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Abstract: The extraction of U(VI) from 1.0 mol/L NaNO; using di(tert-butylbenezene)dithiophosphinic
acid(donated as HA) in xylene as the organic phase has been investigated, and the extracted complex has
been structurally and thermodynamically analyzed. By revealing the effect of pH values, the concentration
of NOj in aqueous phase, and the concentration of HA in the organic phase on the distribution ratio of
U(VI) between the two phases, it is confirmed that the extraction is governed by the cation-exchange

mechanism described by the following equation: UO5", +2HA,=UO,A, ,+2H;, where a and o in subscript
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represent the aqueous and organic phases. The extraction equilibrium constant(lg K.,) is determined to be
—2.2940.09 at 25 C. Compared with the extraction of An(I) and Ln(Il) by HA and dialkyl
dithiophosphonic acid, it is found that the substituents have little influence on the extraction of U(VI), but

have obvious influence on the extraction of An(Ill) and Ln(Ill). The relative content of water to the

extracted U(VI) in the organic phase is determined by Karl-Ficher method, and the formation of single

extracted complex species is confirmed by the unique Raman peak of O=—U==0 unit for the organic phase

of varying U(VI) loading, then the molecular formula of the extracted complex is proposed as UO,A,*H,0.

Crystal of UO,A,*H,0 was prepared from the organic phase loaded with appropriated U(VI) with slow

vaporization of the xylene solvent. X-ray single crystal diffraction analysis results show that the complex

belongs to the triclinic system with P1 point group, and the unit cell parameters are: a=11.235 A(1 A =
0.1 nm), b=15.806 A, c=16.522 A; a =61.612°, f=71.670°, y=79.875°; Z=2. In the solid compound, each

complex UO,A,*H,0O molecule exists as separated unit in which two A~ anion provide their sulfur atoms

together with one water molecule coordinating with UO3" in the equatorial plan to form a common bi-

pentapyramidal geometry in uranyl complexes. The U—S bond lengths of the extracted complex are 2.853,
2.842,2.871 A and 2.862 A, and the U=0O0 bond lengths of uranyl are 1.765 A and 1.764 A, which are
close to those of other reported complexes of thiophosphonic acid ligands with uranyl, but the U—S bond

of crystal of UO,A,*H,0 is more asymmetric.

Key words: di(tert-butylbenzene)dithiophosphinic acid; extraction; U(VI); single crystal structure

R G A% R PR 2k B v 45 P Ak 2 Ay B AR R
K, T IR A ) R %) 26 IRGR) B A I 79 43 B8
TR . DUBR IR R B A B A T AR PR H X T &R
TR TAENFEREYHWARITE ST
FA) C A7 PR RE AN [R) T 52 3 56 1 . — MRA S, SRS A
RUUEBETHWARITE S TYE T 605
B, (A R IC R B F R — 2, 78 5 80y i s+
BE A5 B R B B — e 7 B2 Y A0 S AT 25 5 07
SR — 2Ly AT BT B AR R DL S B R S R
JCR BT Eg i, — A MR ] 7 2 20 T4l
90 AF AT AR K5 Zhu AP R B LL . (2,4,4-=
FH L HL) AR B R (HBTMPDTP, 44k Cyanex301)
S AR R A R X — A B R T R B T RN
RIUCERE FIL Rk s kgt k=14
ok, X AR R BB — B A EARORE 25 4
B — A R o H DU Y B Y SR AR A TP A
AR S SR LR TR B R
2 Kooy B R O i, AR DA WE O AR R HE
MAENMRITRE FHX RN 5
TRV B AR B A AR T . D3 Ah, B By ST 4
HERI, RF4ifk Cyanex301 X =M 8 R ICE &
F 1Y A HUR 8 o FH S A e LI BEAT Y, (HAE A
PUAR OB B 26 G W0 W B OF AN J2 B — Y, T2 B
IR, FEILR S Fh, &gl A

T H RS E B2 2K G e, by =4
e S A TR A O] B S B N i T
NS5 R ICR B T AL, HORTEK S 25k
L R R TR R AT . R X T S
AR P = R R R R i K — R R
B2 . 5B R BT IR 4G A L = A0 B RO R
TR A A R R BN AT, B DUTE BB AT Y
Lt S 0 B G2 E A A R AR B VDA A 22
T o B BRI BE 5T L 2 4 b L LA R
5 R FH N N 4 60T 2R S B R OC R T IS A R IS
o i A PR )X — s B, L 30 5 R
CEERYARIX BT

Nt — T R TR B TS A AL
5 TE A ) T 07 4 e, 30 AR R L AT — 28 AR AT 5
T ER AR X UCVD) B A8 HUE BE K e A7 AL~ 19,
SRR Y, LS AWOGA X UCVD) /9 A ROHL B i
B — 0 R A A HOGR & AR, 2 Rl ) S T S e L
B — ARl B AR IO, Y2 T R AR
B R 2 5 AC IS, 4 AN BT 32 4 B KA, (5
BEARDNLTHEGYHRMEGEHBIR. C
AT HRIE T AR AT AL R S B N T
T AR R - B TR R 1 A TEC A ARk e AR
P& Wy e 45 ke b G [R] B9 R A il T T o O T
B TC o B 4 o 5, G A T T 7 A AR



12

Btk Sty H48%

g e Ak 4 ASBCALER R 7, 1N R o (i R R
) SR 1A LA AR R T RS T, B ke
0\ 7 W Y VA 2 ) e

A AR SR 58 0 At IR 25 2 SR % el 1
T 1 A WUAT Ry DA B DG B E Ak 2 . & i —
05 B RO ZORCT R AR R (di(tert-
butylbenzene ) dithiophosphinic acid, HA) (&5 ¥ 7~ T
1), BFFE X UCVD) By 25 UM BRI & T8 i
A G W) G D R 5, i — 20 38 &
PRFNGT 2 03 B8 1 R BC A Ak 27, Ry 38 95 1 2 U
F RS2 Z MR R .

t-Bu

BT ORUT 32K AR R 2 A =X
Fig. 1 Structural formula of di(tert-butylbenzene)-

dithiophosphonic acid

1 SCIEERs

1.1 3R AN

TORUT IR AR BERR . =75 SClk [10] 5
B OIF gl Ak, 72 5 43P NMR 3% 2 1F F 5 33 8
PRFEATS548 73 B, 45 Rom T I8 2, #A T & i1
BW ok B ARG, 38 5 R 0 R T vk i e LAl
JERTF 98%; —HI K el . S el iR,
¥k oy b 4l [ 25 4 A AL 27 R0 A BR 2S5 pH bR
YHEZ8 iR W (pH A 4.00, 7.00, 10.00), | = 151X
FT 5 i TR T RO kP A TR S i — Akl By
AR B D5 il A, Ferb il K A el R Y R W
R =D Tl R A (PRl NN N (o
iR F Coulomat AG, EJE T /RAS (L) B IRLA
A 5 I VR0 A A & B 1 K ¥R A Millipore
Milli-Q #A 4l /K ML £
1.2 S

Cary 7000 UV-Vis-NIR 4366 1T, 55 [ Agi-
lent Technologies 23 &) ; ZWY-2012C #1515 2 1H 1R
IR ARG 4, 1 U o B AN s A BR A A
TDL-60B %I 500 L, 11 % 5 Bl 2% AU #8 T ; Orion

53.10

6I() 5I8 5I6 5I4 5I2 SIO 4IS 4I6
S/ppm
B2 ORUT R AR HERR P NMR 1%
Fig. 2 3P NMR spectra of di(tert-butylbenzene)-
dithiophosphonic acid

starA211 #I pH i}, 32 [ Thermo /A & ; OPTIMA
8000 % H JEAE 5 %5 & 1 & 5 6l X (ICP-OES) ,
3¢ [ Perkin Elmer /A ] ; InVia B 3£ B Gk hi 25k
T4, B [ Renishaw /23 A5 852 % K IR 9% A 7K 43l
FEAX, %+ Metrohm /23 7] ; XtaLAB Synergy R £i1 4}
1%, H A Rigaku /A 7 .
1.3 LWHE

(1) HA Z I u(VI)

PLHA 1 = H RO A AL . &4 1.0 mmol/L
UO0,(NO;), ¥ 1.0 mol/L NaNO; i W b 7K A1, A [t
1: 1, 38 IR 25 °C B IE I IR ¥ v Th 4R 7% A%
B 30 min (i 19052 560 25 4R R, A B B 5 min
Ji BIAT )38 Je, B0 2 A o KA LA SRR
U 1.0 mol/L HNO; ¥ i T° 25 °C [ 2%, B0 I3 A
43 5 BUAE 4% 7K FH RN AR K AH A B I I ICP-OES
T ASCI 5 G v Ak i

DL HA 09 W 2R W8 A LA, 4 1.0 mol/L
NaOH M35 2L E R 10%~50%, LA & F % &
UO0,(NO;), I 1.0 mol/L NaNO; i Wi 7K A1, #H [t
1 1, SO I 4 A o BBCER 43 67 2k A LA 45
KR 1.0 mol/L HNO, F 25 'C Jw % . B .04 M
J&i 43 S BCHE A 7K R R L A6 7K A T A 3 L £t
I FE W OG 3, DR o d UCVD) vk B2 .
pH T4 A5 A K AR B pH A . B 4045 iU e £
AP, B 0 E 7 B 2O -, H 532 nm
I3 R, P 1% sk, Bt = ORER B 61

A% T 1 25 R B 4945 T 0.2 mol/L, A Uik
AN AL G R 1B 0,

U(VD) B ZE LA TL LG D 2R

c(U)
D:ca( uU)
K ¢, (U) | ¢,(U), 435024 U LEA HLARFK AR

QD)



5513

B A T TR AR R R A U (VD) B 1 BE R 285 W A5 A

13

W B

(2) RIR TR FEAR I A HLAR 1 K 5 it

FE IR UCVD) A PLAH, A GE & H
Fis & B s, T30 A TR W /7K A B - P S AR R 28
R, T, - F A TR R BB LA O
L ME AR R4 R 7)), B iR &R p 2GR
SH B g Al 8% 1, %k, 76 27 ik y —S—S—45 4y,
ATV 5 22 2 K I 0 R o P AR R BRORE
i o i BUTUAL B S A HLAR A R R SRR K 43
I 5 ASC A 0 i 3 o, R IR 2 R AR v I R
K

(3) HA @R X H 5 UV BL A 9 fb AR 1) 15 %
e

i I 8 R, N HA B T R R P AR
G I I S OO O I o T A N LTV N el
(CCDC %5: 2251674 ) ; [F] F i 1o 22 1% # & 1k M\ 1
#H UCVD) B9 A MR CR AR 95%) W45 31 T 52 3
o LA ) R (CCDC 52 2249919) o 78 ' i B
T HRBETE R KN | 37 O BE A 0 B A AT X TR R
AT ST A3 BT o L R AT S 0UE 7E XtaLAB Synergy R
TS E T 100 K T 345, ffi ] Olex2 Xt 45 44 £ 4 7
KA, AT B ISR CEdE . HA S
UO,A,*H,0 fIRZE M IEARSHII A 1,

2 HR5WE

21 ERNEHR

211 FA K AR pH B X A B R 7R BR M AR
O A5 B 4 i 5 1 i il o, pHL A2 52 43 T G
B R 2R o S K AH pH (B X HA (1 - 2R
M 1.0 mol/L NaNO, ¥ i H 4 B U VI) Y 52 i 7
F B3, W& 3R AEES Y pH {E i F A,
HA ZE B UV #9432 b (D) B pH A 4 35 K 1 3%
K g D bl pH 28 {0 1) L ZERFR y 2.05, #£38 T 2,
PR L T 4 0 A B 1 Al B 8 B0 A LA 9 8]
A LA BN HA | B B 52 B 30 K A o
2.1.2 AR HUG) Ak BE G 25 A BE e AR Ok R
XFHA 2B UCVD) By 2w s T 1 4, H 18] 4 7T AL
HA ZEHCUCV) Y 43 B B B A% B3O o 35 348 A i 348
K, lg D-2pH Bfi 1lgc(HA) ZB b B2 ME X &R, HE R
O 1.98, HEAE T 2, BEZE 1 A 5l ok 2 5 W
AN HA 53 72 5 A G, WA Z IR 53 7 fi#
B RF R AR B TR S Bl B 7O Rt A
B, i B BT 58 4 B K AH

£ 1 HA 5 UO,A,»H,0 f 1 45 #h) Fo A< S 8k

Table | Basic parameters of crystal structures
of HA and UO,A,*H,0
e HA UO,A,*H,0
[(=2n CyHy;PS, CyHs,05P,S,U
A4 BT 362.50 1011.04
D3 /K 100 100
S =&t =&t
23 [ AR P1 P1
AR a=9.9308(10) nm a=11.2347(5) nm
5=10.9588(9) nm b=15.8058(7) nm
¢=11.3511(11) nm ¢c=16.5220(7) nm
a/(°) 61.563(9) 61.612(4)
pIC) 69.249(9) 71.670(4)
7/(°) 68.971(9) 79.875(4)
AR nm? 988.28(19) 2448.9(2)
iR ALY 05 4 2 2
R )/
(geom) 1.218 1.371
W Z 40/ mm ™! 3.164 3.580
F(000) 388.0 1008.0
AR /mm? 0.15 % 0.15 x 0.15 02x02x0.2
LEPIE =g CuKa (4=1.54184 nm) Mo Ka (2=0.71073 nm)
0/(°) 9.09~153.204 6.674~61.976
TSR bR R —12<h<12 -13<h<I5
-13<k<13 -22<k<18
-14<I<13 —22<I<23
Tirst Rl g 10900 39810

IST AT AR

3934 [R,,=0.0822,
Rygmi=0.0899]

12374[R;,=0.0643,
Ripmi=0.0814]

HER S 3934/39/249 12374/257/461
HFFNGOOF(E 1.053 1.020
]I AT S A R,=0.0604, R,=0.0462,
FRE AT WR,=0.1640 WR,=0.1054
R[I>206 (I)]
TRATH R=0.0684, R,=0.0755,
FRZEHFR WwR,=0.175 1 WR,=0.114 0
KRR 0.49, —0.65 e/nm 1.09, -1.19 ¢/nm™

HLT I, A4 {E

T AR 55 rP B R HEAR I RE L 5 Ry, B IE SRS 25 H RS
TERYER2E R T R, SRR S BRI TR 22 R T wiR,, SEHRRA 5 LS
BERL A A58 22 B T3 1, TSR L o, SPIARIENN 225 RI>20(D)], 1T
WA RERZE R T

2.1.3  NO; X ASHUGE M A b3 WA A
LR A G H MR, &2 UES HA X
UCVD) 894 BORL i Sy B2 28 4 o (HURERIE SE



Btk Sty H48%

14
0.45
0.30
A 7=2.05x-4.30
w 015¢ =0.996
0.00
-0.15

2.04 2.10 2.16 2.22 2.28
pH

A ML 0.11 mol/L HA ) — H I K5
JK#H: 1.0 mmol/L UO,(NO;) , -1.0 mol/L NaNOy; 25 C.
3 oK AR pH {E X UCVI) 2 B4 e LAY 52
Fig. 3 Effect of pH value of aqueous phase
on extraction of U(VI)

-3.6
38t y=1.98x-2.31
- ?=0.996
&
-
4 4.0
g
—4.2
—4.4

-1.0 0.9 0.8 0.7 0.6
lg[e,(HA)/(molsL )]

A B : HA B = B R
KA 1.0 mmol/L UO,(NO;) , -1.0 mol/L NaNOy; 25 C,
4 FEBGA MR BT UCVD) ZE IS5 BE LE 19 5% 1w
Fig. 4 Effect of concentration of extractant(HA)

in organic phase on extraction of U(VI)

Hh A5 IR 1Y 5 AR X T AR IO & R R R R K
1, IS REHE RO R 4 JE B R U
R ZEBUCHL L, 0 NO3 % £ BOCHL A 52 A
M, A TAE#%CT 0.1 mol/L HA 19 — W AW W 46
HBUE B UCVD) B NO; 2 5 2 BU B I IE 3L . 46
PRBUAY 1.0 mol/L o SR I W i 26 97 38 1 U( VI
(A HUAH DA B A] fig 5 2 L AL NOS o 4 Sz #E 7K
AR B HE 263 DL s ot U VD) FINO; /9 & &
NO; ¥ FEAK T 1.8 mol/L B, ZE 3k (g U( VD) Al
NO; 1 7 &l 1% 57 AiF 05 58 FF (43 7 78 870 cm™! Al
1043 cm™ ") A9 LLAE 294 0.85(U(VI) : NOj ) [T,
AR T A Y 2 26 7K A8 o NO; B & B R T U(VID .
i e 0] HE W NOS A2 5 HA X UV A9 REBUS B
RV, 6 50 50 R B K ok B S5 B, HA X & & U( VD)

4 2 IR A5 5 BH 25 - 22 3 L o
2.1.4  FEHUSONCE R R RAE R S 4
A A0 A AR R BE I, HA A — H R X NaN O,
VW UV (8 2 R0 5 72 2R

UO0;, +2HA, f_—_ UO,A, ,+2H;

FMLAE IR L -1 K Ko A

co(UO,Ay)c;(HY)
x = T 2
c,(UO3")ci(HA)
W 2 (2) 555 P IBO £, W] 45
lg K= 1g D—2pH - 2lgc,(HA) (3
AR 50, 2 (3) T3l iy BLR MR
lg D=2pH+g K., +2lgc,(HA) 4>
lg D —2pH=2lgc,(HA)+Ig K., (5

F 2 (4) , A& IR Ve B AN A% T el A8 2% B T A
KA pHAE, L 1g D %F pH (EAE R, Al 45 & 3, B
Rl 3 4Bl B2 Y BRE B 1g K +2lge,(HA) . #
N, 2 CS) FTAE 4 b 2R O ED R 1g K, o
i & 3 AL 4 20 53T 5 T 15 1g Ko, 43 51 o —2.40+
0.02 F1-2.23+0.06. X} F HA ZHUH & U(VI) i1
T, FZ R UV 5 NO; i B A7 1E DL K 26 Ui
J A HILAH A BOR) Y vk BE AR Ak, K, DA (6) 1T
i—f%

1g Keox=12¢,(UOAy) - 2pH - Igc,(UO3) - 21ge,(HA)
(6)

i 20 (6) 155 45 21 i) A6 BRI 2% UF- i 5 08
F 20 A BALE (Y) 4T i A U N 2% 0
i H B A — B, UL OR [] Ab 4% 1 TR AR R R
—8 ., Hlg K. {6 N-2.27+0.04, 5 HA A B i &
G )8 B I R B T AR T A R B R R
Ui B 3 A B N 7 B B8 A5 AR 47 b AR 3 HA %
BCUCVD) By A2 0 o & 3 FE 4 3158 BT 45 1g Ko,
53R 23S 1g K, BOF XM, 15 3 25 °C i} HA
I UV 1 1g K= —2.29+0.09, M\ SC ik [8] %4l
44, 4lifk Cyanex301(HBTMPDTP) # H U(VI)
(FEBERMNIE+ )M lg K BER-2.2, 5
HA ZHCUVD) 19 1g K., IR, 36 BB X —
BRARBERR A B UCVD M sgm R 3% . X — 2515
TR AR R R A B = AN BT R R R OC R B A
R, O HE X 3% 26 28 BOH] 28 B =0 B8 1 1Y BB
F145 W & B i e,

22 FEEYARMMEN

221 FEEWTHOKSF SRS N LR AR



5513

B A T TR AR R R A U (VD) B 1 BE R 285 W A5 A 15

2 HA ZEICE & UCVD) 9 22 0 = -1 5 41
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of macro amount of U(VI) with HA in xylene

EALSE % pH ¢, (UO,A,)/(molsL™") lg Ky
10 2.05 0.0071 -2.22

20 2.19 0.0099 -2.23

30 231 0.0118 -2.28

40 243 0.0148 —2.28

50 2.59 0.0177 -2.34
(—2.27+0.04)
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Fig. 6 Raman spectra of loaded organic phase(a), Raman spectra of extracted complex(b), and relationship between concentration of

U(V) in organic phase and peak intensity at 850 cm™'(c)(normalized with peak intensity at 1 600 cm™")
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Fig. 7 Crystal structures of HA(left) and UO,A,*H,O(right)(omitting hydrogen atom)
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Table 3 Partial bond lengths and bond angles of crystal of complexs of HA and other dithiophosphinic acids®®*! with U(VI)

[ &<l U—OfE /A U—SH/A O,—U—O0,#fi/(°)

2.853(6)/2.842(6)

UO,A,*H,0 1.765(3)/1.764(3) 176.0(2)
2.871(4)/2.862(1)
2.830(2)/2.834(2)

UO,(S,PL"),*H,0 1.780(4)/1.774(4) 176.6(2)
2.853(2)/2.843(2)
2.856(9)/2.856(9)

UO,(S,PL"),H,0 1.774(3)/1.774(3) 177.1(4)
2.861(9)/2.861(9)
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