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Determination of Some Trace Elements in Steels by High Power Nitrogen Microwave Induced Plasma

Atomic Emission Spectrometry Coupled with Hydride Generation Technique

Akihiro MATSUMOTO and Taketoshi NAKAHARA

Synopsis : A high power microwave induced plasma (MIP) source using an Okamoto cavity can be sustained by He, N, and air at atmospheric pressure.

The cavity has been originally developed to produce an alternative analytical ionization source to argon inductively coupled plasma (ICP) for

mass spectrometry (MS). This review introduces that an annular-shaped high power (1.0 kW) nitrogen microwave induced plasma (N,-MIP)

sustained at atmospheric pressure by Okamoto cavity, as a new excitation source for atomic emission spectrometry (AES), has been demon-

strated. Subsequently the combination of high power N,-MIP-AES with the continuous-flow hydride generation method was examined for

the determination of such hydride-forming elements as arsenic, selenium, antimony, tellurium and bismuth. Moreover, the same technique

has been extended for two (arsenic and antimony)- and three-element (arsenic, antimony and bismuth) simultaneous determination. After the

interference study, the present method has been applied to the determination of trace concentrations of the above-mentioned hydride-forming

elements in several steels reference materials. The results obtained by this method were in good agreement with their certified values.

Key words: high power nitrogen microwave induced plasma; Okamoto cavity; atomic emission spectrometry; hydride generation method; simultaneous

multielement determination; arsenic; selenium; antimony; tellurium; bismuth; steels.
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Table 1. Comparison of electron density and excitation temperature (Fe).

He-MIP Ar-MIP Nz-MIP He-ICP Ar-ICP
Electron density(cm3) 2.1X1014 5X 101 3X1013 1.2X1014 1X1015
Excitation temperature(K) 5000 5500 5500 4300 7500
Power(W) 600 250 1000 800 1100
Gas flow rate()/min)
Plasma gas 9 1.2 10.5 7 20
Carrier gas 0.2 0.4 0.6 1 1
Viewing end-on end-on end-on side-on side-on
Reference 26 28 30 43 31
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Fig. 1. Schematic diagram of high power N,-MIP-AES system. A: microwave power supply, B: microwave generator, C,, C,: ta-
pered wave guide, D: uniline, E: direction coupler, F: three-stub tuner, G: copper pipe, H: lens, I: monochromator, J: photo-
multiplier, K: high-voltage power supply, L: printer, M: computer, N: nitrogen tank, O: argon tank, P: gas controller, Q:
plasma gas, R: carrier gas, S: sample solution for nebulization, T: carrier gas for sample aerosol or hydride, U: nebulizer,
V: nebulizer chamber, W: waste, X: three-way stopcock, Y: sample solution for hydride generation, Z: NaBH4 solution, a:
peristaltic pump, b: mixing joint, c: gas-liquid separator, d: drying flask, e: cavity, f: plasma, g: discharge tube (plasma
torch).

Table 2. Experimental instrumentation for high power N,-MIP-AES.

Component Model Manufacturer
Microwave generator MKN-103-3S Nippon Kousyuha
Microwave cavity Okamoto cavity ~ Hitachi

MIP torch 300-8352 Hitachi

Sequential spectrometer Part of ICAP-575 Nippon Jarrell-Ash
Photomultipliers R427 and R550 Hamamatsu Photonics
Personal computer PC-9821 NEC

Peristaltic pump MP-3 Tokyo Rikakikai

Table 3. Optimized operating conditions for the single-element determination of arsenic, selenium, antimony, tellurium and bis-
muth by high power N,-MIP-AES with continuous-flow hydride generation.

Element As Se Sb Te Bi
Plasma
Wavelength(nm) As1 228.812 Se I 196.026 Sb I 231.147 Te I 214.281 Bi I 223.061
Microwave forward power (W) 1000 . 1000 1000 1000 1000
(1000) (1000) (1000) (1000) (1000)
Plasma gas flow rate (I/min) 11 11 16 18 11
(14) (14) 1) ) an
Carner gas flow rate (l/mm) 0.5 0.4 0.2 0.2 0.5
06) 0) (0.6) (0.95) 1.3
Vertical observation position (mm) 7 2 5 6 4
(above the top of the cavity) (13) (©) Q) ) @
Horizontal observation position (mm) 0 (centered) 0 (centered) 0 (centered) 0 (centered) 0 (centered)
(0, centered) (0, centered) (0, centered) (0, centered) (0, centered)
Hydride geberation
NaBH . conceantration (%) 0.5 0.4 1.0 2.0 0.4
NaOH concentration (g;,g 0.5 0.4 0.5 1.0 0.4
Sample acidify (M in HCI) 1.0 1.0 1.0 2.0 1.0
Sample solution flow rate (ml/min) 12.2 12.0 10.8 11.0 8.2
NaBH . solution flow rate (ml/min) 10.8 11.0 11.6 10.4 113
Reference 35 35 37 36 41

% Conventional solution nebulization.
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Table 4. Analytical figures of merit for arsenic, selenium, antimony, tellurium and bismuth by high power N,-MIP-AES with con-

tinuous hydride generation.

Analyte
As Se Sb Te Bi

Linear dynamic range 5~~10,000 ng/mtl 1~~5,000 ng/ml 5~10,000 ng/mt 50~50,000 ng/ml  30~~30,000 ng/mi

(1~1,000 g/ml)* (2~1,000 Lg/ml)  (0.5~500 Lg/ml) (0.5~5,00 Lg/ml) (1~1,000 A g/ml)
Detection limit (3 0) 2.99 ng/ml 0.86 ng/ml 1.87 ng/ml 15 ng/ml 102 ng/ml

(450 ng/ml) (1090 ng/ml) (510 ng/ml) (740 ng/ml) (3040 ng/ml)
Correlation coefficient 0.998 0.999 0.999 0.999 0.999

(0.999) (0.997) (0.999) (0.999) (0.999)
Reference 35 35 37 36 41

* Conventional solution nebulization.

Table 5. Comparison of detection limit for arsenic, selenium, antimony, tellurium and bismuth by ICP-AES/MS and AAS with hy-

dride generation.

Detection limit of analyte (ng/ml)

As Se Sb Te Bi Reference
ICP-AES 0.1 0.03 0.20 1.0 0.06 44 - 48
ICP-MS 0.007 0.01 0.005 0.027 0.02 49 - 51
AAS 0.006 0.01 0.14 0.2 0.025 52-54
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Table 6. Effect of diverse elements or ions on the determi-
nation of arsenic, selenium, antimony, tellurium
and bismuth by high power N,-MIP-AES with hy-
dride generation.

Relative intensity T

Element or ion* As Se Sb Te Bi
As 100 57.8 40.2 375 93.0
Bi —3 79.7 54.4 3.1 100
Cd - 74.8 - 8.4 81.4
Co 353 44.0 20.6 14.8 85.1
Cr(IN) - 68.3 - - -
Cr(VI) - - 282 - 91.1
Cu 69.0 7.6 74.3 12.4 84.8
Cs - - - - 93.4
Fe(IIT) 77.7 - 38.2 24.4 81.4
Ga 85.7 - - - -
Ge 86.5 52.8 - - -
In - 78.8 - 355 -
Ni 23.5 10.8 7.9 12.1 85.7
P - - - - 84.7
Po - 572 - - 84.8
Sb 76.7 75.0 100 53.8 84.7
Se 64.4 100 30.4 10.7 87.6
Sn - 85.1 - 26.0 90.4
Te 59.5 - 72.3 100 81.3
\" - - - - 829
Zc 40.2 81.9 - - 76.5
BrO3~ 35.5 7.2 355 68.5 93.4
Clo3~ 28.6 - 28.6 83.2 93.9
103" 26.6 - 26.6 78.1 -
NOz 68.2 - - 56.2 30.0
SO32 - — — - 87.4

* Diverse element or ion added at level of 1000-fold ratio of As, Se, Sb, Te and Bi
(Ref. 35 -37, 41). '
T Relative to 100 for the emission intensity of As, Se and Sb(0.1 £ g/ml), Te and
Bi(1.0 ug/ml).
1 No interference.
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Table 7. Determination of arsenic, selenium, antimony, tel-
lurium and bismuth in steels by high power N,-
MIP-AES with hydride generation.

Analyte Sample Certified value  Presentwork” Reference
(Hgle) (uglg)

Arsenic JSS171-7 460 457 £ 12 35
JSS 170-7 320 310 £ 13
JSS 168-7 120 1159

Selenium NASSF 2000% 1918 £ 15 35
NIST 339 2470 2447 £ 27

Antimony JSS172-7 22 20+2 37
JSS173-5 50 4714
JSS 174-5 97 9415
JSS175-7 200 197111

Tellurium 1SS191-1 16 18+3 36
JS§S192-1 31 26+S
JSS193-1 26 242
JSS195-1 42 40+3

Bismuth 1SS 190-1 7 N T 4
JSS191-1 22 N.D.
JSS192-1 98 90 +13
JSS193-1 34 28+ 10
JSS195-1 32 27+ 17
NIST 363 80 74+ 12

L VOBAIL,

* The mean T standard deviation, based on three(As, Se) and five(Sb, Te, Bi)
replicate determinations.

T Not determinable.
T Reference value.
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Table 8. Optimized operating conditions for the simultaneous determination of arsenic and antimony by high power N,-MIP-AES
with solution nebulization and continuous-flow hydride generation.

Solution
nebulization

Hydride
generation

Plasma
Wavelength (nm)

Slit width (4m)

Slit height (mm)

Microwave forward power (W)
Plasma gas flow rate (I/min)
Carrier gas flow rate (I/min)

Vertical position for observation (mm)

(above the top of the cavity)

Horizontal position forobservation (mm)

Hydride generation
Sample solution acidity (Min HCI)
Sample solution flow rate (ml/min)
NaBH4concentration* [ % (w/v)]
NaBHa4solution flow rate (ml/min)

As1 228.812 Asl 228.812

Sb1 231.147 Sb1 231.147
25 25
2.0 2.0
1000 1000
12.0 11.0
0.6 0.5
4.0 4.0

0.0 (center) 0.0 (center)

1.0
11.8
0.5
12.4

*1In 0.4% (w/v) NaOH solution.

Table 9. Optimized operating conditions for the simultane-
ous determination of arsenic, antimony and bis-
muth by high power N,-MIP-AES with solution
nebulization and continuous-flow hydride genera-

tion.
Solution Hydride
nebulization generation
Plasma
Wavelength(nm) As 1 228.812 As1 228812
Sb I 231.147 Sb I 231.147
Bi I 223.061 Bi I 223.061
Microwave forward power (W) 1000 1000
Plasma gas flow rate (I/min) 15 13
Carrier gas flow rate (I/min) 1.1 0.2
Vertical observation position (mm) 4 4
(above the top of the cavity)
Horizontal observation position (mm) 0 (centered) 0 (centered)
Hydride generation
NaBH. concentration (%) 0.3
NaOH concentration (%) 04
Sample acidify (M in HCI) 1.0
Sample solution flow rate (ml/min) 95
NaBH. solution flow rate (ml/min) 92

Table 10. Analytical figures of merit for simultaneous de-
termination of arsenic and antimony by high
power N,-MIP-AES with continuous hydride

generation.
Analyte
Arsenic Antimony
Linear dynamic range 10~10,000 ng/ml ~ 10~10,000 ng/ml

(1~1,000 wg/ml)” (1~1,000 g g/ml)

Detection limit (30) 4.13 ng/ml 4.19 ng/ml
(650 ng/ml) (590 ng/ml)

Correlation coefficient 0.999 0.999
(0.999) 0.999)

* Conventional solution nebulization.
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Table 11. Analytical figures of merit for simultaneous de-
termination of arsenic, antimony and bismuth by
high power N,-MIP-AES with continuous hy-
dride generation.

Analyte

As Sb Bi

Linear dynamic range 30~10,000 ng/m!  30~10,000 ng/ml  300~10,000 ng/mi

(1~1,000 ug/ml)" (1~1,000 wgiml) (10~1,000 Lg/ml)

Detection limit (30) 7.13 ng/ml 14.6 ng/m! 116 ng/ml
(610 ng/mf) (580 ng/mi) (3,700 ng/ml)

Correlation coefficient 0.999 0.999 0.999
(0.999) (0.999) (0.999)

* Conventional solution nebulization.
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ng/m/)’"’] LD LRREMETH B4, BBBED VT
ROWEARBEZENTH S, 72, KEBCWER-FEEL
77 X RAITIHAITRAOR KR R - B R mE~ 4
U R T 7 X FH S HE DR KFZ AR - B &M
AR TR O TRER AT 254, eXb &
U7 v FE/OBRHIBRIE, ZhZho265 5002, 045
K035, 082% K U026ngml E WX T 5, £/,
3ITCEDERFHE DA O, Table 41278 L 7= BT
ELBAE L Tablel0 TR L7222 TRDOREIBERE L 72354
DORMIRA L L TRRH R TH -7z, ZThid, HIT
FOAWMEWELT, KDF I FaiES5SEF M) v 6%
HET 5= OIKFIERBICRESBE L2 L L
LILERI BT DR 24 DO TTROFEE S 5
ThEZEMWEREZELZOND, 7=, KEWER -5
BEA T 7 X2 RO KEL W ER - B &N



AEER - B HBEE~A s 0EFET 7 X REARINNIC &L 2B OMBETLHOER  o67 ERE

BEFIRNESOEFOTENEES T -HA, v, 7 Table 12. Effect of diverse elements or ions on the simulta-
. .. . e neous determination of two (arsenic and antimo-
VFEVEBIVPE 2T ZOKRMERIE, ThEFH02, 02 ny)- and three elements (arsenic, antimony and
B L1702, 0.82, 026% L 100.04ng/m/ L W|E X T 5, bismuth) by high power N,-MIP-AES with hy-
’ ’ N . . dride generation.
IhoOMEHEE KT 5 &, REIZ & 2 RIBRFES
% S>TWAR T & Nhmno7z o E , %ﬁ:i@ﬁﬁiiﬁ Relative intensity T
(RBELRICHE) OBELERTETRENET 54, Elementorion*  As  Sb As  Sb Bi
3-3-2 FfEET Al - 614 - - -
- . et _ cd - - - - 86.1
Wil FIROREIT b B SIS, s ma ms e s
Y27 233 MHOBRIIRE CHET 548, kkD3-2-2& i) - 154 - - -
g - . . . ) Cr(V 252 276 572 308 -
I BBEU 7Y FEVIZ, bREAUDELEWVB X . %3 569 w7 6ls 36
N 5 > S . * 3 Fe 345 386 348 284 321
VT YFEVANET ¥ FEL(V)OZATN2EHOBAL Ni(m) 145 189 138 182 129
PHETHEL, TNFNOLZEBLUOT7T UV FEVNLDR Pb - - 8.7 894  —
AR A E < Bk 05550, FBIT AT THIE U 5 x G ns 60 s 787
R, 2R B LUOILRORFHEDHE, RV)ET Y w R Bl BT s
FE V(V)DBEHED S DRFEHORAENFIL R & Zn - - 840 904 -~
e BrOs* 247 248 314 187 -
7V FE V() DERE BN IBE DR 26% &£ £927% B & dor a5 s ws  gse -
UHRII0% ER 5% TH 7=, LEA->T, AR pO 105 295 244 36 361 —
B TS L OB T Y FE VIR AR S HAIE NO» 364 492 330 311 824
> SO R = N =5 > N N *+ Diverse element or ion added at level of 1000-fold ratio of As, Sb and Bi(Ref. 35 -37, 41).
Zkiﬂ: q@étﬁjc;im: Pl e i(v) s ﬁg“) BEUT ¥ 1 Relative to 100 for the emission intensity of As and Sb (0.2 4 g/ml), As(0.5 1 g/ml),
FEYV)DLT VFEVANND PlEIRELZ BE L SH(0.5 Lg/ml) and Bi(1.0 g/ml).

1 No interference.

U7 REHERZECZEOTHITROFMETIZ, TV
b ) o L3290 7o REHOLHOLBEL S D,
FIT, KWIRTIE, v EBLUO T VF T ERBEICTH

Table 13. Simultaneous determination of arsenic and anti-

BT A-DI23 b)) v oL FAREL LT HE - hmczinydin steels by high power N,-MIP-AES with
- . o . - tion.
BT U758, 20 E R KO3 TEORFRIE % 1T - 725 ydnde generation
AT, ZhFh005Mb & C0.5%DFARFELAMA 3 Sample Certified value (£4g/g) Present work( £4g/g) T
ZEizkbhe %(V) PR OV S SV V) EIThFhe®z composition* Arsenic Antimony Arsenic Antimony
B LV 7V FEVUDICERISETLE N, LRAUDB A:D=1:1 460 200, 459 £ 19 200 % 13
S . HA L[S : Mo s B £ 7B A:D=2:1 460 200 462 £ 19 18111
KU 7V FEVUNDADZE LFEBREORIEBE 2155 D12 w20 o 4 14 o6 4 8
ZEMNTE, A:E=1:1 460 97 452+ 19 9t 9
A:E=2:1 460 97 460 * 18 a1t 6
3-3-3 HEEORE AE=1:2 460 97 457217 %t 8
e N S S - 4 =1 : A A:F=1:1 460 50 448 + 13 6t 6
2IEEBL K UBITLRIZK L TI1000H5E (K2 v IDHA b2 w % st 2 P
DARS00f5E) DILEEARGFLLZEEZDLR, TVFE A:F=1:2 460 50 450 £ 14 s1t 4
VB XU 27 2O A REE L, FHRoRRL B:D=1:1 320 200 318+ 18 199 * 15
BET L7z, 72720, M8EA 1002 INOE AR L 72 Booa e N i
— . s . ; =8 o TS A3 B:E=1:1 320 97 316 + 16 94t 7
ARBLTA A Vi, (H“i“hé%%@bfﬁlﬂﬁ‘b BRBED B:E=1:1 320 97 315+ 12 9t 6
L7, TOREE, Tablel2IZF O THRT, B:E=1:1 320 97 310 + 12 9+ 7
e B:F=1:1 320 50 308 * 11 6t 6
334 SASVIANDISH B:F=1:1 320 SO 21 +14 48t 4
ARBD EFE X RFEE #REEd 5 72012, Rik& S5 B:F=1:1 320 50 34 L8 3t 6
ISR LZ, $4b5, BHARBMERD [METLRERD C:D=t1:1 120 200 mfﬂ mf“
C:D=2:1 120 200 118 £ 10 204 £ 10
ODREMS ) — B SEFEGIEEME PO R K CiD=1:2 120 200 1+ 8 203% 8
. o C:E=1:1 120 97 + 04 £ 10
V7V FEVORKBERET >/, £72, BN (EU- C:E=2:1 120 97 i(l)gt : 198i19
= ’ 1 28 S K C:E=1:2 120 97 116 £ 10 98 12
RONORM) O & #0FE $% 00 % B8 Gk FRUEHI H & NIST O $h4f C:F=1:1 120 S0 114+ 8 9t 5
FEE b OLE, TUFEVBLIUE AV ZORER C:F=2:1 120 50 120 £ 12 9% 4
B : . C:F=1:2 20 50 st 9 3+ 5
EiTo7, Bl OeER, TVFEVBLOE AT AARE : i - ’
= LA ) - 1= .1. BT N = - > = * "Carbon Steel for Minor Elements Determination Series B" issued by The Japan Iron and Steel
BYBHWAITIE, KIZ3-3-30bRL L5, ERST Federation. A: JSS 171-7, B: JSS 170-7, C: JSS 168-7, D: JSS 175»; E,:JSSP°174-5. F:JSS 173-5.
BB THAEEL &Y i 6 o, KE(LE T The mean + standard deviation, based on three replicate determinations .
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Table 14. Simultaneous determination of arsenic, antimony and bismuth in steels by high power N,-MIP-AES with hydride gener-

ation.

Certified value (L g/g) Present Work(,ug/g)'

Sample Arsenic  Antimony  Bismuth Arsenic  Antimony Bismuth
EURONORM 097-1 51 <10 s5+3 7*1 N. D.t
NIST 361 170 42 40)* 177+£2 36 k01 N. D.
NIST 363 100 20 101 £2 16 £1 70 £ 7

* Themean T standard deviation, based on five replicate determinations .

T Not determinable.
¥ Reference value.
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