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a  b  s  t  r  a  c  t

In  this  work,  an  ultrasound-assisted  emulsification–microextraction  method  has  been  optimised  for  the
determination  in wine  of haloanisoles  (2,4,6-trichloranisole  (TCA),  2,3,4,6-tetrachloroanisole  (TeCA),
2,4,6-tribromoanisole  (TBA)  and  pentachloranisole  (PCA))  responsible  for  the  so-called  cork  taint.
Their  halophenolic  precursors  (2,4,6-trichlorophenol  (TCP),  2,3,4,6-tetrachlorophenol  (TeCP),  2,4,6-
tribromophenol  (TBP)  and  pentachlorophenol  (PCP))  have  also  been  simultaneously  determined.  For  this
purpose,  parameters  affecting  the  USAEME–derivatisation  procedure  were  exhaustively  investigated.
Firstly,  extraction  solvent,  basic  conditions  and  extraction  time  were  selected  to,  subsequently,  employ
experimental  design  methodology  for  the  simultaneous  optimisation  of the  volumes  of  acetic anhydride
and  extraction  solvent,  temperature  and  ionic  strength  conditions.  Once  optimised,  the  evaluation  of
alophenols
ork taint
ine

xperimental design

the analytical  performance  of the method  confirmed  its suitability  for  the  determination  of  the  stud-
ied compounds  in wines.  The  proposed  method  showed  satisfactory  linearity  (correlation  coefficients
over  0.981),  repeatability  (below  10.9%)  and  inter-day  precision  (below  11.0%).  Detection  limits obtained
were  similar  or even  lower  than  previously  reported.  In addition,  the proposed  method  was  successfully
applied  to the analysis  of  real samples.  To  our  knowledge,  this  is  the  first  time  that  USAME  method  has
been  optimised  for the  simultaneous  determination  of  haloanisoles  and  halophenols  in  wine.
. Introduction

During winemaking, chlorinated compounds present in the
olutions used to bleach cork and wash barrels may  react
ith lignin breakdown products forming chlorophenols such as

,4,6-trichlorophenol (TCP), 2,3,4,6-tetrachlorophenol (TeCP) and
entachlorophenol (PCP) [1]. In addition, the treatment of waste
aters with chlorine in presence of bromide and organic phenols
ay  produce the formation of bromophenols such as 2,4,6-

ribromophenol (TBP) [2].  TBP also could appear in cellars due
o its use as flame retardant and fungicide [3,4]. Microorgan-
sms present in wine can produce the biomethylation of these
alophenols as a defensive reaction originating the corresponding
aloanisoles [5–7]. The presence of haloanisoles in wine, even at

ow quantities, may  cause the so-called cork taint, characterised
y a mouldy-musty off-flavour [3,8]. Organoleptic properties are

ome of the main parameters in establishing the wine quality. Thus,
he sensitive determination of haloanisoles and their halophenolic
recursors in wine is of great interest to the wine industry in order
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to avoid economic losses derived from the commercialisation of
contaminated wines.

Several methods such as liquid–liquid extraction [9–11],
supercritical fluid extraction (SFE) [12], pressurised liquid extrac-
tion (PLE) [13], pervaporation [14], solid-phase extraction (SPE)
[15–17], solid-phase microextraction (SPME) [18–21],  stir bar sorp-
tive extraction (SBSE) [22–24] and single drop microextraction
(SDME) [25] have been employed for the extraction and concen-
tration of haloanisoles and halophenols from wine previously to
their determination. In addition, these approaches usually include
a derivatisation step of the halophenols to transform them into less
polar compounds, avoiding problems of broad and tailed peaks in
their chromatographic determination.

Nevertheless, these techniques present certain non-negligible
drawbacks such as the use of high volumes of solvent, the
time required and the use of expensive devices with a lim-
ited lifetime which may  entail carryover or cross-contamination
problems. Consequently, in order to avoid these problems, disper-
sive liquid–liquid microextraction (DLLME) has been proposed as
an efficient extraction–preconcentration method which has been
successfully applied to the analysis of off-flavours responsible com-

pounds in wine [26,27]. However, despite its advantages, such as
simplicity, quickness and low solvent consumption, DLLME also
presents some shortcomings. The use of disperser solvent can
diminish the partition coefficient of analytes between the sample

dx.doi.org/10.1016/j.chroma.2012.01.033
http://www.sciencedirect.com/science/journal/00219673
http://www.elsevier.com/locate/chroma
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nd the extraction solvent. In addition, manual shaking of the mix-
ure, usually performed to facilitate the dispersion, may  produce
oss of sample or extraction solvent.

Taking this into account, in recent years, the ultrasound-assisted
mulsification–microextraction method (USAEME) has been pro-
osed as a modification of the DLLME method which uses ultrasonic
adiation to achieve the dispersion of the extraction solvent in the
ample thus avoiding the use of disperser solvent and manual shak-
ng [28]. In the USAEME method, a mixture of aqueous sample and
xtraction solvent is submitted to ultrasonic radiation for a few
inutes. The occurrence of cavitation phenomena caused by ultra-

ounds produces the emulsification of the extraction solvent in the
ample thus increasing their contact surface and encouraging the
ransfer of the analytes from the sample to the extractant [29,30].
n addition, the homogenisation of the sample produced by ultra-
ounds and the variations produced by the cavitational collapse also
ffects the exchange of analytes between the phases [28,29,31,32].
his method has been successfully applied to the determination
f, amongst others, bisphenol A in beverages [33] or fragrance
llergens in water [34]. Furthermore, it has been described the
imultaneous performance of derivatisation and USAEME of phe-
olic compounds in water [35]. In wine, the application of USAEME
o the analysis of TCA, geosmin and 2-methylisoborneol, and ethyl
nd vinylphenols [36–38] has been reported.

Consequently, as a continuation to our previous endeavours
n the exploration of novel sample preparation techniques, the
im of this study was the optimisation of the simultaneous
SAEME–derivatisation method for the determination of cork

aint responsible compounds in wine. Taking into account its
fficiency, simplicity and low time consumption, aqueous acety-
ation with acetic anhydride in basic conditions was  selected as
erivatisation reaction [39]. The optimisation was performed by
valuating the influence of the main parameters which may  affect
he USAEME–derivatisation process. Firstly, the type of extraction
olvent, the basic conditions and the extraction time were selected.
hen, the effect of volumes of acetic anhydride and extraction sol-
ent, temperature and ionic strength were simultaneously studied
sing experimental design methodology. Once optimised, the ana-

ytical performance of the method was studied and its linearity,
imits of detection and quantification, precision and accuracy were
stablished. Finally, the applicability of the method was  evaluated
nalysing different real samples. To our best knowledge, the appli-
ation of the USAEME method to the simultaneous determination
f haloanisoles and halophenols in wines has not been previously
eported.

. Material and methods

.1. Chemicals and standard solutions

2,3,4,6-Tetrachloroanisole (TeCA) was supplied by Ultra Sci-
ntific (North Kingstown, RI, USA). 2,4,6-Trichloroanisole (TCA),
,4,6-tribromoanisole (TBA), 2,4,6-tribromophenol (TBP) pen-
achlorophenol (PCP) and 4-iodoanisole (IA) (internal standard)
ere supplied by Aldrich Chemie (Steinheim, Germany). Pen-

achloroanisole (PCA), 2,4,6-trichlorophenol (TCP) and 2,3,4,6-
etrachlorophenol (TeCP) were supplied by Supelco (Belfonte, PA,
SA). The purity of all standards was above 95%.

Chloroform and tetrachloroethylene were supplied by Schar-
au (Barcelona, Spain). Carbon tetrachloride was purchased from
ldrich Chemie and chlorobenzene and carbon disulfide from Acros

rganics (Geel, Belgium). Methanol was purchased from Merck

Darmstad, Germany) and acetic anhydride and sodium chloride
rom Aldrich Chemie. Ultrapure water was obtained from a Mili-Q
ystem (Milipore, Bedford, MA,  USA).
r. A 1229 (2012) 63– 71

Individual stock standard solutions of each compound were
prepared in methanol at a concentration level of 400 mg/L. Work
solutions used for further studies were prepared by diluting differ-
ent amounts of each stock standard solution. Standard and work
solutions were stored in darkness at 4 ◦C.

2.2. Samples

Red and white wines were selected for the different studies.
The absence of organoleptic defects in these samples was checked
by sensory analysis. The synthetic wine solutions were prepared
by dissolving 5 g/L of l-(+)-tartaric acid in a hydroalcoholic solu-
tion (13% (v/v) ethanol). The pH of these resulting solutions was
adjusted to 3.5 with NaOH. Both real and synthetic samples were
spiked with different amounts of work solutions containing the
target analytes.

2.3. Sample preparation

To perform the simultaneous USAEME–derivatisation pro-
cess, different amounts of extraction solvent, depending on the
experiment, were dispersed with the aid of ultrasonic radia-
tion in 5 mL  of wine containing different amounts of sodium
hydrogen phosphate, sodium chloride and acetic anhydride. The
extraction–derivatisation process was  carried out by immersing
the mixture into an ultrasonic water bath ATU Utrasonidos (Valen-
cia, Spain). The level of both liquids (water and sample) was the
same. The ultrasound frequency and power were 40 kHz and 100 W
respectively, and temperature and time conditions were controlled
for each analysis. After the extraction, the organic phase was sep-
arated from the sample in the bottom of the conical test tube by
centrifugation at 5000 rpm for 3 min  in a Rotina 38 (Hettich, Tut-
tlingen, Germany). The extracts were collected with a microsyringe,
and poured into a 0.15 mL  glass insert that was  placed into an
autosampler vial.

2.4. Chromatographic conditions

Chromatographic analysis was  performed with a Hewelett-
Packard 5890 Series II gas chromatograph equipped with a splitless
injector, electronic pressure control in the injector and an electron-
capture detector. A capillary column HP-5MS (30 m x 0.25 mm I.D.,
0.25 �m film thickness) from J&W Scientific (Folsom, CA, USA) was
used. Helium at a flow of 1 mL  min−1 was used as carrier gas. Oven
temperature was  programmed as follows: 50 ◦C for 1 min, heated
at 15 ◦C min−1 to 115 ◦C, heated to 150 ◦C at 3 ◦C min−1 and kept for
10 min; and finally raised to 250 ◦C at 15 ◦C min−1 and maintained
for 4 min. For each analysis, an injection of 0.5 �L of organic extract
was performed in splitless mode for 1 min  using an autosampler.
Injector temperature was  set to 250 ◦C. ECD temperature was  kept
at 300 ◦C. A chromatogram of a wine sample spiked with 150 ng/L
of haloanisoles and halophenols is shown in Fig. 1.

2.5. Software

The construction and analyses of the experimental design and
the response surfaces were carried out using the Nemrod-W sta-
tistical package [40].

3. Results and discussion
Optimisation of an extraction procedure involves the study of
all the parameters which may  have a significant effect on the effi-
ciency of the process, i.e., the recovery of the target analytes. In this
context, the optimisation of the USAEME procedure involves the
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Fig. 1. GC-ECD chromatogram 

tudy of several factors such as type of extraction solvent, temper-
ture and ionic strength conditions, volume of extraction solvent
nd extraction time. Moreover, in this study derivatisation condi-
ions for the halophenols also have to be evaluated. For this purpose,
reliminary experiments were performed in order to determine the
ptimal extraction solvent, basic conditions and extraction time.
hen, experimental design methodology was applied to simultane-
usly evaluate the effect on the yield of the process of the volumes
f extraction solvent and acetic anhydride, temperature and ionic
trength. Then, the quality parameters of the optimised method
ere established and it was applied to the analysis of different real

amples.

.1. Preliminary experiments

.1.1. Extraction solvent
One of the most important parameters that have to be stud-

ed in liquid–liquid extraction methods is the extraction solvent. In
rder to select the appropriate extraction solvent several consider-
tions have to be taken into account. For liquid–liquid extractions,
he extraction solvent has to have high affinity for the analytes
nd be immiscible with the aqueous medium that contains them.
urthermore, since the analytes will be determined by gas chro-
atography, it has to have good chromatographic behaviour. In

ddition, at the end of USAEME procedure the extraction sol-
ent is separated by centrifugation at the bottom of a test tube.
hus, in order to facilitate the collection of the extracts, the
xtraction solvent has to have higher density than water. Taking
hese requirements into account, chloroform, carbon tetrachlo-
ide, tetrachloroethylene, chlorobenzene and carbon disulfide were
valuated as extraction solvents at different temperatures using
piked synthetic wine.

Fig. 2 shows the results of the extraction solvent screening. As
an be observed, carbon tetrachloride provided the lowest recover-
es for haloanisoles whereas for halophenols the worst results were
btained with chloroform. The recoveries obtained when using
hlorobenzene and tetrachloroethylene were significantly higher
han when using carbon disulfide. Although tetrachloroethylene
ielded slightly lower recoveries than chlorobenzene, it was
elected as extraction solvent due to the precipitate formed when
sing chlorobenzene, which hindered the collection of the extract
t the bottom of the test tube.

This screening study allowed not only the selection of the extrac-
ion solvent but also the definition of the experimental domain
or temperature for the subsequent optimisation step. As it can be
bserved, at low temperatures the recoveries obtained for all the
arget compounds significantly decreased for all the studied sol-
ents. The decrease of the temperature produces an increase on
he viscosity of the solvents. This produces a negative effect on

he cavitation phenomena and the mass transference which may
e responsible for the decrease of the recoveries at low tempera-
ures [31,41]. Thus, the lower temperature limit of the experimental
omain was set at 20 ◦C.
ed from a spiked wine sample.

3.1.2. Basic conditions and extraction time
Once the extraction solvent had been selected, other prelim-

inary experiments were performed to investigate the best basic
conditions and determine the extraction time.

Derivatisation reaction used in the proposed
USAEME–derivatisation method is the aqueous acetylation
with acetic anhydride under basic conditions. Usually, aqueous
acetylation is accomplished in presence of carbonate salts to adjust
the pH. To avoid problems in the separation of the organic extracts
caused by the carbon dioxide bubbles formed during reaction, the
use of non-carbonate salts, such as sodium hydrogen phosphate,
has previously been proposed [36]. The derivatisation process was
studied adding different amounts of this salt providing pH from 7.6
to 8.1. As it can be appreciated in Fig. 3, no significant differences
in the recoveries were observed for any of the studied analytes.
Thus, 7.6 was selected as the working pH.

The emulsification process was  also studied at different extrac-
tion times in order to determine the minimum time necessary to
achieve the emulsification without lengthening the time of experi-
mentation. USAEME was  evaluated at 5, 10 and 15 min  of extraction.
The results obtained are shown in Fig. 4. Neither the recoveries
of the haloanisoles nor those of the halophenols showed signifi-
cant differences when time of extraction was  increased. Therefore,
it can be considered that 5 min  was  enough time to perform the
extraction.

3.2. Multivariate optimisation

Volume of extraction solvent and acetic anhydride, temper-
ature and ionic strength conditions are key parameters in the
emulsification–derivatisation process. Too high ratios between the
solvent extraction volume and the sample volume could nega-
tively affect the emulsification. Temperature and ionic strength
have opposite effects in the viscosity of the phases. Growing ionic
strength and decreasing temperatures produce an increase in the
viscosity, which interferes with the cavitation, ultrasounds prop-
agation and mass transfer phenomena. On the other hand, the
solubility of the phases increases when the temperature is raised.
Thus, part of the extraction solvent is diluted in the aqueous phase
and there is a decrease on the recoveries. Furthermore, the salt-
ing out effect produces a decrease in the solubility of the analytes
in the sample, encouraging their extraction in the organic solvent
[41,42]. Regarding all of this, the variation of these factors could
produce different effects in USAEME and their interactions may  not
be negligible.

Taking this into account, optimum conditions for these param-
eters were simultaneously found using a chemometrical approach
based on experimental design and response surface methodol-
ogy. For this purpose, a Doehlert design involving 20 experiments,

4 central points and 5 test points was  employed. Experimental
domain for each factor was established taking into account pre-
liminary experiments and instrumental and operative limits. The
volume ratios Vextractant (�L)/Vsample (mL) and Vac.anh. (�L)/Vsample
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Fig. 2. Influence of solvent extraction type and temperature on the recoveries obtained for haloanisoles and halophenols by the USAEME–derivatisation method (n = 3).
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Fig. 3. Influence of pH on the recoveries obtained for haloanis

mL) were evaluated from 10 to 40 and from 10 to 20 respectively.
ince the sample volume was fixed at 5 mL,  the volume of extrac-
ant was studied from 50 to 200 �L and the acetic anhydride from
0 to 100 �L. Temperature limits defined in the solvent screening
anged from 20 to 80 ◦C and salt concentration was studied between

 and 10%. The experimental matrix, experimental conditions and
ecoveries obtained are presented in Table 1. All experiments were
erformed randomly and in triplicate to minimise the effects of
ncontrolled factors that may  introduce bias into the measure-
ents.
The experimental results were fitted, by least-squares linear

egression, to a polynomial quadratic equation with the form:

 = b0 +
n∑

i=1

bixi +
n∑

i=1

n∑
j=1

bijxixj (1)

here Xi were the studied factors (X1: Vac.anh.; X2: Vextractant; X3:
emperature; X4: NaCl concentration) and the response Y was the
ecovery values obtained for each compound. Then, models were
nalysed and validated by analysis of variance (ANOVA) and the test

oints. Once the models validity had been assured for each com-
ound, model coefficients and response surfaces fitting the data
ere used to evaluate the effect of each factor on the recovery and

he interaction effects between factors.

Fig. 4. Influence of extraction time on the recoveries obtained for haloanis
d halophenols by the USAEME–derivatisation method (n = 3).

Analysing the estimates of the model coefficients, indicated in
Table 2, it is possible to identify the significant factors for each
response. All the studied responses show several significant inter-
action factors. Consequently, the effects of the factors cannot be
studied separately. From the analysis of the response surfaces it
can be concluded that recoveries of haloanisoles and halophenols
are differently influenced by the factors variation. The main dif-
ference between both groups of compounds is the effect of the
acetic anhydride. The addition of acetic anhydride has a nega-
tive effect on the recoveries of haloanisoles. This is probably due
to the increase in the acidity of the organic phase caused by the
hydrolysis of acetic anhydride. Nevertheless, the role of acetic
anhydride on the derivatisation of the halophenols produced an
increase in their response. Regarding the volume of extraction
solvent, it has a positive effect on the recoveries of all the stud-
ied compounds. Responses of haloanisoles and halophenols also
increase with raising temperatures. This increase is more pro-
nounced at low temperatures but at high temperatures this effect
diminished especially for haloanisoles. Finally, the addition of salt
also produced a slight increase in the recoveries of all the studied

analytes.

Due to the different influence of the factors on the two  groups
of compounds studied, it is difficult to find common optimum con-
ditions. Therefore, it is necessary to find a compromise optimum at

oles and halophenols by the USAEME–derivatisation method (n = 3).
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Table  1
Experimental design matrix and average recoveries for studied compounds (n = 3).

No. exp Vac.anh.

(�L)
Vextractant

(�L)
Temperature
(◦C)

NaCl conc.
(%, w/v)

Recovery (%)

TCA TeCA TBA PCA TCP TeCP TBP PCP

1 100.0 125.0 50.0 5.0 35.84 55.67 49.55 68.98 60.25 54.76 59.61 62.66
2  50.0 125.0 50.0 5.0 60.26 87.22 79.73 90.66 59.24 40.01 51.92 41.42
3  87.5 200.0 50.0 5.0 59.11 78.36 38.51 87.26 93.21 83.85 83.43 83.75
4 62.5  50.0 50.0 5.0 34.74 61.28 36.88 60.50 47.86 44.21 56.31 42.65
5  87.5 50.0 50.0 5.0 28.14 41.73 39.21 41.68 33.81 36.35 45.58 40.02
6 62.5  200.0 50.0 5.0 79.33 76.93 73.58 77.87 78.27 61.39 64.74 62.30
7  87.5 150.0 80.0 5.0 40.90 58.74 51.35 53.79 74.56 82.92 81.68 71.50
8  62.5 100.0 20.0 5.0 30.60 43.64 29.49 37.96 25.50 28.66 46.01 23.62
9  87.5 100.0 20.0 5.0 18.18 23.85 20.60 20.03 33.57 25.43 31.92 30.17
10 75.0  175.0 20.0 5.0 31.91 35.66 19.70 48.81 34.03 26.84 38.49 30.84
11 62.5  150.0 80.0 5.0 50.54 64.71 60.93 56.05 82.40 63.36 58.44 64.16
12  75.0 75.0 80.0 5.0 22.30 39.41 35.33 47.29 44.02 45.01 50.93 46.82
13  87.5 150.0 57.5 10.0 26.87 45.27 29.91 56.78 75.77 61.20 62.72 68.72
14  62.5 100.0 42.5 0.0 41.70 46.16 34.82 43.25 41.73 33.22 42.06 30.43
15  87.5 100.0 42.5 0.0 28.01 31.22 23.91 27.51 40.10 33.32 37.76 35.06
16  75.0 175.0 42.5 0.0 57.92 55.11 45.41 62.21 65.63 56.34 55.16 49.48
17  75.0 125.0 72.5 0.0 46.21 56.59 46.95 49.79 41.91 55.06 64.65 46.22
18  62.5 150.0 57.5 10.0 36.94 52.71 46.01 52.46 72.12 52.25 54.30 55.90
19  75.0 75.0 57.5 10.0 26.03 41.06 37.35 50.47 51.33 48.36 57.05 49.29
20 75.0  125.0 27.5 10.0 22.46 30.76 23.25 35.99 26.68 31.50 53.80 32.78
Central 75.0 125.0 50.0 5.0 30.66 49.77 44.70 63.97 68.19 58.80 63.58 62.09
Central 75.0 125.0 50.0 5.0 32.03 51.61 36.98 59.97 51.66 49.29 59.00 48.72
Central 75.0 125.0 50.0 5.0 34.24 47.63 46.66 59.48 63.12 55.11 61.42 59.42
Central 75.0 125.0 50.0 5.0 36.20 51.17 38.15 56.88 56.50 48.93 61.45 51.98
Test  1 65.0 105.2 44.1 4.2 36.43 50.85 40.30 60.04 49.45 43.82 55.78 42.46
Test  2 84.9 105.2 44.1 4.2 27.21 41.85 34.92 54.91 51.25 45.31 53.45 50.11

50 

51 

34 

w
d
o
f
z
o
t
s
h
f
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i

D

T
E

B

Test  3 75.0 164.5 44.1 4.2 45.
Test  4 75.0 125.0 67.8 4.2 35.
Test  5 75.0 125.0 50.0 8.2 28.

hich all the responses have an acceptable value. For this purpose,
esirability functions methodology was applied. In this method-
logy, each individual response is transformed in a dimensionless
unction, called partial desirability function, di, which varies from
ero (undesirable response) to one (optimal response). Depending
n the objective of the study, the optimal values of response and
he most appropriate form of the desirability function have to be
elected for each response. Once the partial desirability functions
ave been defined, it is possible to calculate the global desirability

unction D which represents the quality of the compromise solu-
ion and it is calculated as the weighted geometric average of n
ndividual desirability functions (Eq. (2)):
 =
[

n∏
i=1

dpi
i

]1/n

(2)

able 2
stimates of the model coeficients.

Coefficients TCA TeCA TBA PCA 

b0 33.234 49.493 41.330 60.8
b1 −12.154 −12.652 −13.650 −8.0
b2 19.970 14.713 10.229 17.5
b3 6.699 13.331 16.086 10.7
b4 −9.711 −3.003 −2.281 2.0
b11 14.840 21.831 23.125 19.1
b22 17.850 12.723 −0.077 1.7
b33 −9.461 −16.377 −13.391 −30.5
b44 −0.586 −11.080 −10.557 −19.6
b12 −7.862 11.852 −21.780 15.9
b13 4.486 4.001 7.072 3.5
b23 12.332 11.155 10.013 −14.6
b14 4.009 −0.897 2.634 5.5
b24 −14.596 −12.452 −22.615 −19.0
b34 −10.301 −15.084 −11.211 −11.8

old numbers indicate significant effects (5%).
55.37 44.95 68.41 66.37 56.95 63.57 58.35
53.69 47.21 58.18 64.89 62.02 64.32 60.90
44.99 37.42 57.53 59.08 51.83 61.44 55.60

where pi is the weighting of the ith, normalised so that
∑n

i=1pi = 1.
Weighting of partial desirability functions allows optimisation to
take into account the relative importance of each response. The
examination of the form of the global desirability function enabled
us to find the region where the function was close to 1 and deter-
mine the compromise optimum conditions.

In this research, calculation of global desirability function
was performed defining linear partial desirability functions for
each response. When constructing these functions, the minimum
acceptable response was  fixed at 50% whilst 100% was set as the
optimum recovery. Amongst the studied compounds, TCA and
TBA have the lowest olfactory threshold. Therefore, the weight of
their partial desirability functions was set at 10 whereas 1 was

the weight of the rest of the responses. Fig. 5 shows the plots
of the global desirability function calculated. In this figure it is
possible to locate the maximum desirability at high volumes of
tetrachloroethylene, medium-high temperatures and medium low

TCP TeCP TBP PCP

35 59.750 53.121 61.353 55.401
35 0.703 6.940 3.644 9.437
08 25.506 18.034 12.115 17.329
79 21.728 22.616 14.959 20.161
17 5.671 2.376 4.486 7.162
78 −0.022 −5.744 −5.553 −3.422
24 4.689 6.322 3.463 3.463
18 −17.182 −11.683 −14.724 −16.273
55 −10.122 −8.545 −9.294 −11.854
21 16.566 17.509 17.004 13.741
77 −15.777 7.775 16.864 −4.540
48 22.866 24.324 17.037 14.474
43 1.181 −2.791 −2.496 1.159
11 −5.698 −12.593 −11.192 −13.976
09 26.176 0.152 −18.861 14.845
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Fig. 5. Response surfaces of global desirability obtained for all significant interactions under optimised conditions.
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Table  3
Significance values for Mandel’s fitting test, correlation coefficients of linear regressions, detection and quantification limits of the proposed method.

Compound Mandel’s fitting test
p

Correlation coefficient
R2

LOD S/N = 3
(ng/L)

LOQ S/N = 10
(ng/L)

TCA 0.132 0.981 1.9 6.3
TeCA 0.091 0.990 2.1 7.0
TBA  0.201 0.985 2.3 7.7
PCA  0.099 0.984 2.4 8.0
TCP  0.365 0.991 4.0 13.3
TeCP  0.177 0.994 3.7 12.3
TBP 0.287 0.993 4.9 16.3
PCP 0.120 0.992 4.8 16.0

Table 4
Comparison of USAEME with other extraction methods for determination of haloanisoles and halophenols in wine.

Method Vsample (mL) Vsolvent LOD (ng/L) Ref.

TCA TeCA TBA PCA TCP TeCP TBP PCP

LLE 200 15 mL  pentane 0.5 0.5 n.a. 0.5 10 10 n.a. 10 [9]
SPE 1000 3 mL  methanol + 2 mL  hexane 2.4 0.3 n.a. 0.4 0.5 0.2 n.a. 0.3 [16]
SDME 20 2 �L 8.1 n.a. 6.1 n.a. n.a. n.a. n.a. n.a. [25]
DLLME 5 150 �L carbon tetrachloride + 1.3 mL acetone 2.3 2.2 2.7 2.6 3.9 4.2 5.3 5.2 [26]
DLLME 5 173 �L carbon tetrachloride + 1.43 mL  acetone 5 8 7 12 n.a. n.a. n.a. n.a. [27]
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USAEME 5 180 �L carbon disulfide 

.a.: not available.

olume of acetic anhydride and salt concentration. Taking this
nto account it was found that optimum USAEME–derivatisation
f haloanisoles and halophenols in wine was performed adding
80 �L of tetrachloroethylene and 65 �L of acetic anhydride to 5 mL
f wine with 3% of salt concentration at 60 ◦C.

.3. Method performance

Once optimised, the method performance of the proposed
SAEME method was evaluated and its quality parameters were
etermined. Red wine spiked samples were used to determine the

inear range from 10 to 500 ng/L. Mandel’s fitting test was applied
o confirm the linearity of the experimental data, obtaining signifi-
ances higher than 0.05 (confidence level 95%) for each compound.
herefore, linear regressions were calculated for all calibration data
chieving correlation coefficients from 0.981 to 0.994. Significances
or Mandel’s fitting test and correlation coefficients are shown in
able 3. The lowest concentration level of the linear range was
mployed to calculate the quantification and detection limits for

ach compound using a signal/noise ratio (S/N) of 10 and 3, respec-
ively. Detection limits obtained ranged from 1.9 to 4.9 ng/L for all
he studied compounds (Table 3), being lower than their percep-
ion thresholds. This results especially noticeable for TCA and TBA,

able 5
epeatability, inter-day precision and recovery studies of the proposed method.

Compound Repeatability RSD% Reproducibility RSD% 

Low levela Medium levelb High levelc Low levela Medium le

TCA 10.5 9.4 6.1 7.9 9.0 

TeCA  9.5 10.0 6.6 10.3 9.6 

TBA  6.3 6.4 9.3 7.1 5.6 

PCA  10.6 10.8 6.2 8.9 8.0 

TCP  10.6 10.9 6.5 8.1 8.9 

TeCP 8.8  9.5 7.7 8.3 10.2 

TBP  10.2 10.0 8.3 6.0 11.0 

PCP  9.6 9.2 6.8 6.2 10.5 

a 25 ng/L.
b 150 ng/L.
c 400 ng/L.
2.1 2.3 2.4 4.0 3.7 4.9 4.8 Present study

which have very low perception thresholds in wine. In addition, as
can be seen in Table 4, these detection limits were similar or even
lower than those reported for other analytical techniques including
DLLME [9,25,26].

Precision and recovery results are indicated in Table 5. Precision
of the method was evaluated using red and white wine samples
spiked at three concentration levels. Five extractions on the same
day were performed to calculate repeatability ranging from 6.1 to
10.9% (RSD). Inter-day precision ranging from 6.0 to 11.0% was cal-
culated performing extractions on five different days. Recoveries
higher than 75.9% were obtained for all the compounds.

According to these results, recoveries obtained for cork taint
responsible compounds are slightly higher when using DLLME than
when using the USAEME method [26,27].  However, the USAEME
method presents better precision assuring the dispersion formation
with the application of ultrasonic energy and avoiding the manual
shaking step. In addition, the use of only extraction solvent, without
the aid of the disperser solvent, allows the USAEME method to be
more sensitive, yielding lower detection limits (except for TCP).

Taking these into account, the proposed USAEME method for the
determination of haloanisoles and halophenols in wine constitutes
a suitable alternative that allows saving solvent and time to the
previously reported DLLME methods.

Recoveries ± RSD (%)

velb High levelc Red wine White wine

Low levela High levelc Low levela High levelc

7.5 90.3 ± 3.2 90.6 ± 3.9 93.3 ± 9.1 99.0 ± 5.8
6.9 91.5 ± 8.1 92.1 ± 4.8 94.2 ± 8.8 90.3 ± 4.8
8.2 93.9 ± 6.2 94.3 ± 5.9 98.7 ± 8.7 99.5 ± 7.8
7.1 92.2 ± 7.2 94.7 ± 6.0 97.4 ± 8.0 92.8 ± 7.5
7.0 78.0 ± 6.6 75.9 ± 4.2 82.6 ± 6.6 88.4 ± 6.3
6.7 82.1 ± 5.1 88.1 ± 7.1 88.9 ± 8.1 88.1 ± 10.2
8.0 76.8 ± 4.9 79.3 ± 6.1 81.9 ± 8.0 80.3 ± 3.9
8.7 81.9 ± 4.6 86.3 ± 5.1 87.6 ± 6.1 84.5 ± 8.7



C. Pizarro et al. / J. Chromatog

Table 6
Results of the analysis of wine samples by the USAEME-derivatisation proposed
method (n = 3).

Compound Concentration ± SD (ng/L)

Red wine A Red wine B White wine A White wine B

TCA 12 ± 4 56 ± 6 – –
TeCA – 87 ±  8 – 51 ± 4
TBA – 28 ± 3 – –
PCA – – – –
TCP – – 182 ± 7 –
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TeCP 98 ± 5 – 177 ± 9 –
TBP  – 119 ± 6 105 ± 6 –
PCP 113 ±  6 – 91 ± 6 68 ± 8

.4. Application of the method to real samples

Once optimised, the applicability of the proposed
SAEME–derivatisation method was evaluated analysing the
ontent of haloanisoles and halophenols in different samples
f wine. For this purpose, two red and two white wines were
nalysed in triplicate. The concentrations of cork taint respon-
ible compounds found in these wines are indicated in Table 6.
y sensory analysis, it was found that, amongst the analysed
amples, only white wine A was not affected with cork taint
ff-flavour. Indeed, the analysis of the wines revealed that none of
he haloanisoles were present in this wine. As can be appreciated,
CA was only found in red wines and its concentration was  above
ts odour threshold. Red wine B also contained TeCA and TBA
t concentrations higher than its organoleptic threshold. White
ine B presented TeCA slightly above its odour threshold too.
egarding the halophenols, white wine A contained all of them
hereas white wine B only contained PCP, which was also present

n red wine A together with TeCP. In red wine B, it only was  found
BP.

. Conclusions

In this work, the different parameters that may  affect
he USAEME–derivatisation method have been evaluated and
xtraction conditions have been optimised for the sensitive deter-
ination of cork taint responsible compounds in wine. Once

ptimised, the satisfactory results obtained in terms of linearity,
recision and detection and quantification limits confirmed the
uitability of the proposed method for the analysis of haloanisoles
nd halophenols in wine. In addition, its applicability was  also
roved by analysing different real samples of red and white wines.
he quality of these results shows that USAEME improves the
erformance of DLLME avoiding the use of disperser solvent and
pplying ultrasonic energy to achieve the dispersion. Therefore,
he proposed method constitutes a simple, fast and inexpensive
xtraction and preconcentration method that reduces the organic
olvent consumption and extraction time. To our knowledge, this
s the first application of a USAEME procedure to the simultaneous
etermination of haloanisoles and halophenols in wine.
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