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1. Introduction and goals 
 

 

Epidemiological studies showed that particles present in the atmospheric aerosol have 

hazardous effect even at low mass concentrations. Generally, diseases caused by inhalation or 

skin contact of ambient particles are associated with their individual components. However, not 

only the particulates have influence on the human health since it is closely connected to the 

vapour phase in which they are suspended due to gas-vapour motion, desorption and adsorption 

of individual compounds and heterogeneous reactions.  

The chemical composition of the vapour phase is on the whole well characterized, but the 

content of particulate matter is more complex and strongly depends on several factors like its 

source, size and physical processes such as transformation and coagulation. The main 

components of the condensed phase are carbonaceous substances (carbonates, elemental and 

organic carbon), ammonia, nitrate, sulphate and metals. With decrease of the particle size the 

organic carbon faction became more dominant. 

Lot of information have been reported about the individual organic substances present in 

the particulate phase containing carbon, hydrogen and oxygen but only a limited data was found 

about nitrogen containing organic substances. Moreover, the knowledge about their fate and 

transformation are limited because their chemical description is incomplete due to the absence of 

validated analytical methods.  

 

That is why the aim of this work was to develop and improve analytical methods for the 

determination of organic substances containing nitrogen in atmospheric and inddustrial aerosol. 

In metal working industry the use of metalworking fluid (MWF) is indispensable to protect the 

tools. During the use of the fluid it is emerged into the air in a form of mist (aerosol) that causes 

several disorders like contact dermatitis, asthma or hypersensitivity pneumonitis among the 

workers. These diseases have been associated with individual compounds present in MWF 

aerosol thus the estimation of the exposure of these substances to the workers is negligible to 

protect the workers. 

The selected solutes were derivatives of (i) benzotriazoles and benzothiazoles, (ii) 

hexahydrotriazines and oxazolidines, (iii) amino-alcohols and (iv) volatile and biogenic 
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alkylamines because these hazardous chemicals are ingredients or by-products of MWF. It was 

also issued that the developed and validated method for determination of atmospheric air because 

aerosols formed inside and outside of the plant might be co-mingled by filtration processes.  

 

The analytical procedure for the determination of saturated and unsaturated heterocyclic 

and aliphatic amines in atmospheric and MWF aerosol includes the sampling of the particulate 

matter and the targets present in the vapour phase, the sample preparation or extraction and 

analysis. The sample has to be investigated by separation techniques because of its complex 

nature.  

Generally, gas chromatography (GC) or high performance liquid chromatography (HPLC) 

is applied for the determination of organic compounds in atmospheric aerosol. However, 

capillary electrophoretic methods have been recently validated for different individual 

components like carboxylic acids. The advantages of capillary electrophoresis (CE) beside low 

solvent consumption and high efficiency, is the ability to separate compounds that are 

traditionally difficult to be handled by HPLC or GC.  

For the determination of highly polar and thermally instable compounds like the low 

molecular weight (LMW) carboxylic acids and bases with the chromatographic techniques, 

modifications (derivatisation) in the chemical structures are necessary that more difficult for 

routine analysis. These compounds can be easily separated with CE without any modification. 

Although only a few capillary electrophoretic methods has been developed and validated for the 

determination of organic amines in atmospheric and MWF aerosol because the selectivity and 

sensitivity of the chromatographic methods are sometimes better compared to CE. Thus, the 

second goal of the work among developing and validating analytical methods for the 

determination of organic compounds containing nitrogen in aerosol was to improve the 

performance of the capillary electrophoretic separations. To adopt capillary electrophoresis to 

analytic of small bases in aerosol (i) mobility scale transformation was aimed to use for 

improving the precision of identification and peak area (ii) the methods were planned to be MS 

compatible for orthogonal analysis and (iii) a in-line concentration with realisation of new 

material was purposed to increase the sensitivity of a method. 
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2. Atmospheric and metalworking fluid aerosol 
 

 

Presence of aerosol in the life is negligible since this definition including wide range of 

phenomenon such as smoke, rainbow, mist, fog and spray. They have effect on the human health 

and our environment thus its characterisation investigation of its effect are among the central 

topics in current research works. It is impossible to describe all aspects that have been published 

because it is a very broad and complex field.  

 

Since in this study it was aimed to develop capillary electrophoretic methods for the 

determination of different target compounds from aerosol, the already known information was 

collected in aspect of chemical composition and fate on the environment and human health. 

These data -that are summarized in this chapter- determine the targets had to be analysed and the 

matrices (known constituents) of the aerosol.  

The other main point of the work was to improve CE to be a fitting analytical tool for 

aerosol analytic that require high selectivity and sensitivity of the method and the theory and 

properties of CE is described in chapter 3.3.  

 

 

2.1 Atmospheric aerosol 
 

Aerosol present in the atmosphere has been studied for a long time [1]. From the 18th 

century meteorologists and geographers examined the origin and properties of atmospheric 

aerosol because it was recognized that their presence facilitates the formation of rain and snow, 

and influences visibility (volcano eruption, red sunset etc.) and thermal radiation in the 

atmosphere [2]. 

On the other hand, since 1660 the so-called London smog, a special type of aerosol, has 

been known and described as “Hellish and dismall cloud of sea-coale”, but its impact on the 

human health was marginal until the 1950s. On 5th December 1952 a mixture of dense fog and 

sooty black coal smoke descended upon London and the four-day smog episode resulted in 4000 

deaths, nearly three times the normal toll [3]. Not only this “smog-accident” happened at that 
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decade; over Donora in the year of 1948 extraordinary high levels of sulphur oxide, sulphates and 

fluorides were built up in the air over three days causing poor visibility, and by the time the rain 

cleared the air, 20 people had died and thousands of others had been sickened [4]. Since these 

accidents, an enormous progress has been made in understanding the presence of particulates in 

the air.  

Researches in the field of air pollution mainly focus on the improving combustion systems 

(since the predominance of emission of air pollutes results from combustion processes), 

broadening the knowledge of its health effect, study its physical properties and processes such as 

transport and transformation, developments in its sampling and its analytic for determination of 

the chemical composition. 

 

 

2.1.1 Definition and classification of airborne aerosol 

 

Aerosols are a mixture of small solid and/or liquid particles suspended in carrier gas 

(usually air) [5]. A great variety of terms such as dust, haze, fog, mist, drizzle, smoke and smog 

are in use to describe aerosol systems. The difference of these systems is the type and the stability 

of the particles thus this phase called also as particulate matter (PM) or condensed phase. 

However, the vapour phase and PM can not be totally separated since they are dynamically 

connected to each other how it was earlier mentioned. 

Aerosols are classified in different ways focusing mainly on the physical-chemical 

properties of the condensed phase. The most frequently used categorisation is based on the 

distribution of the aerodynamic diameter (dae) of the particles. The aerodynamic diameter of a 

particle whatever its shape and density is defined as the diameter of sphere particles with the 

density of 1 g/cm3 which sediments at the same rate as the particle in laminar flowing air. The 

size of atmospheric aerosol particles ranges from 0.002 µm till 100 µm, which cover the range of 

million (106) [5]. The division according to the size can be taking the consideration of (i) 

formation of PMs, (ii) deposition pattern in the lung and (iii) the regulation which consider the 

toxicity of the PM and its ingredients. 
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Classification according to the formation: From the formation aspect the distribution range 

is divided into: (i) the coarse mode cover particles with dae higher than 1 µm and (ii) fine mode 

when the dae of the particle is smaller than 1 µm as shown in figure 1 [6]. The fine particles can 

be subdivided into the nucleation mode (<0.1 µm) and the accumulation mode or Aitken particles 

(0.1-1 µm). Particles in the coarse mode are mainly formed by mechanical attraction processes. 

Particles in the nucleation mode have recently been emitted from processes involving 

condensation of hot vapours or freshly formed in the air by gas-to-particle conversion. These 

particles account for the major fraction of the aerosol number concentration, but because of their 

small size only for a small fraction of the mass. Particles in the accumulation mode originate 

from the growth of particles in the nucleation mode by coagulation or condensation of vapours on 

the existing particles.  

 

 
Figure 1: Classification of aerosol particles according to their size and forming process. 

 

Classification according to the deposition in the respiratory tract: The PM fractions can be 

defined according to their deposition behaviour in the lung (figure 2) since the uptake into the 

body takes place mostly via respiratory organs [7].  
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Figure 2: Deposition pattern of particulates in the respiratory tract in function of their size. 

 

A part of the total particulates are inhaled and called inhalable fraction. The ratio of inhaled and 

non-inhaled fraction increases with decreasing of dae. The inhalable fraction is divided into two, 

extrathoracic and thoracic fraction. Extrathoracic fraction includes the particles deposits in the 

region of nose, throat and larynx. The clearance of this fraction is complete within a few hours. 

Thoracic fraction comprises tracheobronchial and respirable fraction.  

The tracheobronchial fraction is that aerosol fraction that deposits in the region of 

tracheobronchial tree and persists for up to several weeks. 

 When the particulates deposit in the alveoli and in the region of bronchioli respiratorii and 

they are defined as respirable fraction. The elimination of these particles from the lung takes 

place with half-times of up to years.  

 

Classification according to the regulations: Environmental Protection Agency (EPA) and 

European Environment Agency (EEA) is now considering the fraction of PM10–2.5 as the 

indicator for coarse-fraction thoracic particles in conjunction with PM2.5 that address fine 

fraction thoracic particles (figure 2). This definition fits to the deposition pattern of aerosol 

particles and thus the measurements should reflect the deposition pattern of the particles in the 

respiratory tract too. 

Respirable f. 

Thoracic f. 

Inhalable f. 

Non-inhalable f. 

Extrathoracic f. 
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Classification according to the source of the particles: Aerosol particulates can be 

categorized into primary or secondary aerosols [8]. Secondary aerosol is particles formed within 

the air from the condensation of the gaseous substances presented in the air. Primary aerosol is 

those emitted directly in particulate form from their sources. They can be emitted as an attendant 

of human-activities or from processes in the nature. Thus primary aerosol is subdivided into 

anthropogenic and natural ones, however sometimes the distinction between these two classes is 

not possible (such as combustion of biomass or soul dust). Primary anthropogenic aerosols can be 

classified according to the place where they were formed and thus they are divided into outdoor 

and indoor aerosols. Outdoor aerosols are those forming in the atmosphere mostly during 

industrial processes (flay ash) and combustion processes, pulverisation of coal or rock crushing, 

solid waste disposal and transportation. The sources of atmospheric PMs are widespread. On 

global scale, natural sources play an important role since they are emitted from large areas such 

as the oceans or deserts. On a local scale, anthropogenic sources are likely to exceed the natural 

ones in case of cities and industrial areas such as combustion processes [9,10]; although some 

natural sources such as volcano eruption [11] or wildfires also play a role in the local 

concentration of particles.  

Indoor aerosols are those forming and resting in separated places such as buildings, rooms, 

etc. and they can be further divided into domestic and occupational (industrial) ones. Domestic 

indoor aerosols refer particles generating during household processes such as cleaning or 

cooking. Industrial indoor aerosols such as metalworking fluid (MWF) aerosols are generated 

inside the plants during working process.  

 

Geographic classification: Aerosol can be classified geographically into marine and 

continental aerosols depending on the place of the sampling. The further categorisation of 

continental aerosol is based on the elevation (mountain, valley etc), but they can be categorized 

on the distance of the station of large sources such as cities, power plants and major motorways.  

 

Strong correlation was found between the class defined different ways and the chemical 

composition of the PM. For example, the organic carbon content of particulates was shown to be 

significantly different collected at natural background and at kerbside (next to the road). 

Significant difference in the content of condensed phase has been also found between the coarse 

and fine particles. The source of the particulates is more or less defines the main compounds of 
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the emitted PM. That is why; the analysed atmospheric aerosol sample is always classified mostly 

based on the place of the sampling and size fraction of the PM. 

 

 

2.1.2 Composition and stability of airborne aerosol 

 

As it was mentioned before the condensed phase of the atmospheric aerosol has higher 

impact on the environment and human health as the vapour phase and thus its fully chemical 

characterisation is important.  

The particles have a homogeneous chemical structure, but once the particles have been 

formed and emitted they are subjected to several transformation processes: physical and chemical 

modifications due to the coagulation of particles, condensation of vapours on the particles and 

surface reactions. These processes influence the size distribution and the chemical composition of 

the aerosol particles. The main constituents determined from PM are the total carbon content 

(TC), nitrate salts, sulphate salts, ammonia, mineral dust and metal ions [12-15].  

Mineral dust includes definitively silica dioxide, aluminium oxide and calcium [16]. The 

generally presented metal ions are sodium, potassium, iron and heavy metals such as lead or 

chromium.  

Carbonaceous components are divided into three groups: carbonates, elemental (EC) and 

organic (OC) carbon. EC is sometimes termed as “black carbon” or “soot” since it is the dark-

coloured, low volatile carbon fraction that does not appreciably evolve without oxidants at 

temperatures below 700 °C [17]. It is usually produced by incomplete combustion of organic 

gases and particles. The chemical structure of EC is similar to the impure graphite and rarely 

occurs as a pure particle. OC is operationally defined as the difference between TC and EC [18] 

and appear to be the major component of PM [12]. The amount of the individual organic 

components depends on several parameters such as the size, source, sites (kerbside, urban, rural 

and background), residence time or the weather (temperature and humidity).  

 

The importance of organic components present in PM is high since they are expected to 

effect cloud formation, aggregation of the particles, heterogenic reactions and affect the human 

health [19-21]. Thus the identification of organic contaminants adsorbed on the particulates at 

molecular levels is negligible [22,23]. Over 2800 compounds have been identified, but the full 
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chemical description has not been achieved yet [24]. Rogge and his co-workers [25] investigated 

dichlormethane-methanol extract of the airborn aerosol and compared the identified organic 

solutes in function of PM constitution (figure 3). 
 

 
Figure 3: Chemical mass balance of fine-particle concentrations [25]. 

 

The identified components were n-alkanes, n-alkan-2-ones, n-alkanols, methyl n-

alkanoates, n-alkyl nitriles, n-alkanals, n-alkanoic acids, levoglucosan, polyaromatic 

hydrocarbons (PAHs), but terpenoids, glyceryl esters and sterols were also found in minor 

amounts [26]. During the last years, the identification and quantification of these substances 

became more reliable and routinely. The non-extractable and unresolved fraction contains highly 

polar organic compounds.  

Water soluble organics present in PM have strong effects in nucleation and cloud formation. 

They also influence the growth of fine particles in the respiratory tract [27]. The term “polar 

organics” is used to designate the oxygen-containing compounds such as alcohols, carboxylic 

acids, humic-like substances [28] and generally result from photo-oxidation of emitted or formed 

compounds [29]. Nitrogen containing organic compounds are also important components of PM 

[30,31]. 

The organic nitrogen content of the EC fraction was found between 10-14% depending on 

the particle size and source [32]. Nitrogen conctaining organic compounds divided into reduced 

and oxidised ones according to the electron-negativity of the nitrogen atom in the molecule. 

Organic solutes containing reduced nitrogen such as serine, glycine, alanine, valine, methylamine 
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and ethylamine are found in gas and in particle phase of atmospheric aerosol too. In localized 

areas, the concentrations of methylamine and dimethylamine can range from 0.02-0.28 µg/m3, 

and may exceed the ammonia concentration in the same air mass [33]. Major sources of primary 

reduced organic nitrogen include both natural such as soil humic substances, by-products of 

processes of vegetation and animal, and anthropogenic ones such as combustion processes, 

animal husbandry, food processing and waste treatment. No information has been found till now 

about the presence of polyamine derivatives in atmospheric aerosol in absence of developed 

analytical method. Once in the atmosphere, many of them react quickly with life time of 1-5 days 

[33]. They can be eliminated by hydroxyl radical abstraction forming hydroxyl-amines, amides, 

ketones or nitrosoamines [34].  

Oxidised organic nitrogen can be subdivided into alkyl nitrates, nitriles, nitric acid esters, 

nitric acid diesters, hydroxyl nitric acid esters, peroxynitric acid esters and peroxycarboxylic 

nitric anhydrides. Aliphatic nitro compounds were detected at high concentration in both phases 

at urban regions however larger alkyl nitrates (>C5) are likely to adsorb on the surface of 

particles. A few of these compounds are known to be formed during combustion of fuels and 

diesels, but the most are present as by-products. More than hundred aromatic nitro compounds 

are present in the atmosphere at detectable concentration. Some of these are in the gas phase, but 

the most have been found instead of constituents of aerosol particle. Their sources are mainly 

diesel exhaust and aluminium manufacture. Some are known as a result of photochemical 

reactions. Nitrophenols are formed by aqueous phase nitration reactions of phenol in cloud 

droplets [35] and nitro-PAHs are formed from PAHs. Many oxidised organic nitrogen have 

relatively long atmospheric lifetimes. No information was found about compounds containing 

nitrogen and oxygen or sulphur however they are probably formed during combustion processes. 

 

The ambient residence time of atmospheric particles varies with their size. Larger particles 

are not readily transported across urban or broader areas, because they are generally too large to 

follow the air streams, and they tend to be easily removed by impaction. Coarse-mode particles 

can settle rapidly from the atmosphere with lifetimes from a few seconds to hours. Smaller-sized 

particles can have longer life-times and longer travel distances.  

Atmospheric particles may eliminate by so called removal processes that are generally 

divided to dry and wet one. The dry removal mechanisms for scavenging aerosols from the 
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atmosphere are impaction and diffusion sedimentation or gravitational settling. Wet scavenging 

processes are rainout and wash-out. 

 

 

2.1.3 Fate and behaviour of atmospheric aerosol 

 

Atmospheric PM have a big fate in different processes take place in the troposphere, 

stratosphere and have significant affects the human health. Additionally, these effects are 

strongly correlated to the individual components of the condensed phase. In this section its fate 

and behaviour will be shortly summarized. 

 

 

2.3.1  Environmental effect of atmospheric aerosol 

 

The natural and anthropogenic aerosols effect the environment locally and globally too. 

Local point of view they can change the visibility or acidify the environment and globally they 

may change the nutrient cycle or the climate.  

 

Visibility impairment has been considered as the “best understood and most easily 

measured effect” of atmospheric aerosol [36]. Particles in the air influence the transfer of 

electromagnetic radiation in the visible range through the air by scattering and absorbing light. 

This manifests itself in changes in visibility (scattering) and coloration (absorbing). High 

concentration of particles degrades the visual appearance of distant objects to the observer.  

 

Particulates in the atmosphere reflect the light and heat back into the space causing directly 

cooling effect [37,38]. On the other hand anthropogenic black carbon and hygroscopic materials 

present on the particulates provide a springboard for cloud formation [39]. Most clouds have 

warming effect by trapping light and heat in the atmosphere. The heated air makes the 

atmosphere more unstable, creating rising air, which forms clouds and bring rainfall to regions 

where the concentration of the particles is high. Despite extensive study, the effect of the 

condensed phase on the overall climate is still unclear. 
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Carbonaceous particles can cause blackening of the stone [40]. This is mainly due to the 

accumulation of carbonaceous particles on the gypsum layer (formed by the interaction of the 

stone with SO2 and acid rain). The particles can also create ideal conditions, by acting as 

catalysts, for chemical reactions between the stone and other (gaseous) pollutants. They can act 

as gypsum nucleating agents. Carbonaceous particles, for example, having a large specific area 

and containing metals, play a role in the formation of crusts on the stone surface, as well as fly 

ash particles, containing several metals such as V, Fe, Cu, Cr and Mn, which catalyse the 

conversion of SO2 into sulphate [38]. The process results in the conversion of calcite into the 

more soluble gypsum and is called sulphating. Some studies even show that gypsum formation on 

clean limestone is only possible after the deposition of dust, which then catalyses the oxidation of 

SO2 in the presence of humidity.  

Atmospheric aerosol inputs to the marine environment are an important source of nutrients 

like nitrogen and bio-available trace elements, such as Si, Mn, Fe, Co, Ni, Cu, and Zn, which play 

an important role in the primary production [38]. This effect is less pronounced in coastal areas or 

land-based water reservoirs due to a major contribution by run-off from the land. Apart from this 

vital function of these species, they can exhibit an adverse effect on the system. An excessive 

supply of nutrients to the sea may result in an increased biological activity, changes in species 

and phytoplankton succession, algae blooms, changes in the oxygen consumption in the water 

column, etc. The atmospheric supply of nitrogen occurs in the form of NH3, but even more 

important in the form of particulate ammonium, nitrate salts and organic nitrogen. (For example 

the averaged annual deposition of nitrogen was estimated to 1.1 tonnes N/km2 for the Danish 

waters[41].) 

The deposited materials may not only play the role of nutrients, as mentioned above, but 

may be potentially toxic pollutants, like heavy metals and pesticides [42]. Large aerosol particles, 

despite their low number concentration, are important regarding pollution due to atmospheric 

deposition because of their large deposition rates and because they constitute a major fraction of 

the aerosol mass. Their effect is the highest in the proximity of the emission source. Pollution of 

more distant and remote regions by atmospheric deposition is more connected to smaller particles 

since these can be transported over longer distances. Even low fluxes of heavy metals are 

important since the deposited elements accumulate in the soil and can reach the level at which 

they become mobile in the environment [38]. This would have a variety of consequences on soil, 

forests, and water which would affect human health. 
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2.3.2  Health effect of atmospheric aerosol 

 

Three types of studies have been used to estimate the health effects of atmospheric aerosol: 

toxicological, epidemiological, and human chamber studies [43]. Toxicological studies involve 

administering high doses of individual compound(s) to lab animals and measuring cause-effect 

relationships such as cancer rates or rates of other health endpoints. One obvious problem of 

these studies is figuring out how to take results from animals and transfer them to humans.  

Because of the myriad uncertainties are associated with toxicological studies, human 

epidemiological evidence is generally preferred for adverse effect studies.  Epidemiological 

studies are designed to show relationships between exposure to an agent and the onset of disease 

in human populations. Inadequate control of potential co-founding factors is a major criticism of 

these types of studies.   

Human chamber studies involve placing healthy or susceptible human volunteers in 

controlled exposure settings to evaluate how atmospheric PM exposure influences physiological 

measures like lung function or heart rate variability. They provide important evidence in the 

mechanisms by which a pollutant can influence health but these studies cannot tell us anything 

about long-term exposures.  

Health effects of airborne aerosol are considered both acute and chronic. Acute health 

effects include the diseases due to short-term exposure, and chronic effects are due to long-term 

exposure. For the case of premature mortality, “acute mortality” or “chronic mortality” simply 

refers to the exposure period. 

 

Results of some epidemiological as well as animal toxicological studies and in-vitro 

experiments have supported the hypothesis that physical and chemical properties of the inhaled 

single particles are involved in toxic, genotoxic and carcinogenic health effect mechanism 

[44,45]. Particulate size, shape and electrical charge, particulate surface and solubility of 

adsorbed compounds are the most important factors that are correlated to the observed health 

effect. These parameters also substantially influence the particulate lung deposition and clearance 

rates [46]. Fine and ultra-fine particles penetrate the deep lung compartments, and have a very 

long clearance half time. By the large number per unit mass and their increased surface areas 

available for interactions with cells [47] and they are poorly taken up by lung macrophages and 

are capable of penetrating the pulmonary epithelium into the interstitium [48]. 
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Historically, acute effect of high level PM exposure episodes on human mortality and 

morbidity is well documented such as London smog-episode at 1952. Several studies have 

demonstrated associations between daily mortality and short term (24 hour) concentrations of 

ambient PM. These studies suggest about 0.3%-1.6% increase in acute total mortality for a 10 

µg/m3 increase in PM10 [43,49]. As for acute morbidity effects, hospital admission studies 

showed that hospitalization due to chronic obstructive pulmonary diseases like pneumonia and 

bronchitis show a moderate but significant increase in relative risk at the range of 1.06-1.25 

resulting from an increase of 50 µg/m3 of PM10.  

Links between PM concentrations and acute cardiovascular diseases such as cardiovascular 

death, myocardial infarctions and ventricular fibrillation have been also shown [50,51]. Long-

term PM exposure could promote life-shortening chronic illnesses, but determination of life lost 

to PM exposure has not been established yet. Continuous exposure to lower pollution levels may 

result in chronic diseases like chronic bronchitis or even lung cancer.  

Statistically and substantively significant report showed strong relationships between birth 

weight and maternal exposure to total suspended atmospheric particle [52].  

 

Numerous controlled toxicological investigations of individual chemical species have 

clearly shown that specific constituents of ambient air PM (e.g. diesel exhaust particles, PAHs, 

oxy- and nitro-PAHs acidic aerosol, metal ions) are associated with adverse health effects [53].  

Transition metal such as Fe, V, Ni, Ti etc. in interactions with cells may catalyze the 

production of hydroxyl free radicals via the Fenton reaction [54]. The free radical activity of 

particle surface could damage the cells by lipid peroxidation, protein oxidation, DNA strand 

breaks or antioxidant depletion [55].  

PAH and halogenated aromatic hydrocarbons have been shown to pass through the placenta 

exposing the fetus to the contaminant body burden of the mother. Additionally they are supposed 

to be neurotoxic substances and they are also proven to be carcinogenic [53]. 

 

On the whole, the uptake of atmospheric aerosol particles into the body takes place mostly 

via the respiratory organs and cause variety of respiratory tract disorders. Additionally, not only 

the concentration and size distribution of the PM has effect on the human health but also its 

chemical composition as it was shown by several toxicological and epidemiological studies. 
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2.2 A type of industrial aerosol: metalworking fluid aerosol 
 

 

Recently it has been suggested that indoor aerosol may pose more serious problem than 

outdoor aerosol since people generally spend more time indoor. People spend on average 87% of 

their time indoors, 7% in enclosed transit and 6% outdoors [56]. Thus the knowledge of the 

composition of inside aerosol at home or in working place is nesessary for estimating its risk on 

the human health.  

 

Indoor aerosol contains particles formed inside the building or room during different 

activities but it also contains atmospheric aerosol transported from outdoor (figure 4).  

 

 
Figure 4: Transportation processes of PMs between indoor and outdoor [57]. 

 

The ratio between indoor and outdoor aerosol particle concentration (I/O) gives a method to 

analyze the origin and transport of indoor particles [58]. Tung and his co-workers [59] measured 

the I/O and found it between 0.69-0.86 when the ventilation was not operating and indoor sources 

were set to the minimum. It was assumed that the particles penetrated through the doors and 

window cracks. When the investigated place was relatively airtight and the human indoor activity 

was high this ratio increased to 41 [60] thus the indoor aerosol became dominant. The physical-

chemical properties of aerosol formed inside closely depend on its source.  
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The indoor activities for generating particles are divided into household and occupational. 

Household aerosol might be generated during burning processes (smoking or open fireplace), 

cooking and cleaning activities such as hovering, sweeping or washing. Occupational indoor 

aerosols are mostly formed in the industry and its chemical composition strongly depends on the 

type of the producing process. 

A special type of industrial indoor aerosol is the metalworking fluid (MWF) aerosol. 

Recently, it is intensively investigated since several disorders between exposed workers have 

been identified [61].On the other hand the monitoring of this aerosol is quite difficult since the 

possible hazard components which present in the aerosol are in a wide range due to the non-

stable, complex property of MWF. Additionally, the particles are forming from oil-water 

emulsions thus wide range of tracers with property from the highly polar to the highly apolar one 

can present in the MWF aerosol.  

 

 

2.2.1 Metalworking fluid aerosol 

 

Metal working fluids (MWF) – often called coolants or cutting oils - are industrial 

lubricants used to reduce the friction between the cutting tool and the working spot and parallel 

carry away the generated heat, protect the surface characteristics, reduce wear, galling, surface 

adhesion or welding, and flush away the chips, fines and residues. Because of the versatile 

function of MWF, they are indispensable at manufacturing industries that perform different 

mechanic operations such as grinding, honing, forming, turning, boring, tapping, threading, gear 

shaping, reaming, milling, broaching, drilling and band sawing, otherwise the tools used in the 

process are quickly damaged and/or destroyed [62,63]. 

The worldwide estimated used amount is around 600 million gallons annually [64]. In 

Germany approximately 30 thousands tons of water-based MWF are produced annually [65]. 

 

During the use of the fluid, it is emerged into the working place by (i) the evaporation of 

fluid resulting from high temperature in the cutting zone, (ii) spin-of of the fluid from the work-

piece due to rotational motion and (iii) the splash due to kinetic energy from fluid work-piece 

impact as a mist [66,67]. 
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Figure 5: Generation of MWF aerosol during grinding. 

 

The amount of generated mist mostly depends on the type, concentration and volatility of 

MWF, tramp oil level [68], velocity of the fluid, speed and wear of the tool [69,70]. Grinding and 

drilling operations produced higher exposures than turning and milling for water fluids [71,72]. 

The median aerodynamic diameter of the particles usually ranges from 3-6 µm in the grinding 

process [70] which is in fine-course mode and they deposit mainly in the tracheobranchial and 

alveolar regions when they are inhaled (thoracic fraction). The shape of the size distributions is 

unaffected by the velocity of MWF, speed of the working tool [70] but is affected by the type of 

the fluid and mechanical operation; e.g. grinding and turning produced the largest particles, 

whereas hobbing resulted in the smallest ones. 

 

Occupational exposure to mineral oil MWF mist have to be less than 3 mg/m3 (8h time-

weighted average) and less than 1mg/m3 for water-mix MWF mist [69,71]. These regulated 

exposure values do not necessarily represent the practice because the measured concentration of 

MWF particles is still relatively high in spite the fact that numerous improvements in MWF 

products, engineering controls, anti-misting technologies and industrial hygiene procedures have 

been developed [72-74].  

The total particular mass was 1.23 mg/m3 taking samples from 21 plants in the 1970s, 0.57 

mg/m3 in 15 plants in the1980s and 0.34-2.43 mg/m3 from 5 plants in the 1990s [75]. From 322 

personal samples taken in small machine shops the average measured MWF particulate 

concentration was between 0.06-1.29 mg/m3 for the coarse fraction [76]. Another study showed 

that in 10 out of 79 small machine shops the MWF aerosol concentration was higher than the 

exposure limit of the thoracic fraction [77].  
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2.2.2 Chemical composition of MWF aerosol 

 

The composition of MWF aerosol may include the MWF components of the fresh fluid and 

different contaminants due to abiotic and biotic processes taking place in the fluid. The 

comsumption of the droplets are continuously changing since various unpredictable processes 

take place such as photochemical reactions, microbial growth or absorption of gaseous solutes. 

To describe the composition of MWF aerosol, the knowledge of composition of the fluid and the 

possible processes which can differentiate the chemical and physical properties of in-use fluid is 

summarized since only a few publications have been found about the chemical characterisation of 

MWF aerosol.  

 

The recently used cutting oils are grouped into four major classes according to their main 

components: (i) straight oils, (ii) soluble oils, (iii) semi-synthetic MWF and (iv) synthetic MWF.  

 

Straight oil (or neat oil) MWFs are solvent-refined petroleum oils or other animal, marine, 

vegetable or synthetic oils used singly or combined with different additives. They are not 

designed to be diluted with water. Historically this is the oldest class of engineered MWF 

products. Recently, there have been attempts to use vegetable oils instead of mineral oil, which 

resulted in more environmental friendly lubricant due to their better biodegradability [78]. 

Straight oils provide excellent lubrication properties, good rust control and long sump life [79], 

but the disadvantage of the straight oil MWFs is the poor coolant ability. 

 

Soluble oil (or emulsifiable oil) MWFs are combinations of 30-85% (V/V) severely refined 

lubricant-base oils and emulsifiers which may include other performance additives. The surface-

active emulsifying agents provide the maintenance of the oil-water emulsion. The soluble oil 

concentrate is diluted with water at ratios of 1 part MWF to 5-40 parts in volume before use. 

Soluble oils provide good lubrication and better cooling as compared to straight oils. However, 

they may have poor corrosion control, may smoke and may have poor mix stability and/or short 

sump life [80]. 

 

Semi-synthetic MWFs contain 5-30% (V/V) of severely refined lubricant-base oils, higher 

proportion of emulsifiers and 30-50% (V/V) water. The transparent applied oil is made by 
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dilution of 10 to 40 parts of water to 1 part concentrate in volume. Semi-synthetics offer good 

lubrication, good heat reduction, good rust control, and have longer sump life as compared to 

emulsifiable oil. Conversely, this class of coolants has a greater tendency to foam in soft water 

and can be unstable in hard water. They are the most complex MWFs because it can contain up to 

fifteen individual ingredients or mixtures. 

 

Synthetic MWFs contain no petroleum oils, and can be water-soluble or water dispersible. 

The simplest synthetics are made with organic and inorganic salts dissolved in water. Others may 

be formulated with synthesized hydrocarbons, organic esters, polyglycols, phosphate esters and 

other synthetic lubricating fluids [81]. One part concentrate is diluted with 10 to 40 parts water in 

volume before the operation. Among the four classes of fluids, they offer the best rust protection 

and cooling capacity even at high speeds and feeds, they are the cleanest, have an excellent long 

sump life, are largely unaffected by hard water, eliminate smoking, reduce misting and provide 

detergent action and oxidative stability [82]. But usually they have the poorest lubricating ability, 

difficult to treat the waste of these fluids and they can foam in some applications. 

 

Since MWFs have to provide versatile functions, all types of fluids are complex mixtures 

manufactured by hundreds of blenders. The physical-chemical properties and some individual 

ingredients are reported on the Material Safety Data Sheet of the product, but the exact chemical 

composition is concealed by the manufacturer because of the high competitive and proprietary 

nature of metalworking industry. The main ingredients according to their function that are 

generally used in all types of MWFs are shortly discussed in the following and summarized in 

appendix. 

 

Base oils are commonly mineral oils. They are typically distillates of hydrotreated 

(hydrogenated) petroleum, and contain either, heavy and light fraction. Mineral oil contains 

hundreds or thousands of different hydrocarbons, which have naphthenic or paraffinic nature. 

The oil fraction is generally classified as “naphthenic” if its hydrocarbon components are not 

aromatic but contains at least one cyclic alkane, and “paraffinic” if all hydrocarbons in the 

fraction are derivatives of normal and/or branched alkanes. Soluble oil and semi-synthetic MWFs 

tend to contain naphthenic mineral oils, whereas straight oils are generally either paraffinic or 

naphthenic mineral ones. The “average” molecular weight for mineral oil used as MWF amounts 
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to 455 g/mol for paraffinic and 310 g/mol for naphthenic oils, that corresponds to average carbon 

numbers of C30 and C23 respectively [83].  

Most major additives of MWF are organic compounds, and vary widely in terms of 

hydrophobicity and polarity [84]. The primary types of additives are emulsifiers (and 

surfactants), extreme pressure agents, corrosion inhibitors, friction reduction agents, wetability 

agents, bactericides and alkaline reserve agents. Current trends in additives include elimination of 

chlorine-containing compounds, phenols, nitrites, amines, PCBs and heavy metals. Chlorine and 

sulphur containing additives were used extensively in the 1970s, but have been mostly eliminated 

except the high molecular-weight alkanes containing chlor used as extreme pressure additives 

[61] and petroleum sulphonates used as emulsifying agents [85]. 

 

Emulsifiers and surfactants are added to water-based MWFs (emulsifiable MWF and semi-

synthetics) to disperse oil drops in the fluid due to the formation of spheres or “micelles”, and to 

reduce the surface tension of the fluid. Petroleum sulphonates have been widely used as 

emulsifiers in soluble oil MWF, but there has been ongoing concern that this compound will 

eventually be unavailable to MWF manufacturers. As a result, MWF suppliers are investigating 

alternative emulsifiers such as derivatives of ethanolamine or fatty acid amines [86-88]. 

 

Extreme pressure and anti-weld agents are used to guard against welding of the work piece 

with the metal tool in heavy duty machining. Extreme pressure agents (e.g. chlorinated paraffins) 

are chemically active compounds that react with metal surfaces at high temperature and pressure 

and create a protective layer. This layer has lower shear strength than the base metal and is 

preferentially sheared. The use of short chlorinated alkanes (from C10 to C13) has been eliminated 

because of its suspected carcinogenicity, and long chain chloroalkanes remain in use (from C14 to 

C30) [61]. However, health and environmental “friendly” compounds such as synthetic esters of 

carboxylic fatty acids, phosphoric and dithiophosphoric acid derivatives were tested and show the 

same efficiency as the conventionally used anti-weld agents [89,90].  

 

Corrosion inhibitors form films on metal surfaces consisting of polar organic compounds 

or inorganic oxides to prevent the attack of acids and peroxides. These compounds are added to 

water-based cutting oils and are retained in the oil phase to inhibit their loss through evaporation. 

Sodium nitrite is one of the oldest and cheapest corrosion inhibitors. Aromatic polyamines, such 
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as 1,2,3-benzotriazole, 5,6-dimetyl-benzotriazole, 5-metyl-benzotriazole, and 2-

mercaptobenzothiazole are well known to inhibit the corrosion of copper alloys [91,92], but their 

antimicrobial activity had been also considered [93]. Para-tert-butyl-benzoic acid has also 

inhibiting action effect on corrosion of aluminium, iron and copper alloys. 

 

Bactericides are intended to control the proliferation of bacteria, fungi, yeast and mould in 

the coolant to prolong the life of MWF, maintain its stability, reduce the odour and prevent the 

workers from microbial caused diseases [94]. US EPA lists more than 70 chemicals as a 

preservative and over 200 active products can be used as an antimicrobial agent in MWF. 

Because of the presence of a wide variety of micro organism species in the MWF and the effect 

of resistance on one preservative derivative [95], MWFs contain more than one biocide. The 

other important option is the dose of these antibacterial agents. If the amount of this agent is low, 

the micro organisms can overgrow, and when its amount is high, the averse risk of the active 

substance on the workers increase since these substances generally hazardous at high 

concentration. 

Antimicrobial agents can be classified into two groups due to their activity: formaldehyde 

releasers [96] and non-formaldehyde releasers. The activity of these formaldehyde releasers 

occurs by formaldehyde production [95]. Non-formaldehyde-releasing antimicrobial agents used 

in coolants can be differentiated into two groups according to their chemical structure: (i) 

phenolic type such as 2-phenoxyethanol or p-chlor-meta-cresol and (ii) nitrated type such as 

Bronopol, Bioban or 2,2-dibronzo-3-nitropropionamide [97]. Generally, biocides from both 

groups are added into the MWF concentrate, since formaldehyde releasers are effective against 

bacteria, and the other one against fungi and moulds [98]. The effectiveness of these substances is 

limited, because they are more soluble in oil than in water and microbes usually grow in the 

water phase.  

 

Alkaline reserve agents are used to keep the pH of water-based MWF between 8.5 and 9 to 

control bacterial growth (which is favoured at neutral pH), maintain the rust protection, and to 

retain emulsion stability and aid cleaning [99]. Earlier, derivatives of ethanolamine were used for 

this purpose, which have an emulsifier activity, too. The concentrate of the coolant typically 

contain 2-3% (V/V) monoethanolamine (MEA) and diethanolamine (DEA), and up to 25% (V/V) 
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of triethanolamine (TEA). Recently other derivatives of aminoalcohols (or hydroxyalkilamines) 

have been attempted as alkaline reserve agents to eliminate the formation of 

nitrosodiethanolamine as it will be described later [72]. Recently, antimicrobial activity of 

hydroxyl-alkylamines has also been proven at alkaline pH [100].  

 

Other ingredients are used as odorant, dye, anti-foaming agent, dispersant, oiliness agent or 

as plasticizer. The used additives in the MWF formulation has highlighted that there are a number 

of substances that give cause for concern, especially some surfactants and extreme pressure 

agents. Some reformulation may be required in order to prevent preparations being classified 

either as dangerous for the environment, harmful to aquatic organisms or may cause acute or 

chronic adverse effects in the human health. 

 

 

2.2.3 Stability of MWF aerosol 

 

The chemical composition of the diluted water-based MWF aerosol is continuously altered 

since several known and unknown processes such as contamination, biogen and abiogen reactions 

take place in the droplets. The main contamination sources that have influence on the quality of 

MWF are reviewed shortly in this chapter. 

 

Abiotic contamination: during the use of cutting oils, the contamination of the fluid is 

inevitable and can accelerate breakdown of MWF. A common contamination source is the minor 

components of mineral oils such as the potential carcinogenic PAHs, and hetero-aromatic (with 

sulphur and/or nitrogen) organic compounds. Since 1950 these contaminants have now been 

virtually eliminated by petroleum refiners through hydrogenation and solvent extraction [72]. 

Another common source of contamination is the lubricants used for other machinery 

operations for example hydraulic fluids and greases. They are often called as “tramp oil”. These 

oils are often formulated products themselves, so by introducing different compounds like 

antioxidants, zinc dialkylthiophosphates and mercaptobenzothiazole into the MWF thus they can 

be present in the aerosol too. 

Another general contamination facility is the presence of solid and dissolved metals. The 

concentration of dissolved metal is directly related to the quality and the surface of the working 
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metal, operating temperature, type of the MWFs and the type of the machining operation. Soluble 

metals that may contaminate the MWF are aluminium, brass, lead, nickel, chromium; zinc, 

mercury, cobalt, copper and ductile irons [61]. In general, straight oils absorb fewer metals than 

water emulsions.  

 

Biotic contamination: microbial growth as a substantial type of contamination has been 

known for a long time [101]. Once the container is opened and used, different microbes will enter 

from different sources (e.g. from tap water used for diluting the coolant concentrate; from 

machine operator’s hand, sweat and saliva; from the atmosphere; from tramp oil; from the parts 

of the machine and from residues of the previous fluid) and they are growing in the system 

[102,103]. The degradation of MWF by microbial growth may result in changes of fluid 

viscosity, and the acid products of fermentation may lower the pH of the fluid, causing corrosion 

and leaks in the operation system and catalyse different reactions such as formation of 

formaldehyde or nitroso-amines.  

Water-based MWFs are excellent nutritional sources for many kinds of bacteria and fungi. 

Water-mix sumps generally contained high bacterial level [104]. The predominant microbial 

species routinely recovered from MWF and its aerosols are virtually identical to those routinely 

recovered from natural water systems. As a group, they exhibit great nutritional diversity and 

complex interactions may occur among different member species or groups within the 

population. For example, the growth of one species may result in conditions that are more (or 

less) favourable to the subsequent establishment of other species. The elimination of one group of 

organisms may permit the overgrowth of another. All these factors contribute to the 

establishment of a unique microbial community and to the continuous changes in the population.  

Although several data have been reported about the identification of micro organism 

species in the used MWF, the whole microbial population have not been defined yet [105-107]. 

Many researchers have suggested that aerobic bacteria are the primary colonisers of in-use fluids 

and thus its aerosol and Pseudomonas are the predominant population among the bacteria [108-

111]. Once aerobic bacteria are growing, the second colonisers will be appearing such as sulphate 

reducing bacteria, anaerobic bacteria, yeasts and fungi. Most of the microorganism associated 

with MWF characterized either as nonpathogens (such as Pseudomonas species, Pantoca 

agglomerans, Citrobactee freundii, Klebesiella pneumonie, Escherichia Coli, Proteus vulgari) or 
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as opportunistic pathogens such as some Mycobacterium species [112]. However, pathogenic 

organisms such as Salmonella, Staphylococcus and Legionella species have been isolated [113].  

Fungi generally occur after pH decrease of the MWF and when organic matter is produced 

in the coolants, where saprophytic species can grow [114,115]. Cephalosporium, Penicillium and 

Aspergillus species have been commonly isolated from the in-use MWF. Yeasts and moulds are 

not the major microbial contaminant in cutting oils. 

 

Abiotic byproducts: some ingredients of MWF are not stable. Base oil may degrade, 

when the operation temperature is excessive and PAHs may form. Recently low levels of 

benzo[a]pyrene (median 0.03µg/g) have been found in mineral oils [72]. Nitrated biocides 

have been shown to release nitrite that can act as a nitrosating agent in the formation of 

nitroso-amines. Formaldehyde releasers hydrolyze in water forming formaldehyde [96]. For 

example hydrolysis of Grotan BK which is the most known formaldehyde releaser used in 

MWFs is plotted in the following figure. 
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Figure 6: Reaction scheme of hydrolysis of Grotan BK. 

 

The kinetic of the hydrolysis of Grotan BK was studied by proton nuclear magnetic resonance 

(H1-NMR) spectroscopy at different conditions [116]. The determined half life time of this 

hexahydrotriazine derivative was 2.8 h at pH 11 and 0.1 s at pH 8, thus the reaction is not 

inhibited by alkaline condition as it is written in its material data sheet reported by the 

commercial distributor [117]. However, other parameters that have influence on the actual 

concentration of the released formaldehyde (such as electrolyte and bacterial content) have not 

been thoroughly studied. No data were found about the hydrolysis kinetics of the other 

derivatives of formaldehyde releasers used in MWF. Since it is known that formaldehyde is 

formed, the concentration of formaldehyde was closely determined in the working place area 
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since high concentration of biocides in the fluid is necessary to have good effectiveness against 

bacteria [118]. The mean concentration of formaldehyde measured from 300 air samples was 0.5 

mg/l [119] that is under its maximally allowed concentration (MAC) in the working place.  

During grinding and machining operations small metal particles occur in the MWF. Thus 

vast area of nascent metal surface are generated which are chemically reactive. Many fluid 

components, especially corrosion inhibitors, are stripped from the mix by these sites and are 

replaced by largely unknown reaction products. 

The oxidation of MWF oils and constituents can lead to the formation of acids, resins, 

varnishes and carbonaceous deposits [120]. Considering the human health effect, formation of N-

nitroso compounds or nirosoamines, a class of notorious mutagenic, carcinogenic and teratogenic 

chemicals, was closely investigated. Nitrosoamines are generated by reaction of hydroxyl-

alkylamines and nitrosating agents (mostly nitrite salt) [121]. The most investigated nitrosoamine 

measured in small machine shops was N-nitrosodiathanolamine (NDLEA). In simulated 

metalworking coolant, which contained both nitrite and DEA or TEA at pH 9, NDLEA formed at 

an initial rate of 11-6 mg/l per week, respectively. This rate was increased by the heating of 

fluids, by acidification and by addition of paraformaldehyde or formaldehyde releasers [122]. 

Thus EPA passed a rule prohibiting the use of nitrites in MWFs containing aminoalcohols. 

However, NDLEA have been found in aerosol produced from nitrite free coolants, since DEA 

and TEA were exposed to nitrite oxide in the air [123]. The determined concentration of NDLEA 

was between 200-30000 mg/l [124] in 1978, and 0.02-7.53 mg/l measured in 1997 [125]. Other 

nitrosoamines are also formed by oxidation of hydroxyl-alkyl-amines. Nitrosooxasolidines are 

formed in the fluid or in the aerosol containing MEA at high concentration. N-

nitrosodiethanolamine and N-nitrosomorpholine were determined too, when the used fluid 

contained diglycolamine and the MWF was operated at a relatively high temperature (100 oC). 

 

Biotic byproducts: some ingredients of MWF can be readily consumed by micro organism 

as primary substrates (e.g. fatty acids and monoethanolamine). Other solutes like mineral oil are 

consumed slower. Microbes might produce acids and gases. Hydrogen-sulphide and ammonia are 

produced at anaerobic condition and carbon dioxide at aerobic condition. Viable cells secrete 

organic compounds during physiological function, which are often proteins or polysaccharides 

(called exotoxins), and might stimulate the immune system. Endotoxins are heat-stable 
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lipopolysacharide-protein complexes stayed in the cell envelopes of all gram-negative species, 

and released from cells generally as a result of the death of the cell or lysis [126]. Mycotoxins are 

toxic metabolites of fungi. If the cutting oils contain Fusarium or Cephalosporium species these 

toxins are produced at high concentration, which may cause dermatitis among the workers [127]. 

 

As a rule of thumb, it can be assumed that any material present at working places will wind 

up into the MWF aerosol, so some contaminants can be estimated when the working environment 

is charted. Since the composition of MWF aerosol is continuously changing, permanent 

monitoring is necessary for evaluating the hazard risk. 

 

 

2.2.4 Health effects of MWF aerosol 

 

Since 1976 more than 70 health hazard evaluations of industries with occupational 

exposures to MWF have been conducted [72] and it was accounted for 3% deaths among the 

workers exposed by MWF aerosol [128]. Skin disorders were the most frequently reported health 

problems, followed by mucous membrane irritation (complaints of eye, nose and throat irritation) 

and respiratory disorders since workers are exposed to MWF aerosol through skin contact and by 

inhalation. 

Several skin disorders such as folliculitis, oil ance, keratoses, eczema, rashes, contact 

dermatitis and skin cancer have been reported [129,130]. The most commonly reported disorder 

from the above mentioned diseases is irritant contact dermatitis [131,132] which can be caused 

by individual components of MWF such as amino-alcohols [133-135], fatty acids [136] or 

glycolamines [137]. Many factors play a role in the development of contact dermatitis and other 

skin diseases among the workers such as the MWF class and additives used the microbial content 

of the work environment, humidity and temperature of the plan, type of the operation or 

inadequate cleansing of the skin after skin contact [138]. 

 

The risk that MWF aerosol pose for nonmalignant respiratory disease is high [72]. 

Occupational exposure to MWF aerosols may cause lipid pneumonia, hypersensitivity 

pneumonitis, asthma, acute airways irritation, chronic bronchitis and impaired lung function. 

Among these disorders hypersensitivity pneumonitis has recently been emerging as an important 
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risk among workers exposed to MWF aerosol [139-141] and microbial 4contaminants are 

postulated to be most likely cause of this outbreaks [142-145].  

Additionally, increased risk of work-related asthma has been also reported [72] and it 

mostly depends on the type of the MWF for the machining operation and the appearance of the 

known sensitizers in the aerosol. The known sensitizers are alkyl-amines, derivatives of 

ethanolamine, heavy metallic salts, endotoxins and formaldehyde.  

One report showed consistent evidence that exposure to MWF aerosol at concentration at or 

above the controlled limit causes chronic respiratory symptoms for each class of MWF. 

Currently, no MWF aerosol component(s) have been identified causing adverse chronic effect. 

 

Epidemiological studies have been shown that some MWF aerosols are associated with an 

increased risk of larynx, rectum [146], pancreas [147], skin [148], scrotum [149], breast [72], and 

bladder cancer [150]. However, these studies reflect most likely the cancer risk associated with 

exposure condition in the middle of the 70s.  

Toxicological studies showed that the cancer risk among the MWF workers strongly 

depend on the MWF constituent such as PAHs or nitrosoamines. The carcinogenic effect of 

triethanolamine (TEA) and diethanolamine (DEA) have been also examined on mice and rats. 

After two years of dermal and inhalation studies, it was suggested that the ethanolamines are 

potential carcinogenic if delivered via inhalation route of exposure [61]. The carcinogenic effect 

of short-chain chlorinated paraffins was clearly proven [151]. MWF aerosols containing 

nitrosoamine had genotoxic effect [72]. 

Generally it can be concluded that these above-mentioned disorders are caused by different 

individual compounds are present in MWF aerosols (mostly additives of cutting oil) [152]. Thus 

efforts have been made to reduce the potentially hazardous components of MWF aerosols (mostly 

additives and impurities). However, in absence of validated analytical methods determined from 

MWF aerosol it has not been solved.  
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2.3 Analytical chemistry of atmospheric and MWF aerosol 
 

 

The analytical chemistry of atmospheric and indoor aerosol is mainly based on the analysis 

of the condensed phase since this fraction is more complex and has bigger influence on the 

ecosystem and on human health. Once a sample of particles has been collected, its physical 

properties, chemical and biological composition can be determined. The sample may be analyzed 

as a whole called bulk analysis or each particle is investigated individually. 

 

The most common tools for determination of physical properties of PMs are gravimetric 

and microscopic techniques. Gravimetric measurements determine the total mass of particles 

collected on filter by weighing the filter before and after sampling with a balance in a 

temperature- and humidity-controlled environment [72]. This technique is simple and cheap, but 

non-specific, thus negative and/or positive interferences due to the presence of other particulate 

and/or losses of organic particulate matter or water may occur. The estimated quantification limit 

of this method is generally 130 µg/filter, which fit to the sensitivity of a conventional balance 

[72]. Optical and electron microscopy are used for sizing, counting and identifying individual 

particles.  

For visibility measurements the scattering and absorption coefficient are determined by 

nephelometers [153]. To have a complete physical characterisation of the aerosol system, its 

water content and its volatility have to be determined. Several methods have been developed for 

the determination of water content including thermodynamic model [154], microwave resonance 

measurements [155], using sensitive microbalance [156], β-gauge [157], conductivity detector 

[158] or tandem differential mobility analyzer. The determination of aerosol volatility till now 

can be only measured with indirect methods or with help of real time instruments [159]. 

 

In some applications the composition of individual particles has a great importance since 

not all inhaled particles have adverse effect on the health. The determination of solutes present on 

individual particles can be performed by electron, ion, laser or scanning Auger microbes.  

Recently, so called real-time measurements have been come into the front. Prototype 

versions of mass spectrometers (MS) that determine the composition of individual particles in 
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time have recently been developed; however till now these instruments do not provide correct 

quantification characteristics.  

Also laboratory prototype instruments have been developed for determination of 

concentrations of total sulphur, nitrogen and carbon in function of time ranging from minutes to 

hours. 

 

Bulk aerosol analytic for the determination of chemical composition of aerosol includes 

four steps: sampling, sample preparation, determination and data evaluation. Each step plays a 

role for having a reliable determination protocol.  

The sampling of atmospheric and indoor aerosol generally include the collection of gas 

and/or particle phases separately. Several sampling processes result in non-adequate sample since 

negative or positive artefacts often occur. Sample preparation is also a “tender spot” since during 

the treatment a part of the analyte can be lost.  

Chemical analysis comprises the determination of the particle components by using various 

analytical tools depending on target compounds. These methods should be selective and sensitive 

since the sample are complex mixtures with variable concentrations and compositions. Generally, 

separation techniques such as gas chromatography, liquid chromatography and capillary 

electrophoresis are widely used for the determination of organic and inorganic compounds.  

 

Biological methods are used when dealing with viable particles or particle containing 

biologically active materials. Different staining techniques are used for differentiate various 

species under microscope, however recently more techniques have been developed for the so 

called bio-aerosol analysis. 

 

 

2.3.1 Sampling of aerosol 

 

The vapour and particulates can be collected parallel, however it is used for special cases 

since the instrumentation is difficult or not reliable. Denuder technique [160] is used when the 

interest of analyses focus on one substance class such as amines or semi-volatiles. Prototype 

instruments of steam-jet aerosol collector [161,162] have been published which collect both 
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phases at the same time but separately with a help of water steam. Additionally, these techniques 

have less artefact comparing with the other sampling methods.  

Atmospheric or indoor particles are often collected by drawing air through filter material 

using a pump. The material of the filters is usually polytetraflouroethylen, polyvinyl chloride, 

glass and quartz fibre. This is the simplest technique, but the possibility of negative and positive 

artefacts is the highest comparing with the other sampling techniques. The separation should be 

done under isokinetic conditions and by using size-selective inlets, which define the particle size 

fraction being sampled.  

 

Cascade and virtual impaction is the method of choice for the fractionation of particles 

within the size range less than 10 µm. In virtual impactors an acceleration nozzle (jet) directs 

particles-laden air toward a collection pore, which is slightly larger than the jet. Particles larger 

than a certain size cross the streamlines due to their inertia and enter the collection probe, 

whereas smaller particles follow the deflected streamlines. Several special types of impactors 

focus on collecting fine and ultra-fine fractions, and high volume impactors have been also 

developed [163]. 

 

An alternative to the impactor is the cyclone in which particles are removed by centrifugal 

forces. The sampled aerosol moves in a helical path and particles with high inertia separate out by 

the centrifugal force while smaller particles continue with the air flow. In general, the cyclone 

does not yield such a sharp cut-off in size as the impactor, but due to its high loading capacity is a 

good choice when a large amount of particles has to be sampled. 

 

Electrostatic collectors may be used as suitable alternatives for collecting mostly fine 

aerosol fractions. The air is drawn through the annular space, field charging occurs, and the 

aerosol is collected on the surface of the tubular electrodes [164]. The advantage of this sampling 

procedure is the lower probability of the generation of artefacts compared to filter sampling.  

 

The convention of European Standard EN 481 [165] requires separate measurement of 

inhalable, thoracic and alveolar fractions for collection of indoor particulate matter. The sample 

should represent the aerosol inhaled by individual workers. Thus it should be small and light to 
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be worn by the person. These thoracic samplers are used to estimate the risk of the emitted 

aerosol on the human health.  

A personal cascade impactor has been used for measuring the size distribution of 

particulates [166]. Another developed thoracic sampler uses a cyclone-operated system at 1.6 

l/min, which matches to the cut-point of the thoracic curve [167]. The third type of thoracic 

samplers used for occupational measurements collects the aerosol on open-pore foam [168]. They 

are sampling at flow rate of 7 L/min allowing the collection of short-term samples or more 

accurate full-shift samples, but they are still expensive.  

 

Sampling artefacts or errors are formed by the retention and absorption of gases by the 

sample media and collected particles, volatilization of collected particles, gas-particles and 

particle-particle reactions within collected particles. Almost all sampling procedures influence the 

chemistry of PM. The measurement of semi-volatile materials, which can co-exist in the 

particulate and vapour phase, may be lost from the condensed phase causing negative artefacts. 

For example ammonium salts, nitrates, amines and PAHs. Adsorption of HNO3, SO2 or different 

gaseous organics (VOCs) onto the collected PM can increase its total amount and can change its 

composition causing positive artefacts. The adsorbed amount during the sampling period is 

affected by the material of the filter and the flow rate of the ambient air.  

 

 

2.3.2 Sample preparation  

 

Sample preparation protocol used for bulk analysis includes different steps depending on 

the determination technique and physical-chemical properties of the targets. Before identifying 

and quantifying individual substances from atmospheric or indoor aerosol, filters or sample 

holder medium containing the collected particulates have to be stored at low temperature in dark 

to inhibit the evaporation of volatile substances and to decrease the possibility of contamination 

and reactions. The sample is supposed to be treated at once after the sampling. 

Generally, the target compounds are extracted with appropriate solvent by shaking, 

sonication, water-steam distillation, accelerated solvent extraction, supercritical fluid extraction, 

sub-critical water extraction, and microwave-assisted extraction or Soxhlet extraction.  
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After the extraction step, additional clean-up and/or pre-concentration may be added into 

the treatment process to increase the selectivity and/or sensitivity of the analytical procedure 

however the extraction step alone could be sufficient for a reliable method. Additional clean-up 

and pre-concentration can be liquid-liquid extraction, solid phase extraction (SPE) or evaporation 

of the sample solvent under vacuum or nitrogen steam.  

 

 

2.3.3 Measurement of chemical composition of atmospheric aerosol  

 

The identification and quantification of the composition of atmospheric PM is difficult and 

till now not fully resolved in spite the fact that several research focuses on it, although a 

systematic classification methods for characterisation have been improved. The characterisation 

process differentiates the determination according to the physical-chemical properties of the 

constituents such as the inorganic element analysis, EC and OC measurements, the determination 

of water soluble ions etc. [169]. The composition of the aerosol as mentioned before are effected 

by several factors such as the source of the emitted and formed particles that may be marine, 

urban, indoor, fly ash, biological and remote aerosol, the gas/particle motion, physical and 

chemical changes that are condensation, nucleation, evaporation, coagulation and/or 

heterogeneous reaction. In the following, developed method for determination of different 

chemicals will be shortly discussed. 

 

Inorganic solutes: sodium, magnesium, aluminium, silicon, phosphorus, sulphur, chlorine, 

potassium, calcium, titanium, vanadium, chromium, manganese, iron, cobalt, nickel, copper, zinc, 

gallium, arsenic, selenium, bromine, rubidium, strontium, yttrium, zirconium, molybdenum, 

palladium, silver, cadmium, indium, tin, antimony, barium, lanthanum, gold, mercury, thallium, 

lead, and uranium are commonly analyzed from ambient air samples. These elements often 

indicate the sources of particles and several are considered to be toxic.  

Elemental measurement methods include: (i) X-ray fluorescence (XRF) spectrometry [170]; 

(ii) proton induced X-ray emission (PIXE) analysis; (iii) instrumental neutron activation analysis; 

(iv) atomic absorption spectrophotometry (AAS); (v) inductively coupled plasma with atomic 

emission spectroscopy (ICP-AES); and (vi) ICP coupled with mass spectroscopy (ICP-MS). 
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These methods differ with respect to detection limits, sample preparation, and cost [171]. XRF 

and PIXE are the most commonly applied methods because the selective quantification of more 

than 40 detectable elements is possible, these techniques are non-destructive, and relatively 

inexpensive. AAS, ICP-AES, and ICP-MS are also appropriate for selective and sensitive ionic 

measurements after extraction of the sample. 

 

Water-soluble ions: The most common water soluble solutes in ambient aerosol samples are 

sulphate, nitrate, ammonium and chloride. The determination processes of these targets base on 

ion chromatography (IC), automated colorimetry (AC) or CE.  

In IC, the sample extract passes through an ion-exchange column which separates the ions 

in time usually connected with a conductivity detector. Prior to detection, the column effluent 

enters a suppressor column where the chemical composition of one element is altered, resulting in 

a matrix of low conductivity [172]. IC provides multi-species analysis for the anions.  

AC applies different colorimetric analyzes for small sample volumes with automatic sample 

throughput and the most common measured ions are ammonium, chloride, nitrate, and sulphate.  

CE recently has been more often applied for the determination of water-soluble inorganic 

and organic ions. CE methods for the determination of inorganic ions from aerosols have been 

recently reviewed [173]. The most procedures are based on indirect UV detection mode which is 

the most unselective one, and the typical detection limit is at concentration range of low mg/L. 

Methods have been improved and validated for the determination of selected cations using pre-

derivatization and direct UV detection [174] that increase the sensitivity of the method  

 

Carbonaceous substances: Three classes of carbon are commonly measured in ambient 

aerosol samples collected on quartz-fibre filters: (i) organic, volatilized or non-light absorbing 

carbon; (ii) elemental, black or light-absorbing carbon; and (iii) carbonate carbon. 

Carbonate carbon (i.e., K2CO3, Na2 CO3, MgCO3, CaCO3) can be determined on a 

separate filter section by measurement of the carbon dioxide (CO2) evolved upon acidification 

[175].  

Several analytical methods for the separation of OC and EC in ambient and source 

particulate samples have been evaluated [176,177]. These methods include: (i) solvent extraction 

of the organics followed by total carbon analysis; (ii) nitric acid digestion of the organics 

followed by total carbon analysis; (iii) absorption of radiation using an integrating plate to 
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determine EC (variations of this method include infrared absorbance, Raman spectroscopy, and 

visible absorbance); (iv) thermal combustion including both temperature-programmed and step-

wise pyrolysis followed by oxidation using either carbon dioxide or methane detection; and (v) a 

combination of thermal and optical methods. Chow and Watson [178] have been summarized 

different carbon analysis methods along with their measurement principles. Comparisons among 

the results of the majority of these methods show that they yield comparable quantities of total 

carbon in aerosol samples, but the distinctions between OC and EC are quite different.  

Organic compounds are important components of PM, whether it is taken in urban, rural, or 

remote areas. Most of the particulate OC is believed to be found in the fine fraction. Analytical 

methods include mostly separation techniques; LC, GC, CE coupled with various detectors. 

Several studies [24,25,179,180] have been identified and quantified over 80 individual organic 

compounds in the fine and/or coarse particle fractions with use of GC-MS, including n-alkanes, 

n-alkanoic acid, one n-alkenoic acid, one n-alkanal, aliphatic dicarboxylic acids, aromatic 

polycarboxylic acids, polycyclic aromatic hydrocarbons (PAH), polycyclic aromatic ketones 

(PAK), polycyclic aromatic quinones (PAQ), diterpenoid acids, and some nitrogen-containing 

compounds.  

Over 70% of the organic compounds in the fine aerosol at all sites (e.g. rural or natural 

background) have polar nature [181], however only few analytical methods have been developed 

for the determination of polar organics from atmospheric aerosol. Humic-like substances 

(HULIS) have been measured with different analytical tools. The structural studies measured 

with NMR, FTIR and UV/VIS exhibited that HULIS contained in air dust samples are small in 

their molecular size and rich in aliphatic and carbohydrate substructures compared to humic and 

fulvic acids from soil and aquatic system [182]. The same was concluded from CE measurements 

[183,184], but the molecular identity behind the peaks has been remained unknown yet.  

Indirect UV is also used for determination of carboxylic acids such as formate, acetate, 

propionate, butanoate, oxalate, malonate, succinate, malate, glutarate, glycolate, pyruvate, 

suberate, glycoxylate and lactate analysed with GC, CE and IC [185-189]. The typical detection 

limits were tens of mg/l that shows a low sensitivity method. The advantages of CE over IC in the 

analysis of carboxylic acids are lower solvent consumption, better separation efficiency, lower 

analysis time. Beside a larger variety of low molecular weight (LMW) carboxylic acid can be 

determined with CE according to the different separation mechanism. However, in terms of 
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detection limit, IC has an advantage over CE. Between CE and IC techniques, GC is the most 

frequently used technique for the determination of trace concentrations of emitted di-carboxylic 

acids measured from ambient air. Since the majority of the carboxylic acids exist in ionic polar 

forms which have relatively high boiling point and often poor thermal stability, they have to be 

converted into non-polar, volatile and thermally stable species such as esters before the GC 

separation. This method provides the best sensitivity, but the difficulty of automating the 

derivatization and extraction procedures, and the long analysis time are the disadvantages of GC 

methods comparing to CE.  

Several publications were found for the determination of the total amount of dissolved 

organic nitrogen with use of Khjendal titration, UV photolysis, persulphate oxidation and high 

temperature chemical oxidation [190,191] but these methods cannot specify them at molecular 

level. To date, GC and HPLC methods are the most widely adopted techniques for the 

measurement low molecular weight primary and secondary amines (see table 1).  

 

Table 1: Developed methods for the determination of LMW amines from ambient air. 

Sampling Sample preparation,  Method LOD Ref.

Onto filter Derivatisation before analysis CE-LIF 5 µg/l 192 

- - MS - 193 

Adsorbent (silica) Derivatisation before analysis HPLC-ECD 3 µg/l 194 

Trapping in H2SO4 Enrichment with membrane GC-NPD - 195 

- - MS - 196 

- Derivatisation before analysis LC-MS/MS 0.2 mg/l 197 

Adsorbent (C18) Derivatisation before analysis LIF 1 mg/m3 198 

Diffusion scrubber Solid-liquid extraction IC-conduct 0.5 µg/l 199 

Solid phase microextraction GC-FID 0.7 mg/m3 200 

Adsorbent (silica) Solid-liquid extraction GC-FID 20 mg/l 201 

Abbreviations: EChD: electrochemical detection, NPD: nitrogen-phosphor detector, conduct: conductivity 

detector, LIF: laser induced fluorescence, -:not reported. 
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These methods have some inherent problems related to the difficulty in handling amines due to 

their high water solubility and volatility. For GC separation like in carboxylic acid analysis 

derivatisation is indispensable. For HPLC analysis the selection of the appropriate solid phase 

and the detection system makes the determination difficult, however several method has been 

developed with and without derivatization of analytes. Only few methods have been developed 

with use of CE from ambient air. Additionally these methods were developed for the analysis of 

vapour phase or of condensed separately. Recently, analytical procedures focusing on the 

identification and quantification of amino acids from atmospheric samples have been published 

[202-204]. Only some methods were developed for the determination of organic solutes 

containing oxidised nitrogen from aerosol samples. Most of them focus on determination of nitro-

PAH determination [205-207]. A CE method was also developed for the determination of 

aromatic acids and nitrophenols [208]. This method can separate 17 solutes with low sensitivity 

to be useful for real sample analysis. Urea was also determined from rain samples and aqueous 

aerosol extracts by colorimetry [209,210].  

 

On the whole, the analysis of inorganic ions and several apolar organic substances from 

atmospheric aerosol has been established. But the determination of highly polar organics present 

in the aerosol has not been resolved fully. 

 

 

2.3.4 Measurements of chemical composition of MWF aerosol 

 

The identification and qualification of individual substances in MWF aerosol represents a 

complex problem, since the exact composition of MWF concentrate is held back by the 

producers, and several unknown processes take place in MWF aerosol. The volatile and some 

semi-volatile compounds are usually found in vapour phase, but a part of these compounds are 

absorbed in the produced droplets. Soluble and semi-synthetic MWFs compose an oil-water 

emulsion, so the target organic components can be solved partly in both phases depending on 

their octanol/water partition coefficient (logP).  
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Only some reports deal with the analysis of MWF aerosols, and these focus on the 

characterization of MWF aerosols using Fourier transformation infrared spectroscopy (FTIR) or 

aerosol time of flight mass spectrometer (ATOFMS) [211], and do not focus on the determination 

of individual compounds absorbed in the condensed phase. In the following earlier developed 

analytical methods for determination of MWF ingredients is summarized. 

 

Base oils: For the determination of the total amount of mineral oil present in coolants and 

MWF mist, fluorescence spectroscopy and FTIR methods have been developed [61,212]. A 

method, which scans the tetrachlormethane extraction at C-H valence stretching band with FTIR, 

is applicable to mineral oil aerosol, but not to the water soluble MWF aerosol. For eliminating the 

interferences of apolar compounds (since most of the organic group contribute to that vibration 

band) the method was improved by using a NaCl window, which enables a reliable estimation of 

the content of carbonyl compounds such as aldehydes, ketones and esters. 

Several analytical methods have been developed for the identification of hydrocarbons 

present in mineral oil e.g. GC combined with flame ionisation detector (GC-FID) and MS [213-

215], supercritical fluid chromatography (SFC) and HPLC [216]. Unfortunately, the 

determination of individual hydrocarbon species in mineral oil has not been technically feasible 

yet, because mineral oils contain lot of different hydrocarbons and a vast number of isomers 

having a mixture with virtually indistinguishable physical and chemical properties. 

 

Emulsifiers and surfactants: different analytical techniques were improved for 

determination of petroleum sulphonates with use of ion-pair chromatography from wastewater of 

MWF [72] or ultraviolet (UV) spectrophotometry [217]. For the analysis of fatty acids, different 

methods were used such as SPE followed by HPLC separation [218], size exclusion 

chromatography (SEC) with refractive index detection or CEC with UV detection [219]. 

 

Extreme pressure agents and antiweld agents: An analytical procedure for screening 

chlorinated paraffins in technical fluids was developed and validated using GC with electron 

capture detection (ECD) after SPE. This method was adapted into MS detection, too [220]. 

 

Corrosion inhibitors: Several methods were developed for the determination of 

benzotriazoles such as 1,2,3-benzotriazole (BTA), methyl-benzotriazole (MBA) and dimethyl-
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benzotriazole (DMBA) and 2-mercaptobenzothiazoles (MBT) including ultraviolet 

spectrophotometry [221], FTIR, aniodic chronopotentiometry [222], amperometric titration [223] 

and stripping voltammetry [224], that are not suitable for analysing the individual components 

from mixture. For the analysis of these substances in mixtures separation methods with use of 

HPLC and CE combined with UV detection were developed. 

 

Table 2: Developed methods for the determination of corrosion inhibitors. 

Sample Sample preparation Method LOD 

[mg/l] 

Ref. 

MWF Dilution HPLC-UV - [225] 

Coolant liquid - HPLC-UV 1 [226] 

Coolant liquidF - HPLC-UV - [227] 

MWF Dilution CE-UV 0.02–0.16 [228] 

MWF Dilution CE-UV - [229] 

MWF Extraction  CE-DAD 1 [230,231]

Abbreviations: -: was not publicated, LOD: limit of detection, DAD: diodarray detection. 

 

Biocides: Only a few methods have been developed for the identification and quantification 

of formaldehyde releasers. These methods are mostly based on the determination of the total 

amount of the released formaldehyde, so the differentiation between the individual compounds is 

not possible, and some interfering compounds such as acetaldehyde existed in the sample. 

However, a method for the determination of selected formaldehyde releasers from MWF was 

developed using CZE with indirect UV detection [231].  

Micellar electrokinetic electrophoresis (MEKC) method combined with UV detection has 

been already developed for the determination of non-formaldehyde releasing preservatives such 

as phenol, 2-phenoxyethanol, p-chlor-meta-cresol, derivatives of isothiasolone, and 3-iod-2-

propinyl-butyl-carbamate measured from MWF [232]. 

 

Alkaline reserve agents: Several methods were developed and improved for the 

determination of amino-alcohols using ion mobility spectrophotometer, GC, HPLC and CZE 

combined with different types of detection techniques with or without derivatization. Table 8 
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summarizes of the reported methods for the determination of amino-alcohols considering the 

matrices, sample preparation technique and some quantification characteristics. 

 

Table 3: Developed methods for the determination of amino-alcohols. 

Sample Sample preparation Method LOD 

[mg/l] 

Ref.

Aqueous solutions Derivatisation GC-FID 0.14 [233]

Air samples Derivatisation GC-FID 0.1 [234]

Aqueous solutions Filtration GC-FID 0.1 [235]

Aqueous slurries Centrifugation, filtration GC-NPD 0.05 [236]

Water Filtration IC-PAD 0.25 [237]

Air samples Extraction, derivatisation HPLC-LIF 1 µg [238]

Vegetation Extraction, centrifugation LC—MS/MS 25 pg [239]

MWF Dilution CE-indirect UV 0.25 [240]

 

Contaminants and by-products: Analysing the contaminants and by-products from MWF 

aerosol is more difficult than determining the additives, because of their low concentration and 

the scarcity of the knowledge of the structure. Up to the present few publications dealt with the 

determination of individual microbial antigens from MWF aerosol [241]. No more publication 

have been found about the determination of different contaminants and by-products present in 

MWF aerosols  

 

Last but not least, several methods have been developed and validated for determination of 

ingredients and by-products from the MWF but only a few focus on the determination from 

MWF aerosol although it affects the human health. 
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3. Experimental methods 
 

 

The developed analytical method includes (i) the aerosol sampling, (ii) the sample 

preparation and (iii) the CE measurement. The sampling was carried out using quartz filter to 

collect the condensed phase and using adsorbent for collecting highly polar and volatile 

compounds from the vapor phase. The collected materials were extracted by sonication in water 

to dissolve water soluble compounds present in the sample. The prepared samples were then 

directly injected into the CE instrument. For separation of the target components capillary zone 

electrophoresis (CZE) was chosen since the targets are Lewis acids or bases. The selected types 

for detection were diode array detection (DAD) and MS coupled on-line with CE. Direct UV was 

used for aromatic polyamines and indirect UV and MS for the unsaturated cyclic polyamines, 

amino-alcohols and alkyl amines. The concentrations of the targets were determined from the 

integrated peak areas using calculation techniques of calibration and internal standard. In this 

chapter the used instruments and chemicals and each analytical step will be closely described. 

 

 

3.1 Sampling process and modelling of sampling 
 

Lung and skin irritant hetero-aromatic amines (benzotriazoles and benzothiazoles) were 

suspected to be found in the condensed phase of MWF aerosol due to their low volatility. Amino-

alcohols and alkyl-amines have high vapour tension thus they are supposed to be found in the 

vapour phase but might be also found in the condensed phase because of their high water 

solubility and low volatility of their salt.  

The generally used flow rate was 1 l/min during the development and validation processes 

in line with the definition of inhalable dust fraction. During the method improvement the 

sampling durations were ranged from 20 minutes till 24 hours. Atmospheric temperature, 

atmospheric pressure and the moisture were recorded during the sampling. 

Since benzotriazoles and benzothiazol are supposed to dissolve in fine droplets, the 

sampling efficiency on filter was determined. The filters were spiked with 100 µl standard 

solution of analytes (the volume capacity of the filter was maximum 200 µl). Then clean air was 
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forced through the prepared filters by vacuum pumps for 2 hours, thus the sampled volume was 

120L. This process was studied for determination of amino-alcohols and alkyl-amines too. 

A model system for sampling the gaseous organic amines is based on active sampling was 

also studied. The standard solution of the selected compounds was set in exicator and the volatile 

amines were forced into the vapour phase by adding 1 mol/L NaOH. Then ambient air was 

continuously pumped through to purge and trap the alkyl-amines into the adsorbent.  

 

 

3.2 Sample preparation  
 

After the sampling, the quartz fibre filter was covered with 10 ml of a methanol/water 

mixture at a ratio of 30/70 (V/V%) in a suitable vessel. For further sample preparation, the vessel 

with the filter was treated for 15 minutes in ultrasonic bath. After the sample solution has cooled 

down, and the extraction solvent was evaporated under vacuum to a volume of 500 µl (pre-

concentration factor of 20). The concentrated sample was then injected into the capillary. The 

same solution was used for the electrophoretic separation of saturated and unsaturated 

heterocyclic amines, hydroxyl-alkyl-amines and alkyl-amines present in the collected condensed 

phase. 

 

The adsorbent for sampling of gaseous alkyl- and hydroxyl-alkyl-amines was a novel self-

prepared poly(methacrylate-acrylate) co-polymer. For 10g adsorbent 1.6 g ethylene dimetacrylate 

(EDMA), 1.68 g butyl-methacrylate (BMA), 0.72 g acryl-acid, 0.6 g water, 3.84 g 1-propanol 

(PrOH), 1.56g and 1,4-butandiol (BuOH2) and 40 mg isoazobisisobutylnitrile (AIBN) were 

measured into a glass holder. The solution was shaken till AIBN dissolved and then it was 

polymerised at 60 oC for 20 h. After polymerisation white, continuous bed was taken out from the 

oven. The monolith was put into a mortar and the solid was disintegrated. The particles were 

spheres with diameter between 100 µm and 1000 µm.  

1 g solids were then filled into the extraction body and were conditioned with 1 ml 

methanol and then 1 ml water. After sampling, the cartridge containing the adsorbent was place 

onto a vacuum extractor and the adsorbed solutes were dissolved by 2 ml 0.3% HCl solution at 

flow velocity of 1ml/min. This elute was then directly injected into the CE instrument. 
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3.3 Capillary electrophoresis 
 

Capillary electrophoresis was chosen as separation technique for identification and 

quantification of organic amines in atmospheric and MWF aerosol. CE has advantages of high 

separation efficiency, short analysis time, low sample and solvent consumption, low cost of the 

running and lower effect of matrices comparing with other separation techniques. In addition, CE 

can separate compounds that have been traditionally difficult to handle by HPLC for example 

highly polar and water soluble substances like the selected organic amines. However, there are 

still some barriers to overcome.  

The major drawbacks in CE are the poor precision and low sensitivity in comparison to the 

chromatographic techniques. That could be also reason why CE is not as widespread applied 

technique such as GC or HPLC. Thus if these parameters are improved CE would have 

comparable performances as the chromatographic techniques. But to be able improve these 

characteristics, the theory of the separation and the instrumentation must be understood and thus 

they will be shortly described in this chapter. 

 

Capillary electrophoretic separation occurs due to differences in mobility between the 

analytes under influence of an electrical field; some components move down the capillary faster 

than others. The basic instrumental set-up, as illustrated in figure 7, consists of a high voltage 

supply, fused silica capillary, buffer reservoirs, electrodes and an on-column detector. 

 
 

Figure 7: Scheme of a conventional CE instrument. 
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The sample is introduced into the capillary by hydrodynamic injection or by electro-kinetic 

injection. The hydrodynamic injection is performed by creating a pressure difference between the 

buffer and the sample reservoirs during dipping the appropriate end of the separation capillary 

into a sample solution. 

Using electro-kinetic injection, voltage is applied (1-5 kV) for a time while the beginning of 

capillary is inserted in the sample reservoirs. This sampling mode is at some cases more sensitive 

than hydrodynamic injection. However the injected amount is matrix dependent and thus 

application of hydrodynamic injection is more popular. 

 

High voltage (maximum 30 kV) is generated over the capillary for the separation of 

analytes and the charged components move through the capillary under the electric field. Positive 

components migrate to the negative electrode (cathode) and negative components migrate to the 

positive electrode (anode) at different velocity.  

The mobility difference between the separated substances depends mostly on the analyte’s 

charge and size.  

r6
Q

ep πη
=µ , 

(1) 

 

where µep is the electrophoretic mobility of a substance, Q is the charge of the substance, η is the 

viscosity of separation medium and r is the hydrodynamic radius of the substance. The charge of 

ion strongly depends on pH of running buffer, and thus the migration velocity of the molecules 

also differs with the pH. The size is a combination of the sample component and the bounded 

water shield to the solute. This is the reason that small inorganic metal ions migrate with similar 

velocity as the volatile alkyl-amines.  

Modifiers like as organic solvents, surfactants, cyclodextrins or polymers can be added into 

the separation buffer to enhance mobility differences between the target components. When 

cyclodextrin is added into the buffer the technique is called electro-kinetic chromatography and 

when surfactants are added it is micellar electro-kinetic chromatography. In these cases the 

separation depends also on the solubility of a solute since more apolar ones stays longer in the 

micelles produced by the surfactant. However, the separation can be modified by other factors. 

When the capillary is filled with a solid phase the technique is classified as capillary 

electrochromatography (CEC). 
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In most applications the capillary is by fused silica. This material contains on its surface 

silanol groups. These groups are slightly acidic thus they are negatively charged at alkaline 

condition. When high voltage is generated over the capillary, the positively charged buffer 

constituents migrate towards the negative electrode but during the migration they also interact 

with the negatively charged silanol groups producing a layer which bring the neutral and 

negatively charged compounds towards the cathod too.  

This flow is called as electro-osmotic flow (EOF) which is proportional to the dielectric 

constant, zeta potential at the capillary-buffer interface and inversely proportional to the viscosity 

of the separation medium. Thus the mobility of the solutes depends not only the µep also on the 

EOF as shown in equation 2 when the separation buffer does not contain any modifiers. 
 

eoepapp µ+µ=µ , (2) 

 

where µapp is the apparent mobility of the compound and µeo is the mobility of EOF. Thus EOF 

play a big role in the separation. Generally, EOF can not be fully controlled small changes in the 

EOF cause big change in the migration velocity of the solute and poor precision.  

However, EOF has also advantages. On one hand, negatively charged or acidic compounds 

can be also separated after the detection of positively charged or basic compounds without any 

modification of the instrumentation. On the other hand, the flow profile is flat because the 

positive charge density is high close to the capillary wall and there is no drop in the capillary. 

This causes no peak broadening like the parabolic flow profile in HPLC and GC, and that is one 

of the reasons why such a high resolution can be achieved in capillary electrophoretic 

separations. Under typical conditions, a CE separation invokes 50,000 to 500,000 theoretical 

plates, which is at least one or two magnitude higher than in HPLC and better than capillary GC.  

 

The most commercial detection mode is based on spectrophotometry (UV/VIS, DAD or 

fluorescence). Spectrophotometric detectors used in CE might be an order of magnitude less 

sensitive compared to those available for HPLC because the former detectors use shorter path 

length. For enhancing the sensitivity, different stacking or sweeping techniques were developed. 

Additionally, the detection path length can be also elongated by the use of a bubble or Zet-

detector cell. However these methods to improve the method sensitivity can not be used for all 

cases and the enhancing factor in some cases is not enough for trace analysis. For example bubble 
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detector cell has enhancing factor of 3-5 and Z-cell has 10-30, and peak broadening effect often 

occurs. Moreover, these special detector cells cannot be used with all type of instrument. Thus 

other techniques should be developed for decreasing the detection limit of the capillary 

electrophoretic separations. Another detection system has been also coupled with CE such as MS, 

conductivity, electrochemical or radioactive detector. 

 

Scheme of optimisation process: Since the selected analytes are Lewis acids or bases CZE 

or free solution CE was selected that is the simplest capillary electrophoretic technique. In CZE 

the separation is based on the apparent mobility of the solutes. At first, theoretical mobilities of 

selected analytes were calculated with a help of self-made program [255]. The program plotted 

the ratio of charge and molecule mass on the two third (Q/M2/3) in the function of pH in 

accordance with equation 1. From that diagram the pH range was estimated in which the analytes 

are fully or partly charged.  

Then the buffer system of the background electrolyte (BGE) was selected. The buffer 

capacity should be the maximum in the estimated separation range to have similar mobility of the 

targets for run to run. On the other hand, the mobility of the buffer electrolyte should be in the 

range of the analyte mobility to avoid the tailing of the peaks.  

After selecting the buffer system, its optimal concentration had to be determined. The 

concentration of the buffer determines the EOF, current and peak symmetry. With increase of the 

concentration of running buffer the current increases since the resistance of the background 

electrolyte (BGE) decreases according to the Ohm equation.  

After the concentration of BGE separation buffer was determined, the pH of running 

medium was optimized. After determining the optimal concentration and pH of the BGE the 

buffer system, organic modifiers like acetonitrile, methanol, ethanol etc. were added into the 

background electrolyte at different concentration and their effect on the separation quality was 

investigated.  

Then capillary dimension like inner diameter (I.D.) and length were optimised. The first 

choice was always 57 cm total length (50 cm till the detector or effective length) and 75 µm I.D. 

Finally, the effects of applied voltage and temperature on the separation and current were 

investigated. The final separation protocol is summarized in chapter 4. 
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3.4 Problem of data interpretation and possible solutions 
 

The data interpretation plays also an important role in the analytical process. In this step the 

target substances are identified and quantified. The identification in CE is generally based on 

migration time but other parameters correlated from the migration time are also used in practice. 

One type of transformed identification parameter is the effective mobility which was also 

calculated and the transformation process is described in the following chapter. 

From the size of the peak, the injected concentration of the solutes can be determined. In 

separation techniques, peak height or peak area is used for determination of analyte 

concentration, and use of peak area is usually more reliable than peak height.  

To assume the reliability of a whole method, the analytical characteristics of the targets 

were determined when (i) the analytes were solved as standard and (ii) when the target 

compounds were spiked in the matrix to study the matrix effect on the determination of the 

selected compounds.  

 

 

3.4.1  Effective mobility scale transformation (identification) 

 

One major disadvantage of CE compared with HPLC is its poor reproducibility of MT and 

peak area. The low precision of these parameters is often related to little changes in EOF due to 

uncontrollable alternations of the capillary surface, which lead to MT shifting. If the effect of 

EOF can be eliminated on the migration of the solutes the reliability of the identification and 

quantification would be dramatically improved.  

Thus when the migration times are transformed into effective mobility (µeff, [cm2/V*s]) the 

method is assumed to be more representative and precise [242]. The effective mobilities of target 

substances are determined with use of the following equation. 

 

mt*eoft*V

)mteof(t*tL*dL
effµ

−
= , (3) 
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where Ld is the effective length, Lt is the total capillary length, V is the applied voltage, teof is the 

time of the EOF and tm is the MT of the solute.  

Effective mobility value shows the charge of the compounds: if it is anion at the separation 

condition, its effective mobility is negative and positive when the analyte separated as cation. 

Moreover, this parameter is independent on the EOF, and capillary dimensions such as the 

applied voltage and the length of separation capillary. When every registered point of the 

electropherogram is transformed to effective mobility, effective mobility scale is arisen. 

 

The effective mobility can be normalized (µeff,norm) with the following equation, when a 

marker with known mobility is added to the injection solution: 

 

mt*intt*V

)inttm(t*tL*dL
intµnormeff,µ

−
+=

, 
(4) 

 

where µint is the mobility of internal standard and is the migration time of the internal standard. 

Normalized effective mobility scale (normalized µ-scale) is given, when the detected signal is 

plotted in the function of normalized effective mobility. 

 

Mobility scale or normalized mobility scale can be used for quantification, since the 

transformation from time scale does not result in any loss of information due to the bit-to-bit 

correspondence [242]. On the other hand, better precision of peak area is expected when the 

electropherogram is transformed into mobility scale [242]. 

 

This transformation is not usual in other liquid phase separation technique but necessary in 

CE to overcome the variations of MTs and peak area. Considering the “CE-mode thinking” the 

measured electropherograms were transformed to effective mobility scale, and then the 

performance characteristics were determined and compared with the characteristics determined 

form the conventionally used time-scale. The transformation process was made by a program 

called GelTreat [243]. Thus it will be shown from different examples that this scale can be easily 

or routinely applied for capillary electrophoretic separations. 
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3.4.2  Determination of solute concentration (quantification) 

 

The concentrations of the target compounds were calculated from electronically integrated 

peak area using calibration curve or internal standard technique. The integration was made using 

self-developed program called GelTreat [256] and the solvent used for calibration was identical 

as for the sample preparation. For calibration the integrated peak areas were plotted in a function 

of the theoretical concentration of standard solution. 
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Figure 8: Peak area response in function of analyte concentration. 

 

As shown in figure 8, peak area is proportional to analyte concentration at low range of the 

measured concentration. The linearity of peak area response is determined by regression 

coefficient with use of equation 3. 
 

2)
2)Ai(A*2)ciΣ(c

A)i(A*)ciΣ(c
(2r

−−

−−
= , (5) 

 

where ci is the actual concentration of the target compounds, c  is the averaged concentration, Ai 

is the peak area at actual concentration of target compounds and A is the averaged peak area. 

When the regression coefficient is higher than 0.99, linear dependency can be concluded and thus 

calibration can be used for determination of concentration of analytes from the integrated peak 

area with use of the following equation.  
 

Linear range 

Analytical range 

a

b
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a
bAc −

= , (6) 

 

where A is the peak area, a is the slope of the linear slope, c is the concentration of the analyte 

and b is the y intercept of the trend line (see figure 9). The value of the slope and intercept of y-

axis for each analytes should be determined by separating the analytes at minimum five different 

concentrations every measuring day.  

Calibration can not be used for all cases since unpredictable parameters may affect the peak 

areas mostly when the substances measured from sample containing matrices. For example, small 

changes in the viscosity or ionic strength of the sample solution may influence the injected 

amount of analyte or injected volume of the sample solution. In these cases, so called internal 

standard method is used for eliminating the uncountable effects causing different peak areas 

integrated for the same concentration of target compounds.  

This method is based on addition of known compounds called internal standard into the 

sample before the injection. The requirements against this compound are that (i) the real sample 

should not contain it, (ii) it should have same physical-chemical properties as the analytes and 

(iii) it should be separated from the target compounds. However, this technique can be only used 

when the peak area of analytes and internal standard is linearly dependent on their concentration 

since the process assumes constant value of the ratio of the calibration slopes of the analyte and 

internal standard (see equation 7). 
 

stA*ic
stc*iA

sta
ia

f ==  → 
stA*f
stc*iA

ic = , (7) 

 

where f is the relative sensitivity, ai is the slope of the target, ast the slope of the internal standard, 

Ai is the peak area of the target, cst [mg/l] is the concentration of the internal standard, ci [mg/l] is 

the concentration of the target ad Ast is the peak area of the internal standard. For application of 

equation 7, the f has to be determined with determination of analytes with known concentration 

every measurement day. The use of internal standard might be as “indicator” of matrix on the 

separation of the analytes from real samples.  

 

To determine the concentration of the analytes in the sampled air, the conditions of 

sampling and sample preparation have to take into account with using the following equation: 
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airV
fD*solV*solc

airc = , (8) 

 

where cair is the concentration of the solutes in the air, csol is the concentration of the solutes after 

the sample preparation, Vsol is the volume of the extraction solvent, Df is the dilution or 

concentration rate before the analysis and Vair  is the total volume of pumped air during the 

sampling. 

 

 

3.4.3  Determination of analytical performance characteristics 

 

The required analytical performance characteristics for validation were determined 

according to the standards DIN EN 482, EN 4500 and ISO/IEC Guide 25 to characterise the 

correctness and precision of the optimised method. 

 

Resolution: This performance characteristic shows if the solutes are separated for reliable 

identification. The resolution (Rs) can be defined as a following: 

 

2w1w
m,1tm,2t

*2sR
+

−
= , (9) 

 

where tm,I is the identification parameter of compound i, and wi is the peak width of compound i. 

If the Rs of the separated substances higher than 1.5, they can be differentiated from each other 

when they present in the sample. 

 

Precision: The parameter describing the precision is the standard deviation (s2) which was 

calculated with the equation 6. 
 

1n

x)iΣ(x2s
−

−
= , (10)
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where xi is the measured data, x  is the average and n is the number of repetitions. For precision 

of identification and quantification the measurements were repeated three or five times at three 

different concentrations in the working range.  

When the relative standard deviation (RSD) of identification parameter were determined 

between 1-2%, the method is concluded enough precise to use for real sample analysis. When the 

RSDs of peak areas that describe the repeatability of quantification were lower than 10% 

precision fits to the specific analytical requirement.  

 

Linearity and working range: as it was described in the previous chapter, standard solutions 

at different concentrations were measured and the integrated peak areas were plotted in the 

function of the solution concentration. Trend line was drawn through the measured points and the 

correlation coefficient was determined to check the proportional response between peak area and 

analyte concentration.  

The maximal allowed concentration (MAC) of targets determined the working range. MAC 

is defined as the maximum concentration of a chemical substance as gas, vapour or particulate 

matter in the workplace air [165]. When the measured concentration is lower than this value it is 

assumed not to be hazardous even when the person is exposed during a long period for 8 hours 

daily or 40 hours weekly. The linear range should cover the range of 0.1*MAC and 2*MAC. 

 

Sensitivity: The limit of detection (LOD) and limit of quantification (LOQ) show the 

sensitivity of the method. They were calculated according to DIN 32645 [244] after calibration. 

LOD and LOQ are usually defined as the concentration at which the peak area three and ten times 

bigger, than the noise one (see equation11). 
 

a
noise*3LOD =   

a
noise*10LOQ = , (11) 

 

where noise in the averaged peak area of the noise in the baseline and a is the slope of the 

calibration curve. When LOQ was lower than the lowest point of the working range (0.1*MAC) 

the method was feasible for quantification. 
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Accuracy: The accuracy of the whole analytical procedure including the sampling, sample 

preparation and separation was characterized by the recovery and shows the correctness of 

quantification. The relative recovery (w) is defined as: 
 

100*
theoc

measctheoc
w

−
= %, (12) 

 

where ctheo is the theoretical concentration, cmeas is the quantified concentration calculated from 

calibration curve.  

When the recovery of the measured substance is 100%, the measured concentration is 

identical to the theoretical one. The recoveries were determined always for the overall procedure 

at three different concentrations of solutes. If the relative difference between the measured and 

theoretical amount was lower than 10% the method was correct for sample analysis.  

 

Thus for having a reliable method that can be used for measuring unknown samples the 

performance characteristics which are selectivity, linearity, sensitivity, precision and accuracy 

were determined including the whole analytical process. 

 

 

3.5 Study of matrix effect  
 

Since the optimised and validated methods were aimed for determination of the target 

compounds from atmospheric and MWF aerosol, the effects of MWF constituents on the 

sampling, extraction efficiency and separation were studied.  

At first, different MWF concentrates were diluted and injected to CE instruments. From the 

investigated coolants Polynor FMR produced by Rhenus and Wicopal-HS produced by Wilke 

were suitable, since no peaks were detectable at the investigated range and the diluted solution 

was a stable emulsion; white, non-transparent emulsion was formed from yellow transparent fluid 

after dilution and shaking. 

For purpose of matrix effect investigation, three emulsions at different concentrations of 

MWF concentrate (0%, 1%, 3% of Polynor FMR and 0%, 5%, 10% for Wicopal in accordance 

with the practice) were prepared and then spiked with the target analytes. The final concentration 
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of target was 10 mg/l in each emulsion. From the spiked emulsion 200 µl were injected to the 

quartz filter, and clean air was drawn through the filter at a flow rate of 1 l/min for 2 h. Then they 

were extracted in 5 ml water-methanol mixture with ultrasonic bath for 15 minutes. Then the 

solution was filtered and injected to CE instruments. The whole analytical process was repeated 

three times for each emulsion. Standard solution of analytes was always analysed between the 

prepared samples prepared to control the stability of the measurement.  

At first, the effect of matrices on the identification parameter was examined and compared, 

and then the quantification performance characteristics (recovery with RSDs) were determined 

and compared. 
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4. Results and discussion 
 

Capillary electrophoretic methods were developed and validated for the determination of 

highly polar organics containing heteroatom –mainly nitrogen- from atmospheric and MWF 

aerosol. The target compounds of the methods were (i) saturated heterocyclic amines (ii) 

unsaturated heterocyclic amines and their by-products (derivatives of amino-alcohols) and (iii) 

LMW and biogenic alkyl-amines. These hazardous substances are MWF additives or by-

products, thus they may be ingredients of MWF aerosol. Since these substance classes have 

different physical-chemical properties, their determination is discussed separately.  

 

 

4.1 Determination of hetero-aromatic amines 
 

The aim of the work was to develop and to validate analytical processes for the 

determination of hazardous heteroaromatic amines from MWF aerosols. The selected compounds 

for the development of capillary electrophoretic method were 1,2,3-benzotriazole (BTA), 5-

methyl-1H-benzotriazole (MBA) and 5,6-dimethylbenzotriazole (DMBA), 2- mercapto-

benzothiazole (MBT) and p-tert-butyl-benzoic acid (PTBBA). 
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Figure 9: Chemical structure of benzotriazoles and benzothiazole. 

 

They are commonly used as copper inhibitors in coolants, as light stabilizers in photographic 

films and as bactericide agents in MWF. Since they are synthetic organic compounds they cannot 

be found in the nature. However, similar structures such as benzoisothiazole, methyl-indole or 

methyl-thiobenzothiazole have been identified from the humic substance fractions of atmospheric 

air particles [245]. The adverse health effects of the derivatives of benzotriazoles, MBT and 

PTBBA have been evaluated based on the available data on humans as well as on experimental 
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animals. BTA and MBT have been shown to induce tumours [246,247] and irritate the eyes and 

the skin. DMBA, MBA and PTBBA were evaluated as skin sensitizer substances [152]. The 

MAC at working areas was established to 2.08 mg/m3 for PTBBA, to 4 mg/m3 for MBT; and no 

MAC values have been established for DMBA, MBA and BTA [152].  

BTA, MBA and DMBA contain three nitrogen atoms side by side in cyclic system, thus 

they are anions at high pH in spite the fact that amines are generally Lewis bases. MBT can be 

grouped into amides that are weak acids. PTBBA is a derivative of organic acid. Thus these 

solutes are anions at alkaline condition and can be separated with free solution capillary 

electrophoresis. They are polar compounds although their solubility in water is limited since their 

octanol/water coefficient is between 2 and 3 (see Appendix), so they are double or triple time 

more soluble in apolar solvent than in water.  

 

An earlier developed capillary electrophoretic method [243,244] for the determination of 

BTA, MBA and DMBA in MWF aerosol was at first studied. The process permits the 

quantification of the target compounds when present as particles in a concentration range of 0.2 

to 4 mg/m3. For sampling the MWF aerosol, the occupational air was pumped through a quartz 

fibre filter with suitable sampling pump and PM was collected on the filter. For stabilization, the 

loaded quartz fibre filters were covered with double distillate water directly after sampling and 

for complete extraction before analysis the filters covered with water were treated in ultrasonic 

bath. Analytical determination was carried out by CE coupled with DAD. Standard solutions of 

MBA, BTA and DMBA were used for calibration. Applying the published method, the following 

electropherogram was detected. 
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Figure 10: Electropherogram of selected benzotriazoles and benzothiazole at analyte 

concentration of 10 mg/l. 
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The critical substances in the separation were MBA and MBT, thus the resolution of these two 

compounds was examined. The Rs were between 1.6 with RSD of 14% calculated from five 

repetitions. The high RSD of resolution shows that the separation of the targets is imprecise. On 

the other hand the Rs values were near to the acceptable limit thus the identification and the 

quantification of MBA and MBT from real sample is not suggested. 

 
Precision of identification: In order to check the reliability of the identification, the 

precision of MT of PTBBA, DMBA, MBA, MBT and BTA were evaluated for within-day 

measurements. The run-to-run RSDs of MTs ranged between 1.3-4.0%, and were independent on 

the concentration of the solutes. Generally, the lowest RSD was determined for the first peak 

(PTBBA) and the highest for the last one (BTA). The day-to-day precision were plotted in table 

4, where the determined median, measured minimum and maximum of MTs were shown.  

 

Table 4: Day-to-day precision of MT independently on the analyte concentration (n=25). 

Box and whisker plot 
Substance MT [min] RSD [%]

PTBBA 4.9 5.1 

DMBA 5.6 6.2 

MBA 6.2 7.0 

MBT 6.4 7.2 

 BTA 7.1 8.3 

 

The determined RSD values were high that represent low day-to-day precision. The same trend 

on the RSDs in the function of peak sequence was observed as for within-day precision: the 

lowest RSD was determined for PTBBA and the highest for BTA. The differences of MTs 

determined from capillary to capillary were between 6-9% for each substance that was higher 

than those described in the literature (4-6% for fused-silica tubes with 50 to 250 µm I.D. [87]).  
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Because of the quite high RSDs of day-to-day precision, the influence of the buffer 

prepared on different days was investigated. The determined difference on the MTs of the targets 

was 10% meaning that the MTs were strongly influenced by the preparation of the BGE. 

 
Quantification performance characteristics: for determining the quantification 

characteristics the method was performed as published. The working range that fit to the MAC of 

the targets was set between 0.208 mg/m3 and 4.16 mg/m3 in the air that is equal to 2.5 mg/l and 

50 mg/l in the extraction solution. The quantification performance characteristics were 

determined at concentration of 0.208 mg/m3, 2.08 mg/m3 and 4.16 mg/m3 and they were 

summarized when the characteristics were independent on the analyte concentration. The 

measurements were always five times repeated. The following table summarize the values of 

averaged quantification performance characteristics. 

 

Table 5: Quantification performance characteristics at range between 2.5-50 mg/l (n=5). 

linearity precision sensitivity accuracy
 

r2 RSD [%] LOD [mg/l] LOQ [mg/l] w [%] 

PTBBA 0.995 6.30 0.10 0.35 (72) 

DMBA 0.998 6.36 0.17 0.56 89 

MBA 0.993 5.21 0.12 0.41 89 

MBT 0.995 8.84 0.06 0.19 (75) 

BTA 0.999 5.01 0.13 0.43 89 

 

The peak areas were linearly dependent on the solute concentration in the working range, thus 

calibration can be used for quantification when the analytes are solved in high purity water. The 

RSDs of the peak areas were concentration independent and were under 10% however the 

precision of quantification was not excellent. The detection limits were in the upper µg/L range, 

and the LOQs were lower than the lowest point of the required working range (2.5 mg/l). 

However increased sensitivity would allow for determination at trace level. The accuracies of 

determination of benzotriazole derivatives were concentration independent but the recoveries 

were near to the required limit. For the other two substances (PTBBA and MBT) systematic 

concentration dependence on the recovery was observed. The recovery of PTBBA decreased with 
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the increase of its concentration, and the opposite effect was found for MBT. Additionally, the 

accuracy of MBT and PTBBA was poor and did not fit to the specified analytical requirement.  

 
Real samples were taken in a metal working plant, but none of these corrosion inhibitors 

was detectable in spite the fact that the fluid contained BTA at a concentration of 0.1% (w/w) 

(1000 mg/L). It might be possible that (i) the sampling time might be too short and/or (ii) the 

matrices influenced the extraction efficiency or determination process. Both explanation are 

reliable, since the ventilation system of the plant was properly thus only a small part of the 

produced MWF droplets stays permanently in the occupational air. On the other hand, the analyte 

could retarding in the filter since they are 2-3 times more soluble in apolar solvents than is water 

and no matrix effect was investigated. 

 
Several drawbacks were observed during the measurement of standard solution of PTBBA, 

DMBA, MBA, MBT and BTA such as (i) poor resolution of MBA and MBT, (ii) poor run to run, 

day to day and capillary to capillary precision of MTs, (iii) poor and dependent accuracy of 

PTBBA and MBT and (iv) no matrix effect was investigated.  

Moreover a special capillary so called extended light capillary was used to decrease the 

detection limit. This capillary can not be used for every commercial CE instrument thus the 

method can not be applied in every laboratory without any modification. Since these 

disadvantages were identified, the purpose of the research work was to improve the analytical 

method to get a more reliable method, which can be used for routine determination of these 

hetero-aromatic corrosion inhibitors from MWF aerosol. 

 

 

4.1.1 Study of the sampling process 

 

When samples were taken in a plant where MWF is used for cutting, no any target 

compounds were identified in spite the fact that the used coolant contained 1000 mg/l of BTA. It 

was assumed that the sampling time (2h) was too short. Thus the sampling time was increased 

from 2h to 24h, and the reliability of the sampling procedure with longer duration time was 

studied. The aim of this study was to determine the sample loss during long period sampling. 

Clean air was forced through the immersed filters containing different amounts of analytes (25 
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µg, 250 µg and 500 µg for each target compounds) at different sampling durations (2h, 12h, 24h). 

Then these filters were extracted and injected into the CE. The recoveries of PTBBA, DMBA, 

MBA, MBT and BTA with RSDs were determined from three repetitions. 

 

A, 

0
20
40
60
80

100
120

0 4 8 12 16 20 24

Sampling duration [h]

R
ec

ov
er

y 
[%

] ptbba
dmba
mba
mbt
bta

 

 

B, 

0
20
40
60
80

100
120

0 4 8 12 16 20 24

Sampling duration [h]

R
ec

ov
er

y 
[%

] ptbba
dmba
mba
mbt
bta

 

C, 

0
20
40
60
80

100
120

0 4 8 12 16 20 24

Sampling duration [h]

R
ec

ov
er

y 
[%

]

ptbba
dmba
mba
mbt
bta

 

Figure 11: Recoveries in funtion of sampling duration when the filter was immersed with A, 

25 µg; B, 250 µg and C, 500 µg of each target compounds repeated three times. 
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As shown in figure 11, no systematic alteration was observed in the recovery values measuring 

different amounts of PTBBA, DMBA, MBA, MBT and BTA when the sampling time increased 

from 2 h to 24 h. However, the recovery of PTBBA systematically decreased with increasing of 

its concentration. This phenomenon was also observed during the investigation of the tested 

method. The determined RSDs of target compounds were between 4-7% for each concentration. 

Consequently, it is recommended to increase the sampling time, and from the practical point of 

view, the selected maximum duration time is 24 h. 

 

 

4.1.2 Improvement on the sample preparation 

 

In the developed method, the immersed filters were extracted with 10 ml high purity water 

to dissolve the water-soluble components. Unfortunately, the recovery of PTBBA systematically 

decreased with increase of its concentration (see figure 11). This can be cause by the low water 

solubility of PTBBA. The octanol-water partition coefficient (logP) of PTBBA is 3.85 meaning 

that it is more than thousand times better soluble in apolar organic solvent than in water. Thus it 

was supposed that the solubility of PTBBA reached its equilibration when its concentration was 

increased, hence a portion of the total amount stayed on the surface of the quartz filter after the 

extraction process.  

Thus the recovery of PTBBA can be increased with changing the polarity of the extraction 

solvent. In practice, the extraction solvent should accomplish several analytical requirements, 

such as (i) the final extraction solvent of the sample should be compatible with the separation 

buffer, (ii) the solutes must be soluble in the extraction solvent and (ii) the solvent must be pure. 

All above mentioned requirements can be fulfilled if a methanol-water mixture is used for the 

extraction of the filters. To find the optimal extraction solvent, the methanol content of extraction 

solvent was set from 10% (V/V) to 50% (V/V). Higher percentage of methanol was not 

reasonable, since the solvent of the sample plug and separation buffer dramatically differ from 

each other. The determined recoveries with the corresponding RSDs in function of extraction 

solvent are plotted in figure 12. 
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Figure 12: Extraction efficiency in function of methanol content in water at analyte 

concentration of 10 mg/L (n=5). 

 
The recoveries increased when the extraction solvent contained methanol comparing to the 

results determined from water extraction. No difference between the recoveries was observed 

when the methanol content was increased from 30% to 50%. The final extraction solvent had a 

methanol content of 30% (V/V) since it is more compatible to the BGE. The RSDs were between 

1-6% for each target compound.  

 
Addition of pre-concentration step: An additional step in the sample preparation was 

developed to decrease the determination limit of BTA, DMBA, MBA, MBT and PTBBA, 

because the measurements of real samples showed that the earlier validated method is not enough 

sensitive. Thus a pre-concentration step was developed into the method which based on the 

evaporation of solvent under vacuum from 10 ml to 0.5 ml (concentration factor: 20). This pre-

concentration step is theoretically suitable, because the volatility of water and methanol is higher 

than that of the target substances. Presumably, the total amount of methanol evaporates since 

methanol-water mixture does not compose azeotrop mixture. However, this step can be used only 

with restrictions. It is unnecessary if the concentration of the analytes is higher then 2.5 mg/l and 

it has to be omitted if the concentration of PTBBA is higher than its water solubility (28 mg/l).  

Standard solutions of PTBBA, DMBA, MBA, MBT and BTA were prepared at 

concentration of 1.5 mg/l, 0.7 mg/l and 0.2 mg/l; 10 ml from these solutions were pre-

concentrated to 0.5 ml under vacuum in water bath at 40oC. The average duration time of 

evaporation was 40 min. The recoveries with their RSDs were obtained from five replications at 

three different concentrations of target substances. The calibration curves were plotted with 

standard solutions solved in distillate water, since it was assumed that methanol evaporates. 
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Figure 13: Recoveries of benzotriazoles and benzothiazole at different stadard concentrations 

applying pre-concentration during sample preparation. 

 

The additional pre-concentration step leads to lower recoveries for PTBBA, MBT, BTA and 

DMBA comparing the average recoveries. However, pre-concentration is necessary for analysing 

real samples because the targets are minor components of MWF aerosol. 

 

 

6.3 Optimisation of separation and determination of performance characteristics 

 

The investigation of the migration behaviour of the analyte is generally important for the 

optimisation of the CE separation. The mobility of a certain analyte can be influenced by 

different factors, such as the pH of the buffer, the content of organic modifiers in BGE etc. 

At first, the ratio of charge and molecular weight on the two third of the solutes in function 

of pH were determined by using a self-made program (see figure 14). 
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Figure 14: Theoretical migration behaviour of benzotriazoles and benzothiazole. 
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According to the theoretical calculation the pH of BGE should be more than 11 for having a 

robust separation method for the selected compounds. This value is quite high for practical point 

of view since only two buffer systems (phosphate or CAPS) has buffer capacity at this range. 

CAPS was selected since the current was lower as for phosphate buffer [244].  

The theoretical prediction was then compared with the measured migrations by varying the 

pH of BGE in a range of 10-11.5. Typical electropherograms at different running medium are 

shown in the following figure. 

A
bs

or
ba

nc
e

0 1 2 3 4 5 6

T ime [min]

 
Figure 15: Electropherogram of PTBBA, DMBA, MBA, MBT and BTA separated with CAPS 

buffer at A, pH 10.0; B, 10.2; C, 10.5, D, 11.0 and E, 11.5. 
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The experimentally determined migration behaviour in the function of pH was identical than the 

predicted one. PTBBA, MBA, MBT, DMBA and BTA were baseline separated when pH of BGE 

was higher than 11.0. At pH values between 10 and 11, the peaks were close together and only 

four from the five analytes were separated. Comparing the peak sequence with the theoretical 

prediction (figure 14) difference in the case of MBT was observed  

For further examination the pH of the buffer was set to 11.4, since at this condition the 

target compounds are baseline separated and the buffer capacity is higher than at pH 11.75 

resulting better precision of the method. Moreover, the separation time decreased. 

 

The presence of organic solvents (such as methanol or acetonitrile) in BGE could also 

influence the separation, so both solvents were added separately to the BGE, and the resolution of 

critical substances (MBA and MBT) was investigated in the presence of these organic modifiers 

at pH 11.4 (see figure 16).  
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Figure 16: Resolution of MBA and MBT in presence of organic modifier (acetonitrile and 

methanol) in BGE at percentage of 5%-25%. 
 

With increasing concentration of organic modifier in BGE the separation time increased. While 

the separation time at 5% of methanol or acetonitrile in the buffer was 6 minutes, it was 15 

minutes at 25%. The increase of separation time causes peak widening, and hence poorer 

resolution and higher detection limit. Thus the content of organic modifier in BGE was not 

increased above 25 V/V%. The resolution of critical substances increased from 0.8 to 1.4 with 

increase of concentration of methanol or acetonitrile and no difference was observed in the 
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resolution when methanol or acetonitrile was added into the BGE. Considering the separation 

time and resolution of MBA and MBT 15% acetonitrile was chosen for further analysis. 

Finally the separation voltage and cartridge temperature was changed, and their effect on 

the separation of the selected solutes was investigated. The separation time decreased when the 

voltage or the cartridge temperature increased, but no effect on the resolution was observed.  

Conventional capillary was used for separation purpose instead of extended light capillary 

to can use the developed method in any CE instrument. The I.D. was 50 µm thus the current was 

decreased instead of 75 µm I.D. However, with decrease of I.D. the sensitivity also decrease 

since less volume is injected and the path length is shorter. The effective length of capillary was 

shortened from 50 cm to 40 cm to speed up the separation.  

 

After optimization of a capillary electrophoretic method for the determination of PTBBA, 

DMBA, MBA, MBT and BTA the analytical performance characteristics were determined and 

the following electropherogram was typical when standard solutions at concentration of 10 mg/l 

were injected into the CE instrument. 
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Figure 17: Typical electropherogram of benzotriazoles and benzothiazole at final condition. 

 

The target substances were separated in 7 minutes. The observed peaks were narrower comparing 

the peak measured with extended light capillary and the critical substances were also fully 

separated. 

 
Resolution: In spite the fact that the critical substances were more than baseline separated, 

the resolution factor for this pair was determined. The determined Rs of critical substances using 
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conventional capillary were more than 2. The RSD of the resolution from five repetitions were 

under 2%. 

In case of the extended light capillary, Rs were near to the required limit and its RSD were 

more than 10 %. Thus, better resolution of MBT and MBA was achieved using conventional 

capillary. 

 
Precision of identification parameter: The run-to-run RSD values were between 1% and 

3% for each selected compounds. They were independent on their concentrations but were 

dependent on sequence of the peaks. The lowest RSDs were determined for PTBBA (first peak) 

and the highest for BTA (last peak).  

The day-to-day precision was also investigated thus the RSDs of the MTs of the target 

compounds were determined from one measuring day to the other one. 

 

Table 6: Migration times with RSDs of analytes independently on their concentrations (n=25). 

Box and whisker plot  MT [min] RSD [%]

PTBBA 4.59 4.86 

DMBA 5.09 5.51 

MBA 5.52 6.01 

MBT 5.73 6.26 

 

BTA 6.29 6.97 

 

The determined day-to-day RSDs varied between 5-7% and were lower comparing the results 

with extended light capillary (see table 4). The RSDs for examination of capillary-to-capillary 

precision were determined between 5-7% that meets with the electrophoretic practice, and were 

lower than measured with extended light capillary.  

 

Linearity and working range: PTBBA has the lowest MAC values among the target 

compounds, which is 2,08 mg/m3, so the minimum concentration has to be measured is 0,208 
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mg/m3 (0.1*MAC) and the maximum is 4,16 mg/m3 (2*MAC). The determined analytical range 

and the linearity is shown in figure 18. 
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Figure 18: Linearity and working range of a method for the determination of target compounds. 

 

Precision of quantification: The RSDs of the whole analytical method was determined from 

five repetitions at three different concentrations of the analytes.  

 

Table 7: RSDs of peak area determined for the overall procedure (n=5) 

RSDs [%] of analytes 
Substances 

0.21 mg/m3 2.08 mg/m3 4.17 mg/m3 

PTBBA 10.02 7.39 9.83 

DMBA 6.36 7.40 10.3 

MBA 8.83 10.40 9.90 

MBT 9.31 9.75 10.84 

BTA 8.27 10.16 11.04 

 

The determined RSDs of injection were between 2-7%, and it was independent on the 

concentration of PTBBA, DMBA, MBA, MBT and BTA. The RSDs of the whole method, as 

shown in table 7, were quite high for each target compound (∼ 10%).  
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Sensitivity: The LOD and LOQ for solution and 120 l pumped air were determined as 

described in the experimental part (see section 3.4.3). 

 

Table 8: LOD and LOQ of a method for the determination of benzotriazoles and benzothiazole. 

LOD LOQ Substances 

µg/m3 µg/L µg/m3 µg/L 

PTBBA 2.15 25.5 7.5 90 

DMBA 2.85 33.5 8.5 102 

MBA 2.15 25.5 7.0 84 

MBT 0.95 11.5 3.0 36 

BTA 1.55 18.5 5.0 60 

 

The LODs were between 0.23-0.62 mg/l in solution. The highest sensitivity was determined for 

MBT and the lowest for PTBBA.  

The determined LOQ were lower than the lowest point of the working range, thus this 

method is also suitable for quantification. As it was expected, the LOQ using conventional 

capillary was 3-5 times higher than as for extended light capillary. 

 

Accuracy: The recoveries of the whole process for the determination of the selected targets 

were determined at three analyte concentrations and the measurements were repeated five times. 
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Figure 19: Recovery of a method for the determination of benzotriazoles and benzothiazole at 

three analyte concentration (n=5). 
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The recoveries of benzotriazole derivatives were more than 93%, and for PTBBA and MBT were 

lower. The recovery values were independent on the concentration of PTBBA, BTA, MBA and 

DMBA, but for MBT the recovery decreased with decrease of its concentration.  

 

 

4.1.4 Improvement on data interpretation 

 

The measured electropherograms, were transformed to effective mobility scale (see section 

3.4.1). After transformation of the time scales, the peaks were integrated too and thus the 

performance characteristics were determined and compared to each other. For mobility scale 

transformation vanillin was added into the sample as a marker since it is not used in the metal 

industry, migrates between PTBBA and DMBA and has absorbanvnce on both detection 

wavelength (236 nm for PTBBA and MBT and 277 nm for BTA, MBA and DMBA). 

The peak sequence of the analytes did not change after transformation of electropherogram 

into effective mobility scale. A typical effective mobility scale of PTBBA, DMBA, MBA, MBT 

and BTA is shown in figure 20. 
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Figure 20: Typical effective mobility scale of benzotriazoles and benzothiazoles at concentration 

of 10 mg/l for each analytes. 

 

Precision of identification: As it was shown in table 6, the difference between the measured 

maximum and minimum migration times measured at different days was quite big (more than one 

minute). The measured MTs of analytes were transformed into effective mobility and the 

determined values with RSDs are summarized in the following table. 



 Determination of hetero-aromatic amines  

 86

Table 9: Effective mobilities of benzotriazoles and benzothiazole with RSDs independently on 

their concentration repeated 25 times. 

Box and whisker plot  µeff [cm2/Vs] RSD [%]

PTBBA -0.031 0.86 

DMBA -0.0151 0.77 

MBA -0.0164 0.82 

MBT -0.0169 0.86 

 

BTA -0.0182 0.94 

 

 

The day-to-day RSDs of identification parameter decreased from 4%-7% to 0.8%-1.4% when the 

time scale was transformed into effective mobility scale. 

Moreover, the capillary-to-capillary RSDs of MTs also decreased after transformation of 

MTs from 5-7% to 1-2%. Thus transformed effective mobilities for the identification of the 

selected amines are more applicable for routine analysis too. 

 

Linearity and working range:. The linearity of calibration curve at the working range was 

determined after transformation of electropherogram into effective mobility scale (see figure 21). 

The measured curves fit to the linear range for each target analytes when the peaks were 

integrated in mobility scale.  

The slope of BTA and PTBBA changed when comparing to the slope values from the 

electropherogram. The slope of BTA decreased and for PTBBA increased after mobility scale 

transformation. In CE the peak area depends on the time of the detection since the speed of the 

mobile phase is not constant. After transformation of electropherogram to effective mobility scale 

this effect is on the whole eliminated and thus the slope of the substance migrate slowest decrease 
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with the decrease of the peak area. Thus the slope of the calibration curve depends only on the 

spectrometric absorption coefficient when mobility scale is used for calibration. 
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Figure 21: Calibration curves of benzotriazoles and benzothiazole using effective mobility scale. 

 

 

Precision of quantification: The repeatability of peak area using transformed µ-scale were 

the same as for the time scale (electropherogram). The RSDs for the whole analytical process 

were between 6-9% and were independent on theanalyte concentration.  

 

Sensitivity: The LOD and LOQ were also identified when effective mobility scale was 

used for their calculation. The LODs were 0.010 mg/l for PTBBA, 0.016 mg/l for DMBA, 0.015 

mg/l for MBA, 0.007 mg/l for MBT and 0.013 mg/l for BTA. Small increase of detection limit of 

BTA was observed. The possible reason of this phenomenon is the same as the decrease of the 

slope. 

 

Accuracy: The recoveries of the whole method using µ-scale were also determined at 

three different concentrations of the target compounds.  
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Figure 22: Recovery of a method using effective mobility scale. 

 

As it is summarized in figure 18 and 22, no difference was observed in the recoveries determined 

from time scale and effective mobility scale. Thus both scales can be used for the quantification 

of the selected saturated heterocyclic amines. 

 

On the whole, the identification is more reliable after transformation of the 

electropherogram into the effective mobility scale. Moreover, the dimensions of the calibration 

curves were dependent only on the spectrometric properties of the targets and independent on the 

migration properties.  

Each performance characteristics were in accordance with the analytical requirement thus 

mobility scale transformation can be used to quantify PTBBA, DMBA, MBA, MBT and BTA 

from atmospheric and MWF aerosol. 

 

 

4.1.5 Study of matrix effect  

 

The investigation of the matrix effect on the optimised method is indispensable, because 

the composition of MWF aerosol is very complex and the matrices are unidentified, thus a lot of 

unpredictable parameter -such as paraffin oil content or presence of complexing agents and 

solids- can affect the analysis of the selected amine. On the other hand, the method does not 

contain any clean-up and emulsion may have an additional influence on the correctness of the 

determination of BTA, MBA, DMBA, MBT and PTBBA. 
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If the sample compounds interact with the capillary wall, the EOF may change (mostly 

when the separation pH is high) and thus the MTs of the analytes also change. In CE this effect is 

also called as matrix effect. In other separation techniques this effect is at least one order less. 

MWF concentrate was added to the standard solution of corrosion inhibitors at different ratios for 

investigation of this special effect. 

 

Migration time change with concentration of MWF and difficulties in identification: The 

samples prepared from emulsions, that contained different amount of MWF concentrate, were 

injected step by step. The following figure shows the electropherograms and mobility scales, 

when the samples contained different concentrations of the MWF (1% and 3% (V/V)). 
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Figure 23: Electropherogram of the benzotriazoles and benzothiazole when the sample contain 

A, no MWF B, 1% MWF concentrate and C, 3% MWF concentrate and transformed effective 

mobility scale when the sample contain D, no MWF E, 1% MWF concentrate and F, 3% MWF 

concentrate. 
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As it shown in figure 23/A,B and C, a shifting of MTs was observed with the increase of MWF 

concentration. This effect might be caused by ”blocked” silanol groups due to the interaction 

between the silanol groups on the surface of the capillary and MWF ingredients because the EOF 

decreased with the increase of the MWF content. To see, whether the capillary surface changed 

temporally or permanently, standard solution without MWF was always injected between the 

measurements of spiked samples. No migration shift was observed at case of the separations of 

standard solutions. It might be concluded that the change of the MT is caused by temporary 

“blocked” silanol groups and the surface condition of the capillary between the runs is 

reconstructed.  

Anyhow, the identification of target compounds in real sample based on migration time at 

least is questionable. It must be stated that in real sample the presence of matrices interacting 

with the surface of the fused silica tube cannot be avoided even the most sophisticated clean-up 

procedure is done before the separation.  

When the electropherograms were transformed to µ-scale, no observable changes in the 

mobility of analytes with the function of content of MWF concentrate were determined (see 

figure 34/D,E and F).  

 

As mentioned before, CE is a high effective separation technique, although its main 

drawback the the high RSDs of migration time and peak area. Therefore the migration time shift 

should be closely investigate since it is an inherent character of CE when real sample is injected. 

To investigate the adequate or stochastic character of MT shifting, the experiment was repeated 

three times and the MTs with RSDs were plotted in figure 24. 

Surprisingly, the effect of emulsifiable MWF content on the migration behaviour of BTA, 

DMBA, MBA, MBT and PTBBA was different when the experiment was repeated at different 

measuring days. While in the first time it was positive, in the second time negative shifting on 

MTs of the analytes was observed in function of MWF concentration (the differences of MTs 

were out of the RSDs), and in the last repetition no effect on the MT was observed. Thus the 

matrix effect of MWF on the MTs is assumed to be stochastic. At least, the variation of migration 

time is uncontrollable. In HPLC experiments it was found that the molecule form of the silanol 

groups on the surface of stationary phase depend on the previous conditions of the mobile phase. 

In analogy, the same silanol groups exist on the surface of the fused silica capillaries and the 
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precondition procedure is assumed not to be enough sufficient to get the same conditions from 

one measuring day to the other.  
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Figure 24: MTs of analytes in function of MWF content repeated 3 different days (A, B and C) 

and repeated three times per measuring day. Abbreviations: 0%= standard solution without 

MWF, 1% and 3%= 1% and 3% MWF concentrate in the standard solution of analytes. 
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The effective mobilities of the analytes with RSDs were determined in function of MWF 

concentration. In the following figure the mobilities of first two experiment day were 

summarized since in the third measuring day no difference was observed. 
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Figure 25: Effective mobilities of analytes in function of MWF content measured at two different 

days (A and B) and repeated three times per measuring day. Abbreviations: 0%= standard 

solution without MWF, 1% and 3%= 1% and 3% MWF concentrate in the standard solution of 

analytes. 

 

When the electropherograms were transformed to µ-scale, the effective mobility values of 

PTBBA, DMBA, MBA, MBT and BTA were independent on the amount of the MWF 

concentrate. When the effective mobilities were normalized, no differences among the 

determined values in function of MWF content were observed. 

The RSDs of µeff and µeff,norm of PTBBA, DMBA, MBA, MBT and BTA were also 

determined from three replications. 
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Table 10: RSDs of MT and µeff of the selected substances in function of MWF content. 

Abbreviations: 0%= standard solution without MWF, 1% and 3%= 1% and 3% MWF concentrate 

in the standard solution of analytes. 

 0% MWF 1% MWF 3% MWF 

MT 6.53 6.95 10.13 
PTBBA 

µeff 1.48 1.65 1.39 

MT 7.30 7.75 11.83 
DMBA 

µeff 1.66 1.76 1.55 

MT. 7.92 8.43 13.03 MBA 

 µeff 1.58 1.52 1.52 

MT 8.13 8.74 13.67 
MBT 

µeff 1.53 1.59 1.42 

MT 8.98 9.75 15.60 
BTA 

µeff 1.55 1.57 1.44 

 

 

The RSDs of MTs were between 6-15%, and increased with the increase of MWF content and 

with the migration time order. The RSD of effective mobilities varied between 1.4-1.7%. The 

repeatability of the effective mobilities was independent on the MWF content and migration 

sequence of the selected substances. 

Consequently, the only way to get qualitative reliable results for real sample analysis is the 

mobility scale transformation. 

 

Quantification: Effect on the analyte peak area of matrices was also investigated. For this 

purpose recoveries with RSDs were determined in spiked solutions. The standard solutions 

contained 1% and 3% of MWF concentarte. Since effective mobility scale is negligible for 

identification and effective mobility scale can be used for quantification (see chapter 4.1.4), this 

was used for determination of analyte concentration from spiked sample. The determined mean 

recoveries with RSDs in function of MWF content are summarized in figure 26. 
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Figure 26: Recoveries with RSDs (n=3) of a method in function of MWF content determined 

from effective mobility scale. Abbreviations: 0%= standard solution without MWF, 1% and 3%= 

1% and 3% MWF concentrate in the standard solution of analytes. 

 

The recovery of PTBBA was between 96-101% for each MWF content in the emulsion, thus 

matrices had no effect on the accuracy of PTBBA. The determined RSDs for PTBBA were 2-7%, 

which is lower than the acceptable limit.  

The biggest influence of the matrices on the accuracy was determined for DMBA, since the 

recoveries varied between 59-78% for all content of MWF with RSDs 5-10%. The average 

recovery of MBA varied between 76-84% with variations of 4-7%. The same trend was 

determined for MBT as for MBA. The accuracy of BTA was also not influenced by the presence 

of MWF, since the recoveries were determined between 92-97% for each MWF concentration 

with RSDs of 4-7%. 

Thus the accuracy of PTTBA, MBA, MBT and BTA was not influenced by the matrices of 

the MWF. DMBA can be quantified with lower reliability from MWF aerosol since the 

recoveries of DMBA were depended on the concentration of MWF content in the spiked samples. 

 

Theoretical interpolation: Considering the measurements, it was assumed that the 

accuracy of PTBBA, DMBA, MBA, MBT and BTA determined from MWF emulsion depending 

on their solubility properties. Thus mean recoveries of these solutes measured from the emulsions 

were plotted in function of their octanol-water partition coefficient (logP).  
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Figure 27: Recoveries of benzotriazoles and benzothiazole in function of their logP. 

 

As shown in figure 27, the accuracy of benzotriazole derivatives from MWF emulsion depending 

linearly on their water solubility (logP). The cases of MBT and PTBBA are different, since the 

recoveries were independent on their logP value.  

 

The optimised method were also characterised when the injected solution contained 

matrices. The identification performance characteristic was excellent when the electropherograms 

were transformed into mobility scale. 

The quantification parameters met with the analytical requirement at case of PTBBA, BTA, 

MBA and MBA but the extraction efficiency of DMBA were dependent on the concentration of 

matrices present in the MWF. 
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4.1.6 Final protocol 

 

Table 11: Final protocol for the determination of selected saturated heterocyclic amines in MWF 

aerosols. 

Sampling: With air pump at flow rate of 1 L/min maximum 24h onto a quartz 

filter. 

Sample preparation: Extract the filter with 10 ml 30:70= MeOH: water mixture with 

ultrasonic bath then concentrate to 0.5 ml under vacuum. 

Capillary: Fused silica, I.D. 50 µm, effective length 40 cm, total length 47 cm. 

Detection wave length: 236 nm for PTBBA and MBT; 277 nm for BTA, MBA and DMBA 

detector cell size: 100*800 µm. 

Temperature: Cartridge set to 30 oC. 

BGE: 

 

25 mmol/l 3-cyclohexylamino-1-propanesulfonic acid (CAPS), 15% 

(V/V) acetonitrile, pH= 11.4. 

Capillary preconditioning:  2 min pressure with 0.1 mol/L NaOH, then 3 min with BGE. 

Injection: Hydrodynamic injection of sample 50 mbar for 10 s (Vinj= 14 nl). 

Voltage: 23,5 kV. 

Replenishment: Both separation vials and injection vial after each injection. 

Capillary preconditioning: 

(new capillary) 

Pressure flush with 0.1 mol/L NaOH for 30 min when it is used at 

first time 

Storage capillary: 

(for next measuring day) 

Pressure flush with 0.1 mol/L NaOH for 15 min before and after the 

measuring day 

Storage capillary: 

(more then one week) 

Pressure flush with 0.1 mol/L NaOH for 15 min followed by high 

purity water for 15 min, then with air for 5 min. 

Marker Vanillin 

Scale Using the effective mobility scale transformed from 

electropherogram 

Determination of 

concentration: 

With five-point calibration curve in the working range between 2.5 

mg/l and 50 mg/l determined every measuring day 
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4.1.7 Conclusion 

 

 

A published method for the determination of PTBBA, DMBA, MBA, MBT and BTA 

from MWF aerosols was studied, and several drawbacks were recognised that made the method 

not reliable for the analysis of real sample. Thus the goal of the project was to improve the 

method the selected hetero-aromatic amines in MWF aerosols for having a reliable determination 

process. 

The reliability of the long-term sampling was investigated since the suggested two hour 

duration time was not enough for real measurements. From a practical point of view 24 h was 

chosen as maximum one. The recoveries of analytes were in an acceptable range (~90%) for three 

concentrations of PTBBA, DMBA, MBA, MBT and BTA when the sampling time was increased. 

The RSDs of peak areas were between 4-7%. Thus longer sampling time as 2 h can be 

recommended for the determination of hetero-aromatic corrosion inhibitors from MWF aerosols. 

 

Since the recovery of PTBBA was not independent on its concentration (decreasing with 

increasing of its concentration), the extraction solvent was changed to improve the accuracy of 

the sample preparation. When the polarity of the extraction solvent was changed by addition of 

methanol, the recoveries of this solute was independent on its concentration.  

A pre-concentration step was also developed for decreasing the determination limit of 

these analytes, which is based on the evaporation of extraction solvent under vacuum. The 

determined recoveries at three concentration levels at range of upper ng/l of the selected 

compounds were ∼80%.  

 

The migration behaviour of PTBBA, DMBA, MBA, MBT and BTA was also 

investigated. After the theoretical prediction, migration behaviour of these substances in function 

of pH and organic modifier present in BGE, separation voltage and temperature was investigated. 

The optimised pH of BGE was 11.4. At this pH the separation puffer has still buffer capacity and 

the targets are fully charged. Acetonitrile and methanol influenced the migrations of PTBBA, 

DMBA, MBA, MBT and BTA and considering the separation time 15% acetonitrile was added 

into the final separation electrolyte.  
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The method using conventional capillary and modified separation buffer was then 

validated. The selectivity of critical substances (MBA and MBT) was better when conventional 

capillary was used comparing with the extended light one.  

The run-to-run RSDs of MTs were between 1-3% for each analyte and were independent 

on their concentration. However, dependency of RSD values on the migration time order of the 

peaks was observed. The day-to-day and capillary-to-capillary RSDs were 5-7%, which was 

lower than using extended light capillary. 

The working range was set between 0.208 mg/m3 and 4.16 mg/m3 that cover the range of 

0.1*MAC and 2* MAC of PTBBA. The calibration curve in the working range showed an 

excellent linearity because the regression coefficients were more than 0.999. 

The RSDs of peak area for the whole analytical method were between 6-10% for each 

analytes at three different concentrations. 

The LOD and LOQ using conventional capillary was approximately 3 times higher as 

determined for extended light capillary, but the specified LOQ of analytes were at least ten times 

lower than the lowest point of the working range.  

The recoveries of PTBBA, DMBA, MBA, MBT and BTA for the whole analytical 

method at different concentrations were more than 90%, which met with the analytical 

requirement and were the same as measured with use of extended light capillary.  

It can be recommended to apply conventional capillary for analysing these hetero-

aromatic amines, because the analytical performances of this method is in acceptable range and it 

can be applied to any CE instrument. 

 

During the validation of the original method, quite poor precision of identification was 

determined, which decrease the reliability of peak assign. This poor reproducibility are often 

related to small changes of EOF from one measurement to the other. Thus the electropherograms 

were transformed into mobility scale, which is independent on the EOF. The qualification and 

quantification parameters of the method were also determined using effective mobility scale.  

The within-day precision of qualification was at least 10 hold improved when the time 

scale is transformed to effective mobility scale. This was also observed for day-to-day and 

capillary-to-capillary precision of identification. 

The calibration curves fitted to the linear model, when effective mobility scale is used for 

quantification. The RSD values for the whole analytical process using mobility scale were 
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independent on the substance concentration and were between 6%-9%. The recoveries of the 

selected solutes were the same, when they were determined from electropherogram. 

 

Finally, matrix effect on the analysis was investigated, since MWF is a complex mixture 

and no clean-up was added into the method.  

Random changes in the day-to-day repeatability of MTs in function of MWF 

concentration in the emulsion were observed. But no adequate changes were observed in function 

of MWF content when effective mobility scale was used for peak identification. The RSDs were 

also decreased from 6-16% to 1-1.5% when effective mobility scales were transformed from 

electropherograms. 

Effect of MWF on the accuracy of DMBA was determined, thus this solute can only semi-

quantified for MWF aerosols. The quantification of the other selected substances was not affected 

by MWF content. 

 

To sum up the improved method is more suitable for analysing PTBBA, MBA, MBT, 

DMBA and BTA from MWF aerosols. However, it is suggested to improve the sample 

preparation to quantify DMBA with higher reliability. For that purpose addition of more apolar 

solvent into the extraction solvents is suggested since DMBA three times more soluble in apolar 

solvent than in water. To decrease the duration of sample pre-treatment SPE is suggested as pre-

concentration step. When anion-exchange is used for SPE, matrices with more apolar and 

cationic properties would be eliminated thus the effect of “silanol blocking” during the capillary 

electrophoretic separation would be also minimised. Additionally, more target components like 1-

hydroxy-2-pyridinthion or 2(3H)-benzothiazolthion can be added into the method that has the 

same separation properties as the derivatives of benzotriazoles and benzothiazole. 
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4.2 Determination of heterocyclic amines and their by-products  
 
 

In the metalworking industry, microbes living in the MWFs provoke a huge problem since 

they deteriorate the fluid effectiveness and more diseases among the workers were connected 

directly to the microbial contamination of the fluid. Thus producers always add anti-microbial 

agents  into the MWF to prevent the microbial growth. The used formaldehyde releasers are 5-

ethyl-3,7-dioxa-1-azabyciclo[3.3.0]octan (EDAO), 4,4-dimethyloxazolidine (DMOI), N,N,N-

tris(ß-hidroxyethyl)-hexahydro-triazine (Grotan BK), N,N,N-tris(ß-hidroxyl-propil)-hexahydro-

triazine (Grotan WS) and N,N-methylenbis(5-methyloxazolidine) (Grotan OX).  
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Figure 28: Chemical structures of hexahydrotriazines and oxasolidines used as bactericide. 

 

Their determination from MWF aerosol is important since they act by releasing formaldehyde. 

Formaldehyde is carcinogenic to rats by inhalation [61], it is an airway irritant and recognized as 

a possible cause of occupational asthma [248]. However, formaldehyde releasers themselves pose 

risk on the human health because they strongly evoked sensory and pulmonary irritation in mice. 

Moreover, it was shown that Grotan BK may cause allergic contact dermatitis [72]. No MAK 

values have been established for these target compounds in spite the fact that they are recognised 

as skin and lung irritant substances [152]. 

 

 

4.2.1 Test separation of formaldehyde releasers with a published method 

 
A capillary electrophoretic method was developed by Trappfor their determiantion [231]. 

They are weak Lewis bases; therefore they are theoretically protonised at low pH. But they are 

not stable at acidic conditions. Thus the pH of separation buffer was chosen at 7, because it was 

assumed that these compounds are protonised at this condition. Since these compounds have no 
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chromophor groups, indirect UV detection was applied by addition of an absorbing co-ion, often 

called probe, into the BGE. The absorption, mobility and concentration of the probe are crucial 

because they influence the method performances such as peak shapes, efficiency and sensitivity 

[249]. Imidazole was chosen as a probe since it has good buffer capacity at pH 7, that ensure 

better repeatability of MT and peak area and has similar mobility as the selected unsaturated 

heterocyclic amines. 

At first, the separation was carried out with the published separation parameters described 

in table 12 and the following electropherogram (figure 29) was observed. 

 

Table 12: Published separation condition of hexahydrotriazines and oxasolidines. 

Capillary  Uncoated silica-tubes, effective length 40 cm, 75 µm i.d. 

Voltage 20 kV 

Detection 214 nm 

Temperature  30 cC 

BGE 40 mmol/L imidazole, 20 mmol/L α-hydroxy-isobutyric acid, pH=7 

Injection Hydrodynamic; water for 1s and sample for 1.5 s at 50 mbar 
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Figure 29: Electropherogram of hexahydrotriazines and oxasolidines. 

 

The selected formaldehyde releasers were separated within 3 minutes, but from the five peaks 

only three of them were detected. On the other hand, the sensitivity of the method was poor. Thus 

improvement of the method for the separation of EDAO, DMOI and the Grotan products was 

goaled to achieve better separation selectivity and sensitivity. 
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4.2.2 Improvement of the separation of heterocyclic amines   

 

Since the published method had several drawbacks, the improvement of the capillary 

electrophoretic separation was aimed. At first the anion of the buffer was changed from α-

hydroxyl-isobutyric ion to chloride since it was not necessary to use weak acid for setting the pH 

of the BGE. According to the measurements there no any changes were observed, thus the buffer 

system was changed to imidazole/imidazole chloride. The buffer capacity of the new system was 

better, and the handling of hydrochlorid acid is more comfortable because of the cheapness and 

α-hydroxy-isobutyric acid has unpleasant smell. 

 
The effect of buffer pH on the migration behaviour of the target compounds was then 

investigated. At first, the theoretical migration behaviour in function of pH was calculated  
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Figure 30: Theoretical mobility of hexahydrortiazines and oxasolidines. 

 

Baseline separation can be achieved if the pH is lower than 7, but then the separation is sensitive 

to little changes of buffer pH, and the EDAO and Grotan OX migrate theoretically close to the 

EOF. Unfortunately, only DMOI is fully charged at pH range of 6-7 according to the calculation. 

The theoretical prediction was controlled in practice by varying the pH of BGE in a range 

from 6 to 8 (see figure 31). For investigation a standard solution of EDA, DMOI, Grotan BK, WS 

and OX (50 mg/L every component) was prepared and separated at different pH.  
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Figure 31: Migration behaviour of hexahydrotriazines and oxasolidines in function of pH. 

 

When the pH of the BGE was increased from 6 to 8 the separation time was decreased from 3.5 

minutes to 2.5 minutes and the EOF decreased from 6.4 min to 4.1 min too. When the buffer pH 

was above 7 a system peak appeared in front of the peaks of target components which is one of 

the disadvantage of the indirect UV detection technique [250]. The size of the system peak 
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dramatically increased with the increase of pH. Grotan OX and WS co-migrate at each buffer pH 

used for separation hence more changes in the separation condition were aimed to separate them.  

The experimentally investigated migration behaviour of the selected heterocyclic amines 

was different than it was predicted with the theoretical model. From the theoretical model DMOI 

was the fastest and according to the measurements it was the slowest from the selected 

substances. Moreover, the apparent mobilities were near to each other when they were separated.  

 

Organic modifier was added into the BGE to increase the resolution of the analytes and to 

separate Grotan OX and WS from each other. For this purpose, different water soluble organic 

solvents such as acetonitrile (ACN), tetrahydrofurane (THF), methanol (MeOH) and propanol 

(PrOH) at different concentrations (V/V%) were added to the electrolyte, and the resolution of 

the first two peaks was determined to characterize the separation.  
 

Table 13: Resolution of Grotan BK and Grotan OX in function of organic modofier in BGE. 

 ACN THF MeOH PrOH 

0% 1.27 1.27 1.27 1.27 

10% 2.00 2.14 1.67 2.31 

20% 1.64 2.5 2.33 4.00 

30% 1.40 - 6.00 - 

40% 0.77 - 3.09 - 

50% - - 2.00 - 

 

The Rs values decreased with the increase of ACN content. The presence of THF had 

improvement on the separation quality, but the handling of THF is unpleasant. The best 

resolution was reached when MeOH was added to the separation buffer as an organic modifier to 

the BGE. The resolution values in function of methanol concentration go through a maximum at 

a concentration of 30 V/V%. This phenomenon caused by the boardening effect as described in 

section 4.13. Propanol had also a significant influence on the separation qualification, but its 

water solubility is limited and current problem often occurred during the separation. 

Unfortunately, no further changes in the resolution of Grotan OX and WS have been observed 

when any type of organic substance was added to the separation buffer. 
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Other parameters were also investigated such as (i) the capillary length: 40 cm and 50 cm to 

detector, (ii) the cartridge temperature: 25 oC and 30 oC, (iii) and the applied voltage: 20 kV, 25 

kV and 30 kV. The separation time increased with the length of the capillary. With increasing 

separation voltage the baseline became unstable, thus 20 kV was chosen for separation. No big 

difference was observed, when the cartridge temperature was changed. 

The final operation conditions for the capillary electrophoretic determination of EDAO, 

DMOI, Grotan BK, OX and WS are defined in table 14: 

 
Table 14: Final condition for determination of hexahydrotriazines and oxasolidines. 

Capillary  Uncoated silica-tubes, 40 cm to the detector, 75 µm I.D., 

Detection 214 nm, 100*800 µm detector cell 

Temperature  30 cC 

BGE 30 mmol/L imidazole/imidazole chlorid, 30 V/V% methanol, pH=7 

Capillary preconditioning  0.1M NaOH (3min)+BGE (4min) 

Injection Hydrodynamic injection of sample at 50 mbar for 10 s 

Voltage 20 kV 

 

 

4.2.3 Difficulties occurring during separation of hexahydrotriazines and oxasolidines 

 

Grotan OX and WS co-migrated even if the separation parameters, that may influence the 

separation, were changed. The mass, charge and molecule radius of these substances is not 

identical, thus theoretically they should have been separated. Thus the chemical-physical 

properties of these two compounds were compared to find the reason of this phenomenon. 

Since indirect UV detection is the less selective detection technique [92], it may be possible 

that the observed peaks did not belong to the formaldehyde releasers but to their hydrolysis 

products since their hydrolysis by-product is the same (monoisopropanolamine (MIPA)). 

Moreover, the other heterocyclic amines may also hydrolyse and monoethanolamine (MEA) 

forms during the hydrolysis of Grotan BK, 2-amino-2-methyl-1-propanol (AMP) from DMOI 

and 2-amino-2-ethyl-1,3-propandiol (AEPD) from EDAO. 
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To check this assumption, standard solution of these hydroxyl-alkyl-amines at the same 

concentration were injected into the capillary and separated with the separation condition 

developed for hexahydrotriazines and oxasolidines. 
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Figure 32: Electropherogram of the by-products (derivatives of amino-alcohols). 

 

The hexahydrotriazines and oxasolidines and their hydrolysis products migrated together (see 

figure 31 and 32). The peak height of the formaldehyde releasers and the corresponding amino-

alcohols were not the same; it was always lower for Grotan BK, EDAO and DMOI. Because it 

was not clear which substances were detected during the separation, the concentrations of these 

substances could not be determined. 

The ratio of charge/mass2/3 of MEA, MIPA, AMP and AEPD was also calculated as a 

function of pH to see if the thoretical model fits to the measured mobilities illustrated in figure 

32. 
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Figure 33: Theoretical mobility of hydroxyl-alkyl-amines. 
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The theoretical model corresponds to the measured separation when solution of MEA, MIPA, 

AEPD and AMP was injected into the CE instrument. Thus it can be assumed that MEA, MIPA, 

AMP and AEPD were detected when standard solution of DMOI, EDAO and Grotans were 

injected and separated. 

 

Since the stock solutions of formaldehyde releasers were made every week, it was supposed 

that they hydrolyse fully during the storage, and thus the by-products were analysed. Thus 

integrated peak areas were determined in function of time after solving the formaldehyde 

releasers in high purity water. The solutions of substances at were injected one by one 

immediately and then every 15 minutes through 1.5 hour period. No adequate differences were 

observed in the peak areas for each target compounds.  

Then EDAO, DMOI, Grotan BK, WS and OX were solved in methanol and acetonitrile at 

the same concentration to try to eliminate the hydrolysis reaction, but the observed migration 

times were the same as detected for water solutions. It seems that MEA, MIPA, AEPD and AMP 

were measured when solution of hexahydrotriazines and oxasolidines were injected. 

 

 

4.2.4 Purity investigation of heterocyclic amines  

 

It was assumed that the hydrolysis products were detected when water solution of 

hexahydrotriazines and oxasolidines were injected. The question is whether they are impurities of 

the industrial materials or if they are formed during the analytical process. However, the peaks 

are generally wide and asymmetric if the substances are formed during the separation, and in this 

case the peaks are sharp and symmetric. MS and H1-NMR were chosen as analytical tools to 

investigate what was really separated.  

Before kinetic examination of hydrolysis of DMOI, EDAO, Grotan BK, WS and OX, the 

impurity of the bought materials was investigated. The presence of hydroxyl-alkyl-amines as an 

impurity is possible, since the products may contain water in trace, which initiate the formation of 

the appropriate hydroxyl-alkyl-amines.  

 

Water solutions of formaldehyde releasers at concentration of 50 mg/L were injected one 

by one into the MS immediately after the preparation of standard solutions. The flow injection 
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system was adapted from CE-MS and capillary was used to introduce the sample fluid into the 

MS. Sheath liquid was also used to serve as the electric connection for the ionization source and 

to complement the required flow rate.  

 

 
Figure 34: Mass spectra of water solution of A, EDAO and B, DMOI. 

 

 

EDAO is assumed to be pure because only its molecule peak was detected and the molecule 

fragment of its hydrolysis products was not observed. In case of DMOI, the relative ambudance 

of its by-products was double as the DMOI peak. 
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Figure 35: Mass spectra of water solution of A, Grotan BK; B, Grotan WS and C, Grotan OX. 
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According to the mass spectrw of Grotan-BK, the reference material probably contain mostly the 

preservative itself, since the main peak belongs to the ionised molecule, and the peaks at m/z of 

147 and 74 may be the fragments ([CH3-NH-C2H4-OH]n=1,2) of the target compounds. However, a 

small peak at m/z of 62 -the molecule peak of MEA- was also detectable. The same trend was 

observed for Grotan WS as for Grotan BK, however the peak of MIPA was higher. The MS 

spectrum of Grotan OX is more complicated; it seems that the bought material is mixture of 

Grotan WS and Grotan OX and the relative ambundance of MIPA is relatively high (85%).  

Unfortunately, it cannot be concluded that the bought materials contains amino-alcohols 

originally, since the hydrolysis of these biocides can be catalysed by the applied condition such 

as high temperature or acidity of the sheath liquid. On the other hand, no fingerprints of these 

formaldehyde releasers were found in the MS library, thus it cannot be told exactly if the 

measured spectra are spectra of a mixture or not. 

 

For further impurity examination of EDAO, DMOI and Grotans H1-NMR was selected. At 

first, the chemicals were solved in acetone in which supposedly no hydrolisation takes place and 

the analytes are soluble in acetone. Only the spectra of Grotan OX was not clear, which is in 

accordance with MS measurement. For the other substances it can be assumed that the bought 

materials of these formaldehyde releasers were pure which do not correspond with the results 

measured with MS.  

 

 

4.2.5 Investigation the hydrolysis of cyclic amines  

 

Since purity study with MS and NMR gave the same results only for EDAO, its hydrolysis 

was at first investigated. The reference material of EDAO was solved in water, and was 

immediately measured with NMR. Then the spectrum of this solution was measured every 15 

minutes after the preparation of the solution in three hour period, and finally the same solution 

was measured two weeks after the solution. During this period no changes in the NMR spectra 

were observed, thus EDAO did not hydrolyse in high purity water. Contrarily, EDAO hydrolyses 

when its water solution was injected into the CE instrument and detected with indirect UV 

detection. The difference between the two techniques was that the injected plug sample was 

mixed with BGE during CZE separation, and BGE contain electrolytes at high concentration.  
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Thus it was supposed that the reaction type of the hydrolysis is SN2 nucleophile substitution 

reaction, where proton or hydroxide i at higher concentration than found in high purity water is 

negligible for the initiation of hydrolysis. The supposed reaction is self-catalysed, since proton is 

also forming. The reaction scheme for EDAO is plotted in figure 36 and this scheme is also 

supposed for DMOI and for the Grotan products. 
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Figure 36: Supposed reaction scheme of hydrolysis of EDAO. 

 

 

To confirm this theory, EDAO was solved in water and the pH of the solution was set to 3 and 

injected immediately into NMR instrument. Then the spectra were compared with spectra 

measured in water solution. The difference between the spectra measured at pH 7 and 3 was 

conspicuous, but the reaction was too fast for further investigation. The result of this experiment 

corresponded with the reported reaction kinetics of hydrolysis of Grotan BK [129].  

 

For further study EDAO and Grotan WS were selected (however the other substances were 

also investigated). They seemed to be more stable according to the flow injection MS study.  

EDAO and Grotan WS were solved in NaOH solution (pH=13) one by one, and were measured 
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with proton- NMR. The alakaline medium of the solvent was important to slow down the 

hydrolysis. 

 

A, 

 
B, 

 
C, 

 
D, 

 

Figure 37: NMR spectrum of EDAO A, solved in acetone measured 30 min after the solution; B, 

solved in 0.1 mol/l NaOH measured 30 min after the solution; C, solved in 0.1mol/l NaOH 

measured 1.5 year after the solution and D, solved in NH4CO3 measured 30 min after the 

solution. 

 

In the NMR spectra of EDAO small peaks at 4.4 ppm, 3.3-3.5 ppm and at 1.4-1.5 ppm were 

detected, which were always in front of the EDAO peaks. As it shown in figure 37, the measured 
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solution of EDAO seemed to be a mixture of main and tracer components. The small peaks can 

belong to the end-product of the hydrolysis reaction according to the NMR spectrum of AEPD. 

After one and a half year the NMR spectra of the same solution was measured and the same 

spectrum was observed. The small peaks were higher and new peak at 3.2 ppm was additionally 

observed. The tracer peaks were observed when EDAO was solved in 20 mmol/l NH4CO3 

solutionand measured 30 min after the solution. Thus the type and concentration of electrolyte 

have influence in the hydrolysation.  

The measured spectrums of Grotan WS solved in different solvents are shown in the 

following figure.  

 

Figure 38: NMR spectrum of Grotan WS A, solved in 0.1mol/l NaOH measured 30 min after the 

solution; B, solved in 0.1mol/l NaOH measured 1.5 year after the solution and C, solved in 

NH4CO3 measured 30 min after the solution. 

 
The spectra of Grotan WS was at first not clear since the peaks that belong to the ring were not 

clear enough. This can be caused by the too frequent vibration of the ring and additionally they 

may be covered by the vibration of the hydroxyl group. According to the two dimensional NMR 

A, 

B, 

C, 
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measurements, it was supposed that the NMR spectrum of Grotan WS was measured and not that 

of MIPA. Vibrations of other compound besides the peaks of Grotan WS were also observed 

when the solute was solved in NH4CO3 solution as shown in figure 38/C. 

Similar spectrum was observed for Grotan BK as for Grotan WS. This is in accordance with 

the structural similarity. The spectrum of Grotan OX is very complex, and in correspondence 

with its MS spectrum not only one substance was found in the bought material. The mixture 

contains at minimum three compounds according to the NMR investigation; typical peaks at 3.9 

ppm, 2.3 and 2.45 ppm were observed that may be peaks of Grotan WS. In case of DMOI 

different spectra was measured than it was expected. In the spectra of DMOI the typical vibration 

picture of ring were not observed, thus it might be that at once after the solution the ring opens or 

the ring frequency is too high for observing it.  
 

For further study CE-MS was chosen as analytical tool for kinetic study. Water solution of the 

selected heterocyclic amines were injected and separated with CE-MS and the initial and by-

products were detected as can be seen in figure 39. 
 

 

Figure 39: CE-MS electropherogram of initial and end-products 25 minutes at molecule m/z 

peaks of A, Grotan WS (262); B, Grotan OX (187); C, Grotan BK (220); D, DMOI (102); E, 

EDAO (144); F, MIPA (76); G, MEA (62); H, AMP (90) and I, AEPD (106). 

A, 
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When water solutions of DMOI and Grotan products were injected and separated with CE-MS, 

they were not detected 25 minutes after the solution and only their hydrolysis products were able 

to be detected. Moreover, the peaks of hydroxyl-alkyl-amines were not bright what is usual for 

substances form during the separation process; only small tailing of the peaks was observed. 

 EDAO seemed to be quite stable, however 35 minutes after the preparation the peak of 

AEPD was also detected. EDAO migrates with EOF because change in the current was observed. 

Thus the formaldehyde releasers may not be protonised at separation pH of 7 that is possible 

since they are secondary or tertiary amines. This means that they can not be separated with 

capillary zone electrophoresis. 

 The peak areas of the hydrolysis products were determined and plotted in function of time.  
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Figure 40: Peak areas of hydrolysis products in function of time. 

 

In the first hour the peak areas were increasing with the time, but then systematic decreasing was 

detected. When the experiment was repeated the same tendency was measured. Till now, no 

satisfactory explanation of this tendency has been taken. The biggest problem is that the source of 

the hydroxyl-alkyl-amine formation can not be separated exactly since they can form also during 

the contact with seath liquid.  

However, according to NMR measurement the water solutions of these formaldehyde 

releasers are stable and the initial materials does not contain the amino-alcohol (except DMOI). If 

it is supposed that they not hydrolyse in high purity water, they can only form during the 
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separation. But why systematic tendency in the peak areas in function of reaction time can be 

concluded? If it is supposed that notwithstanding the hydrolisation takes place in water medium, 

the decrease of the peak area after one hour should be taken in consideration. It may be possible 

that the end-products were consumed or evaporated since their vapour pressure are high.  

On the whole, the EDAO, DMOI and Grotan products can not be directly separated and 

detected with capillary electrophoretic method, but since their hydrolysis are adequate at acidic 

condition they can be measured indirectly when the sample does not contain originally the 

appropriate amino-alcohols. 
 

According to the H1-NMR and MS measurements it can be concluded that even at alkaline 

condition these formaldehyde releasers hydrolyse, and during the reaction amino-alcohols are 

forming. The reaction speed mostly depends on the pH of the medium and the concentration of 

electrolyte.  

The theory was also supported with ab-initio calculations (B3LYP 3-21g* and B3LYP 6-

311+g**), and the reaction energy of the hydrolysis of the formaldehyde releasers in gas phases 

were between 2 and 6 kcal/mol.  

 

 

4.2.6 Optimization of a method for the determination of amino-alcohols   

 

Since it was assumed that MEA, MIPA, AEPD and AMP were measured with CE 

combined with indirect UV detection when the standard solution of EDAO, DMOI, Grotan BK, 

WS and OX was injected, it was aimed to optimise a CZE-indirect UV method for the 

determination of these alkanolamines. The target substances were extended with diethanolamine 

(DEA), triethanolamine (TEA), morpholine (MOR), 2-(2-aminoethoxy)-ethanol (AEE), 2-amino-

1-butanol (2AB), N-methyldiethanolamine (MDEA) because they may be ingredients of MWF. 

Piperazine (PIP) was selected as internal standard, since it is not supposed to be found in MWF 

aerosol and have similar migration property as the targets. MAC values have been established 

only for MEA at concentration of 5.1 mg/m3 and the other substances are in the list of hazardous 

substances [152]. 
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The goal was to optimise the separation parameters for the determination of hydroxyl-alkyl-

amines that is MS compatible. It was proven that the indirect detection mode is not selective 

enough for the determination of these solutes, because the quantification limit is too high and 

interference effects may occur such as the presence of alkali metals and alkaline earth [93]. Using 

MS as a detector the LOD would be decreased, and the most interference effects would be also 

eliminated. To have an MS compatible method the following parameters should be considered: 

(i) the BGE should be volatile and (ii) the applied voltage should be low, since the current has to 

be as low as possible. 

The initial operation conditions for the separation of the selected hydroxyl-alkyl-amines 

were identical to those used for the formaldehyde releasers. The probe of BGE was not changed, 

since the peaks measured with imidazole and imidazole-chloride buffer were sharp and 

symmetric. The BGE when MS detection is used does not contain probe (that have chromophor 

group), but for indirect UV detection mode it is indispensable. Thus the probe should not interact 

with the target compounds to have an MS compatible buffer, which can be also applied for 

indirect UV detection. The migration behaviour of MEA, MIPA, AEPD and AMP was identical 

from theoretical prediction and experimental separation (figure 32 and 33), so it was assumed that 

no interaction exist between probe and analytes. 

 
At first the concentration of the probe was investigated, because it has big influence on the 

detection limit and the noise of the baseline [263]. The concentration of imidazole was increased 

from 10 mmol/L to 100 mmol/L in the separation buffer. The noise of the baseline and the peak 

height increased with the increase of buffer concentration. For further study the buffer 

concentration of 20 mmol/L was the optimum. 

To have MS compatible background electrolyte, the buffer anion was changed from 

chloride to acetate. According to the measurements no differences was observable in the 

electropherograms using the two anions (chloride and acetate) in the BGE. 

 
After the buffer system was set, the migration behaviour in function of pH of BGE was 

investigated, because at neutral pH only 6 peaks were separated from the 11 solutes. The pH of 

BGE was decreased from 7 to 3, and analytes at concentration of 10 mg/L were separated using 

these buffers. It was not possible to decrease the pH of BGE below 3 because of the buffer 

capacity is negligible. The separation time and also the resolution of the selected amino-alcohols 

increased with the decrease of pH of BGE. The peak numbers were 8 at pH bellow 4, and under 
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pH 3.5 the resolution of AEE, 2AB, DEA, MDEA and AMP were increased. Since the best 

resolution was reached when the pH of the BGE was 3.5, this buffer system was chosen for the 

following study. 

 
To achieve separation of the five critical substances (AEE, 2AB, DEA, MDEA and AMP), 

organic solvents were added to the BGE. According to the study of the effect of organic 

modifiers on the separation of the heterocyclic amines methanol, ethanol and 2-propanol were 

added to the separation buffer at ratios from 0 V/V% to 40 V/V%. The best separation was 

achieved, when the organic modifier was ethanol at volume of 25% since four peaks from the 5 

critical substances were baseline separated. 

 
The separation voltage and temperature were also investigated. The separation voltage was 

increased from 20 kV to 30kV, and the cartridge temperature was decreased from 30 oC to 25oC. 

Only a small effect of these parameters on the separation was found and acceptable baseline (flat 

and less noise) were got when the measurements were carried out at 20 kV and 30 oC. 
 

Thus for final separation 20 mmol/l imidazole/imidazole-acetate buffer was chosen at pH of 

3.5 solved in ethanol/water mixture at ration of 25%/75% (V/V). The typical measured current 

was 19 µA, which is low enough for applying the method for MS detection. A typical baseline 

corrected electropherogram is shown in figure 41 when standard solution of analytes was injected 

into the CE and detected with indirect UV. 
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Figure 41: Baseline corrected electropherogram of hydroxyl-alkyl-amines determined with CE-

indirect UV. Abbreviation: syst=system peak. 
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The analytes were separated within 11 minutes. Two system peaks at 6.28 min at 6.74 min was 

observed when water solutions of hydroxyl-alkyl-amines were injected. PIP, MOR, MEA, MIPA 

TEA and AEPD were fully separated and AEE, 2AB and AMP were baseline separated. 

Unfortunately, MDEA and DEA were separated only partly, thus the quantification parameters 

were not determined for these solutes.  

 

 

4.2.7 Performance characteristics of CE using indirect UV detection 

 

The separation parameters were evaluated from electropherogram and normalised 

effective mobility scale. The selected internal standard was PIP that was added into the sample 

solution before the injection. 

 

Resolution: Rs were calculated for neighbour peaks step by step and the results are 

summarized in figure 42. 
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Figure 42: Rs of hydroxyl-alkyl-amines using indirect UV detection. 

 

The Rs values were the highest for MIPA/AEE and the lowest for AEE/2AB. The Rs values for 

AEE/2AB, for 2AB/DEA+MDEA and for DEA+MDEA/AMP were close to one, thus the 

identification of these substances should be taken carefully because of the interference with the 
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matrices might be happen. The capillary was not overload in the investigated concentration range 

because the resolution was independent on the solute concentrations. 

 

Precision of identification: The within-day repeatability of the identification parameters 

was calculated from five measurements at three analyte concentrations and summarized in table 

15.  

 

Table 15: MT and µeff,norm with RSDs from 5 repetitions. 

Migration time Effective mobility  

MT 

[min] 

RSD 

[%] 

µeff,norm 

[cm2/Vmin] 

RSD 

[%] 

PIP 5.57 0.94 1.53 - 

MEA 7.35 0.56 1.02 0.33 

MOR 7.60 0.48 0.97 0.38 

MIPA 8.23 0.69 0.85 0.43 

AEE 8.92 1.09 0.74 0.55 

2AB 9.02 0.63 0.73 0.58 

DEA, MDEA 9.19 0.36 0.71 0.53 

AMP 9.43 0.38 0.68 0.57 

TEA 10.18 0.50 0.59 0.75 

AEPD 10.62 0.39 0.54 0.82 

 

The RSDs of MTs of the selected hydroxyl-alkyl-amines were under 1% showing an excellent 

precision of this method. The RSD values were determined between 0.03-0.82% for normalised 

effective mobility.  

 

Linearity and working range: The working range was established by MAC values for 

selected hydroxyl-alkyl-amines. The lowest one was established for MEA which is 5.1 mg/m3 

that is equal to 61 mg/L for a sampled volume of 120L. Thus the linear range should cover the 

concentration from 6.1 mg/L to 122 mg/L. The calibration curves using electropherogram and 

effective mobility are shown in table 16. 
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Table 16: Calibration parameters applying electropherogram and mobility scale. 

Migration time Effective mobility  

Equation R2 f Equation R2 f 

PIP A=0.50*c+0.041 0.998 - A= 1.88*c-2.48 0.996 - 

MEA A=0.67*c+0.025 0.999 1.42 A=1.46*c-0.82 0.997 0.78 

MOR A=0.48*c+0.29 0.999 4.05 A=0.94*c+0.91 0.998 0.55 

MIPA A=0.62*c+0.35 0.999 1.34 A=1.04*c+0.56 0.999 0.58 

AEE A=1.05*c-0.91 0.992 2.41 A=1.38*c+2.02 0.999 0.83 

2AB A=0.853*c+0.57 0.994 2.13 A=1.214*c+1.07 0.998 0.52 

AMP A=0.53*c+0.32 0.999 1.18 A=0.65*c-0.47 0.999 0.33 

TEA A=0.45*c+1.56 0.999 1.14 A=0.75*c-0.16 0.986 0.35 

 

With both scales for each analytes the regression coefficients were higher than 0.998. The 

determined relative sensitivities for internal standard were between 0.6-1.3 for each selected 

amino-alcohols and the values were independent on the analyte concentration (no capillary 

overload). 

 

Precision of quantification: The RSDs of the peak areas calculated from five measurements 

were under 7% for both scales. No significant differences were observed in the precision of the 

quantification between the time- and mobility-scale. 

 

LOD and LOQ: The quantification limits for the amino-alcohols were determined between 

0.6 -1.5 mg/L using electropherogram and normalised effective mobility scale. The concentration 

value of quantification limit was 5 mg/l in solution and 0.46 mg/m3 when 120 l air is pumped 

through the filter. The LOQ was lower than the lowest point of the working range. 

 

Accuracy: The recovery values are used for evaluation of accuracy. The calculations of 

recovery were determined using time scale and normalised effective mobility scale. Two data 

interpretation technique was used for determination of analyte concentation from peak area. They 

are calibration and internal standard.Internal standard is more useful in some cases mostly when 
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real sample is analysed. However the linearities should be also determined to be able to apply 

internal standard.  
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Figure 43: Recovery with RSDs of a method determined from normalised effective mobility 

scale (n=5). Abbreviations: int.st.: internal standard. 

 

The recoveries were independent on the calculation methods and on the analyte concentration. 

The mean recovery values were determined between 93 % and 111% which correspond to the 

specified analytical method. 

 

On the whole, all performance characteristic met with the specified requirement except for 

DEA and MDEA which were not separated. These solutes must be determined as a sum of two 

solutes. For separation and calculations of quantification effective mobility scale is suggested and 

both techniques, calibration and internal standard, are suitable for determining the concentration 

of the selected hydroxyl-alkyl-amines. 

 

 

4.2.8 Performance characteristics of CE using MS detection  

 

The method optimised for indirect UV detection was used for CE-MS measurements. The 

only difference was that the cation of the BGE was ammonium (NH4+) instead of imidazole.  

After tuning the MS condition the capillary temperature was set to 150 oC, the capillary 

voltage to 3.5 kV and the distance between the capillary outlet and MS inlet was 48.05 mm. The 

typical current of MS was detected at 11 µA; and the spray was stable during the measurements.  
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Applying flow injection mode the molecule peaks of the selected hydroxyl-alkyl-amines 

was determined. MS spectra when mixture solution of amino-alcohols is was introduced is shown 

in figure 44. 

 

 
Figure 44: MS spectra of water solution of selected amino-alcohols. 

 

The detected peaks belong to the molecule peak of the amino-alcohols. Unfortunately, AMP and 

2AB, AEE and DEA, MDEA and AEPD have the same molecular weight, but it was supposed to 

be separated from each other. During the separation SCAN mode was used, and m/z peak at 

62±0.5 for MEA, 76±0.5 for MIPA, 87±0.5 for PIP, 88±0.5 for MOR, 90±0.5 for AMP and 2AB, 

106±0.5 for AEE and DEA, 120±0.5, 150±0.5 was selected fo ther identification and the 

integration of the detected peaks. 

 

To see whether the CE condition optimised for indirect UV detection mode fits to CE-MS 

the concentration and pH of the buffer system (10, 15 and 20 mM NH4OAc/AcOH at pH of 5.0, 

4.3 and 3.3), the type of organic modifier like methanol, ethanol at volume ratio of 10%, 20% and 

30% and the separation voltage (15 kV, 20 kV, 25 kV) were tested. According to the 

measurements, it can be concluded that the final condition optimised for indirect UV is equal to 
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the optimal condition with MS detection mode. A typical electropherogram is shown in figure 45 

when standard solution of selected hydroxyl-alkyl-amines was measured with CE-MS. 

 

A, 

 

B, 

 

C, 
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E, 
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Figure 45: Elelectropherograms of A, PIP at m/z 87; B, MEA at m/z 62; C, MOR at m/z 88; D, 

MIPA at m/z 76; E, AEE and DEA at m/z 106; F, 2AB and AMP at m/z 90; G, MDEA and 

AEPD at m/z 120 and H, TEA at m/z 150. 

 

During the separation m/z peaks at 61, 78, 103, 120 and 142 were continuously detected. 

Unfortunately the molecule peak of MEA, MIPA, MDEA and AEPD interfere thus the MS 

detection is less sensitive for MEA and MIPA and MDEA and AEPD could not be detected at all. 

Small tailing of the hydroxyl-alkyl-amine peaks were observed. 

The performance characteristic of a CE-MS method for the determination of amino-

alcohols was also determined as described in chapter 3.4.3. 
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Resolution: Rs was examined for AEE/DEA and 2AB/AMP since these analytes had the 

identical detection fragment. The resolution factor were independent from their concentration and 

were 2.1±3% and 2.2±5% which meets with the specified analytical requirement. Thus the 

performance characteristics of quantification for these substances were also determined. 

 

Precision of identification: The precision of migration time was carefully investigated 

because the CE connected with MS had no coolant system. When the coolant effectiveness is 

poor the Joule heating may cause higher changes in EOF and thus in MT. The calculated RSDs of 

MT measured from five repetitions are summarized in figure 46.  
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Figure 46: Precision of identification of CE-MS method for the determination of amino-alcohols. 

 

The within-day RSDs were between 0.6-1.5% and were independent on the concentration of 

analytes. This quite good repeatability may be consequence of low separation current and the 

suppressed EOF (because of the low separation pH). 

Small increase in the RSD values was determined with increase of MT. On the whole, the 

precision of MTs fulfil the specified analytical requirement. 

 

Linearity and sensitivity: the determined linear curve with their regression coefficients were 

summarized in table 17 for each selected derivative of amino-alcohols.  
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Table 17: Linearity, LOD and LOQ of hydroxyl-alkyl-amines determined with CE-MS. 

 Equation of 

calibration curve 

R2 f LOD 

[mg/L] 

LOQ 

[mg/L] 

PIP A=1.28*c-2.00 0.995 - 0.17 0.57 

MEA A=0.64*c -0.37 0.999 0.61 1.18 3.94 

MOR A=1.34*c -0.16 0.991 1.23 0.41 1.36 

MIPA A=1.08*c -0.34 0.998 1.06 3.53 8.91 

AEE A=6.70*c -0.13 0.998 0.67 0.33 1.11 

2AB A=0.30*c +0.23 0.993 0.34 0.73 2.44 

DEA A=1.00*c -0.05 0.999 1.01 0.15 0.55 

AMP A=0.76*c -0.27 0.997 0.76 0.20 0.67 

TEA A=1.44*c -0.31 0.990 1.30 0.22 0.75 
 

The regression coefficients of the selected analytes in the working range were higher than 

0.990, so the detection response linear with analyte concentration.  

The determined detection limits were between 0.15-0.73 mg/L except for MIPA and MEA 

as it was expected. Using MS for detection 5-10 times lower concentration was able to be 

detected than with indirect UV detection.  
 

Accuracy and precision: The recoveries were determined with use of two data interpretation 

technique and summarized in the following figure.  
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Figure 47: Recoveries with RSDs of CE-MS method for determination of hydroxy-alkyl-amines 

(n=5). 
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The recoveries were concentration independent and the averaged values were found between 

97% and 104% for each analytes when calibration technique was applied and from 93% till 108% 

when internal standard method was used for calculation of the solute concentration.  

The RSDs of the peak area for the whole method were between 3-6% that shows an 

excellect precision of quantification.  

 

CE-MS method adapted from CE-indirect UV can be used for the identification and the 

quantification of the selected hydroxyl-alkyl-amines with high selectivity, higher sensitivity, 

good precision and accuracy (recovery). 

 

 

4.2.9 Study of matrix effect   

 

The extraction efficiency were determined in function of MWF concentration as written in 

section 3.5, however no effect of the emulsion system was expected due to the high water 

solubility of the targets. The MTs in function of MWF present on the filter is shown in figure 48. 
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Figure 48: Migration times of hydroxyl-alkyl-amines in function of MWF concentration (n=5). 

Abbreviations: 0%= standard solution without MWF, 1% and 3%= 1% and 3% MWF concentrate 

in the standard solution of analytes. 
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No MT shifting was observed in the function of concentration of MWF emulsion. The 

repeatability of the identification parameters was independent on MWF concentration and the 

RSDs were between 0.40-1.31% for each compounds (see figure 48). Thus no effect of matrices 

on the identification of hydroxyl-alkyl-amines was determined. 

 

The effect of MWF on the precision of quantification and accuracy was also determined 

the same way as written in section 3.5. Recoveries with RSDs calculated from three repetitions 

were determined in function of MWF concentration in the standard solution of selected hydroxyl-

alkyl-amines. In the case of study of matrix effect, calibration was used for determination of 

analyte concentration from peak area. The averaged recoveries for the whole analytical process 

are summarized in the following figure.  
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Figure 49: Recoveries with RSDs of a method in function of MWF content (n=5). Abbreviations: 

0%= standard solution without MWF, 1% and 3%= 1% and 3% MWF concentrate in the standard 

solution of analytes. 

 

The recoveries and their RSDs in spiked MWF emulsion sample were independent on the 

concentration of matrices. The mean recoveries of PIP; MEA, MOR, MIPA, AEE, 2AB, AMP, 

TEA and AEPD using calibration varied between 95-110%. The RSDs of peak area from three 

repetitions were under 7%.  
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4.2.10 Final protocol 
 
 
Table 18: Final protocol for the determination of amino-alcohols in atmospheric and MWF 

aerosol. 

Sampling: With air pump at flow rate of 1 L/min, time duration of 2h onto a 

quartz filter. 

Sample preparation: Extract the filter with 10 ml 30:70= MeOH: water mixture with 

ultrasonic bath. 

Capillary: Fused silica, I.D. 75 µm, effective length 50 cm, total length 57 cm. 

Detection wave length: Indirect detection, 214 nm, Detector cell size: 100*800 µm. 

Temperature: Cartridge set to 30 oC. 

BGE for aminoalcohols 

with indirect UV detection: 
20mM imidazole/ imidazole acetate, 25 V/V% ethanol, pH=3.5 

BGE for aminoalcohols 

with MS detection 
20 mM ammoniumacetate/acetic acid, 25 V/V% ethanol, pH=3.5 

Capillary preconditioning:  2 min pressure with 0.1 mol/L NaOH, then 3 min with BGE. 

Injection: Hydrodynamic injection of sample 50 mbar for 10 s (Vinj= 59 nl). 

Voltage : 20 kV. 

Replenishment: Both separation vials and injection vial after each injection. 

Capillary preconditioning: 

(new capillary) 

Pressure flush with 0.1 mol/L NaOH for 30 min when it is used at 

first time 

Storing of capillary: 

(for next measuring day) 

Pressure flush with 0.1 mol/L NaOH for 15 min before and after the 

measuring day 

Storing of capillary: 

(more then one week) 

Pressure flush with 0.1 mol/L NaOH for 15 min followed by high 

purity water for 15 min, then with air for 5 min. 

Marker Piperazine 

Scale Using the transformed effective mobility scale from time scale  

Determination of 

concentration: 

With five-point calibration curve in the working range between 6.1 

mg/l and 122 mg/l determined every measuring day 

Or internal standard by addition of 10 mg/l PIP into the sample 

before injection 
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4.2.11 Conclusion 

 

The aim of this study was to develop and validate CZE method combined with indirect UV 

detection for the determination of “amino-alcohol type” formaldehyde releasers (DMOI, EDAO, 

Grotan BK, WS and OX) in MWF aerosol. After several CE parameters were investigated for 

optimisation purpose, only four solutes were separated. Grotan WS and OX co-migrated, in spite 

the fact that their molecule size and ion-charge that have influence on the capillary 

electrophoretic separation are not identical. Since indirect UV detection technique is the least 

selective, it was possible that the determined peaks did not belong to the formaldehyde releasers 

but to their hydrolysis products. For this purpose, the by-products, which are derivatives of 

hydroxyl-alkyl-amines were injected and separated applying the same conditions as for 

formaldehyde releasers. The measured migration times of the formaldehyde releasers and the 

coherent by-products were the same. The kinetics of hydrolysis of these substances was then 

suggested for further examination to know what was really separated when standard solution of 

formaldehyde releasers were injected into the CE. 

 

Before kinetic study of the hydrolysis of the selected biocides, purity of the reference 

materials of DMOI, EDAO, Grotan BK, WS and OX was investigated to see if they contain 

amino-alcohols or not. At first, MS was chosen for this purpose. When the water solutions of 

these substances were measured one by one, the molecule peaks of the by-products were 

observed at case of DMOI, Grotan BK, WS and OX. Because the source of amino-alcohols was 

unknown (from the materials or formed during the analysis), another analytical tool was chosen 

for further examination. It was supposed that NMR spectra can give more reliable information of 

the original solutes compared to MS because of the experimental conditions would not cause 

hydrolysis of the investigated materials. According to their NMR spectra the standard solutions 

of formaldehyde releasers were amino-alcohol free when EDAO, DMOI and Grotans were solved 

in acetone. 

After the purity examination of the reference materials the reaction kinetic of formaldehyde 

releasing was studied. No big changes in the NMR spectra in time were observed when EDAO 

was solved in high purity water. When the pH of the solvent was decreased, the measured spectra 

was totally different comparing the spectra measured at purity water medium. Since the 
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iinvestigation of the reaction was not possible at low pH, the formaldehyde releasers were solved 

in sodium hydroxide solution (pH=13). In this case hydrolysis was also observed for each 

substance, but the reaction slowed down dramatically: two weeks after solving the standard 

materials in sodium hydroxide solution only a small change in the peak area of the tracer was 

observed. The reaction sped up when EDAO and Grotan WS was solved in buffer thus the 

hydrolisation depend not only the pH of the medium but the concentration of electrolytes. 

 

Since MEA, MIPA, AMP and AEPD were measured when the formaldehyde releasers were 

injected into the separation capillary, it was planned to optimise a method for the determination 

of these hydroxyl-alkyl-amines from MWF aerosol. The number of analytes was extended from 4 

to 11 because more amino-alcohol derivates may be found in MWF used as additives. The main 

aim was to improve a method that is MS compatible since indirect UV detection mode is the least 

selective and therefore the most subject to interferences. For this purpose the composition of the 

BGE was changed, and with the final separation parameters were MS compatible.  

The analytical performance characteristics were determined including the identification and 

quantification. DEA and MDEA were not separated, thus these substances can be only identified 

from real samples using CE-indirect UV method. AEE, 2AB, MDEA+DEA and AMP were only 

baseline separated, and their mean resolution factors were near to the required limit. Both 

identification parameters, the migration time and normalized effective mobility, were precise 

when the analytes were solved in test mixtures and in spiked samples. 

The linearity were determined at range between 6.1 mg/L and until 122 mg/L since this 

range cover the 0.1*MAC-1*MAC of MEA for sampled volume of 120L. The precision of 

quantification was determined between 1-6% when time- and mobility-scale was used for 

integration, and the RSDs of peak area were independent on analyte concentration. The detection 

limits of PIP; MEA, MOR, MDEA, AEE, 2AB, DMBA, AMP, TEA and AEPD were 1.5 mg/L 

for both scales applying indirect UV detection. The recoveries of the CE-indirect UV method for 

determination of selected hydroxyl-alkyl-amines were near to 100% thus the method is enough 

reliable for quantification.  

The method developed for indirect-UV detection for determination of selected amino-

alcohols were theoretically MS compatible, since the BGE was volatile and the measured current 
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was enough low. Thus the method was also adapted for MS detection. The only difference was 

the type of cation in BGE; the electrolyte was changed from imidazole, which was at the same 

time the probe, to ammonium.  

According to the measurements, no difference between the peak sequence was observed 

when MS and indirect-UV detection was connected to the CE instrument. Unfortunately MDEA 

and AEPD were not identified and quantified since with their mze molecule peak at 120 interfere 

with BGE or sheath liquid. Additionally, decreased sensitivity was observed for MIPA and MEA 

due to the inference effect. 

 Applying CE-MS the resolution between AEE/DEA and 2AB/AMP was enough for having 

a reliable identification for these substances in real samples. The precision of migration time was 

high since the within-day RSDs were under 1.5%. The quantification performance characteristics 

were also determined and the values for linearity, precision of peak area and accuracy fulfil the 

specified requirements. According to the measurements, both, calibration and internal standard 

are useful for interpretation technique for the determination of MEA, MOR, MIPA, AEE, DEA, 

2AB, AMP and TEA. The detection limit were determined between 0.17 and 1.18 mg/L expect 

for MIPA that had higher one (3.5 mg/L) and were 5-10 times lower than determined with 

indirect-UV detection. 

 

Finally, the effect of matrices (MWF emulsion) on the extraction and separation efficiency 

was investigated. According to the measurements, no any significant difference was observed in 

the identification parameter and in the recoveries as a function of MWF concentration.  

This means that the method can be applied for determination of the selected hydroxyl-

alkyl-amines from MWF aerosol. With this method formaldehyde releasers can not be 

determined directly and only their hydrolysis products can be quantified and determined. 

Unfortunately, the hydrolysis products might be found in MWF aerosol originally, thus it can not 

be told correctly whether MEA, MIPA, AEPD and DMOI were found originally in MWF aerosol 

or produced during the sample preparation. For that purpose selective sample preparation or 

HPLC separation of formaldehyde releasers is suggested since they are quite stable in pue 

solvent. On the other hand, vapour phase should be also sampled because hydroxyl-alkyl-amine 

derivatives are volatile thus they might be found in the vapour phase of the aerosol.
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4.3. Determination of volatile and biogenic alkyl amines  
 

 

Capillary electrophroretic method the determination of alkyl-amines including sampling 

and sample preparation in atmospheric and indoor aerosol was developed. These substances are 

still in the interest because of their odoriferous properties and in they influence the nitrogen 

cycling, nutrient transfer, and atmospheric acidity in the ecosystem. On the other hand they have 

acute and chronic effect on the human health. Recent works show that chemical compounds of 

low molecular weight alkyl-amines, cause occupational asthma [251] and block the voltage-

dependent calcium channel in human embryonic kidney cells [252]. Moreover, the structure 

toxicity relationship for several aliphatic amines has been also reported [253,254]. 

 

The selected alkyl amines were methyl-amine (MA), ethyl-amine (EA), propyl-amine (PA), 

butyl-amine (BA), dimethyl-amine (M2A) diethyl-amine (E2A) as low molecular weight (LMW) 

primer and secondary amines and cadaverine (PA2), putrescin (BA2) and spermidine (SP) as 

biogenic amines (see figure 50). The MAC values has been established for MA at 13 mg/m3, for 

EA at 9.4 mg/m3, for BA at 15 mg/m3, for M2A at 3.7 mg/m3 and for E2A at 15 mg/m3 [152]. 
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Figure 50: Chemical structure of selected biogenic alkyl-amines. 

 

The vapour pressures of these substances are high, thus they are found in dynamic 

equilibrium between vapour and condensed phase in the atmosphere. Thus the sampling have to 

contain the collection of both phases to determine the total amount of these analytes presented in 

aerosol system. 

The sample preparation was adapted from the earlier developed one described in section 6.2 

because the aim of the work was to can determine as much targets as it possible form the polar 

extract  
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4.3.1 Study of the sampling of alkyl amines 

 

The sampling of alkyl amines derivatives from atmospheric or indoor aerosols should be 

divided into two. They may adsorb on the surface of solid particles and/or absorbed in droplets 

present in the air and they also may precipitate as a low volatile salts. Quartz fibre filter with 

suitable pump was used for sampling of the condensed alkyl-amines from ambient air. However, 

evaporation of alkyl-amines during sampling may cause negative artefact in the determined 

amount in the particulate phase.  

On the other hand they may be found as vapour due to their high tension and the emitted 

LMW amines are mostly gaseous. Thus the already used collector containing the quartz filter for 

the collection of the particles was supplemented with a holder containing the adsorbent for 

collecting the amines form the vapour phase. The adsorbent may collect also the evaporated part 

from the condensed phase thus the total amount of alkyl amines presented in the atmospheric and 

MWF aerosol can be determined. 

 
 
4.3.1.1 Preparation of novel adsorbent 

 

Selection of proper adsorbent for primary and secondary LMW amines is difficult because 

of their high polarity. If the adsorbent is highly polar silica or aluminium oxide (Al2O3), the 

elution may be not quantitative and when apolar adsorbent is used such as C18 the adsorption 

might be too weak to have reliable sampling. The other possibility is to use ion-exchange 

material, although its effectiveness is also questionable because the great majority of the gaseous 

amines are in neutral form. Thus surface with functional group that can be form H-bridge with 

the amine group seemed to be the best solution because of the quite strong bounding and full 

desorption is possible by protonising them. Other requirements beside the high adsorption and 

desorption efficiency are the high porosity, high stability and low cost.  

Instead of testing commercially available materials, it was aimed to prepare a polymer with 

high selectivity to the organic amines. Modified polymethacrylate was chosen as solid phase 

because the initial materials used for preparation are cheap and commercially available; no 

special instrument is needed for the preparation; easy to modify its surface properties and the 

polymer itself very stable against extreme conditions such as strong alkaline or acidic aqueous 

solutions or organic solvents. 
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This continuous bed usually used as stationer phases in CEC. The solid monoliths have 

been prepared from butyl-methacrylate and ethylene-dimethacrylate and studied extensively for 

the separation of basic pharmaceuticals [255], polycyclic aromatic hydrocarbons [256], benzene 

derivatives [257] and model compounds of humic substances [258]. The preparation of the 

polymerisation process is well known [259].  

The polymerisation solution contains three parts: (i) monomers (generally 40 %(m/m) of the 

total volume), (ii) initiator (generally 1%(m/m) of the monomer volume) and (iii) porogens 

(generally 60%(m/m) of the total volume) in which the monomers are soluble but the polymer 

not. Usually, the monomers contain 40% ethylene dimetacrylate (EDMA) as cross linking agent, 

60% butyl-methacrylate (BMA) as the adsorbent and wetability agent which is usually 2-

acrylamido-2-methylpropanesulfonic acid (AMPS). The porogen comprising generally 10% 

water, 64% 1-propanol (PrOH) and 26% 1,4-butandiol (BuOH2) however other porogen solution 

have been also used. The initiator used for thermal initiated polymerisation is 

isazobisisobutylnitrile (AIBN). For the purpose of active sampling of alkyl-amines this solid 

phase was not suitable, since the targets did not adsorb on the solid phase. Thus some alterations 

in the monomer composition were suggested for having a suitable adsorbent for the sampling of 

amines. Acrylic acid (AA) was added into the monomer solution in place of butyl-methacrylate at 

different ratios since the carboxylic acid group form H-bridge with amine group. Scheme of 

possible structure of the monolith is shown in figure 51.  
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Figure 51: Possible structure of poly(acrylate-methacrylate) co-polymer. 
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For characterizing the self prepared polymer, the affectivity of adsorption and desorption 

was tested with 0.5 ml standard solution of alkyl amines at 10 mg/L (thus the total target amount 

is 9*5=40 µg). The elution volume was at first identical to the adsorption one. The amount of the 

solid phase was always 400 mg packed in polyethylene cylinder body. The preparation 

parameters of the monolith are summarized in the following table: 

 

Table 19: Composition of monomer solutions. 

Name DMBA BTA AA H2O PrOH BuOH2 

MonE(100) 40% 0% 60% 10% 64% 26% 

MonF(50) 40% 30% 30% 10% 64% 26% 

MonJ(40) 40% 24% 36% 10% 64% 26% 

MonI(30) 40% 42% 18% 10% 64% 26% 

MonG(25) 40% 45% 15% 10% 64% 26% 

MonA(0) 40% 60% 0% 10% 64% 26% 

 

At first, sorption properties of MonA(0), MonF(50) and MonE(100) was characterised. 

Mixture of the selected alkyl-amines did not adsorb on MonA(0) at all thus further examination 

had not been done. When MonF(100) and MonE(50) was used for extraction, all targets were 

trapped since no amines were detected in the wash-out. The adsorbed compounds then were 

eluted with different solvents systematically such as methanol, water, methanol-water mixture at 

different ratios, 0.01 mol/l NaOH solution (pH 12) and 0.01 mol/L hydrochloric acid (HCl) 

solution (pH 2). No amine peaks were observed at case of MonE(100) in the elute for each 

elution solvent. When MonF(50) was used for SPE the same results was observed when pure 

solvents and NaOH solution was used for desorption purpose. Only at case of elution with HCl 

solvent was the amine peaks detectable but the recoveries of the targets were less than 30%. Thus 

the adsorption property of the solid phase was changed because all extreme cases can be used for 

elution had been tried. 

Since it was assumed that the interaction between the solid phase and the targets were due 

to the carboxylic acid group the amount of acrylic acid in the monomer solution was decreased to 

15% (MonG(25)). When the same standard solution of amines was added into the solid phase as 
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for MonF(50), the wash-out contained alkyl-amines above the quantification level. The wash-out 

contained 10%-20% of the injected amount of the alkyl-amine mixture.  

Therefore the concentration of AA in the monomer solution was increased to 18% 

(MonI(30)) and 36% (MonJ(40)). The peaks of organic amines in the wash-out were not 

detectable, thus it was supposed that the when the monomer contained more than 18%(m/m) AA 

the adsorption capacity is enough high for real application.  

 

 

4.3.1.2 Use of novel adsorbent for sampling of alkyl-amines 

 

For characterizing the desorption properties of MonI(30) of the analytes the same elution 

solvents was tested as described above. The amines were detected in elutes when acidic medium 

(pH 2) was used for eluting. This may happen due to the protonisation of the analytes that 

increase water solubility of the analytes. However, the elution volume had to be increased from 

0.5 ml to 1 ml, factor two, to elute the total adsorbed amount of alkyl-amines.  

To sum up the results, the best monolith composition was achieved when the ratio between 

BTA and AA were 70/30 from the adsorption and the elution point of view and the selected 

elution solvent was 2 ml of 0.01 mol/l HCl solution when 1g solid phase was used. The extraction 

efficiency was investigated according to the determination of recoveries of standard solution of 

MA, EA, M2A, BA2, PA2, PA, E2A, BA and SP (see figure 52).  
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Figure 52: Extraction efficiency of alkyl-amines from monolith MonI (n=5). 
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Since the analytes are in vapour phase during their collection, the adsorbent was tested for 

the gaseous amines with use of a model system. The system based on evaporation of target 

compounds by adding NaOH and clean air was purged through the solution containing the 

mixture of target compounds (see section 5.1). 

For characterizing the model system that aimed to purge and trap the selected organic 

amines the following parameters were examined: (i) the air volume that volatilize the total 

amount of amines (ii) loss of the analytes from the adsorbent with the air flow (iii) determination 

of the breakthrough concentration that determine the maximum trapped amount of the selected 

analytes. 10 µg for each analytes (1 ml of 10 mg/l solution) were volatilized and the recoveries of 

MA, EA, PA, BA and E2A were determined in function of air volume that was purged through 

the solution contain the targets. The used standard solutions were always measured after the 

sampling to determine the evaporated amount (full or not). 
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Figure 53: Determination of the maximum sampling volume. 

 

After purging 5 l air through the solution the total amount of the targets were volatilized and 

trapped in the sampling tube containing the adsorbent. Between 5 and 60 l the loss of the analytes 

were in the acceptable range, however after volume of 40 l significant decrease in the recovery 

were observed. The experiment was repeated using different concentrations of LMW amines and 
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the same phenomenon was observed. Thus for further experiments the sampled volume were set 

to 40 l for 1 g polymer. 

The determination of breakthrough concentration was also investigated with the same 

experimental condition (see figure 54).  
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Figure 54: Determination of the breakthrough concentration of LMW amines. 

 

The breakthrough concentration was determined between 40 µg and 75 µg when 1 g sorbent used 

for sampling of 40 l ambient air at flow rate of 1 l/min. This is equal to air concentration of 2.00 

mg/m3 and 3.75 mg/m3 when each analytes are present in the sample at same concentration. The 

RSDs in the measurable concentration range were between 2% and 8% that met with the 

specified analytical requirement.  

The capacity of the adsorbent may increase with decreasing of the backpressure after the 

cartridge because the volatile substances are evaporated with the air flow with the increase of the 

backpressure. One possible mode to decrease the backpressure is to increase the porosity of the 

adsorbent. When the porosity is higher the surface/volume ratio also increases thus increasing of 

the adsorption capacity of solid phase are supposed. This can be solved in two possible ways: (i) 

to decrease the diameter of the solid particles or (ii) preparation of the monolith in the cartridge. 

In the latter case a continuous bed is forming which backpressure was also high. On the whole, 

this novel adsorbent can be used as alternative to the standard procedures [215].  
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4.2.2 Development of the sample preparation 

 

The sample preparation process includes the extraction step and off-line pre-concentration 

step was also proposed (see section 6.2). The extraction of the selected amines from filter on 

which the particles are collected is the same as for the extraction of hetero-aromatic amines. The 

filter was covered with 10 ml methanol water mixture at volume ratio of 30:70 and then the 

solution was sonicated for 15 min. The solution then was acidified to decrease the negative 

artefact by protonising the amines into their non-volatile salt. The extraction efficiency was 

examined by determination of recoveries with RSDs. The recoveries were independent on the 

concentration thus they were summarized and plotted in figure 55.  
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Figure 55: Extraction efficiency of LMW and biogenic amines from filter (n=5). 

 

The measured recovery values were between 98-112% for MA, EA, PA, BA, M2A, E2A with 

RSDs of 3-10% calculated from five repetitions. The accuracy of SP from filter was poor, thus 

this solute can be determined with low reliability (semi-quantification). 

 

The pre-treatment process of the amines collected in the vapor phase includes the elution of 

target compounds with proper solvent. The characteristics of the elution process have already 

been shown in figure 52. The elution characteristic was also examined when the concentration of 

the loaded sample onto 1 g solid phase was increased. 
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Figure 56: Determination of the mass capacity of LMW and biogenic amines on 1 g MonI. 

 

The recoveries were higher than 80% when mass range of 20-100 µg for mixture of each selected 

amines were loaded onto 1 g solid phase when 40 l air was drown through the sampling system.  

 

Preliminary examination was done for off-line pre-concentration by evaporation of 

solvent of the extraction solution from 10 ml for filter sample and 2 ml for adsorbent sample to 

0.5 ml. The mean recoveries with RSDs of standard solution of the selected amines were 

determined. According to the measured results (see figure 57), the loss was 40% with standard 

deviations of 4-17% for each analytes, thus this step was not added into the method. 

 

0

20

40

60

80

100

MA EA M2A PA2 BA2 PA E2A BA2 SP

Re
co

ve
ry

 [%
] 

 
Figure 57: Accuracy and precision of the pre-concentration step. 
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On the whole, the sample preparation step includes only the extraction of the target 

compounds from filter sample collected the particulate matter and from the adsorbent on which 

the gaseous amines are adsorbed. Its advantage is that the negative artifact is minimized because 

the pretreatment process includes only one step. Since no clean-up and pre-concentration step 

was added into the process the possibility of interference is higher. 

 

 

4.3.3 Development of the capillary electrophoretic separation 

 

The chemical and physical properties of the alkyl amines are similar to hydroxyl-alkyl-

amines, thus the method developed for determination of amino-alcohols (described in chapter 

4.2.6) was at first used for the separation of aliphatic amines. The background electrolyte 

contained imidazole which was the probe for indirect UV detection added into acetate buffer at 

pH 3.3.  
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Figure 58: Electropherogram of the A, inorganic metals and NH4
+ and B, mixture of inorganic 

metals and alkyl-amines. 

 

The LMW and biogenic amines were detected in 5.5 minutes. MA, M2A, PA BA2, EA, E2A and 

BA were baseline separated and PA2 and SP were not separated when standard solution of the 

Na+ 

Ca2+

1 

    2 

  3 
    5 

6 
   7 8

   4 

NH4
+ +K+ Mg2+ 

A, 

B, 



 Determination of volatile and biogenin alkyl-amines  

 143

selected analytes were injected into the CE. Additionally, more drawbacks were observed. On 

one hand they may interfere the peaks of the amino-alcohols however the selected ones migrated 

from 5.5 min to 10.6 min. 

 

 

On the other hand it was supposed that the system peak at 4.1 min belong to sodium ion 

(Na+) because inorganic ions can be separated with use of indirect UV detection. This was tested 

and water solution of inorganic cations such as Na+, kalium (K+), ammonium (NH4
+), calcium 

(Ca2+) and magnesium (Mg2+) was separated with the same condition as for alkyl amines.  

After identification of the peaks, it was observed that the inorganic metal ions and the 

selected amines were migrated together (see figure 58). NH4
+ and K+ ion migrated before the 

analytes, but the other inorganic ions migrated in the range of the selected aliphatic amines. Na+ 

peak was detected between EA and PA2 peaks, the Ca2+ peak was too near to the peak of M2A 

and Mg2+ migrated close to PA. Thus it was aimed to change the separation condition to 

eliminate the interference of Na+, Ca2+, Mg2+ and improve the selectivity of PA2 and SP.  

 

 

One possible way to improve the separation was the addition of modifier into the 

background electrolyte. Since organic solvent in the buffer had only a small effect on the 

separation of hydroxyl-alkyl-amines, complexation agent was selected. In some cases crown 

ethers are used as modifier.  

Other possible complexation agent is ethylene-diamine-tetraacetic acid (EDTA) that binds 

to the metal ions. The equilibrium or formation constants for most metals, especially the 

transition metals, are very large, hence the reactions are shifted to the complex, but no complex is 

forming with single charged ions such as Na+, K+ and NH4+. EDTA at concentrations from 1 

mmol/l to 15 mmol/l was added into the background electrolyte to improve the selectivity of PA2 

and SP and to eliminate the influence of multiple charged inorganic ions. In the following figure 

the mobilities of the selected amines were plotted in the function of concentration of EDTA in the 

running buffer. 
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Figure 59: Effect of EDTA in the running buffer on the mobility of alkyl amines. 

 

Presence of EDTA in the running buffer had effect on the migration of PA2, BA2 and SP and the 

selected alkyl amines were separated from each other. The selected biogenic amines containing 

minimum two primary amine groups and thus they have complex ability to EDTA. The LMW 

alkyl-amines have one chargeable group thus no complexation between the targets and EDTA 

was not observed.  

The final concentration of EDTA in the running buffer was set to 4 mmol/l since the 

selectivity did not change in a small compass when the EDTA concentration was higher. On the 

other hand side, peak broadening was observed with increase of EDTA concentration in the 

separation electrolyte.  

 

When solution of metal ions were injected into the capillary and separated with running 

buffer containing EDTA, only Na+, K+ and NH4+ were detected due to the formation of stable 

complex between EDTA and multiple charged metal ions. The peak of K+ and NH4+ are not 

interfering the separation of the selected alkyl-amines because they migrate before the selected 

alkyl-amines. The only drawback was that Na+ still migrated similarly than the selected organic 

amines; however the mobility difference between M2A, Na+ and EA increased.  

 

The mobility behavior of hydroxyl-alkyl-amines was also investigated when the running 

buffer contained EDTA and the following Vaseline corrected electropherogram was observed. 
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Figure 60: Electropherogram of A, mixture of selected alkyl-amines and hydroxyl-alkyl-amines 

and B, alkyl-amines separated with BGE containing EDTA. 

 

When standard solution of alkyl-amines and hydroxyl-alkyl-amines was separated the migration 

of PA and MEA was similar and thus they were not baseline separated. The other targets were 

baseline separated and small tailing was observed for peaks migrated slower.  

 

 

8.4 Determination of the performance characteristics 

 

The performance characteristics of a method for determination of MA, M2A, EA, PA2, BA2, 

PA, E2A, BA and SP with use of CE coupled with indirect UV detection were determined. The 

internal standard was the same as for hydroxyl-alkyl-amine analysis (PIP). The validation 

procedure described in chapter 3 was done for the whole analytical procedure. As in the previous 

methods, normalized effective mobility scale was also transformed from the electropherogram 

and the validation parameters were calculated with calibration and internal standard too.  
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Resolution: The Rs was determined for each analytes, however only one the critical 

substance pair (E2A and BA) was observed from the electropherogram.  
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Figure 61: Resolution of LMW and biogenic alkyl-amines (n=5). 

 

The resolution factors were more than 1.5 except for E2A and BA thus the peak identification of 

these solutes should be closely investigated. 

 

Precision of identification: The precision investigation was done neglecting the analyte 

concentration because no overloading effect was observed. Effective mobility was also calculated 

from the migration time and the marker for normalisation was PIP.  

 

Table 20: MT and µeff,norm with RSDs of alkyl-amines (n=5). 

Migration time Effective mobility  

MT [min] RSD [%] µeff,norm 

[cm2/Vmin] 

RSD [%] 

MA 4.26 0.84 0.0208 0.72 

M2A 4.59 0.90 0.0189 0.64 

EA 5.05 1.12 0.0167 0.54 

PA2 5.29 1.29 0.0156 0.37 

PA 5.61 1.26 0.0144 0.26 

E2A 5.95 1.44 0.0133 0.28 

BA 6.04 1.37 0.0130 0.36 

SP 8.01 1.99 0.0083 0.70 
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The RSDs of MTs of selected alkyl-amines were 1-2% that shows an excellent precision of the 

method. However increase in the RSD values with the peak order was observed. This 

phenomenon was not observed when normalised effective mobility was used for identification 

and the RSDs values decreased less than 1%. 

The day-to-day reproducibility was worse since the RSDs were 8% for each analytes when 

migration time was used for identification. Therefore, it is better to rely on normalised effective 

mobility because day-to-day RSDs were 1-2%.  

 
Working range and  linearity: The working range was defined by the MAC value of the 

targets. The lowest MAC of the selected alkyl-amines was established for M2A at 3.7 mg/m3 

which equal to 29.65 mg/L for filter and 74 mg/L for adsorbent when the sampled air volume is 

40 L. Thus the working range was set between 2.96 mg/L to 59.3 mg/L.  

For determination of the linearity and calibration different concentrations of standard 

solutions were injected. The equations of the calibration curves and relative sensitivity of internal 

standard using electropherogram and µeff,norm are shown in the table 21. 

 

Table 21: Equation of calibration curves with their regression coefficients and relative sensitivity 

of internal standard using electropherogram and effective mobility scale. 

Migration time Effective mobility  

Equation R2 f Equation R2 f 

MA A=7.79*c+7.49 0.999 0.77 A=6.21*c+0.65 0.0998 1.7 

M2A A=6.39*c+2.96 0.994 0.54 A=4.10*c+0.50 0.998 1.04 

EA A=12.39*c+4.39 0.995 1.01 A=6.70*c-6.54 0.996 1.59 

PA2 A=17.15*c-6.65 0.997 0.92 A=4.33*c+1.76 0.997 1.33 

PA  A=8.22*c+2.23 0.996 0.68 A=3.56*c-4.96 0.999 0.86 

E2A A=10.75*c+3.25 0.999 0.91 A=3.81*c+3.10 0.999 1.02 

BA A=12.91*c-5.82 0.994 0.77 A=2.72*c+8.53 0.995 0.85 

SP A=16.35*c+5.82 0.995 1.45 A=3.12*c+6.70 0.999 0.90 

 

Precision of quantification: The repeatability of peak area of normalised effective mobility scale 

was the same as for the time scale (electropherogram). The RSDs for the whole analytical process 
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were 1%-10% and were independent on the concentration of analytes. The RSDs of peak area are 

summarized in table 22. 

 

Sensitivity: The LOD and LOQ for the amines were determined between 1.9 and 3.1 mg/L 

determined from electropherogram and normalised effective mobility scale which is lower than 

the lowest point of the working range. They were higher as determined for hydroxyl-alkyl-amines 

since the addition of the organic modifier caused peak broadening thus increase in the detection 

limit. The limits were quite high, but still fit to the working range. 

 

Accuracy: The accuracy was determined for the whole analytical process that includes the 

collection of the vapour and condensed phase. When the model system was used that is based on 

the evaporation of the amines, no analyte was determined from the filter extract thus the 

recoveries were determined in elute. The recovery values were calculated at different 

concentrations for both scales. Since the recoveries were independent on the analyte 

concentration they were summarized in table 22. 

 

Table 22: Recoveries and RSDs of CE-indirect UV method for the determination of alkyl-amines 

calculated with calibration and internal standard using electropherogram and effective mobility 

scale (n=5). 

Migration time Effective mobility  

W [%]± RSD[%] 

 from calibration 

W [%] ± RSD [%] 

from int.st. 

W [%]± RSD[%] 

from calibration 

W [%]± 

RSD[%] from 

int.st. 

MA 97±5 100±4 106±1 102±5 

M2A 103±8 106±8 95±3 100±7 

EA 100±1 105±1 98±5 105±9 

PA2 93±10 95±13 104±8 104±7 

PA 104±4 104±5 98±3 100±2 

E2A 109±6 107±6 105±5 107±8 

BA 103±5 106±5 109±9 102±3 

SP 93±11 90±9 91±5 91±7 



 Determination of volatile and biogenin alkyl-amines  

 149

The recoveries were between 93-109% for both scales and for both types of data interpretation. 

Thus both, calibration and internal standard can be used for quantification of the alkyl amines 

from real sample.  

 

 

4.3.5 Performance characteristics of CE using MS detection 

 

The CE-MS method described for determination of hydroxyl-alkyl-amines was tested for 

separation of the aliphatic amines since MS is more selective than indirect UV detection. 

Moreover, interference of inorganic ions are eliminated. However, MA, M2A and EA are not 

able to be detected since their molecular weights are lower than 50 g/mol. The separation 

condition was identical as used for hydroxyl-alkyl-amines described in chapter 4.2.8. A typical 

electropherogram of the separated and detected alkyl amines is shown in the following figure. 
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Figure 62: Elelectropherograms of A, BA2 at m/z 89; B, SP at m/z 146; C, PA2 at m/z 103; D, 

PA at m/z 60 and E, E2A and BA at m/z 74. 
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The target substances were separated within 7 minutes. The same interfering m/z peaks were 

observed as for hydroxyl-alkyl-amines thus poorer sensitivity was observed. The other drawback 

is that E2A and BA were not baseline separated with BGE without EDTA.  

 
Resolution: Rs was determined only for E2A and BA since their detection m/z peak was 

identical. The determined value was under the expectable limit (0.82) thus the differentiation 

between the two substances and their quantification is uncertain. 

 
Precision of identification: Stable migration times (within day RSDs less than 0.8%) were 

calculated with use of this method. Because of the high repeatability of the identification 

parameter, the possibility of miss-identification is low.  

 
Linearity and sensitivity: Linearity of the calibration curve and LOD and LOQ were also 

calculated measured with CE coupled with MS detection. 

 

Table 23: Equation of calibration curves with regression coefficient and sensitivity of a method 

for the determination of alkyl-amines. 

 Equation*106 with 

regression coefficient 

f LOD 

[mg/L] 

BA2 A=4.54*c-3.80 0.995 0.39 1.32 

SP A=9.48*c-9.93 0.996 0.77 0.85 

PA2 A=5.88*c+1.04 0.999 0.55 7.93 

PA A=6.86*c-3.65 0.996 0.54 5.79 

 

 

The standard calibration graphs of peak areas were linear with correlation coefficient of 0.995 in 

the working range for all the amines. The relative sensitivity of internal standard for the target 

amines were constant thus no mass overloading effect was observed. RSDs of the internal 

standard constant were between 6-11% calculated from five repetitions. 

The detection limit of a CE-MS method for the detectable amine compounds was the same 

as for indirect UV detection. Thus the sensitivity was not improved when the detection system 

was changed to MS. 
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Accuracy and precision: The accuracy and precision of the CE-MS method for the 

determination of selected and detected alkyl-amines were described by determining the 

recoveries at different concentration. The recovery values with RSDs are summarized in the 

following table applying both calculation modes (calibration and internal standard).  

 

Table 24: Recoveries and RSDs of CE-MS method for the determination of alkyl-amines (n=5). 

Recoveries [%] with RSDs [%]  

Calibration Internal standard 

BA2 100±2 99±2 

SP 100±5 99±7 

PA2 98±6 95±6 

PA 99±4 95±7 

 

The recovery values showed an excellent accuracy for both calculation methods. Thus both can 

be applied for quantification of real sample containing SP, BA2, PA2 and PA. The RSD values of 

the peak areas were between 6% and 9%.  

 

For summarization, only six selected LMW and biogenic amines can be identified and four 

can be quantified from the eight ones with CE coupled MS. The performance characteristics of a 

method for the four detectable analyte met with the specified requirement.  

 
 
4.3.6 Investigation of matrix effect 

 

The migration behaviour and recoveries of the analytes were examined as a function of 

MWF concentration in standard solution with use of CE-indirect UV method was used since each 

target compounds can be detected. 

Matrix effect was studied as described in chapter 3.5 and MTs behaviour as a function of 

MWF concentration in the spiked sample is shown in figure 63. 
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Figure 63: MTs of analytes with RSDs in function of MWF content (n=5). Abbreviations: 0%= 

standard solution without MWF, 5% and 10%= 5% and 10% MWF concentrate in the standard 

solution of analytes. 

 

No MT shifting was observed in the function of concentration of MWF emulsion. The 

repeatability of the identification parameter was MWF concentration independent and the RSDs 

were between 0.4- 1.31% for each compounds. Thus no effect of matrices on the identification of 

the selected alkyl-amines was determined. 

 

The effect of matrices on the quantification were also determined and summarized. Since 

the calibration curves showed linear correlation with the peak areas in the function of analyte 

concentration calibration was used for quantification.  
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Figure 64: Effect of matrices on the recoveries and RSDs of a method (n=5). Abbreviations: 

0%= standard solution without MWF, 5% and 10%= 5% and 10% MWF concentrate in the 

standard solution of analytes. 



 Determination of volatile and biogenin alkyl-amines  

 153

The recoveries and their RSDs in spiked MWF emulsion sample were independent on the 

concentration of matrices and analytes. The average recoveries of selected biogenic and LMW 

amines using calibration were between 90-111% which meets with the specified analytical 

requirements. The RSDs of the peak area of the whole process were under 10% when the 

measurements were repeated five times.  

 

On the whole, no silanol blocking effect was observed in function of the MWF matrices at 

low separation pH since no MT shifting was observed when the concentration of MWF in the 

standard solution of alkyl-amines was increased. Moreover, MWF constituents did not affect the 

recoveries thus the method is suitable for determination of volatile and biogenic amines 

determined from MWF aerosol. 

 

 

4.3.7 Analysis of real sample 

 

To test of a method developed for determination of selected alkyl-amines, samples were 

taken outside and the whole analytical process was carried out as described in the final protocol.  
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Figure 65: Electropherogram of atmospheric air sample and spiked sample. 
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Shifting in migration times were observed when the electropherograms measured with and 

without spiking thus the electropherograms were transformed into effective mobility scale. 
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Figure 66: Effective mobility scale of atmospheric sample air sample and spiked sample. 

 

The shifting of the peaks was eliminated when the electropherogram is transferred into effective 

mobility scale. With mobility scale the identification of the peaks from real probes is more 

reliable as can be seen from the figure 65 and 66.  

In the filter extract no peak was observed. The air probe contained MA and M2A since the 

normalised mobilities of the peaks were the same as in the spiked sample. The peak areas were 

under the quantification limit. In the electropherogram one huge and three smaller peaks were 

observed. The big one supposedly is peak of NH4
+, the other one may be the peak of Na+ and the 

other two one is still unidentified.  

 

 

4.3.8 Development of a novel at-line pre-concentration step 

 

The performance of the method developed for determination of biogenic and LMW alkyl 

amines had a drawback of its relatively poor sensitivity. In spite the fact that the linear range 

fitted to the MAC range it did not fit to the perception level in the nose of the amines which range 
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from 1mg/m3 for NH3 to 20 µg/m3 for PA [261]. Thus it was aimed to add a pre-concentration 

step into the method to increase the method sensitivity. At-line solid phase extraction was 

selected for pre-concentration and this is at the same time function as clean-up.  

The developed system is divided into three parts: (1) concentrator, (2) separator and (3) 

detection part.  

 
Figure 67: Scheme of the at-line pre-concentration system. Abbreviations: 1, concentrator; 2, 

separation and 3, detection parts. 

 

The system is similar as used for capillary affinity chromatography, but it differs in the 

concentrator part. On one hand the adsorbent is planned to polymerised in-situ into the capillary 

and not pressed between the ends of capillaries. Thus the use of frits which are walls between the 

opened tube and tube containing solid phases are eliminated causing better repeatability and 

robustness.  

 

The material of the concentrator is identical as used for sampling of vapour targets 

(MonI(30)) that is selective for amines. The other main difference is the injection mode. In 

affinity chromatography when the length of the solid phase is more than 1 mm, electro-kinetic 

injection has to be applied since the back pressure of the solid phase is too high to can introduce 

the sample solvent with pressure. The drawback of electro-kinetic injection mode is that matrix 

dependent injection volume thus for complex mixture analysis is not reliable. Thus it was aimed 

to have a solid phase which backpressure is low for hydrodynamic injection. When monI(30) was 

polymerised in the capillary with length of 2-15 mm, the backpressure of the solid phase was too 

high and thus no solvent could be drawn through with pressure at 20 psi (∼0.14 bar). Thus it was 

aimed to increase the total porosity of a material to decrease the monolith backpressure.  

 

 

1 2 3 
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At first, the ratio of monomer and porogen was changed. The volume of porogen in the 

monomer solution was increased from 60% to 70% and 80%, but no change in the porosity was 

reached. The monoliths are built up in one chain so they can fill up the capillary in which they are 

polymerised since monoliths have their own tertiary structure that shrank during the 

polymerisation. Since they are polymerised in open tube, a proportion of porogen volume was 

extruded and thus the increase of the porogen did not increased the porosity of the monolith.  

 

So another way was aimed to decrease the backpressure of the material. The idea was to 

add an insoluble material in the monomer solution which defines the shape, size and the amount 

of the “routes” in the monolith.  

Silica-gel was chosen for that purpose since they are spheres with defined diameter and 

stable at polymerisation condition. Additionally, silica-gel soluble in NaOH solution till monI(30) 

not, thus after the polymerisation the silica-gel can be removed by rinsing the capillary with 

NaOH forming an highly porous material. Silica-gel with 3 µm diameter and the monomer 

solution were mixed at different ratios (0.1, 0.5, 1 and 2) but after the polymerisation silica-gels 

were not able to be dissolved. This could be caused by the uncontrollable inhomogeneous of the 

two phases during the polymerisation process.  

Since it seemed that the removing of the solid phase is not possible, instead of adding solid 

material an insoluble liquid was added into the monomer solution which produce a stable 

emulsion and thus homogeneous reaction solution. The liquid was water solution containing 

emulsifying agent at high concentration. This polymerisation process called as oil-in-water or 

water-in-oil polymerisation producing a high internal phase emulsion monolith.  

Thus among the micro-pores formed from the porogen, and mega- and giga-pores are 

forming due to the presence of micelles. After the polymerisation process, the water with 

emulsifying agents was washed out. During the polymerisation process the solution in the 

capillary was shaken with use of ultrasonic bath to avoid the phase separation. When the length 

of the monolith in the capillary was 1.0 cm, solvent could force through with use of high 

pressure. In the electron-microscopic photos the macro- and mega-pores can be clearly seen. 
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Figure 68: Electromicroscopical picture of the concentrator. 

 

 

To check the applicability of the capillary MA, M2A, EA and BA2 was injected at 

different volume at 0.5 psi. The following electropherogram was detected when standard solution 

of these targets at concentration of 0.1 mg/l was injected for 90s that is 9 times higher than as 

used conventionally  
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Figure 69: Baseline corrected electropherogram of 0.1 mg/l target solution by applying at-line 

pre-concentration and injection duration of 90 s. 

 

The repeatability was tested to know whether the same volume is injected when the injection 

duration is the same. The injection times were 30s and 90 s and the RSDs of the peak areas were 

between 3-8% calculated from five repetitions which shows good precision at upper µg/l range.  
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The injection volume was increased from 30s to 540s. With the increase of the injection 

volume the current decreased since the sample solvent filled up the capillary. According to the 

Ohm equation the resistance und thus the current change with the increase of the water plug after 

the injection. With the decrease of the current the migration time increased as described in 

chapter 3.3, thus the peak areas were corrected. 

When the injection volume was more than 420s, peaks were detected but the current was 

too low and thus peaks became broadened. Thus it should be solved that before the separation the 

separation part filled up only with the electrolyte. This might be possible with a reserve rinsing of 

a BGE till the end of the concentrator part after injection. 
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Figure 70: Corrected peak areas in the function of injection volume. 

 

More development in the system should be done such as the optimisation of the 

constitution of the monomer solution and polymerisation process and then the system 

performances like porosity, adsorption capacity, linear velocity etc should be determined.  

This novel at-line pre-concentration can be applied with use of conventional CE 

instruments and sample at high volume can be introduced. Moreover, with the composition of the 

monomer solution the monolith adsorbent properties can be differed. 
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4.3.9 Final protocol 

 

Table 25: Final protocol for the determination of LMW and biogenic alkylamines. 

Sampling: With air pump at flow rate of 1 L/min with time duration of 40 min 

onto a quartz filter and 1g poly(acrylate-methacrylate) adsorbent. 

Sample preparation: Extract the filter with 10 ml 30:70= MeOH: water mixture with 

ultrasonic bath. 

Elute from the adsorbent with 2 ml 0.3% HCl solution 

Capillary: Fused silica, I.D. 75 µm, effective length 50 cm, total length 57 cm. 

Detection wave length: Indirect detection, 214 nm, Detector cell size: 100*800 µm. 

Temperature: Cartridge set to 30 oC. 

BGE for aminoalcohols 

with indirect UV detection: 

20mM imidazole/ imidazole acetate, 4 mmol/l EDTA, 25 V/V% 

ethanol, pH=3.5 

BGE for aminoalcohols 

with MS detection 
20 mM ammoniumacetate/acetic acid, 25 V/V% ethanol, pH=3.5 

Capillary preconditioning:  2 min pressure with 0.1 mol/L NaOH, then 3 min with BGE. 

Injection: Hydrodynamic injection of sample 50 mbar for 10 s (Vinj= 59 nl). 

Voltage : 20 kV. 

Replenishment: Both separation vials and injection vial after each injection. 

Capillary preconditioning: 

(new capillary) 

Pressure flush with 0.1 mol/L NaOH for 30 min when it is used at 

first time 

Storing of capillary: 

(for next measuring day) 

Pressure flush with 0.1 mol/L NaOH for 15 min before and after the 

measuring day 

Storing of capillary: 

(more then one week) 

Pressure flush with 0.1 mol/L NaOH for 15 min followed by high 

purity water for 15 min, then with air for 5 min. 

Marker Piperazine 

Scale Using the transformed effective mobility scale from time scale  

Determination of 

concentration: 

With five-point calibration curve in the working range between 3 

mg/l and 60 mg/l determined every measuring day 

Or internal standard by addition of 10 mg/l PIP into the sample 

before injection 
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8.9 Conclusion 

 

The developed and validated method can be used for the determination of MA, M2A, EA, 

E2A, PA and BA as selected LMW amines and B2A, P2A and SP as biogenic amines from air at 

concentration range from 0.37 mg/m3 to 7.4 mg/m3. The vapour phase and the particulate matter 

of the aerosol were investigated because these amines may present in both phases. The collection 

of the PM is based on filter sampling and the amines in vapour phase are adsorbed into a self-

prepared novel adsorbent.  

The sample preparation contains only the extraction having a fast procedure and the 

possibility of loosing the target during the treatment is minimal.  

The determination process based on capillary electrophoretic separation coupled with 

indirect UV and MS detection of the substances without derivatisation. For identification the 

MTs and µeff,norm were used and for quantification of the pollutants calibration and internal 

standard method were applied. 

 

Quartz filter was used for sampling the course and fine particle fraction with a help of 

suitable pump at flow rate of 1 l/min the same as used for determination of benzotriazoles, 

benzothiazoles and amino-alcohols. To collect the gaseous LMW alkyl-amines 

poly(methacryalte-acrylate) co-polymer was developed that is specific for amines. The 

composition of the polymer influenced the adsorption of alkyl-amines and it was found that 

butyl-methacryalte and acrylic acid at ratio of 70/30 (m/m%) in the polymerisation solution gave 

the best concentration efficiency.  

This adsorbent has the advantages of the cheapness and easy preparation and can be used at 

higher flow rate for longer time as the standard procedure. Moreover a mixture of organic amines 

was examined for sampling purpose till in the standard method the target is only M2A. The 

breakthrough amount of the mixture of the selected amines was determined at 60 µg for each 

analytes at sampled volume of 40 l.  

 

The method of extraction of the targets from the filters was identical as for beznotriazoles, 

benzothiazoles and amino-alcohols. The extraction from the adsorbent was eluted with water at 

low pH. The extraction efficiency was excellent with both cases since the recoveries were 

between 95% and 101% for filter samples and 90%-103% for the gaseous amines except for 
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spermidine (73%). The sample pre-treatment does not include clean-up and/or pre-concentration 

step.  

 

The determination process of the alkyl-amines was the same as for amino-alcohols since 

they have similar chemical-physical properties. However, he separation condition was altered 

because of the interference of inorganic metal ions and poor resolution of the targets. A modifier, 

EDTA, was added into the separation buffer which has complex ability with the multiple and 

positively charged molecules. With adding EDTA, Ca2+ and Mg2+ were not detectable and NH4
+, 

K+ and Na+ were detected in the migration range of akyl-amines. However, the migration 

differences of the inorganic ions and alkyl-amines increased thus the interference effect of 

inorganic ions was eliminated by adding EDTA in the separation buffer. Additionally, the 

separation of the biogenic amines became sufficient since they migrated slower when EDTA was 

added into the BGE. 

The identification and quantification characteristics of the modified method met with the 

analytical requirements. The RSDs of MTs and effective mobilities were under 1% for each 

analytes and thus both parameters were used for identification. The peak area-concentration curve 

showed excellent linearity in the determined working range which was from 0.1*MAC and 

2*MAC of M2A. The precision of the peak area was bellow 10% when the peak areas were 

determined from electropherogram and effective mobility scale. The LOD of a method was quite 

high so pre-concentration step must be added into the process. The method was accurate since the 

recoveries at different concentration were between 93-107% when the peak area was determined 

from time and mobility scale applying calibration and internal standard for quantification. 

When MS was used for detection only 6 compounds were detectable from the nine targets 

and 4 was quantifiable. The sensitivity of the method was the same as indirect UV detection 

mode since interference of sheath liquid was observed. Thus derivatisation of the alkyl amines is 

suggested for selective and sensitive detection with MS. The performance characteristic fitted to 

the analytical requirements for the four quantifiable substances (SP BA2, PA2 and PA).  

 

No effect of MWF on the EOF was found in the identification and quantification 

characteristics when the optimised method was used for spiked samples. Real sample was also 

taken and MA and M2A were identified when the electropherogram was transferred into effective 

mobility scale. 
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Since the detection limits of the method with both connected detector type (indirect UV and 

MS) were high, at-line pre-concentration and clean-up step was developed. The capillary used in 

CE distinct a concentrator, a separation and a detection part. The system can be classified as a 

hyphenation of CZE and capillary electro-chromatography (CEC).  

The concentrator based on solid phase extraction and the material was the same monolith as 

used for sampling of the gaseous amines. It has advantage of the easy filling and the 

polymerisation takes place in the capillary. Thus frit is not necessary and the length of the solid 

phase depend only the preparation step.  

Problems of the concentrator unit were observed when conventional polymerisation process 

was used. The backpressure of the solid phase was too high to apply hydrodynamic injection and 

the repeatability of electro-kinetic injection was not acceptable when spiked samples were 

injected. This drawback was eliminated with a newly polymerised monolith with a special type of 

polymerisation process. Therefore the composition of the monomer and as a direct consequence 

the monolith differed significantly compared to the monolith used for CEC.  

The monolith contained giga-, mega- and micro-pores and thus the total porosity increased 

causing extreme high permeability and low backpressure. Thus hydrodynamic injection with high 

volume duration was possible to apply because of the new material. It was found that at least fifty 

times higher volume can be injected to the capillary. This phenomenon was direct evidence for 

high interaction of solutes and the newly synthesised monolith. 

Moreover, the adsorbed amines can be derivatised on the solid phase onto a fluorescence 

active compounds having more sensitive method for determination of primary and secondary 

alkyl amines. This step is also a clean-up because the apolar substances present in the matrix do 

not adsorb onto the surface of the adsorbent. 

This system is proposed to use for others target with different chemical properties as alkyl 

amines since the groups interacts with the targets can be changed by changing the monomers in 

the polymerisation solution. The optimisation and the characterisation of the system have to be 

further investigated. In the future it is planned to use the developed at-line concentration system 

for other target compound combined with different detection modes. 
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5. Summary 
 

 

Public health is affected by several factors. One of these is the inhaled aerosol because 

several disorders have been correlated to its individual components; however its chemistry is very 

broad and complex field. Thus it is impossible to study all chemical aspects in one research work. 

In my study, organic amines were selected as target compounds determined from atmospheric 

and a special type of occupational aerosol produced from metalworking fluid (MWF).  

In chemical point of view, the class of organic amines is very broad containing hundreds of 

natural and synthetic components. Therefore careful selection of analytes was carried out. The 

main criterions of the selection were the correlation between the composition of the used MWF 

and its aerosol and their hazardous property. In this respect not only the original composition of 

the fluid but the decomposition processes of this complex sample had to be also studied. Three 

substance classes were selected for developing and validating the determination process from 

MWF and atmospheric aerosols. These were: (i) benzotriazoles and benzothiazoles as saturated 

heterocyclic amines, (ii) hexahydrotriazines, oxasolidines as unsaturated heterocyclic amines and 

their hydrolysis products that are derivatives of amino-alcohols and at least (iii) volatile and 

biogenic alkyl-amines. They are used as additives in MWFs or by-products of abiotic and 

biogenic processes present in MWF aerosol.  

The determination of these pollutants is quite difficult because of their high polarities and 

chemical reactivity. These two properties highly influence the analytical process including the 

sampling, sample preparation and the choice of the separation process. That can be a reason that 

only a few publications have been found about the determination of these organic amines from 

atmospheric and MWF aerosols. To fulfill the aim of the work, selective methods were improved 

and validated according to the generally accepted criteria. If the specified validation parameters 

met with the analytical requirements, the improved method could be also used for investigation of 

the solutes from aerosol.  

The other goal of this dissertation is to improve capillary electrophoretic (CE) separations 

to be a reasonable choice for the determination of highly polar organic amines. The first aspect 

that decreases the reliability of a technique is the unfeasible use of conventional evaluation based 

on time detection called migration time of the target substances in the presence of unfavorable 

matrices that drift the electro-osmotic flow (EOF). The second aspect was to improve the 
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sensitivity of the capillary electrophoretic methods for the determination of organic amines 

present in MWF and atmospheric aerosols at trace level. To introduce CE into high sensitive 

techniques a novel version of at-line concentration was developed allowing high volume injection 

having better sensitivity of the method.  

 

At first, analytical process was improved and validated for the determination of aromatic 

polyamines namely 1,2,3-benzotriazole (BTA), 5-methyl-1H-benzotriazole (MBA) and 5,6-

dimethylbenzotriazole (DMBA) and 2-mercaptobenzothiazole (MBT). They are used as 

corrosion inhibitors in MWFs. They irritate the skin and eyes of the workers and may induce 

tumors. Because of their low volatility and high stability they appear in the condensed phase of 

MWF aerosol thus the particulate matter is collected onto quartz filter. Then the targets were 

extracted in water-methanol mixture by sonication of the filter containing the sample. To increase 

the sensitivity of the method the extraction solvent was evaporated under vacuum and the final 

solution was injected into the CE instrument. 

The substances were fully separated with alkaline buffer containing organic modifier within 

6 minutes. The electropherograms were transformed into an earlier developed scale so called 

effective mobility scale. With use of this scale the precision of identification was approximately 

10 hold increased. The RSDs were between 4.9-7.0% for migration time and 0.86-0.94% when 

effective mobility was used for identification. 

Effective mobility scale can be used for quantification by integrating the peaks after 

transformation. Comparing the quantification characteristics like linearity, repeatability of peak 

area, detection limit and accuracy no differences were observed after mobility scale 

transformation. Because all specific analytical characteristics of the whole analytical procedure 

met with the analytical requirements when standard solutions of saturated amines were injected 

into the CE, the reliability of a method was studied in the presence of matrices.  

When the injected samples were complex mixture drift in the EOF was observed in the 

electropherogram thus the peak identification was not possible. This could be caused by “silanol 

blocking” of matrices or not satisfactory condition of the capillary before separation. When the 

electropherograms were transformed into the effective mobility scale the identification of the 

peaks became reliable since the effective mobilities of targets are independent on the EOF and 

capillary dimension. Additionally, no alternations were observed in the recoveries calculated 
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from spiked samples. Thus the method applying effective mobility became more reliable and thus 

the method can be adapted for routine analysis. 

 

The second selected analytes were non-saturated heterocyclic polyamines namely 5-ethyl-

3,7-dioxa-1-azabyciclo[3.3.0]octan (EDAO), 4,4-dimethyloxazolidine, N,N,N-tris(ß-

hidroxyethyl)hexahydro-triazine (Grotan BK), N,N,N-tris(ß-hidroxypropil)hexahydro-triazine 

(Grotan WS) and N,N-methylen-bis(5-methyloxazolidine) (Grotan OX). These substances are 

also ingredient of MWFs used as bactericides due to their ability of releasing formaldehyde. 

Their determination in MWF aerosol is negligible since their hazardous property was proven.  

These substances are chemically reactive since they hydrolyze at acidic conditions thus they 

were separated at neutral pH. It turned out that even at neutral condition the hydrolysis products 

that are derivatives of hydroxyl-alkyl-amines were measured. Thus the reaction kinetics of 

hydrolisation was studied. According to the results measured with NMR and MS it was 

concluded that even at alkaline pH the hydrolisation -at which these substances theoretically are 

stabile- speed up with increase of electrolyte concentration present in the solvent. That is why the 

by-products were separated when solutions of these bactericides were injected into the CE 

(separation buffer contains high concentration of electrolytes).  

Thus the by-products of these bactericides that are monoethanolamine, 

monoisopropanolamine, 2-amino-2-methyl-1-propanol, and 2-amino-2-ethyl-1,3-propandiol 

(AEPD) can be determined with CE. The number of the targets were increased with 

diethanolamine, triethanolamine, morpholine, 2-(2-aminoethoxy)-ethanol, 2-amino-1-butanol, N-

methyldiethanolamine (MDEA) since they are used as alkaline reverse, emulsifier and bactericide 

agents in MWF and thus they may be found in its aerosol. The sampling and sample preparation 

process was the same as for the hetero-aromatic amines thus from the same extraction solution 

each, saturated and unsaturated heterocyclic polyamines and hydroxyl-alkylamines can be 

determined.  

The selected hydroxyl-alkylamines have no chromophor groups thus they were detected 

with indirect UV and MS detection. At first, indirect UV detection was used for optimize a MS 

compatible method. Each parameter such as separation current and peak sequence was the same 

when the method developed for indirect UV detection was adapted to MS detection having a 

more selective and sensitive determination process. The only difference was that two targets 

(AEPD and MDEA) were not detectable because interference of the sheath liquid at the detected 
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m/z fragment occurred. The within day RSDs of migration times were between 0.6-1.5% and no 

big improvement was observed when electropherograms were transformed into effective mobility 

scale. The working range fit to the linear range. The determined recovereries of the whole 

analytical method were 93%-108% with RSDs of 3% -9%.  

Since each characteristic fulfilled the requirements when standard solutions were measured, 

effect of matrices on the separation was investigated. No migration time and EOF shifting was 

observed as a function of MWF content because the ionization of silanol groups on the surface of 

the capillary wall at the separation pH was suppressed and thus the influence of EOF on the 

migration minimized.  

 

The third part of the work was to develop a sensitive method for determination of alkyl-

amines that are methyl-amine, ethyl-amine, propyl-amine, butyl-amine, dimethyl-amine, diethyl-

amine as low molecular weight primer and secondary amines and 1,5-diaminopentane, 1,4-

diaminobutane and spermidine as biogenic amines.  

The sampling had to be extended with collection of gaseous alkyl-amines from atmospheric 

and MWF aerosol. For this purpose selective sampling with use of newly developed monolith 

was improved. The total breakthrough concentration of the used 1g poly(methacrylate-acrylate) 

co-polymer was 3 mg/m3 for each target compounds when 40 L air was drawn through at flow 

rate of 1 L/min. The mixture of neutral alkyl-amines were fully desorbed with water at low pH 

(acidified) and elutes were directly injected into the CE. The collection of the condensed phase of 

the aerosol and the extraction process was the same as applied for saturated polyamines.  

The capillary electrophoretic method was the same as used for hydroxyl-alkyl-amines and 

the same sensitivity was determined for MS than with indirect UV detection since the molecule 

fragments of the targets were too low for sensitive detection (interference of sheath liquid was 

determined). However, modification in the composition of the running buffer was necessary 

when CE was coupled with indirect UV detection. A complex agent, EDTA, was added into the 

buffer to eliminate the interference of inorganic ions because they migrated with the alkyl-amines 

and to increase the resolution of the selected alkyl-amines. 

After re-optimisation of the capillary electrophoretic method, it was validated for volatile 

and biogenic alkyl-amines. The repeatability of a method showed good precision of migration 

time and effective mobility. The RSDs of migration times of the selected amines were 1-2% and 

0.3-0.7% when effective mobility was used for identification. The determination range fitted to 
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the linear range, and the relative sensitivities for internal standard were independent on the 

analyte concentration. The precision of the whole analytical process was between 1-11% when 

electropherogram and 1-9% when effective mobility was used for integration of the peaks. The 

whole method was also accurate since the recovery values were near to 100%. The developed and 

validated method permits the determination of these nine analytes from MWF and atmospheric 

aerosol. 

The LOD of the method was between 1.9 mg/l and 3.1 mg/l that show low sensitivity. Thus 

pre-concentration step was planned to add to the method. Since loss of the solutes was 

determined during evaporation of the extraction solvent, at-line concentration based on solid 

phase extraction was developed. A plug of poly(methacrylate-acrylate) co-polymer was 

polymerised in the beginning of the capillary and the organic amines were adsorbed on the solid 

phase. The high porosity of the monolith allowed high permeability (low backpressure) and thus 

hydrodynamic injection can be used. With use of the novel system at least 50 times more 

sensitive method was achieved allowing the trace level determination of the volatile and biogenic 

amines.  

 Real samples were also taken and in spite the fact that no migration time shifting was 

observed when spiked samples were measured shifting in the migration time was observed. When 

the electropherograms were transformed into effective mobility scale the identification of alkyl-

amines was more reliable. Thus the transformation process is also important when alkyl-amines 

and hydroxyl-alkyl-amines are determined from aerosols. 

 

To summarize the results, methods were improved and validated for determination of 

saturated and unsaturated heterocyclic amines, amino-alcohols and alkyl-amines. The process 

includes the sampling of the vapor and the condensed phase, sample preparation and capillary 

electrophoretic separation. The same solvent containing the extracted target compounds after 

sampling can be used for determination of each organic amine since only the separation condition 

differs from each other.  

Novel steps were developed and studied to increase the precision and sensitivity of capillary 

electrophoretic separations. It was shown that effective mobility scale can be used for 

quantification thus this scale is more feasible. Secondly, the sensitivity of capillary 

electrophoretic method for determination of organic amines was improved by introducing 

concentrator in the beginning of the capillary at plug length of 1 cm. As far as we know, it was 
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the first time that so long solid phase plug was applied with combination of hydrodynamic 

injection due to a special polymerization process causing highly porous continuous bed.  

In the future, it is supposed to improve the developed capillary electrophoretic methods to 

increase their sensitivity and more compounds are suggested to add into the method because 

more thousand natural and synthetic amines are known. 
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7. Appendix 
 

7.1 Chemical composition of MWF aerosol 
 

Name Substances Function 
Straight oil

[% (V/V)] 

Soluble oil 

[% (V/V)] 

Emulsifiable 

[% (V/V)] 

Synthetic

[% (V/V)]

Water  Coolant, diluent - 5-40∗ 10-40∗ 10-40∗. 

Base oil  Carry lubrication 60-100 30-85 5-30 - 

Emulsifier 

•Petroleum sulfonates 

•Fatty acid soaps 

•Ethanolamines 

•Nonionic ethoxylates 

•Synthetic sulphonates 

•Fatty acid amides 

Emulsify - 5-20 5-10 5-10 

Extreme 

pressure 

additives 

•Sulfurized 

hydrocarbons 

•Sulfurized fatty acid 

esters 

•Chlorinated paraffins  

•Chlorinated waxes 

•Chlorinated esters 

•Phosphate esters 

•Zinc dithiophosphate 

•Lead naphthenate 

Act as a reaction 

lubricant films to 

prevent welding 

0-40 0-20 0-10 0-10 

Alkaline 

reserve 

•Alkanolamines 

•Alkali hydroxides 

Act as a buffer 

control 
- 2-5 2-5 2-5 

Surfactant 

wetting 

agent 

•Alkoxylated alcohols 

•Alkoxylated 

nonylphenols 

Reduce the surface 

tension 
0-10 5-20 10-20 10-20 

Chelating 

agents 

•Sodium EDTA 

•Phosphonates 

•Gluconates 

Tie up ions in 

solution 
- 0-1 0-1 0-1 
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Name Substances Function 
Straight oil

[% (V/V)] 

Soluble oil 

[% (V/V)] 

Emulsifiable 

[% (V/V)] 

Synthetic

[% (V/V)]

Coupling 

agents 

•Hexylene glycol 

•Short chain esters 

•Fatty alcohols 

Stabilize - 1-3 1-3 1-3 

Viscosity 

index 

improvers 

•Polyethers 

•Polyvinyl alcohols 

Maintain the 

viscosity 
+ - - - 

Detergent 
•Metal sulphonate 

•Metal phenate 

Prevent the 

deposition 
+ + + + 

Corrosion 

inhibitors 

•Amine carboxylate 

•Amine dicarboxylates 

•Boramides 

•Arylsulfonamido acids 

•Sodium molybdate 

•Sodium metasilicates 

•Succinic acids 

•Benzotriazoles 

•Benzothiazoles 

•Thiadiazoles 

Prevent rust film 

barrier 
0-10 3-10 10-20 10-20 

Plasticizer 
Polymeric esthers 

Polymeriy ethers 

Reduce the 

tackiness 
- + + + 

Biocides 

•Triazines 

•Oxazolidines 

•Nitromorpholine 

•Sodium omadine 

•Bromonitriles 

•Substituated phenols 

•Halogen carbamates 

•Isothiazolones 

Control bacterial 

and fungal 

contaminants 

- 0-2 0-2 0-2 

Antimist 

agent 

•Polybutenes 

•Polyacrylates 

•Polyethylene oxide 

•Shear stable polymers  

Reduce the misting + + - - 
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Name Substances Function 
Straight oil

[% (V/V)] 

Soluble oil 

[% (V/V)] 

Emulsifiable 

[% (V/V)] 

Synthetic

[% (V/V)]

Metal 

passivator 

•Metal dithiophoshates 

•Aromatic amines 

•Metal phenates 

Prevent the 

staining 
+ - - - 

Oiliness 

agent 

•Fatty acid esters 

•High M.W. esters 

•Glycol esters 

•EO/PO copolymers 

•Natural riglycerides 

Increase the film 

strength 
+ - - - 

Dispersants 

•Alkenyl succinimides 

•Succinate esters 

•Alkyl-acrylic polymers 

Prevent the fine 

agglomeration and 

the deposit 

formation 

+ - - - 

Anti-

foaming 

agents 

•Silicones 

•Waxes 

•Cacium nitrate 

•Calcium acetate 

Prevent the 

foaming 
0-500 0-500 0-500 0-500 

Dyes 
•Azo types 

•Flourescein 
Colour the coolant - 0-500 0-500 0-500 

Odorant 
•Citrus products 

•Aldehydes 
Mask the odour + + + + 

Abbrevuations:  -: not present in this MWF class; +: usually present in this MWF class; *: dilution factor, part/ 1 part 

concentrate 
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7.2 Properties of the target compounds 
 

7.2.1 Saturated heterocyclic amines 

 

Name: 1H-benzo-

triazole 

5-methyl-

benzotriazole 

5,6-dimethyl-

benzotriazole 

2- mercapto-

benzothiazole 

p-tert-butyl-

benzoic acid 

Abbreviation: BTA MBA DMBA MBT PTBBA 

CAS-number: 95-14-7 136-85-6 4184-79-6 149-30-4 98-73-7 

Mol. formula: C6H5N3 C7H7N3 C8H9N3 C7H5NS2 C11H14O2 

Mol. weight: 119.1 g/mol 133.1 g/mol 147.1 g/mol 167.2 g/mol 178.2 g/mol 

Melting point: 98.5 oC 80 oC 154 oC 181 oC 164 oC 

Boiling point: 204 oC 160 oC - - - 

logP: 1.44 1.67 2.16 2.42 3.85 

Vapor 

pressure: 

5.3 kPa  

at 20 oC 

3.99 kPa 

at 20 oC 

- 0.0619 Pa 

 at 25 oC 

0.0477 Pa  

at 25 oC 

pKa: 8.37 11.63* 11.93* 6.93 4.4 

Henry’s law 

constant: 

- - - 3.6e-8 m3/mol 

at 25oC 

2.8e-7 

m3/mol at 

25oC 

Physical form: White crystal Yellow crystal Dark yellow 

powder 

Yellow needle White crystal 

MAC: - - - 4 mg/m3 2.08 mg/m3 

LD50: 0.5-0.9 g/kg 

to rat, 

>1 mg/kg to 

guinea pig; 

1.6 g/kg to rat 

- 0.1 g/kg to rat, 

1.1 g/kg to 

mice 

1.9 g/m3/4h to 

rat by 

inhalation, 

0.47 g/kg to 

rat orally 

Health risk: Contact 

dermatitis. 

Irritating the 

lung, skin and 

eye. 

Have not been 

fully 

investigated. 

Skin and eye 

sensitizer. 

Irritate the 

skin and eye. 

Abbreviations: mol: molecule, -: not found, *: calculated, LD50: lethal doses  
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7.2.2 Unsaturated heterocyclic amines 

 

Name: 5-ethyl-3,7-

dioxa-1-

azabyciclo 

[3.3.0] octan 

4,4-

dimethyl-

oxazolidine 

N,N,N-tris(ß-

hidroxyethyl)-

hexahydro-

triazine 

N,N,N-tris(ß-

hidroxy-

propil)-

hexahydro-

triazine 

N,N-

methylenbis (5-

methyl-

oxazolidine) 

Abbreviation: EDAO DMOI Grotan BK Grotan WS Grotan OX 

CAS-number: 7747-35-5 51200-87-4 4719-04-4 25254-50-6 66204-44-2 

Mol. formula: C7H13NO2 C5H11NO C9H21N3O3 C12H27N3O3 C9H18N2O2 

Mol. weight: 143.1 g/mol 101 g/mol 219.2 g/mol 261.3 g/mol 186 g/mol 

Boiling point: 75 °C - - - 116 oC 

logP: 0.4* -0.01* -0.61* 0.46* -0.11 

Vapour 

pressure: 

- - 25 hPa  

at 20 oC 

25 hPa  

at 20 oC 

< 1 hPa 

at 20 oC 

pKa: 4,7* 8.78* 5.85* 8.29* 6.06* 

Henry’s law 

constant: 

- - - - - 

Physical form: Fluid, 

transparent, 

odourless 

Fluid, 

transparent, 

odourless 

Yellow fluid, 

amine smell 

Yellow fluid, 

amine smell 

Yellow fluid, 

amine smell 

MAC: - - - - - 

LD50: - 1.4 g/kg to 

rabbit 

following 

skin 

contact; 

0.95 to rat 

orally. 

0.93 g/kg to rat 

following oral 

feeding; 2 g/kg 

to rat following 

skin contact. 

- 0.9 g/kg to rat; 

Health risk: Immuno-

toxicant, Skin 

sensitizer 

- Skin sensitizer, - Skin and eye 

sensitizer.  

Abbreviations: mol: molecule, LD50: lethal doses, -: not found, *: calculated 
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7.2.3 Aminoalcohols 

 

Name: Mono-

isopropanol-

amine 

Mono-

ethanolamine 

2-amino-2-

methyl-1-

propanol 

2-amino-2-

ethyl-1,3-

propandiol 

N-methyl-

diethanol-

amine 

Abbreviation: MIPA MEA AMP AEPD MDEA 

CAS-number: 78-96-6 141-43-5 124-68-5 115-70-8 105-59-9 

Mol. formula: C3H9NO C2H7NO C4H11NO C5H13NO2 C5H13NO2 

Mol. weight: 75.11 g/mol 61.08 g/mol 89.14 g/mol 119.1 g/mol 119.1 g/mol 

Boiling point: 160 oC 171 oC 165 oC 152 oC 247 oC 

logP: -0.96 -1.31 -0.74 -0.6 -1.5 

Vapour 

pressure: 

0.47 Hg mm 

at 25 oC 

0.404 Hg mm 

at 25 oC 

1 Hg mm 

at 25 oC 

- 0.0002 Hg 

mm at 25 oC 

pKa: 9.94 9.5 10.2 8.8 8.52 

Henry’s law 

constant: 

4.88e-10 

m3/mol  

at 25 oC 

3.25e-8 m3/mol  

at 25 oC 

6.48e-10 m3/mol 

at 25 oC 

- 3.14e-11 

m3/mol  

at 25 oC 

Physical form: Colourless 

liquid, 

ammonia 

odour 

Colourless 

liquid, 

ammonia odour 

Colourless 

crystalline 

mass 

Colourless 

viscous 

liquid 

Colourless 

viscous 

liquid 

MAC: - 5.1 mg/m3 - - - 

LD50: 1.71 g/kg to 

rat following 

oral feeding; 

1.64 g/kg to 

rabbit 

through skin 

1.72 g/kg to rat 

following oral 

feeding; 1.00 

g/kg to rabbit 

after skin 

contact. 

2.9 g/kg to rat 

following oral 

feeding; > 2 

g/kg to rabbit 

after skin 

contact. 

- 4.78 g/kg to 

rat following 

oral feeding. 

Health risk: Skin and eye 

sensitizer; 

causes burns  

Skin and eye 

sensitizer 

Skin and eye 

sensitizer, 

causes burns, 

irritate lung 

- Irritating 

eyes, skin 

and lung 

Abbreviations: mol: molecule, LD50: lethal doses, -: not found. 
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Name: Diethanol-

amine 

Triethanol-

amine 

Morpholine 2-(2-amino-

ethoxy)-

ethanol 

2-amino-1-

butanol 

Abbreviation: DEA TEA MOR AEE 2AB 

CAS-number: 111-42-2 102-71-6 110-91-8 929-06-6 96-20-8 

Mol. formula: C4H11NO2 C6H15NO3 C4H9NO C4H11NO2 C4H11NO 

Mol. weight: 105.14 g/mol 149.19 g/mol 87.12 g/mol 105.1 g/mol 89.14 g/mol 

Boiling point: 268 oC 335 oC 128 oC 223 oC 178 oC 

logP: -1.43 -1.00 -0.86 -2.24* -0.70 

Vapour 

pressure: 

2.8e-4 Hgmm 

at 25 oC 

3.59e-6 Hgmm 

at 25 oC 

10.1 Hg mm at 

25 oC 

- - 

pKa: 8.96 7.76 8.49 9.17* 9.52 

Henry’s law 

constant: 

3.87e-11 

m3/mol  

at 25 oC 

7.05e-13 

m3/mol  

at 25 oC 

1.16e-6 m3/mol 

at 25 oC 

- - 

Physical form: Colorless 

liquid. 

Light yellow, 

viscous liquid 

Colourless 

liquid 

Colourless 

liquid. 

Colourless 

liquid 

MAC: - - - - - 

LD50: 620 µL/kg to 

rat orally; 

7,640 µL/kg 

to rabbit 

through skin 

8 g/kg to rat 

after oral 

treatment 

1.45 g/kg to rat 

orally, 8 

g/kg/8h to rat 

by inhalation; 

1.22 g/kg to 

rabbit through 

skin. 

3 mg/kg to 

rat orally, 

1.19 µl/kg to 

rabbit 

through skin 

contact 

- 

Health risk: Skin and 

respiratory 

tract irritant, 

burn the 

eyes. 

Skin and eye 

sensitizer. 

Tumorogen and 

mutagen, 

causes burns, 

affect the 

kidney and 

liver. 

Immuno-

toxicant, 

neuro-

toxicant, skin 

and eye 

sensitizer 

Causes 

burnes in 

eyes and 

skin. 

Abbreviations: mol: molecule, LD50: lethal doses, -: not found, *: calculated 
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7.2.4 LMW and biogenic alkylamines 

 

Name: Methyl-

amine 

Ethyl-amine Propyl-amine Butyl-amine Dimethyl-

amine 

Abbreviation: MA EA PA BA M2A 

CAS-number: 74-89-5 75-04-7 107-10-8 109-73-9 124-40-3 

Mol. formula: CH5N C2H7N C3H9N C4H11N C2H7N 

Mol. weight: 31.06 g/mol 45.09 g/mol 59.11 g/mol 73.1 g/mol 45.09 g/mol 

Boiling point: -6.3 oC 16.5 oC 47.2 oC 77 oC 6.8 oC 

logP: -0.57 -0.13 0.48 0.97 -0.38 

Vapour 

pressure: 

2650 Hgmm 

at 25 oC 

1050 Hgmm 

at 25 oC 

310 Hgmm at 

25 oC 

93 Hgmm at 

25 oC 

1520 Hgmm at 

25 oC 

pKa: 10.6 10.9 10.7 10.8 10.7 

Henry’s law 

constant: 

1.1e-5 m3/mol 

at 25 oC 

1.2e-5 m3/mol 

at 25 oC 

1.5e-5 m3/mol at 

25 oC 

1.7e-5 m3/mol 1.7e-5 m3/mol at 

25 oC 

Physical form: Gas with 

ammonia-like 

odour 

light yellow 

liquid 

Colourless 

Hygroscopic 

liquid with 

pungent odour 

colourless to 

yellow liquid 

colourless gas 

with strong 

ammonia-like 

smell 

MAC: 13 mg/m3 9.4 mg/m3 - 15 mg/m3 3.5 mg/m3 

LD50: 100 mg/kg to 

rat orally, 5 

g/kg/h to rat 

by inhalation 

0.4 g/kg to 

rat orally, 

0.39 g/kg to 

rabbit 

through skin 

0.57 g/kg to rat 

orally, 0.56 

g/kg to rabbit 

through skin 

0.366 g/kg to 

rat orally, 0.8 

g/kg to mice 

by inhalation 

0.69 g/kg to rat 

orally, 

0.24 g/ kg to 

guinea pig 

orally,  

Health risk: Irritate the 

respiratory 

tract, skin 

and eyes. 

Corrosive: 

may cause 

burns to the 

eye, 

destructive of 

mucous 

membranes 

Harmful if 

swallowed or 

inhaled, and in 

contact with 

the skin; causes 

burns 

Harmful to 

skin, eye und 

lung, causes 

severe burns. 

Harmful by 

ingestion, skin 

contact or 

inhalation, may 

cause 

permanent eye 

damage 

Abbreviations: mol: molecule, LD50: lethal doses, -: not found. 
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Name: Diethyl-amine Cadaverine Putrescin Spermidine 

Abbreviation: E2A PA2 BA2 SP 

CAS-number: 109-89-7 462-94-2 110-60-1 124-20-9 

Mol. formula: C4H11N C5H14N2 C4H12N2 C7H19N3 

Mol. weight 73.14 g/mol 102.18 g/mol 88.15 g/mol 145.25 g/mol 

Boiling point: 55 oC 179 oC 158 oC 145 oC 

logP: 0.58 -0.15 -0.70 -0.66 

Vapor pressure: 237 m3/mol 

at 25 oC 

- 4.12 m3/mol 

at 25 oC 

- 

pKa: 11.1 10.45* 10.8 10.5* 

Henry’s law 

constant: 

2.5e-5 Hgmm  

at 25 oC 

- 1.8e-9 Hgmm  

at 25 oC 

- 

Physical form: Colourless 

liquid with 

ammonia-like 

odour 

Colourless to light 

yellow liquid with 

a very unpleasant 

smell 

Colourless liquid Low melting-point 

solid 

MAC: 15 mg/m3 - - - 

LD50: 0.54 g/kg to rat 

orally, 4 

g/kg/4h to rat 

by inhalation 

Toxicology not 

fully investigated. 

0.46 g/kg to rat 

orally, 1.58 to 

rabbit through skin 

Toxicology not 

fully investigated. 

Health risk: Corrosive - 

causes burns; 

skin, eye and 

respiratory tract 

irritant 

Causes burns, 

destructive of 

mucous membranes 

Readily passes 

through the skin, 

exposure may 

affect cell growth 

rate, may cause 

reproductive 

defects 

Corrosive - causes 

burns, harmful to 

skin, eyes and 

respiratory tract 

Abbreviations: mol: molecule, LD50: lethal doses, -: not found, *: calculated. 
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7.3 Instruments and chemicals 
 

For sampling: -air pump: Desaga, Model GS-312 and Desaga, Model GS-212; 

-quartz filter: Schleicher & Schuell, ∅ 37mm, Ref. Nr. 10373240. 

For sample preparation: -ultrasonic bath: Bandelin Sondrex RK 100; 

 -rotadesk 

-filtration: Schleicher & Schuell, ∅ 13mm, dp= 0.45µm 

-extractor 

For solution preparation: -balance: Sartorius, Model BA210S and Model ME215S. 

-magnetic stirrer: Roth, R1000; 

-pH-meter: Sartorius, Professional Meter PP-20; 

-distillation equipment: Milli-Q Plus, Millipore S.A. 67120; 

-pipettes: Eppendorf 10-100 µl and Eppendorf 100-1000 µl; 

-syringes: Hamilton 50 µl and 250 µl pipettes; 

-beakers, glass pipettes, glass vial holders, graduated flasks, water-jet 

vacuum pump for filtration glass device. 

Capillary electrophoresis: -capillary electrophoresis: Beckman P/ACE 5510 and P/ACE 2100 

coupled with on-line UV and DAD detection  

-capillaries: -Agilent, CE ext. light path cap., 50 µm inner diameter, 

40cm 2/PK, Product Nr. G1600-60232B.  

-Polymicro, conventional silica tube, 50 µm and 75 µm 

inner dimeter, Product Nr.: TSP050375 and TSP075375 

For purity examination: -mass spectrometer, Finnigan LCQ Duo 

-NMR, Bruker Br 500/52 

Chemicals: 

1H-benzotriazole Merck, w>99%, Order. Nr. 8.23315.0100. 

5-metyl- benzotriazole Aldrich, w=98%, Order. Nr. 19630-4. 

5,6-dimetyl- benzotriazole Fluka, w>99%, Order. Nr. 39617. 
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2-mercaptobenzothiazole Fluka, w~99%, Order. Nr. 63720. 

p-tert-butyl-benzoic acid Merck, w>99%, Nr. 8,20238,0100. 

Grotan BK, OX and WS Schuelke & Mayr. 

EDAO Aldrich, 97%, Order No.: 41,779-3. 

DMOI Aldrich, 75 wt% in water, Order No.: 43,615-1. 

Monoethanolamine Merck, Order No.: K15270343 

Diethanolamine Merck, 98%, Order No.: ZA779305 

Triethanolamine Merck, 98%, Order No.: K15993379 

Piperazine Sigma, Order No.: 113H0243 

Morpholine Sigma, Order No.: 43H03831 

2-amino-1-butanol Acros, 98%, Order No.: 66610 

2-amino-2-ethyl-1,3-propandiol Sigma, Order No.: 20H07641 

2-amino-2-methyl-1-propanol Sigma, >95%, Order No.: 63H09421 

N-methyldiethanolamine Fluka 

1-amino-2-propanol Aldrich, >95%, Order No.: 32293-032 

2-(2-amonoethoxy)-ethanol Becker, Order No.: A009880101 

Propylamine Fluka, >99.5%, Order No.: 82098 

Butylamine Fluka, >99,5%, Order No.: 19482 

Spermidine Aldrich, 99%, Order No.:S382-8 

1,5-Diaminopentane Aldrich, 95%, Order No.: D2,260-6 

1,4-Diaminobutane Aldrich, 99%, Order No.: D1,320-8 

Diethylamine Fluka, >99,7%, Order No.:31729  

Dimethylamine hydrochloride Aldrich, 99%, Order No.: 12,636-5 

Ethylamine hydrochloride Fluka, >99%, Order No.: 02960 

Methylamine hydrochloride Aldrich, 99%, Order No.: 24,101-6 

Imidazole Aldrich, 99+%, Order No: 43,615-1. 

α-hydroxy isobutyric acid Merck, >98%, Order No.: 8.41764.0025 

3-cyclohexylamino-1-

propanesulfonic acid (CAPS) 

Sigma, Order Nr. C6070. 

Ethylen glycol dimethacrylate Fluka, >97%, Order No: 03808 

Butyl methacrylate Fluka, >99%, Order No.: 64110 

Acrylicacid anhydrous Fluka, >99%, Order No.: 01730 
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3-(trimethoxylsilyl)propyl 

methacrylate 

Fluka, Selectrophere, Order No: 64208 

α,α`-Azoisobutyronitrile Fluka, >98%, Order No.: 11630 

1,4-Butandiol Fluka, 99%, Order No: 18960 

1-Propanol Merck, for analysis, Order No.: 1.762397 

Hydrochloric acid Merck, 32%, Order No.: Z380619 

Acetic acid Merck, 100%, Order No.: 1.02432 

Ethanol Merck, for analysis, Order No.: 100983.1000 

Propanol Merck: Order No.:1762397 

Methanol Riedel de Häen, HPLC gradient, Order Nr. 34485. 

Acetonitrile Riedel de Häen, HPLC gradient, Order Nr. 34851. 

Tetrahydrofurane Merck, Order No.:548001 

Acetone Riedel de Häen, HPLC gradient, Order Nr. 34480. 

High purity water Fresh made with Milli-Q Plus, Millipore S.A. 

67120 
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