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2 ok ETEE AR F A% FEE fF I9E AT A8 A A FFES A¥Eo R mEA
A8k 4= 9= WHOZ Combustion ion chromatography( 2IC)E AFE3SH S eIk F C 2

Bre] 37l @&l tiate] AXICE AW Fast AS5S AT A3, AFS 0540 mgkg F=HS
oA = 0.999~1.0008] FAAA AFE 2te T2 FAAEE e o, AE3AIE 0.005~0.024 mg/
kg, 3= 0.014~0.073 mg/kg ©1 T AFETEZ (CRM)S AHE-§ AAIC 9] 3482 95.5~104.9%
olth. & AAE EUE e A@7|HE lﬂ SHEE AFES AAsIeH, 2 A3 A4&IC Wl
ZA7VARAE Fol| halogen-free 2 71E} F8lEZ 714 U8 918 8420 FA IS ERISHAT

Abstract: For plastics samples, a method using combustion ion chromatography was selected as a method for

rapid low-cost analysis to test whether hazardous substances are contained or not. Using combustion ion
chromatography, a verification test for F, Cl and Br compounds generated a linear calibration curve with a
correlation coefficient of > = 0.999~1.000 in the calibration range from 0.5 to 4.0 mg/kg. The detection limits
were found to be 0.005~0.024 mg/kg and quantitative limits were found to be 0.014~0.073 mg/kg. The recoveries
of combustion ion chromatography using certified reference material (CRM) were found to be 95.5~104.9%.
Based on these results, a proficiency test was conducted together with several laboratories in and out of the
country, to make comparative analysis of the results from each laboratory. As a result, the data supported the
use of combustion ion chromatography as an effective analysis method to deal with regulations for halogen-
free electronic products and for other hazardous substances in the electronic products.
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Fig. 1. Schematic diagram of Combustion-IC?.
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Table 1. Operating conditions of Combustion-IC
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Table 2. XRF conditions for analysis of Br sample

Combustion conditions
Instrument AQF-100; Dia Instrument Co., Ltd

Inlet temp. 900°C, Outlet temp
Furnace temperature

1000°C
Ar gas 200 mL/min
O, gas 400 mL/min
Absorbent H,0, 30 mg/kg

Ion chromatography conditions

1CS-2000; Dionex
Conductimetry Detector
TonPac® AS18 (4 mmx250 mm)
IonPac® AG18 (4 mmx50 mm)
22 mM KOH from 0-8 min,

39 mM from 8-22 min

Instrument
Detector
Analytical column
Guard column
Eluent

Eluent flow rate 1.0 mL/min
Eluent source 1CS-2000 with CR-ATC
Injection volume 100 pL

Column oven temperature 30°C

ICe] AR E=s fls) AR A4 FAI(AQF-100)
= A3 XY H(automatic solid sample), water 355
(WS-100), A] E528] 5-(AQE-100), T4 unit (GA-100)
2 A=,

Furnace 2% 2F 900~1000°CE A A7), AkA
£ 400 mL/minE &2 &3 AL7t HES st Ax
H 5 o]2g FF & Btk ojnf WS-1009]
ol=2 2 4EL 150 mL/minZ A3l water’} L4 3}
HHSZM furnace W A159] &A dAE 93
7 IS A ST 5 &8 5 o9 F
7t & HES HAAskea 30 mgkgS ARS-SHAIT
ICe] AlE FYFXZ = Dionex A2 high pressure 6-
port valve s AH8-3F3Ath £418 columne] 79 o]
2] IonPac® AGI18 (4 mmx50 mm, Dionex) guard
column®. 2 AZH lonPac® ASI8 (4 mm x 250 mm,
Dionex) #4] columne AFE-3le] BA 3= ol25
AT AEES] vg 3 WEe 9ES st

suppressor= anion self regenerating suppressor
(ASRS ULTRA-II, 4 mm, Dionex)E A}-&3l3th &
2] A2 Eluent generator F3| S Al-8-3}¢ gradient
2702 AFES APt 28 3 g2
AzZE 93] 6-port valve?} Eluent generator A}©] ol
continuously regenerated anion trap column (CR-ATD,
Dionex)& AZ3t] ARSI &89 o5&
A 982 F 1.0 mU/ming A3 FA35A 1
3 BAstsd 223 AEFHS 100 plo]™, sup-

e o
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Description Condition
XGT diameter 1.2 mm
X-ray tube voltage 50 keV
live time 300 s
Current 1000 pA

pressor2] 2|42 5 mmol H,SO,& AH&-3IATE.

242 XRF

A E 284 ZAE 918 AFHE-E XRF+= HoribaAl
(Japan)®] XGT5000WRo|H, &7 9]t % 272
Table 29F 2t 2 FHA2 Brel 4% XRFYGA A
AFE AFA AL BFAEE AFE-Se] 3 point
calibration curve method2 A S 3351551}, Cl19]
735 XRFE A% #Ao] E7kste] XRF2| W =F

A<l fundamental parameter (FPYH 2 Z Cl9] &
-

25. AEY fsst

23} 9H-S International Conference on Harmo-
nization (ICH) Topic Q2B Validation of Analysis 7]
=2 methods validationg %34 Tth'* F, Cl 2 Br ¥
FEAY AFHeR e NS AESAL, 7
FEHL 05, 1,2, 4 mgkg FEEE 73] vtE =
sty 2+ Fxo tidt area®) retention time (RT)<]
¥ X}(standard  deviation, SD)9} At FEFE¥HA}
(relative standard deviation, RSD)S T-3}o] A UA &
ARSI 3¢&S 48] 28t Sg2E A
°] CRME AH4-3t4 F, C1 € Bro] 71&3t9) 3l5&
< 73] WbE 24tk HE A (limit of detection,
LOD) ¥ A %3 (limit of quantitation, LOQ)E T
I e ALH ez FETh LOD = 3.3 x(c/S),
LOQ = 10X (c/S), o= SAIEE B4 EFEHA]
H S A 71871 vERd

26. SHZ AH

ANE AE7t ASHE 459 A8 FYsk =
2] 97l A7) BoNA NFEE HIESIATE AR F &
A UdEY T 52 C 3 AR A
2F 600 mgkg 2 1300 mgkg FFolH, Br 3 Al
BE A% 71F2 = 327 mgkg 1637 mgkgl 24
%% A]JE5L CLL, CLH, BRL, BRHZ z+z} 7]
st Algol Fedgt 7k 7)) 59 AlEdE 5
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=43k 7+ A8 A ﬁfﬂxﬁ
HAXICE AHE3te] CL Br 9 F
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Fig. 2. Calibration curve with standard solutions of (A) F,

(B) Cl and (C) Br determined by IC.

Table 3. Homogeneity test results of Cl, Br and F samples by using Combustion-IC

Results (mg/kg)

Sample Element Average RSD (%)
1 2 3 4 5 6 7 8 9 10
CLL Cl 682 683 687 673 696 685 679 691 685 683 684 0.92
CLH Cl 1401 1386 1405 1389 1395 1399 1402 1387 1393 1396 1395 0.48
BRL Br 355 351 352 353 352 356 354 354 355 351 353 0.50
BRH Br 1766 1771 1759 1753 1764 1770 1768 1758 1751 1767 1764 0.40
PFOS_L F 30.7 317 30.8 316 315 319 304 312 317 312 30.0 3.70
PFOS H F 269 263 270 273 270 263 269 259 266 265 264 1.89

Table 4. Homogeneity test results of CRL, CRH, BRL and BRH samples by using XRF

Results (mg/kg)

Sample  Element Average RSD (%)
1 2 3 4 5 6 7 8 9
CLL Cl 1885 2552 1319 1127 2522 1735 2924 2869 1723 1244 1990 34.1
CLH Cl 2632 1809 2391 2228 3564 1705 3851 3848 4265 2144 2844 333
BRL Br 409 421 397 384 412 401 403 389 422 380 402 3.86
BRH Br 2034 1977 1945 1960 2022 2048 1967 2237 2087 2067 2034 4.23

Analytical Science & Technology
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3000 mgkg % oA 30% o)/ E FUEF 332 UL

HAt A5 Ho] XRFE 0.1 wi% 7| T FZ oA 9] 21479 Ul M 9llA F, Cl % Brs a9 =2 7+

A Bl Ao g S8 7k 73] WHE Z43te] 7+ Fxo| gk peak area®}

retention time®] XFHX}e} AN EFHAE =43 4

3.2. AgatHo| f&s| FE Table 5904 BAAF31 9T} Peak area 3+e] 7%
331, &MY RSD7} 0.11~5.83% 73|12 ™, retention time®] 73-$-
Fig. 22 05, 1, 2, 40 mgkg 4719 =2 XF& 0.047~0.170% 2= vi-¢- F353 7hS BAFAT

NG ZAZ T ICE AHEste] 2 52 334w Fig 391 E F, C1 2 Br 2 0.5 mgkg =7 S8

8 2% Jagoe s AFAS A Aol o] EFEAS ICE 248 AAE BT ),

o) doix HFAel P2 F 0.999, ClI 0.999, Br

1.000 & Yepdol g} 2xAdo] £ B B 333 sl¢g

A o 5 ST ANEZHFEZL(CRM)S AFEE 2 AAICe] 3489

Table 5. Relative standard deviations (RSD) of retention times and peak areas of standard solutions (F, Cl and Br), (n=7)

Concentration Peak area (uS x min) Retention time (min)
Element
(mg/kg) Average SD RSD (%) Average SD RSD (%)
0.5 1.1211 0.01228 1.10 3.21 0.00258 0.080
F 1.0 2.0729 0.10052 4.85 3.22 0.00490 0.150
2.0 42354 0.00877 0.21 3.22 0.00538 0.170
4.0 7.5569 0.01146 0.15 3.22 0.00562 0.170
0.5 0.5998 0.00467 5.83 4.42 0.00512 0.116
cl 1.0 1.2671 0.00147 0.12 4.42 0.00342 0.077
2.0 2.6256 0.00278 0.11 4.42 0.00330 0.075
4.0 5.1975 0.00574 0.11 4.42 0.00539 0.122
0.5 0.2146 0.00381 1.77 7.00 0.00527 0.075
B 1.0 0.4735 0.00818 1.73 7.00 0.00341 0.049
r 2.0 1.0435 0.00379 0.36 7.00 0.00438 0.063
4.0 2.1147 0.00367 0.17 7.00 0.00517 0.074
10.0 0%01 #6 [modified by administrator1, 2 peaks manually assigned] ECD_1
7
1 - Fluoride - 3.213
8.8
7.5
4 - Phosphate - 11.627
o 6.3+
7
o 5.0
g ) 2 - Chioride - 4.417
]
s  as]
i
2.5
1.3+ 3 - Bromide - 6.987
o.o——\J»
-1.0 : r T : T r r i
0.0 200 4.0 6.0 8.0 10.0 12.0 14.0 17.0

Retention time (min)

Fig. 3. Chromatogram of the mixed standard solutions (0.5 mg/kg) containing F, Cl and Br ions detected by IC.
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Table 6. Recoveries of the F, Cl and Br (BCR®-460, ERM®-EC680, ERM®-EC681), (n=7)

Element Sample Added (mg/kg) Found (mg/kg) SD Recovery (%) RSD (%)
F BCR-460 225 236 7.80 104.9 3.31
Cl ERM®-EC680 810 806 20.7 99.5 2.57

ERM®-EC681 92.9 89.7 1.4 96.6 1.53
Br ERM®-EC680 808 772 13.8 95.5 1.79
ERM®-EC681 98 96 2.0 98.5 2.09

Table 7. Limits of detection and quantitation (LOD, LOQ), range of the F, Cl and Br by using IC

Linear regression

Element LOD (mg/kg) LOQ (mg/kg) Range (mg/kg)
Regression equation Correlation coefficient (1)
F 0.024 0.073 y =1.798 x — 0.239 0.999 0.073~4.0
Cl 0.005 0.014 y =1.339 x - 0.077 0.999 0.014~4.0
Br 0.017 0.051 y = 0.571 x — 0.082 1.000 0.051~4.0

LOD = 3.3%(s/S), LOQ = 10x(s/S)
s : Standard deviation of y-intercept, S : Slope of the calibration curve

Table 8. Commercial used BFRs, PVC, MCCP, PCP and PFCs related regulation and restrictions

Regulations & restrictions

Chemical name CAS number Halogen Content (%)
Reference Limit (mg/kg)
Pentabromodiphenylether (Penta-BDE) 32534-81-9 Br 70.7 RoHS* 1000
Octabromodiphenylether (Octa-BDE) 32563-52-0 Br 79.8 RoHS* 1000
Decabromodiphenylether (Deca-BDE) 1163-19-5 Br 833 RoHS* 1000
Hexabromocyclododecane (HBCD) 3194-55-6 Br 74.7 PoHS™ 1000
Tetrabromobisphenol A (TBBPA) 79-94-7 Br 58.8 PoHS™ 10000
Poly vinyl chloride (PVC) 9002-86-2 Cl 56.7 (}})]éilél\é_ -
Medium-chained chlorinated paraftins (MCCP) 85535-85-9 Cl 51.5, 52.5% PoHS™ 1000
Pentachlorophenol (PCP) 87-86-5 Cl 66.6 PoHS™ 1000
1-Octanesulfonic acid (PFOS) 29081-56-9 F 62.5 PFOS® 50
Perfluorooctane sulfonic acid (PFOS) 1763-23-1 F 64.6 PFOS’ 50
Potassium perfluorooctanesulfonate (PFOS) 2795-39-3 F 59.9 PFOS® 50
Octanoic acid, pentadecafluoro-,sodium salt (PFOA) 335-95-5 F 65.2 PoHS™ 50
Octanoic acid, pentadecafluoro-, ammonium salt (PFOA)  3825-26-1 F 66.1 PoHS™ 50

*ClI content of MCCP: C;4;H,,Cls (51.5 %) and C;7H4Cl; (52.5%)

AIAZ Tuble 69 VERN QYT Zetre g2ERS 7}
7} 73] HHE A Qe AF) W 5SS FE 1049%, AMHESIEE 52 Axsa 247 384 A8 Y5}
Cl& 99.5~96.6%, Bre 95.5-98.5%¢ A& Hth AL intensity = slope #¥ y BHZHS ICH Q2B
LS tﬂ—i}\]fﬂoﬂ ]38t YU (RSD)= F= 3.31%, Cl& Ftol =gl Axle] telete AEeAE =431y

WAE 7o) S EEENS HAY ARl
=

_&_,dm{)l'

1.53~2.57% 2 Bre 1.79~2.09%% LRSI th F, Cl ¥ Bre #AZ3HA+ 0.024, 0.005 2 0.017
mg/kgel 3L, B FeA = 0.073, 0.014 E 0.017 mg/

334. ZHAESH(LOD), MZSHAH|(LOQ) 2 =SF < kgolmﬂ— ZAHWAE= 24 ;(-lul_t,:_’ A7t f-4
(Range) He O 2 FE 0.073~4.0 mgkg, CI-& 0.014~4.0

Table 7oM< 1ICE A3t S E AESHI<L A mg/kg, Bre 0.051~4.0 mgkg FEH N FAHE
FAE BT Stk ICE AME-3t4 halogen®] 7 202 e
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Table 9. Proficiency testing result of Cl and Br in CLL, CLH, BRL and BRH by using XRF

Chlorine (mg/kg)

Bromine (mg/kg)

Lab. Code XRF

CLL CLH BRL BRH
L-1 N.M. N.M. 361 1741 EDX 720 (Shimadzu, Japan)
L-2 154 1847 448 2295 SEA 5120A (SII, Japan)
L-3 441 1169 428 2161 SEA 1200 (SII, Japan)
L4 255 1204 457 2352 SEA 2210A (SII, Japan)
L-6 N.M. N.M. 520 2700 SEA 1000 (S1I, Japan)
L-7 438 1499 403 2034 XGT 5000WR (Horiba, Japan)
L-8 N.M. N.M. 499 2620 SEA 2210A (SII, Japan)
L-9 314 2270 383 1736 EDX 720 (Shimadzu, Japan)
SD 109.9 497.8 54.6 372.3
Average 320.4 1597.8 423.8 2115.6
RSD (%) 34 31 13 18
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tsd #HE

AT = HE SR ER
o|FAA L Y= FAER
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A &2 2 PECsol thall A 2145
|92 screening 7HedHA o] tslA] ZAMSHATH
Table 89 ZAF)A = HE7 PBDEs, TBBPA,
HBCD, ¥27491 PVC, MCCP, PCP ¥ E279
PFOS, PFOA$} 242 tf-ite] falede 8 74
A= halogen A-0] 50% ©)F H]&E -F3kL Q)
S5 & & AT EF EU e o)A A s
55 E¥W BFRs9 79 1000 mgkg ©]’dolH,
PFCs7l E29] 2§ A& #AIX7F 50 mg/kgelth. o]
o] w2 halogen ¥+%-2 BFRs9] 7% 500 mg/kg,
PFCse] 79 25 mgkg A% o|2& £A7]7)A tf
et mjd S 33 A F3HAI(method detection limit,
MDL)7} F2| 7% 25 mgkg ©]3}, Brel A$ 500
mg/kg O o]EJ O E FH 3| halogens 8542
2 FEE 3 AFE 1T § J& Aotk EN
14582:2007 #4341 (Annex D)ol 2|31 oxygen flask
L} oxygen bomb®] 7§ Akl &4 WLE 25
mg/kg 5 OO R FH3s17] wlEd AA PFOS
A FFA%] £33 screening AV Y& AR AR
A} ¥ AXICY AF AR EYFE AAE ¢
A BA o] Ao R AR, 53] AR &
Aol w2 W 2208 FHAss 4 3 AESH
E g A lomZ PFOS
z fral &2 A4 &4
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34. 3z mWI} An
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M e EHEZHE I8kt Br A&l thEk XRF
v &dE A3 AE¥E Br A|Z(BRL)Y] 4% A1
718 HIEe 4238 mgkg, FEHAE 546 oYL 2L
F% Br AlEBRH)Y] 25 Ald713 H+2 21156
mg/kg, EFAX}E 3723 2 F1EHAT o5 A7)
#7re] Aol Brel A$- 13~18% 52 whad Cl
A% 9F 31~34%= Br thH] Cle] A@F3E A3 3}
o7} 2ufjol|A] 3ul o} F& & & AT ol A
ol A FU e AFAHE thF-E2| XRFo| thaiA
= H)d Aoz, A7|AAd AN FaEd
screening§ O 2 7t 7Yt &9 F XRFE=
halogen-free &5 5 Cloll talA d)-3-¢] 71 33

S

342, MUEM AW

Table 109X 2+ A7) A AESH Ao, #
ARAE BH, 248 2 AIEES BoFa 9
th AWk O 2 halogen #4418 $13 AlE AT oA
= &9 Ishgol AR HE E sEEde B
E AE7HL 3y 7 AR ol AlE T
ol A AREE EAAAE WHE 471 Wo] AME-EH
Atk Oxygen flask® Hx2] & ICE EA43 7]3o]
17}, oxygen bombo 2 ] T ICE £4 7|
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Table 10. Proficiency testing result of Cl and Br in CLL, CLH, BRL and BRH by using precision method

Chlorine (mg/kg)

Bromine (mg/kg)

Lab. Code Instrument Method
CLL CLH BRL BRH
L-1 610 1500 278 1688 Combustion-IC In house method
L-2 651 1733 341 1679 Combustion (EA) + IC In house method
L-3 673 1377 346 1730 Combustion-IC In house method
L-4 563 1388 370 2339 Oxygen flask + IC 1IEC 61189-2
L-5 608 1358 290 1547 Oxygen bomb + IC BS EN 14582 A
L-6 500 1160 260 1310 Combustion-IC In house method
L-7 684 1395 353 1763 Combustion-IC In house method
L-8 692 1360 231 1320 Oxygen bomb + IC BS EN 14582 A
L-9 412 1186 216 1530 Oxygen bomb + IC BS EN 14582 A
SD 93.8 168.1 56.4 305.2
Average 599.3 1384.1 298.3 1656.2
RSD (%) 16 12 19 18
AXICH O] 47 283 1) A E7 B 7S A4 zFo) 7} 31~34% Aol vlatH v F5s 47
49 7](elemental analyzer, EA)YS A}A| 7|3k 3] zte]l & BTt AA A3 Fol BRH Al5¢] 4
PP OE AST FICE BASE PHol AHSH S L4 AE/I%e A%k AR NE71# Bag 2

Atk SAT AHAE HALHEYH ATE Cl AR
(CLL)2] A% A&7 Ha 599.3 mgke, XFHAL
£ 93.8, IFE Cl AlZ(CLH)9] A% N7 Hd
1384.1 mgkg, ETHA= 168.1, &% Br AR
(BRL)S] 7% A& 71# H 2983 mgke, A}
= 564, 5% Br A5 (BRH)2| 7% A7 Ha
1656.2 mg/kg, EFH2E= 30522 0 FA) o] &
A @717k Aol Clol AS 12~16% <] Wi

Bro] 79 <F 18~19%Z XRFoA] Cl2] A3 7|48

T
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Fig. 4. Proficiency testing result of Cl and Br samples (CLL, CLH, BRL, BRH).
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Fig. 5. Proficiency testing result of Br samples (BRL, BRH).
(*: Uncertainty data were not provided from L-1, L-
6, L-8, L-9.)
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AaE BAFA E} IEE A E(BRH)S 49 2
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