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ABSTRACT

Objectives: This study was conducted in order to improve the current understanding of rare earths(RE) and to provide supporting
data for establishing occupational health policies by reviewing the toxicological data and issues caused by the use of RE
compounds in various fields.

Methods: To evaluate the potential toxicity of RE from the viewpoint of occupational health, we summarized extensive reviews of
relevant articles in the toxicology(animals and cells), occupational health and safety, and epidemiologic literature.

Results: Although occupational RE exposure occurs extensively from ore mining and refining to end users in various industrial
applications, epidemiologic study has not been performed among workers up to now. Bioaccumulation and adverse effects of RE
have also been mentioned in ore mining regions and nearby residences, but safety standards for each process are insufficient.
Moreover, because new commercial recycling technology will soon be applied to various industries, regulation and policies are
needed for preventing abuse of recycling. In the results of animal toxicity for a few REs(mostly cerium, lanthanum, and
gadolinium), toxicities of liver, lung, blood, and the nervous system were identified due to oxidative stress, but study of long-term
RE exposure is required. Understanding the dual effect for RE and discovery of biomarkers pose a scientific challenge in further
mechanism studies.

Conclusions: In the future, additional hazard evaluation based on animal experiments is required, alongside continuous research
for developing analytical methods and discovering biomarkers. Finally, RE occupational health and safety management needs to
be integrated into the sustainable use of these materials.

Key words: bioaccumulation, occupational health, rare earths, toxicology
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Table 1. Summary of pollutants of concern and emission sources occurred during RE mining, processing, and recycling activities

Activity Emission Sources Primary Pollutants of Concern
Mining Overburden Radiologicals
(aboveground and Waste rock Metals

underground methods)  Sub-ore stockpile
= QOre stockpile

Processing ® Grinding / Crushing
® Tailings

® Tailings impoundment
® Liquid waste from processing

Recycling ® Collection
® Dismantling and separation

® Scrap waste
® Landfill

B Processing

Acid, alkaline or neutral mine drainage(water pollutants)

Dust and associated pollutants
Dust

Radiologicals

Metals

Turbidity

Organics

Dust and associated pollutants

Transportation pollutants

Dust and associated pollutants
VOCs*

Metals

Organics

Dust and associated pollutants
VOCs

Dioxins

Metals

Organics

* VOCs: volatile organic compounds.

The data were mainly sourced from the US Environmental Protection Agency(USEPA, 2012).

Journal of Korean Society of Occupational and Environmental Hygiene, 2016: 26(3): 237-252

http://www.kiha.kr/



JER A 9 7 AAS SEA 17 9 S W
Z A aas st gk Agabd S Eae ¥
Ao MRS B Aol o8, B nEA 22
u] A ] Fdel ol AR A =EE 5 qlo]
A2 9 I FHEL] AR JER PASH
o] BAI7} AZ% L 9JtKTong et al., 2004). 37] U
£7] g Eda A" HAe dAe Esehy
S0l wet AF=2o]aL, ek 5-‘4 S8 E
ek FREL sl A By Bajsts 11y
o frAFEt %@4 OME*OH LEd 5
Ak 24, HujAt L AL 5 E}“?} XMJM* =l
El ofol2 &
71, B o189 :
Joju], dujolo] A|AH], AFERE FOREE o]
WA B UI%X}—E— H}ng EfaL o %@ 4= %lo]
B2 ofuet 8 A
o, AFH R wEE = P4t —:Li194 L2
SAHE AP CR eEEe /o
, FEHEYA 9 g ool EEAA] o
}E}(USEPA 2012). 93 o] AZALe HYPal=
g 7 32 8ol OITOWL A 2] 7
JERE Hudhe ool wet tE 4= 9o, o=
Zh A2 WSt fellEdol H**Vé%él, A, F
=%, 4, |71 E% %é Bk, /71, Y
BAR71ERE, telsAl 5 syl wZelth
(USEPA, 2012)(Table 1). E—a—], 2o g 2wy
A= HAE o W Sp= oy & Ao A =F
4= it o2o] A EH(S-thE, ER), a5

5 QAo falEt BAS the LYY 4 glon] A

a -Ll

2 >*
DI
H P
rr o|
o
E
i
i
) ﬂllO
el
oo o
%
4

rﬂ
r}q«
s
it
U
-
ox
r

ix)
H
e

A
il

il oox

H

O

= - L)
i xo %
mszlor

2
ofi _{N
=

[e}

24
-z

I it

AL WAL BEE AT glo] Ql9jHow &
=49 2719 A =2 (Technologically Enhanced
Naturally Occurring Radioactive Materials, TENORM)’
= 7135tk TENORM #7] 5.2 5| 84:48 483}
= = PSS :‘?ﬂOPﬂ ‘215}- s o A
AutAls F47F 9 H71E A2 3, A=
A ef A|AeHA, #wohe, A AT S4E
83sle] AAF|oF s Ao|th
SEFo A el Het e
sto] FZol= 3ER A= A 74 2l

rlr rﬁ rl

http://www.kiha.kr

=59 W7 S8l S vhol AAR(IAL
) Wl A ok wAES olgete] HER, 53
—é,\— 1;_4 g]..E_ s Z_X-]B‘]— 7344. 75_452 =i} %JE
F A 5O F7PE BAHAR, B SR 242
3.453 9 1.151 pg/g creatinine®] 1 tH(Hao et al., 2015).
E Tk Qo] A o] lelm o] kK et oF 200
km WolQ Ao Mo JER Fre 2]
Qe 1188 tde= vzt Y SlEf =5
A8} THWei et al,, 2013). 1 A3k, W)yt | 3|8
2 PRsEs gy gaAeuc sEs Aol
S W olAolA ok, 157he) SR BiksE
5 AR oo Qi ol Tt FaelA M o Fe
Aoz waEslt. oleld Ank SRR/} 4R
o} Ao T wzFst 2 ook ARALS AA|EHTL QlTh
A 3 oAt 32 sl s, @
o, g, Tee U, Yot Re A5ER) 3
of, A mEo|A Bl SRR ﬂn} g
A 2l £ HAFI 9lo] BRI} Fof|A
ol EEIL 9SS & 4 Ak FF L FHE 50
W o4 SlEgE AZagon 5o, volsleln
AlA A 71 e S ERE BAstaL e 32el7]
L otk & At JERE AVIA R HEche &
2ae] SER YA HHe) BAEE 08 B4y
otk AB7HA gt vhel o] jE e
EA0] A% o4k T 9lout AAR Skt
W St S8 SRR oR ook HER B
A o] 7hg W AAaY ol et A2 AFESEA Q)
of 4b4 Tl ol e B AAE A et B
AALE 71t Lot ofo] dig AA A 2Ake
ORI 7HA] 4= =31 QIA] YT Bustamante & Miramand,
2005; Herrmann et al., 2016). AF=2} v 7| 7tA5 435}
st7] Qe tAdR FuAR AMEE= vieAlg]ot
Al 7] B EFe ol it 9-27F gley ojef
HeE A= A9 gltk(Cassee et al., 2011; Cassee et
al,, 2012). H&o] FA7HA =R G5, AR, 7
7], &g 5 WAshs A gk st W o
et FA1A B 7FA QL AT £33 gy E o] QA
e 4Ol thtitel SR A B2 0

2 o] At

B{\Y

_i‘

G5 slof Hejey W B4ol e Bt ol
A7 b A9 TRA W N Bl 2 o) 73

Journal of Korean Society of Occupational and Environmental Hygiene, 2016: 26(3): 237-252



Table 2. Summary of occupational health and safety issues regarding RE

MAH ZHOMO FER AZGE HII 241

Element . .

(abbreviation) CAS No. Occupational health and safety issues

Scandium(Sc) 7440-20-2  Gases including Sc can be exposed to workers in the working environment.

Yttrium(Y) 7440-65-5 Y compounds can cause shortness of breath, coughing, chest pain, and cyanosis in workers(TWA":
1 mg/m?, IDLH': 500 mg/m’ recommended by NIOSH'). It could form flammable dust.

Lanthanum(La) 7439-91-0  Pneumoconiosis can be occurred among workers exposed to RE oxides and fluorides utilized in
carbon arc light.

Cerium(Ce) 7440-45-1 Ce can cause itching, sensitivity to heat, and skin lesions in workersfTWA of CeO,(1306-38-3):
5 mg/m®]. Ce is a strong reducing agent, and ignites spontaneously in air at 65°C to 80°C. CeO,
is a powerful oxidizing agent at high temperatures, and react with combustible organic materials.

Neodymium(Nd)  7440-00-8 Inhalation of Nd dust can cause lung embolisms and liver damage. Biocompatibility issues have
been reported for medical uses(magnetic braces and bone repair). Nd also may cause injuries due
to strong magnetic force.

Promethium(Pm)  7440-12-2  Although Pm has no biological role, protective equipments should be used when dealing with this
material. Pm-147 is dangerous unless it is well sealed.

Europium(Eu) 7440-53-1 Dust of its metal compounds has fire and explosion hazards.

Gadolinium(Gd) 7440-54-2  Gd has little information on its native biological roles, but its compounds are used as research
tools(MRI contrast agents) in biomedical field.

Dysprosium(Dy)  7429-91-6 Dy powder may have an explosion hazard when reacted with air, water, and ignition source. Thin
foils of this material can also be ignited by sparks or by static electricity. Dy fires cannot be put
out by water.

Erbium(Er) 7440-52-0  Dust form of metallic Er has fire and explosion hazards.

Ytterbium(Yb) 7440-64-4  YDb should be stored in air-tight containers and in an inert atmosphere to protect the metal from
air and moisture despite chemically stable property. Dust form of metallic Yb has fire and explosion
hazards.

Lutetium(Lu) 7439-94-3  Although Lu has no known biological role, it is known that it is highly accumulated in the bone

and slightly accumulated in the liver and kidneys. Lutetium nitrate[Lu(NOs);] may explode and burn

when heated.
Praseodymium(Pr) ~ 7440-10-0

Samarium(Sm) 7440-19-9
Terbium(Tb) 7440-27-9
Holmium(Ho) 7440-60-0
Thulium(Tm) 7440-30-4

These compounds are controversial subjects with their biological roles. However, Ho and Tm
compounds may be able to stimulate metabolism.

" TWA: time-weighted average; '
Occupational Safety and Health.

IDLH: immediately dangerous to life or health concentrations; ¥ NIOSH: National Institute for

The data were mainly sourced from the Rim’s research(Rim et al., 2013).
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Table 3. Summary of toxicological information regarding RE

Element

(abbreviation) CAS No.

Toxicological information

Scandium(Sc) 7440-20-2

Yitrium(Y) 7440-65-5

Lanthanum(La) 7439-91-0

Cerium(Ce) 7440-45-1

Neodymium(Nd) ~ 7440-00-8

Promethium(Pm)  7440-12-2

Samarium(Sm) 7440-19-9

Europium(Eu) 7440-53-1

Gadolinium(Gd) ~ 7440-54-2

Dysprosium(Dy) ~ 7429-91-6

Thulium(Tm) 7440-30-4

Ytterbium(Yb) 7440-64-4

Lutetium(Lu) 7439-94-3

Praseodymium(Pr)  7440-10-0
Terbium(Tb) 7440-27-9
Holmium(Ho) 7440-60-0
Erbium(Er) 7440-52-0

Sc is considered non-toxic, but little toxicological information is available. LDs,” of ScCly: 4
mg/kg(i.p), 755 mg/kg(p.o) in rats.

Water soluble forms of Y compounds are considered mildly toxic, while insoluble forms are
non-toxic. In experiments on rats, inhalation of yttrium citrate(C¢HsO;Y) caused pulmonary edema
and dyspnea, and inhalation of yttrium chloride(YCl;) caused liver edema, pleural effusions, and
pulmonary hyperemia. Exposure to Y compounds in humans may cause lung disease.

In vivo experiments, the injection of La solutions caused hyperglycemia, low blood pressure, and
degeneration of the spleen and hepatic alterations. LDs of La,O3: > 8,500 mg/kg(p.o) in rats, 530
mg/kg(i.p) in mice.

Fumes from Ce fires are toxic. Animals died due to cardiovascular collapse when injected with
large doses of Ce. LDso of CeOs: 5,000 mg/kg(p.o), 1,000-2,000 mg/kg(dermal), 5.05 mg/L(inhalation
dust) in rats.

Although Nd compounds are of low to moderate toxicity, its toxicological information is limited.
Nd dust and salts are irritating to the eyes and mucous membranes(highly), and skin(moderately).
Nd,O; was investigated as a mutagen. LDsy of Nd>Os: > 5,000 mg/kg(p.o) in rats, 86 mg/kg(i.p)
in mice.

Pm may have an affect on the bone tissue in human. All of the known isotopes of promethium
are radioactive.

Insoluble salts of Sm are non-toxic, while the soluble ones are slightly toxic. When ingested, most
of Sm salts is excreted, and only about 0.05% is absorbed into the bloodstream. From the blood,
about 90% moves to the liver(45%) and bone surface(45%), where it remains for about 10 years,
and remainder(10%) is excreted.

Europium has no significant biological role and is relatively non-toxic compared to other heavy
metals. LDsy of Europium chloride(EuCls): 387 mg/kg(i.p), 3,527 mg/kg(p.o) in mice, 28-day oral
NOEL" of EuCl; * 6H,0: 200 mg/kg/day in rats, LDs, of Europium nitrate[Eu(NO;);]: 320 mg/kg(i.p)
in mice, > 5,000 mg/kg(p.o) in rats.

Free ion form of Gd is highly toxic. The toxicity depends on the strength of the chelating agent.
Anaphylactoid reactions are rare(about 0.03-0.1%).

Although soluble Dy salts, such as Dy chloride(DyCl;) and Dy nitrate[Dy(NO;);], are mildly toxic
when ingested, the insoluble ones are non-toxic. DyCl; ingestion of 500 g or more could be fatal
to a human considering the results of animal(mice) toxicity study.

Although soluble Tm salts are considered to be slightly toxic when ingested in large amounts, the
insoluble ones are non-toxic.

All compounds of Yb are considered to be highly toxic because they have irritation to the skin
and eye, and some of them might be teratogenic.

Lu has low toxicity. Lu fluoride(LuFs) inhalation is dangerous and has irritation to the skin. Lu
oxide(Lu,0Os) powder is also toxic when inhaled or ingested. Soluble Lu salts are mildly toxic, but
insoluble ones are not.

Although toxicity of these compounds has not been investigated in detail, they are considered to
be of low or moderate toxicity.

T

" LDsy: half lethal dose levels;

NOEL: no-observed-effect level.

The data were mainly sourced from the Rim’s research(Rim et al., 2013).
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98 S U ST A Solol By,
Agol ofat A44Q) HA% 9l olet AT Fuls)

o AlE AEAT Agoz W Heske omﬂ %91
o). Bl AR A mdoA] ASE =F $ oY
Algtdoll A 2ol 84L7HA] skl o # A
S7F W= AtHMa et al,, 2012). o3| A+A =
ol AN ES Ao FwE A AEdE Tt
A Ao ArEm glov oo P A H7H
2 ARSEE AR E S AR QAT ol et &

28 2 gtk Pa]e] T 54L nmal] 9
s d AR Ek ) 71 BE teAllols
ZF(Anabaena CPB4337) W =23 (Pseudokirchneriella
subcapitata)g ©]-§-5ko] ALSIA|lE who] LR AL} ]

Table 4. Summary of RE-induced pro-oxidant effects in animal and plant models

Models

Pro-oxidant effects

Animals
Animal cells

1 ROS" formation and oxidative damage; | GSH';

SOD' and CAT' modulation; mitochondrial dysfunctlon

1 ROS and lipid peroxidation; | antioxidant capacity;

Mammals

1 proinflammatory cytokines
Fish
Carassius auratus * | SOD, CAT and GPx'
Sea urchins

Paracentrotus lividus

Plants

Nymphoides peltata
Glycine max

Oryza sativa
Armoracia rusticana

*| SOD and GSH

1 ROS and nitrite formation

| CAT and GPx; T H,0O, and lipid peroxidation
1 H,0, and lipid peroxidation
T ROS and lipid peroxidation

" ROS: reactive oxygen species; " GSH: glutathione; i

SOD: superoxide dismutase; S CAT: catalase;

GPx: glutathione peroxidase.

The data were sourced from the Rim and Pagano’s researches(Rim et al., 2013; Pagano et al., 2015a; Pagano et al., 2015b; Pagano

et al., 2016).
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g A3}, SAdo] ke =Rk tisl A= Ala
Ao] IR gfol Lheglapel AlEALole] 2 A
dEol o7t /4ol =L, AlEzEde e
Mz 9@ Az golo] Z1F Ao oA}
(Rodea-Palomares et al., 2011). H|32E ©]-&3F A3 o
A DNA %49 43ehti2s futshi=n] shelst]
HOH AALA7]7F 6-410 nm<l oK F72| ArslE|EHE

T} = 279 Yl Ag]olE 10-3,000 ug/mLe] =&
2 25+9S wl, 100 ug/mL o]AF2] koA DNA &

7Hel S7PF B E QAL AtekE ElE L Y AK2S
nm@| A4 7P Wo| =716 ch(Kitchin et

L, 2011). AFSHAIE UiegAt 9 vpo] 22 Y-S ¢F
5}1 Wistar SHEof ©3] 2+t Fofshels uf, U= dA}
£ &g oR Folgh FoxMwt @A U alkaline
phosphatase(ALP), lactate dehydrogenase(LDH) &4,
83 7P, AR 9 R of| 4] glutathione(GSH) 2] & A
31 W3l J—}X’—EIO‘E]—(Kuman et al., 2014a). U=AA}
of YAEHE BE Ao Sl L, A7k
471 SEA 0 Heo] ARHE YiYAe vt
olZgIAo] e} e 2 Bxol Y WG =
e HEES H ‘ﬂ’tq U}Olﬂi%}x} Oﬂj\‘]

= A=A 7]‘35& %ﬁ%”oﬂ -45]' tﬂg]ri 0474
A3 sl ol Arliedol St S5
e ASHAlE U=
A gl E]—O]ELEC":}X}—%— A 4178 obA| E2F(IMR32) 9|
AERt 2 2447t 5ot Al ZEA, A=A B A
42 g 43, mpolam AR e QiR
A o B =/4do] TEE I tHKumari et al., 2014b).
UicAdlglote] HAEAS &92str] ¢l Sprague-

oje} ¥zl o2

Dawley(SD) H =] T3] 7|#y FojstaS wf, 7
S E5H a1(Nalabotu et al., 2011), T3] &9 =
SARE delle HolA T dsies 23T 5
UE AFSH &l ot Alz=4 B H5o] Wy
1 t}(Srinivas et al., 2011). T2 AJP S 2 4271 ICR 1}
oo 149 w2 28900] B|27]7HS Eukalo] L

Alglots 2 mg/m391 (ool 2E)2 28U EoF H
H eEskelS wf, #H /] Frlol AldEde] S5
AL, #H L Aol HAdo] TRE GlcH(Aalapati et al,
2014). FIN= F e Al gjoHNM-211 2

http://www.kiha.kr

NM-212)9] o]8t ghgdEA)/hroby 9l o) w2 2}
7|5sHE glsty] §lsl OECD 7ho] =2hRI(OECD
TG No. 453)0] W2 TAZAEA AP ¢35t
Az}, £ 2o o3t dzuke-e 27ke] 3 ww A
I uFH AR, # W AR ] Hrg
AR} FH A o] 2]&5}% thKeller et al 2014). A7+ 7
ol whg Fs d A TEsHe u, 271 95
S-S WA Aol we 5o o3k Ao] 2
€ olHaL, F7lols(ds &) G, 53] diAA| 2
8 RHgo] 5 ofHrk. o]F9] Lol ke

oz YL #H W JAE YA 9 713t w2t

E

N
N
)

Hokehe HEoA IR Tk,
Bax/Bcl-2 H]&& Z7[A]7|, ol= =&
& AU A Y(Endoplasmic reticulum) 2
2ol o3t T3t AJsZAFE(Apoptosis)
W AFAIEZS &4 ob7]she A=
th(Yang et al., 2013b). S|EFof 9]t A7
2 2ARL] Sfof oo A A i(Astrocyte)Oﬂ

Asfebere] JFE 2ARE AT B2 150 whil
SR WA et v el AEAY
28 205te] AAAES] 4R $UsH9Ick Yang
et al, 2013a). oF&2] th| TA ABA|ZA A= Ze
9 Bel-2 15 o Ul of ¥sto] 7] Qlsto] R
Cejof wi7l AlZAFE Y] F7F7F W E At Wu et al,
2013a). ot A= Fofekere] ke 9 719, 11
2]3L sljulof A nuclear factor-kappa B(NF-kB) A1 &4
A EA B G Felstr] Hal A=
S&TE o185t B =E5H%e W, NFkB 4%
AdAA L] Ao oft F3teks W 7199 FolE
G951 tH(Zheng et al., 2013). A= sjul] CA3 F
flollA Aatetete] daks dotbrr] s YAl #H
A A7 FEolA 025%, 0.5% A 1.0%2] F3etet
EoJst A1}, Calmodulin(CaM) &4, CaM
dependent protein kinase IV(CaMK 1V) % cAMP
response element binding protein(CREB)2] Q1Aks), 1
2]l c-fos, c-jun E early growth response protein
I(egr)®] mRNA S 7247 814 2 7]oje] 4
NS sk ti(Yang et al, 2011b). o]e} ¥ s}t
A= sfutol A cojun,

cytoskeletal gene(arc)&

L off
2 H

1mﬁ
ri

Y fogo 2

> In
Jo

)
0 H ol 2 w2

01! H lo
B oo

S

oY, ¥

o |

egrl Y activity-regulated
3E315lo]  immediate early
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genes(EGs)2] W] ojg @ateiebe] ofape wAkeh
A, cjun X egrl FAA 9 A W O] Zhaof
ARG R IS EE S
2011a). o|4k2] At )% 7|7
7AA] eYetA] kot weto] Qo] AFEAL £
W RS o 4 sl Bkl b oo
gt Ashd &4 Z1HATE Y9 nuclear factor
erythroid 2 related factor 2(Nrf2) AlSHAEHA L 7]
e AR 23 Gl FASF BB HolA
AN AT, o|F BHALE AN B
7R, o= Al A%, gl 9 DNAC] Thibe}
2 furstel A3 N2 AEAS furshelchHong
et al, 2015). ©|&o] AsFTHERS HoA] Nrf2, heme
oxygenase 1(HO-1) % glutamate-cysteine ligase
catalytic subunit(GCLC) =& FJ35}HA 57}/\]931:}
2 ATE v)Ro] WA o Nif2 WHGEE vk

ol AFstA eAbo] Tak AU H8VHEO 2 Nif2
7} HeAs 24T 4 Qe Aoea oAAI Qth

5589 =71 ICR up$-2of A3ltet, ASAE E=
Ash| e tE-S 10, 20 == 40 mgkg/day= 6577 7
7 Rols 5 gzrenne HEd 9 nERc)

o1 eldlol AR5 U 9 olf g3k sl
£4E 2AT AT, SERE TR 4908 T
of 2 ZHgony E @ U v CEIOM]
A A4S ST 2 el ch(Huang ef al,
2011, HjokEl Al W HES o] §F Lhegla W of
o= Abshebere) vl s AT AT, AR
7 Aess o g S4S BAw, A7) A
FEFS A=EG HlzzoA F35FATHLIm, 2015). ©]
= z}% ghek Bt sl o 47 w2 & 9l o
YA oS o W BHL Wl Ao
Arsto| E wimﬂ—kﬁ*ﬂ% R 3£ (HEK293)
o]l 10, 24 E 48A|7F EOF 0-50 pe/mLO] HE & A
elst e, AEAE 0 Axe) F7 waEgn
(Selvaraj et al., 2014). 21831, AlulES] AJAEAHS
selels] g8l 47 IR heso] A4k Aukg
(Sm(NOY)& 09Ut %7 Folstele ul, nebe] 4
YA LA AEAD L] F7hoke] Anhge]
AR 7= 130 2 3FQIE| It (Zhang et al., 2014). O]
°F H&o] p53 Y Bax 414 TE ] 571 9 Bel-2
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MAE ZHOMO SIER AZLE HIL 245

TR A ) Tt footA HEE o] Al ZAE S
pS3 W7l A=l #Ho] Sl Ao® Huskgich
71 ge] SlERO| v AR W= A
2] 9 (Bronchoalveolar lavage)2 v oFslo] Atsigtet, AF
SHA &, Atsd| @t & 9] AlEZ5/dS Eelgh A1), A
| et)E > Ak > ASME o= =7 Yt
WY TH(Palmer et al, 1987). =0 34 mg/kgo =2 7]TLj
Fo3l Autol A= Abgeter > A ot g5 > AHE)
e «o&2 H4o] =4 el i(Takaya et al,
2005), up-g-20f S EFE 3041 HHE A Fofskql
= o= F3AE > dI et E > dekee] &
oz =40] #A YEtHCheng et al, 2014).

w

B ERo 0|22 &1
SIERO AAF ZAJo] HaE v AjzzujoF 9
AehsE HdofA gAitst 9 HAZET 59 o]z
< 37 EoF RuEI Qlti(Schubert et al., 2006;
Das et al., 2013; Wong & McGinnis, 2014). £3|, 4
A g]ol= RAFSE 2o o) Ax|E mEloA] d
WA A 9 oA HHEYS =R ol &
e A Aol o] o] div] &
HA Q] Z7lo] 2 7|23} tHWong & McGinnis,
2014). The AT ML Lheal2o} Ei AlSlo 25
W27k ahas|of Bk Alshy fapo Ry
B YHAEZE HIS Aog HIsFY tSchubert et
al,, 2006). 1 o= UiAZols EL-IZEY
(Monocrotaline) *g]&2 sl A= Y A
dof A Bax/Bel-2 H]&, caspase-3 B/ % H5UA
94 st @ SAA S oFshAATHKolli et
L 2014), FRAE BER A5 AREAL
lﬂ‘“’ MAAZ AREEI Qla, 47 A=
& S4B B0, 5] 5 hEelH AEE @

5 7h%ol
Al F-Aig gl Sl )
59 83 ArpSo] HiuEI GrhPang et al,
2002).

SR W Bl ool SER AAEA 9
H2Fgo] ®E whH(Carpenter et al, 2015), B
Aol e ZHEEAE, dxF 9 mAl7| |
A SERS B &1 Ewsl muEm o
(Jenkins et al., 2011; Liu et al., 2012; Pol et al,
2014; Goecke et al., 2015). o]2]3t AFoAA= A=
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246 MN3 - Q. AZE

wo] HESIL WeULE dASE 248
U(Jenkins et al., 2011) && HEFJAE T4
o Ao AASFL rHGoecke et al, 2015). I E
Foll A 2g-of disiA= §FAe FiEE Al
o AR @ 7)ekerd A, 7HEAE, BtE
9] 2§ 5 thFE Qaaso] BEE] glon, olF
of gt olsf= = 2 9 Aol wX]= 3]
Eo) YBIA 483 od EL BrsiLd 2

ooty 4R o8 OFE i YmaY 9
3 AFE 5 olg ZhA AA AEOE ofn] A5
gl E 3 glon EFeli HERo GAE A4 5

olmg HIE ol ARA AU
gltk. SHAEE Mok SHLE AE-S 9SAE BlERe
A e et AT A avbazel ot
F7b89l A7k B Stk

27t 9l w £ =3
7 elolth, F3L 19804 o|d2 ¢ o] 3
52 53 A4 e

S
A FUFAEL F2 v dEHo] mEd I
Ape] AR Eare] gHYETHUSEPA, 2007). B<0] A
APl =ad T2ARS bl AAA Q] dek=
ARs FE5T AA oI, vt st Eh= B RE Aol
L ekl Higt Aolet thE =R tiet JE=
719] itk ofof] ZL2Ae| it #alld dAHe A%
7]1#0la A5 A W SEF AW B viole
U}7| (Biomarker) 9] 7ol Ha3ty o] & SIREYsH=
Z2EE Y w9 hoj=eiele] Aol a4tHa 9l
ok Bt HZolls AR wEzker Wl vk o
24, HazR2e Y o|ERY] BAR vAFES F

5l fluorinating assisted electrothermal vaporization-

>~

inductively coupled plasma-optical emission spectrometry
(FETV-ICP-OES) 7|%o] Butslo] 8§ Algj7} mA

http://www.kiha.kr

o] ZHE congo red-modified single-wall carbon
nanotubes(CR-SWCNTs)7} AFR-E|31 Q). o]gjst &
e A AR A AR mevle e 4
o BAo] ALEE S 9lohWa et al, 2013b).

Atd 2d& A= = o, 7P 87 st
Ae BB Zzbe] digt AT Z9kEel Hiet
O JEF Ao HiTt F8 HHAR= H=
olth. W= ST HNNE dAT wEH 2=

I
>
Lot
1o
o
i)
ok
14
)
QL
N
2
,E
ri
e
¥
of
I

o,
fru
et

ezl TR, B % I SO =

o M e R oo W W

(=
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es]
o
7
o
o0
<
=
12
o
)
o
ro

5
ofy
ol
o
£~
I
K1

> E xR

op
ol
.
rr
il
i -
and
E

= (R 2 AHE A 3
T AAEE e HQAVIAE EAT
B2 2229 A7}e B335 YA o
ejwlojof dich. T2 2 A W AW A1g

u

a1 >
= o
fr e o

o
—

4
A3 2l W Aol Wasteh JEF WA 2 He)
AL A SolHel Ao Byt 2 welw
A Ghore W AAHOR AYRARAE Ao 4
otk Sl=R A7A7IS BAT FEE @ WA 9
o Adz BelEA e A9 A7l 2

3 J

SRR ALY 37120 AAE AT B 5
7t Uiv] Fadas SEF Qg et E
A7 0 ALe zesich AR, SRl A

AlgrE o] flevt 4 <to] HH
MZE a2 AZ-gol A4, wig e, As, W 4
oA Bofoll 282 Holch. Fole ALH Yo

B gFApsente sug U ohe g 4

agHor F& 94 EYste 7wl oy
ItHRiaflo & Koen Binnemans, 2015). o= &3} ¥
o] dAE AH ol Hojd JEF W ATYE
S} 9 WA o] F ABES WA
AggtEh Y 7Y S ERAE, o5, UeHE
4 oEF)= A AlAAoz Ao 85% ol At

A5t o]& ZHzke AuEozHE AEgs= A

>{|
1o
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3:0
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o] 7k ofZ] sjAsjof & Fito] ik 1 Hiof
AL For AEEHE UE IEFRE TR AFLE
FH A7l 71e2] A0 71915t ofAle A
2-g3t717F o "ok AREREY] AES] e EE
4, oA, A 2 A A v
AL Edtste Zb SAufe F2A A% o
AtgrEol AR g E#9 34 Aol #3
=49 &2 vusty YT A R B &

w29l 7Ps40] Ak el AR A
BeEtY faRdel 2R wES Hash
lout 1AA shAEY 2 T faae
WAE WA S qloms I s
¢ A FY Ee YRR =550
4= 1tH(Schluep et al., 2009). *]E]
7lek, thol gl 9 ohe
910} o] Aofa 4 =
bk A4 w7)gele
DS
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Aol sl FAd)at &
CHUSEPA, 2012). £3|, Aj&-&
7H] 9 oE AEAAe e
LR, Ads] #eEA o2 EFolA A
& TAI7F =31 dckSchluep et al.,
2009). Ag-gEol et FAEae] m=d
=59 HrA Mol AgH AL 1% u]Tl
OS2 QI H(UNEP, 2011) & AAA 22 7l
471719 10-15% ko] HAsh AL 9
(Dillow, 2011). AQ&gZoz2 Ty JEE=
50%7F E¥AoR £EHI glen o) ofxer}

< oFAlotllA WA oR AEEHIL Uk o]
e WA A8 AoHor & 9 =R

e 1o g rlo 4> & mv & ol 2 o my
flo mt i
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o
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A, Wopusiets, HolgmPArE Wopop gtk of
o] BAREIE Aol Anot Y F9 HER
wZo] WAE Bsly] Ao A el 24

Lo

o] Basitl Fo] titE IEF YZF A oA

= =3} AL goldly] 93] E
Welzte 9 "ol Yol R %
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K

gk ohFste g ofof thigt AAAQl A Hast
A& 50 ERF AF Alddle 22%
43 9 $ehe ER 2 A
sefslof shul wAle] wIkA wE Ao 4t
wAlelo} abe] e Telsjof Bt ojshrAlE
o fofl= EHASE S55H7] 1% AES AT
FastH ol P8 AR HFAIEY 7] F
S EF Fro] ME =EE SRk sk, A
AALE FEet BREA Ed 9 =HAE S A
A=A o o8l thA] e ojof git) mpAuto 2 3]
EF =5 9 AASAH s #LT TFo] T
HojA| WA ol=e] s ZLE E= AR EAF A7
=8 ]ojof Gttt Pagano et al. (2015b) I ER =
SAtoll tigt ZZE 9 AbERA A9 Fo4S
At
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FES o]f3 EANYS 22 AE, gu, s
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29| IEF Ukrles YA JER Y=Y
Apof| thgt AR E A IS B Qlok ®HE
Ad, A&/ =

A W Ayl HER Xt 2
Moz AgHD YeolE B7ehn |50 547
Fhe mlulg Szolth, o AN AIES qhAEe)
2AZ Holo] 7]AF LEE A7 ) Fa
FAA| 2 AME-E 913 (Turner et al.,, 1989), H]HFAMA]
o Abge ent Wl Aig FFom AgEo
gout SEs Fhe) HAgoR o8| AnH A
o] AlgtE o] ek Mg 9 dF AlF SFE(At,
QAN ALY T 4=AlElE) S oFshA, A A ALR-

LR B B
O 9]3
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hgElol gom ABES ZoiA|, A=A
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A g ARH7 A # ’5‘P | ARgEO] AAA e
Z1EAE] B FEe Wokglith X2 dto] w2
A AN AAAF 2 S A)olA BT e
Alglob= mi™ Al 9 Byt 22 A4 el #A
T Fog ofAE Al Qlti(Dahle & Arai, 2015).
SRS AitEE ol ot A&(Ed, A
3 75 450 715K A
Mo ASErtoR ZEAT, ol A A
T8 W Bl sHeelso] At 5YA A
o Atz B¢ SER o FHH e 5
A &R H-51eH A —,’_PEHBiogeochemlcal cycle)ol] oF
F= vAIL YUk ol FF JER UedAte] A
| 9 ZEA A7GE B RiEAl Zagt o
ot

B ERO] falldel et A& 7t 34
vholembA| o] ARg-o] Frbstal Qlont, whEk

|

oo{o

o

T

RO

|711& Aty fg A o At
o= ggte] AgtEo] glo] B wEhE
71A& Eelstr] Y3t =714 ALt 2
stk SulEAE UeAllotel] s 54
REE PASHARE W oPA o] gk A
IR 59 ol=& aXprt Harw Hp qlok
A9t AlZE(AS49)0 leAlZlobe] H/AE& Eelsty]
gt Bl 7S Al A Ak
Z W7l DNA &4 9 NZ37| QA5 $3 HA%
AIZ(A549)9] A|ZZAES frEskleh 22y Ui
Alglob= AR&ell SFAl 2 d 5] Hrprotof & a2
ol EAWE=EA) T3 7HA L Yo HE=ZMittal &
Pandey, 2014), 3|E59] AMLE Z-8(Dual effect)o]
dafide= Bl weh FHoA AR W=
‘hormesis” & ¥}e] ool A FFo| F7HE A
W 71 AH A=) 9 7)EkekA Sz, 7R,
YrE9] A E ol AIaofd EAE o AXIh
=l oo ekt WEAel FeE(177Ly)
o] 3EA|(Labelling)l A= 2 AW ntEAEE
(Somatostatin) ARl Tk WEREHART @ W3}k
Agt ARl e anrh AE e (Graf
et al,, 2014) FE| ol o3t WAEA|S} 7|2 v]Y
AF Aoz &= 1 Qlti(Laznickova et al., 2014).

dEs A2 9L A AdelHE 4hed g
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1dE 9 Qe 3ER

£ o718 4= 9lo] o
gt )7t " asieh ofgy] FHolle AddA
71go] A4, AR, AT, WP L FujA] EoprtA|
thFetA 249 ZolnE AfEgo] 8-S ur] ¢
o T A B At 5 oolof oigh FEet
)7} E e sict

FT SERE HFohe AFEY AUESE 9
s o dx % 7lEe vhdsioR sk Rim et
al.(2013) 2% W o|EF, HEZE, FHE 43}
o] gt 15 EE(MACS)E B4 2.5 mg/m’
Fd Fde®) L 0.5 mgm’ (Bt 0lFEE)E, B
T A=) AR3te] Yol dE EXoRA &3}
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