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Abstract: High—purity hafnium (Hf) is a critical strategic metal for nuclear control rods, aero-
space high—temperature alloys, and semiconductor gate materials. Trace impurity elements can sig-
nificantly degrade the high—temperature corrosion resistance, electrical properties, and nuclear ir-
radiation stability of the material. Therefore, establishing an accurate quantitative method for trace
impurities in high—purity Hf is of great significance for material quality control. In this study, an in-
ductively coupled plasma tandem mass spectrometry (ICP-MS/MS) method was developed for the
simultaneous determination of 20 trace impurity elements in high—purity Hf. A binary mixed acid sys-
tem of nitric acid and hydrofluoric acid was employed to achieve one-step complete digestion of sam-
ples, obviating the need for complex pretreatment steps such as matrix separation and coprecipita-
tion. The digested samples can be directly injected for analysis, which markedly improves analytical
efficiency and throughput. Through systematic optimization of instrumental operating parameters,

the helium collision mode (for the determination of Be, Mg, Al, Ti, V, Cr, Mn, Fe,

Co, Ni, Cu, Zn, As, Mo, Cd, Sn, Sb, andPb) and oxygen reaction mode (for the de-
termination of Pt and Au) were adopted according to the interference characteristics of different ele-
ments, effectively eliminating polyatomic ion interferences derived from the Hf matrix. Coupled with
the online internal standard method, matrix effects and long—term instrumental signal drift were ef-
fectively corrected. Method validation results demonstrated that under the optimal instrumental condi-
tions with a dilution gas flow rate of 0. 520 L*min™' and an oxygen reaction gas flow rate of 0. 950 mL-
min™', the method detection limits (MDL) for the 20 target elements ranged from 0.010 2 to
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0.318 Omg-kg™, with spike recoveries of 91. 0%—109%. For spiked samples, the relative standard
deviations (RSD) of seven replicate determinations were all less than 5%. The proposed method
features simple operation, excellent precision and accuracy, and can fully meet the requirements
for quantitative analysis of trace impurity elements in high—purity Hf, providing reliable technical
support for the optimization of production processes and the formulation of quality standards for high—
purity Hf materials.

Key words: inductively coupled plasma tandem mass spectrometry (ICP-MS/MS) ; high—purity

Hf; impurity elements; mass spectrometry interference; reaction mode
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BEAERYE; WP B IE E G A PR A P2 b Milli-Q®1Q A4t K AL (328 Millipore 22 7)) ;
Balance XSR 105DU 84 J5 432 —HLFRKF (it Mettler-Toledo AR 7] ) .
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(I HREFFRAR AR AT ; MR . SRR (4%, WE Ll L B AR AR ) ; SCI
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1.2 UBIEEH

KM 10 pg- LIRS S 2R B TAESEL, Wag 1.

1 RS T H RO RN 24
Table 1 ~ Operating parameters of ICP-MS/MS

Instrument parameter Value Instrument parameter Value
Plasma power 1600 W Reaction gas (0,) 0.95 mL-min"'
Nebulization gas 0.571 L-min™' Peristaltic pump speed 20 rpm
Auxiliary gas 1.00 L-min' Number of channels 3
Cooling gas 14.0 L-min"' Dwell time 30 ms
Diluting gas 0. 520 L-min"' Sampling depth 4.8 mm
Collision gas (He) 1.46 mL-min™'
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Table 2 Results of different digestion

Digestion No. Digestion mode Time Digestion result
1 3 mL HNO,+1 mL HCI, 140°C heating 2h Incomplete digestion
2 1 mL HNO,+3 mL HCI, 140°C heating 2h Incomplete digestion
3 3 mL HNO,+1 mL HCI+2 mL HF, 140°C heating 1h Incomplete digestion
4 4 mL HNO,+2 mL HF, 140°C heating 1h Complete digestion
5 2 mL HNO,+1 mL HF, 140°C heating 1h Incomplete digestion
6 2 mL HN03+1 mL HF, 160°C heating 30 min Complete digestion
7 4 mL HN03+2 mL HF+1 mL H202’ 140°C heating 45 min Complete digestion
8 2 mL HNO.+2 mL HF, 200°C heating with microwave 30 min Complete digestion
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Table 3 Isotopes of the Pt and Au and their MS interferences
Isotope Abundance/% MS interference
0py 0.0120 TSHE+N (5.2%) ., "THf+"C (0.2%) . "*Hf+"C (27.0%)
12py 0.78 TPHE+0 (5.2%) . PHEAUN (27.2%) . PHEAPC (0. 1%) . HEAPC (34, 7%)
1%py 32.80 TSHE+%0 (0. 1%) . "TH+"0+'H (18.6%) . *H+'°0 (27.2%) . ""Hf+"N (35.0%)
1Py 33.70 TTHEHBO (0. 1%) . TSHE+H0+'H (27.2%) . PHE+'°0 (13.6%) . "Hf+"N (0. 1%)
190py 25.40 TSHES0 (0. 1%) . HEA0+'H (13.6%) . "°Hf+'°0 (35. 0%)
"%py 7.23 "HE%0 (0. 1%)
7 Au 100 "OH+90+'H (35.0%)
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LT3 HIO . HIOH £ 54E /S — 255X HIO, . HIOH [RIR 1 FiER, i Au. PUELLE— 5
ARG SLIUT R, BT RS IG ALY 72 Au, 0P, Py, Py S py R 3 (B AT AR 1
BHAEZE 5L, B 20 Au 32 3] HI°0'H—""Hf0,'H T4, “2Pt, " "'Pr, "0 22Pr, ™ 21py 5% 3| "Hf"°0
—BHF0,, Hf°0—Hf°0,, '"Hf°0—""Hf°0,, ""Hf*0—""Hf*0,, ""Hf*0'H—'"Hf°0,'H, "Hf°0'H
—"Hf0,'H, "HFO'H—""Hf0, H T M A RN RIS (on—mass) 1, HEFZHFF
Wl it 50t — P& LIITH, BWTF AuR P, A Au, P, TP, Py
RSPy ) AR B R ARG, EHH Au Rl PUAZ B HESE ORI IS P 4 B PR, R HIOH JEAS &
HIOH, HfO#%5#%% HIO,, 1 “'Pt, "Pt. "*Pt/rs2 Hf i BT THAHEL PUm 5554, A1 ™ Pt r ]
FEMEL AR, DR AR S0 SR P AR5 o RS B R T P, " A RS S04 o

4 AREEATT 1000 mg- L EALESHESL T Pr. Au 3K

Table 4 The apparent concentration of Pt and Au in 1 000 mg-L™" high—purity Hf sample under different modes

Apparent concentration/ (wg-L™)

Analysis mode

194Pt 195Pt 196Pt 198Pt 197Au
No—gas / / / 72.6 84.6
He 353 441 135 33.2 42.5
0, (On-mass) 62.7 75.3 29.7 0. 0746 <0.0534
0, (mass—shift) 238 267 89.4 34.1 62.4

2.4 FRRNSREHZIN

G ABER RS B3 EAMLIGR, 18 T EEUURN R ROV N SARREAE 0. 70~1. 10 mL/min 78
BB ERF 1717 Aw B 1P E B R A8k, 48 S 1R

EHIE 105, fEon—mass BT, HT Au. PUAGS5EALE, M HO'H A H*0 &t —F 5
AR ATE R CHE 0, H A ™ HE0,, PR SR M FFAEIE IS, 7" A, P IN SRR
SR RIPEAR, FE0H AL 0 85 BE 4R 5 S0 Al BH 1 IR 5 X O 9k 8 e R T B 5 24 S0/ 38 i &)
0.950 mL-min B, 7" Au, P INRMAE R BTG TR E , RHMAR HIO Tt AR =
HfO, SBT3 54 0. 950 mL - min™ RIVEJVHE FE %o i i v 4 R A R R ) <
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T P R ) S5 R AR 7 1k R O S v B . [k B R RO 1000 mg- L B4R RE
ST PR A So R R TR 4 0. 520 Lemin™ HTT A PRI B S
2.6 HLMHEXEHSHEXRHIE Fig. 1 Effect of different O, flow rates on " "'”Au and **""**Pt

apparent concentration of 1000 mg+ L™ high—purity Hf

LIBe, Mg, Al, Ti, V, Cr, Mn, Fe, Co,
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38 SD FRUMBATEL, THRAZSICENINERIIR (MDL) . & e 1l & it SR AR ¢ R0
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{H I R ) E KA R B S B AR R AR E R . PRI AR SEIR AR 2 SR bR S, LL 5% oK
PSR T BE R AT R 420 ALY, T UG SRR I R 47T R A SR AN HERA P )

Pt and 7 """ Au apparent concentration/(pg-1.™")

198+ 98
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;? 4— 0.780 L-min"' § o ' - . I
= s e : = . o ] = . . -
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B ol et SN 5 . - N | E
é i) .___'__r_a— - - E L - Fi1o° g
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ra— 3 Y G |
Time/(min™") Diluting gas flow rate/(L-min™ )

B2 2B T Re AARTCRAEAFFE R FRIRICR (A); S FRRERE 30 min BEARFE N FRICRTEARF
R T IR B BEAH (B)
Fig. 2 Recovery of Re IS element under high—purity Hf at different diluting gas flow rates (A), recoveries and intensities of dif-

ferent IS elements under high—purity Hf at different dilution gas flow rates after 30 min of continuous sample introduction (B)
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KSR TR E T, Al 7 AN B AR AR SR A A BR T IR T EALIG, TR A
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HEfW%E (RSD) ¥)/NF 5%,
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Table 5 Mass numbers, linear correlation coefficients and MDLs of detected elements

Element Mass number Correlation coefficient MDL/ (mg-kg™)
Be 9 0. 9996 0. 1080
Mg 24 0. 9998 0.1110
Al 27 0. 9997 0. 1620
Ti 48 0. 9999 0. 0684
Vv 51 0. 9998 0. 0276
Cr 52 0. 9999 0. 0942
Mn 55 1. 0000 0. 0420
Fe 56 0. 9998 0.3180
Co 59 0. 9999 0. 0462
Ni 60 0. 9998 0.0516
Cu 63 0. 9999 0.0723
Zn 64 0. 9997 0.2700
As 75 0. 9999 0. 0789
Mo 98 0. 9996 0. 0336
Cd 111 0. 9999 0.0102
Sn 120 0. 9999 0.0144
Sh 121 1. 0000 0.0411
Pb 208 1. 0000 0.0213
Pt 198—198 0. 9999 0. 0438
Au 197—197 0. 9999 0.0534
(A) (B)
= ]
10° 5 i 10* 5
- ™ -
10° 3 : . B
. . <« 10%E K 1 - ’
g_ 10 4 : " 3.
g 10 s § 10° 4 "
107 3 A
10" 5 - g o =
10" 4 T B .
4 : s 3 8 ¢ 8 4 $ — - : : : : : . & " .
10° T T T T T 10° T T T T T
1] 1 2 3 4 5 1] 1 2 3 4 5
Wash time/(min) Wash time/(min)

3 AEFEFI Aw il ICBUSITEBRACR (A); 3R] 296 AR BRI 71 a0 Au 75 35 B A2 4L (B)
Fig. 3 Efficacy of different solvents in eliminating the memory effect of Au (A); variation of Au background intensity after sub-

sequent rinsing with 2% nitric acid solution (B)
2.8 ELERHRNE

P MR S0 7 1 AL AR AT 0T, 9F 5 YSIT 568. 13-2023 HOSM I ik AT b, PP 4%
TCHHE 2 ARPEPTINA B TC 25 B RS WS B R R RS T AR, TR IAREIER, g5 R T
B, PR IIFRELER R 91. 0%~109%.
3 & &

ATl RS IR - SRR eI A TR R I i 2 En AR o, I SR Rl AR A DL R SRR AR T
B e AR SR B B TR0, JEST T ICP-MS/MS i B2 UEREIN & i 4lish vH i Be . Mg, AL, Ti, V.,
Cr, Mn, Fe, Co, Ni, Cu, Zn, As, Mo, Cd, Sn, Sb, Pb, Pt, AuRBRFICLESEN T L.
OIMTEE RN, B Ioe RN REIYRT0.999 5, Jrikk PR 4 0. 010 2~0.318 0 mg-kg', RSD3
INT 5%, FESHIAREICER A 91. 0~109%, %7 ik B A EAF & | MR BRI 25, ol SEBl4N L)
Al A A E R AL A PR SR IR AR e R RS T S TR
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6 REEEMRLR (0=7)

Table 6 Results of precision test (n=7)

Average
Element et g concenlraglion/ RSD/%
Sample 1 Sample 2 Sample 3 Sample 4 Sample 5 Sample 6 Sample 7 (mg-kg™")
Be 1.45 1. 50 1.48 1.39 1.54 1.38 1.35 1. 44 4.9
Mg 0.517 0. 492 0.478 0.482 0.511 0.512 0.527 0.503 3.7
Al 2.89 2.72 2.84 2.85 2.77 3.09 3.07 2.89 4.9
Ti 1.10 1. 10 1.03 1.03 1.01 1. 04 1. 00 1. 05 3.7
\4 13.2 14.3 12.6 12.9 14. 1 14.0 14.0 13.6 4.9
Cr 1.54 1.56 1.55 1. 46 1. 46 1.43 1.49 1.50 3.3
Mn 5.02 4.85 5.07 4.67 4.70 4.81 4.91 4.86 3.1
Fe 11.3 10.5 10.5 11.3 10.3 10.3 10.6 10.7 4.2
Co 3.19 3.31 3.32 3.25 3.09 3.12 3.26 3.22 2.8
Ni 3.16 3.17 3.19 3.15 3.16 3.19 3.18 3.17 0.53
Cu 11.2 11.1 11.2 10.2 11.1 11.5 10.9 11.0 3.8
Zn 0.537 0.521 0.522 0.512 0.507 0.512 0. 527 0.520 2.0
As 0.322 0.343 0.324 0.316 0.322 0.338 0.318 0.326 3.2
Mo 5.21 4.96 5.04 4.97 4.90 4.99 4.93 5.00 2.0
Cd 8.88 8.22 8.41 8.13 8.62 8.69 8.47 8.49 3.1
Sn 3.32 3.30 3.12 3.38 3.27 3.20 3.43 3.29 3.2
Sh 0. 489 0.512 0. 506 0.521 0. 466 0.521 0.511 0.504 3.9
Pb 1.19 1.11 1.05 1.16 1.08 1.15 1.08 1.12 4.5
Pt 0.0734 0. 0745 0.0728 0. 0752 0.0748 0. 0739 0. 0759 0. 0744 1.4
Au 0.211 0.192 0.216 0.203 0.211 0.199 0. 196 0.204 4.4
KT EAEARE P AR BOT R RS,
Table 7 Test results of elemental contents in high—purity Hf
. Test value by electric heating .
Element Test value by mi(lzrowave board Spiked / (mg-kg™)  Found/ (mg-kg™) Spiked
/ (mg-kg™") o recovery/%
/ (mg-kg™")
Be 1.37 1.44 2.00 3.60 108
Mg - - 0. 500 0.497 99. 4
Al 2.84 2.89 2.00 5.04 108
Ti 1. 00 1. 05 2.00 3.02 98.5
v 13.1 13.6 10.0 23.3 97.0
Cr 1.54 1.50 2.00 3.36 93.0
Mn 4.78 4.86 5.00 10.3 109
Fe 10.6 10.7 10.0 19.8 91.0
Co 3.16 3.22 5.00 8.35 101
Ni 3.20 3.17 5.00 8.26 102
Cu 10. 6 11.0 10.0 20.7 97.0
Zn - - 0. 500 0.515 103
As 0.315 0.326 0. 500 0. 831 101
Mo 4.89 5.00 5.00 9.7 94.0
Cd 8.47 8.49 5.00 13.7 104
Sn 3.18 3.29 5.00 8.21 98. 4
Sh - - 0. 500 0.518 104
Pb 1.09 1.12 2.00 2.95 91.5
Pt 0. 0765 0.0744 0.200 0.274 99. 8
Au - - 0. 200 0. 206 103
SE W
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