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las otras técnicas de LVI, que también se pueden utilizar para el análisis de 

compuestos volátiles, la CSR-LVI es más robusta que la OC-LVI para el análisis de 

muestras contaminadas. Por otra parte, permite alcanzar un mayor volumen de 

inyección (hasta 50μl) que las técnicas PSI y PTV-LVI en modo splitless, y por tanto 

es superior a estas en cuanto a su  sensibilidad. Dada estas ventajas, y en especial su 

efectividad para el análisis de compuestos volátiles, en esta tesis se ha seleccionado la 

CSR-LVI para el análisis de VMS.      

2.2  Trabajo experimental 

En este apartado se incluye el trabajo experimental realizado en esta tesis, el cual está 

orientado principalmente al desarrollo de métodos de análisis para determinar VMS en 

muestras ambientales mediante GC-MS. El apartado está dividido en dos bloques. En 

el primero se incluyen dos métodos analíticos que se han desarrollado aplicando la 

técnica de extracción/preconcentración HS-SPME (apartado 2.2.1), mientras que en el 

segundo se describen tres métodos que utilizan la técnica de inyección de grandes 

volúmenes CSR-LVI (apartado 2.2.2). 

En el primer trabajo se desarrolla un método de HS-SPME para la determinación de 

VMS en agua de río (apartado 2.2.1.1). Este trabajo se ha publicado con el título 

Analysis of linear and cyclic methylsiloxanes in water by headspace-solid phase 

microextraction and gas chromatography–mass spectrometry en la revista Talanta 89 

(2012) 63 – 69. En este estudio se evalúan diferentes tipos de fibras de SPME para la 

extracción de VMS, y se optimizan los parámetros experimentales de esta técnica. 

Además, una vez establecido el método se ha aplicado al análisis de VMS lineales y 

cíclicos en muestras de agua de los ríos Llobregat y Besós (Barcelona, España). 

Seguidamente se incluye un trabajo, Solvent extraction combined with headspace 

solid-phase microextraction and gas chromatography-mass spectrometry for the 

analysis of lineal and cyclic methylsiloxanes in mussels, pendiente de publicación en 

el que se ha establecido un método para determinar VMS en mejillones, que combina 

la extracción sólido-líquido y la técnica HS-SPME, (apartado 2.2.1.2). En este caso, 

la HS-SPME se ha utilizado para la extracción y preconcentración selectiva de los 
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analitos, utilizando las condiciones experimentales optimizadas previamente para el 

análisis de aguas.  

Los trabajos pertenecientes al segundo bloque (apartado 2.2.2), se inician con el 

estudio y optimización de los diferentes parámetros experimentales de la técnica de 

inyección CSR-LVI combinada con GC-MS, empleada en un método desarrollado 

para determinar VMS en suelos y lodos de depuradora publicado en la revista Journal 

of Chromatography A, 1268 (2012) 150–156, con el título Analysis of linear and 

cyclic methylsiloxanes in sewage sludges and urban soils by concurrent solvent 

recondensation – large volume injection – gas chromatography–mass spectrometry

(apartado 2.2.2.1). En dicho trabajo, la aplicabilidad de esta técnica de inyección se 

demuestra determinando VMS lineales y cíclicos en suelos urbanos y en lodos de 

plantas de tratamiento de aguas residuales. A continuación se incluye un trabajo 

publicado en Talanta 118 (2014) 245–252 con el título Linear and cyclic 

methylsiloxanes in air by concurrent solvent recondensation–large volumen injection–

gas chromatography–mass spectrometry, en el que se ha desarrollado un método para 

determinar VMS en aire, en el que también se utiliza la CSR-LVI para aumentar la 

sensibilidad (apartado 2.2.2.2). En este estudio se evalúan diferentes tipos de 

materiales adsorbentes para la captación de VMS en aire y se ha estudiado su 

presencia en aire ambiente urbano y aire de interior de oficinas, laboratorios y 

domicilios particulares. Por último, se incluye un trabajo titulado Solid phase 

extraction combined with –large volumen injection – gas chromatography – mass  

spectrometry for the analysis of linear and cyclic methylsiloxanes in wastewater, que 

está pendiente de publicación, donde se desarrolla un método para la determinación de 

VMS en aguas residuales que sigue una estrategia de análisis totalmente diferente al 

método establecido para aguas de río. En este caso se combina la extracción mediante 

discos de SPE de C18 de formato reducido (5,5mg/1ml) con la CSR-LVI (apartado 

2.2.2.3). Este método incluye el análisis por separado de la fase disuelta y la fase 

particulada del agua residual.  
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2.2.1.1  ARTÍCULO CIENTÍFICO I:  

Analysis of linear and cyclic methylsiloxanes in water by headspace – 
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a  b  s t r a  c  t

This  paper proposes  a new method  for  the analysis  of  linear  and cyclic methylsiloxanes in water  sam-

ples  based  on headspace-solid phase microextraction  (HS-SPME)  coupled to gas  chromatography–mass

spectrometry  (GC–MS). The  extraction  efficiency of  four  commercially available  SPME-fibres  was  evalu-

ated  and it was found that  a 65  �m  polydimethylsiloxane/divinylbenzene  (PDMS/DVB)  coating was  the

most  suitable  for  the extraction  of siloxanes.  The  method  provided  good  linearity  (r  >  0.999)  and  preci-

sion  (RSD % <17%),  and low limits of quantification  ranging  from 0.01 to  0.74  ng L−1 for  linear  siloxanes

and  between  18  and 34  ng L−1 for cyclic siloxanes. The  HS-SPME-GC–MS  method  was applied  to  the

analysis  of  linear and cyclic siloxanes  in river waters  from Catalonia (NE,  Spain)  and the  results showed

concentrations  of linear  and  cyclic siloxanes  ranging  from  0.09 to 3.94  ng  L−1 and  22.2 to 58.5  ng  L−1,

respectively.

© 2011 Elsevier B.V. All rights reserved.

1. Introduction

Cyclic and linear methylsiloxanes represent a  new  group of

compounds proposed as priority chemicals following environmen-

tal risk assessments. This is due to their widespread use, their

physicochemical properties – which have the potential to persist

in the natural environment – and their bioaccumulation capac-

ity [1]. Over the last three decades, these compounds have been

used widely in the  industrial production of silicon polymers and

in consumer goods such as electronics, health and personal care

products, cleaning agents,  cookware and medical devices [2,3]. Due

to their high volatility, these compounds have been detected in

both outdoor and indoor environments [4–10] as  they  are released

into the atmosphere during manufacturing processes and by  the

use of consumer products. In addition, due  to their high affin-

ity to the organic matter [11], these compounds have also been

found in effluents and sludges from wastewater treatment plants

(WWTPs) [11–13]. Several reports indicate that these compounds

cause toxic effects on wildlife, such as estrogen mimicry, connec-

tive tissue disorders, adverse immunologic responses, and liver

and lung damage [14–17]. Although information about their tox-

icity is still limited it is  important to have an understanding

of the occurrence and distribution of these  compounds in the

environment.

∗ Corresponding author. Tel.: +34 934021275; fax: +34  934021233.

E-mail  address: mtgalceran@ub.edu (M.T. Galceran).

The analysis of linear and  cyclic siloxanes in the environment

is not easy due to their high  volatility and the potential sources

of background contamination that affect their final determination

[2]. Linear and  cyclic methylsiloxanes have been found in  envi-

ronmental samples, such as air [4–9], biota [1,5,6,18,19], sediment

[5,6,13,20], sludge [5,6,12,13], soil  [5,6,21], water [5,6,11] and dust

[22], and  also in landfill biogas samples [23,24]. Headspace (HS)

[11] and purge and  trap [5,6,18,25] techniques combined with

gas chromatography–mass spectrometry (GC–MS) are the  methods

commonly used  for the analysis of  these compounds in solid and

water samples. Among the siloxanes, decamethylcyclopentasilox-

ane  (D5) has been the most abundant compound in all matrices [6].

Nevertheless, limited information about the occurrence of  silox-

anes in natural water has been reported because they  are present

at very low concentration levels (<100 ng L−1). In a  recent study,

Sparham et  al.  [11] proposed the  use of HS–GC–MS which would

constitute a method with enough sensitivity to  analyse these com-

pounds at  these concentration levels. This method was applied to

the  analysis of D5 in  river water and treated wastewater. Another

simple and solvent free method that could improve the  detection

limits is  headspace-solid phase microextraction (HS-SPME), which

is  frequently used to analyse environmental samples [26]. To date,

HS-SPME has not been applied to the analysis of methylsiloxanes,

although it has been used to study the volatile composition of

polysiloxane rubber [27].

The aim of the present paper was to develop an HS-SPME

method combined with  GC–MS for routine analysis of linear and

cyclic methylsiloxanes in water samples. To achieve maximum sen-

sitivity and selectivity, the HS-SPME parameters that affect the

0039-9140/$ – see front matter ©  2011 Elsevier B.V. All rights reserved.

doi:10.1016/j.talanta.2011.11.058
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Table  1

Quantification and confirmation ions selected for the analysis of linear and cyclic siloxanes by HS-SPME–GC–MS.

Compound Abbreviation Retention  time

(tR)  (min)

Time window

(min)

Molecular  ion

(m/z)

Quantification

ion  (m/z)

Confirmation

ion (m/z)

Hexamethyldisiloxane L2 5.40 5:00–7:00 162 147 [M–CH3]+ 131, 117

Hexamethylcyclotrisiloxane D3  7.78 7:00–8:50 222 207 [M–CH3]+ 191, 177

Octamethyltrisiloxane  L3 8.83 8:50–10:00 236 221 [M–CH3]+ 205, 189

Octamethylcyclotetrasiloxane  D4 10.76 10:00–11:40 296 281 [M–CH3]+ 265, 249

Methyltris(trimethylsiloxy)silane  IS-1 11.71 11:40–12:50 310 295 [M–CH3]+ 207, 281

Decamethyltetrasiloxane  L4 11.98 11:40–12:50 310 207 [M–CH3–Si(CH3)4]+ 295, 191

Decamethylcyclopentasiloxane D5 13.32 12:50–13:60 370 355 [M–CH3]+ 267, 339

Tetrakis(trimethylsiloxy)silane IS-2 13.83 13:60–15:20 384 281 [M–CH3–Si(CH3)4]+ 369, 265

Dodecamethylpentasiloxane L5  14.65 13:60–15:20 384 281 [M–CH3–Si(CH3)4]+ 369, 265

Dodecamethylcyclohexasiloxane  D6 15.84 15:20–16:50 444 341 [M–CH3–Si(CH3)4]+ 429, 325

extraction and desorption processes were optimised. The method

was applied to the determination of cyclic and linear volatile

methylsiloxanes in river water samples.

2. Experimental

2.1. Chemical and materials

Hexamethyldisiloxane (L2), octamethyltrisiloxane (L3),

decamethyltetrasiloxane (L4), dodecamethylpentasiloxane (L5),

hexamethylcyclotrisiloxane (D3),  octamethylcyclotetrasiloxane

(D4),  decamethylcyclopentasiloxane (D5), dodecamethylcyclo-

hexasiloxane (D6) were obtained at a  purity of  over 97% from ABCR

(Darmstadt, Germany). Methyltris(trimethylsiloxy)silane (IS-1)

and tetrakis(trimethylsiloxy)silane (IS-2) were used as internal

standards for linear and  cyclic methylsiloxanes, respectively. They

were also purchased from ABCR at  a purity of  over 98%.

Individual stock standard solutions of  each compound and inter-

nal standards of 2000 mg  L−1 were  prepared in acetone for  residue

analysis (Merck) from their respective pure standards. Secondary

individual standard solutions were  prepared by  successive dilution

of the stock standard solutions in acetone to  give concentrations

of 10 mg L−1 for cyclic siloxanes and 1 mg  L−1 for linear siloxanes.

A standard mixture of all the compounds at concentrations rang-

ing from 0.01 to 20 �g L−1 for  linear siloxanes and between 10 and

150 �g  L−1 for cyclic siloxanes was prepared in acetone by dilu-

tion from the secondary individual standard solutions. This solution

was stored at  0 ◦C  and was prepared monthly. For siloxane deter-

mination, six calibration water standard solutions were prepared

by adding of 20 �L of  the standard mixtures into a 40 ml  screw-

cap glass vial fitted with black Viton septa (Supelco, Bellefonte, PA,

USA) containing 20 ml of bottled natural mineral  water at  concen-

trations between 0.01 and  20 ng L−1 for  linear methylsiloxanes and

between 10 and 150 ng L−1 for cyclic methylsiloxanes. In  addition,

appropriate amounts of the internal standard solutions were  added

to each calibration solution to give a concentration of  1 ng L−1 for

IS-1 and 70 ng L−1 for IS-2. By using this procedure for the prepa-

ration of water calibration solutions, the amount of acetone in all

vials was kept constant, which prevents changes in the selectiv-

ity of the SPME fibre. To evaluate the internal standard method,

standard addition was used for quantification of a river water sam-

ple. For this purpose, replicate analyses (n = 3) of  this sample were

carried out spiking the  sample with an adequate amount of stan-

dard solution of linear and  cyclic siloxanes at  0%, 50%, 100%, 150%

and 200% of the estimated concentrations and using IS-1 and  IS-2

as internal standards at  a  concentration of  1 ng L−1 and 70 ng L−1,

respectively. All standards and samples were prepared in  a laminar

flow cabinet of a clean room (Class 100). Acetone and  sodium chlo-

ride for residue analysis were purchased from Merck. All glassware

was treated with chromosulphuric acid,  solvent rinsed and heated

to  400 ◦C before use. Nylon syringe filters (0.2 �m)  were supplied by

Filter-Lab (Barcelona, Spain). Natural mineral water was  obtained

from Font Vella (San Hilari Sacalm, Spain).

HS-SPME experiments were performed with a

manual fibre holder supplied from Supelco. Four com-

mercially available SPME fibres were tested: 100 �m

polydimethylsiloxane (100 �m-PDMS), 65 �m  polydimethyl-

siloxane/divinylbenzene (65 �m-PDMS/DVB), 50/30 �m

divinylbenzene/carboxen/polydimethylsiloxane (50/30 �m-

DVB/CAR/PDMS) and 85 �m carboxen/polydimethylsiloxane

(85  �m-CAR/PDMS) purchased from Supelco. Before use, each

fibre was conditioned in  the  GC injection port under helium flow

according to the  manufacturer’s recommendation. After condi-

tioning, fibre blanks were run periodically to ensure there were no

contaminants or  carryover present.

2.2. Water samples

Twelve  water samples were collected in the Llobregat and Besós

Rivers (Barcelona, NE  Spain) in May of 2011. These rivers are located

in the northeast of Spain and flow into  the Mediterranean Sea near

the city of Barcelona. The  lower sections of these rivers run through

very densely populated and industrialized areas, receiving exten-

sive urban and industrial waste water discharges from  more than

3 million inhabitants. Sampling sites in the Llobregat River were

located downstream of  the towns of Martorell, Molins de Rei, Sant

Boi de Llobregat and el  Prat  de Llobregat (one sample  each). In addi-

tion, three surface water samples were collected before the intake

of the San  Joan Despí  drinking water treatment plant (DWTP), the

biggest DWTP supplying water to the city of Barcelona. Five water

samples from the  Besós River were collected at  the  towns of Mont-

cada i Reixach, Santa Coloma de Gramanet and  Sant Adriá de Besós.

Glass bottles (100 ml)  fitted with black Viton septa were filled with

water without headspace and  stored in  the dark at  4 ◦C before being

analysed. Field blanks consisting of 100 ml of  natural mineral water

were prepared at  the same sampling points and they were analysed

along with the real water samples. Before analysis, the  river water

samples were filtered using nylon syringe filters (0.2 �m)  to avoid

the presence of particulate matter.

2.3. HS-SPME method

The  HS-SPME procedure was carried out as follows: 20 ml  water

sample was  placed in a 40 ml  screw cap glass  vial fitted with

black Viton septa containing a  10 mm  ×  5 mm  PTFE-coated stir bar

and an appropriate amount of the internal standards was then

added by  weight through the septum of the sample vial. The final

internal standard concentrations were 70 ng L−1 for cyclic silox-

anes and 1 ng L−1 for linear siloxanes. To prevent any losses of the

analytes through the septum hole,  a  stainless steel rod (0.55 mm

O.D. × 15 mm  of length) was  used  for closing the  septum hole

just after addition of  internal standard. Moreover, to avoid the

possible adsorption of analytes the  steel rod was  not exposed to

Capítulo 2
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the headspace vapours. Before the HS-SPME analysis, the sam-

ple vial was vortex mixed for 3 min  and  conditioned for 10 min

in a thermostatic water bath at  the extraction temperature. Then

the sample and the calibration solutions were extracted with a

65 �m-PDMS/DVB fibre at  25 ◦C for 40 min  using a constant mag-

netic agitation rate of 750 rpm. Finally, thermal desorption of the

analytes was carried out by exposing the fibre in the GC injec-

tor port at 240 ◦C for 5 min. The fibre was kept in the injector

port for an additional time of  5 min, with the  injector port in split

mode (purge on)  to prevent possible carryover. Further details

about the optimisation of the  HS-SPME procedure are given in

Section 3.1.

2.4.  GC–MS determination

The  determination of the linear and cyclic siloxanes by GC–MS

was carried out on a trace GC 2000 Series gas chromatograph

(ThermoFisher, Milan, Italy) coupled to a DSQ II mass spectrom-

eter (ThermoFisher, Milan, Italy). The  chromatographic separation

of the target compounds was performed on a DB-5 MS (5%  phenyl,

95% methyl polysiloxane) fused silica  capillary column (J &  W Sci-

entific, Folson, USA), 60 m × 0.25 mm  I.D., 0.25 �m  film  thickness.

The oven temperature was programmed from 40 ◦C (held for 2 min)

to 250 ◦C at 10 ◦C min−1 (held for 5 min). Helium was used as a

carrier gas at a  constant flow-rate of 1 ml min−1 held  by  elec-

tronic flow control. The injector temperature was maintained at

240 ◦C and the splitless injection mode (2 min) was used for the

HS-SPME experiments. An  SPME glass inlet liner (I.D., 0.75 mm,

SGE Europe) and a 23-gauge Merlin Micro-seal septum (Supelco,

Bellefonte, PA, USA) were used for the SPME analysis. The MS was

operated in electron ionisation (EI) mode with 70 eV and 100 �A.

Transfer line and ion  source temperatures were  set at 280 ◦C  and

250 ◦C,  respectively. For data acquisition, the selected ion monitor-

ing (SIM) mode was used at  a  dwell time  of  100 ms  and a delay

time of 20  ms.  Table 1 shows the ions selected for quantification

and confirmation of the linear and cyclic methyl siloxanes using

the GC–MS method. Quantification of  siloxanes was  carried out  by

internal standard method, using methyltris(trimethylsiloxy)silane

(IS-1)  and tetrakis(trimethylsiloxy)silane (IS-2) as  standards

for cyclic and linear siloxanes, respectively. Xcalibur ver-

sion 2.0 software was used for  data acquisition and results

processing.

2.5. Quality control

Criteria for ensuring the quality of the data included specific

tests for checking the GC  separation, the sensitivity of the  GC–MS

system using standards and a  quality control water sample (a river

water sample spiked at  1 and  40 ng L−1 for  linear and cyclic methyl-

siloxanes, respectively), the validity of  the calibration, and the

possible carryover between samples. Procedural blanks covering

both the instrumental and the HS-SPME procedure were routinely

performed every three samples to evaluate the contribution of

background levels on the siloxane response. In addition, each water

sample was accompanied by  a  field blank to  ensure the accurate

tracing of any contamination. The mean value of the  area of each

analyte in the field blanks was used for subtraction. The personnel

involved in this work refrained the use  of personal care products

to minimize the contamination before or during the sampling and

analysis. The preparation of standards, procedural blanks, and sam-

ples were carried out in a  clean  air cabinet under a laminar flow.

Limits of detection (LODs) and quantification (LOQs) were  set as

the amount of analyte that provides a response in  the  field blank

equal to the mean plus three and ten  times the standard deviation,

respectively. To  confirm the identification of siloxanes, the  follow-

ing restrictive criteria were applied: (a) the  isotope ratios between

Fig. 1.  Behaviour of the commercially SPME fibres  (A): ( ) 100-� PDMS, ( )  65-

�m  PDMS/DVB, ( ) 30/50-�m CAR/DVB/PDMS, and (  ) 65-�m CAR/PDMS, on

the  extraction of  linear and cyclic siloxanes. Effect of  extraction temperature (B),

and time  (C) on the  extraction efficiency of linear and cyclic siloxanes by HS-SPME.

Compounds:  (♦) L2, (�) L3, ( ) L4,  (|) L5, (�) D3, (×) D4, (©) D5, (�) D6 (conditions:

65-�m  DVB-PDMS fibre, extraction time  50 min and desorption time 5 min).

the  selected ions monitored should be within ±15% of the theoreti-

cal value, and (b) the retention times should  be  within ±2  s of  those

observed for  the standards.

3.  Results and discussion

3.1.  Headspace-SPME optimisation

The  presence of siloxanes in  procedural blanks as background

contamination produced by the instrument, laboratory products

Análisis de metilsiloxanos volátiles en muestras ambientales
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and reagents, and also ambient air, are  the  major difficulty in the

analysis of siloxanes in environmental samples [2,11,28]. This con-

tamination affects quantification and requires a  thorough control

of the blanks to ensure the reliability of  the results. In the  present

work, some actions were taken into  account to reduce the con-

tribution of background contamination to  the  procedural blanks.

For instance, the use of a  Merlin  micro-seal septum instead of a

silicone septum in the GC injector port  and  black Viton septa in

the SPME vials allowed a  reduction of 90%  of the background lev-

els of cyclic siloxanes in the  instrumental blanks. However, the

main sources of contamination of procedural blanks came from the

ambient air and the ultrapure water used for preparing blanks and

standards. Experiments carried out using bottled natural mineral

water and the use of  a  laminar flow cabinet for sample handling

and standard preparation allowed a  substantial reduction in  the

background levels of  linear siloxanes (96–99%), although for cyclic

siloxanes this reduction was  slightly lower (62–92%). Therefore, to

minimize the contribution of siloxanes to  the procedural blanks,

we recommend the  use  of  a  laminar flow cabinet and bottled nat-

ural mineral water for preparing  of both procedural blanks and

standards.

The first step in  the optimisation of the HS-SPME procedure

was the selection of the appropriate fibre for the analysis of silox-

anes. The following four SPME fibres were tested to obtain the

best sensitivity and selectivity for siloxane determination: 100 �m

PDMS, 65 �m PDMS/DVB, 50/30 �m DVB/CAR/PDMS and  85 �m

CAR/PDMS. For this purpose, a long extraction time  (50 min) and a

pre-equilibration time of 15 min  were applied  to  ensure that max-

imum amounts of cyclic and linear siloxanes were extracted. In

addition, the extraction temperature and desorption time were

fixed to 30 ◦C and 2  min, respectively. The desorption tempera-

ture was 250 ◦C for all fibres, which is within the  recommended

operating temperature range. For this study, 10 ml of a  bottled

mineral water sample spiked with 200 ng L−1 of each compound

was analysed using the  five fibres. No carryover on second desorp-

tion was found for any of the fibres, indicating that the complete

removal of analytes at  these conditions was achieved. Fig. 1(A)

shows the relative peak area  obtained for  cyclic and linear silox-

anes using the studied fibres. The 65  �m PDMS/DVB fibre and

CAR/DVB/PDMS fibre  provided the highest extraction yields for  all

the compounds. The PDMS/DVB coating was selected for  all subse-

quent experiments due  to the slightly higher extraction efficiencies

obtained.

After the fibre was selected, several HS-SPME parameters

related to the extraction and  desorption steps were optimised. Ini-

tially, the effect of temperature on the siloxane extraction yield

was examined using a sampling time of  50 min  and a desorp-

tion temperature and time of  250 ◦C and  5 min, respectively. As

Fig. 1(B) shows, maximum relative responses were obtained for

all the compounds at an extraction temperature of  25 ◦C. At  tem-

peratures above 25 ◦C lower responses were obtained because of

the decrease in the distribution constants of the analytes between

the headspace and the fibre coating. Sodium chloride (NaCl, 0–30%,

w/w) was used to study the  effect of the ionic strength. In  our  case,

the addition of NaCl did  not significantly improve the amount of

siloxane extracted. This could be  attributed to both the high volatil-

ity of these compounds that allowed a  rapid migration from the

aqueous solution to  the headspace, and to their  low solubility in

water. We  also studied the  influence of  the headspace and aque-

ous solution volume ratio (Vh/Vw) on the siloxane extraction yield

using a 40 ml  vial. An aqueous volume of 20 ml (Vh/Vw =  1)  was cho-

sen since it provided the  best results. Larger aqueous volumes were

not tested because when reducing the  headspace volume the  com-

plete spreading of  the fibre was not possible. The extraction time

required to reach the equilibrium between the fibre coating and

the headspace was evaluated. This parameter was studied from 5 T
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Table  3

Concentrations of linear and cyclic siloxanes (ng L−1) in Llobregat and  Besos river  water samples by HS-SPME–GC–MS.

Compound Concentration (ng L−1)

Llobregat river (n =  7) Besos river (n = 5)

Detection frequency Meana Min Max  Median Detection frequency Meanb Min. Max. Median

L2 7/7 0.77 0.33 1.53  0.43 3/5 1.32  0.93  1.65 1.37

L3  7/7 1.02 0.58 2.14  0.72 5/5 0.56 0.17  0.85 0.78

L4  6/7 0.27 0.09 0.55  0.18 3/5 0.57 0.16  0.80 0.75

L5 5/7 2.19 0.95 3.94  1.98 3/5 1.28  0.99  1.44 1.41

D3 0/7 nd – –  nd 0/5 nd – – nd

D4 0/7  nd  – –  nd 0/5 nd – – nd

D5  2/7 22.9 22.2  23.5 22.9 1/5 58.5  – – nd

D6  0/7 nd  – –  nd 1/5 21.2  – – nd

a Mean of seven river water samples (3 replicate analyses of each sample).
b Mean of five river water samples (3  replicates analyses of each  sample).

nd:  not detected, <LOD.

to 50 min  using the  optimal conditions previously established. As

shown in Fig. 1(C), where the extraction time profiles obtained for

the linear and cyclic siloxanes are given, a  period of 40 min  was

enough to reach the equilibrium and so it  was chosen as the optimal

extraction time. For the desorption process, several temperatures

(220, 230, 240 and 250 ◦C) of the GC injector port were studied,

maintaining the desorption time constant at  5 min. Up to 240 ◦C

an increase in the  response was  observed, so this temperature was

selected. Finally, the quantitative desorption of the  analytes from

the fibre coating to the injector port was  achieved in 2 min and

no sample carryover was  observed at these conditions. In  sum-

mary, the HS-SPME optimal conditions for  the analysis of linear

and cyclic siloxanes in water using  a  65 �m  PDMS/DVB fibre were:

an  extraction temperature of 25 ◦C, an extraction time of 40 min, a
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Fig. 2.  GC–MS (SIM) chromatogram of  a water sample from the  Besós River analysed by HS-SPME–GC–MS.
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headspace/aqueous volume ratio of 1 (20 ml/20 ml)  in a 40 ml  glass

vial, a desorption temperature of 240 ◦C, a desorption time of 2 min

and no salt addition.

3.2.  Analysis of linear and cyclic siloxanes in  river water samples

To  examine the  performance of the proposed HS-SPME–GC–MS

method, quality parameters such as  linearity, limits of detection

(LOD), limits of quantification (LOQ) and repeatability were estab-

lished (Table 2). Bottled mineral water spiked from 0.01 to  20 ng L−1

for linear siloxanes and between 20 and 150 ng L−1 for cyclic silox-

anes were used to study linearity. Regression coefficients (r) higher

than 0.999 were obtained for all the compounds (Table 2) at con-

centrations ranging from the limit of quantification to 20 ng  L−1

for linear and 150 ng L−1 for cyclic siloxanes, respectively. Since

no blank river water samples were found, the field blanks (n = 12)

obtained from each sampling point were used to  estimate the LOD

and LOQ values of the method. Each field blank was  analysed in

triplicate using the developed method and the method LOD  and

LOQ were determined as  the concentration of analyte that provides

a response equal to the mean (12 field blanks × 3 replicates) plus

three and ten times the standard deviation, respectively. Method

LODs ranged from 0.003 to 0.25 ng L−1 for linear siloxanes and from

6 to 11 ng L−1 for cyclic siloxanes (Table 2), while the LOQs were

between 0.01 and 0.74 ng L−1 for linear and from 18 to 34 ng  L−1

for cyclic siloxanes. These values are lower  than those reported

using purge and trap method [6], but similar to that found by

Sparham et al. [11] for D5 using headspace–GC–MS. The intra-day

precision of the whole HS-SPME–GC–MS method was also stud-

ied by analysing a river water sample  with very low concentration

levels of siloxanes (<0.1 ng L−1 for linear and  <10 ng L−1 for cyclic

siloxanes) spiked at  a concentration of  1 ng L−1 for linear silox-

anes and 40 ng L−1 for cyclic siloxanes. Six independent analyses of

the spiked river water sample were performed using the proposed

HS-SPME–GC–MS method and relative standard deviations (RSD%)

lower than 17% were obtained for all the  compounds (Table 2). In

addition, to assure that the  matrix did not  affect the  reliability of

the results obtained by internal standard method using as calibra-

tion solutions spiked bottled natural mineral water, quantification

by the standard addition method was also applied (Section 2.1)

for the analysis of water samples using HS-SPME–GC–MS. For this

purpose, replicate analyses (n =  3) of a  river  water sample spiked

at 1 ng L−1 for linear and 40 ng L−1 for cyclic siloxanes were carried

out using both quantification methods and the results obtained are

summarized in Table 2. As  can be seen, good agreement between

the two quantification methods was obtained and no  significant dif-

ferences were observed (p-value > 0.05), demonstrating the validity

of the internal standard method and the absence of matrix effect

using the HS-SPME–GC–MS.

In  order to evaluate the  applicability of  the optimised HS-

SPME–GC–MS method to the analysis of  linear and  cyclic siloxanes

in waters, twelve river water samples collected at  the Llobregat and

Besós Rivers were analysed in triplicate and the results are sum-

marized in Table 3. Linear siloxanes were found in Llobregat and

Besós river waters at  concentration levels ranging between 0.09

and 3.94 ng L−1 and from 0.16 to  1.65 ng L−1, respectively. For cyclic

siloxanes, concentrations of the D5 ranged from 22.2 ng  L−1 (Llobre-

gat River) to 58.5 ng L−1 (Besós River), while the  D6 was  only found

in a sample from Besós River (21.2 ng L−1). D3 and D4 were not

detected in any of  the samples analysed. Fig. 2 shows as  an exam-

ple the GC–MS selected ion monitoring (SIM) chromatograms of a

water sample from the Besós River. The differences in  the  concen-

tration levels between linear and cyclic siloxanes are in agreement

with data reported in the literature [5,6] and can be  attributed to

the widespread use of consumer products that mainly contain D5

siloxane [4,11]. Similar concentrations for D5 have  been found in

water samples from two UK rivers (12.9–59.2 ng L−1) [11].

4. Conclusions

A  new headspace-SPME method combined with GC–MS  has

been developed to analyse siloxanes in  water samples. The

PDMS/DVB fibre (25 ◦C,  40 min) was  found to  be the most effec-

tive coating for the extraction of  siloxanes. The proposed method

provided low limits of quantification, from 0.01 to 0.74 ng L−1

for linear siloxanes and from 18 to 34 ng L−1 for cyclic silox-

anes, and precise results (RSD < 17%) for the analysis of  river

water samples. The absence of matrix effect using the  HS-SPME

has been demonstrated allowing to propose the  internal stan-

dard method with water standard solutions as calibrants for the

quantification of the  target compounds. The  HS-SPME–GC–MS has

proved to be a  fast and sensitive method for the analysis of lin-

ear and cyclic siloxanes at ng L−1 levels in river water and  can

be proposed as a novel method for the  routine analysis of  these

compounds.
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Solvent extraction combined with headspace – solid phase 

microextraction and gas chromatography – mass spectrometry for the 

analysis of linear and cyclic methylsiloxanes in mussels. 
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Solvent extraction combined with headspace solid-phase microextraction and gas 

chromatography-mass spectrometry for the analysis of linear and cyclic 

methylsiloxanes in mussels. 

E. Y. Companioni, F. J. Santos*, M. T. Galceran 

Analytical Chemistry Department, University of Barcelona, 

Avda. Diagonal 645, 08028 Barcelona, Spain. 

Abstract 

A simple and fast method based on a solvent extraction combined with headspace-

solid phased microextraction (HS-SPME) and gas chromatography-mass spectrometry 

(GC-MS) was developed for the determination of linear and cyclic methylsiloxanes in 

mussels. The extraction efficiencies of three solvents (methanol, tetrahydrofuran and 

acetonitrile) were evaluated and it was found that acetonitrile was the most suitable 

solvent for the quantitative extraction of the target compounds. In addition, the effect 

of the amount of mussel extract in the HS-SPME extraction efficiency was also 

studied in order to achieve the maximum sensitivity. The method provides good 

linearity (r>0.998) using a matrix-matched calibration  and precision (RSD <14%) 

with low limits of detection ranging from 0.10 ng g-1 wet weigh (ww) for linear and 4 

ng g-1ww for cyclic methylsiloxanes. The method was applied to the analysis of linear 

and cyclic methylsiloxanes in mussels collected at 23 sites from the Catalan coastline 

(NW Mediterranean). Results showed concentrations ranging from 0.17 to 4.01 ng g-

1ww and between 6.7 and 630.8 ng g-1ww for linear and cyclic methylsiloxanes, 

respectively, with D5 as the dominant methylsiloxane.  

Keywords: Linear and cyclic methylsiloxanes; biota; mussels; solid-phase 

microextraction; gas chromatography-mass spectrometry; 

* Corresponding author. 
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1. Introduction 

Volatile methylsiloxanes (VMS) are a new group of emerging pollutants that are  

attracting a great attention worldwide because they are globally distributed, persistent 

in the environment, bioaccumulative and potentially harmful to organisms [1,2]. They 

are used in a wide range of industrial applications, including the production of higher 

weight silicone polymers, and as a component of personal care and consumer products 

[3,4]. Due to their high vapour pressure (Table S1) [5,6], VMS are released into the 

atmosphere during the manufacturing processes and by the use of consumer product. 

The atmosphere is the major reservoir of VMS as well as the most important medium 

for their global distribution [7]. In addition, wastewater treatment plant (WWTPs) 

effluents become an important source of VMS to the environment because they are 

not totally removed during the wastewater treatment [8]. Once in the aquatic media, 

they are adsorbed in sediments and tend to bioaccumulate through the food web 

[2,10,11]  due to their high hydrophobicity (log KOW >3.85, Table S1) [3,5,9]. Several 

field works conducted in Norway [12], UK [13], Sweden [14], Scandinavia countries 

[1,15], and the European Arctic [2], demonstrated the important tendency of cyclic 

VMS to bioaccumulate in fish and other marine organisms. However, their effects to 

aquatic organisms are still unclear, but studies on laboratory animals revealed that 

they can cause estrogen mimicry, connective tissue disorders, adverse immunologic 

responses, and liver and lung damage [16-19].� VMS are not still legislated in the 

European Union and by the US Environmental Protection Agency (EPA), despite their 

potential risk for the marine ecosystem and their tendency to affect higher trophic 

level organisms including humans. Although information about their toxicity is still 

limited it is important to have an understanding of the occurrence and distribution of 

these compounds in the environment.   

The Mediterranean Sea is an area that receives the impact of 21 bordering countries, 

being the rivers, run-off and WWTP effluent discharges considered the main sources 

of contamination. The Catalan coast, which is located in the NW Mediterranean Sea, 

is a highly populated and industrialized area with textile, tanneries, paper mills and 

chemical industries as principal sectors. This coastal area receives the water 

discharges of 6 main rivers, including the Ebro River which is one of the largest river 

basins in Spain that discharging to the Mediterranean Sea. The presence of several 
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pollutants derived from urban and industrial activities have been identified in the 

seawater of this coastal zone such as polycyclic aromatic hydrocarbons (PAHs) [17], 

alkylphenols (APs) [18], nonionic surfactants [19], aromatic monosulfonic acids [20] 

and perfluorinated chemicals [21]. Regarding to the volatile methylsiloxanes, their 

presence has been detected in waters of the Llobregat and Besòs Rivers [22,23], which 

act as drivers of these pollutants into the Mediterranean Sea. Currently, there is no 

data available about the occurrence of VMS in the Mediterranean Sea, and this 

information is important to know the real impact that produces these pollutants in the 

marine environment. The use of mussel to assess the levels and trends of chemical 

pollution in coastal waters was first suggested in the mid-1970s [24]. This marine 

organism filters large volumes of seawater and it is able to accumulate pollutants in its 

tissues to a degree proportional to their bioavailability. Their limited capacity for 

metabolizing and their resistance to a wide range of contaminant levels, make them an 

ideal sentinel organism [25,26]. The usefulness of mussels as bioindicators is highly 

increased when chemical analysis is integrated with data on the biological effects of 

pollutants. Regarding the VMS, mussels have been used as sentinel organism to 

measure their presence in seawater of the Inner Oslofjord, Norway [15]. Published 

studies also show the use of different fish marine organisms to determine these 

pollutants in the aquatic media [2,12]. Since the mussel Mytilus galloprovincialis are 

the most abundant specie along extensive areas of the Mediterranean coast, it could be 

used as biomonitor oragnims to assess the presence of VMS in this coastal zone. So 

far, there are few analytical methods published for the determination of VMS in biota. 

These methods are based on solvent extraction followed by direct injection in the gas 

chromatograph – mass spectrometer (GC-MS) [1,27] and purge and trap technique 

combined with and GC-MS [28]. The absence of a clean-up step in the sample 

treatment causes the contamination of the GC-MS system by the co-extracted matrix 

components, affecting its performance. Purge and trap method uses a long purging 

time (24 - 72h) that increases the analysis time and reduced the throughput. For these 

reasons, the development of new methods for the analysis of VMS in biota samples is 

required. Headspace-solid-phase microextraction (HS-SPME) has been widely used to 

the analysis of volatile in biological samples [29-32]. Some applications combine 

solvent extraction with HS-SPME to increase the selectivity of the method avoiding 

the contamination of the GC system [33]. To date, HS-SPME has not been used to the 
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analysis of VMS in biota samples, and can be an excellent alternative to existing 

methods.  

The aim of this work was to develop a method using solvent extraction followed by 

HS-SPME-GC-MS to determine linear and cyclic methylsiloxanes in mussels. For this 

purpose, we evaluated several parameters affecting the extraction efficiency of HS-

SPME method, such as the solvent extraction and matrix components to obtain 

maximum sensitivity and selectivity in the analysis of the VMS. Quality parameters, 

such as linearity, recovery, limits of detection and quantification and precision were 

established and the proposed method was applied to the analysis of linear and cyclic 

methylsiloxanes in mussels collected along the Catalan coastline in order to assess the 

occurrence of these contaminants in this area. 

2. Experimental 

2.1. Chemicals and Materials 

Hexamethyldisiloxane (L2), octamethyltrisiloxane (L3), decamethyltetrasiloxane (L4), 

dodecamethylpentasiloxane (L5), hexamethylcyclotrisiloxane (D3), 

octamethylcyclotetrasiloxane (D4), decamethylcyclopentasiloxane (D5) and 

dodecamethylcyclohexasiloxane (D6) were obtained at a purity of over 97 % from 

ABCR (Darmstadt, Germany). Methyltris(trimethylsiloxy)silane (SS-1) and 

tetrakis(trimethylsiloxy)silane (SS-2) were used as surrogate internal standards for 

quantification of linear and cyclic methylsiloxanes. All these internal standards were 

also purchased from ABCR at a purity of over 97 %. Individual stock standard 

solutions of the target compounds and internal standards were prepared in acetonitrile 

from their respective pure standards at a concentration of 1000 μg ml-1. Secondary 

individual standard solutions were prepared by successive dilution of the stock 

standard solutions in acetonitrile to give concentrations of 10 μg ml-1 for linear and 

100 μg ml-1 for cyclic methylsiloxanes. Six standard mixtures of the target compounds 

at concentrations ranging from 6 to 1000 ng ml-1 for linear and between 400 and 

32000 ng ml-1 for cyclic methylsiloxanes were prepared in acetonitrile from the 

individual secondary standard solutions. Appropriate amounts of the surrogate internal 

standards SS-1 and SS-2 were added to each standard mixture to give concentrations 
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of 150 and 5000 ng ml-1, respectively. All standards were prepared monthly and stored 

at -20 oC and. For quantification by HS-SPME a matrix matched method was used. To 

this end, blank mussel extracts (2ml) were spiked with 20 μl of the standard mixtures 

to give concentrations ranging from 0.06 to 10 ng ml-1 for linear and between 4 and 

320 ng ml-1 for cyclic methylsiloxanes. Matrix-matched calibration solutions for the 

HS-SPME analysis were prepared by adding 100 μl of the spiked extracts to 20 ml of 

natural mineral water contained into a 40 ml screw-cap glass vial fitted with black 

Viton septa (Supelco, Bellefonte, PA, USA) to obtain concentrations ranging from 0.3 

to 50 ng L-1 for linear and between 20 to 1600 ng L-1 for cyclic methylsiloxanes. A 

standard mixture of the surrogate standards SS-1 (110 ng ml-1) and SS-2 (3330 ng ml-

1) was prepared monthly from the corresponding secondary stock standard solutions in 

acetonitrile, and was added to the mussel samples prior solvent extraction for 

quantification.  

Acetonitrile, n-hexane and acetone of residue analysis grade were obtained from Fluka 

(Bucks, Switzerland). Natural mineral water was obtained from Font Vella (San Hilari 

Sacalm, Spain). All glassware materials were treated with chromosulfuric acid for 24 

h, solvent rinsed and dried at 150 ºC before use. HS-SPME experiments were carried 

out using a manual SPME device purchased from Supelco (Bellefonte, PA, USA). A 

65 μm polydimethylsiloxane/divinylbenzene (65μm-PDMS/DVB) fibre supplied from 

Supelco was used for the extraction of analytes. Before use, the fibre was conditioned 

in the GC injection port under helium flow according to the manufacturer’s 

recommendation. After conditioning, fibre blanks were run periodically to ensure 

there were no contaminants or carryover present.  

2.2. Sampling and sample processing 

The study area comprised the NW Mediterranean Sea along the Catalan coastline, 

from Llançà (42.3582o N, 3.1702o E) to Sant Carles de la Rápita (40.6049o N, 0.5829o

E) (Figure 1). Table 1 shows the location, coordinates and the characteristics of each 

sampling site. A total of twenty three sites were sampled  during summer of 2012 and 

comprised municipalities with more than 5000 inhabitants, including Barcelona and 

Tarragona with a relatively high population density, and four river mouths (Besós 

River, Llobregat River, Ter River and Ebro River) with an important influence of 
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industrial and urban activities. Sampling area is a highly urbanized region that 

receives the continuous input from treated and untreated WWTP discharges, run-off 

and river waters. All WWTPs discharge treated effluents into the coastal waters via 

submarine sea emissaries (0.3 – 3.6 km from the coast at 30 m deep) that constitute 

the main source of the coastal water pollution [34].  Other important inputs of 

contaminants to the coastal waters are the river waters, especially the Besós and 

Llobregat Rivers which flow through the highly populated and industrialized ring 

around Barcelona [35,36], and the coastal area around Tarragona city that is highly 

influenced by the petrochemical industries and refineries [37,38].  

Figure 1. Sampling locations along the catalan coastline (NW Mediterranean Sea).  

Mussel (Mytilus galloprovincialis) were manually collected at 0.3 m depth of each 

sampling site (~40 specimens, 5.0 – 8.0 cm shell length), and were immediately 

wrapped in pre-cleaned aluminium foil, stored at 0 ºC and transported to the 

laboratory within 24 h. Once in the laboratory, the samples were processing into a 

laminar flow cabinet of a clean room camera to avoid any contamination from the 
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laboratory air. The mussels were then opened and the soft body parts were separate 

from the shell and rinsed with natural mineral water after removing the byssus threads.  

Table 1. Sample code, location, coordinates and detailed description of each sampling 
site. 

Sample   Coordinate   
code Location  N E  Site description 
1 Llançà  42.3582 3.1702  Urban and touristic  
2 Empuriabrava  42.2360 3.1260  Urban and touristic (Gulf of Roses) 
3 Torroella de Montgrí  42.0236 3.1946  Ter River mouth 
4 Palamós  41.8473 3.1215  Urban and touristic  
5 Tossa de Mar  41.7214 2.9368  Urban and touristic 
6 Blanes  41.6706 2.7914  Urban and touristic 
7 Santa Susanna  41.6292 2.7190  Touristic  
8 Sant Pol de Mar  41.6003 2.6253  Touristic 
9 Arenys de Mar  41.5755 2.5460  Touristic and fishing 
10 Cabrera de Mar  41.5040 2.3994  Touristic 
11 Premiá de Mar  41.4869 2.3546  Urban and touristic 
12 El Masnou  41.4750 2.3074  Urban and industrial 
13 Badalona  41.4307 2.2410  Urban and industrial 
14 San Adrià del Besòs  41.4182 2.2335  Besòs River mouth 
15 Prat de Llobregat  41.2874 2.1075  Near Llobregat River mouth 
16 Cubelles  41.1972 1.6729  Foix River mouth 
17 Vilanova i la Geltrú  41.2103 1.7199  Urban and fishing 
18 Calafell  41.1859 1.5678  Urban and touristic 
19 Torredembarra  41.1327 1.3961  Urban and touristic 
20 Tarragona  41.1098 1.2534  Urban, petrochemical, industrial 
21 L´Hospitalet de l´Infant  40.9663 0.8912  Urban and touristic 
22 L´Ampolla  40.8085 0.8389  Near of Ebro River Delta  
23 Sant Carles de la Rápita  40.6049 0.5829  Near of Ebro River Delta 
�

From each sampling site, pooled samples of 20 g were homogenised using an Ultra-

Turrax homogenizer (Ultra-Turrax T25; IKA Werke GmbH & Co. KG, Staufen, 

Germany) and immediately stored at -18oC in preheated glass vials until the analyses. 

2.3. Solvent extraction and HS-SPME analysis  

For the analysis of the mussel samples, a solvent extraction step followed by HS-

SPME was used. Briefly, aliquots of 1 g wet weight (ww) of each composite mussel 

sample (in triplicate) were weighted into 4 ml-vials, spiked with 30 μl of the surrogate 

standard solution to gives concentrations of 3 and 100 ng g-1 ww of SS-1 and SS-2, 

respectively, and kept at 4oC overnight to equilibrate. SS-1 and SS-2 were used for 

quantification and to control the recovery of the linear and cyclic methylsiloxanes, 

respectively. The sample was then extracted by shaking for 30 min with 2 ml of 

acetonitrile at room temperature. After that, the extract was centrifuged at 3500 rpm 
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for 10 min and the solvent layer was transferred to a 2-ml vial. For the analysis of the 

target compounds, a HS-SPME method previously developed for the analysis of VMS 

in water sample [21] was used with minor modifications. Briefly, 20 ml of mineral 

natural water was placed in a 40 ml screw cap glass vial fitted with black Viton septa 

containing a PTFE-coated magnetic stir bar (10 mm x 5 mm), and a 100 μl aliquot of 

the mussel extract was added through the septum of the sample vial. To prevent any 

loss through the septum hole before the insertion of the SPME fibre, a stainless steel 

rod (0.55 mm O.D. x 15 mm of length) was used for closing the septum hole. 

Moreover, to avoid the possible adsorption of analytes the steel rod was not exposed 

to the headspace vapours.�Before the HS-SPME analysis, the sample vial was vortex 

mixed for 3 min and conditioned for 10 min in a thermostatic water bath at the 

extraction temperature. The sample and the matrix-matched calibration solutions were 

extracted with a 65μm-PDMS/DVB fibre at 25ºC for 40 min using a constant 

magnetic agitation rate of 750 rpm. Thermal desorption of the analytes was carried out 

by exposing the fibre in the GC injector port at 240ºC for 2 min. To avoid possible 

carryover, the fibre was kept in the injector port for an additional time period of 5 min, 

with the injector port in split mode. Procedures blanks were run periodically during 

the analysis to check possible fiber contaminations. Further details about the 

optimisation of the HS-SPME procedure are given in section 3.1. 

2.4. GC-MS determination 

The determination of the linear and cyclic methylsiloxanes by GC-MS was carried out 

on a trace GC 2000 Series gas chromatograph (ThermoFisher, Milan, Italy) coupled to 

a DSQ II mass spectrometer (ThermoFisher, Milan, Italy). The chromatographic 

separation of the target compounds was performed on a DB-5 MS (5 % phenyl, 95 % 

methyl polysiloxane) fused silica capillary column (Agilent-J&W Scientific, Folson, 

USA) of 60 m x 0.25 mm I.D., 0.25 �m film thickness. The oven temperature was 

programmed from 40oC (held for 2 min) to 250oC at 10oC min-1 (held for 5 min). 

Helium was used as a carrier gas at a constant flow-rate of 1 ml min-1 held by 

electronic flow control. The injector temperature was maintained at 240oC and a 

splitless time of 2 min was used. A SPME glass inlet liner (I.D., 0.75 mm, SGE 

Europe) and a 23-gauge Merlin Micro-seal septum (Supelco, Bellefonte, PA, USA) 
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were used for the SPME analysis. The MS was operated in electron ionisation (EI) 

mode with an electron energy of 70 eV and an emission current of 250 μA. Transfer 

line and ion source temperatures were set at 280ºC and 200oC, respectively. For data 

acquisition,  selected ion monitoring (SIM) mode was used at a dwell time of 100 ms 

and a delay time of 20 ms. Table 2 shows the ions selected for quantification and 

confirmation of the linear and cyclic methylsiloxanes using the GC-MS method. 

Quantification was carried out by matrix-matched method using 

methyltris(trimethylsiloxy)silane (SS-1) and tetrakis(trimethylsiloxy)silane (SS-2) as 

surrogate standards.  Xcalibur version 2.0 software was used for data acquisition and 

results processing. 

2.5. Quality control procedures 

Criteria for ensuring the quality of the data included specific tests for checking the GC 

separation, the sensitivity of the GC-MS, and the possible carryover between samples. 

Procedural blanks covering both instrumental and sample treatment procedures were 

routinely analysed for every five samples or standards to assess the contribution of 

background levels. In addition, a field blank was used for each sampling site in order 

to evaluate the field contamination of VMS via air deposition. The background 

contribution detected in the field blanks was substracted from the analyte signal for 

quantification. A mussel sample with no detectable levels of the target compounds 

was used as blank for analytical optimisation. Due to the presence of methylsiloxanes 

in a great variety of consumer products, the analyst took care to avoid the use of 

personal care products or other possible contamination sources during the sampling 

and analysis. In addition, the preparation of standards, procedural blanks, and the 

sample treatment were performed in a laminar flow cabinet of a clean room (Class 

100) to avoid any VMS contamination from laboratory air [22]. Method limits of 

detection (LOD), typically ranging from 0.03 to 4 ng g-1 wet weight (ww), the 

linearity of matrix-matched calibration (from 0.3 to 50 ng L-1 for linear and between 

20 to 1600 ng L-1 for cyclic methylsiloxanes), and the precision (generally RSD% < 

13%), were routinely checked to ensure the quality of the results. To confirm the 

identification of the target compounds, the following restrictive criteria were applied: 

(a) the ion abundance ratios between the selected ions monitored had to be within �



Table 2. Quantification and confirmation ions, linear range and quality parameters of the proposed method obtained for linear and cyclic 
methylsiloxanes. 

GC-MS (SIM)  Mussel samples   

Compound 
Quantification 

ion (m/z) a 

Confirmation ion 

(m/z) a 

Spiked level 

(ng g-1ww) 

Mean ± sd b

(ng g-1ww) 

Spiked level 

(ng g-1ww) 

Mean ± sd b

(ng g-1ww) 

mLOD 

(ng g-1ww) 

mLOQ 

(ng g-1ww) 

L2 147 131,117  1.6 1.8 ± 0.2 48 50 ± 3  0.03 0.1 

L3 221 205,189  1.7 1.5 ± 0.2 47 47 ± 3  0.04 0.1 

L4 207 295,191  1.8 1.7 ± 0.2 49 50 ± 2  0.04 0.1 

L5 281 369,265  1.8 1.6 ± 0.2 50 53 ± 3  0.1 0.4 

D3 207 191,177  9.9 9.9 ± 2 103 100 ± 5  4 10 

D4 281 265,249  9.5 9.1 ± 1.1 102 99 ± 3  2 6 

D5 355 267,339  9.4 9.0 ± 0.9 101 106 ± 6  2 6 

D6 341 429,325  9.6 9.8 ± 0.8 104 101 ± 5  2 6 
a Quantification ion: SS-1, m/z 295; SS-2, m/z 281; Confirmation ion: SS-1, m/z 207,281; SS-2, m/z 369,265. 
b Concentration: mean ± standard deviation , n=8. 
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±15% of the theoretical value, and (b) the retention times had to be within ±2 s of 

those observed for the standards.   

3. Results and discussion 

3.1 Optimization of the extraction procedure 

For the analysis of VMS in mussel samples, a method based on a solvent 

extraction procedure followed by HS-SPME extraction was developed. To this end, 

several parameters that affect the efficiency of the solvent extraction procedure and 

the partitioning of the analytes between the SPME fibre and headspace were studied 

and optimized sequentially. The first step of the study was the selection of the organic 

solvent  for  the  extraction  of  the  target compounds from the mussel matrix. For this  

Figure 2. Effect of extraction solvents: acetonitrile ( ),tetrahydrofurane ( )  and 

methanol ( ), on the response of linear and cyclic methylsiloxanes from mussel 

samples (1g wet weight of mussel, 2 ml of each solvent, extraction time 30 min). (HS-

SPME conditions are indicated in section 2.3.)  
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purpose, a blank mussel sample spiked at 3 ng g-1ww for linear and 100 ng g-1ww for 

cyclic VMS was extracted by shaking for 30 min with 2 ml of each studied solvent 

(methanol, tetrahydrofuran and acetonitrile). For the determination of VMS, an aliquot 

of 50 μl of the organic extract was added to 20 ml of mineral water and analysed by 

HS-SPME-GC-MS using the conditions previously described in sections 2.3. and 2.4. 

Figure 2 shows the response, expressed as relative peak area (%), obtained for all de 

compounds using the studied solvents. As can be noted, acetonitrile was the solvent 

that provided the highest extraction efficiency for all the compounds and it was 

selected as extraction solvent for the analysis of VMS. To assure the quantitative 

extraction of the analytes, a re-extraction of the spiked blank sample was carried out 

using a fresh portion of 2 ml of acetonitrile. The HS-SPME analysis of this second 

extract showed the presence of VMS at very low concentrations (<5% of the spiked 

level), demonstrating that the quantitative recovery of all the compounds using only a 

extraction step.  

It is known that the presence of organic solvents or matrix components in aqueous 

phase at a percentage higher than 1% (v/v) affect significantly to the distribution 

constant of the analytes between the fibre coating and the headspace, resulting in a 

decrease of extraction efficiently of the fibre [39]. Therefore, the effect on the HS-

SPME extraction yield of the VMS due the presence of both acetonitrile and mussel 

components in the aqueous phase were evaluated. To this end, two aqueous solutions 

containing a percentage of 0.25% (v/v) of acetonitrile and blank mussel extract were 

spiked at 10 ng L-1 for linear and 300 ng L-1 for cyclic methylsiloxanes. These 

solutions were analysed using the HS-SPME-GC-MS method. Figure 3A shows the 

response obtained for all the compounds using pure acetonitrile and the mussel 

extract. As can be observed, the presence of matrix components on the aqueous phase 

caused a higher decrease on the extraction efficiencies than those found using only 

acetonitrile. To optimise the percentage of the mussel extract in the aqueous phase, 

different amounts of the spiked blank mussel extract, ranging from 0.1 to 1.5 % (v/v), 

were added to 20 ml of mineral water in a 40 ml vial and the solutions were analysed 

by HS-SPME-GC-MS. Figure 3B shows the response of the VMS in function of the 

percentages of the mussel extract in the aqueous phase. As can be seen, until a 

percentage of 0.50% (v/v) no significant differences in the peak areas were observed,  
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Figure 3. (A) Effect of acetonitrile ( �� and sample matrix ( ) on the extraction 
efficiency of linear and cyclic methylsiloxanes by HS-SPME using a percentage 0.25 
% (v/v) of acetonitrile or mussel extract in the aqueous solution. (B) HS-SPME 
extraction efficiency of the target compounds using different percentages of mussel 
extract in the aqueous solution. (HS-SPME conditions are indicated in section 2.3.) 
Compounds: ( ) L2, ( ) L3, ( ) L4, ( ) L5, ( ) D3, ( ) D4, ( ) D5, ( ) D6.
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while at higher values an important decrease in the extraction efficiency was obtained. 

In view of the results obtained a percentage of 0.50% (v/v) of the mussel extract in the 

aqueous phase was chosen for the HS-SPME analysis in order to obtain the highest 

response of the target analytes.  

3.2. Performance of the analytical method 

To examine the performance of the proposed method, quality parameters such as 

linearity, precision, accuracy and limits of detection and quantification, were 

established (Table 2). Linearity was studied using matrix-matched calibration 

solutions containing linear and cyclic methylsiloxanes at concentrations ranging 0.3 to 

50 ng L-1 for linear and between 20 to 1600 ng L-1 for cyclic methylsiloxanes. 

Correlation coefficients (r) higher than 0.998 were obtained for all the compounds 

within the concentration range tested. Limits of detection (LODs) and quantification 

(LOQs) of the whole method were established by analysing field blanks in triplicate 

using the developed method. LODs and LOQs were determined as the concentration 

of analyte that provides a response equal to the mean of field blanks plus three and ten 

times the standard deviation, respectively. LODs ranged from 0.03 to 0.10 ng g-1ww 

for linear and from 1.5 to 4 ng g-1 ww for cyclic methylsiloxanes, while LOQs were 

between 0.1 and 0.4 ng g-1ww for linear and from 5.7 to 10 ng g-1ww for cyclic 

methylsiloxanes (Table 2). These values were up to two orders of magnitude lower 

than those reported using solvent extraction [2,40,41], although for cyclic VMS the 

LODs  are slightly higher than those obtained  using purge and trap [28]. The accuracy 

and intra-day precision of the method was studied using blank mussel samples spiked 

at two concentration levels (low level: 2 ng g-1ww for linear and 10 ng g-1ww for 

cyclic methylsiloxanes; medium level: 50 ng g-1ww for linear and 100 ng g-1ww for 

cyclic methylsiloxanes). Eight independent analyses of the spiked mussel samples 

were carried out and the results obtained are given in Table 2. As can be seen, good 

agreement was achieved between the spiked concentrations and the obtained values 

with a relative standard deviation (RSD, %) lower than 14 % for all the compounds. In 

view of the results, the validity of the proposed method has been demonstrated and it 

can be proposed for the analysis of linear and cyclic methylsiloxanes in mussel 

samples. In addition, the developed method offers practical advantages over methods 
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reported in the literature such as a significant reduction of the sample treatment (~ 1h) 

and a high selectivity in the extraction of the VMS. For instance, methods based on 

purge and trap often requires a purge time of 24 – 72 h [28], and many of the solvent 

extraction methods directly inject the dirty extracts to the GC-MS [1,2,41,42]. 

3.3. Occurrence of linear and cyclic VMS in mussels. 

The occurrence of linear and cyclic methylsiloxanes in mussel collected along the 

Catalan coastline (NW Mediterranean Sea) as bioindicators of contamination was 

assessed using the developed method. A total of twenty three mussel samples were 

analysed in triplicate and the mean concentrations with the corresponding standard 

deviations are summarised in Table 3.�The recovery of the surrogate SS-1 and SS-2 in 

all samples ranged from 89 to 96 %. Figure 4 shows, as an example, the GC-MS 

(SIM) chromatograms obtained for a mussels sample collected in Prat de Llobregat 

(sample 15). Generally, concentrations of cyclic methylsiloxanes in the analysed 

mussels (7.5 – 631 ng g-1 ww) were up to three orders of magnitude higher than those 

found for linear methylsiloxanes (0.17 – 2.32 ng g-1 ww). L5 and L4 were detected in 

fifteen out of the twenty three analysed samples with a highest values detected in 

levels were always below of the limits of detection of the method. The presence of the 

linear VMS in aquatic media is always associated with the WWTP discharges, and 

samples collected in the Besòs River mouth (sample 14, L4: 1.69 ± 0.16 ng g-1 ww, 

L5: 2.32 ± 0.20 ng g-1 ww). L3 was only detected in five out of the samples and 

L2their detection at lower concentrations can be attributed to low production volume 

and uses compared with the cyclic methylsiloxanes. Similar concentrations were 

found in cod liver from the Inner Oslofjord, Norway (L4: 1.1 – 2.9 ng g-1 ww and L5: 

0.8 – 1.5 ng g-1 ww) [15] and the Norwergian Arctic (L3: 0.13 and 0.33 ng g-1 ww) 

[43], while a higher concentration value was found for L4 in flounder liver from the 

Wadden Sea, Denmark (33 ng g-1 ww) [1].  

Regarding the presence of cyclic methylsiloxanes in mussels, D5 was detected in all 

samples at levels ranging from 9 to 631 ng g-1 ww. The concentration pattern in all 

studied samples is dominated by the D5 which accounted for more than 70 % of the 

total VMS concentrations. D6 (8.2 - 31 ng g-1 ww) were detected in twelve out of the  
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Table 3. Concentrations of linear and cyclic methylsiloxanes (ng g-1 wet weight) 
determined in mussels.  

No. Concentrations (mean ± SD) (ng g-1 g ww) a 

 L2 L3 L4 L5   D3 D4 D5 D6 
1 < 0.03b < 0.04b < 0.04b < 0.4c   < 4b < 2b 38 ± 4 8.2 ± 0.8 
2 < 0.03b < 0.04b < 0.04b < 0.1b   < 4b < 2b 20 ± 2 < 2b

3 < 0.03b 0.30 ± 0.05 0.44 ± 0.07 0.80 ± 0.08   < 4b 10 ± 2 103 ± 8 10.3 ± 1.0 
4 < 0.03b < 0.04b < 0.04b < 0.4c   < 4b < 2b 38 ± 2 9.9 ± 1.2 
5 < 0.03b < 0.04b 0.22 ± 0.04 0.78 ± 0.11   < 4b < 2b 29 ± 2 < 6c

6 < 0.03b < 0.04b < 0.04b < 0.4c   < 4b < 2b 41 ± 3 < 6c

7 < 0.03b 0.17 ± 0.03 0.53 ± 0.07 0.58 ± 0.07   < 4b < 2b 25 ± 4 9.4 ± 0.8 
8 < 0.03b < 0.1c 0.53 ± 0.06 0.91 ± 0.09   < 4b < 6c 28 ± 3 8.8 ± 0.9 
9 < 0.03b < 0.1c 0.20 ± 0.04 0.43 ± 0.08   < 4b < 2b 9 ± 1 < 6c

10 < 0.03b < 0.1c < 0.1c 0.49 ± 0.07   < 4b < 6c 13 ± 2 < 6c

11 < 0.03b < 0.1c 0.32 ± 0.06 0.48 ± 0.09   < 4b < 2b 16 ± 2 < 2b

12 < 0.03b 0.18 ± 0.03 0.90 ± 0.12 1.67 ± 0.25   < 4b < 6c 160 ± 12 14 ± 2 
13 < 0.03b 0.25 ± 0.03 0.60 ± 0.07 0.61 ± 0.07   < 4b < 2b 147 ± 6 13 ± 1 
14 < 0.03b < 0.1c 1.69 ± 0.16 2.32 ± 0.20   < 4b < 2b 631 ± 19 31 ± 3 
15 < 0.03b 0.31 ± 0.06 0.43 ± 0.07 1.47 ± 0.16   < 4b 20 ± 2 157 ± 9 16 ± 2 
16 < 0.03b < 0.1c 0.24 ± 0.03 0.57 ± 0.09   < 4b < 6c 98 ± 6 14 ± 2 
17 < 0.03b < 0.1c 0.29 ± 0.06 0.39 ± 0.09   < 4b 7.7 ± 0.5 38 ± 2 7.5 ± 0.5 
18 < 0.03b < 0.1c < 0.1c 0.45 ± 0.04   < 4b < 6c 31 ± 1 < 6c

19 < 0.03b < 0.04b < 0.1c < 0.4c   < 4b < 6c 25 ± 2 < 6c

20 < 0.03b < 0.1c 0.20 ± 0.04 0.43 ± 0.08   < 4b 25 ± 3 79 ± 6 8.4 ± 0.9 
21 < 0.03b < 0.04b < 0.1c < 0.4c   < 4b < 2b 45 ± 4 < 6c

22 < 0.03b < 0.1c < 0.1c < 0.4c   < 4b < 2b 39 ± 3 < 6c

23 < 0.03b < 0.04b < 0.04b < 0.4c   < 4b < 2b 30 ± 3 < 2b

a  n=3 
b below method limit of detected. 
c below method limit of quantification. 

twenty three samples analysed, while D4 (7.7 - 25 ng g-1 ww) was only determined in 

four samples and D3 was always bellow the detection limits. To our knowledge, this is 

the first report on the occurrence of methilsiloxanes in mussels from Spanish 

coastline. The concentration distribution profile obtained for these compounds 

(D5>D6>D4) was similar than those found for cyclic VMS in personal care and 

consumer products [43-45], which are considered to be the most important sources of 

these compounds in the marine environment. The highest concentration of D5 was 

found in mussels collected from Sant Adrià del Besós (sample 14: 631±19 ng g-1ww), 

followed by El Masnou, Badalona, Prat de Llobregat and Cubelles (samples 12, 13, 15 

and 16, respectively: 98 – 160 ng g-1 ww) that are located in the coastline near to 

Barcelona, and Torroella de Montgrí (sample 3: 103 ng g-1 ww) where the levels 
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found could be attributed to the  input of Ter River mouth. The highest values of D5 

detected in samples from the Besòs River mouth could be related with the wastewater 

discharges of the highly populated and industrialized ring around Barcelona and the 

incomplete removal of these compounds in the WWTPs. In addition, relatively high 

levels of D5 were found in the mouth of Llobregat, Ter and Foix rivers which received 

extensive urban and industrial wastewaters, as well as surface runoff from agricultural 

Figure 4. GC-MS (SIM) chromatograms of linear and cyclic volatile methylsiloxanes 

in a mussel sample collected near to the Llobregat River mouth (sample 15)(*: 

Background contribution). 
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areas. The presence of D5 in mussels collected near of the Ebro river mouth (30 and 

39 ng g-1ww) was also detected but at lower concentrations than those found in other 

river mouths. This fact could be attributed to the high flow of the Ebro river that 

produces a dilution effect of the contaminants [46,47]. D6 is also an important 

component of the personal care and consumer products, although it is always in these 

products and the environment at concentrations lower than those found for D5 [2,43].  

In this study, D6 was mainly detected in mussels from Barcelona coastline, and it 

confirms that it is a highly polluted area. Similar to D5, the highest level of D6 was 

found in Sant Adrià del Besós (sample 14: 31 ± 3 ng g-1 ww), while lower 

concentrations ranging from 7.5 to 16 ng g-1ww were determined in the other 

sampling sites. The levels found for cyclic VMS in this study were similar to those 

found in fish muscle from the Humber Estuary, England (D4: 2.7 – 10.4 ng g-1 ww, 

D5: 12 – 762 ng g-1 ww and D6: 2.3 – 27 ng g-1 ww) [13], and the Lake Mjøsa, 

Norway (D4: 2.9 – 4.5 ng g-1 ww, D5: 6.4 – 230 ng g-1ww and D6: 0.82 – 7.2 ng g-1

ww) [12], but up to two orders of magnitude higher than those reported for mussels 

from the Inner Oslofjord, Norway (D4: 1.3 – 2.3 ng g-1ww, D5: 3.3 – 8.7 ng g1ww and 

D6: 1.3 – 1.8 ng g-1ww) [15]. In addition, similar levels were also detected for D4 (11 

– 13 ng g-1ww) and D6 (5.2 – 8.7 ng g-1ww) in fish liver from coastal areas of 

Scandinavia and other Nordic Countries, although for D5 the concentrations were 

slightly lower (D5: 26 – 52 ng g-1 ww) [1] than those determined in the present study. 

Similar concentration profiles were found for cyclic VMS in fish liver and muscle 

from the Norwergian Arctic (D4: 2.6 -  9.2 ng g-1 ww, D5: 2.2 - 19.1 ng g-1 ww and 

D6: 2.2 - 10.7 ng g-1 ww) [48], although data reported for cod liver from the Inner 

Oslofjord (Norway) showed concentrations of cyclic methylsiloxanes up to one order 

of magnitude higher than those measured in the present study (D4: 70 – 134 ng g-1

ww, D5: 1491 – 2200 ng g-1 ww and D6: 74 – 152 ng g-1 ww) [15].  

5. Conclusions 

A method based on a solvent extraction with acetonitrile combined with a HS-SPME 

was developed for the analysis of linear and cyclic methylsiloxanes in mussels. In this 

method, the amount of the mussel extract in the aqueous phase was shown to be a 
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critical factor for minimising the matrix effect and increasing the extraction efficiency 

of the HS-SPME procedure. The proposed method provides a significant reduction in 

the analysis time (~ 1h) and a selective extraction of the target compounds, avoiding 

the presence of the matrix components into the GC-MS system. The method provides 

good linearity (r>0.998), precision (RSD < 14%) and low limits of detection (0.04 - 

0.1 ng g-1ww for linear and 1.5 - 4 ng g-1ww for cyclic methylsiloxanes) and was 

applied to the analysis of VMS in mussels collected from the Catalan coastline as 

bioindicator of the siloxanes contamination. The highest concentration of cyclic VMS 

was detected in mussels collected from Barcelona coast indicating the important 

contribution of the urban and industrial activities to the coastal contamination. Among 

the VMS, D5 and D6 were the predominant compounds in all mussel samples, 

demonstrating that the personnel care and consumer products are the main sources of 

siloxane contamination. The developed method has shown to be capable of giving 

accurate and reproducible results for the analysis of linear and cyclic methylsiloxanes 

in mussels at low ng g-1 ww levels, and can be proposed for the routine analysis of 

these compounds in mussels.  
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SUPPLEMENTARY MATERIAL 

Table S1. Physical-chemical properties of the linear and cyclic methylsiloxanes. 

Compound Abbrev Molecular 
weight 
(g mol-1) 

Water 
solubility 
 (μg L-1,
25oC) a 

Boiling 
point  
(oC) 

Vapour 
pressure 
 (Pa,  
25 oC) b

log 
Kow

b  

Linear methylsiloxane:       
Hexamethyldisiloxane L2 162 930.7 107 5620 4.2 
Octamethyltrisiloxane L3 236 34.49 153 520 4.80 
Decamethyltetrasiloxane L4 310 6.74 194 50 5.40 
Dodecamethylpentasiloxane L5 384 0.070 230 6.0 6.0 
Cyclic methylsiloxanes       
Hexamethylcyclotrisiloxane D3 222 1,560 135 1147 3.85 
Octamethylcyclotetrasiloxane D4 297 56.20 176 124.5 c 6.98 d

Decamethylcyclopentasiloxane D5 371 17.03 211 20.4 c 8.07 d

Dodecamethylcyclohexasiloxane D6 445 5.13 245 2.26 c 8.87 d
a from [3]; b from [5];  
c Calculated as: Kaw= Henry’s law constant (Pa m3 mol-1) / R × T;  
Henry’s law constant= Vapour pressure (Pa) / Solubility (mol m-3) [6]. 
d from [9] 
�

�
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2.2.2.1  ARTÍCULO CIENTÍFICO III:  

Analysis of linear and cyclic methylsiloxanes in sewage sludges and 

urban soils by concurrent solvent  recondensation – large volume 

injection – gas chromatography–mass spectrometry. 

E. Y. Companioni-Damas, F. J. Santos, M. T. Galceran 

Journal of Chromatography A, 1268 (2012) 150– 156. 

�
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2.2.2 Extracción en fase sólida (SPE) e inyección splitless de grandes 

volúmenes con recondensación concurrente de disolvente (CSR-LVI) 
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a  b  s t r a  c  t

Concurrent  solvent recondensation–large  volume  injection  (CSR–LVI)  is  a gas chromatography injection

technique  that is  particularly  suitable for determining  volatile  compounds.  In  the present work, we eval-

uated  the applicability  of this technique  for  the analysis  of  linear  and cyclic methylsiloxanes  in sewage

sludges  and soils  after  solvent extraction  to  prevent  losses  of  low-molecular-weight  compounds.  The

CSR–LVI  injection  method  was  optimised  to  achieve maximum sensitivity  and  good chromatographic

peak  shapes.  A liner  packed  with  deactivated  glass  wool  and a 5 m  × 0.32 mm  I.D.  uncoated  fused-silica

precolumn  was used. This  made it possible to  inject  extract  volumes  of  up  to  30  �l. Good linearity

(r  > 0.9993)  and precision (RSD <15%),  with recoveries ranging from  80  to  100%  and method limits  of

quantification  from  0.03 to 0.4 ng  g−1 wet weight  (0.04–1.5 ng  g−1 dry  weight for  sewage  sludges  and

0.01–0.5  ng g−1 dry  weight for  soils)  were  obtained.  The  developed  method was applied  to the analysis of

linear  and  cyclic methylsiloxanes in  sewage sludges collected  from  several  wastewater  treatment  plants

in  Catalonia  (NE  Spain)  and urban  soils  from  the city  of Barcelona.

© 2012 Elsevier B.V. All rights reserved.

1. Introduction

Polydimethylsiloxanes (PDMS) are a  new group of emerging

contaminants that represent a  potential risk to  the environment

due to their bioaccumulative and persistence properties [1,2].

Because of their physico-chemical properties, such as high ther-

mal  stability, hydrophobicity, film-forming capacity and surface

activity, they have been extensively used throughout the world in

a wide range of industrial products and consumer goods, including

electronics, personal-care products, cleaning agents and medical

devices [3,4]. These compounds are released into the  environment

through volatilisation during manufacture processes and through

the use of siloxane-based products [5]. Several studies suggest that

some cyclic methylsiloxanes are potential carcinogens, can impair

fertility and have endocrine-disrupting properties [5–7]. These sug-

gestions have raised concerns about their effects on  humans and

the environment.

Recently, linear and cyclic methylsiloxanes have been found in

environmental samples of air, water, sediment, soil, sludge and

biota [1,2,8–18]. Very few papers have been published regarding

their presence in sewage sludges and soils. In terms of soils, only

∗ Corresponding author. Tel.: +34 934034874; fax: +34 934021233.

E-mail  address: javier.santos@ub.edu (F.J. Santos).

one paper has been published, by  Sanchez-Brunette et  al. [11],

where the levels of linear and  cyclic methylsiloxanes in agricul-

tural and  industrial soils from Spain were studied. Kaj et al. [5]

and Zhang et al. [18] studied the presence of these compounds

in sewage sludges from Nordic countries and  China, respectively.

Purge and trap [5], and solvent extraction [11,18] combined with

gas chromatography–mass spectrometry (GC–MS) are the  most

commonly used methods for the analysis of these compounds in

solid  matrices. The main difficulties associated with their analy-

sis are the  relatively high volatility of  these compounds and their

occurrence in procedural blanks, mainly due to  GC instruments

and the laboratory air. To ensure reliable and  reproducible results,

there must be  a  thorough control of the  blanks and  prevention of

losses, especially of the most volatile methylsiloxanes. A possible

approach to solving this problem is to skip the preconcentration

steps, although this results in  a  decrease in  sensitivity. The use of

large volume  injection (LVI) techniques can be an excellent way

to overcome sensitivity losses. The techniques most commonly

used for  LVI  in gas chromatography are on-column (OC–LVI) and

programmed temperature vaporisation (PTV–LVI) [19]. OC–LVI is

proposed for most analytes from high to low volatility, including

thermally labile compounds. However, this method is not suffi-

ciently rugged for dirty  samples containing matrix components

with high boiling points, since the inertness of the precolumn

and the  efficiency of  the  chromatography peaks are lost [19,20].

0021-9673/$ – see front matter ©  2012 Elsevier B.V. All rights reserved.
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Table  1

Retention time and  quantification and confirmation ions  selected for the analysis of linear and cyclic methylsiloxanes by CRV–LVI-GC–MS method.

Abbreviation Name Chemical formula Retention time (min) Quantification ion (m/z) Confirmation ion (m/z)

D3 Hexamethylcyclotrisiloxane C6H18O3Si3 10.38 207 [M−CH3]+ 191, 177

ISa Bis(trimethylsiloxy)methylsilane C7H22O2Si3 10.54 207 [M−CH3]+ 221, 191

L3 Octamethyltrisiloxane C8H24O2Si3 10.84 221  [M−CH3]+ 205, 189

D4  Octamethylcyclotetrasiloxane C8H24O4Si4 12.06 281  [M−CH3]+ 265, 249

SS-1b Methyltris(trimethylsiloxy)silane C10H30O3Si4 12.90 295  [M−CH3]+ 207, 281

L4  Decamethyltetrasiloxane C10H30O3Si4 13.16 207 [M−CH3-Si(CH3)4]+ 295, 191

D5  Decamethylcyclopentasiloxane C10H30O5Si5 14.46 355  [M−CH3]+ 267, 339

SS-2b Tetrakis(trimethylsiloxy)silane C9H28O3Si4 15.00 281  [M−CH3-Si(CH3)4]+ 369, 265

L5 Dodecamethylpentasiloxane C12H36O4Si5 15.80 281  [M−CH3-Si(CH3)4]+ 369, 265

D6 Dodecamethylcyclohexasiloxane C12H36O6Si6 17.06 341  [M−CH3-Si(CH3)4]+ 429, 325

a IS: internal standard.
b SS: surrogate standard.

PTV–LVI provides higher ruggedness for  dirty extract injections,

which allows analysis of up  to about 100–150 �l of sample at once

using the solvent-split injection mode [19,21]. For volatile com-

pounds, PTV splitless injection must be  applied to prevent losses,

but only up to 25  �l of sample can be injected [19]. Concurrent sol-

vent recondensation (CSR) is an alternative large volume injection

technique that was introduced by Magni and Porzane [22] and Bie-

dermann et al. [23]. It is  a  splitless injection technique that allows

the injection of up to 50 �l  of sample in a  conventional split/splitless

injector and takes advantage of  the high pressure increase in  the

injector port due  to expansion of  the solvent vapours and the  strong

suction effect caused by  recondensation in  the retention gap at a

low temperature. Since  there are no losses of high-volatile com-

pounds, CSR–LVI splitless injection is suitable for  the analysis of

volatile compounds [24].  So far, the CSR–LVI technique has been

used for a limited number of  applications [24,25], despite its con-

siderable advantages.

The  aim of this paper was to develop a  fast and sensitive method

based on solvent extraction and CSR–LVI-GC–MS to analyse lin-

ear and cyclic methylsiloxanes in  soils  and sludges, preventing

losses of the analytes during sample treatment. For this purpose,

we evaluated the performance of  the  CSR–LVI injection technique

by optimising several parameters that affect the  sensitivity of  the

method, such as liner type, retention gap length, injector and  ini-

tial oven temperatures, splitless time and injection volume. Finally,

the proposed method was validated and applied to  the  analysis of

linear and cyclic methylsiloxanes in sewage sludge and  urban soil

samples.

2.  Experimental

2.1. Chemical and materials

The  linear and cyclic methylsiloxanes studied were:

octamethyltrisiloxane (L3),  decamethyltetrasiloxane (L4),

dodecamethylpentasiloxane (L5), hexamethylcyclotrisiloxane

(D3),  octamethylcyclotetrasiloxane (D4), decamethylcy-

clopentasiloxane (D5) and dodecamethylcyclohexasiloxane

(D6). All of the compounds were  obtained from ABCR

(Darmstadt, Germany) and had a  purity above 97%. For

quantification, methyltris(trimethylsiloxy)silane (SS-1) and

tetrakis(trimethylsiloxy)silane (SS-2) were used as surrogate

internal standards, while bis(trimethylsiloxy)methylsilane (IS)

was employed as  internal standard. All of  these standards were

also purchased from ABCR (>97% purity). Individual stock standard

solutions of the target compounds and internal standards were

prepared in n-hexane from their respective pure standards at a

concentration of 1000 �g  ml−1. Standard mixtures of the target

compounds at concentrations of  1  �g  ml−1 and 100 ng ml−1 were

prepared in n-hexane from the  individual secondary standard

solutions of 10 �g ml−1. All standards were prepared monthly and

were stored at −20 ◦C. A  set of  seven calibration solutions contain-

ing the  linear and cyclic methylsiloxanes at concentrations ranging

from 0.01 and 30 ng ml−1 was prepared daily by dilution of the

corresponding standard mixtures in n-hexane. In  addition, appro-

priate amounts of the  internal standard (IS) and the surrogates

(SS-1 and  SS-2) were added to each calibration solution to give con-

centrations of 5 ng  ml−1, 3  ng ml−1 and 3.5 ng  ml−1,  respectively.

A mixture of the surrogate standards SS-1 (50 ng ml−1) and SS-2

(10 �g  ml−1), prepared daily from the  corresponding individual

stock standard solutions in  acetone, was  added to the sample prior

to extraction for quantification. In addition, a  standard solution

of IS at  50 ng ml−1 in  n-hexane was  used as a  syringe standard

for recovery determination. n-Hexane of residue analysis grade

was obtained from  Fluka (Bucks, Switzerland). Anhydrous sodium

sulphate (purity >99%) of residue analysis grade and fine copper

powder of  analysis grade (>99.7%) were obtained from Merck

(Darmstadt, Germany). Before use, the anhydrous sodium sulphate

was  baked at  400 ◦C for 4  h and the copper powder was treated

prior use with diluted nitric acid (regent grade, Fluka), rinsed

with water (HPLC grade, Fluka) and acetone (residue analysis

grade, Fluka), and dried  using purified nitrogen. Strata SI-1  silica

SPE cartridges (100 mg, 1 ml)  were  purchased from  Phenomenex

(Torrance, CA, USA).

2.2.  Sludge and soil samples

Sludge  samples were  collected from six wastewater treatment

plants (WWTPs) located in  the region of Catalonia (NE Spain) in

April 2011. Two of the WWTPs treat effluents of industrial and

urban origin (WWTP  1  and 2), while the other WWTPs receive

only urban sewage (WWTP  3–6). All of  the plants carry out primary

and secondary wastewater treatment. Surface urban soils (0–5 cm)

were collected from six areas in the  city of Barcelona (NE Spain) in

November 2011. The sampling sites were natural  parks located in

different areas of the city that contain grass-covered zones or other

vegetation types. Depending on  the size of  the area, several subsam-

ples of top soil (0–5 cm)  were collected at  each site. Sludge and  soil

samples were  shipped to our laboratory in glass  containers without

headspace under cool conditions (4 ◦C). Since no blank sludge sam-

ples could be found, a sludge sample of urban industrial origin was

thermally treated for five days at 50 ◦C  to remove the  target com-

pounds. After this treatment, an appropriate amount of water (75%)

was  added to this material for achieving similar moisture that that

present in the sludge samples analysed (70–80%). Since the  concen-

trations of  linear and cyclic methylsiloxanes in this sample were

lower than the limits of detection, it was  used as a field/laboratory

blank. For soil samples, an agricultural soil  (20% moisture content)

without detectable amounts of the target compounds was used as

a blank for recovery and analytical optimisation.
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Table 2

Recoveries (%) and method limits of  detention (mLOD) and  quantification (mLOQ) of linear and  cyclic methylsiloxanes using spiked sludge and soils samples.

Compound Sludge a Urban soil a mLOD (ng g−1 ww) mLOQ (ng g−1 ww)

Recovery  (%)  ± SD b

Low level c Medium level d High level e Low level c Medium level d

L3 80 ±  12 89 ±  4 94 ± 3 84 ± 9 94 ±  8 0.004 0.01

L4  82 ±  11 92 ±  5 99 ± 2 86 ± 8 98 ±  6 0.01  0.02

L5 84 ±  11 95 ±  3 102 ±  2 84 ± 8 96 ±  6 0.04  0.11

D3 –  93 ±  13 103 ± 10 92 ± 6 96 ±  7 0.11 0.37

D4  – 95 ±  12 101 ± 9 94 ± 8 94 ±  6 0.11 0.35

D5  – 91 ±  8 95 ± 6 91 ± 5 97 ±  4 0.14 0.36

D6  – 90 ±  7 99 ± 7 94 ± 7 95 ±  5 0.03  0.13

a Moisture content (%): 75% for sludge and 20% for  urban soil.
b n =  6.
c Low level for spiked sludge: 5 ng  g−1 for linear methylsiloxanes. For spiked soil: 5 ng g−1 for linear and 40  ng  g−1 for cyclic methylsiloxanes.
d Medium level for spiked sludge and soil: 100 ng g−1 for linear and cyclic methylsiloxanes.
e High  level for spiked sludge: 400 ng  g−1 for linear  and cyclic methylsiloxanes.

2.3. Sample extraction and clean-up

For the analysis of  blank, soil and sewage sludge samples,

solid–liquid extraction and clean-up by solid-phase extraction

(SPE) were used. Briefly, 0.5 g of wet sample (soil  or sludge) was

spiked with an appropriate amount of  the surrogate standard solu-

tion in acetone to give concentrations of 50 ng g−1 wet weight (ww)

and 10 �g  g−1 ww for surrogates SS-1 and  SS-2, respectively. Sur-

rogate standard SS-1 was used for quantification and to control

the recovery of the target compounds in each sample at  low con-

centration levels (linear and cyclic methylsiloxanes in soils and

linear methylsiloxanes in  sludges), while the surrogate standard

SS-2 was used for the target compounds present in  the samples

at high concentration levels (cyclic methylsiloxanes in  sludges).

The water content (%) of each sample was determined by drying

an aliquot of 0.5 g at  105 ◦C to constant weight. Before extraction,

the sample was kept overnight at  4 ◦C  for  equilibration and  then

mixed with 2 g  of anhydrous sodium sulphate and  kept at 4 ◦C for

3 h. The sample was then extracted by shaking for 10 min  with

3 ml  of n-hexane in a 5  ml  closed vial containing 0.2 g of  activated

Cu. After that, the extract was centrifuged at 3500 rpm for 10 min

and then cooled at 4 ◦C  for 30 min  before transferring the  hexane

layer was then transferred into a  5 ml vial. The sample was again

extracted with 3 ml  of n-hexane following the procedure described

above, and the extract obtained was combined with the previous

one and kept at  4 ◦C. The clean-up of the  extract was then carried

out using a silica SPE cartridge (100 mg, 1  ml), which was previously

rinsed with 10 ml  of n-hexane. Once the extract at 4 ◦C was  loaded

into the SPE cartridge (ca. 4.5 ml), 1.5 ml  of n-hexane was  passed

through the sorbent to achieve complete elution of the  target com-

pounds. The final extract (ca. 5.5 ml)  was collected into a 6 ml  vial

and stored at 4 ◦C.  Before GC–MS analysis, an appropriate amount

of bis(trimethylsiloxy)methylsilane, as the syringe internal stan-

dard, was added to an aliquot of 0.5 ml of the clean  extract to  give

a concentration of 5 ng ml−1. For analysis of cyclic methylsiloxanes

in the sewage sludge samples  a dilution of the extract (1:200, w/w)

was required for quantification.

2.4.  GC–MS determination

The  GC–MS analysis of linear and cyclic methylsiloxanes was

carried out on a  TRACE GC 2000 Series Gas Chromatograph (Ther-

moFisher, Milan, Italy) coupled to a DSQ  II Mass Spectrometer

(ThermoFisher). An AS2000 autosampler (ThermoFisher) equipped

with a 50 �l syringe (Hamilton, Bonaduz, Switzerland) was used

for the CSR–LVI splitless injection. The syringe needle was  inserted

into the injector to a depth of  30 mm  from the top and the  injection

was performed at 100 �l s−1.  A glass liner of 105 ×  5 mm I.D.  filled

with  5 mm of deactivated glass wool  (Panreac, Barcelona, Spain)

in the base and a 23-gauge Merlin Microseal septum (a high tem-

perature resistant fluorocarbon elastomer, Supelco, Bellefonte, PA,

USA)  were  used  for the CSR–LVI injection mode. Following optimi-

sation of the  injection volumes, 30 �l  of the extracts and standards

were used for analysis. Further details about the optimisation

of the injection volume are given in Section 3.1. The  chromato-

graphic separation of  the  target compounds was  performed on a

DB-5 MS (5% phenyl, 95%  methyl polysiloxane) fused-silica capil-

lary column (J&W Scientific, Folsom, CA, USA) of 60 m ×  0.25  mm

I.D. with a film  thickness of 0.25 �m.  The column was fitted with

an uncoated fused-silica deactivate column of 5  m × 0.32 mm  I.D.

(J&W Scientific) installed 2 mm  from the injector port end. The

oven temperature was  programmed from 60 ◦C (held for 5 min)

to 285 ◦C at 10 ◦C  min−1 (held for 15 min). Helium (Abelló Linde

S.A., Barcelona, Spain) with a purity of 99.999% was  used as car-

rier gas  at  a  constant flow-rate of  1 ml min−1 held by electronic

flow control. The injector temperature was kept at  200 ◦C and

the splitless mode (closing the  split  vent and septum purge for

1.5 min) was  used for the  CSR–LVI injections. The  MS was oper-

ated in electron ionisation (EI) mode at  electron energy of  70 eV

and 100 �A of electron emission. Transfer line and ion source tem-

peratures were set at 280 ◦C and 200 ◦C, respectively. For data

acquisition, selected ion monitoring (SIM) mode was used at a

dwell time of 100  ms  and  a  delay time  of  20 ms.  Table 1 shows

the ions selected for quantification and confirmation of the  linear

and cyclic methylsiloxanes using the GC–MS method. The quan-

tification was  carried out by internal standard method, using the

surrogate standards methyltris(trimethylsiloxy)silane (SS-1) and

tetrakis(trimethylsiloxy)silane (SS-2). For recovery determination,

bis(trimethylsiloxy)methylsilane (IS) was  used  as  internal standard

and added to the extracts before GC–MS analysis. Xcalibur ver-

sion 2.0 software was used for data acquisition and processing the

results.

2.5. Quality control procedures

Specific tests to  check the GC separation, the sensitivity of  the

GC–MS and the validity of the  calibration were  carried out daily. In

addition, procedural blanks covering both instrumental and sam-

ple treatment procedures were routinely performed for every five

samples or standards in order to evaluate the  contribution of  back-

ground levels which was  subtracted from the analyte responses.

Retention time and  asymmetry factor control charts were used

to ensure the performance of the GC-column (Fig. S1  in  Supple-

mentary data for L4 and D6). Instrumental limits of quantification,

typically ranging from 0.001 to  0.03 ng ml−1, were periodically

tested. In addition, quality parameters of  the method, such as limit

of  detection (LOD) and quantification (LOQ), precision (generally
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Fig. 1. Effect of the retention gap length: (a) 2 m, (b) 3 m, (c) 4  m  and (d)

5  m × 0.32 mm  I.D. (using a 5  mm I.D. × 105 mm  of length) and the liner internal

diamenter:  (e) 3  mm I.D. × 0.32 mm I.D. (using a 5 m × 0.32 mm  I.D. retention gap)

on  the peak shape of  L4 and  D5.

Fig. 2.  Effect  of injection volume on the response of linear and cyclic methylsilox-

anes  using the CSR–LVI-GC–MS method. Injection volume: ( ) 1 �l, ( ) 10 �l,

(  ) 20 �l  and (  ) 30 �l.

RSD <15%) and  linearity (in the range of 0.1–30 ng  ml−1), were

routinely checked to  ensure the quality of the results. To pre-

vent contamination problems during the GC–MS analysis of real

samples, the  glass wool  of  the liner was  systematically replaced

after 200 injections and the retention gap was  changed every 6

months. Analysis of quality control sludge and soil samples (the

blank sludge and blank soil  spiked at  1 and 50 ng  g−1 dw, dry weight,
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Fig. 3.  CSR–LVI-GC–MS (SIM) chromatograms of  a mixture of  linear  and cyclic

methylsiloxanes  obtained using different injection volumes: (a) 30 �l, (b) 40 �l  and

(c) 50 �l.
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Fig. 4. CSR–LVI-GC–MS (SIM)  chromatograms of a  sewage sludge (sample 4) analysed by  the  proposed method.

for linear and cyclic methylsiloxanes, respectively) was performed

to validate the proposed method. For each sample, a  field blank was

used to determine the contribution of the  background contamina-

tion during sampling and  storage. The preparation of standards,

procedural blanks and sample treatments were carried out  in a

laminar flow cabinet of a  clean room (class 100) to prevent con-

tamination from the ambient air  [9]. Because the methylsiloxanes

are present in many consumer products, the analyst  took care to

avoid the use of personal care products or other possible con-

tamination sources during sampling and  analysis. All glassware

materials were treated with chromosulphuric acid for 24 h, solvent

rinsed and dried at  150 ◦C  before use. To confirm the identifi-

cation of methylsiloxanes, the following restrictive criteria were

applied: (a) the ion abundance ratios between the selected ions

monitored had to be within ±15% of the theoretical value, and (b)

the retention times had to  be  within  ±2 s of those observed for the

standards.

3. Results and discussion

3.1.  Optimisation of the CSR–LVI conditions for  GC–MS analysis

Due to the high volatility of some linear and cyclic methyl-

siloxanes, the inclusion of  concentration steps before the GC–MS

analysis resulted in  partial losses of the  target compounds by

volatilisation. For  instance, recoveries of L3 and D3 lower than

40% were obtained when the final  extracts were concentrated by

rotary evaporation. To increase sensitivity of the analysis avoiding

evaporation steps, CSR–LVI was applied. This technique uses fast

injection, a packed liner and  an inert uncoated fused-silica precol-

umn (retention gap) for solvent recondensation after vaporisation

in the injector port. When the  sample is injected, its vapours are

transferred from the  injector into the  precolumn due  to the  strong

pressure pulse produced in the injector by the  solvent evaporation

and suction into the retention gap by solvent recondensation. This

makes it possible to inject sample volumes higher than the 1–2 �l

typically injected in a conventional splitless injection.

The first step in the optimisation of the CSR–LVI technique

was the selection of the appropriate liner volume and retention

gap length to allow the injection of large volumes of samples and

standards. Initially, retention gaps of several lengths (5 m,  4 m,

3 m and 2  m  × 0.32 mm  I.D.), were evaluated to obtain both max-

imum sensitivity and the best peak shape for all compounds. In

all cases, a  liner of 5 mm I.D. (×105 mm of length) was  packed

with deactivated glass wool, 5 cm from the  base of the  liner, in

order to improve the  sample  vaporisation in the GC injector. For

this study, 20 �l of a  standard solution containing all the target

compounds at 20 ng ml−1 in n-hexane was  injected at  100 �l s−1

using an injector temperature of 250 ◦C,  an initial temperature

of 60 ◦C and a  splitless time of 1  min. The effect of  the reten-

tion gap length on the  peak shapes of  L4 and  D5 is  shown in

Fig. 1a–d. Fronting peaks were observed for retention gaps up  to

4 m of length (Fig. 1a–c), probably because the capacity of the

precolumn for condensation of solvent was  exceeded. In contrast,

using a  retention gap of  5  m of length (Fig. 1d), symmetric peaks

were obtained. The influence of the liner volume on the peak

shape was  then evaluated using straight-through liners with two

different diameters, 5 mm  and 3 mm I.D. (×105 mm  of length).

Peak distortions were observed for the high-volatile compounds

when a 3 mm I.D. liner was  used as  shown in Fig. 1e for  L4,

while 5  mm  I.D. liner proved the best peak shapes  (Fig. 1d for L4

and D5). Afterwards, the  effect of the injection volume (1–50 �l)

on the  response of the target compounds was  evaluated. Fig.  2

shows the peak  area obtained for linear and cyclic methylsilox-

anes using injection volumes from 1 to 30 �l. As can be seen,

30 �l  provided the highest responses for all compounds. At injec-

tion volumes higher than 30 �l (Fig. 3),  the peak shapes became

distorted (fronting peaks) because the capacity of  the retention

gap for condensation of the solvent and trapping the  analytes was

exceeded, and the  flooded zone could reach the  analytical column.

Since increasing the  retention gap  length resulted in wider peaks,

an injection volume of 30 �l was  chosen as  the optimum. Other

parameters, such as injection temperature (180–250 ◦C), initial

oven temperature (40–60 ◦C) and  splitless time (0.5–2 min) were
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also investigated. Increasing the injector temperature to 200 ◦C

resulted in an enhancement of the  peaks of  the most volatile com-

pounds (specially for  D3), while at temperatures between 200 and

250 ◦C no significant differences on the peak area were observed

(Fig. S2(A) in Supplementary data). Moreover, maximum responses

were obtained for all the compounds after an splitless time of

1.5 min  (Fig. S2(B) in  Supplementary data). As regards to the  ini-

tial oven temperature, a reduction of 2 min  in the analysis time

was observed when increasing the temperature from 40 to 60 ◦C

(Fig. S3 in Supplementary data). In  summary, the CSR–LVI optimal

conditions for the  analysis of methylsiloxanes were: a  retention

gap of 5 m × 0.32 mm  I.D., a liner of  5 mm I.D. (×105 mm of  length),

an injection volume of 30 �l  and an injector temperature of  200 ◦C

using an initial oven temperature of 60 ◦C and a splitless time of

1.5 min.

3.2.  Performance of the analytical method

To examine the validity of  the developed method, recovery and

limits of detection and quantification were established using sludge

and soil samples. In order to reduce background contamination, the

samples were handled in a laminar flow cabinet [9]. Recoveries of

the whole method for  the  target compounds were studied using a

blank sludge sample spiked at three  concentration levels, 5  ng g−1

dw (low level), 100 ng g−1 dw (medium level) and 400 ng g−1 dw

(high level), and a blank soil sample spiked at  5 ng g−1 dw for lin-

ear and 40 ng g−1 dw  for cyclic methylsiloxanes (low level) and

100 ng g−1 dw (medium level). Before analysis, the spiked samples

were kept overnight at 4 ◦C for equilibration. Six  independent anal-

yses of each spiked sample were carried out using  the  developed

method. Table 2 shows  the recovery and the standard deviation

obtained for each analyte and spiked level. Good recoveries ranging

from 80 to 100% were obtained, even for the more  volatile com-

pounds such as L3  and D3, with a RSD  lower than  15%. The recovery

of the surrogate standards (SS-1 and SS-2) was also determined

and ranged from 92 to 97% for  the  spiked sludge and soil  samples.

Limits of detection and  quantification of the  whole method were

established by analysing field blanks in  triplicate. LODs and LOQs

were determined as the concentration of analyte that provides a

response equal to the mean of field blanks plus three and  ten times

the standard deviation, respectively, an are given in Table 2. Taking

into account the average moisture content of the sludge and the

soil analysed (75% for  sludge and  20% for soil) the  method LOQs

expressed on dry weigth (dw) for linear and  cyclic methylsilox-

anes ranged between 0.04 and  1.5 ng g−1 dw for sewage sludge

and from 0.01 to 0.05 ng g−1 dw for soils. These values are 10 to

100 times lower than those reported in the literature for soils

[5,11] and similar to those published for  sludges (0.28–1 ng g−1 dw)

[18].

3.3. Analysis of linear and cyclic methylsiloxanes in sludge and

soil  samples

To  examine the applicability of the  proposed method, six  sewage

sludge samples collected from several WWTPs located in the region

of Catalonia (NE Spain)  and six  soil samples from urban natural

parks in Barcelona, were analysed in triplicate. Table 3 shows the

moisture content (%) of the  analysed samples and  the  concentra-

tion mean values with their corresponding standard deviations

obtained for linear and cyclic methylsiloxanes. Recoveries of  the

surrogate internal standards were always higher than 90%  for all

the samples. Fig. 4,  as an example, the GC–MS (SIM) chromatograms

obtained for the sewage sludge sample 4. All target compounds

were found in the sewage sludge samples at  concentrations ranging

from 4.8 to 55 ng g−1 dw for linear and 670  to 82,112 ng g−1 dw for

cyclic methylsiloxanes. These results are in agreement with those T
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reported in the literature on sewage sludge samples collected in the

European Nordic countries [5,6] (<1–550 ng g−1 dw for linear and

96–89,000 ng g−1 dw for cyclic methylsiloxanes). The differences

between the levels found in linear and  cyclic methylsiloxanes (∼3

orders of magnitude) can be  attributed to  the higher production

and use of cyclic methylsiloxanes in the  European Union [5,27].

In contrast, linear methylsiloxanes levels found in sewage sludges

from China [18] were higher than those of cyclic compounds, prob-

ably due to a greater  use  of linear compounds in this  country. The

concentration pattern of cyclic methylsiloxanes in  all of  the stud-

ied samples is dominated by  the  D5, which is the  main siloxane

component in consumer products such as personal-care products

[26,28]. To the best of our knowledge, this is the first report on the

occurrence of siloxanes in sewage sludge from Spanish  WWTPs.

For the urban soil samples (Table 3), only  D5 and  D6 were found

at concentration levels ranging from 11 to 30 ng g−1 dw and from

7.2 to 47 ng g−1 dw, respectively. For linear methylsiloxanes, only

L4 and L5 were detected in sample  3 at very low concentration

levels (0.34 ng  g−1 and  0.24  ng g−1, respectively). These concen-

tration levels are in line with those reported in  the literature on

agricultural soils (9.2–56.9 ng g−1 dw for  D5 and  5.8–27.1 ng g−1

dw for D6) [8] and are lower than those found in industrial soils

(22.3–184.1 ng g−1 dw for  D5 and 28.2–482.6 ng g−1 dw for D6) [11].

Since the urban soils  analysed come from natural parks in the  city

of Barcelona, the presence of methylsiloxanes may  be attributed to

atmospheric deposition.

4.  Conclusions

A  CSR–LVI-GC–MS method has  been developed for the deter-

mination of linear and cyclic methylsiloxanes in sewage sludges

and soil samples. The use of CSR–LVI technique allowed the injec-

tion of 30 �l of sample extract in a  standard split/splitless injector

improving the detectability and making possible the elimination

of concentration steps during sample treatment. This was  crucial

for preventing losses of  the  most volatile compounds. Among the

CSR–LVI parameters, the  retention gap length and  the liner inter-

nal diameter were found to be most critical factors affecting the

sensitivity of the method. The proposed method has shown to be

capable of giving accurate and  reproducible results with enough

selectivity and sensitivity at ng g−1 levels and can be proposed for

the analysis of linear and  cyclic methylsiloxanes in  sewage sludge

and soil samples.
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SUPPLEMENTARY DATA 

�

Figure S1. Retention time and asymmetry factor control charts for L4 (A and B) and 
D6 (B and C), respectively. 
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Figure S2. Effects of the injector port temperature (A) and the splitless time (B) on the 
response of linear and cyclic methylsiloxanes using CSR-LVI method. Injector port 
temperatures: ( ) 180oC, ( ) 200 oC, ( ) 230 oC and ( ) 250 oC. Splitless times: ( ) 
0.5 min, ( ) 1 min, ( ) 1.5 min and ( ) 2 min. 
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Figure S3. Effect of the initial oven temperature on the chromatographic separation of 
the target compounds using CSR-LVI. Initial oven temperatures: (A) 60oC, (B) 50 oC 
and (C) 40 oC.  
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a b s t r a c t

In the present work, a simple and fast method for the analysis of linear and cyclic methylsiloxanes in

ambient air based on active sampling combined with gas chromatography – mass spectrometry (GC–MS)

was developed. The retention efficiency of five sampling sorbents (activated coconut charcoal, Carbopack

B, Cromosorb 102, Cromosorb 106 and Isolute ENVþ) was evaluated and Isolute ENVþ was found to be

the most effective. A volume of 2700 L of air can be sampled without significant losses of the most

volatile methylsiloxanes. To improve the sensitivity of the GC–MS method, concurrent solvent

recondensation – large volume injection (CSR–LVI), using volumes up to 30 ml of sample extract, is

proposed and limits of quantification down to 0.03–0.45 ng m�3, good linearity (r40.999) and precision

(RSD %o9%) were obtained. The developed method was applied to the analysis of ambient air.

Concentrations of linear and cyclic methylsiloxanes in indoor air ranging from 3.9 to 319 ng m�3 and

between 48 and 292668 ng m�3, were obtained, respectively, while levels from 6 to 22 ng m�3 for linear

and between 2.2 and 439 ng m�3 for cyclic methylsiloxanes in outdoor air from Barcelona (Spain),

were found.

& 2013 Elsevier B.V. All rights reserved.

1. Introduction

Volatile methylsiloxanes (VMS) constitute a group of chemicals

that are widely used in a great variety of industrial products and

consumer goods, including personal care products, household

products, cleaning agents, sealants, and in the manufacture of

biomedical devices [1–3]. Due to their high volatility [4], these

compounds are released into the atmosphere during industrial

manufacturing and by the use of siloxane-based consumer goods

[5]. Additional sources of VMS emissions are landfills and waste-

water treatment plants [6]. Atmospheric half-lives for cyclic VMS

have been estimated to be approximately from 10 to 30 days,

while for linear VMS are around 9 days [7–9], which are con-

sidered to be enough for long-range transport [10,11]. Due to their

widespread use, these compounds have been found in outdoor

air from industrialised and urban areas [12–16], sewage treatment

plants [2,6,15], rural sites [15,17,18], and even in Arctic areas

[10,11]. The occurrence of these compounds has also been

reported in indoor ambient air from industrial [16] and office

buildings [19–22], homes [2,22], supermarkers [22] and also

in indoor dust [23]. Most of these studies showed that the

predominant VMS found in urban sites and indoor environments

is decamethylcyclopentasiloxane (D5) followed by octamethylcy-

clotetrasiloxane (D4) and dodecamethylcyclohexasiloxane (D6),

which are the most abundant in personal care products [24].

Several studies performed in mammalians suggest that D4 can

impair fertility and cause liver damage [25–29] and D5 is a

potential carcinogenic compound [2,3,30]. Toxicity assays carried

out on aquatic environments showed that D4 is very toxic to

sensitive aquatic organisms, while D5 and D6 do not exhibit

adverse effects on fish [3,31–35]. Several risk assessment pro-

grams conducted in Canada [36–38], the UK [39], Sweden [40] and

in a consortium of Nordic countries [2], showed that methylsilox-

anes are ubiquitous at concentrations that may have harmful

effects on the environment.

Sampling methods for the analysis of VMS in air are relatively

new and limited. Active sampling using tubes filled with Tenax

TA [2], or with a combination of sorbents (silica gel, carbon-sieve

and charcoal [12], Tenax TA/carbon-sieve [21] or Tenax GR/

graphitised carbon black [22]) followed by two-stage thermal

desorption coupled to gas chromatography–mass spectrometry

have been proposed. Isolute ENVþ commercial SPE cartridges

[11,13–18] and passive air samplers with sorbent – polyurethane –

foam disks impregnated with polystyrene–divinylbenzene copo-

lymeric resin [6,10,15] followed by Soxhlet extraction have also

been employed. The main difficulties in the analysis of these
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compounds are their high volatility, and their occurrence in the

laboratory air, GC instruments, laboratory facilities, reagents and

materials, and to the use of personal care products [41]. Procedural

blanks make the determination of linear and cyclic methylsilox-

anes difficult particularly from background locations. To ensure

reliable results, there must be a thorough control of the blanks and

avoid concentration steps to prevent losses of the most volatile

compounds during sample preparation and processing, although it

results in a decrease in sensitivity. To overcome this problem,

several large volume injection (LVI) techniques combined with GC

have been recently proposed for the GC analysis of VMS [41,42].

Among them, concurrent solvent recondensation–large volume

injection (CSR–LVI) allowed the injection of up to 30 mL of sample

extract with good peak shapes and minimising volatilisation losses

of VMS [42].

The aim of this work was to develop a simple, effective and

reliable method for the analysis of VMS in ambient air using sorbent

traps for active sampling and CSR–LVI combined with GC–MS for

their determination. For this purpose, the efficiency of several

sorbents for the sampling of linear and cyclic VMS from air was

evaluated. Quality parameters such as linearity, recovery, limits

of detection and quantification, and intra-day precision were

established, and the proposed method was applied to the analysis

of indoor and outdoor air samples.

2. Experimental

2.1. Chemicals and materials

Hexamethyldisiloxane (L2), octamethyltrisiloxane (L3), deca-

methyltetrasiloxane (L4), dodecamethylpentasiloxane (L5), hex-

amethylcyclotrisiloxane (D3), octamethylcyclotetrasiloxane (D4),

decamethylcyclopentasiloxane (D5), dodecamethylcyclohexasilox-

ane (D6) were obtained at a purity of over 97% from ABCR

(Darmstadt, Germany). For quantification, methyltris(trimethylsi-

loxy) silane (SS-1) and tetrakis(trimethylsiloxy) silane (SS-2) were

used as surrogate internal standards, while bis(trimethylsiloxy)

methylsilane (IS) was employed as injection internal standard.

All these standards were also purchased from ABCR (497%

purity). Individual stock standard solutions of each target com-

pound and internal standard of 2000 mg ml�1, except for SS-2

which was 10000 mg ml�1, were prepared in n-hexane from their

respective pure standards. Two standard mixtures of the target

compounds containing L2, L3, L4, L5 and D3, at 0.8 mg ml�1, and

D4, D5 and D6 at 3 mg ml�1 were prepared in n-hexane from

individual secondary standard solutions of 80 mg ml�1. All stan-

dard solutions were prepared monthly and stored at -181C. A set of

seven calibration solutions containing L2, L3, L4, L5 and D3 at

concentrations ranging from 0.05 to 200 ng ml�1, and, D4, D5 and

D6 at concentrations ranging from 0.05 to 500 ng ml�1, were

prepared daily by dilution of the corresponding standard mixtures

in n-hexane. In addition, appropriate amounts of internal standard

(IS) and the surrogates (SS-1 and SS-2) were added to each

calibration solution to give a concentration of 50 ng ml�1. For

quantification, a standard mixture containing the surrogates SS-1

(30 mg mL�1) and SS-2 (5700 mg mL�1), prepared daily from the

individual stock standard solutions, was added to the upper frit of

sorbent cartridge (20 ml) prior to air sampling. In addition, a

standard solution of IS at a concentration of 1000 ng ml�1 in

n-hexane was used for recovery determination and was added to

the final extract to give a concentration of 50 ng ml�1. n-Hexane

and dichloromethane of residue analysis grade were obtained from

Fluka (Bucks, Switzerland). Carbopack B (60/80 mesh), activated

coconut charcoal (80/120 mesh), and Cromosorb 102 and 106

(60/80 mesh) were purchased from Sigma-Aldrich (St. Louis, MO,

USA). Empty polypropylene SPE cartridges with polyethylene frits

were also supplied from Sigma-Aldrich. Isolute ENVþ SPE car-

tridges (100 mg, 1 ml) were obtained from Supelco (Bellefonte,

PA, USA).

2.2. Sampling locations

Air samples were collected from six indoor and two outdoor

environments of urban origin located in Barcelona city (NE Spain)

between March and April 2011. Indoor air samples were taken

from different sites, including offices, chemical laboratories and

apartments. The offices contain a large amount of office equip-

ment, such as personal computers, laser and ink-jet printers and

office furniture, and are regularly occupied by 10–15 persons.

Laboratories are dedicated to the sample treatment of environ-

mental and food matrices and include a great variety of laboratory

equipment which contains some silicone-based components, such

as tubes and connections, small equipment, facility sealing, etc.

In addition, two apartments located in different areas of Barcelona

city were also studied. In this case, the samples were taken from

the living room and the bathroom of the apartments during the

weekend, which is the time period of maximum occupancy.

All indoor samples were collected at least 1.5 m above the floor

to minimise the presence of dust and particulate matter. Outdoor

air samples were collected at the university campus area in

Barcelona city, where there are located several faculties and

apartment buildings. Two sets of air samples were taken at 12 m

above the ground.

2.3. Air sampling

All samples were collected using two sampling trains con-

nected in parallel to a dual-head micro-diaphragm pump (Thermo

Fisher Scientific, Barrington, IL, USA) [17]. Each sampling train

consists of two SPE cartridges assembled in series with the inlets

facing down and was connected to the pump by PTFE tubes

(Fig. S1 in Supplementary material). The first cartridge was used

for the sorption of the target compounds, while the second or

backup cartridge was employed to check the breakthrough of the

compounds. Each pump head operated independently to pull air

through the cartridges at a selected flow rate. Each set of parallel

samples (duplicate analyses) was accompanied by a field blank

cartridge which was treated identically as the samples. At each

sampling location, a field blank was collected by turning the pump

on for few seconds to determine the contribution of the back-

ground contamination. The temperature and the relative humidity

were measured in each sampling site and the mean values during

the sampling ranged from 15 to 22 1C and between 61% and 84%,

respectively.

2.4. Sampling process optimisation

Several stationary phases: activated coconut charcoal, Carbopack

B, Cromosorb 102 and 106, and Isolute ENVþ were used to select

the appropriate sorbent for sampling the target compounds from air

samples. Polypropylene SPE cartridges (1 ml) filled with 100 mg of

each sorbent and also the commercial Isolute ENVþ cartridge

(100 mg/1 ml), rinsed with 10 ml of n-hexane and 10 ml of dichlor-

omethane, and dried using purified nitrogen (499.999%) for 30 min

were used. The sorbents were spiked with 20 ml of a standard

solution of the target compounds at 10 mg ml�1 (in n-hexane) and

20 mL of a surrogate standard mixture, containing SS-1 and SS-2 at

10 mg ml�1, on a plug of silanized glass wool positioned immediately

ahead of the sorbent bed [45]. After spiking, 20 L of air from a clean

roomwas drawn through the cartridge at a flow rate of 0.2 L min�1.

For the elution of the target compounds, several solvents such as
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n-hexane, dichloromethane and mixtures of them were tested.

A procedural blank was carried out for each sorbent to subtract

the background contribution from the methylsiloxanes responses.

The extracts obtained were analysed by GC–MS.

The retention efficiency of the target compounds at high

sampling volumes using the polymeric materials (Cromosorb

102, Cromosorb 106 and Isolute ENVþ), was evaluated by sam-

pling from 50 to 500 L of clean air at a flow rate of 0.2 L min�1

after spiking the sorbents. After sampling, the sorbents were

eluted with 12 ml of dichloromethane and the sample extracts

were analysed by GC–MS. The sampling flow rate on the retention

efficiency of Isolute ENVþ was studied by sampling volumes of

500 L at different flow rates (0.2–1.5 L min�1). The sampling

breakthrough volume of the Isolute ENVþ sorbent was deter-

mined by pumping several air volumes (500–5300 L) at a flow rate

of 1.5 L min�1 through the cartridges spiked with 20 mL of a

10 mg mL�1 of standards. After each sampling experiment, the

primary and backup cartridges were eluted with 12 ml of dichlor-

omethane and the extracts were analysed by GC–MS.

2.5. Sampling and sample treatment method

For sampling atmospheric target compounds, a commercially

available Isolute ENVþ SPE cartridge (100 mg/1 ml) was selected.

To prevent any contamination before and after sampling, the

cartridges were sealed with PTFE end caps and stored frozen at

�18 1C in a closed glass jar. Prior to the sampling, 20 mL of a

surrogate standard mixture, containing SS-1 at 30 mg ml�1 and

SS-2 at 5700 mg ml�1, were added to the cartridge upper frit

(silanized glass wool). For air sampling, a known volume of air

(2700 L) was pumped through the cartridge tube at a flow-rate of

1.5 L min�1. After sampling, the sample and field blank cartridges

were immediately sealed at both ends with PTFE endcaps, stored

frozen at �18 1C and analysed within 24 h. The elution of the

target compounds was performed with 3 ml of n-hexane. Before

GC–MS analysis, 50 ml of a standard solution of bis(trimethylsiloxy)

methylsilane (1000 ng ml�1), used as injection internal standard,

was added to an aliquot of 1.0 ml of the extract to obtain a

concentration of 50 ng ml�1. For the analysis of the cyclic methyl-

siloxanes D4, D5 and D6, a dilution of the extract (1:200, w/w) was

required for quantification.

2.6. GC–MS determination

The GC–MS analysis of the linear and cyclic methylsiloxanes

was carried out on a Trace GC 2000 Series gas chromatograph

(ThermoFisher, Milan, Italy) coupled to a DSQ II mass spectrometer

(ThermoFisher). The chromatographic separation of the target

compounds was performed on a DB-5 MS (5% phenyl, 95% methyl

polysiloxane) fused – silica capillary column (J&W Scientific,

Folsom, CA, USA) of 60 m�0.25 mm I.D., with a film thickness of

0.25 μm. The oven temperature was programmed from 60 1C (held

for 5 min) to 285 1C at 15 1C min�1 (held for 15 min). Helium

(Abelló Linde, S.A., Barcelona, Spain) with a purity of 99.999% was

used as carrier gas at a constant flow-rate of 1 ml min�1 held by

electronic flow control. For optimisation of air sampling and

comparison of sorbent efficiency, 2 μm of sample extracts and

standards were injected in splitless mode (1 min) at an injector

port temperature of 200 1C. For the CSR-LVI injection, an AS2000

autosampler (ThermoFisher) equipped with a 50 μl syringe

(Hamilton, Bonaduz, Switzerland) was used. The syringe needle

was inserted in the injector to a depth of 30 mm from the top and

the injection was performed at 100 μl s�1. A glass liner of

105�5 mm ID filled in its base with 5 mm of deactivated glass

wool (Panreac, Barcelona, Spain) and a 23-gauge Merlin Micro-seal

septum (a high temperature resistant fluorocarbon elastomer,

Supelco, Bellefonte, PA, USA) were used in the injector port. In

addition, the chromatographic column was fitted with an un-

coated fused – silica deactivated column of 5 m�0.32 mm ID

(J&W Scientific) installed at 2 mm from the injector port. A volume

of 30 mL of sample extracts and standards in n-hexane was injected

for CSR–LVI–GC–MS analysis. The injector temperature was kept at

200 1C and the split and the septum purge outlet were closed

during 1.5 min.

The MS was operated in electron ionisation (EI) mode at

electron energy of 70 eV and 100 mA of electron emission. Transfer

line and ion source temperatures were set at 280 and 200 1C,

respectively. For MS acquisition, selected ion monitoring (SIM)

mode was employed at a dwell time of 100 ms and a delay time of

20 ms. Table 1 shows the ions selected for quantification and

confirmation of the linear and cyclic methylsiloxanes. The quanti-

fication was carried out using methyltris(trimethylsiloxy)silane

(SS-1) for the determination of L2 – L5 and D3, and tetrakis

(trimethylsiloxy)silane (SS-2) for D4, D5 and D6 as surrogate

internal standards. For recovery determination, bis(trimethylsi-

loxy)methylsilane (IS) was used as injection internal standard.

Xcalibur version 2.0 software was used for data acquisition and

processing of the results.

2.7. Quality control

Because the methylsiloxanes are present in a great variety of

consumer products, the analyst took care to avoid the use of personal

care products or other possible contamination sources. For every set

of five samples, a procedural blank covering both instrumental and

sample treatment procedures was performed in order to evaluate the

contribution of background levels, which was subtracted from the

analyte response for quantification. For each sampling site, a field

blank was used to determine the contribution of the background

contamination during the storage and transportation. The contribu-

tion of sampling and storage, sample treatment and instrumental

measurement to the blank has been evaluated (Fig. S2 in Supple-

mentary material) and the sample treatment is the most important.

So, a thorough control of this step is recommended. The preparation

of standard solutions, procedural blanks, sample treatments, and the

experiments for the optimisation of the sampling conditions were

carried out into a laminar flow cabinet of a clean room (class 100) to

avoid any contamination of ambient air [43]. Retention times, peak

areas and asymmetry factor control charts were used to assess the

performance of the GC-column during the CSR–LVI injection. In

addition, the glass wool of the GC liner was systematically replaced

after 200 injections to avoid contamination problems during the GC–

MS analysis of real samples. The instrumental limits of quantification,

typically ranging from 0.01 to 0.03 ng ml�1, were periodically tested.

In addition, quality parameters of the method such as the limits of

detection (LOD) and quantification (LOQ), precision (RSD%o10%)

and linearity (ranging from 0.05 to 500 ng ml�1), were routinely

checked to ensure the quality of the results. All glassware materials

were treated with chromium sulphuric acid for 24 h, solvent rinsed

and dried at 200 1C before use. To confirm the identification of

methylsiloxanes, the following restrictive criteria were applied:

(a) the ion abundance ratios between the selected ions monitored

should be within 715% of the theoretical value, and (b) the retention

times should be within 72 s of those observed for the standards.

3. Results and discussion

3.1. Optimisation of air sampling procedure

Recently, a solid-phase extraction method using hydroxylated

polystyrene–divinylbenzene copolymer as sorbent (Isolute ENVþ)
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has been proposed for the analysis of cyclic and linear VMS in air

samples [15,17,18]. However, studies comparing the efficiency of

Isolute ENVþ with that of other sorbents have not been per-

formed. In this paper, the behaviour of several stationary phases,

such as activated coconut charcoal, Carbopack B and Cromosorb

102 and 106, currently used for adsorption of volatile organic

compounds [44], is studied. The first step of the study was the

selection of the solvent to elute the compounds from the sorbents.

Among the solvent tested (n-hexane, dichloromethane and mix-

tures of them), dichloromethane (12 ml) was selected since it was

the only solvent that provided the quantitative elution of the

target compounds, mainly for activated coconut charcoal. Recov-

eries (n¼4) of the linear and cyclic methylsiloxanes from spiked

clean air samples using the studied sorbents are given in Fig. 1A.

Quantitative recoveries were obtained for all the compounds using

Cromosorb 102, Cromosorb 106 and Isolute ENVþ , while low

recoveries were achieved for the most volatile methylsiloxanes

using activated coconut charcoal (L2: 18% and D3: 30%) and

Carbopack B (L2: 38% and D3: 53%). These low recoveries are

probably due to the adsorption of water on the surface of the

sorbents that reduce their retention capacity. To evaluate this

effect, experiments using humidified (relative humidity�70%) and

dried nitrogen were carried out for activated coconut charcoal and

Carbopack B. Recoveries higher than 95% were obtained for all the

compounds when dried nitrogen was used, while values ranging

from 15% for L2 to 40% for D3 were achieved using humidified

nitrogen. These findings confirmed that carbon-based sorbents are

seriously affected by the moisture of the air and therefore the use

of Carbopack B or activated coconut charcoal was discarded for

further experiments.

The retention efficiency of the target compounds at high

sampling volumes was evaluated using the polymeric materials

(Cromosorb 102, Cromosorb 106 and Isolute ENVþ) which were

spiked as described above (Section 2.4). Significant losses were

found for some of the sorbents when 500 L was used (Fig. 1B). For

instance, losses from 42% to 63% were obtained for L2 using

Cromosorb 102 and 106. The better sorption capacity of Isolute

ENVþ could be attributed to the higher specific surface area of

the hypercrosslinked resine (1100 m2 g�1) [46] in comparison

with the conventional macroporous polymers Cromosorb 102

(350 m2 g�1) and Cromosorb 106 (750 m2 g�1) [47]. Therefore,

in order to maximise the sampling volume Isolute ENVþ was

selected for further work. Then, the effect of the sampling flow

rate (from 0.2 to 1.5 L min�1) on the retention efficiency of Isolute

ENVþ was studied. Recoveries higher than 95% were obtained for

all the compounds demonstrating that the flow within the tested

range did not cause a significant effect on the retention efficiency

of the sorbent. Hence, a flow rate of 1.5 L min�1 was chosen as

optimal value to decrease analysis time and prevent potential

losses and degradation of the analytes. Finally, the breakthrough

volume of the target compounds was determined by drawing air

volumes (500–5300 L) through Isolute ENVþ cartridges at a flow

rate of 1.5 L min�1. Figure1C shows the recoveries obtained for the

more volatile compounds, L2, L3 and D3. As can be seen, L2

showed a significant loss above 2700 L, while for D3 and L3

considerable losses were observed at air volumes above 3300 and

4100 L, respectively. For the less volatile compounds (L4, L5, D4,

D5 and D6), the breakthrough volume was not achieved up to

5300 L. In view of the results obtained and with the aim of

establishing a general method for the analysis of all the com-

pounds, a sampling volume of 2700 L was chosen.

3.2. CSR–LVI conditions for GC–MS analysis

Due to the high volatility of some linear and cyclic methylsi-

loxanes, the use of concentration steps before GC–MS analysis

resulted in a partial loss of the target compounds by volatilisation.

For instance, L2 was completely lost and the recovery for D3 was

only of 30% when a standard mixture (200 ng ml�1) in dichlor-

omethane was concentrated from 12 ml to 0.5 ml using rotary

evaporation. Losses also occurred when using a gently stream

of nitrogen. To increase sensitivity of the method avoiding con-

centration steps, CSR–LVI was applied at the conditions given in

the experimental section. However, when a high volume (30 ml) of

a standard mixture in dichloromethane (20 ng ml�1) was injected

fronting peaks were obtained (Fig. 2A), while this effect was not

observed when injecting the same standard using conventional

splitless injection (2 ml). In contrast, when injecting a standard in

n-hexane (30 ml) this distortion was not observed (Fig. 2B). For this

reason, this solvent was selected for the elution from the Isolute

ENVþ cartridge, and the minimum volume was evaluated. It was

found that a volume of 3 ml was enough to obtain quantitative

recoveries for all the compounds (Table S1 in Supplementary

material).

3.3. Performance of the analytical method

To evaluate the validity of the developed method, quality

parameters such as linearity, precision, recoveries and limits of

detection and quantification, were established. The linearity on the

response was examined by injecting 30 mL of standard mixtures

containing the target compounds at concentrations between 0.05

and 200 ng ml�1 for L2, L3, L4, L5 and D3 and from 0.05 to

500 ng ml�1 for D4, D5 and D6, and correlation coefficients (r)

Table 1

Quantification and confirmation ions selected for the determination of linear and cyclic methylsiloxanes by CSR–LVI–GC–MS.

Abbreviation Name Time window (min) Selected ion for monitoring (relative abundance, %)

Quantification ion (m/z) Confirmation ion (m/z)

L2 Hexamethyldisiloxane 8.40–9.20 147 (100) 131 (45), 117 (5)

D3 Hexamethylcyclotrisiloxane 9.20–10.35 207 (100) 191 (27), 177 (5)

ISa Bis(trimethylsiloxy)methylsilane 9.20–10.35 207 (100) 221 (13), 191 (10)

L3 Octamethyltrisiloxane 10.35–11.30 221 (100) 205 (10), 189 (6)

D4 Octamethylcyclotetrasiloxane 11.30–12.00 281 (100) 265 (10), 249 (8)

SS-1b Methyltris(trimethylsiloxy)silane 12.00–12.80 207 (100) 295 (30), 281 (12)

L4 Decamethyltetrasiloxane 12.00–12.80 207 (100) 295 (19), 191 (7)

D5 Decamethylcyclopentasiloxane 12.80–13.50 355 (100) 267 (75), 339 (10)

SS-2b Tetrakis(trimethylsiloxy)silane 13.50–14.80 281 (100) 369 (14), 265 (7)

L5 Dodecamethylpentasiloxane 13.50–14.80 281 (100) 369 (21), 265 (9)

D6 Dodecamethylcyclohexasiloxane 14.80–16.00 341 (100) 429 (41), 325 (24)

a IS: Internal standard.
b SS-1 and SS-2: surrogate standards.
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higher than 0.999 were obtained for all the compounds. Recov-

eries of the whole method were studied at two concentration

levels (20 and 200 ng m�3) using Isolute ENVþ cartridges spiked

with known amounts of an appropriate standard solution. Eight

replicate analyses were carried out for each spiked level and

recoveries higher than 96% were obtained for all the compounds

(Table 2). Precision of the method was also determined at the two

concentration levels, 20 and 200 ng m�3, and relative standard

deviations (RSD, %) lower than 9% were obtained. The recoveries of

the surrogate internal standards (SS-1 and SS-2) were also

determined and ranged from 94% to 99% with a RSD (%) lower

than 12%. Method LODs (mLODs) and LOQs (mLOQs) expressed

as the concentration of analyte that provides a response equal to

the mean of field blanks plus three and 10 times the standard

deviation, respectively, are given in Table 2. mLOQs were bet-

ween 0.03 and 0.45 ng m�3 for linear and cyclic methylsiloxanes

for a sampling volume of 2700 L (Table 2). These values were

10–100 times lower than those reported by Krogseth et al. [15]

using Isolute ENVþ cartridges (120 mg) and higher sampling air

volumes.
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Fig. 1. Sampling efficiency of the studied sorbents (activated coconut charcoal, Carbopack B, Cromosorb 102, Cromosorb 106 and Isolute ENVþ), (n¼4) (A) Air volume

sampled: 20 L (200 mL min�1), (B) Air volume sampled: 500 L (200 mL min�1). Compounds: ( ) L2, ( ) L3, ( ) L4, ( ) L5, ( ) D3, ( ) D4, ( ) D5, ( ) D6;

(C) Recoveries of L2, L3 and D3 obtained with Isolute ENVþ using air volumes of 500 L ( ), 1300 ( ), 2200 ( ), 2700 ( ), 3300 ( ), 4100 ( ) and 5300 ( ) at a flow

rate: 1.5 L min�1.
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Fig. 2. CSR–LVI–GC–MS (SIM) reconstructed ion chromatograms of a mixture of

linear and cyclic methylsiloxanes (20 pg mL�1) obtained using: (A) dichloromethane

and (B) n-hexane as injection solvents (injection volume: 30 mL).

Table 2

Recoveries (%) and method limits of detection (mLOD) and quantification (mLOQ)

of linear and cyclic methylsiloxanes (air sampling volume 2700 L at 1.5 L min�1).

Compound Recovery (%)7sda mLOD (ng m�3) mLOQ (ng m�3)

Low levelb Medium levelc

L2 9978 10175 0.18 0.45

L3 9875 9674 0.02 0.08

L4 10079 9973 0.02 0.05

L5 10176 10274 0.01 0.03

D3 9776 10074 0.10 0.28

D4 9879 10473 0.15 0.40

D5 10076 10174 0.10 0.28

D6 10277 10376 0.08 0.18

a n¼8.
b Low level: 20 ng m�3.
c Medium level: 200 ng m�3.
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3.4. Analysis of indoor and outdoor air samples

To examine the applicability of the developed method, two

outdoor air samples of urban origin (Barcelona, Spain) and six

indoor air samples were analysed in duplicate using the optimised

sampling conditions (2700 L at 1.5 L min�1). To guaranty that

breakthrough volume of the sampling cartridges was not sur-

passed, the second cartridge coupled online was analysed and the

amount of target compounds found in this cartridge was always

lower than 3%. Recoveries of the surrogate internal standards were

always higher than 95%. Table 3 shows the concentration mean

values with their corresponding standard deviations found for

linear and cyclic methylsiloxanes in the analysed air samples.

As an example, Fig. 3 shows the CSR–LVI–GC–MS (SIM) chromato-

grams obtained of an indoor air sample (laboratory 1). Generally,

concentrations of cyclic methylsiloxanes were up to three orders

of magnitude higher than those of linear methylsiloxanes in both

environments, indoor and outdoor air. These findings are in

agreement with data reported in the literature [2,10,40], and can

be associated to the high production and uses of cyclic compounds

in the European Union [2,3,40]. D5 was the compound detected

at the highest concentrations, followed by D4 and D6. This

distribution pattern of cyclic VMS has also been found in urban

air from different cities located in United States, Canada, France

and Switzerland [10,13,14].

For indoor air, the cyclic methylsiloxanes D5 followed by D4 and

D6 were found to be the most abundant chemicals, with concentra-

tions ranging from 156 ng m�3 to 292.7 mg m�3 (Table 3). D5

accounted routinely for more than 53% (laboratory air) of the total

VMS with a maximum of 92% at home environments. The pre-

dominance of D5 is in accordance with the data reported in several

studies which determined the content of cyclic methylsiloxanes in a

Table 3

Mean concentrations (ng m�3) of linear and cyclic methylsiloxanes found in indoor and outdoor air samples.

Compound Concentration (mean7sd) (ng m�3)a

Indoor air Outdoor air

Office 1 Office 2 Laboratory 1 Laboratory 2 Home 1 Home 2 Urban air 1 Urban air 2

L2 2672 3374 8979 319727 1271 1872 2273 1271

L3 9.570.4 10.670.6 1371 1772 1572 1772 1672 1471

L4 10.570.4 1171 o0.05b 13.470.7 1571 2072 1772 1672

L5 3.970.3 4.570.3 4.270.5 6.770.9 265718 129711 871 6.070.5

D3 12276 4873 471730 508736 170712 126711 5.070.5 2.270.2

D4 416725 226712 641745 833775 30527115 1592775 7975 7376

D5 24157168 17047166 28547263 23207195 22911477388 29266878974 439724 375718

D6 393725 156711 569751 380730 8456274012 2312371029 6074 4574

a n¼2.
b
omLOQ (ng m�3).
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Fig. 3. CSR–LVI–GC–MS (SIM) chromatograms of an air sample obtained from Laboratory 1 (sampling air volume: 2700 L, flow rate: 1.5 L min�1).
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great variety of personal-care products [48–50]. For indoor air

samples collected at homes, concentrations of cyclic methylsilox-

anes were in line with those reported in indoor air samples from

Sweden (0.6–164 mg m�3) [2], UK (0.22–350 mg m�3) and Italy

(0.23–730 mg m�3) [22], although for linear methylsiloxanes values

up to two orders of magnitude lower were found [2,22]. Concentra-

tions ranging from 3.9 to 33 ng m�3 for linear and between 48 and

2415 ng m�3 for cyclic methylsiloxanes were found in the office

indoor air samples analysed in our study. These values are lower

than those published by Hodgson el at. [21], who reported levels for

D5 between 1.1 and 7.4 ppb (16.9–113.9 mg m�3), Shield et al. [19],

that found values from 2.5 to 10.2 mg m�3 for D4 and between 7 and

39.6 mg m�3 for D5, and Pieri et al. [22] (0.04–170 mg m�3).

In addition, the levels found for cyclic VMS in office environments

were two-order of magnitude lower than those determined at home

indoor air samples. These differences could be attributed to the

existence of distinct emission sources of cyclic VMS. In office indoor

air, the human occupants, computers and printers are the main

sources of emissions of cyclic VMS, while at home environments,

the siloxane-containing products are the predominant contamina-

tion source. Regarding the results obtained for laboratory air, levels

of cyclic methylsiloxanes, except for D4, were lower than those

reported for D5 and D6 in laboratory air from the University of Iowa,

USA (o59–39000 ng m�3) [13]. In the laboratory air samples

collected our study, the cyclic VMS levels were 1.5 times higher

than those found in office environments. Taking into account that

the number of occupants is similar between the laboratories and the

offices, these differences could be attributed to the methylsiloxane

emission from the laboratory equipment and facilities (e.g., instru-

mentation, silicone tubes, sealants and electronics).

Regarding outdoor air samples collected in Barcelona city,

levels of cyclic methylsiloxanes ranged from 2.2 to 439 ng m�3.

These concentrations, except for D3, were higher than those

reported for urban air in cities from United States, Canada, Hawaii

and France (0.13–280 ng m�3) [10]. Recently, concentrations in

line with those obtained in our study were reported for D5 and D6

in outdoor air from Zurich (Switzerland) (10–650 ng m�3) [14] and

Chicago (USA) (o8.5–1100 ng m�3) [13], although these values

were clearly lower than those found in cities located at the South

of China (up to 3.3 mg m�3) [12]. For the linear methylsiloxanes,

concentrations ranging between 6 and 22 ng m�3 were detected

in Barcelona urban air and these values were higher than those

found in cities from North America and Europe [10,15].

4. Conclusions

A simple method for determining linear and cyclic methylsi-

loxanes in air using active sampling combined with CSR–LVI–GC–

MS is developed. Air sampling volumes of 2700 L and Isolute

ENVþ as sorbent are proposed for the quantitative sorption of

linear and cyclic VMS. The use of the CSR–LVI technique for sample

injection allowed increasing the detectability of the method,

avoiding the use of concentration steps during sample treatment,

providing method limits of detection down to 0.01–0.18 ng m�3.

One of the advantages of the method is its capability of determin-

ing the most volatile compounds, such as L2 and D3, which are not

often analysed in other studies. The developed method has been

applied to the analysis of linear and cyclic VMS in air samples and

concentrations were found from 4 ng m�3 for L5 (office air) to

293 mg m�3 for D5 (home air). Concentrations of cyclic methylsi-

loxanes in outdoor air from urban ambient were 5–500 times

lower than those found in indoor environments, indicating that

emissions from indoor air could be a significant contributor to

outdoor air concentrations. The method proved to be able of giving

reproducible results for the analysis of linear and cyclic VMS in air

samples at ng m-3 levels, and can be proposed for the routine

analysis of these compounds in ambient air.
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SUPPLEMENTARY MATERIAL 
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Figure S1. Diagram of air sampling system. 
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Table S1. Recoveries (%) and relative standard deviations of linear and cyclic methylsiloxanes after elution with n-hexane from the Isolute 
ENVI+ cartridges.  

a n=3 

�

Compound Recovery (%) a

 2 ml of n-hexane 3 ml of n-hexane 4 ml of n-hexane 5 ml of n-hexane 6 ml of n-hexane 

 Mean (%) RSD (%) Mean (%) RSD (%) Mean (%) RSD (%) Mean (%) RSD (%) Mean (%) RSD (%)

L2 85 8 100 2 106 11 96 7 94 3 

L3 84 6 106 6 104 7 102 8 94 6 

L4 91 3 98 5 99 4 99 5 98 3 

L5 83 13 97 5 108 7 101 3 97 5 

D3 89 3 102 8 97 3 100 4 108 10 

D4 95 2 106 6 99 9 99 5 95 6 

D5 91 5 99 9 103 6 97 4 100 4 

D6 90 4 99 3 99 3 103 3 101 6 
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