
www.jss-journal.com Page \pagenumber  Journal of Separation Science 
 

 

Received: 05 30, 2018; Revised: 08 27, 2018; Accepted: 09 12, 2018  

 

This article has been accepted for publication and undergone full peer review but has not been 

through the copyediting, typesetting, pagination and proofreading process, which may lead to 

differences between this version and the Version of Record. Please cite this article as doi: 

10.1002/jssc.201800577. 

 

This article is protected by copyright. All rights reserved. 

 

Determination of siloxanes in water samples employing graphene oxide/Fe3O4 

nanocomposite as sorbent for magnetic solid-phase extraction prior to gas 

chromatography-mass spectrometry 

 

Luciana Costa dos Reis
1,2

, Lorena Vidal
1*

 and Antonio Canals
1*

 

1
Departamento de Química Analítica, Nutrición y Bromatología e Instituto Universitario de 

Materiales, Universidad de Alicante, P.O. Box 99, E-03080 Alicante, Spain.  

2
CAPES Foundation, Ministry of Education of Brazil, Brasília – DF 70040-020, Brazil. 

* Corresponding authors. Tel.: +34965909790; fax: +34965903697. 

E-mail addresses: lorena.vidal@ua.es (L. Vidal), a.canals@ua.es (A. Canals) 

  

Running title: GO/ Fe3O4 as sorbent for siloxanes determination in water samples 

List of abbreviations:  

cVMS  Cyclic volatile methyl siloxanes 

D4 Octamethylcyclotetrasiloxane 

D5 Decamethylcyclopentasiloxane  

D6 Dodecamethylcyclohexasiloxane  

GO Graphene oxide 

L3 Octamethyltrisiloxane 

L4 Decamethyltetrasiloxane 

L5 Dodecamethylpentasiloxane  

LLE Liquid-liquid extraction 

mLOD Methodological limit of detection 

mLOQ Methodological limit of quantification 

MOFs Metal-organic frameworks  

MSPE Magnetic solid-phase extraction  

RR Relative recovery  

SIM Selected ion monitoring 

SPME Solid-phase microextraction 

TEM Transmission electron microscopy 

USA-DLLME Ultrasound-assisted dispersive liquid-liquid microextraction 

https://doi.org/10.1002/jssc.201800577
https://doi.org/10.1002/jssc.201800577
https://doi.org/10.1002/jssc.201800577


 

2 
 

VMSs Volatile methylsiloxanes 

VSM Vibrating sample magnetometer 

WWTPs Wastewater treatment plants 

XPS X-ray photoelectron spectroscopy  

XRD X-ray diffraction 

Keywords: gas chromatography-mass spectrometry, graphene oxide/Fe3O4 nanocomposite, 

magnetic solid-phase extraction, siloxanes, water samples.   

 

 

Abstract 

A new, fast, simple and environmentally friendly analytical method has been developed to 

determine six siloxanes in water samples: octamethyltrisiloxane, 

octamethylcyclotetrasiloxane, decamethyltetrasiloxane, decamethylcyclopentasiloxane, 

dodecamethylpentasiloxane and dodecamethylcyclohexasiloxane. The analytical method 

consists of magnetic solid-phase extraction employing graphene oxide/Fe3O4 as sorbent for 

the separation and preconcentration of siloxanes prior to GC-MS determination. The 

extraction procedure was optimized by means of a Plackett-Burman design. Under the 

optimized extraction conditions (graphene oxide/Fe3O4, 20 mg; extraction time, 10 min; 

eluent volume, 0.5 mL ACN; elution time, 2.5 min; sample volume, 20 mL), the method 

rendered repeatability levels with a relative standard deviation between 9 and 20% (n=6, 10 

µg L
-1

). Methodological limits of detection ranged from 0.003 µg L
-1

 to 0.1 µg L
-1

. The 

linearity of the method was studied between the methodological limit of quantification and 

100 µg L
-1

, obtaining correlation coefficient values between 0.990 and 0.999. The 

applicability of the method was assessed by analyzing drinking, river and wastewater 

samples. Relative recovery values ranged between 70 and 120% (1 and 60 µg L
-1 

spiking 

level) showing that the matrix had a negligible effect on extraction. Finally, the greenness of 

this method was confirmed by the semiquantitative Eco-Scale metrics.  
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1  Introduction 

Siloxanes are used in various products, such as electronics, cosmetics, paints, food 

additives, medical devices, cosmetic surgery, needle coating, pacemaker coating, etc. Volatile 

methylsiloxanes (VMSs) are the most detected in the environment because they are not 

effectively removed from wastewater and may migrate through different matrices. Their 

lipophilicity allows VMSs to spread in the environment and to accumulate in wildlife and 

humans [1]. The cyclic siloxanes D5 and D6 are currently the most used in personal care 

products, including perfumes, hair care products, deodorants, antiperspirants, nail polishes, 

lotions, and skin cleansers [2]. Consequently, VMSs are present in several types of water. 

Sparham et al. [3] reported D5 concentrations between 0.013 and 0.027 µg L
-1

 in river water 

which serves a population of more than 3 million people. Wang et al. [4] determined 

concentrations of D4, D5, and D6 in the influent (entrance) wastewater of 11 wastewater 

treatment plants (WWTPs) (0.282-6.69 µg L
-1

, 7.75-135 µg L
-1

, and 1.53-26.9 µg L
-1

, 

respectively) and in the receiving water (at the point of discharge of the effluent into a 

waterbody) (<0.009-0.023 µg L
-1

, <0.027-1.48 µg L
-1

, and <0.022-0.151 µg L
-1

, 

respectively). D4, D5 and D6 were also detected in the receiving water and their 

concentrations varied depending on those in the effluent (tertiary treatment in the WWTP) 

(<0.009-0.045 µg L
-1

, <0.027-1.56 µg L
-1

, and <0.022-0.093 µg L
-1

, respectively). Siloxanes 

also impair the efficient energy production by biogas combustion due to significant amounts 

of siloxanes in the sludge of WWTPs. The volatility of some siloxanes means that they are 

present in the gas resulting from the anaerobic digestion process of the sludge. At high 

temperatures siloxanes become silicon dioxide (SiO2), which quickly deteriorate biogas 

facilities for energy recovery (engine power generation, cogeneration, fuel cells, etc.). Biofuel 

combustion produces solid SiO2, which erodes engines and other equipment, causing damage 

[5]. Such biogas-related damage and poor performance are promoting the search for 
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alternatives in order to remove siloxanes before they reach the landfill gas [6]. The increased 

presence of siloxanes in wastewater calls for reliable analytical methods to determine these 

compounds, which end up in biogas [5]. Likewise, to improve the use of biogas as a 

renewable energy source, methods to eliminate the compounds that can damage gas-burning 

equipment are needed, siloxanes being the most difficult compounds to remove [7]. Studies 

on the preconcentration/determination of volatile siloxanes in water [3,4,8-14] are scarce 

compared to number of similar studies on biogas and sewage sludge. Previous studies favor 

gas chromatography-mass spectrometry (GC-MS) as the preferred separation and detection 

technique for siloxanes determination. The high volatility of methylsiloxanes and the 

potential sources of background contamination affecting their final determination are the 

main limiting factors for their analysis. Thus, there is a need to develop methods for siloxanes 

determination in water and wastewater to enable a more efficient VMS elimination in 

WWTPs. Such determination methods normally require a sample preparation step because 

organic compounds are contained at trace levels or in a matrix that interferes. The solid-phase 

extraction (SPE) technique is simple, fast and economical. It consumes fewer reagents than 

liquid-liquid extraction and can be combined with different detection techniques in off-line 

and on-line modes [15]. Graphene has been used as an adsorbent for SPE, increasing 

adsorptive capacity due to its high theoretical surface area (2630 m
2
 g

-1
) [16]. Graphene has 

an electron delocalization system which can form π-π bonds with benzene rings and 

adsorbing aromatic compounds [16-20]. Graphene oxide (GO), a derivative of graphene 

synthesis by the Hummers method [21], possess an important amount of -COOH, -C=O and -

OH groups on the surface [22]. These surface functional groups of GO indicate the high 

capability of forming hydrogen bonds or electrostatic interactions with aromatics and polar 

compounds or metal ions [23-25]. GO has been proved to be an ideal sorbent for SPE [26] 

and its miniaturization, the solid-phase microextraction (SPME) technique [27]. 
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Recently, magnetic solid-phase extraction (MSPE) has been employed as a sample 

preparation technique, using adsorbents decorated with a magnetic phase mainly composed of 

an iron mineral or iron oxides such as magnetite (Fe3O4) or maghemite (γ-Fe2O3). In this 

extraction procedure the magnetic sorbent is dispersed directly into the liquid phase (standard 

solution or water sample), and after extraction, phases separation is performed by means of 

an external magnetic field (neodymium magnet). Various possible materials can be used as 

sorbent phase of the adsorbents, including GO [28], silica [29], carbon nanotubes [30] and 

more recently, zeolites [31] and metal-organic frameworks (MOFs) [32]. The sorbents 

decorated with magnetic solids synergistically combine an excellent sorbent capacity with 

easy sorbent handling by the external magnetic field, helping to reduce processing time, 

amount of sorbent and solvent consumption.  

Reported herein is a magnetic solid-phase extraction method employing graphene 

oxide/Fe3O4 as sorbent for the fast and ecological extraction of siloxanes prior to GC-MS 

determination. To the best of our knowledge, this is the first time that MSPE/GC-MS has 

been used to determine siloxanes in water samples. The method was optimized by 

experimental design, validated and applied to real-world samples. Finally, Eco-Scale metrics 

[33] were used to assess the greenness of the new method. 

2  Materials and Methods 

2.1 Reagents and real-world water samples 

The six siloxanes studied in this work were octamethyltrisiloxane (L3) (98%), 

octamethylcyclotetrasiloxane (D4) (98%), decamethyltetrasiloxane (L4) (97%), 

decamethylcyclopentasiloxane (D5) (97%), dodecamethylpentasiloxane (L5) (97%) and 

dodecamethylcyclohexasiloxane (D6) (95%). All siloxanes as well as HPLC-grade 

acetonitrile, methanol, ethanol and hexane were purchased from Sigma-Aldrich (St. Louis, 

MO, USA). The stock standard solution of 1 g L
-1

 of the six siloxanes was prepared in 
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acetonitrile. Deionized water (resistivity of 18.2 MΩ cm at 25 ºC) was prepared on a water 

purification system (GradientA10) supplied by Millipore (Billerica, MA, USA). Working 

solutions were prepared daily by diluting the stock standard solution with deionized water. 

All solutions were stored in the dark at 4 °C. It is important to highlight that preparation of 

aqueous working solutions, at a higher concentration than that of the siloxanes solubility in 

water, was possible due to the presence of the co-solvent (acetonitrile) that comes from the 

stock standard solution. 

Iron oxide II, III (Fe3O4) (50-100 nm) was obtained from Sigma-Aldrich and graphene 

oxide (GO) from Graphenano nanotechnologies (Yecla, Spain). 

HNO3 65% from Merck (Darmstadt, Germany) and NaOH pellets from Scharlau 

(Barcelona, Spain) were employed for the nanocomposite synthesis. 

Drinking water from a water purification plant (Murcia, Spain), a river water sample 

(Alcoy, Spain), wastewater samples from three different points of Rincón de León WWTP 

(three samples, WWTP1) (Alicante, Spain), from Monte Orgegia WWTP (one sample, 

WWTP2) (Alicante, Spain) and from a WWTP in Portugal (one sample) were used in the 

study as real-world water samples. All samples were stored in the dark at 4 °C.   

2.2 Apparatus and instrumentation 

A Ni-coated neodymium magnet, N45 grade, 45x30mm, from Supermagnete 

(Gottmadingen, Germany) was used as external magnetic field in the MSPE procedure. 

Automatic vortex from Heidolph Instruments GmbH (Schwabach, Germany) was used for the 

extraction procedure and an ultrasonic bath from Elma Schmidbauer GmbH (Singen, 

Germany) for the elution procedure. 

Two chromatographic systems were employed. The inlet septa used in both systems was 

Premium Non-Stick Inlet Septa, Bleed and Temperature Optimized from Agilent 

Technologies (Santa Clara, CA, USA). For MSPE optimization and nanocomposite reuse 
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study, chromatographic analyses were performed on a gas chromatograph (model 7820A) 

from Agilent Technologies equipped with a split/splitless automatic injector and a flame 

ionization detector. A capillary column HP-5 (5% phenyl-95% dimethylpolysiloxane, 

30 m x 0.32 mm I.D., 0.25 µm film thickness) was from Agilent. The injector temperature 

was maintained at 250 °C and the injection volume was 1.0 µL in the splitless mode. The 

oven temperature program was initially set at 40 °C and was raised by 6 °C min
-1

 up to 

120 °C (held 5 min), followed by an 8 °C min
-1

 ramp up to     150 °C, where it was held for 5 

min. Helium (99.999%) from Air Liquide (Madrid, Spain) was used as the carrier gas at a 

constant flow rate of 1 mL min
-1

. The detector temperature was set at 200 °C. 

Method validation and real sample analyses were carried out by Agilent 7890A gas 

chromatograph coupled to a mass spectrometry detector Agilent 5975C with electron impact 

ionization at an ionization energy of 70 eV. The capillary column employed was HP5-MS UI 

(5% phenyl-95% dimethylpolysiloxane, 30 m x 0.25 mm I.D., 0.25 µm film thickness) from 

Agilent J&W GC Column (Santa Clara, CA, USA). Extracts (1 µL) were injected in the 

splitless mode with the split closed for 0.75 min. Helium (99.999%) was used as the carrier 

gas at a flow rate of 1 mL min
-1

. The oven temperature was initially set at 35 °C for 5 min, 

programmed to 140 °C at 5 °C min
-1

 rate, where it was held for 1 min, followed by a 20 °C 

min
-1

 ramp up to 300 °C, where it was held for 5 min. The mass spectrometer source and 

quadrupole were set at 230 and 150 °C, respectively. Measurements were taken with a 

solvent delay of 4 min and in selected ion monitoring (SIM) mode. All target compounds 

were identified by their mass spectra and GC retention times (Fig. 1). The (m/z) ratio to 

quantify significant ions and the retention times of the six siloxanes using the GC-MS method 

are (73), (221), and (222) from minute 8.50-11 for L3; (73), (193) and (281) from minute 11-

15 for D4; (73), (207) and (295) from minute 15-17.50 for L4; (73), (267) and (355) from 

minute 17.50-20 for D5; (73), (147), (281) and (369) from minute 20-22.50 for L5; and (73), 
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(341) and (429) from minute 22.50-24 for D6 determinations. Fig. 1 shows typical 

chromatograms after MSPE of a blank and a standard solution spiked at 10 µg L
-1

 with the 

six siloxanes. 

2.3  Synthesis and characterization of graphene oxide/Fe3O4 nanocomposite 

In a previous work the GO/Fe3O4 nanocomposite was synthesized and characterized [34]. 

The composite is formed by electrostatic attraction between magnetic nanoparticles of Fe3O4 

with a positively charged surface and negatively charged nanosheets of GO. Optimal 

conditions for GO/Fe3O4 nanocomposite synthesis were: stirring on a magnetic stir plate, pH 

2 and GO/Fe3O4 ratio (w/w) 1/5. Transmission electron microscopy (TEM), X-ray 

photoelectron spectroscopy (XPS), X-ray diffraction (XRD) and vibrating sample 

magnetometer (VSM) were used to test nanocomposite formation and determine its 

composition and magnetic properties [34].  

2.4 Magnetic solid-phase extraction procedure 

Firstly, 20 mg of GO/Fe3O4 nanocomposite (40 mg for wastewater samples) was placed 

in a 22 mL vial. Then, 20 mL of standard solution or water sample was added, and the 

mixture was vortex stirred for 10 min. After full extraction, the nanocomposite was separated 

from the liquid phase placing the vial over a neodymium magnet and discarding the liquid 

with a glass pipette. Elution was carried out with 0.5 mL of acetonitrile and 2.5 min in 

ultrasonic bath. It is important to highlight that the total extraction procedure time (i.e., 

extraction, phases separation, sample removal and elution) is about 16 min. Finally, 1 µL of 

the eluate was injected into the GC-FID or GC-MS system. Two more elution processes with 

0.5 mL of acetonitrile and 2.5 min in ultrasonic bath were performed to clean the 

nanocomposite for reuse.  

It should be noted that due precaution was taken, such as cosmetics use, protection and 

cleaning (i.e., filter mask, gloves and hair covers, and proper cleaning with deionized water 
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and organic solvents), during the extraction procedure to avoid false positives and cross-

contaminations. Additionally, Fig. 1 shows the chromatogram of a blank solution (i.e., 

deionized water) after MSPE/GC-MS and the signals obtained could be considered 

negligible; therefore, blank corrections were not performed. 

2.5  Data handling and processing  

For the screening study, the response of the GC-FID system used was based on the peak 

area of the eluate for each siloxane individually. The Plackett-Burman [35] design was 

carried out to screen the significant factors for the MSPE procedure. A concentration level of 

10 mg L
-1

 was used for screening to ensure a detectable signal (peak area) in all experimental 

runs of the six siloxanes. An experimental design matrix was constructed, and the results 

were evaluated using the statistical software NEMRODW
® 

version 2007/2010 ("New 

Efficient Methodology for Research using Optimal Design") from LPRAI (Marseille, 

France).  

3 Results and Discussion 

3.1 Study of graphene oxide/Fe3O4 nanocomposite  

Previous nanocomposite characterization studies [34] by X-ray photoelectron 

spectroscopy (XPS) confirmed the chemical composition. Transmission electron microscopy 

(TEM) characterized the morphology of GO/Fe3O4 nanocomposite. Fig. S1 shows a TEM 

image of the GO/Fe3O4 nanocomposite synthesized under optimum conditions. The Fe3O4 

nanoparticles (darker) are anchored as clusters to the surface of the GO sheets (paler sheets) 

due to electrostatic self-assembly between the positively charged surface of the Fe3O4 and the 

negatively charged GO.   

A batch-to-batch repeatability study was carried out for three different batches, using 

each batch for MSPE of an aqueous standard solution spiked at 10 µg L
-1

 in triplicate. The 
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synthesis process was considered repetitive with relative standard deviations (RSD) between 

5 and 8%. 

3.2  Optimization of the extraction procedure 

3.2.1 Study of elution solvent 

Prior to optimizing the MSPE procedure, extractions were performed with four different 

solvents in the elution step. These solvents need to offer a high analyte desorption ability and 

good chromatographic behavior during the course of chromatographic separation. 

Accordingly, acetonitrile, methanol, ethanol and hexane were chosen to study solvent elution.  

The MSPE procedures were performed as described in section 2.4. using 20 mL of 

standard solution at 10 mg L
-1

 concentration of each siloxane. Results are shown in Fig. S2. 

Acetonitrile and methanol showed the highest peak areas and all the analytes were eluted. 

Hexane and ethanol responded for only some of the six siloxanes. Hence, acetonitrile and 

methanol were selected for the screening study (i.e., Plackett-Burman design). 

3.2.2 Plackett-Burman design 

The extraction yield in the MSPE procedure can be affected by different factors and in 

most cases these factors are correlated. Therefore, a multivariate approach is recommended 

for their optimization. Based on the literature and previous experience, the multivariate 

approach selected was the Plackett-Burman design. For identifying the significant factors, 

this two-level fractional factorial design sustains that interactions between factors can be 

completely ignored. Thus, the main effects are calculated with a reduced number of 

experiments [35].  

The saturated Plackett-Burman matrix with eleven factors was constructed (seven real 

factors and four dummy factors), and twelve different experiments were randomly conducted 

employing 20 mL of standard solution at 10 mg L
-1

 concentration level of each siloxane 



 

11 
 

(Table S1). The value of the levels attributed to each factor was selected according to 

previous studies on MSPE using the GO/Fe3O4 nanocomposite as sorbent [34]. 

Variations in pH were not contemplated as a factor since pH does not affect the chemical 

structure of these compounds. Moreover, previous studies about the determination of cyclic 

volatile methyl siloxanes (cVMS) in freshwaters estimated that the half-lives of D4 and D5 

siloxanes were short at both high and low pH values. Therefore, the highest half-life values 

were found at pH 7, proving that in the pH range of natural water samples, siloxanes remain 

longer [2].  

Data were evaluated by ANOVA and results were visualized with the Pareto chart for 

each siloxane (Fig. S3).  The length of each bar was proportional to the influence of the 

corresponding factor, while the effects exceeding the reference vertical lines may be 

considered significant with 95% of probability. 

Results indicate that the sample volume was the only significant factor for five out of the 

six siloxanes (L3, D4, L4, D5 and L5), exhibiting a positive effect for all siloxanes, including 

D6. The higher the sample volume, the larger the amount of analytes extracted. As 22 mL 

was the maximum volume of the vial used in the extractions, 20 mL was selected as optimum 

for all experiments. The other non-significant factors were selected considering the sign of 

effect. The amount of nanocomposite, extraction time and type of eluent were non-significant 

with a positive effect, hence larger amounts of nanocomposite and longer extraction times 

showed to increase analyte extraction, thus they were fixed at the maximum level (i.e., 20 mg 

and 10 min, respectively). For the type of eluent, the bar length was very short. According to 

a previous study (Section 3.2.1), both methanol and acetonitrile were considered suitable 

eluents for the optimization study, but the highest elution was achieved with acetonitrile. 

Therefore, acetonitrile was selected as elution solvent. Volume of eluent, elution time and 

NaCl amount were non-significant with a negative effect. This effect could be related to the 
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fact that the lower the volume of eluent, the higher the analyte concentration, and a higher 

elution time in ultrasound could affect the nanocomposite structure. Regarding the effect of 

salt, Han et al. [36] observed that NaCl concentrations between 0 and 0.6% suggested a 

negligible effect for polycyclic aromatic hydrocarbons extraction. The present study 

employed a concentration 25 times higher than Han et al. [36] (15% w/v), but this factor 

proved also a non-significant effect. Thus, we can conclude that salt does not affect the 

extraction process. Therefore, these factors were fixed at a minimum level (i.e., 0.5 mL of 

acetonitrile, 2.5 min and 0% of NaCl, respectively). 

The optimal MSPE conditions obtained for the preconcentration of the six siloxanes 

were: 20 mg of GO/Fe3O4 nanocomposite, 10 min of vortex extraction, 0.5 mL of acetonitrile 

as eluent, 2.5 min of elution in ultrasound, 20 mL of sample and no addition of NaCl in the 

sample.   

3.3  Reuse of graphene oxide/Fe3O4 nanocomposite  

Five consecutive MSPEs using a 10 mg L
-1 

solution for each siloxane were carried out to 

evaluate GO/Fe3O4 nanocomposite reusability. Results for the six siloxanes revealed 

maintenance of GO extraction capacity and Fe3O4 magnetic properties for all the extractions 

(Fig. S4). However, from the first to the fourth extraction, the peak areas were similar for all 

siloxanes obtaining RSD values between 9 and 12%, but, in the fifth extraction the signal 

decreased between 50 and 81%. Hence, the same nanocomposite could be reused for up to 

four MSPEs without losing adsorptive capacity, saving costs and generating less waste. 

3.4  Validation of the method 

The proposed method was validated by determining the analytical parameters including 

the working range, correlation coefficient (r), RSD, methodological limit of detection 

(mLOD) and methodological limit of quantification (mLOQ). A calibration study was 

performed to define the working range and correlation coefficient of the calibration curve of 
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each siloxane (Table 1). The working ranges were 0.3-100 µg L
-1

 (N=6) (L3); 0.01-100 µg L
-

1
 (N=7) (D4, D5, L5 and D6); 0.03-100 µg L

-1
 (N=7) (L4) and r ranged from 0.990 to 0.999. 

The repeatability of the method, expressed as RSD was obtained by six consecutive 

extractions within a day and the inter-day RSD values were obtained by repeating the 

extraction in triplicate on three different days. MSPEs of an aqueous solution of 10 µg L
-1

 for 

each siloxane were carried out, obtaining RSD values from 9 to 20% for the intra-day 

repeatability, and from 18 to 24% for the inter-day repeatability. The mLODs for all 

siloxanes were empirically determined, analyzing progressively more diluted concentrations 

of the analytes. mLOD values were found between 0.003 and 0.1 µg L
-1

 (Table 1). mLOQs 

were calculated as 3.3 times the mLODs [37], being the lowest concentration of the working 

range. Recorded mLOQ values were between 0.01 and 0.3 µg L
-1

 (Table 1).  

The method developed (MSPE/GC-MS) presents shorter or similar extraction times 

compared to other analytical methods used to determine siloxanes in water samples (Table 

S2) and its great advantage is that it uses an environmentally friendly eluent rather than 

chlorobenzene [8] and hexane [13]. Additionally, mLODs were empirically determined and 

they were in the same order as those obtained with the liquid-phase extraction techniques 

(i.e., LLE and USA-DLLME) (Table S2). On the one hand, compared to the previous work 

using SPME [12], the LOD values obtained in the present work for lineal siloxanes were 

higher, although the LOD values for cyclic siloxanes were similar. Furthermore, the present 

work employed a sorbent for MSPE that is easily synthesized and manipulated, and the 

extraction time proved much shorter (10 min versus 53 min), thereby avoiding temperature 

control.  

3.5 Real-world water sample analysis 

The MSPE/GC-MS method was applied to determine six siloxanes in drinking, river and 

wastewater samples. Sample analysis using the proposed method reveal the presence of 
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siloxanes in two of the seven samples studied. D5 was found at 2.7 ± 0.3 µg L
-1

 concentration 

level in the wastewater collected from Monte Orgegia WWTP (WWTP2). D4, D5 and D6 at 

3.1 ± 0.6 µg L
-1

, 4.4 ± 0.7 µg L
-1

 and 0.18 ± 0.04 µg L
-1

, respectively, were found in the 

sample from the Portuguese WWTP. To investigate the effects of sample matrix on the 

MSPE/GC-MS procedure, three analyses were conducted for one drinking water and for four 

wastewater samples (WWTP1 and WWTP2) spiked at 1 µg L
-1 

and 60 µg L
-1 

before the 

MSPE procedure. Relative recovery (RR) values for each siloxane were determined as the 

ratio of the area found in real-world and deionized water samples, spiked at the same level 

(Table 2).  

Drinking water samples showed a good RR between 70 and 120% (Table 2). On the 

other hand, siloxane L3 was not found in the eluates of the wastewater samples at 1 µg L
-1 

spiking level. This could be due to the fact that the organic matter in wastewater retains the 

siloxane, and thus avoids its adsorption onto GO/Fe3O4. At highest spiking level (60 µg L
-1

), 

RR values decreased by up to 40% for the wastewater samples, showing a matrix effect (data 

not shown). This effect might be explained by the fact that the organic matter blocks the 

nanocomposite; accordingly, 40 mg of GO/Fe3O4 was used instead of 20 mg. As a result, RR 

increased and ranged from 70 and 120%, considered acceptable values [38]. 

In conclusion, matrix effects were not significant for all siloxanes except for L3 in the 

wastewater samples at 1 µg L
-1 

spiking level. 

3.6 Eco-scale metrics 

In order to assess the greenness of the new MSPE/GC-MS method, semiquantitative 

Eco-Scale metrics were used to calculate the penalty points of the whole analytical process. 

Introduced by A. Gałuszka et al. [33], the Eco-Scale metrics can classify an analytical 

method as green, assigning penalty points to parameters of the analytical process that are not 

in agreement with the ideal green analysis. 
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Thus, Eco-Scale metrics were applied to the method developed herein, the results of 

which appear in Table S3. Penalty points were attributed to the synthesis of GO/Fe3O4 

nanocomposite for one MSPE and MSPE/GC-MS method applied to a sample of 10 mg L
-1

 

for each siloxane and two sorbent cleaning stages. 

The result obtained in the Eco-Scale metrics was ˃50 and ˂75, representing an 

acceptable green analysis. 

4 Concluding remarks 

An ecological MSPE/GC-MS procedure using GO/Fe3O4 nanocomposite as sorbent has 

been developed to analyze six siloxanes in water samples. The magnetic nanocomposite 

combines the excellent extraction capabilities of GO with the easy handling of Fe3O4 under 

an external magnetic field. Advantages such as the simple synthesis of the nanocomposite, 

easy manipulation and potential reuse, reduce both costs and impact of waste. According to 

LOD values obtained, the proposed method is sufficiently sensitive to determine siloxanes at 

trace levels in real-world water samples. This is the first time that a GO/Fe3O4 nanocomposite 

has been used for siloxanes extraction and preconcentration from water samples. 

Finally, given the importance of developing environmentally friendly analytical 

methods, it is noteworthy that this novel and promising method is classified as green on the 

Eco-scale metrics. 

Acknowledgements 

The authors would like to thank   icerrectorado de  nvestigaci n y  ransferencia de 

Conocimiento” of the University of Alicante (UAUS  16-04), the Ministry of Science and 

Innovation of Spain (project no. CTQ2011-23968), the Ministry of Economy, Industry and 

Competitiveness of Spain (project no. CTQ2016-79991-R, AEI/FEDER, UE) for the 

financial support. The authors would also like to thank Labaqua S.A (Alicante, Spain) and 

Aguas Municipalizadas de Alicante E.M. (Alicante, Spain) for supplying the real water 



 

16 
 

samples, and Graphenano Group for supplying the graphene oxide. L. Costa thanks the Capes 

Foundation within the Ministry of Education in Brazil (Process 99999.012013/2013-07).  

Conflict of interest statement  

The authors declare that they have no conflicts of interest. 

References 

[1] Homem V., Capela D., Silva J. A., Cincinelli A., Santos L., Alves A., Ratola N., An 

approach to the environmental prioritisation of volatile methylsiloxanes in several matrices. 

Sci. Total Environ. 2017, 579, 506-513.  

[2] Wang D.-G., Norwood W., Alaee M., Byer J. D., Brimble S., Review of recent advances 

in research on the toxicity, detection, occurrence and fate of cyclic volatile methyl siloxanes 

in the environment. Chemosphere 2013, 93, 711-725.   

[3] Sparham C., Van Egmond R., O'Connor S., Hastie C., Whelan M., Kanda R., Franklin O., 

Determination of decamethylcyclopentasiloxane in river water and final effluent by 

headspace gas chromatography/mass spectrometry. J. Chromatogr. A 2008, 1212, 124-129. 

[4] Wang D. -G., Steer H., Tait T., Williams Z., Pacepavicius G., Young T., Ng T., Smyth S. 

A., Kinsman L., Alaee M., Concentrations of cyclic volatile methylsiloxanes in biosolid 

amended soil, influent, effluent, receiving water, and sediment of wastewater treatment plants 

in Canada. Chemosphere 2013, 93, 766-773.  

[5] Van Egmond R., Sparham C., Hastie C., Gore D., Chowdhury N., Monitoring and 

modelling of siloxanes in a sewage treatment plant in the UK. Chemosphere 2013, 93, 757-

765. 

[6] Danish Environmental Protection Agency. Environmental Project No. 1031. 

http://www2.mst.dk/udgiv/publications/2005/87-7614-756-8/pdf/87-7614-757-6.pdf (last 

time accessed: February 19, 2018). 



 

17 
 

[7] Appels L., Baeyens J., Degrève J., Dewil R., Principles and potential of the anaerobic 

digestion of waste-activated sludge. Prog. Energy Combust. Sci. 2008, 34, 755-781. 

[8] Cortada C., Costa dos Reis L., Vidal L., Llorca J., Canals A., Determination of cyclic and 

linear siloxanes in wastewater samples by ultrasound-assisted dispersive liquid-liquid 

microextraction followed by gas chromatography-mass spectrometry. Talanta 2014, 120, 

191-197. 

[9] Xu L., Shi Y., Cai Y., Occurrence and fate of volatile siloxanes in a municipal wastewater 

treatment plant of Beijing, China. Water Res. 2013, 47, 715-724. 

[10] Wang D. -G., Alaee M., Steer H., Tait T., Williams Z., Brimble S., Svoboda L., Barresi 

E., Dejong M., Schachtschneider J., Kaminski E., Norwood W., Sverko E., Determination of 

cyclic volatile methylsiloxanes in water, sediment, soil, biota, and biosolid using large-

volume injection-gas chromatography-mass spectrometry. Chemosphere 2013, 93, 741-748. 

[11] Watanabe N., Yasuda Y., Kato K., Nakamura T., Funasaka R., Shimokawa K., 

Determination of trace amounts of siloxanes in water, sediments and fish tissues by 

inductively coupled plasma emission spectrometry. Sci. Total Environ. 1984, 34,169-176. 

[12] Companioni-Damas E. Y., Santos F. J., Galceran M. T., Analysis of linear and cyclic 

methylsiloxanes in water by headspace-solid phase microextraction and gas chromatography-

mass spectrometry. Talanta 2012, 89, 63-69. 

[13] Sanchís J., Martínez E., Ginebreda A., Farré M., Barceló D., Occurrence of linear and 

cyclic volatile methylsiloxanes in wastewater, surface water and sediments from Catalonia. 

Sci. Total Environ. 2013, 443, 530-538. 

[14] Bletsou A. A., Asimakopoulos A. G., Stasinakis A. S., Thomaidis N. S., Kannan K., 

Mass loading and fate of linear and cyclic siloxanes in a wastewater treatment plant in 

Greece. Environ. Sci. Technol. 2013, 47, 1824-1832. 

[15] Fritz J. S., Analytical Solid-Phase Extraction. Wiley, New York 1999. 



 

18 
 

[16] Liu Q., Shi J. B., Zeng L. X., Wang T., Cai Y. Q., Jiang G. B., Evaluation of graphene as an 

advantageous adsorbent for solid-phase extraction with chlorophenols as model 

analytes. J. Chromatogr. A 2011, 1218, 197-204. 

[17] Chen J. M., Zou J., Zeng F. B., Song X. H., Ji J. J., Wang Y. R., Ha J., Chen X., Preparation 

and evaluation of graphene-coated solid-phase microextraction fiber. Anal. Chim. Acta 

2010, 678, 44-49. 

[18] Zhang H., Lee H. K., Plunger-in-needle solid-phase microextraction with graphene-

based sol-gel coating as sorbent for determination of polybrominated diphenyl ethers. J. 

Chromatogr. A 2011, 1218, 4509-4516. 

[19] Zhang S., Du Z., Li G., Layer-by-layer fabrication of chemical-bonded graphene 

coating for solid-phase microextraction. Anal. Chem. 2011, 83, 7531-7541. 

[20] Ponnusamy V. K., Jen J. F., A novel graphene nanosheets coated stainless steel fiber 

for microwave assisted headspace solid phase microextraction of organochlorine 

pesticides in aqueous samples followed by gas chromatography with electron capture 

detection. J. Chromatogr. A 2011, 1218, 6861-6868. 

[21] Hummers W. S., Offeman R. E., Preparation of graphitic oxide. J. Am. Chem. Soc. 

1958, 80, 1339-1339. 

[22] Chandra S., Bag S., Das P., Bhattacharya D., Pramanik P., Fabrication of magnetically 

separable palladium-graphene nanocomposite with unique catalytic property of 

hydrogenation. Chem. Phys. Lett. 2012, 519-520, 59-63. 



 

19 
 

[23] Sitko R., Zawisza B., Malicka E., Graphene as a new sorbent in analytical chemistry. 

Trends Anal. Chem. 2013, 51, 33-43. 

[24] Yang X., Li J., Wen T., Ren X., Huang Y., Wang X., Adsorption of naphthalene and its 

derivatives on magnetic graphene composites and the mechanism investigation. Colloid. 

Surface A 2013, 422, 118-125. 

[25] Sitko R., Turek E., Zawisza B., Malicka E., Talik E., Heimann J., Gagor A., Feist B., 

Wrzalik R., Adsorption of divalent metal ions from aqueous solutions using graphene 

oxide. Dalton Trans. 2013, 42, 5682-5689. 

[26] Liu Q., Shi J., Sun J., Wang T., Zeng L., Jiang G., Graphene and graphene oxide sheets 

supported on silica as versatile and high-performance adsorbents for solid-phase 

extraction. Angew. Chem. Int. Ed. 2011, 50, 5913-5917. 

[27] Xu L., Feng J., Li J., Liu X., Jiang S., Graphene oxide bonded fused-silica fiber for solid-

phase microextraction-gas chromatography of polycyclic aromatic hydrocarbons in 

water. J. Sep. Sci. 2012, 35, 93-100. 

[28] Wu L., Yu L., Ding X., Li P., Dai X., Chen X., Zhou H., Bai Y., Ding J., Magnetic solid-

phase extraction based on graphene oxide for the determination of lignans in sesame 

oil. Food Chem. 2017, 217, 320-325. 

[29] Xu M., Liu M., Sun M., Chen K., Cao X., Hu Y., Magnetic solid-phase extraction of 

phthalate esters (PAEs) in apparel textile by core-shell structured 

Fe3O4@silica@triblock-copolymer magnetic microspheres. Talanta 2016, 150, 125-134.  

[30] Kılınç E., Çelik K. S., Bilgetekin H., γ-Fe2O3 magnetic nanoparticle functionalized 

with carboxylated-multi walled carbon nanotube for magnetic solid phase extractions 

and determinations of Sudan dyes and Para Red in food samples. Food Chem. 2018, 242, 

533-537. 



 

20 
 

[31] Fernández E., Vidal L., Canals A., Zeolite/iron oxide composite as sorbent for 

magnetic solid-phase extraction of benzene, toluene, ethylbenzene and xylenes from 

water samples prior to gas chromatography-mass spectrometry. J. Chromatogr. A 2016, 

1458, 18-24.  

[32] Hao L., Wang C., Wu Q., Li Z., Zang X., Wang Z., Metal-organic framework derived 

magnetic nanoporous carbon: novel adsorbent for magnetic solid-phase extraction. 

Anal. Chem. 2014, 86, 12199-12205. 

[33] Gałuszka A., Konieczka P., Migaszewski Z. M., Namiesnik J., Analytical Eco-Scale for 

assessing the greenness of analytical procedures. Trends Anal. Chem. 2012, 37, 61-72. 

[34] Costa dos Reis L., Vidal L., Canals A., Graphene oxide/Fe3O4 as sorbent for magnetic 

solid-phase extraction coupled with liquid chromatography to determine 2,4,6-

trinitrotoluene in water samples. Anal. Bioanal. Chem. 2017, 409, 2665-2674. 

[35] Montgomery D. C., Design and Analysis of Experiments. Seventh Edition, Wiley, 

New Jersey 2009.  

[36] Han Q., Wang Z., Xia J., Chen S., Zhang X., Ding M., Facile and tunable fabrication of 

Fe3O4/graphene oxide nanocomposites and their application in the magnetic solid-phase 

extraction of polycyclic aromatic hydrocarbons from environmental water samples. Talanta 

2012, 101, 388-395. 

[37] Miller J. N., Miller J. C., Statistics and Chemometrics for Analytical Chemistry. Sixth 

Edition, Pearson Education Limited, Harlow (UK) 2010. 

[38] Cortada C., Vidal L., Tejada S., Romo A., Canals A., Determination of organochlorine 

pesticides in complex matrices by single-drop microextraction coupled to gas 

chromatography-mass spectrometry. Anal. Chim. Acta 2009, 638, 29-35. 

 

 



 

21 
 

Figure Captions 

Fig.1. Chromatogram of a blank solution (black line) and chromatogram of a standard 

solution (blue line) containing all siloxanes (10 µg L
-1 

each) both subjected to the developed 

method (MSPE/GC-MS). MSPE conditions: amount of nanocomposite, 20 mg; extraction 

time, 10 min; 0.5 mL of acetonitrile for elution; elution time, 2.5 min; sample volume, 20 

mL. 
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Table 1. The main analytical figures of merit of the developed MSPE/GC-MS 

method. 

 

Analyte Working 
range 

(µg L-1) 

Correlation 
coefficient 

(r)a 

RSD 
(intra-day 
precision) 

(%)b 

RSD 
(inter-day 
precision) 

(%)c 

mLOD  
(µg L-1)d 

mLOQ  
(µg L-1) 

L3 0.3-100  0.993 20 18 0.1 0.3 
D4 0.01-100  0.999 19 23 0.003 0.01 
L4 0.03-100  0.997 10 23 0.01 0.03 
D5 0.01-100  0.990 9 22 0.003 0.01 
L5 0.01-100  0.997 12 24 0.003 0.01 
D6 0.01-100  0.997 13 24 0.003 0.01 

a N=6 (L3) and N=7 (D4; L4; D5; L5 and D6). 
b Intra-day repeatability (n=6, 10 µg L-1). 
c Inter-day repeatability (n=3 in 3 different days, 10 µg L-1). 
d Empirically determined. 
Table 2. Relative recoveries and RSD values of the six siloxanes studied in real-

world water samples. 

 

 

Analyte 

Relative recovery and RSD values in parentheses (%)  

Drinking water 

(n=3) 

WWTP 1 

 entrance 

(n=3) 

WWTP 1 

secondary  

(n=3) 

WWTP 1 

tertiary  

 (n=3) 

WWTP 2 

entrance 

(n=3) 

 1 µg L
-1

 60 µg L
-1

 1 µg L
-1

 60 µg L
-1

 1 µg L
-1

 60 µg L
-1

 1 µg L
-1

 60 µg L
-1

 1 µg L
-1

 60 µg L
-1

 

L3 85 (5) 71 (8) Not 
found 

104 (7) Not 
found 

91 (17) Not 
found 

116 (2) Not  
found 

109 (1) 

D4 105 (11) 70 (3) 102 (9) 94 (5) 96 (7) 102 (13) 92 (9) 113 (3) 92 (2) 120 (3) 

L4 80 (8) 70 (3) 71 (26) 120 (10) 88 (6) 101 (16) 120 (3) 76 (8) 116 (2) 71 (5) 

D5 99 (5) 70 (3) 84 (12) 118 (10) 95 (18) 100 (16) 86 (19) 75 (7) 112 (1) 70 (4) 

L5 120 (2) 71 (5) 70 (13) 115 (9) 78 (10) 94 (16) 113 (1) 73 (2) 96 (3) 89 (5) 

D6 91 (1) 70 (4) 81 (6) 120 (11) 88 (10) 103 (16) 82 (2) 76 (8) 92 (1) 92 (4) 

 


