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Abstract

Application of asymmetric flow field-flow fractionation (AF4) with inductively coupled plasma—
mass spectrometry (ICP-MS) for the analysis of fine precipitates in steels was investigated using
various nano particles and niobium carbide (NbC) precipitates in steels. The performance of the
size measurement by the AF4 results was investigated by comparing the measurement results of
gold nanoparticles between AF4 and transmission electron microscopy (TEM). In addition, the
broadening factors were devised to correct the particle size distribution measured by AF4. The
quantification method of number concentration using the flow injection method (FI) was investi-
gated and the accuracy of the quantification results was evaluated based on the recovery rate. The
newly developed FI-AF4-ICP-MS method was applied for analysis of NbC in ferrite steels, and its

performance was verified.
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W ODDFHEER L TCWLERIBENTRBY 0L S
A= RIS A 78 A — MVOFBE OB A 723 EHI 0 L
T, SRICHAET B, FmEEA], SO~ M) v s A
OHEEZIOTEH SN TS,

AF4 TR O~ N 75 7 4 — D8N T LIZH WS
NAREEMZLEL ST, A KA L7258 % ER T
LM AEET Do MAT, AF4BIIEHEL A, AL
TR AT, FHEREE T 7 XA~ B w50 (inductively
coupled plasma—mass spectrometry; ICP-MS) ZEDFk 4 7245
Wrike i Tl L CHAGDELZENTE, FHEsh
72BN BE T A M B ORI TR 54 B L O DICHRARL
LERRIFTHIENTESL, L7225 T, AF4IIAE—
THRIL VR A 2 Feokr - (208, SREH R R oft
R e S) OR300 2 LM E S 5Tk L
THHTHLEMFEN TS,

Z ZTARWIZE D T, SRR O AF4 % 58
TR RE L. AN, &F /KT (AuNPs) %
WC, AF4 IS X % kT AR Ml E o PERE &2 A L 72,
AuNPs O F-IGH0 T £8 &b 113 55 Ai O 45 A g 12 B L C,
AF4, TEM OWEAERZ ML T 52 L1258 -T, AF4
LB HOMrS LEEMGEL 7. 512, TE DR
BIZHDNWT AF4 THIE L 7R F 30 2 W1E S 57250
DY) 425 (broadening factor) # EFE L 720 S 512,
AF4-1CP-MS 73 #T D5 &= 2 G L7z (LUF, FI-AF4-
ICP-MS LT )0 AF4 1) TR EIRE LA 5l
ELEBTHEEEREO7a— (Y2 a3y (FI) 7
Ox NI L8%FES L, MEREIERL, 512, 2o
FETHEONLEEBGHEOME,S L SI2OWT, HfEH
D&:F ) BEHERT- (AuNPs) D RIER|IZZED W75l % 17>
720 F72, BAFEL 72 FI-AF4-ICP-MS % 7 = 5 4 Mirh o
NbC DA L, 2o R % MEE L 72,

BR

21 F/RTFHLUHAE

FEERIZI3 4 /R T (AuNPs, nanoComposix (USA)),
R /KT (AgNPs, nanoComposix (USA)) BL A X
ZHERY) AF L v T T v 7 AKT STADEX (PSL, JSR 71
TH AT AR (AAR)) Iz, R'AICEESF KT
BIXUREBM Ot £ L0720 4 D AuNPs(AuNP-2,
AuNP-5, AuNP-7, AuNP-10) # T, AF4 12X %k T
PEIE OBIE AR 2R L 720 F72, AF4, TEM OFE L
2121 AuNP-5.5 % iV 72 AF4 TIEKAIZ B L 720k 7E
T AuNP-55 I L, TEM Tli&, AuNP-5.5 Ot %
A — RV & 7Y v B2 TR S 7214,
PAHLET (bright field; BF) (22 @81%2 L 72 TRIKOFR % 2 kT
D AF4 BL O TEM I &L R0 AillEIcE, 2 fifHO
AgNPs (BRIRB LUK, #1241 AgNP-50s, AgNP-50p
EUITRLT) 2 L7 MA T, 4 AgNP O AF4 12X %
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®1 F/RFOMLER
Specifications of nanoparticles
Average Concentration
Sample diameter Dispersant Shape
(mg/L)
(nm)
AuNP-2 2.1+03 52.5 Glutathione Sphere-like
AuNP-5 5.0+0.6 1080 Citrate  Sphere-like
AuNP-7 75+0.8 1070 Citrate  Sphere-like
AuNP-10 9.8+0.8 1080 Citrate  Sphere-like
PSL-29 29+ 1 5000 - Sphere
PSL-48 48+1 10000 - Sphere
PSL-70 70+ 1 10000 - Sphere
PSL-100 100£3 10000 - Sphere
AuNP-5.5 55+0.5 1090 Lipoic acid Sphere-like
AgNP-50s 50+4 20 Tannic acid Sphere-like
AgNP-50p 55+10 20 PVA Plate-like
Nﬂiiﬁ;ﬁfﬁ“ - - SDS  Plate-like
24+1.0
NbC precipitates (FOV-1 .
in%CAZS éliol - SDS - Plate-like
(FOV-2)

FOV: Field of view, PVA: Polyvinyl alcohol

FT-EEIE T, Lo AuNPs & PSL #JWCIERL L 72
BOIEMR 2 L 720 5 HE$HD AuNPs (AuNP-5, AuNP-
10, AuNP-30, AuNP-50, AuNP-100) %= fi\>C, FI-AF4-
ICP-MS 12 L 2 M=% 4 L 720 3% D AuNPs
(AuNP-2, AuNP-5, AuNP-10) i\ C, &kl AF4 4
PR B3 A RE % B L 72,

AF4-ICP-MS T ET L7z & CoREIT RO b 0%
BMORERZL LICHW . BB OFRME AF4 F v 1) 7
EHOFENE, BHK >18MQ : Milli-Q KFEH Y 27
43 XN Elix UV10, Millipore Corp. (USA)) % L7z0
AF4 ¥ ) 7B OFINL, PV VEEET ) v A
(SDS, #fE>99.0%, B+ 7 4 )V AFGHEE k) (HA))
BLOa— Vg by LA (SC, #MiE>985%, EL71)V
LFEHEE (HA)) 2720 Wi BB b (kk) O
B (Rl >60.0-61.0%), HEME (RIFE>350-37.0%), JE 11X
AT AR (Aul000, 1000mgL™) Z HEHEZ O
BUAHEH L 720

FI-AF4-ICP-MS {12 & 0 #4830k 0 NbC % = AT
T 572012, ZICHREREEW (XSTC-8, 10mgL™, SPEX
CertiPrep (USA)) % Hiv 72,

2.2 ERHEHEIC L 3 HEME R ENOmE S LU
B S HEE

0.INb-0.01C (wt%) DL % A3 % NbC HTi 7 = 7
A Mil%E, BEFEERTCL > TR SERL 72,
BRI O 70y 7 BkF (30x33x45mm?) &k 72 F
FOATy M SEIDIL T, BR{LLHE (1250C, 24
B 26 L 72 RI12KE L, 20 600C T 1B LY
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10 FEREIPREET 2 2 & C, NbC 2T S 872, 2D 600C T
DOEIHDOLEFFF 2 535 22128 5T, NbC Of T
BRMBURE A2 LS, 512, BEE 25%25%x2mm?
DOREZIZEIMIL, RISk AT L 72,

PRI O i AR T 2 72012, BTy ST
(selective potentio-static etching by electrolytic dissolution;
SPEED) #4199 2@ H L 72 BAEIZIE 10%AA R
(109% (v/v) AA-1% (W/v) TMAC- A% J —)V) 12, 4l &
LT SDS % 500ugmL™" OUEEEL 725 X HITHRIML72b D
M7z (LT, SPEED i & #53 5) T, s
NTAT ) DLW A5 3 5 FHHTE A & LT SDS &Ik
552 Li2& >, SPEED & H T L SAT I A3 EEE
THIERGIET A ENTE L, BRI EEHR &
kI, 500mA OEBEREMHE L, DTO 2 EEORT v
TTERMLZ. 51 ATy 7T, MR oER Eos
Gl L RACIE % IR 2 72002, 15 49 [ O T 15 i 451
170720 AT Y T T4, SR BIERE L 72
[A—#H B SPEED IS LI 2, SPEED &l H I iA R
L 72 3RRTH R o5 4 o MR AL % k80 B0 & 5 e B
F L7z B2 27 v 7Tl 120 40 OB EREZ
1720 ZOBIEIZLY, ¥ 1.0g OFKHMFEZ SPEED &
WHIHERT A LN TE DL, TO%, BEWLEZ 155
MATV, & TON Y% SPEED A 1243 BEI L 72,
C DN % 53 S R 7EEEHI DWW T, AF4-1ICP-MS
I EATo720

- -
0 =

2.3 TEM &%
RIS 72 AuNPs & 1 — R ZFFEAF & 7)) v

(a)
- Asymmetric flow field-flow fractionation (AF4) N
1 1
1 O oo 1
! °0 @ > O %, 1
i 020 —>
Op — 90 o ° . 020
L o W=>1 o of0 88 7O oo W
i O %o !
: NPs _
! Flow field
Ultrapure__[Syringe|
water pump

Sample injection Sample loop
e FIA system

__________

1
Hhig?

FIZHEE, BT T CHRSETREL, TEM BIgICf L7z,
KA, FE SR B 8 T - BB S Tecnai F20 (FEI Inc.
(USA)) 2L, MHEEL 80KV OFMETTING DR
FEBE L7 AuNPs OISR Z UG L, mGLEy 7
I 77 = 7 Digital Micrograph (Gatan Inc. (USA)) % FuvC/L
L 721%, 500 A OKLF DI K EE T THIE L 720 512,
_EF2o SPEED Al L 74T ¥ 2 AuNPs & [AlERD
5T TEM BEHICTRELL, mff LR R e A2
TR (high-angle annular dark-field scanning transmission
electron microscopy; HAADF-STEM) |2 X B #5247 572

2.4 AF4-ICP-MS O# 4 AR BN RIEHE & BIE LA

X1 (a) IZICP-MS #i{&B L O FIEE LM A S HET-
Wyatt Eclipse AF4 %¢1& (Wyatt Technology Europe (Germany))
DOBIEHZRT . COREIL, SmEREs7 o~ T 74—
HORY T, 0734 VAT ATLABI N = 0T
7 — (Agilent Technologies 1260 Infinity series, Agilent
Technologies (USA)) Z Mz T\ bo AF4 53BETF ¥ FVIC
F IR R EFEATLE, INOSOFFHIZDOF ¥ 2V
NTHRL, Ty AV 70—2EoTBBILZDS, 20
A ZNAF LTS LD,

AF4 SHIZ BT, Y —7 » A FEHEA, 74—
Ky 7, WM, BXOBEHRO 4OD ATy Th B S
NCTW519, FHIZ, kA AF4 58T ¥ AOVIIEALT
LIXSL 5L, AF4 5THET v AV OIREIFIAI I & D
WAL T, BRHIE A IC—ETICEO b D, TD A
T T ET =N TERES (M1 (). 2D, b
DT AF4 3 8ET v VISR L CERE SR, B &2k

Focus flow

(b) &)
Channel flow (V)

Injection port

Ionization Cross flow (Vx)
Channel spacer (to waste)
____________ . Membrane
Focusing zone
(no net flow)
( Outlet flow
Channel flow (Vc) to detector

Cross flow (Vx)
(to waste)

(a) AF4-ICP-MS & & U FI ZEBEDOBIRER, AF4 DORBES —7 > X (b) 74+ —HP T X797 (c) PEER TV T IZH13

(a) Schematic of AF4-ICP-MS and FI apparatus.'® Flow profile observed during (b) the focusing step and (c) the elution

step in the separation sequence of AF4 analysis.'®
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BRL, COLHEEEATSR R FRRIKE T %0 Tbb,
KFEDNSLK 2 513E, BEHT AF4 58T ¥ 2V DI
PO T B LD TED, TOAT Y FIIfEME
IR TV 5. WIS, BHAT Y 7I2BWTF Y RV
O—%—FMOKRIIETST DL, Bt OiED#E NI
Lo TRABHOZK T2 ENENTHTLIENTES
(1)) ZDFER, LN/ ERkTIZE, L) HAEE
B ORIt SN 5. CORE, RO LRFERERIC X ) 30RH
PHT 5728, AFAIZ X508 IR LT, RO LR
ERT HUENH D,

ARIFZED AF4 550 CTl, 300mgL! @ SDS Wi £ 721
500mgL™ @ SC A% AF4 ¥ ¥ V) 7 E L CHW,
I, ey M7 30kDa OF AL T — X (RC)
FRA4 5% (RC 30kDa, Microdyn—Nadir (Germany)) %
AF4 G3HET v AOVORSEBIZEH L 720 #iv> T, AF4 FrHEEE
EIZIZE S 275mm OF v F )b, JEE 350um £ 7213 490 um
DIERFRT A XY FIRIF v RV AR=H—Z A L 72,
AF4 5 BT v 2 )V IZTHEARE! ICP-MS #1& (Agilent8800,
Agilent Technologies (USA)) \ZIEHEHEGE S, AF4 #iE T
SNz KA OTCE R A 2 T4 2 THER L 72,

ICP-MS 21 DFEHE ALZIZ, HOWS B D+ 75 4 H—
(Conikal DC Nebulizer, Glass Expansion (Port Melbourne,
Australia)), SVF B HEBEL MR /2ATY NEIF ¥ >~
IN—% H\n iz,

+ 2 |2 ICP-MS HEDOWUESRMZ R o AF4 53HT 21T
ANz, A< e 30 401, SDS F7213 SC % & AF4 ¥ v
) TR R AF4A D EET X FOVISH L, RC IRAEA 5 % 5
#1720 % AuNPs 3 BUBTH O RE N A T IV Co BT/

SECREERREO72012, TROLEHRT LI LR LICHERE
AR L 720 F 72, SPEED B IZBR S 74T HW
BRI RSN L 720 Nz €, sl
Bl AF4 5FHETF ¥ SVANDIFEAL, A= T T—%H
WTATV, ZNZENGHT A ERi L 720 3R 312 AF4 7 BES
e Lo TRT,

2.5 FI-AF4-ICP-MS &I L B2 EEHE

AF4 ZEE AR &I L€, BRI & i3 (F1 2%
) ZF 721230 720 B 212 FIZEOFEORAN 27”7,
B4 2 (a) 13FEHE ARE 2 (b) 1ZF0RHTH RO TS T d %o
FOWBNTID) IRV T, 6 FUIDEEZ VT, BLD
T TN =T ENT WL, Y)Y TR TR
N6 TV EZ NV T ERATIAY =12, y TV —
T 6 YT BRZ VT IZEN TN L, T Ir—
TORENL 552uL IZHEE L 720 T2, PRIEHOWEE 6 75

£ 2 ICP-MSBIESRM
ICP-MS operating conditions

Agilent8800 ICP-MS

RF power (W) 1550

Nebulizer gas flow (L min™) (a) 1.05 (b) 0.82
Make-up gas flow (L min™) 0.23

Cooling gas (L min™!) 15

Auxiliary gas (L min™') 0.9

Sampling depth (mm) (@)8 (b)7
Element (m/z) Nb (93), Au (197)
Duration time (s) 0.1

Spray chamber temperature (K) 275.15

(a) size distribution, (b) number concentration analysis

K3 AF4 DBESM
AF4 separation condition

For AuNPs For AuNPs For AgNPs For NbC precipitates
Membrane nature Regenerated Cellulose (RC)
Channel Membrane cut-off (kDa) 30 30 5 30
parameters Spacer (um) 350 350 350 490
Elution solvent 1.04 mmol L'SDS 1.04 mmol L' SDS 1.73 mmol L'SDS ~ 0.035 mmol L'SDS
Elution time (min) 1 35 1 1
. . Focusing time (min) 1 0 1 1
Fractionation TIT -
fime Focus+Injection time (min) 2 0 2 2
Focusing time (min) 3 0 3 1
Elution time (min) 35 0 35 45
Injection volume (uL) 1 1 100 20-100
Injection flow (mL min ™) 0.2 0.2 0.2 0.2
Channel flow (Vout, mL min™") 1 1 1 1
. . Condition 1: 0.5 — 0
Fractionation ..
Condition 2: 1.5 — 0
step, flow, and .
L Condition 3: 2.0 —» 0 . 30—-0 2.0—-0.1
volume Cross flow (Vc, mL min™) . Condition 0: 0 . . . .
Condition 4: 3.0 — 0 (linear gradient) (linear gradient)
Condition 5: 4.0 — 0
(linear gradient)
Focus flow (mL min™") 3 0 3 3
Detector UV absorbance (nm) 254 254 254 520
HOA&A B 8 5 ) #4265 (2025 — 24—
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(@)
Carrier N
solution AF4 1CP-MS
Six-way
switching valve
Ultrapure Syringe
water
Pump ‘ ’ Peristaltic pump
Solution Waste
Sample loop
(552 pL)
(b)
Carrier
solution AF4 1CP-MS
Six-way
switching valve
Ultrapure Syringe
water
Pump Peristaltic pump

Waste

Sample loop
(552 uL)

2 FIZED (a) #RHEAR, (b) AL HEFORE
Schematic of flow route of Fl apparatus. (a) Sample load;
(b) sample injection.'®

B2 NV TIZER L, 6 HUIDEZ NNV TIZL->TH
THEDOYI ) FEZ D TED LT SIEHREEITIREDS
FNZENo0, 001, 0025 005 0lmgL!'E7ZndXk)IZH
ML, < w27 2L LT5%W/v)EREEL L) ICHTHR
L7z (BIF, Stdl-5 &#53 %), $72, SInHfaeimmidig
FEASZNZI0, 1.0, 3.0, 7.5, 10ngL! &7 5 X IZHML,
M) I AELT1% () RE &8 X9 ITHE L 72,
TN =T DR T T AP —IREROIREIZB VLT,
Ve RS TS OEEEFE 2 > T Vv —TIEA
L, BTy TV — T &l Uiz, Z0%, ik
AUV EZ, VI UVRYTERGT, —EEOEIER
EARTIAF—ITHEN L Tz0 ZOEHEZEHILICP-MS 12 & -
THER A fFAATE RIS, Zomtishizza< b7
TLDOY = HifEAFES LT, BEMEEZRDI, fEikE
HOFEAREEONZ7 0T NS LD =2 HEDOMOD
HHBIRA R SRR A VER L 720

3. BREER: WTEDTHEM

3.1 &FF /HFOTEM BIRER

FHIZ, AuNP-55, AgNPs, B L O#4iz0k o NbC
% TEM CTHIZ L7z, & 312 AuNP-5.5 & AgNPs ® TEM
BB R O — B & 52 L 72K F B0 i 2 7 AgNP ORI
oA LERE (Dmax) ZHIEL, EH (Dw) (FIEH L TR
B TWh, AuNP-5.5 & AgNPs I3EE L THE 5T, —kki
TELTHAHL TV ZEDHERTEZ, —7, B4
R LI, NbC WL O OFEME ChREL TV EH S
EDYSL LR oTz, WA DOIKIZBIL T, AuNP-55 &
AgNP-50s 1£Z DREBIIHEIRTH o 7225, —EOKF1E

0 gene 0,

iy
=

S

-16
Mass (107" g)
N w
(=] (=]
=
[ %] w S w (=)
=3 (=} (=} (=3

s
Particle Relative Number (%)

o o

0.

o

20 40 60 80

Particle diameter (nm)

100 120

0 A A =
012 3 45 6 7 8 910
Particle diameter (nm)

3 (a) AuNP-5.5, (b) AgNP-50s, (c) AgNP-50p M
TEMEBER#R 1%, TEM T3k & 7= (d) AuNP-5.5, (e)
AgNP DA X4H%12

TEM bright-field image of (a) AuNP-5.5, (b) AgNP-50s, and
(c) AgNP-50p on a carbon-supporting grid. The size distribu-
tion of (d) AuNP-5.5 and (e) AgNPs determined by TEM.'?

(b)

30F 30F
o} )
E E
220 2201
& &
2 g
10f T 10}
L #
0 Ao 0 1%, R
0 3 56 78 910 0123456738910
Particle diameter (nm) Particle diameter (nm)

4 iR NCA5-3 » 5 EfFHHE L 7= NbC O HAADF-
STEM & & Z DRFER 12
(a) FOV No.1, (b) FOV No.2
HAADF-STEM image of electrolytically extracted NbC from
the steel sheet, NCA5-3, at two FOVs and size distributions
at each FOV'2: (a) FOV No.1 and (b) FOV No.2.

BRIRCld o720 72, AgNP-50p & NbC IZHIRTH ),
AgNP-50p D% & E AT Z L E 1 56nm, 14nm F2FE,
NbC DEEEERETE nm TH o720 ZNEDF JRFD
BT % RD AF4 THIE L 720

B A& # gk B W E4a265  (2025)
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3.2 AuNPs D AF4 5 LU TEMBIERR DL E (F
R FEENTFEIHDIR)

AF4 2 X B0 TR E OMERE R MR T A 72012, AF4,
TEM Tla—® AuNP-5.5 (— &A1 5.5£0.5nm) & %
L72o ETHIDIC, AF4 OWEIIE nm O F / fiF % 155
2T BECE D X ) 12 b L 725 T T, o> AuNPs
DR & DrFRIRE I DA BB AR D W TR L 72 BE i
A HWT, AuNP-5.S ORI TS Aix A7z, HFoh
72AFA DM ER RN AR TTI1 T4 7L,
AuNP-5.5 O -390 118 &R T 855 Aii 21l 4 (full
width at half maxima; FWHM) %# & H L 72, KIZ, AuNP-5.5
® TEM £ TlE, TEM |2 & DR F-EEHE DOARTED S 2T
ML, HWEE TR R LT 72,

R4 BIU 512 AuNP-5.5 OFIGRT1E L kL T-E850A7 D
FWHM %2 ZNZENZF L0z, 9, FK4ITRLLAF4 L
TEM TZNEINRKD - FIR FEL LiKT 5 &, FHEL
oD IS IE—E L7z 2T AF4 2B DR EOE
HiAs TEM OIERS RAZ T D W7k T O WAE i % i
LTCWb7:0ThobEEZBND,

WIZ, ELSITR LIR30 O FWHM % € 2Lkl
35 &, AF4 OBEREFIE TEM OHIER & —3ad,
TEM THROLNZMEOK 25 TH o720 TDiEWE, DIF
D2ODHHICELLBDTHLEEZ LN, H—IZ,
FHAWZRTOF Y575 ) =2 avid, ZRENEs
% JFE OB E T2 B TT o 720 AF4 KL T OB,
TEM [ ZEFHOEH &) B2 2 FHTHE L T b, £
D728, AF4 OREREFIIH T ORIFBOTEIK - K& &%

/%\

R4 TEM LU AF4 TR 1= FHR £
Average diameter of each specimen measured by TEM
and AF4

Average diameter (nm)

Sampl
ample TEM AF4 (raw data) AF4 (corrected)
AuNP-5.5 55+05 5.6+1.0 56+0.5
AgNP-50s 521+7.1 54.1+11.1 -
AgNP-50p 56.2+14.6 59.6 +£23.0 -
NbC precipitates
. - 21+05 21+02
in NCAS-1
NbC precipitates 2.4 + 1.0 (FOV-1) 2.0+ 0.4 20+02

L CTHE D, TEM ORIER RIT TR A s I
KT HEFEWOEFIL NI ARERLT VD, WRIZ,
BT OTIRICBE T BIEDEND, TS OfEFIZ M &
AWARSE S SV (W

BTAC, AF4 TlE LR &5 O FWHM X, AF4
SIHETF X AVNIC BT AR T H OIS L 5T, TEM £
DHREBMBEIZRS72EEROND, BELRLIE, AF4 12
LD MBI T DTN T BIREETIT DN S 720, AF4 45
BeF v AOVNTRFHEALELTLE ) 2L d#Toh
e\ SO X o TRFESAAEAE L) DILATY,
ZORER, A AGMEEPKT 55720, AF4 ZFIH L7
W ESAOBEF B ILHZEOLERHLEEZ LN
5o

3.3 AF4 DI H 2R FEAHIRBOMIE
BIEiCHA L 72X 912, AF4 TOR 4504 O FWHM
T E B R & CARIES B 720, AF4 OHIER & o
FEAT F AV THIEST 2 Hi 2 MEf L7z EELE
AF4 QRT3 AAHIEIZBIT 2 FWHM OHiIEIZLIT 048
D Td %o AuNP-5.5 DRLFEFAIZBEIL TESITIRLT:
TEM @ FWHM 2% % AF4 @ FWHM Dltid 1.94 TH o
720 ZOfE% AF4 53HTI2B1T 5 broadening factor & L TE
FlL7zo MAT, ERREMERIZLT, o) /I8
% broadening factor & FH5 L 72K AR S IR T 1B, 2
FEFHD AgNPs 13 FFED AuNPs & LLHE L CRET-OEEDS 10
BRERE o770, RD AF4 JIELETHE L7,
AT, AF412X5 AgNPs DMIEZITHHIZ, WD D
AuNPs 3 X O PSL #iF % F v TR 280 7 OB 1F il %
e L7z (K15)0 AF4 B LU TEM 2L - TllE L7z 2 f
JHD AgNPs DR M 2B 6 1R, T DR, AF4
GrHEF v ROVATORL T OIETUE, R EICBER % <
AF4 70 N7 T NI B T G- 2 D RN S H 2
bkl o7z, ZZT, broadening factor (ZxF L CIFH L7z
HMAZLDTIZEE DT,
(i) 52 AuNPs OHIER KA 5 E5HH S 1172 broadening
factor 13, KL FDOIIRRFEFHICKE ARFET %o BRIRD
BLFARE L CHesE S 4172 broadening factor 13, 1.94 ~2.29

in NCAS5-3 2.1+ 0.4 (FOV-2) OHBNTH o770
x£5 NFESTAERERS LU AF4A SICE T 20 REL (broadening factor)
Results of particle size distribution analysis and broadening factors in AF4 analysis
. Average diameter Component of . Broadening FWHM FWHM
Ti Shape . Density/g-cm™
(nm) (TEM) materials factor (AF4) (TEM)

AuNP-2 21+03 Sphere-like Gold 19.32 2.21 1.66 0.75
AuNP-5 5.0+0.6 Sphere-like Gold 19.32 2.05 2.56 1.25
AuNP-5.5 55+05 Sphere-like Gold 19.32 1.94 24 1.24
AuNP-7 75+0.8 Sphere-like Gold 19.32 2.29 3.09 1.35
AuNP-10 9.8+0.8 Sphere-like Gold 19.32 1.94 3.47 1.79
AgNP-50s 52.1+£7.1 Sphere-like Silver 10.49 3.01 26.09 8.66
AgNP-50p 56.2+14.6 Plate-like Silver 10.49 1.64 54.05 329
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Separation results of AUNPs and PSL mixtures by AF4.1?
Bottom and right axes show the size calibration curve.
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X6 TEM® &£ U AF4 Tk & 7= (a) AgNP-50s & (b)
AgNP-50p DRI FED 12

Size distributions of AgNPs measured using TEM and AF4.

(a) AgNP-50s and (b) AgNP-50p.'2

(ii) F 7% HHEHOK T OBEFEHLEIIE S Tldh w0, 2
TEFED AgNPs IZx LT, FFIIROZELZ LT O
ZE2 720 BUROFLT 1239 5 broadening factor 13,
ERIRDAKL 1283 5 broadening factor & 1) b 27T /)
S rolze THIE, AFAGEET v A VA DTRILAR
ROKFHGDOT T YLD SRR 5 L)
HECERLTBY, 20ERLELT, WIROK T
77 HEEHY AFA S HET X A VN OFEAIIH LT,
AEHACEHI SN EZ 5N 5,

ICP-MS **Nb intensity (x10 cps)
%]

2 3 4 5 6 7 8 910

Particle diameter (nm)

7 % NCA5-1 & LU NCA5-3 2 NbC D AF4-ICP-
MS BIFEFER 2

Results of AF4-ICP-MS measurement for NbC in steels

NCA5-1 and NCA5-3'2

3.4 broadening factor @M U 7= AF4 IC& 2R T&
AHRITEE DS AR NoC NDICH

AF4 53HFI2 BT A FWHM O 1E D@ EEM: % 45
572002, SSEED S L 72 NbC % AF4 THI%E L 720
ZFOREE, FWHM O, ks el 2— by
P A ZONHEYORFE2 L 0BER CGAETADIZ, %
RTHALZ DD o7,

F9°, AuNPs & [i]—® AF4 52514 T NbC Zll5E L720
7 |2 AF4 T#l%E L broadoning factor % 3 ] L CHliE L7z
NbC D FREG A X TR T T DREENDOEALI L,
NbC DR TEAHASELHNTHL TBY, BB
DEVNCAS-3 DT RO I HREL 2D EHEL T,
LHL, SNSHDONbC % TEM TBIE L2 25, fitat
BHRICAE =120 L, FFRIIREEDLLRNWI LS
4357z TEM TRO72 NbC ORLTE5A0E, K40k
INHEFE T L 2 VWA H o725, K040 DF
WIBMAESN D AFA LT WHERTH o 720 BULBL DR
FRRER o8N e & 512 NbC Ofr FRIZ b3, HEuE
FEDSHENT % (K — 7 HFE TR 15 15) ZEHL R
720

4. BREER  AHREOEE

4.1 FI-AF4-ICP-MS S (C & 1T B IR EARIERK

Au EHERH & AuNP-2 % AF4-ICP-MS DA THHTL,
#7Uux M ADOY — 7 HFER L 720 AuUNP-2 DY —
7RG L AF4 0 HEF © AV Au AR DS Au T
ORPEGTHAHIZE b OT, AufZEEFERO Y — 7|
FEED DI 33 R ED o770 AufEHEFE O ICP-MS ~D
EARDPKIBHD L2HEE LT, KED Au A4 UF
AF4 3BT ¥ AOVNEBOE Al L, B & L ChrZ:
ENTLES/TENEZLND, LEOKENS, AF4
GIHET v A VAND Au BEEEE O, IR MR A
PERE B3 L T na EDSHHS I 572,

Z 2T, AF4-1CP-MS ETHE LN TR RO T %

OO, FITOBHAEME L7, #1912, Au iy
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& R\ 7 R OV 3% M5 L 720 ICP-MS 434712
BUIAEI N v I ARy F U T RATHITDIZ, AF4 v )
TEWROWEE % AF4 5T CER L7200 2 BICHR# L,
AF4 X ) THERE AT T4 F—DERTT, 5% (v/v) EK
HLIE 1%V &t AulEREER &, F—0fH
HWTHRPIRA L. MHiKkE AF4 ) TR E LT
WO Au ¥R (Std 1-5) D FIZ70< b5 0%
K8 IR T o Std1-5 DK 7O M7 T LD — 7 %5 L,
INHLOY =7 HfEY WV THRERTER L7z, % AF4
X ) TR VTR L 72 Au AZHEA T O FI % 8
L5 GomEia B 9 1R, AF4 F v 1) 7IERIZ SDS
B E 2 E, MERIL BRI 2 B EE R L, AF4 F v
) 7 AE AR E LA L IZIEFREORERTH 70,
FDO—JT, SCIEM%E AF4 Fx ) 7THEME LI2BE, W
EHOBFRERENEONT, HEHADOIEL0ENKE
Mole COHEELT, AFAFY ) THICEINDL &
PG R OB REEE OB NDHE L 22 5N b,
SDS B £ UF SC OFEfHHEERIEZNZI11.84, 498 TH D,
<M 7 AL LT5%N/v) TKEET Au R T %
FEEHRIER S IRET 5 &, IO pH X SC DR fH B
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B
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FI chromatogram of Au standard solution (Std. 1-5)'®
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Comparison of Fl calibration curves of the Au standard
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SC (O) solution™
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FERIYLEL D EEZ SN, SDSEHE 5% (v/v)E
KEF—OEBEILTRALTH, BERILEHTH - 7278
SCAEM L 5% (vIv) FIKZ A —DERFEH TR A L 72| T
BIEOHTHASR SN2 TDZ EH 5, SCOIEOH I L -
T, 27 FAF =3 LIIPFA Fa—7HHEL, LEL
72 ICP-MS DEFAES IS, FI % L 72
BOTEFREICKERIESDENELLEEZ LN L,
L7:2557TC, FI-AF4-ICP-MS 73#T BT, ZELES
RENE LN R VDI, SCHEROBHITHES 2w &
WGP o7 ZH R, RN CUES TG HEH O
fREEE R A LB LT, MY RS A RIR T 2 S
HHEEZ D,

4.2 FI-AF4-ICP-MS ##7IC & % AuNPs DEE
FIZEOMNS LS ERELZHAET 272012, AuNPs D
AF4-ICP-MS 73 & 17572 AF4-ICP-MS 74T TR X
72 AuNPs |2 LC, FIEZR @A LERE HWTEh
FNER L7, () IR LB VLT, RS
BN LS EEELFHEL 72 T2, T T
DOAFED S % ZR LT, AFA 55 BEF v AU F v AL 70—
DI L7254 T T D AuNPs @ AF4-ICP-MS 747
ATV, FIEZ#EH L -REfT Hu ol sh -84 %
BYLHIET, EARTRELS
The amounts quantified by FI analysis (g)
The injected amounts of samples (g)

AIFFETIE, AF4 0HTIC & o THS N A EIERIZH T 5
A O RFRR R (1) OB R A L 720 AF4 7TBESHE
X QORI Fypb7a—fiE, saA7
O —jii, AF457HET v 4 VIR, ImEE, EBOMEL A
FI 5 LT BURETH D, TS, F v V7 0 —iitE,
7 uA7u—jimld AF4 TEERT 222 2D, bR
BINT A—=8 —THhbo

w2R, 7t
1= 7le In

x 100 (1)

Recovery (%) =

u+%) 2)

CIT VT vy AT a—iiiE, V37 u A 70— i,
WA= =B L, p (ZEBOREEE, kIR Y~ VB,
TITHEHREE, R ATMAIIFERETH %,

REESTIE 7oA 70 —jim DA% fio T AF4 73S
Hr N EZNEHLC, ARORFRR A EEICLLs ¢
720 F3NIRLT24 AF4 53HES1E (Condition1~5, 0) 123
i} % AuNP-50 @ AF4-ICP-MS it st~ b 75 L% [X
10 (@) 12" § o Z7HAT7U—jimaRsE513L, K
Td % AuNP-50 OIRFEREI AR 2 22RO, F
72, AuNP-50 DEINFEZ X 10 (¢) 1278 L7ze PREHERHAE
{72 %13E, AuNP-50 ORNIEIFMET L, PRFEFRH 2% 25
DERBZAE, TORBNRE L LB ENGhoT, T
DFERIL, AuNP-50 DELLE & AF4 53 8EF X A IVINERDE
BEEADOEEIZL > TELTWEEEZ SRS, 10 (b)
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