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Resumo 

 Os musks sintéticos e os filtros UV são compostos orgânicos utilizados numa panóplia de 

produtos de higiene e cuidado pessoais como fragrâncias e fixativos no caso dos musks, e como 

protetores dos danos causados pela radiação UV, no caso dos filtros. Os musks podem ser 

divididos em quatro classes, nomeadamente nitro musks, musks policíclicos, macrocíclicos e 

alicíclicos. Os filtros UV podem ser de natureza orgânica ou inorgânica, mas apenas os orgânicos 

foram alvo de estudo, devido ao seu potencial acrescentado de perigo para o ambiente e para 

a saúde humana. Devido à sua ampla utilização, estes compostos têm vindo a ser detetados em 

matrizes ambientais, como água, sedimentos, biota e ar. Assim sendo, são alvos interessantes 

de estudos relacionados com o seu impacto no ambiente e nos organismos. Neste estudo, um 

método de extração QuEChERS, acoplado a cromatografia gasosa-espetrometria de massa, foi 

otimizado para detetar e quantificar musks sintéticos e filtros UV num bio-amostrador, a planta 

chorão-das-praias (Carpobrptus edulis). No total, dezasseis compostos foram apontados como 

os alvos a medir (cinco nitro musks, cinco musks policíclicos, dois macrocíclicos e quatro filtros 

UV orgânicos). Para esta otimização, começou-se por avaliar certas condições individualmente, 

num pré-varrimento. Esta etapa serviu para diminuir as combinações de condições na etapa 

seguinte, nomeadamente o desenho experimental. No desenho experimental, utilizou-se o 

software JMP v12 para analisar o efeito e as interações entre as diferentes condições variadas 

(tempo de extração, volume de solvente e massas de PSA e C-18). Esta etapa não foi bem-

sucedida, dado que o programa não conseguiu obter um modelo que se adequasse. Porém, a 

análise dos dados revelou que um conjunto de condições tinha resultados consistentemente 

melhores do que os das outras condições, pelo que foi posteriormente validado e aplicado à 

análise de amostras reais. As condições do método utilizado foram cinco minutos de tempo de 

extração, 10 mL de DCM: Hex (1:1) a usar como solvente de extração, 250 mg de PSA e 50 mg 

de C-18 na segunda mistura de QuEChERS. Os limites de deteção e quantificação obtidos foram 

de 0.01 a 0.20 ng.g-1, para musks policíclicos, de 0.05 a 0.36 ng.g-1, para nitro musks, de 

4.25x10-3 a 0.36 ng.g-1 para musks macrocíclicos, e de 0.06 a 0.45 ng.g-1, para os filtros UV. A 

concentração total dos compostos variou entre 46.01 e 492.63 ng.g-1 peso seco, onde os musks 

sintéticos compõem a maior parte dos compostos alvos presentes nas amostras. O musk 

galaxolide e os filtros UV 2-Etilhexil 4-(dimetilamino) benzoato (EDP) e 2-Etilhexil 4-

metoxicinamato (EMC) foram os compostos mais frequentemente detetados nas diferentes 

praias. 

Palavras-chave: QuEChERS; GC-MS; Musks sintéticos; Filtros UV; Desenho 

experimental; bio-amostrador 
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Abstract 

Synthetic musks and UV-filters are organic compounds used in a wide variety of personal 

care products as fragrances and fixatives, in the case of musks, and as protection against UV 

radiation, for UV-filters. Synthetic musks can be divided in four groups, namely nitro musks, 

polycyclic musks, macrocyclic and acyclic musks. UV-filters can be of organic or inorganic 

nature, but only organic ones were targeted in this study, due to their higher potential for 

dangerous effects of human health and the environment. Due to their widespread use, these 

compounds have been detected in environmental matrices, such as water, sediments, biota 

and air. As such, they are interesting targets for studies, regarding their impact on the 

environment. In this study, a QuEChERS extraction method coupled with GC-MS was optimized 

to detect and quantify synthetic musks and UV-filters in a bio-sampler, the plant “iceplant” 

(Carpobrotus edulis). In total, sixteen compounds were targeted for measurement (five nitro 

musks, five polycyclic musks, two macrocyclic musks and four UV-filters). For this optimization, 

a pre-screening of conditions was conducted. This served to reduce the combinations of 

conditions in the next step, the experimental design. In the experimental design procedure, 

the software JMP v12 was used to analyse the effect and the interactions between the varied 

conditions (time of extraction, solvent volume and PSA and C-18 masses). This step was 

unsuccessful, as the program was un-able to achieve an adequate model. Nonetheless, the 

analysis of the results revealed a set of conditions with consistently better results than the 

others. This set of conditions validated and used for real sample analysis. These conditions 

were an extraction time of 5 minutes, 10 mL of DCM: Hex (1:1) as the extraction solvent, 250 

mg of PSA and 50 mg of C-18 in the second QuEChERS mixture. These LODs are equivalent to 

ranges from 0.01 to 0.20 ng.g-1, for polycyclic musks, from 0.05 to 0.36 ng.g-1, for nitro musks, 

from 4.25x10-3 to 0.36 ng.g-1, for macrocyclic musks, and from 0.06 to 0.45 ng.g-1. The total 

concentration of compounds in the samples ranged from 46.01 to 492.63 ng.g-1 d. w., where 

SMs account for most of the target analytes present in the samples. Galaxolide was the most 

frequently detected SM, while 2-Ethylhexyl 4-(dimethylamino) benzoate and 2-Ethylhexyl 4-

methoxycinnamate were the most frequently detected UVFs, in the different sites. 

Key-words: QuEChERS; GC-MS; Synthetic musks; UV-filters; 

Experimental design; bio-sampler  
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1 Introduction 

1.1 Background and Presentation of the Project 

 In recent decades, the presence of chemicals that are able to mimic natural hormones, 

thereby disrupting various functions of the body, has grown rapidly in the environment. The 

priority of chemical substances regulated in the environment is based on their toxicity, 

environmental persistence, bioaccumulation nature and widespread use (Groz et al. 2014). 

While most of these chemicals are known as persistent organic pollutants (POPs) and include 

organic solvents, pesticides, polycyclic aromatic hydrocarbons (PAHs), polychlorinated 

biphenyls (PCBs), brominated flame retardants (BFRs), nonylphenols (NPs) and perfluoroctane 

sulfonated acid (PFOS), according to the Stockholm Convention (Stockholm Convention, 2015), 

there is a special group of organic chemicals that only recently begun to be considered an 

environmental threat. These compounds are considered emergent pollutants (EPs) (which 

include compounds such as synthetic musks and UV-filters that will be studied in this work) and 

their occurrence in the environment is due to the uncontrolled discharge in wastewaters and 

other secondary sources (Tsui et al. 2014; Liu et al. 2014). Most of these compounds enter the 

ecosystems mainly by wastewater emissions, since most wastewater treatment plants (WWTPs) 

are not prepared to remove them, being consequently discharged to the environment either 

through the sludge’s or liquid effluents; however, a direct source of pollution can also be 

identified in their use in popular recreational activities such as going to the beach or to the 

swimming pool, which can translate to some seasonal variation of their quantity in the 

environment. These EPs are identified by the NORMAN network in a list where musk fragrances, 

triclocarban (TCC), perfluoroalkyl substances (PFAs) (NORMAN, 2015) are present, among 

others, but also by the European Parliament where others such as diclofenac and paracetamol 

are included (European Commission, 2012) (European directive, 2013). As the concern 

improves, the monitoring increases with it and nowadays the Contaminant Candidate List, 

defined by the US EPA, now features more than 100 contaminants (US EPA, 2013). 

 Two distinct classes of compounds that are present in this list, namely synthetic musks 

and UV-filters, have special interest to this work, as their monitoring could be achieved by 

establishing a valid analytic method for a specific matrix. Synthetic musks are compounds that 

are used as fragrances fixatives in a wide variety of personal care products such as soaps, 

cosmetics, detergents and household cleaners, and UV-filters, are compounds added for the 

prevention of photo-deterioration of human skin or plastic products, according to their specific 

type of formulation (although mostly used in sunscreens to offer people protection when they 

are exposed to the sun light). Both classes of compounds are present in many consumer care 
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products, for example deodorants and sunscreens, where these last ones are very used by the 

beach and swimming pools, for example. To develop a reliable and applicable method for this 

monitoring, the plant Carpobrotus edulis was chosen as a bio-sampler because this plant is 

widely spread in the coastal areas of the North of Portugal and, in contrast to other coastal 

plants, it is not endangered or protected and can be commonly found in unprotected areas, 

which translates to a good sampling option to avoid the disruption of the dunar ecosystem. As 

such, an experimental method was optimized by design of experiments, to achieve a monitoring 

technique capable of accurately measuring the concentration and temporal variation of these 

compounds in this plant. 

1.2 Personal Care Products 

For the purpose of avoiding confusion, it should be mentioned that the term “personal 

care products” can be used for both the organic chemicals such as synthetic musks (SMs) and 

UV filters (UVFs) and also for the products that consumers use to treat themselves such as skin 

creams or lotions, for example; as such, the latter will be referred in this work as CCPs; this 

distinction is very important to avoid confusing situations that occur in most of the documents 

reviewed. 

 Therefore, personal care products (PCPs) are synthetic organic chemicals that are used 

in a great variety of CCPs (CCPs) such as bathing products, toothpastes, cosmetics, sunscreens, 

among others. Compounds such as SMs and UFVs are examples of PCPs, as mentioned, and their 

analysis has revealed endocrine disruption potential (Amine et al. 2012), drawing the interest 

and concern regarding their influence in the ecosystems and so studies are being conducted to 

determine their impact and concentration in different environmental samples such as water, 

air, soil and especially biological ones such as animals or plants (Silva et al. 2015; Groz et al. 

2014). 

 Besides the study of the presence of these compounds in the environment, the increase 

and widening of the daily use of PCPs has also been investigated regarding the sources of 

dispersion: directly from recreational activities such as going to the beach or the pool and 

indirectly by discharge to the domestic and industrial sewers, that will eventually be 

transported to wastewater treatment plants (WWTPs) (Groz et al. 2014; Tsui et al. 2014; Liu et 

al. 2014). In fact, the problem comes from two perspectives. 

Indirect contamination occurs when people remove their cosmetics or other products 

from their skin by bath or shower. The residues are then conducted to the sewer system, 

reaching the WWTPs. Without proper treatment, these contaminants are uncontrollably 

discharged into the environment through the final effluents and/or sludge (Tsui et al. 2014; Liu 

et al. 2014). 
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However, these residues are only part of what was truly applied. During the day, many 

of the compounds present in different cosmetics formulations used are susceptible to 

evaporation (as it will be approached, many of these chemicals are volatile) leading to 

uncontrolled airborne transport, or removal from the skin when people go into the water at the 

beach, for example (Cunha et al. 2015). This is a source of direct contamination and this specific 

type of pollution is relevant for this study because it may have a bigger impact on coastal zones 

than indirect contamination. To this point it must be stated that, regardless of having distinct 

functions in the formulation of cosmetics, SMs and UVFs both have common physical and 

chemical properties of compounds susceptible of bioaccumulation, specifically hydrophobicity 

and lipophilicity (Groz et al. 2014; Ramos et al. 2015; Li et al. 2015). For a better understanding 

of these target compounds, a review of their usage and physicochemical properties will be 

made over the next sections. 

1.3 Natural and Synthetic Musks 

 As their name says, natural musks (NM) are compounds present naturally in the 

environment that were used for the same purpose of SMs. SMs were created to substitute the 

rare and more expensive natural musks obtained from musk deer and musk ox, because their 

harvest/gathering endangered the existence of these animals (Greenpeace, 2005; Hornbuckle, 

2004). 

 SMs are compounds with low polarity and high lipophilicity, widely used as fragrances 

and fixatives in scented products such as detergents, cleaning products, air fresheners, 

perfumes, aftershaves, cosmetics and CCPs. They are structurally and chemically different to 

the NMs, with physical and chemical properties similar to other man made persistent, 

bioaccumulative chemicals that are known to biomagnify through the food chain, such as 

polychlorinated biphenyl and organochlorine pesticides (Tanabe, 2005). It is due to these 

properties that SMs are considered widespread environmental contaminants, especially in 

freshwater and marine ecosystems. 

 Their production has been increasing on a yearly basis due to their utility and reduced 

costs, when compared to natural musks. SMs are divided into four groups according to their 

chemical structure: nitro musks, polycyclic musks, macrocyclic musks and alicyclic musks. Nitro 

and polycyclic are the most used types of musks and awareness has been increasing over the 

years regarding their health risk potential to humans, possibly causing dermatitis, endocrine 

de-regulation and by having carcinogenic properties, but also to the environment since their 

effect on animals and plants is relatively unknown (Dong et al. 2014). 

 It was due to these reasons that many different regulatory entities began to enforce 

legislation regarding the most likely dangerous SMs, which led to the prohibition and/or 
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implementation of concentration limits in cosmetics (Silva et al. 2015). In Europe, the musks 

ambrette, tibetene and moskene have been prohibited and musks ketone (MK), xylene (MX), 

phantolide and tonalide have concentration limits; these regulatory measurements have since 

then been spread to other regions of the world. With the legislation in order, measurements of 

these compounds and others that don’t have legislation in environmental samples has been 

made in many different places and with different types of samples (water and biological), which 

was only possible with the development of different techniques, tailored specifically for the 

situation at hand and to enable their monitoring around the globe (Liu et al. 2014; Dong et al. 

2014; Nakata et al. 2015; Chen et al. 2015). These techniques include methods for the 

determination in water samples, residential wastes, sludge’s, air sediments and also for 

perfumes and emulsions, among the which liquid-liquid extraction (LLE), solid phase extraction 

(SPE), solid phase micro extraction (SPME), liquid phase micro extraction (LPME) are some of 

the classic techniques that have been used, but other innovative methods also being used and 

developed. 

 The most used SMs are the polycyclic musks and, amongst them, galaxolide (HHCB), 

tonalide (AHTN), celestolide (ADBI), phantolide (AHMI), traseolide (ATTI) and cashmeran (DPMI) 

are the most representative (Groz et al. 2014). In the next sections, tables 1 to 3 include 

information regarding the properties of polycyclic musks and the others classes of SMs. 
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1.3.1 Nitro Musks 

Nitro musks have been used for many years, but increasing awareness of their 

distribution, fate and behaviour in the environment and their toxicological effects has caused 

a reduction of their production and use in Europe. Nowadays, MX and MK are only two nitro 

musks of commercial importance (Clarke et al. 2011). The properties presented in Table 1 has 

information regarding this class of SMs, and from its analysis it’s noticeable that all nitro musks 

have values of log Kow superior to 3.8, indicating a lipophilic character, and boiling points 

between 350 oC and 400 oC, with MX and MT having the highest and MM the lowest. These values 

of boiling point correspond to a semi-volatile nature. 

Table 1 - Physicochemical properties of nitro musks  

Compound 
Molecular 
formula 

Molecular 
structure 

Molecular 
mass 

(g.mol-1) 

Boiling 
point (oC)a 

Log Kow 
Solubility in 

water 
(mg.L-1) 

Vapour 
Pressure 

(Pa) 

Musk 
ambrette 

C12H16N2O5 
MA 

 

268.3 369 5.7b 2.10e 1.8x10-3e 

Musk ketone 
C14H18N2O5 

MK 

 

294.3 369 
4.3b,d 
3.8c 

1.90d 
0.46c 

4.0x10-5d 

Musk 
moskene 

C14H18N2O4 
MM 

 

278.3 351 5.8b 12.40e 1-2x10-11e 

Musk 
tibetene 

C13H18N2O4 
MT 

 

266.3 391 5.9b 22.00e 2.7x10-11e 

Musk xylene 
C12H15N3O6 

MX 

 

297.2 392 
4.8b 
4.9d 

0.49d 3.0x10-5d 

a – Royal Society of Chemistry, 2014 – predicted using the ACD/Labs’ ACD/PhysChem Suite; b – Osemwengi and Steinberg, 2001; c – 
Wollenberger et al., 2003; d – Chase et al., 2012; e – Royal Society of Chemistry, 2014 – predicted using the US Environmental Protection 
Agency’s EPISuiteTM 
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1.3.2 Polycyclic Musks 

Polycyclic musks were created by the need for removing the nitro functional group from 

nitro musks because of toxicity issues and their increased reactivity and instability in the 

environment. They have low cost synthesis, compared to macrocyclic musks, and increased 

resistance to light and alkali, compared to the nitro musks. This makes polycyclic musks a 

better option and justifies their extensive use (Roosens et al., 2007; Sommer, 2004). As 

mentioned, the polycyclic musks HHCB and AHTN are the most used and have become the most 

important commercial SMs, accounting for 95% of the total market volume for this group of 

musks (Gatermann et al. 2002). Table 2 has information regarding this class of SMs. 

Table 2 - Physicochemical properties of polycyclic musks  

Compound 
Molecular 
formula 

Molecular 
structure 

Molecular 
mass 

(g.mol-1) 

Boiling 
point (oC)a 

Log Kow 
Solubility 
in water 
(mg.L-1) 

Vapour 
pressure 

(Pa) 

Cashmeran 
C14H22O 

DPMI 
 

206.3 286 4.9 0.17 5.2x100 

Celestolide 
C17H24O 

ADBI 

 

244.4 309 
6.6 
5.4b 

0.02 2.0x10-2 

Galaxolide 
C18H26O 
HHCB 

 

258.4 326 5.9 1.75 7.3x10-2 

Phantolide 
C17H24O 
AHMI 

 

244.4 337 6.7 0.03 2.4x10-2 

Tonalide 
C18H26O 
AHTN 

 

258.4 357 5.7 1.25 6.8x10-2 

Traseolide 
C18H26O 

ATTI 
 

258.4 350 8.1 0.09 102x100 

a – Royal Society of Chemistry, 2014 – predicted using the ACD/Labs’ ACD/PhysChem Suite; b – Wollenberger et al., 2003 

 The analysis of Table 2 shows that ATTI seems to be the most lipophilic compound, 

having the highest log Kow of 8.1 and low water solubility. In comparison to nitro musks, all of 

these compounds have lower boiling points, and even though they all are in the semi-volatile 

range, polycyclic musks are more volatile due to their lower boiling points. AHTN has the 

highest boiling point and cashmeran the lowest. 
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1.3.3 Macrocyclic musks 

Macrocyclic musks are a class of SMs that have relatively more complex synthesis 

pathways than nitro musks and polycyclic musks. They are large ringed (10 to 15 carbons) 

ketones or lactones, chemically similar to natural occurring musks (Sumner et al., 2010) and 

due to their stability, fixation properties and high quality odour, they are still highly regarded 

by the industry. However, this increased difficulty led to a much smaller use of this class for 

commercial purposes, since it meant higher costs in comparison (Vallecillos et al. 2015). Table 

3 has information regarding this class of SMs. 

Table 3 - Physical chemical properties of macrocyclic musks  

Compound 
Molecular 
formula 

Molecular 
structure 

Molecular 
mass 

(g.mol-1) 

Boiling 
point (oC) 

Log Kow 
Solubility in 

water 
(mg.L-1) 

Vapour 
Pressure 

(Pa) 

Ethylene 
Brassylate 
C15H26O4 

 

270.4 434a 4.7a 1.72a 6x10-5a 

Exaltolide 
C15H28O2 

 

240.4 364b 6.0b 0.15b 6.9x10-3b 

a – McGinty et al., 2011a; b – McGinty et al., 2011b 

As with nitro and polycyclic musks, macrocyclic musks also exhibit lipophilic properties, 

with high log Kow values and low water solubility. Exaltolide has the highest log Kow and lowest 

water solubility, while ethylene brassylate has the highest boiling point of 434 oC, that exceeds 

the range of semi-volatile organic compounds. 

1.3.4 Alicyclic musks 

 Alicyclic musks are a relatively novel class of musks and with reduced use compared to 

others and therefore are not so important for this study. Nonetheless it should be mentioned 

that this class of SMs is very different in structure from the other classes, as they are modified 

alkyl esters. 

 

 The analysis of the properties of the presented SMs compounds in Tables 1 to 3 is 

especially important regarding boiling temperature and their Log Kow, since they are considered 

semi-volatile organic compounds (Rimkus, 2004) with boiling points ranging from 240-260 to 

380-400 oC - with exception of ethylene brassylate - and, as previously mentioned, high 

lipophilicity since their Log Kow is high in the lipophilic range of 2.0 to 6.0 (Connel, 2005) and 

some exceed this limit with values up to 8.1 as is with ATTI. This means that these compounds 

will have higher affinity to organic solvents than to water, so extraction with these solvents 

could prove efficient. 
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1.4 UV Filters 

 UV-filters are compounds of organic (chemical filters) or inorganic (physical filters) 

nature. They are used in different combinations on different types of surfaces and materials, 

ranging from the human skin to paints and plastic products, in order to protect them from the 

UVA (400-320 nm), UVB (320-290 nm) and, if necessary, UVC (280-100 nm) radiations (Almeida 

et al. 2013). They main difference between organic and inorganic UVFs are their method of 

protection: organic UVFs absorb the UV radiation by the excitement of the filter molecule and 

this energy can be then dissipated by radiation emission or by photochemical relaxation 

processes; inorganic UVFs reflect or disperse the radiation in different directions (Brooke et al. 

2008). Regarding legislation and maximum concentration levels for the UVFs authorized in the 

EU in cosmetics, information can be found in Table 4. 

Table 4  - Updated listing for compounds that can be used as UVFs in sunscreen cosmetic products according to the European 
Union legislation (Salvador et al., 2005) 

EU no.a Chemical name INCI nameb Cmax (%)c 

1.1 4-Aminobenzoic acid PABA 5 

1.2 
N, N, N-Trimethyl-4-(2-oxoborn-3-

ylidinemethyl) anilinium methyl sulphate 
Camphor benzalkonium methosulphate 6 

1.3 3,3,5-Trimethylciclohexyl salycilate Homosalate 10 

1.4 2-hydroxy-4-methoxybenzophenone Benzophenone-3 10 

1.6 
2-Phenylbenzimidazole-5-sulphonic acid and 
its potassium, sodium and triethanolamine 

salts 
Phenylbenzimidazole sulphonic acid 

8 
(as acid) 

1.7 
3,3’-(1,4-Phenylenedimethylene) bis (7,7-

dimethyl-2-oxobyciclo- [2.2.1] hept-1-
ylmethane sulphonic acid and its salts 

Terephthalylidene dicamphor 
sulphonic acid 

10 
(as acid) 

1.8 4-Tert-butyl-4’-methoxydibenzoylmethane Butyl methoxydibenzoylmethane 5 

1.9 
α-(2-oxoborn-tlidene)-toluene-4-sulphonic 

acid and its salts 
Benzylidene camphor sulphonic acid 

6 
(as acid) 

1.10 2-Ethylhexyl-2-cyano-3,3-diphenylacrylate Octocrylene 
10 

(as acid) 

1.11 
Polymer of N- {(2 and 4)-[(2-oxoborn-3-

ylidene) methyl] benzyl} acrylamide 
Polyacrylamidomethyl benzylidene 

camphor 
6 

1.12 2-Ethylhexyl 4-methoxycinnamate Ethylhexyl methoxycinnamate 10 

1.13 Ethoxylated ethyl 4-aminobenzoate PEG-25 PABA 10 

1.14 Isoamyl 4-methoxycinnamate Isoamyl p-methoxycinnamate 10 

1.15 
2,4,6-Trianilino-(p-carbo-2’-ethylhexyl-1’-

oxy)-1,3,5-triazine 
Ethylhexyl triazone 5 

1.16 

2-(2H-Benzotriazol-2-yl)-4-methyl-6-[2-
methyl-3-(1,3,3,3-tetramethyl-1-

((trimethylsilyl)oxy) disiloxanyl) propyl) 
phenol 

Drometrizole trisiloxane 15 

1.17 
4,4’-[[6-[[[(1,1-Dimethylethyl) amino] 

carbonyl] phenyl] amino}-1,3,5-triazine-2,4-
diyl] diimino] bis-bis(2-ethylhexyl) benzoate 

Diethylhexyl butamido triazone 10 

1.18 3-(4’-Methylbenzylidene) camphor 4-methylbenzylidene camphor 4 

1.19 3-Benzylidene camphor 3-benzylidene camphor 2 

1.20 2-ethylhexyl salicylate Ethylhexyl salicylate 5 

1.21 2-Ethylhexyl 4-dimethylaminobenzoate Ethylhexyl dimethyl PABA 8 

1.22 
2-Hydroxy-4-methoxybenzophenone-5-

sulphonic acid and its sodium salt 
Benzophenone-4 

5 
(as acid) 

1.23 
2,2’-Methylenebis-[4-(1,1,3,3-

tetramethylbutyl)-6(2H-benzotriazol-2-2yl) 
phenol] 

Methylene bis-benzotriazolyl 
tetramethylbutylphenol 

10 

1.24 
2,2’-(1,4-Phenylene) bis-1H-benzimidazole-

4,6-disulfonic acid, monosodium salt 
Disodium phenyl dibenzimidazole 

tetrasulfonate 
10 

(as acid) 
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EU no.a Chemical name INCI nameb Cmax (%)c 

1.25 
2,2’-[6-(4-Methoxyphenyl)-1,3,5-triazine-2,4-

diyl] bis[5-[(2ethylhexyl) oxy] phenol 
Bis-ethylhexyloxyphenol 
methoxyphenyl triazine 

10 

1.26 
Methyl 3-[4-[2,2-

bis(ethoxycarbonyl)ethenyl]phenoxy]propenyl 
dimethyl polysiloxane 

Polysilicone-15 10 

1.27 Titanium dioxide Titanium dioxided 25 
a – European Union reference number 
b – INCI (International Nomenclature for Cosmetic Ingredient) elaborated by COLIPA (Committee De Liaison des Associations Europens de 
L’Indutries de la Parfumerie, de Produits Cosmetiques et de Toilette) 
c – Maximum authorized concentration in cosmetics (% m/m) 
d – TiO2 is an inorganic UVF 

As seen on the table, inorganic UVFs are less popular and less used than the organic ones 

(1 inorganic UVF and 25 organic UVFs) and these are more used in cosmetics and other health 

and/or beauty products for protection of the product itself (Ramos et al. 2015). Most organic 

UFVs come with a very common property: the presence of an aromatic ring with a side chain of 

different levels of saturation in their chemical structure. They are also mostly lipophilic, with 

low solubility in water (Serpone et al. 2007). 

 As it happens with musks, UVFs are discharged in the sewers and the environment 

without any special precautions and also WWTPs aren’t prepared for their treatment or 

removal. Therefore, as with musks, their environmental impact must be carefully studied 

because they also show dangerous properties such as endocrine de-regulation and, since they 

are not metabolized in the human body, they can circulate freely in the blood and “end-up” on 

any body tissue (Sánchez, 2015). The study of the presence of UVFs in the coastal region is also 

very relevant because, despite musks being used in a wider variety of cosmetics and other 

products, these are the most related to the beach. Since the dangers of UV radiation are more 

present at the beach, it’s logical to think that this region will be the one with most evidence 

of the presence of UVFs in the environment (Groz et al. 2014). It should also be stated that 

UVFs’ have a short life span in the environment (Giokas et al. 2007), but the massive quantities 

in which they are used cause an increase of the concentration, having therefore a pseudo 

persistent character in the environment and so their detection has been made in many different 

sample types (Groz et al. 2014; Gago-ferrero et al. 2015; Ramos et al. 2015). 

1.4.1 Inorganic UV-filters 

Inorganic UVFs include mineral compounds such as TiO2 and ZnO, which are extensively 

used in cosmetics like foundations, powders, eye shadows and pencils. They are also called 

physical filters due to their reflecting and scattering properties, regarding UV radiation. 

Although this is their main source of protection for surfaces, it should be stated that these 

filters also absorb considerable amounts of UV radiation (Serpone et al. 2007). The main issue 

of inorganic UVFs in sunscreens is the fact they tend to be opaque and white on the skin, 

creating a barrier to their use in cosmetics. However, in products designed for children and 

Table 4 (Cont.) - Updated listing for compounds that can be used as UVFs in sunscreen cosmetic products according to the 
European Union legislation (Salvador et al., 2005) 
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people with sensitive skin they are very popular, due to their lower potential for irritant 

reactions. Therefore, their interest is reduced in comparison to organic UVFs for this work, 

since the primary interest in the latter and the method for analysis is different for inorganic 

UVFs. 

1.4.2 Organic UV-filters 

 Organic UFVs are classified according to the protection they offer: UVA (benzophenones, 

anthranilates and dibenzoylmethnes) and UVB filters (PABA derivatives, salicylates, cinnamates 

and camphor derivatives). In sunscreen formulations, these UVFs are used in combination 

because there isn’t a universal filter, and so many must be combined for a wider protection 

range, as illustrated of figure 1. The proper combination of these filters is very important, and 

due to their potential health danger, possible unfavourable synergistic interactions and 

photoinstability, many restrictions have been implemented to reduce the risk of their use. 

(Serpone et al. 2007). 

 

Figure 1 - Behaviour of UV radiation in the atmosphere and dangers to the skin (adapted from Sánchez, 2015) 

 It is also possible to classify UVFs according to their structure and it should also be stated 

that these compounds exhibit some of the typical characteristics of priority organic pollutants 

(Díaz-cruz et al. 2008). The structure-based characterization divides the different UVFs in 

several groups: benzophenones, p-aminobenzoic acid and its derivatives, salicylates, 

cinnamates, camphor derivatives, triazines, benzotriazoles, benzimidazole derivatives, 

dybenzoyl methane derivatives and a final category where UVFs that don’t fit other categories 

are included (benzalmalonate derivative and crylene derivative) (Ramos et al. 2015; Serpone 

et al. 2007). Benzotriazoles are especially important as the concern regarding benzotriazoles 
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UV stabilizers (BUVS) is increasing, due to their mutagenic, toxic, pseudo-persistent, 

bioaccumulative and significant estrogenic activity; the problem comes from their widespread 

use as additives in paints, coating, adhesives, polymeric surfaces, food packing films and 

constructions materials, each representing a possible source of these compounds to 

environmental contamination (Lai et al., 2013). 

 Regarding each group of organic UVFs, there are some properties and facts worth of 

mentioning:  

1.4.2.1 p-aminobenzoic acid and p-aminobenzoate derivatives 

 p-aminobenzoic acid (PABA) was the first sunscreen patented from this family and was 

popular in 1950. Its chemical structure reveals the presence of two reactive functional groups, 

namely an amino and a carboxylic acid (Lowe, 1996). The electron delocalization energy 

corresponds to the UVB region and the two groups allow for a “smooth” electron delocalization. 

The configuration of these groups, however, cause problems such as: free amines tend to 

oxidize and produce off-colours, amines and acids are very polar and tend to form hydrogen 

bonds that ultimately may cause unappealing results on the final product and also increasing 

its solubility in water, and are sensitive to pH changes (Lowe, 1996; Mei et al., 2014). These 

reasons make PABA an undesirable organic UVF and commercially less appealing, but its 

derivatives have been made to address these issues and one of these, namely a compound 

known as padimate-O, actually represents the ultimate in sunscreen design as the 

intermolecular association was decreased. 

1.4.2.2 Salicylates 

 Salicylates were the first UVFs used in sunscreen formulations and have throughout 

sunscreen history been one of the most commercially established. As a group, salicylates are 

ortho-disubstituted compounds with a UV absorbance of about 300 nm. Even though they are 

relatively weak UV absorbers, they are considered very safe for use and easy to incorporate in 

many formulations of cosmetics, with the added effect of solubilizing other traditionally 

nonsoluble cosmetic ingredients such as the benzophenone class of UVFs (Lowe, 1996). 

1.4.2.3 Cinnamates 

Cinnamates are the most popular sunscreens protecting from UVB radiation and, as a 

group, they have an extra unsaturation conjugated to the aromatic ring and the carbonyl group 

portion of its ester; this configuration allows for an electron delocalization throughout the 

molecule (Lowe, 1996). They have been improved over the years and have good levels of photo 

stability in comparison to other groups. 
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1.4.2.4 Benzophenones 

Different from other organic UFVs, this group belongs to the aromatic ketone category 

that, unlike esters, will resonate more easily and therefore be more suitable for sunscreen 

applications (Lowe, 1996; Mei et al., 2014). However, this group of UVFs has several issues and 

drawbacks since they are more difficult to metabolize in vivo, with higher bioaccumulation 

potential, they produce several allergic reactions and have a carcinogenic potential. They are 

also generally more difficult to handle and include in cosmetic formulations than other UVFs 

(Lowe, 1996). 

1.4.2.5 Dibenzoylmethanes 

Dibenzoylmethanes are a relatively new class of UVFs with only two compounds being 

approved for use in Europe. They are suitable candidates for UVA filtering and, as a group, they 

exhibit properties resulting from a keto-enol tautomerism (Lowe, 1996). They have, however, 

low photo stability and suffer from irreversible loss of activity due to photo isomerization and 

therefore have reduced commercial appeal (Lowe, 1996). 

1.4.2.6 Camphor derivatives 

Camphor derivatives aren’t approved for use in USA but are approved in many other 

countries, with some of them being used in Europe. They are UVB filters and have good photo 

absorptivity due to the resonance delocalization, and have high photo stability, with losses 

generally below 2.5% of protective activity (Lowe, 1996). 

 The organic UVFs relevant to this work are a p-Aminobenzoic acid derivative, 2-

Ethylhexyl 4-(dimethylamino) benzoate (EDP), a camphor derivative, 3-(4’-

Methylbenzylidene) camphor (4-MBC), a cinnamates derivative, 2-Ethylhexyl 4-

methoxycinnamate (EMC) and a crylene derivative, 2-Ethylhexyl 2-cyano-3,3-

diphenylacrylate (OC). Information regarding these compounds is presented in Table 5. 

The analysis of the properties of the presented organic UVFs is especially important, as 

with SMs, regarding their boiling temperature and Log Kow. They are considered semi-volatile 

organic compounds (Rimkus, 2004) with boiling points ranging from 240-260 to 380-400 oC with 

exception of OC that has a higher one of 473 oC and therefore is considered a particulate organic 

matter. They also have lipophilic character since their Log Kow is in the lipophilic range of 2.0 

to 6.0 (Connel, 2005) and some exceed this limit with values up to 6.88 as is with OC. As with 

SMs, these compounds have higher affinity to organic solvents, and possibly more with solvents 

that have some degree of polarity, due to their lipophilic character. The information regarding 

the main properties of these compounds is shown in Table 5 below. 
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Table 5 - Physicochemical properties of some UVFs 

Compound 
Molecular 
formula 

Molecular structure 
Molecular 

mass 
(g.mol-1) 

Boiling 
point (oC) 

Log 
Kow 

Solubility in 
water 

(mg.L-1) 

λ max 
(nm) 

Vapour 
Pressure 

(Pa) 

EDP 
C17H27NO2 

 
277.40 345a 5.77a 0.2a 310 3.54x10-5a 

4-MBC 
C18H22O 

 

254.37 349a 5.92a 0.2a 300 1.52x10-5a 

EMC 
C18H26O3 

 
290.41 400b 5.8a 0.155 – 0.2a 300 1.38x10-5a 

OC 
C24H27NO2 

 

361.5 473a 6.88a 1.3a 300 3.2x10-9a 

a – Brooke et al., 2008; b - Royal Society of Chemistry, 2014 – predicted using the ACD/Labs’ ACD/PhysChem Suite 

1.5 Synthetic musks and UV-filters in the environment 

 As previously mentioned, the widespread use of SMs and UVFs in consumer products 

leads to large amounts of these compounds being washed down the drain after use. As they 

enter sewage and wastewater systems, and are transported through these systems, they 

eventually find their way into the aquatic environments, via effluents of WWTPs (Amine et al. 

2012). Once in these ecosystems, they can enter the food chain, being taken up by wildlife such 

as fish and shellfish. Another course for these compounds also begins in WWTPs: after 

wastewater treatment, the sludge’s formed will also contain them because they are not 

digested in the sludge treatment and therefore, they may contaminate soil if applied as 

agricultural fertilizer. It should also be stated that, due to their use in numerous products and 

to their physicochemical properties, they can also escape into air and dust, with previous 

transport to numerous possible sites. It is because of their lipophilicity (mostly with log Kow 4-

8) and relative stability against biotic degradation, that they have been shown to accumulate 

in the food chain and because they are highly submitted to sorption by sediments, such as beach 

sand, they are also present in many sediment samples (Díaz-cruz et al. 2008). 
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Regarding the sludge’s used for land application, studies of the uptake by plants and 

crops of these EPs has been conducted since it’s important to realize their influence on plant 

growth and influence to specific habitats (Kinney et al. 2006). These contaminants can be 

transferred from soil to plant by means of different processes: soil to root transfer (Bell et al. 

1992), root to leaf transfer, vapour uptake from the atmosphere and particle deposition (Collins 

et al. 2011) and despite the fact that there are no sludge’s used at the beach soils, the airborne 

or soil transport to nearby plants could still occur. The different pathways described can be 

seen on Figure 2 below. 

1.6 Carpobrotus edulis as a bio-sampler 

As mentioned, SMs and UVFs are capable of spreading out in the environment by many 

possible pathways. With this information, a choice was made to use an appropriate bio-sampler 

for monitoring. A bio-sampler constitutes a way to monitor the variation of concentration of 

certain compounds in the environment, by taking periodic samples of the same type, in this 

case, plant samples. By developing a procedure based on the analysis of a plant sample, and 

not of atmospheric air, the need for complex and expensive hardware that is required for 

harvesting air is eliminated, and so this approach may be better for widespread monitoring or 

for remote and difficult access sites. A review was carried out to determine the biodiversity of 

plants and algae in the coastal areas of northern Portugal and, as most of the plants are 

Figure 2 - Pathways of environmental contamination with SMs and UVFs (adapted from Giokas et al. 2007) 
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encountered in dunar zones. Such habitats are usually protected due to their sensitive 

character, so the high sample volume could become a problem. 

However, there is a plant in the coastal zone nearby that would not be affected by such 

harvest – the Carpobrotus edulis. It is an invasive species native to South Africa that has made 

its way to many regions of the world, such as the coast of the Mediterranean Sea, California 

and Australia. It is known in Portugal as the “chorão-das-praias”, in South Africa as the 

hottentot-fig or sour fruit, but the most commonly used name is the ice plant (Leistner et al., 

2000). While it can be sometime mistaken for its close relatives, for example the C. chilensis 

or sea fig, they can be easily distinguished by the colour of the flowers: yellow or light pink for 

C. edulis and deep magenta for C. chilensis, as shown in Figure 3. 

This plant grows all year, with each individual shoot growing up to 1 m per year, and at 

least to 50 m in diameter during its lifetime; flowering also occurs frequently and the seed 

production is very high (Germishuizen et al., 2003). Being the adaptive and striving plant that 

it is, when introduced to areas where it is able to grow to all directions, it may cover entire 

regions. 

Despite the invasive character of the plant in many regions, it happens to be considered 

a traditional medicinal plant in South Africa, where it has been used for many centuries to treat 

fungal and bacterial infections (Caceres et al., 1990). These medicinal properties can be 

attributed to the chemistry of the plant, where a high antioxidant and antibacterial activity 

has been shown and attributed to the polyphenolic compounds present in the plant extracts 

(Ibtissem et al., 2012). Regarding the chemistry of the plant and the lengths to which the 

compounds of interest are found in the biological matrix, no information has been previously 

reported. Nonetheless, the fact that the plant takes up considerable amounts of water from 

the soils and that these compounds have been previously found in sand samples (Magalhães, 

2014), the uptake could be happening from the soil and from the airborne transfer from the 

nearby beaches directly to the plant leaves. 

Figure 3 - C. edulis on the left; C. chilensis on the right 
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1.7 Analytical methods for the determination of synthetic musks and 
UV-filters in plant matrices 

 In recent years, many methods for the determination of different PCPs in a variety of 

matrices (water, sediments, soils, etc.). Most of these methodologies use gas chromatography 

with mass spectrometry (GC-MS) as the preferred instrumental technique. Before the GC-MS 

analysis, it is necessary to prepare the samples, extracting the target analytes, removing 

possible interferences and to pre-concentrating these target compounds. This sample 

preparation should not be overlooked in order to achieve high quality results in analytical 

chemistry. Regarding the work with Carpobrotus edulis, classified as a biological sample, the 

concentration of SMs and UFVs should then be determined by GC-MS after extraction of these 

compounds from the sample matrix. 

1.7.1 Extraction techniques 

In the last decades, many extraction techniques have been used for the determination 

of POPs and EPs in biological matrices. In the next sub-chapters will be presented the most 

relevant techniques used for the extraction of these kind of contaminants from plants. 

1.7.1.1 Ultrasound extraction (USE) 

 This extraction method is suited for non-volatile and semi-volatile organic compounds, 

such as SMs and UVFs, usually from solid matrices. In this method, the sample is placed in a 

solvent and introduced in an ultrasonic bath. The ultrasonic waves travel at high speeds through 

the solvent to promote an efficient mixture by the formation of cavitation bubbles. When these 

bubbles collapse near the sample, the shockwaves will cause the migration of the analytes to 

the solvent phase (Figure 4). This type of extraction is faster than other conventional methods 

and allows for a lower solvent usage (Babic et al., 1998), but it is not the most suited for 

situations where the analyte concentration is relatively low (Trinity College, 1996). 

 

Figure 4 - USE extraction mode of action (adapted from Sánchez, 2015) 
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1.7.1.2 Focused Ultrasound Extraction - FUSLE 

 FUSLE is similar to USE in concept, differing from it by the application of the radiation. 

While in USE an ultrasonic bath is used, in FUSLE a micro tip is immersed directly into the 

extraction solvent. These ultrasonic micro tips, or probes, have several advantages over 

ultrasonic baths: focused energy makes liquid cavitation more efficient and FUSLE is more 

reproducible than USE (Luque-Garcia et al. 2003). 

1.7.1.3 Soxhlet extraction 

Traditional Soxhlet extraction is also a good alternative with an history of high 

extraction efficiency in solid matrices of POPs but is very time-consuming, labour intensive and 

uses very high volumes of organic solvents (Luque de Castro et al. 2010; Herren et al. 2000), 

revealing itself as a very expensive and environmentally unfriendly technique, in comparison 

to the others that have been mentioned. This technique uses an extractor, which itself is 

comprised of a percolator, thimble and a siphon mechanism. The extractor is coupled with a 

distillation flask in the bottom and a condenser in the top. 

The extraction begins when the solvent is heated to reflux from the distillation flask to 

the extractor, and the vapour condensates in the condenser to flood the chamber in the thimble 

where the solid material is placed; the condenser arm is placed after the extractor so that if 

any solvent vapours don’t condensate in the chamber, they do in the condenser and then drip 

back down. When the chamber is filled with solvent, and the target compound dissolves, it gets 

siphoned and the solvent returns to the distillation flask. This constitutes a cycle of the 

extraction, and can be repeated many times over hours or days, with increasing concentrations 

of the compound in the distillation flask, until the operation ends or reaches a solubility 

threshold, hence the time issue. Removal of the solvent can later be done with the use of a 

rotary evaporator. 

 Some modifications of this technique were reported in recent years and have been 

implemented in order to reduce extraction times with the use of auxiliary energies and 

automation of the extraction assembly. These modifications include high pressure Soxhlet 

extraction, where the apparatus is placed in an autoclave (Ndiomu et al, 1988) or in a 

commercial or laboratory-made supercritical fluid-Soxhlet extractor (Jennings, 1979), and 

microwave-assisted Soxhlet extraction, which constitutes the most interesting improvement as 

this approach retain the advantages of conventional Soxhlet extraction and overcomes the 

limitations regarding throughput, automation and the ability to extract strongly retained 

analytes (Castro et al., 2010). 
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1.7.2 Extraction and clean-up methods 

1.7.2.1 Solid phase extraction (SPE) 

 One of the disadvantages of USE and FUSLE is that they are not selective and so a clean-

up step is usually required to remove interferents. SPE is one of the most common methods 

found in literature described as an extraction and/or clean-up method. This method involves 

bringing the liquid extract into contact with a solid phase or sorbent that selectively sorbes the 

compounds onto the surface of the solid phase (Dean et al. 2010). It’s based on four 

fundamental steps: conditioning of SPE columns with the adequate sorbents for extraction, 

sample loading, solvent washing to remove interferents, where it’s very important to choose 

an adequate solvent to avoid co-removal of the analytes, and elution of the analytes as can be 

seen in Figure 5.  

 

Figure 5 - Main steps of the SPE procedure (adapted from John Morris Scientific, 2016) 

As conventional SPE uses large volumes of organic solvents for the elution step and high 

amounts of sorbent materials, new clean-up procedures were developed (Liu et al. 2013; 

Zabaleta et al. 2014; Picó et al. 2015), with dispersive SPE (dSPE) being on the spotlight 

(Anastassiades et al. 2003). This last method is different from SPE since it is considered a “true” 

clean-up technique since only the interferents are targetable for removal, in contrast to SPE 

where the sorbents can be chosen to either have affinity with the analytes or the interferents. 

1.7.2.2 Matrix solid-phase dispersion (MSPD) 

 As previously seen, most approaches involve a multistep procedure (extraction + clean 

up) to achieve reliable results. However, different methods combining extraction and clean up 

simultaneously can be used as matrix solid-phase dispersion (MSPD). MSPD (Barker et al. 1989) 

seems to be efficient and versatile for many classes of substances and solid matrices (Capriotti 

et al. 2015; Capriotti et al. 2010). The success of this method comes from the simplicity of the 

instrumentation, the flexibility and robustness compared to other extraction protocols and its 

selectivity depends on the nature of the sorbent and the elution solvent (Capriotti et al. 2013). 
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The steps involved in this process are grounding the sample in a mortar with a solid sorbent 

using a pestle for the disruption of the sample structure, and once the sample is homogeneously 

distributed and grounded, it is transferred to a column where the elution or fractionation of 

the analytes is performed with an appropriate organic solvent. 

1.7.2.3 Solid-phase micro extraction (SPME) 

 Other alternatives include micro-extraction techniques such as solid-phase micro 

extraction (SPME). SPME is a method of pre-concentration where compounds of interest adsorb 

to the surface of a coated-silica fibre. The sorbent must have a strong affinity for the target 

analytes, so that the pre-concentration can occur. The most used sorbent for SPME is 

polydimethylsiloxane (PDMS), a non-polar phase that can be used for the extraction of many 

non-polar compounds (Prosen and Zupančič- Kralj, 1999). Following adsorption, the fibre is 

placed in the injector, where heat will conduct thermal desorption if the instrument is a GC 

apparatus. For LC, a solvent can be used as an alternative for thermal desorption. 

1.7.2.4 Stir-bar sorptive extraction (SBSE) 

Stir-bar sorptive extraction (SBSE) is a simple and solvent less extraction technique that 

combines extraction and preconcentration in a single step. Using a magnetic stir bar coated 

with a sorbent, placed in an aqueous sample, where the compounds of interest adsorb to the 

sorbent. It has advantages such as being cost effective, overnight operation and is easily 

combined with modern analytical instrumentation with a wide range of applications (Kawaguchi 

et al. 2013; Nogueira et al. 2015). This method is similar in concept to SPME and also requires 

a desorption step. Although techniques such as SPME and SBSE have already been used for solid 

samples, although with some adaptations, they are more used with aqueous samples (Prieto et 

al. 2010). 

1.7.2.5 QuEChERS method 

The extraction and clean-up methodology chosen for this work is the QuEChERS (Quick, 

Easy, Cheap, Effective, Rugged, Safe) method, which was initially developed for pesticide 

extraction from food samples, but revealed itself useful for different types of matrices and 

analytes (Rouvière et al. 2012). This method consists of an extraction step, followed by a dSPE 

clean-up procedure. In comparison with SPE, dSPE is more environmentally friendly since it 

requires lower solvent quantities, but also requires shorter extraction periods and less effort 

(Chu et al. 2015). The method can be divided in two main steps that include, firstly, an 

extraction with organic solvent in an USE bath, where the analytes are extracted from the 

sample matrix to the organic phase from the sample matrix, with anidre salts and buffers being 

also used in this step to ensure water removal by an excicant agent (usually magnesium 

sulphate) and better phase separation, followed by a clean-up procedure after the extraction 
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step. This clean-up step is crucial, particularly for biological tissues, because the extracts 

generally contain lipids and other higher molecular weight compounds which may cause matrix 

effects (Kallenborn et al., 1999). As such, it is very important to correctly choose the sorbent 

and its proportion in this method to avoid the co-extraction of analytes that are of interest 

with the interferents (CVUA, 2013). Therefore, a polymer of primary and secondary amines 

(PSA) is used to remove polar molecules, fatty acids, sugars, organic acids and ionic lipids, and 

C-18 to remove non polar compounds such as lipids. Other sorbents include activated charcoal 

(non-specific sorbent), aluminium oxide, florisil, silicone rod, polyethersulfone and 

polyurethane foams, etc. (Ziarrusta et al. 2015). 

 In comparison to other techniques, the QuEChERS method presents itself with 

advantages such as the quickness, ease of implementation, lower solvent necessities and lower 

costs (Bragança et al. 2012). Compared to SPE, it does not require the common apparatus such 

as cartridges, vacuum pumps, drying out and solvent evaporation steps. It also provides better 

interaction with the extract for the clean-up step, but has the limitation that it can only be 

used as a clean-up procedure because, as mentioned, it is a true clean-up procedure (Wilkowska 

and Biziuk, 2011). Another advantage comes from the low handling rate of the sample that will 

avoid cross-contaminations. This method has previously been used to determine the 

concentration of triclosan and methyltriclosan (Gonzalo-Lumbreras et al., 2014), persistant 

organic pollutants (Norli et al., 2011), pyrethroid pesticides (Jia et al., 2012), endocrine 

disrupters (Munaretto et al., 2013), brominated flame retardants (Kalachova et al., 2013; 

Spozhnikova et al., 2013), volatile compounds (Yamamoto et al., 2014) and synthetic musks 

(Saraiva et al., 2016). 

1.7.3 Gas Chromatography-Mass spectrometry (GC-MS) 

 Gas chromatography is a physical method of separation where the analytes are 

separated according is based on differential partitioning between a mobile phase and a 

stationary phase held in a column. The mobile phase in GC is called the carrier gas and it must 

be chemically inert. In comparison to other types of chromatography, GC differs as the mobile 

phase does not interact with the molecules of the target analytes, as its only function is to 

transport the compounds through the column. The most common gas carrier is helium, although 

argon nitrogen and hydrogen can also be used (Skoog et al., 2007). It has many applications and 

a vast know-how that make it a very reasonable choice for this study. The semi-volatile nature 

of the target analytes also makes GC preferable in comparison to liquid chromatography, that 

is more suited for non-volatile compounds. By coupling mass spectrometry, an analytical 

method that is capable of both separating, quantifying and identifying the components of a 

mixture (Karaiskakis, 2004). Figure 6 presents the schematic diagram of a typical GC-MS 

apparatus and its description can be found bellow. 
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 The chromatographic analysis starts with the introduction of the samples into the 

column, by inserting it in a device called injector. The sample may be introduced in liquid form 

or adsorbed to a support, such as glass fibres, and are injected into the interior of an 

evaporation tube, called liner, that is made of glass to avoid reactivity with the metal surface 

that is heated. Another important aspect is that the injection solvent must be carefully chosen 

with regards to expansion coefficient: if a solvent with a high expansion coefficient is chosen, 

such as acetone for example, the resulting volatization may lead to problems such as re-flux 

through the injector membrane or damage to the equipment, in worst case scenarios 

(Hübschmann, 2009; Wake Forest University, 2013). The most common type of injector is the 

split/splitless injector. In split mode injection, the sample/carrier gas flow is divided, with only 

a small portion passing to the column. In splitless, the sample is completely transferred to the 

column. 

This column can be of two types: packed and open tubular, also called capillary. The 

latter are more commonly used because they have higher efficiency, compared to packed 

columns. The column is placed inside an oven for temperature control, since it’s a very 

important variable, and programmed according to the compounds and solvent boiling points, 

as well as the degree of separation required. It’s very common to employ a temperature 

program when the sample contains a range of boiling points (Skoog et al., 2007). The column’s 

coating polarity must be the same as the analytes, which means polar columns for polar analytes 

and vice-versa. In polar columns, separation occurs according to the polarity of the analytes, 

from the least polar to the most polar and in apolar columns separations occurs according to 

the boiling temperature, from lower to higher values (Skoog et al. 2007; Jansen et al. 2010; 

Hübschmann, 2009). Non polar columns are more common and only in situations where the 

boiling points of the analytes is very similar is it justified to use a polar column. 

Figure 6 - GC-MS schematic diagram (Skoog et al. 2007) 
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After the column, the detector follows; there are many types of detectors that can be 

used coupled with GC. The most used and powerful is the mass spectrometer, where the mass 

to charge ratio (m/z) of the ions produced in the detector is measured. MS is also used to obtain 

information when total separation is not achieved, since it allows to identify more than one 

compound, assuming they have different enough MTCRs (Skoog et al. 2007). The sample is firstly 

ionized and fragmented, usually by an ion source of hard or soft nature. Hard ionization, such 

as electron ionization, transfer energy to the analyte molecules, leaving them in a highly 

energized stat that leads to the breaking of bonds, leaving fragment ions. This is a more 

common type of ionization as soft natured ionizations tend to create less fragments. In this 

work, electronic ionization is used, in which a stream of electrons will energize the molecules, 

ionizing them and causing electron release due to electrostatic repulsion. The stream of 

electrons is emitted from a heated filament and accelerated by applying 70 eV between the 

filament and the anode (Skoog et al., 2007), and after the fragments are formed, they will 

reach the mass analyser. There are some different types of mass analysers, with the most 

common being quadrupoles and ion traps. The latter is the one used in this work and it is 

composed of a central ring electrode and two end-cap electrodes, as seen of Figure 7. What 

happens in the ion trap is that the electromagnetic field is continuously changing, which leads 

to uncontrolled trajectories of the ions captured of consecutive mass to charge ratios. This will 

cause the ions to leave the ion trap in order of their mass to charge ratio, reaching a transducer, 

such as the electron multiplier. 

 

Figure 7 - Diagram of an ion trap analyzer (adapted from Hübschmann, 2009) 

This part of the detector will provide a signal as the positive ions hit the surface of the 

electron multiplier, releasing more electrons from its inner surface, that will bounce down the 

inner walls, realising more electrons on contact. Upon reaching the anode cup, a signal is sent 

to the data system that will compile and allow the analysis of the information received 

(McMaster, 2008). This data is stored as a 3D block with three axes: time, intensity and mass 
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to charge ratio (McMaster, 2008); this leads to two final representations of the sample, namely 

the chromatogram, that represent intensity vs. time, and the mass spectrum, that represents 

intensity vs. mass to charge ratio. Finally, the data acquisition can be done in full-scan or 

selected ion storage (SIS). The first one is a sum of the intensities of all mass fragments at a 

given time, while in SIS mode, only the selected mass to charge ranges are detected by the 

equipment during the analysis. This mode increases the sensibility of the method, leading to 

lower detection limits but has the problem of only providing limited qualitative information, 

because the characteristic mass spectrum of the compounds is not created (Hübschmann, 

2009). 

1.8 Experimental Design 

While there are many examples of employing the described methods for extraction, 

clean-up and instrumental analysis for many types of samples, it is very common to find that, 

when a method is adapted from literature for a different type of matrix, results are always in 

the same degree of precision and accuracy. This is because different types of samples need 

different types of approaches, and an example of that is using plant matrices; with this type of 

matrix it is very hard to successfully obtain an optimized process, because they are very 

complex matrices, that may have in its composition compounds that will be co-extracted with 

the target analytes. As such, after a methodology is chosen, it is often necessary to optimize 

the process in order to satisfy an objective. Design of experiments (DOE) is a method used to 

determine the most important variables and optimum conditions and levels of said variables, 

in order to achieve an optimized process. DOE constitutes a powerful tool, usable in many 

situations, that allows to manipulate one or more input variables to determine the effect on 

the output response or variation (Christolear, 2013). The key to this method is the strategy 

employed: if the design process is well planned and conducted, analysing and interpreting the 

results will reveal the control variables of the process (Oehlert, 2000), and these are the ones 

to be optimized in following tests. 

  One of the most commonly used approaches is the variation of one variable at a time 

(OVAT), while the remaining stay constant. This is an inefficient and time-consuming method 

compared to multiple input variation methodologies, however is more easily conducted in 

smaller amounts of time (Antony, 2003). For a successful OVAT variation, it is important to 

conduct the minimum number of experiments to obtain the maximum information possible, 

interpret the results and conduct other trials to further improve the process (Park, 2007). DOE 

is then used to ensure that the selected experiments produce the maximum amount of data, 

and to “bypass” the extra amount of work required in multiple variations of variables, but this 

may lead to false optimum conditions and may miss important interactions that would be 

noticed when multiple variables are used (Oehlert, 2000). 
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 To begin the DOE, usually a screening approach is conducted to allow the identification 

of the control factors of the process (Eriksson et al., 2008); this reduces the number of factors 

that should be studied in the next steps. With this, optimization follows by modelling a second 

order response surface, by the estimation of the coefficients fitting the experimental data to 

the output function, predicting the response of the model and verifying its adequacy. When 

response surface methodology is used, the dependant and independent variables relation is 

established as follows on equation (1) (Cho et al., 2007): 

𝑌 = 𝑏0 + ∑ 𝑏𝑖𝑥𝑖 +∑ 𝑏𝑖𝑖𝑥𝑖
2 + ∑ ∑ 𝑏𝑖𝑗𝑥𝑖𝑥𝑗

𝑘
𝑖=1

𝑘
𝑗>𝑖

𝑘
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𝑘
𝑖=1  (1) 

 Where Y is the process response, xi is a codified independent variable, b0 is the 

interception term, bi is the influence of the variable in the response, bii is the parameter that 

sets the shape of the curve and bij is the effect of the interaction between i and j. The natural 

variables are convertible to dimensionless codified values of xi as follows on equation (2): 

𝑥𝑖 =
(𝑋𝑖−𝑋0)

∆𝑋
 (2) 

 Where x0 is the value of the variable i in the centre of the domain (xi=0) and ∆X refers 

to the difference of that variable between xi=1 and xi=0. To apply these relations, a design 

methodology must be chosen and one of the most well studied is the central composite design 

(CCD) that consists of 2 level (-1 and +1) factorial, axial or star design points and centre points 

with all factors set to 0 expect one of the axial points that is set to +/- a; these points can be 

better understood by looking at Figure 8, where it clearly shows that the different experimental 

conditions will be set according to the distance from the central point, respective to each 

property being tested (X1, X2 and X3 in the figure). Using an analysis of variance (ANOVA), 

that’s a collection of statistical models, it’s possible to evaluate the model fitting adequacy 

(Ahmadi et al., 2005). 



Detection of synthetic musks and UV filters in Carpobrotus edulis by QuEChERs/GC-MS 

Introduction 25 

 

Figure 8 -  Schematic diagram of central composite design (CCD) as a function of X1, X2 and X3  (3 possible variables) according 
to the 23 factorial design with six axial points and six central points (adapted from (Cho et al., 2007)) 

 Throughout the process, an aim must be set and mathematically it’s referred to as the 

desirability function. This function is based on the concept that the quality of a process with 

multiple variables in unacceptable if one or more of them are outside the admitted limits, to 

ultimately find operating conditions that ensure all the set parameters of the response are in 

the desired intervals (Oehlert, 2000). This is made by converting the multiple response into a 

single one, that’s the combination of all the individual responses into the composite function, 

followed by its optimization. The desirability functions allow the designer of the experiment to 

find the control factor levels that optimize the output and are compliant with the goals of the 

DOE. 
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2 State of the Art 

 Previous studies regarding SMs and UVFs in plants will be presented in this section, with 

special focus on the different extraction and clean-up processes used and the instrumental 

analysis. 

 As previously mentioned, emerging pollutants are those that only recently were targeted 

for study by international scientific communities; with this in mind, it should be stated that the 

number of published works regarding this type of research increases each year, but most of 

them are regarding the concentration in marine animals such as fish and mussels for example. 

Not many studies were found regarding plant matrices, and none identical to this work with the 

QuEChERS method and DOE for optimization. As such, a selection was made with focus on the 

percentage of recovery values, since the ideal outcome is to have good recovery values (around 

100%). In order to present different work methodologies that have been used for this type of 

analysis in plant matrices, studies where the uptake of these compounds was studied in specific 

conditions, mostly in works where the source of these compounds was from the sludge’s of 

WWTPs that were used in soils for agricultural purposes. For these studies to be successful, it 

is necessary to have a good method for analysis, and so that part of the information is what is 

of relevance. This information is summarized in Table 6. It’s also important to mention that in 

these plant uptake studies, there are two alternatives: fortified and unfortified soils; 

nonetheless, what is of interest in this section are the methods used and so no differentiation 

was made between the two types of studies. 

The most commonly used extraction technique for the determination of SMs in plant 

samples is definitely SBSE (Ziarrusta et al., 2015; Chase et al., 2015). When coupled to thermal 

desorption (TD), the risk of background contamination is reduced, since the use of organic 

solvents is avoided and minimal manipulation of the sample is required (Ramírez et al., 2012). 

Since synthetic musks are low-polar compounds, they present a high affinity for the 

polydimethylsiloxane (PDMS) used in both SPME fibres and commercial stir bars (Ramírez et al., 

2012). All of the studies where SBSE was used had recoveries in the acceptable range of 80-

120% (US EPA, 2013), which is a strong indicator that this method is a good option for future 

works. In contrast to SBSE, the use of SPME was only reported by Chen et al. (2015), where 

SPME was used in combination with GC-MS to detect HHCB, MX, AHTN and MK in aloe samples. 

Compared to SPME tough, SBSE is considered a more powerful technique because of its higher 

pre-concentration capacity, since the amount of sorbent is 50–250-fold higher than in SPME 

fibre (Ramírez et al., 2011). The main disadvantages of these two techniques are the price, as 

the extracting fibres and stir-bars begin to degrade with multiple uses, and the cross-

contamination problems, which requires time-consuming clean-up procedures of the extraction 



Detection of synthetic musks and UV filters in Carpobrotus edulis by QuEChERs/GC-MS 

State of the art 28 

devices (Chung et al., 2013; Yang and Ding, 2012; Regueiro et al., 2008). Ziarrusta et al. (2015) 

extensively used SBSE-TD in combination with GC-MS to detect MK, MA, ATII, AHTN, HHCB, 

AHMI, DPMI and ADBI in carrot, lettuce and pepper samples, and concluded that it allows precise 

simultaneous determination of eight musk fragrances in vegetables. The LODs reported by 

Ziarrusta et al. (2015) ranged between 0.01 to 0.8 ng.g-1 in carrot and lettuce samples, and 

between 0.01 to 0.7 ng.g-1 in pepper samples. Slightly higher LODs were reported for carrot 

root peel, root core and leaves, ranging from 1.2 to 2.0 ng.g-1. LODs reported by Iparraguirre 

et al. (2014) were the same as those mentioned earlier, also for carrot, lettuce and pepper 

samples and for the same SMs. Another study where SBSE was used for the detection of SMs in 

plant matrices was that of Chase et al. (2012), where LODs and LOQs of 2 and 10 ng.g-1, 

respectively, were achieved. These are slightly higher than the ones previously reported, but 

still in the same magnitude. Only one study was found where SPME was used for the detection 

of SMs in plant matrices, namely that of Chen et al. (2015), where the uptake of HHCB, MX, 

AHTN and MK by aloe was studied. In this work, no data is presented for recovery values nor 

LODs and LOQs but, the lowest measured concentration in the samples was 25 ng.g-1, which 

allows to conclude that the limits must also be of the magnitude of the previously mentioned 

SBSE values.  

 Macherius et al. (2012) used the QuEChERS method in combination with GC-MS to detect 

HHCB, AHTN and triclosan in carrot roots (peel, core and total root), carrot leaves, barley and 

meadow fescue. The focus of this work was to determine if the application of sewage sludge as 

a fertilizer for agricultural purposes (a practice already employed in many countries) would 

lead to the uptake of these compounds by the plants, and so the experiments were conducted 

with spiked soils in greenhouse conditions. This is also the only work that was found in literature 

where the QuEChERS method was used to determine SMs in plant matrices. No study was found 

where it was used for UVFs. In this work, recoveries of 102 and 97% were achieved for HHCB 

and AHTN, respectively, in samples of carrot roots. These are values that are in the range of 

the objective of this work. No information about the recoveries of these compounds in the two 

different plant matrices, namely carrot leaves and barley, but a 63 and 65% recoveries were 

achieved in meadow fescue. This is significantly lower, compared to the other reported 

recoveries. The solvent used for extraction was a mixture of ethyl acetate: acetone (1:1), which 

only appears in this study. Solvent mixtures are commonly used for extractions, as can be seen 

on Table 6, to achieve a mixture with enhanced properties for extraction, compared to 

individual solvents. These are organic solvents and may result in cross-contamination of 

extracts or co-extraction of interferents, due to the fact that acetone is a very universal 

solvent. The reported LOQs for HHCB and AHTN in carrot roots and meadow fescue was 0.02 

µg.g-1, and no data was presented regarding the LODs. Comparing this value to that of studies 

where SBSE and SPME were used, described in the previous paragraph, it is clear that it is much 
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higher. This means that the method used by Macherius et al. (2012) is less sensitive than the 

others, which is essential for the measurement of such small concentrations. Nonetheless, all 

targeted compounds in this study were detected above the LOD in all matrices, which may be 

attributed to the fact that the soils were spiked with these compounds, in order to determine 

their uptake by the plants. 

 The only method that was found in literature that was used for both SMs and UVFs was 

pressurized liquid extraction, as reported by Renault et al. (2012) where AHTN was targeted, 

and by Lai et al. (2013), where five UVFs were targeted for detection. In the first work, the 

recovery was 106%, with a LOD of 0.001 ng.g-1 fresh weight and LOQ of 4 ng.g-1 fresh weight. In 

the second work, the recoveries ranged between 71.4 and 97.0%, the LODs between 0.40 and 

1.68 ng.g-1 and the LOQs between 1.34 to 5.59 ng.g-1. These values are all slightly better for 

the determination of AHTN, in comparison to the UVFs, and are similar to the values reported 

in the studies where SBSE and SPME was used, as described earlier. This leads to believe that 

pressurized liquid extraction is also a good option for the determination of SMs and UVFs. This 

method presents itself with advantages such as faster extraction times, lower solvent 

consumptions and straight-forwardness of the procedure. The barrier of using pressurized liquid 

extraction comes from the cost of the equipment’s, and the fact that the operational conditions 

require additional safety measures, since high temperatures and pressures are employed. 

Soxhlet extraction is commonly compared to this method, since the principles are the same and 

it is very common to adapt a Soxhlet procedure to pressurized liquid extraction (Saleh et al., 

2009). One study found in literature, conducted by Zhou et al. (2010), used Soxhlet for the 

determination of AHTN in wheat samples, by using a mixture of DCM and n-hexane as the solvent 

for extraction. Recoveries between 65.0 and 85.4% were reported, but no data was presented 

for the methods’ LODs and LOQs. Regarding the recoveries, these seem a bit low since they are 

only partially in the bottom limit of the acceptable range of 80 to 120%. A different study was 

reported by Calderón-Preciado et al. (2009) where pressurized liquid extraction was also used, 

but with MSPD with florisil was used. This work was conducted to optimize the method, as with 

the present work, with experimental design. A recovery value of 92% was achieved for AHTN, 

with values for LOD and LOQ of 18.2 and 27.4 ng.g-1. These limits are slightly higher than the 

previously described, but are in the same magnitude as the SBSE, SPME and pressurized liquid 

extraction methodologies. 

 Finally, three other studies were found in literature that were relative to UVFs in plant 

matrices. Firstly, Chen et al. (2016) employed USE in combination with SPE to determine 

oxybenzone in horseradish samples. Unfortunately, no data was presented regarding the 

recovery values, the LODs and the LOQs of the method, and the attempted measurement was 

below the method detection limit. Levefre et al. (2015) reported the usage of USE for 
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extraction, with benzotriazoles as the target compounds in the study. Recovery values of 

approx. 100% were mentioned by the author, and a LOD of 16 ng.L-1 was achieved. Lastly, Castro 

et al. (2016) took a different approach for the measurement of BT and CIBT in sunflower 

samples. In this work, the concentration of the compounds in the plant was calculated by using 

spiked water for a hydroponic culture of this plant, and determining the amount of compounds 

that was accumulated in the plants by measuring how much was removed from the waters used. 

In this method, the values of LOD and LOQ for the compounds was 1 mg.L-1 and 2 mg.L-1, 

respectively. These values are far superior to the others, translating to low sensitivity of this 

method. It is also a relatively poor option compared to others, as it is an indirect method of 

measurement, with the added complexity of hydroponic culturing of the plants. It also has low 

applicability to environmental samples, since it is more directed to specific types of studies. It 

should also be mentioned that these three methods were the only ones that reported the use 

of LC as the analysis method. The semi-volatile nature of SMs and UVFs makes GC a more 

appropriate choice, compared to LC. Furthermore, for GC-MS, the identification is not based 

solely on retention time, allowing the differentiation between compounds that might possess 

the same retention time, but a different mass spectrum (McMaster, 2008). 

In summary, it is clear that an efficient and effective method is still not established; 

whether it’s due to low concentrations of these compounds that makes it difficult to perform 

an extraction, or the matrix effect observed when working with biological samples, or the 

combination of both, a reliable method must be achieved so that researchers around the world 

can use it to monitor the increase of concentration and to help with studies that are related to 

these compounds’ effect on the environment. As for target values, ideal recoveries should be 

of 100%, but this is a very difficult task, as there are many uncontrollable variables in the 

process. An acceptable range between 80 and 120% has been mentioned, and will also be the 

goal of the optimization. As for method LODs and LOQs, the only work where QuEChERS was 

used had higher values of these parameters, in the magnitude of µg.g-1, compared to the ng.g-

1 values of the best options described. As such, ideal LODs and LOQs for this work should also 

be in the ng.g-1 magnitude.  
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Table 6 - Summary of methodologies found in literature 

Matrix Compounds 
Extraction 

Method 
Analysis Method % Recovery 

LOD 
(ng/g) 

LOQ 
(ng/g) 

Concentration 
(µ/g d.w.) 

References 

Carrot roots (peel – core 
– total root) 

HHCB; AHTN 

QuEChERS 
(Ethyl 

acetate/acetone 
(1:1); Supelclean 
ENVI-Carb; PSA) 

GC-MS 102; 97 d. n. s. 0.02 µg/g d.w. 

HHCB: 4.35 – 0.22 – 
0.86 

AHTN: 13.41 – 0.30 
– 2.32 

Macherius et al. 
2012 

Carrot leaves HHCB; AHTN 

QuEChERS 
(Ethyl 

acetate/acetone 
(1:1); Supelclean 
ENVI-Carb; PSA 

GC-MS d. n. s. d. n. s. d. n. s. 
0.74 
0.82 

Macherius et al. 
2012 

Barley HHCB; AHTN 

QuEChERS 
(Ethyl 

acetate/acetone 
(1:1); Supelclean 
ENVI-Carb; PSA 

GC-MS d. n. s. d. n. s. d. n. s. 
0.81 
6.90 

Macherius et al. 
2012 

Meadow fescue HHCB; AHTN 

QuEChERS 
(Ethyl 

acetate/acetone 
(1:1); Supelclean 
ENVI-Carb; PSA 

GC-MS 63; 65 d. n. s. 
0.02 µg/g d.w.; 
0.02 µg/g d.w. 

1.77 
12.66 

Macherius et al. 
2012 

Lettuce AHTN 
Pressurized fluid 

extraction 
GC-MS/MS 106 0.001 µg/kg f.w. 4 µg/kg f.w. d. n. s. 

Renault et al. 
2012 

Lettuce AHTN 

MSPD (Florisil) + 
PFE (Acetone: 

Hex (1:1), Ethyl 
acetate-hexane 
(2:1 and 1:1)) 

GC-EI-MS 
92 
 

18.2 µg/kg 
 

27.4 µg/kg 
 

n. d. 
 

Calderón-
Preciado et al. 

2009 

Carrot 
MK; MA; ATII; AHTN; 
HHCB; AHMI; DPMI; 

ADBI 

SBSE-TD 
(PDMS, H2O: 
MetOH (4:1)) 

GC-MS 
78; 82; 80; 104; 
82; 84; 84; 79 

0.01; 0.02; 0.01; 
0.6; 0.1; 0.04; 

0.8; 0.01 
d. n. s. 

n. d.; n. d.; n. d.; 
n. d.; n. d.; n. d.; 
n. d.; 0.04 ng/g 

Ziarrusta 2015 

Lettuce 
MK; MA; ATII; AHTN; 
HHCB; AHMI; DPMI; 

ADBI 

SBSE-TD 
(PDMS, H2O: 
MetOH (4:1)) 

GC-MS 
103; 79; 103; 85; 
81; 121; 97; 81 

0.02; 0.01; 0.04; 
0.3; 0.1; 0.02; 

0.8; 0.03 
d. n. s. 

0.03 ng/g; n. d.; 
0.4 ng/g; 0.4 ng/g; 
n. d.; n. d.; n. d.; 

n. d. 

Ziarrusta 2015 

Pepper 
MK; MA; ATII; AHTN; 
HHCB; AHMI; DPMI; 

ADBI 

SBSE-TD 
(PDMS, H2O: 
MetOH (4:1)) 

GC-MS 
102; 117; 80; 80; 
82; 101; 110; 77 

0.01; 0.01; 0.01; 
0.3; 0.1; 0.01; 

0.7; 0.01 
d. n. s. 

n. d.; 0.07 ng/g; 
3.7 ng/g; n. d.; n. 
d.; n. d.; n. d.; n. 

d. 

Ziarrusta 2015 

Carrot (root peel) AHTN; HHCB 
SBSE-TD 

(PDMS, H2O: 
MetOH (4:1)) 

GC-MS 104; 82 1.5; 1.2; 2.0 d. n. s. 
18, 23, 868, 1180 

ng/g; 27, 33, 1026, 
1617 ng/g 

Ziarrusta 2015 

Carrot (root core) AHTN; HHCB 
SBSE-TD 
(PDMS, 

H2O:MetOH (4:1)) 
GC-MS 104; 82 1.5; 1.2; 2.0 d. n. s. 

8, 12, 18, 36 ng/g; 
7, 14, 26, 43 ng/g 

Ziarrusta 2015 
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Matrix Compounds 
Extraction 

Method 
Analysis Method % Recovery 

LOD 
(ng/g) 

LOQ 
(ng/g) 

Concentration 
(µ/g d.w.) 

References 

Carrot (leaves) AHTN; HHCB 
SBSE-TD 

(PDMS, H2O: 
MetOH (4:1)) 

GC-MS 104; 82 1.5; 1.2; 2.0 d. n. s. 
n. d., n. d., 25, 51 
ng/g; n. d., n. d., 

34, 68 ng/g 
Ziarrusta 2015 

Wheat AHTN 
Soxhlet with DCM 
& n-hexane (3:1) 

GC-MS 65.0 – 85.4 d. n. s. d. n. s. Variable Zhou et al. 2010 

Carrot 
MK; MA; ATII; AHTN; 
HHCB; AHMI; DPMI; 

ADBI 

SBSE-TD 
(PDMS, H2O: 
MetOH (4:1)) 

GC-MS 

Approx. 100; 90 – 
100; 100 – 120; 100 
– 120; 90 – 100; 70 

– 80; 110 – 120; 
Approx. 100 

0.01; 0.02; 0.01; 
0.6; 0.1; 0.04; 

0.8; 0.01 
d. n. s. 

b. MDL; b. MDL; b. 
MDL; b. MDL; b. 
MDL; b. MDL; b. 
MDL; 0.04 ng/g 

Iparraguirre et 
al. 2014 

Lettuce 
MK; MA; ATII; AHTN; 
HHCB; AHMI; DPMI; 

ADBI 

SBSE-TD 
(PDMS, H2O: 
MetOH (4:1)) 

GC-MS 

100 – 120; 100 – 
120; Approx. 100; 

100 – 110; 80 – 
100; 90 – 100; 80 – 

100; 80 – 100 

0.02; 0.01; 0.04; 
0.3; 0.1; 0.02; 

0.8; 0.03 
d. n. s. 

0.03 ng/g; b. MDL; 
0.4 ng/g; 0.4 ng/g; 
b. MDL; b. MDL; b. 

MDL; b. MDL 

Iparraguirre et 
al. 2014 

Pepper 
MK; MA; ATII; AHTN; 
HHCB; AHMI; DPMI; 

ADBI 

SBSE-TD 
(PDMS, H2O: 
MetOH (4:1)) 

GC-MS 

Approx. 100; 
Approx. 100; 
Approx. 80; 

Approx. 80; 80 – 
100; 90 – 100; 110 

– 120; 60 – 80 

0.01; 0.01; 0.3; 
0.1; 0.01; 0.7; 

0.01 
d. n. s. 

b. MDL; 0.07 ng/g; 
3.7 ng/g; b. MDL; b. 

MDL; b. MDL; b. 
MDL; b. MDL 

Iparraguirre et 
al. 2014 

Aloe HHCB; MX; AHTN; MK 
SPME 

(PDMS) 
GC-MS d. n. s. d. n. s. d. n. s. 

Uptake study (max 
value): 

Approx. 25 ng/g; 
Approx. 100 ng/g; 
Approx. 50 ng/g; 
Approx. 150 ng/g 

Chen et al. 2015 

Undifferentiated plant 
material 

HHCB; AHTN; DPMI; 
ADBI; AHMI; ATII; MX; 

MK 

SBSE 
(PDMS, acetone: 

hex (1:1)) 
GC-MS Above 50 2 ng/g 10 b. MDL Chase et al. 2012 

Sunflower BT; CIBT - HPLC d. n. s. 1 mg/L 2 mg/L d. n. s. 
Castro et al. 

2016 

Horseradish Oxybenzone USE + SPE LC-MS d. n. s. d. n. s. d. n. s. b. MDL Chen et al. 2016 

Undifferentiated 
Plant material 

Benzotriazoles 
USE with 

MetOH/H2O 
LC-MS/MS Approx. 100 16 ng/L d. n. s. d. MDL 

Levefre et al. 
2015 

Wheat grain; Wheat 
stalk; Corn; Corn Stalk; 

Corn cob 

UV-326; UV-327; UV-
328; UV-329; UV-P 

Pressurized liquid 
extraction 

GC-MS 
71.4; 97.0; 71.4; 

96.2; 85.5 
1.68; 0.40; 0.74; 

0.44; 0.73 
5.59; 1.34; 2.46; 

1.48; 2.43 
n. d.; n. d.; n. d.; 

n. d.; n. d. 
Lai et al. 2013 

d. n. s. – data not shown; n. d. – not detected; Variable – phytoremediation studies; b. MDL – bellow method detection limits; d. w. – dry weight; f. w. – fresh weight 
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3 Technical Description 

3.1 Reagents and materials 

In this work 12 SMs (Musk ambrette, MA; Musk ketone, MK; Musk moskene, MM; Musk 

tibetene, MT; Musk xylene, MX; Cashmeran, SPMI; celestolide, ADBI; galaxolide, HHCB; 

phantolide, AHMI; tonalide, AHTN; ethylene brassylate; Exaltolide) and 4 UVFs (2-Ethylhexyl 4-

(dimethylamino) benzoate, EDP; 3-(4’-Methylbenzylidene) camphor, 4-MBC; 2-Ethylhexyl 4-

methoxycinnamate, EMC; 2-Ethylhexyl 2-cyano-3,3-diphenylacrylate, OC) were studied. Solid 

standards of synthetic polycyclic musks cashmeran, celestolide, galaxolide, phantolide and 

tonalide were obtained from LGC Standards (Barcelona, Spain) with 99% purity, except for 

galaxolide, which contains approx. 25% of diethyl phthalate. Musk tibetene and musk moskene 

were also purchased as 10 mg.L-1 solution from the same company. Musk ambrette and musk 

ketone were obtained as solid standards from Dr. Ehrenstorfer (Augsburg, Germany) with 99 

and 98% purity, respectively. Musk xylene was obtained from Sigma-Aldrich (St. Louis, MO, USA) 

as 100 mg.L-1 solution in ACN and with ≥95% purity. Exaltolide and ethylene brassylate were 

also purchased from Sigma-Aldrich with ≥99% and ≥95% purity, respectively. Solid standard of 

4-MBC was obtained from Alfa Aesar, with a purity of 99%, but also an EDP solution with 99% 

purity. EMC and OC solutions were purchased fom Sigma-Aldrich in 98% and 97% purity, 

respectively. Surrogate standards musk xylene-d15 and tonalide-d3 were purchased from Dr. 

Ehrenstorfer (Augsburg, Germany) as 100 mg.L-1 solutions in acetone and iso-octane, 

respectively. Solid anthracene-d10 was purchased fom Supelco (Bellefonte, PA, EUA) in 

analytical standard grade. Lastly, solid state 4-MBC-d4 was purchased from CDN Isotopes (Poite-

Claire, QC, Canadá) with 99% purity. 

Solvents used include HPLC grade acetonitrile (ACN), technical acetone, pesticide 

residue analysis dichloromethane (DCM) and n-hexane (Hex) from VWR chemicals (Fontenay-

sous-Bois, France). Sodium acetate (anhydrous) and magnesium sulphate was obtained from 

Merck Millipore (Darmstadt, Germany), PSA and C-18 bonded silica from Supelco (Bellefonte, 

PA, EUA). 

3.2 Standards preparation 

For each polycyclic musk, individual stock solution were prepared in cyclohexane at 13.3 

g.L-1. Individual stock solutions of exaltolide and ethylene brassylate were prepared at 10 g.L-1 

in cyclohexane. Musk ambrette and musk ketone were prepared at 6.7 g.L-1 each, also in 

cyclohexane. A 10 mg.L-1 intermediate stock solution containing all polycyclic and macrocyclic 

musks, and musk ambrette and ketone was prepared by diluting appropriate amounts in ACN. 
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The final mixed stock solution at 6 mg.L-1 was prepared by first evaporating an appropriate 

amount of musk tibetene and moskene solutions under a gentle stream of nitrogen. This step 

was followed by the addition of the necessary amounts of the former stock solution and of the 

musk xylene standard and makeup with ACN. A mixed solution of surrogate standards musk 

xylene-d15 and tonalide-d3 was prepared at 10 mg.L-1. For UVFs, a mixed solution at 10 mg.L-1 

was prepared in ACN by mixing appropriate volumes of EDP, 4-MBC, EMC and OC solutions, at 

1, 1, 5 and 5 g.L-1, respectively. The internal standard solution was prepared with 4-MBC-d4 at 

6.7 g.L-1, followed by appropriate dilutions with ACN for a concentration of 1 mg.L-1. With these 

solutions, others were prepared by adequate mixtures, as follows. For the spike standard, a 

0.75 mg.L-1 solution was prepared by mixing the 6 mg.L-1 musk mixture, the 10 mg.L-1 UVF 

mixture, the 10 mg.L-1 IS musk mixture and the 100 mg.L-1 4-MBC-d4 solution, in appropriate 

volumes. For the IS solution, a mixture of the IS musk mixture and the 4-MBC-d4 solution was 

made, at 0.5 mg.L-1, by mixing appropriate volumes of the solutions. Finally, an injection 

standard was prepared at 0.25 mg.L-1 by diluting a solution of anthracene-d10 at 100 mg.L-1. 

ACN was the solvent used to prepare these solutions, by adding appropriate values for each 

solution to prepare. All solutions were stored and preserved at -20 oC, protected from light. 

3.3 Samples 

The plant samples (Carpobrotus edulis) were collected from multiple sites, listed on 

Table 7. The plant leaves were harvested with gloves, kept in a zip-tight bag with as much air 

removed as possible and stored in the freezer at -22o C.  

Table 7 – Coordinates and dates of the sampling sites 

Site Latitude Longitude Date 

Francelos 41°04’41’’ N -8°39’21’’ W 13-03-16 

Funtão 41°15’29’’ N -8°43’24’’ W 12-03-16 

Paraíso 41°13’25’’ N -8°42’58’’ W 12-03-16 

Salinas 41°13’05’’ N -8°42’52’’ W 12-03-16 

Madalena Norte 41°06’06’’ N -8°39’39’’ W 13-03-16 

Valadares Norte 41°05’36’’ N -8°39’28’’ W 13-03-16 

3.4 Sample Extraction 

The method for extraction and clean-up used for this work was based on the work 

published by Homem et al. (2013). The overall process can be found in the Figure 9, and some 

pictures of the procedure are presented in Annex 1. As the objective of this study was to 

optimize the extraction method, some modifications were made from the original procedure, 

but these are detailed on the next chapter. It should be mentioned, however, that there are 

two distinct mixtures of QuEChERS to be added, with the QuEChERS 1 mix being composed of 

magnesium sulphate and sodium acetate and the QuEChERS 2 mix of magnesium sulphate, PSA 

and C-18 bonded silica. In the described method, sodium acetate is not included, as previous 

experiments led to its removal. MgSO4 is an excicant agent, used for the removal of water and 
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for better partitioning of the target analytes to the solvent. The sodium acetate that is present 

in the original procedure, has a relatively weak buffer activity, that may avoid degradation of 

analytes, but it also increases the polarity of the aqueous phase. Finally, PSA and C-18 are 

sorbent agents, as mentioned in previous sections, that will remove polar and non-polar 

interferents, respectively. 

The optimized method consists of, firstly, weighting 2.5 g of sample to a falcon tube, 

followed by addition of 10 mL of solvent (DCM: Hex (1:1)). After the addition of internal 

standards and spike solutions, the falcon tube is placed in an ultrasonic bath for 5 min. The 

contents of the QuEChERS 1 mixture (4 g MgSO4) were the added to the falcon tube, with 

subsequent agitation on the vortex device for 2 min. After agitation, the falcon tube was placed 

for 10 min in the centrifuge at 2670 g (4000 rpm), followed by transfer of the supernatant to 

the falcon tube where the QuEChERS 2 mixture (0.9 g MgSO4, 250 mg PSA and 50 mg C-18) was 

prepared. This falcon tube was also agitated on the vortex for 2 min, and placed in the 

centrifuge for 10 min at 2670 g (4000 rpm). The supernatant from this centrifugation was 

filtered through a 0.22 µm PTFE filter to an amber glass vial of approx. 15 mL and it was then 

placed under a stream of N2 for evaporation until a volume of 0.5 mL. The resulting volume was 

transferred with solvent washings to a 1.5 mL vial. This vial was placed under a stream of N2, 

until near dryness. After this second evaporation, 150 µL of an injection standard of anthracene-

d10 on ACN is added, the vial is briefly agitated on the vortex, and then its contents are 

transferred to another vial with insert, to be followed by GC-MS analysis. 

 2.5 g of sample 
10 mL solvent 

Addition of spike/IS 

Ultrasonic bath 

5 min 

QuEChERS 1: 
4 g MgSO4 

Vortex 2 min 

Centrifugation 
4000 rpm, 10 min 

2665 G 

QuEChERS 2: 
900 mg MgSO4, 250 mg 

PSA, 50 mg C18 

Vortex 2 min 

Centrifugation 
4000 rpm, 10 min 

2665 G 

Transfer of 
supernatant with 

filtration (0.22 µm 
filters) to glass vials 

Evaporation under N2 

(0.5 mL final volume) 

Transfer with 
washings of solvent to 

NQ89 type vials 
(1.5 mL final volume) 

Evaporation under N2 

until near dryness 

Transfer with 
washings of injection 

standard to NQ89 type 
vial with insert 

Storage at -22o C until 

GC-MS analysis 

Figure 9 - Diagram of the experimental procedure 
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3.5 Instrumental analysis 

The instrumental analysis was performed using an EI Ion Trap GC-MS system, with a CP-

Sil 8 CB column (50 m × 0.25 mm, 0.12 µm). The MS was operated in the electron ionization 

mode. The carrier gas employed for separation was helium with a purity of 99.999%, at a 

constant column flow of 1.0 mL/min. Oven temperature program was as follows: 60 °C (1 min) 

to 150 °C at 6 °C min-1 (10 min), 225 °C at 6 °C min-1, 300 °C at 20 °C min-1 (2.50 min). Manifold 

temperature was set to 50 °C and ion trap, injector and transfer line temperatures set to 250 

°C. Lastly, the injection volume was 1 µL, filament emission current 50 µA. For quantitative 

analysis of the target compounds, selected ion storage (SIS) mode was applied. Table 8 shows 

the retention times and the quantifier and qualifier ions used for the SIS detection. Some 

chromatograms are presented in Annex 2. 

Table 8 - Quantification and qualifier ions of each individual compound studied in the GC-MS and respective retention times 

Compound Retention time (min) Quantifier ion (m/z) Qualifier ion (m/z) 

Cashmeran (DPMI) 13.585 191 135, 163, 206 

Celestolide (ADBI) 20.808 229 173, 244 

Phantolide (AHMI) 22.260 229 187 

Anthracene-d10 23.011 188 160 

Exaltolide 24.618 69, 95 67, 81 

Musk ambrette (MA) 24.819 253 91, 77 

Musk xylene-d15 25.344 294 122, 154 

Galaxolide (HHCB) 25.458 243 131, 213 

Musk xylene (MX) 25.862 282 115, 128 

Musk tonalide-d3 25.943 246 160 

Tonalide (AHTN) 26.046 243 159 

Musk moskene (MM) 26.900 263 115, 128 

Musk tibetene (MT) 29.028 251 115, 128 

Musk ketone (MK) 30.405 279 128, 160 

Ethylene brassylate 31.071 227, 125 83, 98 

4-MBC-d4 31.833 258 132, 159, 215 

4-MBC 31.929 254 128, 169, 211 

EDP 34.679 165 148 

EMC 35.113 178 161 

OC 37.605 360 204, 232, 248 

3.6 Water and lipid content of Carpobrotus edulis 

Tests regarding the water and lipid content of C. edulis were conducted. These are 

important for knowing more about the plant and its matrix. The water content was determined 

by weighting approx. 2.5 g of plant nd placing it in an oven at 80 oC, until a constant mass was 

obtained. Lipid content was determined by extracting dried samples with Hex: Acetone (1:1) 

in the ultrasonic bath for two periods of 30 min. These trials were conducted by the colleague 

Hugo Ribeiro, where other plants were also studied. The results for C. edulis were 91.4% of 

water content, making it the plant studied with the highest water content, and 3.1% lipid 

content, which is near the average values.   
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3.7 Quality control 

SMs and UVFs are present in many CCP and, as such, it is very important to take specific 

precautions in order to avoid contamination during the extractions. To this point, the usage of 

detergents in the laboratory and cosmetics of personal use were avoided by all the users of the 

laboratory during the time-period of the experimental work. The laboratory material that was 

used was always previously clean by washing with tap water, followed by technical acetone 

rinsing and lastly with destilate water. Plastic and scaled glass material would be left to dry in 

the oven at around 50 oC. Non scaled glass material was placed in the oven at 400 oC for 1 hour, 

usually overnight. Procedural blanks were analysed in every set of experiments. The compounds 

that had trace values in the blanks had that value removed to their concentration 

measurements. 

3.8 Waste management 

Waste generated during the course of this work included both solid and liquid waste. 

Liquid waste solutions were mixtures of ACN with acetone, and DCM with Hex, which were kept 

individually in glass bottles. Solid wastes were the residues left by both of the QuEChERS 

mixtures, namely MgSO4, sodium acetate in some cases, PSA and C-18, as well as the solid 

sample that’s left in the falcons together with the first mixture. These were accumulated in a 

plastic container. When the recipients wereat full capacity, they were stored for further 

treatment by the Environmental Management System of FEUP – EcoFEUP.
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4 Results and Discussion 

In order to evaluate the main factors affecting the efficiency of the QuEChERS method 

and to determine the optimum experimental conditions, the work performed can be divided in 

two sections: initially, a pre-screening of conditions was conducted where some important 

conditions were varied (different solvents, different QuEChERS mixtures) in an attempt to 

reduce future workloads; the analysis of these results led to an improved method in regards to 

recovery percentages, and these conditions were followed by a DOE procedure, using JMP v12 

statistical software to generate the experimental matrix and to evaluate the results. The 

variation of the conditions will allow the gathering of data for optimization of the experimental 

procedure. The optimized method was appropriately validated and used for real sample 

analysis. These sections’ results will be discussed in this chapter. 

4.1 Pre-screening of experimental conditions 

Experimental design is a powerful tool to develop optimum experimental conditions but 

it can lead to very intense workloads and, as such, the conditions to vary must be carefully 

chosen. In this pre-screening, carefully thought conditions were varied such as the mass of 

magnesium sulphate in the QuEChERS 1 mix, the effect of sodium acetate in the overall process 

and the most adequate solvent to be used. The first tests were regarding solvent choice for 

extraction. ACN, Acetone, DCM, DCM: Hex (1:1), (2:1) and (1:2) were the choices for these tests 

and all except n-hexane are polar solvents, hence the addition of a non-polar solvent to a polar 

one was also tested. The mixture of DCM and n-hexane is based on information found in 

literature and previous works conducted, where the mixture of a polar solvent with a non-polar 

solvent would lead to more suitable partition coefficients for extraction; ACN and n-hexane 

could also be a possibility because ACN is one of the first considered solvent options for this 

methodology, but it is immiscible with n-hexane and thus this mixture cannot be used. 

Regarding the amount of MgSO4 used, 4 g and 8 g were tested in comparison to the initial 6 g; 

although C. edulis is a very watery plant, the sample preparation led to considerable amounts 

of water loss from de-frosting and cutting the relatively dry plant and so less amounts of MgSO4 

could be necessary, however superior amounts were also tested because previous trials 

revealed big amounts of time spent in the evaporation step, that could be attributed to residual 

water in the extracts. Lastly, the effect of sodium acetate was tested with respect to the values 

obtained for recoveries, by adding a small volume of acetic acid to the solvent. These conditions 

are summarized in Annex 3. 

The first conditions to be tested was the solvent choice for extraction. Figure 10 shows 

the recoveries obtained for ACN, DCM, DCM: Hex (1:1), DCM: Hex (1:2) and DMC: Hex (2:1). The 
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data regarding the acetone trials is not shown, because they were very different from the 

others, with matrix effect being present in almost all compounds. This may be due to acetone 

being a very universal solvent and, as such, more interferents are transferred to the organic 

phase, leading to downstream extraction problems. A strong indication that this happened, is 

that acetone extracts were much more green coloured than the others, which leads to thinking 

that more substances were co-extracted. No information is shown regarding cashmeran, 

tonalide and exaltolide since the recoveries of these compounds had un-qualified results. By 

observing Figure 10, it is clear that many compounds suffered matrix effect, making the analysis 

more difficult. This analysis revealed that DCM: Hex (1:1), ACN and DCM were the most viable 

options, and were further studied. This is because many of the recovery values were in the 

acceptable range, and because the values for % RSD of ACN and DCM: Hex (1:1) were of the 

lowest. The values were relatively worse for DCM, compared to the other two, but improved 

results with future conditions was considered a possible outcome. Table 9 summarizes the 

average recoveries and % RSDs for these trials. Although the average % RSD is lower for ACN and 

DCM: Hex (2:1) trials, they were not good choices since the recoveries were much more 

variable, leading to false positive results, due to the statistical analysis for the average 

recovery. 

Table 9  - Average recoveries and % RSDs for the trials regarding solvent choice 

Extraction solvent Average recovery (%) Average % RSD 

ACN 88 10 

DCM 74 21 

DCM: Hex (1:1) 104 12 

DCM: Hex (1:2) 64 18 

DCM: Hex (2:1) 105 7 

Conditions: Q1 Mix 6 g MgSO4, 1.5 g sodium acetate; Q2 mix 900 mg MgSO4, 300 mg PSA, 150 mg C-18; 10 
mL solvent volume; 15 min of USE 
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Figure 10 - Comparison of recoveries and % RSDs values for different solvents 

Nonetheless, after conducting the previous solvent screening, three solvents were 

chosen to be further tested, as mentioned. These were ACN, DCM and DCM:Hex (1:1) and, in 

this step, the mass of MgSO4 was varied to 4 g and 8 g, to determine if the amount is sufficient 

for the removal of water, of if it is in superior quantities than necessary, and what the effect 

would be. Figure 11 shows the percentage of recovery obtained for the these trials, comparing 

the results for experiments conducted with 4, 6 and 8 g of MgSO4. 
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Figure 11- Percentages of recovery for: (A) effect of MgSO4 on DCM:Hex (1:1), (B) effect of MgSO4 on ACN and (C) effect of 
MgSO4 on DCM 

The analysis of these values revealed that the matrix effect can have a high impact on 

the final results; this effect is very common when dealing with biological samples, since is is a 

very complex matrix, and leads to an increase or suppresion of the signal in the instrumental 

analysis. As such, HHCB isn’t present on Figure 11C, since the results were significanlty outside 

the acceptable range. Figure 11A, shows the recoveries for the trials with DCM:Hex (1:1), where 

the recovery values for 4g of MgSO4 in the QuEChERS 1 mixture were the ones more consistently 

close to the desired values, with low % RSDs compared to the other trials. At this point, DCM:Hex 

(1:1) was chosen as the extraction solvent to be used, in combination with the alteration of 6 

to 4 g og MgSO4 in the QuEChERS 1 mixture. This choice was followed by a final trial of the pre-

screening section, where the effect of sodium acetate was studied. Figure 12 shows the 

recoveries and the % RSDs for this trial. 

 

Figure 12 - Effect of sodium acetate on DCM:Hex (1:1) 
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In summary, these trials led to multiple changes relatively to the original procedure: 

decrease of magnesium sulphate mass from 6 g to 4 g, removal of sodium acetate from the 

mixture and usage of DCM: Hex (1:1) as a solvent. Regarding the mass of MgSO4, the results 

revealed that the lower mass yielded similar results regarding recovery values and so the 

decision was simple. Sodium acetate was removed since conducted trials with the chosen 

solvent revealed a decrease in recovery values, as can be seen on Figure 12; this is interesting 

because salts such as sodium acetate (or NaCl, also used with the QuEChERS method (Saraiva 

et al., 2016)) are added to the Q1 mixture in order to saturate the aqueous phase, thus 

increasing the polarity of water and increasing, ideally, the mass transfer of the target 

compounds to the extraction solvent. This might not occur when the MgSO4 is capable of 

removing all the water and all the compounds in the extract are transferred to the organic 

phase, leading to possible downstream issues. DCM: Hex (1:1) presented itself with many 

advantages regarding other options: besides presenting acceptable recovery values (70-120%) 

in different values of MgSO4 and sodium acetate masses, it also presented practical advantages 

such as lower drying times (acetonitrile was around 2 hours for 10 mL in contrast to around 30-

45 min for DCM: Hex (1:1)). Although not important, it was observed that in DCM: Hex (2:1) 

trials, the solid plant sample would float instead of accumulating in the bottom of the falcon 

tube after the first centrifugation. 

The resulting conditions were the usage of 10 mL of DCM: Hex (1:1) as the extraction 

solvent, an extraction time of 15 min, a QuEChERS 1 mixture of only 4 g of MgSO4 and a 

QuEChERS 2 mixture of 900 mg of MgSO4, 300 mg of PSA and 150 mg of C-18. After these were 

set, an optimization procedure was employed, studying the effect of different conditions with 

a multiple variable approach of DOE. The chosen conditions were extraction time, solvent 

volume used for extraction and the mass of PSA and C-18 to be used in the QuEChERS 2 mixture, 

as will be discussed in the next section. 

4.2 Experimental Design 

The experimental design procedure was produced with the JMP v12 software, where 

time of extraction, solvent volume and C-18 and PSA masses as the variables to be varied. A 

CCD was chosen for the optimization process and a total of twenty-seven experiments were 

conducted, including three that were performed in the centre of the cubic domain (level 0). 

Experimental range and levels of process variables for the CCD were calculated according to 

the A factor, in this case +/- 1.483. These are the more distant points of the cubic design, 

followed by the +/-1 levels and finally the central points. As can be seen on Table 11, the four 

variables will generate a set of combinations to be tested. These were displayed by the software 

in four character codes, for example 0000 for central points, and AAAA for the correspondent 

column in Table 10. The conditions set in each experiment are listed on Annex 4. 
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Table 10- Experimental range and levels of process variables for the CCD 

Factors 
Coded levels 

-1.483 (a) -1 0 1 1.483 (A) 

X1 – Extraction time 0 5 15 20 25 

X2 – Solvent volume 5 10 15 20 25 

X3 – PSA mass 0 50 150 250 300 

X4 – C-18 mass 0 50 150 250 300 

With the information of these trials, response surface methodology can be used to 

establish a mathematical relationship between the dependant and independent variables. This, 

however, was un-successful as the experimental data could not be fitted to a second-order 

polynomial equation and, as such, no model was obtained. Nonetheless, the procedure will be 

described and, since the analysis of the data yielded a set of conditions that had acceptable 

recovery results for all compounds, this set of conditions will be used and referred to as the 

optimized process. As mentioned, the goal was to obtain a second-order polynomial equation 

and its coefficients for each of the target analytes, calculated by a least-square regression 

analysis. This equation would then be compared to the experimental response in a parity plot, 

as can be seen on Figure 13. This is the parity plot of celestolide, but serves only as an example, 

and is one of the few equations that were able to fit the model, and has the highest R2, that is 

a measure of how much the equation fits the experimental response. There is a parity plot for 

each equation, and therefore each compound, that will not be presented as they had no 

meaning. These equations, however, are of the format seen on equation 1 of the experimental 

design section, where xi corresponds to each of the factors present on Table 10. 

  This software employs the ANOVA test to calculate the model suitability and, as such, 

each equation also has a F-ratio, F-probability and lack of fit probability. F-probability 

translates if the variations of the experimental response should be associated with the model 

(F-probability < 0.05) or the experimental error, and the lack of fit probability is a measure 

used for comparing which models are more accurately fitted, where for an adequate fitting the 

Figure 13 - Parity plot of celestolide, where R2 is 0.81 
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value must be superior to 0.05. Regarding the process factors that were varied, and the possible 

significant interactions, these are identified by the Student’s t-test. In this case, if the 

probability of |t| is less than 0.05, a variable is considered very significant and if it is between 

0.05 and 0.10, it is considered relatively significant, at a 95% confidence level. 

It is also possible to visualize the 3D response surface for each compound and the 2D 

contour plots. As with the parity plot, these plots of some SMs are presented as an example in 

Figure 14. This kind of graphical representations allow for a better understanding of the effect 

of the variables on the response and, when the number of responses is small, they can be 

enough to determine the optimal conditions. In many cases, tough, the number of responses 

makes it very complex to determine these conditions and, as such, a desirability function must 

be used in the software. The desirability function is set in the software to enable the production 

of a mathematical model with the desired responses. In this case, it would be to obtain a 

percentage of recovery of 100%, and would include an acceptable range between 80 to 120%. 

 

Figure 14 - Contour plots of the studied compounds of the PSA and C-18 masses on the left; 3D response surfaces for cashmeran, 
phantolide, celestolide and exaltolide on the right 

The conditions that had the best results corresponded to experiment no. 4 in the DOE 

table, and are presented in Table 11. These, as mentioned, were not optimized by DOE, since 

no prediction model was obtained. Despite this, the comparison of the data led to believe that 

this set was the most adequate and, as such, the method was validated and used for real sample 

analysis, as will be discussed in the next sections. 

Table 11 - Resulting conditions of the attempted DOE optimization 

Solvent 
Volume 

Extraction time QuEChERS 1 mixture QuEChERS 2 mixture 

DCM: Hex (1:1) 
10 mL 

5 min 4 g MgSO4 
900 mg MgSO4 
250 mg PSA 
50 mg C-18 
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4.3 Method validation 

Under the selected conditions, the method was evaluated in terms of linear range, 

correlation coefficient, limit of detection (LOD) and quantification (LOQ), precision and 

accuracy. Linearity was tested by the direct injection of standard solutions ranging from 10 to 

1000 µg.L-1. The limits of detection were calculated based on the signal to noise ratio of 3:1 

for LODs and 10:1 for LOQs. Precision was evaluated by the repeatability of extracts, by 

employing the extraction procedure on four (n=4) different samples, for each level of spike. 

These levels were 150 µL of 250, 500 and 750 µg.L-1 solutions, which is equivalent to 15, 30 and 

45 ng.g-1, respectively. Table 12 summarizes linearity results, method limits and precision 

values of the compounds studied.  

Table 12 - Linearity results, detection and quantification limits and precision (% RSD) for each SM and UVF compounds studied 

Compound 
Linearity 

range 
(µg.L-1) 

R2 
LOD 

(µg.L-1) 
LOQ 

(µg.L-1) 
LOD 

(ng.g-1) 
LOQ 

(ng.g-1) 

% RSD (n=4) 

15 
ng.g-1 

30 
ng.g-1 

45 
ng.g-1 

Cashmeran 250 - 1000 0.996 0.25 0.83 0.01 0.05 3.31 3.30 5.70 

Celestolide 10 - 1000 0.995 0.34 1.12 0.02 0.07 4.48 0.80 2.44 

Phantolide 10 - 1000 0.993 0.56 1.85 0.03 0.11 2.25 0.49 1.87 

Exaltolide 10 - 1000 0.994 6.00 20.00 0.36 1.20 5.12 2.93 4.61 

Musk 
ambrette 

250 - 1000 0.989 0.88 2.94 0.05 0.18 6.12 10.12 7.16 

Galaxolide 10 - 1000 0.996 3.33 11.11 0.20 0.67 3.07 3.22 7.70 

Musk 
xylene 

10 - 1000 0.992 2.50 8.33 0.15 0.50 0.30 8.45 3.55 

Tonalide 10 - 1000 0.996 0.34 1.14 0.02 0.07 4.36 3.72 1.32 

Musk 
moskene 

10 - 1000 0.992 6.00 20.00 0.36 1.20 5.42 2.08 4.69 

Musk 
tibetene 

10 - 1000 0.993 5.00 16.67 0.30 1.00 4.51 4.52 4.78 

Musk 
ketone 

50 - 1000 0.986 0.88 2.94 0.05 0.18 10.27 6.40 4.13 

Ethylene 
Brassylate 

10 - 1000 0.996 0.07 0.24 0.00 0.01 6.59 5.15 2.23 

4-MBC 10 - 1000 0.998 1.15 3.85 0.07 0.23 4.24 5.56 3.19 

EDP 10 - 1000 0.995 1.07 3.57 0.06 0.21 3.79 6.78 3.30 

EMC 10 - 1000 0.999 7.50 25.00 0.45 1.50 5.58 3.48 3.42 

OC 10 - 1000 0.999 2.14 7.14 0.13 0.43 5.41 6.97 5.37 

 By analysing the calibration curves and its parameters for validation, it’s noticeable that 

the most commonly un-fulfilled parameter is b-sb<0<b+sb, namely for all except cashmeran, 

musk moskene and musk tibetene. This occurs many times when dealing with low 

concentrations, since the experimental error will be more problematic. Nonetheless, all other 

parameters were generally fulfilled. Some R values were not superior to 0.995, namely with 

musk ambrette and musk ketone, but they are very close to this value. As such, and by looking 

at the calibration curves present in Annex 5, all compounds showed a linear behaviour. 

Recoveries were calculated with the internal standard methodology, by correlating with the 

response factor (RF=Acompound/Ainternal standard), where musk xylene-d15 was used as the internal 

standard for nitro musks, tonalide-d3 for polycyclic and macrocyclic musks, and 4-MBC-d4 for 

UVFs. Except for musk ketone, all calibration curves had relative standard deviation of the 
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slope (sa/a) bellow 5%. As such, only the calibration curve for musk ketone did not fulfil any of 

these three parameters. The results for these parameters can be found in Annex 5. 

 The method LODs ranged from 0.25 to 3.33 µg.L-1, for polycyclic musks, from 0.88 to 

6.00 µg.L-1, for nitro musks, from 0.07 to 6 µg.L-1 for macrocyclic musks, and from 1.07 to 7.50 

µg.L-1, for UVFs. These LODs are equivalent to ranges from 0.01 to 0.20 ng.g-1, for polycyclic 

musks, from 0.05 to 0.36 ng.g-1, for nitro musks, from 4.25x10-3 to 0.36 ng-g-1, for macrocyclic 

musks, and from 0.06 to 0.45 ng.g-1. Ethylene brassylate had the lowest LOD and LOQ of all 

compounds, while EMC had the highest of all. Comparing to the values of Macherius et al. 

(2012), where QuEChERS and GC-MS were also used, the LODs and the LOQs obtained in this 

work are at least 102 lower for SMs. In comparison to the other methods, the LODs are also in 

the same range. For UVFs, there is no published work where the QuEChERS was used. 

Nonetheless, the present method’ LODs and LOQs are consistently similar or lower when 

compared to the methods previously mentioned. This may translate to an adequate suitability 

of this method for detecting these compounds in plant matrices with the QuEChERS 

methodology.  

 For evaluating the precision and accuracy of the method, repeatability trials were 

conducted. In these trials, precision was evaluated by the analysis of the % RSD of the spiked 

extracts, while the accuracy by the analysis of the recoveries. Trials conducted, as mentioned 

previously, were done by spiking four different samples (n=4) with the same volume of each 

level of spike, 15, 30 and 45 ng.g-1. The analysis is done by comparing the results for the average 

recovery and % RSD values. The % RSD values are present in Table 12 and, as can be seen, are 

generally lower than 10%. This is a satisfactory level of precision, especially with the issue of 

the matrix effect. The highest % RSDs were verified in musk ketone (10.27%) at 15 ng.g-1, and 

musk ambrette (10.12%) at 30 ng.g-1. It was expected that the % RSD would increase in higher 

levels of spike, but no pattern was observed. The values of the recoveries for each compound 

at different levels of spike are presented in Table 13.  

The recoveries were between 84 and 133%, which is coherent with the values that led 

to choosing these experimental conditions. The highest value is that of 4-MBC at the 15 ng.g-1, 

133%; this value is significantly higher than the others, with the second highest being 122% 

(EDP, 45 ng.g-1). If the value for 4-MBC is excluded, all of the recoveries are in the 80-120% 

acceptable range, defined by EPA for water matrix analysis (US EPA, 2013). With an average 

value of 104% recovery, the accuracy of the method is then considered acceptable. In 

comparison to other methods previously reported, these values for recoveries are mostly 

similar, averaging around 100%. Since this set of conditions yielded acceptable recovery values 

for all compounds, it is then considered suited for this type of analysis. 
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Table 13  - Recoveries of SMs and UVFs at different levels of spike 

Compound 
% of recovery 

15 ng.g-1 30 ng.g-1 45 ng.g-1 

Cashmeran 107 106 105 

Celestolide 93 85 94 

Phantolide 98 89 97 

Exaltolide 107 98 97 

Musk ambrette 105 101 98 

Galaxolide 111 100 109 

Musk xylene 106 114 105 

Tonalide 90 101 100 

Musk moskene 105 106 111 

Musk tibetene 105 107 102 

Musk ketone 113 118 100 

Ethylene Brassylate 102 96 105 

4-MBC 133 110 96 

EDP 105 120 122 

EMC 103 110 84 

OC 113 108 101 

4.4 Real samples analysis 

After the method was validated, it’s applicability was tested by analysing samples from 

the previously referred sites. This will enable the monitoring of the concentrations and their 

variation over time of these compounds by using C. edulis as the bio-sampler. The 

concentrations of SMs and UVFs existing in the harvested samples were determined. The values 

are presented in Table 14. 

Table 14 – Concentration of SMs and UVFs in samples collected from various sites 

Compound 

Site concentration (ng/g d. w.) 

Dunas Mar Francelos Funtão 
Madalena 

Norte 
Paraíso Salinas 

Cashmeran n. d. n. d. n. d. b. LOD n. d. n. d. 

Celestolide n. d. n. d. 3.228 n. d. n. d. n. d. 

Phantolide n. d. n. d. 6.430 n. d. n. d. n. d. 

Exaltolide 34.836 n. d. n. d. n. d. 33.328 n. d. 

Musk 
ambrette 

n. d. n. d. n. d. n. d. n. d. n. d. 

Galaxolide 159.288 72.643 32.905 166.879 80.179 134.770 

Musk xylene n. d. n. d. n. d. n. d. n. d. n. d. 

Tonalide n. d. n. d. n. d. n. d. n. d. n. d. 

Musk 
moskene 

b. LOD n. d. n. d. b. LOD n. d. b. LOD 

Musk 
tibetene 

n. d. n. d. n. d. n. d. n. d. n. d. 

Musk ketone 5.751 n. d. n. d. 8.109 n. d. 10.850 

Ethylene 
Brassylate 

n. d. n. d. n. d. n. d. n. d. n. d. 

4-MBC n. d. n. d. n. d. n. d. n. d. n. d. 

EDP 274.170 1.659 1.174 2.312 3.171 32.715 

EMC n. d. n. d. n. d. n. d. 34.587 6.257 

OC 18.582 2.328 2.276 14.120 n. d. 3.141 

d. w. – dry weight; n. d. – Not detected; b. LOD – bellow limit of detection 

Regarding SMs, HHCB was the only one that was detected at all sites. As seen previously 

in Chapter 2, HHCB and AHTN are commonly found and/or are the target compounds for 

analysis. In most cases, they were found simultaneously. As such, these results are as expected 

for HHCB, since it is one of the most used SMs in the industry, and also one of the most 
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commonly detected musks in literature. This, however, was not the case with AHTN. This is 

also one of the most commonly used musks and it wasn’t detected in any of the samples that 

were analysed. Only one of the nitro musks was detected, namely MK, in very low 

concentrations compared to HHCB. MA, MM, MX and MT weren’t found in any of the samples, 

at least not in values superior to the LOD (see MM). These results regarding nitro musks are as 

expected MA, MM and MT, since these are banned from the EU, and the use of MK and MX is 

restricted. Polycyclic musks such as ADBI and AHMI were only found in one of the sites, but in 

very low concentrations, 3.228 and 6.430 ng.g-1 d. w., respectively. As with AHTN, the nitro 

musk MM and the polycyclic musk cashmeran weren’t found in any of the samples, but they 

were measured bellow the LOD. Exaltolide was detected, in more than one location, with 

similar concentrations being found in both sites (Dunar Mar and Paraíso). Since ethylene 

brassylate was not detected, exaltolide was the only macrocyclic musk detected. 

Regarding UVFs, three of the four target compounds were detected in more than one 

site. As seen on Table 4, previously, all of these UVFs are approved for use in the EU, which is 

a strong argument for their presence in the environment. Nevertheless, 4-MBC was not 

detected, which can be explained by the fact that it is the compound with the lowest limit of 

concentration in cosmetic formulations of 4%, compared to the 8%, 10% and 10% of EDP, EMC 

and OC, respectively. One of the sites where EDP was measured presented itself with a 

concentration value of 274.170 ng.g-1 d. w., which is significantly superior when compared to 

the other values that it was found. While it’s inconclusive if this value is correct or not, it may 

be a sporadic case of matrix effect, since one of the measurements has a significantly higher 

peak area than the other (data not shown). This increased measurement leads to higher than 

expected response factors, hence the increased concentration value. Apart from this, EDP was 

found in all sites, OC was found in all except one (Paraíso), and EMC was found in two (Paraíso 

e Salinas). As mentioned, this fact can be related to their higher concentration limits in 

cosmetics, compared to 4-MBC. Comparing physicochemical properties of these UVFs, 4-MBC is 

one of least soluble in water (as with EDP, their value for solubility is 0.2 mg.L-1), has the 

second lowest log Kow and vapour pressure. As such, it is difficult to understand why it was not 

detected, since no apparent reason for this is found. However, by looking at the chemical 

structure of 4-MBC, the presence of a unique structure is revealed. This structure is non-polar 

and may have some influence on the extraction, with further analysis being necessary to 

understand the lack of detection. Unfortunately, no information was found in literature to 

compare the results found regarding these UVFs, only others that were not targeted in this 

work. 

Regarding the sites, the highest total target compound concentration was found in Dunas 

Mar, with a value of 492.63 ng.g-1 d. w., and the lowest in Funtão, at 46.01 ng.g-1 d. w.. The 
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total UVF concentration found in Dunar Mar is at least 101 superior than that of other sites, 

which is due to the measured concentration of EDP, as mentioned previously. Another test 

should be conducted for further conclusions to be made, since it’s an alarming case if the 

measurement is correct. In all other cases more SMs were detected (more than 75%) than UVFs. 

This is plausible since the environmental contamination by SMs can be more broad than that of 

UVFs, since they are used in more CCPs. Table 15 summarizes this information. 

Table 15 - Total musks, UVFs and target compounds' concentrations and percentages of each group of compounds in the total 

concentration 

Site 
Total 
musks 

Total 
UVFs 

Total 
compounds 

Musks 
(%) 

UVFs 
(%) 

Polycyclic 
musks (%) 

Nitro 
musks 

(%) 

Macrocyclic 
musks (%) 

Dunar Mar 199.88 292.75 492.63 40.57 59.43 32.33 1.17 7.07 

Francelos 72.64 3.99 76.63 94.80 5.20 94.80 0.00 0.00 

Funtão 42.56 3.45 46.01 92.50 7.50 92.50 0.00 0.00 

Madalena 
Norte 

174.99 16.43 191.42 91.42 8.58 41.89 4.24 0.00 

Paraíso 113.51 37.76 151.26 75.04 24.96 53.01 0.00 22.03 

Salinas 145.62 42.11 187.73 77.57 22.43 71.79 5.78 0.00 
Values of total musks, total UVFs and total compounds presented in ng.g-1 d. w. 
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5 Conclusions 

In this study, a QuEChERS extraction method coupled to GC-MS to detect SMs and UVFs 

was developed. Although initially the goal was to use DOE for optimization of the method, this 

was not possible since the model did not adjust correctly to the experimental data. To this 

point, the influence of three factors (solvent for extraction, mass of MgSO4 in the first QuEChERS 

mixture and the effect of sodium acetate) were tested in a pre-screening of experimental 

conditions. After this step, a DOE procedure was used to determine the influence of four factors 

(time of extraction, solvent volume used and PSA and C-18 masses in the QuEChERS 2 mixture). 

Unfortunately, no correlation was achieved between the experimental data and the model. 

However, the analysis of the results of the DOE trials, under different combinations of 

conditions, led to a set of conditions with good values for the recoveries. These conditions were 

to use 10 mL of DCM: Hex (1:1) as the extraction solvent, 10 min for extraction in the ultrasonic 

bath, a mass of 250 mg of PSA and 50 mg of C-18. 

Linearity was studied in the range from 10 to 1000 µg.L-1, but some compounds had 

slightly higher bottom limits. Nonetheless, all compounds showed linear behaviour. The method 

LODs ranged from 0.25 to 3.33 µg.L-1, for polycyclic musks, from 0.88 to 6.00 µg.L-1, for nitro 

musks, from 0.07 to 6 µg.L-1 for macrocyclic musks, and from 1.07 to 7.50 µg.L-1, for UVFs. 

These LODs are equivalent to ranges from 0.01 to 0.20 ng.g-1, for polycyclic musks, from 0.05 

to 0.36 ng.g-1, for nitro musks, from 4.25x10-3 to 0.36 ng-g-1, for macrocyclic musks, and from 

0.06 to 0.45 ng.g-1. These values are similar or lower than those found in literature with other 

methodologies. 

The relative standard deviation values were generally lower than 10%, which constitutes 

satisfactory precision levels of the extraction methodology. Recoveries achieved ranged from 

84 to 133%, which are acceptable values. 

The total concentration of compounds in the samples ranged from 46.01 to 492.63 ng.g-

1 d. w., where SMs account for most of the target analytes present in the samples. HHCB was 

the most frequently detected SM, while EDP and EMC were the most frequently detected UVFs. 

The QuEChERS method was shown to be an appropriate, simple and effective extraction 

method for the detection of these compounds. This is because of inherent advantages such as 

the quickness of the method, its feasibility, robustness and lack of dangerous activities or 

conditions. It is also a cheaper method, since it requires no special types of equipment’s. 

Although not mathematically optimized, the resulting method may prove useful for monitoring 

the variation of concentration of these compounds in different parts of the world, as a 

widespread bio-sampler was chosen, namely C. edulis. 
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6 Limitations and Future Work 

Although an optimized method was achieved, one of the goals of this work was not 

fulfilled, as the DOE procedure did not lead to a mathematical model by using the chosen 

variables. This DOE procedure could have been more deep, if more variables were chosen for 

the model, but this would result in even greater workloads. As a matter of fact, time was the 

biggest limitation in the present work. While six months isn’t much time as is, the fact that the 

experimental procedure was comprised of more than three hundred extracts made it difficult 

to fulfil a complete DOE. Other variables that were not considered may be more important to 

achieve the desired model from the JMP v12 software and, as such, further investigation must 

be conducted in order to achieve this objective. 

These, however, were not the only factors conditioning time. The equipment’s of the 

laboratory are shared with other researchers, with the GC-MS equipment being the most used 

of all the required equipment. Work in the laboratory was mostly smoothly conducted, even 

though other people were using the same method and, as such, the same equipment’s such as 

the centrifuge and the N2 drying setup. 

It is expected, as future work, that the resulting method is used to analyse and 

determine the concentrations of these compounds in C. edulis samples from other national or 

international sites and asses the temporal variability of these compounds in the bio-sampler 

matrix, in regards to summer and winter variations. 
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Annex 1 Pictures of the experimental procedure 

 Over the course of the experimental work, some photographs were taken for future use. 

As space is limited, some of them are presented here in Figure A, from A1 to A6, as an example 

of some of the steps of the experimental procedure. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

A1 A2 A3 

A4 A5 

A6 

Figure A – 1 - Falcon tubes, with and without solvent; 2 – Ulstrasonic bath; 3 – Vortex step after addition of the QuEChERS 1; 

4 – Centrifuge; 5 – Filtration step after the second centrifugation; 6 – Evaporation step after filtration 
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Annex 2 Chromatograms 

 During the course of the present work, GC-MS analysis was one of the most important 

steps. The interpretation of these results is very complex and requires a focused approach for 

an effective analysis. Some chromatograms are presented in Figures B, from B1 to B3, that help 

to understand how much information has to be put together from each extract. 

 

 

 

 

Figure B1 – Chromatogram of the IS solution of 500 ppb concentration. Peaks from left to right: cashmeran, celestolide, 
phantolide, anthracene-d10, exaltolide, musk xylene d15, tonalide, musk moskene, musk tibetene, musk ketone, ethylene 

brassylate, 4-MBC, EDP, EMC and OC 

Figure B2 – Chromatogram of the 500 ppb spiked C. edulis extract. Peaks from left to right: cashmeran, celestolide, phantolide, 

anthracene-d10, exaltolide, musk ambrette, galaxolide, musk moskene, musk ketone, 4-MBC-d4, 4-MBC, EDP, EMC and OC  
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Figure B3 – Chromatogram of a non-spiked C. edulis extract. Peaks from left to right: cashmeran, celestolide, phantolide, 

anthracene-d10, exaltolide, musk ambrette, musk tonalide d3, musk moskene, musk tibetene, musk ketone, ethylene 

brassylate, 4-MBC-d4, 4-MBC, EDP, EMC and OC 
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Annex 3 Conditions of pre-screening trials 

 During the pre-screening of conditions, some factors of the procedure were varied for 

the purpose of further optimization. These conditions are presented on Table C. As can be seen, 

the Q2 mix remained constant, while the solvent choice and the Q1 mix varied. Although not 

shown, the extraction time and solvent volume also remained constant, at 10 mL and 15 min, 

respectively. 

Table C - Summary of trials ran during the study 

Trial Q1 Mix Q2 Mix Solvent used 

1 6 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
ACN 

2 6 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM: Hex (1:1) 

3 6 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM: Hex (1:2) 

4 6 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM: Hex (2:1) 

5 6 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
Acetone 

6 6 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM 

7 4 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
ACN 

8 4 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM: Hex (1:1) 

9 4 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM 

10 8 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
ACN 

11 8 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM: Hex (1:1) 

12 8 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM 

13 4 g MgSO4 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM: Hex (1:1) 

14 4 g MgSO4; 1.5 g Sodium acetate 
0.9 g MgSO4; 300 mg PSA; 

150 mg C-18 
DCM: Hex (1:1) 0.1% V/V CH3COOH 
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Annex 4 Conditions of the DOE trials 

 For the purpose of gathering experimental data, the JMP v12 software created a table 

of sets of different conditions. Table D summarizes these conditions. Each trial corresponds to 

a point in the CCD design, with a distance of +/- 1 or +/- A from the central points, at 0000. 

These central points correspond to trials 8, 22 and 4, and are the only ones that are repeated. 

The conditions that were chosen for further study were those of trial 4. 

Table D - Conditions of trials conducted for DOE 

Trial Extraction time (min) Solvent Volume (mL) PSA mass (mg) C-18 mass (mg) 

1 5 10 50 50 

2 5 20 250 250 

3 0 15 150 150 

4 5 10 250 50 

5 25 10 50 250 

6 5 20 50 250 

7 25 10 250 50 

8 15 15 150 150 

9 15 5 150 150 

10 25 20 250 250 

11 15 25 150 150 

12 30 15 150 150 

13 25 20 50 50 

14 5 20 50 50 

15 25 10 50 50 

16 15 15 300 150 

17 25 20 50 250 

18 5 10 250 250 

19 5 10 50 250 

20 15 15 0 150 

21 15 15 150 300 

22 15 15 150 150 

23 15 15 150 0 

24 15 15 150 150 

25 25 10 250 250 

26 25 20 250 50 

27 5 20 250 50 
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Annex 5 Calibration curves 

 The calibration curves elaborated for the twelve SMs and four UVFs are presented in 

Figure E, from E1 to E12 and E13 to E16, respectively. The equations and the parameter R2 are 

also present in each graph. TableFE shows the results of the validation parameters of the 

calibration curves. 

 

Figure E1 – Calibration curve of cashmeran 

 

Figure E2 – Calibration curve of celestolide 
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Figure E3 – Calibration curve of phantolide 

 

Figure E4 – Calibration curve of exaltolide 

 

Figure E5 – Calibration curve of musk ambrette 
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Figure E6 – Calibration curve of galaxolide 

 

Figure E7 – Calibration curve of musk xylene 

 

Figure E8 – Calibration curve of tonalide 
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Figure E9 – Calibration curve of musk moskene 

 

Figure E10 – Calibration curve of musk tibetene 

 

Figure E11 – Calibration curve of musk ketone 
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Figure E12 – Calibration curve of ethylene brassylate 

 

Figure E13 – Calibration curve of 4-MBC 

 

Figure E14 – Calibration curve of EDP 
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Figure E15 – Calibration curve of EMC 

 

Figure E16 – Calibration curve of OC 

Table F - Results of the validation parameters of the calibration curves 

Compound R sa/a b-sb b+sb b-sb<0<b+sb 

Cashmeran 0.9979 2.92% -35639.4926 1769.7501 Yes 

Celestolide 0.9973 3.31% -118178.7852 -3452.5852 No 

Phantolide 0.9966 3.71% -103602.9439 -6624.0407 No 

Exaltolide 0.9969 3.55% -40084.1098 -11244.9158 No 

Musk ambrette 0.9932a 4.60% -33123.2314 -15602.4271 No 

Galaxolide 0.9978 2.99% -41187.1917 -950.8745 No 

Musk xylene 0.9959 4.04% -6419.5951 2636.6315 No 

Tonalide 0.9977 3.02% 9785.9470 54107.6861 No 

Musk moskene 0.9962 3.90% -19648.9504 2082.0664 Yes 

Musk tibetene 0.9967 3.64% -24364.0731 598.4400 Yes 

Musk ketone 0.9918a 5.35%b -33046.1958 -5716.7351 No 

Ethylene Brassylate 0.9979 2.91% -36713.3284 -13093.8126 No 

4-MBC 0.9990 2.05% -33611.5488 -3093.1738 No 

EDP 0.9972 3.34% -209207.1351 -98573.9523 No 

EMC 0.9994 1.57% -128548.6942 -70136.0060 No 

OC 0.9996 1.29% -27259.4323 -2039.6952 No 

a – value of R<0.995; b – sa/a is superior to 5% 
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