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Abstract

A novel microwave-assisted wet-acid decomposition method for the multi-element analysis of glass samples using inductively coupled plasma
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tomic emission spectrometry (ICP-AES) was developed and optimized. The SRM 621 standard reference glass material was used for
ecause it has similar composition with either archaeological glass specimens or common modern glasses. For the main constituents
Ca, Na, Al, Fe, Mg, Ba and Ti), quality control data are given for all the examined procedures. The chemical and instrumental param
ethod were thoroughly optimized. Thirteen acid mixtures of hydrochloric, nitric, and hydrofluoric acids in relation to two different mi
rograms were examined in order to establish the most efficient protocol for the determination of metals in glass matrix. For both m
rograms, an intermediate step was employed with addition of H3BO3 in order to compensate the effect of HF, which was used in all protocols
uitability of the investigated protocols was evaluated for major (Ca, Na, Al), and minor (Fe, Mg, Ba, Ti, Mn, Cu, Sb, Co, Pb) glass con
he analytes were determined using multi-element matrix matched standard solutions. The analytical data matrix was processed che

n order to evaluate the examined protocols in terms of their accuracy, precision and sensitivity, and eventually select the most efficient
ncient glass. ICP-AES parameters such as spectral line, RF power and sample flow rate were optimized using the proposed protoco
ptimum method was successfully applied to the analysis of a number of ancient glass fragments.
2005 Elsevier B.V. All rights reserved.
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. Introduction

A very important part of provenance and characterization
tudies in the field of archaeometry is the elemental chemical
nalysis because it provides information about the raw materi-
ls used and permits conclusions about the recipe employed. A
umber of destructive and non-destructive instrumental multi-
lement techniques are available for the analysis of glasses,
eramics and other silicate matrices for archaeological purposes.
nductively coupled plasma atomic emission spectrometry (ICP-
ES) is a widely used technique for the above samples[1–5]
s it is sensitive, accurate and with low detection limits. X-
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E-mail address: zacharia@chem.auth.gr (G. Zachariadis).

ray fluorescence (XRF), proton induced X-ray emission (PI
[6,7], laser induced breakdown spectroscopy (LIBS)[8] or laser
ablation inductively coupled plasma mass spectrometry
ICP-MS) [9] are alternative techniques for the non-destruc
or semi-destructive analysis of archaeological specimens
the advantage of limited sample deterioration.

Due to the fact that ICP-AES uses mainly liquid samp
an effective and convenient decomposition method is us
necessary. Destructive procedures like wet-acid decompo
in open vessels or alkaline fusion[10] are commonly applie
to the analysis of silicate matrices like ancient glasses.
above decomposition methods, when conventional heati
employed, have some serious disadvantages like long
tion time, incomplete dissolution of silicate matrix, sam
contamination and losses of volatile elements. Many of t
disadvantages can be overcome using microwave-assiste

039-9140/$ – see front matter © 2005 Elsevier B.V. All rights reserved.
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acid decomposition in closed-pressurized vessels in presence
of an appropriate acid mixture containing hydrofluoric and
boric acid or alternatively HBF4 [11]. However, although sev-
eral microwave-assisted decomposition procedures have been
reported for various silicate matrices like soils, rocks and sedi-
ments[12–15], the use of microwaves for the analysis of glasses
and ceramics is rather limited in literature, especially for sam-
ples of archaeological interest. In this field there are very few
studies which use microwave-assisted decomposition for sam-
ple preparation[4,16]and to the best of our knowledge, relevant
experimental data for effective acid mixtures and optimized
microwave protocols are not readily available for ancient glass
matrices.

The aim of the present work was to develop a method for
microwave-assisted wet-acid decomposition of glass matrix,
suitable for subsequent analysis by ICP-AES. For this purpose,
a number of 13 acid mixtures containing HCl, HNO3 and HF
were examined for their effectiveness in relation to 2 differ-
ent microwave programs for pressure and temperature. Conse-
quently, 26 microwave-assisted decomposition protocols were
tested to a standard glass reference material SRM 621 (NIST)
in order to determine the most accurate and efficient protocol
for the simultaneous multi-element analysis. The accuracy was
evaluated by comparing the mean experimental concentrations
with the corresponding certified values of the SRM material.
In addition, the slopes of the calibration curves were used as
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2.2. Reagents and standards

All chemical reagents were of analytical reagent grade. In par-
ticular, the following reagents were used: HNO3 65% (Merck),
HCl 37% (Riedel-de Haen), HF 40% (Merck, Suprapur),
H3BO3 (Merck, Suprapur). For the preparation of all solutions
doubly deionized water (ASTM Type I water, 18.2 M�cm),
was used. Matrix-matched calibration standards were pre-
pared from stock solutions (1000 mg l−1) (Fluka) in 0.5 mol l−1

HNO3 (Merck), according to the procedures described
below.

The standard reference material SRM 621 (NIST), which
was used for evaluation of the microwave decomposition pro-
tocols, has a chemical composition very close to the archaeo-
logical soda-lime glass samples concerning the elements: Al,
Ca, Mg, Fe and Na. Soda-lime is the most common type of
byzantine and medieval glasses found in Mediterranean basin.
The composition and the uncertainty values for the SRM 621
are given in Ref.[1]. The SRM 621, was finely powdered
in a mortar to <60 mesh and dried for 1 h at 120◦C. Accu-
rately weighed amounts of 0.1 g SRM 621 were subjected to
the examined decomposition protocols as described in Section
2.4.

All artificial working standard solutions were decomposed
according to the studied microwave decomposition protocols
applied to SRM 621 sub-samples, in order to compensate possi-
b ining
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reliable criterion to evaluate the sensitivity, while the rela
rrors were used to estimate the accuracy of each procedur

hermore, similarities and dissimilarities of the protocols w
valuated by applying cluster analysis. Finally, the most effic
ethod was applied to the analysis of ancient glass fragm

rom a byzantine excavation in Greece.

. Experimental

.1. Instrumentation

All decompositions were performed in a MARS 5 Microwa
ample Preparation System (CEM, USA, 1200 W) equip
ith a 14-vessels rotor. Samples were placed in high-pre
losed (100 ml, HP-500 Plus type,Pmax 350 psi,Tmax 210◦C)
TFE vessels. A Perkin Elmer Optima 3100 XL inductiv
oupled plasma atomic emission spectrometer (ICP-AES
xial viewing configuration of the atmospheric pressure a
lasma was used throughout. The spectrometer was equ
ith a 40 MHz, free-running RF generator, a fassel-type
ina torch injector, a gem tip cross-flow nebulizer and a s
ouble-pass spray chamber. The spectrometer consisted
n echelle grating polychromator with a 0.006 nm resolutio
00 nm and a segmented-array charge-coupled detector
pectral lines for quantitation of each element—Al: 308.
nd 237.313 nm; Fe: 238.204 and 239.562 nm; Ca: 317
nd 396.847 nm; Mg: 279.077 and 280.271 nm; Ti: 33
nd 336.121 nm; Ba: 233.527 and 230.425 nm; Na: 330
nd 330.298 nm; Mn: 257.610 and 259.372 nm; Cu: 324
nd 224.7 nm; Co: 228.616 and 238.892 nm; Sb: 206.836
17.582 nm; Pb: 220.353 and 261.418 nm.
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le losses of volatiles. Six working standard solutions conta
ll the analytes were prepared according to the expected co

ration of the elements: Na, Ca, Al, Mg, Ba, Fe, Ti which
he main components of SRM 621. The multi-element stan
olutions were prepared in a way that matches the matr
he solutions obtained after complete decomposition of
f the sample. For this reason, a suitable amount of SiO2 was
dded to the standard solutions into the decomposition
els together with the standard solutions. The matrix-matc
pproach by dissolving an equivalent amount of SiO2 and
dding variable concentrations of the other elements en

hat even the remaining quantity of not-reacted HF resem
hat of the real glass samples. However, due to the fac
rchaeological soda-lime glasses usually contain some oth
ents like Sb, Pb, Cu, Co and Mn, these analytes were
dded, although they do not appear in the standard refe
aterial SRM 621. Finally, for all the microwave decom

ition protocols, individual calibration curves (n= 6) for ICP-
ES were obtained for the two spectral lines of each

yte.

.3. Acid mixtures

Glass or glassy matrices are difficult to be dissolved by c
on rapid dissolution procedures due to the silicate matrix.
f the most common approaches involves the acid attack o
ample by a mixture of acids, definitely containing hydrofl
ic acid, or alternatively, the alkaline fusion by using sod
r lithium fluxes. In this study various acid mixtures of c
entrated HNO3, HCl and HF (Table 1), were compared

nvestigate the most efficient combination for the extractio
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Table 1
Acid mixtures for microwave-assisted decomposition procedures for SRM 621

Mixture number HCl (ml) HNO3 (ml) HF (ml)

1 – 3.0 3.0
2 – 2.0 4.0
3 – 1.5 4.5
4 2.0 2.0 2.0
5 1.5 1.5 3.0
6 1.2 1.2 3.6
7 3.0 1.5 1.5
8 2.4 1.2 2.4
9 2.0 1.0 3.0

10 3.0 1.0 2.0
11 1.0 3.0 2.0
12 3.0 – 3.0
13 1.5 3.0 1.5

metals from glass material, at the best decomposition conditions.
In all cases, the total volume of acids into the PTFE vessel was
fixed to 6 ml.

2.4. Microwave-assisted decomposition

Amounts of 0.1 g of the SRM 621 were accurately weighted
into high-pressure closed teflon decomposition vessels. Then,
2 ml de-ionized water and 6 ml of acid mixture were added
carefully. The vessels were gently shaken and sealed. A tota
of eight sub-samples were evenly spaced on the microwav
turntable. The final mixture was diluted to 100 ml. The vessels
were washed by 5 min heating in microwave oven at 1200 W in
presence of 30 ml 0.5 mol l−1 HNO3.

Two different heating programs were examined. The first
microwave program consisted of four stages (I–IV) and was
labeled as “A”. The second microwave program consisted o
two stages (I and II) and was labeled as “B”. The setting condi-
tions of the two programs used in the present study are given i
Table 2. Microwave heating programs “A” and “B” were applied
in combination with the various acid mixtures and finally 26
methods were investigated. Each protocol was labeled from th
acid mixture that was used for the decomposition as reporte
in Table 1, and the microwave program which was applied, e.g
4A, 5B, etc.

Temperature and pressure sensors were attached to a cont
v tions
c tions
w wa

T
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P

interrupted whenPmax was reached in the vessel. The internal
temperature was monitored with a sensor unit (IR temperature
unit) and ranged between 180 and 185◦C during the microwave
heating programs. At the end of the stage III of program A and
the stage I of program B, the vessels were cooled to room temper-
ature and removed from the microwave system. After cooling,
20 ml saturated solution of H3BO3 was added to permit the com-
plexation of fluoride ions and to dissolve the formed fluoride
salts. A final lower pressure heating stage was used for both
microwave programs (stage IV for A and stage II for B). Instead
of using HF followed by a separate step of H3BO3, one could
use HBF4 for simultaneous reaction of both acids, however, con-
sidering the fact that fluoroboric acid action is less efficient for
quartz[11]. Reagent and procedural blanks were obtained, and
three sub-samples were analysed in all cases. The vessels were
cooled again at room temperature, and the final sample solutions
was transferred to a polyethylene 100 ml volumetric flask and
diluted with de-ionized water.

3. Results and discussion

3.1. Optimization of decomposition protocols

The standard reference glass material SRM 621 was decom-
posed by the 13 examined acid mixtures in relation to two
different microwave programs for each mixture, as described
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ontinuously during the decomposition. The decomposi
ere pressure-controlled and the heating of the sample

able 2
icrowave heating programs studied for wet-acid decomposition

tage Power (W) Pressure (psi) Time (m

rogram “A”
I 500 50 7
II 550 100 7
III 600 100 5
IV 630 50 5

rogram “B”
I 535 80 18
II 630 50 5
l
e

f

n

e
d
.
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bove. The analytical results obtained from the ICP-AES a
sis are listed inTable 3, for microwave programs “A” and “B
espectively. For each metal, expressed as the correspo
xide, the mean concentration found (¯x), and the relative sta
ard deviation (R.S.D.%,n = 3) were calculated separately

he two emission lines, except Ca and Ba, for which quantita
as achieved only in one spectral line. Chemical compos

s expressed as oxide concentration in % m/m.
The calculated relative errors (er) were used to evaluate t

ccuracy. These values are based on the difference betwe
ean experimental concentration (¯x) and the certified value (µ
f each analyte. For all analytes, two different spectral lines
valuated, except for Ca and Ba, for which only one spectra
as evaluated because Ca at 396.847 nm and Ba at 230.4
ould not be quantified. InFig. 1, for comparative purposes t
bsolute values of the percentage relative errors for some

ytes are presented concerning microwave program “A”.
learly demonstrated that some protocols like 5A, 13A and
re definitely not suitable, while others are very efficient,
A and 3A.

The results were further evaluated in respect to the rel
rrors. For this purpose the null hypothesis at 95 % confid

evel was used. When the above difference is smaller th
ritical value at the defined confidence level the null hyp
sis stands, and consequently no evidence exist for signi
ifference between the mean experimental concentration

he certified concentration (Student’st-test).Table 4lists the
esults of Student’st-test (95%) for the significance of diffe
nces between mean experimental and certified concentr

or each element and for all the examined protocols usin
icrowave programs “A” and “B”, respectively. These res
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Table 3
Analytical results (mean values in % m/m, R.S.D.%,n = 3) obtained for SRM 621 using the investigated decomposition protocols and microwave programs A and B

Al2O3 (certified 2.76± 0.04) Fe2O3 (certified 0.04± 0.003) CaO (certified 10.71± 0.05) MgO (certified 0.27± 0.03) TiO2 (certified 0.014± 0.003) BaO (certified 0.12± 0.05) Na2O (certified 12.74± 0.05)

λ = 308.215 nm λ = 237.313 nm λ = 238.204 nm λ = 239.562 nm λ = 317.933 nm λ = 279.077 nm λ = 280.271 nm λ = 334.940 nm λ = 336.121 nm λ = 233.527 nm λ = 330.237 nm λ = 330.298 nm

1A 1.98 2.85 0.03 0.03 11.28 0.22 0.22 0.009 0.009 0.13 12.55 13.51
R.S.D. 6.3 1.0 2.9 3.2 1.7 1.6 1.1 1.6 1.6 2.0 0.4 5.4

2A 1.32 1.34 . . . . 7.11 0.08 0.08 0.007 0.007 0.09 8.46 8.40
R.S.D. 0.2 0.4 0.2 6 0.1 4.2 2 0.4 0.4 0.8

3A 2.78 2.72 . . 0.025 10.8 0.15 0.15 0.011 0.014 0.10 12.16 12.32
R.S.D. 8.6 8.3 12.5 8.1 0.7 1.4 8.5 7.4 8.1 8.5 8.5

4A . . 2.65 0.01 0.010 10.62 0.11 0.11 0.012 . . 0.09 12.08 11.44
R.S.D. 0.3 9.3 10.5 1.3 0.6 1.0 0.7 0.6 0.7 7.0

5A 4.72 4.52 . . 0.031 17.73 0.09 0.10 0.017 0.022 0.16 20.56 20.79
R.S.D. 3.6 1.6 9.9 3.6 10.4 9.8 9.8 4.9 3.1 1.8 0.2

6A . . 2.7 0.03 0.045 10.43 0.19 0.18 0.012 . . 0.1 11.87 13.13
R.S.D. 4.3 9.5 7.5 5.6 1.5 1.7 7.2 4.6 5.2 4.2

7A 2.60 2.73 0.03 0.03 10.54 0.16 0.15 0.014 0.011 0.10 12.74 12.77
R.S.D. 0.5 1.3 6.4 4.7 1.4 1.1 1.8 2.3 3.7 4.0 4.0 1.7

8A 2.71 2.71 0.040 0.044 10.6 0.21 0.19 0.013 0.014 0.11 11.96 11.98
R.S.D. 1.3 1.4 4.4 3.6 2.1 1.4 1.1 2.7 1.7 3.1 1.5 2.8

9A 2.71 2.72 0.02 0.030 10.77 0.18 0.19 0.013 0.013 0.10 12.25 12.20
R.S.D. 1.6 0.8 7.7 3.3 1.4 1.1 0.8 0.8 0.6 1.1 0.8 0.9

10A 2.62 2.58 0.03 0.031 9.47 0.13 0.13 0.012 0.012 0.09 11.56 11.48
R.S.D. 2.2 0.8 3.7 1.7 1.8 0.9 1.4 2.0 2.6 1.4 0.9 0.3

11A 2.87 2.82 0.02 0.030 11.32 0.16 0.16 0.013 0.014 0.11 12.70 12.84
R.S.D. 3.3 3.5 5.3 2.4 2.2 2.5 2.4 5.0 1.8 3.2 3.8 3.6

12A 2.6 2.6 0.02 0.030 10.28 0.16 0.17 0.012 0.012 0.10 11.8 11.6
R.S.D. 0.2 0.5 3.4 2.6 0.4 1.2 1.2 1.7 0.3 0.4 1.1 3.2

13A 3.22 3.06 0.03 0.030 11.78 0.16 0.16 0.014 0.015 0.11 13.81 13.98
R.S.D. 3.7 1.1 4.3 1.91 1.1 3.1 2.5 4.1 3.5 1.2 1.2 1.8

1B . . 3.00 0.02 0.02 11.95 0.17 0.17 0.013 . . 0.12 13.40 14.6
R.S.D. 0.6 14.1 10.3 1.1 0.7 0.9 2.43 1.3 0.9 1.4

2B 1.43 1.44 . . 0.03 7.56 0.07 0.07 0.008 0.008 0.09 9.02 8.95
R.S.D. 1.64 1.62 4.7 2.1 3.4 2.95 4.8 2.0 1.9 1.9 2.4

3B 2.7 2.7 . . 0.03 10.78 0.17 0.17 0.011 0.013 0.10 12.17 12.23
R.S.D. 6.1 6.5 8.1 5.8 1.6 1.3 11.1 6.5 6.3 6.6 6.7

4B 2.93 2.63 0.02 0.03 10.41 0.12 0.12 . . 0.015 0.10 11.59 12.05
R.S.D. 3.0 0.7 5.5 2.5 1.0 1.3 0.5 4.0 1.0 0.5 2.3

5B 2.70 2.69 0.02 0.03 10.68 0.12 0.12 0.012 0.013 0.10 12.02 12.22
R.S.D. 3.1 2.3 8.3 5.7 3.3 3.4 4.0 1.4 4.3 2.8 1.9 3.0

6B . . 2.85 0.02 0.03 11.19 0.16 0.16 . . . . 0.11 . . 13.40
R.S.D. 3.4 3.6 5.4 0.3 1.7 1.9 3.4 5.9
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are discussed below in detail in order to determine the most
effective method.

As it is shown inTable 4, microwave program “A” is the most
efficient for the extraction of all the analytes from reference glass
material SRM 621, and the most effective protocol is 8A (2.4 ml
HCl:1.2 ml HNO3:2.4 ml HF, microwave heating program A).
According to microwave program B, the most effective protocol
is 3B. In program A, the pressure and the power were increased
gradually from a lower level to a higher one, in contrast to pro-
gram B, where the power and the pressure were kept at a medium
level. The starting low temperature step of program A (power
500 W, pressure 50 psi) is necessary for regular breaking down
the glassy structure and for diffusion of the reactants toward one
another through the reaction mixture. Also this step limits the
losses of the volatile compounds which are formed during the
decomposition.

Compositional data from the 26 protocols were further sub-
jected to hierarchical cluster analysis using complete linkage
and Euclidean distances, in order to confirm the differentiation
of the most efficient ones against the others. A representative
dendrogram is given inFig. 2.

As can be seen inFig. 2, the most efficient procedures 8A, 3A,
3B are members of initial close clusters, and form a larger clus-
ter. This result confirms the experimental observations described
above concerning the performance of the three most efficient
procedures. Also a characteristic differentiation between the
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bove, these procedures are inefficient for the accurate
ination of most analytes (see alsoTable 3). The Euclidea
istances between the most efficient procedures are small
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he precision ranged between 5.8 and 6.6% and the relative
ange between 0.4 and 6.5% except for Ba (14%). The differ
etween 3A and 3B is just the heating program, while the
ixture is the same. The high relative error values observe
e with 3A and 3B, 36.6 and 28.8%, respectively, showed

he presence of HCl had a positive influence in the release
rom the glass.

For 6A the null hypothesis stands for five elements that ar
t 237.313 nm, Fe, Na at both spectral lines, Ca at 317.93
i at 334.940 nm. The precision of the determination ran
etween 4.3 and 7.5%. The relative error is <10% for Al, Ca
hereas for Fe at 239.562 nm was 10.6% and for Ti at 334.9
as 15.4%, respectively.
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Fig. 1. Relative errors calculated for the 13 decomposition protocols, using microwave program “A”.

The presence of hydrofluoric acid in the decomposition mix-
tures was necessary to break down the silicate matrix. Al, Ca,
Ti and Na were determined with 8A, 3A, 3B and 6A protocols
but Fe was efficiently quantitated only with 8A, probably due
to the increased concentration of HCl in the acid mixture. Also,
the lower relative errors for Mg were observed for 8A method.
Ba was determined efficiently with 3A, 3B, 8A methods, but the
accuracy is better for 8A method. According to all the above
results, the 8A protocol was proved as the optimum for the most
efficient decomposition of the glass matrix. Consequently, based
on this protocol the whole method was subjected to further opti-
mization of the instrumental settings of the plasma spectrometer,
as it is described below.

3.2. Optimization of ICP-AES instrumental parameters

3.2.1. Optimization of plasma parameters
The sample flow rate is a critical parameter because it largely

determines the residence time of the analyte species in the center
of the plasma torch. The higher flow rate the more amount of the
sample solution to be atomized into the plasma. Consequently,
for analytes which emit strong atomic lines, a faster flow rate
might be used. The incident RF power effects the atom excita-
tion according to the nature of the analyte species. The more
power is applied to the plasma, the hotter the plasma gets. Con-
sequently, for analytes that require more energy for excitation
and ionization, a higher power would provide greater sensitiv-
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Table 4
Results of Student’st-test at 95% confidence level for the significance of differences between certified and mean experimental concentrations obtained for each
analyte using microwave programs A and B

Component Wavelength (nm) Decomposition protocola

1A 2A 3A 4A 5A 6A 7A 8A 9A 10A 11A 12A 13A

Al2O3 308.215 + + − . . + . . + − − − − + +
237.313 + + − + + − − − − + − + +

Fe2O3 238.204 + . . . . + . . − + − + + + + +
239.562 + . . . . + + − + − + + + + +

CaO 317.933 + + − + + − − − − + − + +

MgO 279.077 + + + + + + + + + + + + +
280.271 − + + + + + + − + + + + +

TiO2 334.940 + + + + − − − − + + − + −
336.121 + + − . . + . . + − + + − + −

BaO 233.527 − + − + + + + − + + + + +

Na2O 330.237 + + − + + − − + + + − + +
330.298 − + − − + − + − + + − + +

1B 2B 3B 4B 5B 6B 7B 8B 9B 10B 11B 12B 13B

Al2O3 308.215 . . + − − − . . − − + − − + +
237.313 + + − + − − + − + + − + +

Fe2O3 238.204 + . . . . + + + + + + + + + +
239.562 + + + + + + + + − − + + +

CaO 317.933 + + − + − + + − + + − + +

MgO 279.077 + + + + + + + + − + + + +
280.271 + + + + + + + + − + + + +

TiO2 334.940 − + + . . + . . + + − + − + +
336.121 . . + − − − + + . . − − − + +

BaO 233.527 + + − + + + + + + + + + +

Na2O 330.237 + + − + + − − + + + − + +
330.298 + + − + − − − + + + + + +

a Cases of non-significant differences are denoted with “−” and cases of significant differences are noted with “+”; “..” means “not quantified.

Fig. 2. Hierarchical clustering dendrogram for the 26 decomposition protocols using complete linkage and Euclidean distances.
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Fig. 3. Effect of the sample flow rate and the RF power of the ICP-AES on the sensitivity (expressed by slope of calibration curve) of the determination of Mn and
Co in glass standard reference material SRM 621. RF power: (�) 1300 W; (�) 1500 W.

ity, while for easy excited analytes, lower power would increase
their sensitivity.

The influence of sample flow rate and RF power on the sen-
sitivity was studied using the calibration curves which were
obtained from six standard solutions varying the sample flow
rate in the range 1–3 ml min−1 and the RF power between 1300
and 1500 W, respectively. The results of the regression analy-
sis (slopes) indicate that the sensitivity of the determinations
is higher for RF power at 1500 W and for sample flow rate at
2 ml min−1 as it is shown inFig. 3.

In particular for all analytes, with RF power at 1300 W, the
higher sensitivity was observed for sample flow rate 2 ml min−1.
With RF power at 1500 W the sensitivity is also higher for sam-
ple flow rate at 2 ml min−1 for the analytes: Al (308.215 nm),
Ba (233.527 nm), Mn (257.610 nm), Cu (324.752 nm), while
for Ca (317.933 nm), Na (330.298 nm), Co (238.892 nm)
increases significantly for sample flow rate 1–2 ml min−1 but
for 2–3 ml min−1 no further significant change is observed. For
Ti (336.121 nm), Fe (239.562 nm) and Mg (280.271 nm) the sen-
sitivity decreases for sample flow rate 2–3 ml min−1.

Finally, the optimum operating conditions of ICP-AES were:
RF power 1500 W; sample flow rate 2 ml min−1. Finally, these
were applied to the analysis of archaeological samples, as it is
discussed in Section3.3.

3
ana-

l tion
a step
t rding
t sion
a
i uan
t

orre
s isted
T t at
a inea
r

t the
f nm,
C , Ba
a Co

at 238.892, Pb at 261.418 nm. The sensitivity for Na and
Sb was practically at the same level for both spectral lines,
but a little higher is observed at Na 330.298 nm and at Sb
206.836 nm. The correlation coefficient for the majority of
calibration curves was >0.998 showing good linearity through
the studied concentration range. Consequently, the above
spectral lines are recommended as optimum for the proposed
method.

3.3. Analysis of archaeological samples

Ancient glass fragments were found in a byzantine excavation
in Thessaloniki (Greece). They were analysed in triplicate, fol-
lowing the 8A protocol and the optimum conditions of the pro-
posed microwave-assisted decomposition method, as described
in Section2.4. The results are listed inTable 6. Although all
specimens were found in the same excavation, some of them
showed different composition, like G-1-3 which was found to
contain higher concentration of Fe, Mg, Ba, Na and Mn, than
the other specimens.

Table 5
Slopes± 95% confidence intervals (c.i.) and correlation coefficients of the
regression equations for 8A protocol of glass decomposition

Element Wavelength (nm) Slope± c.i. r

A
A
F
F
C
M
M
T
T
B
N
N
M
M
S
S
C
C
C
P

.2.2. Sensitivity check and spectral line selection
The sensitivity of the characteristic spectral lines of the

ytes is likely to be affected by the matrix of the resulting solu
fter the various decomposition procedures. Thus, at this

he best spectral line should be primarily evaluated acco
o the overall sensitivity obtained. The results of the regres
nalysis for the most efficient protocol 8A are given inTable 5,

ncluding for each element only the spectral lines where q
itation was achieved.

The slopes of the calculated regression lines and the c
ponding confidence intervals at 95% confidence level are l
he sensitivity of determination of each chemical elemen
specific spectral line is expressed by the slope of the l

egression equation (cps mg−1 l).
The higher sensitivities for 8A protocol were observed a

ollowing spectral lines: Al at 308.215 nm, Fe at 239.562
a at 317.933 nm, Mg at 280.271 nm, Ti at 336.121 nm
t 233.527 nm, Mn at 257.610 nm, Cu at 324.752 nm,
,

-

-
.

r

l 308.215 6772± 1668 0.9977
l 237.313 292 ± 41 0.9899
e 238.204 1053± 460 0.9899
e 239.562 45910± 20090 0.9900
a 317.933 17608± 375 0.9999
g 279.077 536 ± 106 0.9975
g 280.271 325612± 61188 0.9980
i 334.940 2632± 632 0.9999
i 336.121 141105± 24815 0.9985
a 233.527 14152± 218 0.9999
a 330.237 119 ± 47 0.9915
a 330.298 146 ± 37 0.9985
n 257.610 92646± 2546 0.9999
n 259.372 42695± 2181 0.9999
b 206.836 385 ± 64 0.9985
b 217.582 314 ± 68 0.9999
u 324.752 20265± 1165 0.9995
u 224.700 1703± 68 0.9999
o 238.892 13060± 298 0.9999
b 261.418 588 ± 205 0.9935
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4. Conclusions

The developed microwave-assisted wet-acid decomposition
method was proved efficient for the quantitative determination of
major and minor constituents in standard reference glass mate-
rial SRM 621. The investigated method presented good accuracy,
precision, sensitivity and also speed and safety, as compared to
conventional decomposition techniques of glass materials analy-
sis. Although the recommended method is referred to the specific
sample matrix, it is readily applicable to other glass materials of
archaeological origin. The use of microwave heating in closed
vessels accelerates the procedure and enhances the decomposi-
tion strength of the examined acid mixtures. The standard glass
SRM 621 was decomposed successfully using acid mixture of
HCl + HNO3 + HF and a four-stage microwave program, allow-
ing determination of all the examined analytes. The presence of
HF and HNO3 in the acid mixture is necessary for the decompo-
sition of glass matrix and determination of the analytes, while
the use of H3BO3 in a separate stage of the microwave decom-
position is necessary for the dissolution of the produced fluoride
salts. The gradient increase of the power and the pressure dur-
ing the microwave procedure were found to ensure the most
efficient decomposition conditions for this material. The pro-
posed method could be adapted to the multi-element analysis
of ancient glass specimens and also can be applied to common
modern glass analysis of similar composition.

R

om.

ni,

iga-

1)

Nucl.

[ us J.

[ cal
arr,

[ 59

[ 14

[ 31

[
[ aeol.
eferences

[1] G.A. Zachariadis, A.N. Anthemidis, J.A. Stratis, J. Anal. At. Spectr
18 (2003) 358.

[2] P. Bruno, M. Caselli, M.L. Curri, A. Genga, R. Striccoli, A. Trai
Anal. Chim. Acta 410 (2000) 193.

[3] D.N. Papadopoulou, G.A. Zachariadis, A.N. Anthemidis, N.C. Tsirl
nis, J.A. Stratis, Anal. Chim. Acta 505 (2004) 173.

[4] P. Mirti, A. Lepora, Archaeometry 42 (2000) 359.
[5] L. Paama, I. Pitkanen, P. Peramaki, Talanta 51 (2000) 349.
[6] P. Kuisma-Kursula, J. Raisanen, Archaeometry 41 (1999) 71.
[7] M.F. Guerra, Appl. Radiat. Isot. 46 (1995) 583.
[8] Y. Yoon, T. Kim, M. Yang, K. Lee, G. Lee, Microchem. J. 68 (200

251.
[9] B. Gratuze, M. Blet-Lemarquand, J.N. Barrandon, J. Radioanal.

Chem. 247 (2001) 645.
10] J. Stratis, G. Zachariadis, E. Dimitrakoudi, V. Simeonov, Freseni

Anal Chem. 331 (1988) 725.
11] R. Bock, in: A Handbook of Decomposition Methods in Analyti

Chemistry, Translated from the German and revised by Iain L. M
International Textbook Co., Glasgow, 1979, pp. 58–62.

12] S. Kokot, G. King, H.R. Keller, D.L. Massart, Anal. Chim. Acta 2
(1992) 267.

13] C.Y. Zhou, M.K. Wong, L.L. Koh, Y.C. Wee, Anal. Chim. Acta 3
(1995) 121.

14] W. Diegor, H. Longerich, T. Abrajano, I. Horn, Anal. Chim. Acta 4
(2001) 195.

15] V. Sandroni, C.M. Smith, Anal. Chim. Acta 468 (2002) 335.
16] D.J. Kennet, S. Sakai, H. Neff, R. Gossett, D.O. Larson, J. Arch

Sci. 29 (2002) 443.


