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Abstract 
Synthetic antioxidants and UV-stabilizers are additives used in plastic products in order to protect the 
polymers from degradation caused by oxygen and ultraviolet light. Few studies have been performed 
about the presence of these compound groups in the environment and there is very sparse data on 
their distribution in the environment in Sweden. The objective of this study was to investigate the 
presence of ten common antioxidants and UV-stabilizers and two antioxidant metabolites [2-tert-
butyl-4-methoxyphenol (1); 2,6-di-tert-butyl-4-methylphenol (2); 3,5-ditert-butyl-4-
hydroxybenzaldehyde (3); 2,6-ditert-butylcyclohexa-2,5-diene-1,4-dione (4); 1,3,5-tris[(4-tert-butyl-3-
hydroxy-2,6-dimethylphenyl)methyl]-1,3,5-triazinane-2,4,6-trione (5); tris(2,4-ditert-butylphenyl) 
phosphite (6); [3-[3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoyloxy]-2,2-bis[3-(3,5-ditert-butyl-4-
hydroxyphenyl)propanoyloxymethyl]propyl]3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoate (7); 
octadecyl 3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoate (8); 2-tert-butyl-4-(5-tert-butyl-4-hydroxy-
2-methylphenyl)sulfanyl-5-methylphenol (9); bis(2,2,6,6-tetramethylpiperidin-4-yl) decanedioate;2-
hydroperoxy-2-methylpropane; octane (10); bis(3,3,5,5-tetramethylpiperidin-4-yl) decanedioate (11) 
and 4-methylhexyl-3-[3-(benzotriazol-2-yl)-5-tert-butyl-4-hydroxyphenyl]propanoate (12)] in water 
and snow in Stockholm and its surroundings. A method was developed for the determination in 
water by solid phase extraction (SPE) in order to extract and concentrate the compounds, followed 
by analysis by liquid chromatography – electrospray – tandem mass spectrometry (LC-ESI-MS/MS). 
Three compounds (2, 4, 11) were excluded from the method development since (2) and (11)could 
not generate a signal on the mass spectrometer whereas (4)  could not produce a linear response. 
Due to the wide range of physicochemical properties of the analytes low recoveries were observed.  
Sampled water and snow from the Stockholm area was analysed and (3) and (9) were found in two of 
the water samples whereas (10) was observed in all water samples, below the quantification limit. 
Due to the lack of time, no methods were developed for the determination of the selected plastic 
additives in other environmental compartments. 
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1. Introduction  

1.1. Plastics 

Products manufactured from various types of synthetic polymers, commonly known as plastics 

have become among the most utilized goods in modern society. Due to the specific characteristics of 

polymers such as their flexibility, low weight, formability as well as low production costs they have 

very widespread areas of applications such as medicine, industry, and household, and modern 

western lifestyle would be unthinkable without them. The worldwide production of plastics has 

increased from 1.5 to around 250 million tons since 1950, solely in Europe the production was 60 

million tons in 20081. 

Plastics are, in contrast to common belief, sensitive to external impact. Therefore, in order to expand 

the lifetime of plastic products and to improve their performance, various stabilizers are added. 

These can serve to protect the polymer chains from degradation due to exposure to e.g. light, air and 

fire or give the material new properties. There is a long history of environmental problems related to 

additives leaching from the plastics and causing adverse effects in humans and the environment. 

Vast research on compound groups like flame retardants (such as PBDE and TBBPA) and plasticizers 

(such as phthalates) has been performed establishing their toxicity and persistence in the 

environment. Due to the increasing production and use of plastic products there is a need to 

examine the toxicity of other additives and their occurrence in various compartments in nature.  

 

1.2. Antioxidants and UV-stabilizers 

Antioxidants and UV-stabilizers are two groups of compounds that are currently being used as 

additives in order to expand the lifetime of various plastic products. They are added in order to 

protect the polymers against radical degradation caused by oxygen and ultraviolet light. Twelve 

common antioxidants and UV-stabilizers have been selected for this study and are presented in 

figure 1 below (full chemical names and additional information can be found in appendix I). Their 

content in plastics varies between approximately 0.5 and 3 %, depending on the compound and type 

of plastic2, 3, 4, 5. Since they are not bound covalently to the polymers, leaching from the products 

occurs and the compounds can be expected to eventually end up in nature. Since many of 

compounds are used in Sweden (Table 1) there is the possibility of finding them in various 

environmental compartments in this country. Generally, data on the toxicity is sparse but some of 

the substances have been suggested to have adverse effects (BHT, BHA, Tinuvin 123). 
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Fig 1. The antioxidants and UV-stabilizers selected for this project. The compounds (3) and (4) are metabolites of (2). 

Tinuvin 770 (11) Cyanox 1790 (5) 

Irgafos 168 (6) Tinuvin 99-2 (12) 

Tinuvin 123 (10) BHT-quinone (4) 

BHT-CHO 
(3) 

Lowinox TBM-6 (9) 

Irganox 1076 (8) BHT (2) 

Irganox 1010 (7) BHA (1) 
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Table 1. Information about the polymer additive analytes included in this study.  

Compound LogKow Mode of action Tot. use in Sweden (tons)
a 

BHA 3,2 antioxidant 12 
BHT 5,3 antioxidant 437 
BHT-CHO 4,4 antioxidant metabolite - 
Cyanox 1790 10 antioxidant - 

Irgafos 168 15,5 antioxidant 358 
Irganox 1010 19,4 antioxidant 474 

Irganox 1076 13,8 
antioxidant 91 

Lowinox 7,4 antioxidant 354 

Quinone 
 

3,4 
 

antioxidant metabolite - 

Tinuvin 123 <10 UV-stabilizer 1 
Tinuvin 770 6,3 UV-stabilizer 18 

Tinuvin 99-2 7,3 UV-stabilizer 4 

 

BHT (2,6-ditert-butyl-4-methylphenol) is used as a preserver in various plastics, rubber, cosmetics 
and pharmaceuticals and one of the most widely produced synthetic antioxidants. It protects 
products from radical degradation through the conversion of peroxy radicals to hydroperoxides by 
the donation of a hydrogen atom, forming itself a more stable (less reactive) radical. Several studies 
have been carried out suggesting various adverse effects in connection with the ingestion of BHT. 
Long-term administration of BHT has been reported to induce oxidative stress in the cardiac muscle 
of rats, in a manner similar to some pathological disorders6. In a study by Oikawa et al7, it was 
proposed that several metabolites of BHT cause DNA damage on human cells. BHT is metabolized by 
hydroxylation of the methyl substituent which leads to the formation of BHT-CHO(3,5-di-tert-butyl-4-
hydroxybenzaldehyde), and through further oxidation to BHT-COOH and BHT-quinone(2,6-ditert-
butylcyclohexa-2,5-diene-1,4-dione). Another metabolic pathway is the oxidation of the aromatic 
system forming the metabolite BHT-OOH. BHT-quinone was shown to cause DNA damage through 
the generation of H2O2, whereas BHT-OOH participated directly in oxidative DNA damage, possibly 
leading to carcinogenesis and apoptosis. BHT is also admitted as food additive.  
 

BHA (2-tert-butyl-4-methoxyphenol) is an antioxidant with structure and radical scavenging 

properties similar to BHT. BHA has been reported to induce benign gastric tumors in rats8. Studies 

have been performed to evaluate the endocrine disrupting effect of the substance relative to the 

17β-estradiol9, 10. BHA was reported to produce response but at a low level compared to the 

reference substance. As BHT, BHA is also admitted as food additive. 

Cyanox 1790 (1,3,5-tris[(4-tert-butyl-3-hydroxy-2,6-dimethylphenyl)methyl]-1,3,5-triazinane-2,4,6-

trione) is an antioxidant used in various polymer applications as well as in food packaging materials. 

Sparse environmental data is available for this compound. Acute and repeated doe toxicity tests on 

mammals found no indication of harmful effects caused by the chemical11. Tests performed on 

aquatic organisms indicate that cyanox 1790 is not toxic to these species at the highest obtainable 

dissolved concentration. 

                                                           
a
 Data retrieved from the SPIN database (Substances in Preparation In the Nordic countries) where the total use of 

chemicals per year in each of the Nordic countries is registered. The data is given for the year 2009 for all compounds 
except for BHA where the data is from 2008. 
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Irganox 1010 ([3-[3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoyloxy]-2,2-bis[3-(3,5-ditert-butyl-4-

hydroxyphenyl)propanoyloxymethyl]propyl]3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoate) and 

Irganox 1076 (octadecyl-3-(3,5-di-tert-butyl-4-hydroxyphenyl)propionate) are two of the most widely 

used sterically hindered phenolic antioxidants and are generally used as additives in e.g. polyolefins 

such as polyethylene and polypropylene in order to protect them against thermo-oxidative 

degradation. The substances act as radical scavengers by the donation of a hydrogen atom, forming 

stable phenoxy radicals.  Available data indicate that the compounds are considered to be of low 

acute and repeated-dose toxicity for mammals12, 13, 14, 15. Acute toxicity tests performed on aquatic 

organisms indicate that the levels where any effects can be seen lie far above the water solubility of 

the substances.  

Irgafos 168 (tris (2,4-di-tert-butylphenyl)phosphite) is a tris-arylphosphite stabilizer  used to protect 

coating resins against oxidation during heating processes by acting as a hydro peroxide decomposer. 

Irgafos is often used in combination with phenolic antioxidants such as Irganox 1010 and 1076 or 

various hindered amine light stabilizers (HALS) to provide additional stability to the polymers. Results 

from fugacity modeling and biodegradation tests show that over 99% of the compound will distribute 

into soil upon release into the environment, and that the compound is not considered to be 

biodegradable after 28 days16. No data has been found on the release of Irgafos 168 into the 

environment. The only available material concerning the environmental hazards is a US EPA report 

stating that the compound exhibits low or no toxicity towards aquatic organisms and mammals16.  

Lowinox TBM-6 ( 4,4’-thio-bis(2-tert-butyl-5-methylphenol) is a hindered thiophenol antioxidant used 

in for instance high- and low-density polyethylene, as well as a polymerization and processing 

stabilizer for e.g. polyolefins. No data on release to the environment or toxicity could be found for 

this substance.  

Tinuvin 123 (bis(2,2,6,6-tetramethylpiperidin-4-yl) decanedioate;2-hydroperoxy-2-methylpropane; 

octane), Tinuvin 770 (bis(3,3,5,5-tetramethylpiperidin-4-yl) decanedioate), and Tinuvin 99-2 (4-

methylhexyl 3-[3-(benzotriazol-2-yl)-5-tert-butyl-4-hydroxyphenyl]propanoate) belong to the group 

of hindered amine light stabilizers (HALS) that are used as radical scavengers in polymer applications 

in order to protect the products from degradation caused by ultraviolet light. HALS are commonly 

used in order to stabilize various polyolefin products. The mechanism of radical chain termination of 

the aminoether tinuvin 123 is thought to be the reaction with peroxyradical intermediates that form 

unstable dialkylperoxides17. Conventional HALS such as Tinuvin 99-2 and 770 must first undergo 

oxidation to aminoethers in order to act as protectors against radical degradation. Studies of 

Tinuvin 770 have shown that the substance causes damage on rat myocardium during long-term 

administration, both in vitro and in vivo18, 19. The possible toxicity of Tinuvin 123 is the subject of 

some controversy. According to an assessment made by the Australian government the compound is 

not considered to pose any threat to human health or to the environment. Though in a study 

published by Masalha et al20 it is proposed that Tinuvin 123 may be an inducer of Parkinson’s disease. 

This is however contradicted in other studies21, 22 where the compound has been shown to exert 

general damage to brain tissue in mice and rats but no specific dopaminergic toxicity.  
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1.3. Analysis 

Studies on the analysis of antioxidants and UV-stabilizers have predominantly been performed on 

determining the levels in various plastic products as it is valuable for plastic manufacturers and 

additive suppliers to obtain this information. A wide range of sample preparation techniques has 

been described in the literature. These include liquid/liquid extraction, ultrasonic extraction, reflux 

extraction, Soxhlet extraction and microwave extraction4, 5, 23, 24. Due to the high molecular weight 

and polarity of most of the compounds, liquid chromatography coupled to UV or mass spectrometry 

detection is generally used for identification and determination. An interlaboratory test on the 

determination of the antioxidants Irganox 1010 and Irgafos 168 in four different polymer matrices 

concluded that microwave extraction using a mixture of heptane and acetone followed by HPLC 

analysis yielded the most reliable results5. Direct techniques like pyrolysis coupled to gas 

chromatography-mass spectrometry in order to determine hindered-amine light stabilizers like 

Tinuvin 770 have also been employed3.  

Knowledge about the potential migration of additives from different polymer materials has 

significance for the appreciation of their potential occurrence in the environment. Several studies 

have been performed in order to evaluate the migration levels of the most common antioxidants like 

BHT, Irganox 1010 and 1076 and Irgafos 168 from various plastic products into food and food 

simulating liquids with different polarities4, 23, 25, 26 as well as natural environment simulants27. BHT 

was found to migrate faster into various types of solid foods than Irganox 1010, due to its lower 

molecular weight25. When examining migration levels by immersing different (polypropylene and 

low-density polyethylene) polymers in liquids with various polarities (water, acetic acid 3%, ethanol 

10% and olive oil) and leaving them for 10 days at 40 °C, only Irgafos 168 could be found, at trace 

levels in all tested liquids4 . Alin et al examined the influence of the type of polypropylene material 

and food simulants on the migration rate of Irganox 1010 and Irgafos 16823. Their findings revealed 

that an increased crystalinity of the polypropylene material decreases the migration rate polymer 

and that the migration rate increased with an increasing lipophilicity of the food simulant. The results 

from the study simulating landfill enviroments by using water as an extraction medium,  showed that 

apart from increased temperatures and longer dwelling time of the polymer (medium-density 

polyethylene) in the extraction medium, a lower pH also increases the release of the antioxidants 

Irganox 1010 and Irgafos 168 from the matrix27. Generally, the results from the various migration 

experiments show that the above discussed compounds can migrate from the polymers they are 

added to, the migration rates are however difficult to predict since many factors influence the 

migration process. 

Information about analysis of the compounds in the environment is sparse and only a few articles on 

the topic are currently available. Recently, a novel technique for the analysis of Irganox 1010 and 

176, and Iirgafos 168 from water using ionic liquid dispersive liquid-liquid microextraction followed 

by high-performance liquid chromatography/ultraviolet detection (HPLC/UV) was developed28. This 

technique has the advantages over traditional liquid-liquid extraction of being faster, cheaper, and 

consuming less organic solvents. Detection limits of 10 ng/mL for Irganox 1010 and 1076, and 

5 ng/mL for Irgafos 168 were achieved. When testing the method on spiked water samples the 

results demonstrated a repeatability of ≤ 11.8 % (relative standard deviation) and a recovery of 85 to 
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118%, indicating a satisfactory performance of the method. The method was however not applied on 

any environmental water samples.  

A method for determination of BHT and its metabolite BHT-CHO in water has been developed and 

the compounds have been monitored in German river and groundwater. The analytical method was 

based on solid phase extraction on Bond Elut PPL catridges (a modified high flow styrene divinyl 

benzene polymer) followed by analysis on GC-EI-MS29. Quantification limits of 5 ng/L for BHT and 16 

ng/mL for BHT-CHO were achieved.  The levels of these compounds were monitored in the 

Oderbruch area on the eastern border of Germany30. Samples were collected from the Oder river, 

groundwater in monitoring wells located in the proximity of the river, from rainwater and roof runoff 

collecting stations and from sewage treatment plants (STP) located upstream of the Oderbruch area. 

Both compounds were detected in all matrices. BHT and BHT-CHO was measured in all river samples 

at mean concentrations of 178 and 102 ng/L, respectively. They were also detected in effluent water 

from the STPs at mean concentrations of 132 and 70 ng/L and in roof runoff at mean concentrations 

of 92 and 138 ng/L, respectively. In the rainwater sample 308 and 155 ng/L of BHT and BHT-CHO 

were measured.  

The levels of BHT have also been examined in various foods. For instance, a study on the BHT as well 

as BHA content in various bakery products, has been conducted31. The method included extraction 

from the matrix with acetonitrile:isopropanol (1:1, v/v) followed by LC-UV determination. The 

method exhibited good linearity (r2 = 0.9992-0.9999) and high recovery of the analytes (87.6% for 

BHT and 95.1% for BHA). Limits of detection were not established. Out of fifteen samples, seven 

were found to contain BHT, at levels from 3.0 to 17.0 µg/g, and eight were found to contain BHA at 

levels from 3.9 to 10.7 µg/g.  

The levels of Irganox 1076 in Sweden have previously been examined at the Swedish Environmental 

Institute (IVL) 32. The study included measurements in water, sediment, sludge, soil and biota (fish 

muscles). Filtered water samples were extracted on C18-cartridges and eluted with acetone and 

hexane:methyl tert-butyl ether(MTBE) (1:1, v/v). The acetone was removed and the extracts were 

cleaned-up on silica gel columns prior to GC-MS analysis. Sediment, sludge, and soil samples were 

acidified and extracted with acetone, re-extracted with hexane:MTBE (9:1, v/v), and cleaned-up prior 

to analysis on GC-MS. Fish samples were homogenised in acetone:MTBE, the solvent was then 

changed to hexane followed by clean-up on neutral alumina columns and analysis on GC-MS. Limits 

of detection of 0.24 µg/kg dry weight were achieved for soil and sediment whereas the LODs for 

water and fish were 0.001 µg/L and 0.002 µg/kg wet weight, respectively. In the tested STPs, Irganox 

was found in all sludge samples with a mean concentration of 7.5 µg/g dry weight.  
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1.4. Purpose 

The aim of this study is to determine the levels of ten selected antioxidants and UV-stabilizers (Fig. 

1) in water with the intention of obtaining a picture of their distribution in different water bodies, 

and to examine if the contamination comes from point or diffuse sources. In order to acquire this 

information a method for simultaneous identification and quantification of the compounds will be 

developed. The compounds have been selected on the basis of their wide range properties, toxicities 

and modes of action. This has been done in order to capture a vast picture of plastics additives and 

their occurrence in the environment. In addition, two metabolites of the compound BHT have been 

included (BH-CHO and BHT-quinone) in order to examine whether metabolites produced in biota can 

be traced in the water. 

The analysis will be performed on LC-ESI-MS/MS since this type of instrumentation enables the 

simultaneous determination of large and thermolabile compounds like several of the antioxidants 

and UV-stabilizers selected. A solid phase extraction method (SPE) will be developed for the 

compounds in order to simultaneously separate them from the matrices and to clean the samples 

from interfering compounds. SPE is will be employed since this method has the advantage over other 

extraction methods such as liquid-liquid extraction that it can concentrate large sample volumes and 

decreases the amount of solvent being used.  

In order to determine the levels of the antioxidants in water, samples will be taken at different 

locations in Stockholm since it is a large city with several industrial areas adjacent to water bodies, 

there is also a sewage treatment plant with an effluent in the downtown area (Henriksdal STP). Thus, 

possible release from point and diffuse sources (households and industries) can be expected to 

spread to the surrounding water. In order to investigate the possible contribution from sources 

coupled to a sewage treatment plant, surface water samples will be collected along a gradient 

downstream of the Himmerfjärden STP near the town of Södertälje. 
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2. Experimental 

2.1. Materials and instruments 
 

2.1.1. Chemicals and materials 

Acetone, acetonitrile (ACN), dichloromethane, hexane, methanol, methyl-tert-butyl ether (MTBE) 

and toluene (all of HPLC grade) were purchased from Rathburn Chemicals Ltd., Walkerburn, Scotland. 

Acetic acid (100 %) was obtained from Merck, Darmstadt, Germany.  Water was obtained from a 

MilliQ instrument from Millipore, Billerica MA, USA. Mobile phase A and B were prepared by adding 

3 mL of 1M acetic acid to 600 mL of MilliQ water and methanol, respectively.  

All C18 containing SPE columns were of the model Isolute® and came from Biotage, Uppsala Sweden. 

C18-sorbent and ENV+ sorbent were obtained by emptying 6 mL Isolute C18 and ENV+ columns. HLB 

6cc-sorbent was obtained by emptying Oasis® HLB-columns, Waters, Milford MA, USA. The 

graphitized carbon powder was of the type Superclean ENVI-carb 120/400 and was purchased from 

Supelco, Bellefonte PA, USA.  

 

2.1.2. Reference substances and internal standards 

Irgafos 168 (98 % purity), Tinuvin 123 (purity unknown), Cyanox 1790 (97 % purity) and 2,6-di-tert-

butyl-1,4-benzoquinone (98 % purity) were purchased from Sigma Aldrich, St. Louis MO, USA.. BHA 

(99.5 % purity) and BHT (99.5 % purity) were obtained from Dr. Ehrensdorfer GmbH, Augsburg, 

Germany. BHT-CHO (>98% purity) was obtained from Alfa Aesar GmbH, Karlsruhe, Germany. 

Irganox 1076 was purchased from Larodan fine chemicals AB, Malmö Sweden and Tinuvin 99-2 as 

well as Irganox 1010 were obtained from Ciba speciality chemicals inc. (BASF), Ludwigshafen, 

Germany. The internal standards (IS) Coumatetralyl (99.5 % purity) and Flocoumafen (99.2% purity), 

and the recovery standards (RS) Bromadiolone (99.3 % purity) and Brodifacoum (99.2 % purity), were 

all purchased from Sigma Aldrich. Full chemical names and structures of the analytes and internal 

standards can be found in Appendix I. 

 

2.1.3. Instrumentation 

All samples and reference standards were weighed on a balance from Sartorius Analytic, Bradford 

MA, USA. The liquid chromatography system used, was a UFLC from Shimadzu, Kyoto, Japan, with a 

C8-column of the dimensions 50 x 3 mm, and a particle size of 5 µm from Thermo Scientific, Waltham 

MA, USA. It was coupled to a mass spectrometer of the model API 4000 LC-MS/MS with an ESI 

interface and a triple quadrupole mass analyzer from Applied Biosystems, Carlsbad CA, USA. The 

software used for identification and quantitation was Analyst 1.4.2, also from Applied Biosystems.  
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2.2. Method development 
2.2.1. Extraction and clean-up 

Since much of the equipment and consumables in a laboratory is made of plastics e.g. SPE-columns, 

pipette tips etc. it was suspected that some of the analytes could be present in the lab ware causing 

interferences with the samples. In order to find out which equipment in the lab might be a source of 

contamination during extraction and clean-up, all lab ware consisting of plastics as well as all the 

solvents were tested for leaching of compounds of interest prior to method development. 

Approximately 5 mL of all the solvents were poured into test tubes made of glass and were then 

evaporated to approximately 1 mL under a stream of nitrogen and transferred to vials and analysed. 

The various plastic lab wares were soaked in approximately 5 mL of methanol for 5 min, the 

methanol was then evaporated to approximately 1 ml, transferred to vials and analysed. The samples 

were not quantified in a traditional manner by the comparison with an internal standard; instead the 

peak areas of the analytes were compared to the peak areas of the analytes in the calibration 

standard samples. If the peak area was greater than the peak area of the lowest detected 

concentration in the calibration curve, the sample was considered to be contaminated with that 

compound.  

In order to extract the analytes from the matrix (water) and to pre-concentrate them for the analysis, 

a method for solid phase extraction was developed. Since the analytes had different structures and 

thus diverse physicochemical properties such as lipophilicity and solubility in water, there was a large 

difference between their octanol-water partitioning coefficients (log Kow). The crucial step in the 

method development was therefore to create an extraction and clean-up method appropriate for all 

analytes. Several types of SPE-columns, both purchased and manually packed columns as well as 

plastic and glass columns, adsorbent and solvents for elution were tried out in order to obtain a high 

recovery that enables the detection of the analytes at very low concentrations, and to remove as 

much background noise as possible (a scheme of the trials is displayed in Table 2).  

Glass bottles were filled with approximately 100 mL of MilliQ water and spiked with 25 µL of the 

internal standard solution with the concentration of approximately 1000 ng/mL of each IS, and 100 

µL of a mixture of analytes with concentrations of approximately 250 ng/mL (the exact 

concentrations were known). Blank samples were produced by spiking 100 mL of MilliQ water with 

25 µL of only the internal standard solution. The samples were then transferred onto SPE columns, 

packed with 300-600 mg of various adsorbents, which had first been conditioned with 6 mL of 

methanol and washed with 6 mL of MilliQ water. The columns were left to dry after application of 

the spiked water, thereafter the analytes were eluted with various solvents. In order to exchange the 

solvent, the samples were left to evaporate to almost dryness under a nitrogen stream and 

approximately 1 mL of methanol was added. The samples were then evaporated to approximately 

0.5 mL and were transferred to LC vials where 25µL of the recovery standard mixture was added 

(with concentrations of approximately 1000ng/mL the RS), and the vials were finally filled to 1 mL 

with methanol before analysis. Filtering of the samples prior to SPE-extraction was also tried out. The 

samples were rinsed through a filter bottle with a burnt glass fibre filter. The filter was then 

extracted with approximately 5 mL of MeOH for 15 min in an ultrasonic bath and the extract was 

poured back into the water sample which was then extracted on an SPE-column.  
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Table 2. A graphic summary of all trials conducted in order to find an SPE method which produced a satisfactory recovery 

for the majority of the analytes. These methods are marked with an X.  

Column Adsorbent  Solvent 
Elution 
volume Works? (X) 

6 mL plastic C18 – purchased  

Acetone 

2*5 ml 

  

Acetone:MTBE (1:1, v/v)   

DCM   

MeOH   

MeOH:hexane(1:1, v/v)   

MeOH:MTBE (1:1, v/v)   

MTBE   

3 mL plastic 
C18 – purchased and manually 
packed (both types were tested 
with the same solvents) 

DCM 2*3 ml and 
3*3 ml 

  

MeOH   

MeOH:DCM (1:1, v/v) 2*3 ml   

6 mL glass 

300 mg C18 - manually packed 

DCM 

2*5 ml 

X 

DCM:MTBE (1:1, v/v) X 

DCM:toluene (1:1, v/v)   

hexane   

MeOH:hexane (1:1, v/v)   

MeOH   

MTBE   

toluene   

300 mg C8- manually packed 
DCM   

MTBE   

300 mg grafitized carbon 

DCM   

MTBE   

toluene X 

600 mg grafitized carbon 

DCM   

MTBE   

toluene   

ENV+ - manually packed  
DCM 

  

HLB 6cc – manually packed   

300 mg carbon + 100 mg C18 
DCM:toluene (1:1, v/v)   

toluene X 

300 mg graph. carbon + 200 mg C18 
DCM:toluene (1:1, v/v) 

  

300 mg graph. carbon + 300 mg C18   
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2.2.2. Instrumental Analysis 

A binary chromatographic system with water and methanol as mobile phase A and B, respectively, 

was tested with various gradients, and acids and bases to adjust the pH, in order to achieve 

simultaneous detection of all compounds as well as optimal peak shape and analysis speed. 

  
The MS-instrument was set to multi reaction monitoring (MRM) to achieve a high specificity and 

sensitivity, enabling reliable identification and low detection limits of the analytes since it was 

assumed that they will be present at very low concentrations in the environment (a Scheme of the 

MRM process is shown in Fig. 2).  MRM in a triple-quadrupole instrument is performed by selecting 

the mass of the chosen precursor ion in the first quadrupole (Q1). The second quadrupole (Q2) is 

then used as a collision cell where the ions are fragmented, and the third quadrupole (Q3) is set to 

only transmit one mass (normally the mass of the fragment with the highest intensity). The MS-

settings were optimized by post-column infusion of pure solutions of approximately 250 ng/mL of 

each analyte (the MS-parameters can be found in Table 3).  

 

 
Fig. 2 Scheme of MRM in a triple quadrupole MS- instrument 

Table 3. MS-parameters for the compounds. Full names of the MS-parameters are found in the abbreviations list. 

Compound (- 
mode) 

Ret. time 
(min) 

Monoisotopic mass 
(Da)  

Precursor ion [M-H]
-
 

(m/z) 
Product ion 
(m/z) 

DP EP CE CXP 

BHA 2.79 180.11503 179.2 164,0 -55 -10 -19  -7 

BHT-quinone 3.43 220.14633                  219 189.1 -140 -10 -38  -7 

Bromadiolone (RS) 4.63 526.077972 525.5 249.9 -120 -10 -50 -12 

Cyanox 1790 6.05 699.424737 698.7 508.4 -133 -10 -43 -10 

Flocoumafen (IS) 5.30 542.170494 541.4 382.3 -115 -10 -34  -7 

Irganox 1010 6.82 1176.784079                1176.4 205.3 -216 -12 -81  -8 

Irganox 1076 7.30 530.469896 529.6 267.3 -121 -10 -57 -10 

Lowinox TBM-6 4.97 358.196651 357.3          194 -150 -10 -33  -7 

Tinuvin 99-2 6.61 451.283492 450.4 127.1 -120 -10 -55  -7 

Compound (+ 
mode) 

Ret. time 
(min) 

Monoisotopic mass 
(Da)  

Precursor ion [M+H]
+
 

(m/z) 
Product ion 
(m/z) 

DP EP CE CXP 

BHT-CHO 3.95          234.16198 235.3 123.1 110 10 31 12 

Brodifacoum (RS) 5.69 522.083057 521.4 256.2 56 10 54 12 

Coumatetralyl (IS) 3.20 292.109944 290.9 175.1 48 10 36 7 

Irgafos 168 7.52 646.451482 647.8 441.5 160 10 47 12 

Tinuvin 123 8.11 736.632938 737.8 497.0 140 10 42 12 

 
Due to the difference in physicochemical properties of the analytes and internal standards, it was 

expected that they would have different proton affinities during the ionization process in the mass 

spectrometer requiring analysis in both positive and negative mode. Therefore, a method using a 

mixed ionization mode was used, meaning that the ion source was switching between positive and 
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negative ion mode continuously during the analysis. Due to complications with the instrument, this 

method was later divided into two, where positive and negative ions were analysed separately while 

keeping the MS-parameters (Table 3) unchanged.  

 
To examine the linear response of the analytes in the instrument a calibration curve was prepared 

with concentrations of approximately (but exactly known) 0, 0.5, 1, 2.5, 5, 10, 25 and 50 ng/mL of 

each analyte and 25 ng/mL of each internal and recovery standard, dissolved in MeOH.  In order to 

evaluate the recovery of the different SPE-methods tried out, the peak areas of the analytes in the 

samples were compared to the peak areas of the analytes in the calibration standard with the 

concentration 25 ng/mL. The samples were spiked in order to have that same final concentration of 

the analytes given that the recovery was 100 %, and thus approximately the same peak area. The 

difference in the analyte peak area between the samples and standards was then assumed to 

correspond to the recovery. These assumptions were made since the selected internal standards 

were not isotopic isomers of the analytes and were therefore assumed to be lost to a different extent 

in the extraction and clean-up process.  

 
 

2.3. Environmental samples 
 

2.3.1. Sampling  

Seven 1L surface water samples were collected on the 5th of May 2011 in the central parts of 

Stockholm, and near the effluent from the Henriksdal STP (Fig. 3a). One sample of effluent water 

from the Henriksdal STP was obtained from the laboratory at IVL. Four 1L surface water samples 

were also collected along a coastal gradient of 3.7, 8.7, 18.9 and 31.5 km from the Himmerfjärden 

STP outside of Södertälje on the 10th of May 2011 (Fig. 3b). One sample was collected from Lake 

Gömmaren, Botkyrka, as a background sample. The sampling sites in Stockholm were chosen in order 

to examine the potential distribution of the compounds in the area and to compare to the sample 

taken from the effluent from the Henriksdal STP. This comparison would serve as an examination of 

whether there are point or diffuse sources of contamination. Sampling along the gradient from the 

Himmerfjärden STP was chosen to add information about whether there is a point source of 

contamination and how the chemicals are spread and diluted geographically. The samples were 

collected in 1L glass bottles, rinsed with methanol and MilliQ water prior to sampling and the bottles 

were covered with aluminium foil underneath the lid in order to avoid contamination from plastics. 

Following sampling the glass bottles were stored away from sunlight at +5 °C awaiting analysis.  

Five Snow samples (approximately 200 g of melted snow) were collected on the 9th and 10th of March 

2011 from various places in the downtown area of Stockholm as well as from industrial sites nearby 

downtown Stockholm where deposited snow could be found (Fig. 3a). The sampling sites were 

chosen in order to see if there were any point sources of contamination e.g. in industrial areas or in 

close proximity to traffic, or if the contamination was evenly distributed around Stockholm, 

suggesting that the sources are diffuse. The aim was to compare the results with the results from the 

water samples in order to see if the compounds were coming from particles in the air, rain and snow 

and were accumulated in the snow on the ground. The samples were collected in glass containers, 
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rinsed with methanol and MilliQ water prior to sampling and were covered with aluminium foil 

underneath the lids to avoid contamination from plastics. Following sampling the containers were 

taken to IVL where they were stored away from sunlight at +5 °C until analysis.  

 

Fig. 3a. Map of the sampling sites in central Stockholm. The blue points represent water samples, the white point represent 

snow samples. 
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Fig. 3b. Map of the sampling sites along the gradient from the Himmerfjärden STP. The red point shows the location of the 

effluent. 

2.3.2. Sample Preparation 

Thirteen water samples were separated into two glass bottles, each containing approximately 0.5 L, 

in order to perform the extraction and clean-up on SPE-columns packed with A: C18 (for all 

compounds but Tinuvin 123 and Tinuvin 99-2) and B: a mixture of C18 graphitized carbon (for Tinuvin 

123 and Tinuvin 99-2), a total of twenty six aliquots. The samples to be extracted on a C18 packed 

column were spiked with the internal standards prior to SPE-extraction whereas the samples to be 

extracted on a graphitized carbon packed column were spiked after elution from the column. This 

was done since the internal standards did not adsorb to the graphitized carbon surface (examined 

during the method development). All columns were conditioned with 6 mL of MeOH and washed 

with 6 mL of MilliQ water prior to extraction. The samples were then applied on the columns packed 

with either 300 mg of C18-powder (method A) or a mixture of 1300 mg of C18-adsorbent and 300 mg 

of carbon black powder (method B). The columns were left to dry after application and were then 

eluted with 5 mL of DCM and 5 ml of MTBE (method A) or eluted with 10 mL of toluene (method B). 

The solvent was changed by evaporating all samples to approximately 0.5 mL. 1 mL of methanol was 

then added and the samples were once more evaporated to 0.5 mL. Finally the samples were 

transferred to LC-vials, where 25 µL of the recovery standards (with known concentrations of 

approximately 100 ng/mL of each RS) were added and the volume was adjusted to approximately 1 

mL.  

Five snow samples were prepared for analysis. Since only approximately 200 mL of each snow sample 

was available, the sample amount was considered too small to be divided into two fractions. The 

analysis of Tinuvin 123 and 99-2 was not performed; instead the entire sample was used for analysis 

of the remaining compounds. 

Quality control samples (QC) were prepared by spiking MilliQ-water with 25 µL of the internal 

standard mixture and 100 µL of the analyte mixture (in the same manner as the samples during the 

method development). Blank samples were prepared by spiking the MilliQ water with only 25 µL of 

the internal standard mixture. The blank and QC-samples underwent the same extraction and clean-

up procedures as the environmental samples. Ten blank samples (five each for method A and B) and 

six QC samples (three each for method A and B) were prepared together with the water and snow 

samples.  

2.3.3. Instrumental Analysis and Quantification 

For analysis on LC-MS/MS, a binary gradient system was used with 0.5% acetic acid in water as 

mobile phase A, and 0.5% acetic acid in methanol as mobile phase B (Table 4). The MS-instrument 

was set to MRM, as explained in the previous section (a Scheme of the MRM process is shown in Fig. 

2).  The analyses were performed at the temperature of 35°C. All samples were analysed twice, once 

in positive mode and once in negative mode since problems with the instrument occurred when 

performing analysis of positive and negative ions in one run (fast switching between positive and 

negative mode).  
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Table 4. Gradient profile for the HPLC analysis. 

 Time (min) A (%) B (%) 

 0.1 40 60 

 5 0 100 

 9 0 100 

 10 40 60 

 13 40 60 

The samples were quantified using the multi-point calibration method where the calibration curve is 

created by analysing mixtures of the analytes of varying concentrations whereas the concentration of 

the internal standard is constant in all calibration samples. In the resulting equation for the linear 

calibration curve with the general formula y = kx + m, x equals the concentration of the analyte 

injected divided by the concentration internal standard injected (equation 1). The term y then equals 

the peak area of the analyte divided by the peak area of the internal standard, and k is the relative 

response factor Fx.  The concentration of the analyte is then calculated by solving the equation 

(equation 2) using the peak areas of the analytes and internal standards in the real samples. 

 Equation 1. 
  

   
    

  

   
   

Equation 2.    

  
   

  

  
     

In order to obtain the correct concentrations, the concentration of each sample had to be corrected 

by the subtraction of the concentration in the blank samples. The blank samples were quantified by 

first integrating the area with the same expected retention time as each analyte. In order to quantify 

the blank samples, the calibration curve was forced through zero. Otherwise, the areas in the blank 

samples could be so small that the calculated concentrations risked being negative. The 

quantification was performed on all the five blank samples run together with the environmental 

samples; the mean concentration of each analyte was calculated and subtracted from the calculated 

concentrations in the environmental samples. The mean concentrations in the blank samples were 

used in order to obtain LOD and LOQ, by multiplying them with three and ten, respectively. The 

linear equations for all analytes are presented in table 5. 

Table 5. Linear equations for the calibration curves of the analytes in the environmental samples, as well as the linear 

equation where the line is forced through the origin and the r
2
 coefficient for the linear equations.  

Compound Linear equation Linear - forced through the origin r
2
 

BHA y = 0.207 x - 0.00903 y = 0.202 x 0.998 

BHT-CHO y = 0.0365 x - 0.000501 y = 0.0362 x 0.998 

Cyanox 1790 y = 1.260 x + 0.0104 y = 1.260 x 0.993 

Irgafos 168 y = 0.0253 x - 1.36*10
-5 

y = 0.0253 x 0.993 

Irganox 1010 y = 0.00979 x + 0.000853 y = 0.0101 x 0.973 

Irganox 1076 y = 0.0105 x - 0.000175 y = 0.0104 x 0.995 

Lowinox y = 0.105 x - 0.00391 y = 0.1013 x 0.998 

Tinuvin 123 y = 0.113 x - 0.00205 y = 0.111 x 0.998 

Tinuvin 99-2 y = 0.00151 x - 7.37*10
-5 

y = 0.00147 x 0.996 
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3. Results and discussion 

3.1. Method development 
 

3.1.1. Sample Preparation 

The results from the contamination tests indicated that nearly all lab ware made of plastic such as 

screw caps and plastic test tubes were found to contain one or several of the antioxidants and UV-

stabilizers (Appendix II). Therefore, only glass ware was used, and aluminium foil was put between 

test tubes and screw caps in order to avoid contamination. No quantification of the samples from the 

contamination tests was performed; therefore the concentration of the additives present could not 

be determined. Instead, a comparison was made between the peak areas of the analytes in the 

samples and the lowest detected peak areas of the analytes in the calibration standards. If the peak 

area of an analyte in any of the lab ware samples exceeded the area of the lowest detected peak in 

the calibration curve, the sample was considered to be contaminated. The method for determining 

whether the lab ware and solvents contained any of the analytes was relatively arbitrary. However, 

since the purpose was only to make a qualitative estimation of which lab ware and solvent was 

contaminated with the analytes, this method was considered to be sufficient. The plastic Isolute® 

SPE-columns were not found to contain any of the analytes in these tests, thus it was decided to use 

them during the method development.  

Several different SPE-columns, types of adsorbent and solvents were used in order to find the 

optimal method for simultaneous extraction of the analytes (a graphic summary of all trials is 

presented in Table 2). All spiked samples were run together with a blank in order to examine if there 

was any contamination during the process.  During the method development, the samples were not 

quantified by referring to an internal standard. Instead the peak areas of the analytes in the spiked 

samples were compared to the peak areas of the analytes in the standard samples with the 

concentration 25 ng/mL. The samples were spiked in order to contain approximately the same final 

concentration (and thus have approximately the same peak area) in the LC-vials, given that the 

recovery would be 100%. The difference in peak area would then correspond to an assessment of the 

recovery of the antioxidants and UV-stabilizers in the spiked samples.  

In the results from the first tests, using 6 mL plastic Isolute® columns, the recovery did not seem to 

follow any obvious pattern when only looking at the peak areas in the spiked samples. However, the 

columns seemed to be contaminated by Irganox 1010 and 1076, Irgafos 168 and Tinuvin 99-2, even 

though the results from the contamination tests had been negative. This pattern could be seen for all 

solvents. When taking into account the high peak areas in the blank samples of these analytes, their 

recovery in the spiked samples was very poor, around 10-15% depending on the solvent. For 

Tinuvin 123 the recovery was close to 0%. For the other analytes the recovery varied from around 35-

70%, depending on the solvent. The recovery of the analytes seemed to decrease with an increasing 

lipophilicity (expressed in the report as the logKow; the logarithm of the octanol-water partitioning 

coefficient) and with an increasing molecular weight. This suggested that the larger and more 
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lipophilic analytes bound stronger to the adsorbent since the reactive surface of the adsorbent was 

alkyl chains that interact with analytes through Van der Waals forces. These interactions increase in 

strength with an increasing lipophilicity of a compound; a factor that is also influenced by the size of 

the compounds since the probability of hydrophobic interactions is higher. Furthermore, none of the 

selected solvents could elute the analytes from the SPE-cartridges to a high extent, even though 

solvents with a wide range of polarities were tried out (Table 6). Of the tested solvents, DCM and 

MeOH generated the highest recoveries for most of the analytes but they were considered to be 

insufficient for the least polar ones. No response on the mass spectrometer could be produced for 

BHT, BHT-quinone and Tinuvin 770; these compounds were therefore not included in the method 

development. 

Table 6. The solvents used for elution during solid phase extraction, and their polarity expressed as the dielectric constant. 

Solvent Dielectric constant ε 

Acetone  20.7 

DCM 8.9 

Hexane 1.9 

MeOH 32.7 

MTBE 2.6 

Toluene 2.4 

 

To examine whether the contamination came from the Isolute® SPE-columns (the adsorbent, filter or 

the plastic case), they were first compared to plastic columns manually packed with C18-sorbent and 

burnt glass fibre filters. The experiment was also scaled down by the use of 3 mL SPE-columns to 

examine whether the amount of adsorbent had any influence on the recovery. The influence of the 

elution volume on the recovery was also examined. There was no decrease in contamination in the 

blank samples of the manually packed columns, indicating that the contamination did in fact come 

from the plastic material constituting the SPE columns rather than the adsorbent or the filter. The 

recovery of several analytes in the manually packed columns was however significantly lower than in 

the purchased ones. The highest recovery was achieved when eluting with DCM. 

In order to eliminate contaminations from the plastic SPE-columns, 6 mL glass columns packed with 

300 mg C18-powder were tried out with various solvents. The results showed that the blank problem 

did in fact disappear. There was some contamination when eluting with MeOH and hexane but since 

this could not be seen when eluting with DCM and MTBE it was assumed that this problem did arise 

from the solvents rather than from the columns. The recovery of the different analytes followed the 

same pattern as with the previous tests, that is, it was significantly lower for the more lipophilic 

antioxidants Irganox 1076, Irganox 1010 and Cyanox 1790 and for the UV-stabilizers Tinuvin 99-2 and 

Tinuvin 123 (approximately 1-6% compared to 20-55% for the other analytes, depending on the 

solvent). These results implied that the selected solvents could not elute these compounds since it 

was not considered plausible that they would run through the column when applying the water 

sample. If they had run through the column, the recovery would not differ significantly but would 

rather stay close to zero independent of which solvent was used for elution. The more lipophilic 

compounds would also not be present in the blank samples since they would then have been rinsed 

out during the conditioning with MeOH. This was however not further examined due to the lack of 
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time; additional tests would have been necessary to verify this assumption. Since DCM and MTBE 

gave the highest recoveries and the least blank problems these solvents were selected for the 

following tests.  

Two polymeric adsorbents containing aromatic groups; ENV+ and HLB 6cc were tested due to their 

ability to retain compounds of a wide polarity range. C8-sorbent was tried out as well in order to see 

if the chain length had any impact of the retention of the different analytes. When employing these 

adsorbents as stationary phases with the same elution solvents as for the C18-sorbent, no significant 

differences in the recovery were observed for any of the analytes, therefore these adsorbents were 

discarded. Different mixtures graphitized carbon and C18-sorbent improved the recovery for the UV-

stabilizers Tinuvin 99-2 and 123 when eluting with toluene (Table 2). Other compounds and the 

internal standards were barely detected during analysis and it was assumed that they were probably 

not adsorbed on the mixed SPE-columns. The elution with DCM: MTBE (1:1) on C18-packed columns 

yielded the highest recoveries for all analytes but Tinuvin 99-2 and 123. Therefore, it was decided to 

divide the extraction and clean-up method into two. A mixture of 300 mg of graphitized carbon and 

100 mg of C18-powder was used as an adsorbent to extract Tinuvin 123 and 99-2; this method 

required however that the samples were spiked after the extraction since the internal standards 

seemed to not be retained on these columns. However, this type of procedure affects the 

quantification by discriminating the analytes. The compounds will apparently be present at lower 

concentrations since the internal standards are not subjected to the same sample preparation and 

are therefore not lost in the process to the same extent. For the extraction of the remaining 

compounds C18- adsorbent was used as the stationary phase. This method enabled the spiking of the 

samples prior to SPE-extraction and the problem with the discrimination of the analytes due to 

differences in extraction procedures could therefore be avoided.  

Filtering of the samples prior to SPE-extraction was tested in order to later remove particulate matter 

from the environmental samples. The recovery of the analytes decreased however, when adding this 

step to the procedure. The recovery decreased with increasing log Kow suggesting that the more 

lipophilic antioxidants adsorbed to the glass fibre filter and could not be extracted with methanol, 

probably due to the high dielectric constant of methanol (Table 6). It was known from the trials with 

different elution solvents for SPE-columns that the more lipophilic compounds could be extracted 

from the different stationary phases with MTBE, DCM or toluene. These solvents could however not 

be used for extraction from the filter since that liquid was supposed to be added to the water sample 

prior to SPE-extraction, this would only cause the solvent including the analytes, to pass straight 

through the column without adsorbing to the stationary phase. The disadvantage of not filtering the 

samples prior to extraction was that the loading of environmental samples on the SPE-cartridges 

became very time consuming, and that particulate matter from the water was filtered through the 

cartridges and collected in the eluates. 

The main reason for the difficulties during the method development can be related to the large 

variation of the physicochemical properties of the selected compounds in combination with the aim 

of developing one simultaneous SPE-method for them. Since the log Kow varies from approximately 3 

to 20 (Table 1), finding one suitable SPE-adsorbent and elution solvent that could provide a sufficient 

recovery for all compounds was not possible. In order to obtain retention of the analytes while 

loading the samples as well as sufficient elution, the right balance between the adsorbent and the 
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elution solvent is necessary. Since several of the antioxidants and UV-stabilizers were highly lipophilic 

they bound strongly to the C18-adsorbent. Thus, an unpolar solvent was required in order for the 

analytes to be released from the solid phase into the solvent. However, even the less polar of the 

selected solvents like DCM and MTBE could not provide sufficient elution of those compounds, 

suggesting that the interactions between the compounds and the selected stationary phase were too 

strong to be disrupted. The focus on finding an acceptable method for the elution of Irgafos 168, 

Irganox 1010 and 1076, and especially Tinuvin 123 and 99-2, occurred at the expense of the 

optimization of the recovery for the other compounds. As a result, the recovery was not satisfactory 

for any of the analytes which has considerable drawbacks when analyzing real samples since possible 

antioxidants and UV-stabilizers are expected to be present only at trace levels. 

Future work on method development could consist of several different measures in order to reduce 

the problems encountered during this project. One way of circumventing the problems that occurred 

during the solid phase extraction is to perform liquid-liquid extraction. This proceeding would also 

eliminate the problem of SPE-cartridges becoming clogged by particulate matter in the water. 

However, since large sample volumes are necessary in order to detect any of the compounds in 

water, high amounts of solvent would be needed that would then have to be evaporated. This is not 

favourable since the step of evaporating large amounts of solvents is time consuming and since 

organic solvents are generally toxic. Also, possible contaminants present in the solvents would 

accumulate and cause blank problems due to the large solvent volumes used. There is also the 

possibility of creating separate methods for the compounds according to their physicochemical 

properties, which was already done in this project to some extent but could be expanded further. 

Another alternative would be to reduce the number of analytes used. Then the sensitivity in the mass 

spectrometer, the chromatography and the recovery of each analyte could be more specifically 

optimized since fewer compromises would need to be made. 

 

 

3.1.2. Instrumental Analysis and Quantification  

A fast and straightforward method for analysis on LC-MS/MS was achieved, with an overall analysis 

time of 13 min per sample (example chromatograms are presented in Figures 4a and b). Baseline 

separation was achieved for all compounds. The sensitivity varied significantly between the different 

compounds, due to their ability to ionize in the ion source. Since the aim was to compose a method 

for simultaneous analysis of all compounds, compromises were made in terms of the optimization of 

each analyte. Since the compounds have very different physical and chemical properties, this became 

problematic since sensitivity is lost for each compound when trying to fit them all into one method. If 

conditions for one compound or a group of compounds is optimized in the chromatographic system 

this occurs at the expense of another compound. When the analysis was divided into two in order to 

analyse positive and negative ions separately, a higher sensitivity for the analytes was observed. 

Since the instrument had fewer masses to scan per second, each mass was scanned a longer time 

which increased the response. 
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Fig. 4a. An example chromatogram of the analytes and internal standards analysed by LC-ESI-MS in negative mode, from a 

standard mixture with the concentration of approximately 50 ng/mL of each analyte and 25 ng/mL of the internal 

standards. 

 

Fig. 4b. An example chromatogram of the analytes and internal standards analysed by LC-ESI-MS in positive mode, from a 

standard mixture with the concentration of approximately 50 ng/mL of each analyte and 25 ng/mL of the internal 

standards. 

Two of the analytes that were initially in the project, BHT and Tinuvin 770, were discarded since no 

corresponding peaks could be detected in the chromatograms. No explanation could be found but 

this could be a general problem since in the literature, analysis of BHT has in several studies been 

performed on GC-MS29, 30. Since its structure resembles the ones of Tinuvin 123 and 99-2 it is difficult 

to determine the reason why Tinuvin 770 was not ionised in the ESI. BHT-quinone was ionisable; 

however, no linear response for this compound could be obtained throughout the course of the 

project. Therefore it was also discarded. 

The r2 coefficient for the calibration curves was above 0.99 for all compounds with exception of 

Irganox 1010 for which it was 0.97 (Table 5). Therefore, the response of the instrument was 

considered to be sufficiently linear within the concentration range of the calibration curves (0.5-

50 ng/mL). The linear range was not examined further by adding points of higher or lower 
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concentrations, therefore the linear ranges of the antioxidants and UV-stabilizers in the MS-

instrument used were not established. 

Since it was not possible to obtain isotopically labelled internal and recovery standards it was 

necessary to choose from compounds available in the laboratory. The internal and recovery 

standards (Fig. 5) were chosen due to their ability to be ionized in ESI at both positive and negative 

mode since it was expected that some of the antioxidant additives would form positive (M+H)+ 

quasimolecular ions in the ion source whereas others would form negative quasimolecular ions 

(M-H)-. Also, they had the advantage of being naturally absent in the environment. A major problem 

with using internal standards that are not isotopic isomers of the analytes is that they have different 

physicochemical properties and will behave differently during the extraction and clean-up. The 

results from the quantification can therefore become misleading. If the internal standard is lost 

during the clean-up to a higher extent than the analytes, the calculated concentration will appear 

higher than it is and the calculated recovery of the analytes will however appear lower. The opposite 

is true if the analytes are lost to a higher extent. The compounds used as internal standards 

(Coumatetralyl, Flocoumafen) in this project had a log Kow of approximately 4-7 compared to a logKow 

of 3-20 for the analytes (log Kow for both analytes and internal standards is presented in appendix I) . 

It can therefore be assumed that their recovery is higher than the recovery of the analytes with a 

very high log Kow. Therefore, the results from the quantification would imply a lower concentration 

and a higher recovery of the analytes than their true concentrations.  

 

Fig. 5. The internal standards Coumatetralyl (+ mode) and flocoumafen (- mode), and the recovery standards Brodifacoum 

(+ mode) and Bromadiolone (- mode).  

 

In order to avoid this bias during method development since it was crucial to establish a method with 

the highest possible recovery, no quantification was performed using internal and recovery 

standards. Instead, the peak areas of the compounds spiked samples were divided by the peak areas 

of the compounds in the standard mix with the concentration 25 ng/mL (the samples were spiked in 

order to have approximately the same final concentration), as mentioned earlier. There are however 

several disadvantages to this approach as well; it does not account for fluctuations in the sensitivity 

of the mass spectrometer which is significant importance when performing analysis on an ESI-

instrument. Therefore, the calculated recoveries of the analytes in the different tests are not 
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necessarily comparable since the sensitivity can vary between individual samples and between 

different runs on the mass spectrometer. All the assessments of the recovery that have been 

conducted do consequently not have a very high scientific level and cannot be regarded as 

quantitative measurements. As a result, the interpretations of the recoveries that were made and 

used for further method development were arbitrary to some extent. Also, since ESI is a 

concentration sensitive technique, the volume of the samples in the vials must be the same in order 

for the samples to be comparable. The latter problem could however be excluded to some extent by 

carefully adjusting the volumes in the vials prior to analysis.  

Due to the lack of time, no validation of the method for sample preparation was performed, e.g. 

within-day and between-day variation. Therefore, there is no statistical basis for evaluating the 

performance of the method meaning that there is very sparse data supporting its success. Taking into 

account the inrobustness of the MS-instrument as well as the fact that the recoveries during the 

method development have been estimated without the use of internal and recovery standards, there 

are many factors influencing the certainty of the results during the method development. In order to 

decrease the uncertainty of this method extensive method validation should be performed, including 

the measures mentioned above.  

 

 

3.2. Environmental samples 
 

Very low levels of the analytes could be detected in the water and snow samples (Table 7).  

Tinuvin 123 could be detected above LOD in all water samples and above LOQ in the sample of the 

outgoing water from the Henriksdal STP. Also, Lowinox, BHT-CHO and Irgafos 168 could be detected 

in some samples above LOQ whereas Irganox 1076 could be found in two samples (8 and S1) but not 

quantified. No other compounds were detected. Surprisingly, Lowinox was detected in Lake 

Gömmaren which due to its remote location was chosen as a background/reference location. Tinuvin 

123 was found but below the quantification limit in all samples but one (no. 13, effluent from the 

Henriksdal STP, where it was found above LOQ). Since the compound was also present in the blank 

samples it is plausible that the samples were contaminated in the laboratory, possibly by the yellow 

pipette tips for automatic pipettes used for adding internal and recovery standards. The pipette tips 

were found to contain Tinuvin 123 when testing the lab ware for contaminants. Trials were then 

conducted with soaking the tips in methanol for 5 minutes and drying them prior to use, and no 

contamination could be seen. Therefore, they were used throughout the project with the additional 

rinsing but it cannot be guaranti+eed that Tinuvin 123 was completely rinsed out. Other, unknown 

sources of contamination are also possible. 

 

Table 7.  Concentration of the analytes (antioxidant additives for polymers) in the environmental samples in water and 
snow. Only concentrations above LOQ are shown. Full names and structures of the antioxidants can be found in 
Appendix I 

Concentrations in water/snow (ng/L) 
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Sample water 
Tinuvin 
99-2 BHA 

Cyanox 
1790 

Irganox 
1076 

Irganox 
1010 Lowinox 

Tinuvin 
123 

BHT-
CHO 

Irgafos 
168 

  1. Djurgården 
           2. Waldemars udde 
           3. Nybroviken 
           4. Djurgårdsbrunn  
           5. Gamla 

stan/Riddarholmen 
     

42.2 
 

80,2 
   6. Slussen 

           7. Brunnsviken 
           8. Lake Gömmaren, 

bortyrka 
     

1.9 
     9. Himmerfjärden 1 

         10. Himmerfjärden 2 
         11. Himmerfjärden 3 
         12. Himmerfjärden 4 
         13. Effluent Henriksdal     

    
2.77 

  

Sample snow 
Tinuvin 
99-2 BHA 

Cyanox 
1790 

Irganox 
1076 

Irganox 
1010 Lowinox 

Tinuvin 
123 

BHT-
CHO 

Irgafos 
168 

S1. Brunkebergs torg 
        

3.40 

S2. Fridhemsplan 
         S3. Munkbron 
         S4. Hammarbyverket 
         S5. Årstafältet                   

LOD (ng/L) 4.26 0.04 1.83 2.62 6.23 0.25 0.82 13.6 0.43 

LOQ (ng/L) 14.2 0.12 6.10 8.72 20.8 0.84 2.74 45.2 1.42 

 

These results were anticipated for several reasons. Although plastic products are used to a very high 

extent and can be found everywhere in society the levels of these additives in the plastics are usually 

very low (varies between approximately 0.5 and 3 % depending on the compound and type of 

plastic)2-5.  When taking the low migration rate from the plastics into account4, 23, 25, 26 the levels 

reaching the environment are not expected to be very high. The more lipophilic compounds Irgafos 

168, Irganox 1010 and 1076, and also Cyanox 1790 have been found to be stable in water and not 

readily biodegradable, however, their low water solubility decreases the probability of finding them 

particularly high levels11, 12, 14, 16. Also, due to the high log Kow values of many of the compounds, they 

will most likely be distributed into the sediment when entering a water body. Since Tinuvin 123 is an 

insoluble ester it can undergo relatively rapid primary biodegradation once dissolved in an aquatic 

environment due to microbially initiated hydrolysis17. Therefore, it could be assumed that the levels 

detected in all the environmental samples were in fact contamination from the laboratory since the 

compound is not expected to be stable in water for longer periods. Although no information could be 

found on Tinuvin 99-2 and Tinuvin 770 (which was discarded at the beginning of the method 

development), due to their similar physicochemical properties it could be possible that they are 

subject to the same type of process as Tinuvin 123. No data was found regarding the reactivity in 

water of the less hydrophobic compounds included in this study but some primary assessments can 

be made based on their structures. BHA, BHT (discarded during the method development) and 

Lowinox TBM-6 are not likely to undergo any transformations in water such as hydrolysis due to the 

absence of reactive sites. However, the metabolites of BHT are both prone to react with water; BHT-

CHO by oxidation to a carboxylic acid and BHT-quinone (also discarded during the method 

development) by the reduction its corresponding hydroquinone. Therefore, the presence of these 
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compounds in water was not expected but could also not be excluded. Interestingly, BHT-CHO was 

found in sample 5 at a level several fold higher than the LOQ.  

In a previous screening study performed at IVL32, the occurrence of Irganox 1076 in several matrices 

in Stockholm was examined (as mentioned in the introduction). The results showed that the 

compound was present in effluent water from the Henriksdals STP as well as in storm water collected 

in central Stockholm. The concentration in effluent water sample was right on the detection limit, 

whereas the concentration in the storm water samples was slightly higher but still at the ng-level. 

Since storm water is water that is generated during precipitation events, it collects all pollution that 

is present in the air and on the ground. Therefore the levels of various contaminants can be expected 

to be higher(especially in large cities),  than in surface water where the dilution factor is very high. In 

the previous study GC-MS was employed, therefore the results are not fully comparable. 

Five samples (no. 8, 10, 11, S1 and S2) from the fraction extracted on C18-cartridges and eluted with 

DCM:MTBE were lost to a large extent during the evaporation step due to shock boiling, resulting in a 

significant decrease in recovery. Since the samples could not be filtered prior to extraction and clean-

up (explained in section 3.1.1), small particles from the surface water passed through the SPE-

columns together with the solvent. The low boiling point of DCM combined with the low pressure in 

the SPE vacuum manifold further increased the risk of the samples starting to boil and explode, even 

at room temperature. The samples eluted with toluene were not lost due to the very high boiling 

point of that solvent, even though they also contained particulate matter. Since a large fraction of 

those samples was lost, analytes could still be present but below the detection limit. Irganox 1076 

was detected in samples no. 8 and S1 but below LOQ, there is a possibility that the compound is 

present above the quantification limit at these sampling sites.  

LOD and LOQ were calculated from the blank samples, that were prepared from spiked MilliQ water. 

These limits are thus based on a different matrix than the water samples. This decreases the 

certainty of the detection and quantification limits since the background noise levels likely differ 

between the matrices. Several of the analyte, Irganox 1010 and 1076, Cyanox 1790, and Tinuvin 123, 

could be detected in some of the blank samples. The contamination is likely to stem from the 

Millipore machine since it is to a large extent made of plastics. Thus, the probability of it containing 

the additives examined in this project is relatively high. When contamination tests were performed 

on the MilliQ water only 5 mL was used whereas 500 mL of MilliQ water was used for the blank 

samples, meaning a 100 fold increase in sample volume. Therefore, the contamination was not 

detected at first. This makes the limits of detection and quantification less representative for the 

environmental samples. In order to reduce this bias, blank samples could be collected from the sea, 

at a long distance from the coast. This would provide a matrix very similar to the one in the collected 

samples. Also, any possible contaminants would likely be diluted to a sufficiently high extent and not 

cause any interferences.  

In order to calculate LOD and LOQ in the blank samples the calibration curve was forced through the 

origin. The reason was to avoid generating negative concentrations of the analytes if the integrated 

peak areas are too low. This can happen when using a calibration curve that is obtained in the normal 

manner where the regression line intersects the y-axis above zero. The disadvantage of calculating 

LOD and LOQ in this manner is the overestimation of the blank concentrations if the regression line 
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intersects the y-axis above zero, or underestimation, if the regression line intersects the y-axis below 

zero.  

In the quantification of the quality control samples, the concentration of BHA and BHT-CHO was 

above 25 ng/mL whereas the concentration of the remaining compounds was below this value. The 

quality control samples were all spiked in order to obtain a final concentration of approximately 

25ng/mL (granted that the recovery would be 100%). These results indicate, as discussed in the 

previous section that the analytes and the internal standards behave differently during the sample 

preparation resulting in different recoveries. If the analyte has a higher recovery than the internal 

standard, the quantification will produce a higher concentration for the analyte than its true 

concentration in the sample. The opposite is true if the analyte has a lower recovery than the 

internal standard. Therefore it is reasonable to believe that BHA and BHT-CHO have a higher 

recovery than the internal standards whereas the recovery of the remaining compounds in relation 

to the internal standards is lower. This clearly illustrates the problems that occur during 

quantification when using non-isotopically labelled internal standards, and also suggests that the C18-

method is more favourable for less unpolar compounds. The discussion above applies however only 

to the C18-extraction method. The recovery of the internal standards in the mixed method 

(graphitized carbon and C18) is certainly higher than of the analytes since they have not been 

subjected to SPE-extraction, but Tinuvin 123 has a calculated concentration above 25 ng/mL in 

QC 1b, which cannot be explained.  

 

Since no double samples were taken and the samples were analysed only once, the results become 

uncertain. The sparse data retrieved from the analyses is not sufficient for performing any kind of 

statistical analysis that could provide more information on the certainty of the results.  Due to 

problems with the sensitivity of the mass spectrometer and the use of non-isotopically labelled 

internal standards there is the possibility of compounds present in the samples not being detected as 

well as compounds being quantified at higher concentrations than their true concentration in the 

samples. This, in combination with the general uncertainty of the method makes the results 

unreliable and they should therefore not be taken as representative for the true concentrations of 

the selected antioxidants and UV-stabilizers in the water.   
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4. Conclusions 
 

A method for simultaneous determination in water of nine common antioxidants and UV-stabilizers 

(Appendix I) used as antioxidative plastics additives was developed. An extraction and clean-up 

method on manually packed glass SPE column packed with C18 adsorbent was developed for all 

compounds except for Tinuvin 123 and Tinuvin 99-2. For these substances a separate extraction 

method using a mixture of graphitized carbon and C18 as an adsorbent was acquired. Water and snow 

samples from Stockholm and its surroundings were analysed to examine the levels in the 

environment. Several major problems occurred during the method development. Many of the 

selected analytes were highly lipophilic and could not be eluted to a sufficient degree from the 

adsorbent with any of the solvents. In order to establish a method for the extraction of all 

compounds, compromises needed to be made with respect to the recovery. Also, the lab ware was 

contaminated with several of the analytes, requiring the use of manually packed glass columns for 

solid phase extraction which complicated the proceeding and further reduced the recoveries. Since 

no isotopically labelled internal standards could be obtained, the inrobustness of the MS-instrument 

could not be circumvented and the determination of an optimal extraction and clean-up method 

became arbitrary. Therefore, only qualitative results could be obtained which could serve as a basis 

for further method development. The results obtained from the water and snow samples could not 

provide valuable information about the analytes’ spreading in the environment since water is not a 

representative matrix for lipophilic compounds. 

In order to obtain more valuable results the amount of compounds used for this project should have 

been reduced in order to narrow the range of physicochemical properties. This could probably have 

simplified the method development and have allowed for more time being spent on optimizing and 

validating the method. Furthermore, time could have been dedicated to the development of sample 

preparation methods for sediment and fish. These matrices are much more interesting to examine 

from an environmental perspective since the selected analytes are more likely to be found in these 

matrices due to their high log Kow and low water solubility. Also, isotopically labelled internal 

standards, or at least internal standards with more similar properties to the selected analytes would 

be required in order to reduce the arbitrariness when selecting the optimal SPE method, and to 

produce more reliable quantitative results. The results obtained from those analyses could have 

given more valuable information about the distribution of the selected antioxidants and UV-

stabilizers in the environment, granted that reliable extraction methods would have been 

established.  
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Appendix I 
 

Full chemical names and chemical information about all compounds and internal standards. 

 

Compound Chemical name 
CAS 

number  
MW 

g/mol 
Monoisotopic mass 

(Da) 
LogKow 

BHA 2-tert-butyl-4-methoxyphenol 
25013-16-

5 
180,25 180.11503 3.2 

BHT 2,6-ditert-butyl-4-methylphenol 128-37-0 220.4 220.182715 5.3 

BHT-CHO 3,5-ditert-butyl-4-hydroxybenzaldehyde 1620-98-0 234.3 234.16198 4.4 

BHT-
Quinone 

2,6-ditert-butylcyclohexa-2,5-diene-1,4-dione 719-22-2 220.3 220.14633 3.4 

Cyanox 1790 
1,3,5-tris[(4-tert-butyl-3-hydroxy-2,6-dimethylphenyl)methyl]-1,3,5-
triazinane-2,4,6-trione 

40601-76-
1 

699.9 699.424737 10 

Irgafos 168 tris(2,4-ditert-butylphenyl) phosphite 
31570-04-

4 
646.9 646.451482 15.5 

Irganox 1010 
[3-[3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoyloxy]-2,2-bis[3-(3, 
5-ditert-butyl-4-hydroxyphenyl)propanoyloxymethyl]propyl] 
3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoate 

6683-19-8 1177.6 1176.784079 19.4 

Irganox 1076 octadecyl 3-(3,5-ditert-butyl-4-hydroxyphenyl)propanoate 2082-79-3 530.9 530.469896 13.8 

Lowinox 
TBM-6 

2-tert-butyl-4-(5-tert-butyl-4-hydroxy-2-methylphenyl)sulfanyl-5-
methylphenol 

96-69-5 358.5 358.196651 7.4 

Tinuvin 123 
bis(2,2,6,6-tetramethylpiperidin-4-yl) decanedioate;2-hydroperoxy-
2-methylpropane; octane 

129757-
67-1 

737.2 736.632938 <10 

Tinuvin 770 bis(3,3,5,5-tetramethylpiperidin-4-yl) decanedioate 
52829-07-

9 
480.7 480.392708 6.3 

Tinuvin 99-2 
4-methylhexyl-3-[3-(benzotriazol-2-yl)-5-tert-butyl-4-
hydroxyphenyl]propanoate 

127519-
17-9 

451.6 451.283492 7.3 

Compound 
(IS) 

Chemical name 
CAS 

number  
MW 

g/mol 
Monoisotopic mass 

(Da) 
LogKo

w 

Brodifacoum 
3-[3-[4-(4-bromophenyl)phenyl]-1,2,3,4-tetrahydronaphthalen-1-yl]-
2-hydroxychromen-4-one 

56073-10-
0 

523.4 522.083057 7.8 

Bromadiolon
e 

3-[3-[4-(4-bromophenyl)phenyl]-3-hydroxy-1-phenylpropyl]-2-
hydroxychromen-4-one 

28772-56-
7 

527.4 526.077972 6.1 

Coumatetral
yl 

2-hydroxy-3-(1,2,3,4-tetrahydronaphthalen-1-yl)chromen-4-one 5836-29-3 292.3 292.109944 4.2 

Flocoumafe
n 

2-hydroxy-3-[3-[4-[[4-(trifluoromethyl)phenyl]methoxy]phenyl]-
1,2,3,4-tetrahydronaphthalen-1-yl]chromen-4-one 

90035-08-
8 

542.5 542.170494 7.8 

Information obtained from chemindustry.com 
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Analytes  

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

Tinuvin770(11) Cyanox1790(5) 

Irgafos168(6) Tinuvin99-2(12) 

Tinuvin123(10) BHT-quinone(4) 

BHT-CHO(3) Lowinox TBM-6(9) 

Irganox1076(8) BHT(2) 

Irganox1010(7) BHA (1) 
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Internal standards 

 

  

Coumatetralyl Flocoumafen 

Brodifacoum Bromadiolone 
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Appendix II 
 

 Results from the contamination tests 

 

Equipment/solvent Contamination (X) Compound 

2-propanol 
  Acetone X Irganox 1010, Irganox 1076 

ACN 
  Automatic pipette - black X Irganox 1010, Tinuvin 99-2 

automatic pipette - blue 
  Automatic pipette - red X Tinuvin 99-2 

Burnt glass fibre filter X Tinuvin 99-2 

C-hexane 
  Screw caps - glass bottles  X Irganox 1010, Tinuvin 99-2 

Screw caps - test tubes X Tinuvin 99-2 

Screv caps  - vials X Irganox 1010, Tinuvin 99-2 

EtOAc 
 

Tinuvin 99-2 

Carbon black 
 

Irganox 1010, Tinuvin 99-2 

Hexane 
  MeOH 
  MilliQ-water 
  MTBE  
  Parafilm 
  Pipette tip - blue X Irganox 1010, Tinuvin 99-2 

Pipette tip - yellow X Tinuvin 123, Tinuvin 99-2 

Plastic test tube 15 ml X Tinuvin 123, Tinuvin 99-2 

Roller evaporator - ACN X Lowinox TBM-6 

Roller evaporator - MeOH X Lowinox TBM-6 

Rubber bulbs 
 

Tinuvin 99-2 

Rubber gloves 
  Silicone tube 
  SPE-column (3 ml) 
  SPE-column (6 ml) 
  Toluene 
  Wash flask H2O 
  Wash flask MeOH     

 

 


