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ABBREVIATIONS AND DEFINITIONS 

ACN Acetonitrile (Methyl cyanide) 

BBzP Butylbenzyl phthalate 

DBP Di-n-butyl phthalate 

DEHP Diethylhexyl phthalate (Di-sec-octyl phthalate) 

DEP Diethyl phthalate 

DINP Di-isononyl phthalate 

DnOP Di-n-octyl phthalate 

EIC Extracted ion chromatogram 

ESI Electrospray ionization 

EtOH Ethanol 

GC Gas chromatography 

hER Human oestrogen receptor 

HPLC High performance liquid chromatography 

ID Inner diameter 

In vitro Outside organism 

In vivo Within organism 

LLE Liquid-liquid extraction 

LOD Limit of detection 

LOQ Limit of quantification 

MAS Molecular absorption spectrophotometry 

MBP Mono-n-butyl phthalate 

MBzP Monobenzyl phthalate 

MEHP Monoethylhexyl phthalate 

MeOH Methanol 

MEP Monoethyl phthalate 

MIV Micro injection valve 

MP Mobile phase 
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MRM Multiple reaction monitoring 

MS Mass spectrometry 

MS/MS or MS2 Tandem mass spectrometry 

m/z Mass to charge ratio 

NH4Ac Ammonium acetate 

OD Outer diameter 

PS-DVB Polystyrene divinyl benzene 

PVC Polyvinyl chloride 

QIT Quadrupole ion trap 

SIM Selected ion monitoring 

SRM Selected reaction monitoring 

SPE Solid phase extraction 

TDC Time to digital converter 

UV Ultra violet 

µLC Micro liquid chromatography 

µSPE Micro solid phase extraction 
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FORORD 

Dette hovedfagsarbeidet har blitt utført ved Kjemisk institutt, Universitetet i Oslo, fra 

januar 2002 til oktober 2003. Mine veiledere har vært professor Elsa Lundanes, 

professor Tyge Greibrokk, stipendiat Anders Holm og professor II Pål Molander. 

 

Utgangspunktet for oppgaven var å utvikle en metode for å kunne separere og 

detektere ni ftalater i vann (MEP, MBP, MBzP, MEHP, DEP, DBP, BBzP, DEHP og 

DnOP). Vårhalvåret i 2002 ble benyttet til opplæring innen miniatyrisert HPLC, 

deriblant kolonnepakking og til å bygge opp et eget kromatografisk system. Deretter 

kunne jeg begynne med metodeutviklingen for ftalater i vann og mye av høsten 2002 

gikk med på å teste forskjellige stasjonærfaser for å finne det best egnede materialet 

til oppkonsentreringskolonnen.  

 

Arbeidet med metoden for ftalater i vann ble avbrutt tidlig i februar 2003. Det ble da 

besluttet at oppgaven istedenfor skulle ble rettet mot biomonitorering av monoftalater 

i urin. Det var også først i denne sammenheng at Hypercarb ble vurdert som 

pakkemateriale. Arbeidet som er utført frem til da er plassert i appendiks. Unntaket er 

det som ble gjort i sammenheng med bestemmelse av retensjonsfaktorer ved valg av 

pakkemateriale til oppkonsentreringskolonne.  

 

Den nye metoden var klar til validering rett før sommeren 2003, men dette ble 

tidkrevende fordi TOF-MS instrumentet ikke gav tilfredsstillende resultater. 

Problemet med polynomiale kalibreringskurver er beskrevet i oppgaven, og vi valgte 

derfor å benytte QIT-MS instrumentet til en endelig validering. Dette ble gjort med 

stor suksess, og deteksjonsgrensene var i tillegg 1/10 av tilsvarende verdier på TOF-

MS instrumentet. Etter å ha jobbet hele sommeren med dette, var altså alt det 

eksperimentelle unnagjort innen slutten av september, og jeg kunne da begynne med 

å skrive oppgaven. 
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ABSTRACT 

The present work reports capillary liquid chromatographic (LC) column switching 

methodology tailored for sensitive and selective determination of the four phthalic 

acid monoesters monoethyl phthalate (MEP), monobutyl phthalate (MBP), 

monobenzyl phthalate (MBzP) and monoethylhexyl phthalate (MEHP) in human 

urine using electrospray ionization (ESI) mass spectrometry (MS). Method validation 

was performed utilizing quadropole ion trap (QIT) MS detection. Sample volumes of 

200 µL of deconjugated and 10 times diluted urine were loaded onto a 

preconcentration column of 34 mm x 0.32 mm inner diameter (ID) packed with 

Hypercarb 5 µm particles using a loading mobile phase consisting of H2O/ACN 

(85/15, v/v, adjusted to pH 2.5 using HCl) with a flow rate of 20 µL/min. 

Backflushed elution onto a 75 mm x 0.32 mm ID analytical column packed with 5 

µm Hypercarb particles was conducted using a H2O/THF gradient (0.5-90% THF) 

where both solvents contained 10 mM ammonium acetate, at a flow rate of 4 µL/min. 

Elution of the monophthalates was provided within 8 min and the total analysis time 

was less than 25 min with manual operation. Ionization was performed in the negative 

mode and MEP, MBP, MBzP and MEHP were observed as [M–H]– at m/z 192.9, 

220.9, 255.0 and 277.1, respectively. Quantification was performed in the multiple 

reaction monitoring (MRM) mode monitoring the fragments at m/z 120.9, 176.9, 

182.9 and 233.0 for MEP, MBP, MBzP and MEHP, respectively. The method was 

validated over the concentration range 2.5–125 ng/mL in pre-treated diluted urine, 

yielding correlation coefficients in the range 0.996-0.999. The within-assay (n=6) and 

between-assay (n=6) repeatabilities were in the range 4.0-24% and 4.8-15%, 

respectively. The mass limits of detection (mLOD) for MEP, MBP, MBzP and 

MEHP using QIT-MS and MRM were 70, 32, 50 and 40 pg respectively, 

corresponding to a concentration limit of detection (cLOD) of 3.5, 1.6, 2.5, and 2.0 

ng/mL urine, utilizing a 200 µL sample loop. 
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1 INTRODUCTION 

1.1 Production, use and exposure 

 

Phthalates, esters of ortho-phthalic acid, belong to the most import

chemical industry. Globally, over 8 million tonnes of phthalates 

year [1]. Estimates for production amounts in Europe for the most c

and other properties are given in Table A.1.1 in appendix. In t

production of diethylhexyl phthalate (DEHP) was in 1997 estim

600,000 tonnes [2]. The maximum net amount of DEHP in produ

139 tonnes in 2002 [3]. See Table A.1.2 for further details.  

 

The phthalates are primarily used as additives to poly(vinyl chlorid

e.g. DEHP, di-n-octyl phthalate (DnOP) and di-isononyl phth

plasticizers, they are not chemically bonded to the polymers and th

from the plastics is well known. Phthalates are also used as com

consumer products, e.g. cosmetics, insecticides, adhesives, sea

products [4].  

 

Human beings are exposed to phthalates from a wide variety of sou

exposure to phthalates is often considered to origin from food that 

compounds from their packing [5]. However, exposure to p

considered to be elevated within certain industries such as the PV

occupations such as hairdressers and workers in beauty salons, a

exists on levels of exposure [6]. Furthermore, different phthalates

PVC building materials and are thus present in airborne dust in 

settings and private households, potentially causing bronchial obstr

when inhaled [7-8]. Special attentions has also been directed towar

as potentially heavily exposed individuals due to the fact that n

tubes used in hospitals are made of PVC and leach phthalate plast

ubiquitousness of the phthalates implies that a greater knowledge 

impact is needed and reliable biomonitoring quantification methods
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  INTRODUCTION 

Several methods have been developed for the determination of the phthalate diesters 

in human serum as a measure for phthalate exposure, but they were unsuccessful due 

to severe contamination problems when analyzing trace level amounts [14-17]. 

However, the phthalates are rapidly metabolized to their respective monoesters upon 

admission and excreted through the urine and faeces [18-20], and the respective 

monoesters in urine have in recent studies proven to be suitable biomarkers for 

phthalate exposure [1, 21-23]. In addition, urine collection, as opposed to blood 

collection, does not require qualified medical personnel or potentially phthalate 

containing equipment, simplifying the sample collection process and reducing 

potential sources of contamination substantially. 

 

The general structure of phthalates is presented in Figure 1.1.1 and the four 

monophthalates in this thesis are presented in Figure 1.1.2. 
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  INTRODUCTION

1.2 Physiological properties 

 

Until very recently, it was not thought likely that any phthalate would display 

endocrine activity, and hence very little research has focused on this possibility. A 

review article on the endocrine disrupting potential of phthalates discusses these kind 

of properties, based on more than 100 articles [24]. The fact that some phthalates are 

weakly estrogenic in vitro is now widely accepted. But the most potent one is only 

about one million times less potent than E2, the endogenous human oestrogen 17β-

estradiol. To this date there are not enough studies to confirm endocrine activity in 

vivo.  

 

The most recent hypothesis on the mechanisms behind the reproductive toxicity of 

phthalates is that, rather than behaving as oestrogen mimics, they may in fact impose 

an inhibitory effect on androgen activity as “anti-androgens” [24]. Androgen is a 

male steroid sex hormone. An agonistic effect has also been stated [25]. Synergistic 

activation of oestrogen receptor with combinations of environmental chemicals has 

been found in vitro and combinations of two weak environmental estrogens were 

demonstrated to be 1000 times as potent in hER (human Estrogen Receptor)-mediated 

transactivation as any of the chemicals alone [26]. However, only additive activity 

has been stated for butylbenzyl phthalate (BBzP), diethyl phthalate (DEP) and E2 

[27]. It is not likely that humans are affected by one endocrine disrupter at a time, and 

for this reason it would be unwise to ignore the health risks of phthalates in spite of 

the low effects shown. Measuring all possible connections between different weak 

endocrine disrupters would be a nearly impossible task.  

 

1.3 Methods 

 

Several methods have been developed to achieve the quantification of 

monophthalates in urine. High performance liquid chromatography (HPLC) has 

frequently been used [1, 22, 28-31] in addition to gas chromatography (GC) [20, 32-

33], reaching detection limits in the low ng/mL range. Regarding sample preparation, 

the employment of liquid-liquid extraction (LLE) has been reported [29] but is not 
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common. The reason for this could be caused by the time consumption associated 

with this extraction method and especially the risk of contamination from glassware 

and solvents. Besides, large sample sizes are often needed. At present, solid phase 

extraction (SPE) has been widely accepted and recognized as standard tool for 

handling of water samples prior to analysis for organic micropollutants [34]. SPE is 

thus a natural approach also for preparation of biological samples such as urine. 

Methods based on off-line SPE [1, 28] and on-line SPE [22, 30-31] for extraction of 

monophthalates from urine have been reported.  

 

1.4 Microcolumns 

 

Packed capillary LC columns are widely recognized for their enhanced mass 

sensitivity when employed in combination with concentration sensitive detection 

methods [35] (see also chapter A.3.2), such as electrospray ionization mass 

spectrometry. Furthermore, the consumption of solvents is greatly reduced, which 

also lowers the costs, due to the low flow rates used in capillary LC. Split-less 

connection to the electrospray ionization (ESI) source is easily obtained, making 

miniaturized LC (µLC) attractive compared to conventional LC for ESI-MS coupling 

[36-37]. Our research group has employed µLC since 1989 [38]. There has also been 

published several articles this year utilizing µLC, also including temperature and 

solvent gradients and large volume injection [39-43]. 

 

1.5 Large volume injection 

 

The rapid injection of large sample volumes by the use of column switching 

techniques has in recent studies been successfully employed for sensitive 

determination of various compounds present in water, plasma, or urine [42-44]. The 

column switching technology provides on-line preconcentration in addition to on-line 

sample clean up, and is easily automated for high-throughput exposure assessment 

studies. Thus, by applying sample enrichment and miniaturized column switching 
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techniques, time efficient and highly sensitive methodology is obtainable, providing 

lower concentration limits of detection (cLOD). To the author’s knowledge there are 

only three reported methods for the determination of monophthalates in urine based 

on on-line SPE [22, 30-31]. However, the method reported herein is the first to utilize 

µLC and also µLC in combination with large volume injection for the determination 

of monophthalates in urine. 

 

1.6 Aim of study 

 

The aim of this study was to develop a rapid, selective, sensitive and robust method 

for the determination of the four phthalate monoesters MEP, MBP, MBzP and MEHP 

in human urine, using a miniaturized HPLC system in connection with an on-line 

column-switching preconcentration step for sample clean-up and enrichment. The 

purpose of employing these techniques was to decrease the time and complexity of 

the sample preparation steps employed in earlier reported off-line methods on the 

determination of monophthalates in urine. 
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  EXPERIMENTAL

2 EXPERIMENTAL  

2.1 Material and reagents 

 

HPLC grade acetonitrile (ACN) and HPLC grade tetrahydrofuran (THF) were 

purchased from Rathburn Chemicals Ltd. (Walkerburn, UK). 96% ethanol (EtOH) 

was from Arcus (Oslo, Norway) and HPLC grade methanol (BDH HiPerSolv) was 

from BDH Laboratory Supplies (Poole, Dorset, UK). Carbon tetrachloride (CCl4) was 

obtained from VWR International (Leuven, The Netherlands). Hydrochloric acid 

(37%) and analytical grade sodium thiosulfate (Na2S2O3) was purchased from Merck 

(Darmstadt, Germany). Analytical grad ammonium acetate (NH4Ac) (98%) was 

provided by Riedel-de Haën (Seelze, Germany). Water was obtained from both a 

Milli-RO/Milli-Q and a Milli-Q Organex ultrapure water purification system 

(Millipore Corp. Bedford, MA, USA). HPLC-water from Aldrich (Steinheim, 

Germany) was also provided. Helium (99.998%) and nitrogen (99.99%) were 

purchased from AGA (Oslo, Norway). β-Glucuronidase from Escherichia Coli was 

purchased from Roche Biomedical (Mannheim, Germany).  

 

MEP (6.7 mg/mL) was synthesised by Carina Lysebo [45]. MBP (98.7%), DBP 

(99.4%) and DnOP (99%) were obtained from Chem-Service (West Chester, PA, 

USA), MBzP (98%) and MEHP (90%) from TCI Tokyo Kasei Kogyo co. Ltd 

(Tokyo, Japan). DEP (99%), BBzP (98%) and DEHP (99%) were purchased from 

Aldrich (Milwaukee, WI, USA). Urine blank was donated from a young, healthy, 

non-smoking and non-drinking male. The last 24 hours before the urine sample was 

collected, all plastic sources from food and water were avoided.  

 

Stationary phase packing materials are presented in Table 2.1.1. The ENV+ SPE 

cartridges (500 mg, 6 mL) were purchased from International Sorbent Technology 

(Hengoed, Mid Glamorgan, UK). All fused silica capillaries were purchased from 

Polymicro Technologies Inc. (Phoenix, AZ, USA). Isco Series D pump controller and 

model 100 DM syringe pump were used for column packing (Isco inc., Lincoln, NE, 

USA). A BB3V compact bench top centrifuge with max revolutions per minute (rpm) 
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at 5000 and max g-force at 2500 was obtained by Jouan (Jouan Ltd., Derbyshire, 

UK). The scanning electron microscope (SEM) was a Philips XL-30. 

 

Table 2.1.1 – Stationary phases included in this thesis. 

Brand 
Stationary 

phase 

Particle 

Diameter (µm) 

Pore size 

(Å) 
Supplier 

Kromasil C18 3.5 100 HiChrom Ltd. (Berkshire, UK) 

Kromasil C18 5 100 HiChrom Ltd. (Berkshire, UK) 

Kromasil C18 10 100 HiChrom Ltd. (Berkshire, UK) 

Develosil UG 15/30 C30 20 140 Nomura Chemical (Seto, Japan) 

PLRP-S PS-DVB 10 100 Polymer Laboratories (Amherst, MA, USA) 

Hypercarb (*) PGC 5 250 Thermo Hypersil-Keystone (Cheshire, UK) 

Hypercarb (*) PGC 7 250 Thermo Hypersil-Keystone (Cheshire, UK) 

 

(*) Packing materials were not available as bulk. Instead, a 10 cm precolumn and a 15 cm analytical 

column packed with Hypercarb, 7 µm and 5 µm respectively, were emptied.  

 

2.2 Sample preparation 

2.2.1 Enzymatic hydrolysis 

 

The procedure for enzymatic hydrolysis of urine was adopted from Koch et al. [22] 

but adjusted to sample size and pH in the urine. 

 

An aliquot of frozen urine blank was allowed to equilibrate to room temperature and 

then vortex mixed. The most optimal pH range for the β-glucuronidase enzyme 

activity was 6-6.5, and 50 mL urine was added 50 µL concentrated acetic acid, which 

lowered the pH in the urine blank from 7.3 to 6.2, in addition to 250 µL β-

glucuronidase. The mixture was incubated for 1.0 hour at 37 ºC in an oven. After 

hydrolysis, the urine solution was vortex mixed, ultrasonicated for 15 min and frozen 

at -20 ºC, thawed again, and 5 mL aliquots were centrifuged at 2500 g for 20 min. 

The resulting supernatants were transferred into new 5 mL glass screw-cap vials for 

storage at -20 ºC. Urine blank and enzymatically treated urine were frozen at -20ºC 

between sample preparations. Filtration of the urine samples was omitted due to the 

potential contamination of the samples. 
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2.2.2 Calibration and validation solutions 

 

A stock solution of the monophthalates (1.25 mg/mL) in ethanol was prepared by 

dissolving 12.5 mg MBP, MBzP and MEHP in EtOH to give a volume of 10.0 mL. 

100 µL of the stock solution and 365 µL of 0.34 mg/mL MEP were transferred to a 

50.0 mL volumetric flask, added 12.5 µL 12.1 M HCl and diluted with water to give a 

working solution (2.5 µg /mL) at pH 2.5. This working solution was used to prepare 

the validation standard solutions. 0.34 mg/mL MEP was achieved by diluting 500 µL 

of the 6.7 mg/mL MEP standard with EtOH to 10.0 mL.  

 

Calibration and validation solutions were prepared in 10.0 mL aliquots at five 

concentration levels of 2.5, 12.5, 25, 62.5 and 125 ng/mL MEP, MBP, MBzP and 

MEHP, respectively. All solutions included 1.0 mL urine and 0.1% 12.1 M HCl, to 

adjust the pH to 2.5. A blank unspiked urine sample was made using the same 

procedure. 

 

Stock solution, working solution and calibration samples were stored at 4ºC in a 

refrigerator between injections. Otherwise, all urine samples were stored at -20 ºC.  

 

All solutions for nano loop injection were made by diluting the EtOH standard 

solution with EtOH. Calibrated micro-pipettes were used for preparation of the 

solutions. 

 

2.3 Column preparation 

 

The capillary columns were slurry packed using a downward high pressure liquid 

slurry method developed in-house. All capillary columns were packed in lengths of 

3.5 to 10 cm using a solvent mixture of 30/70 H2O/ACN (v/v) and a syringe pump 

packing device (Isco). A slurry of the packing material and carbon tetrachloride 

(CCl4) was prepared in a glass container and placed in an ultrasonic bath for 10 min. 

The suspension of packing material and solvent was transferred to a 1 mm inner 

diameter (ID) stainless steel tube which served as the reservoir for the packing 
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material and attached to the pressure system at the upper end of the steel tube. The 

capillary column, 320 µm ID and 450 µm outer diameter (OD), was in advance 

connected at the lower end of the steel tube with a carbon/polyimide ferrule and steel 

nut, allowing the packing material to flow into the column. A pressure gradient 

programme was applied and held at this maximum pressure for about 15 min. 

Different gradient programs were applied dependent of the particle size. Maximum 

pressures were 250, 400 and 650 bars for the 20 µm, 5/10 µm and 3.5 µm, 

respectively. A 1/16” Valco union with steel screen, carbon/polyimide ferrule (FS1.4) 

and steel nut served as column end fitting. 

 

2.4 Chromatographic system 

2.4.1 µLC-UV 

 

The on-line µSPE-µLC-UV system consisted of two pumps, two high-pressure 

valves, oven for temperature programming and a z-cell UV detector. The column 

switching system is schematically presented in Figure 2.4.1. A Hitachi L-7110 

(Merck) isocratic LC pump served as the loading mobile phase delivery system (P1), 

a HotSep micro dual syringe pump (G&T SepTech, Kolbotn, Norway) was applied as 

the gradient pump (P2). A Rheodyne model 7010 (Cotati, CA, USA) sample injection 

valve (V1) was used for large volume injection. The loops were made from steel 

tubing (10 µL; 0.25 mm ID, 100 µL; 0.75 mm ID) and were connected to the injector 

with Rheodyne steel nuts and ferrules. A M-435 low-dispersion six-port micro-

injection valve (MIV) from Upchurch Scientific (Oak Harbour, WA, USA) served as 

column-switching valve (V2). The Upchurch Scientific MIV enabled the direct-

connection of the 375 µm OD fused silica capillary tubing without the use of other 

fittings than the valve ferrule clusters. The ID for other connections was 50 µm.  

However, 100 µm ID capillaries were used between the two valves and in connection 

to waste. A 15 µm ID capillary was used as a restrictor after the detector cell. A 

Valco EPCI4W.1 (VICI AG, Schenkon, Switzerland) injector was used for nano 

volume injection (100 nL loop). 
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Figure 2.4.1 – Arrangement of valves and switching system. The dotted lines indicate the valves 

set in inject position.  

 

The detector was a Spectra UV detector from Spectra Physics (Spectra-Physics, 

Fremont, CA, USA) and was equipped with an UZ-LI-CAP z-cell from LC Packings 

(Amsterdam, The Netherlands) with 8 mm optical pathlength and was operated at 235 

nm. A Mistral column thermostat oven from Spark (Emmen, The Netherlands) was 

applied for temperature control.  

 

Data sampling was done by a Dell Pentium personal computer with Windows 95 

operating system and 32 MB RAM. The computer was equipped with a SS420C 

board (connected through an ISA-slot) and EZChrom Version 6.8 software (Scientific 

Software, Pleasanton, CA, USA). 

 

2.4.2 µLC-MS 

 

After the establishment of the experimental chromatographic conditions, the UV 

detector was replaced by a quadrupole-ion-trap-MS (QIT-MS) detector. An Agilent 

1100 series capillary gradient pump (Palo Alto, CA, USA) with an incorporated on-

line G1379A vacuum degasser was used as P2. The outlet of the analytical column 

was connected to the MS by a 50 µm fused capillary. Validation was performed using 
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the QIT-MS, but the preliminary MS detection was performed on a time-of-flight-MS 

(TOF-MS).  

 

The ESI-TOF-MS was a Micromass LCT by Micromass Ltd. (Manchester, UK). 

Ionization was performed in the negative mode and the phthalates were observed as 

[M-H]– at m/z 193.0 (MEP), 220.9 (MBP), 254.8 (MBzP) and 276.8 (MEHP). The 

TOF-MS instrument was controlled by MassLynx v3.5 software, and mass spectra 

were acquired in the m/z range 130-300. The operating conditions were as follows: 

Capillary voltage; 2250 V, cone; 25 V, RF lens; 180 V, extraction cone; 1 V. The 

source temperature was 100 oC. 

 

The ESI-QIT-MS was a Bruker Esquire 3000 plus including Esquire Control software 

(Bruker Daltonics Inc., Billerica, MA, USA). The monophthalates were observed as 

[M–H]– at m/z 192.9 (MEP), 220.9 (MBP), 255.0 (MBzP) and 277.1 (MEHP) and 

mass spectra were acquired in the m/z range 130-300. The Esquire 3000+ QIT-MS 

was equipped with a micro flow nebulizer optimized for flow rates in the range 1-20 

µL/min and the operating conditions were as follows: Capillary voltage; 4000 V, 

skimmer; 40 V, cap exit; 156.4 V. Nebulizer and dry gas were applied at 12 L/min 

and 6 psi, respectively, in order to ensure efficient ionization and stable spray 

performance. 

 

A 20 nL Cheminert C4-1004-.02 valve (VICI AG, Schenkon, Switzerland) was 

employed for nano liter injection using the QIT-MS. 
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3 RESULTS AND DISCUSSION 

Enrichment procedures are necessary to perform LC trace determination of urinary 

phthalate metabolites. By employing column switching techniques, improved 

concentration sensitivity as well as time-efficient on-line sample clean-up are 

achieved. Off-line sample enrichment and clean-up methods are often tedious and 

time consuming, and hence do not meet the increasing demands for speed and cost 

efficiency. Utilization of MS detection also often increases time efficiency, providing 

mass selectivity leading to reduced demand for fully optimised separations and 

baseline resolved components. To the author’s knowledge, this is the first published 

study on biomonitoring of phthalic acid monoesters on miniaturized HPLC, and also 

the first utilizing Hypercarb as packing material for the same application.  

 

3.1 Sample preparation 

3.1.1 Enzymatic hydrolysis 

 

Phthalate monoesters are excreted in urine partially as conjugates with glucuronic 

acid, which have to be cleaved in order to facilitate the determination of total 

phthalate monoester content of the urine samples. Deconjugation of the phthalates 

from the glucuronic acid has posed a great problem in the past since simple acid 

hydrolysis also could cause cleavage of the phthalate ester bond. The same has been 

the case with previously applied glucuronidase-enzymes which also have 

considerable non-specific lipase activity. As a result there has always been great 

potential for contamination in the analytical process since phthalate monoesters could 

arise due to the ubiquitous presence of phthalate diesters in laboratory environment. 

Blount et al. [1] circumvented this major contamination problem by introducing the 

E. Coli β-glucuronidase enzyme with no measurable non-specific lipase activity. 

Thus, conjugated phthalate monoesters could be deconjugated even in the presence of 

phthalate diesters without generating monoesters out of the diesters. The use of E. 

Coli β-glucuronidase has since been adopted in the literature [22, 28, 30-31] and is 
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considered as an established method. Therefore, further investigations of the lipase 

activity were not performed in the present study. 

 

3.2 C18 and polymer based materials 

3.2.1 Stationary phase considerations 

 

Based on the high bonding density and experience gained from previous work, 

Kromasil C18 with 3.5 µm particles was originally used as stationary phase material. 

Furthermore, the preconcentration column material had to be chosen in accordance 

with the performance of the analytical column material. As large volume injection 

also implies analyte dispersion, the impact of the retention factors were important in 

the consideration of selecting preconcentration column packing material to achieve 

the desired refocusing effect onto the analytical column. Particle size is of importance 

to enable high loading flow rates. Retention factors were calculated from the 

chromatographic runs on five different stationary phases, using MEP and DEHP as 

analytes. The stationary phases and the k-values are presented in Figure 3.2.1. Raw 

data are listed in Tables A.5.9-10 in appendix. 

 

The figure displays that the three Kromasil materials produced quite similar k-values 

for the phthalates. Develosil and PLRP-S provided k-values that were significant 

lower than the Kromasil materials and were therefore chosen for further testing to 

reveal the best column focusing properties. Hence, the selected stationary phases 

were tested with regard to chromatographic performance (Figure 3.2.2). MEP 

possessed the least hydrophobic properties of the monophthalates and was therefore 

chosen as test substance. Three samples were made with the concentrations 5, 50 and 

500 ng/mL, the two former were injected using a 100 µL loop while the latter using a 

10 µL loop. The loading flow rate was 100 µL/min. The stationary phases were 

packed in 250 µm ID and 350 µm OD capillaries, except the Develosil which was 

also packed in 320 µm ID and 450 µm OD columns. These two column dimensions 

were compared and showed no variation of chromatographic performance. 

Normalized values for chromatographic performance are shown in Figure 3.2.2, 
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using the 50 ng/mL concentration level. The two other diagrams and raw data are 

placed in the appendix as Figure A.5.10 and Table A.5.11, respectively. Due to the 

fact that the PLRP-S provided higher efficiency, narrower and higher peaks, it was 

preferred as preconcentration material in spite of the larger flow rate capability of the 

20 µm Develosil material.  
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Develosil C30 20 µm 140 Å

PLRP-S PS-DVB 10 µm 100 Å

 

Figure 3.2.1 – Retention factors were corrected for extra column dead volume, corresponding to 

2.0 µL or 0.40 min. The columns were 10 cm and packed with 5 different stationary phases. 

Conditions for DEHP:  125 µg/mL DEHP and isocratic elution with 100% ACN.  Conditions for 

MEP: 100 µg/mL MEP and isocratic elution with 70/30 H2O/ACN and 0.025% 12.1 M HCl. In 

both cases were uracil used as zero-retention marker. The flow rate was 5 µL/min and the 

sample loop 60 nL. 
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Figure 3.2.2 – Differences in retention time, area, height and width at half peak height (mean 

values of two replicates) for Develosil C30 and PLRP-S PS-DVB are shown. Test substance was 

50 ng/mL MEP and was injected from a 100 µL sample loop. Loading mobile phase consisted of 

water added 0.025% 12.1 M HCl and was operated at a flow rate of 100 µL/min. Isocratic elution 

followed with 70/30 H2O/ACN and 0.025% 12.1 M HCl at a flow rate o 5 µL/min. 
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3.2.2 Mobile phase considerations 

 

Employing a Kromasil C18 3.5 µm analytical column and a PLRP-S PS-DVB 10 µm 

preconcentration column, a mobile phase gradient program was developed by gradual 

optimizing the steepness and composition. Elution was conducted using a solvent 

gradient where solvent A consisted of Milli-Q water and solvent B consisted of 5/95 

H2O/ACN. Both solvents were added 10 mM NH4Ac to ensure easy ionization when 

coupling the system to MS-detector with electrospray ionization (ESI). The final 

gradient applied is presented in Table 3.2.1 and the chromatogram in Figure 3.2.3. 

 

Table 3.2.1 – Mobile phase gradient at the C18/PLRP-S system.   

Time (min) % of reservoir B Comment 

0 5 Start condition 

2 20 Ramp 

5 60 Ramp 

7 100 Ramp 

 

 
0 2 4 6 8 10 1

1

2
3

4

2

 
Figure 3.2.3 – Chromatogram of 150 ng/mL MEP (1) and 50 ng/mL MBP (2), MBzP (3) and 

MEHP (4) using the gradient described in Table 3.2.1. Kromasil C18 3.5 µm and PLRP-S PS-

DVB served as stationary phases in the analytical column and preconcentration column, 

respectively. The sample loop was 100 µL and UV detection was employed. 
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3.2.3 Large volume injection 

 

In order to facilitate injection of large sample volumes at elevated flow rates, and to 

provide refocusing on the analytical column, samples are normally loaded onto a 

short precolumn packed with large particles in order to operate within the pressure 

limits of the system. The desire for effective sample clean-up and the necessity of 

breakthrough control put requirements on the loading mobile phase composition: 

Large volume injection onto a preconcentration column with non-eluting mobile 

phase conditions ensured enrichment of the analytes, but also enrichment of 

impurities present in the samples. By increasing the amount of organic solvent to the 

aqueous loading mobile phase, analyte enrichment could still be favoured while 

creating elution conditions for the impurities less hydrophobic than the analytes. For 

breakthrough control the least hydrophobic analyte was used to ensure non-eluting 

conditions. Impurities with greater hydrophobicity than the analytes will be retained 

at the preconcentration column. However, the impurities will not interfere with the 

determination of the phthalates using the selective MS detection. 

 

3.2.3.1     Large volume injection vs. nano volume injection 

 

To ensure that nano volume injection was replaceable by the column switching 

system and large volume injection without analyte loss, peak areas were measured on 

chromatograms obtained from both sample injection systems while the amount of 

injected MEP was kept constant in absolute mass. Thus, identical MEP peak areas 

were expected. MEP concentrations injected from the 50 nL valve and 10 µL large 

volume sample loop were 100 µg/mL and 500 ng/mL, respectively. The resulting 

peak areas that arose from the large volume injections proved to give at least the same 

area as the nano-loop injections. The mean peak area obtained from the large volume 

injection showed no loss of analyte and was instead 1.7% larger than the similar value 

obtained from nano loop injection. The repeatability was below 2% on both systems. 

Thus, the column-switching system was concluded to be well suited for the selected 

application. Data and chromatograms are presented in Table 3.2.2 and Figure 3.2.4, 

respectively. 
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Table 3.2.2 – Nano volume vs. large volume injection. Mobile phase conditions were 70/30 

H2O/ACN added 10 mM NH4Ac. Mean peak area from large volume injection is 1.7% larger 

than the corresponding value for nano volume injection. 

 
Nano volume injection 

50 nL 100 µg/mL MEP 

Large volume injection 

10 µL 500 ng/mL MEP 

 tR A tR A 

Replicate 1 6.050 113 093 7.800 115 240 

Replicate 2 5.983 117 302 7.817 118 178 

Replicate 3 5.950 113 545 7.817 116 600 

Mean value 5.994 114 647 7.811 116 673 

Standard deviation 0.85 % 2.0 % 0.13 % 1.3 % 
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3.2.3.2     Large volume injection and breakthrough  

 

The initial mobile phase compositions were water added hydrochloric acid for pH 

control. According to the relatively low pKa-values of the phthalic acid mono esters 

of 3.4 [46], the pH had to be correspondingly low. Ideally, a pH of 1.4 would be 

proper, then the fraction of protonated and unprotonated species would be 1/100. The 

drawback is the well-known pH-limitation of silica-based stationary phases, having 

an ideal pH range from 2 to 8. Below pH 2 the silica will gradually be destructed. The 

mobile phase was therefore held at pH 2.5, just above the mentioned limit, by adding 

0.025% 12.1 M HCl. 

 

The loading flow rate upper limit was 150 µL/min due to the critical back pressure 

limit of the switching valve at 300 bars. However, 100 µL/min was preferred in order 

to avoid leakage and improve the robustness of the method. Urine samples were 

initially diluted five times. However, clogging of the preconcentration column 

occurred. During sample loading, the backpressure stabilized at consecutively higher 

levels during successive chromatographic runs. The clogging resulted in a 

backpressure exceeding the upper pressure limit of the valves. As a consequence, the 

urine was diluted ten times to enhance the robustness of the method. 

 

Utilizing aqueous samples, breakthrough of MEP occurred at 10% v/v ACN, where a 

large decrease in area of MEP compared to 5% ACN was measured (Figure 3.2.5). 

Loading was therefore tested again at 5% ACN and with loading time increased to 5 

min to ensure robustness. The mobile phase containing 5% ACN was then found 

suitable as loading mobile phase of the aqueous sample. However, when applying 

urine samples to the system, breakthrough of the phthalate monoesters occurred 

already at a relatively small urine volume (Figure 3.2.6). Since the PLRP-S and C18 

materials could not be used for loading of large urine sample volumes, Hypercarb 

material which has a relatively larger affinity to polar compounds [47-51] was 

explored.  
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Figure 3.2.5 – Breakthrough testing on PLRP-S using aqueous samples and 0, 5 and 10% ACN. 

Chromatographic conditions are explained in chapter 3.2.2. UV served as detection. 
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Figure 3.2.6 – 50 ng/mL MEP peak area was measured as a function of volume urine loaded onto 

a PLRP-S preconcentration column. Loading mobile phase contained 5% ACN and the 

chromatographic conditions are explained in chapter 3.2.2. TOF-MS served as detection. 
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3.3 Hypercarb 

3.3.1 Stationary phase considerations 

 

The Hypercarb stationary phase material consists of porous graphite carbon (PGC) 

particles comprised of flat sheets of hexagonally arranged carbon atoms, and offer 

somewhat different retention mechanisms and thus selectivity than silica and polymer 

based phases. The PGC material provides increased retention of highly polar 

compounds probably due to charge-induced interaction of the polar analyte with the 

polarisable graphite surface, in addition to having enhanced selectivity towards 

aromatic moieties imparted by flat sheets of sp2-hybridized carbon atoms at the 

surface [47-52]. It has also been shown in recent studies that the PGC material 

provides higher retention for hydrophobic compounds as compared to silica based 

C18 materials [53-55]. Thus, a combined interaction mechanism is often obtained by 

the use of the PGC material, resulting in both normal- and reversed phase 

interactions. Furthermore, this material is reported to be highly stable across the entire 

pH range of 0-14 and shows no dissolution or hydrolysis. The PGC material is also 

totally unaffected by aggressive eluents and has no swelling, shrinkage or dissolution 

and can withstand a pressure of at least 400 bars [56]. Dissimilarities between PGC 

and C18 are illustrated in Figure 3.3.1. 

 

 

Figure 3.3.1 – Dissimilarity of PGC and C18. Left: The regular and two-dimensionally ordered 

surface of PGC is composed of flat sheets of hexagonally arranged carbon atoms showing sp2 

hybridisation [51-52]. Within the sheets, the carbon atoms are valance satisfied and the surface is 

homogeneous. Right: The surface of silica based C18-material.  
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Hypercarb is available in 5 µm and 7 µm particle sizes. If stationary phase materials 

with the same functionality are used both in the preconcentration column and the 

analytical column, the use of larger particles in the preconcentration column can 

potentially provide refocusing of the solutes on the analytical column. Thus, in the 

present study the 7 µm particles were initially explored as packing material for the 

preconcentration column. However, this material quite surprisingly gave rise to 

higher column back pressures as compared to columns containing 5 µm particles, 

when using columns that were packed identically. By the use of a scanning electron 

microscope (SEM) it became evident that the 7 µm particle batch was severely 

contaminated with irregular, smaller sized particles (Figure 3.3.2). Such particles 

could also be seen in the 5 µm batch, but not to the same extent. In addition, manual 

inspection of a small area of the SEM picture selected randomly revealed that both 

batches had the same dispersion of particle size. Thus, the commercial distinction 

between 5 and 7 µm seems odd. As a consequence of the lower backpressure 

generated, the 5 µm batch was used as stationary phase both in the analytical and 

preconcentration column. However, a larger and more homogenous particle size in 

the preconcentration column could significantly decrease the loading time due to less 

back pressure enabling higher sample loading flow rates.  

 

3.3.1.1   Hypercarb and mass spectrometric detection 

 

When an LC system is connected to a high voltage ESI interface, a potential drop 

across the LC-MS system is generated and a resulting current will flow through the 

LC system in addition to the ESI emitter [57-58]. The PGC material is conductive 

[47] and as a consequence, the magnitude of this backward current will be enhanced 

as compared to less conductive silica and polymer based stationary phase materials. 

The increased backward current contributes to the total current at the high voltage 

ESI emitter, resulting in enhanced oxidation and reduction reactions occurring at this 

point. Furthermore, corresponding redox reactions at the grounding point in the LC 

system may alter the buffer, the stationary phase or the analytes. In order to avoid any 

undesired alteration of the system, the stainless steel end fittings of the analytical 

column were both grounded. 
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Figure 3.3.2 – SEM pictures of Hypercarb taken at a random area. Top and middle: 7 and 5 µm, 

respectively, ca. 1000 times magnified. Bottom: 5 µm ca. 10 000 magnified. White colour 

indicates particles with lack of conducting contact with the surface. 
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As to be discussed in the “Mobile phase considerations” section (3.3.2), the PGC-

material can potentially be oxidized. The elevated potential may contribute to this 

effect if not set under control [59]. With the ES capillary voltage set to -2250 V, the 

column voltage was measured to be at -23 V relative to ground. A potential at -10 V 

could also be measured at the valves and preconcentration column, relative to ground. 

This was eliminated after grounding the analytical column. 

 

3.3.2 Mobile phase considerations 

 

When using Kromasil C18, a H2O/ACN gradient eluted all monoesters in a 

reasonable amount of time. This was not the case with Hypercarb as stationary phase, 

and even 100% ACN resulted in strong retention, indicating that the elution strength 

of ACN was not sufficient.  

 

Gradient elution of water samples performed using the µLC-UV system resulted in an 

increase of retention time in consecutive runs. However, washing the analytical 

column with the reducing agent thiosulfate (S2O3
2-) decreased the retention times to 

their original states. However, the retention times gradually increased during the next 

injections, illustrating the need for thiosulfate washing between each run (Figure 

3.3.3). The retention time of MEHP increased from 12 to 16 minutes after only 5 

injections, and this may be caused by oxidization of the PGC-surface, similar to that 

observed in the study by Törnkvist et al. [47]. The increased retention times is 

explained with functional groups present on the PGC surface, which may be oxidized 

dependent of the mobile phase composition. If the potential of the mobile phase is 

higher or lower than the standard potential of the functional groups, an oxidation or 

reduction, respectively, can occur on the PGC material. A change in the retention of 

charged analytes can thereby be observed [47, 60-61]. The oxidation or reduction of 

the functional groups may give rise to a slow change of the chromatographic 

properties as a function of time. Nevertheless, in spite of the column resetting 

properties of thiosulfate, the washing process seemed too tedious for continuous use, 

and still the peaks were relatively broad.  
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charge is believed to be a more rapid process than surface oxidation, and is not 

assumed to cause the increase in retention experienced in the present study. 

 

In search for an organic solvent to replace ACN as mobile phase, 100% 

tetrahydrofuran (THF) was found to elute all the monophthalates within 5 minutes 

(Figure 3.3.4), and by applying a H2O/THF gradient (Table 3.3.1), separation of the 

monoesters was achieved.  

 

Table 3.3.1 – The gradient program when applying Hypercarb in the analytical column. The 

gradient pump was equipped with reservoir A (water with 10 mM NH4Ac) and B (10/90 

H2O/THF with 10 mM NH4Ac). 

Time (min) % of B Comment 

0 0.5 Start condition 

2 50 Ramp 

4 62.5 Ramp 

5.5 100 Ramp 

. 

0 5 10 15 20 25 30 35 40
 

1 and 2 
1 

2 

3 

3 

Figure 3.3.4 – µLC-UV: Effect of changing mobile phase from 100% ACN to 100% THF. Top: 

Isocratic elution with ACN (after several injections). Bottom: Isocratic elution with THF. 

Analytes: 100 nL of 3 mg/mL MBP (1), MBzP (2) and MEHP (3) in EtOH.  
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The new mobile phase conditions seemed to eliminate the oxidation behaviour 

experienced with ACN. Nevertheless, retention time validation data (Table A.5.1-8) 

revealed a slight increase in the within-day retention times. However, between-day 

retention times did not show the same pattern, and this indicates that the PGC-

material was allowed to regenerate in the end of each day. It was also observed a 

difference between water samples and urine samples. Water samples were more 

retarded than the diluted urine samples, and peaks were also broader. Thus, the urine 

matrix seemed to have minimized the interaction between the phthalates the PGC 

surface during elution. 

 

3.3.3 Large volume injection 

 

Due to the high retention exerted by the PGC material, interferences from the sample 

and even the loading mobile phase were experienced appearing as peaks and humps 

in the chromatogram. HPLC grade water or the Milli-Q Organex water was therefore 

used. Water applied as the loading mobile phase was in addition processed through 

SPE cartridges with PS-DVB material (ENV+). However, the interference problems 

were minimized by using the QIT-MS2 and hence Milli-Q Organex could be used. 

Thus, sample clean up can be improved by increasing the elution strength of the 

loading mobile phase by adding ACN. 
 

The 5 µm Hypercarb gave higher back pressure than the 10 µm PLRP-S. Already at a 

flow rate of 25 µL/min, the backpressure was close to the limit of the switching valve, 

just below 300 bars. Therefore, 20 µL/min was found suitable and no comparison of 

flow rates was done. As described in chapter 3.2.3, the implement of ACN in the 

loading mobile phase was of high importance to create eluting conditions for the 

impurities with less hydrophobicity than the analytes. Due to Hypercarb’s higher 

affinity to the phthalates than Kromasil C18, the percentage of ACN also could be 

increased. Breakthrough of aqueous MEP occurred at 20% ACN, thus 15% ACN was 

shown to be suitable in the loading mobile phase (Figure 3.3.5). 

 

In order to obtain the highest degree of sample exploitation possible and the lowest 

cLOD, it is desirable to inject as much of the urine sample as possible. In order to 
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determine the maximum sample volume of diluted urine that could be injected on the 

preconcentration column without causing column overload or subsequent analyte 

breakthrough, injections of spiked urine samples were performed using sample loops 

of 10, 20, 50, 100, 150, 200 and 250 µL. The urine samples contained the same 

concentration of MEP and the peak areas from the 10-200 µL loops were fitted into a 

linear curve with a correlation factor of 0.99. When utilizing the 250 µL loop, severe 

breakthrough was observed (Figure 3.3.6), and hence a sample volume of 200 µL 

corresponding to a urine volume of 20 µL, was used for further studies.  
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Figure 3.3.5 – µLC-UV: Loading conditions on Hypercarb. 500 ng/mL aqueous MEP served as 

analyte and was loaded onto the preconcentration column using a 10 µL sample loop and at a 

flow rate of 20 µL/min for 10 min. Isocratic elution was performed with 20% THF and 10 mM 

NH4Ac. 
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Figure 3.3.6 – µLC-TOF-MS: 25 ng/mL MEP peak area as a function of volume urine loaded. 

Loading conditions and gradient elution are as described in chapter 3.3.2 and 3.3.3.  
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3.4 Detection 

3.4.1 Choice of UV wavelength 

 

Wavelengths for determination of MEHP by UV detection were of limited extent in 

the literature. The only values that were found were 235 and 280 nm [45]. In contrast, 

several wavelengths have been used for the determination of DEHP. These are among 

others 200, 202, 226, 235 and 280 nm [62-66]. The chromophore of MEHP and 

DEHP is the same, and UV spectra are thus expected to be quite similar. Therefore, 

the absorption of both MEHP and DEHP were measured as a function of the 

wavelength by molecular absorption spectrophotometry (MAS), the analytes 

dissolved in EtOH. The MAS profile of MEHP is presented in Figure 3.4.1 and the 

MAS profile of DEHP is presented in Figure A.5.9 in appendix. 

 
Figure 3.4.1 – MAS of MEHP. 0.1 mg/mL solved in EtOH.   

 

Obviously, the greatest absorbance is near 205 nm for MEHP, but there is also a peak 

at 280 nm. The highest wavelength is the most selective, but detection limits will also 

suffer. Therefore, also in accordance to Lysebo [45], 235 nm was concluded to be the 

most appropriate due to higher S/N ratio. 
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3.4.2 Mass spectrometry 

 

Preliminary method development was performed with water samples and UV 

detection. However, urine background signal suppressed the phthalate absorbance and 

mass spectrometry was thus required for the urine samples. Validation was performed 

on a QIT-MS instrument in multiple reaction monitoring (MRM) mode. The MRM 

mode enabled a highly sensitive and selective mass detection by scanning between 

selected fragment ions originated from the analyte mother ions. Thus, interference 

from other components was nearly absent. The QIT-MS method was also compared 

with another MS with a TOF mass analyzer. Interesting differences in 

chromatographic efficiency and LOD are discussed in chapter 3.6. 

 

Detection optimizing with the QIT-MS was performed during direct injection of a 5 

µg/mL solution of the monophthalates, solved in 50/50 H2O/THF added 10 mM 

NH4Ac, at a flow rate of 5 µL/min. The mother ions of MEP, MBP, MBzP and 

MEHP were measured at m/z 192.9, 220.9, 255.0 and 277.1 respectively (Figure 

3.4.2). The same procedure had in advance been performed at the TOF-MS 

instrument (Figure 3.4.3) and showed a different abundance distribution than at the 

QIT-MS. 

 

192.9
220.9

255.0

277.1

-Al l  M Sn, 0.0-0 .9m in  (#1-#35)

0

1000

2000

3000

4000

5000
In tens.
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Figure 3.4.2 – QIT-MS spectra of MEP, MBP, MBzP and MEHP at m/z 192.9, 220.9, 255.0 and 

277.1, respectively. Mass spectre was obtained by direct injection of 5 µg/mLmonophthalates 

solved in 50/50 H2O/THF and 10 mM ammonium acetate. Flow rate was 5 µL/min. 
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  RESULTS AND DISCUSSION 

The mass width was set to 4.0 Da and peak width at 1.0 min. All phthalate 

monoesters produced phthalate specific negative ions at m/z 105, 121 and 147 

corresponding to putative benzaldehyde, benzoate and phthalic anhydride, 

respectively. Fragments ions at m/z 149 and 165 were also seen in spectra of MEP 

and MBP, most likely corresponding to ethyl benzoate and phthalic acid (conjugate 

base), respectively. 

 

Unfortunately the QIT-MS chromatograms from the injection of the urine blank were 

accidentally lost during computer hard drive clean up. However, a urine blank 

obtained from the TOF-MS instrument is shown in Figure 3.4.5 and a chromatogram 

for the lowest calibration standard is shown in Figure 3.4.6. When analyzing a blank 

urine sample using the QIT-MS2, none of the analytes were found to be present at 

levels above the method limit of detection. An MRM chromatogram obtained at the 

QIT-MS from the lowest validation solution is shown Figure 3.4.7. Before injecting 

the urine blank, the sample loop was washed with EtOH and then Milli-Q water to 

ensure that remains from the previous sample would not interfere with the urine 

blank. The same procedure was applied when the next sample to be injected 

contained a lower concentration than the previous sample. 

 

A
bsolute chrom

atogram
 height 

Figure 3.4.5 – TOF-MS: Chromatogram of blank urine sample. The numbers on the right (7, 17, 

10 and 46) corresponds to an absolute scale of chromatogram height for comparison. The 

extracted ion chromatograms (EIC) show from top to bottom m/z 276.8, 254.8, 220.9 and 193.0, 

respectively. Chromatographic conditions are as described in chapter 3.3. 
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Figure 3.4.6 – TOF-MS: EIC of lowest calibration concentration used at the TOF-MS. The 

numbers on the right (16, 90, 44 and 111) corresponds to an absolute scale of chromatogram 

height. This can be compared to the similar values obtained from the urine blank. From the 

bottom to the top are the EIC of 8.3 ng/mL MEP (1), 8.9 ng/mL MBP (2), 16 ng/mL MBzP (3) 

and 1.1 ng/mL MEHP (4) in 10 times diluted urine, corresponding to m/z values mention in 

Figure 3.4.5. Chromatographic conditions are as described in chapter 3.3. 
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Figure 3.4.7 – QIT-MS: EIC of lowest calibration solution, 2.5 ng/mL MEP (1), MBP (2), MBzP 

(3), and MEHP (4) . Chromatographic conditions are explained in chapter 3.3.2 and 3.3.3. 
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3.5 Method validation 

 

The sample loading flow rate was 20 µL/min and the injection volume 200 µL in the 

final method. The gradient pump was operated at 4 µL/min. The time scheme 

included 3 minutes for the loading pressure to stabilize, 15 minutes for loading and 10 

minutes for analytical separation. Thus, the total analysis time was close to 30 

minutes. As comparison, Koch et al. reported an on-line method with total analysis 

time of 25 min for determination of eight phthalate metabolites. The separation time 

was 16 min [22]. Silva et al. reported an analysis time of 11 urinary metabolites in 12 

min and utilized off-line and time consuming sample clean-up [28]. Thus, quite 

similar separation times have been achieved.  

 

Validation of the method reported herein was performed on the ESI-QIT-MS. An 

ESI-TOF-MS instrument was also employed before the QIT-MS became available 

and to compare differences of the mass analyzers (see chapter 3.6).  

 

3.5.1 Limits of detection  

 

Limit of detection (LOD) was defined as the concentration which resulted in a peak 

with a signal to noise ratio (S/N) of 3. Limit of quantification (LOQ) was defined as 

the concentration which resulted in a peak signal at S/N=10. The method mass limits 

of detection (mLOD) for MEP, MBP, MBzP and MEHP at the QIT-MS using 

multiple reaction monitoring (MRM) and MS2 monitoring the daughter ions, were 70, 

32, 50 and 40 pg respectively, corresponding to a concentration limit of detection 

(cLOD) of 3.5, 1.6, 2.5, and 2.0 ng/mL urine, utilizing a 200µL sample loop. Other 

methods have also reported cLOD in the low ng/mL range [1, 22, 28-31] as 

mentioned in chapter 1.3. Table 3.5.1 is a summary of LOD achieved by TOF-MS 

and QIT-MS.  
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Table 3.5.1 – mLOD and cLOD obtained at the TOF-MS and QIT-MS  

LOD Detection MEP MBP MBzP MEHP 

TOF 500 530 980 67 
mLOD (pg) * 

QIT 70 32 50 40 

TOF 25 27 49 3.3 
cLOD (ng/mL) 

QIT 3.5 1.6 2.5 2.0 
 

(*) mLOD of MEP by UV detection was 540 pg. LOD by UV detection was only measured in aqueous 

MEP samples, but a similar value would be expected for the other phthalates due to related UV 

absorption. Urine samples could not be detected by UV due to large background noise from the urine.  

 

3.5.2 Calibration curve and repeatability 

 

The developed method was validated using solutions in the concentrations range of 

2.5-125 ng/mL (see chapter 3.1), i.e. 25-1250 ng/mL urine due to a 10-fold dilution of 

the urine during sample preparation. Linearity was achieved with R-values of 0.996 

or better (Table 3.5.2 and Figure A.5.1-4). Calibration curve for MEHP are shown in 

Figure 3.5.1. 

 

Table 3.5.2 – Regression coefficients (R-values) obtained from the QIT-MS validation within-day 

calibration curves (Figure A.5.1-4). 

 MEP MBP MBzP MEHP 

R-value 0.998 0.999 0.996 0.998 

 

The within-day precision of the method was determined by analyzing six urine 

samples spiked with the phthalate monoesters at concentration levels 2.5, 25 and 125 

ng/mL within one day. Analogously, the between-day precision was determined by 

analyzing the same urine samples on six consecutive days. The within-day and 

between-day repeatabilities were in the range 4.0-24% RSD (n=6) and 4.8-15% RSD 

(n=6), respectively. The within-day precision of the 2.5 ng/mL level of MBP was 

accountable for the 24% RSD (Table 3.5.3). Raw data and repeatability results are 

listed in Table A.5.1-8. 
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Table 3.5.3 – Within-day and between-day repeatabilities. 

Concentrations 

ng/mL 

MEP 

(%) 

MBP 

(%) 

MBzP 

(%) 

MEHP 

(%) 

Within-day     

2.5 12 24 18 15 

25 9.2 7.1 12 11 

125 9.2 5.7 5.3 4.0 

Between-day     

2.5 14 13 15 10 

25 12 9.8 12 6.2 

125 4.8 6.1 6.9 7.5 

 

In the determination of phthalate metabolites in urine, repeatabilities have been 

reported to be 0.8-6.9% RSD (n=5) [31], 2.3-15.1% RSD (n=8) [22] and 4.9-14.7% 

RSD (n=5) [1]. Thus, repeatabilities reported in the method herein are acceptable. 

The repeatability at the 2.5 ng/mL concentration level were accountable for the RSD 

values above 12%. 
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Figure 3.5.1 – Calibration curve of MEHP using the QIT-MS. Data points are selected randomly 

from the six replicates performed. Sample loading and gradient elution as described in the 

paragraphs above. 
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3.6 Comparison of the two different mass analyzers 

3.6.1 Linearity 

 

Preliminary experiments were performed on an ESI-TOF-MS before the QIT-MS was 

available. Some interesting differences between the two mass analyzers were 

revealed. The TOF initially produced polynomial fitted calibration curves. This 

abnormal behaviour was not easy to explain. Therefore, the Hypercarb column was 

exchanged with a Kromasil C18 column and the valves for large volume injection 

were exchanged with a nano loop valve. However, still the polynomial curves 

emerged. Thus, stationary phase and preconcentration effects were eliminated as the 

cause.  

 

The polynomial behaviour was shown to be caused by the detector and the time-to-

digital converter (TDC) stop voltage setting. Signal voltages below this value are 

defined as noise and thus omitted from acquisition. A high voltage resulted in small 

peak areas at the lowest concentrations. In this lower peak area range, a polynomial 

curve was observed. Figure 3.6.1 displays that linearity was obtained when the area 

increased by decreasing the TDC stop voltage from 200 to 50 mV. In future, for 

similar problems, the solution might be to adjust the TDC stop voltage from for 

instance 100 mV to 200 mV when higher concentrations are measured. Polynomial 

calibration curves were for some reason not observed at the QIT-MS. 

 

Chromatographic peaks obtained at the µLC-UV, µLC-TOF-MS and µLC-QIT-MS 

differed in peak width. The extremely narrow peaks obtained at the TOF-MS are in 

contrast to the much broader peaks obtained at the QIT-MS. Table 3.6.1 presents the 

of peak width ranges. 

Table 3.6.1 – Peak width at half peak height obtained at the different detection methods.  

 
UV* TOF-MS 

QIT-MS 

EIC 

QIT-MS2 

MRM 

Peak width 
0.07-0.11 

min 

0.06-0.08 

min 

0.20-0.22 

min 

0.30-0.50 

min 
 (*) Values were obtained with the C18 / PLRP-S system as shown in chapter 3.2 and in Figure 3.2.3. 
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Figure 3.6.1 – TDC voltage influence. Left: 200 mV. Right: 50 mV. Gradient elution was 

performed as described in chapter 3.3. Other conditions: The 7.5 cm analytical column was 

packed with Kromasil C18 3.5 µm. Sample loop volume was 100 nL and MEP was used as test 

substance. 

 

3.6.2 Apparent effects on the chromatography 

 

Hypercarb turned out to be a successful choice, providing excellent chromatography 

of the urine samples (Figure 3.6.2 and Figure 3.6.3). Sharp peaks were obtained, 

especially using the TOF-MS for detection. However, a lower LOD was obtained 

with the QIT-MS. The lower LOD in spite of the extra band broadening is explained 

by the minimal background noise and interference that is present in MRM and MS2 

mode. The extra band broadening observed using the QIT-MS may be caused by a 

larger ID of the ES capillary and the ion trap mechanism itself. The special peak 

shape from MRM chromatography is presented in Figure A.5.15 and after smoothing 

in Figure A.5.16.  
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Figure 3.6.2 – QIT-MS: EIC in normal MS mode of 8.3, 8.7, 16 and 1.1 µg/mL of MEP (1), MBP 

(2), MBzP (3) and MEHP (4), respectively. Chromatographic conditions are explained in chapter 

3.3.2 and 3.3.3. 
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3 

Figure 3.6.3 – TOF-MS: EIC of 100 ng/mL of MEP (1) and 50 ng/mL MBP (2), MBzP (3) and 

MEHP (4). A sample loop of 100 µL was used. Other chromatographic conditions are explained 

in chapter 3.3.2 and 3.3.3. 
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4 CONCLUDING REMARKS 

The present study has shown that the developed on-line micro column switching 

system in combination with ESI-QIT-MS has the capability of providing sensitive 

and selective determination of trace level concentrations of the four phthalic acid 

esters MEP, MBP, MBzP and MEHP in human urine. In addition, the column 

switching method can be easily automated for high throughput analysis of large 

sample series and subsequent assessment of phthalate exposure in groups of 

individuals of particular interest. Of improvement will especially larger particle size 

in the preconcentration decrease the total analysis time with at least 10 min if loading 

rate can be raised to 100 µL/min. The TOF-MS has also shown excellent 

chromatography with its extremely sharp and narrow peaks. Applying an internal 

standard will improve the precision, although the mLOD was ca. 10 times higher than 

at the QIT-MS.  
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A APPENDIX 

A.1  Properties and production of phthalates 

 

The values for water solubility and octanol-water partition coefficient as shown in 

Table A.1.1, demonstrate large differences and also extremely low solubility, 

particularly those with longer side-chains as DEHP and DINP. It is also interesting to 

notice a five-fold increase of Kow as the alkyl chain length increases from one to nine 

carbons and demonstrates the large differences in hydrophobicity. The specific 

gravity indicates DEHP and DINP being slightly less dense liquids than water at 

ambient temperatures and may therefore form surface films at the air-water interface 

at concentrations above the water solubility limit.  

 

Table A.1.1 - Properties and production of phthalates [1].  

Name Abbr. MW 
Water solubility 

(mg/L) * 
log Kow* 

Specific gravity 

(20 oC) * 

Mass consumed 

in Europe 

(1000 t/a) 

Di-2-ethylhexyl phthalate DEHP 390 0.003 7.50 0.986 400-500 

Diisononyl phthalate DINP 425 < 0.001 > 8.0 0.97 100-200 

Butyl benzyl phthalate BBzP 312 2.7 4.59 1.111 20-50 

Dibutyl phthalate DBP 278 11.2 4.45 1.042 20-40 

Diethyl phthalate DEP 222 1100 2.38 1.118 

Dimethyl  phthalate DMP 194 4200 1.61 1.192 

10-20 

(DMP and DEP 

together) 

  

(*) Values are taken as recommended by Staples et al. [2]. 
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The maximum net amount of DEP, DBP, BBzP and DEHP that was registered in 

products in Norway from 1999 to 2002 are shown in Table A.1.2 and were given by 

the Norwegian Product Register. The register keeps information on products in 

Norway that contain chemicals which are labelled as harmful to humans. 

 

Table A.1.2 – Registered net amounts of DEP, DBP, BBzP and DEHP in consumer products in 

Norway from 1999 to 2002. Values are taken as reported by the Norwegian Product Register [3]. 

Phthlate 
Maximun netto 

tonnes in 1999 

Maximun netto 

tonnes in 2000 

Maximun netto 

tonnes in 2001 

Maximun netto 

tonnes in 2002 

DEP 6 1 1 1 

DBP 69 74 62 44 

BBzP 10 23 16 14 

DEHP 580 442 224 139 
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A.2  History of microscale HPLC 

 

The history of microscale HPLC goes back almost as far as that of modern ordinary-

scale HPLC, starting in 1967 with Horváth and co-workers [4]. The micro-HPLC has 

its origin from 1973 when Ishii and co-workers performed a separation with a column 

with inner diameter of 0.5 mm [5]. However, most chromatographers believed that 

small-bore columns performed poorly. The main reasons for preferring large-bore 

columns may have included the limited technology for packing the small-bore 

columns with 5-10 µm particles. The detectors were inadequate for the narrow peaks 

commonly eluted by small-bore columns. In addition, the earliest versions of fused 

silica columns where not optimal, they were brittle and could break easily. The ID 

was also too imprecise. Today the conditions are much better for separations with 

microscale HPLC; several packing materials, packing instruments, strong and flexible 

capillary tubing and other necessary equipment are available [6]. 

 

A.3  Fundamental factors in microscale HPLC [6] 

A.3.1  Peak Volume 

 

Peak volume is the most fundamental factor to be taken into account when designing 

a HPLC system in which a small-volume column is used, because it determines most 

of the instrumental requirements. Assuming that the solute concentration distribution 

is Gaussian, the volume VP of a peak eluting from a column having a theoretical plate 

number N corresponding to four standard deviations (4σ) of the distribution curve can 

be expressed as 
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where VR is the retention volume, V0 is the vacant volume of the column (the 

retention volume of an unretained peak), k’ is the capacity factor, dC is the column 

diameter, ε is the column porosity and L is the column length. Equation 1 thus shows 
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that the peak volume is proportional to the square of the column diameter and to the 

column length, and inversely proportional to the square root of the number of 

theoretical plates. 

 

A.3.2  Maximum peak concentration 

 

In the chromatographic separation process, a sample solute injected onto a column 

disperses in a certain amount of mobile phase solvent when it elutes from a column. 

More quantitatively, about 95 % of the sample solute distributes in a 4σ peak volume 

(VP). The maximum peak concentration is 
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where fR is the detector response factor for the sample mass (mS = fR A). One can 

notice that reduction of the column dimensions, especially the diameter, drastically 

increases the maximum peak concentration. This means that the detection sensitivity 

for the same sample mass could be increased in this way. This is one of the most 

important advantages of using a small-volume column. 

 

A.3.3  Flow rate 

 

The flow rate, u, can be expressed as 

 

 
επ 2

4

cd
Fu =  (3)

 

where F is the volumetric flow rate (V0 / t0). Thus in order to maintain the same linear 

velocity for columns of different diameters, the volumetric flow rate should be 

decreased in proportion to the square of the ratio of column diameters. 
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A.4  Separation of nine phthalates in water samples by  

µLC-UV  

A.4.1  Aim of study 

 

The aim of this study was to develop a fast, selective and sensitive method for the 

determination of the four phthalic acid monoesters MEP, MBP, MBzP and MEHP 

and the five diesters DEP, DBP, BBP, DEHP and DnOP in water at the same 

chromatographic run, using a miniaturized HPLC system in connection with an on-

line column-switching preconcentration step for sample clean-up and enrichment. The 

purpose of employing these techniques was to decrease the time and complexity of 

the sample preparation steps employed in earlier reported methods on the 

determination of phthalates in water. 

 

A.4.2  Experimental 

 

All experimental parameters were the same as mentioned above about “C18 and 

polymer based materials” (chapter 3.2). However, ACN was not introduced to the 

loading mobile phase because this method was supposed to be applied to water 

samples only. The reservoirs in the gradient pump were water (A) and 5/95 

water/ACN (B). Both reservoirs included 10 mM NH4Ac. A temperature gradient was 

controlled by a Mistral column oven. Detection was done by the z-cell UV detector 

positioned at 235 nm and EZChrom for data treatment. The phthalates included in the 

method were 50 ng/mL MEP, MBP, MBzP, MEHP, DEP, DBP, BBzP, DEHP and 

DnOP, solved in water and with an EtOH concentration below 0.1%.  

 

A.4.3  Results and discussion 

A.4.3.1     Large volume injection 

Breakthrough was investigated at both 150 and 100 µL/min (Figure A.4.1), and both 

flow rates also proved to give sufficient retention of the MEP injected. A washing 

step was applied and still the peak area remained the same at 150 µL/min. However, 
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considering the high backpressure experienced at 150 µL/min, 100 µL/min was 

preferred in order avoid leakage and to improve the robustness of the method. 

0E+0

5E+4

1E+5

2E+5

2E+5

3E+5

3E+5

3µL/min 100µL/min
- no.1

100µL/min
- no.2

150µL/min
- no.1

150µL/min
- no.2

A
re

a

Washing volume: 100 µL Washing volume: 1900 µL

 

Figure A.4.1 – Breakthrough test on PLRP-S (50 ng/mL MEP - 100 µL loop - aqueous MP). 100 

and 150 µL/min were acquired with two replicates. 

 

A.4.3.2     Chromatography 

 

Nine phthalates were eluted in the same chromatographic run, employing both mobile 

phase and temperature gradient (Figure A.4.2). Separation time was 24 min with 

mobile phase gradient only. After applying a simultaneous temperature gradient the 

separation time was reduced to 18 min. Sample loading time was 2 min in addition to 

3 min in advance to achieve stable pressure at the flow rate of 100 µL/min. After the 

analytical separation the column oven had to cool for 15 min and reconditioning time 

was 5 min, also stabilizing the pressure. Total analysis time reached therefore ca. 30 

min without temperature gradient and ca. 35 min with mobile phase gradient only. 

 

ACN seemed not to be a strong enough eluting mobile phase with the conditions 

present. This gave the idea to apply temperature programming. 95% ACN was not 

sufficient to elute the two most hydrophobic analytes, DEHP and DnOP in a 

relatively reasonable amount of time. The retention time of DEHP and DnOP was 

then significantly differed after applying the temperature programme, shortening the 

total chromatic run of about 6 min (Figure A.4.2). However, cooling the column 

oven after each run almost lasted up to 15 min. Thus, time saving could be achieved 
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only by applying a stronger mobile phase. THF will most probably fit to this task, and 

will also have the possibility to control the elution and separation even more.  
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Figure A.4.2 – Separation of 4 monophthalates and 5 diphthalates. Above: Mobile phase and 

temperature program; 25-65 oC from tR=10-14 min. Below: Gradient program only, described in 

Table A.4.1. Elution of 1.5 µg/mL MEP (1), 0.50 µg/mL MBP (2), 0.20 µg/mL DEP (3) and 0.50 

µg/mL of MBzP (4), MEHP (5), DBP (6), BBzP (7), DEHP (8), DnOP (9), injected from a 100 µL 

sample loop.   

 

Table A.4.1 – Gradient program. A: Water, B: ACN (both reservoirs are included 0.025% 12.1 M 

HCl, pH=2). 

Time (min) % of reservoir B Comment 

0 20 Start condition 

0 35 Step 

2 35 Hold 

3 40 Ramp 

7 60 Ramp 

9 100 Ramp 
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A.5  Tables, calibration curves and UV and mass spectra 

A.5.1  Within day calibration curves 

R = 0,9982
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 Figure A.5.1 – MEP: Calibration curve and 

linearity at the QIT-MS. 

 

R = 0,9987

0E+0

2E+4

4E+4

6E+4

8E+4

1E+5

1E+5

1E+5

0 50 100 150

MBP
Linear (MBP)

Figure A.5.2 – MBP: Calibration curve and 

linearity at the QIT-MS. 
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Figure A.5.3 – MBzP: Calibration curve and 

linearity at the QIT-MS. 
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Figure A.5.4 – MEHP: Calibration curve and 

linearity at the QIT-MS. 
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A.5.2  Between day repeatability curves 
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 Figure A.5.5 – Measurements using three 

concentration levels of MEP. 
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Figure A.5.6 – Measurements using three 

concentration levels of MBP 
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Figure A.5.7 – Measurements using three 

concentration levels of MBzP 
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Figure A.5.8 – Measurements using three 

concentration levels of MEHP 
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A.5.3  Validation data 

Table A.5.1 – MEP: Within-day assay on QIT-MS 

Concentration 
(ng/mL) 

Replicate 
no. Area Mean 

area STD % tR (min) Mean tR  
(min) STD % 

 1 4406 5.77   
2.48 2 4755 4446 12 % 5.78 5.86 3.1 % 

 3 5128   5.67   
 4 4123   6.09   
 5 329*  6.07   
 6 3816   5.75   

12.4 1 16398   5.99   
 1 21461  6.13   

24.8 2 20656 22617 9.2 % 6.13 6.23 2.1 % 
 3 21372   6.13   
 4 21715   6.37   
 5 25022   6.41   
 6 25473   6.22   

62.1 1 58970   6.41   
 1 127104  6.21   

124 2 110148 118389 9.2 % 6.35 6.39 1.6 % 
 3 72121*  6.46   

 4 132994   6.49   
 5 111278   6.43   

 6 110423   6.39   
 

* Data points removed after performing Dixon’s Q-test (90% confidential interval)  
 

Table A.5.2 – MBP: Within-day assay on QIT-MS 

Concentration 
(ng/mL) 

Replicate 
no. Area Mean 

area STD % tR (min) Mean tR  
(min) STD % 

 1 17 757 7.08   
2.49 2 18 042 13 710 24 % 7.28 7.35 2.0 % 

 3 12 128   7.40   
 4 11 436   7.41   
 5 11 599   7.44   
 6 11 299   7.48   

12.4 1 29 775   7.31   
 1 37 990  7.44   

24.9 2 38 870 39 425 7.1 % 7.44 7.57 2.1 % 
 3 42 227   7.43   
 4 43 237   7.81   
 5 38 461   7.69   
 6 35 762   7.59   

62.2 1 78 115   7.75   
 1 129 403  7.59   

124 2 114 298 123 817 5.7 % 7.65 7.74 1.3 % 
 3 131 273   7.81   

 4 124 133   7.82   
 5 116 182   7.84   

 6 127 614   7.72   
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Table A.5.3 – MBzP: Within-day assay on QIT-MS 

Concentration 
(ng/mL) 

Replicate 
no. Area Mean 

area STD % tR (min) Mean tR  
(min) STD % 

 1 107 604  7.79   
2.43 2 92 722 84 612 18 % 7.93 8.06 3.1 % 

 3 89 806   7.80   
 4 78 977   8.21   
 5 68 952   8.24   
 6 69 608   8.38   

12.2 1 155 178   8.11   
 1 192 615   8.25   

24.3 2 180 698 217 218 12 % 8.30 8.38 1.8 % 
 3 240 899   8.24   
 4 231 695   8.62   
 5 239 088   8.49   
 6 218 311   8.39   

60.8 1 379 716   8.55   
 1 637 858   8.28   

122 2 638 458 678 995 5.3 % 8.41 8.48 1.4 % 
 3 712 798   8.51   

 4 678 187   8.61   
 5 724 825   8.54   

 6 681 844   8.51   
 

 
 

Table A.5.4 – MEHP: Within-day assay on QIT-MS 

Concentration 
(ng/mL) 

Replicate
no. Area Mean 

area STD % tR (min) Mean tR 
(min) STD % 

 1 59 098  8.93   
2.50 2 80 995 74 419 15 % 8.99 9.25 2.8 % 

 3 70 564   8.88   
 4 91 598   9.00   
 5 73 594   9.00   
 6 70 667   8.89   

12.5 1 107 720   9.14   
 1 138 815   9.27   

25.0 2 126 827 153 153 11 % 9.39 9.40 2.0 % 
 3 151 957   9.27   
 4 167 411   9.77   
 5 165 067   9.41   
 6 168 838   9.31   

62.6 1 271 889   9.57   
 1 541 657   9.19   

125 2 560 131 528 817 4.0 % 9.42 9.44 1.4 % 
 3 504 034   9.52   

 4 531 338   9.53   
 5 527 834   9.56   

 6 507 907   9.43   
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Table 6.5.5 – MEP: Between-day assay on QIT-MS 

Concentration 
(ng/mL) 

Replicate 
no. Area Mean 

area STD % tR (min) Mean tR 
(min) STD % 

 1 4 406 5.77   
2.48 2 3 190 3 892 14 % 6.23 6.06 2.9 % 

 3 3 696   6.21   
 4 4 091   6.16   
 5 3 427   5.99   
 6 4 539   6.02   
 1 21 461   6.13   

24.8 2 21 408 21 245 12 % 6.14 6.12 0.8 % 
 3 24 766   6.16   
 4 17 082   6.18   
 5 20 513   6.06   
 6 22 241   6.06   
 1 127 104*   6.21   

124 2 95 882 100 960 4.8 % 6.14 6.15 1.0 % 
 3 103 233   6.20   

 4 96 415   6.18   
 5 101 803   6.06   

 6 107 468   6.10   
 

* Data point removed after performing Dixon’s Q-test (90% confidential interval)  
 

 

Table 6.5.6 – MBP: Between-day assay on QIT-MS 

Concentration 
(ng/mL) 

Replicate 
no. Area Mean 

area STD % tR (min) Mean tR  
(min) STD % 

 1 15 147  7.28   
2.49 2 11 248 12 202 13 % 7.41 7.40 1.4 % 

 3 11 490   7.54   
 4 11 019   7.49   
 5 12 834   7.39   
 6 11 473   7.28   
 1 37 990   7.44   

24.9 2 67 009* 40 516 9.8 % 7.37 7.39 1.3 % 
 3 40 870  7.50   
 4 36 769   7.48   
 5 39 898   7.29   
 6 47 052   7.28   
 1 129 403   7.59   

124 2 121 130 125 477 6.1 % 7.47 7.53 1.1 % 
 3 135 474   7.58   

 4 122 028   7.59   
 5 114 561   7.58   

 6 130 267   7.39   
 

* Data point removed after performing Dixon’s Q-test (90% confidential interval)  
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Table A.5.7 – MBzP: Between-day assay on QIT-MS 

Concentration 
(ng/mL) 

Replicate 
no. Area Mean 

area STD % tR (min) Mean tR 
(min) STD % 

 1 107 604  7.79   
2.43 2 105 880 93 661 15 % 8.20 8.08 2.5 % 

 3 75 729   8.38   
 4 81 211   7.98   
 5 97 879   8.08   
 6 34 429*   8.04   
 1 192 615  8.25   

24.3 2 207 609 189 263 12 % 8.16 8.19 1.3 % 
 3 199 708   8.30   
 4 207 856   8.28   
 5 179 594   8.05   
 6 148 193   8.08   
 1 637 858   8.28   

122 2 644 931 629 788 6.9 % 8.37 8.33 1.1 % 
 3 629 432   8.38   

 4 635 826   8.39   
 5 681 221   8.39   

 6 549 460   8.16   
 

* Data point removed after performing Dixon’s Q-test (90% confidential interval)  
 

 

Table A.5.8 – MEHP: Between-day assay on QIT-MS 

Concentration 
(ng/mL) 

Replicate 
no. Area Mean 

area STD % tR (min) Mean tR 
(min) STD % 

 1 59 098  8.93   
2.50 2 66 021 70 073 10 % 9.12 9.07 2.5 % 

 3 67 949   9.33   
 4 75 843   9.32   
 5 73 594   9.00   
 6 77 933   8.74   
 1 138 815   9.27   

25.0 2 153 273 146 631 6.2 % 9.19 9.18 1.8 % 
 3 134 315   9.33   
 4 153 188   9.31   
 5 143 341   8.96   
 6 156 853   8.99   
 1 541 657   9.19   

125 2 491 812 503 257 7.5 % 9.30 9.28 1.6 % 
 3 519 197   9.31   

 4 464 665   9.41   
 5 544 509   9.45   

 6 457 699   9.04   
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A.5.4  Data for k-values 

 

Table A.5.9 – Values acquired for determination of k-values based on MEP, sorted after k-value. 

  Measured values   Corrected for dead-volume (0.4 min)  

Material t0 tR t0 tR k k(mean) S% 
  

Replicate 
no. 

              

1 1.725 5.983 1.325 5.583 3.21 3.27 1.0 % 

2 1.658 5.808 1.258 5.408 3.30 

3 1.675 5.867 1.275 5.467 3.29 

4 1.658 5.792 1.258 5.392 3.29 

 
Kromasil 
C18 
3.5µm 100Å 

5 1.667 5.825 1.267 5.425 3.28 

 

1 1.600 5.517 1.200 5.117 3.26 3.31 0.81 % 

2 1.592 5.558 1.192 5.158 3.33 

3 1.583 5.525 1.183 5.125 3.33 

4 1.592 5.533 1.192 5.133 3.31 

Kromasil  
C18  
5µm 100Å 

5 1.600 5.575 1.200 5.175 3.31 

 

1 1.587 5.535 1.187 5.135 3.33 3.31 0.48 % 

2 1.582 5.476 1.182 5.076 3.29 
Kromasil  
C18  
10 µm 100Å 

3 1.582 5.491 1.182 5.091 3.31 
 

1 1.858 6.117 1.458 5.717 2.92 2.94 0.77 % 

2 1.817 6.017 1.417 5.617 2.96 

3 1.867 6.142 1.467 5.742 2.91 

PLRP-S  
PS-DVB  
10µm 100 Å 

4 1.850 6.117 1.450 5.717 2.94 

 

1 1.667 4.842 1.267 4.442 2.51 2.60 2.5 % 

2 1.608 4.808 1.208 4.408 2.65 

3 1.633 4.842 1.233 4.442 2.60 

Develosil  
C30  
20µm 140 Å 

4 1.625 4.850 1.225 4.450 2.63 
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Table A.5.10 – Values acquired for determination of k-values based on DEHP, sorted after k-

value. 

  Measured values   Corrected for dead-volume  

Material t0 tR t0 tR K k(mean) S% 
  

Replicate 
no. 

              

1 1.758 5.175 1.358 4.775 2.516 2.52 0.76 % 

2 1.742 5.167 1.342 4.767 2.552 

3 1.742 5.108 1.342 4.708 2.508 

 
Kromasil 
C18 
3.5µm 100Å 

4 1.742 5.125 1.342 4.725 2.521 

 

1 1.775 5.083 1.375 4.683 2.406 2.41 1.3 % 

2 1.742 5.033 1.342 4.633 2.452 

3 1.775 5.058 1.375 4.658 2.388 

Kromasil  
C18  
5µm 100Å 

4 1.758 5.000 1.358 4.600 2.387 

 

1 1.683 4.742 1.283 4.342 2.384 2.37 0.58 % 

2 1.675 4.700 1.275 4.300 2.373 

3 1.700 4.758 1.300 4.358 2.352 

Kromasil  
C18  
10 µm 100Å 

4 1.683 4.733 1.283 4.333 2.377 

 

1 1.925 4.608 1.525 4.208 1.759 1.74 1.0 % 

2 1.942 4.625 1.542 4.225 1.740 

3 1.950 4.602 1.550 4.202 1.711 

4 1.967 4.692 1.567 4.292 1.739 

Develosil  
C30  
20µm 140 Å 

5 1.942 4.608 1.542 4.208 1.729 

 

1 1.858 3.425 1.458 3.025 1.075 1.07 0.86 % 

2 1.867 3.458 1.467 3.058 1.085 

3 1.867 3.425 1.467 3.025 1.062 

PLRP-S  
PS-DVB  
10µm 100 Å 

4 1.858 3.425 1.458 3.025 1.075 
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A.5.5  MAS of DEHP 

 

 

Figure A.5.9 – MAS of DEHP. 0.1 mg/mL solved in EtOH.  

 

A.5.6  C30 vs. PS-DVB 
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Figure A.5.10 – Preconcentration column. Comparing the retention time (t R), peak area (A), 

height (h) and width at half peak height (t(1/2w)). Packing material are Develosil C30 and PLRP-

S. Two different column IDs are also used: 250µm ID, 350µm OD (250350) and 320µm ID, 

450µm OD (320450).  
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Table A.5.11 – Chromatographic performance of Develosil C30 20µm and PLRP-S PD-DVB 10 

µm 

    Retention time Area       

  tR 1 tR 2 Mean norm. A 1 A 2 mean norm. 
            

10 µL, 500 ng/mL           

C30 20 µm (320450) 7.150 7.267 7.209 0.967 353328 348289 350809 0.960 

C30 20 µm (250350) 6.958 7.000 6.979 0.936 322328 360294 341311 0.934 

PS-DVB 10 µm (250350) 7.212 7.700 7.456 1 365518 365407 365463 1 

           

100 µL. 50 ng/mL           

C30 20 µm (320450) 6.533 6.658 6.596 0.962 169078 166278 167678 1 

PS-DVB 10 µm (250350) 6.858 6.850 6.854 1 161782 163366 162574 0.970 

           

100 µL. 5 ng/mL           

C30 20 µm (250350) 7.142 7.150 7.146 0.946 28683 28587 28635 1 

PS-DVB 10 µm (250350) 7.550 7.550 7.550 1 28161 28142 28152 0.983 

                  

         

 Height       Width at half peak height 

  h 1 h 2 mean norm. t(w1/2) 1 t(w1/2) 2 mean norm. 
           

10 µL. 500 ng/mL           

C30 20 µm (320450) 24355 27018 25687 0.792 0.185 0.177 0.181 1 

C30 20 µm (250350) 23736 28522 26129 0.805 0.175 0.179 0.177 0.978 

PS-DVB 10 µm (250350) 31181 33716 32449 1 0.153 0.169 0.161 0.890 

           

100 µL. 50 ng/mL           

C30 20 µm (320450) 14619 14373 14496 0.856 0.172 0.173 0.173 1 

PS-DVB 10 µm (250350) 16717 17170 16944 1 0.138 0.132 0.135 0.783 

           

100 µL. 5 ng/mL           

C30 20 µm (250350) 2497 2579 2538 0.863 0.176 0.185 0.181 1 

PS-DVB 10 µm (250350) 2956 2927 2942 1 0.143 0.141 0.142 0.787 
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A.5.7  Fragmentation spectra 
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Figure A.5.11 – MEP fragmentation spectrum. SRM monitored at m/z 120.9, the daughter ion 

base peak. The diamond at 193 indicates the mother ion. Fragment structure is suggested. 
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Figure A.5.12 – MBP fragmentation spectrum. MRM monitored at m/z 176.9, the daughter ion 

base peak. The diamond at 221 indicates the mother ion. Fragment structure is suggested. 
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Figure A.5.13 – MBzP fragmentation spectrum. MRM monitored at m/z 182.9, the daughter ion 

base peak. The diamond at 255 indicates the mother ion. Fragment structure is suggested. 
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Figure A.5.14 – MEHP fragmentation spectrum. MRM monitored at m/z 233, the daughter ion 

base peak. Even though m/z 134 gave the largest peak, m/z 233 was chosen due to higher mass 

and less interference in the nearby mass range. The diamond at 277 indicates the mother ion. 

Fragment structure is suggested. 
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A.5.8  MRM chromatograms 
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Figure A.5.15 – MRM chromatogram from QIT-MS2 of the daughter ions of 25 ng/mL MEP (1), 

MBP (2), MBzP (3) and MEHP (4). The vertical line at ca. 6.7 min indicates transition from 

SRM to MRM. Peak shapes are zigzag due to scanning between the three daughter ions included 

in the scan. 
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Figure A.5.16 – MRM chromatogram after smoothing of the chromatogram presented in Figure 

A.5.15. Before peak area could be obtained, smoothing had to be performed. 
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