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Ahstract 

The application of mierowaye techniques for enyironmental sampic preparation is described. Special atlen-
tion has been giyen to the theorctica! foundations and the possibiJities of using microwaye radiation in 
mineralization and eztraction. These teehniqucs arc compared with conycntional methods and examplcs of their 
app!ication arc supplied. 
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Introduction 

Enyironmental trace analysis is one of the most dynami-
cally cleyeloping seientific branches. It may be stated with-
out any doubt that it stimutates the creation or constant 
improyement of new measurement techniques. As far as 
the appHcations of enyironmcntal analysis arc concerned 
one can inciude physico-chemiea! methods and those 
whieh arc separate scientifie branches, e.g. mass, moeeutar 
and atomie spectroscopy, magnetie nucicar resonance, alt 
the kinds of chromatography, actiyation methods with thc 
analysis of generated radionuclides and othcrs. Contempo-
rary laboratories and analytical workshops arc equipped 
with more and more perfect measurment apparatus, alb-
wing us to obtain results in a yery short time [1]. 

Eyery analysis always consists of four equiyalent sta-
ges: sampte gathering, its proper preparation, analysis and 
the elaboration of the obtained results [2]. In the majority 
of cases the prepared samples are treated to separate the 
components prior to determination from the matrix, which 
is always in exeess. This actiyity (Fig. 1) takes up to 55% 
of time reseryed for the realization of this determination. 

Various methods arc applied in order to prepare the 
samples which may generaily be diyided into physical, ehe-
mical, chemieal and physico-chemical ones [3]. Depending 
on the matrix in which the analytes (morganie and organie) 
arc bocatized in modem laboratory praetiee, the greatest in-
terest, apart from adsorption and extraetion methods [4,5], 
is aroused by mineratization. This teehnique is used sueees-
futly for the preparation of the whole group of morganie 
analytes contained in different biologieal matriees. Gene-

raity. mineralization methods may be diyided into classiea! 
and mierowaye teehniques [2]. 

In this paper the theoretiea! foundations of mierowaye 
techniques as well as tbeir application for enyironmental 
sample preparation has been presented. Moreoyer, the ap-
plied apparatus and its construction has been described 
with regard to defcets and adyantages of the teehnique. 
A part of this work has been deyotcd to diseussion of the 
examples of thc ezperimental application of microwaye te-
ehnique in referenee to seyerab yarious enyironmental sam-
pIes, ineluding medieinal plants and yegetabies. 

Classical Methods of Mineralization 

The proeess of mineralization eonsists of eonyerting the 
elements oeeuring in complieated eombinations, prior to 
determination, into simple and easy (for finat determina-
tions) morganie eompounds. Independent of applied appa-
ratus, the aim is to transform the materia! in such a way as 
to obtain a solution which can be subjeeted to further ana-
lyses [6]. Mineralization (as with any chemieal proeess) 
should fulfili the fo!lowing conditions: 
- proeeed quantitatiye!y, i.e. the whole organie part of the 

examined object should undergo oxidation, whereas the 
morganie part shou!d stay qoantitatiyely as the residue 
after the mineralization, 

- proeecd quiekly - the proeedure of digestion is often 
app!ied to a great number of samples and the yebocity of 
its eourse influenees in a decisiyc way the duration of 
analyses and their costs. 
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ple break-up, etc. [6]. That is why in literature greater and 
greater attention bas been paid to the application of mic-
rowaye techniques for heating as a new way of sample 
preparation [8]. 

Microwaye Methods of Sample Preparation 

Microwaye 

Fig. 1. The extenditure of time in % during the anatysis: A - samp-
le preparation, B sample coiłection, C - analysis, D - data 
analysis, [2]. 

The classical methods of organic compounds minerah-
zation are diyided into: 

- wet mineralization, 
- dry mineralization. 
Dry mineralization in its simplest form, consists of hea-

ting and roasting the substance in air in eyaporating dishes 
or quartz, platinum or porcelain crucibles with the help of 
a bumer or muffle furnace. Ashes obtained as a resuit of 
incineration are dissolyed in a suitable acid and the minerał 
components are determined. This method, despite its analy-
ticał simplicity, does not giye satisfying resuks in many 
cases, due to the difficulty of burning out carbon formed at 
the first stage of combustion. In order to increase the ef-
ficiency of the process yarious oxidizing agents such as 
nitric acid, nitrates of ammonium, potassium and magnes-
sium oxide, are added (before om duming combustion) to the 
sampe; these agents accelerate mineralization. In order to 
preyent the yołatiłization of some dements under deter-
mination in the course of dry minerałization, „additions" 
are introduced which bind these elements into non-yołatiłi-
ty aud stability at We temperatume of combustion combina-
tions [6]. 

Wet minerałization ałłows the ełimination of many di-
sadyantages which occur during the incineration of samples 
and to ayoid łosses of yołatiłe components. The process 
consists of the digestion of organic materiał with the hełp 
of liquid oxidizing agents such as concentrated nitric or 
perchloric acids and others used indiyiduałly or in different 
combinations [6]. 

For a better understanding of the process of classical 
minerałization an exampłe of wet combustion of plant ma-
terial [7] is presented: 

About 10 g of dry rampie jr placed in a Kieldahl Jlask 
wit/z 50 ml ofconcentrated HNO3 and left for t/ze nig/it. On 
t/w second day t/ze Bask is heated carefully, eyaporating 
t/ze acid up to Iw/f of itr yolume. To t/ze cooled J/ark 50ml 
of t/ze mixture of concentrated HNO3 and HC104 acids is 
added. Next, t/ze Bark iv heated to eyaporate t/ze acids and 
to bleach t/ze residue. T/ze thickened deposit is was/zed aut 
front t/te J/asks into quartz beakers, eyaported to dryness. 
AJlterwards t/ze diluted HCI (1.1) is added, t/ze deposit jr 
/zeated in water bat/i and J/ltered into measuring Jlarks, 
giying you a solution for analysis. 

The classical methods, howeyer, do not giye satisfying 
effects: they are time-consuming (from seyeral hours to 
seyerał days), expensiye (a great amount of reagents of 
high purity, great łosses of energy during traditional hea-
ting) and do not giye 100% recoyery. The effect of remo-
ying the matrix depends, among others, on the parameters 
of heatiag: We method and the yelocity, the degree of sam-

Ełectromagnetic wayes haying frequencies from 300,000 
MHz to 300 MHz (wayelength from I mm to 1 m) are 
conyentionalły called microwayes. Within international as-
signations (Federal Communications Commission - Gene-
ya, 1959) for industrial, scientific and medical appłications 
of microwayes the fołlowing ranges of frequencies haye 
been reseryed: 915 ± 25 MHz; 2450 ± 50 MHz; 5800 ± 75 
MHz; 22125 ± 125 MHz. Especiałły adyantageous seems 
to be the appłication of microwaye energy to such domains 
as radio-communication, radio-localization, nayigation, 
medicine, industrial and food całorif1cs [9]. 

The interaction of ełectromagnetic wayes with a mate-
rial body may haye different character, depending on the 
waye frequency and the ełectric properties of the materiał. 
The probłem of microwaye heating concerns dielectrics 
and dipole polamization (Fig. 2). 

Jn the diełectric, the electric field polarizes the dipoles 
of molecules, which through orientation cause friction, the 
extemał symptom of which is heating the irradiated center 
in the whołe mass at the same time. The time of this pro-
cess is yery short and depends only on the dielectric prope-
rties of the minerałized object. This type of heating is cal-
łed through. The yałue of microwaye field energy (P) con-
yeyed to the sample is defined by We equation: 

P=2flyctE2t (1) 

The amount of energy required to heat the sampłe (Q) is: 

Q=Ptgb (2) 

Q = 2fl y cfE2 tga"y (3) 

where: 

y - the yałue of a sampłe (dielectric); 
E - dielectric constant; 
E - the intensity of electromagnetic (microwaye) field; 
f - field frequency in Hz: fmom 300 MHz to 300 GHz, 

corresponding to wayelengths (?) from I m to 
1 mm; 

- time of exposure (s). 

The measure of transformation of enemgy of great frequ-
ency into heat is the yalue of the tangent of an angle of 
dielectric losses „tg6", whemeas the dielectric constant „c" 
characterizes the properties of the center. The minerałized 
materials are treated as dielectrics, which diyersly absorb 
the microwaye energy and so undergo decomposition either 
more easiły or with more difficułty. For exampłe, for water 
and wood tg8 is 1500 x I0-, for ice 30 x io, that is during 
microwaye heating of three equał by yolume sampłes there 
must be at least 50 times greatem heating of water and wood 
as compared with ice (Table 1). 
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Fig. 2. Types of polarization for different eiectromagnetic wayes, 
[10]. 

Microwaye Mineralization 

The first information concerning the application of mic-
rowaye energy to mineralization of biologica! materia!s is 
dated 1975 [12]. In 1985, at a conference in Pittsburg, the 
apparatus for microwaye digestion of solid sampies of 
MDS-81 type, constructed by CBM firm was presented 
[13]. At present, microwaye systems are widely applied in 
modern ana!ytical laboratories, since they enabie the decom-
position of practically ali organic nnd inorganic materials 
such as plant and anima! tissues, food, wastes, garbage, 
oi!s, fueis, !ubricating materials, metaliurgical samples, 
sofls, rocks, etc. [14]. 

Microwaye systems may be diyided into two groups: 
open and ciosed, among which iow-pressure (to about 110 
atm) systems may be distinguished. The characteristic fen-
ture of open systems is conducting the process of minera!i-
zation on one leyel of microwayes power, whereas in 
c!osed systems different Ieyels of power are used [8, 14]. 
The system is bui!t from two separate e!ements: a 

Table I. Relatiye eiectric permeabihty (die!ectric constant) and 
tg 8 of materia!s in the band of microwayes (for the frequency 
3GHz), [II]. 

Materia! 
Relatiye electric 

permeabi!ity tg 8 x io4 

Air t.0006 - 

Tetlon 2.02 1.2 

Po!ystyrene 3.38 11.0 

Foamed 
polystyrene 1.025 064 

Textolit 2.43 8.2 

P!exigtass 2.6 60.0 

Mica 7.0 3.0 

Po]yethylene 2.t5 12.0 

Wood 2.80 1500,0 

Ice 3.0 30.0 

Quartz 4.50 2.0 

Water 80.0 1500.0 

microwaye furnace with the regulated magnetron 
power with the system measuring the time of heating and 
appropriate containers made of teflon, polypropylene 
of another materia!. Currently, there are many firms 
producing rotor minera!ization (Fig. 3). 

The adyantages of this method of mineratization are, 
among others: 
- a short time of the digestion process of ezamined objects, 
- great sayings in chemical reagents and energy, 
- high efficiency, 
- smali mass of a sample, 
- the composition of minera!izing medium (in the case of 

bio!ogica! materia! the nitric acid is most often used by 
itse!f or in combination with hydrogen peroxide solu-
tion). 

The Exempiary Applications of Microwaye 
Mineralization 

Many microwaye mineralizations haye been conducted 
including solid sampies such as pitie and spruce needtes, 
grass, yegetab!es (leek, celery, pars!ey, gar!ic, carrot), pa-
per, cardboard, sugar and powdered sugar, b!ueberry, cher-
ry, strawbeny and gooseberry jams, tiyer or pou!try and 
oxen, wastes after alcohol-disti!!ing and after gas-produ-
cing and many other materints. The samp!es were prepared 
to meet the requirements of trace enyironmentai analysis 
(the ana!ysis of the content of heayy metats, su!phur, 
PAHs). The set for microwaye minerahzation was used; it 
consisted of a rotor MDk Mi!estone 1000/6/100/110 (MDR 
Technology, Bergamo, Ita!y) and a Samsung microwaye 
oyen of RE 1200 type (Seou!, Korea). 65% lINO3 (3 ml) 
and 30% 11202 (1 ml) were apphed as an oxidizing me-
dium, The program of mineralization has been presented in 
Table 2. 

Fig. 3. A set for high pressure mineralization made by Mi!estone, 
[I 7]. 
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Tobie 2. The proceduro of microwaye mineralization, [21 

Stage I II III IV V 
Power (W) 240 O 240 400 560 

Time (min 0.5-l 2-7 5 5 5 

% of 
power 30 30 50 70 

The efficiency of the applied procedure was tested on the 
apparatus for TOC measuring a Model 5000 made by Shi-
madzu (Kyoto, Japan). Microwaye mineralization allows 
remoyal of practicalły 100% of the organie matrix (Fig. 4) 
[18]. 

Microwaye Extraction 

The initial stage of mony analyses, often determining its 
further course, is the isolation of an ezamined component 
in the form dissolyed in the solution. The process of extrac-
tion, submited to the Nernst distribution law, enables isola-
tion of the analyzed component from the examined matriz 
[19]. 

In conyentional methods of sample isolation (Soxhlett 
apparatus, shaking with the solyent at room temperaturo), 
extraction with the solyent at the boiiing point is impossib-
le (the solyent going throogh the thimble in the Soxhlett 
apparatus undergoes cooling earlier). R is the cause of 
a smaller recoyery of the ezamined substance from the 
giyeri matrix [20]. Further limitations resuit from the po-
ssibility of forming azeotrope [21, 22]. The classicat exam-
pte is the mixture of acetone and hexane, thus the mixture 
haying the yolumetric composition 1:1 boils at 52°C, but 
the composition of the mixture. In such a case the yapour 
haying the composition of 60% acetone and 40% hexane 
distilis and this fact has a great importance in the case of 
extraction process. That is why the main factor increasing 
tbe efficiency of microwaye extraction is reaching 100°C 
higher from the boiling point of the solyent in a yery short 
time; this in turn is connected with the increase of pressure 
in the extraction yessel (Table 3). 

First literaturo mentions concerning the microwaye ex-
traction are dated to 1986-87. At tint time organie com-
pounds were extracted from the matrices such as soil, se-
ods, food. In those inyestigations the microwaye cooker 
was used to irradiate the suspension: solyent - sample [23]. 

Tobie 3. The yalues of solyents during microwaye extraction. 

- Extraction temperature in 
Solyent Boilinu ° the yessel under the 

point CC) pressure of 11.9 atm.CC) 

Dichioromethane 40 140 

l-Iexane - Acetone 52 150 

Methanol -Water 90 190 

At present the Microwaye Extraction System (MES) al-
lows isolation of PAHs, PCBs, pesticides from enyiron-
mentat samples, mycotoxins, fatty acids, cholesterol from 
food, and yarious organic substances from the products of 
the chemical and petrochemical industries. There are also 
procedures describing the extractions of essential oils from 
plants, as weli as natural products from parsley, mint, gar-
lic, etc. [23]. 

The mixture hexane/acetone (1:1) and dichloromethane 
are the most often applied solyents in microwaye extrac-
tion. Hydrocarbon solyents theoretically do not absorb mic-
rowaye energy, for them the tangent of an angle of dielect-
ric 1osses is zero, which is why often there is a necessity of 
adding (> 10%) the polar component [24]. Tkis is illust-
rated in Fig. 5. 

Necessary etements of the set for MES are a generator of 
microwaye energy and an extraction yessel that can be 
shut, haying the possibility of permanent control ol" tem-
perature and pressure, which allows maintaining the safety 
of the process as woli as the possibility of programming the 
successiye heating stages of the extraction. 

MES is an alternatiye method to conyentional methods 
of isolating the inyestignted compounds from complicated 
matrices (distillation, winterizing, lyophilization, extraction 
in the system: liquid - liquid (LLE), liquid - solid (SPE), 
solid phase microextraction (SPME), supercriticat fluid cx-
traction(SFE). It reguires a smaller amount of solyent (Sox-
htett 300 ml of solyent, MES - 30 ml), the time of extrac-
tion is considerably shorter, there is much greater recoyery 
(Tabie 3). Moreoyer, there is a possibility of extraction of 
seyeral samples at the same time. 

The isolation oJ seyeral PAHs from sea deposits has been 
conducted and compared with traditional methods. The 
ayerage recoyery of the extraction carried out at room tem-
perature was 52%, whereas for MES the ayerage recoyery 
of 16 PAHs from 6 matrices was 70% at 80°C, 75% at 

etono - hexane 

O p mc cc,tcs 
Ocirrot 
flpnstcy 
IgnIic 
OpSttyIicr 

Time (minutom) 

Fig. 5. Typical curyes of microwaye heating for: a) polor solyent 
Fig. 4. The content of total organie carbon in yarious enyironmen- - acetone, b) non-polor - hexane, c) the mixture of acetone - hexa-
tai samples (n = 6) after microwaye mineralization. ne, 1: t, [23]. 
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Fig. 7. Tbe cornparison of degrees of fluoranthene recoyery for 
different methods of extraction, 
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Fig. 6. „flie scheme of a yessel applied in the process of microwaye 
extraction with the possibility cl" pressure and temperature central 
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115°C and 75% at 145°C. The ability of MES system dc-
pended on the type of matrix and the isolated component. 
High recoyery was noted for fluoranthene - 105% and ben-
zo(a)anthracene - 85% [12]. The whole process in the Sox-
hlett aparatus lasted 8 hours; applying microwaye heating 
reduced this time to 15 minutes. Comparing the time of 
microwaye extraction in Soxhtett apparatus is presented in 
Table 4. 

Fig. 7 compares degrees of the recoyery after the ap-
plication of different extraction methods. It foHows from 
this comparison that comparable to SPE, howeyer, the cost 
of the enterprise (especiaHy the apparatus) is considerably 
lower. 

This work was financed by the Committee for Scientific 
Inyestigations (grant No. 3 TO9A 16210) and Nicolaus 
Copernicus Uniyersity. 

References 

I. MARR LI., CRESSER MS., Enyironmental chemical analy-
sis, International Textbcck Company, USA, 1-8. 

2. SZABLEWSKI L., JASTRZĘBSKA A., BUSZEWSKI B. 
Modern sample preparation methods for the enyironmental 
analysis, VII National Chromatographic Seminnr Science - In-
dustry, Lublin, 9-li September 1996. 

3. Von dc MERBEL N.C., HAGEMAN 1,1,, BRINKMAN 
U.Th.A. „J. Chromatogr., 634, (1993), 1, 1993. 

4. BUSZEWSKI B., J. Farm. 8i Biomed. Analysis 8, 8, 1990. 
5. BUSZEWSKI B., in: Encyclopedia of Anaiytical Sci., Sol-

yents . Purification and Recoyery, Academic Press Ltd., Lon-
don, pp. 4730, 1995. 

6. NAMIEŚNIK J., Instrumental methods in controt af enyiro-
mentol poilution, (Technical Uniyersity of Gdańsk), Gdańsk, 
213-224, 1995 (in Polish). 

7. PITNA A., Atomic absorption spectrophotometry, (PWN, Wa-
rsaw), 388-414, 1977. 

8. DYBCZYŃSKI R., Prcceedings of I-V Analyticai Seminar, 
Poznań, 1992 - 1996 (in Poiish). 

Tabie 4. Comparison of the time of microwaye extraction with Soxhlett apparatus [24]. 

Substance Method of Size of sample Time of extraction 
Sample determined determination Type of solyent 

(ml) (g) ME (mm) Soxhlett (h) 

Soil initiai OC-MS acetone : hezane 30 5 20 16-24 
cantamina- (1 :1) 

hans 

Sen PAHs F{PLC dichloromethane 30 1 15 16 
depcsits 

Soil oils grayimetry acetone : hezane 30 5 30 7 
________________ ________________ ________________ (1 1) 

Soil TPH OC acetone : hexane 

________________ 

30 

________________ 

5 

________________ 

20 
(1: 1) ________________ 

Soil 

________________ 

TPH 

________________ 

grayimetry acetone : hexane 

________________ 

30 

________________ 

2 

________________ 

30 

________________ 

4 
__________ __________ __________ (4: 1) __________ __________ __________ __________ 



18 Szablewski L et ał. 

9. THOMAS H.E., Techniques and microwaye equipment, 
WNT, Warsaw, 13-17, 1978 (in Polish). 

10. Encyclopaedia Technology, vol Telecommunicatioa engince-
ring, WNT, Warsaw, 104, 514 „ 1967 (in Polish), 

11. PANECKI M., LITWIN R., DRADOWA L., Tbeory of mic-
rowaye technique, WNT, Warsaw, pp. 500, 1961 (in Polish). 

12. SAMRA A.A., MORRIS J.S., KORTYCHANN S.R., Ana1. 
Chem. 47, 1475, 1975. 

13. KINGSTON H.M., lASSIE LB., Ansi. Chem. 58,2534, 1986. 
14. HNATYSZAK K., Microwaye digestion system, FIG, War-

saw, 1-5, 1994 (in Polish). 
15. MATtJSIEWICZ H., STURGEON RB. Progress Anal. Spect-

rosc. 12 
„ pp. 21, 1989. 

16. App1ication Notes co, Prolabo. 
17. Appiication Notes co. Milestone. 

18. JASTRZĘBSKA A., SZABLEWSKI L., BUSZEWSKI B., 
Microwaye mineralization as a sample preparation method for 
determination of yolatile sulphur compounds with application 
biosensors, EKO-OPOLE „95, Turawa, 17, 10, 1995. 

19. MINCZEWSKI J., MARCZENKO Z., Anatytical chemistry, 
vol 2, PWN, Warsaw, 75, 1987 (in Polish). 

20. GIERAK A., CHARMAS B., LEBODA R., Enyironmental 
protection 2-3, 19, 1992 (in Poiish). 

21. Physicai chemistry, PWN, Warsaw, pp. 437, 1963 (in Polish). 
22. PIGOŃ K., RUZIEWICZ Z., Physical chernistry, vol 1, PWN, 

Warsaw, 158-175, 198-205, 1993 (in Polish). 
23. LOPEZ-AyILA Y, YOUNG R., Anal Chera., 66 (7), 1097, 

1994. 
24. BRIAN W. RENOE, Arnerican Laboratory, 34, 8, 1994. 


