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A B S T R A C T   

Membrane Assisted Solvent Extraction (MASE) was applied as an extraction and enrichment technique of 
polycyclic aromatic hydrocarbons (PAHs) from tea infusions and fruit/herbal-tea beverages. PAHs have been 
separated and detected by high performance liquid chromatography coupled to a fluorescence detector (HPLC- 
FLD). Variables affecting MASE comprising extraction temperature and time, stirring rate, acceptor solvent 
(hexane) volume, organic modifier in the donor phase (methanol) volume, aqueous donor phase pH and ionic 
strength were simultaneously studied by applying a Plackett–Burman design (PBD) as screening method. Results 
showed statistical significance for acceptor solvent volume, extraction time and stirring rate, which were opti-
mised by an orthogonal 23 + star central composite design (CCD). Quantitative recoveries for all PAHs (within 
78–116%) were obtained by using the optimized extraction conditions: 350 µL of hexane, extraction time of 70 
min and stirring rate of 175 rpm. Extraction temperature, ionic strength and donor phase pH were statistically 
non-significant, which simplify the procedure. The MASE method has been found sensitive (LOQs < 43 ng L− 1) 
and precise (RSDs of < 13%). Finally, the method has been applied to assess PAHs levels in several tea infusions 
and fruit/herbal-tea beverages in the presence of surrogate standards. The total mean Σ16PAHs in tea infusions 
were from 1.2 ng L− 1 (white tea) to 151.7 ng L− 1 (black tea), while total mean Σ16PAHs was lower than 11.5 ng 
L− 1 regarding tea fruit/herbal beverages. Furthermore, benzo(a)pyrene (BaP) concentrations were from < 1.5 ng 
L− 1 (white tea) to 4.6 ng L− 1 (green tea). Nevertheless, BaP concentrations obtained as well as the summation of 
BaA, Chry, BbF and BaP concentrations (4.6 ng L− 1 for tea beverages to 7.5 ng L− 1 for green tea infusions) did not 
exceeded the maximum levels according with European Union (EU) standards. Finally, BaP carcinogenic 
equivalent concentration (BaPeq) and BaP mutagenic equivalent concentration (BaPMeq) were estimated, ranging 
from 0.01 ng L− 1 to 19.8 ng L− 1 and 0.23 ng L− 1 to 6.9 ng L− 1, respectively.   

1. Introduction 

Tea infusions and tea beverages, aromatic drinks prepared by 
brewing dried leaves, flowers, twigs or buds of Camellia sinensis, are 
popular dietary beverages widely consumed by millions of people 
worldwide [1]. Leaves of Camellia sinensis harvesting represents a global 
market of great economic importance. The presence of theanine and 
flavonoids and catechin compounds in Camellia sinensis leaves gives 
significant health benefits such as anti-oxidative, antibacterial, antiviral, 
chemo-preventive, anti-carcinogenic, and anti-mutagenic activities and 
type 2 diabetes risk and cholesterol reduction [2–4]. 

However, tea leaves could also contain several hazardous 

compounds (such as pesticides, heavy metals, or polycyclic aromatic 
hydrocarbons (PAHs)) as consequence of environmental pollution (at-
mospheric deposition and soil uptake), tea leaves harvesting (fertilizers 
and sewage irrigation) and manufacturing process [5]. 

PAHs (group of chemicals made up of more than one condensed 
aromatic rings) are well-known persistent organic pollutants formed as 
result of incomplete combustion of organic materials, whose adverse 
(carcinogenic, mutagenic, teratogenic and immunosuppressant) effects 
on human beings have been widely proved [6–8]. 

Some oxidizing and fermenting processes, as well as the use of the 
smoke for drying tea leaves and some fruits and roots, seeds or flowers of 
herbaceous plants by using open flames (from burning of organic natural 
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resources), are usually part of tea processing, that may result in the 
generation and accumulation of high PAHs concentrations in tea leaves 
(mainly in black teas) [9,10]. Although PAHs are hydrophobic com-
pounds, some studies suggest that 8% of total PAHs content (depending 
to the kind of tea and brewing conditions) could be transferred from 
dried tea leaves into hot water during brewing [11,12]. 

Due to PAHs harmful effects on human beings, several regulations 
regarding the analysis and maximum levels of PAHs in foodstuffs 
[13–15], as well as studies concerning PAHs levels in foodstuffs, have 
been published in the last years [16]. Benzo(a)anthracene (BaA), 
chrysene (Chry), benzo(b)fluoranthene (BbF) and benzo(a)pyrene (BaP) 
have been chosen as indicators for the occurrence of PAHs in food by the 
European Food Safety Agency [13]. Furthermore, a maximum level of 
BaP and the sum of BaA, Chry, BbF and BaP in foodstuffs (oils, cocoa 
beans, smoked meat and fishery products, bivalves, cereal and baby and 
dietary foods) were set according to European Union standards [14]. 

Several suitable methods for the quantification of PAHs in foodstuff 
(mainly based on fluorescence spectrophotometry coupled to multivar-
iate calibration, high performance liquid chromatography with fluo-
rescence detector (HPLC-FLD) and gas chromatography-mass 
spectrometry (GC–MS)) have been reported. However, due to 
complexity of tea matrix, extremely low concentrations of PAHs in tea 
infusions and the low detection levels required by current regulations 
[15], steps such as PAHs extraction, enrichment and isolation are critical 
prior to PAHs analysis in tea infusions and beverages. Thus, the devel-
opment of fast, flexible, more cost-effective and environmental-friendly 
sample pre-treatment procedures, which guaranties the efficiency, 
selectivity, sensitivity and quantitative PAHs recoveries remains on in-
terest. The more published sample pre-treatment to assess PAHs in tea 
infusions are those based on classical liquid–liquid extraction (LLE) 
[1,5,11,12,17–20] and solid phase extraction SPE [21–24], which 
commonly are time-consuming, require large amount of organic sol-
vents and generate large volumes of wastes. New sample pre-treatment 
methods such as Quick, Easy, Cheap, Effective, Rugged and Safe 
(QuEChERS) [25–28] and micro-extraction approaches which mini-
mised solvents amounts and offers automation facilities (dispersive 
micro-solid phase extraction (d-μSPE) [29–34], dispersive liquid–liquid 
micro-extraction (DLLME) [35–37], on line-SPE [38], stir bar sorptive 
extraction (SBSE) [39,40], solid phase micro-extraction (SPME) [41,42] 
and in-tube SPME [43]), have been recently used for PAHs enrichment 
from tea infusions. 

Nevertheless, membrane micro-extraction techniques such as mem-
brane assisted solvent extraction (MASE) were not still reported in the 
literature for PAHs analysis in tea infusions and tea beverages, despite 
meeting the Green Chemistry principles due to the reduction of organic 
solvents and the prevention of waste generation. MASE, firstly proposed 
by Hauser and Popp [44], is a non-exhaustive procedure based on the 
use of hydrophobic and size-exclusive polymeric micro-porous mem-
branes which allow the separation of the sample from the solvent 
(acceptor phase). These membranes are filled with an organic solvent 
(400–1000 µL) and analytes diffuse through the membrane micro- 
porous from the donor phase (usually an aqueous sample) to the 
acceptor phase into membrane because of concentration gradient. MASE 
remove hydrophilic compounds and higher molecular weight hydro-
phobic matrix compounds allowing the handling of very complex 
matrices and the enrichment factors and detection limits enhancement. 
This approach has been successfully applied for PAHs extraction from 
wastewater [45,46], natural waters [47–49] and beverages (apple juice, 
red wine and milk) [49,50] and in air particulate matter after subcritical 
water extraction [51]. 

Most methodologies are focused on the extraction of PAHs in tea 
leaves despite tea infusion is mainly the way in which tea is consumed. 
Therefore, the knowledge of PAHs levels in tea infusion could allow a 
more realistic health risk assessment of PAHs associated with dietary 
intake. The aim of the present study was the optimisation of a simple, 
fast and “green” MASE procedure for the extraction and isolation of 16 

EPA priority PAHs and benzo(e)pyrene (BeP) from tea infusion (green, 
red, black and white tea) and fruit/herbal tea beverages. Because many 
variables can affect MASE efficiency, experimental design approaches 
(Plackett–Burman and central composite designs) were used to perform 
the optimisation. 

2. Materials and methods 

2.1. Instrumentation 

Chromatographic analysis was carried out by using a Waters® 2695 
Alliance High Performance Liquid Chromatography (Waters, Milford, 
MA, USA) system equipped with an auto-sampler and coupled to a 
fluorescence detector (Waters® 2475) and a Waters® PAH C18 column 
(250 × 4.6 mm i.d., 5 µm particle size). 

Membrane Assisted Solvent Extraction device (a 20 mL glass vial, a 
membrane insert made of dense PP (4 cm × 6 mm i.d. with a wall 
thickness of 0.03 mm), and metal funnel with PTFE ring) were pur-
chased from Gerstel (Mülheim, Germany). Boxcult incubator situated on 
a Rotabit orbital-rocking platform shaker (Selecta, Barcelona, Spain) 
was used to fixed temperature during the extraction step. CRISON 
GLP21 pH-meter with a glass–calomel electrode was from Crison (Bar-
celona, Spain). 

2.2. Chemicals and reagents 

PAH Calibration Mix CRM (2000 µg mL− 1 in acetonitrile) including 
naphthalene (Naph), acenaphtylene (Acy), acenaphthene (Ace), fluo-
rene (Fl), phenanthrene (Phe), anthracene (Ant), fluoranthene (Ft), 
pyrene (Pyr), chrysene (Chry), benzo(a)anthracene (BaA), benzo(k)flu-
oranthene (BkF), benzo(b)fluoranthene (BbF), benzo(a)pyrene (BaP), 
dibenz(a,h)anthracene (DBahA), indeno(1,2,3-cd)pyrene (IP) and benzo 
(g,h,i)perylene (BghiP) was purchased from Supelco (Steinheim, Ger-
many). BeP (10 µg mL− 1 in acetonitrile) and isotopically labelled stan-
dards comprising anthracene-d10 (Ant-d10) (100 µg mL− 1 in 
cyclohexane), benzo(e)pyrene-d12 (BeP-d12) (100 µg mL− 1 in cyclo-
hexane) and dibenzo(a,h)anthracene-d14 (DBahA-d14) (10 µg mL− 1 in 
cyclohexane) were purchased from Dr. Ehrenstorfer (Augsburg, Ger-
many). In addition, 6-metilchrysene (6-m-Chry) (100 µg mL− 1 in 
methylene chloride) was purchased from ChemService (West Cherster, 
PA, USA). Stock standard solutions were prepared in acetonitrile and 
stored in amber glass vials at − 18 ◦C for a maximum of 4 weeks. Salts 
were analytical grade purchased by Sigma-Aldrich (St. Louis, MO, USA) 
and Merck-Millipore (Darmstadt, Germany). Acetonitrile LiChrosolv®, 
ethyl acetate LiChrosolv® and hexane Suprasolv® were purchased from 
Merck-Millipore (Darmstadt, Germany). Methanol gradient quality and 
dimethyl sulfoxide (DMSO) for headspace GC were from Romil (Cam-
bridge UK) and Panreac (Barcelona, Spain). Ultrapure quality water of 
18 MΩ cm resistance filtered through 0.22 µm was from Milli-Q water 
purification system (Millipore, Bedford, MA, USA). 

2.3. Selected teas and tea beverages 

The analysis of PAHs in green (n = 3), red (n = 3), black (n = 3) and 
white (n = 3) tea bag samples and fruit/herbal-tea beverages (raspberry 
and basil black tea, peach and rosemary white tea, peach black tea and 
mint green tea) (n = 4) were purchased commercially on the Spanish 
markets and specialised establishments. Until the analysis, the tea bags 
were stored at in its original unopened packaging in a dry and dark 
compartment at room temperature, not longer than month, within the 
expiration date. 

2.4. Preparation of tea infusion and tea beverages 

Tea infusions were prepared by submerging a commercial packet bag 
of tea sample (about 2 g) in 100 mL of boiling ultrapure water for 6 min 
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as recommended by ISO 3103:2019 norm [52]. Afterwards, the infusion 
was filtered through 0.2 µm and kept in the dark at 4 ◦C for no>48 h 
before being analysed. Fruit/herbal-tea beverages were subjected to 
extraction without any pre-treatment. 

2.5. Pahs extraction and pre-concentration procedures 

A conventional 20 mL headspace vial was filled with 15 mL tea 
infusion/tea beverage sample and methanol (750 µL), and spiked with 
10 µL of Ant-d10, BeP-d12 and DBahA-d14 solution used as surrogate 
standards (500 µg L− 1 in acetonitrile). The PP membrane bag (attached 
to the metal funnel and fixed with a PTFE ring) was introduced into the 
vial and filled with 350 µL of hexane; then the vial was closed with a 
metallic crimp cap. MASE device was transferred into an orbi-
tal–horizontal shaker. After 70 min of shaking at 190 rpm, the hexane 
extract was collected from the membrane bag with a glass Pasteur 
pipette and poured into a 2 mL amber vial. Finally, the hexane was 
evaporated to dryness by gentle N2 stream and reconstituted with 100 µL 
of 6-m-Chry (80 µg L–1) in acetonitrile, used as internal standard (Fig. 1). 

2.6. Pahs quantification by HPLC-FLD 

The PAHs separation and quantification conditions were based on 
previous papers [53]. A gradient elution by using acetonitrile and water 
as mobile phases was carried out. The gradient started with 50% water 
and 50% acetonitrile, after which the acetonitrile content was increased 
to 100% (0–34 min) and finally a return to 50% acetonitrile content 
(34–40 min)). The flow rate and column temperature were set at 1.0 mL 
min− 1 and 32 ◦C, respectively. Fluorescence excitation and emission 
wavelength programs used were similar to those cited in [53]. A volume 
of 10 µL of tea extract obtained after the extraction and pre- 
concentration procedure was injected into the HPLC–FLD system. In 
STable 1 are summarised the separation, condensed ring number and 
fluorescence detection settings for each PAH, while Fig. 2 shows typical 
HPLC-FLD chromatograms for a mixture of target PAH standards (10 µg 
L− 1) (a), and for a MASE extracts from black tea (b) and white tea (c) 
infusions obtained by using above conditions. Acy were not considered 
in the present study because of not being fluorescent. 

2.7. Statistical treatment of data 

A Plackett-Burman (PBD) (to screen variables) and central composite 
designs (CCD) (to optimise significant variables) were performed with 
Statgraphics version 7.0 routine (Statgraphics Graphics Corporation, ST. 
SC., USA). 

3. Results and discussion 

3.1. MASE optimization 

3.1.1. Preliminary studies 
The suitability of two acceptor solvents (hexane and ethyl acetate) 

and three solvent modifiers in the donor phase (acetonitrile, methanol 
and dimethyl sulfoxide) for PAHs extraction by MASE has been tested. 
Organic solvent should have a low volatility, which will restrict solvent 
evaporation during extraction in the shaker during the incubation of 
samples; and it should provide an appropriate extraction selectivity to 
provide high extraction PAHs recoveries. Additionally, miscible organic 
solvents in donor phase is required to avoid loss of PAHs by adsorption 
on glass flasks in which the MASE is performed in order to improve the 
extraction efficiency. However, a large amount of organic solvent could 
increase the solubility of the analytes in the donor solution, which might 
reduce the extraction efficiency of less non-polar PAHs [47]. As a pre-
liminary experiment, 15 mL of NaCl saturated tea infusion/tea beverage 
sample spiked with target PAHs (25 µg L− 1) and Ant-d10 and DBahA- 
d14 (500 µg L− 1) at pH 5, 500 µL of acceptor phase and an organic 
modifier concentration in the donor phase of 5% (v/v) were used. 
Common MASE extraction conditions were used: extraction temperature 
of 25 ◦C, an extraction time of 70 min and orbital shaking of 150 rpm. 
Fig. 3 shows high mean PAHs recoveries (46.9%) when hexane and 
methanol were used as acceptor phase and organic modifier, respec-
tively; while for ethyl acetate, mean PAHs recoveries were low 
(23.4–34.4%). High recoveries were also achieved for 2–3 rings 
(61.7%), 4 ring (45.3%) and 5–6 rings (33.8%) PAHs. However, 
analytical recoveries decreased when increasing the ring number 
(Fig. 3), while for 2–3 rings PAHs high analytical recoveries were ach-
ieved. Finally, low mean PAHs recoveries were achieved for acetonitrile 
(31.3%) and dimethyl sulfoxide (21.0%) when hexane is used as 
acceptor phase. The addition of methanol decreases the PAHs sorption 
on glass, allowing the analytes stay available in aqueous phase to diffuse 
through the membrane [54]. For the next stage in the optimisation 
process, hexane as acceptor phase and methanol as organic modifier 
were selected. 

3.1.2. Optimization of procedure 
Optimisation of PAHs extraction/pre-concentration by MASE in-

volves study of many factors, such as extraction temperature and 
extraction time, hexane volume, NaCl concentration (ionic strength), 
stirring rate, pH sample and methanol concentration. Extraction effi-
ciency of high non-polar PAHs could be increased by using high 
extraction temperatures, due to the adsorption on glass of the high non- 
polar PAHs is minimized [51]. High PAHs extraction efficiency is ach-
ieved after longer extraction times; however, large extraction times are 
not always a practical approach. Large hexane volume (acceptor phase) 
improves PAHs extraction; on contrary, enrichment factor and LODs of 
the method can be improved by decreasing the volume hexane. Ionic 
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+ MeOH (350 μL)

Hexane
(350 μL)
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Fig. 1. Schematic diagram of the MASE-HPLC-FLD procedure for HAPs extraction and quantification from tea infusions.  
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strength of tea infusion increasing (salt addition) decrease the solubility 
in donor phase (tea infusion) of neutral-polar PAHs and therefore 
enhance extraction because of the salting-out effect. Also, a change in 
pH of tea infusion could have influence on the PAHs extraction [49]. 
Extraction efficiency of less polar PAHs could be improved by using high 
solvent modifier (methanol) concentration in the donor phase [47]. 
Finally, stirring rate affects the PAHs mass transfer from donor phase to 

the donor phase membrane interface, accelerating the extraction ki-
netics and reducing the time required to reach the thermodynamic 
equilibrium. In general, a stirring rate increasing enhances extraction 
efficiency. 

The interdependence of some conditions (e.g. extraction temperature 
and extraction time or extraction time and stirring rate) must also be 
taken into account. Therefore, the classical univariate approach has 
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several limitations compared with multivariate methods (e.g. factorial 
design). Multivariate methods involve simultaneous combinations of a 
number of parameters according to a predefined regime, the number of 
experiments could be 2n for a system with ‘n’ factors. For systems with a 
great number of variables, such as MASE procedures, the workload in-
volves an impractical number of experiments. In order to reduce the 
number of experiments, a reduced fractional factorial design i.e. 

Plackett–Burman design (PBD) was selected for screening purposes. PBD 
allow us the evaluation of either system with only few experiments. 
These are two-level design for the study of K = n − 1 factors in n 
experiment runs where n is a multiple of four. Subsequently, the most 
significant factors from PBD were optimized by applying an orthogonal 
2n + star central composite design (CCD). In screening/optimization 
experiments tea infusions and beverage samples were spiked with target 
PAHs (25 µg L− 1). 

3.1.2.1. Statistically significant variables affecting PAHs extraction by 
MASE. The statistical significance of the factors commented on above 
was evaluated by applying a 28 × 3/64 type III resolution PBD, for eight 
factors and three degrees of freedom. A series of 24 non-randomized 
experiments (12 runs and two replicates) was performed. Table 1 
shows the experimental field definition for PBD design. The experiments 
were performed at two levels for each factor investigated, coded as “− 1” 
(low) and “+1” (high), usually called boundaries of the experimental 
domain. These values were chosen basing on our experience in accor-
dance with literature data, and considering the instrumental limitations 
(maximum stirring rate allowed by the platform shaker is 230 rpm). 
Table 1 also shows an eight factor, called a dummy factor, which was 
considered in the study. Dummy factors are imaginary variables for 
which the change from one level to another is not supposed to cause any 
physical change. This variable is commonly used to evaluate possible 
systematic error and/or the presence of an important factor that was not 
considered. 

The response variables were the analytical recovery R (%) of the 
PAHs extracted in accordance with the equation: 

R(%) =
ΣCPAHMASE

ΣCPAHadd
x100  

where ΣCPAHMASE is the total PAHs concentration obtained after MASE 
procedure and ΣCPAHadd is the total PAHs concentration added. 

STable 2 lists the effect of factors on mean R (%) of 2–6 ring PAHs, 2- 
3ring PAH, 4ring PAH and 5-6ring PAH obtained in each experiment 
provided by the Statgraphics plus 7.0 routine. The statistical evaluation 
of the results was performed at a 95.0% confidence interval, obtaining a 
minimum t-value of 2.15, that was calculated using an iterative process 
(Statgraphics routine program). Then, variables with t-values higher 
than 2.15 were considered as statistically significant factors (Fig. 4). It 
can be seen that the variables extraction time (t), hexane volume (V) and 
stirring rate (S) are statistically significant for 2–6 ring PAHs, 2–3 ring 
PAHs, 4 ring PAHs and 5–6 ring PAHs. Concerning these variables, the 
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Table 1 
Experimental field definition for the Plackett–Burman (PBD) and central com-
posite (CCD) designs.  

Variable Symbol Low level (–) High level (+) Unit 

Extraction temperature T 25 40 ◦C 
Extraction time t 45 90 min 
Acceptor (hexane) volume V 200 400 µL 
Ionic strength [NaCl] I 0 5 % 
Stirring rate S 75 200 rpm 
pH P 3 9  
Modifier [MeOH] M 0 5 % 
Dummy factor D – 1 + 1   
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Fig. 4. Standardized (P = 95%) main effect Pareto charts for the PBD for PAHs pre-concentration by MASE using as response variables the mean 2–6 ring PAH 
analytical recovery (a), mean 2–3 ring PAH analytical recovery (b), mean 4 ring PAH analytical recovery (c), and mean 5–6 ring PAH analytical recovery (d). (T) 
extraction temperature, (t) static time, (V) hexane volume, (I) NaCl concentration, (S) stirring rate, (P) pH, (M) methanol volume and (D) dummy. 
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effects were positives. This means an increase in the PAHs extraction 
efficiency when extraction time, stirring rate, and hexane volume is 
increased. Sample stirring facilitated the diffusion of PAHs through the 
interfacial layer, accelerate the PAHs extraction kinetics and reduces the 
time required to reach the thermodynamic equilibrium; which enhances 
extraction efficiency and improves the repeatability of the extraction 
method. This equilibrium is attained only after exposing the acceptor 
solution to the sample for a long period of time (extraction time). The 
sensitivity can be increased by decreasing the volume of the acceptor 
phase (hexane volume), the use of high volumes enhanced the PAHs 
recovery. The variables extraction temperature (T), NaCl and methanol 
concentrations and sample pH have not been statistically significant 
factors. This fact offers several advantages since the addition of NaCl (to 
set the ionic strength) and tea infusion pH adjustment were not neces-
sary, which reduce the total pre-treatment time. Finally, the dummy 
factor was not statistically significant, thus it can be concluded that 
there is neither a systematic error nor unknown variables affecting the 
system under study. 

3.1.2.2. Optimization of significant variables by central composite designs. 
Attending to the results commented above, extraction time (t), hexane 
volume (V) and stirring rate (S) were the most significant factors, and 
therefore, they were the experimental variables considered for a further 
optimization process. Concerning the remaining variables, extraction 
temperature and pH were set at 25 ◦C and 5.0 (tea infusion pH), 
respectively; with no addition of NaCl. Although the lack of statistical 
significance of methanol, the high value (5%) was set for this variable, in 
accordance with published results, to avoid the loss of PAHs by 
adsorption on glass flasks. The extraction time, hexane volume and 
stirring rate was optimized by applying an orthogonal 23 + star CCD 
with six error degrees of freedom, two centres, two replicates and 
sixteen runs. Table 1 shows the experimental field definition for the 
variables, STable 3 gives the effect of stirring time, hexane volume and 
extraction time on mean R (%) of PAHs, obtained in each experiment 
from CCD matrix (provided by the Statgraphics plus 7.0 routine) while 
SFigure 1–3 show HPLC-FLD chromatograms achieved for some exper-
iments from CCD matrix. After performing the CCD experiments, the 
statistical evaluation of quadratic terms was significant for many cases, 
when the response variable was the mean of 2–6 ring PAHs, 2–3 ring 

PAHs, 4 ring PAHs and 5–6 ring PAH analytical recoveries (Fig. 5). The 
careful study of the results leads to the best-compromise conditions: 190 
rpm, 350 µL of hexane and 70 min for stirring rate, hexane volume and 
extraction time, respectively. As can be seen, optimum stirring rate and 
extraction time are not the highest values in the design (Table 1). Bub-
bles formation at high stirring rate (>190 rpm) can decrease PAHs 
transfer to hexane phase. By the same way, the increase of bubbles 
formation could also explain the slightly decrease of PAHs recovery for 
high extraction times (>70 min) when high stirring rates are used. 
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Fig. 5. Estimated response surface from the central composite design (CCD) using the mean 2–6 ring PAHs, mean 2–3 ring PAHs, mean 4 ring PAHs and mean 5–6 
ring PAHs analytical recoveries as response variables. 

Table 2 
Calibration graphs (y = bx + a), correlation coefficients (R2), relative response 
factors with respect to the corresponding surrogate (RRF) and RRF relative 
standard deviation (RSDRRF, %) used for PAHs quantification by HPLC-FLD.  

PAH y = bx + a R2 RRFa RSDRRF 

Naph y = 74711x + 63898  0.9996 0.18b  6.0 
Ace y = 71779x + 69333  0.9995 0.17b  5.2 
Fl y = 165905x + 162840  0.9995 0.40b  4.8 
Phe y = 166594x + 149613  0.9996 0.41b  5.3 
Ant y = 458939x + 456564  0.9996 1.10b  5.4 
Ft y = 110464x + 96875  0.9996 0.27b  4.9 
Pyr y = 252351x + 207899  0.9995 0.60b  5.9 
BaA y = 518539x + 492390  0.9995 6.04c  4.0 
Chry y = 101314x + 9424  0.9997 1.26c  5.4 
BeP y = 97604x + 93724  0.9995 1.13c  4.3 
BbF y = 130536x + 67338  0.9995 1.56c  2.3 
BkF y = 1001145x + 877363  0.9994 11.8c  4.5 
BaP y = 937664x + 1154501  0.9995 2.90d  5.0 
DBahA y = 349690x + 345648  0.9994 1.09d  5.1 
BghiP y = 216605x + 326276  0.9995 0.66d  6.0 
IP y = 71607x + 76958  0.9995 0.22d  6.1 

RRF =
AreaPAHxConcentrationsurrogate

AreasurrogatexConcentrationPAH
;  

a Relative response factors (RRF) were calculated as follows: 
b RRF calculated using Ant-d10. 
c RRF calculated using BeP-d12. 
d RRF calculated using DBahA-d14. 
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3.2. Analytical performances and validation 

Nine-point (0–200 µg L− 1) calibration curves were carried out with 
correlation coefficients R2 > 0.9976 for all the PAHs tested (Table 2). 
Moreover, relative response factors (RRF) with regards to the corre-
sponding surrogate standard (Ant-d10, BeP-d12 and DBahA-d14) were 
used to PAHs quantification from tea infusion and tea beverage extracts. 
Relative response factors (RRF) of each PAH were calculated (average of 
all RRFs considering all the calibration range) [55], showing satisfactory 
relative standard deviations RSD < 6.1% (Table 2). Furthermore, the 
internal standard (6-m-Chry) were used to evaluate the surrogate’s re-
coveries for all the samples during the procedure, with recoveries be-
tween 74 and 113 %, 69–97% and 57–80% for Ant-d10, BeP-12 and 
DBahA-14 respectively. 

The limits of detection (LODs) (mean blank + 3 SD criterion) and 
limits of quantification (LOQs) (mean blank + 10 SD criterion) and were 
estimated by analysing 5 procedural blanks. The LOD values were be-
tween 0.60 and 26.0 ng L− 1 for BaA and Naph, respectively. Moreover, 
LOQ values ranged from 0.82 (BkF) to 43.3 ng L− 1 (Naph) (Table 3). 
Procedural blanks were performed using ultrapure water to control 
possible contamination, and concentrations obtained were subtracted 
from the concentrations obtained in the samples. The precision of 
method was proved by analysing a tea infusion sample at detectable 
levels of PAHs. Good intra-day (n = 3) and inter-day (n = 7) precision 

was observed for the target compounds with relative standard de-
viations between 0.36 (Phe) and 4.2% (Naph) and 3.1 (Ft) and 13.2 
(Naph), respectively (Table 3). 

The trueness [56,57] of MASE-HPLC-FLD method was demonstrated 
by analysing four tea infusions samples and four fruit/herbal-tea bev-
erages at two spiking levels (12.5 and 25 µg L− 1 for all target PAHs) in 
triplicates, obtaining analytical recoveries that ranged between 76 and 
117% (Table 4). 

A comparison between analytical figures of merit (LODs, analytical 
recoveries, enrichment factors and precision) were performed by 
considering the methodology proposed in the present study and other 
procedures reported in the literature concerning PAHs analysis in tea 
infusions (Table 5). Organic solvent volumes used in the extraction/pre- 
concentration of PAHs procedure were also enclosed. The classic 
extraction/pre-concentration methods (LLE, SPE and QuEChERS, 
Table 5) require more sample treatment steps and high organic solvent 
consumption compared to micro-extraction procedures including the 
approach proposed in this work. LODs, analytical recoveries and 
repeatability of this work are similar than those achieved by other 
previous micro-extraction procedures (Table 5). However, the method 
that we propose in this study is more simple and rapid with previously 
reported methods. Complex extracting material preparation or synthesis 
of cotton based carbon fiber [29], agarose-chitosan-immobilized octa-
decylsilyl-silica (C18) [31], phenyl-functionalized magnetic sorbent 
[34], multi-walled carbon nanotubes-poly(vinyl alcohol) cryogel [38], 
fullerene functionalized Fe3O4@SiO2@C60 magnetic nanoparticles [30], 
metal–organic framework (MOF) HKUST-1/ Fe3O4 magnetic nano-
particles [32], or ionic liquid of immobilized Fe3O4@3-(Trimethox-
ysilyl)propyl methacrylate@ionic liquid magnetic nanoparticles [33] 
are required for d-µSPE procedures. Although in IL-DLLME methods 
[35–37] organic solvents volumes are partial substituted by the use of 
ionic liquids, the synthesis of those commercialised liquids could not be 
“green” enough. Moreover, MASE procedure and HPLC-FLD quantifi-
cation is more cost–effective when comparing with SPME or SBSE 
coupled to GC–MS. Then, our proposed MASE method offers high 
analytical potential and practical advantages for routine extraction and 
pre-concentration of PAHs in tea infusions. Finally, the analytical 
method developed meets the performance criteria for the LOD (<0.3 ng 
g− 1), LOQ (<0.9 ng g− 1) and analytical recovery (between 50 and 
120%) described in the European Commission Regulation 836/2011 for 
BaA, Chry, BbF and BaP in foodstuffs (Table 5) [15]. 

3.3. Application 

PAHs content distribution in several tea infusions (three green tea, 
three red tea, three black tea and three white tea) and four tea beverages 

Table 3 
LOD and LOQ (n = 5), intra-day (n = 3) and inter-day (n = 7) precision.  

PAH LOD LOQ Precision 

RSD (%) 

(ng L− 1) (ng g− 1)a (ng L− 1) (ng g− 1)a Intra-day Inter-day 

Naph  26.0  1.3  43.8  2.2  4.2  13.2 
Ace  4.7  0.24  10.4  0.52  0.42  7.1 
Fl  5.2  0.26  6.6  0.33  0.41  5.2 
Phe  28.2  1.4  39.2  2.0  0.36  5.6 
Ant  1.9  0.10  2.1  0.11  6.3  8.8 
Ft  7.7  0.39  11.2  0.56  0.81  3.1 
Pyr  5.4  0.27  8.8  0.44  0.50  6.9 
BaA  0.6  0.03  1.0  0.05  0.49  7.6 
Chry  5.7  0.29  9.5  0.48  2.3  5.9 
BeP  2.8  0.14  5.8  0.29  0.54  8.3 
BbF  3.0  0.15  5.1  0.26  0.46  6.7 
BkF  0.76  0.04  0.82  0.04  0.47  4.9 
BaP  0.81  0.04  1.5  0.08  0.55  8.6 
DBahA  0.74  0.04  1.9  0.10  0.54  9.1 
BghiP  1.0  0.05  1.1  0.06  0.47  6.1 
IP  2.1  0.11  5.4  0.27  4.0  8.7 

aResults calculated on the mass basis of leaves used for infusion preparation 

Table 4 
Analytical recovery (n = 3) for several tea infusions fruit/herbal-tea beverages at two spiking levels (12.5 and 25 ng L− 1).  

PAH Green tea Red tea Black tea White tea Tea beverages 

12.5 ng L− 1 25 ng L− 1 12.5 ng L− 1 25 ng L− 1 12.5 ng L− 1 25 ng L− 1 12.5 ng L− 1 25 ng L− 1 12.5 ng L− 1 25 ng L− 1 

Naph 90 ± 12 92 ± 14 88 ± 6 87 ± 5 98 ± 18 79 ± 3 78 ± 11 82 ± 7 87 ± 12 78 ± 8 
Ace 89 ± 6 99 ± 18 91 ± 3 84 ± 6 87 ± 14 88 ± 2 84 ± 1 91 ± 6 106 ± 15 101 ± 6 
Fl 96 ± 4 99 ± 15 102 ± 3 89 ± 7 93 ± 12 84 ± 2 87 ± 4 100 ± 9 104 ± 1 93 ± 9 
Phe 113 ± 7 104 ± 5 121 ± 1 96 ± 10 113 ± 12 94 ± 3 96 ± 5 92 ± 6 103 ± 3 92 ± 3 
Ant 97 ± 1 87 ± 8 89 ± 10 93 ± 14 97 ± 10 86 ± 4 89 ± 8 81 ± 7 100 ± 4 87 ± 5 
Ft 98 ± 11 92 ± 7 100 ± 9 88 ± 2 101 ± 9 86 ± 9 90 ± 2 102 ± 6 91 ± 1 94 ± 9 
Pyr 100 ± 4 98 ± 2 99 ± 9 85 ± 5 102 ± 6 88 ± 10 89 ± 2 87 ± 5 93 ± 1 87 ± 3 
BaA 98 ± 6 102 ± 5 95 ± 10 101 ± 11 95 ± 12 82 ± 4 91 ± 2 94 ± 8 112 ± 3 96 ± 7 
Chry 98 ± 4 92 ± 5 102 ± 5 104 ± 10 92 ± 5 90 ± 3 92 ± 3 101 ± 5 96 ± 2 107 ± 14 
BeP 88 ± 2 89 ± 1 92 ± 6 85 ± 6 87 ± 7 88 ± 8 79 ± 3 86 ± 7 91 ± 2 81 ± 10 
BbF 80 ± 3 91 ± 3 86 ± 10 80 ± 5 86 ± 8 80 ± 9 78 ± 4 96 ± 3 95 ± 1 86 ± 6 
BkF 80 ± 4 87 ± 5 80 ± 11 78 ± 8 84 ± 10 84 ± 11 76 ± 8 85 ± 9 95 ± 1 94 ± 7 
BaP 117 ± 2 107 ± 3 116 ± 11 83 ± 3 109 ± 5 89 ± 10 89 ± 12 102 ± 10 107 ± 1 91 ± 6 
DBahA 83 ± 1 84 ± 5 79 ± 14 84 ± 8 80 ± 4 86 ± 12 80 ± 8 87 ± 8 81 ± 2 96 ± 7 
BghiP 114 ± 1 104 ± 4 113 ± 9 80 ± 2 108 ± 4 83 ± 11 81 ± 13 95 ± 3 100 ± 1 94 ± 5 
IP 95 ± 1 78 ± 12 102 ± 14 88 ± 6 98 ± 3 84 ± 11 79 ± 6 83 ± 7 91 ± 2 79 ± 8  
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Table 5 
A brief comparative of analytical parameters for analytical methods commonly used for PAH determination in tea infusions.  

Pre- 
concentration 
technique 

Target PAH Solvents (Solvent volumes) Determination 
technique 

LOD (ng L− 1) Recovery 
(%) 

EF Precision 
RSD (%) 

Ref. 

LLE Acy, Ace, Fl, Phe, Ant, Ft, Pyr, 
BaA, Chry, BbF, BkF, BaP, 
DBahA, BghiP, IP 

DCM (150 mL) GC–MS 1.1–2.7 53–132 200 –a [1] 

LLE Naph, Acy, Ace, Fl, Phe, Ant, 
Ft, Pyr, BaA, Chry, BbF, BkF, 
BaP, DBahA, BghiP, IP 

Cyclohexane (6 mL), ACN (100 
µL) 

HPLC-FLD 0.2–10 40–120 –a 5–25 [5] 

LLE Naph, Acy, Ace, Fl, Phe, Ant, 
Ft, Pyr, BaA, Chry, BbF, BkF, 
BaP, DBahA, BghiP, IP 

DCM (160 mL), hexane (12 mL), 
ACN (2 mL) 

HPLC-FLD 0.66–3.67b 72–103 –a <20 [11] 

LLE Acy, Ace, Fl, Phe, Ant, Ft, Pyr, 
BaA, Chry, BbF, BkF, BaP, 
DBahA, BghiP, IP 

Hexane (105 mL), RtOH (5 mL) GC–MS-MS 23.1–97.1 72–108 –a 5.0–8.7 [12] 

LLE Naph, Acy, Ace, Fl, Phe, Ant, 
Ft, Pyr, BaA, Chry, BbF, BkF, 
BaP, DBahA, BghiP, IP 

Cyclohexane (115 mL) GC–MS 0.10–0.28 36–105 –a –a [17] 

LLE Naph, Acy, Ace, Fl, Phe, Ant, 
Ft, Pyr, BaA, Chry, BbF, BkF, 
BaP, DBahA, BghiP, IP, BcF, 
BcPhe, CPcdPyr, BjF, 7,12 
dmaAnt, BeP, 3mCho, 
DBaiPyr, DBaePyr, DBahPyr, 
5mChry, DBalPyr 

Hexane (75 mL), formic acid (5 
mL) 

GC–MS 70–90c 62–108 –a –a [18] 

LLE BaA, Chry, BbF, BaP Hexane (100 mL) GC–MS 10c 72–110 –a 0.7–3 [19] 
LLE Naph, Acy, Ace, Fl, Phe, Ant, 

Ft, Pyr, BaA, Chry, BbF, BkF, 
BaP, DBahA, BghiP, IP 

DCM (161 mL), hexane (50 mL) GC-FID 30–240c 64–98 –a 1.0–9.6 [20] 

SPE BaA, Chry, BbF, BkF, BaP, 
DBahA, BghiP, IP 

Formic acid 0.1% v/v (10 mL), 
formic acid 0.1% v/v with 40% 
MeOH (10 mL), and formic acid 
0.1% v/v with 80% MeOH (10 
mL), DCM with 10% hexane (8 
mL), ACN (2 mL) 

EEMF and 
RTEFM 

0.05–0.22d for 
EEMF and 1.5– 
12.1d for 
RTEFM 

28–104 142–520 –a [21] 

SPE Naph, Acy, Ace Fl, Phe, Ant, 
Ft, Pyr, BaA, Chry, BbF, BkF, 
BaP, DBahA, BghiP, IP 

ACN (350 µL) GC–MS 0.02–0.6 90–103 300 3.5–6.5 [22] 

SPE Phe, Ft, Pyr, BaA, BeP, BaP, 
DBahA, BghiP  

HPLC-FLD 16–140 >54 –a 5.3–11 [24] 

QuEChERS BaA, Chry, BbF, BaP ACN (10 mL) HPLC-FLD 150–250c 51–93 –a 2.2–8.8 [25] 
QuEChERS BaA, Chry, BbF, BaP EtOAc (10 mL), ACN (1 mL) HPLC-FLD 30–50c 54–99 –a 4–7 [26] 
QuEChERS BaA, Chry, BbF, BaP ACN (33 mL), acetone (6 mL), 

MeOH (24 mL), hexane (8 mL), 
DCM (6 mL) 

GC–MS-MS 0.1d 67–88 –a 0.2–0.6 [27] 

QuEChERS Acy, Fl, Phe, Ant, Pyr, BaA, 
Chry, BbF, BkF, BaP, DBahA, 
IP 

ACN (10 mL), hexane (5 mL) GC–MS 0.2–0.4e ~50–~120 –a <20 [28] 

d-µSPE Ace, Phe, Ant Toluene (2 mL) GC–MS 12–14 76–126 4.1–4.7 <7.8 [29] 
d-µSPE Naph, Acy, Ace Fl, Phe, Ant, 

Ft, Pyr, BaA, Chry, BbF, BkF, 
BaP, DBahA, BghiP, IP 

Hexane (500 µL), acetone (500 
µL) 

GC–MS 0.8–14.3 92–107 –a <10.6 [30] 

d-µSPE Phe, Pyr MeOH (–b) HPLC-UV 0.55–0.67d 101–106 4–72 <13.5 [31] 
d-µSPE BaA, Chy, BbF, BkF, BaP, 

DBahA, BghiP, IP 
ACN (1.5 mL) UHPLC-FLD 6.1–21 70–75 –a <19 [32] 

d-µSPE Phe, BaA, Chry, BbF, BkF, 
BaP, DBahA 

Acetone (400 µL) HPLC-FLD 0.1–10 88–105 106–125 2–3 [33] 

d-µSPE Fl, Ant, Ft, Pyr Octanol (20 µL), acetone (200 
µL) 

GC–MS 3–16 86–109 61–239 1–3.8 [34] 

IL-DLLME BaA, Chry, BbF, BkF, BaP, 
DBahA, BghiP 

ACN (200 µL) HPLC-FLD 2–30.8 56–94 61–94 2–5 [35] 

IL-DLLME BaA, Chry, BbF, BkF, BaP, 
DBahA, BghiP, IP, BcF, 
CPcdPyr, BjF, DBaiPyr, 
DBaePyr, DBahPyr, 5mChry, 
DBalPyr 

Solvent free HPLC-FLD 10–600 94–114 8.6–50 4.2–19 [36] 

IL-DLLME BaA, Chry, BbF, BkF, BaP Acetone (500 µL), hexane (1 
mL), ACN (300 µL) 

HPLC-FLD 5–20 92–120 9–17 1–13 [37] 

On line-SPE BaA, Chry, BaP, BbF ACN (25 µL) HPLC-UV 50–200 83–98 –a 0.5–12 [38] 
SBSE Naph, Fl, Phe, Ant, Ft, Pyr, 

BaA, Chry, BbF, BkF, BaP 
Solvent free GC–MS 11–26 –a  3.5–7 [39] 

SBSE Naph, Ace, Fl, Phe, Ant, Ft, 
Pyr, BaA, Chry, BbF, BkF, BaP, 
DBahA, BghiP, IP 

ACN (128 µL) HPLC-FLD 0.1–8.9 24–87 –a 0.8–11.3 [40] 

SPME Solvent free HPLC-FLD 4–145 –a  5–17 [41] 

(continued on next page) 
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expressed as ng L− 1 is shown in Table 6. PAHs concentrations, expressed 
as ng g− 1, were calculated on the mass basis of leaves used for infusion 
preparation, are also shown in Table 6. As can be seen, Pyr and Ft were 
the most abundant PAHs in the green, red and black tea infusions; Phe is 
also abundant in red and black tea infusions; and Naph in black tea in-
fusions. In addition, all PAHs, except for BghiP for white tea infusion and 
BaP, BghiP, BkF, DBahA abd BaA for tea beverages, were below LOQs. 
The total mean Σ16CPAHs in samples were from 1.2 ng L− 1 to 151.7 ng 
L− 1, showing high PAHs concentrations in black tea infusions, followed 
by red and green tea infusions, tea beverages and white tea infusions. 
The mean Σ4CPAH (sum of BaA, Chry, BbF and BaP concentrations) were 
7.5 ± 0.57 ng L− 1, 5.6 ± 0.50 ng L− 1and 7.1 ± 0.26 ng L− 1 for green, red 

and black tea infusions, respectively; and 4.6 ± 0.20 ng L− 1 for tea 
beverages. BaP concentrations were from < 1.5 ng L− 1 (white tea in-
fusions) to 4.6 ng L− 1 (green tea infusions). The wide PAHs content 
variations found in studied samples might be attributed to the different 
production and manufacturing processes of tea leaves [5–9]. As can be 
seen in Table 6, the maximum values of BaP (10 ng g− 1) and the sum of 
BaA, Chry, BbF and BaP (50 ng g − 1) for foodstuffs (food supplements 
containing botanicals, dried herbs and their preparations) set by the 
European Food Safety Agency [13] were not exceeded. 

Finally, although the carcinogenicity of PAHs relatively to BaP 
equivalent (BaPeq) concentration of 16 PAHs (Σ16CBaPeq) and the total 
mutagenicity of PAHs relatively to BaP mutagenic equivalent (BaPMeq) 

Table 5 (continued ) 

Pre- 
concentration 
technique 

Target PAH Solvents (Solvent volumes) Determination 
technique 

LOD (ng L− 1) Recovery 
(%) 

EF Precision 
RSD (%) 

Ref. 

Naph, Acy, Ace, Fl, Phe, Ant, 
Ft, Pyr, BaA, Chry 

SPME Phe, Ft, BaP THF (100 µL) HPLC-UV 0.1–50 91–107 –a 0.8–4.5 [42] 
In-tube SPME Naph, Ace, Fl, Phe, Ant, Ft, 

Pyr, BaA, Chry, BbF, BkF, BaP, 
DBahA, BghiP, IP 

Solvent free HPLC-FLD 0.32–4.6 70–101 –a 1.9–19.6 [43] 

MASE Naph, Ace, Fl, Phe, Ant, Ft, 
Pyr, BaA, Chry, BbF, BkF, BaP, 
DBahA, BghiP, IP 

Hexane (350 µL) HPLC-FLD 0.6–26 43 42.8 0.4–4.2 [This 
work] 

Ace, acenaphthene; Acy, acenaphthylene; ACN, acetonitrile; Ant, anthracene; BaA, benzo(a)anthracene; BaP, benzo(a)pyrene; BbF, benzo(b)fluoranthene; BcF, benzo 
(c)fluorene; BcPhe, benzo(c)phenanthrene; BeP, benzo(e)pyrene; BghiP, benzo(g,h,i)perylene; BkF, benzo(k)fluoranthene; BjF, benzo(j)fluoranthrene; CFs, carbon 
fibers; Chry, chrysene; CPcdPyr, cyclopenta(c,d)pyrene; DBaePyr, dibenzo(a,e)pyrene; DBahA, dibenz(a,h)anthracene; DBahPyr, dibenzo(a,h)pyrene; DBaiPyr, 
dibenzo(a,i)pyrene; DBalPyr, dibenzo(a,l)pyrene; DCM, dichloromethane; DIW, deionised water; DSPE, dispersive solid-phase extraction; d-µSPE. dispersive micro-
solid phase extraction; EEMF, excitation-emission matrix fluorescence; EtOAc, ethyl acetate; FLD, fluorescence detection; FID, flame ionization detector; Fl, fluorene; 
Ft, fluoranthene; GC–MS, gas chromatography-mass spectrometry; HPLC, high performance liquid chromatography; IL, ionic liquid;[MOEDEA][FAP], ethyl-dimethyl- 
(2-methoxyethyl)ammonium tris (pentafluoroethyl)trifluorophosphate; IP, indeno(1,2,3-cd)pyrene; MASE, membrane assisted solvent extraction; MS-MS, tandem 
mass spectrometry; Naph, naphthalene; Phe, phenanthrene; Pyr, pyrene; QuEChERS, quick, easy, cheap, effective, rugged and safe; RTEFM, retention time-emission 
spectra matrices; RT, room temperature; SPME, solid phase microextraction; THF, tetrahydrofuran; UHPLC, ultra-high performance liquid chromatography; UV, 
ultraviolet; 3mCho, 3-methylcholanthrene; 5mChry, 5-methylchryzene; 7,12 dmaAnt, 7,12-dimethylbenz(a)anthracene. 

a Not given. 
b LOQ as ng L− 1. 
c Expressed as mg kg− 1. 
d Data expressed as µg L− 1. 
e Expressed as µg kg− 1. 

Table 6 
PAHs concentration (mean value ± SD) in several commercial tea infusions.  

PAH Green tea Red tea Black tea White tea Fruit/herbal tea beverage 

ng L− 1 ng Kg− 1a ng L− 1 ng Kg− 1a ng L− 1 ng Kg− 1a ng L− 1 ng Kg− 1a ng L− 1 

Naph –c –c –c –c 54.8 ± 0.57 2.7 ± 0.03 –c –c –c 

Ace –c –c –c –c –c –c –c –c –c 

Fl –c –c 6.9 ± 0.40 0.35 ± 0.02 –c –c –c –c –c 

Phe –c –c 46.8 ± 3.4 2.3 ± 0.17 39.8 ± 2.3 2.1 ± 0.12 –c –c –c 

Ant 2.9 ± 0.2 0.15 ± 0.01 5.5 ± 0.40 0.28 ± 0.02 4.8 ± 0.27 0.24 ± 0.10 –c –c –c 

Ft 16.1 ± 1.3 0.81 ± 0.07 20.9 ± 1.2 1.0 ± 0.06 15.7 ± 1.1 0.79 ± 0.06 –c –c –c 

Pyr 18.0 ± 2.4 0.90 ± 0.12 22.2 ± 2.1 1.1 ± 0.11 22.5 ± 2.4 1.1 ± 0.12 –c –c –c 

BaA 2.9 ± 0.15 0.15 ± 0.008 3.0 ± 0.47 0.15 ± 0.02 3.5 ± 0.22 0.18 ± 0.01 –c –c 1.8 ± 0.16 
Chry –c –c –c –c –c –c –c –c –c 

BeP 6.0 ± 0.46 0.30 ± 0.02 –c –c –c –c –c –c –c 

BbF –c –c –c –c –c –c –c –c –c 

BkF 2.6 ± 0.17 0.13 ± 0.009 1.0 ± 0.17 0.05 ± 0.009 1.1 ± 0.21 0.06 ± 0.01 –c –c 2.3 ± 0.18 
BaP 4.6 ± 0.55 0.23 ± 0.03 2.6 ± 0.18 0.13 ± 0.009 3.6 ± 0.14 0.18 ± 0.007 –c –c 2.8 ± 0.12 
DBahA 1.7 ± 0.70 0.09 ± 0.04 –c –c –c –c –c –c 2.0 ± 0.13 
BghiP 6.6 ± 0.28 0,33 ± 0.01 3.0 ± 0.05 0.15 ± 0.003 5.9 ± 1.1 0.30 ± 0.06 1.2 ± 0.20 0.06 ± 0.01 2.6 ± 0.04 
IP –c –c –c –c –c –c –c –c –c 

Σ16CPAHs 61.4 ± 2.9 3.1 ± 0.15 111.9 ± 4.2 5.6 ± 0.21 151.7 ± 3.7 7.6 ± 0.19 1.2 ± 0.20 0.06 ± 0.01 11.5 ± 0.30 
Σ4CPAHs

b 7.5 ± 0.57 0.38 ± 0.03 5.6 ± 0.50 0.28 ± 0.03 7.1 ± 0.26 0.36 ± 0.01 –c –c 4.6 ± 0.20 
Σ16CBaPeq 19.8 ± 3.6 0.99 ± 0.18 3.2 ± 0.19 0.16 ± 0.009 4.3 ± 0.14 0.21 ± 0.007 0.01 ± 0.002 0.0005 ± 0.0001 13.2 ± 0.66 
Σ8CBaPMeq 6.9 ± 0.60 0.34 ± 0.03 3.5 ± 0.20 0.18 ± 0.009 5.1 ± 0.30 0.26 ± 0.01 0.23 ± 0.04 0.01 ± 0.02 4.3 ± 0.10  

a Results calculated on the mass basis of leaves used for infusion preparation. 
b Σ(CBaA + CChry + CBbF + CBaP). 
c Concentration lower than LOQs. 
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concentration of 8 USEPA priority PAHs (Σ8CBaPMeq) regulatory stan-
dards have not been established yet, those concentrations were achieved 
(Table 6). Σ16CBaPeq and Σ8CBaPMeq were calculated using the following 
formulas [58,59]: 

∑

16
CBaPeq =

∑i=16

i=1
(CPAH ixTEFi)

∑

8
CBaPMeq =

∑i=8

i=1
(CPAH ixMEFi)

where CPAHi represents the concentration of each PAH in tea in-
fusions (expressed as ng L− 1), TEFi is the toxic equivalence factor of the 
PAHi relative to BaP and MEFi is the mutagenic equivalence factor 
(MEF) value of the PAHi. TEFs used in this study were: 0.001 for Naph, 
Ace, Fl, Phe, Ft and Pyr; 0.01 for Ant, Chry and BghiP; 0.1 for BaA, BbF, 
BkF and IP; 1.0 for BeP and BaP; and 5.0 for DBahA [60]. MEFs used in 
this study were: 0.082, 0.017, 0.25, 0.11, 1, 0.29, 0.19 and 0.31, for BaA, 
Chry, BbF, BkF, BaP, DBahA, BghiP, and IP, respectively [59]. 

Attending to the results obtained (Table 6), Σ16CBaPeq values fol-
lowed the order green tea infusions (19.8 ± 3.6 ng L− 1) > tea beverages 
(13.2 ± 0.66 ng L− 1) > black tea infusions (4.3 ± 0.14 ng L− 1) > red tea 
infusions (3.2 ± 0.19 ng L− 1) > white tea infusions (0.01 ± 0.02 ng L− 1). 
Finally, Σ8CBaPMeq values followed the order green tea infusions (6.9 ±
0.60 ng L− 1) > black tea infusions (5.1 ± 0.30 ng L− 1) > tea beverages 
(4.3 ± 0.10 ng L− 1) > red tea infusions (3.5 ± 0.20 ng L− 1) > white tea 
infusions (0.23 ± 0.04 ng L− 1). 

4. Conclusions 

An environmentally friendly, simple, highly efficient and cost- 
effective method for PAHs extraction and pre-concentration in tea in-
fusions and tea beverages base on a MASE procedure has been proposed, 
at few ng L− 1. PAHs extracted were quantified by HPLC-FLD using Ant- 
d10, BeP-12 and DBahA-d14 as surrogate standards that compensate 
analyte losses and minimize possible matrix effects. Furthermore, MASE 
procedure was optimised by using a central composite design after the 
application of Plackett–Burman designs as factor screening. Plack-
ett–Burman designs showed that extraction time, acceptor solvent 
(hexane) volume and stirring time were the most significant variables 
involved on the extraction and pre-concentration of PAHs in tea in-
fusions and tea beverages by MASE. In addition, PAHs were efficiently 
extracted from tea infusions stirring at 190 rpm during 70 min and using 
350 µL of hexane as acceptor phase, achieving the very restrictive 
criteria of LODs, LOQs and analytical recoveries for BaA, Chry, BbF and 
BaP determination in foodstuffs set by the European Commission 
Regulation 836/2011. Finally, the proposed method was successfully 
applied to several tea infusions and tea beverages, and carcinogenic and 
mutagenic BaP equivalent concentrations were calculated. 
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of headspace solid-phase microextraction coupled to liquid chromatography for the 
analysis of polycyclic aromatic hydrocarbons in tea infusions, J. Chromatog. A 
1164 (2007) 10–17, https://doi.org/10.1016/j.chroma.2007.06.056. 

[41] S.H. Loh, M.M. Sanagi, W.A.W. Ibrahim, M.N. Hasan, Multi-walled carbon 
nanotube-impregnated agarose film microextraction of polycyclic aromatic 
hydrocarbons in green tea beverage, Talanta 106 (2013) 200–205, https://doi.org/ 
10.1016/j.talanta.2012.12.032. 

[42] A. Ishizaki, K. Saito, N. Hanioka, S. Narimatsu, H. Kataoka, Determination of 
polycyclic aromatic hydrocarbons in food samples by automated on-line in-tube 
solid-phase microextraction coupled with high-performance liquid 
chromatography-fluorescence detection, J. Chromatog. A 1217 (2010) 5555–5563, 
https://doi.org/10.1016/j.chroma.2010.06.068. 

[43] B. Hauser, P. Popp, Membrane-assisted solvent extraction of organochlorine 
compounds in combination with large-volume injection/gas chromatography– 
electron capture detection, J. Sep. Sci. 24 (2001) 551–560, https://doi.org/ 
10.1002/1615-9314. 

[44] S. Ncube, G. Lekoto, E. Cukrowska, L. Chimuka, Development and optimisation of a 
novel three-way extraction technique based on a combination of Soxhlet 
extraction, membrane assisted solvent extraction and a molecularly imprinted 
polymer using sludge polycyclic aromatic hydrocarbons as model compounds, 
J. Sep. Sci. 41 (2018) 918–928, https://doi.org/10.1002/jssc.201701216. 

[45] S. Ncube, N. Tavengwa, A. Soqaka, E. Cukrowska, L. Chimuka, Development of a 
single format membrane assisted solvent extraction-molecularly imprinted 
polymer technique for extraction of polycyclic aromatic hydrocarbons in 
wastewater followed by gas chromatography mass spectrometry determination, 
J. Chromatogr. A (1569 (2018)) 36–43, https://doi.org/10.1016/j. 
chroma.2018.07.061. 
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