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Abstract

Theorganoleptic assessment (Panel test) is theonly procedurewithin theofficialmeth-

ods for determining the quality of virgin olive oils that involves an expert panel. There

is an urgent need for analytical methodology that can reliably measure volatile com-

pounds in virgin olive oils that is capable of supporting and anticipating the official

Panel test. For this reason, a new method based on solid-phase microextraction–gas

chromatography with the choice of two possible detectors (FID or MS) was subjected

to a large international interlaboratory validation study. The study involved a two-

stage process: first, a pretrial phase in which 7 participants were exposed to the

method for the first time to identify any initial problems with the methodology; then,
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a formal validation stage (trial proper), which involved 20 laboratories from Europe,

USA, Japan and China. The performance of the different detectors was investigated.

While both methods have advantages, the method using FID provided better results

for 11 compounds, in terms of reproducibility, compared to MS. This information will

allow to implement themethodwith accurate information of themethod performance

depending on the detector used.

Practical applications: This study provides information from an interlaboratory valida-

tion of a method for measuring volatile compounds in virgin olive oils conducted with

laboratories (from industry and academia) working in the olive oil sector. The informa-

tion on the expected analytical errors in the determination of each volatile compound

is necessary to apply this method for supporting the official Panel test (sensory analy-

sis). The SPME-GC-MS/FIDmethods proposed in thiswork can be used for the internal

quality control of a company/distributor/quality control laboratory and could also be

used in cases of difficult/contradictory organoleptic assessment, or to confirm results

from sensory panels in cases of disputes/disagreement (Reg. EU 2022/2105).

KEYWORDS

collaborative trial validation, sensory analysis, SPME-GC-FID/MS, virgin olive oil, volatile com-
pounds

1 INTRODUCTION

The sensory quality of virgin olive oil (VOO) is one of the most distinc-

tive properties of this oil compared to other edible oils, and for that

reason quality characteristics are carefully controlled.[1,2] by inter-

national regulations and trade standards that facilitate international

trade and attempt to ensure the quality of the oil from production to

the consumer.[3–7] The trade standards are specified by the Interna-

tional Olive Council (IOC),[8] which establishes the description of the

corresponding methods. In addition other national and international

regulatory frameworks also establish specific provisions for VOOqual-

ity control (e.g., EU, USDA, CODEX).[3,9–11] Among the methods for

controlling quality, the organoleptic assessment (sensory analysis) is

one of the most crucial.[12] An oil will be formally attributed as VOO

due to the Panel test identifying a sensory defect even though the

rest of the chemical and physical–chemical parameters arewithin extra

virgin (EVOO) category.[4,13,14] In this context, a recent report from

the European Union (EU) highlighted that the marketing of VOO sold

as EVOO is the most widespread type of non-compliance identified

with respect to the organoleptic characteristics of olive oils that are

declared as “extra virgin olive oil.”[15] Furthermore, this report points

out some key issues in the organization and performance of organolep-

tic assessment, which has led to the search for alternative analytical

approaches to support the official Panel test. As a result, the EUH2020

OLEUM research project developed a new method for measuring

volatiles based on solid-phase microextraction-gas chromatography

(SPME-GC) with the choice of two alternative detectors: flame ion-

ization detector (FID) or mass spectrometry (MS).[16–18] The method

resulted from a previous investigation into sources of analytical errors

that focused on reducing errors resulting from the quantification

procedure.[16,17] This procedure consisted of developing calibration

curves by using two mixtures of standards. The composition and con-

centration of the volatile compounds included in these mixtures were

optimized to take into account separation/coelution and concentra-

tion of the compounds in VOO. The method underwent an initial peer

study to obtain initial information about the performance parame-

ters of the method, such as linearity, repeatability, reproducibility,

recovery, and limits of detection (LOD) and quantification (LOQ).[16,17]

Thepeer study revealed that thenormalizationof the chromatographic

areas by the selected internal standard (IS) (4-methyl-2-pentanol)

introduced in the calibration curves produced similar (e.g., 23.04% vs.

25.83% for hexanal determinedbyMS) or better reproducibility results

(e.g., 19.18% vs. 30.57% for (Z)−3-hexenyl acetate) compared with

the calibration of the chromatographic areas conducted without IS

normalization.[16,17]

Following the peer study, the method was then subjected to a for-

mal international validation (collaborative trial) with laboratories from

industry or other areas working in olive oil sector, some with limited

experienceof conducting amultianalyte analysis of organic compounds

(VOCs) as it is currently not a requirement in the EU regulation; that

is, there no methods for the headspace analysis of VOO for assessing

sensory quality,[8] and therefore this analytical technique is considered

as new procedure for the laboratories in the study.[19] A key part of

themethod focuses on avoiding evaporation ofVOCsor contamination

with other volatile molecules present in the environment. In addition,

the method includes a GC system adaptation: new injection configura-

tion, new column, new procedure, and procedures for identifying the

VOCs on the chromatograms, that are all relatively novel for analysts
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less experienced in the analysis of VOCs.[20–22] The lack of experience

may play a relevant role in introducing more errors so it is import to

address this factor when designing the validation scheme while ensur-

ing that an internationally recognized process is followed.[23] In this

research work, the study and statistical processes were carried out

in compliance with ISO 5725,[24–27] a well-established internationally

agreed method validation procedure.[25] With this purpose, an inter-

national validation was launched in 2020 following the Protocol for

the Design, Conduct and Interpretation ofMethod-Performance Stud-

ies, which is compliant with ISO 5725.[25] The study ran between June

2020 and January 2021. In total, 20 laboratories from Europe, the

United States, Japan, and China took part in the study. The method

was supplied to these labs in an internationally accepted form (ISO

format).[28] A large proportion of participantswere involved in olive oil

analysis, as such the results of the validation study reflect the results

from real end-users.

2 MATERIALS AND METHODS

2.1 Chemicals

Pure standards of 18 VOCs analyzed were purchased from Merck

(Darmstadt, Germany). These were used to prepare two standard

mixtures and to prepare the calibration curves. The IS (4-methyl-2-

pentanol, purity ≥98%) and the mixture of n-alkanes from 8 to 20

carbon atoms (∼ 40 mg L–1 each, in n-hexane) for the calculation of

the linear retention indexes (LRI) were purchased by each participating

laboratory.

2.2 Samples

Agroupof 10 “blind samples,” comprising five paired samples randomly

numbered, were used in the trial proper (see Section 2.6). These sam-

ples were selected to ensure 18 VOCs were included in the study and

at relevant concentrations. This selection took place after analysis of a

range of commercial filtered samples obtained from different produc-

ers in order to check for their volatile composition and their suitability

for the validation study. In addition, the sensory analysis (Panel test)

was carried out by the professional committee of the University of

Bologna and all samples were classified according to the commercial

category (extra virgin, virgin, and lampante). Those samples in which

many VOCs were absent (not detected) were not selected as samples

for the trial proper (Table 1).

2.3 IS solution

The IS solution was prepared as described by Casadei et al.[16] The IS

(4-methyl-2-pentanol) was diluted in freshly refined olive oil in order

to have an approximate concentration of 50mg kg–1.

2.4 Gas chromatographic analysis

2.4.1 SPME-GC-FID analysis

SPME-GC-FID analysis was carried out according to Casadei et al.[16]

An Excel file was sent to the participant labs (see Supplementary

Information) in which the calculations were carried out automatically,

just requiring the laboratories to input the exact weights and chro-

matographic areas (see Supplementary Information), thus reducing the

likelihood of error in such calculations. The vial was closed with a sep-

tum (polytetrafluoroethylene) and was left for 10 min at 40◦C under

agitation to allow for equilibration of the VOCs in the headspace. The

SPME fiber was exposed to the sample headspace for 40 min at 40◦C.

The volatiles adsorbed by the fiber were thermally desorbed in the hot

injection port of aGC for 5min at 250◦Cwith the purge valve off (split-

less mode) and injected into a capillary column of a gas chromatograph

with FID detector. The analysis allowed the use of an auto sampler or

manual injection.

The capillary column was of a polar phase based on polyethylene

glycol (PEG), length60m, internal diameter0.25mm, andcoating0.25–

0.50 µm. The transfer line temperature was set at 260◦C. The carrier

gas used was open to helium or hydrogen if the lab facility was config-

ured for that. Although hydrogen is the most efficient and economical

carrier gas for GC, carbon-carbon double bonds may be hydrogenated

in the hot GC injector if introduced by SPME coated with divinylben-

zene (DVB) polymer or Carboxen (CAR) porous particles. During this

validation process, parallel analyzes were made (both with hydrogen

and helium as carrier gas) and no artifacts were detected.[29,30]

The oven temperature was held at 40◦C for 10 min and then pro-

grammed to increase by 3◦C min–1 to a final temperature of 200◦C. A

cleaning step was added at the end of the oven programmed tempera-

ture by all participants (20◦Cmin–1 to 250◦C for 5 min) to ensure that

the columnwas ready for the next analysis.[16]

2.4.2 SPME-GC-MS analysis

SPME-GC-MS analysis was carried out according to Aparicio-Ruiz

et al.[17] The calculation of the concentrations was also made with the

same Excel file mentioned in the previous section (see Supplementary

Information).

2.5 Identification and quantification of VOCs

Linear Retention Index (LRI) and standards were used for

identification[16] in addition to mass spectrometry.[17] The quan-

tification procedure was based on the calibration curves of the 18

selected volatile compounds built as linear regression (intercept equal

to 0) corrected by the chromatographic areas of the IS as described

by Casadei et al.[16] and Aparicio-Ruiz et al.[17] Thus, the following

equation was used: AAnalyte/AIS =m⋅CAnalyte, where AAnalyte is the area
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corresponding to the analyte, AIS is the area corresponding to the

IS, and m is the slope of the calibration curve (built for the selected

analyte).

The calibration curves were prepared using standard mixtures

(SMs), as reported byCasadei et al.[16] The twomixtures, coded as SM-

A and SM-B, were prepared to have a concentration of 10 000mg kg–1

for each VOC and were supplied to participants for s subsequent

dilutions, coded as SM1 (200 mg kg–1), SM2 (20 mg kg–1), and SM3

(2 mg kg–1). Thus, the calibration started from the same materials

avoiding need for each participant to purchase 18 standards of the

volatile compounds. The calibration solutions were prepared by the

participants to have 0.05, 0.10, 0.15, 0.20, 0.25, 0.5, 1.00, 1.50, 2.00,

2.50, 5.00, and 10.00 mg kg–1 for the compounds included in SM-A

and from 0.20 to 10 ppm (adding three points at 15.00, 20.00, and

25.00 mg kg–1) for the compounds included in SM-B. The concentra-

tion values were higher in the latter since some of the compounds in

this mixture are present at higher amounts in VOO.

2.6 Collaborative study design (pretrial and trial
proper)

The design of the collaborative study involved two consecutive phases,

namely, the initial (“pretrial”) and the formal validation stage (“trial

proper”). Figure S1 shows the general validation scheme used in the

OLEUM project. The initial pretrial phase took place in 2019. The

objective of the pretrialwas a two-way knowledge transfer: (1) to allow

the participants to familiarize with the protocol (called StandardOper-

ating Procedure or SOP) as well as with the reporting procedure (Excel

file shown in Supplementary Information) and to provide important

information regarding deviations from the provided protocol by the

participants and (2) to obtain end-user feedback to improve thewritten

procedure (SOP). A key part of the pretrial process was the two-way

hands-on knowledge transfer workshops where participants shared

their experiences with the developers and provided feedback on the

method so that any errors could be corrected, and changes could be

made to make the method easier to understand and use. The resulting

workshop in Bologna (Italy)[31] was well attended, with over 70 lab-

oratories and stakeholders in the olive oil sector participating in the

event. A timeframeof 3months from the launch date of each phasewas

granted for submitting the results of the requested analyses.

The formal collaborative trial (trial proper) ran between June 2020

and January 2021. At the start of each phase of the collaborative

trial, the participant laboratories were provided with Excel electronic

spreadsheets for reporting the results (Supplementary Information), as

well as with the appropriate SOP. Any deviation from the protocol had

to be reported to the organizers of the study.

Twenty laboratories from 9 countries (Europe, the United King-

dom, the United States, China, and Japan) took part in the trial proper

and received 10 test materials comprising 5 sets of individually num-

bered blind duplicates. Twelve laboratories (4 from Italy, 3 from Spain

and 1 each from France, Slovenia, China and Japan) submitted valid

(compliant) results for the MS procedure and 8 laboratories for FID
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(5 from Italy, 2 from Spain, and 1 from Slovenia). The collaborative

study was designed according to the harmonized protocol for method

validation of the International Union of Pure and Applied Chemistry

(IUPAC).[25] The criteria that must be met for the protocol are as fol-

lows: (i) a minimum number of 8 laboratories that deliver valid results;

(ii) use aminimumnumber of 5 testmaterials that are different in terms

of analyte and/or matrix concentration; and (iii) finally undertake the

statistical analysis to calculate method performance parameters after

rejection of outliers.

2.7 Data processing and statistical analysis

Prior to the statistical analysis of the results, the reported data and

metadata were assessed for compliance, that is, whether the laborato-

ries strictly followed the designated SOP. The assessment of noncom-

pliance was based on (1) comments in the Excel reporting spreadsheet

(Supplementary Information) and/or subsequent dialogue with par-

ticipants and (2) clear gross errors in the analysis/noncompliance

assessed.

After exclusion of noncompliant results, the data were processed

according to the harmonized protocol, which includes stepwise

assessment of statistical outliers using Cochrans and Grubbs tests

respectively.[25] Method performance parameters were then calcu-

lated: (i) relative standard deviation for repeatability (RSDr %), which

is a primary estimate of precision when the method is applied within

a laboratory; (ii) relative standard deviation for reproducibility (RSDR

%), which is an estimate of the precision when the method is applied

between laboratories; and (iii) Horrat value (HoR), defined as the

ratio between the reproducibility standard deviation and the Hor-

witz function (SR/H). Horrat values in the interval 0.5 < HoR < 2.0

indicate that the precision is within expected values.[32] Additionally,

the repeatability and reproducibility limits were calculated. The terms

“repeatability limit” and “reproducibility limit”were applied specifically

to a probability of 95% and they were taken as 2.8 × Sr (Sr, standard

deviation of the repeatability) and 2.8 × SR (SR, standard deviation

of the reproducibility), respectively as specified in the harmonized

protocol.[24]

Data processing, calculations, and Student’s t-test of paired samples

(p < 0.05) were carried out with Microsoft spreadsheet program 2016

(Microsoft Corp., Redmond, WA). Analysis of variance (p < 0.05) was

carried out with Statistica (StatSoft, Tulsa, OK).

3 RESULTS AND DISCUSSION

3.1 Sample selection

The previous evaluation of the SPME-GC-FID/MS[16,17] method

showed that the selection of the validation samples is critical since

these oils should contain all the relevant 18 VOCs as they are markers

of different sensory defects or fruitiness, as positive attributes. Fur-

thermore, a natural oil (real VOO sample) could not present all the

sensory defects at the same time. For that reason, 9 samples were

selected that represented either complex aromas or different sensory

defects, and, therefore, they were likely to show many if not most of

18 VOCs. The VOCs were analyzed by SPME-GC-FID and the number

of nondetected compounds were evaluated to select those 5 samples

to be used in the pretrial and trial proper phases. Table 1 shows those

5 samples selected, which presented most of the volatile compounds

studied. This selection was also made in order to balance the sam-

ples set not only in terms of commercial category (EV, V, L) but also

in terms of sensory defects. Sample 9 only presented one nondetected

VOC (3-methyl-1-butanol). This samplewas a lampante olive oil result-

ing from the mixture of 10 VOOs from the three quality grades—extra

virgin, virgin, and lampante—with different sensory defects. However,

this sample was finally not selected because its aroma was considered

nonrepresentative of a real VOO.

3.2 Pretrial phase

The pretrial phase allowed for the identification of potential unfore-

seen problems. One of the critical issues was the possible alteration of

the volatile fraction during transport and distribution to the labs, since

external variables (e.g., light and temperature) may alter the volatile

profile,[2,33] thereby introducing errors that are not associated with

themethod performance. In order to investigate stability during trans-

portation a pilot exercise was carried out by shipping the two pretrial

samples from Seville (Spain)—York (UK)—Seville (Spain) and analyz-

ing the VOCs before and after the transportation to identify possible

stability issues. No significant differences were found between the

concentrations obtained before and after the shipping.

Table 2 shows the results of the pretrial, which were computed

from 7 labs (2 with FID and 5 with MS). Since the number of labs

using FID and MS detectors were low for a separate analysis for each

detector the results of all the labs were studied together regardless

of type of detector used. The analyses of outliers determined that

one of the labs presented the half of the values (9 out of 18) as

outliers and as a consequence it was removed from the data set. It

was established that a technical problem had occurred in the sam-

ple analysis which explained the anomalous values. The other outliers

removed from the data set corresponded to cases of wrong iden-

tification or a clear problem in the chromatogram integration that

resulted in anomalously high/low chromatographic areas. No errors

were identified in the calibration curves, provided by participants in

their Excel data sheets. As a result of the pretrial, and the following

knowledge transfer workshop, a revision of the SOP was made that

provided a more detailed description of the method with an example

chromatogram for each product category tomore easily facilitate iden-

tification. Furthermore, a statement about the importance of applying

the same integration procedure, in both calibration and sample chro-

matograms, was added to the written method. The resulting relative

standard deviations (RSD%) were in accordance with those published

regarding the peer study of the method carried out within OLEUM

project[16,17] for some compounds: octane, ethyl acetate, ethanol,
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TABLE 2 Mean concentrations (mg kg–1) and standard deviations (SD) resulted from the pretrial study carried out with two samples (coded as
M4007 andM4008).

Code Volatile compounds

M4007 M4008 Previous interlab study1

Mean± SD RSDR% Mean± SD RSDR% RSDR% FID RSDR%MS

1 Octane 2.812± 0.313 25.9 2.874± 0.349 28.0 12.0 38.5

2 Ethyl acetate 2.568± 0.664 23.0 5.723± 1.600 25.9 18.2 28.2

3 Ethanol 0.730± 0.168 24.7 18.220± 4.715 25.4 35.7 32.3

4 Ethyl propanoate 9.590± 2.368 112.3 30.007± 7.607 49.7 122.0 39.0

5 Hexanal 0.012± 0.014 23.1 0.382± 0.190 33.7 28.0 23.0

6 3-Methyl-1-butanol 2.428± 0.560 51.6 1.236± 0.417 15.0 23.1 26.0

7 (E)−2-hexenal 0.199± 0.103 14.5 7.774± 1.169 128.0 30.1 19.6

8 (Z)-3-hexenyl acetate 8.855± 1.282 22.9 0.151± 0.194 64.8 32.8 19.2

9 (E)-2-Heptenal 1.094± 0.251 37.9 0.209± 0.136 48.7 26.0 24.9

10 6-methyl-5-hepten-2-one 0.423± 0.160 33.9 0.195± 0.095 24.2 47.8 43.2

11 1-hexanol 0.047± 0.016 65.6 0.239± 0.058 37.1 48.1 13.3

12 Nonanal 1.322± 0.867 16.3 2.341± 0.867 41.4 44.2 46.1

13 1-octen-3-ol 3.693± 0.602 15.8 8.272± 3.427 55.7 37.2 31.5

14 (E,E)−2,4-hexadienal 0.038± 0.006 44.7 0.188± 0.105 104.9 39.3 63.5

15 Acetic acid 0.051± 0.023 20.1 0.189± 0.198 21.7 44.8 17.5

16 Propanoic acid 3.815± 0.768 36.6 17.257± 3.735 34.2 21.4 26.7

17 (E)−2-decenal 0.126± 0.046 74.0 1.072± 0.367 55.8 57.8 36.7

18 Pentanoic acid 0.474± 0.350 30.0 1.391± 0.777 39.0 29.7 27.1

Note: The relative standard deviation for reproducibility (RSDR%) resulted from this study (regardless the detector) and from two previous studies carried

out with labs with experience in VOC analysis (FID andMS separated) are also shown.

hexanal, 6-methyl-5-hepten-2-one, acetic acid, propanoic acid, and

(E)−2-decenal. Other compounds showed higher RSD% although only

in one of the two samples, highlighting a probable effect of the sam-

ple (their whole volatile profile) or concentration as was the case for

3-methyl-1-butanol, (E)−2-hexenal, (Z)−3-hexenyl acetate, 1-hexanol,

1-octen-3-ol, (E,E)−2,4-hexadienal, and (E)−2-decenal. The fact that

the volatile profile of the sample and the concentration of volatile com-

pounds apparently showed some effect highlights the importance of

integration procedure, which may be affected by the signal around

the analyte peak. Alternatively, the low number of participants (7) in

the pretrial, and the fact that the data comprised results from both

FID and MS detector systems could explain some of the variabil-

ity in results. The differences observed with respect to the previous

evaluation of the method[16,17] could be explained by incorrect iden-

tification and/or integration of the peaks, which supports the idea of

introducing changes in the protocol to guide the identification pro-

cedure and to give importance to the chromatographic integrators

and data systems.[34] It has been reported, that a manual integra-

tion carried out on the same chromatogram by 4 different analysts

may lead to a maximum variation (RSD%) of 7% in the determined

areas.[16]

According to the results and information acquired in the pretrial,

there were two key sources of errors: (1) calibration and (2) identifi-

cation/integration. One of them arose from the calibration procedure

(from the sample analysis, integration, or the calibration curve). When

calibration was the source of error for the concentration data of one

VOC, atypically high or low valueswere observed but themagnitude in

relation to other samples was similar to the results from other labora-

tories, for example, if one sample contained higher concentration than

another, in that laboratory their results were still in a similar propor-

tion to those of from other laboratories. The other type of error was

due to failings in the identification/integration, not surprising given the

complexity of VOO aroma.[21,22,35] In this case, the order of the sam-

ples with respect to the magnitude of the concentration was dissimilar

to other laboratories with incorrect peaks being quantified. This error

was expected to be more frequent when FID detector was used due

to its lack of selectivity. However, some errors in identification were

also found in some laboratories working with MS, although usually in

compounds at low concentration, or in the cases of coeluting peaks.

For example, some identification/integration problems were detected

for octanewith one laboratory reporting no value for this analyte. Simi-

larly, 3-methyl-1-butanol was apparently problematic, probably due to

the overlapping with (E)−2-hexenal, and also because it was observed

that the order of elution of this compound could be altered depending

on the brand of the capillary column used. Some laboratories did not

report values for (E)−2-hexenal and (Z)−3-hexenyl acetate, suggesting

a problem in their identification.

The conclusion of the pretrial phase and the resulting feedback from

participants led to some improvements to the SOP and accompanying

documentation that could be summarized as follows:
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1. The Excel data sheet for reporting the results in the trial proper

included fields to be completed with all the information regard-

ing the weights for building the calibration curves (Supplementary

Information). Thus, introducing all the weights and the chromato-

graphic areas, Excel provided the output in mg kg–1.

2. The information to be introduced in the Excel file allowed the trace-

ability of the quantification method to identify the source of gross

errors (e.g., anomalous chromatographic area).

3. The information about the injector liner or sleeve to be used was

included in the section of the apparatus in the updated SOP. This

information was identified as missing in the previous version used

in the Pretrial and it was considered that it should be included.

4. The importance of equilibrating the samples to room temperature

before their preparation was also highlighted. Samples must look

homogeneous, and no waxes or solid particles should be observed.

This new input in the SOP comes from a discussion about how to

handle the samples with respect to the room temperature.

5. For themethodusing SPME-GC-FID, the detector temperaturewas

set at 260◦C and the desorption temperature in the injector was

reduced from 260◦C to 250◦C.

6. The need for applying an adequate and uniform integrationmethod

for both calibration solutions and virgin olive oil samples was spec-

ified in the SOP since it was discussed that it was one of the error

sources in the pretrial.

In addition to these improvements, it was decided to provide

the labs with a table with the exact concentrations of each volatile

compound present in the two standardmixtures (SM-A and SM-B) con-

sidering the exact measured weights during the preparation of these

mixtures. Thus, using the Excel file, participants could build the calibra-

tion curves taking into account the exact concentrations of the specific

mixtures that they received. Four lots of SM-A and SM-B (10 vials in

each lot) were produced and each lab received one SM-A and SM-B of

one of these lots. The actual concentrations are indicated in Table S1.

Special attention was also paid to the reproducibility of the prepara-

tion of SM-A and SM-B to provide standard mixtures with the lowest

variation as possible. The relative standard deviations (RSD%) of the

concentrations were in the range of 0.69–8.50, and except for 5 com-

pounds, the RSD% were always lower than 2.81% (Table S1). On the

other hand,when thequantificationwas carriedoutwith theexact con-

centrations (Table S1) and the generic concentration of 10 000mg kg–1

for all the compounds (concentrations without considering the exact

weights in the preparation), the two resulting concentrations differed

in only 1.16% (mean value for the 18 volatile compounds). Thus, the

error coming from the differences in the preparation of the standard

mixtures was considered to be acceptable.

3.3 Trial proper

The trial proper was informed by the results and experience acquired

in the pretrial, not only in the method itself, but also in the sample

selection, homogenization, and thematerials (flasks and vials) used. For

example, in the trial proper, theuseof plastic bottles for refinedoliveoil

(sent for building the calibration curves) was avoided since some peaks

derived from plastic were observed during the analysis of refined olive

oil in the pretrial. Table 3 shows the mean concentration values for the

validation process of FID andMSmethods, whichwere calculated from

20participants (8 for FIDand12 forMS). The comparisonof concentra-

tions obtainedbetween theFIDandMSmethods for thedetermination

of the 18 VOCs in VOO revealed that, for 13 VOCs, no significant dif-

ferences in concentration were found (p ≤ 0.05, two tails by Student’s

t-test of paired samples) while 5 VOCs showed significant differences

in concentration between the two method variants. The 5 compounds

were 3-methyl-1-butanol, (E)−2-heptenal, 6-methyl-5-hepten-2-one,

propanoic acid, and pentanoic acid, with the concentrations obtained

with the FID method being higher than the MS method for these

analytes (Table 3). These differences could be related to the differ-

ent sensitivity of the detectors at low concentrations, for example,

(E)−2-heptenal.

In termsof repeatability, Table4 shows theRSDr%values for theFID

and MS methods from the trial proper. The RSDr% values were lower

than 10% in all cases except for ethyl propanoate, (E)−2-heptenal, 6-

methyl-5-hepten-2-one, nonanal, (E,E)−2,4-hexadienal, (E)−2-decenal,

pentanoic acid. These compounds presented RDSr% lower than 20%

except for ethyl propanoate, (E)−2-decenal, and pentanoic acid in

two samples (Table 4). In general, the RDSr% values were similar

between FID and MS detectors, pointing out that the sensitivity of

these detectors did not have a large impact on repeatability. No signif-

icant differences were found in the RSDr% values (p ≤ 0.05, two tails

by Student’s t-test of paired samples) for 17 VOCs (94.4% of the com-

pounds) except for ethyl acetate. In this case, the RSDr% value was

slightly higher for FID compared to MS. The mean RSDr% values for

the 5 paired samples were 6.7% and 5.0% for FID and MS detectors,

respectively.

Table 5 shows the reproducibility in terms of RSDR% for FID and

MS methods. In this case, there were differences in reproducibility for

50%of the VOCs between FID andMSmethods. The reproducibility of

these compounds (octane, ethyl acetate, ethanol, 6-methyl-5-hepten-

2-one, acetic acid, and pentanoic acid) were lower for FID method

compared to MS while 1-hexanol showed a higher reproducibility

value for FID compared to MS. For FID, the compounds with the

lowest RSDR% (< 30%) were ethyl acetate, ethanol, acetic acid, and

octane, while the compounds with high RSDR (> 60%) were (E)−2-

heptenal, pentanoic acid, (E)−2-decenal, (E,E)−2,4-hexadienal, ethyl

propanoate, and 1-octen-3-ol, with the last three compounds having

a RSDR% > 100%. The results could be related to the low concentra-

tion of these compounds in the samples, the limits of quantification,

and/or the low recovery for these compounds in FID.[16,17] The values

of RSDR% were not associated to the concentration value apparently:

the highest RSDR% was not necessarily found in those samples with

lower concentration, and a regression analysis between RSDR% val-

ues in each compound and the concentration values resulted in R2

below 0.6 in all cases, except for (Z)-hexenyl acetate (0.70), 1-octen-

3-ol (0.91), propanoic acid (0.63), and (E)−2-decenal (0.7) in the case

of the method with FID detector. For MS detector, octane (0.98),
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TABLE 4 Results of relative standard deviation of repeatability (RSDr%) for the five paired samples used in the trial proper.

Volatile compounds Mean RSDr% pairs RSDr% 1 and 8 RSDr% 2 and 4 RSDr% 3 and 11 RSDr% 6 and 7 RSDr% 10 and 12

FID MS FID MS FID MS FID MS FID MS FID MS

Octane 9.5 5.9 12.3 4.4 11.9 7.2 6.0 8.2 7.6 3.9 6.8 2.8

Ethyl acetate* 6.7 5.0 6.6 4.4 5.9 5.6 4.3 2.8 9.8 7.0 6.6 3.0

Ethanol 16.4 8.3 11.2 8.9 44.6 12.7 5.1 5.4 4.7 6.3 5.5 2.4

Ethyl propanoate 24.6 27.3 34.9 14.2 28.6 13.5 20.2 36.5 14.7 44.9 22.1 6.6

Hexanal 5.6 5.5 10.8 6.0 2.5 7.2 4.0 6.4 5.1 2.3 5.5 2.6

3-Methyl-1-butanol 5.1 5.4 3.1 4.6 5.0 4.7 4.3 3.0 8.1 9.3 4.0 3.7

(E)−2-hexenal 5.4 4.7 9.6 4.9 4.8 5.5 4.0 4.2 3.2 4.3 2.8 2.3

(Z)−3-hexenyl acetate 5.7 7.7 6.5 9.6 3.6 8.3 6.6 7.3 6.0 5.7 9.1 3.2

(E)−2-heptenal 10.6 9.3 10.6 7.8 19.8 10.7 5.5 12.8 6.6 6.0 6.5 3.0

6-methyl-5-hepten-2-one 11.8 10.4 10.6 6.6 17.0 13.5 10.0 10.2 9.6 11.4 8.0 5.2

1-hexanol 4.1 4.4 5.9 1.8 3.2 5.3 3.6 4.5 3.5 5.9 5.1 2.0

Nonanal 10.1 11.4 11.2 14.3 10.2 6.9 10.0 17.3 8.8 7.2 13.1 4.7

1-octen-3-ol 17.8 12.2 32.6 11.9 27.8 7.5 9.1 15.4 1.7 13.9 14.3 6.5

(E,E)−2,4-hexadienal 12.1 17.9 23.0 35.4 14.4 11.0 4.0 12.9 6.8 12.1 6.4 18.6

Acetic acid 5.2 5.1 9.6 8.7 2.1 4.7 5.1 4.5 4.1 2.4 3.0 3.1

Propanoic acid 6.5 7.4 3.7 6.0 9.4 13.6 4.4 6.2 8.6 3.7 4.4 3.6

(E)−2-decenal 26.1 23.7 26.6 39.2 38.5 31.1 12.6 13.8 26.5 10.6 18.1 10.3

Pentanoic acid 19.3 14.1 20.2 23.7 6.3 5.7 20.0 20.8 30.6 6.2 5.4 4.3

*Significant differences between results from FID andMS at p≤ 0.05, two tails by Student’s t-test.

TABLE 5 Results of relative standard deviation of reproducibility (RSDR%) for the five paired samples used in the trial proper.

Volatile compounds Mean RSDR% pairs RSDR% 1 and 8 RSDR% 2 and 4 RSDR% 3 and 11 RSDR% 6 and 7 RSDR% 10 and 12

FID MS FID MS FID MS FID MS FID MS FID MS

Octane* 27.7 39.1 21.9 32.0 30.5 44.9 23.6 42.2 28.1 41.4 34.6 35.1

Ethyl acetate* 15.9 29.1 12.4 27.1 8.5 29.9 12.1 29.5 23.9 32.1 22.6 26.7

Ethanol* 23.8 45.4 27.1 45.2 53.5 53.3 8.0 41.0 13.0 46.2 17.2 41.5

Ethyl propanoate 111.3 107.2 150.3 82.7 117.8 158.4 98.8 121.8 92.1 102.7 97.4 70.3

Hexanal 39.7 28.0 20.3 17.3 54.5 33.9 56.7 27.4 35.6 30.1 31.6 31.1

3-Methyl-1-butanol 33.5 57.0 12.9 37.4 23.2 63.0 54.6 70.8 48.5 76.1 28.1 37.8

(E)−2-hexenal 38.7 37.6 61.9 64.7 31.6 31.2 21.5 30.3 29.9 31.3 48.7 30.7

(Z)−3-hexenyl acetate 44.7 38.9 49.9 42.9 35.3 43.4 43.5 32.7 52.0 39.5 42.7 36.1

(E)−2-heptenal 68.5 70.4 58.3 67.2 64.8 74.2 100.0 76.0 58.4 67.3 61.2 67.4

6-methyl-5-hepten-2-one* 34.0 74.2 27.1 78.2 29.8 66.2 36.3 82.7 30.9 74.4 45.9 69.3

1-hexanol* 54.7 43.1 53.1 44.7 39.6 38.0 59.9 44.8 68.2 47.4 52.6 40.8

Nonanal 57.2 59.4 49.6 66.9 61.5 68.1 55.5 60.0 55.5 55.9 63.8 46.0

1-octen-3-ol 114.2 52.4 108.9 43.0 87.4 45.8 79.9 61.6 208.6 56.1 86.0 55.7

(E,E)−2,4-hexadienal 108.7 103.4 113.2 142.4 126.6 93.3 125.7 79.3 99.0 80.2 79.0 121.6

Acetic acid* 25.1 40.0 26.4 43.5 20.3 39.2 23.0 35.7 23.4 35.4 32.6 46.0

Propanoic acid 39.4 74.5 25.5 76.8 38.3 68.4 61.1 80.4 43.6 70.3 28.3 76.8

(E)−2-decenal 88.9 92.3 66.8 94.6 145.2 100.1 78.8 105.5 76.6 71.5 77.3 90.0

Pentanoic acid* 74.7 86.5 80.9 82.8 70.3 91.1 77.5 87.1 76.8 94.6 68.0 77.0

*Significant differences between results from FID andMS at p≤ 0.05, two tails by Student’s t-test.
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TABLE 6 Results of Horrat values (HoR) for the five paired samples used in the trial proper.

Volatile compounds MeanHoR%pairs HoR 1 and 8 HoR 2 and 4 HoR 3 and 11 HoR 6 and 7 HoR 10 and 12

FID MS FID MS FID MS FID MS FID MS FID MS

Octane* 1.6 2.2 1.5 2.1 1.5 2.1 1.2 2.1 1.6 2.2 2.2 2.3

Ethyl acetate* 0.9 1.7 0.9 2.0 0.5 1.7 0.7 1.7 1.2 1.6 1.4 1.7

Ethanol* 1.8 3.9 3.1 5.0 2.8 3.0 0.7 3.8 1.0 3.9 1.6 4.0

Ethyl propanoate 3.8 3.4 4.8 2.5 4.3 5.9 3.3 3.3 3.0 2.9 3.7 2.4

Hexanal 2.6 2.0 1.1 1.9 3.4 2.0 4.0 1.8 2.4 2.0 2.2 2.1

3-Methyl-1-butanol* 1.7 2.8 0.7 2.1 1.2 3.1 2.8 3.3 2.2 3.2 1.8 2.3

(E)−2-hexenal 2.6 2.5 2.8 3.0 2.3 2.3 2.0 2.7 2.2 2.3 3.7 2.4

(Z)−3-hexenyl acetate 2.7 2.4 2.9 2.6 2.4 3.0 2.5 1.9 3.0 2.3 2.5 2.2

(E)−2-heptenal 3.5 3.4 2.9 3.3 2.9 3.1 5.2 3.6 3.2 3.5 3.5 3.6

6-methyl-5-hepten-2-one* 1.4 3.0 1.1 3.1 1.2 2.6 1.6 3.5 1.3 3.0 1.9 2.7

1-hexanol* 3.4 2.7 3.0 2.5 2.7 2.6 3.9 2.9 3.9 2.7 3.3 2.6

Nonanal 3.7 3.9 3.6 4.9 3.5 4.2 3.5 3.8 3.2 3.3 4.7 3.4

1-octen-3-ol 4.5 1.9 4.0 1.5 3.0 1.6 2.9 2.2 9.4 2.1 3.3 2.1

(E,E)−2,4-hexadienal 6.4 4.6 5.6 4.9 7.9 4.2 8.6 3.9 5.4 3.5 4.5 6.3

Acetic acid* 2.0 3.1 2.4 3.9 1.8 3.3 1.7 2.6 1.6 2.4 2.4 3.5

Propanoic acid* 2.0 3.7 1.4 4.0 1.9 3.3 2.9 3.6 2.2 3.2 1.6 4.3

(E)−2-decenal 5.1 5.4 3.9 5.9 7.5 5.2 4.6 6.0 4.7 4.2 4.7 5.5

Pentanoic acid 3.1 3.4 3.5 3.3 3.0 3.5 3.1 3.3 3.2 3.7 2.9 3.2

*Significant differences between results from FID andMS at p≤ 0.05, two tails by Student’s t-test.

3-methyl-1-butanol (0.97), 6-methyl-5-hepten-3-one (0.87) showedR2

higher than 0.6 denoting a certain relationship of higher RDSR% with

lower concentration.

The Horrat value was also calculated for each one of the VOCs.

Table 6 shows the Horrat values for the FID and MS methods, which

were computed from the 8 participants who used FID and the 12

participants using MS. From this table, it can be observed that 8

VOCs (44.4% of the compounds: octane, ethyl acetate, ethanol, 3-

methyl-1-butanol, 6-methyl-5-hepten-2-one, 1-hexanol, acetic acid,

and propanoic acid) have significant differences in Horrat values

between the two detectors (p ≤ 0.05, two tails by Student’s t-test

of paired samples), with the Horrat values for the FID method being

lower than the MS for all of VOCs, except 1-hexanol. Furthermore,

7 out of 18 volatile compounds have acceptable Horrat mean val-

ues (Horrat ≤2) for the FID method. These VOCs were octane, ethyl

acetate, ethanol, 3-methyl-1-butanol, 6-methyl-5-hepten-2-one, acetic

acid, and propanoic acid.

4 CONCLUSIONS

The VOC mean concentrations obtained with methods based on

SPME-GC-FID and SPME-GC-MS assessed in this study were similar.

However, in general terms, the method using FID detector provided

better results in terms of reproducibility than the method using MS.

The observation of a different reproducibility for the two detec-

tors agrees with our previous experience. In this validation study,

the RSDR% values were lower for SPME-GC-FID in 11 compounds

(octane, ethyl acetate, ethanol, 3-methyl-1-butanol, (E)−2-heptenal,

6-methyl-5-hepten-2-one, nonanal, acetic acid, propanoic acid, (E)−2-

decenal, and pentanoic acid). However, that difference is not sig-

nificant in some cases (e.g., pentanoic acid, nonanal, (E)−2-decenal,

and (E)−2-heptenal), and it is important to keep both detectors for

the validation, to consider their different prerogatives together with

advantages and disadvantages. FID, which generally costs much less

than a MS, and is more commonly used in routine laboratories is ade-

quate for quantitative studies in which the concentration ranges of

the analytes are wide, as the case of VOCs in VOO. FID can also

be used as a dedicated detector to acquire a lot of data favoring

the intercomparison between different labs. In fact, the GC stan-

dard methods approved by IOC and EU are mostly based on FID

detector. Nonetheless, the method using the MS detector provides

the clear advantage of a confirmed identification. Furthermore, most

of MS detectors permit quantification with enough linear working

range. Regarding the identification of VOCs, new instructions were

included in the revised methods, after the pretrial experience to

facilitate identification in the SPME-GC-FID method. These instruc-

tions seem to be enough since no problem or feedback on this

issue were reported in the collected comments in the reporting

sheet.
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GARCÍA-GONZÁLEZ ET AL. 11 of 13

This investigation was carried out to study the performance of

GC-FID and GC-MS methods for the detection of VOCs in VOO,

also considering that the labs may have different configurations and

availability of GC-MS or GC-FID only. The methods may be devel-

oped further to have different implementation strategies, for exam-

ple, as an additional/confirmatory method for litigation where there

is a disagreement in the sensory classification made by two dif-

ferent panels, as well as screening methods as appropriate. Thus,

one of both detectors may show more advantages than the other

in one specific implementation strategy. In laboratories where both

detectors are available, an optimum approach is to use MS for

accurate identification (or confirmations, e.g., in the case of over-

lapping of peaks) and carry out routine analyses using GC-FID.

This strategy fits with the logic of analytical sustainability, that is,

to carry out the maximum number of analyzes at a lower cost.

Therefore, the analysts, considering their specific objective, the ana-

lytes of interest, and the available lab facilities and equipment

may choose one of the two detectors, while always keeping in

mind the performance characteristics of the methods for each com-

pound.
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