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Ultrasonic nebulizer with the application of new engineering methodology and the design of electronic circuit and
766ppm Cd nebulizing solution were used to generate cadmium aerosol for inhalation toxicology study. The results of
particle size analysis for cadmium aerosol were as following. The highest particle counting for source temperature 20°C
was 43.449x10% in inlet temperature 250°C and particle diameter 0.75um. The highest particle counting for source
temperature 50°C was 43.211 x 10° in inlet temperature 100°C and particle diameter 0.75.m. The highest particle counting
for source temperature 70°C was 41.917 x10° in inlet temperature 250°C and particle diameter 0.754m. The ranges of
geometric mean diameter(GMD) were 0.677-1.009un in source temperature 20°C, 0.716-0.963.m in source temperature
50°C, and 0.724-0.957um in source temperature 70°C. The smallest GMD was 0.677m in source temperature 20°C and
inlet temperature 20°C, and the largest GMD was 1.009.n in source temperature 20°C and inlet temperature 200°C. The
ranges of geometric standard deviation(GSD) were 1.635-2.101 in source temperature 20°C, 1.676-2.073 in source
temperature 50°C, and 1.687-2.051 in source temperature 70°C. The lowest GSD was 1.635 in source temperature 20°C
and inlet temperature 20°C, and the highest GSD was 2.101 in source temperature 20°C and inlet temperature 200°C.
Aeroso! generated for cadmium inhalation toxicology study was polydisperse aerosol. The ranges of mass median
diameter(MMD) were 1.399-5.270um in source temperature 20°C, 1.593-4.742:m in source temperature 50°C, and
1.644-4.504,m in source temperature 70C. The smallest MMD was 1.399um in source temperature 20°C and inlet
temperature 20C, and the largest MMD was 5.270um in source temperature 20°C and inlet temperature 200°C.
Increasing trends for GMD, GSD, and MMD were observed with same source temperature and increase of inlet
temperature. MMD for inhalation toxicology testing in EPA guidance is less than 4um. In our results, inlet temperature
20 and 50°C in source temperature 20°C, and inlet temperature 20 to 150°C in source temperature 50 and 70°C were

. conformed to the EPA guidance. MMD for inhalation toxicology testing in OECD and EU is less than 3um. In our results,
inlet temperature 20 and 50°C in source temperature 20, 50, and 70°C were conformed to the OECD and EU guidance.

Key words : Inhalation toxicology, ultrasonic nebulizer, nebulizing solution, cadmium aerosol, particle size, particle counting,
geometric mean diameter, geometric standard devaition, mass median diameter, polydisperse aerosol
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o0 g3 A £79 dTolx wae) tigt 712 18
I el JE WEg] 712 WE FIEE9] ool 2F whllol
E7telo] ARLe) F7)ol tigh MEEHQ A BQM S HAlS)
v} QUTh '

2 didiMe SUEHaA F IR AR 3719
03-5me] YA 2718 SUCE ATl Ad A - HER of
A2F YAR]0l 223t vl BTlo|HolA] BYR FIEE oo
Z2E9) JAT7E YA 7H2E (particle counter)E 013l £
A4 - £F0IL HEE Yo Aol w2 FU=EH 7Y H
& 7isd0 2adil 7259 Hale wE Rl 7| ¥
3E YolE X} 2 AFE 4AIBINCT.

As 2 EY

1L 7128 dZ2E 2dE s viEold & (Nebulizing
Solution for Cadmium Aerosol Generation)

ABERE SHRS0 8dldol =2 FITI=B(C2544,
Sigma)@ 01851 2552 3%} R4 2 L0} G| BaIAIA
HEzold 8Ug UEAIL(IIEELE 766ppm) 0] BAE 7}
EE oo Z2EQ wHAIal o] &3t

2. 71EE olo]2E M AJAR9] 4 (Constitution of Cadmium
Aerosol Generation System)

AR HE R f4 E82 6719 FctE (traverse
point}2 A&l SHEIHLY 1 ZH |42 05%0iAU2H
749 ZHolE 71§ &F7)(VelociCale Plus Air Velocity
Meter Model 8385, TS)& ©|&3IXCt 7158 SU=Y &T&
gt dlol2ZE WA FARY ZE A2R9] P4 I- 13 2
Zaua vigeiold, vEelold BHg 7185kt fist 6l &
E UTFE 7167 948t BlE{(Tubular Heater Type SS,
Tempco) 1211 Z}2}oll tigt &% 2= 7|(Thermostat TS-3205,
Thermtrol), £E712 P& EO] UMUTE 2HiE oo]2E A A
XY REEFE 0.100molAUT}. A|IAHFE Aol HEE olo]2
& 558 2714} o] 7K FRolA SHEEoE AE
7hs3IRTt.

dOEE WIE 9t X320t viBzIoIHY FH2 £ET
Y AEAL 3T, 59 5&7), $87) ZE9 EEE 7Y
HojJAE 7FE719 SAHAHE At YA "edrt FEH
ATIEHE, 2} vlEElolA YElE ol&8lk= ololZ2E 1y
71, 2R dlo|2EE F YEo| {RYATIE WME SIEMi-Plus
MPP55101, Tempco)@} 2 2E717} A2 43, oigh g}
EHE d .59 HEFUE FE8H 0017m, £41E FE8
& 0.035m)- Hiteol ME 51E(Mi-Plus MPP00247, Tempco)
o} 2E X717t AREIUC 4719 MOF AP gl L}
EHE(REEH 0048m), viE=e I7I€ FHakb]l 9¢
HEPA "Ei7} ZAME HIIEHER FHEYoH &719 o]
S 89 £82 HEPA Ze|7} AElg HTEHEL &)
22 £5719 7ol RAME gHE ol83Iich
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Figure 1. Constitution of Aerosol Generation System.

3. e FI=F dIZ2EY UgE At £8(Counting and
Measurement of Cadmium Aerosol by Particle Diameter)
U AZo)| WE Asc 5 Ad YA FH2ZE(Particle
Counter KC-01C, Rion)E 0] &8It 212to] QX A ZFol tigh
Ase #EEE0A 52 S SAlol 37188 0.042 ¢ ol Tha)
sl en 103 56l BHAIRE ol&6Iich wH
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4. 715F8 g, ZstaT Al Jela ZEEAsLEdY AL
(Calculation of Geometric Mean Diameter, Geometric Standard
Deviation, and Mass Median Diameter)
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dic CHEE,
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5. EAGHE EA|(Statistical Analysis)

ARE Py ZFEEAE QoI A BYE
T8 SPSS/PC+8.0E€ o]|8B3IUTt AlEE oA E4HE
(One-Way Analysis of Variance)& 0|835lol B3I &
FL2 o= 0.0501%C}

4 X e

o

4 3

ool Z2&9] 4 2% 20TolA] YTF259 Hilol wE
olol2ZE ldd A X 134 2ok A A 04mollAe ¢
F2% 50Tol4] 31.727X10°C.82 7Vah WQHTl 250°Col A} 38.289
x10°0.2 7} EUrh A 2 0.75mol = ATFLE 20Tol
] 35.630x10°C 2 7VAF LIQLI1 250CollA] 43.49%X10°0. 2 7}A
=t) YA AF 15mol A QTRE 20T oA 17.592x10°2.
Z 7} 2L 200TolA] 41.800x10°0 & 71A =Qtch. IR} &)
A 35molAlE ATFEE 20TolA 0078X10°CE 718 Lokl
200ColA] 24.693x10°C 2 7}al =k QA A7 7.5molA s
AT2E 20T 50TollA] B8] 0.000x10°CE 7}& 2UT 25
0CONA] 0.067x10°C 2 7}A+ =QUrh(Table 1)

Table 1. Particle Countings with Particle Diameter by Source
Temperature 20°C and Inlet Temperatures

Inlet Midsize of Particle, e
Temperature, N 04 075 15 35 75

c Particle Counting x 10°
20 10 3558 35630 17592 0.078 0.000
+ (0199 + 0058 + 0370 =+ 0001 =+ 0000
50 10 31727 36.319 26.884 3547 0.000
+ 1609 + 0384 + 0838 =+ 0376 + 0000
100 10 36.753 40544 36.586 15.849 0005
+ 1439 *+ 1083 + 1068 =+ 1097 =+ 0002
150 10 36.547 4279 38330 20940 0033
+ 0655 £ 0720 £+ 0538 +£ 0765 + 002
om0 10 37516 42537 41800 24693 0053
+ 1305 + 2204 + 1447 + 1461 + 0006
%0 10 38.289* 43.449" 40830 24128 0067

+ 1631+ 1437 + 1113+ 0710 + 0003

Total 60 36,732 40212 33610 14872 00%
+ 2634 + 3362 + 8803 £ 9838 + 0027

“D(005 by One-Way ANOVA,

Table 2. Particle Countings with Particle Diameter by Source
Temperature 50°C and Inlet Temperatures

Inlet Midsize of Particle, wum
Tempt_erature, N 04 0.75 15 35 75
C Particle Counting X 10°

.75 36695 22601 0448 0000

2 0 5095 + 083 + 088 + 0043 =+ 000
9 o B 028 2AT 552 000
£ 1111 £ 0535 <+ 0756 <+ 0483 + 0000
0 o WS @2 IR 1% 00M
+ 1161 £ 0862 =+ 0906 =+ 058 = 0001
- o B @0 B W 000
+ 065 £ 0676 £ 0580 = 0537 £ 0001
o0 o BB 4150 758 1740 00M
+ 0287 + 032 <+ 023 + 045 = 0001
250 o %686 4200 % 078 002
+ 153 + 1242 + 1153 =+ 0318 + 0001
Toml g BB 41034 34260 12014 0007

+ 2115 + 226 + 5728 =+ 6988 + 0008
*p(005 by One-Way ANOVA

ool 2E9] wQl 2% 50 oA JF2K9) Wil uE
olZE YZE At X 29 2ot AR AF 04molME &
T2E 20CoA] 32.750x10°2 2 7VA 2Rkl 100°CollA] 38.959
X10°0 2 & BUch YA AH 0.75molME QTF2E 20To)
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4] 36.695x10°C.2 7}A} WURET 100ColA} 43211 X 10°C.2 715
EUTE QA AF 15molAlE YFRE 20TolA] 22601 X10°2
Z 7VEH 9k 250TollA] 38847 x10°0 2 7VAH =Tt AL &
4 35molME T2 20TolA 0481002 74a It
250TollA] 20.783x10°C& 7}a EQUT YA AF 7.5molAE
UTFRE 20TS} 50TolA 23] 0.000x10°CZ 718 Rt 25
0ColAl 0.022x10°CE 7}& =RUTh.(Table 2)

olo]ZE0] Bl 2% 70THA YTFREY Wil uE
olol2E L&Y AsE X 29 Lt A A 04mollAE |
T2F 20THA 33050x10°C.2 7}A LIy 250TolA] 36.573
xX10°C 8 71a BUTH YA A 075mol e AFE 20Tl
A] 37.102x10°CZ 7HAH Q4L 250 TolA] 41.917X10°C 2 715
=T} Q1A A 15mollAlE ITERT 207TolA] 23.693X1032.
2 718 Q9T 250TolA] 38543 x10°C.2 71t EQUch A} &)
3 35mollAE LYTFRLT 20TolA] 0.65x10°0 8 7Ha @t
250Coll4] 19.134X10°CE 74 =Qtch QAL AF 75molx =
UTLE 20T, 50C, Il 100TCHA 23] 0.000x10°C.Z 7}
Z Q2T 250CollA] 0.023x10°0 8 71A EQhr}(Table 3)

Table 3. Particle Countings with Particle Diameter by Source
Temperature 70°C and Inlet Temperatures

Iniet Midsize of Particle, un
Temperature, N 04 075 15 35 75
C Particle Counting x 10°
20 10 33050 37102 23693 0655 0.000
+ 0768 + 0543 + 0503 + 0023 =+ 0000

50 10 34073 39.103 30.1% 4746 0.000
+ 1011 £ 0718 £ 0711 + 0103 = 0000
36.069 4723 36993 13.702 0.000
+ 10711 £ 0505 =+ 0394 + 033t =+ 0000
150 10 35931 41.240 36.562 15537 0.005
+ 0414 £ 0330 =+ 0220 =+ 0557 <+ 0001
36.455 41.862 37.337 16.320 0.009

100 10

200 0 £70107 + 016 =+ 0266 =+ 0512 = 0002
250 o BT 497 sy i1 00
+ 0409 + 0478 + 0465 + 0687 + 0004

Total 60 35.353 40.491 33.886 11682 0.006
+ 1497 + 1872 + 532 6723 + 0008

“D(005 by One-Way ANOVA.

ollojZ2Z0} aiiY 29 UTE9] Halo] WE ooz
£ 48d At B 4 % 59 2ot A AF 04m T2 AT
21 20, 50, 100, 150, 200, 2|3 250 CollAlE bzt uhiQ) 2%
20ColAT 33558.92, WhlQ) 25 50ToA] 3526253, WhlQl %
50°Coll4] 38959.70, HIEQl 2% 20To)A] 36547.74, Q) 2%
20°ColA) 3751679, T12]11 2HEY 2F 20TojA] 382891108
7Va =) QA A4 0.75m 1811 JF-E 20, 50, 100, 150,
200, 12131 250 CollAl = 242} el 2% 70TollA] 3710265, 2t
W) 2 50°TCol4] 40237.30, WY 25 50°CollA] 43211.88, 2t
Q] ST 20TolA] 42792.84, B S 20TolA] 42537.95, 1
21 29 2% 20TolA] 43449280 F 7}aF =9t A &1E
15m 1813 Q25 20, 50, 100, 150, 200, 18131 250 CollAl=
Zbzh dhlQl 2T 70TolA] 2369312, WY 2% 50To4]
3224735, uHQ) 21 50TollA] 37932.85, dtl 2% 207TolA]

38330.03, RMUQ) 2% 20TollA] 4180045, 12| 1 WY 2% 2
0TCollA} 408308822 71a} =Qkth. AL AA 35m I2ia T
2% 20, 50, 100, 150, 200, 1211 250 ColAlE 2tz uhilg) %
70°CollA] 65557, LIS 25 50TolA] 553207, 1Y) % 20T
ollA] 15849.61, LI 2 20TolA] 20940.06, LA 2% 20T
ollA] 24693.06, 7121l 2149 2% 20TolA] 241282528 7Vat
E=c) YA AF 75m 281 YFLE 100, 150, 200, I8l
250CollE 2zt 2R 21 20CojlA] 5.75, Wl % 20T
A 33.09, uH39l 2% 20CollA 53.76, 18] WY 2% 20Col)
Al 67480.F 713 =4I JTRE 208} 50TolAE whY 2%
Halo] W 75m YA ALE 02 SLSICt(Table 4,5)

Table 4. Particle Countings for Particle Diameter 0.4, 0.75, and 1.5
um by Source and Inlet Temperatures

TemperatSource ure, 'C

20 50 70 20 50 70 20 50 0

C Particle Diameter, um
04 0.75 15
3355892 3275061 3305099 3563075 366%.37 3710265° 1759280 2060150 2369317
0 = t t + + + + + +

19303 92536 76897% 5853 83355 54393 07T 8B BB
317271 2253 H0734 3631945 400730 3010328 2683468 32241.35° 3019608
50 = + + + + + + + *
1600437 1111278 1011951 3BAM 53559 785 BB2B T4 T
3675345 389597* 3606072 4054451 4321188" 4172382 3658669 3793285 3699366
100 = + + + + t + + +
1430380 1161703 1071484 108356 86278 50501 106843 %0668 JMA
3654774 3641154 3593138 4279284 4240049 4124056 3833008" 3639160 3655220
150 + + + + + + + + +

S53168 6520140 AMSTIS 076 6600 X0 HBI8 SW0B 2015
ASI670 6888 UL gsargs a0 ateER23 4045 GTSABGH GTANSY

200 x t k4 + + + + + +
1365107 2379713 107.172 20496 30266 16631 144753 241 26680
3828011 3684658 3653734 4344928" 4207053 4191784 4083083" 3884793 3654383

%0 =+ + + + * + + + +
1631051 1523536 4203055 143780 124287 47883 111332 115360 46581

“p005 by One-Way ANOVA

Table 5. Particle Countings for Particle Diameter 3.5 and 7.5un by
Source and Inlet Temperatures
Source Temperature, °C

Intet 2 50 70 2 50 70
Temperature, - -
°c Particle Diameter, m
35 75
7826 4896 69557 0.00 0.00 0.00
20 + + + + + +

133 43% 2331 0.00 000 0.00
34776 553207 474667 000 0.00 0.00
50 + + + + + +

37607 48323 103.90 0.00 000 0.00
1684961* 1396819 1370298 575" 470 020

100 + + + + * +
109702 59361 33171 205 1.03 002

2094006° 1417126 1563752 3309 495 501

150 + + + + * +
76602 53742 557.97 290 193 148

2469306° 1719023 1632027 5376 1464 998

200 + + + + + +

146134 42578 51279 6.37 182 288
2412825 2078347 1913484 6748 2252 2303
250 + + + + + +
710.03 318.05 687.58 381 1.52 4.66
p(005 by One-Way ANOVA
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FIERY EUSY A7H Y6l UAE olojus

2RI T 259 Hlol WE oo ZEQ)] 7151 U
2 E 63 Zrh Wi 2% 20ToME YTRT 20Tl
0.677umC 2 71A At 200°CoilA] 1.009mO.Z 7VA Zich whl
9 2% 50ToME YTRE 20Tl 0.716mS 2 7VA AL
250CollA] 0.963m2E 713k Zich el 2% 70ColAEsE 4T
2% 20TAA 0.724m2F 712 AL 250CollA] 0.957me 2
7va ok wiel 2o W 71slEEU 39 Baole Xl
ol FAKBIXCE (Table 6)

Table 6. Geometric Mean Diameters(GMD) by Source and Inlet
Temperatures

Inlet Source Temperature, °C
Temperature, N 20 50 70

c GMD, um

20 10 06770002 0.716 0007 0.724£0005
50 10 078240006 0.810£0.005 0.798+0007
100 10 09210017 0.892+0011 09040005
150 10 09710007 0.903+0.006 09220005
200 10 1.009"+£0017 0.931+0.008 0.928+0004
250 10 098%=+0011 0963 +0010 0.957"+0.005
Total 60  0833+0.123 0.869+0.084 087240083

*p¢005 by One-Way ANOVA.

2T P 250 W] wa |SIEEHR N X 79
o} 289 2% 20T e YTRE 20TolA 16358 7Ha
ZIQFIL 200ColA] 210182 7}E ZiTh 2 2% 50CoAE
UTLE 20TolA] 167622 71AF AL 250CollA] 207302
7VE Zich 2el 2% 70ToA s 72T 20TolA] 16872
7Va ARt 250TolA] 205128 71a ot 4 250 u)
E 7NBIEFEA Bools X0 o] FABITC(Table 7)

Table 7. Geometric Standard Deviations(GSD) by Source and Inlet
Temperatures

Intet Source Temperature, C
Tempgrature, N 20 50 70

C Geometric Standard Deviation

20 10 16350002 1.676£0.005 16870003
50 10 17940011 18360010 1.820+0.003
100 10 2020£0012 1.981+0.007 1.98040.004
150 10 2.070+0009 1.986+0.008 20110008
200 10 210110017 2034+0.007 2018%0.007
250 10 208710012 2073*+0.006 20617 £0.008
Total 60 1.953+0.178 1.931+0.137 1.928+0.132

“0(0.05 by One-Way ANOVA,

Table 8. Mass Median Diameters(MMD) by Source and Inlet
Temperatures

Inlet Source Temperature, °C
Temperature, N 20 50 70

c MMD, im

20 10 1.389£0.012 159310032 1644£0020
50 10 2.181£0.062 2452+0.061 234140035
100 10 406240173 3624+0.090 3668+0.041
150 10 4750+0.121 37090083 3985+0.093
200 10 5.270*+0.256 422010071 407240083
250 10 5.159+0.133 4.742* +0069 4504*+0.006
Total 60 3.804+ 1511 3390+1074 3369+1.033

04005 by One-Way ANOVA.

WHERoIA wiE FIER ool &) P E4

2 7 259 Hal ulg dUEASUE2 X 8
9 Zrt 9 2T 20TolME Y% 20TolA] 1.39mZ
71 AL 200ColA 5270mE 718 Zich 29 2% 50T
olAs AF2T 20TolA 1.58BmeZ 71a Al 250 ol
4742mQ 2 7}a ZiTh WY 2% N0ToAE YTRE 20T
ollA] 1.644ymO Z 7Va AL 250°ColA 4504mO.2 71a ATk
2R 2%l e APEA,LH Bole X0 Ao &
x}o)7} SIQICHTable 8).

I Z

EUSHETA AFBIILAL Sle YARE oloZEZ 2
A7l thgoll A7} gojol & 71a Z38 Hae whilg ol
o2& ALY A7loltt. ol YA A71E 85k Yol
+ Anderson Cascade Impactor, 3d} - HA} 804 & ol &5
W S odg) 717} e FEE0] HAYL A7k Al
7} ol A9¥ct FURHEFOAE LAY A1) Sem(Ywl
&), 4m{EPA), 3:m(OECDS} EU) 0]4} Z12]11 0.3m 01519 X}
o tiaiAE 1 F94o] HuhE oz ™. Hinds"o 251
Z23} vl ESoIX oA HHE 4= Ae dEE QALY Hele
AHEALYE 5-10mele & Aol QL8 FIEE oo&
&9 Yol 4R EPE AQshH o] WY Hrt 2 olfE
piezoelectric crystal®] 4, 271359 49 Alo|T UXT gt
A9 258 E7HKIA 283 o2 E9 WHA] o7|ElE £
23t A & E4E BB F HER FYE71-N
712 AR E HEAIR] BU-8F7EHY Teld 7IQlg Aoz
A4ziEct. olgjst WHE T ATolA AIREA 2T 2 o
TolA 287 viEtiold EdolA 88 E 712417+ W
-5 Y2 7B tid SU=Y dFA] EPAS OECD
9 715" Bkl QA9 JICE oloZ2EE wHx|E
ol Hgtsh 27183} piezoelectric crystal®] #3} o]QJol . wt
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