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Abstract 

Long-term (2-3 months) batch U(VI) sorption-desorption experiments were conducted to 

understand the long-term sorption-desorption behavior of U(VI) in saprolite subsoils from Oak 

Ridge Field Research Center (ORFRC), Tennessee, which contained naturally occurring 

nanoporous goethite. Three subsoil samples containing a range of dithionite-citrate-bicarbonate 

(DCB) extractable Fe oxide content (7138, 11,161, and 22,582 mg Fe/kg) were used for the 

experiments. Sorption of 50 µM U(VI) to the subsoils in the presence of Ca2+ and HCO3
- at 

circumneutral pH occurred rapidly during the first 2 days, after which slow U(VI) sorption 

continued over 3 months. U(VI) desorption from the soils by 10 mM NaHCO3
 solution exhibited 

an initial fast desorption step during the first 24 hours, followed by slower desorption over a 

week. Sorption of 50 µM U(VI) for 1 day to 3 months in the presence or absence of Ca2+ 

consistently resulted in higher U(VI) sorption to saprolite soil with higher amount of nanoporous 

goethite, while desorption of U(VI) for 1 week to 2 months was consistently lower in saprolite 

soil with higher amount of nanoporous goethite. Saprolite subsoils containing higher amounts of 

nanoporous goethite exhibited more resistant U(VI) desorption, and the proportions of 

irreversible U(VI) sorption increased with longer residence time with soils. These results 

indicates that more U(VI) became bound to the internal surfaces of nanoporous iron oxides 

during long-term sorption. This study suggests that naturally occurring nanoporous goethite may 

exert a significant role in controlling the mobility and transport of U(VI) in historically 

contaminated sites that have existed over decades.  

Keywords: Uranium; Saprolite; Sorption; Desorption; Nanoporous goethite 
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Introduction 

While uranium (U) is a naturally occurring radioactive element in the earth's crust (average 3 

ppm), anthropogenic activities such as the mining and milling of uranium ores, generation of 

nuclear energy, and storage of legacy waste have contaminated water, sediment, and soil in many 

parts of the world (Baborowski and Bozau, 2006; Maher et al., 2013; Campbell et al., 2015). In 

the US, there are a number of uranium contaminated sites of U.S. Department of Energy (DOE), 

including the Savannah River, Oak Ridge, and Hanford sites where a variety of radionuclides are 

present (Fox et al., 2012). The major health effect of uranium is chemical kidney toxicity, rather 

than a radiation hazard (Kurttio et al., 2002).  

Sorption and desorption of contaminants to/from natural soils and sediments is of central 

importance to most environmental concerns because sorption-desorption affects geochemical 

fate, toxicity, and associated risk to human and aquatic life as well as the efficiency of most 

remediation technologies (Kan et al., 1998). The mobility, toxicity, and bioavailability of 

uranium in natural environments are controlled by uranium speciation, oxidation-reduction, and 

sorption-desorption processes. Oxidized hexavalent uranium, U(VI) is highly soluble, whereas 

the solubility of U(IV) is largely controlled by insoluble oxides such as uraninite (UO2) (Maher 

et al., 2013). Aqueous speciation of U(VI) is affected by pH, bicarbonate, and Ca2+ 

concentrations. At moderate bicarbonate concentrations above neutral  pH, U(VI) speciation is 

dominated by uranyl-carbonato complexes [e.g., UO2CO3(aq), UO2(CO3)2
2- , UO2(CO3)3

4-] in the 

absence of Ca2+, while calcium-uranyl-carbonato ternary complexes [e.g., Ca2UO2(CO3)3
0 (aq), 

CaUO2 (CO3)3
2- ] are dominant in the presence of Ca2+ in typical groundwater (Guillaumont et 

al., 2003; Dong and Brooks, 2006; Fox et al., 2006). The primary aqueous species of uranium in 

groundwater of many uranium contaminated sites such as the Old Rifle site and the Oak Ridge 
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Field Research Center are known to be calcium-uranyl-carbonato ternary species (Anderson et 

al., 2003; Yabusaki et al., 2007; Kelly et al., 2008).  

A great number of studies have investigated the mobility and transport of U(VI) in synthetic Fe 

or Al oxides, as well as natural sediments and soils by short term batch and column experiments 

on a time scale typically less than a week (Hsi and Langmuir, 1985; Waite et al., 1994; Barnett et 

al., 2000; Sylwester et al., 2000; Barnett et al., 2002; Davis et al., 2004; Fox et al., 2006; Stewart 

et al., 2010; Dong et al., 2012; Dong and Wan, 2014). However, there is little information on the 

long-term (months-years) partitioning of U(VI) at the soil-water interface, while a few previous 

studies conducted long term sorption-desorption experiments with goethite (6 months sorption) 

and mesoporous silica (2 weeks sorption and 2 weeks desorption)  (Giammar and Hering, 2001; 

Singer et al., 2014). Because there is a growing body of evidence that sorption and desorption 

may not reach equilibrium within time scales of short term experiments, batch sorption 

experiments may require significantly longer reaction to reach equilibrium (Ball and Roberts, 

1991). The bioavailability of metals has been reported to decrease with an increased residence 

time due to ageing processes, resulting in irreversible reactions (Ainsworth et al., 1994; Ford et 

al., 1997; Eick et al., 1999; Trivedi and Axe, 2000; Arai and Sparks, 2002). Different sorption 

and desorption behaviors of metals or radionuclides between short term and long term 

experiments (Bruemmer et al., 1988; Eick et al., 1999; Ahmed et al., 2008) may result in 

inconsistent prediction of contaminant transport in the subsurface. Because contamination and 

remediation in the natural environment usually occur over many years, it is important to 

understand long-term equilibrium and rate of sorption-desorption of contaminants. Current 

knowledge is insufficient to understand the long term irreversibility of U(VI) sorption, although 
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the reversibility of sorption controls the geochemical mobility and bioavailability of U(VI) in the 

contaminated soils and sediments. 

This study investigated long term U(VI) sorption-desorption reactions at the saprolite soil-water 

interface by batch experiments on a time scale of 2-3 months. Natural saprolite subsoils from 

Oak Ridge Field Research Center (ORFRC) contain various amounts of nanoporous goethite, 

which has shown to play a significant role in regulating U(VI) sorption-desorption behavior on a 

time scale of days to weeks (Jung et al., 2016). Natural ferric iron oxides (e.g., ferrihydrite, 

goethite, and hematite), which are widely thought to be the most important sorbents for U(VI) 

under circumneutral pH (Hsi and Langmuir, 1985; Waite et al., 1994; Bargar et al., 1999; 

Giammar and Hering, 2001; Wazne et al., 2003; Fox et al., 2006), are likely nanoporous in 

sediments/soils due to the aggregation of nanoparticles (Banfield et al., 2000; van der Zee et al., 

2003; Gilbert et al., 2009). Nanoporous minerals have been reported to provide the most reactive 

surface area for geochemical reactions (Wang et al., 2003; Hochella, 2008; Wang et al., 2010; 

McBriarty et al., 2017).   

In order to better predict the mobility and transport of U(VI) in contaminated subsurface 

environments and to improve the efficiency of environmental remediation, it is necessary to have 

a thorough understanding of the mechanisms of uranium sorption and desorption over extended 

periods of time. The objectives of this study are to understand the effects of residence time on the 

sorption and desorption of U(VI) in saprolite soil from the Oak Ridge Field Research Center 

(ORFRC), Tennessee and to evaluate the role of natural nanoporous goethite in controlling the 

long term U(VI) sorption-desorption processes.  
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Materials and Methods 

Sample Preparation and Characterization 

Subsurface saprolite soil cores were collected from the Area 2 site of the Oak Ridge Field 

Research Center (ORFRC), which was established within the Y-12 National Security Complex 

area on the Department of Energy’s Oak Ridge Reservation in Oak Ridge, TN (Moon et al., 

2006). The core sections collected at 6.5-9 m depth below the ground surface were air-dried, 

sieved through a 2 mm sieve, and then thoroughly homogenized. A portion of sample was 

extracted with 10% nitric acid (1.6 N; Fisher, trace metal grade) for 2 days to determine the 

concentration of acid-extractable solid phase uranium, while the amount of Fe oxides (e.g., 

goethite, ferrihydrite) was determined by the dithionite-citrate-bicarbonate (DCB) extraction  

(Jackson, 1986). Based on DCB extractable Fe, three soil samples (~80% sand and ~20% silt and 

clay) containing a range of Fe oxide content (7138, 11,161, and 22,582 mg/kg Fe) and 

background levels of U (< 0.01 µmol/g by 10% HNO3 for 2 days) were selected, which are 

referred to as low Fe soil, medium Fe soil, and high Fe soil, respectively in this study. Specific 

surface area and pore size distribution were determined by BET (Brunauer-Emmett-Teller) 

method and BJH (Barrett-Joyner-Halenda) method, respectively using a surface area and pore 

size analyzer (NOVA e4200, Quantachrome Instruments) (Jung et al., 2016). The standard 

reference material (Quantachrome Instruments; 108 m2/g) confirmed that the analytical error was 

less than ±5%. 

Minerals in three saprolite soil samples were identified by X-ray diffraction analyses using a 

Rigaku Rapid II X-ray diffraction system with a 2-D image plate (Mo Kα radiation), while high 

resolution images of goethite nano-crystals were provided by TEM (Transmission Electron 



7 
 

Microscope) and SAED (Selected Area Electron Diffraction) measurements using a FEI Titan 

80-200 FEG-TEM/STEM microscope equipped with an X-ray EDS (Energy Dispersive 

Spectroscopy) analyzer and Gatan Image Filtering (GIF) system (Jung et al., 2016).  

 

Batch Sorption-Desorption Experiments   

One gram of dry soil was placed in a 15 mL plastic centrifuge tube (Fisher Scientific), and 10 

mL of a 0.1 M NaNO3 solution containing 50 µM U(VI)-acetate, 2-5 mM NaHCO3, and 0-2.5 

mM Ca(NO3)2 was added. Dissolved Ca2+ and HCO3
– are common ions in groundwater and have 

a significant impact on the aqueous speciation of U(VI) as well as the sorption and mobility of 

U(VI) in aquifers because of the formation of uranyl calcium carbonate and uranyl carbonato 

species (Fox et al., 2006). The solution pH was initially adjusted to ~6.5 by adding 0.1 N HNO3 

or 0.1 N NaOH. The initial pH and final pH were measured using a pH meter (Accumet XL20, 

Fisher Scientific). Sorption experiments were conducted mostly in duplicates. 

The tubes were shaken at 250 rpm for 2 days to 3 months for the U(VI) sorption kinetics 

experiments in the presence of 50 µM U(VI), 2.5 mM Ca2+ and 5 mM HCO3
–. After the reaction 

for 2 days, 7 days, 14 days, 1 month, 2 months, and 3 months, the supernatant was collected by 

centrifugation at 3000 rpm for 10 minutes and was analyzed for U(VI). Afterwards the remaining 

soil samples were subjected to desorption in 10 mL of a 10 mM NaHCO3 solution for 1 week. 

Another sets of U(VI) sorption experiments were conducted in a 0.1 M NaNO3 solutions 

containing 50 µM U(VI) and 2 mM HCO3
- for 1 week and in a 0.1 M NaNO3 solutions 

containing 50 µM U(VI), 2.5 mM Ca2+ and 5 mM HCO3
- for 3 months. After the sorption 
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experiments, the soil samples were exposed to a 10 mM NaHCO3 solution for 2 weeks and 2 

months. Additional sorption experiments were conducted in a 0.1 M NaNO3 solution containing 

50 µM U(VI), 2.5 mM Ca2+, and 5 mM HCO3
- for 1 day and 1 month. Subsequently, sequential 

desorption of U(VI) was performed in 10 mL of 10, 100, and 1000 mM NaHCO3 solutions for 3 

weeks (1 week for each desorption step). NaHCO3 solutions were used for desorption of U(VI) 

from soils because the bicarbonate extraction has been shown to effectively release reversible, 

adsorbed U from contaminated sediments (Kohler et al., 2004).  

After sorption and desorption experiments, dissolved U(VI) concentrations were determined 

using a kinetic phosphorescence analyzer (KPA-11) (ChemChek Instruments, Richland, WA) 

(Brina and Miller, 1992). Analytical error was less than ±5%. Sorbed U(VI) was determined by 

the difference between the initial and final aqueous U(VI) concentrations.  

 

Results  

Characteristics of the ORFRC saprolite subsoils  

The characterization of saprolite subsoils from ORFRC using XRD, TEM, as well as BET and 

BJH methods has previously been reported in Jung et al (2016). Major minerals identified by 

XRD were quartz, illite and smectite, while nano-goethite was observed in all three soil samples 

by TEM (Fig. 1). Nano-goethite was closely associated with illilte/smectite (I/S), and exhibited 

nanocrystalline and nanoporous structures, particularly in the medium and high Fe soils (Fig. 1). 

Goethite in the high Fe soil was dominated by aggregates of poorly crystalline nano-crystals with 

an average size of ~5 nm. The structural state of goethite nano-crystals in the high and medium 
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Fe soils was between ideal goethite and ferrihydrite. Therefore the amount of Fe oxides 

determined by the DCB extraction represented both goethite and ferrihydrite. Goethite may be 

formed through oriented aggregation of its precursor ferrihydrite nano-crystals. High-resolution 

TEM images exhibited nanopore spaces between goethite nano-crystals (Fig. 1). Goethite nano-

crystals were less abundant and more crystalline in the low Fe soil than in the medium Fe soil or 

the high Fe soil, resulting in less nanoporous surfaces.  

TEM-EDS analysis showed that U(VI) sorption in those saprolite soils was associated mainly 

with nanoporous goethite aggregates rather than clay minerals (Jung et al., 2016). BET specific 

surface area was 25, 29, and 38 m2/g for the low, medium, and high Fe soil samples, 

respectively. Nanoporosity determined by BJH method for the low, medium, and high Fe soil 

samples was 1.5, 2.0, and 1.9 µL/g for pore size < 2 nm, and 16.3, 18.4, and 30.4 µL/g for pore 

size < 10 nm, respectively (Jung et al., 2016). BJH pore volume for larger pores with size 

between 10 nm and 120 nm was 19.1, 20.1, and 56.4 µL/g for the low, medium and high Fe soil 

samples, respectively (Barrett et al., 1951).  

 

Speciation of aqueous U(VI) during sorption 

The pH of aqueous solution was initially adjusted to 6.5 and increased to 7.1-7.2 in 1 month and 

then to 7.3-7.4 in 3 months during sorption reaction with three soil samples. Nonetheless, it is 

unlikely that the change of pH significantly affected the sorption of U(VI) given that the 

maximum sorption of U(VI) by iron oxides occurs at circumneutral pH between 6 and 8 (Hsi and 

Langmuir, 1985; Waite et al., 1994; Wazne et al., 2003). PHREEQC modeling (Parkhurst and 
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Appelo, 1999) was performed to predict the speciation of U(VI) at equilibrium pH of 6.5–7.5 

using the databases from Bernhard et al. (2001) and Guillaumont et al. (2003), while the 

LLNL.dat database (a database file in PHREEQC) was used to calculate saturation indices for U 

phases (Bernhard et al., 2001; Guillaumont et al., 2003). At equilibrium pH of 6.5-7.5, uranyl-

calcium-carbonato ternary species (e.g., Ca2UO2(CO3)3, CaUO2(CO3)3
2-) account for 81-87 % of 

total U(VI) in the presence of 2.5 mM Ca2+ and 5 mM HCO3
−, while uranyl-carbonato species 

(e.g., UO2(CO3)2
2−, UO2(CO3)3

4−, UO2CO3) account for 13-19 % of total U(VI). In the presence 

of 2 mM HCO3
− without Ca2+, uranyl-carbonato species represent nearly all U(VI) species at pH 

6.5-7.5. All solutions for sorption experiments were undersaturated with respect to U-bearing 

phases such as schoepite [(UO2)8O2(OH)12·12(H2O)] and rutherfordine (UO2CO3). 

 

Sorption Kinetics of U(VI) over 3 months 

U(VI) sorption kinetics experiments were conducted in the presence of 2.5 mM Ca2+ and 5 mM 

HCO3
– over 3 months. Initial sorption of U(VI) for 2 days occurred rapidly and then slower 

U(VI) sorption continued to occur over 3 months (Fig. 2). In the first 2 days, 16%, 27%, and 

50% of added 50 µM U(VI) were sorbed to the low Fe, medium Fe, and high Fe soil samples, 

respectively. Over the period of 3 months, the percentage of U(VI) sorption increased to 57%, 

67%, and 94% for the low, medium and high Fe soil samples, respectively (Fig. 2). This 

corresponded to sorption of 0.28, 0.33, and 0.47 µM U(VI)/g (Fig. 2A) and distribution 

coefficient (Kd) of 13, 20, and 149 mL/g (Fig. 2B) for the low, medium and high Fe soil 

samples, respectively. U(VI) sorption was higher for soil samples with higher Fe content, which 
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is consistent with the previous results from short term U(VI) sorption experiments over 2 days to 

2 weeks (Jung et al., 2016).  

The rates of U(VI) sorption changed over 3 months, exhibiting 3 distinct stages. U(VI) sorption 

rate was highest in the first 2 days for all three soil samples, in which the U(VI) sorption rate was 

8% sorption per day for the low Fe soil, 13% sorption per day for the medium Fe soil and 25% 

sorption per day for the high Fe soil (Fig. 3A). This corresponded to the sorption rate of 0.039-

0.125 µmol U(VI)/g per day (Fig. 3B). Then U(VI) sorption rate decreased remarkably between 

2 days and 2 weeks, ranging from 1.4 % sorption per day to 2.0 % sorption per day, which were 

equivalent to U(VI) sorption of 0.007 to 0.010 µmol/g per day (Fig. 3). U(VI) sorption rate 

further decreased to 0.2 to 0.3 % sorption per day between 2 weeks and 3 months, which 

corresponded to U(VI) sorption of 0.001-0.002 µmol/g per day (Fig. 3). The U(VI) sorption rate 

was significantly higher in soil samples with higher Fe content during the first 2 days, whereas it 

was similar for all soil samples during the sorption period between 2 days and 3 months. 

 

Desorption Kinetics of U(VI) over 1 week 

After U(VI) sorption to soil samples for 2 days, 1 week, 1 month, or 3 months, the soil samples 

were subjected to desorption experiments by 10 mM NaHCO3 solution for a week to remove 

U(VI) bound to reversible sorption sites. Kohler et al (2004) showed that the bicarbonate 

extraction method using the 20 mequiv/L sodium bicarbonate/carbonate solution was useful for 

estimating the mass of reversible U(VI) in sediments. For all soil samples, U(VI) desorption 

occurred rapidly in the first 24 hours, and then continued slowly over a week (Fig. 4). For the 
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low Fe soil, U(VI) desorption percentage [desorbed U(VI) / sorbed U(VI) × 100] during the first 

24 hours was 30-42%, and then increased continuously to 38-76% during a week of desorption 

(Fig. 4A). As a result, sorbed U(VI) decreased from 0.08-0.30 µmol/g to 0.02-0.18 µmol/g (Fig. 

4D). For the medium Fe soil, the extent of U(VI) desorption after 24 hours ranged from 31% to 

45%, while it increased to 41-59% after 1 week (Fig. 4B). Consequently, U(VI) sorbed to the 

medium Fe soil samples decreased from 0.18-0.33 µmol/g to 0.07-0.20 µmol/g (Fig. 4E). For the 

high Fe soil, U(VI) desorption percentage was 23-48%, and then increased to 37-63% after 1 

week (Fig. 4C). Accordingly, sorbed U(VI) decreased from 0.25-0.47 µmol/g to 0.14-0.33 

µmol/g after 1-week desorption (Fig. 4F).  

The results showed that a longer period of U(VI) sorption generally led to lower extent of U(VI) 

desorption and higher amount of U(VI) remaining in soils (Fig. 4). The percentage of U(VI) 

desorption for a week was significantly lower for the medium Fe soil (43-59%) and high Fe soil 

(37-63%) than for the low Fe soil (57-76%) after U(VI) was sorbed to soils for 2 days to 1 

month, while U(VI) desorption percentage was similar for all soils after sorption of U(VI) for 3 

months, ranging from 38% to 41%. The U(VI) desorption kinetics results were characterized 

with a rapid initial desorption (0-1 day) followed by slower desorption that continued between 

day 1 and day 7 (Fig. 5). For the 2-day sorption to 3-month sorption samples, U(VI) desorption 

rates were 30-42% per day for the low Fe soil, 31-45% per day for the medium Fe soil, and 23-

48% per day for the high Fe soil during the first day, while it decreased to 1-6%, 1-2%, and 1-3% 

per day for the low, medium, and high Fe soils, respectively during the desorption from day 1 to 

day 7 (Fig. 5).  
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Long term desorption of U(VI) over 2 weeks and 2 months 

Prior  to  long term U(VI) desorption, U(VI) sorption experiments were conducted with a 0.1 M 

NaNO3 solution containing 50 µM U(VI) and 2 mM HCO3
– for 1 week and with a 0.1 M NaNO3 

solution containing 50 µM U(VI), 2.5 mM Ca2+ and 5 mM HCO3
– for 3 months. Uranyl calcium 

carbonate species were dominant with 2.5 mM Ca2+ and 5 mM HCO3
–, while uranyl carbonato 

species were the predominant species with 2 mM HCO3
–. Regardless of the speciation of 

uranium, U(VI) sorption was consistently higher in the soil with higher Fe content (Fig. 6). For 

the 1-week sorption in the presence of HCO3
–, sorption percentage ranged from 41% to 96%, 

which corresponded to the amount of sorbed U(VI) from 0.20 to 0.48 µmol/g (Fig. 6A) and 

distribution coefficient (Kd) of 7 to 227 mL/g for the low to high Fe soils (Fig. 6B). For the 3-

month sorption in the presence of Ca2+ and HCO3
–, sorption percentage was 66- 89% (Fig. 6A). 

This corresponded to the concentrations of sorbed U(VI) from 0.33 to 0.45 µmol/g and Kd of 20 

to 86 mL/g for the low to high Fe soils (Fig. 6A and 6B). For the medium and high Fe soils, the 

3-month sorption percentage (75 and 89%) was lower than the 1-week sorption percentage (82 

and 96%) despite the longer period of sorption, which is attributed to the formation of uranyl 

calcium carbonate species in the presence of Ca2+ and HCO3
– for the 3-month sorption 

experiments. It has been reported that uranyl calcium carbonate complexes adsorb weakly to iron 

oxides and sediments (Fox et al., 2006; Stewart et al., 2010). Uranyl calcium carbonate species 

may dominates U(VI) aqueous speciation in many uranium-contaminated aquifers containing 

both Ca2+ and HCO3
– as major cations and anions. In contrast, for the low Fe soil, sorption 

percentage was still higher when sorption occurred for 3 months (66%) than for 1 week (41%) 

despite the presence of uranyl calcium carbonate species (Fig. 6). 
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After the U(VI) sorption experiments for 1 week in the presence of HCO3
–, the soil samples were 

subsequently reacted with 10 mM NaHCO3 solution over 2 weeks and 2 months to desorb 

reversibly bound U(VI). The 2-week desorption and 2-month desorption results were similar for 

all soil samples (Fig. 7A and 7B). For the low Fe soil, U(VI) desorption percentage was 58% and 

67% for the 2-week and 2-month desorption, respectively. For the medium Fe soil, U(VI) 

desorption percentage was 49% and 43% for the 2-week and 2-month desorption, respectively, 

while for the high Fe soil, U(VI) desorption percentage was 45% and 41% for the 2-week and 2-

month desorption, respectively. This resulted in U(VI) of 0.09, 0.21, and 0.26 µmol/g remaining 

in the low, medium, and high Fe soil samples, respectively after 2 weeks of desorption, while 

U(VI) remaining in the low, medium and high Fe soils was 0.07, 0.23, and 0.28 µmol/g, 

respectively after desorption for 2 months (Fig. 7B). 

After the 3-month U(VI) sorption in the presence of Ca2+ and HCO3
–, U(VI) desorption by 10 

mM NaHCO3 solution over 2 weeks and 2 months occurred to a similar extent for the medium 

and high Fe soils (Fig. 7C). The percentage of U(VI) desorption over 2 weeks and 2 months was 

45% and 55%, respectively for the medium Fe soil, while it was 33% and 36%, respectively for 

the high Fe soil. In contrast, the 2-month U(VI) desorption was significantly higher than the 2-

week U(VI) desorption for the low Fe soil. While the U(VI) desorption percentage was 55% after 

2 weeks, it increased to 92% after 2 months (Fig. 7C). As a result, U(VI) remaining in the low, 

medium, and high Fe soil samples was 0.15, 0.21, and 0.30 µmol/g, respectively after 2 weeks of 

desorption, whereas it was 0.03, 0.17, and 0.29 µmol/g, respectively after 2 months of desorption 

(Fig. 7D). 
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Sequential desorption of U(VI) over 3 weeks 

Sorption experiments were conducted in a 0.1 M NaNO3 solution containing 50 µM U(VI), 2.5 

mM Ca2+, and 5 mM HCO3
– for 1 day and 1 month (Fig. 8). After 1 day of sorption, sorption 

percentage was 15%, 34%, and 54% for the low, medium, and high Fe soils, which was 

equivalent to U(VI) sorption of 0.07, 0.17, and 0.27 µmol/g (Fig. 8). U(VI) sorption percentage 

increased to 34%, 58%, and 80% after 1 month of sorption for the low, medium, and high Fe 

soils, respectively, which were equivalent to U(VI) sorption of 0.17, 0.29, and 0.40 µmol/g. 

Accordingly, distribution coefficients (Kd) for the low, medium, and high Fe soils were 2, 5, and 

12 mL/g, respectively for the 1-day sorption, while they were 5, 14, and 41 mL/g for the 1-month 

sorption (Fig. 8). 

After the U(VI) sorption, U(VI) was extracted from the soil samples sequentially by 10 mM 

NaHCO3 solution for 1 week, by 100 mM NaHCO3 solution for 1 week, and then by 1000 mM 

NaHCO3 solution for 1 week. For the 1-day sorption samples, the U(VI) desorption percentage 

increased to 73% and 72% for the low and medium Fe soils, respectively during the 1-week 

desorption by 10 mM NaHCO3 solution (Fig. 9A and 9B), while the U(VI) desorption percentage 

increased to 47% for the high Fe soil over a week (Fig. 9C). For the 1-month sorption samples, 

the percentage of U(VI) desorption by 10 mM NaHCO3 solution increased to 64% for the low Fe 

soil, to 46% for the medium Fe soil, and to 34% for the high Fe soil over a week (Fig. 9A-C).  

Subsequent extraction of the 1-day sorption samples by 100 mM NaHCO3 solution showed that 

U(VI)  desorption percentage increased from 73 to 88% for the low Fe soil, from 72% to 90% for 

the medium Fe soil, and from 47% to 72% for the high Fe soil over a week (Fig. 9A-C). For the 

1-month sorption samples, U(VI) desorption percentage for the low, medium, and high Fe soils 
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increased from 64% to 84%, from 46% to 67%, and from 34% to 69%, respectively over a week. 

Finally, additional U(VI) desorption by 1000 mM NaHCO3 solution for a week resulted in nearly 

complete U(VI) desorption by ~90-100% for all samples (Fig. 9A-C). This suggests that 1000 

mM NaHCO3 solution is capable of extracting U(VI) from virtually all sorption sites of nano-

goethite in the soils.  

The U(VI) remaining in soils gradually decreased during the sequential desorption (Fig. 9D-F). 

For the 1-day sorption samples, the concentrations of U(VI) in the low, medium and high Fe 

soils decreased from 0.07-0.27 µmol/g to 0.02-0.14 µmol/g by the 10 mM HCO3 extraction, to 

0.01-0.07 µmol/g by the 100 mM HCO3 extraction, and then to ≤ 0.01 µmol/g by the 1000 mM 

HCO3 extraction, respectively. For the 1-month sorption samples, the concentrations of U(VI) in 

the low, medium and high Fe soils decreased from 0.17-0.40 µmol/g to 0.06-0.26 µmol/g by the 

10 mM HCO3 extraction, to 0.03-0.12 µmol/g by the 100 mM HCO3 extraction, and then to 0.01-

0.04 µmol/g by the 1000 mM HCO3 extraction, respectively. 

Although the extent of U(VI) desorption from the low Fe soil by the 10 mM HCO3 extraction 

was comparable between the 1-day sorption and 1-month sorption samples, U(VI) desorption 

from the medium Fe and high Fe soils by the 10 mM HCO3 extraction was significantly lower 

for the 1-month sorption samples than the 1-day sorption samples (Fig. 9A-C). In addition, the 

percentage of U(VI) desorption by the 10 mM and 100 mM HCO3 extractions was lower for the 

medium and high Fe soils than for the low Fe soil, which was more evident for the 1-month 

sorption samples than the 1-day sorption samples. 
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Discussion 

Long term multi-step U(VI) sorption-desorption kinetics 

Although U(VI) sorption is known to occur rapidly (Giammar and Hering, 2001; Fox et al., 

2006), the long term U(VI) sorption results showed that U(VI) sorption did not reach equilibrium 

in several days or weeks and continued to occur over 3 months in all soils with low to high Fe 

content (Fig. 2). There were three distinct stages of U(VI) sorption kinetics: 0-2 days, 2 days-2 

weeks, and 2 weeks-3 months (Fig. 3). The initially rapid sorption of U(VI) within a few hours to 

days followed by a slower sorption of U(VI) over weeks to months can be attributed to rapid 

sorption of U(VI) to external surfaces of goethite and slow diffusion of U(VI) into internal 

nanopores of goethite (Bruemmer et al., 1988). U(VI) desorption also occurred in multiple steps: 

rapid desorption of U(VI) within 24 hours and slow desorption of U(VI) over a week (Fig. 4). 

The two-step U(VI) desorption behavior is attributed to the initial fast desorption of U(VI) bound 

to external surfaces of goethite and the subsequent slower desorption of U(VI) from internal 

nanoporous surfaces of goethite (Wang et al., 2003; Jung et al., 2016). 

While the U(VI) sorption and desorption reactions in sediments have been frequently treated as 

equilibrium reactions (Barnett et al., 2002; Davis et al., 2004; Curtis et al., 2006; Loganathan et 

al., 2009), recent studies found that U(VI) surface complexation is a kinetic process (Qafoku et 

al., 2005; Liu et al., 2008; Liu et al., 2009; Fox et al., 2012; Stoliker et al., 2013), rate-limited by 

mass transfer in intragranular and inter-granular domains in sediments (Bai et al., 2009; Liu et 

al., 2009; Stubbs et al., 2009). The initial rapid sorption reaction is generally considered as a 

reversible sorption step, while the second, slower sorption reaction has been described as a partly 

irreversible sorption process (Li et al., 2012).  
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The experimental results from this study showed that the slow U(VI) sorption process during the 

period of 2 days to 3 months was more dominant than the rapid U(VI) sorption during the first 2 

days for the low and medium Fe soils (Fig. 2). The U(VI) sorption that occurred in the low, 

medium, and high Fe soils during the first 2 days accounts for 27%, 40%, and 53% of total 

U(VI) sorption over 3 months, respectively, while the U(VI) sorption that occurred between 2 

days and 3 months represented 73%, 60%, and 47% of total U(VI) sorption, respectively (Fig. 

2A). The amount of U(VI) sorbed to the low, medium and high Fe soils was 0.08, 0.13, and 0.25 

µmol/g, respectively during the first 2 days, while it was similar for all soil samples during the 

sorption period between day 2 and day 90, ranging from 0.20 to 0.22 µmol/g (Fig. 2A). The 

significant extent of U(VI) sorption to all soil samples with low to high Fe content after the first 

2 days suggests that there were sufficient nanoporous surfaces (pore size < 10 nm) to slowly bind 

U(VI) not only in the medium Fe and high Fe soils (18.4 and 30.4 µL/g) but also in the low Fe 

soil (16.3 µL/g) (Jung et al., 2016).  

 

Irreversible sorption of U(VI) to nanoporous goethite 

In this study, U(VI) desorption by 10 mM NaHCO3 solution for a week was not complete for all 

soil samples with sorption period ranging from 2 days to 3 months (Fig. 4). The percentage of 

U(VI) desorption was 38-76% for the low Fe soil samples, 41-59% for the medium Fe soil 

samples, and 37-63% for the high Fe soils. The U(VI) that is resistant to the 10 mM NaHCO3 

extraction over a week can be considered irreversible in a typical shallow groundwater aquifer. 

Kohler et al (2004) estimated the labile fraction of U(VI) in U-contaminated aquifer sediments 

obtained from a former U mill tailings site at Naturita, CO by the sodium bicarbonate/carbonate 
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(14.4 mM NaHCO3 and 2.8 mM Na2CO3) extraction. Accordingly, irreversible U(VI) ranged 

from 0.02 to 0.33 µmol/g, which increased with higher Fe content. This indicates that significant 

amounts of U(VI) were bound irreversibly to the saprolite soils. It has been reported that 10-100 

mM HCO3 extraction removed U(VI) only partially from U(VI) contaminated sediments or soils 

(Phillips et al., 1995; Gadelle et al., 2001; Curtis et al., 2004; Kohler et al., 2004). Numerous 

previous studies also have shown that sorption-desorption reactions of heavy metals are often not 

completely reversible (McLaren et al., 1986; Ainsworth et al., 1994; Backes et al., 1995; 

McLaren et al., 1998). The irreversible sorption behavior has been attributed to solid-state 

diffusion within oxide particles (Bruemmer et al., 1988), diffusion into micropores and 

intraparticle spaces (Ball and Roberts, 1991; Backes et al., 1995), change in the type of surface 

complex (McBride, 1994), and incorporation into the mineral structure via recrystallization 

(Ainsworth et al., 1994).  

Based on the 10 mM NaHCO3 extraction results, the irreversibility of U(VI) generally increased 

with higher content of nanoporous goethite (Figs. 4, 7, and 9), which suggests that nanoporous 

goethite was most likely responsible for irreversible sorption of U(VI) in the saprolite soils. 

Nanopores may greatly affect the sorption-desorption behavior of U(VI) because of their high 

internal surface area and nanopore confinement effects (Senapati and Chandra, 2001; Wang et 

al., 2003; Jung et al., 2012; Wang, 2014). A strong time-dependence of sorption and non-

reversible desorption behavior that are frequently observed in natural soil or sediment, have been 

attributed to the effect of nanopores or micropores (Pignatello and Xing, 1996; Jeon et al., 2004; 

van Beinum et al., 2005; Hochella, 2008). Internal pore domains within subsurface sediments 

and soil contain a significant fraction of their porosity as nanopores, which may dominate the 

reactive surface area of diverse media types (Zachara et al., 2016). It has been hypothesized that 
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surface chemical processes such as adsorption-desorption in pores ranging between 1 and 100 

nm should be different from larger ones because of (1) confinement-induced changes in water 

properties and their effects on solvation and electrical double layer, and (2) surface curvature 

effects on site density, surface charge, and counterion condensation (Abbas et al., 2008; Prelot et 

al., 2011; Ferreira et al., 2012). As the pore width reduces to 5 nm or less, the interfacial regions 

of opposing surfaces begin to overlap, reducing the diffusivity of aqueous species in the pore 

center to values below bulk, while, for pore widths smaller than 2 nm, layered water structures 

overlap strongly and diffusivity becomes highly sensitive to pore size (Zachara et al., 2016).  

 

Effects of residence time on U(VI) desorption 

The amount of sorbed U(VI) that was resistant to desorption by 10 mM HCO3
- increased with 

increasing prior time of sorption and with increasing Fe content (Fig. 10). More U(VI) became 

irreversibly associated with sorption sites with increasing prior sorption time perhaps because 

U(VI) initially bound to external sorption sites moved to internal sorption sites within 

nanoporous goethite as the residence time increased (Backes et al., 1995). This highlights the 

important role of nanoporous minerals, which provide internal sorption surfaces, in controlling 

the mobility and bioavailability of U(VI) in aged soils or sediments of historically contaminated 

sites. When U(VI) was sorbed over 1 day to 1 month, the percentage of U(VI) that was resistant 

to the 10 mM HCO3 extraction was significantly higher in the soil samples with higher content of 

nano-goethite (Fig. 10A and 10B), which suggests that more internal sorption sites are present in 

the medium and high Fe soils than in the low Fe soil. In contrast, the percentage of irreversibly 

bound U(VI) was similar for all soil samples, ranging approximately from 60% to 70% when 
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U(VI) sorption occurred for 3 months (Fig. 10A). It is also notable that the increase in the 

percentage of irreversibly bound U(VI) with increasing period of sorption was more evident for 

the low Fe soil than for the medium Fe soil or high Fe soil (Fig. 10). This suggests that it took 

more time for U(VI) to be irreversibly bound to soils containing lower nano-goethite content. 

However, with sufficient contact time, a significant quantity of U(VI) can become resistant to 

desorption even in soils or sediments containing low amount of nanoporous minerals, which is 

referred to as a residence time/aging effect (Pignatello and Xing, 1996). Residence time effects 

by soils and soil minerals have been previously documented for organic contaminants and trace 

elements (Steinberg et al., 1987; Ainsworth et al., 1994; Backes et al., 1995; Hatzinger and 

Alexander, 1995; McLaren et al., 1998; Eick et al., 1999). Numerous explanations have been 

given to explain the observed residence time effect, including the formation of multinuclear 

surface complexes or surface precipitates, solid-state diffusion, micropore diffusion, and a 

change in the surface complex (Eick et al., 2001). Further study is needed to better understand 

mechanisms of the residence time effect on U(VI) sorption to naturally occurring nanoporous 

goethite in aged contaminated soils. 

 

Conclusions and Environmental Implications 

The U(VI) sorption to the ORFRC saprolite soils containing nanoporous goethite in the presence 

of 0-2.5 mM Ca2+ and 2-5 mM HCO3
– at circumneutral pH, occurred rapidly during the first 2 

days and then slowly increased over 3 months. U(VI) desorption from the soils by 10 mM 

NaHCO3 solution exhibited an initial fast desorption step during the first 24 hours, followed by a 

slow desorption step over 1 week. More irreversible U(VI) desorption occurred in the soil with 
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higher amount of nanoporous goethite. Desorption of U(VI) by 10-100 mM NaHCO3 solutions 

resulted in partial and incomplete desorption of U(VI) from the saprolite soils.  Desorption-

resistant fraction of U(VI) increased with increasing sorption period, which indicates that aging 

led to a reduction of reversible U(VI) fraction perhaps due to the increasing sorption of U(VI) to 

irreversible sites within nanopores of goethite with longer residence time.  

The effects of residence time on the sorption-desorption of uranium need to be understood to 

accurately predict the potential mobility and bioavailability of U(VI) in the subsurface that has 

been contaminated for many years. Many uranium contaminated sites such as the Hanford Site 

and the Rifle Site have existed for several decades. Therefore, U(VI) in those historically 

contaminated aged soils or sediments is likely to be associated with irreversible binding sites 

such as nanopore surfaces. Intragranular pore space often contains a significant fraction of the 

reactive surface area, and can thus strongly affect the transport of sorbing solutes although 

intragranular pore space within grain aggregates, grain fractures, and mineral surface coatings 

may contain a relatively small fraction of the total porosity within a porous medium (Hay et al., 

2011). For example, in the Hanford 300A sediments, intragranular porosity is small, representing 

~1% of the sediment skeletal volume, but the intragranular pore space contains a significant 

portion of the surface area (~20–35%), and thus provides a substantial portion of chemical 

sorption sites (Hay et al., 2011). 

It is hypothesized that in the initial stage of contamination, contaminants fill macropores and 

sorb onto the surfaces of matrix aggregates, while with aging, contaminants enter into nanopores 

and micropores and trapped within these spaces, or penetrate into remote end of extremely 

narrow and tortuous paths, and hence become difficult for desorption (Steinberg et al., 1987; 
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Pignatello and Xing, 1996; Eick et al., 1999). When the slow desorption of U(VI) from 

nanopores is ignored, the extent of desorption will be underestimated, and thus the mobility and 

bioavailability of U(VI) will be incorrectly predicted, resulting in the wrong choice of 

remediation technology (Pignatello and Xing, 1996). The reversible desorption model has failed 

to predict the long-term persistent release of contaminants to the environment and the existence 

of irreversible fractions has hindered the closure of many cleanup operations (Kan et al., 1998). 

The slow desorption of U(VI) from sorption sites within nanoporous mineral surfaces is likely to 

cause the persistent contamination of groundwater U(VI) in a number of DOE sites (Zachara et 

al., 2016). Contaminant plumes in the aquifers of DOE sites can tail more extensively and 

require longer time to be flushed out, and consequently contaminated soils and sediments will 

exhibit greater resistance to biological, physical, or chemical remediation (Wu and Sun, 2010). 

On the other hand, contaminated soils and sediment containing higher amount of nanoporous 

mineral surfaces can be less hazardous than expected because U(VI) is less likely mobilized from 

nanoporous mineral surfaces. This study highlights that the irreversible sorption behavior of 

U(VI) and the effects of residence time on U(VI) desorption in contaminated soil or sediments 

that commonly contain nanoporous minerals need to be investigated through long-term sorption-

desorption experiments prior to the implementation of remediation technologies.  
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Fig. 1. High-resolution transmission electron microscopy (TEM) images of nano-goethite in saprolite subsoils from the Oak Ridge Field Research 
Center (ORFRC). Goethite nano-crystals are more crystalline in the low Fe soil than in the medium Fe soil or the high Fe soil, while goethite in 
the high Fe soil was dominated by aggregates of poorly crystalline nano-crystals whose structure state was between ideal goethite and ferrihydrite. 
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Fig. 2. Sorption kinetics (A: sorption % and amount of sorbed U(VI); B: distribution coefficient, 
Kd) of 50 µM U(VI) to 1 g of the ORFRC soils in 10 mL of 0.1 M NaNO3 solution containing 2.5 
mM Ca2+ and 5 mM HCO3

– at pH of ~7 over 3 months. The plotted data show the average of 
duplicate samples with error bars representing standard deviation.  
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Fig. 3. Change of U(VI) sorption rate (A: sorption%/day and B: µmol/g/day) during sorption over 
a period of 3 months (day 0 to day 2, day 2 to day 14, and day 14 to day 90) for the low Fe, 
medium Fe, and high Fe soils. 
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Fig. 4. Percentage of U(VI) desorption and the amount of U(VI) sorbed to saprolite soils (A and D: low Fe, B and E: medium Fe and C and F: high 
Fe) during the 1-week desorption by 10 mM NaHCO3 solution after sorption of 50 µM U(VI) in the presence of 2.5 mM Ca2+ and 5 mM HCO3

–  
over 2 days, 1 week, 1 month, and 3 months.
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Fig. 5. U(VI) desorption rate in % per day (first 1 day and day 1 to day 7) during the 1-week 
desorption by 10 mM NaHCO3 solution after sorption of 50 µM U(VI) to the low Fe soil (A), the 
medium Fe soil (B), and the high Fe soil (C) over 2 days, 1 week, 1 month, and 3 months in the 
presence of 2.5 mM Ca2+ and 5 mM HCO3

–  . 

0

10

20

30

40

50

2 days
sorption

1 week
sorption

1 month
sorption

3 months
sorption

U
(V

I)
 d

es
o

rp
ti

o
n

 %
 / 

d

0-1 day

1-7 days

0

10

20

30

40

50

2 days
sorption

1 week
sorption

1 month
sorption

3 months
sorption

U
(V

I)
 d

es
o

rp
ti

o
n

 %
 / 

d

0-1 day

1-7 days

0

10

20

30

40

50

2 days
sorption

1 week
sorption

1 month
sorption

3 months
sorption

U
(V

I)
 d

es
o

rp
ti

o
n

 %
 / 

d

0-1 day

1-7 days

A

C

B



34 
 

 
 
 
Fig. 6. Sorption of 50 µM U(VI) (A: U(VI) sorption % and amount of sorbed U(VI); B: 
distribution coefficient, Kd) to saprolite soils in 0.1 M NaNO3 solution for 1 week (with 0 mM 
Ca2+ and 2 mM HCO3

–) and 3 months (with 2.5 mM Ca2+ and 5 mM HCO3
–). The plotted data are 

the average of duplicate samples with error bars representing standard deviation.  
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Fig. 7. Desorption of U(VI) from saprolite soils by 10 mM NaHCO3 solution over 2 weeks and 2 
months after  sorption of 50 µM U(VI) in the presence of 2 mM HCO3

– for 1 week (A and B) and 
in the presence of 2.5 mM Ca2+ and 5 mM HCO3

– for 3 months (C and D). 
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Fig. 8. Sorption of 50 µM U(VI) to saprolite soils in 0.1 M NaNO3 solutions containing 2.5 mM 
Ca2+ and 5 mM HCO3

– for 1 day and 1 month (A: U(VI) sorption % and amount of sorbed U(VI); 
B: distribution coefficient, Kd). 
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Fig. 9. Sequential desorption kinetics of U(VI) by 10, 100, and 1000 mM NaHCO3 solutions for a total of 3 weeks (1 week for each desorption 
step) after sorption of 50 µM U(VI) to saprolite soils (Low Fe: A and D, Medium Fe: B and E, High Fe: C and F) in 0.1 M NaNO3 solutions 
containing 2.5 mM Ca2+ and 5 mM HCO3

– for 1 day and 1 month. 
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Fig. 10. Percentage of  U(VI) that is resistant to desorption by 10 mM NaHCO3 solution  after 
sorption of 50 µM U(VI) to saprolite soils (Low Fe, Medium Fe, and High Fe) in the presence of 
2.5 mM Ca2+ and 5 mM HCO3

– for 2 days to 3 months (A) and for 1 day and 1 month (B). 
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