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Table 1 Elemental composition and pH of human intracellular, interstitial, plasma fluid, sweat, gastric juice,

bile and pancreatic fluid adjusted by weighted mean

gk A1/ FEEAY v i/ B/ 11194 ik vl JgER/
(mmol-L~1) (mmol-L~") (mol-L~1) (mmol-L~1) (mmol-L~") (mol-L~1) (mmol-L~1)
K* 140 4 6.74 10. 524 4.2 1391.25 4.744
Na?* 14 139 105.76 54.543 142 8027. 89 121.478
Ca®* — 1.2 4.77 — 1.3 451.54 1.7
Mg?* 20 0.7 0.05 — 0.8 323.46 0.5
PO,*- 11 2 0.02 1.419 2 112.77 0.8
€0,%" 10 28.3 — — 24 19 19
S03- 1 0.5 — — 0.5 — 4.2
cl- 4 108 43.59 84 108 65.69 89.324
F- — — 0.06 0.029 — 7.27 —
Cu?* — — — 0.004 — 1.74 1.652
Ph** — — — — 1.0x10°! 0.10 —
Fe’+ — — — — 1.0x10-% 12.38 8.208
Mn?* — — — — 1.0x10~° 0.34 0.057
Sit+ — — — — — 65.20 18.932
In** — — — — 1.0x10°¢ 2.09 0.019
AP+ — — — — — 15.11 14.582
pH 6.0—7.4 7.4 4.2—17.5 1.0—3.5 7.4 7.8 6.0—S8.0
F2 MNMRRBIA RS pH (H
Table 2 Composition and pH value of human urine
Mo WeRE/ (mol - L=1) Moy WP/ (mol-L~1) Moy HelE/ (mol-L~1) Mo HelE/ (mol-L~1)
AR 2.733 x107° Crt 5.0x1077 Mg?* 4.68111 x10 73 Sn?* 2.2x1077
AsO3 ™ 1.72x10°° Cs* 1.2x10°7 Mn?* 1.099 x 10 -3 St 2.56 x107°
B(OH),; 7.944 x 103 Cu®* 7.7 %1077 MoO,* 6.6 x10°7 Te0,?~ 4.15x107°
Ba’* 5.2x1077 F- 8.421 x10 73 Na* 1.74075 x 10! Ti** 8.66 x 10 ¢
Be? * 1.444 x10 % Fe?* 5.67 x10°° NbO, ~ 3.88 x10°° V2+ 4.4%x1077
Br- 4.911 x10° Ga** 6.0x10°7 Ni2* 1.85x10°° WO0,%" 1.6 x1077
Ca®* 5.285x10 3 Ge** 1.928 x10 73 PO,*~ 1.882x10 72 Zn** 6.91 x10°°
Cce*r 2.3x1077 I~ 2.02x10°° Ph** 2.3x1077 pH 4.2—8.0
Cl- 1.4667 x10 ! K* 6.4851 x 102 Rb* 2.657 x10 73
Co** 3.8x10°7 Li* 1.0273 x10°* S0; - 3.3125 x 10 72
x®3 FEPCEAYNERE T
Table 3 Formation constants of Pu'* complexes
& T WAL & T WAL sty Fa e H AL atgy] T e WAL
[Pu(OH),]%* 0.6 Pu(S0,), (aq) 7.7 Pu(S0,)%* 5.5 PuF3* 15.8
[Pu(OH);]* -2.3 Pu(OH), (am) ~2.15 [ PuOH]?* 0.6 PuF* 8.8
Pu(OH), (aq) -8.6 [Pu(CO;),]*" 34.1 PuO, (cr) _7.81 PuC* 2.0
[Pu(CO;)5]°%" 32.7
2 R 518
2.1 Pu*t FEMLZR PB4

AR I AR VF 50280 Pt 1 5 R B B AP L3 TP BR A 5 5 3 < 10O mol - L™

H T
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Pu(IV) 5 5 3 b AR A 45 4 IAEE T IR b o' B B F IS LD Fe () Ry JEREHEST N
1 x10 *mol+L™"'—1 x 10 *mol - L~". it FEIE W A X R (pH =7.4,1=0.15 mol-L™") , K
[Pu]l =1.0x10 2 mol-L ™ "FI[ Pu] =3.0 x 10 ~“mol - L~ 4> B A [l e BE R SR AE AR (T 2451120

FUL 250 T I3 rh Pu* BIEAS 53 pH EAOCR. B T T LIA B pH (RSO, 2R i
Pu(IV) EE S5 EEBEH (TH) M OH™ 454, LL Pu** F1 Tf JE WA BE A B 7. [Pu(OH) P |
[Pu(OH),1*" \[Pu(OH), ] " FHES FIIE A (B AEIE # A 38 pH (EH 551 F AR Pu( V) F 2L
Pu(OH), (aq) BIESAEAE , HE T PER) Pu(OH), (aq) ITEARIPu( V) HLEFEE , A 5 i 1 40 AR E A 241
Jarb s B IR AR Pa (V) F 250 5 B AEACIEHE A 40, 1 e rp P 5 Pu IV ) DUJ3E 35 i Y8 6 20 28] ) IOk P42
I AR AR AL, PR, 2SR N Pu (V) BT, Pu( IV ) T8 & R AT b, JIE A P 250 B B R
T O a2 R T R A B AE IE H LR B AR PE TR LAE AR Pu( OH) , () A HPER) Pu( OH) , (aq) TEZS
FEAE, b 7E pH =7. 4 B, BEAH Pu(OH), () JES & & i Pu(IV) BAFEIE A 99% . iy L mT LUHEN
R EEPu (V) 7 I3 AR TR BCUTOE , MEDAHE H X A A 3t il 1 i 21

a. [Pu]=1.0X10"22mol-L! b. [Pu]=3.0X 10" mol-L"!
o= : 100 [Pu(OH)]"

i Pu(OH)4(S)

I [Pu(OH),** Pu(OH),(aq) I [Pu(OH),1**

80 80

60 60
40 40

20 20

AR Put' IR E 4 ik /%
RRFER Put HBERE SR /%

i Pu(OH)y(aq)
a s 1 1 ]
2 4 6 8 10 2 4 6 8 10

1R Pt AYIEAS S pH (E I Pu] AR
Fig.1 The relationship between speciation of Pu'* and pH in plasma fluid

2.2 Pu*t BT WIES S

TEEH AR, B pH =1.0—3. 5. Q& 2 fias, Pu( IV) 76 B W H A B ARAEIE 5 K it
B[ Pu(OH) ]** [Pu(OH),1** .[Pu(OH),]* [PuF,]*" FI[ PuF ** FHE 7, W A B W AYPu( IV) 7T
K e A M ;24 pH H KT 4.2, B P A Pu( V) ZEARER A F 2 B R A9 Pu(OH) , (aq) ,
TE = SRR E ) 25 H BRI AH Pu(OH) , (s) , - HOK G WA AR A 5w BEE pH (38 i -, 487 38 ik
F R NaHCO, Z 2 () 5 1 9 5 vT 2 HE B W s Wk BE Pu( IV ), 1 7 I ¥k B2 B Pu(IV) DA R PR Y
Pu(OH), (aq) JEASHEANFIE A | 3 B IE 4 453473
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Fig.2 The relationship between speciation of Pu'* and pH in gastric juice
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2.3 Put FEHLUR P IS A

FEIEH AFAMET, AMRALUR I pH =7. 4. WK 3 FioR, FEARER R B R 4L 20301, Pu(IV) L
[Pu(OH) °* BHES F R L) Pu(OH) , (aq) JEASAAAE ; B AL SVR RV BE 19 T, ri &l 3 (b) 1f
FLFE pH =7.4 B AHAE T Pu (V) JLEASLAE A Pu(OH), (s) BUESAAE IR H A T I Pu( IV )
MEHERR RSN LU () A Pu( OH) , £8 VR I 2 B R IR, 25 UORRTE B 8 CHUAH R L i K A 1,
M PURTE S R Pu( IV ) AT B BA BT BT, DL S0BR MR 2 10T 1) B R R 6% 17 ol 0 X LA W T B
AL T B 8RR g

a. [Pu]=1.0X 1022 mol-L"! b. [Pu]=3.0X 1071 mol-L!
100 — . 100 — .
1 Pu(OH),(s)
= Vipatom,p/ PuOmI 2 :
i 80 : u(OH)aq) 1 8o |-
&1 &1
& &
lm m
% 60 % 60
& #
2 2
5 4
-t 40 & 40
% %
= =
I 20 1 20
LS K
0 | 0 | 1 |
2 4 6 8 10 8 10
pH

B3 AL Putt IWIESS pH EM[ Pu] KR

Fig.3 The relationship between speciation of Pu** and pH in interstitial

2.4 Pu*t AL D TR S S A

IER AT AR pH =6.0—7. 4. I 4(b) AT LLE e SR 4 b Pu(IV) £
ZLULFEAH Pu( OH) , (s) ITEASAFAE. (HE W0 0 40 M pH (B T3k 4.5, & 4 (a) WAL pH =4.5 Bf B
AN A AR IR R Pu(IV) FOTEZAS A [ Pu( OH) L ] . SCRREH P BRt AR fh =5 Bl A2 2 B 308 e it
ANPGRS I T 4 JE ARME ™ A5 A I VR EL, (H SR SE T S A BR 56 ANV PR LR, 7
BIEE/NTF 10 pm B ARG . Pu( V) T B S B — B AR P A R 7] 9k B W5 20 i 7 s O
FEpH =4. 5 BN s, SR G HE— 25 0 AL 208, B B LA Pu( OH) , (s) TTRE B 8K R 55
T — BB KA AR B AR O AR 2 UL B R i sk 2 R 4. 255 4 (b) nl 50, 40 [ Pu] >
3.0 x 10 " mol - L™ "B, X} R ZE A0 7, FANME 09 Pu( V) LAREAH Pu(OH), (s) BITEEFELE, $R
Pu( V') X 41 e A5 4 =i 1 7 1

o0 [Pul=1.0X 1022 mol-L"!

o b. [Pu]=3.0X10"""mol-L"!
[PuOH)P* A~ :

Pu(OH)4(aq) Pu(OH)(s)

80 - 80

60 - 60

40 40

AR Put HIBE/RE SR /%
TR R Put* BRE B %

0 4 20
/N \ H Pu(OH),(aq)
&ﬁ(om]’* i \ . 3 [Pu(OH);]"
o [PUSODE ol Ty I ]
2 4 6 8 10 2 4 6 8 10
pH pH

B4 AT Pu't LSS pH EAI[ Pu] MR

Fig.4 The relationship between speciation of Pu** and pH in intercellular
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2.5 Pu*t FEBEWRCANAR T H LA S0 A

LI Y pH =6.0—8. 0, NIE 5 (a) AT LIFE F, Pu( IV) B A AT LAYEARER IR BE 19 g b, 78 pH
TEASAL AR /NE TN (1.0 A pH (E ) B4 E RS 7€ pH =7. 0 B, BRI T A Pu (V) JLF-4 LU
[Pu(OH), " FHES TIEASTEAE; 24 pH [T 2] 8.0 B, BRI Pu( IV) JLF-4LA[ Pu( €O, ), 14 BAES
TS, L, FEARHER IR AR (BRI | B2 305325 RE S 6 A A TR Bl LA B HC [P B 85 7 1 &5 7 5.
WE 5 (b) FiR  ZE =S B B T, Pu( IV) JLFARLAEAE Pu( OH), (s) IIESAELE, S8 Pu' W LA
I B A FE A i DA T X A 5.

a. [Pu]=1.0X 1072 mol-L™! b. [Pu]=3.0X 107" mol-L"!
100 — 100 — R
[Pu(OH),* 4+ Pu(OH),(s)
L [Pu(CO3),] L APuom),t 4
80 80

60 - 60

40~ 40

20 [t [Pu(SO,)J** 2 20
'é g [Pu(OH)**
0 Py(SO4)x(aq) ! | I | 0 Pu(§04)2(aq) | |

2 4 6 8 10 2 4 6 8 10
pH pH

=]

[Pu(SO,**
~ [Pu(OH)]["*

R Pu*t W EEIRE 46 i /%
ARRIER Putt HIBRE 1A /%

E5 Bait putt MBS pH G PulER

Fig.5 The relationship between speciation of Pu** and pH in pancreatic fluid

CLRIAE T 3258 P S3-008 , T JS AN WE2E AT P9 B AR EAE SR SR e A b T 18] 6 WT DL H 7 DE
PEBZEE S pH =7. 8 B FERR SRR AR, Pu(IV) RUEIAH Pu(OH) , () BB ASAAE , #RR IR iy
/M‘E’Jh(l\/)%iﬂﬁklﬁx BTS2 52 RE 1 A R0 A Ak Il B 7 I A B e e 5 T A AR

AR I Pu (V) LA AR PERY Pu(OH), (aq) JEASAF 18, BT IXAIEA Y Pu'* B S i ATAH
H@EP,Fiﬁ%ﬂﬂ%rﬁfxﬂﬂ%ﬁﬁ}ﬁEiﬂﬂﬂfé%ﬁlﬁ%ﬂ%iﬁ,%%iﬁﬁ%ﬁiﬁiﬁkmﬁi% {H R TE R AR A Y pH R
AT 5.0 I REFPu(IV) AL Pu(OH), 17 [ Pu(H,PO,) I°" BHE TR EAFAE, by b A MLRARIF, 5t
2 o B AR RSN S AT NER T T R A 254

a. [Pu]=1.0X 10722 mol-L"! b. [Pu]=3.0X 107" mol-L"!
100 1001~

[Pu(H,PO)™ i (Pu(H,PO)I*" Pu(OH)4(s)

80 - Pu(OH),(aq) 8o

60 60~

40 - 40 [Pu(OH);]*

201
i \ Pu(OH)(aq)

1 I 1 T 1 I I}

45 55 6.5 75 45 55 6.5 75
pH pH

20 -

AR Put' WBERE 5 ik /%
T
AR Put' HEER E 4 ik /%

26 ALt Putt IESS pH EAI Pul BYEFR
Fig.6 The relationship between speciation of Pu** and pH in bile

2.6 Pu*t FERRBE IS AR
AR Pu( IV ) Zead NG A 38 0o B /NER S 5, 2 AT Hl /NS N IR R, RS pH B3 3
JEFRARAE pH =4.2—8. 0" IE 7 (a) W LLE I, FEMRER U BE R W, pH < 5. 0 B, B /NG TR
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Pu(IV) FE LI Pu(HPO,),]* [Pu(OH),]*" [Pu(OH),] " BB TIEEAAAE ;24 5.2 <pH <9.5 i}, JR
W Pu( V) JLTPAERLA[ Pu(OH) , ]~ FHES TR SAATE ; PG 7R IR W A BT IR A Pu (V) W LA
AL E S AR FTHE A ST (B Y PRGRPER 3R | e B /NS PRI 23 R R E AR Pu(OH) , (s) W)
Js I 7 (b)) AT LA & 24 PR BR TR B2 0 5 1S B, 7R PR WK pH = 5. 0 B, gk AT LA B [ AH
Pu(OH), (s) tRIAEIRWE T, JF HFEE pH (HIS K Pu(OH) , (s) 193 5 W1 0. $2/R [EARY) BT (077 A 25
SECE /NG T BUR R DTVE T B BAE B M P, DT B I AR 350403 5 38 P RE A Put i B /INE Y 1
NS OH ™ JB B/ N S A S IO RRFE 200 6 S5 1) AR 544 v ) X6F B IR A LLC-PK, 0= 2R B4 BRI, 2
FAPu(IV) I ASEEE 2 F Al NaHCO, £2 HE, 175 2 2k 11 92 V4 Jo AP R W 1) pHL L DA T 9 /)
Pu( V') X B Ik iy s

a. [Pu]=1.0X 10722 mol-L™! _b. [Pu]=3.0X 10719 mol-L™!

100 » _
[Pu(OH)]* | PUGPOWI Gl

100 Pu(OH),(s)

80 80~

60 60~

40 40

[Pu(HPO),J* ,ﬂ

REFER Put HBERE A8 1%
ARRIE Put' BIRE A /%

20

|
\ Pu(OH)4(s) H [
L [Pu(OkD,]** |' i j
| ! 1 1
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Fig.7 The relationship between speciation of Pu** and pH in urine

2.7 Putt FEIF P IR S A

Pu( V) i3 K Bk AR AR 2 18 BUBR AR SR PR 1 £ R R 2 —. F 2 PR A% R A AT LA
T ) R R ANAAR 3% FZE AT Y pH 2SS FIK (pH =4.2—7.5) , ZEF M LART /N3
T BT AAERPu( V) 255 4 B IR NARTI, 1 [ AT A Pu (V) WIAR . &l 8 (b) AT LIS 5,
TE R BRIV, 24 pH (AR T 4.7 B 7P P APu(IV) EZELI[ Pu(OH), ] " BHE TIESFAE, i
HARES Gyl ik Je kit A AR DAL 8 (a) AT LA 3], ZE AR TR B AV WP, 76 1E 5 W pH BB Bl Y,
Pu( V) ¥ AR g A ANARAY[ Pu(OH), 1 [Pu(OH), ] * 1 Pu(OH), (aq) IITES KEAFTE. #2RPu( V)
ﬁ/ﬁil@l’]m{*ﬂ&iwd\ﬁ?ﬁ?ﬁf*h*‘ﬁﬁ 5N R kA, 2 S 2 Pu (IV) EAL I, ZESR B Bl 47 vh

T R FH IR s H R B b AR IROR 4 1T (7% e B W AR e | PP N B3 0 fe B

a. [Pu]=1.0X 10722 mol-L™! b. [Pu]=3.0X 101" mol-L!
100 B 1001

Pu(OH),(s)

/' Pu(OH)(aq) 80
60

40

TRER Put MBERE 6 R 1%
TRER Put HIBERE AR /%

[_[Pu(OH),J*" - Pu(OH),(aq)

0 et 1 1 1 1 1 1 0 - L 1 el 1

45 55 6.5 75 45 55 6.5 75
pH pH

B8 T Putt RIBAS pH EAI[ Pul BOCH

Fig.8 The relationship between speciation of Pu** and pH in sweat
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3 4

AT HE T AR BRI ) A2 8 B /N TR ) SRR BESE T Pu( IV ) TS AR T B A7
TS MR R R0 T A RIS R S B2 R PR 1 52 ma |, IF45 3 LA T 4518

(1) B2 NS EPa (V) B FEIE R AT, M2 P Pu( V) FZLL Pu(OH), (aq) BYIE
ASEBLENNE SR EEPu(IV) FE LK EZELLEA Pu(OH) , (s) JEAAETE U A TTTEXME LAHE | XF
UNSEI RIS L

(2) TEEFAIENT , Pu( V) 7E B W I EZEATIE B KB EN R, S8 Pu( V) 7T K&
HEA ML H S E WA pH (ETHS, PRI 0 B W b 23 BT AH Pu(OH) , (s) ATIA SRR H Y.

(3) BEEHLB P RIER T, Pu( V) JLT-# LA AR Pu(OH), (s) BIESAFTE, TR & K TH
I, 2 UUBRTE BB JCHLR I, BEUE 1B B2 PR 1Y TR 2.

(4) FEEEWREPuCIV) AR T X K25 AIEI 7, Pu( IV) LUEAH Pu( OH), (s) MIESTETE,
AR A A0 R . I A K A A Pu(IV) SUUE B BB/ BURE, — 7 20 AR A0 I R R
[Pu(OH), | * ATt — 2Bk AZHZUM 5 55 — AR50 /K Vi Pk B SRR Bl A 48 0 AR 75 B b 5 % ) 1 =k 12
R4

(5) TEIEWAERAMT , KB Pu(IV) LA Pu(HPO,) , ]*7 ([Pu(OH),]*" \[Pu(OH), ] " i
B PIEAAAAE, rTLGE s HUR A B i AR E T HE A4S0 s (BBEE pH 358, IR h 2 R B Pu(OH) , (s)
I H A i WA, 20 B R A .

(6) TEARBRHME B BB, Pu( V) BYIEZSTE pH 24K 1.0 4> pH (B2 N & A2 BRIV, IR I TE
PRHERT 22 785375 JEEE A T FR B PE LA S LB BH S 0 25 5 A sl SR S s IR b Pu(IV) 5 35 B AE
JHERE A 5 AR 2 s B IR b TR A2 38 pH B 25 T A9 Pu( V) DA AR 4 325 pH (E/N T 5. 0 B, PLEFAR
R 32, NI AR B EEVE.

(7) FEIEH W pH 0 HE A, Pu(IV) DLAT#E A AR [ Pu(OH), 1 [ [Pu(OH); " Hil
Pu(OH), (aq) B R EAATE. P& Z0E BB E N L &2 P4

& £ X #t
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Investigation of Pu( IV) toxicity by computer simulation
in human body fliuds

DENG Bing WANG Heyi JIANG Shubin”
(Institute of Nuclear Physics and Chemistry, China Academy of Engineering Physics, Mianyang, 621900, China)

ABSTRACT

A thermodynamic equilibrium model, involved in major metal-ions and low molecular weight molecule
ligands, was developed to analyze the speciation of Pu** in human body fluids, including plasma fluid, gastric
juice, human intracellular, and interstitial etc. Under the normal physiological condition, the model was used
to research the influence of the change of pH value and the concentration of plutonium on the speciation of
Pu(IV) in various body fluids. The results indicated that low concentration of plutonium in plasma fluid as
Pu(OH),(aq) species was accumulated in liver. Pu** formed precipitation and was difficult to eliminate from
the body under the high concentration of plutonium in plasma fluid. Through the gastric juice Pu** can enter
the blood stream. Increasing pH value of gastric juice can promote the excretion of plutonium. Pu(IV)
deposited on the bone mineral surface in the interstitial and high concentration of Pu( IV) was extremely toxic
for most cells. With the increase of pH value of urine, the emergence of the Pu(OH),(s) will cause renal
injury. Pu( IV) species in pancreatic juice changed greatly with the change of pH value and high concentration
of plutonium in bile of Pu( IV) easily retained in the liver. In the normal sweat rage, Pu(IV) species easily
enter human body, and the health of the plutonium operator will be hazard.

Keywords: Pu** , body fluids, speciation, thermodynamic equilibrium.



