxiliary gas flow rate 0.2 L/min 

Minimum sample volume 3 mL 
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Different spectral lines were tested for the analytes and internal standard elements. 

Only the ones with the highest sensitivity and symmetry were used for quantification, 

which are given in Table 5. 

Table 5: Used wavelengths for the studied elements applied for ICP measurements. 

Element Wave length (nm) 

Pb 220.353 

Cd 228.802 

Co 230.786 

In 325.609 

Cu 327.393 

Rh 343.489 

Y 360.073 

La 379.478 

 

 

4.2.4.2 Software for ICP quantifications and data evaluation 

The ICP-AES instrument was controlled via the software WinLab32 (version 5.0). For 

post-analysis data evaluation, the applications “Data manager” and “WinLab off-line” 

were used. The Data manager is a useful application to archive, delete, copy or rename 

data sets from WinLab32 and in particular, to export data files in a format, which can 

be read by other programs, here MS Excel. WinLab off-line can be used to modify the 

quantification method while WinLab32 (on-line) is running i.e. during executing another 

measurement. WinLab32 allowed the automation of many routine tasks, to examine 

spectra, or full data reprocessing from stored spectra. 

A homemade macro program made in Visual Basic was used to process the exported 

data in MS Excel. 
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4.3 Operation protocol 

4.3.1 Operation of the cleaning 

A method for cleaning of the system was written. It was used at the beginning of each 

working day and twice at the end of the day. For a first cleaning, diluted acid (20 mmol/L 

HNO3) was used for all tubes. To start to work with the system, a second cleaning step 

was carried out with the respective solutions, which were used for the experiments.  

The method started by aspirating the respective reagents one by one from all ports of 

the multi-position valve to fill the tubes with the reagents. Then, the content of the 

syringe was dispensed to waste and the syringe was cleaned once with 2-propanol to 

remove and then twice with diluted acid. This part of the method was identical to the 

procedure for syringe cleaning at the beginning of the extraction method and consisted 

in the aspiration of 2 mL of the respective cleaning solution, activating of stirring to 

homogenize the syringe content, and discharge of the syringe content to waste 1. 

The cleaning procedure was also used in the extraction and back extraction methods 

(see section 4.3.2 and 4.3.3), where the syringe was cleaned three times before 

measurements.  

 

4.3.2 Operation of the extraction 

The system configuration 1 used for extraction is given in Figure 9. The extraction 

method was divided into 4 parts, which could be activated on demand. The first part 

was the initialization of the syringe pump, the second one for the optional cleaning of 

only one tube on the selection valve e.g. at buffer or sample change, the third part was 

for cleaning of the syringe, and the fourth part for the actual extraction.  

The extraction part included a step of syringe cleaning as described above in section 

4.3.1. The syringe was cleaned once with 2-propanol, once with diluted acid, and twice 

with the standard solution. In the end of this step, the dead volumes of the syringe and 

holding coil were filled with standard solution. This allowed using a larger volume of 

standard solution or lower dilution of the standard solution, respectively, compared to 

cleaning the syringe only with water.  

The required reagents were aspirated in 4 steps omitting stirring. Step 1) 400 µL of air 

was aspirated to assist the dispersion. Step 2) 100–130 µL of ammonia solution 

(according to the current acidity of the standard solution) was aspirated for the 

adjustment of the pH value. Step 3) 240 µL of the chelating mixture. Step 4) 360 µL of 

buffer were aspirated and stirring was started. Subsequently, variable volumes (see 

section 5.2) of extraction solvent (flow rate 50 µL/s) and 3216 µL of standard solution 

(flow rate 300 µL/s) were aspirated and a dispersion of the solvent was formed. Finally, 
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the holding coil, which was filled with standard solution, was emptied into the syringe 

by aspirating of 250 µL of air. After the extraction time (see section 5.2), the motor, i.e. 

the stirring, was stopped and phase separation took place over 40 s. During phase 

separation, the motor was started five times for a short moment to release toluene, 

which was stuck in the bottom of the syringe and on the stirring bar (Figure 13). 

After that, 600 µL (flow rate 25 µL/s) were dispensed to the tube TOP (Figure 9), which 

was used for collecting the solvent with the extracted analytes. During this step, all air 

was expelled from the syringe and the tube was filled with toluene, which was in the 

next step dispensed (variable volumes, Table 7, flow rate 25 µL/s) to a glass vial of 

5 mL. Afterward, the rest solution (aqueous phase) was aspirated from the tube back 

into the syringe and entire content was dispensed to waste.  

At the end of each measurement, the syringe was cleaned twice with 2-propanol using 

the cleaning procedure described above. Then the TOP tube was filled with 2-propanol 

for cleaning, which was aspirated back into the syringe and the tube was emptied. After 

every change of the experimental conditions, the syringe was cleaned twice with diluted 

acid. 

In general, for each experimental condition, sample extracts were extracted twice or in 

triplicate to be collected twice or three times for measurement. Blanks were extracted 

twice both in the beginning and the end for every experimental condition to evaluate 

carry over effects. To start-up and clean the system, every morning, three complete 

extractions were performed using a blank sample.  

 

4.3.3 Operation of the back-extraction in the system 

A. Configuration 2 for back-extraction 

The configuration 2 of the system is given in Figure 9, the syringe pump was in normal 

orientation. The first part of the method consisted of syringe cleaning and analyte 

extraction as described above. However, a combined buffer was used for the 

adjustment of the pH value, which allowed using the free port 1 as a second waste port 

(waste 2). After extraction, the air inside the syringe was pushed out through waste 2 

so that to remove toluene remained in the holding coil. Then the remaining liquid inside 

the syringe was emptied through the head-valve of the syringe to waste 1. Afterwards, 

toluene was aspirated from the holding coil back into the syringe together with back-

extraction solution and stirring was started. The back-extraction time was 180 s. During 

phase separation, the stirring was five times activated shortly as done for the first phase 

separation after the extraction. Then toluene was completely dispensed to waste 1. The 

back-extraction solution was finally dispensed to the TOP tube and collected in a plastic 

vial of 10 mL. 
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B. Configuration 3 for back-extraction 

The configuration 3 of the system is shown in Figure 12. The syringe pump was turned 

upside-down compared with the configuration used for extraction as is described in the 

chapter 4.2.1. After the extraction, the aqueous phase was dispensed to waste 1 while 

toluene remained in the syringe floating on the aqueous phase (see Figure 12). Then 

1 mL of water was aspirated to clean the rest of the standard solution and the stirring 

was started and stopped quickly only to homogenize the aqueous phase but not to 

initiate renewed dispersion. Water was dispensed and the back-extraction solution 

(variable volumes, see section 5.4) and air were aspirated. Back-extraction and phase 

separation were done as described above. After phase separation, 100 µL of back-

extraction solution was pushed to waste to remove any toluene, which might have 

remained at the bottom. Then a certain volume (see section 5.4) of back-extraction 

solution was pushed slowly (at 50 µL/s) to the plastic vial through the TOP tube for later 

ICP measurement. The rest of liquid in the TOP tube was re-aspirated and the content 

of the syringe was discharged to the waste.  

 

4.3.4 Operation of ICP measurement 

ICP measurements were done usually after two days of collecting sample extracts on 

the extraction system. On ICP-AES calibration solutions, sample extracts and blanks 

from the extraction system and standard solutions were measured, which were not 

passed the system, to know if the initial concentration was correct. Standard solutions 

were prepared the same day as sample extracts were collected. One of the calibration 

solutions was measured the second time for control. The position of the solutions is given 

in Table 6. 

Integration of the peak areas and data reprocessing was done by the control software 

WinLab32. Then the data were exported in form of a report file and to the Data 

manager. Final data evaluation was done by MS-Excel. 
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Table 6: Order of the solutions for ICP measurements. 

Position Solution 

1-7 Calibration solutions 

8 Standard solution 

9 Blank 1 

10-11 Sample extracts 1-2 

12 Blank 2 

13 Standard solution 

14 
Control calibration 

solution 

 

 

4.4 Statistics and calculations 

For the optimization of parameters of the extraction response surface methodology in 

detail Box-Behnken design was used. For data treatment, in this case, recovery of the 

analytes, a desirability function (D) was calculated for each individual experiment (see 

Table 14) as follows: 

Di = (dCd · dCu · dPb)1/3 

where dM was calculated as: 

dM = (Ri – Rmin) / (Rmax – Rmin) 

where Ri is a response (recovery) of individual experiment i for metal M. Rmin and Rmax 

are maximum and minimum recovery for metal M. 

The desirability function dM is a number between 0 and 1 where 0 is the undesirable 

value and 1 is ideal response value. Overall desirability Di is a geometrical mean of dM, 

so if any response is 0 then Di is also 0. 

Recovery was calculated from the concentration as: 

R(%) = (Cs - Cb) / C0 / (F1 · F2 ·F3) · 100 

Where Cs is a concentration of the sample extract, Cb is a concentration of the blank, 

C0 is the initial concentration of the standard solution and F1 is the ratio of aspirated 
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and collected extraction solvent and F2 is dilution factor, eventually F3 for loss fraction 

of back-extractant (see section 5.4). 

F1 = VTol (c) / VTol (a) 

F2 = Cd / C0  

F3 = VBE (c) / VBE (0)  

where VTol (c) is volume of collected toluene, VTol (a) is volume of aspirated toluene. Cd is 

concentration of diluted acid in the sample extract and C0 is origin concentration of acid 

in the sample extract. VBE (c) is volume of collected back-extractant and VBE (0) is volume 

of back-extractant in the syringe. 

Concentrations were calculated from the AUC of the sample extract or blank signal and 

slope and intercept of the calibration curve of the analyte. 

Calculated desirability functions were processed in the software STATISTICA to gain 

optimal conditions, Standardized Pareto chart for desirability and estimated response 

surface for factors. 

Required concentration of the chelating reagent for bivalent ions was calculated as 

follows: 

CR = CA · 2 ·10 · (VS + VR + VB) / (VR · 1000) 

where CR is a concentration of the reagent, CA concentration of all the analytes, 2 is a 

number of ligands needed for one complex, 10 is a factor of the surplus reagent, VS is 

the volume of the standard solution, VR is the volume of the reagent and VB is the 

volume of the buffer in the syringe. 1000 is for changing the units to mmol/L. 

  



 

46 
 

  



 

47 
 

5. Results and discussion 

5.1 Set-up system and preliminary experiments for extraction 

5.1.1 Set-up of the stirring system 

The system description and its modifications are given in section 4.2.1.  

The first problem to be solved was that the external motor, which was used to force the 

rotation of the stirring bar (see section 4.2.1), started only to turn at a high current. It 

turned out that the resulting initial rotation was so high that the stirrer inside the syringe, 

hindered on free rotation by the inertia of the liquid, could not immediately catch up with 

the velocity of the motor and therefore, would only vibrate or bounce chaotically inside 

the syringe.  

This problem was solved by enabling a high initial current just to start the motor followed 

by a current drop so that the initial rotation speed of the motor would be slow and then 

gradually increased as the liquid inside the syringe also starts to rotate.  

The control circuit (see Figure 11) consisted of a LM317 current regulator with parallel 

connected capacitors. The final velocity was regulated by R3. At initiating the auxiliary 

supply port on the FIALab system, C1 and C2 lead to an initial by-pass of LM317, 

therefore a direct supply of the motor with the full voltage. After charging of C1, the 

voltage, and by this the current, on the entrance of the LM317 would increase slowly 

as C2 would get charged by R1. R2 was used for controlled discharge of C2 after 

stopping the supply voltage. 

Onto the motor, neodymium magnets were glued with a plastic spacer between to 

elevate the magnets to the same level as the stirrer. Adjustment of the number of 

magnets and the distance of the motor to the syringe were crucial. If the distance was 

too large or too small stirrer would only vibrate. A distance was close to the syringe 

(approx. 1 cm), therefore stirrer was turning with the same speed as the magnets on 

the motor. A number of magnets was chosen such as to pile did not exceed the edge 

of the motor. The pile of seven disks with a dimension of 3 mm x 5 mm was used. 

 

5.1.2 Optimization of extraction solvent and air volume 

The extraction solvent had to show the following characteristics: lower density than 

water, low solubility in water and favourable extraction efficacy.  

Toluene was selected because of the lower density than water, which was desirable for 

the configuration of the system, low solubility in water (0.047 g/100 mL) and sufficient 

extraction efficiency.  
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Methyl isobutyl ketone (MIBK) was tested as an alternative extraction solvent. However, 

its high solubility in water (1.91 g/100 mL) prevented the use of it for ICP measurement. 

The reason was incompatibility of the used ICP-AES detector with an organic solvent, 

which was in this case dissolved in the aqueous sample back- extracts.  

Other possible solvents typically used are chloroform or tetrachloromethane [20]. None 

of them was used because of the higher density than water, which was not suitable for 

the chosen configuration 1 of extraction.  

Firstly, it was tested how much air and toluene were needed to achieve solvent 

dispersion and how long the phase separation would take with different solvent 

volumes. It was found that without air, the dispersion was not achieved, which also fits 

to the previous consideration that a minimum of air would be required.  

Using 300 µL of toluene, a volume of 400 µL of air was sufficient to form a vortex, which 

was crucial for solvent dispersion. A smaller air volume caused a smaller vortex and 

agglomeration of the droplets, i.e. larger droplets and lower surface. A larger volume 

would only reduce the usable volume of standard solution or other reagents.  

A range of 100–300 µL of toluene was selected for later optimization (see section 5.2). 

A lower volume would be difficult to collect as well as to disperse while a larger volume 

was not desirable because of the need of maximum pre-concentration of the analytes. 

During phase separation, bigger droplets were agglomerating faster than the smallest 

one, which on the other hand have a higher surface and therefore could contribute 

significantly to the analyte recovery. Therefore, an adequate phase separation time for 

agglomerating even the smallest droplets had to be chosen. By observation, the time 

for phase separation was fixed to 40 s. 

The dispense volume required to push out all air from the syringe and concurrently 

filling the TOP tube completely with the extraction solvent after phase separation was 

optimized visually to be 600 µL. It was further found that a low dispense velocity 

(< 50 µL/s) was advantageous to prevent loss of toluene. 

The extraction solvent was discharged in the next step to the vial. To prevent the 

expulsion of any aqueous phase, i.e. standard solution and reagents, into the vial at 

the collection step, a small volume of toluene was allowed to remain in the TOP tube. 

The extraction time was fixed to 30 s for the first experiments but later optimized by 

experimental design (see section 5.2).  
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5.1.3 Test of phase separation 

With the step of phase separation optimized it was found that the volume of collected 

extraction solvent was significantly lower than the aspirated volume of toluene and from 

300 µL, only 180 µL of toluene were recovered. Therefore, the extraction procedure 

was tested using methylene red in the blank sample, which is extractable to organic 

phase to visualize, where the organic solvent would remain, e.g. by sticking.  

The test showed that most of the organic solvent was stuck on the syringe head and 

the stirring bar, both made of PTFE (see Figure 13). It was found that for the release of 

the rest of toluene, it was desirable to activate the stirrer for a short moment. First, this 

test was done manually, by flipping the motor with the finger. In the second, the step 

was done by software control. The motor was started and immediately stopped with 5 

s delay, which was repeated several times to release the stuck toluene but to avoid 

renewed dispersion of the agglomerated toluene. By this measure, it was possible to 

collect increased volumes of the extraction solvent, given in Table 7. 

Another solution of this problem can be the modification of the PTFE surfaces e.g. by 

etching reagents to make them more hydrophilic and by this to prevent sticking of the 

toluene. The rest of toluene was cleaned at the end of every measurement from the 

syringe with isopropanol and the loss fraction was ascertained by weighing vials before 

and after collecting toluene and it was calculated to the volume. 

 

Table 7: Aspirated and collected volumes of toluene. 

Aspirated volume of toluene (µL) Collected volume of toluene (µL) 

100 70 

200 180 

300 250 
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Figure 13: Observation of solvent sticking by using methylene red in the standard solution. 

Toluene phase becomes orange upon the extraction of methylene red. 

 

5.1.4 Test with multi-elementary standard 

The multi-elementary standard (Solution B, see section 4.1.2.1) was tested at first to 

find out which of the elements are forming complexes with the chelating reagents. For 

extractions, diluted standard solution B showing 0.25 mg/L of each element (see Table 

2) was used. Because of its high acidity (40 mmol/L HNO3), a strong buffer solution 

was needed. A buffer solution of 2 mol/L CH3COOH was used and adjusted to a final 

pH value 4 with NaOH (5 mol/L). A volume of 800 µL buffer was aspirated. Both 

complexing reagents were tested with concentration 58 mmol/L of stock solution. The 

extraction time was fixed to 60 s and 200 µL of toluene was used.  

From the results given in Table 8, it was evident that there was a contamination from 

Al and Zn, which had recoveries much more than 100% and very high signals were 

obtained for the blank solution. Most of the elements had recovery values ranging from 

0 to 5%. For the further experiments, the three elements with the highest recoveries at 

least for one of the chelating reagents were selected. The recovery more than 50% was 

achieved for Pb and more than 15% for Cu with DDTP. Cd has the highest recovery 

with APDC, which was approximately 10%. 

For further studies, solution B was therefore replaced by commercial standards of Cd, 

Cu, and Pb (each 1000 mg/L) in 0.5 mmol/L HNO3. From this, a solution A (stock 

solution, section 4.1.2.1) was prepared with concentrations 10mg/L of each analyte. 

Diluted standard solution A (conc. 0.25 mg/L) with a concentration of HNO3 0.37mmol/L 

was used in the extraction system. The solution was adjusted to 20 mmol/L of H+ by 

concentrated HNO3 to simulate the acid concentration in the real samples (typically 

adjusted after sampling to pH 1.7 corresponding to 20 mmol/L H+).  
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Table 8: Results from the initial test with multi-elementary standard (conditions n = 3). 

Analyte DDTP recovery (%) APDC recovery (%) 

Ag 6.7 0 

Al 144.8 26.3 

Cd 3.1 9.5 

Co 0 0 

Cr 0.7 0 

Cu 16.9 1.7 

Fe 0.5 1.9 

Pb 72.4 5.4 

V 0 2.5 

Zn 114 278.7 

 

5.1.5 Selection of the chelating reagent 

 APDC and DDTP were chosen as potential chelating reagents [21,49] and used for 

initial tests at a concentration of 40 mmol/L. While APDC forms transition metal 

complexes best at pH 4-5.5 [27,49], DDTP was found elsewhere most efficient in the 

acidic medium (0.3 mol/L HNO3) [21].  

An experiment to study the analyte recovery with both APDC and DDTP for different 

pH values was done. DDTP was tested first without buffer with a standard solution 

prepared in 1% HNO3 (v/v), secondly with a buffer solution of pH 4. The initial 

concentration of the reagent 5mmol/L was calculated from the concentration of the 

analytes in the syringe and stoichiometry of the complexing reaction (See section 4.4). 

APDC was tested with a buffer of pH 4 and pH 5 in the concentration of APDC 

10 mmol/L (the concentration was taken from the article Serehti, Heravi et al.2012 [27], 

where was used concentration 1.48 g/L of APDC which corresponding approximately 

with concentration 10 mmol/L).  

For both studies, a volume of 300 µL of toluene was used and 190 µL of toluene were 

collected after the extraction. As a consequence, the obtained recovery values were 

divided by factor 0.63 (190 µL/300 µL) to correct the loss of toluene not used for ICP-

AES analysis. The extraction time was set to 120 s for all experiments. 

The results are given in Table 9. 
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Table 9: Selection between APDC and DDTP chelating reagent with pH influence 

(conditions n = 3). 

Analyte 

APDC (recovery %) DDTP (recovery %) 

pH 4 pH 5 1% HNO3 pH 4 

Cd 7.3 5.5 2.7 1.6 

Cu 12.2 7.6 12.8 24.9 

Pb 17.5 8.5 35.2 71.9 

 

It was found that the highest recovery of analytes Pb and Cu was after using DDTP at 

pH 4 while for Cd the recovery was almost zero. Probably, Cd was lost during 

evaporation. Cu was likely lost, because of the competition of ammonia in the buffer 

with the chelating reagent.  

Although the recovery values were higher with DDTP, APDC was finally selected. The 

reason for this decision was the higher stability of DDTP complexes in acidic medium, 

which would hinder the back-extraction into acid [21].  

 

5.1.6 Test with buffers 

Used buffer solutions (see section 4.1.2.3) were HCOOH/NH3 for pH 4 and pH 4.75 

while for pH 5.5, the buffer was prepared with CH3COOH/NH3, all at a concentration of 

the acid component of 160 mmol/L. Ammonium hydroxide was used because it is 

available in higher purity (distillable reagent) compared to available NaOH. 

Formic acid was used instead of acetic acid for the more acidic buffer solutions because 

of its lower pKa value (3.77) so that sufficient buffer capacity towards the addition of 

acid was ensured. For the buffer solution of pH 5.5, acetic acid showed a more suitable 

pKa value of 4.76. The range of the pH was selected according to reported experimental 

findings [27,49]. 

In order to reduce the number of free protons to a level, which could be easily 

compensated by the addition of buffer, in addition, a small volume of NH4OH solution 

of 0.757 mol/L was aspirated into the syringe. The required amount of ammonium 

hydroxide was established by the following test: 

To 50 mL of 20 mmol/L HNO3 (pH 1.7), ammonium hydroxide solution was added little 

by little (100 µL) while measuring the pH value of the mixture to reach a pH of about 

pH 3 (> 90% of acidity naturalized). Then it was tested how much buffer of pH 4 and 
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pH 5.5 was required for keeping stable pH of the mixture given by the buffers. Then, 

the required volumes of NH4OH and buffers were recalculated to a volume of the 

standard solution in the syringe, which was approximately 3.5 mL (aspirated volume + 

dead volume in the syringe). Results are given in Table 10. 

 

Table 10: Results of the test with buffers. 

Substances Volume (mL) 

NH4OH in 50 mL 

20mmol/L HNO3 
1.5 

Addition of buffer pH 4 

to the mixture 
4.5 

Addition of buffer pH 5 

to the mixture 
3.5 

NH4OH for 3.5 mL 0.105 

buffer pH 4 for 3.5 mL 0.28 

buffer pH 5 for 3.5 mL 0.21 

 

The calculated volumes were then tested by measuring the pH of the syringe content 

after mixing. It was found that 80 µL of NH4OH and 300 µL of buffer were sufficient and 

were therefore used for all later experiments. 

In consequence, the syringe was not fully filled so that more standard solution could be 

used and the former volumes of standard, NH4OH solution, and buffer were increased 

by factor 1.2 to achieve approximately 5 mL content of the syringe. 

Original and new increased volumes are given in Table 11. 
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Table 11: Original and increased volumes. 

Composition Original volumes (µL) 
Increased volumes  

by factor 1.2 (µL) 

Air 1 for dispersion 400 400 

Ammonium 80 96 

Chelating reagent 200 240 

Buffer 300 360 

Standard solution 2680 3216 

Toluene 100 - 300 100 - 300 

Air 2 to empty holding coil 250 250 

Sum 4210 4862 

 

5.1.7 Optimization of sample extracts treatment 

A comparison of the two procedures with sample extracts described in section 4.1.3 

was done. First, all sample extracts were evaporated under nitrogen flow and then 

reconstituted in 2% HNO3 (v/v) but the possibility of losing of analytes had to be 

considered. Hence, manual liquid-liquid back-extraction was tested as alternative 

(procedure 2). The relatively high stability of complexes with APDC against HNO3 had 

to be considered, therefore, a wide concentration range of the acid used for back-

extraction was tested.  

For each sample, two different extraction times (in system) were tested (300 s and 600 

s). Further experimental conditions were: aspiration of 300 µL and collection of 190 µL 

toluene, a buffer solution of pH 4, concentration of HNO3 for manual back-extraction of 

2%; 10%, and 20% (v/v) using a back-extraction time of 300 s. The concentrations of 

the extracted analytes were then summed up and the final recovery was calculated. 

Sample extracts obtained after 600 s of extraction were back-extracted using only 20% 

HNO3 because the discoloration of toluene was observed therefore most effective back-

extraction was expected for this concentration.  

The evaporation procedure was tested with the same experimental conditions in the 

system and the comparison of both procedures is given in Table 12. 
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Table 12 Comparison of the evaporation and manual back-extraction procedures 

(conditions n=3). 

Analyte 
Extraction time in 

the system (s) 

Evaporation –

recovery (%) 

Manual BE 

recovery (%) 

Cd 

300 14.1 24.0 

600 10.1 13.5 

Cu 

300 13.0 35.0 

600 26.5 48.6 

Pb 

300 27.7 59.0 

600 25.0 72.4 

 

Significantly higher recoveries were achieved for Cu and Pb using manual BE. Relative 

standard deviation (RSD) for evaporation procedure was higher, probably caused by 

non-reproducible loss of analytes. For example, for the repeatability of Pb after 600 s 

of extraction was 44% RSD compared to a value of 16% RSD for manual BE under the 

same conditions. In conclusion, manual back-extraction was proven to be more reliable 

than solvent evaporation. 

 In consequence, manual back-extraction with 20% HNO3 was selected for further 

experiments. 
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5.2 Optimization of the extraction procedure 

The extraction time, pH value of the buffer and the volume of toluene (extraction 

solvent) were optimized using a Box-Behnken experimental design to study their effect 

and potential cross-dependencies on the dependent variable being the geometric mean 

of the recovery values for Cd, Cu and Pb.  

The experimental design required 15 runs. The central experimental point (0,0,0) was 

repeated three times: at the beginning, in the middle and at the end as a control of the 

measurement accuracy. The values assigned to the experimental levels of each factor 

are given in Table 13 and the layout of the conditions of each experimental point is 

given in Table 14. The extracts of a standard solution (concentration 0.25 mg/L) and 

blank solutions were collected in duplicate for each combination of the conditions. 

The volumes of reagents and standard solution were used as given in Table 11. 

Operation protocol is described in section 4.3.2 and instrumentation is given in 4.2.1. 

For releasing the stuck toluene only manual pushing the motor was applied. The 

manual back-extraction described in section 4.1.3 was used for sample extracts 

treatment.  

Following Table 15 shows recoveries of the sample extracts and blanks of each analyte, 

desirability functions dM for each analyte and overall desirability Di for each run. 

Formulas, which were used for calculations are described in section 4.4. 

 

Table 13 Variables and levels for the experimental design. 

 
Level 

Factor -1 0 +1 

Extraction time (s) 
120 360 600 

pH of the buffer 
4 4.75 5.5 

Volume of the 

extraction solvent 
100 200 300 
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Table 14: The Box–Behnken design for the optimization of the three variables 

extraction time, volume of extraction solvent, and buffer pH value. 

Number of 

experiment 
Time Solvent volume pH 

1 360 200 4.75 

2 120 100 4.75 

3 120 300 4.75 

4 600 100 4.75 

5 600 300 4.75 

6 120 200 4.00 

7 120 200 5.50 

8 360 200 4.75 

9 600 200 4.00 

10 600 200 5.50 

11 360 100 4.00 

12 360 100 5.50 

13 360 300 4.00 

14 360 300 5.50 

15 360 200 4.75 
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Table 15: Results of the experimental design. Recovery (%) (Conditions: n = 2, 

B = blank, S = sample extract, dM =desirability function, Di = overall desirability).  

 Cd Cu Pb Di 

Run B(%) S(%) dCd B(%) S(%) dCu B(%) S(%) dPb 

 

 

1 2.7 31.5 0.535 0.6 65.2 0.546 0.9 65.2 0.817 0.620 

2 2.7 30.3 0.492 0.3 21.9 0.000 7.2 20.9 0.000 0.000 

3 1.5 41.9 0.927 0.0 37.9 0.202 0.0 50.7 0.550 0.468 

4 2.2 17.3 0 0.0 76.9 0.693 4.8 54.5 0.619 0.000 

5 4.3 40.9 0.888 0.0 101.3 1.000 3.2 70.5 0.914 0.933 

6 1.6 34.8 0.660 0.1 23.1 0.016 0.2 33.0 0.225 0.132 

7 1.9 36.5 0.723 2.1 32.3 0.131 4.5 41.8 0.385 0.331 

8 3.2 33.0 0.591 3.4 77.0 0.694 0.1 65.9 0.829 0.698 

9 2.7 27.5 0.386 4.8 91.3 0.874 0.0 72.4 0.950 0.684 

10 3.4 30.1 0.483 2.6 95.2 0.923 0.0 75.2 1.000 0.764 

11 2.4 20.4 0.118 2.0 40.6 0.236 6.1 43.1 0.409 0.225 

12 2.5 23.4 0.231 0.0 51.9 0.377 0.4 48.7 0.512 0.355 

13 3.5 43.9 1.000 0.0 47.3 0.320 4.8 74.6 0.989 0.681 

14 3.5 39.2 0.823 0.0 91.3 0.873 1.1 70.0 0.905 0.867 

15 3.1 30.3 0.490 0.0 78.9 0.718 6.6 57.6 0.676 0.620 
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The final equation (model), which fit the experimental data for maximum desirability of 

the parameters was following: 

Desirability (D) = 0.6599 + 0.1812 * Extraction Time + 0.2962 * Solvent Volume + 

0.0743 * Extraction pH - 0.1819 * Extraction Time^2 + 0.1161 * Extraction Time*Solvent 

Volume - 0.0300 * Extraction Time * Extraction pH - 0.1277 * Solvent Volume^2 + 

0.0137 * Solvent Volume * Extraction pH - 0.0002 * Extraction pH^2 

The positive sign in the equation means that if the value of one effect changes, the 

response will change in the same direction. The negative sign indicates response in 

the opposite direction. Optimal values of each parameter calculated from the final 

equation written above are given in Table 16. 

Table 16: Factors and optimal values. 

 

  

The Pareto chart of variables (Figure 14, B) shows the effect of the two factors: 

extraction time and solvent volume. Parameters exceeding the vertical line have a 

significant effect. The solvent volume (B) was the most crucial parameter. A lower 

volume may cause saturation of the solvent and less efficient dispersion resulting in an 

incomplete extraction. The optimal value was the tested maximum volume of 300 µL. 

However, larger volumes were not tested afterwards because the pre-concentration 

factor is proportional to the volume of the sample divided by the volume of extraction 

solvent.  

On the other side, the variation of the pH (C) did not show a significant effect under the 

tested experimental conditions. However, the evaluated optimal pH was 5.5, which was 

therefore chosen afterwards. Complexes of the analytes of interest with APDC could 

be probably formed in wider pH range.  

An expectation was that shorter time would be required because of the high surface of 

the dispersed extraction solvent. While the first estimation had been 30–120 s and 

having led to poor recovery (see section 5.1.5), in this optimization study longer times 

were tested from 2 to 10 minutes and an optimum time of 8.9 minutes was found. 

The response surface plot for the extraction time and solvent volume shows a curvature 

(Figure 14, A) and an interaction between these factors was found. With an increased 

Factor Low High Optimum Uncoded values 

Extraction Time -1.0 1.0 0.7346 534 s 

Solvent Volume -1.0 1.0 1.0 300 µL 

Extraction pH -1.0 1.0 1.0 5.5 
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volume of the extraction solvent, shorter time for extraction would be required, as 

expected. 

 

 

Figure 14: Response surface plot (A) and Standardized Pareto chart for desirability (B). 
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5.3 Preliminary experiments of Back-Extraction 

Back-extraction of sample extracts was necessary for ICP-AES measurement. For 

automation of back-extraction procedure, MicroSIA instrument was used. Better 

reliability than for manual back-extraction procedure was expected. 

Two possible configurations for back-extraction were tested. Configuration 2, in which 

the syringe pump was used in normal orientation, i.e. in the same position as for the 

extraction procedure shown in Figure 9. The respective method is described in section 

4.3.3 A. The principle of the procedure was the storage of toluene in the holding coil 

after the extraction while the aqueous phase (standard solution and reagents) was 

discharged to the waste. In the following step, the stored toluene was re-aspirated with 

the back-extraction solution into the syringe to proceed with the back-extraction. 

The main disadvantage of this configuration and procedure is the loss of toluene with 

the pre-concentrated analytes, which remained in the holding coil after re-aspiration to 

the syringe. Therefore, configuration 3 was set-up and tested for back-extraction. Here, 

the syringe pump was turned upside-down as shown in Figure 12. The method was 

changed (see section 4.3.3, B) as the solvent would now leave the syringe at last so 

that the main advantage is that toluene remains in the syringe after the extraction. On 

the other hand, a problem appeared during the collection of the back-extracts. A small 

amount of toluene was generally stuck at the bottom of the syringe even applying the 

former described intermediate start of the stirring for the short time (section 5.1.3). 

Therefore, a small amount of toluene was present in the back-extracts, which was 

incompatible with the ICP-AES measurement because it could lead to plasma torch 

shutdown or at least distort the results.  

A first step to decrease the toluene concentration in the back-extract was to discharge 

a small volume (100 µL) from the syringe to waste to eliminate potentially rests of stuck 

toluene. The second step was the filtration of the back-extract through a PTFE filter of 

0.45 µm pore size on which smaller droplets of toluene would remain. On-line filtration 

with a PTFE filter integrated into the TOP tube was not successful because of the 

resulting pressure. So, back-extracts were filtered manually using a plastic syringe 

together with a disposable PTFE filter but which was washed after every filtration by 

isopropanol and water to allow re-use. 

For manual back-extraction, 20% HNO3 was used. This concentration could damage 

the instrumentation, therefore cannot be used in the extraction system. Solution was 

the use of a stripping agent, which would facilitate the back-extraction and thus allow 

to decrease the concentration of acid. Such stripping agent would be another metal 

cation but with higher affinity to the complexing reagent than the analytes of interest, 

i.e. stripping agent has a higher stability constant than those. 
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Due to the lack of data about the complex formation of transition metals with APDC, 

data contains stability of the complexes of diethyl dithiocarbamate (DDC) with metals 

were used for finding suitable stripping agent. The stability constants Km of complexes 

of diethyl dithiocarbamate (DDC) with different metal cations M(DDC)n are given as 

log(Km) in Table 17 [22].  

Table 17: Log Km of analytes of interest for complexes with DDC [22]. 

Analyte (M) Log Km M(DDC)n 

Cd2+ 9.1 

Cu2+ 12.1 

Pb2+ 9.7 

Hg2+ 22.3 

Pd2+ 32.5 

  

From the log Km values, it was obvious that the strongest complex formed by DDC is 

with Pd2+. For the experiments, APDC was used, which is carbamate as DDC. 

Wang et al. (2001) [48] tested Hg2+ (300 mg/L) in 0.05–0.88 mol/L HNO3 and Pd2+ 100 

mg/L in 0.02–0.42 mol/L HNO3 as a stripping agent. They selected Hg2+, which made 

weaker complexes, but is more suitable for ETAAS detection because did not have an 

effect on the temperature program.  

For further optimization of the back-extraction, a Pd2+ concentration of 30 mg/L was 

chosen for metal exchange back-extraction. The concentration was deduced from the 

concentration of APDC, which was three times lower than in the article [48]. The 

concentration of 0.42 mol/L HNO3 was the same as used by Wang et al. (2001) [48] 

and 1.5 mol/L HNO3 were further tested for comparison. 
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5.4 Optimization of Back-Extraction 

5.4.1 Optimization of the concentration of acid 

Nitric acid concentrations of 0.42 mol/L and 1.5 mol/L were tested. A higher recovery 

for more concentrated acid was expected. The concentration of Pd was fixed to 30 mg/L 

for both back-extraction solutions. The aspirated volume of back-extraction solution 

was set to 500 µL, due to the requirement to use volume as low as possible for pre-

concentration, on the other hand, the volume had to be sufficient to allow phase 

separation and collection of the back-extractant. All other experimental conditions were 

as former optimized while the back-extraction time of 180 s was tested. For calculation 

of the recovery, three factors for data correction were used (see section 4.4). The 

results are given in Table 18. 

Table 18: Results for optimization of concentration of the acid. Recovery (%) 

(Conditions: n = 2, S = Sample extract, B = Blank). 

 

Cd (recovery) Cu (recovery) Pb (recovery) 

Mean 

S (%) 

Mean 

B (%) 

RSD 

(%) 

Mean 

S (%) 

Mean 

B (%) 

RSD 

(%) 

Mean 

S (%) 

Mean 

B (%) 

RSD 

(%) 

Solution 

1 
40.1 2.5 1.5 11.4 5.0 34.8 49.6 2.0 10.1 

Solution 

2 
36.9 2.4 16.7 21.8 4.0 26.6 31.3 2.0 54.2 

 

The experiment did not show any significant difference between both back-extraction 

solutions. It was further found that the use of only 500 µL of back-extraction solution 

was not advantageous because only 300 µL of the back-extractant could be collected. 

Because the minimum volume required for ICP-AES measurement was 3.5 mL, these 

300 µL had to be diluted about twelve times with 2% HNO3 (v/v) to this final volume. It 

is logic to assume that the back-extraction would be more efficient with a larger volume 

of back-extraction solution and that the relative loss of analyte would be significantly 

lower.  

 

5.4.2 Optimization of the volume of Back-Extraction solution 

An experiment for testing larger volumes of back-extraction solution than in the previous 

test was done. It was assumed that if the loss of back-extractant was the same as in 

previous test, i.e. 200 µL, the relative loss of analytes would be significantly lower with 

an initial volume of 3.5 mL of the back-extraction solution. Again, two acid 
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concentrations (0.42 mol/L and 1.5 mol/L HNO3) were tested. The concentration of Pd2+ 

was reduced to 4.3 mg/L to achieve the same total amount of Pd2+ as in the previous 

test. The same experimental conditions were applied and for correction of the results, 

the same three factors were used (see section 4.4). The results are given in Table 19. 

 

Table 19: Results for optimization volume of back-extraction solution. Recovery (%) 

(conditions n = 2, S = sample extract, B = blank). 

 

Cd (recovery) Cu (recovery) Pb (recovery) 

Mean 

S (%) 

Mean 

B (%) 

RSD 

(%) 

Mean 

S (%) 

Mean 

B (%) 

RSD 

(%) 

Mean 

S (%) 

Mean 

B (%) 

RSD 

(%) 

Solution 

1 
108.7 0.8 3.2 38.9 2.8 17.1 92.5 14.1 4.4 

Solution 

2 
95.1 0.0 9.6 55.4 5.3 21.9 115.1 5.4 15.4 

 

It was found that the recovery of Cd and Pb was practically complete taking into account 

the correction factors for both concentrations of acid so that 0.42 mol/L HNO3 was 

sufficient for the back-extraction in this case. However, the recovery of Cu was only 

around 50%. The complex of Cu and APDC is probably more stable in the acidic 

medium than for the other analytes of interest (see Table 17) and likely even stronger 

acid or a higher concentration of Pd2+ would be needed for a complete back-extraction. 

Another possibility is that Cu was not extracted completely to toluene, hence it is not 

possible to achieve a recovery of 100%. This could be due to a reduction of Cu2+ to Cu+ 

or, more likely, the competition of the complexation by ammonia being one of the buffer 

components.  

As expected, it was found that a volume of 3.5 mL back-extraction solution reached a 

significantly higher analyte recovery compared to the volume of 500 µL used in the 

previous experiment. 
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6. Final discussion and outlook 

6.1 Internal standard application 

During the entire optimization of the system and method, a suitable internal standard 

was searched for. Using an internal standard is useful for correction of errors and 

variations, which are caused by analyte loss during sample extraction procedure. The 

internal standard should have the following characteristic: it should have similar 

chemical properties and linear response as the analyte of interest, it should be 

extractable to the organic phase and should be independent of matrix and 

concentration of the analyte. The following cations were tested: In, Rh, Y, La and Co. 

None of them was extracted to toluene using both chelating reagents. One possibility 

could be the complexation with the buffer component ammonium, which likely also 

interfered with the extraction of Cu.  

In this work, due to lack of time, a suitable internal standard was not found. However, 

for the further experiment would be required the use of an internal standard for 

correction of the data, therefore, more investigation about suitable internal standard 

should be done.  

 

6.2 Back-Extraction approach for real samples 

A few papers have been reported on the use of extraction and back-extraction 

combined with spectrometric detection (see section 3.4.3 and 3.7). In the case of real 

sample measurement, the volume of back-extractant is crucial. The back-extraction 

solution volume should be as small as possible because of the requirement of a high 

pre-concentration factor to allow the detection of very low analyte concentrations (ng/L). 

However, it was found that the use of a small volume (here tested: 500 µL) is not 

possible to be performed in the present system because the collection of only the 

aqueous phase is a problematic and perceptible fraction of analytes was lost by the 

dead volumes of the system and required dilution of off-line ICP measurement. By on-

line coupling to ICP-AES, this problem could be partly overcome.  

 

6.3 On-line coupling of the system with ICP 

A long-term objective to further development is the on-line coupling of the extraction 

system with the ICP-AES instrument. Here, a few microliters of pre-concentrated 

analytes of the organic phase could be directly injected into the detector but special 

nebulizer systems and evaporation chambers to overcome the problem of solvent load 

should be employed, which was not possible in this first study.  
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The second objective of future work is also the coupling of the back-extraction system 

to an unmodified ICP-AES system to prove that in-syringe analysis is feasible of 

performing this sample pre-treatment task in parallel to ongoing ICP measurement. 

However, this was not the task of the present work. 

A fully automated system without a significant loss of analyte caused by off-line 

manipulating of the sample extracts can be formed. In consequence, sub-ppb 

concentrations of several trace metals can be detected concurrently from soil or 

complex water samples.  
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7. Conclusion 

A MicroSIA instrument was successfully modified to enable magnetic stirring-assisted 

“in-syringe” DLLME. Placing a stirrer inside the syringe allowed creating on demand a 

dispersion of organic extraction solvent in the aqueous phase. 

It was found that the creation of a rotating magnetic field outside the syringe was 

possible simply by placing a software controlled motor with mounted magnets next to 

the syringe although careful adjustment of the distance to the syringe, rotation speed 

and magnet force was required. By this, the limitation that an additional “driver device” 

is required for the automation of DLLME was overcome.  

By preliminary experiments, it was found that a volume of air of several microliters was 

required to achieve solvent dispersion. Moreover, the time required for phase 

separation and the volume of extraction solvent can be estimated by observation.  

The order of aspiration of each solution showed to be of importance. The standard 

solution was aspirated as the last component of the mixture in higher flow rate 

(300 µL/s) after the extraction solvent, which improved the dispersion efficiency. 

Moreover, complex formation already within the holding coil with the potential loss of 

analyte was avoided by aspiration of the reagent as the first component in the 

procedure. 

The procedure applied for the collection of the organic phase after simple extraction 

and phase separation was improved and sticking of solvent to the inner parts of the 

syringe and stirring bar was overcome by careful adjustment of the operation 

parameters such as flow rate and intermediate stirring. 

Testing different procedures for analyte transfer to an aqueous phase compatible with 

ICP measurement, lack of reproducibility was found for solvent evaporation while 

manual back-extraction with highly concentrated nitric acid (20%) showed acceptable 

back-extraction kinetics and recoveries.  

The volume of extraction solvent, extraction time and pH were optimized using a Box-

Behnken experimental design finding the highest effect on solvent volume and 

extraction time as well as a negative interaction between these parameters.  

Back-extraction was possible to be executed in-syringe after a simple modification of 

the analyte system using analyte DLLME from the organic solvent into an acidic 

aqueous phase. The optimized values from the first extraction step was possible to 

adopt.  

Two concentrations of HNO3 and two different volumes of back-extraction solution were 

tested. For acceleration of back-extraction kinetics, palladium ion was used as stripping 
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agent allowing to reduce the concentration of acid and the time for back-extraction 

procedure compared to manual performance.  

It was found that a buffer solution containing a high concentration of NH3 is not suitable 

for the analyte Cu due to the competition of complex formation leading to a reduced 

recovery and the use of a sodium acetate buffer is recommended for future work. 

It can be concluded that the technique and system were possible to be used for both 

simple DLLME as well as for DLLME with posterior automated in-system back-

extraction for the enrichment of metal analytes. The optimization and setup of the 

system and operation method were possible within a relatively short time. On the other 

hand, the given limitation of performing the evaluation of the experiments by off-line 

ICP-AES including lasting steps of solvent switching (toluene to acid) and the complex 

chemistry to be optimized, were a drawback. The whole optimization was more time 

consuming due to the impossibility to measure on ICP-AES immediately after the 

experiment. This shows once more that the direct coupling of a pre-concentration 

system with the detection instrumentation – here ICP-AES – is of high benefit because 

it allows faster optimization of the multitude of chemical and physical parameters. 
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8. Shrnutí 

Cílem této práce bylo sestavení SIA přístroje, tak aby mohl být použit pro automatizaci 

disperzní kapalinové mikroextrakce uvnitř pístu pístového čerpadla. Dále byla potřebná 

optimalizace extrakčního systému pro stanovení kadmia, mědi a olova, které byly 

následně detekovány pomocí ICP-AES.  

Tyto analyty byly vybrány záměrně, jednak protože vykazovali určité zakoncentrování 

v předběžném testování, dále také kvůli jejich potencionální nebezpečnosti pro lidský 

organismus v případě, že je překročen limit například v půdě či pitné vodě. Kadmium 

se dostává do životního prostředí především z průmyslového odpadu a hnojiv, ve 

kterých je jako nečistota. Rostliny ho pak mohou absorbovat. Tabáková rostlina, která 

snadno absorbuje Cd z půdy, pak způsobuje zvýšený příjem Cd u kuřáků a zvyšuje tak 

jejich riziko onemocnění rakovinou plic [5,6]. Měď je stopový prvek v lidském těle, 

nicméně dlouhodobý příjem vysoké dávky (10–20 mg) může způsobit problémy s játry 

a další gastrointestinální potíže [9]. Zvýšená koncentrace olova v pitné vodě je 

nejčastěji detekována především ve starých domech, které mají stále ještě olověné 

vodovodní trubky. Ty jsou dnes již nahrazovány buď plastovým, nebo měděným 

potrubím. V lidském těle se olovo nejvíce kumuluje v kostech, kde nahrazuje vápník. 

Nadlimitní příjem olova u dětí může způsobovat poruchy při vývoji nervové soustavy. 

U dospělých vyšší hladina olova v těle může zvyšovat krevní tlak nebo způsobit 

poruchy ledvin a plodnosti [5,10]. 

ICP-AES je frekventovaně používaná detekční technika, zejména pro stanovení více 

analytů najednou. Umožňuje stanovovat koncentrace řádově od jednotek µg/L do 

stovek mg/L téměř všech prvků periodické tabulky. Tato detekční technika je založená 

na atomizaci zmlženého vzorku v argonové plazmě. Následuje excitace elektronů, 

které jsou nestabilní a při návratu do základního stavu emitují elektromagnetické záření 

o určité vlnové délce. Monochromátor rozdělí emitované světlo podle vlnových délek. 

Detektor, na který dopadají jednotlivé fotony, pak převádí intenzitu záření na elektrický 

signál a zesílí ho. Spektrální interference jsou nejčastějším problémem. Jsou 

způsobeny překryvem spektrálních čar prvků, které jsou v takové blízkosti, že je 

detektor nedokáže rozlišit. Řešením může být výběr alternativní vlnové délky daného 

prvku, případně metoda korekce pozadí. Vysoká teplota v plazmě pomáhá redukovat 

interference způsobené dalšími komponenty matrice. Nejčastějším problémem je 

tvorba nerozpustných solí, rozdíl ve viskozitě vzorku a kalibračních roztoků případně 

ionizační jevy. Komponenty v matrici pak mohou mít vliv na proces nebulizace, 

vlastnosti plazmy nebo výšku analytického signálu. Některé interference mohou být 

vyřešeny pouhým naředěním vzorku, jiné vyžadují komplexnější řešení, jako je 

extrakce nebo použití metody vnitřního standardu [11,13]. 

Dispersní kapalinová mikroextrakce je moderní extrakční metoda pro zakoncentrování 

analytu a zároveň jeho separaci od dalších komponent matrice, které by mohly 
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interferovat. Extrakční činidlo musí být s vodou nemísitelné a v běžném uspořádání mít 

vyšší hustotu než voda. Disperzní činidlo naopak musí být mísitelné v obou fázích. 

Metodu je možno provádět manuálně ve zkumavce, kdy je do vzorku rychle vstříknuta 

směs extrakčního a disperzního činidla. Dojde k vytvoření takzvaného „cloudy 

solution“, což jsou jemné rozptýlené kapky extrakčního činidla ve vzorku. Díky velkému 

povrchu dochází k rychlé extrakci analytu, který musí mít větší afinitu k organické fázi. 

Extrakce kovových iontů je umožněna použitím chelatačního činidla, který tvoří 

s iontem neutrální komplexy. Po skončení extrakce je organické rozpouštědlo 

centrifugováno a spodní vrstva je odebrána k detekci [23]. 

Automatizace disperzní kapalinové mikroextrakce může být provedena v SIA systému 

různými způsoby. První možností je mikroextrakce v mísící cívce následované 

separací organické fáze na mikrokoloně [42]. Další možností je použití takzvané 

extrakční jednotky, připojené k portu vícecestného selekčního ventilu [42]. 

Mikroextrakce se dá provádět také přímo uvnitř pístu pístového čerpadla. Disperzní 

činidlo je možné nahradit magnetickým míchadlem. Výhodné je i efektivnější čištění 

vnitřních povrchů pístového čerpadla a efektivní mísení reagentů se vzorkem. 

Nevýhodou je vznik mrtvého objemu způsobeného přítomností míchadla [3]. 

Při použití detektoru, který není kompatibilní s organickou fází, je nutné provést 

zpětnou extrakci do vodné fáze. Činidlem pro zpětnou extrakci je nejčastěji kyselina. 

Ta může obsahovat ještě takzvaný „stripping agent“, což je prvek, který tvoří 

s chelatačním činidlem pevnější komplex, tudíž dojde k vytěsnění analytu z komplexu. 

Volný analyt je pak snadno extrahovaný zpět do vodné fáze. Zpětná extrakce může být 

provedena jak manuálně [33], tak automaticky pomocí SIA systému [48]. 

MicroSIA systém byl modifikován tak, aby bylo možné provést disperzní kapalinovou 

mikroextrakci v módu „in-syringe“. Píst čerpadla byl zploštěn a magnetické míchadlo 

bylo smirkovým papírem upraveno tak, aby přesně odpovídalo prostoru uvnitř 

pístového čerpadla (Figure 9), do jehož blízkosti byl připevněn motor s magnety. Pohyb 

motoru byl řízen softwarem, takže míchání mohlo probíhat diskontinuálně. Byl vytvořen 

program pro extrakci zahrnující aspiraci vzduchu, roztoku amoniaku pro snížení 

kyselosti vzorku, chelatačního činidla, pufru, extrakčního činidla a nakonec vzorku. 

Obsah pístového čerpadla byl míchán a vytvořila se disperze. Po uplynutí doby 

extrakce se míchání zastavilo a proběhla separace fází pasivně podle hustoty jedno-

tlivých fází. Organická fáze, která se nacházela nad vodnou, byla aspirována do vialky. 

Předběžnými experimenty, které předcházely optimalizaci parametrů pro extrakci, bylo 

zjištěno množství vzduchu potřebné pro vytvoření disperze a rozsah objemu toluenu 

(extrakční činidlo) pro další optimalizaci. Dále byly vybrány analyty pro stanovení, pufry 

a chelatační činidlo. Jelikož nebylo možné přímé stanovení organické fáze pomocí ICP-

AES z důvodu inkompatibility přístroje, bylo nutné převést analyty do vodné fáze. Byly 

testovány dvě metody. První spočívala v odpaření organické fáze proudem dusíku a 

následným rozpuštěním odparku v 2% HNO3. Druhá metoda byla manuální zpětná 
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extrakce. K organické fázi byla přidána 20% HNO3 (byly testovány 3 koncentrace) a 

vialkou bylo třepáno přibližně 5 minut. Pak proběhlo oddělení fází a pipetou byla spodní 

vodná fáze opatrně odebrána a naředěna na koncentraci 10% HNO3, kterou bylo 

možno použít pro ICP-AES přístroj. Pro další optimalizaci byla vybrána manuální 

zpětná extrakce, protože vykazovala větší opakovatelnost i větší výtěžnost.  

Pro optimalizaci extrakčního postupu byl použit Box-Behnken design, který umožňuje 

sledovat efekt třech nezávislých faktorů na výtěžnost analytů. Každý faktor byl testován 

ve třech úrovních (-1,0,1). Celý experiment se skládal z 15 kombinací úrovní všech 

faktorů, kdy kombinace 0,0,0 se opakovala na začátku, uprostřed a na konci celého 

experimentu pro kontrolu správnosti. Vybrané faktory byly následující: pH reakční 

směsi (4–5,5), doba extrakce (120–600 s) a objem extrakčního činidla (100–300 µL). 

Z výsledků byla vypočítána tzv. „desirability function“, která byla použita v programu 

STATISTICA ke zjištění optimální kombinace faktorů pro maximální výtěžnost. 

Optimální hodnoty byly pH 5,5, 300 µL toluenu a 536 s doba extrakce. Dále byl vytvořen 

Paretův diagram, který znázorňuje statistickou významnost jednotlivých faktorů a jejich 

kombinací na požadovaný efekt (zvýšení výtěžnosti). Dále pak tzv. „Response surface 

plot“, což je prostorový graf znázorňující závislost desirability (maximální výtěžnosti) na 

době extrakce a objemu extrakčního činidla. Zobrazuje také interakce mezi dvěma 

faktory. V tomto případě se zvětšujícím se objemem extrakčního činidla klesá potřebná 

doba extrakce. 

Dalším cílem byla automatizace zpětné extrakce v SIA systému. Systém byl přestavěn 

tak, že pístové čerpadlo bylo obráceno o 180°, což umožňovalo odstranit vodný vzorek 

bez nutnosti nejprve odčerpat toluen. Extrakční činidlo tedy neopustilo pístové čerpadlo 

a zabránilo se jeho ztrátám. Extrakční postup byl zachován stejný s použitím 

optimálních parametrů z předchozího experimentu. Po odstranění vzorku bylo do 

pístového čerpadla aspirováno činidlo pro zpětnou extrakci. To se skládalo z HNO3 a 

palladia, které sloužilo jako „stripping agent“ (vysvětleno výše). Poté proběhla zpětná 

extrakce opět pomocí disperze vytvořené magnetickým míchadlem. Vodný extrakt byl 

zachycen do plastové vialky a extrakční činidlo bylo vypuštěno do odpadu. Vodný 

extrakt byl nakonec přefiltrován PTFE filtrem, aby se redukovala zbytková koncentrace 

toluenu. Testovány byly dvě různé koncentrace kyseliny (0,42 mol/L a 1,5 mol/L) a dva 

různé objemy činidla pro zpětnou extrakci (500 µL a 3,5 mL). Při testování objemu 

500 µL došlo ke ztrátě 200 µL extraktantu během filtrace, proto se dosáhlo nižší 

výtěžnosti. Testovaný objem 3,5 mL zaručoval významně nižší relativní ztrátu analytů 

(tím, že byl ztracen stejný objem, jako u objemu 500 µL), a výtěžnost u kadmia a olova 

byla úplná. U mědí bylo dosaženo pouze poloviční výtěžnosti, což bylo nejspíš 

způsobeno vytvořením nabitých komplexů s amoniakem, přítomným v pufru. Komplexy 

kovu s amoniakem jsou sice slabší než s chelatačním činidlem, avšak amoniak byl ve 

směsi v nadbytku. 
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Bylo zjištěno, že systém může být použit jak pro samotnou disperzní kapalinovou 

extrakci, tak i v kombinaci se zpětnou extrakcí. Jelikož manipulace se vzorkem pro off-

line ICP-AES měření prezentovaná v této práci je zdlouhavá, případné on-line spojení 

extrakčního systému s detekční technikou může celý proces značně zrychlit a zvýšit 

opakovatelnost, díky redukci manipulace se vzorkem.  
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12. Appendix 

1. Extraction method 

'Define Variables 
Variable Define New Time 
Variable Define New Vol 
Variable Define New Number 
 
Variable Define New OptionInit 
Variable Define New OptionCleanTube 
Variable Define New OptionCleanSyringe 
Variable Define New OptionBlank 
Variable Define New ValvePos 
Variable Define New OptionExtraction 
 
'Set Variables 
OptionInit = 0 
OptionCleanTube = 0 
OptionCleanSyringe = 0 
OptionBlank = 0 
OptionExtraction = 1 
/* 
Comments on reagents and experiment 
Ports:  1: Waste / 2: Water / 3: Auxiliary solvent / 4: Sample / 5: Reagent 
6: Buffer  /  7: Extraction Solvent /  8: Air, Head valve syringe ER is ICP-Vial 
*/ 
 
If OptionInit = 1 
'Initilize Syringe 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Initialize  
Syringe Pump Delay Until Done  
End If  
 
Syringe Pump Command (?) K0R 
 
'Empty syringe content to waste 
Syringe Pump Flowrate (microliter/sec) 300 
Syringe Pump Valve In 
Syringe Pump Empty  
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
If OptionCleanTube  = 1 
'Clean tube ValvePos 
Syringe Pump Valve Out  
Multiposition Valve port 5 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 600 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
End If  
 
If OptionCleanSyringe = 1 
'Clean syringe with water 
ValvePos = 2 
Loop Start (#) 1 



 

 
 

5 VDC Relay On  
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
5 VDC Relay Off  
Loop End  
End If  
 
If OptionExtraction = 1 
'Initial condition 
Vol = 300 
Time = 536 
'Loop of repetitions of measurement  
Loop Start (#) 1 
 
'Clean syringe with 1 x with IsoproOH 1xacidify water  2 x with Sample 
5 VDC Relay On  
ValvePos = 3 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
ValvePos = 2 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
ValvePos = 4  
Loop Start (#) 2 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
Loop End  
5 VDC Relay Off 
 
'Aspirate Air to facilitate dispersion 
Syringe Pump Valve Out   'must communicate with SV 
Multiposition Valve port 8 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 400   
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Load ammonia for adjusting pH 
Multiposition Valve port 1 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 80 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Load reagent 2 - Chelating mixture 
Multiposition Valve port 6 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 240 
Syringe Pump Delay Until Done 
Delay (sec) 1 
'Load reagent 1 - Buffer 
Multiposition Valve port 5 
5 VDC Relay On  
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 360  
Delay (sec) 1 
'Aspirate Extraction solvent 
Multiposition Valve port 7 
Syringe Pump Flowrate (microliter/sec) 50 
Syringe Pump Aspirate (microliter) 300 



 

 
 

Syringe Pump Delay Until Done 
Delay (sec) 1 
'Load Sample  
Multiposition Valve port 4 
Syringe Pump Flowrate (microliter/sec) 300 
Syringe Pump Aspirate (microliter) 3216 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Aspirate Air to empty holding coil 
Multiposition Valve port 8 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 250 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Extraction time 
Delay (sec) Time' 
'Phase separation 
5 VDC Relay Off  
Delay (sec) 40   
 
'Pushout air 
Syringe Pump Command (?) ER 
Syringe Pump Flowrate (microliter/sec) 25 
Syringe Pump Dispense (microliter) 600 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
Message Please put a collecting VIAL 
 
'Inject extraction solvent to ICP 
Syringe Pump Command (?) ER 
Syringe Pump Flowrate (microliter/sec) 25 
Syringe Pump Dispense (microliter) 250 
Syringe Pump Delay Until Done  
Delay (sec) 1 
Message Please exchange VIAL 
 
'Aspirate rest from top tube 
Syringe Pump Command (?) ER 
Syringe Pump Flowrate (microliter/sec) 50 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
Delay (sec) 1 
'Empty syringe content to waste 
Syringe Pump Valve In  
Syringe Pump Flowrate (microliter/sec) 200  
Syringe Pump Empty  
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Clean syringe with isopropanol 
ValvePos = 3 
5 VDC Relay On  
Loop Start (#) 2  
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
Loop End 
5 VDC Relay Off 



 

 
 

 
'Aspirate more IsoPrOH 
Multiposition Valve port 3  
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
 
'Fill the top tube 
Syringe Pump Command (?) ER 
Syringe Pump Flowrate (microliter/sec) 50 
Syringe Pump Dispense (microliter) 170  
Syringe Pump Delay Until Done 
 
'Aspirate rest from top tube 
Syringe Pump Flowrate (microliter/sec) 50 
Syringe Pump Aspirate (microliter) 400 
Syringe Pump Delay Until Done 
Loop End 
 
'Clean with acidify water after changing conditions 
ValvePos = 2 
5 VDC Relay On  
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
5 VDC Relay Off  
 
Beep  
Message END 
 
  



 

 
 

2. Back-extraction method 

'Define Variables 
Variable Define New Time 
Variable Define New Vol 
Variable Define New Number 
 
Variable Define New OptionInit 
Variable Define New OptionCleanTube 
Variable Define New OptionCleanSyringe 
Variable Define New OptionBlank 
Variable Define New ValvePos 
Variable Define New OptionExtraction 
 
'Set Variables 
OptionInit = 0 
OptionCleanTube = 0 
OptionCleanSyringe = 0 
OptionBlank = 0 
OptionExtraction = 1 
/* 
Comments on reagents and experiment 
Ports:  1: Waste  /  2: Water  /  3: Auxiliary solvent  /  4: Sample /  5: Reagent 
 6: Buffer  /  7: Extraction Solvent /  8: Back-extraction solution 
*/ 
If OptionInit = 1 
'Initilize Syringe 
Syringe Pump Command (?) YR 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Initialize  
Syringe Pump Delay Until Done  
End If  
 
'Syringe Pump Command (?) YR 
 
'Empty syringe content to waste 
Syringe Pump Valve In  
Syringe Pump Flowrate (microliter/sec) 300 
Syringe Pump Empty  
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
If OptionCleanTube  = 1 
'Clean tube ValvePos 
Syringe Pump Valve Out  
Multiposition Valve port 8 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 300      
Syringe Pump Delay Until Done 
Delay (sec) 1 
End If  
 
If OptionCleanSyringe = 1 
'Clean syringe with water 
ValvePos = 2 
Loop Start (#) 1 
5 VDC Relay On  
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
5 VDC Relay Off  



 

 
 

Loop End  
End If  
 
If OptionExtraction = 1 
'Initial condition 
Vol = 300 
'Loop of repetitions of measurement 
Loop Start (#) 1 
 
'Clean syringe with 1 x with IsoproOH and 2 x with Sample 
5 VDC Relay On  
ValvePos = 3 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
ValvePos = 2 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
ValvePos = 4 
Loop Start (#) 2 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
Loop End  
5 VDC Relay Off 
 
'Aspirate Air to facilitate dispersion 
Syringe Pump Valve Out   'must communicate with SV 
Multiposition Valve port 1 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 400   
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Aspirate Extraction solvent 
Multiposition Valve port 7 
Syringe Pump Flowrate (microliter/sec) 50 
Syringe Pump Aspirate (microliter) 300  
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Load reagent 2 - Chelating mixture 
Multiposition Valve port 6 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 240  
Syringe Pump Delay Until Done 
Delay (sec) 1 
5 VDC Relay On  
 
'Load Buffer+ammonia for adjusting pH 
Multiposition Valve port 5 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 340  
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Load Sample  
Multiposition Valve port 4  
Syringe Pump Flowrate (microliter/sec) 300 
Syringe Pump Aspirate (microliter) 3216  
Syringe Pump Delay Until Done 
Delay (sec) 1 



 

 
 

'Aspirate Air to empty holding coil 
Multiposition Valve port 1 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 250  
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Extraction time 
Delay (sec) 534 
 
'Phase separation 
5 VDC Relay Off  
Delay (sec) 20  
 
Loop Start (#) 5'  'release toluene from the bottom 
5 VDC Relay On  
5 VDC Relay Off  
Delay (sec) 5 
Loop End 
 
'Discharge sample to waste 
Syringe Pump Valve In  
Syringe Pump Flowrate (microliter/sec) 100  
Syringe Pump Dispense (microliter) 2500  
Syringe Pump Delay Until Done 
Delay (sec) 1 
Syringe Pump Flowrate (microliter/sec) 50  
Syringe Pump Dispense (microliter) 1600 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
'Aspirate water to clean the syringe to clean the rest of sample 
Multiposition Valve port 2 
Syringe Pump Valve Out  
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 1000 
Syringe Pump Delay Until Done  
Delay (sec) 1 
 
'Aspirate air to empty HC 
Multiposition Valve port 1 
Syringe Pump Valve Out  
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 400  
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
Loop Start (#) 5 
5 VDC Relay On  
5 VDC Relay Off  
Delay (sec) 5 
Loop End 
 
'Discharge water and sample 
Syringe Pump Valve In  
Syringe Pump Flowrate (microliter/sec) 100  
Syringe Pump Dispense (microliter) 500  
Syringe Pump Delay Until Done 
Delay (sec) 1 
Syringe Pump Flowrate (microliter/sec) 50 



 

 
 

Syringe Pump Dispense (microliter) 500  
Syringe Pump Delay Until Done 
Delay (sec) 1 
'Backextraction solution 
Multiposition Valve port 8 
5 VDC Relay On  
Syringe Pump Valve Out  
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 3500 
Syringe Pump Delay Until Done  
Delay (sec) 1 
'Aspirate air to empty HC 
Multiposition Valve port 1 
Syringe Pump Valve Out  
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 400 
Syringe Pump Delay Until Done  
Delay (sec) 1 
'Backextraction time 
Delay (sec) 180 
 
'Phase separation 
5 VDC Relay Off  
Delay (sec) 20 
Loop Start (#) 7 
5 VDC Relay On  
5 VDC Relay Off  
Delay (sec) 5 
Loop End 
'Push little bit aqueous back-extract to waste to remove toluene at the bottom 
Syringe Pump Valve In  
Syringe Pump Flowrate (microliter/sec) 50  
Syringe Pump Dispense (microliter) 100 
Syringe Pump Delay Until Done  
Delay (sec) 1 
'Push aqueous back-extract to ICP 
Syringe Pump Command (?) ER 
Syringe Pump Flowrate (microliter/sec) 50 '?? 
Syringe Pump Dispense (microliter) 3500  
Syringe Pump Delay Until Done  
Delay (sec) 1 
 
'Reaspirate rest from head valve 
Syringe Pump Command (?) ER 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Aspirate (microliter) 250 
Syringe Pump Delay Until Done  
Delay (sec) 1 
 
'Empty syringe to waste 
Syringe Pump Valve In  
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Empty  
Syringe Pump Delay Until Done  
Delay (sec) 1 
Loop End 
 
 
Beep  
Message END 



 

 
 

3. Method for the cleaning 

Variable Define New ValvePos 
Syringe Pump Command (?) YR 
'Empty syringe content to waste 
 Syringe Pump Flowrate (microliter/sec) 200 
Syringe Pump Valve In 
Syringe Pump Empty  
Syringe Pump Delay Until Done  
Delay (sec) 1 
 
'Clean all tubes 
Syringe Pump Flowrate (microliter/sec) 100 
Syringe Pump Valve Out 
 
Multiposition Valve port 2 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
Delay (sec) 1 
Multiposition Valve port 3 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
Multiposition Valve port 4 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
Delay (sec) 1 
Multiposition Valve port 5 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
Multiposition Valve port 6 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
Multiposition Valve port 7 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
Multiposition Valve port 8 
Syringe Pump Aspirate (microliter) 300 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
 
'Dispense to waste 
Syringe Pump Valve In 
Syringe Pump Delay Until Done 
Syringe Pump Empty 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
5 VDC Relay On  
 
'Clean syringe with water 
ValvePos = 3 



 

 
 

Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
ValvePos = 2 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
Insert File C:\Documents and Settings\uib\Escritorio\Katerina\Method_Mallorca-2015-09-08\Method 
Mallorca\Mallorca\ProcedureCleanSyringe.fia 
 
5 VDC Relay Off  
Beep  
Message End 

Procedure Clean syringe: 

Multiposition Valve port ValvePos 
 
Syringe Pump Valve Out 
Syringe Pump Flowrate (microliter/sec) 200 
Syringe Pump Aspirate (microliter) 2000 
Syringe Pump Delay Until Done 
Delay (sec) 1 
 
Syringe Pump Valve In 
Syringe Pump Empty 
Syringe Pump Delay Until Done 
Delay (sec) 1 

 


