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Abstract : The analyses of minor and trace elements in glass debris were performed using LA-ICP-MS in order
to identify manufacturers using real commercial samples. At first, a calibration curve was made using standard glass
samples of NIST 610, 612, 614 and 616. 2Si was used as an internal standard, and the ratios of metal/Si for each
metal were compared with their concentrations. Based on elements in each sample and standard materials, 24 metals
were quantified and the LOD in analysis, according to the blank sample, was in the range of 0.11 mg/kg (Ti)-
4.91 mg/kg (Ca). Eleven samples from two manufacturers were collected and five sub-samples were taken from
each sample for analysis. 15 elements (Co, Ce, Ca, Mn, Sr, Ba, Li, Rb, U, La, Th, Na, Al, Zr and Hf) were selected
to identify manufacturers because some elements (Cu, Cr, Cd and Ni) were below the detection limit and some
elements (Ti, Pr, Mg, Nb, Nd) were absent in the analysis of standards and others (Pb and Sn) had a problem
of homogeneity. The attempts to identify manufacturers and the manufacturing period were performed through a
triangular diagram. In the manufacturer discrimination by discriminant analysis, a canonical discriminant function
was made based on Mn, Ce and Rb, and each sample could be identified.
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1. Introduction

Glass debris can be created by a hit-and-run car
accident, a burglary, an assault, a drive-by shooting,
and an explosion. Many methods are used to classify
and discriminate glass because the debris can give
important clues for the police.' Mechanical and optical
properties such as color, thickness and refractive
index are primarily used for classification, but recently
there are limits in classification because of only
slight changes in the refractive index due to improved
quality management in the glass factory leading to a
more constant product. The elemental composition
of glass is known to be important in classification.?

There are many methods used for the elemental
analysis of glass. AAS (Atomic Absorption Spectro-
scopy), XRF (X-ray Fluorescence), EDS/WDS (Energy
Dispersive Spectroscopy/Wavelength Dispersive Spec-
troscopy), Electron microscopy, NAA (Neutron
Activation Analysis), ICP/AES (Inductively Coupled
Plasma/Atomic Emission Spectroscopy) and ICP-
MS (Inductively coupled plasma mass spectrometry)
can be used. Each method has strong points and
weak points, but it is reported that ICP-MS is the
most effective in the elemental analysis of glass
debris.> Compared to other methods, ICP-MS can
perform analyses on major elements and trace
elements simultaneously, can handle many elements
in a unit time due to short analysis time, and can
provide information on isotope compositions as well.

In addition, if laser ablation is used for sampling, a
very small sample is necessary because there is no
need of pretreatment such as dissolution of samples,
and the analysis is made in a micro range (size below
mm scale). Therefore, it is almost the nondestructive
analysis. Furthermore, it is estimated that the LA-
ICP-MS is very useful in the analysis of glass debris
for forensic applications.

The LA-ICP-MS is used widely in the analysis of
elements and isotopes in many samples, but there
are few reports on forensic applications of the
produced data. In order to establish an analysis
method, thorough reviews on sample homogeneity,
reproducibility of analysis, precision and accuracy in

glass analysis, and precision for classification and
discrimination of glass debris are necessary. In
this paper, elemental analyses were made of car
glass from the KCC Corporation and HanGlass
among Korean car glass manufacturers, and elements
were sought for classifying between the two
manufacturers and manufacturing period for each
manufacturer.

2. Materials and Methods

2.1. Samples and sampling method

Six products from HanGlass and five products
from KCC Corporation were used in this study, and
manufacturing dates for all samples (except for one
sample from HanGlass) were identified. Five sub-
samples from each sample were taken and analyzed
for sample homogeneity. The size of sub-samples
after breaking into pieces was about 5 mm x 5 mm,
and their surfaces were made smooth. The surface of
each sub-sample was cleaned with methanol-
distilled water-1% nitric acid and ultrasonic cleaner,
and was then dried before analysis.

2.2. Analysis method

2.2.1. Instruments

The LA-ICP-MS used in this study was an Elan
6000 ICP-MS system of Perkin Elmer with a LSX300
laser ablation unit of Cetac. The laser system was
composed of a Nd: YAG laser, sampling chamber,
microscope and CCD, and laser beam splitter as
shown in Fig. 1(a). Laser with 266 nm wavelength
was used in this study, and its beam size could be
controlled from 25 mm to 500 mm. In addition, its
laser intensity, repetition per hour, moving velocity,
and distance between lines could be adjusted. When
the laser is irradiated on a sample, there would be a
high-energy exchange between the laser and surface
of the sample, and the sample would be made into a
very small aerosol. The created aerosols were
transported into the plasma by argon nebulizer gas,
where atomization and ionization of the aerosols
occurred. Fig. 1(b). shows the surface left over after
the ablation of a glass sample by a linear irradiation
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Fig. 1. (a) Nd-YAG Laser system. (b) Surface of glass sample 2-2 after analysis by LA-ICP-MS (The thickness of one line

is about 80 um when the beam size is 100 pm)

Table 1. The condition of LA-ICP/MS

Item Unit Value
Crator Diameter nm 100
Repetition Rate Hz 10
Laser Output % 90
Distance between lines pm 200
Scan speed pm/sec 20
Nebulizer gas L/min 0.95
Auxiliary gas L/min 0.9
Cool gas L/min 12
RF power w 1200
Sweeps/Reading 3
Readings/Replicate 30
Replicates 5
Dwell time ms 10
Scan mode Peak Hopping

of laser. In the Fig. 1(b), the thickness of one line is
about 80 mm when the beam size is 100 mm and
laser intensity is 100%. The instrument condition of
laser and ICP-MS at the time of the glass sample
analysis is summarized in Table 1.

In this study, 26 elements were analyzed from Al
to Zr that were selected because they can be detected
with high intensity after ablation by laser. As shown
in Fig. 1(b), five sub-samples collected 5 different
places (upper right, upper left, center, lower right and
lower left) on the same pane were sampled at the
area of | mm x 1 mm size and their average element
concentration was used as the concentration of one
sample, which is equivalent to averaging whole
samples.

Vol. 22, No. 3, 2009

After the power of plasma and laser unit was
turned on and operation program was initiated, NIST
612 (40 ppm) standard was added into a sampling
chamber. While the standards were ablated conti-
nuously, sampling gas, lens voltage and plasma position
were controlled for optimization to maximize signals
of 59Co. 139La, and 208Pb and minimize Ca’>" and
ThO"/Th ratio. All samples are measured at the same
to the standard’s condition including laser ablation
method.

2.2.2. Quantification of element concentration

The several methods are reported in quantification
using LA-ICP-MS, which includes preparing a
calibration curve with solution, verifying calibration
solution and response correlation between solution and
laser, external calibration using solid standard
materials, and joint use of external calibration and
internal standard.’ NIST SRM 610 (400 ppm level),
612, 614 and 616 (0.2 ppm level) are used for
glass standard using external calibration method.
External calibration alone cannot overcome fluctua-
tions in ablation resulting from changes in laser
intensity due to small differences on the surface;
internal standards must be used together for
quantification. Major elements such as Si, Ca and
Na can be used for internal standards, but elements
other than Si must be measured in advance by
other method (e.g., EPMA) because differences in
concentration between the sample and the standard
must be known. It is reported that there is no
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Table 2. The element concentration of glass samples

T;X 1-1 1-2 1-3 1-4 1-5 Mean std %RSD 2-1 22 23 2-4 25 Mean std %RSD
Co .12 098 096 1.07 1.01 1.03  0.07 6 6.57 737 731 730 735 718 034 5
Ce 441 483 502 500 496 484 025 5 5.56 552 541 533 540 544 009 2
Pb 298 138 254 452 327 294 114 39 16.88 171 177 247 214 499 6.65 133
Ca 54234 65302 63582 66068 6716163269 5216 8 73880 74877 71713 71565 73456 73098 1429 2
Cu <034 <034 <034 <034 <034 <034 <034 <034 <034 <0.34
Mn 2074 2028 21.13 2198  21.69 21.16  0.69 3 2999 2987 2948 2989 2993 29.83 0.20 1
Ni <42 <42 <42 <42 <42 <42 <42 <42 <42 <42
Sr 41.52 4979 4873 5054  50.98 4831 3.89 8 54.13 5397 5196 5207 5248 5292 105 2
Ba 77.16 9336 9260 94.56  95.77 90.69  7.66 8 13882 98.03 9545 9523 9584 104.68 19.12 18
Cd <21 <21 <21 <21 <21 <21 <21 <21 <21 <l
Li 392 422 403 421 396 4.07 0.14 3 4.07 416 374 404 379 396 019 5
Mg 9904 10282 11519 11645 1193511057 903 8 12994 13012 12550 12509 12821 12777 239 2
Rb 1223 1352 1426 1413 1448 1372 091 7 1423 1423 1463 1573 1500 14.76 063 4
6] 092 073 0.80 0.70 0.73 078 009 11 0.69 071 074 076 069 072 003 4
La 273 303 319 311 315 3.04 0.18 6 3.57 359 343 341 345 349 008 2
Sn 10.24 1125 11.54 1132 11.08  0.58 5 1425 26 25 23 23 305 626 206
Th 228 242 241 245 250 241  0.08 3 2.61 261 255 253 254 257 0.04 1
Na 86439 92469 99112 99280 10212795886 6360 7 100280 102375103217 111428 107951 105050 4538 4
Al 4180 5038 4856 5128 5198 4880 412 8 5912 5864 5548 5567 5736 5725 167 3
Ti 113 149 145 152 153 143 17 12 171 171 161 161 165 166 5 3
Cr 527 821 629 725 713 683 1.10 16 8.64 9.03 804 647 709 785 1.07 14
Zr 4761 59.73 57.77 6120 62.17 5770 588 10 6632 6792 6369 6359 6555 6541 1.83 3
Nb 387 392 39 394 392 392  0.03 1 3.94 395 394 392 391 393 002 O
Hf 320 354 347 358 359 348  0.16 5 3.68 3.69 361 362 365 3.65 0.04 1
Pr 275 284 278 271 280 2.79  0.03 1 2.88 287 283 284 28I 2.85 0.03 1
Nd <17 <17 <17 <17 <1.7 <1.7 <17 <17 <17 <17

T;Iz. 3-1 3-2 33 34 35 Mean std %RSD 4-1 4-2 4-3 4-4 4-5 Mean std %RSD
Co 231 244 242 216 199 226 019 8 6.06 723 789 816 541 695 118 17
Ce 696 705 748 858 745 750 065 9 1026 698 7.81 1023 8.0l 8.66 1.50 17
Pb 091 -020 030 284 007 078 122 156 233 276 322 152 064 209 103 49
Ca 65501 74227 75692 81020 80684 75425 6304 8 63653 48231 59058 59228 66420 59318 6932 12
Cu <0.34 <034 <034 <034 <034 <034 <034 <034 <034 <034
Mn  102.50 104.76 11026 114.14 109.54 10824 4.63 4 32,63 2511 2894 30.02 31.56 2965 290 10
Ni <42 <42 <42 <42 <42 <42 <42 <42 <42 <42
Sr 5323 56.05 6038 6399 6037 5880 420 7 4488 37.55 4378 4322 4671 4323 344 8
Ba 38.86 37.22 43.05 4632 39.78 4105 364 9 80.25 6935 84.07 74.18 86.03 7877 694
Cd <21 <21 <21 <21 <21 <21 <21 <21 <21 <21
Li 572 552 580 584 572 572 013 2 947 852 892 880 962 907 046 5
Mg 13144 14731 14726 14549 15475 14525 81 6 15926 11697 14203 14252 16468 14509 1865 13
Rb 12.70 10.05 13.67 1292 1051 1197 159 13 1223 11.64 12.70 1191 1293 1228 054 4
U 1.62 165 164 166 168 165 002 1 203 196 199 198 197 199 003 1
La 385 402 422 450 441 420 027 6 385 348 382 384 392 378 017 5
Sn 171516 43.94 43.111963.782453.541243.91 1127.54 91 522745 3433 4345 41.796015.14 2272.433069.74 135
Th 242 250 257 260 261 254 008 3 348 340 354 354 356 351 006 2
Na 105881 108472 112339 105289 111415 108679 3172 3 115613 105920 116294 115553 120667 114810 5402 5
Al 8990 10203 10302 11234 11199 10386 918 9 5938 5008 6033 5817 6697 5899 603 10
Ti 362 343 421 457 377 392 46 12 171 126 160 162 178 159 20 13
Cr 829 973 871 1569 1213 1091 3.06 28 <0.I <0.1 <0.I <01 274 274
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T;Z -1 12 13 14 15 Mean std %RSD 2-1 22 23 24 25 Mean std %RSD
Zr 10420 10612 123.87 13459 119.06 117.57 1267 11 5176 4270 5252 5592 5467 5152 520 10
Nb 403 390 406 413 397 402 009 2 927 912 923 923 926 922 006 |1
Hf 458 455 493 527 489 48 029 6 607 590 618 622 609 609 012 2
Pr 317 318 327 336 329 325 008 3 691 679 685 687 687 68 004 1
Nd <17 <17 <17 <17 <17 318 292 319 312 332 315 015 5
51 52 53 54 55 Mean std %RSD 61 62 63 64 65 Mean std %RSD
Co 574 581 607 470 447 536 072 13 425 453 643 461 507 498 086 17
Ce 686 728 832 903 922 814 104 13 680 684 671 734 758 706 038 5
Pb 177 071 172 041 040 100 069 69 073 044 014 077 078 057 028 49
Ca 61981 60337 67529 72565 72312 66945 5680 8§ 71010 73228 66211 79069 78754 73655 5429 7
Cu <034 <034 <034 <034 <034 <034 <034 <034 <034 <034
Mn 8377 8511 97.79 109.01 10878 9689 1225 13 5676 5510 5400 5948 6164 5740 3.15 5
Ni <42 <42 <42 <42 <42 <42 <42 <42 <42 <42
St 4580 4765 5610 6141 6181 5456 752 14 2542 2559 2480 2752 2800 2627 140 5
Ba 2140 2011 2471 2761 2825 2442 363 15 2032 1753 1597 21.87 2138 1941 256 13
cd <21 <21 <21 <2l <2l <21 <21 <21 <2l <2l
Li 1087 1133 1237 1368 1404 1246 140 11 822 850 814 895 911 858 043 5
Mg 16944 16329 18127 19480 19439 18064 1429 8 15516 15516 14366 16491 16968 15771 1007 6
Rb 1319 1449 1630 1766 1728 1578 190 12 479 484 471 532 556 504 037 7
U 214 221 236 247 247 233 015 6 187 185 18 187 190 187 002 1
La 392 397 449 479 478 439 042 10 462 472 454 498 503 478 022 5
Sn 1401 13.60 19.123294.093187.361305.64 1766.89 135 181149 1701.10 13.271870.101688.73 1416.94 788.34 56
Th 371 381 414 436 442 409 032 8 372 373 370 385 387 378 008 2
Na 104977 108719 119397 128881 124019 117199 10113 9 87988 85749 91087 95593 103838 92851 7167 8
Al 13668 12654 14092 11700 11290 12681 1211 10 6740 6838 6259 7217 7119 6835 377 6
Ti 260 251 295 319 320 289 32 11 180 178 165 192 194 18 12 6
Cr <01 <01 <00 <01 094 094 <01 <01 <01 <01 <0.1
Zr 3620 3670 4444 4951 4878 43.13 640 15 3679 37.84 3652 4178 4212 3901 273 7
Nb 1001 1003 1027 1043 1038 1022 020 2 907 909 901 912 909 908 004 0
Hf 549 555 580 599 599 576 024 4 546 545 540 555 551 547 005 1
Pr 688 691 703 708 712 700 010 1 691 693 689 697 698 694 004 1
Nd 345 347 397 433 431 391 043 11 349 356 339 370 370 357 014 4
71 72 73 74 75 Mean std %RSD 81 82 83 84 85 Mean std %RSD
Co 787 655 790 771 717 744 058 8 729 635 706 613 598 656 058 O
Ce 866 973 912 893 837 896 051 6 450 487 441 470 481 466 020 4
Pb 304 876 735 669 444 606 230 38 306 143 178 146 154 18 069 37
Ca 65789 76851 68414 65579 57644 66855 6891 10 76370 80262 58864 69216 67381 70418 8314 12
Cu <034 <034 <034 <034 <034 <034 <034 <034 <034 <034
Mn 3616 4013 37.03 3565 3235 3626 279 8 5679 6647 5395 6042 57.06 5894 479 8
Ni <42 <42 <42 <42 <42 <42 <42 <42 <42 <42
St 4383 5009 4672 4504 4090 4532 341 8 4685 5658 4448 5092 4966 4970 459 9
Ba 7607 8252 8440 8875 7244 80.83 654 8 7187 8557 67.06 79.05 7569 7585 704 9
cd <21 <21 <21 <21 <2l <21 <21 <21l <21 <2l
Li 172 1318 1233 1258 1221 1240 053 4 1012 1115 1046 1190 1193 1.1 082 7
Mg 14275 16950 14944 14419 12983 14714 1443 10 13641 17197 12867 15612 14904 14844 1695 11
Rb 1255 1385 1326 1263 1222 1290 065 5 1542 1825 1590 17.77 17.52 1697 124 7
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I;[‘;' 11 122 13 14 15 Mean std %RSD 2-1 22 23 24 2.5 Mean std %RSD
U 214 220 219 222 218 219 003 1 195 198 196 199 196 197 002 1
La 557 615 588 578 529 574 032 6 336 370 329 346 342 345 016 5
Sn 27.283861.53 2734 2712 24.06 793.46 171510 216 2846 473020 31.314452.505249.38 2898.372634.13 91
Th 450 477 479 480 458 469 004 3 331 341 330 337 338 336 005 |1
Na 106890 118356 114782 113639 109370 112607 4528 4 100331 116461 103098 115675 112914 109696 7468 7
Al 6355 6758 6171 5876 5148 6061 603 10 9445 9610 8441 8132 8028 8731 745 9
Ti 190 228 205 193 171 197 21 11 9 179 115 156 149 138 35 25
Cr <01 <01 <01 <01 <0.1 <01 <01 <01 <01 <0.1
7r 4780 5126 5211 49.62 4298 4875 362 7 2873 3474 2491 29.03 2923 2933 351 12
Nb 934 945 937 933 924 935 008 1 905 913 900 905 904 905 005 I
Hf 593 604 610 609 594 602 008 1 557 571 553 562 566 562 007 |1
Pr 718 728 724 722 713 721 006 1 676 681 672 674 675 676 003 0
Nd 454 509 481 474 437 471 027 6 271 291 267 277 291 280 011 4
91 92 93 94 95 Mean std %RSD 101 102 103 104 105 Mean std %RSD
Co 374 369 379 377 368 373 005 1 788 803 867 252 236 580 3.17 54
Ce 7138 9524 7151 9266 7037 8023 1256 16 945 968 903 888 873 915 040 4
Pb 412 558 340 527 311 430 1.0 26 569 896 417 036 -0.54 358 407 114
Ca 69846 65137 64733 67006 62324 65809 2806 4 61673 63235 64866 66324 66132 64446 1981 3
Cu <034 <034 <034 <034 <034 <034 <034 <034 <034 <034
Mn  191.69 20621 184.03 197.36 183.17 19249 963 5 3433 3527 29.66 33.76 3509 33.62 230 7
Ni <42 <42 <42 <42 <42 <42 <42 <42 <42 <42
Sr S119 5147 4921 5209 4860 5051 152 3 5841 6029 4602 5392 5428 5458 550 10
Ba 13568 14448 128.07 14374 12646 13568 844 6 12802 133.88 89.64 109.14 107.33 113.60 17.69 16
cd 21 <1 <21 <21 <2l 21 <l <1 <1 <l
Li 1657 1861 1628 1867 1659 1735 1.9 7 422 421 948 550 646 598 218 36
Mg 13520 13933 13175 14896 13545 13814 662 5 11019 11050 10407 10659 10630 10753 275 3
Rb 1826 2093 1810 2072 1795 19.19 150 8 1809 1869 1479 1428 1442 1605 2.15 13
U 257 264 262 256 250 258 005 2 142 143 231 143 150 162 039 24
La 765 779 756 772 730 760 019 2 349 353 398 318 326 349 031 9
Sn 0.843342.47 17.943020.07 18.681281.80 1737.72 136 7070  73.72 33.299335.248963.40 3695.274980.60 135
Th 454 452 447 446 443 448 004 1 253 256 368 265 261 281 049 18
Na 93055 107187 95257 109005 97460 100393 7231 7 114149 116320 95287 95720 105369 11427 11
Al 10933 11785 10719 11062 11030 11106 402 4 6344 6658 5219 6375 6572 6234 582 9
Ti 267 301 251 308 276 281 24 8 23 276 116 215 216 211 59 28
Cr 1222 4231 1678 5626 3401 3232 1818 56 <01 118 <01 6482 6818 4473 3775 84
7r 4220 41.64 4072 4081 3978 41.03 093 2 7692 79.69 5429 6742 6843 6935 994 14
Nb 942 954 940 945 936 943 007 1 259 257 943 291 282 406 3.00 74
Hf 612 613 608 609 603 609 004 1 443 448 641 448 444 485 087 18
Pr 763 774 754 762 752 761 008 1 270 263 707 269 264 354 197 56
Nd 574 501 553 546 549 545 027 5 217 237 339 236 215 249 051 21
11-1 112 114 113 115 Mean Std %RSD
Co 219 754 726 199 190 418 295 71
Ce 165 1277 1213 1191 1174 1204 045 4
Pb 0.72 <007 <0.07 73.80 10126 58.60 51.97 89
Ca 80262 70161 68865 91257 84184 78946 9481 12
Cu 0.62 <034 <034 2511 2022

Analytical Science & Technology
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Table 2. Continued

No. %RS
SA 1-1 1-2 1-3 1-4 1-5 Mean std D

Mn 93.08 8524 83.80 8096 87.08 86.03 453 5
Ni <42 <42 <42 <42 <42

Sr 4298 40.81 40.82 4923 5005 4478 454 10
Ba 4029 3763 37.12 360 576 210 247 118
Cd <21 <21 <21 <21 <1

Li 671 750 767 888 856 786 087 11
Mg 11164 10189 10220 10622 10504 10540 395

Rb 822 1033 989 960 948 950 079 8
18] 153 227 171 154 153 172 032 19
La 646 640 607 676 655 645 025 4
Sn 783035 43.13 43.948754.038474.335029.16 4563.53 91
Th 436 424 417 450 447 435 014 3
Na 95030 117429 118893 89106 90977 102287 14657 14
Al 5525 4888 4833 7330 6802 5876 1136 19
Ti 253 235 240 264 261 250 13 5
Cr 3092 1.8 1.85 66.82 71.70 34.63 33.80 98
Zr 6452 5872 58.10 70.62 6526 6345 517 8
Nb 247 271 222 375 380 299 074 25
Hf 431 431 417 465 447 438 018 4
Pr 317 330 320 324 329 324 006 2
Nd 462 459 438 465 464 458 0.11

problem for Si among various glass samples except
typical glass eg. borosilicate, decorative glass, etc.®
In other words, each element in the standard and the
sample is normalized against *Si, and the element
concentration for each sample is calculated using a
linearity of concentration. The results are summarized
in Table 2.

2.2.3. Statistical analysis of data

For classification and discrimination according to
products, various statistical analyses are necessary.
Since 11 samples from two manufacturers and five
sub-samples for each sample were used in this study,
linear discriminant analysis was employed for identi-
fication according to a manufacturer. The classification
according to manufacturing period for each manufa-
cturer was performed through a triangular diagram
using three elements. The discrimination analysis for
classification according to manufacturing period was
difficult due to the small number of samples for each
period. SPSS 12.0v and Excel programs were used
for statistical analysis.”
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3. Results and Discussion

3.1. The limit of detection (LOD) and extemal
calibration curve

The signal of each element is measured while the
surface of the sample is not irradiated when the laser
is turned on, and its standard deviation is calculated.
The LOD and the LOQ are calculated by the
following equation by measuring signals of each
element on NIST 612 (40 ppm level).
3 x I(std)p ek
I(mean)_gre,

The LOQ was calculated by multiplying the LOD
by 3.3. The representative LODs and LOQ obtained
in this study are summarized in 7able 3. The LOQs

LOD(mg’kg) = x Conc_gre1n

are varied according to elements, but it was in the
range of 0.04 mg/kg (Sr) to 4.91 mg/kg (Ca).

Table 3. The LOD and the LOQ

Limit of detection, Limit of quantification
Element

LOD, mg/kg LOQ, mg/kg
Al 0.13 0.44
Ba 0.04 0.15
Ca 1.49 491
Cd 0.66 2.16
Ce 0.13 0.44
Co 0.10 0.34
Cr 0.03 0.10
Cu 0.10 0.34
Hf 0.33 1.10
La 0.26 0.86
Li 1.00 3.30
Mg 0.10 0.34
Mn 0.14 0.47
Na 0.08 0.25
Nb 0.25 0.84
Nd 0.52 1.73
Ni 1.28 4.24
Pb 0.02 0.07
Pr 0.16 0.53
Rb 0.27 0.88
Sn 0.22 0.74
Sr 0.01 0.04
Th 0.12 0.40
Ti 0.03 0.11
U 0.10 0.33
Zr 0.17 0.55
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Table 4. External calibration curve data for Sr. Signal ratio of Sr/Si and concentration in standard material

. . i R« .
Glass, . Sr/Si standard . Sr/Si standard . Sr/Si P ortefi [Sr] uncertqinty,
Sr/Si .. Sr/Si .. Sr/Si standard concentration . 0
NIST deviation deviation .. . 0 in mgkg
deviation  Sr in mgkg™', [Sr]
616  0.03747 0.00339 0.06058 0.00001 41.72
614  0.04014 0.00131 0.05487 0.00212 0.06692  0.00268 45.8
612 0.06641 0.00294 0.08519 0.00292 0.11133 0.00437 76.15 2.29
610  0.29256 0.00587 0.65261 0.01558 0.80922  0.04144 467.4 183

In this study three calibration curves were obtained
using NIST 616, 614, 612 and 610. The referred
values used were those collected and recommended
by Pearce ef al.* and those certified and published
by NIST. Therefore, in the case of NIST 612 and
610, there are certified values based on standard
materials for all elements analyzed, but there are
cases in which the certified values of NIST 614 and
616 are absent. For example, Tuble 4 and Fig. 2
present a recommended concentration for Sr and
measured ratio of Sr/Si, which are drawn in the
figure with a regression equation and correlation
coefficients. The concentration vs. element/Si signal
ratio in the standard materials shows a good linear
relation, and its slope changes significantly according
to measurement date. That is to say, the LOD is
varied significantly according to instrument conditions.
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Fig. 2. The comparison of three calibration curves of Sr.

3.2. Reproducibility using a standard material

NIST 612 is measured after every 5~8 sample
analyses for eight analyses and the variation of
elemental concentrations in NIST 612 is shown in Fig.
3 and 4. The elemental concentration should yield the
same value even though the slope of the calibration
curve would be changed. For most elements, it
changes within 10% compared to the certified value,
but Mg, Nb and Nd in Fig. 3 and Ti and Pr in Fig 4
show that the determined concentrations change
significantly. In other words, the internal standard Si
and metals do not always change consistently.
Therefore, data for Mg, Nb, Nd, Ti, and Pr were not
used in statistical analysis in the real samples.

3.3. Homogeneity of samples
Five sub-samples for each sample were analyzed

Concentrations (mg/kg)

4 [ -]
Measurement No.

Fig. 3. Data obtained by eight analyses on NIST 612.
Changes in Mg, Nb and Nd are large.
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Concentrations (mg/kg)

Measurement No.

Fig. 4. Data obtained by eight analyses on NIST 612.
Changes in Ti and Pr are large.

and average values and standard deviations of them
(except for samples below the LOD) were obtained
and summarized in 7able 3. Elements with more
than 10% of relative standard deviation for all
samples in average were Co, Pb, Ba and Ti, and the
standard deviation of Pb, in particular, was as high as
76%. This is assumed to result from the incomplete
washing of Pb from the glass surface, and suggests
the use of hydrochloric acid rather than nitric acid
for washing in the future. Co, Ba and Ti show
12~16% of deviation range and sample 10 has large
fluctuation. Other elements show deviations within
10%, which indicates homogeneous distribution of
elements. Therefore, in the coming classification and
discrimination of products, metals other than elements
below detection limit (Cu, Cr, Cd and Ni), elements
with problems in the analysis of standards (Ti, Pr,
Mg, Nb, Nd) and elements with problems in
homogeneity (Pb and Sn) were selected for analysis.
Especially, Sn is in high concentration in one surface
and low concentration in the other surface in float
glasses.

3.4. Identification of manufacturers
Concentration of elements analyzed for each

sample is summarized in the 7able 2. Concentrations

Vol. 22, No. 3, 2009

of Mn and Co obtained from each sample are listed
in Fig. 5, along with their manufacturers. The
patterns of Mn and Co in the 5 sub-samples are very
similar to one another, which indicates that all
samples are homogeneous for the elements. The
change of concentrations of Mn is very wide,
ranging from 20 mg/kg to 200 mg/kg, and that of Co
is also very wide ranging from about 1 mg/kg to 8
mg/kg within whole samples. When the concentration
of Mn is analyzed for the same manufacturer, the
changes of concentration of Mn are small, ranging
20-50 mg/kg for glasses from HK, whereas those of
Mn is large ranging 50-200 mg/kg for glasses from
KK. In case of Co, the concentration ranges 1-8 mg/
kg for glasses from HK, and 2-6 mg/kg for glasses
from KK. Therefore, when discrimination is attempted
between the manufacturers, Mn gives relatively better
discrimination than Co, which has an overlapping
range. It is therefore recommended to perform multi-
variate analysis considering several elements together.

There are several modes of classification and
discrimination in the multivariate analysis, and unknown
samples can be classified through a canonical discri-
mination function by linear discriminant analysis.

In the discriminant analysis by SPSS 12.0v, analyzed
elements were assigned to independent variables,
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Fig. 5. Concentration of Mn and Co for all samples analyzed.
HK and KK represent manufacturers.
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Fig. 6. Histogram of glass samples according to canonical
discrimination function. It shows a clear discrimination
between samples of KK and HK.

and a group was assigned to dependent variables.
Elements other than the previously discussed (Cu
and Sn) were determined by a stepwise variable
selection. According to the discriminant analysis, a
canonical discrimination function was made by three
elements of Ce, Mn and Rb. The eigenvalue was 10.78
and can explain 91.6% of all variables (canonical
correlation coefficient 0.957). The canonical discrimi-
nation function made of three elements is shown
below, and the obtained value for glasses of HK was
3.02+0.921 (N=30) and that for glasses of KK was
-3.47+£1.081 (N=25) according to the function.

A histogram made by applying each sample using
the discrimination function is shown in Fig. 6. The
X-axis means discriminant score. All samples can be
discriminated into two groups as expected, and those
belonging to KK are on the left side, while those
belonging to HK are on the right of the figure.

2.5. Discrimination by manufacturing period
If the number of samples for each period is enough

(20 samples per group), the discriminant analysis
according to the manufacturing period is possible. In
this study, there are only five samples for each period,
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Fig. 7. Discrimination by manufacturing period on glasses
of KK according to Mn-Th-U (a) and Sr-Ca-La (b).

and the discriminant analysis has no meaning.
Therefore, other methods using a triangular diagram
are used for discrimination. In the first case of
glasses of KK, the manufacturing periods of Mar-93,
Jul-95, Nov-97 (2), and Feb-00 (Fig. 7) were clearly
separated by a triangular diagram of Mn-U-Th or Sr-
La-Ca. The five analysis values according to each
period are well separated and are placed at separate
points on a triangular diagram. The two samples on
Nov-97 are placed on different points on the triangular
diagram and show the possibility of different com-
position according to the manufacturing line, even
though they are produced on the same period.
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Fig. 8. Discrimination by manufacturing period on glasses of
HK according to Th-Hf-U (a) and Mn-Zr-Co (b).

For glasses of HK, attempts were made to discri-
minate through a triangular diagram of Hf-Th-U or
Mn-Zr-Co, but problems in sample homogeneity,
especially for Sep-94 and Jul-92, occurred. At ternary
plot, each side of the triangle represents a proportion of
0%, with the point of the triangle opposite that base
representing a proportion of 100%. As a proportions
increases in any one sample, the point representing that
sample moves from the base to the opposite point of
the triangle. Therefore, a method using more variables
with an increased number of samples is sought to
allow composition discrimination according to the
manufacturing period for glass of HK.

Vol. 22, No. 3, 2009

4. Conclusion

The analysis on metallic elements in glass debris
using LA-ICP-MS was performed, and attempts were
made to identify a manufacturer using a real sample.

At first, a calibration curve was made using standard
glass samples of NIST 610 to 616. Si was used as an
internal standard, and the signal ratios of metal/Si for
each metal were compared with their concentrations.
Based on elements in each sample and standard
materials, 24 metals were quantitatively analyzed,
and the LOQ according to the blank sample was in
the range of 0.11 mg/kg (Ti)-4.91 mg/kg (Ca).

Eleven samples from two manufacturers were
collected and five sub-samples were taken from each
sample for analysis. Using metals other than elements
below detection limit (Cu, Cr, Cd and Ni; elements
with problems in the analysis of standards (Ti, Pr, Mg,
Nb and Nd) and elements with problems in
homogeneity (Pb and Sn), attempts were made to
identify manufacturers and manufacturing period by
a triangular diagram.

In manufacturer discrimination by discriminant
analysis, a canonical discrimination function was made
based on Mn, Ce and Rb. All investigated samples
were correctly identified as being produced by one
of these two manufacturers. For glasses of KK, even
the manufacturing period could be discriminated using
a triangular diagram of Mn-Th-U or Sr-Ca-La. For
glasses of HK, due to problems in homogeneity, the
discrimination by manufacturing period according to
triangular diagram was difficult, and more variables
are need for further analysis.
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