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EXECUTIVE SUMMARY 

During FIU Year 4, two subtasks related to the Hanford Site were carried out under Task 1 of 

Project 2. Subtask 1.1 conducted literature search on several solubility measurement approaches 

necessary to determine uranium mobility in the post-treated soil and initiated isopiestic 

measurements that most closely mimic the unsaturated vadose zone environment. For this 

subtask, FIU-ARC completed a literature review, fabricated an isopiestic chamber equipped with 

a pressure transducer connected to the acquisition system and initiated preliminary testing to 

evaluate the experimental procedures. Experimental studies also continued for mineralogical and 

morphological characterization of NH3-treated U(VI)-bearing solids precipitated from the 

solution mixture containing major pore water cations and ions that could be present in pore water 

from mineral phase dissolution. For this subtask, FIU explored alternative sample preparation 

methods that help to increase an atomic percentage of U(VI) in the composition of solid phases 

for more accurate identification of known U phases via X-ray diffraction. This research is still 

on-going and might require preparation of new samples to continue identification of solid phases. 

Currently, two graduate students are involved in this research, including DOE Fellow Robert 

Lapierre, working towards a master’s thesis and DOE Fellow Claudia Cardona, a Ph.D. 

candidate, working towards her Ph.D. dissertation. 

Subtask 1.2 completed a series of experiments to qualitatively and quantitatively characterize 

changes on the bacteria surface after uranium exposure and evaluate the effect of bicarbonate 

ions on U(VI) toxicity of a less uranium tolerant Arthrobacter oxydans strain, G968, by 

analyzing changes in adhesion forces and cell dimensions via profile plots. In addition, 

supplementing AFM analysis, cell viability was assessed by the Live/Dead BacLight Bacterial 

Viability Kit (Molecular Probes) to quantitatively illustrate how bacterial cells are affected when 

exposed to uranium in the presence of varying concentrations of bicarbonate ions. The results of 

this research were included in the DOE Fellow Paola Sepulveda’s thesis who graduated in the 

spring of 2014.  

During FIU Year 4, two new subtasks related to the Savannah River Site (SRS) were added 

under Task 2. SRS was one of the major producers of plutonium for the U.S. nuclear program 

during the Cold War. Since then, it has become a hazardous waste management facility 

responsible for nuclear storage and remediation of contaminated soil and groundwater from 

radionuclides. Intended and accidental leakages of acidic waste solutions from the F/H-Area 

facilities created a contaminated groundwater plume with an acidic pH between 3-5.5, polluted 

with a variety of radionuclides and chemicals. Subtask 2.1 provided FIU’s support for 

groundwater remediation at the SRS F/H Area. Thus far, experiments were performed on the 

designed experimental matrix that involved 3.5 mM colloidal silica, 10 ppm humic acid, and 

natural sediments collected from the F/H Area, to simulate the uranium removal process from the 

solution in the pH range from 3 to 8. Uranium analyses were done on filtered and unfiltered 

samples to account for uranium adsorbed to the colloidal Si or HA particles. Analysis by means 

of ICP-OES provided information on Si and Fe in the solution. DOE Fellow Hansell Gonzalez, a 

PhD student, is supporting this task.  

Task 2.2, Monitoring of U(VI) bioreduction after ARCADIS demonstration at F-Area, was 

focusing on microcosm experiments to replicate the treatment performed by ARCADIS at SRS 

and investigating the mineralogical changes that occur in the soil due to the addition of molasses. 
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The study aimed to determine whether forms of reduced iron such as siderite and pyrite would 

arise in the reducing zone and if any mineralogical changes occurred in sediments during the re-

oxidation period when treated sediments were exposed to air. Once completed, these experiments 

would help to explain the types of reactions that might occur after turning the aquifer from an 

aerobic to an anaerobic environment.  

Detailed task descriptions and deliverables and milestones can be found in the Project Technical 

Plan (Appendix 1). 
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INTRODUCTION  

Past practices of waste disposal operations allowed radioactive waste discharges to retention 

basins, trenches, or cribs where the waste percolated into the soil. These leakages influenced the 

vadose zone sediments by creating a potential source for groundwater contamination and risk to 

receptors, those who will use these groundwater resources down gradient, through water uptake 

from contaminated wells or discharge to surface water. Uranium (VI) is a key contaminant of 

concern at 18 U.S. Department of Energy (DOE) facilities within the United States. In neutral or 

basic pH conditions, uranium undergoes hydrolysis in aqueous solutions and can readily 

complex with a wide variety of ligands. Common ligands in the environment that form a diverse 

suite of aqueous uranyl complexes include: hydroxyl, phosphate, carbonate, silicate and organic 

substances. These complexation reactions often result in the formation of mobile aqueous species 

or precipitation of U-bearing minerals. Soil properties, groundwater and pore water 

characteristics have a tremendous effect on uranium speciation and the formation of mineral 

phases. Surveys of the Hanford Site contaminated areas suggested that carbonate and hydrogen 

carbonate are the major ions in the groundwater composition and in pore water saturated with Ca 

and Mg-carbonates. In a bicarbonate-rich environment, carbonate anions are an important 

complexing agent for U(VI), forming highly soluble and stable uranyl dicarbonate UO2(CO3)2
2-

 

and uranyl tricarbonate UO2(CO3)3
4-

 complexes, which become the predominant aqueous species 

at pH 7.0-8.0. There is a growing concern that elevated uranium concentrations could slowly 

migrate downward, creating a risk of higher U concentrations reaching the groundwater and then 

entering the Columbia River along the shoreline.  

Environmental factors, such as pore water ion composition, have tremendous effect on both 

uranium and its mineral phases. Additional research is necessary to understand the effect of these 

factors on the behavior of U(VI) in vadose zone sediments before implementation of the 

ammonia gas injections technology. 

Based on the results of this investigation, Project 2 has accomplished the following in 2013-

2014:  

 Completed a progress report on characterization of new samples prepared to minimize 

nitratine impact (April 2014).  

 Completed a progress report on atomic force microscopy assessment of bacterial cells 

exposed to U(VI) (April 2014). 

 Completed a progress report on the results for batch experiments using colloidal silica, 

humic acid, sediments and U(VI) (March 2014). 

 Completed a progress report on microcosm studies prepared with SRS sediments 

(February 2014). 

 A manuscript was published in the Environmental Chemistry Journal. Gudavalli, R.P., 

Katsenovich, Y., Wellman, D., Lagos, L., and B. Tansel, 2013. Quantification of kinetic 

rate law parameters for the dissolution of sodium meta-autunite as a function of aqueous 

bicarbonate concentration, Environmental Chemistry, 10, 6, p.475-485 

http://dx.doi.org/10.1071/EN13117.  

 A manuscript was published in the Chemical Geology journal. Gudavalli, R.P., 

Katsenovich, Y., Wellman, D., Idarraga, M., Lagos, L., and B. Tansel, 2013, Comparison 

of the kinetic rate law parameters for the dissolution of natural and synthetic autunite in 
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the presence of bicarbonate ions. Chemical Geology, 351, p. 299-309.  

 Two manuscripts were prepared for the submission to the peer review journals: The 

Effect of Bicarbonate on the Microbial Dissolution of Autunite Mineral in the Presence 

of a Low U(VI)-Tolerant Strain, Arthrobacter oxydans G968 and A Study of Cell 

Viability on DOE Hanford Soil Isolates: Effect of U(VI) and Bicarbonate.  

 DOE Fellow Paola Sepulveda graduated with an MS degree in biomedical engineering 

and DOE Fellow Valentina Padilla with an MS degree in environmental engineering. 

 Presented results of research at the Waste Management 2014 (WM2014) Conference 

(March 2014). 

o Rate of Uranium Release from Calcium Meta-Autunite: Effect of Bicarbonate 

Solutions on the Dissolution (14218). Ravi Gudavalli, Yelena Katsenovich, Leonel 

Lagos, Dawn Wellman (Oral presentation). 

o  The Effect of Ca Ions on the Removal of U(VI) via In-Situ Ammonia Gas Injection 

at the Hanford Site 200 Area (14434). Yelena Katsenovich, Claudia Cardona, Leonel 

Lagos (Oral presentation). 

o A Study of Cell Viability on DOE Hanford Soil Isolates: Effect of U (VI) and 

Bicarbonate (Student poster), Paola Sepulveda (DOE Fellow).  

o The effect of Si and humic acid on U(VI) removal from the SRS F/H area 

groundwater (Student poster), Joel McGill (DOE Fellow), Yelena Katsenovich. 

o Microcosm study on mineralogical changes of post molasses injection with SRS F-

area sediments (Student poster), Valentina Padilla (DOE Fellow). 

o Characterization of the uranium-bearing products of novel remediation technology 

(Student poster). Robert Lapierre (DOE Fellow), Yelena Katsenovich. 
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TASK 1.1: SEQUESTERING URANIUM AT THE HANFORD 200 
AREA BY IN SITU SUBSURFACE PH MANIPULATION USING 

AMMONIA (NH3) GAS INJECTION 

INTRODUCTION 

One of the goals of the remediation efforts at the Hanford Site 200 Area is to predict the behavior 

and fate of vadose zone uranium contaminants, which are considered as a potential source of 

contamination for the underlying groundwater system. The technology under consideration to 

sequester U(VI) is a manipulation of soil pH via ammonia gas injection to the uranium-

contaminated soil. The soil pH manipulation causes uranium co-precipitation during 

mineralogical changes and the formation of uranium-bearing precipitates in the treated vadose 

zone soil. The injection of reactive gases such as NH3 can reduce the potential for radionuclide 

mobility in the subsurface without water addition causing undesired downward contaminant 

migration. The formation of a relatively insoluble mineral complex that contains uranium is very 

valuable for the environment because immobile contamination will spread less in the subsurface. 

However, there is a need for a better understanding of the stability of the U-bearing precipitates 

created in the soil as a result of remedial actions. This information would help to accurately 

predict the mobility of U(VI) in the post-treated vadose zone soil. 

This report discusses literature approaches for solubility measurements necessary to determine 

uranium mobility in the post-treated soil. Emphasis is given to the isopiestic method that most 

closely mimics the vadose zone environment. The report also evaluates the experimental 

procedures of the solubility experiments and presents initial data to validate the accuracy of 

measurements taken from isopiestic apparatus. 

DETERMINATION OF SOLUBILITY  

Solubility is dependent on many factors present in the environment and it relies on attributes of 

both the solvent and the solute. The traditional method to determine solubility is to measure the 

amount of solute that can be dissolved in a solvent until the system reaches equilibrium. By 

determining the solubility of a compound, Gibbs free energy of formation and other important 

thermodynamic constants such as enthalpy and entropy can be calculated. Additionally, the 

solubility of a compound determines its mobility in the subsurface to a great extent and the 

potential for its diffusion into the groundwater. This is especially important when dealing with 

environmental contaminants such as uranium or other radionuclides.  

There exist several techniques to measure solubility. To mimic solubility of solid phases in the 

saturated environment, it is best to conduct solubility tests in batch reactors and measure the 

amount of solute that will dissolve in a given amount of solvent. However, quantifying mineral 

solubility under unsaturated conditions using this traditional approach will result in an inaccurate 

value. Quantification of mineral solubility for vadose zone environments needs to consider the 

isopiestic method which allows for a more accurate determination of the relevant solubility data. 

The water activity and osmotic coefficient determined via the isopiestic method will provide a 

better understanding of the solubility behavior U-bearing precipitates in vadose zone 

environments. One of the first steps to take when performing solubility experiments is to 

characterize samples taken from the environment or synthetically synthesized. 
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SAMPLE PREPARATION 

If the solvent of interest is soil pore water, then it should be prepared to comprise most of the 

ions that the real pore water contains. This can be done by taking samples of sediments from the 

environment under consideration and then spinning them in an ultracentrifugation process. This 

involves removing sediments, homogenizing them, and then centrifuging for 8 hours at 500 rcf. 

The procedures yields pore water, which can then be analyzed to determine the ion composition 

and its aqueous speciation (MINTEQA2 code) (Liu et al., 2004). If the experiments are to be 

carried out with soil, then the soil should reflect the consistency and make-up of the environment 

that is being studied. In the experiments carried out by Kohler et al. (2003) using illite, samples 

for the dissolution were prepared by grinding, sieving and washing in an acidic sodium acetate 

solution to remove carbonate impurities. They also pre-dissolved the mineral before the 

solubility experiment. Some of the samples were pre-dissolved in 0.01 M HCl and others in 0.01 

M NaOH solutions (Kohler et al., 2003). 

Gorman-Lewis et al. (2009) implemented solubility experiments in a batch reactor using 

synthetic uranyl phosphate minerals. Liu et al. (2004) conducted solubility experiments for 

uranyl compounds using an electrolyte mixture, prepared on sodium nitrate/bicarbonate solution 

at an ionic strength of 0.05, which was synthesized from NaNO3, NaHCO3, NaOH, and/or 

HNO3. Some solutions were also made with calcite and Ca(ClO4)2 and then allowed to 

equilibrate for 12 months. Both electrolyte solutions were exposed to the air to attain carbon 

dioxide equilibrium. They also prepared their solute by washing it in electrolyte solutions but not 

air dying, so that it remains as    . 

After preparing the solutes, Gorman et al. (2009) boiled them in water, air-dried and then 

analyzed the particles. Perez et al. (2000) kept the solid phase mineral in a glass Parr bomb with 

water for about 18 days in order to improve the crystallinity. When testing soddyite’s solubility, 

Giammar et al. (2002) allowed the flask to reach equilibrium with CO2 before and after adding 

the soddyite; however, during the experiment, the flasks were capped. Rai et al. (2005) prepared 

their solvent by deaerating deionized water and storing it in an argon atmosphere. They also 

pretreated the plutonium to be tested by ozonating it before the experiment as well as 

equilibrating the precipitate in the mother solution for four days and then centrifuging and 

washing in pH 10 deionized water (with 0.005 M NaOCl). These steps helped to maintain 

plutonium in a hexavalent state. 

Analysis of solute 

Another necessary step in solubility experiments is to do characterization studies of the solute 

before and after testing to ensure that it has not transformed into the secondary solid phase. In 

case of the formation of secondary phases, the solubility constant cannot be used to calculate 

thermodynamic constants, unless the secondary and initial phases are both in equilibrium. To 

determine what compounds are present before and after the experiment, X-ray diffraction 

analysis, spectroscopy, or chemical analysis should be implemented. Kohler et al. (2003) 

analyzed the solute (illite) prior to the experiment in order to ensure its purity through the use of 

X-ray diffraction and SEM/EDS for the composition. Kohler et al. (2003) also employed the 

Molybdate Blue method established by Koroleff in 1976, and used a Perkin-Elmer ELAN 6000 

ICP-MS to analyze the concentrations of various elements (Si, Al and Mg) of the solute 
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dissolved into the solvent. In addition, they used the BET method to calculate the particles’ 

surface area (Kohler et al., 2003). 

Gorman-Lewis et al. (2009) analyzed the solute (uranyl hydrogen phosphate, uranyl 

orthophosphate, and autunite) throughout the solubility experiment using ICP-OES. This 

instrument determines the concentrations of dissolved elements (uranium, phosphate, calcium, 

and oxygen) of the solute in the solution. They also analyzed and characterized the solute before 

the experiment as well as after experiments by sampling 10 mg of residue at the end of the 

experiment to ensure that it had not undergone a change. Giammar et al. (2002) conducted X-ray 

diffraction analysis and used a scanning electron microscope to analyze the solute, soddyite, 

composition throughout the experiment. Perez et al. (2000) implemented X-ray powder 

diffraction, scanning electron microscopy, and ICP-MS for chemical characterization and Fourier 

Infrared spectroscopy to characterize the uranophane mineral. 

Rai et al. (2004) carried out extensive analysis to calculate uranium, plutonium and phosphorous 

concentrations via ICP-MS to test the samples taken throughout the experiment. In addition, a 

Wallace liquid scintillation counter was used to count alpha activity to determine the activity of 

the plutonium in the solution. The oxidation state of plutonium was found using a computer- 

interfaced Cary-14 ultraviolet-visible-near-infrared (UV-VIS-NIR) X-ray absorption near edge 

spectroscopy. The JADE 3.0-PDF cards were used as a reference for the X-ray diffraction pattern 

found experimentally. 

Variables of the solubility process 

To carry out the experiment, factors such as temperature, pH, water activity and carbonate 

concentration should be controlled. These variables can greatly affect the solubility of a 

substance. Gorman Lewis et al. (2009) used a pH meter in their experiments to continuously 

monitor the vessels pH. In order to keep the pH constant, they used HNO3 and/or NaOH or KOH 

as buffers when carrying out solubility experiments with uranyl hydrogen phosphate, uranyl 

orthophosphate, and autunite. It is optimal to choose a buffer whose ionic strength has been 

calculated to match the ionic strength of the experiments. 

Giammar et al. (2002) also implemented solubility experiments using a uranium mineral 

soddyite in a batch reactor. Since they were investigating the dissolution of soddyite, certain 

experimental steps were taken to ensure it didn’t react when joined with the solvent. The pH 

level of the experiment was chosen at a value at which there is limited formation of other uranyl 

complexes. In this case, they determined that the minimal formation of uranyl carbonate species 

occurred at pH 6. The pH was initially set using NaOH and the type of buffer used was the one 

with a very low affinity for metal complexation [5 mM 2-(n-morpholino) ethanesulfonic acid 

(MES) buffer]. These are important considerations because they all reduce the risk of secondary 

reactions which would make the solubility experiment invalid. 

When Liu et al. (2004) investigated the dissolution of various uranium complexes such as 

metashoepite, becquerelite, metaautunites and chernikovite, they used NaNO3, NaHCO3, NaOH, 

or HNO3 to set the pH at different values. Ilton et al. (2006) set the pH for their Na-boltwoodite 

solubility experiments using carbonate free 0.1 M NaOH. Rai et al. (2005) used HCl and NaOH 

to adjust the pH to test uranium and plutonium phosphates, when there was 0.001 and 0.01 M 

phosphate. But when the phosphate was variable between 0.001 and 1.0 M, they used H3PO4 and 
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NaH2PO4 to set the hydrogen ion concentration at a constant value (          using GMIN 

code and Pitzer parameters. At high ionic strengths, measured pH was not able to accurately 

express the hydrogen ion concentration or the activity occurring in the solution. 

                   Eq 1 

Where A is the conversion depending on the composition of the solution. Felmy et al. (2005) 

also used this conversion equation when determining the solubility of NaUO2PO4*xH2O. For 

their NaNO3 solvent solution, A was -0.037 for 0.5 M NaNO3 and 0.315 for 3.0 M NaNO3, 

found using a titration method. 

It has been found that impurities can affect a compound’s solubility. This is because the impurity 

may bind to the compound’s surface and thus reduce the surface area that is in contact with the 

solvent. An example of the effect of impurities is silica’s reduced solubility in the presence of 

aluminum (Iler et al., 1979). To remove carbonate impurities, Kohler et al. (2003) washed the 

solute (illite) in an acidic solution. In the case of uranium oxides, it has been found that as 

bicarbonate concentrations increase so does the uranium compound’s solubility. Higher 

concentrations of other complexants can also increase the rate of dissolution of compounds. 

Ilton et al. (2006) investigated Na-boltwoodite’s solubility with varying concentrations of 

bicarbonate. The concentrations were chosen based on conditions at the Hanford site: 0, 0.1, 0.3, 

0.6, 1.2, 3.5, 6, 12, 20, 30 and 50 mM NaHCO3. They found that increasing carbonate and pH 

levels caused a significant increase in the Na-boltwoodite solubility as well as in all uranium 

silicates. They also purified their samples prior to the experiment by washing them in boiling 

water and then vacuum drying them. 

It has been observed by Perez et al. (2000) that the rate expression is proportional to carbonate 

concentrations for uranophane dissolution and, for uranyl oxyhydroxide dissolution in 

bicarbonate solution, the rate order was 0.65 in ratio with the total carbonate concentration 

(Steward and Mones, 1997). Lie et al. (2004) recorded a ratio of 15:(17-20) for the increase in 

magnitude of the dissolution rate to the increase in bicarbonate activity. The steps controlling the 

uranium dissolution in the presence of carbonate was electron transfer, coordination of carbonate 

species on its surface, and the detachment of uranium-carbonate species from the surface. 

(Further details on the effect of carbonate concentrations are provided in the section titled, 

“Factors affecting solubility”.) 

Another factor Kohler et al. (2003) took into consideration was particle surface area. They 

measured the surface area of the mineral particles of illite since particle surface area is a factor 

that can influence solubility. This was done through argon absorption following the B.E.T. 

method and they found the surface area to be about 130 m
2
/g for the illite particles. Ilton et al. 

also measured the surface area of their particles of Na-boltwoodite using the BET method. They 

calculated a surface area of about 30.78 m
2
/g. 

Other steps to minimize reactions occurring to the solute include limiting exposure time to 

oxygen which could cause redox reactions. In a solubility experiment by Liu et al. (2004), the 

authors did not allowed their mineral species to be exposed to the air for long periods of time so 

that their mineral would not be oxidized. Ilton et al. (2006) confined the solution to an argon 

atmosphere. In the experiments conducted by Gorman-Lewis et al. (2009), the pH of the solvent, 
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in this case pore water, was held constant. The pH was set by considering the various elements in 

the solvent. Through a trial and error method, the pH was set at the value which yielded a near 

zero saturation index of calcite, mimicking the conditions of the natural pore water. The solution 

containing calcite was combined with an electrolyte solution and filtered to eliminate solid 

calcite particles (Liu et al., 2004). 

Furthermore, in order to determine activity coefficients in an experiment, the water activity must 

be known and controlled throughout the entire experiment. Berberich et al. (2003) reported that 

salt hydrates well as water activity buffers in ionic liquids and organic solvents. In their 

experiments, they monitored the water activity using humidity sensors, which were equilibrated 

using dry nitrogen, deionized water and salt solutions (LiCl, K2CO3, and NaCl). To control the 

water activity of the ionic liquid 1-butyl-3-methylimidazolium hexafluorophosphate, Berberich 

et al. (2003) combined 10 g of it with less than 0.1% wt water to 20 mL of 0.2 g/mL of the 

higher salt hydrate (salt hydrates used: NaI, Na2HPO4, NaAc, CuSO4, Na4P2O7, Na2HPO4, and 

Na2HPO4). This container was then kept at a constant temperature and shaken. Periodically, 

samples were extracted and removed and the water content was measured. A salt hydrate pair 

can control the water activity as long as there is at least a small amount undissolved in the 

system. Pre -equilibration of an ionic liquid over a saturated salt solution is another method to 

control water activity but it takes longer to reach equilibrium and is only applicable to initial 

measurements. 

Christian et al. (1963) employed a solute isopiestic equilibration technique that involved 

distributing by vapor contact a volatile solute (water) between a phase of known water activity 

and the organic solution. The experimental isopiestic chamber with the solution was equilibrated 

at the known constant water activity. A beaker containing a solution or solid of known relative 

humidity was placed on the bottom of the chamber, which was sealed airtight throughout the 

equilibration process. The half-life for equilibration was calculated as: 

      
     

  
  
 

  
  

      Eq 2 

Where   
  represents the final concentration of solute in the solution corresponding to the 

equilibrium partial pressure   
  (Christian et al., 1963). 

Blanco et al. (2006) also employed an isopiestic technique. They prepared their solutions by 

weight and then the cups were placed in a steel block kept in a bath at a constant temperature. 

The whole apparatus was placed in a modified glass vacuum desiccator, which was equilibrated 

to a constant pressure by pumping air out (4.5 kPa). Throughout their equilibration experiment, 

they weighed the cups periodically; from this, they were able to determine the molality of the 

solutions. When the solutions in all the samples had the same molality, they concluded that the 

system had reached equilibrium. They used potentiometric titration with silver nitrate for anion 

analysis and potentiometric titration with NaTPB for cation analysis. 

Park et al. (1998) used a 140 mL four- necked isopiestic apparatus. Using a necked flask reduces 

the time it takes for the heat to transfer to reach equilibrium compared to a conventional 

isopiestic apparatus. The system was set at a constant pressure by vacuuming out air; vacuuming 

also removes any dissolved gases in the sample solutions. The isopiestic apparatus was placed in 

a water bath with a temperature controller to maintain a constant temperature. The molality of 
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the solutions was determined from their measured weight and the following equation was used to 

calculate the activity of the water: 

        
    

  
      Eq3 

Where    is the activity of the solvent,   is the chemical potential of the solvent,    is the 

standard state chemical potential of the solvent, R is the gas constant and T is the absolute 

temperature. 

Blanco et al. (2006) took this type of isopiestic apparatus one step further by implementing one 

with 12 legs. The volume of their apparatus was 2400 mL and to all 12 legs were attached 25 mL 

flasks in which the solutions were kept. The entire apparatus was vacuumed until the pressure 

was around 4.5 kPa and the cups were weighed at intervals varying from 8 days to 2 weeks until 

the system reached equilibrium. The apparatus was submerged in a bath at a constant 

temperature (298.15±0.1) K, in which it circulated about its central axis via a rotating motor. 

This temperature controlled bath was enclosed in a larger air thermostat. Of the 12 cups, they 

filled two with NaCl reference solutions, nine with the KCl solutions whose solvent activity was 

being calculated, and one cup was used as a reservoir for water. Buoyancy corrections were 

applied and they calculated the solvent’s activity using the same equation given by Park et al. 

(2004). To calculate the water activity, Amado and Blanco (2004) used the following formula: 

                            Eq 4 

Where    is the water activity,    is the salt stoichiometric coefficient,    is the salt molality, 

   is the solvent’s molecular weight, and      is the practical osmotic coefficient of the 

reference salt solution. 

Lin et al., (1996) used a nine legged isopiestic apparatus. The 10 cm
3
 flask was evacuated of air 

before the process slowly reached equilibrium. In the nine flasks, three were filled with a 

standard KCl solution (isopiestic reference), two with NaCl solution and four with the solutions 

whose water activities were being determined. For a polymer/salt system, they filled 2 flasks 

with MgSO4 or (NH4)2SO4, three contained KCl solutions, one contained pure polymer, and 

three contained polymer/salt mixtures. Then it was sealed and placed in a constant temperature 

bath consisting of two tanks. The outer tank was used to prevent temperature fluctuation and the 

inner tank equilibrated the sample. The isopiestic apparatus was rotated around in the 

temperature bath at an angle and the nine attached flasks also rotated about the central axis. Each 

sample flask was weighed to determine the molality. Prior to removing the sample flasks for 

weighing, dry preheated air was pumped into the cell to prevent condensation (Lin et al., 1996). 

Solubility experiments in batch reactors 

Gorman-Lewis et al. (2009) conducted two types of batch solubility measurements, under 

saturated and supersaturated conditions. For the under saturated experiments, they added 350 mg 

of the solid phase of the solute (autunite) to 125 cm
3
 of pure water used as a solvent. The 

supersaturated experiments consisted of adding 350 mg of the mineral to a solution, which 

already contained stoichiometric concentrations of the elements found in the solute. In the case 

of the solubility experiments with autunite, the solution contained stoichiometric concentrations 

of U, P, and Ca from additions of UO2 (NO3)2, NH4H2PO4, and Ca (NO3)2. If any of the final 
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concentrations of the starting values decreased, then the experiment was classified as 

supersaturated. Each reaction vessel was then sealed and agitated for a period of time. 

Giammar et al. (2002) experimented to determine the solubility of soddyite. For the mineral 

synthesis, 0.1 M UO2 (CH3COO) 2 *2H2O and 0.1 M Na2SiO3*5H2O were combined in a 23-mL 

Parr bomb. This was heated to 110 Celsius for ten days. The precipitated solids were filtered 

with a 0.2 micrometer membrane, washed with boiled deionized water and then diluted with 20 

mL of water. The mass concentration of soddyite was determined by pre-weighing the filter and 

solids and then the solution. 

Ilton et al. (2006) conducted solubility experiments in batch reactors over a 7 day period. They 

combined 0.25 g of the prepared Na-boltwoodite to 100 mL of solution. Additional NaNO3 was 

added to keep sodium concentrations at a constant 50 mM. They tested the solubility at a variety 

of bicarbonate concentrations, representative of the pore water at the Hanford Site to determine 

what its effect on Na-boltwoodite would be (0, 0.1, 0.3, 0.6, 1.2, 3.5, 6, 12, 20 , 30 and 50 mM 

NaHCO3 was used). Some of the samples they tested were preleached with 50 mM bicarbonate 

solution over a 24 hour period to dissolve any contaminants and then were tested in solution with 

1.2, 6 and 50 mM bicarbonate. This pretreatment enabled them to evaluate the effect of 

contamination that a uranium and Si deficient phase would have on the Na-boltwoodite’s 

solubility. 

Perez et al. (2000) tested the solubility of uranophane by placing 0.5 g of the mineral in 100 mL 

of solution in a batch reactor. Samples taken throughout the experiment were filtered through 

0.20 micrometer membranes so that only the uranium that had actually been dissolved would be 

counted. The dissolution rate was calculated by determining the uranium concentration with a 

SCINTREX UA-3 uranium analyzer and determining calcium and silicon concentrations with an 

ICP-AAS analyzer. Also, a small amount of concentrated nitric acid solution was used to prevent 

the samples from precipitating or absorbing. 

Rai et al. (2005) conducted solubility experiments of uranium and plutonium phosphates in argon 

atmosphere chambers. 20 mg of the mineral ((UO2)3(PO4)2·4H2O(s)) was added to 40 mL of an 

aqueous phosphate solution of 0.001 M-1.0 M. For plutonium phosphate solubility tests, 5 mg of 

the solid was added to 30 mL of an aqueous phosphate solution of 0.1-1.0 M and 0.0001-0.1 M. 

Elless and Lee, (1998) tested uranium solubility of carbonate-rich uranium contaminated soil by 

combining 200 g of air-dried soil (with particles less than 4 mm) in 2.5 L deionized water. The 

water was prepared by being allowed to equilibrate with CO2 before mixing with the soil. For the 

first 10 days, the samples were shaken manually three times a day. It is ideal when testing a 

mineral’s solubility to analyze the solution periodically and measure its dissolution over time. 

This is because the dissolution rate may change over time. Elless and Lee, 1998 took samples 

after 1, 3, 7, 14, 21, 28, 70 and 300 days from the initial mixing. The samples were set to rest and 

after an hour, a 50 mL aliquot was taken from each sample. These aliquots were vacuum-filtered 

(0.45 micrometer pore holes). These samples were analyzed for pH, cations and anions, total 

uranium and alkalinity. At the end of the experiment after 300 days, 200 mL of the extracted 

solution, after being filtered, was mixed with 2 g of an anionic exchange resin (DOWEX1-X8, 

50 to 100 mesh). This was shaken for 20 hours and then centrifuged before being analyzed for 

uranium using ICP-mass spectrometry. 
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Ilton et al. (2006) carried out two different batch reactor experiments: (i) experiment with 

sampling that occurred after the full 7 days of the test concluded, and (ii) kinetic experiments in 

which frequent samples were taken. They mixed both batch reactors continuously and from the 

kinetic experiments drew 4-mL samples to be acidified with nitric acid and then analyzed. They 

tracked the pH and determined the dissolution rate of Na-boltwoodite by measuring silicon and 

uranium concentrations. The authors found that dissolution rates initially were quite rapid but 

then decreased over time; this is a trend which many uranium minerals follow. 

Kohler et al. (2003) found that illite’s dissolution rate slowed immensely over time. To track the 

dissolution rate, they extracted 20-mL samples and shook the bottles prior to an extraction. These 

samples were centrifuged (10 min. at 3000 rpm) and then the supernatant was filtered (0.2 

micrometer filter). Filtration is an important step in solubility experiments because it helps to 

eliminate colloids. The particles small enough to be able to pass through the membrane are 

defined as dissolved. But, some particles smaller than the filtration holes could still be caught 

and the retention of these small colloids could cause an underestimation of dissolution rates. 

Kohler et al. (2003) used 0.2 micrometer filters when testing illite solubility; Gorman-Lewis et 

al. (2009) used 0.1 micrometer filters for uranium compound solutions and Rai et al. (2005) used 

40 Angstrom filters for plutonium, uranium phosphate solutions. Rai et al. pretreated their filters 

to prevent absorption or pH changes by acidifying and storing it. They shook the sealed solutions 

throughout the experiment and to take samples, they centrifuged the suspensions and then 

decanted the supernatant. The supernatant was filtered through the acidified filters prior to 

analysis. 

Gorman-Lewis et al. (2009) periodically extracted aliquots from the vessels and, after being 

filtered, diluted and acidified prior to ICP-OES. This analysis determines the dissolved 

concentrations of the various elements (uranium, phosphate, oxygen, and calcium) found in the 

solute (autunite). Ten (10) mg of residue was also collected at the end of the experiment for XRD 

analysis. 

As with the other experiments after adding the soddyite mineral, Giammar et al. (2002) took 

samples by filtering 5 mL of suspension, collecting the last 1 mL of the filtered sample and 

diluting 0.5 mL of it to 5 mL with 1% HNO3. These were then filtered and analyzed. The filter 

paper was mounted on glass slides and dried to be analyzed later with XRD and SEM. To 

measure the uranium concentrations, Giammar et al. diluted 0.5 mL of the unfiltered aliquot to 

10 mL with 10% HNO3. 

Liu et al. (2004) conducted solubility experiments of uranium in the sediment samples in the 

Teflon centrifuge tubes at a sediment/solution ratio of 200 g/L. The tubes were shaken constantly 

and samples were taken after 65, 149 and 197 days. Prior to extracting samples, the tubes were 

centrifuged at 5000 rcf for 20min. The 0.2 mL aliquot of supernatant were removed and then 

acidified (0.1 mol/L HNO3) and diluted before being evaluated via kinetic phosphorescence 

analyzer for uranium (detection limit=4.9 ng/L for    , standard and samples prepared in 0.1 

mol/L HNO3). Control samples containing a known concentration (500 & 100 microgram/L 

     of the mineral were used for comparison (Liu et al., 2004). 

The mineral solubility experiments varied in the time it took to reach a steady state. Gorman-

Lewis et al. (2009) found that their uranyl complexes reached equilibrium in water after 6-12 

days. The under saturated experiment took longer than the supersaturated experiment. 
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Meanwhile, Kohler et al. (2003) ran their experiment for 100 days before the illite reached 

equilibrium in the solvent. In addition, some of the samples tested by Liu et al. never reached 

steady state even after 200 days of reaction. Their explanation was that, in that instance, uranyl 

diffusion in micro fractures was causing a slow dissolution. 

Calculations from solubility data 

Gorman-Lewis et al. (2009) defined the fraction able to pass through the 0.1 micrometer filter as 

dissolved. They plotted the log of mole per kg vs. time for the dissolved concentrations of 

uranium, phosphate and calcium in order to determine the solubility of autunite. Using the 

Debye-Huckel equation, they were able to calculate the activity coefficients for each trial at 

given variations of temperature and pH. Gorman-Lewis et al. (2009) used the extended Debye-

Huckel formula to calculate activity coefficient, ɣ as: 

log(ɣ)=
    

   

      
+bI       Eq 5 

Where A and B are constants with given values of 0.5105 and 0.3285   
 

 
          respectively 

(based on Helgeson et al. (1981)). A=
              

       
 and B=

            

       
, p is the density in g cm^-

3,   is the dielectric constant of water and T is temperature in Kelvins. The I is the ionic strength 

(in molality (m) units of concentration): 

  
 

 
      

        Eq 6 

Where    is the molality of a specific ion and   
 , is the ionic charge of the  th ion in the 

solution. The summation is taken over all ions; a and b are 5.22 and 0.062 that stand for values 

of RbNO3 electrolyte, which was the closest approximation for the uranyl experimental solution 

used. b is an empirical parameter characteristic of the electrolyte and a is dependent on the 

“effective diameter” of the ion in the solution. 

Once the activity coefficient is determined, the solubility can be calculated as: 

 ai = i·Mi       Eq 7 

Where ai is activity; M is the molar concentration of ions and  is the activity coefficient, 

calculated from the Debye-Huckel equation. 

The solubility constant is the product of the activity of all of the ions in the solute: 

            
 
          Eq 8 

Where,  is the activity coefficient and M is the concentration of that ion. 

Gorman-Lewis et al. (2009) were able to determine that the log of the solubility constant for 

autunite was -48.36, -13.17 for uranyl hydrogen phosphate and -49.36 for uranyl orthophosphate. 

Ilton et al. used the Pitzer ion-interaction model and Davies equation to calculate the solubility 

constant. If a*B is equated to one (1) and b is set to 0.2A  
 , then the expression used by Gorman 
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et al. (2009) is reduced to the Davies equation. The Davies equation calculates the log of the 

activity when the ionic strength is less than 0.5 M. 

          
  

  

           
 ]      Eq 9 

They calculated the solubility constant to be the average log of 5.85. 

Liu et al. (2004) calculated the solubility constant of uranophane and Na-boltwoodite using a 

formula with the activities of each aqueous species. For uranophane: 

          
               

    
       Eq 10 

And for Na-boltwoodite: 

         
             

     
       Eq 11 

Where ai is the activity of aqueous species i, that was calculated using the analytical data for 

each sample. From this equation they determined     for uranophane as 11.58 and 6.15 for Na-

boltwoodite. 

Perez et al. (1999) investigated the solubility of uranophane in bicarbonate solutions and they 

were able to calculate the dissolution rate from the uranium concentration, which was plotted as 

a function of time (mol dm
-3

 per hour). The initial dissolution rate was calculated by determining 

the least squares fitting of the uranium concentrations at the beginning of the experiment. This 

initial rate (mole m
-3

 s
-1

) was normalized to the solution volume and total solid surface area in 

the reactor. This normalized dissolution rate is presented as the dissolution rate for uranophane 

(mol s
-1

 m
-2

). The solubility constant was calculated using the following formula, which involves 

the activity constants of calcium, uranyl, silicon and water: 

                     
          

         
     Eq 12 

Furthermore, at high bicarbonate concentrations (greater than 5E-3 mol/dm
3
) when the 

UO2(CO3)3
4-

 complex is the dominant aqueous species, the calculated equilibrium constant for 

the dissolution reaction can be defined as: 

                            
          

              
     Eq 13 

Assuming congruent dissolution, they were able to calculate the equilibrium constant using the 

experimental uranium concentration values and HARPHRQ code. The authors checked these 

values by measuring the calcium and silicon concentrations taken from samples extracted 

throughout the experiment. The log of the solubility constant for uranophane in bicarbonate 

solution was calculated to be about 11.7 (Perez et al., 1999). 

Rai et al. (2004) worked backwards by first predicting the Gibbs free energy of formation of 

their uranium phosphate mineral based on the Guillaumont et al. model (but excluding UO2PO4). 

By using this constant, they were able to calculate the log of the solubility constant as -49.08. 

Giammar et al. also used already published formation constants to calculate their solubility 

constant. They calculated the equilibrium of their system using the program MINEQL+ and the 
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Davies (1962) equation in order to determine the ionic strength corrections. They used 

thermodynamic constants of dissolved uranyl species from Grenthe et al. (1992) and the 

formation constant of UO2(OH)2 (aq) from Silva (1992) and the formation constant of 

UO2H3SiO4 from Satoh and Choppin (1992). They calculated the equilibrium by considering 

various hydrolysis, carbonate complexation and silicate complexation with uranyl cation 

reactions. The equilibrium of soddyite solubility was defined as: 

    
    

   
 
      

     
     Eq14 

Factors affecting solubility 

Phase and molecular structure 

The phase that a compound is in also affects its solubility since each phase has unique properties 

and behaves differently. The attractive forces between gas molecules are very low and this 

allows them to spread out and become completely miscible with another gas. Liquids have more 

prevalent attractive forces between their molecules and so in order to be soluble, the solvent in 

which they are dissolved must have molecular forces strong enough to dissociate the solute 

molecules. When in the solid phase, the solvent must overcome the lattice strength and attractive 

forces between the molecules of each particle. In addition, within the general category of the 

physical phase of a compound, there are different species which might be present. A compound 

in the solid form could be amorphous or crystallized. This difference alone will have an effect on 

its solubility. For example, solid silica compounds can take a crystallized or amorphous 

molecular structure; while both have the same elemental make-up, the amorphous phase of silica 

has a higher solubility (Iler, 1979). This tends to hold true in all cases, with the amorphous phase 

being more soluble than the crystalline phase. Amorphous phase compounds are more soluble 

because their bonds are more easily dissociated since they don’t have the strong crystal lattice of 

a crystalline solid. 

Solubility also varies between different crystalline formations that a given compound can form 

(Gorman-Lewis et al., 2007). Silica can take the solid crystal form of quartz or cristobalite. Both 

are crystalline molecules but cristobalite has a lower density because of its more open structure 

and it also has a more negative enthalpy of solution (Holm et al., 1967; Iler et al., 1979). These 

factors all contribute to cristobalite having a higher solubility than quartz (Iler et al., 1979). 

Different crystalline structures tend to be stable at different thermodynamic conditions, so one 

will occur more prevalently given the conditions than another. One crystalline structure might be 

more soluble than another given the strength of its crystal lattice. If the crystal lattice is not as 

strong in one particle type as in another, then it will dissolve more readily. 

Particle size 

The size of the solute particle also plays a role in the solute’s solubility. As the particle size 

decreases, solubility will increase. This is due to the increasing surface energy that smaller 

particles have. The solvent can surround more solute surface area if the particles are smaller. 

Thus, it will be able to dissolve them easier (Iler et al., 1979; Gorman-Lewis et al., 2007). 
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pH 

pH also affects solubility because, in order for a solution to reach a saturated state, it must be at 

an equilibrium. This dynamic equilibrium can be affected by changing the concentration of 

hydrogen or hydroxide ions. Hydroxide compounds are affected by pH changes because they are 

directly influenced by changes in hydroxide concentrations. If the pH is lowered, this means that 

the hydroxide concentration is lower and so the solubility will increase to try and produce more 

hydroxide ions. This follows Le Chatelier’s Principle. pH also greatly affects the solubility of 

salts of a weak acid. This is because, if we add more hydrogen ions, effectively lowering the pH, 

the chemical reaction of dissolution of the salt will shift to the right and solubility will increase. 

However, pH does not affect the solubility of salts of a strong acid. Beyond these 

generalizations, pH can have a more complex influence on the solubility of other compounds. 

For example, at a pH greater than 9, the solubility of silica greatly increases; silica becomes 

soluble and more mobile. When at a pH above 10.7, amorphous silica will dissolve completely 

(Iler et al., 1979). The pattern that illite’s solubility follows is also typical for the solubility of 

most aluminum silicates and complex mulit-oxides. There is also a rate law describing the 

dissolution rate of oxide minerals as a function of pH. 

 Rate=       
      Eq 15 

Where a is proton activity and is raised to the n
th

 power. There also exists a more general and 

complex form of the dissolution rate equation, which incorporates the reactive surface of the 

mineral, temperature, activities of the protons and species, function of the ionic strength and 

function of the saturation state (Dolejs et al., 2010). 

If solubility experiments are to be done without varying pH, then a constant pH must be 

determined at which to carry out the experiments. This value can be set by mirroring the 

environmental conditions under consideration. If there is an element that has reached equilibrium 

in the solvent, then the desired pH can be calculated by finding the pH at which, for example, 

calcite reaches equilibrium within the ground water. The pH is altered until the saturation index 

of calcite nears zero. This, then, is the pH value that the solubility experiments should be carried 

out at. 

Temperature 

Generally, as temperature increases, the solubility of liquids and solids increases. But for gases, 

it is the opposite and the solubility decreases with increasing temperature (Jones et al., 2012). 

Temperature has such an effect on solubility because, according to Le’ Chatelier’s principle, if a 

reaction is endothermic or exothermic, we can predict in what direction it will proceed if heat is 

added or taken away (erudite.com, 2012). The solubility of minerals tends to increase with 

increasing temperature when below 300-500 Celsius. An alumino-silcate illite becomes 

increasingly more soluble at higher temperatures (Kohler et al., 2003). Calcium containing 

minerals’ solubility increases as well with increasing temperature but then begins to decrease 

when the temperature is higher than 350-450 Celsius. Minerals such as quartz and corundum 

have solubilities which level off around 500 Celsius. In addition, some minerals follow very 

different trends; for example, portlandite’s solubility decreases with increasing temperature 

(Dolejs et al., 2010). It has also been found that many carbonate minerals, such as calcium 

carbonate, have decreasing solubility with increasing temperature. 
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Temperature also plays a large role in determining what phase of the compound will occur and 

the phase in turn affects the solubility. Temperature can affect whether a compound is crystalline 

or amorphous; and if it is crystalline, the temperature influences what species of crystal is 

formed. Pressure also helps to form the shape of the particle. For example, silica can take many 

different molecular formations. Above 900 Celsius, silica takes the form of cristobalite. While at 

atmospheric pressure when the temperature is 573 up to around 867 Celsius, silica can exist 

stably as quartz. If the pressure is also altered we find that from 400-500 Celsius at 0.8-1.3 

kilobars, silica exists as Keatite (Iler et al., 1979). 

Carbonate concentrations 

In many sediment layers, carbonate species are a very prevalent compound and so carbonate 

concentrations must be taken into consideration when carrying out solubility experiments on 

minerals. Carbonate minerals themselves tend to increase in solubility with decreasing 

temperature. Their solubility also increases with increasing atmospheric pressure and also sees 

an increase in solubility when CO2 partial pressures increase or in general as saturation levels of 

the solvent decrease. Interestingly, the dissolution of calcium carbonate lowers the partial 

pressure of CO2. 

It has been found in many minerals such as uranium complexes that their solubility increases 

with increasing bicarbonate concentrations (Ilton et al., 2006). In minerals containing uranium, 

high levels of bicarbonate cause uranyl complexation with carbonate ions and this increases the 

mineral’s solubility (Elless and Lee, 1998). In Ilton et al.’s (2006) solubility experiment with Na-

boltwoodite in bicarbonate solution, the incongruent dissolution of Si and U was determined. In 

opposition, Perez et al. (2000) concluded that uranophane dissolves congruently in bicarbonate 

solutions, but perhaps they didn’t take frequent enough samples. Ilton et al. (2006) also noted 

that incongruent dissolution could be followed by periods of congruent dissolution. This could 

also be due to impurities. Giammar et al. (2002) noted that a 1-2% mole impurity could cause an 

excess uranium concentration such as that recorded by Ilton et al. (2006). 

Ilton et al. (2006) in the experiments pretreated the Na-boltwoodite with 50 mM bicarbonate and 

found that, at 1.2 mM and 6 mM bicarbonate, the uranium’s kinetic behavior changed and its 

concentration became much less than silicon. Silicon’s concentration was unaffected by the 

pretreatment and it behaved as it had previously. Furthermore, at 1.2 mM bicarbonate, the ratio 

of uranium (aq) to silicon (aq) declined over time. Ilton et al. (2006) concluded that a uranium-

rich, silicon-poor precipitate was forming. At 50 mM bicarbonate, the steady states of uranium 

and silicon were both lower than the untreated test results at the same bicarbonate concentration. 

Unlike the untreated tests, uranium and silicon both reached steady states in 1.2 and 6 mM 

bicarbonate solution. So, perhaps there was an impurity present that once dissolved away in the 

pretreatment method led to more congruent dissolution results. 

Also, high bicarbonate concentrations can actually reduce the precipitation of a secondary phase 

and this was observed by Perez et al. (2000). Increases in bicarbonate concentrations also 

increases pH (Ilton et al., 2006). This increase in pH can also affect solubility because solubility 

tends to be dependent on pH levels. A study by Steward and Mones (1997) found that carbonate 

may have a greater effect on the dissolution rates of uranium hydroxides than pH when the 

solution is at a basic range (8-10). This is important for mineral dissolution because the 

environment usually occurs at more alkaline conditions. 
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PROCEDURES OF ISOPIESTIC EXPERIMENTS  

In the environment, solubility influences the behavior and fate of many contaminates, both 

naturally occurring and technogenic in origin. The importance of quantitative measurements of 

solubility resulted in numerous reviews of specific techniques to measure solubility. Solubility 

determinations by the isopiestic method, which is considered to be one of the most accurate 

methods for solubility determinations, can be applied to precipitates created after ammonia gas 

injections to sequester uranium in the vadose zone. The basic features of the method include 

isothermal equilibration of samples of known masses and known initial concentrations through a 

common vapor phase. The solvent will distill isothermally from one crucible to another until 

each solution reaches the same chemical potential. All of the solutions at equal vapor pressure or 

isopiestic equilibrium have the same solvent activities. By equilibration, the samples with a 

standard of known solvent activities under the conditions of the experiment as a function of 

molality, the solvent activity of other solution can be determined (Rard, 1985). The composition 

of all the solutions placed in the same vessel is changed during equilibration to reach a common 

vapor pressure at constant temperature. This method permits the monitoring of concentration 

changes by weighing the samples at equilibrium and must be known to about 0.001 m. The 

balance used in the experiments should have a precision no less than 1×10
−5

 g. The apparatus to 

conduct experiments consists of a vacuum desiccator or closed chamber kept at a constant 

temperature. The apparatus used in the experiments is also equipped with a high accuracy 

pressure transducer with a range of 0-30 psia (Omega Engineering, Inc.) that will provide a 

measurement of water vapor pressure and allow for monitoring as the system approaches 

equilibrium. Rard and Platford (2000) gave a very detailed general description of the isopiestic 

method with an emphasis on experimental aspects. 

Stock solutions were prepared by weight using distilled and deionized water from a Barnstead 

NANOpure water purification system or plasma grade water. Pure “ultra dry” grade chemicals or 

high purity salts obtained from Alfa Aesar, Puratronic, 99.999% (metal basis) were used. 

Preparation of the reference solutions will include breaking the glass ampoules and transferring 

their contents rapidly to polyethylene bottles containing weighed amounts of water. Since the 

heats of dissolution of the anhydrous salts are significant, the stock bottles with water need to be 

cooled using dry ice well below freezing in order to prevent excessive temperature increases 

(Gruszkiewicz and Simonson, 2005). The high purity salts, Puratronic, 99.999% (metal basis), 

were oven-dried at 110
o
C for 3 hours and then stored in a tightly sealed container to prevent 

contact with moisture for the reference solution preparation.  

Isopiestic cups should be made from an excellent thermal conductor and be chemically inert to 

the experimental solutions. If chemically inert metals cups with lower thermal conductivities are 

used, a few extra days are needed to compensate for the equilibration period (Rard, 1985). The 

materials usually used for cups include tantalum, platinum, copper, and nickel (Rard, 1985; 

Velazquez-Rivera et al., 2006; Mason and Gardner, 1936). Our experiments use 15-mL nickel 

cups; to avoid evaporation losses, tightly fitted light nickel lids will be immediately added after 

the chamber is open. Nickel crucibles with standards and experimental solutions will rest in 

holes drilled part way through the aluminum block that has a good thermal conductivity that will 

maintain a uniform temperature distribution (Figure 1). The vessel is being kept in the 

environmental chamber to control the stable temperature (Figure 2). 
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Figure 1. Isopiestic chamber to conduct solubility experiments; a) aluminum block with holes for the nickel 

crucibles; b) analytical balances weighing crucibles. 

 
Figure 2. Isopiestic chamber to conduct solubility experiments connected to the acquisition system. 

As a preliminary step, air is evacuated until pressure reaches around 4.5 kPa (Blanco et al., 

2006). After gas is evacuated in a closed vessel, then the volatile component is transported 

through the vapor phase until the solutions reach equilibrium. This transport of mass observed 

during the contact of solid phases with solution is due to the chemical potential, which is usually 
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expressed in terms of activity coefficients. The activity of water in aqueous solutions relates to 

its fugacity by equation (Rard and Clegg, 1997): 

aw(T,p,x) = fw (T,p,x)/ f
0
w(t,P

0
, x

0
)    Eq 16 

Where aw is the water activity, fw and fw
0 

are the fugacities of the solution in the system and the 

pure liquid or solid at 1 atmosphere total pressure at specified temperature conditions, 

respectively; p and p
o
 are vapor pressure of the solution in the system and vapor pressure of pure 

reference, respectively; and x is the mole fraction of solution. It is usually assumed that, in 

ambient temperature and moderate pressure, water vapor behaves ideally and the fugacities can 

be replaced by partial pressure (Reid et al., 1987). 

fw/fw
o
= pw/p

o
w       Eq 17 

Where pw and pw
0
 are the vapor pressures of water in the system and of pure water at the same 

temperature. Under this assumption: 

aw=pw/p
o

w      Eq 18 

Hence, the activity of water in any electrolyte solution can be determined by measuring the vapor 

pressure of water over the solution at known temperature and dividing that value by the value of 

the vapor pressure of pure water at the same temperature (Garrels and Christ, 1965). 

The vapor pressure p is converted to water activity aw according to the equation: 

ln aw= ln(
 

  
)+BT

        

  
 +Vw(p−p

o
)    Eq 19 

Where p
o
 and p are the vapor pressure of pure water and salt solution at temperature T, R= 8.314 

Jol
−1 

K
−1

, Vw is the partial molar volume of water in the solution and approximately taken as the 

value of pure water and BT is the second virial coefficient taken from literature at various 

temperatures (Hill, 1990). The uncertainty arising from the approximation for Vw can be 

negligible, compared with the experimental error of the vapor pressure p. 

Nonvolatile solute lowers the vapor pressure of a solvent according to Raoult's law: 

Psoln = ΧsolvP
o
solv      Eq 20 

Where Psoln = observed vapor pressure of solution, Χsolv = mole fraction of solvent, and P
o
solv = 

vapor pressure of pure solvent. 

So, since the mole fraction is always less than 1, the vapor pressure of the solvent in solution will 

always be less than the vapor pressure of the pure solvent. It is known that if the vapor pressure 

of a solution is measured, the molecular weight of the dissolved substance could be calculated. 

Raoult's Law is defined as: 

    

  
   

 

 
 

 
 
 

 

      Eq 21 
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Where: x = mol fraction of solute,   = weight of solute present, G = weight of solvent present, m 

= molecular weight of the dissolved solute, M = molecular weight of the solvent, po = vapor 

pressure of pure solvent, and p= vapor pressure of solvent in the solution. 

The molecular weight of the solute can be found as: 

m= 
      

       
  

 

 
      Eq 22 

Then molality can be calculated as (Where the weight is in grams): 

                     

                                        
   Eq 23 

Our initial experiments suggested that the direct measurement of vapor pressure is not accurate 

and that it is better to calculate vapor pressure lowering theoretically via mole fractions 

according to Raoult’s law and then use the calculated mole fraction of each component to 

compute the partial pressure. 

The conditions of isopiestic equilibrium for each of the separate solutions involved in an 

equilibrium is as= constant. The conditions can be rewritten as ln as=ln aref. If two or more 

solutions of different salts are in isopiestic equilibrium, the osmotic coefficient of a test solution, 

фx, is calculated from the reference solution, фref, from the fundamental equation for isopiestic 

equilibrium: 

    
             

    
     Eq 24 

The water activities    of the reference can be calculated using the following equation: 

                          Eq 25 

Where vs is the number of ions formed by the complete dissociation of one molecule of the 

reference standard, and for the NaCl and KCl, v=2, Mw is molar mass of H2O, and φ is the 

practical osmotic coefficient of the reference standard. The Eq. 24 is defined for mixtures, as 

well as for single-salt solutions (Rard and Platford, 1991). The ratio (
    

  
) is called the isopiestic 

ratio. The osmotic coefficient can be measured with 0.1%-0.3% accuracy at molalities down to 

0.1mol/kg. 

Preliminary testing indicated that 3-5 days is enough to reach equilibrium with moderate and 

high molalities; up to 7-8 days equilibration is needed at low molalities to allow the large 

amounts of solvent to be transferred between solutions in different crucibles. 

The isopiestic method is a mostly gravimetric method that relies on the assumption that only one 

volatile component is present. The mass of the empty crucible along with the number of moles of 

electrolyte in each sample should be known. Therefore, any gains or losses in mass during 

isopiestic equilibrations are only due to gains or losses of solvent. The observed changes in mass 

can then be used in the calculation of the solution molalities at isopiestic equilibrium (Rard and 

Platford, 2000). Metler Toledo analytical balances XS205DU will be used to weigh the sample 

crucibles and solution samples with readability to about 1 x 10
-4

 g. Sample size will be in the 
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range of 0.8-2.0 g. Isopiestic references will be weighed as liquid samples prepared from the 

analytical stock solutions. Samples to study the occurrence of solid–liquid transitions will be 

prepared as dry solids. Thus, the number of moles of solute added to each crucible will be 

carefully recorded. After an isopiestic equilibrium is reached, samples will be accurately 

weighed to calculate the molalities due to solvent weight loss or gain. Experiments will be 

continued with the reuse of solute samples; more solvent will be added to the standard crucible 

and the samples will be reequilibrated. This will be repeated a number of times until dry samples 

will solubilize or sample size becomes too large. To reduce the amount of water in the crucibles, 

the solutions can be concentrated by absorbing water in an additional crucible with a few drops 

of concentrated sulfuric acid or a desiccant to have a “sink’ for water vapor. The accuracy of 

results could be checked if the molalities ratios are reproducible after a number of equilibrations 

with the sequential dilution using the same solution and then concentrated back via stepwise 

reequilibration. 

So, all solutions in the isopiestic chamber that are allowed to exchange solvent until isopiestic 

equilibrium is reached will have the same solvent activity with a value of           .  

Initial experiments have started with solutions of NaCl and KCl equilibrated against each other 

to check if the experimental data correlate with values obtained from literature. The osmotic 

coefficients for the NaCl reference were taken from Guo et al. (2012) or Rard and Platford 

(2000). Data for the osmotic coefficient for aqueous KCI at 298.15K was taken from Rard and 

Platford (2000). 

Deliquescence behavior of multicomponent precipitates 

The tendency for solutes to deliquesce depends on their solubility and is influenced by the 

particular character of solute-solvent interactions described according to Raoult's law in vapor-

pressure lowering ability. The deliquescence behavior of the multicomponent salts systems 

studied will improve the understanding of the stability of the U-bearing precipitates in the post-

treated vadose zone at specific temperatures. The measurements of the solvent mass and the 

vapor pressure from the isopiestic apparatus, in conjunction with the deliquescence, relative 

humidity (RH) and temperatures will help to detect the points where new phases appear or 

disappear in the multicomponent salts systems. Deliquescence behavior of precipitates will be 

studied by starting from solid salt mixtures via a progressive increase in the relative humidity. 

The phase changes will be visible as breaks in the curve, representing the osmotic coefficient of 

the solution as a function of relative humidity (Gruszkiewicz et al. 2007). In the case of 

decreasing the relative humidity, it is assumed that the results are reversible with respect to the 

direction of the changes in relative humidity. 

The osmotic coefficient, ф, can be calculated as: 

                        Eq. 26 

Where Ms (g·mol
−1

) is the molecular weight of water, as is the activity of water, ni are the 

numbers of moles for each ion, and ws (kg) is the mass of water. The value of as will be obtained 

from values calculated for an aqueous reference NaCl or KCl solutions. The stoke solutions will 

be prepared approximately in the 3-3.5 mol kg
-1

 range. The temperature range of the study is 

between 5
o
 C and 50

 o
 C. After each equilibration, the isopiestic chamber will be opened in order 

to determine the concentrations of the samples by weighing. 
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The osmotic coefficients of samples can also be calculated from: 

               /(          Eq 27 

Where v is the number of moles of ions produced by one mole of salt (v = 2 for NaCl). 

Initial experiments with isopiestic apparatus 

The initial stage of the experiments was focused on the evaluation of the experimental 

procedures to confirm the accuracy of the results obtained by the isopiestic apparatus fabricated 

in-house. The isopiestic apparatus was kept in the environmental chamber with the temperature 

set to 25
o
C. The testing procedures involved two standards, NaCl and KCl, for which solubility 

parameters such as the osmotic coefficient and water activity were well characterized in 

literature (Rard and Platford, 2000). Prior to recording measurements, the Labview code used to 

record the direct vapor pressure measurements was updated to show pressure in inches of 

mercury (in of Hg) and torr. The code was also modified to indicate when the system is under 

vacuum after the chamber degassing. The power supply currently being used to power the 

pressure transducer and the data acquisition system is sensitive to temperature, which apparently 

affected readings collected from the pressure transducer. So, the power supply was adjusted to 

provide stable voltages, which helped to improve the accuracy of vapor pressure measurements. 

However, despite the adjustment, the direct vapor pressure readings of the aqueous solutions 

were still not accurate enough to be used for the water activity (    calculations according to Eq 

18. Similar inaccuracy of the direct measurements for the activity calculations was noted by 

Gruszkiewicz et al. (2007). They concluded that the relative isopiestic method based on 

reference solutions was significantly superior to direct pressure measurements. The accuracy of 

the direct pressure measurements in their experiments was limited by some thermodynamic 

effects such as temperature and surface tension of the water present inside the transducer. 

Our initial testing included three experiments. The first experiment employed a binary system, 

NaCl - water. At equilibrium, the vapor pressure for the solution was calculated theoretically 

following Raoult’s law. This required computing the mole fractions of each component of a 

solution that were used to calculate vapor pressure of the solution by multiplying the vapor 

pressure of pure water at the appropriate temperature (Eq. 20). For our experiments, vapor 

pressure of pure water at 25
o
C is 23.8 mm Hg. The results were compared with water activity 

calculations based on the NaCl osmotic coefficient values reported by Guo et al., 2012. 

The experiment included eleven samples placed in the isopiestic chamber. Eight crucibles 

containing sodium chloride (NaCl) solutions were prepared from high purity NaCl [Puratronic, 

99.999% (metal basis), Alfa Aesar] that was dried at 40 
o
C prior to the experiment. The masses 

of NaCl used for sample preparation are presented in Table 1. Each sample was diluted in 700 μl 

of plasma-grade DIW, reaching initial molalities of NaCl solutions between 1.482 and 4.285 mol 

kg
-1

. An additional three crucibles contained only plasma-grade DI water to facilitate vapor 

exchange in the isopiestic chamber. The samples were weighed three times over an 8-day period 

to monitor the attainment of equilibrium conditions. The final weights and molalities calculations 

are presented in Table 1. The osmotic coefficient for each molality was calculated by two 

different approaches. The first approach was following Eq. 28 as presented in Guo et al. (2012). 
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 Eq. 28 

Where coefficients a, b, c, d, e, f, g, were obtained from Guo et al. (2012). 

The   values calculated from the above equation were in agreement with osmotic coefficients 

obtained by interpolation of osmotic coefficient data presented in Hamer and Wu (1972). Values 

obtained from both methods are presented in Table 1.  

The osmotic coefficient     values derived from Eq. 28 were used to calculate water activity 

(aw) quantities for each sample of NaCl using Eq. 25 at molalities after attainment of isopiestic 

equilibrium in the chamber. The average value of water activity for all samples was calculated as 

0.9221. This value was compared to the theoretical water activity of 0.9288 computed using 

Eq18 via vapor pressure lowering above the solution containing an ionic solute of NaCl at 25
o
C. 

The obtained difference in water activities between experimentally determined values and 

theoretically calculated values was determined to be 0.7223%. This error percentage is small 

enough to conclude that water activity values are similar for all samples at equilibrium attained 

in the isopiestic chamber.  

Table 1. Osmotic coefficient and water activity for NaCl 

Sample 
NaCl 

weight (g) 

Water 

weight (g) 

Molality 

(mol/kg) 
     aw 

1 0.061 0.6260 1.66745 0.9657 0.9657 0.9436 

2 0.0608 0.6295 1.65274 0.9650 0.9649 0.9441 

3 0.0609 0.6089 1.71147 0.9680 0.9681 0.9421 

4 0.1758 1.0909 2.75760 1.0293 1.0295 0.9028 

5 0.1754 1.0465 2.86806 1.0365 1.0366 0.8984 

6 0.1754 1.1167 2.68776 1.0249 1.0250 0.9055 

7 0.1122 0.8478 2.26463 0.9989 0.9994 0.9217 

8 0.1122 0.8168 2.35058 1.0040 1.0043 0.9185 

Average      0.9221 

 - data obtained from Guo et al, 2012,   - obtained from Hamer and Wu, 1972 

The second experiment involved a ternary system prepared with samples of two well 

characterized standard solutions of NaCl and KCl. Both samples were prepared in crucibles and 

placed in the isopiestic chamber. Salts of NaCl and KCl were dried at 40
o
C prior to the 

experiment and then dissolved in 3000 μl of plasma-grade DIW. The initial molalities were 

3.1194 and 2.3831 mol kg
-1 

for NaCl and KCl, respectively. Sample weight is shown in (Table 

1). The samples were weighed three times during a 20-day period to monitor the attainment of 

equilibrium conditions. In this experiment, the attainment of equilibrium took more time than 

previously due to the large amount of water used as a solvent. 

The osmotic coefficients and water activities of each standard were calculated against each other 

and compared for accuracy with literature values. First, the osmotic coefficient for NaCl was 

calculated according to the Eq. 24 using KCl osmotic coefficient literature data (Hamer and Wu, 
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1972). For the next stage of the calculations, the osmotic coefficient of the potassium chloride 

was calculated according to Eq. 24 using values obtained for NaCl as a known reference standard 

(Guo et al., 2012). Both parameters for aw were compared to the theoretical value of water 

activity, 0.8339, computed via Eq18 for the solution vapor pressure. 

Table 2. Calculated osmotic coefficient and water activity for NaCl and KCl 

 

Sample 

Sample 

weight (g) 

Final water 

weight (g) 

Isopiestic 

molality 

(mol/kg) 

                   aw 

NaCl 0.5506 2.9459 4.1257 
KCl ref 

1.1276 
1.1653 0.8457 

KCl 0.5344 2.9035 4.2634 
NaCl ref 

-1.1248 
1.0885 0.8460 

 

The comparison showed that water activity values in both cases were in excellent agreement, 

with a maximum difference of 0.03%.  

The third experiment involved preparation of 8 samples that included 2 crucibles with standard 

solutions prepared from high purity sodium chloride (NaCl) salt and six (6) crucibles containing 

the dried multicomponent precipitate samples. Crucibles with multicomponent samples and 

standards were weighed at regular time intervals to record changes of water activities        

The number of moles of each compound was recalculated based on its concentration in 50 mL of 

stock solution and corrected values are presented in (Table 3).  

Table 3. Number of moles of each compound in the 50 mL of solution 

 

Na2SiO3  

(100 mM) 
KHCO3 

Al(NO3)3  

(5 mM) 
CaCl2 

n of moles 2.37E-04 
2.25E-07 (3 mM) 

5.00E-06 
1.00E-07 (5 mM) 

6.25E-05 (50 mM) 2.00E-07 (10 mM) 

  3 2 4 3 

Crucibles with multicomponent samples and standards were weighed to monitor the attainment 

of equilibrium conditions. Every time the chamber was opened and weights of the crucibles were 

recorded, the osmotic coefficients and water activities were calculated for all samples. The 

osmotic coefficient, ϕ, for the NaCl was calculated using an average of its molalities according to 

the equation proposed in Guo et al. (2012); the ϕ for the solute multicomponent samples were 

calculated as follows:  

   
                 

     
     Eq.29 

Where v for NaCl is the number of ions formed by the complete dissociation of one molecule of 

the reference standard (NaCl=2), and ϕ for standard was taken from Guo et al. (2012). In 

calculations of water activities we assumed that aw is the same for all samples. 

The respective water activities (aw) were calculated following the equations below: 

                    /Ʊ 

           /Ʊ 
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Where, omega (molality of water), Ʊ, is 55.5084 mol/kg. 

Table 4 summarizes the recalculated osmotic coefficient   and    for standard NaCl and solute 

multicomponent samples obtained each time the sample was weighed. In our case for the sample 

composition of Na2SiO3+ Al(NO3)3+ KHCO3 the ∑molality of sample was calculated as (moles 

Na2SiO3*3+ moles Al(NO3)3*4+ moles KHCO3*2)/(sample water weight at equilibrium). Data 

were recalculated considering the assumption that water activity values for all samples and 

standards at isopiestic equilibrium in the chamber are the same. 
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Table 4. Recalculated osmotic coefficient and water activity values after each weighing 
C

ru
ci

b
le

 

N
u

m
b

er
 

S
a

m
p

le
 

Data from weights recorded on April 1
st
 Data from weights recorded on April 11

th
 Data from weights recorded on April 29

th
 

W
at

er
 

w
ei

g
h

t 
at

 

eq
u

il
ib

ri
u

m
 (

g
) 

Is
o

p
ie

st
ic

 

m
o

la
li

ty
 

(m
o

l/
k

g
) 

ϕ aw 

W
at

er
 

w
ei

g
h

t 
at

 

eq
u

il
ib

ri
u

m
 (

g
) 

Is
o

p
ie

st
ic

 

m
o

la
li

ty
 

(m
o

l/
k

g
) 

ϕ aw 

W
at

er
 

w
ei

g
h

t 
at

 

eq
u

il
ib

ri
u

m
 (

g
) 

Is
o

p
ie

st
ic

 

m
o

la
li

ty
 

(m
o

l/
k

g
) 

ϕ aw 

1 NaCl 0.3888 4.9821 1.1896
*
 0.80794 0.3704 5.2291 1.209

†
 0.7965 0.3654 5.3008 1.2148

‡
 0.7930 

2 NaCl 0.3899 4.9695   0.3713 5.2190   0.3659 5.2967   

7 Na2SiO3+ 

Al(NO3)3+ 

KHCO3 

0.2079 1.1644 3.3670 - 0.2007 1.2061 3.4683  0.1999 1.2109 3.5208  

8 0.2526 1.2047 3.4958 - 0.2438 1.2481 3.6000  0.2408 1.2638 3.6239  

9 
Na2SiO3+ 

Al(NO3)3+ 

KHCO3 + 

CaCl2 

0.2067 1.1715 3.3464 - 0.2017 1.2005 3.4845  0.2004 1.2084 3.5282  

10 0.2587 1.1768 3.5787 - 0.24850 1.2251 3.6677  0.2467 1.2339 3.7115  

11 0.2075 1.1673 3.3586 - 0.2006 1.2076 3.4639  0.1991 1.2166 3.5042  

12 0.2604 1.1694 3.6012 - 0.2512 1.2123 3.7064  0.2487 1.2246 3.7397  

* calculated using average isopiestic molality of 4.97584 mol/kg 

† calculated using average isopiestic molality of 5.22404 mol/kg 

‡ calculated using average isopiestic molality of 5.29876 mol/kg 
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FUTURE WORK 

Future work will focus on the deliquescence behavior of U(VI)-free precipitates and U-bearing 

precipitates created after NH3 (5% NH3 in 95% nitrogen) pH manipulation in the synthetic 

solutions mimicking conditions found in the vadose zone at the Hanford Site 200 Area. 

Experiments will be conducted using an isopiestic chamber. Two reference solutions, CaCl2 and 

LiCl2, will be used to obtain osmotic coefficients for the low water activity values. The dry 

precipitates, composed of Si-Al-Ca- HCO3, will be prepared to investigate the solid-liquid 

transitions and determine the activity of water and relative humidity in the multicomponent salt 

systems. Isopiestic experiments will be conducted at different temperatures up to 50
o
C using 

multicomponent samples prepared with various bicarbonate and calcium ion concentrations. 
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TASK 1.1.1: CHARACTERIZATION OF NEW URANIUM-
BEARING SAMPLES PREPARED TO MINIMIZE NITRATINE 

IMPACT  

INTRODUCTION 

Past practices of radioactive waste disposal operations at the DOE Hanford’s 200 Area allowed 

waste discharges to retention trenches, basins and cribs where uranium contaminated water 

percolated into the vadose zone (VZ). The uranium leakages created a potential source for 

groundwater contamination and risk to potential receptors through water uptake from 

contaminated wells or discharges to surface water. This investigation targets uranium 

contamination in the VZ of the 200 Area that may affect potential discharges to the Colombia 

River via groundwater migration. Injection of reactive gases (i.e.: NH3) is an innovative method 

aiming to reduce uranium mobility in the subsurface without the addition of liquid amendments, 

which could promote undesired downward contaminant migration. The injection of ammonia gas 

in the vadose zone prompts the formation of NH4OH, followed by a subsequent increase in pH. 

The alkaline conditions can greatly enhance the solubility rates of most Si-containing minerals. 

The following decrease in pH as the system stabilizes and reaches natural equilibrium will 

trigger uranium co-precipitation reactions during the recrystallization of minerals. 

This subtask investigates the mineralogical and morphological characteristics of precipitates by 

means of X-ray diffraction (XRD) and scanning electron microscopy with energy dispersive 

spectroscopy (SEM-EDS) to confirm the identity of the uranium-bearing solid phases. During 

FIU Year 3, uranium-bearing precipitate samples prepared with the addition of 200 ppm of 

U(VI) in the mixture solution with and without Ca using “high” (50 mM) and “low” (3 mM) 

concentrations of bicarbonate were evaluated by means of SEM-EDS and XRD analysis. The 

majority of samples prepared with 50 mM HCO3
-
 exhibited hot spots, showing them in the 

crystal-like form. EDS analysis of these areas resulted in uranium atomic percentages that 

regularly exceeded 1% and often reached up to 10%. The powder XRD analysis of the select 

samples resulted in patterns of well-defined peaks that best corresponded to the diffraction 

pattern of nitratine (NaNO3). The abundance of sodium ions through the addition of sodium 

silicate (Na2SiO3) in the solution mixture and the adjustment of pH by concentrated nitric acid 

during sample preparation were the leading cause of the nitratine formation.  

This progress report summarizes results on alternative sample preparation methods that attempt 

to limit the formation of nitratine or help to increase the atomic percentage of U(VI) in the 

composition of solid phases for the identification of known phases via X-ray diffraction. One set 

of samples was prepared following the same procedures of sample preparation but the 

concentration of U(VI) was increased up to 500 ppm. The increase in uranium concentration can 

help to increase the atomic percentage of U(VI) in the sample composition. Another set of 

uranium-bearing samples was prepared from silicic acid that replaced the primary sodium 

contributor, sodium metasilicate (Na2SiO3•9H2O), with scarcely soluble silicic acid hydrate 

(SiO2•nH2O). The procedures to solubilize colloidal silica hydrate (SiO2•nH2O) includes 

basifying the suspension by sparging ammonia (NH3) gas to the pH range of 11-12. These 

experiments can provide the necessary information on U mineral phases that can be created in 

soil via pH manipulation by the ammonia gas injection method.  
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MATERIALS & METHODS 

SAMPLE PREPARATION 

Though the sample preparation methods for these two sets of samples were modified, the general 

approach remains largely the same as in previously reported studies (Katsenovich et al., 2012; 

Katsenovich et al., 2014). Stock pore water solutions were prepared for each set using a 

combination of various salt solutions formulated such that the concentration of the primary 

components of interest (HCO3
-
, Al

3+
, and Si) would be within the desired ranges. These 

concentrations were based on the characterization of vadose zone sediments from borehole 299-

E33-45 performed by Serne et al. (2008) at the Hanford 200 Area. The concentrations of the 

primary constituents of interest in this pore water simulation are given in Table 5. 

Table 5. Desired Concentrations of Primary Constituents 

[Si] [Al
3+

] [HCO3
-
] [Ca

2+
] [U] 

100 mM 5 mM 3 & 50 mM 0, 5, & 10 mM 200 ppm 

The first set of samples were prepared in much the same way as described in prior reports (Lagos 

et al., 2012; Lagos et al., 2014) with the difference being the elevated uranium content. In 

response to the overwhelming presence of nitratine in earlier samples, the concentration of 

uranium was doubled in an attempt to bolster the response of the associated uranyl phases in 

spectroscopic and diffraction analysis. It was hypothesized that the increased uranium in the pore 

water solution would facilitate an increase in the yield of the crystalline forms spotted by SEM-

EDS analysis in prior studies. 

This set of elevated uranium samples was comprised of six samples prepared from pore water 

solutions described in Table 6. These solutions were consistent across the samples, only 

differentiating in the bicarbonate (HCO3
-
) and calcium (Ca

2+
) content added. To continue to 

observe the impact that these two variables have on the uranium phases, sample solutions with 

combinations of high and low bicarbonate concentrations and a range of calcium concentrations 

were prepared. The concentrated stock solutions were prepared such that when added into the 

pore water solutions, the desired concentrations would be reached.  

The first step of the sample preparation entailed mixing the appropriate concentrations of 

KHCO3, Na2SiO3, and Al(NO3)3 in a 50-mL vial to form two stock solutions for the two HCO3
-
 

concentrations being evaluated. This relatively alkaline solution would then be adjusted to a pH 

of 8, using concentrated nitric acid, to bring the solution down to a pH that better mimics the 

natural conditions of the Hanford 200 Area vadose zone (Szecsody et al., 2012). At this point, 

prior to the addition of the calcium and uranium components, the remediation method is applied 

by basifying the solution by sparging ammonia (NH3) gas to the pH range of 11-12. From here, 

10-mL aliquots of the 50 mL stock were dispensed into 15-mL sample vials, one for each 

calcium concentration. Solutions were finished by adding small volumes of the concentrated 

CaCl2 and UO2(NO3)2, minimally effecting the total concentration of the other components in 

solution. The mixture was allowed to settle and interact over the course of 2 weeks, a period 

which has shown in prior sample preparations (Lagos et al., 2013), to be a significant enough 

stay period for crystal formation to occur. The separated supernatant was then decanted and 

reserved for analysis via KPA while the solid was dried in an oven at 30°C over two weeks. This 

precipitate was retained for SEM-EDS and XRD analysis. 
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Table 6. Stock Solutions and Sample Mixtures - 500 ppm U 

Stock Solution 

Stock Solution 

Concentration 

(mM) 

Synthetic Pore Water Concentrations (mM) 

Low 

bicarbonate w/o 

calcium 

Low 

bicarbonate w/ 

calcium 

High 

bicarbonate w/o 

calcium 

High 

bicarbonate w/ 

calcium 

CaCl2·2H2O 2500.00 0 5 10 0 5 10 

KHCO3 400.00 3 50 

Na2SiO3·9H2O 422.24 100 

Al(NO3)3 50.00 5 

UO2(NO3)2·6H2O 210.06 2.1006 

5% NH3 in N2 (g) Injected until pH ≈ 11 

The second set of samples were prepared with the intention of minimizing nitratine (NaNO3) in 

order to lessen the obtrusive peaks that obscure the meager peaks of the less plentiful 

components of the sample XRD patterns. It was hypothesized that this could be accomplished by 

minimizing the sodium content in the system by selecting alternatives to the salts used in the 

pore water solution. These changes are reflected in Error! Reference source not found.. The 

primary sodium contributor, sodium metasilicate (Na2SiO3•9H2O), was replaced with silicic acid 

hydrate (SiO2•nH2O), a scarcely soluble solid under normal conditions. The primary concern 

about this course of action, the low solubility of this silicate, was addressed by basifying the 

suspension. A study by Niibori et al. showed that the solubility of amorphous silica was 

significantly increased with time and temperature in highly alkaline solutions (2000). The sample 

preparation steps were modified in order to keep the silicic acid in basic conditions overnight, 

much longer than the aforementioned Niibori studies, and ensure the silicic acid solid dissolved. 

 Table 7. Stock Solutions and Sample Mixtures - Reduced Sodium Samples 

Stock Solution 

Stock Solution 

Concentration 

(mM) 

Synthetic Pore Water Concentrations (mM) 

Low 

bicarbonate w/o 

calcium 

Low 

bicarbonate w/ 

calcium 

High 

bicarbonate w/o 

calcium 

High 

bicarbonate w/ 

calcium 

CaCl2·2H2O 2500.00 0 5 0 5 

NaHCO3 400.00 3 50 

SiO2·nH2O 422.24 100 

Al(NO3)3 50.00 5 

UO2(NO3)2·6H2O 210.06 2.1006 

5% NH3 in N2 (g) Injected until pH ≈ 11 

Also of note is the change from potassium to sodium bicarbonate. Though the aim was to 

minimize sodium, the opportunity to further narrow the focus of this study by removing 

potassium’s impact from consideration was taken. The area where potassium played a 

particularly intrusive part was the EDS analysis of samples, where the near overlap of the peaks 

for the two elements complicated uranium identification. 

Similar to the aforementioned elevated uranium samples, the sodium reduced samples began 

with preparation of the 50 mL concentrated stock solutions for the bicarbonate, aluminum, and 

silica contributors to the pore water solution (NaHCO3, Al(NO3)3, and SiO2∙nH2O, respectively). 

The silicic acid solution, prepared assuming 100% dissolution for calculating concentrations, 

was basified using ammonia gas and left stirring at pH (~11.5) overnight. The ammonia gas 
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treatment was repeated to compensate for pH elevation while stirring. After the overnight stay, 

the stock solutions were combined in the appropriate ratios to achieve the desired final 

concentrations. From this mixed solution, 10-mL aliquots were transferred into four 15-mL 

sample vials for the four combinations of components being evaluated. Small volumes of 

concentrated CaCl2 followed by UO2(NO3)2 were added to finish the solutions. This mixture was 

allowed two weeks to settle before decanting and reserving the supernatant for KPA analysis to 

determine soluble uranium content. The solid precipitate was dried in an oven at 30°C for two 

weeks and set aside for SEM-EDS and XRD analysis. 

Side Study: Open-Air Samples 

In parallel with the study samples, a single sample was prepared as an exploratory test of a 

recently proposed change to the sample preparation methodology. The alterations involved 

leaving the standing post-treatment solution open to the atmosphere to promote the gas exchange 

with air that is expected to occur in the system on the field scale. It has been reported that this 

gas exchange is important for the gradual return to normal vadose zone pH conditions from the 

extremely alkaline environment created by the ammonia gas injection. These samples were 

prepared identically to the high-bicarbonate, 10 mM [Ca
2+

] variant of the aforementioned 

elevated uranium samples. The open-air (OA) sample is distinguished by the prolonged stay in 

solution, up to ~3 months, and the exposure to air during that sitting period. The dried products 

of this sample would then be imaged by SEM-EDS and analyzed by XRD, if warranted. 

SEM-EDS Analysis 

Scanning electron microscopy and energy dispersive spectroscopy (SEM-EDS) were used to 

study the surface morphology and composition of the precipitates formed and dried in sample 

preparation. These analyses were done at the Florida Center for Analytical Electron Microscopy 

located on the Florida International University Modesto A. Maidique Campus (MMC). The SEM 

system used was a JOEL-5910-LV with acceleration potentials ranging from 10 to 20 kV. EDS 

analysis was produced using an EDAX Sapphire detector with UTW Window controlled through 

Genesis software. Any required gold coating was done with an SPI-Module Control and Sputter 

unit for 2 minutes to produce a thin layer of gold. 

Small specimens were taken from the solid precipitates and mounted to aluminum studs with 

double-sided carbon tape. These studs were evaluated for alpha emission, in accordance with the 

guidance of the campus Radiation Safety Officer, prior to transferring for analysis. The specimen 

were coated with gold to enhance conductivity and analyzed in both standard and backscatter 

modes. The majority of analysis took place in backscatter electron capture mode, which is 

preferred for its property of distinguishing the differences in average atomic weight in an area. 

This was of particular use to this study for identifying areas of elevated uranium content. 

XRD Analysis 

After taking specimens for SEM analysis, samples, selected based on the detection of uranium by 

SEM-EDS analysis, were carefully ground by pestle and mortar for powder X-ray diffraction 

analysis. The samples were used with a custom sample holder designed specifically for holding 

the small quantities of sample available in this experiment. Analyses were performed on the 

dried precipitates at 35 kV and 40 mA via a Bruker 5000D XRD instrument. Diffraction patterns 

were obtained using a copper Cu Kα radiation source (λ=0.154056 nm) with a tungsten filter. 
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The XRD was programmed to run over a 2-theta (2θ) range from 10° to 75° with a 0.02° step 

size and 2 second counting per step.  

RESULTS AND DISCUSSION 

The experimental procedure for evaluating uranium remediation via NH3 gas injection into a 

synthetic pore water solution was modified in order to minimize the effect of nitratine on solid 

phase analysis. It was hypothesized that increasing the uranium concentration or decreasing 

sodium available to the system would grant the latitude necessary for more accurate 

identification of the uranium phases produced.  

Elevated uranium samples 

SEM-EDS analysis of the first set of elevated uranium samples showed an unforeseen lack of the 

crystal shaped uranium-rich phases produced in prior analysis. Figure 3 shows the crystal-like 

shapes spotted relatively consistently in prior studies. It was proposed that the increase of 

uranium available to the system would, in turn, result in an increased yield of these crystalline 

phases. Unlike the results presented in the FIU Year 3 report (Lagos, et al., 2013), the results of 

the samples prepared in this study using the same method, save for the dramatic increase in 

uranium, showed no sign of the crystalline structures expected (Figure 4 & Figure 5). 

  
Figure 3. Crystalline uranium phases on the surface of samples prepared using 50 mM of bicarbonate and 

200 ppm U after a 2 week stay in solution. With (A) and without (B) 5 mM Ca
2+

. (Lagos et al, 2013) 

 
Figure 4. Uranium phases on the surface of samples prepared using 50 mM of bicarbonate, 5 mM of Ca, and 

500 ppm U after a 2 week stay in solution.  

 

 

Element Wt% At% 

CK 13.72 29.97 

NK 15.08 28.24 

NaK 15.77 18.00 

AlK 02.14 02.08 

SiK 17.26 16.12 

ClK 00.27 00.20 

UM 33.20 03.66 

KK 02.57 01.72 

CaK 00.00 00.00 

A B 
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Figure 5. Uranium phases on the surface of samples prepared using 50 mM of bicarbonate and 500 ppm U 

(no calcium) after a 2 week stay in solution 

Though the expected crystal-like shapes were not present in these samples, X-ray diffraction 

analysis showed a clear set of peaks, confirming the presence of a repeating crystalline structure 

in these samples. The diffraction pattern produced for the sample prepared from the low 

bicarbonate (3 mM) solution containing 5 mM of calcium was a near perfect match for nitratine 

(NaNO3) with every major peak produced showing a corresponding match when compared to the 

2θ and intensity ratios from literature (Figure 6). With no other discernible peaks, it is unlikely 

that any other crystalline mineral phase was present in any significant proportion to the rest of 

the sample. The lack of any significant uranium-bearing mineral phases in the XRD pattern is not 

unexpected considering the SEM-EDS of the sample (Figure 7), which showed the atomic 

percentage of uranium rarely exceeded 0.5%. 

 
Figure 6. Comparison of the XRD pattern for the low bicarbonate, 5mM Ca

2+
 sample to literature values for 

nitratine 

 

 

Element Wt% At% 

CK 11.07 26.67 

NK 12.19 25.18 

NaK 16.99 21.39 

AlK 01.39 01.49 

SiK 18.62 19.18 

UM 37.73 04.59 

KK 02.02 01.49 
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Figure 7. SEM and EDS for the surface of the sample prepared using 3 mM of bicarbonate, 5 mM of Ca

2+
, 

and 500 ppm U after a 2 week stay in solution 

Much like the aforementioned samples, those precipitates prepared from the 50 mM bicarbonate, 

5 mM Ca
2+

 solution produced XRD patterns that strongly suggest a large presence of nitratine. 

Unlike that same sample, however, the diffraction pattern showed evidence to suggest the 

presence of another mineral. This result supports the SEM-EDS analysis that distinctly showed a 

strong presence of a secondary uranium-bearing phase (Figure 4). Comparing those extraneous 

peaks to patterns for predicted uranium phases, such as andersonite and rutherfordine, showed no 

significant matches when considering the angle and intensity ratios of the most prominent peaks. 

XRD analysis of these samples will be repeated because it is possible that the diffraction pattern 

comparisons could be improved by expanding the 2θrange to include more of the lower angles 

found in some of the literature values of predicted phases.  

The high and low bicarbonate specimens produced with 10 mM of calcium showed the fewest 

sites of high uranium content by SEM imaging. The high bicarbonate specimen, in particular, 

showed no areas of elevated average atomic weight that showed a discernibly intense uranium 

peak (Figure 8). No site on this sample had an atomic percentage of uranium that exceeded 

0.20%. The low bicarbonate, 10 mM calcium, specimen showed a single location with the 

expected bright areas and elevated uranium content ( 

Figure 9). While there was a markedly high atomic percentage of uranium (8.50%), the area 

showed a stark lack of the anticipated crystalline structure. Finely detailed secondary electron 

capture (standard mode) SEM imaging showed no distinguishable difference in the morphology 

of the areas of high uranium content and the amorphous surroundings. 

0 
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Figure 8. SEM micrographs and EDS data for two sites on the surface of samples prepared using 50 mM of 

bicarbonate, 10 mM of Ca
2+

, and 500 ppm U after a 2 week stay in solution 

 
Figure 9. SEM micrograph and EDS data for the lone uranium-rich site spotted on the surface of the sample 

prepared using 3 mM of bicarbonate, 10 mM of Ca
2+

, and 500 ppm U after a 2 week stay in solution 

Sodium Reduced Samples 

The sodium-reduced samples, prepared with silicic acid supplanting the previous sodium-

containing silica source, yielded significantly less precipitate, relative to their sodium 

metasilicate based counterparts. While this was not completely unexpected, it is possible that it 

poses a new problem during instrumental analysis. Even considering the replacement of 

potassium bicarbonate with its sodium analogue, the change from sodium metasilicate to silicic 

acid represents a 75% reduction in sodium present in the system. If this decrease corresponds 

with a lessened nitratine impact on XRD analysis, while maintaining, or increasing, the yield of 

the crystalline uranium phases, characterization should be less problematic.  

 

Element Wt% At% 

CK 03.71 11.56 

NK 16.75 44.75 

NaK 12.34 20.08 

AlK 00.50 00.70 

SiK 05.53 07.37 

ClK 02.51 02.65 

UM 54.05 08.50 

KK 03.28 03.14 

CaK 01.33 01.25 

 

Element Wt% At% 

CK 20.65 28.42 

NK 33.36 39.38 

NaK 43.46 31.25 

AlK 00.00 00.00 

SiK 00.76 00.45 

ClK 00.00 00.00 

UM 00.68 00.05 

KK 00.62 00.26 

CaK 00.47 00.19 

 

Element Wt% At% 

CK 16.01 22.20 

NK 40.36 47.98 

NaK 39.42 28.54 

AlK 00.31 00.19 

SiK 00.46 00.27 

ClK 00.43 00.20 

UM 01.85 00.13 

KK 00.60 00.26 

CaK 00.57 00.24 

A 

B 
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The SEM-EDS analysis of the precipitates produced from these samples revealed very few 

uranium-rich sites. Contrary to the bulk of previous samples, the majority of uranium-bearing 

phases (confirmed by EDS analysis) were found in precipitates prepared using low bicarbonate 

concentration, though none of those phases appeared to be crystalline based on SEM imaging 

(Figure 10 & Figure 11). Magnification of these uranium phases showed none of the crystal-like 

structures that were spotted in previous samples, though further analysis by XRD will be used to 

determine the presence of any crystalline phases. The SEM of the sodium reduced samples also 

showed the surface morphology to be much more granular than prior studies. Based on this 

observation, it could be inferred that the dissolution step did not allow for the complete 

dissolution of the silicic acid nano-particle starting materials in the sample preparation process. 

This suggests either gross error in the sample preparation process, or a need to re-evaluate the 

sample preparation methodology used in these sodium reduced samples. A comparison to 

untreated silicic acid may be required to confirm that conclusion. 

  
Figure 10. SEM-EDS data for uranium-rich site spotted on the surface of the sample prepared using silicic 

acid, 3 mM of bicarbonate, No Ca
2+

, and 500 ppm U after a 2 week stay in solution 

 
Figure 11. SEM-EDS data for uranium-rich site spotted on the surface of the sample prepared using silicic 

acid, 3 mM of bicarbonate, 5mM of Ca
2+

, and 500 ppm U after a 2 week stay in solution 

The supernatants from these samples were reserved after decanting and will be evaluated by 

KPA for uranium content. This analysis is important for determining the fraction of the uranium 

that remained in the liquid phase, rather than the solid precipitate. Based on the dearth of 

uranium in the solid phase under SEM, it is anticipated that the amount in solution will be 

significant. 
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Open-Air Sample  

SEM analysis of the open-air test sample showed a considerably dissimilar surface morphology, 

relative to the similarly prepared samples (Figure 12), which would prove to be primarily made 

up of potassium after EDS analysis. Upon closer inspection, it was discovered that the OA 

sample had the same crystal-like uranium-bearing shapes seen in prior studies (Figure 13). EDS 

analysis confirmed the elevated presence of uranium as well as potassium, which seems to 

dominate the rest of the sample.  

 
Figure 12. SEM image of the surface of the open-air sample 

 
Figure 13. SEM-EDS data for uranium-rich site on the surface of the open-air sample 

The promising SEM-EDS data was supplemented with X-ray diffraction analysis, which 

confirmed the presence of crystalline phases (Figure 14). Like the other XRD results discussed 

thus far, comparison of the OA sample diffraction pattern with some of the reference patterns 

suggested a match for nitratine (NaNO3) with a second potential match for cejkaite 

(Na4(UO2)(CO3)3), consistent with a determination made with prior XRD analyses (Lagos, et al., 

2013). 
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Figure 14. Comparison of the XRD pattern for the open-air sample to patterns for nitratine & cejkaite 

It was speculated that the sample preparation for the open-air test sample was flawed due to the 

fact that the supernatant ended up being evaporated rather than decanted from the sample tube. 

This would likely result in the precipitation of the otherwise soluble components from the 

solution, changing the composition of the precipitate. Despite that, this methodology will 

continue to be modified and investigated as a potential improvement upon the original. 

FUTURE WORK 

Scanning electron microscopy, particularly in backscatter electron capture mode, allowed for 

identification of the uranium rich sites in the precipitates produced by the NH3 gas injection 

remediation method using a synthetic pore water solution. This method, modified to minimize 

the interference of nitratine (NaNO3), produced solid uranium phases that differed dramatically 

from those produced in prior sample preparation and analysis. It is possible that the reason for 

this is the increased uranium concentration led to the production of a different uranium phase 

than predicted based on earlier studies, but further study is required to draw that conclusion. 

Moving forward, the evaluation of the existing samples will continue with SEM-EDS analysis of 

the sodium reduced samples and XRD analysis of both sets of samples. Continuing further, more 

samples will be produced for study and the modified preparation method will be honed to 

efficiently and effectively generate and characterize the uranium phases. 
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TASK 1.2: INVESTIGATION ON MICROBIAL META-AUTUNITE 
INTERACTIONS - EFFECT OF BICARBONATE 

BACKGROUND 

Uranium is one of the most abundant actinide elements found in the environment and is a key 

contaminant of concern at many U.S. Department of Energy sites, serving a leading role in the 

nation’s defense for over 50 years. Uranium contamination of soil and groundwater is of great 

environmental concern due to the toxicological properties of the uranyl species. The behavior of 

uranium and its mobility in the subsurface is affected by various factors such as chemistry of the 

porewater, groundwater and soil minerals, presence of complex-forming ligands, and micro-

organisms that thrive under these conditions. Uranium exists in a number of valence states but, 

under oxidizing conditions, it dominates as a highly soluble and stable uranyl ion, UO2
2+

. In 

neutral or basic pH conditions, uranium undergoes hydrolysis in aqueous solutions and can 

readily complex with a wide variety of ligands such as carbonate and phosphate. These 

complexation reactions often result in the formation of mobile aqueous species or precipitation 

of U-bearing minerals.  

Dissolved inorganic carbon present in soil and groundwater is one of the primary factors 

controlling uranium aqueous speciation. In oxidized conditions at a pH > 4, uranyl ions interact 

with carbonate creating strong neutral and negative soluble anionic complexes such as UO2CO3
0
, 

UO2(CO3)2
2–

, and UO2(CO3)3
4– 

that dominate aqueous speciation of U(VI) (Langmuir, 1978). In 

Ca-rich soil, calcium-uranyl-carbonate complexes, Ca2UO2(CO3)3
0
(aq) and CaUO2(CO3)3

2
-, 

became the predominant forms of dissolved U(VI) in the circumneutral and alkaline pH 

conditions [Bernhard et al., 2001; Kalmykov and Choppin, 2000]. These complexes were 

identified in contaminated pore water at the Hanford Site, Washington State, and have been 

shown to inhibit the microbial reduction of U(VI) under specific conditions (Bernhard et al., 

2001; Brooks et al., 2003).  

It is well established that microorganisms can impact processes that govern the fate and transport 

of contaminants in soils and sediments. According to several studies, Arthrobacter sp. are 

considered to be ubiquitous and predominant members of culturable soil microbial communities; 

they are found in large numbers in Hanford soil as well as other subsurface environments 

contaminated with heavy metals and radioactive materials (Balkwill et al., 1997; Boylen, 1973; 

Van Waasbergen et al., 2000; Crocker et al., 2000; Fredrickson et al., 2004). Arthrobacter sp. are 

aerobic, chemoorganotrophic, Gram-positive bacteria characterized by a rod-to-coccus 

morphology change as they enter the stationary phase. These microorganisms have an uncanny 

ability to survive and reproduce in the oligotrophic conditions in the presence of minimal 

concentrations of organic content (Crocker et al, 2000; Van Waasbergen et al, 2000). It is well 

established that microorganisms tend to interact with toxic metals and radionuclides in aqueous 

environments and several literature studies have given insight into the uranium tolerance of these 

microorganisms (Merroun et al., 2003; Lloyd et al, 2005). In this study, we attempt to 

demonstrate the effect of hydrogen bicarbonate (known as bicarbonate) on uranium- bacteria 

interactions by focusing on the bacterial strain Arhtorbacter oxydans G968 (Katsenovich et al., 

2012a). In a previous assessment, the Arhtorbacter oxydans G975 strain was found to be the 

fastest growing and the most uranium-tolerant strain among the studied microorganisms obtained 

from the Subsurface Microbial Culture Collection (SMCC) (Katsenovich et al., 2012a). In 
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contrast with G975, the Arthrobacter oxydans G968 strain was found to have low resistance to 

the U (VI) toxicity. The alteration in surface morphology for G968 with a reduction in cell size 

and distorted surfaces was noted at 0.5 ppm of U (VI); in comparison, G975 shows signs of cell 

inhibition at the much higher concentration of 19 ppm of U (VI) (Katsenovich et al., 2012b). 

Inhibition of bacterial activity was associated with the binding of U(VI) to the cell envelope. The 

passive binding of uranyl to cell surfaces reduces the fluidity of the cell membrane, limiting 

nutrient uptake (Bencheikh-Latmani and Leckie, 2003). However, uranyl-carbonate complexes 

formed in the solution in the presence of bicarbonate do not strongly interact with the negatively 

charged bacterial surface, which in turn can mitigate U(VI) toxicity on the cells (Bencheikh-

Latmani and Leckie, 2003; Katsenovich et.al., 2012b). 

Uranium-bacteria interactions were rigorously studied to understand the microbial effects that 

influence the mobility of U(VI) in groundwater as well as bacterial viability in the presence of 

U(VI) (Suzuki and Banfield, 2004; Merroun et al, 2005); however, the mitigation effect of 

bicarbonate on the viability of cells exposed to U(VI) has not yet been evaluated. The main focus 

of this investigation was to qualitatively and quantitatively characterize changes on the bacteria 

surface at the nanoscale level after uranium exposure and evaluate the effect of aqueous 

bicarbonate on U (VI) toxicity of a low uranium tolerant Arthrobacter strain, G968, by analyzing 

changes in adhesion forces and cell dimensions via profile plots. In addition, supplementing 

AFM analysis, cell viability was assessed by the Live/Dead BacLight Bacterial Viability Kit 

(Molecular Probes) to quantitatively illustrate how the viability of bacterial cells are affected 

when exposed to uranium in the presence of varying concentrations of bicarbonate ions.  

OBJECTIVES 

The main aim for this investigation was to qualitatively and quantitatively characterize changes 

on the bacteria surface after uranium exposure and evaluate the effect of bicarbonate ions on U 

(VI) toxicity of a low uranium tolerant Arthrobacter strain, G968, by analyzing changes in 

adhesion forces and cell dimensions via profile plots. In addition, supplementing AFM analysis, 

cell viability was assessed by the Live/Dead BacLight Bacterial Viability Kit (Molecular Probes) 

to quantitatively illustrate how bacterial cells are affected when exposed to uranium in the 

presence of varying concentrations of bicarbonate ions. 

MATERIALS AND METHODS 

Atomic Force Microscopy (AFM) Analysis on Bacteria Uranium Interactions  

Sample Preparation for AFM Imaging 

The bacterial cells were grown in a 5% peptone, yeast, tryptone, and glucose (PYTG) liquid 

culture media, for two days, consisting of 0.25 g/L peptone, 0.25 g/L tryptone, 0.5 g/L yeast 

extract, 0.5 g/L glucose, 0.6 g/L MgSO4.7H2O, and 0.07 g/L CaCl2.2H2O. The media was 

prepared in deionized water (DIW) (Barnstead NANOpure Diamond Life Science (UV/UF), 

Thermo Scientific), autoclaved at 121
o 

C and 15 psi for 15 minutes, then allowed to cool before 

being used. Log 7 cells/mL of the bacterial stock solution was incorporated with uranyl nitrate 

and synthetic groundwater (SGW) media to create individual samples for analysis. The SGW 

solution contained 5.22 mg/L of KCl, and 520.58 mg/L of hydroxyethyl 

piperazineethanesulfonic acid (HEPES). Phosphorus containing organic media is conducive to 

produce precipitates and was not included to prevent a potential interference with imaging. The 
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SGW solution was prepared in deionized water, autoclaved at 121
o 

C, 15 psi for 15 minutes, and 

allowed to cool to about 30
o 

C. Then it was equally distributed between three 250 mL bottles and 

aseptically separately amended to contain 0 mM, 5 mM and 10 ppm KHCO3. The samples that 

were analyzed included 5-mL aliquots as described in Table 8.  

Table 8. Samples containing varying concentrations of uranium in bicarbonate bearing media for imaging 

analyses 

Concentration of Uranyl Nitrate (ppm) Concentration of Bicarbonate (mM) 

0 0 

5 0 

5 5 

10 0 

10 5 

The bacterial samples were centrifuged and pellets were washed three times with deionized 

water from U (VI) and media residuals, and were then immobilized onto the 3-

aminopropyltrimethoxysilane coated silicon wafer substrates. A concentrated sample of about 10 

µL was dropped onto a silanized silicon wafer. The bacterial cells must be firmly adhered onto a 

silicon wafer substrate so the sample is immobilized and stabilized during imaging. Samples 

were air dried until excess moisture was evaporated completely. The substrates were then fixed 

onto a metallic disc and transferred to an AFM stage for imaging. 

Atomic Force Microscopy Instrumentation and Imaging 

AFM was conducted employing a PicoScan AFM (former Molecular Imaging Inc. now Agilent 

Series 4500 SPM, PicoSPM) for all AFM imaging analysis. A low force constant (~ 0.2 N/m) 

Silicon AFM probe tip (NanoAndMore, USA) was utilized with a resonating frequency of 15 

kHz. The mode of operation that was exercised was a contact mode. The detailed specifications 

of the cantilever are 500 µm in length, 30 µm in width, and 2.7 µm in thickness. The tip shape is 

rotated and the tip radius is <10 nm. The AFM tip is 20-25 degrees along the cantilever axis; 25-

30 degrees from the side and 10 degrees at the apex. In addition, information on the surface 

topography of cells exposed to U (VI) was obtained while laboratory conditions were at 25ºC 

and 55% relative humidity. Along with topographical imaging, a quantitative analysis was 

conducted; cellular dimensions and force spectroscopy were evaluated. To avoid cell 

dehydration, the AFM analysis was performed within two hours of sample preparation. 

Force Spectroscopy 

Forces experienced by the cantilever as it approaches the sample from several microns above the 

surface can provide information about short-range interactions. As the tip approaches the surface, 

short-range forces, such as Van der Waals forces, can be determined. Once the tip has 

approached the sample surface, an additional force can be applied to determine viscoelastic 

properties such as Young's modulus or stiffness for different strain rates or maximum applied 

forces. Additionally, when the cantilever is retracted away from the surface, adhesion forces or 

the detach forces can be measured. Adhesion forces are sensitive to modifications in the surface, 

such as physiological changes on the cellular membrane when exposed to uranium and 

bicarbonate [da Silva et al, 2011]. The dynamic changes occurring on the bacterial cell 
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membrane before and after exposure to the various concentrations of uranium were evaluated 

using force spectroscopy analysis. Thus, a force spectroscopy analysis was conducted to gain a 

full understanding of interactions at the atomistic level. The forces are determined using force 

distance (FD) curves that are generated from the array of force curves over the selected region. 

The average adhesion force was obtained from an average of 256 different FD curves in a 5 µm 

x 5 µm sample surface. This experimental approach allows for monitoring of forces on the 

piconewton/nanonewton scale. These FD curves were processed using Scanning Probe Image 

Processor (SPIP) software by ImageMetrology, Denmark (version 6.2.0) to determine their 

average adhesion forces. 

Roughness Measurements 

The surface of the immobilized bacteria on the Si wafer was also investigated using atomic force 

microscopy operated in contact mode as mentioned above. The AFM instrument is also capable 

of measuring surface topography at the atomic scale. Roughness measurements were performed 

on various points over a selected area. The measured roughness depends on the spatial and 

vertical resolution of the instrument. The average roughness analysis was determined from the 

average of the absolute values of the profile heights from the mean level. 

Cell Viability  

Supplementing AFM analysis, cell viability was assessed by the Live/Dead BacLight Bacterial 

Viability Kit (Molecular Probes, L-7012) to quantitatively illustrate how bacterial cells are 

affected when exposed to uranium in the presence of varying concentrations of bicarbonate ions. 

The Live/Dead assay contains SYTO 9 green fluorescent nucleic acid stain and red fluorescent 

nucleic acid stain, propidium iodide. SYTO 9 generally stains all bacteria in a population, 

regardless if they are alive or dead; the addition of propidium iodide to the solution causes a 

reduction of the SYTO 9 stain fluorescence penetrating damaged membranes. Samples used for 

viability assessment were similar to samples used for AFM imaging: grown in synthetic 

groundwater media and amended with varying concentrations of bicarbonate ions. Two control 

samples were created, one by adding 4 mL of SGW media for the live control, and another with 

4 mL of 70% isopropyl alcohol (for killed bacteria). The other samples were simply exposed to 

varying concentrations of uranium and bicarbonate bearing SGW. Samples were then incubated 

at room temperature overnight. In order to stain the samples, 3 μL of the dye mixture (containing 

equal parts of SYTO9 and propidium iodide) were added for each mL of the bacterial 

suspension. The samples were then incubated at room temperature in the dark for 15 minutes. 

Following which, the samples were washed 3 times with synthetic groundwater to remove the 

background fluorescence. Five (5) μL of the stained bacterial suspension was then placed on a 

microscope slide and covered with a coverslip. It was then allowed to dry for one hour in the 

dark before being visualized under a fluorescence microscope.  

Fluorescence Imaging and Counting 

Cells were visualized using a fluorescence microscope (Olympus IX81, Olympus America Inc., 

Miami, FL). The emission/excitation wavelength of SYTO9 and propidium iodide are 485/530 

nm and 485/630 nm, respectively. A region of interest encompassing an area of 4.32 µm
2 

was 

taken from images (ImageJ software, NIH, Bethesda, MD), and to calculate the ratio of live cells, 

the following formula was used (n=4 images) [9]: 
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Cell Viability Using Plates 

To supplement Live/Dead fluorescent assay, a cell viability experiment was performed in 

parallel using plates. Live/Dead analysis may show that samples are viable; however, it is 

necessary to illustrate if samples are culturable as well. In preparation for cell density viability 

experimentation, a new sleeve of PTYG plates were made using 5% PTYG media and 15 g/L 

agar. Media was prepared in deionized water (DIW), autoclaved at 121
o 

C, 15 psi for 15 minutes, 

and allowed to cool to about 30
o 

C. The PTYG media was then poured into sterile plates and 

allowed to harden overnight. Samples used for this analysis were the same samples described in 

section sample preparation. To account for viable bacteria, thoroughly mixed samples were 

subsequently diluted and homogeneous aliquots (0.1 mL) of the suspension from each dilution 

were uniformly spread on the sterile petri dishes. Viable microorganisms were calculated from 

the number of colony forming units (CFU) found on a specific dilution. 

Statistics 

Statistical analysis of the results obtained from the cell viability experiments were examined with 

analysis of variance (ANOVA) statistics. All statistical tests were investigated using a predictive 

analytical software, Statistical Product and Service Solutions (SPSS) (IBM, Armonk, NY), with 

significant levels set at α= 0.05.  

RESULTS AND DISCUSSION 

Cell Viability via Live/Dead Assay 

The viability of the cells was observed for twenty-four hours after the bacterial cells were 

exposed to varying concentrations of uranium in bicarbonate-bearing media. It is important to 

note that Figure 16 and Figure 18 illustrate a clustering of cells resulting in larger green intensity 

regions which therefore create the possibility of underestimating the number of live cells in 

samples containing bicarbonate. 
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Figure 15. Live/Dead assay of sample containing 5 ppm of U (VI) with no bicarbonate. This sample illustrates 

a large concentration of live cells (green dots) with scattered dead cells (orange/yellow dots) 

 
Figure 16. Live/Dead assay of sample containing 5 ppm of U (VI) with 5 mM bicarbonate. This sample 

illustrates a large concentration of live cells (green dots) with a smaller almost nonexistent concentration of 

dead cells (orange/yellow dots) 
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Figure 17 Live/Dead assay of sample containing 10 ppm of U (VI) with no bicarbonate. This sample illustrates 

a higher concentration of dead cells compared to Error! Reference source not found. 

 
Figure 18 Live/Dead assay of sample containing 10 ppm of U (VI) with 5 mM bicarbonate. This sample 

illustrates a large concentration of live cells 
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During viability calculations, no significant difference was observed between the varying 

concentrations of uranium and bicarbonate. Each sample exhibited a ratio of live cells greater 

than 95% and when making a comparison between samples that contain 10 ppm of U(VI), the 

sample containing bicarbonate contained a higher ratio of live cells as noted in Table 9. 

Statistical analysis indicated a significant difference between the means of cell viability among 

the different levels of uranium and bicarbonate concentrations (P < 0.05).  

Table 9. Quantitative Assessment of Percentage Cell Viability in Samples Subjected to Live/Dead Assay (n=4) 

Sample Type Ratio of Live cells (in percentages) 

5 ppm U, 0 mM Bicarbonate 98.00 ± 1.02 

5 ppm U, 5 mM Bicarbonate 97.51 ± 0.67 

10 ppm U, 0 mM Bicarbonate 95.60± 1.22 

10 ppm U, 5 mM Bicarbonate 100± 1 

Cell Viability via Plates 

Although all samples seem viable despite the concentrations of uranium and bicarbonate present, 

they may be unable to develop into culturable colonies in media. Bacteria enters a state known as 

the “viable but nonculturable (VBNC) state”, first coined by Rita Colwell [Xu, et al, 1982]. 

Bacteria would enter this state as a feedback response from natural stresses such as starvation or 

being exposed to deadly substances [Oliver and Bockian, 1999]. These environmental stresses 

could be lethal if cells do not enter the VBNC state. Plating efficiency was calculated by 

comparing cell viability in the control media before and after U (VI) exposure, which is 

determined via counts of colony forming units (CFU). Samples containing 5 ppm U with 0 mM 

bicarbonate illustrated a G968 plating efficiency of 1.75%; with 5 mM bicarbonate, the 

efficiency increased to 42%. Similarly, samples containing 10 ppm U with 0 mM bicarbonate 

had a CFU plating efficiency of 3.25%; with 5 mM bicarbonate, the efficiency increased to 28%. 

These results illustrate that although the bacterial cells established intact cytoplasmic 

membranes, resulting in viable cells for the Live/Dead analysis, the cells that are exposed to 

uranium with no bicarbonate experience a VBNC state. Meaning, the samples containing 5 ppm 

of U (VI) and 0 mM of bicarbonate, and 10 ppm of U (VI) and 0 mM of bicarbonate keep the 

integrity of the membrane, showing high levels of viability in the Live/Dead fluorescent assay, 

but experience low levels of colony growth when plated.  

Effect of Uranium on Microbial Surfaces Using Atomic Force Microscopy  

AFM was employed to monitor changes at the nanoscale level in cell surface topography and 

adhesion forces after the cells exposure to various concentrations of uranium. The aim of this 

task was to present high-resolution AFM images and determine cell dimensions and adhesion 

forces to illustrate the effect of uranium and bicarbonate on the bacterial surface. The results 

demonstrated the ability of this method to qualitatively and quantitatively characterize changes 

on the bacterial surface after U exposure and evaluate the effect of bicarbonate ions on U (VI) 

toxicity of a less uranium tolerant Arthrobacter strain, G968, by analyzing changes in bacterial 

dimensions via profile plots. 

Uranium Effect on the Microbial Cell Surface 

Microscopic observation revealed a closer analysis on surface morphology in the presence of 

varying concentrations of uranium in bicarbonate-bearing or bicarbonate-free solutions. The role 
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of bicarbonate is qualitatively shown in the images below; the solutions were treated with 

varying concentrations of uranium, from 0 ppm to 10 ppm. Images revealed changes in bacteria 

shape and dimensions due to the exposure to uranium.  

 
Figure 19. G968 control sample (scan size 2.5 x 2.5 µm

2
) illustrating smooth bacterial surface. The 

topographic image on the left, deflection image in the middle and friction image on the right 

 
Figure 20. G968 cultured in media amended with 5 ppm U (VI) and 0 mM HCO3 (scan size 6 x 6 µm

2
). The 

topographic image is on the left, deflection in the middle and friction image on the right. 

 

Figure 21. G968 cultured in media containing 5 ppm of U (VI) and 5 mM bicarbonate, (scan size 5 x 5 µm
2
). 

The topographic image is on the left, deflection image in the middle and friction image on the right 
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Figure 22. G968 cultured in media amended with 10 ppm U (VI) and 0 mM HCO3 (scan size 2.1 x 2.1 µm

2
). 

The topography image is on the left, deflection image in the middle and friction image on the right. These 

images exhibit cells that are slightly deformed indicative of harmful U exposure 

 

Figure 23. G968 cultured in media amended with 10 ppm U (VI) and 5 mM HCO3 (scan size 5 x 5 µm2). The 

topography image is on the left, deflection image in the middle and friction image on the right. These images 

exhibit no negative effects from uranium exposure on bacterial surface 

Force Spectroscopy Analysis 

It has been proposed that adhesion forces are sensitive to modifications in the surface [da Silva et 

al, 2011]; for example, physiological changes occur on the cellular membrane when exposed to 

toxic environments. So, it was necessary to perform a force spectroscopy analysis to gain a full 

comprehension of the interaction forces between the tip and the sample surface at the piconewton 

scale level. The results in Table 10 indicate a significant statistical difference in adhesion force 

values between control samples and those containing varying concentrations of uranium and 

bicarbonate (P < 0.05). 

There is an inverse relationship between the adhesion forces and the concentration of uranium; as 

the concentration of uranium increases, the adhesion forces will decrease exponentially. 

Additionally, when bicarbonate is present within the solution, the adhesion forces showed similar 

values to that of the control sample when no uranium is present. Previous MINTEQ modeling 

illustrated that the trimetric form of uranium, (UO2)3(OH)
5+

, is the most positive species that has 

the most potential to interact or damage negatively charged cell walls. In the presence of 

bicarbonate, the solution mostly accumulates the negatively charged uranyl carbonate 
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UO2(CO3)3
-4

 species, which are not expected to adhere onto the negatively charged bacterial 

surface [Carvajal et al, 2012]. 

Table 10 Adhesion forces for Arthrobacter sp. G968 (n=3) 

Uranium 

concentration 

(ppm) 

Bicarbonate 

concentration 

(mM) 

Adhesion 

(nN) 

0 0 11.62 ±1.68 

5 0 7.14 ±0.26 

5 5 9.14 ± 1.2 

10 0 5.54 ± 4.3 

10 5 4.88 ± 2.3 

Roughness Analysis 

Changes in the cells surface roughness in the bacterial strain when exposed to varying 

concentrations of uranium was analyzed using AFM roughness analysis. Exposure to uranium 

was conducted 24 hours prior to imaging while the concentrations of uranium ranged from 0 

ppm to 10 ppm. Past research has shown some correlation between growing roughness values as 

the concentration of uranium increased [Kazy et al, 2009]. However, for this particular case, 

values of roughness were in the range of 23.69 and 41.53 nm, and there was no correlation found 

with respect to roughness and uranium concentrations. Despite this, however, the data indicates 

that there is a significant statistical difference in roughness values between control samples and 

those containing varying concentrations of uranium and bicarbonate (P = 0.006). 

Bacteria cells height maps via AFM 

 
Figure 24. G968 control sample (scan size 2.5 x 2.5 µm2) illustrating a maximum height of 198 nm and length 

of 1.3 µm. The profile plot is on the left with the 3D topographic image on the right (Z range 618.4 nm) 



FIU-ARC-2014-800000438-04b-223   Rapid Deployment of Engineered Solutions for Environmental 

54 

 
Figure 25. G968 samples amended with 5 ppm U (VI) and no bicarbonate. Profile plot on the left illustrates 

the height of one cell at 600 nm, while the profile height of the image on the right measure 250 nm 

 
Figure 26. G968 sample amended with 5 ppm U (VI) and 5 mM bicarbonate. The profile heights for this 

sample ranges from 135 to 140 nm. The effect of uranium could have caused these bacterial cells to shrink 

revealing rod-to-coccus shape change. 
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Figure 27. G968 sample amended with 10 ppm U (VI) and 0 mM bicarbonate. The profile heights for this 

sample ranges from 70-90 nm. Images also show cells deformation 

 
Figure 28. G968 sample amended with 10 ppm of U (VI) and 5 mM of bicarbonate. The profile heights for the 

above sample range from 110-180 nm, showing lower values than U-free controls but higher values than the 

profile heights in bicarbonate-free media (Figure 17). 

The height of a bacterial cell is a good indication of cell response to U toxicity; U-free control 

samples exhibit a large profile height. When comparing the cells in samples containing 10 ppm 

of uranium with and without bicarbonate, the samples containing bicarbonate (Figure 28) have 

an increased profile height, revealing a smooth surface. When comparing the plating method and 

Live/Dead analysis with AFM assessment, we find that bacteria samples taken from bicarbonate- 

free solutions are mostly not viable; their height may be similar to the uranium-free control 

sample (Figure 24, Figure 25, and Figure 27) but they are not alive. In opposition, samples 

containing bicarbonate have a reduced height and a smaller cocci-shape cellular size with no 
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deformed surfaces and look identical to U-free control samples. It might be an indication that the 

cells are alive and have acclimated to withstand uranium toxicity. Arthrobacter species are 

known for their ability to change size and shape in response to toxicity, from a rod to spherical 

cocci; in this cocci shape, the bacteria is more resistant to desiccation and starvation [O' 

Loughlin et al, 1999]. 

CONCLUSIONS 

AFM analysis and Live/Dead fluorescent assay was used to qualitatively and quantitatively 

illustrate changes in bacterial cells when exposed to uranium in the presence of bicarbonate 

bearing media. The Live/Dead analysis showed that despite the concentration of uranium and 

bicarbonate present in the solution, each sample exhibited a ratio of live cells greater than 95%. 

Although the samples seemed viable, they also showed that they are not culturable. By 

performing a cell viability assessment via culture plates, results demonstrated that although the 

bacterial cells maintained the integrity of intact cytoplasmic membranes, resulting in viable cells 

for the Live/Dead analysis, the cells that are exposed to uranium with no bicarbonate 

experienced a viable but nonculturable state, that is, exhibited low levels of colonies when 

plated. Force spectroscopy results demonstrated that as uranium concentration is added to the 

media, the adhesion force parameter decreases. Furthermore, the height provided from the profile 

plots revealed that samples containing bicarbonate have a higher profile height, resulting in a 

smooth surface. Thus, samples exposed to uranium with no bicarbonate are mostly viable via 

Live/ Dead assay, but exhibited deformed surfaces and a low height profile, which might be an 

indication that the cells are not alive. In contrast, samples containing bicarbonate have a higher 

cell profile height and exhibited smaller cellular size after a rod to cocci-shape transition with 

surface morphology replicating the control samples. This data illustrated how the cells have 

acclimated to withstand uranium toxicity.  

FUTURE WORK 

Future work will include finalizing uranium analysis of the samples collected while preparing for 

AFM imaging to quantify how much uranium adsorb on the cells surface and preparing two 

manuscripts to submit for potential publication in peer-review journals. 
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TASK 2.1: FIU’S SUPPORT FOR GROUNDWATER 
REMEDIATION AT SRS F/H AREA 

INTRODUCTION 

The Savannah River Site (SRS) was one of the major producers of plutonium for the U.S. 

nuclear program during the Cold War. Since then, it has become a hazardous waste management 

facility responsible for nuclear storage and remediation of contaminated soil and groundwater 

from radionuclides. From its days of production, between 1955 and 1988, the F/H Area Seepage 

Basins located in the center of SRS received approximately 1.8 billion gallons of acidic waste 

solutions containing radionuclides and dissolved metals. This has created a contaminated 

groundwater plume with an acidic pH between 3- 5.5, polluted with a variety of radionuclides 

and chemicals from the F-Area separation facilities. The acidic nature of the basin waste 

solutions contributed to the mobility of several constituents of concern (COCs) associated with 

the F-Area groundwater plume. These COCs consist of tritium, uranium-238, iodine-129, and 

strontium-90. The COCs in the H-Area are tritium, strontium-90 and mercury. The primary focus 

of this investigation is uranium (VI) or U(VI), which is a key contaminant of concern in the 

basin’s groundwater. 

To remove contaminates from polluted groundwater, a pump-and-treat and re-inject systems 

were implemented. Downgrade groundwater within the system would be pumped up to a water 

treatment facility and then re-injected upgrade within the aquifer. The pump-and-treat water 

treatment unit designed and built in 1997 to remove metals and radionuclides eventually became 

less effective, prompting research for new remedial alternatives. The pump-and-treat system was 

discontinued and in 2004 a funnel-and-gate process was implemented to carry out injections of 

sodium hydroxide solution directly into the gates of the F-Area groundwater to raise pH levels. 

The purpose was to create a treatment zone in which the acidic nature of the contaminated 

sediments could be reversed, thereby producing a more negative net charge on the surface of 

sediment particles and enhancing adsorption of cationic contaminants. Monitoring data indicated 

that injection of the base helped to decrease concentrations of Sr and U; however, the 

concentration of iodine was unaffected by this treatment. A solution with high carbonate 

alkalinity was initially used to overcome the surface acidic conditions and natural partitions of 

the groundwater system. This system of remediation would require a systematic re-injection of a 

base to maintain the neutral pH of the treatment zone. However, the continuous use of high 

concentrations of a carbonate solution to raise pH creates a concern of re-mobilization of 

uranium previously adsorbed within the treatment zone. In the presence of bicarbonate ions, 

U(VI) easily forms highly soluble aqueous uranyl-carbonate complexes.  

To avoid uranium remobilization issues at the F/H areas of the SRS site, FIU-ARC was 

conducting an investigation to replace the carbonate base with a sodium silicate and evaluate 

whether these solutions have sufficient alkalinity to correct the acidic nature of the aquifer 

sediments. To get an answer for this question requires determining if a silica solution with an 

inherent pH≤10 has sufficient alkalinity to restore the pH of the treatment zone, and whether 

silica solutions can be injected into the subsurface without clogging the aquifer permeability. The 

necessity of the silicate solution to have a pH ≤10 was derived from the regulatory constraints of 

injecting solutions of high pH values into subsurface systems. In addition to this, the research 
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was extended to investigate if U(VI) is bound to colloidal silica and if any synergy exists 

between humic acid (HA) and colloidal Si that would influence the removal of uranium. 

Humic substances (HS) are a major component of soil organic matter and are known for their 

abilities to influence the migration behavior and fate of heavy metals. HS are ubiquitous 

polyfunctional organic macromolecules formed by the chemico-microbiological decomposition 

of biomass. HS have abilities to interact with both metal ions and organic substances and, based 

on their solubility, they are usually divided into three fractions (Choppin, et al., 1992). Humin 

represents a fraction which is insoluble at all pH values. HA represents a fraction of the humic 

substances, which is soluble at pH values greater than 3.5, and the fulvic acid fraction is soluble 

at all pH values.  

Studies showed that HA function as an important ion exchange and metal-complexing ligand 

carrying a large number of functional groups with high complexing capacity that can greatly 

affect the mobility behavior of actinides in natural systems (Davis, 1982; Choppin, 1998; 

Plancque et al., 2001). Previous studies suggested that the retention of U(VI) via sorption in the 

presence of HA is a complex process due to HA abilities to form organic coatings by sorbing on 

the surface of oxides and minerals, hence modifying the sorption behavior of metal ions (Davis, 

1984; Zachara et al., 1994; Labonne-Wall et al., 1997; Perminova et al, 2002). It is generally 

considered that the sorption of metal ions on the mineral surfaces in the presence of HA is 

enhanced at low pH and reduced at high pH (Ivanov et al., 2012). It has also been demonstrated 

that the sorption is strongly dependent on the concentration of HA/FA (Chen and Wang, 2007). 

HSs are known have a strong influence on the sorption and speciation of lanthanides and 

actinides in natural aqueous systems (Tan et al., 2008). The U(VI) sorption onto kaolinite is 

influenced by the pH, U(VI) concentration, presence of inorganic carbon species and naturally 

occurring HA. It has also been shown that U(VI) prefers to be adsorbed onto kaolinite as a 

uranyl-humate complex (Krepelova et al., 2007). 

This task investigates if there are any synergistic interactions between U(VI) ions, humic acid 

and colloidal silica under oxidized conditions and studies the influence of HA and Si on the 

sorption of U(VI) onto sediments collected from the F/H Area. The experiments also evaluate the 

effects of different environmental variables such as pH, presence of U(VI) and varying 

concentrations of HA and Si on the removal behavior of U(VI) in the multi-component batch 

systems. 

Thus far, we have created an experimental matrix involving colloidal silica, humic acid, and 

collected natural sediments from the F/H Area, determined the desired concentrations and ratios 

of our constituents and simulated the uranium adsorption process in the pH range from 3 to 8.  

METHODOLOGY 

The experiments were designed to study the removal behavior of U(VI) in the multi-component 

batch systems in the pH range between 3 and 8; so, the effect of pH on the adsorption 

mechanism could be evaluated. Several background sediment samples were collected at SRS 

from the well FSB 91C and brought back to FIU-ARC by the DOE Fellow Valentina Padilla 

after the completion of her summer 2013 internship at SRS. Six samples were retrieved at the 

following depths: 65, 80, 90, 95, 100 and 105 feet, respectively (Figure 29). A 10-g soil sample 

from each zip-loc bag was accurately weighed to prepare a 60-gram soil mixture. After mixing 
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the soil thoroughly, it was used for the preparation of soil-bearing batches at the soil to water 

ratio of 1:20.  

 
Figure 29. Core samples shipped to FIU 

Batches 1-3 were prepared without sediments. Batch 1 included 3.5 mM of silica and U(VI) to 

analyze the adsorption capabilities of colloidal Si. Batch 2 was combined with Si, 10 ppm HA 

and U(VI) to explore the synergy effect between silica and humic acid on the removal of U(VI). 

Batch 3 explored the capabilities of HA at a concentration of 10 ppm on the U(VI) removal. 

Batches 4-7 were prepared with sediments. In Batch 4, we analyzed the soil adsorption properties 

to remove U(VI) in the presence of colloidal Si. Batch 5 reproduced the results of all constituents 

such as Si, HA, and sediments to observe if there is any synergy between HA and Si to enhance 

the U(VI) sorption in the presence of sediments. The results of these sediment samples were 

compared to batch 6, which was looking at sediment sorption in the presence of 10 ppm HA, and 

no Si, and batch 7, containing sediments alone. The experimental matrix was set up as follows: 

 Batch 1: Si (3.5 mM) +U (VI) (0.5ppm) (no sediments and HA). 

 Batch 2: Si (3.5 mM) +U (VI) (0.5ppm) + HA (10 ppm), (no sediments) 

 Batch 3: U (VI) (0.5 ppm) + HA (10ppm) (no Si and sediments). 

 Batch 4: Sediments+ Si (3.5 mM) +U (VI) (0.5 ppm) (no HA) 

 Batch 5: Sediments+ Si (3.5 mM) +U (VI) (0.5 ppm) + HA 

 Batch 6: Sediments +U (VI) (0.5 ppm) + HA, (no Si) 

 Batch 7: Sediments+ U (VI) (0.5 ppm), (no Si and HA) 

All samples were prepared in 50-mL conical tubes in triplicate. All control and experimental 

tubes were vortexed and then kept on the shaker at 100 rpm and room temperature. 

Fumed colloidal silica, silicon (IV) oxide 99%, and humic acid sodium salt (50-60% as humic 

acid) were obtained from Fisher Scientific. Stocks of HA and Si were prepared in deionized 

water (DIW) at 1000 ppm and 2000 ppm, respectively. A commercial 1000 ppm uranyl nitrate 

stock solution in 2% nitric acid (Fisher Scientific) was used as a source of U(VI). The resulting 

sample mixtures were spiked with uranium to yield a concentration within a solution matrix of 

0.5 ppm. The pH of the mixture was then adjusted to the required value using 0.01 M of HCl or 

0.1 M NaOH. Control samples were prepared in DIW amended with U(VI) at a concentration of 

0.5 ppm U(VI) to test for U(VI) losses from the solutions due to sorption to the tube walls and 
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caps. All volumes of solutions were tracked to have initially 40 mL of the total volume in the 

sample tube; then the sample volume was reduce to 20 mL in an effort to minimize the amount 

of liquid radioactive waste (Table 11).  

Table 11. Constituencies used for the sample preparation according to the experimental matrix 

Batch # 

Constituents 

SiO2 

mL 

Humic Acid 

(HA) 

mL 

Mass of 

Sediments 

Mg 

Uranium 

U(VI) 

mL 

DIW 

Volume 

mL 

Total 

Volume 

mL 

1 2.24 - - 0.01 17.75 20 

2 2.24 2.00 - 0.01 15.75 20 

3 - 2.00 - 0.01 17.99 20 

4 2.24 - 400 0.01 17.75 20 

5 2.24 2.00 400 0.01 15.75 20 

6 - 2.00 400 0.01 17.99 20 

7 - - 400 0.01 19.99 20 

Figure 30 presents the experimental set up kept under the fume hood where sample preparation 

using silica, humic acid, DI water, and adjustments of pH after the U(VI) injections were 

conducted. 

 
Figure 30. Experimental set up 

Samples were shaken for 24 h at 100 rpm and then centrifuged at 2700 rpm at a temperature of 

22 degrees Celsius for 30 min (Figure 31). In addition, samples of Batch 1containing colloidal 

silica with no sediment were filtered using a 0.45μm syringe filter. For analysis with the KPA for 

U(VI) and ICP-OES for Si and Fe analysis, an aliquot was extracted from the supernatant of each 

test tube and diluted with 1% nitric acid between 5 to 10 times. In total, each set consisted of 25 

samples including controls for testing of uranium and silica concentrations.  
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Figure 31. Conical tubes on the shaker at 100 RPM and centrifuge to separate supernatant  

RESULTS AND DISCUSSION 

pH3 

Triplicates of pH 3 samples were prepared using 1% HNO3 with 1:10 dilution ratio and were 

analyzed for U(VI) via KPA instrument. Uranium removal was calculated from the KPA results 

and data are presented in Table 12. As data suggested, the percent removal of U(VI) at pH 3 was 

very small ranging between 8.04-23.6% for all batches. At this pH, the uranyl cations are the 

major existing U(VI)- bearing species in the solution. Filtered and unfiltered samples showed 

similar results for uranium sorption; so, at pH 3, sorption of U(VI) on Si colloids was found to be 

negligible. The presence of HA and sediments increased U(VI) sorption from the solution and, in 

samples amended with HA, the average U(VI) sorption efficiency increased from 8.04 to 23.6%. 

Literature data suggests the lack of any detectable U-Si interactions at low pH, which supports 

the conclusion that adsorption of the uranyl ion onto Si at low pH occurs predominantly through 

an outer-sphere mechanism (Sylwester et al., 2000). 

Table 12. Analytical results for the set of pH 3 

Sample-

Description, 

 pH 3 

U(VI) Avg 

Removal, % 
Std. 

Si Avg 

Removal, % 
Std Deviation Fe, ppm 

Batch 1 8.45 1.79 91.28 0.69 No soil 

Batch 2 16.63 2.05 87.68 0.45 No soil 

Batch 3 15.62 1.90 No Si NA No soil 

Batch 4 12.73 2.17 92.71 0.73 0.007-0.18 

Batch 5 22.43 0.24 89.26 0.69 0.23-0.32 

Batch 6 23.58 0.14 No Si NA 0.21-0.43 

Batch 7 19.85 5.76 No Si NA 0.09-0.28 

Batch 1 

Filtered 
8.04 0.94 98.34 0.03 0 

pH4 

At pH 4, the removal of U in non-sediment samples was higher than found at pH 3, but still 

relatively low in comparison with most of the other batches at higher pH. Samples with HA 

produced only 13.29% of U removal; compared to its counterpart of filtered Batch 1 composed 

of Si alone with U removal of 45.37%. The mixture of Si and HA produced 22.33% of U 
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removal. The presence of sediments in the samples seemed to enhance the adsorption of U(VI), 

showing an average U removal for the Batch 6 of 82.28± 0.61%, the highest for the pH4 set. It 

was also noticed that Batch 5, composed of sediments and HA, did indeed enhance the U(VI) 

adsorption compared to no-Si and HA Batch 7 from 45.83% to 78.10% (Table 13).  

Table 13. Analytical results for the set of pH 4 

Sample-

Description, 

pH 4 

U(VI) Avg. 

Removal, % 

Std. Deviation Si Avg. 

Removal, % 

Std. Deviation Fe, ppm 

Batch 1 45.37 18.50 94.84 3.08 No Soil 

Batch 2 22.33 1.65 84.97 2.06 No Soil 

Batch 3 13.29 1.40 No Si NA No Soil 

Batch 4 53.42 1.47 95.45 1.61 0.1-0.2 

Batch 5 82.28 0.61 86.10 7.24 0.2-1.3 

Batch 6 78.10 1.34 No Si NA 0.2-0.6 

Batch 7 45.83 3.02 No Si NA 0.1-0.3 

pH5 

Non-sediment samples of Batch 1 far exceeded the counterpart’s Batches 2 and 3, and in 

comparison with pH 3 and 4, the trend with colloidal silica alone seems to be greater than those 

combined with Si and HA. The sediment samples of Batch 4 and Batch 7 had the highest U(VI) 

removal at 88.66±0.39% and 88.81±3.34%, respectively, compared to other sediment-bearing 

batches (Table 14).  

It was noted that the percentage of sorbed U(VI) was greatly increased in filtered samples of 

Batch 1, from 81.88±1.98% to 92.80±0.76%. The addition of HA slightly reduced U(VI) 

adsorption in sediment-bearing and non-sediment samples. Thus far, the trend of U(VI) removal 

in non-sediment samples seems to indicate that silica has a stronger effect on U(VI) removal 

compared to HA. Results obtained for Batch 6, which was third in ranking on U(VI) sorption 

efficiency, suggested that the presence of HA at a pH 4-5 slightly hinders sediment sorption. It is 

interesting to note that higher Si removal always correlated with higher U(VI) removal (Table 

14). Sorption efficiency was increased drastically from pH 4 to 5. According to the literature, 

adsorption of the uranyl onto the silica surface at near-neutral pH appears to occur via an inner-

sphere, bidentate complexation with the surface (Sylwester et al., 2000).  

Table 14. Analytical results for the set of pH 5 

Sample-

Description, 

pH 5 

U(VI) Avg. Removal, 

% 

Std. 

Deviation 

Si Avg. Removal, 

% 

Std. 

Deviation 
Fe, ppm 

Batch 1/ Filtered 81.88/ 92.80 1.98/0.76 94.43 0.87 No soil 

Batch 2 18.40 2.30 64.90 12.41 No soil 

Batch 3 9.29 5.43 No Si NA No soil 

Batch 4 88.66 0.39 80.39 2.14 0.01-0.02 

Batch 5 83.21 1.44 84.33 5.26 0.09-0.11 

Batch 6 86.05 2.47 No Si NA 0.19-0.24 

Batch 7 88.81 3.34 No Si NA 0.1 
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pH6 

Non-sediment samples of Batch 1, composed of Si and U(VI), showed a higher uranium removal 

of 82.19± 3.44% compared to HA-bearing samples of Batches 2 and 3, which exhibited U(VI) 

removal at 59.84±4.37% and 55.72±11.79%, respectively. Data for the filtered samples of Batch 

1 are indicative of increasingly higher U(VI) removal capabilities, possibly due to U(VI) 

adsorption on Si colloids trapped on the filter (Table 15).  

Even though the results of Batch 4 showed a U(VI) removal of 92.62±4.3%, it looks like silica 

slightly reduced the effect of U(VI) sorption on sediments as compared to its sample counterparts 

in Batches 7 and 6. Sediment-bearing Batches 4 and 5 were less effective, showing 92.62±4.3% 

and 92.1±2.28%, respectively, for U(VI) removal. Overall, values for U(VI) removal at pH 6 

exceeded the relative efficiency found at pH 4 and 5. The synergistic effect of humic acid and 

silica is greater in the presence of sediment than without sediment; however, HA was found to 

reduce sediment sorption when Batches 5 and 7 are compared.  

Table 15. Analytical results for the set of pH 6 

Sample-  

Description,  

pH 6 

U(VI) Avg.  

Removal, % 

Std. Deviation Si Avg.  

Removal, % 

Std. Deviation Fe, ppm 

Batch 1/ Filtered 82.19/98.8 3.44/0.05 78.63/96.43 3.36/0.48 No soil 

Batch 2 62.29 1.56 83.22 2.43 No soil 

Batch 3 60.99 10.56 No Si NA No soil 

Batch 4 92.62 4.3 96.66 2.55 0.013 

Batch 5 92.10 2.28 92.68 5.80 0.66-0.84 

Batch 6 94.53 0.05 No Si NA 0.82-1.05 

Batch 7 99.08 0.30 No Si NA 0 

pH 7  

At pH7, Batch 1 exhibited the highest uranium removal with an average of 67.53±10.28% 

among non-sediments samples (Batches 1-3). With the addition of humic acid (Batch 2), the 

removal of uranium averaged ~50% which was slightly higher than with the addition of HA 

alone (Table 16. ). 

Table 16. Analytical results for the set of pH 7 

Sample-

Description,  

pH 7 

U(VI) Avg. 

Removal, % 
Std. Deviation 

Si Avg 

Removal, % 
Std. Deviation Fe, ppm 

Batch 1/Filtered 73.47/NR 0.15/NR 52.28 1.19 No soil 

Batch 2 54.03 3.70 58.12 3.24 No soil 

Batch 3 47.33 0.23 No Si NA No soil 

Batch 4 98.06 1.45 92.04 2.83 0.003-0.03 

Batch 5 85.47 2.19 81.25 3.7 0.86-1.4 

Batch 6 85.70 2.19 No Si NA 0.7-1.5 

Batch 7 98.64 0.98 No Si NA 0 

Two of the filtered Batch 1 samples need to be reprocessed, which leaves the results of our 

filtered Batch 1 inconclusive at this time. Similar to samples prepared with pH 6, the 
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performance of Batch7 (sediments only) surpassed other sediment-bearing batches. At pH 7, the 

average U(VI) removal of 98.64± 0.98% was observed for Batch 7. As it pertains to the sediment 

batches, a similar value of 98.06±1.45% U(VI) removal was obtained for Batch 4. This indicates 

that silica-bearing sediment samples seem to have a trend of being above 90% in U(VI) removal. 

The removal efficiencies of HA-amended sediment samples in Batches 5 and 6 dropped in 

comparison to previous pH levels.  

Analyzing these results, we can determine that sediment samples out-performed those samples 

without sediment. Of the sediment batches, we can determine that at pH 7, and trending with pH 

6, the sediment sorption capabilities are strongest without the addition of Si and HA. However, 

we must note that sediment in the presence of colloidal silica still possesses notable sorption 

properties.  

pH8 

At pH 8, all U(VI) removal results were in the range between 94-99.9%. For non-sediment 

samples, Batch 1 proved most effective, both filtered and unfiltered, with values of 96.48± 

1.44% and 99.96±0.07% for U(VI) removal, respectively (Table 17). 

Table 17. Analytical results for the set of pH 8 

Sample-

Description,  

pH 8 

U(VI) Avg 

Removal, % 
Std. Deviation 

Si Avg 

Removal, % 
Std. Deviation Fe, ppm 

Batch 1/Filtered 96.48/99.96 1.44/0.07 83.23 0.23 No soil 

Batch 2 96.34 0.55 38.05 5.26 No soil 

Batch 3 94.05 0.68 No Si NA No soil 

Batch 4 99.45 0.24 83.32 4.94 0.05-0.17 

Batch 5 98.07 0.33 80.35 3.02 1.01-1.63 

Batch 6 98.21 0.64 No Si NA 0.98-1.83 

Batch 7 99.93 0.07 No Si NA 0 

At pH 8, Batch 2 with no sediment, humic acid and silica had a removal percentage found to be 

96.34±0.55%. This trend for Batch 2 has shown up at every pH level from 4-8. The results after 

sample processing for Si and Fe are presented in Table 16 and Table 17. The higher removal of 

Si always correlated with the higher removal percentage of U(VI).  

Thus far, the two best results for U(VI) removal were gathered from Batches 7, 4 and filtered 

samples from Batch1 at each respective pH value. At higher pH values, the sediment samples 

performed best alone; however, sediments amended with colloidal silica maintained increasingly 

higher levels of U removal. In respect to overall performance, the sediment-bearing batches 

typically exceeded the performance of non-sediment batches. In terms of HA, sorption results of 

sediment samples tend to coincide with other literature found. Krepelova et al. (2007) states that 

HA enhances the U(VI) sediment uptake in the acidic pH range compared to the system without 

HA and reduces the U(VI) sorption to sediment in the near-neutral pH range. The uranium 

removal in filtered samples of Batch 1exhibited higher values compared to unfiltered samples, 

justifying that not all colloidal Si was removed from the supernatant solution after sample 

centrifugation. Comparison of the results might also require filtering of all the samples and then 

processing via KPA. A graphical representation of U (VI) removal for pH 3 to 8 is presented in 

Figure 32.  
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Figure 32. U(VI) adsorption for all batches at pH 3-8 

 
Figure 33. U(VI) adsorption for all batches at pH 3 to 8 

The sorption of U(VI) onto sediments is influenced by the pH and the presence of HA. The effect 

of silica, HA and sediment on uranium adsorption is better explained when considering a change 
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in uranyl speciation as a function of pH. As pH increases, the simple uranyl cation is transformed 

to mononuclear and polynuclear hydrolyzed uranyl species (Table 8). As pH is increased to 8, a 

chemical change from positively charged species to negatively charged species takes place with 

the formation of a negative polynuclear (UO2)3(OH)8
2-

 and UO2(OH)3
-
 complexes. According to 

Iler (1979), at pH below 4.5, silica particles bear very little surface charge, thus, limiting the 

adsorption of positively charged polynuclear hydroxo-uranyl cations. In the presence of HA, the 

uranyl uptake by Si particles and sediments is modified. At low pH 3, the addition of HA slightly 

enhances U(VI) sorption compared to the HA-free samples. This result correlates to other studies 

found that in the acidic pH the addition of HA slightly enhances U(VI) sorption relative to the 

HA-free system (Murphy et al., 1999; Schmeide et al., 2000; Ivanov et al., 2012). Conversely, in 

the pH range of 4 to 7, the sorption of U(VI) on Si was reduced in the presence of HA in 

comparison to the system without HA. This seems reasonable considering the low percent 

reduction of uranium in the presence of HA due to the formation of uranyl-humate complexes. 

Table 18 change in uranyl species with change in pH 

As the pH of the solution is increased, the surface charge of silica decreases, resulting in 

increased adsorption of hydroxo-uranyl cations. The sorption of uranium onto silica colloids 

might be due to the surface complexation process that can occur on the outer sphere and inner 

sphere of the electric double layer of the surface (Iler, 1979). During the adsorption process, the 

silica surface gradually becomes covered with adsorbed cations which finally coat the whole 

surface. Koopal et al. (1998) reported that HA could be rapidly and strongly absorbed on to the 

silica surface, thus limiting the adsorbing surface available for uranium; Batch1 and Batch 2 data 

shown in Figure 4 and Figure 5 is in agreement with the literature data. 

FUTURE WORK 

Future work will focus on the preparation of the sets with an increase of up to 50 mg/L 

concentration for HA. In addition, batch sorption experiments will include a series of reactors 

prepared with HA and U(VI) in the pH range adjusted between 4 and 9. These experiments will 

provide information on the amount of HAsorb vs. HAdissolved and C/Co of U(VI) at each pH 

condition, where Co and C are the initial and residual concentrations of U(VI) in the solution 

composition, respectively. The sediments’ surface composition will be analyzed via scanning 

electron microscopy and energy-dispersive-spectrometry (SEM-EDS). The quantitative 

measurements of the surface composition will show the distribution of elements throughout the 

sample. The distribution of carbon might suggest if HA polymerized and precipitated on the 

surface or between sediment particles. The SEM-EDS analysis will also reveal surface 

topography and provide information of any correlation between elements across the surface. In 

addition, efforts will be made to conduct U(VI) speciation modeling to make more accurate 

predictions of subsurface processes. 
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TASK 2.2: MONITORING OF U (VI) BIOREDUCTION AFTER 
ARCADIS DEMONSTRATION AT F-AREA 

INTRODUCTION 

In 2010, ARCADIS demonstrated the in situ injections of a carbohydrate substrate, molasses, to 

create reactive zones for metal and radionuclide remediation via the Enhanced Anaerobic 

Reductive Precipitation (EARP) process. The addition of the molasses substrate solution to 

groundwater produces anaerobic conditions conducive to the reductive precipitation of uranium. 

An important aspect of any in situ remediation of metal and radionuclide contamination is the 

longevity of contaminant immobilization. Regulators and stakeholders will approve leaving 

contaminants in the subsurface only if they are assured that contaminants will remain 

sequestered for long periods of time. This is particularly true when the remediation strategy 

relies on changing the geochemical conditions in a direction that is opposite of their natural 

evolution. Bioreduction of metals/radionuclides in an aerobic aquifer is an example of this. A 

microcosm study, prepared with SRS sediments, augmenting the solution mixture with molasses, 

was designed as a tool to provide evidence of the capabilities of this technology. The objective of 

the microcosm experiment is to replicate the treatment performed by ARCADIS at SRS and 

investigate the mineralogical changes that occur in the soil due to the addition of molasses. 

Specifically, the study aims to determine whether forms of reduced iron such as siderite and 

pyrite would arise in the reducing zone and if any mineralogical changes occurred in sediments 

during the re-oxidation period. These experiments will also explain the types of reactions that 

might occur in the anaerobic aquifer. An understanding of the technology will be useful to 

determining if it is a viable option for remediation.  

BACKGROUND 

The initial microcosm study was set up during a summer internship conducted by DOE Fellow 

Valentina Padilla at the Savannah River Site. The study included the setup of two centrifuge 

tubes with perforated holes in the caps. The tubes were connected through the holes with a long 

thin plastic conduit (Figure 34). The sample contained 20 mL of sediments from the F-area that 

was amended with 0.014 g of NaNO3 and 7 g of molasses (20% w/w). The samples were kept 

over a period of 30 days, and experimental observations suggested that the microcosm study did 

not yield successful results, showing no signs of activity from anaerobic microorganisms. 

Several factors are believed to have contributed to these results: the growth of the anaerobic 

bacteria was too slow or perhaps the air present inside the tubes was significantly slowing the 

process. Another reason could be that the experimental tubes were not completely sealed off, 

leaving the possibility of oxygen entering the system. This could suppress anaerobic bacteria that 

probably were not present in any significant quantity in the sediment samples collected from the 

oxygenated aquifer. The details of these experiments are presented in the internship report “SRS 

In-Situ Bioremediation Techniques and F-area Post Molasses Injection Analysis” that can be 

found on the DOE Fellows website under the section for internship reports 

(http://fellows.fiu.edu/InternshipReports.asp). 
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Figure 34: Set up of microcosm study performed at SRS 

During the design of the microcosm experiment that was performed at FIU, there were several 

precautions taken to prevent any of the same issues from happening. The setup of the experiment 

was modified to include an anaerobic chamber filled with the nitrogen gas; this ensured that no 

oxygen could enter the samples. The anaerobic process is very slow; so, to speed up the molasses 

fermentation process, some samples were inoculated with anaerobic bacteria. Bacterial samples 

for inoculations were collected from the South Miami wastewater treatment plant anaerobic 

digester. We discuss bacteria inoculation in greater detail in the methodology section. 

Several background core samples were collected from a well near to the molasses injection site 

and shipped back to FIU-ARC to continue with the microcosm study. The core samples were 

collected from the well FSB 91C, the closest well to the molasses injection site from which core 

samples were available (Figure 35). Six samples were retrieved at the following depths: 65, 80, 

90, 95, 100 and 105 feet, respectively (Figure 36). 

 
Figure 35: F-Area depicting well FSB 91C where 

sediment samples were collected 

  

 
Figure 36: Core samples shipped to FIU 

METHODOLOGY 

Background samples collected from SRS were analyzed via X-ray diffraction (XRD) method to 

get baseline information on sediment mineralogy before their treatment with molasses. The fine 

and coarse fractions were separated via sieving for a second round of XRD analysis to evaluate 



FIU-ARC-2014-800000438-04b-223   Rapid Deployment of Engineered Solutions for Environmental 

 

 73 

 

only the fine fractions of the sediment. Samples were sieved through the following sieves: No. 

170, No. 200, No. 230 and No. 270. This yielded fine fractions of sediment of less than 0.06 mm 

in size. 

X-ray diffraction analyses were performed on the dried precipitates at 35 kV and 40 mA via a 

Bruker 5000D XRD instrument. Diffraction patterns were obtained using a copper Cu Kα 

radiation source (λ=0.154056 nm) with a tungsten filter. The XRD was programmed to run over 

a 2-theta (2θ) range from 10° to 90° with a 0.02° step size and 3 second counting per step. Since 

the high intensity peaks for many clay solid phases are in the range of 2-theta from 5 to 10, the 

XRD analysis was repeated to run from a 2-theta range from 2.5
o
 to 90

o
. The sample was packed 

into the small recess of a plastic sample holder that was designed specifically for the small 

amount available. 

To create favorable conditions to grow anaerobic bacteria, the molasses was diluted with a basal 

medium. The basal medium (modified from Freedman and Gossett, 1989) consisted of (in g L
-1

 

deionized water) NaHCO3 1.5, NH4Cl 0.2, K2HPO4 3H2O 0.1, KH2PO4 0.055, resazurin 0.001 as 

a redox indicator, Na2S 9H2O 0.039 as a sulfur source and reductant, and MgCl2 6H2O 0.1. In 

addition, 5 mL L
-1

 trace metal solution were added. The trace metal solution contained (in g L
-1

) 

FeCl2 4H2O 0.005, MnCl2 4H2O 0.005, CoCl2 6H2O 0.001, H3BO3 0.0006, ZnCl2 0.0001, NiCl2 

6H2O 0.0001, Na2MoO4 2H2O 0.0001, and CaCl2 2H2O 0.002. The basal medium was used to 

stimulate the growth of anaerobic bacteria and when mixed with molasses accelerate the soil 

transition from aerobic to anaerobic conditions. The media components were autoclaved and 

then aseptically mixed in a 1L glass bottle. The prepared basal medium was then used for 

molasses dilution to minimize the potential of changing the bacterial population existing in the 

soil. The salts were measured using an analytical balance (Precisa XB220A) and then mixed with 

deionized water (DIW) (Barnstead Diamond Water Purification System).  

A Vinyl Anaerobic Airlock chamber made from flexible PVC vinyl (Figure 37) from COY Lab 

Products was used to ensure an anaerobic environment.  

 
Figure 37 Anaerobic glove box  

To establish anaerobic conditions in the glove box, it was vacuumed and purged several times 

with pure nitrogen gas according to the procedures provided by the manufacturer, Coy Lab 
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Products. The process was repeated three (3) times before injecting mixed gas containing 95% 

nitrogen and 5% hydrogen.  

Literature review was performed to determine the dilution factor for molasses addition. Both 

molasses injection technologies and molasses microcosm experiment literature indicated that 

maximum bacterial growth occurs at a small molasses concentration of 5-10% [4]. A 5% (by 

weight) molasses concentration was used in order to not overload the sample with molasses and 

prevent slowing down the reaction time [2], with the intention of later additions if necessary. 

Samples were prepared in 50 mL polypropylene tubes with sediment that occupied a volume of 

10 mL and 10 mL of the 5% diluted molasses solution. The diluted molasses solution was 

composed of 9.5mL of basal medium and 0.5 mL of molasses (using 1.42 g/mL density for the 

molasses, which is equivalent to 0.7 g of molasses). For accuracy in the preparation of the 

diluted molasses, it was prepared in quantities of 400 mL at a time (20 mL or 28.4 g of molasses 

and 380 mL of basal medium) and then distributed between sample vials. The pH of the solution 

composed of molasses diluted with basal medium without having had any contact with the 

sediment samples was measured as 7.6. 

Two batches and control samples were prepared for this experiment. Each sample represented 

one of the depths where the samples were taken (65, 80, 90, 95, 100, and 105 ft). The first batch 

consisted of three subsets, all prepared at the same time and following the same procedure. There 

was a total of 36 samples prepared, each set consisted of 12 (one for each depth and its 

duplicate). The original approach was to sacrifice whole set at different time intervals; however, 

only the first set has been used by taking a small quantity of sample at the time of 1 and 6 weeks, 

respectively. So, instead of sacrificing the entire sample, a small subportion of each sample was 

placed to dry at different time intervals. pH measurements were taken before placing the samples 

to dry. The other two sets have been saved for long term analysis in case sampling needs to be 

continued.  

A second batch of samples was prepared in similar manner as the first batch, but to create 

anaerobic conditions and ensure the presence of anaerobic bacteria, samples were inoculated 

with anaerobic sludge collected from the Miami-Dade South wastewater treatment plant 

anaerobic digester. The initial pH of the soil suspension was measured before placing them 

inside the anaerobic glove box. After a week, an additional 1 mL of diluted molasses was added 

to all samples. The composition of this diluted molasses, however, was different from the 

original solution. It consisted of 0.7 grams of molasses per samples, which is equivalent to the 

originally added amount of 0.5 mL diluted with 0.5 mL of basal medium for easier pipetting. For 

efficiency, 15 mL of this diluted molasses was made in advance, containing a total of 8.5 g of 

molasses and 6 mL of basal medium. After manual mixing, 1mL of solution was added to each 

sample. Just like the first batch, the pH measurements (Table 19) were taken and a small quantity 

of wet solids was taken out and set to dry after 1 and 6 weeks for further analysis via XRD.  

A control set of samples was prepared in a similar manner as the other batches of samples. They 

contained enough sediment to fill 10 mL of volume and basal medium only (no molasses). The 

pH of the basal medium was 8.55. The initial pH was measured before placing the samples in the 

anaerobic chamber and then re-measured again after 2 weeks.  
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To test the re-oxidation process of both batches of samples, they were sacrificed at 6 weeks. The 

pH was measured and each sample was separated into three subsets. The goal was to examine 

how the samples would react at different levels of oxygenated environments. Three 

environments have been created for this purpose. The first was created in the anaerobic glove 

box with no oxygen, the second environment was made in another anaerobic glove box in which 

the oxygen levels have been allowed to reach 1963 ppm (~2000ppm), and the third one was a 

laboratory work bench at atmospheric conditions. The solids from each sample were scooped out 

with a spatula and placed in their respective environments. After 3 weeks of keeping samples in 

the respective environments, samples were sieved through a 0.355-mm mesh (0.014 in), placed 

in 5 mL round bottom tubes and carefully sealed to prevent air from entering while transferring 

the tubes to the XRD facilities. The results of the XRD analysis were compared with the results 

of the respective background samples. The supernatant solutions tested the remainder liquid from 

the samples for iron content. To reduce the high turbidity of the samples, the remainder liquids 

were transferred inside the chamber into 15-mL high clarity polypropylene conical tubes, sealed 

and then centrifuged at 4000 rpm for 5 min. The samples, after the centrifugation process, were 

returned to the anaerobic chamber and carefully filtered using a 13 mm HPLC syringe filter with 

0.45 µm membrane. Filtered liquids were diluted 10 times with 1% HNO3 and analyzed via ICP-

OES for concentrations of iron and silica in the aqueous-phase. 

RESULTS AND DISCUSSION 

Observations 

Batch 1 

Most of the samples from the first batch depicted bacterial growth after few weeks of treatment 

inside the anaerobic changer. The black-colored bacterial growth was observed on top of the 

solution and on walls of the container. It was not investigated, but the black powdery appearance 

of the bacteria that started growing in circular patches on the top of the solution suggested most 

likely fungal growth and not the anaerobic microorganisms expected. There was also no sign of 

sediment color change due to the presence of ferrous sulfide as a visible black precipitate in the 

growth medium (Figure 38) or increase in turbidity indicative of bacterial growth.  

 
Figure 38: Examples of fungal growth on the top of the solution 

The pH measurements were taken after a week and six weeks (Table 19). The decline in pH 

values form a descending trend that could be explained by the solution reaction with the acidic 
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soil, or by the organic acid production via the molasses fermentation process. Batch 1 sample’s 

pH values were compared with the control samples (Table 19). 

Batch 2 

During the first couple of days, significant bubble formation was observed in all the molasses-

bearing samples inoculated with anaerobic sludge; this bubbling is one of the characteristics of 

the molasses fermentation process suggesting establishment of anaerobic conditions. However, 

after several days, gas bubble formation decreased significantly. To sustain bacterial growth, the 

samples were augmented with molasses again; however, the molasses addition stimulated only a 

little bubble formation compared to the first time. Otherwise, there have been no other growths 

observed in the samples. 

The pH of the second batch of samples was measured initially, after one week and after six 

weeks. Similar to the first batch, there was a descending trend observed in the pH values for all 

samples. The pH of the diluted fresh molasses solution was measured as 7.6; this close to neutral 

value is important because of the high acidity of the sediment samples. It was noted that after the 

addition of the diluted molasses to the acidic sediment, the pH of the soil suspension was 

measured as an average of 6.00. This change was partly due to the neutralization of the acidic 

soil samples with the more neutral molasses. After a week, the pH level dropped to a value of 

about 4.00. After the initial decrease, the pH stabilized and after six weeks was averaging 3.87 

(Table 19).  

Table 19. pH measurements  

Depth 65' 80' 90' 95' 100' 105' Ave 

Batch 1 
Week 1 5.53 5.21 4.65 4.29 4.89 4.54 4.85 

Week 6 4.28 4.26 4.10 4.63 4.38 4.36 4.34 

Batch 2 

 (Amended with bacteria) 

Initial 6.27 4.33 6.59 7.12 5.17 6.53 6.00 

Week 1 3.79 3.81 4.09 4.2 3.89 4.22 4.00 

Week 6 3.75 3.90 3.81 3.81 4.07 3.85 3.87 

Control 
Initial 6.89 5.76 6.74 7.52 6.43 7.13 6.75 

2 weeks 7.85 5.65 8.06 8.56 7.88 8.46 7.74 

Control samples 

The pH values of the molasses-free control samples taken at the beginning of the experiment and 

after 2 weeks showed an ascending trend in all but one samples (depth 80’ in which the pH 

stayed almost unchanged) (Table 19). These results were in opposition to the batches augmented 

with molasses. Soil in control samples was diluted with basal medium and resulting soil 

suspension exhibited more neutral pH values due to some buffering effect of carbonate 

compound present in the medium. Thus, the pH decrease in the batch experiments augmented 

with molasses was mostly due to organic acids produced by the molasses fermentation process. 

Since these control samples were molasses-free, there was no drop in the pH due to accumulation 

of the organic acids originating from the fermentation process (Table 19).  
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XRD analysis 

XRD analysis on background samples  

XRD analysis was performed on the background samples following the procedure described in 

methodology section. Figure 39 depicts the results at depths 65 ft, 80 ft, 90 ft and 100 ft. The 

results for a depth of 65 ft showed three peaks with high intensity that occurred at 2-theta values 

of about 21, 27 and 77. There are also some rather high intensity peaks between 2-theta values of 

40 to 55, and then again at 2-theta values of 81 and 84 that have moderate intensities that were 

not present at any other depth. At a depth of 80 ft there are two peaks of significance with high 

intensities at 2-theta values of 26 and 61. There are also minor peaks with low intensities 

occurring at 2- theta values of 50, 68, and 80. For 90 ft there is only one peak of high intensity 

occurring at a 2-theta value of 26. This peak is also observed on the results for 100 ft. At this 

depth, there were also other moderate intensity peaks at about 2- theta values of 21, 43, and 61. 

Efforts in the interpretation of the XRD results of the background samples on the mineralogy of 

soil minerals have been made and quartz was the most likely match for all the samples. Figure 6 

shows the comparison of the samples (depicted in black) and quartz minerals (depicted in red). 

About 80% of all major peaks are matched in all the samples, although the intensity rations are 

sometimes off. This could be because those peaks belong to some other mineral also present in 

the sample but in smaller quantities. Other minerals are being explored as possible matches as 

well to identify what minor minerals could be present in the samples. In these experiments, the 

most common occurring minor minerals at the Savannah River Site such as mullite, kaolinite, 

goethite and muscovite have not been a match. So, samples were dry sieved by hand via 0.355 

mm sieve to remove course sand particles and reanalyzed.  

XRD analysis on sieved background samples 

The sieved background samples have been re-analyzed and the solid phases have been identified. 

The results, however, are identical to the un-sieved background samples (Figure 40). The data 

for 65 ft also showed three peaks with high intensity that occurred at 2-theta values of about 21, 

27 and 77. The moderate peaks, present only at this depth, between 2-theta values of 40 to 55 

and then again at 2 theta values of 81 and 84, are present as well. The results at a depth of 80 ft 

showed two peaks of high intensities at 2-theta values of 26 and 61. The minor peaks with low 

intensities occurring at 2-theta values of 50, 68, and 80 are also present. For 90 ft., the main high 

intensity peak occurring at 2-theta value of 26 is still present. Just like before, this peak is also 

observed on the results for 100 ft. At this depth, there are also other moderate intensity peaks at 

about 2 theta values of 21, 43, and 61.  

XRD Results (1 week)  

The XRD patterns were plotted using sigma plot software and then compared with known 

mineral XRD patterns (Figure 41 and Figure 42). Even though the samples were sieved, the most 

likely match is still quartz. There is, however, a potential match for one of the samples from 

batch 1 at a depth of 90 feet with montmorillonite, a clay mineral, Figure 43. The matching peak 

occurred at a 2-theta value of 5.89.  



FIU-ARC-2014-800000438-04b-223   Rapid Deployment of Engineered Solutions for Environmental 

 

 78 

 

 
Figure 39. XRD patterns of un-sieved background samples
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Figure 40 XRD patterns of sieved background samples
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Figure 41 Batch 1 XRD data comparison with quartz (1 week) 
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B) Sample Depth 80 feet

Angle

20 40 60 80 100

In
te

n
s
it
y

0

1000

4000

5000

In
te

n
s
it
y

0

20

40

60

80

Col 1 vs Col 2 

Col 5 

 

C) Sample Depth 90 feet

Angle

20 40 60 80 100

In
te

n
s
it
y

0

1000

2000

3000

In
te

n
s
it
y

0

20

40

60

80

XRD Results 90'

Quartz
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Figure 42 Batch 2 XRD data comparison with quartz (1 week) 
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Figure 43 Batch 1 90’ sample XRD pattern comparison with Montmorillonite (1 week) 

XRD Results Re-oxygenation Period (6 weeks) 
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Figure 44 XRD patterns for 6-weeks samples of batch 1, kept in the anaerobic chamber  
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Figure 45 XRD patterns for augmented with bacteria 6-weeks samples of batch 2, kept in the anaerobic chamber  
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Figure 46 XRD patterns for 6-weeks samples of batch 1kept for 3 weeks in the chamber at low oxygen concentrations  
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Figure 47 XRD patterns for 6-weeks samples of batch 2 kept in the chamber at low oxygen concentration  
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Figure 48 XRD patterns for 6-weeks samples of batch 1 kept on the bench at atmospheric oxygen  
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Figure 49. XRD patterns for 6-weeks samples of batch 2 kept on the bench at atmospheric oxygen  
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Analysis provided only a match for quartz and montmorillonite. SRS sediments are very rich in 

iron and, with the creation of anaerobic conditions, the formation of siderite (FeCO3) and pyrite 

(FeS) solid phases were expected. According to the XRD library, the maximum intensity for 

siderite should be observed at 2-theta 31.98-33.78
o
 while the maximum intensity for pyrite 

should be at 2-theta 31.25
o
 and 68% intensity at 53.61

o
. None of the XRD patterns in both 

batches exhibited distinctive matches with either of these peaks, thus showing no sign of these 

solid phases in the soil samples composition. Various factors could have led to this result; such 

as the lack of sulfate in the soil, which could further reduce to sulfide in the anaerobic conditions 

leading to precipitation of ferrous sulfide. In addition to soil acidity, after the molasses microbial 

fermentation process, the resulting pH averaged in the 3.87-4 range (Table 20). At this acidic pH, 

the majority of the inorganic carbon within the system will be present in the form of carbonic 

acid and CO2, thus limiting the amount of a carbonate, CO3
2-

. So, lack of sulfate and the soil 

acidity hinder the formation of ferrous iron minerals. The formation of ferrous iron minerals 

would be expected at more neutral pH conditions. Though, since no precipitation of ferrous iron 

to form siderite FeCO3 occurred, there is a big possibility that ferrous iron will remain in the 

soluble form and eventually will be flushed out from the remediation zone with groundwater or 

re-oxidized to ferric iron with the return of aerobic conditions. 

ICP RESULTS 

The remainder liquid in all the samples (Batch 1, Batch 2 and control) was separated from the 

rest of the sample. The liquids were centrifuged in tubes at 4000 rpm for 5 min and afterwards 

the supernatant was filtered through 0.45 mm filters. Then, filtered liquids were analyzed via 

ICP-OES for iron content.  

The liquid phases of the samples were diluted by a factor of 10 in nitric acid (1%) in preparation 

for the ICP-OES analysis. The results showed a much higher concentration of iron in the 

molasses- treated samples compared to the control samples treated only with basal medium. 

Because the concentrations obtained were outside the calibration range, the samples were re-

diluted by a factor of 200 and re-tested through ICP-OES for more accurate results.  

Table 20 below shows the results of iron concentrations from the ICP-OES analysis. The 

concentrations of the control, batch 1 and batch 2 vary significantly. The control samples have 

the lowest iron concentration with an average of 92.42 ppb. Batches 1 and 2 have higher Fe 

concentrations with an average of 39,572 ppm and 75,810 ppb respectively. With a concentration 

of iron almost double of batch 1, the results suggest that the inoculation with bacterial culture 

collected from the waste water treatment plant anaerobic digester led to higher concentrations of 

ferrous iron in the batch 2 liquid samples. Possibly, in the presence of iron reducing bacteria, 

molasses was biodegraded with ferric iron as a terminal electron acceptor, resulting in the 

production of reduced soluble ferrous iron in a concentration higher compared to batch 1 

samples. 

Table 20 Iron concentrations in the supernatant solutions 

Description 
Fe concentration, ppb 

65' 80' 90' 95' 100' 105' Average 

Control 3.49 N/A 390.9 16.59 27.61 23.52 92.42 

Batch 1 15751 N/A 32250 28940 15020 105900 39572 

Batch 2 119400 20390 56010 96010 105700 57350 75810 
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CONCLUSION 

Through the experiments conducted with varying environments, of no oxygen, low oxygen and 

atmospheric oxygen levels, quartz and montmollironite (a clay mineral) were determined to be 

the best match within the soil samples. The formation of siderite and pyrite was expected when 

the conditions were reduced to anaerobic by the addition of molasses; however, XRD analysis 

didn’t confirm the presence of these solid phases. The low pH and the fact that were may have 

not been enough sulfide or bicarbonate/carbonate ions to form ferrous carbonate or ferrous 

sulfide complexes could be major factors for the obtained results.  

FUTURE WORK 

Future work possibilities consist of creating a new batch of samples following the same 

procedures as previous batches but with the addition of a sulfate salt. In the new batch, larger soil 

samples will be sieved via lower mesh size to obtain clay fractions. The ICP data was clear in 

showing that ferrous iron is present within the system though the XRD results didn’t demonstrate 

the presence of ferrous iron soil phases. In anaerobic conditions, in which sulfate-reducing 

bacteria thrive, ferrous iron creates precipitates with sulfide, which is reduced via microbial 

reduction from sulfate. The microbial reduction of sulfate produces hydrogen sulfide and 

releases HCO3
-
, resulting in an increase in alkalinity and pH. By the addition of a sulfate salt, it 

is expected that in the anaerobic conditions sulfate will be reduced to sulfide and bind to ferrous 

iron in order to create black precipitates of pyrite. These black precipitates might not be visible 

to the naked eye but could be detected by the XRD analysis. It is also expected that the increase 

in pH will cause the aqueous phase to become saturated with respect to FeCO3.  
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APPENDICES 

The following documents are available at the DOE Research website for the Cooperative 

Agreement between the U.S. Department of Energy Office of Environmental Management and 

the Applied Research Center at Florida International University:  http://doeresearch.fiu.edu 

1. P2 APPENDIX I - YR4 - Project Technical Plan 

2. P2 APPENDIX II - YR4 - Factsheets 

3. P2 APPENDIX III - YR4 - Conference Proceedings  

4. P2 APPENDIX IV – YR4 - Research Review 

5. P2 APPENDIX V - YR4 - Thesis (DOE Fellow Paola Sepulveda Medina) 
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