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Rare earth elements (REEs) in industrial waste incineration fly ash were determined by ICP-
MS (inductively coupled plasma mass spectrometry) after LiBOy fusion. The REEs in coal fly
ash standard reference materials (NIST SRM 1633b and SRM 2691) were also determined for a
comparison in a similar manner to that for industrial waste incineration fly ash. In industrial
waste incineration fly ash, REEs were contained over the concentration range from 35.0 ug g™
for Ce to 0.021 ug g~ for Lu, which were relatively lower than those in coal fly ash. The REE
distribution patterns for industrial waste incineration fly ash and coal fly ash were also examined

- by normalizing their concentrations with those in continental shale. They provided the charac-
teristic distribution patterns, especially in terms of light REEs (La, Ce, Pr, Nd), Eu, and Tb in
industrial waste incineration fly ash, although the distributions of REEs in coal fly ash showed
some similarities to that in continental shale. In addition, the elution behaviors of REEs from
industrial waste incineration fly ash were also investigated by leaching the ash sample in a 1 M
HNO:s solution. The analytical results for REEs and their distribution patterns reflected a large
amount of industrial usage of REEs in modern society.

Keywords : rare earth elements; industrial waste incineration fly ash; REE distribution patterns;

ICP-MS; ICP-AES.
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BB LIS LCFgE R 4T T E 2V BT, M
FOREMAEELEEL TORBAEEHEEL LT, EE
BEHEMBEHIRIK IS BT 5 TR ORMEE) 2 T L7225,
EREHTLKAR SN THEIERETERINLZ L
EFHESAICL. LA L, BMARELC X A BB T,
BEERFEWRHIKIIBT 26 TE TR ORMIIHER I T
Wiy, ZhiE, BEEEMEE LTREShTW B AT
TEOHMNH L FHEN LW &, BHKTTIHED
HZVEBBEBL ANV THALZLIZEBRALTWS., 207
W, EEBEREWREHIKPICBME L NV THET 55158
TEEOBREABRT 57201213, R E ZNOTHERE
EEOBELHWAILEND L.

Z 2T, AW Tl ERE R BEANRIK T &7 1485
FIIOoWT, BRECEILEARST VT RERFESEH T
I A< EESNE (ICP-MS) 2 HWTEELXITY, B
ZORFEEICDOWT, K EFBFV G B HoH
THETCRIBE L B CHE LR L, SEuEmaE s
=V EHWTERETH I LRI,

2 % B

2.1 & B
HETETEOWMEICZ S Ta—A VAT LAY VE
ICP-MS #{& (SPQS000A) %l L7z, REEIZLEES
Frakl L CEBERSHE 2 BA L T b 720, Sk
MRV, @RI, HHETEMOLETA 4 v FEicown
TiE, FHRHERBEICIVMIEEZIT-2Y £/, < b
Uy 7 ARRROCEEFY) 7 MO X 2 EFMEEICE L
T, PEERICX VHIERTT- 72", ERSROLER
DTEOWWEIIE, ~VFF v VA NVEFEEE T 5 X<
FEHIHrEE (ICP-AES; Jarrell-Ash Plasma AtomComp
Mk II) % Fi\v7z. ICP-MS K& UF ICP-AES Ol = 5 tF %
Table 1 I2F L ® 5. ZNOOMESMFIIEE 5 X —5
—DOBRBILET> TRDZDIDTH 5.

2.2 3 E

B OB 1E SPEX # Ultra pure 7 L—RKDRA ¥ &K
wEEY F v A (LiBOy ZHW7i. RFAEEASIIEE
IbEHEFTERBEBREET L, FRIZ7 FAY 5y
I HERIFHECE, AVTIVTANT =T KNV TF
v 7 3 DISMIC-256HP (FLE% 0.45 um) # iz, 7z,
REMVERHE OF T ECFEERRIE, FOBMSERE 1)
ST BRI (1000 ug ml ™) ZWEIREA - HIRL T
BB AL MKIEEA I U R 7 SR ELESEE Milli-Q SP-
TOC Y AF A (18.6 MQcm) THB LA 4 VK%
B 7=,

KAGAKU

Table 1

Vol. 50 (2001)

Operating conditions of ICP-MS and ICP-

AES instruments

ICP-MS
Plasma conditions
Rf frequency
Rf power
Outer gas
Intermediate gas
Carrier gas
Sampling conditions
Sampling depth
Sampling cone
Skimmer cone
Nebulizer

Sample uptake rate
Date acquisition

Scanning mode

Date points

Dwell time

Integration

ICP-AES
Plasma conditions
Rf frequency
Rf power
Outer gas
Intermediate gas
Carrier gas
Observation height
Nebulizer
Polychromator
Grating
Entrance slit width
Exit slit width
Integration time

27.12 MHz
1.0 kW

Ar 16 1 min™*
Ar 1.0 1 min"*
Ar 1.0 1 min~}

12 mm from load coil

Copper, 1.1 mm orifice diameter
Copper, 0.35 mm orifice diameter
Glass concentric type (Meinhard TR-
30-A2)

0.7 ml min "

Peak hopping
3 points/peak
10 ms/point
100 times

27.12 MHz

1.0 kW

Ar171min!

Ar 1.0 1 min™

Ar 0.5 1min™"

18 mm above work coil
Cross-flow type
Paschen-Runge (75 cm focal length)
2400 grooves/mm

25 um

50 um

30s

23 # #

R BERIRIKAZ ¥ 1213 NIST (National Institute of

Standards and Technology) & U #4F &L Twv>% NIST
SRM 1633b K U° SRM 2691 2 7z, JEEBRZEWBEHIR
IROFERENL, REOERREEYLHESHTHRE L T2
O—%1) =% VFIZBWT, BRECAKD SR 72
BRELAREH O, COBEMETE, BEM - BB -
RFEREREY 7 EORELEFREY 2 EEIIIHEHLTBY,
PR LB I BRmA L LT k4 VY —% (NaOH) &
WEEBETLIBRNVATAPHRHENTWS, 20k,
SHEA N7 EEREEYRHARIKF T, Na BEEKOKH
20% % 50T 5Y, FEREHE, I 60T T 24 R
BBL, ®0)HAHKTHE - BELTHERRE L.

24 TRIKEBOSHE

REOBRBALE, AFRVBYFULAREFE LTCHY
BTV Y BB CIT - 72, BB BRER RO EBY TH
b, W% 105C T2 MR L TEELL, H03g%
HELDIZIZHW L7z, R0l sHROMAZMA T
BAL, /N—F— CHEGM L7z, RS, BREE 7.5 ml
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& 50 ml DMK EZ M TR Z BB L, 5C ERIFHKT
FlH 100 ml ISEA L7z, (FICHE#TTE (Rh, Re)
EENZENHEBEHPTo5ngml ICRZ X ICHEML,
ZO% 1M EEERER T 20 I HRL, 1CP-MS THlE%
77z,

2.5 TRIREFH S OFLFETEOBRH

FRIKAR 2 S OF HFHITEOBEHIE, B L FARICLL
TOFMETIT- 7. A2 105C T2REER L CEREE
L, 1gk7yr7urE—%— (100ml) ZHHWLZ. 1
MAEBE 20ml 20N Z, 5D FERTIRMSLD T,
LFEOA UM DAY TSI 74 VT —TFBL, BHEE
L7z, BHEICHE#EITTE (Rh, Re) 2N ENHER
WHTBhngml 2% 5 X HITIRML 725, 1M BERRER
T 100 fEICHRL T, ICP-MSIZ & BHEE1T - 7.

3 MRRUEE

3°1 ICPMS IZ&BFELEARAEICH TISEHFA
*FiF

ICP-MS 2 X B/ THITHEOERIIHE LTI, Ba KU
THEAERIGERTAEETA 4 v FBFEEE 25, FiC
ZELVWEETFAF Y THEZITA0HE% Table 212K L
72. ICP-MS I2 X % FEEBEEW BEHRIR D AT Tid, Ba D
BALM A+ LI & B Bu~OZETFA A+ Fike, BH
HoeFE (Pr, Nd) OB A F Y I2 X 5P FHLETHEN
DEFFAF Y THIFHBEE 25, ZHTLPOICLS
CA~NDEEF A+ THTIE, WEEND Gd DIEFH
BEOREGTH PrO IERT S EEZ 6N5EY. 22T, &
PR CHW - THMIEROGELHET 5700, HEE
WHIZ0.052*5 1ngml ' THIET S GAdIZ Ingml™' @

Table 2 Spectral interferences prone to the analysis
of fly ash samples by ICP-MS

Analyte (abundance) Interferent
S'Eu (47.8%) Ba'’0
¥Gd (15.65%) “pr'®o
Tb (100%) "Nd'°0

b (21.9%) Gd"°0
"SLa (97.41%) TR0

Pra&dtfEsy, AWEEICEYVEEFAF Y FHOMBIE
BRAT. EORER% Table 3128 . Table 8 2*55H
55912, GABEH»0.1ngml™', T4bbH PrOFEE
PGl D 10BEREETCTHNE, ZETM TV THOW
EVBTFICTRETH D Z Lh55h5, EEEEYRIARIK
FOPriRER GAIBED SHBREETHLZ L05Y, K
EFECLVEREERME2BL LN TES.

3.2 ARBARKEEDEIOELETEOERE

AR CTH W5 % T 5 72012, A RBEHRK
FEHEWE (NIST SRM 1633b B UF SRM2691) D 45HT %47
=7z, Table 4 121% ICP-AES CHll%€ L 72 NIST SRM 1638b
T U SRM 2691 D ER 5 K OB TEHR D GHHER & 32
FHEEFEH L, Table 51213 ICP-MS THlE L 727 13 5C
ROGWRRE, SEMEMHBRE EDICT LD 2
NHOERPTIIMY s BOREICBITA2MERER L.
B, WThoOBEEWE L DA TETTICHE L I REE
PHRELTHE ST, Table 5 IZFIHL72HIZ TN TEEME
TH5b.

%3 Table 4 6075 X518, FRGSRUDVEES
TCRDOGHHERIT, MY & DL L —FK L7
7, WEBEDLDBRHEBRAICE Na, PEBRWVWT 1% U
T & BIFRAERPE SN0 KIZ, Table 5 O HEHITLHE
DRHRERZE A B L, ARSIETIIEEH 0.5 205 150 pg
g | OHETHEET HLMTHITLEKE, SRM 1633b Tidil
EFEE 1.5% LA, SRM 2691 Tl 3% DN EBER L 4
WMTELZEDNDND. Tz, FHEIE NIST 205 HiE X
NTVEBEEROLEEDY L 1ZIZRABE TH 72, L
ozl ry, KR THW/ LIBOICX A7V G
ffE & ICP-MS 12 & RIS, BEHIRIKER O 5T ITH L
THULGMETH S Z EIHRTE L

3.3 EEREVRARKPOFZLETREOTE
AT &Y EEBEFEMREHRIK P A LTGRO R E1T
ol ZORERE Table 6 2789, Table 6 5405 &
I, B A T ETRIREL 0.01 225 50ugg ' TH D,
Table 5 {278 U720 RBERIFRIKIZIL AT, BERBERE A
RIKAE CTIFELEEDS 1/10 BETH S, Zhid, sido
I ICHEER AR BT AL V—FL LTMASH

Table 3 Analytical values of gadolinium in the 1 ng ml™' praseodymium solution

Gd concn./ng ml™? Observed”/ ng ml™! Corrected” / ng ml™! Recoveryb), %
0.05 0.176 + 0.002 0.043 = 0.003 85
0.1 0.225 £ 0.003 0.093 =+ 0.003 93
0.5 0.605 £ 0.002 0.474 + 0.002 95
1.0 1.102 £ 0.010 0.971 £ 0.011 97

a) Mean * SD (standard deviation), n = 3. b) (Corrected value)/(Gd concentration) X 100.
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Table 4 Analytical results for major and minor elements in coal fly ash standard reference materials (NIST SRM
1633b and SRM 2691) obtained by ICP-AES

NIST SRM 1633b NIST SRM 2691 Analytical
Element Observed Certified Observed Certified _detection
value” /mg g™ value/mg g~ ' value” /mg g™ value/mg g~ limit/mg g
Si 9296 % 1 230.2 + 0.8 168 = 1 168.3 = 1.2 0.2
Al 151 %1 150.5 = 2.7 95.9 £ 0.7 98.1 = 3.9 0.3
Fe 75.8 £ 0.7 778 £ 2.3 493+ 0.4 4492+0.3 0.04
Ca 14.4 + 0.1 15.1 0.6 178 £ 1 184.5 + 3.2 0.06
Ti 7.86 £ 0.04 7.91 % 0.14 8.78 £ 0.06 9.0+ 0.2 0.01
Mg 4.4%0.1 4.82 + 0.08 29.3 + 0.2 31.2+0.8 0.3
P 2.6 +0.1 2.5" 5803 51+02 0.6
Na 2.0%02 2.01 = 0.03 12.0 £ 0.2 109 %05 0.4

a) Mean % SD (standard deviation), n = 5.

b) Information

value from NIST.

Table 5 Analytical results for rare earth elements in coal fly ash standard reference materials (NIST SRM 1633b and
SRM 2691) obtained by ICP-MS

NIST SRM 16338b NIST SRM 2691 Analytical
Element m/z Observed Reference Observed Reference .d(':‘t(:Ctl()Ilﬁl
value” /g g™ value/ug g | value” /ug g™ value” /ug g limit/pg g

La 139 75.1 £ 0.7 94" 60.6 = 1.6 61 0.002
Ce 140 156 = 1 190" 102 = 1 82 0.002
Pr 141 189 *=0.1 25 12.1+0.1 0.0008
Nd 143 781+ 0.7 85" 448 +0.2 32 0.006
Sm 147 16.6 = 0.1 20" 9.19 + 0.11 10 0.005
Eu 151 3.55 * 0.05 41" 2.07 = 0.05 1.93 0.003
Gd 157 16.0 = 0.2 13” 8.52 + 0.09 0.01
Tb 159 92.45 + 0.02 2.6” 1.32 = 0.03 1.1 0.001
Dy 163 18.4 £ 0.1 7 7.63 £ 0.11 9.2 0.004
Ho 165 2.58 = 0.02 3.5” 1.49 * 0.02 0.001
Er 166 7.27 + 0.06 8.7% 4.4] = 0.05 0.002
Tm 169 1.01 = 0.01 21" 0.632 + 0.007 0.0009
Yb 172 6.38 £ 0.07 7.6” 4.29 + 0.05 3.7 0.004
Lu 175 0.914 = 0.012 1.9" 0.616 = 0.008 0.64 0.0006

a) Mean * SD (standard deviation), » = 5. b) Information values from NIST. c¢) Cited from Ref. 8). d) Cited from Ref. 9).

Table 6 Analytical results for rare earth elements in 72Na &, BEEFRO S GBS L TR L7 NasSO4 R
industrial waste incineration fly ash ob- NaCl 72 £¥® Na AR P IclE SR, & HET
tained by ICP-MS ] - N - ’

’ ) > TR T LA S TR o o 7d LD LS,

El Observed value® ! RSD”, . o e e .

ement served value®” /ug g g 7 T SEBEREM BEAEIRIK AR O F D THE OWENEZ L Ce,
o 2T > Pr, Nd Ti& 2% DNTH B, Gd T 18%, Ho, Tm,
Pr 2.21 % 0.04 1.8 Yb Tld 10% & PR, ERTETEOWER DT
) 01 0. 1.1 Lo dert . - % 1 s — o S 58
. fpt e TR & b b, S USRS H TR L A+
Eu 1.40 £ 0.04 2.9 BOLROWEME L, ROVEOMBREOKTEERED
Gd 0.39 * 0,05 13 , e s ] s
™ 0518 = 0,008 3 WETHHZLIMAT, Gd TRERTFA 4 ¥ FHOH
Dy 0.277 £ 0.017 6.1 EZfTToTwalebeEL L5,

Ho 0.046 * 0.005 11

Ex 0.181 = 0.007 3.9

Tm 0.0186 = 0.0019 10 3.4 WEHIRIROELTHETEHEEE/NZ—>

Yb 0.147 = 0.015 10 2% ). sgm == o N 4 o N

X, S RERTOREF I CRBEELEL 25 B0
FTHETCREETHBLL, TodEEET BK1-EF5HIZT
Oy ML2ZLDOTH B, BRI T, e LTLE
Wk DOFHN R TR GEEE2DODTA—-A MU TH

a) Mean * SD (standard deviation), n = 3.
dard deviation.

b)-Relative stan-
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Fig. 1 Shale-normalized REE distribution patterns

for coal fly ash standard reference material NIST SRM
1633b

@ observed value; O: literature value”

A" (Post-Archcar Australian Average Shale; PAAS) %
W, BEEIARK SR R A ORI R A AR L T oY
¥ — v ERRDI.

Fig. 1IZ3ARBEANFIKEREYE (NIST SRM 1633b)
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YEB L 7R 18y — V %IRT. Fig. 1 50058912,
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7o, AWIETHLNIEEMICL 285 — %, R AR
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VT A TWEIDO R Y — U N L EN B B & B h
5.

ERETH 2 EEREWRARKOFE LY - %,
Fig. 212/, $72, Fig. 221, ARBEARIKEEYH
(NIST SRM 1633b & UF SRM 2691) K O°BE#Y 12 BTk
H L, EEREWEHNRIK (A, B) OFH1y—r
e LTR Lz, REABRFEZBH L CTHEONE AR
FIK & B L C, EEREWHRIRKOM LY — 2Tl
BHTHTHE La, Ce, Pr, Nd) KU Fu, ThiZB VT
EORK EFITR IS T LM LBEIT Y “EOR
B OSRONG., Zok)h BE I, HAREORE
TIERBNZEP VR BRI S 2w Eps, Th
LOTEDVEERENPICABNLZERICZEY, 1320F
THEARICHSRTHEBETEIN TV ELLNS. £
B, RIEOBBEEMENIEZ S oF TR S Thw
5. BlZIE, Buld@EERE L ThS—-FLEDT S v
Hh?, BHFTETRIBEEOMEE LTY, /-
Th IR T 4 A7 R EORSEAR L LT, KEIC#

10

Sample/Shale

oot
LtaCePrNd SmEuGdTbDyHo ErTmYb Lu
Fig. 2 Shale-normalized REE distribution patterns

for coal fly ashes and industrial waste incineration fly
ashes

Coal fly ash: @, NIST SRM 1633b; €, NIST SRM
2691; Industrial waste incineration fly ash: M, present
work; O, fly ash A”; [, fly ash B”

HENTwA, $72, FHOREMEERICHEHIhTY
LA, BRTETRESEBRETEINTVEI LY
MENTWEY, BEEREREYIIAEIGE ORI S
BEEYTHY, AFEOFKERIE, ANEIEENC X 28 18T
HOFHD, BEREYOH/I N - VIZKBERTVES
ZLERTHIDOTHS, Ht Ny — i3, WmILERmE
LFEDTIFT, HEORECWEIESR 2 &% Rk 55
ELTELAWLNRTWAY, 7048 Cld, AEWE
RO LW L—H— & UCHTETEZAHT -4 D
BENTVDEY, REFZEOEREN S, PEEBEEYHEHNRIK
BRI BWTY, FLy — U BAREHORBEL R TR
BLLCTHHETELZLAREN. DX R ALEE
DF TS — L OREE, TEMFOHBRWICBIT 5 HhE
EREOER THICKOERE R, mIARLHEAIIBT S
BRI/ A A=Y v 7 (MRD) EEAEKO Gd DIFERHE
HREXHENTB Y™, HEELEORERETE L
LTOMEAPESHETETEREIC > T BDEERS
ns.

35 BRHARKHLSOFLETEDEH

AR B O RE SEBE R O BERIR IR GREHZ D WT 1 M W ER
THWCERBMELZTY, BREPoOFTETERES
ICP-MS THE®E LT, BMEARKILOBEBEEZRD,. A
BBEHIRIK e UV RE SEBE B BEFIARIK P D5 HETTR DU
Refmtny—ru, zheEhrig 3 & (b) ITRT.
Fig. 3(a) 205, ARPEHRIK CIEA THETE OB HE
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Fig. 3 Leachabilities of REEs and shale-normalized REE distribution patterns for fly ashes
(a) NIST SRM 1633b, (b) industrial waste incineration fly ash. @: leachabilities of REEs with 1 M

HNOs; O: REE distribution pattern

6% 5 10% BELIKL, TALGdEBRETLAERIE
MEIO MR E R, F72, ARBEHRIKOEHSTTHETH
Y, HEPEALRELFECHANLETDH S Si KAl DFHE
FENEN1% RV 2% TH Y, HIFECEOBINELD
HbIENETH o7z, THITHL, Fig. 3(b) o005 &
AN, PERBEEYBEIRIK IO RBARIKERZLY, F
THTLEOBEHRIL 20% » 5 60% E&ERMICE L, 42
CdZ2BRETHLDOLPLRMMEEE LGS & KT
BE, BRTETERPEu, Tb TEWEHNELRTAE
BehbdbDlhol, Fi, BEREWRARIKFD S, Al
DOELEY ZNFN 25% B O 27% & T RBEHIRIK & X
TEL, ARBEHRIKE I TERZBFEHEHEZ R,
FEHRIKFPORHEHEITHEILZ, EXRSTETH S Si, Al
OBALYHRICHEAEL, BHERTIIINORIYOERL
EHWHBEHTAIDEEZLLNDY. AHERTHI L7z
SEBSIEYPREHIRIR Je OV RIBHIRIK IS BV TE, wiho
WAELHTHITEL Si, AlOBHBFIZIZMLVTH
Y, FmEFILEI S, Al EFEFHLLEDHIILTWSLEI LD
AEEN, T2, BHEBRICBWT, EEREWRAR
JR &R RBERRIK R O LIETER TSI, Al OFHED
KELEZDLDOE, WMHECBLHEERESPLRYRELRD
ZERZEABIDEEZLNS, ARIEARITEPITHER
LTERELZDDOTH Y, ZOEMBESE TRk
LTwh., W2, ARBEHRKFO Si R Al A BRI
DEALRF L LTHFETADOT, IMRBEBTIRIZEALE
HLRw, —F, BEREEYOHEITITTEMHE LTH
WHNFHTETRIEBEAE, &R R O
RELTHEETAEZEZONS, WRIZ, TORMICLS
THERENDIRIKFOHLFITLEDOSL EBILW & LT

T2 EMEIND. BEEEYEHRIK CHTETED
BHERDSLBIRE o 20, FOBLWIEH L2
DEEZBLIENTES.

WC, EERTEWRIHRIKICBVWTE L EVWEHRES
RLU7ZGE (La, Ce, Pr, Nd, Eu, Tb) &, RIKF®
BEFEVWILE, HL5VEHTF—-IZBWT “IEOR
HWORRLAETRTHY, TEHCHHEOLZVWITETH
B, Ok, BHERICHEL: “BRE” b, Ihbon#k
OTEMGAHICER L CWwWLEEZLNS, Thbb,
WO “BE” L, EEEFEY O NGRIEOR T
EH, B LTRSSV Y RELREED S DHE L
BEHIRIKPICH Y AT R e E 2 bRBE, Zhid, TEMN
BBV, HTEITEINLT Iy 7 APORNTEELRE
DEICRERBECTHEHENTHLZEEZL TS
bolEbis,

<

4 §|ﬂ'l: =

EEREFEWRIRKPOEHFIETROEERZITIZ L
WCTE T, BEREVRARKOFG LY —IC
X, ZOoLLnHENSHNSE ITEORE” FEH S,
AFFBEOKRE L CHEEREYHICHREEOR TEITEN
IVMEEN TV LERTRHERVB LN, TITHESE
BB BEHIK P OFH TFICEOBIBITBWTE, &H1/sy
— T “IEORE” 2R TIRRIMEN IR E R EIR
THRREL oz, INLORRIE, TENARINGE
THTEP R HEREE LT ENTWSE I &R
BL, Z0-OICBEHEP TR TR R 2EEZD
na. HTETERIMFNEESHEICEDL, BART
RFECEBZ2RTITERECTH LS, HRNRTIEE NS —
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VEERELLTERRERCHHNBEZMIT 581085
T, ARBARIKO &) [CHMNREOR IHEITHFE, #¥
BEREWBEHITIR D X 9\ ABRFEORH THTEE R3T 5
CEHTED. ZDL) R, SHREEBEEWRVZ
DFERK P DA THITTHED, ANBEFEYEORE L LW
RHEPL—Y—L LTHHATELZLERETEDDTH
5.

X 73

L \ENZH, RumddtR. &Kok,
(1991), ({LZF.AN); N. E. Topp: “Chemistry of the
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