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ABSTRACT 
 

In mining and processing industries, the subsurface is one of the most vulnerable compartments to 
environmental contamination. Understanding the interactions between soil and contaminants is critical for 
predicting the possible environmental impacts caused by mining and milling operations. One of the main 
parameters used for this purpose is the partition (or distribution) coefficient, Kd, which allows a relatively simple 
modeling approach by grouping various sorption phenomena into a single value. However, this parameter is 
strongly influenced by the physical and chemical characteristics of the medium, such as soil type, pH and 
solution composition. Thus, this study aims to assess the values of Kd for uranium of typical soils from Bahia´s 
semi-arid region using two different types of solute, one being a standard solution of uranyl acetate and one the 
liquor of uranium generated during processing. To calculate this parameter, batch adsorption experiments were 
carried out and adsorption isotherms (linear, Langmuir and Freundlich) were constructed using the Mathematica 
software. Results obtained for a single type of soil showed reduced values of Kd for a liquor containing uranium 
when compared to values obtained with the uranyl acetate solution.  This indicates that uranium from liquor is 
less adsorbed onto soil particles, and hence may move more quickly into the subsurface.  
 
 

1. INTRODUCTION 
 
U mining, milling and processing occurs at the early stages of the nuclear fuel cycle in which 
rocks containing uranium are crushed (milled), put into piles and leached using sulfuric acid 
(H2SO4) applied to the piles. The uranium solution obtained using this method forms a liquor 
that is kept inside tanks or holding ponds. From this point the liquor is carried to the main 
plant for clarification and filtration.  Chemical processes continue until uranium is 
transformed into a yellow colored uranium concentrated salt whose chemical composition is 
ammonium diuranate (U3O8), popularly known as yellowcake. 
 
Our study was carried out in the interior of semi-arid Bahia state in northeastern Brazil, 
containing weathered tropical soils. In order to understand possible subsurface uranium 
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transport below the platform area, soil samples were collected during drilling of an 
environmental monitoring well (EMW). Samples were taken at a depth of 4-8 m (S1) from the 
soil surface, as well as from the granular aquifer (S2), to determine the partition (or 
distribution) coefficient (Kd). 
 
Batch tests are widely used for determining Kd parameters and related equilibrium isotherms. 
The tests are typically performed by stirring a solution containing the solute in close contact 
with the solid phase over a specific period of time, and then separating the solid and solution 
phases and measuring the concentration of solute remaining in solution. The concentration of 
the contaminant associated with the solid is determined from the difference between the 
initial and the final solution concentrations. An advantage of this method is that the 
experiments can be performed quickly for various elements and different chemical 
environments. 
 
The batch method used in our study followed procedures outlined in U.S. Environmental 
Protection Agency publication “Batch-Type Procedures for Estimating Soil Adsorption of 
Chemicals” (EPA, 1992). Three sets of experiments with soils from Bahia were performed.  
Of these, one set of experiments used distilled water and uranyl acetate, one set used filtrated 
liquor from the holding tank at the observed pH of approximately 2, while a third set of 
experiments was carried out using a more dilute version of the filtrated liquor, but 
maintaining pH at approximately 4 in order to reproduce observed conditions of one of the 
monitoring wells in the area. 
 
In order to fit the isotherms and to determine the distribution coefficients (Kd’s), isotherm 
sorption data were obtained using several dilutions of the original solution, which were then 
places in a shaker in contact with the soil until adsorption equilibrium was reached. The final 
solutions were subsequently filtrated, and the adsorption isotherms determined. The adsorbed 
mass per unit mass of soils was plotted for this purpose as a function of the equilibrium 
concentration of the test substance. 
 
 

2. METHODOLOGY 
 
2.1. Theoretical background 
 
The adsorption process may be defined as the enrichment of one or more components in an 
interfacial region due to unbalanced forces. The main elements involved in this process are 
the fluid, the solid surface, and the components retained on the surface of the solid. The 
adsorbent is the solid, which provides the surface for the adsorption process.  The fluid in 
contact with the adsorbent is called the adsorptive, and the phase that consists of the 
components retained by the adsorbent is called adsorbate. The mineralogical composition, the 
organic matter content and pH are key factors affecting the adsorption of metals on soils. 
Variations in the Kd value of a soil occur as soil depth and other characteristic of the solid and 
solution phases vary (Gregg and Sing, 1982). 
 
The concentration of a contaminant in the subsurface is determined primarily by the 
concentration of the source term, the rate at which the contaminated solution is released, 
various hydrological factors such as dispersion, advection and dilution, and a number of 
geochemical processes such as adsorption/desorption, precipitation and diffusion. To 



INAC 2013, Recife, PE, Brazil. 
 

accurately model solute transport in the subsurface, all of the major geochemical processes 
affecting this transport should be taken into account. 
 
The partition coefficient, Kd, is important since this parameter quantifies the adsorption 
potential of a soil in contact with the dissolved contaminant. Usually this parameter is defined 
as the ratio between the concentration of the contaminant associated with the solid phase and 
the concentration in the aqueous solution when the system is at equilibrium. Values for Kd  

not only vary greatly between contaminants, but also as a function of aqueous and solid phase 
chemistry, including pH. 
 
Literature Kd values for uranium show wide variability, sometimes differing by three or four 
orders of magnitude (EPA, 1999), and varying depending upon soil type and pH.  This 
indicates that it is important to reproduce actual field conditions of a particular site when 
carrying out specific Kd measurements, thus ensuring more reliable analysis of solute 
transport. According to Thibault et al. (1990), Kd values for uranium are approximately 35 
mL/g for sand, 15 mL/g for silt, 1600 mL/g for clay and 410 mL/g for organic matter. For our 
study area, Naveira-Cotta et al. (2012) previously obtained Kd values between 30.6 mL/g and 
53.6 mL/g at pH values near neutrality. 
 
2.1.1. Adsorption Models 
 
In our study we used linear, Langmuir and Freundlich isotherms to describe uranium 
sorption. These equations are given by, respectively, 
 

 dS K C=      (linear) (1) 

 
1

L L

L

K b C
S

K C
=

+
     (Langmuir) (2) 

 
1
nS kC=      (Freundlich) (3) 

where S is the solid phase concentration (adsorbed amount of solute per weight unit of 
adsorbent), C is the liquid phase concentration (amount of solute in solution per unit volume 
of liquid), KL is a constant related to the binding energy of the-adsorbent surface, bL is the 
maximum amount of solute that can be adsorbed, and k and n are Freundlich constants related 
to adsorption capacity and intensity (Freitas, 2005). 
 
2.2. Adsorption Isotherm Measurements 
 
To construct uranium adsorption isotherms of soil at or study site in semi-arid Bahia, and 
subsequent determination of Kd, we collected soil samples, prepared the uranium solutions, 
and performed the batch experiments. 
 
2.2.1. Soil samples 
 

� We collected composite soil samples from different depths (4-5 m, 5-6 m, 6-7 m and 
7-8 m) during construction of an environmental monitoring well immediately 
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downgradient of the uranium holding points (referred to as Soil S1), as well as a mud 
sample from the underlying granular aquifer (Soil S2); 

� The samples were dried outdoors in the shade for about one week, and then for 12 h in 
an oven at 104 C; after which they were sieved and stored in a plastic capped bottle. 
 

The textural distribution of soil S1 was measured to be 9 % clay, 22 % silt, 31 % fine sand, 20 
% medium sand, 14 % coarse sand and 4 % gravel. 
 
2.2.2. Solution preparation 
 
The following solutions were prepared: a standard uranyl acetate solution of 854.3 ppm 
(Solution A); a neutralized uranium liquor solution of 1500 ppm (Solution A1) and an 
uranium liquor solution of 2316.8 ppm (Solution A2). 
 
Initially a sample of approximately 1.5 L was taken from the uranium liquor holding pond 
having a pH of approximately 1.5. The sample was centrifuged and filtered to remove 
particulates, after which the uranium concentration was determined to be 2.896 g U/L (2896 
ppm).  
 
� Uranyl acetate standard solution (Solution A) 
 
A 1000 mL uranyl acetate standard solution of 0.8543 g U/L (854.3 ppm) was prepared in 
HCl. 
 
� Neutralized uranium liquor (Solution A1) 
 
A 1000 mL solution of neutralized uranium liquor containing 1.5 g U/L (1500 ppm) was 
prepared by diluting 518 mL of the original liquor in one liter, after which the pH was 
adjusted to 4.0 by adding NaOH in order to simulate water from a well in the study area. 
 
� Uranium liquor (Solution A 2) 
 
A 1000 ml solution of uranium liquor containing 2.317 g U/L (2317 ppm) (pH = 2) was 
prepared by diluting 800 mL of the original liquor in one liter. 
  
Each of the three solutions above was diluted 6 times to yield a total of 18 solutions used for 
determining various points of the adsorption isotherms. We also measured the pH and the 
electrical conductivity of the solutions. 
 
2.2.3. Batch Experiment 
 
The resulting 36 samples containing 1 g of each soil (S1 and S2) were placed in 72 TPP 50 
mL Falcon tubes. After weighting the samples, 50 mL of the diluted solutions was added. In 
addition, a blank experiment was carried out by placing 18 diluted solutions in tubes without 
any soil. 
 
Each tube was subsequently placed on a rotary shaker TE-165-E3 TECNAL for 72 hours at 
30 rpm and room temperature. After stirring, all 76 tubes containing soil were centrifuged for 
5 minutes at 2000 rpm using a FANEM Model BL-206 centrifuge (Figure 1), after which the 
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supernatant was transferred to new tubes and the contaminated soil disposed of as radioactive 
waste. 
 

Table 1: Test tubes and applied dilutions 

Standard 
[U] 854.3 

ppm 
Tubes Id.* 

Liquor [U] 
1500 ppm 

Tubes Id.* 
Liquor  

[U] 2316.8 
ppm 

Tubes Id.* 

Solution C 
CS1, CS1

’, CS2, 

CS2
’, Cb 

Solution C1 
C1S1, C1S1

’, C1S2, 

C1S2
’, C1b 

Solution C2 
C2S1, C2S1

’, C2S2, 

C2S2
’, C2b 

Solution D 
DS1, DS1

’, DS2, 

DS2
’, Db 

Solution D1 
D1S1, D1S1

’, D1S2, 

D1S2
’, D1b 

Solution D2 
D2S1, D2S1

’, D2S2, 

D2S2
’, D2b 

Solution E 
ES1, ES1

’, ES2, 

ES2
’, Eb 

Solution E1 
E1S1, E1S1

’, E1S2, 

E1S2
’, E1b 

Solution E2 
E2S1, E2S1

’, E2S2, 

E2S2
’, E2b 

Solution F 
FS1, FS1

’, FS2, 

FS2
’, Fb 

Solution F1 
F1S1, F1S1

’, F1S2, 

F1S2
’, F1 

Solution F2 
F2S1, F2S1

’, F2S2, 

F2S2
’, F2b 

Solution G 
GS1, GS1

’, GS2, 

GS2
’, Gb 

Solution G1 
G1S1, G1S1

’, G1S2, 

G1S2
’, G1b 

Solution G2 
G2S1, G2S1

’, G2S2, 

G2S2
’, G2b 

Solution H 
HS1, HS1

’, HS2, 

HS2
’, Hb 

Solution H1 
H1S1, H1S1

’, H1S2, 

H1S2
’, H1b 

Solution H2 
H2S1, H2S1

’, H2S2, 

H2S2
’, H2b 

*S1 – soil from 4-8m depth 
*S2 – aquifer 
 
 

 
 

Figure 1: Tubes in the rotary shaker. 
 
After filtering, the amount of uranium remaining in the samples was determined by molecular 
absorption spectrophotometry using arsenazo III as the colorimetric reagent.  This was done 
following a pre-concentration step involving evaporation of the sample on a heating plate. 
 
The sorption isotherms and Kd values were determined from mass balances of uranium in the 
test tubes after equilibration of the added solution with the dry soil (the absorbent).  Mass 
balances were used also to account for sorption of uranium on the test tube walls.  While 
many previous studies for this purpose assumed a constant amount of U sorption on the walls, 
we adopted the more realistic approach by assuming that uranium sorption on the walls also 
follows an equilibrium isotherm.  Consider for this purpose first a blank test tube without 
adorbent (no soil). A mass balance states that 
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 o eq wVC VC WS= +  (4) 

where V is the amount of liquid added to the test tube, Co is the added concentration, Ceq is 
the liquid concentration measured after equilibration (shaking for 24 hours or more), W is the 
test tube wall surface area in contact with the added solution (cm2) and Sw is the concentration 
on the test tube wall (g/cm2).  Since V and W are the same in all of the batch experiments, we 
can redefine Cw in terms of the concentration of the wall per unit liquid in the tube (now also 
g/cm3) to give 
 

 o eq wVC VC VS= +  (5) 

Assume linear partitioning of uranium between the liquid phase and the wall, i.e.,  
 

 w w eqS k C=  (6) 

where kw is the dimensionless U partition coefficient of the wall.  Eqs. (5) and (6) state that 
whatever solute is added to the test tube will partition between the solution in the test tube 
and the test tube wall. Substituting (6) into (5) and solving for kw gives:  
 

 o eq
w

eq

C C
k

C

−
=  (7) 

The wall partition coefficient, kw, can be estimated from several blank batch experiments 
(without absorbent) using different concentrations.  In that case kw defines the correlation 
between (Co-Ceq) and Ceq. 
 
Next we consider a batch test with absorbent. The mass balance equation is now 
 

 o eq eq wVC VC MS VS= + +  (8) 

where M is the mass of soil placed in the test tube, and Ceq and Seq are the liquid and solid 
phase concentrations after equilibration.  Solving for Seq gives 
 

 
o eq w

eq

VC VC VS
S

M

− −
=  (9) 

or in terms of kw of the wall using Eq. (6): 

 
o eq w eq

eq

VC VC Vk C
S

M

− −
=  (10) 

which gives 
 

 (1 )eq o w eq

V
S C k C

M
 = − +   (11) 

This is the final equation used to calculate pairs of (Ceq, Seq) for determining the isotherms. 
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3. RESULTS AND DISCUSSION 
 
Table 2 shows the chemical analysis of the soil used in the batch experiments.   

 
Table 2: Chemical analysis of the soil.  

 
Figures 2, 3, 4 and 5 show results of the batch experiments.  The equilibrium solution 
concentration data (C) were plotted versus the adsorbed concentration data (S) obtained in the 
experiments using the Mathematica 8.0 software package. The curves for the different Kd 
models (linear, Freundlich and Langmuir) were optimized using the function “bestfit”, which 
also produced 95% confidence intervals. Our objective was to find the adsorption model that 
best fitted the measured data. Figure 2 first shows results for the partition coefficient kw as 
calculated from the batch data without adsorbent using Eq. (7).  A linear isotherm was used in 
this case.  Results indicate a linear equilibrium partition coefficient of 0.116. 

 
EPA’s traditional batch equilibration method using the uranyl acetate standard produced a 
linear Kd of approximately 10 mL/g.  Such an experiment, unfortunately, does not represent 
actual field conditions. For this reason the same experiment was carried out using liquor 
taken from the uranium holding ponds, instead of a uranyl acetate solution, while maintaining 
the low natural pH found in the tanks. In order to reproduce field conditions as realistically as 
possible, batch experiments were further performed using a subsurface soil sample in contact 
with the filtered liquor at about pH = 2, and a sample from the granular aquifer in contact 
with a more diluted liquor solution at pH = 4.  The latter situation reflected observed 
conditions in one of the downgradient monitoring wells.  The experiments hence were 
intended to reproduce as closely as possible local geochemical conditions in case of leakage 
from the liquor tanks.   Figure 3 shows the curves obtained for uranyl acetate. 
 

 
Figure 2: Uranium sorption isotherm of the test tube walls. 

 

Element MgO Al2O3 SiO2 CaO MnO FeO Na2O 
Unit mg/L mg/L mg/L mg/L mg/L mg/L mg/L 

Method  IAUTMCP038        
Nº Sample Id. Results 
1 20507A524A S1 0.244 36.5 40.2 2.28 0.153 14.8 4.77 
2 20507A523A S2 0.209 12.9 39.2 1.89 0.089 8.18 5.22 
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Figure 3: Isotherms and experimental data for soil samples S1 and S2 (uranyl acetate) 

 
Observed data and calculated isotherms obtained with the original liquor at pH = 2 and soil 
sample S1 collected immediately below holding tanks are shown in Figure 4.   The following 
isotherms were calculated 
 

 2.29S C=      (Linear) (12) 

 
3.96

1 0.85

C
S

C
=

+
     (Langmuir) (13) 

 0.722.96S C=      (Freundlich) (14) 

Similar results for the soil sample taken from the granular aquifer (pH = 4) are shown in 
Figure 5.  The equilibrium isotherms in this case were of the form: 
 

 5.14S C=      (linear) (15) 
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12.0

1 2.55

C
S

C
=

+
     (Langmuir) (16) 

 0.563.81S C=      Freundlich) (17) 

 

 
 

Figure 4: Isotherms and experimental data for soil sample S1 (below the tanks) 
 
 

 
Figure 5: Isotherms and experimental data for soil sample S2 (granular aquifer) 

 
 
All isotherms were found to fit the observed data well.  As expected, the Kd value measured 
using uranium liquor at the lower pH of 2 was slightly less that the measured value at pH = 4 
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using the diluted liquor.  The latter value was in turn smaller than the Kd value obtained with 
the standard solution at a neutral pH.  This shows that pH has an important effect on uranium 
sorption.  Uranium liquor hence is more weakly adsorbed into soil particles and is expected to 
move more rapidly through the subsurface. 
 
 

4. CONCLUSIONS 
 
This paper describes batch sorption experiments to determine the equilibrium isotherms and 
linear partition coefficient (Kd) of uranium of a typical soil from semi-arid Bahia, Brazil. The 
batch experiments were carried out to compare Kd results obtained with a standard uranyl 
acetate solution, as well as with uranium concentrated liquor representing actual conditions at 
the field site. 
 
As predicted, Kd values obtained from the uranyl acetate standard solution were higher than 
those for uranium liquor, thus showing a strong dependence of Kd on the chemical and 
physical properties of the liquid phase.  This in turn indicates that uranium from the liquor 
holding tanks, if released accidently into the subsurface, will move more rapidly into and 
with groundwater that when predicted using results of standard solution tests. The lower pH 
values of the two solutions obtained with liquor may lead to more rapid transport in the 
subsurface.  Other processes that could contribute to more rapid subsurface transport may be 
nonequilibrium sorption processes, preferential flow caused by physical heterogeneities, and 
colloid-facilitated transport. 
 
The linear isotherm was found to provide a good fit of the observed batch data, leading to Kd 
values of 2.29 mL/g for the soil under the tank, and 5.14 mL/g for a sample taken from the 
granular aquifer at the field site. These results enable a more realistic transport evaluation and 
environmental impact assessment of the site. 
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