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The prop er ties of soil at dis posal sites are very im por tant for geo log i cal dis posal of very low
level ra dio ac tive waste in terms of U(VI). In this study, soil from a can di date very low level ra -
dio ac tive waste dis posal site in China was eval u ated for its ca pac ity on ura nium sorp tion. Spe -
cif i cally, the equi lib rium time, ini tial con cen tra tion, soil par ti cle, pH, tem per a ture, and car -
bon ate were eval u ated. The re sults in di cated that af ter 15-20 days of sorp tion, the Kd value
fluc tu ated and sta bi lized at 355-360 mL/g. The ad sorp tive ca pac ity of ura nium was in creased
as the ini tial ura nium con cen tra tion in creased, while it de creased as the soil par ti cle size in -
creased. The pH value played an im por tant role in the U(VI) sorp tion onto soil, es pe cially un -
der al ka line con di tions, and had a great ef fect on the sorp tion ca pac ity of soil for ura nium.
More over, the pres ence of car bon ate de creased the sorp tion of U(VI) onto soil be cause of the
role of the strong complexation of car bon ate with U(VI) in the ground wa ter. Over all, this
study as sessed the be hav ior of U(VI) sorp tion onto nat u ral soil, which would be an im por tant 
fac tor in the geo log i cal bar rier of the re pos i tory, has con tri bu tion on mas ter ing the char ac ter -
is tic of the ad sorp tion of ura nium in the par tic u lar soil me dia for the pro cess of very low level
ra dio ac tive waste dis posal.
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IN TRO DUC TION

The rapid de vel op ment of nu clear power plants
has caused an in crease in the quan tity of ra dio ac tive
waste (RW) [1], which has led to increasing in ter est in
the treat ment of wastewater with low-lev els of ra dio -
ac tiv ity (LLRW). Ra dio ac tive ura nium, which is one
of the main con tam i nants in LLRW, needs to be man -
aged be cause of its high tox ic ity, long half-life
(238Ut1/2 = 4.51×109 years), and its re sis tance to deg ra -
da tion meth ods to re move ura nium from wastewater
such as chem i cal pre cip i ta tion, evap o ra tion con cen -
tra tion, sol vent ex trac tion, mem brane di al y sis, and ad -
sorp tion [2]. Among these, ad sorp tion is among the
most ef fi cient method of treat ment. Near-sur face and
deep geo log i cal dis posal are the saf est and most ef fec -
tive dis posal meth ods for ra dio ac tive wastes with dif -
fer ent lev els of ra dio ac tiv ity [3, 4]. Dur ing the RW dis -

posal pro cess and mon i tor ing pe riod, ura nium can be
dis charged into the bio sphere through the un sat u rated
or sat u rated zone [5] be cause of geo log i cal ac tiv ity
and cli mate vari a tions.

Ad sorp tion of ura nium by soils (in clud ing sand,
clay, or clay min er als) such as quartz sand [6], illite,
ben ton ite [7], podzol [8], phyllite [9], and di at o mite
[10] plays an im por tant role in geo log i cal dis posal and
el e ment mi gra tion. Pre vi ous stud ies have in ves ti gated
high qual ity sorp tion treat ments for the re moval of ura -
nium from waste or waste wa ter and ex am ined U(VI)
re moval from the aque ous en vi ron ment us ing dif fer ent
adsorbents with char ac ter is tics such as a high spe cific
sur face area, neg a tive sur face charge, and ef fec tive cat -
ion ex change ca pac ity [3, 11]. How ever, for geo log i cal
dis posal of ra dio ac tive waste, greater at ten tion should
be paid to the role of the geo log i cal bar rier, and spe cific
con di tions that could af fect the mi gra tion of ura nium,
such as tem per a ture, equi lib rium time, ion con cen tra -
tion, re dox con di tions, and humic acid (HA) con tent
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[12-14]. For the sorp tion of nuclides onto soil, the ex -
tent of par ti tion ing could be ex pressed as Kd, which is
the dis tri bu tion (or par ti tion) co ef fi cient used to de -
scribe the dis tri bu tion ra tio of the radionuclide con cen -
tra tion in the solid phase to the radionuclide con cen tra -
tion in the so lu tion. Be cause the dis tri bu tion co ef fi cient
is eas ily mea sured and cal cu lated, it is di rectly com pa -
ra ble un der sim i lar ex per i men tal con di tions. For most
radionuclides, in clud ing ura nium, sorp tion onto soil is
in flu enced by time, tem per a ture, pH, ionic strength, and 
dif fer ent co ex ist ing ions [15, 16].

Batch tests and col umn ex per i ments are the lab o -
ra tory meth ods most com monly-used to ex am ine ura -
nium ad sorp tion on soil [6, 9]. Batch tests are the main
method em ployed to ob tain the dis tri bu tion co ef fi cient 
for as sess ing the in flu ence of dif fer ent fac tors on the
sorp tion pro cess [9]. The re sults from batch tests and
batch-de rived pa ram e ters can be used to rep re sent en -
vi ron men tal con di tions, ob serve chem i cal equi lib rium 
pro cesses through a full con tact re ac tion be tween nu -
clear and soil me dia, and to de scribe sur face
complexation un der dif fer ent con di tions. Re search in
re cent years has made con sid er able prog ress, with
more at ten tion fo cused on the ef fects of ex per i men tal
con di tions. Kim et al. [17] used batch tests to in ves ti -
gate the in flu ence of en vi ron men tal pa ram e ters on
U(VI) sorp tion in the pres ence of dif fer ent kinds of
saprolite de rived from interbedded shale, and the re -
sults showed that the pro cess was strongly de pend ent
on pH. Bruno et al. [18] used break through curves to
study ura nium sorp tion onto kaolinite, mont mo ril lo -
nite, HA, and com pos ite clay ma te rial, and found that
pH and ionic strength had a sig nif i cant in flu ence on
the sorp tion of ura nium ions. Kohler et al. [19] used
batch tests to study U(VI) trans port un der vari able
chem i cal con di tions and found that U(VI) could com -
plex with metal ions in po rous me dia, and that sur face
complexation changed as the pH and U(VI) pulse con -
cen tra tions changed. Sim i larly, col umn ex per i ments
could pro vide an im por tant means for ob serv ing the
re ten tion and mi gra tion of radionuclides [6, 20]. For
ex am ple, Na ga saki [21] used col umn ex per i ments to
in ves ti gate the mi gra tion of U(VI) ions in mont mo ril -
lo nite colloids in the pres ence and ab sence of HA,
while Khalili et al. [22] used col umn ex per i ments to
ex am ine the sorp tion of U(VI) and Th(IV), and to de -
ter mine the metal ion load ing ca pac ity.

In this study, sam ples of nat u ral ground wa ter and
soil were col lected from a can di date very low level ra -
dio ac tive waste (VLLW) dis posal site [23] in south west 
China. We con ducted batch tests to ex am ine U(VI) ad -
sorp tion as a func tion of equi lib rium time, U(VI) con -
cen tra tion, soil par ti cle size, pH, tem per a ture, and car -
ban ion. The goal of the study was to ex am ine the ki netic 
and equi lib rium ad sorp tion of U(VI) onto nat u ral soil,
which would be a geo log i cal bar rier of the re pos i tory, to 
de ter mine the in flu ence of var i ous pa ram e ters on U(VI) 
sorp tion, and to in ves ti gate whether it is pos si ble to ar ti -
fi cially change these con di tions to de velop an op ti mum
ad sorp tion ef fect dur ing the con struc tion and op er a tion
of the re pos i tory.

MATERIALS AND METHODS

Batch sorp tion tests of U(VI) us ing ground wa ter
and soil sam ples from a VLLW dis posal site were con -
ducted, and the ther mo dy namic pa ram e ters of U(VI)
sorp tion be hav ior in soil were ex am ined based on sorp -
tion tests, equi lib rium time, and iso therms of U(VI) sorp -
tion in soil. In ad di tion, the ef fects of par ti cle size, tem -
per a ture, pH, and ionic con cen tra tions of the sorp tion
so lu tion on the Kd value of U(VI) were ex am ined.

Description of the sample site

The VLLW dis posal site was in the north ern part
of Longmen Moun tain in south west of China, on nar -
row, elon gated river ter races at the con flu ence of the
main river and one of its trib u tar ies. The re pos i tory,
which cov ered an area of 125 ´ 80 (10,000) m2 and
was 20 m deep, was in the cen ter of the site. The ma jor -
ity of the area is dom i nated by Si lu rian strata, but a
Qua ter nary stra tum is clearly vis i ble along the river
val ley. Three bore holes were con structed through the
rock layer on the river ter races to fa cil i tate col lec tion
of the ground wa ter and soil sam ples. The strati graphic
col umn, which had a co lum nar cross-sec tion, spanned
the lithological for ma tions and the depth of the Qua -
ter nary and Si lu rian lay ers. Only the un con fined aqui -
fer in the shal low Qua ter nary layer was con sid ered for
the dis posal of VLLW. This aqui fer is mainly com -
posed of clay, sand, and gravel, and has a max i mum
thick ness of about 31 m [23]. The physicochemical
prop er ties of the soil sam ples ex tracted from the three
bore holes are shown in tab. 1.

Soil sam ples were col lected in the can di date
VLLW dis posal site, and the par ti cle size dis tri bu tion
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Table 1. Properties of the groundwater and soil samples

Groundwater [mgL–l] Soil [ug/g or %]

Ca2+ 66.53 Cu 28.7

Mg2+ 5.59 Pb 34.2

K+/Na+ 6.67 Zn 86.3

CO3
2– 0 Ti 4657

HCO3– 220.88 V 88.7

Cl– 6.03 Co 15

SO4
2– 13.45 Ni 33.2

Total hardness 189.17 As 10.1

Alkalinity 181.16 Cd 0.25

General acidity 4.5 Cr 73.1

Total salinity 319.15 Hg 0.062

Sc 12.2

Zr 289

Mn 667

Al2O3 (%) 13.85

CaO (%) 0.46

Na2O (%) 0.69

SiO2 (%) 67.55

pH 7.8 (no unit) MgO (%) 1.05



was an a lyzed based on size class. Tak ing bore hole zk3
as an ex am ple, drill ing has in di cated the thick ness of
the un sat u rated zone with 6.5 m, and one sam ple was
col lected ev ery 1 me ter (num bered zk3-1, zk3-2, … ,
zk3-7). In-situ ob ser va tion re vealed strong soil het er o -
ge ne ity. The par ti cle size dis tri bu tion of all of the soil
sam ples was an a lyzed us ing the stepwise screen ing
method with sieves of 20, 10, 5, 2, 0.83, 0.38, 0.25,
0.18,  0.15,  0.12,  0.11,  0.075,  and 0.02 mm. A grad -
ing curve was then drawn based on the screen ing re -
sults (fig. 1). As shown in fig. 1, par ti cles larger than
0.83 mm com prised about 70-80 % of the me dia, be ing 
mainly com posed of coarse par ti cles, sand and gravel,
which have weak ad sorp tion of ura nium. The ra tio of
the par ti cle size be tween 0.83 and 0.075 mm was
20-30 %, and this frac tion pri mar ily con sisted of fine
sand, very fine sand or silt sand. This frac tion would
play an im por tant role in the sorp tion and re tar da tion
of nuclides, in clud ing ura nium, and was there fore con -
sid ered an im por tant pa ram e ter. Fi nally, the 0.075 mm
par ti cle frac tion ac counted for less than 0.7 %. Al -
though this frac tion strongly ad sorbs radionuclides,
be cause of its very low con tent, it could not be thor -
oughly in ves ti gated.

All of the ground wa ter sam ples were col lected
from dis charges of un der ground wa ter at the ex per i -
men tal field site (tab. 1).

Prin ci ples and meth od ol ogy

Static ther mo dy namic pa ram e ters of radionuclide 
sorp tion form the ba sis of in ves ti ga tions of sorp tion
mech a nisms and re lated ex per i men tal mod els in stud ies 
of radionuclide sorp tion pro cesses in a me dium.

Dis tri bu tion co ef fi cient (Kd)

The Kd is an im por tant pa ram e ter for as sess ing
the re ten tion and mi gra tion of radionuclides. This
value is de rived from the rate equa tion of Henry's lin -
ear ad sorp tion iso therm [24]

¶

¶

S

t
K C K S= -1 2 (1)

In an equi lib rium state, the fol low ing re la tion -
ship can be ob tained [24]

K
S

C
d = (2)

where Kd is the dis tri bu tion co ef fi cient, and S and C are 
the equi lib rium con stants in the solid and liq uid
phases, re spec tively. Kd re flects the ra tio of the con -
cen tra tion of a re agent ad sorbed on the solid phase to
the con cen tra tion of the re agent re tained in the liq uid
phase, and is called the dis tri bu tion co ef fi cient.

The Kd value of ura nium can be cal cu lated us ing
eq. 3 [25]

K
A A V

A M
d

t

t

=
-( )0 (3)

where A0 [mg] is the mass of ura nium added to the so lu -
tion, At [mg] – the mass of ura nium re tained in the so lu -
tion af ter sorp tion equi lib rium , V [mL] – the to tal vol -
ume of the so lu tion , and  M [g]  – the mass of the soil.

Sorp tion iso therm

The char ac ter is tics of the sorp tion pro cess, in -
clud ing the sorp tion ca pac ity, sorp tion strength, and
sorp tion state, can be de scribed mac ro scop i cally with
sorp tion iso therms. Ad sorp tion iso therms com monly
in clude the Freundlich and Langmuir iso therms,
among oth ers. A sorp tion iso therm is the equa tion de -
scrib ing the re la tion ship be tween the sol ute con cen tra -
tion in the two phases (solid and liq uid) when the sol -
ute mol e cules reach an equi lib rium state of sorp tion at
the in ter face of the two phases at a cer tain tem per a ture.

The em pir i cal for mula of the Freundlich iso -
therm is ex pressed in an ex po nen tial form [25]

Q KC n= 1/ (4)

where Q [Bqg–1] is the unit sorp tion ca pac ity of the solid,
C [BqmL–1] – the equi lib rium radionuclide con cen tra -
tion in the so lu tion, K – the sorp tion equi lib rium con -
stant, and n is a con stant. It is gen er ally thought that when 
1/n = 0.1~0.5, the sorp tion oc curs rel a tively eas ily, while
if 1/n > 2, it is rel a tively dif fi cult for sorp tion to oc cur.

Ap pa ra tus, re agents, and
ex per i men tal con di tions

Ap pa ra tus

The ex per i men tal set-up com prised the fol low -
ing equip ment:
– DDA-3 six-chan nel low-level a mea sur ing in stru -

ment: In stru ment back ground 0-8 c/24 h (China
In sti tute for Ra di a tion Pro tec tion),
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Fig ure 1. Dis tri bu tion of the par ti cle size of soil in the zk3
bore hole. The thick ness of the un sat u rated zone from
bore hole zk3 was 6.5 m, one sam ple was col lected ev ery
1 me ter and num bered zk3-1, zk3-2, …, zk3-7



– MUA trace ura nium an a lyzer: mea sur ing range

0.03×10–9 – 20×10–9 g/mL (Beijing Yulun Tech nol -
ogy Co., Ltd., China),

– THZ-312 ro tary shaker (Shang hai Jinghong Lab -
o ra tory In stru ment Co., Ltd., China),

– Electrodeposition cell (cus tom made), and
– PHSJ-4A pH me ter: ac cu racy ±0.01 (Yidian An a -

lyt i cal In stru ment Co., Ltd., Shang hai, China).

Ma te ri als and re agents

A stan dard so lu tion of 238U(VI) (1.0 mg/ml) was
pro vided by the China In sti tute of Me te o rol ogy for the
ex per i ments. Ground wa ter sam ples were col lected
from wa ter seep age points at the VLLW dis posal site.
The ground wa ter was hydrocarbonate type, with a pH
of ap prox i mately 7.8. The prop er ties of the test
ground wa ter are shown in tab. 2. Near-sur face soil
was col lected at the VLLW dis posal site. A 2 kg com -
pos ite soil sam ple was col lected in a rose flower pat -
tern from a depth of 0 to 50 cm. The gravel and plant
roots were re moved, af ter which the soil was
oven-dried, ground, and sieved into dif fer ent par ti cle
size grades. In for ma tion re gard ing the chem i cal prop -
er ties of the test soil is shown in tab. 2. The batch tests
were con ducted at an am bi ent tem per a ture of 25 °C.

Ex per i men tal pro cess and
con trolled con di tions

The near-sur face soil from the dis posal site was
used as the ad sor bent in the U(VI) sorp tion tests. Trip li -
cate sam ples were pre pared for the tests un der dif fer ent
con trolled con di tions (shown be low), and the re sults rep -
re sent the av er age from the three tests. The soil  sam ples, 

which had a par ti cle size of less than 0.15 mm, were
weighed (0.5 g)  into 100  mL  poly eth yl ene bot tles and
30 mL of test ground wa ter were added. The soil sus pen -
sions were then al lowed to stand for a week, af ter which
0.1 mL of  238U(VI) so lu tion (1×10–6 mol/L, 1/4000 of the
U(VI) stan dard so lu tion) was added. The bot tle was sub -
se quently capped and placed on an os cil la tor for in ter -
mit tent os cil la tion fol lowed by centrifugation (15 min at
3000 rpm). The supernatant was then col lected and flu o -
res cence enhancer was added as out lined in test method
GB6768-86 [26] for the de ter mi na tion of U(VI) in wa ter.
The Kd value was cal cu lated us ing eq. (3).

The fol low ing ex per i ments were ap plied to ex -
am ine the in flu ence of var i ous fac tors on U(VI) ad -
sorp tion. 

RE SULTS AND DIS CUS SION

Equi lib rium time

The U(VI)  sorp tion test was con ducted us ing 0.5 
g of 100 mesh  (par ti cle  size  0.15  mm)  soil  at a 1:6
(g/mL) solid-liq uid ra tio. The ini tial con cen tra tion of
238U(VI) in the aque ous phase was 300 mg/L.

By def i ni tion, Kd is the ra tio of the sorbate con -
cen tra tion as so ci ated with the solid to sorbate con cen -
tra tion in the sur round ing aque ous so lu tion when the
sys tem is at equi lib rium. How ever, un der non-equi lib -
rium con di tions, the ad sorp tion pro cess was still in -
creas ing rel a tively lin early, and the dis tri bu tion co ef fi -
cient could be used as a ref er ence value to ex press the
ad sorp tion char ac ter is tics. As the sorp tion time in -
creased, the Kd value of U(VI) in creased sub stan tially
from 17 to 360 mL/g be tween 15 and 20 days of sorp -
tion (fig. 2). When the con tact time ex ceeded 15 days,
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Table 2. Controlled and various factors of experiments

           Various
Factor              

Equilibrium time (d) Initial U(VI)
concentration [mol/L] Particle size [mm] pH Temperature

[°C]
Carbonate ions

[mol/L]

Equilibrium time 3, 5, 7, 9, 11 ,13, 15,
17, 19, 21 1×10–5 £0.15 6.8-7.2 20 –

Initial
concentration 15

1×10–5

2×10–5

3×10–5

7×10–5

1×10–4

£0.15 6.8-7.2 20 –

Soil particle size 15 1×10–5

0.83 > d ³ 0.38
0.38 > d ³ 0.25
0.25 > d ³ 0.18
0.18 > d ³ 0.15
0.15 > d ³ 0.12
0.12 > d ³ 0.11
0.11 > d ³ 0.075

6.8-7.2 20 –

pH 15 1×10–5 £0.15

4.2; 4.8
6.2; 7.3
7.8; 8.5
8.9; 9.1

20 –

Temperature 15 1×10–5 £0.15 6.8-7.2 20, 30, 40, 50,  60 –

Coexisting ions 15 1×10–5 £0.15 6.8-7.2 20 0.02, 0.04,
0.06, 0.08, 0.1



the Kd value fluc tu ated and sta bi lized be tween 355 and 
360 mL/g, then ap proached a state of equi lib rium.
When the sorp tion equi lib rium was reached, the Kd

value of U(VI) in the soil was 360 ± 35 mL/g. There -
fore, we con cluded that as the sorp tion time in creased,
the Kd value of U(VI) in soil grad u ally in creased and
fi nally reached a state of equi lib rium. 

Other stud ies have in ves ti gated the ad sorp tion
ki net ics of ura nium sorbed by adsorbents in clud ing
ze o lite [27], ben ton ite [28], di at o mite [10], mag netic
Fe3O4 par ti cles [2], clays [29], nat u ral aer ated zone
soil [30], and weath ered saprolite [17] and shown that
their ad sorp tive equi lib rium times were 3, 4, 5, 6, 10,
1, and 7 days, re spec tively. The equi lib rium time for
this study dif fered from those re ported by other stud ies 
be cause the other stud ies re ported in for ma tion about
U(VI) sorp tion by ad sor bent ma te ri als, while this
study re ported sorp tion by nat u ral soil.

Sorp tion iso therms and the ef fects of
the ini tial radionuclide con cen tra tion

Once the sorp tion equi lib rium was reached,
there was a sig nif i cant lin ear re la tion ship be tween the
log-trans formed U(VI) con cen tra tions of the aque ous
and solid phases (fig. 3). The iso therm plot (Qe vs. Ce)
is shown in fig. 3(a), while fig. 3(b) shows the lin ear
fit ting of iso therm data. This re la tion ship fit ted the
Freundlich iso therm, Q = KC1/n [24], and the fit ting re -
sults were

Q C r= =201 09971 4. ( . ).

As above-men tioned, when 1/n = 0.1-0.5, sorp -
tion oc curred very eas ily, while when 1/n > 2, sorp tion
was dif fi cult. We ob tained a 1/n value of 1.4, which in -
di cates that the test soil had ca pac ity for U(VI) sorp -
tion, and that U(VI) sorp tion oc curred eas ily in the test
soil.

Pre vi ous re search ers have re ported sim i lar re -
sults. For ex am ple, Niu et al. [14], who stud ied the ad -
sorp tion of U(VI) onto atta pul gite, con cluded that atta -
pul gite sorp tion fit the Freundlich model well. Sim i lar

con clu sions have been drawn by Setzer [31], who stud -
ied ther mo dy namic and ki netic in ves ti ga tions of
ura nium ad sorp tion on soil. Fur ther more, Kushwaha et
al. [32] used palm-shell-based adsorbents to study sorp -
tion of U(VI) from aque ous so lu tions and found that
their ad sorp tion model fit all of the iso therms, in clud ing 
the Freundlich iso therm. A com pa ra ble con clu sion was
drawn by Mishra [33], who in ves ti gated the sorp tion
be hav ior of ura nium in ag ri cul tural soils. Gartman et al.
[34] stud ied U(VI) fate in Hanford sed i ment and found
that sed i ment sorp tion fit the Freundlich iso therm in the
ab sence of air ex per i ments.

The U(VI) ad sorp tive ca pac ity in creased as the ini -
tial radionuclide con cen tra tion in creased (fig. 3), which
is con sis tent with the re sults from other stud ies of U(VI)
ad sorp tion by soil [10, 35]. In this study, the U(VI) ad -
sorp tion ca pac ity in the nat u ral soil was con firmed to be
14.2 µg/g, which fol lowed a sim i lar pat tern. As the ini tial 
ura nium con cen tra tion in so lu tion in creased, the ad sorp -
tion ca pac ity of U(VI) ini tially in creased quickly, then
slowly un til a bal anced state was ob tained.

Effect of soil particle size

Fig ure 4 shows the re la tion ship be tween the Kd

value of U(VI) and soil par ti cle size. As the soil par ti cle
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Fig ure 2. Re la tion ship be tween sorp tion time and the Kd

of U(VI) in soil

Fig ure 3. Iso therm plot (Qe vs. Ce and lin ear fit ting of the
iso therm of U(VI) in the soil



size de creased, the Kd value of U(VI) grad u ally in -
creased. Fur ther, when the soil par ti cle size was less
than 60-80 mesh, the rate of change of the Kd value
grad u ally slowed. These find ings in di cate that the soil
par ti cle size had a con sid er able in flu ence on the soil
U(VI) sorp tion ca pac ity. In creases in the sur face area of
the par ti cles were con du cive to the sorp tion pro cess,
and vice versa. More over, finer soil par ti cles were as so -
ci ated with a higher U(VI) sorp tion ca pac ity of the soil.
Our ex per i men tal data dem on strated that, as the soil
par ti cle size de creased, the radionuclide U(VI) sorp tion
ca pac ity of the soil was en hanced, and this ten dency
was more ev i dent for rel a tively large par ti cles.

These re sults are sim i lar to those re ported by
other re search ers. For ex am ple, Zou et al. [35] used nat -
u ral ze o lite coated with man ga nese ox ide to re move
U(VI) in a fixed bed ion-ex change col umn and found
that, as the par ti cle size of the ze o lite in creased, the
value of Kd de creased. Michard et al. [36] in ves ti gated
the sorp tion and desorption of ura nyl ions by sil ica gel
and ob served a sim i lar de creas ing trend for grain sizes
that were an or der of mag ni tude smaller (<800 mm).
Based on these find ings, they con cluded that par ti cle
size had a lim ited ef fect on the equi lib rium con cen tra -
tion, but greatly in flu enced the sorp tion ki net ics.

Effect of solution pH

The re la tion ship be tween so lu tion pH and the Kd

value of U(VI) in the soil is shown in fig. 5. As the pH
of the aque ous phase in creased, the Kd value of U(VI)
in the soil also in creased; spe cif i cally, the U(VI) sorp -
tion ca pac ity of the soil was en hanced. The Kd value
in creased slowly when the pH was less than 8, and in -
creased rap idly when the pH was greater than 8. These
find ings in di cate that pH had a weak in flu ence on
U(VI) sorp tion in an acidic en vi ron ment, but had a
much greater in flu ence on the U(VI) sorp tion ca pac ity
of soil in an al ka line en vi ron ment. For these rea sons,
the main spe cies at low pH are UO2

2+, UO2(OH)+,
(UO2)3(OH)5+, UO2(OH)2

0, and UO2CO3, while the
prom i nent spe cies are UO2CO3, UO2(CO3)2

2– and
UO2(CO3)3

4– at pH > 7 [37]. How ever, soil in cludes

mul ti far i ous or ganic mat ter and hy drous ox ide min er -
als that pos sess sur face hydroxyl groups. The pro tons
can be do nated to the sur round ing so lu tion and take up
cat ions in re turn [30]. There fore, it is pos si ble that, un -
der by acidic con di tions, U(VI) pre cip i tates onto the
solid phase in ei ther colloid or che late form as the
sorp tion equi lib rium de vel ops, re sult ing in in creased
Kd value. How ever, in an al ka line en vi ron ment, var i -
ous ab sorp tion and com plex in ter ac tions re sult in min -
er als-U(VI)-car bon ate com plexes pre dom i nat ing
[38], caus ing a sharp in crease in the Kd value.

Var i ous stud ies have re ported the in flu ence of
pH on ura nium ad sorp tion by an ad sor bent. In their re -
view of ura nium ad sorp tion of min er als, or ganic and
in or ganic com po nents, and clays, Payne et al. [39]
found that the Kd val ues were large at neu tral pH, and
that the in flu ence of pH on Kd in creased, then de -
creased [39]. Jo seph et al. [40] ex am ined the ad sorp -
tion of U(VI) in Turk ish soil and found that U(VI) up -
take was low when the pH was be tween 4 and 6, and
that the dis tri bu tion ra tio showed a grad ual in crease
with in creases in pH [40]. Yet an other study of the ef -
fect of pH on the sorp tion of U(VI) re ported that U(VI) 
sorp tion in creased quickly when the pH was be tween
3 and 6, peaked at a pH of ap prox i mately 6.5, and then
de creased as the pH in creased be yond 6.5 [14]. These
find ings con trast with those of our study be cause each
soil has a unique struc ture and prop er ties, and there -
fore unique ad sorp tion per for mance. In this study, we
pri mar ily re port the ura nium ad sorp tion per for mance
of soil un der al ka line con di tions.

Effect of solution temperature

Tem per a ture plays a crit i cal role in sorp tion be -
cause ther mal mod i fi ca tions of com pounds change
their struc ture, com po si tion and sorp tion abil ity. The
re la tion ship be tween the so lu tion tem per a ture and the
Kd value of U(VI) in the soil are pre sented in fig. 6. At
am bi ent tem per a ture (25°C) or higher, the Kd value of
U(VI) fluc tu ated be tween 340 and 365 mL/g, with an
av er age of 351 mL/g and a max i mum rel a tive rate of
change of 3 %. The rel a tively low rate of change in di -
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Fig ure 4. In flu ence of par ti cle size on U(VI) sorp tion
to soil

Fig ure 5. In flu ence of so lu tion pH on U(VI) sorp tion
to soil



cates that tem per a ture did not have a sig nif i cant ef fect
on U(VI) sorp tion in the soil.

Pre vi ous stud ies have re ported the in flu ence of
tem per a ture on the ad sorp tion of ura nium. For ex am -
ple, Kushwaha et al. [32] stud ied the rate of ad sorp tion 
of U(VI) to palm shells and found that it de creased as
the tem per a ture in creased be tween 30 °C and 70 °C.
More over, Jo seph et al. [40] stud ied U(VI) ad sorp tion
by clay and found that the ef fec tive dif fu sion and dis -
tri bu tion co ef fi cients, De and Kd, in creased at two dif -
fer ent tem per a tures (25 °C and 60 °C). Xiao et al. [28]
stud ied ad sorp tion of U(VI) by ben ton ite and found
that  it  in creased  as  the  tem per a ture in creased from
25 °C to 65 °C. Un der these se lected tem per a tures, the
ad sorp tion of ura nium pre sented rel a tively lit tle fluc -
tu a tion, with out sub stan tial changes. This may be re -
lated to the se lected ex per i men tal tem per a ture range,
for the fine-grained soil me dium, 20-60 de grees of
tem per a ture has not yet reached the sub stan tial
changes in the ad sorp tion prop er ties of ex ci ta tion con -
di tions.

Effect of carbonate concentration

The re la tion ship be tween the con cen tra tion of
car bon ate ions and the Kd value of U(VI) in the soil is
shown in fig. 7. When the car bon ate ion con cen tra tion

was lower than 0.01 mol/L, the Kd value de clined rap -
idly as the car bon ate ion con cen tra tion in creased.
When the car bon ate ion con cen tra tion was greater
than 0.01 mol/L, the Kd value de clined slowly as the
con cen tra tion of the car bon ate ion in creased. This
trend in di cates that changes in low-level car bon ate ion 
con cen tra tions had more in flu ence on U(VI) sorp tion
than changes in high-level car bon ate ion con cen tra -
tions. Over all, the Kd value of U(VI) con sis tently de -
clined with in creas ing con cen tra tions of car bon ate
ion. Ground wa ter car bon ate ions may re act with
U(VI), and the re sult ing com plexes could in flu ence
U(VI) sorp tion in the soil. Pre vi ous stud ies ex am in ing
high lev els of U(VI) in shal low ground wa ter re vealed
that U(VI) was pref er en tially complexed with car bon -
ate in al ka line ground wa ter [41]. Liu et al. [42] stud ied 
ad sorp tion of U(VI) by ti tan ate and pointed out that
the pres ence of CO3

2– in hib ited U(VI) sorp tion, which
is con sis tent with our re sults.

CONCLUSIONS

Sorp tion    char ac ter is tics    of    ura nium   in   soil
(d > 0.83 mm) from a Chi nese VLLW dis posal site
were in ves ti gated us ing batch tests to con duct a com -
pre hen sive ex am i na tion of the ca pac ity of soil to form
a geo log i cal bar rier. The key fac tors con sid ered were
equi lib rium time, ini tial con cen tra tion, soil par ti cle,
pH, tem per a ture, and car bon ate. Based on the ex per i -
men tal re sults, the fol low ing con clu sions could be
made. (1) U(VI) was ad sorbed by nat u ral soil, and the
ad sorp tion equi lib rium time in nat u ral soil at the can -
di date VLLW dis posal site was be tween 15 and 20
days. (2) The sorp tion be hav ior of U(VI) in the soil so -
lu tion could be ex pressed by the Freundlich sorp tion
iso therm (Q = KC1/n). (3) Ad sorp tion was great est
when the pH was high, at low car ban ion con cen tra -
tions, and for soil par ti cles. (4) Car bon ate ions have a
strong in flu ence on the Kd value, which sug gests that
the ion ex change ca pac ity may be the main sorp tion
mech a nism. (5) While changes in tem per a ture had
some in flu ence on the sorp tion ca pac ity, the in flu ence
was rel a tively lim ited. The val ues of par ti tion co ef fi -
cients un der site-spe cific soil con di tions for U(VI) ad -
sorp tion would form a use ful and re li able ba sis for
eval u at ing the char ac ter is tics of the ad sorp tion of ura -
nium in soil me dia.
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Fej DING, \e JANG, \in{eng VANG

FAKTORI  KOJI   UTI^U  NA  ADSORPCIJU  U(VI)  U  ZEMQI[TU
POTENCIJALNOG  ODLAGALI[TA  OTPADA  VEOMA  NISKE

RADIOAKTIVNOSTI  U  KINI

U  pogledu U(VI), za geolo{ko odlagawe otpada veoma niskog nivoa radioaktivnosti
veoma su va`na svojstva zemqi{ta. U ovom radu ispitan je kapacitet za sorpciju uranijuma
zemqi{ta sa potencijalnog mesta za odlagawe otpada veoma niskog nivoa radioaktivnosti u Kini.
Posebno su proceweni vreme ekvilibrijuma, po~etna koncentracija, ~estice zemqi{ta, pH,
temperatura i karbonati. Rezultati ukazuju da je posle 15 do 20 dana sorpcije, Kd vrednost
fluktuirala i stabilizovala se na 355-360 mL/g. Adsorptivni kapacitet uranijuma pove}avao se
usled pove}awa po~etne koncentracije uranijuma, da bi se smawivao sa porastom veli~ine ~estice
zemqi{ta. pH vrednost igra va`nu ulogu u sorpciji U(VI) u zemqi{tu, naro~ito pri alkalnim
uslovima, i ima zna~ajan uticaj na kapacitet sorpcije uranijuma u zemqi{tu. [ta vi{e, prisustvo
karbonata smawuje sorpciju U(VI) u zemqi{tu zbog jake kompleksacije karbonata sa U(VI) u
podzemnim vodama. U celini, proceweno je pona{awe sorpcije U(VI) u prirodnom zemqi{tu, {to
mo`e biti va`an faktor za geolo{ku barijeru odlagali{ta i doprinosi ovladavawu
karakteristikama adsorpcije uranijuma u odre|enoj vrsti zemqi{ta tokom procesa odlagawa
otpada veoma niskog nivoa.

Kqu~ne re~i: uranijum, zemqi{te, adsorpcija, faktor uticaja, test serije,
                          radioaktivni otpad veoma niskog nivoa


