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Abstract

Even with the emergence of advanced techniques of separation and identification, it is rarely possible to analyse food
without manipulation. The traditional techniques for sample preparation are time consuming and require large amount of
reagents, which are expensive, generate considerable waste, contaminate the sample and can enrich it for analytes. The mor
analytical techniques have become highly developed, the more has sample clean-up become important in order to fully take
advantage of them. Due to the multiplicity of food matrices, it is not possible to use one sample preparation technique, so
many methods have been proposed for meeting all the requirements. The newest variations of wet digestion, solvent and
sorbent extraction and membrane separation are summarised and their most recent applications to food analysis are provided
0 2002 Elsevier Science B.V. All rights reserved.
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1. Introduction

The science of food analysis is rapidly developing;
the number of related articles and papers is increas-
ing daily. Almost without exception, food is a
complex non-homogeneous mixture of a staggering
range of chemical substances that makes it hard to
isolate and determine analytes of interest. Even with

the emergence of advanced techniques of separation

and identification, it is rarely possible to analyse
food without manipulation. After sampling, it is

are fast, solventless, inexpensive and amenable to
automation for on-line treatment is ongoing [1].

This review describes some of the most interesting
sample preparation procedures. Coverage is not

intended to be comprehensive but rather to outline

those developments which are of particular relevance
to food analysis, especially when using chromato-
graphic techniques. Readers seeking more detailed
discussion are referred to reference texts [2,3].

necessary to prepare the sample for the determination2. Sample digestion techniques

of analytes through its dissolution, trace enrichment
and interferents’ removal. For the preparation of an
appropriate number of samples, the methods have to
be selected not only on the basis of the expected
concentration of the analytes in the solution that
results from the decomposition process, but also
according to general requirements such as multi-
element analysis and dynamic range of the determi-
nation, number and mass of samples, laboratory
equipment and the experience of the analytical staff.
These procedures often take up most of the total
analysis time, contributing highly to the total cost of
analysis, and affect error generation through incom-
plete dissolution of the matrix or volatilisation of the
analytes and contamination from reagents or vessels.
The more sensitive and accurate analytical tech-

niques have become, the more attention has been

drawn to sample clean-up. The detection limit of
advanced analytical techniques is, sometimes, practi-
cally established by the attainable blank value which
is dependent on the sample preparation stages.

In food analysis, the traditional techniques for
sample preparation are time consuming and require
large amount of reagents, which are expensive,

generate considerable waste and contaminate the

sample.

Wet digestion (WD) in closed systems, with the
addition of reagents to solubilize and/or oxide
organic samples, has been known about since 1834
when Henry [4] and Zeise [5] determined sulphur in
organic matrices. So far, it is one of the most
experienced techniques to disaggregate food and
obtain free ionic species [6]. Generally speaking,
closed decomposition systems have been found
better than open ones, reducing systematic errors and
leading to correct analytical results with a higher

probability. With the passing of years, the detection

limits have been improved by reducing the analytical

blank (with the use of pure reagents and advanced

vessel materials), by improving the signal-to-noise
ratio (with more efficient sample oxidation) and by
diluting the decomposition residue as little as pos-

sible. This technique is strictly food dependent:

carbohydrates are easily mineralised with nitric acid
at °t8(7], while fats, proteins and amino acids
cause incomplete digestion, due to the relatively low

oxidation potential of nitric acid at°@pCand

require the addition of perchloric acid with all the
problems related to its use at high temperature and
pressure [8].

The growing concern over food safety necessitates 2.1. Sample contamination problems

more rapid and automated procedures to take into
account the constant increase in the number of

samples to be tested, so interest in procedures that

A major error source is frequently related to the
material used for the vessels involved in the de-
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Table 1
Average content (invg/kg) of current elements in the materials most commonly used for decomposition and storage vessels
Element PTFE Ultra-pure quartz Quartz Pyrex glass
Al 100 30 000 Main constituent
As 0.1 50 500-20 000
B 10 100 Main constituent
Ca 100 500-3000 1 000 000
Cd 0.1 10 1000
Co 1 1 1 100
Cr 20 2 5 3000
Cu 10 10 50 1000
Fe 10 100 1000 100 000
Hg 10° 1 1 10-100
Mg 10 10 500 000
Mn 10 10 5000
Na 25 000 10 1000 Main constituent
Ni 2000
Sh 0.5 1 2 10 000
Si Main constituent Main constituent Main constituent
Ti 100 1000 3000
Zn 50 50 3000

*|sostatic moulded polytetrafluoroethylene.
® Strongly dependent on cleaning conditions.

composition process and in the solutions’ storage,
even if the ratio of the sample weight to the vessel

surface is as reduced as possible. Table 1 shows the

average content of current elements in the materials
most commonly used for decomposition and storage
vessels.

Isostatic moulded PTFE and ultra-pure quartz

appear best suited for trace analysis, but they must

be scrupulously cleaned before use by steaming
processes normally performed in commercially avail-
able equipment [9]. After this procedure the surface
is perfectly cleaned and the absorption of species is
opposed during the subsequent use.

2.2. Microwave digestion

A true quality jump in sample digestion was the
combination of pressurized dissolution with micro-
wave-enhanced chemistry [10]. Many fundamental
mechanistic differences separate microwave heating
from the other heating methods. Solutions are heated
so efficiently that reaction timescales are dramatical-
ly reduced and process control offered by microwave
heating is better than any other heating method. As a
result, microwave oven digestion (MOD) is highly
amenable to standardization and automation. In the

last 10 years the developments in microwave unit
technology and in vessels for closed systems went

through several stages of evolution; now materials
typically used for microwave vessels are fluoro-
polymers, combined with advanced composite ma-

terials, and quartz, which are chemically inert to a

wide range of reagents, so that equipment can handle
acid decomposition at temperatures UiCtarg@P0
pressures of 13—20 MPa [11].

Microwave energy absorption in a solution is
caused by molecular dipole rotation and ionic con-
ductance. In the first mechanism, dipole align with
the applied electric field that oscillates at high

frequency (usually 2.45 GHz), forcing the dipole
molecules to move so that the resulting friction heats
the solution. In the ionic conduction mechanism, ions
migrate as a function of the polarity of the electro-
magnetic field and the resulting resistance to their
flow heats the solution. These two mechanisms heat
solutions much faster than conduction and convec-
tion, while vessels (made by microwave transparent
and chemically resistant materials) remain at lower
temperature. Unique temperature and pressure rela-
tionships are involved in closed-vessel microwave
oven digestion. The gas pressure inside a microwave
closed-vessel is not determined by the liquid-phase
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temperature, but depends on the gas-phase tempera-
ture, the vessel volume and its transparency to
microwaves. When heating nitric acid (the most
common reagent used for food digestion) it becomes
a mixture of nitric acid, nitrogen oxides and water
vapour; the gas-phase pressure during heating is
lower than expected because of the lower tempera-
ture of the liner and of the outer casing of the vessel.
The colder vessel walls are, the more efficient they
are in removing molecules from the vapour phase.
The condensation process results in lower internal
pressure at high temperature and in reduced ionic
conductance heating (reduced microwave heating
efficiency) in the gas phase, so the pressure increase
is minimal. The condensation rate varies as a func-
tion of several parameters, such as the vessel materi-
al and shape, the dissipation of energy in the system,
the type and quantity of reagents and sample used, so
it follows that pressure control is not suitable for
standardizing microwave oven digestion. However,
the digestion conditions are accurately controlled by
monitoring the liquid-phase temperaturetZ°C)
whose ramp is settled as needed by food dissolution.

Microwave energy is also useful in post-digestion
sample processing when a concentration step is
required. Microwave-assisted heating in open vessels
allows lower temperatures and the sample is not
overheated, because the decrease of dipole molecules
via evaporation is associated with the decrease in
heating. Complete retention of volatile analytes after
tissue digestion has been recently shown [12].

When solubilizing food, a factor worthy of par-
ticular care is the mass of sample to be digested.
Generally, the sample mass can be calculated from

Table 2
The carbon content of some freeze-dried food
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its carbon content. For optimum digestion, the ratio
of the sample carbon content to the liner volume
should not exceed 1.5 mg € ml  in order to have a
slight excess of nitrogen oxides. Without the slight
excess of nitrogen oxides, the extent of the digestion,
measured by the conversion of carbon to carbon
dioxide, would be adversely affected.

The carbon content of some freeze-dried food is
reported in Table 2; when dealing with fresh sam-
ples, it is important to take into consideration their
proper water content and increase the limit accord-
ingly.

Data reported in Table 2 evidence that if, for

instance, the vessel liner volume is 35 ml, 200 mg of
meat (40-50% C), 200 mg of vegetables (40-50%
C), 300 mg of carbohydrates (35-40% C) or 100 mg
only of fats (75-80% C) are allowable for micro-
wave oven digestion. Typical conditions for the

microwave oven digestion of fats and meat are
shown in Table 3.
Table 4 summarizes some recent application of

wet digestion to food analysis. The suitability of this

technique is evident when considering the wide
range of matrices handled and of advanced analytical
techniques used.
When taking into account the whole dissolution
procedure, microwave assisted digestion is several
times faster than conventional digestion because ©
the rapid heating process that increases the tempera
ture of the sample/acid solution without interacting
with the vessel walls. This effect means the materials
involved are subject to less stress than in convective
heating, so that porous surfaces are less likely to
form resulting in less memory effects. It great care

Food Carbon content (%)
Butter, oils (vegetable), 70-80
fats (vegetable)

Milk powder (whole) 52
Fish (fillet) 52
Pig (blood) 52
Liver (cattle) 51
Beef (lean) 50
Egg (hen) 50
Pig (kidney) 49
Starches 40-50

Food Carbon content (%)
Oyster (edible part) 46

Wheat 45

Milk powder (skimmed) 42

Sugar (saccharose) 42

Lactose 42

Mussels (tissue) 41

Peach (fruit flesh) 40

Spinach 38

Glucose (monohydrate) 37
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Table 3 powerful radiant energy that is converted to thermal
Practical conditions for the microwave oven digestion of fat food radiation which speeds up the digestion Digestion is
d t ! - . AR -
and mea directly proportional to UV intensity, irradiation time
gat fOIOd _ 100 and to temperature of the sample, while it is inverse-
ample size mg . . . .
Reagent addition 2 ml 67-70% superpure HNO ly pr_oportlonal to th_e organic concentration in the_
Digestion conditions 420 W, 2 min matrix. Heat generation must be controlled because it
560 W, 8 min can lead to loss of the samples through evaporation.
Cooling phase 2 min UV digesters have cooling systems which permit

In case of uncompleted dissolution

" oxidation to be performed, without any losses, at a
Reagent addition 1 ml 30% m/mH O

sample temperature not above 90-=@5 Fig. 1

Digestion conditions 560 W, 3 min . . .

Cooling phase 2 min shows a schematic of UV photolysis equipment for
Meat sample digestion. S _
Sample size 200 mg It must be noted that UV radlatlor_1 is mirrored into
Reagent addition 2 ml 67—70% superpure HNO ~ the samples, by means of a mirror surface that
Digestion conditions 560 W, 8 min surrounds the quartz vessels compartment, in order
Cooling phase 2 min to enhance UV intensity. The lamp-cooling fan and

the fluid-cooling coil placed outside the mirroring
surface permit temperature control of the sample

must be taken with the contribution of reagents over
blanks (and their variation) and the presence of
thermo-resistant food components, that may influ-
ence the analytical performance [48]; when avail-
able, the permanent use of certified reference materi-
als is highly recommended.

2.3. UV photolysis digestion (UVPD)

When organic compounds interfere in food analy-
sis, oxidative UV photolysis has distinct advantages

compartment. Safety locks for avoiding operator
interaction with UV radiation are considered.
Oxidative UV photolysis permits the simultaneous
digestion of different samples and requires only a
small amounts of reagents resulting in very low

blank values and no disposal problems. The tech-
nique suffers from the disadvantage of relatively
long oxidation times. Table 5 shows some recent
application to food analysis.

over traditional dissolution techniques, owing to its 3. Solvent extraction

very low blank values.

The digestion is not based on direct interaction
between the UV radiation and the organic matrix, but
rather on a radical mechanism [49]. HO radicals are
photolytically generated and react with organic com-
pounds, degrading them. The greater the number of
HO" formed per unit time, the faster UV photolysis
progresses. The presence of H O is sufficient for
producing HO , however in the case of food, where
the organic content of the matrix is very high, the
introduction of small quantities of H © will acceler-
ate radical formation, resulting in less oxidation time.

Usually high-pressure mercury lamps, with high
intensity as well as large radiant flux, are used and a
broad band spectrum from about 200- to 435-nm
wavelength is obtained. This spectrum results from
the asymmetric dispersion of the typical mercury
lines at 254, 313 and 366 nm in conjunction with

In 1879 Franz Soxhlet drew the extraction ap-
paratus that was named after him, to separate fats
from food. This equipment aroused a great deal of
interest because lengthy extractions could be per-
formed unattended. Since then, the extraction of the

compounds of interest into a suitable organic solvent
is one of the most common methods of separation in
food analysis because no filtration is necessary, the
extraction temperature is higher than room tempera-
ture, the sample is repeatedly brought into contact
with fresh solvent, and both polar and non-polar
solvents can be used. The disadvantages of this
technique are that it requires large amounts of
solvent (namely 300-500 ml), the solvent must be
evaporated to concentrate analytes before determi-
nation and the process is a single sample run that
takes several hours or days to complete.
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Table 4
Wet digestion in closed systems and microwave assisted dissolution of food
Food Digestiofi Reagents Analytes Ref.
Shellfish tissues WD HNQ , HF, HCID Al, Ca, Fe, K, Mg, [13]
Mn, Na, Zn
Seafood MOD HNQ As [14]
Seafood MOD HNQ , NaF, Na S O As [15]
Mussels (canned) MOD HNDO Cu, Fe, Zn [16]
Liver MOD HNO, Se [17]
Mussels MOD HNQ Cu, Fe, Zn [18]
Fish MOD HNGQ, (V, O, catalized) As [19,20]
Mussels MOD HNQ Fe, Zn [21]
Vegetables MOD-WD HNQ Co [22]
Vegetables MOD-WD HNQ As, Ba, Be, Cd, Co, [23]
Cr, Cu, Ga, Mn, Mo,
Ni, Pb, Sb, Se, Sn,V,
Zn
Vegetables, tea MOD HNO , HF Ca, Cu, Fe, Mg, Mn, [24]
Zn
Vegetables, corn, MOD HNDO Hg [25]
sugar
Vegetables MOD HNQ , HF 57 elements [26]
Vegetables MOD H SQ , HNO F [27]
Vegetables MOD HNQ Ca, Cu, Fe, K, Mn, [28]
Na, Zn
Vegetables, sugar MOD HNO (VO catalized) As [29]
cane
Almonds MOD HNG,, H G Ca, Cu, Fe, K, Na, [30]
Mg, Mn, P, S, Zn
Mushrooms MOD HNQ , H Q , AgNQ Br [31]
Tomato paste, WD HNO P [32]
fruit juice
Fruit juice MOD HNG, B, Na, Si, Sn [33]
Vegetables WD H SQ , HNO Cu, Fe, Sn [34]
(canned),
beverages, milk
Tea MOD HNG, Ba, Cu, Fe, Pb, Zn [35]
Wine MOD HNO, Pb [36]
Wine MOD HNO, Pb [37]
Wine WD H,SO,, H,Q Ni [38]
Wine WD H,SO,, H,Q Cd, Cu, Pb, Zn [39]
Wine MOD HNO,, H, 0O, Pt [40]
Wine, alcoholic WD HNQ , H SQ Fe [41]
beverages
Dairy products WD HNQ , HCIQ , HCI Cd, Co, Cr, Cu, Fe, [42]
Ni, Pb, Zn
Dairy products MOD HNQ Cd, Pb [43]
Flours, bread, MOD HSQ,HO Al [44]
canned food
Flours, starches, wD HNDO Al, Ca, Cd, Co, Cu, [45]
meat, dairy Fe, K, Mg, Mn, Na,
products, eggs Ni, Pb, Sr, Zn
Various food MOD HNQ ,HSQ,HO Ca, Cu, Fe, K, Mg, [46]
matrices Mn, Na, Zn
Vegetable oils, WD HNQ Cd, Cu, Pb, Zn [47]
sugar, tea

*MOD microwave oven digestion, WD wet digestion.
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Fig. 1. Schematic of UV photolysis apparatus for sample diges-
tion: (@) UV operator protection, (b) black PTFE stopper, (c)
quartz sample vial, (d) high-pressure UV lamp, (e) reflecting
shield, (f) coolant circulation and (g) cooling fan.
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Recently, pressurised fluid and supercritical fluid
extraction, which use extractant at higher tempera-
ture (80—200C) and pressure (10-20 MPa), have
emerged as viable improvements of the traditional
soxhlet method.

3.1. Pressurized fluid extraction (PFE)

This technique is like soxhlet extraction, the only
difference being the use of solvents that are raised to
the near-supercritical region, where they show better
extraction properties [59]. At high temperature, the
rate of extraction increases because the viscosity and
the surface tension of the solvent drop, while its
solubility and diffusion rate into the sample increase.
Pressure keeps the solvent below its boiling point
and forces its penetration into the pores of the
sample. The combination of high temperature and
pressure results in better extraction efficiency, so
minimizing solvent use and expediting the extraction
process. The time required for extraction is practical-
ly independent of the sample mass and the efficiency
of extraction is mainly dependent on temperature. In
Fig. 2 a schematic of PFE apparatus is shown.

The sample is loaded in a stainless steel extraction
cell into which solvent is pumped and brought to a
specified temperature and pressure. The temperature
is normally kept between 80 and 200 and the
pressure ranges between 10 and 20 MPa. These

Table 5

Wet digestion of food by means of UV photolysis

Food UV (min) Reagents Analytes Ref.

Honey 30-60 H Q , HNQ Cd, Co, Cu, Fe, Ni, [50]
Pb, Zn

Olive oil (wastes) 60-120 HO Cl ,ND ,ND , BO [51]
SO

Wine 30-90 HQ Cd, Co, Cu, Fe, Nij, [52]
Pb, Zn

Wine 240 H G, NH OH Cr [53]

Wine 15 HQ Ni [54]

Wine 30 HQ Pb [55]

Vegetable oils and 30-60 HO cl,Bo , %0 [56]

fats

Vegetables 60-120 HO Cd, Co, Cu, Fe, Ni, [57]
Pb, Zn, BF , CI', PG

Vegetables 0.5 K $ ©-Na,B,0, Dimethylarsinic acid [58]
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Fig. 2. Schematic of PFE apparatus: (a) solvent supply, (b) pump, (c) purge valve, (d) extraction cell, (e) furnace, (f) static valve, (g)
collection vial, (h) vent and (i) inert gas tank.

conditions are kept constant for some minutes in 3.2. Supercritical fluid extraction (SFE)
order to permit the static transfer of analytes from

the sample into the solvent. The extract is pushed The supercritical fluid extraction of food has
into the collection vial by a second aliquot of solvent occurred for many years on an industrial scale, but it
inserted into the extraction cell and this second has not been applied to analytical scale sample
aliquot is then collected into the same vial by preparation until recently. Its growing role in sepa-
pushing it with an inert gas flow. The whole process ration science is pointed out by up-to-date reviews
takes 15-20 min. [79,80].

When handling moist food, to avoid lump forma- This technique resembles soxhlet extraction, but
tion, diatomaceous earth (kieselguhr) is used. Cal- the solvent used is a supercritical fluid, namely a
cined diatomite contains65—-87% SiQ , 2.3-11.7% substance above its critical temperature and pressure,
Al O, up to 3% Fg Q and CaO, MgO, Na O, and which provides an unusual combination of prop-
K,O traces. erties. Supercritical fluids diffuse through solids like

Method set-up is generally straightforward be- gases, but dissolve analytes like liquids, so that the
cause the conditions are similar to those in soxhlet extraction rate is enhanced and less thermal degra-
extraction. dation occurs [81,82]. In addition, many sample

Pressurized fluid extraction, mainly applied to pre-treatments can be done with non-polluting, non-
pollution control, has recently been used for food toxic supercritical fluids, such as carbon dioxide,
pre-treatment [60—62]; Table 6 shows some applica- which are an excellent alternative to the potentially
tions. hazardous and expensive solvents used in soxhlet

Comparing pressurized fluid to soxhlet extraction, extraction.
the advantage of reducing solvent consumption and The high rate of penetration of the supercritical
extraction time contrast with the disadvantage of fluid in food, even if slightly porous, permits fast
having to use very expensive specialised equipment back-diffusion of analytes, reducing extraction time.
in order to comply with safety provisions concerning The complete step is performed in less than 20 min
the hazards of superheated solvents and high pres- instead of several hours as required in traditional

sure vessels. liquid-solid extraction. The technique can also be
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Table 6
Pressurised fluid extraction of analytes from food matrices
Food Analytes Solvent t (°C)/p (MPa) Ref.
Vegetables, flour Pesticides, herbicides Hexab@% acetone, 125/10 [63]
acetonitrile
Vegetables, fruit Organophosphorus Ethyl acetate 100/10.4 [64]
juices, flour pesticides
Vegetable, fruit n-Methylcarbamate Acetonitrile 100/13.8 [65]
Fruits Polyphenols Methanol 40/6.9 [66]
Medical food Vitamin K1 [67]
Baby food Chlorpyrifos, Acetonitrile 80/13.8 [68]
malathion, 4.4DDE,
4,4-DDT
Smoked meat Polycyclic aromatic Methylene chloride 80/10 [69]
hydrocarbons 10% acetonitrile
Fish Lipids, polychlorinated Hexane 125/10 [70]
biphenyls
Fish Arsenobetaine, Methareb0% H, O [71]
arsenocholine,
dimethylarsenic acid
Fish Musk aroma Hexane-ethyl acetate 80/10 [72]
compounds
Meat Fats Hexane 125/10 [73]
Cereals, chicken, eggs Fatty acids Isopropy! alcehol 120/0.8 [74]
hexane-methanel
chloroform
Milk powder Fats Hexanemethylene 80/10.4 [75]
chloridet+methanol
Cod-liver oil, milk Polychlorinated Hexane 100/10.3 [76]
powder, feeds biphenyls
Dairy products, meat, Fats Petroleum ether 100/13.8 [77]
cereals, vegetable oils
and fats
Malt Proanthocyanidins Acetore20% H, O 60/100 [78]

applied to thermally unstable analytes when selecting
supercritical fluids with low critical temperature.

One of the most interesting properties of these
fluids is the direct relationship of solvent strength to
density. Since the density of the fluid is a function of
its temperature and pressure, precise control of these
parameters allows a solvent with a narrow window
of solvating strength to be obtained. It is possible,
therefore, to substitute a variety of conventional
solvents with a single supercritical fluid. For in-
stance, supercritical carbon dioxide at 7.515 MPa
and 80°C (d 0.15 g mI'*) is characterised by a
solvating strength similar to gases, such as pentane,
while at 38.265 MPa and 4C (d 0.95 g ml'") its
solvating strength resembles liquids, such as methyl-

ene chloride, carbon tetrachloride, toluene or ben-

zene. When selecting the extraction pressure, it

should be kept in mind that as the pressure increases,
higher molecular weight compounds become soluble,
while as the pressure decreases, the supercritical

fluid loses some of its solvent strength. If the
pressure is reduced to atmospheric values, the fluid
loses practically all of its solvating ability and the
extracted compounds fall out of the solution.

Water is a poor choice for this technique because
of its high critical temperature and pressure. The

most widely used supercritical fluid is carbon dioxide

which is characterized by low critical values and low

chemical reactivity. Carbon dioxide is easily ob-

tained in extremely pure form at a reasonable cost, it
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is environmental friendly and it can be separated
from the collected analytes without trouble or dispos-
al problems.

Nitrous oxide would be a good supercritical fluid,
but it is very flammable. Ammonia is a polar
substance with good solvent strength, but it is
chemically reactive and corrosive. The hydrocarbons
are usually flammable and are not viable for ana-
lytical SFE.

A common practice in supercritical fluid extrac-
tion, which must be mentioned in connection with
the physicochemical properties of supercritical fluids,
is the use of modifiers (co-solvents). These are
compounds that are added to the primary fluid to
enhance extraction efficiency. For example the addi-
tion of some percent (1-10%) of methanol to carbon
dioxide expands its extraction range to include more-
polar analytes.

Supercritical fluid extraction utilises fairly simple
equipment, as outlined in Fig. 3.

The sample is introduced in an inert extraction cell
in which fluid is pumped at a pressure above its
critical point. The temperature of the cell is increased
to overcome the critical value of the fluid. The
quantity of food required is-1-3 g per cell. In the
case of solid food it is necessary to homogenise it,
while liquid food must be absorbed onto a porous
and inert substrate because of the problem of hand-
ling two phases under pressure. The water content of

O

the sample must be strictly controlled because water,
as a very strong co-solvent, alters the supercritical

fluid extraction strength and, in addition, it freezes as

the fluid is evaporated, blocking flow restrictors and

valves.

Extractions can be performed in static, dynamic or
recirculating mode. When performing static extrac-
tion, the cell is filled with the supercritical fluid,

pressurised and allowed to equilibrate. In the dy-

namic mode, the supercritical fluid is passed through
the extraction cell continuously. In the recirculating
mode, the same fluid is repeatedly pumped through
the sample and, after the required number of cycles,
it is pumped out to the collection vial.
During extraction, the soluble analytes are par-
titioned from the bulk sample matrix into the super-
critical fluid which is decompressed, without losses,

through a flow variable restrictor, into the collection
vial. The vial can be empty or fitted with a suitable
absorbent or the necessary standards for analysis

validation, as required by the determination step
[83]. In food analysis, fats and oils are usually
collected in an empty vial or in a solvent. Similarly
pesticides and fat-soluble vitamins are collected in a

solvent or can be absorbed on a solid-phase extractor

bed, while flavours and fragrances are collected in a
cryogenically cooled vial.

The supercritical fluid nature, temperature and
pressure, the extraction time, the shape of the

O

T
7 j

£ g
e o

Fig. 3. Schematic of SFE equipment: (a) modifier supply, (b) pump, (c) extraction cell, (d) furnace, (e) to collection, (f) flow restrictor, (g)

fluid supply, (h) filter and (i) dual high-pressure piston pump.



extraction cell, the sample particle size, and the type
of substrate used for collecting analytes, are all
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factors that influence the extraction.

From the first, this extraction technique has been
extensively used for the separation of organic species
in food analysis, particularly for the extraction of fats
and oils. From time to time the use of SFE in food
analysis is reviewed [84—86] and so, Table 7 sum-
marizes only a few recent separations in food,
flavours and spices.

Supercritical fluids offer considerable advantages
as extraction solvents in food analysis. The extracts
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are cleaner than those obtained with organic solvents
and can be obtained minimising thermal degradation.

No concentration step is needed prior to chemical

analysis. In spite of the demonstrated advantages and
of its considerable industrial application in specific
separations, this technique has failed to become a
mainstream separation tool because the selection of
supercritical fluids and modifiers is largely empirical,
due to the existence of very little analyte solubility

data, and, in addition, the interactions between

supercritical fluid target analytes and sorptive sites
on food are still poorly understood.

Table 7

Supercritical fluid extraction of analytes from food

Food Analytes Fluig-modifier t (°C)/p (MPa) Ref.

Pork Fats CO+(CH,),CHOH 120/62 [87]

Fried pork Cholesterol CcO 50/34 [88]

Lard fat Polychlorinated biphenyls [89]

Lean beef Warmed-over flavour volatiles cO 40/10.3 and 30 [90]

Meat, eggs Nicarbazin residues ceCc,H,OH 85/27.6 [91]

Eggs Atrazine and other triazine (ele} 50/69 [92]
herbicides

Eggs Chloramphenicol Ccp 80/69 [93]

Eggs Chlorinated pesticides GO 40/0.72 [94]

Dairy products, meat Vitamin A CO-5% C,H,OH 60/26 [95]

Milk powder Vitamins A and E CQ+5% CH,OH 80/37 [96]

Corn bran oll Ferulate-phytosterol esters £0 80/69 [97]

CO,+5% CH,OH 40/34.5
Seed oils, margarine Phytosterols co 80/55.2 [98]
CO,+10% (CH, ), COCH, 80/13.8,27.6 and 41.4

Fats and oils Organochlorine and ¢Ee8% CH,CN 60/27.6 [99]
organophosphorus pesticides

Apples Fenpyroximate CcO 90/20 [100]

Grapes Glycosides C310% CH, OH or CQ 40/69 [101]

Grapes 5-Hydroxymethyl-2- C{-20% CH, OH 35/38.5 [102]
furaldehyde

Paprika Paprika oilg-carotene, red CcO 40/13.8 and 41.4 [103]
carotenoids

Spices Flavour volatiles CcO 40/12 [104]

Rice bran Lipids and gamma-oryzanol cO 50/69 [105]

Wheat, maize Organophosphorus pesticides ,CO 70/24.5 [106]

Malt sprouts Tocopherols Co 80/25 [107]

Dietary food Carotenoidg3-carotene 8- CO,+15% C, H,OH 75135 [108]
cryptoxanthin and zeaxanthin

Baby food Atrazine, carbofuran, Ca@10% CH,CN 70/17.3 [109]
chlorpyrifos, metolachlor

Wheat germ Vitamin E Co 40-45/27.5-34.5 [110]

Fish 30 vOC CQ 45/10 [111]

Tomato Lycopenep-carotene o- CO, [112]

carotenea-tocopherol,y-
tocopherol 8-tocopherol
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3.3. Microwave-assisted extraction (MAE)

Organic extractions using microwave energy in-
corporate the advantages of the above methods while
eliminating most of their disadvantages. The dif-
ferential temperature between solvent and sample
facilitates the transport of the analyte from the
sample to the solvent. Closed-vessel microwave
heating allows the adoption of well established
solvent-analyte-matrix couples instead of the SFE
trial-and-error approach, and organic solvents can be
heated two to three times hotter than their atmos-
pheric boiling points without the associated high
pressure as found in PFE. The technique has proven
to be better than soxhlet extraction by cutting solvent
consumption and extraction time [113,114]. Usually
sample sizes range from 0.5 to 10 g and 10 ml of
solvent are sufficient for the extraction that may
require from less than 1 to 10 min. The same
laboratory microwave unit previously described for
digestions is used, so reducing costs; the simulta-
neous extraction of several samples of different kinds
is also possible without any mutual interference.

Analysts have a choice when considering micro-

wave-assisted extraction because a broader spectrum

of compounds can be extracted.

It is known that chemical compounds absorb
microwaves roughly in proportion to their dielectric
constant: the higher the value of dielectric constant,
the higher the level of microwave absorption. When
using a high dielectric constant solvent, the sample is
kept in a closed PTFE vessel. The technique resem-
bles PFE because microwaves heat the solvent far
above its atmospheric pressure boiling point and the
analytes are rapidly extracted from the sample,
which remains at a lower temperature. The use of a
high dielectric constant solvent is best for the
separation of vitamins, pesticides, or polynuclear

useful for heat sensitive and thermally labile analytes
such as sulphur compounds in garlic, lipids in fishes

and chlorinated pesticides in vegetables.
In addition MAE limits contamination or absorp-

tion from the vessel, due to direct heating of the
sample. The main advantages of microwave pre-
treatment are the low temperature requirement, high
extraction rate, complete automation and the possi-
bility of simultaneously extracting different samples
at the same time without interferences. The tech-
nigue suffers from the disadvantages of using only
microwave transparent materials for vessels.

Even if most applications of microwave-assisted

extraction are devoted to pollution control [115—
117], the technique is widely used in food analysis
[118,119] and Table 8 shows some recent applica-
tions.

Integrated microwave extractions allow food to be
dried, extracted and concentrated with a single piece
of equipment and no sample manipulation. Micro-

wave laboratory apparatus is becoming a necessary
instrument, joining chromatographs and spectrome-

ters as laboratory-essential analytical instrumenta-

tion.

4, Sorbent extraction

The use of a solid adsorbent material to extract
analytes from a solution was developed in the 1980s
and is now widely applied to many matrices, includ-
ing food. A sorbent with strong affinity towards
some target analytes will retain and concentrate those
compounds from the sample solution. Many sorbents
are specifically suited for the extraction of different
analytes with various degrees of selectivity.

aromatic hydrocarbons in food. In the case of low 4.1. Solid-phase extraction (SPE)

dielectric constant solvent, the sample can be ex-
tracted in an open PTFE vessel with microwaves
heating the portion of the sample which has higher
dielectric components (water, etc.) than the solvent.
This localised heating causes analytes to be facili-
tated in exiting the food and being trapped by the
surrounding cold solvent, which is selected accord-
ing to analyte solubility characteristics. In our ex-

perience, this mode of extraction is particularly

One widely used sorbent technique is solid-phase
extraction (SPE) which involves the use of dispos-
able cartridges to trap analytes and separate them
from the bulk of the matrix. As the sample solution
passes through the activated sorbent bed, analytes
concentrate on its surface, while the other sample
components pass through the bed (or vice versa, if
necessary to clean-up). The equilibrium between
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Table 8
Microwave-assisted solvent extraction of different analytes from food
Food Solvent Analytes Ref.
Beans Acetonen-hexane Fenitrothion [114]
(1:2)
Mussels Acetonel-hexane Polychlorinated [120]
(1:1) or 1M KOH in biphenyls
methanol
Mussels Polyoxyethylene-10 Polychlorinated [121]
-luryl ether dibenzofurans
Mussels, oysters Methanol/water Arsenobetaine, [122]
monomethylarsenic
acid, dimethylarsenic
acid, arsenite,
arsenate
Fish Methanol/water Arsenobetaine, [123]
monomethylarsenic
acid, dimethylarsenic
acid, arsenite,
arsenate
Fish Methanol/dichloro- 4ert.-Octylphenol, [124]
methane (1:2) bisphenol A
Fish Tetramethylammonium Dimethyl-, [125]
hydroxide ethylmethyl-,
diethylmercury,
mercury
Fish Ethyl acetate/ Chlorinated [126]
cyclohexane (1:1) hydrocarbons
Mussels Methanol/water Arsenobetaine, [127]
monomethylarsenic
acid, dimethylarsenic
acid, arsenite,
arsenate
Fish Tetramethylammonium Methylmercury, [128]
hydroxide mercury
Meat Methanol Sulphamethazine [129]
Meat Propan-2-ol 4-Hydroxy-3- [130]
nitrophenylarsonic
acid (roxarsone 1)
Chicken, cooked Propan-2-ol Salinomycin [131]
Oranges Acetonethexane (1:1) Atrazine, [132]
organophosphorus
pesticides
Must Acetone/dichloro- Terpenic compounds [133]
methane (1:1)
Must Dichloromethane Terpenic compounds [134]
Crops Water Imidazolinone [135]
herbicides
Vegetables, 7% Perchloric acid Amino acids [136]
cheese, salami
Cheese Hexane Fatty acids [137]
Eggs Acetonitrile/ propan- Chloramphenicol [138]
2-ol
Beverages, fried Water Flavours [139]
chips
Peaches Isooctane Thiram, ziram [140]
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analyte and sorbent is rapidly reached because of the

large interface.

Many types of sorbent, such as alumina, mag-
nesium silicate and graphitised carbon, are commer-
cially available, but the most common material is
silica because it is reactive enough to permit its
surface to be modified by chemical reaction and yet
stable enough to allow its use with a wide range of
solutions. Polymer based sorbent beds are very
popular too, and lately their molecular imprinting
[141] holds out considerable promise to complement
the repertoire of SPE materials for food analysis
[142,143]. Molecular imprinting is capable of
producing polymeric sorbents that recognize the
template molecules used. It starts from the formation
of a complex between the template molecules and
monomers bearing functional groups. The spatial
assembly of the interaction sites is then fixed through
polymerisation in the presence of a cross-linking
agent. After removal of the template, cavities capable
of recognizing and re-binding the template molecules
are obtained.

Usually, the size of the sorbent particles ranges
from 10 to 60pum. As the materials are similar to
those currently used in liquid chromatography (ex-
cept for particle size), the whole range of chemistries
used in modern packing technology can be applied to
prepare solid-phase cartridges. Sorbents fall into
three general classes: non-polar, polar and ion-ex-
change and their activity is dependent on the prop-
erties of the bonded phase and of any active site not
end capped on the sorbent. The choice of the sorbent
is dependent on the food matrix, analytes of interest
and their interferents.

The extraction is performed in four steps: con-
ditioning (the functional groups of the sorbent bed
are solvated in order to make them to interact with
the sample), retention (the analytes are bound to the
bed surface), selective washing (undesired species
are removed) and elution (the analytes are desorbed
and collected for analysis). Great care must be taken
regarding fines or small particulates that can be
present in extract, when resulting from the sorbent

rate of the elution solvent and physico-chemical

characteristics of the sorbent bed.

A recent innovation has been the introduction of a
disk format which is less subject to channelling
problems, in comparison with packed cartridge, by
offering larger flow area and lower bed mass.
Actually disks are available in a limited number of
sorbents, but it is envisaged that the use of disks will
become more prevalent in the future [144] not only
because of their better performance but also because
of their faster extraction speed.
Using SPE, multiple samples can be treated in
parallel using relatively small quantities of solvent,
while the clean-up procedure can be performed on-
line with many analytical techniques, such as ion
chromatography. Fig. 4 shows a schematic of the
equipment as assembled in the authors’ laboratory.
The sample is dissolved and inserted in the
autosampler, from which it is pumped to the SPE
cartridge, while the chromatographic column is kept
in a steady flow of the chromatographic eluent

selected for analysis. Interferents are selectively

washed off the SPE cartridge by means of a selective
solvent, then the cartridge is connected to the
chromatographic loop and target analytes are washed
out by means of a proper solvent. The loop is then
connected to the column and the chromatographic
eluent flows. This technique offers many improve-
ments over liquid—liquid extraction and permits
simultaneous removal of interfering substances and
concentration of analytes.
Many books [145,146] and reviews [147,148]
provide in-depth coverage of SPE and readers are
referred to these reference texts for detailed in-
formation. Many food matrices have been cleaned up
by solid-phase extraction for the determination of
such a large number of analytes that it is not possible
to conduct a comprehensive survey of the literature;
usually reviews deal with the separation of specific
components from food [149-151]. Table 9 only
reports some of the latest applications in food
analysis.

bed, because they cause irreproducible and low 4.2. Solid-phase microextraction (SPME)

recoveries for compounds that are particularly ad-
sorptive to active surfaces.

Method development in SPE is accomplished by
investigating pH, ionic strength, polarity and flow-

A direct derivative of SPE is solid-phase mi-
croextraction (SPME) [152], in which a fused-silica
micro fibre supports a minute quantity of polymeric
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Fig. 4. Operative sequence of SPE unit coupled on-line to an ion chromatograph. (A) Sample is transferred from the autosampler (s) to the
SPE cartridge (SPE); the IC column is kept in a steady flow of eluent (e) from pymp p ; (B) interferents are selectively washed off the
cartridge (SPE) to the waste reservoir (w), by means of the proper solution (sw) pressurised from,pump p ; the IC column remains in the
same conditions as step A; (C) analytes are eluted from cartridge (SPE) by means of the eluent (e) and the loop (1) is filled; the IC column is
in the same condition as in steps A and B; (D) loop (l) is connected to the IC column and analytes are eluted by means of the eluent (e); at
the same time a new cartridge (SPE) is inserted on-line for the pre-treatment of the sample that follows.

extracting phase, where analytes are adsorbed. SPE polymeric film is aided by sample agitation which
and SPME are different sorbent extraction techniques helps to establish equilibrium. Equilibration time is
because the former is expected to extract all the dependent on the thickness and type of the coating
target analytes from the sample solution while the and the distribution constant of the analytes. The
latter is a partition process. SPME is used to extract partitioning of analytes into the coating is analogous
analytes from both liquid and solid food to that which occurs in liquid—liquid extraction.
[118,153,154]. Similarly, the sensitivity of the extraction depends on

A fibre of silica or other appropriate material, the affinity of analytes for the coating and its
coated with a minute quantity of the extracting capacity. To date, the most successful phases have
phase, is exposed to the sample or its headspace; been the relatively non-polar polydimethylsiloxane
organic compounds present in the sample solution and the polar polyacrylate moiety. Sometimes fibres
are partitioned into the fibre coating. The process is also incorporate adsorbents, such a divinylbenzene or
controlled by the diffusion of analytes through the carbon molecular sieve, whose adsorbing properties

static layer surrounding the fibre. Diffusion into the increase analyte retention by reason of the higher
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Table 9
Applications of SPE and SPME to food samples clean up
Food Analytes Technique Coating (thickness and functional Ref.
group) and eluent (or
desorption) conditions
Malt Proanthocyanidins SPE 40—-80n PAG, eluent [78]
HCON(CH,), /H,O (8.5:1.5)
Alcoholic beverages B-Carbolines and SPE 40-50m PRS or SCX, eluent: [155]
tetrahydroB- CH,OH+0.2 N K,HPO, (pH 8.8)
carboline-3- (1:1); 40-5Qm C,4, eluent CH OH
carboxylic acids
Wine Anthocyanins SPE 40-50m C,q, eluent CH CN [156]
Wine Pesticide residues SPE 40—{ith PS-DVB, eluent [157]
CH,CO,C, H,
Wine Stilbenes SPE 40-70m PS-DVB, eluent [158]
C,HgO
Wine 3,4,5- SPME 100pm PDMS or 85um PA, [159]
Trihydroxystilbene 7 min at 28tC
Wine Cyprodinil, SPME 50/3um CAR-DVB-PDMS, [160]
fludioxonil 5 min at 240C
fungicides
Wine 35 VOC SPME 10Qum PDMS, 3 min at 250C [161]
Wine 16 Sulphur SPME 50/3im CAR-DVB-PDMS, [162]
compounds 1 min at 27
Wine Pyrazines SPME 6pm DVB-PDMS, 1 min at [163]
250°C
Alcoholic beverages, Tetrahydf- SPE SCX, eluent CH OH0.4 M [164]
fruit juices, sauces, carboline-3- phosphate buffer (pH 9.1) (1:1)
fish, bread carboxylic acids
Alcoholic beverages, Proanthocyanidins SPE 4B C,,, eluent [165]
fruit juices, CH, COCH /H O/CH COOH
vegetables (140:59:1)
Fruit juices Folic acid SPE 45m IC-OH, eluent 0.1M [166]
CH,COONat10% NaCl
Honey Acaricide residues SPE 40—-pin C,g, eluent G H O [167]
Strawberries 9 vOC SPME 10@m PDMS, 2 min at 240C [168]
Olive ol Phenolic compounds SPE 40-50n C,4, eluent CH OH [169]
Margarine, oils, Antioxidants, SPE 50-1@0n PS-DVB, eluent [170]
cheese, sauces preservatives (CH ) CHOH
Cheese 70 VOC SPME 7&m CAR-PDMS, 5 min [171]
at 280°C
Milk Volatile fatty acids SPME 75.m CAR-PDMS, 3 min [172]
at 275°C
Meat, eggs Spiramycin, SPE 46m IC-H, eluent CH OH [173]
tilmicosin, tylosin
Meat 96 VOC SPME 7wm CAR-PDMS and/or 50/30 [174]
wm DVB-CAR-PDMS, 3 min at
250°C
Meat Heterocyclic amines SPE 40-50n PRS+40-50pum C,g, [175]
eluent CH, OH/NH, OH (9:1)
Meat Aminoazaarenes SPE KIE, eluent CH, Cl and 4050 [176]

PRS and 45.m C,4, eluent
CH,OH/NH,OH (9:1)
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Table 9 ¢ontinued)

Food Analytes Technique Coating (thickness and functional Ref.
group) and eluent (or
desorption) conditions

Meat, fish, honey, Tetracycline antibiotics SPE SCX, eluent, CH OH [177]

milk, eggs

Bread Bromate 4qum C,g, eluent CH OH/H O [178]

Mustard sauces 11 vOC SPME @3n PDMS-DVB, 5 min at 250C [179]

Wine 3-Alkyl-2- SPME 65n.m PDMS-DVB, 1 min at 250C [180]
methoxypyrazines

Vinegar 29 Aroma SPME 7p.m CAR-PDMS, 2 min at 286C [181]
compounds

Rum Fatty acid SPME 10@m PDMS, 1 min at 256C [182]
ethyl esters

Wine Ochratoxin A SPE 4%um Cq, eluent CH OH [183]

Wine 4-Ethylphenol, SPME 8pm PA, 3 min at 250C [184]
4-ethylguaiacol

Wine Butyltin compounds SPME 10@m PDMS, 1.5 min at 256C [185]

Coffee 16 Aroma SPME 10pm PDMS, 10 min at 236C [186]
compounds

Banana 7 Flavour compounds SPME 106 PDMS, 15 min at 200C [187]

Honey 35 VOC SPME 7%.m CAR-PDMS, 30 min at 276C [188]

Fruit juices Organophosphorus SPME 10t PDMS, 2 min at 240C [189]

insecticide residues

C,,, octadecyl; CAR-PDMS, carboxen-poly(dimethylsiloxane); CAR-DVB-PDMS, carboxen-poly(divinylbenzene)-poly(dimethylsilox-
ane); CW-DVB, poly(ethyleneglycol)[Carbowax]-poly(divinylbenzene); IC-H, strongly acid cation exchanger; IC-OH, strongly basic anion
exchanger; KIE, kieselguhr; PA, polyacrylate; PDMS, poly(dimethylsiloxane); PDMS-DVB, poly(dimethylsiloxane)-poly(divinylbenzene);
PA6, polyamide 6; PRS, propylsulphonic acid; PS-DVB, polystyrene-poly(divinylbenzene); SCX, benzenesulphonic acid; VOC, volatile
organic compounds.

surface area. The fibre probes are frequently coupled interactions. The main advantages over solvent ex-
with gas chromatography or gas chromatography— traction are the use of high ratio between surface
mass spectrometry techniques; hence the analytes area and volume, the lack of emulsions and no phast
can be thermally desorbed from the fibre coating in separation step.
the injection port of those equipments, while sepa- The process is the result of differences in the
ration and quantitation take place. The technique transport rates of the species through the membrane
suffers from the disadvantage of relatively long interface: the separation is achieved when some
equilibration times during the extraction procedure. species are transported to a greater extent than
Applications of SPME vary in evaluation of food others. The forces able to generate transport through
quality or flavour volatiles; Table 9 reports some of membranes are directly related to differences in
the latest applications only. pressure, according to Hagen-Poiseuille’s law (micro

and ultra filtration), in concentration, according to
Fick’'s law (dialysis), or in electrical potential, ac-

5. Membrane separation cording to Ohm’s law (electro dialysis).
While micro and ultra filtration are based on a size
The selective nature of membranes has made them exclusion process only, dialysis and electro dialysis
a unique alternative to solvent extraction for sample can be based not only on a difference in size, but
clean up, especially if coupled with chromatographic also on a difference in ionic charge, depending on
techniques [190,191]. The relative sizes of different the type of membrane used.
molecules largely determine the permeation selectivi- Membranes are usually made of synthetic poly-

ty of a membrane, in the absence of strong specific meric materials, although natural substances, such as
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cellulose, or inorganic materials, such as glass fibres
or alumina, are also used. First of all, the membrane
serves to retain molecules larger than a critical,
material-related size. The maximum size of a solute
that can pass through the membrane is called the
cut-off value and it is normally given as the molecu-
lar weight of the smallest compound of which more
than 90% is retained (MWCO, molecular weight
cut-off in Daltons units). In food analysis, mem-
branes are frequently used to separate salts and low
molecular weight analytes from high molecular
weight species, such as in desalting protein extracts,
so a molecular weight cut-off three to six times
different from that of the analyte is required. A
correct MWCO permits rapid transport of the ana-
lytes through the membrane, with sufficient retention
of the interfering compounds. Fig. 5 gives a rough
idea of the dimensions of some food constituents.
When selecting the membrane material, its chemi-
cal compatibility with the feed (the solution con-
taining the analytes, whose concentration is depleted,
also called the donor) and the fluid receiving the
analytes (also called the acceptor) is to be consid-
ered. The feed pH and its ionic strength must be
carefully selected for favouring separation. In addi-

nanometers (nm) ¥
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tion to chemical compatibility, many physical and
chemical characteristics such as pore size and pore
size distribution, thickness, extractable material,
hydrophobic/hydrophilic  character, non-specific
binding properties, pyrogenicity, gas- and liquid-flow
rate, particulate retention and so on, determine the
membrane suitability for a particular application; for
instance, proteins are separated better with a hydro-
phobic PTFE membrane, where they adsorb, than
with a hydrophilic membrane.
To obtain compound specificity in sample prepara-
tion, functionalised or sorbent impregnated mem-
branes are used. In these membranes, a specific
functionality is imposed by chemical bonding re-
actions; in ion-exchange membranes, for instance,
positively or negatively charged groups are cova-
lently attached to the polymeric membrane material.
The extraction efficiency of the process is con-
trolled by the contact time between the membrane
and the donor and acceptor fluids and the rate
constant of analyte transport between the two solu-
tions, which depends on the properties of the mem-
brane, the fluid channel geometry and the fluid point
speed.
Finally, a completely different class of mem-
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branes, so-called non-porous membranes, are used

for membrane extraction. They consist of a liquid or
polymer film into which the compound must dissolve
in order to pass through.

5.1. Dialysis

The use of dialysis for the on-line separation of
high molecular mass components from lower molec-
ular size analytes is very interesting in food analysis.
Dialysis is a membrane barrier separation process in
which differential concentration forces one or more
species to transfer from the sample solution to
another fluid through a semi-permeable membrane,
which allows contact between the fluids without
mixing. The critical parameter is the maximum size
of the species able to cross the selected membrane
Obviously, the sample must be in a liquid and almost
homogeneous form. The separation is usually per-
formed in a cell that consists of two blocks with the

membrane in between, to separate the donor (sample)

phase from the acceptor (dialyzed) phase. All mole-
cules of appropriate size diffuse through the mem-
brane pores from the donor into the acceptor solu-
tion, as the result of the concentration gradient of the
compounds. The operative sequence of a dialysis
unit on-line coupled to an ion chromatograph is

reported in Ref. [51].

Membranes can be used for separation in four
different donor—acceptor modes of operation: stag-
nant—stagnant, stagnant—flowing, pulsed—flowing
and flowing—flowing. Because dialysis involves mo-
lecular diffusion across the membrane, it is obvious
that the stagnant—stagnant mode is time consuming
and >50% recovery cannot be achieved (for equal
donor and acceptor volumes). In practice a flowing
acceptor stream is almost invariably selected to
obtain both a higher speed and a higher recovery. If
relatively large sample volumes are available, as in
milk analysis for instance, the process is accelerated
by inserting sample in pulses, so restoring each time
the initial maximum concentration gradient, or by
using a continuously flowing sample stream. In these
ways the time required for completing sample
dialysis is reduced to only a few minutes.

An important parameter to be taken into account
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for membrane dialysis evaluation, is the analyte
enrichment factor, which is the ratio of the maximum
attainable concentration in the acceptor to the con-
centration in the sample. The enrichment factor is
particularly relevant when the concentration of the
analytes in the sample is undetectable and when only
a small portion of the total acceptor phase is used in
the final determination.

Apart from the previously mentioned membrane
parameters, it must be also considered that analytes
can bind to the membrane material. These interac-
tions can be deliberately caused to obtain compound
specificity, as in the particular case of ion-exchange
membranes, but sometimes unwanted electrostatic or
hydrophobic interactions have been observed. There-

fore, an incomplete recovery in the acceptor phase
may result if no precautions are taken, such as the

. addition of surfactants or displacers to the sample

solution.
In food analysis liquid samples can be directly
dialysed because the process does not suffer from the
presence of particulate matter or macro compounds

such as proteins, lipids, polysaccharides, etc.; solid
samples require the addition of water and homogeni-
sation before dialysis. Table 10 shows some applica-
tions of dialysis to food sample clean up.

5.2. Membrane extraction

Extraction can be performed with porous impreg-
nated or non-porous membranes that separate two
aqueous phases. Sample pH is adjusted in order to
have the analytes of interest in uncharged form and
therefore easily extracted into the membrane. The
acceptor solution must have a pH able to effect
ionisation of the analytes as they pass across the
membrane, so preventing their back extraction into
the donor. This technique has been applied to the
determination of triazines in vegetable oils [211],
vitamin E in butter [212], vanillin in sugar and
chocolate [213], and pesticide residues in eggs [214].
All these membrane-based separation techniques
are characterized by advantages in the clean-up of
food because they require very small volumes of
solvents compared to alternative processes, the lab-
oratory devices are very simple and cheap and their
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Table 10
Applications of dialysis to food samples clean up
Food Analytes Dialysis membrane material Ref.
Olive oil wastes Cl ,NQ ,NQ ,PD ,Sp Cellulose triacetate [51]
Egg Tetracyclines Regenerated cellulose [192]
Egg Dexamethasone Regenerated cellulose [193]
Egg Sarafloxacin resides Regenerated cellulose [194]
Chicken Flumequine, oxolinic acid Regenerated cellulose [195]
Chicken liver Fluoroguinolone antibacterials Regenerated cellulose [196]
Milk Lactulose Polyacrylonitrile metallyl- [197]
sulphonate
Milk Proteins Cellulose triacetate [198]
Milk Cl~ Cellulose triacetate [199]
Milk, fruit juices Cl",HPG ,sd ,Na,K,Ca, Cellulose triacetate [200]
Mg
Milk, fruit juices Ascorbic acid Polyacrylonitrile metallyl- [201]
sulphonate
Milk, fruit juices ClI", HPG ™, sG , HCQ , Regenerated cellulose [202]
organic acids
Wine, fruit juices 25 Amino acids Cellulose triacetate [203]
Fruit juices cr Polyetherimide [204]
Fruit juices Patulin Regenerated cellulose [205]
Wine Lactic acid, malic acid Cellulose triacetate [206]
Wine Total acidity, tartaric acid Cellulose triacetate [207]
Wine Amino acids, organic acids, Cellulose triacetate [208]
sugars
Beer Proteins No specification [209]
Tomato Cd, Cr, Cu, Ni, Pb Polyether sulphone or [210]
polysulphone
automation and on-line connection to analytical techniques would surely help to give a substantial

instruments is very easy [215]. boost to the their widespread use in food analysis.
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