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A B S T R A C T   

Optimizing a multi-residue analysis when using an automatic SPE (solid phase extraction) system and complex 
matrices becomes a difficult problem because of the large number of experimental factors that can influence the 
recovery of the analytes. Furthermore, in most cases, the conditions of the factors that enhance the response of 
one analyte are in conflict with those suitable for some others. 

In this work, AQbD (Analytical Quality by Design) is applied to the development of an analytical procedure 
based on automatic SPE coupled to HPLC-FLD in the determination of nine polycyclic aromatic hydrocarbons 
(PAHs) in coffee samples. 

Focussing on the SPE, the elution volume, the dry time, and volume in the wash stage, and the organic solvent 
(at two, three, three, and four levels, respectively) were considered. 

The first problem is to handle these four factors (control method parameters, CMPs) at different levels to 
optimize responses (critical quality attributes, CQAs). This task has been carried out using a D-optimal design 
that, starting from a full factorial design of four factors with 72 experiments, reduced this number to 19, 
maintaining the precision of the estimates, saving time and costs in the laboratory. 

The second problem is related to the choice of CQAs to apply the AQbD methodology. A complex matrix such 
as coffee contains impurities that interferes with the target analytes and may even coelute in the chromato-
graphic determination. A PARAFAC decomposition allows avoiding this problem and uses the “second order 
advantage” to unequivocally identify each analyte. Then, the obtained sample loadings were used as responses. 
Specifically, each CQA is the difference between spiked and blank coffee samples. All these CQAs must be 
maximized. 

Once the experimental data were obtained, two alternatives were posed: on the one hand, the classical 
optimization based on the estimation of the effects of CMPs on the CQAs, and on the other hand, applying the 
AQbD methodology to construct the design space that allows to increase the knowledge of the automatic SPE 
system. 

Because the experimental domain of CMPs is discrete and the SPE system performs differently for each analyte, 
it is not possible to obtain the maximum of all CQAs at the same factor levels. Therefore, the design space of the 
CMPs is obtaining through the Pareto front of the non-dominated values of CQAs. 

The nine PAHs selected were phenanthrene (PHE), anthracene (ANT), fluoranthene (FLN), pyrene (PYR), 
chrysene (CHR), benzo[a]anthracene (BaA), perylene (PER), benzo[b]fluoranthene (BbF) and benzo[a]pyrene 
(BaP). European regulations amending foodstuff set maximum levels for BaP and the sum of the content of four 
compounds (PAH4): BaP, BaA, BbF and CHR.   

1. Introduction 

Polycyclic aromatic hydrocarbons (PAHs), compounds that have two 
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or more condensed aromatic rings, are formed by fragments of organic 
compounds produced by pyrolysis (at high temperatures) [1]. PAHs can 
be a source of contamination for foods, on the one hand, they appear 
ubiquitous in the environment such as in water, soil and air, and on the 
other hand, they arise in cooking practices such as baking, drying, 
grilling, smoking, roasting, barbecuing, toasting, heating and frying [2]. 
Roasting is a key step in coffee production carried out at temperatures 
between 120 and 230 ◦C and gives properties of aroma, colour and 
flavour [3]. 

Between PAHs, 16 have been considered as high priority pollutants 
by the American Environmental Protection Agency (EPA) [4] due to 
their potential toxicity to humans and other organisms and because of 
their prevalence and persistence in the environment. Among these 16 
PAHs, the most harmful is benzo[a]pyrene (BaP) which is included in 
group 1 “carcinogenic to humans” in the International Agency for 
Research on Cancer (IARC) list [5]. Looking forward, that classification 
could change, since the last update of July 2023 is preparing the moving 
of anthracene (ANT) from group 3 to 2B. 

For this reason, PAHs are limited in foodstuff through European 
Regulation (EU) 2023/915 [6], which repeals Regulation (EC) No 
1881/2006. Maximum levels are established for the amount of BaP and 
for the sum of the content of four compounds named PAH4 (BaP, benzo 
[a]anthracene (BaA), benzo[b]fluoranthene (BbF), and chrysene (CHR)) 
for different kinds of foodstuff. As regulation mentions, instant or sol-
uble coffee are excluded from the maximum level for powders of food of 
plant origin for the preparation of beverages category since negligible 
amount of PAHs has been found. However, coffee ground is not taken 
into account in any of the food categories. 

In the literature, there are several extraction methods and two main 
analytical techniques, gas chromatography coupled to mass spectrom-
etry (GC-MS) and high performance liquid chromatography with fluo-
rescence detector (HPLC-FLD), in order to determine PAHs in coffee [1, 
3,7]. Although lower limits of detection and quantification could be 
achieved by means of GC-MS regarding HPLC-FLD, the first one cannot 
be afforded by every laboratory. For this reason, in the present paper, 
HPLC-FLD was selected since a quick method for the determination of 
PAHs has previously been optimized [8]. In terms of extraction, the solid 
phase extraction (SPE) method was selected to extract and 
pre-concentrate in a single stage [9,10]. It is common to carry out an 
alkaline saponification with KOH or NaOH in coffee samples in order to 
remove the lipid fraction, pigments, and other organic contaminants 
that can interfere during the analysis. However, the benefit of the stage 
is questioned due to the possible degradation of some PAHs and the 
interference in the fluorescent signal [11,12]. 

Different sorbents such as C18 [10,13], silica [14,15] and 
author-synthetized [16,17] have been used in the SPE of PAHs from 
coffee samples. However, for this work, the Oasis® HLB cartridge was 

selected, which contains a water-wettable sorbent. HLB refers to 
Hydrophilic-Lipophilic-Balanced, which means that the sorbent is made 
from a specific ratio of two monomers, hydrophilic N-vinyl-2--
pyrrolidone and the lipophilic divinylbenzene, which allows working 
with acidic, neutral, and basic compounds [9,18]. 

Starting from Refs. [9,18], it can be seen that there are a lot of steps 
and several parameters for each of them that can be optimized for the 
SPE process. In the reviewed literature, parameters such as pH and 
volume of sample in load step; volume and type of solvent in the elution 
step have been optimized [10,13,16,17]. They usually did it through a 
“one-variable-at-a-time” approach, that means parameters are analysed 
by changing one factor at a time keeping the other ones constant, 
without addressing interactions among parameters which could ex-
pected to be significant. 

In this work, the design space (DS), defined as in Analytical Quality 
by Design (AQbD) [19–21], has been employed in the analysis of the 
performance of the automatic SPE system in a multi-residue analysis. To 
obtain the CMPs (Control Method Parameters) that maximize the 
desired Critical Quality Attributes (CQAs) a D-optimal design and par-
allel factor analysis (PARAFAC) have been used. Once the data were 
collected according to the chosen design, the results (loadings of PAR-
AFAC decomposition) were analysed using a multiple linear regression 
analysis to establish the multivariate relationship, f, between CMPs and 
CQAs. From this point onwards, classical optimization and AQbD differ 
between them. In the former case, f was used to determine the specific 
values of CMPs that provided the optimal CQAs. However, in the AQbD 
approach, the inverse function of f was considered to determine the 
region in the experimental domain of CMPs where the values of CQAs 
are maintained within the range that the researcher deems appropriate 
for the purpose of the analysis. Since the design space is an n-dimen-
sional region, its study allows estimating synergies or antagonisms be-
tween CMPs, thereby increasing knowledge of the analytical method. 
Optimizing a multi-residue analysis when using an automatic SPE sys-
tem and complex matrices becomes a difficult problem due to the large 
number of experimental factors that can influence the extraction of the 
analytes (CQAs). Furthermore, in most cases, the conditions that 
enhance the response for one analyte are in conflict with those suitable 
for some other. 

The first problem is to handle several factors (CMPs) with different 
levels to optimize the responses (CQAs). This task has been carried out 
using a D-optimal design to reduce the experimental efforts. Four pa-
rameters to be optimized have been selected, being three of them: vol-
ume in elution step; dry time with nitrogen and volume in the wash 
stage. Furthermore, the type of organic solvent used in the preparation 
of coffee samples was considered as the fourth factor in the design of the 
experiments, since the addition of organic solvents, such as methanol or 
acetonitrile, avoid the adsorption of PAHs into the glassware walls [7, 

Abbreviations 

EPA American Environmental Protection Agency 
AQbD analytical quality by design 
ANT anthracene 
BaA benzo[a]anthracene 
BaP benzo[a]pyrene 
BbF benzo[b]fluoranthene 
CHR chrysene 
CMP Control Method Parameters 
CORCONDIA index or CORE core consistency diagnostic 
CQA Critical Quality Attributes 
CCα decision limit 
DS design space 
CCβ detection capability 

FLN fluoranthene 
GC-MS gas chromatography coupled to mass spectrometry 
HPLC-FLD high performance liquid chromatography with 

fluorescence detector 
HLB hydrophilic-lipophilic-balanced 
IARC International Agency for Research on Cancer 
MCR-ALS multivariate curve resolution by alternating least squares 
PARAFAC parallel factor analysis 
PER perylene 
PHE phenanthrene 
PAHs polycyclic aromatic hydrocarbons 
PYR pyrene 
SPE solid phase extraction 
VIF variance inflation factor  
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10]. 
In order to develop the optimization, two alternatives were posed: on 

the one hand, the classical optimization based on the estimation of the 
effects of the levels of the factors on the responses and, on the other 
hand, exploration of the discrete version of the DS which allows 
increasing knowledge of the automatic SPE procedure. 

The second problem is related to the choice of the type of response 
(CQAs) to optimize in the experimental design. A complex matrix such 
as coffee contains impurities that can interfere with the target analytes 
and may even coelute in the chromatographic determination. A PAR-
AFAC decomposition allows avoiding this problem and uses the “second 
order advantage” to unequivocally identify each analyte [22,23]. 

In the present paper, phenanthrene (PHE), ANT, fluoranthene (FLN), 
pyrene (PYR), CHR, BaA, perylene (PER), BbF, and BaP were selected for 
their determination and quantification with HPLC-FLD in several coffee 
samples (100 % natural roast coffee of two intensity levels and a mixture 
of 50 % natural roast coffee and 50 % torrefied roast coffee). 

2. Material and methods 

2.1. Chemicals and reagents 

Anthracene (ANT ≥98 %, CAS no. 120-12-7), fluoranthene (FLN ≥98 
%, CAS no. 206-44-0), perylene (PER ≥99 %, CAS no. 198-55-0) and 
benzo[b]fluoranthene (BbF 98 %, CAS no. 205-99-2) were acquired in 
Sigma-Aldrich (Steinheim, Germany). Phenanthrene (PHE 98 %, CAS 
no. 85-01-8), pyrene (PYR 98 %, CAS no. 129-00-0) and benzo[a]pyrene 
(BaP 96 %, CAS no. 50-32-8) were purchased by Alfa Aesar (Kandel, 
Germany). Benzo[a]anthracene (BaA 99 %, CAS no. 56-55-3) was ac-
quired in Acros Organic (Geel, Belgium). Chrysene (CHR ≥95 %, CAS 
no. 218-01-9), acetonitrile (CAS no. 75-05-8), methanol (CAS no. 67-56- 
1) and acetone (CAS no. 67-64-1) were supplied by Merck (Darmstadt, 
Germany), the three solvents were LiChrosolv® for liquid chromatog-
raphy. Dichloromethane (CAS no. 75-09-2; for HPLC HiPerSolv CHRO-
MANORM) was acquired in VWR Chemicals (Fontenay sous Bois, 
France). Deionized water was obtained by using the Milli-Q gradient 
A10 water purification system from Millipore (Bedford, MA, USA). 

2.2. Instrumental 

In order to extract the nine PAHs from the liquid coffee, an automatic 
SPE model ASPEC GX-271 from Gilson, Inc. World Headquarters (Mid-
dleton, WI, USA) and Oasis® HLB 6 cc (200 mg) extraction cartridges 
from Waters (Milford, MA, USA) were used. The SPE system consists of a 
tip groove probe, a Verity® 4060 Syringe Pump equipped with a 10 mL 
syringe, a four polyethylene bottles rack from which the system aspi-
rates the coffee samples (see details of preparation in Section 2.3.). An 
additional GX rinse pump system was employed to clean the probe with 
acetone. 

For the evaporation of the dichloromethane solvent of the extract 
obtained from the SPE, Multivap™ nitrogen evaporation system model 
11364, Organomation Associates Inc. (Berlín, MA, USA) was used. In the 
next step, an Ultrasonic Cleaner USC 1200 THD (VWR International, 
Leuven, Belgium) and a vortex stirrer LBX Instruments V05 series with 
speed control (Barcelona, Spain) were employed for homogenizing the 
samples. 

The determination of the nine polycyclic aromatic hydrocarbons, 
PHE, ANT, FLN, PYR, CHR, BaA, PER, BbF, and BaP, was carried out 
using an Agilent 1260 Infinity HPLC chromatograph (Santa Clara, CA, 
USA) consisting of a quaternary pump (G1311C), a sampler (G1329B), a 
thermostatic column compartment (G1316 A), and a fluorescence de-
tector (G1321B). A Kinetex EVO-C18 column (150 mm × 4.6 mm, 5 μm) 
coupled to a pre-column (SecurityGuard™ ULTRA cartridges sub-2 μm 
and core-shell columns with 4.6 mm internal diameters), both from 
Phenomenex (Torrance, CA, USA), were used for the separation. 

The chromatographic separation was carried out following the 

optimized conditions in Ref. [8], using an isocratic mobile phase of 38 % 
water, 19 % methanol and 43 % acetonitrile, at a flow rate of 1.5 mL 
min− 1. The temperature of the column compartment was fixed at 42 ◦C 
and the injection volume was 10 μL. An excitation wavelength of 274 nm 
was programmed in the fluorescence detector software to record the 
emission spectrum between 290 and 550 nm, each 1 nm, during the 
analysis, for 30 min. 

2.3. Standard solutions and samples 

Individual standard stock solutions of 100 mg L− 1 were prepared by 
dissolving each standard in acetonitrile and stored frozen and protected 
from light. Intermediate individual solutions of 10, 40, 6, 3.5, 2, 0.8, 4, 
3.5, and 0.7 mg L− 1 for PHE, ANT, FLN, PYR, CHR, BaA, PER, BbF, BaP, 
respectively, were prepared from the individual stock solutions by 
dilution with acetonitrile. A first intermediate mixture solution of 333 
and 500 μg L− 1 for PHE and ANT respectively, of 83 μg L− 1 for FLN, PYR, 
CHR, PER and BbF, and of 33 μg L− 1 for BaA and BaP, was prepared from 
the intermediate individual solutions by dilution with acetonitrile. A 
second intermediate mixture solution of 50 and 75 μg L− 1 for PHE and 
ANT respectively, of 12.5 μg L− 1 for FLN, PYR, CHR, PER and BbF, and of 
5 μg L− 1 for BaA and BaP, was prepared from the first mixture solution 
by dilution with acetonitrile. The first intermediate mixture solution was 
used to prepare eleven calibration standards by dilution with acetoni-
trile, which were ranged between 0 – 40 and 0 – 60 μg L− 1 for PHE and 
ANT respectively, between 0 – 10 μg L− 1 for FLN, PYR, CHR, PER and 
BbF, and between 0 – 4 μg L− 1 for BaA and BaP. All the solutions were 
stored protected from light at 4 ◦C. 

In order to take into account possible matrix interferences, in the 
optimization of the automatic SPE system, capsules filled with 100 % 
natural roast coffee and intensity level 7, named (V), were used. Once 
the automatic SPE system was optimized, three different types of coffee 
from three new brands were considered for their analysis in this work: i) 
capsules filled of 100 % natural roast coffee and intensity level 7, named 
(M1, M4, M7); ii) capsules filled with 100 % natural roast coffee and 
intensity level 11, named (M2, M5, M8); and iii) capsules filled at lab-
oratory with 5 g of a mixture of 50 % natural roast coffee and 50 % 
torrefied roast coffee (coffee roasted in the presence of sugar), named 
(M3, M6, M9). All the types of coffee were bought in local supermarkets. 

The procedure to obtain the liquid coffee consisted in putting two 
capsules of each type and each brand of coffee in the capsule coffee 
machine with Milli-Q water, and a volume of 150 mL was collected in 
individual beakers. Between each type and each brand of coffee, the 
coffee machine was cleaned with Milli-Q water without the coffee 
capsule, passing through the system an approximate volume of 130 mL. 
For each type and each brand of coffee, a blank coffee sample and a 
spiked coffee sample were prepared in 250-mL volumetric flasks adding: 
i) 50 mL of liquid coffee; ii) 2.25 mL of acetonitrile for the blank coffee 
sample or 2.25 mL of the second intermediate mixture solution for 
spiked coffee sample to have a concentration of 450 and 675 ng L− 1 for 
PHE and ANT respectively, 112.5 ng L− 1 for FLN, PYR, CHR, PER and 
BbF, and 45 ng L− 1 for BaA and BaP; iii) 25 mL of acetonitrile and 25 mL 
of methanol (experimental factor optimized in Sections 4.2. and 4.3.); 
iv) completed to the mark with Milli-Q water. 

Blank and spiked coffee samples were prepared and transferred to 
polyethylene bottles for SPE system. The analysis of both types of coffee 
samples must be carried out in order to calculate the quantity of analytes 
added which was extracted after applying the SPE procedure, consid-
ering the quantity of analytes already present in the blank coffee 
samples. 

2.4. Solid phase extraction and preparation of extracts 

The optimized SPE procedure was based on Refs. [9,18] where the 
selected cartridge was used in the extraction of PAHs. The procedure 
consisted in six steps: two conditions, load, wash, and two elutions. First, 
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the Oasis® HLB cartridges were conditioned in two steps: 5 mL of 
methanol and 5 mL of Milli-Q water, both with a result flow rate of 4 mL 
min− 1. 

The full load of the coffee sample from polyethylene bottles was 40 
mL, volume which was taken in five individual loads of 8 mL with a 
result flow rate of 1 mL min− 1. At that point, the probe was cleaned with 
acetone during 0.5 min. 

In wash stage, 1 mL (experimental factor optimized in Sections 4.2. 
and 4.3.) of 5 % methanol in Milli-Q water was applied with a result flow 
rate of 4 mL min− 1. Then, cartridges were dried under a nitrogen flow of 
1 bar during 7.5 min (experimental factor optimized in Sections 4.2. and 
4.3.). Again, the probe was cleaned with acetone during 0.5 min. 

Finally, the elution step was carried out in two tasks: 5 mL (experi-
mental factor optimized in Sections 4.2. and 4.3.) and 1 mL of 
dichloromethane were added with a result flow rate of 2 mL min− 1. The 
volume of both tasks was collected inside a glass test tube in which 0.5 
mL of Milli-Q water was previously added. The cartridges were dried 
under a nitrogen flow of 1 bar during 1 min. The source flow rates of all 
the steps of the automatic SPE system were fixed at 10 mL min− 1. 

The dichloromethane of the final extracts was evaporated with a 
nitrogen evaporation system which was installed at 2 bar of pressure. 
The test tubes were moved away when the final volume reached 0.5 mL, 
and then, 1 mL of acetonitrile was added in each test tube. For ho-
mogenizing the samples, the ultrasonic cleaner at a power level of 9 
during 3 min and a vortex stirrer during 25 s were employed. These 
volumes of 1.5 mL were transferred to amber HPLC vials using 0.22 μm 
pore size polypropylene filters. 

2.5. Software 

The automatic SPE system was controlled by Trilution LH software. 
OpenLab CDS ChemStation software was used for acquiring HPLC data. 
PLS_Toolbox [24] for use with MATLAB [25] was employed in PARAFAC 
decomposition. The D-optimal experimental design was selected with 
NEMRODW [26]. The program COO-FRO [27] was used to obtain the 
parallel coordinates plot. The calibration and accuracy lines were fitted 
and validated applying STATGRAPHICS Centurion 19 [28]. Decision 
limit (CCα) and detection capability (CCβ) were calculated using the 
DETARCHI program [29]. 

3. Theory 

3.1. Design of experiments: D-optimal design 

For the design of experiments, four parameters were chosen as 

factors: volume (X1) in the first elution step; dry time with nitrogen (X2) 
and volume (X3) in the wash stage; and type of organic solvent (X4) used 
in the preparation of the coffee samples. The possible interaction be-
tween X2 and X3 has also been considered. 

A saturated design, such as a Plackett-Burman design, usually used as 
a screening design, does not allow handling more than two levels per 
factor. In addition, these designs do not allow seeing the possible in-
teractions between factors that are always confused with the main fac-
tors [30,31]. For this reason, in this work a full factorial design as initial 
experimental domain was used. The full factorial design supposed a total 
of N = 2 × 3 × 3 × 4 experiments. 

The levels of each factor and their code are shown in Table 1a). The 
first stage of the design of experiments was to fit a model which relates, 
from the experimental data, the change in each response considered Yi, i 
= 1, …,9 (a response for each PAH) when varying the levels of the 
factors. For a response Y, the presence-absence model that includes all 
the effects and interactions is written by means of coefficients of indi-
cator variables, which is shown in Eq. (1). 

Y = β0 + βA1XA1 + βA2XA2 +

+βB1XB1 + βB2XB2 + βB3XB3 +
+βC1XC1 + βC2XC2 + βC3XC3 +

+βD1XD1 + βD2XD2 + βD3XD3 + βD4XD4 +
+βB1C1XB1XC1 + βB1C2XB1XC2 + βB1C3XB1XC3 +
+βB2C1XB2XC1 + βB2C2XB2XC2 + βB2C3XB2XC3 +
+βB3C1XB3XC1 + βB3C2XB3XC2 + βB3C3XB3XC3

(1)  

In Eq. (1), the binary variables Xij, i = A, B, C, D, j = 1, …,ni (being ni the 
number of the levels of the factor i-th) takes the value of 1 if the factor i is 
at level j and the value of 0 in the other cases. In addition to the intercept 
β0, this model has 21 coefficients βij, that estimate the effect on the 
response when the i-th factor is fixed at level j. In the case of the in-
teractions, the coefficient βijkl corresponds to the effect on the response 
when the factor i is at level j and the factor k is at level l simultaneously. 
This model will be used in the analysis of the effect of the levels to 
establish the combination of the levels which lead to the optimal solu-
tion. However, the estimation of the coefficients carried out from the 
experimental data is unfeasible since for each factor i the sum of the 
binary variables is constant, that is Xi1 + Xi2 + ...+ Xini = 1, i = A, ...,D. 
Therefore, the reference-state model, in Eq. (2), is used instead for the 
estimation of effects. 

Table 1 
a) The four factors and their levels in the SPE optimization procedure. b) Levels of the factors that maximize each response Yanalyte.  

a) Code Factor Number of levels Code Level  

X1 Elution volume 2 A1: 2 mL 
A2: 5 mL 

X2 Dry time with nitrogen in the wash stage 3 B1: 5 min 
B2: 7.5 min 
B3: 10 min 

X3 Wash volume 3 C1: 1 mL 
C2: 3 mL 
C3: 5 mL 

X4 Organic solvent 4 D1: 0 %  
D2: 20 % MeOH  
D3: 20 % ACN  
D4: 10 % MeOH +10 % ACN  

b) YPHE YANT YFLN YPYR YCHR YBaA YPER YBbF YBaP Level chosen  

X1 A2 A2 A2 A1 A2 – A2 A2 A2 5 mL  
X2 B3 B1 B2 B2 B2 B2 B2 B2* B2 7.5 min  
X3 C2 C1 C1 C1 C1 C1 C1 C1 C1 1 mL  
X4 D1* D4 D4 D4* D4* D4* D4 D4 D4* 10 % MeOH +10 % ACN 

*significant at 0.05. 
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Y = β′
0 + β′

A1X′
A1 +

+β′
B1X′

B1 + β′
B2X′

B2 +

+β′
C1X′

C1 + β′
C2X′

C2 +

+β′
D1X′

D1 + β′
D2X′

D2 + β′
D3X′

D3 +

+β′
B1C1X′

B1X′
C1 + β′

B1C2X′
B1X′

C2 +

+β′
B2C1X′

B2X′
C1 + β′

B2C2X′
B2X′

C2

(2)  

In addition to the intercept β′0, the reference-state model has only 12 
coefficients β′ij which correspond to the effect of changing the level of a 
factor regarding a reference level. For Eq. (2) the reference level 
considered was the last one for each factor. In the model in Eq. (2), the 
levels of each factor are codified jointly by the binary variables which 
intervene in this factor. For example, when the factor X2 is at level 1, 
X′

B1 = 1 and X′
B2 = 0; if it is at level 2, X′

B1 = 0 and X′
B2 = 1; and if it is at 

level 3 (the reference one) X′
B1 = − 1 and X′

B2 = − 1. 
Once calculated the coefficients of the reference-state model (β′ij), 

the ones of the presence-absence model (βij) are obtained because both 
models are mathematically related between them (as can be seen in the 
Supplementary Material of Ref. [32]). 

Taking into account the number of factors and the number of levels 
of each one (Table 1a)), the full factorial design supposes a total of 72 
experiments when considering all the available combinations. However, 
not as many experiments are needed to estimate the model in Eq. (2), 
since only 13 experiments are theoretically needed. In order to reduce 
the number of considered experiments, the D-criterion is applied, which 
gives a selection of experiments that can be carried out. A technical 
explanation about D-optimal design can be seen in Ref. [30]. The 
D-optimal design selected has 19 experiments which are shown in 
Table 2. In addition to the reduction of a 73.6 % of the work at the 
laboratory, the quality of the estimates is guaranteed since the VIF 
(variance inflation factor) values of the coefficients of the model in Eq. 
(2) vary between 1.04 and 2.09, which are lightly higher than the ones 
obtained with the 72 experiments of the full factorial design, varying 
between 1 and 1.78, but wide lower than the required threshold of 4 or 7 
[30]. 

3.2. Pareto front and parallel coordinates plot 

The issue of reaching the maximum of the several variables (Yi, i = 1, 
…,9), which are functions of experimental conditions, is a multi- 
objective task. In addition, in this case, the domain of the experi-
mental conditions is discrete. Because of that, the mathematical tools of 
the response surface analysis such as optimal path and canonical 

analysis are impossible to be applied. Moreover, the conditions that 
maximize the Yi related to an analyte can be non-adequate for the Yi 
related to another. For these reasons, Pareto front of the non-dominated 
solutions is used in this paper in order to discard the experimental 
conditions that do not need to be studied (dominated solutions). 
Considering two different experimental conditions (w,z), defining each 
of them by the corresponding level of the factors, the Yi(z) for condition 
z is said to dominate the Yi(w) for condition w (that is, z dominates w) 
when a) and b) are true:  

a) For each PAH, Yi(z) ≥ Yi(w) is fulfilled  
b) At least one of the previous inequalities is strict 

The Pareto front is formed by the non-dominated solutions. Obvi-
ously, the remaining solutions have no interest. Refs. [8,33] show that 
Pareto front is a discrete estimate of the DS in AQbD. 

In this work, Pareto front are points of a curve in the nine- 
dimensional space. Each point corresponds to an experimental condi-
tion and is made up of the nine loadings (Yi) (one for each PAH) obtained 
in that condition. In the practise, the multi-dimensional character of the 
Pareto front requires its visualization by using a parallel coordinates plot 
[34], which has been introduced in analytical applications [35] and was 
of great use in AQbD [8,33]. The vector of the CQAs, nine responses (Y1, 
Y2, …,Y9), and the corresponding CMPs, experimental conditions (X1, 
X2, X3, X4) are represented by means of a parallel coordinates plot. This 
graph consists in drawing four parallel vertical lines on of which the 
levels of the factor are marked Xi, i = 1, …,4; and next, another nine 
parallel lines where the corresponding values of Yi, i = 1, …,9 are 
marked. Finally, the marked points of the parallel vertical lines are joint 
through broken lines. That broken line shows the performance of the 
nine responses at the same time as the conditions of the automatic SPE 
from which have been generated. 

3.3. Second order advantage 

Several chemometric techniques can be applied to analyse three-way 
or higher-order multivariate data with the aim of obtaining unequivocal 
identification and quantification of analytes when measured in complex 
matrices. The most common ones are multivariate curve resolution by 
alternating least squares (MCR-ALS) and parallel factor analysis (PAR-
AFAC/PARAFAC2) [36,37]. The solution of the applied decomposition 
must be unique because it implies achieving the second order advantage 
which permits analyte quantification in the presence of unknown and 
uncalibrated interferents [38]. Among both techniques mentioned 

Table 2 
Codified experimental conditions and responses for the experiments of the D-optimal design.  

X1
a X2

a X3
a X4

a YPHE YANT YFLN YPYR YCHR YBaA YPER YBbF YBaP 

A1 B1 C1 D1 0.1060 0.0648 0.0759 0.0787 0.0854 0.0790 0.0925 0.0197 0.0731 
A2 B2 C1 D1 0.0694 0.0707 0.0651 0.0606 0.0917 0.0766 0.0934 0.0755 0.0828 
A2 B3 C1 D1 0.0601 0.1161 0.1138 0.0554 0.0617 0.0652 0.0798 0.0648 0.0691 
A1 B1 C3 D1 0.0483 0.0393 0.0479 0.0456 0.0564 0.0601 0.0512 0.0405 0.0521 
A2 B3 C3 D1 0.0586 0.0163 0.0341 0.0453 0.0594 0.0504 0.0626 0.0139 0.0513 
A1 B1 C2 D2 0.0689 0.0421 0.0813 0.0682 0.0774 0.0876 0.0648 0.0652 0.0795 
A1 B2 C2 D2 0.0703 0.0578 0.0801 0.0706 0.0780 0.0840 0.0749 0.0731 0.0752 
A2 B3 C2 D2 0.0938 − 0.0950 0.0287 0.0450 0.0581 0.0579 0.0813 0.0460 0.0751 
A2 B1 C3 D2 0.0400 0.0697 0.0669 0.0551 0.0526 0.0658 0.0681 0.0497 0.0652 
A1 B3 C3 D2 0.0309 0.0532 0.0302 0.0437 0.0339 0.0416 0.0212 0.0245 0.0298 
A2 B1 C1 D3 0.0067 0.1172 0.0130 0.0048 0.0464 0.0319 − 0.0100 0.0230 0.0352 
A1 B3 C1 D3 0.0004 0.0859 0.0000 0.0100 0.0259 0.0291 − 0.0019 0.0120 0.0246 
A1 B1 C2 D3 0.0070 0.0456 − 0.0071 0.0011 0.0157 0.0137 − 0.0189 0.0103 0.0103 
A1 B3 C2 D3 0.0295 0.0648 0.0221 0.0269 0.0285 0.0319 0.0148 0.0148 0.0352 
A2 B2 C3 D3 0.0375 0.0339 0.0473 0.0186 0.0390 0.0408 0.0510 0.0547 0.0465 
A1 B2 C1 D4 0.1132 0.0792 0.1217 0.1094 0.1184 0.1211 0.1191 0.0883 0.1155 
A2 B1 C2 D4 0.0987 0.0783 0.1022 0.0905 0.1087 0.1086 0.1044 0.0954 0.1112 
A2 B2 C2 D4 0.0718 0.0380 0.0664 0.0637 0.0812 0.0822 0.0884 0.0723 0.0886 
A1 B2 C3 D4 0.0668 0.0551 0.0775 0.0612 0.0783 0.0771 0.0734 0.0569 0.0785  

a A – D refer to the codes of each level of the factors from the design of experiments (see Table 1a)). 
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above, some authors prefer PARAFAC due to its second order advantage 
[23,39]. If the loss of trilinearity is significant, MCR-ALS is a useful 
alternative, since its signal requirements are weaker than those required 
by PARAFAC2. MCR-ALS has been widely used in analytical chemistry. 
Its major limitation is the presence of rotational ambiguity and then, the 
lack of uniqueness in the solution. However, in some cases, the 
non-uniqueness problem can be alleviated or completely avoided 
through intelligent use of the data structure and appropriate constraints 
in its application [40]. In particular, important progress in evaluating 
rotational ambiguity can be seen in Refs. [41–43]. 

Next, in order to an easier reading of the paper, several aspects of the 
PARAFAC decomposition are detailed. 

A three-way data array X of dimension I × J × K is formed by xijk 
numbers, i = 1, …,I; j = 1, …,J; k = 1, …,K. HPLC-FLD data can be ar-
ranged in a three-way array X and analysed with the PARAFAC 
decomposition technique, where for each of the K samples analysed, the 
intensity measured at J wavelengths is recorded at I elution times 
around the retention time of every analyte. The trilinear PARAFAC 
model of rank F for the data array X = (xijk) is written [44,45] as Eq. (3): 

xijk =
∑F

f=1
aif bjf ckf + eijk, i = 1, 2,…, I; j = 1, 2,…, J; k = 1, 2,…,K (3)  

where eijk are residuals of the fitted model, F is the number of factors and 
af, bf and cf, (f = 1, 2, …,F) are the loading vectors of the chromato-
graphic, spectral and sample profiles, respectively. 

Chromatographic data are trilinear if the experimental data array is 
compatible with the structure in Eq. (3). The core consistency diagnostic 
(CORCONDIA index or CORE) [46] measures the trilinearity degree of 
the experimental three-way array when F ≥ 2. If the three-way array is 
trilinear, then the maximum CORE value of 100 % is achieved. Addi-
tionally, the trilinearity is verified by using partitions in the data set 
(similarity or split-half analysis), the variance explained and the 
chemical coherence of the three profiles [46,47]. In the construction of 
the PARAFAC model, constraints on the profiles can be imposed, for 
example, non-negativity and/or unimodality. 

The PARAFAC solution is unique when the three-way array is 
trilinear and the appropriate number of factors has been chosen to fit the 
PARAFAC model [47]. The uniqueness property, also known as “second 

order advantage” makes it possible to identify compounds unequivo-
cally by their chromatographic and spectral profiles as laid down in 
some official regulations and guidelines [48,49], even in the presence of 
a coeluent that appears with the analyte of interest. 

4. Results and discussion 

4.1. PARAFAC decomposition to obtain the responses for the D-optimal 
design 

As it was mentioned before, in order to take into account possible 
matrix interferences, in the optimization of the automatic SPE system 
coffee capsules were used. The reason is that the coffee matrix will 
differently perform from a standard solution. Since the blank coffee 
samples could already contain certain quantity of PAHs, it is necessary 
taking into account the difference between spiked and blank coffee 
samples in order to carry out the optimization procedure. That differ-
ence was obtained through the PARAFAC decomposition sample load-
ings and was considered as response (Yanalyte) for the D-optimal design 
(see columns 5 to 13 in Table 2). 

Table 3a) shows characteristics of PARAFAC models for design of 
experiments, from which the difference of sample loadings was ob-
tained. As can be seen in columns 1 and 2, the retention time window 
and the spectral range were specifically selected for each analyte, 
because of that the size of I and J in the third column varies between 
PAHs. However, the K dimension is always 66, which corresponds to the 
19 experiments of the D-optimal design (n = 38 since there were blank 
and spiked coffee samples); 12 control standard solutions analysed by 
duplicate (n = 24) to guaranteed sample profile of PARAFAC models; 
and the remaining 4 were control solutions prepared in coffee matrix. 

The constraints imposed for the best fitting of the unique PARAFAC 
decomposition model were different for each analyte, as can be seen in 
column 4 in Table 3a). All the PARAFAC models were fitted with two 
factors, which correspond to the analyte and the baseline, except for the 
PARAFAC model for BbF whose third factor was associated with another 
interferent. The two characteristics to guarantee that PARAFAC models 
were coherent are shown in columns 6 to 7 in Table 3a), as can be seen 
the CORCONDIA index varied between 91 and 100 %, the variance 
between 97.99 and 99.53 %. Moreover, the mean similarity calculated 
by the split-half analysis was 84.22 %. 

Table 3 
Characteristics of the PARAFAC decomposition models obtained for the determination of PAHs for: a) design of experiments and b) coffee samples.  

Analyte Retention time (min) Wavelength (nm) I × J × K Constraintsa Factors CORE (%) Variance (%) Spectral correlation coefficient 

P1 P2 P3 

a) Design of experiments 
PHE 4.75–5.08 325–550 36 × 226 × 66 U U N 2 100 97.99 0.9966 
ANT 5.13–5.50 355–410 40 × 56 × 66 U U N 2 94 99.53 0.9945 
FLN 6.36–6.74 380–520 41 × 141 × 66 U U N 2 99 99.38 0.9990 
PYR 6.80–7.28 340–550 52 × 211 × 66 U U N 2 100 98.00 0.9994 
CHR 9.50–10.03 340–500 58 × 161 × 66 U U N 2 100 99.10 0.9987 
BaA 10.08–10.70 360–530 67 × 171 × 66 U U N 2 100 99.10 0.9990 
PER 13.20–13.90 420–530 75 × 111 × 66 U U N 2 100 99.53 0.9957 
BbF 13.95–14.65 370–520 75 × 151 × 66 U U U 3 91 99.17 0.9972 
BaP 14.80–15.70 380–550 96 × 171 × 66 U U N 2 100 99.10 0.9973  

b) Coffee samples 
PHE 4.75–5.08 325–550 36 × 226 × 94 U U N 2 100 98.53 0.9974 
ANT 5.17–5.60 370–440 46 × 71 × 94 U U N 2 99 99.46 0.9963 
FLN 6.30–6.76 380–520 50 × 141 × 94 U U N 2 98 99.48 0.9962 
PYR 6.80–7.40 340–550 65 × 211 × 94 U U N 3 96 96.98 0.9968 
CHR 9.50–10.30 360–480 86 × 121 × 94 UN U N 3 94 99.13 0.9997 
BaA 10.12–10.70 360–530 62 × 171 × 94 U U N 2 100 99.15 0.9966 
PER 13.25–14.00 420–530 81 × 111 × 94 U U N 2 100 99.43 0.9914 
BbF 14.05–14.75 350–520 75 × 171 × 94 U U N 3 91 99.21 0.9862 
BaP 14.90–15.80 380–550 96 × 171 × 94 U U N 2 100 99.07 0.9971  

a Constraints used for chromatographic (P1), spectral (P2) and sample (P3) profiles are codified as: (N) non-negativity, (U) unconstrained, (UN) unimodality and 
non-negativity. 
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The unequivocal identification of each PAH was done by comparing 
the chromatographic and spectral profiles, obtained with the PARAFAC 
decomposition, with those of a reference sample analysed in the labo-
ratory. In the case of the chromatographic profile, the strict criteria of 
many European Regulations on veterinary residues and/or pesticides 
[48,49] has been followed. Therefore, the retention time obtained with 
PARAFAC decomposition, must correspond to the retention time of a 
reference sample, admitting a tolerance of ±0.1 min. In this work, all the 
chromatographic profiles fulfil the aforementioned premise. In the case 
of the spectral profile, the unequivocal identification has been carried 
out through the correlation coefficient between the spectral profile ob-
tained from PARAFAC decomposition and the one from a reference 
standard solution. The values of the correlation coefficient obtained for 
each PAH are shown in column 8 in Table 3a), being all of them close to 
1, what guarantees the identity of the PAH. 

4.2. Analysis of the effects and selection of optimal condition 

The first step is to fit the reference-state model in Eq. (2) to the 
experimental data in Table 2. During the procedure of least squares 
regression, a Box-Cox transformation [50] was necessary for the re-
sponses YPHE, YANT and YFLN. The transformed variables were (YPHE)0.5, 
(YANT)2 and (YFLN)0.8. Each transformation was an increasing monotone 
function, so the maximum is found in the same experimental condition 
for the original response and the transformed one. 

Next, the coefficients of the presence-absence model in Eq. (1) were 
obtained from the ones of the reference-state model in Eq. (2). The 
graphical analysis of the effect of the levels of the factors on the different 
studied responses is shown in Fig. 1. For each response, the coefficients 
of the model in Eq. (1) are shown by means of bars, which can be pos-
itive or negative. The positive coefficients make the response higher, 
while the negative coefficients reduce it. Being for this work all the re-
sponses the difference between loadings of spiked and blank coffee 
samples, these have to be maximized because is closely related to the 
extraction of the automatic SPE procedure. Each coefficient is identified 
by the corresponding code in Table 1a) and Eq. (1): A1, A2, B1, B2, B3, 
C1, C2, C3, D1, D2, D3 and D4 for the factors, and B1–C1, B1–C2, B1–C3, 
B2–C1, …, B3–C3 for the interactions. In Fig. 1, the dotted vertical lines 
mark the limits of the critical region of the significance test considering a 
level of 0.05. The bars that exceed those limits correspond to significant 
standardized coefficients (standardization was carried out so that the 
critical region of the test for all coefficients had the same length), that 
means, that level of factor has to be chosen as the best condition for that 

response considered. However, also the selected levels for the individual 
factors have to be revised with the interaction. Although none interac-
tion is significant, it is necessary to consider them in order to choose the 
optimal condition of the automatic SPE. 

As an example, the analysis for PHE is described: for X1, level A2 was 
selected as it shows a positive coefficient. In the case of X2 and X3 as 
individual factors, level B2 and C2 would have to be selected respec-
tively. However, taking into account the interaction, level B3 and C2 
have to be chosen for X2 and X3, respectively. This is because the sum of 
the three coefficients (the two of the individual factors and the one of the 
interaction) is higher when level B3 and C2 are chosen for X2 and X3, 
respectively. Finally, for X4 level D1 was selected since is significant. 
Then, for PHE, levels A2, B3, C2 and D1 were selected for X1, X2, X3 and 
X4, respectively. The same procedure was followed to analyse the co-
efficients obtained for the eight remaining responses. Table 1b) collects 
the levels selected for each individual response. 

The last column in Table 1b) shows the optimal condition finally 
chosen, following as the criterion of selection the level that appears in a 
higher number of responses. In this way, volume in the first elution step 
was 5 mL; dry time with nitrogen and volume in the wash stage were 7.5 
min and 1 mL, respectively; and type of organic solvent used in the 
preparation of the coffee samples was 10 % methanol and 10 % aceto-
nitrile, which means adding 25 mL of methanol and 25 mL acetonitrile. 

4.3. Obtaining the design space by means of Pareto front and parallel 
coordinates plot 

From the presence-absence model, the values for the nine responses 
(CQAs) were obtained for all conditions (CMPs) of the full factorial 
design. In this way, the matrix of the estimated responses Y72×9 collects 
the estimated performance of the automatic SPE for all the analytes in all 
the levels of the factors considered in Table 1a). Fig. 2 is the joint 
graphical representation of the matrix Y and the experimental condi-
tions. In the graph, each broken line represents a single vector, whose 
coordinates jointly contain the coordinates of the method variables 
(CMPs) and the quality characteristics (CQAs). In order to make easier 
the visualization of all the possible solutions, all the variables (four 
CMPs and nine CQAs) have been set on a common scale between 0 and 1, 
although in Fig. 2 the minimum and maximum values of each CQA are 
shown. The Pareto front, sets of CMPs and CQAs that are non- 
dominated, is depicted in green, red and black lines. The remaining 
solutions (depicted in blue lines) are worse, at least for one of the PAHs. 

As can be seen in Fig. 2, there are sets of CMPs that lead to maximum 

Fig. 1. Graphical analysis of the effects of different levels of the studied experimental factors on the responses (differences between sample loadings of spiked and 
blank coffee samples for the nine PAHs). On the ordinate axis, the labels correspond to the codes assigned to each level and each factor shown in Table 1a). The dotted 
vertical lines mark the limits of the critical region for selecting which standardized coefficients are significant (5 % significant level). 
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values of (YPHE)0.5 with high values of (YFLN)0.8 and low values of 
(YANT)2. This means that there is not a set of CMPs for the automatic SPE 
in which the maximum extraction of PHE, ANT and FLN is achieved 
simultaneously. In addition, in case of chosen the condition where the 
extraction of PHE and FLN is the maximum, the loss of ANT can happen. 

Another detail to highlight is that all the Pareto front solutions lead 
to D1 (0 % of organic solvents) and D4 (10 % methanol and 10 % 
acetonitrile) levels for the factor X4. Neither there are non-dominated 
solutions with the combination of levels B3 (10 min) and C3 (5 mL) 
for the wash stage. Obviously, with the red and black solutions from the 
Pareto front, an acceptable compromise in relation to the maximum of 
all the responses is reached. Specially, the one depicted in black agrees 
with the optimal conditions of the previous section. These three solu-
tions are the discrete estimate of the DS following the AQbD criteria and 
correspond to the conditions (A1,B1,C1,D4), (A1,B2,C1,D4) and (A2,B2, 
C1,D4). Since the more important constraint occurs to ANT, depending 
on the difference which the analyst is willing to take on in relation to the 
maximum of (YANT)2, more solutions from the experimental domain can 
be included in the DS. 

It is clear that the analysis of the experimental data by means of 
Pareto front and parallel coordinates plot increase the knowledge of the 
automatic SPE in relation to the nine PAHs considered. While the 
determination of the optimum through the analysis of the effects leads to 
a unique solution of the experimental conditions. 

4.4. Coffee samples results 

Once selected the optimal conditions of the automatic SPE system, 
validation using the same brand of coffee as in the experimental design, 
and analysis of another nine brands of coffee were carried out. As it was 
mentioned in Section 4.1., blank and spiked coffee samples were 
analysed. 

4.4.1. PARAFAC decomposition 
Table 3b) shows characteristics of PARAFAC models for coffee 

samples, from which the difference of sample loadings was obtained. As 
can be seen in columns 1 and 2, the retention time window and the 
spectral range were specifically selected for each analyte, because of that 
the size of I and J in the third column varies between PAHs. However, 
the K dimension is always 94, which corresponds to the 11 calibration 
standard solutions analysed by duplicate (n = 22); the validation of the 
SPE procedure by quintuplicate (n = 10); 3 replicates of each new brand 
of coffee, except for M1 in which one of the replicates the SPE system 
failed and since sufficient volume of samples remained, two more rep-
licates were carried out (n = 56); and the remaining 6 were control 
solutions prepared in coffee matrix. 

The constraints imposed for the best fitting of the unique PARAFAC 
decomposition model were different for each analyte, as can be seen in 
column 4 in Table 3b). All the PARAFAC models were fitted with two 
factors, which correspond to the analyte and the baseline, except for the 
PARAFAC model for PYR and BbF whose third factor was associated 
with another interferent, and except for CHR in whose selected retention 
time window part of the chromatographic peak of BaA was included 
(appearing as the third factor). The two characteristics to guarantee that 
PARAFAC models were coherent are shown in columns 6 and 7 in 
Table 3b), as can be seen the CORCONDIA index varied between 91 and 
100 % and the variance between 96.98 and 99.48 %. 

The unequivocal identification of each PAH through the chromato-
graphic and spectral profiles were done following the same procedure as 
in Section 4.1., guaranteeing the identity of each PAH. 

Figs. 3–5 show chromatographic and spectral profiles of the PAR-
AFAC models for coffee samples obtained for each PAH, being the or-
ange factor the analyte, the blue one the baseline, and the yellow one 
another compound. Fig. 6 shows two examples of sample profile of the 
PARAFAC models for coffee samples: a three-factor model for PYR and a 
two-factor model for BaA. As can be seen in Fig. 6, blue factor which 
corresponds to the baseline is nearly constant. The orange factor, which 
is related to the analyte, follows an increasing trend for the calibration 
standard solutions, and for the coffee samples, the blanks appeared 
below the spiked ones. In the case of PYR sample profile, is remarkable 

Fig. 2. Parallel coordinates plot for the experimental domain: elution volume, X1 (two levels), dry time with nitrogen in the wash stage, X2 (three levels), wash 
volume, X3 (three levels), and organic solvent, X4 (four levels), according to Table 1a), and for the responses Yanalyte. In green, the non-dominated responses (Pareto 
front) found. In red two examples of good conditions but not the best one. In black the optimal solution chosen (Table 1b)). (For interpretation of the references to 
colour in this figure legend, the reader is referred to the Web version of this article.) 
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that the yellow factor does not appear in any of the new brands of coffee. 

4.4.2. Figures of merit of the analytical method 
The analytical procedure was validated in terms of linear range, 

accuracy (trueness and precision), decision limit (CCα) and detection 
capability (CCβ) for the nine PAHs under study. 

Table 4 contains the details of calibration and accuracy lines. Cali-
bration lines are fitted (one for each PAH) with the eleven standard 
solutions, whose range is shown in row 1 in Table 4 (all concentration 
levels are analysed by duplicate). Rows 2 to 7 in Table 4 show the pa-
rameters of the calibration lines, which are all statistically significant 
because the P-values in row 7 are less than 10− 4 (H0: the regression 
model is not significant). 

Trueness and precision were checked using accuracy lines (predicted 
concentration versus true concentration). Their details are shown in rows 
8 to 12 of Table 4, including the P-values of the joint hypothesis test (H0: 
intercept equal to zero and slope equal to one) in row 12. As can be seen, 
there is no evidence to reject H0 since the P-values are close to 1, 
therefore, the method is unbiased. The precision of the method can be 
estimated by the deviation standard, syx in row 11. 

Once validated calibration lines, they were used in order to compute 
CCα and CCβ, which were determined with probabilities of false positive 
(α) and false negative (β) set at 0.05, following Refs. [51,52]. The values 
of CCα and CCβ are shown in rows 1 and 2 in Table 5, where it is seen 
that the analytical method enabled the quantification of 2.2, 3.8, 1.1, 
0.3, 0.7, 0.2, 1.1, 1.1, and 0.2 μg L− 1 for PHE, ANT, FLN, PYR, CHR, BaA, 
PER, BbF, and BaP, respectively. 

4.4.3. Validation and analysis of several coffee samples 
From the sample loadings obtained from PARAFAC models and the 

validated calibration lines, predicted concentration of each PAH were 
calculated for blank and spiked coffee samples. Then, the mean of the 
replicates was done, obtaining the values show in rows 1 and 2 of each 
type of coffee samples (V and M1 – M9) in Table 5. The code (V) refers to 
capsules filled with 100 % natural roast coffee and intensity level 7. (M1 
– M3; M4 – M6 and M7 – M9) refer to three new brands of coffee. (M1, 
M4 and M7) are capsules filled of 100 % natural roast coffee and in-
tensity level 7 of three new brands; (M2, M5 and M8) are capsules filled 
with 100 % natural roast coffee and intensity level 11; and (M3, M6 and 
M9) are capsules filled at laboratory with 5 g of a mixture of 50 % 

Fig. 3. Loadings of the PARAFAC models for coffee samples obtained for chromatographic (left) and spectral (right) for PHE, ANT and FLN, being the orange factor 
the analyte and the blue one the baseline. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 
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natural roast coffee and 50 % torrefied roast coffee. 
The predicted concentration of each PAH for blank and spiked coffee 

samples was compared to CCα and CCβ values. If the predicted con-
centration was below CCα, “not detected” was assigned. Although, if it 
was between CCα and CCβ, the predicted concentration was highlighted 
with an asterisk (see Table 5). The difference between the predicted 
concentration of spiked and blank coffee samples was calculated in all 
cases, except when “not detected” appears in the blank ones, in which 
case only the spiked predicted concentration was taken into account. 

As it was mentioned in Section 2.3., coffee samples were spiked with 
a standard solution which contained the nine PAHs. On the value of the 
concentration added in the 250-mL volumetric flask, the factor of pre- 
concentration of the whole SPE process was applied. If the recovery of 
the SPE process was 100 %, the concentration value of each PAH in the 
vial to be injected would be the one shown in row 3 in Table 5. 

The methodology applied not only for the validation coffee (named 
V) but also for the nine new different coffees (M1 - M9) consisted in: 1) 
calculate the concentration of each PAH present in the blank and spiked 
coffee sample (rows 1 and 2 of each type of coffee samples); 2) with the 

difference between both calculated concentrations and knowing the 
concentration added in the spiked coffee samples, the recovery of each 
PAH and each type of coffee is calculated (row 3 of each type of coffee 
samples in Table 5); 3) the obtained recovery is applied over the pre-
dicted concentration in the blank coffee sample in order to obtain the 
concentration of each PAH in liquid coffee and coffee ground (rows 4 
and 5 of each type of coffee samples in Table 5). Obviously, the SPE pre- 
concentration and the preparation of coffee samples conversion factors 
were applied. The amount of PAHs found in coffee samples cannot be 
compared to a maximum level, since regulation does not establish one 
for coffee ground. 

When validation coffee sample (V) was analysed, recoveries nearly 
or above 50 % were obtained for all PAHs except for ANT and PER. 
Commission Regulation No 836/2011 in force establishes [53] the 
performance criteria for methods of analysis for polycyclic aromatic 
hydrocarbons, considering recoveries between 50 and 120 % for the four 
PAHs (BaP, BaA, BbF and CHR) in the food categories included in 
Commission Regulation 2023/915. As can be seen in Table 5, the pro-
posed methodology fulfils the established values for these four PAHs, 

Fig. 4. Loadings of the PARAFAC models for coffee samples obtained for chromatographic (left) and spectral (right) for PYR, CHR and BaA, being the orange factor 
the analyte, the blue one the baseline, and the yellow one another compound. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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being 57.8, 56.2, 50.6, and 54.8 % for BaP, BaA, BbF and CHR, 
respectively. In this brand of coffee, CHR was not detected and the 
highest concentration found was for PER (2.1 μg L− 1 and 30.4 μg kg− 1). 

This optimized automatic SPE system is applied to nine new different 
coffees. When an optimized method is applied to other different matrices 
of coffee, “a priori” it is unknown how recoveries of the nine PAHs can 
be affected by the components which form those matrices. At first sight, 
none patterns were found between same type of coffee in different 
brands, or between same brand in different types of coffee (M1 – M9). 
For that reason, details for each coffee sample are explained. 

For M1, recoveries between 30.2 and 59.1 % were obtained. Except 
for PHE, concentration found was very low, even four analytes were not 
detected. In the case of PHE, which was the analyte found in the highest 
concentration for all samples M1 – M9, values between 0.8 and 3.4 μg 
L− 1 in liquid coffee and between 11.7 and 50.5 μg kg− 1 in coffee ground 
were obtained. For M2, the highest recoveries were found, between 51.8 
and 78.1 %. The concentrations found were very low, even three ana-
lytes were not detected. For M3, recoveries between 34.3 and 62.1 % 
were obtained, except for BbF which was not detected in the spiked 

coffee sample. The concentrations found were very low, even four 
analytes were not detected. For M4, recoveries nearly or above 50 % 
were obtained for all PAHs except for BbF. The concentrations found 
were very low, even five analytes were not detected. For M5, recoveries 
between 43.6 and 59.8 % were obtained. The concentrations found were 
very low, even three analytes were not detected. For M6, the lowest 
recoveries were found, between 14.3 and 49.6 %. It could be possible the 
presence of other substances which may be interfering in the extraction 
capability of the automatic SPE system, decreasing recoveries of all the 
analytes regarding the coffee matrix used in the optimization stage (V). 
The concentrations found were very low, even four analytes were not 
detected. For M7, recoveries nearly or above 50 % were obtained for all 
PAHs except for FLN. The concentrations found were very low, even two 
analytes were not detected, except for FLN in which case 1.0 μg L− 1 and 
14.3 μg kg− 1 was found. For M8, recoveries between 40.2 and 57.6 % 
were obtained. The concentrations found were very low, even three 
analytes were not detected. For M9, recoveries between 36.9 and 62.3 % 
were obtained. The concentrations found were very low, even two 
analytes were not detected. Related to PAH4, the highest value was 

Fig. 5. Loadings of the PARAFAC models for coffee samples obtained for chromatographic (left) and spectral (right) for PER, BbF and BaP, being the orange factor 
the analyte, the blue one the baseline, and the yellow one another compound. (For interpretation of the references to colour in this figure legend, the reader is 
referred to the Web version of this article.) 
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found for M9 (coffee roasted in the presence of sugar), being 0.5 μg L− 1 

and 7.8 μg kg− 1. 

5. Conclusions 

In this paper, the optimization of an automatic SPE system in the 
determination of nine PAHs from coffee samples was carried out. The D- 
optimal design led to saving time and costs in the laboratory main-
taining the reliability of estimates, reducing the number of experiments 
from 72 to 19. As responses for this D-optimal design, difference of 
loadings from PARAFAC were considered, since PARAFAC is a tool 
which allows the unequivocal identification of analytes. 

While the determination of the optimum through the analysis of the 
effects leads to a unique solution of the experimental conditions, the 
application of AQbD in the analysis of the experimental data allows 
exploring the full experimental domain. By this way, the knowledge of 
the automatic SPE system in relation to the nine PAHs considered is 
wider. 

Once the method was developed, values of CCβ (detection capability) 
were calculated with the probabilities of false positive and false negative 
fixed at 0.05, being 2.2, 3.8, 1.1, 0.3, 0.7, 0.2, 1.1, 1.1, and 0.2 μg L− 1 for 
PHE, ANT, FLN, PYR, CHR, BaA, PER, BbF, and BaP, respectively. 

The highest values were found for coffee sample M9 (coffee roasted 
in the presence of sugar), with 0.1 μg L− 1 in liquid coffee and 1.4 μg kg− 1 

in coffee ground for BaP, whereas for PAH4 were 0.5 μg L− 1 and 7.8 μg 
kg− 1, respectively. 
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Fig. 6. Sample loadings of the PARAFAC models for coffee samples obtained for PYR and BaA, being the orange factor the analyte, the blue one the baseline, and the 
yellow one another compound. (Standards) refer to calibration standard solutions; (V) to validation coffee sample; (C) to control solutions prepared in coffee matrix; 
(M1 – M9) to the nine new coffee samples. (For interpretation of the references to colour in this figure legend, the reader is referred to the Web version of this article.) 

Table 4 
Calibration and accuracy lines parameters, fitted with the sample loadings from the PARAFAC models for the determination of PAHs in coffee samples.   

PHE ANT FLN PYR CHR BaA PER BbF BaP 

Concentration range (μg L− 1) 0 − 40 0 − 60 0 − 10 0 − 10 0 − 10 0 − 4 0 − 10 0 − 10 0 − 4 
Calibration 

line 
Outliers/standards 1/22 1/22 1/22 1/22 0/22 0/22 3/22 0/22 1/22 
Intercept − 0.0061 − 0.0003 − 0.0128 0.0128 0.0029 0.0125 − 0.0121 0.0222 − 0.0097 
Slope 0.0103 0.0079 0.0388 0.0346 0.0433 0.1016 0.0403 0.0376 0.1122 
Correlation coefficient 0.9988 0.9985 0.9943 0.9994 0.9983 0.9991 0.9939 0.9959 1.0000 
syx 0.0065 0.0084 0.0124 0.0034 0.0084 0.0059 0.0125 0.0114 0.0066 
P-value (H0: Regression is not 
significant) 

<10− 4 <10− 4 <10− 4 <10− 4 <10− 4 <10− 4 <10− 4 <10− 4 <10− 4 

Accuracy line Intercept 2.90 
10− 3 

3.37 
10− 3 

6.86 
10− 4 

− 6.46 
10− 4 

− 1.50 
10− 4 

− 1.26 
10− 4 

6.01 
10− 4 

− 2.61 
10− 4 

4.26 
10− 4 

Slope 0.9998 0.9999 0.9998 1.0005 1.0002 1.0004 0.9998 1.0000 0.9995 
Correlation coefficient 0.9988 0.9985 0.9942 0.9995 0.9983 0.9991 0.9939 0.9959 0.9990 
syx 0.6379 1.0696 0.3200 0.0980 0.1957 0.0575 0.3101 0.3025 0.0588 
P-value (H0: Intercept equal to zero and 
slope equal to one) 

0.9998 0.9999 1.0000 0.9975 0.9998 0.9988 1.0000 1.0000 0.9988  
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Table 5 
Results obtained for different coffee samples. CCα (decision limit) and CCβ (detection capability). (V) refers to validation coffee sample; (M1 – M9) to the nine new 
coffee samples.  

Code coffee samples PHE ANT FLN PYR CHR BaA PER BbF BaP PAH4 # 

V CCα (μg L− 1) 1.1 1.9 0.6 0.2 0.3 0.1 0.6 0.5 0.1  
CCβ (μg L− 1) 2.2 3.8 1.1 0.3 0.7 0.2 1.1 1.1 0.2  
Spiked concentration added (μg L− 1) 12.0 18.0 3.0 3.0 3.0 1.2 3.0 3.0 1.2   

Predicted concentration in blank coffee sample (μg L− 1) (n = 5) 4.2 2.2* 2.1 1.6 n.d. 0.1* 2.6 1.0* 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 5) 10.2 9.3 3.8 3.4 1.6 0.8 3.3 2.6 0.9  
Recovery (%) 49.5 39.3 56.5 59.4 54.8 56.2 22.9 50.6 57.8  
Concentration in liquid coffee (μg L− 1) 1.6 1.1 0.7 0.5 n.d. 0.0(5) 2.1 0.4 0.1 0.5 
Concentration in coffee ground (μg kg− 1) 23.2 15.4 10.2 7.3 n.d. 0.7 30.4 5.5 0.9 7.1             

M1 Predicted concentration in blank coffee sample (μg L− 1) (n = 4) 4.5 n.d. 1.0* 0.4 n.d. n.d. 1.3 n.d. 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 4) 9.9 7.9 2.8 2.1 1.7 0.6 3.0 0.9* 0.8  
Recovery (%) 45.2 44.0 59.1 56.7 55.4 49.8 57.7 30.2 55.3  
Concentration in liquid coffee (μg L− 1) 1.9 n.d. 0.3 0.1 n.d. n.d. 0.4 n.d. 0.1 0.1 
Concentration in coffee ground (μg kg− 1) 26.9 n.d. 4.5 2.1 n.d. n.d. 6.2 n.d. 0.9 0.9             

M2 Predicted concentration in blank coffee sample (μg L− 1) (n = 3) 3.5 n.d. 0.7* 0.4 0.4* n.d. 1.2 n.d. 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 3) 11.0 11.1 3.0 2.6 2.3 0.9 3.4 1.6 1.0  
Recovery (%) 62.7 61.5 78.1 71.9 61.4 71.8 71.9 51.8 71.9  
Concentration in liquid coffee (μg L− 1) 1.0 n.d. 0.2 0.1 0.1 n.d. 0.3 n.d. 0.0(4) 0.2 
Concentration in coffee ground (μg kg− 1) 14.9 n.d. 2.3 1.6 1.9 n.d. 4.6 n.d. 0.6 2.5             

M3 Predicted concentration in blank coffee sample (μg L− 1) (n = 3) 6.2 n.d. n.d. 0.2* 0.5* n.d. 1.0* n.d. 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 3) 10.3 6.2 1.2 1.8 2.0 0.5 2.9 n.d. 0.8  
Recovery (%) 34.3 34.6 41.6 51.7 50.0 43.6 62.1 – 58.0  
Concentration in liquid coffee (μg L− 1) 3.4 n.d. n.d. 0.1 0.2 n.d. 0.3 n.d. 0.1 0.2 
Concentration in coffee ground (μg kg− 1) 50.5 n.d. n.d. 1.2 2.9 n.d. 4.7 n.d. 0.7 3.6             

M4 Predicted concentration in blank coffee sample (μg L− 1) (n = 3) 2.8 n.d. n.d. 0.5 n.d. n.d. 1.1 n.d. 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 3) 10.1 8.3 2.2 2.2 1.9 0.7 2.9 1.1 0.9  
Recovery (%) 61.3 45.9 72.1 56.8 64.8 55.9 60.4 36.5 60.0  
Concentration in liquid coffee (μg L− 1) 0.8 n.d. n.d. 0.2 n.d. n.d. 0.4 n.d. 0.1 0.1 
Concentration in coffee ground (μg kg− 1) 11.7 n.d. n.d. 2.2 n.d. n.d. 4.9 n.d. 0.8 0.8             

M5 Predicted concentration in blank coffee sample (μg L− 1) (n = 3) 2.9 2.1* 1.7 0.7 n.d. n.d. 1.4 n.d. 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 3) 8.7 10.0 3.0 2.1 1.4 0.7 2.8 1.8 0.8  
Recovery (%) 48.2 43.7 43.6 46.5 46.4 55.8 44.6 59.8 53.6  
Concentration in liquid coffee (μg L− 1) 1.1 0.9 0.7 0.3 n.d. n.d. 0.6 n.d. 0.1 0.1 
Concentration in coffee ground (μg kg− 1) 15.6 12.6 10.2 3.9 n.d. n.d. 8.3 n.d. 0.9 0.9             

M6 Predicted concentration in blank coffee sample (μg L− 1) (n = 3) 4.5 n.d. 0.8* 0.8 n.d. n.d. 1.3 n.d. 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 3) 8.1 2.6 1.3 1.8 1.5 0.6 2.7 1.0* 0.7  
Recovery (%) 29.6 14.3 16.7 31.9 49.6 47.4 47.3 32.9 46.2  
Concentration in liquid coffee (μg L− 1) 2.9 n.d. 0.8 0.5 n.d. n.d. 0.5 n.d. 0.1 0.1 
Concentration in coffee ground (μg kg− 1) 42.5 n.d. 12.6 7.4 n.d. n.d. 7.5 n.d. 1.0 1.0             

M7 Predicted concentration in blank coffee sample (μg L− 1) (n = 3) 4.0 n.d. 2.0 1.5 n.d. 0.2* 1.2 0.6* 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 3) 10.4 8.6 3.1 2.9 1.7 0.8 3.2 2.2 0.9  
Recovery (%) 53.7 47.7 36.6 44.5 57.3 54.2 66.3 53.5 61.4  
Concentration in liquid coffee (μg L− 1) 1.4 n.d. 1.0 0.6 n.d. 0.1 0.3 0.2 0.1 0.3 
Concentration in coffee ground (μg kg− 1) 19.2 n.d. 14.3 8.9 n.d. 0.8 4.6 2.9 0.7 4.4             

M8 Predicted concentration in blank coffee sample (μg L− 1) (n = 3) 3.5 n.d. 1.3 0.7 n.d. n.d. 1.2 0.6* 0.2*  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 3) 8.9 9.2 2.5 2.2 1.5 0.6 2.9 1.9 0.8  
Recovery (%) 45.6 51.3 40.2 47.9 50.2 53.5 57.6 41.8 55.2  
Concentration in liquid coffee (μg L− 1) 1.4 n.d. 0.6 0.3 n.d. n.d. 0.4 0.3 0.1 0.3 
Concentration in coffee ground (μg kg− 1) 19.7 n.d. 8.5 3.9 n.d. n.d. 5.3 4.0 0.8 4.7             

M9 Predicted concentration in blank coffee sample (μg L− 1) (n = 3) 3.7 n.d. n.d. 0.8 0.4* 0.3 0.8* 0.6* 0.3  
Predicted concentration in spiked coffee sample (μg L− 1) (n = 3) 9.2 6.6 1.5 2.3 2.3 0.9 2.3 2.3 1.0  
Recovery (%) 45.7 36.9 49.8 49.5 62.3 53.0 48.1 55.9 58.0  
Concentration in liquid coffee (μg L− 1) 1.5 n.d. n.d. 0.3 0.1 0.1 0.3 0.2 0.1 0.5 
Concentration in coffee ground (μg kg− 1) 22.9 n.d. n.d. 4.8 1.8 1.4 4.9 3.2 1.4 7.8 

(n.d.) Not detected because value < CCα; (*) Value between CCα and CCβ; (− ) Recovery cannot be calculated; (#) Sum of BaP, BaA, BbF and CHR. 

L. Valverde-Som et al.                                                                                                                                                                                                                         



Chemometrics and Intelligent Laboratory Systems 243 (2023) 105008

14

project. 

References 

[1] P.L. Peng, L.H. Lim, Polycyclic aromatic hydrocarbons (PAHs) sample preparation 
and analysis in beverages: a review, Food Anal. Methods 15 (2022) 1042–1061, 
https://doi.org/10.1007/s12161-021-02178-y. 

[2] L. Singh, J.G. Varshney, T. Agarwal, Polycyclic aromatic hydrocarbons’ formation 
and occurrence in processed food, Food Chem. 199 (2016) 768–781, https://doi. 
org/10.1016/j.foodchem.2015.12.074. 
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