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An ethyl chloroformate free fatty acid (ECF-FFA) method was developed for quantification of free fatty
acids (FFAs) in milk. The method is based on gas chromatography mass spectrometry with ECF in-
solution derivatisation and was optimised for the comprehensive analysis of FFAs (C4eC18:3) in bovine
milk. Good estimations of all FFAs, including the most water-soluble short chain free fatty acids were
achieved by using in-solution derivatisation, which can be ascribed to the fact that an extraction of the
milk samples with an organic phase is avoided. FFA standard solutions and raw milk samples were used
to validate the proposed method. Correlation coefficients of >0.999 were obtained for all of the stan-
dards. Both the repeatability and the within three days stability of the analytical method were high (RSD
<4%) for the quantified FFAs in milk. Method recovery of spiked milk samples with three different levels
of FFAs was in the range 94e103%.

� 2013 Elsevier Ltd. All rights reserved.
1. Introduction

Liberation of short chain fatty acids (C4eC12) bymilk or bacterial
lipases is one of the main causes of the rancid off-flavour in milk
and milk products (IDF, 1991). The natural milk lipoprotein lipase
(LPL) (EC 3.1.1.34) catalyses milk fat lipolysis and causes the major
increase in free fatty acid (FFA) levels but it has been stated in
literature that this is no longer a problem (Deeth, 2006). However,
the implementation of automatic milking systems (AMS) in many
farms with larger herds increases the need for quantification of
FFAs (Klungel, Slaghuis, & Hogeveen, 2000), as the level of FFAs is
higher in herds with AMS systems compared with milking in
parlour systems (Abeni, Degano, Calza, Giangiacomo, & Pirlo, 2005).
Air intake in the AMS system increases the level of FFAs signifi-
cantly (Ramussen, Wiking, Bjerring, & Larsen, 2006) and the me-
chanical treatment and elevated temperatures result in higher
levels of FFAs, due to higher lipolysis (Wiking, Bertram, Björck, &
Nielsen, 2005). Cool storage of milk up till 24 h also increases the
level of FFAs in Danish Holstein herds (Dickow, Larsen,
lsgaard).

All rights reserved.
Hammershøj, & Wiking, 2011) and combining the physical
changes of the of fat globule membrane introduced in the AMS
system with cold storage in the milk tank before delivery to the
dairy, thus makes up potential for milk with elevated levels of FFAs.

Another factor that affects the level of FFAs in milk is the mi-
crobial lipases, which are produced by psychrotrophic bacteria.
These bacteria catalyse milk fat lipolysis (Antonelli, Curini,
Scricciolo, & Vinci, 2002), and bacteria lipases have been pointed
out to be the major future problem (Deeth, 2006). Bacteria lipases
may be less of a problem in the Western world, as hygiene issues
are carefully monitored. However, reliable methods are required, as
the production of milk is still increasing in parts of the world where
inferior hygiene remains an important issue.

Several analytical methods are available to determine the level
of FFAs in dairy products. However, most of these methods suffer
from their inability to recover all FFAs. One of the analytical
methods described is the Bureau of Dairy Industries (BDI) method
that recovers only about 50e70% of the FFAs in milk (IDF, 1991).
Most of the milk FFA analytical methods employ liquideliquid
extraction using different organic solvent systems, followed by
analysis of the extracted FFAs directly by a number of procedures
such as titration (BDI; IDF, 1991), calorimetry (Cartier, Chilliard, &
Chazal, 1984) and potentiometry (Antonelli et al., 2002), gas and
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liquid chromatography (Badings & de-Jong, 1983; Lu, Wu, Chen,
Kou, & Wu, 2001), and solid-phase microextraction followed by
gas chromatography (GC) (González-Córdova & Vallejo-Cordoba,
2001). Other procedures that are widely applied include the use
of chromatographic methods such as anion-exchange and alumina
for FFA isolation from the milk lipid and FFA extract, followed by GC
analysis (Deeth, Fitz-Gerald, & Snow, 1983; de-Jong, & Badings,
1990). However, all of these methods may result in the loss of
FFAs during extraction, especially butyric acid that is more water-
soluble and therefore is not extracted into the organic solvent.
Consequently, there is a need for a sensitive and selective method
for an accurate quantification analysis of milk FFAs, especially short
chain free fatty acids (SCFFAs).

The present study describes a simple and rapid in-solution
derivatisation of FFAs in milk into their ethyl esters with ethyl
chloroformate (ECF) without any work-up steps involving evapo-
ration of solvent or FFA extraction before derivatisation where
SCFFAs could be lost. A subsequent analysis of the ethyl esters with
gas chromatography-mass spectrometry ensures a specific, sensi-
tive, precise and accuratemethod for determination of FFAs in milk.

2. Materials and methods

2.1. Chemicals and reagents

Ethyl chloroformate (ECF), pyridine, linoleic acid and linolenic
acid standards were obtained from Sigma-Aldrich Chemie Gmbh
(Schnelldorf, Germany), anhydrous ethanol, butyric acid standard
and hexanoic acid (D11, 98%) internal standard (IS) were obtained
from Sigma-Aldrich Chemie Gmbh (Steinheim, Germany), chloro-
form was obtained from Chem Solute (Renningen, Germany), so-
dium hydroxide from J. T. Baker (Deventer, The Netherlands). Ultra-
pure water came from a Milli-Q system, Millipore SAS (Molsheim,
France) and anhydrous sodium sulphate was from Merck (Darm-
stadt, Germany). Caproic acid, caprylic acid, capric acid, lauric acid,
myristic acid, palmitic acid, stearic acid and oleic acid standards
came from Fluka Chemie GmbH (Buchs, Switzerland). Butyric acid
(D7, 98%), octanoic acid (D15, 98%), decanoic acid (D19, 98%), lauric
acid (D23, 98%), myristic acid (D27, 98%), palmitic acid (D31, 98%)
and stearic acid (D35, 98%) internal standards were from Cam-
bridge Isotope Laboratories, Inc. (Andover, MA, USA), and linoleic-
9,10,12,13-D4 acid internal standard was from Larodan AB (Malmø,
Sweden).

2.2. Standard and internal standard solutions

Fatty acid standards mixed stock solutions were prepared at
5 mg mL�1 by dissolving 0.05 g of each fatty acid standard in
10.0 mL of ethanol. The mixed stock standards solutions were
diluted at different concentrations that were used to determine the
linearity range for each compound. Fatty acid internal standards
solutionwas prepared by dissolving fatty acid internal standards in
ethanol at 600 mg mL�1 for butyric acid D7, 30 mg mL�1 for caproic
acid D11, caprylic acid D15, capric acid D19, lauric acid D23 and
linoleic-9,10,12,13-D4 acid, 100 mg mL�1 for myristic acid D27 and
stearic acid D35, and 300 mg mL�1 for palmitic acid D31.

2.3. Milk sample collection

Five independent samples of raw bulk milk were collected from
a Danish Holstein herd located at Aarhus University at different
days and stored at 4 �C until analysis (on the same day). Three
different standardised pasteurised types of milk, with 3.5%, 1.5%
and 0.1% fat, commercially available at the Danish market (Arla
Foods, Denmark) were purchased and stored at 4 �C until analysis
(on the same day). These samples from different type of milks were
collected as 5 independent samples from different batches at
different manufacturing days. All samples were analysed within 7
days of manufacturing dates.

2.4. Milk with elevated levels of free fatty acids

To obtain milk with elevated levels of FFAs, raw milk samples
were homogenised using ultrasonication for 1 min, left overnight at
room temperature and pasteurized at 65 �C for 30 min before
derivatisation.

2.5. Ethyl chloroformate derivatisation

2.5.1. Fatty acid standards derivatisation
The derivatisation was performed according to Qiu et al. (2007)

with minor changes; in glass tubes (10 mL) with screw top, 100 mL
of each fatty acid standard solutionwere added and combined with
100 mL of fatty acid internal standards solution, 440 mL of anhydrous
ethanol, 100 mL of pyridine and 500 mL of deionised (18.2 MU)
filtered water (0.22 mm). ECF derivatising reagent (150 mL) was
added and the mixture was stirred for 20 s using a vortex mixer
(Fisher Scientific, Slangerup, Denmark) to accelerate the first step of
the derivatisation reaction. Chloroform (1000 mL) was added to
extract derivatised fatty acids.

After the pH of the aqueous layer had been adjusted to 5e6
using 100 mL 7 M NaOH solution and shaken for 5 s, the second step
of the ECF derivatisation reaction was carried out by adding an
additional 100 mL of ECF to the mixture and mixing for 20 s using a
vortex mixer (Fisher Scientific). To obtain a clear separation of the
two phases, 2000 mL of deionised (18.2 MU) filtered water
(0.22 mm)was added to themixture; subsequently, themixturewas
stirred for 5 s using a vortex mixer (Fisher Scientific) and centri-
fuged for 3 min at 1700� g, 4 �C (Multifuge 3SRþ centrifuge, Fisher
Scientific). The chloroform layer (lower layer) was carefully trans-
ferred to a 10 mL glass tube with screw top containing anhydrous
sodium sulphate drying reagent, and subsequently, 500 mL of
chloroform solution was transferred to 2 mL, 8 mm vials for the
subsequent GCeMS assay.

2.5.2. Milk samples derivatisation
The same derivatisation procedure, as applied for fatty acid

standards and with minor changes, was applied to obtain the same
water:organics ratio; in glass tubes (10 mL) with screw top, 1000 mL
of each milk sample were added and combined with 100 mL of fatty
acid internal standards solution, 1180 mL of anhydrous ethanol and
200 mL of pyridine. Derivatisation was performed as for the stan-
dard solutions but 200 mL of ECF were added in each step of the first
and second steps of the derivatisation reaction, pH of the aqueous
layer had been adjusted to 5e6 using 100 mL 7 M NaOH.

2.6. Gas chromatography mass spectrometry assay

The samples (1 mL aliquot) were injected in a splitless mode into
an Agilent Technologies 7890A gas chromatography system
coupled to an Agilent Technologies 5975c inert MSD quadrupole
mass spectrometer (Agilent Technologies, Waghaeusel, Germany).
An HP-5MS capillary column coated with polyimide
(60 m � 250 mm i.d., 0.25 mm film thickness; Agilent Technologies)
was used to separate the ECF derivatised free fatty acids. The initial
temperature of the oven was held at 80 �C for 2 min, ramped to
140 �C at a rate of 10 �C min�1, to 240 �C at a rate of 4 �C min�1, to
280 �C at a rate of 10 �C min�1, and then held at 280 �C for 3 min.
Heliumwas used as carrier gas at a constant flow rate of 1mLmin�1

through the column. The temperatures of the ion source and
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injector were 230 and 260 �C, respectively. The mass spectral
analysis was performed in selected ion monitoring according to the
ions determined by the use of a standard for each compound with a
quadruple temperature of 150 �C and a fragmentation voltage of
70 eV with a solvent delay of 6.50 min.
3. Results and discussion

3.1. Derivatisation procedure

FFAs were derivatised into their ethyl esters by the ECF deriva-
tisation protocol in the presence of ethanol and with pyridine as a
catalyst. This derivatisation proceeds in the aqueous medium.
There is no need to extract FFAs into the organic phase before
derivatisation or to evaporate water; consequently loss of water-
soluble SCFFAs is prevented. Moreover, the ECF derivatisation re-
action is a two-step reaction, and it is a simple and fast procedure
(Namera, Yashiki, Nishida, & Kojima, 2002) that facilitates
improved reproducibility and satisfactory derivatisation efficiency.
Alkyl chloroformates were described as the preferred derivatising
reagents of carboxylic acids as they react very rapidly under mild
conditions (Christie, 1993).

ECF was used to produce ethyl esters instead of the frequently
used methyl esters of the FFAs, because the methyl ester of butyric
acid is difficult to analyse due its extreme volatility and water
solubility. To extract methyl butyrate completely from the aqueous
medium, repeated extraction steps with organic solvent are
required (Chow, 2008). In ECF derivatisation, the formed ethyl ester
derivatives are more soluble in the organic phase than the methyl
ester derivatives. This enhances the recovery of the SCFFA de-
rivatives before GCeMS analysis. Using the ECF in-solution deri-
vatisation procedure, FFA standards, deuterium-labelled internal
standards and milk FFA were completely derivatised and clearly
separated in the GCeMS single ion monitoring (SIM) chromato-
gram (Fig. 1). It was crucial to maintain a proper water:organic
phase ratio and to adjust the pH with NaOH(aq) in order that
functional groups such as eCOOH could be easily targeted by ECF
(Tao et al., 2008).
3.2. Analytical method validation

3.2.1. Selectivity and specificity
The present study describes the potential of GCeMS for quan-

titative analysis of milk FFAs with emphasis on the use of GCeMS-
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Fig. 1. Gas chromatography-mass spectrometry signal ion monitoring chromatogram
of derivatised fatty acids in milk. 1, butyric acid internal standard and butyric acid; 2,
caproic acid internal standard and caproic acid; 3, caprylic acid internal standard; 4,
caprylic acid; 5, capric acid internal standard; 6, capric acid; 7, lauric acid internal
standard; 8, lauric acid; 9, myristic acid internal standard; 10, myristic acid; 11, pal-
mitic acid internal standard; 12, palmitic acid; 13, linoleic acid internal standard and
linoleic acid; 14, stearic acid internal standard, oleic acid and linolenic acid; 15, stearic
acid.
SIM because of increased detection sensitivity and analyte speci-
ficity of MS detection.

Fatty acid standards and deuterium-labelled internal standards
were derivatised and full scan spectra of the derivatisation products
were first collected and examined for preliminary selection of
candidate ions for collecting SIM data for qualitative and quanti-
tative analysis purpose (Table 1). These ions showed no significant
cross contribution, i.e., internal standard contribution to the in-
tensities of the ions designated for the analyte, and vice versa. By
using internal standards for quantification purposes, selected
analyte-to-internal standard ion intensity ratio from the calibration
standard, containing the same amount of the internal standard and
a known amount of the analyte, was used.

3.2.2. Linearity and limit of detection and quantification
Since this GCeMSmethodwas developed for FFA quantitation in

different milk samples, linearity of the calibration curve for each
fatty acid within a range that is covering the fatty acid content in
different milk samples is important. The calibration curve for each
derivatised fatty acid standard was adjusted using twelve different
concentrations (0.5e50.0 mg mL�1) of fatty acid standard solutions.
Three different solutions were prepared for each level, and corre-
sponding deuterium-labelled internal standard at varied concen-
trations according to approximate level of each fatty acid in whole
milk (Table 2) was added; butyric acid internal standard was used
in higher concentration as the response factor of the quantifier ion
(123 m/z) was lower than the quantifier ion (71 m/z) of the butyric
acid standard. Injections were performed in triplicate for each
concentration level and the average value was used to establish the
calibration curves. The coefficient of determination (r2) was>0.999
for the majority of the analysed compounds (Table 2).

The limit of detection (LOD) was determined for each test
standard to be the level of signal-to-noise (S/N) � 3 by analysing
different diluted standard samples. LOD is varied according to
different fatty acids and depends on selected monitored ions for
each fatty acid. Lower limit of quantification was defined as the
lowest level in the linearity range, which was 0.5 mg mL�1 for all
analysed fatty acids (Table 2).

3.3. Applications

3.3.1. Repeatability and stability
The repeatability of the analytical method was evaluated by

analysing five independently prepared raw milk samples; means
and relative standard deviations (RSD) of individual quantified fatty
acids concentration in mg mL�1 were calculated for the five ana-
lysed milk samples. Method repeatability was highly acceptable
with RSD of less than 2% for all of quantified FFA (Table 3).

In addition, the stability (absence of an influence of time on the
concentration) of the quantified FFA in milk was evaluated by
analysing the same set of samples after three days; three injections
for each. Quantified FFA stabilities were good, with RSD of less than
4%.

The instrument repeatability was evaluated by analysing each
sample three times; means and RSDs of individual quantified fatty
acids concentration in mg mL�1 were calculated for each milk
sample. One selected sample was used as an example (Table 3).

To fully evaluate the potential of the present method, recovery
was evaluated within a 10 fold range by analysing three spiked raw
milk samples with FFA standards, 5, 2 and 0.5 mg mL�1 of each FFA.
Quantified FFA recoveries were good and within a range of 94e
103% (Table 4).

Finally, to ensure the absence of ethyl esters of analysed FA in
milk, milk samples were extracted with chloroform and analysed;
however, no ethyl esters were detected.



Table 2
Linearity range, equation of calibration curves and lower limit of detection (LOD).a

Fatty acid Linear range
(mg mL�1)

Concentration of
internal standard
(mg mL�1)

n r2 Equation of calibration curve LOD (S/N � 3)
(mg mL�1)

Butyric acid 0.5e50.0 60 3 0.9994 y ¼ 0.678 x � 0.045 0.02
Caproic acid 0.5e50.0 3 3 0.9996 y ¼ 0.332 x þ 0.123 0.02
Caprylic acid 0.5e50.0 3 3 0.9989 y ¼ 0.329 x þ 0.209 0.02
Capric acid 0.5e50.0 3 3 0.9993 y ¼ 0.314 x þ 0.157 0.02
Lauric acid 0.5e50.0 3 3 0.9993 y ¼ 0.313 x þ 0.155 0.005
Myristic acid 0.5e50.0 10 3 0.9995 y ¼ 0.095 x þ 0.050 0.005
Palmitic acid 0.5e50.0 30 3 0.9994 y ¼ 0.035 x þ 0.037 0.005
Stearic acid 0.5e50.0 10 3 0.9996 y ¼ 0.028 x þ 0.021 0.005
Oleic acid 0.5e50.0 3 0.9987 y ¼ 0.276 x þ 0.039 0.02
Linoleic acid 0.5e50.0 3 3 0.9998 y ¼ 0.472 x þ 0.096 0.02
Linolenic acid 0.5e50.0 3 0.9998 y ¼ 0.251 x � 0.026 0.02

a Stearic acid internal standard was used to quantify both stearic acid and oleic acid; linoleic acid internal standard was used to quantify both linoleic acid and linolenic acid.

Table 1
Selected quantifier (bold font) and qualifier ions for fatty acid standards and internal standards.a

Fatty acid
standard

Retention
time (min)

Quantifier and
qualifier ions (m/z)

Fatty acid internal standard Retention
time (min)

Quantifier and qualifier
ions (m/z)

Butyric acid 6.988 71, 101 Butyric acid-D7 6.966 123, 105
Caproic acid 9.678 88, 99 Caproic acid-D11 9.545 91, 110, 105, 128
Caprylic acid 13.449 88, 101, 115 Caprylic acid-D15 13.225 91, 121
Capric acid 18.065 88, 155, 157 Capric acid-D19 17.720 91, 105, 174, 169
Lauric acid 23.232 88, 101, 157, 183 Lauric acid-D23 22.778 91, 105, 169, 206
Myristic acid 28.443 88, 101, 213 Myristic acid-D27 27.913 91, 169, 233
Palmitic acid 33.379 88, 101, 157, 284 Palmitic acid-D31 32.804 91, 105, 169, 315
Stearic acid 37.191 269, 88, 101, 157 Stearic acid-D35 36.728 297, 347, 302, 313
Oleic acid 36.816 264, 265, 310
Linoleic acid 36.740 262, 263, 308 Linoleic-9,10,12,13-D4 acid 36.712 312, 267
Linolenic acid 36.873 261, 306

a Stearic acid internal standard was used to quantify both stearic acid and oleic acid; linoleic acid internal standard was used to quantify both linoleic acid and linolenic acid.
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3.3.2. Milk FFA
The GCeMS method developed was used for comprehensive

analysis of FFAs in different bovine milk samples; raw milk, com-
mercial Danish whole milk (3.5% fat), semi-skimmedmilk (1.5% fat)
and skimmedmilk (0.1% fat). Using this method, FFA concentrations
were determined in mg mL�1 (Fig. 2). The levels of long chain FFAs
were reduced to approximately 35e45% in semi-skimmedmilk and
to lower than 20% in the skimmed milk when compared with the
whole milk. The water soluble butyric acid was reduced to
approximately 40% in both semi-skimmed and skimmed milk. The
same tendency was observed for the other two short chain fatty
acids, caproic and capryllic acids.
Table 3
Repeatability of the method and gas chromatography-mass spectrometry instrument us

Fatty acid Method repeatabilitya Method stabilityb

Mean
(mg mL�1)

RSD (%) Mean
(mg mL�1)

RSD

Butyric acid 4.06 1.57 4.04 1.35
Caproic acid 2.03 0.15 2.03 0.29
Caprylic acid 1.86 0.15 1.86 0.30
Capric acid 2.93 0.31 2.93 0.13
Lauric acid 3.49 0.08 3.49 1.27
Myristic acid 6.94 0.65 6.97 0.94
Palmitic acid 20.21 1.69 20.67 0.42
Stearic acid 6.92 0.32 6.92 0.38
Oleic acid 20.33 0.83 20.49 1.04
Linoleic acid 2.66 0.90 2.66 2.32
Linolenic acid 1.77 1.34 1.79 2.54

a Mean and relative standard deviation (RSD) of free fatty acid concentrations in five
b Mean and relative standard deviation (RSD) of free fatty acid concentrations in the sam

to evaluate method stability.
c Mean and relative standard deviation (RSD) of free fatty acid concentrations in a

spectrometry instrument repeatability.
The method has also been validated for FFA quantification at
elevated levels. By lowering the volume of milk to 50 mL it was
possible to quantify individual FFAs at high levels using the present
method. In this sample the concentration of butyric and palmitic
acid was 218.2 and 992.8 mg mL�1, respectively. Today, most studies
use the BDI as reference method (Evers, 2003), even though the
method has been questioned (IDF, 1991); particularly, because it
does not measure the exact concentration of each individual free
fatty acid and includes only 50e70% of the FFA (IDF, 1991).

In addition to retaining the SCFFA, this ECF-FFA method is a
simple, rapid and accurate new method of determination of indi-
vidual FFAs in milk. The method can be used to measure the degree
ing data from raw milk sample.

Instrument repeatabilityc

(%) Recovery Mean
(mg mL�1)

RSD (%)

Mean (%) RSD (%)

99.46 2.20 4.14 1.53
100.28 0.33 2.02 0.57
99.98 0.41 1.85 0.31

100.00 0.31 2.93 0.20
100.09 1.30 3.49 0.29
100.40 0.97 6.93 0.54
100.37 1.90 20.29 0.23
100.00 0.52 6.93 1.75
100.80 1.73 20.42 1.28
100.18 2.87 2.64 1.94
101.17 3.81 1.76 0.98

independently prepared raw milk samples.
e five independently prepared rawmilk samples that were analysed after three days

selected sample that was analysed three times to evaluate chromatography-mass



Fig. 2. Free fatty acid concentrations (mg mL�1) in different milk samples: , raw milk
from a Danish Holstein herd; , commercial Danish pasteurised whole milk (3.5% fat);
, commercial Danish pasteurised semi skimmed milk (1.5% fat); , commercial

Danish pasteurised skimmed milk (0.1% fat).

Table 4
Method recovery using data from spiked raw milk with free fatty acids.a

Fatty acid Raw milk þ 5 mg mL�1 FFA Raw milk þ 2 mg mL�1 FFA Raw milk þ 0.5 mg mL�1 FFA

Recovery (%) RSD (%) Recovery (%) RSD (%) Recovery (%) RSD (%)

Butyric acid 94.97 1.45 99.73 4.87 100.67 0.64
Caproic acid 97.14 1.50 99.05 4.56 102.03 2.43
Caprylic acid 99.57 0.50 100.08 1.22 104.07 2.18
Capric acid 98.24 0.30 101.37 5.60 101.98 3.61
Lauric acid 98.98 0.21 95.18 6.86 101.88 0.20
Myristic acid 100.87 0.72 96.79 8.02 101.33 2.07
Palmitic acid 102.71 0.97 97.37 5.06 101.87 2.46
Stearic acid 102.44 0.68 99.81 1.36 99.43 3.04
Oleic acid 99.70 0.52 97.33 3.95 98.05 2.16
Linoleic acid 98.28 0.59 101.99 3.09 100.08 0.78
Linolenic acid 96.05 1.03 100.71 1.24 99.41 0.90

a Abbreviations are: FFA, free fatty acid; RSD, relative standard deviation.
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of lipolysis in milk and its relation to the development of lipolytic
off-flavour.

4. Conclusion

The present in-solution derivatisationmethod provides a simple
and convenient method of measuring individual FFAs in milk. In
contrast to other methods for FFA determination, no solvent
extraction or evaporation steps are needed, thereby reducing the
disadvantages inherent in other methods due mainly to loss of
SCFFAs during extraction or evaporation. Moreover, it is expected
that the ECF-FFA method can be adapted to other aqueous dairy
products, where FFAs determination is relevant, and the future
must show if the method has potential as reference method.
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