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ABSTRACT

Three contaminated bulk surface snils were used for
investigating the effect of solution pH and complexing
reagents on uranium and thorium desorption. At a low
solution pH, the major chemical species of uranium and
thorium, uranyl lUO,"’j‘ thorium dihydroxide
"ThiOH). +~'J and thorium hydroxide [Th(OH)*3], tend to

:_r~~:::,~le.\c:> with acetates in the solution phase,
which increases the fractions of uranium and thorium
desorbed into this phase. At a high solution pH,
important uraniwm and thorium species such as uranyl
tricarbonate complex [UQ,1COy) ) and  thorium
tetrahydroxide complex [ThiOH);"} tend to resist
complexation with acetates. The presence of complexing
reagents in solution can release radionuclides such as
uranium and/or thorium from the soil to the solution by
forming soluble complexes. Sodium  bicarbonate
iNaHCO;) and diethylenetriaminepentaacetic acid
(DTPA) are strong complex formers that released 387 to
A2 of total uranium activity and 78% to 86 % of total
thorium activity, respectively, from the soil samples
investigated.  Solutions of 0.1 molar sodium niwrate
(NaNOyrand 0.1 molar sodium sulfate (Na,SO 1 were not
effective complex formers with uraninm and thorium
under the experimental conditions. Fractions of uranium
and therium deserbed by 0.15g200m! humic acid ranged
from 4.627% t0 8.177% and 1.59% to 7.09% respectively.
This work demonstrates the impoertance of a knowledge
of snlution chemistry in investigating the desorption of
radionuchides.

INTRODUCTION

In contaminated soils, radionuclides such as
uranium and/or thorum may be associated with different
ehemical species on soil surfiaices or inside soil grams with
consequent  differences in leachability and mobilivy.
Chemicnd species i contacting solutions an react weth

kL

N B ER %
THERNESS
TP A

éﬂ*

\ I

DISTRIBUTION OF
STRIBUTION OF THis DOGUMENT IS UNLI

Minois 60439

soil contaminants by dissolution, ion exchange, or
complexation to release contaminants from the soil to the
solution. Understanding the effect of chemical species in
solution is important in investigating the distribution of
uraniom and thorium between the soil and the solution
under desorprion conditions. In this work, the effects of
the solution pH and the complexing reagents on the
desorption of uranium and thorium under saturated
equilibrium conditions were investigated.

EXPERIMENTAL METHODS

Three surface soils — Hazelwood A, Hazelwood B,
and Weldon Spring - from St. Louis, Missouri, were
sampled, air-dried, and sieved (< 2 mm). Soil properties
measured on the prepared material were pH (1:1 in

water), cation exchange capacity (CEC),' amount of
organic carbon,2 and saturated moisture content.’

Concentrations of uranium and thorium were measured
by dissolving uranium and thorium from soil into a
solution by using an acid dissolution procedure.* After
solubilization, uranium and thorium were separated on
an anion eschange column. Uniform, thin-film, solid
counting samples were then prepared for
alpha-spectrometry.  Triplicate measurements were
carried out for the chemical and radicactivity analvses.
The concentratiens of metal lons on the surface of soil
particles were measured with
plasma-atome

inductively  coupled
spectrometry  (JICP-AES R
Inorganic uanions such as ﬂum'idp 15, chlonde l(’.‘l‘h
mitrate (NO, 7, phosphate 'I’(_')4'
sotl  were

emission

5, and sulfate (SO “in
determined by won Thl'an‘}\l)gl‘.iph'\',
Concentrations of carbonate "(.‘O_.;""i and bicarbonate
(HCO, 1in soill were quumit,;.um-*i_\' determined by
r)mvrmomvnw titration.'

A kinetie study was performed w search for the
pauilibrium contacting time ‘or the subsequent sanerated
hateh experiments. The Hazelwond B sol was used in

the  knetic study becouse 0 s relanivery mush
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concentrations of uranium and thorium compared with
the other two scil samples. Two contact solutions were
used in the kinetic study: laboratory distilled deionized
water with a pH of 6.1 and a buffer solution with a pH of
6.5. The latter was prepared by diluting a solution of
200 ml of 1.0 molar potassium dihydrogen phosphate
(KH,PO ) plus 55.6 ml of 1.0 molar sodium hydroxide
(NaOH) to 4.0 L with laboratery-distilled deionized
water, The pH of this buffer solution was adjusted with
NaOH and hydrochloric acid (HCI) solutions. In the
kinetic study, 5-g samples of soil were each agitated with
200 ml of contacting solution for 30 minutes, 2 hours,
2 days, and 7 days, respectively. Then the soil and the
solution were separated by centrifugation at 2,000 rpm
for 30 minutes. Activities of uranium and thorium in the
solution phase were measured by alpha-spectrometry.*

The effect of the sclution pH on the uvranium and
thorium desorption under batch extraction was
investigated by adjusting the solution pH of 1 molar
sodium acetate (NaQAc) solution to 4.0, 5.6, and 8.0. The
effects of the complexing reagents were investigated
under equilibrium batch extraction with 0.1 molar

fum nitrate (NaNQg), 0.1 molar sodium suifate
(Na,30,), 0.1 molar sodium bicarbonate (NaHCO,),
0.15g/200m! humic acid, and 0.1 molar diethylene-
triaminepentaacetic acid (DTPA) with a pH of 8.0.

RESULTS AND DISCUSSION

Properties of the experimental soils are listed in
Table 1. The soils are moderately alkaline, which
suggests the presence of free carbonate. Uranium and
thorium concentration measurements are summarized in
Table 2. At both the Weldon Spring and Hazelwood
sites, uranium  concentrations vary from 0.74 to
12.45 Badg soil). Concentrations of thorium-230 in
Hazelwood soils {17.09 and 85.36 Ba/g soib)] are much
higher than in Weldon Spring soil [0.22 Batg soib). The
results of the acid soluble elernental analysis listed in
Table 3 indicate that aluminum (A", ferrous iron
CFe™ 0 caloum (Ca™i, and magnesium  (Mg*™are
important metal ons in the soill solution svstems
investigated.  In Hazelwood B soil, the metal concen-
rations of cobalt +Covand nickel 1N were about 30 o
100 umes larger than those found in Hazelwond A and
Weldon Spring sos, respectivelv. Soil concentrations of
morganic antons as measured by ion chromatopraphy are
summarzed i Table 4 The F7 eoncentrauon in Weldon
Spring somi was about 20 umes arger than that found in
Hazelwood soils. and the HCO., concentration in Weldon
Spring sol wos L3 umes larger than thatin Hazelwood
sl

Resulte 8 she wone e st wneeh are plattedg

Figure 1, indicate that the fractions of uranium and
thorium desorbed approached a constant value after two
days of agitation. Therefore, two days contacting time
was used for the subsequent batch experiments. In
Table 5, the fractions of total uranium and thorium
activity desorbed by 1 molar NaOAce solutions at different
solution pHs and the related distribution coefficients are
summarized. Distribution coefficients for uranium and
thorium under desorption conditions were calculated as
the ratio of uranium and/or thorium activities remaining
in soil to that released into the solution. Table 5 shows
that desorption of uranium and thorium increased by
lowering the pH of the contacting solution. Therefore,
the calculated distribution coefficients for uranium and
thorium desorptinn in an acidic soll solution would be
decreased. A possible explanation is based on the major
uranium species in a natural water system as predicted
by Langumir.7 In a typical groundwater system with a
solution pH of 4.0, 5.6, and 8.0, the important uranium
species are uranyl [UOZ'*ZJ, uranium carbonate complex
[UOZCOBO], and uran;{l tricarbenate  complex
[UO,(CO, \3'4], respectively.” Compared to UOZCO30 and
U0, (103)3'4, UOZ"("“ has a strong tendency to form
complexes with acetate with cumulative formation

TABLE 1 Physical and Chemical Properties of Soil
Sampiles®

Saturated
Qrganic Moisture
Soi) CEC Carbon Content
Sample pH (meq/100g) (wt 77) (wt ")
HWA 847 43.59 1.28 37.5
HWB 8.35H 45.89 577 47.0
W8 LT 6Y.28 3.80 64.0

& HWA = Hazelwood A; HWB = Huzelwood B; WS =
Weldon Spring

TARLE 2 Uranium and Thovium Concentrations in
Soil Samples®

Coneentration x 107 Baa

Radionuciide HWA HWRB W&

Th-228 354 = 0.1

T4 = D 0.01 = 0.1
Th-200 i

= 510 108 = 0.5

Thotow SR R R SRS w ) 506 =027
369 = 1% 446 = 15 Hll e 24
VS B Y I 6% =0 256 < 10
Ve 1% 450 = 1h BUR = 23

CHWA = Hacsnwood A HWH = oo sla oo
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TABLE 3 Elemental Analysis of Soils by ICP-AES (average from duplicate measurements)

Sail Sample

Hazelwoad A

Hazelwoed B

Weldon Spring

Elament my'y soil mmole'y snil mg/y soil mrmole/g snil mg'y soil mmaola/y soil
Ag <0.006 <6 x 107" 0.016 = 0.010 (1.520.9:x10 <0.006 <6 x 1077
Al 732 £ 0.50 0.271 = 0.019 8.34 + 0.40 (3.28 £ 0.15) x 10" 12.68 = 1.60 0.470 = 0.059
As <0.060 <8 x 10 0.14 £ 0.01 (1.9=01)x107 0.070 = 0,001 (9.3 +0.1) x 107
Ba 38581020 (2.83+0.15 <« 10" 0.75 £ 0.02 (5.5 2 0.10) x 107 0.21 = 0.00" (1.5 £ 0 01 & 107
Be «0.001 <1x 10 0.002 + 0.00% (20" x 10 <0.001 <1 x 10*
Ca £.92 £ 0.04 0222 = 0.001 17.22 = 0.88 0.430 = 0.022 12.48 = 0.02 0311 = 0.001
Cid <0.002 <2 % 10°F 0.004 = 0.00* (420 x 10" <0.020 <1.8 x 10
Ca 0.06 £ 0.00% (1208 x 109 1.98 + 0.06 (3.26 = 0.101 x 107" 0.012 = 0.002 (2.0 & 0.0 x 107
Cr 0.02 = 0.00® (4.0 2 0.00" x 107 0.04 0.00% (8.0 £0.0)*x 10 0.02 = 2.00% (4.0 £ 0.0 x 10
Cu 0.07 = 0.00% (1%00x107 1.34 = 0.04 0.021 = 0.001 0.02 = 0.00% (420"x10?
Fe 13.94 = 0.34 250 = 0.006 19.30 = 0.92 0.346 = 0.016 19.44 = 0.96 0.348 £ 0.017
K 101 £0.04 (2359 %0101 % 1077 1.39 + 0.08 (3.55 = 0.20) x 1072 2.24 = 0.18 (5.73 + 0.46) x 102
Mg 566 =014 0.151 = 0.005 10.38 = 0.48 0.427 = 0.020 3.68 = 0.20 0.151 = 0,008
Mn 0.72 £ 0.02 0.013 = 0.000* 1.00 + 0.04 0.018 = 0.001 0.60 = 0.00° 0.011 = 0.000%
Na 0.19 +0.03 (8.2 +1.4) x 103 0.22 = 0.04 (8.4 £ 1.6) x 107 0.16 = 0.01 (7.0 = 0.4) x 107
Ni 0.09 = 0.004 (1.5 = 0.01® x 109 2.42 = 0.10 0.041 £ 0.002 0.026 = 0.000® (4.4 £ 0.0 x 10
8 0.14 £ 0.01 (6.8 = 0.0 x 107 0.19 = 0.01 (9.2 £0.0)" x 10 0.05 % 0.01 (2.4 2002 x 10*
Sb <0.080 «4.90 x 10°F <0.060 <4.90 x 10" <0.060 <490 x 104
Se <0.080 <7.6 % 10 0.082 + 0.004 (1.0 £0.1) x 102 <0.060 <7.6 x 10
Ty 0.19 = 0.01 (4.0 = 0.2) x 103 0.26 £ 0.02 (5.4 + 0.3) x 103 0.16 + 0.02 (8.4 + 0.3) x 107
S 0.05 = 0.00% (1,0 0.0 x 107 3 0.51 £ 0.02 0.010 = 0.000% 0.038 = 0.002 (7.5 = 0.0 x 104
0.09 = 0.00% (1.4 % 0.00% x 10 0.12 = 0.01 (1.8 £0.1) x 107 0.094 = 0.004 (1.4 = 0.1) w 10°%

& A standard deviation of 0.00 is the result of rounding.

TABLE 4 Inorganic Anion Concentration in Soil Samples (average from duplicate measurements)

Soil Sample

Hazelwood A

Hazelwood B

Weldon Spring

Inorganic Anion

e’y soil pmole/g soil

b

ng/g soil

pmole/g soil

neg/r soil

nmole’g soil

20+ 0 1.0+ 0.0 25+ 0 1.3 %00 393 = 8 207 +£05
'l 10=0 0.25 = 0.00 10=0 0.2% = 0.00 175 =23 049 =007
HCO,® 142 % 10" 2.32 % 10! 133 x 105 225 x 104 2.28 x 107 375 < 10!
NGO 95 « 5 31T =017 87.5 + 2.5 223 = 008 125 20 417 =000
P, IR0 = 0 130 = 0.00 185 =5 L83 = 0.05 212D 221 = 3054
sl - WMTA=25 134 = 003 5 = 0 2,13 = 0.00 315 =0 328 e 000
Pomingde measureme nt
comstants such as Log B = 2520 Log 2, = 440, and OH', tie important species present 1n astural wiater
: - R 4 e - 5 ST o
Log .= 5207 Therefore, when the pH of the contact systems  are  expected to be thorum dihvdrovde
\ . oy et ' Wl . ] : e T -3 .
Sutation s dowersd w400 mers ree U0, can be CTheOH G0 and thoram hvdroxzde "ThiOH ™ for g
released it the solution phase by forming a soluble solution wuh pH L0 and thonum terahydreovide complex
comypiex with acetate. The cumulauve formaton Thi()” "Frur solutions with pH 35 and S 00 T was
: :
oo for Th™ wuth ueetate are reported  as cmu:imh,u thar at pH = thoram wis mat present i
R S DTEI A Log Bo o= 4057 the approprate form o «'unwim' Wt oacetate When the
NN Ym0 SN ten 1 . u'nwi}‘:r wirh ol wes towerey 0 38 and 1) B e TheOb
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became more important, thus Jlowing thorium
complex-formation with acetate. It can also be predicted
that, at pH< 3.0, a kigh fraction of thorium species will
be released to the solution phase as free Th** or Th*i-
acetate complexes,

Fractions of total soil uranium and thorium
activities desorbed by different complexing agents and
related empirical distribution coefficients are summarized
in Table 8. Solutions of 0.1 molar NaNQ, and 0.1 molar
Na,80, were not effective complex formers with uranium
and thorium under the experimental conditions. Sedium
bicarbonate (NaHCO,) removed about 38% to 62% of
wranium from the soils, and DTPA removed 78% to 86%
of thorium from the soils. Fracticns of uranium and
thorium desorbed by 0.15g/200m! humic acid ranged from
4.62% to 6.17% and 1.59% to 7.09%, respectively.

The distribution of different carbonate species in
solution is controlled by the solution pH. In a closed
batch system, at pH>8.0, the major carbunate species in
the carbonate system is COS'KZ,Il which acts as a bridging
v -and for complexation.’® The structure of the solid

Avs between U()Z*Q and the carbonate anions shows
that the carhonate anions are bidentate. Stability
constants for the 1:1, 1:2, and 1.3 complexes reported in
the literature agree very well with the best value for
Log #,, Log 8,, and Logf; as 10.0, 17.0, and 218,
respectively.!® In the soil solution system, metal ions
adsorbed on the soil surface or bound within soil
aggregates can be released to the solution phase and
compete with UOZ+2 to form complexes with \’303'2.
Table 3 shows that the important acid soluble metal ions
in the scil samples investigated were Al*? Fe*? Ca*2,
and Mg"®. Because Al*® has a strong tendency to form
hvdroxide compounds, interactions between Al*® and
carbonates are not important for the system investigated
here,  The equilibrium constants listed in Table 7
indicate that Fe*® and Mg*” have stronger tendencies to
precipitate with OH™ than with (.”(),;"3.1'l Therefore, in
the soil solution, Ca™ and fractions of Fe*® and Mg*?
wiil compete with U0, for the available (.703’2 species
i solution. )

The 0.1 molar DTPA solution with a pH of 3.0 was
effecuve for desorbing uranium and thorium {rom the sml
samples under the iven experimental conditions. [t has
been reported that DTPA can form suble multidentate
compiexes with metal cations with the three amino
artrogens and  five carboxylate groups avilable for
tonwnyg 7 Complexes of DTPA with thorium ions are
very strong because both nitrogen and oxygen atoms in
DTPA coordinate oo the thomum  In addition. the onic
roading o thoriurm, 9804 s very smad] tor coordination
Cixes the Th-DTIn
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FIGURE 1 Fractions of (a) Total Uranium Activity and
(b) Total Thorium Activity Released into 200 ml of
Contact Solution at Different Contacting Times (DIW =
laboratory distilled deionized water; Buffer = potassium
dihydrogen phosphate solution with pH adjusted to 6.3)

stable in the solution phase.lﬁ When complexes between
DTPA and uranium were investigated, it was reported
that DTPA is potentially capable of satisfving the
coordination number 3 for the U™ species in simple 1:1
complexes. The uranyl ion [_'():*"3 forms complexes with
DTPA with a lower stability and smaller coordination
number than the Ut
lower effective metal charge.

species because of its geometry and
The presence of oxvgen
atoms in the (A'(_).;,'*S ons is a sterie handrance to higher
than tridentate chelation with a single lignnd molecule. !

The humic acids constitute an extremely complex
group of compounds; the phenolic and carbuxyhe gronps
are two common functional groups.  Beciuse the
structure of humie acids 1s not well detined, there s no
compound Thit
Althougt ther s ne

i oacet as . true model tor humie aads

ioubt aeout the abdiy of Humac
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TABLE 5 Fraction (9) of Total Uranium and Total Thorium Activities Desorbed by
1 Molar NaOAc Solution with pH Adjusted to 4.0, 5.6, and 8.0, and Calculated
Distribution Coefficients®

Uranium Thorium
Soil Solutien
Sample pH S Desorption K, mlg ¢ Desorption hy, mlg

HWA 4.0 854 3.2 22+ 19 7.07 %010 526 = 7

3.6 163+ 1.8 2054 = 227 0.031 + 0.004 (4.93 £ 0.24) » 10*

8.0 3.53 = 0.66 1,090 = 200 0.04 = 0.02 (10.0 £ 5.0) x 10%
HWB 4.0 67.7 + 8.3 19.1 2 2.3 239+ 3.1 127 = 17

56 43.4 £ 2.7 52.2 32 0.33 = 0.05 (1.21 * 9.18) x 10*

8.0 7.37 2 1.21 503 = 83 0.06 £ 0.02 (6.66 = 2.22) x 10*
WS 4.0 37.2=x11 67.5 2.0 369+ 14 65.4 =26

56 195+ 34 165 = 29 114 %25 311 + 68

8.0 541+ 0.50 €Y9 = 63 3.82 = 1.33 1,010 = 350

% HWA = Hazelwood A; HWB = Hazelwood B; and WS = Weldon Spring.

TABLE 6 Fraction (“¢) of Total Uranium and Total Thorium Activities Desorbed by Different
Complexing Agents and Calculated Distribution Coefficients®

Uranium Thorium
Complexing Soil -
Agents Samples ¢ Desorption K4 mlg % Desorption K, mlg
0.1M NaNQ, HWA 2.45 = 0.056 1,590 = 40 0.048 + 0.020 (10.1 = 4.4) x 1(?{4
pH = 8.0 HWB 1.91 = 0.33 2,120 = 420 (82 =16)x 10° (5.1 «1.2) x 10°
WS 595+ 1.16 658 = 134 4.90 = 3.88 1,320 = 690
0.1M HWA €62.0 = 9.7 26.2 = 10.0 0.135 £ 0.078 9.1 +6.9) x ].0'3
NaHCO,4 HWB 51.9+55 38.0 = 8.4 0.032 = 0.024 (2.0 = 1.0) x 10°
pH = 8.0 WS 38.0 =32 67.0=+77 513+ 3.19 1,050 = 520
0.1M Na,80, HWA 2.42 =023 1,630 = 170 0.051 £ 0.035 {116 = 5.6 x 10f
pH = %0 HWB 6.40 = 5.00 1,080 = 700 0.011 = 0.003 13.80 « 0.9) x 10°
WS 533 +0.15 711 = 21 2.43 = 0.53 1,700 = 440
0.1 M DTPA HWA 13.0 = 0.6 269 + 15 31.9 =25 8.38 = 1.51
pH = 3.0 HWEB 13.0 £ 03 269 =7 833 = 3.0 6.62 = 1.64
W& 272 =140 32 +79 781 =118 125 =86
0, 15 200m] HWA 590 = 0.86 6351 = 96 1.389 =« 0.2 2,530 = 3940
Humic acid HWB 65.17 = .38 610 = 38 229 . 052 1.304) = 450
pH = %0 WS 452 = 0,52 %29 = 62 T09 « 184 358 = 132

*HWA = Hazelwood A HWB = Hazelwood Br and WS = Weldon Spring.
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TABLE 7 Equilibrium Constants between
Ca*3, Mg*®, Fe*?, and (303‘2

Metal Ion Log. Equilibrium Constant

CaCO,
CaCo03" K@ 4.39(22°C), 5.54 (60°C)
FeCO; Kso: -11.04 (30°C), -11.21 (60°C),
FelOHY, -11.85 (100°C)

Kso: -15.10
MgCuOy Kso: -8.09 (25°C)

MgfOH, Kso: -11.23

Source: Ref. 14

CONCLUSION

Three contaminated surface soils (Hazelwood A,
Hazelwood B, and Weldon Spring soils) were used to
investigate the effects of solution pH and complexing

iwents on uranium and thorium desorption. A study of
the solution pH effect indicated that the fractions of total
uranium and thorium activities released into the solution
phase increased by lowering the solution pH. It was
concluded that at a low solution pH, the major chemical
species of uranium and thorium, UO2+2, Thi OH)2+2. and
Th(OH)*, tend to form complexes with acetates in the
solution phase. At a high solution pH, important
uranium and thorium species such as [I()Q(CO:3)3“4 and
Thi OH)‘}"‘ tend to resist complexation with acetates.

The presence of complexing reagents in solution
can cause the release of radionuclides such as uranium
and/or thorium from the 221l to the solution by forming
soluble complexes. The 0.1 molar NaNO, and 0.1 molar
N80, were not effective desorption or solubilizing
agents {or uranium and thorium, possibly due to low
complex stability.  Sodium bicarbonate and DTPA are
strong complex formers that released 387 1o 627 of wotal
uranium  activity and 78% to 867 of towal thorium
actuvity, respectively, from the soil samples investigated.
Fractions of uranmium  and  thorium  desorbed by
.15z 200ml humic acid ranged from 4.627 w 6.177% and
1397 to T.049¢, respectively.

Because the structure of
humic acids 1s not well defined, the nature of the
association between uranium and thorium with humic
acids 15 stll questonable. Therefore, an understanding
S solution chemistry s mportant i o investgaung the
gesorption of radionaciides. A computer model capable

ol predicting possibie renctions between rudionuciides

sothoand chemical species . solution bas o e developed

Toronvestizanng radienacicte moebihiyoane cranspor,
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